A high performance dis-
posable cartridge and
reusable holder make the
Brownlee MPLC™ Guard
Column a unique concept
in LC protection.

When placed in front of
expensive analytical columns,
Brownlee MPLC Guard
Columns filter out harmful
particles and remove strongly
adsorbed compounds from
the sample. Result: im-
proved performance and an
extended active life for the
total LC system

Prolongs column life

By removing impurities
before they reach the analyti-
cal column, Brownrlee MPLC
Guard Columns prolong

the useful life of the column.

Lowers cost

The use of Brownlee MPLC
Guard Columns can prolong
the life of an analytical column
about fourfold and save you
about 50% In total column
costs

More efficient than pellicular
guard columns

Brownlee MPLC Guard
Columns employ 5um and
10um lotally porous shurry-
packed cartridges That
means that a Brownlee
MPLC Guard Column with-
stands more injections than
a pellicular guard column.
A slurry-packed guard
column acts like a

high efficiency extension

of the analytical column and
does not degrade total
performance

MPLC

Brownlee Labs

Versatile

You can choose from twenty-
two different cartridges for a
better match of guard column
stationary phase with your
analytical column

Qrder from a Brownlee distrib-
utor, or from Brownlee Labs Inc.,
2045 Martin Ave , Santa Clara.
Ca. 95050, USA Telex 171 156.
Telephone 408/727 1346

MPLC" Guard Columns.

For economy and protection,
no lab should be without
them.
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We're Helping Make
Liquid Chromatography
Better For You

New Programmable Ternary Mixer Is Just One Reason Why

HPLC separations are getting easier
and better. Here are some ways
we're helping.

New Programmable Ternary Mixer
improves your gradient capability.
Lets you low pressure blend three
solvents, holding one constant while
varying the other two. Needs no ex-
ternal control module to do complex
gradient analyses. Requires only
one solvent delivery system, making
your separations much more
precise. With this new mixer, we
now offer you the simplest, least ex-
pensive and most reliable gradient
HPLC system of its kind on the
market.

Popular Automatic Injector gives
you unmatched dependability. The
725 Autolnjector has more years of
trouble-free operation than any
other automated sample injector in
the world.

Patented HPLC pump design gives
you unsurpassed sensitivity during
solvent delivery. The 750 Solvent
Delivery System offers pulseless
flow without pulse dampeners.

Sophisticated Control Module con-
trols everything from sample injec-
tion to data reduction and printout.
The 740 Control Module can store
10 analytical methods in memory
and up to four programs can be
linked in sequence for completely
unattended analyses.

Choose from individual compon-
ents or integrated systems. From
simple isocratic to completely
automated integrated gradient
systems, Contact Micromeritics In-
strument Corporation, 5680 Goshen
Springs Rd., Norcross, GA 30093
U.S.A. (404) 448-8282.

[©i micromeritics’

Making Liquid Chromatography Better For You
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ELECTROCHEMICAL
DETECTORS
for
LIQUID
CHROMATOGRAPHY

FEATURES APPLICATIONS
e picomole sensitivity e phenols
e high selectivity e aromatic amines
¢ |ow dead volume e indoles
e 106 linear range e sulfhydryl compounds
¢ |long electrode life e nitro compounds

e |low cost e organometallics

A complete line of electrochemical detectors, liquid
chromatographs, and accessories is available to solve
your trace analysis problems. For under $2,000 your
reverse-phase liquid chromatograph could be de-
tecting subnanogram quantities of many drugs,
metabolites, organic and organometallic pollutants,
and important industrial additives. Write for our
descriptive brochures.

@ BIOANALYTICAL SYSTEMS INC.

P. O. Box 2206
Purdue Research Park
West Lafayette, Indiana 47906 317 - 463-2505
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Optimal materials for HPLC

Packing materials
Prepacked columns(individually tested with chromatogram or batch tested )

The packing material of a good HPLC prepacked column is decisive. Quality
should be the prime consideration, since even the most expensive and best
instruments will not give optimal separations, if savings are made at

the expense of the column

Trust our packing materials and columns. Test for yourself NUCLEOSIL®
and POLYGOSIL®, one chromatogram says more than a thousand
words! Our new price list for prepacked columns will also help
convince you.

Free information on packing materials, pre-

packed separating columns, precolumns,

applications, packing methods etc. is available

on request. - =

Separation of digitalis glycosides with NUCLEOSIL® 10Cig
F. Erni and R. W. Frei, J. Chromatogr. 130 (1977) 169-180

MACHEREY-NAGEL - DUREN

P.OBox 307 - D-5160 Diiren, Germany - Phone (02421) 61071 - Telex 0833893 mana d
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$65,000,000 worth
of HPLG investments

In absorbance and fluorescence, Schoeffel
detectors are the standards for demanding
liquid chromatography applications. Not only
among chromatographers, but also among
several leading LC instrument manufacturers
who specify our detectors for use with their
LC systems.

That's why the SF 770 spectrophotometric
detector, and the FS 970 spectrofluorometric
detector find such widespread use—more so

than any other detector of their respective types.

Which came as no surprise to us. We de-
signed the SF 770 and the FS 970 to set the

Kratos HI5LC

the accent is on performance.

FS970
Unique 5 pl, 2r Steradian cuvette. Optional

The l;st spectrofluorometer designed for HPLC.

SF770

Variable wavelength: 190-700nm. Low noise.
The only double beam detector that offers
background corrected wavelength scanning.

pace for others to follow. For pure perform-
ance, they have indeed set the pace. And
continue to do so.

Shouldn’t your HPLC investment depend on
one of our detectors? Contact us and find out
why we think it should. Over 4500 users have
already agreed with us.

Write for our catalog. Kratos, Inc., Schoeffel
Instrument Division, 24 Booker St.,
Westwood, N.J. 07675. Phone 201-664-7263,
Telex 134356. Offices in Manchester, U.K,,
and Trappenkamp, W. Germany. World-

wide representation.

Schoeffel
Instruments
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Get Analtech’s New Product
Catalog FREE and find

out what’s new in thin
layer chromatography.

You'll see TLC techniques
with high-performance resulis!

@ Extra-High-Performance TLC. ® Reversed Phase TLC.

10-15 micron cle size for For “scouting” HPLC column
premium ormance at chromatography systems and
standard thin layer prices. forlsepurutlng lipophilics
at cost.
@ Hard Layer TLC. sk

Faster separations, no duma?e
when stacked. and compatible
with aqueous solvent systems.

® Clearer TLC separations.
Improved accuracy, and
greater reproducibility
—with all UNIPLATES.

For the TLC expert, or anyone who wants
to become one, the new ANALTECH
catalog is a must. Hundreds of analytical
and preparative plates, PRE-Scored,
PRE-Adsorbent, PRE-Channeled and a
new line of bulk adsorbents.

Also, a full line of TLC accessories,
including stainless steel and glass de-
veloping chambers, plastic drying
racks, and UV visualization products.

Use the Reader’s Service Card,
write, or call TOLL FREE
1-800-441-7540; but do it now

%rﬁ(é éiac::lt g s 75 Blue Hen Drive » Newark, DE 19711
og! Telephone 302-737-6960

I's must reading. ANALTECH The Preferred Source”’

ANALTECH, INC.

SEE US AT THE PITTSBURGH ANALYTICAL CONFERENCE,
BOOTH No. 053, ATLANTIC CITY, N.J., MARCH 9 - 13, 1981.
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Don’t play hide and seek
with every LC peak

ISCO absorbance detectors deposit each peak
into a separate test tube

In this example, peaks began eluting when
timed fractions 3 and 5 were partially collected.
The detector signatled the fraction collector to
advance as soon as each peak appeared. At the
l' . conclusion of each peak, the tubes were ad-

| o vanced again and timed collection resumed.
Peaks are isolated in tubes 4, 6, and 8.

lllllllvllllllllll'llllllli'llll‘lllllllIllll vew

Peak separation is available on ISCO’s UA-5 multi-wavelength
detector and Model 1840 variable wavelength detector. Both instru-
ments give you the high sensitivity, fast response, and small volume
flow cells necessary for HPLC. Accessories for the UA-5 provide
automatic scale expansion and the capability of monitoring two
columns at once or one column at two wavelengths. The Model 1840
provides continuous wavelength selection from 190 to 625 nm,
double the normal deuterium lamp life, and many other
features all at a price comparable to many fixed wave-
length detectors.

These are only some of the advantages making 1ISCO
the best selling absorbance detectors. Phone toll-free
[800] 228-4250 now for our current catalog, or write s
ISCO, Box 5347, Lincoln, Nebraska 68505, U.S.A.
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Basic lab tasks prove
this LC team performs best.

You can judge an LC system by
its quantitative, qualitative and
preparative capabilities. That's
why everything else in the field
gives way to this quartet of
Perkin-Elmer LC instruments.

1. The SERIES 3B solvent de-
livery system: the most powerful
around. Its dual pumps can
run independently on separate
analyses, or together on one
analysis, for faster throughput or
solvent programing. Its flow
rate range of 0.1-60 ml/min., the
widest anywhere, allows this
one pumping system to be used
for both analytical and prepara-
tive work.

2. The Model LC-75 spec-
trophotometric detector: its lin-
earity over a wide dynamic
range makes quantitative analysis
reliable. Precise wavelength
resettability in the far UV and vis-
ible ranges eliminates frequent
recalibration.

3. The Model LC-75 Autocon-
trol: used with the LC-75, it
gives you the most advanced
peak analysis system available
today. You get qualitative data on
submicrogram samples like
never before.

4. The SIGMA 10B Chroma-
tography Data Station: the
computer that automates the sys-
tem. You can set up different
conditions for different samples,
successive injections at different
solvent concentrations, and differ-
ent analytical wavelengths for
different methods. Here's an
example:

Pharmaceutical analysis

Check this run showing an extrac-
tion from a fat-soluble vitamin
tablet.

Chromatogram of
Extracted Tablet for

0.64 vIT
£ Fat-Soluble Vitamins

viIT
A Conditions
Column: RP-8
Mobile Phase:
93.5%AINA+B
A= MeOH
B = 0.005 Hexanesulfonic
Acid in H20
vIT pH28
o} Flow: 2 mI/min
Detector: 265 nm
0 Sample: Extracted Tablet

[ —)
0 4 8 12 min

To assure that peaks were
correctly identified, stopped-
flow spectra were obtained—
for example, only the peak
eluting at about 5.5 minutes ex-
hibits the strong absorbance

at 266 nm which is characteristic
of vitamin D.

Fat-Soluble Vitamins:
Stopped-Flow Spectrum
of Vitamin D

ABSORBANCE
8

TR

—
200 250 300 350 400 nm

Don't put your money on an LC
system that’s less than you need.
Our free literature kit covers the
Perkin-Elmer LC hardware and
technology in detail. Contact

your Perkin-Elmer representative,
or write today.

Perkin-Elmer Corp ., Analytical Instruments

Main Ave (MS-12), Norwalk, CT 06856
US.A Tel (203) 762-1000

PERKIN-ELMER

Responsive Technology
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a book addressed to today's problems in
polymer research, development, and processing . .

Liquid Chromatography of
Polymers and Related Materials 11

(Chromatographic Science Series, Volume 13)

edited by JACK CAZES, Waters Associates, Inc., Milford, Massachusetts
XAVIER DELAMARE, Waters Associates, S.A., Paris, France

June, 1980

This timely volume brings together papers presented at
the International Liquid Chromatography Symposium IV
on Liquid Chromatographic Analysis of Polymers and
Related Materials. The papers describe new techniques of
gel permeation chromatography, and include data that
have never before been published.

Liquid Chromatography of Polymers and Related
Materials II will provide polymer scientists and technol-
ogists in both industrial and academic settings with better
insight into the development of new polymers and plastics,
as well as means for the quality control of polymers cur-
rently in production.

This volume will be of utmost interest to researchers and
polymer processors who need to control the quality of
polymer products, to liquid chromatographers, and to
other analytical chemists dealing with polymers and
polymer additives.

272 pages, illustrated

CONTENTS: Problems Encountered in the Determination of Average
Molecular Weights by GPC Viscometry, J. Lesec. High Performance Gel
Permeation Chromatography of Polymers, J. V. Dawkins. Investigations
Concerning the Mechanism of GPC, A. M. Basedow and K. H. Ebert. Poly-
mer Retention Mechanisms in GPC on Active Gels, J. E. Figueruelo, V. Soria
and A. Campos. Problems in Multiple Detection of GPC Eluents, R, Bressau.
Aqueous Gel Permeation Chromatography: The Separation of Neutral Poly-
mers on Silicagel, J. 4. P. P. van Dijk, J. P. M. Roels and J. A. M. Smit.
Utilization of Multidetector System for Gel Permeation Chromatography,
Z. Gallot. Molecular Characterization of Degraded Polymers, K. B. Abbas.
Characterization of Polymers with Long Chain Branching-Development of
the Molecular Weight and Branching Distribution, G. N. Foster, T. B.
MacRury and A. E. Hamlelec Gel Permeation Chromatography of Nitro-

lose, A. F. Ci h C. Heathcote, D. E. Hillman and J. I. Paul.
GPC and Viscometric Investigations on Grafting Reaction of SAN onto
EPM Elastomer, 4. DeChirico, S. Arrighetti and M. Bruzzone. GPC of Poly-
amides, D. J. Goedhart, J. B. Hussem and B. P. M. Smeets. Contribution of
Gel Permeation Chromatography (GPC) to the Characterization of Asphalts,
B. Brule.
ISBN: 0—8247—6985—6

and don’t forget this outstanding collection of papers
from the First International Symposium on Liquid
Chromatographic Analysis of Polymers and Related Materials . . .

Liquid Chromatography of Polymers and Related Materials

(Chromatographic Science Series, Volume 8)

edited by

JACK CAZES

Waters Associates, Inc,
Milford, Massachusetts

192 pages, illustrated

“Dr. Cazes of Waters Associates, Inc. has done a fine job in bringing this

collection together for the benefit of both academic and industrial poly-

mer chemists, analytical chemists and of polymeric processes.”’
Polymer News

ISBN: 0-8247-6592-3

MARCEL DEKKER,INC.

270 MADISON AVENUE, NEW YORK, N.Y. 10016 - (212) 889-9595
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THE EFFECT OF THE CONCENTRATION AND INJECTED VOLUME
OF POLYMER SOLUTION
IN SIZE EXCLUSION CHROMATOGRAPHY

Josef Janca
Institute of Macromolecular Chemistry,
Czechoslovak Academy of Sciences,
162 06 Prague 6, Czechoslovakia

ABSTRACT

The concentration and total injected volume of
polymer solution affect elution volumes in size exclu-
sion chromatography. When selecting optimal experimental
conditions for both analytical and preparative separa-
tion, it must be considered wheter it is more advanta-
geous to inject a smaller volume of solution of higher
concentration, or vice versa. Theoretical analysis by
means of derived equations and experimental results
showed that if the injection conditions are chosen so
that the contribution to the total width of the elution
curve due to injection width is negligible within the
limits of experimental error, and the total amount of
the injected polymer is constant, the ratio of concen-
tration to the injected solution volume may be chosen
within broad limits without affecting the results of
separation to any considerable extent.

INTRODUCTION
Important experimental factors which should be
considered in choosing optimal experimental conditions
in size exclusion chromatography (SEC), particularly

in the separation of polymers, are the concentration

Present address:Institute of Analytical Chemistry,
Czechoslovak Academy of Sciences, 611 42 Brmo,
Czechoslovakia
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and total injected volume of polymer solution. In ana-
lytical separations it is important to reach a high-
quality signal of the detector used, i.e. a sufficient
difference between the detector response to the elua=
ting polymer solution, on the one hand, and the noise
of the base-line on the other, to make results of the
calculation of molecular weight distribution sufficien-
tly reproducible, In preparative separation it is de=-
sirable to have the highest possible amount of the fra-
ctionated polymer sample in one injection, so that it
would not be necessary to inject a limited amount of
the polymer repeatedly, which makes the fractionation
considerably more labour- and time-consuming., It is
generally known that the injection of the sample must
be as short as possible, or in other words, the injec-
ted volume of polymer solution must be as small as
possible to prevent an additional broadening of the
elution curve. In such a case the concentration must

be sufficiently high to satisfy the requirement on the
detector response. It is also well known that with in-
creaging concentration of the injected polymer golution
the elution volume also increases. This phenomenon is
usually called the concentration effect and has been
investigated by many authors (cf.ref.1). A complete the-
oretical model quantitatively describing concentration

effects in the SEC of polymers has been reported in an
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earlier paper (1). Hence, for experimental purposes one
must choose an optimal compromise between the contradice
tory requirements just outlined,

Let us start with the maximal acceptable injected
volume of polymer solution, For the overall width of
the elution curve, Wn, We have, according to the rule

of additivity of second central moments or variations

> 2 2
wp = Wl + Wp + Wg 1)

where W is a contribution due to injection, proportio-
nal to the injected volume, wp is a contribution due to
the polydispersity of the sample, and We is a contribut-
ion due to spreading in separation columns, connecting
capillaries and in the detector.

Instead of w, the width of the chromatogram may
alternatively be described by using the standard deviat-
ion, 0. If the elution curve and injection function may
be approximated by the Gaussian curve, the width of each
contribution, w, is equal to fourfold standard deviation
0 .If we consider a certain per cent experimental error
in SEC, we may calculate the highest wp So as to put its
contribution to Wn within the limits of this experimental
error, First, we determine the upper limit of W, and

thus the maximal injected volume, which is still accep-
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table with respect to experimental error,Purther, we
find out whether it is better to inject such a maximal
solution volume at a minimal concentration at which the
ratio of detector response to the noise of the base-line
is sufficient, or a smaller solution volume at a higher
concentration, and examine the role of concentration
effects in this case.

Thus, for analytical SEC we have to determine if
in the case of injection of a certain amount of polymer
in solution acceptable with respect to the sensitivity
of detection one has to prefer injection of a larger so-
lution volume at a lower concentration, or vice versa,
For preparative fractionation by means of SEC in those
cagses where the maximal capacity of the geparation should
be employed, one has to determine the upper limits of
concentration and injected volume at which the influen-
ce of spreading caused by injection and of concentration
effect on the results of fractionation is still accept-
able, Similerly to the analytical SEC, in those cases
where it is not necessary to employ the maximal capacity
of the separation system, one has to determine optimal
conditions with respect to the concentration and total
volume of the injected polymer solution.

In order to express quantitatively the dependence

of the elution volume Ve on concentration 81 and on the
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total amount of the injected polymer solution (which may

be characterized by the standard deviation of the injec-
tion function OI), we employ theoretical relations deri-

ved in our earlier papers (1-3). At infinite dilutionm,

the linear part of the dependence of the elution volume
eo?

v on the hydrodynamic volume, VeE of separated ma-~

cromolecules may be described by an empirical equation

Voo = P+ Qln (vee)) (2)

where P,Q are constants, v is the volume of an unswollen
coil and €, is a dimensionless swelling factor at infini-
te dilution (4).The elution volume Ve depends on concen-

tration according to a relation

2 22
BTg-O ond + Bg-O
V= P+Q[in v o+ 21 g e 1n ( i £ Ly
(UT-UI)A OpA + BgOp
BgIOI 0% n (A B )
- e m ax F o AR + Sfy -
(Op+0.)A 07-07
2
g O.A + Bg- O
T il T T
- - S
o N T
2 22
. 2[N]gr0 2 ky[n|"s70 o}
OO 05 - o o
MY T I I

derived in our earlier papers (2,3) for a change in v
with concentration due to a change in the effective di-

mensions of separated macromolecules and dynamic vis-
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cogity phenomena, In Eq.(3), A and B are constants de-

fined by

€y~

1 1
A=—, B=—( (4)

CO gX E:O
where 8« is a critical concentration (4) at which di-
mensions of the macromolecules in solution are the same
as under the theta thermodynamic conditions;[ﬂ]is in-
trinsic viscosity, kH is the Huggins constant and kis
a constant characterizing the given separation system
with respect to the contribution of the dynamic visco~
sity phenomenon (1-3) and still having an empirical cha-
racter, In addition to the mentioned contributions, i.e.
to the change in the dimensions of geparated macromole-
cules and viscosity phenomena, some complementary contri-
butions may also be taken into account (1), Since the
physical meaning and the absolute value of these contri-
butions have not yet been explained unambiguously (5),
they are not considered here, The above relations may be
employed for a theoretical estimate of the effect of con-
centration, grs OT of the injected volume of polymer so-
lution characterized by O; on the elution volume Ve whi-
le maintaining the total constant amount of the injected

sample characterized by the product gr X 0.
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EXPERTMENTAL

A1l SEC measurements were performed using an appa-
ratus built at this Institute., A differential refracto-
meter R-403 (Waters Associates, Inc.,, Milford,Mass. USA)
was used as the concentration detector. The separation
columns were packed with silicagel Porasil (Waters), ty-
pes B, D, E, and connected in a series comsisting of
two columns of each type in the order 2xE, 2xD, and
2xB. The whole separation column system was thermostated
at 25% 0,5°C, Tetrahydrofuran distilled from cuprous chl-
oride and potassium hydroxide was used ag solvent, with
the flow-rate 0,375 ml/min, The elution volumes were mea-
sured by using a siphon, 1.704 ml in volume. The separa-
tion system was calibrated by means of polystyrene (PS)
standards (Waters). The calibration plot is shown in Fig.
1. Solutions of PS standards at concentrations of 0.05 %
(w/v) were injected using a six-way injection valve (Wa-
ters) provided with a loop, 1.636 ml in volume. The ef-
fect of the ratio of concentration to the injected vo-
lume at a total constant injected amount of the polymer
was determined with a PS standard, molecular weight M=
694 000 (Rnauer, Oberursel, FRG). The injected concentra-
tions in this case were 0.2, 2, and 4% (w/v), the cor-

responding injected volumes were 1.25, 0.125, and 0,0625
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ml,respectively., These volumes of solutions of the PS

standard were injected with the loop switched into a hy-
draulic circuit for 200, 20, and 10 sec.Hence, the total
injected amount of the PS standard was 2.5 mg in all ca=-

Ses,.

RESULTS AND DISCUSSION

The attainable reproducibility of elution volumes
in liquid chromatography, and hence in SEC, lies approx-
imately in the limits % 0.1%. This means that if the wi-
dth of the injection W is to affect the resulting Wp on-
ly within the limits comparable with experimental errors
of the elution volumes, WT/WTO must be equal to the ma-
ximal value 1.001, Wng is a hypothetical width of the
elution curve for a case where wp = 0. With respect to
Eq.(1) it holds that

2

W_% + 1 = (1.001)°2 (5)
Wg

Since it holds approximately that Wp RS W , we obtain

To
after the rearrangement of Eq.(5)

Zo_ VG.o0m? -1 = 0.0447 (6)

Wp

Hence, under the given conditions the maximal injection
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width characterized by W is approximately 4.5% of Wne
In a theoretical investigation of the effect of
the ratio of concentration 81 to the injected solution
volume characterized by the standard deviation of the
injection function ) Eq.(3) was employed. The total
weight amount of the injected polymer was constant. The
model calculations were performed with the experimental
parameters of Eq.(3) from our earlier paper (3). These
values are summarized in Table 1, The separation system
used in this paper was degigned in order to cover a wi-
de range of molecular weights of the polymers (cf., cali-
bration plot in PFig.1), and has already been employed be-
cause of its high efficiency in the determination of mo-
lecular weight distribution of many polymers. At the sa-
me time, such a system is most frequently used in many
laboratories., In our case we had no suitable polymer
standard with narrow molecular weight distribution and
with a sufficiently high molecular weight which would
allow us to determine reliably the constant k necessary
for the calculation of Ve using Eq.(3). This empirical
constant is determined by measuring the concentration
dependence of Ve for a totally excluded polymer sample
(2). The results of model calculations are summarized
in Table 2, which also gives changes (in per cent) of
the elution volumes AV, due to the particular contribu-

ting processes, as well as the total change (again in
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FIGURE 1, Calibration plot of the column separation

system

per cent) of the elution volume AVé caused by a change

in gI/GI at a constant gIXGI.In the first set of AV, va-
lues in Table ‘2, the value of 81x 0= 0.05; up to OI=O.05
the requirement that 0 should be approximately 4.5%

of 0T=1.75 is fulfilled., It can be gseen that within the

whole range O.OO1§OI§O.1 or in the respective concentrat-

ion range covering two orders of magnitude, O.5%§gI§50%
(w/v), the total change AV, and the particular changes
corresponding to the contributing processes are almost

constant; AVeslightly decreases from approximately 6.5%
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to approximately 5.8% with concentrations ranging between
50% and 0.5% (w/v). Only if O distincly exceeds the li-
mit of 4.5% from Op, i.e. for gy = 0.1 and 0.5 at Og =
1,75, and if the concentrations are lower than 0.5% (w/v)
the decrease in.AVe with concentration is distincly stee-
per, In the second set of AVe values in Table 2, grx0r =
0.25, which is five times higher than in the preceding
case., The AVé values expressed in per cent are therefore
also correspondingly higher., In this case the dependence
of AV, on concentration is evidently steeper than in the
preceding case, even though, e.g., an increase in concen-
tration from 81 = 5% to 10% (w/v) causes a change in AVe
from c. 35% to c. 37%, i.e. a relatively small change.
Similarly to the preceding case, a steeper decrease in
this dependence occurs in the range of low concentrations
or of high Or- 0f course, the O values in the second

set are higher in most cases than 4.,5% from Ope It may

be inferred from the results of the theoretical calcula-
tion that a rise in concentration compensated by a si-
multaneous decrease in the injected volume of polymer
golution (with the same total injected wight amount of
the polymer) leads to an increase in the elution volume.
However this change in most of the practical applicati=-

ons is almost comparable with experimental errors,and
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hence almost negligible, providing that OI compared with
Onp lies within the limits determined in advance with re-
spect to the required precision of fractionation.

The results of an experimental study of the effect
of the ratio of concentration to the injected volume of
the PS standard at a constant total weight amount of the
injected polymer are summarized in Table 3, The experi-
mental procedure has been desribed in the Experimental.
The concentration range exceed one order of magnitude
from 0,.2% (w/v) to 4% (w/v), with the respective injec-
ted volumes of the solution of the PS standard 1.25 to
0,0625 ml, As documented by the results in Table 3, the
elution volume Ve remained the same within the limits
of experimental error in all these cases, A similar ex-
perimental finding has been described by Moore (6).
Also, the polydispersity MW/Mn of this standard calcul-
ated from direct experimental data without corrections
is virtually unaffected by variation of the experimental
conditions of injection. For the sake of comparison, we
also injected 1.25 ml of a solution of the PS standard
at the concentration 2% (w/v ), i.e. a tenfold weight
amount of the polymer (25 mg). The resulting elution
volume is higher by more than 9% compared with the pre-

ceding measurements. The experimental results confirmed
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excellent agreement with the preceding theoretical cal-
culations., They also demonstrated that in the range whe-
re the width of injection within the limits of experi-
mental error is megligible, (compared with the width of
the elution curve), the injection conditions, i.e. con-
centration and the total volume of injected solution,
may be broadly varied (if the total weight amount of the
polymer remains constant), without any pronounced effect

on the results of fractionation by the SEC method.
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UNIVERSAL CALIBRATION AND MOLECULAR WEIGHT AVERAGES
IN GEL PERMEATION CHROMATOGRAPHY ILLUSTRATED BY
CELLULOSE NITRATE AND POLY(OXYPROPYLENE)

David M. French and George W. Nauflett
Energetic Materials Division
Naval Surface Weapons Center
White Oak, Silver Spring, Maryland 20910

ABSTRACT

The nature of the averaging process in the analysis of gel per-
meation chromatograms was examined for cases where the molecules 1in
the detector cell of the apparatus were of different molecular weight
and of the same molecular weight. When the molecules have the same
molecular weight, the hydrodynamic volume (1), [n]M, averaged across
a chromatogram was found to become KM@+l for any molecular weight
average at the elution volume corresponding to that average. [n] is
intrinsic viscosity, M is molecular weight, and K and a are the
appropriate Mark-Houwink constants. Thus when size separation is by
mo]e?ular weight, the universal GPC calibration functions include

where M, is the number average molecular weight.

Cellulose nitrate and poly(oxypropylene) were a?a1yzed using
three sets of columns and two GPC instruments. , and
[n]Mw were found to represent the hydrodynamic vo]ume s1nce these
functions fell on the universal calibration plot for nearly nono-
disperse polystyrene standards. The function [n]M, was displaced
from the polystyrene universal calibration plot by factor which
equaled My/Mph. The slopes and intercepts of the universal cali-
bration plots were found to be completely consistent with the slopes
and intercepts of the molecular weight calibration plots showing
that the Mark-Houwink constants were correct. Intrinsic viscosity -
molecular weight relations were presented for 12.0-12.6%N cellulose
nitrate and for Tow molecular weight poly(oxypropylene), the latter
relation being a correction of that of Sholtan and Lie (18).
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INTRODUCTION

Since the introduction of the concept of universal gel per-
meation chromatography (GPC) calibration by Grubisic, Rempp, and
Benoit (1) the nature of the hydrodynamic volume used in this
calibration has been the subject of a number of papers (2-8).
The expression for the hydrodynamic volume of the polymer mole-
cules in the detector cell of the GPC apparatus at any one time
was shown by A.E. Hamielec and A.C. Ouano (2) and Hamielec, Ouano,
and Nebenzahl (3) to be [n]Mp where [n] is intrinsic viscosity and
M, is number average molecular weight. These workers employed
what in effect were mixtures of polymers which had widely differ-
ent shapes at the same molecular weight. Their results showed
that the separation factor for this polymer mixture was also
[nIMn across the whole chromatogram. On the other hand as shown
by much experience there is no doubt that for a chromatogram the
use of [nlMy, where M, is the weight average mo]ecu]a; weight, for
hydrodynamic volume is ordinarily correct. This is because in
most cases only one type of polymer of one size is present. How-
ever, on thinking about the subject it became apparent that our
understanding of the averaging process in GPC statistics was im-
complete. On looking at the matter in detail it was found, as
will be shown below, that for a single kind of polymer the GPC
separation factor averaged for a chromatogram should be kMa*l at
the elution volume corresponding to M, where M is molecular weight
of any type average and K and a are the appropriate Mark-Houwink

constants, rather than only [n]M, or KM$+] at the peak elution
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volume, This conclusion was tested using GPC results on Cellulose

Nitrate and Poly(oxypropylene) samples.

ARGUMENT

Several papers (2-8) have appeared concerning the nature of
"the" hydrodynamic volume to use in the so-called universal
calibration procedure for Gel Permeation Chromatography (GPC) de-
vised by Grubisic, Rempp, and Benoit (1). Recent work by Hamielec
and Ouano (2) has shown without any doubt that the calibration
constant should be [n]Mn where [n] is the intrinsic viscosity and
Mn is the number average molecular weight at any elution volume,

The universal calibration for GPC was based on Einstein's

relation for the viscosity of a suspension of spheres (9):

] = 2 eemeeaa 1
where [n] = dintrinsic viscosity
k = a constant
N = Avagadro's number
Ve = volume of a sphere equivalent
to that of one solute molecule
M = molecular weight of solute

See Flory (10), p. 606. From Equation 1 the “hydrodynamic volume",
NVg is proportional to [n]M. Log[nIM was found to be a linear
function of elution volume for a number of polymers (1). LH%M

is an average of the size of all the solute molecules. Each
molecule will have a molecular weight, Mj, and a characteristic

intrinsic viscosity, [n];, so that:

[n]M = [n];Mi

where m is the number of molecules.
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Following Hamielec and Ouano (2), if we define [n]M as J, at
any point on the elution volume curve J will be constant although
M,/M, may vary. For that point let [n] = Zwi[n]i where wi is the
weight fraction of the ith species. That is, the intrinsic
viscosity of the polymer is the weight, or better - viscosity,
average of that of the fractions. But Jj = [n]iM;j and [n]j =
Jij/M;. Therefore [n] = Zwjdi/Mi. Hegce M= [%]‘= gﬁ;‘%}7ﬂ? .
But J is constant. Therefore M = Towi/Mg = TWMT which is the
number average molecular weight.. Hence M is My and J is [n]Mp.

In the general case as shown by Hamielec and Ouano (2) where
the Mark-Houwink relation is not the same for all molecules,
hydrodynamic volume varies with chromatographic elution volume in
accordance with:

Log [nIMp = Log A = bC = = = = = = = = = 3
where A and b are constants and C is the elution volume, a
relation which is Tinear or nearly so. If one is satisfied with
molecular size, the average hydrodynamic volumes may be calculated
statistically from hj, the height of the elution curve at any
point, and Ji = [n]M; read from the universal calibration curve

determined for standard monodisperse samples,
= Zh-i - Zh'iJ-i 1
Jy Eyare and Jy Th in volume per mol,

However, Hamielec, Ouano, and Nebenzahl (3) have devised an
approximation method to obtain M, and M, from h; and Jj.

The statistical treatment of GPC results has always assumed
that molecules of the same size in the detector cell have the

same molecular weight. For most linear polymers the assumption
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is justified. If all the molecules are of the same size and obey

the same Mark-Houwink relation, their molecular weights are the

same,
[nlyMy = [nlaMy
kMM = kMM
il = Mg

In such a case in the detector cell of the chromatograph
and at any point on the elution volume axis, M, = My = M,. If for
the whole sample the Mark-Houwink relation is the same for all the
molecules, then size separation by GPC is proportional to mole-
cular weight. Then if the same Mark-Houwink relation holds be-
tween different samples, comparison can be made between samples of
various average molecular weights on the basis of elution volumes
at these averages.

When a high molecular weight solute is polydisperse, we

write the Mark-Houwink relation:

_ a
[n] = KMy
where Kand a = constants
My = viscosity average molecular
weight

At a single elution volume if several species are present
each obeying its own intrinsic viscosity - molecular weight
relation, there will be a composite relation of the form KMso
Thus [n]Mn becomes KMgMn which can be placed in terms of one
molecular weight average only through the introduction of a dis-

persity term. If, however, at a single point on the elution



202 FRENCH AND NAUFLETT

volume curve all the molecules obey the same Mark-Houwink equation
then they are all of the same molecular weight and the expresions
Mys My, and M, have no meaning at that point and [n]M, becomes
KMa+1. If the same Mark-Houwink equation holds for all the
polymer then KMa+] becomes the size separation expression all
along the elution volume curve. Separation is point by point a-
long the chromatographic curve. If each point is associated with
one molecular weight the type of average involved in separation
does not enter the picture. When we then average a single curve,
since various amounts of polymer are associated with different
points, we will in general have various sizes and molecular

weights each of which must at least approximately fit

Log KMa+1 1° Log A - bC -=-== 4
and Log * = Log (QJE;T-- E%T C -~ ===~ 5
A
Let (E)EiT = d = G
b .
and Py = e ---—- 7
Then Log M = Log d - eC - === 8

If the molecular weight of the fractions is known one may
then calculate My, My, M, statistically for the whole polymer in
the usual manner from the observed heights of the chromatogram
and read off corresponding values of C,, C,, and C, from a plot
of Equation 8 so that one has:

Log M Log d - eCy y,p ==~ ~-9

W,V,sn
With a single polymer the three Equations 9 each connect
two variables only and have the same intercept and slope and

therefore form one curve for various samples of one kind of
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polymer. They must, since as the area of a chromatogram
approaches zero, the three molecular weight averages approach
each other,

If we substitute Equations 6 and 7 in Equation 9 and re-

arrange we obtain:

a+1

Log KM_ = log A-bC, =-===-==--~ 10

Log k* - Lo o= By, = o wmomm 1
¥ Log [nIMy -=------- 12

Log K21 - Log A -bCy == ===~ - 13
- Log [nIM,

If Equation 10 is substracted from Equation 11:
M b(Cph-C
Log "™/my, = a+l = e(Ch-Cy) - - - 14

Here Mw/Mn is the dispersity of the whole polymer.

EXPERIMENTAL
The ideas expressed above were tested using results obtained
from eleven cellulose nitrate samples with nitrogen content vary-
ing from 12.0% to 13.1% and twelve poly(oxypropylene) mixtures of
known dispersity varying from 1.03 to 1.53 (11). Two different

instruments and three sets of columns were used.

a. Materials

Cellulose Nitrate was ideally suited for our purpose since
it has a broad molecular weight distribution which varies greatly
between samples. Eleven cellulose nitrate (N/C) samples were
selected for characterization. The samples described in Table 1

were obtained from Hercules, Inc., Parlin, New Jersey and
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TABLE 1

Cellulose Nitrate Samples

Hercules Nitrogen Mol Wt,
Lot Type Content, % (a) My Osm. (b)

3569 RS-0,5" 11.95

4106 RS-5.4" 12.03 26133
1696 RS-15" 11.86 39985
4874 RS-33" 11.97 33515
4569 RS-60" 11,97 55908
4419 RS-125" 12.00 52428
7715 6" 12.60 39489
2234 10-15" 12.64 72200
7719 20" 12.61 52428
2238 36" 12,56 57700
9038 12" 13.13 57695

(a) Nitrogen was determined by the nitrometer method
according to Mil. Std. 286B

(b) Osm - Membrane Osmometer

contained 30% ethanol. Viscosity grades of the samples varied from
0.5 to 125 seconds. Molecular weights were determined by the ArRo
Laboratories, Joliet, I1Tinois in acetone solution using a Hewlett-

Packard membrane osmometer. The membrane osmometer method employed
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would best be described as dynamic rather than static and Tow mole-
cular weight impurities in the samples may not have diffused through
the membrane. The cellulose nitrate solutions were allowed to
stand two to three days to effect complete solution.
Polystyrene standards were obtaned from Waters Associates
(12)and the Pressure Chemical Company (17).
Poly(oxypropylene) samples of nominal molecular weight 400,
1000, and 2000 were obtained from BASF-Wyandotte while 4000 mole-
cular weight material was obtained from the Dow Chemical Co.
Formulation and treatment of these materials are described in
Reference 11,
The solvent for all measurements was tetrahydrofuran (THF).
b, Equipment
Two chromatographic instruments were used, a Waters Associates
Model 200 and a modified Waters Associates 202/401 with a high
pressure pump capable of reaching 2000 psi, equivalent to a Model
244, Cellulose nitrate was analyzed using both instruments. On
the Waters 200 the columns employed were 2.5 X 104 AU (Cat. No.
39715), 1 x 10° AU (Cat. No. 39716), 3 x 10° AU (Cat. No. 39717),

1 x 108 AU (Cat. No. 39718), and 1 x 10’

AU (Cat. No. 39719)
designated column set B, while with the 202/401 the columns were
102, 103, 104, 105 and 106 AU pore size called column set C.
Poly(oxypropylene) was run with the Waters 200 instrument using
columns of 2.25 x 102, 1.4 x 103, 1.4 x 103 and 3.5 x 103 AU

called column set II.
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Column sets B and II were packed with Styragel while column
set C was packed with Micro-Styragel of smaller particle size.
In all cases a flow rate of 1.0 ml/minute was used at 25°C. The
Waters 200 instrument was used at a sensitivity of four for the NC

and a sensitivity of one for the Poly(oxypropylene).

c. Calibration with Polystyrene Standards

The GPC curves were analyzed by the successive approximation
method described by Adams et al (13). The results for the column
sets are shown in Tables 2, 3 and 4 and Figures 3, 4, and 5.
The equations describing the polystyrene curves were:

Column set B, Waters 200: Log My = 11.79-0,0317C - - 16

Column set C, Waters 202/401:
Log M, = 10.27 - 0.156C - - - - 17

Column set II, Waters 200:
Log M, = 7,91 - 0.0336C - - - - 18

where Cis elution volume in m1 at the number average molecular
weight(Mp).

Polystyrene intrinsic viscosities were calculated from the
equation of Spatorico and Coulter (8). These authors reviewed
previous work and concluded that the intrinsic viscosity of poly-
styrene in THF at 25°C was best represented by

] = 1.1 x 1074 w0725, d1/g - - - - - - 19.

The product of the weight average molecular weight of the

standards and their calculated intrinsic viscosity at that
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Figure 1: Mark-Houwink Relation for 12.0-12.6% N

Cellulose Nitrate in THF at 25°C

molecular weight were plotted as the hydrodynamic volume against
elution volume at peak height. The results are shown in Tables
2, 3 ,and 4 and as Tines without points in Figures 6, 7, and
8.

d. Cellulose Nitrate and Poly(oxypropylene) Analysis

The GPC curves for cellulose nitrate and poly(oxypropylene)
were analyzed using the method described above. In the case of
cellulose nitrate the elution volumes at the peak heights were

plotted against the number average molecular weight (Mn) that had
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0.10 |
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©
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© o Mol. Wt. from OH content (18)
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'E - ® Mol. Wt. corrected for
£ terminal unsaturation
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Figure 2: Intrinsic Viscosity - Molecular Weight Relation
for Polypropylene Oxide of Narrow Molecular Weight
Distribution in THF at 20°C

been determined independently by membrane osmometry. From the
first approximate curve, the elution volumes at Mn were calculated.
These elution volumes were in turn plotted against Mn (osmometer)
forming a new calibration curve. The process was repeated and

the final calibration curve approached by successive approxima-
tions. Elution volumes and molecular weights from fractionated

N/C samples were also used to calculate calibration curves using

data of Carignan and Turngren (14).
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Results on cellulose nitrate using the Waters 200 and

213

column set B are given in Table 2 and Figure 3 while those using

the Vaters 202/401 and column set C are shown in Table 3 and

Figure 4,

molecular

.

Molecular Weight, Osmotic

1,000,000

100,000

8

6

10,000

The scatter in the points is attributed mainly to the

weight procedure.

Polystyrene
Standards

Z /

o Cellulose Nitrate - This work

= ® Cellulose Nitrate - Carignan and
Turngren (14)

- (Placed with respect to Polystyrene
Curve)

T 1T 1 T1

T

1
36 38 40 42 44 46

Elution Volume at My, Counts, 5 ml

Figure 3: GPC Calibration Curve for Cellulose Nitrate Using
Waters 200 Instrument and Column Set B
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1,000,000{-
8»—-
6 Polystyrene
- Standards o Cellulose Nitrate - This work
4 -
® Cellulose Nitrate - Carignan and
Turngren (14)
B (Placed with respect to Polystyrene
Curve)
2L
100,000 [~
8l
6
af
2+
10,000 1 1 1 't i ! [ 1 1 1 1 0 1
28 30 32 34 36 38 40

Elution Volume at M,, ml

Figure 4: GPC Calibration Curve for Cellulose Nitrate with Waters
202/401 High Pressure Instrument and Column Set C

Results of Carignan and Turngren (14) were used to give a
sufficient molecular weight range. Their data were placed with
respect to the two polystyrene curves from their paper and this

work. The cellulose nitrate calibration using column set B and
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the Waters 200 instrument was:
Log My = 11.83 - 0.0333C - - = = = = = = - 20,
With the high pressure Waters 202/401 and column set C the
calibration was:
Log My = 9.99 - 0.154C = = = = = = = = = 21

where C is in milliliters.

Molecular weights calculated from this calibration curve
(Eq. 21) for five cellulose nitrate lots are given in Table 3 .
As expected, the number average molecular weights are comparable
with those obtained using the Waters 200 and column set B which
was Qacked with Styragel as opposed to Micro-Styragel in column
set C. However, in all cases the dispersity values, My/Mp, found
with the Micro-Styragel in the high pressure instrument were
lower than found with Styragel in the Waters 200. Since standard
number average molecular weight values were used to calibrate
each instrument, the two instruments must in principle yield the
same number average molecular weights. The weight averages and
dispersity may be different since different column sets were used.
Columns of 107 AU pore size can be used with the Tow pressure
Waters 200 instrument but can not be made for the 202/401. Hence
exclusion results at high molecular weights with the Tatter
instrument.

Results on Poly(ox ypropylene) using the Waters 200 GPC and
column set II are given in Table 4 and Figure 5. The line in

Figure 5 obeyed the relation:
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Log My = 7.42 - 0.031C = = = = = = = = = = 22
where C is in milliliters.

It must be noted that this relation is given incorrectly in
the previous paper (11) which, however, does not invalidate the
other data and conclusions reached therein,

Intrinsic viscosities [n] of cellulose nitrate were deter-

mined on the samples shown in Table 1 in tetrahydrofuran (THF) at

40,000

Polystyrene
2l Standards

/

10,000
8

6l

Molecular Weight, Mp, Osmotic
-
T

1,000

40 ; )
o 20 21 22 23 24 25 26 27 28 29 30 31

Elution Volume at Mp, 5 ml Counts

Figure 5: GPC Calibration Curve for Polypropylene Oxide Using
Waters 200 Instrument and Column Set II
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25°C with results given in Tables 2 and 3 . A plot of the data
in Figure 1 gave the relation:
0.80
[n] = 000003 M, === === -- 23,
. ’ 0.84 .

This result compares with 0.00023 M, found by Timpa and Segal
(15) for cellulose trinitrate in THF at 25°C. Concentration in
both cases was in g/dl. If intrinsic viscosity in Figure 1 1is
corrected to give intrinsic viscosity of cellulose trinitrate
using the method of Lindsley and Frank (16) one obtains

[n] = 0.00018 M8°84 ----------- 24,

Intrinsic viscosities of the poly(oxypropylene) mixtures in

THF were calculated from the equation

[n] = 0.00040 MO8

, d1/g at 20°C - - - - - 25,
This relation is a modification of that of W. Scholtan and

W.Y. Lie (18). These workers determined intrinsic viscosity as a
function of molecular weight calculated from hydroxyl number. They
did not correct for the presence of terminal unsaturation which
becomes of some importance for poly(oxypropylene) above molecular
weight 2000. Using results found previously (11) terminal un-
saturation can be estimated as a function of molecular weight and
used to correct equivalent weight from hydroxyl analyses. At
molecular weight 1000 terminal unsaturation is 0.022 meq/g; at
molecular weight 2000 it is 0.033 meg/g; and at molecular weight
4000 it is 0.074 meq/g. Figure 2 shows the results of Scholtan

and Lie (18) after such a correction.
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DISCUSSION

To summarize what was done as a result of work outlined in
the previous section:

1. From known values of M, and from elution volumes were
determined calibration relations between Log M, and elution
volumes at M, in the form of Equations 15, 17, 18, 20, 21, and
22 as shown in Figures 3, 4, and 5.

2. These calibration curves were used to calculate GPC
values of My, My, MW/Mn, Cps Cy» and (C,-C,) which are given in
Tables 2 , 3 , and 4.

3. Using experimental values of intrinsic viscosity or
known Mark-Houwink constants given in Equations 19 and 25 the

1

functions [nIMys KM%+ » and [n]M, were calculated and are shown

in Tables 2, 3, and 4 .

4. The functions Log [nIMy, Log KM%+], and Log [nIM, were
plotted against elution volume as shown in Figures 6, 7, and 8
and the Logarithm of the dispersity, Mw/Mn, was plotted against
(Cph-Cy) as shown in Figure 9.

5. The slopes and intercepts of the linear curves in
Figures 6, 7, 8 and 9 were calculated and tabulated in Table 5
together with those from Equations 15, 17, 18, 20, 21 and 22 taken
from Figures 3, 4, and 5.

Since straight 1ine calibration curves were used to relate

Log M with elution volume, if Equations 10 and 11 hold, then plots

+1 i
of Log KMﬂ and Log KM:+] versus elution volume must form straight
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Line: Polystyrene Standards
3,000,000
1,000,000
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o s
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; ty
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Figure 6 : Comparison of Number and Weight Average Molecular
Weights for Universal GPC Calibration using Nitro-
cellulose Samples and Measured Intrinsic Viscosities.

lines. The line formed, however, will Tie on that of the poly-
styrene standards only if the functions KM2+] and KM3+] represent
true hydrodynamic volumes.

From the results we wish to see several things:

a. First, does Log [n]M, vary directly with elution volume

samples
for differenthand does the curve formed 1lie on the Log [n]M versus
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, d1/mol

n+1

Hydrodynamic Volume, [n]M or KM

1,000,000

100,000
8

6

10,000
8
6|
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FRENCH AND NAUFLETT

Line: Polystyrene Standards

o: [n]M, vs. Vol at M,

+
KM 3ehl vs. Vol. at Mo
= 0,

L n
(K = 0.00013 d1/g, a 80)

d 1 1 A | 1 1 1 1 1

30 31 32 33 34 35 36 37 38 39
Elution Volume, ml.
Figure 7: Low Resolution Universal GPC Plot for Cellulose Hitrate

with the Waters 202/401 Instrument Using Measured
Intrinsic Viscosities

elution volume curve for nearly monodisperse standard polystyrene

samples?

If it does not 1ie on the polystyrene curve, is the

M
factor separating the two curves the dispersity W/Mn, in

accordance with the factor between Equation 3 and Equations 10

and 117
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1000 -
[ ©: [nlM,, vs. Vol. at M
800 a+l
- e: KM, vs. Vol. at M,
600
i o: [nIM, vs. Vol. at M,
- p (K = 0.00040 d1/g, a = 0.08)
| Line:
400 Polystyrene
= Standards
E -
)
¥ 200 -
L~
]
“~
o
=
S
R 100 |-
@ A
5 80 |
C B
° 60 [
£
e B
>
B 40 |-
b=
Sy
-
20
10 1 it 1 = 1 i.
23 24 25 26 27 28
Elution Volume, Counts, 5 ml.

Figure 8: Comparison of Different Average Molecular Weights
in Universal GPC Calibration Using Polypropylene
Oxide Samples and Calculated Intrinsic Viscosities

An examination of Figures 6 and 8 shows that Log [n]M,
plotted against either volume at M, or M, does not Tie on the polystyrene
universal plot. The factor between [n]M, for cellulose nitrate
and [nIM for polystyrene at the same elution volume is in fact
equal to Mw/Mn. In Figure 8 a clear progression is shown
between [n]M, for poly(oxypropylene) and the polystyrene curve

as the dispersity increases from 1.03 to 1.53.
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o: Cellulose Nitrate, Waters 200, Column Set B
6.0 |- o: Cellulose Nitrate, Waters 202/401,
Column -Set C
®: Polypropylene Oxide, Waters 200,
Column Set II
5:0' k=
4,0 -
3.0 -
3
=
B
o
B
o
&
S 20 |
1.0 i 1 1 I 1
0 5 10 15 20 25
(c, - C,)s m
Figure 9: Relation Between GPC Dispersity and Elution
Volume Separation, Cp=Cye
a+l a+l
b. Secondly, do Log KM, ' and Log [n]M, (or Log KMy )

versus Mn and M, respectively fall on the polystyrene curve in

accordance with Equations 10, 11, and 12?

Figures 6, 7, and 8
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show that these equations are certainly obeyed within the 1imits
of error.

c. Thirdly, is the dispersity related to the difference
between elution volume at M, and M, in accordance with Equation
14 and does the constant in Equation 14 have the same value as e
in Equation 9?7 The Togarithm of the dispersity is plotted
against (Cy-C,) in ml in Figure 9. Linear relations result
whose sTope is given in the next to the last column of Table 5.
In the three cases the slopes are essentially the same as found
from Equation 9 in Figures 3, 4, and 5. As above, the excell-
ence of the fit of the points to the 1ines is because linear
calibration curves were employed and not because of the quality
of the experimental techniques.

d. Fourth, do the relations between the constant in Equation
9 and Equations 10 and 11 satisfy Equations 6 and 7? The inter-
cept, Log d, and slope, e, from Equation 9 taken from Figures 3,
4, and 5 are given in Table 5 for the various systems, In
accordance with Equations 6 and 7 these were converted to Log
Kda+] and e(a+1) to give values of Log A and b. These values are
compared in Table 5 with Log a and b from Equations 10, 11, and
12 determined from Figures 6, 7, and 8. Close agreement is
found.

The numbers in Table 5 may be used to compare the column sets
used with cellulose nitrate in the Water's 200 and 202/401 instru-
ments. The resolution of the systems is - g%- - ?:36%353' where

J is the hydrodynamic volume. That is, the higher the molecular
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weight the poorer the resolution. For the 200 instrument

de . dc 1.58
- 95 =13 and for the 202/401 - 5 = 3. These values

for the particular column sets employed would be higher for the

202/401 if a higher porosity column could have been used.

CONCLUSION

When the molecules in the detector all obey the same Mark-
Houwink relation, Equations 10, 11, and 13 constitute a "Universal
GPC Calibration" in term of KMa+1 of any molecular weight average,
of [n]My, or approximately of [n]M,. None of these expressions,
however, is [n]M, which indeed has no meaning other then [n]M
when only one species is present. When the dispersity of the
whole sample is large, use of KM?,+1 doubles the number of points
available for determination of the calibration curve because the
points placed by KM2+] will be at the low molecular weight end

of the universal curve and those from KM,?,+1

will be at the upper.
In theory one such sample might suffice for a determination of
the curve. The factor between Equations 10, 11, and 13 and
Equation 3 is the dispersity of the sample. As the dispersity
approaches 1.0 a point placed by Equation 3 will approach the

curve formed by Equations 10, 11 or 13,
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DEPENDENCE OF THE CAPACITY RATIO
UPON TYPE OF THE EXCESS ADSORPTION ISOTHERM

M.,Jaroniec, B.O$cik-Mendyk,

A .Dgbrowski and H.Koxodziejczyk
Institute of Chemistry,

Maria Curie-SkXodowska University
20-0%1 Lublin, Poland

ABSTRACT

Model calculations of the capacity ratio for
binary mobile phase "1+42" and the excess adsorption
isotherm of 1-st solvent have been made by assuming
nonideality of mobile and surface phases and energe-
tic heterogeneity of the adsorbent surface, These
calculations make posible the study of correlation
between shapes of the folloving functions:
the cavacity matin and the excess adsorption isotherm
as functions of the mobile phase composition.

INTRODUCTION AND THEORETICAL

According to the theoretical results of Jaroniec
and al. (1-2) the capacity ratio of the r-th substance
in binary mobile phase "142" can be evaluated as
follows:

k= Ky ¥, + k2r(1-y1) + A12(y1 - X1) (1)

where k1r and k2r are the capacity ratios of the
r-th substance in 1-st and 2-nd solvent, respvectively;
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¥4 and x, are the mole fractions of 1-st solvent

in the surface and mobile phases; m is the constant
characterizing energetic heterogeneity of the
adsorbent surface; A12 is the parameter describing
the solute-solvent interactions. The mole fraction
of 1-st solvent in the surface phase yy may be
calculated according to the following equation(3):

Y4= {1 5 &123{1/(1 = X1)] . exp [mql(M"l)h - 2X1)+
enig” (- 29)]1 (2)

1 s
where the parameters L, M, q and q have their

usual meaning, i.e., ql and qS are the parameters
characterizing the interactions in the bulk and
surface phases, respectively; L and M are the para-
meters describing the lattice model of solutionj

Ky, is the equilibrium constant for exchange
reaction between molecules of 1-st and 2-nd solvents
in both phases.

However, the excess adsorption isotherm of 1-st
solvent n?,t is equal to:

n?,t = 0% (yy - %) (3)
where n° is the total number of moles in the surface
phase.,

Basing on equations 1,2 and 3, the following factors
determining the liquid adsorption chromatography,

can be studied:
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(2) enersgetic heterogeneity of solid surface of
random distribution of adsorption sites = the
parameter m ,

(b) nonideality of the surface phase - the parameter
%,

(¢) nonideality of the bulk phase - the varameter q1
(d) lattice model of the solution - the parameters

L and M,

(e) solute - solvent 1nteract10ns - the parameter A12.
Parameters q and q characterize the surface and
bulk regular solution, respectively.

Now, we shall discuss the correlatior between
the excess adsorption isotherm of 1-st solvent
equations 3 and 2 and the capacity ratio of the
r-th solute in the binary mobile phase "1 42"
equations 1 and 2 ., This discussion gives answer
on the following question: in such degree type
of the excess adsorption isotherm determines shape
of the curve kr VSeXq.

RESULTS AND DISCUSSION

Studies of Dabrowski and al.(3%)and Roe (4)sho-
wed that influence of lattice model of solution
on the shape of the theoretical adsorption isotherms
is small. Thus, a change of the parameters L and M
i.e., change of the lattice model of solution,
changes slightly the values of kr' In Figures 1 - 3
the comparative model calculations of the excess
adsorption isotherms n t(x1 ) (equations 2 and 3)
and capacity ratios k (x1) (equations 1 and 2)
with A12 = 0 are presented. A1l model calculations
have been made for the close-packed hexagonal
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lattice, i.e., L = 0.5 and M = 0,25, For k1r and
k2r the values 1.0 and 3.0 were assumed, respecti-
vely. The other parameters, characterizing the
curves kr VS.X, presented in Figures 1-% have been
summarized in Table 1. The excess adsorption
isotherms nﬁ,t(x{)have been evaluated according

to equations % and 2, whereas, the capacity ratios
kr(x1)were calculated according to equations 1

and 2 . For n° the value 1.0 was assumed.

Table 1

PARAMETERS m, g AND q° USED IN CATLCULATIONS

OF THE FUNCTIONS n? & (%) AND k_ (x,) PRESENTED
9’
IN FIGURES 1-3%
The other parameters are equal to: K12= 2.718 ,
ky »=1.0, k;=3.0, L= 0.5, M=0.25, A,,=0, n°=1.0

Figure Code of the curve m q1 q°
T a 0.3 0 0
1A, 1B b 0.6 0 0
c 0.9 0 0
B a 0.9 -1 0
2A, 2B b 0.9 0 0
c 0.9 1 0
2C, 2D b 0.9 -1 -1
a 0.9 1 0
3C, 3D b 0.9 1 1
- a 0.6 -1 =1
%A, 3B b 0.6 0 0]
c 0.6 1 1
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Now, we will describe succesively Fiegures 1-3%,

In Figure 1 the devendence of k_ and n?,t unon the
heterogeneity varameter m is showed. It follows from
this figure that for homogeneous surfaces, i.e.,

m = 1, the excess adsorption isotherm n?‘t (x,) is
the U-shape isotherm according to Schay and Nagy
clasification (5). However, for heterogeneous surféces.
i.e., for m belonging tn the interval (0,1) , the
S-shape excess adsorption isotherm may be obtained.
The relationshin kr VS Xy, corresponding to the
U-shape excess adsorption isotherms are a decreasing
functions., In the case of the S-shape adsorntion
isotherms, they show a minimum (see Figure 1).

03 A 3 B

e
Nat

02

01

-0

03 06 , 09 03 06 09

Figure 1

. e /
The functions n1’t(x0 (part A)and kr(xﬁ{part B)
for different values of m , Parameters used in
calculations are summarized in Table 1,
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Thus, energetic heterogeneity of the adsorbent sur-
face may be one of the reasons of minimum on the
curves kr VS.X, .

Figures 2A and 2B shows the influence of the
varameter ql, characterizing the regular mobile
vhase, on the excess adsorption isotherm and the
relationéhip kr VS X4 It follgws from these Figures
that for different values of q~ the curves ni’t(xﬂ
and kr(x1)intersect at the same value of x,. For
negative values of ql the U-shape excess adsorption
isotherms are observed, wereas, the positive values
of q1 can give the S-shape isotherms. For values of
ql belonging to the interval ( 1, 1) the curves
k (xﬂ are a decrea81ng functions. For low concentra-
tions of X4 l )>>k (q = O) , whereas,

after the inflectlon point high values of x this

1nequa11tv is reversed. In the case of q1> 01,

k <1< ( O) at low concentrations of X4 and

r>1< (q 0) after the inflection point,
Figures 2C, 2D, 3C, 3D show the influence of

the parameter qs on the curves kr(x1). The calcula-

tions were made for two cases: (a) the parameters
q1 and qS are identical,( b) the parameter lqli

is grater than |qS| . Such model is usually used in
adsorption from solutions. The curves kr(x1),
presented in Figures 2C, 2D, 3C, 3D have similar
shape as those showed in Figures 2A and 2B.

Figures %A and %B show the model calculations
for heterogeneous solid surface m=0.6 and regular
both vhase ql = qs =(—1,0.1). It follows from these
figures that effects of emnergetic heterogeneity of
adsorbent surface are more significant that those

conmected with regularity of both phases (6,7)
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Figure 2

. e
The functions n1’t(x1) (parts A, C) and k. (x,)
(parts B, D ) « The vparameters are summarized in
Table 1.
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1 (. 1
b
a
0 1 I 1 1 1
06 09
03 05 x 09 03 X,
Figure 3

The function ni,t(x1)(parts A, C) and k. (%)
(parts B, D). The varameters are summarized

in Table 1.
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The conclusions resulting from presented model
calculations are following:

(a) a correlation exists between the excess adsorp-
tion isotherm of 1-st solvent and the function
kr(x1): U-shape isotherms corresvond tc a decreasing
kr - functions without inflection moint, whereas,
S-shape isotherms relate to kr— functions with
inflectionvoint.

(p) k- curves with inflection point are most
frequently obtained for strongly heterogeneous
surfaces and regular solutions of positive devia-
tions from Raoult’s law.

(e) kr- curves without inflection voint are obtained
for hrmngeneous adsorbent and regular solutions of
negative deviations from Raoult’s law.

The knowledge of excess adsorption isotherm,
characterizing the system: mobile phase-adsorbent,
is very important in liquid adsorotion chromato-
graphy. The experimental values of n?,t may be
directly used to determine the parameters m and A12,
according to the following equation :

= e S 1/m / e s 1/m
kr_ k1r(n1,t/n + x1> + k2r\1 - n1’t/n - x1) +

S e
+ Agp/nT omy (#)

which is obtained fvom equations 1 and 3 .,
Application of equation 4 creates a new possibili-
ties for characterization of chromatogranhic systems.
Such investigations have been intiated in the

vaper (87 .
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RECYCLING TECHNIQUE
IN
PREPARATIVE LIQUID CHROMATOGRAPHY
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ABSTRACT

A theoretical and practical study of recycling technique is
developped for preparative liquid chromatography. The optimal cy-
cle number, ngpt, is determined for the separation of two solutes
in such a way that the resolution between the second peak of cycle
(n-1) and the first one of cycle n is equal to the resolution bet-
ween the peaks of cycle n. A simple relationship is propounded to
determine ngpt which only depends on retention volumes and external
volume, but it does not depend on band spreading. With this recy-
cling technique it is shown that the maximum injection volume under
optimal recycling conditions is greater than ngpt times the maximum
injection volume for one cycle. So the use of recycling can be op-
portune and beneficial to increase the throughput in preparative
liquid chromatography.

INTRODUCTION

Preparative liquid chromatography is probably one of the se-

paration methods that requires much effort in order to optimize its
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peculiar parameters such as recovery ratio, throughput, costs ....
For the separation and collection of a component by liquid chroma-
tography, the method to be used must fit the purpose of the work,
the available apparatus and staff. For routine work, it is neces-
sary to optimize the method. On the other hand, for an occasional
preparative work, the chosen method will be the faster one and will
use an available device. For the recycling the column eluent (mobi-
le phase and sample) is flowed through the column head until the re-
solution between the components is sufficient. From an industrial
point of view, such a separation has the advantage to be more eco-
nomical, with respect to the consumption of solvent and stationa-
ry phase, than an identical one obtained with a single elution. For
an occasional operation, recycling may allow an immediate work with
the available column even if its dimensions seem not to be appro-
priate for the preparative problem without recycling. However recy-
cling is chiefly limited by two factors : firstly, the sample is

not always a pure binary mixture but it often is a much more com-
plex solution for which interferences may occur between the various
compounds. In this case a pretreatment of sample makes it possible
to isolate the two compounds of interest and to eliminate the other
solutes. Secondly, the increase of the difference between the reten—
tion volumes resulting from the n passages of the compounds through
the column is counterbalanced by the bandspreading originating in
the external volume. So the recycling technique is not always possi-
ble and, in this work, we try to emphasize the conditions under which
it can be used for a preparative work and its advantages in compari-

son with successive injections on the same column.

Up to now, many investigations dealt with the advantages of
this technique in analytical chromatography and in preparative chro-

matography as well.

Martin (1) made an exhaustive study of the parameters that af-

fect the quality of recycling and particularly the bandspreading



RECYCLING TECHNIQUE 239

in connecting tubes and pump. This latter phenomenon had not been
taken into account by Lesec (2,3) and Kalash (4) because it was
probably negligibkle in their cases. This interesting simplification
is quite justified by using columns packed with large particles,but
it is no longer valid in modern preparative liquid chromatography,
with the use of microparticles for which chromatographic dispersion

decreases.

THEORY

If the column is volume overloaded and the phase system opera-
tes in the linear part of the solute partition isotherm, the maxi-
mal sample load, Qj,maxr depends on two terms : the maximal injec-

tion volume, V and the maximal injection concentration,Cj max.

i,max’

The maximal injection volume, Vi, pmax, is given by the next relation-

ship (5) :

(a- 1)/Rs,mini - 1.25 (2 + k1

Vi max = Yo [ +onki)//§] (1)
where Vg, is the column dead volume, N is the theoretical plate num-
ber of the column, ki is the capacity factor of the first eluted
solute, o is the selectivity factor between the two solutes, and
Rs,mini is the minimal resolution at preparative scale to obtain
the recovery ratio and the purity desired. To a first approximation

' can be estimated with R ooa = 1,
i,max s,mini

The purpose of recycling is, on the one hand, the increase of
the apparent dead volume Vg, on the other hand, the increase of the

apparent plate number, N.

Equation 1 shows that the maximal injection volume, V as

i,max’
well increases under these conditions. In order to examine how such

aims can be reached, it is necessary to describe the recycling pro-
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blem in terms of chromatographic parameters and apparatus. For
this study the sample is assumed to contain two solutes and the
flow rate is kept constant. The resolution between peaks 1 and 2

after a single passage, R can be written :

1/

R, = (V

1 - le)/Z (°c,1 +0_ ) (2)

R2 c,2

where VR and VR are the retention volumes of peaks 1 and 2 after

1 2
a single passage i.e. the volumes of mobile phase flowing through

the detector between sample injection and passage of the maxima of

the peaks 1 and 2 in the detector respectively. ci 1 and Oi 2
I ’

the volume variances of these peaks after a single passage. Let VA

are

be the "recycling volume" i.e. the volume of the liquid phase in
the apparatus between the outlet of the detector cell and the inlet

2
of the injection device, and OA the volume variance of the peak

broadening originating in this wvolume VA. The "pseudo retention vo-

lumes" after n cycles for peaks 1 and 2 are respectively :

Vl,n =n VR1 + (n - 1) VA (3)
V2,n =n VR2 + (n - 1) VA (4)
and the volume variances are
2 _ 2 2
ol,n = n 00'1 + (n 1) Oa (5)
2 2 2
02,n = n 0c,2 + (n - 1) OA (6)

These preceeding parameters are summarized in Figure 1 (for
n=2).

If we assume that, for two adjacent peaks, the contribution
of the column to the volume variance does not depend on the reten-

tion :
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VA - V2'2 o 2VR2
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Figure 1 : Principal parameters of interest in recycling technique.

o] =0 =0 (7)

o] =g =g (8)

2
e
cles is given by :

with A = OZ/O , Martin (1) showed that the resolution after n cy-

R =R Va/ LF&iL A (9)

R.n is larger than R1 if n is larger than A; under such conditions

the recycling technique becomes profitable.
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The resolution between the peak 2 of cycle (n-1) and the peak 1
of cycle n, Rm, decreases while the cycle number n increases becau-
se the total volume of the system is limited and the second peak of
cycle (n - 1) tends to overtake the first peak of cycle n. In the

same way as Equation 1, R.m can be written (for n > 1)

R =V - vzln_l)/z (20 +o0_ ) (10)
or :
Ve = 0 (Vg Vi)
R = R2 R2 'Rl (11)

v A
2oc(/r7/1+ Er'l—lx+/n—1 A+ 2'flx)

For a value of n greater than 5, Equation 11 can be simplified by

using the next approximation :

/B2 g a=d oy . (12)

n-1 n 2 n

and Equation 11 becomes :

\Y%
B (13)

The optimal cycle number, n can be defined from a given va-

opt’
lue of Rm (1) or by the cycle number for which Rm is equal to Rn

(4) . For a preparative purpose, the latter criterion is better to

define n and Equations 2, 11 and 13 give :

opt’

=(55v,,-V +4VA)/8(VR2-V) (14)

Topt R2 R1 R1

The value of nOpt differs from the one proposed by Kalash (4).

This difference originates in the fact that we take into account
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the volume and the band broadening in external region out of the co-

lumn. can be expressed in terms of the chromatographic para-

n
opt
)
meters (k1 and o) and p = VA/Vo
41+ W + (5a-1) k
= (15)

8 k1 (o - 1)

nopt
L}

1 ’
, decreases down to a minimal value, (50 - 1)/8(a - 1), which

When the capacity factor, k increases the optimal cycle number,

nopt
only depends on the selectivity factor, o.n increases while o

pt
decreases. Futhermore nopt increases with pi.e,, for a given column,
the external volume, VA, acts as a reservoir for the peaks. But,
from Equation 9, it is difficult to know the variation of the final
¢ " 2
resolution, Rnopt' with VA because VA and GA (1.e.A2and u) are each
other dependent ; the relationship between VA and UA depends on the

geometrical characteristics of the external hydraulic circuit. Re-

cycling is interesting only if :

>
nopt A (16)
For the calculation of the maximum injection volume in recy-

cling technique, (n V) and N are substituted for V_ and N
opt o opt [e}
respectively in Equation 1 :

Vo[kl(a—l)/Rs' Lim1-25 (24K, +ak1)//NOpt lan

Vi max)n opt mi
' opt P
with :
n
N =N opt (18)
opt Doy 1
1+ =22 )
n
opt
n
( — VO) and NOpt are the apparent dead volume of the column and

the apparent plate number respectively after the optimal cycle num-

ber, nopt' If Inequality 16 is verified, the combination of Equa-



244 COQ ET AL.

tions 1, 17 and 18 enables to deduce

(v v, (19)

: ) > n
i,max n opt i,max
opt

The result is very interesting : the maximal injection volume
with the recycling technique under optimal conditions is larger than
nopt times the maximal injection volume with a single passage ; more-

over, the operation times for n cycles and for n successive in-

opt opt
jections are roughly equivalent, so the recycling technique allows

the increase of throughput in comparison with successive injections.

EXPERIMENTAL

The liquid chromatograph consists of the following components :

. a Waters M 6000 A reciprocating pump (Waters, Paris, France)
as elution pump which allows recycling operation by means of
a special manifold.

. An Orlita AE 10 - 4 diaphragm pump (Touzart et Matignon, Vi-
try, France) to supply the sample solution.

. A Rheodyne 7010 valve (Touzart et Matignon) as commutation
valve between the two pumps.

. A stainless steel column, 100 cm x 0.47 i.d., slurry packed
with silica gel Partisil 20 (Whatmann, Ferriéres, France),
19 pym mean particle size.

. A Pye Unicam LC 55 spectrophotometer (Pye Unicam, Paris,

France) or an Altex model 153 analytical UV photometer (Touzart

et Matignon) operating at 254 nm.

The scheme of chromatograph is given in Figure 2. The solvents
and chemicals are of high purity and were purchased from various

suppliers.
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Figure 2 : Scheme of the chromatograph.
a : elution pump ; b : injection pump ; c : precision

burette ;7 d : 6 way valve ; e : column ; f : detector ;
g : recycling manifold.

RESULTS AND DISCUSSION

The validity of Equation 15 is examined for different values of
the parameters k!, o and p. For this study the samples are equimolar
mixtures of butyl phtalate and isobutyl phtalate at about 10_4mg/ml
dissolved in the mobile phase. The mobile phases are binary mixtures
of isooctane and ethyl acetate (from 98/2 v/v up to 90/10 v/v) in
order to vary the capacity ratio values of solutes. The flow rate
was 2.5 ml/mn. Experimental determinations give p values of 0.40 and
0.23 when the experiments are performed with the Altex photometer
and the Pye Unicam spectrophotometer respectively. The nOpt values
are experimentally determined by checking the variation of Rn and

Rm versus n. Figure 3 examplifies such a determination. We can no-

tice the rapid decrease of R.m during the first cycles. On the other
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Figure 3 : Resolutions Rn and R.m versus the cycle number n.
A= 2.09
= 0.23
ki=1.23
a'= 1.08

hand, Rn slowly increases during the same time, and even keeps cons-
tant until the third passage ; it is quite logical because A is sli-
ghtly larger than 2 and so Rn must become larger than R1 only after
the second passage. The optimal cycle number determined experimen-
tally in this way is 13.6 ; it is in good agreement with the one

calculated from Equation 15 i.e. 13.9.

Experimental and theoretical values of nopt

and Rp for dif-
opt
ferent values of o , ki, u and A are summarized in Table 1.
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TABLE 1

Optimal cycle number under different experimental conditions.

Experiment N° 1 2 3 4 5 o
o 1.08 1.10 1,07 1.11 1.08 1.47
ki 4.39 2.88 1.22 5.05 1.25 0.88
n 0.40 0.23 0.23 0.40 0.23 0.23
A 0.41 0.36 0.40 0.21 2.09 2.06
R1 1.28 0.95 0.60 1.21 0.65 1.78
Experimental Value 8.6 7.6 15 5.9 13.6 4.4
nopt
Theoretical Value 8.8 7.8 16 6.4 13.9 3.2
Experimental Value 2:9 2a2 25 1.4 2.2
Rnopt
Theoretical Value 2:7 2.0 2.6 1.4 2.3

Experimental measurements generally agree very well with theo-
retical values, the latter are always larger than the former except
for the experiment N°6 in which the optimal cycle number is smaller
than 5 ; in this case the approximations of Equation 12 is no longer

valid.

So Equation 15 allows the determination of the optimal cycle

number, n and consequently the calculation of resolution, Rno

opt’ pt’
and standard deviation Onopt’ for this cycle number.

In the second part of this work, the validity of Equation 17

which gives the maximal injection volume after n cycles, is il-

opt

lustrated with an example of separation : the two solutes are ni-

trated isomers of o-terphenyl : x-nitro o-terphenyl and 4-nitro
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o-terphenyl (ponderal ratio : 1/4), eluted with a binary mixture
of isooctane and dichloromethane (80/20 v/v) at a flow rate of
2.1 ml/mn. The concentration of the injected samples dissolved in
the mobile phase is 1.1 mg/ml. The operating conditions determined
after two passages are : x-nitro o-terphenyl retention volume V_, =

R1

30.5 ml, 4-nitro o-terphenyl retention volume V_,= 32.9 ml, column

R2
standard deviation GC= 0.57 ml, external volume VA= 3.48 ml, exter-
nal standard deviation 0= 0.47 ml, resolution after a single pas-

sage R,= 1.05. Under these conditions the calculated optimal cycle

numberlis equal to 7.7 ; practically we chose the nearest smaller
integer. After 7 cycles and for a small injected volume, the reso-
lution, R7, and the standard deviation, 00 are respectively equal
to 2.2 and 1.83 ml. The maximum injection volume calculated from
Equation 17 with Rs,mini =1, is (vi,max)nopt =12.3 ml i.e. 6.7
07. This sample volume is injected on the column and the solutes
are collected : the end of the collection of the first peak and the
beginning of the collection of the second one is performed at the
valley between the two peaks. Analysis of the second collected frac-
tion shows a 98 % purity for the 4-nitro o-terphenyl and demons-
trates the validity of the maximum feed volume in recycling calcu-

lated according to Equation 17.

For the comparison between recycling technique and successive
injection technique, sample volumes varying from V; = 0.5 o, up to
Vi = 3.08 o, are injected on the column and solute collection at
the wvalley is performed after a single passage. The 98 % purity
for the 4-nitro o-terphenyl is obtained for Vi =1.2 Oc which cor-
responds to Vi = 0.68 ml. 7 successive injections of the latter vo-
lume give an overall injected volume of 4.75 ml i.e. 2.6 times smal-
ler than the maximum injected volume with the recycling operation.
The recycling technique (7 cycles) and the successive technique (7
injections) require 266 ml and 240 ml respectively for the comple-
te elution of the two solutes. So, in this case and under identi-
cal flow rate conditions, the throughput reached in recycling is

2.3 times larger than in usual elution.
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CONCLUSIONS

For an occasional preparative work, the recycling technique can
be used under volume overload conditions. There is an optimal cycle
number, nept, for which the injection volume is maximum. This opti-
mal cycle number only depends on the retention volumes of the two
solutes and on the external volume out of the column. Furthermore

the recycling technique under optimal conditions (after n cycles)

opt

allows the increase of the throughput in comparison with nopt succes-

sive injections.
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DETERMINATION OF MICROGRAM AMOUNTS OF COPPER
BY PEAK PAPER CHROMATOGRAPHY

Bhajan Singh And Pritam Singh Thind
Department of Chemistry,
Guru Nanak Dev University,
Amritsar, Punjab (India).

ABSTRACT

A chromatogranhic method has been developed for determining
1.00 to 6.00 pg 11 of copper. The test solution (1 pl) was applied
to paper impregnated with 0.1% phthalate salt of aniline and p-
dimethylaminobenzaldehyde (p-DAB) based schiff's base solution
and the chromatogram was developed with methanol, then immersed in
aqueous 5% solution of potassium ferrocyanide for 35. The heights
of the reddish brown peak shaped zones produced were related to
concentration of copper. Equal amounts of silver, nickel and cobalt
did not interfere. The error was £+0.20 with standard deviation
0.105.

INTRODUCTION

Peak paper chromatography is a useful tool for the quantitative
determination of microgram amounts of ions especially when one has to
carry out a large number of estimations on small volume of samples (1-4).
Ions are determined by peak chromatography on paper which has been
impregnated with a sparingly soluble compound containing a precipitant
ion for the test ion, the compound formed between the two being even
less soluble than the impregnant itself. Microgram amounts of
sulfate (5) and chloride (6) has been determined using barium chloride
and mercury nitrate as precipitant respectively. Bismuthol-2 impregnated
papers have been used for the determination of tellurium in presence of
cadmium (7). Copper forms with phthalate salt of aniline and p-dimethyl-
aminobenzaldehyde based schiff's base a bright green complex which is

sparingly soluble in methanol.
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In the present report we used the formation of this complex as the

.Cu

basis of a method for determining microgram amounts of copper in

presence of silver, nickel and cobalt by peak paper chromatography.

EXPERIMENTAL
Reagents and Apparatus

Standard Stock solutions: The standard solution of copper was prepared
by dissolving 1.0 g of copper metal of grade BDH (AR) in conc. HNO3
on heating. Nitric acid was removed by evaporation until the moist-salt
was reached, finally the residue was dissolved in water and transferred
to a 100ml volumetric flask. The concentration of this solution was
10 mg cu/ml. Weaker solutions were prepared by diluting this stock
solution.

Aqueous silver, nickel and cobalt salt solutions were prepared
from BDH (AR) silver nitrate, nickel sulphate and cobalt sulfate
respectively. The stock solution contained 10 mg of metal/ml. Weaker
solutions were prepared by diluting the stock solution. Synthetic
mixture of Cu-Ag, Cu-Ni and Cu—-Co were prepared from solution of
appropriate concentrations.
Schiff's base solution: The schiff's base was obtained by mixing
equimolar solution of aniline phtalate and p-DAB (1:1) and finally
recrystallized from methanol. 0.1% solution of this schiff's base
was prepared in methanol and used for impregnation.
Preparation of papers: Chromatography was performed on Whatman No.l
paper strips of size 20x3 cm using 25x5 cm glass jars. Paper strips
were impregnated in 0.17% solution of schiff's base for 3 to 5 seconds

and then dried at room temperature.
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Detection reagent: A 5% solution of potassium ferrocyanide was used
for locating the peak of copper on paper.

Solvent used for development: Double distilled methanol was used as
developing solvent.

Procedure

Determination of Copper: A sample of test solution (1 pl) was applied
by means of a microsyringe to a impregnated paper strip. The
chromatograpms were developed by ascending technique as usual. The
ascent of solvent in each case was 15 cms., then the strips were dried
at room temperature for 15 minutes and finally impregnated with
potassium ferrocyanide to locate the peaks. The height of the peaks
was measured in millimeters.

Determination of copper in presence of silver nickel and cobalt:
Synthetic mixtures containing equal amounts (1 to 5 pg) of Cu-Ag,
Cu-Ni and Cu-Co were applied by means of microsyringe to a impregnated

paper strip. Rest of the procedure was same as in case of copper.

RESULTS AND DISCUSSION

The method is based on the fact that a circular spot of the
precipitate is formed when test solution is applied to the paper strip.
On ascending via capillaries in the paper, methanol elutes from the
spot amount of test ion in excess of the stoichiometric amount of
the precipitant on the area occupied by the spot. The excess of test
ion reacts with fresh portions of impregnant along the methanol ascent
line leaving behind on the paper a trace in the form of a precipitate
peak with a reasonably correct shape. The curves relating copper
concentration to the height of the peak formed, calculated by the least
square method, are linear for the copper concentraion. Table-1 gives the
experimental and calculated data. The error and standard deviation was
formed to be }0.20 pg and 0.105 respectively.

Silver, nickel and cobalt also forms complexes with schiff's base
whose solubility products are less than that of the copper complex with
the same reagent. Experimental data showed that silver, nickel and
cobalt taken in 1:1 ratio and in small excess with respect to copper

(up to 5 pg) does not interfere with copper determination.
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TABLE I. Experimental And Calculated Data For The Determination Of
Copper In Chromatograms (n = 10).

Concentration Mean Cu Cu concentra- Amount of Error Stand-
of precipitant  peak tion in the Cu deter- (ug) ard
(%) height drop applied mination devia-
(mm) , 71 (ug) (ug) tion
(ug)
0.1 16.2 1.00 0.88 -0.12
0.1 22.5 1.50 1.61 +0.11
0.1 29.1 2.00 2.13 +0.13
0.1 42.6 3.00 2.94 -0.06 0.105
0.1 51.6 4,00 3.88 -0.12
0.1 57:2 5.00 5.00 0.00
0.1 62.8 6.00 6.06 +0.06

We analyzed mixtures (1:1) of Cu-Ag, Cu-Ni and Cu-Co at levels
1.0 to 5.0 pg in a drop of solution (1 pl). With this concentration
range there is a linear relationship between copper concentration
and the height of the peaks formed. The respective results are given
in Table II. The error in determining copper in presence of silver,
nickel and cobalt lies within the same limits as where these are
absent.

To assess the accuracy of determination of paper impregnated with
0.1% solution of schiff's base we performed seven replicate determinations

of copper solution of known concentration (Table III). After the chroma-
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TABLE II. Seven Replicate Determinations of Copper (4.0 pug Cu Taken)

Cu peak Cu detected Error Standard
height (pg) Xi calec. (pg) deviation
(mm) , 71 (pg)
40.00 3.84 -0.16
40.0 3.84 -0.16
43.0 4.12 +0.12
41.0 3.93 -0.07 0.245
44.5 4.27 +0.27
45.5 4.36 ¥0.36
44.0 4.22 +0.22
Mean 41.14 Mean 4.14

togram had been developed the copper concentration was found from a
calibration curve plotted within the coordinates:

Copper content (pg) verses peak height (mm).

The calibration curve calculated by the least square method is
of the form
X = yi + 564.55
767.13
Thus this method which is simple and rapid to carry out, can be used to
analyze small amounts of material (a few pg). to work with small
volumes of solution (a few ml) andlto carry out a large number of

determinations on such amounts.
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TABLE III Experimental And Calculated Data For The Determination
0f Copper In The Presence Of Equal Amounts Of Silver, Nickel

And Cobalt.
Impurity Amount of Mean peak Amount of
added, pg Cu applied height, Yi Cu deter- Error

e, xi mm, yi mined pg Pg
1.0 Ag(T) 130 14.5 14.5 1.02 0.02
2.0 Ag(1) 2.0 29.7 31.1 1.91 0.09
3.0 Ag(T) 3.0 42.5 41.7 3.06 0.06
4.0 Ag(I) 4.0 49.0 50.0 3.92 0.08
5.0 Ag(TI) 5.0 56.6 57.2 4.95 0.05
1.0 Ni(II) 1.0 16.4 14.2 1.15 0.15
2.0 Ni(II) 2.0 28.3 311 1.82 0.18
3.0 Ni(II) 3.0 42.3 41.7 3.04 0.04
4,0 Ni(II) 4.0 51.1 50.0 4.09 0.09
5.0 Ni(II) 5.0 571 572 4.99 0.01
1.0 Co(II) 1.0 17.2 14.2 1:21 0.21
2.0 Co(II) 2.0 29.5 31.1 1.90 0.10
3.0 Co(IT) 3.0 42.2 41.7 3.04 0.04
4.0 Co(II) 4.0 52.1 50.0 4.17 0.17
5.0 Co(II) 5.0 57«1 57 2 4.99 0.01

Standard deviations for the determination of copper in presence of

Ag(I), Ni(II) and Co(II) are 0.07, 0.13 and 0.145 respectively.
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GEL CHROMATOGRAPHIC BEHAVIOR OF LABILE METAL COMPLEXES

TRIMETA- AND TETRAMETAPHOSPHATE COMPLEXES
WITH BIVALENT METAL CATIONS

Tohru Miyajima, Masaaki Ibaragi, Norimasa Yoza
and Shigeru Ohashi
Department of Chemistry, Faculty of Science, Kyushu University 33
Hakozaki, Higashiku, Fukuoka, 812 JAPAN

ABSTRACT

The gel chromatographic behavior of metal ions in a labile com-
plex formation system was expressed as a function of the ligand
concentration in an eluent and the stability cohnstants of the
complexes. Trimeta- and tetrametaphosphate complexes with bivalent
metal ions were used as examples. The retention volumes of the
metal complexes were found to be always greater than those of the
corresponding free ligands.

INTRODUCTION

Much attention has been drawn to the gel chromatographic
behavior of metal complexes. In some cases inert complexes have
been used as samples(l-3). Labile systems have also been investi-
gated, and it was recognized that the complex equilibria among
solutes play an important role(4-8). The distribution coefficients
of EDTA complexes and monomeric oxoanions of phosphorus have been
found to be dependent on pH of an eluent(4,7). The mutual separation

of these oxoanions were performed by adjusting eluent pH at a desired
value(8).
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In a previous paper(5) the authors reported a theoretical con-
sideration on the gel chromatographic behavior of labile metal com—
plexes. It was shown that the retention volume of magnesium in gel
chromatography can be expressed as a function of tetrametaphosphate
concentration in an eluent and the stability constant of the complex.
To confirm the versatility of this theoretical approach the present
paper describes the gel chromatographic behavior of magnesium, cal-
cium, strontium, nickel and zinc in the presence of trimetaphosphate
(P3m) and tetrametaphosphate(PAm). It can be expected from the
previous work(9,10) that only one-to-one complexes are predominantly
formed under the present experimental conditions. A solution con-
taining a ligand was used as an eluent in order to prevent dissoci-
ation of a complex during elution. The stability constants of metal
complexes were estimated and compared with those in the literature.
The retention volumes of the metal complexes were found to be greater

than those of the corresponding ligands.

MATERTALS AND METHODS

Sodium trimetaphosphate trihydrate and sodium tetrametaphos-—
phate tetrahydrate were prepared according to the literature(ll),
and the purity was checked by paper chromatography.

A liquid chromatograph with an atomic absorption detector
(Perkin-Elmer 403) previously described in detail (12-14) was used.
A Sephadex G-15 column (8x650 mm) was equipped with a constant
temperature jacket controlled at 25°C. A flow rate was maintained
at 1.7 ml/min.

An eluent contained sodium salt of P3m or P4m of a desired con-
centration, ca. 10—3 M hydrochloric acid and 0.1 M sodium chloride
as background electrolytes(pH 3.4). Hydrochloric acid was added
to the eluent in order to prevent the adsorption of some kinds of
bivalent metal ions to a Sephadex gel(l5). In this eluent P and

3m

P4m acids are almost completely dissociated. Sample solutions

which contain sodium salt of P3m or P4m, sodium chloride and hydro-

chloric acid of the same composition as that of the eluent were
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prepared so as to contain bivalent metal ion of specific concnetra-
tions, i.e., 2}(10_5 M for magnesium and zinc and 1x10_4 M for cal-
cium, strontium and nickel. After the column was sufficiently equi-
librated with the eluent, one ml of sample solution was applied to

the column.

RESULTS AND DISCUSSION

Representative elution patterns are shown in Fig. 1. It is
evident that the retention volume of a metal is greatly dependent
on the ligand concentration of an eluent. In order to describe
the change in the apparent retention volume of a metal, v , with
ligand concentration in an eluent, a one-to-one complex formation
reaction is considered

M + L 2 ML (@D)
where M, L and ML represent metal ion, ligand ion and complex,
respectively. The stability constant of ML is expressed as follows

[L]
K= m @
[ (L]

where subscript m represents a mobile phase.
The apparent distibution coefficient of M, Rd’ can be ex-

pressed by eq.(3)

M1, + D)
% = s s (3)
e, + ML)

where subscript s represents a stationary phase. VM can be ex-

pressed using the volume of the mobile phase, Vm, and that of the

stationary phase in a given column, Vs’ and K.

d
vy = v+ Ky vS 4
Equation (4) can be rearranged to eq.(5) using eq.(2) and eq.(3), and
VM and VML’
_ vV, + K[L] V
VM - M m ML (5)

1 + K[L]m

where VM is the retention volume of the free metal, and VML is that
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FIGURE 1.

Representative elution patterns for the Ca-P
The compositions of the eluents®
(A) 0.1 M NaCl + ca.10™> M HCL

(B) 0.1 M NaCl + a0

system.

4m

-4
M HC1 + 4x10 M Na4P4O12

(C) 0.1 M NaCl + ca.107> M HCL + 7x10 > M Na,P,0,,

of the metal complex for the hypothetical system, in which the com-
plex is present and the free metal is absent. It can be concluded
that the apparent retention volume of the metal is expressed in
terms of the free ligand concentration in the mobile phase and the
stability constant of the complex in the mobile phase. This enables
us to treat the gel chromatographic behavior of the labile complex
by the theory similar to one applied in electrophoresis in which
solutes migrate in a single phase(16,17).

VM was determined by the elution of metal ion with 0.1 M

sodium chloride and ca.10—3 M hydrochloric acid solution. Equation
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(5) is valid only when VM and VME are constant under these experi-

mental conditions. In order to check the constancy of VM’ sample

concentration dependence of VM was examined (Fig. 2). It is clear
that VM values of magnesium, calcium, strontium, zinc and nickel
VM
(ml)
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Ni ¢
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FIGURE 2.

Sample concentration dependence of VM'
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do not vary with sample concentrations. A VM value of copper
decreases with the increase in sample concentrations, which may be
attributed to the adsorption of copper ions to the gel matrix.

Equation (5) can be rearranged to eq.(6).
- 1 . VM = VM -
M ML K [L]

m

When the metal concentration in a sample is much smaller than the

total ligand concentration, [L]m can be replaced by the total
ligand concentration.

The plots of VM vS. (VM
phate and calcium-tetrametaphosphate systems are shown in Fig. 3.

- \_IM)/[L]m for the calcium-trimetaphos-

0 5 10 15 x102

(m1)

1 T

<

system

1 1 1

0 5 10 15
(Vy~ Vi /L]

x10

FIGURE 3.
Plots of VM vs. (VM—VM)/[L]m for the Ca—P3m and Ca-P,  systems.
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The linear relationships thus obtained indicate the validity of the

theory mentioned above including the constancy of VM and VML' The

y-intercepts gave the retention volumes of the complexes(VML),

and from their slopes, the stability constants(K) were obtained.

The experimental uncertainty greatly influences the value of

(VM - VM)/[L]m, when the difference between VM and VM is small.
Equation (5) can also be altered to eq.(7), in which VM can be

expressed as a function of log[L]m. A similar equation has been

employed in the analysis of electrophoretic mobility data of ineter-

acting systems(16,17).

v+ V. -V 2,303
7, - —— M paiiih (-logk - loglL] ) (1)

2 2 2

K and VML were obtained by the least squares method. In Fig.4,

(m1)
26 |
j=— VM
o
Ca-P
24 1 4m Ca-P
V el system
M
22 |
o
20 F
<— VML(Ca-P
18
<— VMLﬂca'P4m) . 1
-4 =3 =7 =1
log[L]m
FIGURE 4.

Plots of VM vs. log[L]m for the Ca—P3m and Ca—P4m systems.

The solid line refer to the calculated curves based on equation(7).
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the plots of VM vs. log[L]m for the calcium-trimetaphosphate and
calcium-tetrametaphosphate systems are shown. In Table 1 the
stability constants thus obtained are listed together with the
reported values obtained by other methods. Ewven though the methods
are based on quite different principles the values are well consis-
tent with each other, which supports the theory mentioned above,

In Table 2, Kav values of the metal complexes and the ligands
are shown. It is noteworthy that the Kav values of the complexes
are always greater than those of the corresponding ligands. A
similar phenomenon was observed for EDTA complexes(20). The confor-
mational change in these ligands by chelate formation and/or the
dehydration of the ligands accompanying with the complexation may
be the main reasons.

It has been pointed out that ion-pair formation should be
taken into account when elution behavior of ionic species is exam-

ined in gel chromatography(3). The Kav values of trimetaphosphate

TABLE 2

Kav Values of Trimeta- and Tetrametaphosphate and Their Complexes

complexes

free ligand
Mg Ca Sr Ni Zn

P3m 0.14 0.27 0.28 0.30 0.28 0.31

P4m 0.11 0.19 0.21 0.18 0.22 0.20

K =(V_-V)/(V_-V); V_is the retention volume, V_ is the
av r 0 t r

0 t
total bed volume and V., is the void volume determined with Blue

0
Dextran 2000.

and tetrametaphosphate obtained in this work with 0.1 M sodium chlo-
ride solution may be affected by the ion-pairing with sodium ionms.
In order to correlate the gel chromatographic behaviors of phospho-
rus oxoanions with their complexation reactions, more precise

study is now in progress in our laboratory.
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TABLE 1-1
Stability Constants of Trimetaphosphate Complexes
This work Other works
logK a) logKk  Method b) Medium Ltonis Tfmp. Ref.
Strength (°C)

Mg 2.51 1.80 A NMeACl 0.1 25 (18)
Ca 2.11 1.64 A NMe4NO3 1.0 25 (18)
2.50 B NaCl 0.15 37 (19)

2.06 B NaCl 0.1 20 9

Sr 2.23 1.91 A NMeANCl 0.1 25 (18)
1.95 B NaCl 0.15 20 (19)

2.03 B NaCl 0.23 20 9

Ni 2.29 1.82 A NMe4N03 0.1 25 (18)
Zn 2.29 2.00 A NMe4NO3 0.1 25 (18)
1.94 B NaClO4 0.23 20 €))

TABLE 1-2
Stability Constants of Tetrametaphosphate Complexes
This work Other works
logk ™ logk Method © Mediui 008  REEPs  pop
Strength (°C)

Mg 3.39 3.47 A NMeANCl 0.1 25 (18)
Ca 3.39 3.04 A NMe4N03 1.0 25 (18)
3..36 B NaCl 0.15 37 (19)

3.28 B NaCl 0. 20 9)

Sr 3.18 2.80 B NaCl 0.15 20 (19)
2.70 B NaCl 0.23 20 9)

Ni 3.15 3.38 A NMe4N03 0.1 25 (18)
Zn 3.37 3.63 A NMe4N03 0.1 25 (18)
2.86 B NaCl0, 0.23 20 (9
a) I =0.10"v 0.38 , b) A:potentiometry(ion-selective electrode)

B:ion-exchange method, ¢) I = 0.10 v 0.18
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ESTIMATION OF HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHIC RETENTION INDICES OF
GLUCURONIDE METABOLITES

John K. Baker
Department of Medicinal Chemistry
School of Pharmacy
University of Mississippi
University, MS 38677
ABSTRACT

The retention indices of several glucuronide metabolites and
their parent compounds were measured using a reversed-phase HPLC
system. It was found that the typical glucuronide metabolite had
a retention index 244 * 31 units lower than the parent compound.

INTRODUCTION

Though glucuronide formation is the most common pathway to the
production of mammalian urinary metabolites of drugs and
organic compounds, surprisingly little is known about the
chromatographic properties of this important group of compounds.
The most common approach to the identification and quantitation of
these metabolites is to assay for the free aglycon following
enzymatic or chemical hydrolysis of the sample and then subtract
the quantity of free aglycon that was originally in the sample.
Because of the high polarity of these metabolites, it is extremely

difficult to extract these compounds from urine samples. Despite

these difficulties, the intact glucuronides have been analyzed by
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gas chromatography following derivatization of the carboxylic acid
group with diazomethane and derivatization of the hydroxyl groups
with N,0-bis(tri-methylsilyl) acetamide (1).

Direct analysis of the intact glucuronide without
derivatization using high-performance Tiquid chromatography is a
much more promising approach to the problem. The major objective
of this study was to determine if the glucuronides could be
chromatographed satisfactorily using reversed-phase columns and if

the retention index of the metabolite can be predicted.

EXPERIMENTAL

Materials

The 2-keto alkane standards were obtained from Analabs (North
Haven, Connecticut). Morphine and codeine were obtained from the
Theta Corporation (Media, Pennsylvania). Morphine-3-glucuronide
and codeine glucuronide were obtained from Applied Science Inc.
(State College, Pennsylvania). Testosterone, testosterone
glucuronide, 6-Bromonaphthol, 6-Bromonaphthol glucuronide,
phenolphthalein, phenolphthalein glucuronide, 8-hydroxyquinoline,
8-hydroxyquinoline glucuronide, p-nitrophenol, and p-nitrophenol
glucuronide were obtained from Sigma Chemical Company (Saint Louis,
Missouri). A1l other chemicals and solvents were of reagent grade

and were used without further purification.

Chromatography

A 3.9mm i.d. x 30 cm C18 reversed-phase column (u-Bondapak
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018’ Waters Associates, Inc., Milford) with a 10um particle size
was used for the study. The mobile phase flow rate was 2.0 ml/min

and was comprised of 6.6 g KZHP04, 8.4 ¢ KH2P04, 1.6 T CH,0H, and

3
2.4 1 HZO' The pH of the mobile phase was 7.0 before the addition
of the methanol.

A Waters Associates, Inc. M-6000 pump, U6K injector, and
Model 440 dual wavelength ultraviolet detector were used. The

first detector was operated at 254 nm, while the second detector

(in series) was operated at 280 nm.

Retention Index Measurements

The basic construction and properties of the retention index
scale have been previously reported (2). The capacity factor (k'x)
of the test compounds and standards were determined from the
observed retention time (tx) and the retention time of the solvent
front (to)‘ The index (I) of a given 2-keto alkane standard was,
by definition, equal to 100 times the number of carbons in the
standard. Thus, acetone was assigned a value of 300, and
2-butanone, 400. The index of a drug was calculated from the
capacity factor observed for the drug (k'x), the capacity factor
for a 2-keto alkane standard eluting just before the test

compound (k'N), and the capacity factor of the next higher

homologue (k'N " 1) using Equation 2.

I T— Eq. 1
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log k & % log k'N

I =100 + 100N Eq. 2
Tog k'N +1° log k'N

RESULTS AND DISCUSSION

The retention times of the compounds and their glucuronide
metabolite varied from about one minute for p-nitrophenol
glucuronide to over one hour for testosterone. The difference in
the retention time of the glucuronide metabolite and the aglycon
varied considerably from compound to compound and this parameter
would not be useful for the prediction of the retention time of the
glucuronide derivative of some new test compound. However, when
the HPLC retention index of the glucuronide and its aglycon were
examined, a very clear pattern was observed (Table I). The
retention index of the glucuronide was found to have a much Tower
retention index as one might expect for the highly polar glucuronide
group and it was observed that the shift in retention index was
very nearly the same for all of the glucuronides. The average
value for the shift in retention index was found to be 244 + 3]
units. If this trend were to be extended to other drugs and
organic compounds, one would predict that retention index of the
glucuronide metabolite would be 244 units lower than that
experimentally observed for the parent compound. The ability
to predict the retention properties of the metabolite would be
extremely useful because reference standards for the metabolites
are difficult to obtain and they are rarely available in the

early stages of the metabolism studies of a new compound.
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TABLE I

Effect of Glucuronide Formation on the HPLC Retention Index of Drugs

Drug Index Shift
morphine 625
morphine-3-glucuronide 361 -264
codeine 712
codeine glucuronide 489 -223
testosterone 920
testosterone glucuronide 710 -210
6-bromonaphtol 871
6-bromonaphtol glucuronide 617 -254
phenolphthalein 740
phenolphthalein glucuronide 508 -232
8-hydroxyquinoline 612
8-hydroxyquinoline glucuronide 311 -301
p-nitrophenol 493
p-nitrophenol glucuronide 270 -223

Average = -244 + 31

In previous studies, it was found that the retention index of
a test compound (IX) could be predicted from the retention index

experimentally observed for a related reference compound (I__.) and

ref
the sum of the Hansch substituent constants (ﬂx) than are readily
obtained from reference tables. The estimation of the retention
index of the new compound was made using Equation 3 which was

previously developed (3,4).
Ix = 200 L + Iref Eq. 3

Though this equation was not developed specifically for
metabolism studies, the retention index of a metabolite could be
estimated if the retention index of the parent compound were known

and if the Hansch m values for all of the substituent changes were
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available. Unfortunately, the m value for the glucuronide group
was not available. However, if Equation 3 is used in the reverse
manner, a 244 unit retention index shift would indicate that the
glucuronide group would have a w value of - 1.22 + 0,16 units. If
more than one structural change occurred during the metabolic
transformation of the drug, one would use the sum of the 7 values
for each of the changes to estimate the retention of the final
metabolite. A1l of the aglycons in Table I contain a hydroxyl
group which was than conjugated to form the glucuride. For simple
aromatic compounds that do not contain a hydroxyl group, the =
value would be equal to the sum of the glucuronide group and the
aromatic hydroxyl group (-0.67(5)) which would be -1.89. Thus,
the estimated retention index of the glucuronide metabolites of
non-hydroxylated aromatic compounds would be 378 units Tower than
the parent compound rather than the 244 units shown in Table I.
One of the major difficulties in the detection of drug
metabolities in urine samples is that there are a large number of
natural components in the urine that have strong UV chromophores.
Unless one uses extremely selective extraction procedures, one is
almost assured of finding a natural component with nearly the same
retention time as the drug metabolite. If dual UV detectors are
used in series, the absorbance ratio at the two wavelengths for
the compound can be obtained with good precision and this
measurement has been shown to be an extremely useful aid in the

identification of the compound (6, 7).
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TABLE II

The Relative Response of 254 nm and 280 nm Ultraviolet Detectors to
Glucuronide Metabolites

Compound A254/A280

morphine 0.77
morphine-3-glucuronide 0.50
codeine 1.27
codeine glucuronide 1.17
testosterone ca.35
testosterone glucuronide 33.8
6-bromonaphtol 0.96
6-bromonaphtol glucuronide 1.08
phenolphthalein 1.23
phenolphthalein glucuronide 1.26
8-hydroxyquinoline 1.49
8-hydroxyquinoline glucuronide 0.56
p-nitrophenol 1:11
p-nitrophenol glucuronide 0.38

The absorbance ratio of the compounds and their glucuronide
metabolites (Table II) was also found to be very useful in the
characterization of the compounds in the present study. For
those aglycons that have the hydroxyl group removed from the UV
chromophore (codeine and testosterone) one would expect the
glucuronide metabolite to have the same absorbance ratio which was
observed. Most of the phenolic metabolite either showed a
reduction in the absorbance ratio (morphine, 8-hydroxyquinoline, and
p-nitrophenol) or remained unchanged (6-bromonaphthol and
phenolphthalein) when conjugated with glucuronic acid.

Preliminary studies with codeine-6-glucuronide using the 40%
methanol mobile phase given in the experimental have indicated that

the glucuronide is poorly resolved from the natural constituents in
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human urine. If the methanol content of the mobile phase was
reduced to 20%, the glucuronide could be detected at 30 ug/ml in
directly injected urine samples. If lower levels of the
glucuronide are to be measured it will be necessary to remove

interfering peaks that elute before and after the glucuronide.
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ABSTRACT

A rapid method based on reverse-phase high-pressure 1iquid chromatography (HPLC)
is described for the separation and quantitation of N-(2-propyl)-N'-phenyl-p-phe_
nylenediamine (IPPD) and N-(1,3-dimethylbuty1)-N'-phenyl-p-phenylenediamine (DBPD)
in urine.Sample preparation is based on a simple extraction procedure and analysis
is carried out on a chromatographic system using a LiChrosorb RP 18 column and buf-
fered aqueous methanol as the mobile phase.The relationship between peak heights
and amount injected was Tinear over a range of 0.05-5 ug for both compounds.Reten-
tion times and peak heights were highly reproducible.Detection was very sensitive,
allowing quantitation of 5 ng of either compound.The application of the techniques
ggqr biomgnitoring body fluids as an indicator of exposure to aromatic amines is
discussed.

INTRODUCTION

The detection and determination of trace concentration of aromatic amines is
of extreme importance,as many of these compounds have been demonstrated during the
past few decades to be carcinogenic (1).

279
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The development of a specific and sensitive method for their determination
in the environment and in body fluids is therefore important and necessary.

Several procedures for quali-quantitative determination of aromatic amines,
which provide a varying degree of sensitivity (TLC,GLC,HPLC) have been published
(2-7).

IPPD and DBPD are two of the aromatic amines most widely-used as antioxi-
dant agents in rubber industries.

The approach taken in this study was to develop a system which exploits the
HPLC method to detect,in the nanomole range,aromatic amines in the urine of the

exposed individuals.

MATERIALS AND METHODS

Standard IPPD and DBPD (Bayer) of known purity (greater than 98%) were
used without further purification.The stock solution of 5 ug/ml was prepared
by dissolving 5 mg of each standard,exactly weighed on a Cahn electrobalance
mod. G2,in water purified by a MILLY-Q-System (Millipore Corp.,Bedford,Mass.,
U.S.A.) and diluting to volume into a 1000 ml1 volumetric flask.

Standard solutions were analyzed immediatly after preparation and kept
in refrigerator (4 °C) to retard amines oxidation.

An appropriate quantity of aromatic amines standards were added to urine
samples to yield urine standards containing 0.005,0.01,0.1,1,2 ug/ul.

These urine samples (100 ml1) were extracted in order to isolate aromatic
amines by shaking with analytical grade diethyl ether (50 m1) into a separatory
funnel.The extraction was repeated twice,then the combined extracts were,if
necessary,centrifuged (5 minutes at 2000 r.p.m.).The diethyl ether extracts

were dried over anhydrous sodium sulfate,then the anhydrous extracts were eva-
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porated to dryness under reduced pressure in a rotary evaporator.The residues
were redissolved in methanol (LiChrosolv,Merck),transferred to 10 ml volumetric
flasks and brought to volume with methanol.The volume of solution injected ran-
ged from 1 to 10 ul.

HPLC analyses were run on a Perkin-Elmer Series 3B Tiquid chromatograph.
Component elution was monitored with a LC-75 variable wavelength detector
(160-600 nm) equipped with a LC-75 Autocontrol.The column used was a Hibar-
-LiChrosorb RP 18 10 um (Merck,25 x 0.26 cm I.D.).The separations reported were
achieved under the following conditions : mobile phase,methanol-water (78:12),
adjusted to pH 6.7 with ammonium hydroxide,0.02 M in ammonium acetate;flow
rate,2 ml/min;temperature,28 °C;wavelength,290 nm;chart speed,0.5 cm/min.
Graphs were generally obtained with an attenuation setting corresponding to
0.04 AUFS on a 10 mV recorder and peak areas were determined by a Perkin-Elmer

Sigma 10 integrator.

RESULTS AND DISCUSSION

Figure 1 shows a chromatogram obtained on a synthetic mixture of IPPD and
DBPD.IPPD and DBPD peaks are symmetrical with baseline resolution.Under the
employed conditions the retention times were higly reproducible;20 injections
of each compound over a period of two weeks gave mean retention times of 156
and 324 sec,with coefficients of variation of 0.72 and 1.19% for IPPD and DBPD
respectively.Calibration curves of peaks area (or height) against the amounts
of IPPD and DBPD injected were constructed from triplicate injections of six
standard solutions of IPPD and DBPD,they were found to be linear over a 0.05-
-5.0 ug range for both compounds.The calibration curves obtained with IPPD and

DBPD in water and urine showed no significant differences and standard solutions
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FIGURE 1

HPLC chromatogram of an aqueous solution (3ul) of IPPD and DBPD standard
Conditions : column,liChrosorb RP 18 10 um (Merck,25 x 0.26 cm I.D.);mo-
bile phase,methanol-water (78:12),adjusted to pH 6.7 with ammonium hydro-

xide,0.02 M in ammonium acetate;flow rate,2 ml/min;temperature,28 C;wave-
length, 290 nm;chart speed,0.5 cm/min.

were thus made up in water for convenience.Figure 2 illustrates the HPLC graph
of urine containing IPPD,in which it can be seen that the matrix gives no inter-
ference at the retention time of the peak of IPPD.

The precision of the outlined method was studied by injecting fifteen 10
ul aliquots of the IPPD and DBPD synthetic mixture containing 0.25 and 0.35 ug
respectively.Reproducibility measured as peak height was good,with coefficients
of variation of 1.025-1.210% due to the combined errors of HPLC resolution,injec-
tion and detection.

With instrument sensitivity of 0.02 AUFS,the minimum detectability was 5-

-10 ngsbelow this Tevel baseline detector noise exceeded peak height.
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FIGURE 2

HPLC chromatogram of human urine containing IPPD standard (10u1) .Conditions
same as in FIGURE 1.

Human urine containing IPPD and DBPD showed recovery for IPPD in the range
of 93-98.5% with an average recovery of 95.5% and for DBPD in the range of 89-
-98% with an average recovery of 93.5%.Recoveries were calculated by comparing

peak heights from volumetric dilutions of equivalent amounts of IPPD and DBPD.

CONCLUSION

The method described is suitably accurate,rapid,selective and sensitive for
determining IPPD and DBPD in water and urine samples.Many other separations of
closely related compounds can be performed in a similar way and may be used in
routine analysis.The choice of the mobile phase composition (percentage of water

in methanol,ammonium acetate concentration and pH) permits the simple regulation
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of solute capacity factors,thus providing a rapid and effective solution for spe-
cific problems.A one-step extraction procedure was chosen and developed to reduce
the amount of sample handling;consequently the potential for Toss of material and
possible contamination is minimized.No elevated or irregular baselines nor pres-
sure build-ups have been encountered while working with these partially purified

samples.

Furtheremore the case under examination,illustrated above (human urines
containing exogenous aromatic amines) demonstrates that the method employed is
a useful approach to the biomonitoring of IPPD and DBPD in the urines of exposed
individuals.

Investigations into the presence of IPPD and DBPD in body fluids of rubber

workers are currently in progress in our laboratories.

REFERENCES

1) 1.A.R.C. - International Agency for Research on Cancer - Vol. XVI,January 1978.
I.A.R.C. Monograph on the evaluation of the carcinogenic risk of che-
micals to man - Some aromatic amines and related nitro compounds hair
dyes,colouring agents and miscellaneous industrial chemicals.

2) RINDE,E.,TROLL,W. Colorimetric assay for aromatic amines.4nal. Chem. 48,542,L976.

3) UCHYTIL,B. Thin-layer and high-speed 1iquid chromatography of the derivatives of
1,4-phenylenediamine.J. Chromatogr. 93,447,1974.

4) BOMWEN,B.E. Determination of aromatic amines by an adsorption technique with fla-
me ionization gas chromatography.Anal. Chem. 48,1584,1976.

5) YOUNG,P.R.,McNAIR,H.M. High-pressure 1iquid chromatography of aromatic amines.
J. Chromatogr. 119,569,1976.

6) MEFFORD,I.,KELLER,R.W.,ADAMS,R.N.,STERNSON,L.A.,YLLO,M.S. Liquid chromatographic
determination of picomole quantities of aromatic amine carcinogens.
Anal. Chem. 49,683,1977.

7) CHOW,F.K.,GRUSHKA,E. Separation of aromatic amine isomers by high pressure 1i-
quid chromatography with copper(II)-bonded phase.Anal. Chem. 49,
1756,1977.



JOURNAL OF LIQUID CHROMATOGRAPHY, 4(2), 285-292 (1981)

DETECTION OF FURFURAL AND 2-FUROIC ACID
IN BACTERIAL CULTURES
BY HIGH PRESSURE LIQUID CHROMATOGRAPHY

S. W. HONG, H. E. HAN AND K. S. CHAE

Department of Microbiology
College of Natural Sciences
Seoul National University

Seoul 151, KOREA

ABSTRACT

The Furfural and 2-furoic acid present in bacterial
cultures were extracted and detected by High pressure
Liquid Chromatogrphy (HPLC) . Using the methanol/water
solvent (70/30), the column, au Bondapak C1l8 (Waters

Associates) seperated these compounds well. The detec-
tion was performed at 254 nm where binary mixtures were
absorbed. This method provided a rapid and simultaneous

detection for the conversion of furfural into 2-furoic
acid followed by the utilization of 2-furoic acid during
bacterial growth.

INTRODUCTION

A number of methods are available for determining
furan derivatives. Furfural was quantitatively deter-
mined by titration with bromine monochloride £3.]) =
Paolo(2) described that the mixtures of furfural and
S5-hydroxymethyl furfural (HMF) were seperated by  a thin
layer chromatography (TLC). The spots were cut and
developed with Dische reagent and than estimated by
spectrophotometer. Furfuryl alcohol and furoic acid
were analysed by Morimoto et al (3), using gas
chromatography. Kostenco(4) described a method for

determination of furfural and methylfurfural on silica
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gel modified by fluorohydrocarbon radicals by High Per-
formance Liquid Chromatography (HPLC).

However, the methods described above were not suit-
able for the determination of furfural and 2-furoic acid
for the following reasons: no selectivity, time-consuming
and complicated sample preparation in individual determi-
nation of biological mixtures.

This paper describes a new method, using HPLC for
the determination of furfural and 2-furoic acid present

in biological mixtures.

MATERIALS AND METHODS

Bacterial Culture Medium

One litre of culture medium contained: KH2P04, 1.09;
KZHPO4, 2.0g; KNOB, 1.x0G; MgSOA7H20, 0.2g; NaCl, 0.2g;
Caclz, 0.01lg; furfural, 0.5g; yeast extract, 0.3g.

Fifty ml of culture medium was poured into 250 ml Erlen-
meyer flasks. After the medium was autoclaved at 121 °C
for 15 min and cooled down to room temperature, the test

microorganism was inoculated.

Sample Preparation

Pseudomonas FS1 which was isolated from soil of
University Campus was cultivated at 37 °c for three days
in G24 Environmental Incubator Shaker (New Brunswick
Scientific Co., Inc., Edison N.J. USA).

Five ml samples were withdrawn at appropriate
time interval during the culture development and centri-
fuged at 5,000 rpm for 15 min at 4°C (Rotor Model RPR20-2,
Hitachi Automatic Refrigerated Centrifuge, Hitachi Koki
Co., Ltd) to obtain cell-free sample.

This sample was filtered through 0.45 pm porosity
milipore filter; 47 mm diameter (Millipore Corp.). The

PH of sample was adjusted to 3 with 2N HC1. Two ml of



FURFURAL IN BACTERTAL CULTURES 287

acidified sample was mixed with 1 ml of diethyl ether in
a capped tube and left at cold room (4°C) until two phases
were clearly seperéted.

Nonagueous phase was decanted into another capped
tube and evaporated at 35 °c. An appropriate amount of
this sample was redissolved in the corresponding methanol
solvent for HPLC analysis and the other in distilled water
for scanning of UV spectrophotometer.

Analysis by UV Spectrophotometer and HPLC

Prepared samples were scanned within the range of
210 nm to 330 nm in wavelength by Perkin-Elmer Model 139
UV-VIS spectrophotometer (Hitachi, Ltd., Tokyo, Japan).

Operational conditions of HPLC (Waters Associates
Inc., liilford, Mass. 01757, USA) were as follow: column,
P-Bondapak Cl8; solvens, methanol/water (100/0, 70/30,
50/50, 10/90); flow rate, 1.0 ml/min; detector, UV Model
440, 254 nm; injection, 10 Pl7 temperature, room temper-
ature. Methanol solvents (for chromatographic grade,
Merck) were degassed and filtered through Millipore filter

prior to usage.

RESULTS AND DISCUSSION

Growth of Pseudomonas FS1 was observed in the culture
medium containing yeast extract and furfural as a carbon
source. A simple method to determine the quantity of
furfural and possible amount of its metabolite(s) in this
bacterial culture was needed. Furfural is an aromatic
compound and has UV absorbance at 277 nm of wavelength(5).

The metabolite(s) would be either furan derivatives such

as 2-furoic acid and 2-furfuryl alcohol(3) or glutamate
which does not have UV absorbance (6).

If metabolites are furan derivatives, it is certain



288 HANG, HAN, AND CHAE

that it has UV absorbance. In order to resolve above
presumptions UV scanning was carried out and the results
are shown in Figure 1.

The peak at 277 nm was the furfural (A,B) and showed
the gradual decrease (A,B,C,D). In addition a new peak

at 245 nm appeared after 12 hr of growth and thereafter

disappeared. A substance which peaks at 245 nm (E245)
seems to be a metabolite formed extracellularly. The
purified E245 substance was identified as 2-furoic acid

when compared with a standard 2-furoic acid by IR spectro-
photometer. 2-Furoic acid was produced due to the oxida-
tion of furfural by an exoenzyme (7).

For simultaneous determination of furfural and

ABSORBANCE

1
210 250
WAVELENGTH nm

1 1
290 330

FIGURE 1

UV scanning spectra of culture filtrate during the growth
of Pseudomonas FSl. (A) a peak of furfural in culture
medium, (B) (C) peaks after 18 hr and 30 hr of growth,
respectively, (D) disappearance of two peaks after 55 hr

of growth.
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2- furoic acid in bacterial cultures, culture filtrate
was prepared to be analyzed by HPLC with different mobile
phases of methanol as shown in Figure 2.

Furfural and 2-furoic acid could be separated well
when solvents other than absolute methanol were used.
The optimum condition for retention time of each mobile
phase occurred only when 70% methanol was used.

Thus, transformation of furfural into 2-furoic acid
and the utilization of 2-furoic acid during the culture
using 70% methanol solvent.

Pairs of peaks in chromatograms in Figure 3 demon-

strated the gradual increase and decrease of 2-furoic
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FIGURE 2

Chr?matograms of 2-furoic acid(l) and furfural(2) at
Yarlous concentrations of methanol solvent
A) 10% methanol, (B) 50% methanol (2] 7 3
0% th
(D) 100% methanol. e ne i
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FIGURE 3

HPLC chromatograms of 2-furoic acid(l) and furfural(2)
in culture filtrate during the culture development of
Pseudomonas FS1. Solvent: 70% methanol.

Other conditions are listed in text.

acid and furfural. The peaks that disappeared were
completely utilized at the end of growth. As shown in
Figure 1, spectrophotometric analysis was not suitable
for quantitative determination of each compound in the
binary mixtures with high concentration, since absorbances
of the two compounds overlapped each other which resulted
in error. However, HPLC analysis allowed binary mixtures
of furfural and 2-furoic acid to be fractionated and de-
tected rapidly and simultaneously.

Using HPLC method it is posible to estimate the
amounts of furfural and 2-furoic acid by measuring peak
heights or peak areas with reference to a calibration

curve of standard compounds.
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FIGURE 4

Quantitative changes of furfural (1) and 2-furoic acid
(2) depending on the increase of cell mass(3).

The quantitative changes of furfural and 2-furoic
acid, depending on cell mass expressed as turbidity at
the optical density of 610 nm were shown in Figure 4.

Using the HPLC method, we have found unique

physiological properties of Pseudomonas FS1l which is of

interest in view of elucidating the metabolism of furfural
as a toxicant.

2-Furoic acid was not utiljzed until furfural was
completely converted into 2-furoic acid. This indi-
cated that furfural was subjected to cxidation into
2-furoic acid followed by the reutilization of 2-furoic
acid as a carbon source. Therefore Pseudomonas FS1 could
decompose furan rings by converting furfural into 2-furoic
acid.

In summary, the HPLC method described above can be

useful for the detection as well as quantitative deter-
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mination of furfural and 2-furoic acid present in bacterial

cultures.
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ABSTRACT

A rapid and effective high-pressure liquid chromatographic method
has been developed for the quantitative determination of dexamethasone
21 acetate in pharmaceutical formulations.Sample preparation employs a
simple extraction procedure and analysis is carried out on a reverse-
phase chromatographic system using a LiChrosorb RP 18 column and a wa-
ter-acetonitrile as mobile phase.The extraction procedure gives quantita-
tive recovery and chromatographic results show that drug lTevels of as
0.1 ppm can be conveniently analyzed without significant background
interferences.

INTRODUCTION

The action,uses and side effect of dexamethasone 21 acetate are
those of dexamethasone,a syntetic adrenal steroid derived from predni-
solone.Dexamethasone acetate is particularly employed as a repository
form of dexamethasone,for systemic or intralesional use.

Current analytical techniques for quantitative dexamethasone
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determination in various biological and non biological media are based
on colorimetric methods with bleu tetrazolium or with a modified Oorter-
Silber reagent (1).Problems associated with the analyses are usually
complex;colorimetric methods do not seem sufficiently quantitative when
dexamethasone incorporated into a complicated matrix is being analyzed,
furthermore they are time consuming for routine work and rather tedious
to perform.

High-pressure 1iquid chromatography (HPLC) has been recently pro-
posed as an alternative procedure for the determination of dexamethasone
phosphate sodium salt (2,3).

The present paper is an application of reverse-phase HPLC to rou-
tine analyses of dexamethasone acetate in pharmaceutical formulations,

in the range of 10 ng Tevel.

MATERIALS AND METHODS

Pharmaceutical formulations (dermal ointments and suppositories)
containing dexamethasone acetate,were prepared for chromatographic ana-
lyses as follows:
ointments: ointment sample (5 g) exactly weighed were suspended in 100 ml
of twice-distilled warm water (40 °C),quantitatively poured into a 250 ml
separatory funnel and then extracted with 50 m1 of chloroform.The extraction
was repeated three times.The lower (chloroform) layers were transferred
into a 500 ml1 separatory funnel and washed twice with 100 m1 of redistil-
led water.The wasi.ed extract was filtered through 25 g of anhydrous so-

dium sulfate (held in 60 ml coarse fritted-glass funnel).The anhydrous
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extract was evaporated to dryness under reduced pressure in a rotary eva-
porator.The residue was redissolved in acetonitrile (LiChrosolv,Merck)
filtered through a Gelman Acrodisc-CR 0.45 um filter and then diluting
to volume into a 25 ml volumetric flask;

suppositories: four suppositories (8 g) were dissolved in 100 ml of
warm ethanol (40 °C).The clear ethanolic solution was stored overnight
in a refrigerator (4 °C).This treatment removes a substantial propor-
tion of inactive 1ipid suppository base which was subsequently separa-
ted by filtration through a Whatman GF/C filter.The filtered solution
was evaporated to dryness,redissolved in 100 m1 of diethyl ether,trans-
ferred into a 500 ml1 separatory funnel and then extracted twice with
100 m1 of redistilled water.This treatment is useful to eliminate the
water solubile ingredients.The diethyl ether layer was dried and evapo-
rated to dryness.The residue was redissolved in acetonitrile,filtered
and diluting to volume into a 25 ml volumetric flask.

Dexamethasone acetate standard was obtained from commercial sup-
pliers.The stock solution of 0.5 mg/ml was made by dissolving in aceto-
nitrile 5 mg of dexamethasone acetate,exactly weighed on a Cahn electro-
balance mod. G 2 and diluting to volume into a 50 m1 volumetric flask.
An aliquot (5 ml) of the stock solution was accurately measured and
transferred into a 50 ml volumetric flask and diluted to volume with
acetonitrile.Injections of 10 ul of dexamethasone acetate standard so-
Tution (0.11 ug/ul) were made for quantitation.

The chromatographic separations were performed with a Perkin-Elmer
Series 3B Tiquid chromatograph.Component elution was monitored with a

LC-75 variable wavelength detector (190-600 nm) equipped with a LC-75
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Autocontrol.The column was a Hibar-LiChrosorb RP 18 10 um (Merck,

25 x 0.26 cm I.D.).The separations reported were achieved under the
following conditions: mobile phase,50% acetonitrile (LiChrosolv,Merck)
in deionized redistilled water;flow rate,1.5 ml/min;temperature,25 °C;
wavelength,238 nm;chart speed,0.5 cm/min.Graphs were generally obtained
with an attenuation setting corresponding to 0.16 AUFS on a 10 mV re-
corder and peak areas were determined by a Perkin-Elmer Sigma 10 in-

tegrator.

RESULTS AND DISCUSSION

A chromatogram of ointment extract containing dexamethasone aceta-
te is shown in Figure 1.The dexamethasone acetate peak is completely re-
solved and is symmetrical.Detector response, as measured from standard
peak heights,was linear up to at least 0.1 ug.The minimum detection 1i-
mit was 10 ng;belowe this Tevel baseline detector noise exceeded peak
height.The accuracy of the proposed method was further checked by means
of recovery experiments carried out on one rappresentative pharmaceu-
tical preparation (ointment and suppository) in which a measured quan-
tity of dexamethasone acetate was added to the sample.The mean reco-
very of dexamethasone acetate in dermal ointment was 98% with a rela-
tive deviation of +1.5%, the mean recovery in suppositories was 96% with
a relative deviation of +2%.With the proposed method there was no in-
terference from propyl gallate,butyl hydroxyanisole,tween 80 and other

active or inactive ingredients present in ointment and suppositories.
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Figure 1
HPLC chromatogram of an acetonitrile extract (10 pl) of a dermal ointment
sample containing dexamethasone acetate.Conditions:column,LliChrosorb RP 18

10 pym (Merck,25 x 0.26 cm I.D.);mobile phase,water-acetonitrile (1:1);flow
rate,1.5 ml/min;temperature,25 0OC;chart speed,0.5 cm/min;wavelength,238 nm.

CONCLUSION

The proposed method for the assay of dexamethasone acetate in phar-
maceutical formulations confirms that the HPLC technique has several di-
stinct advantages over the conventional technique currently in use.It is
simple,fast and has a precision and accurancy greater than those of the
more tedious colorimetric methods.We believe that the technique descri-
bed here can be used,with a sTight modification of the extraction pro-
cedure,for measured dexamethasone acetate,in other pharmaceutical for-
mulations,in biological materials (plasma) and for analysing samples

where interference is too great for the use of other techniques.
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ABSTRACT

High pressure liquid chromatographic (HPLC) methods for
separation of the carcinogen 4-nitroquinoline l-oxide (NQO) from
its reduced metabolites, 4—hydroxyaminoquinoline l-oxide (HAQO)
and 4—aminoquinoline l-oxide (AQO), are described. Simultaneous
fluorescence and U.V. absorbance analysis, using a gradient system
with reversed phase HPLC, gave good resolution of the metabolites.

INTRODUCTION

4-nitroquinoline l-oxide (NQO) is a carcinogen that has been
widely used in both in vivo and in vitro systems (4). 4-
hydroxyaminoquinoline l-oxide (HAQO), which is produced by
reduction of NQO in mammalian cells (1l4) appears to be a more
potent carcinogen than NQO on an equimolar basis (3,6,11).
Reduction of HAQO yields 4—aminoquinoline l-oxide (AQO), which has
not demonstrated substantial carcinogenic activity (4).

Both NQO and HAQO have been reported to act directly on DNA

in vitro (7,9). However, recent data indicate that the

carcinogenic effects of NQO may be due, to a large extent, to HAQO
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formed by the enzymatic reduction of NQO (13,14). In our studies,
which use NQO or HAQO to inactivate the infectivity of
cytomegalovirus (CMV) (1,2) or herpes simplex virus (HSV) (12), we
have followed the reduction of NQO to HAQO and AQO in lysates of CMV-
or HSV- infected cells, HPLC analysis of NQO—treated cell lysates
has been an effective method for following the metabolism of NQO to
HAQO and AQO.

MATERIALS AND METHODS

Chemicals

NQO and HAQO were supplied by the NCI Carcinogenesis Research
Program through IIT Research Institute, Chicago, Illinois. AQO was
the generous gift of Dr. Yutaka Kawazoe of the Faculty of
Pharmaceutical Sciences, Nagoya City University, Nagoya, Japan.
Solvents were from Burdick and Jackson (Muskegon, Michigan).
Chromatography

For TLC, Brinkmann Instruments (Westbury, New York) 20 cm x 20
cm, 0,25 mm thick Silica G plates without fluorescence indicator
were used. Whatman (Clifton, New Jersey) 7.6 cm x 7.6 cm, 0.20 mm
thick KC18 plates were used for reverse phase TLC. HPLC was
performed on a Waters Associates, Inc. (Milford, Mass.) model
GPC/LC-204 instrument equipped with a model 660 Solvent Programmer,
two model M6000A pumps and a model U6K injector system., HPLC
separation of the ethanol extracts of NQO-treated cell lysates was
accomplished on a 3.9 mm x 30 cm pBondapak C18 reverse phase column
(Waters Assoc.). A model SF-770 variable wave-length

spectrophotometric detector and a model FS-970 fluorescence
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detector (Schoeffel Inst. Corp., Westwood, New Jersey) were
connected in series to the outlet of the column. The signals from
the detectors were recorded on a Houston Instruments (Austin,
Texas) model A5211-1 two pen recorder. U.V., absorbance was
monitored at 360 nm. The excitation wavelength of the fluorescence
detector was set at 360 nm and a KV-470 emission filter was used.
In the HPLC system, a 15 min linear gradient at 1.5 ml per minute
was produced from 10 or 20% methanol in water to 90 or 100%
methanol.

Fractions of the HPLC eluant were collected at 1 min intervals
and analyzed on an Aminco—Bowman spectrophotofluorometer equipped
with a 416-992 xenon lamp, a R136 photomultiplier tube and a 1620-
809 X-Y recorder. The fractions were scanned in 1 x 4 cm fused
quartz cells at sensitivity 39, slit arrangement 3 and meter
multiplier readings of 0,03 to 0.001.

Sample Preparation

Details of cell culture, virus propagation, carcinogen
treatment and virus inactivation have been previously published (1).
NQO, when used to treat virus stocks, was dissolved immediately
prior to use in dimethylsulfoxide and diluted in maintenance medium
(1). HAQO was dissolved in 0.50N HCl. After dilution of the HAQO
solution in maintenance medium (1:20), the pH was adjusted to 7.2 by
the addition of 7.5% sodium bicarbonate (NaHCO3). When used as
standards for TLC or HPLC, the carcinogens were dissolved in the

indicated organic solvent immediately prior to use.
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For TLC, NQO—treated virus stocks were lightly sonicated, added
to an equal volume of the first TLC solvent, and 5 Ml volumes were
repeatedly spotted on the TLC plates, Fluorescence of the
carcinogens was observed with a model B—100A longwave U.V. lamp
(Ultra-Violet Products, Inc., San Gabriel, Calif.).

Samples from NQO-treated, virus—infected cell lysates were
prepared for HPLC by heating in boiling water for 1 min and
sedimenting the precipitated protein at 240 x G for 10 min. Ethanol
(95%) was added to the supernatant to reach a 65% ethanol
concentration. The specimen was then maintained on ice for 15 min
and clarified by centrifugation as before,

RESULTS

In our previous data with virus inactivation by NQO, no
convincing photodynamic component was evident in virus survival
curves (1,12). NQO, however, has been shown to be photodynamically
activated and such a component would be anticipated based on the
structure of NQO (7,8). Reduction of NQO to HAQO and AQO had been
observed in rat cells (13,14) and, therefore, might be expected in
human cells, HAQO, in contrast to NQO, is not photodynamically
activated (4) and has been shown to inactivate both transforming DNA
(10,15) and bacteriophage T4 (5). Thus, it appeared that HAQO,
rather than NQO, might be responsible for the observed inactivation
of virus infectivity. NQO—-treated lysates of virus—infected cells
were, therefore, examined for the presence of HAQO.

TLC separation of NQO, HAQO and AQO was first performed by the

method of Sugimura et al. (13) using silica gel plates and a solvent
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system of sec—butanol:ethyl acetate:water (1:1:1)., Comigration of
samples with known standards was observed, suggesting that detectable
amounts of HAQO and AQO were formed in the lysates of virus—infected
cells. However, variability of the Rf values of both standards and
samples, as observed by Sugimura et al. (13), was noted. Silica gel
plates developed first with methanol and then with ethyl acetate gave
somewhat more consistent results. Reverse phase TLC with
acetonitrile:water (75:25) as the solvent was used to confirm results
with the above systems. Unfortunately, during TLC procedures,
degradation of HAQO was noted (13) and recovery of standards and
samples was poor.

HPLC separation of NQO, HAQO and AQO standards (Fig. 1) was
developed to permit reproducible separation and recovery of these
chemicals from cell lysates, HPLC separation of extracts of NQO-
treated virus—infected cells demonstrated significant amounts of HAQO
and AQO (Fig. 2). The fluorescent and U.V, peaks observed during the
chromatography of the NQO-treated lysates of virus—infected cells
corresponded to the retention times of the NQO, HAQO and AQO
standards. Addition of standards to NQO treated lysates of virus-—
infected cells resulted in the expected increase in the size of
the corresponding peak on the chromatogram.

The use of HPLC separation allowed for ready
spectrofluorometric examination of the eluate, The maximum
excitation of the HAQO containing fractions was at 360 nm and

maximum emission was at 478 nm (Fig. 3). These values and the
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shape of the emission and excitation scanning curves are in good
agreement with the published values for HAQO (4,13,14) and data

obtained using a HAQO standard on the same equipment,
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Figure 1. HPLC analysis of NQO, HAQO and AQO standards. A
reverse phase column was developed with a 10 to 90% methanol
gradient (++++) in water., Fluorescence ( ) was measured with
excitation at 360 nm and emission at 470 mm. U.V. absorbance
(———-) was measured at 360 nm.
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Figure 2, HPLC analysis of an ethanol extract of a NQO-treated
(50 yg/ml) cytomegalovirus (strain AD-169) stock. A reverse
phase column was developed with a 20 to 100% methanol gradient
(+eee) in water, Fluorescence ( ) was measured with
excitation at 360 nm and emission at 470 nm. U.V. absorbance
(----) was measured at 360 nm. The retention times of NQO, HAQO,
and AQO standards are indicated ( ).
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DISCUSSION

HPLC provided several advantages for examination of the

metabolism of NQO in lysates of virus—infected cells.
separation of NQO, HAQO and AQO was readily achieved.

fluorometric assay of the HPLC eluate was highly sensitive.

The

The

The

retention times, peak areas and elution profiles of these

compounds were reproducible,

Preparation for HPLC did not appear

to cause degradation of the standards as was noted with TLC.
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HPLC also allowed for the simple recovery of the separated
compounds for further analysis by spectrofluorometry, and thus
obviated the problems encountered in the recovery of compounds
from TLC plates,

The HPLC separation of these compounds for analysis and
quantification should facilitate the study of these carcinogenic
compounds in established models of carcinogenesis and
cocarcinogenesis,
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ABSTRACT

Tributyl phosphate (TBP) has been used as stationary liquid
phase in reversed phase liquid column chromatography with aqueous
buffers or aqueous buffers + methanol as the mobile phase. Hydro-
phobic microparticulate (5 fum) alkyl-derivatized silica was used
as support. The stability of the columns is very high as is their
separating efficiency.

The strong hydrogen accepting properties of TBP makes reten-—
tion possible of highly polar solutes containing hydrogen donating
groups. Retention of carboxylic acids is obtained by the distribu-
tion of the uncharged form into TBP and it is regulated by the pH
of the mobile phase. No influence from the support on the reten-—
tion of carboxylic acids has been seen. Benzoic, phenylacetic,
mandelic, indole—3-—acetic and glucuronic acid derivatives, amino
acids and dipeptides have been chromatographed and the influence
of structural effects on the separation factors is discussed.

INTRODUCTION

In reversed phase partition chromatography, where an organic
liquid is used as the stationary phase in combination with an
aqueous mobile phase, the retention of highly polar organic mole-

cules may require a Ltationary phase that can form strong hydrogen
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bonds to these molecules. A few liquids have been studied for use
as stationary phases in modern liquid chromatography, namely
l-pentanol [1, 2] and butyronitrile [3]. They have been used in
systems for separations of nonionic compounds as well as ion-pairs
of ionic compounds. Many compounds, e.g. carboxylic acids of bio-
logical origin, were very slightly retained in these systems. We
therefore investigated the properties of tributyl phosphate (TBP)
as a stationary liquid phase. Being a strong hydrogen acceptor it
should bind hydrogen donating samples, like carboxylic acids,
strongly.

TBP is a well-known and powerful extractant for metal ions
and inorganic acids but the extraction of organic acids has also
been noticed [4]. TBP has been extensively used as stationary
phase in reversed phase liquid chromatographic separations of
metal ions [5], but its use for the separation of organic com-
pounds in similar systems seems not to have been studied. Some
work has been done using TBP as additive in a mobile organic phase
in paper chromatography [6] and column chromatography [7].

This paper introduces TBP as a stationary phase on modern
microparticulate alkyl-modified silica as support. The method of
coating is discussed and the use of the system is illustrated by
separations of very polar carboxylic acids of biological impor-

tance.

EXPERIMENTAL
Materials

The chromatographic system consisted of an LDC Solvent Deli-
very System 711-26, a sample valve injector, either a Valco
CV-6UHPa or a Rheodyne 7120, with 10 and 20 auL loops respecti-
vely, a Cecil 212 variable wavelength UV-detector with 10 ﬁﬂ.cell
and set at 254 nm. A Heto waterbath 02 PT 923 (HETO, Birkergd,
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Denmark) with external circulation was used to thermostate the
chromatograph.

Stainless steel columns of 100 mm length and 4.5 mm inner
diameter were used with a 2 fam Altex filter in each end fitting.
The columns were slurry packed with 5 ﬁmlparticles of either
LiChrosorb RP-8 or LiChrosorb RP-18 (Merck).

Tributyl phosphate (TBP) and methanol were analytical grades
from Merck. Sodium dihydrogenphosphate, disodium hydrogenphosphate
and phosphoric acid were used to prepare the buffers and were
analytical grades from Merck. Water was purified in a Milli-Q
apparatus (Millipore). All chemicals were used without purifica-

tion.

Batch Distribution Experiments

Batch distribution studies were performed in centrifuge tubes
with equal volumes of TBP and aqueous phase. Equilibrium was
attained by mechanical shaking for 20 min at 25.0 °C. The TBP
phase was pre—saturated twice with an equal volume of water +
methanol (9:1). The distribution ratio of carboxylic acids was
determined with buffer pH 6.98 + methanol (9:1) as aqueous phase.
The initial and the equilibrium concentration in the aqueous phase
was determined by UV photometry.

The distribution ratio of methanol was measured in the pre-
saturation step by a gas chromatographic determination of methanol
in the aqueous phase. Compensation was made for a change in the

phase volume ratio.

Chromatographic Technique

The eluent reservoir, immersed in a water-bath, and the co-

lumn, which was jacketed, were thermostated at 25.0 °C by circu-
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lating water.

The eluent contained aqueous phosphate buffers of ionic
strength O.l. In most cases methanol was added to the buffer in
the ratio 1:9.

To ensure column stability the eluent was partly saturated
with TBP. This was achieved by gently mixing a large volume of
pre—thermostated solvent (usually 3 L) with 10 mL of TBP. After
phase separation, which usually required 48 hours, partially
saturated eluents were prepared by mixing the TBP-saturated sol-
vent with an appropriate amount of unsaturated solvent of the same
composition.

Coating of the columns with the stationary liquid phase (TBP)
was achieved by two methods: 1. The equilibration method. The elu-

ent was pumped through the column until constant retention volumes
were obtained for sodium nitrate (unretained compound) and a re-
tained compound. At completed coating the column porosity,
En=Vn/Vy, 1is é(L44. Vp is the hold-up volume and V, is the

volume of the empty column calculated from its length and inner
diameter. 2. With the injection method TBP is injected directly

into the column by the injection valve. Increments of 10 - 50 ML
of TBP were injected at a frequency of ca. 10 ﬁﬂJmin. The total
volume of stationary phase, Vg, that should be injected is cal-
culated by

Vg = Vm,1 ~ Vn,2 = Vm,1 " €m,2 X VYo (1)

Vm,l is the hold-up volume before injections have started while
Vm’z and 5m,2 are the hold-up volume and the desired porosity
after injections of stationary phase. After the loading, the co-
lumns were conditioned over-night with a recirculating eluent.
Columns once loaded can be stored if filled with an eluent
free from salts.
No precolumn needs to be used.

éapacity ratios, k', were calculated from the retention
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volume, Vg, and the hold-up volume by k'= (Vp-Vp)/Vg.

RESULTS AND DISCUSSION

Solvent Properties

Tributyl phosphate is slightly soluble in water. The solubi-
lity at 25.0 ©°C in phosphate buffer pH 6.05 was determined, by
gas chromatography, to be 0.034 % w/v. In pure water the solubili-
ty is 0.039 % w/v [8]. It is important to note that the solubility
decreases with increasing temperature [8] since this can influence
the stability of the chromatographic columns.

The solubility of water in the TBP phase is 4.67 % w/v [8],
which corresponds to 3.58 M [9].

TBP, equilibrated with aqueous buffers containing 10 %
methanol, contains 2 7 v/v methanol since the distribution ratio

of methanol was found to be 0.2.

Coating with TBP

Alkyl-modified silica supports can be coated with organic
liquids as stationary phases by the equilibration method [1]. In

this method the stationary liquid is adsorbed from an eluent which
is saturated or partly saturated with the liquid. Fig. 1 gives
results for the coating of LiChrosorb RP-18 with TBP. As TBP
occupies the pores of the support the porosity decreases while the
retention increases. The results indicate that TBP has filled the
pores completely since the porosity reaches 0.39 which equals the
normal value for the interparticle porosity of 0.4 + 0.03. Due to
the low solubility of TBP the coating procedure becomes very
time—consuming.

Much faster coating was obtained by the injection method. The
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B 3,4-Dihydroxybenzoic acid

<O 5-Hydroxyindole-3-acetic acid

m
+0.60
+0.50
- 040

0 T T T T T T T
0 1 2 3 4 5 6 7 8

Volume of eluate (L)

FIGURE 1. Change of retention (k') and porosity (ep) during coat-
ing by the equilibration method. At the start of this experiment
the column was already partly coated with TBP. Column: LiChrosorb
RP-8, 5 pm, 100x4.5 mm. Eluent: phosphate buffer pH 6.05, 95 %
relative saturation of TBP, 0.5 ml/min.

columns could be coated within one hour but conditioning overnight
was necessary in order to get good efficiency. The actual volume
of injected TBP was not more than 20 % higher than that calculated
from eq. (1), which shows that the uptake is rather efficient. No
droplets were observed in the eluate during the coating. However,
care should be taken not to over—load the column since an excess
is very time-consuming to get rid of.

Variation of the amount of stationary phase can be obtained
by adjusting the saturation degree of the eluent [1]. In the

present work, however, only maximally loaded columns were used.



TRIBUTYL PHOSPHATE AS STATIONARY PHASE 315

The phase-ratio, VS/Vm, in the columns can be calculated
from measured porosity values [1] and was found to be 0.6 based on
an € —-value of 0.43 and a total porosity of 0.7 for LiChrosorb
RP-18 [1].

Stability and Column Efficiency

The TBP-coated columns have a high long-term stability. One
column has been in continuous use for 9 months with several
changes of the pH of the buffer. The retention volumes changed
less than 5 %.

It is suitable to use eluents of 90 % relative saturation
with TBP since they gave stable columns with a porosity of 0.42 -
0.44 at equilibrium.

The use of completely saturated eluents always caused detec—
tion disturbances in the UV detector due to the presence of micro-
drops of TBP in the eluate. It seems that the solubility of TBP
was lower in the column than in the eluent. Similar effects have
been seen in other cases [1].

The presence of methanol in the eluent was necessary in order
to avoid a drastic increase in the flow resistance which otherwise
occurred, probably caused by particles produced in the sample
injection valve and a break-down of the column.

The column efficiency is illustrated in Fig. 2. The plate

height tends to decrease with increasing capacity ratios.

Retention Model

Samples which are retained by distribution to the TBP-layer

¢
on the columns will get capacity ratios according to

k' = (Vg/Vp) x D )
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V¥ 4-Hydroxy-3-methoxyphenylacetic acid (k'= 0.9)
A Phenylacetic acid (k'= 1.9)

A 4-Hydroxyphenylacetic acid (k= 2.9)

O 5-Hydroxyindole-3-acetic acid (k’= 6.5)

010~
=
£0051
T .
0 T T T T T T T = |
0 1 2 3 4

Flow velocity (mm/s)

FIGURE 2. Dependence of column efficiency on flow velocity. Co-
lumn: LiChrosorb RP-18, 5 mm, coated with TBP by the equilibra-
tion method, €; = 0.42 - 0.43. Eluent: phosphate buffer pH 5.72 +
+ methanol (9:1), 90 % relative saturation of TBP.

where D is the distribution ratio of the sample. For an acid, HA,
its distribution ratio will be given by

c HA
D = Ol'g = [ ]org_ = I(D (3)
C [HA]. + [A] K!
aq aq aq ., _a
a_+
H ,m

which takes into account the distribution of the acid into TBP and

org and Caq are the total

concentrations of the acid in the stationary and mobile phases

its protolysis in the mobile phase. C

respectively, and K; is the distribution constant of the acid. Kj
is the apparent acid dissociation constant and aH+,m is the
hydronium ion activity in the mobile phase. Accordingly, the
capacity ratio can be regulated by the pH of the mobile phase. As
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the pH was measured in the buffer before the addition of methanol,
the relationship between the logarithm of the capacity ratio and
the pH in the buffer of the eluent can be expressed by the

following function after combination of equations (2) and (3)
' * -pH
log k' = log (Kp x Vg/Vy) - log (1 + K,/10 ) (4)

K, is an apparent acid dissociation constant which includes

the medium factor for the hydronium ion (cf. [11]). The function
has two asymptotes, one with a slope of O and the other with a
slope of -1, which intersect at a pH which equals pK; for the

acid. Some examples of these relations are given in Fig. 3 where

Indole-3-acetic acid
3,4-Dihydroxybenzoic acid
Benzoic acid
5-Hydroxyindole-3-acetic acid
Phenylacetic acid

P DOD W @

3,4-Dihydroxyphenylacetic acid

FIGURE 3. Dependerce of the retention of acids on the pH of the
buffer. Conditions as in Fig. 2. + = intersection point for the
asymptotes of indole—3-acetic acid.
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the curves have been obtained by non-linear regression according
to eq. (4). The experimental points fit well to the curves.
Plots of this kind would be obtained also when the acids
interact with the support. A comparison of the found k'-values
with those calculated from known distribution ratios between the
free liquid phases shows, however, that the influence of the
support on the retention is almost negligible. Results are shown
in Table 1. The found k'-values were smaller than the calculated
by a factor of 0.8. The deviation from unity may be due to errors
in the phase-ratio and to a different composition between the
chromatographic stationary phase and the TBP-phase used in the
batch experiments. Furthermore, the separation factors, o, ob-
tained in chromatography and in distribution between free phases,

agree rather closely.

TABLE 1

Comparison of Chromatographic Retention with Batch Distribution
«, the separation factor = quotient between the D-value or ki, ng-
-value of an acid and the corresponding data for benzoic acid.
Chromatographic conditions; Eluent: phosphate buffer pH 6.94 +

+ methanol (9:1), 90 % relative saturation with TBP. Porosity
(€mp): 0.42-0.44. Stationary phase: TBP. Support: LiChrosorb RP-18.

Comparison
Batch Chromatogr. chrom.-batch
1 ! 1 *
D ot Kfound @ kfound/kcal():
Acid
(pH 6.98) (pH 6.94) (pH 6.94)
5-Hydroxyindole—3-
—acetic acid 0.78 1.77 0.35 1.94 0.83
Indole-3=-acetic acid 2.45 5.58 1.12 6.22 0.85
Benzoic acid 0.44 1.00 0.18 1.00 0.76
3-Hydroxybenzoic acid 0.98 2.24 0.42 2.33 0.79
4-Hydroxybenzoic acid 2.60 5.93 1.09 6.06 0.78
*) klaic = (Vg/Vy) x D x 0.9 is the capacity ratio calculated from

the batch extraction experiments. The phase-ratio is taken to be
0.6. The factor 0.9 compensates for the pH difference between
batch and chromatographic experiments.
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Retention and Separation of Various Compounds

The strong electron donating ability of the phosphate oxygen
in TBP enables the formation of strong hydrogen bonds to acidic
solutes and a liquid chromatographic system with TBP as the sta-
tionary phase can then give considerable retention of hydrophilic
acids and a separation selectivity which is different from that
obtained in the conventional reversed phase systems with alkyl-
-bonded phases.

A survey of the retention obtained for acidic compounds is
given in Table 2. It includes derivatives of benzoic, phenylace-
tic, mandelic and indoleacetic acids. Also included are some
glycine and glucuronic acid conjugates, one amino acid and some
dipeptides. All peaks had good symmetry except for compounds that

contain amino groups i.e. the amino acids and the dipeptides.

TABLE 2

Retention of Acids

Chromatographic conditions; Eluent: phosphate buffer + methanol
(9:1), other conditions as in Table 1.
pkg = thermodynamic acid dissociation constant from ref [13].

Sample pK9 k'
pH of the buffer

2.08 5.70 6.94
Benzoic acid derivatives
Benzoic acid 4.20 164 3.72 0.18
Salicylic acid 3.03 700-800 1.36
3-Hydroxybenzoic acid 4.16 415 8.35 0.42
4-Hydroxybenzoic acid 4.58 420-430  22.1 1.09
3,4-Dihydroxybenzoic acid 203 9.06 0.44
3,5-Dihydroxybenzoic acid 680 11.6 0.57
2,5-Dihydroxybenzoic acid 900-950
3,4,5-Trihydroxybenzoic acid 4.33 86 3.42 0.14
4—Aminobenzoic acid 2.38, 4.89 21.6 5.30 0.29
4-Hydroxy-3-methoxy-
benzoic acid 5.12 0.30

3-Hydroxy—-4-methoxy-
benzoic acid 107 4.07 0.21
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TABLE 2 (continued)

Sample pKQ k'
pH of the buffer
2.08 5.70 6.94

Phenylacetic acid derivatives

Phenylacetic acid 4.32 73.7 1.98 0.13
2-Hydroxyphenylacetic acid 79.4 2.84 0.20
3-Hydroxyphenylacetic acid 93.6 2.73 0.17
4-Hydroxyphenylacetic acid 80.4 2.88 0.22
3,4-Dihydroxyphenylacetic acid 32.5 1.16 0.03
4-Hydroxy-3-methoxy-

phenylacetic acid 26.8 0.92
Mandelic acid derivatives

Mandelic acid 3.41 14.9 0.05
3-Hydroxymandelic acid 18.7 0.07
4-Hydroxymandelic acid 14.7 0.07
3,4-Dihydroxymandelic acid 5.76 0.03
4-Hydroxy—-3-methoxy-

mandelic acid 5.31
3-Hydroxy—4—-methoxy—-

mandelic acid 4.87

Indoleacetic acid derivatives

Indole-3—-acetic acid 439 21.5 1.12
5-Hydroxyindole-3-acetic acid 133 6.56 0.35
Miscellaneous carboxylic acids

Phtalic acid 2.95, 5.41 29.6 0

Hippuric acid 9.77 3.73
Salicyluric acid 156

Fumaric acid 3.02, 4.38 23.1 0
Maleic acid 1.94, 6.23 0.63

Glucuronic acid derivatives

4-Nitrophenyl— -D-glucuronic acid 9.77
2-Naphtyl-B-D-glucuronic acid 40.6

Amino acids and dipeptides

Phenylalanine 2.16, 9.12
Phenylalanyl-Alanine

Phenylalanyl-Leucine
Leucyl-Phenylalanine

NN
(%]

Phenylalanyl-Phenylalanine 4
Valyl-Phenylalanine

0.8
1.5
3.5
1.9
Phenylalanyl—-Serine 0.5
4.7
5.9
Lysyl-Phenylalanine 0.0

O O
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Their peaks showed pronounced tailing. The influence of pH on re-
tention is in accordance with eq. (4). A typical chromatogram is
shown in Fig. 4.

Retention data obtained at acidic pH have been used to cal-
culate the separation factors for some simple structural changes.
Increase in retention was obtained for hydroxylation (log a =
0.12, phenol/benzene) and carboxylation (log o = 0.14, benzoic
acid/benzene) in benzene while hydroxylations in the benzoic,
phenylacetic, mandelic and indoleacetic acids gave either an in-

crease or a decrease depending on the position for hydroxylation.

0.002A

T

MN 8 6 4 2 0

FIGURE 4. Separation of a mixture of carboxylic acids. Conditions
as in Fig. 2 but pH = 6.02.
Samples: 1. 3,4-Dihydroxyphenylacetic acid

2. Phenylacetic acid

3. 2-Hydroxyphenylacetic acid

4. 3-Hydroxy-4-methoxybenzoic acid

5. Impurity

6. 5-Hydroxyindole-3-acetic acid

7. 3,4-Dihydroxybenzoic acid

8. 3,5-Dihydroxybenzoic acid
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Increase of the carbon chain length increased the retention (log «
= 0.47, methylpropylketone/methylethylketone).
Even very hydrophilic acids like fumaric acid and maleic acid
are retained. A very high separation factor, 37, is obtained bet-—

ween these cis-trans isomers.

Phenylalanine and the dipeptides were only studied with pH 2
buffer in the eluent. In such a medium they will have a net posi-
tive charge and they might be retained as the phosphate ion-pairs.

The phase system can also be used for separations of ion-
—-pairs of hydrophilic amines, like the catecholamines, which will

be discussed in forthcoming publications [13].
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SEPARATION OF BIOLOGICAL PYRIDINES BY HIGH
PRESSURE LIQUID CHROMATOGRAPHY

John T. Heard, Jr. and Gerald J. Tritz
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Kirksville, Missouri 63501

ABSTRACT

The separation of the six pyridine compounds which comprise
the pyridine nucleotide cycle, nicotinamide adenine dinucleotide
phosphate and para-aminobenzoic acid, a compound biologically
related to these pyridines, can be achieved rapidly utilizing high
pressure liquid chromatography. Optimum separation is accomplished
using ion-ion pairing in reverse phase chromatography with a Cig
stationary phase and an aqueous mobile phase of 5mM pentanesulfonic
acid and 25 mM KHyPO,. The effect of temperature on the separation
is minimal. As little as 10ng of these compounds is detected via
absorption of ultraviolet light at a wavelength of 254 nm.

INTRODUCTION

The pyridine nucleotide cycle has been found in some form, in
every living organism in which it has been searched for (1). This
cycle allows the conservation and recycling of the pyridine ring in
cellular metabolism. The cycle itself is central to all of cellular
metabolism since the intermediates of the cycle are involved in over
300 oxidation-reduction reactions (2), repair of UV light-induced
damage to DNA (3), synthesis of vitamin B, (4) and control of cel-
lular differentiation via the synthesis of poly adenosine diphosphate
ribose (5). Many physiological studies require the quantitation

of one or more components of this cycle. 1In order to study the cycle
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quantitatively, a rapid procedure for the isolation of the various
components of the cycle is necessary. Earlier work on the separation
on these intermediates relied on the use of multiple paper chromato-
graphic separations. Thus, Withold (6) had to run multiple solvents
to separate the various intermediates. Averett and Tritz (7) pub-
lished a two-dimensional paper chromatographic method which uniquely
separated the various pyridines but the process required a total of

24 h for complete development. In each of these separation procedures
quantitation was difficult owing to the necessity of eluting the
compound of interest from the paper prior to quantitation.

This report describes a high pressure liquid chromatography
procedure which separates the six components of the pyridine nucleo-
tide cycle and allows their quantitation, all in a matter of minutes.
In addition, the system separates out p-aminobenzoic acid, a bio-
logically related and sometimes contaminating substance and nico-
tinamide adenine dinucleotide phosphate, a metabolic product of one

of the components of the pyridine nucleotide cycle.

EXPERIMENTAL

Instrumentation

A Waters Associates (Milford, MA) ALC/GPC Model 244 high pres-—
sure liquid chromatograph with a M6000A solvent delivery system, U6K
injector and Model 440 dual wavelength UV absorbance detector was
used in the separation system. The columns evaluated were commercial
stainless steel columns pre-packed with Cls—u—Bondapak (30 cm x 4.6
mm, 10 p) for rever.e phase chromatography or with ZIPAX SCX (30 cm x

4.6 mm pellicular) for ion exchange chromatography (both purchased
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from Alltech Associates, Arlington Heights, IL) or with spherosorb
(25 cm x 4.0 mm, 5 u) for ion exchange chromatography utilizing
functional nitrile groups (Chromanetics Corp., Baltimore, MD).
Retention times and concentrations of eluants were electronically
calculated using a CSI Supergrator-3A (Columbia Scientific Industries,
Austin, TX). The program used to determine these values is shown in
Figure 1. The signal from the UV detector was fed through the inte-
grator to a Fisher Recordall dual pen recorder (Fisher Scientific Co.,

Pittsburgh, PA).

PROGRAM

RUN PARAMETERS
initial peak width
minimum peak size
sensitivity

wee

TIMED EVENTS
type time value
1 15.00 —

CALCULATION PARAMETERS
type calculation
type results
system factor
sample amount
minimum report

eN=hw

IDENTITY PARAMETERS
Calibration Table Number §

Time Reference peaks
minimum value 1:
percent window 1=
minimum window 0.01

Uriknown factor 1.
Calibration Table Percent Update

normal run 0.
calibration run 50.

Figure 1. Program used to determine retention times and concentration
of eluants.
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Chemicals and Reagents

The mobile phase for reverse phase chromatography consisted of
reagent grade potassium dihydrogen phosphate, and distilled water to
which was added either l-pentanesulfonic acid sodium salt or l-hep-—
tanesulfonic acid sodium salt (Eastman Organic Chemicals, Rochester,
NY) to a concentration of 5 mM. The pH of these solutions was ad-
justed with phosphoric acid to either 2.5 or 3.5. The mobile phase
used in ion exchange chromatography with both ion exchange columns
consisted of a 2.5 mM phosphate buffer containing the proper ratio of
KHZPO4 and KZHP04 to give a pH of 2.5, 3.5 or 7.5. At the lower pH
ranges it was necessary to adjust the pH with phosphoric acid. All
solvents were filtered through a 0.45 pm pore size nitrocellulose
filter (Millipore Corp., Bedford, MA).

Stock solutions of the pyridine nucleotide cycle intermediates,
obtained from Sigma Chemical Co., St. Louis, MO,were made up in
distilled water at a concentration of 1 ug/pl and were stored at
-20° C until used. At the time of use, each solution was diluted
1:50 with distilled water and 0.2 ug samples (10 ul) were chromato-
graphed to obtain retention times. Finally, a mixture of the com-

pounds was chromatographed and the retention times compared.

Preparation of Cjg Column

Prior to use, the reverse phase column was prepared by washing
with 50 ml of 0.1 M oxalate followed by 150 ml distilled water and
then 50 ml of 0.1% triethanolamine. Finally, the column was equili-
brated with the solvent system to be used in the separation for 30

minutes. Equilibration was established by obtaining similar results
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in duplicate runs at a 15 minute interval.

RESULTS AND DISCUSSION

The pyridine nucleotide cycle consists of the intermediates
nicotinic acid, nicotinic acid mononucleotide, nicotinic acid adenine
dinucleotide, nicotinamide adenine dinucleotide, nicotinamide mono-
nucleotide, and nicotinamide. Nicotinamide adenine dinucleotide
phosphate, although not in the pyridine nucleotide cycle, is a meta-
bolic product of nicotinamide adenine dinucleotide; p-aminobenzoic
acid, although not a pyridine, has biologic effects which influence
the concentration of the pyridine nucleotide cycle components.

Initial attempts to separate the above mentioned eight compounds
were carried out using ion exchange high pressure liquid chromato-
graphy. Neither cation exchange chromatography using a nitrile column
and mobile phases of phosphate buffer at pH values of 2.5, 3.5 or 7.5
nor cation exchange chromatography with a ZIPAX SCX column and mobile
phases of phosphate buffer at pH values of 2.5, 3.5 or 7.5 success-
fully separated the compounds of interest. It became evident that
ion exchange chromatography would result in a separation of these
compounds only with gradient elution techniques or with elution by
multiple solvent systems. In order to attempt to develop a more
simple system, the separation of these compounds via ion-ion pairing
in reverse phase high pressure liquid chromatography with isocratic
elution was investigated.

Preliminary attempts at reverse phase chromatography of these
compounds met with difficulty due to the inability to separate nico-

tinic acid adenine dinucleotide, nicotinamide adenine dinucleotide
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and nicotinamide; nicotinamide adenine dinucleotide phosphate, nico-
tinamide mononucleotide and nicotinic acid mononucleotide were also
not resolved. This initial attempt at separation utilized pentane-
sulfonic acid at a pH of 3.5. Addition of 5 mM KH»PO, to the pentane-
sulfonic acid or use of heptanesulfonic acid, pH 3.5, with 5 mM
KH,PO, did not enhance the separation (Figure 2, panels (a) and (b)
respectively). These data were interpreted to mean that the pH of

3.5 was not low enough to suppress a majority of the ionization of
these compounds and, therefore, we were not dealing with a complete
ion pair system. This problem was overcome by lowering the pH to

2.5. Figure 3, panels (a) and (b), illustrates the result of lowering
the pH of the mobile phase.

Evaluation of these results led to the postulation that the
optimum separation would be achieved with a mobile phase of pentane-
sulfonic acid at a pH of 2.5 with added KHZPOA' The function of the
phosphate ions was to increase the polarity of the mobile phase with
the concomitant increase in retention time of the pyridine compounds.
In order to determine the most efficient concentration of phosphate,
the separation of nicotinamide mononucleotide from nicotinamide
adenine dinucleotide phosphate was investigated; these two compounds
had been the most difficult to separate. Table I tabulates the re-
sults of the effect of phosphate ions on this separation. As is
evident, a solvent system of 5 mM pentanesulfonic acid, pH 2.5, con-

taining 25 mM KHZPOA,separated nicotinamide mononucleotide from nico-
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Figure 2. Separation of biological pyridines in reverse phase high
pressure liquid chromatography. Conditions: column,
C1 -p—Bondapak (30 cm x 4.6 mm, 10 p); temperature,
ambient; mobile phase, 5 mM pentane sulfonic acid contain-
ing 5 mM KH,PO4, pH 3.5 (panel A) or 5 mM heptane sulfonic
acid containing 5 mM KH2P04, pH 2.5 (panel B).

Abbreviations: mnacmn, nicotinic acid mononucleotide; nammn,
nicotinamide mononucleotide; nadp, nicotinamide adenine
dinucleotide phosphate; nac, nicotinic acid; nam, nico-
tinamide; denad, nicotinic acid adenine dinucleotide; nad,
nicotinamide adenine dinucleotide; paba, para-aminobenzoic acid.
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Figure 3. Effect of pH 2.5 on the separation of biological pyridines
in reverse phase high pressure liquid chromatography.
Conditions: same as described in Fig. 2 except that the
pH was lowered to 2.5; abbreviations, same as listed in
Fig. 2.



SEPARATION OF BIOLOGICAL PYRIDINES 333

TABLE I

Variation in Minutes of Retention Time of NAMMN! and NADP2 with
Changing Phosphate Concentrations.

Phosphate Concentration
Intermediate OmM 5 mM 10mM 25 mM 50 mM

NAMMN 2:93 2.79 2475 2.73 2.73
NADP 3.23 3.07 3.16 3.52 3.51

Conditions were identical to those listed in Figure 1 except only
the aqueus mobile phase of 0.005 M pentanesulfonic acid at pH 2.5
was used.

INAMMN - Nicotinamide mononucleotide
2NADP - Nicotinamide adenine dinucleotide phosphate

tinamide adenine dinucleotide. Using this'mobile phase, all of the
biological pyridines of interest plus p-aminobenzoic acid were chroma-
tographed. The resulting separation is shown in Figure 4.

The effects of temperature upon the separation shown in Figure 4
was investigated. The original separation was run at ambient temper-
ature. At no temperature tested (0°, 10°, 15°, 20° C) was there suf-
ficient enhancement of the separation to warrant the use of closely
controlled temperatures.

The final parameter investigated was the limits of detectability
via absorption of UV light. By calibrating the integrator with known
concentrations of the various compounds and obtaining peak areas, it
was possible to estimate the ultimate limits of detection. For all
of the compounds except nicotinic acid, the level of detection was

approximately 10 ng. For nicotinic acid this value was 1 ng.
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Effect of 25 mM KH2P04 on the separation of biological
pyridines in reverse phase high pressure liquid chromato-
graphy. Conditions: same as described in Fig. 2 except
that the solvent system contained 5 mM pentane sulfonic
acid and 25 mM KH,PO,, pH 2.5; abbreviations, same as
listed in Fig. 2.



SEPARATION OF BIOLOGICAL PYRIDINES 335

ACKNOWLEDGMENTS

This work was supported by grants PCM78-15749 and PCM77-13997
from the National Science Foundation and Biomedical Research Develop-
ment Grant 1 SO8 RR09130-01 from the National Institutes of Health.

REFERENCES

1. Gholson, R. K., Nature (London), 212, 933 (1966).

2. Dixon, M. and Webb, E. C., (Eds), The Enzymes, Ed. 2, Academic
Press, Inc., New York, (1962).

3. Olivera, B. M. and Lehman, I. R., Proc. Nat. Acad. Sci. U.S.,
57, 1426 (1967).

4. Friedmann, H. C. and Cagen, L. C., Ann. Rev. Microbiol., 24,
159 (1970).

5. Caplan, A. I. and Rosenberg, M. J., Proc. Nat. Acad. Sci. U.S.,
72, 1852 (1975).

6. Withold, B., J. Bacteriol., 109, 350 (1972).

7. Averett, D. R. and Tritz, G. J., J. Chrom. Sci., 14, 350 (1976).






JOURNAL OF LIQUID CHROMATOGRAPHY, 4(2), 337-355 (1981)

OPTIMIZATION OF A REVERSE PHASE ION-PATIR CHROMATOGRAPHIC
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and
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ABSTRACT

A study is presented employing approximately 50 drugs of foren-
sic interest to determine the effect of stationary phase, water-—
methanol ratio, alkyl length and concentration of counter-ion and
basicity of the compound chromatographed on capacity factors utiliz-
ing a reverse phase ion-pair separation. Microbondapak-C1l8, Micro-
bendapak-Alkyl Phenyl and Microbondapak-CN are the columns examined.
The mobile phases used contain water, methanol, acetic acid and an
alkylsulfonate salt. Horvath's solvophobic theory is a useful model
for explaining many of the chromatographic trends.

INTRODUCTION
Recently it was demonstrated that reverse phase ion-pair chro-

matography is a most versatile technique when applied to drugs of

*Presented in part at the Eastern Analytical Symposium, October 31,
thru November 2, 1979, New York City, New York.
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forensic interest(1), This mode utilized a buffered aqueous-—organic
mobile phase containing a counter~ion which is available to form a
lipophilic complex with the salt of a drug. This technique allows
the simultaneous analysis of basic, acidic and neutral compounds,
The methodology depicted by Lurie used a single isocratic system
utilizing a Microbondapak~Cl8 column and a mobile phase consisting
of 40% methanol, 59% water, 1% acetic acid and 0.005M heptanesul-
fonic acid at a pH of approximately 3.5. In general, by using this
system, basic drugs are analyzed via ion pairing and acidic drugs

by ion suppression.

This isocratic system is applicable to ergot alkaloids, phene-
thylamines, opium alkaloids, local anesthetics, barbiturates as well
as other drugs of forensic interest. Although this technique
approached the ideal situation of using a single HPLC system for a
wide range of drugs of forensic interest, certain drawbacks existed.
First of all the phenethylamines, amphetamine and methamphetamine
were poorly resolved, In the case of opium alkaloids, heroin and
acetylcodeine co-eluted, Although compounds related to cocaine were
well resolved, their retention times were longer than optimum, LSD
and Iso-1SD (a common component in LSD exhibits) had retention times
that were fifteen and eighteen minutes respectively. PCP had a
retention time of approximately seventeen minutes., Therefore, it
was desired to optimize these and other various sepaxations for
resolution and speed. When dealing with semi-preparative reverse
phase ion-pair chromatography, conditions must be optimized in order

to obtain satisfactory resolution of the analytical separation(z).
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With this goal in mind, a study was undertaken to determine the
effect of column type, water-methanol ratio, counter-ion size,
counter-ion concentration and basicity of drugs chromatographed on
a reverse phase ion-pair chromatographic separation for drugs of
forensic interest. This paper will discuss the effect of the above
variables on the capacity factor for the various compounds chromato-—
graphed. The drugs include barbiturates, local anesthetics, phene-
thylamines, opium alkaloids, ergot alkaloids and other drugs of
forensic interest. A subsequent paper will discuss the effect of

the above parameters on selectivity factors(3).

EXPERIMENTAL
The liquid chromatograph consisted of the following components:
Model 6000A pump (Waters Associates, Milford, MA); Model U6K injector
(Waters) ; prepacked 3.9 mm x 30 cm stainless steel columns: Micro-
bondapak-C18, Microbondapak-Alkyl Phenyl and Microbondapak-Cyanide
(Wafers); Model 770 variable UV detector at 254 nm (Schoeffel In-
struments, Westwood, NJ) or Model 440 fixed UV detector at 254 nm

(Waters) ; Systems IVB integrator (Spectra Physics, Santa Clara, CA).

Materials

The following chemicals were used: methanesulfonic acid, butane-
sulfonic acid sodium salt, heptanesulfonic acid sodium salt (Eastman
Chemicals, Rochester, NY); methanol, distilled in glass (Burdick and
Jackson, Muskegon, MI); distilled water and other chemicals were re-

agent grade. Authentic drug standards of USP/NF quality were employed,
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Procedures

The capacity factor k' was calculated according to the formula
k' = (tRit_otRO) where tRi is the retention time of component i and
tRo is the retention time of a non-retarded component which in this
instance was approximated to be methanol. The selectivity factor
(a) is obtained from the formula o = k'j/k'i, where k'j and k'i are
the capacity factors of the jth and ith sample component.

All mobile phases were prepared by dissolving an alkylsulfonic
acid or alkylsulfonic acid salt in a solution consisting of glacial
acetic acid, methanol and distilled water. After filtering and
degassing the solution through a Millipore 0.50 micron filter (Milli-
pore Corporation, Bedford, MA), the pH was adjusted to 3.5 with 2N
NaOH.

All standards were dissolved in methanol. For the determination
of capacity factors, co-injections consisting of 5 ml of drugs of
interest and of methamphetamine (meth) were used. The k' values
were then determined based on the above mentioned selectivity factor
and the k' of methamphetamine in a given mobile phase based on the
relationship k'j = ok'meth or k'j = k'meth/a. The concentrations of

these drugs were 0.5 mg/ml except for LSD, LAMPA and Iso-LSD.

THEORETICAL
The separations that take place can be described by the following
equations:

BHt Kal B + mHt
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BHm + Am K1 (BHA) m
K2 Ké
BHE + AS K3 (BHA) s
HA Ka2 & + &
‘>

Bm K6 Bs
>

B and HA represent basic and acidic drugs respectively while A~ refers
to a negative counter ion. The subscript m depicts mobile phase while
s refers to the stationary phase. The mechanism of ion pairing is
very much in dispute. The ion pair mechanism has been shown by
Horvath et. al.(4) to proceed by equation Kal, K1 and K4 which repre-
sent ion pair formation in the mobile phase followed by adsorption of
the ion pair on the stationary phase. Kissinger(5) and Scott and
Kucera(6) believe the mechanism proceeds via equation Kal, K2 and K3
which depicts the counter ion being adsorbed onto the stationary
phase and ion pairing occuring by an ion exchange mechanism.

At a low pH equation Ka2 is shifted to the left which would
favor formation of the free acid. This situation represents ion
suppression. Free base, if present in the mobile phase, can be ad-

sorbed onto the stationary phase as represented by equation K6.

RESULTS AND DISCUSSION

Approximately 50 drugs of forensic interest were chromatographed

using three different stationary phasesj; namely a Microbondapak-Cl8,
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a Microbondapak—-Alkyl Phenyl and a Microbondapak-Cyanide. For each
column, mobile phases consisting of water, methanol, 1% acetic acid
and a 0.005M alkylsulfonate counter ion at pH 3.5 were employed.

For methanol concentrations of 407 and 30%, the counter ion was varied
from heptanesulfonate to methanesulfonate in increments of three
carbons. For 20% methanol only methanesulfonate was used because of
excessive retention of many bases with butanesulfonate or heptane-
sulfonate counter ion. Retention data for the various drugs is

presented elsewhere(3).

Effect of Counter Ion Size on k'

The effect of varying the counter ion size from heptanesulfonate
to methanesulfonate on the various classes of drugs is described
below. For any given column and water-methanol ratio, the k' of
barbiturates was independent of counter ion. This was expected
since barbiturates are weak acids with pka values greater than 7(7) .
This means these compounds would exist as the free acid at pH 3.5
and wouldn't be expected to ion pair.

For most bases studied at a constant water-methanol ratio, the
k' increased with increasing size of counter ion with both the C18
and alkylphenyl columns. This effect has been well documented (45 8)
Also, for most of the bases studied, the ratio of k's for any given
set of counter ions is fairly constant. This relationship is demon-
strated in Figure 1 & 2 by the constant slopes of the curves between
any two data points. Since most of these compounds have the same
charge, their ratios are independent of elute surface area. Quinine

and quinidine in the majority of cases have ratios of k' values that
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Column: ubonda pak C1g
Mobile Phase: Methanol, H,0, HAc, .005M Alkyl Sulfonate, pH = 3.5

40% METHANOL 30% METHANOL 20% METHANOL
X 59% H,0 69% H,0 79% H ;0
= 1% HAC 1% HAC 1% HAC
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Number of Carbon Atoms in Alkylsulfonate Counter lon

Figure 1 - Plot of log k' of opium alkaloids and related compounds
versus number of carbon atoms in alkylsulfonate counter ion utili-
zing various methanol, water, 1% acetic acid, 0.005M alkylsulfonate
mobile phases at pH 3.5; Column Microbondapak C-18.
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Column: Alkyl Phenyl

Mobile Phase: Methanol, HZO, HAc, Alkylsulfonate, pH = 3.5

40% METHANOL 30% METHANOL 20% METHANOL
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Figure 2 - Same as Figure 1 except column is a Microbondapak Alkyl
Phenyl.
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are approximately double that of the other bases. This is to be
expected since both compounds have two basic pka values(7) repre-
senting two ionizable sites. We cannot explain why morphine and
aminopyrene in certain instances exhibit anomalous behavior in
relationship to their variation of k's with counter ion.

Tomlinson et. al.(g), who studied ion pairing between anionic
solutes and alkylbenzyldimethylammonium chlorides, observed that a
divalent solute exhibits twice the change in retention with in-
creased size of counter ion than a monovalent solute. Tomlinson
further points out that a 2;1 stoichiometric interaction between
the counter ion and anionic solute would be sterochemically unfavor-
able if ion pairing occured by an ion exchange mechanism. Horvath
et. al.(A) showed for cationic solutes with anionic counterions such
as alkylsulfates and alkylsulfonates that the increase in retention
with size of counterion is independent of the size of the solute but
depends on its charge. Horvath's conclusions were based on working
at counter ion concentrations where the solute's retention would be
at a maximum. In our study, 0.005M does not represent for methane-—
sulfonate, butanesulfonate and heptanesulfonate in most cases a
counter ion concentration for which solute retention is at a maximum.

In general, higher variations of k' with counter ion were ob-
served on the Cl8 column than the alkylphenyl column as is shown in
Figure 1 & 2. A possible explanation for this effect can be derived
from Horvath's et. al. solvophobic theory for retention in reverse
phase ion pair chromatography(a). According to this theory, if we

assume ion pairing occurs in the mobile phase followed by adsorption
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of the ion pair onto the stationary phase, the equilibrium constant
for the binding of the neutral ion pair is expressed as InK = a -~
b + ¢ delta A where a, b and c are constants depending on solvent and
column properties and delta A is the contact area which is the dif-
ference between the molecular surface area of the ion pair stationary
phase complex and the surface areas of the stationary phase ligand
and the ion pair. This contact area is proportional to the molecular
surface area of the complex formed between the ion pair and hydrocar-
bonous ligand. Similarly, the C18 column which consists of 18 carbon
bonded groups has more hydrocarbon character than the Alkyl Phenyl
column which consists of ethylbenzene groups and thus a greater
contact area with the ion pair. Thus the greater increase in reten-
tion with size of counter ion on the Cl8 column would be expected.

In addition, the variation of k' with counter ion on the C18
and alkyl phenyl columns appear to be fairly independent of water-
methanol ratio (Figures 1-2 ). On both columns, k' increases exponen-
tially with the carbon number of the counter ion. Although antipyrene,
benzocaine, caffeine, diazapam, mecloqualone, methaqualone and theo-
phylline all have basic functional groups, they exhibit no signifi-
cant variation of k' with counter ion size as is illustrated in
Figure 1 for antipyrene. TFor antipyrene, benzocaine, caffeine and
methaqualone who have basic pka values of 1.4, 2.8, 0.6 and 2.5
respectively(7), no appreciable protonation of these bases would
be expected at the mobile phase pH of 3.5. Equation Kal shows that
this protonation would be required for ion pair formation Diazapam

has a basic pka value of 3.4 while theophylline has a basic pka of
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3.5 and an acid pka of 8.6(7), At a pH of 3.5, some protonation of
the basic functional group would be expected. The unionized compound,
of which a significant amount would exist at pH 3.5 zould be adsorbed
by the stationary phase. This chromatographic process could be repre-
sented by the equation K5. The non-variation of k' with counter ion
for diazapam and theophylline could be explained by domination of
process K5 over K1 and K4 which represent ion pairing. Although we
could not ascertain for sure, it is probable that these pKa values
were determined in water. Pka values for bases tend to be lower
when alcohol greater than 207 is present in the mobile phases(g). A
lower pKa value would mean that less ionized base would be present
and could account for the above behavior of diazapam and theophylline.
No pKa data was available for mecloqualone. Glutethimide, which is a
weak acid with a pka of 4.52(7), as expected, exhibits no appreciable
variation of k' with counter ion size.

No significant variation of k' with counter ion size was observed
for any drugs on the cyanide column as is shown in Figure 3. This
is probably related to the small aliphatic character of this column.
As stated earlier, retention is proportional to the molecular surface
area of the complex formed between the ion pair and the hydrocarbonous

stationary phase.

Effect of Stationary Phase on k'

For any mobile phase the retention order of barbiturates on a
given stationary phase was C18 % alkylphenyl > cyanide (Figure 4),
This is consistent with the work of Scott and Kucera(6) and Hennion

et. al.(lo) who show that a constant surface coverage of the parent



348 LURIE AND DEMCHUK

Column: C=N
Mobile Phase: Methanol, H,0, HAc, .005M Alkyl Sulfonate, pH = 3.5
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Figure 3 - Same as Figure 1 except column is Microbondapak CN.

silica increases retention with the carbon chain length of the bonded
group. In general, the Microbondapak-Cl8, Microbondapak-Alkyl Phenyl
and Microbondapak-Cyanide have constant surface coverage(ll). The

carbon chain lengths of the C-18, alkylphenyl and cyanide columns are
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Figure 4 - Plot of log k' of barbiturates versus number of carbon
atoms in alkylsulfonate counter ion utilizing mobile phase of 40%
methanol, 59% water, 1% acetic acid, 0.005M alkylsulfonate at pH 3.5.
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18, 8 and 4 respectively. The other workers were refering to linear
chains. The alkylphenyl column contains a benzene ring with an
attached ethyl group bonded to the silica while the cyanide column
contains a cyanide group attached to propyl group. Phenobarbital,
which is the only barbiturate studied to contain a benzene ring, has
the greatest retention on the alkylphenyl column relative to the C-18
column. Both dipole(lz) and pi orbital interactions(la) have been
hypotpesized to occur between the alkylphenyl column and solutes.
This'iould explain the behavior of phenobarbital. Retention for
phenobarbital on the cyanide column is greatest relative to its reten-
tion on the C-18 and alkylphenyl columns. This effect could also be
attributed to dipole and pi orbital interactioms.

In comparing retention of basic drugs, whose k' increases with
counter ion size, some interesting trends were observed. When hep-
tanesulfonate was used as a counter ion, an appreciable variation of
k' with stationary phase was observed. The order of retention was
C-18 > alkyl phenyl > cyanide. Archari and Jabob (14) obtained a
similar result with a mobile phase consisting of 497 methanol, 507
water, 1% acetic acid and 0.005M heptanesulfonic acid at a pH of 4.0
in a study involving seventeen bases, seven of which are studied in
this report. However, when butanesulfonate or methanesulfonate were
used as counter ions a much smaller variation of k' with stationary
phase was observed. In many instances retention was actually greater
on the cyanide or alkylphenyl column than on the C-18 column. Horvath
et. al.(A) has shown that when assuming ion pairing in the mobile phase

mechanism, retention is proportional to the difference in the molecular
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surface area of a complex formed between the non-polar hydrocarbonous
ligand of the stationary phase and the non-polar moiety of the ion
pair. This interaction is hydrophobic in nature, meaning it is based
on repulsion between the ion pair and ligand with water causing the
ion pair and ligand to associate. Thus a smaller hydrocarbonous ligand
on a stationary phase would retain an ion pair less. Based on the

size of their hydrocarbonous ligands, retention of the ion pairs on
the three columns studied would be expected to be C-18 > alkylphenyl >
cyanide with an appreciable difference of magnitude. It appears that
when using a larger counter ion the above relationship was observed

for the bases studied. The lesser variation of k' with stationary
phase that was observed for bases when smaller counter ions were used
could be explained by the decreased hydrophobic interactions between
the ion pair and the ligand. These smaller interactions could favor
the dipole and pi orbital interactions that occur on the cyanide and
alkylphenyl columns. All of the bases whose retention times vary with
counter ion have one or more benzene rings or multiple sites of unsatu-

ration.

Effect of Water-Methanol Ratio on Retention

Increasing the ratio of water to methanol increases retention on
all three columns for all the barbiturates studied. This is typical
of retention in reversed phase systems where chromatography is based
on hydrophobic interactions(ls), (16). For all three columns studied,
the increase in retention with the water-methanol ratio was linear.

A similar result was reported by Tjaden et. al.(l7) for a methyl

silica column. This increase is independent of barbiturate and column
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type for the C-18 and Alkyl Phenyl column. This result is consistent
with the findings of Karch et. a1(18) using alcohols and phenols on
C-18 and C-4 straight chain bonded columns. The increase in retention
with water was independent of barbiturate on the CN column.

On the C-18 and alkylphenyl column all bases exhibited an increase
in k' with an increase in water-methanol ratio as is illustrated in
Figures 1 & 2 for opium alkaloids. Achari and Jacob (14) reported simi-
lar results using a Microbondapak C-18 column. According to Horvath
et. al.(A), adsorption of the ion pair onto the stationary phase in-
creases with increased surface tension of the mobile phase. The surface
tension of a mobile phase increases by adding water.

The increase in retention with increased water concentration for
all compounds studied was considerably less on the cyanide column. In
certain instances there was no increase in retention. This result is
consistent with Horvath et. al.'s(ls) theory of hydrophobic interactions
which depends on a complex being formed between a hydrocarbonous ligand
and the non-polar substituents on an eluite. This interaction is pro-
portional to the contact area between the ligand of the stationary
phase and the solute. Since the cyanide column has a small hydrocar-

bonous ligand, the hydrophobic effect would be expected to be smaller

than on the C-18 and alkylphenyl columns.

Effect of Counter Ion Concentration on Retention

Using eleven drugs of the original fifty, a limited study of
the effect of varying counter ion concentration on retention was
conducted. On both the C-18 and Alkyl Phenyl columns, the counter

ion concentrations of 0.005M and 0.02M methanesulfonate, butanesulfo-
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nate and heptanesulfonate were employed. The drugs included butabar-—
bital, methamphetamine, procaine, lidocaine, cocaine, ephedrine, co-
deine, heroin, quinidine, LSD, and PCP. On the C-18 column the k'
for the various solutes did not vary with the change in methanesul-
fonate concentration. The k's of methamphetamine, lidocaine, and
ephedrine increased by approximately 10% with a four fold increase

of butanesulfonate concentration while the retention of the other
solutes did not change. All basic solutes, except quinidine, increased
by a factor of approximately 1.5 with an increase in heptanesulfonate
concentration from 0.005M to 0.02M. The k' of quinidine increased by
a factor of approximately 2.2. Butabarbital, since it does not ion
pair, exhibited no change of k' with counter ion concentration.

On the Alkyl Phenyl column, the k' of the various solutes (except
for butabarbital) increased approximately 12% with increased concen-
tration of methanesulfonate. The k' of most solutes increased by
approximately 1.45 with a four fold increase of butanesulfonate or
heptanesulfonate concentration. For quinidine and PCP k' increased
by a factor of approximately 1.15 with an increase in butanesulfonate
concentration. When quadroupling the heptanesulfonate concentration,
the k' of quinidine increased by a factor of 1.7. Butabarbital did
not vary with butanesulfonate or heptanesulfonate concentration.

Both parabolic and hyperbolic relationships have been observed for the
increase of k' with counter ion concentration for bases(6). According
to the solutes studied by Horvath et. al.(6) on the Microbondapak-C-18
column, 0.02M butanesulfonate and heptanesulfonate is near the concen-—

tration that k' does not vary with counter ion concentration. The
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greater increase in k' for quinidine with heptanesulfonate concentra-—
tion is consistent with having two ionizable sites available for ion
pairing. Why this effect for quinidine was not observed for butanesul-

fonate is not apparent at this time.
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ABSTRACT
Variables effecting selectivity for a reverse phase ion-pair
chromatographfc separation are examined for various drugs of forensic
interest. Factors studied include type of stationary phase, ratio of
water to methanol, size and concentration of counter-ion anc basicity

of drug chromatographed. Most of the selectivity effects can be ex-
plained by Horvath's solvophobic theory.

INTRODUCTION
In a recent paper on reverse phase ion-pair chromatography for
drugs of forensic interest, the resolution and time for analysis

obtained were less than optimum(l). Thus, it was desired to optimize

*Presented in part at the Eastern Analytical Symposium, October 31
thru November 2, 1979, New York City, New York,
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the various separations for resolution and speed. For compounds with
similar k' values, resolution can be expressed by the following rela-
tionship: R =% (a-la) (k'/k'+l) N}, This equation shows that small
increases in alpha, the selectivity flactor, affords an appreciable
increase in resolution. Thus selectivity is an important parameter
in optimizing a separation. This manuscript discusses the effect of
column type, water-methanol ratio, counter ion size, counter ion eédn-
centration and basicity of a drug chromatographed on the selectivity

factor for a reverse phase ion-pair chromatographic separation.

EXPERIMENTAL
The experimental conditions and procedures used are identical to

those reported previously(z).

RESULTS AND DISCUSSION

Approximately 50 drugs of forensic interest including barbitu-
rates, local anesthetics, phenethylamines, opium alkaloids, ergot
alkaloids and other drugs of forensic interest were chromatographed
using various stationary and mobile phases as previously indicated(z).
Tables 1-4 represent retention data for these drugs using the various

mobile phases studied.

Effect of Stationary Phase on Selectivity

The role of the stationary phase on selectivity for three different
columns was examined. They are Microbondapak C-18, Microbondapak Alkyl
Phenyl and Microbondapak Cyanide. Wikby et. al.(3) has shown that for
closely related solutes having different aliphatic character, selectivity

would decrease in the order Cl8 > alkylphenyl > cyanide. This observa-
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tion was based on the Horvath et. al.(4) model for retention in a
reverse phase system from which can be derived that in a given mobile
phase selectivity increases with the contact area between the non-
polar portion of the solute and the stationary phase. Butabarbital
and pentobarbital differ in their aliphatic character where an iso-
butyl group is replaced by an isopentyl group (Figure 1). In agree-
ment with Wikby et. al.(3), the selectivity factor of butabarbital
and pentobarbital decrease in the order C-18 < alkylphenyl < cyanide
(Figure 2).

Phenobarbital and butabarbital do not follow this relationship
(Figure 2), probably due to the presence of the phenyl ring in pheno-
barbital (Figure 1). Dipole and pi orbital interactions with the
alkylphenyl and isopropyl cyano columns could enter into selectivity
effects as well., On all three columns amobarbital and pentobarbital
have a selectivity of approximately one which indicates equal reten-
tion as depicted in Figure 2. This is to be expected since both
compounds have identical aliphatic character. Amobarbital and pento-
barbital differ only in a pento group versus an isopento group (Figure
1). Pentobarbital and secobarbital have nearly identical selectivity
on both the C-18 and alkylphenyl column (Figure 2). The selectivity
of these barbiturates is slightly less on the cyano column which is
illustrated in Figure 2. These compounds differ in that an ethyl
group in pentobarbital is peplaced by a propylene group (Figure 1).
In this instance, interactions between the pi orbital in secobarbital
and those in alkylphenyl and the cyano column could lead to higher

selectivities than would be expected based on the Horvath et. al.(4)



TABLE 1

Capacity factors k'i and selectivity factors «ji for the column

Microbondapak-C1l8 and mobile phase methanol, water, 1% acetic

acid and .005M alkylsulfonate.

40% Methanol 40% Methanol 40% Methanol
Drug msal BSA2 HSA3

_ k'i aji aji aji
Phencbarbital 1.85 1.87 1.97
Butabarbital 2,83 1,53 2.81 1.50 2.98 1,51
Pentobarbital 5.76 2.03 5.61 2.00 6.11 2.05
Amobarbital 5.80 1.01 5.71 1.02 6.24 1.02
Secobarbital 8.02 1.38 7.99 1.40 8.56 1.37
Benzocaine 2.85 2.74 3.18
Procaine 237 .431 2,03
Lidocaine .819 3.46 1.27 2.95 5.68 2.80
Cocaine 177 2:17 2.66 2.09 9.29 1l.64
Tetracaine 5.04 2.85 7.49 2.80 28.8 3.10
Acetaominophen .262 .260 .236
Theophylline .440 1.68 .441 1.70 417 1.77
Caffeine .744 1.69 .754 1.71 .726 1.74
Phenylpropanolamine  .263 .492 2.59
Ephedrine 328 1.25 STT 117 2,92 1.13
Anphetamine 581, 1.77 .935 1.62 4,13 1.41
Methamphetamine .581 1.00 .935 1.00 4,30 1.04
Phentermine .808 1.39 1.26 135 5.85 1.36
Methylphenidate 1.34 1.66 2,05 1.63 8.47 1.45
Antipyrene 1.42 1.41 1.52
Morphine 0 .163 1.09
Codeine «225 .419 2.57 1.99 1.83
Acetylmorphine .269 1.20 .500 1.19 231 1.16
Aminopyrene .387 1.44 .834 1.67 2.04
Strychine .732 1,89 1.19 1.43 4,73 2.32
Acetylcodeine 1.05 1.43 1.58 1.33 6.19 1.31
Heroin 1.08  1.03 1.56 1.01* 6.11 1.01*
Thebaine 1,07 1.01* 1.61 1.03 6.24 1.02
Quinidine 1.02 1.05% 1.75 1.09 15.1 2.42
Quinine 1.38 1.35 2,30 1.31 18.6 1.23
Methapyrilene 2,12 1.54 3.05 1.33 14.0  1.33F
Narcotine 2,16 1.02 3.03 1.00* 11,3  1.24%
Papaverine 2.71  1.25 3.80 1.25 13.8  1.22
Mescaline .307 .557 .270
DMT 501 1.63 .799 1.43 4,30 1.59
ISD 2.53 3.67 15.3
Tampa 2.83 1:12 4,10 112 16.6 1.08
Iso-LSD 4.17  1.47 5.88  1.43  20.7 1.25
TCP 4,08 L2 5.81 1.18 22.2 1.19
PCP 3.36 4,93 18.7
Glutethimide 5.21 $.13 5.46
Methaqualone 9.82 9.82 10.8
Mecloqualone 12.1 1.23 12.3 1.25 13.0 1..20
Diazapam 21.6 20.9 23,0
Phermetrazine .581 .820 3.64
Phendimetrazine .581  1.00 .874 1.07 3.87 1.06
MDA .581 935 4.13
Diethylpropion .819 1.24 4.73



TABLE 1 (CONTINUED)

Capacity factors k'i and selectivity factors aji for the oolumn
Microbondapak—C18 and mobile phase methanol, water, 1% acetic
acid and .005M alkylsulfonate.

30% Metlian:l 30% Metganol 30% Methanol

Drug MSA BSA Hsad
: k'i aji k'i aji k'i aji
Phenobarbital 3.43 3.39  1.47 3.93
Butabarbital 5.10 1.49 4.99 2.19 5.90
Pentobarbital 12.2 2.39 10.9 1.05 13.4 1.50
Amcbarbital 12.3 1.01 11.5 1.40 13.8 2.27
Secobarbital 17.9 1.45 16.1 19.9 1.03
Benzocaine 5.73 5.76 6.84 1.44
Procaine .845 1.21 4.85
Lidocaine 1.90 2.25 2.56 2.11 13.5 2.76
Cocaine 6.09 3.20 6.91 2.70 31.0 2.30
Tetracaine 17.0 2.79 20.3 2.94 L 3.44
Acetcminophen .443 .424 .492
Theophylline .833 1.88 .860 2.03 .858 1.74
caffeine 1.52 1.82 1.48 1.72 1.58 1.84
Phenylpropanolamine  ,492 .796 4.50
Ephedrine .679 1.38 1.09 1.37 5.52 1.23
Amphetamine 1.01  1.49 1.47 1.35 8.28 1.50
Methamphetamine 1.25 1.24 1.72  1.17 9.44 1.14
Phentermine 1.65 1.32 2.29 1.33 13.3 1.41
Methylphenidate 3.65 2.21 4,68 2.04 26.1 1.96
Antipyrene 3.05 2.79 3.07
Morphine .225 .384 2.14
Codeine .753 3.35 1.04 2,71 4.87 2.28
Acetylmorphine .906 1.20 1.25 1.20 6.17 1.26
Aminopyrene 1.25 1.38 1.64 1.31 4,97 1.24
Strychine 2.48 1.98 3.32 2.02 15.1 3.04
Acetylcodeine 3.40 1.37 4,45 1.34 19.9 1:32
Heroin 3.66 1.08 4.73 1.06 20.9 1.05
Thebaine 3.59 1.02 4,70 1.01* 21.0 1.00
Quinidine 4.56 1.27 8.34 1.77 62.0 2.95
Quinine 6.41 1.41 11,5  1.38 85.1 1.38
Methapyrilene 7.38  1.15 10.6 1.08  44.9 1.90%
Narcotine 8.62 1.17 11.0 1.04 46.5 1.04
Papaverine 12.3 1.43 15.4 1.40 59.5 1.28
Mescaline .850 1.19 6.34
DMT 1.25 1.47 1.72 1.44 8.82 1.39
1.SD 9.69 12.5 62.1
Lampa 10.4 1.07 13.7 1.10 65.5 1.05
Iso-LSD 18.8 1.81 20.8 1.37 89.3 1.37
TCP 15.8 1,32 19.3 1.28 *
PCP 12.0 15.1 65.6
Glutethimide 11,3 10.8 13.4
Methaqualone 28.1 24.8 30.2
Mecloqualone 35.9 1.28 30.1 1.21 38.7 1.28
Diazapam * * *
Phenmetrazine 1,25 1.46 8.43
Phendimetrazine 1.25 1.00 172 1:18 8.50 1.01
MDA 1.25 1.72 9.25
Diethylpropion 2432 2:92 12.8

*retention greater than two hours
+successive capacity ratios are reversed

l-msa - methanesulfonate
2-bsa - butanesulfonate
3-hsa - heptanesulfonate



TABLE 2

Capacity factors k'i and selectivity factors oji, for the column

Microbondapak Alkyl Phenyl and mobile phase methanol, water 1%

acetic acid and .005M alkylsulfonate.

40% Methanol 40% Methanol 40% Methanol
Drug Msal BSAZ Hsa3

k'i aji k'i aji k'i aji
Phenobarbital 1,51 1.61 1.59
Butabarbital 1.73 1.15 1.80 112 1.80 1.13
Pentcbarbital 3.01 1.73 3.16 1.75 3.18 1.77
Amobarbital 2.96 1.02* 3.15 1.00 3.13 1.02%
Secobarbital 3.93 1.33 4,21 133 4.22 1.35
Benzocaine 2.16 2437 2,27
Procaine .525 .628 1.63
Lidocaine .781 1.49 1.02 1.62 2.72 1.67
Cocaine 2.04 2.61 2,72 2,67 5.97 2.19
Tetracaine 3.68 1.80 5.09 1.87 11.4 1.91
Acetominophen .294 .252 .282
Theophylline .620 2,11 .589 2.34 .575 2.04
Caffeine 1.14 1.69 1.13 1.71 1.02 1.74
Phenylpropanolamine .310 .419 1.35
Ephedrine .395 1.27 .544 1.30 1.59 1.18
Amphetamine .574 1.46 737 1.35 2,03 1.27
Methamphetamine .620 1.08 .848 1.15 2,27 1.12
Phentermine .787 1.27 1.04 1.23 2.77 1.22
Methylphenidate 1.72 2.19 2.28 2.19 5.52 1.99
Antipyrene 1.46 1.51 1.46
Morphine .163 .242 .857
Codeine .456 2.80 .628 2.60 1.67 1.95
Aminopyrene .500 1.10 .737 1.17 1.45 1.15t
Acetylmorphine .554 1.11 .750 1.02 1.92 1.32
Strychine 1.67 3.0l 2.28 3.04 5,31 2477
Heroin 1.76 1.05 2.33 1.02 5.31 1.00
Acetylcodeine 1.80 1.02 2.38 1.02 5.45 1.02
Thebaine 1.85 1.03 2.52 1.06 5.61 1.03
Methapyrilene 2.43 1.31 3.71 1.47 7.49 1.34
Quinine 2.66 1.09 B5s32 1.43 10.4 1.39
Quinidine 2.80 1.05  5.32 1.00  10.1 1.03%
Narcotine 4.08 1.46 5.42 1.02 11.4 1.13
Papaverine 4,25 1.04 5.55 1.02 10.6 1.08%
Mescaline .388 «562 k.54
oMT .620 1.60 .848 L+5% 2.27 1.47
1SD 3.52 4.80 10.5
Lampa 3.93 1.12 £.26 1.12  11.5 1.10
Iso-LSD 4,72 1.20 6.15 1.16 12.1 1.05
TCP 4.09 5.32 11.8
PCP 4,69 1,15 6.08 1.14 13.5 1.14
Glutethimide 4,25 4.45 4,34
Methaqualone 9.67 9.92 9.22
Mecloqualone 11.3 1.17 11.2 1.13 10.5 1.14
Diazapam 17.2 19.3 17.4
Phermetrazine .620 .848 2.14
Phendimetrazine .620 1.00 .848 1.00 2.14 1.06
MDA .688 .950 2.38
Diethylpropion .856 1.12 2.68



TABLE 2 (CONTINUED)

Capacity factors k'i and selectivity factors aji, for the column
Microbondapak Alkyl Phenyl and mobile phase methanol, water 1%
acetic acid and .005M alkylsulfonate.

30% Methanol 30% Methanol 30% Metlga.nol

Drug Msal BSA? HSA

k'i aji k'i aji k'i aji
Phencbarbital 2.75 2.87 3.23
Butabarbital 3.02 1.10 3.16 1.10 3.53 1.09
Pentobarbital 5.80 1.92 6.10 1.93 6.99 1.98
Amobarbital 5.80 1.00 6.04 1.01*  5.80 1.20%
Secobarbital 7.64 1.32 8.11 1.35 9.76 1.40
Benzocaine 4,28 4,52 5.02
Procaine 1.00 1.38 4.19
Lidocaine 1.26 1.26 1.72 #25 6.00 1.43
Cocaine 4,82 5.02 6.32 3.66 19.2 8.2
Tetracaine 9.62 2,03 12.8 2.03 43.2 2.25
Acetominophen .392 .468 .478
Thecphylline 1.00 2.55 1.07 2.32 1.11 2.32
Caffeine 1.95 1.82 2.10 1.72 2.21 1.84
Phenylpropanolamine .398 .603 2.25
Ephedrine .599 1.50 .841 1.39 2,91 1.32
Amphetamine .794 1.33 1.10 1.31 3.81 1.31
Methamphetamine 1.00 1.26 1.38 1.25 4.69 1.23
Phentermine 1.22 1.22 1.68 1.22 5.67 1.21
Methylphenidate 3.51 2.88 4,65 2,77 15.6 2.75
Antipyrene 2.65 2.69 3.09
Morphine .305 .498 1.79
Codeine 1.00 3.28 1.38 2.77 4.26 2.38
Aminopyrene 1.00 1.00 1.23 1.12%  3.26 1.31+
Acetylnorphine 1.23 1.23  1.63 1.32  5.21 1.60
Strychine 3.92 3.19 5.19 3.18 17.6 3.38
Heroin 4.58 1.17 5.96 1.15 18.8 1.07
Acetylcodeine 4.65 1.02 5.78 1.03t 19.0 1.01
Thebaine 4,96 1.07 6.43 1.11  19.8 1.04
Methapyrilene 531 1.07 7.89 1.23 27.1 1.37
Quinine 7.00 1.32 12.1 1.53 56.3 2.08
Quinidine 6.71 1.04+ 11.9 1.02% 55.3 1.02t
Narcotine 13.1 1.95 16.7 1.40 53.5 1,03t
Papaverine 14.6 1.11 18.2 1.09 51.6 1.04%
Mescaline .714 1.02 3.37
DMt 1.19 1.67 1.66 1.63 5.25 1.56
LSD 10.2 15.5 45.8
Lampa 11.2 1.10 17.2 1.11 49.7 1.09
Iso-1SD 15.5 1.38 21.4 1.24 54.9 1.10
TCP 9.91 14.6 47.8
PCP I11.2 1.13 17.0 1.1¢ 51.6 1.08
Glutethimide 8.92 9.02 10.0
Methaqualone 23.8 25,2 26.2
Mecloqualone 27.4 1.15 30.4 1.21 32.8 1.17
Diazapam 50.6 64.2 60.0
Phenmetrazine .962 1.38 4,47
Phendimetrazine 1.00 1.04 1.38 1.00 4.69 1.05
MDA 1.14 1.56 5:25
Diethylpropion 1.58 2.06 6.38

*retention greater than two hours
+successive capacity ratios are reversed

l-msa - methanesulfonate
2-bsa - butanesulfonate
3-hsa - heptanesulfonate



TABLE 3

Capacity factors k'i and selectivity factors aji, for the column
Microbondapak-CN and mobile phase methanol, water, 1% acetic acid

and .005M alkylsulfonate.

40% Methanol 40% Methanol 40% Methanol
Drug msal BSAZ HSA3

k'i aji k'i aji k'i aji
Butabarbital .513 .495 .618
Phenobarbital .704 1.37 .614 1.24 .804 1.30
Amobarbital .744 1.10 .817 1.33 981 1.22
Pentobarbital .774 1.04 .817 1.00 .933 1.05%
Secobarbital .944 1.22 .997 1.22  1.19 1.27
Benzocaine .929 915 1.03
Procaine 774 .817 .804
Lidocaine .913 1.18 .956 1.17 .957 1.19
Cocaine 1.64 1.80 1.76 1.84 1.54 1.61
Tetracaine 2.80 1.71 2,93 1.67 3.06 1.98
Theophylline .134 131 122
Caffeine 177 1.32 .183 1.40 .179 1.47
Acetominophen .199 1.12 .188 1.02 .203 1.13
Phenylpropanclamine .493 .514 «522
Ephedrine .561 1.14 .584 1.14 .587 1.12
Amphetamine .774 1.38 .817 1.39 .804 1.38
Methamphetamine .774 1.00 .817 1.00 .804 1.00
Phentermine 774 1.00 .817 1.00 .804 1.00
Methylphenidate 1.07 1.38 1.14 1.39 1l.10 1.37
Antipyrene .288 .280 .260
Morphine .410 .419 .412
Aminopyrene .416 1.01 .430 1.03 ,412 1.00
Codeine .561 1.35 .584 1.36 .562 1.36
Acetylmorphine .774  1.38 .756 1.29 .758 1.35
Heroin 1.08 1.39 1,15 1.52 1.09 1.44
Acetyloodeine 1.11 1.03 1.17 1.02 1.13 1.03
Strychnine 1.29 1.16 1.32 1.13 1.33 1.18
Thebaine 1.44 1.12 1.42 1.08 1.36 1.02
Papaverine 1.50 1.04 1.58 1.11  1.41 1.04
Methapyrilene 1.88 1.25 1.85 1.17 1.87 1.33
Narcotine 1.89 1.00 1.98 1.07 1.95 1.04
Quinidine 1,95 1.03 2:13 1.08 1.83 1.07+
Quinine 2,07 1.06 2.24 1.05 1.91 1.04
Mescaline .506 .560 .540
DV 1.22 2.41 123 2.20 1.20 2.22
15D 2.26 2.46 2.29
Lampa 2.49 1.10 2.70 1.10 2.48 1.08
Iso-LSD 2.69 1.08  2.92 1.08  2.55 1.03
e 1.52 1.63 1.53
PCP 1.73 1.14 1.83 1,11  1.70 1.11
Glutethimide 1.01 .980 1.14
Methaqualone 1.39 1.36 1.41
Mecloqualone 1.76 1.27 1.74 1.28 1.86 1.32
Diazapam 2.35 2.34 2.56
Phermietrazine .774 .817 .804
Phendimetrazine 774 1.00 .817 1.00 .804 1.00
Diethylpropion 774 .817 .804
MDA .851 .907 .949



TABLE 3 (CONTINUED)

Capacity factors k'i and selectivity factors «ji, for the columm
Microbondapak-CN and mobile phase methanol, water, 1% acetic acid

and .005M alkylsulfonate.

30% Methanol 30% Methanol 30% Mechanol
Drug msal BSAZ? HSa3

k'i aji k'i aji ki 29ji
Butabarbital .859 .870 .833
Phenobarbital 1.18 1.37 1.08 1.24 1.10 1.32
Amobarbital 1.45 1.23 1.33 1.23  1.36 1.24
Pentcbarbital 1.43 1.01t  1.31 1.01* 1.31 1.04%
Secobarbital 1.82 1.27 1.65 1.26 1.69 1.29
Benzocaine 1.86 1.63 2.56
Procaine .859 .870 1.10
Lidocaine 1.06 1.23 1.03 1.18 1.34 1.22
Cocaine 2.45 2.32 2.35 2.28 2.78 2.07
Tetracaine 5.36 2.19 4,91 2.09 6.34 2.28
Theophylline .198 .174 .187
Caffeine 2312 1.58 .283 1.58 .285 1.52
Acetominophen .318 1.02 .286 1.01 .290 1.02
Phenylpropanolamine .445 .487 .614
Ephedrine .537 1.21 .572 1.19 .738 1.20
Amphetamine .810 1.50 .791 1.38 1.01 1.37
Methamphetamine .859 1.06 .870 1.10 1.10 1.09
Phentermine .859 1.60 .870 1.00 1.10 1.00
Methylphenidate 1.42 1.65  1.42 1.63 1.75 1.59
Antipyrene .480 .451 .466
Morphine .407 .414 .534
Aminopyrene .407 1.00 .431 1.04 .542 1.01
Codeine .636  1.56 .649 1.51 .809 1.49
Acetylmorphine .859 1.35 .870 1.34 1.10 1.36
Heroin 1.64 1.91 1.54 1.77 1.87 1.70
Acetyloodeine 1.68 1.02 1.60 1.04 1.94 1.04
Strychnine 1.85 1.10 1.52 1.05% 2,11 1.09
Thebaine 2.28 1.23 2.15 1.41 2.58 1.22
Papaverine 2.84 1.25 2.65 1.23  3.15 1.22
Methapyrilene 2.77 1.02t  2.67 1.01 2.82 1.12+
Narcotine 3.35 1.21 3.12 1.17  3.70 1.31
Quinidine 2.85 1.18t 2.72 1.15% 3.08 1.20%
Quinine 3.18 1.12 3.04 1.12  3.44 1.12
Mescaline .558 .565 .719
DMT 1.50 2.69 1.50 2.65 1.82 2.53
LSD 4,27 3.93 4.69
Lampa 4.80 1.12 4,38 1.11 5.15 1.10
Iso-1SD 5.41 1.13 4.90 1.13  5.62 1.09
TCP 2.25 2.18 2.74
PCP 2.55 1.13 2.48 1.14 3.12 1.14
Glutethimide 2,07 1.85 1.86
Methaqualone 3.21 2.80 2.86
Mecloqualone 4,45 1.39 3.98 1.42  3.92 1.37
Diazapam 5.69 4,92 5.05
Phermetrazine .859 .870 1.10
Phendimetrazine .859 1.00 .870 1.00 1,20 1.60
Diethylpropion .859 .870 1.10
MDA 1.06 1.04 1.29

*retention greater than two hours
+successive capacity factors are reversed

l-msa ~ methanesulfonate
2=bsa - butanesulfonate
3-hsa - heptanesulfonate



TABLE 4

Capacity factors k'i and selectivity factors ai for mobile phase 20%
methanol, 79% water, 1% acetic acid and 0.005M methanesulfonate acid
using various columns.

Microbondapak Microbondapak Microbondapak

Drug Cc-18 Alkyl Phenyl N
k'i aji e aji k'i aji
Phencbarbital 7.21 1.51 6.60 1.61
Butabarbital 10.9 2.47 7.01 1.06 1.20 1.34%
Pentobarbital 26.9 1.05 15.2 2,17  2.04 1.70
Amobarbi tal 28.2 1.49 14.8 1.03+ 2.11 1.03
Secobarbital 42.0 22.8 1.54 2.66 1.26
Benzocaine 12.7 10.1 2.56
Procaine 217 2.65 1.09
Lidocaine 4.10 1.90 2.73 1.03  1.29 1.18
Cocaine 17,3, 4.17 14.7 5.39 3.43 2.67
Tetracaine 52.1 3.05 32.5 2.22 8.17 2.38
Acetcminophen .829 .863 .395
Theophylline 1.76 2.12 2.02 2.34 .256 1.54%
caffeine 3.58 2.03 4.34 2.03 .386 1.51
Phenylpropanolamine .840 .743 471
Ephedrine 1.23 1.46 1.10 1.48 .587 1.25
Amphetamine 1.87 1.53 1.50 1.36 .860 1.46
Methamphetamine  2.47 1.32 2.02 1.36 .980 1.14
Phentermine 3.26 1,32 2.46 1.22 .980 1.00
Methylphenidate  9.36 2.92 8.95 3.64 1.82 1.86
Antipyrene 773 6.52 ..726
Morphine .536 .849 464
Codeine 2.04 3.81 2.79 3.29 .778 1.68
Acetylmorphine 2.59 1.27 3.58 1.28 1.14 1.46
Aminopyrene 2.94 1.14 2.38 1.50t  .469 2.43%
Strychine 7.43 2.53 12.2 5.13  2.40 5.12
Acetylcodeine 12.3 1.66 16.4 1.34 2,40 1.00t
Heroin 13.9 1.13+ 16.7 1.02  2.31 1.04%
Thebaine 13.0 1.07+ 17.2 1.03  3.45 1.49
Quinidine 18.0 1.38  30.9 1.80 3.20 1.08+
Quinine 24.6 1.37 29.9 1.03% 3.64 1.14
Methapyrilene 21.7 1.13% 17.6 1.70% 3.57 1.02%
Narcotine 41.5 1.91 52.7 2.99 5.17 1.45
Papaverine 64.0 1.54 65.6 1.24 5.03 1.03*
Mescaline 2.47 1.77 .681
DMT 277 1,12 2.67 1.51 1.85 2.92
LSD 37.1 37.2 7.10
Lampa 40.0 1.08 42.6 1.15 8.0l 1.13
Iso-LSD 74.1 1.85 58.0 1.36  9.33 1.13
TCP 41.5 31.1 3.27
PCP 44.5 1.07 38.8 1.25 3.8l 1.16
Glutethimide 29.6 24.2 3,15
Methaqualone * * 551
Mecloqualone x * 3 8.50 1.54
Diazapam il * 9.56
Phemmetrazine 2.02 1.92 .980
Phendimetrazine 2.47 127 2.26 1.18 .980 1.00
MDA 2.38 2.30 1.18
Diethylpropion 5.80 3.68 1.04
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Figure 1 - Structures of barbiturates.
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Column: Cqg Alkyl Phenyl C=N
Mobile Phase: Methanol, Hy0, HAc, .005M Alky! Sulfonate, pH = 3.5
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Figure 2 - Plot of average selectilvity factors of barbiturates versus
percent methanol for the Microbondapak C-18, Microbondapak Alkyl

Phenyl and Microbondapak CN columns.
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The decrease in selectivity on the cyanide column versus the alkyl-
phenyl column could be explained by the small pi bonding character
of the isopropyl cyano column.

As was shown earlier, based on the Horvath et. al.(a) model for
reverse phase dhromatography, for a given mobile phase selectivity
increases with the contact area between non-polar substituents on
the solute and the hydrocarbon ligands on stationary phase(3).
Horvath's theory for retention in reverse phase ion pair chromatog-
raphy via an ion pair in mobile phase mechanism is also based on
this model. Thus for solutes having different aliphatic character
in a given mobile phase, selectivity would be expected to decrease
in the order of C-18 < alkylphenyl < isopropyl cyano. For most bases
studied the above relationship was not observed. No explanation could

be offered for the above effect at this time.

Effect of Water-Methanol Ratio on Selectivity

It can be deduced from the Horvath et. al.(4) theory of reten-
tion in reverse phase chromatography that the selectivity of two
solutes differing in aliphatic character on a given stationary phase
will increase primarily with the surface tension of the eluent(3).
Therefore, increasing the ratio of water to methanol in the mobile
phase should effect an increase in selectivity between two solutes
differing in non-polar character. A similar effect is predicted
based on the Karger et. al.(s) hydrophobic theory. Butabarbital and
pentobarbital which differ in aliphatic character show an increase in

selectivity with increased water in the mobile phase for all three
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columns (Figure 2). The selectivity factor for amobarbital and
pentobarbital which have identical aliphatic character is invariant
to the water-methanol ratio (Figure 2). The phenobarbital:butabar-
bital:secobarbital pairs have selectivities that are also independent
of the water-methanol ratio. The above =2ffects are shown in Figure
2. No explanation is available for these effects. Tjaden et. al.(s)
demonstrated that when using a water-methanol system on a silanized
silica column, selectivity increases with the water-methanol ratio
for barbiturates. The structures of these compounds differed onty

by non-polar substituents.

Horvath et. al.'s(s) theory for reverse phase ion pair chroma-
tography would predict that the selectivity of two closely related
solutes differing in aliphatic character would increase with the
surface tension of the eluent. Earlier it was shown that the equi-<
1librium constant for the binding of the neutral ion pair is propor-
tional to the contact area between the ion pair and the stationary
phase. This equilibrium constant would be proportional to the
capacity factor. Wikby et. al.(3) showed that based on Horvath's
theory of retention for reversed phase chromatography the following
relationship: dlogk'/d A A = 0/940.7 where gama is the surface
tension and A A is the contact area of solute with the stationary
phase. A similar relationship could be derived from the equilibrium
constant for the adsorption of the ion pair on to the stationary
phase: InK=a-b + ¢ A A, vhere the magnitude of this term
depends primarily on the surface tension of the mobile phase and the

contact area. For a given counter ion, an increase in selectivity
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with increased water concentration was observed on all three columns
for phenylpropanolamine and ephedrine, amphetamine and methamphetamine,
(Figure 3) morphine and codeine, morphine and acetylmorphine, and
codeine and acetylcodeine. The small increase in selectivity with the
water-methanol ratio for heroin and acetylcodeine only occured on the
C-18 column (Figure 3). In this instance the increased hydrocarbon
character in heroin which has one more carbon atom than acetylcodeine
is offset by the affinity of the polar carbonyl function in heroin

for the pelar mobile phase, see Figure 4, Positional isomers, metham-
phetamine and phentermine, LSD and LAMPA, and the steraisomers quinine
and quinidine, having identical aliphatic character exhibit no changes
in selectivity with water-methanol ratio (Figure 3). LSD and Iso-LSD,
diasteraisomers with identical aliphatic character, have selectivity
values which increase with greater water-methanol ratios (Figure 3).

The structures of these compounds are given in Figure 4.

Effect of Counter Ion Size on Selectivity

The retention of strong basic drugs on the C-18 and alkylphenyl
column significantly increases with the size of the alkylsulfonate
counter ion. The counter ion size has little effect on the k' values
of weakly basic and acidic drugs. Therefore, for drug combinations
consisting of strong and weak bases and acids, large changes in
selectivity could result by changing the size of the counter ion.

For certain base pairs on C-18 and alkylphenyl columns at a constant
water-methanol ratio, the selectivity increases with decreasing size

of the counter ion. Examples are codeine and acetylcodeine, phenyl-
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Column: C18 Alkyl Phenyl C=N
Mobile Phase: Methanol, Hy0, HAC, .0056M Methane Sulfonic Acid, pH = 3.5
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Figure 3 - Plot of selectivity factors with methanesulfonate counter
ion versus percent methanol for the Microbondapak C-18, Microbondapak
Alkyl Phenyl and Microbondapak CN columns.
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propanolamine and ephedrine, and lidocaine and cocaine. At the

present time this effect can not be explained.

Effect of Counter Ion Concentration on Selectivity

For the ten basic solutes studied(z) dnly the selectivity of
quinidine with other bases varied with counter ion concentration on
both the C-18 and Alkyl Phenyl columns. The behavior of quinidine
could be explained, as stated earlier(z), based on the two ionizable

sites this compound has to interact with counter ion.
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LC NEWS

PROTEIN SEPARATION SYSTEM that accomplishes high-resolution in minutes.
System efficiently separates acidic, neutral, and mildly basic pro-
teins with molecular weights from 2000 to 80,000 with high recovery,
speed, and easy operation. Waters Associates, Inc., JLC/81/2, 34

Maple Street, Milford, MA, 01757, USA.

HIGH PERFORMANCE RADIAL CHROMATOGRAPHY chamber for developing thin-
layer plates is a major advance for resolution in low R regions or
where high sensitivity is necessary with resultant reduced cost per
analysis. Fotodyne, Inc., JLC/81/2, P. O. Box 183, New Berlin, WI,
53151, USA.

AUTOMATIC SAMPLE INJECTOR for LC is microcomputer-based and can auto-
matically inject up to 64 samples with 1-3 injections per sample.
Micromeritics Instrument Corporation, JLC/81/2, 5680 Goshen Springs
Road, Norcross, GA, 30093, USA.

SEPARATION OF PRIORITY POLLUTANTS uses a 5 micron Cjg reverse-phase
column. Method is described in a recent data sheet. The Separations
Group, JLC/81/2, 16640 Spruce Street, Hesperia, CA, 92345, USA.

LC COLUMN SLURRY PACKER includes a pump that operates up to 9000 psi
and is designed for normal or upward column packing. Jones Chroma-
tography, Inc., JLC/81/2, P. 0. Box 12147, Columbus, OH, 43212, USA.

PEPTIDE ANALYSIS using a 7 micron reversed-phase support. The 300
angstrom pores provide access to the hydrocarbon bonded phase for
large molecules and has sufficient surface area to resolve small
molecules. SynChrom, Inc., JLC/81/2, P. 0. Box 110, Linden, IN,
47955, USA.

RECORDING DATA PROCESSOR for chromatography can process up to 339
peaks, has eight files for peak processing and calculation para-
meters, power-failure protection, grouping, response factor calibra-
tion, and self-diagnostics. Shimadzu Scientific Instruments, Inc.,
JLC/81/2, 9147H Red Branch Road, Columbia, MD, 21045, USA.
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SMART SAMPLE PROCESSOR can automate many laboratory processes, in-
cluding autoinjections. Computer capability provides control of more
than 40 external devices. ChemResearch, Inc., JLC/81/2, 4700 Superior
Avenue, Lincoln, NB, 68504, USA.

HPLC ACCESSORIES CATALOG includes columns, fittings, valves, packings,
chemicals, pumps, detectors, etc. HPLC Technology, Inc., JLC/81/2,
P. 0. Box 366, Lomita, CA, 90717, USA.

GPC SOFTWARE for SP4100 computing integrator is programmed in BASIC
for data acquisition, storage, reduction, X-Y graphics. Up to four
different curve—-fitting functions may be selected for calibration.
Calibration data are plotted for observation of curve fit. Output
includes tabular and graphic results of GPC analysis. Spectra-Physics
Inc., JLC/81/2, 2905 Stender Way, Santa Clara, CA, 95051, USA.

COMPUTER FRACTION COLLECTOR is micrprocessor controlled. Collection
is by absorbance peaks, timed intervals, drop counting or by pump
output. Cuts smaller fractions during peaks, rejects void volume,
and automatically shuts down at end of run under program control.
1sco, Inc., JLC/81/2, P. 0. Box 5347, Lincoln, NB, 68505, USA.

HPLC AUTOMATION with an interactive microprocessor controller, in-
cluding gradient and flow programming, wavelength scanning, baseline
zero reset, recorder/integrator control. Single button function
entry and magnetic tape program storage simplify operation. Kratos,
Inc., JLC/81/2, 24 Booker Street, Westwood, NJ, 07675, USA.
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February 2-9

March 9-13

March 29-April 3

March 29-April 3

March 29-April 3

March 29-April 3

April 28

May 11-15

May 17-19

May 20-22

June 4-5

June 22-26

July 20-24

LC CALENDAR
1981

"First Chem'l. Eng. Exhibition — KORCHEM", KOEX Exhibition Center,
Seoul, Korea. Contact: Int'l. Chem. Eng. Exhibition, KOEX
Exhibition Center, Seoul, Korea.

"Pittsburgh Conference on Anal. Chem. & Appl. Spectroscopy",
Convention Hall, Atlantic City, NJ USA. Contact: The Pittsburgh
Conference, Mrs. Linda Briggs, 437 Donald Rd., Pittsburgh, PA 15235,
USA.

"National Am. Chem. Soc. Meeting'", Atlanta, GA, USA. Contact: Am.
Chem. Soc., 1155 Sixteenth Streeet, NW, Washington, DC 20036, USA.

"Advances in Separation Technology", Nat'l ACS Meeting, Atlanta, GA,
USA. Contact: N. Li, Exxon Res. & Eng. Co., P. 0. Box 8, Linden, N
07036, USA.

""Chromatographic Separations of Coal-Derived Materials', '"Nat'l ACS
Meeting, Atlanta, GA USA. Contact: L. Taylor, Chem. Dept.,
Virginia Polytechnic Inst. & State Univ., Blacksburg, VA 24601, USA

"Standardized Materials for Chromatography', Nat'l ACS Meeting,
Atlanta, GA USA. Contact: L. S. Ettre, Perkin-Elmer Corp., Main
Avenue, Norwalk, CT 06856, USA.

"Detectors in Chromatography'", Chrom. & Electrophoresis Grp. The

Royal Society of Chemistry, College of Technology, Southend, U.K.

Contact: Dr. D. Simpson, Anal. for Industry, Bosworth House, High
Street, Thorpe-le-Soken, Essex CO 16 OEA, U.K.

"S5th International Symposium on Column Liquid Chromatography",
Avignon, France. Contact: G. Guiochon, Lab de Chim. Anal. Phys.,
Ecole Polytechnique, Rte. de Saclay, 91128 Palaiseau, France.

"Symposium on Environmental and Industrial Applications of LCEC and
Voltammetry", Indianapolis, Indiana, USA. Contact: LCEC Symposium,
1205 Kent Avenue, West Lafayette, IN 47906, USA.

"'Symposium on the Anal. of Steroids'", sponsored by The Hungarian
Chemical Society, Eger, Hungary. Contract: Prof. S. Gorog,
Hungarian Chem. Soc., 1061 Budapest VI, Anker koz 1, Hungary.

"4th World Chromatography Conference", Aerogolf Sheraton Hotel,
Luxembourg. Contact: V.M. Bhatnagar, Alena Enterprises of Canada,
P.0. Box 1779, Cornwall, Ontario, K6H 5V7, Canada.

"4th Int'l Symposium on Affinity Chromatography and Related
Techniques'", Katholieke Universiteit, Nijmegen, The Netherlands.
Contact: Dr. T.C.J. Gribnau, Organon Scientific Development Group,
P.0. Box 20, 5340 BH 0SS, The Netherlands.

"Second International Flavor Conference', National Hellenic Research
Foundation, Athens, Greece. Contact: Dr. S.J. Kazeniac, Campbell
Institute for Food Research, Campbell Place Camden, N.J. 08101, USA.
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August 23-28

August 30-
September 5

September 20-25

October 1-2

October 4-9

October 12-15

November 19-20

March 28-April 2

April 14-16

June 28-30

July 12-16

August 15-21

September 12-17

March 20-25

LIQUID CHROMATOGRAPHY CALENDAR

""National Am. Chem. Soc. Meeting'", New York, NY, USA. Contact: Am,
Chem. Soc., 1155 Sixteenth Street, NW, Washington, DC 20036, USA.

"XI Int'l Congress, IV European Congress of Clinical Chemistry",
Vienna, Austria. Contact: 1lth Int'l Congress of Clinical Chem., P.
0. Box 105, A-1014 Wien, Austria.

"8th Annual FACSS Meeting'", Philadelphia, PA USA. Contact: R. A.
Barford, USDA, 600 E. Mermaid Lane, Philadelphia, PA 19118, USA.

"Japan Conference on Chromatography", Palace Hotel, Tokyo, Japan.
Contact: V.M. Bhatnagar, Alena Enterprises of Canada, P.0. Box 1779,
Cornwall, Ontario, K6H 5V7, Canada.

""Symposium on Novel Separation Processes', at the 2nd World Congress
of Chemical Engineering, Montreal, Canada. Contact: Congress
Secretariat, 151 Slater Street, Suite 906, Ottawa, Ont., Canada, KI1P
5H3.

"EXPOCHEM '81", Houston, TX. Contact: Dr. A. Zlatkis, Chem. Dept.,
University Houston, Houston, TX 77004, USA.

1981 International Chromatography Conference', Carillon Hotel, Miami
Beach, Florida, USA. Contact: V.M. Bhatnagar, Alena Enterprises of
Canada, P.0. Box 1779, Cornwall, Ontario, K6H 5V7.

1982

"National American Chem. Soc. Meeting'", Las Vegas, NV USA.
Contact: A. T. Winstead, Am. Chem. Sco., 1155 Sixteenth St., NW,
Washington, DC 20036, USA.

"12th Annual Symposium on the Anal. Chem. of Pollutants", Amsterdam,
The Netherlands. Contact: Prof. R. W. Frei, Congress Office, Vrije
Universiteit, P. 0. Box 7161, 1007-MC Amsterdam, The Netherlands.

"Analytical Summer Symposium'", Michigan State Univ., East Lansing,
MI USA. Contact: A. I. Popov, Chem. Dept., Michigan State Univ.,
East Lansing, MI 48824, USA.

"2nd Int'l Symposium on Macromolecules", - IUPAC, University of
Massachusetts, Amherst, Massachusetts, USA.

"12th Int'l Congress of Biochemistry', Perth, Western Australia.
Contact: Brian Thorpe, Dept. of Biochemistry, Faculty of Science
Australian National University, Canberra A.C.T. 2600, Australia.

""National American Chem. Soc. Meeting", Kansas City, MO USA.
Contact: A. T. Winstead, American Chem. Soc., 1155 Sixteenth St.,
NW, Washington, DC 20036, USA.

1983

"National American Chem. Soc. Meeting', Seattle, WA USA. Contact:
A. T. Winstead, American Chem. Soc., 1155 Sixteenth St., NW,
Washington, DC 20036, USA.

The Journal of Liquid Chromatography will publish announcements of LC meetings and

symposia in each issue of the Journal.
need to know:
it will be held,

To be listed in the LC Calendar, we will
Name of meeting or symposium, sponsoring organization, when and where
and whom to contact for additional details. You are invited to

send announcements for inclusion in the LC Calendar to Dr. Jack Cazes, Editor,

Journal of Liquid Chromatography,

P. 0. Box 127, Hopedale, Massachusetts 01747, USA.



a new volume in a remarkable series . ..

Analysis of Drugs and Metabolites by

Gas Chromatography—Mass Spectrometry

BENJAMIN J. GUDZINOWICZ, Rhode Island Hospital, Providence
MICHAEL J. GUDZINOWICZ, Vanderbilt University, Nashville, Tennessee

VOLUME 7
Natural, Pyrolytic, and Metabolic Products
of Tobacco and Marijuana

August, 1980 576 pages, illustrated

In the past two decades, remarkable progress has been made in
the analysis of drugs, pharmaceuticals, and related toxicological
materials. This noteworthy development can be attributed largely
to technological advances in two specific areas of analytical instru-
mentation : gas chromatography and integrated gas chromato-
graphy-mass spectrometry.

These volumes offer the most complete and up-to-date cover-
age available for the analysis of drugs and metabolites by either
instrumental technique. Among numerous important features,
they include:

® chronological compilations from existing literature of the

various GC and/or GC-MS procedures available for the
analysis of specific drugs and their metabolites

® detailed descriptions of instrumental conditions and of

many quantitative and qualitative procedures, which enable
the her to reproduce and eval most p d in
his or her own laboratory

L] mdu:auom of the results, precision, accurary, and limits of

hieved by a given pr as well as its pos-
sible applicability to pharmacokinetic studies

Each section of the text is well referenced, containing many
illustrations of actual applications and tables of data for each in-
strumental technique.

Reflecting years of ard h by eminent scientists
throughout the world, Analysis of Drugs and Metabolites by Gas

graphy-Mass Sp y is essential reading for ana-
lyucal medicmll and chmcd chemists, pharmacologists, mass
spectr P anesthesi hologists, physiologists,
forensic lchntml and all othen ooncemed with the manufacture,
metabolism, persistence, and general use of drugs.

CONTENTS
Natural, Pyrolytic, and Carcinogenic Products of Tobacco
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Nicotine and Other Tobacco Alkaloids
N'-Nitrosonomicotine

Hydrocarbons

Alcohols of Tobacco

Sterols
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Tobacco Alkaloids in Smoke and Biological Fluids
Low-Boiling Volatiles (General)

Hydrocarbons

Ketones

Phenolic Constituents

Acidic Components

Polynuclear Aromatic Hydrocarbons and Related Compounds
Sulfur-Containing Compounds

Analysis of Specific Miscellaneous Compounds

Natural, Pyrolytic, and Metabolic Products of Marifuana
Cannabinoid Patterns and Their Use in Determining Chemical

Race md Origin
Chemi ition of the Marij Plant
Some Chemical C i of Marij Smoke
binoids and Metabolic Products in Biological Media

ISBN: 0-8247-6861-2

See reverse side for contents of
other volumes in this series

m m, m. 270 MADISON AVENUE, NEW YORK, N.Y. 10016 - (212) 889-9585



ANALYSIS OF DRUGS AND METABOLITES BY
GAS CHROMATOGRAPHY—-MASS SPECTROMETRY

and don’t forget Volumes 1-6 of this comprehensive series . . .

VOLUME 8

Cardiovascular, Anti-Hypertensive,
Hypoglycemic, and Thyroid-Related Agents
1979 464 pages

CONTENTS: Cardiovascular Drugs. Digitalis-Type Glycosides.
Antiarrhythmic Agents. Coronary Vasodilators. Coumarin-Type
Anticoagulants. Diuretics. Antisclerosis (Antihyperlipidemia)
Drugs. Antihypertensive, Hypoglycemic, and Thyroid-Related
Drugs. Antihypertensive Drugs. Hypoglycemic Agents. Thyroid
Hormones and Drugs. ISBN: 0-8247—-6757-8

VOLUME 5
Analgesics, Local Anesthetics and Antiblotics
1978 560 pages

rivatives. Sub d Butyroph and Related Compound
Thioxanthene Derivatives. Antid Drugs: M ine Oxi-
dase Inhibitors. Tricyclic Anﬂdepre-nu, and Several Related
Compounds. Monoamine Oxidase Inhibitors. Tricyclic Antidepres-
sants. ISBN: 0-8247-6586-9

VOLUME 2

Hypnotics, Anticonvuisants, and Sedatives

1977 512 pages

CONTENTS: Hypnotics, Anti I and Sedatives: Barbitu-

rate Compounds. General Methods for Isolating Drugs and Their

Metabolites from Biological Media. Barbiturates. Hypnotics, Anti-
nvul and Sedatives: Nonbarbi C ds. Chloral

Derivatives. Tertiary Acetylenic Alcohols. Cyclic Ether. Carba-
mate-type Compounds and Ureides. Piperidinediones. Quina-

| : Mecloqualone and Methaqualone. Benzodiazepine Com-
CONTENTS: Narcotics, Narcotic Antagonists, and Syntheti p CnL pine. Hypnotics, Anti I and Seda-
Opiate-like Drugs. Natural Opium Alkaloids and Related Com- tives: Nonbarbi C d ( d). Hydantointype
pounds. Synthetic Derivatives of Opiates and Related Drugs. Syn- Drugs. Succmumde type Drugs Pr P had and
thetic Opiate-like Drugs. Narcotic Antagonists. Analgesics, Local Trimethadi i Anticonvulsant Drugs.
Anesthetics, and Antibiotics. Antipyretic, Antiinflammatory, and ISBN: 0-8247-6585—0
Antihyperuricemic Agents. Local Anesthetics. Antibiotics.
ISBN: 0-8247—-6651-2
VOLUME 1
VOLUME 4 ::::lrnory G::, Vola:l: Anesthetics,
’
Central Nervous System Stimulants Toxi MI |'°'" “I.‘.
1978 472 pages
1977 240 pages
CONTENTS: Amph ines, Xanthines, and Related Compound
Amphetamines and Related Compounds. The Xanthines. Pentyl- CONTENTS: Respiratory Gases, Volatile Anesthetics, and Re-
enetetrazol. Phenylethylamine-, Tryptamine-, and P lol lated Toxicological Materials. Respiratory and Blood Gases,

lated Compounds. Phenylethylamine-related Compounds Trypt-
amine-related Compounds. Propranolol-related Compounds.
ISBN: 0-8247—6614-8

VOLUME 3

Antipsychotic, Antiemetic, and
Antidepressant Drugs

1977 280 pages

CONTENTS Antipsychotic and Antiemetic Drugs: Phenothiazine,
h and Thi thene Derivatives. Phenothiazine De-

yTop

Volatile, Low-molecular-weight Anesthetics. Sterilizing Agents,
Common Organic Solvents in Blood, and Riot-control Aerosol
Irritants. Ethyl Alcohol and Volatile Trace Components in Breath,
Body Fluids, and Body Tissues. Ethyl Alcohol. Volatile Constit-
uents in Human Breath, Fluids, and Tissues. ISBN: 0-8247—6576-1
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