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JOURNAL OF CHROMATOGRAPHY I

A VAPOUR DILUTION SYSTEM FOR DETECTOR
CALIBRATION

I. A. FOWLIS anp R. P. W, SCOTT
W. G. Pye & Co. Ltd., Cambridge (Gveat Britain)

(Received September 17th, 1962)
(Modified December 3rd, 1962)

INTRODUCTION

The present emphasis in gas chromatography is being placed on accurate quantitative
analysis and the need for a relatively simple but reliable method for detector cali-
bration is becoming acute. A method is described in this paper for producing accurate
relative concentrations of solute vapours in a gas that can be used for the assessment
of detector linearity and the determination of the relative response factors of a detec-
tor to different substances. The system can also be applied to the determination of
trace compounds in the presence of a bulk component of widely different volatility.
Numerous methods for producing known relative concentrations of solute vapour in a
gas have been described previously in the literature. The two methods most applicable
to detector calibrations are those decribed by DgsTY ef al! and LovErock?® The
method described by DEstTy utilises the diffusion of a solute through a narrow glass
capillary into a gas stream, to produce the required solute concentration. If employed
correctly this method gives absolute instead of relative concentrations, but the ap-
paratus is somewhat complex and can only be used for a single component in the
gas stream. The method described by LovELock depends on the continuous dilution
of a known quantity of vapour contained in a suitable vessel by means of a gas stream,
which results in the concentration of the solute vapour in the exit gas decreasing
exponentially with time. If the stream of gas from the dilution vessel is passed through
a detector, then, providing the response of the detector is linear, the logarithm of the
signal produced will be linearly related to time. The LovELOCK system suffers from
two disadvantages. At low concentrations a considerable proportion of the solute
vapour is adsorbed on the walls of the dilution vessel and the dilution rate no longer
varies exponentially with time. Secondly, since different substances are adsorbed to
different extents on the walls of the vessel, the system is only applicable to single
substances. A modified dilution system based on that described by LovELoCK is
described in this paper in which the effect of adsorption is greatly reduced and which
also simultaneously produces a mixture of different solute vapours in a gas at known
relative concentrations. The theory of the method is given in detail and preliminary
experimental results from the assessment of the macro-argon detector using this sys-
tem are shown, together with results obtained from the analysis of a mixture con-
taining traces of toluene and chlorobenzene in benzene.
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2 I. A. FOWLIS, R. P. W. SCOTT

METHOD

The apparatus used is shown ia Fig. 1. The dilution vessel is made of glass and consists
of a small gas wash-bottle of the form shown in Fig. 2. Dry argon passes through the
sintered filter into a suitable non-volatile liquid and thence to the automatic gas
sampling system. The dilution vessel is charged by a hypodermic syringe through a
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Fig. 1. Detector calibration apparatus.

serum cap. At given intervals of time a sample of the exit gas from the dilution vessel
is placed in line with the argon supply to the chromatographic column and detector.
The whole unit, dilution vessel, sampling system, column and detector are contained
in the same thermostatically controlled oven.

Two methods of estimating peak area were employed, a digital and an electronic
integrator, which were automatically reset after each peak by the timer that operated
the sampling system.

THEORY

Let the volume of liquid and gas in the dilution vessel (Fig. 3) be V; and V', respec-

tively and let a mass my of the substance A, whose partition coefficient with respect

to the non-volatile liquid is K 4, be placed in the vessel. Let a volume 6V of gas flow

through the vessel and let the mass of solute removed change the concentrations of the

solute in the gas and liquid phases from X, A and XA by dX,4 and 0X A respectively.
Then:

—— X A0V = VgbXgA + Vid X4 = — dm (mass removed from dilution vessel)

Now if X;A is small
XA = K X, A

J. Chvomatog., 11 (1963) 1-10



A VAPOUR DILUTION SYSTEM FOR DETECTOR CALIBRATION 3

Fig. 2. Dilution vessel.

u
Xg |
]
X
4

Fig. 3. Diagram of the dilution vessel.
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4 I. A. FOWLIS, R. P. W. SCOTT

Then:
XAV = — (Vg + KaVi) 6X,A
Thus:
3X A — v
XgA (Vg + KaV))
Integrating:

Lid
XA =Ye Vgt EKavi
where Y is a constant.
Now V = Q¢ where Q is the flow of gas through the vessel in volume/unit time

and ¢ is the time. Thus when:

t=o0,XA=Xghand ", Y = Xy A
Thus:
Qt
XA = Xghe Vot K (1)

Consider the peak produced on the chromatogram resulting from a single operation
of the injection device. The concentration in the detector at any point on the curve is
given by the equation of the elution curve: '

Xgoe
T 2mm

w?
2

Xﬂn

where Xy, is the initial concentration placed on the first plate, and w = v — »
where v is the “plate volumes” of gas passed through the column, and # is the efficiency
of the column. Now let the signal given by the recorder Déw = o(X,,)* dw where ¢
and ¢ are constant 4.e. the response of the detector is a function of a power of the
concentration of solute contained in it.

Then:
Peak area = f+°° Déw = fd Xg,) 6w = i ( Xg, o ;:.)‘aw
IR w_f_w a( In w—f_m 6\/27:11,
Thus:
+o 1 Xg \b =5 Xg, \b /2R
Peak area = f o( 2 ) e w = o'( 2 ) = AXg¢ (2)
—o  \+/27n 270 )
when: A e o( I )¢ V2
V) 9

Now X, will be proportional to the charge placed on the column i.e. X4 = pX 4,
where y is a constant, thus combining equs. (1) and (2):

o
Peak area = A(yX o Ae Vot KAVI)‘
Thus:
Qi Qi
log (Peak area) = log A4 + log (pXg4)$4 ——m— =C——-"—— K
g ( ) 4 g (¥Xg,4) 7ot KAV Vot KV 3)
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A VAPOUR DILUTION SYSTEM FOR DETECTOR CALIBRATION 5

Thus if the detector has a linear response a plot of log peak area against time will give a

straight line and:
(Vg + KalV)

TR

=1I

¢ =a

where o is the slope of the line.

Having ascertained that the detector is linear and ¢ = 1 then X4 o S4, where SA
is the area of the respective peak on the chromatogram, and the linearity of the detec-
tor can be assessed from the correlation coefficient® of the line obtained by plotting
log SA/t. By extrapolation of this linear curve to ¢ = 0, a value of SyA can be obtained
which will be proportional to Xgg4.

Now:

Xgh = — A
° Vg + KaVy

and if V<€ K4V, which can be easily arranged experimentally, then:

X A = A
N 7

Now if mp and mp grams of two substances A and B are injected into the dilution
vessel then:

Where D, and Dy are the detector response factors to the two substances A and B.
If the nonvolatile liquid used in the dilution vessel is the same as the liquid phase on
the column then Kp/K s == Rp_ where Rp_4 is the retention ratio of B to A obtained

from the chromatogram:

DA WA SoB

- .. Ra_

Dy~ mp SoA Tm-a (4}
If circumstances arise such that ¥V, is not small compared with KV, then:

Xg 2 _ma Vg + KgVi

XgP  ms Vg + KaVi
However, if « and g are the slopes of the log SA/: curves, then:

Q ) Vg + KsVi Vg 4+ KuVi

oL
B~ Vg + KalVi 0 T Ve + Eavi

Thas eqn. (4) becomes:

Dy~ mm Sk B

Thus if a known mixture of substances A and B is placed in the dilution vessel, the
linearity and relative response factors of the detector to the substances concerned
can be accurately assessed. The relevant data required are the correlation coefficient

J. Chromatog., 11 (1963) 1-10



6 I. A. FOWLIS, R. P. W. SCOTT

of the line obtained by plotting log S/t (the verification that ¢ = 1), the values of
Se2 and SgB by extrapolation of these lines to ¢ = o, and the relative retention ratio
Rp_4. It should be noted that a knowledge of the absolute masses of A and B placed
in the dilution vessel is not necessary. The effect of adsorption of the solute vapour
on the walls of the column is insignificant at low concentration levels, as the concen-
tration of the solute in the gas phase is dependent on the concentration of the solute
in the bulk of the liquid.

SERUM CaP
INJECTION POINT

AUTOMATIC GAS

PARTITION. SAMPLING VALVE

COLUMN

oILUTION
VESSEL

ARGON  IONISATION
DETECTOR

73 samote Line
ESE2 argen tine

EE
Argon + Sample
44t Spiral Glass Cotuma

Containing 1% Squalane on Celite

1ml SAMPLE LOOP

Fig. 4. Detail of dilution vessel and column system.

ANALYSIS OF MIXTURES CONTAINING COMPONENTS AT WIDELY DIFFERING
CONCENTRATION LEVELS

Examination of eqn. (1) shows that, providing a sufficiently large charge is placed
in the dilution vessel and a coustant volume of the exit gas is placed on to the chro-
matographic column, there will be a period of time, during the dilution, in which
each component will be shown on the chromatogram as a series of peaks over a given
concentration range. If the logarithm of the peak area for each substance is plotted
against time, for the period in which they are ““on scale” on the chromatogram, then
the initial concentration of each component present at ¢ = o can be determined by
extrapolation. Providing that the relevant response factors for each substance are
known, the mass ratios of the components can be determined from the peak area

J. Chvomatog., 11 (1963) 1-10



A VAPOUR DILUTION SYSTEM FOR DETECTOR CALIBRATION 7

intercepts at ¢+ = o and the retention ratios of the substances concerned. Further, by
this method, all components present are determined with similar accuracy independent
of their original concentration level.

EXPERIMENTAL

The determination of detector linearity

Details of the counstruction of the dilution system are shown in Fig. 4. The argon
supplies to the column and dilution vessel were carefully dried by passage through
cylinders containing activated Linde molecular sieve 5A. The drying agent was
reactivated every time the argon cylinder was renewed. Normally, a column flow
rate of 40 ml/min was found to be quite adequate and a flow of about 60 ml/min
through the dilution vessel ensured that a complete ‘‘run” could be carried out in
about 8 h. In order to determine the value of ¢ accurately precise measurements of
Q, Ka, V4 and V were required. § was measured by meaus of a carefully calibrated
soap film meter at room temperature and this value was corrected for the pressure and
temperature existing in the dilution vessel. The temperature of the liquid in the dilu-
tion vessel was continuously measured by means of a thermocouple immersed in the
liquid and the gas pressure in the vessel determined by means of a static mercury
manometer. V; was taken as the volume of liquid added to the vessel and V4 taken as
the difference between the total volume of the vessel and the volume of liquid added.
Values for K were taken from the results of DEsty AND GoLDUP? and EVERED AND
PoLrLARD®. Squalane was used in the dilution vessel and samples were injected through
a serum cap by means of a hypodermic syringe fitted with a 10 in. needle. The column
consisted of a coiled glass tube 4 ft. in length and 4 mm in diameter, packed with
10 % w/w of squalane on 100-120 mesh celite. The detector employed was the macro-
argon detector containing a strontium-go radioactive source. The whole apparatus

TABLE I

CHARACTERISTICS OF THE MACRO ARGON DETECTOR

Correlation No. of Detector response  Concentration
Compound coefficient observatt index ¢ range
> 0.999 4 0.931
Chloroform 10°%
<1.0 4 0.975
> 0.999 4 0.889
Di-isopropyl ether 103
<1.0 4 0.808
> 0.999 8 0.950
Toluene 8 0.906 10!
1.0 8 0.951
> 0.999 8 0.945
Chlorobenzene 8 0.994 10t
<1.0 8 1.042
> 0.999 8 1.095
Heptane 8 1.061 10t
<1.0 8 1.056

J. Chrvomatog., 11 (1963) 1-T0



8 1. A. FOWLIS, R. P. W. SCOTT

was situated in an oven controlled at 45° + 0.2°C. The automatic gas sampling valve
was actuated by a sequential timer and sampled the exit gas from the dilution vessel
every 40 min. The detector was operated at 770 V and the output fed to a Pye Argon
Chromatograph amplifier and Integrating amplifier. Differential and integral curves
were obtained on two Honeywell Brown recorders and the integrating amplifier was
automatically reset after each peak, by use of additional channels on the timer.
Graphs of log peak area/time for a mixture containing chloroform, di-isopropyl
ether, toluene and chlorobenzene are shown in Fig. 5. The lines shown on this figure
are the regression lines for the points obtained. The correlation coefficients and the
respective values of ¢ for a series of substances are shown in Table I.

Analysis of mixtures of widely varying composition
The vapour dilution apparatus was used to provide representative vapour sample of a
mixture containing 98.9 % benzene, 1.0 % toluene and 0.1 % chlorobenzene. Approxi-

1,000
ALY
h AHAN GRAAH OR Log| PEAK AREA AQAINST TIME
FOR B MIXTURE OF LCHLOROFORM,
™ x DI-I1sp-PROPYL | ETHER. TIOLUENE AND
0\6\ CHLQROBENZENE
?Qo\
A\ O\c\<
\\ N
~
)N ™~
100 \—s -
\
\\ \\
< \ 5 —F§t—+— [cHC¢ROFbRM
‘5’ ——+@—— |D1-1sb-PROPYL| ETHER
F ——~A&~— [TOLYENE
g —1-@—— |cHLJROBENZENE
o
o
-
10 \
\ A
3
\_H\
\\ \\
\u \
w
\ 1
\ TIME mJ MINUTES
's 200 200 600

fo

Fig. 5. Graph of log peak area against time for a mixture of chloroform, diisopropyl ether, toluene
and chlorobenzene.
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A VAPOUR DILUTION SYSTEM FOR DETECTOR CALIBRATION 9

mately 250 ul of the mixture was injected into the dilution vessel and samples of the
vapour were automatically taken every 4o min for 1o h.

A graph of the peak height against time for each component is shown in Fig. 6,
and it may be seen from the intercepts at £ = o, that the concentration of each com-
ponent can be calculated with similar precision although the range of concentrations
between the components was as great as 1,000. It should be noted that the values
shown in Fig. 6 are based on peak heights and do not take into account relative re-
sponse factors. It may also be seen that by variation of the flows through the column

GRAPH QF Low PEAK HEIGHT!AGAINST JIME
FOR A MIXTURE OF WIBE CONCENTRATION RANGH
BENZENE | 98.9%
3 TOLUENE| 1-0%
CHL ol
100, \
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\
\
0,000 \\
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\
: \
. \
i \
@
T
»
<
w
a
: \
1 \
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\‘ - FULL SCALE
o DEFLECTION
e ON XI0
00 J - \\
N
- \
\\
2,
d E
- \
\
\
P~ \\
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[TIME[ IN WINUTES A ~.a
1
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Fig. 6. Graph of log peak height against time for a mixture of wide concentration range.
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I0 I. A. FOWLIS, R. P. W. SCOTT

or dilution vessel, or operation at different temperatures or with different liquid
phases, the analysis time can be shortened and the system can be applied to the anal-
ysis of a wide range of substances present in diverse relative concentrations.

CONCLUSIONS

The vapour dilution system described in this paper provides a very precise method
for determining detector linearity and relative response factors. Due to the wide
limits of variation for each operating parameter the system can be made applicable
to almost all substances that can be separated by a gas-liquid chromatographic
technique. The apparatus can also be used to advantage for the analysis of mixtures
containing substances at concentration levels that differ by several orders. By using
the system described, each component of such a mixture is determined with the same
precision.

The paper gives preliminary results for a macro argon detector and is the first
of a series that will be concerned with the investigations of the characteristics of
various ionisation detectors. The effect of the various operating parameters of each
detector on the linearity and response factors will be examined.

SUMMARY

A vapour dilution apparatus, very suitable for detector calibrations, is described
which provides known relative concentrations of a vapour in a gas for sampling on a
partition column. The theory of the system is considered in detail, and examples given
of the application of the method to the determination of detector linearity and detec-
tor response factors and to the analysis of mixtures, whose components are present
at widely different concentration levels.
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A TEMPERATURE-PROGRAMMED PREPARATIVE-SCALE
GAS CHROMATOGRAPH

G. L. K. HUNTER anp M. K. VELDHUIS
U.S. Fruit and Vegetable Products Laboratory™, Winter Haven, Fla. (U.S.A.)

(Received October 16th, 1962)

During an investigation into the chemistry of essential citrus oils, a need developed
for a large preparative-scale gas chromatograph so that sufficient quantities of some
of the minor constituents could be separated for identification and study. A number
of such chromatographs have been described'-4 which required exceptional skill for
construction or which had insufficient capacity. The temperature-programmed
chromatograph, herein described, is of relatively simple design and was constructed
of readily available materials. The resulting chromatograph handled 25 g of terpenes
with resolution comparable to that of a 250-ft., 0.020-in. capillary column containing
the same substrate.

APPARATUS

The apparatus was constructed of two vertical round sheet metal ducts 8 in. and 6 in.
in diameter respectively, approximately 11 ft. long connected so that hot air was
circulated in a closed circuit up through the smaller duct containing electrical heaters
and down through the larger duct containing the bundle of tubes. A photograph of
the entire apparatus is presented in Fig. 1, a general schematic diagram is given in
Fig. 2, the flash vaporizer is illustrated in Fig. 3, and the wiring diagram in Fig. 4.

Column

Eight 13-in. o. d. X 10-ft. columns were bundled as shown in Fig. 2 section A-A
and fastened to the six air baffle plates making a rigid system. The ends of the stainless
steel tubes were plugged, drilled, and tapped for }-in. pipe to facilitate replacement
of the packing. The eight tubes were connected in series using }-in. tubing and
$-in. pipe to }-in. tube fittings. Tube connections could be changed for column
lengths of 20, 40, or 60 ft. The entire assembly was placed in the 8-in. X 11-ft. sheet
metal duct, the latter being secured to the baffle plates with sheet metal screws. A
removable insulated sheet metal cap was fitted to each end of the housing. Inter-
connecting ducts were secured to the upper and lower housing sides to receive the
blower air at the top and exhaust it into the heater chamber at the bottom.

* One of the laboratories of the Southern Utilization Research and Development Division,
Agricultural Research Service, U.S. Department of Agriculture. References to specific products
of commercial manufacture are for illustration and do not constitute endorsement by the U.S.
Department of Agriculture.
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12 G. L. K. HUNTER, M. K. VELDHUIS

Fig. 1. Photograph of the temperature-programmed preparative-scale chromatograph.

Heaters

The heaters were made from chromel heater coils cut into lengths to form three
1000-W and three 750-W elements. The elements were suspended from transite rings
which were spaced with rods and the entire assembly inserted into the lower end of
the 6-in. duct as shown in Fig. 2. The heaters were wired as shown in Fig. 4. The three
1000-W heaters and one 750-W heater were provided with on-off switches and fuses.
One of the other 750-W heaters was controlled with a variable transformer and the
other with a temperature indicating thermocouple controller and a variable trans-
former. Thermocouple leads were placed in a well extending 8-in. into the packing
at the top of one of the 1}-in. tubes, and in the air stream at the top, center, and
bottom of the 8-in. duct. The temperatures were read on the indicating controller
through a six-point switch. Control was from the thermocouple in the air at the top of
the 8-in. duct. Air gates are shown at the top and bottom of the 6-in. duct and a
damper toward the top of the duct. During operation, the gates were kept closed and
the damper open. Rapid cooling of the column was achieved by opening the gates,
closing the damper and allowing the blower to run.

Air was circulated through the apparatus by means of a pressure blower (Sutton

J. Chromatog., 11 (1963) 11-18



PREPARATIVE-SCALE GAS CHROMATOGRAPH I3

PB-45-A) rated at 300 c.f.m. against a static head of 3-in. of water. An anemometer
inserted in the 6-in. duct showed an air velocity of about 3000 lineal feet per minute.
Since the pressure blower was not designed especially for high-temperature work, a

Bi
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series
7 .
Air
”}— : gate
| |
Section A-A | | \ Damper
| |
LT
(I ¥
A | } A
H— |
b
Lo
i
|
b
Sample [
Pressure vaporizer | |
regulator H— }
b
Loy
‘ _t‘— Air
__14 gate
Heaters

Thermal Trap
conductivity
cefl

Fig. 2. Schematic flow diagram.

small air blower (40 ¢.f.m.) was installed and directed against the main blower motor
to keep it from overheating.

The entire duct assembly was insulated with two 2-in. thicknesses of aluminum
sided glass wool. The column housing caps which provide access to the column
fittings were insulated with a 2-in. thickness of asbestos board.

Thermal conductivity cell

A full diffusion type hot-wire detector cell was constructed similar to the Gow-Mac
TE-IIL It was heated with a Chromolox 100-W Type A ring heater through a variable
transformer as shown in Fig. 4. A thermocouple was inserted into the block and read
on the indicating controller through the six-point selector switch. A portion of the
eluting materials entered the cell through 1-in. tubing after being split and reduced
from 1 in. at the tee. The amount of material passing through the cell was controlled
by a valve in the line just after the cell. The line from the valve was connected to the
original }-in. tube leading to the trap. The reference gas was metered through the
cell and exhausted. The entire unit was placed in a compartment to the side and
bottom of the main column and packed with loose asbestos.

Flash evaporator

A flash evaporator was fabricated as shown in Fig. 3. A +&-in. hole was drilled
through a 1-in. X 6-in. stainless steel rod and the ends were tapped for %-in. pipe

J. Chromatog., 11 (1963) 11-18



I4 G. L. K. HUNTER, M. K. VELDHUIS

fittings. A hole was drilled and tapped for a -in. pipe fitting in the side, $-in. from
one end. A 1-in. tube to %-in. tube to }-in. pipe fitting was inserted into this
tapped hole. One end of the cylinder was plugged and into the other end was placed

in He in

- 10
column

Fig. 3. Flash vaporizer.

a 1-in. pipe to }-in. tube after the cavity was filled with Podbielniak stainless
steel Heli-Pak 3013. The cylinder was wrapped with 22-gage asbestos insulated
chromel wire and covered with a coil of 4-in. copper tubing. A thermocouple was
inserted into the cylinder end face and read on the indicating controller via the six-
point selector switch. The entire unit was insulated with asbestos cloth tape. placed

in the cell-flash evaporator compartment, and packed with loose asbestos.

Column
heaters
1000 W

Vaporizer — o)
-
L S L o (O—— kg 1000 W
-

oDy 1000 W
=

Conductivity i
celi % o) 750w
= = J% ol 750W
L =

Blower A

10V - =
Fig. 4. Schematic wiring diagram.

A shut-off valve was placed on the injection port to which could be attached a
pressurized cylinder containing the sample to be chromatogrammed.

Temperature programmer

The unit is capable of attaining 160° in 20 min, therefore, the column can be pro-
grammed at a maximum of 8° per minute. This can be accomplished by merely
switching on the entire bank of heaters. For slower heating rates, the temperature
indicator controller can be driven by any variable speed device. A surplus (gun fire
control) ball-disc type variable speed drive, propelled by a 4 r.p.h. clock motor, was
used successfully in the present apparatus. A temperature lag of 15° existed between
the top and bottom of the column under these conditions; however, resolution was
excellent.

PROCEDURE

The tubes were packed with 21 Ib. of 30-60 mesh Chromosorb-P containing 30 %
Carbowax 20M and tapped with a hammer and punch until the material ceased to

J- Chromatog., 11 (1963) 11-18



PREPARATIVE-SCALE GAS CHROMATOGRAPH 15

settle. Nitrogen gas was passed through the column for all purposes except when
materials were separated, at which time helium was used. Peak inversion’ resulting
from use of nitrogen as a carrier gas complicates the chromatogram of these materials
at the temperatures required for separation. A pressure of 70 lb. p.s.i. was used re-
sulting in a flow rate of 4 1/min.

Samples were introduced into-the vaporizer under pressure using a 30 ml valved
cylinder. In use, the sample cylinder was first evacuated, the sample was drawn in,
and then pressurized to 4~5 times the column pressure. It was then connected to the
valve on the sample vaporizer. Opening both valves permitted the entire sample to
enter the vaporizer. A 25 ml sample could be injected and vaporized in 2—3 sec.

The block temperature was regulated at 150° and the flash evaporator at 180°.
Both remained heated at all times. Because only a brief period was required to heat
the column, it remained unheated, except when in use. For example, the column could
be brought to equilibrium at 160° in 20 min.

APPLICATION

The preparative column was compared, for efficiency of separation, with a 250-ft.
0.020-in. capillary column. The parameters of this latter column were the same for
obtaining the chromatograms shown in Figs. 5 and 7. The temperature was maintained
at 100° with a helium flow of 15 ml/min resulting in a pressure of 36 lb. p.s.i. The
250-ft. column was coated with Carbowax 20M. An F & M 1609 flame ionization
detector was used in conjunction with the F & M 500 gas chromatographic apparatus.

The preparatory column parameters were maintained the same for both chromato-
grams shown in Figs. 6 and 8. The column temperature was controlled at 150° with a
helium pressure of 65 Ib. p.s.i.

Terpene hydrocarbons

Fig. 5 shows the chromatographic separation of a 1-ul sample of terpene hydrocarbons

Recorder response ,mV

1

0 5 10 15 20 25 30
Time, min
Fig. 5. Chromatogram of some hydrocarbon terpenes on a 250-ft. capillary column containing
Carbowax 20 M, isothermal operation at 100°. Identified peaks: 1 = cyclofenchene; 2 = -
pinene; 3 = camphene; 4 == sabinene; 5 = myrcene; 6 = d-limonene; 7 = y-terpinene; 8 =
p-cymene; g = terpinolene.
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16 G. L. K. HUNTER, M. K. VELDHUIS

on a 230-ft. capillary column. The following peaks were obtained: cyclofenchene (1),
o-pinene (2), camphene (3), sabinene (4), myrcene (5), d-limonene (6), y-terpinene (7),
p-cymene (8), and terpinolene (g). The curve represents a 1-ul sample which had been
split. Fig. 6 shows the separation of 2o ml of this same terpene hydrocarbon mixture
on the preparatory column. The separation of sabinene (4) and myrcene (5) is incom-
plete, however, by trapping the leading edge and the trailing edge separately, rather
pure materials can be obtained.

Commercial terpinolene

A 1-ul sample of Matheson Coleman and Bell terpinolene on the 250-ft. capillary
column gave the chromatogram shown in Fig. 7. The peaks were identified by use of the
preparatory column and confirmed by infrared spectroscopy as a-pinene (A), camphene
(B), myrcene (C), 1,4-cinecle (D), d-limonene (E), 1,8-cineole (F), y-terpinene (G),
p-cymene (H), terpinolene (I), and isoterpinolene (J). Fig. 8 shows the separation of
2oml of this same material on the preparatory column. In addition to the above peaks,
the large column resolved «-fenchene (A’) and isoterpinolene (J). It should also be
noted that d-limonene (E) and 1,8-cineole (F) have been more satisfactorily resolved.

Single peak material obtained from the preparatory column was rechromato-
grammed on the 250-ft. capillary column and found to be chromatographically pure.
Fig. 9 shows a temperature programmed separation of 10 ml of isoprene (b), #-
pentane (c), #-hexane (d), and »n-heptane (e) by means of the preparatory column.
Nitrogen (a) was the injection gas. The parameters outlined above were maintained
except the temperature was programmed at 2.5° per min from 60-120°,

5
4
2
>
£
% 6
c
a
o 1
i
c
I
L
o
C
]
[ 8
o
9
- -
T T T T T
60 90 120 150 180

Time, min

Fig. 6. Chromatogram of the hydrocarbon terpénes, shown in Fig. 5, on the preparatory column
packed with 309, Carbowax 20M on 30-60 mesh Chromosorb P, isothermal operation at 150°.
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Fig. 7. Chromatogram of commercial terpinolene on a 250-ft. capillary column containing Carbo-

wax 20M, isothermal operation at 100°. Identified peaks: A = w-pinene; B = camphene; C =

myrcene; D = 1,4-cineole; E = d-limonene; F = 1,8-cineole; G = y-terpinene; H = p-cymene;
I = terpinolene; J = isoterpinolene.

Recorder response, mV

—
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——

T T
120 150 180
Time, min

Fig. 8. Chromatogram of commercial terpinolene shown in Fig. 7 on the preparatory column at
150°, packed with 309% Carbowax 20M on 30-60 mesh Chromosorb P. In addition peak A’ (a-

fenchene) appeared.
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Recorder response, mV

B

T T T T

T T
60 70 80 90 100 10 120
Retention temperature,°C

Fig. 9. Chromatogram of some hydrocarbons on the preparatory column temperature programmed
at 2.5°/min from 60-120°. Peaks identified: a = nitrogen; b = isoprene; ¢ = pentane; d =
hexane; e = heptane.
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SUMMARY

An efficient temperature-programmed preparative-scale gas chromatography unit
has been developed having 1} in. X 10 ft. tubes connected in series. The unit is
heated by thermostatically controlled hot air making possible temperature program-
ming. The unit is capable of attaining a temperature of 150° in 15 minutes and can
be cooled to 50° in the same time limit.
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ROTATING UNITFOR PREPARATIVE-SCALE GASCHROMATOGRAPHY
PART II. THEORETICAL ASPECTS

S. POLEZZO* anp M. TARAMASSO
Laboyatori Riuniti Studi e Ricevche,
San Donato, Milan (Italy)

(Received September 27th, 1962)

INTRODUCTION

The main problem in preparative scale gas chromatography is the separation of the
greatest possible amount of substance of the desired purity in the shortest time.

As far as the rotating unit previously described! is concerned, the problem of
maximum feed rate can be dealt within the following three ways:

(1) establish the maximum feed per column,

(2) establish the maximum number of revolutions,

(3) find out conditions under which the time required for the separation is the
shortest one.

By making simplifying assumptions the problem may be solved analytically in a
rather simple manner. The results, even approximate ones, can then be used to
design a larger scale apparatus.

Furthermore, one of our aims was to find out whether there are any critical
dimensions, e.g. column length, which may limit the applications of the apparatus
within the limits of design. This has been achieved by studying a particular mathe-
matical model of our apparatus. A result of some interest—limited to this particular
choice of the model—is the relation existing between the retention times of the
components when the model is optimized.

Furthermore, some practical hints are given that make it possible to predict
some quantities useful for designing apparatus.

To find out the necessary parameters it is sufficient to carry out experiments on a
pilot column (fixed) of any convenient length.

THEORY

In the case of the separation of a mixture of two components 1 and 2, let
t,, t5 be the retention times (¢, > ¢,)
g the amount of mixture injected per column
v the number of revolutions per unit of time
N the number of columns
Q the total feed rate.
The quantity @ is defined by: Q = g » N.

* Present address: Istituto di Chimica Fisica, Universita di Milano.
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In this relation IV may be neglected, @ being an increasing function of IV; on the
other hand the total number of columns in the set should be fixed on the basis of other
considerations (feed rate, etc.); for simplicity we put V = 1.

It is necessary to associate the maximum value of ¢ with the condition of
minimum residence time, that is of obtaining the separation in the shortest time;
therefore the function of which one has to find the maximum is

) =

Let 4,, and 4, be the peak widths (measured between the points of intersection
of the tangents with the base line), then » is expressed by the relation:

I 2

Y Rt b — (h— 341 2 —11) + A+ b

¢, + %4, is the total time required for the separation.

From the plate theory of chromatographic columns® 3 it follows that for rather
large amounts the peak width changes linearly with the quantity ¢ of mixture in-
jected per column (Fig. 1), as given by

A1 = K1 q + b1 Ay = K2 q + b

where we suppose that K; and K, are constants independent of retention time and
column length, and therefore under the same conditions we may assume:

Ky ~ Ky (ul-1l.sec)

K may be considered as a “‘dilution factor” of the samples in the carrier gas, essentially
depending on the evaporation rate of the sample (see also experimental part).

A

c

)

2

3

X

=]

]

a

<
4vVhn,
/ vV2m7ne
L\
Sample volume

Fig. 1. Plot of peak width against amount of mixture injected.
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The theoretical expression of constants &, and b, is?:

b1 = v/ 27y ; be = va+/27nMp
where
vy(v,) is the effective volume of a theoretical plate given by: Vg1 + Vi by (Vo1 =
volume of gas in one theoretical plate; V5 == volume of stationary phase in one theo-
retical plate; &, = partition coefficient)
#, 1s the effective number of theoretical plates for infinitesimally small samples.
The constant b, may be expressed as follows:

27 . J2m
bl = Mo,/ — = VRl -
%o ]
or

- 27
b1 =1,/ —=ch
7o

where Vg,° = Vg + V &, is the retention volume (measured at the maximum of the
peak for infinitesimally small samples), and, for brevity,

27

c=,—

7o
Consequently the-expressions for the peak widths, appropriate for our aim, are:
Ay = Kig + cty;  Ag = Kag + cto
The total width 4; is (putting K = K; + K,)
Ay = Kq + ofty + t2)
From the definition? of “‘Resolution” S;,

ta— 1t
Sig =2 ——=
12 A

it immediately follows that:

. . g = (e —mnlz— (¢ +nh
putting, for brevity,
oL = 2 N 7 =

KSi '

c
K
Further, the number of revolutions is given by:

512 I

14+ S12 ta—1

From the above considerations it follows that the function to study is:

_9_ S le—nh—(@tnh
ta 14 Sio ta(tos — 1)

£(2)
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The maximum value with respect to #, is reached when

2
t2=a+ntl+t1A/<a—ﬂ) __xtm (1)
«—n o —1 o« —n

‘With respect to ¢; the behavior of {(¢;) is monotonic; a three-dimensional representa-
tion of the function f(z,,t,) is given in Fig. 2.

As may easily be noted, among the different pairs of values of #; and £, which
satisfy the relation (1) one has to choose the pair having the lowest value of ¢;. This
means that in order to obtain the optimum conditions, it is better to employ short
columns in spite of the fact that the amount of sample to be injected is low.

f=frmax

f=o0
Fig. 2. Three-dimensional representation of the function f(¢,, ¢,).

Another interesting parameter is the number of plates #, corresponding to the
maximum condition; according to eqn. (1), this is given by:

o 2 2
ny = g{( l(zajz_i) I)Q—% 512} (2)
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having introduced the “separation factor”

+ I \?
Mg = (o—CE———SrZ) (3)

which gives the minimum number of plates required for a specific resolution S;,.
In Fig. 3 the functions »n, and #, are plotted against a,, for S;, = 1.5 and S, = 1.2.

The above theory is presented as a guide for the optimum performance of the
rotating unit. However, for practical preparative purposes, instead of requiring

800 r

g

400

Number of plates

200

0

Fig. 3. Plot of the functions #, ( ) and 1, (-~——-) against oy, for Sy, = 1.5 and $;, = 1.2
minimum residence time in the stationary phase, it may be more profitable to examine
the behaviour of feed rate when, for instance, the column length is changed. The
explicit expressions of load per column ¢, number of revolutions » and load per unit of
time () are respectively (putting for brevity x = ¢ S,,):

g = (e —moyahy — {0 + n)ts = }{%— [(z — #)auz — (2 + #)] (u] per column) (4)
12

Sis I 1
vy = — — (sec—1
14 S12 aie—1 1 ( ) (5)

(2 — X)arzg — (2 + )

l.sec™1 per column 6
KT+ Su) (s — 1) (u p umn) (6)

Q=g =

J. Chromatog., 11 (1963) 19-26
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From eqn. (6), assuming that #, = I/, it is found that

_ Sio oz + 1 1 ,
00 = s (o~ ) )

The plot of this relation is given in Fig. 4.
This function has no maximum and for I - o,

2
S ——
9 (1 4+ Si2)K
This equation shows that larger values of «;, and %, lead to a larger value of Q.
Other authors® have also reached these same conclusions when dealing with high
speed gas chromatography in packed columns. Of course, the conditions of temperature,
pressure, etc. to obtain the best values of «;, and %, must be found experimentally.

cm""’
(¢} 0 20 30 a0 50 VI

Fig. 4. Relationship between total feed rate and column length.

EXPERIMENTAL

In this section we summarize briefly the experimental work performed in order to test
some of the statements made in the previous section and to work out from experimental
data the parameters required for applications of relations (5) and (6").

Most experiments were performed using a cyclohexane (1)~benzene (2) (1:1 v/v}
mixture injected in various amounts under the following conditions

temperature 80°
stationary phase polyethyleneglycol 400 (30 %) on firebrick
carrier gas nitrogen
column length 120 cm
300 cm

From plots of peak widths (4,,4,) between the tangents against the amount of
mixture injected (a typical plot is given in Fig. 5), it is possible to find the constants K,
angular coefficients of the straight lines; the heights /4, can be obtained from plots of

J. Chromatog., 11 (1963) 19-26
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TABLE 1
Column Inlet Carrier gas Data obtained from plots Calculated values Corrected values
length pressure flow raie
(cm) (atm) (cm3min) K, K, by ba hoy 1% by b, K, K,
I.45 103 0.60 o0.90 14 59 0.20 0.13 14 52 0.60 0.90
120 1.60 109 0.53 0.69 14 45 0.25 O0.14 11 42 0.57 0.75
300 2.10 103 0.39 0.57 29 142 0.25 0.I4 28 1I5 0.52 O0.75

plate heights by extrapolation. Some results are summarized in Table I (K has been
corrected for mean pressure inside the column$).

We see that, at least in the range of interest for practical applications in prepar-

ative gas chromatography, K and J, are independent of column length to a sufficient

approximation.
300(

asec |

200

100

[o) 1 L L 1 It 1
o] 100 200 300
7]

Fig. 5. Plot of peak width against the amount injected. Column length 120 cm; Ap = 0.6 atm.

To test the applications of the formulae derived in the preceding section we have
chosen the same mixture working under the following conditions
column length 120 cm
inlet pressure 1.6 atm
temperature 108°
stationary phase tricresyl phosphate on firebrick
carrier gas nitrogen, 75 c.c./min
Under these conditions the relevant experimental data are
1, = 160 sec (013 = 2.03)
ty = 325 sec
K, = o.50 ul~sec (b; = 17 sec)
K, = 0.83 pl-t sec (b, = 35 sec)
hey = 0.13 cm (mean value %, = 0.145 cm)
By = 0.16 cm
From these data and for S, = 1.5 our formulae (6') and (5) give, respectively,

Q = o.502 ul.sec™1

y =13 hl;
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for the set of 100 columns one obtains a feed rate of 182 ml/h. Working with our
rotating unit under these same conditions we were able to use a feed rate of 190 ml/h
at 1o revolutions per hour.

It is thus possible to make reasonable predictions about running conditions of the
unit from data obtained on a pilot column.

From the expression of Q as a function of column length /

I
1) = 0.620 — 1.297 —= ul.sec™! per column,
Vi u P

the plot of which is given in Fig. 4, it appears that with a length of 200 cm one should
obtain a feed rate improvement up to 200 ml/h.

SUMMARY

A two-component mathematical model for the rotating gas chromatography unit
previously described is suggested.

From well-known chromatographic relations, an explicit function depending on
the retention times is derived. By studying this function an equation can be obtained,
which gives the retention times necessary to achieve optimal operating conditions.

Furthermore, in view of practical applications on a preparative scale, the relation
between feed rate and some of the column features, such as length, HET.P., etc., is
examined.

Experimental results are reported which support some of the assumptions made
in the theoretical part.
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SUBSTRATE SELECTIVITY IN GAS CHROMATOGRAPHY
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INTRODUCTION

The importance of selectivity in gas chromatography is well known. POLLARD AND
Harpv!in 1956 demonstrated the effect of selectivity in the separation of halohydro-
carbons, and in 1957 TENNY? compared substrates of widely differing selectivities
ranging from hydrocarbon oils to §,5"-oxydipropionitrile.

By proper use of substrate selectivity, difficult separations can be made using
short columns which otherwise would require much longer columns. Selectivity is
most useful with mixtures of compounds which enable one to take advantage of
differences in polarity between closely boiling materials. Unfortunately, tailing is
most severe with highly polar materials which are partially adsorbed by the solid
support. This limits the range of substrates that may be used to separate polar
materials. To reduce tailing, solid support modificants have come into use. JAMES AND
MARTIN® used stearic acid. JorNs* used both oleic acid and base amines. More recently
METCALFE® used 2 % phosphoric acid to enable direct separation of carboxylic acids,
and SmitH AND RaDpFORD® used various amounts of sodium hydroxide to enhance
separations of diamines. These latter modificants may do more than suppress tailing;
as binary or ternary mixtures with other substrates they may function as entirely new
substrates.

EXPERIMENTAL

Apparatus and materials

The instrument used in this work was a dual column thermal detector instrument
constructed in this laboratory. Columns were prepared from 1/, in. copper tubing
coiled after packing. The solid support used was White Chromesorb (Johns Manville
Products Corporation). Liquid phases were Silicone Oil 550 (Dow Corning), Poly-
ethylene Glycol 2o M (Union Carbide Corporation) and Lac 296 (Cambridge Industries
Company, Inc.). The chemicals used in the separations were Eastman Organic Chemi-
cals Products. Liquid samples were injected with a Hamilton Microliter syringe
equipped with a Chaney Adapter.

Influence of phosphoric acid on Lac 296

The influence of 2 % phosphoric acid on the selectivity of Lac 296 is illustrated in
Fig. 1. The only difference in the two columns which produced these chromatograms

J. Chvomatog., 11 (1963) 27-31
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LAC 296 20% & H3zP0; 2% LAC 296 20%

IMVT 3MV 2,1

i ]

TIME ——> TIME —>

Fig. 1. Influence of HyPO, on the selectivity of Lac 296. Operating conditions: flow: 55 ml/min He;
temperature: 70°; column length: 2 m. (1) fert.-butyl acetate; (2) fevt.-butyl alcohol.

was the presence of 2z % phosphoric acid on the one which produced the separation
represented as curve A. Not only does the acid-containing column make a complete
separation of fert.-butyl alcohol and fert.-butyl acetate, but it reverses the order of
elution from the Lac 296 column. This column also separated methacrolein, water,
and methacrylic acid. Not only did it produce well-shaped peaks for the methacrylic
acid, but it resolved methacrolein and water. Without phosphoric acid, water and.
methacrolein were not resolved. Carbowax 20 M functioned in the same way. Without
acid, it did not resolve water and methacrolein. With acid, it did.

SO 20 % SO 15%- PEG 5% PEG 5%

2

L A4/\ j\
AN /L
l AN

Fig. 2. Influence of 2 %, NaOH on substrates. Operating conditions: flow rate: 50 ml/min; temper-
ature: 150°; column length: 0.72 m. (1) m-Chloronitrobenzene; (2} m-Chloroaniline.
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Influence of strong base on silicone 01l and polyethylene glycol

During an investigation to provide a rapid, accurate method to follow the reduction
of chloronitrobenzene to m-chloroaniline it was discovered that the addition of 2 %
NaOH to a packing loaded with a 15 to 5 % mixture of Silicon Oil (SO 550) and Poly-
ethylene Glycol (PEG 20M) produced substrate properties which could not be deduced
from the effect of NaOH on the individual substrates. The effect is shown in Fig. 2.
The columns were operated under virtually identical conditions. The top chromato-
grams in each case were from columns containing 2 % sodium hydroxide. The presence
of NaOH markedly hastened the elution of both components from the mixed column
yet retarded their elution from the PEG 20M.

The effect of NaOH on SO 550~-PEG 20M mixtures at several different proportions
was investigated. The results are shown in Table I. Ten columns of equal length were

TABLE I

SEPARATION DATA FOR #-CHLOROANILINE AND #-CHLORONITROBENZENE

. 15% Stlicone- 10 Stlicone—
20% Silicone 5% PEG 20% PEG 20% PEG 5% PEG

No 2% No 2% No 2% No 2% No 2%
NaOH NaOH NaOH NagOH NaOH NaOH NaOH NaOH NaOH NaOH

150°
Separation factor —1.12 —I.I5 1.83 2.59 2.16 2.76 2.86 3.I12 2.59 2.54
Plates”™ 148 236 570 272 460 400 350 491 248 341
Resolution 0.42 0.71 4.95 6.55 6.22 8.78 8.73 11.8 6.25 7.10
Analysis time 16 13 60 19 53 70 103 162 17 30

Retention time
m-chloronitrobenzene**  14.5 11.6  29.3 5.9 213 217 31.5 422 53 9.8

190°
QSeparation factor 1.45 2.03 181 2.16 2.37 2.53 2.06 1.81
Plates”™ 410 236 342 260 340 409 286 360
Resolution 2.22 3.95 3.75 4.68 6.30 7.6 3.29 3.86
Analysis time 20 5 15 12 27 44 5 Is5

Retention time

m-chloronitrobenzene ™ *

1.8 1.7 6.9 4.3 9.6 15.4 1.7 7.1

* Based on the m-chloroaniline peak.
** Corrected to 50 ml/min.

loaded as shown; all helium flow rates were between 40 and 55 ml per minute. The
investigation showed that NaOH increased the retention and improved the resolution?
of the PEG 20M at either the 5 % or the 20 % load. It decreased retention and increased
resolution of the silicone column. But, the effect in the 15 SO-5 PEG-2 NaOH mixed
column was most striking. With NaOH in the mixture the resolution is improved by
1/3 and the analysis time reduced to 1/3 of that without NaOH present. A comparison
of the optimized mixed phase column with an equivalent length single-phase column
is shown in Fig. 3.

It was observed that the separation characteristic of the 15 SO-5 PEG-2 NaOH
mixed column approximated that of the 5% PEG single phase column. Therefore,
the quantitative performance of these columns was investigated to evaluate the in-
fluence of NaOH on the adsorption isotherms. The calibration curves in Fig. 4 show
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Fig. 3. Comparison of a single-phase column with an optimized mixed-phase column. Operating

conditions: (A) column: 159% SO-59% PEG-29% NaOH; length: 0.77 m; temperature: 190°;

flow: 97 ml/min He; (B) column: 20 %, PEG; length 0.77 m; temperature: 190°; flow: 39 ml/min
He. Component identity same as in Fig. 2.
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100}
5%PEG
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m-CHLORONITROBENZENE

8ot 5% PEG
6o} 15-5-2
a0}

204

o 166 200 300 300 500
MICROGRAMS
Fig. 4. Calibration curves comparing a 5% PEG column with a 159% SO-59% PEG—2 9% NaOH

column. Operating conditions: same as Fig. 2. Top graph has a 24 ug intercept with either column.
Bottom graph has a 20 ug intercept with the 5%, PEG column only.
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that the mixed column containing NaOH provided a linear calibration curve with a
zero intercept with m-chloronitrobenzene while the 5% PEG 20M column shows a
slight curvature at low m-chloronitrobenzene levels, or an extrapolated intercept of
20 ug. Neither column produced a linear curve for m-chloroaniline. Both lines extra-
polated through an intercept at 24 ug. This indicated that the 2 % NaOH did not
suppress the low level m-chloroaniline adsorption beyond that afforded by the 5%
PEG.

Either column would be satisfactory for quantitative analysis of the m-chloro-
nitrobenzene-m-chloroaniline mixture with an adequate component load. However,
at low load, such as with traces of m-chloronitrobenzene, the mixed column would be
preferred. An additional advantage afforded by the mixed column is that it can serve in
a dual capacity, as both a selective column for the m-chloroaniline-m-chloronitro-
benzene mixture, and as a primarily silicone column for a wide variety of hydrocarbon
mixtures.
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SUMMARY

It has been shown that solid support modificants as phosphoric acid and sodium hy-
droxide may do more than suppress peak tailing. They may alter substrate properties
significantly. As binary or ternary mixtures with other substrates, they may provide
a new dimension to substrate selectivity. Benefits may be achieved through the
ability to alter substrate selectivity and through reduced analysis time.
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INTRODUCTION

It has been reported previously'—3 that silver nitrate dissolved in ethylene glycol is a
highly selective stationary phase for the gas chromatographic separation of cyclic
olefins with a five- or a six-membered ring. In order to gain a better understanding of
the factors involved in complex formation, the stability constants of olefin-silver ion
complexes in glycol solution were determined subsequently#.5.

In the present work the investigation of the relationship between structure and
chromatographic behaviour has been extended to include isomeric olefins containing
a four-membered ring (Table I, compounds I-1II), as well as spiropentane (XV) and a
series of C4 mono- and di-olefins (IV-VIII), which are encountered in the preparation
and reactions of I-1II. In order to clarify structural relationships, additional com-
pounds (IX-XIV) were included in the study.

The selectivity of the silver nitrate-glycol phase promised to be of particular
advantage in a number of analytical applications:

For instance, I, IV and XV are the main products formed by debromination of
pentaerythrityl tetrabromide, which is one of the key reactions leading to cyclo-
butane derivatives® . Elaborate and time-consuming methods have been used in the
past for estimating the composition of the product formed, e.g. fractional distillation,
infrared® and Raman?® spectroscopy, electron diffraction?®, etc. More recently, APPLE-
ouisT, FaAnTA AND HENRIKSONM applied gas chromatography to the separation of
methylenecyclobutane from spiropentane using di-2-ethylhexyl sebacate as the
stationary phase.

Furthermore, in equilibrium studies!? undertaken in this laboratory a rapid
method was needed for the determination of I, II and III in their mixtures. On the
other hand, the study of the thermal decomposition'® of 1-methylcyclobutene (II)
and 3-methylcyclobutene (III) required a method with which these compounds could
be easily separated from the isomeric products in which the ring was split open, Z.e.
isoprene (VI) and 1,3-pentadiene (VII, VIII), respectively. It also seemed of some
interest to examine the analysis of mixtures containing r,2-propadiene (XIII) and
ethene (XI), whichare formed by thermal decomposition of methylenecyclobutane(I)4.

The results obtained in the present study are summarized in Table I.
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TABLE 1
RETENTION VOLUMES OF THE METHYLCYCLOBUTENES, METHYLENECYCLOBUTANE,
C5 DIENES AND RELATED COMPOUNDS

Stationary phase 30 g AgNO;/100 ml ethylene glycol; column length 2 m; weight ratio of solid
support!: 2 to liquid phase 3:1; helium flow rate 50 ml/min.

No. Compound Bég(‘) (r:;g{/ 7> at 30°
1 Methylenecyclobutane 41.2 0.70
II 1-Methylcyclobutene 37.3 0.059
111 3-Methylcyclobutene 37 0.12
v 2-Methyl-1-butene 31.2 0.15
A% 2-Methyl-2-butene 38.6 0.058
VI Isoprene 34.1 0.32
VII 1,3-cts-Pentadiene 44.1 0.63
VIII  1,3-trans-Pentadiene 42.0 0.46
X 1,4-Pentadiene™™ 26.0 1.34
X Cyclopentadiene 42.5 0.97
X1 Ethene —103.7 0.042
XII Propene —47.7 0.057
XIII  1,2-Propadiene (Allene) —34.5 0.036
(O. o 63) *kk
XIV  Cyclopropane —32.8 0.008
XV Spiropentane 39.1 0.031
{0.056)***

* Relative to toluene.
** The structurally analogous 1,5-hexadiene was retained irreversibly by the column.
*** Relative to benzene.

It can be seen that, with the exception of 1-methylcyclobutene (II) and 2-methyl-
2-butene (V), the retention volumes of all compounds examined differ sufficiently to
permit qualitative and quantitative analysis of mixtures of various composition, such
as are formed in the reactions mentioned above. It should be noted that the selec-
tivity of the complex-forming phase for the separation of methylenecyclobutane (I)
from 1-methylcyclobutene (II) (#r/r1r o~ 12) is much higher than that obtained with
di-n-propyl tetrachlorophthalate® (ri/rm1 ~ 1.2) at the same temperature (30°).
Experiments with synthetic blends, containing not less than 10 % of each component,
showed that the accuracy was about + 1% of the total. The time required for a
complete analysis does not exceed 15 minutes.

The method has been applied successfully to the analysis of the products of
debromination of pentaerythrityl tetrabromide formed under different experimental
conditions® 11, 15,16 Tt was found that previous analytical results, though only approxi-
mative, were generally in agreement with data obtained by the present procedure.
In certain cases, however, larger deviations were observed. Thus, the product formed
under the conditions described by RoBERTS AND SaUEeR?, which these authors con-
sidered to be practically pure methylenecyclobutane, was found in our case to con-
tain methylenecyclobutane 81.4 %, 2-methyl-1-butene 12.6 % and spiropentane 6.0 %.

There are certain limitations to the analytical application of the stationary phase.
For instance, if crude or insufficiently purified methylcyclobutane is used for the iso-
merization to 1-methylcyclobutene, then z-methyl-2-butene, formed from contaminat-

* 6 m column filled with 7%, di-%-propyl tetrachlorophthalate on Chromosorb.
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ing 2-methyl-1-butene, is also present in the product. The procedure used to correct
for the proportion of V in the peak of IT has been described elsewhere?2.

It is important to note that 1,5-hexadiene (see further below) is retained irre-
versibly by the column under our chromatographic conditions. This must be kept in
mind when analysing unknown mixtures of polyenes with silver nitrate solutions.
Further, it should be pointed out that the relative order of retention volumes of non-
conjugated dienes as compared with the corresponding conjugated isomers (rix >
v, 7vim) is the reverse of that found with non-complex-forming phases?”.

DISCUSSION OF RESULTS

The following conclusions can be drawn from the data given in Table I, assuming that
differences in relative retention volume for close boiling isomers essentially parallel
the stability of the complexes formed*:

(a) As in the series of the cyclopentenes? and cyclohexenes!.3, the 1-alkyl com-
pound in the methylcyclobutene series has a lower retention volume than the 3-alkyl
isomer (rir << #11), owing to the higher substitution of the double bond in the former.
On the other hand, methylenecyclobutane (I), which contains a disubstituted sems-
cyclic double bond, has a higher retention volume than III, which has an endocyclic
double bond with the same degree of substitution. The relative order of the retention
volumes of the methylenecyclane (I) and the isomeric 3-methylcyclene (IIT), parallels
the sequence of the six-membered ring homologues, but is the reverse of that found in
the five-membered ring series.

It has already been reported? that the stability constant of the r-methylcyclo-
butene-silver ion complex is much lower than that of the corresponding 1-methyl-
cyclopentene and 1-methylcyclohexene complexes, contrary to what would be ex-
pected from the higher strain in the four-membered ring compound. The observed
retention volume of 3-methylcyclobutene seems to point once again to the lower
tendency for complex formation of a cyclobutene as compared with a similarly sub-
stituted cyclopentene or cyclohexene system.

(b) The values of the retention volumes of compounds VI-X provide some interest-
inginformation on therelativestability of complexes formed by different types of dienes:

Complex formation differs markedly in ethylene glycol as compared with aqueous
medium. WINSTEIN AND Lucas®®, who carried out measurements in aqueous AgNO,,
found that conjugation may reduce the stability of the complex drastically. In ethylene
glycol, however, no such effect is apparent from the chromatographic behaviour of
either isoprene or the 1,3-pentadienes.

The retention volume of isoprene has a value (» = 0.32) approximately equal to
the one expected if the contributions from the double bonds were additive, taking
2-methyl-x-butene (» = 0.15) and 1-pentene (» = 0.19)"? as the reference monoolefins.
The retention volumes of the 1,3-pentadienes are found to be even ~ 30 % higher than
estimated* on the basis of additivity from 1-pentene and c¢is- and #rans-2-pentene
(r = 0.21 and 0.07)Y7, respectively.

* See ref. 4 for a short discussion of the influence of structural factors on the stability constants
of olefin—silver ion complexes in ethylene glycol.

*The data for the retention volumes of the reference olefins were corrected for differences in
volatility, using the plots of log retention volume versus boiling point for families of monoolefins, given
by TeENNEYY. The correction was 0.06—0.07 for 1-pentene and o0.02 for both c¢is- and frans-2-pentene.
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Cyclopentadiene (X) has a higher retention volume (» = 0.97) compared with
the conjugated open-chain dienes VI-VIII, in line with the already established4
enhanced tendency for complex formation of the double bond in a five-membered
ring. However, conjugation seems to weaken the coordination capacity in this case,
since the retention volume of X is much lower than the additive value (» = 1.8)
calculated from data of the corresponding monoolefin (cyclopentene, » == 0.90)"".

Another striking difference is displayed by the non-conjugated dienes. 1,4-
Pentadiene has a retention volume 3.6 times higher than calculated on the basis of
additivity (using 1-pentene as the reference monoolefin), while 1,5-hexadiene forms
such a stable complex that it is irreversibly retained on the silver nitrate—glycol
column. The stability constant (K, == 0.395) of the latter compound in aqueous solu-
tion has been determined by WINSTEIN AND Lucas® and found to be only twice as
high as estimated (reference compound: 1-hexene, K, = 0.095).

The behaviour of the non-conjugated dienes in ethylene glycol points to chelate
formation, with the diolefins acting as bidentate ligands. The greater stability of the
1,5-hexadiene complex as compared with the 1,4-pentadiene complex can be readily
explained by lesser strain of the chelate ring in the former case. The strong 1:1
complex formed by 1,5-cyclooctadiene®, which, in contrast to the silver ion complexes
of 1,2- and 1,3-cyclooctadiene, is stable in aqueous solution even at 9go-100°, has also
been assigned a chelate type structure by Avram, MARICA AND NENITZESCUZL.
Further, X-ray analysis?? has shown that the silver ion in the 1:1 complex of cyclo-
octatetraene is situated above the plane formed by carbon atoms 1, 2, 5 and 6, the
distance being 2.46, 2.51, 2.78 and 2.84 A, respectively.

Chelation does not exclude the coexistence in solution of other types of com-
plexes, such as disilver compounds, in which each double bond coordinates with a
separate silver ion.

(c) The following incidental results are also noteworthy: 1. The lower retention
volume (r = 0.036) of allene (XIII), as compared with those of the more volatile
ethene (r = 0.042) and propene (» = 0.057), indicates that a cumulative double bond
system has a lower complex-forming capacity than a single double bond.

2. Spiropentane (XV) has a very low retention volume, which indicates the ab-
sence of interaction with the stationary phase. The lack of complexation in the case of
saturated three-membered ring derivatives is further shown by the very low retention
volume (# = 0.008) of cyclopropane itself, as compared with the isomeric propene
(r = 0.057). The behaviour of the silver ion (in ethylene glycol) thus contrasts with
that of the more strongly coordinating Pt, which has recently been shown to form a
complex with cyclopropane?.

It is planned to test the above conclusions, and to further clarify the behaviour of
conjugated and non-conjugated dienes by measuring the stability constants of their
silver ion complexes in ethylene glycol solution.

EXPERIMENTAL

Apparatus and procedure

A Perkin-Elmer Model 154 A Fractometer was used in the study. The procedure was
essentially the same as described previously® 2. The retention volumes given in Table I
represent the average value of at least three determinations; the maximum deviation
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observed was about 3 %. In order to obtain reproducible values, it is best to coat the
support directly with the AgNO,~glycol phase, avoiding the use of a solvent.

Materials

Methylenecyclobutane (I) was prepared by debromination of pentaerythrityl tetra-
bromide according to the procedure of ROBERTS AND SAUER®. The compound was
fractionally distilled on a Piros-Glover spinning band column in order to remove the
lower boiling spiropentane and 2-methyl-1-butene, which are formed as side products.
AsampleofI of more than gg % purity was obtained. B.p. 41.2° (760 mm) ; #%p 1.4212
(reported®t 42°; n'%p 1.4235).

I-Methylcyclobutene (I1). Sodium-catalyzed isomerization of pure methylene-
cyclobutane!? at §-10° gave a product containing about 85 % of II and 15% of L.
A sample of IT about g9 % pure was obtained by fractionation on the same column as
above. B.p. 37.3° (760 mm); #®p 1.4080 (reported® 38°; #n#3p 1.4034).

3-Methylcyclobutene (I11) was synthesized by detosylation of the tosyl ester of
trans-z-methylcyclobutanol according to BrowN AND ZWEIFEL®, using a modified
procedure, which will be' reported elsewhere.

2-Methyl-1-butene (I1V)and z-methyl-2-butene (V) wereresearchgrade N.B.S.samples.

The C; dienes (VI-X) and 1, 5-hexadiene were commercial products (purity > 95 %),
which, where necessary, were distilled before use.

Ethene (XI), propene (XII) and cyclopropane (XIV) were pure products (> g9 %)
supplied by the Matheson Co.

I,2-Propadiene (XIII) of about 95 % purity was prepared by debrominating 2,3-
dibromopropene according to the procedure of K1sTiaAKowsKY and coworkers?s,

Spirvopentane (XV) was prepared by debrominating pentaerythrityl tetrabromide
according to the procedure of APPLEQUIST, FANTA AND HENRIKSON!, {.e. using zinc
in conjunction with tetrasodium ethylenediaminetetraacetate as the debrominating
agent. The compound was purified to a degree of nearly 95 % by fractional distillation.
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SUMMARY

The retention volumes of the methylcyclobutenes, methylenecyclobutane, a series of
C; open chain mono- and diolefins and of some related compounds have been deter-
mined using silver nitrate-glycol as the stationary liquid. As in the case of other
groups of olefins, the complex-forming phase has been found to be highly selective,
permitting ready separation of almost all compounds examined.

By comparing the retention volumes of close boiling isomers, correlations between
structure and stability of the silver ion—olefin complexes formed have been established.
The main conclusions are as follows: (1) Cyclobutenes have less tendency to complex
formation than the corresponding five- and six-membered cycloolefins; (2) in contrast
to findings in aqueous solution, conjugated dienes do not show reduced complex
stability in ethylene glycol; (3) unconjugated dienes coordinate strongly, probably as
a result of chelation.
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INTRODUCTION

The analysis of mixtures containing phenol and fert.-butylphenols is of interest in
connection with the study of the acid catalyzed alkylation of phenol®? with iso-
butylene. Substitution takes place almost exclusively in the ortho and para positions.
Furthermore, even when the source of isobutylene is a hydrocarbon fraction containing
other butenes, the reaction is selective and the major products are fert.-butylphenols.

Examination of the properties of these phenols, listed in Table I, shows that
analysis by distillation will yield considerable information. However, the procedure
is time consuming and not very accurate when compared with instrumental methods.

TABLE I

PHYSICAL PROPERTIES OF PHENOL AND SOME Z¢7{.-BUTYLPHENOLS

Compound %éf*’ (°C)/fé€'mm*
Phenol 41 182
o-tert.-Butylphenol — 221
p-tert.-Butylphenol 100 237
2,6-Di-tert.-butylphenol 39 253*"
2,4-Di-tert.-butylphenol 57 263
2,4,6-Tri-fert.-butylphenol 131 278

* According to PARDEE AND WEINRICH?, except as otherwise indicated.
** Estimated from the data of HART AND CassIs?.

Infrared spectra of the phenols are sufficiently selective to permit both qualitative
and quantitative analysis5.é of the individual components. However, since impurities
sometimes cause interference at the infrared analytical wavelengths, and since gas—
liquid chromatography (G.L.C.) is usually more rapid, analysis by this procedure was
investigated. This paper describes the results of the study.

* Paper read at the 8th National Analysis Instrumentation Symposium of the Instrument
Society of America, April 30th-May 2nd 1962, in Charleston, W. Va., U.S.A.
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SELECTION OF THE GAS—LIQUID COLUMN

The initial experiments with G.L.C. were encouraging but not entirely successful.
When Silicone Oil 550 was used as the stationary liquid, the phenols (Table I) were
separated in order of their increasing boiling points as shown by the chromatogram
in Fig. 1. It was somewhat surprising that one pair of components, o- and p-fert.-
butylphenol, was not resolved satisfactorily.
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Fig. 1. Chromatogram of a synthetic blend of phenols on a 4 m Silicone Oil 550 column at 220°.
Helium flow rate: 80 cm?/min.

An attempt was made to increase the selectivity of the liquid phase by employing
a more polar substance, Carbowax 4000. Again complete separation was not achieved,
but unique properties were observed. Both of the completely hindered phenols,
2,6-di-fert.-butylphenol and 2,4,6-tri-fert.-butylphenol, emerged from the column
simultaneously prior to phenol, even though its boiling point is much lower. Moreover,
o-fert.-butylphenol was widely separated from p-fert.-butylphenol, although the latter
was not completely resolved from 2,4-di-fers.-butylphenol.’

These findings indicate the need for a two-stage column. McFADDEN discussed
the general case and demonstrated that the properties of a chromatographic column
prepared from a mixture of two stationary liquid phases which do not interact
chemically are equivalent to those of a two-stage column prepared in the same ratio.
Therefore, in order to establish the ratio between Silicone and Carbowax to provide
the optimum separation of ferf.-butylphenols, columns prepared from several dif-
ferent mixtures of the two were examined. The total amount of liquid phase employed
in each case was held constant.

Retention times for the fert.-butylphenols were measured relative to phenol for
Silicone-Carbowax ratios between 5:1 and 1:2, that is between Carbowax concen-
trations in the liquid phase of 16.5 and 66.7 %, respectively. To facilitate the selection
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of the particular stationary phase mixture, the data relative retention times wersus
Carbowax concentration in the stationary phase, were examined graphically as shown
in Fig. 2. Unexpectedly, the data revealed not one but four mixtures that give
maximum separation, each with a different order of emergence for the individual
phenols. These stationary phases were located by determining the widest spacings
between the lines representing retention times. The orders of emergence were

7 [IJ

O—— o-#-BUTYLPHENOL
8- — — p-#-BUTYLPHENOL
®—-— 2,6-Di-#-BUTYLPHENOL
. &——— 2,4-Di-f-BUTYLPHENOL
5 O o TR 2,4,6-Tri-#-BUTYL HENOL

RETENTION TIME RELATIVE TO PHENOL
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WEIGHT PERCENT CARBOWAX 4000 IN THE MIXED STATIONARY PHASE

Fig. 2. Chromatography at 220° of phenol and fert.-butylphenols on 3 m mixed Silicone QOil 550
and Carbowax 4000 columns.

established by observing the order of the lines relative to that for phenol. The particu-
lar mixed liquid phases occur at Carbowax concentrations of 7.0, 21.5, 40.6 and 57.0 %
and are indicated in Fig. 2 by the arrows labeled A, B, C, and D, respectively.

Columns were then prepared using these four selected ratios of liquid phases,
and then tested in the same manner. The predicted different orders of emergence of
the components were achieved as illustrated by the chromatograms shown in Fig. 3.
Examination of these chromatograms shows that column C is clearly superior as
regards separation ability so it was chosen as the analytical column.

ANALYSIS OF SYNTHETIC SAMPLES

The accuracy of the quantitative determination of the individual phenols by G.L.C.
using column C was checked by analyzing two synthetic blends. One of the typical
chromatograms appears as Fig. 4. The results, summarized in Table II, show a mean
deviation of 0.4 % of the total and a maximum deviation of 1.0 %. It was necessary
to employ relative area calibration factors with the blend having the high phenol
content.
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Fig. 3. Chromatography at 220° of fevf.-butylphenols on selected 3 m columns containing Silicone
Oil 550 and Carbowax 4000.
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Fig. 4. Chromatogram of a synthetic blend of phenols on a 31/2 m column containing a 3:2 mix-
ture of Silicone Oil 550 and Carbowax 4000 at 220°. Helium flow rate: 180 cm®/min,
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TABLE 1II

DEVIATIONS IN ANALYSIS OF SYNTHETIC BLENDS OF PHENOL AND Zer{.-BUTYLPHENOLS

Per cent by weight
Compound Found* Deviation Found ** Deviation
Weighed Weighed
(z) (2) (1) (z) (1) (2) (1) (2)
Phenol 4.8 5.6 5.8 +0.8 +1.0 43.2 43.0 43.4 —o0.2 4o0.2
o-tert.-Butylphenol 20.0 206 207 +06 +o.7 82 8.5 8.5 +0.3 0.3
p-tert.-Butylphenol 2.4 2.4 2.4 o [ 39.3 39.8 39.5 -+o0.5 Jo0.2
2,4-Di-tert.-butylphenol 50.1 49.5 49.5 —o0.6 —0.6 6.0 5.8 5.6 —o0.2 —o0.4
2,6-Di-fert.-butylphenol 8.6 8.2 8.5 —o0.4 —o0.I 1.9 1.6 1.7 —o0.3 —O0.2
2,4,6-Tri-fert.-butylphenol 14.1 13.7 13.1 —0.4 —I1.0 1.4 1.3 I.3 —o0.I —o.I

* Equivalent to uncorrected area per cent.
** Corrected area % ; factors employed: phenol 1.00; mono-fert.-butylphenols I1.zo, di-fert.-
butylphenols 1.29, tri-fert.-butylphenol 1.32; corrected area = measured peak area X factor,

APPLICATION OF THE PROCEDURE

On the basis of experience gained by application of the method to the analysis of
process samples, an alternate procedure was devised. Isopropyl ether employed as a
solvent as described in the experimental section was used as an internal standard.
The accuracy obtained with this alternate procedure is somewhat poorer, but the
amount of an individual phenol can be determined without regard to total area or the
presence of uneluted higher boiling components in a sample.

Samples of individual phenols of 0.3 ml and 97-99 % purity were isolated from a
synthetic blend by using G.L.C. on a preparative scale. This experiment illustrates the
feasibility of collecting chromatographic peaks from process samples. Infrared spectra
of such isolated fractions would then reveal the presence of unexpected impurities
being eluted along with a particular phenol.

During prolonged constant use of analytical column C, Silicone gradually bleeds
away from the solid support. Finally, separation of the phenols is no longer satis-
factory, and a fresh column must be prepared. Therefore, mixtures of Carbowax with
various other stationary phases, for example, Silicone high vacuum grease or Apiezon
wax, should be examined. Perhaps one of these will give a similar separation and at the
same time a more stable column.

On the other hand, at temperatures below 200° column C is quite stable and has
provided the means of analyzing many other complex mixtures. In addition, by em-
ploying matched columns to compensate for substrate bleeding, column C has been
employed in temperature programmed operation up to 250°.

BEHAVIOR OF PHENOLS
IN MIXED SILICONE—CARBOWAX GAS—LIQUID COLUMNS

It is interesting to speculate regarding the unique orders of emergence of the fert.-
butylphenols from the mixed Silicone-Carbowax columns. When Carbowax alone is
the stationary phase the order is remarkably different from that of the boiling point.
This is in contrast to the behavior in Silicone where only simple solubility is involved.
The difference can be explained on the basis that the strength of the interaction,
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hydrogen bonding, between a phenol and Carbowax is greatly influenced by steric
factors. Therefore, the retention time should depend primarily upon the number of
substituents orsho to the phenolic hydroxyl group, rather than upon volatility. The
behavior in mixed columns is more difficult to explain. For Carbowax concentrations
greater than 50 % it is apparent that differences in the degree of hydrogen bonding is
certainly the dominant factor. Below this concentration volatility gradually becomes
of most importance. The completely hindered phenols exhibit the greatest change in
retention time. These two compounds have high retention times in Silicone because of
their low volatility (high boiling point) but low retention times in Carbowax due to the
absence of hydrogen bonding. The mutual effect of these diverse properties in mixed
columns causes their retention times to move between those of the other components.
It is this phenomenon that results in different orders of emergence from mixed columns
and provides the four mixtures giving different maximum separations.

EXPERIMENTAL
Apparatus and procedure

Analytical gas-liquid chromatography was performed using a Beckman Model GC-2
Gas Chromatograph operated at a temperature of 220°. The inlet pressure of the
helium carrier gas was 55 p.s.i. and its rate of flow approximately 180 cm3/min.

The column packings were prepared following the procedure described by JornsS.
Seven parts of Chromosorb-W, 30 to 60 mesh, were coated with three parts of Silicone
0il 550, Carbowax 4000 or mixtures of the two. Stainless steel columns of 6 mm
diameter and 3 m length were filled, then purged with cariier gas at 220° until a
stable base line was achieved. Higher temperatures should be avoided with mixed
packings, since the Silicone would be selectively eluted, changing column char-
acteristics.

A phenol sample was dissolved in an equal quantity of isopropyl ether, then
approximately 0.02 ml of the solution was introduced into the column with a hypo-
dermic syringe. Ether was employed since it easily dissolves large quantities of solid
phenols and aids in their vaporization. Therefore, it was also employed as an internal
standard for determining relative calibration factors.

Preparative scale chromatography was accomplished using a revised Greenbrier
Chroma-Lab instrument, Model g40. The injection block was rebuilt to provide for the
rapid and complete vaporization of the larger sample. The column vent line between
the detector and the fraction collection apparatus was equipped with a heater to
prevent condensation of the materials being eluted from the column. Usually 300 g of
packing were prepared as described above and filled into copper tubing of 13 mm inner
diameter and 6 m length. A phenol sample was dissolved in ether then usually 2 ml of
the solution was injected into the column. Fractions were trapped using ice water each
time a peak indicated elution of a component from the column.

MATERIALS

The phenols employed in this study were purified by means of fractional distillation
and recrystallization. Their purities were certified by comparison of melting points
and infrared spectra with those of authentic samples.
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Silicone 550 fluid is obtained from Dow Corning Corporation, Midland, Michigan
(U.S.A)). Carbowax 4000 is a higher molecular weight polyethylene glycol available
from Union Carbide Chemicals Company.

SUMMARY

Complete separation and quantitative analysis of mixtures of phenol and its five
ortho- and para-tert.-butyl derivatives can be accomplished by gas-liquid chromatog-
raphy. The column, three meters in length, contains a specially selected stationary
phase that consists of three parts Silicone Oil 550 and two parts of Carbowax 4000.
The particular amounts of Silicone and Carbowax are quite important, since changes
in their ratio alter the retention times for the various phenols. This produces different
orders of emergence for these phenols from particular mixed columns. Reasons for
this occurrence are discussed. Analysis of synthetic samples shows the mean deviation
of results to be 0.4 % of the total with a maximum deviation of 1.0 %.
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DIE GAS- UND DUNNSCHICHTCHROMATOGRAPHISCHE TRENNUNG
DER STEREOISOMEREN FARNESOLE UND IHRER DERIVATE

I. MITTEILUNG. trans-trans UND cis-treans-FARNESOL UND DERIVATE

E. TYIHAK, D. VAGUJFALVI unp P. L. HAGONY

Institut fiir Heilpflanzenforschung, Budapest, und
Forschungsinstitut fiiv Pflanzenol und chemischen Haushaltartikel,
Budapest (Ungayn)

(Eingegangen den 21. September 1962)

Anhand der neuesten biogenetischen Untersuchungen sind die Farnesolderivate die
Prekursore aller in der Natur vorkommenden sesqui und héheren Terpenoide, Ste-
roide und Carotinoidel4.

Stereochemisch kann Farnesol mehrere Isomere haben, dies wurde zuerst durch
BATES ¢t al.%¢ bewiesen. Sie bestimmten gaschromatographisch vier stereoisomere
Farnesole. Die raumstrukturellen Verhdltnisse wurden mit Magnet-Kernresonanz-
Spektroskopie untersucht und die Methylabsorptions v-Werte des trans-trans, cis-
trans, cis-cis und trans-cis-Farnesole bestimmt. Nach Brooks unp OVERTON? nehmen
in der Natur in der Biosynthese des Squalens und Drimenols die trans-trans-Farnesol-
derivate teil. Die Wichtigkeit der Farnesolderivate wird durch die Feststellung von
ScuMIALEK® unterstrichen. Er isolierte aus dem Exkrement der Tenebrio (Mehlwurm)
und aus der Hefe eine stark juvenilhormonwirkende Fraktion und stellte durch
chemische und chromatographische Methoden fest, dass diese Hormonwirkung haupt-
siachlich auf die Anwesenheit des Farnesols und dessen Aldehyd (Farnesal) zuriickzu-
fiihren ist. SCHMIALEK macht keine Erwihnung davon, welche stereoisomere Raum-
struktur das von ihm isolierte und verwendete Farnesol besass. In den von WIGGLES-
WORTH? beschriebenen, #dhnlichen Untersuchungen werden die raumstrukturellen
Verhiltnisse des verwendeten Farnesols auch nicht erwahnt.

Das Ziel unserer Arbeit war, die Herstellung einiger frans-trans und cis-trans-
Farnesolderivate und die Trennung der Ausgangsstoffe und ihrer Derivate, mittels
Gas- und Diinnschichtchromatographie.

METHODISCHER TEIL*

Herstellung von Farnesolderivaten zu chromatographischen Untersuchungen

Zur Reproduktion der gaschromatographischen Untersuchungen von BATES ef al.b,
benutzten wir Farnesolmuster von der Firma Fluka A.G. Parallel mit diesen Mustern
untersuchten wir die von der Firma Parfiimerie und Kosmetik, Budapest, zu unserer
Verfiigung gestellten Farnesolmuster.

Bei der gaschromatographischen Trennung beider Muster erwies sich, dass sie

* Bei den Untersuchungen waren uns A. GYSRE, E. SiMoNFAl UND E. JARAY behilflich.
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eine Mischung von trans-trans- und cis-trans-Farnesol sind, wie dies auch BATES et al.
von den Mustern der Fluka A.G. feststellten.

Wir stellten die Esterderivate (C,~C,) der beiden Farnesolisomere mit Hilfe von
Sdureanhydriden bzw. SHuren her. Bei Acetylierung war die Ausbeute 9o-95 %,
wihrend bei der Esterbildung héherer Fettsiuren das Gleichgewicht sich auf Kosten
der Esterbildung verschiebt. Wurde Al,0, als Katalysator benutzt, ging die Esterifi-
kation auch bei den letzteren fast vollstindig durch (9o %).

Auf die Wirkung der milden Chromsiure- und Braunstein-Oxydation bildeten
wir aus Farnesolen Farnesale, welche mit Semicarbazid Farnesalsemicarbazone
bildeten.

Wir stelten aus den Farnesolen die aliphatischen Sesquiterpene (Farnesene)
mittels Wasserentziehung (konz. H,SO,) her.

Die gaschromatographische Tremnung des lrans-trans- und cis-trans-Farnesols und
etniger Derivate

Die gaschromatographische Trennung der von Fluka A.G. und der Firma Parfiimerie
und Kosmetik, Budapest stammenden handelsmissigen Farnesolmuster wurde mit
katherometrischer Detektion mittels Griffin & George Apparat fir Gaschromato-
graphie ausgefiihrt. Die Trennung der beiden stereoisomeren Farnesole erfolgte
auf einer SiO, Adsorbentsiule, die mit 20 %-iger Apiezon N imprigniert war, wihrend
die Trennung der Derivate mit Celite 545/20 %-iger Siliconelastomer Adsorbent-
sdule, bei 190° durchgefithrt wurde. Auf Fig. 1 siecht man das Gaschromatogramm
und die Untersuchungsbedingungen der handelsmissigen Farnesolmuster der Fluka.
A.G. Die sichtbaren und berechenbaren Mengenverhiltnisse sind: trans-frans-Farne-
sol: 73.0 % (Retentionszeit 30 Min.) und cis-trans-Farnesol: 26.6 9, (Retentionszeit
20 Min.).

Untersuchungsbedingungen
Anheiztemperatur:190C

Adsorbens:Si0, Mpiezon 20%

Gasmenge: 41 H, /h
1x Empfindlichkeit 150 mA

— trans-trans - Farnesol

- cis-trans-Farnesol
= Losungsmittel

Fig. 1.
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Im Falle der gewdhlten Adsorbentensidule und bei der Trennung des Ausgangs-
materials verwendeten Untersuchungsbedingungen, wurde eine gute Trennung der
Farnesolderivate von den Farnesolen erhalten.

Mit unseren gaschromatographischen Untersuchungen ist es uns gelungen die
Untersuchungen von BATES et al.® zu reproduzieren und einen Fortschritt in der
Richtung der Trennung der stereoisomeren Farnesole und ihrer Derivate zu machen

Diinnschichichromatographische Trennung des trans-trans- und cis-trans-Faynesols und
etniger Derivate

Die Trennung der zwei stereoisomeren Farnesole und ihrer Derivate ist mit dem
TyIHAK-VAGUJFALVI-System?9, das mit Erfolg fiir den dtinnschichtchromatogra-
phischen Nachweis der 4therischen Olkomponenten benutzt wurde (Laufstrecke:
16 cm; Losungsmittel: Benzol-Athylacetat; Reagens: Vanillin oder Anisaldehyd),
gelungen.

Methode: Auf dem Adsorbent *‘Szialgel 47”* bzw. ‘“Szialgel V'’* wurde 150 y
Farnesoltest in Ather aufgebracht und in Benzol-5% Athylacetat chromatogra-
phiert. Entwickler: 1 9% Vanillin in g6 %-iger H,SO,, oder 0.5 g Anisaldehyd in
96 %-iger H,S0,. Entwicklungstemperatur 105°; Entwicklungszeit: 5 Min. Die
Resultate der Untersuchungen sind in Tabelle I, angegeben. Die Flecken der getrenn-
ten Farnesole und Derivate sind in der Fig. 2 zu sehen.

TABELLE I
Vanillin-Reagens
No. Substanz Rp-Werte*
uv. Sonnenlicht

1 Farnesal 0.08 —_ rotlich

2 Farnesal 0.14 — rétlich

3 trans-trans-Farnesol 0.27 rotlich  dunkelviolett

4 cis-trans-Farnesol 0.36 rotlich  dunkelviolett

5 Farnesalsemicarbazon 0.45 — gelblich braun

6 Farnesalsemicarbazon 0.53 — gelblich braun

7 Farnesen 0.90 rétlich  dunkelviolett

8 Farnesen 0.95 rétlich  dunkelviolett

9 “trans-trans’’-Farnesylacetat 0.66 rotlich  dunkelviolett
10 ‘“‘cis-trans’’-Farnesylacetat 0.76 rotlich  dunkelviolett
Iz “trams-trans’’-Farnesylpropionat 0.79 rotlich  dunkelviolett
12 “‘cis-trans’’-Farnesylpropionat 0.84 rotlich  dunkelviolett
13 “trans-trans’’-Farnesylbutyrat 0.82 rétlich  dunkelviolett
4 “cis-trans”’-Farnesylbutyrat 0.87 rotlich  dunkelviolett
15 “trans-trans”’-Farnesylvalerianat 0.90 rotlich  dunkelviolett
16 “cis-trans’’-Farnesylvalerianat 0.90 rotdich  dunkelviolett

* Die Rp-Werte beziehen sich auf “‘Szialgel V"’-Platten.

Aus den Angaben der Tabelle sieht man, dass die beiden stereoisomeren Farne-
sole bei den angegebenen Bedingungen gut trennbar sind und dass das Verhiltnis
der Isomere ungefihr mit den gaschromatographischen Werten identisch ist. Wahrend
die Farbe der Ausgangsalkohole und ihrer Ester keine Abweichung zeigt, ist die
Farbe der iibrigen Derivate mit der Vanillinreaktion charakteristisch verschieden.
Dies ermoglicht eine Differenzierung auch bei kleinen Rp-Differenzen.

* Unter Herstellung bei der Firma Reanal, Budapest.
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Die Bezeichnung “ ” in der Tabelle, bei den Farnesolestern, weist auf die raum-
strukturellen Verhiltnisse der Ausgangsalkohole.

Mit dieser diinnschichtchromatographischen Methode ist es uns gelungen den
Farnesol und einige Derivate etlicher Pflanzen (Matricaria chamomilla L., Solanum
laciniatum Ait., Beta vulgaris var. conditiva) nebeneinander nachzuweisen!l-13, Sie
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Fig. 2.

ist im allgemeinen gut fiir die Identifizierung dieser Verbindungen bei physiologi-
schen, genetischen, pflanzenchemischen und botanischen Untersuchungen verwend-
bar.

ZUSAMMENFASSUNG

Wir stellten fiir gas- und dinnschichtchromatographische Untersuchungen einige
Derivate des trans-trans und cis-trans-Farnesols her. Die zweil Farnesole wurden auf
einer Si0,/Apiezon N 20 % Adsorbentensiule, ihre Derivate auf Celite 545/Silicon-
elastomer 20 9% Adsorbentensiule gaschromatographisch getrennt. Der verwendete
Apparat war vom Typ Griffin & George. Es ist uns auch gelungen die Ausgangs-
materialien und Derivate auf Adsorbenten ““‘Szialgel V" und “‘Szialgel 47" in Benzol
mit 5 %-iger Athylacetat mit Diinnschichtchromatographie zu trennen. Fiir den
Nachweis erwies sich 1 %-iger Vanillin in H,SO, geeignet.

SUMMARY

Some derivatives of trans-trans and cis-frans-farnesol were prepared for investigation
by gas chromatography and thin-layer chromatography. The two farnesols were sepa-
rated by gas chromatography on a SiO,/Apiezon N 209 column, while a Celite
545/Silicone elastomer 20 % column was used for the derivatives. The apparatus used
was Griffin & George type. It was also possible to separate the farnesols and their
derivatives by thin-layer chromatography, using “Szialgel V’ and “Szialgel 47" as
adsorbents and benzene—5 % ethyl acetate as solvent system. For the detection of
these substances 1 % vanillin in H,SO, proved suitable.
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EINFLUSS DER SCHICHTBEREITUNGSWEISE AUF DIE
REPRODUZIERBARKEIT DER Ry IN DER
DUNNSCHICHTCHROMATOGRAPHIE

GYORGY PATAKI unp JOZSEF KELEMEN
Institut fiiv Ovganische Chewmie
und Institut filr Farbenchemie der Universitit Basel (Schweiz)

(Eingegangen den 16. Oktober 1962)

Obwohl die Diinnschichtchromatographie (D.C.) seit lingerer Zeit bekannt ist!,
wurde sie erst nach der Einfithrung eines brauchbaren Streichgerites? zu einer all-
gemeinen analytischen Methode. Zahlreiche Vertffentlichungen auf nahezu allen
Arbeitsgebieten® haben ergeben, dass die D.C. der Papierchromatographie (P.C.) in
vielen Fillen iiberlegen ist.

Zur Bezeichnung der Lage einer Substanz werden in der D.C., genau wie in der
P.C. die Rp angegeben. Sie sind von vielen Faktoren?, u.a. von der Schichtdicke?
abhingig. Die Trigerschicht soll, einerseits von Platte zu Platte reproduzierbar,
anderseits innerhalb ein und derselben Platte einheitlich sein. Beide Bedingungen
werden weitgehend erfiillt, wenn man 200 X 200 mm Glasplatten* mit Hilfe des
StaHL’schen Streichgerites? bestreicht.

Es wird auch in der neuesten Zeit, in Anlehnung an frithere Arbeiten?, gelegent-
lich vorgeschlagen, die Chromatoplatten manuell zu bereiten’®. Solche Schichten
sind unseres Erachtens nicht einheitlich und auch nicht von Platte zu Platte reprodu-
zierbar.

Um diese Annahme zu priifen, fithrten wir folgende Experimente durch:

(a) 25 g Kieselgel G wurde mit 50 ml Wasser in einem verschlossenen Erlenmeyer-
Kolben (zo0 ml) 30 sec lang sehr kriftig geschiittelt’® und mit Hilfe des StaHL'schen
Streichgerdtes? auf 200 X 200 mm Glasplatten gebracht (Streichdauer: 4 sec,
Schichtdicke: ca. 0.25 mm). Die Platten wurden iiber Nacht an der Luft getrocknet®. 10,

(b) 5 g Kieselgel G und 15 ml Wasser wurden in einem verschlossenen Erlenmeyer-
Kolben (100 ml) 30 sec lang sehr kriftig geschiittelt und auf eine Glasplatte (200 X
200 mm) gegossen. Die Suspension wurde durch Ritteln moglichst gleichmissig
iiber die ganze Platte verteilt. Die bestrichenen Platten liess man iiber Nacht an der
Luft trocknen.

Die Startpunkte lagen sowohl bei (a) als auch bei (b) 1.5 cm vom unteren Platten-
rand entfernt, die Entfernung zwischen zei Auftragstellen betrug mindestens 0.8 cm.
Als Laufstrecke verwendeten wir bei allen Versuchen 10 cm. Zur Kammersittigung!!
wurden die Kammern mit Filterpapier vollstindig ausgekleidet und vor der Einstel-
Iung der Platten mehrmals kriftig geschiittelt. Die Entwicklung erfolgte aufsteigend.

* Die Schichtdicke ist innerhalb ein und derselben Platte nicht konstant, wenn man zur
Chromatographie 200 X 50 mm oder sogar kleinere Platten bestreicht8.

J. Chvomatog., 11 (1963) 50—54



DUNNSCHICHTCHROMATOGRAPHIE : REPRODUZIERBARKEIT DER Rp 51

ERGEBNISSE

(1) Wir haben zunichst die Reproduzierbarkeit der Ry an ein und derselben Platfe,
welche nach (a) bzw. nach (b) bereitet wurde, untersucht. Aus diesem Grund trugen
wir 1 mm3 des Testgemisches? vierzehnmal auf Platten nach (a) und (b) auf. Fig. 1
und 2 zeigen, dass die Rp an Platten, welche nach (b) bereitet wurden viel stirker

0000000000000 0
0000000000000 0 &
OOOOOOOOOOOOOO

Fig. 1. Diinnschichtchromatogramm von Indophenol, Sudanrot G und Buttergelb (Testgemisch?)
auf Kieselgel G nach (a) (vgl. Text).

streuen. Es sei bemerkt, dass wir bei Platten, welche nach (b) bereitet wurden, nur
diejenige verwendet haben, welche bei Durchsicht einigermassen einheitlich waren.
Demgegeniiber haben wir bei Platten, welche nach (a) bereitet wurden, keine Auswahl
getroffen.

Tabelle I zeigt den statistischen Vergleich zwischen (a) und (b). Wir haben dort

FRONT

0 0000
OOOOOOOOO %
0 0 0 &
0000000000009)00

START »

s

Fig. 2. Diinnschichtchromatogramm von Indophenol, Sudanrot G und Buttergelb (Testgemisch?)
auf Kieselgel G nach (b) (vgl. Text).
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TABELLE I

VERGLEICH DER Rp-STREUUNGEN AUF SCHICHTEN, DIE NACH (a) Bzw. (b) BEREITET WURDEN AN
EIN UND DERSELBEN PLATTE

(Fliessmittel : Benzol?)

(a) ()
Verbindung — —
Rp n SB SR Ry n SB SRy
Buttergelb™ 0.494 14  0.49-0.50 0.005 0.610 14 0.58-0.63 0.014
0.504 I4 0.49-0.52 0.008 0.504 14  0.46-0.56 0.033
Sudanrot G* 0.232 14 0.22—0.24 0.006 0.366 14 0.34~0.39 0.014
0.228 14 0.2I-0.25 0.010 0.265 14  0.23-0.30 0.023
Indophenot* 0.143 14  0.I4-0.15 0.005 0.258 14 0.22-0.28 0.016
0.133 14 0.12-0.16 0.012 0.178 14 0.15-0.21 0.018

* Testgemisch?; » = Anzahl Bestimmungen; Rp = Rp-Mittelwert; SB = Schwankungsbreite
der RF; spp = Standardabweichung.

sowohl die Schwankungsbreiten!? [SB] als auch die Standardabweichungen* [sg,]
angegeben.

Bei (a) ist: 0.01 £ SB = 0.04 und 0.005 = sg, < 0.012,

bei (b)ist: 0.05 = SB = o.10 und 0.014 £ s, =< 0.033.

(2) Die Reproduzierbarkeit der Rp an mehreren Platten (nach (a) bzw. (b)) zeigt
die Tabelle II.

Bei (a) ist: 0.02 < SB = 0.07 und 0.009 < sg, = 0.020,

bei (b)ist: 0.07 £ SB < o0.11 und 0.021 = sg, < 0.041.

SCHLUSSFOLGERUNGEN

Es gelang uns zu beweisen dass die Rp an manuell bereiteten Schichten grésseren
Schwankungen unterworfen sind als jene an mechanisch bereiteten Schichten.

Wir folgern daraus:

(1) Manuell bereitete Chromatoplatten eignen sich nicht fiir Studien zwischen
Struktur und chromatographischem Verhalten?.

(2) Sie eignen sich wenig fiir genaue Untersuchungen, z.B. zur Bestimmung von
Rp-Werten.

Wir sind auch der Ansicht, dass der Einsatz manueller Chromatoplatten zur
Reinheitspriifungen oder zu orientierenden Versuchen gewisse Gefahren in sich birgt.
Dies wird besonders deutlich durch die Fig. 1 und 2 veranschaulicht.
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ZUSAMMENFASSUNG

Manuell bereitete Chromatoplatten eignen sich wenig fiir genaue Untersuchungen.
Dies wurde durch statistischen Vergleich der Rp-Schwankungen bei der Standard-
methode und bei der manuellen Methode bewiesen. Die Anwendung manuell bereiteter
Chromatographierschichten empfiehlt sich auch nicht zu Reinheitspriiffungen oder zu
orientierenden Untersuchungen.

SUMMARY
Chromatoplates prepared manually are not very suitable for exact determinations.
This was proved by a statistical comparison of the deviations in the Rp values obtained

in the standard method and in the manual method. It is also not advisable to use
such chromatoplates for purposes of purity control or for informative investigations.
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DUNNSCHICHTCHROMATOGRAPHIE
VON AROMATISCHEN KOHLENWASSERSTOFFEN UND EINIGEN
HETEROCYCLISCHEN VERBINDUNGEN

N. KUCHARCZYK, J. FOHL unp J. VYMETAL
Forschungsinstitut fiiv Koksochemie, Urxovy zdvody,
Ostrava (Tschechoslowaket)

(Eingegangen den 1. Oktober 1962)

Die Chromatographie von aromatischen Kohlenwasserstoffen auf imprignierten und
acetylierten Papieren wurde schon vor einigen Jahren beschrieben. So trennten
WIELAND UND KRACHT erfolgreich einige hohere Kohlenwasserstoffe auf acety-
liertem Papier, das Durchlaufen dauerte jedoch 1820 Stunden. Im System #-Hexan,
das mit Dimethylformamid gesdttigt war, trennten TARBELL UND HuafG? Kohlen-
wasserstoffe und ihre Derivate. Die Differenzen in Rp-Werten einzelner Kohlen-
wasserstoffe waren aber sehr gering. Die meisten anderen Arbeiten iiber die Chromato-
graphie von aromatischen Kohlenwasserstoffen befassten sich nur mit Spezialfillen
der einzelnen Kohlenwasserstoffe3—2.

Bei Isolierung einzelner Stoffe aus hohersiedenden Steinkohlenteerfraktionen
wurde das Problem einer schnellen und zugleich einfachen Reinheitskontrolle
sehr aktuell. Auf Grund der Erkenntnisse der Sdulenchromatographie der aroma-
tischen Kohlenwasserstoffe und der Erfolge der Diinnschichtchromatographie, ver-
suchten wir eine schnelle diinnschichtchromatographische Methode fiir die Tren-
nung von aromatischen Kohlenwasserstoffen und einigen heterocyclischen Ver-
bindungen auszuarbeiten.

Als Fliessmittel wurden n-Hexan, Tetrachlormethan und andere Chlorkohlen-
wasserstoffe beniitzt.

Die Detektion wurde mit Tetracyanithylen-lésung nach TARBELL UND Huang?
und PEURIFOY, SLAYMAKER UND NAGERY durchgefiihrt. Erfolgreich wurden die
Platten auch mit Formaldehyd-Schwefelsiure nach LE RosSEN, MORAVEK UND
‘CARLTONY bespriiht oder im U.V.-Licht betrachtet.

EXPERIMENTELLER TEIL
Testsubstanzen

Die Testsubstanzen der Kohlenwasserstoffe wurden in unserem Institut hergestellt
und an Hand physikalischer Konstanten, die den Literaturangaben entsprachen, als
rein betrachtet.

Adsorbentien

Es wurden beniitzt:
(1) Aluminiumoxyd fiir Chromatographie, Erzeugniss der Lachema Brno, CSN
6851 31, neutral, Aktivitdt I-IT nach Brockmann.

J. Chvomatog., 11 (1963) 55-61
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(2) Kieselgel PHH, Erzeugniss der Spolana n.p. Neratovice, durchschnittliches
Schiittgewicht 0.5 kg/l, Kérnung 0.05-0.15 mm, Maximalsorption von Wasser g7 %
(bestimmt nach PiTra®?), aktiviert durch 4-stiindiges Erwdrmen auf r20° im Vakuum
10 mm Hg.

Glasplatien

Wir verwendeten Glasplatten 200 X 120 mm, Schichtdicke 0.5 mm. Die Laufzeit war
20—45 min.

Fliessmattel

Die benutzten Fliessmittel waren:
n-Hexan p.a.,
Tetrachlormethan p.a.,
Trichlordthylen, rein,
1,2-Dichloridthan.
Alle Erzeugnisse der Lachema, Brno.

Spriihveagenzien

(1) 10 % Losung von Tetracyanithylen in Benzol.

(2) Losung von 0.z ml 37 % Formaldehyd in 1o ml konzentrierter Schwefelsdure.

Die Besprithung wurde sofort nach dem Herausnehmen der Platten aus den
chromatographischen Kammern durchgefiihrt.

Rp-Werte

Die Rp-Werte der einzelnen Kohlenwasserstoffe sind durchschnittliche Werte von
mindestens drei Einzelmessungen unter Einhaltung der gleichen Bedingungen bei 20°
(Tabelle I und II).

Sichtbarmachung

Das Sichtbarmachen von aromatischen Kohlenwasserstoffen und heterocyclischen
Verbindungen mit Tetracyanithylen ist uns nur auf den Kieselgelschichten gelungen,
auf den Aluminiumoxydschichten erhielten wir nur Gelbfirbung des Untergrundes.
Mit Tetracyandthylen firben sich beinahe alle Kohlenwasserstoffe und heterocy-
clische Verbindungen, die wir untersuchten. Die Firbung ist nicht mit Anthracen,
9,9"-Dianthryl zu erzielen und weiter wahrscheinlich mit den Verbindungen, die sehr
schnell nach Diels-Alder zu farblosen Produkten reagieren. Die Farbung ist je nach
dem Stoff intensiv bis sehr schwach, der Farbton dndert sich nach kurzer Zeit und
verschwindet sehr oft.

Nach unseren Erfahrungen ist das Sichtbarmachen mit Formaldehyd-Schwefel-
sgure viel empfindlicher als mit Tetracyanithylen. So ist es z.B. méglich durch Be-
sprithen mit diesem Reagent Fluoren noch in einer Menge von 1 y, Naphthalin in
einer Menge von 4 y, nachzuweisen. Die Farbtone sind hier auch nicht von Dauer. Als
Nachteil der Formaldehyd-Schwefelsiure muss die Atzwirkung und Reizung der
Atmungsorgane betrachtet werden. Es zeigte sich, dass auch #-Hexan mit diesem
Reagent eine rote Fiarbung gibt. Mit Ausnahme von Chinolin fiarben sich alle unter-
suchten Stoffe.

Eine befriedigende Sichtbarmachung mittels U.V.-Licht kann erreicht werden,
wenn die Stoffe geniigend fluoreszieren. Die Verbindungen, die stark im beniitzten
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TABELLE 1

DIE DETEKTION DER VERBINDUNGEN AUF DUNNSCHICHTEN

Die Farbung der Flecke bet der Detektion

Stoff
Tetracyanathylen  Formaldehyd—H,SO, U.V.-Licht
Durol ziegelrot rotviolett —
Naphthalin violett blau schwach violett

1-Methylnaphthalin
2-Methylnaphthalin
1,5-Dimethylnaphthalin
1,6-Dimethylnaphthalin
2,6-Dimethylnaphthalin
2,3-Dimethylnaphthalin
2,7-Dimethylnaphthalin
Inden

Diphenyl

Acenaphthen

Fluoren

Anthracen

Phenanthren
Fluoranthen

Pyren

Chrysen

3:4-Benzpyren
9,9’-Dianthryl
Benzo[b]thiophen
Dibenzothiophen

Indol

Carbazol

Chinolin
Diphenylenoxyd
Diphenyloxyd

p-Cresol
3,5-Dimethylphenol
Tetrahydronaphthalin

grdulich-blau
grédulich-blau
griin
graulich-blau
heligrau

grau

grau

violett
orange

griin
hellbraun
farbt sich nicht
braun

violett

braun

blau
hellbraun
farbt sich nicht
violett
violett
rotbraun
blau

gelb

braun

griin

braun
rotbraun

gréaulich-blau
graulich-blau
graulich-blau
blau
blaugriin
blau
graulich-blan
rotviolett
blau
grédulich-griin
blaugriin
gelbgriin
griin
dunkelgriin
braun
dunkelblau
hellgrau
rotbraun
hellblau

blau
hellviolett
dunkelgriin
farbt sich nicht
blauviolett
graulich-griin

braun

violett
violett
violett
violett
violett
violett

blauviolett
griin
hellgriin
violett
blau

griin

hellgriin

57

U.V.-Bereich absorbieren, kann mann als dunkle Flecke auf schwach fluoreszierendem
Untergrund auflinden, wenn auch diese Weise weniger empfindlich ist.

Anwendungsbeispicle

(1) Es wurde eine Reinheitskontrolle bei “reinem” 2,3-Dimethylnaphthalin
durchgefithrt. Dabei stellte sich heraus, dass diese Substanz noch zwei andere Stoffe

in kleiner Menge enthilt (Fig. 1).

(2) Bei der chromatographischen Analyse des fliissigen Anteiles einer schmalen
Fraktion des Anthracendls, wurden sechs Stoffe aufgefunden (Fig. 2), einer von ihnen
wurde als Fluoren identifiziert (Fluoren kann in der Form des Fluorenonoxims be-

seitigt werden).
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TABELLE II

Rp-WERTE DER AROMATISCHEN KOHLENWASSERSTOFFE UND HETEROCYCLEN

Kieselgel AlO,
Stoff
n-Hexan ccl, n-Hexan CCl,
Durol 0.62 0.76 — 0.85
Naphthalin 0.59 0.77 0.63 0.85
1-Methylnaphthalin 0.54 0.74 0.55 0.78
2-Methylnaphthalin 0.50 0.87 0.52 0.85
1,5-Dimethylnaphthalin 0.50 0.72 0.46 0.85
1,6-Dimethylnaphthalin 0.54 0.75 0.46 0.83
2,6-Dimethylnaphthalin 0.50 0.72 0.52 0.85
2,3-Dimethylnaphthalin 0.48 0.75 0.39 0.81
2,7-Dimethylnaphthalin 0.53 -— 0.42 0.80
Inden 0.55 0.84 0.67 0.81
Diphenyl 0.45 0.74 0.58 0.79
Acenaphthen 0.44 0.83 0.44 0.70
Fluoren 0.32 0.66 0.35 0.73
Anthracen 0.37 0.65 0.35 0.59
Phenanthren 0.33 0.65 0.20 0.66
Fluoranthen 0.29 0.66 o.1o 0.55
Pyren 0.32 0.64 0.10 0.65
Chrysen auf dem o1 auf dem auf dem
Start Start Start
3:4-Benzpyren 0.17 0.65 auf dem 0.10
Start
9,9’-Dianthryl 0.10 0.58 auf dem 0.06
Start
Benzo[b}thiophen 0.53 0.73 0.50 0.83
Dibenzothiophen 0.42 0.70 0.18 0.67
Indol auf dem o.12 auf dem 0.05
Start Start ’
auf dem auf dem
Carbazol Start 0.15 Start 0.05
Chinolin auf dem auf dem auf dem auf dem
Start Start Start Start
Diphenylenoxyd 0.39 0.73 0.11 0.73
Diphenyloxyd 0.47 0.75 0.35 0.62
auf dem auf dem
p-Cresol Start 0.12 Start —_—
R auf dem auf dem
3,5-Dimethylphenol Start 0.07 Start —_—
Tetrahydronaphthalin — — — 0.75

(3) Sehr interessant erwies sich die Diinnschichtchromatographie des Aceton-
extraktes vom Russ Typ HAF (Fig. 3). Es wurden sieben Stoffe nachgewiesen, mittels
erreichbarer Testsubstanzen wurden drei von ihnen als Pyren, Fluoranthen und
3:4-Benzpyren identifiziert.

In allen drei Beispielen ging es um schnell durchfithrbare informative Analysen,
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Fig. 1. Reinheitskontrolle des 2,3-Dimethyl-

naphthalins im System Al,O4/Trichlordthy-

len. Die Detektion unter U.V.-Licht: (1) blau,

Rp = 0.16; (2) dunkel, Rr = 0.37 (Absorp-

tion); (3) violett, Rp = 0.96 (2,3-Dimethyl-
naphthalin).

2

1

03
Q

Fig. 2. Analyse einer Fraktion (306-310°) des
Anthracenéles nach Beseitigung des kristal-
linischen Anteils im System Kieselgel/CCl,.
Detektion mit Formaldehyd-Schwefelsdure:
(1) dunkelblau (auf dem Start); (2) braun,
Rp = 0.03; (3) gelb, Rp = 0.10; (4) gelbgriin,

Rp = 0.53; (5) blaugriin, Rr = 0.65 (Fluoren);
(6) graulich-griin, Rp = 0.78.

welche als Erginzung zu den Resultaten anderer analytischer Methoden durchgefiihrt
wurden.

Fiir praparative Zwecke bewahrte es sich, grossere Platten mit Schichtdicke von
I mm zu beniitzen, so dass die Stoffgemische in einer Menge von 50-100 mg ohne
Schwierigkeiten getrennt werden konnten. Die getrennten Zonen wurden durch
Abkratzen von der Platte in ein Glasréhrchen eingetragen und mit Chloroform oder

Benzol eluiert. In einigen Fillen wurde gute Trennung durch zweidimensionale
Chromatogramme auf Viereckplatten erzielt.

(@]
Os Qe
0+ Qs
0s 04
0: 9
1 I

Fig. 3. Analyse des Acetonextraktes vom Russ im System Al,0,4/CCl, (es handelt sich um einen

Ofenruss aus Anthracenél—Typ HAF nach der amerikanischen Klassifizierung). I. Detektion unter

U.V.-Licht: (1) dunkel (Absorption); (2) blau; (3) hellblau; {4) griin; (5) dunkelviolett. II. Detek-

tion mit Formaldehyd—Schwefelsdure: (1) braun, auf dem Start; (2) blau, Rp = 0.05; (3) hellblau,

Rp = 0.10 (3:4-Benzpyren); {4) grau, Rr = 0.24; (5) griin, Rr = 0.52 (Fluoranthen); (6) braun,
Rp = 0.58 (Pyren); (7) blau, Rp = 0.65.
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DISKUSSION

Nach Angaben von KISELEV!® und PITrRA™ sowie von STAHL!® beeinflussen die Ad-
sorptionsaffinitit von Stoffen zu Kieselgel oder Aluminiumoxyd:

(1) Wasserstoffsbriicken zwischen Adsorbent und dem Stoff,

(2) Dispersionskrifte (Entstehung von Komplexen),

(3) Geometrische Eigenschaften des Stoffes sowie des Adsorbenten.

Die Rp-Werte der untersuchten Stoffe stimmen damit gut iiberein. Die grésste
Adsorptionsaffinitdt haben Stoffe, die Wasserstoffbriicken bilden kénnen (Indol,
Carbazol, Chinolin, Phenole), was ja allgemein schon bekannt ist. Sehr interessant ist,
dass Diphenylenoxyd und Diphenyloxyd schon schwicher adsorbiert werden und
schwefelhaltige heterocyclische Verbindungen eine relativ kleine Adsorptions-
affinitdt aufweisen. Bei Kohlenwasserstoffen wichst die Adsorptionsaffinitit mit dem
Anwachsen von Ringen. Beim Eintreten von Methylgruppen in die Molekel wird die
Adsorption stirker, was nach STAHL!® zu erwarten ist, in unserem Fall beweisen es die
Rp-Werte des Naphthalins und seiner Mono- und Dimethylhomologe.

Nach den erhaltenen Rp-Werten der gepriiften Stoffe in verschiedenen Laui-
mitteln ist es moglich die folgende Losungsmittelreihe aufzustellen: #n-Hexan—
Tetrachlormethan-Trichlordthylen—-Dichlordthan. Zur Trennung von Stoffen bei
welchen niedrige Rp-Werte erwartet werden, kénnen die letzten zwei Fliessmittel
gebraucht werden, fiir hohe Rp-Werte die ersten.

Ein Nachteil dieser schnellen Methode ist, dass die Rp-Werte sehr abhingig von
Anderungen der Arbeitsbedingungen und Adsorbentengiite sind. Der Vergleich mit
Testsubstanzen ist deshalb zu empfehlen.

ZUSAMMENFASSUNG

Es ist moglich aromatische Kohlenwasserstoffe und heterocyclische Verbindungen in
Gemischen mittels Diinnschichtchromatographie auf Kieselgel oder Aluminiumoxyd
zu trennen. Als Laufmittel dienen n-Hexan, Tetrachlormethan, Trichlordthylen und
Dichlordthan. Die Sichtbarmachung erfolgt durch Besprithen der Platten mit Form-
aldehyd—Schwefelsdure, mit 10 %iger Tetracyanithylenlésung oder durch Be-
trachten unter U.V.-Licht. Die Rp-Werte von 30 Verbindungen sind in Tabellen
zusammengefasst und drei Beispiele von Analysen komplizierterer Gemische aus der
Praxis der Steinkohlenteerverarbeitung beschrieben.

SUMMARY

The separation of mixtures of aromatic hydrocarbons and heterocyclic compounds
was carried out on thin layers of silica gel or alumina. The following solvents were
used: #-hexane, carbon tetrachloride, trichloroethylene and dichloroethane. Detec-
tion was carried out by spraying with formaldehyde—sulphuric acid, with tetracya-
noethylene solutions and by examination in U.V. light. The Ry valuesof 30 compounds
are listed in tables, and three chromatograms of more complicated mixtures met with
in coal-tar analysis are given as illustration of the method.
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PAPIERCHROMATOGRAPHIE DER TETRACYCLINSTOFFE

M. URX, ]J. VONDRACKOVA, L. KOVARIK, 0. HORSKY uxp M. HEROLD
Forschungsinstitut filv Antibiotika,
Roztoky bei Prag (Tschechoslowaket)

(Eingegangen den 26. September 1962)

Analytische Arbeiten, die sich mit der Papierchromatographie der Tetracycline
beschiftigen, beschranken sich auf die Trennung der Tetracycline, die in der allgemei-
nen klinischen Praxis verwendet werden (Chlortetracyclin, Tetracyclin, Oxytetra-
cyclin). Die Autoren wenden entweder das System: Butanol-Essigsiure~Wasser in
verschiedenen Verhiltnissen'=® oder andere, manchmal ziemlich komplizierte Ge-
mische als Entwicklungssysteme an®-¢. Arbeiten, die sich mit dem Studium der
Struktur der Tetracyclinstoffe beschiftigen, beschreiben dagegen eine Reihe von
Systemen, in welcheh sich die Grundstoffe von ihren Epimeren trennen’° und
Demethyl- und Dehydroderivate unterschieden werden kénnen.

Von diesen ist fiir rasche Orientierungsarbeiten die Methode von SELZER® be-
sonders geeignet, die mit dem System Chloroform—-Nitromethan—Pyridin (ro:20:3)
arbeitet und das Rundpapier mit McIlvaine’s Puffer befeuchtet.

Wir haben ein anderes System gesucht, das dieselbe Trennfihigkeit aufweisen
wiirde und aus solchen Lésungsmitteln besteht, die allgemein zur Verfiigung stehen.
Wir hatten eine Schnellmethode auszuarbeiten, welche fiir die Analyse der kristal-
linischen Stoffe ebenso wie fiir Filtrate der Girlosungen benutzt werden kénnte.

Unseren Anspriichen entsprach das zweiphasige System: McIlvaine’s Pufferlgsung
pH 4.5/Chloroform-Butanol (4:1) am besten. Das System haben wir bei dem von
MisTRETTA! beschriebenen Verteilungsverfahren der Tetracycline in Anwendung ge-
bracht.

Wie nach den bei der Verteilung der Tetracycline gewonnenen Erfahrungen vor-
auszusetzen war, hat sich das angefiihrte System besonders bei der Chromatographie
des Gemisches von Chlortetracyclin, Tetracyclin und ihrer Demethylderivate bewihrt.
Fiir diese Stoffe geben wir auch die Rp-Werte an.

EXPERIMENTELLES
Chemikalten und Gerdte

Frisch destilliertes Chloroform und #-Butanol

0.1 M Citronensiurelésung p.a.

0.2 M sekundires Natriumphosphat p.a.

Wisserige Ammoniaklésung konz.

Rundpapier Whatman No. 1, Durchmesser 28 cm, oder 45 cm lange Streifen
Chromatographiekammern

U.V.-Strahlungsquelle : Phillora HPW 125 W, Typ 57202 E/70.
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Avrbeitsweise

Chloroform und #-Butanol mischen wir im Verhidltniss 4:1 (Entwicklungsphase).
Citronensiurelésung und sekundires Natriumphosphat werden im Verhiltniss 10.92:
9.08 gemischt und auf pH-Wert 4.5 eingestellt (wésserige Phase). Beide Phasen sittigt
man gegenseitig durch 12-stiindiges Rithren. Dann fiillt man beide Phasen getrennt in
die Chromatographiekammern und lisst diese vollkommen mit den Dampfen sittigen.
Auf dem Rundpapier Whatman No. 1 bezeichnet man, 1 cm von der Mitte entfernt,
den Start und trigt 6 Proben von je 10 ul der Losung in einer Konzentration von
500-1000 ¥ des Antibioticums per ml auf. Unmittelbar vor der Entwicklung bespritzt
man das Chromatographiepapier mit Mcllvaine’s Pufferlésung pH 4.5 (die mit der
Entwicklungsphase gesittigt wurde) so, dass es gleichmissig befeuchtet ist und stellt
es gleich in die Chromatographiekammer ein. Die Entwicklung dauert ca. go Minuten.
Die Front wandert 12 cm vom Start (Fig. 1). Das entwickelte getrocknete Chroma-
togramm sittigt man mit Ammoniakdimpfen und fithrt die Detektion der gelb fluores-

Fig. 1. Chromatogramm am Rundpapier. 1 = Chlortetracyclin; 3 = Tetracyclin; 5 = Demethyl-
chlortetracyclin; 2,4,6 = Gemisch aller Tetracycline.
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zierenden Flecken der Tetracyclinstoffe mittels U.V.-Licht durch. Bei aufsteigender
Entwicklung folgt man dieselbe Arbeitsweise. Die Entwicklung dauert aber 24 Stun-
den. Die Front wandert hier 34 cm vom Start (Fig 2).

ERGEBNISSE

Die Rundpapiermethode ist besonders deswegen vorteilhaft, weil sie die Moglichkeit
rascher Orientation iiber die Zusammensetzung des Tetracyclingemisches bietet.
Abgesehen von der fiir die aufsteigende Entwicklung des Chromatogramms benétig-
ten lingeren Zeit ergibt dieses Verfahren gleichwertige Resultate. Bei der absteigen-
den Entwicklung bilden sich regelmissig “Schwinze”.

Die Rp-Werte einzelner Stoffe dieser Gruppe sind soweit verschieden (siehe
Tabelle I), dass sich die Stoffe voneinander vollkommen trennen mit Ausnahme der
Epimere, die sich zwar von ihren Grundstoffen, nicht aber voneinander trennen.

Wenn man mit reinen Substanzen arbeitet, stellt man in der Regel Flecke fest,
die einer Menge von 5-10 3 entsprechen. Die Grenze der Empfindlichkeit dieser

Fig. 2. Aufsteigende Entwicklung des Chromatogramms. 2 = Chlortetracyclin; 3 = Demethyl-
chlortetracyclin; 4 = Tetracyclin; 1,5 = Gemisch aller Tetracycline.
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Methode ist jedoch weit niedriger. Man kann Zonen, die einer Menge von 0.5 y
der Substanz entsprechen, noch verlisslich nachweisen, mit einiger praktischen
Erfahrung kann man o.2 y der Substanz noch wahrnehmen. Die Empfindlichkeit

TABELLE I
Rp-Werte
Chlortetracyclin 0.695-0.727
Demethylchlortetracyclin 0.561-0.597
Tetracyclin 0.47 —0.50
Demethyltetracyclin 0.38 —0.414
Epimere 0.27 —0.30
X 0.24 —0.27

* Der Stoff X hat im U.V.-Licht die Eigenschaften der Tetracycline und kann durch Einwir-
kung von Chlorwasserstoffsiure in das Anhydroderivat iiberfithrt werden. Seine genaue chemische
Zusammensetzung ist uns jedoch unbekannt.

wird selbst durch Begleitstoffe, die in der Girlésung enthalten sind, nicht beein-
flusst. In einem Tetracyclingemisch wird eine Komponente, die 5 % der Tetracycline
ausmacht auch bei einer Gesamtmenge aller Tetracycline von 10 y noch verldsslich
nachgewiesen.

ZUSAMMENFASSUNG

Wir haben eine Methode der Papierchromatographie der Tetracyclinstoffe im zwei-
phasigen System: Mcllvaine’s Pufferlosung pH 4.5/Chloroform-»-Butanol (4:1) be-
schrieben. Am Rundpapier findet im Laufe von go Minuten die vollkommene Tren-
nung des Chlortetracyclins und Tetracyclins von den Demethylanalogen und Epi-
meren statt. Mittels Fluoreszenzdetektion kénnen noch 0.5-0.2 y der Stoffe wahrge-
nommen werden.

SUMMARY

A description is given of a method for the paper chromatography of tetracycline anti-
biotics, using the two-phase system Mcllvaine’s pH 4.5 buffer/chloroform-#z-butanol
(4:1). With circular development, it is possible to obtain a complete separation of
chlorotetracycline and tetracycline from their demethyl-analogues and epimers
within 9o minutes. By observing the fluorescence, it is possible to detect as little as

0.5~0.2 y of the substances.
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“MOLECULAR-SIEVE” ELECTROPHORESIS IN
CROSS-LINKED POLYACRYLAMIDE GELS

STELLAN HJERTEN
Institute of Biochemistry, University of Uppsala (Sweden)

(Received September 14th, 1962)

INTRODUCTION

Electrophoresis of proteins in starch gels according to the method developed by
SmITHIES! shows in general a much higher resolution than electrophoresis in media
like agar gel and paper. Probably, this isin part due to the fact that the dimensions of
proteins are of the same order of magnitude as the pores in the starch gel. The proteins
will therefore be more or less restricted in their migration through such a gel. The
possibility of utilizing this molecular sieving action of the stabilizing medium was
first pointed out by SyNGE AND TisELIUS?, when separating uncharged molecules by
forcing them through an agar gel with the aid of electroendosmosis.

As a complement to starch Raymonp AND WEINTRAUB? and Davis AND ORN-
sTEIN? introduced a synthetic polymer, cross-linked polyacrylamide, as a stabilizing
agent. Unaware of these papers and before they were published the author noticed
the high resolving power of gels of polyacrylamide when he was searching for a chemi-
cally better defined gel than starch and one with a pore size that could be easily
adapted to the sizes of the substances to be separated*.

It is now three years since the first papers? 4 on electrophoresis in polyacrylamide
gels appeared. It is therefore surprising that the potentialities of molecular sieving
observed by the author, which the flexibility of the polyacrylamide gel offers, have not
been more extensively pointed out and utilized. We, therefore, now wish to publish
some earlier performed experiments which clearly indicate these potentialities.
Besides showing that the migration velocities decrease with increasing concentration
of the gel, these experiments indicate that the relative decrease in velocity is not the
same for all proteins, but, as expected, is most pronounced for those of higher mole-
cular weight. Similar experiments have recently been published by RaymMOND AND
WAaNG?, but as they used hemoglobins of the same molecular weight, no effect of the
gel concentration was observed.

. EXPERIMENTAL
Materials

R-Phycoerythrin and R-phycocyanin were extracted as described by KyrinS, only
small modifications of the method being introduced?”. The separation of phycoerythrin
and phycocyanin was performed by electrophoresis in agarose suspensions®®.

* Dr. R. MosBacH of this Institute proposed the use of polyacrylamide when consulted on gels
suitable for “molecular-sieve’’ clectrophoresis.
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Human carboxyhemoglobin was prepared according to the method of ADAIR AND
ADAIRY.

Bovine serum albumin was an Armour product, containing both monomer and
dimer molecules.

Preparation of the gel

Polymerization was performed in the buffer to be used for the electrophoresis, exactly
as described in ref. 11. The quantities total concentration T and cross-linking con-
centration C, which are used in the following, are also defined in ref. 11.

Investigation of the relationship between gel comcentration, migration wvelocity and
moleculay weight

The column tubes were ordinary glass tubes with an inner diameter of 0.6 cm and a
length of 25 cm. They were closed with the aid of thin dialysis membranes moistened
with buffer and fixed to the glass tube by means of rubber bands. The deaerated
solution of acrylamide and N,N’-methylene-bisacrylamide containing the catalyst
system was poured into the vertical column tube. Three ml of petroleum ether was
layered above the monomer solution. After some minutes the polymerization was
completed; the petroleum ether was then removed and replaced by buffer. The
petroleum ether prevents air — which inhibits the polymerization—from entering the
monomer solution. Furthermore, a sharp boundary is obtained between the gel and the
buffer above, which is of importance in-obtaining a narrow starting zone. The sample
was applied by layering under buffer!. The lower end of the column tube was dipped
into the anode vessel, and the upper end was connected to the cathode vessel by means
of a piece of polyvinyl chloride tubing filled with buffer. To avoid deformation of the
applied sample zone by heat convection, the current was kept at a comparatively low
value (about 2 mA) during the migration of the sample into the gel. The current was
then increased to about 5 mA.

Each sample applied contained two colored proteins, A and B. B consisted of
R-phycoerythrin in all experiments. The distances these two proteins had migrated

TABLE I

THE INFLUENCE OF THE TOTAL CONCENTRATION 7 OF THE GEL UPON THE RELATIVE
MIGRATION VELOCITIES OF PROTEINS OF DIFFERENT MOLECULAR WEIGHTS

The migration velocities are measured against R-phycoerythrin (mol. wt. 290,000).

Oyt o Molecular  Total conc.  Relative migration
Buffer Protein weight of the gel velocity (valvg)

0.05 M sodium acetate buffer, pH 5.4  R-Phycocyanin 270,000 2.5 0.48
6.0 0.50
10 0.48
0.02 M sodium phosphate buffer, pH 7.3 R-Phycocyanin 135,000 2.5 0.53
6.0 0.67
10.0 1.1
Sodium veronal buffer, Human carboxy- 68,000 2.5 0.48
pH 8.6, I'/2 = o.05 hemoglobin 6.0 0.77
10.0 1.4
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were measured at different times and the ratio between them calculated. This ratio
represents the migration velocity of the protein A, relative to that of R-phycoerythrin
(va/vB). These measurements were carried out at three different total concentrations,
T, of the gel. The cross-linking concentration was the same in all experiments and
equal to 59%,. The proteins used, their molecular weights, the buffer and the total
concentration of the gel are listed in Table I, in which the calculated relative mi-
gration velocities are also given. In Fig. 1 these velocities are plotted against the total
concentration T of the gel. No correction was made for electroendosmosis.

It should be pointed out that during electrophoresis in the 10 % gels, phycoery-
thrin was split into two zones. Judging from the color intensity, the concentration of
the fastest moving component was 10-15 % of that of the slower component. The
migration velocities given in Table I are related to the latter component. Examination
of the phycoerythrin solution in the ultracentrifuge revealed the presence of two
components, the smallest of them being present in a concentration approximately
equal to that of the fastest electrophoresis component. The heterogeneity of R-phyco-
erythrin has earlier been observed during chromatography on calcium phosphate
columnst®7.

Separation of monomer and dimer of bovine serum albumin

The column was made of plexiglass and was of a type very similar to that used by
PoraTH, LINDNER AND JERSTEDT?:!® and VARGAS, TAYLOR AND RANDLE! for migra-
tion-elution electrophoresis. The electrophoresis tube had an inner diameter of 1 cm
and the water-cooled part a length of 30 cm. A plexiglass tube with an inner diameter
of 1 mm was inserted into the electrophoresis column, 1.6 cm from the lower end of
the column and glued into place. To this tube a piece of polyethylene tubing was at-
tached, the outlet of which was placed above a fraction collector. The lower end of the
electrophoresis tube was supplied with a disc of vyon*. The column was packed with
Pevikon!®, a copolymer of vinyl chloride and vinyl acetate, to a height of 2 cm. This
packing was performed in buffer to which some sucrose had been added in order to
increase the density of the buffer. The electrophoresis tube was then closed with a
dialysis membrane fastened by means of rubber bands. The solution of acrylamide
and N,N’-methylene-bisacrylamide together with the catalyst system was carefully
1ayered above the Pevikon column. Application of the petroleum ether** and layering
of the sample was performed as in the preceding experiment. Owing to the higher
density of the buffer in the Pevikon column, due to the presence of sucrose, a well-
defined boundary was formed between this column and the gel; furthermore, the risk
that polymerization would take place inside the Pevikon column was eliminated. The
polyacrylamide gel had the composition T" = 6 %, C = 5 % ; the polymerization was
performed in sodium borate buffer, pH 8.9, I'/2 = 0.03. The length of the gel column
was 22 cm. About 0.25 ml of a 2 % protein solution, containing monomers and dimers
of bovine serum albumin, was layered under the buffer. The dialysis membrane was
removed before the voltage was applied. After the sample had entered the gel, the
current was increased to 2z mA (from 8 mA). The elution rate was adjusted to x ml/h.

*A porous plastic material?, available from Porous Plastics Limited, Dagenham Dock, Essex,
England.
** In many cases the petroleum ether can with advantage be replaced by deacerated distilled
water!®,
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After about 50 hours the experiment was stopped. The protein contents of the collected
0.5 ml fractions were determined by absorption measurements in a 1-cm cell. Owing
to the elution procedure, the protein concentrations in the collected fractions are very
low, and we chose, therefore, to carry out these measurements at 230 mu, where the
absorption coefficient for proteins is much greater than at 280 mu. The electrophero-
gram is given in Fig. 2. The ultraviolet-absorbing fractions in front of the albumin
peaks are due to impurities and non-polymerized material etc. Analysis by ultra-
centrifugation showed that peak I contained the monomers and peak IT the dimers.

DISCUSSION

Curve I in Fig. 1 shows that at pH 5.4, where R-phycoerythrin and R-phycocyanin
have about the same molecular weight (2go, 000 and 270,000 respectively), changes in
gel concentration, 7.e. the pore size of the gel, have no observable influence upon the
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Fig. 1. The influence of the total Fig. 2. Separation of monomers (I) and dimers( IT) of
concentration T of the gel upon bovine serum albumin on a gel of cross-linked poly-
the relative migration velocities acrylamide. The zones were continuously eluted during
of proteins of different molecular the electrophoresis.

size. Curve I represents whole
molecules of R-phycocyanin (mol.
wt. 270,000), curve II dissociated
molecules of R-phycocyanin (mol.
wt. 135,000),and curve IIT human
carboxyhemoglobin (mol. wt.
68,000). The migration velocities
are measured against R-phyco-
erythrin (mol. wt. 290,000).

relative migration velocities of these proteins. However, at pH 7.4, R-phycocyanin is
dissociated into half molecules and the slope of curve II (Fig. 1) indicates that these
have a lower value for the “friction coefficient’ than the undissociated R-phycoery-
thrin molecules and even migrate faster than the latter at high gel concentrations
(va/ve > 1). For carboxyhemoglobin, which has a lower molecular weight (68,000)
than dissociated R-phycocyanin, this effect is still more pronounced as curve III is
steeper than curve II.

From the above one can expect a high resolution if the starting material is first
purified by electrophoresis in a bed completely devoid of “molecular sieving”” proper-
ties, such as cellulose powder or agarose suspensions. The fractions containing the
material to be isolated, are then rerun on a polyacrylamide gel of suitable composition;
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if these fractions consist of substances of different molecular size, they can in many
cases be resolved. With “molecular-sieve” electrophoresis performed in this way, one
can thus achieve separations similar to those obtainable with ‘“‘molecular-sieve”
chromatography*. The experiment corresponding to Fig. 2 may serve as an example
of this.

Too high a gel concentration should be avoided, since the migration velocities of
all proteins decrease as the concentration of the gelis increased.
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SUMMARY

The migration velocity of a protein in cross-linked polyacrylamide gels is dependent
not only on the charge which the protein carries, but also to a large extent on the
molecular size of the protein. The latter factor is so pronounced that reversal of the
migration velocities of two proteins of different molecular weights can often be ac-
complished by mere changes in the gel concentration, 7.e. the pore size. If this “mole-
cular-sieve” elettrophoresis is combined with electrophoresis in a medium without
molecular sieving properties a high resolution can be expected. “Molecular-sieve”
electrophoresis, which can be used both for analytical and small scale preparative
purposes, can in some cases give separations similar to those obtained in ‘““molecular-
sieve” chromatography.
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GEL FILTRATION

M. LEDVINA
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Gottwaldov (Czechoslovakia)
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The existing methods for isolating mucoproteins from human blood are rather time-
consuming and too drastic. These mucoproteins are usually prepared by fractional salt-
ing out with ammonium sulphate according to WEIMER ef al.1. For analytical purposes
mucoproteins can be isolated from an acid serum filtrate by means of an acid solution
of phosphotungstic acid?; the denatured mucoprotein must then be dissolved in
sodium hydroxide. For the electrophoretic separation of blood mucoproteins into
fractions MP-1, MP-2 and MP-3, the filtrate must be dialysed for a long time (especial-
ly sulphosalicylic acid is very difficult to remove), and then concentrated from a
large volume by freeze-drying® 4. During the dialysis considerable losses of mucopro-
teins occur®.

The use of gel filtration with Sephadex permits a simple and less drastic isolation
of blood mucoproteins. So far Sephadex, has been used for this purpose only by
KoCeNTS, who separated sulphosalicylic acid serum filtrates after lyophilisation, and
observed a perfect separation from the acid.

. METHODS
Preparation of serum filtrates

Human blood sera were deproteinized with perchloric acid as follows: 4 ml of serum
was dissolved in 15.2 m! distilled water and 12.8 ml 0.5 M perchloric acid was
added slowly, under continual mixing. After 10 min the mixture was filtered through
Whatman No. 1 filter paper.

In a number of experiments the filtrate was dialysed in a cellophane bag in
running water (electrodialysis is not recommended in this case—see ref.5). The dialy-
sate was then concentrated by vacuum distillation below 45°.

In the other experiments the filtrates were concentrated by dialysing against a
cellophane bag containing a 30 % aqueous dextran solution, which was exchanged
at 8 h intervals.

Packing of the columns

8.5 g of dry Sephadex G-25 medium, 100250 mesh (Pharmacia, Sweden) was stirred
in a dilute salt solution, the suspension was packed into a tube and the column (total
volume 36.9 ml) was then washed with water. 3-15 ml of the blood filtrate (concen-
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trated or non-concentrated) were then slowly pipetted onto the top of the bed.
As soon as the sample had entered the column, the latter was eluted with a large
quantity of distilled water. It was not necessary to regulate the flow rate, which
varied in the range from 28.8 to 49.2 ml/h. Distilled water was also used for the regen-
eration of the column. All the curves relating to Sephadex G-25 mentioned in this
paper were obtained with the same column.

A column of Sephadex G-200 (140-400 mesh) was prepared in an analogous
manner. For the preparation of a column with a total volume of 47.7 ml, 1.8 g of dry
Sephadex was necessary. The flow rate was very low: 3.9 ml/h.

Amnalysis of the eluate

The effluent was collected in 3 ml amounts, 2 ml of which was used for the determina-
tion of Folin-Ciocalteu-positive substances as follows: 2 ml of a 20 % sodium car-
bonate solution and 0.z ml of Folin—-Ciocalteu reagent (diluted 1:3) were added,
and after 30 min the solution was measured in a 1 cm cell at 610 my against a blank.
In the remaining 1 ml of the effluent the acidity was determined by titration with
0.1 N sodium hydroxide (using phenolphthalein).

Determination of the amount of protein-bound hexoses in the filtrate

For the determination an orcinol reaction was used. The orcinol reagent was prepared
according to STARY et af.” and standardized against a glucose solution; the reaction
was performed according to SORENSEN AND HAUGAARD®. In the first place, the total
hexose concentration of the filtrate was determined. Then the mucoproteins (or
mucopeptides) were precipitated with an acid solution of phosphotungstic acid,
the precipitate redissolved, and the protein-bound hexoses determined. The differ-
ence in the results of the two determinations is due to the presence of free blood
sugar. As in other investigations we found that under the given conditions free
glucose leaves the column almost simultaneously with fraction II (see below). Deter-
mination of bound hexoses in fraction IIT was therefore not necessary.

Polarographic activity of the fractions

This was measured in a cobalt (III) solution (composition: 0.001 M Co(NH,):Cl;,
0.1 N NH,Cland 1 N NH,). 5 ml of this solution was mixed with 0.5 m! of the sample,
and the height of the polarographic double-wave, beginning at—8oomV was registered
(at galvanometer sensitivity 1:150).

RESULTS

Fig. 1 shows the results of gel filtration on Sephadex G-25 of deproteinized perchloric
acid filtrates. The upper curve shows clearly that gel filtration separates the Folin—
Ciocalteu-positive substances into three fractions, designated I, IT and III; the
same results are obtained with the original untreated filtrate (without concentration
or dialysis). The peak of the eluted perchloric acid coincides for the most part with
that of fraction II. The quality of separation of the first mucoprotein fraction from
the perchloric acid wave is improved considerably by previous concentration of the
filtrate, although this process takes more time. In some of the sera investigated it
was found that the peak of fraction II was split into two fractions.

J. Chvomatog., 11 (1963) 71~76



SEPARATION OF SERUM MUCOPROTEINS 73

The three lower curves of Fig. T show the result of an experiment in which three
separate portions of the effluent were collected, corresponding to the peaks of the
above-mentioned three fractions. These portions were poured once more onto the
same column of Sephadex G-25, and their identity ascertained. Fig. 1 (B-D) proves
that gel filtration gives rise to three separate fractions with standard properties,
their peaks always being localised in the same place on the elution curve.
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~
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Fig. 1. Separation of the Folin—Ciocalteu-positive substances of the perchloric acid serum fil-

trates on Sephadex G-25 (A) and repeated gel filtration of the portions I-IIT (B-D). Solid line:

Folin phenol reagent; dotted line: acidity; thin line: Folin colour obtained with a mixture of
tyrosine, tryptophan and uric acid (see text).

Chemical and physico-chemical analysis yielded more detailed data on the
composition of these fractions (Table I).

Further data on the properties of the above-mentioned three fractions were ob-
tained from experiments in which the filtrates were concentrated and dialysed.
Fig. z shows clearly that the values obtained with fractions IT and IIT decrease
after 24 h, and more so after 48 h, of concentration and partial dialysis. Especially
curve D proves that only the macromolecular fraction I remains after total dialysis.

The conclusion can be drawn that fraction I is identical with blood mucoprotein
(seromucoid, orosomucoid), whereas fraction II has the character of a mixture of
glycopolypeptides and low-molecular nitrogen substances. In Fig. 1A the thin line
demonstrates the result of the reaction of the Folin—-Ciocalteu reagent with an arti-
ficial mixture of L-tyrosine, »,L-tryptophan and uric acid in concentrations (I.0,
1.0 and 3.5 mg/T00 ml, respectively) corresponding to their ratio in normal serum;
the procedure for the mixture was identical to that for serum. The results show that
a considerable part of fraction II and an appreciable amount of fraction ITI consist
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TABLE 1

CHEMICAL AND PHYSICO-CHEMICAL ANALYSIS OF THE FRACTIONS

Coagulability

Herosss® with Specific
ex0ses phos PZZ s; ngstic pou:g)gi:;% ic
Fraction I 8.23 4+ 0.956
Fraction II 1.49 4 0.177
Fraction III — 0.195

* In per cent of the total amount of the Folin-Ciocalteu-positive components.
** Ratio of the wave-height in mm and the concentration of Folin-Ciocalteu-positive substances
in mg/roo ml. The activity of the total filtrate was o.517.
*** Only after reduction of the perchloric acid concentration by filtration through a column of
the anion-exchanger Anionit EGE (USSR) in OH~ form.

of these low-molecular Folin—Ciocalteu-positive components of blood serum. This
fact explains the low polarographic activity of fractions IT and III (see Table I).
Wave IIT has no mucoid character; it is a mixture of peptides. These observations
were supported by some further experiments. Paper electrophoresis of the isolated
fraction I in barbital buffer of pH 8.6 yielded two zones (probably corresponding to
mucoproteins MP-1 and MP-2 according to MEHL AND GOLDEN?®); after dialysis,
however, only one strongly marked zone remained on the electrophoregram. An

5610

mi
QAN
NaOH

T T T T T

T T T T T 1T

L L L

T T 1.1 1

* L L | L | i ]
10 20 30 40 50 60 70 80 ml
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Fig. 2. Influence of concentration and dialysis on the separation of the Folin-Ciocalteu-positive

substances from the perchloric acid serum filtrates on Sephadex G-25. A = result without concen-

tration of the filtrate; B = after 24 h concentration against 30 %, dextran; C = the same after 48 h;
D = result after 24 h dialysis against water.
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attempt was then made to find out whether fraction I could be separated in a similar
fashion by means of repeated gel filtration on Sephadex G-200 (see Fig. 3). Also in
this case the single mucoprotein fraction divided to give at least two distinct peaks.

040
Es0 |
0.30-

0.20-

00

! | | ! i ]
10 20 30 40 50 60 70 mt
Effluent
Fig. 3. Separation of the mucoprotein fraction I on a column of Sephadex G-200. 5 ml of fraction I
solution was poured on to the column.

Because the second main peak obtained in this separation has the same position as
in the case of the separation of the whole filtrate on Sephadex G-25, it may be assumed
that the second peak could be formed from fraction I by hydrolysisor depolymerisation.

Seromucoid present in crude state in fraction I can be purified by means of some
of the known preparative methods. Salting out with ammonium sulphate according
to WEIMER ef al.1 proved to be successful.

Fractions IT and III were further investigated after preliminary preparation
and concentration by vacuum distillation below 45°. Desalting of the fraction II,
which could not be done by dialysis, caused some difficulty. We therefore chose
another procedure: the solution of fraction II was filtered through a cation-exchange
column of Dowex 50 W (X 2, 200400 mesh) in H-form; perchloric acid and uncharged
substances passed through, whereas amino acids and peptides were retained. These
were later eluted with 6 % ammonia, which was then removed from the solution by
evaporation. A small residue was finally investigated by paper chromatography.
Also adsorption from the acid solution on cellulose powder (Schleicher & Schiill
No. 449a) or on aluminium oxide followed by elution with ammonia was successful.

DISCUSSION

The results obtained show that deproteinized filtrates of blood serum contain not
only mucoprotein, but also two further fractions of peptide nature, which are of
considerable importance. This may explain the fact that results of mucoprotein esti-
mation by the polarographic filtrate reaction (according to Brpi¢ka), and results
of the estimation of mucoprotein tyrosine or peptide linkage are not strictly compara-
ble, although according to other authors® 19, they are, as a rule, correlated.

The above-mentioned results are not identical with those obtained in the sepa-
ration of sulphosalicylic acid serum filtrates on diethylaminoethylcelluloses.
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SUMMARY

Gel filtration on Sephadex G-25 permits a rapid and relatively mild isolation of serum
mucoproteins, directly from deproteinized perchloric acid filtrates of blood sera, even
without previous concentration and neutralisation. During the elution-mucopro-
teins (fraction I) separate from a fraction of glycopolypeptide character (fraction II)
and from a third, easily dialysable fraction of peptides (fraction III). The peak of the
deproteinizing agents and of low-molecular Folin—-Ciocalteu-positive substances coin-
cides with the peak of polypeptides (fraction II). The isolated mucoproteins of
fraction I can be separated by paper electrophoresis at pH 8.6 to give two sub-
fractions; on Sephadex G-200 at least two subfractions are also detectable. By the
method described it is possible to perform a fractional separation of mucoproteins
with a small amount of serum.
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THE PAPER CHROMATOGRAPHY OF ESTERS OF PHOSPHORIC
AND PHOSPHOROUS ACIDS

H. A. MOULE a~xp S. GREENFIELD
Reseavch Depaviment, Albvight & Wilson (Mfg.) Ltd.,
Oldbury (Great Britain)

(Received September 3rd, 1962)

INTRODUCTION

Few methods have been published for the analysis of trialkyl or triaryl phosphites.
BERNHART AND RATTENBURY! described an acid-alkali titration procedure for deter-
mining mono-, di= and trialkyl phosphites in mixtures of these compounds, while a
method for titrating trialkyl phosphites with a methanolic solution of iodine in the
presence of pyridine has been described by THomPson®. With either method the reac-
tion proceeds slowly with triaryl phosphites, while neither will differentiate between
several trialkyl phosphites together in a mixture. In addition certain phosphites,
such as tris-z-chloroethyl phosphite, lose chloride with alkali, leading to erroneous
results if the acid-alkali titration procedure is used.

Acid esters of phosphoric acid can be analysed by acid-alkali titration methods,
which make use of the several end points of phosphoric acid and its esters, but if
trialkyl phosphate is present this does not react, being neutral. Further, if esters of
pyrophosphoric acid are present, as may often be the case, the results obtained by
titration are difficult to interpret. Similarly, the 2-chloroethyl esters lose chloride
with alkali.

Separation on paper of phosphoric acid esters, such as hexose monophosphates
and adenosine triphosphate was described by Hanes aAND IsHERwWoOD?, who used
various mobile phases including alcohol-water-ammonia mixtures. Their method of
revealing the spots was to spray the papers with an acid molybdate solution, and
then to expose them to hydrogen sulphide gas. Since this paper was published there
have been many papers dealing with the separation on paper of mixtures of phosphoric
acid esters of biological importance.

The separation of phosphoric acid, monobutyl phosphate and dibutyl phosphate
has been reported by several workers. CERRAI, CESARANO AND GADDA? used a #-
butanol-formic acid-water solvent, and revealed the spots by the HANES-ISHERWOOD?
method, or by spraying with bromophenol blue solution. HARDY AND SCARGILL®
employed a #-butanol-acetone-water-ammonia solvent mixture, and by spraying
with a ferric iron solution followed by a sulphosalicylic acid solution, as recommended
by WADE AND MORGANS, obtained colourless spots on a mauve background. SHVEDOV
AND Rosvanov? used several mobile phases, including alcohol-water—-ammonia mix-
tures, and showed up the spots by the HANEs-ISHERwWOOD? technique.

PrLapp AND Casipa® have described the separation of certain mono- and dialkyl

J- Chromatog., 11 (1963} 77-83



~8 H. A. MOULE, S. GREENFIELD

phosphates derived from the breakdown of insecticides. They used isopropanol-
water-aminonia mobile phases, and to reveal the spots they sprayed the papers
with an acid molybdate solution and then exposed them to ultraviolet light, as
recommended by CROWTHER®.

WEILY employed a mobile phase containing #-butanol, water and ammeonia to
separate mixtures of phosphonous, phosphonic and phosphinic acids and certain of
their esters, showing up the spots by spraying with a saturated alcoholic solution of
silver nitrate, or with a slightly alkaline phenol red solution.

We have utilised paper chromatographic techniques to separate technical
samples of a number of esters of phosphorous acid. These include tris-z-chloroethyl
phosphite, octyl diphenyl phosphite, triallyl phosphite and trioctyl phosphite.
Methods have also been developed for the separation of alkyl phosphate samples,
which may contain mono-, di- or trialkyl-phosphates, as well as free phosphoric and
pyrophosphoric acids and esters of pyrophosphoric acid. The separated components
may be determined quantitatively by wet ashing the spots and determining the
phosphorus, as suggested by HaNEs AND ISHERWOOD?.

EXPERIMENTAL
Reagents

Al] reagents were AnalaR or AR quality wherever possible.

1. Stationary phases

20 % v/v liquid paraffin in ether: Mix 10 ml of liquid paraffin (sp. gr. 0.865-0.890)
with 40 ml of ether as required.

Alkaline 20 % v/v polyethylene glycol 400 in methanol: Mix 10 ml of polyethyl—
ene glycol 400 with 35 ml of methanol and 5 ml of 0.5 NV ethanolic potassium hydroxide
solution as required.

Sodium carbonate solution: Mix 15 ml of 1% w/v aqueous sodium carbonate
solution with 35 ml of methanol as required.

2. Mobile phases

go/10 petrol-n-butanol mixture: Mix go ml of 100°~120° petroleum spirit with
10 ml of n-butanol.

80/20 petrol-chloroform mixture: Mix 80 ml of 100°-120° petroleum spirit
with 20 ml of chloroform.

Nitromethane.

2:Methoxyethanol: Redistilled. Boiling range 122°-124°.

Methanol.

n-Propanol-water~ammonia mixture: Mix 70 ml of n-propanol with 30 ml of
2 N aqueous ammonia.

n-Propanol-z-butanol-water-ammonia mixture: Mix 50 ml of #-propanol,
20 ml of n-butanol and 30 ml of 2 N aqueous ammonia.

3. Spray reagents

Alkaline potassium permanganate solution: Dissolve 0.15 g potassium per-
manganate and 0.1 g anhydrous sodium carbonate in oo ml of water.
Alkaline universal indicator solution: Dissolve 0.1 g anhydrous sodium carbonate
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in 100 ml of Universal Indicator solution, as supplied by British Drug Houses, Ltd.,
England.

Ferric thiocyanate solution: Mix 1o ml of 2.5 % w/v ferric ammonium sulphate
solution with 40 ml of 5% w/v ammonium thiocyanate solution, add 1 ml of N
hydrochloric acid solution and dilute to 100 ml with water.

Preparation of papers

Whatman No. 54 papers are usually employed, since they have good wet strength
and rapid flow characteristics; a 2 in. wide strip has been found convenient. Where an
added stationary phase is necessary the paper is dipped in the appropriate stationary
phase solution, the solvent is dried off with an air current and the paper is rolled and
stored in an air tight vessel. In the case of the polyethylene glycol 400 and sodium
carbonate stationary phases a small dish of water is placed in the vessel, to maintain
a water saturated atmosphere. Where no added stationary phase is used the papers
are allowed to equilibrate in the chromatographic tank for 2—3 h before use.

General chromatographic procedure

Papers are cut from the prepared roll in lengths of about 18 in. to which is applied a
droplet of sample (about 0.25-1.0 ul); the descending technique is used. The time
taken for the solvent to flow varies considerably: with sodium carbonate papers it
may be 1-1} h, while with paraffin papers it may be 7-8 h. When the solvent front
has travelled to within 2 in. of the lower edge the paper is removed from the tank and
the solvent is evaporated by a current of air. The spots are revealed by spraying
the papers.

Phosphites are revealed as yellow spots on a pink background by the use of
alkaline permanganate: the background colour fades rapidly, and the spots must be
outlined as soon as possible. For acid phosphates alkaline Universal Indicator shows
the spots distinctly and is quite sensitive. The traces are yellow on a blue-green
background, fading slowly as the paper dries to red on a yellow background.

If trialkyl phosphates are suspected the paper should be sprayed with the ferric
thiocyanate solution. Trialkyl phosphates from C, upwards show as bright red spots,
while acid phosphate esters give colourless spots on a brown-pink background.
This reagent is not as sensitive as Universal Indicator to the acidic components.

Individual procedures

1. Esters of phosphorous acid. Samples of tris-z-chloroethyl phosphite or tris-2-
chloropropyl phosphite may be separated on sodium carbonate papers with go/to
petrol-n-butanol mixture as mobile phase. The sodium carbonate serves only to
maintain a mildly alkaline environment for the sample, which is sensitive to acids. As
might be expected the moisture content of the paper affects the Ry’ values, and
Table I gives typical values obtained with papers treated as described above.

Technical octyl diphenyl phosphite may contain a variety of chemical entities,
including trioctyl phosphite, dioctyl phenyl phosphite, octyl diphenyl phosphite,
diphenyl phosphite, triphenyl phosphite and phenol. A complete separation of these
compounds can be achieved by the use of methanol as mobile phase and liquid
paraffin as stationary phase, while nitromethane will separate all but di- and tri-
phenyl phosphite. The appropriate Ry’ values are given in Table II.
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(Sodium carbonate stationary phase, 9o/10 petrol-n-butanol mobile phase)
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TABLE I
Rp’ VALUES FOR ESTERS OF PHOSPHOROUS ACID

Tris-2-chloroethyl phosphite 0.95
Bis-2-chloroethyl phosphite 0.35
Tris-2-chloropropyl phosphite 1.00
Bis-2-chloropropyl phosphite 0.73

Some trialkyl phosphites, such as trioctyl and trilauryl phosphites, can be sep-
arated on liquid paraffin papers with 2-methoxyethanol as mobile phase. The usual
impurity in these materials is dialkyl phosphite, sometimes with traces of alkyl
diphenyl phosphite and phenyl dialkyl phosphite. The Rp' values for these compounds
will also be found in Table II.

Papers with alkaline polyethylene glycol 400 as stationary phase will effect a
separation of technical triallyl phosphite, as well as tris-z-chloroethyl phosphite and
tris-2-chloropropyl phésphite. The alkali, which rapidly becomes carbonate, main-
tains-mildly alkaline conditions. In this case the mobile phase is 80/z0 petrol-chloro-
form solution, and the Ry’ values from typical samples are listed in Table I1I.

TABLE 1I

Ry’ VALUES FOR ESTERS OF PHOSPHOROUS ACID

(Liquid paraffin stationary phase)

Mobile phase
Methanel Nitromethane z_iglff:gfy i
Trioctyl phosphite (CgH,,0)4P 0.07 0.:03 0.12
Phenyl dioctyl phosphite C,H,OP (OCgH,,), 0.20 0.12 0.40
Octyl diphenyl phosphite CgH,,OP (OCgHj;), 0.36 0.51I 0.74
Triphenyl phosphite (CeH;0),P 0.65 0.92 0.96
Dioctyl phosphite (CgH,,0), POH DNS* DNS 0.88
Diphenyl phosphite (CeH;0),POH 0.80 1.00 0.96
Trilauryl phosphite (CyoH,50),P 0.03 0.00 0.03
Dilauryl phosphite (C{sH,;0),POH DNS DNS 0.55
Phenol CeH;0H 1.00 1.00 0.96
* DNS = Did not show.
TABLE I1I

RF’ VALUES FOR ESTERS OF PHOSPHOROUS ACID AND ASSOCIATED IMPURITIES

(Polyethylene glycol 400 stationary phase, 80/20 petrol-chloroform mobile phase)

Ester Rp’ value
Triallyl phosphite (CHy=CH-CH,0),P 0.97
Diallyl phosphite (CH, = CH-CH,0),POH 0.43
Triallyl phosphate (CH, = CH-CH,0),PO 0.67
Diallyl phosphate (CH, = CH-CH,0),POOH 0.3I
Tris-2-chloroethyl phosphite (CICH,-CH,O),P 0.56
Bis-2-chloroethyl phosphite (CICH,-CH,0),POH 0.09
Tris-2-chloropropyl phosphite [CH,- CH(CI)- CH,0],P 0.93
Bis-2-chloropropyl phosphite {CH,:CH(Cl)-CH,0],POH 0.25
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I1. Esters of phosphoric acid. Technical samples of acid alkyl phosphate esters may
contain monoalkyl orthophosphate and dialkyl orthophosphate with some free ortho-
phosphoric acid. In addition there may be free pyrophosphoric acid and esters of
pyrophosphoric acid. The possible components of, for example, acid methyl phos-
phates are:

HO. O HO O O OH
\P/ \P,//_o_ﬁp/
HO/ \OI—I HO/ \OH
orthophosphoric acid (1) pyrophosphoric acid (2)
HO, O HO, O
Ne{ \p//
10/ \oMe Meo/ \OMe
monomethyl orthophosphate (3) dimethyl orthophosphate (4)
HO, o O OMe HO o O OMe
\p/” 0 N\p/ P
HO \oH H \oMe
monomethyl pyrophosphate (5) asym. dimethyl pyrophosphate (6)
HO. O O OH MeO O O OMe
\p/” 6 \p/ \e2 6 N\p/
MeO OMe Me0/ \on
sym. dimethyl pyrophosphate (7) trimethyl pyrophosphate (8}

Further, trialkyl phosphate may contain dialkyl phosphate as impurity. The com-
ponents of such samples can be separated very efficiently using Whatman 54 paper
with no prior treatment, apart from-equilibration in the chromatographic tank, and
70/30 n-propanol-z N aqueous ammonia mixture as mobile phase. This solvent was
recommended by Howg! for the separation of organic acids.

The R§' values of the components of various acid alkyl phosphates are given in
Table IV. Those components which have been identified by the use of reference com-

TABLE IV

Rp’ VALUES FOR ESTERS OF PHOSPHORIC ACID
(70/30 n-propanol-z N aqueous ammonia as mobile phase)

. Mono- Di- Tri- Pyro Other traces
Alkyl radicle alkyl alkyl alkyl abid o {pr ‘;’;fjl;z%'s of

Methyl 0.22 0.65 I.00 0.04 0.12  0.08, 0.31, 0.42, 0.72
Ethyl 0.27 0.77 1.00 0.18, 0.47
Isopropyl 0.33 0.86 1.00 0.20, 0.61
n-Butyl 0.48 0.94 1.00
n-Amyl 0.55 0.95 1.00 0.14, 0.28, 0.39
n-Hexyl 0.62 0.95 1.00
Octyl 0.68 0.95 1.00
Nonyl 0.75 0.98 —_
Lauryl 0.79 0.98 —
2-Chloroethyl 0.33 0.84 — 0.19, 0.59
2-Hydroxyethyl 0.20 0.49 — 0.29

J. Chvomatog., 11 (1963) 77-83



82 H. A. MOULE, S. GREENFIELD

pounds are indicated. The identity of the other traces is conjectural, but they are
probably esters of pyrophosphoric acid. Thus a sample of acid methyl pyrophosphate
gave eight spots, which were considered to be as follows:

0.04 pyrophosphoric acid (z) above
0.08 monomethyl pyrophosphate (5) above
0.13 orthophosphoric acid (1) above
0.21 monomethyl orthophosphate (3) above
0.31 dimethyl pyrophosphate (sym.} (7) above
0.42 dimethyl pyrophosphate (asym.) (6) above
0.62 dimethyl orthophosphate (4) above

0.7z trimethyl pyrophosphate (8) above

As can be seen from Table IV the trialkyl phosphates travel with the solvent front
in all cases. A slightly better separation of trialkyl phosphate from dialkyl phosphate
can be achieved by substituting 50:20: 30 #-propanol-s#-butanol-2 N aqueousammonia
solution as mobile phase.

Quantitative analyses

The spots which have been revealed by the spray reagent can be cut out and wet
ashed, using nitric, sulphuric and perchloric acids, and the phosphorus content deter-
mined. This technique has been used on a routine basis for the analysis of phosphite
and phosphate esters.

The experimental procedure is the same as has been described for the qualitative
separations, except that in order to obtain enough phosphorus to permit reasonably
accurate determinations the sample weight must be about 3—4 mg. Such an amount of
sample cannot be applied as a single spot, and it is our practice to streak the sample
on to the starting line, as evenly as possible, from a weighed glass capillary tube.
The sample weight is then obtained simply by reweighingthe capillary. A microbalance
should be used for this purpose.

Duplicate determinations normally agree to within 4+ 39%, but for complete
recovery the sample must be substantially involatile. This is not the case with, for
example, triallyl phosphite or the lower trialkyl phosphites. Most of the phosphites and
acid alky! phosphates mentioned in the paper can be determined in this manner.

SUMMARY

Procedures are described for the separation on paper of the components of technical
samples of alkyl and alkyl-aryl phosphites and of esters of phosphoric acid. Suitable
stationary and mobile phases, as well as spray reagents, are noted, and typical Ry’
values are presented. The quantitative analysis of these esters, by wet ashing the
spots and determining the phosphorus content, is briefly indicated.
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CHELATBILDENDE AUSTAUSCHERHARZE

III. SELEKTIVE UND SPEZIFISCHE IONENAUSTAUSCHER
AUF HYDRAZIDBASIS

E. BLASIUS unp M. LASER
Anorganisch-Chemisches Institut dev Technischen Universitit
Berlin (Deutschland)

(Eingegangen am 4. September 1962)

Ionenaustauscher erhalten im allgemeinen eine ausgeprigte Selektivitit oder Spezi-
fitdt fir bestimmte Ionen, wenn die aktive Gruppe des Austauschers die Konfi-
guration eines selektiv oder spezifisch wirkenden Reagenzes aufweist. Eine voll-
stindige Ubereinstimmung der Spezifitat oder Selektivitit von Monomerem und
Polymerem ist allerdings nicht zu erwarten; denn die Bindung der funktionellen
Gruppe an das Harz verdndert in mehr oder weniger starkem Masse das Molekill.
Auch muss eine sterische Hinderung bei der Ausbildung von Komplexen in Betracht
gezogen werden.

Die bisher von uns untersuchten Austauscher, die Derivate? und Strukturanaloga®
der Iminodiessigsiure enthalten, entsprechen in bezug auf die Chelatbildung im
wesentlichen den Eigenschaften des Monomeren. Uber das Vethalten hydrazin-
haltiger Harze wurde dagegen bisher auch von anderer Seite nicht berichtet.

Die Untersuchungen iiber die Komplexbildung von Hydraziden und die Her-
stellung von Ionenaustauscherharzen auf Hydrazidbasis wurden angeregt durch die
bekannte Komplexbildungsfihigkeit des Hydrazins sowie durch einige Hinweise
auf den sauren Charakter einiger Carbonsiurehydrazide? und deren Komplexbildung
in alkalischer Losung®". Die niher untersuchten Hydrazide konnen im wesent-
lichen drei Gruppen zugeordnet werden, die zum Teil véllig verschiedene Eigen-
schaften in bezug auf die Aciditit bzw. Basizitit und Komplexbildung besitzen:

a. Hydrazide gesdttigter Carbonsiuren R-CH,~-CO-NH-NH,

b. Ringférmige Hydrazide, z.B. das Maleinylhydrazid

c. Lineare Hydrazide, deren an Stickstoff gebundenen Wasserstoffatome sauren
Charakter tragen, z.B. das Dimaleinyl-bernsteinsiuredihydrazid.

Von den genannten Verbindungsgruppen sind die Hydrazide gesittigter Carbon-
sduren nur von geringem Interesse, da infolge ihres sehr schwach basischen Charakters
das freie Elektronenpaar des Stickstoffs fiir eine Komplexbildung kaum zur Verfi-
gung steht.

Die Bestimmung der Aciditit und der Komplexbildung der monomeren Ver-
bindungen erfolgte durch Auswertung potentiometrischer Titrationskurven. Uber
Einzelheiten wurde bereits frither® berichtet. Abweichend von den dort angegebenen
Bedingungen wurden die Me?+Ionen in idquivalenter Menge zugesetzt. Die Messer-
gebnisse wurden in Diagrammen dargestellt, auf deren Ordinate die pH-Einheiten
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und auf deren Abszisse die Anzahl der pro Mol Komplexbildner verbrauchten Mole
NaOH aufgetragensind. DieTitrationskurven der Chelatbildner sind innerhalb von 0.1
pH-Einheiten gut reproduzierbar. Bei der Bildung l6slicher Chelate ist die Bildungs-
oder Umwandlungsgeschwindigkeit der Komplexe nur in Ausnahmefille so gering,
dass grossere Abweichungen zwischen den einzelnen Messreihen auftreten.

Die verwendeten Chemikalien wurden, soweit nicht anders angegeben, von der
Fa. E. Merck, Darmstadt im héchsten Reinheitsgrad bezogen. Das Maleinylhydrazid
und die Rohstoffe zur Herstellung der Harze stammten von den Firmen Th. Schu-
chardt, Miinchen und Riedel-de-Haen, Hannover.

AUSTAUSCHER AUF MALEINYLHYDRAZID-BASIS

Das Maleinylhydrazid C,H,O,N,

{0

ist eine schwache einbasige Sdure® mit dem pK-Wert 5.58. Ein zweites Proton kann
in wissriger Losung mit Natronlauge nicht titriert werden (Fig. 1).

2 l .

6 T/r/
0.5 1.0 1.5 20 25
Mol NaOH

Fig. 1. Neutralisationskurve des Maleinylhydrazids.

Mit einer Reihe von Schwermetallkationen bildet Maleinylhydrazid in saurer bis
neutraler Lésung schwer 16sliche Komplexe. Am schwersten 1oslich sind die Hg(I)-,
Hg (I1)-, Ag(I)- und T1(I)-Verbindungen. Sie fallen bereits beim Zusammengiessen
von wissrigen Losungen des Hydrazids und des entsprechenden Nitrats aus, wobei
die Losungen durch die Bildung freier Salpetersiure stark sauer werden. Das Maleinyl-
hydrazid verhilt sich also wie ein Pseudohalogenid. Bei Zusatz weiterer Salpeter-
sdure losen sich die Niederschlige wieder auf. In neutraler bis alkalischer Losung
reagiert Maleinylhydrazid in Gegenwart von Ag+-, Cu2+-, Co?+- und Ni?+Ionen
wie eine zweibasige Siure. Niher untersucht wurde das Verhalten des Hydrazids
gegeniiber von Ag+-Ionen.
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Bei Zusatz einer neutralen AgNOgLosung zu einer wissrigen schwach sauer
reagierenden Maleinylhydrazidlosung fillt die Monosilberverbindung als weisser
silberchloriddhnlicher Niederschlag aus. Bei Zusatz von NaOH wandelt sie sich in die
gelbe Disilberverbindung um. Diese Reaktionen kénnen durch folgende Gleichungen
beschrieben werden (A = Anion der Saure H,A):

H,A + AgNO; + NaOH —— AgHA + NaNO, + H,O
2 AgHA + NaOH — Ag,A + NaHA + H,0

Setzt man dagegen einer alkalischen Hydrazidlésung 2 Mol AgNO,; pro Mol
Hydrazid zu, so bildet sich sofort die Disilberverbindung:

HoA + 2 AgNO; + 2 NaOH — Ag,A + 2 NaNO; + H,0

In Gegenwart von Cu?+-, Co?+- oder Ni?+-Ionen fallen beim Neutralisieren mit
NaOH hydroxidartige Niederschlige mit nicht ganz stéchiometrischer Zusammen-
setzung aus. Sie enthalten ca. 2 Mole Metallionen pro Mol Hydrazid. Aus einer Zn*+-
haltigen Maleinylhydrazid-Lésung fillt dagegen Zn (OH),.

Die Verbindungsbildung kann an Hand von Titrationskurven verfolgt werden.
Wegen der Niederschlagsbildung treten jedoch geringe Unterschiede zwischen
Paralleluntersuchungen auf.

In stark saurer Losung wirkt Maleinylhydrazid als schwache Base. Durch An-
lagerung eines Protons entstehen Maleinylhydrazidiumsalze.

Aus einer mit Maleinylhydrazid in der Hitze gesittigten 50 %igen H,SO,
kristallisiert z.B. beim Abkiihlen das Maleinylhydrazidiumsulfat aus. Die Kristalle
werden mit wasserfreiem Alkohol gewaschen und im Vakuum bei 60° getrocknet.
An der Luft ziehen sie schnell Feuchtigkeit an und hydrolysieren. Auf Grund der
Titrationskurven muss der Verbindung die Formel (C,H,O,N,),S0, zugeschrieben
werden.

Bei der Kondensation von Resorcin mit Formaldehyd in Gegenwart von Malein-
ylhydrazid entsteht ein Austauscher, in dem das Hydrazid fest am Grundgeriist
verankert ist. Der Formaldehyd greift dabei vermutlich ebenso wie bei der Mannich-
Reaktion® an einem Stickstoffatom des Maleinylhydrazids an (Fig. 2).

™~ _OH
:,/ A CH,y—r

[ ~oH
i
N—N

/7 N\
HO—C  :C—Ot)
N/

HC = CH

Fig. 2. Struktur des Maleinylhydrazid-Austauschers.

Zur Darstellung eines geeigneten Produktes werden Lgsungen von o.z2 Mol
Resorcin (22 g) in 40 m]l Wasser und von o.1 Mol (r1 g) Maleinylhydrazid und 0.1 Mol
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(4 g) NaOH in 60 ml Wasser gemischt. Reagiert diese Lésung noch nicht alkalisch,
setzt man noch etwas NaOH zu. Nach Zusatz von 70 ml 35 %iger Formalinlosung
wird die Mischung in einer abgedeckten Porzellanschale auf dem Wasserbad erwérmdt.
Schon nach kurzer Zeit bildet sich ein klares Gel, das im Laufe von ca. 20~30 Std.
zu einem sproden, rotbraun gefirbten Harz erstarrt und sich dann leicht mahlen
lisst. Die Siebfraktion mit einer Korngrésse von 0.2-0.4 mm wird dann in eine
Austauschersiule gefiillt und sorgfiltig durch wiederholtes Behandeln mit HCI und
NaOH von nicht kondensierten Bestandteilen und Polyelektrolyten befreit. Der
Austauscher ist gegen die meisten verdiinnten SZuren und Laugen bestindig. Bei
Behandlung mit verdiinnter HNO, tritt jedoch bereits nach 24 Stunden stirkere
Zersetzung auf.

Der Maleinylhydrazid-Austauscher ist in saurer Lésung (pH 1) quecksilber-
spezifisch. Die Siureform bindet Hg,2+- und Hg?+-Ionen aus den mit Salpetersiure
schwach angesiuerten Losungen. Beim Nachwaschen mit 2 %iger Essigsiure wird
kein Quecksilber eluiert. Ag+Ionen werden dagegen selbst aus neutraler Losung
nicht quantitativ gehalten. 2 %ige Essigsdure eluiert den gebundenen Anteil schnell
und vollstindig. Ebenso verhalten sich auch TI+-, Cu?+-, Ni?+-, Co?*-, Zn2+-, Mg?+-
und andere Ionen.

Nach den beschriebenen Fillungsreaktionen war ausser fiir Quecksilber auch
fiir Ag* und Tl*-Jonen eine erhghte Bindungsfestigkeit an das Harz zu erwarten.
Fiir das abweichende Verhalten ist vermutlich die Briicke verantwortlich, die das
Maleinylhydrazid an das Harzgeriist bindet.

Auf Grund der schwachen Basizitit des Maleinylhydrazids reagiert das Harz
auch als schwach basischer Anionenaustauscher. So ist z.B. eine Trennung von As (I1I)
und Sb (ITT) iiber die Chlorokomplexe in 1.5~2 N HCI moglich.

Die Spezifitit fiir Quecksilberionen in saurer Losung erméglicht die Abtrennung
von anderen Kationen und eine stérungsfreie potentiometrische Titration nach der
Elution mit 1 N HCIO,. Als Beispiel sei die Trennung von Hg,?+- und Ag+-Ionen
angefiihrt.

Die je ca. 0.5—2 mMol AgNO, und Hg,(NO,), enthaltende Lésung wird am Kopf
der 40 ml Maleinylhydrazid-Austauscher (H+-Form) enthaltenden Siule eingefiillt.
Nach dem Ablauf wird mit 150 ml 2 %iger Essigsiure nachgewaschen. Im Eluat
befindet sich quantitativ das Silber. Nach dem Wechsel der Vorlage wird das Queck-
silber mit 150 ml 1 V HCIO, eluiert. Die Durchlaufgeschwindigkeit soll ca. 5 ml/Minute
betragen. Beide Ionen lassen sich allein leicht potentiometrisch mit HCI titrieren.
Fiir die Silberbestimmung benutzt man dabei eine Silberelektrode, fiir die Queck-
silberbestimmung ein amalgamiertes Silberblech als Indikatorelektrode. In einem
Gemisch beider Ionen titriert man jedoch nur ihre Summe. Die Trennung ist quanti-
tativ. Die hier erreichte mittlere Varianz der Einzelwerte von 0.5 Rel.~ % hingt von
der Genauigkeit der Bestimmungsmethode ab.

AUSTAUSCHER MIT DIMALEINYL-BERNSTEINSAUREDIHYDRAZID-STRUKTUR
Das Dimaleinyl-bernsteinsduredihydrazid C,,H,,0¢N, hat die Struktur:

Hz(ll—CO—NH—N H—CO—CH=CH—COOH
H,C—CO—NH—NH—CO—CH=CH—COOH
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Die genannte Verbindung féllt in iiber go %iger Ausbeute beim Zusammen-
giessen einer Losung von 5.7 g Maleinsdureanhydrid in 30 ml Eisessig und einer
Lésung von 5 g Bernsteinsauredihydrazid in 60 ml Eisessig als weisser korniger
Niederschlag aus. Nach dem Waschen mit Alkohol und Trocknen im Vakuum hat das
Produkt einen Schmelzpunkt von 169°. Es konnte nicht ohne erhebliche Zersetzung
umkristallisiert werden. Die Elementaranalyse ergab befriedigende Ubereinstimmung
mit den theoretischen Werten. In wissriger Losung zerfillt die Verbindung bei
Zimmertemperatur allm#hlich, beim Kochen jedoch schon in wenigen Minuten.
Als Zersetzungsprodukt konnte cyclisches Maleinylhydrazid isoliert werden.

Das Dimaleinyl-bernsteinsduredihydrazid ist eine schwache bis mittelstarke
Sdure, die in saurer bis neutraler Losung zwei Protonen abspaltet. Die Lage der
Titrationskurveim alkalischen Bereich zeigt aber, dass weitere H+-Ionen abdissozieren.

In Fig. 3 ist zum Vergleich die Neutralisationskurve von HCI eingezeichnet,
so dass die pH-Erniedrigung deutlich wird. Auch die Neutralisationskurven in Gegen-
wart von Schwermetallkationen weisen darauf hin, dass in diesem Gebiet 4 Protonen
abgespalten werden. Die Verbindung, die in saurem Medium farblos ist, erteilt der
Losung bei hohen pH-Werten eine schwach gelbliche Firbung.

Die Neutralisation kann formal durch die Gleichungen

(a) H;A 4+ 2 NaOH —— Na,H,A + 2 H,0
und
(b) Na,H,A + 4 NaOH — NagA + 4 H,0

beschrieben werden.

In Gegenwart von ein oder zwei Molen eines Me2+-Kations pro Mol Dimaleinyl-
bernsteinsduredihydrazid (Fig. 3) bilden sich lgsliche Chelatkomplexe. Die Kom-
plexstabilitit nimmt in der Reihenfolge Cu > Ni > Zn > Co > Fe(II) > Mg ab.

2 HCI» NaOH — —
pH o %z;//"—’ﬁkf /
10 S - '
")
N 8 #(v % :éyyé # ° g'_
o Mg
»// +
. = W
}{é, % v Ni
e Cu
4 /
¥ﬁ _/_4_0/(
2
1 2 3 4 5 6 7 8 9

————» Mol NaOH

Fig. 3. Titration von Dimaleinyl-bernsteinsduredihydrazid in Gegenwart von Schwermetall-
kationen. Hydrazid :Me?+ = 1:2.

Fir die Mesomerie im Anion des Dimaleinyl-bernsteinsiuredihydrazids sind
im wesentlichen vier Grenzstrukturen zu diskutieren (Fig. 4 a—d).

Das Auftreten einer leicht gelb gefirbten Losung bei hoheren pH-Werten deutet
auf ein Gleichgewicht zwischen Struktur (d) und wahrscheinlich (b). (b) ist sicher
gegeniiber (c) infolge der Konjugation der Doppelbindungen im Maleinylrest bevor-
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zugt. Der Metallchelatverbindung wire etwa die folgende Struktur zuzuordnen
(Fig. 5).

R—CHy—C-—N—N=C—CH—CH—C=0 o
O¢) O

R—-CH2—(‘2=N—(I?T)—(”3—CH=CH—([2=O
Hey 0o O

R—CH2—(IZ= N—N= (ID——CH: CH——‘C= 0

(d)
O O Oy

Fig. 4. Mesomere Grenzstrukturen.

O
(6) I
/O\\Me s —C\
—CH,—C | CH
I
O H

Fig. 5. Struktur des Dimaleinyl-bernsteinsduredihydrazid-Metallchelatkomplexes.

Die entstehenden Ringe sind spannungsfrei, wie sich mit Hilfe von Atomkalotten
zeigen ldsst. Die Struktur des fiinfgliedrigen Ringes entspricht im Prinzip dem Aufbau
des Fiinfrings in den Dithizonaten®.

Ein Austauscherharz mit der Struktur des Dimaleinyl-bernsteinsduredihydrazids
entsteht durch Mischpolymerisation von Styrol, Divinylbenzol und Maleinsiureanhy-
drid, Umsetzung mit Hydrazinhydrat und anschliessende Maleinylierung.

Beim Erwirmen einer Losung von 50 g Maleinsdureanhydrid, 50 g Styrol und
8 ml 50 %igem Divinylbenzol (DVB) in 100 ml Aceton auf dem Wasserbad bildet
sich in wenigen Stunden ein Gel, das iiber Nacht bei 100° im Trockenschrank nachge-
hirtet und dann in einer Schlagmiihle gemahlen wird. Der DVB-Gehalt entspricht
einem Vernetzungsgrad von etwa 4 %. Das gemahlene Harz reagiert mit Hydrazin-
hydrat unter Wiarmeentwicklung und Quellung, wobei 100 g Harz 250 ml Hydrazin-
hydrat fast vollstindig aufnehmen. Das Reaktionsprodukt wird noch einige Stunden
auf dem Wasserbad erhitzt und dann nacheinander mit Wasser, 2 N HCl, Wasser,
verdiinnter NH,-Lésung und Wasser gewaschen und bei 50° im Vakuum ge-
trocknet.

Die Maleinylierung verlduft glatt, wenn man langsam {iber 40 ml in Eisessig
eingequollenes und in eine Siule gefiilltes Harz eine Loésung von ca. 15 g Malein-
sdureanhydrid in 1Too ml Eisessig laufen lisst. Um eine mdoglichst quantitative
Umsetzung zu gewihrleisten, lasst man das Harz noch tiber Nacht unter der Lisung
stehen. Am nichsten Tag wird es dann mit Wasser siurefrei gewaschen und mit
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einem NH,*-Salz-NH,-Puffer (pH 9-10) behandelt. Das Harz ist jetzt gebrauchs-
fertig.

Der Austauscher quillt bei der Umladung aus der Siureform in die NH,+-Form
um ca. 50 %. Die geringe Stabilitat des Dimaleinyl-bernsteinsduredihydrazids macht
sich am Austauscher wesentlich weniger bemerkbar. Das Harz kann monatelang
benutzt werden, ohne dass eine merkliche Verschlechterung der Eigenschaften ein-
tritt. Die Kapazitit fur chelatartig gebundenes Cu?+ betrigt 3.2 mval/g trockenes
Harz.

Der chelatbildende Austauscher wirkt in der NH,+Form selektiv fiir Schwerme-
tallionen. Als Elutionsmittel dienen Ammoniumacetat-Lésungen, die durch Am-
moniak-Zusidtze auf den gewiinschten pH-Wert eingestellt werden. Unter diesen
Bedingungen ist eine Trennung der Schwermetallionen von Erdalkali- und Alkaliionen
mdglich. Dariiber hinaus kénnen auch Schwermetallionen untereinander durch
Elutionschromatographie getrennt werden. Als Modellanalyse sei eine Ni2+Zn?*-
Trennung beschrieben. Sie ist besonders geeignet, die Trennfihigkeit des Austau-
schers zu zeigen, weil die Komplexbildungskonstanten beider Ionen sehr #hnlich
sind (Fig. 3).

Die Ni?+ und Zn?+ enthaltende Lésung wird mit 4-5 g NH,Cl und etwas konz.
NH, versetzt und auf roo ml aufgefiillt. Pro Analyse werden je 0.5~2 mMol Zn und Ni
eingesetzt. Die Losung wird am Kopf der 40 ml Austauscher (NH,*-Form) enthalten-
den Siule einpipettiert. Das Zn?+ wird mit rzoo ml 0.75 N NH,CH,COO-Lésung
(pH 10.75) eluiert. Das Eluat wird auf dem Sandbad eingeengt. Dabei verfliichtigt
sich das Acetat vollstindig, so dass anschliessend das Zn?+ komplexometrisch be-
stimmt werden kann. Ni2+ kann leicht mit 100 ml ammoniakalischer KCN-L§sung
abgelost und nach Ansduern und Vertreiben des HCN titriert werden. Die mittlere
Varianz der Einzelwerte betrigt 1 Rel.- %,.

AUSTAUSCHER MIT DIOXALYL-BERNSTEINSAUREDIHYDRAZID-STRUKTUR

Ein chelatbildender Austauscher, der wahrscheinlich die Struktur des Dioxalyl-
bernsteinsiuredihydrazids besitzt, entsteht aus vorstehend beschriebenem Mischpoly-
merisat durch Umsetzung mit Hydrazinhydrat und anschliessende Oxalylierung.

Das mit Hydrazinhydrat umgesetzte Mischpolymerisat wird mit etwa der
gleichen Gewichtsmenge Oxalsiureithylesterchlorid tibergossen und eine Stunde
stehen gelassen. Wihrend dieser Zeit beginnt bereits eine Reaktion unter Erwdrmung
und HCl-Entwicklung. Beim anschliessenden vorsichtigen Erhitzen wird die Reaktion
so lebhaft, dass eine Kihlung mit kaltem Wasser notwendig ist. Dabei quillt das
Harz und nimmt die gesamte Fliissigkeit auf. Das iiberschiissige Esterchlorid wird
mit Tetrahydrofuran ausgewaschen. Danach braucht man das Harz nur mit Wasser
neutral und eventuell mit einer verdiinnten NH,-Losung zu waschen, damit es voll
reaktionsfihig wird. Bei dieser Behandlung werden die Estergruppen des Substi-
tuenten bereits verseift.

Die Quellung der NH,+-Form gegeniiber der H+-Form des Austauschers betrigt
ca. 60 %. Das Harz ist iiber 2 Monate stabil. Die Stabilitit kann durch vollstindige
Beladung mit Cu?*+-Ionen erh6ht werden. Die Kapazitit fiir chelatartig gebundenes
Cu?t betrigt 3.2 mval/g trockenes Harz.

Die Saureform des oxalylierten Austauschers bindet Cu?+-Ionen aus o.x N HCI
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vollstindig. Allerdings darf die Durchlaufgeschwindigkeit nicht zu hoch sein, weil
sich sonst die geringe Reaktionsgeschwindigkeit des Harzes nachteilig bemerkbar
macht.

Bei der Elution mit HCIl verschiedener Konzentration bricht das Cu bei 0.1 N
HCl nach 2, bei 0.05 N HCl nach ca. g Sdulenvolumina Elutionsmittel durch. Andere
Schwermetallionen wie Ni2+ werden nur sehr schwach gebunden und kénnen schnell
und vollstindig eluiert werden. Dadurch wird eine schnelle Abtrennung von Cu?+-
Ionen ermoéglicht.

Die im Vergleich zum Dimaleinyl-bernsteinsduredihydrazid-Austauscher wesent-
lich héhere Bindungsfestigkeit des Dioxalyl-bernsteinsiuredihydrazid-Austauschers
gegeniiber Cu?+-Ionen beruht wahrscheinlich auf dem Ersatz des siebengliedrigen
Maleinylringes im Metallchelatkomplex durch den fiinfgliedrigen Oxalylring (Fig. 6).

(=)
/Ome” O\
—CH,—C | co
/
\N/ N CO

Fig. 6. Struktur des oxalylierten Bernsteinsiuredihydrazid-Metallchelatkomplexes.

Neben dieser Struktur muss aber auch die Existenz eines sechsgliedrigen Ringes
in Erwigung gezogen werden (Fig. 7).

Me—O
/N
—CH,—CO—N C=0
\ /
N=Co,

Fig. 7. Struktur des oxalylierten Bernsteinsiuredihydrazid—-Metallkomplexes.

Wihrend das Kalottenmodell des Komplexes (Fig. 7) geringe Spannung hat,
ist der Sechsring voéllig spannungsfrei.

Zur Kennzeichnung der Wirkungsweise des Austauschers ist im folgenden eine
Cu2+-Ni%*+-Trennung als Modellanalyse beschrieben.

Eine mit 40 ml Austauscher (H+*-Form) gefiillte Siule wird mit 20 ml einer
Lésung, die je ca. 0.5~1 mMol Cu?*- und Ni2+-Ionen enthilt, beschickt. Die Tropige-
schwindigkeit betragt wihrend des Austausches 20 ml/Std. Als Elutionsmittel dient
eine 2 N KCl-Lésung mit dem pH-Wert 2z (0.01 N HCI}. Die Tropfgeschwindigkeit
wird jetzt nach Durchlauf der ersten 20 ml auf 3 ml/Min. erhéht. Nach etwa 300 ml
Elutionsmittel ist das Ni quantitativ vom Harz entfernt. Anschliessend kann das Cu
mit 100 ml 2 N HCI und 100 ml Wasser zum Nachiwaschen vollstindig eluiert werden.
Die Bestimmung der Schwermetallionen im Fluat erfolgt komplexometrisch. Die
mittlere Varianz der Einzelwerte betrigt 1 Rel.- %.
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ZUSAMMENFASSUNG

Cyclisches Maleinylhydrazid ist eine schwache Saure, die mit Ag+-, Hg,2?+-, Hg?+und
T1+-Tonen schwer 1gsliche Salze bildet. Es verhilt sich also wie ein Pseudohalogenid.
In stark saurer Lésung addiert Maleinylhydrazid ein Proton unter Bildung von Hy-
drazidiumsalzen. Bei der Kondensation mit Formaldehyd in Gegenwart von Resorcin
entsteht ein Polykondensations-Ionenaustauscher, der in schwach saurer Losung
spezifisch fir Hg2+ und Hg,?+-Ionen ist. In stark saurer Losung verhilt er sich wie
ein schwach basischer Anionaustauscher.

Dimaleinyl-bernsteinsiuredihydrazid bildet mit Schwermetallionen 16sliche
Chelatkomplexe. Ein chelatbildender Ionenaustauscher mit analoger Struktur
entsteht durch Umsetzung eines Styrol--Divinylbenzol-Maleinsdureanhydrid-Misch-
polymerisats mit Hydrazin und anschliessende Maleinylierung. Der Austauscher ist
selektiv fiir Schwermetallionen und erlaubt die Trennung von Ionen mit sehr dhn-
licher Komplexstabilitit durch Elutionschromatographie. Durch Oxalylierung des
mit Hydrazin umgesetzten Mischpolymerisats erhilt man einen Austauscher, der
in 0.01-0.1 N HCI spezifisch fiir Cu?+-Ionen ist.

SUMMARY

Cyclic maleic hydrazide is a weak acid, which forms difficultly soluble salts with
Agt, Hg,2+, Hg?+ and Tl+-ions, and thus behaves as a pseudohalide. In strong acid
solution maleic hydrazide adds one proton and forms hydrazidium salts. Conden-
sation with formaldehyde in the presence of resorcinol leads to the formation of a
polycondensed ion exchanger, which in weak acid solution is specific for Hg?+ and
Hg,2+ions. In strong acid solution it behaves as a weakly basic anion exchanger.

Dimaleyl succinic dihydrazide forms soluble chelate complexes with heavy
metal ions. An ion exchanger with similar structure, which forms chelate complexes,
is obtained when a styrene—divinylbenzene-maleic anhydride copolymer is treated
with hydrazine and subsequently converted to the maleyl derivative. The exchanger
is selective for heavy metal jons and can be used to separate ions that form complexes
of similar stability by means of elution chromatography. Conversion of the hydra-
zine-treated copolymer to the oxalyl derivative produces an exchanger, which in
0.01-0.1 N HCl is specific for Cu?+-ions.
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CENTRIFUGALLY ACCELERATED PAPER CHROMATOGRAPHY
OF INORGANIC IONS

S. K. SHUKLA*
Institut du Radium, Laborvatoive Cuvie,
Paris (France)

(Received September 17th, 1962)

Since the original work of CONSDEN, GORDON AND MARTIN? paper chromatography has
been applied to the problems of separation of both organic and inorganic mixtures
that were difficult or time-consuming to separate by more conventional methods of
analysis. The period of the order of hours usually necessary for the development of
chromatograms in order to obtain satisfactory separation has been, however, the major
drawback to applying this technique to the analysis of labile compounds, unstable
valency states, and radioelements of short half-life. Attempts have recently been made
to speed up the flow of solvent through the paper by the use of volatile solvents?, or
by developing the chromatograms at higher temperatures®-10. Although these modifi-
cations when applied to some particular problems gave more satisfactory results than
conventional paper chromatography, they suffer, however, from the drawback that it
is difficult to obtain equilibrium conditions with volatile solvents, and that changes
in composition of the species or valency states may occur at higher temperatures.

An interesting innovation recently introduced by CaroNNal! and developed in
particular by McDonaLD and coworkers*~* has permitted the development of
chromatograms in very short times by combining chromatography with centrifugal
acceleration. This procedure has been successfully applied to the separation of dyes?5,
amino acids?® 18, chloroplast pigments?8, 82Br- and 13!I-labelled organic substances??,
human serum lipoproteins??, 2,4-dinitrophenylhydrazones of carbonyl compounds?,
and some substances of the vitamin B4 group?!. The only separation of inorganic ions
by this technique reported in the literature is that of Cu, Cd, Bi, and Hg, by InDovINA
AND RicotTa®2. The success achieved in the rapid separation of organic compounds
and the improved results over those given by ordinary chromatographic techniques
prompted us to extend the application of centrifugally accelerated paper chromatog-
raphy to inorganic and radiochemical problems. The present communication reports
the initial results of a study of fundamental factors that govern good and repro-
ducible separation of inorganic ions by this technique. The study was made with
Fe(III), Co(II), Ni(II), Mn (II), Cu(II), and Zn (II) ions with Rp values that extend
over a wide range.

APPARATUS
In the literature descriptions have been given of several apparatus for centrifugal

* Present address: Centre de Recherches Nucléaires, Département de Chimie Nucléaire, Stras-
bourg-Cronenbourg, France.
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paper chromatography1—1%19,28-2 a5 well as various modifications in the procedure.
When we undertook the present work two models of the apparatus (Chromatofuge
Modele T. 65, and Centrifugeur pour chromatographie par Ets. Jouan) were commer-
cially available. Because of the lower price and its simplicity, the apparatus made by
Etablissements Jouan was chosen for these studies. The apparatus is shown in Fig. 1.
Its chief characteristics are: rate of rotation: variable between 500 to 1200 rev./min;
size of paper: up to 45 cm diameter. Dimensions of the apparatus: diameter 50 cm;
height 26 cm; weight 4 kg.

The apparatus consists essentially of a detachable developing tank (of Perspex
or stainless steel, that of Perspex being used in the present work) provided with a
removable cover fastened by three pins. A Petri dish with the solvent placed in the
tank permits an easy saturation of the atmosphere within the tank with the vapour
of the solvent. The circular sheet of paper is held in position at the centre of the tank
on a Teflon disk coupled magnetically to the motor. During rotation the paper disk
assumes a taut horizontal position. Each tank is equipped with a magnetic disk
covered with Teflon to which the rotation is imparted by a magnetic drum attached
to the motor. Thus every tank is air-tight.

The circular paper is spotted, by means of a micro pipette, with the solution
to be analysed on previously marked points on a circle of 4.5 cm radius. To prevent
inward movement of the spots, the developing solvent was fed at 3 cm from the centre
of the paper with the aid of a glass atomiser (Fig. 2). The desired delivery of the sol-
vent in the form of a fine continuous stream could be adjusted by regulating the
pressure of air and the diameter of the capillary connecting the atomiser with the
solvent vessel.

EXPERIMENTAL AND RESULTS

Fe (I11), Co (IT), Ni(II), Mn (II), Cu(II), and Zn(II) chloride solutions in N HCI were
spotted on the paper (diameter 38 cm), either separately or as a mixture. Butanol-
HCl (x:1, v/v) mixtures, in which the concentration of the acid was varied, were
used as solvents. Acetone~-HCIl-H,O mixtures, well known for giving good resolution
of many of the above ions in conventional chromatography?®, were also tried. The
spots on the chromatograms were detected by means of an ammoniacal solution of
8-hydroxyquinoline in ethanol.

The following types of paper were used in the present studies: Whatman No. 1,
Whatman No. 3 MM, Arches No. 302, Arches No. 304 and Ederol No. zoz.

Effect of the type of paper on the nature of the chromatogram

As already observed by MCDONALD e¢f 4l.'% in the case of Whatman No. 1 paper, our
solvents gave with Whatman No. 1, Whatman No. 3 MM, Arches No. 302 and Arches
No. 304, elliptical chromatograms, the long axis coinciding with the machine direc-
tion of the paper. Almost circular patterns were obtained with Ederol No. zo2.
Measurement of the Ry values of Fe (ITI) in different directions in the case of elliptical
chromatograms showed variations of about 12 %, while in the case of Ederol No.
202 the Ry was found to be constant, viz. 0.17 for butanol-N HC], in all directions of
the paper. The detailed study reported in the present article was therefore carried
out with Ederol No. 202. In order to compare the Ry values on centrifugal chromato-
grams with those obtained with conventional chromatographic procedures, separa-
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Fig. 2. Device for feeding the developing solvent to the paper.
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tions were also realised side by side by the ascending technique on 3.5 cm wide
Ederol No. 202 paper strips, since the Rr values of these ions on this paper have not
been reported in the literature.

Effect of the solvent and its flow rate on the chromatograms

The pattern of the chromatograms and the quality of separation were greatly in-
fluenced both by the nature of the solvent and by its rate of flow. Volatile solvents,
e.g. acetone—acid mixtures, are not favourable for centrifugal chromatography owing
to evaporation of the solvent from the paper. A higher delivery rate of the solvent in
order to compensate for the evaporation often leads to flooding of the paper, which
gives rise to elongated and diffused bands on the chromatogram. Thus volatile sol-
vents demand a careful adjustment of the flow rate for a given speed of rotation of
the paper. Less volatile solvents, e.g. butanol-HCI mixtures, are most suitable for
this technique and give a wider operation range. In the present work the flow rate
of the solvent for “minimal wetting” of the paper was always determined in each
case by preliminary experiments guided by the conditions described by McDoNALD
and coworkers!s, viz., “the ideal flow rate ought to be such that on stopping both the
flow of solvent and the rotor, the perimeter of the wetted area does not increase ap-
preciably on standing”. For Ederol No. 20z paper this flow rate varied within the
range 1.5-2.25 ml/min, depending on the rate of rotation of the paper and composition
of the solvent.

Effect of the rate of rotation of the paper on the chromatograms

Thick papers, namely Whatman No. 3 MM, Arches No. 304, and Ederol No. 202,
could be utilised for the whole range of the rotation speeds of the apparatus; Arches
No. 302 was less suitable, while the disks of Whatman No. 1 could not stand a speed
higher than 500 rev./min with the solvents used.

Since the front portion of the spots moves slower than the rear portion, the spots
in centrifugal chromatography are more compact than those observed with other
chromatographic procedures. Thus a greater resolution for a relatively shorter run of
the solvent is obtained. At higher speeds the spots are more compact and the sep-
aration therefore more complete.

Separation of Fe(III), Co(II), Ni(II), Mn(II), Cu(II) and Zn (IT)

Mixtures of acetone, water and HCI, which gave satisfactory results with Ederol
No. 202 paper strips in ascending paper chromatography, were not convenient sol-
vents for centrifugal chromatography for the reasons already pointed out. Table I
lists the variation of the Ry values of these ions when the concentration of HCI is
increased in the butanol-HCI (1:1, v/v) mixture. The Ry values obtained with the
ascending technique are also given for comparison. For the six ions examined and
over the entire range of solvents used the Rz values on the centrifugal chromato-
grams are higher than those obtained by the ascending technique. INDOVINA AND
RicorTA?? have also observed higher Ry values for Cu, Cd, Bi and Hg ions, in the
solvent butanol-acetic acid—conc. HCl-water (45:10:1:44) in centrifugal chromatog-
raphy than in the stationary technique. The Rz values have been shown to depend
on the partition coefficient and the relative amounts of the two phases in contact®.
Since the experiments with the centrifugal and ascending techniques were carried out
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with the same solvent and paper system, the partition coefficient can be assumed to
be practically constant. The increase in the Rp values in the case of centrifugally
accelerated chromatography can therefore be attributed to the higher rate of flow of
the organic phase in relation to the aqueous phase.

TABLE I
Rp vaLUEs oF Fe(IlI), Co(II), Ni(II), Mn(II), Cu(II) AND Zn(II) OBTAINED IN CENTRIFUGAL
CHROMATOGRAPHY AND BY ASCENDING DEVELOPMENT

Solvent: butanol-HCI (1:1, v/v) mixtures. Paper: Ederol No. 202. Speed of rotation: 1200 rev.
min. The values in parentheses are the Ry values obtained by the ascending technique.

Normality Fe(I1I) Co(ID) Ni(ID) Mn(II) Cu(ll) Zn(ID)
of acid
1 0.17 0.091 0.08 0.10 0.15 0.76
(0.092) (0.04) (0.043) (0.059) (0.086) (0.62)
2 0.37 0.17 0.16 0.20 0.28 0.90
(0.17) (0.088) (0.077) (0.092) (0.18) {0.73)
3 0.49 0.26 0.26 0.31 0.37 0.94
(0.28) (0.17) (0.15) (0.15) (0.23) (0.78)
4 0.72 0.51 0.48 0.51 0.58 0.97
(0.52) (0.34) (0.29) (0.25) (0.42) (0.96)
4.25 0.76 0.66 0.65 0.67 0.70 0.97
(0.61) (0.46) (0.46) (0.46) (0.52) (0.96)
5 0.81 0.66 0.65 0.68 0.71 0.93
(0.57) (0.48) (0.46) (0-45) (0.56) {0.95)
6 0.90 0.68 0.66 0.70 0.72 0.92
(0.98) (0.48) {0.43) (0-49) (0-59) (0.95)
7 0.90 0.62 0.62 0.66 0.70 0.91
(0.97) (0.48) (0.44) (0.46) (0-57) (0.91)
8 0.98 0.63 0.60 0.67 0.73 0.89
{0.96) (0.45) (0.39) (0.43) (0.56) (0.82)
9 0.98 0.65 0.62 0.64 0.71 0.88
{0.98) {0.47) (0.34) (0.38) (0.56) (0.72)
10 0.98 0.65 0.60 0.63 0.71 0.86
(0.98) (0.57) (0.31) (0.38) (0.56) (0.67)
11 0.98 0.64 0.57 0.61 0.70 0.85
(0-97) (0.63) (0.29} (0.36) (0.54) {0.67)
12 0.98 0.67 0.51 0.55 0.72 0.83
(0.96) (0.65) (0.26) (0.37) (0.56) (0.67)

Except that the values were higher, the manner in which. the Rg’s of the ions
examined varied with the concentration of hydrochloric acid in the mixture was
found to be similar to that observed in the ascending technique. This indicates that
the mechanism of separation of these inorganic ions in centrifugal chromatography
is essentially the same as that in conventional chromatography.

The best separation of the six ions examined is obtained (Fig. 3) with butanol-
12 N HCI (x:1, v/v) in 45 minutes by centrifugal chromatography. Although the
separation is better in this solvent than in the other solvents used, the ascending
technique does not permit (Fig. 4) the separation of Co(II) and Zn (II).
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Fig. 3. Centrifugal chromatogram of Fe (III), Co(IT), Ni(II), Mn(II), Cu(II) and Zn (II), and of a
mixture of these ions. Paper: Ederol No. 202 (radius = 19 cm). Solvent: butanocl-12 N HCl
(1:1, v/v). Speed of rotation: 1200 rev./min. Time of development: 45 min.

The advantages of centrifugal chromatography are thus: (1) better resolution
in a fraction of the time (10-15 times faster) required by other chromatographic
methods; (2) possibility of studying the separation of many substances at the same
time and under the same experimental conditions.

SUMMARY

Centrifugally accelerated paper chromatography has been applied to the separations
of inorganic ions. A study has been made of the various factors which favour good
and reproducible fractionation. A comparative study of the separation of Fe(III),
Co(II), Ni(II), Mn(II), Cu(II) and Zn(II) by this procedure and by ascending
chromatography is reported. The developing solvent consisted of butanol-HCl
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Mixt-ure

|

Fig. 4. Chromatograms of Fe (III), Co (II), Ni(II), Mn (II), Cu (II) and Zn(II), and of a mixture of
these ions, obtained by ascending development. Paper: Ederol No. 202 (3.5 cm wide strips).
Solvent: butanol — 12 N HCI (1:1, v/v). Time of development: 7 h.

(1:1, v/v) mixtures in which the concentration of the HCl was varied in the concen-

tration range from 1 to 12 N. The best separation of all the six ions was obtained

with the solvent butanol-12 N HCI using centrifugal chromatography only.
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It has been shown!—? that chromatography on resin papers makes it possible to ob-
tain information about the nature of ions existing in solution, to determine their
charge and consequently to establish whether complexes are formed; the conclusions
obtained with these procedures are, however, essentially qualitative.

Since chromatography with ion-exchange papers has a number of interesting
features, such as rapidity and simplicity of operation, the present work was carried
out with the aim of developing a suitable treatment of the chromatographic data in
order to obtain quantitative information about the equilibria in solutions and to
determine the stability constants.

To achieve this aim the method of calculation suggested by FRONAEUS for the
quantitative determination of stepwise constants*-? has been extended to resin paper
chromatography. The procedure developed has been applied to the study of the sys-
tem copper-acetate, which had previously been investigated by FRONAEUS by means
of cation-exchange resins?.

THEORETICAL

Complex formation between a bivalent central ion M?+ and a monovalent ligand A-

according to the reaction:
M2+ 4 jA— 2 MA@+ (1)

the constants of which are §;, f,... B, can be determined by means of the exchange
equilibria of the ionic species existing in the solution on a cationic exchanger (Nag*):

MA@t + (2 —4) Nag* = (2 —f) Nat + MAsz (j = o,1) (2)

The relationship between exchange equilibria and equilibria of complex formation
can be obtained according to FRONAEUS by introducing a distribution function ¢;
this function, which can be experimentally determined, is given by the following
relationship:

where Cyr and Cy are the total concentrations of the metal species at the equilibrium
on the resin and in the solution respectively; ¢ can also be expressed as a function
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of the formation éonstants and of the concentration of ligand

[M**]g 4 [MA*]r

N
M2 (x + X fy [A7)))

j=t

(3)

Tt has been shown by MARTIN AND SYNGES that the partition coefficent, «, of a certain
species which distributes between a stationary and a mobile phase is related to the
chromatographic Rp value by the equation:

«= (- — 1) 35 (@

where Az/As is the ratio of the amount of solvent to the amount of resin in a cross
section of the paper; the validity of the above relationship has been verified in the
case of equilibria on ion-exchange papers®®.

In the absence of a ligand the equilibrium constant K, of an exchange reaction

M2+ + 2 Nagt = Mg2t 4 2 Nat
can be expressed as

[M2t]g
log K, = log V] + log [H*] — 2 log [Ht]gr
where:
1o, *Ir = lo
& e T BT

In the presence of a ligand the numerator represents the total concentration of the
metal species on the resin and the denominator the total concentration of the metal
ions in solution; as a consequence « has the same meaning as ¢ (eqn. (3)), and the
same theoretical treatment applied to the ¢ function can be extended to a.
The concentration of the metal species in the resin phase (eqn. (3)) can be ex-
pressed by means of the exchange constant Ky (eqn. (2)).
[Nat]g?2-7

[MA; -] g = [MA42~)+] TN K; = [MA;C-N+]

and the function « by means of the following equation:

T IA]

o = bo N
T X A

Where:
[)' ! M2 lim «
141 1 1 [ R 1 (6)

= T Ao

The terms Ky and /; are functions of the activity coefficients in the resin paper and in
the solution; in the case of ion-exchange papers, if a medium of constant ionic strength,
is used, the activity coefficients in solutions may be considered to be constant. To
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relate the o values to a constant Cur, according to the FRONAEUS method, experi-
ments were carried out in which the metal ion concentration was changed over a
fairly wide range; it was found that the effect upon the « value is within the range of
the experimental errors. We conclude therefore that changes of activity coefficients in
the resin paper have only a minor influence and may be neglected in the present
treatment.

The formation constants have been calculated by means of the following proce-
dure. From the experimental data, « and A-, the following function is calculated

lo I
2= (G s 7)
which by extrapolation for [A~] - o gives &;° = f§; — I. From this value a new func-

tion containing the two quantities /; and 8, — ! is introduced

1
(AT

lo
f= —(P{[(ﬂl —)A]—1]+1} (8)

and by extrapolation, for [A-] — o, the limiting value f° is obtained:

fo="p8(fr—1) —pe (9)
To obtain the formation constants the following function can be determined
Af Aay N
e =B — 2B [A)-8 10
A5 = Priag — 2] (xo)

where Af = f — /° and doy = a; — o,°.

By plotting Af/[A-] against de,/[A~], B, can be obtained. When Af/[A~] and
Aoty [[A-] are almost constant over the entire [A~] range investigated, eqn. (I0)
cannot be applied, and f, is approximatively given by the quotient Af/Ae,. In order
to obtain higher complexity constants, the function

X
[A-]

Ly
g = {f— P + —;ﬂz} (11)

is calculated. By introducing the functions «,, f and g, eqn. (4), at small ligand con-
centrations, can be written in the form:
g = proa — B3 (12)

Thus g is a linear function of e, the slope gives 5, and the intercept §,.

EXPERIMENTAL

Amberlite ion-exchange paper SA-2 (Rohm & Haas) containing ca. 45 % of a strong
cation exchanger (Amberlite IR-120 sulphonic resin in the sodium form) was used.

The paper was cut in pieces of about 22 X 3 cm size. These strips were kept for
about 30 min in 1 M NaCl and then washed with distilled water. The treatment was
tepeated several times; the papers were air-dried before use.
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Chromatograms were run according to the ascending technique, keeping the
temperature constant at 30°. The eluting solution was allowed to reach the same height
in every strip; 25 min were needed for this. The copper solution was about 0.1 M in
copper perchlorate; a few microliters were used for each chromatogram.

In order to realize the conditions required for this investigation (to keep the
ionic strength and the hydrogen ion concentration in the solution constant and to
carry out chromatograms on a wide range of ligands) the eluants were prepared by
mixing sodium acetate and acetic acid, of various concentrations, in the molar ratio
2:1 and adding sodium perchlorate to keep the ionic strength constant. The compo-
sition of every eluant was: C4" = mM AcONa, 0.5 C4" = mM AcOH and 1000 — C4’
= mM NaClO,. The ligand concentration was varied in the range 10400 mi.

The spots were detected with X, Fe(CN)g; AL was obtained from the difference
in weight of a strip of pure air-dried exchange paper in the sodium form before and
after impregnation with the eluting solution; As is known from the concentration of
the resin in the paper (45 %).

The ratio Az/As was calculated for several concentrations of the eluting solu-
tions and the results were plotted versus the acetate concentration; by graphic inter-
polation this ratio could therefore be obtained for any concentration of ligand.

The experimental results are collected in Table I. In the treatment of these data
according to the procedure described it was assumed that the equilibrium concen-
tration of the ligand [A-] is equal to the analytical concentration of the eluting
solution; the factor due to the swelling of the resin and the correction due to the
change of concentration of the ligand because of the formation of complexes in
solution have been neglected. These approximations are justified considering the
experimental conditions of the chromatographic technique and the degree of accuracy
obtainable in the measurement of the Rp value.

TABLE 1

CORRESPONDING VALUES OF [A~], Rp, Ar/As AND ot FOR THE COPPER—-ACETATE SYSTEM

[A-] mM Rp Arlds 4
o 23.7
10 0.16 3.27 17.2
20 0.21 3.26 12.3
30 0.23 3.26 10.9
40 0.24 3.25 10.3
60 0.32 3.25 6.59
8o 0.39 3.24 5.06
100 0.45 3.23 3.94
120 0.48 3.23 3.48
140 0.54 3.22 2.74
160 0.56 3.21 2.54
180 0.58 3.21 2.31
200 0.65 3.20 1.73
225 0.63 3.19 1.88
250 0.66 3.18 1.62
275 0.76 3.16 0.98
300 0.71 3.15 1.29
360 0.74 3.14 1.10
400 0.80 3.13 0.78
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In Fig. 1 o is plotted against the ligand concentration [A~]. To calculate /,
according to eqn. (6), 1/« is plotted against [A-] (Fig. 2); by extrapolating to zero
free ligand concentration the J, value (23.7) is obtained.

In Table II the calculated values for «,, f, g, Af/[A~] and Ao, /[A~] are reported;
o,° and f° were determined by graphical extrapolation as shown in Fig. 3.

Since the values of Af/[A-] and A«/[A~] in Table II are, within the limits of
experimental error, almost constant, 8, was calculated as the ratio Af/4e,:

By = (43 & 10) M

From the limiting values of /; and «°, it is evident that J, >/, as Cu+ is more strongly
sorbed than CuAct.

25

o

20

Ol 1 1 1
[0] 100 200 300 400
[&)mM
Fig. 1! Plot of the partition coefficient « versus ligand concentration.

65 3.0
X0 % f-1072

100k 55 12.5

80F 45 420

&0+ 354 41.5

40 . N . ! 25 L L 1 1 10

6) 10 20 30 (AlmM o 100 200 300  [A)lmM

Fig. 2. Determination of the limiting value of Fig. 3. Determination of the limiting values
o. Plot of 1/ as a function of [A~]. of o, and f. Plot of ¢, (~O—0-) and f(- A—A-)

as functions of [A—].
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TABLE II

CORRESPONDING VALUES OF [A~], oy, f, g, Af/[A~] AND do[[A~]

[A-] o, f X r07® g X ro~? Aff[A-] X 10™® Ao, [[A-]
mM M-t M2 M- M-8 M-
o 36 1.06

25 38.8 I.33

50 41.6 I.40 22.2 6.80 112

75 44.3 1.39 2.4 4.40 1ro
100 46.6 1.57 23.3 5.10 106
125 49.8 1.64 24.2 4.67 III
150 52.3 1.81 25.8 5.03 108
175 55.8 1.87 27.0 4.65 113
200 56.5 1.93 27.6 4-37 102
225 573 1.95 27.9 3-89 94.8
250 58.4 2.03 28.5 3.89 89.6
275 60.4 2.09 29.3 3.76 88.6
300 60.9 2.11 29.6 3.50 83.0

25 63.2 2.19 30.8 3.47 83.8
350 68.3 2.38 33.1 3.76 92.6
375 76.3 2,61 36.8 4.14 107
400 96.3 3.31 46.1 5.63 I5I

Using this value of §,, and that of 8, obtained from eqn. (g), the function g can
be calculated from eqn. (xx) (Table II). According to eqn. (12) g is plotted against
oy ; B, and f; are respectively obtained from the slope and the intercept with the g-axis
(Fig. 4):

Bs = (500 £ 100) M2 B3 = (8oo 4 6oo) M3

+ 50,
g0 ()

+ 401

+20r-

+10-

1% 20 40 80 80 o 100

Fig. 4. Determination of the formation constants. Plot of g as a function of «,.
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CONCLUSION

A comparison between the complexity constants obtained in this work and those ob-
tained by ion exchange, is presented:

Fronaeus investigation (¢ = 20°) Ion-exchange paper investigation (t = 30°)
fpr= 45+ 2M B = 43 £ 10 M1
fs = 440 4+ 60 M-? B, = 500 + 100 M2
f; = 1000 4 300 M—? ps = 8oo + 600 M~

The agreement is quite good; the use of ion-exchange paper yielding, as it was expec-
ted, a lower degree of accuracy. This result shows that the assumptions and approxi-
mations made in applying the FRONAEUS method are justified and that the method
may be safely extended to the study of complex equilibria by resin paper chromatog-
raphy. Though the use of chromatography with ion-exchange papers in the study of
complex equilibria yields less accurate results because of the limited degree of preci-
sion afforded by paper chromatography in the determination of the Rr value, its
application can be very useful because of the simplicity of operation and the speed
with which experimental results can be obtained. The method should be very valuable
for studying equilibria which occur on paper impregnated with ion exchangers of
various nature.
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SUMMARY

Chromatography with ion-exchange papers has been used for the study of complex
equilibria. The FRONAEUS method of calculation has been applied to the quantitative
determination of equilibria in solution and the procedure has been checked with the
systerrf copper—acetate.
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Short Communications

The behavior of isobutane on a molecular
sieve gas chromatography column

People who routinely use a Linde 5 A molecular sieve gas chromatography column for
the analysis of mixtures of permanent gases and light hydrocarbons occasionally find
a shifting peak in their gas chromatograms where identification is not obvious. Such
a peak may be due to the presence of isobutane. Using vapor pressure considerations
only, one would expect the retention time of isobutane to be several times that of
methane. Actually, there can be a certain column operating temperature where the
retention volume of isobutane is the same as nitrogen. At another operating tempera-
ture, isobutane in the gas chromatogram comes out just barely beyond methane.

In an experiment to study the retention of isobutane on molecular sieve, we

CH, N,

40°C

Isobutane

Ethane

CH, Isobutane + N,

2

100°C
H,

Fig. 1. Gas chromatograms at 4 different temperatures of a mixture of permanent gases and light
hydrocarbons on a Linde 5A molecular sieve column.
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separated a mixture of permanent gases and light hydrocarbons using a 1o ft. Linde
5A molecular sieve gas chromatography column. The gaseous mixture contained
hydrogen, nitrogen, oxygen, methane, ethane, propane, isobutane, and #-butane.
Separations were performed isothermally at 40°, 56°, 79°, and 100°. A mass spectro-
meter connected to the exit of the gas chromatograph! was used to identify each com-
pound as it emerged from the column.

We see in Fig. 1 that isobutane is in a different spot in each gas chromatogram.
It has a much smaller retention volume than either ethane, propane, or z#-butane.
Propane and #-butane were not observed in any of the chromatograms. Ethane was
eventually eluted at 56° but was not observed at 40°. The relative retention volume of
isobutane, relative to methane or any of the permanent gases, is observed to decrease
as the operating temperature of the molecular sieve column increases.

Separations are made in a molecular sieve column by gas-solid chromatography
coupled with a selective screening by the pores of the molecular sieve. An isobutane
molecule has too large a critical diameter to pass through the screening pores; thus
adsorption and desorption of isobutane can only occur on the external surface of the
molecular sieve. This difference in surface areas, 1-3 m?/g for the external area versus
#700-800 m?/g for the internal surface area?, can account for the small retention volume
of isobutane relative to the other compounds.

Because isobutane is seemingly adsorbed only on the external surface of the
molecular sieve, its position in chromatograms is far more sensitive to flow rate,
temperature, and previous column history than the permanent gases or small hydro-
carbons which are adsorbed on the internal surface. If isobutane is present, care must
be taken to see that it is not reported as one of the permanent gases.

California Research Corporation, Richmond, Calif. (U.S.4.) C. F. SPENCER

1 L. P. LINDEMAN AND J. L. ANN1s, Anal. Chem., 32 (1960) 1742.
2 Linde Air Products Company, a Division of Union Carbide, Technical Data Sheet, No. 9947-A.
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Notes

Centrifugal chromatography

IX. Centrifugal paper chromatography of soluble collagens*

The existence of two soluble degradation products of collagen has been repeatedly
reported? 3. Recent work by OREKHOVICH? indicated that these fractions could be
separated by means of precipitation. PIEZ et al.® described the chromatographic
behaviour of these substances: for chromatographic separation they applied ion-
exchange chromatography on a column of carboxymethyl-cellulose, the results being
verified by ultracentrifugal analysis. The separation technique, however, was unsuit-
able for routine analysis because of its complexity.

We recently described simple ion-exchange chromatography of soluble collagens®.
The time-wasting character of this separation led us to develop a quick type of paper

s B e

Fig. 1. Centrifugal chromatographic separation of soluble collagens (A = o fraction; B = f§
fraction). Paper W-3; gradient elution. Run 17 min. Detection: bromphenol blue®.

* For Part VIII see ref.l.
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chromatography. Using the pressureless apparatus with radial development for
centrifugal chromatography, which has been described elsewhere?, it is possible to
obtain perfect results within 20 min.

The bovine collagen (2.5 g) destroyed partially by alkali was extracted with
20 ml of acetate buffer pH 4.8 (u = 0.1) at 38° for 24 h. The extract was centrifuged
and the supernatant liquid applied directly on the chromatogram. Whatman paper
No. 3 was found to be the most suitable. Samples of the collagenous mixture were
applied in quantities of 10 ul to the start, which was 3 cm from the center of the chro-
matographic disc. Up to six samples could be developed at a time.

The mobile-phase gradient was made by running glacial acetic acid into 5 ml of
amyl alcohol-acetic acid mixture (2:1). The necessary mobile-phase inlet was 1.2 ml
per min.

Fig. 1 is a chromatogram on which the separation of two collagenous fractions
is shown. In order to identify the separated fractions with those isolated by P1Ez5 on
carboxymethyl-cellulose we made parallel separations on the carboxymethyl-cellulose
column. The results obtained by means of ion-exchange chromatography agreed with
our results and therefore we designated the first fraction (Rr = 0.9) as the o fraction
of collagen and the second (R = 0.45) as the § fraction. Further investigation being
made in our laboratory is necessary for the identification of soluble collagens from
various sources.

Thanks are due to Dr. MiLo$§ CavAPIL of the Institute of Industrial Hygiene and Occu-
pational Diseases, Prague, for his help with the classification of soluble collagens.
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A method for diazotising (2,4-dinitro-5-aminophenyl)-amino acids
on thin layer chromatograms

Recently, BERGMANN AND BENTOV! introduced 2,4-dinitro-3-fluoroaniline as a reagent
for the formation of amino acid derivatives. Its behavior is similar to that of 2,4-dini-
trofluorobenzene and it can be used in similar circumstances. The dinitroamino-
phenyl (DNAP) derivatives have a free amino group which can be diazotised and
coupled with phenols to form intensely colored azo compounds.
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BeErRGMAN AND BENTOV suggested spray reagents for conducting the diazotisation
and coupling directly on paper chromatograms. When their aqueous spray reagents
were tried on silica gel G thin layer chromatograms, the water soluble diazonium
salts diffused to produce large irregular spots. For this reason, the non-aqueous
system reported here was developed.

The thin layer chromatograms of the DNAP amino acids were first sprayed with
a toluene solution of nitrogen trioxide (N,0,) and then with a toluene solution of
phenol and diethylamine. The DNAP amino acid spots, which were originally light
yellow turned rusty brown following this treatment. Since neither the DNAP amino
acids, nor their diazonium salts nor the azo dyes were eluted from silica gel by toluene,
no diffusion of the spots was noticed. This reagent system permitted the detection of
10~? moles of DNAP amino acid.

Toluene solution of nitrogen trioxide: 1o ml of toluene was layered on 10 ml of
6 N HCl and 10 ml of 3 M NaNOQ, was added. The aqueous solution turned green and
gas was evolved vigorously. Nitrogen trioxide and other materials were extracted
into the toluene by swirling. The upper layer was used immediately as the spray
reagent and discarded after use. Toluene solution of phenol and diethylamine:9.4 g
(0.7 mole) of solid phenol and 14.6 g (0.2 mole (20.6 ml)) of diethylamine were mixed
with toluene to make 100 ml of solution. The mixture was initially a pale yellow but
darkened on standing for a few weeks.

This method is similar to that used by GrIESs? in the original discovery of dia-
zonium salts. In his synthesis, “nitrous acid gas” was prepared by the reaction of
nitric acid with arsenious oxide and bubbled into the amine salt in ethanol; the
diazonium salt crystallized out as it formed.

When hydrochloric acid and sodium nitrite solutions are mixed, nitrous acid is
produced but it decomposes almost immediately to nitrogen trioxide which can be
extracted into toluene. The solution so obtained will diazotise aromatic amines.
Diazonium salts couple with salts of phenols. Here, the diethylamine salt of phenol
was used although other phenols and other organic bases are suitable. Neither phenol
nor diethylamine are strong electrolytes and tolueune is not a good ionizing solvent
but nevertheless there is a small equilibrium concentration of phenoxide ion to
couple with the diazonium salt.

This work was performed under a grant from the Surgeon General of the U.S. Army.

Hood College, RoNALD S. RATNEY
Frederick, Md. (U.S.4.)
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Recording chromatograms of

phosphatides on silicic acid-impregnated filter paper

Chromatography of phosphatides on silicic acid-impregnated filter paper is now a
commonly used procedure. In this laboratory, while investigating the phosphatides of
biological membranes, the need arose for a simple routine method to record chromato-
grams of different patterns. GrRossMaN!, and CONDREA ¢f al.? recently published
photographs of rhodamine 6G stained chromatograms obtained by a camera, a
method unsuitable for routine work. Photostating techniques, though simpler, need
special light filters to sensitively record chromatograms of substances that either
absorb? or fluoresce? in ultraviolet light. Moreover, phosphatides in the concentrations
usually applied to paper chromatograms do not absorb sufficiently in the widely used
range of 2537A to enable their easy recording by these techniques.

It is found that the phosphatide spots on silicic acid paper chromatograms can be
photostatically recorded when their absorption in ultraviolet light is increased by
either of the following treatments.

(1). Treating the chromatograms with nitric acid to hasten the oxidation of the
phosphatides by heating. This is carried out by immersing the chromatograms in 7 N
nitric acid for 5 min. They are then hung in an oven at 100° for 45-60 sec, washed for
I min in running tap water, and returned to the oven for 8 min. This treatment

Fig. 1. Chromatograms A-D are treated with dinitrophenylhydrazine, p-nitrophenylhydrazine,

phenylhydrazine, and by oxidation respectively. Total lipid phosphorus load is 7 ug, 14 ug, 18 ug,

11 ug in the above order. Abbreviations are: SF = solvent front; O = origin. Numbers indicate:

1 = diphosphoinositide; 2 = monophosphoinositide; 3 = sphingomyelin, 4 = phosphatidyl-
choline; 5 = phosphatidylethanolamine; 6 = non-phospholipids.
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causes some loss of the phosphatide phosphorus, and chromatograms treated ac-
cordingly are therefore unsuitable for quantitative analysis.

(2). Immersing the chromatograms in an aqueous solution of an ultraviolet ab-
sorbing organic compound, such as 2,4-dinitrophenylhydrazine, p-nitrophenylhy-
drazine, and phenylhydrazine, (in 0.15 % solutions in 2 N HCI). These become adsorbed
on the lipid spots and increase their ultraviolet absorption, within 1/2 h, 1 h, and
overnight respectively. The chromatograms are then successively washed with 2N
HCI (10 min), running tap water (1 min), and finally dried. The adsorption treatment
causes no loss of the phosphatide phosphorus, and the chromatograms are therefore
suitable for purposes of quantitative analysis.

The dry chromatograms are imposed on a Kodak document paper (Duostat Rapid
Reflex 23) and pressed between two thin plates of glass. Ultraviolet light (from a low
pressure mercury resonance tube “Hanovia Chromatolite”) is shone through for
5-I0 sec, at a distance of 10 cm. It is found necessary to lower the fore-end of this
lamp by 2 cm to shine a light of uniform intensity along the chromatograms. The
prints shown in Fig. 1 are typical. The total lipid phosphorus load is indicated on each
chromatogram after analysis of an identical but untreated chromatogram in the
case of the first treatment, and a duplicate in the case of the second.

I thank Dr. R. P. Coox for his interest and advice during this work.
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Relative response of fatty acid methyl esters
on the flame ionization detector

Considerable discussion has dealt with the relative response of the flame ionization
detector for different organic substances. It was mentioned first by McCWiLL1AM AND
DEwaR! that for hydrocarbons, the relative molar responses seem to be directly
proportional to the carbon number; detailed data on this subject were presented at
the 1961 International Gas Chromatography Symposium, in East Lansing, Mich.2.
However, only very few values are available regarding substituted organic compounds3.

FARQUHAR ef al.2 reported in 1959 that when a beta-ray (Argon) ionization detec-
tor is used, for higher fatty acid methyl esters, the peak area per cent can be taken
with good approximation as concentration by weight of the individual components.
We could not, however, find any published data on the relative response of a flame
lonization detector for fatty acid methyl esters. Therefore, we carried out some inves-
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tigations with two standard mixtures of known concentration obtained from the
Applied Science Laboratories, Inc., University Park, Pa. The samples were analyzed
under isothermal conditions, at 190°, on a 60 m long open tubular (Golay) column
with 0.50 mm internal diameter, coated on the inside wall with butanediol succinate
liquid phase: 0.1 ul liquid samples were injected directly into the carrier gas using
Hamilton syringes of 0.5 ul capacity and the entire gas flow (without any split)
was conducted into the column. The peak area values were evaluated with a commer-
cial integrator.

As shown in columns 2—4 of Table I, the agreement between nominal concen-
tration and peak area per cent is very good particularly if one keeps in mind that the
samples also contained some impurities originating in the “pure” fatty acid methyl
esters used for sample preparation. Our results demonstrate that with the flame

TABLE 1
. Calculated .
Components ?::zz:‘ I;f:f Deviation g:f’; ;ZZ; R;Ll:lZ:e relative d}xi%z;
methyl esters of: wt-9, % % weight?® response® reggl:;b %
Mixtuye I
Caprylic acid 1.56 1.53 —o0.03 96.8 56.6 58.0 —2.3
Capric acid 3.00 3.07 +o0.07 101.0 69.6 68.5 +1.6
Lauric acid 5.96 6.01 +o0.05 99.5 79.0 79.0 —
Myristic acid 11.96 11.66 —o0.30 96.2 86.2 89.5 —3.6
Palmitic acid 19.42 19.68 +0.26 100.0 100.0 100.0 —_
Stearic acid 24.91 25.21 +o0.30 100.0 110.3 110.5 —o0.2
Arachidic acid 33.19 32.84 —1I1.16 97.6 117.9 I121.0 —2.5
Mixtuve IT
Myristic acid 11.83 12.23 —0.40 100.5 89.9 89.5 +o0.4
Palmitic acid 23.62 23.59 —0.03 100.0 100.0 100.0 —
Palmitoleic acid 6.84 6.85 +o0.01 100.3 101.9 100.0 + 1.9
Stearic acid 13.09 13.43 +0.34 102.7 I113.4 I110.5 +2.6
Oleic acid 44.62 43.90 —0.72 98.5 107.9 110.5 —2.3

& Relative to methyl palmitate (= 100).
b Calculated from equation (1).

ionization detector, the relative peak area values can be taken as concentration by
weight or in other words, that the relative response per equal weight of the detector
for these substances is very close to unity (the fifth column of the table). It can also
be seen that the difference between saturated and unsaturated fatty acids in this
respect is very small.

~ Since in our previous work? 3 we demonstrated that the relative molar response
of various homologous series is linearly proportional to the carbon number of the
molecules, we also calculated these values for the fatty acid methyl esters (sixth
column of the table). For this calculation, the molar response of methyl palmitate
was arbitrary taken as 100. The values obtained are plotted in the Fig. 1. It can be
seen that these points form with good approximation a straight line which was ob-
tained by connecting the points of methyl laurate and palmitate from the analysis
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Fig. 1. Relative molar response of fatty acid methyl esters vs. carbon number of the molecules.
® = Mixture No. I; @ = Mixture No. II (saturates); g = Mixture No. IT (unsaturates).

of the first mixture; this straight line corresponds—in the given system—to the
following equation:

RMol = 5.25 Ca + 16 (I)

where Ryo1 is the relative molar response and C4 the carbon number of the respec-
tive fatty acids; Rao1 for methyl palmitate is equal to 100. The seventh column of
the table gives the relative molar responses calculated from this equation and the
eighth column, the relative deviation of the actual values from these data. As a con-
clusion, one can say that the relative molar response of the higher fatty acid methyl
esters follow the same relationship as was demonstrated previously for other homolo-
gous series: it is linearly proportional to the carbon number.

The Perkin-Elmer Corporation, L. S. ETTRE
Norwalk, Conn. (U.S.A.) F. J. KaBort
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A simple pattern for drawing the start line in paper chromatography

In this communication an improved method of drawing the start line in routine paper
chromatographic analysis is described. Usually the places where the sample is to be
spotted are indicated by means of a transparent graduated ruler, the place of each
spot being dependent on the quality and quantity of the sample to be analysed.

We made a practical pattern of plexiglas, 2 mm thick, with the dimensions 10 X
25 cm. The width was the same as the distance between the start and the end of
the paper sheet.

Fig. 1. The pattern of plexiglas with holes at various distances from each other.

The start line is drawn with a pencil parallel to the longest side and the suitable
holes are then placed on this line. On the pattern there are several lines of holes placed
at various distances from each other. The distances vary from 25 to 50 mm, and the
diameters of the holes are about 2 mm.

We found this simple arrangement advantageous, when used daily in routine
chromatographic analysis, because it saved much time in preparing the chromato-
graphic sheets.

Central Clinical Laboratory, Zimz Zvil Hospital, F. MusiL
Plzeri (Czechoslovakia) S. Hiipkov4
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Autoradiography of tritium chromatograms

Good autoradiographic pictures of many radio-isotopes can easily be obtained from
paper chromatograms by pressing the chromatogram against an X-ray film for a
suitable exposure time. With tritium, however, this technique is unsatisfactory be-
cause of the very low energy of the emitted beta particle, which has a mean pene-
tration range of less than one micron (¢f. ref. 1) when the density of the medium
exceeds I.

RoGERs has described a method to overcome this difficulty by submerging the
chromatogram in a liquid nuclear emulsion?. In this way an intimate contact between
the isotope and the silver bromide is established. However, many substances would be
extracted from the chromatogram by this technique. In the present paper a modifi-
cation of ROGERS’ procedure is described which permits autoradiographic analysis
also of highly soluble tritiated substances in chromatograms. Instead of submerging
the chromatogram in the liquid nuclear emulsion, the emulsion is sprayed on the chro-
matogram. Also some additional data are given here, which might be of experimental
value.

Fig. 1 illustrates the application of the technique to a tritium and 4C chromato-

P

.1_Cr_\n O 20
Fig. 1. Paper chromatogram of (1) 8- 10~2% uC of 4C-valine and (2) 10 uC of 3H-leucine run for 6 h
in a mixture of butanol, acetic acid, and water (780:50:170). It was sprayed with a G5 emulsion,
exposed for 4 days, and processed for 2 min in D-19b. The reference spots a—f were applied after
chromatography: a—c contained 6-10=2 uC, 2-107% uC, and 7-10~* uC of 4C-leucine (Radio-
chemical Centre, Amersham); d—f contained 5 uC, 1.7 uC, and 0.6 uC of H-leucine (New England
Nuclear Corp.).

gram. Further experimental data pertaining to this method are given in Table I.
The chromatographic paper used in these experiments was Whatman No. 1. This
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TABLE 1

AMOUNT OF ISOTOPE AND EXPOSURE TIME IN AUTORADIOGRAPHY OF CHROMATOGRAMS

Amount of isotope to give a spot just visible
after 1o days of exposure

Grain yield per
Isotope N disintegration in
wmber of . i -
uC per cm* disintegrations Just visible spot
per min and cm?®
SH** 1072 - 10% o.
L 3 —3 ’ 3 3
C 1-I0 2-10 10

* The calculations were based on the observation that 50 grains per 100 u? give a just visible
spotin ordinary autoradiograms with G5 emulsions.
**3H.-prL-Leucine (New England Nuclear Corp., Boston, Mass.).
*** 14C-1-Leucine {Radiochemical Centre, Amersham, England).

paper was, however, found to desensitize the nuclear emulsion for beta particles, an
effect that was overcome by treating the paper before use with diluted (0.3 M)
hydrochloric acid for a few hours. The paper was then washed for 1 h in running
tap water and finally rinsed several times in distilled water.

The nuclear emulsion used was Ilford G5. It was melted by heating to 50° and
diluted with 7 volumes of distilled water. The chromatogram was then sprayed with
the emulsion using an all-glass spray and nitrogen or carbon dioxide for the gas
stream. To ml of emulsion was found sufficient for 400 cm? of paper. Drying of the
chromatogram was completed in about 1 h in a box with an electric fan and calcium
chloride as desiccant. The dry chromatogram was carefully wrapped in aluminium
foil to prevent light coming into contact with the emulsion. All these operations were
carried out in a dark room illuminated with a 25 Watt bulb, and using a Wratten
filter No. 1.

The exposure was carried out in a refrigerator. A suitable exposure time might be
calculated from the data in Fig. 1 and Table I. The exposed chromatogram was
processed in Kodak D-19b developer for 2 min followed by a stop bath. It was then
fixed in an acid hypo for 15 min, and rinsed for at least 1 h in running tap water.

The Wenner-Grens Institute, BORJE MARKMAN
University of Stockholm (Sweden)

* J. RoBerTSON, V. P. BoND AND E. P. CRONKITTE, Intern. J. Appl. Radiation Isotopes, 7 (1959) 33.
2 A. W, RoGERS, Nature, 184 (1959) 721I.
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Herstellung von Eichgemischen im Bereich der inerten Gase und
leichten Kohlenwasserstoffe, insbesondere fiir die Gaschromatographie

Eine Reihe von physikalischen Analysengeriten (Spektrophotometer, Gaschromato-
graphen) ist fiir die quantitative Analyse auf die Herstellung und Anwendung von
Eichgemischen angewiesen. An dieser Stelle soll insbesondere die Gaschromato-
graphie niher in diesem Zusammenhang betrachtet werden. Die meisten kommer-
ziellen Gaschromatographiegerite sind so ausgeriistet, dass die quantitative Eichung
mit Eichgemischen erfolgen muss. Unter Einhaltung der Analysenbedingungen (Art
der Siule, Temperatur der Sdule, Stromungsgeschwindigkeit des Trigergases etc.)
wird zumeist im Bereich des Wasserstoffs, der inerten Gase, der C,-, C,-, Cy-, C4-
Kohlenwasserstoffe ein volumetrisch hergestelltes Eichgemisch verwendet. Aus der
Literatur? und aus eigenen Experimenten war uns bekannt, dass vor allem im Bereich
der realen Gase (C,, C,;-, C;-Kohlenwasserstoffe) erhebliche Abweichungen vom
Dalton’schen Gesetz eintreten, d.h. ein synthetisches Gemisch, welches Cy-, C;3-, und
C,-Kohlenwasserstoffe enthilt, kann infolge der Kompressibilitit dieser Gase mehr
C, und C; enthalten als laut volumetrischer Messung angezeigt wird. Wird mit
solchen Gemischen die Eichung vorgenommen, so wirkt sich dies bei der Analyse von
derartigen Kohlenwasserstoffen so aus, dass zu wenig von der Komponente gefunden
wird, die die héchste Kompressibilitit aufweist.

Fiir Gaschromatographiegerite, die nicht mit einem Eichsystem nach dem Ver-
fahren von VAN DE CraaTs? ausgeriistet und daher auf die Eichung mit Eichge-
mischen angewiesen sind, wurde folgendes Verfahren zur Herstellung von exakten
Eichgemischen im Bereich der inerten Gase und niederen Kohlenwasserstoffe fiir
Mengen bis zu ca. 40 g mit Erfolg angewendet.

In eine kleine geeignete Stahlflasche (Probeflasche C nach DIN 51 610):

Inhalt: 0.1l
Leergewicht: 0.6-0.7 kg
Fillgewicht: 4o0g
Betriebsdruck: 16.4 atii
Probedruck: 25 ati

werden die benétigten Eichkomponenten (Reinst-Kohlenwasserstoffe) nach sorgfilti-
gem Evakujeren gepresst bzw. mit Hilfe von fliissigem Stickstoff kondensiert. Die
Komponenten werden in der Reihenfolge steigender Dampfdrucke kondensiert, um
ein Riickdiffundieren aus der Stahlflasche in die zu dosierenden Reinkomponenten
zu verhindern. So wird z.B. zuerst xn-Butan und dann Propan usw. aufgepresst.
Von jeder Komponente wird das Gewicht durch Waigung auf einer Analysenwaage
ermittelt. Dazu ist der Einsatz einer speziellen Analysenwaage notwendig, deren
Tragkraft fiir das Gewicht der Stahlflasche einschliesslich des Gewichts der Kompo-
nentenmischung geeignet ist. Mit gutem Erfolg wurde hierfiir die Analysenwaage
B 5 C 1000 der Firma Mettler mit einer Tragkraft von 1 kg, einer Empfindlichkeit
von 0.1 mg und einer Reproduzierbarkeit von -+ 0.x mg eingesetzt.

(1) Bei einem Fillgewicht von ca. 40 g betrdgt der durch Einwaage mogliche
relative Fehler bei einem bindren fliisssigen Gemisch von Propan-Butadien-1,3 von
ca. 70 Gew.- %, Propan und 30 Gew.- % Butadien:
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Bei einer Einwaage von 28 g: 4-0.00035 % rel. C,H,.

Bei einer Einwaage von 12 g:40.001 % rel. C,Hg-1,3.

Auch fiir die Eichung von Spurenkomponenten ist das Verfahren geeignet:

(2) Bei einer Einwaage von 0.04 g Propin in 39.06 g C;- oder C,-Kohlenwasser-
stoffen in Fliissigphase in der Probeflasche C betrigt der rel. Fehler fiir Propin:
+0.25%.

(3) Von einem Gasgemisch von 70 Vol.- % H, und 30 Vol.- % CH, lassen sich bei
10 atii Druck in 0.1 I Stahlflaschen 63 mg H, und 215 mg CH, einbringen mit einem
rel. Fehler von +0.16 % fiir H, und 4-0.05 % fiir CH,.

Gemische aus inerten Gasen und unter Druck bei Zimmertemperatur leicht ver-
fliissigbaren Komponenten (C,-, C,-Kohlenwasserstoffz) werden zweckmissig gas-
{ormig in Gaspipetten eingewogen und zur Eichung eingesetzt, da derartige Gemische
in Stahlflaschen unter Druck leicht zweiphasig vorliegen und daher zu Eichzwecken
ungeeignet sind.

Auch bei Anwendung einer kleineren Gemischmenge, z.B. in einer Gaspipette in
Gasphase erwies sich die Methode als sehr gut brauchbar, wie aus dem folgenden
Beispiel hervorgeht:

(4) Beieiner Einwaage von C,Hg-1 und ¢-C, Hyin einer ca. 1 1 Gaspipette (Leergew.:
0.3-0.5 kg) im Verhiltnis von z.B. 40:60 wird dieses Gemisch mit einem rel. Fehler
erhalten von:

(a) bei einer Einwaage von 1,000 g: 4-0.1 mg = 4-0.01 % C,Hy1

bei einer Einwaage von 1,500 g: 4-0.I1 mg = 4 0.007 % ¢-C,H,
fur eine Reproduzierbarkeit der Waage von +0.1 mg,

(b) bei einer Einwaage von 1,000 g: 4-1 mg = 40.1% C,Hg-1

bei einer Einwaage von 1,500 g: 4-I mg = +0.07 % -C,Hg
fur eine Reproduzierbarkeit der Waage von -1 mg.

Aufgrund dieser Uberlegungen und der gewonnenen Erfahrungen lisst sich sagen,
dass auch die preisgiinstigere Waage B 4 C 1000 der Firma Mettler mit ebenfalls 1 kg
Tragkraft, aber einer Reproduzierbarkeit von nur 4-1 mg eingesetzt werden kann.
Der rel. Fehler bei Anwendung dieser Waage wiirde um eine Zehnerpotenz hoher
liegen, damit immer noch unter dem, der iiblicherweise fiir eine gaschromatogra-
phische Analyse genannt wird.

In Tabelle I sind einige derartige Eichgemische im Vergleich zu Analysenergeb-
nissen wiedergegeben, fiir die die Eichung nach dem Verfahren von Van pE CrAATS?
vorgenommen wurde.

TABELLE I
Gegeben Y, Gefunden 9%, Rel. Fehler
Gemisch 1
(Flussig in Stahlfl.) Propan 88.3 88.4 +o0.11%
40 g Kohlenwasserstoffe Butadien-1,3 21.7 21.6 —o0.46%
Gemisch 2
(Fliissig in Stahlfl.) n-Butan 87.6 87.8 +0.23%
40 g Kohlenwasserstoffe Butadien-1,3 22.4 22.2 —0.89%
Gemisch 3
(Gasférmig in Gaspipette) Buten-r 36.5 36.1 —TI1.19%,
2-3 g Kohlenwasserstoffe 2-M-Propen 63.5 63.9 +40.69%
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Das beschriebene Verfahren der gravimetrischen Einstellung der Gemische hat
gegeniiber der vielfach iiblichen volumetrischen Herstellung von Eichgemischen
ausser der genaueren Messung den Vorteil, dass bei Vorliegen von Dampf- und
Flissigphase in den Stahlgefdssen (Probeflasche C nach DIN 51 610) nebeneinander
durch einfaches intensives Schiitteln schnell eine homogene Mischung erhalten werden
kann.

Die angegebenen Fiillmengen von bis zu 40 g erscheinen fiir die meisten Labo-
ratorien angemessen und reichen sogar in den meisten Fillen als Eichgemisch tber
einen grosseren Zeitraum. Sie kénnen ohne Bedenken gelagert werden, wenn sich die
Gemische in V2A- bzw. V4A-Stahlgefissen befinden.

Das angegebene Verfahren hat sich als geeignete Methode im Falle von Analysen-
vergleichen zwischen verschiedenen Laboratorien bewihrt und lasst sich ausser auf
Gaschromatographiegerite auch auf andere physikalische Gasanalysengerite, wie
z.B. Spektrometriegerdte, anwenden.

Hauptlaboratorium der Rheinischen Olefinwerke GmbH, F. KANNE
Wesseling Bez. Koln (Deutschiand)

1 'W. J. BAKER UND T. L. ZinN, “Preparation of Gas Calibration Samples’’, Pevkin-Elmer Instr.
News fov Science and Industrvy, S. 1, 8.

? F.vanN DE CraaTs, in D. H. DEsTY, Gas Chromatography 1958, Proc. znd Symposium Amsterdam,
May 1958, Butterworths Sci. Publ., London, 1958, S. 248.
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Electromigration in fused salts in the study of complex ions

The existence of complex ions in molten salt solutions has frequently been postulated,
and direct evidence is available in a number of cases. Paper electromigration can be
used to determine the sign of the charge on an ion, and is a particularly simple way of
proving that anionic complexes of metal ions exist in solution. Electromigration in
asbestos or glass fiber paper with a fused salt as background electrolyte has been de-
scribed by ARNIKAR?! and by ALBERTI et al.2. We have used this technique to show the
presence of a number of transition-metal thiocyanate complexes in solution in molten
KCNS, and to compare the behavior of these metals here with that in molten LINO4—
KNOj eutectic mixture where essentially no complexing is expected.

The electromigration was carried out in strips of Whatman GI/A glass fiber
paper, 30 cm long and 1 cm broad. The strip was saturated with the salt by moisten-
ing with an aqueous solution of it, and drying. The experiments were performed in a
tubular Vycor furnace kept at the desired temperature. The strip was supported on a
Pyrex bridge between Pyrex boats filled with excess salt. Steel rods were used as
electrodes with KCNS, while a steel cathode and platinum anode proved suitable
with the nitrate melt. They were inserted through holes in the furnace and dipped
into the boats.
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Results are reported in Table I. The anionic behavior of Zn (IT), Co (IT), Cr (I11),
and Re (V) shows that these ions form thiocyanate complexes in molten KCNS solu-
tion. In the case of Co(II) and Cr(III), this confirms the spectroscopic evidence of
HARRINGTON AND SuNDHEIM®. The rhenium (V) thiocyanate complex (K;[ReO,
(SCN),])* was prepared by reduction of KReO, in the presence of KSCN in aqueous

TABLE I
LiNOy—KNO, cutectic, 255° KSCN, 210°
Ton Time (h) Movement(cm)®  Time(h) Movement (cm)@

Ag(I) 3 +2.5 2 +2.5
TI(I) 11/2 +5.5 21/4 +7.5
Co(II) 3 ob 3 —1I.5
Cu (IT) 3 ob 3 +2.5¢
Zn (IT) 2 +1.5 31I/2 —o0.5
Cd(IT) 2 ca. +4 31/2 ob
Pb (1) 2 + 4.5 2 + 1.0
Sn (I1) 11/2 + 5.5 2 o
Cr (I1II) 2 +3.0 31f2 —2.0
Bi (ITI) 112 + 4.5 21/4 o
Re (V) —_ — 21[2 —2.0

Average voltage gradient for each run ca. 10 V/jcm).
a 1. movement towards cathode; —: movement towards anode. Values are from center of
initial spot to center of zone after moving.
b Insoluble precipitate formed.
¢ May have been converted to Cu (I).

solution, and this orange solution was used as the sample. The anionic motion of the
orange zone is evidence that the complex ion is stable under these conditions.

Several other ions which might form thiocyanate complexes, such as Fe(III),
and Ni(II), gave an apparently insoluble product, which may have been oxide, in
both electrolytes.

We wish to acknowledge the support of one of us (A.S.) by the National Science
Foundation under its program of Summer Research Participation for High School
Teachers.

Department of Chemistry, Rensselaer Polytechnic Institute, R. A. BAlLEY
Troy, N.Y.(U.S.4.) AARON STEGER

1 H. J. ARNIKAR, Compt. Rend., 244 (1957) 2241I.

2 G. ALBERTI, G. GRrassSINI AND R. Trucco, J. Electroanal. Chem., 3 (1962) 283.
3 G. HARRINGTON AND B. R. SUNDHEIM, dnn. N. Y. Acad. Sci., 79 (1960) 950.
¢ D. I. Ryascuixov AND I. T. NAZARENKO, Zhur. Neovg. Khim., 7 (1962) 931.
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A simple device for cleaning and coating capillary columns

A simple device is described which can be used to remove the substrate from gas
chromatographic capillary columns and replace it in 15 min. The unit was constructed
of readily available materials* and assembly required a minimum of skill. Several
units have been described in the literature!-3, however, the present device is simpler,
faster, and more convenient.

A reservoir was constructed of 1 in. X 6 in. pipe (A), capped at one end with a
pipe cap as shown in Fig. 1. The other end of the pipe was fitted with a 1 in. coupling
and 1 in. to 1/, in. pipe bushing. Swagelok tube fittings were used in the assembly on
all tubing. A tee (B) having two 1/, in. tube fittings and a 1/, in. pipe fitting was
drilled out so that a 1/, in. tube (E) could be inserted through the pipe end extending

E

1
!
[
[
1
|
1
1
1
1
[
|
1
1
]
1
|

Fig. 1. Device for coating capillary columns.

to the bottom of the reservoir. The bottom of this tube was notched to allow the liquid
to enter the tube. The close proximity of tube (E) to the bottom of the reservoir
facilitated draining of the reservoir when cleaning. The tube was sealed by tightening
the upper tube nut on tee (B). To the end of the tube was fastened another tee (C) to
which ultimately the capillary column will be fastened through a !/, in. to 1/ in.
tube reducer (D). A shut-off valve was fitted to the center fitting of each tee and con-
nected by tubing to a source of nitrogen gas. The entire assembly was constructed of
stainless steel and all pipe threads were covered with Teflon tape prior to assembly.

New capillary columns were cleaned or the substrate removed from old columns
by flushing with approximately 20 ml of solvent. The solvent was poured into the
reservoir through tee (C) after removal of reducer (D). It was necessary to disconnect
the nitrogen inlet fitting and open the lower valve to permit venting. The capillary

* References to specific products of commercial manufacture are for illustration and do not
constitute endorsement by the U.S. Department of Agriculture.
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column was attached at (D) and the solvent forced through the system with nitrogen.
Nitrogen flow was continued until the entire system was dry.

Columns were coated in a similar manner except that a solution of the stationary
phase was introduced instead of the pure solvent. In coating a 250-ft. column of 0.020
in. inside diameter, 50 ml of a 20 %, solution of the stationary phase provided sufficient
material and a nitrogen pressure of 80-100 Ibs./sq. in. was adequate. The column was
coated in stages to prevent substrate plugging of the capillary. The lower valve was
opened for 2 min followed by opening of the upper valve facilitating distribution of
the material through the column. The process was repeated until substrate appeared
at the open end. Nitrogen gas was permitted to flow through the column for several
minutes to evaporate the solvent. The column described has been cleaned and coated
several times and each time a total of the 15 min was required for the entire procedure.
If it is desired, the column can be equilibrated by allowing nitrogen to flow through it
for a longer period of time.

The device was cleaned without disassembly of the reservoir. The nitrogen inlet
was removed, the reservoir filled with solvent as described above and flushed using
laboratory air pressure. The process was repeated at least 3 times to give satisfactory
results.

U.S. Fruit and Vegetable Products Laboratory,* G. L. K. HUNTER
Winter Haven, Fla. (U.S.A.)

1 G. D1jksTRA AND J. DEGOEY, in D. H. DEstY, Gas Chromatography, Academic Press, New York,
1958, p. 60.

2 S. R. Lirsky, R. A. LANDOWNE aND J. E. LovELock, Anal. Chem., 31 (1959) 852.

3 A. Zratkis AND J. E. LovELock, Anal. Chem., 31 (1959) 620.
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Apparatus for extraction of compounds from paper chromatograms

It is frequently necessary to extract the compounds separated on a paper chromato-
gram for further examination, for example by ultra-violet or infra-red spectrophoto-
metry.

The apparatus described in this note (see Fig. 1) is simpler than those given by
WryaTt! and DENT?, and can be used with volatile extracting solvents. A number may
be compactly mounted in a rack for simultaneous extractions.

It is readily assembled from standard interchangeable glass joints, 7.e.: Quickfit
and Quartz Ltd. B1g test tube MF/24/2/6, a B1g/B24 connecting bend (stillhead)
SH1/23 and a B24 socket SRB/24 which has been drawn out and sealed as shown in
the diagram.
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The spot, with a small part of the surrounding paper, is cut out of the chromato-
gram, shaped to a point and attached to a paper wick (see Fig. 2). The paper is then

Paper wick

Solvent

Z
Collecting
tip

Fig. 1.

Spot area

Wick attachment
slits

Fig. 2.

inserted into the apparatus and left to elute, the wick dipping into solvent in the B1g
test tube and the paper point directed towards the tip of the B24 receiver. After
two or three drops of solvent have fallen into the collecting tip, the spot should have
been extracted and the receiver can be removed and stoppered until required.

The Radiochemical Centre, Amersham, F. G. STANFORD
Bucks. (Great Britain)

1 G. R. Wvyarr, Biochem. J., 48 (1951) 583.
2 C. E. DENT, Biochem. J., 41 (1947) 245.
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Quantitative Bestimmung von Saccharose
mit Triphenyltetrazoliumchlorid mittels Papierchromatographie

Es ist eine ganze Reihe von Verfahren zur quantitativen Bestimmung der Saccharose
mittels Papierchromatographie bekannt. Die Quantitit wird entweder i sifu, also
nach Detektion direkt am chromatographischen Papier gewohnlich mit dem Densito-
meter bestimmt, oder erst nach Elution der Saccharose aus dem chromatographischen
Papier ausgewertet. Die eluierte Saccharose wird dann entweder titrimetrisch oder
kolorimetrisch bestimmt.

Die quantitative Auswertung i sifu ist zwar schnell, aber weniger genau und,
was die Ausstattung an Geriten anbelangt ziemlich anspruchsvoll. Von den titrime-
trischen Methoden wird am hiufigsten die Perjodatmethode!, von den kolorime-
trischen die Methode nach SoMoGYI-NELSON? angewendet nach sauerer Hydrolyse der
Saccharose.

Beide Methoden zeichnen sich durch hohe Genauigkeit aus, sind aber an Zeit
und Arbeit sehr anspruchsvoll. Diese Nachteile der angefiihrten Methoden gaben uns
den Anlass, die sehr elegante und schnelle Methode von FIscHER UND DORFEL?
nach der die reduzierenden Zucker mit Hilfe von Triphenyltetrazoliumchlorid (TTC)
bestimmt werden, auch auf die quantitative Bestimmung der Saccharose anzuwenden.

Methodisches

Der einzige gangbare Weg zur Bestimmung der Saccharose mittels TTC war ihre
Hydrolyse mit dem Enzym Invertase, genauer f-h-Fruktosidase*. Zur Hydrolyse
der Saccharose verwendeten wir das genannte Priparat, das nach vorhergehender
Aufbereitung keinerlei reduzierende Eigenschaften auf TTC aufwies und den reinen
Priaparaten von Spitzenfirmen (Merck) gleichkam.

Die Aktivitdt des Enzyms war 6.55 Min./g des Priparats (die Zeit, die zur Hy-
drolyse von 4 g Saccharose in 25 cm?® Losung bei einer Temperatur von 15.5° nétig ist,
bis zur Herabsetzung des optischen Drehungsvermégens auf Null).

Die Enzymlésung wurde aus 0.1 g enzymatischen Préiparats in 50 cm? 0.5 %
KH,PO,-Lésung hergestellt. Nach griindlicher Durchmischung wurde die Losung
bei 2,000 g zentrifugiert. Zur Besprithung wurde das klare Supernatant verwendet.
Das chromatographische Papier wurde in seiner Ginze gleichmissig mit der Enzym-
I6sung bespritht und in der feuchten Kammer bei 18-20° fiir 40 Min. inkubiert. Die
Verldngerung der Inkubierung bis auf 60 Min. hat keinen Einfluss auf die quantitative
Auswertung (siehe Fig. 1). Nach Beendigung der Inkubation wird das Chromato-
gramm bei 60~70° ausgetrocknet. Das weitere Verfahren wird nach den Vorschriften
von FISCHER UND DORFEL ausgefiihrt.

Das chromatographische Papier wird durch eine frische Lésung von TTC (1 Teil
1 N NaOH in Methanol und 1 Teil 4 % TTC in Methanol) gezogen und frei getrocknet.
Es empfiehlt sich die angefithrten Operationen bei rotem Licht, oder wenigstens in
Dammerlicht auszufithren, damit der Hintergrund des Papiers lichtrosa verbleibt.
Das chromatographische Papier wird dann 30 Min. bei 70° getrocknet. Die roten

* Das enzymatische Priparat bekamen wir aus dem Nahrmittelforschungsinstitut in Bratislava
(Vyskumny ustav potravinarsky), wo sie es durch Dehydrierung biologisch aktiver Hefe mittels
Alkylglykoldther nach einer von ihnen patentierten Methode prapariertent.
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’

Flecke der “Saccharose” werden ausgeschnitten und in 10 cm3 Mischung von Me-
thanol und Essigsiure (10:1) eluiert. Die Elution wird in 10 Min. bei Zimmertempera-
tur ausgefithrt.

Die Auswertung erfolgte auf einem Lange-Kolorimeter IV (blaues Filter) auf
Grund einer Kalibrationskurve, die fiir jeden Papierbogen resp. fiir jede Versuchs-
serie eigens angefertigt wird.

EXT.

0.35

0.30+4

0.25-

0.20+

0151

0.10 |

005

20 40 60 80 100 120
Hg SACCHAROSE

Fig. 1. Kalibrationskurve der Saccharose nach 20 (Kurve 1), 40 (Kurve 2), und 60 Min. (Kurve 3)
enzymatischer Hydrolyse.

Diskussion

Die angefithrte Methode zur Bestimmung der Saccharose hat sich bei unseren Serien-
analysen von Pflanzenmaterial sehr bewihrt. Um die Genauigkeit und Verlisslichkeit
der Methode zu priifen, haben wir eine ganze Reihe von Bestimmungen durchgefithrt.
Mit Riicksicht darauf, dass wir ein technisches enzymatisches Priparat verwendeten,
haben wir seinen Einfluss auf die quantitative Bestimmung von Trauben- und
Fruchtzucker durchgefithrt. Die Ergebnisse haben gezeigt, dass es nach 60 Min. Inku-
bationszeit nur zu sehr geringen Verschiebungen der Kalibrationskurven der mit dem
Enzym besprithten und nicht besprithten Flecke des Frucht- und Traubenzuckers
kommt (Fig. 3 und 4). Auf die Genauigkeit der quantitativen Auswertung hat die
Besprithung mit dem Enzympriparat iberhaupt keinen Einfluss, da seine Verinde-
rungen in der Kalibrierungskurve eingeschlossen sind. Um die optimale Zeitdauer
der enzymatischen Hydrolyse festzustellen, haben wir ganze Serien von Proben
nach 20, 40 und 60 Min. Hydrolyse ausgewertet. Die Ergebnisse zeigen, dass eine
enzymatische Hydrolyse von 40 Min. Dauer am vorteilhaftesten ist (siehe Fig. 1).
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Fructose

Glucose

Saccharose

Fig. 2. Chromatogramm der Zucker nach enzymatischer Hydrolyse detegiert mit TTC. Ent-
wicklungssystem Butanol-Essigsdure—Wasser (4:1:5); entwickelt 48 Stunden mit Durchlauf auf
‘Whatman No. 1 Papier.

EXT.
0.37
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Fig. 3. Einfluss der Invertase auf die Kalibrationskurve der Glukose nach 6o Min. Inkubationszeit.
(1) Kalibrationskurve nach Bespriihung mit Invertase. (2) Kalibrationskurve ohne Bespriihung
mit Invertase.
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EXT.

0.1
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Fig. 4. Einfluss der Invertase auf die Kalibrationskurve der Fructose nach 60 Min. Inkubations-
zeit. (1) Kalibrationskurve nach Besprithung mit Invertase. (2) Kalibrationskurve ohne Besprii-
hung mit Invertase.

Die Genauigkeit und Reproduzierbarkeit der Ergebnisse haben wir sowohl mit
einer Standard-Saccharoselosung als auch direkt in Gerstenblittern iiberpriift, wo
die angefiihrten Werte mit den nach der Methode von SomMoGYI-NELsoN festge-
stellten Werten verglichen wurden (siehe Tabelle I).

TABELLE I
Ermittlung der Ermittlung von
Saccharose nach Saccharose mittels
n Somogyi-Nelson C
mglrg meg|z g
ol Trockemsub
30 ug 6 == 31ug + 2.1
8o ug 4 = 78.5 ug + 3.3
I Blatt 4 33.6 + 1.08 34.0 + 0.99
II Blatt 4 29.4 + 0.91 27.1 4 0.92
III Blatt 4 15.6 4 I.0I 13.8 4+ 0.87
T'schechoslowakische Akademie der Wissenschaften, F. Fri¢

Biologisches Institut der Slowakischen A kademie der Wissenschaften, 0. KuBANIOVA
Abteslung fiir Pflanzenphysiologie;
Bratislava (Tschechoslowakes)
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Schlussarbeit 1959, Nihrmittelforschungsinstitut in Bratislava.

Eingegangen den 12. Oktober 1962
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Book Reviews

Thin-layer chromatography

Diinmschichi-Chromatographie, Ein Laboratoriumshandbuch, edited by EGoN StaHL,
Springer Verlag, Berlin, 1962, xvi + 534 pages, price DM 56.—.

Diinnschicht-Chromatographie, by KURT RANDERATH, Verlag Chemie GMBH, Wein-
heim/Bergstr., 1962, 243 pages, price DM 22.—.

Both these books deal with a technique which has aroused considerable interest in the
last few years. It permits separations on adsorbent layers utilising a technique very
similar to and hardly more complicated than paper chromatography. Some authors
have also found it advantageous to effect partition and ion-exchange separation on
thin layers rather than on paper or in columns. This trend towards thin layers has also
instigated their use in electrophoresis, and thus a technique, which is already widely
used in the clinical laboratory in work with immunological reactions, has been
“rediscovered” for the chemical laboratory.

Both books here reviewed were planned as handbooks giving detailed descriptions
of apparatus and techniques, followed by chapters dealing with the separations of
various groups of compounds. Both give numerous tables of Rp values, tables of
reagents and some previously unpublished results. The book by RANDERATH is
shorter, hence less detailed in some respects and on some topics fewer references are
given. This should not, however, be counted as a serious defect since much of the more
recent work has not been included in either book. Each of the two monographs would
equally well serve the reader as a handbook for work in thin-layer chromatography.

The appearance of two books and the announcement of a third (in English)
dealing with a method which is only a few years old and yet has already superseded
the scarcely older paper techniques, gives food for thought.

The advantages of thin-layer chromatography over paper chromatography
evidently lie in the use of a more finely dispersed solid phase, with which equilibria
are more rapidly reached and hence more efficient separationsareachieved with shorter
development times and smaller samples. Its disadvantages are quite considerable:
the thin layer must first be prepared and thus time is lost and, according to some
authors, expensive equipment must be procured. It is also certain that the glass—
adsorbent interface is an undesirable factor and interference due to it will be observed
sooner or later in some separations. These considerations lead the reviewer to the
conclusion that the general interest shown in thin-layer chromatography indicates
rather a lack of interest (on the side of the industry concerned) in the development of
suitable chromatographic papers. There is no thin layer which could not be replaced
by adsorbent-impregnated glass fibre paper, providing sufficient attention is paid to
the capillary qualities etc. of the paper. Similarly there appears to be really no reason
why chromatographic papers are still made solely with fibres that are obviously too
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coarse and are only retained due to industrial traditions. Perhapssimple incorporation
of powdered cellulose into normal papers could already produce a ‘‘factory-made”
product with the properties of cellulose thin layers.

However, if we look at the reluctance of industry to prepare ion-exchange papers,
which, when finally produced, came “too little, too late”, we may as well settle down
to thin layers for a while.

MIcHAEL LEDERER (Rome).
J. Chromatog., 11 (1963) 131-132

Paper chromatography

Bibliography of Paper Chromatography 1957-1960 and Survey of Applications, by
K. Macexg, I. M. Hais, J. Gaspari¢, J. Kopecky aND V. RABEK, Publishing
House of the Czechoslovak Academy of Sciences, Prague, 1962, 706 pages,
price K¢s 87.—.

The bibliography of paper chromatography from 1943 (i.e. from the beginning) to

1956 has been collected and published in the Handbuch der Papierchromatographie

by I. M. Hais anp K. MACEK. It contains the titles and complete references of

10,290 publications. From 1961 onwards the bibliography of paper chromatography

compiled under the direction of Dr. K. MACEX is published in the Journal of Chromato-

graphy (starting with Vol. 8). The gap, namely from 1957 to 1960, has been now filled
by the volume under review, which contains 8,292 references. There is also an author
index (84 pages) and a “List of substances chromatographed” (117 pages). This book
will be indispensable for research workers employing paper chromatography. It is
attractively produced and no printer’s errors could be found on glancing through the

pages.
J. Chvomatog., 11 (1963) 132

NEW BOOKS

Die technischen Anwendungen der Radioaktivitit, Band I, by E. BRopa AxD T. SCHON-
FELD, VEB Deutscher Verlag fiir Grundstoffindustrie, Leipzig, 1962, 372 pages.

Third revised and greatly enlarged edition.

Gas-Chromatographie, by E. BAYER, Springer-Verlag, Berlin-Gottingen-Heidelberg,
1962, x + 324 pages, price DM 49.80.

Second, completely revised and enlarged edition.

Chromatography and Electrophoresis on Paper, A teaching level manual, by J. G. FEIN-
BERG AND IvoR SmitH, Shandon Scientific Co., 1L.td., London, 1962, xii 4+ 130
pages, price 21 s.

Gas Chromatography 1962, Editor M. van Swaay, Butterworths Sci. Publ., London,
1962, lii -} 411 pages, price 100 s.
Proceedings of the fourth symposium organised by the Fachgruppe Analytische

Chemie of the Gesellschaft Deutscher Chemiker and the Gas Chromatography Dis-
cussion Group of the Institute of Petroleum, Hamburg 13-16 June, 1962.
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Bibliography of Paper Chromatography
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GAS-LIQUID CHROMATOGRAPHY

A CONTRIBUTION TO THE THEORY OF SEPARATION IN
OPEN HOLE TUBES

H. A. C. THIJSSEN
Reseavch Depavtment, P. de Gvuyter en Zoon, N.V.,
's-Hertogenbosch (The Netherlands)

(Received October 30th, 1962)

INTRODUCTION

The degree of separation obtained in a chromatographic column depends upon the
overlap of the elution curves of the components emerging successively from the
column. The separation performance will be introduced as a measure of the degree of
separation between two components irrespective of their relative volatility. The
proposed measure will fully describe the influence of the physical properties of the
components, the column properties and the operating conditions upon the separation.
It has become common practice to consider the number of theoretical plates (n), or
the length of a column equivalent to a theoretical plate (H.E.T.P.), as a measure of the
separating capacity of gas chromatographic columns. The latter concept originates
from the theory of distillation, where it has proved its practical value. It is, however,
an empirical quantity and the theory, especially in packed columns, does not deal
with the mechanisms that determine this quantity.

In chromatography, when comparing a coated capillary column and a packed
column, both columns having an equal number of theoretical plates for a given com-
ponent, it appears that with the latter the degree of separation is, as a rule, appreci-
ably higher. This effect will be more pronounced at high vapour pressures of the com-
ponents to be separated. From . this it follows that the theoretical plate concept is
only to a limited extent suitable to describe column resolution. It will be shown that
the height equivalent to a transfer unit, Hog, is a true measure of what a column
can do in separating a given pair of components, independent of their relative vola-
tility.

PRACTICAL ASPECTS OF THE TRANSFER UNIT

The degree of separation, S, of two neighbouring components will be simply defined as:

fa — 1
s=2"2
- x)

In this expression the retention times ¢, and ¢, are obtained by dividing the column
length I by v,, and v,, the velocities of components 1 and 2 respectively; @ is the mean
width of the two components (in time units) at the baseline, between the tangents to
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their elution curves. The number of theoretical plates, #, is related to ¢ and w by:

4t
= (2)

w

If w is small as compared to ¢, for S may be written:

s_—_<——1)—— 3)

The elution velocity of a component is equal to the gas velocity v, times its fractional
occurrence in the gas phase. If y and # are the mole fractions of a component in the
gas phase and in the stationary phase respectively, the number N, of moles in the
gas phase can be expressed by:

Vgp X 273 Vot

N, = SRAR e R st
=7 T x 22.4-103 y82T

(4)
and the number of moles N; in the stationary phase by:
Ng=x —— (5)

The relation between x and y at phase equilibrium reads (for ideal gases):

x_ P
A 6
y P (6)

The fractional occurrence of a component in the gas phase is equal to:

which by applying eqns. (4), (5) and (6) leads to:

82 VspsT)—I 0

= I =
v ”"( Y oBv L) T T TR

where %, the capacity ratio is:
82 VipsT

T yPV,M,

(8)

The relative elution velocity v,/v, can now be written as:

U1 1 4+ As

ve I+ ki (9)

The relative volatility of two components is defined as:

‘,\_/£P1 ke

a1p = ——— = —
yeP2 ki

(10)
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Substituting eqns. (9) and (10) in eqn. (3):

= * 1) " 11

=T e " (1)
(For closely neighbouring components, &, & %,, 2, in eqn. (x1) may be replaced
by %.)

From eqn. (11) it will be evident that the degree of separation, as defined by
eqn. (1), is not determined only by «,, , and %, but also by the value of k. The factor
k/{x + k) becomes of importance if 1 is not small as compared to %, that is for small
values of £ (say <C 5). From eqn. (8) it follows that % will be small if V4/V, is small
(thin liquid layers) and P, the vapour pressure of the pure component is large (high
temperatures).

The number of transfer units N og

CrrrToN AND COLBURN! defined the number of transfer units Nog on overall gas base
as:

Nog = | ——— (12)

and the height of a transfer unit as:

H = — b
06 = Noo (13)

VAN DEEMTER, ZUIDERWEG AND KLINKENBERG? have shown the relation between
No¢g and # to be:

k 2
NOG = 2 <I———) n (14)
or:

by substituting Nog for # in eqn. (11):
S=(me—1) ——— (15)

According to this equation the degree of separation of two components is governed
only by their relative volatility and the number of transfer units. Whereas the number
of theoretical plates is a measure of column performance for large values of % only, the
number of transfer units is a true measure of the separation performance irrespective
of the value of 2*.

The number of transfer units can be readily obtained from the chromatogram:

t — 1o

Nog = 32 <—w—>2 (16)

* The problem of the imperfection of the theoretical plate concept has among others also been
recognized by HaLasz?, who introduced the concept of a modified theoretical plate containing the
same parameters.
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where £ is the retention time of the component and {, that of the carrier gas (non-
retained component).

To illustrate eqn. (15) the separation data are given of the system methyl ethyl
ketone-methyl isopropyl ketone in a capillary column coated with dinonyl phthalate
(see Table I).

TABLE I
SEPARATION OF METHYL ETHYL KETONE-METHYL ISOPROPYL KETONE IN A COPPER CAPILLARY COLUMN

Length of the capillary 15 m, inner diameter 0.25 mm. Coating: dinonyl phthalate, coating thick-
ness 1.5 u; nitrogen velocity 16.7 cm/sec at 22.5°; inlet pressure 1.28 kg/cm?; outlet pressure

1.00 kg/cm?.
Temperature (°C)
Separation data

22.5 50 75 100 125
Py 0.117 0.385 0.860 1.87 3.79
P, 0.034 0.166 0.550 I.51I 3.54
t 20.9 9.5 6.8 5-4 4.95
w, 0.90 0.35 0.21 0.15 0.125
t, 35.5 13.5 8.7 6.25 547
w, 1.50 0.45 0.27 0.175 0.135
ty 3.00 3.26 3.47 3.64 3.84
n 8,800 13,100 16,700 20,600 25,600
Noe. 12,680 10,140 8,040 4,580 2,520
Nog,2 15,040 16,600 12,000 7,100 4,680
oy 1.82 1.64 1.57 1.48 1.46
Ry 5.95 1.90 0.96 0.48 0.29
ko 10.8 3.14 1.50 0.72 0.43
S 12.2 10.0 7.9 5.2 4.0

The variation of the number of transfer units and of the number of theoretical
plates with temperature and with degree of component separation are presented in
Figs. 1 and 2 respectively.

THEORY OF THE TRANSFER UNIT

The mass transfer in a column is governed by: (a) rate of mass transfer in the gas
phase, (b) rate of mass transfer in the stationary phase, and (c) longitudinal and radial
diffusion in the gas phase.

Mass transfer in the gas phase

Jaxog* derived an exact equation describing the heat transfer in a round tube for
constant wall temperature and laminar gas flow. By analogy between heat and mass
transfer his equation can be rewritten as:

Mol —m,l —mgl

co— Cp iy 1
— =1 —o0.820¢ — 0.097 € — 0.0I35 € (x7)
co — ¢4
where:
3.66 Dy 22.1 Dy 53.0 Dy
my = 9—;m1=-—andm2=————-——
72vg ¥2yg 72y

The distribution of a component in a capillary tube can be approximated by a
Gaussian curve. Consequently the integrated driving force over the length of the
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Fig. 1. Effect of temperature upon number of theoretical plates and number of transfer units.

Fig. 2. Effect of number of theoretical plates and of number of transfer units on degree of com-
ponent separation.
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capillary is zero. In JAKOB’s model a zero driving force is equivalent to § - oo (I > o).
For large values of / eqn. (17) reduces to:

3.66 Dyl
co — Cg — =
——— =1 —o0.820¢ "% (18)
co — &

The amount of mass N, transferred during a time 8 is given by:
N = Vg (¢g — o) (19)

From eqns. (18) and (19) it follows that:

366 Dyl
— N = Vg (co— 3 (1 —o0.820e ) (20)
Replacing //v, by 0 and differentiating eqn. (20) with respect to f:
N — 32D 366D,
i Vg (co—¢i) 0.820e 7% - T (21)
The mass transfer coefficient Ky, in the gas phase is defined as:
dN
25— —Koleo—0a) (22)

and eqn. (21) may be modified to:

.66 Dyl
co — ¢; 3.66 D, —32
Ky, = Lo %3 2 2 0.820 Vge 7 (23)
Cg— ;¥

From egns. (23) and (18) it follows that:

K= — Vg (24)
y
Mass transfer coefficient in the stationary phase

For a constant interfacial concentration NEwMANS® derived for the mass transfer in
aslab:

Dgomt oD,0n . 25Ds0m?

T s W g e +---) (25)
25

For the same reasons as apply to the gas phase the relation reduces to:

) _ Dyom?
o—a 8 e 47 (26)
co — Cg 72
The mass N transferred in time 0 is:
N = Vs (cg — ¢o) (27)
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Substitution and differentiation to 8 gives:
8 Dz Dot
e (28)

dN v
— s(oo—ci)n—z 422

Again the coefficient of mass transfer K; in the stationary phase is

dN
20 = Kslo—a) (29)
which leads to:
72D
Ky = Vy— (30)
4 %
OVERALL NUMBER OF TRANSFER UNITS IN THE GAS PHASE
According to the double film theory:
K
(31)

I I 4
Koe K, K,

where K¢ represents the overall coefficient of mass transfer on gas base and

K- (equilibrium constant).

Cs
From:
Cp
dc KOGO
N S f —_— = —
o¢ c* —¢ G (32)
2
and:
l G
(33)

Hog = —— =
Nog KogO

for a capillary column it is derived:

U()Vy
Hog =
06 = (34)
After substituting eqns. (24), (30) and (31) into eqn. (34):
vor2 22uV, vgr? I 4 22
Hog = — Aot . A (3
3.66 Dy 72D,Vs  3.66D, ' k n2Dj

Radial and longitudinal diffusion
From a study by WEsSTHAVER® the effect of radial and longitudinal diffusion on the

H.E.T.P. can be obtained:
vgr2 2 Dg
HETP = —— + —— (36)
24 Dg Vo
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or in terms of transfer units:

Hog =

(> + k)2< Wy JZ?) (37)

k2 R 4_8E vo

The overall transport in the capillary column is obtained by adding the heights of the
transfer units for the different transport phenomena:

1 4+ k2D 1 + 2k + 14A2 vgr2 1 4 vo22
0+ B Do LU (38)

H =
o¢ g T 48 F2 D, 'k =2D;

The degree of separation of two components is then:

— (e —n) [EEE 0 TEIA MBS LA () )
e B2 g 48 k2 D, | k =D, 32
CONCLUSION

The H.E.T.P. concept in gas-liquid chromatography might be misleading. The exam-
ple represented in Fig. 2, clearly demonstrates that the operating conditions leading
to an increase of the number of theoretical plates result in a decrease of the separation.
The number of transfer units, however, is the exact measure of separation performance.

From eqn. (38) it can be deduced that for low values of & (k¥ < 5) the number of
transfer units decreases sharply with a decrease of %. The effect upon %, by the coating
thickness, capillary diameter, vapour pressure of component, temperature and proper-
ties of the stationary phase follows from eqn. (8).

The height of a transfer unit, for most practical purposes, will be controlled by
the rate of mass transfer in the stationary phase. The relevant term in eqn. (38) reads
in physical units:

P M
0.005 Lot YUpZ (40)
Pstis

This expression shows the significance of small capillary diameters, low molecular
weight of the stationary phase, low gas velocity and thin coating layers. The first
derivatives with respect to T of yP/T and of 1/D; are positive and negative respec-
tively and not of the same order of magnitude. Roughly at values of 4P between 0.5
and 1.0 the ratio yP/TD; will pass through a minimum.

In eqn. (38) the diffusion coefficient in the gas phase, Dy, is the only parameter
that is pressure dependent. Low pressures result in high values of Dy. At very low
pressures, the height of a transfer unit according to eqn. (38) will be controlled by the
first term, representing the longitudinal diffusion.

LIST OF SYMBOLS

¢, = concentration after time zero (g/cm?)

ce = concentration after time 6 (g/cm3)

¢; = concentration at interphase gas-stationary phase (g/cm?3)

¢* = concentration in one phase in equilibrium with concentration in the
other phase (g/cm?)
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e = base of natural logarithms
Dy = diffusion coefficient in the gas phase (cm?/sec)
D, = diffusion coefficient in the stationary phase (cm?/sec)
G = gas rate {cm?/sec)
Hog = height of a transfer unit, based on gas-film resistance (cm)
H.ET.P. = height equivalent to a theoretical plate (cm)
K, = mass transfer coefficient in the gas phase (cm?/sec)
K = mass transfer coefficient in the stationary phase (cm2/sec)
Kog = overall gas phase mass transfer coefficient (cm?/sec)
K = ¢4/cs, equilibrinm constant
k = ratio of quantity of component in stationary phase and in gas phase
! = length of column (cm)
M s = molecular weight of stationary phase (g/mole)
number of transfer units
number of theoretical plates
= mass transferred (g/cm?
= area of interphase gas phase—stationary phase
= pressure (atm)
= vapour pressure of component (atm)
= inner radius of capillary (cm)
= (¢, — t,)/w degree of separation
= temperature (°K)
= retention time of a component emerging from column (sec)
fy = retention time of air peak (sec)
v = velocity of component in column (cm/sec)
v, == average velocity of gas stream in column (cm/sec)
V4 = volume of gas phase/unit interphase {(cm)
Vs = volume of stationary phase/unit interphase (cm)
w = basewidth of component (sec)
x = mole fraction of component in stationary phase
v = mole fraction of component in gas phase
z = thickness of stationary phase (cm)
oy, 3 = p1P1/y . P, relative volatility
y = activity coefficient of component
ps = density of stationary phase (g/cm?).

I
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SUMMARY

The height equivalent to a transfer unit (Hog) is, as opposed to the height equivalent
to a theoretical plate (H.E.T.P.), an exact measure of the separation performance of
gas-liquid chromatography columns.
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A relation between physical properties of the stationary phase, physical proper-
ties of components to be separated, dimensions and operating conditions of capillary
columns on the one hand and the Hog on the other hand is derived. It is shown that
a decrease of k, the capacity ratio of stationary phase to gas phase for a given com-
ponent, results in an increase of the Hog and a decrease in the HET.P.
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EIN NEUARTIGER PROBENGEBER FUR DIE
KAPILLAR-CHROMATOGRAPHIE

P. FEJES, J. ENGELHARDT unp G. SCHAY
Zentralforschungs-Institut fity Chemie dey ungavischen Akademie dev Wissenschaften,
Budapest (Ungarn)

(Eingegangen den 26. Oktober 1962)

EINLEITUNG

Mit Hilfe der in jiingster Zeit entwickelten kapillar-chromatographischen Methode
konnte die Trennung ganz geringer, bei Raumtemperatur gasférmiger oder fliissiger
Substanzmengen (von 0.1 bis 100 ug) erzielt werden. Die sprunghafte Erhchung der
Trennleistung ist vorwiegend dem geistreichen Verfahren selbst zu verdanken, zur
vollstindigen Ausniitzung der prinzipiellen Méglichkeiten tragen jedoch auch weitere
wichtige Faktoren bei. Da die Trennfahigkeit der Kapillarsdulen nur bei ug oder noch
kleineren Substanzmengen vollstindig ausgeniitzt werden kann, kommt der reprodu-
zierbaren Probendosierung in diesem Bereich eine grosse Bedeutung zu. Hinsichtlich
der quantitativen Auswertung der Chromatogramme und der Trennschirfe, verfiigt,
unserer Meinung nach, der im weiteren zu beschreibende Probengeber, im Vergleich
zu anderen bekannten Typen, iiber beachtliche Vorteile. Bei mehreren, in der Praxis
verwendeten Probengebern kann es noch vor der Probengabe zu einer Fraktionierung
der verschiedenartig flichtigen Komponenten kommen, ausserdem vermischt sich der
Dampf unreproduzierbar mit dem Trégergas, was eine vom Erwarteten quantitativ,
wie auch qualitativ abweichende Dosierung zur Folge haben kann. Ein weiterer
Faktor, der auf die Trennschirfe Einfluss ausiibt, ist die zeitliche (oder raumliche)
Ausdehnung des aufgegebenen Stoffimpulses. Der an die iiblichen Probengeber ge-
stellten Forderung, die Probe in héchstkonzentrierter Form zu dosieren, kénnen die
bisher beschriebenen Typen in der Mehrzahl der Fille nicht entsprechen.

APPARATUR UND VERFAHREN

Die im vorhergehenden aufgeworfenen Probleme erkliren, warum unser Bestreben
dahinging, ein Verfahren auszuarbeiten, bei dem die Dosierung in zwei gesonderte
Prozesse getrennt wurde.

Bei der ersten Stufe wird die Probe mittels einer beliebigen, auch bei den handels-
iiblichen Gas-Chromatographen angewendeten Methode, in ein vorhergehend eva-
kuiertes und mit grosser Genauigkeit kalibriertes Volumen eingebracht. Nachdem
die flissige Probe restlos verdampft worden ist, was man durch entsprechendes
Temperieren des Verdampfers erreicht, wird als zweite Stufe (auf deren Einzel-
heiten spiter noch eingegangen wird) ein entsprechender Teil der im Dampf be-
findlichen gesamten Substanzmenge in das Schleppgas dosiert.
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Beschreibung der Probengeber

Der Probengeber ist in Fig. 1 schematisch dargestellt. Er besteht aus den folgenden
Hauptteilen: dem Verdampferraum (1), der Halbmikrodosier- (2) und Mikrodosier-
vorrichtung (3) und dem Nadelventil (4). Mit Ausnahme der Handgriffe der Dosierstibe
und des Nadelventils ist der Probengeber génzlich im Luftthermostat des Chroma-

2

SI

Fig. 1. Schematische Darstellung des Probengebers.

tographen untergebracht. Seine Aufheizung erfolgt mit einer von aussen angebrachten
und thermisch isolierten Heizspirale, mit deren Hilfe seine Temperatur (zum Teil
unabhingig von der des Luftthermostaten) bis etwa 230° beliebig eingestellt werden
kann.

In der Abbildung haben wir die Halbmikrodosiervorrichtung, die im wesentlichen
eine Spezialmikropipette ist, in ihrer meist verwendeten Form dargestellt. Beide
Miindungen der lingsgerichteten kalibrierten Bohrung (24) am unteren Teil des
Dosierstabes (22) befinden sich an seiner Seitenwandung. Das Volumen der héher
liegenden Querbohrung ist zumindest so gross wie das der darunter befindlichen,
kalibrierten Lingsbohrung. Der Dosierstab kann in einer entsprechend langen, eng
angepassten Ringdichtung aus Teflon (21) bewegt werden. Eine unten verschlossene
Metallrshre (20) umkleidet den Teflonring. Am unteren Teil der Rohre befindet sich
eine Bohrung, deren Durchmesser den des Dosierstabes kaum tbertrifft. Um Un-
dichtigkeiten zu verhiiten, wird der Teflonring mit einer Schraube (23) zusammen-
gepresst. Diese Vorrichtung eignet sich zur Eingabe von 1 bis 20 ul Flissigkeit in den
Verdampferraum.

Die eigentliche Probendosierung geschieht mit Hilfe der Mikrodosiervorrichtung.
Im senkrecht bewegbaren Dosierstab (32) sind zwei Querbohrungen angebracht, deren
Lage durch die folgenden zwei Forderungen bestimmt ist: kommt die obere Bohrung
mit dem Verdampferraum in Beriihrung, dann soll die untere Bohrung die ungestorte
Strémung des Trigergases nach der Kolonne erméglichen. Die Bohrungen des Dosier-
stabes kommunizieren durch je eine Metallscheibe (35) mit dem Gasraum, bzw. mit
dem Schleppgasstrom. In beiden Scheiben ist eine vertikale Bohrung, deren Durch-
messer dem Dosierstab entspricht und eine weitere quergerichtete Bohrung von der
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gleichen Grésse, wie die des Stabes, untergebracht. An die Querbohrungen der unteren
Metallscheibe schliessen sich die Leitungen der Schleppgaszufithrung und Abfithrung
an, wihrend die der oberen Scheibe mit den nach dem Verdampferraum hinaus-
gehenden grésseren Bohrungen (34) des Metallrohres (30) zusammenfallen, das die
ganze Mikrodosiervorrichtung beherbergt. Die metallenen Scheiben sind zwecks Ab-
dichtung mit drei Teflonringen (31) versehen. Mit Hilfe der Schraube (33) lassen sich
alle drei Teflonhiilsen fest zusammenpressen. Um dazu die Scheiben in vertikaler
Richtung bewegen zu kénnen, wurde am unteren Teil des Metallrohres, die die Schei-
ben und die Teflonringe hiust, ein Schlitz (39) verfertigt, dessen Breite dem Durch-
messer der zur Aus- und Einfiihrung des Schleppgases dienenden Leitungen ent-
spricht. Eine Hemme (36) schrinkt die Bewegung des Dosierstabes in der Weise ein,
dass in beiden Endstellungen entweder die eine, oder die andere Bohrung dem
Schleppgas den Weg in die Siule freildsst. Zu gleicher Zeit verhindert die Hemme eine
eventuelle Verdrehung des Stabes, die eine Verschliessung der Bohrungen zur Folge
haben kénnte.

Dosierung

Die Dosierung geht folgendermassen vor sich: Wird der Dosierstab hochgezogen,
dann strémt das Schleppgas durch seine untere Bohrung (38) durch, wihrend die
obere Bohrung (37) mit dem Verdampferraum in Berithrung kommt. Durch ent-
sprechende Einstellung der Heizung kann dafiir gesorgt werden, dass die Temperatur
des Probengebers stets {iber dem Taupunkt der héchstsiedenden Probenkomponente
zu liegen kommt. Man taucht die untere Offnung des Halbmikrodosierstabes in die zu
untersuchende Fliissigkeit und wartet ab, bis die kalibrierte Bohrung der Kapillaritit
zufolge sich mit Fliissigkeit fiillt. Der dem Dosierstab anhaftende Fliissigkeitsiiber-
schuss muss entfernt werden. Nachher wird der Stab (22) in die Teflonhiilse des Halb-
mikrodosierers derart eingefiihrt, dass beide Miitndungen der Bohrung durch die Ring-
dichtung (21} verschlossen werden. Nun wird das Nadelventil (4) ge6finet und der
Verdampferraum (1) evakuiert. Inzwischen findet (noch in der Bohrung selbst) eine
partielle Verdampfung der Probe durch die Erwarmung statt. Die obere Bohrung von
grosserem Durchmesser, die Luft enthilt, sichert die ungestérte Ausdehnung der sich
erwdrmenden Flissigkeit. Nach Verschliessen des Nadelventils wird der Dosierstab
bis zum Anstoss hinuntergedriickt, wodurch der untere Ausgang der Bohrung in den
Verdampfer gelangt. Die im oberen Teil der Bohrung sich ausdehnende Luft spritzt
die Probe in den Verdampferraum ein, wo sie restlos verdampft. Nach einigen Minuten
Wartezeit wird durch Abdriicken des Mikrodosierstabes (32) die in seiner oberen
Bohrung befindliche Dampfmenge in den Weg des Schleppgases gebracht. Wenn
erwiinscht, kann die Probengabe wiederholt werden, indem der Mikrodosierstab zu-
riickgezogen und kurz danach wieder nach unten geschoben wird.

Die beschriebene Probendosierungsmethode hat den Nachteil dass auch kleine
Luftmengen in den Probengeber gelangen. Das zu vermeiden wird aber praktisch nur
in ganz seltenen Fillen nétig sein. Die Halbmikrodosiervorrichtung bedarf nur einer
geringen Abwandlung, sollte sie fiir mit anderen Systemen (Injektionsspritze, Ampul-
le, Kapillarenbrecher) durchgefithrten Dosierungen, oder fiir Probengaben aus der Gas-
phase eingesetzt werden. In diesem Falle wird lediglich der Dosierstab (22) durch
entsprechend ausgebildete Dosierréhre ersetzt, von deren Varianten einige in Fig. 2
gezeigt werden. Es sei darauf hingewiesen, dass die dritte Variante der dargesteliten
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Fig. 2. Einige Varianten der Halbmikrodosierstabe. (a) Metallréhre, abgeschlossen mit einer passen-

den Gummikappe, fiir die Dosierung mit der Mikrospritze. (b) Halbmikrodosierstab fiir Gase, mit

Teflonventilen; gegen die Atmosphire gedichtet mit ringférmigen Kupfermembranen. (c) Pra-

zisionshalbmikrodosierstab fiir Fliissigkeiten, mit kalibriertem Behilter aus Glas, und Teflon-
dichtungen.

Dosierstiabe auch fiir gleichzeitige Dosierung von Gasen und Dimpfen eingesetzt
werden kann, da die Probe mit Hilfe eines entsprechenden Kiltebades in der an-
gesetzten Glaskapillare im tiefgekiihlten Zustand aufbewahrt werden kann, bevor
es zur effektiven Probengabe kime.

Sollte der Probengeber ausschliesslich fiir die Dosierung von Gasproben eingesetzt
werden, eriibrigt sich die Anwendung des Verdampfers. Wir haben auch einen Proben-
geber hergestellt, der fiir die schnelle, in festgesetzten-Zeitintervallen vor sich gehende
Probenahme aus einem kontinuierlichen Gasstrom zur Anwendung kommt. Dieser
besteht. lediglich aus einer etwas abgewandelten Mikrodosiervorrichtung, bei der die
Probengasleitung an die Bohrung der oberen Scheibe befestigt ist und am Dosierstab
auch eine dritte Bohrung angebracht wurde. Diese war nétig, da der Dosierstab in
diesem Fall in beiden Endstellungen, in zwei voneinander vollstindig unabhingigen
Systemen die Kontinuitit des Gasstromes zu sichern hat.

Der Verdampfer des in Fig. 1 dargestellten Probengebers ist ein zylindrischer
Raum (70 mm Dmr., 5 mm hoch) in dem die Réhre (30 mm Aussendmr.) der Mikro-
dosiervorrichtung (30} untergebracht ist. Das Volumen des Verdampfers betrigt also
etwa 16 ml. Der Durchmesser des Dosierstabes ist 5 mm, der der oberen Bohrung
2 mm, sodass das Volumen der Bohrung 1.6-10~? ml betrigt. Demnach dosiert die
Mikrodosiervorrichtung ungefihr den tausendsten Teil der in den Verdampferraum
eingebrachten Probe. Bei 20° betrug das an Hand einer geeichten Gasbiirette, mit
hoher Genauigkeit manometrisch bestimmte Volumen des Verdampferraumes 15.68
ml. Das genaue Volumen der oberen Bohrung wurde mit Quecksilber kalibriert, aus
dem Durchschnittswert mehrerer Messungen wurde dafiir 1.423-10-2 ml berechnet;
das effektive Teilungsverhiltnis des Probengebers ist also 1:916.

Druckproben

Um die Gasdichtheit der Teflonhiilsen zu kontrollieren, haben wir mit dem Proben-
geber auch Druckproben durchgefiihrt. Im Verdampfer wurde ein Uberdruck von 5,
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in den Schleppgasleitungen ein Uberdruck von 8 atii hergestellt und die Ringdich-
tungen mit Hilfe der Schrauben so lange zusammengepresst bis kein Gasaustritt mehr
zu beobachten war. Unter diesen Bedingungen waren die Dosierstibe noch leicht
bewegbar, besonders wenn sie aus Molybdin, mit polierter Oberfliche hergestellt
worden sind. Von der tadellosen Arbeit des Probengebers iiberzeugten wir uns durch
Dosierung von Proben in der Gréssenordnung von 1o und 0.1 ug.

ERGEBNISSE

Wenn in den Verdampfer ro ul Fliissigkeitsgemisch eingebracht wurde, war die
Menge der in die Siule eingespeisten Probe, dem Teilungsverhiltnis 1:916 entspre-
chend, von der Gréssenordnung von 10 ug. Die zur Dosierung kommenden Fliissig-
keitsgemische haben wir absichtlich aus den in der Praxis am hiufigsten vorkommen-
den Verbindungstypen, — wie Ather, Ester, Ketone, aromatische und aliphatische
Kohlenwasserstoffe (iiber diese Verbindungsgruppe siehe die zweite Versuchsreihe)
und chlorierte Kohlenwasserstoffe — zusammengestellt, um auch iiber die eventuelle
Laslichkeit der Komponenten im Dichtungsmaterial ein klares Bild zu bekommen.
Zur Trennung samtlicher Fliissigkeitsproben wurde (in Tabelle I sind diese Messungen

TABELLE 1

DOSIERUNGSVERSUCHE MIT GAS- UND FLUSSIGKEITSGEMISCHEN

Proben- . Mazximal
r;gn;’; dlzgo’gf :::::}:55 Berghihe (mm) A’Ztéﬁ” A bwezchuneg
(ng) (%)
Didthylither™ 33.1 33.5 32.4 32.5 32.8 32.9 + 1.7
9.0  Aceton 145.4 147.5 144.3 145.6 145.3 145.6 + 1.1
Athylalkohol I11.2 112.3 I11.7 112.7 I11.6 1II.9 + 0.7
Athylacetat 14.3 15.0 14.5 15.0 14.8 14.7 + 2.4
9.5 Benzol* 190.4 191.6 192.0 193.0 192.6 191.9 + 0.7
Toluol 39.2 40.1 40.0 39.5 39.0 39.6 + 1.4
14.1  Chloroform* 159.2 158.0 157.6 157.8 158.3 158.2 + 0.5
Tetrachlor-
kohlenstoff 32.4 32.1 31.8 31.9 32.2 32.1 4+ 0.9
Aceton 26.0 25.7 25.4 25.5 25.6 25.2 + 1.2
0.21  Athan 52.5 52.1 52.4 53.6 53.4 53.0 + 1.4
Propan nicht auswertbar
Isobutan 91.0 90.5 90.7 90.9 90.8 g90.8 + 0.3
n-Butan 72.5 72.3 72.4 72.2 72.3 72.3 + 0.2

* Bedeutung der Sterne siehe im Text.

mit* bezeichnet worden) eine Sdule angewendet, deren Linge 1.5 m, der innere
Durchmesser 6 mm betrug und die mit 15 gew.-% Carbowachs-2000 benetzten fein-
kérnigen Sterchamol enthielt. Die Trennung wurde in allen Fillen bei 60° durch-
getiihrt. Als Schleppgas wurde Wasserstoff bei einer Strémungsgeschwindigkeit von
50 ml/min, als Detektor ein Flammendetektor eingesetzt. Die Temperatur des
Probengebers war auf 120° eingestellt. (Als Beispiel, haben wir in Fig. 3 die Dosier-
versuche mit dem Chloroform-Tetrachlorkohlenstoff-Aceton-Gemisch angegeben.)
Zur Trennung geringerer Substanzmengen (0.1 ug) haben wir eine 30 m lange,
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mit Squalan benetzte Kapillarsiule bei Raumtemperatur verwendet. Die Stromungs-
geschwindigkeit des Stickstoff-Schleppgases war 5 ml/min, die des in den Flammen-
ionisationsdetektor eingefithrten Wasserstoffes, 30 ml/min. Dosjert wurde ein Athan-,
Propan-, Isobutan- ynd #-Butan-Gemisch (Chromatogramme siehe Fig. 4). Zur
Probeneingabe ist hier derselbe Mikrodosierstab verwendet worden der zur Dosierung
von Substanzmengen im Bereich von 10 ug diente und so musste die Menge der in den

- Zeit

Fig. 3. Chromatogramme einer Fliissigkeitsprobe; die Komponenten sind der Reihe nach: Chloro-
form, Tetrachlorkohlenstoff und Aceton.

“Verdampfer” eingefithrten Probe um zwei Zehnerpotenzen verringert werden. Dies
konnten wir dadurch erreichen, dass wir 100 ul Gasgemisch mit einer Préizisions-
mikrospritze in den ‘“Verdampferraum’ injizierten, der vorhergehend mit Luft auf
Atmosphirendruck gefiillt worden war. Durch die Anwendung einer Dosierréhre mit
Serumkappe wurde das Volumen des ‘‘Verdampferraumes” auf 16.27 ml erhéht,
wobei sich das Teilungsverhiltnis zu 1:944 dnderte.

|

Fig. 4. Chromatogramme einer Gasprobe; die Komponenten sind der Reihe nach: Athan, Propan,
Isobutan und »-Butan.

- Zeit

Aus jeder einzelnen Probe wurden unter analogen Bedingungen fiinf Analysen nach-
einander durchgefiihrt*. Zum Vergleich der so erhaltenen Chromatogramme wurden
die Berghéhen der entsprechenden Komponenten herangezogen. Die Ergebnisse
sind in Tabelle I zusammengefasst. Wie aus diesen Angaben ersichtlich, betrigt
die maximale Abweichung der Berghshen in der Mehrzahl der Fille weniger als
4 1% und nur dort, wo die Berge kleiner sind (wo also die Ungenauigkeit der Aus-

* Mit dem Halbmikrodosierer wurde in allen Fillen nur eine Probe aufgegeben. Die in Hinsicht
auf die Reproduzierbarkeit mitgeteilten Angaben bezichen sich daher auf den Mikrodosierer. Die
Reproduzierbarkeit war bei dem Halbmikrodosierer unter + 1 %.
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wertung auch sonst gréssere prozentuale Fehler ergibt), erreicht sie den Wert von
+2%.

Ausser der guten Reproduzierbarkeit der Dosierung, besitzt der Probengeber den
weiteren Vorteil, dass er einen scharf “abgegrenzten” Stoffimpuls in die Sdule bringt.
Dies hat auch eine erhéhte Trennfihigkeit zur Folge, zu deren numerischen Auswertung
aber weitere, mit einem Probengeber anderen Typs durchzufithrende, vergleichende
Untersuchungen erforderlich sind.

Zusammenfassend kann also festgestellt werden, dass der beschriebene Proben-
geber iiber die folgenden Vorteile verfiigt:

1. Er ist fir die Dosierung ven Fliissigkeiten ebenso geeignet wie fiir Gase.

2. Vor der Dosierung wird die Fliissigkeitsprobe im Verdampferraum restlos
verdampft, so dass die Zusammensetzung des in die Siule eingefithrten Dampfes der
Zusammensetzung der Flissigkeit entspricht.

3. Die zu dosierende Substanzmenge kann durch Einsatz von Dosierstiben mit
verschiedenen Bohrungen innerhalb weiterer Grenzen variiert werden.

4. Die Reproduzierbarkeit der aufgegebenen Probenmenge liegt innerhalb von
+ 2 %.

5. Der in die Siule eingefiihrte, scharf “abgegrenzte” Stoffimpuls sichert eine
gute Trennleistung.

6. Die Vorrichtung arbeitet einfach, das Verfahren ist im Prinzip automatisierbar.

ZUSAMMENFASSUNG

Es wird ein neuartiger Probengeber zur Dosierung von Gas- und Fliissigkeitsproben
in der Grossenordnung von 10-2 bis 10% ug, beschrieben. Die Reproduzierbarkeit
betrigt etwa 4- 1 %. Der Dosierer arbeitet nach dem folgenden Prinzip: Vorerst wird
die fliissige Probe unter Anwendung eines handelsiiblichen Probengebers (Mikrodip-
per, Injektionsspritze etc.) in einen vorhergehend evakuierten Verdampfer einge-
bracht, wo sie restlos verdampft. Nachher wird ein entsprechender Teil der im Dampf
befindlichen gesamten Substanzmenge, mit Hilfe eines zweckmissig ausgestalteten
Dosierstabes in das Trigergas eingebracht. Der totalen Verdampfung zufolge tritt
keine Fraktionierung auf. Die Dosierung erfolgt in der Form eines scharf abgegrenzten
Stoffimpulses. Auf Grund dieser Eigenschaften kann der Probengeber insbesondere
auf dem Gebiet der Kapillar-Chromatographie mit Erfolg eingesetzt werden.

SUMMARY

A new sampling device for gases and liquids in amounts of the order of 1072 to 10? ug
is described. The reproducibility of sampling is + 1 %. The device is based on the
following principle: by means of a common sampler (microdipper, hypodermic
syringe, etc.) the liquid sample is brought into a previously evacuated chamber in
which it evaporates completely. With the help of a suitably shaped sampling rod,
a small fraction of the whole vapour sample is introduced into the carrier gas. Because
the sample evaporates completely there is no danger of fractionation. In this method
of introduction the sample has the form of a highly concentrated “plug”. Owing to
these features the sampler can be used successfully in capillary chromatography.
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OPERATIONAL MECHANISM AND PERFORMANCE OF A
SUBSIDIARY DISCHARGE ARGON IONIZATION DETECTOR

MIKIYA YAMANE
Hitachi Centval Reseavch Laboratovy, Kokubunji, Tokyo (Japan)

(Received October 25th, 1962)

It has been shown in a work! previously reported that a subsidiary discharge argon
ionization detector in conjunction with an electrometer of high gain can be used to
measure the amounts of components present in the effluent of a gas chromatographic
column. The principle of operation of the detector, 7.e. the mechanism of ionization
of the sample, might be regarded as the same as that of LovELock’s detector?, but
it has an outstanding feature in that the radioactive source is replaced by a D.C.
subsidiary discharge. The detector, consisting of a concentric diode with discharge
electrodes mounted in the scavenging gas flow (discharge gas flow), was said to
operate in such a way that primary electrons generated by the discharge were carried
into the sensing chamber by the flow of the discharge gas. A complete description of
this mechanism was not given in the previous paper, however, and the way in which
primary electrons are generated was not at all well understood. The primary purpose
of this work was to obtain more information on this aspect of the device.

It is known that the limiting noise in an argon ionization detector is determined
by the uniformity with which primary electrons are generated. Therefore, in this
detector the steadiness of the subsidiary discharge is of great importance. In the
previous paper attention was drawn to the fact that the same arrangement could
give more satisfactory operation if helium were used as the discharge gas. The use of
helium permits a relatively low voltage breakdown to be started and a steady low-
noise discharge to be maintained at atmospheric pressure.

The present investigation was conducted with a glass-housed detector of small
volume, helium being used as the discharge gas and argon as the carrier gas. As a
preliminary test, the discharge in the helium flow was studied with a simple discharge
tube to prove its suitability as an electron source. Next, the characteristics of the
background current were investigated in detail with a view to clarifying the generation
mechanism of primary electrons. Finally, the response of the detector was tested. The
performance studies proved to be quite satisfactory. The results of these measure-
ments, together with a discussion of these experimental results, are given in the
present paper.

APPARATUS
The experimental setup, which is shown in Fig. 1, is similar to the arrangement al-
ready described in the previous paper. The only significant difference is the incorpora-

tion of a helium flow line, so that the discharge may be excited in pure helium flow.
Argon is used as the carrier gas, in order to maintain the high sensitivity of the argon
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jonization detector. The two gases are supplied from normal commercial cylinders,
and the purities are both listed as being above 99.9 %.

The most important part of the apparatus is the detector, of which the electrode
geometry must be carefully chosen, if good signal-to-noise performance is to be

R
- HT2
D
N
AR s< E |—] REC
c 4
T —-d
{—
[
l
1
E
{ HTy

Fig. 1. Diagram of apparatus. Ar = argon cylinder; He = helium cylinder; F,, F, = flow meters;

S = sample introducing device; C = column; D = detector; HT, = high voltage supply for the

detector; HT, = high voltage supply for the discharge; R = current limiting resistor; E =
electrometer amplifier; REC = recorder.

realized. The detector used in this investigation is shown schematically in Fig. 2. It
consists of two chambers: one of which is the discharge chamber and the other the
sensing chamber. The discharge chamber is made of a glass tube with an O.D. of
10 mm and a length of about 20 mm, into which is mounted a pair of 0.5 mm Kovar
wires, the electrodes for the subsidiary discharge. The ends of the electrodes are bent
towards each other, so that a steady discharge may be fixed there. Helium is led
through a Kovar spring pipe (1.5 mm O.D. and 1 mm I.D.) into the discharge chamber,
whence it flows into the sensing chamber through a narrow passage. The sensing cham-
ber is also made of a 20 mm O.D. spherical glass tube. The inlet for the effluent gas,
which acts as an anode, is made of a Kovar tube with an O.D. of 1.5 mm, an I.D. of

discharge chamber cathode

sensing chamber

discharge electrodes
= N7
anode/
discharge gas 'mlet/ ccr‘rie'/r'lgqs iniet outiet
jt———— 50 mm~——=}

Fig. 2. Subsidiary discharge argon ionization detector.
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1 mm and a length of 15 mm. The cathode is a semi-spherical nickel dish, and is
located at the center of the sensing chamber.

EXPERIMENTAL RESULTS AND DISCUSSION

Subsidiary discharge

Many experimenters have studied the electrical discharge of helium at various
pressures and in various different geometrical arrangements?. Since most workers
have obtained data for pure helium with seal-off tubes, much of the available data
cannot be applied to the actual operation of the detector, where the handling of
helium from commercial cylinders can introduce small quantities of impurities, and
occasional exposure to the air may change the surface condition of the electrodes.

A preliminary investigation on the characteristics of the subsidiary discharge in
the flow of helium was made, using a discharge tube shown in Fig. 3. Electrodes of

discharge electrodes Koyar glass
== ):
K}vor pipe
gas outlet (gas inlet)

ft————— 80 rmMm ————— =]
Fig. 3. Discharge tube.

0.5 mm Kovar wires were mounted, and made to be demountable from the tube by
means of a ground glass joint, so that the spacing between the electrodes could be
varied. The spacing was measured at an accuracy of about 0.01 mm with an optical
projector.

In Fig. 4 is shown the breakdown voltage V; plotted against the electrode
spacing 4. The curve represents the average of many series of measurement. The
maximum breakdown voltage was usually obtained in the first run, and after the first
breakdown was passed, Vs assumed a value which was appreciably less than the first
one, and as the measurements were repeated, it decreased slightly. This gradual
decrease is probably due to the cleaning up of the electrodes. The spread in the
breakdown voltage, however, was less than about 50 V.

The results of the second investigation, designed to obtain the relation between
the discharge current ¢¢ and the maintaining voltage Vy, are shown in Fig. 5. The
curves obtained at various gap distances all exhibit constant voltage characteristics.
In view of the fact that the noise current to the sensing electrode depends on the
stability of the discharge, such a constant voltage characteristic necessitates a
stabilized voltage supply. The fluctuation of the discharge current A< due to the in-
stability of the voltage supply is given by 4¢ = AV/R, where R is the current limiting
resistance in the discharge circuit.

Background current

(a) Effect of the polarity of voltage supply for the discharge. Fig. 6 shows the typical
background current curve which was obtained with a circuit shown in the inset
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Fig. 4. Breakdown voltage in the helium flow as a function of electrode spacing.
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Fig. 5. Current—voltage characteristics of the discharge in the helium flow at different electrode
spacings.
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Fig. 6. Typical background current as a function of anode voltage, discharge being excited by a
positive high voltage supply. Helium flow = 60 ml/min; argon flow = 60 ml/min; discharge
current = 30 yA.

figure of Fig. 6. It should be noted here that the subsidiary discharge is excited by a
positive high voltage supply. Measurement was made under the following conditions:

Argon carrier gas: 60 ml/min
Helium discharge gas: 60 ml/min
Discharge current: 30 yA

The curve exhibits a rather complicated shape: at negative high anode voltages a
weak electron current flows to the cathode, and as the anode voltage is increased,
there is a steep rise at voltages ranging from —200V to 50 V with a maximum at
50V, followed by a decline at higher anode voltages. It is now essential to offer some
physical explanation for these characteristics. The explanation is, however, not too
difficult, as will be apparent later.

In Fig. 7 is shown the background current to the cathode which was measured
with a circuit shown in the inset figure of Fig. 7. In this case, the subsidiary discharge
was excited by a negative high voltage supply. It can be seen that, although the other
operational conditions are exactly the same as those mentioned above, the curve is
very different from that of Fig. 6; it has such a shape as would be described if the
curve of Fig. 6 were turned around the origin by 180°. This difference can be ascribed
to the polarity of the high voltage supply for the discharge, and it is clear that the
background current depends on the potential of the discharge chamber referred to
that of the sensing chamber. An interpretation of the trend of the curves of Fig. 6 and
Fig. 7, which, at the same time, explains the operational mechanism of this detector,
is offered below,
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(1) In the first case, when the discharge is excited by a positive high voltage
supply (Fig. 6), the potential of the discharge chamber is positive because one elec-
trode is at the earth potential and the other at about 250 V. When the anode voltage
is 0 V, the potential of the sensing chamber is the earth potential and is negative with
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Fig. 7. Typical background current as a function of anode voltage, discharge being excited by a
negative high voltage supply. Helium flow = 60 ml/min; argon flow = 60 ml/min; discharge
current = 30 g A.

respect to that of the discharge chamber. Thus, ions produced by the discharge are
drawn to the sensing chamber by an electrical force acting between the two chambers.
These ions are captured by both the anode and the cathode, so that positive current
is read by the electrometer (point a in Fig. 6). When the anode voltage is 50 V, positive
ions are still drawn to the sensing chamber, but, repelled by the anode, most of them
are collected by the cathode. At this voltage maximum ion current is measured by
the electrometer (point b in Fig. 6). As the anode voltage is increased further, the
potential of the sensing chamber rises, which starts inhibiting the flow of positive
ions from the discharge and pulling out electrons gradually. This accounts for the
negative characteristics of the curve (point ¢ in Fig. 6). At voltages higher than
1000 V, ionization by collision of electrons sets in, thus again giving rise to an in-
crease in the background current (point d in Fig. 6).

Next, let us analyze the current curve in the region below o V. When we apply
negative voltage to the anode, the potential of the sensing chamber becomes negative,
causing many positive ions to be drawn to the sensing chamber. Since most of these
ions are collected by the anode, the share taken by the cathode is reduced, resulting
in a decrease in the background current (point e in Fig. 6). In the region below
—300 V, a small amount of saturated negative current is observed, which indicates
that there is a flow of electrons to the cathode. Perhaps these electrons are produced
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by photoionization, because at these anode voltages it is less likely for electrons to
enter the sensing chamber from the discharge (point f in Fig. 6).

(2) When the discharge is excited by a negative high voltage supply (Fig. 7), the
potential of the discharge chamber is negative. If the anode voltage is 0 V, the poten-
tial of the sensing chamber is the earth potential and positive with respect to that
of the discharge chamber. This condition is favourable for electrons to be drawn to
the sensing chamber by the electric field between the two chambers. Electrons thus
drawn to the sensing chamber are captured by both the anode and the cathode.
Thus, negative current is read by the electrometer (point a’ in Fig. 7). As the anode
voltage is increased, more electrons are drawn to the sensing chamber. However, with
a larger share of these electrons taken up by the anode, the electron current to the
cathode decreases (point b’ in Fig. 7). At higher anode voltages a small amount of
saturated positive ion current is seen to flow to the cathode. It appears that this
positive current may be ascribed to photoionization within the sensing chamber. It
should be noted here that the potential of the sensing chamber is now so highly
positive with respect to that of the discharge chamber that a larger electron current
flows to the anode (point ¢ in Fig. 7).

When we apply negative voltage to the anode, the minimum background current
is obtained at —350 V. The reason for this is that electrons still drawn to the sensing
chamber are all collected by the cathode (point d’ in Fig. 7). Further increase in the
negative value of the anode voltage causes the potential of the sensing chamber to be
lowered, which starts inhibiting the flow of electrons to the sensing chamber. This, in
turn, results in a gradual reduction in the electron current to the cathode (point e’
in Fig. 7).

Now it can be concluded from the qualitative considerations above that the
background current to the cathode is predominantly due to the transfer of charged
particles between the two chambers. It is clear that charged particles also flow to the
anode, and of these particles the electrons are effective in ionizing sample gases.
Therefore, it can be predicted that under the operational condition of ¢’ of Fig. 7,
where an abundant supply of electrons is available in spite of the low background
current, an advantageous performance of the detector may be realized.

(b) Effect of the circuit condition of the discharge. The presentation of the data
which follows is mainly for the purpose of confirming the preceding considerations
and illustrating a more effective way to use the detector. As stated earlier, the transfer
of charged particles between the two chambers is dependent upon the potential of the
discharge chamber relative to that of the sensing chamber. Since an abundant supply
of free electrons would give an increased efficiency in actual practice, it would
definitely be more satisfying if the discharge could be fired in such a manner that its
potential becomes highly negative with respect to that of the sensing chamber. Such
an adjustment of the discharge potential is easily achieved by a simple modification
of the discharge circuit, e.g. by changing the position of the current limiting resistor
in the circuit.

Fig. 8 illustrates the effect of the potential drop across the resistor on the back-
ground current. Measurements were made by exciting a discharge by a negative high
voltage supply and with circuits shown in the inset figures of Fig. 8. The result of
these measurements is what might be expected: lowering the discharge potential by
the drop across the resistor causes many more electrons to be drawn to the sensing
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Fig. 8. Dependence of the background current upon the circuit condition of the discharge. Helium
flow = 60 ml/min; argon flow = 60 ml/min; discharge current = 30 g A.

chamber, as illustrated by an increased electron current in the region of negative
anode voltages. It is seen, moreover, that positive background current at positive
anode voltages, which may be attributable to photoionization, is much less than the
electron current, independent of the modification of the circuit. The control of the
detector by the circuit modification is one of the particular advantages of this system.

(c) Effect of the geometrical arrangement of the electrodes. Thus far, we have dealt
primarily with the mechanism by which primary electrons (background current) are
generated, and made clear that the electrical force plays a predominant role. This
fact leads us at once to the belief that the character of the detector must be governed
to a great extent by the geometrical configuration of the electrodes, particularly by
the position of the discharge electrodes relative to the sensing chamber.

Fig. 9 shows the background current for three different values of the anode
position, the cathode being fixed at the center of the sensing chamber. It can be seen
that the curves show no pronounced difference except that the slope marked b’
becomes less steep for a detector with widely spaced internal electrodes. Of impor-
tance in this study is the anode voltage at which the cathode collects zero net back-
ground current from the discharge. An advantage of ‘operation at this point is that
the input resistor of the electrometer (input sensitivity) can be switched without any
noticeable shift in the baseline of the chromatogram.

In Fig. 10 are shown the background currents illustrating the effect of the position
of the discharge electrodes relative to the sensing chamber. As would be expected,
the intensity varies to a great extent with their position: it is easy to provide an
abundant electron current, say in excess of ro 8 A.
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Fig. 9. Dependence of the background current

upon the anode position. Helium flow = 20 ml/min;

argon flow = 60 ml/min; discharge current = 30 yA.
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(d) Effect of the flow rate of the discharge gas. Fig. 11 shows the background current
as a function of the helium flow at different anode voltages. It can be seen that the
background current increases continually as the flow rate increases. This result seems
to indicate that charged particles are entrained by the discharge gas into the sensing
chamber, and it was on the basis of this observation that we postulated the “entrain-
ment”’ theory in the previous paper.
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Fig. 11. Background current as a function of the helium flow at different anode voltages. Argon
flow = 60 ml/min; discharge current = 30 uA.

Very recently the problem has been studied by Norem* of the Perkin-Elmer Corpor-
ation with the same discharge detector. He measured the background current as a
function of the helium flow in both the normal and the reverse direction, with no
argon flow, and found that even in the case of the reverse flow, the current increased
with the helium flow in the same way as in the normal-flow case. This disproves
clearly the “entrainment” theory.

It might be expected, however, that at higher flow rates charged particles
would have a much greater chance of separating from the discharge due to a turbulent
action of the helium flow. These escaping charged particles, while negligibly small in
number compared with those existing in the discharge path, would be of importance
in determining the intensity of the background current.

Response for propane

The response of the detector varies to a great extent with the mode of its operation,
4.e., with the discharge circuit, the discharge current, the operating voltage and the
flow rates of the carrier and the discharge gas. Measurements were made to in-
vestigate the effect of these factors on the response for propane.

(a) Effect of the discharge circus. It has been shown that it is possible to increase
the primary electron current by making the discharge potential highly negative with
respect to the sensing chamber. This should result in more efficient ionization of the
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sample and thus increase the sensitivity of the detector. As a test of this premise,
the peak current of 0.0022 ml propane (gas volume) was measured, making simple
alterations to the discharge circuit, while keeping other operational conditions un-
changed.

The results of these measurements are summarized in Tables I and II. These
tables are of interest in that they show the Telative merit of the various discharge
circuits. It can be seen that, for the case of the positive discharge (Table I), the back-
ground current is appreciably larger than the peak current, and that the higher the
discharge potential, the larger the background current and the smaller the response.
Thus, the positive discharge cannot be used advantageously in most circumstances.
On the other hand, the negative discharge gives a peak current much larger than the
background current (Table II). Furthermore, it is noted that the response increases
as the discharge potential becomes more negative.

(b) Effect of the helium flow. According to Fig. 11, the number of electrons
entering into the sensing chamber varies with the helium flow. This, together with the
change of the gas composition in the sensing chamber, would affect the response of
the detector.
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Fig. 12. Peak current as a function of the helium flow at different anode voltages. Sample =
4.5-1077 g[sec of propane; argon flow = 60 ml/min; discharge current = 30 uA.

To clarify this effect, measurements were made for a negative discharge of 30 uA at
different anode voltages. The result obtained is given in Fig. 12. It can be seen that
for the helium flow below 30 ml/min, there is a steep rise in the response, while
above 30 ml/min this ceases to depend on the helium flow. The initial increase is
attributable solely to the increase in the primary electrons, since, according to
LovELock5, the change of the gas composition in the region of lower helium flow
(the region of lower proportion of helium in argon) has no appreciable effect on the
ionization efficiency. At helium flow higher than 30 ml/min, where the primary
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TABLE I

EFFECT OF THE DISCHARGE CIRCUIT ON THE RESPONSE FOR PROPANE
(Discharge is excited by a positive high voltage supply)

Sample: propane 0.0022 ml. Temperature: 20°. Column: squalane 3 m. Carrier gas: argon,

* 1.

3.

60 ml/min. Discharge gas: helium, 60 ml/min. Discharge current: 30 uA.

i P Anode voltage Background current Peak current**
Discharge circuit™ v A X 10° A % 10°
I 600 3.1 I.1
700 2.9 2.3
2 600 9.0 1.2
700 8.8 1.9
3 600 16.5 0.9
700 16.0 1.3

A current limiting resistor of 20 M£2 is inserted between the high voltage supply and one

electrode. The other electrode is at the earth potential. The discharge potential is positive
and low.

. A 10 MQ resistor is inserted between the high voltage supply and one electrode. Also

between the other electrode and the earth is inserted a resistor of 10 M. The discharge
potential is positive and medium.

One electrode is connected directly to the high voltage supply. Between the other electrode
and the earth is inserted a 20 M{2 resistor. The discharge potential is positive and high.

** Peak current is the net deflection above the background current.

TABLE II

EFFECT OF THE DISCHARGE CIRCUIT ON THE RESPONSE FOR PROPANE
(Discharge is excited by a negative high voltage supply)

Sample: propane 0.0022 ml. Temperature: 20°. Column: squalane 5 m. Carrier gas: argon,

* 1.

60 ml/min. Discharge gas: helium, 60 ml/min. Discharge current: 30 uA.

. ik Anode voltage Background current Peak current**
Discharge circuit v 4 % 10° A % 10°
1 600 0.74 13.0
700 1.20 14.5
2 600 1.55 17.5
700 2.2 19.0
3 600 2.8 23.0
700 5.4 25.5

A current limiting resistor of 20 M is inserted between the high voltage supply and one
of the electrodes. The other is at the earth potential. The discharge potential is negative
and low.

. A 10 M{2 resistor is inserted between the high voltage supply and one of the electrodes.

A resistor of 10 M2 is also inserted between the other electrode and the earth. The dis-
charge potential is negative and medium.

. One of the electrodes is directly connected to the high voltage supply, and a 20 MQ

resistor is inserted between the other electrode and the earth. The discharge potential is
negative and high.

** Peak current is the net deflection above the background current.
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electron current still increases with the helium flow, increasing proportion of helium
in argon starts impairing the ionization efficiency. These compensating effects give a
flat region in the response-flow curves.

(¢} Linearity and limit of detection. Fig. 13 shows the response of the detector as
a function of the mass flow rate of propane at different anode voltages. As has been
observed with the conventional argon ionization detector, a linear relationship was
not obtained over the entire range of the mass flow.
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Fig. 13. The relationship between the peak current and the mass flow rate of propane at different
anode voltages. Helium flow = 60 ml/min; argon flow = 60 ml/min; discharge current = 30 yA.

In order to obtain figures of the limit of detection, additional measurements were
made, operating the detector at that anode voltage at which the cathode collects
zero net background current. This condition allows us to make an accurate deter-
mination of the noise level of the detector. The results obtained are given in Table III.
The table is arranged as follows: In the first column is given the helium flow rate, at

TABLE III
THE PERFORMANCE CHARACTERISTICS OF THE DETECTOR UNDER THE CONDITION OF
ZERO NET BACKGROUND CURRENT

Sample: propane 0.0022 ml (mass flow rate: 4.5+ 1077 g/sec). Column: squalane 5 m. Temperature:
20°. Carrier gas: argon 60 ml/min. Discharge gas: helium. Discharge current: 30 uA.

Background current  Anode voltage

Flow vate (Vv =o (ig = o) Noise current Peak current Omin Coin
mlfmin 4 ° v A A gfsec giml
5 —3.3- 10710 580 3-10°13 4.0+ 10710 6.75+10-0  6.75-10710
10 —1.25-10™° 575 1.1-10712 1.5+ 10™° 6.6+ 1010 6.6+ 10— 0
20 —9.0- 109 570 6.0-10-12 8.5- 1079 6.4 10-10 6.4 10710
30 —1.7-10~8 560 1.6+ 1011 2.1-1078 6.8- 1010 6.8+ 10710
40 —2.8-10"8 550 4.5 1071k 2.1-10™8 2.0-107° 2.0- 1079
60 ~—5.1-10~8 535 2.0 10710 2.05- 1078 8.8-10~9 8.8-1079
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which measurement was made, and in the second column the background current at
zero anode voltage. This quantity represents a measure of the primary electrons
drawn to the sensing chamber. The third column gives the operating anode voltage at
which the background current disappears. The fourth column gives the noise current
at the operating voltage. In the fifth is given the peak current obtained on 0.0022 ml
propane at a mass flow rate of 4.5-1077 g/sec. Columns six and seven give values of
the minimum detectable quantity, Qmin, and of the minimum detectable concentra-
tion, Cmin, which are calculated from the relations given by CoNpoN et al.8.

From these data, it must be recognized that the experimental values of the limit
of detection depend critically upon the flow rate of helium. At lower helium flow,
Qmin &~ 6.5- 10710 g/sec and Cmin &~ 6.5-1071° g/ml, while at flow rates above 30 ml/
min, Qmin and Cmin increase with the flow rate.

It is difficult to say how much significance should be attached to the values of
this table, because the noise current should depend on the conditions of measurement,
i.e. on the stability of the high voltage supply for the discharge, the stability of the
anode voltage, the uniformity of the helium flow and the bandwidth of the electro-
meter. Furthermore, the operating conditions of these measurements do not represent
those giving the best values for Qmin and Cmin, since at higher anode voltages the
multiplication effects would improve the S/N ratio up to some optimum point, as in
the LovELOCK's detector.
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SUMMARY

A subsidiary discharge argon ionization detector, which uses helium as the discharge
gas and argon as the carrier gas, is described. The properties of the discharge in the
helium flow were first studied from the point of view of its suitability as a source of
primary electrons. Next, the generation mechanism of primary electrons was in-
vestigated by measurements of the background current to the cathode. The back-
ground current measured as a function of the anode voltage was found to depend on
the discharge potential with respect to the potential of the sensing chamber, which
indicates that the transfer of charged particles from the discharge to the sensing
chamber is due to an electrical force acting between the two chambers. From these
results, a new technique of operation was developed. Finally the response was tested
for propane, and the relationships between the response and the background current
were discussed.
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DETERMINATION OF OXYGEN, NITROGEN AND CARBON
DIOXIDE IN AIR SAMPLES

THOR LYSY] anp PETER R. NEWTON

Reseavch Depavtment Rocketdyne, North Amevican Aviation, Inc.,
Canoga Pavk, Calif. (U.S.A.)

(Received October 29th, 1962)

Studies connected with life systems in enclosed capsules and space suits require
accurate measurements of the concentrations of atmospheric gases. Of these gases,
nitrogen, oxygen, and carbon dioxide are of paramount importance. The deter-
mination of such gases, based on the gas chromatographic principle, shows great
promise. Molecular sieves have been used with great success as column packing
materials for the separation of oxygen and nitrogen!. Silica gel has been used for the
gas chromatographic analysis of carbon dioxide?. However, neither of these solid
stationary phases completely resolves all three gases. Molecular sieve 5A, while
resolving oxygen and nitrogen very efficiently, retains carbon dioxide permanently
under the conditions of analysis; silica gel, on the other hand, while scparating
carbon dioxide, does not separate nitrogen from oxygen.

An attempt was made to resolve oxygen, nitrogen, and carbon dioxide from a
single analytical sample, using a parallel dual column gas chromatograph?. Molecular
sieve 5A and silica gel-packed columns were used in the initial experiments. The
parallel dual column arrangement permitted splitting of the injected sample into
two columns, molecular sieve and silica gel, where the gases were separated simul-
taneously. A 5-ft., 1/4-in. diameter column packed with molecular sieve 5A, 60-8o
mesh, was used for the separation of oxygen and nitrogen. A 2-ft., I/4-in. diameter
column packed with silica gel, 20-200 mesh, was used for the separation of carbon
dioxide from nitrogen and oxygen.

One injection of an air sample into this system was found to produce four peaks:
an oxygen peak and a nitrogen peak, as they elute from the molecular sieve column,
a peak for carbon dioxide, and a combined peak for oxygen and nitrogen as they
elute from the silica gel column. The conditions of analysis may be adjusted in such
a way that each peak appears at different retention times. With this arrangement,
complete analysis of nitrogen, oxygen, and carbon dioxide is possible from one sample.

A slight modification permits determination of carbon dioxide at the p.p.m.
level. Two valves were incorporated at the entry side of each column, permitting
use of the columns in separate operations.

APPARATUS

The design of the instrument is shown in Fig. 1. A Gow-Mac pretzel-type thermocon-
ductivity cell with four tungsten hot wires connected in a Wheatstone bridge arrange-
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ment is used for detection. A Leeds and Northrup model G, o-1 mV recorder and a
Perkin-Elmer integrator are used in the readout portion of the instrument. The sample
injection system incorporates a modified Beckman two-way gas sampling valve, a

Fig. 1. Gas chromatograph. V = Needle valve; F = Flow meter; D = Detector; B = Beckman
sampling valve; V,,V, = Valves; C, = Molecular sieve column; C, = Silica gel column.

vacuum pump, and a manometer. The conventional spiral loops of the Beckman valve
were replaced by 4-in., 1/4-in. diameter stainless steel U-tubes. This arrangement
permits the application of a cold bath over the sampling loops.

EXPERIMENTAL

For the simultaneous determination of all three components, a sample of air is intro-
duced into the loop of the Beckman valve and injected in the helium stream. The
following operating conditions are used in the analysis.
Gas: He, inlet pressure 2%/, p.s.i.g.
Columns: (A) s5-ft., 1/4-in. diameter tube packed with molecular sieve 5A
60-80 mesh,
(B) 2-ft., 1/4-in. diameter tube packed with silica gel 20-200 mesh,
The columns are connected in parallel
Temperature: 26°
Bridge current: 150 mA,
Recorder: o-r mV model G, L and N,
Speed: 1/2 in. per min.

The areas under the four peaks are integrated, and from the absolute values of
the nitrogen-oxygen peak and of the carbon dioxide peak, concentration of carbon
dioxide is calculated. The peak area for oxygen and nitrogen resolved on the molecular
sieve columns provides a ratio of oxygen to nitrogen. The concentrations of nitrogen
and oxygen are calculated after correction is made for the concentration of carbon
dioxide in the sample.

For the analysis at the p.p.m. level of air samples containing carbon dioxide,
the following procedure is used. An evacuated sample gas bulb of 10-250 ml volume is
used for procuring the sample. With the valve to the molecular sieve column open,
and the valve to the silica gel column closed, 1~2 ml of air are introduced into the
helium stream and resolved on the molecular sieve column. A flowrate of 165 ml/min
of helium is used with this column. The areas under the nitrogen and oxygen peaks
are integrated, and the ratio is calculated in the conventional manner. The pressure
of the remaining sample in the gas bulb is measured with a manometer. A Dewar
Flask containing liquid nitrogen is placed over the collecting loop of the Beckman
valve, and the sample is transferred into it by pumping. The carbon dioxide is con-
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densed in the collecting tube of the Beckman valve while non-condensables are
removed by vacuum pumping. The valve to the molecular sieve column is closed, the
valve to the silica gel columns is opened, and the rate of helium flow is adjusted to
7% ml/min.

At this point, the collection tube containing carbon dioxide is pivoted into the
helium stream ; the liquid nitrogen trap is removed and a beaker containing hot water
placed over the U-tube. to facilitate evaporation of the condensed gases. The area
of the carbon dioxide peak is integrated as it is eluted from the silica gel column.
For calibration purposes, a known volume of carbon dioxide is introduced in the
gas chromatograph and analyzed under the conditions described above.

Calculation:

_ ¢(0g) x (100 — % COs2)
o ¢(Og + Njg) x 100

O2 %

N —— O
Ny — ¢(Nz) x (100 — 9% COp9) %
¢(O2 + Np) x 100

Cs X PR X VR
— ——— X 100 %
CR X PS X VS

COg =

where ¢ = number of integral counts,
Cs = number of integral counts for the peak of carbon dioxide (sample),
Cr = number of integral counts of the peak of carbon dioxide (reference),
Ppr = pressure of the CO, reference,
Vg = volume of the CO, reference,
Ps = pressure of sample,
Vs = volume of sample.

RESULTS

The retention times obtained under the described conditions of analysis are given in
Table I.

The sensitivity of the method, with respect to carbon dioxide, was calculated
by using the results of eight determinations of standard samples for carbon dioxide
content. One cc volume of carbon dioxide at T mm mercury pressure, using the

TABLE 1

RETENTION TIMES OF OXYGEN, NITROGEN AND CARBON DIOXIDE

Retention time (min)
Gas Column Simultancous Separate
technique* technique**
Oxygen and nitrogen  Silica gel 1 0.7
Oxygen Molecular sieve 2 1.2
Nitrogen Molecular sieve 6 2.7
Carbon dioxide Silica gel 26 8.4

* Inlet pressure, 2 3/4 p.s.i.g-
** Inlet pressure, 4 p.s.i.g.
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maximum sensitivity of the instrument and the o-1 mV range of the recorder pro-
duced an average of 2g.5 integral counts. Under the conditions of analysis, quantities
of carbon dioxide corresponding to 5 integral counts are detectable. Using sample
sizes of 1 cc magnitude, zoo p.p.m. of carbon dioxide can be detected. With 10 cc
samples, the lower level of detectability for carbon dioxide will be 20 p.p.m., and
with 100 cc samples, 2 p.p.m. The sensitivity of the method can Dbe increased
replacing hot-wire detection with thermistor detection.

The argon and oxygen appears as one peak using this procedure; however, since
the ratio of argon to oxygen in atmospheric air is known, necessary corrections for
concentration of oxygen and argon can easily be made.

SUMMARY

A gas chromatographic system for analysis of nitrogen, oxygen, and carbon dioxide
in air samples is described. The system utilizes a parallel dual column arrangement
for simultaneous determination of all three components. The lower limit of detection
for carbon dioxide is 2 p.p.m.
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COMPOSITION ANALYSIS OF POLYBUTENES*
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California Research Corporvation,
Richmond, Calif. (U.S.A.)

(Received October 22nd, 1962)

INTRODUCTION

Polymer pyrolysis may proceed by two paths: (a) chain unzipping to yield monomer
and (b) random cleavage. The chain fracture process proceeds by free radical propaga-
tion along the polymer chain at thermodynamically weak bonds or sites favoring
free radical formation. The random cleavage process proceeds by simultaneous random
free radical attack at points along the chain and by multiple thermal homolytic chain
cleavage. This latter pyrolysis process gives rise to low monomer yields and an appar-
ently random product distribution. The two processes can operate in competition?®.
The ultrahigh temperature pyrolysis work of BarLow, LEBRLE aND RoBB? has
demonstrated that at greater than goo® pyrolysis process b supersedes a. This has
been demonstrated for polymethacrylates, polymethylstyrenes, and several other
polymers which can give high monomer yields®.

The saturated hydrocarbon polymer “‘rate of evaporation” studies of WALL AND
StraUS® indicate that polyisobutylene and polypropylene decompose principally by
random cleavage of the polymer chain. However, the exceptionally high yield of
monomer (20%) from polyisobutylene reported in their studies suggests a non-
statistical distribution of pyrolysis products.

Information from polymer degradation studies is derived from two sources:
(I) rate of pyrolysis studies and (2) an examination of polymer degradation products.
The first class of information has provided data for much of the current theoretical
work in the field of polyolefin degradation3-¢.

The techniques and method of pyrolysis/gas chromatography which give the
second type of information have been treated by various workers’—® but have not
found wide application in the field of polymer pyrolysis mechanism studies. This
has been due largely to lack of sufficient theoretical information needed to effect
more than an empirical relationship between pyrolysis products and polymer
structure.

In consideration of this previous work, it is now possible to investigate the
pyrolysis behavior of polybutenes by means of pyrolysis product analysis. The poly-
butenes are currently of great interest to the petroleum industry due to their wide
application.

* This paper was presented before the Petroleum Division of the American Chemical Society,
Atlantic City, September 1962.
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EXPERIMENTAL

Polymer samples were prepared by the ionic polymerization of various mixtures of
propylene, 1-butene, cis- and frans-2-butene, and isobutylene. Isobutylene content
ranged from 10% to 100%. The nature of the polymerization caused the average
molecular weight of the copolymers to depend directly on the isobutylene content
of the reaction mixture. These low molecular weight polymers are hereafter referred
to as polybutenes.

Two of the polybutene samples, A and C, were segregated into narrow molecular
weight range fractions by the solvent-thermal-gradient column methods of BAKER
AND WILLIAMS!® and of CaNTOW, PORTER AND JoHNSON!L. The solvent-nonsolvent
system was benzene-acetone, and the thermal gradient was 60-28° down the column.
Molecular weights were determined by intrinsic viscometry. Studies were made on
polybutene fractions which differed in composition but had the same molecular
weight.

Nuclear magnetic resonance (NMR) spectra were determined on the unfraction-
ated polybutene samples diluted to 12.5% with carbon tetrachloride, see Fig. 1.

POLYBUTENE A 2 POLYBUTENE B

R . : .
2.5 2.0 LS 1.0 0.5 1]
peu (D)
2
POLYBUTENE C POLYBUTENE D
1 1 I L 1 1 1 1
2.5 2.0 1.5 1.0 0.5 o 2.5 2.0 1.5 . 1O 0.5 )
pPM (6) peM ()

Fig. 1. Nuclear magnetic resonance spectra of polyisobutene containing various amounts of im-

purities. A = Pure isobutylene feed stock. B = 709, Isobutylene, 209, propylene, 109, butene

mixture. C = 58 9, Isobutylene, 30 %, propylene, and 12 9, butene mixture. D = 309, Isobutylene,

409, propylene, and 30 9% butene mixture. The butene mixture consists of butene-t and butene-2
in isomeric proportion.

The NMR proton peaks were assigned on the basis of reported resonance values!?
and laboratory working standards. The instrument used was a Varian A-60.

The apparatus used for pyrolysis studies has been described previously!®.14. The
time required for the sample to reach furnace temperature was 15 sec under the
conditions used in this study.

The chromatograph was of conventional design using 8000  (nominal) thermistor
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detectors and two columns in series. The first column was a 10-ft. 40/60 mesh Johns-
Manville C-22 firebrick column coated with 28.6 9, Carbowax 100. The second column
was a 50-ft. 40/60 mesh Johns-Manville C-22 firebrick column coated with 23 %, propy-
lene carbonate. All columns were constructed from 1/4-in. copper tubing. The Carbo-
wax 100 column was operated at 100° and the propylene carbonate column at 25°.
Helium carrier gas flow was maintained at 35 cc/min.

Polymer samples were pretreated for 3 h at 4 mm pressure and 50° after being
weighed into pyrolysis cups. Degassing was necessary to effect a relatively complete
removal of sorbed oxygen, thus insuring conditions of anaerobic pyrolysis.

The identity of the major components of pyrolysis (propylene, isobutylene, and
2,4,4-trimethylpentene-2) was established by freezing out the gas under the chromato-
graphic peak followed by infrared and mass spectrometric identification. Other
components were identified from elution times.

Gas chromatographic response curves were constructed for isobutylene, propy-
lene, and 1-pentene using API standards. These curves were used in the calculation
of the weight per cent yields of the principal components.

The amount of chromatographable material produced by the anaerobic pyrolysis
of Sample A was determined by trapping all gases leaving the column in a weighed
molecular sieve (5A) tube, equipped with stopcocks, similar to that used in carbon-
hydrogen analyses. This molecular sieve tube was cooled in boiling liquid nitrogen.
At —40° molecular sieve retains all hydrocarbons. On the basis of elution times from
the Carbowax column, the sieve contained materials from C, to branched chain Cyg.
The amount of material on the sieve was obtained from the weight change in the dry,
helium-filled sieve before and after pyrolysis. The weighing error, calculated from
three blank runs, was 4 0.001 g.

. RESULTS
Nuclear magnetic vesonance

The NMR spectra shown in Fig. 1 indicate large differences in the proton types and
relative concentrations for four polybutenes. Polybutene A, made from relatively
pure isobutylene, exhibits only three proton types in large concentration. Peak 1 is
assigned to protons in chain methylene. Peak 2 is due to the side chain methyl
protons. Peak 3 is due to terminal protons. The ratio of the areas of Peak 1 to Peak 2
is 2:6. The small size of Peak 3 indicates a relatively high molecular weight polymer.
The NMR spectra and methyl-methylene proton ratios indicate a structure which
would be expected of a pure, regular head-to-tail polyisobutylene of high molecular
weight:

CH, CH,
~ ~
CH,—C — |cu,—C
~ ~
CH, CH,/ «

The NMR spectra of polybutenes B and C indicate a composition similar to poly-
butene A but of lower isobutylene content. Two additional peaks appear in the spectra.
Peak 4 is thought to be due to a methylene proton paired with a second methylene:

(CHz——CH2>x
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The split in the terminal methyl proton Peak 3 indicates two types of chain end.
The area ratio of Peak 1 to Peak 2 is near 2:6 which indicates that the polymers are
essentially polyisobutylene with occasional methylene irregularities.

The NMR spectrum of polybutene D is quite different from polybutenes A, B and
C. At least five different types of chain protons are present as well as two types of side
chain protons. The terminal proton peak is broadened into a shoulder suggesting a
low molecular weight material containing both a large number of terminal protons and
proton environments. The number of methyl branches on the chain is low. The assign-
ments above are tentative in view of limited reference compounds available. Further
NMR work aimed at verifying these assignments is in progress.

Pyrolysis

Fig. 2 illustrates the general pyrolysis/gas chromatographic pattern of Sample A.
In general, polyisobutylene pyrolyzes in the temperature range 430° to 600° to yield,
in varying ratios, methane, ethane, propane, butane, ethylene, propylene, neopen-
tane, 1-butene, isobutylene, frans- and cis-2-butene, 2-methyl-1-butene, and #rans-
and cis-2-pentenes. In addition to these lighter products, the dimer of isobutylene,
2,4,4-trimethyl-2-pentene, is produced. Isobutylene and propylene make up over 30 %
of the pyrolysis products and, as such, constitute the principal pyrolysis products.
Isobutylene trimer and tetramer materials are also found. In the pyrolysis temperature

4
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Fig. 2. Pyrolysis/gas chromatograms of polyisobutylene A. A sample equivalent to 0.0198 g of

polymer was pyrolyzed at 485° in a 35 cc/min helium carrier gas stream. The Carbowax column

record was recorded at four times the base sensitivity of the propylene carbonate column. The

chromatographic peaks are identified as follows: A = Air and methane. B = Ethane. C = Ethyl-

ene. D = Propane. E = Butane. F = Propene. G = Isobutane. H = Butene-1. I = Isobutylene.

J = trans-2-Butene. K = cis-2-Butene. L = 2-Methyl-1-butene. M = 2,2,4-Trimethyl-2-pentene.
N, O = Dimer olefins. P, Q, R = Trimer olefins. S = Tetramer olefin.
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range 400° to 500°, 80-86 % of the polymer sample is pyrolyzed to materials in
the carbon range C, to C,;. The remaining 14-20 % is not found in the pyrolysis
cup and is, therefore, trapped on the column. This non-chromatographable material
must be relatively long polymer chain fragments which are swept from the pyrolysis
chamber before further pyrolytic cleavage occurs. The reproducibility of pyrolysis
product yields is -+ 5 % as is shown in Table 1.

TABLE 1

PRINCIPAL PRODUCT YIELD OF POLYBUTENES PYROLYZED AT 5250

Average : . Weight % Weight %
Sample molecular Wﬂg};t %,( _Wl;mtghlt %, 2,4,4-/0 trimefso
weight propylene tsobutylene trimethyl-2-pentenc* and tetramers*

A 5300 6.61 30.9 2.37 25.9
6.52 3I1.0 2.20 24.6
B 1400 6.35 26.3 2.77 30.0
6.05 24.8 2.40 31.0
C 1200 5.84 23.4 2.80 32.0
5.63 21.0 2.75 31.8
D 450 3.93 13.8 3.09 30.0
3.50 13.6 2.89 29.6

" Weight 9%, based on initial sample weight.

In order to isolate the variables present in any detailed pyrolytic study, experiments
were performed on the effects of temperature, flow rate, and sample size on pyrolysis
results. The rate of decomposition of polyisobutylene below 420° is too slow to
give chromatograms with properly resolved peaks. For all polybutene samples,
the production of isobutylene and propylene rises sharply from 420° to 485° and then
decreases slowly from 485° to 550°. The point of maximum production of isobutylene
was unique for each of the four polybutenes as shown in Fig. 3.

The temperature of initial pyrolysis as well as the temperature at which maximum
isobutylene production occurred was found to increase with increasing molecular
weight and increasing degree of polymer chain homogeneity. The polybutene samples
show an increasing yield of isobutylene in the order A, B, C, D.

Isobutylene production was found to increase by 15 % when the helium flow
rate was decreased from 35 cc to 20 cc/min at 550°. Production of the dimer,
2,4,4-trimethyl-2-pentene, decreased under the same conditions as did the peaks
due to higher molecular weight chain fragments. This indicates that the decompo-
sition of polymer under the dynamic conditions of pyrolysis/gas chromatography is
incomplete and that a higher isobutylene yield can be effected by further action on
high molecular weight fragments. With careful control of carrier gas flow rate, iso-
butylene yield is kept within + 5 %.

Sample sizes from 0.01 to 0.05 g showed a small, 4.8 %, variation in the weight
per cent of isobutylene and propylene produced. This variation is within the observed
reproducibility of 5 % and was not considered further.

The effect of molecular weight on the weight per cent yield of isobutylene was
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Fig. 3. Isobutylene yield at various pyrolysis temperatures.

studied under uniform conditions of flow (35 cc/min), sample size (0.02 g), and temper-
ature 485°. The weight per cent yield of isobutylene increased with increasing mole-
cular weight as shown in Fig. 4. However, the data from Samples A and C formed
two experimental groups. The increase of isobutylene production with increasing
molecular weight fractions of pure polyisobutylene, Sample A, was small. Conversely,
the increase in isobutylene production from Sample C was large with the increasing
molecular weight of the fraction.

329

POLY{SOBUTYLENE A o
.

N
@®

n
&

POLYBUTENE C

PERCENT 1SOBUTYLENE

) 1000 2000 3000 4000
MOLECULAR WEIGHT

Fig. 4. Isobutylene yield of polybutenes A and C at different molecular weights.
DISCUSSION

The 80 % to 86 % yield of chromatographable material indicates that the degree and
rate of degradation are high for polyisobutylene under the conditions used in this
study. The 22 % to 27 % average yield of isobutylene from Sample A agrees well with
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the mass spectrometric data of WALL AND STrRaUs® and is comparable, therefore
with other experimental studies done by the “rate of evaporation” techniques.

The high monomer yield from pure polyisobutylene is unusual for the pyrolysis of
polyolefins. The 5 % yield of propylene and 13 % yield of 2,4,4-trimethyl-2-pentene
also do not fit with the expected statistical product distribution of a system under-
going random cleavage. SIMHA’S general therory® predicts a wider distribution of
products. Since all kinetic data?% indicate that the thermal decomposition proceeds
by the simultaneous cleavage of the chain at many locations, the polymer chains
must contain weak points at relatively even intervals which gives rise to the re-
stricted product distribution.

This weak bond, at a quaternary carbon atom, agrees with the work of GRANT
AND GRASSIEY® and GRASSIE! who noted that polymethacrylic acid produced large
amounts of monomer whereas polyacrylic acid did not. Polypropylene has a structure
equivalent to polyisobutylene but lacking a quaternary carbon atom. Correspondingly,
the pyrolysis product distribution of polypropylene is large; and the monomer yield,
2 %, islow?”. The higher decomposition temperature of polypropylene, as opposed to
polyisobutylene, 380° and 340°, respectively™®, further indicates a large difference in
chain stability towards thermal cleavage.

The pyrolysis temperature of maximum isobutylene production increases with
increasing isobutylene content, see Fig. 3. This is probably caused by the addition
of new but uncharacterized weak bond sites present in polymers B, C and D. This
decrease in thermal stability of a polymer chain with increase in number of pendent
groups is consistent with other pyrolysis studies®.

The increase of the isobutylene yield and the decrease in dimer yield with de-
creased flow rate indicate incomplete decomposition of dimer fragments at higher
flow rates; ¢.e., shorter residence time in the pyrolysis chamber. This effect necessi-
tates accounting for the dimer production when considering monomer yield.

The molecular weight effects observed with fractionated polyisobutylenes is in
agreement with the statements of StMuA® and WALL? concerning the role of molecular
weight in a randomly cleaved system. Molecular weight has very little effect on
monomer yield. A large effect is noted, Sample B, when the final molecular weight of
the polymer is determined by the initial isobutylene content of the reactants. The
distribution of fragments above the dimer, 2,4,4-trimethyl-z-pentene, follows a
decreasing exponential curve which is further evidence of a random cleavage of the
chain'. If unzipping via radical propagation down the length of the chain were
operating to any extent, a sharp cutoff of pyrolysis fragments would have been ob-
served®.

CONCLUSION

This work confirms that polyisobutylene decomposes primarily by a random cleavage
of the polymer chain. Due to the instability of the quaternary carbon atom in the
chain, cleavage at these sites is favored. The high thermal stability of the isobutylene
fragment over that of possible higher cleavage products favors the apparent high
monomer yield. The effect of impurities in the polyisobutylene chain is to lower the
thermal stability of the material by the introduction of irregular chain branching.
These additional branched sites result in cleavage products other than isobutylene
or 2,4,4-trimethyl-z-pentene.
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The structure of polybutenes is defined by combined pyrolysis/gas chromatog-
raphy and NMR. The pyrolysis chromatograms give a direct analysis of polybutene
type, and NMR spectra define chain structure according to branching. The approxi-
mate molecular weight of the polymer is also reflected by NMR spectra and pyrolysis
chromatograms where original reactant composition controls the product molecular
weight.

SUMMARY

The structure and composition of polyolefins made from pure isobutylene and from
isobutylene diluted with various amounts of other light olefins have been investigated.
The techniques used were nuclear magnetic resonance and combined anaercbic
pyrolysis and gas chromatography. Nuclear magnetic resonance gave a measure of
molecular weight and of isobutylene polymerized into the polymers. Pyrolysis chro-
matograms of pure polyisobutylene indicated a broad range of volatile hydrocarbon
products, principal of which were propylene and isobutylene. For three mixed olefin
polymers, the yields of propylene and isobutylene were directly proportional to the
amournt of isobutylene polymerized into the copolymer. Each polymer composition
exhibited a pyrolysis temperature for maximum isobutylene yield. This temperature
increased with the isobutylene content of the polymer.

Pyrolysis chromatograms were found to be virtually identical for a molecular
weight series of pure polyisobutylenes. Fractionated olefin copolymers did show a dis-
tinct increase in isobutylene production from pyrolysis with increasing molecular
weight. This is because the molecular weight of butene copolymers generally increases
with the isobutylene content of the copolymerized mixture.
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OF UNSATURATED FATTY ACID ESTERS THROUGH GAS-LIQUID
CHROMATOGRAPHY ON POLYESTER SUBSTRATES

R. G. ACKMAN anp R. D. BURGHER
Fisheries Research Board of Canada, Technological Station, Halifax, N.S. (Canada)

(Received September 1oth, 1962)

INTRODUCTION

The linear relation obtained when the log retention times for methyl esters of certain
unsaturated fatty acids possessing the same number of double bonds, but different
chain lengths, are plotted against the number of carbon atoms in the fatty acid
chain has been shown!,? to be correlated with the end carbon chain (the number of
carbon atoms from the center of the double bond farthest removed from the carboxyl
group to and including the terminal methy] group*). This relationship may depend on
the contribution made by the end carbon chain to some form of modification of the
vapour pressure, since saturated esters having the same overall chain length display
increasing retention times as either the alcohol or acid moiety is shortened?, and this
correlates with vapour pressure changes known for this type of estert. In octadecenoic
acid esters this also appears to be the case, since as the double bond moves from the
central g-position towards the carboxyl end® or towards the terminal methyl end®.?
the retention time increases. It is therefore instructive to compare the effect of the
end carbon chain with that of what we may call the carboxyl end chain (the number of
carbon atoms from the carboxyl group to the first carbon atom of the first double
bond, inclusive), and to examine the variables which may affect these relationships.

LINEAR 1.OG PLOT RELATIONSHIP

On the basis of the proposed linear relation it would at first appear that the role of
the carboxyl end chain is a neutral one, the addition of two carbon atoms (for pairs
of commonly occurring fatty acids of even chain lengths) contributing the same effect
independently of the actual size of the carboxyl end chain. This appears to be the case
for the range covered by the linearly related pairs with carboxyl end chains as short
as5and 7, or aslongas gand 11, or even 11 and 13 if the unknown listed by FARQUHAR
et al8 with a retention time relative to stearate of 4.38 is the 13,16-docosadienoic ester.
Although for esters of saturated acids the log of properly corrected retention times
when plotted against the number of carbon atoms in the chain usually gives a straight
line over a wide range of chain lengths® 19, there is some indication that for the shorter
chain lengths this line may inflect upwards as the chain length decreases'’;12, In

* One more carbon atom than as originally defined!.
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the latter instance!? the average line for the points representing dodecanoic, tetra-
decanoic and hexadecanoic esters is parallel to the lines joining the unsaturated ester
points, and both converge with the line joining the points for octadecanoic, eicosanoic
and docosanoic esters as the chain length increases. On the other hand in the data of
FARQUHAR ef a8 at three temperatures all the saturated ester points from dodecanoic
to eicosanoic fall on a straight line, while the unsaturated lines and the saturated line
become more convergent as the operating temperature decreases. Depending on
operating conditions, it is therefore possible that the contribution of the carboxyl
end chain may reflect a modification of retention time paralleling that observed with
certain of the shorter chain saturated acids, the precise range of chain lengths and
slope of the line of these acids being influenced by many operating variables. This
could explain why the unsaturated ester lines appear to be parallel to each other as
the range of saturated acids corresponding to the carboxyl end chains is fairly narrow
and therefore would give a nearly linear log plot. Moreover since the linear log plot
usually relates only pairs of acids the error associated with any slight change in the
slope of the log plot of the lower saturated fatty acids will not seriously affect the
apparent parallel linear relationship between such pairs as the carboxyl end chains
vary in length. Unless this range is co-linear with the higher saturated fatty esters
the latter line will not be parallel with the unsaturated acid lines.

SEPARATION FACTORS

In a study of the separation factors of acids of the same chain length three main
types of separation factors have been established!3. In type I separation factors the
end carbon chains are fixed and the separation factors may be grouped on the basis
of the three-carbon ratios of the carboxyl end chains commonly occurring in natural
lipid systems (Table I). These separation factors may not be completely independent
of the length of the end carbon chain, with some indication that as the latter in-
creases, for a given fatty acid chain length, the type I separation factors also increase
for those pairs with the same carboxyl end chain ratio. This also corresponds to fewer
double bonds, but the type II separation factors (see below) indicate that the number
of double bonds should be relatively unimportant.

In comparing the separation factors for the pairs of acids which may be linearly
related by the log plot relationship it is seen that as the fatty acid chain length in-
creases (or the respective carboxyl end chains are each increased) there is some evidence
of diminution in the separation factors, particularly in the case of the more reliable
EGA data. This supports the contention that the magnitude of the carboxyl end
chains may affect the parallel linearity of the log plot relationship.

In addition to the separation factors for the adjacent pairs of acids listed in
Table I very good agreement is observed in those based on pairs differing by two
double bonds but having the same end carbon chains. Thus for a 4/10 carboxyl end
chain ratio the EGA values are 1.21 and 1.22. For the 5/11 carboxyl end chain ratios
the EGA values are 1.24 and 1.24, and the EGS values are 1.31 and 1.31.

In type II separation factors (Table IT) the chain length and carboxyl end chain
are fixed and the separation factors may be grouped on the basis of the end carbon
chain ratios. These factors are of a higher order of magnitude than the type I factors
and correspondingly more accurate. The correlation is very good, independent of the
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TABLE I

TYPE I SEPARATION FACTORS BASED ON THE RATIOS OF CARBOXYL
END CHAINS WITH FIXED FATTY ACID CHAIN LENGTH AND END CARBON CHAINS

Polyester
Carboxyl End ° °
en‘gcz:z%ln Faity acid carbon EGA (197°) EGS (205°)
ratio chain Separation Separation
7180 factor 71801 factor

22:6 4, 7, 10, 13, 16, 19 3 7.75 6.20

417 22:5 7, 10, 13, 16, 19 3 7.00 I.10 5.47 1.13
22:5 4,7,710,13,16 6 6.09 —_

417 22:4 7,I0,13,I6 6 5.50 I.I1 — —
20:5 5,8, 11, 14, 17 3 3.85 3.34

5/8 20:4 8, 11,14, 17 3 3.5I 1.I0 3.05 I.10
20:4 5,8, 11, 14 6 3.04 2.58

5/8 20:3 8, 11, 14 6 2.76 I.10 2.32 I.11
18:4 6,9, 12, I5 3 1.97 1.83

6/9 18:3 9, 12,15 3 1.72 I.14 1.56 1.17
18:3 6,9, 12 6 1.54 1.41

6/9 18:2 9, 12 6 1.34 1.15 1.21 1.17
18:2 6,9 9 I.29 1.18

6/9 18:1 9 9 I.12 1.15 1.00 1.18
16:3 6,9, 12 4 — 0.925

6/9 16:2 9, 12 4 — — 0.773 1.19
16:2 6,9 7 — 0.730

6/9 16:1 9 7 — — 0.612 1.19
225 7, 10, 13, 16, 19 3 7.00 —

7/10 22:4 10,13, 16, 19 3 6.40 1.09 — —
22:4 7, 10,13, I6 6 5.50 —_

7/10 22:3 10, 13, I6 6 5.00 1.10 — —
20:4 8, 11,14, 17 3 3.51 3.05

8/11 20:3 II, 14,17 3 3.10 1.13 2.54 1.20
20:3 8, 11, 14 6 2.76 2.32

8/11 20:2 11, 14 6 2.45 1.13 1.97 1.18
20:2 8, 11 9 2.32 —

8/11 20:1 II 9 2.02 1.15 —_ —_

chain length and number of double bonds, and the types follow closely those found
in naturally occurring lipid mixtures.

The type III separation factors (Table III) are based on pairs of acids with the
same chain length and the same number of double bonds. The correlation between
these factors apparently depends on the respective pairs of acids being linearly
related by the log plot system. The type III factors can be obtained by dividing the
applicable type 1I factor by the appropriate average type I factor (inverting the carboxyl
end chain ratio, but not the numerical value). The most highly centralized systems
of polyethylenic unsaturation have the lowest type III separation factors (c¢f. ref. 14),
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TABLE 1I

TYPE II SEPARATION FACTORS BASED ON THE RATIOS OF END CARBON
CHAINS WITH FIXED FATTY ACID CHAIN LENGTH AND CARBOXYL END CHAINS

Polyesterv
End EGA EGS
Faity acid carbon
chain Separation factors Separation factors
T18%0 LSTH

) 36 o 3o U ss sle el
22:6 4,7,710,13,16,19 3 7.75 6.20
22:5 4,7,7I0,613, 16 6 6.09 1.27 4.04 1.33
22:4 4,7,10,13 9 5.10 1.1g I.52 — —_ —
22:5 7,10, I3, 16, 19 3 7.00 _
22:4 7,I0,13,16 6 5.50 1.27 — —
22:4 I0,I3,I06,19 3 6.40 —
22:3 10,13, 16 6 5.00 1.28 — —_—
20:5 35,8, 11, 14, 17 3 3.85 3-34
20:4 5,8, 11,14 6 3.04 1.27 2.58 1.30
20:3 5,8,IT 9 2.53 1.20 1I.52 2,11 1.22 1.58
20:4 8, II,14,17 3 3.51 3.05
20:3 8,11, 14 6 2.76 1.27 2.32 1.31I
20:2 8, I1 9 2.32 1.19 I.51 — — —
18:4 6,9, 12,15 3 1.97 1.83
18:3 6,9, 12 6 1.54 1.28 I.41 1.30
18:2 6,9 9 I.29 1.19 1.53 1.18 I1.20 1.55
18:3 9, 12, 15 3 1.72 1.56
18:2 9, 12 6 1.34 1.28 1.21 1.29
i18:1 9 o] I.12 I1.19 1I1.54 1.00 1.21 1.56
16:3 6,9, 12 4 — 0.925
16:2 6,9 7 — 0.730 1.27
16:2 9, 12 4 — 0.773
16:1 9 7 — 0.612 1.26

particularly evident in the case of the 6,9- and g,12-octadecadienoates. In this case
although the numerical index ratios of the two types of end chains are the same the
greater influence of the end carbon chains gives the necessary change in volatility to
ensure some separation. It must be presumed that the carboxyl end chain ratio
contribution is reduced in effect by the ester linkage and alcohol moiety.

The gas-liquid chromatography of complex lipid mixtures such as marine oils
is greatly assisted by the use of these separation factors, supplementing in a more
precise way the linear log plot system. Thus a suspected component may be identified
by its various relations to any of several different acids which have been identified.
Alternatively the retention time may be predicted and the location on the chromato-
gram examined for a component. When even less information is available trial and
error procedures including several components may be necessary.

In the tabulated data drawn from that of FARQUHAR ef al.f a number of component
fatty acids (in italics) have been identified through the use of these systematic sepa-
ration factors!3, as well as by the linear log plot relationship?. In addition a few others
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have been listed with the retention time and structure both in italics, indicating
hypothetical acids with predicted retention times. These are included to complement
certain fatty acids of known structure which could not otherwise be included in a
particular table. The excellent correlation of all of these acids and retention times in
the various types of separation factors indicates the reliability of this systematic
approach to fatty acid identification. The data for the EGS polyester are drawn from
a preliminary identification study?? on the component fatty acids of seal blubber and
virtually all of the acids were tentatively identified by both the linear log plot and
separation factors. All the fatty acids employed in the EGS data (Tables, I, IT and III)
have been associated with peaks excepting 6,9-octadecadienoic. An Aerograph A-go
was employed in these studies, still air bath temperature 205°, injection port temper-
ature 250°. Columns were copper tubing, 1/, in. O.D. and 10 ft. in length, packed with
20 % commercial EGS on GC-22 “Super-Support”. Helium at go ml/min was em-
ployed as the carrier gas.

The type I and type III separation factors are particularly susceptible to small
errors in retention time. Thus the data of FARQUHAR et 4l8 giving the temperature
variation of retention time for 9,12,15-octadecatrienoic azid, in comparison for that
for 6,9,12,15-octadecatetraenoic acid, suggests that 1.72 at 197.5° is slightly high,
and a value of 1.70 improves the correlation for all three types of separation factors.
The retention time of 5.10 for 4,7,10,13-docosatetraenoate has bzen adopted instead
of the previous tentative identification!® of this acid with a component with the value
of 5.30, since the latter obviously does not fit the separation factors, and also since
there is reason to believe that this may be a heneicosapentaenoate tentatively identi-
fied in seal oil'2. In the EGS series reasonable correlation is obtained excepting with
the 4,7,10,13,16,19-docosahexaenoate, for which it is difficult to determine a retention
time accurately owing to limitations of the apparatus. A value of 6.10 for the re-
tention time of this ester would give very satisfactory results with all three types of
separation factors.

The above data are all based on the normally occurring fatty acids related to
g-hexadecenoic, g-octadecenoic, 11-eicosenoic and 13-docosenoic acids. An opportunity
to extend this to other C,; monoethylenic acids and acids related to the latter is
provided by some hitherto unpublished information? provided through the courtesy
of Dr. C. R. ScHOLFIELD. The relative retention times in Table I'V represent composite

TABLE IV

TYPE 1 AND TYPE II SEPARATION FACTORS FOR FATTY ACIDS
RELATED TO g-, I2- AND I5-OCTADECENOIC ACIDS ON AN EGS POLYESTER

Twpe 1 Type I1
Fatty acid Szparation factors Fatty acid Scparation factors
LETRY LETIEY
9ltz  12[15  ol15 3/6 6/9 3lo
18:3 9,12, I5 I.7I 18:3 9, 12,15 I.7I
18:2 12,15 1.43 1.20 18:2 9, 12 1.28 1.34
18:1 I5 I.10 1.30 1.56 18:.1 9 1.00 1.28 1.71
18:2 9,12 1.28 18:2 12,15 1.43
18:1 12 1.04 1.23 18:1 12 1.04 1.37
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data from different analyses on an EGS polyester and therefore must be regarded as
only approximately correct, but general agreement is indicated between the pairs
in the type I and type II factors, while the type III separation factor for the g,12-
and 12,15-0octadecadienes calculated from the average of each (1.12) agrees with the
value found from the retention times (1.12). Although no direct comparison may be
made, this type III separation factor is much higher than the corresponding factor
(Table III) obtained on EGS polyester for the highly centralized 6,9- and g,12-octa-
decadienes, agreeing with the view that the most highly centralized unsaturated fatty
acid ester structures have the shortest retention time and the lowest type 111 separation
factors.

VARIABLES AFFECTING SEPARATION FACTORS

In general the separation factors between unsaturated fatty acids are improved
slightly by a reduction in operating temperatures. This conclusion is based on the
temperature dependent data listed by FARQUHAR eéf /.8 and other work!5 (see Table V).

TABLE V

COMPARISON OF TYPE II SEPARATION FACTOR PROPORTIONS OBTAINED BY DIFFERENT AUTHORS

Separation factors Wash

Temp. Polyester % Support Mesh  ~—————  Gas Ref.
3l9 3/6 6lg Acid  Base
I.45 I.22 1.18 205 BDS 5 Celite 545 40-60 Yes No He 16
1.45 1I.24 1.17 203 DEGS 20 Celite 545 60-80 Yes No He 17
1.46 1.24 1.18 205 EGS 5 Chromosorb W 40-60 He 16
1.46 1.23 1.18 203 DEGS 20 Celite 545 60-80 Yes Yes He 18
1.48 1.26 1.18 221 I.AC-2R-446 25 Chromosorb W 30-60 He 19
1.48 1.24 1.19 200 Reoplex 400 30 Celite 545 60-80 Yes Yes He o
1.49 1.24 1I1I.20 205 BDS 7 Chromosorb W 40-60 He 16
1.50 1.26 1.19 197 Reoplex 400 18 Celite 545 100~120 Yes Yes Ar 8
1.52 I1.27 I.20 177 EGA 2.3 Embacel 60—100 Ar 20
1.52 I1.27 l.20 196 EGA 15 Chromosorb W 8o-Io00 Ar 14
1.53 1.26 1.21 205 EGS 20 GC-22 60-80 He 12
1.54 1.28 1.20 197 DEGS 20 Chromosorb 35-80 He 11
1.54 1.28 1.20 197 EGA 18 Celite 545 100-120 Yes Yes Ar 8
1.54 1.28 1.20 184 EGA 18 Celite 545 100-120 Yes Yes Ar 8
1.57 .30 1I.21 173 EGA 18 Celite 545 100-120 Yes Yes Ar 8
1.58 1.31 1.21 193 LAC-2R-728 30 Chromosorb 48-65 Ar 21
1.58 1.29 1.23 200 DEGS 20 Celite 545 48-85 Yes Yes H 10
1.50 1.30 1.22 180 EGA 25 Celite 545 100~210 Ar 5
1.60 1.30 1.22 200 DEGS 20 GC-22 60-80 He 15
1.64 1.33 1I.24 180 DEGS 20 GC-22 60-80 He 13

This is the reverse of the usual criterion of the efficiency of polyester substrates, the
separation of the corresponding saturated and monounsaturated acid esters, which
normally improves as the operating temperature is increased.

The type II separation factors are independent of carrier gas flow ratel® 16 but
for a particular polyester on a particular support the variation with the ratio of
support to substrate is an important factor in most cases?®. This is shown in Fig. 1
where it is apparent that for the typz II 3/g separation factor, under otherwise
identical conditions, a BDS polyester is less sensitive to concentration change on
Chromosorb W than on C-22 firebrick, and on both is less sensitive to change than is
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EGS polyester. The other type II separation factors appear to be roughly proportional
to the 3/9 ratio factor.

An attempt was made to determine the general influence of operational variables
on the type Il separation factors by surveying the literature separations reported for
the series g-octadecenoate, g,12-octadecadienoate, and g,12,15-octadecatrienoate
(Table V). Since the 3/g end carbon chain ratio has the largest numerical value the

1.6l
15
14 L
L3L BDS EGS
« Cc-22 C-22
o 1.2
5osl
<{
L.
a WL
53]
[75)
16|
[22]
»
15 L f/a/o—‘*\—c
1.4 L (/
13 L B8DS EGS
CHROM. CHROM.,
1.2 1 ' oW L ) “W

05 10 5 20 0 5 0 15 20
% POLYESTER

Fig. 1. Variation of type Il separation factors (3/9 end carbon chain ratio) with concentration of
polyester for different polyesters and supports.

results have been arranged in order of increase of this value. The dependent values for
3/6 and 6/9 end carbon chain ratios seem to increase in proportion, and when plotted
an apparently linear relation is obtained (Fig. 2). Owing to the scale needed to express
the small quantities involved there is considerable scatter of points, especially for the
6/9 values, but the 3/6 values are moderately consistent. It is very difficult to assess
the merits of the data chosen, since there is little indication in the literature in many
cases of whether the data are based on corrected or adjusted retention times, or
whether the retention times were determined by the frontal tangent or half-base
width systems, or by the less desirable method of dropping a perpendicular from the
peak top. However, where several groups of ratios are taken from the data of one
author®: 15,18 the agreement with the plotted lines is very good. In general, however, it
appears that there is no general correlation in terms of polyester, percentage poly-
ester, support, support size, temperature or carrier gas. In the absence of any cor-
relating factor, the graph might be used as an approximate guide to determine any
two of the separation factors if the other is known, but this should be restricted to
the range of values plotted, since it has not been shown that a true linear relation
exists and extrapolation would be dangerous.
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Fig. 2. Plot of data (Table V) relating type 1I separation factors for methyl 9-octadecenoate,
9,12-octadecadienoate and 9,12,15-octadecatrienoate.

The above discussion applies only to the type II separation factors, but clearly shows
that the complex interchange of variables, while affecting the magnitude of these
separation factors, has a lesser effect on the proportional differences between sep-
aration factors of this type. This is in agreement with the proposed source of this
particular relationship, that of differences in volatility induced by the size of the end
carbon chain. The latter should not be influenced by polarity of the support for
example, yet this would have some effect on the carboxyl end chain, hence modifying
the relationship between the carboxyl end chain and the end carbon chain. This
would affect the magnitude of the type Il separation factors, but would not necessarily
have a serious effect on the proportional differences which are due solely to the end
carbon chains.

It is therefore probable that derivatives of the unsaturated acids produced by
modifying the carboxyl group will have the same type II separation factors as the
corresponding methyl esters analysed on the identical column. The data for such a
comparison are not immediately available, but the separation factors for the dimethyl
acetals of the aldehydes corresponding to g-octadecenoic, 9,12-octadecadienoic and
9,12,15-octadecatrienoic acids?, respectively 1.25, 1.19 and 1.50 for end carbon chain
ratios of 3/6, 6/g, and 3/9, fit the plot (Fig. 2) derived from methyl esters very well.
Moreover the separation factor for g,12-octadecadienyl acetate and g-octadecenyl
acetate® on EGA at 184.8° is 1.21, the same as the value reported by the same
author® for the corresponding methyl esters on EGA at 184.5° under presumably
comparable conditions,

Considering the three types of separation factors in general as applied to fatty
acid ester separations, it is obvious that improvement in one separation between par-
ticular acids may hinder separation in other cases. Thus the type I and type II sepa-
rations are obviously slightly better with the EGS polyester on GC-22 (Tables I and II),
but the type III separations (Table IIT) for certain critical pairs such as the 6,9- and
9.12-octadecadienoates are apparently superior with the EGA polyester on Celite 545.
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SUMMARY

Systematic separation factors may be established among various unsaturated fatty
acid methyl esters analysed by gas-liquid chromatography on polyester substrates.
These are apparently dependent on differences in the magnitude of the carboxyl end
chain and end carbon chain parts of the fatty acid chain.
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LINEAR ELUTION ADSORPTION CHROMATOGRAPHY
V. SILICA AS ADSORBENT. ADSORBENT STANDARDIZATION
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Union Oil Company of California, Union Reseavch Center,
Brea, Calif. (U.S.4.)

(Received October 29th, 1962)

INTRODUCTION

Silica (virtually synonymous with silica gel, silicic acid®-2) has probably been used
more frequently in liquid-adsorption chromatographic separation than any other
single adsorbent. Its properties as an adsorbent and the mechanism whereby it
functions in this capacity form the subject of an extensive literature?. As early as
1950 TRUEBLOOD AND MALMBERG? noted that many chromatographic systems em-
ploying silicic acid as adsorbent show linearity in the adsorption isotherm over a
wide range of solute concentrations. Despite this observation and the general rec-
ognition® 5 of the desirability of restricting systematic studies of the chromato-
graphic process to linear isotherm systems, the only systematic study of linear ad-
sorption on silica to date is that of SPORER AND TRUEBLoOOD! for a silicic acid—celite
mixture. This investigation was limited to the effect of solute molecular structure on
separation, only one cluent (benzene) and one adsorbent activity being used.

Parts IT-IVé-8 in this series of papers have presented a physical model of linear
elution adsorption chromatography (LEAC) on alumina, and have related adsorption
affinity or solute linear retention volumes, R°, to solute molecular structure, eluent
type, and adsorbent activity through the correlational eqn. (1):

1 i£k 3 1
log B° = log Va + « [ 0% — Q%) 2 0% + 3¢% — e 26i) (1)

V4 and o are adsorbent parameters; V, is proportional to the surface area of the ad-
sorbent, and « is a measure of the average strength of adsorbent sites. £° is an eluent

1

parameter, increasing in value for more strongly adsorbing solvents. X §; is propor-
tional to the size or area of the solute, X Q° is the sum of the adsorption energies

Q°¢ of individual solute groups ¢, é ¢°; includes the effect of various solute geometries
ik

7 which influence adsorption, and the term f(Q°) X Q°; arises from the localization

of a strong solute group % on a particular adsorbent site.

The general chemical and physical similarity of the adsorbents alumina and
silica, as well as the considerable practical interest and theoretical background
associated with the latter adsorbent, make silica a logical choice for study in the
context of our preceding work on alumina. The present communication represents a
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preliminary effort at the understanding of the factors which determine adsorption
affinity on silica, with special emphasis on the similarities and differences in the
adsorptive properties of it and alumina.

EXPERIMENTAL

The acquisition of experimental LEAC retention volume data (R° values in ml/g) was
carried out as described in Part III7 for alumina. Davison Code Number 12 and 62
silica gels were used as adsorbents. The manufacturer’s product was first calcined at
400° for 16 h, following which adsorbent samples of varying activity were prepared
by adding liquid water to the calcined material and permitting it to equilibrate for
at least 24 h. KLEIN® has suggested that the addition of liquid water rather than water
vapor may have an adverse effect upon the separation efficiency (z.e., HETP) of
deactivated silica. While this may be a consideration in the preparation of adsorbent
for practical separations, KLEIN’S data do not show any significant differences in
adsorption affinity (i.e., R® values) arising from the method of adsorbent preparation.
In related studies on alumina, we find the adsorptive properties of deactivated
aluminas to be independent of the method of adding water. The purification of solutes
and eluents has been previously described in Part ITS.

Table T gives some of the physical properties of the two silica samples used in
the present study. These figures include our values on calcined adsorbent and data
for the original adsorbents from the manufacturer’s specifications and from the study
by KLEIN® of the same two adsorbents. The thermal processing of silica at tempera-
tures above 300° has been shown!! to reduce surface area (through sintering) and,
eventually, to destroy adsorptive properties?. Little if any surface area appears to
have been lost in the two calcined samples of Table I.

TABLE 1

PHYSICAL PROPERTIES OF ADSORBENTS USED IN PRESENT STUDY

Surface area Average
Adsorbent (BET) Pore volume pore diameter
(m*(g) (mlfg)

Davison Code No. 12

calcined 400° 778 0.40 20
original manufacturer 830 0.45 22
Klein 803 0.41 20

Davison Code No. 62

calcined 400° 287 1.28 178
original manufacturer 340 1.16 140
Klein 274 1.16 170

The equivalence of LEAC retention volume data and equilibrium distribution
coefficients has been demonstrated for alumina as adsorbent$. A similar comparison
of equilibrium and chromatographic data for Code 12 silica deactivated with 4.6 %
added water is given in Table II. The linearity of both equilibrium and chromato-
graphic systems is evident, but the chromatographic retention volumes are lower
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TABLE 1I

EQUILIBRIUM SOLUTE DISTRIBUTION COEFFICIENTS AND CHROMATOGRAPHIC EQUIVALENT RETENTION
VOLUMES AS A FUNCTION OF SOLUTE CONCENTRATIONS FOR THE SYSTEM
NAPHTHALENE (SOLUTE)-#-PENTANE—CODE I2 4.6 % H,0-Si0O,

Equilibrium data Chromatographic data
Solute concentrations
K Column loading R
Non-sorbed phase  Adsorbed phase (mlfg) (g/g) X 10° (mifg)
(g/ml} x ro® (glg) % ro®
161 459 8.2 620 7.8
52.5 153 8.4 263 8.0
4 38.0 8.3 240 7.9
5.36 15.3 8.4 68 7.7
I.32 3.82 8.5 31 7.7
Average 8.4 8 7.8
Average 7.8

than the equilibrium coefficients by 7 %. As seen in Table III for several other sys-
tems, this phenomenon is rather general. The magnitude of the discrepancy will not
seriously affect the significance or the interpretation of the chromatographic data
we will describe. It will be shown in a forthcoming publication that the differences in
chromatographic and equilibrium K° values for Code 12 silica result partially from
the smaller equivalent theoretical plate numbers associated with columns of this ad-
sorbent. Using silicic acid of unspecified pore diameter, SPORER AND TRUEBLOOD?
observed equivalence of chromatographic and equilibrium data at flow rates of
0.1~0.2 ml/min. For columns of similar diameter, our flow rates were considerably
larger, 2—5 ml/min for experimental convenience.

An additional experimental difference between adsorption on alumina and silica
was noted in the present study. The elution of solutes containing basic nitrogen
from silica results in incomplete recovery of sample from the column. The effect is
most pronounced at small column loadings, and in some cases no sample elutes from a
column from which elution occurs readily (but with incomplete recovery) at higher
sample concentrations. Table IV presents some equilibrium isotherm data for the
adsorption of aniline from benzene onto 16 %, H,0-SiO, (Code 12). The equilibrium
distribution coefficients K show a singular dependence upon solute concentration.
Some of these adsorption data are plotted (adsorbed wersus solution concentrations)

TABLE 111

COMPARISON OF EQUILIBRIUM LINEAR DISTRIBUTION COEFFICIENTS WITH LINEAR EQUIVALENT
RETENTION VOLUMES FOR SEVERAL ADSORPTION SYSTEMS; CODE 12 SILICA

Solute oo 0 Eluent R K° RO[K®
Naphthalene 4.6 Pentane 7.8 8.4 0.93
Dibenzyl 4.6 Pentane 27.5 34.6 0.79
Phenanthrene 4.6 Pentane 16.2 17.6 0.92
Naphthalene 8.0 Pentane 4.8 5.3 0.91

* Chromatographic activity.

J. Chvomaltog., 11 (1963) 195~227



198 L. R. SNYDER

TABLE 1V

EQUILIBRIUM SOLUTE DISTRIBUTION COEFFICIENTS AS A FUNCTION OF SOLUTE CONCENTRATION
FOR THE SYSTEM ANILINE (SOLUTE)-BENZENE-CODE I2 16 % H,0-5i0,

Solute concentrations

K K’

Non-sorbzd phase Adsorbed phase T 7/
(g/ml} X 10® (g/ml} X 10t (mije) (mile)
0.0 29 290 —

0.5 73 146 —

4.5 220 49 -

22.9 536 23.4 8.8
37.5 694 18.5 9.2
222 2370 10.7 9.1
519 4830 9.3 8.6
1030 9510 9.2 8.9
2270 17200 7.6 7.4
2760 20000 7-3 7.1
4470 27700 6.2 6.1
9900 44500 4.5 4-5
16400 57800 3.5 3.5

in Fig. 1, and it is noted that the straight line through the values at high aniline con-
centrations intersects the vertical axis at a concentration corresponding to 350-107¢ g
aniline/g of adsorbent, rather than passing through the origin as in “normal” ad-
sorption. It is believed that this behavior reflects the presence of a small number of
sites on the silica surface (probably strong acid groups) upon which chemisorption
(or very strong physical adsorption) can occur. If the extrapolated value of aniline
uptake by the adsorbent at zero solution concentration is assumed to correspond to
the concentration of these chemisorption sites in terms of their capacity for aniline,
‘“normal” adsorption of this solute on silica can be calculated by subtracting 350-10-8
g/g from the totaladsorbed phase concentrations. Distribution coefficients X' corrected

1 I 1

2 4 6 8 10
104 Xs g/ml
Fig. 1. Equilibrium adsorption data for aniline (solute), benzene (eluent), and 169 Code 12
H,0-Si0,.

in this manner for chemisorption are listed in Table IV, and are seen to show a rather
normal dependence upon adsorbent loading. For adsorbent loadings less than o.01 g/g,
values of K’ are constant (linear) within experimental error, and for greater adsorbent
loadings the values of K’ decline as for other systems with a linear capacity® of about
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0.01 g/g. The occurrence of chemisorption during a chromatographic elution should
theoretically have little, if any, effect upon the “normal” adsorption and elution
of the solute in excess of that chemisorbed. In confirmation of this expectation in
the system of Table IV, R° for aniline eluted by benzene from 16 % H,0-SiO,
(Code 12) was found equal to 10.0 ml/g, within experimental error of the corrected
linear distribution coefficient K’ (8.9 ml/g).

Although the effects of chemisorption in chromatographic systems may be
unimportant in theoretical studies such as the present, chemisorption seriously
limits the usefulness of an adsorbent in practical separations of chemisorbed species.
Chemisorbed substances will normally be smeared over the entire column, rather
than concentrated in the usual narrow elution band. Under such circumstanccs, it is
also possible for the same solute to give two apparently distinct and widely separated
elution bands if after collection of the physically adsorbed solute (in a normal elution
band) and several intermediate fractions, a new eluent sufficiently strong to displace
the chemisorbed solute is used.

The experimental measurement of large retention volumes (R° > 100) is frequent-
ly tedious and time consuming, while the pronounced spreading of the elution band
in such cases makes the detection of solute in the eluate impossible in some cases.
If the retention volume (R°;) is desired for eluent 1 and a particular adsorbent, and
it is anticipated that R°, will be inconveniently large, the quantity may be obtained
indirectly as follows. Assume the measurement of a retention volume of convenient
size for the same solute and adsorbent, but using a stronger eluent 2. R°, should be
larger than 5 ml/g. Finally, charge the solute to its column in the usual manner, and
elute with some volume V, (ml/g) of eluent 1, where V, is less than R°;. This will
cause the movement of the solute a fractional distance (V,/R°,) up the column.
Then change eluents from 1 to 2, cleaning eluent 1 out of the lines to the column, and
elute with eluent 2 to determine a new retention volume R’, for this eluent. R, is
now given as:

R% = (V1R%)/(R°% — R'?) (2)

Eqn. (2) and the related technique have been used to advantage on several occasions
in the present study.

THE PREDICTION OF LEAC RETENTION VOLUME DATA

Relative to the adsorbent alumina, chromatographic separation oversilicais character-
ized by both pronounced similarities and differences. It is shown in the following
sections that eqn. (1) for alumina as adsorbent must be modified when silica is used,
because of fundamental differences in the mode of adsorption on these two adsorbents.
Eqn. (3) predicts LEAC solute retention volumes on silica:

i ; i
log R° = log Vo + ¢ {X Q% —0.113 (n — 6 7) + 2¢% — & 2[& + 14.57 (Q°)]} (3)
Here, V, and « have the same significance as in eqn. (1) for alumina. As illustrated by
the data of Table I, commercial samples of silica come in a wide range of surface areas.

This generally necessitates the consideration of both adsorbent surface volume ¥V,
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and surface energy « in the standardization of adsorbent, as discussed in some detail
in a following section. For a particular grade of adsorbent, where the surface area
and hence V, are reasonably constant, a single measurement of R° for a standard
solute (e.g., naphthalene) eluted by a standard solvent {e.g., pentane) suffices to
determine both V, and &«. While both V, and « are independently variable for alumina
as well as silica, the latter procedure was used (Part II%) for the standardization of
Alcoa F-20 alumina. Table V offers a similar tabulation of values of V,, «, and the

TABLE V

CODE I2 SILICA GEL ACTIVITY FUNCTION AND ADSORBED VOLUME AS A FUNCTION
OF PERCENT ADSORBED WATER

L . Adsorbed volume Standard solute retention volume*
o . Activity function
% H,0-Si0, ]
Va logVg Re(mifg) RV,
0.0 1.00 0.30 —o0.52 32 107
1.0 0.94 0.29 —0.54 21 72
2.0 0.85 0.28 —0.55 14 50
4.0 0.75 0.26 —o0.58 9.0 35
7.5 0.68 0.22 —0.65 5.1 23
10.0 0.64 0.20 —0.70 4.0 20
15.0 0.61 0.15 —o0.82 2.6 17
20.0 0.58 0.10 ~—1.00 1.5 Is5

* Elution of naphthalene by pentane.

standard solute R° value for samples of Davison Code 12 silica of varying water
content. For this particular adsorbent, activity standardization and the determination
of V4 and a values are carried out exactly as for Alcoa F-20 alumina in Part II.

For other silica samples (generally of lower surface area than Davison Code 12),
V4 is given by eqn. (4), which is theoretically justified in a latter section.

V4 = 0.00035 (surface area of calcined adsorbent in m2/g)

— o.01 (% water added to calcined sample) (4)

The standard R° value (for naphthalene, pentane) is obtained, and the ratio (R°/V)
calculated. The adsorbent surface energy o may be interpolated from the second and
fifth columns of Table V.

The term X Q° of eqn. (3) plays the same role as in eqn. (1), and in general has
virtually the same value. Table VI lists some specific experimental Q° values for
silica. For the adsorption of other solute groups ¢ on silica, the alumina Q°; values of
Part I'V® are believed interchangeable with an accuracy of 4-20 %. If the Q° values
of Table VI are compared with previous values for alumina in the case of aliphatic
carbon groups, it is seen that these latter values for silica include the ¢°; terms for
substitution on aromatic carbon, terms that were reported separately for alumina
in Part IIS. Similarly, a distinction is now made between methyl aliphatic carbon
groups, and other saturated carbon atoms. These changes in classification are made
for purposes of convenience and consistency.

J. Chromatog., 11 (1963) 195-227



LINEAR ELUTION ADSORPTION CHROMATOGRAPHY. V. 201

The term 0.113 (n — 67) of eqn. (3) is used only for solutes possessing aromatic
ring systems. 7 refers to the number of such uncondensed ring systems (e.g., one in
benzene, naphthalene, two in dibenzyl), while » is the total number of unsaturated
carbon atoms in the solute.

TABLE VI

SOLUTE GROUP ADSORPTION FACTORS Qoi FOR SILICA AS ADSORBENT

Attachment
Group
Aromatic carbon  Aliphatic carbon
—-CH,-, -CH -+ 0.01 —0.05
-CH, +o0.13 +o0.07
-CH= +0.25 +4-0.25
-S-R +1.29 +2.94
-O-R +1.83
-NO, +2.77
—CO,-R +3.45
-CHO (3.9)"
-CO-R +4.69
-OH (42)" (5.6)
~NH, + 5.1 (7.8)
—~NH- (carbazole) + 3.00
~-COOH (6.1)"

* Estimated values from data of SPORER AND TRUEBLOOD! (see following section).

The term X ¢°; of eqn. (3) is equivalent to the same term in eqn. (1), and it is
assumed that its value is in general comparable for both adsorbents.

‘The eluent term &° X [6: + 14.6 f{Q°)] of eqn. (3) is quite similar to the term

£° X §; for alumina {eqn. (1)). This is more readily seen if we equate the term [d; + 14.6
f(Q°) ] for each solute group 7 to an effective solute group area d;, comparable to d;.
Values of the eluent strength parameter ¢° have been measured for three pure solvents
(in addition to pentane), and these values are given in Table VII. As shown, these

TABLE VII

ELUENT PARAMETERS FOR ADSORPTION ON SILICA

£°

Solvent
S0, ALO,
n-Pentane 0,000 0.000
Carbon tetrachloride o.1r”* 0.18
Benzene 0.25 0.32
Methylene chloride 0.32 0.42

* Approximate value for limited data on CCl,—pentane binaries and Code 12 silica; pure CCl,
does not have a unique value of £° for elution from Code 12 silica.

values are in general slightly lower than the corresponding alumina &£° values, but it is
not known if this effect is general. Values of ¢° for several binary solvents were also

measured, and it was found that the previous relationship for alumina (eqn. (2) of
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Part III") between pure solvent ¢° values and the ¢° values of binaries holds for silica
as well:

a ny (6°p — £°4)
log [Xg 10 +1—Xp
&%4p = %4 + p— ! (5)
b

K2
nyp refers to the value of X §; for the stronger solvent B. ¢°4 and ¢°p are the eluent
strengths of eluents A and B, respectively. &°4p is the corresponding value of the
resulting binary eluent.

The values of ¢; in eqn. {3) are the same as previously tabulated values for
alumina (Part IIT7). The increase in the effective size §’; of these groups on silica is due
to a localization phenomenon, and the localization function f(°;) for silica is the
same as the corresponding function f(Q°) described in Part IV® for alumina.

As is the case for eqn. (1) and adsorption on alumina, the application of eqn. (3)
has varying levels of accuracy according to what is calculated. For example, eqn. (3),
or (1) for alumina, may be re-written to predict the effect of adsorbent activity change
on retention volume:

log R® = log Vy + (S, E) (6)

The term (S, E) is readily identified with the solute and eluent terms of eqns. (1) and
(3), and is hence constant for a particular solute, eluent combination. Measurement of a
solute retention volume using an adsorbent sample of defined activity (V4 and «

known) permits the calculation of (S, E) from eqn. (6), following which R° for the
same solute and eluent can be calculated for any other adsorbent whose values of
V4 and « are specified. The accuracy of eqn. (6) is generally greater than for eqn. (3),
as expected from its greater simplicity. It should also be noted that while eqn. (6)
applies to elution from both alumina and silica, the value of the parameter (S, E)
will be different for the two adsorbents.

The effect on solute retention volume of changing both adsorbent activity and
eluent type is given by eqn. (7):

®
log R° = log Vg + « (5° — &° 264) (7)
where for alumina,
8 = 0;
and for silica,
8" = 6 + 14.5 F(Q%)

The solute parameter S° is measurable from a single value of R° using any adsorbent-
eluent combination. It is assumed that the adsorbent and cluent parameters have been
evaluated for the combination in question. Values of R® for the same solute and any
other adsorbent—eluent combination can then be calculated from eqn. (7). The ac-
curacy of eqn. (7) is intermediate between that of eqns. (3) and (6). The following para-
graphs provide some examples of the applications of these correlational equations in
predicting R° values for silica as adsorbent, and through comparison with experimen-
tal data give some insight into the accuracy associated with each type of calculation.

The first example demonstrates the application of eqn. (6) to the prediction of
R° values for different adsorbent activities. Consider the elution of the hydrocarbon
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acenaphthylene by #n-pentane from a variety of silica adsorbents. It is assumed that
for the large surface area Davison Code 12 (D-12) silica samples an effective rather
than “nominal” (% water actually added to calcined adsorbent) water content has
been chromatographically measured, using the standard solute retention volume data
of Table V (same procedure as for alumina in Parts IT-IV¢-#). Further assume that R°
has been measured for acenaphthylene eluted by pentane from D-12 4.6 % H,0-SiO,
(actual value of log R° found equals 1.10). It is desired to predict log R°® for the pen-
tane elution of acenaphthylene from three other adsorbent samples: (a) D-12 1.0 %
H,0-Si0,, (b) D-12 8.0 % H,0-5i0,, and (c¢) Davison Code 62 (D-62) silica which
has had 1 % water added to calcined adsorbent. It is necessary first to calculate the
value of the parameter (S, E) in eqn. (6) for the elution of acenaphthylene by pentane.
From the experimental value of R° for the D-12 4.6 %, H,0-SiO,, we have:

I.I0 = — 0.59 + 0.74 (S, E)

since log V4 and « are, respectively, —o0.59 and 0.74 from Table V. From this, (S, E)
is calculated at 2.28. Similarly, values of log 7, and « for adsorbents (a) and (b) may
also be obtained fromTable V, and log R° for the elution of acenaphthylene by pentane
from these two adsorbents calculated from eqn. (6).

Adsorbent logV, [ Calc. log R°
(a) 1.09% D-12 ~—0.54 0.94 1.60
(b) 8.09% D-12 —0.66 0.67 0.87

The experimental values found were (a) 1.56 and (b) 0.88. For the D-62 1 %, H,0-Si0,,
the surface area of the calcined adsorbent is 287 m?/g, and V, is calculated as 0.09o
from eqn. (4). R° for the standard solute (naphthalene—pentane) elution was found
equal to 2.6, so that (R°/V,) is 29. « is interpolated as 0.715 in Table V. Finally, from
eqn. (6) for this adsorbent,

log R° = — 1.05 + 0.715 (2.28) = 0.58

An experimental value of 0.56 was found.

In a second application of eqn. (6), consider the elution of the solute phenetole
(ethoxybenzene) by n-pentane from a number of different silica samples. Assume
that an experimental value of R° is available for the elution of phenetole by pentane
from D-12 6.9 % H,0-Si0O, (log R° equal 1.66), and that values of R° are desired for
the adsorbents (a) D-12 4.6 % H,0-Si0,, (b) D-12 16.0 % H,0-Si0,, and (c) D-62 1 %

Adsorbent logV, a Calc. log R°
D-126.99% H,0-8i0, —o0.64 0.69 (S, E) equal 3.33
(a) D-12 4.6%  -—o0.53 0.74 1.93
(b) D-12 16 %, —o0.86 0.60 I.I4
fc) D-62 19, —1.05 0.715 1.33
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H,0-5i0, (the adsorbent used in the preceding example). Values of log V4 and « for
these four adsorbents may again be obtained as in the preceding example, a value of

(S, E) calculated, and values of log R° predicted for the latter three adsorbents.
The experimental values of log R°® observed for adsorbents (a~c) were, respectively,
1.92, 1.13 and I.46.

A third example illustrates the application of eqn. (7) in predicting the effect of
both eluent and adsorbent activity change on R°. Consider the elution of the solute
methyl benzoate by a variety of eluents from three adsorbents: (a) D-12 1.6 %
H,0-8i0,, (b) D-12 16 % H,0-SiO,, and (c) the same D-62 1 % H,0-SiO, of preced-
ing examples. Assume that an experimental R° value for methyl benzoate has been
measured for the elution by pentane from D-12 16 % H,0-SiO, (log R° equal 2.24). It
is desired to calculate R® in the following chromatographic systems (I-V).

System Adsorbent Eluent logV, « e°
— (b) D-12 169, n-Pentane —o0.86 0.60 0.00
I {a) D-12 1.69, 509% v Benzene-pentane —o0.55 0.89 0.207
11 (b) D-12 16 9, 109%, v Benzene—pentane —o0.86 0.60 0.077
ITI (b) D-12 16 %, 259, v Benzene—pentane —o0.86 0.60 0.137
v (b) D-12 16 %, Benzene —0.86 0.60 0.250
v (c}) D-62 19 n-Pentane —1I.05 0.715 0.000

Values of log V4, and « for each chromatographic system are listed, as previously. The
€° values for the pure eluents are those of Table VII. For the binary eluents, eqn. (5)

was used to evaluate €°. It is first necessary to calculate £ §; for methyl benzoate.
The value of §; for each aromatic carbon atom in thissoluteis 1.0, and for the -CO,CH,
group, 3.0, from Part III7. f(Q°%) from Part IV3is 0.00 for the aromatic carbon atoms
(Q°; equal 0.25 from Table VI). Similarly, f(Q°) is 0.43 for the ester group (Q°; equal
3.45). d; is therefore 1.0 for each aromatic carbon atom in methyl benzoate, and

(3 + 14.5 X 0.41) or 8.9 for the ester group. The sum of these contributions to % §;
equals 14.9. The solute parameter S° is calculated for methyl benzoate from the ex-
perimental R° value for this solute, using eqn. (7):

2.24 = — 0.86 + 0.60 [§5° — (0.00 X 14.9)]

or S5° equals 5.17. Values of R° can be calculated for each of the above chromato-
graphic systems I-V.

(I) log R® = —0.55 + 0.89 [5.17 — (0.207 X 14.9)]
= I.3I

The experimental value was 1.33.

(II) log R°® = —0.86 + 0.60 [5.17 — 10.077 X 14.9)]

= 155

The experimental value was 1.52.
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(III) log R® = —0.86 + 0.60 [5.17 — (0.I37 X 14.9)]
= 1.02

The experimental value was 1.04.

IV) log R°® == —0.86 + 0.60 [5.17 — (0.25 X 14.9)]

= 0.00

The experimental value was —o.08.

(V) log R° = —1.05 + 0.715[5.17 — (0.00 X 14.9)]
= 2.65

The experimental value was 2.34.
The - following five examples will illustrate the calculation of R° values from
eqn. (3). First, consider the elution of #-butylbenzene by pentane from D-12 1.0 %

H,0-5i0,. Log V, and & are —o0.54 and 0.94, respectively. % Q°; is the sum of contri-
butions from six aromatic carbon atoms (6 X 0.25), one methylene carbon attached
to an aromatic ring (1 X 0.01), two methylene groups attached to aliphatic carbon
[z X (—o0.05)], and one methyl group attached to aliphatic carbon (0.07) for a total
of 1.48. The number of aromatic carbon atoms (%) is six, and the number of aromatic

J
rings () equals one. No specific geometry terms are known for this solute, so X ¢°;
equals zero. Finally, the eluent strength ¢° for pentane equals zero and

log R°

I

—o0.54 4+ 0.94 [1.48 —0.113( 6 —6 ) 4+ 0 — 0]
= 0.85

The experimental value was 0.86.

Second, consider the elution of phenanthrene by pentane from D-62 1 % H,0-
SiO,. Log V4 and o for this adsorbent (which is the same as in previous examples) are
—1.05 and 0.7153, respectively. Fourteen aromatic carbon atoms make a total contri-

bution to X Q°% of 3.50, and # equals 14. There is only one uncondensed ring system
(v equal 1). There are no geometry terms ¢°;, and the eluent parameter is again zero.
Therefore,

log R° = —1.05 + 0.715 [3.50 — 0.113 (14 — 6 ) 4+ 0 — 0]
= 0.81

The experimental value was 0.70.
Third, to calculate R° for the elution of 1,2-diphenylethane (dibenzyl) from D-12
8.0 % H,0-Si0, by pentane. The values of log V4 and « are —0.66 and 0.67, respec-

tively. 2 Q°; is the sum of contributions from 12 aromatic carbon atoms (12 X 0.25)

and two methylene groups attached to aromatic rings (2 X 0.01), for a total of 3.02.
i
The values of # and r are 12 and 2, respectively. X ¢°; and ¢° are zero, so
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log R°® = —0.66 + 0.67 [3.02 — 0.113 (12 — I2) -+ 0 — O]
= 1.36

The experimental value was 1.30.
Fourth, consider the elution of 1,2,4-tricarbomethoxybenzene from D-12 16 %
H,0-5i0, by methylene chloride. The values of log V', and « are —0.86 and 0.60,

respectively. The contributions to X Q°; include 6 aromatic carbon atoms (6 X 0.25)
and three aromatic ester groups (3 X 3.45) for a total of 11.85. » and » are 6 and 1,
respectively. An orfho ester grouping contributes a ¢° value of 0.48 (Table III,
Part IV8), and £° is equal to 0.32 (Table VII). The §; values of aromatic carbon and
—~CO,CH; groups are 1.0 and 3.0, as before. The localization functions f(Q°%) for these
two groups are 0.00 and 0.41, respectively. Therefore,

log R° = —0.86 + 0.60 {11.85 —0.113 (6 —6) + 0.48 —0.32 [6 4+ 3 (3 + I4.5 X 0.4I)]}

= 0.24

The experimental value was 0.30.
In a final example of the application of eqn. (3), consider the elution of carbazole
by 15 % v methylene chloride—pentane from D-12 16 % H,0-SiO,. Log V, and « are

given in the preceding example, X Q°; equals (12 X 0.25 4+ 3.00), or 6.00, and # and »

are 1z and 1, respectively. )E ¢°;is zero, and &° can be calculated from eqn. (5) as 0.123.
¢ for each of the first six carbon atoms is 1.0, and for the second six and the nitrogen
atom, 0.5. f(Q°%) is 0.00 for aromatic carbons and 0.32 for the nitrogen group (Q°;
equal 3.00). Therefore,

log R° = —o0.86 4 0.60 [6.00 — 0.113 (12 — 6) + 0 — 1.23 (9.5 + I4.5 X 32)]

1.20

The experimental value was 1.04.

EFFECT OF ADSORBENT ACTIVITY IN SEPARATIONS ON SILICA

The derivation of the parameters ¥V, and « for alumina as adsorbent has been dis-
cussed in Part II8. As will be evident from the discussion in the latter part of this
communication, the same procedure is inapplicable for the measurement of silica V,
values. Eqn. (4) provides a satisfactory alternative to the problem of deriving V,
for silica of varying water content. The adsorbent parameters for Code 12 silica as a
function of added water are listed inTable V; these values were obtained from eqns. (4)
and (6), and a number of chromatographic measurements. Fig. 2 compares the ad-
sorbent activity functions of Alcoa F-zo alumina and D-12 silica for various fractional
coverages by added water (ml added water/ml water for monolayer coverage). Both
adsorbent activity functions decline with increasing water coverage, as expected,
with the effect more pronounced for silica as adsorbent.

The validity of eqn. (6) permits the construction for any adsorbent of a family of
“master curves’’ as in Part II for alumina. Fig. 3 shows such a plot for D-12 silica.
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Fig. 2. Adsorbent activity function for silica and alumina versus water deactivation.
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Fig. 3. Dependence of retention volume on adsorbent activity; Code 12 silica gel. O isopropyl-

benzene, pentane; [J nitrobenzene, benzene; ¥V 2-acetonaphthone, benzene; <> phenetole, pen-
tane; () naphthalene, pentane; ww theoretical curves.
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Fig. 4. Equilibrium and chromatographic data for naphthalene and propyl sulfide (solutes),
carbon tetrachloride (eluent), and Code 12 silica of varying activity. 0 K°, naphthalene; B R°,
naphthalene; O K°, propyl sulfide; — — - eqn. (6).
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The applicability of eqn. (6) requires that a series of R° values for the same solute and
eluent (changing adsorbent activity) fall on a single master curve. Several experimen-
tal tests of this requirement are shown in Fig. 3, with the adherence of data to the
master plots, and to eqn. (6), bzing demonstrated. Additional tests of eqn. (6) and
of the D-12 adsorbent parameters of Table V are offered in Tables VIII and IX. In

TABLE VIII

TEST OF EQUATION (6) IN CORRELATION OF SOLUTE RETENTION VOLUMES WITH ADSORBENT ACTIVITY ;
PENTANE ELUTION OF HYDROCARBONS

log R° for various adsorbent water contents Av

Solute e, 2
1.0% 1.6% 2.5% 4.6% 8.0% 16.0% .
Isopropylbenzene
(Exptl.) 0.97 0.81 0.54 0.42 4003 1.61
(Calc.) 0.97 0.76 0.60 0.42
Naphthalene
(Exptl.) I.33 1.22 1.13 0.90 0.72 0.38 40.02 202
(Calc.) 1.36 1.25 1.10 0.90 0.69 0.35
Acenaphthylene
(Exptl.) 1.56 1.10 0.88 +o0.02 2.28
(Calc.) 1.60 I.10 0.87
Dibenzyl
(Exptl.) 2.08 1.30 0.87 4o0.02 2092
(Calc.) 2.05 1.30 0.89
Perylene
(Exptl.) 1.76 1.52 1.10 40.03 3.23
(Calc.) 1.80 1.50 1.08

all cases, the retention volumes calculated from average (S, E) values are in reason-
able agreement (- 0.0z log units in Table VIII, 4 o.05 log units in Table IX) with
values predicted from eqn. (6).

One exception to the applicability of eqn. (6) to Code 12 silica has been noted.
Elution with CCl,, which is“‘regular’’in the case of alumina, doesnot givethe predicted
dependence of R° values on adsorbent activity (as in Fig. 3). This is illustrated in
Fig. 4 for the elution of both naphthalene and propyl sulfide from D-12 silica of
varying activity. The dashed lines superimposed on the experimental plots are the
theoretical curves predicted by eqn. (6) and Fig. 3. This “irregularity” of the eluent
CCl, for the present adsorbent is believed to arise from the combination of a small
average pore diameter in Code 12 silica with a large eluent diameter. As an immediate
result, it is assumed that certain of the smaller adsorbent pores in Code 12 silica are
inaccessible to CCl, and other eluents of comparable cross section. In the case of
calcined adsorbent, there is no possibility of the redistribution of adsorbed water to
cover these ‘‘bare” pores, so that there will exist adsorption regions uncovered by any
adsorbed species. Solute adsorption energies in these uncovered regions will be very
much larger than for “normal” adsorption on covered regions, and this will increase
the average adsorption energy of solute in all regions and, in turn R°. This is observed,
CCl, being a strong eluent relative to pentane for alumina as adsorbent (‘‘normal”
behavior), but apparently weaker than pentane in the elution of naphthalene from
calcined Code 12 silica (R° is 27.5 and 30.0 ml/g, respectively, for elution of naphtha-
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TABLE 1X

TEST OF EQUATION (6) IN CORRELATION OF SOLUTE RETENTION VOLUMES WITH ADSORBENT ACTIVITY;
ELUTION OF NON-HYDROCARBONS FROM CODE I2 SILICA

log R® for various water contents A

Solute Eluent % % 5o% 6o% dev. S, E
Propyl sulfide Pentane
(Exptl.) 2.07 1.45 1.39 0.88 +o0.01 2.94
(Calc.) 2.06 1.44 1.39 0.90
Nitrobenzene Benzene
(Exptl.) 0.22 —o0.03 —o0.08 —o0.30 +0.04 0.84
(Calc.) 0.20 0.03 —o0.I0 —0.36
p-Nitroanisole Benzene
(Exptl.) 0.67 0.52 0.40 —0.04 4 0.05 1.44
(Calc.) 0.73 0.47 0.35 0.00
2-Acetonaphthalene  Benzene
(Exptl.) 1.18 0.88 0.86 0.55 +o.1r 2.12
(Calc.) 1.34 0.98 0.82 0.41
Dimethylisophthalate CH,Cl,
(Exptl.) 1.43 0.87 0.34 +o0.08 2.17
(Calc.) 1.38 0.79 0.44
Phenyl ethyl sulfide Pentane
(Exptl.) I.53 1.27 0.81 +0.03 2.80
(Calc.) 1.48 1.29 0.82
Phenetole Pentane
(Exptl.) 1.92 1.66 I.13 +0.02 3.35
(Calc.) 1.89 1.67 I.15

lene from Code 12 silica by pentane and CCl,). If this explanation of these latter data
is true, then a plot of eluent strength &° versus percentage CCl, for pentane-CCl,
binary eluents should go through a maximum, and R° for naphthalene should pass
through a minimum, because of the ability of pentane to cover adsorbent surfaces in-
accessible to CCl,, and the greater adsorption affinity of CCl, on remaining adsorption
regions. This is in fact observed; R° for naphthalene eluted by 25 % v CCl,—pentane
from the same calcined Code 12 silica was found equal to 15.5 ml/g. It is assumed that
elution by CCl, from water deactivated adsorbent permits the redistribution of
adsorbed water into ‘“‘bare” pores, with resulting cancellation of the efficiency of
these regions for adsorption of solute. The overall effect is to produce the “irregular”
dependence of R° on adsorbent activity which is shown in Fig. 4.

While only three eluents are represented in the data of Tables VI and VII, there
is no reason to doubt the validity of eqn. (5) in the case of other eluents, except where
small pore diameter adsorbents and eluents of large cross section are combined in a
single chromatographic system.

EFFECT OF ELUENT TYPE IN SEPARATION OVER SILICA

The effect of eluent type on solute retention volume can be obtained from eqn. (1)
for alumina or eqn. (3) for silica by combining certain of the solute terms into a solute
adsorption energy factor S° as in eqn. (7). For alumina, S° in eqn. (7) is defined by:

12k

ZQ°—/Q° ZQ°i+247

J. Chromatog., 11 (1963) 195—227



210 L. R. SNYDER

The area of the solute X §; is assumed to determine the number of eluent molecules
displaced from the adsorbent surface by a solute molecule, and this in combination
with the relative adsorption energy of the eluent £° determines the effect of eluent
on R°. In Part II17, eqn. (7) was tested for a broad range of solute and eluent types in
adsorption on alumina. The verification of its validity for alumina was accomplished
largely with pure eluents as opposed to binaries. The similar test of eqn. (7) for
silica as adsorbent using pure eluents is unreasonable for several reasons*.

TABLE X

EFFECT OF ELUENT IN ELUTION OF HYDROCARBONS FROM CODE I2 SILICA

log R®
i Adsorbent* 6% %
Solute X6 dsorbent 6% 1% ;e':: S°
Eluent** 10% B-P 50% B-P 10% B-P 25% B-P 5% M-P15% M-P
[ 7 0.099 0.195 0.042 0.0576 0.0333 0.075
Naphthalene - 8
(Exptl.) 0.38 +o0.07 2.02
(Calc.) 0.45
Phenanthrene 10
(Exptl.) 0.76 —o0.2I1 0.20 0.35 40.03 2.55
(Calc.) 0.73 —o0.23 0.25 0.34
Chrysene 12
(Exptl.) 1.05 —o0.17 0.5I 0.52 0.04 40.04 3.00
(Calc.) 1.0I -—0.I4 0.49 0.59 0.09
Perylene 13
(Exptl.) 1.05 0.49 0.I2 0.69 0.16 +o0.03 3.23
(Calc.) 1.04 0.53 ©0.09 0.65 o0.II
Picene 14
(Exptl.) 084 0.26 o090 0.28 +0.04 3.67
(Calc.) 0.75 0.28 0388 o.29

* o/ ‘Water (chromatographic) on Code 12 silica.
* Symbols defined as following: P, pentane; B, benzene; M, methylene chloride; %, refers to
volume percent.
*** Measured from above data (best fit).

Experimental retention volume data are presented in Table X for the elution of
several hydrocarbons from Code 12 silica of two activities by several dinary eluents.
Values of S° for these various solutes had been previously obtained from eqn. (7)
and retention volume data for pentane elution (see Table XV). Given the values of

* First, as noted in the previous section, eqn. (6) does not apply to Code 12 silica and the eluent
CCl,, and, for the same reasons, neither does eqn. (7). The testing of eqn. (7) is most accurately
and conveniently done with eluent pairs whose strengths are not widely different. With the ex-
ception of CCl,, there are no pure eluents with £° values intermediate between the saturate solvents
and solvents as strong or stronger than benzene. Consequently, if CCl; cannot be used, those solutes
which are readily eluted by the saturates cannot be tested for Code 12 silica in eqn. (7). Second,
as will be seen, the retention volumes of the aromatic hydrocarbons are essentially zero for elution
by benzene and stronger solvents. These hydrocarbon solutes were used as standards in Part ITI
for the evaluation of alumina &° values, but cannot be similarly used for elution from Code 12
silica by pure solvents. Finally, as will also be seen the variation of solute retention volume with
eluent strength is much more pronounced for the elution of non-hydrocarbons from any silica
relative to alumina. This greatly increases the necessity of the similarity of £° values in the eluents

% .
used to test eqn. (7) and to evaluate Y §;" for these solutes. These various considerations make it
mandatory to use binary eluents in testing the applicability of eqn. (7) for silica as adsorbent.
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Va4 and « for these two adsorbents (Table V), it is possible to calculate best values of

k2
the effective eluent strength «e® for each binary by means of eqn. (7), if the £ §¢

k3
values for each solute are assumed the same (X &) as for alumina. These values of ae®

are summarized at the top of Table X. Finally, the adequacy of eqn. (7) in correlating
the eluent effects of Table X is shown in the comparison of experimental values with
those calculated by means of eqn. (7} and the various associated parameters. Agree-
ment is good (average deviation 4- 0.04 log units). The fit of these hydrocarbon
elution data to eqn. (7) is further illustrated in Fig. 5, where log R° values for the

Q, NO2

NO2

1.0

Log R

0.5

0.0

1 AL 1
0.05 Q.10 Ql5
«E€°
Fig. 5 Dependence of solute retention volume on eluent strength; elution from Code 12 169,
H,0-5i0,.

hydrocarbon picene and the adsorbent D-x2 16 % H,0-SiO, are plotted versus oe®.

The slope of the straight line through these points is the calculated value of X §; for
picene (14).

Experimental data for the elution of several non-hydrocarbons from the same
two adsorbents of Table X are presented in Table XI. The values of «£° shown for
each binary at the top of Table XI are either the values previously calculated from
the data of Table X for the hydrocarbons, or are extrapolated values from eqn. (7)
and the data of Table XI. Data for two of the solutes of Table XI, nitrobenzene (NB)
and dinitrobenzene (DNB), eluted from 16 % H,0-SiO, are plotted in Fig. 5. The
predicted linear relationship between log R° and a&® is again observed (as for picene),

but the slopes of the plots for NB and DNB (X §;) are much larger than predicted
from the J; values measured for elution from alumina (Part II1%); observed % §;', NB,
13.4; DNB, 20.4; predicted = §;, NB, 8.5; DNB, 11.0. The excellent correlation of the
data of Table X suggests that d;" for the aromatic carbon atom is the same for both
silica and alumina, as required by the equivalence of this quantity with the area of
the aromatic carbon group (a quantity independent of adsorbent). For the adsorption
of the nitro group on silica, however, §;" for this group is much larger than for ad-
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TABLE XII

SUMMARY OF SOLUTE PARAMETERS FOR SILICA AS ADSORBENT
(EXPERIMENTAL DATA FOR CODE 12)

(8" — &) Q%

Group [ 510, ALD,
Exptl. Cale.* This study Ref s Ref.®
~-CH= 0.5-1 0.0 0.0 0.25 — 031
Ar-S-R 3.6 1.1 0.4 1.29 — 1.32
Ar-O-R 4.6 2.6 1.9 1.83 2.3 1.77
Ar-NO, 7.2 4.7 4.4 2.77 2.5 2.75
Ar-CO,—R 7.5 4.5 5.9 3.45 — 3.32
Ar-CO-R 9.2 7.2 6.5 4.69 4.9 3.74
Ar-NH, 6.5 5.1%" 4.7 4.41

=NH (carbazole) 8.9 8.4 4.6 3.00 — 4.1
R-S-R 2.94 — 2.65

" 14.5 f(Q%).

** Assumed &;” for —-NH, equal 14.5 f(Q°%) + &:.

sorption on alumina: 2.5 on alumina, 7.2—7.4 on silica (from plots of Fig. 5). This in-
crease in the apparent area §; of non-hydrocarbon adsorbing groups on silica relative

to alumina is rather general, as shown by the experimental (least squares) % §;" values
of the solutes in Table XI, and the summary of best §; values in Table XII. These
latter values were derived from the data of Table XI, just as the §;" value of a nitro
group can be derived from Fig. 5. Using these §;" values of Table XII in eqn. (7), the
experimental data of Table XI can be calculated with satisfactory accuracy (average
deviation + 0.06 log units). The S° values used are the average values calculated from
the data of Table XI by means of eqn. (7).

For elution from alumina, the d; (or §;) values of various groups ¢ closely ap-
proximate the relative area of 7. In the case of elution from silica, it is apparent that
this is no longer true, a group such as aceto (§;" equal 9.2) appearing larger than an

entire naphthalene molecule (2 d;" equal 8.0), in regard to the number of eluent mole-
cules that appear to be displaced by the aceto group. If the nominal area §; (from
adsorption on alumina) is subtracted from ;" for each group 7, the difference may be
taken as the excess area required by 7 in adsorption on silica. Interestingly, this excess
area appears to correlate with the localization function f(Q°x) described in Part IV®

10

6 =d)
@

6

Fig. 6. Dependence of solute group excess area on adsorption strength of group (Code 12 silica).
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for alumina. This is demonstrated in Fig. 6, where (d;—d;) is plotted versus Q°;, the
relative adsorption energy of the group ¢ in silica (see next section for derivation of
these latter values). Superimposed on this plot is the curve 14.5 f(Q°%). This corre-
lation of (§;—d;) and f{Q°) is also shown by the comparison of experimental and cal-
culated values of (6;" — di) in Table XII, an average deviation of only 4 0.7 units
being observed for the exocyclic substituents. The excess area of the nitrogen group
which forms part of the carbazole nucleus is somewhat larger than predicted by the
expression 14.5 f(Q°%), and this may be a general property of strongly adsorbed groups
forming part of an aromatic nucleus.

Eqn. (7) may be made specific for adsorption upon silica by substituting the ex-

pression: [d; + 14.5 f(Q°%)] for & :
log R°® = log Vg + a{S°—¢° i [0: + 14.5 H{Q°)]} (8)

The correlation of Fig. 6 suggests that the large apparent areas §; of strongly ad-
sorbing groups arises from a localization phenomenon similar to that observed in ad-
sorption on alumina, but which takes a different manifestation in adsorption on silica.
This possibility will be further explored in a forthcoming publication.

The eluent strength parameters for benzene and methylene chloride which were
evaluated from the data of Tables X and XI are summarized in Table VII. Table XIII

TABLE XIII

COMPARISON OF EXPERIMENTAL AND CALCULATED &£° VALUES FOR
BINARY ELUENTS AND CODE I2 SILICA

Adsorbent activity 2 4R

Bhuent (% H0 - $i0,) Exptl. Calc.*

10 9% v Benzene—pentane 1.6 0.099 0.093
509% v Benzene-pentane 1.6 0.195 0.184
109, v Benzene-pentane 16.0 0.042 0.046
25% v Benzene-pentane 16.0 0.076 0.082
5% v Methylene chloride—pentane 16.0 0.033 0.032
15 % v Methylene chloride—pentane 16.0 0.075 0.074
40 % v Methylene chloride—pentane 16.0 0.127 0.134

* From eqn. (5).

compares experimental values of ag° 45 for the various binaries of Tables X and XI
with values calculated from eqn. (5) and the eluent parameters of Table VII. The
agreement is good (average deviation -+ 0.005).

EFFECT OF SOLUTE STRUCTURE IN ADSORPTION ON SILICA

The effect of solute structure on adsorption affinity is included in the solute parameter
S°, previously defined for adsorption on alumina, and experimentally measurable for
adsorption on silica through eqn. (7). Elution of a large number of solutes from silica
in the present study has provided experimental S° values for a wide range in solute
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structures. Some of these S° values have already been presented in Tables X and XT.
The following discussion of these S° values in terms of our previous correlations for
alumina has been broken down into two parts, hydrocarbons and non-hydrocarbons.

Hydrocarbons

Values of R° for the elution of a number of alkyl substituted hydrocarbons from
Code 12 silica by pentane are summarized in Table XIV. These data permit the deri-

vation of S° values for each compound (listed as “‘experimental” S° values) from
ik

eqn. (7). The assumption that the localization term f(Q°;) £ (°; does not contribute

to S° for the hydrocarbons (because of their small group adsorption energies) permits

TABLE X1V

RETENTION VOLUMES FOR THE ALKYL-SUBSTITUTED OLEFINS AND BENZENES;
PENTANE ELUTION FROM CODE 12 I1.0%, H,0-SiO,

Ro s°
Solutz —

(mifg) Exptl. Cale.
cis-Pentene-2 I.34 0.71 0.74
2-Methylbutene-2 2.11 0.91 0.91
2,3-Dimethylbutene-2 2.50 1.00 I.11
Pentadiene-1,3 3.50 1.15 I.IX
Benzene 7-5 1.51 1.48
Toluene 9.8 1.63 I1.61
0-Xylene 14.5 1.81 1.81
p-Xylene 3.2 .77 1.77
1,2,3-Trimethylbenzene 20.3 1.97 1.97
1,3,5-Trimethylbenzene 17.4 1.89 1.89
Pentamethylbenzene 23.8 2.04 2.31
Hexamethylbenzene 24.5 2.05 2.52
n-Butylbenzene 7.2 1.49 1.46
n-Octylbenzene 4.9 1.31I 1.37
n-Decylbenzene 3.6 I.17 1.17
n-Eicosylbenzene 1.84 0.85 0.68
Isopropylbenzene 9.0 1.60 1.66
tert.-Butylbenzene 8.8 1.59 1.73

the reduction of these S° values into values of Q°; and ¢° corresponding to each dif-
ferent structural group and those specific solute geometries which affect adsorption.
The solute parameters for silica are summarized in Table XV, along with correspond-
ing values for alumina from Part II for comparison. In some cases the alumina Q°;
values appear slightly different from those reported in Part IT®, since no distinction
between methyl and methylene carbon types was made in Part II. The parameters of
Table IV include this distinction, their derivation using the value of ¢° for pentane
(see Part IIT7). The most pronounced difference in these solute parameters of Table XV
between the two adsorbents is in the preference for adsorption of methyl relative to
methylene carbon groups on silica, and the reverse on alumina. The other parameters
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TABLE XV

COMPARISON OF HYDROCARBON SOLUTE PARAMETERS FOR ALUMINA AND SILICA

Q" 7°;
Group or geometry
Si0, AL,04 Si0, ALO,
—CH,-, CH< —0.049 +o0.02
-CH, +0.074 -—o0.03
-CH= +0.247 +0.31
Methyl substitution on aromatic carbon +0.055 +0.09
Alkyl substitution on aromatic carbon +0.055 +o0.05
Vicinal alkyl substitution -+ 0.039 4 0.09

of Table XV all show similar contributions to S° from different solute groups and ge-
ometries. The silica values tend to be lower than the alumina values, probably re-
flecting generally weaker bonding of the hydrocarbons to the former adsorbent.
The only S° values of Table XIV which are not well correlated by the parameters
of Table XIV are for pentamethyl- and hexamethylbenzene.

Table XVI summarizes S° values for a number of unsubstituted olefins and aroma-
tic hydrocarbons. The S° values of ethylene and butadiene could not be conveniently

TABLE XVI

SOLUTE ADSORPTION FACTORS S° FOR THE UNSUBSTITUTED OLEFINS AND AROMATIC HYDROCARBONS;
PENTANE ELUTION FROM CODE I2 SILICA

Solute S Sﬁ",j’él;;f; s dﬁ:."" Adsorbent activities**
Ethylene 0.44" " 3 4-0.04 I.o
Butadiene 1.027** 1 —_— 1.0
Benzene 1.48 2 0.00 1.0 ,8.0
Styrene 1.71 1 — 1.6
Naphthalene 2.02 6 0.03 See Table IV
Azulene 2.35 2 0.06 1.0, 8.0
Acenaphthylene 2.28 3 0.03 See Table IV
Phenanthrene 2.55 2 0.02 4.6, 8.0
Anthracene 2.60 I — 8.0
Fluoranthene 2.79 1 — 8.0
Pyrene 2.57 2 0.02 4.6, 8.0
Triphenylene 3.15 2 0.03 4.6, 8.0
Chrysene 3.09 2 0.0 8.0, 16.0
1,2-Benzanthracene 3.09 1 — 8.0
Perylene 3.23 3 0.03 4.6, 8.0, 16.0
1,2-Benzpyrene 3.28 s — 16.0
Picene 3.67 1 — 16.0
3,4-Benztetraphene 3.68 I — 16.0
Dibenzyl 2.92 3 0.03 1.6, 6.9, 16.0

* Between experimental S° values for same solute.

** Defined by silica water content (%).

Substituted olefin values corrected for effect of substituents.
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measured for the compounds themselves, so the values for methyl-substituted
olefins (Table XIV) were corrected to zero substituents using the parameters of
Table XV. The S° values of Table XVI are plotted versus the number of aromatic
plus olefinic carbon atoms # in Fig. 7. S° equals 0.246 # for # < 6, and (0.246 X 6) +

4

i 1 1 1 [l i
04§ 12 6 20 24

Fig. 7. Plot of S° for unsubstituted aromatics versus aromatic carbon number %; Code 12 silica gel.

0.133 (# — 6) for » larger than 6. In the case of the solute dibenzyl, where the two
phenyl groups are not fused together, and where the effect of alkyl substitution on
the two aromatic rings (2 X 0.055) is just canceled by the adsorption of the two
methylene carbons [2 X (—o0.049)], S°is given by virtually the same expression (0.243 #)
as for the solutes no larger than benzene (n < 6). It thus appears that the contribution
to S° from each group of fused aromatic or unsaturated carbon atomsis given as 0.246 »
for the first six carbon atoms, and 0.133 # for additional carbon atoms in the fused
cluster. The physical interpretation of this relationship will be discussed in the final
section of this paper.

Non-hydrocarbons

Table XVII summarizes S° values for 21 non-hydrocarbons. The monofunctional
benzene derivatives were used to-derive values of Q°; for each functional group rep-
resented, assuming that Q°; equals S° for a group ¢ substituted benzene, minus S°
for benzene (1.48). These values of Q°; are listed in Table XTI, along with correspond-
ing alumina values for comparison. Values of Q°; for aliphatic sulfur and carbazole
nitrogen, which were derived in a somewhat different but consistent fashion, are also
included. The solute group adsorption parameters Q°; for both adsorbents are quite
similar, as shown in the plot of these values for silica versus those for -alumina in
Fig. 8. The values of S° for the polysubstituted benzenes and substituted naphtha-
lenes of Table XVII appear equal to S° for the unsubstituted hydrocarbon plus the
sum of Q°; values for all substituents. This relationship can be stated:

S5° = X0% —o0.113 (n — 67) + 2¢°% ()

The term 0.113 (» — 67) corrects for the lower adsorption energy of carbon atoms
past the first six in each of » unfused ring systems comprising the solute. The compar-

J. Chromatog., 11 (1963) 195-227



LINEAR ELUTION ADSORPTION CHROMATOGRAPHY. V.

TABLE XVII

SOLUTE ADSORPTION FACTORS S° FOR NON-HYDROCARBONS ELUTED FROM CODE I2 SILICA

219

s° Ne. Av. .
Solute . el Calos s° vcul(;{e s dev. ™ Chromatographic system***
Phenyl ethyl sulfide 2.77 — 6 +0.06 4.69%, pentane; 6.9%,
pentane; see Table XTI
Phenetole 3.31 — 7 0.04 Same as above
Nitrobenzene 4.25 — 8 0.06  See Table XI
Methyl benzoate 4.93 — 7 0.09  See Table XI
Acetophenone 6.17 — 1 — 16.0 %, benzene
Aniline 6.68 — 1 — 16.0 %, benzene
2-(1-Thiapropyl)-naphthalene 3.13 3.31 4 0.07  See Table XI
1-Methoxynaphthalene 3.12 3.85 1 — 16.0 9%, pentane
2-Methoxynaphthalene 3.77 3.85 4 0.09  See Table XI
Methyl 2-naphthoate 5.32 5.47 1 — 16.09,, benzene
2-Acetonaphthone 6.58 6.71 5 0.16  See Table XI
o-Diethoxybenzene 5.75 5.14 1 — 16.09%, benzene
p-Diethoxybenzene 5.46 5.14 5 0.17  See Table XI
m-~Nitroanisole 5.30 6.08 4 0.09  See Table XI
p-Nitroanisole 5.80 6.08 1 — 16.0 9%, benzene
m-Dinitrobenzene 6.64 7.02 3 0.08  See Table XI
Dimethyl isophthalate 8.55 8.38 4 0.37 See Tables IX, XI
2-Nitroaniline 8.18 9.35 1 — 16.0 %, methylene chloride
1,2,4-Tricarbomethoxybenzene II.I 11.83 1 -— 16.09%,, methylene chloride
2,4-Dinitroaniline 11.38 12.12 1 — 16.0 %, methylene chloride
Carbazole 5.25 — 7 0.1 See Table XI

* From eqn. (9).

* K

*** Defined by silica water content and eluent.
§ Assumes 0" for -NH, equal 14.5 f(Q%).

Between experimental S° values for same solute.

ison of experimental and calculated S° values in Table XVII shows an average devia-
tion of 4 0.3 log units, corresponding to an average deviation between calculated
and experimental R° values of about - 0.2 log units. Eqn. (g) is seen not to include
the localization term which is part of S° for adsorption on alumina. The localization
term in alumina S° values results in a lowering of experimental S° values, with the
effect being largest at large values of S°. The experimental S° values for the “poly-

@° (SILICA)

>

o

n

Q7 (ALUMINA)

Fig. 8. Group adsorption factors Q°; Code 12 silica versus Alcoa F-zo alumina.
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TABLE XVIII

SOLUTE RETENTION VOLUMES FOR CODE 62 1%, H,0-5i0,; PENTANE ELUTION

log R°
Solute —

Exptl. Calc.*
Benzene 0.16 0.01
Naphthalene 0.42 0.39
Azulene 0.66 0.63
Acenaphthylene 0.56 0.58
Phenanthrene 0.70 0.77
Anthracene 0.70 0.81
Fluoranthene 0.78 0.94
Pyrene 0.66 0.79
Triphenylene 0.95 I1.20
Chrysene 0.96 1.16
1,2-Benzanthracene 0.97 1.16
Perylene 0.98 1.26
1,2-Benzpyrene 0.96 1.30
Dibenzyl 1.10 1.04
Phenyl ethyl sulfide 1.07 0.93
Phenetole 1.46 1.33
Nitrobenzene 1.61 1.99
2-(1-Thiapropyl)-naphthalene 1.30 I.19
Methyl benzoate 2.34 2.47

* From eqn. (7), assumes V, equal 0.09 and « equal 0.715; S° data of Tables XVI and XVII.

functional” solutes of Table XVIII (substituted naphthalenes and polysubstituted

benzenes) are plotted versus calculated values X Q°; from eqn. (g) in Fig. g, while a
similar plot for elution of these same solutes from alumina is offered for comparison in
Fig. 10 (data of Part IV®). It appears that localization of the type exhibited in ad-
sorption on alumina (Fig. 10) is absent for adsorption on silica (Fig. g). This conclusion

124 2
10k 10} e
.
S° S° //8
8- 8 L
el
6F 61 26
4}- 4l
o
2+ 2L
o 1 1 L 1 1 (o] L ! 1 { 1 1
[¢] 2 4 6 8 0 12 o 2 4 6 8 10, 12 14

sQ
Fig. 10. Experimental versus calculated S°

values for polyfunctional non-hydrocarbons;
Alcoa F-20 alumina.

saf
Fig. 9. Experimental versus calculated S°
values for polyfunctional non-hydrocarbons;
Code 12 silica.
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is confirmed by the observations of SPORER AND TRUEBLOOD* on adsorption from
benzene onto a silicic acid—celite mixture; these authors found that the adsorption
energy (S°) of polysubstituted benzenes was given as the sum of group adsorption
energy values.

ADSORBENT STANDARDIZATION

Adsorbent standardization can refer either to the characterization of the adsorptive
properties of a solid, or to the selection and/or modification of such a solid so as to ob-
tain an adsorbent which exactly duplicates some standard. The well-known procedure
of BrockmMANN for the classification of the adsorbent activity of water-deactivated
aluminas was the first attempt at adsorbent standardization by means of a chromato-
graphic test, and is still in use. A similar classification for water-deactivated silica has
been proposed recently?®. The activity grades reported by either procedure!415 rep-
resent ranges in adsorbent acitivities, and are intended to be qualitative rather than
quantitative designations. Since these activity tests do not distinguish between the
separate contributions of surface area and surface energy to adsorbent properties, it is
likely that they will fail when applied to solids of widely varying surface area. It has
been postulated (Part ITf) that an adsorbent such as alumina can be completely char-
acterized by its surface area (or V) and average surface energy (or a). The present
section will be devoted to the further testing of this postulate in the case of silica,
and the examination of some of its chromatographic consequences.

The experimental measurement of V, and « for the adsorbent Alcoa F-20 alumina
of varying water content was described in Part II. Eqn. (1) was used in conjunction
with the elution of the unsubstituted aromatic hydrocarbons by pentane. For these
solutes and this eluent, eqn. (1) simplifies to:

log R° = log V4 + 0.31 an (10)

where # is the number of carbon atoms. Extrapolation of the linear plot of log R°
versus n for a particular adsorbent sample to # equal zero gives V,, while the slope
of the plot divided by 0.31 gives e. This procedure is somewhat less suited for applica-
tion to silica because of the non-linear form of such an experimental plot (as in Fig. 7).
It was also shown in Part IT for alumina that the value of ¥ for calcined alumina is
close to that predicted by the saturation uptake of tetramethylbenzene and by the
BET surface area (nitrogen adsorption). Furthermore, the facile elution of adsorbed
water from deactivated alumina which contains more than V, ml/g of adsorbed water
suggests that the volumes of a monolayer of water, nitrogen, and tetramethyl-
benzene are all approximately equal. This suggests that the adsorbent surface volume
is calculable from the value corresponding to calcined adsorbent, minus the volume
(ml/g) of added water. With V, for calcined adsorbent calculable from the surface
area, eqn. (4) follows. This relationship is tested below for the previously reported
(Part II) data for V, as a function of Alcoa F-20 alumina water content (Table XIX).

For all except possibly the 4.9 % H,0-Al,0, sample, the two columns of V,
values in Table XIX agree within the experimental uncertainty of the first column.
This suggests, as is theoretically reasonable in the light of our preceding remarks,that
eqn. (4) will apply to other adsorbents as long as the amount of adsorbed water does
not approach monolayer coverage.
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TABLE XIX

SURFACE VOLUME OF WATER-DEACTIVATED ALUMINAS (ALCOA F-20)

Va
Added water
(%) Exptl., Calc.,
egn. (10} eqn. (4)
0.0 0.040, 0.054
0.034"
1.0 0.029 0.044
4.0 0.0I5 0.0I4
4.9 0.011 0.005

* Benzene eluent..

Assuming the measurement of V4, by means of eqn. (4), the value of & can be ob-
tained from a single standard solute elution by means of eqn. (6), or

a = log (R°/V4)/(S, E)

We have defined « as 1.00 for calcined adsorbent in Part I1¢ and the present paper. The

value of (S, E) can thus be evaluated from the standard solute R° value for calcined
adsorbent, following which « for any other adsorbent activity can be calculated from
a standard solute retention volume through the above relationship. This procedure
provides the basis of the tabulation and use of the values of ¢ and (R°/V,) given in
Table V.

Table XVIII presents some experimental data for the elution of several solutes
from Code 62 1 % H,0-Si0O, by pentane. As in the first example of the preceding sec-
tion on “The Prediction... etc.,” V4 and o« for this adsorbent were calculated as
0.090 and 0.715, respectively. With the adsorbent of Table XVIII thus characterized,
the R° values in Table XVIII can be calculated by means of eqn. () and the 5° values
of Tables XVI and XVII. The average deviation between these experimental and
calculated values in Table XVIII is 4 0.15 log units, which is somewhat higher than
expected for a Code 12 silica. The correlation for Code 62 silica would be improved
moderately by assuming that the coefficient 0.113 in eqn. (3} is really 0.14 for Code 62
silica.

It is interesting to note that the adsorbent activity function « for a D-62 4%
H,0-Si0, was measured as 0.70, relative to 0.71 for the same adsorbent with only
1% added water. This implies that the surface energy of D-62 19% H,0-SiO, is
reasonably constant, since further water deactivation gives insignificant reduction in
average surface energy. For D-6z silica, 1 % and 4 % added water corresponds to 10 %
and 40 % surface coverage by adsorbed water. By contrast, o for a D-12 silica deacti-
vated with 10% of a monolayer of adsorbed water (3% adsorbed water) is 0.80,
which declines to a value of 0.68 for deactivation by 40 % of a monolayer of adsorbed
water (12 % H,0).

SPORER AND TRUEBLOOD?* have reported data for still another silica, a “silicic
acid-celite” mixture. Their frontal analysis study of this adsorbent can be reduced to
an equivalent LEAC basis by setting their values of K equal to R°. Only the substi-
tuted benzenes eluted by benzene were studied by SPORER AND TRUEBLOOD. Because
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£° for benzene (0.25) is equal to Q°; for each of the aromatic carbons of the benzene
ring, cqn. (3) takes the following form for these data:

i
log B° = log Vg + a [2(Q% — 0.25 8/)]

where the summation is over the substituents ¢ on the benzene ring, exclusive of ring
carbon atoms. SPORER AND TRUEBLOOD have fitted their experimental data to a
mathematical expression which can be related to the above equation. From their
value Ky, we have V4 equal to 0.3 4 0.1. Similarly, their values of K; for each of the
substituents ¢ reported by them are equal to 10%(Q% —0°.256). For those substitu-
ents studied by both us and the latter authors, we have plotted values of log K versus
(Q°; — 0.25 &/) in Fig. 11. The slope (0.71) of this plot is equal to « for their adsorbent.
The plot of Fig. 11 shows reasonable agreement between these two independent

3

Log Ki «<=0.71

_/
2k -c
0%-13 O -NHz2
i -ocH3 /
o]

O-NO2

! I 1 |
| 2 3 4
Q7-0.25 d;

Fig. 11. Comparison of SPORER AND TRUEBLOOD solute group parameters with those of present
study.

studies, particularly when it is realized that the use of benzene as eluent by SPORER
AND TRUEBLOOD has substracted a large term (£°6;") from each Q°; value. Table XII
lists values of Q°; calculated from the data of SPORER AND TRUEBLOOD with the as-
sumption « equal 0.71 for their adsorbent. The average deviation of their Q°; values
from those reported in the present study is only + 11 %, or 0.4 units out of values of
(°; ranging from 1.8 to 5.4. SPORER AND TRUEBLOOD's values of K; for substituents
not included in the present study have been used in Table VI to extend our list of
Q°; values for silica. The values of V4 and « for their adsorbent (0.3, 0.71) suggest that
it is comparable to a D-12 6 % H,0-SiO, (V, equal 0.24 and « equal 0.71).

A final point of interest relative to adsorbent standardization is the exact dupli-
cation of adsorbent columns for routine separation and analysis. The problem has been
briefly discussed elsewhere!s. There are three separate aspects of the adsorbent which
require standardization in the general case: Vy, o, and the effect of adsorbent on
separation efficiency (HETP or solute band width). The last variable has been treated
at length elsewhere® 12,1316 and a further discussion will not be attempted at this
time. If the surface area of starting calcined adsorbent is reasonably constant from
one batch of adsorbent to another, then addition of a given quantity of water to the
adsorbent will always give the same values of V4 and o as for the standard adsorbent
containing the same amount of adsorbed water. Slight differences in starting surface
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energies and areas may be compensated by corresponding changes in the amounts of
water added. In any case, the final adsorbent is standardized by adjusting the total
added water so that the final adsorbent has the same R° value for a standard solute
and eluent as does the original standard adsorbent. This procedure has been followed
for Alcoa F-zo alumina in Part II® and in several recently reported analytical proce-
dures which use this adsorbent-1%, STrRaAUCH?? has reported an essentially equivalent
adsorbent standardization technique, using the measurement of equilibrium values
of K rather than R. Where control of the adsorbent starting surface area within narrow
limits is impossible (2 phenomenon difficult to imagine), it is possible to standardize
the adsorbent with respect to «, and then to compensate variation in V4 by recipro-
cally varying the weight of adsorbent used in the column.

KrEINT® and others?.2! have reported that adsorbent pore diameter also plays a
role in determining adsorbent properties. Where this effect is important, the adsor-
bent must be similarly matched to a standard in terms of pore diameter. We have been
unable to verify the major importance of this variable per se in the present studies,
other than to confirm that separation efficiency increases with porediameterasclaimed
by KLEIN'®. The next section provides additional comment on this subject.

THE MECHANISM OF ADSORPTION ON SILICA

Some differences (as well as similarities) may be noted in the adsorption of various
solutes on silica relative to alumina. These differences are empirically summarized in
the differing forms of the correlational equations for alumina, eqn. (1) and for silica,
eqn. (3). It remains to comment briefly on the fundamental basis of these differences,
a more detailed interpretation being reserved to a latter communication.

The surface structure of silica and its role in the adsorption process have been
discussed extensively. It has been claimed that the topography and particularly the
pore diameter® 2522 of silica samples are important factors in determining the rel-
ative adsorption of a solute. This postulate assumes either that the access of a solute
to certain parts of the adsorbent surface is limited, or that the effective surface energy
of some adsorption regions is reduced by virtue of certain solute geometries. In this
connection, consider the 0.113 (# — 6) term of eqn. (3) and the related experimental
dependence of S° on # in Fig. 7. For solutes no larger than benzene, the dependence of
S° on # is ““normal” relative to adsorption on alumina in two respects. First, S° in-
creases linearly with #, implying that each additional aromatic carbon atom contri-
butes an equal increment to the adsorption energy of the solute. Second, the value of
this energy increment for silica (Q°; equal 0.25) is comparable to that for alumina
(Q°: equal 0.31) as expected from the similarity of Q°; for other solute groups  on the
two adsorbents (see Fig. 8). For larger solutes, S° is smaller than expected by analogy
with adsorption on alumina, and a previous communication!® has attributed this
phenomenon to the presence of pores of diameter small enough to exclude solutes
larger than benzene. This explanation appears ruled out, however, by the behavior
of Code 62 silica toward the larger aromatic hydrocarbons. The average pore diameter
of this latter adsorbent (170 A) is larger than that of either the Code 12 silica (22 A)
or the previously studied Alcoa F-20 alumina (79 A), yet the curvature of the S°
versus # plot for Code 62 silica is if anything more severe than for Code 12; this is
shown by the deviation of the experimental data (for Code 62 silica) in Fig. 12 from
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the calculated curve (for Code 12 silica). It is now believed that the anomalous ad-
sorption energies of the larger aromatic hydrocarbons on silica are related to a locali-
zation effect such as occurs in the adsorption of certain solutes on alumina8. Because
of some as yet unexplained differences, however, in the two adsorbents, localization
affects the S° values of the larger aromatics on silica, and the S° values of solutes with

ik
strongly adsorbing groups (large Q°; values) on alumina. Consequently, the f(Q°) X
Q°; term in the correlation equation for alumina is absent from that for silica.

1 1 1 1 ]

4 8 12 16 20
n

Fig. 12. Retention volumes of aromatic hydrocarbons as a function of carbon number; pentane,
eluent; Code 62 1.09%, H,0-5i0,.

Similarly, it has already been suggested that the large apparent areas ¢’ of strong-
ly adsorbing groups when adsorbed on silica is related to the localization of these
groups (see Fig. 6 and related discussion). This again suggests fundamental differences
in the character of the adsorption sites on alumina and on silica. The further analysis
of these differences is in progress.

GLOSSARY OF TERMS

D-12, D-62 = Refers to Davison Code Numbers 12 and 62z.

AQ%), Q%) Localization function for adsorbing group 7 and &.

K Solute distribution coefficient between adsorbed and non-sorbed
phases; K = X,/X.

I

K* = Value of K in linear isotherm region (low coverage).

K’ = Value of K corrected for chemisorbed solute; see Table IV and
related discussion.

K; = Group adsorption factor as defined by SPORER AND TRUEBLOODZ

Kopn = Value of K; for benzene ring.

% = Number of aromatic and unsaturated carbon atoms in a solute.

12

ny = Value of X §; for an eluent B.

Q% = Solute substituent adsorption parameter.

q°% = Solute geometry parameter.

7 = The number of aromatic ring systems separated by alkyl groups in a
solute.
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R° = Linear equivalent retention volume; ml/g.

R°,, R°, = Values of R° for a solute using eluents 1 and 2.

R, = Corrected equivalent retention volume after initial elution by a
second eluent, 1; equal to total retention volume measured from
point at which eluent 2 is used, minus column volume, divided
by adsorbent weight (see experimental section).

S° = Total solute adsorption parameter.

S4 = Surface area.

S, E) = Solute-eluent combined adsorption parameter.

Va = Volume of adsorbent monolayer; ml/g.

X5 = Concentration of solute in solution phase; g/ml.

X3g = Mole fraction of stronger solvent B in eluent binary A-B.

o = Adsorbent activity function; adsorbent average surface energy.

04 = Substituent surface volume, proportional to surface area.

o = Apparent substituent surface volume; é; = §; for alumina; §; =

d: + 14.6 f(Q%) for silica.
e° = Eluent strength parameter.
£°4,¢€°g, €° 4 = Values of £° for solvent A, solvent B and eluent binary A-B.
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SUMMARY

Linear retention volume data have been obtained for several solutes of widely varied
molecular structure, eluted by a number of different eluents, from both high and low
surface area silica samples of varying water content. All of these data can be quanti-
tatively correlated with a fundamental equation similar, but not identical, to that
previously developed for adsorption on alumina. The major differences which exist
between adsorption on alumina and silica appear to arise from fundamental differences
in the way solutes localize (or orient) around adsorption sites. Adsorbent pore diam-
eter appears relatively unimportant in affecting adsorption affinity and solute
retention volume, apart from the general dependence of adsorbent surface area on
pore diameter, and with the exception of the combination of large eluents (such as
carbon tetrachloride) and small pore diameters. The standardization of adsorbents
for routine separation purposes has been discussed in detail.
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DIE DUNNSCHICHTCHROMATOGRAPHIE DER KETOSAUREN

PENTTI RONKAINEN
Forschungslaboratovien des Staatlichen Alkoholmonopols (Alko),
Helsinki (Finnland)

(Eingegangen den 29. Oktober 1962)

EINLEITUNG

Zur Trennung der Ketosiduren wurden eine Anzahl von papierchromatographischen
Methoden entwickelt!. Infolge der Labilitit einiger Ketosiuren kommen die zur
Trennung freier Sduren angewandten Methoden?® nicht mehr stark in Frage, sondern
die Ketosiuren werden zur Papierchromatographie in Abkémmlinge, iiblicherweise in
2,4-Dinitrophenylhydrazone (DNP), umgewandelt. Als mobile Phasen werden ent-
weder neutrale oder alkalische, alkoholhaltige Losungsmittel angewendet?—. Da die
DNP-Abkémmlinge der Ketosiuren in zwei isomeren Formen auftreten kénnen, die
bei der Papierchromatographie als getrennte Flecken in Erscheinung treten, wirkt
dies auf die Identifizierung der Verbindungen erschwerend. Einige Autoren haben
aus den DNP-Abkémmlingen der Ketosiuren durch Hydrierung die entsprechenden
Aminosiuren hergestellt und die so erhaltenen Aminosiuren identifiziert!.

In den der vorliegenden Arbeit zugrunde liegenden Untersuchungen wurde die
Entwicklung passender Losungsmittelsysteme und Chromatographiermethoden fiir
die dinnschichtchromatographische Trennung der DNP-Abkémmlinge folgender
Ketosiduren angestrebt: o-Keto-f-methylvaleriansiure, a-Ketoisocapronsiure, «-Keto-
isovaleriansidure, o-Ketobuttersiure, Brenztraubensiure, Livulinsiure, o-Ketoglu-
tarsiure und Oxalessigsiure.

. EXPERIMENTELLES
Material

o-Keto-g-methylvaleriansiure wurde aus Isoleucin und «-Ketoisocapronsidure aus
Leucin durch Oxydation dargestellt®. Die iibrigen Ketosiuren wurden fertig bezogen
und entsprachen dem geforderten Reinheitsgrad. Zur Herstellung der DNP-Abkémm-
linge wurde zur wisserigen Losung jeder Ketosdure 2z,4-Dinitrophenylhydrazin-
lssung (DN-Losung) im Uberschuss zugefiigt ; die DN-Lésung enthielt 2.5 g DN/1000
ml 2 N HCl. Nach der Reagenszugabe liess man bei Zimmertemperatur tiber Nacht
stehen. Der DNP-Niederschlag wurde abfiltriert, mit 2 N HCl und Wasser gewaschen
und iiber Phosphorpentoxyd im Exsiccator getrocknet.

Awufarbeitung des Materials

Die Loslichkeit der DNP-Abkémmlinge der Ketosduren in 2 N HCl ist derart gross,
dass aus Losungen mit nur kleinen Ketosdurekonzentrationen iiberhaupt kein DNP-
Niederschlag erhalten werden kann. Zur Isolierung der Hydrazone der Ketosduren
wurden diverse Extraktionsverfahren entwickelt®11. Da in den meisten Fillen die
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Extraktionsverfahren besonders bei der Untersuchung der Ketosiduren von Natur-
produkten eingesetzt werden miissen, wurde der DNP-Niederschlag jeder Ketosiure
mit den gleichen Losungsmitteln und nach dem gleichen Verfahren behandelt wie bei
der Extraktion!!. Aus den so behandelten DNP-Niederschligen wurden Lésungen her-
gestellt, bei denen als Losungsmittel ein Gemisch von Dioxan (E. Merck, pro anal.)
und 0.067 M Phosphatpufferlosung (pH 7.2) im Volumenverhiltnis 1:1 diente. Die
Konzentration der Losungen betrug 5 mg DNP-Niederschlag/s ml Lésungsmittel.
ALTMANN ef al.'? haben als Lésungsmittel fiir die DNP-Abkémmlinge der Ketosduren
— beim Auftragen der Startflecken auf das Papier — 0.2 M Phosphatpufferlésung
(pH 7.2) gebraucht. Nach ihren Beobachtungen verursachen organische Lgsungs-
mittel einen Abbau der DNP-Abkémmlinge der Ketosduren, insbesondere ein Decar-
boxylieren derselben. Da jedoch die DNP-Abkémmlinge einiger Ketosduren in
blosser Phosphatpufferlosung schwer 16slich sind, wurde von uns als Lésungsmittel
fiir die Niederschlige das vorgenannte Gemisch von Dioxan und Phosphatpuffer-
lésung angewandt.

Bei den DNP-Abkémmlingen der Ketosiuren koénnen auch durch pH-Ande-
rungen, die das Extrahieren mit sich bringt, gewisse Komplikationen verursacht
werden, so z.B. das Isomerisieren bestimmter Komponenten®. Aus diesem Grunde
wurden fiir vergleichende Untersuchungen auch Lésungen von nicht mit den Ex-
traktionslésungsmitteln behandelten DNP-Niederschligen angefertigt; als deren
Losungsmittel kam das frither erwihnte Dioxan—Phosphatpuffer-Gemisch zur An-
wendung.

Die Diinnschichimethode

Die Glasplatte (20 X 20 cm) wird mit Kieselgel G (E. Merck, fiir Diinnschicht-
chromatographie nach Stahl) beschichtet. Zur Beschichtung werden 30 Kieselgel G in
65 ml Wasser suspendiert. Bei einigen Versuchen wurde an Stelle von Wasser eine L6-
sung verwendet, die 5 ml Propionsiure und 60 ml Wasser enthielt. Bei der Beschichtung
der Platten wurden zwei verschiedene Schichtdicken gew#hlt. Die beschichteten
Platten wurden wihrend ca. 30 Min. bei 110-120° aktiviert. In einem Abstand von
11.5 cm vom unteren Plattenrand ritzten wir in die Kieselgelschicht eine Querlinie.
Die zu untersuchenden Verbindungen wurden auf die noch heissen Platten aufgetragen,
die Platten liess man darauf abkiihlen und wihrend ca. 30 Min. in einer geschlossenen,
mobile Phase enthaltenden, Kammer sittigen; wihrend dieser Zeit ruhten die Platten
auf speziellen glisernen Unterlagen. Wenn darauf die Kammer schrig gestellt wurde,
kam die Platte mit der mobilen Phase in Berithrung und man liess diese bis zur
Querlinie aufsteigen. Die Laufdauer betrug zwischen 35 und 40 Min. Bei einigen Ver-
suchen, auf deren Platten keine Querlinien gezogen worden waren, liess man die mo-
bile Phase bis zum oberen Plattenrand aufsteigen, die Laufzeit betrug dann beinahe
zwei Stunden.

Losungsmattelsysteme und Durchftiihrung der Diinnschichichromatographie

Von den erprobten Losungsmitteln wurde das Gemisch aus Petrolither (BDH,
Sdp. 60-80°) und Athylformiat (Fluka, puriss.) im Volumenverhiltnis von 13:7 einer
niheren Untersuchung unterworfen. Mit diesem Losungsmittelgemisch liefen alle zu
untersuchenden Komponenten, doch zeigte es sich, dass der Gehalt des verwendeten
Athylformiates an freier Saure bei verschiedenen Lieferungen unterschiedlich war
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und dies somit die Reproduzierbarkeit der Versuchsresultate ungiinstig beeinflusste.
Als das Lgsungsmittelgemisch zwecks Neutralisierung mit NaHCO, geschiittelt
wurde, hatte das zur Folge, dass die Komponenten iiberhaupt nicht mehr liefen.
Das Losungsmittel muss also freie Siure enthalten. Aus diesem Grunde wurde eine
Versuchsserie angesetzt, bei der zu je 100 ml neutralisiertem Losungsmittelgemisch
vor der Diinnschichtchromatographie verschieden grosse Ameisensiuremengen (E.
Merck, pro anal.) zugesetzt wurden. An Stelle von Ameisensiure nahmen wir auch
Essigsdure (Fluka, puriss.), Buttersiure (Fluka, puriss.), Propionsiure (Fluka,
puriss.) und Valeriansdure (Fluka, puriss.).

Da bei der Extraktion der Hydrazone oft kleine Mengen freies Dinitrophenyl-
hydrazin mit extrahiert werden, wurde bei allen Diinnschichtentwicklungen als
Vergleichssubstanz eine Lésung von 2,4-Dinitrophenylhydrazin in einem Gemisch
von Dioxan und Phosphatpuffer (pH 7.2) im Verhiltnis 1: 1 verwendet. Bei den ferti-
gen Chromatogrammen wurden die zuriickgelegten Laufstrecken der Hydrazon- und
der Hydrazinflecken ausgemessen. In Tabelle I werden die Verhiltnisse der Lauf-
strecken — berechnet in Bezug auf diejenige des 2,4-Dinitrophenylhydrazins — oder
Rp-Werte dargestellt. Beim Auftreten von Isomeren wurde nur die dominierende
Komponente fiir die Berechnung in Betracht gezogen. In die Tabelle I sind ebenfalls
die verwendeten mobilen Phasen und die mit einem Cord-Meter an sechs verschiedenen
Stellen der Platte gemessenen Mittelwerte der Schichtdicke aufgenommen. Die
durchschnittliche Abweichung von der mittleren Schichtdicke war bei jeder einzelnen
Platte kleiner als + 0.01 mm, jedoch war der Unterschied in der Schichtdicke erheb-
lich grosser in Bezug auf die nach gleicher Art hergestellten Platten untereinander, wie
aus Tabelle I hervorgeht. Die Fig. 1 und 2 zeigen zwei Chromatogramme der Tabelle I.

V 1 2 3 4 5 6 17 8

Fig. 1. Das mit Petrolither-Athylformiat/Ameisensiure (100 ml/0.052 mol.) als mobile Phase von

den DNP-Komponenten der Ketosduren erhaltene Diinnschichtchromatogramm. Substanzmenge

in den Startflecken 2 ug. Komponenten: (1) o-Keto-f-methylvaleriansdure; (2) a-Ketoisocapron-

sdure; (3) x-Ketoisovaleriansiure; (4) a-Ketobuttersiure; (5) Brenztraubensiure; (6) Lavulin-
sdure; (7) a-Ketoglutarsiure; (8) Oxalessigsdure. V: 2,4-Dinitrophenylhydrazin.
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Bei den Diinnschichtchromatogrammen der Tabelle I wurde neben den einzelnen
Komponenten immer auch ein Gemisch aller acht Komponenten gleichzeitig chroma-
tographiert. Eine befriedigende Trennung konnte jedoch nicht erreicht werden.
Aus diesem Grunde wurden Versuche angestellt, bei denen eine Anderung der Ad-

V 1 2 3 4 5 6 7 8
Fig. 2. Das mit Petrolather—Athylformiat/Propionsiure (100 ml/0.104 mol.) als mobile Phase von
den DNP-Komponenten der Ketosduren erhaltene Diinnschichtchromatogramm. Substanzmenge
in den Startflecken 2 ug. Komponenten: (1) a-Keto-f-methylvaleriansiure; (2) a-Ketoisocapron-
sdure; (3) a-Ketoisovaleriansiure; (4) a-Ketobuttersiure; (5) Brenztraubensiure; (6) Livulin-
sdure; (7) «-Ketoglutarsdure; (8) Oxalessigsdure. V: 2,4-Dinitrophenylhydrazin.

sorbtions-Eigenschaften des Kieselgel G durch Verinderung der Schichtdicke und
durch Zusatz von Sdure zur Streichmasse angestrebt wurde. In Tabelle II werden die
Rp-Werte der DNP-Komponenten der Ketosiuren — berechnet in Bezug auf das
2,4-Dinitrophenylhydrazin — der Versuche wiedergegeben, bei denen sowohl neutrale

TABELLE II

Rp-wERTE® DER DNP-KOMPONENTEN DER KETOSAUREN ERHALTEN BEI DUNNSCHICHTCHROMATO-
GRAPHIE MIT PETROLATHER—ATHYLFORMIAT/PROPIONSAURE (I00 ml/0.104 mol.) ALS MOBILE PHASE
UND MIT NEUTRALER, SOWIE SAURER STREICHMASSE BEI VERSCHIEDENEN SCHICHTDICKEN
Komponenten: (1) o«-Keto-§-methylvaleriansiure; (2) «-Ketoisocapronsiure; (3) «-Ketoiso-
valeriansiure; (4) o-Ketobuttersdure; (5) Brenztraubensiure; (6) Livulinsiure; (7) «-Ketoglutar-
saure; (8) Oxalessigsdure

Schichtdicke Streich Rp-Werte
(mm) r 2 3 4 5 6 7 8
0.10 neutral 0.58 0.56 0.59 0.48 0.28 0.56 0.05 0.02
0.10 sauer 0.48 0.48 0.39 0.29 0.20 0.49 0.02 0.02
0.16 neutral 0.50 0.51 0.43 0.35 0.24 0.55 0.04 0.01
0.17 sauer 0.45 0.42 0.37 0.30 0.20 0.52 0.02 0.00

*Rp = Laufstrecke des DNP-Fleckens der Ketosiure/Laufstrecke des Dinitrophenylhy-
drazinfleckens.
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(65 ml Wasser/30 g Kieselgel G) als auch saure Streichmasse (6o ml Wasser/5 ml
Propionsdure/3o g Kieselgel G) bei zwei verschiedenen Schichtdicken verwendet
wurden. Die Schichtdicken wurden an sechs verschiedenen Stellen jeder Platte ge-
messen. Die in Tabelle II mitgeteilten Schichtdicken stellen Mittelwerte der Messun-
gen dar. Der mittlere Fehler des Schichtdickenmittelwertes bei den diinneren
Schichten war kleiner als -+ 0.0r mm, bei den dickeren Schichten jedoch bewegte er
sich in der Gréssenordnung von -+ 0.01 mm. Als mobile Phase wurde das beim Chro-
matogramm der Fig. 2 verwendete Losungsmittelgemisch gebraucht, da dabei das
Fehlen von Isomeren die Trennung vereinfacht. Es sei in diesem Zusammenhang
bemerkt, dass das erwihnte Losungsmittelgemisch auch zur Trennung einiger anderer
DNP-Komponenten angewendet werden kann und man z.B. von den DNP-Ab-
kémmlingen des Furfurals bei Anwendung dieses Lésungsmittels als mobile Phase bei
der Diinnschichtchromatographie nur einen einzigen Flecken erhilt, wihrend sich
mit einigen anderen Losungsmitteln sowohl bei der Diinnschicht-, wie auch bei der
Papierchromatographie zwei zueinander isomere Flecken ausbilden4.

Aus dem Gemisch der Komponenten 1-8 trennten sich die einzelnen Kompo-
nenten am besten bei der letzten Entwicklung der Tabelle II, bei der also die Schicht-
dicke vergrossert und die Streichmasse sauer war. Dabei liefen die Komponenten 1

M V 1 2 3 4 5 6 7 8

Fig. 3. Das mit Petroldther—Athylformiat/Propionsiure (100 ml/0.104 mol.) als mobile Phase von

den DNP-Komponenten der Ketosduren erhaltene Diinnschichtchromatogramm. Die Substanz-

menge jeder Komponente im Startflecken betrug 1 ug, die Streichmasse war sauer und die Schicht-

dicke betrug 0.17 + 0.0r mm. Komponenten: (1) a-Keto-f-methylvaleriansiure; (2) a-Ketoiso-

capronsdure; (3) «-Ketoisovaleriansiure; (4) a-Ketobuttersdure; (5) Brenztraubensidure; (6)

Lévulinsdure; (7) «-Ketoglutarsiure; (8) Oxalessigsiure. V: 2,4-Dinitrophenylhydrazin. M:
Gemisch der Komponenten plus V.
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und 2 gleichartig, jedoch trennte sich die einzige y-Ketosdure des Gemisches, die
Livulinsiure, aus dem Gemisch als separater Flecken. Hingegen trennte sie sich bei
den iibrigen Entwicklungen der Tabelle II nicht als separater Flecken, obwohl auf
Grund der Rp-Werte erwartet werden konnte, dass sie vor den anderen auch in der
zweitletzten Entwicklung der Tabelle II laufen wiirde. Fig. 3 zeigt das der letzten
Entwicklung der Tabelle II entsprechende Diinnschichtchromatogramm. Auf der
Kieselgelschicht wurde keine Querlinie gezogen, sondern man liess das Losungsmittel
bis zum oberen Plattenrand aufsteigen.

Uber den Abbau der DN P-Komponenten der Ketosiuren in Dioxan—Phosphatpuffer-
Losung

Bei den vorher beschriebenen Versuchen wurden die DNP-Niederschlige der Keto-
sduren zuerst mit Extraktionslésungsmittel? behandelt und danach — zwecks
Auftragung auf die Diinnschichtplatte — in einem 1:1-Gemisch von Dioxan und
0.067 M Phosphatpufferlosung (pH 7.2) aufgelost. Wenn die Chromatographierung mit
frischen, hochstens wihrend zwei Tagen bei Raumtemperatur gestandenen Losungen
der DNP-Niederschlige durchgefithrt wurde, konnte einzig oberhalb des Lavulin-
sdurefleckens ein sehr schwacher weiterer Flecken erkannt werden (in den Fig. 1 und
2 mit Kreisen markiert). Wenn der in Fig. 2 gezeigte Versuch mit Losungen der DNP-
Niederschlige, die wihrend einer Woche bei Raumtemperatur gestanden hatten,
wiederholt wurde, trat ein weiterer Flecken auch oberhalb des Oxalessigsdurefleckens
auf, wie aus Fig. 4 ersehen, werden kann. Es tritt offenbar eine Zersetzung der ge
nannten Substanzen ein.

I 2 3 4 5 6 7 8
Fig. 4. Wiederholung des in Fig. 2 gezeigten Versuches, nachdem die Losungen der DNP-Kompo-
nenten der Ketosduren wéhrend einer Woche bei Raumtemperatur gestanden hatten. DNP-
Komponenten der Ketosduren: (1) o-Keto-f-methylvaleriansiure; (2) a-Ketoisocapronsiure; (3)
a-Ketoisovaleriansiure; (4) a-Ketobuttersiure; (5) Brenztraubensdure; (6) Laivulinsdure; (7)
a-Ketoglutarsdure; (8) Oxalessigsdure.
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Aus Fig. 4 kann ersehen werden, dass das sich aus dem DNP-Abkémmling der
Oxalessigsiure gebildete Abbauprodukt auf gleiche Weise wandert, wie der DNP-
Abkémmling der Brenztraubensiure. Die gleiche Beobachtung konnte auch bei
anderen, in Tabelle I erwihnten mobilen Phasen gemacht werden. Es ist demnach
offensichtlich, dass der DNP-Abkémmling der Oxalessigsdure in der Dioxan~Phos-
phatpuffer-Losung langsam decarboxyliert. Als vergleichende Versuche mit solchen
DNP-Niederschligen der Ketosiuren angestellt wurden, die nach der Fillung nicht
mit Extraktionslosungsmittel behandelt worden waren, und als Losungsmittel zur
Auftragung der Niederschlige auf die Platten wiederum ein Gemisch von Dioxan
und Phosphatpuffer zur Anwendung kam, zeigten sich keine — auch nach Stehen-
lassen der Losung — der aus Fig. 4 ersichtlichen Abbauprodukte der Komponenten.
Dies weist darauf hin, dass der Grund fiir den Abbau bei der Extraktionsbehandlung
gesucht werden muss.

BESPRECHUNG DER RESULTATE

Mit neutralisiertem Gemisch von Petroldther-Athylformiat (13:4) als mobile Phase
blieben die DNP-Komponenten der Ketosiduren am Startflecken. Art und Menge der
der mobilen Phase zugesetzten Siuren beeinflusst sowohl die in Bezug auf das 2,4-Dini-
trophenylhydrazin berechneten Rp-Werte wie auch die sich wihrend der Entwick-
lung aus den Komponenten bildenden Flecken (Tabelle I). Mit der Zunahme der
Saurekonzentration der mobilen Phase wachsen auch die Rp-Werte, bei gleicher
molarer Konzentration aber wachsendem Molgewicht der Siuren vermindern sich
jedoch die Rg-Werte (Tabelle I). Wenn die mobile Phase auch nur geringe Mengen an
Ameisensiure enthilt, trennen sich von den meisten Komponenten wihrend der
Entwicklung zwei aufeinanderfolgende Flecken ab — sie stellen zwei einander isomere
Verbindungen dar (Tabelle I, Fig. ). Wenn an Stelle von Ameisensaure deren héhere
Homologen verwendet wurden, geschah bei geringen Saurekonzentrationen keine
Abtrennung von Isomeren (Tabelle I, Fig. 2). Im Allgemeinen kann beobachtet
werden, dass mit der Erhéhung der Sdurekonzentration der mobilen Phase auch die
Anzahl der Komponenten zunimmt, aus denen sich Isomere bilden. Demnach ist es
moglich, dass die in der mobilen Phase enthaltene Sdure, sofern deren Konzentration
und Stidrke ausreichend sind, im Verlaufe der Entwicklung eine Isomerisierung ein-
zelner Komponenten verursacht. Andrerseits besteht die Moglichkeit, dass die Ex-
traktionsbehandlung der DNP-Abkémmlinge mit der damit verbundenen pH-
Anderung — wie einige Autoren beobachten konnten!® — oder das bei der Auflésung
der Niederschlige gebrauchte Losungsmittel eine Isomerisierung der Komponenten
verursachen kann. Bei bestimmten Komponenten wiren dabei beide Isomere schon
im Startflecken vorhanden, aber mit mobilen Phasen, durch welche die Isomere
nicht getrennt werden, bliebe ihre Wanderungsgeschwindigkeit die gleiche. Von den
Isomeren ist immer eine Komponente die dominierende. Die dominierende Kompo-
nente der Brenztraubensiure und der o-Ketoisocapronsiure wandert langsamer,
diejenige der a-Ketobuttersidure, o-Ketoisovaleriansdure und der a-Keto-g-methyl-
valeriansiure dagegen schneller als ihr Isomer (Tabelle I, Fig. 1).

Oberhalb des Lavulinsiurefleckens erscheint in den Fig. 1 und 2 ein sehr
schwacher Flecken (in den Figuren mit Kreisen markiert). Da das Auftreten des
Fleckens von der Art der mobilen Phase unabhingig ist, scheint nicht ein Flecken des
Isomers, sondern der eines Abbauproduktes in Frage zu stehen. Wenn man die
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Losungen der DNP-Niederschlidge bei Raumtemperatur wahrend einer Woche stehen
ldsst, zeigt sich bei der Diinnschichtentwicklung ein Flecken eines Abbauproduktes
ebenfalls oberhalb des Fleckens der Oxalessigsdure (Fig. 4). Dieses Abbauprodukt
wandert bei der Diinnschichtentwicklung auf gleiche Weise wie der DNP-Abkémm-
ling der Brenztraubensdure und wurde demnach als Folge der Decarboxylierung der
Oxalessigsdure gebildet. Falls die DNP-Niederschlige der Ketosiuren nicht mit
Extraktionslésungsmittel behandelt wurden und man zwecks Auftragung auf die
Platte als Losungsmittel fur die Niederschlige, wie bei den anderen Versuchen, ein
Gemisch von Dioxan und Phosphatpuffer anwendet, kénnen bei der Diinnschicht-
entwicklung keine der vorher erwdahnten Abbauprodukte festgestellt werden, woraus
der Schluss gezogen werden kann, dass die Extraktionsbehandlung auf den Abbau der
DNP-Komponenten der Livulin- und der Oxalessigsiure einen bestimmten Einfluss
ausiibt.

Eine Vergrosserung der Schichtdicke verkleinert den Rp-Wert aller Komponen-
ten. Der Rp-Wert der einzigen y-Ketosdure, der Lavulinsdure, verdndert sich bei der
Vergrosserung der Schichtdicke prozentual am wenigsten (Tabelle II). Falls der
Streichmasse Propionsidure zugegeben wird, wirkt dieser Zusatz auf die Rp-Werte
verkleinernd. Der Vorteil eines Zusatzes von Propionsiure zur Streichmasse und
einer grosseren Schichtdicke besteht darin, dass die einzelnen Komponenten aus dem
Gemisch besser getrennt werden (Fig. 3). Dabei wandern nur die DNP-Abkémmlinge
der a-Keto-f-methylvaleriansiure und der a-Ketoisocapronsiure zusammen, wihrend
die Trennung der anderen befriedigend verlauft.

ZUSAMMENFASSUNG

Zur Trennung der 2z,4-Dinitrophenylhydrazone von acht Ketosiuren wurde eine
diinnschichtchromatographische Methode entwickelt. Bei Verwendung der mobilen
Phase Petrolither-Athylformiat/Monocarbonsiure nahmen die Rp-Werte der
Komponenten — berechnet in Bezug auf das 2,4-Dinitrophenylhydrazin — zu, wenn
die Sdurekonzentration der mobilen Phase grosser, oder das Molekulargewicht der der
mobilen Phase zugesetzten Siure kleiner wurde. Falls die mobile Phase auch nur in
geringem Masse Ameisensdure enthielt, trennten sich bei einigen Komponenten im
Verlaufe der Entwicklung zwei aufeinanderfolgende Isomerenflecken ab. Mit den
héheren Homologen der Ameisensiure konnte bei geringen Siurekonzentrationen
aus den Komponenten keine Abtrennung von Isomeren konstatiert werden. Bei
Vergrosserung der Siurekonzentration der mobilen Phase nahm auch die Anzahl der
Komponenten zu, die zwei Flecken lieferten. Als Folge der Extraktionsbehandlung
der Niederschlige waren einige Komponenten in ihren Losungen nicht stabil. Die
Vergrosserung der Schichtdicke wie auch ein Zusatz von Saure zur Streichmasse haben
ein Absinken der Rp-Werte zur Folge. Durch Ansiduren der Streichmasse und mit
einer dickeren Schicht von Kieselgel G konnte die Trennung der einzelnen Komponen-
ten aus dem Gemisch verbessert werden.

SUMMARY

A method of thin-layer chromatography was developed for the separation of the 2,4-
dinitrophenylhydrazones of eight keto-acids. When petroleum ether—ethyl formate/
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monocarboxylic acid was used as the solvent system higher Rp values of the compo-
nents—measured with reference to 2,4-dinitrophenylhydrazine—were obtained
with increasing acid concentration or with decreasing molecular weight of the acid
in the solvent system. If the mobile phase contained even small amounts of formic
acid, some of the compounds gave two successive spots due to isomers. With higher
homologues of formic acid no separation of isomers could be observed when the acid
concentration was low. When the concentration was raised, the number of components
that gave two spots also increased. Owing to the extraction procedure to which the
precipitates were subjected some of the compounds were not stable in solution.
A thicker layer of Kieselgel G and also addition of acid to the adsorbent-water mixture
before coating caused the Rp values to decrease. The separation of the individual
keto-acids from the mixture could be improved by acidifying the spreading mixture
and using a thicker layer.
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Chromatography on ion-exchange resins has been used comparatively rarely for the
separation of alkaloids. A number of separations, concentrations and purifications
have been carried out (for a review see ref. 1), but in most cases the adsorption of the
alkaloids is so strong that organic solvents are necessary for eluting them from the
resin.

It was shown recently by CATELL1? that amino acids may be separated on paper
impregnated with zirconium phosphate in a manner analogous to separatiouns effected
on cellulose phosphate paper. Since zirconium phosphate has exchangeable phosphoric
acid groups like an organic resin but lacks the organic network of the resin, we thought
that novel separation effects might be possible on zirconium phosphate, i.¢. separations
which cannot be obtained on organic resins where adsorption is a contributing factor
or on inorganic exchangers, such as Florisil, which are unstable in acid solutions.

As shown in the experimental part below, the study of 35 alkaloids revealed
numerous possibilities of separation, and it was found that paper impregnated with
zirconium phosphate may also be used as a novel technique for the chromatographic
identification of a number of alkaloids.

EXPERIMENTAL

Preparation of paper impregnated with zivconium phosphate

The method of preparation proposed by ALBERTI AND GRASSINI® was used with two
modifications. In order to obtain a very uniform loading with zirconium oxychloride
the solution was allowed to enter the paper by ascending chromatographic develop-
ment instead of dipping the paper into a solution. The second modification was
brought about by the desirability of examining papers of different exchange capacities.
Thus not only a 30 9% zirconyl chloride solution in 4N HCl was used to impregnate
the paper, but also 5%, 10%, 15%, 20 % and 25% solutions, giving papers with
relative capacities varying as to the amount of zirconyl phosphate in the solution
employed. Subsequent drying, dipping into phosphoric acid, washing and drying
were then performed as described by ALBERTI AND GRASSINI®.
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Chromalography of alkaloids

Table I shows the Rp values of some alkaloids on papers of different capacities and
using aqueous acetic acid and hydrochloric acid as solvents. The Ry values on pure
cellulose paper (Whatman No. 1) are also given for comparison. Development was
carried out by the ascending method after equilibration for 24 hours.

The alkaloids were spotted on the paper as bases or chlorides in ethanol or aque-
ous solution. After development the papers were sprayed with Dragendorff reagent
yielding orange spots on a yellow background.

TABLE I

Rp VALUES OF ALKALOIDS ON PAPER IMPREGNATED WITH ZIRCONIUM PHOSPHATE

Conditions: ascending development in containers equilibrated for 24 h at 28° + 1°. The alkaloids were spotted

on the paper as 1 % solutions in ethanol (when a salt was employed, the type is indicated in the table).

Reagent: the papers were dipped into Dragendorff’s reagent. Paper: T = Whatman No. 1 paper run as
control. 59%,, 109, refers to the degree of impregnation. For details see text.

Ry values
Alkaloid 10 Y, Acetic acid 1 N Hydrochloric acid

T 5% 0% 5% 20% 25% 30% T 5%  15%  30%
Morphine 0.90 0.36 0.24 0.22 0.20 0.12 0.13 081 o0.80 o0.73 0.58
Apomorphine 0.64 0.12 0.06 0.10 0.10 0.04 0.03 0.36 0.32 0.30 0.26
Heroine 0.95 0.33 0.22 0.20 0.22 0.11 0.15 0.86 0.82 0.73 0.62
Papaverine 0.87 o0.27 0.16 0.13 0.09 0.04 0.08 o0.71 0.60 0.44 0.30
Hydrastine 0.88 o.15 0.10 0.06 0.07 0.00 0.00 0.81 0.62 0.58 043
Quinine 0.88  o0.03 0.00 0.00 0.00 0.00 0.00 0.88 0.73 0.56 0.38
Cinchonine 0.0 0.03 0.00 0.00 0.00 0.00 0.00 0.89 0.73 0.54 0.37
Cinchonidine 0.91 0.04 0.00 0.00 0.00 0.00 0.00 0.90 0.73 0.58 0.37
Tropine 0.90 0.55 0.40 0.22 0.19 0.18 0.17 0.92 0.91 0.80 0.64
Atropine 0.92  0.42 0.25 0.22 0.19 0.18 0.16 0.87 0.88 0.79 o0.59
Homatropine 0.9  0.42 0.25 0.24 0.19 0.18 0.16 0.90 0.87 0.83 0.64
Cocaine 0.88 0.58 0.34 0.33 0.29 0.26 0.20 0.84 0.83 0.76 o0.65
Tropacocaine HCl 0.89 0.36 0.27 0.18 0.16 0.17 0.13 0.83 0.78 0.73 0.68
Hyoscyamine 0.90  0.42 0.30 0.25 0.19 0.25 0.14 0.89 0.88 0.84 0.66
Veratrine 0.87 o0.80 0.61 0.68 0.58 0.49 048 o0.79 0.80 0.76 o0.70
Protoveratrine 0.94 0.89 (1)o.71 (1)0.78 (1)0.64 (1)0.58 (1)0.60 0.84 091 0.92 0.79

(2)0.90 (2)0.92 (2)0.94 (2)0.78 (2)0.92

Mescaline HC1 0.92  0.55 0.4I 0.22 0.58 o0.90 0.81 0.8
Ephedrine 0.77 0.63 0.47 0.30 0.60 0.91 0.80 0.72
Eserine 0.93  0.4I 0.27 0.13 0.59 0.93 0.77 0.51
Ergotamine tartrate 0.64 0.03 0.02 0.00 0.31 0.27 0.16 o0.17
Yohimbine HC1 0.74  0.40 0.26 0.15 0.60 0.62 0.55 0.53
Colchicine 0.83 0.83 0.72 0.67 0.80 o071 0.73 0.58
Harmine 0.62 0.04 0.03 0.02 0.28 0.21 0.1 O0.11
f-Erythroidine HCl o0.90  0.21 0.16 006 0.92 08I 0.75 0.55
Caffeine 0.84 0.73 0.69 0.51 0.83 0.67 0.64 0.48
Theophylline 0.77 0.1 0.70 0.50 0.7I 0.6 0.61 0.55
Emetine 0.90 0.05 0.02 0.00 0.83 0.77 0.80 0.64
Solanine 0.88 0.84 0.69 0.53 0381 0.82 o0.70
Arecoline 0.92  0.45 0.26 0.16 0.92 0.92 0.86 0.76
Aspidospermine 0.88 o0.59 0.28 0.14 0.84 0.80 o0.75 o0.72
Diaboline 0.86 0.38 0.17 0.15 0.85 0.84 0.74 0.66
Brucine 0.81 0.17 0.07 0.05 0.69 0.68 0.54 0.49
Vomicine 0.76  0.52 0.20 0.19 0.63 0.65 0.57 0.53
Strychnine nitrate 0.80 o0.13 0.08 0.04 0.74 0.66 0.57 0.53
Jervine 0.76  0.28 0.18 0.12 096 0.95 0.87
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*DISCUSSION

Most of the alkaloids show a negligible adsorption on cellulose (especially from acetic
acid), thus the adsorption can in most cases be credited to the effect of the zirconium
phosphate. Depending on the capacity of the paper, the Ry values may be varied over
a wide range, thus indicating excellent possibilities both for column and thin-layer
separations with zirconium phosphate-cellulose mixtures.

The method permits separation of several alkaloids belonging to the same group,
e.g. atropine, cocaine, tropacocaine, hyoscyamine (especially with 59 paper) the
separations depending on the pK values of the substances.

In the group of strychnine alkaloids the separation of strychnine and its dimethy!-
derivative brucine is rather poor because the two alkaloids have the same fundamental
structure of the non-indolic nitrogen group, whereas a good separation of vomicine
and diaboline is obtained. The latter, which are separated only with difficulty by
paper chromatography with the common solvents, possess different structures as
reported by MARINI-BETTOLO* and CAGGIANO AND MARINI-BETTOLOS.

Better results are generally obtained with the 5 % paper than with other papers,
and acetic acid generally gives better resolution than N HCL

In the case of quinine, cinchonine and cinchonidine no displacement was ob-
served on zirconium phosphate in acetic acid. This fact can be attributed to the
tendency of quinine salts to form insoluble complexes in acetic acid with several metal
ions whereas these are unstable in HCl. The same effect is also obtained in acetic acid
with harmine, emetine and ergotamine.

SUMMARY

The chromatographic separation has been studied of 35 alkaloids on paper impregnat-
ed with zirconium phosphate. It has been shown that in comparison to ordinary
Whatman paper the Rp values of the various alkaloids can be varied over a wide
range, thus enabling the identification of several closely related alkaloids.
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INTRODUCTION

Few methods are available for the study of the individual cholesterol esters. Alkali
isomerization of the fatty acids and, more recently, gas chromatography of the methyl
esters of the fatty acids have bzen used. Some chromatographic separations have also
been reported. LABARRERE ef al.! described a method for separating some saturated
and unsaturated cholesterol esters by ascending reverse-phase paper chromatography
using two solvent systems consecutively on the same paper strip. MARTIN2 has de-
scribed a method of separating some of the short chain saturated cholesterol esters.
KLEIN AND JANSSEN® employed a silicic acid column for the fractionation of mixtures
of cholesterol esters using a benzene-hexane solvent. Recently HAMILTON et 4l.* have
described the separation of cholesterol esters on silica gel impregnated glass fiber
paper. A silicic acid paper chromatographic method using benzene-hexane is de-
scribed here.

METHODS

Preparation of standard cholesterol esters

Cholesterol stearate and cholesterol oleate were obtained from the British Drug
Houses, Toronto, Canada; cholesterol palmitate and cholesterol oleate were obtained
from the Aldrich Chemical Company. Myristic, acharidonic, linoleic, and linolenic
acids were obtained from the California Corporation for Biochemical Research and
the acid chlorides were prepared by the oxalyl chloride method of WooD ef al.5 The
cholesterol esters were then prepared by the esterification procedure of SWELL AND
TREADWELLS. Purification of the saturated cholesterol esters was accomplished by
repeated recrystallization.

Silicic acid bath chromatography was used to purify cholesterol linoleate and
cholesterol linolenate. The esterified reaction mixture was dissolved in 100 ml hexane
and filtered. Twenty grams of silicic acid (Mallinckrodt 100 mesh) were then added to
the hexane solution in a beaker and the contents stirred for ten minutes. The suspension
was allowed to settle and the hexane decanted. The cholesterol ester was then eluted
from the silicic acid with a total of T000 ml of 13 % benzene in hexane and crystallized
in cold acetone. This procedure increased the yield over the recrystallization method
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and provided a purer compound. The melting points agreed closely and the infrared
spectra were identical with those published by LABARRERE ¢t al.l.

Total lipid extracts of human and rat plasma were prepared by the method of
FoLch ef al”. The cholesterol esters were then separated as a group by silicic acid
column chromatography as described by MARINETTI et al.8.

Silicic acid paper chromatography

Whatman No. 1 papers, 19 X 21 cm and 19 X 44 cm, were impregnated with silicic
acid as described by MARINETTI ¢f al8. The papers were stored in a glass cylinder
containing anhydrous CaSO,. The samples were applied to the papers on a line 1.5 in.
from one edge. A maximum of 10-15 ug of each cholesterol ester in 20~50 ul of hexane
was applied to the small chromatograms, while a maximum of 20-25 ug of each was
applied to the large chromatogram. It was possible to apply up to 70-80 ug of a
mixture per spot in the large chromatogram. The paper edges were then positioned
to form a cylinder which was held together with stainless steel wire. Ascending
chromatography was then carried out. The final procedure adopted was as follows:
The small chromatograms were run in Mason jars containing 50-60 ml of 8-109%,
benzene in hexane (Eastman Organic, practical grade) at room temperature (usually
27-30°). The chromatographic run required about 1.5 hours. The larger chromatograms
were run in cylinders measuring 6 in. internal diameter and 18 in. in height. The chro-
matographic solvent was 3 % benzene in hexane (250 ml) and the usual time for the
chromatographic run was 7-I1 hours.

At the end of the chromatographic run, the papers were allowed to dry and then
were lightly sprayed with a solvent mixture of diisobutyl ketone-acetic acid—-water
(40:20:3 v/v). The papers were allowed to dry again in a hood. The chromatograms
were then stained in a 0.001 % aqueous solution of Rhodamine 6G for 2z min and
observed while wet under an ultraviolet lamp of 256 mu wavelength (mineralight,
Ultra-Violet Products, Inc., San Gabriel, Calif., Model V41). Iodine vapor staining was
used to test for unsaturation. A phosphomolybdic acid stain was used to test for
cholesterol.

RESULTS

Factors affecting chromatography and vesults with known standards

Various concentrations of benzene in hexane from 2% to 209% were tested. It was
found that using the Mason Jar system and a benzene concentration of 20%, a
mixture of the cholesterol esters travelled to the front as one spot. Conversely, at a
benzene concentration of 2 %, the cholesterol esters stayed at or streaked slightly from
the origin. The best separation was achieved with 10 % benzene in hexane. For the
large cylinder, a 5% benzene concentration was found to be the best solvent if a
filter paper liner was used. It was necessary to prepare fresh solvents after every five
to six runs when the benzene concentration tended to fall below 59,. The system
described allows good separation, with minor fluctuations, in room temperature.
Humidity was controlled satisfactorily by storing the papers in a desiccator and
minimizing the exposure to room atmosphere. The large cylinders, with the advantages
of better separation and greater load capacity, were useful for quantitative work.
The Mason Jars were useful for rapid scanning.

The results with known cholesterol esters are shown in Fig. 1, column 3. The
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order of resolution (from the front to the origin) was: saturated cholesterol esters,
cholesterol oleate, cholesterol linoleate, and cholesterol linolenate. Free cholesterol
stayed near the origin. There was no practical separation among the saturated
cholesterol esters.

Fig. 1. Paper chromatography of rat, 40 ug, and human, 30 ug, plasma cholesterol esters. Chol-

esterol linolenate has been added in columns 1 and 4 in an attempt to determine whether or not

cholesterol linolenate could be separated from cholesterol arachidonate in this system. Cholesterol

ester standards were: cholesterol palmitate 10 ug, cholesterol stearate 10 ug, cholesterol oleate 5 ug,
cholesterol linoleate 5 ug, cholesterol linolenate 5 ug, cholesterol 10 ug.

Identification of paper chromatography spots by column chromatography and gas chroma-
tographic analysis

It was felt necessary to isolate the naturally occurring cholesterol esters of plasma
by column chromatography in order to identify with certainty the ester portion by
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gas chromatography. Rat plasma cholesterol esters generally resolved into four major
overlapping fractions on silicic acid chromatography by the method of KLEINS.
Fig. 2 demonstrates the combined column and paper chromatographic analyses of a
successful column run. Those tubes which contained more than one cholesterol ester
were discarded and the tubes containing the same single ester were combined.

‘ Column conditions

| 5gm Unisil
2Benzene washes

|| 2 5%BIH washes

|| Solvents-13%B/H-180ml
[ 25% B/H- 40ml
SAT.C! Charge-10mg RAT PL.CE

Flow rate-0.15-0.18 m!/min
3ml per tube

d CHOL.
J LINOLEATE

3

3>
QXKL
XXX

X

CHOL.
4 ARACHIDONATE

00,
badat

25
%

TeTeT
2

X

5%

oS

0‘0’
R
R

..
&

%
»}

7
13% B/H o B/H
IRAT PLASMACE 2 - 16 20 24 28 30 33 36 60 626466 6870 75
STANDARD Tube numbers

Fraction 1 =Tubes 1-13

Fraction?2 = 18-24
Fraction3= . 32-60
Fraction 4z ......... 64-75
P
501
(o)

o

o

o

2 2571

b Fraction 4

Fraction 1 Fraction 2
S L Fraction 3 "

Time

Fig. 2. Top: paper chromatographic analysis of tube fractions obtained by column chromatography

of rat plasma cholesterol esters. Bottom: gas chromatographic analysis of the fatty acid methyl

esters of the four major fractions obtained from the silicic acid column. M = methyl myristate;

P = methyl palmitate; PO = methyl palmitoleate; S = methyl stearate; O = methyl oleate;

L = methyl linoleate; A = methyl arachidonate. The line represents the fatty acid methyl ester
standards.

Fraction I (tubes 1-13) on paper chromatography corresponded to saturated chol-
esterol esters. Gas chromatography of the fatty acid methyl esters revealed pre-
dominantly methyl palmitate and a small amount of methyl myristate and methyl
palmitoleate. Fraction IT (tubes 18—24) corresponded to cholesterol oleate. Gas chroma-
tography of the fatty acid esters demonstrated predominantly methyl oleate with a
minute amount of palmitate and palmitoleate. Fraction III (tubes 32-60) corresponded
to cholesterol linoleate. Gas chromatography of the fatty acid esters showed essentially
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only -methyl linoleate. Fraction IV (tubes 64—75) on paper chromatography cor-
responded to the fourth spot. Gas chromatography of the fatty acid esters demon-
strated predominantly methyl arachidonate.

Frequently, the fourth fraction, cholesterol arachidonate, could not be eluted
from the column and in such instances a more polar 25 % benzene in hexane solvent
was used to yield this ester.

Paper chromatography of human and vat plasma cholesterol esters

As indicated above, human and rat plasma cholesterol esters resolved into four spots
(Fig. 1). The first spot corresponded primarily to saturated cholesterol esters. (This
spot may also contain cholesterol palmitoleate.) The second spot corresponded to
cholesterol oleate and the third spot was cholesterol linoleate. The fourth spot was
cholesterol arachidonate as identified by gas chromatography on rat plasma.

All of the spots obtained by paper chromatography of human and rat plasma
cholesterol esters stained for cholesterol with the phosphomolybdic acid reagent; and
with the exception of the first spot (saturated cholesterol esters) also reacted with
iodine vapors. It was found that the largest spot in human plasma cholesterol esters
was cholesterol linoleate, while the largest spot in rat plasma cholesterol was cholesterol
arachidonate.

Occasionally, when the chromatograms were overloaded with rat plasma chol-
esterol esters, it was possible to detect a fifth spot just below cholesterol arachidonate.
This spot was positive for cholesterol with phosphomolybdic acid reagent, and stained
with iodine vapors. However, this compound was present in very small amounts and
was not identified. It may represent a more highly unsaturated cholesterol ester.

As a known pure cholesterol arachidonate standard was unavailable, it was not
possible to test directly the separation of cholesterol linolenate from cholesterol
arachidonate. However, the presence of cholesterol arachidonate in both human and
rat plasma cholesterol esters allowed the addition of known cholesterol linolenate to
both human and rat plasma cholesterol esters to determine if separation occurs. As
can be seen (Fig. 1), there is no separation of these two cholesterol esters under these
conditions. Smaller amounts were sometimes partially resolved.

DISCUSSION

Itis evident that the various factors affecting the paper chromatography of cholesterol
esters are essentially the same as those described by MARINETTI ef al.8. However, they
can be sufficiently controlled to allow reproducible results. It appears necessary to use
known pure cholesterol ester standards or known naturally-occurring cholesterol ester
mixtures for identification purposes.

The paper chromatographic analysis of human and rat plasma cholesterol esters
as done by this method confirms other reports in the literature. KLEIN ¢f al.3 by their
column method report cholesterol linoleate to be about 60 9% of the total human
plasma cholesterol esters, and SWELL ef al.? by gas chromatography analysis, report
that cholesterol arachidonate constitutes 50 % of the total rat plasma cholesterol
esters.

The migration and separation of cholesterol esters is dependent on several factors,
two of which are: (1) the chain length of the fatty acid moiety and (2) the degree of
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unsaturation. The migration is based on the polarity of the esters. Increase in chain
length of the fatty acid enhances mobility while increasing unsaturation decreases it
and the balance of these two factors determines the mobility of a particular cholesterol
ester. The less polar cholesterol esters (i.e. Cy4 to C,y saturated cholesterol esters)
migrate faster than the more polar unsaturated esters. Cholesterol linoleate (Cyg.,)
moves below cholesterol oleate, and cholesterol linolenate (Cyg.5) moves below chol-
esterol linoleate. Cholesterol arachidonate (C,.,), because of the additional two
carbon atoms of the fatty acid chain, moves with cholesterol linolenate.

It is hoped that this system will be helpful in: (a) identification of individual
and mixtures of cholesterol esters and checking on the purity of a particular cholester-
ol ester, (b) the piloting and developing of column methods for the separation of
individual cholesterol esters in quantity for further studies and (c) a semiquantitative
estimate of the relative composition of a mixture of cholesterol esters.
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SUMMARY

A silicic acid paper chromatographic method for the separation of four major classes
of cholesterol esters, namely saturated cholesterol esters, cholesterol oleate, choleste-
10l linoleate and cholesterol linolenate plus cholesterol arachidonate is described.
This method uses a benzene-hexane solvent. The use of combined column and paper
chromatography as well as gas chromatographic analysis is presented for definitive
identification of the various spots. The predominance of cholesterol linoleate in
human plasma, and cholesterol arachidonate in rat plasma is confirmed.
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INTRODUCTION

The application of Tollens reagent to radiometric determination of saccharides on
paper chromatograms was described in a previous paper!. According to that method,
silver deposited in spots on paper as a result of the oxidation of separated substances
is converted into Ag'®I and determined radiometrically.

Oxidations carried out on paper with silver compounds are also accompanied by
oxidation of the cellulose of the support and elementary silver is deposited in the
background of the chromatogram. It was shown that this effect does not interfere in
principal with radiochromatographic determinations, it is, nevertheless, the critical
factor limiting the sensitivity of the method.

Because of the solubility of sugars aqueous solutions of Tollens reagent in common
use can be added to paper chromatograms of sugars only by spraying. This fact involves
further difficulties, as the background formed after spraying exhibits a non-uniformity
which not only decreases the sensitivity of the determination, but also, in many cases,
appears to be the source of serious errors.

Since attempts to improve the spraying techniques have been unsuccessful, our
attention was turned to other methods of oxidation of sugars, especially methods
employing the technique of adding silver reagents to the chromatograms by dipping.

The appropriate experiments were performed to test the methods described by
TREVELYAN, PROCTOR AND HARRISON? and DEDONDER?. It was found that the strongly
alkaline reaction conditions prevalent in the first method accelerated the oxidation
very markedly but, on the other hand, caused very serious difficulties in the course of
the removal of the excess reagent. This did not occur in DEDONDER’s method, but the
rate of the reaction under the conditions described by him was very slow.

During these experiments a very marked positive effect of minute amounts of
ammonia on sugar oxidations with silver nitrate was observed. This observation led
to the development of a new type of ammoniacal silver nitrate reagent, the prepara-
tion and properties of which will be described in the present paper.
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EXPERIMENTAL
Reagents

Saccharides. Glucose, fructose and inositol, commersial preparations, analytical grade
were used in all experiments.

Stlver reagents. Silver nitrate solution (SNS): I ml of saturated aqueous AgNO,
solution was added to 200 ml of acetone. The precipitated salt was dissolved by drop-
wise addition of a minimal amount of water (about 5 ml)2.

Ammoniacal silver nitrate solution (ASNS): 1 ml of saturated aqueous AgNO; so-
lution was converted into ammoniacal silver nitrate with concentrated ammonia
(about 1.6 ml). This solution was then added to 197.4 ml of acetone and the precipi-
tated salt was dissolved with water as above.

Both solutions were used for the preparation of the thirteen reagents listed in
Table I.

TABLE I

SILVER NITRATE REAGENTS CONTAINING DIFFERENT AMOUNTS OF AMMONIA

Vasn
Reagent .. [ASNS X 100%

Vasns + Vswns

SNS o

RS 8.4
R 17 16.7
R 25 25.0
R 33 33.3
R 42 41.7
R 50 50.0
R 58 58.3
R 67 66.7
R7s 75-0
R 83 83.4
R 92 91.7
ASNS 100.0

Note. Stock solutions of SNS and ASNS can be stored in a dark place over a
period of several days. All reagents containing deficient amounts of ammonia are
unstable and must be freshly prepared before use.

Chromatography

Whatman No. 1 paper strip chromatograms, 350 mm long and 15 mm wide, were
prepared. The substances to be tested in amounts of 4.10~2 umoles were spotted on the
starting point located 120 mm from the lower end of the strip. The chromatograms
were developed by the ascending technique for 18 h at room temperature, using the
system n-butanol-acetic acid-water (6:1:2)4. The developed chromatograms were air
dried for 72 h before further operations.

Oxidation reaction

Chromatograms were drawn quickly through the reagents and air dried. This manipula-
tion was repeated three times, but at the third time the drying wasomitted and the wet
chromatograms were placed horizontally®in an oven. The reaction was carried out at 50°
in a humid atmosphere produced by placing flat vesselsfilled with water on the bottom
of the oven. A fan mounted inside the oven provided adequate circulation of the air.
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Fig. 1. Oxidation of glucose with ammoniacal silver nitrate reagents containing less than equimolar
proportions of ammonia.

Immediately after the reaction, excess reagents were removed from the chromato-
grams by washing for 2 min with 10 % sodium thiosulphate followed by three washings
for 5 min with water.

RESULTS AND DISCUSSION

The oxidizing properties of silver nitrate reagents containing different amounts of
ammonia were tested in reactions with glucose, fructose and inositol. The thirteen
reagents listed in Table I were used. The reactions were interrupted at intervals of
5,I5and 30 min, 1, 2 and 3 h. The results of the experiments are presented in Figs. 1-3.
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Fig. 2. Oxidation of fructose with ammoniacalsilver nitrate reagents containing less than equimolar
proportions of ammonia.

It can be seen that all ammoniacal silver nitrate solutions containing less than
equimolar proportions of ammonia show higher reactivity towards the tested com-
pounds than do SNS or ASNS. The early stages of the reaction may be used to
determine the most reactive mixtures. These were reagents Rz5-R58 in the case of
glucose and reagents R42-R58 in the case of fructose and inositol.

In evaluating the reagents tested, the most important criterion is the comparison
of the results obtained with glucose and inositol—compounds representing the highest
and the lowest susceptibility towards oxidizing agents among low-molecular sugar
compounds. Distinct silver spots could be seen with glucose after only 5 min reaction.
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Fig. 3. Oxidation of inositol with ammoniacal silver nitrate reagents containing less than equimolar
proportions of ammonia.

A similar picture was obtained with inositol after 30 min. The ratio, however, of the
times needed to carry the reactions to completion was much less than six to one. In
the case of glucose 1 h was needed whereas for inositol the limit was in the range of 2 h.
The behaviour of inositol shows that the conditions described are suitable for analysis
of the whole range of monosaccharides and related compounds.

The higher reactivity of mixtures containing smaller amounts of ammonia than
is necessary to form the diamminesilver complex—[Ag(NH,),]*— may be connected
with the existence in solution of a dynamic equilibrium of the kind

Agt + [Ag(NHg)e]* = 2[Ag(NHs)]*

J. Chromatog., 11 (1963) 247—252
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and the higher reactivity of the monoamminesilver cation. This hypothesis is sup-
ported by the fact that maximal reactivity of the tested reagents occurred in the case
of solutions containing ammonia in the range of 50 % compared to that calculated on
the basis of the diamminesilver complex.

It should be mentioned that the inhibiting influences of an excess of ammonia
or ammonium salts on the oxidizing ability of Tollens reagent was observed by
DREeYERS. The same effect seems to occur with DEDONDER’s method?.

Further studies on the application of the modified ammoniacal silver nitrate
reagents in radiochromatography of sugars are in progress.
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SUMMARY

Ammoniacal silver nitrate reagents possessing higher reactivity towards saccha-
rides than Tollens reagent are described. The highest reactivity is shown with un-
stable reagents containing about equimolar amounts of silver nitrate and ammonia.
Acetone-water solutions of the reagents can be added to paper chromatograms of
saccharides by dipping.
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The well-known reaction of polyhydroxy-compounds with borate ions to form anionic
complexes has been used extensively for the separation of carbohydrates and related
compounds by paper electrophoresis in borate solution® and chromatography on
columns of anion exchange resins? and charcoald. The presence of boric acid has also
been shown to affect the paper chromatographic behaviour of carbohydrates?, the
increase or decrease in Rr value being dependent on the pH of the solvent5. We now
report the paper chromatographic behaviour of carbohydrates and related compounds
in the presence of benzeneboronic acid.

EXPERIMENTAL
Solvents

The solvents used for descending chromatography on Whatman No. I paper were
(a) ethyl acetate—acetic acid—water (g:2:2 v/v) and (b) 0.55 % solution of benzene-
boronic acid in ethyl acetate—acetic acid-water (9:2:2 v/v). The solvent front moves
about 30 cm in 4-5 h.

Spray reagent
The compounds were detected on paper chromatograms with potassium periodatocu-
prate and rosaniline®.

RESULTS AND DISCUSSION

The products of the reactions between boric acid or borate ions and polyhydroxy-
compounds have structures of the types I-IV.

O\ SO\ PR
R B—OH R B
o/ No/ \OH_
(I (IT)
SN T { O
R B R R—-O0O—B—O0OH
o No/ Y%
(111 avy
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Since boric acid, B(OH),, does not act as a proton donor but a Lewis acid?, ac-
cepting the electron pair of the base, e.g. OH-, to form the anion B(OH),~, the com-
pounds formed at acidic pH values are neutral esters (I) whereas those formed under
alkaline conditions are anionic complexes (II-IV). Compounds with structure I
should have higher Rp values in solvents with a stationary aqueous phase than those
with structures II-IV. This is indeed confirmed by the chromatographic behaviour of
D-glucitol in solvents containing (i) boric acid and acetic acid (Rg 2.2; movement
with respect to glucose) and (ii) boric acid and pyridine (R¢ 0.3)%.

Benzeneboronic acid, Ph-B(OH),, is known to react with several polyhydroxy-
compounds to give esters with structure V8-10, The detailed structures of some of these
have been elucidated.12,

O

K B—Ph
No”

V)

The replacement of the hydroxyl group of I by a phenyl group should increase
the affinity of the ester for the organic solvent and thus result in an increase in Rp
value. The results (Table I) show that this is indeed the case; in solvent {b), in which
the boric acid has been replaced by benzeneboronic acid, p-glucitol moves with an
R¢ value of 5.6.

TABLE I

Rp VALUES OF CARBOHYDRATES AND RELATED COMPOUNDS
IN SOLVENTS (a) AND (b)

Ry value
Compound
Sclvent (a) Solvent (b)

Glycerol 0.32 0.35
Erythritol 0.23 0.31
D-Arabitol 0.14 0.50
1-deoxy- 0.45 0.71
5-deoxy- 0.46 0.85
Ribitol 0.14 0.48
2-deoxy-D- 0.32 0.46
Xylitol 0.14 0.45
Allitol 0.17 0.49
D-Altritol 0.16 0.51
1-deoxy- 0.36 0.85
1,6-dideoxy- 0.57 0.97
Galactitol 0.07 0.47
1-deoxy-D- 0.3I 0.68
1,6-dideoxy- 0.58 0.85
D-Glucitol 0.08 0.45
2-deoxy- 0.22 0.60
3-O-methyl- 0.19 0.44
4-O-methyl- 0.30 0.40
D-Mannitol 0.08 0.43
1,6-dideoxy- 0.58 0.96
2-O-methyl- 0.22 0.70
1,2-di-O-methyl- 0.46 0.82

(contined on p, 255)
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TABLE I (coniinued)

Ry value
Compound
Solvent (a) Solvent ()
pL-Glycerose 0.38 0.40
D-Erythrose 0.31 0.84
L-Threose 0.31 0.53
D-Arabinose 0.12 0.11
D-Lyxose 0.18 0.18
D-Ribose 0.25 0.50
2-deoxy- 0.40 0.41
p-Xylose 0.15 0.15
D-Altrose
1,6-anhydro-8-pyranose 0.20 0.19
D-Galactose 0.06 0.08
6-deoxy- 0.19 0.18
1,6-anhydro-f-pyranose 0.33 0.38
D-Glucose 0.08 0.08
3-O-methyl- 0.2I 0.23
5-deoxy- 0.28 0.27
methyl e-pyranoside 0.20 0.21
1,6-anhydro-f#-pyranose 0.33 0.31
D-Gulose 0.13 0.27
1,6-anhydro-#-pyranose 0.31 0.30
L-Idose 0.09 0.16
p-Mannose 0.08 0.09
6-deoxy- 0.22 0.25
3,4-di-O-methyl- 0.55 0.59
methyl «-pyranoside 0.42 0.42
1,6-anhydro-f-pyranose 0.33 0.39
p-Fructose 0.11 0.12
L-Sorbose o.10 0.16
allo-Inositol 0.04 0.1I
dextro-Inositol
3-O-methyl- 0.09 0.08
epi-Inositol 0.01 0.04
levo-Inositol 0.03 0.02
2-O-methyl- 0.07 0.07
muco-Inositol 0.05 0.05
1-deoxy- 0.08 0.08
myo-Inositol 0.02 0.02
1-deoxy- 0.07 0.06
seyllo-Inositol o o

Table I shows the Rp values of some carbohydrates and related compounds in the
solvent containing the benzeneboronic acid [solvent (b)]. In all cases comparison was
made with a solvent from which benzeneboronic acid was omitted [solvent (a)].
It can be seen that a number of useful separations are obtained, ¢.g. most aldoses and
ketoses are well separated from their reduction products within 4 to 5 hours.
Theisolated benzeneboronates of many polyhydroxy-compounds are easily hydro-
lysed, even during chromatography, with a solvent containing water, e.g. solvent (a). In
this solvent the benzeneboronic acid, which can be detected under U.V. light, moves
almost with the solvent front and hence is easily separated from the polyhydroxy-
compounds. Thus, solvent (b) offers an advantage for separations on a preparative
scale. Normally, boric acid is removed from an eluate by repeated distillation with
methanol. However, the benzeneboronic acid can be separated from the polyhydroxy-
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compounds by re-chromatography of the eluate in solvent (a), avoiding any destruc-
tion of the polyhydroxy-compounds which might occur when boric acid is removed
by repeated distillation with methanol.

It seems reasonable to assume that only compounds which have at least two
hydroxyl groups in an appropriate spatial arrangement to react with benzeneboronic
acid will have significantly higher Rr values in solvent (b) than in solvent (a). How-
ever, comparison of the Rp values in the two solvents cannot be regarded as a satis-
factory method to detect such an arrangement in a compound, since e¢.g., the Rp
values of glycerol and D-glucose are not appreciably altered by the presence of ben-
zeneboronic acid, although crystalline benzeneboronates of these have been ob-
tainedt:12, It is likely that, under the conditions of the chromatography, the equilib-
rium does not favour the formation of certain benzeneboronates, which will of
course have differing relative stabilities according to ring size, substituents, etc.
On the other hand, Table I shows that the aldoses and cyclitols, the Rg values of
which are markedly affected by the presence of benzeneboronic acid, have in their
more stable conformation a 1 (ax), 3 (ax)-diol grouping. muco-Inositol and 1,6-anhydro-
p-D-glucopyranose also possess such a diol grouping, but as mentioned earlier the con-
ditions of the chromatography might not favour the formation of their benzeneboro-
nates. 2-Deoxy-D-ribose, the Ry value of which is the same in both solvents, possesses
such a diol grouping only in the C1 conformation (REEVES nomenclature)® of its
e-anomer. It is not possible to decide which anomer and conformation of D-ribose
reacts with benzeneboronic acid.

During the course of this work GAREGG AND LINDBERG! reported the paper
electrophoretic behaviour of carbohydrates in solutions of sulphonated benzeneboro-
nic acid. Presumably, under the conditions used, the esters formed migrate due to
the ionisation of the sulphonic acid group.
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SUMMARY

The Rp values of a number of polyhydroxy-compounds are markedly increased by the
addition of benzeneboronic acid to the solvent. The increase is due to the formation of
esters between benzeneboronic acid and the polyhydroxy-compounds. For certain
carbohydrates and cyclitols the increase has been related to their structures. Acyclic
polyhydroxy-compounds have, in general, much higher Rr values in the solvent con-
taining benzeneboronic acid than the aldoses or ketoses from which they derive.
This provides a rapid method for the separation of pairs of such compounds.
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Short Communication

Cation exchange separation of calcium and magnesium
at high ionic strength”

In the course of a general investigation of the cation exchange behavior of the ele-
ments in very high ionic strength media, a marked difference was found in the adsorb-
ability of Mg(II) and Ca(II) which may be utilized for rapid and simple separation
of these elements from each other.

Adsorbability of Mg (IT) in HCl and HCIO, solutions decreases with ionic strength
qualitatively as expected from the usual mass action expressions. In g M HCIO,
and 9 M HCI, the distribution coefficients D (amount per kg dry resin/amount per
liter solution) were ca. 4.0 and 0.65 respectively, for Dowex 50-X4 at 25°. These
results are in general agreement with those published recently by Mann?.

Adsorbability of Ca (II) in perchloric acid solutions first decreases with M HCIO,
as expected, shows a minimum distribution coefficient, D = ca. 7 near 4 M HCIO,
and then increases rapidly to D = ca. 10%in 11 M HCIO,. While strong adsorption
of Ca(II) was also observed by CrHOPPIN AND DINIUS?, our results differ from theirs
in that we find a very much steeper rise of distribution coefficients above 6 A HCIO,.

In hydrochloric acid, adsorbability of Ca(II) goes through a minimum near
5 M HCI (D = ca. 2); it then increases moderately to D = ca. 30 in 12 M HCI. These
results are in substantial agreement with earlier observations by DiaMmoxD2.

The differences in adsorbabilities and hence the separation factors between
Mg(1I) and Ca(II) are thus very much larger in HCIO, than in HCI solutions of
equal but high concentration. In concentrated perchloric acid solutions the difference
is large enough and adsorption of Mg (II) small enough to permit concentration and
isolation of trace amounts of Ca(II) from moderately large volumes of Mg(II)
solutions.

Adsorbabilities of Ca(II) and Mg (II) in mixtures of HCl and HCIO, of constant
total acidity are intermediate between those in the pure acids as demonstrated in
Fig. 1, a plot of log D ws. the fraction HCIO, (Fucio,) in 9 M acid mixtures. The
separation factor, D¢a/Dyg, computed from the data of Fig. 1, increases gradually
from 8.2 in g M HCl to 75 in g M HCIO, solution.

In the chromatographic application of high ionic strength cation exchange,
difficulties are encountered from the slow exchange rates. However, sharp elution
bands can be achieved with reasonable flow rates by use of very fine mesh resins and
occasional operation at elevated temperatures. We have also observed that HCl-
HCIO, mixtures have somewhat more favorable rates than HCIO, solutions of the
same ionic strength.

* This document is based on work performed for the U.S. Atomic Energy Commission and for

the Office of Saline Water, U.S. Department of the Interior, at the Oak Ridge National Laboratory,
Oak Ridge, Tenn., operated by Union Carbide Corporation for the U.S. Atomic Energy Commission.
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Fig. 1. Adsorption of Mg(II) and Ca(II) from 9 M HCI-HCIO, mixtures (Dowex 50-X4, 25°).

A typical separation illustrating the use of high jonic strength media is shown in
Fig. 2. A small aliquot of a mixture of tracers of Mg(II) and Ca(II) (¥Mg, Ty, =
21 h; #Ca—*"Sc, T, = 4.7 d-3.4 d) in 6.0 M HClO,~2.6 M HCl was added to a small
column (0.25 cm? X 6 cm) of Dowex 50-X4 at 25°; resin of mesh size 270 to 325 was
used. Effluents were analyzed by gamma spectrometry.

On elution with 6.4 3 HCIO,~2.6 M HCI, Mg(II) appeared rapidly in the efflu-
ent with maximum concentration near 1 column volume. The band was free of calcium
{(and scandium) activity and was symmetrical at the flow rate used (0.3 cm/min).
Ca(II) can readily be eluted with ca. 5 or 6 M HCI, s.e., a medium in which it shows
minimum adsorption. In the experiment portrayed in Fig. 2, elution was carried out
with 5 M HCl. Ca(Il) appeared in maximum concentration after ca. 1.5 column
volumes; the daughter activity 4’Sc was slightly more retained than Ca(II) under
these conditions and its elution band followed that of Ca(II} with some overlapping.

4

T T 7
L—1'»6,0 M HCIO4—2.6 M HCI L—-DS M HCH

Mg

: [

CONCENTRATION {arbitrary units)

o} ~o——
0 2 4 6
COLUMN VOLUMES

Fig. 2. High ionic strength cation exchange separation of Mg(II) and Ca(II); Dowex 50-X4,
25°, 6 cm column.
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Although this separation was carried out with trace concentrations of Ca(II)
and Mg (II), the method has been applied equally successfully to macro amounts
(0.1 M) of these elements. The method should also be readily adaptable to the analysis
of natural waters containing reasonable amounts of sodium chloride as well as such
other ions as carbonates and sulfates.

Chemistry Division, FREDERICK NELSON
Oak Ridge National Laboratory, James H. HoLroway*
Oak Ridge, Tenn. (U.S.4.) Kurt A. KrAUS

1 C. K. MaNN, Anal. Chem., 32 (1960) 67.
2 G. R. CaopriN aAND R. H. DinNtus, Inorg. Chem., 1 (1962) 140.
3 R. M. DiamonD, J. Am. Chem. Soc., 77 {1955) 2979.
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Notes

Chromatographic separation of Rauwolfia serpentina and
opium alkaloids on thin layers of alumina

The chromatographic separation of alkaloids constitutes a problem that has been
studied extensively. This is due above all to the wide distribution of these substances
in natural materials, in which they mostly occur in low concentration accompanied by
large amounts of impurities. Use has been made of paper chromatography for the
separation of alkaloids, but one of the drawbacks of this method is that separation is
only obtained after 5 to 12 h'. Moreover, the separation is not so clear specially in the
case of Rauwolfia alkaloids. These alkaloids are located by means of ultra violet light,
and ajmaline becomes visible only after spraying the developed chromatogram with
sodium acetate solution!. In studies on the composition of complexes or crude prod-
ucts as regards their individual basic constituents, specially in the case of Rawuwolfia
alkaloids a need was felt for a suitable and quick method for their chromatographic
analysis.

We have succeeded in achieving further progress in the chromatography of
Rauwolfia and opium alkaloids by applying the method described by MOTTIER AND
PoTTERAT? for. the separation of some synthetic fat-soluble pigments.

Materials and methods

0.5 % solutions of the following alkaloids were prepared: reserpine, serpentinine,
serpentine, ajmaline, ajmalicine, morphine, narcotine, codeine and papaverine.

The Rauwolfia alkaloid solutions were dissolved in chloroform, narcotine in
acetone, codeine, papaverine and morphine in ethyl alcohol.

J. Chvomatog., 11 (1963) 260-263
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Aluminium oxide for chromatography (E. Merck & Co., according to Brock-
mann) was used as the adsorption medium for the Rauwolfia alkaloids and aluminium
oxide anhyd. (E. Merck & Co.) for the opium alkaloids.

Detection was carried out by means of the modified Dragendorff’s reagent.
Spraying has to be done very carefully and from a distance to avoid the absorbent
layer being blowa away by the aerosol stream.

Preparation of chromatographic plates with a thin layer of alumina

Plates were prepared according to the method of DAVIDEK et /.2 by applying alumina
in a dry state to glass plates of go X 350 mm. The alumina was subsequently smoothed
by means of a roller made from a glass rod. The plates thus prepared are ready to be
used directly for the chromatographic separation.

Experimental arrangement

The solution of the individual alkaloid or of a mixture is applied at a distance of about
2—3 cm from the edge of the plates. After allowing the solvent to dry, the plate is
placed in an inclined position (at an angle of 20-30°) in the chromatographic chamber
together with the solvent. A glass solvent trough 18 in. long X 6 in. wide X 5 in.
high is used as the chromatographic chamber. Development with the solvent is carried
out by the ascending technique until the solvent has reached the end (about 40-60
min). The plate is then removed from the chamber and allowed to dry. Finally it is
sprayed very carefully with Dragendorff’s reagent.

Discussion

Model experiments were performed with some of the Rauwolfia and opium alkaloids.
The dependence of the Rp values of the individual substances on the solvent system
as well as the best solvent system for their separation were studied.

Table I shows the Ry values obtained for Rauwolfia alkaloids using different
solvent mixtures. It has been found that ethyl alcohol is essential for the separation of
serpentine and ajmaline. On the other hand reserpine and ajmalicine can only be
separated in the absence of alcohol. Consequently two chromatograms must be run

TABLE 1

SEPARATION OF Rauwolﬁa ALKALOIDS BY THIN-LAYER CHROMATOGRAPHY

No. Alkalotds Solvents Rp values Remarks
1 Serpentine Chloroform-acetone (85:15) 0.02 Serpentine and ajmaline
Ajmaline 024 gave only one spot
Reserpine 0.60
Ajmalicine 0.77
2 Serpentine Absolute ethyl alcohol 0.75
Serpentinine 0.86
Ajmaline 0.87
3 Serpentine Chloroform-ethyl 0.34
Ajmaline alcohol-acetone (90:5:5) 0.5I
Serpentinine 0.73
Reserpine 0.89
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TABLE II

SEPARATION OF OPIUM ALKALOIDS BY THIN-LAYER CHROMATOGRAPHY

No. Alkaloids Solvents Rp values

he Morphine Dry acetone 0.033
Codeine 0.77
Papaverine 0.89
Narcotine 0.92

2 Morphine Chloroform 0.034
Codeine 0.38
Narcotine 0.77
Papaverine 0.88

3 Morphine Benzene~chloroform— 0.06
Codeine —acetone (70:15:135) 0.33
Papaverine 0.73
Narcotine 0.77

with the solvents chloroform—ethyl alcohol-acetone (go: 5:5) and chloroform—acetone
(85:15) to obtain a complete separation of all the alkaloids.

Table IT shows the data obtained for opium alkaloids. In this case chloroform,
acetone or a mixture of benzene-chloroform-acetone (70:15:15) were found to be
most suitable for the separation of the opium alkaloids morphine, codeine, narcotine
and papaverine. If chloroform alone is used as the irrigating solvent the spot of
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4
0+ O 0 8: , 0+

003 00 02
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002 02
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010
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START 01 O START . ’ R
Mixture Mixture Mixture A«;
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Fig. 1. I. Chromatogram of Rauwolfia serpeniina alkaloids. Solvent: chloroform-ethyl alcohol~
acetone (90:5:5). I = serpentine; 2 = serpentinine; 3 = ajmaline; 4 = reserpine. II1. Chromato-

gram of Rauwolfia sevpentina alkaloids. Solvent: chloroform-acetone (85:1 5). I = serpentine;
2 = reserpine; 3 = ajmalicine. III. Chromatogram of opium alkalcids. Solvent: benzenefchloro-
form-acetone (70:15:15). 1 = morphine; 2 = codeine; 3 = papaverine; 4 = narcotine. IV.

Chromatogram of opium alkaloids. Solvent: pure chloroform. 1 = morphine; 2 = codeine; 3 =
narcotine; 4 = papaverine.
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papaverine is located at the end of the chromatogram, while with acetone or a
mixture of benzene, chloroform and acetone narcotine is found at the top.
Typical chromatograms obtained in this way are shown in Fig. 1, I-IV.
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Use of sequentially applied location reagents and multiple transparent
overlays in thin-layer chromatography”

Studies now in progress in this laboratory, utilizing thin-layer chromatography for
the separation of tissue lipids?, have demonstrated a need for a simple, rapid method
for permanently recording the positions and total areas of separated lipid classes on
the developed chromatoplate prior to quantitation. The separated lipids have differed
widely in amount under various experimental conditions, producing a degree of
variability as well as interference in the final separations that is not completely stan-
dardized by comparison with known lipids. This has necessitated the frequent use of
multiple, sequentially applied location reagents. Difficulties have occurred when spots
previously demonstrated would be hidden by location reagents applied later in the
sequence. It became impossible to relate these sequentially visualized areas unless a
permanent record was made after the use of each location reagent. Recent notes by
GETz AND LawsoN? and HirtoN anD Harr? have suggested the feasibility of utilizing
standard office photocopiers. The overlay technique described in this communication
requires no special equipment and has the added feature that it permits the supraposi-
tioning of the series of overlays outlined during sequential spot localization. Direct
comparisons can thus be made of the various spots developed with the individual
location reagents, positive identifications can be made, and—most important—any
incomplete separations can be rapidly determined.

The developed chromatoplate, after being sprayed with the first location rea-
gent, is placed under a plate of either clear glass or plastic. This plate is elevated
from the surface of the table enough to allow the chromatoplate to be slipped under-

* This investigation was supported in part by a research contract, Project Number 6Xgg-26-
001-09, from the Medical Research and Development Command, U. S. Army, Washington 25, D. C.

J. Chvomatog., 11 (1963) 263~264



264 NOTES

neath without touching the overlying glass or plastic. The spotting guide provided with
the Camag* apparatus, inverted, works very well as this stand. A piece of thin, clear,
flexible plastic, e.g., 0.005-gauge polyethylene, cut to the size of the glass plates used
for the thin-layer chromatography, is then placed on the transparent stand above the
developed chromatoplate and the area of each spot outlined. A standard ink glass-
marking pen with a fine point works well for this purpose. Notes may be inked in on
the overlay plastic, if desired, at this time. Other spots can then be located with other
reagents, another overlay being traced each time. The transparent overlays can then
be compared by direct apposition. After the spots have been identified, the individual
overlays are placed underneath the chromatoplate; with transillumination the total
areas containing the particular metabolites desired are easily located.

This method is being applied in this laboratory in a study of the alterations in-
duced by hepatotoxic agents in lipid metabolism of the rat liver. Dichlorofluorescein
is first sprayed onto the developed chromatoplate. This visualizes the pH gradient of
the plate with different solvent systems? and spots the organic acids, all of which are
recorded on the first overlay. The chromatoplate is then placed under U.V. light, and
the fluorescent areas, which include almost all the lipid fractions in sufficiently high
concentration, are outlined on the second overlay. Iodine vapor is then used for
detection of unsaturated lipids, a third overlay being made. Finally a fourth overlay
is made of the spots located with the Liebermann—Burchard reagent. Direct apposition
of these four overlays identifies the various lipids by their relative positions and types
of reactions observed with the various location reagents. Incomplete separations are
noted. This is particularly important in experiments with shorter chain fatty acids,
which usually remain much closer to the origin than the longer chain fatty acids, and
are thus incompletely separated from other relatively polar lipids. When 4C-labelled
fatty acids are used, radioactivity would be found with these more polar lipids due to
the C in the incompletely separated fatty acid. In such a case, the separation is
repeated, using a different solvent system. The overlays are then placed beneath the
glass plate, both chromatoplate and overlay transilluminated, and the silica gel above
the desired outline removed for quantitation. Finally, the overlays are stapled to-
gether and taped into a loose-leaf notebook with the experimental notes. The data
accumulated with the quantitative studies are later summarized on a composite fifth
overlay.

Military Envivonmental Pathology Division,
Armed Forces Institute of Pathology, JosepH S. AMENTA
Washington, D.C. (U.S.4.)
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Separation of isomeric methylated deoxyguanosines
on thin cellulose layers prepared with a glass rod applicator”

The separation of nucleic acid derivatives by thin layer chromatography has already
been demonstrated by RANDERATH!™3, who used cellulose powder and Ecteola
cellulose? for the preparation of thin layers and demonstrated the advantages of this
‘method over the more classical paper chromatography®. We report here an application
of thin-layer chromatography to the separation of methylated isomeric deoxygua-
mnosines obtained by the action of diazomethane on deoxyguanosine. These products,
.otherwise separated by paper chromatography and isolated by column chromatog-
raphy on cellulose powder, have been identified as principally 1-methyl-deoxy-
guanosine (MGDR-I) and O%-methyl deoxyguanosine (MGDR-1I), Rr values 0.70 and
0.78 (isopropanol-water, 70:30) and 0.72 and 0.80 (isopropanol-water-ammonia,
+40:25:5), respectively®.

In the present study the chromatoplates were prepared by applying cellulose
layers with a simple glass rod applicator, as well as by use of a conventional applicator.
Plates prepared by both methods gave equally effective separation of MGDR-I and
MGDR-II. Glass rod applicator has been used previously by LEES aND DEMURIA?
and by Duncan8, who successfully applied silica gel G and Kiesel gel G slurries to
glass plates.

Experimental

Preparation of chromatoplates. A mixture of 15 g of cellulose powder MN 300 G
(Macherey, Nagel and Co., Diiren, Germany) having particle size less than 10 my and
containing plaster of Paris as the binder, and go ml of water was vigorously stirred
by a mechanical stirrer for about 2 min. The slurry formed was then applied to one
:side of well-cleaned glass plates (200 mm X 50 mm in size) arranged in a row on a
-template. In place of a template a slab of glass plate of appropriate size may be used.
A thick uniform glass rod, preferably with a ground surface (zo mm in diameter),
around which Scotch tape was wound to the desired thickness, 250 mu, at two
-positions less than the width of the glass plate apart, was drawn over the cellulose
slurry in the manner described by LEEs AND DEMuRrIA?. The uniform thin layer of
-cellulose obtained was dried and heated in the usual manner?® 0. LEES AND DEMURIA
applied Scotch tape to the sides of the glass plates. Their method also gave satis-
factory results although it is less simple than the present method.

Glass plates coated with cellulose layers to a thickness of 250 my by a conven-
‘tional adjustable applicator were prepared for purpose of comparison.

Comparison of chromatoplates. A mixture of the methylated products, MGDR-I and
MGDR-II®, in methanol (5 ug in 4 ul) was applied to plates prepared by the two
‘methods, at a distance of 1/2 in. from one end on as small a spot as possible. The plates
‘were developed simultaneously in the same bath, using a mixture of isopropanol and
water (70:30) as a solvent, by the ascending technique. After 2 h when the solvent
had risen to an appreciable height the plates were taken out, dried and examined
under short wave ultraviolet light.

* Supported by a research grant No. G-19591 by the National Science Foundation, Washington,
C.
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There was good reproducible resolution of the mixture in both cases. Two dis-
tinct spots, one dark and the other brightly fluorescent in ultraviolet light, separated
in each case. These spots, scraped from the glass plates and eluted with N/10 hy-
drochloric acid or N/100 sodium hydroxide, gave products with ultraviolet spectra
dentical to those of the corresponding compounds isolatzd earlier. Rp values are
listed in Table I.

TABLE I
Ry valucs on Rp values on
No. of Spots cellulose plates cellulose plates
Expt. prepared with prepared with
applicator glass rod
I Dark spot (MGDR-I) 0.72 0.76
Bright spot (MGDR-II) 0.86 0.88
2 Dark spot (MGDR-I) 0.74 0.76
Bright spot (MGDR-II) 0.88 0.87

Although the small differences in Rp values in the two cases are possibly attribu-
table to differences in the thickness of the layers, it is clear that satisfactory thin
layers of cellulose can be prepared simply and inexpensively by this glass rod tech-
nique. The rapidity and sensitivity of the method made it particularly useful for moni-
toring the fractions eluted from cellulose columns. This technique has also been ex-
tended with success to the preparation of plates with ion-exchange cellulose powder
(MN 300 G/Ecteola). These latter plates have been used for separation of isomeric
methylated deoxyribonucleotides to be reported later.
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Possibility for using a simple expression for peak symmetry
characterization in gas chromatography

It is known that a Gaussian peak is described by the following equation (see Fig. 1):

22
¥ =% eXP~-(——2) (1)
20

where y is the peak height (4), v, is the peak height at maximum (Amax), % is the dis-

Inflexion
points

Fig. 1.

tance from the ordinate, and ¢ is the variation coefficient of the peak. The Gaussian
peak is symmetrical on both sides of the ordinate; thus, the peak width (w) at any
point is:

w = 2x (2)
The peak width at two different positions is of primary importance: the width at the
inflexion points (w;) which is equal to 2¢:

w; = 20 (3)

and the peak width at half height (ws). Besides these two values, the so-called peak
width at base or the band intercept (wp) is of importance: it is equal to the length cut
from the base line by the two tangents (drawn to the inflexion points) and is equal
to 40:

Wp = 40 (4)

The value of wy, can be calculated as a function of sigma from equation (1) if smax/2,
hmax, and wp/2 are substituted for y, y,, and x respectively. The result of this calcu-
lation is:
s wp = 204/2In2 = 2.3550 (5)
Dividing eqn. (4) by eqn. (5):
T 4 1.698 (6)
wn  2.3550
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This means that if the peak is truly Gaussian, the ratio of the peak width at base and
at half height is constant.

In gas chromatography, both wy and w), are frequently used for the calculation
of the number of theoretical plates. It is now suggested that their ratio may be used
for the control and expression of peak symmetry.

Equation (6) showed that in case of a truly Gaussian peak, the ratio of wy and w),
is equal to 1.698; thus, if at an actual chromatographic peak, the ratio differs from
1.698 (& 1.70), it is an indication of peak unsymmetry.

Experimental

In order to test applicability of this method, we analyzed pure substances on eighteen
different packed columns. Three of them were adsorption columns while the others
were partition columns. Thirteen partition columns were made using GC-22, 60/80
mesh as support material; this is a conventional diatomaceous earth type support, a
product of the Coast Engineering Laboratory, Hermosa Beach, California and is not
completely inert. Thus, if a polar substance is analyzed, peak tailing may occur.
One column was made using Teflon which is completely inert, as support material.
Finally, one column was made by using hexamethyldisilazane (HMDS) treated
Chromosorb W, 8o0/100 mesh which is after Teflon and glass beads, the next best
inert material; it is a product of Johns-Manville Corporation, New York. All columns
except one were 2 m long; the one longer column was 4 m and made with 7,8-benzo-
quinoline liquid phase. The columns with GC-22 support and Teflon, and the adsorp-
tion columns were made of tubing with 1/4 in. outside diameter; the HMDS-treated
Chromosorb W column had 1/8 in. O.D. tubing. Table I gives the column dimensions,
the concentration of the liquid phase on the column material, the operating condi-
tions, the test substances, and the analytical results; further, the wy/w, ratio for
each column. It should be mentioned that usual carrier gas inlet pressures were used
and no attempt was made to optimize the gas velocity; this is the reason for the slight-
ly worse HETP values in some cases. The investigations with the 1/4 in. O.D. columns
were carried out with a Perkin-Elmer 154-D Vapor Fractometer with thermistor
detector; the BDS column was run on the Model 800 Gas Chromatograph of the same
company, equipped with a flame ionization detector.

Results

It is interesting to investigate the wp/w;, values. Since the correct measurement of the
peak width values is difficult (we used a magnifying glass with a millimeter-scale),
about -+ 10 9 difference in the ratio was considered as normal. As can be seen, seven
1/4 in. O.D. and the 1/8 in. O.D. columns (marked with m) resulted in symmetrical,
Gaussian peak. The three ‘“‘general purpose columns’ with silicone oil, phthalate
and sebacate liquid phases (marked with n) gave a slightly worse wp/w), ratio probably
due to the fact that the two last liquid phases are slightly polar and we analyzed a
non-polar paraffinic substance. The picric acid/fluorene and the silicone grease col-
umn (marked with o) came next in the line. The first usually does not give symmetri-
cal peaks, thus its position in this scale is evident; the reason why the silicone high
vacuum grease gave an asymmetrical peak may be traced to the colloidal silica which
is mixed with this grease. The three adsorption columns (marked with p) gave uni-
formly much larger wp/w; ratio than the theoretical value. The large difference
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between theoretical and found values for the succinate and the UCON-oil columns
{(marked with q) could be explained by the support material: with these columns,
Chromosorb W or similar material is necessary in order to obtain relatively symmetri-
cal peaks. It is, however, not understood why the actual wy/wy value for these two
columns is smaller than 1.70; in case of tailing, one would rather expect larger values
The most striking difference can be observed in the case of the two polyester
columns. The butanediol succinate (BDS) column was made of the relatively inert
HMDS-treated Chromosorb W and as a result, the peaks are practically completely
symmetrical. On the other hand, the support material for the diethylene glycol
succinate column is the standard diatomaceous earth type material without any
treatment which has a considerable adsorption effect on such polar samples as the
fatty acid methyl esters. Also, the large deviation of the wy/wy, ratio from the theo-
retical value for the adsorption columns can easily be related to the fact that the
peaks on adsorption columns usually show some tailing. As mentioned above, most of
the other values can also be interpreted in this direction. Thus, the results seem to
demonstrate the applicability of this calculation for peak symmetry control.
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A new apparatus for thin-layer chromatography

Various chromatographic techniques have been developed in the last few years with
the purpose of reducing time-consuming separations and facilitating the reproducibil-
ity of the results.

Thin-layer chromatography on silicic acid, alumina or cellulose, was developed
by STAHL who stratified these materials on glass plates'=3. This method allows the
chromatographic separation of mixtures of substances difficult to separate, such as
oil esters, polyterpenes, tars, steroids, bile salts, amino acids, etc.

The two main advantages of STAHL’s method for chromatographic separation are
the shorter run of the solvents and the uniform chromatographic support obtained by
using the standardized gel preparation.

To prepare ‘“‘thin layers”, small devices, manually operated, are now available?.
These stratifiers do not give good results because the layer presents an uneven thick-
ness which disturbs the chromatographic separation.

This difficulty prompted us to develop an apparatus which would improve the
deposition of the adsorbing material on the glass plates.
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After a number of attempts to solve this problem we devised an apparatus in
which the plates progress at a constant speed ensured by supporting rollers. The plate
must pass through an adjustable slit under a reservoir containing the chromatographic
support. Details of the apparatus are shown in Figs. 1a and b.

N
e i
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N
: [T 1
T 11
a 1 N |
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E.E'&L"' 3
reservoir | b

reservoir

Fig. 1. (a) View of the apparatus from above. (b) Side view.

1. Corrugated board 9. Spring screw

2. Rubberized rollers 10. Pulley

3. Sprocket wheels 11. Motor

4. Supporting sprocket 12. Current point

5. Bulkheads 13. Switch .

6. Adjustable bulkheads 14. Casing of the apparatus
7. Adjustable screw 15. Outlet for wash water
8. Spring 16. Glass plate

The apparatus consists of a grooved slab; on this plane are two rollers, belted
with rubber rings. These rollers are set in motion by a motor which ensures that the
glass plates move along at a constant speed; the motion of the roller is such that it
displaces the plate as shown in the layout, from right to left. In this way the plate
passes under two bulkheads forming a small room in which the adsorbent is placed.
The bulkhead (No.6) can be regulated by two microscrews and allows stratification at
various thicknesses.

With the help of a switch the stratifying process is begun, and a new plate is
added every time the preceding one has passed under the reservoir. It is possible in
this manner to stratify an indefinite number of plates with the same thickness and a
perfect distribution of the adsorbent in all parts of the plate.
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With this apparatus* we have obtained good results for the separation of a great
variety of substances, in particular amino acids and bile salts.

For special purposes, and in particular for stratifying mixtures of silica gel and
silver nitrate’:$, the apparatus has been constructed with the reservoir in plexiglas.

Istituto di vicerche farmacologiche F. Marcucct
“Mario Negri”,™™ Milan (Italy) E. MussINI
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A method for the detection of f-phenylethylamines
and f-phenylethylamino acids

A convenient method for the detection of f-phenylethylamines on chromatographic
paper has not been available. In the course of a study in which it was necessary to
treat chromatograms with Ehrlich’s reagent after they had been treated with nin-
hydrin, it was noted that each of a number of substituted §-phenylethylamines ap-
peared as a pink spot. Since these compounds do not react with Ehrlich’s reagent
alone it was felt that this combination of color reagents might be useful in the detec-
tion of f-phenylethylamines. Accordingly, a systematic examination of a series of
substituted f-phenylethylamines and related compounds was undertaken.

Procedure and vesults

The compounds studied were dissolved in methanol-water for application to paper
chromatograms. 5 ug of material were routinely chromatographed on Whatman No. 1
paper. The chromatograms were developed in butanol-acetic acid—water (4:1:1).
Other solvent systems were also employed, and it was found that if the chromatograms
were adequately air dried, the choice of solvent system did not significantly affect the
results.

The dried chromatograms were then dipped in ninhydrin—pyridine reagent (0.2 %
ninhydrin in acetone-pyridine g:1), air dried, and heated for 1 min at 1o5°. After
notation was made of the color, the chromatograms were dipped in a modified
Ehrlich’s reagent (2% p-dimethylaminobenzaldehyde in acetone-conc. HCI g:1).
After the ninhydrin color had completely faded, certain compounds evidenced a pink
color which slowly changed to orange. The pink color was maximum approximately
30 min after the strips were dipped in Ehrlich’s reagent and the colors were therefore
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noted at that time. In the event that 5 ug of material failed to produce a color reaction,
the procedure was repeated using 25 ug of the compound. Whether the compounds
were applied as free bases, hydrochlorides, or other salts did not alter the results.

From Table T it can be seen that all compounds that produce a purple color with

TABLE 1

RESPONSE OF AMINO COMPOUNDS TO THE SPECIFIC TEST FOR ﬂ—PHENYLETHYLAMINO COMPOUNDS

Ehrlich’s after Response to test for

ompound Ninhydri ridi . - e
(5 ngof chrofnatfgraﬁhﬂd material) rczgenlm%r) * " m:‘:g:gi::%%gf"e @ 75 ;”; gzz:'n lgo}l’f’l;ds
Ethylamine P neg. —
Benzylamine P faint y —
fB-Phenylethylamine P pk-o +
Tyramine P Pk +
Dopamine P Pk +
4-Hydroxy-3-methoxy-g-phenylethylamine P pk +
3,4-Dimethoxy-f-phenylethylamine P pk +
Mescaline P pk +
Amphetamine faint p neg** weak
N-Methyl-f-phenylethylamine faint p faint pk weak
Norepinephrine P faint y —
Epinephrine faint p faint y —
Ephedrine neg. neg.** —
3-Phenyl-1-propylamine P neg. —
Urea neg. y —
p-Methylaminophenol br faint tan —
Pyrrole neg. neg.”™ —
p-Nitroaniline y o —
N,N-Dimethylaniline neg. neg. —
p-Anisidine y-0 y —
Naphthylamine y-o (vis.) y —
Isatin y (vis.) faint y-o —
Marsilid neg. neg. —
Tryptamine P P —
Serotonin br-p br-p —
Bufotenine faint y p-b —_
N-Acetyl-5-methoxytryptamine neg. b —
Glycine P faint green —_
Glutamic acid P faint y —
Glutamine P faint y —
Lysine P faint grey —
Cysteine P faint y —
Methionine P faint y —
Proline v faint p-pk —
Phenylserine P faint y —
Phenylalanine P pk-o +
3,5-Diiodotyrosine P pk +
3,4-Dihydroxyphenylalanine P Pk +
Tryptophan P br-p —
N-Carbobenzoxy-L-tryptophan neg faint p —

* Color code: p = purple; br = brown; y = yellow; o = orange; pk = pink; b = blue;
(vis.) = spots were colored before ninhydrin-pyridine reagent.

** Chromatography of 50 ug of amphetamine revealed a spot faintly p with ninhydrin—pyridine
and faintly pk with Ehrlich’s after ninhydrin-pyridine. Chromatography of 25 ug of ephedrine
revealed a spot p with ninhydrin—pyridine and faintly y with Ehrlich’s after ninhydrin—pyridine.
Chromatography of 25 ug of pyrrole revealed a spot faintly tan with ninhydrin-pyridine and
faintly p-pk with Ehrlich’s after ninhydrin—pyridine. All other compounds that failed to produce a
color reaction with 5 ug of material did not produce any color with 25 ug.
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ninhydrin and a pink color after subsequent treatment with Ehrlich’s reagent were
B-phenylethylamines and f-phenylethylamino acids. These compounds do not pro-
duce a pink color with Ehrlich’s reagent alone. Therefore, a compound that:

1. forms a purple color with ninhydrin;

2. forms a pink color 30 min after subsequent treatment with Ehrlich’s reagent;

and

3. fails to form a pink color with Ehrlich’s reagent alone, can be determined,
presumptively, to be a §-phenylethylamino compound.

The satisfaction of these three conditions constitutes a positive response to this
test. The test is positive for f-phenylethylamine, for f-phenyl-ethylamines substituted
on the ring and for f-phenylethylamino acids. Mono substitution on the a-carbon of
the amine or mono substitution on the amino group of the amine decreases the sensiti-
vity of the test. The o-amino acids react strongly however. Tertiary amines donot react
withninhydrinland these, therefore, donot give a positive response to this test. Further
substitution on the f-carbon of the f-phenylethylamines, as in norepinephrine, produ-
cesafinalyellowcolor and, therefore, the response of these compounds is also negative.

In order to determine whether these findings were dependent on the solvents
used for the color reagents rather than the ninhydrin and the p-dimethylaminobenz-
aldehyde, ninhydrin reagent was dissolved in (1) acetone alone, (2) acetone-glacial
acetic acid (9:1), (3} ethanol alone, (4) water alone. None of these variations affected
the results of the test. When p-dimethylaminobenzaldehyde was dissolved in ethanol
rather than acetone, this also did not alter the results.

Discussion

A study of the mechanism of this test has not been attempted. However, it has been
observed that the intensity of the pink color formed after the application of the
Ehrlich’s reagent is proportional to the intensity of the purple formed after the appli-
cation of ninhydrin. This suggests that the Ehrlich’s reagent reacts with the Ruhe-
mann’s purple formed from the reaction of ninhydrin and the f-phenylethylamino
compounds. This is also borne out by the fact that N mono substitution and « mono
substitution weaken the reaction with ninhydrin and also produce a weaker response
to this test. The sensitivity of this reaction has only been studied systematically to
5 ug. However, sensitivity has been found to extend to the anticipated sensitivity
with ninhydrin reagent alone.

The finding that many f-phenylethylamino compounds produce a pink color
with this test provides a convenient method for the detection of these compounds
on paper chromatograms.

Rescarch Uwit, Department of Psychiatvy and Neurology, ARNOLD J. FRIEDHOFF*

New York University School of Medicine, ELnorA VAN WINKLE
New York, NY. (U.S.A.)

Y 1. SmrtH, Chromatogvaphic and Electrophovetic Technigues, Vol. 1, Heinemann, London, 1960.
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Ry values of some phenols in the system
organic non-polar solvent/dimethyl sulphoxide + glycol

In paper chromatography, polar (e.g. formamide?!, dimethyl sulphoxide?, water®4) or
non-polar liquids (¢.g. paraffin o0il®, silicone 0il¢) are frequently used for the impregna-
tion of the paper before development, in order to secure a true partition mechanism
of the process. For the sake of simplicity it is preferable to employ a non-volatile
liquid, diluted with a volatile liquid (such as acetone, diethyl ether etc.), which would
evaporate rapidly in the course of preparation of the strips. The appropriate degree
of loading of the paper can then be controlled by the concentration of the non-volatile
liquid in the diluted solution, or by repeated impregnations. With moderately volatile
liquids used as stationary phases, for instance water® or aqueous buffer solutions, it
is necessary to introduce a weight standard3.4 or a time standard”. The latter methods
are time-consuming and may be found difficult in cases when many experiments are
to be performed simultaneously; moreover, a time standard depends strongly upon
room temperature and humidity. The use, therefore, of volatile liquids as fixed phases,
although sometimes advantageous (e.g. when paper chromatographic data are utilized
for the determination of solvent systems suitable for cascade countercurrent extraction
processes, ¢f. refs. 8:9), should be avoided when possible.

In an earlier paperl® we have described how, by changing the composition of the
polar stationary phase (mixtures of water and dimethyl sulphoxide), the Rz values
of certain phenols (and thus the separation efficiency) could be controlled. In order
to secure an appropriate degree of impregnation, a weight standard was employed.
It seemed that water could be replaced by another, less volatile, liquid of the same
solvent class!! possessing similar solvent properties, and in this way the use of a weight
standard could be eliminated. In accordance with previous reports? it was found that
double impregnation with a 259% v/v acetone solution of the non-volatile liquid
resulted in an appropriate degree of loading (ca. 0.5 ml per 1 g of dry paper, which
is about optimal for Whatman No. 4 or 41 papers).

As the substitute for water, two polyalcohols were chosen, ethylene glycol and
glycerol, which, like water, form a three-dimensional network of strong hydrogen
bonds (class I according to EWELL ef al.l1).

Experimental

Glycol-dimethyl sulphoxide (DMS) mixtures of varying composition by volume were
prepared by mixing weighed aliquots of the two solvents; the mixtures were then
diluted with 3 parts by volume of acetone, thus forming a 25 % v/v solution of non-
volatile liquid in acetone. The paper strips (Whatman No. 41; 5 X 23.5 cm, cut at right
angles to the machine direction), were passed through the impregnating solution at an
even rate, blotted between two sheets of filter paper and dried for 15 sec at 60° in a
horizontal position. The impregnation was repeated once; this time the strips were
passed through the acetone solution in the opposite direction. When the polar fixed
phase contained high percentages of DMS (> 80 %) the strip, after drying in the
oven for the second time, was placed between glass plates? in order to reduce the
absorption of water vapour from the atmosphere.

The phenols were spotted on the starting line from a capillary (ca. 0.5 ul, 0.5 %
w/v solution of phenols in benzene), and the strips developed with non-polar organic
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solvents (downward flow, in glass chambers 6 X 14 X 21 cm, distance of development
16 cm). All these operations were performed as rapidly as possible. The spots were
revealed with bis-diazotized benzidine, as in the previous paper.

The results of the experiments are presented in Figs. 1—3, in the form of Ry vs.

Ry
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Fig. 1. Diagram of Ry vs. volume composi-

tion of the stationary phase consisting of mix-

tures of dimethyl sulphoxide (DMS) and di-

ethylene glycol (Gl). Mobile phase: di-isoamyl

ether. @ — @ 1-naphthol; O~ O 2-naphthol;
X —X 8-hydroxyquinoline.
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Fig. 2. Diagram of Ry vs. volume composi-

tion of the stationary phase consisting of mix-

tures of dimethyl sulphoxide (DMS) and di-

ethylene glycol (Gl). Mobile phase: deca-

lin. @ —@ 1-naphthol; O—O 2-naphthol;
X —X 8-hydroxyquinoline.

1 1

DMS 20 40

60 80, Gl

Vol. composition of stationary phase

Fig. 3. Diagram of Ry vs. volume composition of the stationary phase consisting of mixtures of
dimethyl sulphoxide (DMS) and diethylene glycol (Gl). Mobile phase: 209, v/v di-n-amyl ether +
809, di-isoamyl ether. @ —@ 1-naphthol; O-—O 2-naphthol; X —X 8-hydroxyquinoline.

volume composition plots. Asin the previous paper, linear Ra vs. volume composition

relationships were obtained.

It may be worth noting that the solvent system represented in Fig. 3 is actually a
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quaternary one, in which one of the phases is a binary mixture of constant composition.
ENGEL ef al.22 have pointed out that systems of this type should give linear log K vs.
molar composition relationships, as in the case of ternary systems (K = partition
coefficient of the solute). On the other hand, KEMuLA AND BUCHOWSKI'® stated that
volume composition should be used instead of molar composition. Because of the
parallelism of the log K vs. composition and Rar vs. composition relationships (R =
log K7; » = ratio of the volumes of the two phases), the experimental data in Fig. 3
confirm KEmMura AND BucHOWSKI's point of view.

The spots were circular or slightly elongated, as in the case of DMS-water
mixtures?o,

Similar results have been obtained with glycerol instead of glycol in the polar
phase.

Conclusions

Non-volatile polyalcohols such as diethylene glycol or glycerol may be added to polar
liquids employed for the impregnation of paper strips (such as dimethyl sulphoxide,
dimethyl-formamide, formamide) in order to modify the solubility of substances in
the fixed phase and thus to change their Rp values and separation efficiency. The
preparation of the paper before development is not more complicated, the proper degree
of impregnation being controlled by the concentration of the non-volatile liquid in
the volatile diluting solvent. The results of chromatographic experiments provide
further examples of linear Ry vs. volume composition relationships.
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L’emploi du réactif de Folin en chromatographie et électrophorése
sur papier

Au cours de nos recherches sur le mécanisme de la détoxification par le formol!, nous
avons été amenées a préparer une base “Mannich’’?, en faisant agir le formol sur un
mélange de a-N-acétyl-lysine et de a-N-acétyl-tyrosine. Le produit principal et les
produits des réactions accessoires ont été analysés par chromatographie et par
électrophorése sur papier, avant d’étre séparés sur une colonne de Chromax*.

La révélation sur papier des composés phénoliques ne pouvait pas étre effectuée
par la ninhydrine, le groupement o-aminé de la tyrosine étant substitué.

Le réactif de GERNGROSS® proposé par ACHER ET CROCKER? en 1952 pour révéler
la tyrosine et ses dérivés, donne une coloration avec tous les phénols para-alkylés, a
condition que les positions en ortho ne soient pas substituées.

Or dans une base ‘“Mannich” préparée par action du formol sur un couple con-
stitué par un composé aminé et un composé phénolique il y a substitution soit sur
une des positions en ortho du noyau phénolique, soit sur les deux a la fois.

Pour révéler tous les composés phénoliques sans distinction, nous avons donc eu
recours au réactif de Folin, bien connu des biochimistes.

Ce réactif fut proposé pour la premiére fois en 1912 par FoLin ET DENIs®. II
donne une coloration bleue, en milieu alcalin, avec tous les phénols et leurs dérivés
ayant la fonction ~OH libre (et avec divers autres composés organiques).

Pour la préparation du réactif de Folin nous utilisons la formule de FOLIN ET
CrocarLTEUS.

Nous révélons les produits phénoliques de la maniére suivante: On pulvérise sur
le papier le réactif de Folin dilué 1:5. On séche a T° < 70°, puis on pulvérise une solu-
tion de carbonate de soude a 15% (anhydre)”.

Les produits révélés apparaissent en bleu foncé sur fond bleu pile. On peut ainsi
déceler sur papier, aprés chromatographie, 0.25 ug de tyrosine et 0.5 ug de a-N-
acétyl-tyrosine et aprés électrophorése des quantités deux fois plus faibles.

Appliqué & un hydrolysat protéique, le révélateur proposé présente l'incon-
vénient de donner une coloration bleue avec le tryptophane, en dehors de la tyrosine.

Service de Chimie Bactérienne**, Institut Pasteur, JupitH BLrass
Annexe de Garches, S. & 0. (France) Avecl'aide technique de
M. B. VICAIGNE

1 J. Brass, M. Ravynaup ET B. Bizzini, Recherches sur le mécanisme de détoxification par le
formol, (a paraitre).

2 F. F. BLickE, The Mannich Reactions, dans Ovganic Reactions, Vol. 1 (R. Apams ef al.), Wiley,
New-York, 1942, p. 304.

3 O. GErNGRoss, K. Voss T H. HERFELD, Ber., 66 (1933) 435.

4 R. AcHER ET C. CROCKER, Biochim. Biophys. Acta, 9 (1952) 704.

5 O. FoLin Er W. DENIs, J. Biol. Chem., 13 (1912) 245.

6 O. FoLin BT V. CrocALTeU, J. Biol. Chem., 73 (1927) 627.

7 H. FRAENKEL-CONRAT ET B. SINGER, Avch. Biochem. Biophys., 65 (1956) 296.
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* Appareil fourni par les Etablissements LKB.
** Professeur M. RAYNAUD.
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Book Review

Gas Chromatography 1962, edited by M. van Swaay, Butterworths, London, 1962,
price 100 s.

With the increasing bulk of scientific literature, one of the harder tasks facing any
research worker is to keep abreast with the developments in a certain field. As far as
gas chromatography is concerned, the biennial symposium of the Gas Chromatog-
raphy Discussion Group of the Hydrocarbon Research Group of the Institute of
Petroleun offers to European chemists the possibility of following the highlights of
the achievements and developments of this technique and the trend towards further
progress.

This volume collects the proceedings of the 4th symposium, held in Hamburg
in 1962, in co-operation with the Fachgruppe Analytische Chemie of the Gesellschaft
Deutscher Chemiker, and includes the discussions of various contributors and reports
on panel discussions.

The book is divided into three sections, theory, apparatus and technique, and
applications. Minor contributions are presented in apparatus. Gas chromatography
as a technique has made important advances in past years and considering the stage
of refinement and perfection attained in commercial apparatus it seems quite difficult
to conceive revolutionary improvements. As with any science which grew too fast,
however, a considerable amount of work is required to develop the theory and to
investigate applications. Large areas of research are still open, the field of micro
analysis for instance, as outlined by A. J. P. MaRrTIN, seems to be one of the more
promising. A large section is devoted to physico-chemical studies, such as deter-
mination of adsorption characteristics, evaluation of linear gas-solid chromatog-
raphy, the interaction between various substances and stationary phases, the effect
of carrier gas and column pressure on solute retention, etc. The simplicity of the
technique renders gas chromatography an ideal tool for the determination of physico-
chemical values.

The applications reported concern different fields, the more outstanding contri-
butions are the separation of hydrogen isotopes and their nuclear spin isomers by
means of adsorption glass capillary columns, the analysis of permanent gas mixtures
and the analysis of flavour volatiles.

This volume maintains the high standard which has been established for the
proceedings of these meetings. It can be highly recommended to any laboratory
where research in gas chromatography is active.

ArNALDO LIBERTI (Naples)
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Announcements

Gas CHROMATOGRAPHY SYMPOSIUM

The Fifth International Symposium on Gas Chromatography to be organized by the
Institute of Petroleum Gas Chromatography Discussion Group will be held on
September 8, g and 10, 1964, at Brighton, England.

Intending delegates, or those wishing to submit papers, should write to:

The Organizing Office,
Fifth International Symposium on Gas Chromatography,
61 New Cavendish Street, London, W. 1.

J. Chvomatog., 11 (1963) 280

Symposium UBER
MODERNE METHODEN DER ANALYSE ORGANISCHER VERBINDUNGEN

Das Symposium, organisiert von der Fachgruppe “Analytische Chemie” der Gesell-
schaft Deutscher Chemiker und von der ““Sectie voor Analytische Chemie van de
Koninklijke Nederlandse Chemische Vereniging”, findet vom 20.-23. Mai 1964 in
Eindhoven (Holland) statt. Es stellt die Fortsetzung der Miinchener Analytikertagung
von 1960 dar und steht unter der Patenschaft der Analytischen Sektion der IUPAC.
Als Unterthemen fiir das Symposium wurden geplant:

1. Elementaranalyse, funktionelle Gruppen
2. Konstitution organischer Verbindungen
Molekiilspektroskopie
3. Trennverfahren
Wanderungsverfahren, chromatographische Verfahren
. Analyse von Hochpolymeren
. Analyse von Naturstoffen
klinische Analyse.

& N

Das Programm der Tagung wird voraussichtlich Anfang 1964 zur Verfiigung
stehen. Auskiinfte gibt die GDCh-Geschiftsstelle, 6000 Frankfurt (Main), Postfach
9075, Deutschland.
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THE SHAPE OF THE ELUTION PEAKS
IN GAS CHROMATOGRAPHY

A. J. B. CRUICKSHANK anp D. H. EVERETT
Department of Physical and Inovganic Chemistry,
The University, Bristol (Gveat Britain)

(Received December 4th, 1962)

It is convenient to describe the shape of elution peaks by the skew ratio, R, defined as
the ratio of the magnitudes of the slopes of the trailing and leading edges at their
points of inflexion; thus when the trailing edge is steeper than the leading edge, the
skew ratio is greater than unity.

Various theoretical treatments of gas-liquid chromatography (G.L.C.), using
methods first developed for partition chromatography?.?, start from the concept of the
distribution isotherm which gives the concentration of the solute in the stationary
phase as a function of the concentration of the solute in the moving (gas) phase. In the
context of G.L.C. the distribution isotherm relates the concentration c of the solute in
the liquid phase expressed in moles per unit volume of the phase to the parizal
pressure p of the solute, cf. ref. 3, pp. 96 et seq. According to both the “plate” treat-
ment! and the ‘“rate’” treatment?, the skew ratio should be unity if the distribution
isotherm is linear, but should be less than unity if the distribution isotherm is concave
towards the pressure axis and greater than unity if the isotherm is concave towards
the concentration axis. The skew ratio is thus related to the sign of the curvature,
(d2¢/dp*)p=o, of the graph of ¢ against p near the origin:

R P> I ()Idln as _— Z o.
= =
z acc g ( ) z (I)

Until recently no experimental data have been available to test this prediction, but
it has been generally accepted and extended in the following way (cf. ref. 3, p. 154).
At low concentrations the mole fraction x of the solute in the liquid phase is nearly
proportional to the concentration ¢, so it is assumed that the shape of the distribution
isotherm (¢ vs. p) is essentially the same as that of the gas solubility (x vs. p) plot,
which is linear if the system obeys Henry’s law,

p = hx , (2)

where % is the Henry’s law constant, equal to the vapour pressure of the pure solute
only if the solution is ideal over the entire concentration range*. Thus skew ratios
greater than unity are said to be attributable to negative deviations from Henry’s

* Although in Henry’s original formulation® of this law the solubility was expressed in terms of

amount (presumably mass) per unit volume, the statement of the law in terms of mole fractions
has become universal in all thermodynamic work since LEw1s AND RaNDALLS,
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law (¥ vs. p plot concave towards x axis) and vice versa. Furthermore, since negative
deviations from Henry’s law are often associated with positive deviations from Raoult’s
law (which may be stated as eqn. (2) but with % equal to the vapour pressure of the
pure solute) and wvice wersa, the skew ratio might be expected to correlate with
deviations from Raoult’s law.

AsHwORTH AND EVERETT? have measured the solubilities of a series of low mole-
cular weight hydrocarbons (C; to Cg) in dinonyl phthalate and in squalane, and the
same systems have since been studied by G.L.C.%%. Only the solutions of the four
normal alkanes and of 2,2-dimethylbutane in dinonyl phthalate show positive
deviations from Raoult’s law in the low solute concentration region. In the other
systems, including all the solutions in squalane, there are negative deviations from
Raoult’s law and positive deviations from Henry’s law over the whole of the con-
centration range (0 <C x# <C 0.1) covered by the G.L.C. experiments. According to the
foregoing argument, we should therefore expect skew ratios Jess than unity in these
latter cases and that the skew ratio should decrease with increasing sample size. In fact,
both in the work of EVERETT AND STODDART® and more recent work in this laboratory?,
while the value of the skew ratio obtained by extrapolating to zero sample size is
always just less than unity*, the skew ratio always increases with increasing sample
size, being in some cases greater than 3 for 10 ul samples.

This apparent contradiction between theory and experiment has previously been
remarked upon by FREEGUARD AND STock, who have measured the vapour-liquid
“isotherms” for these systems and found them all to be concave towards the con-
centration axis. FREEGUARD AND SToCK state that this is the normal shape of the
isotherm for all solutions of vapours in involatile liquids except those showing un-
usually large negative deviations from Raoult’s law. While this is generally true, the
situation is complicated by the fact that FREEGUARD AND Stock have plotted their
“isotherms” in terms of the amount of solute per gram of solvent rather than per mt
of solution. It is therefore worthwhile to examine again the question of the shape of
the distribution isotherm, with the object of establishing rigorously its curvature,
since this is the property which through eqn. (1) determines the skew ratio of the
elution peaks.

The concentration of the solute in the liquid phase, defined as the number of moles
of solute per unit volume of solution, is well approximated by

z (3)
= ——
ngls + NU 3

where #s and # are the numbers of moles of solvent and solute respectively, and v
and v are the molar volumes of pure solvent and solute respectively. (The approxima-
tion consists in ignoring the volume of mixing, which is always small in dilute solu-
tions.) The relation between the concentration ¢ and the mole fraction x of the solute,
defined by
n
- n + ng

{4)

* The limiting value of the skew ratio is in every case between 0.80 and 0.85. The fact that it is
less than unity is probably due to finite response times of the katharometer and recorder!l.
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is then

u )
Yy = ———,

¢ I —ox (5

where

Ug — U
@ = ——. (6)
Vs

Combining eqn. (5) with eqn. (2) gives for the distribution isotherm of a solution
obeying Henry’s law
P

CUg = h—_—‘E . (7)

The curvature of the isotherm is then not zero but

d2c I[ 2ath ]
dp2 s L(h—ap)3l’

and at p = o has the value

(dzc) 20 2 (V — 1)
dp2/p=0  vgh?  ush\ (@)

where vs/v has been set equal to 7, the ratio of the sizes of the solvent and solute
molecules, so that « = (» — 1)/r. The limiting curvature of the distribution isotherm
for a system obeying Henry’s law is thus always positive unless v > vs. It is extremely
unlikely that the molar volume of any relatively involatile liquid suitable for use as
the stationary phase in G.L.C. will be smaller than the molar volume of any relatively
volatile solute which can be studied by this method. Consequently, if a sysfem obeys
Henry's law we must expect G.L.C. elution peaks to have skew ratios greater than unity
even at zero sample size.

The confusion on this point has arisen because of the assumption that molal
concentration ¢, molar concentration ¢, and mole fraction x are linearly related at
low concentration, z.e.,

M .
c Toon © cvs = 7 (10)
instead of
M
'——=l—; CUg = p———. (11)
1000 h—¢p h—op

While the consequent -error in ¢ is trivial, that in the curvature d2c/dp? is important.
The conditions under which a symmetrical peak is to be expected may be exam-
ined by expressing d?/dp? in terms of the activity coefficient, y, of the volatile solute

defined by
P =1, (12)

where $° is the vapour pressure of pure solute (¥ - 1).
Combining eqns. (5) and (12) gives, instezd of eqn. (11),

Vs = ———P——~ (13)

poy —ap’
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whence
(5 e (o
Ap2/p=0  us(p°y™)? #f dp )1’=0] (14)

where y* is the value towards which y tends as x tends to zero. Further, since

dy _dy jdp
dp  dx/dx
while from eqn. (12),
dp o o
(?J){mo =P

we find

Thus (d2c/dp?)p=o is zero and R = 1 when

dlny ¥ —1 (15
( dx )x=0 == v (15}
In general, from eqns. (1) and (14)
dIny y—1
> ; .
R 21 according as( P )x=0 § ” (16)

For molecules of equal size R == 1 when (d In y/d%)s_o = 0, while for molecules of
different sizes the limiting slope of In y against x must reach a sufficiently large value
in the range o to 1. Since nearly all systems relevant to gas chromatography consist of
mixtures of molecules of widely different sizes, it is of interest to see what predictions.
follow from the theories of such solutions.

We consider first athermal solutions. The statistical theory gives!?

[ — (r — 1)#)}e-1
[q — (g — n)]*

(17}

Yath =

where z is the average number of nearest neighbours in the quasi-lattice of the liquid,
and ¢ is defined by

2 = v —2v + 2. (x8)

We shall assume that 7 in these equations can be identified with that defined earlier
by the ratio of the molar volumes of the components (¢f. ASHWORTH AND EVERETT?).
Equation (17) can be written

yre-1 ( ___ax)i‘z—l
Yath — q'i‘z * (I -—ﬂx)%z ’

where
— — I
o= , as before; and f= 1 . (20)
4 q
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Taking logarithms and differentiating we obtain

dlnj}&th:%z ﬁ ——(é-z—I) -4

dx 1—fx I —ax

(5= () e

Thus for athermal solutions

so that when ¥ -0

dl —
(__n yath) < i and R>1. (23)
dxr /x=0 7

If z - o and 7 is large (7.e., the case of a high polymer solution in the Flory-Huggins
approximation}, ¢ = » and so

I 2 —_
), o~ (= ()= .
dx z=0 v Jrow 7

and symmetrical elution peaks will be observed, at least for very small sample sizes.
For non-athermal solutions, eqn. (17) must be multiplied by

w g(x — x) ]2
— SaU P oA 2
Vi exp kT [q —(g—1)x (25)
where » is the “interchange energy’ defined by
w = z{e12 — e + &) }, (26)
and &;; are the pair interaction potentials'? This leads to
d In pn 2w I
G - =7

and, adding this term to eqn. (22),

(2 =G5+, -

Thus when w is positive, as was found for all the solutions studied by ASHWORTH AND
EvERETT, the limiting slope of In y against x is even less than for the athermal case
and the elution peaks will by more unsymmetrical.

Peak symmetry will be observed only when w has a negative value satisfying

2o (), -

The occurrence of large negative values of w is in fact extremely rare and limited
to mixtures with a highly polar component. Consequently, since most mixtures of
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non-polar liquids of widely different molecular size are described with reasonable
accuracy by the statistical theory of solutions, we conclude that the occurrence of
skew ratios greater than unity must be regarded as normal in G.L.C. irrespective of
the sign of moderate deviations from Henry’s law.
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SUMMARY

An analysis is given of the relationship between peak shape and the deviation from
ideality of the solution of vapour in the stationary phase. Earlier discussions have
obscured the true situation by overlooking the mathematical consequence of assuming
that the concentration of the solution is directly proportional to the mole fraction.
A more rigorous analysis leads to a relationship between the nature of the peak
asymmetry and the behaviour of the activity coefficient of the volatile solute in
infinitely dilute solution. Comparison with the theory of mixtures of molecules of
different sizes shows that asymmetry of the peak, with the slope of the trailing edge
greater than that of the leading edge (skew ratio > 1), must be regarded as normal in
gas-liquid chromatography irrespective of the sign of moderate deviations from Henry’s
law.,

REFERENCES

1 A. J. P. MARTIN AND R. L. M. SyNGE, Biochem. J., 35 (1941) 1358.

2 D. o VAULT, J. Am. Chem. Soc., 65 {1943) 532.

3 A. I. M. KEULEMANS, Gas Chromatography, Reinhold, New York, 1957.

4 J. J.vaN DEEMTER, F. J. ZUIDERWEG AND A. KLINKENBERG, Chem. Eng. Sci., 5 (1956) 271.

5 'W. HENRY, Phil. Trans. Roy. Soc. London, 93 (1803) 29; see also The Elements of Experimental
Chemistry, 8th Ed., Baldwin, London, 1818, Vol. I, p. 134.

6 G. N. LEwis aAND M. RanpaLrr, Thermodynamics, McGraw-Hill, New York, 1923, p. 232;
¢f. E. A. GUGGENHEIM, Thermodynamics, North-Holland Publ. Co., Amsterdam, 1949, p. 209.
J. AsaworTH AND D. H. EveERETT, Trans. Faraday Soc., 56 (1960) 1609.

H. EvErReIT anD C. T. H. StopDART, Tvans. Faraday Soc., 57 (1961) 746.

J. B. CruicksHANK, D. H. EVERETT AND M. T. WEsTAWAY, to be published.

F. FREEGUARD AND R. StockK, Nature, 192 (1961) 257.

G.

A

© ® <

=
=}

1
1

McWiLLiaw, J. Appl. Chem., 9 (1959) 397.

A.
D.
A.
G.
1.
E. A. GUGGENHEIM, Mixtures, Oxford University Press, London, 1952, Chaps. X, XI.

o -

J. Chvomatog., 11 (1963} 289294



JOURNAL OF CHROMATOGRAPHY 205

HIGH EFFICIENCY GLASS BEAD COLUMNS
FOR GAS CHROMATOGRAPHY

R. A. DEWAR axp V. E. MAIER
ICIANZ Central Reseavch Laboratory, Ascot Vale,
Victoria (Australia)

(Received December 3rd, 1962)

INTRODUCTION

For a number of years, glass beads have been used as a solid support for gas chro-
matography. Their main advantage lies in the greater speed of separation compared
with that obtainable from a conventional column. However, glass bead packings
show a poor fractionating efficiency compared with other types. In this laboratery
efficiencies, expressed as height equivalent to a theoretical plate, (HETP), obtained
using soda glass beads, 60 to 80 mesh, ranged from HETP = 4.0 to 5.0 mm. Using finer
beads (200 mesh), the efficiency can be increased to HETP = 1.5 mm. Columns made
from these fine beads, however, have only limited use due to their high impedance to
gas flow.

Two factors are thought to be responsible for the comparative inefficiency of
these columns:

1. Non-uniformity of stationary phase layer.

2. Adsorption effects.

NON-UNIFORMITY OF STATIONARY PHASE LAYER

Most of the liquid added to the beads is drawn by capillary action to the points of
contact between them. This in effect removes all but a very thin layer of liquid from
most of the glass surface and forms relatively deep pockets of liquid around the points
of contact. Due to this difference in depth of liquid phase the separating efficiency is
poor. This has been discussed in some detail by Gippingst. The problem therefore is
to spread out the stationary phase into a layer of reasonably uniform thickness. In
order to do this a rough surface must be produced. Several different methods were tried.

I. Mechanical etching

The beads were ground with different types and grades of abrasive powders. Although
scratched and pitted surfaces were produced, no increase in efficiency was obtained.

2. Deposition of metal layers onto the glass surface

(a) A grey layer of silver was deposited on the surface using an ordinary glass silvering
formula. The first attempt gave a surprisingly efficient column (HETP = 0.6 mm).
However, all subsequent attempts to reproduce this failed.

» ¢
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(b) Nickel and gold deposits were produced on the surface but no improvement
over untreated beads was found. In fact, the metal-coated beads usually displayed
greater adsorption than the glass ones.

3. Particulate coatings

Particles of diameter 10 u or less will adhere quite strongly to the surface of the beads
in the presence of the liquid stationary phase because of the surface tension of the
liquid. It was argued that the addition of particles to the surface of the beads should
produce the required roughness to give efficient spreading of the liquid. The types
of particle tried fall into two main classes—spherical and irregularly shaped.

(@) Spherically shaped. Two types were tried, viz. micro glass beads and titanium
dioxide. Micro glass beads of about 1 x diameter were added in 1% w/w quantity
to the larger beads together with 0.59% w/w squalane. Titanium dioxide also, with
spherical particles of 0.25 y diameter (Du Pont pyrolytic product) was tried. Quan-
tities used were 1.5 % w/w titanium dioxide, 0.5 % squalane.

In both the above cases no improvement in efficiency over untreated beads was
found. This is probably due to the same effect as with untreated beads: the liquid
resides mainly at the points of contact, thus giving a very non-uniform layer of liquid.

(b) Irregularly shaped particles. A variety of powders was tried in this category,
including inorganic salts, titanium dioxide and diatomaceous earth.

HET.R (mm)

% 05 0 5 20
%TiOp (wWiw)
Fig. 1. Effect of additions of ordinary pigment grade titanium dioxide (0.25 % squalane).

The inorganic salts (BaSO,, BaCO,;, CaCO;) were prepared in finely divided form
and added to the beads in 1.5 % w/w quantity together with 0.5 % w/w squalane.
In all cases an improvement in efficiency was noted (HETP = 2.0 mm), however,
the peaks tailed badly. This tailing was attributed to the polar nature of the salts.

Various amounts of titanium dioxide of irregular particle shape (conventional
rutile pigment grade) were added to the beads containing 0.25 % w/w squalane. The
efficiencies obtained show a maximum when plotted against weight of titanium
dioxide added (Fig. 1). The best efficiency obtained was HETP = 1.7 mm.

“Celite” 501 and 541 were mixed in 1.5 % quantities with glass beads containing
0.5 % squalane. The efficiencies obtained were HETP = 1.7 mm.
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The best results were obtainable with a very fine diatomaceous earth (Johns-
Manville “Super-Floss”).

The effect of varying both liquid and solid loading on the beads was studied
using ““‘Super-Floss™ and the results are shown in Fig. 2.

The best efficiency obtained was at a loading of 0.25 % w/w squalane and 1.25 %
w/w “Super-Floss” giving HETP = 0.8 mm.

For a given liquid loading the maximum efficiency was found when the ratio of
squalane to ““Super-Floss” was 1:5.

4r Q35% squalane
025% squalane
3
E
é o
o 0.2% squalane
=2
W
I
1F
O 1 L 1 1
[s] Q5 1.0 15 20

% Super floss (wiw)
Fig. 2. Effect of ‘‘Super-Floss”’ at three loadings of squalane.

The preparation of the above packing is as follows:

Glass beads (60-80 mesh) are weighed out into an Erlenmeyer flask and the
weighed quantity of stationary phase added. The flask is shaken vigorously to spread
the liquid. If the stationary phase is too viscous, the minimum quantity of a volatile
solvent required to give a solution of usable viscosity is added. The weighed amount of
“Super-Floss” is then added to the beads. The mixture is shaken gently with a
rotating motion for 5 to 10 min, and any lumps of “Super-Floss’’ are broken up with
a spatula. A few small lumps of “Super-Floss” will remain. These are best left in the
packing since ‘any attempt to separate them by means of sieving will damage the
particle coating. The beads are then packed into the column in the usual fashion with
vibration and dumping to minimum volume.

“Super-Floss” although very fine, retains the typical diatom structures.
Grinding coarser grades to similar fineness does not give an equivalent material, the
diatom structure being broken down. In mixing “Super-Floss” with the beads,
excessive shaking is to be avoided because of the risk of breaking down the particles.

REDUCTION OF ADSORPTION OF SOLID SUPPORT
As a result of the low liquid loading on the support, adsorption of polar compounds
on the solid surfaces remains a major problem. There are two methods of at least

partially overcoming this.
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1. Use of a polar stationary phase

If a sufficiently polar stationary phase is used, adsorption on the solid surfaces will be
suppressed. In many cases, however, a polar stationary phase may be undesirable or
in fact, no suitable polar phase may be found for the desired separation. In this case a
method of deactivating the polar sites on the solid surfaces by means other than the
stationary phase is required.

2. Treatment with hexamethyldisilazine (H.M .D.Si.)

A method of deactivation of polar surfaces using this compound has been described?.
However, this method was found to be long and tedious.

Effective treatment can be obtained by injection of several 2 ul lots of H.M.D.Si.
into the column operating at about 120°. As the H.M.D.Si. passes through the column
it reacts with the adsorptive sites on the solid support, and most of the adsorptive
effects are removed.

This method has several advantages over the published method:

(a) Much simpler operation, 7.e. deactivation is carried out while the column is in
place in the chromatograph, rather than by refluxing column material for several
hours, subsequent removal of solvent, etc.

(b) Less time is required. Treatment and subsequent column stabilization re-
quires about 1 h, while other methods take more than a day.

(c) This treatment requires about zo yl H.M.D.Si. as compared with 10 mlin the
published method.

Fig. 3. shows a plot of efficiency vs. quantity of H.M.D.Si. added for cyclohexane
and benzene. The stationary phase is squalane.

1+ Benzene

HETR (mm)

Cyclohexane

O 1 L i L I
[¢} 10 20 30 40 50
pl of hexamethyldisilazine injected

Fig. 3 Progressive eflect of hexamethyldisilazine injections (squalane/‘‘Super-Floss").

A certain amount of H.M.D.Si. remains adsorbed loosely on the support and is
given off over about 1 h during normal column operation at 120°. The efficiency of the
column is somewhat less for polar compounds than for non-polar compounds if a
non-polar stationary phase is used. This is shown in Fig. 4, which gives a plot of
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efficiency vs. time, beginning immediately after treatment of the column with
H.M.D.Si.

HETPR (mm)

O.9f <—Injections of HMDSi—

O'e() 5IO 1010
Time {min)
Fig. 4. Effect of loss of physically adsorbed hexamethyldisilazine (benzene on squalane/''Super-
Floss”).
DISCUSSION

The main source of inefficiency of glass bead columns is the non-uniformity of the
depth of the stationary phase layer. This can be effectively overcome by the addition
of inert particles of irregular shape onto the surface of the bead. The particles should
have a diameter of about 1 to 5 u. They are held onto the beads by the surface tension
of the liquid phase, and effectively spread the liquid over the whole surface.

The maximum efficiency so far obtained reproducibly, HETP = 0.8 mm, com-
pares very favourably with columns using solid supports such as firebrick, diatoma-
ceous earth, etc. The highest efficiency quoted for this type of column (HETP =
0.3 mm) is better than that obtained for the modified glass beads. However, commer-
cially available columns and most of those investigated in this laboratory give a
somewhat lower efficiency, HETP = 1.0 to 2.0 mm.

The powder treatment does not, however, affect the speed of separation which
makes the glass bead columns so attractive. Alternatively, a column of this type will
give the same separation in similar time, but at some 100° lower than the temperature
required for a conventional column. This is a considerable advantage when trace
analyses are carried out at a high temperature, where bleeding of the stationary phase
sets the limit of sensitivity. The effect of the treatment with H.M.D.Si is to remove
adsorption caused by hydrogen bonding; it does not apparently improve adsorption
effects caused by other polar forces.

SUMMARY

This paper sets out the results of an investigation into the methods of improving
the efficiency of glass bead columns for gas chromatography. Efficiencies, expressed as
height equivalent to a theoretical plate (HETP) of the order of 0.8 mm, as compared
with 0.6 to 2.0 mm for conventional kieselguhr columns and 4.5 mm for normal glass
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bead columns have been achieved. The techniques used in obtaining these efficiencies
are described.
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The international adoption of gas chromatographic methods makes the establishing
of universally acceptable quantitative standards a matter of special importance.
Although quantitative analysis by gas chromatography can be a method of high
precision and accuracy, often exceeding those of alternative methods in those cases
where alternative methods are available, the attainment of high accuracy may
demand time-consuming measurement of zone areas!:2 as well as calibration of the
detector for molecular response3-10. These requirements are in addition to those of
representative sampling and injection, a stable partition system, a linear detec-
tor’>11,22 and a reliable recorder. Whilst the whole question of quantitative gas
chromatographic analysis is complex, the kind of detection system available does
much to determine the approach made to any particular problem.

The requirements'3-2° to be met by a useful detector include: high sensitivity,
wide applicability, stability, rapidity of response, adaptability to automatic record-
ing, safety, ease of construction, economy, robustness and, a point of special im-
portance in quantitative analysis, a response directly related to some fundamental
property such as mass, so that calibration for every sample component and for varying
conditions of operation is unnecessary. No single detection system has yet been de-
vised which satisfies all of these demands, and in practice the selection of a detector is
determined by the relative importance attached to the various demands listed above.

The progress of gas chromatography during the past ten years has been marked
by the invention of a considerable number.of different detectors, designed to respond
to changes in various physical or chemical properties of the column effluent gas. A
limited number of these detectors have been successful in establishing themselves in
practice; a successful detector owes its acceptance to its ability to meet some only
of the requirements conspicuously well. Thus, the integral titrimetric method of
JaMES anD MARTINZ, and the gas volumetric method of Janak®? have the virtues of
integral measurement but are of very restricted application. SHAKESPEAR’S katharo-
meter®®, MARTIN'S gas density meter?®:2® and ScorT’s hydrogen-flame detector?
have proved their worth in commercial chromatographs. These three detectors are
useful at concentrations in the intermediate range, down to about one part in 10% of
carrier gas, that is, with column loads of about T mg. The gas density meter requires
only a knowledge of molecular weights for simple calibration. The argon detector of
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LoveLock? and the hydrogen flame ionization detector of MCWILLIAM?® are conspic-
uous for extreme sensitivity. Capable of detecting concentrations of solute smaller
than one part in 1010 of carrier gas, they make possible column loadings of as little as a
fraction of a microgram, but they require calibration for molecular response and, like
all the other detectors mentioned excepting the first two, they furnish a differential
chromatogram.

The advantages of high sensitivity detectors are generally recognized!®; they are
of particular value in the analysis of scarce materials and in the selection of optimum
operating conditions. However, with diminishing sample size, errors independent of
the detection system may dominate the attainable accuracy of the results?.30.
The introduction of a predetermined amount of a representative sample becomes
more difficult, the spread, purity and reactivity of the stationary phase may com-
plicate or even vitiate the quantitative interpretation of the chromatogram. Further,
the effective inertness of the support may no longer be presumed, and the quality of
the carrier gas may become more critical.

The recent heavy emphasis on high sensitivity of detection, coupled with corre-
sponding improvements in column efficiency®!.%2, has elevated gas chromatography
to the status of one of the most sensitive of all methods of analysis. This concentration
of attention and effort on microanalytical aspects may well be responsible for some
overlooking of the merits of less sensitive detectors, and may have helped to obscure
the possibility of other lines of development. It is remarkable that no success appears
to have been achieved in applying what must be, in principle at least, the simplest
and most direct of all possible methods of detection, namely, the direct continuous
weighing of the sample components as they emerge from the column.

We have established the feasibility of a mass integral detector of this kind. By
passing the effluent gas from the column through a suitable absorption vessel mounted
on a balance, the change in weight brought about by the arrival of absorbable gas
or vapour may be observed directly, or may be made to operate a continuous chart
recorder. The integrams obtained in this way provide ready quantitation by measure-
ment of the step-heights.

Although so simple in principle, the integral mass detector offers certain impor-
tant advantages over most of the established detection systems. Since it is the funda-
mental property of mass which is being measured, molecular response factors are not
involved, and no calibration or calculation is necessary in obtaining the gravimetric
composition of the sample. Moreover, the need for an integrator®-3, always an ex-
pensive item and not always a reliable one, is eliminated.

In most of our experiments with the mass detector we have used samples in the
range I-20 mg, but we see no reason why this method of detection should not be em-
ployed with samples as small as, say, 20 ug, or, at the other extreme, as large as are
used in preparative gas chromatography.

EXPERIMENTAL

In our preliminary experiments on mass detection we tried the fairly obvious method
of bubbling a fine stream of the column effluent gas through a quantity (about 20 ml)
of an involatile solvent, such as di-octyl phthalate, contained in a glass weighing-
bottle mounted on the pan of a direct-reading, air-damped analytical balance. The
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results of these first tests were highly encouraging, although the success was incom-
plete. Stepped chromatograms were, indeed, obtained, but they suffered from two
serious faults: first, the step-heights did not correspond to the known weights of
the sample components, but were about 20 % low; and second, the weight of the ab-
sorption system did not remain constant after each absorption, but showed a steady
decline following the absorption of each component. The first fault was due to the
buoyancy effect of the absorber liquid on the gas inlet tube which, being fixed, was
immersed to a depth which varied with the vertical movement of the balance pan
during the experiment. The second fault was due to loss, by volatilization, of dissolved
components after their initial absorption.

Corrections for these two faults could, however, readily be applied to the recorded
weights of the absorption system, and mass integrams could then be plotted. Fig. 1
shows such a corrected mass integram for a mixture of ether, acetone and chloroform
separated on a 300 X 6 mm column of 60-80 BSS Celite with 15 % polyethylene
glycol adipate at 20°, the absorber liquid being di-octyl phthalate.

Chloroform

Acetone

Weight (mg)
EN
T

Di-ethyl ether

" 2 L 1

10 20 30 40
Time (min)

Fig. 1. Mass integram from standard analytical balance (corrected masses).

The feasibility of direct mass detection having thus been established, attention was
directed in the next experiments to elimination of the faults of the absorber used
in the earlier tests. Furthermore, in all later experiments the changes in weight of
the absorber system were followed and recorded automatically by a recording balance
(Stanton Automatic Thermo-Recording Balance, Model TR-o1).

Buoyancy effects were eliminated by avoiding contact between the gas inlet
tube and the absorption liquid in the absorber. The effluent gas from the column,
instead of being made to bubble through the liquid, was made to pass close to a layer
of liquid lining the interior surface of the absorber. In order to ensure efficient ab-
sorption, woven glass cloth, impregnated with absorber liquid, was used to provide
a large area of absorbing film.

Errors of the second type, i.e., loss of dissolved component by volatilization
from the absorber, were eliminated, as far as many different kinds of samples are
concerned, by replacing the simple solvent used in the preliminary tests by a chemi-
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cally reactive absorber which, instead of merely dissolving physically the components
as they reached the absorber, reacted chemically with them, thus fixing them in a
form exerting very low vapour pressure, so that loss by vaporization was negligible.
Thus, acidic substances in the column effluent gas were absorbed by solid sodium
hydroxide or potassium hydroxide, or by concentrated solutions of these in an in-
volatile solvent such as ethylene glycol. Another chemical absorber of very general
usefulness is concentrated sulphuric acid. This effectively absorbs not only amines,
but also alcohols, ethers and ketones forming with them, by proton donation, -onium
ions of the types: R;NH+, ROH,*, R,OH+ and R,COH+. We are currently studying
the efficiency of absorption of cooled active charcoal.

A simple form of the mass integral detector, (conveniently referred to as the
“Brunel” detector), is shown in Fig. 2. The gas stream from the column is carried into
the absorption vessel by a capillary connector of up to 0.5 mm internal diameter
and about 12 cm in length. Provided that the diameter of the connector is kept small,

L—Column

G
i
le—— Capiliary

max.1.D. 0.5min T
Ga

i

ékSomp!e

s

-—— Qutlet port
le—— Glass absorption cell

Absorption medium

.EL- Baffle end
1.4 cm%

-~
{ 1

l l«——— To mechanism of

recording balance

Fig. 2. Mass detector—simplex design.

the length appears to have negligible effect on the resolutions obtainable. The capil-
lary ends in a baffle plate which deflects the stream of gas against the sidewall of the
absorber, thus aiding absorption and minimizing the effect of the gas stream on the
balance, in the direction of movement of the balance pan. The carrier gas, stripped
of its absorbable components, emerges from the absorber through the capillary inlet
port, or through side ports. Our experiments indicate that in the cases of amines,
alcohols, ethers and ketones, absorption by concentrated sulphuric acidis quantitative,
and that these components, once absorbed, are not lost by volatilization. The accuracy
obtainable in these cases is determined by the sensitivity of the balance rather than
by the absorber. A typical integral chromatogram, obtained using a sulphuric acid
absorption cell, is reproduced in Fig. 3. Sample: 3.8 mg; column: 100 X 0.3 cm;
support: alkali-treated Celite 8o-100 BSS; stationary phase: 109% polyethylene
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glycol 400; temperature: 20°; gas-flow: 25 ml nitrogen per minute. Such integrams
represent the attainment at the milligram level of an ideal expressed by Dr. A. J. P.
MARTIN2 7 at the 4th International Gas Chromatography Symposium in Hamburg,
June 1962, at which a preliminary announcement of our work was made.

# Methanol

Methy! n-propy! ketone
Methyl ethyl ketone

Weight (mg)
n
T

Acetone

Di-ethyl ether

0 1 1 1 ¥ i 1
[o] 107 20 30 40 50
Tirne (min)

Fig. 3. Mass integram from recording balance.

Development work in progress includes detector design, extension of mass detection
to the microgram range, including the use of electrobalances of the Cahn or Sartorius
types, and the possibilities of selective absorption.

Patent applications have been made in respect of this invention® and rights
have been assigned to the National Research Development Corporation.

SUMMARY

The ideal detector for quantitative analysis by gas chromatography would need
neither calibration nor the application of integration procedures to a differential
chromatogram. This paper describes the experimental realization of a detector pos-
sessing these two desirable characteristics. The “Brunel” mass integral detector
yields an integral chromatogram in which the absolute masses of the sample com-
ponents are directly recorded as step-heights.
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GAS CHROMATOGRAPHIC INFORMATION STORAGE
AND RETRIEVAL BY THE UNITERM SYSTEM

M. ROGOZINSKI axp M. MEDWIED

Ovganic Chemistry Department, Isvael Mining Industvies Labovatovies, Haifa (Isvael)

(Received November 2gth, 1962)

Within the last decade gas chromatography has become one of the most popular
techniques of organic chemical analysis. This is clearly shown by the number of papers
which have appeared on this subject. Gas Chromatography Abstracts have published
close to 4000 abstracts for the period 1952-1961 and even this figure probably does not
represent a complete coverage. The number of publications in this field is growing at
such a rate that it is becoming increasingly difficult to keep up with the literature.
It is clear from the size of the literature on gas chromatography that collecting it will
have little utility without a suitable technique of information retrieval. However, little
has been published concerning the suitability of the various information systems for
gas chromatography. SPENCER AND JoHNSON! have reported details of a punched card
system for the storage of gas chromatographic data for hydrocarbons. LEWIS ¢t al.2
expanded this method by using key punched IBM cards and including more data:
However, both these systems, as described, have only been applied to the storage of a
limited number of concepts.

Of the various systems of information storage and retrieval, we chose the Uniterm
system3:4 for our card file on gas chromatography which at present consists of close to
2500 literature items. Information is being stored under more than three hundred
Uniterms. The Uniterm system involves no codes, is highly flexible and simple to
operate and both storage capacity and depth of indexing are almost unlimited. How-
ever, the direct retrieval of retention data, as described by both SPENCER AND JOHN-
soN and LEWIS ef al., has not been attempted. Although this is undoubtedly possible
with the Uniterm system, the punched card system would appear to be the more
suitable method for this particular application.

The Uniterm system is essentially a system of co-ordinate indexing consisting of
an information store and a concept (Uniterm) store. In the information store the in-
formation cards (abstract cards, reprints etc.) are given consecutive integral numbers
(non-significant accession numbers) in the order in which they are received, so that
each information card is characterised by an arbritary storage number which serves
as its address. The information that these cards contain is broken down into a number
of simple concepts or bits of information called Uniterms.

The Uniterms, which are subject headings for unit concepts, all of equal hier-
archical stature, are stored independently in the form of Uniterm cards, each of which
represents a single concept (Uniterm). This store of Uniterm cards makes up the in-
formation retrieval system.

Examples of Uniterms are the names of stationary phases, the names of materials
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analysed, operating conditions such as temperature, flow rate etc., application of
technique such as surface area determination, relative volatility determination etc.
As there is no limit to the number of terms which can be chosen there is no limit to
the depth of indexing. For example, a generic term such as HYDROCARBONS can
be broken down into subgroups such as PARAFFINS, NAPHTHENES, AROMAT-
ICS, OLEFINS etc. and the subgroups can be broken down further into specific
molecular weight ranges or even individual compounds. Parametric concepts such as.
COLUMN PROPERTIES can be more rigorously specified by qualifying this Uniterm
with the addition of nouns, prepositions, adjectives etc. For example: COLUMNS—
CAPILLARY; COLUMNS-PACKED; COLUMN-EFFICIENCY, EFFECT ON;
COLUMN-EFFICIENCY, NUMERICAL VALUES; COLUMN-GEOMETRY, EF-
FECTS OF, etc. The efficiency of the retrieval system depends directly on the specific-
ity of the Uniterms used. The more qualified the concept involved, and consequently
the larger the number of Uniterms, the more rapid and efficient will be the information
retrieval. However, such systems would require a greater amount of indexing so that
the depth of indexing, which is a matter of choice, depends on the individual require-
ments. Translation of the information into Uniterms is of necessity performed by
personnel experienced in the field.

The freedom of choice of terms and the fact that all terms are independent and
of equal hierarchical stature makes this system highly flexible, permitting the intro-
duction of new terms as necessary. This is one of the great advantages of the Uniterm
system.

Indexing consists of entering the accession number of the information card on the
relevant Uniterm card, the column being determined by the terminal digit of the
accession number. The accession number 351 is entered in column 1, the number 659,
in column g etc. The numbers are arranged in ascending order in the columns to
facilitate comparison and searching (see Fig. 1).

OLEFINS

0 I 2 3 4 5 6 7 8 9

100  I2I 62 93 44 85 406 27 78 99
140 351 182 373 84 555 436 167 98 129
160 371 302 703 174 635 476 187 208 369
200 561 332 783 234 645 636 227 218 439
350 631 372 863 634 665 646 297 278 539
390 691 432 923 0644 815 686 347 408 589
410 701 592 973 734 825 736 387 428 599
430 731 602 1053 794 895 766 397 558 679

440 851 642 1133 824 806 407 628 699
540 9II 682 14I3 1004 816 437 638 729
660 1281 702 1483 1134 976 477 728 779

Fig. 1. A typical Uniterm card.

If card 740 discusses the relative merits of dinonyl phthalate and squalane for the
separation of a mixture of paraffins and aromatic hydrocarbons in terms of # bond-
polar substrate interaction and vapour pressure effect, the number 740 is written
in the o column of the following Uniterm cards: DINONYL PHTHALATE-STATI-
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ONARY PHASE, SQUALANE-STATIONARY PHASE, PARAFFIN HYDRO-
CARBONS, AROMATIC HYDROCARBONS, SOLUTE-SOLVENT INTER-
ACTION and VAPOUR PRESSURE EFFECTS. Depending on the requirements,
the depth of indexing can be increased and Uniterm cards can also be made out for
the individual paraffins and aromatics mentioned as well as for the Uniterms, POLAR
STATIONARY PHASES and NON-POLAR STATIONARY PHASES.

As the information retrieval consists of a collection of independent concepts it is
possible to retrieve information in the form of combinations of specific qualified
concepts, which when co-ordinated, represent the sought for idea. This is done by
withdrawing the relevant Uniterm cards (representing the simple concepts) and
scanning them vertically, columnwise, for common numbers. The common numbers
will then represent information cards which contain the information sought, that is,
the complex concept represented by the combination of simple concepts. For example,
if information is required on the relative merits of polar and non-polar stationary
phases for the separation of paraffin-aromatic hydrocarbon systems then the four
Uniterm cards POLAR STATIONARY PHASES, NON-POLAR STATIONARY
PHASES, PARAFFIN HYDROCARBONS and AROMATIC HYDROCARBONS
are scanned for common numbers. A card whose number is found on all four Uniterm
cards will contain information on all four concepts. However, it is not always the case
that the concepts involved are related in the desired manner. A card may contain
information on all four concepts without actually discussing the relative merits of the
two types of stationary phases for the separation of paraffin-aromatic systems. The
information might concern the separation of paraffins on non-polar stationary phases
and the separation of aromatic-olefin systems on polar stationary phases. This does
not invalidate the indexing but indicates a lack of depth of indexing or qualification.
It can be avoided by increasing the number of Uniterm cards by the addition of the
Uniterm PARAFFIN-AROMATIC HYDROCARBON SEPARATION. The desired
information would then be sought on the three Uniterm cards (instead of four):
POLAR STATIONARY PHASES, NON-POLAR STATIONARY PHASES and
PARAFFIN-AROMATIC HYDROCARBON SEPARATION.

Certain Uniterm cards tend to become overloaded. Examples are the Uniterms
PARAFFIN HYDROCARBONS and SILICONE STATIONARY PHASES. The
greatest amount of work on any single molecular type in gas chromatography has
been the separation of the enormous number of paraffin isomers present in natural
hydrocarbon fractions. Several hundred articles have been published on this subject.
It is clear that a single Uniterm covering this concept will be inadequate. However,
making Uniterm cards for each individual isomer will be advisable only for laboratories
specifically interested in this subject. A good way to solve this problem is to make
Uniterm cards for specific molecular weight ranges, the number of Uniterm cards
can thus be limited according to requirements.

Silicones have always been one of the most popular stationary phases and in this
case too it is also desirable to increase the depth of indexing. This is readily done by
making Uniterm cards for each type of silicone.

Indiscriminate information storage can also result in overloading. For example,
an article discussing the separation of ketones and esters might also mention benzene.
The storage of this information, which has little informational value relative to the
large amount of work published in far greater detail on the separation of aromatics,
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will cause overloading which is not compensated for by the informational value in-
volved. This can be avoided by screening (that is, not storing this information) or by
the use of the proposed colour coding system mentioned below. The great majority of
published papers supply operating conditions and, unless unusual conditions are in-
volved, the storage of information on numerical values of such operating conditions
as flow rate and temperature will result in gross overloading and seriously reduce the
efficiency of the method.

Some minor refinements to reduce noise and increase retrieval efficiency are
planned in these laboratories. As all terminal digits in any column of the Uniterm
card are identical there is actually no necessity for their presence. If these terminal
digits were eliminated it should make the search for common numbers on several
Uniterm cards simpler. For example the numbers 12, 562 and 2532 could be written
in column 2 as 1, 56 and 253 respectively with the understanding that the number 2 be
added as a terminal digit to any number in column 2 when the abstract card number
is sought. Numbers represented by units only could be entered into the corresponding
column as zeros to avoid their elimination.

Noise could be reduced by indexing address numbers of cards containing informa-
tion of particular interest in a different colour. Colour coding could also be used to
reduce the number of Uniterm cards by combining two similar Uniterms on one card,
for example RETENTION TIME DATA and RETENTION TIME, EFFECT OF
VARIOUS PARAMETERS ON.

The compilation of a thesaurus of the Uniterms in use is advisable to avoid
duplication. Uniterms seldom consist of single words and multiword Uniterms can
frequently be written in several ways, for example TEMPERATURE PROGRAM-
MING and PROGRAMMED TEMPERATURE. Synonyms also occur such as in-
jection block, flash heater and flash evaporator. A very useful list of Uniterms for gas
chromatography and a ready made thesaurus is the index of Gas Chromatography
Abstracts. In fact, it should be highly profitable to combine the Uniterm system with
Gas Chromatography Abstracts by writing the Gas Chromatography Abstract num-
bers on the appropiate Uniterm cards (colour coded).

In these laboratories the Uniterm cards have been classified into related groups.
For example all Uniterm cards concerning stationary phases are stored together in
alphabetic order. Uniterm cards of stationary phase functions such as STATIONARY
PHASE COMPARISON, TEMPERATURE LIMIT, CONDITIONING, PRE-
TREATMENT, etc. are similarly stored adjacent to the stationary phase cards.
This system greatly facilitates the search for these cards and simplifies Uniterm
combinations to build more complex concepts. The subdivision of the Gas Chromato-
graphy Abstracts index is a good example of such a classification.

As many of the abstract cards in these laboratories were prepared from references
and abstracts, an author index has been found necessary to avoid duplication. This
system has been in use three years and has been found to work very satisfactorily.
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SUMMARY

The organization of gas chromatography literature for storage and retrieval by the
Uniterm system of coordinate indexing is discussed. In this system the contents of
the separate literature items are broken down into simple concepts which are stored
independently. By combining these simple concepts into a more complex one retrieval
of the sought idea is achieved.
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INTRODUCTION

It has been realised for some time that gas chromatography can be applied to the
determination of some physical constants of some compounds, and its use in the ana-
lytical field for the analysis of complex mixtures of organo-metallic compounds is ever
widening. Following the preliminary recommendations of the International Union of
Pure and Applied Chemistry? as to the systematised nomenclature for retention data,
standard apparatus, control and experimental procedures, specific retention volumes
are measured for a homologous series of trimethyl-silyl ethers, and trimethyl-silyl
thioethers.

The particular problems encountered in the gas chromatography of these com-
pounds include the tendency to hydrolyse and breakdown on some stationary phases
and under some conditions. To overcome these difficulties, high column temperatures
are needed to produce reasonable retention volumes for the thioethers. The accuracy
and reproducibility of retention volumes is estimated.

EXPERIMENTAL

Preparation of trimethyl-silyl ethers and thioethers

With the exception of the ethyl ether which was available commercially, the methyl,
n-propyl, isopropyl, #-butyl, and fert.-butyl ethers were prepared from redistilled
trimethylchlorosilane, and the appropriate alcohol2. Ammonia was passed into the
reaction mixture to remove hydrogen chloride—as ammonium chloride. Samples
obtained during fractional distillation of the products were analysed by gas chroma-
tography to estimate their purity.

In contrast the thioethers were prepared by the interaction of trimethylchloro-
silane and the corresponding lead mercaptide? since no reaction occurs between the
chlorosilane and the thiol. Ethyl, #-propyl, isopropyl, #-butyl and fert.-butyl thio-
ethers were prepared in this way. Hexamethyldisilthiane was prepared®by the reaction
between trimethylchlorosilane and anhydrous sodium sulphide in pressure vessels
at 250°.

Apparatus
The gas-liquid chromatographic apparatus used was a Burrell “Kromo-Tog” Mk. 1
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instrument. The standard column used was a 2.5 m U-column of 0.5 ¢cm internal di-
ameter glass tubing, the exterior being wound with a heating coil giving a continuous
variation of column temperature up to 300°. The temperature was measured by a
thermocouple inserted into the top of one leg of the column. The carrier gas used was
B.O.C. oxygen-free nitrogen, whose flow-rate was measured at the end of the flow
system by a soap-bubble flowmeter. The pressure of the gas after passing through silica
gel and Linde ‘“Molecular Sieve” Type 5A drying columns was measured to within
1 mm of mercury using a mercury manometer. All connecting tubes in the gas-system
were carefully checked to ensure no possible entry for moisture. Liquid samples were
introduced with an error of less than 2 9%, using Hamilton 10 or 100 pl syringes
through a puncture-type silicone-rubber seal directly on to the top of the column.
The detector was a 4-filament type, situated directly at the end of the column. The
detector temperature was kept constant at 150° (this was sufficient to prevent any
condensation of samples in the detector), and the filament current was rzo mA.
The output from the detector was recorded directly by a Honeywell-Brown 1 mV
F.S.D. potentiometric recorder.

Stationary phases

The stationary phases used were present to 20 % w/w extent on acid-washed Silocel
C-22 firebrick 60-85 mesh; the liquids used were (i) polyethylene glycol 400, (ii)
dinonyl phthalate, (iii) tritolyl phosphate, (iv) squalane and (v) Apiezon L grease.
Great care was taken to ensure that no moisture was present on the liquid phase or
support.

Retention volume

The specific retention volume Vy, is defined as Vg°, the retention volume fully cor-
rected for dead volume, pressure drop across the column and measured at the column
temperature, divided by the weight of the solvent; it is a precise physical property
for any substance, a minimum set of conditions for its measurement have been pro-
posed!. These recommendations were followed as closely as possible with the apparatus
available, and the specifications concerning measurements at different inlet/outlet
pressure ratios and column temperatures were observed.

RESULTS

The two stationary phases chosen for systematic measurements of the oxygen ethers
were Apiezon L, and tritolyl phosphate, neither of which caused any appreciable
hydrolysis of the samples injected on to the column. Investigations showed an in-
creasing amount of hydrolysis of the oxygen ethers to hexamethyldisiloxane when
using squalane (2,6,10,15,19,23-hexamethyltetracosane) as a stationary phase as the
column temperature was raised from #5° to 110°. Breakdown being almost complete
above 120°. Similar results were obtained with polyethylene glycol 400 except the
hydrolysis was greater at low temperatures; this must be due to the presence of
hydroxyl groups present on the phase which become active at these temperatures.
Dionyl phthalate was investigated but rejected because its great selectivity caused
retention volumes and volumes which were too large to measure accurately when the
recommended specifications were followed.
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TABLE I

SPECIFIC RETENTION VOLUMES ON APIEZON L.

Solvent Apiezon L
Temperature °C 58° 80° 100° 120 140°
(CH,),Si-O-R
R = CH, 16.3 4+ 0.5 6.73 & 0.03 4.28 + 0.08 2.57 £ 0.06 1.50 4-0.01
C,H; 26.2 4 1.1 10.07 4- 0.26 6.22 4 0.07 3.72 4+ 0.07 2.03 4+ 0.06
150-C,H, 33.9 + 0.4 12.8 4 0.54 7.93 4- 0.16 4.71 4 0.09  2.69 4 0.03
n-C,H, 53.7 4+ 1.3 19.1 4- 0.7 11.56 4 0.13 6.96 4 0.06  3.83 4 0.08
n-C,H, 116.0 4+ 0.8 388 4 1.0 22.1 4+ 0.7 12.42 4= 0.12  6.64 4 0.14
Si(CH,)q 33.7 + 1.5 12,7 4+ 0.5 7.74 4+ 0.12 4.65 4 0.06 2.59 4 0.04
TABLE II
SPECIFIC RETENTION VOLUMES ON TRITOLYL PHOSPHATE
Solvent Tritolyl phosphate
Temperature °C 80° 90° 100°
(CH,)4Si-O-R

= CH, 5.65 -- 0.03 3.70 4+ 0.03 2.69 4 0.04

C,H; 7.88 + 0.11 5.14 4 0.08 3.64 4+ 0.04

i50-C4H, 8.76 4 0.06 6.18 4 0.04 4.30 £ 0.05

n-C,H, 13.70 4+ 0.27 9.10 4- 0.13 6.40 + 0.09

tert.-C,H, 12.02 + 0.07 7.99 4 0.04 5.65 -+ 0.01

n-C,H, 26.52 + 0.53 16.75 4+ 0.20 11.19 4- 0.23

Si(CH,), 6.57 + 0.80 4.36 4 0.08 3.03 4+ 0.04

TABLE II1

SPECIFIC RETENTION ON VOLUMES ON APIEZON L

Solvent Apiezon L

Temperature °C 160° 180° 200°

(CH,),Si-S-R

= C,H; 4.33 + 0.08 2.89 -4 0.03 2.10 + 0.04
iso-C,H, 5.31 4- 0.08 3.43 + o.11 2.48 + 0.07
n-C H, 6.53 + 0.09 4.25 + 0.07 3.07 4+ 0.05
tert.-CoH, 7.65 4 0.03 5.18 4+ 0.14 3.70 4+ 0.02
n-C,H, 9.95 4 0.08 6.52 4 0.08 4.49 4 0.03
Si(CH,) 4 7.16 + 0.09 4.80 4+ o.11 3.31 4- 0.04

J- Chromalog., 11 (1963) 312-319



RETENTION DATA OF TRIMETHYL-SILYL ETHERS AND THIOETHERS 315

The only phase found suitable for the gas chromatography of the silyl thioethers
was Apiezon L. Complete breakdown of the ethers was noted on phases, e.g. tritolyl
phosphate even at 8o0°.

The values of V; given in Tables I--IIT are the mean values at each temperature
of determinations at inlet/outlet pressure ratios of 1.2, 1.4 and 1.6.

Errors given are on the mean of several determinations and are in almost every
case less than 2 %,.

DISCUSSION

Chromatography of the trimethyl-silyl ethers

Fig. 1 shows the graphical relationship between log ¥y and column temperature for
the trimethyl-silyl ethers on Apiezon L and tritolyl phosphate. The relationship is
approximately linear for both phases, tritolyl phosphate showing a slight curvature,

2.2(-

Log 10Vg

X L | L L . S
60 80 100 120 140 1607 180 200
Colamn temperature °C

Fig. 1. Mean values for log,, Vy (at inlet/outlet pressure ratios 1.2, 1.4, 1.6) against column temper-
ature, for the series. ® Me,Si~O-R on Apiezon L; A MeySi-O-R on tritolyl phosphate; [1]
Me,Si-S-R on Apiezon L.

with the exception of log V, values measured at 58° on Apiezon L. The discrepancy
is attributed to Apiezon L not being fully liquid at this temperature, thus giving rise
to distinct retention characteristics.

Figs. 2 and 3 relate log Vg to the number of carbon atoms in the alkoxy group,
for different column temperatures on Apiezon L and tritolyl phosphate respectively.
As may be predicted from theoretical considerations, approximately linear plots for
the straight chain members were obtained. The exception was the methyl ether
{(having a greater Vy value than expected) which may be due to some interaction with
the stationary phase since other considerations such as “dead time errors” can be
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Fig. 2. Mean values for log;,V, (pressure ratios 1.2, 1.4, 1.6) against number of alkoxy carbon

atoms [counting one silicon as carbon in (CH,),SiOSi(CH,),], for different column temperatures.

20 % Apiezon L stationary phase. @ Normal alkoxy series; A R = +CH(CH,),; [[] = (CH,)4SiOSi-
(CHy),.
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Fig. 3. As Fig. 2 except for 209, tritolyl phosphate stationary phase. © Normal alkoxy series;
A R = -CH(CH,),; V R = -C(CH,);; [J = (CH,),SiOSi(CH,),.
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ignored because of the standard procedures adopted. The branched chain isomers show
correspondingly smaller retention volumes, although these are not exactly paralleled
by their boiling points (see Fig. 4) which shows the mean values of log ¥, against
boiling point on 20 % Apiezon L at 100°. Here, straight and branched chain isomers
are seen to be linear, with the exception of the fe7f.-butyl ether and hexamethyldisilox-

1o}

n-CyHg

o.8r n-Cs3Hy
© tert.- C4Hg
oiso—C3H7

© Si(CH3),

0.2F

(e] It L 1 I 1 1 1
50 60 70 80 90 100 10 120 130
Boiling point °C

Fig. 4. Mean values of log;, V', against boiling point for trimethyl-silyl alkyl ethers on 209,
tritolyl phosphate at column temperature 100°.

ane. These two, especially the disiloxane, have much smaller retention volumes than
anticipated from their boiling points. Thus there is some indication of selective reten-
tion of straight chain compounds over the more bulky branched isomers. Also the
compound having an == §i-O-5i = linkage is eluted much more rapidly than its
= 5j—0-C == analogues.

On Apiezon L, hexamethyldisiloxane is seen to have a retention volume very
close to that of the isopropyl ether, whilst on tritolyl phosphate, it has a smaller
retention volume than the ethyl ether. This indicates selective retention of the di-
siloxane on Apiezon L as compared with tritolyl phosphate.

Chromatography of trimethyl-silyl thioethers

At the temperatures necessary to elute them, some breakdown into lower boiling
components occurred, the proportion of breakdown for the majority of the thioethers
increasing from 5 % to 25 % between 160° and 200°. An exception was the fert.-butyl
thioether which showed a greater tendency to breakdown than the straight chain
compounds, and could not be eluted even at 180° at low pressure ratios. Hexamethyl-
disilthiane showed less degradation than the carbon-containing compounds.

Since the preliminary breakdown products are consistent in form for each thio-
ether under different conditions, but differ between the thioethers, there is scope for a
more complete systematic study and characterisation of their decomposition, and
this is under active investigation.

As for the oxygen analogues, graphs are drawn of (i) log V, against column

J. Chromatog., 11 (1963) 312-31¢
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Fig. 5. Mean values for log,,V, (pressure ratios 1.2, 1.4, 1.6) against number of carbon atoms in
group R in thioethers for different column temperatures. 209, Apiezon L stationary phase.
© = 160°; A = 180°; [[J] = 200°.

temperature for each thioether (Fig. 1), (ii) log V, against the number of carbon atoms
in the group R (Fig. 5. The former graph has a similar form to that for the oxygen
series with some slight curvature. The latter graph also shows a similar form to that
obtained for 