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MEASUREMENT OF THE DEAD VOLUME BETWEEN CONCURRENT DETECTORS
IN GEL PERMEATION CHROMATOGRAPHY

D. Lecacheux and J. Lesec

Laboratoire de Physico-Chimie des Polyméres (C.N.R.S.-L.A. 278)
Université Pierre et Marie Curie (Paris VI)
E.S.P.C.T. - 10, rue Vauquelin - 75231 Paris Cedex 05 — France

ABSTRACT

Multiple detection of gel permeation chromatography
effluent is going to become a routine way of polymer charac-—
terization in most laboratories. It is then necessary to give
attention to the dead volume connecting the cells of concurrent
detectors. If neglected, considerable errors may occur in data
handling.

We report, in this paper, a method of dead volume measurement.
It firstly concerns the coupling of a high pressure gel permeation
chromatograph and the '"Ouano''~type continuous viscometer, but its
general utility is demonstrated. The main conclusion is that the
geometric estimate of the dead volume is not suitable, even when an
accurate calculation is possible. The method we describe here leads
to an experimental dead volume. It is greater than the geometric
one (as theoretically proved recently) but it gives the best
results.

INTRODUCTION

With the increasing use of Gel Permeation Chromatography
(GPC) as a characterization tool for complex polymeric samples,
a fast development in dual detection techniques for the effluent
is observed. Indeed, it has been known for a long time, except for
linear homopolymers, that the size exclusion mechanism does not

lead to the separation of macromolecules according to their

2227

Copyright © 1982 hy Marcel Dekker. Inc.



2228 LECACHEUX AND LESEC

molecular weights. As a vesult, the response of a single concentra-
tion detector is often inadequate to give reliable average molecular
weights. For the analysis of copolymers with variable composition,
the differential refractometer (DRL)-UV detector coupling is parti-
cularly used (see the review of Janca (1)). On another hand, the
Benoit's universal parameter [n].M as a calibration concept (2)
requires the fitting of GPC with a molecular size detection, i.e.
viscometry (3~4) or light scattering (5-6). But till now, the

two detections have never been performed in a single cell. Conse~-
quently, accurate data treatment requires the knowledge of the
connecting dead volume, AV, between detectors so that any pair of

experimental points really corresponds to the same species.

From the study of Bruessau (7), the geometric determination
of the AV value leads to unsatisfactory results, because changes
occur in the peak shape during transfer form one cell to the other.
That is why this author recommends a method which is suitable to
the particular case of two concentration detectors (DRI and UV for
instance). According to Cantow (8), the analysis of homopolymers
under such conditions gives two similar chromatograms, one of them
has to be shifted till their ratio is a straight line parallel to
the abscissa. The vesulting AV value is valid for further calcula~
tions. Nevertheless, this method is presented as invalid in a
concentration detector-molecular size detector coupling since there

is no specific case where the two responses are proportional.

In the laboratory, we have been dealing for a few years (9)
with the coupling of a high pressure GPC and an'Ouano'-type
continuous viscometer (10). Such a system enables ome to rapidly
characterize various macromolecular samples (11), even at high
temperatures, as recently proved (12). But, the accuracy of the
results (especially the viscosity laws) is dependent on the AV
value. For this reason, we have improved the above described
method of AV measurement for the concentration detector-molecular

size detector coupling.
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EXPERIMENTAL

The continuous viscometvic detector is an application of the
Poiseuille's law. Tts principle has been previously described (i0-11).
Assuming laminar flow through a capillary tube, we can employ the

following relationship :

with - P : pressure drop of the fluid
-~ Q : flow rate
~1,r: length and radius of the capillary tube

= 1 : absolute viscosity.

Accordingly the continuous pressure drop measurement (besides
the concentration, C, detection) enables the determination of
the intrinsic viscosity [n] along with the elution volume (for

very low C values) :

- = l .m—.P.-
[n] = e In 5
o

where subscrip, o, refers to pure solvent.

A scheme of the apparatus is given in Figure 1. A stainless
steal capillary tube is inserted between the column set and rhe
refractometer (Waters R 401). Two pressure transducers CMAC 5
(Sedeme, 11, rue Simonet —~ F-75013 PARIS), performing the diffe-
rential measurement of the pressure drop, are connected by "T"
fittings into the system. If it is necessary to select the visco-
meter length over a wide range, it is lmportant to recognize that
the inner diameter of the commevcially available 9/1,000~inch
capillary fluctuates greatly. Ry measuring the pressure drops

through several capillaries with equal lengths, we observed
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amplifier —3 data treatiment
pressure
transducer
column set P B { S }

RIi
thermostated -|---- capillary viscometer
water bath

Figure 1 : Scheme of the apparatus.

large discrepancies, the ratio between the extremes being about

3. Poiseuille's law leads to the following range :
0.10 < r < 0.14 mm
Thus, the continuous viscosmeter 1s required for a precise

measurement of the capillary radius. If not, errors in the

geomelric determination of dead volumes may be as large as 100%.

waste

For our purpose, we have chosen a capillary with r = 0.135 mm

and 1 = 3m. The difference between the coupling of two detectors
with cells of negligible volume (I) and the particular case of
DRI-continuous viscometer (IT) is shown in Figure 2. For the
latter, the AV value is the sum of two terms : the dead volume

of connecting capillaries and half the volume of the viscometer

itself. From the Poiseuille's law, we deduced the geometric esti -

mate :

AVG = 0.15 ml
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®
_;ohunn set | [i]
« AV

O R

Ty
2
|

column set II J‘ T l JLZr_JL

! |
kL — AV —

Figure 2 : Difference between the coupling of two detectors with
cells of negligible volume (1) and the DRI-continuous

viscometer coupling (2).

Routinely, experiments were run under the following conditions

Solvent : THF ; Flow rate : Iml/mn ; Temperature : 30°C,

. [+
Column set : 4 u styragel 103, 104, 105 and 106 A

The apparatus was equipped with a system of automatic recor—
ding, data treatment and graphic output (12) whose performances
are demonstrated in Figure 3, 4 and 5 with a polyurethane sample.
After smoothing of the chromatograms (Figure 3), the viscosity
law was deduced from universal calibration (Figure 4) as well as
the molecular weight distribution shown in Figure 5. In this

case, we obtained

Mo = 37,000

Mw = 58,000

{n] = 109 ml/g

o = 0.68 (Mark-Houwink exponent)
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The experimental Mark-Houwink relationship.
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weight fraction

log M

| | |
3 4 5 6

Figure 5 : The molecular weight distribution.

The above mentioned values are linked to a certain AV. But before
describing the method which provides this AV value, we will demons-—

trate, using a simple model, that a good accuracy is required.
DISCUSS5ION
From a theoretical viewpoint, we will assume, a column set
with a linear calibration curve of molecular weight, M, versus
the elution volume, V

In M = a - bV

Let us consider a macromolecular sample with a molecular weight

distribution of the Wesslau type ¢

w (In M) = Eéﬁ-exp (- ~§-ln2 M—>
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Mp is the peak molecular weight with peak elution volume Vp and
B is a function of polydispersity I :

8% =2 1n I
o

The viscosity law for this sample is : [n] = KM

Using the following notations

C(V) concentration chromatogram

S(V) pressure drop chromatogram (S = P - PO)

we obtain, after a few steps

2
- _ b _ 2
C(V) = Cm . exp ( Ei-(V Vp) )
b o ln I.,2
S(V) = Sm . exp (- gi'(v - (Vp - -E~——)))

where Cm and Sm are the respective apexes of the two chromatograms.
It appears, when the concentration chromatogram has a gaussian
shape, that the pressure chromatogram has also a gaussian equation.
The standard deviation is the same but the peak apex of the pres-

sure drop curve is shifted towards lower elution volumes

(even if the two detections are performed in a single cell).

Under routine conditions (o = 0.7 and b = 0.4), we obtain
V -V' =1.751n I

P
and, for instance Vp - V‘p = 1.2 ml for I = 2,

The above mentioned example for polyurethane is not very far

from the Wesslau distribution and we can observe in Figure 3 that
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the experimental shift is in satisfactory agreement with the

theoretical one.

It is, therefore, easy to predict the consequences of a bad

estimate of AV : it leads to a wrong value of the expression
o 1 . . . Ca
»~ﬁB—£'. If AV is underestimated (as when neglected), o will be

b
too high, and vice versa. In addition, the smaller the polydis-—

persity index, the more important the errors become.

Such results can be experimentally confirmed with the assis-
tance of a computer. By varying the AV value in the calculations,

we obtained, for the polyurethane sample :

- AV correct :a = 0.7

- AV x 2 o0 = 0.6
with the subsequent errors in the average molecular weights.
Consequently, it is very important to use a reliable method of

AV measurement.

DESCRIPTION OF THE METHOD

The method we describe is based on Cantow's method (7),

but modified because of the nature of specific responses of molecu~
lar size detectors. Their responses, indeed, are not proportional
to the concentration but are proportional either to C.[n] (visco-
meter) or C.M. (LALLS). The only way to consider them as concen-~
tration detectors is to avoid the size exclusion mechanism so as
to obtain two similar signals. In our particular case (DRI-visco-
meter coupling), the first trials were performed by injecting a
polymeric sample after removing the columns. But this method is
not suitable, since polymer elution is too fast and the chroma-
tograms are very distorted. It is therefore necessary to keep a

column set in the system, but one has to select low porosity
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viscometer —

refractometer

Figure 6 : Underestimated shift volume. After linear regressiom,

[n1(V) exhibits a negative slope.

packings so that a high molecular weight polymer is totally
excluded and axial dispersion is the only factor responsible
for spreading area. Measurements were performed under the fol-

lowing experimental conditions

L=} o
- Column set : 2 y styragel (100 A and 500 A)
~ Solvent : THF ; Flow rate : Iml/mn ; Temperature : 30°C
~ Sample : polystyrene standard My 106 (I < 1.1)

~ Injected volume : 100ul ; Concentration 0.5%

In order to precisely measure the dead volume in our system,
about twenty injections were made. ALl parameters were kept

constant, except the shift volume (converted in terms of delay
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Slope

AVe (m])
1 ) ! ! ! ! L
0.10 0.12 0.14 0.16 0.18 0.20 0.22
Figure 7 : The experimental shift volume is the abscissa of the

intercept.

time in the automatic dual data acquisition system) which was
gradually increased in the range of the geometric estimate. In

each case, we plotted the apparent intrinsic viscosity [u](V)»élng—
(with the already mentioned notations) versus the elution volume
(see Figure 6 as an example). The slope is calculated in arbitrary
units using a linear regression method. The experimental AV value
(A VE) is defined by the zero slope : [nl(V) is constant and equal
to the true intrinsic viscosity [n]. The slope measurement is
relatively imprecise but a linear regression on slopes versus shift
volume (shown in Figure 7) enabled us to reduce the uncertainty to

a few percent. It leads to

A VE = 0.18 ml
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This value, greater than the geometric one (AVG = 0.15 ml), confirms
the recent result of Bruessau (7). In addition, we compared these
two values as delay time for the dual data acquisition in the case
of routine experiments., The use of AVE leads to correct visco-
metric results, when AVG gives Mark-Houwink exponents o systema-
tically overestimated. Both these reasons bring us to recommend

the use of this method in preference to the geometric estimate.

CONCLUSION

The results presented in this paper clearly indicate that
the shift volume between the detectors in DRI-viscometer coupling
has to be carefully taken into account in the treatment of GPC
data. Model simulation as well as experimental evidence confirm
the need for good accuracy. Therefore, we developed an easy method
of dead volume measurement, which can be used for any kind of
GPC dual detection, but is especially adapted to a molecular size
detector (viscometer, LALLS) coupling. The resulting value appears
to lead to satisfactory results in our system. Moreover, it is in
good agreement with a recent theoretical model which shows that
the geometrical estimate is systematically smaller than the value
to be used in the data acquisition, probably due to change in the

peak shape during transfer between the two detectors.
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MOLECULAR WEIGHT DISTRIBUTIONS AND MONODISPERSE
INTRINSIC VISCOSITY-MOLLCULAR
WEIGHT EQUATION OF SILICONE ELASTOMER#*

Lu-~Zai—-Min
Research Institute
Jilin Chemical Industry Corporation
Jilin City, Jilin, People's Republic of China

ABSTRACT

The experimental curves of Gel Permeation Chro-
matography of methyl vinylsilkicome elastomer poly-—
merized by a basic catalyst amd comtaining a small
amount vinyl groups are given.

They are in consistent with the theoretical cur-
ves calculted from logrrithmic-~normal distributionm
function. Thereby, the molecular weight distribution
of the samples determimed belomg to the logarithmic-
mormal Jdistribution. With GPC, [ﬁ] and (M)n of the

polydispersed sample the momodispersed [7}~ M rela-

tiomship of the methyl vimyl silicome elastomer was
established.
This relatiom agrees with the momodispersed [7]”

(1)

M relatiom established by Qisn Ren-yuan, et al.

P —
Presented at the GPC Symposium, Chinese Chemical Soc.,
Guilin, People's Republic of China, June 2-6,1981.
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INTRODUCT LON

The Mark-Houwimnk equatiom of the intrimsic vis
cosity-molecular weight relatiomship of high polj
mer solutiom shows,

(7] = & u® (1)

The molecular weight obtaimed omly from the
parameter K and & im the momodispersed equatiom for
the value of a polydispersed sample is im accor-
dance with the viscosity average molecular weight
of which the definiuiom is well-xmown.

I/
1), = <Z Tl (2)

In determlnlné {he parameter in the equation,
mernodispersed samples are unecessary. LZut they are
difficult to obtain, even with careful fractiomation
of a polydispersed sample. Therefore, a correction
of dispersed effect must be made on the equetion

obtained experimentally. (2,%,4)
The relation between intrinsic viscosity [#7] and
average molecular-weignt, (liy or M),, for a

o

polydispersed sample is:

a 24
- K \ - 4 Z
<[7]> = &, (m), = q K(u) (2)
4 a
or A7)y = x (M) = q K () (4)
Where q_ and g are the correction factors poly-
dispersed LFey are related witn types of distribu-

tiom of tne sample and the distribution breadtn.'2,2,4)
Therefore, to obtain monodispersed Mark-rouwink equa-
tiom, a defimite knowledge of the molecular weight
distribution of the sample must be known.

Yian nen-yuan et al.‘1) established monodispersed
[7] - ®m relationship of polydimethylsiloxane after
determining the distributicn of sedimentation coef-
ricients, <My ,[7], and (Thoiuene,

However, tme molecules of the commercial sili-
cone elastomer contain a small amoumt of vinyl groups.
in order to study their influenmce on the[7] - u
relationship, we determined the molecular weight
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distripbpution of some polydispersed samples of poly-
methyl vimyl siloxane by Gel Permeation Chromatograplu,
as well as the number-average mclecular weights and
imtrinsic viscosities im toluene solution for each
sample. YThe monodispersed eguation of polymethyl

vinyl siloxane is so obtained. it agrees witn tne
monodispersed equation of polydimetnylsilozame proposed..
by wian men-yuen et al. 'hus, the existence of a

small amount of wvinyl groups has mco onvious influence

on the solution properties of polysiloxane.

EXPERIMENTAL

SAMPLES

Tre silicone elastomer samples used are non-fra-
ctionated polydispersed samples from our laboratory.
They vwere obtained by polymerizing the dimethylcyc-
losiloxane containing a small amoumt of cyclic vinyl
siloxane at the presence basic catalyst.

VISCOMETRY

The intrinsic viscosity of the polydimethyl winyl
siloxane was determimed in toluene at 25 C¢ by ubbg-
londe dilution viscometer.

0OSMOTIC PRESSURE

The number-average molecular weight of the poly-
methyl vinyl siloxame was determined in teoluene at
27 OC with aNAUDH menbrewme osmometber.

GEL PERMEATION CHROMATOGRAPH

The determination of Gel Permeation Chromatograph
was accomplished in an equipment with the columrn
length 2.5m, interal diameter 9 wm, syphon volume
3.0 ml amd porous silica beadsof 120 - 140 mesh 2s
the packing ( treated with nexamethyldilazane ).
Whole elution volume of the column was 130 ml. Eluted
solvent was tolueme. Operated at room temperature
with a flow rete of 0.7 ml / min. The concentration
of the injected samples of polystyrene and polyme-
thyl vinyl siloxane were 1 mg / ml and 4 mg / ml res-
pectively. Injected volume was 1 ml. The concentra-
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tions of the eluted solution were determined by the
turbidity mothed.

The column was caliorated with a3 series of nar-
rowly distributed polystiyrene samples. The viscosity
ecuation of the pelystyrene is

=4 0773 -
(7] = 1.1 x 10 & (5)
“he universal calioration relation of thne
corumn is ovtained:
log d = leg[7] K
log J = 13.08 - 0,079 V (6)

o

The universal calibration curves is shown in #i-
sure 1.

7
6
k]
0
3‘5
&
4L
\
I \
LAEAN
3 \
60 80 100 120

Elutiom volume (ml)

Figure 1. Universal calibration curve
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RESULTS AND DISCUSSION

The GPC curves of 211 thne samples are snown in
PMrure 2. According te tne following equation,

o n
Vv =5"4 V.
=0 i
2 n ) - 2
g = ], (V- V)
i=1 1

W,
0.10
0.05| )
3 4
0
70 90 110 80 100 80 100 80 100 80 100

i
0.10r °
0.05
6 7 9
0 »

80 100 100 120 100 120 90 110 70 90 110 80 100
Elution volume {mf)

Figure 2.
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Table 1.

V., 0%, [7] (0, (w), / () of the samples
7 7] oy gt
sample T (ml) 2 [ oy D X010 /
o) {d1/g) (o) (M)w/Qm>n

1 99.51 91.53% 0.84 14.7 2.80
2 97 .17 90.83 1.03 20.0 2.72
3 94.85 112,206 1.17 22.5 3.43
4 94.95 102.65 1.24 25.4 3.10
5 93.60 107.322 1.39 30.0 3.18
6 91.83 82.70 1.60 39,2 2.48
average 2.95

7 107.86 S0.74  0.42 8.7 1.89
8 105.7¢ 54,13 0.45 9.2 1.84
9 102,60 59 .56 0.55 13.2 1.95
10%** 90.93 99.43 7.1 24,8 1.81
11%* 89,52 82.04 1.24 42,2 1.0%
average 1.82

**. Phe data for 10** amd 11** were determimed by amo-
ther column witn tne umiversal calioration equation as
log J = 11.06 - 0,058 ¥

and from our experimental curves, calculted the mean

elution volume V and standard deviationm ¢° as shown

im Tavle 1. Im tne equation, W, amd V., are the weight
fraction and elution volume of each individual frec-

tion.[7] and (M)n cf each sample obtained from the

viscosity and osmotic pressure measurements are also
listed in Table 1.

Log[7] values were plotted agaiust log <Nlhx tor
each sample in Figure 3.

Lirme a in Figure 3 is for tne samples 1 to 6,
and line b for the samples 7 to 11, & = 0.70 amd
KIm = 2,0 X 10“4 are takem from the slope and tue inter-
cept of tne line a, (= 0.70 amd K_ = 1.51 X 1074
from tne slope and intercept of the Pine b.
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4.8 5.0 5.2

5.4

Log (MY,

Figure 3.

In determining the average
polymers by GPC, the principle

Log [7] vs. log (M>n

molecular weight of
of the universal ca-

livbration may be used, 1.e.
1 n 1
(MY =x " a2y g (7)
W f= 1 71
Ty /8 1
ot = oAt d Y C Y .
(M), = K 12;-:{ L (8)
i 1 1
(M) n . n -
— ® i a
——W = S W 1t Z ) CPEE (9)
i =1 =

(1),
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Therefore, distribution breadth imdex, (M>w/ (M)n*

obtained are independent of the poramecter K. From
the experimental curve of each sample take ¢f = 0.70
( the slope of a, b lines in Figure % ). The dis-

tribution breadtn index {M)w / <M>n of the eleven

samples are obtained by the equation (9). See the
results in Table 1, Take the samples 1 to 6 as one
group and the average value of the distribution breadtn
index is 2.95, while another group, tune samples 7
to 11, gives the average value of the distribution
breadtn index as 1.82 also shown in Table 1.

The experimental curve of each sample shows good
symmetry, so Gauss norwmal distribution function

]
PV e L exp [ - v aw)® ] (10)
can be used.

The normalized distribution curves calculated
from the average value and the standard deviatiom
of eacw sample (in Table 1) and with eguation (10)
agrees well witn the experimental results, as shown
in Figure 2. A3 the calibration curve of our GPC
columm is linesar, the molecular weignt distribution
of the samples studied may be described by log-normal
distrivbution function. For the polydispersed sample
(2,3,4)

with log normal distribution,

(M) Yo
w., AR & - 1
q' il ( s e ) ( 1 ] )
W )
<l‘n
M ) [V
< W e A ( o+ )
ay = () >
@ (i) (12)
n
Substitute into the equation (12) the average
values of the distribution incex of +%two groups and

(I values. The 4, values of two groups so obtained

are 1.90% and 1.428 respectively. From the Kn and
q, of two groups, we optain: ‘
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K =1.05 x 10 "7 and K = 1.06 ¥ 10 ¢

Therefore,[ﬁ] ~ M relation im the momodispered
solution may be expressed as

[7] = 1.00 % 10 =4y 0.0 (1%)
Since
<MD
& . Y a AF
(7] = & cusy= k (—)RALET )y
<M)n
[#4
My
=K [ (— gk (a+ 1) <y
(M>n
then )
(M)w 1
(M, = (——k (Er 1)y (14)
(M)
n
The viscosity average molecular weight <M)? of
each. sample may be obtained by substituting(m)n, a
(M)
and. kJ of eleven samples into the equation (14)

M
(wy
Plot log[7] against log (M)yas shown in Figure 4.

It can be seen that the experimental points of two
sample groups fall on the line for the monodispersed
[7] - W relaticn (1%3). It is independsiof Lhe size of
the distribution breadtn.

Qisn Ren-yuam, Ying Qi-zong et al, obitained the
monodjspersed[?] - M relationship for polydimetnyl-
siloxane as

(7] = 2.5% x 107> w27 (15)

shown by dotted line in Figure 4. The solid line and
dotted line overlap each other.

]t can be seen that the presence of a small amount
of the wvinyl groups in the molecular chain of poly-
dimethylsiloxane .has shown no evident cnange in the
property of solution and the flexibility of the mo-
lecular chain.
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Figure 4. log[7] vs. log <M>7
o and x : equation (14)

solid line : equation (13)
dotted Lline : eguation (15)
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Characte

ization of Copolymers

and Polymer Mixtures by Gel

Permeation Chromatography

J. M. Goldwasser, Alfred Rudin and W. L. Elsdon
Guelph-Waterloo Centre for
Graduate Work in Chemistry
University of Waterloo
Waterloo, Ontario, Canada N2I, 3GL

ABSTRACT

Estimation of molecular weights from GPC data is complicated
when the polymer sample consists of a mixture of homopolymers or of statis-
tical copolymers with nonuniform compositions. This is because sizes of
solvated polymer coils depend on solvent interaction with both the homo-
and hetero-units of the copolymers and because the extent of solvation of
different homopolymers can differ. The overall degree of solvation may
change effectively with composition and use of a single "average' ser of
Mark-Houwink constants in calibration procedures will then produce false
molecular weight data from the GPC data. A new molecular weight average, ﬁx’
is defined to overcome this problem. This average can be determined from the
GPC chromatogram and intrinsic viscosity of the sample in the GPC solvent.

Mark-Houwink coefficients are not needed. ﬁx lies between ﬁw and ﬁz.

Hydrodynamic volumes of solvated polymers are fundamental in
determining the gel permeation chromatographic (CPC) elution volumes of the

species in a mixture (1-3). All species with the same hydrodynamic volume

2253
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appear with the same elution volume. For homopolymers in a given GPC solvent,
hydrodynamic volumes can be related directly to molecular weights, with
allowance where necessary for concentration effects (4-6). When the sample
consists of a mixture of homopolymers or statistical copolymers with non-
uniform compositions ihe estimation of molecular weight information from GPC
data is much more complicated.

The major difficulty in analyzing the GPC chromatogram of a com-
positionally heterogeneous polymer sample involves conversion of hydrodynamic
volume (Vhi) of species i to molecular weight (Mi). This is because the size
of the solvated polymer coil (and hence the Mark-Houwink constants (7))
depends on the solvent interaction with both the homo- and hetero-units in
the case of copolymers (8-10). 1In some cases, as when the copolymer struc-
ture tends toward alternation, the influence of hetero segments may predom-
inate. As a consequence, the values of the Mark-Houwink constants would be
relatively insensitive to composition within certain limits. However, in
instances where the copolymer composition tends to be more randomsor when
the sample is a blend of copolymers or homopolymers, the overall degree of
solvation will change effectively with blend composition at a given molecular
weight, and the use of a single "average'" set of Mark-Houwink constants will
produce false molecular weight parameters from GPC data. The alternative is
to assign a set of effective Mark-Houwink constants at each elution volume,
but this is an intractable experimental problem.

We, therefore, propose the use of a new molecular weight average,
ﬁx’ to characterize polymer samples of heterogeneous composition by GPC
in cases where a single set of Mark-Houwink constants is unsatisfactory.

ﬂx’ the hydrodynamic volume average, is defined according to:

Lwi[n]iMi Zwi[n]iMi

x Zwi[n]i N [nl
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where vy and [n]i are the weight fraction and intrinsic viscosity, rvespec-
tively, of all species which exit the GPC columns with elution volume Vei.
The denominator in equation (1) is equal to the intrinsic viscosity, [n],
of the whole sample in the GPC solvent. This parameter is measured separately.
The values in the numerator are available from the GPC chromatogram. At
infinite dilution of the species in the sample (5,11), the product [n]iMi
can be read directly from the universal calibration curve and vy is equated
to the ratio of the area of the GPC detector response at elution volume Vei
to the total area under the chromatogram. This molecular weight average is
particularly useful for mixtures of homopolymers or for copolymers in which
composition may vary with molecular weight. The latter materials are pro-
duced in free radical batch copolymerizations that exhibit a significant
composition drift with conversion and an autoacceleration-induced increase
in molecular weights at higher conversions.

The value of Mx will fall between ﬁw and ﬁz of the sample. The

Mark~Houwink relation for a monodisperse species 1is:
n] = (2)

where ¥ and a are the M-H constants. Substitution of equation (2) into

equation (1) gives:

B EwiKMia+l ZwiMia+l

M = = - (3

X Tw KM, T, M.
ER 1 1 1

When a = 1

B ZwiMi B

NS e T M, (a =D “
13

and when a = 0
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M (a = 0) (5)

For most random coil polymers in the relatively nonpolar solvents which

are commonly used 2.5 < a < 0.8 (7) and ﬁw < ﬁx < ﬁz. Because of its
dependence on the Mark-Houwink exponent a, ﬁx of a homopolymer will be some-
what solvent dependent. The more familiar ﬁv also exhibits some solvent
dependence, for similar reasons.

When the composition of a polymer sample varies along with the
nolecular weights of the component species characterization of the molecular
weight distribution is as formidable experimental problem. Some of the
difficulties can be circumvented by use of the ﬁx average which can be esti-
mated from the GPC chromatogram and the intrinsic viscosity of the polymer
without a calibration for the components of the sample. Although a single
average must convey less information than knowledge of the whole distribution,
ﬁx may be expected to correlate with some mechanical and rheological proper-
ties of mixtures since its magnitude lies between ﬁw and Mz' It is recommended
that when ﬁx is used to characterize a copolymer or polymer blend, both the
parameters jw, which is proportional to the weight average hydrodynamic volume

of the sample, and the standard deviation vy should also be reported:

Lot}
i

= Zwg In] My 6

Guy(a, - TyHM? )

A%

a
1

where Ji x[n]iMi. This procedure provides a molecular weight avervage to
characterize the sample and a measure of the mean and breadth of the distri-

bution of hydrodynamic volumes in the sample.
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HPSEC OF CATIONIC POLYMERS ON A POLYAMINE SUPPORT

D, L. Gooding, M. N. Schmuck and K. M., Gdboding
Synchrom, Inc., P.0. Box 110, Linden, IN 47955

ABSTRACT

High performance steric exclusion chromatography of polyvinyl-
pyridines (PVYP) on silica particles coated with polymerized amine
(SynChropak CATSTC) is described. PVP standards were analyzed
first on a conventional neutral support (SynChropak GPC), and
the results were compared with the amine coated silica. Condi-
tions for analysis were then examined for optimization. Linear
recovery was observed for a PVP standard of M.W. 3,000,

INTRODUCTION’

Over the past few years, high performance steric exclusion
chromatography (HPSEC) on silica based supports has become an
accepted technique for polymer characterization., Methodologies
for analyzing neutral and anionic polymers have been established
by numerous research groups; however, the analysis of cationic
polymers has been a problem. Positively charged molecules ion.
ically bind to negative silanols on silica surfaces, VWhen silica
has a chemically-bound neutral layer covering the surface, the
negative character of the silica is reduced but not eliminated

(1-4%), When Pfannkoch et al., examined this phenomena for a

glyeerylpropylsilyl support (SynChropak GPC), they found that

2259
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adjusting the pH or the ionic sltrength of the mobile phase would
allow certain cationic proteins such as lysozyme and cytochrome ¢
to elute by size (1), Alternatively, organic solvents have been
used by Rand et al, to aild elution (2), Barth found thalt he could
analyze cationic polymers on SynChropak GPC columns by precondie-
tioning them with a cationic homopolymer (3). Highly charged
polymers such as polyvinylpyridines (PVP) exhibited adsorption

or, at best, tailing, under most conditions on neutrally bonded
columns (&),

One way to eliminate the negative silanol groups and the
adsorptive effects of cationic polymers is to bond an amine to
the silica surface to nentralize the silanols. The resulting
support would have a net positive charge and would exhibit anion
exchange characteristics for appropriate molecules, Talley and
Bowman used such an approach when they reacted controlled porosity
glass with 3-aminopropyliriethoxysilane which was subsequently
quaternized (5). PVP standards eluted from this support without
tailing when an acid eluent was used.

This paper describes the use of SynChropak CATSEC columns
which are composed of high performance silica coated with polymer.
ized amine., PVYP standards elute from these columns according to
size, and they exhibit Gaussian peak shapes when appropriate

operating conditions are used.

EXPERIMENT AL
doparatus: SynChropak GATSEC 100 and CATSEC 1000 (250 x %.6mm 1D)

and SynChropak GPC 100 (250 x 10mm ID) were obtained from SynChrom,
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Tne, (linden, IN). 4 ConstaMetric IIG liquid chromatograph
(Laboratory Data Control, Riviera Beach, FL) with a Model 7125
injection valve (Rheodyne, Berkeley, CA) and a Chem Research Model
2020 multiple wavelength detector (Instrumentation Specialties
Company, lincoln, NE) were used for the analyses,

Reagents: Trifluoroacetic acid (TFA) was purchased from Plerce
Chemical Company (Rockford, IL). Sodium chloride and sodium
phosphate monobasic were from Mallinkrodt (Paris, KY). The
glyeyl-l-tyrosine and cytidine were from Sigma Chemical Company
(st. louis, MO). The poly (2-vinylpyridine) (PVP) standards

were obtained from Larry Rosen at Pressure Chemical Company
(Pittsburgh, PA).

Procedure: The 0,1% trifluoroacetic acid/0.2M sodium chloride
solution, the 1.0% trifluorcacetic acid/0.2M sodium chloride
solution, and 0,1% trifluoroacetic acid solution used for buffers
were prepared in water, The 0,02M sodium phosphate/0.2M sodium
chloride solution was adjusted to pH 2.0 with hydrochloric acid,
The glycyltyrosine and cytidine standards and poly (2-vinyl-
pyridine) standards were prepared in buffer and sonicated where
necessary to effect solution. Duplicate samples of 2.5-10ul were
injected into the liquid chromatograph with the isocratic buffer
at a flow rate of 0.5m1/min, Full scale absorbance of the detector

was set at 0,16 and at a wavelength of 254 nm,

RESULTS AND DISCUSSION

Malysis of PVP standards on a neutral support: Ih order to

evaluate the chromatography of the cationic polymers on the



2262 GOODING, SCHMUCK, AND GOODING

polyamine support, it was first necessary to run them on silica
with a neutral bonded layer. A SynChropak GPC 100 column which
has a glycerylpropylsilyl bonded layer was chosen for the studye

A mobile phase of 0.1% trifluorcacetic acid was used Lo suppress
ionic effects. The PVP standards did elute under these conditions;
however, some adsorption was occurring., Initial injections of

the samples seemed to coat the reactive sites but these adsorbed

polymers appeared to leach off over time, Subsequent samples

z
o
-
T}
ol
L
O
=
<
m
x
(@]
D
m
<t

e
T I TR N |
[¢] 3 6
TIME (min)
FIGURE 1

Analysis of a PVP standard (MW 20,000) on a SynChropak GPC 100
column (25 cm x 1 em I.D.). Mobile phase: 0.1% trifluoroacetic
acld; flowrate: 3.0 ml/min.
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did elute according to size; however, some tailing of the peaks
was present as seen in Flg. 1. Although these neutral supports
could be used for the analysis of cationic polymers, the adsorp-
tion, sample leaching, and tailing made them less than ideal for
this application.

Analysis on a polyamine support: A new column packing material,

SynChropak CATSEC, was developed for the SEC of cationic polymers,
This is a porous slilica which has a thin layer of polyamine
polymerized with a neutral hydrophilic crosslinker to increase
stability. When PVP standards were run on these columns, linear

recovery of the PVP was observed as seen in Fig. 2. With lower

250 t— RECOVERY OF PVP
o]
200[——-
(o]
150 |—
4
L
o
<L o
100 -
[}
50—
O
ok | | | | 1 4 |
o 1 2 3 4 5 10 15 20
WEIGHT (ug)
FIGURE 2

Recovery of a PVP standard (MW 3,000) from a SynChropak
CATSEC 1000 column (250 mm x 4.6 mm I.D.). Mobile phase: 0.1%
trifluoroacetic acid, 0.2M sodium chloride; flowrate: 0.5 ml/min,
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concentrations, slight adsorption was observed,

GOODING, SCHMUCK, AND GOODING

Once the

feasibility of using these columns was determined, conditions for

analysis were examined for optimization.

Mobile phase selection:

When a mobile phase of 0.1% trifluoro-

acetic acid was used for analysis, the standards appeared to have

Log MW

®, 0 0% TFA
® O 0.1% TFA, 0.2 M NaCl

CATSEC 100

FIGURE 3

Ion-exclusion effect shown by the calibration curves for PVP
standards on SynChropak CATSEC 100 and 1000 columns.
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lower retention times than would be expected on columns of these
pore diameters (100 X and 100037 respectively). This phenomenon
would be symptomatic of lon-exclusion, which would be expected
with pores containing a charged surface and an elvent with ine
adequate ionie strength. The density of positive charges within
the pore repel the positively charged polymers and prevent them
from penetrating properly., The effect was more severe for the
100 & than the 10004 column due to the much higher surface area of
the 100 A support. Figure 3 illustrates the ion-exclusion effect
on the calibration curves of each support. A mobile phase of
0.1% trifluoroacetic acid containing 0.2M sodium chloride was
used for comparison,

Eluents containing 0.2M salt appeared to obviate ion exclu-
sion on columns of all pore diameters, Mobile phases of several
different pH values were used and all gave similar results when
0.2M sodium chloride was added: 1) 1.0% trifluoroacetic acid,
0,2M sodium chloride (pH 1.4), 2) 0.1% trifluoroacetic acid, 0.2M
sodium chloride (pH 1.6), and 3} 0,02 sodium phosphate, 0.2M
sodium chloride (pH 2.0). Figure 4 shows the analysis of three
PVP standards on a 1008 SynChropak CATSEC 100 column using 0.1%
trifluoroacetic acid and 0.2M sodium chloride., Figure 5 exhibits
the analysis of four PVP standards using the 0,02M sodium phos-
phate (pH 2,0) buffer with 0,2M sodium chloride., No differences
are seen between the eluents as regards peak shape, When 0,5M
sodium chloride was used, some added retention was seen, This

was probably due to a hydrophobic interaction or a salting-out
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FIGURE 4

Analysis of PVP standards on a SynChropak CATSEC 100 column
(250 mm x 4.6 mm I.D.). Mobile phase: 0.02M sodium phosphate,
0.2M sodium chloride, pH 2.0; flowrate: 0.3 ml/min; PVP
standards: 1. MW 600,000; 2. MW 11,0005 3. MW 3,000,
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FIGURE 5

Analysis of PVP standards on a SynChropak CATSEC 1000 column

(250 mm x 4.6 mm I.D.). Mobile phase: 0.1% trifluorcacetic
acid, 0.2M sodium chloride; flowrate: 0.3 ml/min; PVP standards:
1. MW 600,000; 2. MW 100,000; 3. MW 20,0003 4, MW 3,000.

phenomenon and has been observed elsewhere (3), Some folding
and extending of charged polymers occurs with changes in salt
concentrations so it is important to maintain the same operating
conditions for all analyses in order to get valid molecular
welght comparisons and calibration curves,

Choice of totally included solute:s One problem which occurred

during these studies concerned the choice of a probe used to deter-
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6l CALIBRATION CURVES

CATSEC 1000

FIGURE 6

Calibration curves for SynChropak CATSEC 100 and 1000 columns
using cytidine as the total volume indicator. Mobile phase:
0.1% trifluorocacetic acid, 0.2M sodium chloride; flowrates
0.5 ml/min.
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mine the total column volume. Pfannkoch et al, stressed the
importance of finding a molecule which exhibits no interaction
whatsoever with the column (1). Glycyltyrosine, which had been
successfully used with glycerylpropyl columns, was initially used
for these columns, The amphoteric character of this dipeptide
cansed it to be retained slightly on this polyamine column in all
cases except when the mobile phase with the lowest pH (pH 1.4)
was used, THis phenomenon was not immediately obvious since the
calibration curves were linear. Changes in the structure of the
PVP polymers or the polyamine coating were blamed for the observed
changes in KD or internal volume of the support. When a more
suitable small molecule, cytidine, was chosen, parameters such as
internal volume and KDrwere reproducible for mobile phases with
different pH. Figure 6 shows the calibration curve for the PVP
standards using cytidine instead of glycyltyrosine, which was
used in Fig. 1.
CONCLUSTONS

Cationic polymers such as polyvinylpyridines can be analyzed
by steric exclusion chromatography on SynChropak CATSEC columns,
The polyamine coating on these columns neutralizes negative
silanol groups and prevents adsorption of the polymers, Aidic
eluents containing 0.2M salt eliminate ion-exclusion and inter-
action between the polymers and the supports. Cytidine was shown
to be a good indicator of the total volume of the column,
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UTILIZATION OF WEAK ACID-BASE INTERACTIONS
TO IMPROVE SEPARATIONS IN NORMAL PHASE LIQUID
PREPARATIVE CHROMATOGRAPHY

Morris Zief, Laura J. Crane and Joseph Horvath
Research Laboratory, J. T. Baker Chemical Company
Phillipsburg, New Jersey 08865

ARSTRACT

Three 40 um derivatized silicas, two aminoalkyl
and one carboxyalkyl, have been compared to 40 um
silica gel for performance in normal phase preparative
ligquid chromatography. The three derivatives showed
higher selectivity for compounds capable of hydrogen-
bond formation or acid-base interactions. Retention
times were related to the basicity of the amine bonded
derivatives or the acidity of the carboxylic acid
derivative and the pK values of the solutes. The
advantages for each of the four sorbents for neutral,
acidic and basic compounds have been describked.

INTRODUCTION

In agqueous systems hydrogen bonding capabilities
and acid-base interactions between organic moieties are
minimized because of the polarity of the agueous medium
and the strong hydrogen bonding properties of the water
molecules themselves. In organic solvents or organic
solvent-water mixtures, however, these properties

become important and can be used to chromatographically

resolve compounds with interacting functional groups.
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We have explored the capabilities of three silox-
ane bonded polar phases in normal phase chromatography,
wishing to exploit the enhancement of weak acid-base
interactions in solvents most often utilized by the
preparative chemist. We have limited ourselves to
isocratic elution, relying for resolution enhancement
upon solvent composition and the nature of the bonded
phase.

The three bonded phases were siloxanes in which R

=0 g R

=%i-07 “on
wasg 3—-aminopropyl,3-(2-aminocethylamino)propyl or 2-
carboxyethyl. All derivatives were bonded to silica of
40 um average particle size. These bonded phases have
recently become available commercially as bulk packing
and seemed to offer good possibilities for selective
retention and purification of compounds possessing
weakly basic or weakly acidic sites for hydrogen
bonding.

The hydrogen bonding capabilities of the amino-
propyl bonded phase have been exploited extensively in
analytical HPI.C (in the so~called "carbohydrate col-
umn") to separate mono, di and trisaccharides (l1). The
resulting complexes formed between the amine groups
of the bonded phase and the very weakly acidic hydroxyl

groups of the carbohydrates result in different reten-
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tion times in an acetonitrile-water mobile phase and,
therefore, resolve the carbohydrates.

The other end of the scale of acid-base inter-
actions in organic media with this bonded phase is the
use by Pirkle of the stable ionic bond between R-N-3,5-
dinitrobenzoylphenylglycine and the amine group to
create an immobilized chiral phase to chromatographi-
cally separate optical isomers (2).

We have limited our exploration of the preparative
capabilities of the amine bonded phases primarily to
the intermediate range of interacticns between these
two extremes, though a brief examination of carbo-

hydrate separation is also included.

EXPERIMENTAL

MATFRIALS

Ethyl acetate, hexane, acetonitrile, and methylene
chloride were 'Baker Analyzed'® golvents. The solutes
were Baker organic reagents.

The silica and the three bonded phase packings
were obtained from Baker as "flash chromatography"

grade silica and Baker amino (NH Baker 1°,2°-amino

2) 14
(NHZ—NH) and Baker carboxyl (COOH) bhonded phases. for
preparative liguid chromatography. The 3-aminopropyl

bonded phase contained 2.45% N; 1.75 meq N/g; loss on

drying at 110°C was 6.3%; loss on ignition at 600°C
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after drying at 110°C was
phase contained 2.86% N:
at 600°C after drying

carboxyl bonded phase

groups by titration.

2.04 meq N/g;
at L10°C was 16.06%.

contained 4.6%

Z1IEF, CRANE, AND HORVATH

10.72%. The diamine bonded

loss on ignition
The

C; L.0 meg acid/g

The weight of the support loading was determined

by heating 1 g of the siloxane derivative in a crucible

at 600°C in an oven for 3

wt of

hours.

loss at 600° x 100

% loading = WE of

In order to show that the

phase after heating at 110°C

welght loss above 110°C is

due primarily to the support loading and not to the

elimination of water from vicinal hydroxyl groups,

silica itself was first ignited at 600°C.

600°C a loss of 3.3% took
therefore,
is below 3.3%

of the reduced content of

Support loadings of 10.72% and 16.06%

FProm 100-

place. We can conclude,

that the weight loss due to water formation

in the amine bonded derivatives because

unreacted hydroxyls.

for the

monocamine and diamine derivatives suggest a small

amount of polymer formation for both derivatives

(1) .

APPARATUS

An Altex glass chromatography column,

mm,

Teflon® tubing was used in all experiments.

9 mm x 250

equipped with a stainlesgss steel plunger fitted with

An Altex

Tefzel slider injection valve with a 0.5 mL Joop was
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connected directly to the plunger. A laboratory pump
(1/4" piston, flow rate 0-19 mL/min, Fluid Metering
Company, Oyster Bay, NY), was the pressure source. &
pulse dampener (Fluid Metering Company) was inserted
between the pump and the injection valve. The eluate
from the column was monitored by a Waters 403 refrac-
tive index detector which, in turn, was connected to a

Hewlett-Packard strip chart recorder.

PROCEDURE

Column packing: The irregular-—shaped particles
had an average diameter of 40 um with a narrow dis-
tribution of 30-65 pum. Columns were dry packed by
first pouring enough adsorbent into the column to fill
a 30 mm height. The column was then carefully
"bounced" on the table top to settle the adsorbent.
Repetitive additions of similar small aliguots were
added and the columns were "bounced" or tapped until a
200 mm height of settled adsorbent was added. The
plunger was then inserted and adjusted carefully to

contact the surface of the adsorbent.

Chromatographic Evaluation of Phases

Capacity factors (k') were determined by injecting
100 uL, samples of solutions containing 1 g of solute
per 100 mL of mobile phase. The flow rate of mobile

phase was 7.5 mL/min.
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DISCUSSION

Since no analytical TLC plates of the three bonded
phases exist, chromatography on a small column is the
best method available for optimizing mobile phase
composition for later scale-up separations of a variety
of solutes. When larger preparative columns are packed
with the 40 um adsorbents used in this study, similar
capacity factors are routinely obtained (results

reported elsewhere) .

Monoamine Bonded Phase

The chromatographic medium most commonly utilized
for normal phase chromatographic purification of
organic compounds is silica. Therefore, for purposes
of providing a baseline for better understanding the
chromatographic properties of the relatively new bonded
phase packings, it seemed useful to do comparative
studies under identical conditions. Table I illus-
trates that with a mobile phase of low solvent strength
(3) silica exhibits relatively non-specific inter-
actions with acidic materials having a wide range of pK
values. Specific interactions occasionally credited to
silica can probably be ascribed to trace impurities
such as sodium, aluminum or sulfate; these impurities
impart to silica acidic or basic properties as evi-

denced by the 2~9 pH range of various silicas in water
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(4) . The silica used in these experiments gave a
neutral pH when slurried in water.

With the monoamine phase the range of retention
times with the same mobile phase used for silica
increases considerably for the series of alcohols, with
retention times of 4-5 minutes for very weak aliphatic
alcohols having pXa's of 19, increasing to retention
times of greater than 20 minutes for the substituted
phenols having pKa's of 7 or less. It is reasonable to
assume that for this series of alcohols the acid-base
interaction between the hydroxyl hydrogen of the solute
and the amine nitrogen of the solid phase determines
retention time.

Even with alcohols such as chloroethanol and
phenethyl alcohol showing high pKa values of 18 or
greater, the results are consistent with those expected
from electronic effects; for example, the increased
retention of chloroethanol over ethanol cor benzyl
alcohol over phenethyl alcohol can be predicted on
relative acidities, even through actual pKa values do
not appear in the literature.

It is interesting to note, however, that retention
times for both mixtures are reversed on silica. With
these alcohols (pKa about 18) the major interactions
with silica occur between the silanol hydrogen and the

hydroxyl oxygen (5). 1In the case of benzyl and phen-
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ethyl alcohols the greater basicity of the oxygen in
phenethyl alcohol is responsible for a stronger
hydrogen bond with the silica silanol group. “The
concomitant decreased acidity of the phenethyl alcohol
hydroxyl hydrogen affords a weaker hydrogen bond with
the nitrogen of the amino bonded phase.

Even though the relative retention times of both
aromatic and aliphatic alcohols on the amine phase are
a function of the acidity of the hydroxyl hydrogen, the
absolute retention times are not a function of aqueous
pKa alone. The electronic effects of the aromatic ring
in the organic mobile phase are far stronger than in
the primarily aqueous solutions used for pKa deter-
minations. Hence the aromatic alcohols as a group bind
more tightly to the amine bonded phase than the ali-
phatic alcohols.

As the acidity of the solute increases, solvents
of ever-increasing solvent strength are required to
achieve reasonable elution times from the amine phase.
The strongest acid eluted with an agueous organic mix
was 2,4-dinitrophenol with a pKa of 4; in this case
elution was achieved only by including sodium bicar-
bonate in the aqueous component of the mobile phase to
form the dinitrophenolate ion. The inclusion of 0.05M
sodium bicarbonate (pH 8) has a greater effect on the

elution time of 2,4-dinitrophenol than on the less
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acidic p-nitrophenol because the former ionizes more
readily. Such control of elution times by mobile phase
composition is highly desirable in preparative chroma-
tography, since purification in preparative liguid
chromatography is best achieved when the desired
compound is eluted after the removal of impurities.

The amine bonded phase can be used to advantage for
early separation of materials incapable of hydroaen
bonding and subsequent controlled elution of acidic

materials.

Diamine Bonded Phase

The dominant interacting amine group of the
diamine bonded phase is the terminal primary amine
which is less basic than the comparable amine group in
the monoamine derivative; a pKb of 7.0 for the diamine
phase was determined by acid titration. The lower
basicity explains the lower retention times of the
alcohols in Table II; for example, retention times of
7.5 and 4.5 minutes for phenol and eugenol on the
monoamine phase are reduced to 4.1 and 2.6 minutes,
respectively, on the diamine phase. The differences in
retention time increase as the pKa of the interacting
aromatic or aliphatic alcohol decreases. Eugenol is a
somewhat special case since its methoxy group can
intramolecularly hydrogen bond with the adjacent

hydroxyl group, thereby competing with the bonded
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phases for hydrogen-bond interactions. Thus, the
retention times for eugenol on both phases aré
gsignificantly less than expected by considerations of
pKa alone.

Recently Becker and Unger (6) related the capacity
factors of various phenols to their pKa values on a
similar diamine bonded silica. Their results clearly
showed that an increased binding of the phenols with
the polar support paralleled increased acidity of the
solute. Our data are in agreement with this conclu-
sion, but the binding capacity of the two diamine
derivatives are strikingly different in a manner that
correlates directly with the nitrogen contents of the
bonded phases of 2.32 and 2.86%, respectively. Our
bonded phase gave higher k' values with the same
solvent system (dichlormethane/acetonitrile 20/80; E =

1 value of 1.2

0.50); for example, phenol showed a k
rather than 0.2. More importantly, 4-nitrophenol and
2,4-dinitrophenol could only be eluted from our column
with a much more polar mobile phase. The higher
nitrogep content and increased capacity of our deriva-

tive reflects a more highly polymerized coating on

silica.

Comparison of the Amine Bonded Phases

It is clear that retention on both derivatives

increases as pKa decreases. Hydrogen bonding falls off
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Figure L. Plot of Log kl Versus pKa for Weak Metallic Bases

Chromatographic Conditions: Column, M = Monoamine Bonded Phase;
D = piamine Bonded Phase; Mobile Phase, Ethyl Acetate-Hexane (7/2):
Flow Rate, 7.5 mL/min

so sharply at pKa 18 that no difference between hexanol
and decanol can be detected. Although the monoamine is
more retentive for alcohols, the diamine binds more

tightly to weak aromatic bases (Figure 1) that have two
hAvdrogen atoms available for interaction with the amine
nitrogens of the adsorbent. No difference is seen with
bases having pKb's less than 2 pK units different from

the adsorbents; aniline and methylated anilines behave
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gsimilarly with both adsorbents, but differences become
apparent with the more acidic m—~ and p-nitroanilines.

The intramolecular hydrogen bonding in o-nitroaniline

precludes consideration in this plot (Figure 1).

Since 5 and 10 pym aminopropyl silica are exten-
gsively used analytically for HPLC analysis of carbo-
hydrates, it seemed useful to test the two 40 um
bonded phases for preparative separation capabilities
of these compounds. A closely related series of
carbohydrates was resolved on both amine bonded phases
(Table IIT). As the relative basicity of the two
bonded phases predicts, the aminopropyl silica binds
more strongly to carbohydrates than the diamino deriva-
tive. Arabinose, for example, elutes in 1.8 minutes
from the diamino column with an acetonitrile-water
(4/1) mobile phase. Under the same conditions arabinose
wag still retained on the aminopropyl column after 18
minutes. When the mobile phase was changed to
acetonitrile-water (3/1), however, arabinose eluted in
4.5 minutes; the kl values for all the solutes then
approximate the data obtained on the diamine column
with the solvent mixture of lower solvent strength.
The incorporation of water in the mobile phase sub-
stentially increased the pressure in the analytical
colunns (65~80 psi), but analysis of carbohydrate

systems with both 40 um bonded derivatives continued to
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be an unusually simple procedure. Acetonitrile-water
mobile phases with carbohydrate solutes must be
categorized as normal phase chromatography, since in
thig case water is used to expedite elution.

The acid~base properties of amino bonded deriva-
tives can exhibit wide variations, possibly dependent
on the nitrogen content and the amount of cross-linked
aminosilane coating on the silica. Whereas our mono-
amine bonded silica is clearly more basic than the
diamine derivative, Jesorek et al (7) described
products with quite different behavior. For example,
the pH of an agueous slurry of their mono and diamino
derivatives is 8-9 and 9-10, respectively; our compa-
rable pH values are 8.2 and 6.9. Further, they
reported the apparent (pKb) of the mono and diamino
bonded phases to be 7.0 and 6.4; we found 6.2 and 7.0
after a very slow attainment of eqguilibrium in a titra-
tion with 0.1IN HCl. The relative retentivities of our

two amine phases correlated with our pK measurements.

2-Carboxyethyl Bonded Phase

The pH of a suspension of the bonded phase in
water was 4.1. Table IV shows the behavior of this
polar bonded phase under the conditions reported with
the amine-bonded derivatives. Again the dominant
mechanism appears to be an acid-base interaction, in

this case between the carboxylic acid of the solid
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phase and the basic group of the solute. As would be
predicted, retention tiwes increase with a decrease in
the pRb of the solute, but the interaction becomes
important only with moderately strong bases. A weak
base such as aniline ig practically unretained;

pyridine (pKb = 8.77) binds more tightly and is easily
separated from aniline (pKb = 9.42). With the increased
basicity of aliphatic amines, however, strong inter-
action with the carboxyl groups of the sorbent occurs;
retention times beyond 20 minutes are observed.

A mobile phase of substantially stronger elution
strength (acetonitrile/methanol/acetic acid 9/1/0.12)
removes n-butylamine, diethylamine and piperidine at
2.5, 2.8 and 3.6 minutes, respectively. These amines
elute in order of their basicities; the o value of 1.97
for piperidine and n-butylamine represents a fairly
easy separation.

As Table IV shows, this carboxylic acid bonded
phase is less retentive than free silica for weakly
bagic compounds. For example, under comparable
conditions, aniline and pyridine are eluted from silica
at 2.4 and 6.1 minutes, but in 1.5 and 2.4 minutes from
the acid derivative. Since a suspension of silica in
water gave a neutral pH, its bonding properties can be
attributed to the polar properties of the free silanol

groups rather than the acidic nature of silica.
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As one fuspects all the cebcoi oo Jbin Tov tho
Lhree bounded phases plus sillica, it becomnes clear thatl
collectively Lhey offor the prepsaraitive chromatogiraphies

a new dimension in oplimizing practicsl sepavations on
a preparative scale. By selecting the appropriate
golid phase Ffor hig compound, he can wmaintain the
convenience of igocratic elution with readily volatile
solvents. For example, ethyl acetate/hexane mobile
phases resolve moderately acidic compounds on the
diamine phase, weakly acidic on the monoamine phase and
neutral and weakly bagic compounds on silica. Moder-
ately to strongly basic compounds can be resolved on
the carboxylic acid bonded phase wilth a volatile mobile
phase of stirong solvent strength. Ultimately, the
limit to this approach is solubility. Strongly acidic
and basic materials usually reguiire aqueous systens and

the advantage of a volatile solvent is lost.
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THE EFFECT OF STLANOL MASKING ON THE RECOVERY OF PICLORAM
AND OTHER SOLUTES FROM A HYDROCARBONACEOUS PRE-ANALYSIS
EXTRACTION COLUMN

Martha J. M. Wells
Southern Forest Experiment Station
George W. Andrews Forestry Sciences Laboratory
Devall Street
Auburn University, Alabama 36849

ABSTRACT

The recoveries of picloram, picloram-methylester, hexazinone,
benzene, and acetophenone from aqueous samples were studied using
a commercially available hydrocarbonaceous pre-analysis extraction
cartridge, both with and without tetrabutylammonium hydrogen
sulfate (TBAHS) in the eluent. Extraction efficiency was found to
be dependent on sample loading volume. The results suggest a
mixed mechanism of retention involving both "silanophilic'' and
"hydrophobic' interactions in the absence of tetrabutylammonium
ion. The ability of TBAHS to mask surface silanol groups and/or
ion-pair with counterionic solutes is invoked to explain the
observations. Chromatograms of the solutes obtained on a Cqyg
bonded analytical column in both the presence and absence of
TBAHS are also presented.

INTRODUCTION

Some organic compounds are efficiently removed from solution
by contact with an adsorbent via adsorption trapping (1). Silica
gel bonded with hydrocarbonaceous ligands, i.e. reversed-phase
material, is a potentially useful adsorbent for extraction and
concentration of organic compounds from aqueous samples. The
sample adsorption/desorption process from hydrocarbonaceous
stationary phase material consists of three steps: (a) an organic

solvent followed by aqueous prewash, (b) charging the sample to
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Reventton fur ihis proog Jg ocetlecied by ihe percent recovely
o effictiency.
However, chrounatographic effects attributed to unmashked

silanol groups in reversed--phase analytical columns (2--6) may

also affect the vecovery of adsorbate from veversed-phase pre-
analysis extrvaction columns. Several manufacturers now offer
vhases 1n convenient--lo-use disposable cartridges,

c bondad

18
but these products vary as to the extent of free silanol groups

remaining in the bonded phase material.

The presence of solvent-.accessible silanol groups in

chemically bonded stationary phases for reversed-phase Liquid

chromatog)

caphy (RPLC) can lead to a dual retention wechanism

(2.-4), Horvath et al, (5,6) postulate that both "hydrophobic"

1ic" interactions occur. Depending on the manner

and "silanopl
in which a hydvocarbonaceous bonded phase is produced (7-9), some
silanol groups will remain unreacted due to steric inhibition;

furthermore, Si0ll groups may be reformed in the work-up procedure

if bifunctional or trifunciional modifers are used (10,11).

These silanol groups can produce undesirable effects on column

stabi

v, retention, and peak symmetry due to the reduced

ace (2,3).

hydrophobic character of the su

The itecly of "capping' accessible silanol groups

swall silane such as trimethylehlovosilane has been used to improve

reteniion chavacteristics (3,4). Nondek and Vyskoeil (12)

demonstrated that ithe concentration of hydroxyl groups could be

greatly reduced by this procedure, Protonated alkylamines (6,13)
and lLipophilic quaternary ammonium salts (6) have been added to
thae wobile phase in RPLC to reduce the silanophilic influence
upon vetention by preferential adsorption of these charged species

Lanol siles,

on cesidual gl
The provicusly veporviad work has dealt with the problem of

soioupe cenainiag on ceversed phase matevial used in ana-
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lytical columns, The purpose of this paper is to veporlt results
observed when TBAHS was used to minimize silanophilic interactions
in solute adsorption/desorption from a commercially available Cyg-

bonded pre—analysis extraction column.

MATERIALS AND METHODS

Apparatus

The liquid chromatograph consisted of a Waters (Milford, MA)
Model 6000A solvent pump, Model 710B intelligent sample processor,
Model 440 UV absorbance detector, and a Houston Instrument
(Austin, TX) recorder, Hypodermic syringes with Luer Lok tips
were purchased from Becton~Dickson (Rutherford, NJ) and a

Filtrator from Fisher Scientific (Pittsburgh, PA).

Reagents and Chemicals

Spectyophotometric grade acetonitrile (ACN) and glacial
acetic acid (HOAc) were obtained from Burdick and Jackson
Laboratories, Inc. (Muskegon, MI) and J.T. Baker Chemical Co.
(Phillipsburg, NJ), respectively. Water was processed with a
Bion Exchange system purchased from Pierce Chemical Company
(Rockford, IL). Tetrabutylammonium hydrogen sulfate (TBABS) and
acetophenone were purchased from Aldrich Chemical Company, Inc.
(Milwaukee, WI), and benzene from Fisher Scientific. Picloram
(99.0%) and picloram-methyl ester (99.7%) were obtained from the
Dow Chemical Company (Midland, ML) and hexazinone (analytical

standard, 99+%) from E.I. DuPont de Nemours & Co. (Wilmingtoa, DL).

Chromatographic Procedures

SEP-PAK Cqg cartrvidges were purchased from Waters Associates,
Inc. House vacuum (530 mm Hg) was used to pull the samples
through the reversed-phase cartridges. Preparation of the
cartridges and charging of the sample was accomplished by using
a side arm filtering flask. For component elution, a Fisher
Filtrator was used to collect the sample directly into a 10.0
ml volumetric flask. Individual sample solutions of acetophenone,
benzene, picloram, picloram-methyl ester and hexazinone were

prepared by adding 1.0 uL, 2.5 ul, 4,3 ug, 57.5 ug and 13.0 ug



2296 WELLS

respectively to the appropriate volume of 4% acetic acid with or
without 10 mM TBAHS. The following procedures were used for
sample concentration of C1g SEP-PAK cartridges:

1) Prewash of cartridges with 5 nl, ACN followed by 10 ml of 4%
HOAc or 4% HOAc/10 mM TBAHS.

2) Loading of sample in 1.0 ml of 4% HOAc or 4% HOAc/10 mM TBAHS.
3) Desovption by 9.0 ml of 25% HOAc or 25% HOAc/10 mM TBAHS.

4) Samples were then diluted to 10,0 mL and analyzed by RPLC.

Two Ultrasphere ODS (5 um, spherical porous particle)
columns (1UE732N and 1UE747N) were obtained from Altex
Scientific, Inc. (Berkeley, CA) and used in this study. The
analytical column was preceded by a guard column, 7 cm by 2.1 mm
i.d. dry packed with Whatman CO:PELL ODS (30-38 um). After
equilibration, mobile phase solvent mixtures were degassed in an
ultrasonic bath. The mobile phase consisted of mixtures of
water, acetic acid, and acetonitrile with or without the presence
of 10 mM TBAHS, at a flow rate of 1.5 mL/min. The ultraviolet

detector was operated at 254 nm.

Calculations

Determinations of retention times and integration of peak
areas were performed by a Perkin-Elmer Model Sigma 10B data
handling system (Norwalk, CT). Direct comparison of peak areas

with external standards was used to determine sample concentration.

RESULTS AND DISCUSSTON

The recovery of the herbicide picloram from aqueous environ-
mental samples following concentration by hydrocarbonaceous extrac-—
tion cartridges is of current interest in this laboratory.

Bushway (14) demonstrated quantitative vecoveries of carbaryl and
l-naphthol following trace enrichment of one liter water samples
by passage through Cqg SEP-PAK cartridges. Beier and Greenblatt
(15) recovered up to 80% of some lacinilines and cadalenes by
extraction and concentration of one liter aqueous samples with
SEP-PAK Cqg cartridges. However when attempts were made to

effect the trace envichment of large volume water samples contain-
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ing picloram using SEP-PAK Cyg cartridges, recoveries were found
to be very dependent upon sample loading volume. A profile of
the dependence of percent recovery upon sample loading volume for
picloram (Fig. 1) shows that less than 50% recovery was obtained
for a sample throughput of 25 mL. A similar non-linear
dependence of extraction efficiency upon sample loading volume
was demonstrated by Saner et al. (16) for some simple aromatic
solutes and Nyagah (17) for the recovery of the herbicide pyrazon
trom SEP-PAK Cjg cartridges.

Since silanophilic interactions have been implicated in
chromatography on analytical reversed-phase columns, the partici-
pation of silanol groups in the recovery of adsorbate from hydro-
carbonaceous cartridges is also possible. To establish the nature

of this contribution, TBAHS was chosen as a silanol masking agent
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FIGURE 1. Percent recovery of picloram as a function of sample

loading volume either with (-+*) or without (~—) TBAHS,
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(6) . The recovery profile for piclovam as a function of sample
volume was obtained with TBAHS (10 mM) added to each of the three
steps of the adsorption/desorption process and is shown in
Fig. 1. 1In the presence of TBAHS, the recovery of picloram was
5till curvilinear and dependent upon sample loading volume, but
the efficiency was much improved for sample volumes greater than
10 mL.

To elucidate the results observed during the determination
of plcloram, the percentage recovery of other solutes (Fig. 2)
representing diversity in polarity was studied as a function of
the loading volume of the sample. All experiments were conducted
under optimal conditions for picloram recovery for purposes of
comparison and may not produce the best recovery for the other
solutes. Acetic acid (4%) was used for pH control to enhance
the retention of picloram (pKa=1.97) (18) by ion suppression (19).
Acetic acid (25%) was optimal for the desorption of picloram.
Experiments were performed both with and without 10 mM TBAHS in
the prewash, sample loading, and desorption eluents. When
samples containing TBAHS in the desorption solvent were analyzed
on a Cyg analytical column, the HPLC eluent was also modified with
10 mM TBAHS. The presence of TBAHS produced a slower drip rate
from the cartridges, as well as a slightly higher back pressure
in the chromatograph, presumably due to an increase in viscosity.

For the non-polar solute benzene, the alteration of the
recovery plot upon addition of a silanol masking agent should be
minimal. TIndeed, the offset of the plots in Fig. 3B is likely
due to the slight increase in the carbon coverage of the surface
from adsorbed TBAHS resulting in a small increase in extraction
efficiency. The maxima observed toward low loading volumes in
Fig. 3 are curious, and may be dependent upon the manner in
which the data were collected. The aqueous wash of the cartridge
prior to charging of the sample may have been insufficient to
remove all of the adsorbed acetonitrile.

Acetophenone represents a moderately polar, non-ionizable

solute. The recovery of acetophenone versus loading volume is
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FIGURE 3. Percent recovery as a function of sample loading volume
for (A) acetophenone and (B) benzene, either with (-+¢) or

without (—) TBAHS.

The chromatographic consequences of masking silanol groups
with TBAHS are two-fold. The number of electrical charges on
the bonded phase surface (20) is reduced by the adsorption of the
tetrabutylammonium moiety on unreacted silanol groups. The
interaction also slightly increases the total hydrocarbonaceous
content of the stationary phase.

Tanaka et al. (2) have shown on 618 bonded analytical columns
that relative to benzene, retention of toluene decreased and
retention of acetophenone increased with increased exposure to
silanol groups. Cooke and Olsen (3) illustrated the capacity

factor changes (d=decreased, i=increased) for acetophenone (d),

of a Cyg analytical column. These changes in capacity factor are
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analogous to the changes in efficiency observed for benzene and
acetophenone in these recovery experiments.

Results obtained on analytical columns (2) suggest that
silanols interact most with Ffunctional groups made up of electron
rich atoms, such as hydroxyl, carbonyl, nitrile, and nitro moieties,
and therefore are expected to exert the greatest effect upon
compounds containing such groups. Even the most commonly used
organic modifiers for the mobile phase, methanol and acetonitrile,
are also competing for adsorption on silanol sites (2) with
methanol apparently being bound in preference to acetonitrile (6).

For ionizable compounds even greater effects would be expected
upon masking the electrically charged surface with TBAHS. Picloram,
34, can exist as: (a) the neutral molecule, (b) the conjugate
acid (formed by protonation of the base functionality), (c) the

conjugate base (due to ionization of the carbonyl group), and

(d) the zwitterion, 3B, (18,21)., Zwitterion formation is also
NH, NH ,
Cl | AN Ci Cl | AN Ci
—_
OH ~ O
CI” >N e CImSNT e
I | I
o H O"
3A 3B

observed in other pyridine carboxylic acids (22), Intramoleculaxr
hydrogen bonding helps to reinforce structure 3B. This complicates
measurement of the acid dissociation constant for picloram.
Reported pKa values range from 2.8 to 4.l. The most reliable

value seems to be that of Osteryoung and Whittaker (18) who

report a pKa' value of 1.97 for picloram, representing a combined
equilibrium constant for the dissociation of both the neutral and
zwitterionic forms. The pKa for the amine group of picloram is
estimated at ~2,0 to -~1.3 (18), so the concentration of the con-—
jugate acid is negligible under the experimental conditions used

here. In 4% acetic acid (pH=2.5), some equilibrium exists between
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ovan cannot be
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ignoved, Strong acids can be vetained throughout vhe usable pi

range for bonded phase matevials (pfi2--8) by don-paiving with

lipophilic quaternary ammonium salis. Complexation with the

tetrabutylammonium counterion (in the mobile phase or ai ihe

bonded phase surface) would increase the hydrophobicity of the

picloram anion and increase vetention on a rveversed -phase adsorbent.
In order to pursue this problem, the dependence of wecovery

uponn loading volume was plotted for the methyl ester of picloram,

4, din Fig. 4. Zwitterion formation is blocked in the estor and
fon--pairs with TBAHS would not occur. Fig, 4 demonstiaies the
improvement in recovery of picloram-methyl estewx due to silancl
masking. The comparison of Figs. 1 and 4 cannot be expeciad o
be additive, because the methyl group not only blocks ionization,
but also contributes its own hydrophobicity. The conclusion
then, is that the improvement in the vecovery of picloram

(Fig. 1) is probably due to a combination of silanol masking and
ion~paiving, while the improvement for the methyl ester (Fig., &)
is attributed to silanol masking alone,

The cecenlt vesulis of Nyagah (L7)y in developing a vecovaoly

analysis for the hevbicide pyrazon (5-amino-4-chloro-2 phyenyf-3.
pyvidizone) Jend further support to these observations. The
recovery of pyrazon from Cig cartridges was shown to be dependent
upon the councenlvation of NaCl in the sample, Nyagalh found st
NaCl added to water samples containing pyrazon grealtly impiroved
the recovery of this solute from SEP--PAR Cyg cavividges, and
proposed that the added salt decreased the water solubiliiLy of
pyrazon theveby incrveasing adsoyption onto the Cqg bonded Tigand.
Palusova et al. (23) have shown that the addition of sodium

chloride towater containing pyvazon increased the yield of ihis
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FIGURE 4. Percent recovery of picloram-methyl ester as a function

of sample loading volume either with (°+*°) or without (—) TBAHS.

herbicide in the organic solvent because this decreased the
solubility of the extracting solvent in water. The quantitative
recovery of pyrazon from 500 mL water samples containing 25%

NaCl demonstrated by Nyagah (17) may actually be another example
of silanol masking. Saturation of the silanol groups on 0DS
(Octyldecasilyl) silica columns by inorganic salts added to the
eluent was first established by Knox and Jurand (24). The ability
of a potassium phosphate buffer to attenuate the untoward effects
of the Donnan equilibrium and ion exclusion due to electrical
charges on the bonded phase surface of analytical columns has
been shown (25). In this lab, the mean values for the extraction
of 800 nlL water samples containing picloram demonstrated no

difference by Student's t (P>0.20) whether the sample was acidified
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to pH2 with H2S504 or acidified with H3PO,4 and NaCl (4%) added prior
to extraction with diethyl ether. Andrews and Good (26) tested the
recovery of pesticides from various types of water samples with

Cig Bond Elut columms and found that vecovery improved for 6 of

the 7 compounds examined when distilled water samples (100 mL)

were compared to water samples containing salt or up to 10%
methanol, These results are compatible with the argument presented
here as both methanol (6) and inorganic salts (24) adsorb on
silanol sites,

The ionic species of picloram is negatively charged in 4%
acetic acid, while the dimethylamino group of hexazinone, 5, is
protonated resulting in a positive charge. This positive charge
should effect a reduction in hexazinone recovery. However, the
increase in recovery found for hexazinone upon addition to TBAHS
(Fig. 5) suggests that the effects of silanol masking outweigh the
expected reduction in recovery due to like charge competition.

\A chromatogram of the five solutes further emphasizes the
positive effects of silanol masking in this instance. The ana-
lytical column used in this experiment was end-capped by the
manufacturer, therefore solvent-accessible silanol groups are
minimal, Alteration in the chromatogram of the solutes compared
in this study upon the addition of TBAHS is shown in Fig. 6.

Table 1L lists the solute capacity factors for the chromatograms

in Fig., 6. Fach k' value represents the average of four injections,
The chromatograms were recorded using the same solvent batch, half
of which had been made 10 mM in tetrabutylammonium hydrogen
sulfate. The capacity factors for benzene, acetophenone, and
picloram-methyl ester were each decreased approximately 3% by the
addition of TBAHS, The retention of acetophenone and picloram-
methyl ester relative to benzene, as given by the oy value, did
not change however, Since these three diverse solutes behaved
similarly, there appear to be no observable SiOH interactions in
this analytical column,

The capacity factor of picloram nearly doubled when TBAHS was

added to the eluent while k' for hexazinone decreased by about
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FIGURE 5. Percent recovery of hexazinone as a function of

sample loading volume either with (--+) or without (—) TBAHS.

TABLE 1

Experimentally Determined Capacity Factors, k', on Ultrasphere
oDs (1lUE747W)

- Lt '
ox = k'x/k'yenzene

47 Acetic Acid/Acetonitrile (70:30)

No Added TBAHS TBAHS (10 mM)
Solute (x) k' _Ox k' _Ox
picloram 1.13 0,10 2,03 0.19
hexazinone 3.51 0.32 2.77 0,26
acetophenone 4,42 0.40 4,25 0.40
picloram-
methyl ester 6.88 0,63 6,67 0.63

benzene 10.93 1.00 10,60 1,00
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FIGURE 6. RPLC elution on Ultrasphere ODS (LUE747N) in 4% acetic
acid/acetonitrile (70:30): (A) without TBA, (B) containing
10 mM TBA., Peaks: (1) picloram, (2) hexazinone, (3) aceto-

phenone, (4) picloram-methyl ester, and (5) benzene,
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tvacition columns.  Silanol mas
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feagible Toi pre analys

wiih Lipophilic quaiernavy ammonium ions iz a viable alternaiive.
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For complicated molecules having a diversity of functional
groups, the interactions become more complex and masking Si0H
groups may or may not improve recovery. Ion-pairing techniques,
already well developed for use in reversed-phase analytical
columms, can be used to improve extraction efficiency from

hydrocarbonaceous recovery columns.
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PREPARATTON AND PURIFICATION OF TRITIATED DEXTROMETHORPIIAN

Gale L. Craviso, Robert Nodar and Jos& M. Musacchio
Department of Pharmacology
New York University Medical Centex
550 First Avenue
New York, NY 10016

ABSTRACT

Tritiated dextromethorphan (BHWDM) was prepavred from
dextrorphan and purified by reverse-phase high performance
liquid chromatography (HPLC). The tritiated drug was found Lo
be homogeneous and identical to authentic unlabeled DM by both
HPLC and thin layer chromatography. The specific radiocactivity
of 3H-DM was 26 Ci/mmole.

INTRODUCTION

Dextromethorphan (DM) is a non-narcotic antitussive which
suppresses cough by an action on the central nervous system.
Although little is known concerning the mechanism of action of
this drug, the structural similavity of DM to codeine has
suggested that DM acts at the same central sites as codeine to
suppress cough. However, Cavanagh et al. (1) have recently
demonstrated that naloxone antagonizes the antitussive effects
of codeine and other opiate analgesics but does not antagonize
the antitussive activity of DM. These findings indicate
different modes of action for the cough suppressant effecits of

DM and codeine.

2311
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Since DM does not elicit its antitussive effects by an
opiate veceptor interaction, as evidenced by the lack of effect
of naloxone, the possibility exists that this drug acts at other
specific central nervous system sites which can be detected by
an appropriate binding assay procedure. To study such a
possibility, we have prepared tritium iabeled DM (3H~DM) of
high specific activity, and, as initially reported (2-4), we
have found specific high affinity binding sites for DM in
guinea~pig brain which may be related to the antitussive effects
of the drug.

The present report describes the preparation of 3H—DM and
its purification by reverse—phase high performance liquid
chromatography (HPLC). Since it is necessary that the
radioligands used in binding studies be at the minimum 95
percent pure (5), it was essential for us to develop simple
chromatographic systems in which we could obtain pure 3H—-DM in
good yield. Dixon et al., (6) have described a method to purify
3H—-DM using column chromatography and thin layer
chromatography (TLC) but the purity and recovery of 3H~DM

achieved by their procedures were not stated.

MATERLALS AND METHODS

Dextrorphan tarirate and dextromethorphan hydrobromide were
generously supplied by Hoffman-La Roche (Nutley, NJ).
N-methyl-N'-nitro~-N-nitroso guanidine and the diazomethane-
generating apparatus were obtained from Aldrich Chemical Co.
(Milwaukee, WI). n—-Nonylamine was purchased from Sigma (St.
Louils, MO). Acetonitrile and n—propanol were HPLC grade
(Burdick and Jackson) and all other reagents were Fisher ACS
reagent grade. Acetic acid, acetonitrile, triethylamine and

n—-propanol were distilled over ninhydrin prior to use.



TRITLATED DEXTROMETHORPHAN 2313

Deionized water (Hydro Systems, Durham, 5C) was used in the

preparation of all aqueous buffers,

Chromatography

The HPLC equipment consisted of a Milton-Roy Simplex
minipump, model 396-31 (Riviera Beach, FL) and a Rheodyne
#70-10 sample injection valve with a 1 ml loop (Rainin
Instrument Co., Inc., Ridgefield, NJ); gradients were generated
by an LKB Ultragrad 11300 gradient maker (Rockville, MD).
Separations were performed on an Altex Lichrosorb RP-18 column
(10 ym particle size, 4.6 x 250 mm) or an Altex
Ultrasphere—-cyano column (5 ym particle size, 4.6 x 250 mm).

UV determinations of the column effluents were made with a
Beckman System 25 spectrophotometer and radioactivity was
determined in a Beckman LS-230 liquid scintillation counter
using a phase-combining scintillant (Liquiscint) from National
Diagnostics (Somerville, NJ). The presence of n-nonylamine in
the column effluents was monitored by an automated
fluorescamine—~based detection system (7) using a Spectra/Glo
Model FL-1B Fluorometer (Gilson Medical Electronics, Inc.,
Middleton, WI) coupled to a Linear dual channel recorder
(Irvine, CA). During the preparation of mobile phase solvents,
aqueous buffers were filtered through Millipore HA 0.45 um
filters and organic solvents through millipore FH 0.5 um
filters. Prior to use all solvents were thoroughly degassed.

TLC was carried out on Whatman LK5D silica gel G plates and

DM standards were visualized with ilodoplatinate.

Fluorescence Spectroscopy

Fluorescence spectroscopy of labeled and unlabeled DM was
performed with a Perkin-Elmer Model 650108 spectrofluorometer

coupled to a Perkin—Elmer recorder (Norwalk, CT).
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Diazomethane was generated by the action of alkali on
N-methy 1-N"-nitrvo N-nitroso guanidine using the procedure and

apparatus described by Wales et al. (8).

Preparation ofw?ﬂ&DM from dextrorphan

Todination of dextrorphan [(+)-3-hydroxy—-l7-methylmorphinan]
was carrvied out by the method of Grewe et al., (9). Briefly,
255 mg of dextrorphan tartrate were dissolved in water and the
free base (0.6 mmole) obtained by the addition of 1 N sodium
hydroxide., A solution of iodine (0.6 mmole) in potassium iodide
(0.9 mmole) was added dropwise and with constant stirring to the
dextrorphan solution. After 10 minutes the solution was bubbled
with 100% CO2 and filtered. The precipitate was washed twice
with water, dried under vacuum and taken up in chloroform. The
chloroform was then evaporated at 50°C under a stream of N2
and iodinated dextrorphan obtained by crystallization from
methanol. 60 mg of the iodinated compound were sent to New
England Nuclear Corp. (Boston, MA) and tritiated by catalytic
reduction with 25 Ci of tritium gas to a specific activity of
60.4 mCi/mg., Methylation of 3Hmdextrorphan to form tritiated
(+)~3-methoxy-17-methylmorphinan (3H~DM) was carried out by
reacting 2-8 mCi of BH”dextrorphan with diazomethane in ether
for 30 minutes at 0°C. At the end of the reaction, ether and
vegldual diazomethane were romoved by a stream of NZ and the
components of the veaction mixture subjected to HPLC as
desc 'ibed in the next section. The yield of 3H--DM varied

between 20 and 50 percent.

RESULTS AND DISCUSSION

HPLC systems were initially designed to achieve a good
separation of DM from dextrorphan. Because DM is more

Lipophilic than dextrorphan, such a separation on an
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octadecylsilane column (RP-L8) could be readily obtained.
However, DM exhibited long vetention times wiih asymmetvric peaks
and severve tailivg and this behavior was obsevved even when
ion—pairing reagents were present iu the mobile phase. Several
investigators who observed gimilar phenomena during ifown-pair
HPLC of hydrophobic cationic drugs found that retention time aund
peak symmetry could be dramatically improved when long-chain
alkyl ammonium compounds were included in the mobile phase
(10,11). This approach was investigated and the nine-carbon
ammonium compound, n-nonylamine, was incorporated into the
mobile phase. The results were quite satisfactory in that
retention time of DM was significantly reduced and peak shape

greatly improved.

As Fig. 1 illustrates, an excellent sepavation of DM from
deztrorphan was obtained using a 2-30% acetonitrile gradient in
0,1 M acetic acid, 0,0l M o-nonylamine. In addition, this HPLC
system also resolved ijDM from several tritiated side

products of the methylating reaction (Fig. 1). The radioactive
profile of an aliquot from a typical diazomethane reaction
mixture shows not only a distinci peak of radicactivity cluting
in the same position as unlabeled DM but also two other
radicactive peaks with signilicantly greater cetentlon times,
Recovaery of rvadioactivicy in this sysicew was greator than 90
percent,

When an entive reaction mixture was subjected to HPLC using
the system just described, the elution volume corresponding Lo
the DM peak was collected as four individual fractiowns (similau
to #20,21,22 and 23 in Filg. 1) which were not pooled. Aligquois
of each of these fractions were analyzed for radiochemical
purity by rechromatographing on the same HPLC system and by TLC
in two solvent systems: (chlorvoformimethancl:ammonium hydroxide,
75:25:0.3; ethanol:acetic acid:water, 60:30:10). The vesulis

from thege chromatographic analyses indicated that the earliest
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FIGURE 1. Reverse-phase HPLC of 3HMDM prepared by methylation
of 3H—dextrorphan. An aliquot from a typical diazomethane
reaction mixture was applied to an RP-18 column and the
radiocactivity eluted with a 2-30% acetonitrile gradient in 0.1 M
acetic acid, 0.01 M n-nonylamine. Two ml fractions were
collected at a flow rate of 0.67 ml/min. Recovery of
radiocactivity was 91 percent., Also shown is the elution profile
for 0.7 ymoles of unlabeled dextrorphan (DX) and 0.7 uymoles of
unlabeled DM,

eluting fraction (#20) was impure., During the HPLC analysis
only 60 percent of the radioactivity of fraction #20 co—eluted
with the peak of unlabeled DM, TLC analysis yielded a similar
estimation of purity since it was observed that less than 50
percent of the radioactivity of fraction #20 migrated with
unlabeled DM. In contrast to the heterogeneous nature of the
radiocactivity in the early DM peak fraction (#20), the
radioactivity in the next three fractions (#21-23) appeared
homogeneous and behaved identical to that of authentic unlabeled

DM during HPLC and TLC analysis.
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FIGURE 2. Reverse—phase HPLC of the radioactivity of fraction
#20. An aliquot of fraction #20, mixed with 50 nmoles of
unlabeled DM, was applied to an Ultrasphere—cyano column and
eluted with a 10-60% acetonitrile gradient in 7.5 mM H3P04,

10 mM triethylamine, pH 4.0. One ml fractions were collected at
a flow rate of 0.6 ml/min. Recovery of radiocactivity from the

column was 99%.

The radioactive homogeneity of fractions #21-23 was further
established by reverse-—phase HPLC on an Ultrasphere—cyano column

using a 10~607% acetonitrile gradient in 7.5 mM H PO&’ 10 mM

triethylamine. The resolving power of this systzm is
demonstrated in Fig. 2 where it can be seen that three tritiated
species in addition to 3H-—DM are present in fraction #20. 1In
agreement with the results obtained by TLC analysis, 3H-—DM
accounts for less than 50 percent of the radiocactivity of this
fraction. When fractions #21-23 of the 3H-—DM peak were

analyzed by this same HPLC system, one homogeneous peak of
radioactivity co-eluting with authentic unlabeled DM was found

for all three fractions. Based on these results as well as the
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previous analyses by HPLC and TLC, §UwUH i the Lhree latex
peak fracltionsg was consideved vadiochemically pure and used fou
subsequent binding studies without fuvther purification,

Having achieved the purification of tritium labeled DM, it
was necessary to remove n-nonylamine from the 3HMDM
preparations since it interfered with the binding assay.
Although n-nonylamine could be removed by evaporation under
reduced pressure, this procedure resulted in significant losses
of the tritiated drug. Therefore, n-nonylamine was separated
from 3H—DM by reverse-phase HPLC on an octadecylsilane column
using a 10-40% n-propanol gradient in 10 mM KHZPOA’ pH 4.0,
Recovery of 3H—-DM during this procedure was greater than 95
percent.

Tritiated DM was stored at 4°C in the propanol-phosphate
buffer with no chemical deterioration in one year. The
concentration of labeled drug was determined by fluorescence
spectroscopy using excitation and emission wavelengths of 230 nm
and 305 nm respectively. A specific activity of 26 Ci/mmole was
calculated for the final 3HMDM product, Duxing the
fluorescence determinations it was observed that the excitation
and emission spectra of radicactive DM were identical to that of
authentic unlabeled DH.

in conclusion, we have descuibed the prepavation of Luitiwn
labeled DM and the chromatographic procedures used to obtain
3HNDM in radiochemically pure form. Our results have clearly
demons trated that reverse-—phase HPLC is an excellent method to
purify 3HWDM° By incorporating n-nonylamine into the mobile
phase buffer, a significant portion of the 3H~DM peak eluted
from the RP-18 column during the first UPLC step was pure. FEven
though n-nonylamine was an interfering substance in our binding
assay and had to be vemoved from the 3H---DM preparation by an
additional HPLC step, the overall methods we have reported are

fast, simple and yield excellent recoveries.
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Since TLC is a standard method for purifying radioligands
used in binding studies, it is perhaps relevant to mention that
this chromatographic procedure was our preliminary method for
isolating 3H~DM, However, we found that as a routine
preparative procedure, TLC provided neither the recovery nor the
purity of 3HWDM that was subsequently achieved by HPLC.
Nevertheless, TLC served as a useful analytical procedure for

assessing the purity of 31-DM isolated by HPLC.
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EVALUATION OF THE USE OF LITHIUM NITRATE AS A TEST
SUBSTANCE FOR THE DETERMINATION OF THE HOLD-UP
TIME ON A REVERSED-PHASE PACKING

0.A.G.J. van der Houwen, J.A.A. van der Linden and
A.W.M. Indemans
Department of Analytical Pharmacy
University of Utrecht
Catharijnesingel 60, 3511 GH Utrecht
The Netherlands

ABSTRACT
The use of lithium nitrate as a test substance for the determination
of the hold-up time on pBondapak C18 columns has been evaluated
by comparison with the hold-up time calculated with the homologous
series of n-alecohols. The influence of charge exclusion effects on
the retention time of lithium nitrate'is investigated. The addition
of phosphoric acid to the eluent appears to be an effective method
to reduce charge exclusion effects. The existence of deviations
from linearity are demonstrated for the homologous series of n-
alcohols in eluents with a low methanol content.

INTRODUCTION

In the investigations of the relation between structure and re-

tention or between eluent composition and retention, retention is
usually expressed as the capacity factor or the logarithm of the
capacity factor.
Tor the calculation of the capacity factor the hold-up time is used.
Large errors in the value of the capacity factor can result from
imprecise and/or inaccurate measurements of the hold-up time,
particularly in the case of compounds which show little retention.
Lithium nitrate has been used in the laboratory of the
authors for the measurement of the hold-up time in reversed-phase

high performance liquid chromatography (HPLC) for a number of

2321
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years. It had been chosen because of its good solubility in water-
methanol mixtures and its delectability with UV detectors.

However, some doubtis arose about its use due to the fact that dif-
ferences in retention times were observed belween some very polar
compounds, the constituents of the eluent and lithium nitrate. It
was then decided to compare the retention times of those substances
with the theoretical hold-up time calculated from the homologous
series of n-alcohols, a method which has been in use for a long time
in gas chromatography (1-7), and which has more recently been
described for HPLC (8-10).

In a recent publication Berendsen et al. (8) objected to using salt
solutions for the determination of the hold-up time. They describe
a strong dependence of the retention time of bromide on the quanti-
ty injected. They explain this phenomenon by the charge exclusion
effects from the pores of the column packing and the suppression
of this effect at higher salt concentrations.

For this reason the dependence of the retention time of lithium ni-
trate on the guantity injected was also investigated. As charge ex-
clusion effects will depend on the charge of the packing, i.e. the
dissociation of the free silanol groups, the effect of the injection of
acidic and basic samples (i.e. solutions of phosphoric acid and am-
monium carbonate in the eluent) as well as the addition of phosphor-
ic acid or lithium chloride to the eluent on the retention time of li-
thium nitrate were included in this study. The results of these in-
vestigations are given together with the previous ones.

In this study some attention is also paid to the occurrence of devi-
ations from the well-known linear relationship between the logarithm
of the capacity factor and the number of carbon atoms for the series

of n-alcohols in eluents with low methanol content.

EQUIPMENT AND CHEMICALS

Chromatographic experiments were performed using a 6000A solvent

delivery system, a U6K injection system and an R401 differential
refractometer (all from Waters Assoc., Milford, MA, U.S.A.).
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The 2 ml sample loop of the UBK injector was veplaced by a loop
of approximately 100 ul in order to reduce errors in the retention
time measurements caused by decompression and subsequent com-
pression of the contents of the sample loop upon injection of the
sample. A pBondapak C18 column, 30 cm x 3.9 mm [.D., particle
size 10 um, (Waters Assoc.) was used. The column was thermo-
statted by means of a metal block which was shielded from the sur-
roundings by isolating material and which was connected in series
with the housing of the refractive index detector to a circulating
waterbath. Due to the limited column life time not all experiments
were carried out using the same column. When data were obtained
on different columns this is indicated in the tables. The temper-
ature of the column and the refractive index detector was kept at
25° C,

The retention times were measured and recorded by the combina-
tion of an 3P 4000 central processor, an SP 4020 data interface
and an SP 4050 printer plotter (all from Spectra Physics, Santa
Clara, CA, U.5.A.).

The pH shifts in the eluent were studied with a Radiometer (Copen-
hagen, Denmark) G 299 A capillary glass pH electrode which was
connected to the outlet of the refractive index detector. The outlet
of the capillary glass electrode was connected to a small glass
vessel (provided with an outlet for the excess of eluted solvent) in
which a Type 373-90 reference electrode (Ingold, Zirich, Switzer-
land) was placed. The capillary glass electrode and the reference
electrode were conneclted to a Radiometer PHM 64 pH meter. The
jackel around the capillary glass electrode was filled with potassium
nitrate solution which was electrically connected to the reference
electrode to avoid instability of the signal of the pH electrode (11,
12).

Water was purified by deionization and subsequent double destilla-
tion from glass. Methanol (pro analysis) was obtained from Merck
(Darmstadt, G.F.R.). The other chemicals were purchased from

various suppliers.
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INSTRUMENTAL AND ANALYTICAL PROCEDURES

Retention times were corrected for the extra column volume by re-

placing the column by a low dead volume union and measuring the
retention time of an equal volume of a test substance. All retention
times were corrected by subtraction of the "extra column hold-up
time'. Retentlion times were measured using the SP 4000 integrator.
The peak width parameter and the slope sensitivity for the integra-
tion process were adapted in such a way that precision in the re-
tention time measurements of 0.1 to 0.2% could be obtained.

To avoid cavitation in the pump heads methanol and water were fil-
tered directly before the preparation of the eluents by wvacuum fil-
tration through filters with a pore size of 0.2 ym. After mixing the
eluents were degassed further ultrasonically. In order to avoid long
term flow fluctuations the pump was continuously operated at the
same flow (1.0 ml/min).

The hold-up time was studied with the eluents methanol, methanol-
water (8:2, w/w), methanol-water (6:4, w/w), methanol-water (4:6,
w/w), methanol-water (2:8, w/w) and water. A limited number of
experiments has also been done with eluents containing 50% w/w
methanol.

The theoretical value of the hold-up time was calculated from the
retention times of the alcohols methanol, ethanol, 1-propanol, l-but-
anol, l-pentanol, l-hexanol, l-heptanol, 1-octanol and 1-decanol.
The following test substances for the determination of the hold-up
time were compared: water, methanol, formamide, glycerol, 1,3,5~
trihydroxybenzene (THB) and lithium nitrate.

In the eluents containing water-methanol (5:5, w/w), water-methanol
(8:2, w/w), and water, lithium nitrate, urea and thiourea were com-
pared. All compounds were dissolved in or diluted with the eluent.
Solutions of lithium nitrate were prepared in a concentration of

10_1 gmol-kgh1

Sufficiently symmetrical peaks and constant retention times were
obtained by injection of approximately 20 pl. The other compounds

were injected in such gquantities that they could be well detected
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at 8 to 16x attenuation on the refractive index detector. The

amounts injected were generally 100 to 200 ug.

MATHEMATICAL PROCEDURES

The calculation of the hold-up time is based upon the assumption

that in reversed-phase liquid chromatography the relationship be-
tween the retention of the members of the homologous series of n-
alcohols and their number of carbon atoms is given by the follow-

ing well-known equation

L (A+BxN)
th ~tq=tqx 10 (1)

(in which t tR’ N, A and B are the hold-up time, the retention

time of the dalcohol, its number of carbon atoms and two constants
respectively).

After measurement of the retention times of the n-alcohols the
values of the hold-up time and both constants that fit best in the
equation are computed. For the calculation of the hold-up time a

calculation method based upon minimizing of the function

L A+BxN_\?
tR td tdx 10 m
2l m an
m t

R
m

according to Levenberg and Marquard (13,14) was used. The cal-
culation was done by means of a program based upon the FORTRAN
subroutine ZXSSQ (15). This method should be preferred to other
possible techniques for in this calculation method the separate re-
tention times contribute to the calculated hold-up time according
to the reproducibility in their measurements.

The accuracy in the hold-up time calculated from the reten-
tion time of a number of members of a homologous series depends
on the following factors:

The number of homologues involved in the calculation

™ [

The number of carbon atoms of the homologue involved in the

calculation
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3. The precision in the retention times measured (which is a func-
tion of the number of measurements)

The values of the constanis A and B in Eguation I

IR

Deviations from the assumed wvalid relationship of Tquation 1.
The computer program used for the calculation of the hold-
up time also calculates the standard deviation in the hold-up
time. This standard deviation results from the observed differ-
ences between the measured retention times and the calculated
relationship of Equation I.
It therefore results both from the reproducibility of the retention
times measured and possible systematic deviations from Equation I.
When the assumption of the validity of Equation I is correct, the
following results should be obtained on the calculation of the hold-
up time:
1. The measured retention times should exhibit a random distribu-
tion round the values obtained with the calculated relationship
of Equation I

. This distribution should have a standard deviation which corres-

|no

ponds with the precision of the measurement of the retention
times of the homologues

3. No significant differences should occur between the hold-up
times calculated from different combinations of the members of
the homologous series.

When one or more of these results are not obtained, deviations of

Equation I are likely to occur.

RESULTS AND DISCUSSION

Calculation of the hold-up time from the homologous series
of n-alcohols

In the eluents with lower methanol contents only the lower homo-
logues of the series of alcohols have been chromatographed, be-
cause the higher members of the series gave too long retention
times and were only detectable if rather large quantities were in-

jected.
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TABLE 1

Retention Times of Alcohols

Q.

Eluent Composition % w/w Methanol

100% 80% 60% 40% 20% 0%

Methanol  158.1  154.9  156.4 163.1 200.9
Ethanol 166.8 168.6 171.9 183.7 205.6 301.2
Propanol  167.0 174.3 188.5 225.9 305.4 667
Butanol 169.6 181.2 214.9 320.9 603 2042
Pentanol 172.1 192.8 262.5 538 1525

Hexanol 175.1 208.8 336.3 1038

Heptanol 178.9 231.3 462.6

Octanol 182.4 261.1

Decanol 193.0 358.8

The reproducibility in the measurements of the retention times

was found to be dependent on the solvent composition. The follow-
ing relative standard deviations were found for the eluents invest-
igated: For the eluents containing 100% and 80% methanol 0.2%, for
60% methanol 0.4%, for 40% methanol 0.5-0.7%, for 20% methanol
1-1.5% and for 0% methanol 1-2%. These higher relative standard
deviations with the eluents with a lower methanol content are main-
ly caused by long term fluctuations in the retention times. Short
term reproducibility was found to be considerably better. The long
term fluctuations may possibly be caused by the increased solubil-
ity of air in the eluents at lower methanol conients, resulting in
an inereased tendency to cavitation in the pump head. The reten-
tion times found for the n-alcohols are given in Table 1.

In the literature deviations from Equation I for the lower members
of a homologous series have been described (16). Although it is
possible that such observations result from the use of a wrong
value for the hold-up time, this is not necessarily the cause of
this deviation. It is therefore necessary to evaluate the validity of

Equation I.
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TABLE 2

Hold-up Times Calculated from the Retention Times of Alcohols

Fluent Composition
Q.

% w/w Methanol

) I m
100% e 155.2 (1.5)
80% 148.8 (2.2) 152.8 (0.9)
60% 138.9 (3.7) 146.8 (1.2)
40%* 142.6 (3.6) 151.0 (0.3)
20%* 147.2 (4.6) 157.9 (1.3)
0% 164.8 (1.5) 169

I Hold-up time calculated from all alcohols
II Hold-up time calculated from all alcohols except methanol
* These values have been obtained on a second column

The effect of the inclusion of the retention time of methanol in the
calculation is shown in Table 2.

The standard deviations in Table 2 are obtained with the computer
program. The strong decrease in the standard deviation when the
retention time of methanol is excluded from the calculation reflects
the contribution of methanol to the deviation from Equation I.

It was therefore concluded that the retention time of methanol
should not be included in the calculation of the hold-up time.

This phenomenon of systematic deviations due to methanol is not
unexpected as methanol is in these experiments both solute and
modifier.

The methanol in the eluent is known to be incorporated in the sta-
tionary phase according to a non-linear distribution isotherm (17,18).
The retention time of the concentration pulse caused by the inject-
ed methanol will be influenced by the curvature of this distribution
isotherm.

This will result in a chromatographic behaviour which deviates from
the relationship of Equation I. When methanol was 'excluded from

the calculation no indication for deviations from Equation I were
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TABLE 3

Average Hold-up Times Calculated from 12 Series of
Retention Times of n-Alcohols with the Eluent
containing 40% MeOH

Hold~up Time calculated Averaged Standard Deviation
from Hold-up Time in the Averaged
Hold-up Time
Methanol-Hexanol 142.6 0.3
Ethanol-Hexanol 151.0 0.3
Propanol-Hexanol 152.0 0.3
Butanol-Hexanol 153.7 0.7
Ethanol-Pentanol 150.5 0.2
Propanol-Pentanol 150.7 0.3
Ethanol-Butanol 150.3 0.2

obtained with eluents with a methanol content higher than 40%.
With eluents containing 40% methanol, however, indications for a
slight non-linearity were obtained. For further examination of this
phenomenon 12 series of retention times of n-alcohols from methan-
ol to hexanol were determined (the injected quantity was 100-200 ug).
For each of the series the hold-up time was calculated from differ-
ent combinations of alecohols. The corresponding hold-up times

were averaged and the standard deviations in the averaged hold-

up time were calculated. The results obtained are given in Table

3. The data clearly indicate the existence of a deviation from Equa-
tion I, even when methanol is excluded from the calculations. The
data also suggest that the non-linearity is more likely to be caused
by deviation of hexanol than deviations of ethanol.

(The standard deviations in Table 3, in contrast to those in Table
2, result only from the reproducibility of the retention times
measured and not from systematic deviations from Equation I).
Analogous results were obtained with 14 series of retention times
of series of alcohols from ethanol to pentanol with an eluent con-

taining 20% methanol (Results not shown). With eluents containing
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0% methanol no such investigations could be done because only the
retention times of ethanol, propanol and butanol were available for
calculation.

Examination of the peak shape of the n-alcohols revealed that the
peaks showed an increased tendency to tail when the methanol con-
tent of the eluents was lowered from 40% to 20% and 0%. This tend-
ency to tail was stronger with the alcohols with longer chains.

The change in peak shape on changing the quantities injected for
the eluents containing 20% and 0% methanol is illustrated by Fig. 1.
The chromatograms were recorded in such a way that the changes

in the quantities injected were compensated by a change in the

(\ A — A
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FIGURE 1
Influence of amounts injected on the peak shape and the retention
time of pentanol (left, eluent 20% methanol w/w) and butanol (right,
eluent water). The amounts injected and the detector attenuation

are a: 1280 ug, 64; b: 320 ug, 16; c: 80 pg, 4 and d: 20 ug, 1.
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attenuation of the refractive index detector. In this way a better
comparison of the peak shape is possible.

The changes in the relention times and the peak shapes on
varying the guantities injected clearly indicate that some overload
ing occurs. (For the peak chape improves on decreasing the guan-
tity injected and the retention times measured seem to approach a
constant value).

Although reduction of the quantities improves the linearity, no suf-
ficient linearity (i.e. no constant retention times) could be obtain-
ed with the eluents containing 0% and 20% methanol, due to the
limited sensitivity of the refractive index detector, which made it
impossible to reduce the quantities injected beyond the range
studied. In the eluents containing 40% methanol the linearity may

be regarded as acceptable when quantities injected are kept suffi-
ciently low and when the retention of hexanol is excluded from

the calculation.

The possibility that the phenomena observed arose from im-
perfections in an individual column or from instrumental imperfec-
tions could be excluded by demonstrating that peaks with identical
shape were obtained on other commercial yBondapak C18 columns,
user packed pyBondapak C18 columns and user packed (10 um) Li-
chrosorb RP 18 columns and that no imperfections in peak shape
were observed when the column was replaced by a low dead volume
union. The suggestion of Berendsen et al. (8) that n-aleohols can
be used for the calculation of the hold-up time even with eluents
containign 0% methanol seems therefore not to be justified at least
not for uBondapak C18 columns. A careful check whether devia-
tions from linearity of Equation I occur is therefore necessary
whenever the hold-up time is calculated from a series of n-alcohols.
This makes this method for the determination of the hold-up time a
very time-consuming and tedious one. In our opininion it should
therefore only be regarded as an independent method to evaluate
whether a test substance has a retention time which corresponds

to the actual hold-up time.
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Determination of the hold-up time with test substances

The use of test substances is particularly important when frequent
determinations of the hold-up time are necessary to eliminate the
effect of long term fluctuations in the flow, when very precise
measurements of capacity factors are needed.

To determine the hold-up time by means of a test substance this
test substance should not be retained by, nor be excluded from
the column packing.

Very polar uncharged test substances can be expected to in-
teract with residual silanol groups. Such interactions should be
expected to be more important when the eluent is less polar i.e.
contains more organic modifier. When an uncharged test substance
is less polar, hydrophobic retention should be expected to occur
(at least with eluents containing little or no modifier). It is debat-
able, whether an uncharged test substance for the hold-up time
can be at the same time both sufficiently polar (not to be retain-
ed by hydrophobic effects) and at the same time be sufficiently
apolar (not to be retained by adsorption at residual silanol
groups). It seems to be even more debatable that such an un-
charged test substance can fulfil these requirements at all pos-
sible concentrations of the modifier. With charged test substances
no retention should be expected to occur unless the ions involved
have a sufficiently hydrophobic character to be adsorbed with
the formation of an electrical double layer or as ion pairs.

However, when the packing itself is charged, charge exclu-
sion effects for ions of the same charge, and ion exchange effects
for ions of opposite charge should be expected to occur.
Reversed-phase packings have been demonstrated to possess con-
siderable ion exchange properties (due to the dissociation of residu-
al silanol groups) over a large range of pH values (12). This dis-
sociation results in a negative charge at those pH values.

Charged test substances can be used only for the determin-
ation of the hold-up time when the charge of the dissociated silan-

ol groups can be masked by large concentrations of electrolyte.
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The following factors should therefore be regarded as important

for the
1. The
2. The
3. The
4. The

|~ | o

From these factors it appears that test substances have to be eval-

silanol groups and their concentration in the eluent

character of the hydrophobic layer.

behaviour of test substances:

amount of residual silanol groups

degree of dissociation of the residual silanol groups

affinity of the test substance for the residual silanol groups

affinity of the components of the eluent for the residual

The hydrophobicity of the test substance

The nature and the concentration of the modifier

The presence of components in the eluent which modify the

uated (with an independent method) for each particular set of ex-

perimental conditions. Comparison with the hold-up time calculated

from a homologous series should be regarded as a standard method

of evaluation (provided that no deviations from Equation I are ob-

served).

The retention times of some test substances are given in

Table 4 together with the calculated hold-up times. From this

TABLE 4

Retention Times of Test Substances and the Values Calculated
for the Hold-up Time from the Series of n-Alcohols

Eluent Composition

Q

% w/w Methanol

1005 80 60 40%%  20%*
Water 166.8  160.3 157.5 157.5 162.6
Methanol - 158.1 154.9  156.4  163.1
Formamide  162.5 160.7 160.8 156.8 159.9
Glycerol 158.9  158.7 155.5 153.6 156.8
THB 153.6 155.8 152.8 168.8 222.9
Lithium
Nitrate 153.4  152.7 144.0 149.8  150.9
Calculated  155.1 152.8 146.8 150.5  157.9%*

ot
-3
<o
P
O s ©

155.4
169**

*These values have been obta’ned on a different column
**These values have been calculated from tailing peaks



2334 VAN DER HOUWEN, VAN DER LINDEN, AND INDEMANS

table it appears thal the retention time of lithium nilrace corves-—
ponds well with the calculated hold-up times at methanol concen-
trations above 20%.

According to the concentration pulse concept no differences in the
retention times of methanol and water should occur.

The differences found mighl possibly be explained by the depend-
ence of the retention time of the vacancy peak on the concentration
of the modifier in the injected sample as described by McCormack
and Karger (17).

The values of the retention times of the concentration pulses
of the components of the eluents, water and methanol, are found
to be significantly higher than the calculated hold-up time, which
is in accordance with the well-established fact that the modifier is
incorporated in the stationary phase (17-21) and which corres-
ponds with the results obtained by Berendsen et al. (8).

The differences between the calculated hold-up time and the re-
tention times of formamide and glycerol could possibly also be ex-
plained by hydrophobic effects or by adsorption at residual silanol
groups.

Water was found to be retained considerably with the eluent con-
taining 100% methanol. Although this effect may be of less import-
ance with eluents with lower methanol contents deuterium oxide
was therefore not considered to be a safe marker for the hold-up
time, It was therefore not included in this study.

The possibility of incorporation of components of the eluent
into the stationary phase makes total porosity measurements (based
upon the differences in weight after filling the column with solv-
ents of different densities) useless as a method for the determin-
ation of the hold-up time. No such measurements are therefore
presented in this study.

Differences in the incorporation of the components of the eluents
at different eluent compositions may explain the variation of the
calculated hold-up time on the wvariation of the eluent composition.
The fact that the retention time of lithium nitrate follows the same

pattern of variation as lhe calculated hold-up time strongly sug-
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gests that iis retention time corresponds indeed with the actual
hold-up time.

At high methanol contents the retention time of THB corres-
ponds with the retention time of lithium nitrate and the calculated
hold-up time. Al low methanol contents THB is obviously retained

by a hydrophobic retention mechanism.

The influence of charge exclusion effects

on the retention time of lithium nitrate
As charge exclusion effects have extensively been described by
Berendsen et al. (8), it was investigated whether such effects oc-
curred with the quantities injected in this study and whether the
retention times measured were influenced by them.
As charge exclusion effects will depend on the charge of the
column packing (i.e. the degree of dissociation of the redisual sil-
anol groups) such effects should be expected to be dependent on
the pH of the eluent when buffered eluents are used. When non-
buffered eluents are used the charge of the column packing will
be influenced by previously used eluents and/or the nature of
previously injected samples.

When charge exclusion effects are studied the condition of
the column packing should therefore be well defined in this res-
pect. In this study this has been done by injection of measured
quantities of solutions of phosphoric acid or ammonium carbonate
in the eluent onto the column before the series of injections of
lithium nitrate. The retention times measured are given in Table 5.
The data in this table indicate that only with the injection of small
amounts of lithium nitrate charge exclusion effects are observed.
These effects are more pronounced when basic samples have been
injected previously.

On the injection of 140 pg lithiwm nitrate (v 20 pl 0.1 M) no sig-
nificant charge exclusion effects are observed.

Upon addition of a small amount of phosphoric acid to the eluent
no charge exclusion effects could be observed over the entire

range of guantities studied.
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TABLE &

Retention Time of Lithium Nitrate

Eluent Composition

(107 M. TG Sathe Eluent) ' . H
' 3 ) a) by A& by .

100 154.9 153.2 153.7 153.1 153.9

50 154.1 150.7 153.7 151.1 153.7

20 152.4 143.7 151.4 144.4 152.1

10 151.8 135.4 149.8 139.2 153.0

5 141.1 120.5 146.0 131.2 153.3

125 111.6 139.3 125.5 152.9

1 117 105.2 138.3 121.7 153.3

1 50% methanol w/w -3 1
II 50% methanol w/w containing 10_, mol-kg 7 lithium chloride
III 50% methanol w/w containing 10 " mol-kg ~ phosphoric acid
a) series measured after two injections of 100 yl 0.1 M. phosphor-
ic acid in the eluent
b) series measured after two injections of 100 ul 0.1 M. ammonium
carbonate in the eluent

These effects are more pronounced when basic samples have been
injected previously.

On the injection of 150 ug lithium nitrate no significant charge ex-
clusion effects are observed.

Upon addition of a small amount of phosphoric acid to the eluent
no charge exclusion effects could be observed in the range of
quantities studied.

When the elution of injected lithium nitrate was monitored
with a flow-through pH electrode a decrease of the pH was ob-
served during the elution of the peak of lithium nitrate. Obvious-
ly some lithium ions are exchanged against protons. The liberated
protons will influence the charge of more distant parts of the
column thereby reducing charge exclusion effects. This mechanism
will be one of the causes for the variation of the retention times
of salts with the injected quantity. Whether this mechanism is more

important than the suppression of the charge exclusion effect by
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jonic strength of the injected sample cannot be conecluded from the
data in this study. However, the data in Table 5 indicate that ad-
dition of phosphoric acid to the eluent is much more effective than
the addition of an equivalent amount of lithium chloride.

It is therefore probable that the effect of buffers to suppress
charge exclusion effecls will in some cases be largely due to the
reduction of dissociated silanol groups instead of the masking of
their charge as has been suggested by Parker et al. (23) and by
Wells and Clark (24).

Buffers of low pH should therefore be expected to be more effect-
jve than those of high pH. This was confirmed by an experiment
in which the retention time of lithium nitrate was measured in elu-
ents composed of equal weights of methanol and 0.01 M. aqueous
phosphate buffers of different pH.

When buffers of pH 4.5 , 5.0 and 5.5 were used the retention
times of lithium nitrate were found to be constant. With buffers
of a higher pH lower retention times were found and the precipi-
tation of lithium phosphate occurred.

The non-linearity of the chromatographic distribution process in
eluents containing 20% and 0% methanol makes it impossible to use
the calculation of the hold-up time as an independent method to
determine whether the retention time of lithium nitrate does cor-
respond with the actual hold-up time or not. The fact that no in-
crease in the retention time with increasing amounts of injected
lithium nitrate could be found for these eluents suggests, how-
ever, that these retention times indeed correspond with the ac-

tual hold-up times.

Comparison of lithium nitrate with urea and thiourea
as test substances for the hold-up time
In a recent publication the use of thiourea has been proposed as a
test substance for the determination of the hold-up time (10). We
have therefore made a comparison between the retention times of
thiourea, urea, lithium nitrate and the hold-up time calculated
from a series of n-alcohols in eluents containing 50%, 20% and 0%

methanol. The values obtained are given in Table 6.
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TABLE 6

Comparison of the Retention Times of Lithium Nitrate,
Urea and Thio Urea and the Hold-up Time Calculated
from a Series of n-Alcohols

Eluent Composition Hold~up Time Lithium Urea Thiourea
% w/w Methanol Calculated Nitrate
50% 158.3 160.7 164.7 168.1
20% - 167.7 168.6 177.0
0%

- 166.8 179.2 200.0

From the values in Table 6 it appears that the retention time of
thiourea is significantly higher than those of urea with all three
eluents. It is therefore highly improbable that the retention time
of thiourea corresponds with the hold-up time. The fact that the
difference between the retention times of thiourea and urea in-
creases with decreasing methanol content strongly suggests that
the retention of thiourea is hydrophobic in character.

The fact that urea gives significantly higher retention times than
lithium nitrate in eluents containing 0% and 50% methanol makes its
use as a test substance rather dubious. For the latter eluent this
is confirmed by comparison with the hold-up time calculated from

the n-alcohols.

Lithium nitrate was found to be the only test substance for the
hold-up time that gave correct values over the whole range of
eluents investigated, provided a sufficient quantity was injected
to overcome charge exclusion effects. The occurrence of charge
exclusion effects was found to be dependent on the history of the
column, i.e. pretreatment with acidic or basic samples. The occur-
rence of charge exclusion effects could be reduced considerably by
the addition of small amounts of phosphoric acid in the eluent.
The retention time of lithium nitrate being the correct value

for the hold-up time could be confirmed by comparison with the
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hold-up time caleculated from the homologous series of n-alcohols
for eluents with a methanol contenti of 40% or more.

In eluents with a low methanol content of 20% and 0% significant
deviations from Equation 1 were found, probably due Lo a non-

linear chromatographic distribution process.
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HIGH RESOLUTION SEPARATION OF URINARY ORGANIC ACIDS BY
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Edward L. Mattiuz(1), James W. Webb(2) and Stephen C. Gates
Department of Chemistry
I1Tinois State University
Normal, I1Tlinois 61761

ABSTRACT

Reverse phase, anion exchange, and two-dimensional HPLC
techniques were studied in order to increase resolution of
organic urinary acids for eventual quantitative measurements.
Reverse phase HPLC with a phosphate buffer/acetonitrile gradi-
ent yielded a separation of over 85 components in forty min-
utes and a peak area reproducibility of better than 5%.
Connecting two reverse phase columns together resulted in the
separation of 110 components. Anion exchange chromatography
was determined to be of 1little use in resolving urinary acids
in a resonable time except as the first stage in two-dimen-
sional chromatography where fractions from the anion exchange
column were injected into a reverse phase column. Over 139
components were separated by this two-dimensional method.

INTRODUCTION

Separation of the components present in complex mixtures,
such as urine and other biological fluids, presents unique
chromatographic problems because of the large variety and number
of compounds in these samples. One such group of components,
the Tow molecular weight organic acids found in human urine, is
of particular interest since it includes intermediates and end
products of various metabolic pathways which, in turn, can be
affected by diseases (3,4). 1In most cases, correlations between
the presence of a specific disease and urinary acids are related
to concentration variations rather than to the presence or

2343

Copyright © 1982 by Marcel Dekker, Inc.



2344 MATTIUZ, WEBB, AND GATES

absence of a specific component (5,6). For diseases which have
not been thoroughly investigated, it is much easier to first
separate all of the components in the sample and then to identi-
fy and quantify those which show variations compared to healthy
individuals than it is to isolate and identify all of the com-
ponents. This former technique has been termed "quantitative
metabolic profiling (6)". To be successful this technique
requires highly efficient chromatographic methods capable of
completely resolving all of the components in the sample in
order to facilitate peak integration.

Anion exchange chromatography was one of the first methods
to be used in separating urinary components; however, in order
to separate 100 of more constituents, Tong columns and separation
times in excess of 20 hours were necessary (7,8,9). More recent-
ly, over 130 urinary acids were separated by gas chromatography
(GC) (10) and over 230 acids have been separated by capillary
GC (11). Although they are very efficient and allow coupling
to a mass spectrometer for identification, GC methods are Timited
to components of high volatility; otherwise, derivatization steps
are required which may decrease recovery of the components. High
performance liquid chromatography (HPLC) is not Timited by com-
ponent volatility nor by the presence of various salts which
often accompany the extraction procedure. Molnar and Horvath
recently reported the separation of over 100 urinary organic acids
in 30 minutes by reverse phase HPLC (12). However, many of the
peaks were not sufficiently resolved to be useful for quantitative
metabolic profiling.

Two-dimensional chromatography is a technique in which
fractions from one chromatographic mode are transferred to another
chromatographic mode to increase resolution (13). Some appli-
cations of this technique have been reported for separating
urinary acids (14,15), most notably by Spiteller and Spiteiler
who separated about 500 acid components using a two-dimensional
system employing thin layer chromatography and then capillary
GC-mass spectrometry (16).
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This paper describes some refinements on the reverse phase
HPLC method and also presents the results of a two-dimensional
study employing anion exchange and then reverse phase HPLC for
the separation of urinary organic acids.

MATERIALS

Apparatus

An Altex 322 MP microprocessor controlled gradient HPLC
(Beckman Instrument Co., Berkeley, CA) equipped with two model
100A pumps, a model 400-12 mixer, a model 210 injection valve
with a 20 uL sample Toop, a model 100-10 Hitachi variable VIS-
UV wavelength detector set at 280 nm, and a Linear model 385
chart recorder were used throughout this study. Peak areas
were determined by a Hewlett Packard model 3380-S electronic
integrator.

Columns

Analytical columns were packed by the manufacturer; they
included: RSiL-AN 5 um anion exchange, 25 cm x 4.6 mm I.D.
(A11tech Associates, Deerfield, IL), SynChropak AX300, 10 um
anion exchange, 25 cm x 4.1 mm I.D. (SynChrom, Inc., Linden, IN),
and Beckman Ultrasphere 0DS, 5 um reverse phase, 25 cm x 4.6 mm
I.D. Guard columns consisting of either the RSiL-An anion
exchange material (5.0 cm x 4.6 mm I.D.) or Lichrosorb RP-18,
10 um (E. M. Merck) (7.0 cm x 2.2 mm I.D.) were packed in this
Taboratory with a model 704 Micromeritics slurry packer (Micro-
meritics, Norcross, GA). No guard column was used with the
SynChropak column. The guard and analytical columns were kept
at the appropriate temperature controlled by a Thermomix Model
1460 constant temperature water bath.

METHODS

Sample Preparations

Urine samples were collected from an apparently healthy adult
male, combined, then frozen in 30 mL vials at -80°C until ready
for use. The acids were extracted from urine either by concentra-
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tion on a DEAE Sephadex A-125-120 (Sigma Chemical Co., St. Louis,
MO) anion exchange column followed by elution with pyridinium
acetate and then lyophilization to dryness (for anion exchange
and reverse phase chromatoygraphy studies) or by extraction into
an ether-ethyl acetate mixture followed by evaporation of the
organic layer (for two-dimensional chromatography studies). De-
tails of these procedures are given by Rehman et al. (17).

HPLC

Aqueous buffers were prepared either from reagent grade
potassium dihydrogen phosphate (Mallincrodt, St. Louis, MQO) with
the pH adjusted using 85% orthophosphoric acid (Fisher Scientific
Co., Fair Lawn, NJ) or from glacial acetic acid with the pH
adjusted using sodium hydroxide. Water was purified on a Milli-Q
system (Millipore Corp.). Buffers and HPLC grade solvents (ace-
tonitrile and methanol, Burdick and Jackson lLaboratories,
Muskegon, MI) were filtered through a 1.2 um (aqueous solvents)
or 0.5 um (organic solvents) filter and then deaerated before
using.

For ion exchange chromatography a concave gradient was used
starting with either 0.02 M pH 3.0 phosphate buffer or 0.10 M pH
7.0 acetate buffer and increasing to 1.13 M phosphate or 4.0 M
acetate, respectively, followed by a reverse gradient to the
initial conditions. The column was equilibrated at the initial
conditions for fifteen winutes before injecting another sample.
The flow rate was 1.0 mL/min.

For reverse phase chromatography the initial mobile phase was
the appropriate aqueous buffer. The acetonitrile or methanol con-
centration was increased to 39% in 36 minutes in a concave fashion,
then linearly to 70% in 15 winutes (to insure complete elution of
all components), followed by a reverse gradient and equilibration
under initial conditions for 15 minutes (Figure 1). The flow rate
was maintained at 2.0 mL/min.

In the studies involving two-dimensional chromatography,
fractions were taken from the RSilL-AN anion exchange column, con-
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FIGURE 2. Separation of urinary acids on an anion exchange
column  using a linear gradient from 0.05 M
phosphate buffer at pH 3.0 to 0.5 M phosphate in

50 minutes. Fractions were taken at the times
indicated by arrows.

ABSORBANCE

centrated, then injected into the reverse phase column, as follows.
For the anion exchange separation, 100 uL of sample was injected,
and a linear gradient from 0.05 M phosphate buffer (pH 3.0) to

0.5 M phosphate in 50 minutes was employed. Four fractions were
collected without stopping the flow (Figure 2). The fractions



SEPARATION OF URINARY ORGANIC ACIDS 2349

were extracted into ether-ethyl acetate, the organic layer evapor-
ated, and the residue dissolved in 50 uL of 0.20 M (pH 2.1)
phosphate buffer. A twenty ul aliquot of each fraction was then
injected into the reverse phase column using the same conditions
given above.

RESULTS AND DISCUSSION
lon Exchange Chromatography

Two types of anion exchange column packings were investigated:
RSiL-AN using an aqueous pH 3.0 phosphate buffer gradient with
increasing phosphate concentration at 60°C and SynChropak AX300
using an aqueous pH 7.0 acetate buffer gradient with increasing
acetate concentration at 30°C. Since most of the urinary acids
in the extract have pK's between 4 and 5 (18), the predominate mode
of separation at pH 3.0 is probably sorption rather than ion-
exchange (19); ion exchange would predominate at pH 7.0 or above.
Neither column gave a good separation of urinary acids; only
approximately 25 resolved or partially resolved peaks were ob-
served for both columns. Although the peaks from the SynChropak
column were sharper, the RSiL~AN column and phosphate mobile
phase were chosen for the studies involving two-dimensional chro-
matography because the pH was more compatible with that of the
aqueous phase for the reverse phase column (see below).

Reverse Phase Chromatography

Preliminary studies with standard acid solutions and urinary
acid extracts indicated that the sharpest, most symmetrical
peaks and the best separation of urinary acids on an Ultrasphere
column are obtained with a pH 2.7 phosphate buffer (0.2 M) at 50°C
using a concave gradient from 0 to 70% acetonitrile. Under these
conditions, approximately 85 resolved and partially resolved peaks
were obtained (Figure 1). These results are comparable to those
of Moln&r and Horvath (12), who reported 104 peaks under similar
conditions using a 5 wm Lichrosorb RP-18 column.

The peak area reproducibility of the method was determined
by three injections of the same urine extract. Twenty-eight of
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the Targer and better resolved peaks were chosen for comparison.
The mean and median percent standard deviations of each peak for
the raw areas were b.8 and 4.4, respectively and 5.0 and 3.5,
respectively for normalized areas.

The peak retention times generally had standard deviations
from 0.07 to 0.18 minutes, although somewhat larger deviations
were sometimes observed for peaks having retention times between
5 and 12 minutes.

A similar separation and number of peaks (although a dif-
ferent peak pattern) were observed when methanol was substituted
for acetonitrile in the gradient; however, the pressure reached
5000 psi compared to 3500 psi with acetonitrile. Likewise, a
similar chromatogram was obtained when 0.1 M acetic acid (pH 2.9)
was substituted for phosphate. Although not a buffer, acetic
acid may be appropriate for use when isolation of separate peaks
or fractions from the reverse phase column is required, since
acetic acid can be removed by lyophilization.

As stated above, in order for quantitative metabolic pro-
filing to be useful, it is necessary for all of the components
in the sample to be as completely resolved as possible. While
the optimum conditions for the Ultrasphere column probably have
been attained, it is apparent from Figure 1 that many of the
peaks remain unresolved.

One means of increasing resolution is to increase column
length by connecting two or more columns together. Under fdenti-
cal conditions as with one column, connecting two and three
columns together produced nearly 110 (Figure 3) and 90 peaks
respectively. The apparent decrease in resolution with the
three column system is probably due to the increase in inter-
connective tubing. In addition, using three columns resulted
in an extremely high pressure (8000 psi).

Two-Dimensional Chromatography

A urine extract was separated first on the RSiL~AN anion
exchange column at pH 3.0. Four fractions were taken during the
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separation (indicated by the arrows in Figure 2). The acids
were extracted, concentrated, and then injected into the Ultra-
sphere reverse phase column. Fractions one to four yielded

55, 46, 48, and 56 peaks, respectively (Figure 4A-D). Consi-
dering overlap from adjacent fractions, of the 205 total peaks,
139 appear to be due to different components.

Identification of Components

When the guantitative metabolic profiling approach is used
to investigate diseases, it is not necessary to identify every
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FIGURE 5. A. Chromatogram of a urinary acid extract diluted
1/1 with pH 2.1 phosphate buffer.
B. Chromatogram of the extract from Figure 5A
but diTuted 1/1 with a solution containing nine
organic acids at 100ppm each. The identity of
each numbered peak is given in Table 1. Both
chromatograms were obtained using the conditions
given in Figure 1 and in the text.
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TABLE 1
Tdentification of Some Organic Acids Present in Urine

23

55

Peak Number= Compound

1 4-hydroxy-3-methoxymandelic
3,4~dihydroxyphenylacetic acid
p-hydroxybenzoic acid
m~hydroxybenzoic acid
m-hydroxyphenylacetic acid
4-hydroxy-3-methylphenylacetic acid
4-hydroxy-3-methoxycinnamic acid

X N O U D W

indole-3-acetic acid
9 transcinnamic acid

*Refers to those peaks which are numbered in Figure 5

component in the chromatogram. Only those components need be
identified which show statistically significant differences be-
tween samples taken from diseased versus normal subjects while
positive identification of these components can be made by

retention time comparison and/or by spiking the sample with known

compounds. This 1is shown in Figure 5 which is a comparison of
chromatograms of a urinary organic acid extract vs the same
extract spiked with nine organic acids which are commoniy found
in urine (10). Table 1 lists each peak number and its identity.
Clearly, this tentative peak identification is facilitated by

a highly efficient and reproducible HPLC separation.

CONCLUSIONS
Reverse phase HPLC yields a rapid and reproducible sep~
aration of urinary acids; however, in order to increase resolu-
tion for quantitative measurements, more efficient columns are
required. Efficiency may be increased by connecting columns
together; however, it is somewhat Timited by interconnective
tubing and increase operating pressure. As more efficient 0DS
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columns are developed, especially microbore columns, a greater

resolution may eventually be realized.

Although tedious and time consuming, two-dimensional chro-
matography results in a separation of the largest number of
urinary acids yet reported by HPLC. 1In addition, a greater de-
gree of baseline separation is achieved over one dimensional
HPLC since fewer components are present in each fraction than
are present in the entire sample. Its use is suggested if
components of a specific fraction are to be identified and/or
quantified. With the development of on-Tine techniques; i.e.
automatic column switching, this method may eventuaily become
more practical.
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SEPARATION OF BACTERIAIL MENAQUINONES BY HPLC
USING REVERSE PHASE (RP18) AND A SILVER
LOADED ION EXCHANGER AS STATIONARY PHASES
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Arbeitsgruppe Darmstadt,
Gesellschaft flir Biotechnologische Forschung mbH
Braunschweiqg,
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ABSTRACT

Bacterial menaquinones were separated isocratically on

a reverse phase Li Chrosorb RP18 5 pm and a silver
loaded ion exchanger.

On octyldecylsilica support the separation of the mena-
gquinones depends on their lipophilic character, on the
silver column mainly on the number of double bonds in the
isoprenyl chain. Comparing the runs of both columns the
menaquinones were easily differentiated.

INTRODUCTION

Menaquinones (2 methyl 3 polyisoprenyl 1,4 naphthoquinones)
play an important role in the bacterial electron transport,
oxidative phosphorylation (10) and formation of endospores
(5). The menaquinones are not evenly distributed among
bacteria. They may vary in the length of their isoprenyl
side chain and the degree of saturation. This variation is
taxa specific. The value of menaquinones in bacterial
taxonomy was clearly shown by Yamada (11), Minnikin (9),
and Collins (3).

2359
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For the separation and identification of the different
menaquinone species, various methods were employed. Thin
layer chromatography on different layers (4), mass
gspectrometry (9), and gas chromatography after hydroge-
nation (2). Recent reports point up the value of high
performance liquid chromatography for the separation of
menagquinones. In this regard, reverse phase RP8 as
stationary phase and methanol as mobile phase proved very
effective (Collins, personal communication).

Also, RP18 and dichloromethane/acetonitrile (6) and RP18
and methanol/chloroform with silver ions as modifier (8)
have been used sucessfully. Similar substances have been

separated on silver loaded silicagel supports (1).

For routine analyses these methods have some disadvantages.
The mobile phases containing silver nitrate are guite cor-
rosive and have a high absorbance, and the silver of the
silver impregnated silicagel bleeds from the support after
some time, leading to a reduction of the retention time

of the menaquinones. The separation of the ordinary mena-
guinones (menaguinones with isoprenyl side chains lacking
saturated isoprenyl units) is sufficient with reverse phases
(RP8 and RP18). However, these reverse phases cause problenms
in the separation of natural mixtures of menaquinones with
isoprenyl side chains differing in degree of saturation and
chain length. I now report the separation and identification
of diverse menaquinone mixtures using stationary phases of

different separation behaviours.

MATERIAL AND METHODS

The method of isolation of menaquinones has been des-
cribed previously (7). Menaquinone mixtures of fully
unsaturated menaquinones were obtained from Dr. D. Collins

(Reading G.B.). Partly saturated menagquinones were iso-
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lated from bacterial strains in which the type of mena-
guinone was known from the literature. Their identities
were varified by mass spectrometry. Cilis-menaquinones which
arise by photoisomerisation were identified and isolated
from the naturally occuring trans-menaquinones by silicagel
thin layer chromatography using hexane/dibutylether 85:15
v/v as mobile phase (12). The chromatogramms shown in fig. 1
were obtained by injecting 1-5 pl of the menaquinone mix-—
ture in 2-chlorobutane. The following conditions were em-—
ployed: Apparatus Desapro Milton Roy mininpump simplex with
pulse dampening device and a Rheodyne 7125 injection valve.
The stainless steel column 250x4 mm (Merck 50333) was filled
with Li Chrosorb RP 18 5 jpm. It was protected by a pre-
column (Brownlee Labs. MPLC RP18) and kept at 30° C with

a column oven (Jonesg Chromatography). The flow rate was

1 ml/min acetonitrile/tetrahydrofurane 70:30 v/v (Promochem
Chrom AR), at a pressure of 80 atm. A Uvicord S detector
(LKB) was used at 254 nm with a sensivity set at 0,005 abs.
range. The chart speed was 1 cm/min using a Kontron W+W
6008 recorder. The separations presented in fig. 2 were
obtained by injecting 1 to 20 pl of the menaquinone mix-
ture in methanol. The following conditions were employed:
Apparatus Perkin Elmer LC-pump (series 1) with Rheodyne
7105 injection valve and stopflow fittings. The stainless
steel silver column (250x4,6 mm i.d.) was custom—packed
with silver loaded NucleosilR 108A (Macherey, Nagel & Co,
Diren ¥.R.G.) by Chrompack Nederland, Middleburg, The
Netherlands. It was kept at 65° C by use of a precision
thermostat (Lauda) and protected by a column inlet

filter (Rheodyne). Methanol (Merck 6007) was used as

eluat at a flow rate of 1,5 ml/min and 40 atm pressure.

A Perkin Elmer LC~75 UV-detector with autocontrol was

used at 269 nm, with sensivity set at 0,02 abs. range.

The chart speed was 0,5 cm/min with a Varian A-25

recorder.
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FIGURE 1

Separation of menagquinones (MK) on 5 pm Li Chrosorb®

RP18, column 250x4 mm, mobile phase ACN/THF, 70:30 v/v,

flow rate 1 ml/min, temperature 35° C, sample size 5 pl.

(a) menaquinones with an ordinary isoprenyl side chain
(7-13 isoprenyl-units)

(b) menaquinones with nine isoprenyl units, three (MK9/6)
or four (MK9/8) of them beeing saturated; MK9 internal
standard

(c) menaguinone standard mixture MK1-MK10, conditions as

before except the column, Beckman Ultrasphere ODS
250x4,6 mm

+ ; . .
DSM Deutsche Sammlung von Mikroorganismen (German Collec-
tion of Microorganisms)
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RESULTS AND DISCUSSION

The best resolution of menaguinone homologues were ob-
tained by separation on RP18 phase with acetonitrile/
tetrahydrofurane 70:30 v/v at a flow rate of 1 ml/min.
Homologues differing in number of isoprenyl units (MK1

to MK13, fig. 1a and 1c¢) as well as those with the same
chain length but different degree of saturation (MK9 (H6),
MK9 (H8), fig 1b) could be well separated. The theoretical
plate heigth for MK9 (H2) was 27 jm (9300 plated per 25

cm column). Under these conditions the loss of one double
bond in the isoprenyl side chain resulted in an increase
in retention time eguivalent to 0,7 of an additional iso-
prenyl unit. This separation behaviour caused problems in
differentiating menaguinones with a partly unsaturated
isoprenyl side chain from those with a fully unsaturated
one e.g. MK9(H6) and MK11 (3x0,7=2; 9+2=11, fig. la and
1b) .

Therefore, it became necessary to separate the menaguinones
on an additional stationary phase which had a different se-
paration behaviour. The separation of menaquinones on
octyldecylsilica (RP18) depends mainly on their lipophilic
character. An increase in the retention time occurs by
adding isoprenyl units or pairs of hydrogen atoms

(eliminating double bonds).

FPIGURE 2

Separatioa of menaguinones on a silver loaded ion exchanger
Nucleosil™ 10SA(Ag ) column 250x4,6 mm, mobile phase metha-
nol 100%, flow rate 1,5 ml/min, temperature 65° C, sample
size 10 pl.

(a) + (b) Dbacterial menaquinones with partly saturated
isoprenyl side chains, MK9/4 (a) shows a shorter
retention time than MK8/2 (b), both have the
same number of double bonds

(c) menaquinone standard mixture MKT ~ MK9
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A totally different separation behaviour is obtained by
using a silver loaded ion exchanger. In this case the
bonds of double hond silver complexes compete with the
solubility of the organic mobile phase. These bonds are
gso strong that only menquinones with 9 or less double
bonds are eluted in reasonable retention times (MK9, 57
min at 65° C). Increasing the temperature resulted in
boiling of the methanol use of a more lipophilic mobile
phase had no effect on the retention time. The theoretical
plate height for MK9 (H2) was 60 jpm (4100 plates per 25 cm
column) . As expected (Ag-TLC data), menaquinones with the
same number of double bonds but longer isoprenoid chain
length were eluted earlier thus, MK9(H4) eluted before
MK8 (H2) even though both contained seven double bonds
(fig. 2a and 2b). Cis-menaquinones had shorter retention
times than trans-menaquinones (fig. 2c¢). Menagquinones
with the same number of isoprenyl units and double bonds
but different points of saturation (isomers) were very
well separated on the silver column; e.g. MK8 (H4) of
Micropolyspora brevicatena DSM 43024 and MKS8 (H4) of No-

cardia autotrophica DSM 40011. The mass of both was varified

by mass—-spectrometry.

The results clearly show the wvalue of HPLC for the separa-
tion and identification of menaquinones. By comparing the
different elution profiles of the menaquinones isolated
from bacteria and separated on both columns, the single

peaks can easily be identified.
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QUANTITATIVE HPLC ANALYSIS OF PLASMA AMINO ACIDS
AS ORTHOPHTHALDIALDEHYDE/ETHANETHIOI, DERIVATIVES
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Milford, Massachusetts

A reverse phase high performance liquid chromatographic
method for the analysis of vlasma amino acids is described.
The method employs pre-column derivatization with o-phthaldi-
aldehyde using ethanethiol as the reducing agent. The analysis
shows good linearity and reproducibility. An average overall
difference of 12% was seen for results obtained by the HPLC
method versus those obtained with an amino acid analyzer. The
chromatographic parameters of buffer concentration and column
temperature were also examined.

INTRODUCTION

More than 70 diseases assoclated with defects in amino
acid metabolism have been reported (1). Since most of these
conditions result in abnormal plasma concentrations of one or

several amino acids, plasma amino acid concentration profiles

have been useful in the diagnosis of these disorders.

2369

Copyright © 1982 by Marcel Dekker, Inc.



2370 HILL ET AL.

Amino acids were firsl determined in physiological fluids
by the classic method of Stein and Moore (2). This method
utilized ion-—exchange chromatography and the reaction with
ninhydrin for the separation and detection of amino acids.
Several modifications of this method have been developed (3,4);
however, separation of amino acids in physiological flulids requir:
at least L 1/2 hours.

Amino acids in hydrolysates of proteins have recently been
analyzed by HPLC as phenylthiohydantoin (5,6), dansyl (7) and
o-phthaldialdehyde/thiol derivatives (8,9). Hill et al.(10)
and Lindroth et al.(8) have shown that amino acids in plasma
can be determined in less than an hour by HPLC as o-phthaldi-
aldehyde/ethanethiol (OPA/EtSH) or o-phthaldialdehyde/2-mer-—
captoethanol derivatives. The purpose of the present study
was to characterize the optimal parameters necessary for the
quantitation of plasma amino acids by HPLC as OPA/EtSH deriva—
Lives.

MATERIALS AND METHODS

Chromatographic Systen

Waters Associates Liquid Chromatographic Systems with
two Model 6000A pumps were used for all experiments. One
system utilized a Model A6N solvent programmer, a Model U6K
injector and a Hewlett Packard HP3352D data system, whereas
the other system utilized a ‘odel 720 nicroprocessor solvent

programmer, a WISP T1l0B automatic injector system and a Model
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T30 data module. Both systems were equipped with Schoffel
FS-970 fluorometers adjusted to the following parameters:
excitation wavelength -~ 229 nm; emission cubt-off filter -
B0 nmy time constant - 0.5 s. The sensitivity setting was
adjusted so that tne photomultiplier tube had an absolute
sensitivity of approximately 40 A/1m.

A pBondapack C18’ 30 em x 3.9 mm i.d., reverse phase
column along with a 018/Corasil, 2 em x 3.9 mm i.d. guard
colum was used for all analyses. New columns were conditioned
before analysis of OPA/EtSH amino acids by equilibrating the
column with T70% CHBOH/HEO and then programming to 100% CH_,OH

3

in 15 min and allowing approximately 100 mlL of CH_ OH to flow

3
over the column. The solvent was then changed to 100% water
over a 15 min period. The water was allowed to flow over
the column for approximately 5 min. The solvent system was
then changed to 0.1% (v/v) HBPOh and approximately 200 mL of
the acid was allowed to flow through the column. The column
was flushed with water to remove the phosphoric acid prior to
equilibrating with the solvent system described below. This
procedure was found to be necessary to remove from the column
an acid soluble component that reacted with the OPA/EtSH reagent
and caused rapid degradation of the column. The acid wash of
the columns was required only once.

The temperature of the column was maintained at 28° by

circulating water through an aluminum water jacket that en—
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circled the column. A Haake Model FJ heater/circulator and a
Haake K11 cooling system was used to produce the required
wabter temperature and puwp the water through the column
jacket.

A stock buffer of 300 mM phosphate/518 mM sodium was
prepared by dissolving 11.59 g NaHzPOu-Hgo and 30.66 g
NagHPOM in reagent grade water and diluting to 1 L with
reagent grade water. The buffer was filtered through a
0.45y filter prior to preparing the HPLC solvent systems.
Solvent system A (15.0 mM POM/25.9 mM Na) was prepared by
diluting 50.0 mL of the 300 mM POu/SlS mM Na stock buffer
to 1 L with reagent grade water. OSolvent system By (15.0
mM POM’ 25.9 mM Na, 45% H2O/CH3CN) was prepared by diluting
50.0 mLi of 300 mM POh/SlB mM Na stock buffer and 400 mL of
reagent grade water to 1 L with CH3CN. Solvent System B2
(15.0 mM POy, 25.9 mM Na, 454 H2O/tetrahydrofuran) was pre-—
pared by the same procedure described for solvent system By
except the solution was diluted to volume with tetrahydrofuran
instead of acetonitrile.

Analysis of the OPA/EtSH amino acid derivatives on a
new column resulted in a gradual, parallel decrease in the
retention time of all the amino acid derivatives except argi-
nine. This resulted in a loss of resolution between arginine
and tyrosine. To regain this resolution, the concentration of

the buffer in solvent A and B was increased by using an addi-
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tionald 10.0 mlL of stock buffer. Additionally, 10.0 mL less
wvater was added to solvent systems B so that the concentration
of water remained L5%.

For separation of the amino acid derivatives (except
Gly and Thr) a solvent program consisting of a linear gra-—
dient From 15% (or 10%) solvent By /solvent A to T5% solvent
Bl/solV%ﬂnt A over a period of 60 min was used (System I).
For the separation of OPA/EtSH Gly and Thr derivatives an iso-
cratic system of 30% B2/A was used. After 12 min the solvent was
changed to 5% B2/A to remove the other amino acid derivatives
from the column (8ystem II1). A flow rate of 2.0 mlL/min was
used for both solvent programmed systems. The columns were
reequilibrated to initial solvent conditions by a 10 min re-

verse linear gradient.

Preparation of Standards

Individual crystalline samples of Ie—amino acids were
obtained from Pierce Chemical Co. (AMAC Standard Kit, No. 20065),
Aldrich Chemical Co. (DL citrulline, No. 85,572-3; DI~p~fluoro-—
phenylalanine, No. F1-380-D; Taurine, No. 15,224~2) and Sigma
Chemical Co. (B-alanine, No. A-T7752; DL-g~aminoadipic acid, No.
A-0637; L-n~amino-n-butyric acid, No. A-1879: DL~R~aminoiscbu~
tyric acid,®. A-8504; L-l-methylhistidine, No. M-9005; L~3~-
methylhistidine, No. M-3879; L~ornithine, No. 0-2375). A mix-

ture of o,uumol/mL of each of the following amino acids was
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prepared in 0.1 N HCi: Als, Arg, Asn, Glu, Gin, Gly, His,
Tle, Leu, Lys, Met, Orn, Phe, Ser, Tau, Thr, Trp, Tyr and
Val. Five mb (Q,OO}Jmol each amino acid) of this solution
was placed in several 150 mm x Lh mm test tubes, lyophylirzed
to dryness and glass sealed under the original vacuum. Fresh
standards were prepared daily by dissolving the residue from
one of the lyophylized standards with 4.0 mlL of 0.1 N HCL to
produce a 500 nmol/mlL stock standard. Other amino acids
standards were prepared by diluting aliquots of this solution
with 0.1 N HCI.

A stock solution of the internal standard (2.00 mol/ml
fluorophenylalanine ) was prepared by dissolving 37.7 mg of 97%
DL—fluorophenylalanine in 0.1 N HCYl and diluting to 100 mL
with 0.1 N HCl. The working internal standard solution (20.0
nmol/mi, fluorophenylalanine) was prepared by diluting 1.0 mL
of the 2.00 pmol/ml fluorophenylalanine solution to 100 mlL with

methanol.

Preparation of OPA/FtSH Amino Acid Derivatives

Two methods, a macro and a micro method were used to pre-
pare OPA/BtSH derivatives of amino acids in plasma and standards.
In the macro preparation, 2.00 mL of methanol or internal
standard solution were placed into a 15 ml glass-—stoppered
centrifuge tube. Three-tenths mL of standard aminoc acid

solution or plasma (or serum) was slowly added to the methanol
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with intermittent mixing. ''he solution was mixed on a vortex-
type mixer for 15 s and then centrifuged at 1200 x g for 5 min.
One ml, of the supernatant phase was transferred to a 5.00 mL
volumetric flask. 'The reaction was initiated by adding, in order,
0.5 mL of saturated borate Buffer (pH 9.5), 1.0 mL of 20 uL/mL
ethanethiol {(in methanol) and 1.0 mL 20 mg/mL o-phthaldialdehyde
(in methanol). The total was diluted to 5.00 mL with methanol
and allowed to remain at room temperature for at least 2 min for
completion of reaction before analysis of 5 to 10 puL on the HPLC
system.

In the micro method, 30 uL of amino acid standard or plasms
(or serum) sample were added to 200 uL of internal standard
solution in a 5 mL glass-stoppered centrifuge tube. The solu—
tion was mixed on a vortex-type mixer for 15 s and then centri-
fuged at 1200 x g for S5 min. One hundred pl. of the supernatant
phase was transferred to a 15 mL centrifuge tube. The reaction
was initiated by adding, in order, 20 pl saturated borate buffer
(pH 9.5) and 10 UL/mL ethanethiol/20 mg/ml, o-phthaldialdehyde in
methanol. The solution was allowed to stand at room temperature
for at least 2 min Before analysis of 5 to 10 ul on the HPLC

system.

Quantitative Analysis

Mixtures of three or four of the standard amino acids

were analyzed on the HPLC gsystem at concentrations ranging
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from 500 nmol/ml to 10 nmol/ml. The peak area (AS) of

each amino acid derivative was divided by the concentration
(CS) to produce the response factor (k). The response fac-—
tor for each concentration of a given amino acid was averaged

to determine the k that was used to calculate the concentra—

tion of the amino acid in the sample (Cu) as follows:

Au: Area of amino acid derivative in sample

Optimization of OPA/ELSH Reagent Concentration

A plasma sample was prepared for amino acid analysis by
mixing 1.5 mlL of plasma with 10.0 mL of methanol in a culture
tube. Following centrifugation at 1200 x g for 5 min, 1.0 mlL
of the supernatant phase, 1.0 ml of 300 nmol/ml, amino acid
standard and 0.5 ml, saturated borate buffer (pH 9.5) were
added to six 5.00 mL volumetric flasks. One of the following
volumes of a solution containing 100 mg OPA/100 uL EtSH per mL
methanol was added to one of the reaction flasks: 0.005,
0.025, 0.050, 0.100 or 1.00 mL. The solutions were diluted
to 5.00 mbL with methanol. Five pl of each sample were analyzed
by the described HPLC system 2 min after initiating the reac-
tion. To determine the optimal amount of OPA/EtSH necessary

for complete reactivity with the amino acids in plasma, the
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sum of the area of the peaks for all amino acids in a profile

was plotted against the concentration of OPA/EtSH.

Effect of Buffer Concentration on Retention of OPA/ELSH

Amino Acids

Six sets of A and By solvent systems were prepared con-
taining different concentrations (3.00/5.16, 6.00/10.3, 9.00/
15.5, 12.0/20.6, 15.0/25.8 and 18.0/31.0 mM POu/mM Na) of sodium
phosphate buffer, while maintaining a 45% concentration of
water in solvent Bl and the same pH in all systems. A sample
of OPA/EtSH derivatized amino acids (19.6 pmoles each) was
analyzed by the described HPLC system using each set of A and
Bl solvent systems in turn. The effect of the change in
buffer concentration was visualized by plotting the retention

time for each amino acid derivative against the buffer concen-

tration.

Effect of Column Temperature on the Retention of OPA/EtSH

Amino Acids
Using the described HPLC system, 19.6 pmol of OPA/EtSH
amino acid standard was analyzed using column temperatures of
o o o (o} o 0
157, 20°, 257, 28°, 30~ and L40~. The effect of column temper-—
ature on the retention of each amino acid derivative was
observed by plotting the retention time of each amino acid

against the column temperature.
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Comparison of Plasma Amino Acid Concentrations Determined by

an Amino Acid Analyzer and by the Proposed Method

Samples of plasma were collected from six heslthy rats
and were analyzed for Thr, Ser, Pro, Gilu, Gly, Ala, Val,
Met, Ile, Leu, Tyr, Phe, Lys, His and Arg on a Beckman 119C
Amino Acid Analyzer. The samples were also analyzed by the
procedure described in the present study. The data from
both methods were compared by taking the absolute difference
in the values obtained by the two methods and dividing by
the value obtained by the amino acid analyzer. This number

was multiplied by 100 to obtain the percent difference.

RESULTS AND DISCUSSION

Figures 1 and 2 show chromatograms of OPA/EtSH deriva-—
tives of standard amino acids, using system I and system IT
respectively. Attempts were made to resolve the Gly and Thr
derivatives in one system along with the other amino acid
derivatives shown sevarated in Figure 1. As indicated by
Larsen et al. (11), Jones et al. (9) and Figure 2, the use of
tetrahydrofuran in the solvent system is effective in re-~
gsolving Gly and Thr, however, small amounts of tetrahydro-
furan added to either solvent A or solvent Bl in system T
resulted in either the loss of resolution between Ser and Gln
or Ile and Trp or the loss of resolution betw en both sets
of these amino acids. Since system I gives baseline reso-

lution between Gly and Thr, it was decided to sacrifice the
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Figure 2. Chromatogram of OPA/FtSH Amino Acid Standards.
Chromatogravhic System IT.

separation of this pair of amino acids in system T, in order

to maintain good baseline resolution of all other amino

acids and to use system II to analyze Gly and Thr separately.

In addition to those amino acids shown in the chromato-
gram in Figure 1, the elution order of several other amino

acids in system I is listed in Table i, A comparison of

retention times of amino acids relative to fluorophenylalanine

is listed. These sets of data were obtained six months
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TABLE 1

Blution Order of OPA/EtSH Amino Acids on Bondapak C18 in

System T
Amino Acid RR 1,2 RR 1.3

t t
Aspartic Acid 0.101 0.106
Glutamic Acid 0.166 0.168
aAminoadipic Acid 0.226 —
Asparagine 0.355 0.357
Serine 0.398 0.399
Glutamine 0.426 0.430
Histidine 0,418 0.khs
Citrulline 0.490 —
Threonine 0.505 0,506
Glycine 0.505 0.506
1-Methylhistidine 0.5h41 -
Alanine 0.588 0.590
Arginine 0.610 0.639
R-Alanine 0.646 —_—
Tyrosine 0.66L 0.663
Taurine 0.702 0.706
R~Aminoisobutyric Acid 0.702 —
g~Amino-n-butyric Acid 0.702 _—
Valine 0.789 0.795
Methionine 0.817 0.826
Isoleucine 0.891 0.902
Tryptophan 0.91h 0.920
Leucine 0.926 0.939
Phenylalanine 0.9u47 0.957
p-Fluorophenylalanine 1.000 1.000
Ornithine 1.385 1.h427
Lysine 1.437 1.483
1 RR, = Retention time of OPA/EtSH amino acid relative to

theé retention time of OPA/EtSH p-fluorophenylalanine.

of OPA/EtSH amino acids determined on column number
11513h on 11/80.

_ of OPA/EtSH amino acids determined on column number
13&09& on 5/81.
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apart on two columns containing different batches of yBonda-
pak C18 column material. Relative retention times between
the two runs are proximal. Note that Gly and Thr co-elute.
g-Amino-n~butyric acid and R-aminoisobutyric acid co-elute
with Tau.

A chromatogram of OPA/EtSH derivatives of amino acids
extracted from a normal rat plasma is shown in Figure 3.
The amino acid derivatives were identified by comparing the
relative retention times of the peaks in the sample profiles
to the relative retention times of the amino acid standards.

The average variation in the retention time of the 20
amino acids in the standard solution when analyzed six times
was 1.9% CV (range 1.6% to 2.L%). TFor the same set of samples
the average relative retention time varied by 0.3% CV (range
0.1% to 0.6%). The retention data suggest that the identifi-
cation of amino acids should be evaluated on the basis of the
relative retention time,

Linear regression analysis of the peak area of each amino
acid versus the amino acid concentration over a range of 500
to 5 nmmol/mL gave a correlation éoefficient of 0.999 or bebter
for all the amino acids in the standard solution. Figure L
shows a standard curve for 3 representative amino acids. The
curve illustrated for Ala is representative of the slope that
was obtained for most of the amino acids. The curves obtained

for Orn and Lys had a lower slope value than the other amino
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acid derivatives. This has been observed by other investiga-
tors in both post-column and pre-~column derivatization with
OPA /mercaptoethanol (8, 9, 12, 13). The cause may be due to
the presence of two fluorescent isoindole structures, as oc-
curs for both Orn and Lys, causing an internal quenching of
the flurocescence of each structure. The fact that the slope
for Lys was greater than the slope for Orn suggests that a
greater distance between the two isoindole structures results
in less internal quenching effects. The slope for Trp has a
larger value than that of the other amino acid derivatives.
This was probably due to the natural fluorescence of Trp en-
hancing the fluorescence of the adduct.

The relationship between the peak area response and the
amount of derivatizing reagent used in the reaction of a plas-
ma extract containing 2.3 umol/ml additional concentration of
each amino acid is shown in Figure 5. For the proposed deri-
vatization procedure (utilizing 0.3 mL of vlasma), the data
indicated that 1 mL of a solution containing 5 mg OPA/5 uL
EtSH was sufficient for complete reactivity of all amino
acids in plasma even when present at a concentration several
times normal. In order to be sufficiently upon the plateau
of the reactivity curve a concentration of 20 mg OPA/20 UL
EtSH per mL was chosen for routine applications. The ratio

of OPA/EtSH was maintained at approximately 1:2 to insure



2386 HILL ET AL.

6.00

5.

4.00

(o8

Total Peak Area (Tx106)

} L
0 4.0 8.0 127 %0 100
OPA/EtSH (mg/ul)

Figure 5. Optimum Concentration of o-Phthaldialdehvde and
Ethanethiol for Complete Reaction of Amino Acids in Plasma.

that ethanethiol was the only thiol present in sufficient
quantity to form the fluorescent derivative.

Hill, et al. (10) demonstrated that a change in the
buffer concentration in the HPLC system affected the reten-
tion of the Tau and Tyr OPA/EtSH derivatives but not the re-

tention of Arg. It was suggested that the sodium ion was re-
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sponsible for the effect. Lindroth et al. (8) demonstrated
that changing the buffer concentration in the solvent system
affected the retention of all the OPA/mercavtoethanol amino
acid derivatives except Arg or ammonia. Data were presented
that suggested that the phosphate ion was responsible for the
effect and not the sodium ion. Figure 6 shows the effect of
changing the buffer concentration on the retention time of
several of the OPA/EtSH amino acid derivatives. As observed
for the OPA/mercaptoethanol amino acid derivatives an increase
in buffer concentration results in an increase in the retention
time of all OPA/EtSH amino acids except the Arg derivative.
Additionally, Larsen et al. (11) have shown this same effect to
occur by increasing the concentration of the counter ion
triethylamine in the solvent system.

Tt was observed that as samples or standards were anal-
yzed, the retention time of each aminc acid, except Arg, de-—
creased. The resolution between all amino acid derivatives
remained constant except between Arg and Tyr which deteriora-
ted. As suggested by the data in Figure 6, increasing the
concentration of the Na/POh buffer in the solvent system
resulted in regaining the original retention time of all the
amino acids as well as the resolution between Arg and Tyr.
Changing the buffer concentration to maintain Arg-Tyr resolu-
tion 1g described in the Materials and Methods section. The

similarity in the effects of column aging and decreasing
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PLASMA AMINO ACIDS 2389

63.0
Lys W“”"““M"‘”“‘"“"”‘@"w-m-o-\o
Orn e .
ey
57.Q
51.0]
45. 0

?he

r

I]g 5\-‘\1—*\*

39.0 ® Leu
1 Met

38.

O

Retention Time (min)
= J5
f o R S

27.

Gin
21. Ser
Asn \\\

Nel

O

Asp w@,
g

8.0 160 24.0 32.0 40.0
Column Temperature (°C)

Pigure 7. Effect of Column Temperature on the Retention
of OPA/EtSH Amino Acids on a uClg Column.



2390 HiLL ET AL.

buffer concentration on the retention of the amino acid deri-
vatives suggested that the two phenomena were related.

As expected, increasing the temperature of the column
(Figure T) caused a decrease in the retention of all the amino
acids; however, there was little change in the resolution
between most peaks. Exceptions to this were in the resolu-
tions of Trp and Leu which tend to co~elute at low temperatures;
Phe and Leu, and Trp and Ile which tend to co-elute at high
temperatures; and Thr and Gly which begin to separate at either
high or low temperatures., The Thr-Gly resolution was slight and
losses in resolution of the other amino acid pairs prevented
high column temperature from being used to resolve Thr-Gly in
a total system. Temperatures low enough to resolve Thr and Gly
resulted in peak broadening and loss of resolution between
the Trp-Leu amino acid pair. A temperature of 28° appeareéd
to be optimal for resolving the greatest number of amino acid
pairs.

Table 2 lists a comparison between rat plasma amino
acld concentrations obtained by the amino acid analyzer and
the HPLC method presented in this study. Of the amino acids
studied, the values differed by as much as 31% and as little
ag 0%. The average difference for all the amino acids was
12.3%.

Recently, Fernstrom and Fernstrom (1h4) reported reason-

able correlation between amino acid profiles obtained by the
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HPLC method presented here with those obtained by an amino
acid analyzer. Additionally, they have demonstrated that
amino acid concentration profiles obtained by the HPLC method
on plasma from rats with experimental diabetes was diagnostic
for the disease.

The amino acid analysis presented in this study offers a
rapid and sensitive alternative to the time-consuming ion-ex-
change methods currently in use for determining plasma amino
acid concentrations. PFurther studies are in progress to

determine the accuracy of the HPLC method.
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A COMPARISON OF RADIALLY--COMPRESSED AND STAINLESS
STEEL COLUMNS FOR THE REVERSED-PHASE TON-FAIR
SEPARATION OF PHENCYCLIDINE SYNTHETIC MIXTURES

Rodney W. Beaver, Louis A. Jonesf and Carl J. Long 11,
Department of Chemistry
North Carolina State University
Raleigh, North Carolina 27650

ABSTRACT

The reversed-phase ion-pair HPLC separation of phencycli-
dine synthetic mixtures was optimized utilizing Radial-Pak
radially compressed columns. Variables examined in the optimi-
zation included column type (C-18, C-8, or CN), pairing ion
(methane—, pentane-, hexane-, or octane sulfonates) and mobile
phase composition (varying concentrations of methanol or aceto-
nitrile in water). The chromatographic behavior of the phen-
cyclidine mixtures in the various systems utilizing radially
compressed columns is compared and contrasted to a similar
previous study which examined similar variables on stainless
steel columns. The optimum system for radially compressed
columns was found to consist of a Radial-Pak C~18 column and a
mobile phase of 85:15 MeOH:H, 0, 2.5% acetic acid, 1% triethyl-
amine and 5mM sodium hexane Sulfonate.

AINTRODUCTION

In a previous study (1), an optimized HPLC separation for
crude synthetic mixtures of phencyclidine (l-(l-phenylcyclohexyl)
piperidine, PCP, %) was reported. In that study, the separation
of 1 and cosynthetics 1-[1-(1,1'-biphenyl~4-yl)cyclohexyl]piperi-
dine (%), 1-[1-phenylethyl)cyclohexyl]piperidine Q%)B and 1,1'-
(1,4~phenylenedicyclohexylidine)bis[piperidinel] (ﬁ) (see Figure 1

2395
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FIGURE 1

Structures of PCP (;) and some identified co-synthetics,

for structures) was optimized utilizing stainless steel analyti-
cal (8SA) columns and a reversed-phase paired jon method. The
success of this study prompted us to investigate the efficacy of
radially—compressed columns for a similar analysis, and we wish
to now report the results of this study and compare them with the
previously reported results for SSA columns (1).

In the original study (1), compounds L and 2 were used as
the probe compounds for the determination of the selectivity
factor, o, since they constituted the major components of the
mixture (2). A total of 11 peaks were observed using the opti-
mized conditions (C-18 column, 70:30 MeOH:HZO, 5m&»C6Hl3SO3Na,

pH 3.5 with CH3COOH and a flow rate of 2,5 ml/min): the later
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eluting peaks (larger k's) being small and not well-resolved,
In the studies reported herein, it was noted that these strongly
retained compounds were not observed except in organic-rich
mobile phase mixtures, suggesting a high degree of hydrophobic
character for these later eluting compounds. Since these com-
pounds were of minor consequence, our study was limited to the
compounds eluting before that peak attributed to compound 2.
During the determination of the k'~ and a-values of i and
2 as a function of solvent strength, it was observed that as
the concentration of the organic component of the mobile phase
decreased, the peak previously attributed to 2 began to separate
into two peaks, the smaller being the more retained (vide infra).
Some preliminary evidence that this peak did indeed consist of
two compounds was previously obtained by collecting the peak
semi-preparatively from a 5/8'" C-18 column and, following workup,
comparing the mass and NMR spectra. Slight differences in these
spectra were observed compared to the synthetic g: and it is
suspected that the second peak represents an isomer of 2,
Important, however, is the demonstrated increased resolution of the

Radial~Pak columns over that of the SSA colummns.
EXPERIMENTAL SECTION

Apparatus
A Waters Associates (Milford, MA) ALC 244 Liquid Chromato-

graph was used for all analyses. Mobile phase delivery was
accomplished by twin M6000A pumps interfaced through the Waters
model 66U solvent programmer. Detection was by UV at 254 nm at
a sensitivity of 0.02 AUFS. Chromatograms were obtained using

a Houston Instruments Omniscribe strip chart recorder (Houston,
TX). Columns were radially compressed in the Waters Radial
Compression Module. Columns examined included the 10cm x 8mm id

Radial-Pak C-18, C-8, and CN (all Waters).
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Reagents and Samples
Pl 2,

All solvents were prepared exactly as described previously
(1) except that 1% triethylamine (TEA) was added. Crude PCP was

synthesized according to the method of Kalir (3).

Analysis and Calculations

The standard solution used for the determination of k' and
the selectivity ratio, o, was 0.30 pg/uL of crude PCP in MeOH.
Each injection was 10.0 UL at a mobile phase flow rate of 2.5
mL/min. Column void times (to) were obtained by injection of

pure MeOH or H,0. The k' values for PCP and 2, and o (the

2 2/1
selectivity between 1 and 2), were calculated in the usual

manner (4).

RESULTS AND DISCUSSION

Table 1 contains the values of least-square slopes and

intercepts for log k', vs. % organic in the mobile phase for

each of the pairing ééénts examined on the Radial-Pak C-18, C-8
and CN columns. With MeOH as the organic modifier, both the
absolute value of the slope ([slope|) and the y-intercept de-
crease in the order C-18 > C-8 > CN column for a given pairing
agent., The value of Islcpe] is an indication of the sensitivity
of log k' to changes in %MeOH, i.e. the steeper the slope (larger
lslope|) the more effect a small change in %MeOH will have on

the retention of the solute (1). The y-intercept, corresponding
to log k' at 0% MeOH, is an indicator of the ability of a narti-
cular column (or pairing agent) to retain the analyte (i.e. large
values for y-intercept mean greater retention). Since both y-
intercept and |slope| decrease as column polarity is increased,
it is obvious that the more non-polar column (i.e., C-18) permits
more control of analyte retention for a given pairing agent with

MeOH containing mobile phases.
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As Table 1 shows, log k'I varies less predictably when
10 C5 , and
C6SO3Na pairing agents, the y-intercept decreases as column

polarity is increased, but a sharp increase in intercept is

MeCN~containing mobile phases are used. Tor the C

noted for C8SO3Na on the CN column, It is to be noted that the
y~-intercepts are different on the same column for MeOH and MeCN
mobile phases. Since the y-intercept represents k' at 0%
organic, this difference would appear to be a contradiction to
the concept that k' should be the same in 100% aqueous mobile
phase, However, in mobile phase compositions of less than 30%
organic, log k' vs. % organic begin to deviate from linearity,
The extrapolation to give the log k' values shown in Tables 1

and 2 utilized the linear range of values. The change in lslope!
is even less predictable in MeCN mobile phases with no systematic
trend being noted. At this time, no explanation oresents itself
to account for the apparent randomness of analyte retention in
MeCN mobile phases. However, similar differences in the behavior
of log k' in MeOH- and MeCN- containing mobile phases were ob~
served in the previous study using SSA columns (1).

The least~square slopes and intercepts were determined for
Compound‘%’on each column and with each pairing agent (Table 2),
and for any given column type and pairing agent combination, both
|slope[ and y-intercept were larger for 2, than for 1 under the

same conditions. This is not unexpected, since contains an

2.
additional (relatively non-polar) phenyl group.
The experimental and predicted values for k’l on both the
SSA C-18 column (from the previous study (1)) and on the Radial-
Pak C-18 column are compared in Table 3. It is interesting to
note that for each pairing agent/% MeOH combination, k’l is
smaller for the SSA column than for the Radial-~Pak cold;ﬁ, A
possible explanation for the greater retentivity of the Radial-

Pak column relative to the SSA column lies in the fact that the
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TABLE 3

Experimental and Predicted™ k' ~Values as a Function of % MeOH
and Pairing Ton Using SSAZ and*Radial-Pak C~-18 Columns.

SSA C-18 Radial~Pak C-18
Y ¥ ] k 1 ¥
% MeOH Exptl., k n Pred. k 1 Exptl, k 1 Pred. k 1
CSSO3Na
45 4,35 3.80 - - - -
50 2.68 2.55 15.24 -
60 1.07 1.14 7.18 7.31
65 0.72 0.77 - - -
70 - - - 3.48 3.69
80 0.17 0.23 1.84 1.86
90 - - - - 0.95 1.06
C6503Na
45 7.19 6.81 - - - -
50 - - - s - -
55 2.60 2.75 - - -
60 1.60 1.75 7.80 7.82
65 1.10 1.11 - - =
70 0.71 0.71 3.92 3.89
80 - - 1.95 1.94
85 . - L.41 1.37
90 - - - - 0.98 1.04
C8503Na
55 8.45 7.12 - - -
60 3,49 4,09 9.13 8,93
70 - - - - 4.11 4,33
75 0.75 0.77 - - -
80 0.41 0.44 2.23 2.09
85 - - - 1.39 1.46
90 0.16 0.15 1.01 1.01
a
Predicted values are as predicted using equation
.
b

Data taken from Ref. 1
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Radial-Pak packing material is not end-capped after the reaction
which bonds the octadecysilane moiety to the silica-gel (the C-18
SSA column utilized in (1) was end-capped). The lack of end-
capping exposes the solute to free silanol groups present on the
silica base. Interaction of the positive, protonated nitrogen
in the piperidyl ring of L with these silanol sites could result
in increased retention. As noted in the Experimental Section,
triethylamine (TEA) was added to the mobile phases used on
Radial~-Pak columns in an attempt to minimize these secondary
"polar" interactions. Mobile phases which did not contain TEA
were found to be unacceptable due to severe peak tailing. The
fact that addition of TEA significantly improved peak shapes is

"polar" interactions. It should be

indicative of these proposed
noted that the non-end-capped silica and the addition of TEA to
the mobile phases results in a fundamentally different system
for the Radial-Pak columns as opposed to the SSA columns. The
comparisons between Radial-Pak and SSA columns made herein
reflect not only the differences due to the compression of the
Radial-Pak columns, but primarily the differences due to mobile
phase and packing material chemistry.

The log k' values for 1 and 2 were fitted to an equation of
the form

log k' = a (% MeOH) + b (nC) +
¢ (ZMeQOH) (nC) + d

)

using the GLM procedure of SAS (5), where %MeOH is the concentra-
tion of MeOH in the mobile phase and nC is the chain-length of
the sulfonate pairing-ion (i.e. for hexane sulfonate nC=6). The
derived a, b, ¢, and d parameters are tabulated in Table 4 for
each of the columns examined.

In order to determine the optimum system for the separation

of PCP and its cosynthetics, (the selectivity ratio between

o
2/1
2 and 1) was maximized since our previous study (1) had shown

that as the separation of 1 and 2 increased, all components were
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TABLE 4

Coefficients for Equation 1 for PCP (1) and g/on Three Different
Radially Compressed Columns .2

For PCP(&) -

Column a b [ d
Cc-18 ~0.0267 0.0646 ~0,000598 2.32
Cc-8 -0.0259 0.0722 -0,000718 1.97
CN -0.0172 0.0359 -0.000354 0.980
For g -
Column
c-18 -0.0413 0.0678 -0.000733 4,03
C-8 ~0.0410 0.00764 -0.000224 3,77
CN -0.0298 0.0223 ~0.000159 2.26
a
Correlation coefficients for the equations
on each of the columns were >0.995 for 1
and >0.993 for 2.
increasingly well-resolved, Tigures 2, 3 and 4 are three-dimen~

gsional plots of §2/£

plots were generated using the SAS/graph procedure (6) and solv-

as a function of both % MeOH and nC. The

ing
_ 104 eq 1 for compound 2

gg/} 104 eq 1 for compound 1

for MeOH percentages of 30~90% at 2% intervals and pairing ion

chain lengths of 5 to 8 at 0.1 intervals. The %91

each plot was arbitrarily clipped at o = 3.5 sinzemqualitative

(z) axis in

examination of the chromatograms showed that an o value of 3.5
was more than sufficient to result in resolution of all peaks of

interest while keeping analysis times relatively short.
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Examination of Figs.

capable of achieving o values

tions examined.

in the order C-

as a function of

ALPHA VALUES GREATER THAN 3.5 SET EQUAL T0 3.5
FIGURE 3

% MeOH and nC on the radially

column,

2-4 shows that all three columns are

of 3.5 within the range of condi-

However, the "steepness' of the plots incréases

18 (Fig 2) > C~8 (Fig 3) > CN (Fig 4). The fact

that the C-18 column exhibits the steepest slope indicates that,
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30
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FIGURE 4

Plot of o Jq @8 a function of % MeOH and nC on the radially

N

¢

CN column,

[aR

compresse

for a given 7 MeOH, the C-18 column would yield the largest o
value of the three columns examined. It is interesting to note
that this steepness occurs only in the 7% MeOH (x) direction. The
plots are all relatively flat in the nC (y) direction, indicating
that pairing-ion chain length exerts little effect on the separa-

tion of 1 and 2.
acd A
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[« 2.

T
3
mins

FIGURE 5

Chromatogram of crude synthetic PCP mixture. Numbers correspond
to structures in Figure 1., Conditions: 85:15 MeOH:Hzo, SmM
C.S0,Na + 1% TEA and 2.5% HOAc; Flow rate 3.5 mL/min; UV @ 254

6" "3
nm, 0.1 AUFS: Radially compressed C-~18 column,
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Figure 5 illustrates the separation of a crude PCP mixture

obtained on a Radial-Pak C-18 column. The chromatogram shown in

Vig, 5 was obtained using conditions which were predicted fyrom
Fig. 4 to yield approximately a7/l = 3.5 (i.e. 85:15 MeOH:HZO

~

with C6SO3Na as pairing agent). The actual value of aZ/l

E
measured from the chromatogram is approximately 3.6, As demon-

as

strated in Figures 3 and 4, an equivalent o can also be

2/1

~

obtained on the C~8 or CN columns by decreasing the amount of
MeOH in the mobile phase. However, the more MeOH-rich mobile
phase is preferred since MeOH~rich mobile phases are less viscous,
allowing higher flow rates at lower pressures, thereby reducing
analysis time,

Close examination of the peak attributed to compound 2 in
Fig., 5 shows a slight deformation on the trailing edge of the
peak, This shoulder is attributed to the possible presence of an
isomer of 2 (vide supra), Further separation of this shoulder
can be achieved by further decreasing the % MeOH in the mobile
phase at the cost of substantially increased analysis time,
Figure 6 illustrates a chromatogram in which the shoulder is more
completely resolved utilizing 7ZMeOH = 75, However, the increase
in resolution required an approximate two-fold increase in
analysis time, substantially increased tailing for the compound
1 peak, and resulted in a greatly decreased detection efficiency
for 3, 4, and other (unidentified) peaks in the mixture,

Tn summary, the liquid chromatographic behavior of 1 has
been determined under reversed-phase paired ion conditions on
radially compressed columns. An optimized system (consisting of
a C-18 Radial-Pak column and a mobile phase of 85:15 MeOH:HZO,

5 mM hexane sulfonate, 2.5% acetic acid and 1% TEA) is presented
for the separation of 1 and cosyntheties 2, 3, and 4 on radially
compressed columns and the method demonstrated on a crude
synthetic PCP mixture. It was shown that the Radial-Pak C-18

column could provide superior resolution (relative to the SSA
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5
MIN
FIGURE 6

Chromatogram of crude synthetic PCP mixture illustrating in-
creased resolution of shoulder from peak attributed to 2.

Conditiong: same as Tig. 1 except 75:25 MeOHzHZO.

C-18 column) for a suspected isomer of 2. Comparisons of log k'
vs., %4 MeOH plots for the Radial-Pak C~18 column and the SSA C-18
column showed that PCP has a much higher affinity for the Radial-
Pak C~18 column. Whether this increased affinity is due to
hydrophobic or polar interactions is not clear at the present
time. However, we suspect that the differences in affinity are

due to polar interactions since it was necessary to dope the
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mobile phases used on Radial~Pak columns with TEA to obtain

acceptable peak symmetries.
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ABSTRACT

The clean-up and analysis of cimetidine in human urine and
blood is described., Samples were prepared by adsorption on Waters
Sep-pak C-18 disposable pre-columns in basic solution followed by
elution in 1 ml methanol. For blood samples, the eluate was concen-—
trated under a stream of nitrogen; urine samples required no further
concentration. The separation was performed on a reversed phase co-
lumn using a mixture of methanol-1 mM sodium dodecyl sulphate in a
10 mM phosphate buffer of pH 3.0 (35:65) as mobile phase. Procaine
was used as internal standard., Detection was by UV at 228 nm yiel-
ding a minimum detectable guantity of 20 ng with linearity over
three decades of concentration.

INTRODUCT ION

Cimetidine (Tagamet®, SKF) (N"-cyano-N-methyl-N'-[2 (5-methyl-1H-
-imidazol-4-yl)methyl-thicethyl]guanidine), a histamine H, receptor
antagonist, inhibits the secretion of gastric acids and has been used
very effectively in the treatment and maintenance of patients with
duodenal and peptic ulcers and in the treatment of Zollinger-Ellison

syndrome (1-3).
2413
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Although adverse side efflects are generally minor and gastro-
intestinal in nature (4,5), there are reports of more serious reac-
tions including CNS adverse effects (6,7). Furthermore, the action
of cimetidine has been shown to be dose dependent (8). For these
reasons, the analysis of cimetidine in biological fluids, particu-
larly blood and plasma is of clinical interest.

Several high performance liquid chromatography (HPLC) analyses
of cimetidine have appeared in the literature (9-15) utilizing both
normal phase and reversed phase separations., Reversed phase separa-
tions have been performed with a variety of mobile phases, inclu-
ding highly basic solutions with high percentages of organic modi-
fier (9) and acidic solutions with low modifier concentrations (14).
While the use of mobile phase of pH 8 or above easily leads to co-
lumn degradation via silica dissolution, the acidic mobile phases
used offer limited range of capacity factors due to the low reten-
tion of cimetidine under acidic conditions. Sample preparation pro-
cedures reported have required double or triple extractions (9,10)
or at least single extraction steps followed by concentration steps
(13-15) .

This paper describes a reversed phase separation using a mobile
phase containing ion pair reagent offering improved control over ca-—
pacity factors. The clean-up procedure utilizes Waters Sep-pak C-18

cartridges for a rapid clean-up and concentration,

Reagents and Samples

Analytical grade methanol was obtained from E. Merck (Darmstadt,
GIR) ., HPILC-grade water was prepared using a Milli Q water system
(Waters Millipore, Millford, MA, USA). Potassium phosphate and so-
dium dodecyl sulphate (SDS) were obtained from Baker (Deventer, The
Netherlands). Cimetidine (CMT) was obtained from Smith, Kline and

French Labs (Philadelphia, PA, USA) and procaine hydrochloride fxrom

Sigma (St. Louis, MO, USA).
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Blood and urine samples were taken from a duodenal ulcer pa-
tient receiving cimetidine in 400 mg doses at 12 hour intervals.
Blood samples were prevented from coagulating by the addition of

o
NaEDTA. All samples were stored in a refrigerator at 5 C.

HPLC Apparatus

The HPLC system consisted of a Gilson (Villers le Bel, France)
Model 302 single piston pump with a Kontron (ZUrich, Switzerland)
Model 812 pulse dampener, A Valco Instruments (Houston, TX, USA)
high pressure six port model CV UH Pa valve with a 20 pul loop was
used for sample introduction. A Pye Unicam (Cambridge, UK) Model LC
3 variable wavelength UV detector was used as a detector at 228 nm.
A Kipp and Zonen (Delft, The Netherlands) BD-8 multi range recorder
was used to record detector out-put. The HPLC column consisted of a
10 cm x 4.6 cartridge column system packed with 10 pum C-18 material
from Brownlee Labs (Clara, CA, USA) Sep-—pakR C-18 cartridges

were obtained from Waters.
METHODS

The HPLC mobile phases consisted of mixtures of methanol and 1
mM sodium dodecyl sulphate in a 10 mM phosphate buffer of pH 3.0,
Routine analyses were performed using 35% methanol., The use of mix-
tures of methanol and 0.1% solution of ammonium hydroxide was also
investigated. The mobile phases were filtered using a 0.5 um Waters
Millipore solvent filtration system and degassed under vacuum in an
ultrasonic bath,

Samples were prepared as follows. To 1-5 ml of blood or urine
was added one drop of ammonium hydroxide giving the sample a pH of
approximately 10, An appropriate amount of the internal standard pro-
caine (1 mg/ml for urine and 20 ug/ml for blood) was also added. The
sample was passed through a Sep-pak C-18 cartridge which had previous-~
ly been washed with a dilute ammonium hydroxide solution. The cartrid-

ge was then washed with 10 ml of a dilute solution of ammonium hydrox-
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ide (pH 10) and 10 ml of the 1 mM sodium dodecyl sulphate in 10 mM
phosphate buffer at pH 3.0. Following the washes, the cimetidine
was eluted from the cartridges with 1 ml methanol. For the analysis
of blood, this eluent was concentrated to 50 ul under a stream of
nitrogen., In the case of urine samples this concentration step was

not required.

RESULTS AND DISCUSSION

Initial tests were run using a mobile phase consisting of mix-—
tures of methanol and 0.1% aqueous solution of ammonium hydroxide.,
Figure 1 shows a plot of log k' vs % methanol. This system provided
adequate retention, but rapid degradation of the analytical column
resulted due to silica dissolution., Although this effect could be
circumvented via the use of silica presaturation of mobile phases,
we preferred to develop a simpler system using ion pair chromato-
graphy. Using sodium dodecyl sulphate to form ion pairs with the

protonated amino groups in cimetidine, retention behaviour similar

20 40 60 80 100
°/oMeOH

Figure 1. Retention behaviour of Cimetidine on reversed phase

(C~18) material. A; CH3OH: 1% NH3 in HZO' pH 10,

0; CH,OH: 20 mM KH2P04, 1 mM SDS in H,O, pH 3.0.

3 2
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to the ammonium hydroxide mobile phase was obtained. This is illu-
strated also in Figure 1. The amount of methanol added to the so-
dium dodecyl sulphate solution was dictated in both blood and urine
samples by the resolution of cimetidine from the internal standard,
procaine, At 35% methanol, the resolution of these two compounds was
found to be 1.3 with cimetidine eluting in 9 ml at a flow-rate of
2 ml/min.

The clean—up procedure was found to be adequate for both blood

and urine samples., Figure 2 shows a plot of the concentration of ci-

80+

70+
(c)

[cMmT] 601

0gﬁn05o_

40
30+
20/

107 (@)

b)o 5=
12345678 910
mil

I ]
T

Figure 2. Concentration and elution of cimetidine on Sep-pak C-18
cartridges. (a) loading sample with equilibration if Sep-
-pak with 0.1% NH3 in water, (b) loading sample without

equilibration with 0.1% NH, in water, (c) elution of

3
sample (10 ml loaded) by methanol. Original sample concen-

tration: 20 pg/ml.
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(a) (b)

CMT

CMT

Al

Figure 3. Analysis of cimetidine (CMT) in urine: Column: 10 cm x 4.6
mm C-18. Mobile phase: 35:65 Cii5OH: 20 mM KH2PO4 1 mM SDS

in H20, pH 3.0; Flow-rate 2 ml/min; Detection UV at 228 nm;
20 pl loop injection. a) Raw urine, without Sep-pak clean-
~up: No internal standard added b) Urine with Sep-pak clean-—
-up. Original sample volume: 50 ml with 1 mg/ml procaine

internal standard (1.5.) added.

metidine eluting from the Sep-pak as a function of the volume of
sample (curve A} or eluent (cuxve C) passed through the Sep-pak.
Curve A represents the cimetidine eluting from the Sep-pak during
sample loading. A relatively constant low level of cimetidine elutes
throughout the loading step. The mechanism of this phenomenon is not
known; however, the use of the internal standard which behaves simil-
arly negates any adverse effect on the quantitation. Curve B repre-—
sents the elution of cimetidine during sample loading when the
Sep~pak is not initially washed with a basic solution. A larger
concentration of cimetidine elutes in the first 2 ml of sample due
to a lack of equilibration., Curve C shows the elution of the ana-
lyte after loading 10 ml of sample from the Sep-pak with methanol.

As can be seen all the cimetidine is eluted in 3 ml.
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(a) (5) (c)

CMT

0.008AU 0.008AU 0.02AU

CMT

Figure 4. Analysis of cimetidine in blood. Conditions as in figure 3.
a) Untreated whole blood. No internal standard added. b)
whole blood after Sep-pak clean-up. Original sample: 1 ml
blood + 20 pg/ml procaine internal standard. c) Whole blood
after Sep-pak clean-up and concentration of eluent to 50 ul.

Original sample as in (b).

Pigure 3 shows the analysis of cimetidine in urine with and
without the clean-up procedure., No procaine is present in the un-
treated samples, As can be seen, in the case of urine, the clean-up
is not absolutely necessary since the analyte and internal standard
are well resolved from the rest of the matrix. Figures 4 a, b and c
shows the analysis of blood; without clean-up, with clean-up and
with clean~-up and concentration, respectively. The amount of internal
standard added was less in the concentrated sample to keep the pro-
caine peak on scale. Again it can be seen that, in general, the ma-
jor components in the sample are well resolved from the analyte, but
the concentration in the blood is approximately 1000 times less than
in urine, Bven with the clean-up on a Sep-pak cartridge which invol-

ves a concentration of approximately five fold, the cimetidine is
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present at a low level (Fig, 4b). Tn the routine method further con-
centration by evaporation of the solvent was used and the cimetidine
was easily detected ab therapeutic levels (Fig. 4¢). Tower detection
limits could also be achieved by using larger injection volumes with
little loss in resolution.

Using ultraviolet absorbance detection at 228 nm, a minimum de-
tectable quantity of 20 ng was obtained. Data from a calibration plot
yielded a correlation coefficient of 0.9988 over three decades of con-
centration,

The concentration of cimetidine in blood following administration
of the drug was examined as a function of time, This is shown graphi-
cally in Figure 5. The samples were taken at 2 hour intervals for 10
hours following a 400 mg dose of cimetidine., Although the blood con-
centration reaches a maximum of approximately 3.3 ug/ml 6 hours after
dosage, there appears to be a basal concentration of at least 1.5 ug
/ml maintained by the dosage schedule., These analyses were preformed
in duplicate and the resulting values were within 2.1% of each

other,

1 T - T T ¥

O 2 4 [§) 8 10
Hours after 400mg dose

Figure 5, Blood concentration of cimetidine following 400 mg dose.,

5 oml blood samples taken at 2 hour inLervals,
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CONCLUSTON

The method described offfers a rapid, easy and sensitive tech-
nique for the analysis of cimetidine in biclogical fluids., The use
of ion palr chromatography has significant advantages over previous-
ly reported approaches to this analysis, in that it avoids the use
of highly basic mobile phases which lead to short column lifetimes
and offers greater control over the retention than the use of aci-
dic buffered mobile phase. The clean-up technique described has the
advantages of speed and simplicity. It has been shown to be useful
for both blood and urine samples, According to Larsen et al., (9) ci-
metidine undergoes metabolic conversion in blood (but not in plasma)
to the sulphoxide, and it may be advantageous to assay cimetidine
in plasma rather than whole blood. The technique described here
should be applicable for such samples as well.

Subsequent work is under way to place the analysis on-line in
an automated column switching system which should supply rapid auto-

mated clean-up and analysis of cimetidine in plasma and urine.
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METABOLITES. COMPARISON OF UV, ELECTROCHEMICAL AND SPECTRO-
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ABSTRACT

Tryptophan and five of its indolic metabolites have been se-—
parated by reversed - phase high performance ligquid chromatography.
The isocratic chromatographic system consisted of a column (20 x
0.46 cm i.d.) packed with RSil C18 HL5 and a methanol/NaClo4 0.2 M
—HClO4 (pH 1.4) mobile phase.

Three detection methods were tested : UV detection, fluo-
rometric detection and electrochemical detection.

The limits of detection were found to be 4 picomoles
(serotonin, 5 HTrp) and 20 pmoles (Trp, 5 HIAA, IAA , N-acetyl Trp)

in the case of UV detection ; 1 pmole (serotonin), 4 pmoles (51~
Trp) and 10 pmoles (5 HIAA, Trp, IAA, N-acetyl Trp) for fluorome-
tric detection ; and 1 pmole for electrochemical detection.

Analysis of human plasma were carried out using the above
three detection methods to compare their relative specificity.

INTRODUCT ION
Tryptophan is metabolized via two major pathways, the kynure-

nine pathway and the indolic pathway. The second one,quantitatively

2423
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less important, presents however a greal physiological importance,
mainly because it is the precursor of serotonin (5-hydroxy trypta-—
min) , fundamental brain neurotransmitter.

Serotonin is predominantly metabholized in 5-hydroxy indolace-
tic acid,an urinary metabolite,variations of which are dependent
on those of serotonin.

Abnormal metabolism of tryptophan has been associated with a
number of disease states in man, including Hartnup disease, Down'sg
syndrome, schizophrenia, depression (1-6)... Aberrations of trypto-
phan metabolism are also associated with some cancerous tumors.

These metabolic disorders result in modification of normal
concentrations of tryptophan metabolites in an organism ; therefore
it seemed of interest to possess a sensitive, reliable, specific
and rapid technique for measuring tryptophan (Trp), serotonin,
S5~hydroxy indolacetic acid (5 HIAA), and other indol derivatives
such as 5~hydroxy tryptophan (5-HTrp), indolacetic acid (IAA) and
N-acetyl tryptophan (N-acetyl Trp).

The chromatographic technique generally used for amincacid ana-
lysis is ion exchange (7-9), a time-consuming method requiring rela-
tively large sample volumes,

HORVATH (10~12) has. demonstrated the interest of aqueous eluents
used simultaneously with nonpolar stationary phases, for the separa-
tion of small polar molecules. This method, previously used by diffe-
rent authors (14-17), was adapted and optimized for the separtion of

Trp and its indolic metabolites.
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Reported in this paper are the separation of these compounds
using reversed-phase HPLC, and the comparative results of three

detection methods : UV, fluorometric and electrochemical detection.

- Apparatus

The chromatographic eguipment consisted of a Chromatem 380
pump (Touzart & Matignon, France), a Rheodyne Model 71-20 sample
injection valve, a Pye Unilcam variable wavelength UV monitor (Phi-
lips, France), a JY 3 fluorimeter (Jobin Yvon, France), a DELC
"Thin layer" electrochemical detector (Tacussel, Lyon France) and
a PRG 5 polarograph (Tacussel) as potentiostat. The cell of the
electrochemical detector, adjusted to a volume of 8 pl, was egui-
ped with a glassy carbon working electrode, the reference poten-
tial being supplied by a silver-silver chloride electrode. The
cell was used in the d.c. mode throughout.

Peak surfaces were integrated with an Autolak System I inte-
grator ($pectra Physics, USA).

The signal output of the detectors was displayed on a 0470 L
Linsels recorder and an EPT, Tacusgel recorder (in the case of elec-—
trochemical detection).

» Chromatographic system

A 20 x 0.46 cm i.d. column was packed (13) with RSIL Ci8 HL5
(Interchim, Montlugon, France), particle size 5 um).

The solvents used for the slurry and the packing procedure were

respectively l-butanol and methanol. The composition of the mo-
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Trp
N-Acéiyl Trp
2,5 pA
Ov 1,1v
Figure 1 - Intensity-potential curves of tryptophan and indolic

metabolites (concentrations 2.10"4M) . Glassy carbon

rotating disc electrode, 3 mm diameter 3000 r.p.m.
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bile phase consisted of methanol and NaClO4 0.2 M - HClO4 , PH 1.4
(30:70) . The mixture was degagsed for 5 minutes in an ulirasonic

bath before use.

. Reagents

Standard solutions were prepared by dissolving tryptophan and
metabolites (SERVA, Analytical grade) in the mobile phase.

Methanol was purchased from MERCK {(Chromatographic grade),
1-butanol, NaClO4 and HClO4 were purchased from PROLABO (NORMAPUR
guaranteed reagent) .

Healthy human blood was collected in heparinized tubes and cen-
trifugated. The plasma was defecated with a 100 g/l sulfosalycilic
acid solution (4 vol. plasma/l vol. acid), then stored at -25°C

prior to analysis.

. Procedure

The compounds under study were detected at 280 nm, which corres-
ponds to the maximum absorbance of tryptophan.

The excitation and fluorescence wavelength used in fluorometric
detection were regpectively 300 nm and 335 nm.

The oxidation potential used in electrochemical detection was
+1.1 V. It was determined by plotting the current vs potential curves
for each solute (fig.1).

The detection limits ( EEEE&E%%%%E%EIEEW‘: 5) were determined

using standard solutions of compounds.

Results and discussion

The reversed-phase HPIC separation of a synthetic mixture of

tryptophan and its metabolites is shown in figure 2.
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lic metabolites. Column : RSil C18 HL5 (20 x 0.46 cm

i.d.). Mobile phase : methanol/NaClO4 0.2 M-HClO4

pH 1.4 (30:70). UV detection 280 nm. Flow rate 0.6 ml/
min. Peaks : (1) serotonin, (2) 5 HTrp ; (3) 5 HIAA ,
(4) Trp ; (5) N-acetyl Trp ; (6) IAA.

The phenolic compounds (serotonin, 5-HTrp, 5 HIAA) are eluted
more vopidly than tryptophan and other metabolites, a fact which
shows an important decrease in the stationary phase affinity due
to phenolic ring.

The linearity of detectors was demonstrated in the 5~100 uM
concentration range, by measurement of the peak surface.

Figures 3, 4 and 5 show the injection of standard solutions

of 4 and 10 pmoles in the three detection modes, making it possi-
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0,001 AU
5 min
2 1
Figure 3 -~ UV detection wavelength 280 nm. Injection of 4 pmoles.

column : Rsil C18 HL 5 (20 x 0.46 cm i.d.) , mobile

phase : methanol/NaClo, 0.2 M - HClO4 pH 1.4 (20:80).

4
Flow rate : 0.6 ml/mn. Peaks : (1) serotonin ;

(2) 5-HTrp.

ble to demonstrate their relative sensitivity. Due to a non repro-
ducibility in the different batches of RSil C 18, the mobile phase
composition had to be modified from 20 to 30 % methanol.

Figure 5 shows the improvement in electrochemical detection
sensitivity which became 10 times greater due to a decrease in the
cell joint thickness from 500 pm to 200 um.

200 pym thickness (8 ul) is, in this case, the best compromise
between sensitivity and baseline stability.

Detection limits in UV detection are 4 pmoles for serotonin and

5-HTrp ; and 20 pmoles for Trp, 5HIAA, IAA and N-acteyl Trp.
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ﬁ
2
5 min
1
a
5 3
4
2
3 b
Figure 4 -~ Fluorometric detection, Agyc = 300 nm ; Afjye = 335 nm

(gain x 1000). Injection of (a) 10 pmoles , (b) 4 pmoles.
Column : RSil C18 HI5 (20 x 0.46 cm i.d.) ; mobile pha-

se : méthanol/NaClo, 0.2 M - Hclo4 pH 1.4 (30 : 70).

4
Flow rate : 0.6 ml/min. Peaks : (1) serotonin ;

(2) 5 HTrp ; (3) 5 HIAA ; (4) Trp ; (5) N-acetylTrp.
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A

b
Figure 5 - Electrochemical detection, detector operating potential
+ 1,1 V.Electrochemical cell thickness : (a) 200 um ;

(b) 500 um. Injection of 4 pmoles. Column : RSil C 18

HL 5 (20 x 0.46 cm i.d.); mobile phase : methanol/
NaClO4 0.2 M ~ HC]_O4 pH 1.4 (25:75). Flow rate : 0.6
ml/min. Peaks : (1) serotonin ; (2) 5 HTrp ; (3) 5 HIAA;

(4) Trp ; (5) N-acetylTrp ; (6) IAA.
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In fluorometric measurements the detection limits have been de-
termined to be 1 pmole for serotonin ; 4 pmoles for 5~-HTrp ; and
10 pmoles for 5 HIAA, Trp, [AA and N-acetyl Trp.

Electrochemical detection appears to be the most sensitive
detection mode, the detection limits being 1 pmole for all the six
compounds studied.

Fluorometric and electrochemical detection modes are particu-—
larly specific in the cases mentioned above, because most biologi-
cal compounds, like other aminocacids, are not naturally fluores-
cent nor electrochemically active, and therefore will not inter-
fere with either of these detection modes.

Tt has been possible to compare the relative importance of in-
terferences in each mode of detection when analyzing tryptophan
and its metabolites in biological fluids.

Figure 6 shows the chromatogram obtained after injection of 4
vl of blood plasma. The three detectors were monitored at their
maximum sensitivity.

The UV and fluorometric detection sensitivity are comparable
for the determination of tryptophan (concentration 40 uM). Inter-
ferences are less important in fluorometric detection., Nevertheless
the peaks corresponding to hydroxylated indolic metabolites are not
separated from the interference peak.

The major advantage of UV detection is its relatively easy use.
Its use is particularly indicated in determining tryptophan and
compounds in the case of higher concentrated samples.

Figure 6 ¢ confirms that electrochemical detection wrovides the

best sensitivitv and sovecificitv among the three methods studied.



2
L
5 min
[
(g
Figure 6 - chromatogram of a 4 U1 serum using (a) UV detection ,
(b) fluorometric detection , (¢) electrochemical detec—

tion. Peaks : (1) serotonin ; (2) 5-HTrp ; (3) Trp.
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With this technique the peak of interferences is comparatively the
lest important. Electrochemical detection is, among the three methods
tested ,the only one allowing the detection of the peaks of sero-
tonin and 5~-HTrp , which are not overlapped by the interference peak.
Therefore, electrochemical detection is,in the present case, the
most interesting detection method, mainly because of its detection

limit (1 pmole) and its specificity.
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SIMULTANEOUS DETERMINATION OF DOPAMINE,
NOREPINEPHRINE, TYRAMINE AND OCTOPAMINE BY
REVERSE~PHASE HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
WITH ELECTROCHEMICAL DETECTION

B.A. Bailey, R.J. Martin and R.G.H. Downer

Department of Biology, University of Waterloo
Waterloo, Ontario, Canada, N2L 3Gl

ABSTRACT

A method is described for the simultaneous separation and
estimation of the catecholamines, norepinephrine and dopamine and
their monohydroxy-equivalents, octopamine and tyramine. The
method employs high-performance liquid chromatographic separation
of the compounds on a Cl8 reverse-phase column with a mobile
phase containing methanol as the organic modifier, octane
sulphonate as an ion-pair reagent and acetic acid/ammonium
hydroxide buffer. The influences of electrode potential and
solvent pH on detector response were studied, and the optimal
conditions identified as detector potential of 0.95 volts and
pH 6.0. The technique of post-column mixing was introduced to
provide optimal pH conditions for detector response without the
constraint of on-column oxidation of catecholamines. The effects
of buffer 1ionic strength on retention factors and detector
response were also investigated and, on the basis of the results
obtained, the optimal buffer strength was identified as 0.08-0.09
molar, The described procedure can be used for simultaneous
estimation of catecholamines and monohydroxyphenolamines at
concentrations between 200-5000 pg.
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INTRODUCTTON

The monohydroxyphenolamines, tyramine and octopamine have
been dimplicated din a number of nervous disorders idincluding
migraine, epilepsy, Parkinsonism, schizophrenia and hepatic
encephalopathy (1), and octopamine has been identified also as a
putative neurotransmitter in invertebrates (2). The obvious
biomedical importance of monohydroxyphenolamines has resulted in
the development of several analytical procedures to determine
concentrations din nervous tissue. These diverse procedures
include the use of radiocenzymatic methods (3), gas chromatography
mass spectrometry (4), fluorometric techniques (5), and reverse-
phase liquid chromatography with detection of derivatised
compounds by fluorescence (6) or using amperometric detection of
natural compounds (7,8). The relative merits and constraints of
the various analytical procedures have been discussed (4,9) and
it is apparent that the utility of any technique depends upon the
analytical requirements of the particular experimental procedure.
One shcrtcoming in the existing arsenal of analytical techniques
for monohydroxyphenolamines 1is the lack of a procedure that
permits rapid, estimation of monohydroxyphenolamines and the
equivalent dihydroxy compounds in a single sample.

The present study examines high-performance liquid chromato-—
graphic separation of the catecholamines dopamine and

norepinephrine and the monohydroxy-equivalents tyramine and
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octopamine using an isocratic aqueous mobile phase flowing over a
bonded octadecylsilane solid phase with electrochemical detection
of the eluate. The report describes the effects of electrode
potential, solvent pH and buffer ionic strength on the separation
and detection of the standard compounds and defines optimal
chromatographic conditions for estimation of these amines in a

single sample.

MATERIALS AND METHODS

Chemicals

Norepinephrine bitartrate, Dopamine HCl and Tyramine HCL
were purchased from Calbiochem (La Jolla, Ca., U.S.A.).
Octopamine HCl was obtained from Sigma Chemical Co. (St. Louis,
Mo., U.S.A.) and other chemicals, except when otherwise
indicated, were also obtained from this source and were of
reagent grade. Stock solutions of standards were prepared in
0.1 M HClOa, 5.0 mM sodium bisulfite at a concentration of
40 pg/ml and stored at 4°C. Working standard solutions were
prepared freshly each week by diluting stock solutions in
methanol to give a final concentration of 200 ng/ml for each

compound.

Equipment
Chromatographic separations were performed on a 15 cm x 3 mm

I.D. stainless steel column packed with 5 um Ultrasphere RP-18
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ion pair material (Beckman). The mobile phase comprised acetic
acid/ammonium hydroxide buffer containing 0.1 mM sodium EDTA,
2.5 mM sodium octane sulphonic acid (Aldrich Chem., Milwaukee,
Wisc., U.S.A.; Biocanalytical Systems, Lafayette, Ind., U.S.A.; or
lHelix Associates, Newark, Del., U.S.A.) and 20% methanol (HPLC
grade, Caledon Laboratories, Ont.). Prior to the addition of
methanol, the buffer was filtered through a 0.22 um millipore
filter. The mobile phase was helium degassed and pumped at
2.0 ml/min by a Spectra Physics Model 740B pump through a Waters
WISP 710A autosampler onto the analytical column. A Brownlee
MPLC RP-18 SPHERI-5 guard column was installed between the
injector and analytical column. Chromatographic separations were

performed at ambient temperatures.

To Aux.& Ref. From
Electrodes Column
| 1
7
.6‘—/
!
w
| I - -
tcm 1inch
Figure 1. Modified thin-layer amperometric detector showing

position of working electrodes.
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Detection was accomplished electrochemically by means of a
modified BRioanalytical Systems (Layfayette, Ind., U.S.A.) Model
TL~-5 glassy carbon detector cube and a Model LC-~3 potentiostat.
The electrochemical potential was adjusted to desired potentials
against a silver-silver chloride reference electrode. The
detector cube was modified to include a second glassy carbon
working electrode surface as illustrated in Figure 1. This
modification greatly increased the signal response without any
appreciable increase in background current.

Peak height and area calculations of individual peaks were
accomplished with the aid of a Spectra Physics Model 4100

computing integrator.

Experimental

Determination of optimal detector potential was achieved by
making repeated injections of standard solutions at increasingly
positive electrode potentials. This was continued until a
maximum peak height for the component of interest was obtained.
The current ratio at any potential was calculated by dividing the
current (peak height) by that obtained at the most positive
potential. The electrochemical response for monophenolamines at
different pH values was determined by adjusting the buffer
components, acetic acid and ammonium hydroxide, to a specific pH
while maintaining the total ionic strength at approximately

0.06 Molar,
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Changes in capacity factor (k') and detector response were
analysed by altering the 1fionic strength of the buffer while
maintaining a constant pH at 6.0.

Following the determination of the buffer conditions
required to provide optimal response and capacity factors for all
sample components, the linearity of the detector response was
measured and approximate limits of detection for the sample

components calculated.

RESULTS AND DISCUSSION

The estimation of catecholamines by HPLC/EC procedures is
widely accepted (10), however the concomitant measurement of
monchydroxyphenolamines has not yet been developed and, indeed,
the application of ampervrometric detection to monohvdroxyphenola-
mines separated by HPLC is limited to a few reports (7,8). An
essential condition for detection of a compound electrochemically
is that the electrode potential should be sufficiently high to
effect electro~oxidation of the compound. The effect of
electrode potential on the detector response to tyramine and
octopamine 1is illustrated in Fig. 2. It dis apparent that
octopamine is not detected when the applied potential of the
electrochemical cell dis less than 0.7 volts whereas a slight
response for tyramine is evident at this potential. The observed
response for Lyramine at detector potential of 0.7 volts appears

to be at wvariance with a previous report which indicates no
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Figure 2. Hydrodynamic voltammograms of tyramine (x) and

octopamine (A) standards.

detector response for this compound at 0.7 volts (11), although
the overall pattern of the hydrodynamic voltammograms in the two
studies are very similar. The slight difference in the minimum
electrode potential that is required for detector response may be
explained by the different pH employed in the two investigations.
The pH (6.0) used in the present study facilitates oxidation at
the electrode surface and enables octopamine and tyramine to be
detected at a lower detector potential than under more acidic

conditions. The results presented in Fig. 2 indicate also that
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>
>
2.20—
713
6.20

9.70

Figure 3. High-performance 1liquid chromatogram of a standard
solution containing 5 ng norepinephrine (RT:2.20), octopamine
(RT:2.84), dopamine (RT:4.13), tyramine (RT:6.20).
Chromatographic conditions are described in the text.
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the maximal detector response for octopamine and tyramine is
obtained with an applied potential of 1.0 volts. However, for
practical purposes it 1is convenient to operate the detector
potential at 0.95 volts. Reduction of the potential from
1.0 volt to 0.95 volts results in an appreciable decrease in
background current and noise, and also eliminates the necessity
for frequent cleaning of the detector surface that is apparent at
1.0 volts.

A typical chromatogram for separation of 5 ng samples of
dopamine, norepinephrine, tyramine and octopamine with detector
potential set at 0.95 volts is shown in Fig. 3. The buffer used
to obtain this chromatograph contained 0.04 M acetic acid and
0.04 M ammonium hydroxide and was adjusted to give a final pH of
6.0, The peak appearing at 9.70 minutes 1is a contaminant
associated with sodium octane sulphonic acid and was present in
material obtained from several manufacturers.

Monohydroxyphenolamines have a higher oxidation potential
than their dihydroxy-equivalents, and this difference 1is
reflected in the effect of pH on detector response to the
compounds under investigation. Fig. 4 demonstrates the effect of
pH on detector response, as measured by peak height, and
indicates increased oxidation of octopamine and tyramine at the
electrode surface with increasing pH. The reduced signal for
norepinephrine and dopamine at a pH above 5.75 is also apparent

and confirms an earlier report by Moyer and Jiang (12). The
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Figure 4. Effect of solvent pH on detector response to 5 ng
samples of norepinephrine (0), octopamine (A), dopamine (+) and
tyramine (x) following separation by HPLC. Coefficients of

variation were calculated for the 7~10 determinations that
comprise each point and range from 0.445-2.898 (norepinephrine),
1.044-7.329 (octopamine), 0.528-2.371 (dopamine) and 1.082-5.791
(tyramine).



DOPAMINE, NOREPINEPHRINE, TYRAMINE, AND OCTOPAMINE 2445

reduction in detector response for catecholamines at higher pHs
may be due to auto-oxidation of the compounds prior to their
arrival at the detector cell. The data presented in Fig. 3
indicate that the optimal solvent pH at which to obtain an
acceptable level of detector regponse for all compounds included
in this study is pH 6.0; however, if only monohydroxyphenolamines
are being estimated the solvent pH may be increased above 6.0.

In addition to promoting on—column oxidation of
catecholamines the use of more alkaline solvents also increases
the amount of detector background current. These constraints can
be overcome by the use of post-column mixing, a technique that
has previously been described by Kissinger et al. (13). This
requires assembly of a three-way T-union between the analytical
column and the detector cell., 1In the present system one inlet
port admits a solvent with a higher pH than that of the mobile
phase Dbuffer, which enters through the second inlet port
following passage through the column. The two solvents mix in a
short teflon mixing coil prior to their entry into the detector
cell. A pulse~free pumping source for the post-column solvent is
provided by an adapted reservoir with flow restrictor attached to
a pressurised nitrogen cylinder. The use of post—column mixing
permits the pH for chromatography and electrochemical detection
to be optimised separately.

The influence of ionic strength on the retention of catechol

compounds has been demonstrated (12,14), and the theoretical
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Figure 5. Effect of molarity of solvent buffer on retention of
norepinephrine (0), octopamine (A), dopamine (+) and tyramine (x)
during HPLC separation on RP-Cl8 column. Coefficients of

variation were calculated for the 6-10 determinations that
comprise each point and range from 0.441-1.390 (norepinephrine),
1.096-3.986 (octopamine), 0.681-2.840 (dopamine) and 1.004-2.975
(tyramine) .
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implications of solvophobic interactions have been discussed
(15). In the present study, the effect of changes in molarity of
acetic acid and ammonium hydroxide on the capacity factor (k')
was investigated and the results are illustrated in Fig. 5. 1t
is evident that k' tends to decrease as the molarity of the
buffer increases, and this effect may be explained in terms of
alterations in hydrophobicity of solute molecules due to changing
amounts of acetic acid in solution. Thus, the results presented
in Fig. 5 should not be equated with earlier studies on absolute
ionic strength (13,15).

Fig. 6 illustrates the effect of molarity on detector
response as indicated by measurement of peak height. The data
presented in this figure must be considered in association with
that of Fig. 5, which demonstrates the greater retention time of
the standard compounds at Jlow molarities. The increased
retention time results in broadening of peaks and reduced peak
height, and also increases the possibility of on-column auto-
oxidation at pH 6.0; thus, the observed reduction in detector
response at low molarities may be due in part to the change in
k',

On the basis of the data contained in Figs. 5 and 6 the
buffer strength selected to achieve optimal chromatographic
conditions was between 0.08 and 0.09 molar. At this molarity the
capacity factor for each amine is within the optimal limits of

between 1 and 6 (Fig. 5) and a high detector response is also
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Figure 6. Effect of molarity of solvent buffer on detector
response to norepinephrine (0), octopamine (A), dopamine (+) and
tyramine (x) as measured by peak area following separation by

HPLC. Coefficients of wvariation were calculated for the 7-10
determinations that comprise each point and range from
1.073~1.884 (norepinephrine), 2.149-4.615 (octopamine),

2.479-5.334 (dopamine) and 1.246-6.295 (tyramine).
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Figure 7. Linearity of estimation of norepinephrine (0),
octopamine (4A), dopamine (+) and tyramine (x) by HPLC with
electrochemical detection. Linear regression analyses are

presented in Table 1.

obtained (Figs. 6). The detector response continues to increase
at molarities above 0.l molar, but associated with the increased
regponge 1s an excessive increase in background current.

Fig. 7 demonstrates the linearity of detector response to
the four test amines using concentrations ranging from 250 to
5000 picograms. Linear regression analyses of these data are
given in Table 1 and confirm that the chromatographic procedure

described in this report permits accurate and simultaneous
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determination of catecholamines and monohydroxyphenolamines at
concentrations below 200 picograms. Indeed, ag the present
experiments were conducted with detector sensitivity at only 5 nA
full scale, the potential for even greater sensitivity 1is
congiderable. The application of this procedure to extracted

biological samples will be reported in a subsequent publication.
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L NEWS

LIGUID CHROMATOGRAPH/MASS SPECTROMETER INTERFACE
continwously concentrates the effluent from a
conventional liguid chromatograph and delivers the
concentrated solution intoc the mass spectroameter.
Combinaticon with a mass spectrometer/data system
provides capability for analysis of complex and
intractable biclogical, environmental, ard
petrochemical samples. Extranuclear Laboratories,
Irvc., JLE/B2/712, P. 0. Box 11512, Pittsbuwrgh, PA,
15238, UsA.

PROTEIN SEGQUENCING SOLVENTS eliminate sclvent
impurities that contribute to losses in PTH amino
acid derivatives during protein sequencing evern at
the picomole level. EFach soclvent undergoes
recavery testing using a representative mixture of
16 different PTH aminc acid derivatives. This
assures higher yields for Edman Degradatiaon
procedures. Burdick &  Jackson  Laboratories,
JLC/88/ 12, i983 8. Harvey 8t., Muskegaon, mI,
43445, UBA,

PROGRAMMARLE WAVELENGTH DETECTOR is microprocessar
contral led. It permitse selection of any number of
wavelengths in one-nanometer increments from 1980
to 37@ v for optimal detecticrn of all componernts.
Utilizes keyboard entry that may be changed at any
paint and as often as desired. Varian Instrument
Group, JLC/82/12, 270@ Mitchell Drive, Walnut
Creek, CA, 94598, USA.

HIGH PRESSURE FLUID CELLE for UV momitors are
rated at 122@ psi back pressure and incorporate
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evhavnced chromatagraphic flow characteristics to
optimize the plate ~ount dv micvoparticulate
coluware  without sacvificing detector sensitivity.
The cells also improve bubble clearing and allow
additional detectars ta b added downstream
without sexcessive barvdd spreading. LDE/Miltor Roy
Co., JLC/BE2/12, P. 0. Rex 18235, Riviera Beach,
ch, 33404, USAH.

APPLICATIONS DEVELOPMENT KIT permits application
of salid phase techrnolagy in the development of
new sample preparation methaods. One can
experiment with rew methods or sclve existing
praoblems with the phases iwcluded iv the kit.

Included are octadecyl, phenyl, cyanaprapyl,
aminapropy l, benzeresul fonic acid, quaternary
amine, dicly, and urbonded silica. Analytichem
Internat?l, Inc., JLC/82/18, 2421 Frampton

Avenue, Harbor City, CA, 9@71@, USA.

HPLC GRADIENT PROGRAMMER/SYSTEM CONTROLLER uses a
microcomputer based on the Zenith/Heath 7I-89 and
contrals up  toe 3 pumps to produce virtually any
type of gradient or flow profile. Contyol
functions include sample ingectiorg sclvert
selection, integration, fraction collection, and
recovdey  speed. The Anspec Co., JLC/82/712, P. 0.
Bax 7@44, Arw fIrbor, MI, 481@7, USA,

POST COLUMN REACTOR caw be used to determine
metals., It features a preumatic pump, mixing tee,
arnd a packed bed reactor in a self-contained unit.
Diconex, JLC/B2/12, 122B Titan Way, Surmyvale, CH,
24086, USA.

HPLC GRADE ETHANOL. is vniow available. This solvent
has been previcusly difficult to obtain. A nrew
flaow check has been develaped foar use with
capillaries, as well as a digital flow meteyr for
GC  and HPLC. Alltech Associates, JLC/B2/1&8, 2051
Waukegar Rd., Deerfield, I, 6@Q1%5, USA.

DUAL. ELECTRODES FOR LC/EC capable of handling
applications in single, dual-series, and
dual-parallel modes. The dual parallel mode
permits raticing for identificaticon of
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chromatographic  peaks  and also enhances
selectivity and saves time. Dual-series assays
are possible for reversible redox couples and, in
many Cases, can enbance both selextivity and
detection limits. Bicanalybtical Systems, Iviza
JLCs82/s12, 111 Lorene Place, West Lafayette, I,
47906, USA.

DIGITAL DISPLAY PRESSURE MONITOR is ideal for
modular HPLEC systems and is universally adaptable.
Available for two ranges: @-1202@0 and @-1a,000
pcunds with accuracy within +/—- 1% of actual
pressure. High and low pressure limits are
infinitely adjustable with audable warming when
preset limits have been reached. Low  9—-valt
aperation with remcte transducer location reduce
hazards associated with flammable salvernt s,
Microbore Techrnology, Inc., JLC/82/18, P. 0. Box
12873, Renc, NV, 8351@, USA.

HIGH SPEED ION CHROMATOGRAPHY COLUMNS separate 8
iens irn 8 minutes. PRased on Single column ion
chromatography (8CIC) techrnology, they céan be
adapted ta virtually any existinmg HPLLC system.
They covan analyze chloride, nitrate, bicarbornate,
and sulfate in acid raivn within 3 minutes;
phosphate, chloride, nitrite, bromide, nitrate,
bicarbonate, sulfate, and icdide in food samples
within 5 minutes. Wescan Instruments, Irc.,
JLcs/az/12, 30818 Seott Blvd, Santa Clara, CAH,
9EeSa, UsA.

GEL FILTRATION COLUMNS are in widespread use for

the separation of BEMZIYNES, proteins,
polysaccharides, nrucleie acids, water—-saluble
palymers and oligomers. A wide range of pore
sizes accomodates a breoad range of molecular
weights, Kratos fArialytical Instruments,

JLC/782/712, 17@ Williams Drive, Ramsey, NJ, @7446,
UsA.

HPLE OF CNBr CLEAVABE FRAGMENTS of a bacterial
toxin “parent"” protein have been successfully
separated with a Wide—Pare Octadecyl C-18 column.
The S5 major fragments and several intermediates
resulting from oyancgern bromide treatwment were
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well resolved ivn less than 20 minutes. Ja T.
Baker Research Products, JLC/82/18, 282 Hed School
Lave, Phillipsburg, MJ, 28865, USA.

CHROMATOGRAPHY DATH BYSTEM FOR APPRLE II fits into
ann  empty slot of the Apple and receives analaog
signals from the chyromatograph’®s recorder  cutput
and converts it to digital with 12-bit precision
up to 26 times/sec. Signals arve smoothed, then
peaks identified and integrated. Chromatogram is
displayed on the CRT iv real time using the high
resolutiorn graphics mode. Analytical Computers,
JLg/8z/12, P. 0. Box 2835 Elmhurst, IL, 68126,
UsA.

TANDEM ENRICHMENT INJECTOR VALVES perform sample
envichment and ingection, sample cleavn—up, ard
cother column switching tasks at pressures up to
7028 psi, arnd have narrow flow passage to mivnimize
band spreading. Rheadyne, JLC/82/12, P. 0. Box
396, Cotati, CA, 945828, USA.

PHOSPHOR-FREE HPTLC PLATES combive the ability to
separate and detect substances in nancgram  and
picogram quantities with excellent resclutiaorn.
The surface is a thin 208 microrn layer of special
silica gel with average particle size of 4.5
microns and of exceptiocnal purity. Whabtmarn, Ivnc.,
JLC/82/718, 9 Bridewell Place, Cliftor, NJ, @7@14,
UsA.

CRT-INTERACTIVE GRADIENT puMp CONTROLLER
gimplifies setup and control of up ta 3 saclvent
delivery systems for applications from micrabore
to amalytical to preparvative LC. Conditions may
he set up o charnge conditions while an analysis
is rurming. Waters PAssociates, Inc., JLC/82/12,
P. 0. Box 793, Avon, CT, @601, USA.

LABORATORY AUTOMATION is the subject of a
newsletter that provides information of  new
products and techriques for preparing and handling
laboratory samples. Included is a calendar of

scientific meetings and technical presentations on
automated sample preparation using laboratory
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rabot ios. Zymark Corp., JLC/BE/1E, i@ SBouth
Stvreet, Hophinton, MA, @1748, USA.

LEC  TEACHING SOFTWARE presents a clear, succinct
text suppovted by graphical presentations desigred
to dnstruct  the student ivn a particular area of
LC.  Perkin-Elmer Corp., JLC/B2/12, Main Avenue,
Norwalk, CT, @06856, USBA.
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LE CALENDAR

1382

DECEMEBRER 6 ~ 8: 2nd Internatiornal Symposiuwm on
HPLC of Proteins, Peptides, and Polyrnuclecotides,
Hyatt Regevrcy Hotel, Baltimore, MD. Contact: 8.
E. Schlessinger, Mgr., &nd Intl. Symposium o
HPLLC, 429 E. Ranrdolph, Chicageoe, IL, 6@86@1, USA.

DECEMRER & — 8@ 3rd Biermial TLC
Symposium—RAdvarces iw  TLG, Hiltaon Hotel,
Parsippany, NJ. Caontacts J. Ca  Touchstorne,
Hogpital of the Urniversity of Permsylvaniay

Philadelphia, PR, 191@4, USA.

1983

MARCH 7 - 12: Pittsburph Conference on  Anal.
Chem. & Applied Spectroscopy, Converntiorn Hall,
Atlantic City, N.J, usn. Contact: Mrs. Linda
By iggs, Program Becretary, 437 Dovald  Rda.y
Pittsburgh, PR, 15835, USA.

MARCH 2@ —~ 25: Natiornal Amer. Chem. Socc. Meeting,
Seattle, WA, USA. Contact: A. T. Winstead, Amer,
Chem. Soo., 1158 Sixteenth Bt., NW, Washingtor,
DC, 28636, USA.

MAY & - 6: VIIth Internaticonal Symposium  On
Columr  Liguid Chromatography, BRadern—Badewn, West
Germany . Contact: K. Begitt, Ges. Deutscher

Chemiker, Poastfach 9@ 24 40, Varrentrappstrasse
4a-42, D-60@8 Frankfurt (Main), West Bermany.
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MY 34 - JUNE 3: Internaticrnal  Conferewnce on
Chyvyomatographic  Detectors, Melbourvie University.
Covbact: The Secretary, Internaticnal Confererncs
v Chyomatographic Detectors, tiniversity o f
Melboconme, Parkville, Victoria, fAustralia 3052,

JUNE 1~ 3 The Budapest Chromatography
Conmference, Budapest, Hungary. Contacts Dv. T,
Devenyi, Institute of Enzymalogy, Hurigarian

Academy of Sciences, Rudapest, Hungary or Dr. H.
Issag, Frederick Carncer Research Facility, P.0.Box
B, Frederick, MD, Z17@1, USA.

JULY s 3rd Int?l. Flavor Conf.,; Amer. Chem. Soc.,
The Covrfu Hiltorn, Corfu, Greece. Contact: Dr. 8.
8. HKazeniac, Campbell Inst. for Food Research,
Campbell Place, Camdern, NJ, @81@1, USA.

JULY 17 ~ 23 8AC 1983 Internatiomal Conference
arnd Exhibiticn on Analytical Chemistry, The
Uriiversity of Edinbuwrgh, United Kingdom. Contact:s
The Secretary, Amalytical Divisior, Royal Scciety
af Chemistry, Bwrlington House, Londorn W1V @BV,
United Kingdon.

1984

OCTORER 1 ~— S:  18th International Symposium  on
Chromataography, Nurenberg, West Germany. Contact:
K. Begitt, Ges. Deutscher Chemiker, Pastfach 9@ @4
42,  Varventrappstrasse 4042, D@ Frankfurt
{(Maind, West Germany.

The Jourral of Ligquid Chromatography
will publish arvouncements of L
meetings  and symposia in each issue of
The Jourrnal. To be listed in  the LO
Calevdar, we will need to know: Name of
meeting or SYIMRCS 1w, BPOMSOr1iTG
arganization, wher and where it will be
held, and whom to contact for additional
details. You are invited to send
armouncements for  dinclusion in the LC
Calendar to Dr. Jack Cazes, Editar,
Journal  of Liguid Chromatcgraphy, P. 0O
Box 1440-5M5, Fairfield, CT, 26430, USH.
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Abscisic acid (ABA), analysis of
in Cercospora rosicola lig-
uid culture media by RP~
HPLC, 81-91

Acetaminophen, simultaneous meas-—
urement of with salicylate,
by RP-HPLC, 93-96

Acetophenone, effect of silanol
masking on extraction of
from hydrocarbonaceous pre-
analysis extraction column,
2293-2309

N-Acetylaspartyl peptides, non-cod-
ed biosynthesis of in mouse
brain homogenates, 989-1002

Acetylisoiazid, determination of
in human plasma, by HPLC,
707-714

Acid-base interactions, use of to
improve separations in nor-
mal-phase PLC, 2271-2292

Adenine, simultaneous measurement
of with 6-thioquanine in
RNA or DNA, by dual-column
HPLC, 2095-~2110

Adsorbent

for the separation of chloro-
phylls, selection of, 2211-
2216

zinc silicate, for paper chroma-
tographic separation of
phenols, 967-983

Adsorption, of methyl red on sta-
tionary phases, quantitative
determination of, 25-37
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Alcoholic group, anthracene iso-
cyanate as fluoresceing
reagent for, 897-916

Alcohols, polyhydric, differen-—
tial binding of to ion ex-
change resins, by HPLC,
767-779

Aliphatic compounds, retention
data compared to hydropho-
bicity of, in RPLC, 229-
244

Alkisilane. See Silica beads,

long chain alkylsilane mod—

ified porus

resins, determination of

free fatty acids in, by

HPLC, 275-304

silica gel bonded phases.

See Bonded phases, alkyl

silica gel

sulphonates, quantitation

of using UV sensitive ion

pair reagents, in RPLC,

389402

Amberlite XAD-4

as stationary phase, for PLC
in a radially compressed

column, 781-795

of for separation of ami-

no aclds and peptides,

by PLC, 443-461

Amines

aliphatic, behavior of phenols
on silica gel plates im—
pregnated with, in TLC,
1081-1095

Alkyd

Alykl

Alkyl

use

Note: Numbers with an '"S" prefix indicate entries appearing in

Supplements 1 and 2 of Volume 5.
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[Amines]
hydrophobic,
phases,

on non-polar bonded
effect of counter
ious, in diown-palr chromatog-
raphy, 677-691
nitroaromatic reagents for de-
termination of, by liquid
chromatography/electrochem—
istry, 881-895
Amino acids
comparison of separations of, on
TLC systems, 1051-1068
nitroaromatic reagents for de-
termination of, by liquid
chromatography/electrochem—
istry, 881-895
pentaamine colbalt (III), sepa-
ration of and peptides, by
RP-HPLC, 537547
plasma, as orthophthaldialde-
hyde/ethanethiol deriva—
tives, quantitation of, by
RP-HPLC, 2369-2393
pre—column derivatization in
HPLC of, 1493-1498
separation of from peptides, by
PLC, using amberlite XAD-4,
443-461
Animal diets, analysis of caffeine
and theobromine in, by HPLC,
585-589
Anion—-exchange high performance
liquid chromatography. See
High performance liquid
chromatography (HPLC), anion
exchange
Anthracene isocyanate, as fluores-—
ceing reagent for compounds
with an alcoholic group,

897-916
Anticonvulsants, determination of,
by HPLC, S$273-S304

Antidiabetic 4-arylhydrazono-1-
quanylnitrate-3-methyl-2-
pyrazolin-5-ones, separation
of, by TLC, 1177-1179

Antiepilepsy drug. See Valproic
acid

Antioxidant, in polyethylene, de-
termination of, by RP-HPLC,
18471854

SUBJECT INDEX TO VOLUME 5

Applications, of high-speed wvideo
densitometry, 1583-1595

Aqueous micellar mobile phases.
See Mobile phases, aque-
ous micellar

Aromatic compounds

polar, migration and partition
of, by TLC, 1103-1121
retention data compared to

hydrophobicity of, in
RPLC, 229-244

Association effects, in TLC data
for solutes chromatographed
in methanol-acetone sili-
ca gel, 1033-1042

Athracenedione derivative, anti-
neoplastic, analysis of,
by HPLC, 1323-1328

Audio-vigual course review, 379

Azide, determination of as 3,5-
dinitrobenzoyl derivative,
by HPLC, 597-604

Azinphos methyl and azinphose
methyl oxon, determina-
tion of by direct injec-
tion and trace enrichment,
using HPLC, 49-62

B

Baseline noise suppression,
of lag filters for, in
HPLC, 853-867

Benoit's universal pavameter,
polydispersity in appli-
cation of, in GPC, 217-228

Benzine, effect of silanol mask-
ing on extraction of, from
hydrocarbonaceous pre-
analysis extraction col-
umn, 2293-2309

Benzothiazoles, closely related,
separation of, by TLC,
1171-1175

Benzoylacetic acid, N-phenyla-
mides of, relationship be~
tween biological activity
and capacity ratios of, in
reversed-phase HPLC and
HPTLC, 39-48

use
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Betalines, analysis of, by HPLC,
543873
Bile acid methyl ester acetates,
use of Sep-Pak Cyg car-
tridges for preparation of,
175-186
Bile pigments, analysis of, by
HPLC, S305--5318
Binding, of sugars and polyhydric
alcohols to ion exchange
resins, by HPLC, 767-779
Binding ability, of linear phos~
phate anions to magnesium
ions, evaluation of, by zon-
al gel chromatography, 1787-
1799
Bioassay, rat heart, and RP-HPLC,
on line detection system for
plasma borne vasoconstrictor
using, 1749-1762
Biogenic amines, and metabolites,
simultaneous assay of in un-
purified mouse brain, 151~
164
Biological activity, of N-phenyl-
amides of benzoylacetic
acid, relationships between
and capacity ratios in re-—
verged-phase HPLC and HPTLC,
39-48
Biological fluids
analysis of cimetidine in, by
HPLC, 2413-2422
See also Blood; Plasma
Biological samples
determination of neutral sugars
in, by HPLC, 1711-1723
quantitation of naproxen and
des-methyl naproxen in, by
HPLC, 549-561
Biological studies, high perform-
ance thin-film chromatogra-—
phy in, 1573-1582
Biological tissues, analysis of
for selenium, by TLC, 1191~
1200
Biosynthesis, non-coded of N-ace-
tylaspartyl peptides in
mouse brain homogenates,
989-1002
Bipyrrole precursors, of prodigio-
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sin from Serratia marces-
cens, separation and de-
tection of by, HPLC and
syntrophic pigment synthe-
sis, 1329-1340

Bisantrene, CL 216,942 or NSC-
337766. See Anthracenedione
derivative, antineoplastic

Blood
high-volume samples of, deter-~
mination of indomethacin
in, by HPLC, 337-343
See also Plasma; Serum
Bonded phases
alkyl silica gel, separations
in TLC and HPLC using,
1069-1080
effect of on RP-HPLC of pro-
teins, 1367-1374
non-polar, effect of counter
ions in ion-pair chroma-
tography of hydrophobic
amines on, 677-691

C

Cacao products, identification
of 7-methylxanthine in,
by HPLC, 939-943

Caffeine, in animal diets, anal-

ysis of, by HPLC, 585-589
Calculator, programmable pocket,

calculation of molecular

weights and distribution

with, in GPC, 413-423
Calibration
in high temperature gel perme-
ation chromatography of lin-

ear polyethylenes, 807-817

simultaneous, of molecular weight

separation and column dis-
persion of GPC by coupling
with LALLS, 1209-1222
variations in, in SEC, curve
fitting program to adjust
for, 841-851
Camphorsulfonic acid, used as
ion pairing agent in sepa-
ration of epimeric alka-
loids, in reversed-phase
ion-pair, HPLC, 305-312
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Capacity ratios, of N-phenylamides
of benzoylacetic acid, rela-
tionship between and bio-
logical activity, in re-
versed phase HPLC and HPTLC,
39--48

Capillaries, dispersion of poly-
mer solutions flowing in,
1621-1623

Captopril, determination of in
physiological fluids, using
HPLC with electrochemical

detection, 97-110

Carbamic herbicides. See Chloro-
pham

Carbohydrates, separation of, by

HPLC, 1941-1946
Carbon dioxide

analysis of, by RP-HPLC, 2179-
2191

quantitation of, by HPLC, 2193-
2203

Carbonyl 2,4-dinitrophenyl hydra-
zones, determination of, by
liquid chromatography/elec—
trochemistry, 669-676

Carotenoids, analysis of, by HPLC,
$43-873

K-Carrageenan, sulfated oligosac-
charides from, separation of
and oligogalacturonic acid,
by HPLC, 403-412

Catecholamines, analysis of, by
HPLC, S1-S4l

Cationic polymers. See Polymers,
cationic

Cellulose, comparison of amino
acid gseparations on and
other TLC systems, 1051-1068

Cercospora rosicola, analysis of
abscisic acid in liquid cul-
ture media of, by RP-HPLC,
81-91

o~-Chaconine, determination of in
potato tubers and products,
by HPLC, 1313-1322

Chlorinated pesticides, and poly-
chlorinated biphenyls, sep-—
aration and quantitation of,
by HPLC, 1653-1663

Chloroform

SUBJECT INDEX TO VOLUME 5

elution behavior of organic
compounds, in GPC using,
1809--1.823
See also o-Chlovophenol-
chloroform
Chloropham, determination of, by
RP-HPL.C, 327-335
o~Chlorophenol-chloroform, sol-
vent system of, analysis
of polyethylene terepha-
late, by GPC, using, 1825-
1845
Chlorophylls
analysis of, by HPLC, S43-S73
selection of adsorbents for
separation of, 2211-2216
Cholecystokinin, radio-iodinat-
ed, purification of, by
RP-HPLC, 757-766
Chromatographic determination,
of narrow molecular weight
distributions, reliability
of , 193-216
Chromatographic system, develop-
ment of by preloading in
thin layer for transposi-~
tion on a column, 1123-
1140
Cimetidine, in biological fluids,
analysis of, by HPLC, 2413-
2422
Clinical practice, monitoring of
D-penicillamine in, by
fon-exchange TLC, 1531~
1540
Column, extraction, hydrocar-
bonaceous pre-analysis,
effect of silanol masking
on recovery of picloram
and other solutes from,
2293-2309
Column dispersion, simultane-
ous calibration of and
molecular weight separa-
tion of GPC, by coupling
with LALLS, 1209-1222
Columns, radially—compressed and
stainless steel, compari-
son of for ion-pair RP-
HPLC separation of phen-
cyclidine synthetic mix-
tures, 2395-2411
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Column types, commercial, evalua-
tion of, 1869-1897

Commercially available liquid
chromatographic column
types . See
commercial

Complex formation studies, appli-
cation of DEC to, 2169-2178

Composition, of binary solvents,
effect of on separations in
RP-TLC and RP-HPLC, 625-641

Computation, of HPLC parameters,
and comparison of noise
levels of dual piston recip-
rocating and triple piston
pump, 869-879

Computer program, for identifica-
tion of elution order of
peaks in HPLC, 1771-1785

Confirmation procedures, use of
two—-phase, two-dimensional
TLC for, 1555-1566

Continuous flow thin-layer chro-
matography. See Thin-layer
chromatography (TLC), con-
tinuous flow

Copolymerization, cationic, of
tetrahydrofuran with propy-—
lene oxide, characteriza-
tion of macrocycles formed
from, by GPC and GC/MS,
1423-1430

Copolymers

characterization of, by GPC,
2253-2257
See also Ethylene-propylene co-

polymers

Copper reagent, for quantitative
densitometric TLC of lipids,
1155-1162

Counter ions, effect of in dion-—
pair chromatography of hy-
drophobic amines on non-
polar bonded phases, 677-
691

Crosglinking agent, in polyethy-
lene, determination of, by
RP-HPLC, 1847-1854

Crown ethers, use of din liquid
chromatography, S223-5255

Crude oil. See Hydrocarbon, crude
oil
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Crustacean erythropore concen-
trating hormone. See Eryth-
ropore concentrating hor-
more, crustacean

Crustracean tissues, isolation
of ecdysteroids from, us-
ing Sep-Pak C;g cartridges,
525-535

Culture media, isolation of ec-
dysteroids from, using
Sep-Pak Cyg cartridges,
525-535

Curve fitting program, to ad-
just for variations in
calibration in SEC, 841-851

Cytochrome P-450, fractionation
of, by HPLC, 367-377

D

Dane salts. See Potassium (-~)-N-
(1-melhoxycarbonylpropene-
2yL)-p-hydroxyphenylgly—
cine

Data reduction. See Calculator

Daunomycinone derivatives, semi~
synthetic, separation of,
by RP-HPLC, 1967-1972

DDT. See Chlorinated pesticides

Dead volume, between concurrent
detectors in GPC, measure-
ment of, 2227-2239

DEC. See Donnan exclusion chro-
matography (DEC)

Decomposition products, in poly-
ethylene, determination
of, by RP-HPLC, 1847-1854

Deoxyribonucleic acid (DNA)

quantitative analysis in, by
RP-HPLC, 2041-2060

simultaneous measurement of
6-thioquanine and adenine
in, by dual-columm HPLC,
2095-2110

Deoxyribonucleotides, separation
of, by ilon-suppression RP-
HPLC, 2085-2093

Detection systen

DRI/LALLSP
characterization of dextran
by SEC, using, 425-411
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[Detection system, DRI/LALLSP]
characterization of nonionic
polyacrylamides by aqgue-
ous SEC, using, 1277-1294
fluorometric, and separation of
polyamines, by reversed-
phase ion~pair liquid chro-
matography, 245-264
new, for continuous flow TLC,
1567-1572
on line, for plasma borne vaso-
constrictor, using rat heart
bioassay and RP-HPLC, 1749~
1762
See also Electrochemical detec-
tion; Enzymatic detection;
Fluorescence detector; In-
ductively coupled plasma
(ICP) detection method; Re-
fractive index detection;
Spectrofluorimetric detec-
tiony Ultraviolet (UV) de-
tection
Detector, fluorescence, photoa-
coustic, and two-photon pho-
toionization, lazer-excited
windowless flow cell for, of
aromatic compounds in HPLC,
2113-2122
Detectors, concurrent, measurement
of dead volume between in
GPC, 2227-2239
Dextrans, characterization of, by
SEC, using DRI/LALLSP de—
tection system, 425-441
Dextromethorphan, tritiated, prep-
aration and purification of,
by RP-HPLC, 2311-2320
Diethyldithiocarbamate, analysis
of in plasma, by RP-HPLC,
945-951
3,5~Dinitrobenzoyl derivative, de-
termination of azide as, by
HPLC, 597-604
2,4-Dinitrophenyl hydrazine deriv-
atives, of carbonyls, deter-
mination of, by liquid chro-
matography/electrochemistry,
669676
Direct injection, determination of
azinphos methyl and azin-
phose methyl oxon by, using

SUBJECT INDEX TO VOLUME 5

HPLC, 49-62

Dispersion, of polymer golutions
Flowing in capillaries,
1621.-1643

Disulfiram metabolite. See Di-
ethyldithiocarbamate

DNA. See Deoxyribonucleic acid
(DNA)

Donnan exclusion chromatography
(DEC)

application of to complex for-
mation studies, 2169-2178
elution behavior of phosphorus

oxopolyanions of large size
in, 1855-1867

Donnan exclusion ion-exclusion
chromatography, review of,
S105-5119

Dopamine, determination of by
RP-HPLC, using electro-
chemical detection, 2435-
2452

Dosage forms, fluspirilene in,
assay of, by HPLC, 2205-
2210

DRI/LALLSP detection system. See
Detection system, DRI/
LALLSP

Dual-column high performance
liquid chromatography.
See High performance
(pressure) liquid chroma-
tography (HPLC), dual-
column

Dye adsorption. See Methyl red

E

FEcdysteroids, isolation of
from crustacean tissues
and culture media, using
Sep-Pak Cj;g cartridges,

525-535
Elastomer. See Silicone elasto-
mer

Electrical diffuse layer, used
as stationary phase for
macromolecular separations
in open capillary chroma-—
tography, 15-23
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Electrochemical detection
determination of captopril in
physiological fluids, using
HPLC with, 97-110
determination of plasma norepi-
nephrine and epinephrine, by
ion~pair RP-HPLC with, 1947-
1965
separation of tryptophan and its
indolic metabolites, by RP-
HPLC, using, 2423-2434
simultaneous determination of
dopamine, norepinephrine,
tyramine, and octopamine, by
RP-HPLC using, 2435-2452
See also Detection system
Eluent
elution behavior of organic com=-
pounds in GPC using chloro-
form as, 1809-1823
succinate used as, in ion-ex-
change chromatographic sep-
aration of heavy metal ions,
63-72
Eluting agents, influence of on
gel chromatographic behav-
ior of inorganic linear and
cyelic phosphates, 73-80
Elution behavior
of organic compounds in GPC us-
ing chloroform as eluent,
1809-1823
of phosphorus oxopolyanions of
large size, in DEC, 1855-
1867
Elution curve, relation between
asymmetry of and efficiency
of separation system, in
SEC, 1605-1619
Elution order, of peaks in HPLC,
computer program for iden-
tification of, 1771-1785
Enzymatic detection
of urinary steroid-17 B-glucu-

ronides, after gel filtra-
tion, 743-749

of urinary steroids in TLC,
1163-1170

See also Detection system
Enzymatic determination, of tri-
glycerides in conjunction
with HPLC, 16791689
Enzymatic hydrolysis, of insulin,
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size—-exclusion HPLC used
to monitor progress of, 1~
14

Enzymatic synthesis, lsolation
of RNA fragment prepared
by, by HPLC, 2061-2077

Epimeric alkaloids, separation
of using camphorsulfonic
acid as ion pairing agent
in reversed-phase ion-
pair HPLC, 305-312

Epinephrine, plasma, determina-
tion of, by ion-pair RP-
HPLC with electrochemical
detection, 1947-1965

Erythropore concentrating hor-—
mone, crustacean, from in-
vertebrate nerve tissue,
isolation of nanogram
amounts of, by RP-HPLC,
1375-1390

Essential oils, separation and
identification of constit-
uents of on silica gel
plates, by TLC, 1097-1102

Estrogen glucuronides, separa-
tion of, by RP-HPLC, 1763~
1770

Ethylene~propylene copolymers,
analysis of, by GPC, 1899~
1920

Experimental curves, of GPC of

silicone elastomer, 2241~
2251
v
Fatty acids, free, determina-

tion of in natural oils
and alykd resins, by HPLC,
275-304

Fingerprinting, use of two
phase, two-dimensional
TLC for, 1555-1566

Flavonoids, analysis of, by
HPLC, S43-573

Flow cell, laser-excited window-
less, for fluorescence,
photoacoustic, and two-—
photon photoionization de-
tection of aromatic com-
pounds in HPLC, 2L13-2122
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Flow rate
effect of on separation and
broadening effects in GPC,
12411267
of samples, influence of on SEC

with microparticulate porus
silica spheres, 643-0667

Flunixin, simultaneous determina-
tion of with phenylbutazone,
oxyphenbutazone, and y-hy-
droxyphenylbutazone in
equine plasma, by HPLC,
1991-2003

Fluorescing reagent, for compounds
with an alcoholic group, an-
thracene isocyanate as, 897-
916

Fluorescence detector. See Detec-—
tor, fluorescence, photo-
acoustic, and two-photon
photoionization

Fluspirilene, in dosage forms, as-
say of, by HPLC, 2205-2210

Folic acid, determination of in
fortified foods, by RP-HPLC,
953-966

Foods, fortified, determination of
folic acid in, by RP-HPLC,
953-966

Fuel o0il, classification of, by
GPC, 605-611

G

Gel chromatography (GC)
fractionation and characteriza-
tion of inorganic long-chain
polyphosphate by, 265-273
influence of eluting agents on
behavior of inorganic linear
and cyclic phosphates in,
73-80
zonal, evaluation of binding
ability of linear phosphate
anions to magnesium ions by,
17871799
See also Gel permeation chroma—
tography (GPC)
Gel filtration, enzymatic detec—
tion of urinary steroid-17
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B-glucuronides after, 743
749
Gel permeation chromatography

@re)

analysis of ethylene-propylene
copolymers by, 18991920

analysis of oligomers by, S319-
3329

analysis of polyethylene tere—
phalate by, using solvent
system of o-chlorophenol-
chloroform, 1825-1845

characterization of copolymers
and polymer mixtures by,
2253-2257

characterization of macrocy-
cles formed from cationic
copolymerization of tetra-—
hydrofuran with propylene
oxide by, 1423-1430

determination of molecular
welght distribution of
polyethylene terephthalate
by, 1665-1678

effect of flow rate on separa-—
tion and broadening ef-
fects in, 1241-1267

elution behavior of organic
compounds in, using chlor-
oform as eluent, 1809-1823

fuel o0dil classification by,
605-611

high temperature, calibration
of linear polyethylenes,
807817

and light scattering, deter-
mination of monodisperse
Mark-Houwink equation of
high-vinyl polybutadiene
by, 1405-1422

long chain alkylsilane modified
porus silica beads as pack-
ing for, 1223-1239

measurement of dead volume be-
tween concurrent detectors
in, 2227-223%

polydispersity in application
of Benoit's universal pa-
rameter in, 217-228

of silicone elastomer, exper-
imental curves of, 2241-
2251



SUBJECT INDEX TO VOLUME 5

[Gel permeation chromatography

(Greyl
simultaneous calibration of mo-
lecular weight separation
and column dispersion of, by
coupling with LALLS, 1209-
1222
use of programmable pocket cal-

culator for calculation of
molecular weights and dis-
tributions in, 413-423

17-8-Glucuronides, urinary ster-
oid, enzymatic detection of
after gel filtration, 743-
749

Glutamic acid decarboxylase activ-—
ity, in subregions of rat
brain, determination of, by
HPLC, 479-487

Glycerol, analysis of in soap by
HPLC, using refractive in-
dex detection, 927-938

Glycoalkaloids, potato, separation
of, by semi-preparative
HPLC, 731-742

Glycols, analysis of in soap by
HPLC, using refractive in-
dex detection, 927-938

Glycoproteins, variant, from Tryp-
ansoma rhodesiense, peptide
mapping of, by RP-HPLC,
1933-1940

Gonadal steroids, separation of,
by RP-HPLC, 125-139

Gonadal tissues, quantification of
steroids resulting from in-
cubation of with radioactive
precursors, using HPLC, 313-
325

Gradient high performance liquid
chromatography. See High
performance (pressure) lig-
uid chromatography, gradient
and isocratic

Group separation quantitation,
crude oil hydrocarbon, by
HPLC, 1645-1652
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H
Heavy metal ions, separation of
by ion-exchange chromatog-
raphy, using succinate as
eluent, 63-72
Hepatic proliferation inhibitor,
purification of, by anion-
exchange HPLC, 751-756
Hexazinone, effect of silanol
masking on extraction of
from hydrocarbonaceous
pre~analysis extraction
column, 2293-2309
High performance (pressure)
liquid chromatography
(HPLC)
of amino acids and peptides,
pre-column derivatization
in, 1493-1498
analysis of bile pigments by,
$305-5318
analysis of caffeine and theo-
bromine in animal diets by,
585-~-589
analysis of catecholamines by,
S1-S41
analysis of cimetidine in bio-
logical fluids by, 2413-
2422
analysis of glycerol and other
glycols in socap by, using
refractive index detec-
tion, 927-938
analysis of oligowmers by,
$319-5329
analysis of plant pigments
by, S43-873
analysis of steroids by, S$121-
8173
analysis and separation of 2'-
5' oligoadenylates and re-
lated oligonucleotides by,
2027-2039
anion—~exchange
high resolution separation
of urinary organic acids
by, 2343-2357
purification of hepatic pro-
liferation inhibitor from
rat liver by, 751-756
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[High performance (pressure) lig—

quid chromatography (HPLC)]

of antineoplastic anthracene-
dione devivative, 132317328

agsay of fluspirilene in dosage
forms by, 2205-2210

baseline noise suppression in,
use of lag filters for, 853~
867

computation of parameters in,
869-879

computer program for identifi-
cation of elution order of
peaks in, 1771-1785

crude oil hydrocarbon group
separation quantitation by,
1645-1652

determination of anticonvulsants
by, S273-8304

determination of azide as 3,5-
dinitrobenzoyl derivative
by, 597-604

determination of azinphos methyl
and azinphosmethyl oxon by
direct injection and trace
enrichment using, 49-62

determination of a-chaconine
and a—-solanine in potato
tubers and products by,
1313-1322

determination of free fatty
acids in natural oils and
alkyd resins by, 275-304

determination of glutamic acid
decarboxylase activity by,
in subregions of rat brain,
479487

determination of indomethacin
in high-volume blood samples
by, 337-343

determination of ifoniazid and
acetylisoiazid in human
plasma by, 707-714

determination of neutral sugars
in biological samples by,
1711-1723

determination of physostigmine
in plasma by, 1691-1695

determination of polyolefin ad-
ditives by, following Sox-
hlet extraction, 1269-1276
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determination of 5'-terminal
of small RNA molecules by,
2079-2084

determination of tiaprofenic
actd in human plasma by,
1.65~174

determination of wvalproic acid
in by, 1697-1709

differential binding of sugars
and polyhydric alcohols to
ion-exchange resins by,
767-779

dual-~column, simultaneous meas-
urement of 6-thioquanine
and adenine in RNA or DNA,
2095-2110

effect of substituents on re-
tention of strychnine de-—
rivatives in, 1481-1492

with electrochemical detection,
determination of captopril
in physiological fluids us-
ing, 97-110

enzymatic determination of
triglycerides in conjunc—
tion with, 1679-1689

fractionation of microsomal
cytochrome P-450 using,
367-377

gradient and isocratic, deter-
mination of ultraviolet
absorbing polyolefin addi-
tives by, 613-624

identification of 7-methylxan-
thine in cacao products
by, 939-943

intra— and inter-laboratory
reproducibility of reten-—
tion indices of, 829-839

iodination of peptide hormones
and purification of iodi-
nated peptides by, 1499~
1507

ion pair. See Ion-pair high
performance liquid chro-
matography; Ton-pair liq—
uid chromatography

isocratic

determination of tetracyc-

line and related compounds
by, 1973-1990
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[High performance (pressure) liq-
uid chromatography (HPLC),

semi-preparative, separation
of potato glycoalkaloids

isocratic]
separation of bacterial mena-

quinones by, using reversed
phase and silver loaded ion
exchanger, 2359-2367

isolation of RNA fragment pre-
pared by enzymatic synthe-
sis by, 2061-2077

laser—excited windowless flow-
cell for fluorescence, pho-
toacoustic, and two-photon
photoionization detection
of aromatic compounds in,
2113-2122

optimization in (book review),
187

of parabens in pharmaceutical
preparations containing hy-
droxyquinolines, 1357-1366

peak splitting in, using 2-pro-
panol as a modifier, 1467-
1480

preparation of bonded spiral
phase for, for outer-sphere
ligand exchange, 819-828

preparative, separation and
purification of isomers of
propylene phenoxetol by,
2155-2167

and proteolytic enzyme charac~
terization of peptides in
tooth pulp extracts, 2135~
2154

quantitation of carbon dioxide
by, 2193-2203

quantitation of naproxen and
des-methyl-naproxen in bio-
logical samples by, 549-561

quantitation of steroids re-
sulting from incubation of
gonadal tissues with radio-
active precursors, using,
313-325

quantitation of vitamin A pal-
mitate in liquid multivita-
min formulations, 571-584

reversed-phase. See Reversed-
phase high performance liqg-
uid chromatography (RP-HPLC)

by, 731-742

separation of polyols and
carbohydrates by, 1941-
1946

separation and quantitation
of mono-, di-, and tri-
saccharides by, 1725-
1748

separation and quantitation
of polychlorinated bi-
phenyls and chlorinated
pesticides by, 1653-1663

separations in using alkyl

silica gel bonded phases,

1069-1080

separation of sulfated oli-
gosaccharides from K-
carrageenan and oligo-
galacturonic acids by,
403-412

on silica gel, use of iso-
hydric solvent system
in, for analysis of
macrolide antibiotics,
1449-1465

simultaneous determination
of flunixin, phenyl-
butazone, oxyphenbuta-
zone, and y-hydroxy-
phenylbutazone in equine
plasma by, 1991-2003

size-exclusion,

for analysis of insulin
and monitoring of its
enzymatic hydrolysis,
1-14
See also Size exclusion

chromatography (SEC)

spherical versus irregular-—
shaped silica gel parti-
cles in, 1431-1448

and syntrophic pigment syn-—
thesis, separation and
detection of monopyrrole
and bipyrrole precursors
of prodigiosin from Ser-
ratia marcescens by,
1329-1340
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[High performance (pressure) liq-
uid chromatography (HPLC),
isocratic]

two~dimensional , high resolution
separation of urinary organ-
ic acids by, 2343-2357

High performance thio-film chroma-—
tography, in biological
studies, 1573-1582

High resolution separation, of
urinary organic acids by
reversed—-phase, anion-ex-
change and two dimensional
HPLC, 2343--2357

High-volume samples, of blood,
determination of indometha-
cin in, using HPLC, 337-343

Hippuric acid, analysis of, by
TLC, 1181-1190

Hold-up time, on reversed-phase

packing, use of lithium ni-

trate as test substance for,

2321-2341

See Ion—exchange chroma-

tography (HPIEC)

Human chorionic gonadotropin, and
its subunits, isclation of,
by HPLC, 715-729

Hydrocarbon, crude oil, group sep-
aration quantitation of, by
HPLC, 1645-1652

Hydrophobicity, compared to reten-—
tion data of aliphatic and
aromatic compounds, in RPLC,
229-244

v-Hydroxyphenylbutazone, simul-
taneous determination of
with flunixin, phenylbuta-
zone, and oxyphenebutazone
in equine plasma, by HPLC,
1991-2003

Hydroxyquinolines, determination
of parabens in pharmceuti-
cal preparations containing,
by HPLC, 1357-1366

HPIEC.

1

ICP. See Inductively coupled plas-—
ma (ICP) detection method
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Indolic metabolites, of tryto-
phan, separation of by
RP-HPLC using UV, elec-—
trochemical and spectro-
fluorimetric detection,
24232434

Indomethacin, determination of
in high-volume blood
samples, by HPLC, 337~
343

Inductively coupled plasma
(ICP) detection method

metal cation/anion specia-
tion, by ion-pair RP-
HPLC with, 463-478

metal cation speciation, by
RP-HPLC and, 693-706

See also Detection system

Inorganic analysis, chroma-
tographic methods in
(book review), 381

Inorganic phosphates, cyclic
and linear, influence of
eluting agents on gel
chromatographic behavior
of, 73-80

Insulin, analysis of an moni-
toring enzymatic hydrol-
ysis of by size-exclu-
sion HPLC, 1-14

Iodination, of peptides by
HPLC, 1499-1507

Ton—exchange chromatography
(HPIEC), separation of
heavy metal ifons by, us—
ing succinate as eluent,
63~72

Ion~exchange resins, differen-—
tial binding of sugars
and polyhydric alcohols
to, by HPLC, 767-779

Ton—exchange thin layers, com-
parison of amino acid
separations on, and other
TLC systems, 1051-1068

Ton exchanger, silver loaded,
isocratic separation of
bacterial menaquinones
by HPLC using, 2359-
2367
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Ton-pair high performance liquid
chromatography
assay of potassium (-)-N-(Ll-
methoxycarbonyl propene-
2yL)-p~hydroxyphenylgly-

cine by, 1349-1355
determination of methacholine
chloride by, 1341-1348
Ton~pairing agent, camphorsulfon-

ic acid used as in separa-—
tion of epimeric alkaloids,
by reversed-phase ion-pair
HPLC, 305-312
Ion~pair liquid chromatography
assay of N-propylajmaline in
plasma by, 141-150
of hydrophobic amines on non-
polar bonded phases, ef-
fects of counter ions in,
677-691
reversed-phase
separation and fluorimetric
detection of polyamines by,
245-264
separation of epimeric alka-
loids using camphorsulfonic
acid as ion pairing agent
in, 305-312
See also Reversed-phase high
performance liquid chroma-
tography (RP-HPLC) ion-pair
Ion pair reagents, UV sensitive,
quantitation of alkyl sul-
phonates using, in RPLC,
389-402
Ion—-suppression reversed-phase
high performance liquid
chromatography. See Re-
versed phase high perform-
ance liquid chromatography,
ion suppression
Isocratic high performance liquid
chromatography. See High
performance liquid chroma-
tography (HPLC), isocratic
Isocratic separation, of bacte-
rial menaquinones, by HPLC
using reversed-phase and
silver loaded ion exchang-
er, 2356-2367
Isohydric solvent system, use of
in HPLC on silica gel for
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analysis of macrolide anti-
biotics, 1449-1465

Isoiazid, determination of in
human plasma, by HPLC,
714

Isomeric thicether metabolites,
of styrene oxide, analysis
of, using RP-HPLC, 345-365

Isomers of propylene phenoxetol.
See Propylene phenoxetol,
isomers of

707~

Isomers, inorganic, separation of
by TLC, 1141-1153
L

Lag filters, use of for suppres—
sion of balance noise in
HPLC, 853-867
See Low angle laser scat-
tering photometer (LALLS)
LC/MS. See Liquid chromatography/
Mass spectrometry intercon-
nection
Ligand exchange, outer sphere,
preparation of bonded spi-
ral phase for HPLC for,
819-828
scattering, and GPC, deter-
mination of monodisperse
Mark-Houwink equation of
high-vinyl polybutadiene
by, 1405-1422
Lipids, copper reagent for quan-—
titative densitometric TLC
of, 1155-1162
Lithium nitrate, use of as test
substance for determination
of hold-up time on reversed-
phase packing, 2321-2341
Liquid chromatography
determination of phenolic acids
of vegetable origin by var-

LALLS.

Light

ious methods of, S75-5103
use of crown ethers in, $223-
5255
Liquid chromatography calendar,
191-192, 387-388, 593-595,
801-805, 1007-1011, 1205~
1208, 1401-1404, 16011604,
1805-1808, 2023-2026, 2223~
2225, 24592460, S175-8178,

$337-5338
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Liquid chromatography/electrochem—
istry
determination of carbenvl 2,4-
dinitrophenylhydrazones by,
669676
nitroaromatic reagents for de-
termination of amines and
amino acids by, 881-885
See also Electrochemical detec-
tion
Liquid chromatography/mass spec~-
trometry (LC/MS) intercon-—
nection, recent developments

in, 8257-5272

Liquid chromatography news, 189~
190, 383-385, 591-592, 797-
799, 1003-1005, 1201-1203,
1397-1400, 1597-1600, 1801-
1804, 2019-2022, 2217-2221,
2453-2457, S331-8334

Liquid culture media, Cercospora
rogicola, RP-HPLC analysis
of Abscisic acid in, 81-91

Liquified gas solutions, solubili-
ty measurements in, 2193-
2203

Low angle light scattering pho-
tometer (LALLS)

simultaneous calibration of mo-

lecular weight separation

and column dispersion of

GPC, by coupling with, 1209-

1222

also DRI/LALLSP detector

system

See

M

Macrocycles, formed from cationic
copolymerization of tetrahy-
drofuran with propylene ox-—
ide, characterization of, by
GPC and GC/MS, 1423-1430

Macrolide antibiotics. See Spira-
mycins; Turimycins

Macromolecular separations, elec—
trical diffuse layer used as
stationary phase for, in
open capillary chromatogra-
phy, 15-23
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Magnesium ions, binding ability of
to linear phosphate ions,
evaluation of by zonal gel
chromatography, 1787-1799

Mark-Houwink equation

monodisperse, of high-vinyl
polybutadiene, determina-
tion of by GPC and light
scattering, 1405-1422

See also Ethylene-propylene co-

polymers
Measurement of t, (letters), 1391-
1393, 1395-1396

Menaquinones, bacterial, isocrat-
ic separation of by HPLC,
using reversed-phase and
silver loaded ion exchanger,
2356-2367

Metal-cation/anion speciation, by
ion-pair HPLC, with RI or
ICP detection methods, 463-
478

Metal cation speciation, by ex-
traction RP-~-HPLC, with RI
and/or ICP detection meth-
ods, 693-706

Methacholine chloride, determina-
tion of by ion-pair HPLC,
1341-1348

Methanol-acetone silica gel. See
Silica gel, methanol-ace~-
tone

des—Methyl naproxen. See Naproxen
and des-methyl naproxen

Methyl red, quantitative determi-
nation of adsorption of, on
stationary phases, 25--37

7-Methylxanthine, in cacao prod-
ucts, identification of, by
HPLC, 939-943

Microparticulate packings, for
aqueous steric exclusion
chromatography, 489-524

Mobile phases, aqueuos micellar,
use of in RP-TLC, 1043--1050

Molecular weight distribution

in GPC, use of programmable
pocket calculator for cal-
culation of, 413-423

of polyethylene terephthalate,
determination of, by GPC,
1665-1678
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Molecular welght
narrow, of
ability of
results in
193-216

Molecular weight

distributions,
polymers, reli-
chromatographic
determination of,

separation, si-
multaneous calibration of
and column dispersion of
GPC, by coupling with LALLS,
1209-1222

Monoqucuronids, of estrone, estra-—
diol, estriocl and l6-epies-
triol. See Estrogen glucuro-—
nides

Monopyrrole precursors, of prodi-
giosin from Serratia marces-
cens, separation and detec-—
tion of, by HPLC and syntro-
phic pigment synthesis,
1329-1340

Mouse brain

non—coded biosynthesis of N-
acetylaspartyl peptides in
homogenates of, 989-1002
unpurified, simultaneous assay

of bilogenic amines and me-
tabolites in, 151-164

Multivitamin formulations, liquid,
quantitation of vitamin A
palmitate in, by HPLC, 571-
584

N

Naproxen, and des-methyl naproxen,
quantitation of in biologi-
cal samples, by HPLC, 549~
561

Natural oils, determination of in

free fatty acids in by HPLC,

275-304

tissue, invertebrate, isola-

tion of nanogram amounts of

crustacean erythropore con-
centrating hormone from, by

RP-HPLC, 1375-1390

Neutral sugars, determination of
in biological samples, by
HPLC, 1711-1723

Nitroaromatic reagents, for deter-
mination of amines and ami-

Nerve
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no acids, by liquid chroma-
tography/electrochemistry,

881~895

Noise levels, comparison of, of
dual piston reciprocating
and triple piston pump, 869-
879

Norepinephrine

determination of, by RP-HPLC,
using electrochemical de-
tection, 2435-2452
plasma, determination of, by
ion-pair RP-HPLC, with
electrochemical detection,
1947-1965
Nucleosides, in RNA and DNA,
quantitative analysis of,
by RP-HPLC, 2041-2060
2'-and 3'-Nucleotide monophos-
phates, separation of, by
RP-HPLC, 111-123

0

Octopamine, determination of, by

RP-HPLC, using electro-

chemical detection, 2435-

2452

Oligoadenylates, and relat-

ed oligonucleolides, anal-

ysis and separation of by

HPLC, 2027-2039

Oligoqgalacturonic acid, separa-
tion of and sulfated oligo-
saccharides from k-carra-
geenan, by HPLC, 403-412

Oligomers

analysis of, by HPLC and GPC,
$319-8329
analysis of polydispersity of,

by adsorption TLC, 1509-1529

Open capillary chromatography,
using electrical diffuse
layer as stationary phase
for charged macromolecular
separations, 15-23

Organic acids, urinary, high res-
olution separation of, by
reversed-phase, anion-ex-
change and two-dimensional
HPLC, 2343-2357

2'-5"
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Organic compounds, elution behav-
ior of, in GPC, using chlor-
oform as eluent, 1809-1823

Organophosphate insecticide. See
Azinphos methyl and azinphos
methyl oxon

Orthophthal dialdehyde/ethanethiol
derivatives, quantitation of
plasma amino acids as, by
RP-HPLC, 2369-2393

Outer-sphere ligand exchange. See
Ligand exchange, outer
sphere

Oxidation products, fatty, removal

of Triton X-100 and reduc-
tion of Tween 20 concentra-
tion in extracts of, use of
Sep~Paks for, 917-926

Oxidative metabolites, of testos-—
terone, separation of, by
RP-HPLC, 563~570

Oxyphenebutazone, simultaneous de-
termination of with fluni-
xin, phenylbutazone, and
y-hydroxyphenylbutazone in
equine plasma, by HPLC,
1991-2003

P

PAP. See Prostatic acid phospha-

tase (PAP)

Paper chromatographic separation,
of phenols, zinc silicate as
adsorbent [or, 967-988

Parabens, in pharmaceutical prepa-
rations containing hydroxy-
quinolines, determination
of, by HPLC, 1357-1366

PCBs. See Polychlorinated bi-

phenyls (PCBs)

computer program for iden-—
tification of elution order

of, in HPLC, 1771-1785

Peak splitting, in HPLC, using 2-
propanol as a modifier,
1467-1480

D-Penicillamine, monitoring of in
clinical practice, by ion
exchange TLC, 1531-1540

Peptide mapping, of wvariant glyco-

Peaks,

SUBJECT INDEX TO VOLUME 5

proteins from Trypansoma

1933-1940
Peptides
iodinated, purification of, by
HPLC, 1499-1507
pre-column derivatization in
HPLC of, 1493-1498
secretin~-glucagon family, sep-
aration of, by RP-HPLC, in
triethylammonium buffers,
2123-2134
separation of from amino aecids,
by PLC, using amberlite
XAD-4, 443-461
separation of and pentaamine
colbalt (III) amino acids,
by RP-HPLC, 537-547
in tooth pulp extracts, HPLC
and proteolytic enzyme char-
acterization of, 2135-2154
Pesticides, TLC of, 1013-1032
Pharmaceutical preparations, con-—
taining hydroxyquinolines,
determination of parabens
in, by HPLC, 1357-~1366
Phencyclidine synthetic mixtures,
comparison of radially com-—
pressed and stainless steel
columns for separation of,
by ion-pair RP-HPLC, 2395~
2411
Phenolic acid, of vegetable ori-
gin, determination of, by
various methods of liquid
chromatography, $75-5103
Phenols
behavior of on silica gel plates
impregnated with aliphatic
amines, in TLC, 1081-1095
zine silicate used as adsorbent
for paper chromatographic
separation of, 967-988
N-Phenylamides, of benzoylacetic
acid, relationship between
biological activity and
capacity ratios of, in re-
versed-phase HPLC and HPTLC,
39-48
Phenylbutazone, simultaneous de-
termination of with fluni-
xin, oxyphenebutazone, and
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[Phenylbutazone]
y~hydroxyphenylbutazone in
equine plasma, by HPLC,
19912003

Phosphate anions, linear, binding
ability of to magnesium
ions, evaluation of, by zon-

al gel chromatography, 1787~
1799
Phosphorus oxopolyanions, large

size, elution behavior of,
in DEC, 1855-1867
Photoacoustic detector. See Detec-

tor, fluorescence, photo-
acoustic, and two-photon
photoionization

Physiological fluids, determina-
tion of captopril in, using
HPLC, with electrochemical
detection, 97-110
Physostigmine, in plasma,
nation of, by HPLC,
1695
Picloram, effect of silanol mask-
ing on recovery of from hy-
drocarbonaceous pre—analysis
extraction column, 2293-2309
Picrolam-methylester, effect of
silanol masking on extrac-
tion of from hydrocarbona-
ceous pre-analysis extrac-
tion column, 2293-2309
Plant materials
determination of phenolic acids
from, by various methods of
liquid chromatography, S$75-
5103
See also Betalines; Carotenoids;
Chlorophylls; Flavonoids
Plant pigments. See Betalines;
Carotenoids; Chlorophylls;
Flavonoids
Plasma
analysis of diethyldithiocarba-
mate in, by RP-HPLC, 945-951
assay of N-propylajmaline in by
ion~pair liquid chromatogra-
phy, 141-150
determination of physostigmine
in by HPLC, 1691-1695
determination of tiaprofenic
acid in, by HPLC, 165-174

determi-
1691-
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equine, simultaneous determina-
tion of flunixin, phenylbu~
tazone, oxyphenebutazone
and y-hydroxyphenyl buta-
zone in, by HPLC, 1991-2003

human, determination of isocia-
zid and acetylisoiazid in,
by HPLC, 707-714

PLC. See Preparative liquid chro-
matography (PLC)

Polarity, of binary solvents, ef-
efect of on separations, in
RP-TLC and RP-HPLC, 625-641

Polyacrylamides, nonionic, char—
acterization of, by aqueous
SEC, using DRI/LALLSP de-
tector system, 1277-1294

Polyamines, separation and fluoro-—
metric detection of by, re-
versed~phase ion-pair liquid
chromatography, 245-264

Polyamine support, steric exclu—
sion chromatography of cat-
ionic polymers on, 2259-2270

Polybutadiene, high-vinyl, deter-
mination of monodisperse
Mark-~Houwink equation for,
by GPC and light scatter-—
ing, 1405-1422

Polychlorinated biphenyls (PCBs),
and chlorinated pesticides,
separation and quantitation
of, by HPLC, 1653-1663

Polydispersity

in application of Benoit's uni-
versal parameter, in GPC,
217-228

of oligomers and polymers, anal-
ysis of, by adsorption TLC,
1509~1529

of samples, influence of on
SEC, with microparticulate
porus silica spheres, 643~
667

Polyethylenes

determination of antioxidants,
crosslinking agents, and
decomposition products in,
by RP-HPLC, 1847-1854

linear, calibration in high
temperature GPC of, 807~
817
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Polyethylene terephalate

analysis of, by GPC, using o-
chlorophenol-chloroform sol-
vent system, 18251845

determination of molecular
weight distribution of, by

GPC, 16651678

Polyhydric alcohols. See Alcohols,
polyhydric

Polymer mixtures, characterization
of, by GPC, 2253-2257

Polymers

analysis of polydispersity of,
by adsorption TLC, 1509-1529
cationic, steric exclusion chro-
matrography of, on a polya-
mine support, 2259-2270
Polymer solutions, flowing in cap-
illaries, dispersion of,
1621-1623
Polyolefin additives
determination of by HPLC, fol-
lowing Soxhlet extraction,
1269-1276
ultraviolet absorbing, determi-
nation of by gradient and
isocratic HPLC, 613-624
Polyols, separation of by HPLC,
1941-1946
Polyphosphate, inorganic long-
chain, fractionation and
characterization of, by gel
chromatography, 265-273
Potassium (~)=N-(l-methoxycarbonyl-
propene—2yL)-p-hydroxyphenyl-
glycine, assay of, by ilon-
pair HPLC, 1349-1355
Potato, tubers and products of, de-
termination of a~chaconine
and o-solanine in, by HPLC,
1313-1322
Potato glycoalkaloid metabolites.
See o~chaconine; a-solanine
Prajmaline. See N-Propylajmaline
Pre-~column derivatization, in HPLC
of amino acids and peptides,
1493-1498
Preparative liquid chromatography
(PLC)
amberlite XAD-4 as stationary
phase for, in a radially
compressed column, 781-795
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normal phase, use of weak acid-

base interactions to im-

prove separations in, 2271~

2292

of amberlite XAD-4 for

aration of amino acids

peptides by, 443-461

2-Propanol, use of as modified in
peak splitting in HPLC,
1467-1480

N-Propylajmaline, in plasma, as-
say of, by ion-pair liquid
chromatography, 141-150

Propylene oxide, cationic copoly-
merization of tetrahydro-~
furan with, characteriza-
tion of macrocycles formed
from, by GPC and GC/MS,
1423-1430

Propylene phenoxetol, isomers of,
separation and purification
of by preparative HPLC,
2155-2167

2-Propylpentanoic acid. See Val-
proic acid

Prostatic acid phosphatase (PAP),
from seminal plasma, puri-
fication of, by RP-HPLC,
1921-1931

Proteins, effect of bonded phases
on determination of, in RP-
HPLC, 1367-1374

Proteolytic enzyme, and HPLC char-
acterization, of peptides
in tooth pulp extracts,
2135~2154

Pteroylmonoglutamic

Folic acid

dual piston reciprocating

and triple piston, compar-

igon of noise levels in,

869-879

use sep—

and

acid. See

Pumps,

Q

Quantitation, of adsorption of
methyl red on stationary
phases, 25-37
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Quantitative densitometric thin
layer chromatography. Se
Thin layer chromatography
(TLC), quantitative densito-
metric

R

Radially compressed column, amber-
lite XAD~4 as stationary
phase for PLC in, /81-795
Radiocactive precursors, quantifi-
cation of steroids resulting
from incubation of gonadal
tissues with, using HPLC,
313-325
Radio-iodinated cholecystokinin.
See Cholecystokinin, radio-
iodinated
Radiopharmaceutical synthesis, use
of Sep-Pak preparative chro-
matography in, 2005-2016
Rat brain, subregions of, determi-
nation of glutamic acid de-
carboxylase activity of, by
HPLC, 479-487
Refractive index (RI) detection
analysis of glycerol and other
glycols in soap, by HPLC,
using, 927-928
metal cation/anion speciation by
ion-pair RP-HPLC with, 463~
478
metal cation speclation by RpP-
HPLC and, 693-706
Reproducibility, intra- and inter-—
labocatory, of HPLC reten—:
tion indices, 829-839
Retention data, compared to hydro-
phobicity of aliphatic and
aromatic compounds, in RPLC,
229-244
Retention indices, HPLC, intra-
and inter-laboratory repro-
ducibility of, 829-839
Reversed-phase high performance
(pressure) liquid chromatog-
raphy (RP-HPLC)
analysis of abscisic acid in
Cercospora rosicola, liquid
culture media by, 81-91
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analysis of carbon dioxide by,
9-2191.
of diethyldirhiocavrba-
in plasma by, 945-951
analysis of igomeric thiocether
metabolites of styrene ox-
ide by, 345-365
determination of chloropham
by, 327-335
determination of folic acid in
fortified foods by, 953-966
effect of binary solvent com-
position and polarity on
separations in, 625-641
extraction, with RI and/or ICP
detection methods, metal
cation speciation by, 693-
706
high resolution separation of
organic urinary acids by,
2343-2357
jon-pair
comparison of radially com-
pressed and stainless steel
columns for separation of
phencylidine synthetic mix—
tures by, 2395-2411
determination of plasma nor-
epinephrine and epinephrine
by with electrochemical de-
tection, 1947-1965
metal cation/anion speciation
by, with RT or ICP detec~—
tion methods, 463-478
ion-suppression, separation of
deoxyribonucleotides by,
2085-2093
isolation of human chorionic
gonadotropin and its sub
units by, 715-729
isolation of nanogram amounts
of crustacean erythrophore
concentrating hormone from
invertebrate nerve tissue
by, 1375~1390
peptide mapping of wvariant gly-
coproteins from Trypansoma
rhodesiense by, 1933-1940
preparation and purification of
tritiated dextromethorphan
by, 2311-2320
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[Reversed—-phase high performance
(pressure) liquid chromatog-
raphy (RP-HPILC) ]

of proteins, effects of
phases on, 1367-1374

purification of prostatic acid
phosphatase from seminal
plasma by, 1921-1931

purification of radio-iodinated
cholecystokinin by, 757-766

quantitation of plasma amino
acids as orthophthaldialde-
hyde/ethanethiol derivatives
by, 2369-2393

quantitative analysis of nucleo-
gsides in RNA and DNA, 2041~
2060

and rat heart bioassay, on line
detection of plasma borne
vasoconstrictor using, 1749-
1762

relationship between biological
activity and capacity ratios
of N-phenylamides of benzo-—
ylacetic acid in, 39-48

retention of ionized solutes in,

bonded

1295~1312

separation of estrogen glucuro-—
nides by, 1763-1770

separation of gonadal steroids
by, 125-139

separation of 2'- and 3'-nucleo-
tide monophosphates by, 111l-
123

separvation of pentaamine colbalt
(ITI) amino acids and pep-
tides by, 537-547

separation of semisynthetic dau-
nomycinone derivatives by,
1967-1972

separation of testosterone from
its oxidative metabolites
by, 563-570

separation of tryptophan and its
indolic metabolites by, us—
ing UV, electrochemical, and
spectrofluorimetric detec-
tion, 2423-2434

simultaneous determination of
antioxidant, crosslinking
agent, and decomposition
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products in polyethylene by,
1847-1854
simultaneous determination of
dopamine, norepinephiine,
tyramine, and octopamine by,
using electrochemical de-
tection, 2435-2452
simultaneous measurement of
acetaminophen and salicy-
late by, 93-96
theory, practice, and biomedi-
cal applications of (book
review), 2017
in triethylammonium buffers,
separation of secretin-glu-
cagon family peptides by,
2123-2134
Reversed-phase liquid chromatog-
raphy (RPLC)
quantitation of alykl sulfo-
nates, using UV-sensitive
ion-pair reagents in, 389-
402
retention data compared to
hydrophobicity in aliphatic
and aromatic compounds in,
229-244
Reversed-phase packing, use of
lithium nitrate as test-—
substance for determination
of hold~up time on, 2321~
2341
Reversed-phase thin layer chroma—
tography (RP-TLC)
effect of binary solvent com-
position and polarity on
separations in, 625-641
use of aqueous micellar mobile
phases in, 1043-1050
RI. See Refractive index (RI)
detection
Ribonucleic acid (RNA)
simultaneous measurement of 6-
thioquanine and adenine in,
by dual-column HPLC, 2095~
2110
quantitative analysis of nucleo-
sides in, by RP-HPLC, 2041-
2060
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Ribonucleic acid fragment, pre-
pared by enzymatic synthe-
sis, isolation of by HPLG,
2061-2077

Ribonucleic acid molecules, small,
5'~terminal of, determina-
tion of by HPLC, 2079--2084

RNA. See Ribonucleic acid (RNA)

RP-TLC. See Reversed phase thin
layer chromatography (RP-
TLC)

S

Saccharides, mono-, di-, and tri-,
separation and quantitation
of, by HPLC, 1725-1748
Salicylate, simultaneous measure-
ment of with acetaminophen,
by RP-HPLC, 93-96
See Size exclusion chromatog-
raphy (SEC)
Secretin—glucagon family peptides.
See Peptides, secretin-
glucagon family
Selenium, analysis of biological
tissues for, by TLC, 1191~
1200
Seminal plasma, purification of
prostatic acid phosphatase
in, by RP-HPLC, 1921-1931
Separation, effect of flow rate
on, in GPC, 1241-1267
Separation system, relationship
between efficiency of and
asymmetry of elution curve,
in SEC, 1605-1619
Sep~Pak Cyg cartridges
isolation of ecdysteroids from
crustacean tissues and cul-
ture media, using, 525-535
of for preparation of bile
acid methyl ester acetates,
175-186
Sep—~Pac preparative chromatogra-—
phy, use of in radiopharma-

SEC.

ceutical synthesis, 2005-
2016
Sep~Paks, use of for removal of

Triton X~100 and reduction
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of Tween 20 concentration

in extracts of fatty oxida-

tion products, 917-926
Serratia marcescens, separation

and detection of prodigio-

sin precursors from, by

HPLC and syntrophic pig—

ment synthesis, 1329-1340

human, determination of
valproic acid in, by HPLC,

1697-1709

See Supercritical fluid chro-

matography (SEC)

Silanocl masking, effect of on re-
covery of picloram and other
solutes from hydrocarbon-
aceous pre-analysis extrac—
tion column, 2293-2309

Silica beads, long chain alkylsi-

Serum,

SEC.

lane modified porus, used
as packing, for GPC, 1223-
1239

Silica gel

comparison of amino acid sepa-
rations on and other TLC
systems, 1051-1068
methanol—-acetone, association
effects in TLC data for
solutes chromatographed in,
1033-1042
Silica gel particles, spherical
versus irregular shaped, in
HPLC, 1431-1448
Silica gel plates
impregnated with aliphatic
amines, behavior of phenol
on, in TLC, 1081-1095
separation and identification
of essential oil constitu-
ents on, by TLC, 1097-1102
Silica spheres, microparticulate
porus, influence of flow
rate, solute mass transfer
and polydispersity of sam-—
ples on, in SEC, 643-667
Silicone elastomer, experimental
curves of GPC of, 2241-2251
Silver loaded ion exchanger. See
Ion exchanger, silver load-
ed
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Simultaneous assay
of acetaminophen and salicylate,

by RP-HPLC, 93-96
of biogenic amines and metabo-
lites in unpurified mouse
brain, 151-164
Size exclusion chromatography
(BEC)
aqueous, characterization of

nonionic polyacrylamides by,
using DRI/LALLSP detector
system, 1277-1294
characterization of dextrans by,
using DRI/LALLSP detector
system, 425-441
with microparticulate porus sil-
ica spheres, influence of
flow rate, solute mass
transfer and polydispersity
of samples on, 643-667
relation between asymmetry of
elution curve and efficien—
cy of separation system in,
1605-1619
variations in calibration in,
curve fitting program to ad-
just for, 841-851
Size—~exclusion high performance
liquid chromatography
(HPLC). See High performance
liquid chromatography (HPLC)
size-exclusion
analysis of glycerol and
other glycols in, by HPLC,
using refractive index de-
tection, 927-938
g~Solanine, determination of in
potato tubers and products,
by HPLC, 1313-1322
Solubility measurements,
uified gas solutions,
2203
Solute mass transfer, influence of
on SEC with microparticulate
porus silica spheres, 643-
667
Solutes
chromatographed in methanol-
acetone silica gel, associ-
ation effects in TLC data
for, 1033~1042

Soap,

in lig-—
2193~
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ionized, retention of in RP-
HPLC, 1295--1312
See also Acetophenone; Benzene;
Hexazinone; Picrolam; Picro-
lam-methylester
Solvents, binary, composition and
polarity of, effect of on
separations in RP-TLC and
RP-HPLC, 625-641
Solvent system, o-chlorophenol-
chloroform, analysis of
polyethylene terephalate,
by GPC, using, 1825-1845
Soxhlet extraction, determination
of polyolefin additives,
by HPLC, following, 1269-
1276
Spectrofluorimetric detection,
separation of tryptophan
and its indolic metabolites,
by RP-HPLC, using, 2423-2434
Spiral phase, bonded, preparation
of for HPLC, for outer-
sphere ligand exchange,
819-828
Spiramycins, use of isohydric
solvent system in HPLC on
gilica gel, for analysis
of, 1449-1465
Stationary phase
amberlite XAD-4 used as for
PLC, in a radially com-
pressed column, 781-795
macromolecular separations,
electrical diffuse layer
used as in open capillary
chromatography, 15-23
quantitative determination of
adsorption of methyl red
on, 25-37
Steric exclusion chromatography
aqueous, microparticulate
packings for, 489-524
of cationic polymers on a poly-
amine support, 2259-2270
Steroids
analysis of, by HPLC, S121-S173
resulting from incubation of
gonadal tissues with radio-
active precursors, quanti-
fication of, by HPLC, 313~
325

for
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[Steroids]
urinary, enzymatic detection of,
in TLC, 1163-1170
Strychnine devivatives, effect of
substituents on retention
in HPLC, 14811492
Styrene oxide, analysis of isomer-
ic thicether metabolites of,
using RP-HPLC, 345-365
Substituents, effect of on reten-—
tion of strychnine deriva-
tives, in HPLC, 1481-1492
Succinate, use of as eluent in
ion-exchange chromatographic
separation of heavy metal
ions, 63-72
Sugars
differential binding of to ion
exchange resins, by HPLC,
767~7179
See also Neutral sugars
Sulfated oligosaccharides, from
K-carrageenan, separation of
and oligoalacturonic acid,
by HPLC, 403~412
Supercritical fluid chromatogra—
phy (SFC), review of methods
and principles of, S179-8221
Syntrophic pigment synthesis, and
HPLC, separation and detec~-
tion of precursors of prod-
igiosin from Serratia mar-
cesceng, by, 1329-1340

-
of,

T

5'-Terminal, of small RNA mole-—
cules, determination of by
HPLC, 2079-2084

Testosterone, separation of from
its oxidative metabolites,
by RP-HPLC, 563-570

Test substance, for determination
of hold-up time on reversed-
phase packing, use of lith-
ium nitrate as, 2321-2341

Tetracycline, and related com-
pounds, determination of, by
isocratic HPLC, 1973-1990

Tetrahydrofuran, cationic copoly-
merization of with propylene

2489

characterization of
macrocycles formed from,
by GPC and GC/MS, 1423-1430
Theobromine, in animal diets,
analysis of, by HPLC, 585~
589
Thin-layer chromatography (TLC)
adsorption, analysis of poly-
dispersity of oligomers
and polymers by, 1509-1529
analysis of biological tissues
for selenium by, 1191-1200
analysis of hippuric acid by,
1181~-1190
behavior of phenols on silica
gel plates impregnated with
aliphatic amines in, 1081-
1095
comparison of amino acid sepa-
rations on systems of, 1051-
1068
continuous flow, new detector
system for, 1567-1572
enzymatic detection of urinary
steroids in, 1163-1170
ion exchange, monitoring of D-
penicillamine in clinical
practice by, 1531-1540
migration and partition of polar
aromatic compounds in, 1103~
1121
overpressured,
15411553
of pesticides, 1013-1032
quantitative densitometric, of
lipids, copper reagent for,
1155-1162
separation of antidiabetic 4
arylhydrazono—l—quanylni-
trate-3-methyl~2-pyrazolin—
5-ones by, 1177-1179
separation of closely related
benzothiazoles by, 1171-
1175
separation and identification
of essential oil constitu-
ents on silica gel plates
by, 1097-1102
separation of inorganic iso-
mers by, 1141-1153
separations in using alkyl sil-
ica gel bonded phases,
1069-1080

oxide,

applications of,
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[Thin~layer chromatography (TLC)]
two phase, two-~dimensional, use

of for fingerprinting and
confirmation procedures,
1555-1566

Thin-layer chromatography (TLC)
data, association effects in
for solutes chromatographed
in methanol-acetone on sili-
ca gel, 1033-1042

6-Thioquanine, simultaneous meas-
urement of with adenine in
RNA or DNA, by dual-column
HPLC, 2095--2110

Tiaprofenic acid, in human plasma,

determination of, by HPLC,

165-174

pulp extracts, HPLC and pro-

teolytic enzyme characteri-

Tooth

zation of peptides in, 2135-
2154
Trace enrichment, determination of

azinphos methyl and azin-
phos methyl oxon by, using
HPLC, 49-62

Transposition, on a column, devel-
opment of chromatographic
system in thin layer for,
1123-1140

Triethylammonium buffers, separa-
tion of secretin-glucagon
family peptides by RP-HPLC
in, 2123-2134

Triglycerides, enzymatic determi-
nation of, in conjunction
with HPLC, 16791689

Triton X-100, use of Sep-~Paks for
removal of from extracts of
fatty oxidation products,
917-926

Trypansoma rvhodesiense, peptide
mapping of variant glycopro-—
teins from by RP-HPLC, 1933-
1940

Tryptophan, separation of by RP-
HPLC using UV, electrochem-
ical, and spectrofluorimet-
ric detection, 2423-2434

Turimycins, use of isohydric sol-
vent system in HPLC on sili~
ca gel for analysis of,
14491465
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Tween 20, use of Sep-Paks for re-
duction of in extracts of
fatty oxidation products,
917-926

Two-phase, two-dimensional thin
layer chromatography. See
Thin-layer chromatography,
two-phase, two-~dimensional

Two~photon photoionization de-
tector. See Detector, fluo-
rescence, photoacoustic,
and two-photon photoioni-
zation

Tyramine, determination of by
RP-HPLC, using electrochem—
ical detection, 2435-2452

U

Ultraviolet (UV) absorbance de-
tection. See Ton pair rea-
gents, UV sensitive

Ultraviolet (UV) absorbing poly-
olefin additives. See Poly-
olefin additives, ultra-
violet absorbing

Ultraviolet (UV) detection, sepa-
ration of tryptophan and
its indolic metabolites
by RP-HPLC using, 2423-2434

Urinary organic acids. See Organ-—
ic acids, urinary

Urinary steroids. See 178-Glucu-
ronides; Steroids, urinary

v

serum,
by HPLC,

Valproic acid, in human
determination of,
1697-1709

Vasoconstrictor, plasma borne,

on line detection system

for use in rat heart bio-—

assay and RP-HPLC, 1749-

1762

densitometry, high-speed,

principle and applications

of, 1583-1595

Video
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Vitamin A palmitate, quantitation
of in liquid multivitamin
formulations, by HPLC, 571-
584

Z

Zinc silicate, used as adsorbent
for paper chromatographic

2491

separation of phenols,
967--988

Zone broadening, effect of flow
rate on, in GPC, 1241~
1267
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Do you realize how much lower-purity HPLC
solvents migjht be costing you? Consider
the frequent consequences.

& The cost to repeat separation proce-
dures because of solvent artifacts —
this wastes analytical labor and
valuable instrument time.

& The cost to regenerate a waier
deactivated columin — this causes
instrument “downtime’ which re
quires additional chromatographs to
perform the same amount of work.

& The cost to wash off a residue-laden
column — the residue decreases
column efficiency.

& The cost of replacing columns, filters
and check valves clogged with parti-
cles — this can increase costs from
$200-800.

& The cost ol isolating residue from
preparative peaks — this may cause
additional intermediary separations
to remove unwanted contaminants.

& The cost of maintaining an additional
inventory of several “grades” of
purity (HPLC, GC, Spectro, etc.) —
the quality of high purity solvents
deteriorates while on a shelf.

& The cost to frequently evaluate the
less uniform solvents — this diverts
attention away from productive
analytical time.

Avoid these "hidden costs” and time-
consuming effects from using lower
purity solvents. Switch to B&J Brand
High Purity Solvents. Because, when
it comes to cost and performance,
there's no comparison. B&J Brand

is your best value.

Sure, less pure solvents might be
cheaper. But why jeopardize your
chromatography results when you
use them? In the long run, lower
purity solvents can cost you more
because of their inconsistent quality.

Compare for yoursell. i you're cur-
rently using lower purity HPLC
solvents, try the highest purily sol-
vents — B&J Brand. You'll notice the
difference right away.

Then do this. Figure out your cost-
benefit equation for HPLC chroma-
tography. The answer will be pure
and simple. For lower costs and
better results, it's B&J Brand High
Purity HPLC Solvents.

Write or call today for a free technical
bulletin about B&J Brand High Purity
HPLC Solvents. We'll also send you
our distributor listing so you can con-
veniently order B&J Brand Solvents
from a distributor near you.

Avoid the hidden costs.
Switch to B&.J Brand
High Purity Solvents.
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