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MEANINGFUL ERROR ANALYSIS OF THERMODYNAMIC MEASURE
MENTS BY GAS-LJQUID CHROMATOGRAPHY

R. J. LAUB, J. H. PURN ELL and P. S. WILLIAMS

Department of Chemistry, University College of Swansea, Swansea, Wales SA2 8PP ( Great Britain)

and

M. W. P. HARBISON and D. E. MARTIRE

Department of Chemistry, Georgetown University, Washington, D.C. 20057 (U.S.A.)

(First received November 8th, 1977; revised manuscript received January 27th , 1978)

SUMMARY

The usefulness of a simplified error analysis procedure for infinite-dilution
partition coefficients (KR ) as measured by gas-liquid chromatography is established
by comparison of calculated with experimental relative standa rd deviations. It is
shown that the determination of the column liquid-phase volume, VL , is the largest
source of random error, other error so urces , such as that for retention times, being
trivial by comparison. As a result, simple apparatus is found to be adequate for the
described mea surements. An inter-laboratory comparison of partition coefficients
shows, further, that the reproducibility of these data can be as good as ± I %, these
finding, in addition, excellent agreement with those determined by a static technique.

INTROD UCTION

The advantages of gas-liquid chromatography (G LC) for the measurement
of thermodynamic properties of solutions, wherein one component is at infinite dilu
tion, have long been recognizedl -:'. The GLC technique requires that the solute parti
tion coefficient , KR , or the specific retention volume, vg, be determined. These are
found, in pract ice, from the relation,

KR = t~j Fe = V~ l.h T
VL 273.15

(I)

where t~ -is the solute retention time corrected for dead space,) is the James-Martin:'
gas compressibility correction factor, Fe is the volume flow-rate at the column outlet
re-calculated from ambient temperature to the column temperature, T, after correc
tion for the presence of water vapour pressure if a soa p-bubble flow meter is employed,
and VL is the volume of liquid (stationary) phase of density, (!L, in the column.

Activity coeffic ients may be deri ved from K R data and fugacity corrections
then applied" to provide values of y~ .
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Th e essential simplicity of the G LC approach is so attract ive that it is some
what surprisi ng that it has not been mo re widely used for therm odynam ic studies.
It seems to us possi ble th at thi s relu ctance spri ngs from a lack of certa inty with
regard to the qual ity of reported dat a . Ind eed, a recently publi shed" comprehensive
list of G LC-determined activity coe ffi cients indicates that inter-laboratory agreement
of Y't data is poor, amounting to, at best, ± 5 %, agreement of G LC with static
(non-chromatographic) dat a being no bette r. Some of the apparent irreproducibility
of GLC dat a from laborat ory to lab orat ory is to be attri buted to the use of init ial
(ra ther than peak-maximum) retention times in several ea rly stud ies. Neverth eless,
even allowing for thi s, it is clear th at other factors may, in addition , be operat ive.
For example, failure to recognize and to co rrect for gas- liquid interfacial adsorption
is not un common while, in conver t ing Y~ to yf' va lues, inappropriate correction can
be ident ified even in recent work.

At the practical level, since G LC studies often invo lve the use of high-molec
ular-weight solvents, it is likely that attainment of consistent levels of liquid-phase
purity may a lso present difficulties. But , in the ma in, workers in the field have gen
erally attributed discrepancies in KR and V~ data to instrumental sources and as a
result, con siderable effort has been expend ed in developin g more reliable apparatus
and conco mita nt error ana lysis procedu res (e.g., refs. 6-9). Ou r own experience, on
the other hand, ha s led us to quest ion the importance of inst rumenta l facto rs in com
parison with the problems associated with mea surement of VL , as noted by, for ex
ample, Wicarova et al," . Th e cur rent study is therefore a imed at defining the various
sour ces of ra ndom error and the limits of accuracy of GLC data . To th is end , two
studies have been concurrently dupl icated in lab orat o ries which, where it will be
useful, will be here in identified as A and B.

EXPERIMENTAL

Th e solutes empl oyed were reagent-grade II-al kane s (Cs- Cs), cyclohexane,
methylcyclohexane, benzene and toluene, the so lvents used being dinonyl phthalate
(di-3,5,5-t rimethylhexyl phthalate, DN P) and sq ua lane (2,6, 10,15, 19,23-hexamethyl
tetracosane, SQ). The fo rmer was obta ined in two lot s fro m BDH (Poo le, Great
Britain), the latter separately from BDH and Applied Science Labs. (State College,
Pa., U.S.A.) and both were used as received . These part icular so lvents were chosen
for th is study in orde r to a llow comparison of the chromatograp hic dat a with data
obtained by ext rapolation from finite-concentrat ion of co nvent iona lly derived vap our
liquid measurements 10.

The solid support used throughout was Chromos orb G (60-80 mesh, AW
DM CS) which was dri ed overn ight, prior to use, in an a ir oven at 100GC and sub
seq uently sto red in a vac uum desiccat or over magnesium perchl orate. Th e material
was obtai ned sepa ra tely fro m Applied Science Lab s. and Jone s Chromatog raphy
(Cardiff, Great Britain).

Th e required amo unt of liqu id ph ase was dissolved in a volati le solvent (A:
methylene chloride; B: aceto ne - j benzene), the support add ed , an d the solvent re
moved by as pirat ion. The packin g was then finally dried by rot ary evap or ati on .

Coiled sta inless-steel columns (0.25 in. O .D .) were pa cked by applying suction
to one end , which had been plugged with silanized glass wool, pou ring the pac king
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into the other end , and gentl y tapping until no mo re could be added. Glass wool
was then inserted into the filling end. The columns were used as packed, i.e., the
filling end was connected to the injector and the suction end to the detector. Liqu id
loadings of 7-10 % (w/w) were used .

Thermo-regulated water-baths were used as column thermostats in both
studies. These comprised a Neslab PBC-2 immersion cooling unit and a Vycor 250
W immersion heater coupled to a mercury thermometer-switch (A) and an integrated
system based on a Grant , Ltd., 50-1 water-bath unit (B). Temperatures were measured
with an NBS-calibrated 29.5-30SC thermometer (A ) or a Hewlett-Packard Model
2802A platinum resistance system (B). The temperature in each system was main
tained at 30.00 ± 0.03°C.

Solutes were injected either as individual or as mixed vapours from a IO-,ul
syringe into a heated Hamilton flash-vaporizati on un it (A) or a heated injection po rt
constructed from a tube Tee-junction (B), the temperature in either case being main
tained at ca. 200°C, i.e. , above the boiling point of the least volatile solute used.

Both experimental systems employed thermal conductivity detection, the
devices used being a Gow-Mac Model 10-952 (A) and a Pye Model 12143 (B). The
units and connecting lines were heated to ca. 200-250°C with heating tape or Ni
chrome wire.

The flow of the helium carrier gas was controlled by a convent ional cylinder
regulator followed in series by one non-lagged (A) or two lagged (B) Negretti-Zambra
R-182 NC precision pre ssure regulators. The column inlet pre ssure (Pi) was measured
with a calibr ated U.S. Gauge pressure gauge (A ) and a mercury manometer (B), the
outlet pressure (Po) in each case being atmospheric. Column pressure drops ranged
from 0.1 to 8 p.s.i. Flow-rates were measured with a water-jacketted 0- to 50-ml soap
bubble flow meter and stopwatch, rates of 20 to ISO ml/min being employed.

Measurement of VI.
The column packing weight was determined by removing the injection-end

glass wool plug and displacing the column contents by suct ion into a single-hole,
stoppered, tared vacuum flask , the side-a rm of which was fitted with a coarse glass
frit. The weight percent of liquid on the support was mea sured by replicate ashings
at red heat (700-1000°C) of tared amounts of packings in porcelain crucibles with
a Bunsen burner (A) or a muffle furnace (B). Heating was applied for at least 4 h .
Baresupport weight losses, due to decomposition of the silanised surface, were deter
mined by the same method and were corrected for when the liqu id-phase weight per
cent was calculated. VI. was calculated from the column packing weight, the weight
percent, and the 30°C density of the phases, 0.9638 g/rnl (DNP) and 0.8028 g/m! (SQ).

RESULTS

Replicate analysis of the weight loss (mg) per gram of heated support gave,
on average, 2.12 (A) and 2.77 (B) mg/g. These showed some variation when different
batches were tested , but the differences were on the order of the errors in weighing
milligram amounts. Table I presents the ashing data for all coated packings. Re
tention data, measured from the air peak , were determined in duplicate with flow
rates being measured before and after all solutes were run , a period of approximately
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TABLE I

STATIONARY-PHASE LIQUID LOADINGS (%, w/w) DETERMINED BY ASHING

Series A Series B

Run No. SQ DNP SQ DNP

Col. I Col. 2 Col. 3 Col. 4 Col. I Col. 2 Col. 3 Col. 4

I 8.457 9.733 7.93. 9.853 9.790 9.952 9.80. 9.86.
2 8.397 9.78, 7.83, 9.76, 9.823 10.009 10.00, 9.933

3 8.37. 9.747 7.788 9.660 9.710 10.012 9.98_ 9.913

4 9.85_ 9.923 9.958 9.86_
5 10.050 9.92_ 9.859

Average (X) 8.410 9.75, 7.852 9.759 9.79_ 9.989 9.93, 9.887

(ax/X) . 100 0.50 0.28 0.97 0.99 0.63 0.51 0.78 0.34

TABLE II

COLUMN AND RETENTION DATA FOR LISTED SOLUTES WITH SQUALANE AT 30°C

Series B

Column I Column 2

1.86 cL 0.00 1.79 ::tc 0.01
5.79 :1 0.0 1 5.62 :+ 0.00

17.61 :1- 0.00 17.09 ± 0.02

Solute

n-Pentane
n-Hexane
Cyclohexane
n-Heptane
Methylcyclohexane
n-Octane
Benzene
Toluene

jFc (rnl /rnin)
VL (ml)

r; (min)

Series A

Column I

1.85 ± 0.00
5.72 ± 0.00

10.84 ± 0.01
17.36 ± 0.02
21.79 ± 0.Q7
52.37 ± 0.09
8.09 ± 0.02

26.49 ± 0.02

69.70 ± 0.05
1.3061 ± 0.0065

Column 2

1.95 ± 0.01
6.01 ± 0.01

11.44 ± 0.00
18.30 ± 0.0 1
23.01 ± 00.1
55.09 ± 0.09
8.59 ± 0.01

28.33 ± 0.04

78.26 ± 0.Q7
J.5449 ± 0.0043

8.24 ± 0.01
27.11 .L O.02

132.33 ± 0.49
2.4945 0.0157

7.99 ± 0.00
26.15 :t 0.01

144.45 ,1 0.08
2.6438 _J 0.0135

TABLE m
COLUMN AND RETENTION DATA FOR LISTED SOLUTES WITH D1NONYL
PHTHALATE AT 30°C

Series B

Column 3 Column 4

1.23 :1 0.01 1.25 ± 0.00
3.68 I 0.00 3.73 ± 0.00

10.80 ::± 0.00 10.94 ± 0.02

Solute

n-Pentane
n-Hexane
Cyclohexane
n-Heptane
Methylcyclohexane
n-Octane
Benzene
Toluene

jF; (ml/rnin)
VL (ml)

t'« (min)

Series A

Column 3

0.89 ± 0.02
2.65 ± 0.01
5.23 ± 0.02
7.79 ± 0.01

10.04 ± 0.01
22.61 ± 0.02

8.96 ± 0.00
27.77 ± 0.00

75.36 ± 0.18
1.0138 ± 0.0098

Column 4

1.07 ± 0.00
3.20 ± 0.01
6.28 i 0.04
9.39 + 0.04

12.07 i 0.04
27.40 ± 0.02
10.83 ± 0.01
33.65 ± 0.01

78.54 ± 0.11
1.2740 ± 0.0126

12.40 :1 . 0.02
38.18 ± 0.06

114.49 ± 0.60
2.1253 .l, 0.0166

12.59 ::t 0.02
39.16 ± 0.02

111.36 ± 0.Q7
2.1180 ± 0.0072



ERROR ANALYSIS OF THERMODYNAMIC MEASUREMENTS BY GLC 237

2-4 h. The averaged 1~ and jFc dat a are show n in Tables II and 111. Reduction of
these data acco rd ing to eqn . I yielded the so lute partition coefficients show n in Tables
IV and V where the data extrapolated from the results of Ashworth!" using a static
system a re also presented.

TABLEIV

PARTITION CO EFFICI ENTS (K ,,) O F LISTED SO LUT ES WITH SQUALANE SOLVENT AT
30.0°C

Solute Series A Series B Static '
-_._ ----_ ..

Col. I Col. 2 Ave. Col. I Col. 2 Ave.

n-Pentane 93.73 93.78 98.76 98.66 97.80 98.23 98.08
n-Hexane 305.3 304.5 304.9 307.1 307.1 307.1 305.5
Cyclohexane 578.5 579.5 579.0 584.4
n-Heptane 926.4 927.0 926.7 934.0 933.8 933.9 927.0
Methylcyclohexane 11 63 1166 1164
n-Octane 2795 2791 2793 2790
Benzene 431.7 435.1 433.4 437.1 436.6 436.9 434.8
Toluene 1414 1435 1425 1439 1429 1434

• Calc ulated from eqn. I and data of ref. 10.

TABLE V

PARTITIO N COEFF IC IENTS ( K,,) OF LISTED SO LUTES WITH DINONYL PHTHALATE
SOLVENT AT 30°C

Solute Series A Ser ies B Sta tic '

Col. I Col. 2 Ave . Col. I Col. 2 Ave.

n-Pentane 66.46 65.96 66.21 66.26 65.72 65.99 66. 14
n-Hexane 197.0 197.3 197.2 198.2 196.1 197.2 197.4
Cyclohexane 388.8 387.2 388.0 388.2
n-Heptane 579.1 578.9 579.0 581.8 575.2 578.5 572.7
Methylcyclohexane 746.3 744.1 745.2
n-Octane 168 1 1689 1685 1672
Benzene 666.0 667.7 666.9 668.0 662.0 665.0 670.5
Toluene 2064 2075 2070 2057 2059 2058

- -- .-- -- -- - - ----"

• Calculated fro m eqn. I and dat a of ref. 10.

DISCUSSION

For a gene rali zed function , Q, such that

(2)

the fractional standa rd de viation, (aQ/Q), is given by'":

(3)
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In term s of K R , eqn . 3 becomes:

R. J . LAUB et al.

(4)

The relati ve standard deviation to be expected for an y set of K R measurements may
therefore be calculated provided reasonable estimates for G r ' , GjFc ' and I1v L are
available. This treatment differ s slightly from that of, for exam ple, Wicarova et al ",
in that sources of random error affect ing the parameters, t~, jFe , and VL , are taken
to be reflected adequately by th e mean of the parameters themselves, rather than
the terms comprising the parame ters. For example, ca lculation of j Fe require s
measurement of Pi , Po, F, T, Ta, PO' and Pw, for which an expression of the form
of eqn. 3 could be written. The relat ive standard deviat ion obtai ned from such a
fo rmul at ion must, however, be very nearly identical to the GjFJ j F e value calculated
from the average of measurements of jFc- Thus, eqn . 4 will provide a reasonable
estimate of experimental error in KR •

Table VI lists the calculated and experimental standard deviations for the K R

data. The legitimacy of eqn. 4 is clearly borne out by thi s compari son even though

TABLE VI

COMPARISO N O F PREDICT ED WITH EX PER IMEN TAL RELATI VE STA NDARD D E-
VIATI ONS FOR K" DATA

-~.~-_.- ---- -'._---- - --- -

So lute Series A

( C1KR/ K,,) . 100

S Q DNP

Predict ed Exp erimental Predicted Expe rimental
- - - - --._.. "" .._--_..._--_.-

n-Pen tane 0.45 0.04 1.86 0.53
n-He xane 0.41 0.19 1.13 0.11
Cyclohexane 0.41 0.12 1.21 0.29
n-Heptane 0.43 0.05 1.08 0.02
Met hylcyclohe xane 0.47 0.18 1.05 0.21
n-Octane 0.47 0.10 1.02 0.34
Benzene 0.48 0.55 1.02 0.18
Tolu ene 0.43 1.04 1.02 0.38

Average 0.44 0.28 1.17 0.26

Series B

(C1K,,/K ,,) . 100

SQ DNP

Predicted Expe rimental Predicted Experimental
._----_.~--

n-Pent ane 0.76 0.62 0.91 0.58
n-Hexane 0.65 0.00 0.70 0.75
n-He ptan e 0.65 0.02 0.71 0.81
Benzene 0.65 0.08 0.73 0.64
Toluene 0.65 0.49 0.71 0.07

Average 0.67 0.24 0.75 0.57_ ._ .._-._._.
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only two values for each partition coefficient were determined in each study. We
note parenthetically that Wicarova et al." reported a V~ value for n-hexane which,
when converted to KR , gave 291.9 which is in error by 5% from the mean of all
KR data for n-hexane with squalane given in Table IV.

The largest contribution to (h /KR is that from VL as shown previously by,
R

for example, the comparison of ashing with high-temperature evaporation techniques
reported by Petsev et al. 12

,13 . The former was there found to be more accurate than
Soxhlet extraction owing, it was suggested, to the presence of extractable inorganic
materials in common supports.

Since squares of relative standard deviations are additive, error sources other
than VL become important only when they approach approximately 10%of the error
in this parameter, as shown in Table VII which lists aK / KR as a function of at' /t~,

R R

ajFcliFc, and aV,jVL . An increase of from 0.1 % to 0.5% in both atjt~ and ajFc!jFc

increases aK)KR only from 1.100%to 1.225 %. Thus, there is little point in improving
control of the pressures and/or flow-rate, or indeed, using automated data acquisition
systems if thermodynamic information reliable to ± I % is to be determined by G LC
since, in any event, current practice in the measurement of VL precludes a higher
accuracy than this. Relatively simple apparatus is therefore adequate for measure
ments of this kind, until such time as more reliable techniques for determination of
VL are available.

TABLE VII

EFFECTS OF VARIATION OF rr,ji ON rrKRIK R CALCULATED FROM EQN. 4

Relative standard deviation x lOa

(JvLI VL rrt)t;, rrj,)iF
c

rrK)KR

1.0 0.1 0.1 1.1000
1.0 0.5 0.1 1.1225
1.0 0.5 0.5 1.2248
1.0 1.0 0.1 1.4178
1.0 1.0 0.5 1.5000
1.0 1.0 1.0 1.7321

We regard the results given in Tables IV and V as the most accurate data
yet reported for the systems listed, and suggest their use for the evaluation of accuracy
and reproducibility of other studies.
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SUMM ARY

The d istribu t ion of copper tr itluoroacetylacetonate du ring the cond ition ing of
a gas chromatog ra phic column has been studied . It was found that the so rpt io n of
the co pper chel at e in the column depends on the amount of the compound injected,
the content of liquid phase in the bed , the natu re of the so lid support and th e tem
peratu re. Substantial sorpt ion of the copper chel ate by glass- and PTFE-wool plu gs
was observed. It is shown that the so rpt io n of the copper chelate by the bed is partly
a reversible process. The results ob tai ned ind icate the necessity fo r furthe r investiga
tions of inert ph ases and solid supports and for the suppression of sorption effects
in the chromatographic column.

INTROD UCTION

In the ga s chromatography of fJ-d iketo na tes of metals, several effect s occur
that cau se some difficulties in the a pplicat ion of the method fo r ana lyt ical purposes.
Of particular importan ce is the necessit y for co nd it ioning the co lum n in order to
overcome adso rption of the chel ate during the inject ion of the first porti on s of the
compound bein g a na lysed in a co lumn that is new or has not been used for a long
period' v', displacement of earlier so rbed chelate from the column by other chel ates'r'
or by pure (3-diketone4

, difficulties in the determination of small amounts of (3
diketonates connected with their losses in the column-: ", etc. Similar effects ha ve
been observed with othe r compounds" . In mo st pa pers on the gas chromatography
of chelate s of met als, sorpt ion effects in columns are rarely co nsidered, except for
two papers'>' .

Th is paper describes a study of the sorption of bis-( I, I , l-trifluoro-2,4-penta
dionato)copper(Il) (coppertrifluoro acety lacetona te) in columns depending on the con
ditions used in the ga s chromatographic determination. This compound was chosen
because the behaviour of copper trifluoroacetylacetonate (C uLy) in columns is typ ical
of most fJ-diketo nates of metals (an exception are the fluorinated fJ-d iketo na tes of
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beryllium , aluminium and chro mium, for which the ab ove effects occur onl y slightly
or not at all). Also, we chose the method of radioacti ve tracers as the ma in meth od
of investigation and the isotope copper-64 has nuclear physical cha racteristics that
are convenient for radiometric measu rements.

EX PE R IMENT A L

Equipm ent
A gas chromatograph of special co nst ruction was used, with which it is pos

sible to dete ct the compound being chromatographica lly dete rmined by measuring
its y-ra diation at any poin t along the column and also to record automatica lly the
distr ibuti on of y-radioactive substa nces during their so rpt ion in the column without
cooling and removing it from the chro matograph. In order to measure y-radiation,
a scinti llat ion detector with a Nal(TL) crystal was used th at was connected with an
intensimeter, the response of which was recorded with an electronic potentiometer.
Tsvet-5 and Tsvet-102 gas chromatographs with a katharometer and a flame-ioniza
tion detector and an LHM-8 M DP with a detector for y-rad iation of our own con
structi on were used.

For the determination of copper in the liquid phase and separately in the solid
ca rrier a Saturn atomic-absorption spectrophotometer with a Perkin-Elmer NSA-74
graphite furn ace atomizer was used.

Columns
Glass or PTFE columns of dimension s 30 x 0.4 em (40 x 0.4 cm in some in

sta nces) were used. Various amo unts (5-10 %) of SE-54 silicone and 5PUE poly
phenyl ether on the solid supports Chromaton NA W (0. 1- 0. 125 mm), Chromaton
NA W DM CS (0.25-0.315 mm) and Polychr ome-I were used as liquid phases. The
beds were fixed in the columns by two plugs of PTFE- or glass-woo l. The carrier
gas was high-purity helium at a flow-rate of 30 ml/rnin. Th e temperature of the col
umn s and the evaporator was varied with the range 120-160°. Before chromatographi c
ope rations the columns were pu rged with helium for 2 h at 180°.

Reagents
Copper trifluoroacet ylacetonate was synthesized from tr ifluoroacetylacetone

(Serva, Heidelberg, G.F.R.) according to Berezkin et 01. 10
• In order to obtain a com

pound labelled with copper-64, special-purity copper (content of impurities 10- 4 %),
irradiated in a reactor with neutrons, with a specific activity of 5 mCi /mg was used.
The co pper trifluoroacetylacetonate was purified by sublimation in a current of argon
at 200°. The radiochemical purity of the compound obtained was controlled by the
y-spectrometric method .

Me thods of investigations
Copper trifluoroacetylacetonate in the form of a 2.5-3.0 %so lution in benzene

or toluene ("pure for analysis") was injected into the co lumns with a IO-,ul micro
injector. The volume of the samples injected was 2-10 p I. The amount of the com
pound sorbed in the column was determined within 5 min of the detection of the
last chromatographic peak.
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With copper trifluoroacetylacetonate lab elled with copper-64, the distr ibution
of y-radioac tivity along the column was recorded and the area of the radi ogram ob
tained was measu red in order to determine the amount of the copper compound
sorbed in the column . The am ount of co pper was calculated from the calibratio n
graph of the area of the radiogram versus the copper content, which was plotted
by measuremen t of the y-act ivity of standard samples. If necessar y, a correction for
decay of copper-64 (half-life = 12.8 h) was introduced. For the prepar ati on of sta n
dards, aliquo ts of the solut ion of copper tr ifluor oacet ylacetonate (labelled with co pper
64) with a know n co pper content (12.9-49 pg) were taken, I ml of d iethyl ether was
added and the solutions obtai ned were ap plied to st rips of filter-pap er that were 3
mm wide and of a length equa l to that of the chromatograph ic co lumn (30 ern). The
strips were dried and placed in glass tu bes ana logo us to the chromatographic col
umns. The relat ive sta ndard deviati on of the dete rm ination of copper in the column
by the given method was 0.05 at (l = 0.95.

The dete rmination of copper in the liquid phase and sepa rat ely in the solid
carrier was acco mplished as follow s. The bed was removed from the co lumn, the
liquid phase with the sorbed copper triflu or oacetylacetonate was extracted twice with
chloroform, the chloroform solutions were combined, brought to a volu me of 5 ml
and the copper in the solution obtained was det ermined by atomic-ad sor pt ion spectro
photometry with electrothermal atomiza tion. Th e so lid carrier remain ing after the
removal of the liqu id phase was dried and then boiled for I h with concentrated
nitric acid . The solution was sepa rated by cen trifugat ion and dilu ted with water to
a volume of 5 ml, and the copper in thi s solut ion was determined by ato mic-absorp
tion spectropho to metry. In ord er to ca rry out blank experiments, a bed from a col
umn that had only been purged with helium was used.

RESULT S AN D DI SC USSION

The sor ptio n of copper tr ifluoroacetylacetonate in the co lumn dur ing condi
tioning was first studied. Fig. I shows the curves of the distribution of copper-64
over the length of the column for vario us amounts of CuL2 injected into the column,
using Chroma ton NA Wand Polychrome-l conta ining 5% of SE-54 as beds. The
temperatures of the columns were 120° and 140°, respect ively. Th e conditions selected
for the chro matog ra phic anal ysis were the optimum for observing most clearly the
process of column conditioning. When th e first portion of copper chelate (25 {kg of
Cul. , or 4.3 {kg of Cu) was injected the compo und was completely so rbed in the col
umn, mainly in the top part. During subseq uent injections a gradual equilibration
of the concent ration of sorbed compounds along the length of the co lumn occur red.
On injecti on into the column packed with 5%SE-54 on Chromaton NAW (and also
on Chromat on NA W DMCS) of more than 400 {kg of Cu l., at 140°, sta bilization
of the fonn and area the peak s of co pper tr ifluoroacetylacetonate was observed,
although chelate sor ption in the co lumn was not completed .

In the study of the distribution of the copper compound in the column, sig
nificant sorption of the compound by glass-woo l plugs was observed, reaching 25
30% of the tot al amount of the compound sorbed. Replacement of glass-wool with
PIFE-wool resulted in less sorption of the chelate (10-1 2 %) on the plugs. The max
ima on the curves of the distr ibution of copper-64 (Fi g. 1a and Ib) co rrespond to
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Fig. I . Distribution of copper -64 in a chro matogra phic co lumn co ntai ning 5%of SE-54 on (a) Chro
rnaton N AW and (b) Polychrorne-l d uri ng co nd itio ning. Am ount o f co pper tr itluoroa cetylacetonate
injec ted into the co lumn : (a) I = 25/lg ; 2 ~ 50 /Ig; 3 c 250 ug : (b ) I ,= 25 flg ; 2 = 125 /lg ; 3 = 250
fi g ; 4 = 1000 fi g. Temperature of column : (a) 120°; (b) 140". Amou nt of the bed in the co lumn : (a)
I g ; (b) 2 g.

sorpt ion of the chelate by PTFE-wool plugs at each end of the column. Thi s sub
sta ntial so rpt ion of copper trifluor oacet ylacetonate by glass-wool and even of PT FE
woo l plugs is not onl y of interest from the methodological point of view, but may
also explain some of the anomalou s effects that ha ve been observed during the gas
chromatography of chelates of metals. Thus, Uden and Jenkins' noticed that during
displacement of aluminium trifluoroacetylacetonate, so rbed in a column, by a cor
responding iro n chelate, the retent ion t ime of the complex being displaced du ring
a series of successive injecti ons of iro n chelate did not chang e. The sa me effect was
observed on replacement of the bed of the column, silanizat ion of the solid carrier
and use of PTFE instead of a diatomite carrier. Thi s effect may be explained by
the sor pt ion of the aluminium chelate by glass-wool in the top part of the column.

Figs . 2 and 3 give data th at illustrate the influence of various factors upon
the sorpt ion of copper trifluoroacetylacetonate in the column, namely the amount
of chelate introduced into the column , the content of the liquid phase on the carrier,
the nature of the carrier and the temperature . With an increase in the amount of
chelate introduced into the column, gradua l saturation of the bed occ urs, a gradual
decrease in the amount of compound sorbed with respect to the amount of chelate
introduced being observed . Table 1 gives data that charac terize the sorption in a
column packed with 5% of SE-54 on Chromaton NA W (140°) on the successive
introduct ion of various amounts of chelate. The values given were obt ained by taking
into account sorption of the chelate by PTFE-wool plugs.
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Fig. 2. Sorption of copper tr ifluoroacetylaceton ate in columns containing SE·54 on (I) and (4)
Chromaton NAW, (2) Chromaton NAW DMCS and (3) Polychrome-I (2 g) supports at 140°.
SE-54 content : (I ) and (3) 5% ; (4) 20 %. Curve I was co nstructed accord ing to dat a obta ined on two
columns. Abscissa : total volume of solution under investigation and tota l amount of copper injected
into the column.
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Fig. 3. Influence of temperature on sorption of copper t rifluoroacetylacetonate . Temperature:
(I) 120°; (2) 140"; (3) 160°. Absci ssa: as in Fig. 2.

The adsorption of copper trifluoroacetylacetonate in the col umn occurs as a
result of its interaction with the bed. Th is was also confirmed by radiometric measure
ments on the portion of the tube in the evaporator: the amount of copper found
in this portion was less than I % of the amount injected .

As can be seen from a comparison of curves I and 4 in Fig. 2, the sorption
of copper trifluoroacetylacetonate depends on the amount of liquid phase in the co l
umn. With an increase in the content ofSE-54 from 5 to 20 % (on Chromaton NAW),
the sorption of the chelate increased almost 2.5-fo ld.
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TABLE [

SORPTION IN COLUM N PACKED WITH 5 % OF SE-54 ON C H RO MATO N NAW

Volume ofsolvent injected
(Il l)

Amount of cc t., Sorption of c ot.,
injected into the column ( % ofamount injected)
(Ilg)

3
2
5

10
2 X 10
4 x 10

\5
50

125
250
500

1000

100
34
20

7.ll
6. \
3.5

The nature of the so lid carrier also influences the sorpt ion of the copper
chelate in the column. Although the difference in extent of so rpt ion of the chelate
when non-silanized a nd silanized Chro ma ton NA W is used as the ca rrier was not
great, when polychrome-I was used a significant increase in sorption was observed.
This effect was unexpected because Polychrome-I is usually con sidered as the most
inert solid support.

The determination of copper in the bed by atomic-absorption spect rophoto
metry showed that after rem oval of the liquid phase by tr eating the bed with chloro
form a noticeable amount of copper rem a ined in some form on th e so lid support,
and could be removed from the support only by treating it with concentrated nitric
acid. This appea rs to indicate partial decompositi on of the copper chelate in the col
umn . Using 5%of SE-54 on Chromaton NA W DMCS, the weight of the bed being
I g, 770 fl g of Cul., bein g injec ted into the co lumn a nd th e temperature of the co lumn
bein g 140°, the amount of copper determ ined in the liquid phase was 12.1 flg by
atomic-absorption spect rophotomet ry and 13.4 fl g by the radiometric method.

Experiments on the influence of temperature on the so rpt ion of copper tri
f1uoroacetylacetonat e (Fi g. 3) showed th at as th e temperature was increased the ex
tent of sorpt ion decreased. On purging th e column, conditioned with a fixed amount
of chel ate at 140°, with a carrier gas for 1-2 h at the same temperature, no decrease
in th e amou nt of copper in the column was observed. However , on purging at 1600

the am ount of copper in the column rap idly decreased to a level corresponding to
the extent of so rpt ion during conditioning of the column at 160°. Fr om thi s result
it can be concluded th at the sorpt ion of the chel ate in the column is not completely
irreversible. Further experiments were carried out in order to elucidate the question
of whether purging from the column of a reversibily sorbed chelate at a constant
temperature of the column occurs. For thi s purpose, columns with removable glass
tubes at the ends were used . Afte r inject ion into the co lumn of a series of samples
of copper chelate lab elled with copper-64 (ten injections, each of 5 fl l or 1250 pg of
C u l.j), the rem ovable tube at the end of the column was replaced with a n exit tube
to the cold zo ne and provided with a plug of glass-wool. The column was purged
with carrier gas at a flow-rate of 30 mljmin for 5 h and then rad iomet ric measurements
on th e removable tube with the plu g were made.

The results showed that during thi s peri od 5-10 % of the chelate sorbed in
the column was purged from the column. Thus so rbed chelate is co nt inuo usly purged
from the column, liberation of act ive centres of the bed occurr ing which may sorb
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the chelat e aga in on subsequent injection of a sample. Thi s effect probably explains
the "d isappea ra nce" from columns of small a mounts of chelat cs of met als such as
copper, iron and ra re ea rths maki ng their determinat ion in microam ounts imp ossible.

The que st ion of the role of the liquid phase in the gas chromatog ra phy of
chelates of metals has previously been poorly stud ied . In mo st instances si licone
phases of the type SE- 30, XE-60, OY-17 or OY-I were used. In thi s work, the silicone
SE-54 was stud ied, and also for co mpa rison, th e sorpt ion of cop per chelate on 5PUE
polyphenyl eth er , which co ntai ns hydrogen br idges in the cha in. Such phases a re
considered to be unsuit able for th e gas chrom at ography of che lates of metal s. Ex
periments have show n th at , when 1500 f.1g of co pper chel at e are injected int o a co l
umn packed with 5PU E on C hro ma to n NA W (Fig. 4), the co mpound is co mplete ly
absorbed in the column and a st rongly pronounced dependence of the am ount of
chelate so rbed on the a mo unt of liquid phase in the co lumn is observed.

B

6

10 20 30 4 0
Lengt h of column . cm

r- 10 '/, I. 1% I 20 % 1. 5 ' /0 _I
Content of 5PUE

Fig. 4. Distributi on of co pper trifluoroace tylace tonate d uring so rp tio n in a column co ntain ing
5PUE on Chromato n NA W. Temperat ure of co lumn, 140"; amo unt of co pper chelate injected int o
the colum n, 1500 fig .
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SUMMARY

In order to automate the gas-liquid chromatographic analysis of am ino acids
and reduce the cost, which is essential in large screening programms, a dat a pro
cessing program was formulated . The cru de inte grator data containing retentio n times
and peak area values were collec ted on pun ched paper tape. Th e dat a fro m the

. punched tape were tran sferred to a magnetic tape and pro cessed fur ther in a Univac
1108 computer with the help of a Fortran program . The struc ture of the dat a obta ined
and the procedure fo r proce ssing and present at ion of results ar e described .

INTROD UCTI ON

In an earlier paper, a modifi cat ion of the technique for the gas- liq uid chro
matograph ic (G LC) analysis of N-t rifluoroacetyl-n-butyl (TAB) deri vat ives of amino
acids was presented I . Instead of utilizing the signal s from the two detector s and elec-

. trometers for complete and simultan eous quantitation in two independent digital in
tegrator s of all relevant peaks or in one set of equipment reco rding the result s from
the two columns successively, we utili zed first the signal from th e dete ctor of the
EGA column until the elution of TAB aspart ic acid was completed and then that
from the OY-17 column on a single integrating and recording un it. In thi s way, a
saving of ana lysis time or investment cost has been accomplished. As every amino
acid has to be calculated with separate calibration factors, the calculation, tabulation
and presentation of data acquired during a large project would obv iously be very
tedious.

In order to a uto mate the ana lysis further and reduce the costs, which is es
sential in large screening pro gramme such as in plant breeding or nutrit ional surveys,
an automatic dat a-processing system to replace the t ime-consum ing ca lculations of
the "crude" integrat or data was sought. One solut ion to thi s problem is pre sented
in this pape r.
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DATA COLLECTION

B. M . NAIR

The column system and the flow of signa ls are illustrated in Fig. I. The EGA
column was connected to the detector A and the OY-17 column to the detector B.
Both detectors were then connected to the teleprinter through a dual differential elec
trometer-digital integrator system and to the potentiometric recorder. With this ar
rangement, signals from each of the two detectors could be carried to the integrator
and the recorder as and when desired by changing the mode-selector position between
A and B.

EGA COl~l'/I []I • 17 COLU:'!1

l ~
DET A -----,. .r------DET 8

DUAL DlffEREJlTlAl

mCTRO""TER~.-----,

DIGITAL INTEGRATOR "'JOE smCTOR

'lli'M "'''''~ L ""mwm ."~,
Fig. I. D iagram showing the flow of detector signal s in a dual-c olumn system for amino acid anal ysis
by GLC.

First, a standard sample was injected into the EGA column and then, after
a complete run , into the OY-17 column. By comparing the chromatographic charts
from both we could select an optimal time for a switchover of the mode selector
from A (EGA) to B (OY-I7). We chose to change the mode selector from A to B
after the elution of TAB aspartic acid from the EGA column, which was probably
the best place because we could exploit the EGA column more satisfactorily. The
results from our experiment in which first a sub-sample was injected into the EGA
column and then another sub-sample into the OY-17 column, as presented in Fig.
2, en sured that a chromatogram containing of all the amino acid peaks was obtained.

We used norleucine as the internal standard in the EGA column and butyl
stearate in the OY-17 column for more accurate calibration and further calculation
of the data. On certain occasions some difficulty occurred in obtaining sati sfactory
separation of norleucine from neighbouring peaks. Our experiment in search of a
new internal standard resulted in the use of a-aminocaprylic acid. As can be seen
from Fig . 2, a simultaneous separation of all of the amino acids could be carried
out within about 35 min using the improved method described above. Nevertheless,
if only the amino acids separated on the EGA column are of interest, it is possible
to run it alone. Thus, a choice between the EGA column alone and the EGA +
OY-17 dual-column system was available.

There are pr incipally five types of system s that could be used for the automatic
data processing":": (1) off-line systems; (2) hybrid systems ; (3) time- shared computer
system; (4) dedicated computer system; and (5) multichannel dedicated computer
system.
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Fig. 2. Separat ion of all the protein amino acids from a du al-column system. A O.5-flg sample of
each amino acid, norleucine and butyl stearate as the internal standards was injected into the EGA
column first and then into the OY -17 co lumn simultaneously within a period 2 min before the begin
ning of the temperature program (60 to 220" a t 4"/min). Argon flow-rate, 50 nil/m in. Attenuat ion ,
10- 10 x 2.

(I ) An ofT-line system basically consi sts of, in addition to a gas-liquid chro
matograph, an integrator, which converts the analogue data into digital data, attached
to a printer, and with cards, paper-tape or magnet ic-tape facilit ies for data storage.
These stored dat a can then be proce ssed in the computer when it is available and
the amount of "crude" data accumulated is adequate fo r an economically sound used
of the computer. Thi s system would be the least expensive and in addition offers a
smooth means of adapting to fully computerized GLC systems.

(2) In the hybrid system, man y GLC integrato r uni ts could be connected to
and controlled by one compute r-printing device. A major disadvantage is the risk
of a serious delay in the analytical wor k if the computer stops funtioning, as a con
sequence of which all the GLC integrator un its that depend on it would also be out
of use.

(3) With the time- shared computer system, one computer with a larger mem
ory is directly connected to many analytical ins ti uments. The large memory would
be used for storage of extensive data, table s, sta tistical data, routines for data inter
pretation and other program s.

(4) and (5) Both dedic ated systems require very large investments and ale
practicable only for laboratories that have many analytical instruments functioning
simultaneously.

The alternat ive for dat a processing assessed as optimal under our working
conditions was an off-line system (Fig . 3). The ana logue signals were carried to an
electronic digit al integrator when supplying the telet ype printer with data on retention
times and peak areas. The teletype, in addition to its own printout, was also equipped
with a paper-tape punch ing mechanism. Th is may not be genera lly accepta ble to the
analyst. However, where long calculatio ns are involved, especially when debu gging
and internal standard identification instructions are to be supplied, there is often
much convenience in using th is approach..
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~
DIGITAL I NTEGRATOR+-- RECORDER

~
TELETYPE PRI NTER

!
PAPERTAPE PU ~IC H

~
PAPERTAPE READER

!
f1AGNET I C TAPE

+PUNCHED CARDS --..,~~UN I VAC

COMPUTER ~..--- PRI NT OUT

B. M. NAIR

Fig . 3. Schematic presentation of a data-handling system for amino acid analysis by GLC.

Before the sample was injected , information about the sample (weight, ni
trogen content, etc.) was introduced to the tape through the keyboard as presented
in Table I (points 1-5). The teletype was then switched on to the "on-line" position
and a chromatographic analysis was run . Data on retention time s and peak areas
were obtained as listed under 6 in Table I. At the end of th e run, debugging instruc
tion s were entered through the keyboard (points 7 and 8). Further, the retention
data for the internal sta ndards were introduced through the keyboard as observed
on the printout and chromatogram. Th e actual record of a complete I un is shown
in Fig. 4. The accumulated dat a on the paper tape were stored there and transferred
before processing to magnetic tape using a tape read er (RC-2000) .

DATA PROCESSiNG

The program for the data processing was developed for the Univac 1108 com
puter in Fortran V (see Appendix). The pro gram for proce ssing of punched tape
contain s eight operational subro utines and a main program:

1. BINARS : Binary search
2. MSORT: Sorting
3. KROM: Punched tape read
4. RINT: Read whole numbers
5. RREAL: Read real numbers
6. RSTR: Read strings
7. INTAB: Read con version tables
8. INFILE : File definition

PARAM: Main pro gram
In addition to the data contained in the magn etic tape, which are transferred

from paper tape , three sets of parameter punched cards are used for proce ssing and
presentation (see Appendix). Th e first set carrie s the number of the sa mple to be
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eAllliliG Acid anul ysi s by eLL. Udtd coll cc ti on and pr-ucc s si nq . lJuJl coluum

data for pt-oqraume test. Norl uucine end butyl s tca rn tc as intl't'nill

s t andards .

-71 06 07- -OD1-;

.0.0940.1170.117 D.115 0.115 IUJCID D.lI\', ll.ts5 o.rs: 11.0011 11.111(1) 1l.000
0.120 0.128 1).000 I). J5 1 o.111 0.1%9 n.12() (J. 1:'0 u.1JI) (). 13U -1

•.45_1GI~.187
.97: 0039834

113:0059108
117 :0043541l
135: 0041 315
146:0058973
111 :0037225
156:0085741;
165:00Srm:)2
1132: ()O~j504~
218:0:JP-)345
225:0020/89
234: 0043466
241: 11031941
274:001Hf,IJO
190:0131637
JIl1 :0056092

:0023300
391:01l1740]
408: 0036124
445:0025560
-1

253

000 DOD 000 - 1
000 000 -1

151 408 260

Fig. 4. Printout from the teletype after a single G LC run. The circled figures refer to the text in Table I

TABLE I

STRUCTURE OF THE DATA OBTAINED AS IN FIG.4

Data
Through keyboard

(I) Text, information introduced into the punched tape through
the keyboard of the teletype printer. This could include a
description of the sample, internal standards used, date and
sample number. Entered as below:
- 72 06 02 - - 00 I -

(2) Relative molar ratio of all the amino acids entered in the order
they are eluted, starting with value for alanine, etc.:
0.094 0.117 0.127 0.130 - I

(3) Weight of the sample (mg)
(4) Weight of the internal standard I (mg)

9.45
0.165

(5) Weight of the internal standard 2 (rng)
0.187

(7) 000 000 000 --I (retention time of peak to be deleted)
(8) 000 062 001 -1 (000, retention time of the first half of the

split peak; 002, retention time of the second half; 001, retention
time of the added peak)

(9) 001 002 008 005:
001, retention time of the internal standard in the single column
002, retention time of the internal standard in the EGA column
008, retention time of the internal standard in the OV-17 column
005, time at which the switch was turned over from EGA to OV-17

From GC integrator

(6) Values for retention time
and peak area
0.97 :003984
113:005988 m

445:0025560

-1
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processed and the inde x to the cor respondi ng ca rd in set II carrying the dat a on
moisture content, nitrogen content and the con version fact or for nitrogen to protein,
and a second index to a ca rd in set III to identify the relati ve retenti on-time window
limits with two alterna tives, single column (EGA) or dual -column (EGA + OV-17).
The cards in set II have the information on moi sture content, nitrogen content, etc.,
for each sample. Th is information can also be introduced throu gh the keyboard (see
point I in Table I) if ava ilable at the time of the GlC run. For the purpose of calcula
tion, however, the computer cannot use thi s info rma tio n und er text I, Table I.

Fig. 5 present s the printout of the final results of pro cessed data. Becau se
there have been man y different ways of expressi ng amino acid ana lysis data, we have
employed most of th e common ways that we observed in the literature.

PEAK ID ENTI FICATl ON

The identi ficat ion of the G l C peaks by the computer is based on th e reten
tion times of indi vidu al amino ac ids relative to th ose of the internal standard s. The
memory data are from analyses of the TAB deri vatives of a sta ndard am ino acid
mixture.

A very simple logic is used in o ur program for the pea k iden tificati on s, nam ely
the use of two limit ing values of relati ve retenti on tim e within which any peak is
considered as being identified with the deri vati ve that in th e memory has a cer ta in
value for relati ve retenti on t ime, genera lly the mean of th e two limit va lues.

As is well kno wn, severa l of the TAB deri vati ves of amino ac ids sepa rate near
one anot her. As the sta tiona ry phase of a G LC column co uld bleed out, the relative
retent ion tim es of certa in am ino acid deri vati ves co uld change. Also other ana lytical
paramete rs could be a source of minor variation in relative retent ion times in a tem
perature-programmed GlC analysis. Therefore, a more complex logic such as that
suggested by the Vidar Corporat ion? may have to be applied.

CALCULATION

For routine ana lysis, weight response calculation was conven ient. Dat a ava il
able from the ana lysis of each sample and the meth od of ca lculatio n are as follo ws.

Peak area of a mino ac id = Aaaa.

Peak area of interna l stand ard = Ais.

Weight (mg) of amino acid = Mg aa.

Weight (mg) of internal sta ndard = Mg is.

Relative retent ion tim e = t ime aa/time is.

Ais x Mg aa
Relati ve mol ar response factor (RMRF) = - --,-----=-

Aaa

RMRFH = RMRF x correction factor for hydrolysis losses.

Amounts of interna l sta ndard in the calibration mixture and in the sample
are the same.
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Sample number.

Date of run.

Sample weight: SW mg.

Moisture: M %.

Protein: P%.

Nitrogen: N %.

NPF = nitrogen to protein conversion factor.

Aaa X RMRFH
Amount of amino ac id (mg) in the sa mple (M g aa) =

Ais

Mg aa x 1000
Amount of amino acid (mg) in I gram of sample (W) = - - -SG- - - '

Protein (P)% = % N x NPF,

G . 'd /IOO . W x 10rams ammo aCI g protem = - p - - '

Milli " d/ 16 ' W x 16 x 100I igrarns amino aCI g nitrogen = ---~--.

. id . W x 16Grams a mino aCI /1 6 g nitrogen = - - - -.
N x 10

FURTHER AUTOMATION OF THE GLC ANALYSIS OF TAB AMINO ACIDS

The introduction of some information about the sample and addit ional in
formation for debugging through the keyboard of the teletype for each sample before
and after the run could be a handicap when using automation for sample introdu c
tion and dat a collection . There would not be space in the punched tape for int roducing
this information after the run of a serie s of sa mples. Thi s problem could be resolved
either (I) by leaving a gap on the tape between the run s that is lar ge eno ugh to
take th e necessary informat ion, which could be introduced later on when the series
are read y, or (2) by providing a reference samp le number and making provision in
the program for a set of ca rds containing this information.

APPENDIX

See Schemes A and B.

Subroutine KROMLS
Th e subro ut ine KROMLS uses sta ndard library programs INTAB and IN

FILE fo r co nversion of information from punched tape to the computer's internal
code. If somet hing goe s wro ng during conversion, it prints the place where it oc
curred. Subroutine INTAB gives the convers ion table. After INFILE has been called,
conversion of text string, real numbers and integral numbers is achieved by calling
RSTR, RREAL and RINT, respectively.
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Subroutine BfN A RS
Subro utine BINARS does binar y sea rching. If the given value is located in

the array, the variable IX gets the va lue co rresponding to its locat ion and the var iab le
IND gets value 2. IND gets other va lues if the given value is not located.

Subroutine M SO RT
Subroutine MSORT sorts o ut a two dim ension al array in ascendi ng order

according to the second index.

Punched cards
Set I. Variables.
Sample num ber to be processed .
Index to var iables in set II.
Ind ex to variable s in set III.
Last card - I in column 15-16.
Set II. Variabl es:
M: moi sture ( %).
N : nitrogen ( %).
NPF : nitrogen to protein fac tor.
One card for each sample with sa mple number as reference.
Format 3 F 7.2. Last card in the set t b E0F.
Se t fIf. Variables:
Name s of the amino ac id.
Relat ive retention t ime window limits.
Molecular weight s.
Each card co nta ins two sets of values for retention time window limit , one

for single-column run and the other for dual-column run. Last ca rd i b E0F.
Fo rmat (2 (16 2 18, 15)).
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LIQUID CHROMATOGRAPHY OF POLAR AROMATIC COMPOUNDS ON
CATION-EXCHANGE RESI NS AN D POROUS POLYMER GELS

T. HANAI , H. F. WA LTON, J. D. NAV RAT IL and DORIS WARR EN

University of Colorado, Boulder, Colo. 80309 ( U.S. A.)

(Received Janu ar y 19th, 1978)

SUMMARY

The retention and separation of some 12 polar aromatic compounds, some
of them weak ac ids and ampholytes, have been studied on cation-exchange resins
and a non- ion ic macroporous styrene-divinylbenzene polymer. The effects of pH,
counter- ions and ion-pairing reagents have been measured. Ammonium ion s extend
the absorption of wea k ac ids (pKa above 8) to higher pH values on an ion -exchan ge
resin. The porous polymer has more selecti vity th an the ion -exchange resins, but plate
numbers a re less. Gradient elution may be used with the po rou s polymer, but radi cal
solvent cha nges affect the qu al ity of the packing.

INTROD UCTI ON

Cation-excha nge resins serve as sta t iona ry phases for the chromatog raphy of
non-ionic organic cornpound s' r -' and of wea k ac ids, both aromati c and aliphatic":".
The acids a re abso rbed by th e resin polymer matrix in their non- ion ized forms and
excluded in their ionized or ioni c form s. Retention depends on the ionizat ion con
stants and the pH of the so lutio n, and in mixtures of acids of di ffering ioni zation
constant s the elution sequence ca n be cha nged by changing the pH . " Io n-exclusion
chromat ography", the sepa rat ion of ac ids on a cation-exchange resin at selected pH
values, has been used to advantage in the ana lysis of nucleic ac id deriv ati ves7

,8 . Be
cause many of the compounds to be separated have a limited solubility in water,
it is customary to use mixtures of water with another solvent, such as alcohol or
methyl cellosolve". The composition of the solvent mixture strongly affects the re
tention and may affect the elution sequence.

Fast mass tr ansfer requ ires resins of low cross -linking. Poly styrene-based res
ins with 2%4 and 4 %2.3,6 divinylbenzene have been used for th is type of chromato
graphy. Resins with sma ll particle sizes and low cross- linking give excellent theoret ical
plate heights, ro uti nely 0.1 mm and less, wit h symmetrica l elution peak s even at high
loadings. Their great d raw bac k is their softness, which lim its the solvent flow-rates
to about I em/min and limit s the length of the column to so me 30 em .

The solutes a re bound to the resin by non-polar, hydrophobic interacti on with
the resin polymer matri x and the prim ary, perhaps the onl y fun ction of the ionic
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groups is to be hydrated and to cause the resin to be swollen and permeable. The
hydrophobic interactions can be exploited in styrene-divinylbenzene polymer s with
no ionic gro ups, provided they have a suitably porous st ruc ture. Macroporous
polymers like the Amberlite XAD resin s (Rohm & Haas, Philadelphia, Pa., U.S.A.)
have been used for liquid chromatography of polar organic compounds, including
weak acidst -'", They ab sorb the non-ionic, protonated acid s, and to a slight, but
measurable extent they also ab sorb sodium sa lts of these acid s. For chromatographic
use, commercial resin bead s are ground and screened , but the large and irregular
particles of the ground resins cau se the theoretical plate heights to be unduly large.
They do, however, have the ad vantage of rigidity.

Macroporous polymers specially prepared for liquid chro matography, with
particle diameters of lO ,um and less, are now produced commercially in Japan 1l

, 12.

In tnis report we compare their performance with that of cation-exchange resins having
comparable particle diameters .

EX PERI MENTAL

Apparatus
Liquid chromatography pumps of various kinds were used, principally the

Model 6000 pumps from Waters Assoc. (Milford, Mass., U.S .A.), with ultraviolet
ab sorbance detectors from Spectra-Physics (Santa Clara , Calif., U.S.A.) . Columns
were either of glas s (Glenco, Houston, Texas, U.S.A .; high-pressure model), 6.3 mm
J.D ., or of stainless steel, 4 mm J.D . All columns were water-jacketed and maintained
at a con stant temperature of 55°.

Materials
Ion-exchange resins. Aminex 50W-X4, 20-30,um, was obtained from Bio-Rad

Labs. (Richmond, Calif. , U.S .A.). Other resins of 10-15,um diameter and 4 % or 7%
cross-linking were supplied by Hamilton (Reno, Nev., U.S.A.). All were cation ex
changers with sulfonic acid groups on a styrene- d ivinylbenzene matrix.

Porous polym er gel. This was a styrene-d ivinylbenzene copolymer of macro
porous st ructure without ionic groups, particle diameters 5 and 10,um made by Toyo
Soda (Tokyo, Japan).

Chemicals. High-quality products from various suppliers were used, and were
recrystallized when necessary. Salicylamide, who se behaviour was studied in some
detail , was recrystallized from wate r.

Solvent, Mixtures of ethyl alcohol with water were used. Commercial 95%
alcohol was used , as it had excellent spectral purity. By "25 % alcohol" we mean a
mixture of 25 parts of 95 % alcohol with 75 parts of water by volume. The volume
rati o was controlled as carefully as possible; however, the composition of the (nomi
nally) 95 % alcohol stock may have varied from one bottle to another. Test s described
below showed that the net retention volume of caffeine fell by 5 % if the alcohol
concentration rose by I %(that is, from 25% to 26 %by volume).

Column packing
Jon-exchange resins were packed as slurries in 25 % alcohol, allowing them

to sett le by gravity and then applying moderate pre ssure . The porous polymer gel
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was packed as a slurry in the same solvent that would be used in the chromatographic
runs, namely 25 %alcohol. It was packed down-flow in a pulsing mode.

RESULTS AND DISCUSSION

pH measurements and ionization constants
Though the columns were run at 55°, pH measurements were made at room

temperature. Portions of effluents were collected and compared with standard aqueous
buffers, generally 0.05 M phthalate or phosphate. The pH values of these buffers
change little with temperature':'. A greater uncertainty comes from comparing pH
measurements in aqueous buffers with those in effluents containing 25 % ethanol;
however, the studies in which an accurate knowledge of pH was most important
were made with salicylamide and we determined the ionization constant of this acid
by titrating it in 25 % alcohol containing 0.10 M potassium chloride at 25° and 55°,
again calibrating the electrodes with aqueous buffers. We measured the ionization
constant of acetaminophen (p-hydroxyacetanilide) in the same way. The ionization
constants of the acids used in our study are shown in Table I.

TABLE I

IONIZATION CONSTANTS OF ACIDS USED IN THIS STUDY (pK a UNITS AT 25°, REF. 14)

Acid

Salicylamide *

p-Hydroxyacetanilide *

Benzoic acid
Caffeic acid
Cinnamic acid
p-Aminobenzoic acid
Nicotinic acid
Salicylic acid
Xanthine

* OUf values.

pK"

8.45 (25°), 8.46 (55")
9.9
4.2
4.7
4.45
2.4 (pK,), 4.9 (pK 2 )

4.8 (pK.), 12.0 (pK 2)

2.9 (pK.), 12.4 (pK 2)

7.7

Analgesic drugs on 4% cross-linked resin
These data were obtained on a column of Aminex 50W-X4 cation-exchange

resin with eluents containing 25 %ethyl alcohol. All were 0.10 M in Na + or NH4 +

and were buffered with formic, acetic, phosphoric, citric or boric acid. The nature
of the anion did not affect the retention, and the ionic strength had little effect.

Fig. I shows elution curves at two pH values, and Fig. 2 shows the effect of
pH on retention volume for sodium and ammonium buffers. The pH has no effect
on the elution of non-ionized compounds like caffeine and phenacetin, but with weak
acids, the elution volume falls as the pH rises and becomes equal to the void volume
at high pH. The uncharged acid molecules are retained, but the anions are not. In
such cases the pH of half retention, where the capacity factor is half of its maximum,
should equal pK,,9,IO,15. Salicylic acid is stronger than acetylsalicylic acid by about
0.5 pK" and this fact makes it possible to separate these two acids below pH 5.

The case of salicylamide is interesting. From Fig. 2, its pH of half retention
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Fig. I. Elution of analgesic drugs from the cation-exchange resin, Amin ex 50W-X4-N H. +. Column,
20 x 0.63 em ; eluent, 25 % alcohol, 0.1 M buffers (see text) ; temperature, 55"; flow-rate, 24 rnl/h.
SA = salicylic acid ; ASA = acet ylsalicylic acid; C ~ caffeine ; A c~_ p-hydroxyacetanilide ; P =
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Fig. 2. Elution of analgesic drugs from Aminex 50W-X4; pH and counter-ion effects. Same column
and condit ions as Fig. I. Dashed lines, Na" resin and buffers; solid lines, NH. + resin and buffers.
Abbreviat ions as in Fig. 1.

on the sodium-form resin was 8.2, which is somewhat less than the measured pKa

value. With ammonium counter-ions, however, the half-retention pH was one unit
higher. The same conclusion was reached from a separate set of experiments (Fig .
3) with a different column of the same resin, using ammon ia-ammonium nitrate
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buffers. Potassium-loaded resin gave the same elution volumes as sodium-loaded, but
the half-retention pH va lues were 8. 1 for Na + and K +, 9.05 for NH4 +. The maximum
retention (below pH 6) was the same for all th ree counter-ion s, and the minimum
in each case was zero, that is, the compound eluted at the void volume. In the inter
mediate pH range (8-9) the retention was very slightly greater in 0.1 M ammonium
salt than in 0.02 M, namely, 0.1 ml out of 4-5 ml.
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Fig. 3. Elution of salicylamide from Aminex 50W-X4 ; pH and counter-ion effects. Column, 12.5 x
0.63 em; temperatu re, 55" ; flow-rate. 24 ml/h ; solvent, 25% alcohol. Co unter-ions: 0 , Na" , 0.10
M;., K +, 0.10 M ; +, N H.+, 0.02 M ; X , NH.+ 0.10 M .

The rea son for thi s behavior undoubtedly involves the acid nature of the am 
monium ion . If stable NH4 +X - ion-pairs were formed, one would expect significant
retention at high pH, and this is not observed. The micellar fluid , that is, the solution
within the swollen resin beads, has a high NH4 + concentration and a very low OR
concentration because of Donnan exclusion. It must therefore have a relatively low
pH, compared with the external solut ion, and the proportion of uncharged salicyl
amide, HX, to anions X - mu st be relati vely high.

There. ar e signs of a similar behavior with the drug acetaminophen (p
hydroxyacetanilide), which we found to be a weak acid (pKa = 9.9). The data of
Fig. 2 do not extend to a high enough pH to determine its pH of half-retention in
ammonium-form resin , but obviou sly it is higher than that in sodiu m-form resin .

In the low pH range, ammonium ions do not seem to have this effect. Tests
performed with benzoic and cinnamic acids indi cated the pH of half retention was
about the same with sodium, potassium and ammonium counter-ions. For cinnamic
acid this pH was 4.6 .

The counter-i on effect was stud ied in detail with all the solutes shown in Fig.
2, as well as with chlorinated biphenyls:'. Counter-ions used were Na +, K +, NH4 +,
and Ca2+. ' The effects on retention were not great, and for some solutes, notably
caffeine, they were almost nil. Retention increased in the sequence Na +, NH4 +, K +,
Ca2+ (except for the specia l effect of NH4 + at high pH, mentioned above). Thi s was
the inverse order of the bed volumes. Calcium-loaded resins showed the least swelling
and the retention effect may simp ly be correlated with the lower water content and
greater hydrophobic character of the calcium resins. For salicylamide and phenacetin
the theoretical plate heights increased considerably when Ca 2+ was substituted for
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NH4 + or Na + , a natural consequence of decreased swelling and retarded diffusion.
Fig. 4 shows the effect of pH on the retention of several compounds on

Aminex 50W-X4-Na and Fig . 5 shows a chromatogram obtained with the Hamilton
4 % cross-linked resin. The plate number for phenacetin in Fig. 5 is 3500 for a 24
ern column. The Hamilton 7%cross-linked resin gave a similar chromatogram with
somewhat broader bands, showing better resolution of caffeic acid and xanthine.
Salicylamide eluted before p-aminobenzoic acid.
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Fig. 4. Elution from Amine x 50W-X4-Na ; pH effect. Column, 22 x 0.63 em ; temperature, 55°;
solvent, 25 %alcohol with 0.1 M Na + , variable phosphate. Solutes : e, caffeic acid; O . nicotinic acid;
D, p-aminobenzoic acid ; 8 , salicylamide; . , phen acet in ; 6 , trigonell in, Y. , caffeine ; A , xanthine ;
CD , acetylsalicylic acid; 'V, sa licylic acid.

Fig. 5. Elution from Ham ilton 4 %cross-linked resin, Na " , I0-15/1m. 0.1 M Na +, pho sphate at pH
4.5 in 25%alcohol at 55 0

; flow-rate, 12 rnl/h. Column, 24 x 0.63 em. Peaks, in order of appearance,
are: salicylic acid , nicotinic acid, xanthine plus caffeine, trigonellin, phenacetin, p-aminobenzoic acid ,
salicylamide, cinnamic acid, small unknown peak. Quantities injected were between 0.1 and 2.0 flg.
Plate number was 3500 for phen acetin, 5000 for salicylamide.

Fig . 4 shows the effect of protonation on the retention of trigonelline (N
methylpyrid inium-3-carboxylate), which above pH 5 is a dipolar ion . At lower pH
values the carboxylate ion is protonated, and the molecule has a net positive charge,
which makes it absorb as a cation through ion exchange. The dipolar ion is absorbed
also, but more weakly. The cases of p-aminobenzoic acid (pK, = 2.4, pKz ~~ 4.9)14
and nicotinic acid (pK l = 4.9, pK1 = 12) are similar. It appears that the uncharged
form of p-aminobenzoic acid is retained with k' of about 8, while the uncharged
form of nicotinic acid is hardly retained at all.
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Figs. 6 and 7 show the effect of pH on retention by the 7%cross-linked resin
in the presence of sodium sulfate. The buffering ions are phosphate, and the total
sodium-ion concentrations range from 0.25 to 0.30 M. Extensive experiments showed
that the retention was the same in the presence as in the absence of sod ium sulfate;
0.005 M phosphate gave the same retention as 0.05 M phosphate. Retention is, there
fore , insensitive to ionic strength. Figs. 6 and 7 cover a wider pH range than Fig. 4,
and show that the pH of half-retention for the uncharged, monoprotic acids, benzoic,
einnamic, caffeic, and xanthine are very close to their pKa values. There is no evidence
of ion-pair formation.
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Fig. 6. Elution from Hamilton 7% cross-linked resin , Na " : effect of pH . 25% alcohol , 0.1 M in
NazSO. and 0.05 Min NazHPO. ; pH adjusted by adding NaOH or H,PO. ; temperature, 55°, flow
rate 16 ml/h.

Fig. 7. Elution from Hamilton 7 %cro ss-linked resin, Na "; effect of pH . Same column, flow condi
tions, buffers and temperature as in Fig. 6.

Tests were also made in the presence of 0.017 M sodium dodecyl sulfate. This
compound quadrupled the retention of nicotinic acid and trigonelline at pH 3, and
almost doubled the retention of p-aminobenzoic acid, while having little or no effect
on the other compounds. Evidently it forms ion pairs with the cationic forms of the
three compounds that it affects.

Studies with porous polymer gel
Figs. 8 and 9 show the retention of two groups of compounds on the macro

porous non-ionic polymer, TSK-LSIlO. The same pH dependence is found as was
found with the cation-exchange resin, but there is a striking difference between the
strengths of retention of the compounds shown in Figs. 8 and 9. Cinnamic and
salicylic acids are held much more strongly on the porous polymer than on the ion
exchange resins. Phenacetin is held twice as strongly as caffeine on the ion-exch ange
resins, but 7-8 times as strongly on the porous polymer. On the other hand, tri
gonelline and nicotinic acid, which exist as dipolar ions over large pH ranges, are
hardly absorbed at all by the porous polymer, and p-aminobenzoic acid is absorbed
only weakly. One would not expect dipolar ions to be strongly absorbed by a non-
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polar, non-ionized med ium of low dielectric consta nt such as polystyrene ; however,
significant sorpt ion of a-aminobenzoic acid (anthranili c acid ) on octadecyl-coated
silica ha s been observed 15. The caffeine-phenacetin retention rat ios suggest that the
porous polymer gel has a preference for benzene-r ing aromatic compounds, as op
posed to heterocyclic str uctures like xanthines.
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Fig. 8. Elution from poro us polystyrene gel. Co lumn, 25 x 0.4 ern ; same buffers, flow-rate and tem
perature as in Fig. 6.

Fig. 9. Elution fro m porous polystyrene gel. Same co lumn an d co ndit ions as in Fig. 8.

Retention of acidic compounds drops to zero at high pH. Under the condi
tions of F igs. 8 and 9 th ere is no sign of an ion absorption or ion-pair form ation,
in contrast to the observations of Pietrzyk and Ch i-Hong Chu !",

Ion pairing in porous polymer gel
To exam ine the role of ion-pair s, tests were made with eluent s conta inmg

sodium dodecyl sulfate (0.0 17 M ) and tetrabutylammon ium ions (0.020 M). Tetra
butyl ammonium ions (TBA) were added as the hydroxide, and the pH was adju sted
to the desired value by add ing con centrated phosphoric acid. Sodium dodecyl sulfate
increased the retention of cat ionic species at low pH , as expected. The behaviour
of TBA is shown in F ig. 10.

Without added TBA , salicylamide is not retained at high pH, but emerges
at the void volume. The retention rises to a maximum as the pH falls and the com
pound assumes its uncharged form. The pH of half retention is 8.1, the same value
found with sodium-for m ion-exchange resin (Fi gs. 2 and 3). The oretically the pH
of half retention should equal pKa. We found pKa to be 8.4 (see above). The dis
crepancy is small and may or may not be significant.

In the presence of TBA , salicylamide is retained at h igh pH , presumably as
an ion-pair, and k ' is about ha lf that of uncharged salicyla mide. Retention is halfway
bet ween the high and low pH values at pH 8.3. Theoreticall y thi s should occur at
pH = pKa (eqn. 4 in ref. 10).

N icot inic ac id is affected by TBA in an unexpected way. In thc abscnce of
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Fig. 10. Elution from por ous polystyrene gel ; effect of ion pairing. Same colu mn as in Fig . 8 ; so lvent ,
25%alcohol, 0.10 M in Na2HPO.; flow-rat e, 30 ml /h ; temperature, 55°. - - - , without ion-pa iring
reagent ; - - - , eluen t 0.020 M in N(C.H9) + (TBA ). Phenacetin (not shown) eluted at 38.0 rnl,
independent of pH o r TB A ; trigon ellin (no t shown) always eluted a t the void volume, 2.4-2.5 mJ.
o and e, sa licylamide ; ;( a nd _ , caffeine ; + a nd D , nicotin ic ac id ; . , p-aminobenzo ic acid .

TBA it is not reta ined , but eme rges at the void volume. It exists as a neutral species,
probably the dipolar ion CsH.N H +COO - , over th e who le pH range shown in Fig.
lO. With TBA present it is reta ined with k ' = 0.6. Similar behav iour is shown by
p-aminobenzoic acid, in which the dipolar ion predominate s bet ween pH 2.4 and
4.9. It is not clea r how TBA can promote the sorption of a dipolar ion . Tri gonelline,
which exists as a dipolar ion over the pH ran ge of Fig . 10, is unretained whether
TBA is present or not.

The retent ion of caffeine is reduced slightly by TBA , th at of phenacetin IS

unaffected .

Plate heights and resolution
For the conditions of Figs. 8 and 9 with linear veloc ity 2.4 em/min, the plate

heights for an unretained so lute (xanthine) was less than 0.1 mrn, whereas the plate
height for caffeine was 0.2 mm with some ta iling. Plate height s a re not as goo d as
those found with the ion-exchan ge resins ; however , the resolution is generally better
because of larger di fferences in retention. To exploit these retention difference s one
must use a gradient. Fig . II show s the separati on of 12 compounds on a column
of TSK gel, using a co nvex pH grad ient with ra pid composit ion change at first and
slower cha nge later. The a lcoho l concent ration was con stan t, 25 % by volume, and
the pH of the phosph ate buffe r cha nged from 2.5 to 8.5 over 2 h.

With an alcoho l concentrati on gradient from 25% to 95% we found th at the
column packing was damaged. It seemed that the gel particles expanded and then,
when the solvent was changed ba ck to its ori ginal compositi on , the particles did not
rearrange themselves to their or iginal distribution ; the quality of packing, tested by
the width of an unretained peak, was now very poor. The gel itself was not irreversibly
spoiled, as the column could be emptied and repacked to give good performance
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Fig. II. Separation of polar aromatic compounds on porous polystyrene gel. Same column as in Fig.
8; flow-rate, 18 ml/h; pressure, 70 bar; eluent, phosphoric acid (0.2 M) to Na~HP04 (0.2 M) over 2
h; gradient No.3 on Waters Assoc. programmer (see text). Peaks in order of appearance are: tri
gonellin, xanthine, nicotinic acid (close together); p-aminobenzoic acid; caffeic acid and caffeine
(together); salicylamide, acetylsalicylic acid, salicylic acid, benzoic acid, cinnamic acid, phenacetin.
Quantities injected were 0.5-7.5/1g.

again but it is evident that the use of solvent gradients is limited with this packing.
Perhaps one would get better performance in a wider column.

Effect of solvent composition
The effect of alcohol concentration on retention was measured for phenacetin

and caffeine on the porous polymer gel and on the Hamilton 7 %cross-linked resin,
from 20 % to 30 % of commercial (95 %) alcohol by volume, that is, from 19% to
28.5 % of ethanol. In all cases, straight-line plots of log k' against volume fraction
of alcohol were obtained. The retention of phenacetin fell by a factor of 2.2 on the
polymer, 2.1 on the ion-exchange resin, over the interval named; that of caffeine
fell by a factor of 1.65 on both sorbents. The linear relation between the free energy
of sorption and the volume fraction of alcohol in the solvent has been noted by
several workers, including Karger et a/. 16

, who have made a study of the hydrophobic
effect in liquid chromatography.

CONCLUSION

Most liquid chromatography today is "reversed-phase", in which the sta
tionary phase is non-polar and hydrocarbon-like. The most popular material is porous
silica coated with octadecyl groups. Horvath and co-workers'<-!" have used solubility
theory and the theory of solvophobic interactions to predict distribution ratios of
molecules that have a hydrocarbon, or hydrophobic, part and a polar, or hydrophilic,
part. Among the solutes they studied experimentally were benzoic and cinnamic acids.
The effect of pH on the distribution of weak organic acids, bases and ampholytes
was studied experimentally and theoretically", using octadecyl-silica as the stationary
phase.

The drawback to octadecylsilica is that it can only be used in a limited pH
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ran ge, a t most 2- 8. Porous pol yme r ge ls ca n be used over the enti re pH ran ge, as
can ion -exch ange resins. Non-ionic porou s pol ymer gels are easie r to interpret than
ion-exchangi ng polymers ; they show grea ter d ifferences in d istribution ratios between
differ ent so lutes , and they can be used in columns with fa irl y high pressure gradients.
lon-e xch an ge resins with lo w cro ss-linking allow fa ster mass transfer than porous
polymer s becau se of their looser in ternal structure, and therefore they give smaller
theoreti cal plate heights. Ionic attract io ns and repul sions are supe rimposed o n so lvo
phobi c interact ions, and therefore the ret ention of ionogenic so lutes depends o n pH
in a different way . In certa in cases the counte r-io n affec ts the retention . Ion-exchange
resin s and non -ionic porous pol ymers ca n thus supplement each o ther in so lving
analyt ical pr oblem s. The di sad vantage of io n-exchange resin s is the ir softness .

St yrenc-d ivinylbenzene porous pol ymer gels have recently been used for
chromat ogra ph y of fatty acids" , a ro matic hydrocarbons and ben zo ate esters".
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SUMMARY

A high-pressure liquid chromat ography-radioimmunoassay (HPLC-RIA)
method for the measurement of cannabinoid levels in plasma is described. The method
is capable of quantifying 0.1 ng of a cannabinoid in I ml of plasma. Th e experimental
procedure con sists of an initial separa tion of cannabinoids in a pla sma extract by
HPLC followed by collection of the HPLC eluate and RIA. A chromatogram con
sisting of the cross -reacting cannabinoids in plasma may then be con structed . The
plasma concentrations of cannabinoids with retention volumes equ ivalent to those
of LJ9-tetrahydrocannabinol, cannabinol and mon o-hydroxylated metabolites have
been measured by thi s technique.

INTROD UCTION

Over the last decade there has been increasing interest from a research and
forensic science viewpoint in qualitative and quantitative analyses of cannabinoids
in blood. There is now a wide variety of methods available, most of which are based
upon some form of chromatography.

The most popular techn iques for the analysis of tetrah ydrocannabinol (THC)
in plasma ha ve been chromatographic methods. Thin-layer chromatography has been
usedI and gas chromatography (GC) following derivatisati on to a species su itable
for electron-capture or flame photometric dete ct ion":". Linked GC-mass spectro
metric (MS) methods have been described-' : " as well as HPLC8

• Methods for quan
titation of II-hydroxy-LJ9-THC and LJ9-THC-ll-oic acid using GC-MS have been
reported9

, I O and applied to the analysis of human plasma" .

• To who m correspondence should be addressed.
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A major problem encountered with these ch romatograph ic meth ods ha s been
the presence of endo genous interfering su bstances in plasma which usually requ ired
the use of an exten sive extraction procedure for the ir exclusion . Immunoassay meth
od s, becau se of the specific nature of the immune-react ion invo lved, avoi d many of
these difficulties and the simplicity of the immunoassay meth od results-in sho rter
analyses time s. Cannabinoid RIAs have been described!":" as well as a free-radical
immunoassay": These immunoassay methods, unl ike the chroma tographic meth ods,
usuall y give a combined result obta ined from severa l cannab inoid s pre sent in a body
fluid and thi s lack of specificity makes inter preta t ion of RI A levels di ffi cult. A more
detailed exam ination of cannabin oid levels could be made either by using a series
of RIA procedures specific for individual cannabinoids similar to tho se specific for
,19-THC and ,19-THC- I I-oic acid' ? or by combin ing a chromatographic separation
sta ge with the normal cannabinoid RI A. Fo r the latter method a plasma extract may
be chromatographed by HPLC and the eluate monitored by RI A to measure the
quantities and elut ion vo lume of cross-reacting cannabinoi ds in the sam ple.

This report describes such an HPLC-RIA method. The analysi s time for the
method is comparable with other ch romatog ra phic techniques but will quant itate
THC and some of its metab olite s in one ana lysis at levels down to 0.1 ng/rnl.

EX PE R IMENTA L

Radioimmunoassay
Materials and equipment. Antiserum (133Y/22/5) for the assay was obt a ined

from Dr. J . D. Teale, Department of Biochemi stry, University of Surrey, Gre at
Britain . ,19_THC and other cannabino id compo unds were generous ly provided by
the National In stitute on Dru g Abu se, Rockville, Md., U.S.A . 11 9-(G -3H)-THC was
purchased from the Radiochemical Centre, Amersham, Great Britain, polyvinyl
pyrrolidone -40 and cha rcoal (N orit A) from Sigma, St. Loui s, Mo., U.S.A., Dextran
T70 from Ph armacia , Uppsala, Sweden , and methanol (AnalaR) an d all ot her
chemicals and solvents were obta ined from BDH , Poole , Great Brita in. An Inter
technique SUO was used for liquid scint illat ion counting.

Method. Three volunteers smoked tobacco cigarettes impregnated with 10 mg
(subject I and 2) and 8 mg (subject 3) of 11 9-THC over a 10-min per iod . Blood samples
(10 ml) were taken at t imed intervals afte r the subject had finished smo king. Anti
coagul ant (KzEDTA, 10 mg) was added to the blood which was centrifuged to sep
arate the plasma. Th is was stored at - 200 until ana lysis.

The RIA method was based upon that described by Teale et al.l s but was
modified by the replacement of the THC solubilising agent Triton X-405 with
methanol and with the repl acem ent of bovine y-globulin in the assay buffer with
polyvinylpyrrolidone-40. Antiseru m (133Y/22/5) was stored as aliquots in buffer (0.1
M phosphate buffer pH 7.5, co nta ining 0.2 % polyvinylpyrrol idone -40) at _ 20° and
diluted to I :300 before use. Solutions of 119-TH C used to calibrate the assay were
made up in aqueous methanol (50 %, v[v; pH 7.5) at con centrations ranging from
500 pg/rnl to 50 ng /rnl and sto red at - 20°. 119_(3H )-THC was also stored at - 20°
at a concentration of 0.25 ,uCi/ml (12 Ci/rnrn ole) in aqueous meth anol (50 %, vlv , pH
7.5) read y for use.

The plasma sample to be assayed was mixed with three volumes of meth anol,
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vortexed and allowed to stand for 30 min. It was then centrifuged and the superna tant
added directl y to the assay tubes. Normal human plasma similarly treated was used
in the total , non -specific binding and zero tubes and for assay dilutions. Using the
protocol in Table I, reagents were added to a series of assay tubes (dupl icated), the
antiserum was added last. These were then allowed to stand at room temperature
for I h. Dextran-coated charcoal (pH 9.5)18 was added, the tubes were centrifuged
and after 2 min contact time, 500 ,il l of the supernatant from each tube were counted.

TABLE I

RADIOIMM UNOASSAY PROTOCOL

Reagent

3H-THC (50 % MeOH)
THC sta ndard (50 % MeOH)
50% MeOH
Plasma sample extract
Normal p lasma extract
Diluent bu ffer
Antiserum

Diluent buffer
Dextran- coated charcoal (2.5 %l

High-pressure liquid chromatography- radioimmunoassay
Materials and equipment . A constant-flow pump (M-6000A Waters Assoc .,

Milford, Mass., U.S.A. ) was used to deliver a meth anol-water eluent to a sta inless
steel HPLC column (10 cm X 4.6 mm 1.0.) slurry-packed with Spherisorb-5-0DS
(Phase Separations, Flintshire , G reat Britain). Samples were introduced on to the
HPLC column with a six-port inject ion valve (Spectroscop y Accessor y, Sideup, Great
Britain) fitted with a 10-ml injection loop. Column eluate was either monitored with
an ultraviolet (UV ) detector at 280 nm (Cecil C E212) or collected with a Struers
Samplomat fract ion collector (Cam lab , Cambridge, Gre at Brita in). A freezedrier (Mod
el SB4, Chemlab. Instruments, liford, Great Britain) was used to remove solvents.

Method. Plasma (0.2-1 ml) was mixed with three volumes of methanol , vor
texed, left to stand for 30 min and centrifuged. The supernatant was removed, the
residue mixed with methanol and th e sample again centrifuged . Water was added
to the combined superna tants to give a methanol concentration of 50 % (v/v). The
HPLC pump, sample loop and co lumn were flushed with aqueous methanol (50 %,
v/v) and the sample solut ion was injected onto the column. A stepped solvent elution
programme was used: 10 ml of a mixture of methanol- water (50: 50), 10 ml of
methanol- water (62.5:37.5), 20 ml of methanol-water (72.5 :27.5, 1 ml /rnin ), and
eluent fraction s were taken every 30 sec. Solutions containing the appropriate THC
standard s and the HPLC fract ions were freezedr ied. The freezedr ier was flushed with
argon before and after drying to prevent atmospheric oxidation of sensitive metab-
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olites, A solut ion of ..1 9-e H)-TH C (0.025 p Ci in 500 pi of a mixture of methanol
diluent buffer, 30 :70) was added to each of the dried tubes with a solution of anti
serum in diluent buffer (100 pI of I :300 antiserum solution). The non-specific binding
tubes received diluent buffer in place of antiserum solution. The sub sequent RIA
procedure was the same as that described above.

Cannabinoid retention volumes were determined by monitoring the eluate with
either RIA for cross-reacting compounds, or UV ab sorption (280 nm) for non-cross
reacting compounds. UV detection required pg quantities compared with the ng
quantities used with RIA detection.

High-pressure liquid chromatography-gas chromatography-mass spectrometry
Materials and equipment. HPLC equipment was the same as that described

in the previous section. GC-MS was conducted using a Pye 104 GC equipped with
an aV-17 column (0.3 m x 2 mm 1.0., Gas-Chrom Q, 80-100 mesh) interfaced
to a VG Micromass l6F Mass Spectrometer. The internal standard (5'-2HJ )-..1 9

THC was kindly supplied by Dr. S. Agurell, Stockholm.
Method. The GC-MS method used was similar to that described by Agurell

et al? (5'- 2H
J )-..1 9-THC (10 ng) in methanol was added to the plasma sample (I m!)

and the mixture extracted with methanol as described previously. The plasma extract
was chromatographed using a IO-cm aDS column (4.6 mm 1.0.) and methanol-water
(67.5 :32.5) as the eluent. The THC fraction (at a retention volume of approximately
20 ml) was collected, freezedried and the residue dissolved in hexane. This was gas
chromatographed with a mass spectrometer in the multiple ion-detection mode
tuned to ions of m]e 299 and 314 for THC and 302 and 317 for tri-deuterated THe.
The THC retention time was 4 min with a helium flow-rate of20 mljmin at 190°. The
THC plasma concentration was calculated from the ratio of ion intensities for THC
and deuterated THC using a previously prepared calibration graph.

RESULTS AND DISCUSSION

The assay method was similar to that described by Teale et al.18 except that
methanol replaced Triton X-405 as the THC solubilising agent. This modification
increased the solubility of THC and reduced non-specific binding in the assay. A
reduction of blank levels was obtained with normal plasma samples together with
improved assay sensitivity.

Teale et al.l s investigated antiserum specificity and found no cross-reaction
with 24 non-cannabinoid drugs. In our study 44 non-cannabinoid drugs were ex
amined (Table II) at a concentration equivalent to 400 pgjml plasma and again no
cross-reaction was observed with any of the compounds. Anti serum specificity to
cannabinoid compounds using the modified RIA procedure was examined (Table III).
Results were similar to those obtained by Teale et al.ls in that the antiserum cross
reacted with the same avidity to THC as it did to some of the closely related THC
metabolites.

The levels of cross-reaction in plasma samples obtained from three subjects
who smoked THC impregnated cigarettes are given in Table IV. Levels of cross
reaction were highest for those samples obtained immediately after smoking while
values obtained for subsequent samples fell to a con stant level for the remainder of
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TABLE II

MISCELLANEOUS DRUGS TESTED FOR CROSS-REACTIVITY IN THE RADIO
IMMUNOASSAY

Adrenaline
Amitriptyline hydrochloride
Amphetamine sulphate
Ascorbic acid
Aspirin
Barbitone
Bromodiphenhydramine

hydrochloride
Caffeine
Codeine phosphate
Cocaine hydrochloride
Chlorodiazepoxide
Chloropromazine hydrochloride
N,N-DimethyItryptamine
Diphenhydramine hydrochloride
Doxepin
Ephedrine hydrochloride
Ergometrine maleate
Ethylenediamine tetraacetic acid
Imipramine
Lignocaine
Mescaline sulphate
Methadone hydrochloride

Methaqualone hydrochloride
Morphine sulphate
Nicotine hydrogen tartrate
Nitrazepam
Oestradiol
Papaverine hydrochloride
Paracetamol
Pentobarbitone
Phenobarbitone
Phenmetrazine theoclate
Phenylbutazone
Progesterone
Promazine hydrochloride
Spironolactone
Stilboestrol
Sulphadimidine
Sulphamethoxypyridazine
Tetracycline hydrochloride
Thiopentone sodium
Trifluoperazine
Tryptamine hydrochloride
Tyramine hydrochloride

TABLE III

CROSS-REACTIVITY OF /19-THC METABOLITES AND RELATED COMPOUNDS IN THE
RADIOIMMUNOASSAY

THC = A9-tetrahydrocannabinol, CBN ~ cannabinol, CBD = cannabidiol.

Compounds

,19-THC
,1B-THC
CBN
II-Hydroxy-,,19-THC
,19-THC-II-oic acid
II-Hydroxy-CBN
CBN-II-oic acid
Hexahydro-CBN
,19,11-THC (Exo-cyclic compound)
Sc-Hydroxy-zl"-THC
8fJ-Hydroxy-A9-THC
8a,II-Dihydroxy-,,19-THC
8fJ,II-Dihydroxy-,,19-THC
I'-Oxo-CBN
I'-Hydroxy-CBN
5'-Hydroxy-L19-THC
CBn
Cannabicyclol
Cannabichromene
Cannabigerol

Amount required for 50% depression
ofbinding (ng)

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
3.0
2.0
9.0
3.0

100
30.0

·50.0
:>50.0
>50.0
>50.0



278 P. L. WILLIAMS, A. C. MOFFAT, L. J. KING

TABLE IV

TH E PLASMA CO NCENT R AT IO N O F / l"-T HC IN VO LU NTEE RS WHO HAD SMOKED
fl"-T HC DETERMI NED BY RI A, HPLC A ND GC- MS

N O = Not determined.

Plasma concentrat ion of /l"-THC (ng!ml)Subject

2

3

Tillie after smoking
(min)

Control
2

12
24
34
64

126
Contro l '"

3
13
24
34
64

124
Contro l

2
22
31
60

120

Direct RIA'

23"
67
48
47
48
47
48
N O"
63
44
53
47
58
50
o

37
7
5
9
6

RI A after separation by HPL C

o
47
15
7
5
3
1

N O
45
20

9
6
4
2
o

26
4
1.1
0.9
0.8

GC- MS

o
55
18
9
8
5
2

ND
58
30
16
9
5
I
o

26
3

NO
NO
N O

• These va lues include a co nt ributio n from THC met ab ol ites.
• • Subject 1 and 2 were both cannabi s users and ca nna binoi d material may have been present

in the plasma before th e experime nt.
••• A control samp le was taken for subject 2 but th is was lost during centrifuga tion.

the 2-h exper iment. The absence of a continuing decline of plasma cross-reacting
ca nnabinoids over the course of the experiment could not be fully explained without
a greate r understanding of the changes of plasma concentrations of the THC metab
olites. These data were obtained by using an HPLC separation stage prior to RIA.

Chromatograms repre sent ing the elut ion of cross-reacting compounds from
an HPLC column were con stru cted fo r each plasma sample by plott ing the RIA
result s obtained for con secuti ve H PLC eluent fractions against their retention vol
umes. Two of the chromatog rams produced by th is method are represented in Figs.
I and 2. Individual components were quantified by summing the data points for each
area of cros s-reaction and relating the se to the original volume of plasma used. Plasma
THC levels for the three subjects were measured by thi s meth od and compared with
THC levels obtained by the G C-MS method (Table IV). The se result s showed a
biphasic elim ination pattern for THC (e.g., Fig. 3), but values obtained by the HPLC
RIA method were consistently lower than those obtained by GC-MS (Table IV).
This discrepancy could not be fully explained by losses that occurred during the plasma
extract ion and chromatograp hic stages of the HPLC-RI A procedure which were
found to be approximately 10%. The HPLC-RIA result s for subjects 1 and 2 were
obtained approximately six months after the GC-MS analyses were performed. It
it possible that decomposition.of the THC had occurred during this period.
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Fig. I. HPLC-RIA chromatogram of a plasma sa mple from subject 3 taken 2 min after smo king
.1"·T HC (8 mg), The retenti on volumes of THC, C BN. the mono-hydroxylated metabolites and di
hydroxylated metab ol ites a re marked.

3

2
Cross 
reacti on
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CBN
\
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/

10 20 30
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Fig. 2. HPLC-RIA chrom atogram of a plasma sample from subject 3 taken 22 min after smo king
Ll"·THC (8 rng), The retenti on volum es of THC, CB N. the mono-hydroxylated metabolite s and di
hydroxylated metabolites are mark ed .

The presence of cross-reacting compounds in the pla sma samples other than
THC was also indicated by the HPLC-RIA data. A comparison of cannabinoid re
tention volumes (Table V) with the H PLC-RIA dat a , showed the presence of cross
reacting compounds in the plasma samples with retention volumes corresponding to
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those of ca nna binol (CB N), mono-hydroxylated metab olite s and di-h ydrox ylated
metabolites (Figs . I and 2). Control plasma samples conta ined no ind ication of the
presence of these canna binoids . Subject I was a regular user of canna bis and the
control sample contained cro ss-rea ctin g material which had a retent ion volume of 10
m\. Thi s was probably due to the con sumption of cannabinoid mater ial atsome time
before the experiment. Subject 3 was not a cannabi s-user and his control sample
contained no indication of cross-reacting material.

TABLE V

CA N NABI NOID HPLC RETENTION VO LU M ES

Compounds

.d9-T HC
,18-T HC
CBN
l l-Hydroxy-zl"-THC
!19-T HC-l l -o ic acid
ll-Hydroxy-CBN
CBN-ll-oic acid
Sa-Hyd roxy -.d9-T HC
Sp-Hydroxy-zl?-TH C
Sa,11-Di hydroxy -.d9-T HC
S(3.11-D ihydroxy -/ 19

- TH C
l '-Oxo-CB N
l '-Hydroxy-C BN

Retention volume (ml ) •

31.5
31.0
30.0
25.5
10.0
25.5
10.0
25.5
20.5
17.0
16.5
29.0
22.5

• For th e syst em described in the text.

CBN has been reported as present in plasma sa mples after THC administra
tiori'? which suggested that CBN was a metabolic product of THe. However, Wall
et al," found almost no C BN in plasma after the intraveno us adm inistrat ion of TH e
to human subjects and concluded th at CBN was not a THC metab olite. Plasma con
centrat ions of the compound eluting with the retention volume of C BN found in
thi s study (Table VI) appea red to follow a biph asic elimination pattern similar to
that of THC (Fig. 3). Th is suggests th at a metab ol ic explanation for the presence
of CBN in th ese samples is unl ikely.

One of the other ar eas of cross-reaction observed with the HPLC-RIA data
had a retenti on volume of 25.5 m\. The metabolites l l-hydroxy-zlt-Tl-l 'C, 8a-hydroxy
LJ 9-THC and II-hydroxy-CBN all have thi s retention volume with the HPLC system
used and it is possible that the observed level of cro ss-reaction may represent a con
tribution from each of the se metabolites. Levels of cross-react ion at th is retent ion
volume reached a maximum shortly after IJ9-THC smo king for the three subjects,
fallin g slowly over the remainder of the experiment (Fig. 3). The concentra tions and
eliminati on curves for thi s area of cross -reac tion are similar to th ose of II-hydro xy
LJ9_THC repo rted in plasma samples obta ined from subjects receiving intra venously
administere d LJ9.THC" .

An area of cross -reaction at the reten tion volumes corresponding to the di
hydroxylated metabolites 8a, l l-dihydroxy-;19-THC and 8~ , l l-dihydroxy-zl"-TH C
was also ob served with the HPLC-RIA data (Figs. I and 2). These metabolites were
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TABLE VI

THE PLA SMA CONCENTRAT IONS O F CROS S-REACTING CANNA BINO ID S OTHER
THAN ,"1 9-T HC IN VOLU NTEE RS WH O HA D SMOKED ,i 9-T HC D ETERMI N ED BY
HPLC-RIA

Subject Time after smoking
(min)

Plasma concentration as determined by RIA and
expressed as nglml of cross-reacting cannabinoid

Peak elution at the position of
mono-hydroxylated metabolites

Peak elution at the posit ion of
CBN

Control 0 0
2 0.6 9.0

12 1.2 2.1
24 0.6 1.4
34 0.5 0.5
64 0.2 0.2

126 0.1 0.1
2 3 1.0 5.0

13 1.0 2.5
24 1.4 1.7
34 0.5 0.7
64 0.3 0.2

124 0.4 0.1
Control 0 0

2 0.3 9.0
22 0.3 1.2
31 0. 1 0.4
60 0.1 0.3

120 0.1 0.2
_._---._--- -- -_....._._---- - ---

Concn.
(ng/m ll

0-1L...---------r-------r-------'::::r~
40

Time (min )

Fig. 3. Elimination from pla sma of canna binoids with retention volumes equivalent to f19-T He (0),
eBN (6) mono-hydroxylated metab olites «() for subject I.
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not well resolved with the chromatogr aphic system used (Table V) and do not cross
react in the RIA to the same extent as each other or to 119-T HC (Table III ). Quan
tit ati ve result s for these compounds were not therefore , obtained from the HPLC
RIA data.

A further feature of the HPLC-RIA data was the presence of an area of cross
react ion eluting from the HPLC co lumn at a retenti on volume of 10 ml (Figs. I and
2). Th is corresponds to the retention volume of metabolite conjugates observed in
human urine samples obtai ned afte r ,19-T HC adm inistr ati on as well as to the mono
carboxylated metab ol ites Ll 9-T HC- I I-oic acid and C BN- I l-o ic ac id (Ta ble V). This
area of cross react ion may therefore represent a mixture of cross-react ing metabolite
conjuga tes and the mono-carboxylated metaboli tes. These cross-react ing components
may be sepa rated by acidifying the H PLC eluate. The contri bution of this area of
cro ss-react ion to the total RIA result increased as the THC concentration decreased
so that the to ta l RIA result remaine d approximately constant for the 2-h period after
THC administration (Table IV). The ab solute identifi cat ion of the structure of cross
reacting compounds will requ ire the isolation of sufficient quantities of material to
obta in MS dat a.

HPLC-RIA provides a convenient meth od for sepa ra ting, presum ptively iden
tifying and quantifying THC and some of its metabol ites in plasma. It has the ad
va ntage over previously reported meth ods of using a small volume of sa mple to
quantify simulta neo usly THC and some of its metabol ites. The applicati on of this
method to samples submitted for foren sic exam inat ion has been reported!".
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SUMMAR Y

An asymmetr ic resin containing co pper( l l) ions with L-hydroxyproline ligands
fixed in a macron et isoporous polystyrene matrix has been used for the sepa rat io n of
optical iso mers of a mino acids. The resin select ivity and the column efficiency were
determined and their dependence on the chromat ographic condi tio ns (the degree of
saturation of the resi n with copper(l I) ion s, a mmo nia co ncent ra tion, column param
eters) discussed .

INTROD UCTI O N

Ligand-exchange chromatog ra phy (LEe), which ha s recently been reviewed",
has pro ved to be a po werful method fo r separa t ing compounds with very similar
molecular structures, including geo metrica l and optical isomers. For example ,
asymmetric resins with residues of optica lly acti ve a- a mino acids fixed o n a poly
styrene matrix ca n be used to sepa ra te the ena ntiomers of amino acid s, provided the
resin contai ns metal ion s cap able of form ing complexes with both the fixed and the
mobile am ino ac id ligands". Earlier we have stud ied some gen eral features charac
teristic of LEC of enantiomers, includ ing its dependence on the amount of the com
plex-forming metal ion:', on the temperatu re a nd concentration of the eluent" and on
the structure of the fixed ligands",

However, in order to evaluate the possibilities of practical ap plicat ion of
ligand-exchan ge sepa ra t ion of optical isom er s, a more detailed and quanti tative study
is needed of the interact ion of enantiomers with the resin phase. In the previous
papers''-" we disc ussed the method and results o f calculating the stability constants
of the fixed (stationa ry) co mplexes fo rmed by the fixed ligands with the metal ion s
and of mixed-l igand so rpt io n com plexes co nta ining both the fixed a nd the mobile
ligand s co-o rdina ted to the metal io n.

The present report deals with results of a systemat ic ch romatographic study
of the inte rac tion of the enantiomers of ami no acids with a resin loaded with copper(II)
ions and co nta ining L-hydroxyproline as the fixed ligand. The chro ma tographic
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experiments were performed on a sca le which would perm it evalu ati on of the tech
nique for use in both ana lysis and preparat ion.

EX PER IMENT A L

Th e asymmetric resin was prepar ed by aminating a chloromethylated poly
sty rene co nta ining II mol % of cross-links of st ruct ure I with meth yl L-hydroxy
prolin at e hyd rochloride". Accordin g to the nitrogen content and potenti ometric
t itrat ion of th e resin obtai ned, the co ntent of fixed ligand of st ructure II amounted
to 3.44 mm ol per gram of dry resin , taken in the zwitterion ic form. The resin part icles
were of irregular sha pe and had an average size in the swo llen sta te of 100 ,um.

I

On treatment wit h excess copper-ammo nia solutio n, the resin was saturated
with co pper(l J) ion s to an extent of 92 %of the the oretical capac ity ca lculated for the
fixed co mplexes conta ining two fixed ligands per co pper( l l) ion . The equ ilibrium
water content of the copper-conta inin g resin in neu tr al media amo unted to 200 %.
To maintain the copper saturat ion of the resin at 92 %, the eluents used contained
copper(l l) ion s in the following co ncentrat ions: 1.2·\0 - 5 M in 0.1 M N H40 H for
the chromatog raphy of neutral amino ac ids: 2.5. \0- 5 M in 0.025 M Na(NH4)2P04
solut ion of pH 8.3 for ac id ic am ino acids and 2.0. 10-4 M in 1.5 M NH 40 H for basic
am ino acids.

The resin (6.3 m\) was packed into a column of 140 x 7.8 mm J.D. Portions of
1.0-1 .5 mg of optically acti ve or 2-3 mg of racemic amino acids were introduced into
the column and eluted at a rat e of 10 mlJh . Elution cu rves were reco rded with a
Uvico rd III (L K B) dete cto r at 206 nm . The void column volume of 4.7 ml was
determined using acetone, which was ass umed to be able to enter the resin phase
without being stro ngly ret ained .

The retention volumes, VI. and VD' of amino acid ena ntio mers Land 0 were
determined from the distance betw een their peak maxima and that of acetone and
expressed in void column volumes. The ratio of VD to VI. is the enantioselectivity, a,
of the sorption process and was used for calculating the differen ce, 611 GO, between the
free energies of the two dia ste reomeric sorption complexes formed in the resin phase:

bLl GO= Ll G oR-CU_D - / I G o R- c u- L = - RT ln a = - RT ln ~-

If insufficient resolution of the racemate rendered a pre cise determination of the
ma xima posit ion s or cal culati on of H ETP value s imposs ible, a separa te chromato
graphy of 0- and t.-enantiomers was performed .
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Modern chromatographic methods can separate components that differ in
sorption energy, MG", by as little as 10 cal/mol (sorption selectivity a =c 1.01). For
separation on a preparative scale, it is desirable that a should be not less than 1.5
(or MGo ? 250 cal/mol). It is helpful to bear these figures in mind when considering
the results (Table I) of the LEC of amino acid enantiomers on the resin containing
L-hydroxyproline.

Aliphatic amino acids
As illustrated by Table I and Fig. I, the retention volumes of the t-enantiorners

increase steadily as the size of the a-C-atom substituent increases from methyl in
alanine to butyl in norleucine. The retention times of the D-isomers increase faster
still. This leads to a rise in the selectivity factor from 1.04 to 2.20, corresponding to
Meo values of 24 and 460 cal/mol. Among amino acids with the same number of
carbon atoms, racemic compounds with a linear side-chain (norvaline; norleucine)
are resolved better than their isomers with a branched one (valine; leucine, isoleucine).
In the latter instance branching at the (:I-carbon atom (isoleucine) is more favourable
than that in the y-position (leucine). However, the presence of two substituents on
the same a-C-atom has an adverse effect on the separation of enantiomers (compare
isovaline with valine and norvaline).

The retention volumes of glycine (6.44) and fJ-alanine (0.28) clearly show the
large difference in stability between five-membered and six-membered chelate rings.

Hydroxyamino acids
Substitution of a (:I-H-atom in alanine and aminobutyric acid by a hydroxy

group (to give serine and threonine) results in a significant decrease in the retention
volume (Fig. 2), probably reflecting the lower stability of copper(I1) complexes of
serine and threonine as compared with those of alanine and aminobutyric acid.
However, the presence of a hydroxy group in the fJ-position enhances the enantio
selectivity of the sorption process so that the bll GO values rise to 150 and 245 cal/mol
for serine and threonine from 24 and 120 cal/mol for alanine and aminobutyric acid,
respectively. Contrary to this, a hydroxy group in the y-position has almost no
influence on either the retention volumes of the enantiomers or their separation
(compare homoserine with aminobutyric acid). Other functional groups in the y
position (as in methionine and asparagine), just like the hydroxy group, do not
increase the enantioselectivity above the value for aminobutyric acid. It is likely that
fJ-hydroxy groups alone have the ability to participate in the coordination process.
This suggestion explains the noticeable role of the fJ-C-atom configuration (compare
threonine with allo-threonine) and the unusually high values of HETP for serine and
threonine..

Aromatic amino acids
Amino acids containing a phenyl ring demonstrate comparatively high reso

lution ability and a high affinity towards the resin (large retention volumes). Some
additional interactions with the polymer matrix must be increasing the stability of
sorption complexes of these amino acids, especially fJ-phenyl-a-alanine (Fig. 3). Its
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TABLE I

ELUTION PA RA METE RS OF A M INO AC IDS ON T HE L-HY D ROXY-PROLINE R ESIN IN
T HE CO PPER(I I) FORM

Eluents : 0. 1 M N H.OH (N ~. 1-28); 1.5 M N H.O H (N ~ 29-32) : 0,025 M Na(N H.),PO. ,
p H 8.3 (N = 33-3 6).

N Amino acid a-Radicals or V (l ,)/ 1GO HEEP (cm)
molecular structure (callmol}

L D L D

I Glycine H- 6.44 0.3 1
2 fJ-Alanine H,NC H,CH,COOH 0.28 -100
3 Alanine C H3- 5.82 6.04 1.04 24 0.38 0.56
4 Arn inobutyric acid C H3CH,- 6.48 7.95 1.22 120 0.29 0.32
5 Norva line C H3CH,CH,- 11.2 19.9 1.65 290 0.30 0.2\
6 No rleucine C H3CH,CH,CH,- 21.4 47.4 2.20 460 0.26 0.17
7 Valine C H3CH(CH3) - 7.27 11.8 1.61 280 0.31 0.43
8 Isovalin e C H3CH,-; C Hr 6.8 8.5 1.25 130
9 Leucine C H3C H(C H3)CH,- 14.2 24.2 1.70 310 0.44 0.51

10 Isoleucine C H.1C H,C H(C H3) - 11.1 20.9 1.89 370 0.53 0.49
11 Serine HOC H, - 3.47 4.48 1.29 150 0.94 0.90
12 T hre on ine HOCH (CH 3) - 3.47 5.27 1.52 245 1.03 0.63
13 allo-Th reonine HO CH(CH3) - 2.65 3.85 1.45 220
14 Hom oserine HOC H,C H,- 5.32 6.65 1.25 130 0.35
15 Met hionine C H3SC H2CH,- 11.7 14.3 1.22 120 0.53 0.53
16 Asparagine H,NCOC H, - 4.60 5.37 1.17 90 0.39 0.38
17 G lutamine H, NCOCH ,CH,- 2.46 3.70 1.50 240 0.52
18 Phe nylglycine C6 Hs- 6.15 13.6 2.22 465 0.70 0.74
19 Phenylalan ine C6H sCH,- 33.8 97.6 2.89 620 0.59 0.62
20 a-Phenyl-a -a lanine C6H s- : CH 3- 11.9 12.5 1.07 39 1.25 .1.25
21 Tyrosine HOC6 H.CH ,- 8.95 19.8 2.23 465 1.25 0.83
22 Phenylser ine C6 HsCH(O H)- 22.6 41.1 1.82 350 0.98 0.94
23 fJ-Phenyl-fJ-a lan ine C6 HsCHCH,COO H 1.25 2.23 1.79 340

• N H,
NH

24 Prol ine
c..AOOH

14.6 57.8 3.95 800 0.60 0.88

NH
25 Hydro xyprol ine ~OOH 9. 18 29. 1 3.17 680 0.67 0.48

NH
26 a llo-Hydroxy-proline

~OOH
29.4 17.7 1.65 290 0.68 0.51

HO
NH 14.0 31.5 2.25 475 1.02 0.9227 Azetidinecarboxylic acid

QOOH

28 Orn ith ine H, NCH ,CH ,C H,- 34.4
29 Orn ithine H, NCH ,CH ,CH ,- 2.0 2.0 1.0 0 1.2 1.2
30 Lysine H,NC H,CH,CH,CH, - 2.5 3.04 1.22 120 0.84 0.87

31 Histi dine
Hf=7- CH2-

14.6 5.22 2.80 600 0.49 0.51NH N
" -7CH

32 Tr yptopha n W CH2
- 20.7 36.5 1.77 330 0.81 0.63

NH

33 Aspartic ac id HOOCCH,- 11.5 11.5 1.0 0 1.34 1.45
34 G lutamic acid HOOCCH 2CH 2- 2.2 1.8 1.22 120 1.63 1.42
35 Irninodiacet ic acid H N(CH ,COOH ), 32.6 1.28
36 Ser ine HOCH 2- 42.5

---~- ------- - --- - -- - - -~ -- - . - - -_. ~ ... ----
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2 4 6 8 10 h

Fig. I. Ch romatography of the enantiomers of alanine (a = 1.04), amin obutyric acid (a = 1.22), nor
valine (rt = 1.65), norleucine (a ~ 2.20), valine (a = 1.61), leucin e (a = 1.70) and isoleucine
(a = 1.89). Colu mn 7.8 x 140 mm ; 0.1 M NH.OH ; 10 ml/h. The degree of saturat ion of the L-hydro
xyproline resin by coppert l l ) ion s was 92 %. Particle size ca. 100/lm.

Ser

2 h

Th r

L

2 h

Fig. 2. Ch romatography of the enantiomers of serine (a ~ 1.29) and threonine (a = 1.52). Condi
tions as given in Fig. I.

hydroxy analogue, tyrosine , is partially ionized under the chromatogra phic conditions
(0.1 M NH40 H ) and , to a cert a in extent , expelled from the negatively charged resin
phase. A very low retention time of the p-phenyl-p-alanine isomers forming a six
membered chelate ring (but nevertheless resolving with a fact or of a =--= 1.79) indicates
that there are no add it ional hydrophobic inte racti ons between the aromat ic sorbate
and the resin matri x, other th an in the coordi nat ion sphere of the sorption complex.

Among the aromatic amino ac ids, a-phenyl-a -a lanine a lone contain s two
substituents at the a-car bon at om. As was the case with isovaline, it is poorly resol ved.

.Cyclic amino acids
Proline enantio mers show the highe st sorption selectivity on the resin con

taining L-hyd roxyprol ine (it = 3.95 ; ,.)L1G o = 800 cal/mol). H ydroxyproline (a = 3.17)
is also completely resolved into its enant iomers. Its diastere orner, allo-hydroxyprol ine,
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I~

I

Phclc ,A ~ 00 so j,

Phser~
5 10 15 20 25 h

Fig. 3. Chro matography of the ena ntio mers of phenylglycine (Il ..0 2.22), phenylalanine (« = 2.89)
and phenylserine (a ~ 1.82). Cond itions as given in Fig. I.

displays a lower selecti vit y (a = 1.65) and surprisingly, a reversed elut ion order of
the components : the D-isomer is eluted before the L-isomer (Fig. 4). The f3-hydr oxy
group of the latter is und oubtly coordinated to the ax ial position of the copper(J1)
ion. The D-enantiomer cannot do th is becau se the corresponding axial position is
blocked by the N-benzyl group of the fixed ligand.

Azetidinecarboxylic acid, a four-membered heterocyclic homol ogue of proline ,
shows a suffi ciently high select ivity (OlIGO= 475 cal /m ol) but unu suall y broad
elution peaks (H ETP ca. 1 em).

,
15 h

15 h

h

Fig. 4. Chrom at ograph y of the enantiomers of allo-hydroxyproline ( Il 1.65) and hydroxyproline
(a = 3.17) in 0.2 M NH .OH at a flow-rate of 20 ml/h and proline (a ' c 3.95) in 0.5 M NH.O H at a
flow-rate of 8 mljh. Other co nditions as given in Fig. 1.

Basic amino acids
Basic amino acid s are stro ngly retained by the resin , so \.5 M NH40 H is used

for their elution . Thi s is probably due to the partial posit ive charge of these com-
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pounds, which can strongly influence their di stribution between the resin and the
solution, rather than to the stability of the sorpt ion complexes. Arginine, which con
tains a positively charged side-cha in is not elu ated even if 6 M NH40 H is used .

Ornithine isomers are not resol ved , and lysine isomers only poorly so . Trypto
phan shows a high select ivity factor (a = 1.77), but its peaks are too broad to be
completely reso lved under standard conditions (Fig. 5). The elution order of histid ine
isomers is rever sed , which can be accounted for in terms of axial coordination of the
imidazole group of the L-isomer.

L

Trp

L

10 30

D

20 h

Fig. 5. Chro matog raphy of the enantiomers of tryp top ha n. A bove : in 1.5 M N H.OH , other cond itions
asgiven in Fig. I ; It = 1.77. Below: in 0.2 M N H.O H a t a flow-rate of 6 ml/h on a colum n of 4.5 x
280 mm with the L-hydr oxypr ol ine resin saturated by co pper(I J) ions to a n extent of 15%, particle
size 20-30 11m; It ~c 3.09.

Monoaminodicar bonic acids
Acid compounds are eluted by ammonia within the void column volume in

spite of the fact that the sta bility of their copper complexes does not yield to that of
aliphatic amino acids - negat ively charged species are expelled from the resin phase.
However, the di stribution coefficients of amino acids rise significant ly at lower pH
values? Thus, chromatography of acid compounds ca n be carried out in a n ammo
nium phosphate buffer so lut ion at a pH of 8.3. The retent ion volumes increase in the
series: glutamic acid , as part ic acid , iminodiacetic acid, in accordance with the
increasing stability constants of their copper complexes. (On chromatography in the
phosphate buffer, neutral amino acids show very high retention volumes.)

Unfortunatel y, no resolution was observed in the case of as part ic acid and
only a sma ll one (b/ lGo = 120 cal/mol) in the ca se of glutamic acid . From unknown
reasons, o-glutamic acid forms more sta ble sorpt ion complexes than the L-isomer
does.

General remarks
Though the re is a general correlation between the stability of copper(I1) com 

plexes of different amin o acid s and their retention volumes on the L-hydroxyproline
resin, contributions from electrostatic interactions and hydrophobic interactions
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undoubtedly play an important role in the resin phase. Besides, only mixed ligand
(am ino acidato) (N-benzyl-L-hydroxyprolinato) copper(II) complexes can be con
sidered as adequate low molecular weight models for sorption complexes.

Sorption selectiv ity of many amino acid enantiomers on the L-hydroxyproline
resin is sufficiently high to permit their complete separation under the conditions used
and to indicate that the process can be successfully carried out on a preparative scale.

The efficiency of the column used was rather poor: the values of HElP
amounted to 0.3-0.5 cm for aliphatic amino acid s, 0.6-1.2 em for aromatic, basic and
hydroxy amino acid s, and greater than I cm for acid compounds. Howe ver, the
efficiency can be substantially improved by using resins with a smaller particle size
(Fig. 6), which reduces the values of HETP by a factor of 2 or 3 and results in com
plete resolution of valine, leucine , tr yptophan, phen ylglycine and some other amino
acids .

The LEe process can be imp roved in other ways. The very high retent ion
volumes of basic amino acids can be reduced by lowering the degree of saturat ion

D

1":,,.4~
1 2 3 4 5 h

Fig. 6. Chromatography of the enantiomers of phenylglycine. Ahove : under sta ndard condit ions
(see Fig. I) ; HETP = 7 rnrn, « = 2.22, R" = 0.75. Below : on a co lumn of 3.5 x 190 mm at a flow
ra te of 8.2 ml/h, particle size 20-30 11m; H ETP = 2.8 rnrn, rc = 2.22, R, ~ 1.22.

His

2 4 6 8 10 h

Fig. 7. Chrom atography of the enantio mers of histidine. Above : in 1.5 M NH.OH, other condit ions
as given in Fig. ) ; a = 2.80. Below : in 0.5 M NH.OH at a flow-rate of 20 rnl/h : the degree of resin
saturation by copper(I I) ions was 70 %; (l =, 8.0.
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of the resin by copper(II) ions 3 ,7 . More dilute ammonia solutions can then be used
for chromatography. Unexpectedly, a significant increase in sorption selectivity was
observed in dilute ammonia for histidine (Fig. 7), tr yptophan (Fig. 5) and proline.
Obviously, thi s phenomenon indicates that ammonia molecules can take part in the
formation of mixed-ligand sorption complexes, sometimes lowering the enantio
selectivity.

Fig . 8 shows an example of how elution profiles can be improved by the use
of ammon ia grad ients.

L

Pro

6 h

Fig. 8. Chromatography of the enanti om ers of prol ine in a 0.5-1.5 M gradient of ammonia. Other
conditi ons as given in Fig. I.

Following further improvement of the LEC process, we hope to develop a
simple and rapid method for the analysis of the enantiomeric composition of many
amino acids, which would differ from the GLC method by making superfluous the
preparation of volatile derivatives of amino acids.
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SUMMARY

Optical isomers of amino acids have been sepa rated on the copper form of
asymm etri c resins co nta ining residues of heterocyclic L-a- am ino acids (prol ine and
azetidine carboxylic acid) on a cross-linked polystyrene matrix. The enantioselectivity
of the sorbents with respect to the optica l isomers of man y amino ac ids is high enough
(200- 800 ca l/mole) to a llow their qu antitati ve separat ion. The separa t ing cap acity of
the so rbent conta ining L-proline residues is genera lly higher than that of the sorbent
based on L-azetidine carboxylic acid.

INTRODUCTION

Ligand-exchan ge chromat ogr aphic resolution of racemate s of amino acids on
a pol ystyrene resin co nta ining L-hydroxyproline residues (I) as fixed ligands and
charged with copper ions has been described in our pre viou s paper'. The result s are
pro vided evidence that ligand-exchange chromat ography (LEC) of enantiomers is a
very promising technique for both analysis and prep ar ation .

The pre sent paper is the next step in determining the influence of the fixed
ligand structure on LEC of racemic amino acid s. It describes the resolution of
racem ates on sorbents containing fixed five- and four-membered heterocyclic ligands
that are residues of i.-proline (II) and L-azetidine carboxylic acid (III).

IT lIT



296
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V. A. DAVANKOV. Yu . A. ZOLOTAREV

The asymmetric resin s were prepared by am inating the chl oromethylated
macronet pol ystyrene matri x containing II mol %of cross-links of d iphenylmethane
structure by methyl esters of proline or azetidine carboxylic acid , as described in
ref. 2. The sorbent capacity was 2.78 (for II) and 2.40 (for III) mmol fixed ligands
per gram of dry resin in its zwitterionic form. The resin particles were of irregular
shape, and their size in the swollen form was ca. 100{tm. The resins were charged
with copper(l !) ion s from a copper- ammonia solut ion , until they co nta ined 80 ~~ of
the theoretical amount of copper co rrespond ing to the format ion of fixed complexes
containing two fixed ligands per copper ion. The equilibrium water content in the
copper form of the resin was 170% for sorbent II and 140% for so rbent III.

As in the previou s study ' , the chro matog ra phic co lumn (14 cm x 7.8 mm
1.0.) conta ined 6.3 ml resin. The detector used was Uvicord III (LKS) with the 206
nm light filter. Elution at the rate 10 ml/h was carried out at room temperature by
ammonia solut ions of concentration 0.1, 0.3 and 1.5 M containing 1.2· 10- 5

, 3.8'
10-5 and 2.0 .10- 4 M CuS04 respectively, and by an 0.0\7 M ammonium phosphate
solut ion (pH 8.8) containing 2.5 .10 - 5 M CUS04' In each experiment al run either
2-3 mg of racemic amino ac id or 1.0-1.5 mg of each enant iome r were chromate
graphed.

RESULTS AND DISC USSIO N

Tables [ and II give retention par ameters for D- a nd L-amino acid enantiomers
in LEC on columns filled with copper co mplexes of sor bents II and III , respectively.
The retention volumes, VL and VD, which are expressed in multiples of the void
volume of the column (4.7 ml), were used to calculate the column selectivity, a, and
the difference in standard free energies, (5;1GO, of two diastereomeric sorpt ion com
plexes formed by coordin ati on of amino aci d enanti omers to the ch iral resin chelate
acco rd ing to the relation:

VoOilGo = - RT ln a = - RT ln 
VL

Aliphatic amino acids
As indicated by Tables I and II, the larger subst ituent on the a-carbon atom

in the mobile amino acid ligand, the lon ger the retention time of enantiomers and
the better th eir separat ion.

The steric structure of the ch iral sorpt ion centres of the resin is also very
important. Even minor ch an ges in the fixed ligand st ructure markedly affect the sorp
tion enant ioselectivity. For instance, chromatography of D,L-Val on resin I with
hydroxypr olin e residues results in a va lue of r'lI1Go almost twice as high as for sorbent
II with proline residues, in spite of the fact that for spat ial reason s the hydroxy group
of the fixed hydroxyproline ligand cannot directly interact with th e chelated copper
ion a nd the mobile ligand att ac hed to it. A decrease in the size of the fixed ligand
ring by one methylene group on going from sorbent II to sorbent III leads to a
considerable increase in valine sorption enantioselectivity (from 150 to 320 cal/m ol).
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TABLE I

ELUTIO N PARAM ETERS OF AMI NO ACIDS ON THE L-PRO Ll N E RESIN IN THE
COPPER(lI) FORM

Eluents : 0.1 M NH40H (N -~ 1-15); 0.3 M NH 40H (N = 16-24); 1.5 M NH 40H (N = 25-29) ;
0.0\7 M (NH 4hP04 , pl-l 8.8 (N 30- 32).

N Amino acid (!- Radicals or V a ,5LJGo HEEP (cm)
molecalar structure (cal/mol) ----_.. .-

L D L D

I Glycine 1-1 - 5.0 0.66
2 Alanine Cl-lr 6.75 7.25 1.08 46 0.67 0.64
3 Aminobutyric ac id C I-I 3C I-I,- 7.20 8.50 1.17 92 0.70 0.68
4 Norvaline CH 3CI-I ,CH,- 14.2 18.2 1.28 145 0.68 0.70
5 Norleucine C I-I 3CI-I ,CH ,CH ,- 25.5 39.4 1.54 225 0.65 0.67
6 Valine CH 3CI-I(CH 3 )- 9.0 11.6 1.29 150 1.00 0.95
7 Serine HOCH ,- 4.0 4.35 1.09 52 0.85 0.90
8 Threonine HOCH(CH ,) - 4.0 5.5 1.38 190 1.00 0.95
9 allo-Threonine HOCH(CI-I3) - 3.25 5.0 1.55 260 1.05 1.00

10 Asparagine I-I,NCO CH ,- 4.25 5.0 1.18 97 0.70 0.62
11 Glutamine H,NCOCH ,CH,- 3.75 4.5 1.20 110 0.90 0.74

NH
12 Proline

O OOH
17.0 70 4.10 825 0.62 0.60

NH
13 Hydroxypro line ~ 9.9 38.2 3.85 790 0.42 0.46

COOH

NH
14 allo-Hydroxyp rol ine

O OOH

43.5 18.8 2.32 490 0.96 0.92

OH

15 Phcnylglycine C6 Hs- 11.3 18.8 1.67 300 1.40 1.20

16 Norvaline CH 3CH,C I-I,- 4.10 5.75 \.40 200 0.66 0.68
17 Norleucine CH 3CH,CH ,CH,- 12.0 18.5 1.54 250 0.65 0.68
18 Leucine CH,CH(CH 3)CH ,- 13.0 16.5 1.27 140 0.56 0.58
19 Isoleucine CH 3CH,CH (CH 3 ) - 7.0 10.5 1.50 240 0.49 0.48
20 Phenylalanin e C6H,CH ,- 31.5 51.5 1.63 286 1.05 0.98
21 Tyrosine HOC6H. CH,- 2.65 6.5 2.46 530 1.20 1.06

NH
22 Proline ~OOH 6.25 25.0 4.00 815 0.67 0.62

NH
23 Hydroxyproline ~ 3.50 13.5 3.85 790 0.37 0.43

eaOH

24 Methionine CH 3SCH ,CH ,- 6.25 6.5 1.04 24 0.46 0.48

25 Lysine H, NCH,CH ,CH,CH, - 2.5 2.75 UO 57 1.80 1.64
26 Orn ithine H,NCH,CH,CH,- 2.5 2.5 1.0 2.6 2.2
27 Histidine H~= ~-CH2- 15.5 5.75 2.70 365 1.00 0.95

NH N..... -v
CH

28 Tryptophan o::rr-CH2
-

5.5 7.8 1.40 200 1.1 1.03

:::-.... NH

29 Phenylalanine C6H,CH,- 6.0 9.25 1.54 255 0.95 0.96

30 Aspartic ac id HOOCCH,- 4.25 3.75 1.10 57 1.6 1.4
31 Glutamic acid HOOCCH,CH,- 2.0 1.25 1.60 275 1.75 1.6
32 Iminodiacetic acid H N(CH ,COO Hh 7.5 1.2
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TABLE II

EL UT IO N I'ARAMETERS O F AMINO ACIDS ON THE AZET ID IN E-C A R BOX YLIC ACID
RESIN III IN THE COPP ER(II ) FORM

Eluents: 0.1 M NH.OH ( N = [-6) ; 0.3 M NH .OH (N -- 7-1 7) ; 1.5 M NH.OH (N = 18-23);
0.017 M (NH.hPO., pH 8.8 (N = 24-3[).

N Amino acid a-Radicals or V 11 ,j;] G o HEEP (cm)
molecular structure (cal/mol)

L D L D

1 Gl ycin e 1-1 - 7.2 1.72
2 Alanine C 1-I 3- [ 1.2 11.9 1.06 35 1.68 1.70
3 Arninobutyric acid C /-I 3CH,- 15.0 19.2 1.28 [45 1.91 1.84
4 Valine C H3CH(C H3 ) - 24.0 41.0 1.78 315 1.87 1.93
5 N orval ine C H3CH ,C H,- 52 64 1.23 [20 1.66 1.74
6 Tyrosine HO C.H.CH,- 9.6 19.0 1.78 335 2.04 2.01

7 Valine CH 3CH(CH 3) - 3.1 5.4 1.74 320 1.92 1.96
8 Aminobutyr ic acid CH 3CH,- 1.85 2.4 1.30 155 1.97 1.93
9 Methionine C I-I 3SCH,CI-I,- 7.2 9.3 1.29 150 1.59 1.67

10 Prol ine
NH

7.5
~COOH

18.6 2.48 530 1.93 1.84

1[ Hyd ro xyprol ine
NH

3.6 8. 1 2.25 475 1.86 1.85
~COOH

12 allo-Hy droxypro line
NH

O COOH

8.3 5.7 1.46 220 1.84 1.93

HO

13 Leucine CI-I3CH(CH 3) CI-I,- [8.2 22.5 1.24 [25 1.62 1.69
14 Isoleucine CH 3CH,CH(CH 3) - 15.1 25.5 1.68 305 1.57 1.63
15 Norvaline CH 3CH,CH,- 9. 12 11.4 1.25 130 1.69 1.74
16 Norleucine C H3C H,C H,C H, - 25.2 35.4 1.41 200 1.63 1.60
17 Phenylglycin e C. H.- 4.8 6.6 1.38 190 1.94 1.97

18 Ornithine 1-1 2NC H,C H2C H,- 2.1 2.1 1.0 2.4 2.4
[9 Lysine H2NCH 2CH ,CH ,CI-I,- 1.8 1.91 1.06 35 2.3 2.25

20 Histid ine HC =C - CH - 27.6 15.3 1.80 340 2.1 2.2
I I 2

N H N
<, q

CH

2[ Tryptophan QjCH2- 33.2 37.4 1.13 70 2.25 2.16
::::,... NH

22 Phenylalan ine C.H.CH,- 7.25 13.5 1.86 360 2.24 2.20
23 Norleucine C H3C H,C H2C H,- 3.10 4.28 1.38 190 1.80 1.73

24 Serine HO CH ,- 6.0 12.9 2. [5 445 1.92 1.96
25 Threonine HOCH (CH 3) - [3.7 10.7 1.28 145 1.94 1.92
26 Asparag ine H2NCOCH,- 13.8 9.6 1.44 210 1.78 1.83
27 Glutamine H,NCOCH 2CH ,- 17.4 2 1.8 1.25 130 1.84 1.96
28 Gl ycine H- 36 1.78
29 Aspartic aci d HOOCCH ,- 3.05 2.7 1.13 70 2.15 2.23
30 Glutamic aci d HOOCCH 2CH ,- 9.0 7.2 1.29 150 2.08 2.[ 8
3[ Iminodiacetic acid HN (CH,COOH), 2.4 2.04
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It is a lso not eworthy th at sorbent II r is mo re sensi tive to an inc rease in the
size of the hydrocarbon radical of the mobile amino acid ligand. When passing from
non-subs tituted Gly to L-Nva, the ret enti on volume increases on thi s sorbent by
almost 7 t imes, but by only 3.5 t imes on so rbent II.

Hydroxyl- containing amino acids
Jt was fo und for so rbent I th a t intro d uction of a hydroxy group on to the

poe-ato m of the mob ile ami no acid ligan ds decreases th eir retent ion t ime and in
creases th e so rpt ion enantioselectivity. The same proved true for the so rbents 11 a nd
III. The most pronounced decre ase in retention t ime is exhibited by the sorbent HI
with azeti dine ca rboxy lic ac id residues. In 0.1 M NH40 H, L-Ser very weakly interacts
with thi s so rbent; elut ion by phosph at e buffer so lut ion ind icates that retention of
this amino ac id is about 10 t imes weaker than th at of alanine . Nevertheless, ser ine
sorptio n ena nt ioselectivi ty in thi s system is very high (a =~ 2.15). Retention of
threon ine o n a ll th ree sorbents is greater than th at of ser ine . Surpr isingly, the o rder
of elution of threonine enanti omers (D, L) on sorbent ]]] is reversed.

Resolution of allo-threo nine on so rbent II is better than th at of threon ine
whereas on sorbent I it is so mewha t worse.

Aromatic amino acids
The sorbents II and III , with heter ocycl ic fixed ligands, exh ibit high affinity

and enant ioselecti vity towa rds a romatic a mino acids . On the se so rben ts, the separa
tion factors for Phgl and Phe a re lower than on so rbent 1. For Tyr, which d iffers
from Phe by a hydroxy gro up in the p-position of the aromat ic rin g, the sep aration
factor p roved to be the highest on so rbe nt 11 (a - .-0 2.46).

Cyclic am ino acids
Th e highest ena nt ioselect ivity of th e sorbents studie d was ob served in reso lu

tions of cyclic amino acids. T he retent ion vo lumes, the o rder o f enan tiomer elution
and enantioselectivity values for Pro, Hyp and aHyp on the sorbents I and H (with
proline and hydroxypr oline residues) pr oved to be close to each other. The separat ion
factor s on the so rbent III (with azetidine ca rboxylic ac id residues) are ca. 2 times
lower. Th ese result s a re co nsis te nt with t he appreciabl y lower enantioselect ivity of
sorbent J towards race mic azetid ine ca rboxy lic ac id th an towards ra cem ates of proline
or hydroxyp rol ine ' . Th e lower stability of mixed-ligand sorpt ion co mp lexes with D

aHyp on a ll th ree sorbents, which leads to the inve rse o rder o f elution of isomers
of aH yp, is due to the fact th at contrary L-aHyp D-aHyp ca nnot ac t in a tridentate
manner in co mplex formation with fixed ligands of L-configuration . We have already
explained the reaso ns for thi s behaviour with reference to sorbe nt P .

Basic and acidic am ino acids
As basic ami no acids d isplay a particul arl y strong affin ity for asym metric

sorben ts II and III , t he ir elu t ion was carried out in ammo nia so lutions of high con
centrat ion ( 1.5 M). The sorption enantioselectiv ity proved somewha t lower th an in
the case of so rbent J. As typi cal tridentat e ligands, His isomers displ ayed an inver se
order of elution on a ll th ree sorbents .

On the co nt rary, acidic a mino acids possess a weak a ffin ity for the sorbents
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in alkaline eluents. Thus, their chromatography requires the use of a phosphate buffer
(pH 8.8). o-Isomers of glutamic and aspartic acids are eluted first, this being a pos
sible indication that L-enantiomers can participate in the sorption complexes as tri
dentate ligands. The highest enantioselectivity towards dicarboxylic amino acids is
manifested by sorbent 11 with proline residues.

In the series glutamic, aspartic, iminodiacetic acid the retention time on sorbent
III falls, whereas the affinity towards sorbents I and 11 increases.

General remarks
LEC of racemic amino acids using sorbents 11 and Ill, containing L-proline

and L-azetidine carboxylic acid residues, is highly enantioselective. Resin 11 provides
better resolution of racemic allo-threonine, proline, hydroxyproline, allo-hydroxy
proline, tyrosine and glutamic acid than does sorbent I. The average enantioselectivity
of sorbent III is somewhat lower. However, it provides better resolution of amino
butyric acid, valine, methionine, serine, asparagine and aspartic acid. Fig. I illustrates
the high resolution capacity of asymmetric resins in LEC of racemic amino acids
-the capacity that is adequate for preparative separations.

D

L

Pro

D

D

L

Hyp

o r •

6 h

Fig. 1. Chromatography of racemic proline and hydroxyproline. Column 7.8 / 140 mm; 0.3 M
NH40H; 10 rnl/h. The degree of saturation of the L-proline resin by coppert l l) ions was 80%.
Particle size ca. 100,um. Degree of cross-linking II %.

When copper(l1) ions are used as the complex-forming agent, all three resins
with fixed ligands of the L-configuration exhibit higher affinity for o-amino acids.
However, the tridentate amino acid ligands (histidine, allo-hydroxyproline, aspartic
acid and glutamic acid) are an exception. This may be because the D-isomers of these
amino acids cannot act as tridentates in the mixed-ligand sorption complexes of the
trans structure in the coordination square-plane of the copper(l I) ion because of steric
interactions of their side-groups with the N-benzyl radical of the L-fixed ligands'.
This consideration may also account for the inverse elution order of threonine
enantiomers on sorbent 111.

We shall show in a following paper that sorption of amino acids on the copper
form of the sorbents obeys gel-phase diffusion kinetics. Therefore the sooner inter
facial equilibrium is reached, the greater are the dispersity and swelling ability of
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the resin. The latter pr operty sha rply increases with the sorbent exchange capacity,
thus providing for higher efficiency in LEe.

The swelling ability of sorbent I was 200 %, and its capacity was 3.44 mmol
L-hydro xyproline residues per gram of dry so rbent (in its zwitterionic form), the
copper ion content being 92 % of the theoretical value. The heights equivalent to
effective plate (H EEP) for aliphatic amino acid s separated on this sorbent were 0.3
0.5 em, so that a number of racemates could be completely resolved on a column
of 14 em' . Complete separa t ion of enantiomers at a sorpt io n en antioselectivity of
ca. 300 cal/m ol requires ca. 50 theoretical plates.

The capacities of sorbents II and III (2.78 and 2.40 mmol /g), as well as their
swelling ab ilities (170 a nd 140%), were lower than those of the sorbent I. This ap
parentl y was the reason for increased HEEP values (Tables I and II) under identical
chromatography conditions . In ca se of SOl'bent II, a column 14 em long corresponded
(for aliphatic amino acid s) to 25-1 5 theoretical plates, but in case of sorbent III to
just 7-9 . Therefore, th e ultimate sepa rat ion of enantiomers on so rbents 11 and III
was poorer than that on similar columns with sorbent I. However, the chromato
graphic efficiency can be enhanced. We have synthesized a sorbent with L-proline
fixed ligands on spherica l pol ystyrene beads containing 1% di vinylbenzene and dis
playing a narrow distribut ion of particle size (0.64-0.72 ,urn). The capacity of thi s
sorbent is 3.5 mm ol per gram of dry resin. The HEEP values appeared to be 2.5
3 times lower th an th ose given in Table r. Fig . 2 illustrates how thi s va riat ion in
the sorbent performance accelerates and improves the resolution of o.t.-proline without
decreasing the sorbent enantioselectivity. However , further enhancement of the ef
ficiency is still needed for the complete resolution of aromatic amino acids, which
have especially broad elution bands (Fig. 3).

It is of inte rest that for proline and hydroxyproline resin s of equal ca pac ity ,
swelling ability, and granule size, the efficiency parameters are almost equal.

D

L
D

Pr o

He

2 h

L

Tyr

1 2 3 4 5 6 7 8 9 10 11 h

Fig. 2. Chr omatograph y of racemic proline. Column 7.8 x 140 mm ; 1.0 M NH.OH ; 10 ml/h. The
degree of saturation of the i-prol ine resin by copper(ll) ions was 60 %. Particle size ca. 70/1m .
Degree of cros s-linking I %.
Fig. 3. Chroma togr aph y of racemic isoleucine and tyrosine . Column 7.8 x 140 mm ; 0.1 M
NH.OH ; 5 rnl/h. The degree of saturatio n of the t.-pro line resin by copper(ll ) ions was 70 %. Other
resin paramet ers as given in Fig . 2.
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SUMMARY

An asymmetric sorbent has been synthesized co ntai ning L-allo-hydroxyproline
groupings in a macronet polystyrene matrix. The y-hydroxy group in allo-h ydroxy
proline, like the carboxylic and the amino group, is capable of coordinating copper(II)
ions. The sorbent thu s forms more sta ble his-chel ate complexes with co pper( ll) th an
the analogous so rbent contai ning i.-hydroxy proline resid ues.

The sorptio n selectivi ty of pro line enant iome rs on the co pper( lI) fo rms of the
two resins has been studied as a functi on of copper ion content. Enantioselectivity
and the reten tion par ameters for various amino acids on the sorbent co ntai ning a llo
hydroxyproline have been eva luated usin g ligand-exchan ge chro matography. The re
solving power of th is sorbent with respect to racemates of ac idic and basic amino
acids, as well as methionine and phenylalanine, is higher than that of sim ilar resins
described earlier.

INTRODUCTION

Ligand-exchange chro ma tog raphy (LEC), which has recentl y been reviewed !
makes the effi cient separa t ion of am ino ac id enant iomers possible on both ana lyt ical
and preparative scales' :" without the preliminary modification of the ir amino and
carboxy groups, that is necessar y in gas chro ma tography.

The two previou s paper s in th is series3 ,4 were concern ed with LEC of amino
acid racemates on so rbents co nta ining residues of L-hydroxyproline (I), i.-proline (II )
and t.-azetidine carboxylic acid (III ), and loaded with copper(ll) ions . We determined
the enantioselecti vity of the resins and the efficiency of the chromatographic columns
and discussed the dep endence of these parameters on cond itions of the process.

Influence of the fixed-l igand structure on LEC of amino acid racemates is a
particularl y interest ing subject.

It was sho wn on low-molecular-weight mod el species" th at in copper(II) com
plexes with N-b enzyl-L-allo-hydroxyprol ine the y-hyd roxy group of the am ino ac id
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takes part in complex formation. On the contrary, N-benzylhydroxyproline cannot
act as a tridentate ligand. In order to reveal the influence of the configuration of
the fixed-ligand y-carbon atom on the sorbent properties we have compared statics
and dynamics of the sorption of enantiomeric amino acids on resins with hydroxy-
proline (I) and allo-hydroxyproline residues (IV). '

EXPERIMENTAL

II III

The asymmetric sorbent IV was prepared by aminating chloromethylated
polystyrene containing I I mol % cross-links of diphenylmethane structure" using
methyl-L-allo-hydroxyprolinate hydrochloride, according to a procedure described in
ref. 6 for methyl-L-prolinate hydrochloride. The initial t.-allo-Hyp was synthesized
from L-Hyp according to a scheme? involving inversion of configuration at the y
carbon atom:

H Cbz

~ ~~ [0]
~..~ - OH ----
~OOH COOH

Cbz
I
~N~~
) ........I'COOHo

Cbz
I
N

aoo~
OH

H
I
N

QCOOH
OH

According to elemental analysis and potentiometric titration, the sorbent IV
contains 2.82 mmol of fixed ligands per gram of dry resin in its zwitterionic form.
The resin particles have an irregular shape, with an average size of ca. 100,um when
swollen. The resin was charged with copper ions from a copper-ammonia solution,
resulting in quantitative formation of complexes containing two fixed ligands per
copper ion. The equilibrium water content in the copper-saturated resin was 140%.

The chromatographic technique is described in detail in ref. 3. The column
was 14 em x 7.8 mm 1.0. and contained 6.3 ml of resin. The eluents used were am
monia solutions of concentration 0.1, 0.3 and 1.5 M, containing 1.2· 10- 5

, 3.8.10- 5

and 2.0' 10- 4 M CUS04, respectively, as well as a 0.017 M ammonium phosphate
solution (pH 8.8) containing 2.0 X 10- 5 M CuS04. Aliquots of 1.5-2.0 mg of the
amino acid enantiomers introduced into the column were eluted at a flow-rate of
10 ml/h. The detector used was Uvicord-III with a 206-nm light filter.

The complex-formation properties of the resins were estimated by potentio
metric titration", by studying the sorption of copper from copper-ammonia solutions"
and by measuring the pH decomplexation values (OpH) of copper(ll) ions, as de
scribed by Hering". The sorption constant of L-proline on resins I and IV was studied
and calculated according to the procedure given in ref. 8.

The enantioselectivity of the sorption of proline isomers under static condi
tions was estimated from the equilibrium distribution of the amino acid enantiomers
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between the aqueous phase and the asymmetric sorbent in batch experiments. Equi
libration was carried out in 15-ml via ls equipped with a porous glass filter and capable
of being stoppered at both end s", Into the vials were placed 0.300 g of a ir-dried resin
containing 0.540 mm ol of functional groups, I ml of a 0.5 M solut ion of O,L-Pro,
differing amounts of co pper nitrate (0 .05-0.5 mmol) and 2 ml of 0 .520 M KOH. After
the volume was made up to 10 ml with water, the vials were clo sed and sha ken for
72h at 25°.

The resin phase was then sepa ra ted by centrifugation at 1600 g for 15 min .
To anal yse the resin phase copper ion s and L-proline were desorbed by washing the
sorbent in the same vial with 25 ml of 5 M HCI.

Copper in both phases was determined spectrocolorimetrically with sodium
N,N-diethyldithiocarbamate using a Specol spectrocolorimeter at A = 440 nm.

Proline was determined by the techn ique of Pope and Stevens!", modified by
Woiwod!' , i.e. the pH of the so lut ion was increased to 8.0 and then a four-fold volume
of a colloidal suspens io n of copper hydroxy phosphate in 0.2 M NazHP04 was added.
The resulting mixture was kept at 80° for 30 min . The residual copper phosphate
was then filtered off and the copper content in the filtrate, which is equivalent to
the proline content, was determined by the method c ited above. The predominance
of one proline cnantiomer over the other (in both phases) was determined polari
metrically, the specific rotation of L-Pro in 5.0 M HCI being assumed to be [am!> =

-123°.
The quantitative analysis of both phases makes it possible to calculate the

difference between the sta nda rd free energies of the two diastereomeric mi xed-ligand
sorption complexes, R-Cu-o-Pro and R-Cu-L-Pro, accord ing to the equat ion

,);leo = - RT In [R-Cu-o-Pro] . -.lL-Prol.
[R-Cu-L-Pro] [n-Pro]

RESULTS AND DISCUSSION

Thermodynamics of sorption of copper ( If) ions and proline molecules
Owing to the additional interaction of the y-hydroxy group of allo-hydroxy

proline with the axial position of the copper(ll) chelated ion, the complexes of both
the amino acid itself and its N-benzyl derivative have higher stability constants than
those of hydroxyproline and its derivative (Table I).

The sa me is true for polymer complexing agents. The so rpt io n isotherms for
copper(ll) ion s from ammonia solutions by the asymmetric resins I and IV (Fig. I)
indicate that the sorbent containing L-allo-hydroxyproline residues exhibits stronger
complexing capacity. The sta bility con stants of R-Cu and R-Cu-R complexes, found
from potentiometric titration, are also higher for R = allo-Hyp than for R = Hyp
(Table I).

The complexing properties of the resins were estimated, also accord ing to
Hering", As we have shown earlier", his method for calculating stability constants
of complexes of the Oowex A-I type resin s, based on measuring the pH values of
metal decomplexation (DpH), is inapplicable to chelating so rbents that form 2:1
complexes. However, for a ser ies of sorbents ha ving similar fixed ligands the ex
perimental OpH values are in a good qualitative agreement with the complex-forming
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TABLE I

POTENTIOMETRICALLY DETERMINED STABILITY CONSTANTS OF COPPER(II)
COMPLEXES WITH LOW MOLECULAR WEIGHT LIGANDS AND POLYMERIC
LIGANDS

Ligand 19 fJt 19 fJz

----_ .._~----~

L-Hyp 8.22 15.40
L-allo-Hyp 8.72 16.81
N-BzI-L-Hyp 6.53 11.54
N-BzI-L-allo-Hyp 7.97 14.92

I~5 12.3
L-Hyp resin I

l6.2 10.5
L-allo-Hyp Resin IV 7.8 13.3

- -- - _. -

DpH Capacity
(mmol/g)

2.46 3.44
2.80 2.46
3.41 1.48
1.98 2.82

4

2
3

CU,°/0
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Fig.!. Sorption isotherms of copper(II) ions from 2 M NH.OH by the asymmetric sorbent IV con
taining L-allo-hydroxyproline (2.82 mmol/g) groups (I) and the asymmetric sorbent I containing L

hydroxyproline groups in amounts of 3.44 mmol/g (2), 2.46 mmol/g (3) and 1.48 mrnol/g (4).

properties of the resins. As seen from the results of OpB measurements (Table I),
desorption of copper(ll) ions from resin IV requires more acidic eluents than in the
case of sorbent I.

Comparison of three samples of hydroxyproline-containing resin shows (Table
I and Fig. I) that the stability constants of 2:1 polymer complexes, estimated by
various methods, definitely depend on the exchange capacity of the resins. Therefore,
it is correct to compare the complexing properties of different fixed ligands only for
resins having an identical matrix structure and an equal content of functional groups.
In this case, the exchange capacity of sorbent IV is inside the limits of capacity of
the sorbent I samples studied. We can thus unambiguously conclude that hydroxy
proline fixed ligands form weaker complexes with copper ions than allo-hydroxy
proline ligands, so that the latter appear to be tridentate.

The high affinity of copper(I]) ions for allo-hydroxyproline fixed ligands
results in a decrease in the affinity of the sorbent chelate for mobile ligands, e.g.
L-proline. This affinity is characterized by the sorption constant of the mobile ligand,
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which can be determined by the difference between the stability constant of the
ultimate sorption complex R-Cu-L-Pro and the con stant of the initial fixed complex
R-Cu-R8

. Fig. 2 indicates that the affinity of L-proline for sorbent IV is lower than
that for the sorbent I, the degree of saturation of both resins with copper ions being
taken to be the same .

!19 K- - lg K_ _
R-Cu-LPro R-Cu-R

2!
i

Cal /mol

1000

8 0 0

600

400

Cu, '10

20 40 60 80 100 120
0 '------- -+----- -+---<-- -<-- _ - -'-_

200

ol_~__~ I 1 1 - _

20 40 60 80 10 0 120 Cu, -t;

Fig. 2. Sorption con stants of t-Pro on the copper forms of so rbent I (I) (capacity 3.44 mmol jg) and
sorbent IV (2) as a function of the degree of saturation of the resins by coppert l l) ions.

Fig. 3. Enantioselectivity of the sorption of proline enantiorners on sor bent I (I) and sorbent IV (2)
as a function of the degree of saturation of the resins by copper(ll) ions .

It is interesting to compare the selectivity of sorption of amino acid enan
tiomers on resins I and IV. It appears from Fig . 3 that coordination of the y-hydroxy
group of allo-hydroxyproline in the axial position of the copper ion results in racemic
proline being resolved less well on sorbent IV.

Chromatography of racemates
The results of chromatographic studies of the affinity of sorbent IV for various

amino acids and its enantioselectivity are pre sented in Table II . In general , the prop
erties of sorbent IV have much in common with those of sorbents I, II and III, which
may be due to the similar factors underlying the interaction between fixed complexes
of these resins with amino acid enantiomers.

In the case of aliphatic amino acids those with larger n-alkyl subst ituents on
the a-carbon atom exhibit longer retention times and higher enantioselectivity. How
ever, when passing from Nva to Nle the increase in the value of oLIGO is not so great
for sorbent IV as for sorbent I.

Enantioselectivity and the order of elution of amino acids with branched a
radicals are the same for sorbents I and IV. The resolution factor for lie which is
branched" at the (:I-carbon atom, is higher than that of Leu, which is branched at
the y-carbon atom. The presence of hydroxy groups at the (:I-carbon atoms of Ser
and Thr results in higher enantioselectivity and lower retention times of these amino
acidscompared with their aliphatic analogues (the same was observed for sorbent I).

Enantioselectivity effects on sorbents I and IV in the case of Asp and Glu
were found to be close to each other. However, whereas Asp enantiomers are re-
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T AB LE II

ELUT IO N PARA M ET ER S OF AM INO AC ID S O N TH E COPPE R(l I) FORM O F TH E
ALLO-HY D ROXY PROLINE R ESI N

Elue nts : 0.1 M N H40 H (N = 1-1 6) ; 0 .3 M N H40 H (N 17- 23) ; 1.5 M N H.O H (N ~ 24-29) ;
0 .0 17 M (N H.hP0 4 , p H 8.8 (N = 30-32).

N Amino acid a-Radicals or V ' I ,I.,IG" H EEP ( em)
molecular structure (cal /mol)

L D L D

1 G lyc ine H- 5.55 1.23
2 Alanine C H r 8.9 9.2 1.04 24 1.16 1.I0
3 A minobutyric acid C H,CHr 9.6 11.0 1.14 77 1.36 1.22
4 Norvaline C H,CH 2CH 2- 13.4 19.0 1.42 205 1.32 1.3
5 N orleucine CH,CH 2C1-l2CH ,- 22.9 33.4 1046 220 1.2 1.25
6 Valine C H,CH(CH,) - 8.6 13.6 1.58 270 1.3 1.25
7 Leucine C H,CH(C H,)C H 2- 21.6 33.7 1.52 245 1.43 1.35
8 Isoleu c ine C H,C H2CH(C H,)- 16.2 28.2 1.74 325 1.1 1.0
9 Serine HOCH r 4.38 5.25 1.24 125 1.43 1.41

10 Threonine HOCH (CH , )- 4.82 7.15 1.48 230 1.46 1.35
II Asparagine H,NCOCH 2- 4.38 5.25 1.20 110 1.48 1.56
12 G lutamine H,NCOCI -1 2C H,- 3.94 5.52 l AO 200 1.86 1.84
13 Phenylglycine C. H, - 9.35 16.7 1.78 335 1.85 1.75

NH
14 a llo- Hydroxyproline

QOOH
18.7 27.8 1.48 230 1048 1.40

Ho
NH

15 Hyd roxyprol ine ~ 21.3 34.1 1.63 285 1.2 1.3
COOH

NH
16 Prol ine

~OOH
52.5 96.0 1.83 355 1.1 1.05

17 Phenylalanine C. H,CHr 15.2 47 .2 3. 10 660 1.98 1.85
18 Tyrosine HOC.H 4CH r 3.2 1 7.58 2.36 505 2.6 2.5
19 Methionine C H,SC H,C1-I,- 8.62 13.1 1.52 245 1.75 1.70

20 Pro line a 20.5 38. 1 1.85 360 1.0 0.95
COOH

21 Leu cine C H,CH(C H,)CH,- 8.8 13.8 1.56 325 1.40 1.38
22 Iso leuc ine C H,CH2C H(C H,) - 7.03 12.2 1.74 325 1.05 1.0
23 Am inobutyric ac id C H,CH 2- 4. 1 6.0 1.21 112 0.9 0.85

24 Lysine H 2NCH ,C1-I ,CH ,CH r 2.25 3.0 1.33 165 1.45 1.0
25 Ornithine H,NCH,CH ,CH,- 1.0 1.2 1.2 110 1.75 1.65

HC = C- CH -

26 H ist idi ne I I 2 6.8 9.1 1.32 160 1.3 1.1NH N
'- 4-

CH

W CH2
-

27 T rypt opha n "'" NH 63.0 68.8 1.1 57 1.88 1.7
NH

28 Pro line ~OOH 3. 15 5.75 1.82 350 1.0 1.0

29 Leu cine C H,CH(CH ,)C H 2- 1.3 2.0 1.54 255 1.75 1.75

30 Aspar tic acid HOOCCH ,- 9.8 6.8 1.23 120 2.0 1.9
31 G lutam ic aci d HOOCCH 2CH ,- 16.0 11.0 1.45 2 15 2.2 2.1
32 Iminod iacetic aci d H N(CH ,COOH ), 8.0 2.1
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tained by sorbent I about twice as strongly as Glu, the affinity of both amino acids
for sorbent IV is approximately the same.

Sorbent IV exhibits a high affinity for Met; the value of O!1Go reaches 245
cal/mol, which is much higher than for sorbents 1-111.

Sorbent IV is highly selective with respect to aromatic amino acid enantio
mers. Resolution of Phgl was somewhat lower than with sorbent I (a = 1.78), and
separation of Phe and Tyr isomers was better (a ~" 3.10 and 2.36).

As regards cyclic amino acids, sorbent IV manifests essentially poorer enantio
selectivity than its analogues 1-111. The values of bL:1Go = 350-360 cal /mol found on
chromatography of racemic proline are consistent with the results of investigations
of this system under stat ic conditions (Fig. 3).

There is a specific difference in the order of elution of allo-hydroxyproline
isomers. Sorbents I-III have a greater affinity for i.-allo-Hyp, but the D-isomer is
retained for longer on sorbent IV. The y-hydroxy group of the fixed L-ligand on
sorbent IV apparently blocks the upper axial position of the coordination sphere of
the copper ion (Fig. 4), so that tridentate mobile ligands like L-allo-Hyp are capable
of interacting with the copper ion only by their two donating groups. Therefore,
t-allo-Hyp cannot form sorption complexes of abnormally high stability, which ac
counts for the strong retention of this isomer and the inverse elution order of allo
Hyp isomer s on sorbents 1-111.

The same reasons are evidently responsible for the absence of anomalies in
the elution order of the isomers of His, Lys and Om on sorbent IV. Lys and Om
are resolved into their enantiomers by sorbent IV better than by sorbents I-II I ; for

D

h

30 h

, .,
30 h

Pho

Met

Ly s

D

,

12

D

20

20

,
10

L

L

86

10

10

L

42

Fig. 4. Repulsion of the two hydroxy groups in the mixed-l igand sorption complex formed by L-allo
hydroxyproline on the asymmetric sorbent IV containing i.-allo-hydroxyprolinc fixed ligands.

Fig. 5. Chromatography of enantiomers of Met , Lys and Phe . The degree of saturation of the t.-allo
hydroxyproline resin IV by copperf l l) ions was 50 %. Column, 5 x 560 mrn ; 0.1 M NH.OH; 6 ml /h .
Particle size, ca. 50 lim .
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tryptophan the reverse is true. All the basi c amino acids are strongly retained by the col
umn and their chromatography requires higher concentration of ammonia in the eluent.

On the contrary, dicarboxylic a mino acids display a low affin ity for all the
sorbents studied . Their chromatography requires a phosphate buffer with a low con
centration of the displacing mobile ligand, i.e. NH 3• The partially tr identate nature
of sorbent IV unexpectedly results in a considerable increase of enantioselectivity
for Glu and Asp, the elution order of their enantiomers being reversed , as for sorbents
I-HI. The i.-isomers of these amino acids can pre sum ably form addit ional hydrogen
bonds between the carboxylate groups of their lateral chains and the hydroxy group
of the fixed L-ligand coord inated in the axia l po sit ion .

CONCLUS ION

Unlike so rbents I-III , sorbent IV with fixed L-allo-hydroxyproline residues
possesses a y-hydro xy group capable of interacting with the axial position of the
chelated copper(JI) ion . Consequently, when the L-isomers of allo-Hyp, His, Lys and
Orn form sorption complexes, only two of their three donor groups can interact with
the metal ion, and the o rder of elution of their isomers does not differ from that
of other bifunctional am ino acids.

Sorbent IV exhibits the highest enant ioselecti vity among all the resins studied
(I-IV) with respect to the following am ino acid: Phe, Met , Lys, Orn , Asp and GIn.
Compared with it s diastereomeric an alo gue, i.e. sorbent I (conta ining hydroxyproline
residues), it provides a better sepa rat ion of Tyr and Glu .

However, the efficien cy of chromatographic columns with sorbent IV was
somewhat lower, apparently because sorbent IV has a lower swelling ability than
sorbent I.
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SUMMAR Y

The properties and limitations of a highly efficient gas ch romatographic sep
aration column are described. The column is of importance in the ana lysis of hydro
carbon emissions as it has the following adva ntages : high separation efficiency: good
detection perform an ce owing to a high signal-to-no ise ratio; simultaneo us determina
tion of aroma tics in the presence of other hydrocarbons in th e C t- C 9 range in a
short time a nd witho ut the need for a multi-column technique ; simple on-l ine com
puter conn ect ion even in the parts pe r 109 ran ge.

The prep ar ati on of the co lumn a nd its appl icati on s and use with suita ble
measuring equipment are described in det a il.

INTROD UCTI O N

The measurement of hydrocarbons in a ir is of importan ce in environmental
monitoring. A measu rement and evalu ation procedure invol ving gas sampling in the
field and subseque nt gas chro matogra phic a na lysis in the laboratory was elaborated
for measuring the emiss ions in th e neighbou rh ood of refinerie s a nd petrochemical
plantsl , 2 .

Aluminium was used at a n ea rly stage in gas chromatography as a separating
agent for hydr ocarbons3 ,4 . Considerable improvements in the separa t ion efficiency,
in parti cular a reduction in the tailing effect, were achieved by modifying the alu
minium oxide with water":", organic liquids" or inorganic salts". The possibility of
coating the inner wa ll of metal capillaries by applying a thin laye r of so lid material
was described by Hal asz and Horvath ".

The applicat ion of aluminium oxide in packed capillaries was rep orted by
Halasz and Heine l l

, 12 . Further var iation s include the generat ion of oxide layers in
aluminium capi llaries':' a nd coating the inner walls of the tube by using aqueo us or
organic dispersionsr' :!".

The sepa ration co lumn descr ibed in thi s paper combines the favou rable sep
aration properties of a luminium ox ide with th e advantages of the open capillary tube.
Further, the use of glass as a tube mater ial offers a number of additional adva ntages :



312 W. SCHNEIDER, J. C. FROHNE, H. BRUDERRECK

(I) The activity of the glass surface towards the sample components to be
analysed is very small. The "irreversible" adsorption and tailing that are observed
in metal tubes, particularly with unsaturated or polar substances, does not occur at
levels down to the detection limit.

(2) Fine-grained aluminium oxide adheres well to glass surfaces, forming a
thin layer even without any auxiliaries. The method of preparation described here
produces firmly adhering layers that are non-spalling when the glass is deformed
within its elasticity limits.

(3) The coating process can be controlled visually. Failures are immediately
apparent and can be corrected.

(4) In addition, glass capillaries can be prepared cheaply in the laboratory
by the user, so that the column dimensions and packing materials can be varied at
will.

The aluminium oxide layer was applied to the inner wall of the glass capillary
from an aqueous dispersion in the form of aluminium hydroxide and converted in
situ into aluminium oxide by heat treatment. By varying the heat treatment on the
one hand and by blocking unwanted activities with potassium chloride on the other,
adjustment to the desired separation characteristics can be achieved.

The porous separating phase thus created consists only of inorganic ma
terial. Even at high temperature it will not release substances into the carrier gas
that will be detected by a flame-ionization detector (FI D), so that also in temper
ature-programmed applications maximal sensitivity is reached even without com
pensation provisions. The favourable signal-to-noise ratio is increased by small
HETP values of the separation system. Hence the automatic evaluation of chromato
grams by electronic instruments even at measuring sensitivities as low as l,ug'm- 3

per sample can be effected. This allows trace concentrations, for instance in measure
ments on gaseous emissions, to be determined either directly or after slight enrich
ment. Fast sampling enables one to resolve rapid fluctuations of emission concentra
tions according to time, which is not possible with conventional integrating sampling
techniques.

EXPERIMENTAL

Apparatus and materials
Measurements are carried out with a conventional gas chromatograph con

sisting of the following components: an aluminium oxide coated separation column
and pre-column, prepared as described below; a flame-ionization detector": a
pneumatic control unit providing control within about + I % during 24 h; an air
thermostat with electronic control and regulation facilities (isothermal temperature
stability ± O. l o

, programmable at at least 20o/min); an electrometer amplifier (mea
suring range up to 1.10- 8 A, noise 1.10- 14 A, time constant (90 % value) for all
measuring ranges :(0.5 sec); and an inlet valve (Type 2018 P, Carle Instruments,
Fullerton, Calif., U.S.A.).

The amplified detector signal can be fed to a compensation recorder and/or
an interface of a data system. Additional equipment required for the analysis in
cludes a micro-stopcock, Type 2 MF I (Hamilton, Whittier, Calif., U.S.A.) and a
syringe, Type 1010 LL (Hamilton).
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Sample input is effected via the pre-column, arranged in the sample loop of
the six-way valve (Fig. I). In thi s pre -column, the sa mple is first ad sorbed at low
temperature and, after heating, passed into the separation column. During the heating
phase, a solenoid valve lead s the carrier gas through a by-pass, circumventing the
pre-column.

- - - - -- - - - - ,

17 L...-_---.J

-183°C

a

-1 83°C

b

+15 0 °C

c

I=C

21

COMP.

25

24

TT 26

Fig. 1.Schematic layout of the gas chromatographic apparatu s. 1, Pneumatic supply : 1 = needle
valve; 2 -~ pressure regulator ; 3 -- - solenoid valve; 4 ~ manometer; 5 = flow meter; 6 = thrott le
capillary. II , Circulating air therm ostat : 7 sepa ra tion column ; 8 ~ temperature sensor. 111 , FID
thermostat : 9 -~ name-ioni zati on detector ; 10 - temperature sensor. IV, Sample inlet and pre 
liminary enrichment: II - temperat ure sensor; 12 = pre-column ; 13 ~ heat ing co nductor ; 14 =

six-way valve; 15 = gas-t ight syringe ; 16 -- micro-stopc ock ; 17 = Dewar vessel. V, Power supply:
18 = electro meter ampli fier ; 19 power supp ly and temp erature regulator of the FID thermostat ;
20 = temperature programm er; 21 - power supp ly and temperature regulator of the circulating air
thermostat; 22 o~ power supply and temperature regulator of the pre-column ; 23 = integrating
analogue-digital converter ; 24 recorder; 25 -" data evalu ation system; 26 = teletype .

To pre vent carrier gas a nd detector supply gases from bein g contaminated
by organic substances, no plastic or rubber material is used in the pneumatic system
whenever- practicable. Even the diaphragm s of the pressure regulators are made of
metal.

The connect ion tubes and constructional units are arranged as to restrict the dead
volume to the minimum. The inlet va lve is a miniature six-way valve with a Teflon
rotating d isk of conventional design; the sample loop of thi s val ve is represented
by the pre-column.
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Pre-column
Aluminium hydroxide (Cam ag, Muttenz, Switzerland), sieve fraction 0.09

0.10 mm , is used for the production of aluminium oxide (see below).
A 7-cm length of sta inless-steel tubing of 1.0. I mm and 15 em of stainless

steel tub ing of 1.0.0.5 mm are soldered together and bent into an U-shape, as shown
in Fig. 2. The tube of 1.0. I mm is filled to a level of 2 cm with aluminium oxide
th at has been subjected to a specia l treatment. The packin g is fixed with a wad of
quartz-wool.

fl ow direct ion duri ng

desorpti on ~ ~ loading

<t>j 1mm <t>; O.5mm

Fig. 2. Pre-column.

Preparing the aluminium ox ide for the pre-column . Aluminium hydroxide of
grain size 0.09-0.10 mm is heated for 24 h in an open crucible (e.g., nickel) at 400°.
Subsequently 3 % (w/w) of water is added, followed by heating for 24 h at 300° in
a tigh tly sea led, pressure resistant (100 bar) stainless-steel crucible. The aluminium
oxide sho uld fill the stainless-steel conta iner without leaving a dead space.

Separation column
The materials required are as follows: aluminium hydroxid e, :( 2,u m (Camag);

Baymal (colloidal aluminium hydr oxide ; DuPont, Wilmin gton , Del. , U.S.A.) ; acetic
acid, > 96 %, reagent grade ; acet ic acid, I %; nitrogen ; and potassium chloride solu
tion , 2 %(w/w) solution.The equipment consists of a I-ml syringe with a Teflon piston
(e.g., Hamilton, Type 1001 ), a nitrogen source with needle valve (filling > 100 bar), a
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thermostat (300 ± 1°), a pressure regulator (control range 0-3 bar), a glass-drawing
machine as described by Desty et al,'? (e.g., Hewlett-Packard, Avondale, Pa., U.S.A.)
and an ultrasonic bath.

By means of the glass-drawing machine, a glass tube (Duran 50; Schott und
Genossen, Mainz, G.F.R.) is drawn out to a capillary of 0.0. ca. I mm and J.D.
0.4 mm. This capillary is coiled to give a helix of diameter 12 cm.

Preparation of the coating suspension. Aluminium hydroxide « 2 ,urn) is heated
in an open metal crucible (e.g., nickel) for 24 h at 300°. A 20-g amount of the alu
minium oxide obtained is mixed with 70 ml of 5% (w/w) Baymal solution and 0.3
ml of acetic acid (>96 %) and stirred for about 10 min in an ultrasonic bath. Sub
sequently, the mixture is filtered through a wire sieve of 300 mesh and allowed to
stand for 24 h for ageing. The suspension thus prepared shows thixotropic behaviour.

Coating of the capillary. The glass capillary tube to be coated is connected
via a polyethylene capillary tube to a length of about 20 m of glass capillary tube
of the same diameter to prevent draining disturbances. Through a polyethylene cap
illary slipped over the other end of the tube, 0.6 ml of the suspension is forced, by
means of the syringe, into the capillary tube, which has previously been rinsed and
wetted with I % acetic acid. The polyethylene tube used for filling is connected to
the source of nitrogen. The nitrogen flow pushes the suspension plug through the
capillary tube, leaving on the inner wall of the tube a layer of uniform thickness
which soon solidifies. To achieve complete coverage of a 65-m length of tube, this
procedure must be repeated four times. In order to generate a uniform layer, it is
essential to apply the same amount of suspension each time. For the coating pro
cedure, the needle valve connected to the source of nitrogen is adjusted to supply
gas at a flow-rate of 4 mI· min -I. During this step, the pressure drop at the valve
must be high compared with that developing at the capillary while coating is effected.
A scheme of the filling equipment is shown in Fig. 3. The 20-m length of glass cap
illary attached for preventing drainage problems can be cleaned from the suspension
by flushing with I % acetic acid and stored for re-use.

Fig. 3. Coating device. I =c Storage tank for nitrogen; 2 = manometer; 3 = needle valve; 4 =
polyethylene tube; 5 = glass capillary; 6 C~ auxiliary capillary; 7 =c collection vessel.

The coated, moist capillary is stored for at least 10 h and then dried in a
flow of nitrogen at ambient temperature. If a nitrogen pressure of 3 bar is applied,
drying will take about I week. During this time, the whiteness of the coating under
goes changes, allowing one easily to follow the process visually. The nitrogen flowing
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through the capillary is water-saturated after having travelled for a short distance ,
which implies that even small temperature fluctuations along the column will cause
condensation, destroying the coating. Storage of the drying columns in well isolated
containers, e.g., made of polystyrene, will prevent this effect. After complete drying
at ambient temperature the column is heated in a flow of nitrogen for 3-h at 300°.
During this treatment, the coating becomes solid , insoluble and activated. The
amount of aluminium oxide introduced into the capillary is determined by differential
weighing. It can be varied within a wide range by altering the coating parameters,
such as modifying the viscos ity of the suspension by var ying the volume of acetic
acid added or by the addition of water, varying the nitrogen flow-rate or varying
the amount of suspension introduced in each particular instance. Table I show s the
coatings obtained by the above procedure under the same conditions and the re
producibility of the coating strength .

TABLE I

COATINGS ON SEPARATION COLUMNS

Column No. Inlier diamet er (mm) Length (m)

J 0040
2 0040
3 DAD
4 0.40
5 DAD
6 0.40
7 0040
8 DAD
9 DAD

10 DAD
Average
Standard deviation

67
70
69
71
69
61
58
56
64
69

5.8
SA
5.7
5.1
5.6
5.3
5.9
5.5
SA
SA
5.5

:lO.24

For activity reduct ion , the capillary thu s prepared is rinsed twice, without
intermediate drying, with 2 ml of 2 % (w/w) potassium chloride solution. The po
tassium chloride solution is forced through the column by appl ying a nitrogen pressure
of 2 bar. After drying at ambient temperature with nitrogen (3 bar pressure) and
heating for I h at 3000 under a flow of nitrogen, the column is ready for use.

Sample injection
Sampling for measurements on emissions in air in the field is effected as

described earlier', using glass gas collection vessels specially developed for this purpose.
Afterwards, in the laboratory, a sample of \0 crrr' or more is drawn from

the gas collection vessel using a gas-t ight syringe. About 2 crrr' of the sample gas
are used to scavenge the feed lines to the inlet valve at position (a) in Fig. I. After
switching to position (b), exactly 8 crrr' are passed into the pre-column. The pre
column is refrigerated by immersion in liquid oxygen. During these steps, the solenoid
valve 3 is opened.

Subsequently the coolant is removed, the inlet valve switched to position (c) and
the pre-column electrically heated to 150°. The solenoid valve 3 is closed, thus al
lowing the sample components to be desorbed and passed by the flow of carrier gas
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into the separation column. At the moment the solenoid valve is shut, the temper
ature programme and data evalu ation system are sta rted. Fig. 4 shows a time-sequence
chart of the an alysis. The syringe equ ipped with injection need le and micro-stopcock ,
if not in use, is permanentl y flushed with hydrocarbon -free nitrogen.

Inle t valv e
filling nf eeding

.150"C
Precolumn

-18 3° C L/
. 2t.0° C

Separating
. 70° C ---- ~column

start
Temperature

st op nprog ra mme

sta r t
Oata evaluation

s to p

I
- 10

I
- 5

I
o

I
5

i
10
iii
1S 20 25 I min J

Duration of analys is

Fig. 4. Temporal sequence or the ana lysis.

Purity control of the ca rrier gas is carried out, as mentioned above, under
conditions ident ical with those of the analysis. In position (a) in Fig. I carrier gas
is passed through the cooled pre-column for 5 min (ca. 50 ml), followed by desorption
and anal ysis, as descr ibed above. H ydrocarbon peak s must not appear during this
procedure

RESULTS AND DISCUSSION

Example of a measurement
Fig . 5 shows the chrom atogram of a mixture of C t-C9 hydrocarbons in a ir,

the con centration s of the different components being approximately 0.003-0.5 mg .
m":'. As can be seen, 0.014 mg -rn " ' of benzene, for instance, after a net retention
time of about II min, yields a readily mea surable signal, and 0.008 mg -rn ? of n
octane gives a signa l more than ten times the background noise.

Fig. 6 is the corresponding computer print-out of the results. The va lues were
measured during real -time analysis in an H P 3354 laboratory data system (Hewlett
Packardj. vwhich was also used for the sub sequent evaluation and documentation.
For quantit ive evaluation, the analyser system was calibrated with a methane-nitrogen
mixture of known methane concentration, appl ying a previously described procedure'.

Statist ical e valuation
A test mixture simila r to that shown in Figs. 5 and 6 was ana lysed ten t imes
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con secuti vely. The mean value , standard deviation and relative sta ndard deviation
are given in Table ]1. Standard deviations for a concentration range of 0.003-0.5
rng -m - 3 are usually between 2 and 10%. They increase, as is usual with this type
of analysis, with decreasing concentration and increa sing peak width .

Test of applicability of the apparatus to trace analysis
It is well known th at active solid s, when considering relatively rap id chro

matographic processes, tend to reta in " irreversibly" portions of organ ic substances.
The amounts retained are generally sma ll. Consequently, when dealing with high
concentration samples, the resulting error is included within the analytical error and
thus is not discovered . However, the amounts involved in the analytical procedure
con sidered here are extremely small. Only 8· 10- 11 g of a given substance will enter
the separation column if its concentration in the injected sample is 0.01 mg·m- 3

•

The above-mentioned errors under these circum stances can reach a high percentage
of the measured value.

It is therefore imperative to check the meth od of measurement for its ap
plicability to all classes of substances to be analysed. The test procedure used here
has been described earlier'. It involves the anal ysis of kno wn but different amounts
of the substance in que stion and checking for systematic deviations of the measured
from the true value . The different test mixtures were prepared by using a Telab
pump (Type BF 411/30 + 30 K + H 1/30 + H 2/50; Telab-Labor & Technik, Hom 
burg, G .F. R.) in a dynamic procedure' .Table III lists the true values and the analytical
results for 10 fillings of a test mixture, their averages, their standard deviations, and
their deviations from the true values . When the pre-columns and separation columns
were prepared by the method described above, no substantial errors were encountered
for concentrations down to a few micrograms per cubic metre. Deviations from
the true value s are of the same order as the standard deviat ion .
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Oper at ing r ange at colu mn t empera tures of 70 - 21.0°C

and constan t detec tor te mpe r a tur e

10

....z
~ 8
a:
=>
o

~ 6
w
N

240°C 70° C

ml N, /mln155 10

CARRIER GA5 FLOW

Fig. 7. Zero current of the FID at different ca rrier gas flow-rates . Combustion gas : 1-1 , . 20 ml . min-I .
Scavenging gas : 0" 500 mI · min-I . Detector temperature : 250°.

Introduction of the sample
The high separation capabil ity of the capilla ry column used, of course, becomes

apparent only if the hydrocarbons enric hed from the sample are introduced into the
separat ion system as highly concentrated as po ssib le. i.e. , diluted with as small vol
umes of carrier gas as possible. For th is reason, the flow of carrier gas is switched
off before heating the loaded pre-column, as described above. If not, do uble peaks,

+ 3 6%
Opera t ing r ange a t colu mn te mpe ra tures of 70 - 240°C

and con stant dete c tor te mperature

+ 2 -,

+ 1
w
Vl
z
0
n,
Vl
w
a:
0

u: -1

- 2

- 3

5 10 1S ml N, / min .
CARRIER GAS FLOW

Fig. 8. Change of FID response at different carrier gas flow-rates. Combustion gas: H" 20 ml . min-I .
Scavenging gas : O2 • 500 ml . min- ' . Detector temperature : 250°.
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TABLE IV

KovATS RETENTI O N IN DIC ES MEAS UR ED ON T EN DIFFER ENT SEPARATION
COLUM NS
Inlet pressure: 2 ba r. Column temperature : 50-210".

Test substance Column No.

2 3 4 5 6 7 8 9 10

Acety lene 375 376 372 376 375 376 373 374 375 376
lsobutene 454 453 453 458 457 457 455 457 454 458
Pen tyne 547 543 545 549 546 550 548 548 544 548
2-Hexene 625 624 623 626 625 626 625 624 626 626
2,2-Dimethylpentane 668 667 667 668 668 668 667 668 667 668
Benzene 734 735 737 737 736 737 736 736 737 736
Tolu ene 834 835 833 834 834 834 835 834 834 835

peak broadening and tailing will occur. These difficulties are avoided, as can be seen
in Fig. 5, by the method of sample introduction descr ibed here, viz., with stopped
gas flow duri ng heating.

Detector
As illustrated in Fig. 5, the zero current of the detector increases with in

creasi ng temperature (70- 240") by abo ut 1.1 · 10- 12 A. Thi s pnenornenon is not caused
by " bleedi ng", i.e., an increased release of organic matter fro m t he sepa ra tion co lumn

Fig. 9. Ana lysis of test mixtu re using a glass capillary coated with AI,OJ' Length , 71 m ; J.D., 0040
mm ; AhO, coating, 5.1 rug . m: ": co lumn tem perat ure, 130" : inlet pressure, 2 bar. Peaks:
I = meth ane; 2 = eth ane; 3 =. ethene ; 4 · propane ; 5 -· cyclopro pane ; 6 = propene ; 7 =

acety lene ; 8 = propad iene; 9 0" isobutane ; 10 ,. n-butane ; II _. tral/s-2-butene; 12 l-butene;
13 = isobutene ; 14 = cis-2-buten e ; 1 5 · ~ 2,2-d imethylpropane; 16 ·- methylcyc lob utane; 17 =

cyclopentane; 18 = isopen tane ; 19 - - I,2-butad ienc ; propyne I trans-Y,2-dimethylcyclopropane:
20 = I, l-d imethylcyclopropane ; 21 _. I/-penta ne; 22 cis-I ,2-dimeth ylcyclopr opa ne -I 1,3-buta
diene ; 23 = ethylcyclopropanc : 24 -- 3-methyl- l -butene ; 25 _. cyclopentene ; 26 ,- trans-2-pentene;
27 = 2-methyl-2-butene ; 28 - l-pentene -/- methylenecyclobutan e ; 29 z - 2-methyl-l- butene ; 30 =

cis-2-pentene ; 31 = 3-methyl-J. 2-butad iene ; 32 rr-. 2-bulyne ; 33 - 2,2-dimelh ylbut ane -/- 1,1,2-lri
methylcyclopropane ; 34 = meth ylcyclopen tane -+ 3,3-d imeth yl-l-bulene ; 35 = ethylcyclobutane;
36 = cyclo hexa ne; 37 = l -bu tyne -I- 2,3-dimeth ylbulane ; 38 =, 2-meth ylpent ane ; 39 = 3-melhyl
penta ne; 40 = 1,2-pentad iene -I- 2,3-pentad iene ; 41 ~= vinylcyclopropa ne ; 42 = Il-hexane ; 43 =
trans-4-meth yl-2-pentene -/- isopropylcyclop ropane ; 44 ~. 2-methyl- I,3-butadiene; 45 = l- rnethyl
cyclope ntene ; 46 = 4-methyl- I-pentene ; 47 -- cis- I,3-pentad iene ; 48 = tran s-I ,3-pentad iene; 49 =
3-methyl- l -bu tyne; 50 = isopro pylacety lene ; 5) -- 2-pentyne.
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at higher temperature levels, as is usuall y the case, but by the reduction in t he flow
of nitrogen (viscosity increase) to t he detector as a co nsequence of the increasing
column temperature . Th is relationship is a well known and mo re or less pr onounced
phenomenon , dep ending on the detector geometry. The genera l lay-out of the de
tector used was described elsewher e!", Fig. 7 shows the zero current of th e detector
as a function of th e carr ier gas flow-rate .

It would require complicated eq uipment to keep the carrier gas flow-rate co n
stant when capillary columns and rap id temperatu re changes ar e involved. O n the
other hand , the sma ll zero d rift does not interfere with th e evalua tio n of chro mato
grams by man ual or mod ern elect ro nic a uxiliaries. Therefore , the ca rrier gas f1 ow
rate need not be kept co nsta nt.

Not only the basel ine current, but also the response of a flame-ion izati on
detector , depend s on th e flow-rate of nit rogen a nd the rat io of hyd rogen to nitrogen
in the fl ame" , Dependi ng on the geo metry of the detector, thi s may lead to extensive
deviations in response a nd sho uld be checked carefully. The influence on respon se
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Fig. 10. Analysis of test mixture using a glass capi llary coa ted with AhO-, and squalane . Length ,
129 m; I.D ., 0.25 rnrn: coating, AhO-, 0.6 mg : mr ": sq ua lane O.3 rng : m- I . column temperature, 100°:
inlet pressure, 5 ba r. Peaks : 1 = n-pentane; 2 _. 2-met hylpen ta ne ; 3 = 3-methylpe ntane ; 4 = 1/
hexane ; 5 ~ 2,2-d imethylpentane ; 6 .~ 2,2,3-trimethylbutane ; 7 = 2-methylhexane ; 8 = 3-methyl
hexane ; 9 = cis-2,5-dimethyl-3-hexene ; 10 zs-: 2,2,4-trimethylpcnt ane + tran s-2,2-d imethy)-3-hexene ;
II = trans-2,5-dimethyl-3-hexene ; 12 = benzene + zr-heptan e ; 13 = 2,4,4-tr imethyl- l -pen tene;
14 = 2,4,4-trime thyl-2-pentene I· 2,2-dimethylhexane ; 15 ~ cis-2,2-d imethyl-3-hexene; 16 = 2,5
dimethylhexane ; 17 -. 2,4-dimethylhcxane -I 1,1.3-trimethylcyclopentane ; 18 = trans-2-meth yl -3
heptene -+ 2,2,3-tr imethylpent ane ; 19 . ~ trun.l'-4-et hyl-2-hexene + 3,3-dimethylhexane + 2,5-dimeth 
yl-l -hexene ; 20 ~ 3,4-dimethyl-l -hexene + truns-6-methyl- 3-heptene ; 21 = trans-3,4,4 -tr ime th yl
2-pentene ; 22 = 3-methylhepta ne ; 23 ~ cis-4-methyl-3-ethyl-2-pentene + 3,4-dim ethylhexane ; 24 =

3-ethyl-3-hexene; 25 - 2-methyl- l- hep tene ; 26 = 3-methy l-3-ethylpentane; 27 = 2-methy l-3-ethyl
2-pentenc -1 l-octene ; 28 '0 tran .l'-3-octene ; 29 ,.. 2-methy l-2-heptene ; 30 = n-oeta ne ; 31 = toluene ;
32 = tru1/s-2-oetene -+ truns- l-methyl-2-ethylcyclopentane; 33 = I, l -dimethy lcyclohexane ; 34 =

trans-I ,3-dimethylcyelohexane ; 35 -x-r: isopropy lcyclopentane ; 36 = cis- l -methyl-2-ethylcycl opentane;
37 = n-pro pylcyclo pcnta ne ; 38 = 4-vinylcyclo hexene ; 39 = ethylcyclohexa ne ; 40 = ethylbenzene ;
41 = p-xylene ; 42 = »r-xylene : 43 ·· o-xylene.
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in the range 5-10ml'min - 1 of nitrogen, shown in Fig. 8, was less than ± l% with
the dete ctor used . For thi s and the above reason s, stabilization of the supply of carrier
gas to the detector was omitted.

Column
The lifetime of a properly treated column can be several yea rs. A column in

use in our laboratories for 18 months has shown no signs of det erioration.
The column described is a powerful tool for measurements relat ing to em ission

pr oblems owi ng to its ability to ana lyse in one run hydr ocarbons from meth ane to
cumene at very low concentratio ns, with a high separatio n effi ciency for the low
boil ing components such as methane, ethane and eth ylene.

The Kovat s retention indice s of several po lar substances fro m ten different
sepa ra tion columns prepared by the same procedure, as listed in Table IV, show
that the separation behavi our of the columns is sati sfactoril y reproducible.

Other applications
The separation column with an aluminium ox ide coa t ing described here is

applicable not only in trace ana lyses but , of course, also in the analysis of sample
components with concentrat ions in the per cent range. Fig. 9 shows an example of
such an application . In thi s insta nce, a test mixture conta ining C t- C6 hydrocarbons
in higher concentrat ions in the percent range was fed into the column. A good
separation is obta ined, regard less of the con cent rati on.

Figs. 10 and II show chromatog rams oftest mixtures obtai ned with aluminium

Fig. II. Analysis of test mixtu re using a glass capillary coated with AJ,03 and Carbowax. Length ,
125 m ; I.D., 0.25 mm; coating, AI,0 3 0.5 mg : m", Carbowax 0.3 mg : m" : column temperature,
100°; inlet pressure, 5 bar. Peak s: I = n-heptane; 2 en-octane ; 3 = n-nonane; 4 = benzene;
5 = n-decane ; 6 = toluene; 7 = eth ylbenzene; 8 = p-xylene; 9 = m-xylene ; 10 = isopropylbenzene ;
II = a-xylene ; 12 = n-propylbenzene ; 13 = 4-ethyltoluene ; 14 -. 3-ethylto luene; 15 = tert .-butyl
benzene ; 16 = isobutylbenzene ; 17 ~ 1,3,5-trimethylbenzene ; 18 = sec.-butylbenzene ; 19 =

styrene + 2-ethyltoluene + 1-meth yl-3-isop rop ylbenzene; 20 ~, l-m ethyl-4-isop rop ylbenzene ; 21 =

neopent ylbenzene ; 22 = 1,2,4-tr imeth ylbenzene ; 23 ~~ 1,3-dieth ylbenzene ; 24 = l-methyl-2-iso
p ropyl benzene + l-methyl-3-n-propylbenzene ; 25 = l-m eth yl-4-n-p ropylbenzene ; 26 = 1,4-diethyl
benzene ; 27 = n-bllt ylbenzene ; 28 = 1-methyl-3-tert.-butylbenzene ; 29 = 1,3-dimeth yl-5-ethyl
benzene ; 30 = l-methyl-4-tert .-b lltylbenzene + 1,3-dieth ylben zene ; 31 ._" a-methylstyrene ; 32 =
l-meth yl-2-n-p rop ylbenzene + tert.-pent ylbenzene ; 33 - 1,2,3-tr imethylbenzene ; 34 ~ 1,3-diiso
propylbenzene + 1,4-dim eth yl-2-ethylbenzene ; 35 = 1,3-dim ethyl-5-isop ropylbenzene ; 36 = 1,2
dimeth yl-4-eth ylbenzene ; 37 = 1,2-diisopropylbenzen e -+ indane ; 38 = 1,3-dimethyl-2-ethylben
zene; 39 = l-methyl-3,5-diethylbenzene + 1,4-diisopropylbenzene ; 40 = n-pent ylbenzene + 1,2
dim eth yl-3-eth ylbenzene ; 41 = I,2,4,5-tetramethylbenzene ; 42 = 1,2,3,5-tetramethylbenzene.
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oxide capillaries coated addit ionally with squa lane or pol yeth ylene glyco l. It is eviden t
that aluminium oxide is suita ble as a base for the se two orga nic separa t ion phases.
It is well know n th at the se substa nces do not adhere well to untreated glass.

The se few examples are intended to show th at with the sepa ratio n system
described, viz ., glass capillaries coa ted with a luminium oxide, a lar ge number of
variations is possible. Ho wever , also the operato r is not relieved from his respon
sibility of ada pting the separat ion system to the particular sample under invest igat ion.
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BORONIC ACID IN SERINE PROTEINASE CHROMATOGRAPHY
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Fig. l. Chromatography of proteins on CHPB-Sepharose. To a column containing 4 ml of CHPB
Sepharose, 0.1 ml of I %protein solution was applied. The column was equilibrated and eluted with
0.05 M phosphate buffer (pH 7.5) or with 0.5 M glycerol in the same buffer. Solid line, absorbance
at 280 nm (protein content); broken line, proteolytic activity in arbitrary units. (a) Subtilisin BPN';
(b) subtilisin BPN' in 0.5 M glycerol; (c) bovine serum albumin; (d) bovine serum albumin in 0.5 M
glycerol; (e) PMSF-inhibited subtilisin BPN'; (f) PMSF-inhibited subtilisin in 0.5 M glycerol; (g) a
chymotrypsin; (h) a-chymotrypsin in 0.5 M glycerol; (i) trypsin; (j) trypsin in 0.5 M glycerol..

Fig. 2. pH dependence of subtilisin BPN' retention volume on CHPB-Sepharose. To a column con
taining 4 ml of CHPB-Sepharose, 0.05 ml of I % subtilisin BPN' solution was applied. The points
correspond to the maxima on the elution curves of the active enzyme. Broken line, column equilibrated
and washed with 0.05 M phosphate buffer (pH 7.5); solid line, column equilibrated and washed with
0.5 M glycerol in the same buffer.

with CHPB-Sepharose. This result confirms that it is the hydroxyl groups of substi
tuted phenylboronic acid that take part in the binding of the enzyme.

The chromatography of other serine proteinases (a-chymotrypsin and trypsin
on CHPB-Sepharose gave similar results (Fig. 19 and i; Table I).

Whereas pentaerythritol blocked the binding of serine proteinases by CHPB
Sepharose, glycerol, on the other hand, enhanced the interaction of these enzymes
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SUMMARY 

Thin-layer chromatographic (TLC) systems for the separation of 4-substituted 
N-ethyl-N-methylanilines and their N-dealkylation and N-oxidation products are de
scribed. Various TLC systems for the separation of 2-, 3- and 4-substituted pyridines 
and their N-oxides are also described. Various detection systems were utilized for 
revealing the spots of the compounds on the chromatograms. None of the reagents 
used was specific for the detection of pyridine-N-oxides, but tetracyanoethylene was 
found to be a very sensitive and specific spray reagent for the detection of N,N
dialkylaniline-N-oxides . 

INTRODUCTION 

Several workers have described the paper chromatography (PC) and thin-layer 
chromatography (TLC) of nitrogen oxidation products (hydroxylamines, hydroxamic 
acids, N-oxides)I- 3 and the possible use of chromogenic reagents for their identifica
tionl,3,4. These methods have helped to elucidate the widespread natural occurrence 
of alkaloid-N-oxides in several plant species5 ,6. The realization that the metabolic 
N-oxidation of certain nitrogenous drugs and foreign compounds leads to the forma
tion of carcinogenic or toxic metabolites has resulted in extensive work on various 
aspects of nitrogen oxidation7

,8 . Even though chromatographic methods have been 
used extensively in these studies, hitherto the data were available only from diverse 
sources. However, a recent review has collated these data on the isolation, identifica
tion and quantitation of various types of N-oxidation products using chromato
graphic techniques9

• 

We have studied the metabolism of a range of structural types of nitrogenous 
compounds with simple structures in order to help to elucidate the occurrence and 
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London WCIE 6JJ, Great Britain . 

• , Present address: Drug Metabolism Laboratory, Fisons Pharmaceutical Division, Loughbo
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enzymology of metabolic N-oxidation 1o
-

12
• These studies invariably required the use 

of sensitive chromatographic methods for the identification and quantitation of var
ious metabolites. ln this paper, the chromatographic systems used for the separation 
and detection of tertiary amines, their N-oxides and N-dealkylated products are 
described. 

MATERIALS AND METHODS 

TLC separations were performed on 20 X 20 cm aluminium sheets pre-coated 
with a 0.2-mm layer of silica gel 60 F254 (E. Merck, Darmstadt, G.F.R.). Stock solu
tions of compounds to be chromatographed (20 mg in 10 ml of ethanol) were pre
pared and IO-,ul volumes of these solutions were spotted on to the plates using dis
posable micropipettes (Camlab, Cambridge, Great Britain). Ascending TLC was 
performed in all instances, in a glass chamber (TLC Chromotank; Shandon, London, 
Great Britain) saturated with the respective solvent system. The solvent front was 
run to a height of 15 cm, allowing a 5-min equilibration time before removal of the 
plate from the tank. The compositions of the solvent systems used are given in Table 
I. Chloroform, acetone, ethanol and methanol (BOH, Poole, Great Britain) were 
dried and redistilled prior to use. Cyclohexane, toluene, diethylamine and ammonia 
solution (specific gravity 0.880) were used as purchased (BOH). All of the spray re
agents, except tetracyanoethylene (TCN E) and 3-methyl-2-benzothiazolone hydrazone 
hydrochloride (MBTH), were purchased from BOH. TCNE and MBTH were pur
chased from Aldrich (Gillingham, Great Britain). 

TABLE I 

SOLVENT SYSTEMS USED IN THE SEPARATION OF PYRIDINES, AROMATIC AMINES 
AND THEIR N-OXIDES 

Compound 

Pyridines and their 
N-oxides 

Aromatic amines and 
their N-oxides 

Solvent 
system 

SI 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
S10 

SII 
S12 
S13 
S14 
SI5 
S16 
SI7 
S18 
S19 
S20 

Components 

Chloroform 
Ethyl acetate 
Acetone 
Ethanol 
Chloroform- ethanol-ammonia (sp.gr. 0.88) (95:4: 1) 
Ethyl acetate-ethanol- ammonia (sp.gr. 0.88) (90: 5: 1) 
Acetone- ethanol- ammonia (sp.gr. 0.88) (95:4: 1) 
Chloroform- ethanol-diethylamine (80: 30: 1) 
Chloroform- ethanol-ammonia (sp.gr. 0.88) (100: 8 :0.5) 
Acetone- ethanol- diethylamine (95: 5 : I) 

Cyclohexane 
Toluene 
Chloroform 
Methanol 
Cyclohexane-toluene (75: 15) 
Cyclohexane- toluene-diethylamine (75: 15: I 0) 
Chloroform- methanol (80:20) 
Ch loroform-methanol (90: I 0) 
Chloroform- methanol (60 :40) 
Chloroform- methanol- ammonia (sp.gr. 0.88) (80:20:0.5) 
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TABLE 11

TLC SEPARATION AND DETECTION OF A SERIES OF PYRIDINES AND THEIR N-OXIDES

For solvent systems, see Table I. For detection systems, see Tables V and VI.
_"._________ '0____ •

R F X 100' Compound

5, 52 5, 5. 55 56 5, 5. 5. 510

18 32 70 90 82 74 89 100 85 88 Pyridine
0 0 3 20T 21 3 16 48 28 14 pyridine-N-oxide

18 39 73 77 81 78 91 100 86 90 3-Methylpyridine
I 0 3 24T 27 3 17 65 36 16 3-Mcthylpyridinc-N-oxide

19 46 78 81 82 83 93 100 89 93 3-Ethylpyridine
2 0 4 36T 35 8 22 80 42 19 3-Ethylpyridine-N-oxide

ND ND ND ND ND ND ND ND 91 98 3-Fluoropyridine
ND ND ND ND ND ND ND ND 50 41 3-Fluoropyridine-N-oxide
36 80 100 100 91 100 100 100 94 100 3-Chloropyridine

5 3 20 43T 47 23 48 83 53 46 3-Chloropyridinc-N-oxide
38 80 100 100 92 100 100 100 95 100 3-Bromopyridine

5 3 20 46T 49 27 50 84 58 48 3-Bromopyrid inc-N-oxide
16 35 80 65 80 78 91 97 87 90 3-Acetylpyridine
2 I 9 22 27 9 28 57 35 24 3-Acetylpyridine-N-oxide
3 10 45 67 31 50 75 63 36 73 3-Aminopyridinc
0 0 I 37.. 3 4 10 19 5 8 3-Aminopyridine-N-oxide
2 6 56 73 20 34 76 70 29 74 3-Acetamidopyridine
0 0 2 30T 4 3 12 29 8 10 3-Acetamidopyridine-N-oxide

40 67 97 82 90 84 98 100 94 Y5 3-Cyanopyridine
5 3 36 37T 42 19 63 68 49 61 3-Cyanopyridine-N-oxidc
0 4 50 60 II 22 71 50 18 68 Nicotinamide
0 0 2 17.. 2 2 15.. 19T 4 13T Nicotinamide-N-oxide
0 0 2 8T 0 0 0 2 0 0 Nicotinic acid
0 0 0 3T 0 0 0 0 0 0 Nicotinic acid-N-oxide
0 24 78 84 9 31 56 58 16 53 3-Hydroxypyridine
0 0 2 30. 0 0 0 3 0 0 3- Hydroxypyridine- N-oxide
2 5 56 74 15 23 76 68 26 71 3-Pyridylcarbinol
0 0 3 251 2 5 II 24 5 8 3-Pyridylcarbinol-N-oxide

ND ND ND ND ND ND ND ND ND ND 1-0-Pyridyl)ethanol
ND ND ND ND ND ND ND ND ND ND 1-0-Pyridyl)ethanol-N-oxide

0 25 78 100 44 47 86 100 82 83 3-Dimethylaminopyridine
0 8 10 60 10 3 15 67 32 12 3-Dimethylaminopyridine-N-oxide
5 12 60 62 75 31 82 95 85 81 Nikethamide" •
0 0 5 19 31 3 30 70 44 26 Nikethamide-N-oxidc
2 4 62 63 35 25 81 78 89 79 N-Monoethylnicotinamide
0 0 5 27 JO 2 25 47 46 21 -Monoethylnicotinamide-N-oxide
3 3 23 34 51 10 54 83 67 51 Cotinine
0 0 2 6 12 1 8 34 17 7 Cotinine-N-oxide
2 3 20T 23T 68 18 65 70 64 66 Nicotine
0 0 1 6T 36 I 16 47T 30 15 Nicotine-I-N-oxide

15 33 78 83 84 57 91 100 88 87 2-Methylpyridine
3 3 5 37T 43 5 31 67 44 23 2-Methylpyridine-N-oxide

15 36 65 73 90 55 85 98 89 83 4-Methylpyridine
1 2 3 21 31 2 14 56 38 II 4-Methylpyridine-N-oxide

15 45 71 76 89 60 87 98 89 85 4-Ethylpyridine
1 2 3 30 35 4 19 69 45 15 4-Ethylpyridine-N-oxide

17 64 85 81 91 72 89 100 92 88 Quinoline
3 4 21 48 55 15 54 80 67 49 Quinoline-N-oxide

15 56 79 79 89 67 87 100 89 86 Isoquinoline
2 2 8 46 48 10 37 76 59 32 Isoquinoline-N-oxide

• T = Tailing; ND = not determined .
.. Chromatogram heated at 1000 for 5 min after spraying.

... N,N'-Diethylnicotinamide.
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Detection system 

D, D, D3 D. Ds' D6 D7 D. D9 DIO D" DI2 Dl3 D'4 D,s 

102B 1730 1560 118B 5B 440 49C 6A 
102B 189C 1180 118A 118B 40 410 28C 158B 43C -

102B 189C 1180 lI SA lJ8B 40 390 28C 158A 43C 
102B 1880 128C 11 8B - - ( t ) 49A - ( + ) 43C - 880 
102e 10 202C ( --j ) 870 1770 IISC 1730 IIIB 
102e 1620 310 164C 350 5B 440 5B 13B 
102B 1860 1960 92C 5B 37C 5B 158B 
102B 1890 1960 92C 40 390 5B 158A 
1028 155C 128C 92C -- ( 1- ) 40 - (+ ) -- - (+ ) 
102e - 155C 202C - - - ( -I ) 870 144A 115C 1730 IIIB 

- 102B 1620 310 164C 350 5B 440 5B I3B 
102B 730 1960 92C 40 37B 5B 158B 
102B 1890 1960 92C 40 390 5B 158A 
I02B 1730 1560 350 5B 440 5B 6A 
102B 1890 1180 118A 92C 40 410 5B 158B 
102B 1890 1180 118A 92C 40 390 5B 158A 430 -
I02B 155C 128C 92C - ( --1 ) 40 - ( + ) - - ( -+ ) 
I02e 202C - - ( -f ) 870 197A 115C 1730 I11B 
ID2B ~6A 162C 1730 I64C 350 5B 47C 5B 6A 
1028 82A 1890 155C 122C 92C 40 43C 5B 158B 
1028 82A 1890 155C 122C 92C 40 410 5B 158A 
1028 82A 1620 155C 128C 92C - - ( I ) 40 - ( + ) - - - ( + ) -

l02e -- 80 202C -- (I) 870 1770 115C 1730 II1B 
102B 86A 1620 1730 164C 350 5B 47C 5B 6A 

(- 102B 82A 1890 155C 122C 92C 5B 43C 5B 158B 
102B 82A 1890 155C 122C 92C 40 41D 5B 158A 
1028 82A 1620 155C 128C 92C ( --1 ) 40 - ( I- ) 
102e - 80 202C -- -- ( I ) 870 1770 115C 1730 111 B 
102B 86A 162C 1730 164C 350 5B 47C 5B 6A 
1028 82A 1890 155C 122C 92C IA 570 5B 158B 43C -

1028 82A 1890 155C 122C 118B 40 410 5B 158A 43C -

1028 82A 1620 155C 128C 92C - ( --1 ) 161A -- ( + ) - 1000 
102e - 202C -- - ( f ) 870 174B 115C - ( t ) 1730 1118 
1028 1830 174C 187C 350 5B 44C 58 16A 
1028 880 730 128C 122C 40 37B 5B 163B 
1028 880 770 128C 122C 40 390 5B 158A 
1028 2010 117B 118C 1210 -(-I ) 161A <+) 1000 
102e 202C - ( t ) 870 174B I1SC - (+ ) 1730 IIIB 
1028 1830 174C 187C 350 5B 44C 5B 16A 
1028 880 730 128C 122C 40 37B 5B 163B 
102B 880 770 128C 122C 40 390 5B 158A 
l02e - 201D 117B 118C 1210 --( --j) 161A ( + ) 1000 
l02e - 202C ( + ) 870 174B IISC - (t- ) 1730 III B 
95A 1620 1730 164C 350 5B 182A 5B 13B 
9SA 880 730 1960 92C 40 570 58 1580 -

95A 880 730 1960 350 4C 510 5B 158A 
9SA - 1620 56B 118C 1560 -( -f ) 161A -- ( + ) - (+ ) - -

95A - 202C - ( + ) 870 1440 Jl5C 1730 l11B 
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methane extracts were collected in evaporating tubes lO and concentrated to about 
1O.a1 in a water-bath (45°). Aliquots (1-2.a1) were injected on to GLC column A 
with the oven temperature at 170° and the injection port temperature at 225°, using 
a syringe equipped with a 7-cm needle. Peak-height ratios of the test compound to 
the internal standard were measured, and this allowed the determination of pyridine
N-oxide in the original 3.5-ml sample, using previously constructed calibration graphs 
(see below). 

Calibration graphs 
Alkyl- or halogen-substituted pyridine-N-oxides (10- 100 nmole) in water (\ 

ml) were added to typical microsomal incubates (3.5 ml) or urine (3.5 mI). Any en
zymic activity was terminated by tne addition of 0.5 ml of 1.0 N sodium hydroxide 
solution. The appropriate internal standard (50 nmole of another pyridine-N-oxide 
in 0.5 ml of water) was then added and 4-ml aliquots were processed as described 
above. Peak-height ratios of the pyridine-N-oxide to the internal standard were 
plotted against the concentration of the pyridine-N-oxide. 

RESULTS AND DISCUSSION 

The pyridine-N-oxides showed partial decomposition to the parent pyridines 
using column A or B when the oven and injection port temperatures were high 
(> 250°), and when the injection was performed using a syringe equipped with a short 
(5-cm) needle. The pyridines were eluted very close to the solvent front and their 
identities were confirmed by comparison of their retentions times with those of 
authentic compounds, and by combined GLC-MS. However, careful control of the 
various parameters, for example, a low injection port temperature and performing 
quick on-column injections on to an all-glass-lined inlet system in the gas-liquid 
chromatograph, reduced the breakdown of these N-oxides to a minimum, as shown 
in Fig. I. 

(a) (b) 
x X' x 

x' 

, , , , 1 i • • , i 

02468 02468 
Time (min) 

Fig. 1. Chromatograms of 3-ethylpyridine-N-oxide (X) using column A. XI represents the thermal 
breakdown product 3-ethylpyridine. (a) Oven temperature 170°, injection port temperature 300°; (b) 
oven temperature 170 0

, injection port temperature 225 °. 
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(HPLC) presents an alternative procedure worthy of investigation. Only one group 
has reported on the use of HPLC or high-speed liquid chromatography (HSLC) to 
separate and quantitate the individual PCB components in commercial mixtures of 
PCBs7

•
s. A silica gel column which elutes the higher chlorinated PCBs initially was 

utilized in the normal phase. This system produced a reasonable separation of the 
lower chlorinated PCBs present predominantly in the commercial mixture Aroclor 
1221, but was less efficient in separating the more highly chlorinated PCBs present in 
Aroclors 1254 and 1260. 

The desirability of having an improved analytical procedure for PCBs prompted 
us to investigate the potential of reversed-phase HPLC. We report here on the analyses 
of three commercial mixtures of PCBs, Aroclor 1221, 1016 and J 254, and of 49 com
mercially synthesized individual PCBs. 

EXPERIMENTAL 

Aroclor 1254, 1016 and 1222 were obtained from Monsanto (St. Louis, Mo., 
U.S.A.) and were used without further purification or fractionation . Individual PCBs 
were purchased from Analabs (North Haven, Conn., U.S.A.) or RFR Corp. (Hope, 
R.I., U.S.A .) and were used as purchased. HPLC analysis of the individual PCBs 
indicated that the greatest level of impurity was 5 % based only on integrated peak 
areas on the chromatograms. For most of the individual PCBs only a single peak was 
detected by the HPLC system utilized. The acetonitrile used for eluting the HPLC 
columns was glass distilled (Burdick & Jackson Labs., Muskegon, Mich., U .S.A.). 
Water was deionized, glass distilled and filtered through a 0.22-,um membrane (Milli
pore, Bedford, Mass., U.S.A.) prior to chromatographic use. 

A Waters Assoc. Model 244 liquid chromatograph equipped with a Hewlett
Packard Model 3385A automation system (recording integrator) was utilized. All 
solutions were monitored at 254 nm. The column (30 cm X 4 mm J.D.) was packed 
with reversed-phase, microparticle silica (,uBondapak CIS; Waters Assoc., Milford, 
Mass., U.S.A.). The solvents used were J, water-acetonitrile (9: 1), and II, acetoni
trile-water (9: I). All individual PCBs and Aroclors were loaded on to the column in 
tetrahydrofuran solutions at concentrations of 5 mg/m\. With individual PCBs I-,ul 
injections were routinely used, and for Aroclor solutions 5-,u1 injections were used. 
The elution conditions for the various Aroclor mixtures were varied so as to obtain 
the best resolution of components with acetonitrile and water as eluents. For Aroclor 
1221 elution was initiated with a solvent mixture of 60 % of solvent II and 40 % of 
solvent J and the solvent composition was altered in a non-linear gradient (gradient 
No.7, Waters Assoc. Model 660 solvent programmer) over a period of 30 min to 
achieve ]00 % of solvent II. Elution was continued for a further 6 min. Solvent f1ow
rates were 2 ml/min throughout. For Aroclor J 0 16 a solvent mixture of 55 % of solvent 
11 and 45 % of solvent 1 (i.e ., 54 % of acetonitrile) was used isocratically. For Aroclor 
1254 the same conditions were used as for Aroclor 1221 but the period of the gradient 
change was 40 min. A mixture of Aroclor 1254, 1221 and 10 16 in the ratio of I : 1 : 1 
(w/w/w) was chromatoglaphed using the conditions developed for Aroclor 1254. The 
individual PCBs were chromatographed using conditions corresponding to that 
Aroclor mixture in which their isomeric series was most prominent. The nomen
clature used for the individual PCBs is based on that of Brinkman and co-workers7

•
8

. 
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TABLE I

HPLC RETENTION TIMES AND UV SPECTRAL RESPONSES FOR INDIVIDUAL PCBs

UV detector at 254 nm wavelength.

PCB Retention time Spectral response
(min) (relative to

biphenyl - 1000)

Biphenyl 7.62 1.000
2- 9.39 0.255
3- 9.91 0.725
4- 11.12 0.917
2,2'- 10.24 0.047
2,6- 11.09 0.Q75
2,3- 12.71 0.278
2,4'- 13.57 0.465
2,5- 13.81 0.295
2,4- 14.31 0.508
3,3'- 14.80 0.562
3,4- 15.1\ 0.917
4,4'- 15.43 1.087
3,5- 16.63 0.685

2,5,2'- 23.59 0.046
2,3,6- 23.82 0.042
2,4,6- 28.67 0.093
2,3,4- 30.05 0.394
3,4,2'- 31.08 0.327
2,5,3'- 32.12 0.190
2,5,4'- 33.61 0.506
2,4,5- 34.02 0.309
2,4,4'- 36.31 0.674

2,6,2',6'- 14.61 0.007
2,3,2',3'- 18.41 0.173
2,3,2',5'- 19.80 0.034
2,5,2',5'- 21.10 0.037
3,4,3',4'- 21.15 0.086
2,3,5,6- 21.64 0.092
2,4,2',5'- 22.31 0.093
2,4,2',4'- 22.80 0.156
2,3,4,5- 24.95 0.352
2,5,3',4'- 24.96 0.364
2,4,3',4'- 25.80 0.564
2,4,5,2',3'- 24.91 0.088
2,3,6,2',5'- 25.48 0.063
2,3,4,2',5'- 26.09 0.088
2,3,4,5,6- 27.21 0.176
2,4,5,2' ,5'- 27.42 0.089
2,3,6,2',3',6'- 25.81 0.007
2,3,5,6,2',5'- 28.64 0.019
2,3,4,2',3',4'- 30.83 0.163
2,4,6,2' ,4',6'- 31.44 0.047
2,3,4,2',4',5'- 31.85 0.245
2,4,5,2',4',5'- 32.88 0.146
2,3,4,5,6,2',5'- 34.10 0.096
2,3,5,6,2' ,3',5' ,6'- 37.36 0.024
2,3,4,5,6,2',3' ,4',5'- 41.96 0.204
2,3,4,5,6,2',3' ,4',5',6'- 45.12 0.140
- -- ---.

Analysis
conditions

Aroclor 1221 assay

Aroclor 1016 assay

Aroclor 1254 assay
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Fig. 3. HPLC separation of Aroclor 1254 (5 mg/ml in tetrahydrofuran) on a II.Bondapak C,. column 
monitored at 254 nm . Initial conditions, 40 % water- acetonitrile (I :9) and 60% water- acetonitrile 
(I :9); final conditions, 100 % water- acetonitrile (I :9) ; gradient time, 40 min ; flow-rate , 2 ml/min ; 
injection volume, S Il l ; amo unt injected, 25 pg. 
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Fig. 4. HPLC separation of Aroclor I 221-Aroclor 1016- Aroclor 1254 (I: I: I, w/w/w) (1.67 mg/ml of 
each in tetrahydrofuran) on a ,uBondapak C,. column monitored at 254 nm. Initial conditions, 40 % 
water-acetonitrile (9:1) and 60 % water- acetonitrile (I :9) ; final conditions, 100 % water- acetonitrile 
(I :9); gradient time, 40 min; flow-rate, 2 ml/min; injection volume, 10 Ill; amount injected, 50lig 
total. 

to that obtained with Arodor 1221 and 1254. The peaks up to and including No. 10 
have been tentatively identified and together make up approximately 30 % by weight 
of the sample (Table III). The retention time of peak 13 corresponds with that of 
2,3,2',5'-tetrachlorobiphenyl but , based on the known response of this compound, 
the peak would represent greater than 100 % by weight of the sample. It must therefore 
be assumed that some other PCB co-chromatographs with 2,3,2',5' -tetrachlorobi
phenyl. Peaks 11,12,13,14 and 15, which together represent approximately 70 % by 
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premiers rt!sultats c1iniques ont confirme son interet therapeutique2
, si bien qUi 

largement utilise en rhumatologie, il a fait I'objet de nombreuses etudes c1iniques3-

et pharmacocinetiques6-
9

• 

Trois methodes de dosage du ketoprofene dans les milieux biologiques utili 
sant les diverses fonctions reactives de la molecule ont ete decrites1o : la colorimetrie 
la polarographie et la chromatographie en phase gazeuse (CPG). Seule cette dernien 
est applicable au serum et contitue en raison de sa specificite et de sa sensibilite h 
methode de reference. Toutefois les nombreuses phases de la technique ne permetten 
pas une precision superieure a ± 10 % et imposent un temps d'analyse assez long 
seul un petit nombre de prelevements peuvent etre analyses chaque jour. 

Aussi nous proposons une nouvelle methode de dosage du ketoprofene dan! 
Ie sang par chromatographie liquide haute performance (HPLC). Cette methode eSi 
specifique, sensible, reproductible et rapide. L'etalon interne utilise est un composi 
de structure voisine I'acide (benzoyl-4 phenyl)-2 butyrique (Fig. I). 

MATERIEL ET METHODES 

Reactifs 
Ketoprofene et acide (benzoyl-4 phenyl)-2 butyrique utilise comme etalon in

terne (Specia, Paris, France). Tous les reactifs et solvants sont de purete pour ana
lyses: acetone, sulfate de sodium anhydre, hexane, propanol-2, dichloromethane, N
methyl N-nitroso p-toluene sulfonamide (Prolabo, Paris, France) ; methanol, hydro
xyde de potassium, acide chlorhydrique, ether diethylique, (E. Merck, Darmstadt, 
R.F.A.); plaques de chromatographie sur couche mince F 1500 LS 254 (Schleicher 
& Schull, Dassel, R.F.A.). 

Appareils 
L'appareil utilise pour la CPG est un chromatographe en phase gazeuse Carlo 

Erba Fractovap 2200 equipe d'un detecteur a ionisation de flamme. La colonne en 
verre pyrex (longueur 2 met diametre interne 3 mm) est remplie d'OV-17 a 3 % sur 
du Chromosorb W AW DMCS. 

Les separations par HPLC ont ete effectuees sur un chromatographe en phase 
liquide Chromatem 38 (Touzart & Matignon, Paris, France) equipe d'un detecteur 
UV (254 nm) modele 153 (Altex, Berkeley, Calif., U.S.A.) et d'un calculateur inte
grateur modele 3385 A (Hewlett-Packard, Orsay, France). La colonne (longueur 
250 mm et diametre interne 4.7 mm) est remplie avec du LiChrosorb Si 60 (5 ,urn; 
E. Merck) selon une methode par voie humidell

. Le nombre de plateaux theoriques 
calcule sur Ie ketoprofene est de 53,000 plateaux par metre. 

Solutions etalons 
L'acide (benzoyl-4phenyl)-2 butyrique (100 mg/I dans J'acetone) est diluee au 

1/10 dans un melange eau- ethanol (50:50) au moment de I'emploi . Solution de keto
profene et d'etalon interne methyles a 10 mg/I dans I'acetone; cette solution sert a 
determiner Ie coefficient de reponse du detecteur en CPG. Pour la HPLC, I ml de la 
solution est evapore et Ie residu est repris par I ml de phase mobile. 
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Fig. 2. Chromatogramme d'un extrait plasmatique obtenu par CPG contenant 7.90 mg/I de keto
profene (b) et 5 mg/I d'etalon interne (a). 

HPLC. Le coefficient de proportionnalite mesure avec la solution etalon de 
ketoprofene et d'etalon interne a 10 mg/ I dans la phase mobile est egal a 1.04 ± 0.013 
(n = 10). Avant chaque serie de dosage Ie coefficient de proportionnalite est veri fie. 

Linearite de fa methode HPLC 
La courbe d'etalonnage a ete realisee sur des extractions de serum contenant 

respectivement 2, 4, 6, 8 et 10 mg/I de ketoprofene. Les resultats obtenus sont portes 
sur la Fig. 4. Chaque point porte sur Ie graphe correspond a la moyenne de 3 in
jections. Les parametres de la droite d'etalonnage (ordonnee a I'origine 0.026, pente 
0.153 et coefficient de regression 0.999) montrent que la linearite est tres bonne dans 
la gamme des taux therapeutiques. 

Reproductibilite et precision 
La reproductibilite de la methode HPLC a ete etudiee en mesurant la con

centration en ketoprofene dans des echantillons sanguins charges respectivement a 
5 mgjl et a 10 mgjl en ketoprofene. Les resultats obtenus (Tableau I) montrent que 
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Apres extraction par l'ether en milieu acide, Ie ketoprofene et I'acide (benzoyl-4 phe 
nyl)-2 butyrique utilise comme etalon interne sont methyles par Ie diazomethane ga 
zeux et analyses par chromatographie liquide haute performance [colonne de Li 
Chrosorb Si 60,5 ,urn; phase mobile, dichloro methane-hexane (60:40)]. Les temp! 
de retention absolus de l'etalon interne et du ketoprofene sont respectivement d, 
11.6 et 12.8 min. La precision de la methode est de ± 4 % et la limite de detectior 
quantitative est comprise entre 0.06 et 0.100 ,ugjml de ketoprofene. Les resultats com 
pares avec ceux obtenus en chromatographie en phase gaze use montrent une ex
cellente correlation entre les deux methodes. 

La methode proposee est sensible, reproductible et rapide. Elle est parfaite· 
ment adaptee au dosage du ketoprofene dans Ie sang en vue d'etudes pharmacoci· 
netiques. 
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SEPARATION AND IDENTIFICATION OF GEOMETRIC ISOMERS OF 
RETINOIC ACID AND METHYL RETINOATE* 

R. M. McKENZIE, D. M. HELLWEGE, M. L. McGREGOR, N. L. ROCKLEY, P. J. RIQUETTI 
and E. C. NELSON" 

Department of Biochemistry, Oklahoma Agricultural Experiment Station, Oklahoma State University, 
Stillwater, Okla. 74074 (U.S.A.) 

(Received January 10th, 1978) 

SUMMARY 

Geometric isomers of retinoic acid and methyl retinoate were separated by 
high-performance liquid chromatography on bonded, reversed-phase, octadecylsilane 
columns using methanol-water mixtures as solvents . The isomers have been identified 
by nuclear magnetic resonance, infrared, ultraviolet and mass spectral analyses as 
9,1 1,13-tri-cis-, II, 13-di-cis-, l3-cis-, 9, I 3-di-cis-, ll-cis-, 9-cis- and all-trans-methyl 
retinoate. Seven isomers were observed simultaneously upon chromatography of 
retinoic acid isomerates, while eight isomers were observed when methyl retinoate 
was chromatographed. 

INTRODUCTION 

The metabolism of retinoic acid has been studied in this laboratory for several 
years. The vitamins A are sensitive to light, thermally unstable, readily oxidized and 
easily isomerized, and their separation and handling is difficult. Thus, a need exists 
for routine methods of purification and analysis of the starting materials as well as 
unknown metabolites. 

The advent of high-performance liquid chromatography (HPLC) and the de
velopment of high-performance columns have made such analytical procedures more 
readily available. Examples of this particular use of HPLC have been provided by 
Vecchi et a/.J

, who demonstrated the separation of some of the geometric isomers 
of retinyl acetate using both adsorption and normal-phase columns, and by Tsukida 
et al. z, who separated geometric isomers of retinaldehyde. The present paper is con
cerned with the ~eparation of the geometric isomers of retinoic acid and methyl 
retinoate-on reversed-phase octadecylsilane (ODS) columns . 

• Presented in part at the Annual Meeting of the Federation of American Societies for Ex
perimental Biology, April 11 , 1977, Fed. Proc., Fed. Amer. Sac. Exp. Bioi., 36 (1977) 1103 . 

•• To whom correspondence should be addressed. 
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was reported recently4 on a ,uBondapak CIM column with the aid of a Schoeffel 
variable-wavelength UV-VIS detector. Using this, or similar instrumentation, antho
cyanins and anthocyanidins can be monitored selectively at their Amax. without any 
interference from other compounds. 

The availability of a relatively large number of anthocyan ins in our laboratory 
(M.W. and G.H) and the lack of a speedy analytical method for detection of an tho
cyanins prompted us to investigate the properties of the ,uBondapak C I8 column 
support material toward separation of anthocyanins. The data obtained for the twenty 
anthocyanins commonly found in Vilis sp. are presented here. 

EXPER1MENTAL 

Materials and methods 
Grape juice was obtained from ripe Concord , Ives and De Chaunac (S-9S49) 

grapes grown in the Experiment Station vineyards. Chromatograms were run on a 
Waters liquid chromatograph (Waters Assoc., Milford, Mass., U.S.A.) using a 
300 x 4 mm I. D. ,uBondapak CIM column (Waters Assoc.) and a Schoeffel SF770 
UV-VIS detector. The anthocyanins were monitored at 520 nm. 

Solvent systems 
The following solvent systems were used for the separation of anthocyanins: 

A, 0.1 % H 3P04 in acetic acid- water (10:90); B,aceticacid-water (15:85); C, water
acetic acid-methanol (65: 15: 20). 

A uthentic samples of anthocyanin pigments were obtained from our laboratory 
collections. Samples for chromatographic analysis were prepared by dissolving 
approximately I mg of the compound in I ml of distilled water. Because of differences 
in purity of the various pigment preparations the exact concentration of each pigment 
in the complex mixture was purposely varied in order to obtain chromatograms 
showing peaks of similar heights. 

Analysis 
Analysis ofanthocyanidin-3,5-diglucosides. A sample of 5 ,ul of a mixture (con

taining approximately 0.1 % each of the 3,5-diglucosides of cyanidin, petunidin, 
peonidin and malvidin) was injected into the column and eluted with solvent A at a 
flow-rate of 1.0 ml/min . 

Analysis of anthocyanidin-3-glucosides. A sample of 5,u1 of a mixture (con
taining approximately 0.1 % each of the 3-glucosides of delphinidin, cyanidin, petuni
din, peonidin and malvidin) was injected into the column and eluted with solvent B 
at a flow-rate of 1.5 ml/min. 

Analysis of a mixture of 3- and 3,5-diglucosides of anthocyanidins. A sample of 
10,u1 containing 5 ,ul each of a mixture of 3-monoglucosides and that of 3,5-digluco
sides was injected into the column and subjected to gradient elution starting with 
99% of solvent B and I % of solvent C. Solvent C was increased from I to 100 % 
during a period of 40 min on program 9 of the solvent programmer. The flow-rate 
was 0.2 ml/min for the first 50 min of the elution and then increased to 0.3 ml/min. 

Separation of anthocyanidin-3-(6-0-p-coumarylglucosideJ-5-glucosides. A 
sample of 5,u1 of a mixture (containing approximately 0.2 % each of the 3-(6-0-p-
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Fig. 1. Separation of the anthocyanidin-3,5-diglucoside on a IJBondapak C l8 column. Solvent A. 1 =
Delphinidin-3,5-diglucoside; 2 = cyanidin-3,5-diglucoside; 3 = petunidin-3,5-diglucoside; 4 =
peonidin-3,5-diglucoside; 5 = malvidin-3,5-diglucoside. Flow-rate: 1.0 ml/min.

Fig. 2. Separation of anthocyanidin-3-g1ucosides on a IlBondapak CI8 column. Solvent B. 6 =

Delphinidin-3-glucoside; 7 = cyanidin-3-glucoside; 8 = petunidin-3-glucoside; 9 = peonidin-3
glucoside; 10 = malvidin-3-glucoside. Flow-rate: 1.5 ml/min.

gradient (program 9) elution was required. Fig. 3 shows such a separation. With the
exception of malvidin-3,5-diglucoside (peak 5) and cyanidin-3-glucoside (peak 7)
which overlapped in the above, and also in other solvent systems tried, all antho
cyanins were separated. The separation of the individual components of anthocyanins
required 70 min.
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Fig. 3. Separation of mixtures of anthocyanidin-3- and -3,5-g1ucosides on a ,uBondapak CI8 column.
Solvent: non-linear gradient between solvent B and solvent C on program 9 of the Waters solvent
programmer. Flow-rate 0.2 ml/min for 50 min; then increased to 0.3 ml/min. Peak numbers corre
spond to those in Figs. I and 2.
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NACHWEIS VON SULFAMETHOXAZOL UNO N4-ACETYL-SULFAME

THOXAZOL IN BIOLOGISCHEN FLOSSTGKEJTEN DURCH HOCHDRUCK
FLOSSIGKElTSCHROMATOGRAPHIE IN UMGEKEHRTER PHASE "

KLAUS HARZER

Chemisches Untersuchungsamt der Landeshauptstadt Stuttgart , S taffienbergstrasse, 7000 Stuttgart 1
( B.R.D.)

(Eingegangen am 30. September 1977 ; geanderte Fassung eingcgangen am 6. Januar 1978)

SUMMARY

Detection of sulfame thoxazol and Nr-acetylsulfamethoxazol in biological fluids by
reversed-phase high-pressure liquid chromatography

Sulfonamide drugs can be detected by reversed-phase high-pressure liquid
chromatography. The po ssibilities of this method in the d irect qualitative and quan
titative an alysis in blood or in urine without enrichment and derivatization are il
lustrated by the analysis of sulfamethoxazol and its metabolite Nt-acerylsulfa
methoxazol.

EINFUHR UNG

Eine Untersuchung auf Sulfonamide in Blut oder Urin kann notig sein, urn
z.B. bei Kindem , die unbekannte Medikamente eingen ommen haben, eine Vergiftung
zu bestatigen oder au szuschliessen . Eine quantitative Bestimmung wird notwendig
zur Kontrolle einer Therapie oder zur Bestimmung pharmokologischer Daten. Oer
Nachweis von Sulfonamiden kann qu alitativ dunnschichtchromatcgraphisch' odcr
gaschromatographisch- gefuhrt werden . Eine quantitative Untersuchung ist Uv-spek
trophotometri sch nach Bratton und Marshall! und wiederum gaschromatographisclr'
moglich. Ausser bei der Diinnschichtchromatographie miissen bei den beiden anderen
Methoden Deri vatisierungsschritte durchgefiihrt werden. Dies ist be i der Hochdruck
flii ssigkeitschromatographie nicht notig. Von den verschiedenen Arten der Hoch
druckfiiis sigkeitschromatographie wurden fur die Untersuchung auf Sulfonamide ver
wendet die Ad sorptionschromatograph iet-", d ie Ionenaustauschchromatographie6

-
s,

die Ionen-Paar-Chrornatograph ie? sowie die Chromatographie in umgekehrter Pha
se10 , I1 •

Fiir den Nachweis von Sulfonamiden, insbe sondere von Sulfamethoxazol und

• Aus zugsweise vo rgetragen auf der Hauptver sammlung der G esellschaft deutscher Chemiker in
Miinchen 1977.
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EXPERIMENTAL

T. SEK

Reagents
Epinephrine hydrogen tartrate was purchased from Nakarai Pharmaceutica

Co. (Kyoto, Japan) and norepinephrine hydrogen tartrate, dopamine hydrochloridl
and ethylenediamine dihydrochloride from Yashima Pharmaceutical Co. (Osaka
Japan). Other chemicals used were of reagent grade. Stock solutions of catecholaminl
base were prepared in 0.01 M hydrochloric acid. Fluorescent impurities contained il
ethylenediamine dihydrochloride were removed by passing a 0.5 M solution of ethyl
enediamine dihydrochloride through a column of activated charcoal (15 X 1.5 cm).

Equipment
A syringe-type pump (Jasco, Model FLC-150) was used to pump buffel

solution through the chromatographic columns. Peristaltic pumps (Mitsumi Scien·
tific Industry, Models SJ-1211 Hand L) were used to pump air and reagents into a
gas-segmented-flow reaction detector. A spectrofluorimeter (lasco, Model FP-4)
equipped with a flow cell prepared from a quartz tube (4 mm 1.0.) was used to
measure fluorescence. pH was measured at 20° using a TOA Electronics (Tokyo,
Japan) Model HM-5A glass electrode pH meter.

Human urine
Daytime specimens of urine were acidified immediately after collection by

adding I %(vjv) of 6 M hydrochloric acid and stored in a refrigerator. Just before
analysis, they were filtered.

Preparation of Amber/ite CG-50 column
Amberlite CG-50 (type II) was converted into the Na + form and graded

according to size by the sedimentation method? The fraction of size range 85-120 flm
was collected and washed on a glass filter with ten volumes of the following reagents
in turn: 4 M hydrochloric acid, water, I M sodium hydroxide solution, water and
0.4 M phosphate buffer (pH 6.5). The buffered resin was poured into a tube with
phosphate buffer of pH 6.5 (0.4 M) and allowed to settle under gravity to a height
of 12 cm (the tube was 20 x 0.5 cm J.D. with a IO-ml reservoir); the column was
washed with 2 ml of water before uses.

Preparation of Amber/ite JRC-50 column
Amberlite IRC-50 (40-55 flm and 50-60 flm in the Na + form) was prepared

and washed as described previously9, and suspensions of the washed resins (Na +

form) were buffered at pH 6.3 with a succinic acid solution (0.5 M) and then washed
with eluent. The eluent was a mixed buffer of pH 6.3 containing 0.12 M succinic acid,
0.35 M boric acid and 0.002 M disodium ethylenediaminetetraacetate. The washed
resin was suspended in 2 volumes of the eluent. The suspension of the finer resin
was poured into a short chromatographic tube (15 x 0.8 cm), and a suspension of
the coarse resin was poured into a longer tube (24 x 0.8 cm) and allowed to settle
under gravity. Then both chromatographic tubes were fitted with a column adjuster
and the bottom of the short tube was connected to the longer one. The temperature
of the column was kept at 42° and, after the eluent had been pumped through the
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Fig. 2. Chromatogram of fecal bile acids excreted by Sprague-Dawley rats using BSTFA as silylatinl
reagent, G LC conditions as described under Methods. Peaks as labeled were identified by comparisoI
of relative retention times.

DISCUSSION

The results of this study indicate that the G LC analysis of fecal bile acids
from rats may be simplified by using QF-I as a liquid phase and a combination of
full and partial TMS derivatives. Lithocholic, hyodeoxycholic, deoxycholic, cheno
deoxycholic, 12-ketolithocholic, and cholic acids which constitute a large part of the
bile acids excreted by conventional rats can be conveniently determined as partial
TMS derivatives by using BSTFA as silylating reagent. The resulting derivatives have
retention times identical to those formed with HM DS by a method previously doc
umented for the formation of partial derivatives8

• The use of BSTFA, however, is
advantageous since it can serve as reaction solvent, it is highly reactive, and its by
products appear in the solvent front. Further, if BSTFA is used as injection solvent
the transient appearance of HF in the flame-ionization detector helps prevent ex
cessive silicon dioxide deposits.

The method described may also be used quantitatively. Standard response
curves have been found to be linear from less than 0.3 to 5 fig or more of each of
the six bile acids examined. Reproducibility appears excellent if conditions and re
agents are kept constant. However, we have found in further work (data not pre
sented here) that if N,N-bis(trimethylsilyl)trifluoroacetamide is used in place of the
usual reagent N,O-compound, hyodeoxycholic acid appears as two peaks, the new
peak appearing between chenodeoxycholic and 12-ketolithocholic acids. The reason
for this change is not known.

In conclusion, the use of BSTFA to form partial TMS derivatives allows the
GLe separation on 3 % QF-I of six important bile acids found in rat feces. Sub
sequent conversion to full TMS derivatives allows the detection of p-muricholic acid
as well as keto acids that are greatly retained by the QF-I liquid phase. This method
is useful for structural determinations by peak shift analysis and for quantitation.
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Note

Gas-liquid chromatographic separation of monomethylguanines as their
trimethylsilyl derivatives*

GARY M. MUSCHIK" and WAYNE B. MANNING

Chemical Carcinogenesis Program, NCI Frederick Cancer Research Center, Frederick, Md. 2170}
( U.S.A.)

(First received January 19th, 1978; revised manuscript received March 20th, 1978)

A number of workers i -
IO have reported gas-liquid chromatography (GLC)

data for purine and pyrimidine bases, nucleosides and nucleotides but data for only
a few monomethylated derivatives have been reported. This note reports a method
employing GLC for the separation of silyl derivatives of mono-methylated guanines,
and describes this separation.

EXPERIMENTAL

A Varian Model 1440 gas-liquid chromatograph equipped with a flame
ionization detector and a linear-temperature programmer was used for this study.
Helium carrier-gas flow-rate was 48 mljmin, air flow-rate was maintained at 200 mlj
min and the hydrogen flow-rate was 20 mljmin as measured by a soap-bubble flow
meter. Sample injection volumes were 1-2,u1. The chromatographic columns were
either 5.7% (wjw) SE-30 on Chromosorb W HP (100-120 mesh) or 5% (wjw) OV-3
on Chromosorb W HP (100-120 mesh), packed in glass columns 6 f1. x 2 mm J.D.
The column temperatures were programmed from 150 to 275° at 6°jmin.

A Finnigan series 1015C CI-EI GLC-mass spectrometry (MS) apparatus
equipped with a chemical ionization (CI) source and interfaced with a Finnigan 6000
MS data system was used to collect the MS data. All spectra were collected at an
ionization potential of 130 eV with methane as the CI gas.

The monomethylguanines were obtained commercially except for 06-methyl
guanine that was prepared by the method of Balsiger and Montgomeryll and 8
methylguanine which was prepared by the method of Daves et a/Yo N,O-Bis-(tri
methylsilyl)acetamide (BSA) was obtained from Sigma (St. Louis, Mo., U.S.A.).

The trimethylsilyl (TMS) derivatives of the methylguanines were prepared as
follows. A stock solution containing 2.7 mg of phenanthrene (internal standard), 4
ml of acetonitrile and 0.1 ml of BSA was prepared as the silylating reagent. Known
amounts (0.] -0.3 mg) of each of all monomethylguanines were placed in a micro

• Presented in part at the Federation of Analytical Chemistry and Spectroscopy Societies
Conference, Philadelphia, Pa., U.S.A.

" To whom correspondence should be addressed.
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Note

New chro matographic method for t he preparat ion of DNA-adriamycin
complexes

A. HUOT and M. PAG E

Centre de Recherches, t ' Hotel-Dieu tie Quebec I I Cote du Palais, Quebec GI R 2J6 ( Canada)

(Received March 9th , 1978)

The use of adriamycin as an ant ineoplast ic agent is very often limited to
patients with advanced dise ase becau se of its side etTects including its cardiotoxicity'.
Complexes of adriam ycin with DNA ha ve been prepared for injection in order to
reduce thi s toxicityZ,J. These complexes are active as antineoplastic agents but they
still ha ve a certain toxicity for normal cells. It is very well established that adriamycin
is bound to DNA by intercalation in the flat ba se pairs of the double helixt-" , but
other types of binding have al so been proposed ''-"

Amberlite XAD-2 is a non-ionic resin which is used to isolate a large va riety
of drugs including a lkaloids, barbiturates, amphetamines, phenothiazines and
methadone". These molecules are retained on the column by hydrophobic binding. We
describe a rapid method for the preparation of adriam ycin-DNA complexes using
this resin, and we compa re the complexes thu s obtained to the ones obtained by the
usual methodv-".

MATERIALS AND METHODS

Deoxyribonucleic acid type I (calf thymus DNA) was purchased from Sigma
(St. Loui s, Mo ., U.S .A.). Adriamycin was a gift from Adr ia Labs. (Toronto, Canada).
Amberlite XAD-2 resin was obtained from Eastman-Kodak (Rochester, N.Y.,
U.S.A.). All solvents and other reagents were reagent grade or of a better quality.

Preparation of Amber/ite X A D-2 resin
The resin was washed extensively on a buchner funnel with methan ol followed

by at least 5 vo lumes of 0.5 % sod ium chlo ride and with I %sod ium carbonate. The
resin was then washed extensively with dist illated water, packed in a I x 10 em column
and equilibrated with 0.2 M Tris-HCI butTer at pH 7.5.

Chromatographic method
A l-mg a mo unt of adriamycin was dissolved in I ml of 0.2 M Tris-HCI butTer

at pH 7.5. Thi s solut ion was then added to an equivalent volume of a DNA solution
(2 mgjml) prepared in the sa me bu ffer. The mixture was st irr ed until the complex
was dissolved . The complex was then passed through an Amberlite XAD-2 resin
column (I x 10 em) and eluted with two column volumes of buffer. The free drug was
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Simultane Bestimmung von reduzierenden Zuckern und Zuckeralkoholen

M. H. SIMATUPANG, M. SJNNER und H. H. DIETRICHS

lnstitut Jur Holzchemie und chemische Technologie des Holzes der Bunde.lj(JrschunKswlstalt jiir Forst
und HolzwirtschaJt, Reinbek/Hamburg (B.R.D.)

(Eingegangen am 19. August 1977; geandertc Fassung cingegangcn am 15. Marz 1978)

Hydrolysate von verholzten Pflanzenmaterialien enthalten grossere Mengen al
Glucose neben Mannose und/oder Xylose sowie kleinere Anteile Arabinose unl
Galactose. Durch katalytische Hydrierung dieser Zucker entstehen Zuckeralkohole
Zuckeralkohole haben eine gewisse technische Bedeutung und werden zum Teil aucl
als Susstoff in Lebensmitteln verwendet. Die simultane Bestimmung eines Gemische
aus den obengenannten Zuckern und die durch katalytische Hydrierung daraus ge
wonnenen Alkohole wurde bereits beschrieben I. Diese verteilungschromatographisch
Methode mit einem Athanol-Wassergemisch als mobile Phase ergab eine gute Tren
nung, ist jedoch zeitraubend. Die ionenaustauschchromatographische Trennun,
einiger Zuckeralkohole mit einem Stufengradienten2 unter Verwendung eines Borat
puffers wurde ebenfalls in der Literatur beschrieben3

,4. Nachfolgend wird eine ein
fache Methode zur simultanen Trennung von reduzierenden Zuckern und Zucker
alkoholen dargestellt.

EXPERIMENTELLES

Die verwendete Apparatur ist eine NC 11 P (Technicon, Frankfurt/Mair
B.R.D.), die mit einer Glastrennsaule (250 x 5 mm) und einer Probenschleife am
gerustet ist. Die Trennsaule war mit einem in der Boratform vorliegenden Anioner
austauscher (Typ Durrum DAX 4, Korngrosse 20,um) gefUllt. Die mobile Phas
wurde durch Auflosen von 0.11 M Kaliumtetraborat und 0.17 M Borsaure in I I
hergestellt. Fur die angegebenen Trennungen wurde der Puffer verdunnt (4 Teil
Boratpuffer und I Teil Wasser)6. In frischem Zustand hat der Boratpuffer einen pH
Wert von 8.8, wie es auch von Floridi 5 angegeben wird. Nach kurzer Zeit steigt de
pH-Wert, bis er konstant auf 9.2 bleibt. Die hier angegebenen chromatographische
Trennungen wurden mit solch einem Puffer durchgefUhrt. Das Sauleneluat wurd
in drei Teile zerlegt, zwei dienten der Bestimmung von Zuckeralkoholen un,
Zuckern. Der dritte Teil wurde in diesem Fall verworfen, kann aber gegebenenfall
fUr den Nachweis anderer Verbindungen verwendet oder in einem Fraktionssammle
aufgefangen werden. Eine schematische Darstellung des Analysensystems zeigt Fig. I

Zum Nachweis reduzierender Zucker und Ketozucker diente Neocuproin 7 ode
Orcin-Schwefelsaure5

• Zuckeralkohole wurden zunachst mit 0.01 M Natriumperjod2
in 0.1 N Schwefelsaure oxidiert2

• Nach Zersetzung des uberschussigen Perjodats m
0.5 M Natriumarsenit1 wurde der gebildete Formaldehyd mit einem Gemisch aus
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DMS=Dopp"fm isehschlong.
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Fig. I. Schema des An alysensy sterns zu r simu lta nen Trennung von red uzie rende n Zuckern und
Zuckeralh okolcn .

M Ammon iumacetat , 0.06 M Acetylaceton und 0.07 M Essigsaure" beiA20 nm nach
gewiesen. Urn das Fliessverhalten des Flu ssigkeit sstrorns in dem Nac hweissystem zu
verbessern, ist der Zusatz eines Dete rgenzes (Brij-3 5) zu der Arsenitlosung erforder
Iich. Die verwendeten Chemikalien und Vergleichssubstanzen lieferten Merck (Dar m
stadt, B.R.D.), Riedel de H aen (Seelze-Hannover, B.R.D.) und Serva (Heidelberg,
B.R.D.).

ERGEBN ISSE UN D DISK USSrON

Ein Chromatogramm eines Gemisches aus redu zicrenden Zuckern , das etwa
der Zusammensetzu ng eines Fichtenholzhydrol ysates ent spr icht , sowie von Zuc ker
alkoholen, die aus soleh einem Hydrolysat gewonnen werden konnten, ist in Fig. 2
dargestellt. Fur die reduzierenden Zucker wird eine ausreichende Trennung erzielt.
Mannit und Galact it sind dagegen bei dieser Analyse nicht voneinander getrennt.
Durch eine reduzierte Durchflussgeschwindigkeit des Boratpuffers von 0.8 ml auf 0.5
ml pro min sind diese beiden Zuckeralkohole zu trennen (F ig. 3). Einfacher ist es,
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CHROM.I0,993

Note

Separation of mixtures of atranorin and chloroatranorin by thin-layer
chromatography

J. L. RAMAUT*, M. BROUERS, E. SERUSIAUX*' and M. CORVISIER

Laboratoire de Botanique pharmaceutique et de ChimiotQxonomie et Laboratoire de Rotanique systema
tique et de Phytogeographie, Universite de Liege, Sart Tilman, 4000 Liege (Belgium)

(First received December 12th, 1977; revised manuscript received March 9th, 1978)

Atranorin (Fig. 1) is the most frequently encountered para-depside in lichens.
It occurs frequently together with chloroatranorin (Fig. I). It seems possible that
the joint occurrence of these two "lichen acids" is dependent upon environmental
factors.

R CH3H3j----\H
H0D-C00D-CooCH3
OHC OH H CH 3

Fig. 1. Structural formula of atranorin (R -- H) and chloroatranorin (R - CI).

Atranorin and chloroatranorin have been effectively separated by column
chromatography on alumina by Seshadri and Subramanian l

.

Although several authors have tested and improved the thin-layer chromato
graphy (TLC) of lichen substances, especially depsides and depsidones24 (see San
tessonS for a review), separation by TLC and identification of chloroatranorin mixed
with atranorin remain very difficult (see Table I).

In this paper, we describe a new method that allows a good separation by
TLC of mixtures of chloroatranorin and atranorin. The absorption of pure isolated
chloroatranorin is measured in the UV region of the spectrum.

MATERIALS AND METHODS

Preparation of the lichen extracts
Two specimens of Everniopsis trulla containing atranorin, chloratranorin and

usnic acids were analysed: the first one was collected in Africa, Zaire, Khuzi massif,
S.W. versant, 2250 m by Lambinon (71/1272, LG); the second one was collected in
1926 in South America, Peru, Apurimac Valley, Cuesta de Limatambo, 3450 m, by
Herrera (FH).

*To whom requests for reprints should be sent.
.. Aspirant of the Fonds National de la Recherche Scientifique (F.N.R.S.), Belgium.
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CHROM. 11,024

Note

Simplified o-phtalaldehyde urea spray for the detection of taurine on thin
layer chromatographic plates

JEFFREY LEFKOWITZ and ARTHUR SOHLER·

Brain Bio Center, Princeton , N.J. 08540 ( U.S.A.)

(First received December 1st , 1977 ; revised manuscript received March 21st, 1978)

Taurine (2-aminoethanesulfonic acid) is a compound whose physiological
significance has not been completely elucidated . Several important roles have been
proposed for this compound including neurotransmitter function , anti-epileptic,
regulation of absorption and digestion of lipids, effects on eating and drinking
behavior, and a role in depressive illness' .

Recently we have studied taurine in mixtures of am ino acids and in plasma
using thin-layer chromatography (TLC) . We adapted the o-phthalaldehyde (OPT)
urea reaction originally described by Curzon a nd Giltrow' and subsequently modified
by Gaitonde and Short- to the detection of taurine on TLC plates.

Curzon and Giltrow! used OPT to detect taurine and other amino acid s on
paper chromatograms. Subsequently Gaitonde and Short" developed a quant itative
spectrophotometric assay for taurine involving the reaction of taurine with OPT in
the presence of urea. We have modified the reagents employed by Gaitonde and Short
so that the react ion can be conveniently run on TLC plates by employing a single
reagent incorporating the OPT and urea.

The reagent was modified as follows. An amount of 30 g of urea was dissolved
in 90 ml of 0.01 M sodium phosphate buffer pH 6.8 to which was added 10 ml of
a 4 % (w/v) OPT solution in methanol. The chromatograms were sprayed with thi s
reagent. The plate was sto red at 4° for 5 min . It was then sprayed with glacial acetic
acid . Taurine under these conditions produces a brown spot which cha nges to purple
over a period of 10 min. The onl y other amino acid producing a purple reaction is
glycine. Glycine, however, can be readily separated from taurine.

Chromatography was carried out on Quantum LQD silica gel plates using
95 % ethanol-water (63 :37, v/v) as the solvent system. Volumes of 5,u1 of amino
acid solutions (5,umoles/ml) were spotted. Under these conditions, glycine moves
with an R F value of 0.55 wh ile taurine has an R, value of 0.71.

The limit of detection for taurine using the modified spray is 6.25 ' 10- 7 g
(5 nmoles).

We believe the modified OPT-urea spray adapted to silica gel plate may be
of value in studies of taurine metabolism.

REFERENCES

I K. H. Tachiki, H. C. Hendrie, J . Kellams and M. H. Apri son, Clin. Chim. Acta, 75 (1977) 455.
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