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Use of a gamma energy distribution to model the gas
chromatographic temperature dependence of solute retention
on aryl-siloxane chemically modified porous carbon

R. K. GILPIN*, M. JARONIEca and M. B. MARTIN-HOPKINS

Department of Chemistry, Kent State University, Kent, OH 44242 (U.S.A.)

(First received January 24th, 1990; revised manuscript received April 2nd, 1990)

ABSTRACT

A new equation is derived for the corrected specific retention volume of an
infinitely dilute solute on an energetically heterogeneous surface. The equation, which
is based on a gamma-type distribution for the adsorption energy, is used to model the
temperature dependence of the specific retention volume for benzene chromato
graphed on four different chemically modified porous carbon adsorbents. Biphasic
behavior in plots of the In Vs•t VS. IjT are interpreted in terms of differing energetic
heterogeneities of the modified carbons.

INTRODUCTION

Since it is well-known that surface heterogeneity, especially under dilute
conditions, substantially influences the adsorption process l

, gas-solid chromato
graphy (GSC), which permits measurements to be made at low concentrations2

, is an
attractive technique for studying surface and structural differences of adsorbents and
catalysts3 . Although many investigators4-S have used both temperature- and concen
tration-dependent retention measurements to characterize surface heterogeneity,
further theoretical and experimental studies via GSC are important in order to develop
additional numerical models which may be used to describe surface and structural
heterogeneities of solids.

In the current paper a simple equation is derived using a gamma-type
distribution to describe the surface adsorption energy heterogeneity. Additionally this
relationship has been used to model the temperature dependence of retention data for
benzene chromatographed on four different chemically modified porous carbons. It
has been shown that this simple equation can be used to explain two linear segments of
the temperature-dependent retention curves which have different slopes and occur in
the temperature range from 363 K to 458 K.

a Permanent address: Chemistry Faculty, M. Curie-Sklodowska University, 20031 Lublin, Poland.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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THEORY
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For an infinitely dilute solute in the gas (mobile) phase the corrected specific
retention volume, Vs, at a column temperature T (K) is equal to the distribution
constant K c (refs. 9 and 10):

(1)

where cg expressed in mol/ml is the equilibrium solute concentration in the mobile (gas)
phase and Cs expressed in mol/m 2 is the equilibrium solute concentration on the
stationary (surface) phase. Using c~ to denote the maximum solute concentration on
the surface and 0 = cs/c~ to describe relative coverage eqn. I may be rewritten such
that:

Vs = c~K

where K = O/cg• The distribution constant K also may be expressed as foJlows 5
:

K = ex exp (e/RT)

(2)

(3)

where e is the adsorption energy of a solute, R is the universal gas constant, and (X is the
temperature-dependent entropy factor!!.

For a heterogeneous surface containing L types of adsorption sites the total
specific retention volume, VS,I' of a solute is the sum of the specific retention volumes,
Vs,1> arising from all types of adsorption sites. This relationship is given in eqn. 4

L

Vs,t = I Vs,/
/=!

(4)

where Vs,/ denotes the individual specific retention volumes for the 1,2, ... , L (lth) type
ofadsorption sites. Taking into account eqns. 2 and 3, Vs,/ may be expressed as follows:

Vs,/ = (Xc~,/ exp (edRT) (5)

where c~,/ and e/ denote respectively the maximum solute concentration and adsorption
energy. In developing eqn. 5 it is assumed that the entropy factor, (x, is independent of
the type of adsorption sites. This assumption has been commonly used in developing
other gas adsorption models for energetically heterogenous solids!.

Eqn. 4 may be rewritten to the following:

where

L

Vs,t = (XC~,1 Ifi exp (edRT)
I=!

(6)

(7)



GC TEMPERATURE DEPENDENCE OF SOLUTE RETENTION

and

L

o " C'ocg,1 = 1... g,l

1= 1

3

(8)

In the above relationship II is the fraction of adsorption sites of the lth type and C~,I is
the maximum solute concentration for the total surface,

In cases where a large number of different types of adsorption sites exist
(L ---+ co), the summation used in eqn. 6 to define a finite number may be replaced by an
integration, After doing this eqn. 9 is obtained

Vg,1 = Ctc~,tJexp(E/RT)F(E)de
6

(9)

where the distribution function of the adsorption energy F(e) satisfies the following
normalization condition:

JF(e)de = I
6

(10)

over an the integration region 6..
Eqn. 9 describes the total specific retention volume Vg •I of a infinitely dilute

solute chromatographed on an energetically heterogeneous surface with a distribution
of adsorption sites, Although this equation may be integrated for different assumed
distributions of the adsorption energy, it has been shown elsewhere1,12 that
a gamma-type function is a good mathematical model for describing the behaviour of
many heterogeneous surfaces. This function for e > em is given in eqn. 11

(11)

where em is the minimum adsorption energy, y and p are parameters greater than zero,
and r is the gamma special function, For 0 ~ y ~ I the gamma distribution is an
exponentially decreasing relationship and for y > I it is an asymmetrical single-peak
with a maximum at:

EO = em + (y - 1)/p (12)

The parameters p and yare associated with the average adsorption energy E5,

where e* = yip (eqn. 13) and its dispersion (J (eqn, 14).

(13)

and

(14)
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The quantities eand (J in eqns. 13 and 14 have a clear physical meaning; edenotes
the average adsorption energy, whereas (J denotes the dispersion in the energy
distribution function F(e). eprovides information about position of the distribution
function F(e) on the ellergy axis, whereas, (J reflects its width (i.e., energy range). Also,
a comparison ofewith!>o provides information about the asymmetry of F(e). For co =
ethe function F(e) is symmetrical, whereas for e > co it is asymmetrical in the direction
of high values of e, and for e < co it is asymmetrical in the opposite direction.

Presented in Fig. 1 for illustrative purposes are a series of F(e) curves generated
for the case where e* = 2.1 kllmo\. Larger values of (J and e* are obtained for more
heterogeneous surfaces and the energy distribution function F(e) is skewed in the
high-energy direction.

Substitution of eqn. 11 into eqn. 9 gives:

OCJ

VS •l = [IXC~,l pY/T(y)jJ (e - emy-t exp (eIRT) exp [- p(e - em)]de (15)

Because the gamma distribution, F(e), approaches zero as e goes to infinity, the upper
integration limit in eqn. 15 is set at 00. Introducing the new variable E = e - em into
eqn. 15:

OCJ

VS,l = [IXC~tPYexp(emIRT)IT(y)jJ£Y-texp[-(p -IIRT)E]dE
a

After integration:

or

Vs,t = Vs,m(1 - I/pRT)-Y

0.8,------ ----,

(16)

(17)

(18)

"'" 06
0

.§
-,
~ 0.4

l:J
LL

0.2

0.0
0 2

E - Em (kJ/mol)

Fig. I. Adsorption energy distributions calculated according to eqn. II for E* = 2.1 kJ/mal and different
values of cr.
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Fig. 2. Dependences of the logarithm of the relative retention volume V,.t! V,.m against reciprocal of
temperature associated with the adsorption energy distributions shown in Fig. 1. The dashed line represents
the high temperature limit of eqn. 20, which is given by eqn. 21. 8* = 2.1 kllmo!.

where

(19)

Vs,m in eqns. 18 and 19 is the specific retention volume associated with the adsorption
site with minimum energy, Cm' Thus the influence of an adsorbent's heterogeneity on
Vs.t is described by the expression (l - 1jpRT)-Y. This relationship is illustrated in
Fig. 2 where In (Vs,tI Vs,m) is plotted against the reciprocal of temperature according to
the following equation:

In (Vs.tfVs.m) = -yln(1 - 1jpRT)

For small values of IjpRT eqn. 20 may be approximated as follows:

In (Vs,tfVs.m) = yjpRT = e*jRT

(20)

(21)

For e* = 2.1 kljmo!. The dotted line in Fig. 2 represents linear fits according to eqn.
21, whereas the solid lines were calculated according to eqn. 20 for the values of the
energy distributions function shown in Fig. 1 (i.e., (J = 0.75, 1.00 and 1.25 kljmol).
From Fig. 2 it can be seen that at lower temperatures an adsorbent's heterogeneity
influences strongly the temperature dependence of the specific retention volume (i.e., a
significant deviation of the solid curves from the dotted straight line). However, this
deviation decreases when the surface heterogeneity, (J, decreases. At higher tempera
tures where the solid curves and the dotted line is nearly superimposable changes in
(J do not influence significantly the temperature-dependence of Vs,t' A characteristic
feature of each of the curves in the higher temperature region is linearity with a slope
equal to e*jR. Thus, the adsorbent's heterogeneity is reflected in the parameters y and
p, which influence the slope, e* jR, of the linear temperature dependence of Vs.t shown
in Fig. 2.

If eqn. 17 is rewritten in logarithmic form, we obtain

In Vs,t = In (xc~t) + cmjRT - yin (l - IjpRT) (22)
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Range 3
(eqn.22)

/
/

/
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liT (K)
....-------------c:-:c-----

T (K)

Fig. 3. A schematic representation of the dependence of the logarithm of the specific retention volume on
reciprocal of temperature of a heterogeneous solid.

The first term in the above expression is related to the entropy effect in GSC, the
second term provides information about the minimum adsorption energy, and the
third term describes the effect of adsorbent heterogeneity on the specific retention
volume. The temperature dependence of the first term in comparison to the other terms
is negligible!!.

At higher temperatures 1/pRTis nearly zero and the third term in eqn. 22 may be
neglected. Under these conditions eqn. 22 is reduced to a linear relationship (eqn. 23)
with a slope of 8m/R.

(23)

For the intermediate temperatures the third term of eqn. 22 can be approximated by
eqn. 21 and a new linear expression is obtained (eqn. 24).

In Vs,t = In (IXC~.t) + 8m/RT + 8*/RT = In (IXC~,t) + e/RT (24)

in which the third term can be approximated by 8*/RT. In this second temperature
range a higher value for the slope is obtained compared to that at higher temperatures.

The above conditions are illustrated schematically in Fig. 3. Range 1 corre
sponds to higher temperatures where l/pRT is assumed to be zero (eqn. 23). Range
2 corresponds to intermediate temperatures where 1/pRT is small but non-negligible
(eqn. 24) and range 3 corresponds to lower temperatures where all terms in eqn. 22
must be considered. In this latter region In V"t VS. l/T deviates significantly from
linearity. The degree of deviation depends strongly on the adsorbent heterogeneity
(i.e., the (J value as illustrated in Fig. 2).

Thus, in summary, eqn. 22 can be utilized to model retention behavior over
a broad range of temperatures. Mathematical analysis of this expression shows that at
higher and intermediate temperatures simplified versions (respectively, eqns. 23 and
24) can be used to describe the linear behavior ofln VS,1 VS. l/T. At higher temperatures
(range 1) little information is provided about adsorbent heterogeneity, only an
estimate of the minimum adsorption energy. 8m • However, the increase in the slope of
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the linear plot of In VS,1 vs, liT observed for intermediate temperatures (range 2) is
related to the adsorbent's heterogeneity, This increase is equal to:

e*IR = elR- 8mlR (25)

The first and second terms of eqns, 25 are respectively the slopes from the linear fits of
range 2 and range L It can be seen from eqn, 13 that 8* depends on the parameters
y and p, which characterize the gamma energy distribution function F(c) (eqn, 11), Fig,
2 shows that range 2 is expected to be wider for more heterogeneous cases. A further
characteristic of range 2 is an independence of the slope on the dispersion, (J. Thus,
range 2 provides an estimate of 8*, a measure of the adsorbent heterogeneity.

A more complete picture of the surface heterogeneity can be obtained by
studying Vs,t over a wide range of temperatures, which include experimental
measurements in ranges I, 2 and 3. Fig. 2 also illustrates that the deviations from
linearity in the curves is a measure of the dispersion, (J, If the deviation is large, then (J is
also large. Thus, range 3 provides information about the dispersion, (J, of the energy
distribution function. '

EXPERIMENTAL

Chemically modified porous carbons
Porous chromatographic grade carbon (Carbopack B) from Supelco (Bellefonte

Park, PA, U.S.A.) with an approximate surface area of 100 m 2/g was used to prepare
four types ofchemically modified adsorbents. This was carried out by first reacting the
Carbopack B with 3-aminopropyltriethoxysilane (AS) in the presence of a primary
amine. Subsequently, the AS-carbon was modified further by treatment with one of
four different arylacid chlorides, 3,5-dinitrobenzoyl chloride (DNBA), 4-nitrobenzoyl
chloride (PNBA), 4-methylbenzoyl chloride (PMBA), and benzoyl chloride (BA).
More exact details concerning preparation of the chemically modified porous carbons
are given elsewhere13

.

A schematic representation of the attached functional groups on the carbon is
shown in Fig. 4. The four chemically modified porous carbons· are referred to
throughout the remainder of the text as: AS-DNBA, AS.:PNBA, AS-PMBA and
AS-BA. All solvents used in preparation of these materials were reagent grade. The
3-aminopropyltriethoxysilane was obtained from Petrarch Systems (Levittown, PA,
U.S.A.) and DNBA, PNBA, PMBA and BA were from Aldrich (Milwaukee, WI,
U.S.A.).

Chromatographic measurements
Since the surface properties of porous carbons are frequently characterized using

benzene as a test adsorbate 14
, benzene also was used in the current study as a test

solute. Before making retention measurements, each of the modified carbons, about
0.15 g, was dry packed into a stainless-steel column, 10 cm x 3.2 mm I.D. Pressure
drop and void volume measurements were made as described elsewhere13

.

All gas chromatographic measurements were carried out using a Shimadzu
model Mini-2 gas chromatograph with a flame ionization detector using nitrogen as
the carrier gas. Retention times were recorded by a Hewlett-Packard Model 3393A
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Fig. 4. Surfaces of modified porous carbon prepared by attachment of different benzamide ligands.

integrator. Each retention measurement represents the average of at least two
injections and each column was studied twice to determine reproducibility of the
measurements.

RESULTS AND DISCUSSION

Shown in Fig. 5 are plots of In Vs•t VS. l/T for benzene chromatographed on
columns packed with the AS-DNBA, AS-PNBA, AS-PMBA and AS-BA carbons.
Over the temperature range studied, 363--458 K, the experimental dependence ofIn Vs.t

VS. l/T are approximated by two linear segments, with intersection points from about
398 K for AS-PNBA and AS-BA, and about 423 K for AS-DNBA and AS-PMBA. Ifit
assumed that the linear segments in Fig. 5 at the higher temperatures (low values of
1/T) correspond to range 1 in Fig. 3 and at lower temperatures (higher values of 1/T)
are related to range 2 in Fig. 3, then these data may be interpreted in terms of eqns. 23
and 24, respectively. Summarized in Table I are calculated values of em and c*, studied.
The highest value of Cm was obtained for the AS-PNBA adsorbent and decreased in the
order: AS-PNBA > AS-BA > AS-DNBA > AS-PMBA.

All four of the materials studied were prepared via chemical modification of the
same porous carbon which consists of twisted aromatic sheets with a number of
different types to exposed oxygen groupS15. During chemical modification a portion of
the surface oxygen groups were silanized and then modified by attaching selected
benzamide groups: PNBA, BA, DNBA or PMBA. Thus, each of the modified carbons
possesses a similar set of unmodified groups or patches plus a selected type of
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Fig. 5. Experimental dependences In V'.I V.I. liT for benzene on four modified porous carbons. The solid
lines show linear segments of these depencences.

arylamide group. If the minimum adsorption energy, Cm, represented the interaction of
benzene with the unreacted patches, the values of Cm should have been identical for all
of the modified carbons. This was found not to be the case as seen by the data in Table
I. Rather, since the values of Cm were dependent on surface modification, it seems
reasonable to infer that they reflect the interaction energy between benzene and the
various bonded aryl-ligands. Based on this premise, the strongest interaction was
observed for benzene with the PNBA ligand, whereas, the weakest was observed for
benzene with the PNBA ligand. The interactions between benzene and the BA and

TABLE I

ADSORPTION ENERGY PARAMETERS EVALUATED FROM TWO LINEAR SEGMENTS OF
THE EXPER1MENTAL DEPENDENCE LN V"t VS, liT FOR BENZENE CHROMATOGRAPHED
ON FOUR SAMPLES OF MODIFIED POROUS CARBONS

For AS-PNBA and AS-BA the linear segments were drawn at the 363-388 and 408-423 K temperature
ranges, whereas for AS-DNBA and AS-PMBA these linear segments were drawn at the 388-413 and
433-458 K temperature ranges,

Modified
carbon

AS-PNBA
AS-BA
AS-DNBA
AS-PMBA

Minimum adsorption energy.
Om (kllmo/)

32.6 ± 0,8
28.0 ± 0.8
27.6 ± 1.3
22,6 ± 1.7

Additiona/ average
energy generated by
surface heterogeneity.
0* (kllmo/)

5.9 ± 3.8
13,0 ± 5.0
10.5 ± 1.3
8,4 ± 2.5
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DNBA ligands were intermediate. In the case of the simple aromatic and mono
substituted aromatic ligands the order of em is consistent with simple ring inducti'/e
effects, where the pi-electron density for the ring decreases in the order of PMBA >
BA > PNBA.

The second quantity reported in Table I is 1'*. The values of 1'* were calculated
according to eqn. 21 from the linear fits of the In Vs,t vs. liT plots associated with
temperatures below 400 K, Based on theoretical considerations discussed earlier, e*
should reflect differences in surface heterogeneities between the modified adsorbents.
For a heterogeneous surface with a distribution of sites with energy higher than the
minimum adsorption energy, em the value of the ith adsorption site is ej and the value
eim == ei - em ~ 0 for all adsorption sites. The average value over all values eim is
defined as 1'*. Thus, smaller values of1'* indicate that the adsorption energies ofall sites
do not differ greatly and that they are close to em' Under these conditions the
adsorbent's surface is nearly homogeneous with respect to the adsorption energies of
all sites. High values of 1'* indicate the presence of sites with a greater distribution of
adsorption energies compared to em'

Analysis of the calculated values of 1'* summarized in Table I indicate that the
heterogeneity of the modified carbons decrease in the order: AS-BA > AS-DNBA >
AS-PMBA > AS-PNBA. Based on the above arguments, the minimum adsorption
energy is mainly due to the benzene-ligand interaction; whereas the primary groups on
the (unmodified) carbon surface aromatic sheets are main sources of surface
heterogeneity. If these arguments are true, then the modified carbons with the smallest
concentrations of bonded ligands should be more heterogeneous (higher values of 1'*)
than those with the higher concentrations of the bonded ligands. As reported elsewhere
chemical cleavage, extraction and high-performance liquid chromatographic analyses
have shown that the ligand concentration on the modified carbons were 13

: 2.1 ± 0.8
moiecules/lOOOA2 for AS-BA, 2.7 ± 0.3 moiecules/1000A2 for AS-DNBA, 3,3 ± 0.4
moiecules/lOOOA2 for AS-PMBA and 5.3 ± 0.3 moiecules/lOOOA2 for AS-PNBA.
A comparison of this order coincides with that obtained for the values of 1'*. The
smallest value of 1'* was obtained for the AS-PNBA sample, which contained a highest
concentration of the bonded ligands in comparison to the modified adsorbent
indicating that it was less heterogeneous than other materials. The AS-BA and
AS-DNBA modified carbons were more heterogeneous than the AS-PMBA and
AS-PNBA carbons,

The sequence of the In Vs,t VS. IITplots shown in Fig. 5 is determined by the slope
and expression In (exc~,t), which depends on the entropy parameter ex, and on the
maximum solute concentration C~,t of benzene on the modified carbon surface. It is
difficult to estimate, how these quantities contribute to the value ofln (exc~,t). Because
the bonded ligands have a complex chemical structure, the entropy effects arising from
the different solute-ligand structures may be significant. Further theoretical and
experimental studies are needed to provide a clear interpretation of the entropy effects
in these complex chromatographic systems.
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ABSTRACT

A computer-assisted simplex method is presented for the optimization of two
factor (carrier gas flow-rate and column temperature) selectivity for the optimum
separation often compounds in gas chromatography. A two-factor selectivity rectan
gle concept was used. The method is based on a special polynomial estimated from
nine preliminary experimental runs, using the resolution as the selection criterion,
with connection to a general simplex method for optimization selection using a mi
crocomputer. Excellent agreement was obtained between predicted data and experi
mental results, and more than half the number of experiments required in the general
simplex method can be omitted.

INTRODUCTION

Studies of systematic strategies for the optimization of gas chromatography
(GC) have demostrated the great potential of this approach for improving separations.
The sequential simplex method 1,2, response surface method 3

, window diagrams4-7
and computer-simulation techniques8

-
1o have been suggested as methods for the

optimization of stationary phase loading, column temperature and carrier gas
flow-rate selectivity in GC. In most of the previously published papers only one factor
was optimized in GC, apart from the simplex method. With optimization of a single
factor often the results are not as good as might be expected from a optimum
separation. Sometimes a multi-factor optimization can give a completely optimized
separation. However, with the sequential simplex method a larger number of
experiments are required and local optima may be found, which are distinct
disadvantages.

In this paper, a computer-assisted simplex method is presented for the
optimization of two-factor (carrier gas flow-rate and column temperature) selectivity
for the optimum separation of a mixture of ten compounds in GC. The principle of
method is based a special polynomial between the capacity factor, k', and two factors
which are estimated from nine preliminary experiments according to the full factorial
design, followed by the general simplex method. Excellent agreement was obtained

0021-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.
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between predicted and experimental results and, compared with the original simplex
method, more than half the number of experiments can be omitted. For the
optimization the computer program SDO-G (simplex difactor optimization for GC)
was developed.

EXPERIMENTAL

Materials
The sample contained equal volumes often compounds diluted I: 100 in acetone:

isoamyl acetate, dodecane, chlorobenzene, 1,3,5-trimethylbenzene,o-chlorotoluene,
bromobenzene, m-dichlorobenzene, o-dichlorobenzene, diethyl malonate and 1,4
butyrolactone. These components were eluted in the above order under every set of
experimental conditions.

Stainless-steel columns (1 m x 2 mm 1.0.) packed with 10% polyethylene glycol
20000 on Chromosorb (80-100 mesh) were used.

Apparatus
All computer studies were carried out on a Model IBM-XT personal computer

system with an HP-7470A graphics plotter (Hewlett-Packard, Palo, Alto, CA,
U.S.A.). The SDO-G program was written in True BASIC language. An HP-5890A
gas chromatograph equipped with flame ionization detectors was employed. The
carrier gas was nitrogen. A 10-til syringe was used for all sample injections.

Chromatography
During the chromatographic runs, all experimental variables except those being

investigated were carefully maintained at fixed values. Those variables held constant
included the detector air and hydrogen flow-rates, the detector and injection port
temperatures (235 and 240a C, respectively) and the sample size (2 til). The effects of
carrier gas flow-rate and column oven temperature were assessed using a full 32

factorial design. The flow-rate levels in the design were 10,20 and 30 ml/min and the
temperature levels were 150, 165 and 180a C. The retention time of acetone was
employed as ta.

RESULTS AND DISCUSSION

The principle of the computer-assisted simplex method is based a special
polynomial between capacity factor and the two factors considered. In order to
investigate the effect of two variables (carrier gas flow-rate and column temperature)
in GC and their possible interaction, a full factorial design (Fig. 1) was adopted as the
optimization strategy. Nine preliminary experiments were carried out and the capacity
factor values were measured. These values were then substituted into the following
equation, in order to establish the values of the constants:

k' = ba + b1 log Xl + b2 log X2 + bll (log Xd 2 + b22 (log X 2 )2 +
. b12 log Xl log X 2 (1)
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where Xl is the carrier gas flow-rate, Xz is the column temperature and boo bl . bz• bll •

bzz and b12 are constants characteristic of a given compound. Eqn. I means that if Xl
and Xz are known the capacity factor can be determined for the chromatographic
conditions applied.

As the SDO-G method considers only two factors, only three initial experiments
were required, which can be selected from the nine preliminary experiments to perform
the simplex process and obtain the maximum resolution (Rs). The analysis time can be
controlled to limit the k' value.

Resolution is used as a criterion of separation, which can be affected by three
independent factors:

I(rJ. - I) - ( k' )
Rs = 4 -rJ.- IN I + k' (2)

where rJ. is the selectivity factor for two peaks and N is the column plate number.
Note that the predicted k' values are used to arrange the solutes in order, then

calculate Rs only of adjacent pairs not of all pairs of peaks; the result is satisfactory if
the peaks do not all have the same relative order of retention in the experimental runs.
Minimal resolution was selected in every simplex iterative proceeding. The result
selects the highest resolution for the worst separated pair of peaks as a criterion of
separation. All the other pairs of peaks give larger resolution values.

The SDO-G method can be used to carry out this optimization procedure. The
above series of ten compounds were applied for the two-factor (carrier gas flow-rate
and column temperature) optimization in Gc. Table I gives the experimental k' values
and Table II the b. coefficients. The experimental boundary conditions are carrier gas
flow-rate = 10-30 ml/min, column temperature = ISO-180aC and analysis time
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TABLE II

VALUES OF THE COEFFICIENTS bo, bl ,b2 , bll ,b22 AND b12 OF THE TEN COMPOUNDS AND COR-
RELAnON COEFFICIENT, r

Compound No." bo bl b2 bll b22 b12

I 103.287 -82.565 -4.336 16.719 0.198 1.658 0.9994
2 128.070 -102.217 -3.157 20.555 -0.002 1.342 0.9983
3 187.891 -161.529 10.163 35.532 0.749 -5.618 0.9887
4 134.894 -101.818 ~4.607 19.108 -0.131 2.107 0.9990
5 244.225 -192.618 -8.125 38.090 0.251 3.238 0.9987
6 243.506 -186.804 - 7.952 35.651 -0.048 3.466 0.9993
7 461.392 -368.403 -16.474 73.472 0.047 7.161 0.9991
8 651.345 -525.547 -13.987 106.016 -0.042 6.078 0.9994
9 1437.433 -1210.240 -22.895 254.893 -0.654 10.788 0.9996

10 1863.054 -1557.112 -37.881 325.710 -0.021 16.666 0.9996

" See Table 1.
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Fig. 2. Experimental chromatograms obtained under the following eonditons: (I) T = 16SOC, F = 20
ml/min. (2) T = 180°C, F = 10 ml/min. (3) T = 180°C, F = 20ml/min. (4) T = 157.7°C. F = 19.4 ml/min.
Numbers at the peaks indicate retention times in min, and (in parentheses) compound Nos. (as in Table 1).



18

30,---------------------,

Q.-S. WANG, C.-S. ZHU, B.-W. YAN

~ 25
C

E
"--..:
QJ 20....
III

0::,
3
0-u..

15

10
150 155 160 165 170 175 190 195 19B

Temperature ( 'C)

Fig. 3. Simplex optimization using SDO-G.

TABLE III

RESULTS OF THE COMPUTER-ASSISTED SIMPLEX PROCESS

No. Temperature (OC) Flow-rate (ml/min) Resolution, R,

I 165.00 20.0 0.9809
2 180.00 10.0 0.4601
3 180.00 20.0 0.4181
4 161.25 10.0 0.7195
5 172.50 15.0 0.5395
6 150.00 22.5 0.0000
7 171.56 12.5 0.4068
8 165.00 20.0 0.9809
9 172.50 15.0 0.5395

10 163.13 15.0 0.9418
II 163.13 15.0 0.9418
12 151.41 21.3 0.0000
13 168.28 16.3 0.7889
14 164.06 17.5 0.9750
15 157.73 19.4 1.1454
16 151.41 21.3 0.0000
17 164.06 17.5 0.9750
18 158.73 26.7 1.0399
19 161.37 19.7 1.0702
20 150.00 27.6 0.0000
21 161.62 21.5 1.0636
22 158.23 23.0 1.1049
23 161.09 11.0 0.8171
24 159.20 23.6 1.0855
25 159.68 20.4 1.1 051
26 153.75 21.4 0.0000
27 160.04 21.5 1.0931
28 158.47 21.5 1.1192
29 158.42 15.7 1.1105
30 158.89 20.4 1.1197
31 155.13 11.6 0.0000
32 159.06 19.5 1.1196
33 158.08 17.5 1.1378
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control k' = 13. Three initial experiments were required, which can be selected
repeatedly from the nine preliminary experiments to perform the simplex process and
obtain the maximum Rs . The initial experimential condition are (I) T = 165°C, F = 20
mljmin, (2) T = ISO°C, F = 10 mljmin and (3) T = ISO°C, F = 20 mljmin (T
= column temperature, F = carrier gas flow-rate).

The chromatograms of three initial experiments are shown in Fig. 2 and results
for SDO-G are given in Fig. 3 and Table III. Thirty-three iterative processes were
performed by the computer; processes 6, 12, 20, 26 and 31 attempted to cross
boundaries and were assigned an Rs of zero. The maximum Rs (1.12) is the highest
resolution for the worst separated pair of peaks. The optimum conditions are a carrier
gas flow-rate of 19.4 mljmin and a column temperature of I57.7°C. The same result
was obtained from the general sequental simplex method. Fig. 2 shows the
chromatogram of the ten compounds using these conditions. Excellent agreement was
obtained between the predicted and experimental results.

Comparing experiments with the SDO-G method and the general sequential
simplex method, ten and about thirty-three experiments (Table III), respectively, were
required. In addition, SDO-G can select repeatedly the initial simplex experiments
from the nine preliminary experiments without any additional experiment and the
result gives the maximum Rs• Therefore the SDO-G method has distinct advantages
over the general sequental simplex method for two-factor optimization in GC.
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ABSTRACT

The utility of combining flame infrared ~mission detection (FIRE) and flame
ionization detection (FlO) into one system is discussed. An improved flame infrared
detector using the 4.3 J.lm CO2 emission band was constructed and fitted with elec
trodes to monitor the ionization in the hydrogen-air flame. The resulting system was
found to provide the superior quantitation of moles carbon of FIRE and the greater
sensitivity of FlO. The system was successfully applied to the determination of car
bon dioxide, carbon monoxide and hydrocarbons in gas mixtures.

INTRODUCTION

For the past several decades, flame ionization detection (FlO) has held the
distinction of being the most popular universal detection system available for use in gas
chromatography (GC)l. There are, however, a number oflimitations to this method of
detection. For example, FIO exhibits greater response to compounds containing
acetylenic groups, while showing less response for alcohols and chlorinated com
pounds. Also, FlO does not respond at all to carbon monoxide and carbon dioxide.
Furthermore, other compounds, such as carbon disulfide, exhibit very little response.

Thermal conductivity detection (TCD) also has been used extensively in GC and
gas analysis 1

. TCD has the advantage of responding not only to compounds
containing carbon, but also the fixed gases. The major disadvantage ofTCO is the lack
of sensitivity. Additionally, the TCO response varies directly with the heat capacity
and not number of moles carbon. As with FlO, there is a structure factor present,
requiring that standards be run before comparison of chromatographic peaks.

To enable the sensitive analysis of mixtures of gases, several methods have been
used. These include the sequential connection of TCO and FI0 2

, the use of several
columns with back-flushing of certain gases 3

, and the addition of a methanation

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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chamber to an FID-equipped gas chromatograph4
. All of these methods complicate

the analysis, adding more complexity and, therefore, more possible variables.
Recently, Hudson and Busch 5 introduced infrared emission from a flame as the

basis for detecting organic compounds, initially in liquid chromatography and later in
GC6. This detection method used a hydrogen-air flame to first combust compounds
and then to vibrationally excite the carbon dioxide product while monitoring the
resulting band at 4.3 J.lm with a filter photometer system. The flame infrared emission
detection (FIRE) system for GC was developed, exhibiting good sensitivity and wide
linear range. Additionally, FIRE gave sensitive response to carbon dioxide, carbon
monoxide and carbon disulfide.

This paper reports on work done to combine the concepts of flame ionization
and flame infrared emission into one gas chromatographic detector. Also, modifica
tions were made in the infrared flame photometer system design of the combined
FIRE-FID system resulting in improved response and sensitivity in the FIRE mode.
These modifications are discussed also.

EXPERIMENTAL

Instrumentation
A Shimadzu (Kyoto, Japan) Model GC-8A gas chromatograph equipped with

temperature programming and dual flame ionization detectors was used for the study.
A small covered port in the side of the oven wall was used to bring column effluent out
to the hydrogen-air burner via a stainless-steel tube of 1.5 mm J.D. A specially
designed burner, as reported previously6, was used to combust the eluted components.
The previously described IR radiometer was modified with a field of view limiter made
by drilling a hole of 2.4 mm J.D. through a 12.7 mm aluminum plate. This plate was
mounted directly in front of and centered on the PbSe (P-2038-SPECIAL, Hama
matsu, San Jose, CA, U.S.A.) IR sensor. The PbSe sensor included an integral narrow
bandpass filter centered on 4.45 J.lm. A special 600-Hz chopper was designed which
allowed closer positioning of the PbSe sensor to the burner and flame. Shields of sheet
aluminum painted flat black limited the viewed detector background and minimized
air drafts. The PbSe sensor and its associated preamplifier were powered from a 24-V
battery. The amplified signal was processed with an Ithaco Model 3921 lock-in
amplifier and recorded on a Shimadzu Model C-R6A Chromatopac chromatographic
integrator.

The flame ionization detector used Plexiglass-supported high-voltage electrodes
from a Beckman (Fullerton, CA, U.S.A.) GC4 chromatograph modified to fit the
FIRE hydrogen-air burner. The 1 x 3 cm electrodes were positioned vertically and
placed 7 mm apart, centered over the flame. Various heights were tried. The bottom
limit (3.5 mm above the burner head) was found to be the minimum safe electrical
working distance from the burner. Fig. 1 shows a close-up view of the electrodes and
burner assembly and their mounting relative to the chopper-IR sensor used with the
FIRE. A sodium chloride window was cemented to the Plexiglass electrode supports
for some of the experiments. A Hewlett-Packard (Avondale, PA, U.S.A.) Model
6209B d.c. power supply supplied 300 V d.c. Current was monitored on a Keithley
(Cleveland, OH, U.S.A.) Model 610BR electrometer. A Varian (Palo Alto, CA,
U.S.A.) Aerograph recorder was used to record the signal monitored as a chromato
gram.
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Fig. I. Isometric close-up of FIRE-FlO system. 1 = Burner body; 2 = fuel gas inlets; 3 = effluent capillary;
4 = burner head; 5 = electrode assembly; 6 = optical path; 7 = chopper; 8 = PbSe detector;
9 = electrometer; 10 = recorder; II = electrode height.

All flame or carrier gas flows were monitored using flow meters with integral
metering valves (Cole-Parmer, Chicago, IL, U.S.A.). Hydrogen and helium were
obtained locally. The air used was compressed, dried and filtered on site. Copper
tubing (l/8 in.) was used in construction ofall columns. Helium was used as the carrier
gas in all experiments.

Reagents
A total of 21 different liquid organic compounds were analyzed, as specified in

Table I. All compounds were reagent grade or the best possible grade.
Gas samples were obtained from Aldrich (Milwaukee, WI, U.S.A.), Matheson

(Secaucus, NI, U.S.A.) and Airco.

Procedure
An injection of 1pi of the pure liquid was made to measure detector response per

mole carbon in the compound. In the response studies, the oven temperature was
elevated above the boiling point of sample compounds to minimize sample interactions
with the column stationary phase. Detector response studies with respect to moles
carbon were performed only for the modified FIRE system. Ratioed pentane-hexane
solutions were injected to study detection limits. The column oven temperature was
held above the boiling point ofpentane but below that ofhexane to effectively separate
pentane from the hexane solvent and allow the pentane to travel through the column
with minimal stationary phase effects. A 10% OV-IOI on Chromosorb W AW 80-100
mesh column was used for all liquid samples, with a carrier flow-rate of 35 ml/min.
Detection limits for both the FIRE and FlO systems were evaluated in this manner.

All gaseous compounds were collected over water at 23°C. Mixtures of gases
were collected initially into a 500-ml graduated cylinder to allow measurement of gas
volumes, and then transferred into 250-ml flasks, equipped with Subaseal (Aldrich)
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rubber septa to allow gas-tight syringe (0.5 ml Hamilton) sample removal. Pure
gaseous samples were directly collected in 250-ml flasks.

Up to 0.5 ml of gaseous sample was injected onto the column (3 m Porapak R,
80-100 mesh, 23°e) to establish calibration curves. Carrier flow for all calibration
curves was 25 ml/min. For gas mixtures where separation of carbon monoxide and
methane was desired, the Porapak R column was run at sub-ambient temperature for
1.5 min to allow carbon monoxide and methane to elute. Subambient temperatures
were achieved by placing a container of dry ice on the floor of the oven chamber with
the oven circulator fan running. This allowed the circulated chamber air to reach
a lower temperature of approximately - 30°C. The column also reached this
temperature after approximately 30 min. The oven was then raised to 200°C at a rate of
32°C/min. The column was maintained at this final temperature for approximately
4, min, allowing butane to completely elute. If separation of carbon monoxide and
methane was not necessary, a temperature of 25°C was used at the start of the
temperature program. An initial carrier flow-rate of25 ml/min was used in all the gas
mixture studies. As the eluted compounds combusted in the hydrogen-air flame, two
chromatograms were recorded simultaneously, one from FIRE and one from FID.

RESULTS AND DISCUSSION

FIRE modification
The flame infrared emission detector used in this study was similar to units

previously reported by Hudson and Busch5
,6. Modifications were made in four areas:

chopping rate, detector field ofview, infrared filter type and the addition ofan infrared
window.

The chopper design used a 3000 rpm electric motor with a 12-hole chopper blade
which resulted in a 600-Hz chopping rate. Comparing this rate with the previously
reported rate of90 Hz, an improvement in flicker, or Iff, noise is expected. In fact, at
the rate of 600 Hz, flicker noise should be insignificant.

The detector utilized an aperture for field of view limiting, therefore, the PbSe
device "saw" only the analytical flame and the area directly behind the flame. The field
of view limiter restricted the amount ofbackground radiation incident on the detector.
This resulted in an overall decrease in baseline level and greatly decreased the effect of
activity present in the laboratory, practically eliminating that source of noise.

Previously reported detectors used a high pass filter with a cut-off of 3.5 J1m and
a PbSe device with a cut-off above 5.0 J1m. This resulted in a bandwidth of at least 1.5
J1m which is much wider than the 4.3-J1m carbon dioxide emission band. A different
PbSe device was selected in this study which included an integral infrared filter with
a center wavelength of 4.45 J1m (± 0.1 J1m) and a bandwidth of 0.65 J1m at 50%
transmittance. This detector-filter combination gave a decrease in overall signal but
since the noise level decrease was greater, the signal-to-noise ratio was increased.
A further decrease in bandpass should result in even better signal-to-noise ratios.

An infrared window was placed between the burner flame and the chopper
detector assembly to eliminate the effect of air drafts caused by the chopper blade. As
with the other modifications, the window resulted in a decrease in signal which was
compensated for by a corresponding decrease in noise level.

Overall, the combination of these improvements gave a substantial increase in
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signal-to-noise ratio, compared to FfRE units previously reported 6
,7, Injections of

a pentane in hexane solution were used to ascertain the exact signal-to-noise ratio of
the modifications, Using the criteria of detection limit equal to twice the noise,
a detection limit for pentane of 0,002 III was found which corresponds to about 1,5 Ilg
of pentane,

Initially, it was thought that the use ofa smaller hydrogen-air flame would result
in better sensitivity and greater signal-to-noise ratio, Burners were constructed using
smaller capillary tubes for flame support. These burners would not maintain the
hydrogen-air flame. Therefore, the 1.5 mm capillary tubes were used and flame gas
flow-rates were decreased, Flow-rates of 130 ml/min hydrogen and 340 ml/min air
were found to be optimum for signal-to-noise ratio and stabilization of the FfRE
chromatographic baseline. It can be noted that these flow-rates, while lower, give the
same flame stoichiometry as previously reported 6

,

When the FIRE hydrogen-air flame is functioning at high efficiency, all organic
compounds are expected to completely combust, giving a proportionate number of
moles ofcarbon dioxide, Ideally, the signal monitored from the 4.3-llm carbon dioxide
emission should be directly proportional to the number of moles carbon in the sample,
Earlier work had roughly indicated this trend, but the data showed anomalous
behavior for certain compounds, Table I shows the results of the injection of I III of
a variety of organic compounds. listing peak areas and signal per mole carbon, Signals

TABLE I

SIGNAL PER MOLE CARBON

Compound

Pentane
Hexane
Heptane
Octane
Cyclohexane
Methyl cyclohexane
Cyclooctane
Benzene
Toluene
Methanol
Ethanol
I-Propanol
2-Propanol
I-Butanol
t-Butanol
Carbon tetrachloride
Dichloromethane
Chloroform
Tetrachloroethane
2-Butanone
Butyl acetate

Mean value
Standard deviation (11- I)

Peak
area

111787
123995
117641
114119
138027
132364
124914
172 746
152118
58826
79223
90152
97397
91506

107929
22521
32982
28678
36824

110019
99851

Signal per mole
carbon (x 109

)

2.58
2.70
2.46
2.32
2.49
2.41
2.10
2.56
2.31
2.52
2.31
2.25
2.48
2.09
2.54
2.17
2.11
2.31
2.01
2.46
2.19

2.35
0.19
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per mole carbon were calculated from the injected volume, density of the compound,
formula weight of the compound and the number of moles carbon contained in the
compound. As shown in Table 1, an average signal per mole carbon for all compounds
injected of 2.35 . 109 was found, with a standard deviation of 0.19.

The discrepancies found in comparing the data presented in Table 1 and the
reported responses in the literature6 •

7 can be explained in view of the instrument
modifications. The use of the aperture limiter and the narrow bandpass filter each
contribute to this difference. Some compounds may favor multiple emission from each
carbon dioxide. By limiting the view of the detector to one area of the flame zone, any
secondary emission by excited carbon dioxide may occur outside the view of the
detector. Secondly, and most importantly, some compounds combust not only to
carbon dioxide, but give other products in small amounts. For example, aromatic
compounds are known to burn with a sooty flame characteristic of carbon particle
formation. Using the detector-filter combination of Hudson and Busch, the wide
bandpass would allow blackbody radiation from carbon particles to be monitored.
The described system would limit greatly that effect.

The signal observed suggested that all compounds were combusted with about
the same degree of efficiency, if not 100% then a constant percentage. This response
suggests that FIRE may be used for standardless analysis, that is, where no standards
are available. The advantages of this type response are obvious when compared to
either TeD or FID, each of which must have standards for each component for
accurate quantitation.

FID design and performance
Best FID response was found with the Keithley electrometer set on the 10-10

A scale. The scale multiplier could then be used to select the overall sensitivity.
The FID section of the combination detector gave response to various

compounds as expected 1-3. The FID sensitivity easily exceeded that of FIRE for
compounds which both systems responded to. As a basis for comparison, the detection
limit of the FID unit for the same pentane in hexane solutions as used in the FIRE
studies was evaluated. Using a carrier flow-rate of 25 ml/min, a detection limit of
0.000006 J.d was found by averaging the signal for 5 injections of 0.1 Jll of a 1 part
pentane in 5000 parts pentane in hexane solution, giving a signal-to-noise ratio of 10.
The amount that would give a signal-to-noise ratio of 2 was then calculated. This
corresponded to about 4.5 ng pentane, which when compared with modern,
commercially available units was not as sensitive. This can be explained by examining
several factors. First, the specialized burner was optimized for FIRE. This burner is
a premixed hydrogen-air system, as opposed to the non-premixed type found in most,
if not all, FID units. Studies have shown that the non-premixed burner supports
greater ionization in the flame 1

, hence greater FID signal. Secondly, the electrode
assembly was chosen to not interfere with FIRE. This unit used two flat electrodes on
opposite sides of the flame. Most modern FID units utilize the actual flame jet as the
positive electrode, with the negative electrode typically of cylindrical shape and
surrounding the flame which has been found to give better response. Another factor
affecting the detection limit was the nature and origin of the limiting noise. As
previously noted, this unit was not fully shielded, either from the surroundings or from
the FIRE components. The slight vibrations from the chopper assembly seemed to be



GC WITH FLAME IR EMISSION DETECTION-FID 27

the source of the limiting noise on FlO since FlO had less noise without the FIRE
components active. Since the purpose of this work was to investigate the combination
detector, all detection limits are stated for both detection modes active.

One effect not expected with FlO was noted. With the configuration used in this
study, a decrease in carrier flow-rate resulted in decreased sensitivity. This phenomena
may be due to the physical configuration of the FlO system constructed for this study.
However, the authors have not evaluated this further.

Concomitant operation of FIRE-FlO confirmed no significant interference
observed in either the FIRE or FlO chromatograms. The parallel, flat electrodes could
be positioned out of the field of view of the FIRE system. While this was not optimum
for FlO, it did control any blackbody background problems that a more typical
cylindrical FlO electrode may have introduced to FIRE. The configuration of the
Plexiglass electrode mounts and IR window isolated the flame from the chopper air
drafts. A schematic representation of the overall FIRE-FlO system is shown in Fig. 2.

Analysis of gas mixtures.
The FIRE-FlO detector was used to analyze gaseous mixtures of carbon

monoxide, carbon dioxide and hydrocarbons. Ratioed synthetic samples were made of
the gases and injected. Sample 1contained 57% methane, 20% carbon monoxide, 20%
carbon dioxide, 1% ethane, 1% propane and 1% butane (vjv). Sample 2 consisted of
49% carbon monoxide, 49% carbon dioxide, 1% methane and 1% ethane (vjv).

Chromatograms ofsamples 1and 2 are shown in Figs. 3 and 4, respectively. Both
chromatograms showed that carbon monoxide and carbon dioxide are detected only
with the FIRE unit. All the hydrocarbons are detected by both units, when present in
sufficient concentration. Fig. 3 graphically illustrates this, as peaks 1 and 3 are due to
carbon monoxide and carbon dioxide, respectively, and are present only in the FIRE
chromatogram. The FIRE detector responds to these gases with the same response per
mole carbon seen for all carbon containing species. Peaks 2, 4, 5 and 6 are for the
hydrocarbon gases, and these are seen in both the FIRE and FlO modes.

Fig. 4 is the isothermal chromatogram for the separation of four gases, In this
case, carbon monoxide and methane are not separated completely on the column.
However, this chromatogram illustrates one advantage of the FIRE-FlO combina-

Fig. 2. Schematic diagram of FIRE-FID apparatus. 1 = Carrier gas; 2 = air; 3 = hydrogen; 4 = flow
meters; 5 = chromatograph; 6 = FID recorder; 7 = 300 V power supply; 8 = electrometer; 9 = burner
assembly; 10 = chopper; II = IR filter; 12 = PbSe device; 13 = 24 V power supply; 14 = lock-in-amplifier;
15 = FIRE recorder.
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Fig. 3. Dual FIRE~FID chromatogram for gas mixture sample I (see text). (a) FIRE mode; (b) FID mode.
Peaks: I = carbon monoxide; 2 = methane; 3 = carbon dioxide; 4 = ethane; 5 = propane; 6 = butane.

Fig. 4. Dual FIRE~FIDchromatogram for gas mixture sample 2 (see text). (a) FIRE mode, (b) FID mode.
Peaks: I = carbon monoxide; 2 = methane; 3 = carbon dioxide; 4 = ethane.

tion umt In that peak 1, in' the FIRE mode, represents predominantly carbon
monoxide. Peak 2, in the FID mode, represents methane present in small amounts in
the sample. While the two components are not separated on the column, they are
separately detected, allowing individual analysis. Peak 3 is due to the carbon dioxide in
the sample, and is seen only in the FIRE mode. Peak 4 is due to ethane and is seen only
in the FlO mode, at this concentration.

In addition, only a fraction of the expected response for the hydrocarbon gases
using the FlO was observed due to the decrease in carrier flow-rate seen with the
Porapak R column upon increasing column temperature. As the carrier flow-rate is
decreased, the response drops off with this FlO configuration. This effect was noted
also in the detection limit studies on pentane.

CONCLUSIONS

FIRE can be applied generally to all carbon containing species. The superior
quantitation of carbon seen with FIRE compared to other methods is a definite
advantage. FIRE is more sensitive than TeO and, while not as sensitive as FlO, offers
an attractive alternative for those samples not requiring the extreme sensitivity found
using FlO.

However, the combination detector described in this work allows the analyst the
advantages of both types of detection in the dual mode. If a particular compound is
present in sufficient amounts to be detected by FIRE, the superior quantitation of that
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method is seen. For compounds present in small amounts, FLO may be used. This
synergistic approach has two obvious strengths. Compounds that are not detected by
one method may be detected by the other, such as the carbon monoxide and carbon
dioxide used in this study. FIRE is more sensitive for both these gases than either TCO
alone or in combination with FLO. Also, it is not always necessary to separate certain
compounds to analyze them, thereby potentially eliminating hours of laborious
methods development. At this time, no compounds have been encountered that FLO
exhibits a response to that FIRE does not. The reverse situation is true for the
compounds mentioned above and is indicated for some other classes of compounds,
such as the halogenated hydrocarbons.

Additional work is being undertaken to study the process of combustion in the
hydrogen~air flame. Basic insights gained in such a study should reveal additional
information useful in the design and implementation of the FIRE and FIRE-flO
systems.
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ABSTRACT

A method for the reliable identification of a series of trichothecenes as their
trifluoroacetate esters in porridge flake samples is described. The esters were separat
ed by gas chromatography and identified from their retention times relative to n
alkylbis(trifluoromethyl)phosphine sulphide (M-series) retention index standards and
their electron impact mass spectra. The relative retention times offer an independent
identification method by which the reliability of the identification can be improved.
The mass spectra and the relative retention times were obtained from the same gas
chromatographic-mass spectrometric run. Detection limits were of the order to
0.005-0.05 mg/kg. All the flake samples including oats (ten of fourteen samples stud
ied) contained deoxynivalenol (0.01-0.2 mg/kg) and one oat flake sample contained
HT-2 toxin (0.008 mg/kg). The other trichothecenes monitored were not found.

INTRODUCTION

Trichothecenes are a significant contamination problem in foods and feeds 1-5.

They are naturally produced by a variety offungi, which can be formed rapidly in grain
and feed during harvest, transport and storage. Because of the extreme toxicity3.6 and
natural occurrence of trichothecenes, several identification methods have been
developed. Gas chromatography (GC) is often used 7

- 11 , but the specificity is
limited8

.
11

. Tandem mass spectrometry (MS-MS) seems to be the most specific and
sensitive method for trichothecenes in complex matrices12-20, but needs expensive and
sophisticated instrumentation. GC-MS is a very common method in the routine
analysis of trichothecenes21

-
23

, but the specificity with complex matrices may be
insufficient, leading to reduced reliability of the identification. The use of retention
indices in GC-MS offers, in addition to MS data, an independent identification
method by which the reliability of the identification can be improved. The detection
result is accepted only if the relative abundances of the monitored ions in the mass

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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spectrum do not vary by more than an allowed amount and if the monitored
compounds are found inside a certain allowed retention index "window".

Retention indices have been widely used in GC 24
-

27 but very seldom in
GC_MS 28

,29. This paper describes the use of n-alkylbis(trifluoromethyl)phosphine
sulphides (M-series) as retention index standards in the identification of some
trichothecenes (Table I) in porridge flakes by GC-electron impact (El) MS. The
M-series standards were prepared for use as universal retention index standards
detectable with all common detectors used in GC24

. However, the standards are also
well suited to MS.

EXPERIMENTAL

Chemicals
All the trichothecenes (Table I) and trifluoroacetic anhydride (TFAA) were

obtained from Sigma. 4-Dimethylaminopyridine (4-DMAP) was obtained from
Aldrich. The retention index standard solution (2.5 . 10- 4 M) including even-number
standards M 6-M 20 (Table I) was obtained from HNU-Nordion.

Sample clean-up
About 100 g of porridge flakes were mixed, an aliquot (10 g) of flake was

TABLE I

THE TRICHOTHECENES STUDIED

Trichothecene R, R2 R3 R4 Rs

T-2 toxin (T-2) OH OAca OAc I-I OCOCH 2CI-I(CH 3h
Iso-T-2 toxin (lso-T-2) OAc OH OAc H OCOCH 2CH(CH 3h
HT-2 toxin (HT-2) OH OH OAc H OCOCH 2CH(CH 3h
Triacetoxyscirpenol (TAS) OAc OAc OAc I-I H
Diacetoxyscirpenol (DAS) OI-I OAc OAc H H
MonoacetoxyscirpenoJ (MAS) OI-I OH OAc H H
Deoxynivalenol (DON) OH H OI-I OI-I =0

Compounds in M-series:

S
\I

CF3 -P-(CH2 )n CH3
I

CF3

n = 5,7,9,11,13,15,17,19
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removed and 0.01 mg of Iso-T-2 was added as an internal standard. Methanol-water
(95:5) (170 ml) was added and the sample was ground in a homogenizer for about
5 min. Otherwise the sample clean-up was performed according to the method
described previouslyl 7.

Derivatization
After clean-up the sample was evaporated to dryness with nitrogen and to the

residue were added 100 /ll of toluene-acetonitrile (9: 1) containing 4-DMAP (2 mg/ml).
Sodium hydrogencarbonate (10 mg) and 50 /ll ofTFAA were added and derivatization
was carried out at 333 K for 20 min. After cooling, the reaction mixture was
evaporated to dryness with nitrogen and 200 /ll of toluene and 0.5 ml of water were
added to the residue. The sample was mixed for 4 min and allowed to stand until the
layers had separated. The toluene phase was transferred into a 2.5-ml vial containing
anhydrous sodium sulphate. The toluene extraction was repeated twice and the final
volume in the vial was adjusted to I ml with toluene.

Gas chromatography-mass spectrometry
All the mass spectra were obtained with an HP 5970 quadrupole mass

spectrometer interfaced by direct coupling with an HP 5890 gas chromatograph. The
mass spectrometer was operated in the electron impact mode (70 eV). The ion source
temperature was 493 K. A 2-ltl volume of the sample together with 1 /ll of M-series
retention index standard solution (2.5' 10- 4 M) were injected into the gas
chromatograph using splitless (1 min) injection. The injector temperature was 533
K and the carrier gas (helium) flow-rate was about 1.5 ml/min. An HP-5 (5%
phenylmethylsilicone) capillary column (25 m x 0.2 mm !-D.; 0.33 /lm film thickness)
was used. The interface temperature was 543 K. The temperature programme was 333
K (held for I min) to 473 K at 20 K/min and from 473 to 553 K at 10 K/min, the final
temperature being held for 10 min.

The mass spectra were recorded by using the scan range 50-700 u. The linearity
studies, determination of detection limits and the analysis of porridge flake samples
were done by using multi-grouping and selected ion monitoring (Table II), in which
only the most intense and characteristic ions were monitored.

TABLE II

RUN PROGRAMME FOR THE TRICHOTHECENES AND M-SERIES COMPOUNDS (m/z 147)

Compound

DON(TFAh
MAS(TFA),
DAS(TFA)
HT-2(TFA),
TAS
T-2(TFA)
Iso-T-2(TFA)

Monitored ions"
(m/z)

584*,259,231, !47
456*,343,329,147
402*,359,329,147
472,455*454,147
348*,320,275,147
401*,329,327,147
460* ,400,357,147

Start time
(min)

10.00
13.00
15.00
16.25
17.50
19.00
19.85

a Asterisks indicate ions used in quantification.
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(I)

TABLE III

SELECTED ION MASS SPECTRA OF STUDIED TRICHOTHECENES

Compound MW mlz (relative abundance, %)

DON(TFAh 584 23 I(I 00, 259(87), 584(80)
MAS(TFAh 516 329(29), 343(21), 456(100)
DAS(TFA) 462 329(63), 359(20), 402(100)
HT-2(TFAh 616 454(50), 455(100), 472(39)
TAS 426 275(48),320(63), 348(100)
T-2(TFA) 562 327(100),329(52),401(91)
Iso-T-2(TFA) 562 357(100), 400(63), 460(7 I)

The TFA derivatives of five barley samples containing increasing amounts (0.01,
0.03, 0.06, 0.09 and 0.2 mg/kg) of trichothecenes DON, MAS, DAS, HT-2, TAS and
T-2 (Table I) and I mg/kg ofIso-T-2 as an internal standard were prepared for linearity
studies. Each sample was analysed twice. The peak areas of the ion currents were used
in the linear regression. The calibration graphs were evaluated as the ratio of the ion of
m/z 460 of Iso-T-2 (TFA) to that of the most characteristic and if possible most
abundant ion of the TFA ester (asterisks in Table II indicate the ions used in
quantification). The detection limits were evaluated at a signal-to-noise ratio of 5: I.

RESULTS AND DISCUSSION

The TFA esters of the trichothecenes were identified on the basis of the selected
ion mass spectra and relative retention times. Selected ion monitoring was used to
increase the sensitivity. The ions of the TFA esters monitored were chosen so that the
chemical noise from the matrix would be at a minimum and the maximum
signal-to-noise ratio would be achieved. Ions with high mass values often meet these
requirements. The selected ion mass spectra are presented in Table Ill. The mass
spectra of the TFA esters and their partial fragmentation pathways are presented
elsewhere23

.

Selective ion monitoring together with retention time information is in most
instances sufficient for a reliable identification. However, the retention times are very
dependent on the GC conditions, e.g., on the condition of the column, the stability of
the temperature programme and the carrier gas flow-rate. More reliable results can be
obtained by using relative retention times, which are much less dependent on the
conditions than the actual retention times. The retention index series used in this study
(M-series) (Table I) was prepared mainly for GC detectors24

, but is also well suited to
GC-EI-MS analysis. All compounds in the M-series produced two characteristic and
common ions, viz., m/z 147 (C2H 3SPF3) and m/z 229 (C4 H4 SPF6), which can be
selected for monitoring together with characteristic ions of the analyte. The elemental
compositions of the ions of m/z 147 and 229 were confirmed by high-resolution mass
spectrometry (resolution, R = 10 000). Fig. 1presents an example of the identification
of the trichothecenes as their TFA esters in a standard solution and in an oat flake
sample.

The relative retention times (RRn of the TFA esters were calculated with the
equation

RRT = 100Mn+ 100(Mn+ i _ Mn)' Tx - Tn
Tn+ i - Tn
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where M n and M n + i are carbon numbers in the alkyl chain of the compounds eluted
one on each side of the monitored trichothecene, Tx is the retention time of the
monitored trichothecene and Tn and Tn+ i are the retention times of the compounds of
M n and M nH The relative retention times for the compounds eluted after the last
M-series compound (Mzo ) (TAS, T-2 and Iso-T-2) are obtained by using calculated
values for M zz and M Z4 [T22 = Tzo + (Tzo - TIS); TZ4 = Tzo + 2(Tzo - TIS)]'

The relative retention times of the TFA esters were measured using pure
compounds and are presented together with standard deviations (n = 6) in Table IV.
The relative retention times are more accurate for compounds eluted between the
standards than for those eluted after the last standard, M zo . Standard M Z4 is not
commercially available. However, accurate enough results are obtained for TAS, T-2
and Iso-T-2 with the calculated retention times ofM zz and M Z4 ' The relative retention
times were measured six times and the measurements were made every second week,
but no systematic changes in the results were observed.
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TABLE IV

RELATIVE RETENTION TIMES (RRT), DETECTION LIMITS AND LINEAR REGRESSION OF
THE QUANTIFICATION

The concentrations of the studied trichothecenes in the spiked barley samples were 0.01,0.03,0.06,0.09 and
0.2 mg/kg; Iso-T-2 was used as an internal standard (I mg/kg).

Compound RRT r" Slope Intercept Detection
(±S.D.) (n=6) (mg/kg) limit (pg)

DON(TFAh 1451.89 ± 0.12 0.9926 2.0342 0.00377 10
MAS(TFA), 1614.61 ± 0.18 0.9963 0.5102 -0.00009 5
DAS(TFA) 1855.94 ± 0.27 0.9991 0.8357 0.00383 15
HT-2(TFA), 1958.03 ± 0.16 0.9985 1.5168 0.00502 10
TAS 2152.99 ± 0.86 0.9997 3.0450 0.00213 40
T-2(TFA) 2283.67 ± 1.26 0.9991 2.0282 0.00438 30
Iso-T-2(TFA) 2341.25 ± 1.63

a Correlation coefficient

The identification of a trichothecene was accepted if the relative abundance of
the monitored ion of the TFA ester did not vary more than ± 10% and the relative
retention time by more than ±2 units. If the relative retention time of the analyte peak
was within the acceptable values but the relative abundance of the monitored ion
showed intergerence by the matrix, the ion was changed to one not subject to
interference and the run was repeated. In all instances where the relative retention
times varied by more than 2 units the relative abundances of the monitored ions also
varied by more than ± 10%.

The studied trichothecenes were quantified by using Iso-T-2, which does not
occur naturally, as an internal standard. The correlation coefficients showed good
linearity between concentration levels of0.02 and 0.2 mg/mg. The detection limits were
between 0.005 and 0.05 mg/kg with the porridge flake samples and between 5 and 40 pg
with standards (Table IV).

Fourteen porridge flake samples were analysed by the method described above.
Eight of the samples were prepared from oats, three from a mixture of four corns (oats,
rye, barley and wheat), two from rye, one from barley and one from wheat. DON was
found at levels 0.01 and 0.2 mg/kg in all of the samples containing oats. One rye sample
contained 0.005 mg/kg of DON and one oat sample contained 0.008 mg/kg ofHT-2.

CONCLUSIONS

The use of relative retention times in GC-MS offers, in addition to the MS data,
an independent identification method, by which the reliability of the identification can
be improved. The MS and relative retention time data are obtained from the same GC
run. In an analytical problem in which unknown peaks detected by GC detectors are to
be identified by GC-MS, it might be difficult to find the unknown peak by GC-MS
owing to the response differences. In this event the use of relative retention times helps
to establish the peak of interest.
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ABSTRACT

A method is presented for the detennination of fifteen biogenic and anthropo
genic halogenated hydrocarbons, including brominated and iodated compounds, in
sea water at concentrations below the nanograms per litre range. The method in
cludes liquid-liquid extraction of the sea water with pentane, gas chromatographic
separation and electron-capture detection. The separation was performed on two
coupled fused-silica columns of different polarity and film thickness. In this way
trichloroethene, bromodichloromethane and dibromomethane could be separated.

INTRODUCTION

The determination of anthropogenic halocarbons in environmental samples has
become a standard procedure for many laboratories during the last 15 years, since
they are regarded as indicators of pollution impact. Common methods usually in
clude some kind of preconcentration step, either by a dynamic headspace technique
combined with solid-phase adsorption or cold trappingt,2, or by liquid-liquid extrac
tion with organic solvents3.4. A typical procedure involves separation of the halocar
bons by capillary gas chromatography on a non-polar silicone stationary phase and
electron-capture detection (ECD). For sea-water samples with concentrations of vol
atile halocarbons in the lower nanograms per litre range, preconcentration is essen
tial. Additionally, when dealing with sea water special problems are encountered, as a
number of volatile halocarbons produced by marine organisms can be present in the
sample and interfere with the determination of anthropogenic halocarbons 5- 7 . Hence
standard methods available for the determination of halocarbons in drinking water,
waste water, etc., are often unsuitable for sea water, owing to differences as regards
detection limits, separation properties, choice of standard mixtures, etc.

Liquid-liquid extraction with pentane has frequently been used for the determi
nation of halocarbons in sea water4

•
7

-
9

. The method produces reliable results in

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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terms of precision, detection limits and contamination risks3
,8. The technique is sim

ple regarding instrumental set-up and the total analysis time is short.
Non-polar methyl or methylphenyl silicone phases, such as DB-lor DB-5, are

commercially available as bonded, cross-linked phases on fused-silica capillary col
umns. These columns, which provide a greater separation efficiency than packed
columns, have frequently been used for the analysis of halogenated organic com
pounds7,IO-13, although their ability to separate halocarbons is limited I4,15. For
instance, the separation of trichloroethene, bromodichloromethane and dibromo
methane from each other cannot be obtained on these stationary phases, and this
problem also limits their use in sea-water analysis l6 . Mehran et al. 14 coupled two
segments of capillary columns coated with two stationary phases of different polarity,
100% methylpolysiloxane (DB-I) and 14% cyanopropylphenylmethylpolysiloxane
(DB-170l), and achieved the separation of eighteen mainly anthropogenic volatile
halocarbons. Class et al. 17 used a similar combination of stationary phases (5%
phenylmethylpolysiloxane, DB-5, and BP-IO, equivalent to DB-1701) for the sep
aration of halogenated trace compounds in marine air. A 6% cyanopropylpolymeth
ylsiloxane-coated capillary column, DB-1301, has recently been .introduced in the
analysis of volatile priority pollutants by Mehran et al. 18

, which seems to provide a
new approach to the separation problems with halogenated compounds. The use of
PLOT columns in the separation of volatile halocarbons has also been shown to be an
attractive alternative to the widely used WCOT columnsl9 .

Our aim was to develop a method to determine biogenic and anthropogenic
halocarbons in sea water. This required the separation of a number of substances
which can be expected in sea water, including brominated and iodated compounds.
The analytical procedure should be as simple and fast as' possible, in order to allow
the investigation of a large number of samples within a short time, both in the lab
oratory and under more primitive circumstances on-board ship. The standard sub
stances were chosen according to results from algal extracts5 ,6, sea water7,8 and
ambient air in marine environments I7 ,20,21.

EXPERIMENTAL

The following substances were evaluated and they were all pure (> 98%;
CH2ClJ >97%): CHCI3 (Merck), CH3CCI3 (Fluka), (Merck), CH3CHICH3 (Flu
ka), CHCI = CCl2 (Mallinckrodt), CH2Br2 (Merck), CHBrCh (Fluka),
CH3CH2CH2I (Fluka), CH2CII (Fluka), CH3CHICH2CH3 (Fluka), CHBr2CI (Flu
ka), CCl2= CCl2 (Merck), CH3CH2CH2CH2I (Fluka), CHBr3 (Merck) and CH2I2
(Fluka). Standard stock solutions were prepared in acetone (Merck).

The determinations were made with a Carlo Erba 4160 gas chromatograph
equipped with a 63Ni electron-capture detector (275°C). Sea water (100 ml) was ex
tracted for 5 min directly in sampling bottles with 1 ml of distilled pentane, containing
CBrCl3 (Fluka) as internal standard, as this substance has never been found in nat
ural sea water3. A 15-J-L1 volume of the pentane phase was injected onto the column
using an automatically driven liquid chromatography injection valve (Va1co) with a
15-J-L1 sample loop. Two fused-silica capillary columns were connected with a press-fit
connector (Mikro Kemi), a 30 m x 0.32 mm J.D. DB-5 column offilm thickness 1 J-Lm
(J&W Scientific) and a 25 m x 0.32 mm J.D. DB-1701 column of film thickness 0.1
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,um (Nordion) in front of the OB-5 column. The hydrogen carrier gas flow-rate was
1.8 mllmin and the make-up gas (nitrogen) flow-rate was 30 ml/min.

Ouring the separation the oven was held at an initial temperature of 40°C for 2
min and then raised to 100°C at lQoC/min. The chromatographic peaks were in
tegrated using a Jones Model JCL 6000 chromatography system or a C-R5A Shimad
zu integrator.

RESULTS AND DISCUSSION

Separation
With the combination of two columns of different polarity and different film

thickness, separation was achieved for all fifteen substances studied (Fig. I). The
OB-1701 column caused a preseparation which made it possible to separate even
trichloroethene, bromodichloromethane and dibromomethane. This separation
could not be obtained if the OB-5 column was used separately. Large on-column
injections for the determination of volatile halocarbons at extremely low concentra
tions have been described by Fogelqvist and Larsson22

. With the arrangement de
scribed in this method, at least 15 ,ul of the pentane phase could be injected onto the
column. This was not possible when using the OB-5 column only, because it resulted
in peak deterioration. Hence the OB-1701 column acts both as a separation column
and as a retention gap. The coupling of two col umns did not result in a considerable
increase in analysis time. The gas chromatographic run took 10 min and subambient
cooling was not necessary. In principle, the coupled columns described here can be
used in combination with a suitable purge and trap system.

Extraction efficiency
The extraction combines preconcentration with the transfer of the halocarbons

to the organic solvent. The transfer of an individual compound is dependent on its

2
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Fig. 1. Chromatogram of spiked sea water. The concentrations of the individual compounds vary between
4 and 110 ngjl. Peak integration was performed with a Jones chromatography system.
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TABLE I

EXTRACTION YIELDS, PRECISION, RELATIVE RESPONSE FACTORS (R) AND DETECTION
LIMITS FOR HALOCARBONS

No. Compound Extraction Precision" Detection R
yield (%) (%) limit (ngjl)

I CHCI3 48 9 2 0.05
2 CH 3 CC1 3 80 8 0.2 0.4
3 CCI4 84 10 0.05 1.3
4 CH 3CHICH3 81 9 0.7 0.1
5 CHCI=CC12 75 8 0.4 0.18
6 CH 2 Br2 36 10 0.3 0.50
7 CHBrC1 2 52 10 0.2 0.61
8 CH 3CH 2CH 21 79 7 0.2 0.28
9 CH 2ClI 41 3 0.03 1.3

10 CH 3CHICH 2CH3 86 II 0.3 0.19
11 CHBr2C1 55 7 0.2 0.64
12 CC1 2 =CCI 2 87 9 0.07 0.80
13 CH3CH 2CH 2CH 21 88 12 0.4 0.24
14 CHBr3 59 5 0.2 0.22
15 CH 212 55 7 0.4 0.15

a Relative standard deviation (n = 5).

partition coefficient and will influence the degree of preconcentration. The extraction
efficiency was determined by consecutive extractions of spiked sea water for all com
pounds (Table I).

Precision and detection limits
The precision (relative standard devition, R.S.D.) was determined by calculat

ing the amounts of halocarbons in spiked sea water samples (n = 5). For the low
concentrations encountered in sea water, the R.S.D. is in the range 3-12% and the
values for each compound are shown in Table 1. The linearity down to concentrations
as low as the detection limit was confirmed by correlation coefficients for the com
pounds of 0.996-0.999.

The detection limits, defined as a signal-to-noise ratio of 10: 1 (blank signal plus
nine standard deviations of the blank), were determined in natural sea water spiked
with halocarbons. As can be seen from Table I, the detection limits are in the range of
30,---700 pgjl, except for CHCh. The detection limit for CHCl3 can be lowered if the
phase ratio is increased23

. The values given in Table I should be regarded as the limits
of precise quantitative determination24

. Depending on the chromatographic system,
the integration system, the purity of the pentane and the matrix, it is possible to
confirm the presence ofa substance even at concentrations lower than the limits given
here. The analysis of a large number of natural samples with concentrations of an
thropogenic and biogenic halocarbons close to their detection limits showed good
agreement with the values for detection limits and precision given in Table 1.
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Fig. 2. Chromatogram of sea water, sampled in the central Skagerrak. 2 = CH3 CCl3 (3.4 ng/I); 3 = CC14

(1.2 ng/l); 5 = CHCICCI2 (7.1 ng/I); 6 = CH2Brz (1.3 ng/l); 7 = CHBrCI2 (1.3 ng/!); 9 = CHzClI (3.2
ng/l); 10 = CH 3 CHICH2CH3 (0.55 ng/l); II = CHBr2CI ( < 0.2 ng/l); 12 = CCl2= CCI2(0.26 ng/l); 14 =
CHBr3 (6.5 ng/!); 15 = CHzI2 (19 ng/I). Peak integration was performed with a Shimadzu C-R5A in
tegrator.
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Fig. 3. Chromatogram of sea water sampled at S52'I 0', W5'58' on a cruise with R/V Polarstern, November
1989. I = CHCI3 (9.3 ng/I); 2 = CH 3CCI3 (1.8 ng/I); 3 = CCl4 (1.2 ng/l); 4 = CH 3CHICH

3
(2.4 ng/I); 6 =

CH zBr2 (1.3 ng/I); 7 = CHBrCI 2 (0.26 ng/l); 8 = CH 3CH 2CH 21 (1.9 ng/l); 9 = CH 2ClI (1.1 ng/I); 10 =
CH3CHICH2CH3 (3.5 ng/l); II = CHBr2Cl (0.20 ng/!); 12 = CCI2=CCI2 (0.52 ng/l); 13 =
CH3CHzCHzCH 21 (2.6 ng/l); 14 = CHBr3 (4.5 ng/I). Peak integration was performed with a Jones
chromatography system.
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Application
The method described was specifically designed for the determination of bio

genic and anthropogenic halocarbons at low concentrations in sea water. Emphasis
was put on the separation of brominated and iodated compounds produced by ma
rine algae and anthropogenic compounds that are detectable in almost all sea water
samples. The method has been used successfully in the analysis of ca. 600 samples
from the western coast of Sweden, from the Skagerrak and from the Antarctic. Figs. 2
and 3 show chromatograms of samples from the last two. As the iodated substances
have not been determined in these areas before, it is not possible to compare the
concentration levels with earlier studies. However, the values given are representative
of water samples containing iodated substances in our investigations. In previous
investigations on coastal w~ters in Sweden, no concentrations were given for dibro
momethane and trichloroethene7

,9, since they could not be separated. For the other
compounds the concentrations determined by us are in good agreement with these
investigations.

The method described here can also be applied to the determination of volatile
halocarbons in other water samples such as fresh water, drinking water and different
types of waste waters.
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ABSTRACT

On-line dynamic headspace analysis was refined for the quarter-hourly mon
itoring of select volatile organic compounds (VOCs) in ground and surface waters,
for extended periods of time. Hourly comparisons were made to on-line purge-and
trap analysis, and to purge-and-trap analysis after sample preservation and storage,
Variations in VOC concentrations of 6047% biweekly, 222% daily, 97% hourly, and
35% quarter-hourly were observable, with the IS-min cycle of the dynamic headspace
analysis, The headspace analyzer had superior retention time stability, required less
maintenance, and had 1/4 the analysis time as a typical purge-and-trap-gas chroma
tograph system used for hourly comparisons.

INTRODUCTION

The temporal monitoring of volatile organic compounds (VOCs) in water
sources is important because of contamination (i.e. 4000 gallons of VOCs can be
dissolved in a single ground water plume!, or chemicals spilled into surface water), and
the transport ofcontaminants. The maximum safe concentration levels for most VOCs
in drinking water range from 1-5 ppb2 •

a
. The speed of on-line VOC analyses is

especially important at water sources with nearby contamination, or water sources
near industrial or commercial operations where sudden accidental releases ofVOCs to
water supplies are possible.

a Throughout the article the American billion (109) is meant.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Water sources have been monitored hourly by on-line purge-and-trap analysis3

using a Tekmar 6000 process stream sampler (Cincinnati, OR, U.S.A.), Tekmar LSC-2
purge-and-trap-gas chromatographic (GC) system, and integrator system.
This project is the first application of quarter~hourlyon-line headspace analysis

for monitoring VOC concentrations in surface and ground waters, for extended
periods of time? A Siemens (ES Industries, Voorhees, NJ, U.S.A.) PI01 dynamic
headspace analyzer4 was refined, and quality assurance was developed, for quarter
hourly analyses. Significant quarter-hourly variations in VOC concentrations in water
sources, were observed with headspace analysis. The speed of headspace monitoring is
a major advantage over purge-and-trap analysis for temporal monitoring.

EXPERIMENTAL

A Siemens PI0l continuous on-line dynamic headspace analyzer was used to
quantify VOCs quarter-hourly. The Siemens analyzer differed greatly from two
traditional purge-and-trap systems which were used for hourly quality assurance
comparisons.

With traditional purge-and-trap systems5
, a 5-ml grab sample is sparged with

helium for 11 min. The objective ofsparging is to purge the total amount of volatiles to
a cool adsorbent trap. During desorption, an injection valve is turned and carrier gas
flows through the trap, which is heated for 4 min to desorb VOCs to the GC apparatus.

With the Siemens headspace analyzer (Fig. 1), the sample was heated to 58°C
before sparging with helium. Water continuously entered the sparger at 4 l(h, and
overflowed through a headspace-free sidearm. (The headspace is the helium, volatile
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Fig. 1. Schematic diagram of the continuous headspace analyzer.
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gases, and water vapor above the sample). The objective of sparging is to obtain
a steady state concentration of volatiles in the headspace. Moisture is removed from
the headpace by a condenser. The headspace exits through an injection valve. Once
every 15 min, 10 III of headspace are injected into the Siemens GC apparatus. Although
the air-water partitioning ofVOCs depends on Henry's constants, Henry's constants
do not have to be known to make calibration curves on a dynamic headspace analyzer.
Water entered the sparger at 41/h, and the overflowing sparger holds 330 ml of liquid.
The headspace volume above the sparger is 80 m!. Helium purge flowed into the
sparger at 1.5 l/h, and exited the sample loop at 1.5 I/h. The phase ratio
(water-headspace volume ratio) was approximately 4: I, and the water-headspace flow
ratio was approximately 3: I.

With the Siemens analyzer, the oven was run isothermally at 67°C, and three
capillary columns with valveless column switching were available for multidimen
sional analysis. The primary column, a 15 m x Oj2 mm 1.0., I-Ilm OV-17l0 capillary
column, gave sufficient resolution for all compounds under study; secondary columns
for multidimensional analysis were not used. Because the Siemens analyzer has no trap
and runs isothermally, a IS-min analysis cycle was possible for all compounds
analyzed.

On the Siemens analyzer, aqueous sample is continuously pumped into the
sparging vessel, even when the sparger drains between analyses. Between analyses, the
sparging vessel is drained, and influent is quickly blown down through the sparger with
70 kPa (10 p.s.i.) helium. The Siemens analyzer can be programmed to open one of
fifteen different influent solenoids to analyze up to fifteen different sample streams. If
the influent to the sparger is switched to a different sample stream during the beginning
of the 1.2 min drain cycle, there usually is no noticeable carryover between successive
IS-min samples from streams with different VOC concentrations. Influent streams
were regulated to 10 p.s.i. with a pressure regulator, and solids were removed with
a glass wool filter.

Quality assurance
Continuous internal standard injection was added to the Siemens analyzer for

quality assurance. Dilute aqeuous fluorobenzene was pumped into the analyzer, along
with the water sample, to give a 15 ppb final internal standard concentration. A Fluid
Metering (Oyster Bay, NY, U.S.A.) lab pump, and lab pump junior were used for the
sample and internal standard, respectively. Effluents from the sample and internal
standard pumps were mixed in a 1/8 in. PTFE "T" mounted on the effluent of the
internal standard pump.

The Siemens analyzer was quality assured using blanks, replicate analyses,
calibration standards, other internal standards, field duplicates, lab duplicates, splits,
blinds, intralaboratory comparison and interlaboratory comparison. Also, instrument
maintenance was carefully evaluated.

RESULTS AND DISCUSSION

Calibration
Absolute peak areas from the injected fluorobenzene internal standard had a 5%

relative standard deviation (R.S.D.). When a large homogeneous batch sample of 51
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ppb tetrachloroethene (PCE) was analyzed 21 times, peak areas had 1.8% R.S.D.
Duplicate analyses of other target compounds, such as chloroform, were reproducible
with less than 5% R.S.D. Therefore, we decided that it would be more precise to use
absolute areas of target compound peaks, without dividing by the internal standard
peak areas. Inter.nal standards peak areas were monitored, however, as additional
quality assurance that the sensitivity of the Siemens analyzer did not change after
thousands of injections or after being transported hundreds of kilometers to four
different sites.

The EPA method detection limits6 calculated from the Siemens analyzer, with
a flame ionization detector, were: chloroform 2.8 ppb, fluorobenzene 2.0 ppb, PCE 2.3
ppb, and toluene 1.4 ppb. These compounds had similar method detection limits on
a Tekmar LSC-2 purge-and-trap-Varian 3300 GC system with a flame ionization
detector. Method detection limits equal the absolute standard deviation of > 6
replicate determinations multiplied by the 99% I-value corresponding to the number
of replicates6

. For example, 21 Siemens analyzer determinations of a large standard
had 0.89 ppb standard deviation; thus the method detection limit is 0.89 ppb x 2.53
= 2.3 ppb.

Precision
The precision of the Siemens analyzer and two different purge-and-trap systems

were compared by analyzing hourly tap water samples using all three systems. Fig.
2 shows the chloroform concentrations in Philadelphia tap water (treated surface
water) from each hour. • symbols represent chloroform concentrations determined
by IS-min composite samples on the Siemens analyzer. Five min before the headspace
from each composite sample was injected into the Siemens GC, two VOC bottles (with
hydrochloric acid and ascorbic acid as preservatives) were filled with tap water from
the same inlet. • symbols represent the chloroform concentrations determined from
one VOC bottle which was immediately analyzed at Drexel University (intra
laboratory comparison) by a Tekmar LSC-2 purge-and-trap-Varian 3300 GC system
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Fig. 2. System comparison plot of determinations of chloroform in Philadelphia tap water V.I'. date and hour
water was sampled.... = 15-min composite headspace analyses on Siemens analyzer; • = Grab samples
analyzed immediately on Tekmar LSC-2 purge-and-trap-Varian 3300 GC system; 0 = samples preserved
and analyzed on purge-and-trap system at National Environmental Testing, Thorofare, NJ, U.S.A.
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Fig. 3. System comparison plot of relative standard deviation of the determinations from 3 instruments vs.
date and hour water was sampled.

with flame ionization detector. 0 symbols represents chloroform concentrations
determined from the other preserved VOC bottles, which were refrigerated and
analyzed by National Environmental Testing Inc. (Thorofare, NJ, U.S.A.) by
a purge-and-trap system (as interlaboratory comparison).

Fig. 3 shows that the R.S.D. of chloroform concentrations determined by the
three instruments for each hour, averaged 6%, and did not exceed 18%. The Siemens
analyzer and the two purge-and-trap systems had similar .precision for chloroform,
fluorobenzene, PCE, and toluene.

Accuracy
The accuracy of the Siemens analyzer was determined by analyzing blinds

(spiked standards with expected concentrations) on the Siemens analyzer and
a purge-and-trap system. Table I shows the results of analyzing chloroform blinds on
the Siemens analyzer and NET's purge-and-trap system.

TABLE I

CHLOROFORM BLINDS

Expected Instrument Analysis Time Determined
(ppb) (ppb)

6.7 Siemens on-line 9.1
6.7 Siemens on-line 8.9
6.7 NET purge-and-trap system within 2 weeks 7.8

13.0 Siemens on-line 14.0
13.0 Siemens on-line 14.0
13.0 NET purge-and-trap system within 2 weeks 16.0

27.0 Siemens on-line 24.0
27.0 Siemens on-line 24.0
27.0 Siemens on-line 28.0
27.0 NET purge-and-trap system within 2 weeks 37.0
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Fig. 4. Quarter-hourly headspace analyses of two adjacent wells with different tetrachloraethene
concentrations, using Siemens analyzer. • = .Raw water from well A2; D = raw water from well A I. No
memory effects were apparent when switching between samples of different concentrations.

Retention times
Retention times on the Siemens analyzer remained within ±0.02 min per week,

even with 100-fold changes in concentration. Retention times on the Tekmar
LSC-2-Varian 3300 purge-and-trap system varied ± 0.30 min between a few analyses,
with 100-fold changes in concentration.

Instrument variability
Before evaluating the variability of VOCs in water sources, it was determined

that all compounds studied could be reproducibly determined on the Siemens analyzer
with < 5% R.S.D. This was done by replicate analyses of large homogenous spiked
standards (12-51 ppb concentrations).

Carryover between samples
It also was determined that the Siemens analyzer could switch between two

sample streams during its drain cycle, with little carryover between successive IS-min
samples from different streams. Fig. 4 shows switching between analyses of two
adjacent wells, well Al and well A2. Although the wells had different PCE
concentrations, both wells had fairly constant concentrations on this day, and the
analyzer did not show any carryover when switching between the two wells.
Automatic switching between sample and calibration standards also worked well. The
Siemens analyzer can be programmed to switch between fifteen sample streams, using
solenoids.

Variability of VOCs in water sources
Fig. 5 shows quarter-hourly determinations ofPCE and 1,1,1-trichloroethane in

raw well water B. Quarter-hourly variations in PCE concentrations were observable,
due to the speed of headspace analysis. On this day, PCE concentrations varied as
much as 25% between successive IS-min analyses (between 8:30 and 8:45 a.m.), and
varied as much as 97% per hour (from 8:15 to 9: IS a.m.). For this entire day, PCE
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Fig. 5. Quarter-hourly headspace analyses oftetrachloroethene and 1,l,I-trichloroethane in raw well water
B using Siemens analyzer (different site than Fig. 4).... = tetrachloroethane; 0 = 1,1,I-trichloroethane.
Tetrachloroethene concentrations varied as much as 97% per hour (between 8:15 a.m. and 9:15 a.m.) and
35% between successive 15 minute analyses (8:30 a.m. and 8:45 a.m.). I, I, I-trichloroethane concentrations
ranged from 10 to 22 ppb during this day.

concentrations varied 222% (from 168 to 541 ppb). On other days, PCE concen
trations varied as much as 35% between successive IS-min analyses. Fig. 4 shows
analyses of raw well water B, before it passed through granular activated carbon
contactors to remove VOCs, and was chlorinated, for use as drinking water.

Fig. 6 shows minimum, average, and maximum daily PCE concentrations in raw
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Fig. 6. Minimum, average, and maximum daily PCE concentrations in raw well water B determined by
quarter-hourly headspace analyses from April 18 (4/18) to May 16 (5/16). Notice 6047% decrease in PCE
concentrations between April 22 and May 10, due to dilution by rain. Analyses were not made between May
4 and 9.
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well water B, determined by quarter-hourly analyses for approximately I month. PCE
concentrations decreased 6047% in 2~weeks (from 541 ppb to 9 ppb), apparently due
to dilution by rains. Although large variability was seen in this well, no contamination
was detected in a well just 1.6 km away.

Maintenance
Maintenance required by Siemens analyzer was minimal. The sparging vessel

was disassembled monthly and rinsed out with water to remove solids. A 8 m3 (300
foot 3

) cylinder of zero grade air was replaced once every 9 days. A 6 m3 (200 foot 3
)

cylinder of high-purity helium was replaced every 18 days. A 6 m3 cylinder of
high-purity hydrogen would last approximately 6 months. Paper for a Hewlett
Packard 3390 integrator (added to the Siemens analyzer) would last for more than
a week. Seals on the injection valve were still good after approximately 15000
injections. The major sampling problem was the removal of solids from the water
before it entered the analyzer. Large amounts of solids would appear when a well was
turned on, and had to be filtered out with glass wool, which had to be replaced
frequently. The traps in our Tekmar LSC-2 purge-and-trap had to be replaced every
few months.
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ABSTRACT

A gas chromatographic (GC) method has been developed for solanesol, a long
chain (C4S ) terpenoid alcohol of tobacco. The method separates and quantitates
solanesol as its volatile trimethylsilyl derivative. After saponification of the tobacco
sample with methanolic potassium hydroxide to liberate bound solanesol, total sola
nesol was determined on a wide-bore fused-silica SE-54 capillary column. The repro
ducibilities of both the extraction and GC methods were found to be excellent. As an
example of application, six tobacco varieties, used in a low-solanesol tobacco breed
ing study, were analyzed. In these tobaccos, free solanesol content varied from 70 to
90% of the total solanesol, which ranged from 1.9 to 2.8% of dry weight.

INTRODUCTION

Solanesol [H(CH r CCCH 3) =CH-CH 2h-OH] is the major trisequiterpenoid
(C4S) alcohol of tobacco. Solanesol (3,7,11,15,19,23,27,31 ,35-nonamethyl-2,6, 10, 14,
18,26,30,34-hexatriacontanonaene-l-ol) was first isolated from tobacco by Rowland
et aU in 1956 and occurs both in the free and bound (esterified) form in tobacco. It is
the major terpene component of the lipid fraction (hexane extractables) of tobacco and
represents up to 5% of dried leaflamina2

,3. Solanesol has been shown to be a major
precursor of the tumorigenic polynuclear aromatic hydrocarbons (PAHs) of tobacco
smoke4

. It produces more than 30% of the total PAHs that are formed on pyrolyzing
the hexane-extractable fraction of tobaccos.

Reduction of solanesol would lead to a safer smoking product, due to reduced
PAH levels in cigarette smoke. Therefore, a breeding program has been undertaken to
genetically develop tobacco with a lower solanesol content. In order to accomplish this
goal, a rapid method to analyze thousands of tobacco samples was needed.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Gravimetric determinations of solanesol by column chromatography6,7 have pro
duced low and variable results and were not suitable for routine analyses. A thin-layer
chromatography-densitomety method presented difficulties, due to decomposition of
solanesol 7

• A packed column gas chromatography (GC) method reported by Sheen et
al. 8 involved a lengthy extraction procedure and hydrogenation of solanesol. Court
and Hendel9 have recently published a determination of solanesol by high-per~

formance liquid chromatography. Consequently, it was decided to improve a GC
method developed in this laboratoryl o. This method determined solanesol by GC of its
trimethylsilyl (TMS) derivative, on a short, packed Dexsil 300 GC column. However,
since substantial amounts of leaf solanesol may be bound as esters, an improved
method for total solanesol was needed. Our previously described method for total
solanesol 1o required hydrolysis of the ground tobacco in a saponification flask,
followed by solvent extractions of the solanesol. Both steps were time consuming for
routine analyses of large numbers of samples. In this manuscript, we describe a micro
test tube hydrolysis-extraction method for ground tobacco to yield total solanesol,
which was quantitated by wide-bore capillary gas chromatography on SE-54 coated
columns. These GC columns have been employed for the last six years to successfully
analyze over 1500 tobacco varieties and introductions in a low solanesol tobacco
breeding program ll . Recently, a similar GC method for solanesol in environmental
tobacco smoke has been reported 12.

MATERIALS AND METHODS"

The tobaccos used in this study were grown at the Crops Research Laboratory,
Oxford, NC, U.S.A., under conditions normally used for the production of flue-cured
tobacco. Cured tobacco leaf lamina samples were dried over anhydrous silica in
a desiccator for two days and then ground in a Wiley Mill to pass through a 20-mesh
screen. All solvents were Burdick & Jackson (Muskegon, MI, U.S.A.) distilled-in-glass
grade.

Solanesol purification
Crude solanesol (Hoffmann-La Roche, 80+ %) was purified by repetitive

recrystallizations from hexane to yield a 98 + % pure compound (by GC).

Preparation of butyl triacontanoate internal standard
About 0.6 g of triacontanoic acid (Fluka, purum grade, ca. 98% by GC),

0.5 g p-toluene sulfonic acid monohydrate and 8 ml of butanol (Aldrich, 99 + %,
redistilled from KOH) were added to a test tube. The tube was capped and heated at
80°C for 4 h. After cooling, the mixture was transferred to a separatory funnel with
hexane (50 ml) and extracted with saturated Na2C03 (2 x 20 ml) and water (3 x 20
ml). The hexane fraction was dried over Na2S04, filtered, and taken to dryness on
a rotary evaporator. The residue was transferred with hexane to a 40-g silicic acid
column. Elution with methylene chloride-hexane (1:3) yielded the C30 butyl ester,
which was recrystallized from hexane (m.p. 65-66°C, 98% + by GC).

a Mention of a commercial instrument or product does not constitute Agricultural Research Service
endorsement.
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Total solanesol determination by test tube hydrolysis methods
In method A, dried ground tobacco (50 ± 3 mg) was weighed into an 8-ml

screw-cap culture test tube and 3 ml of a I M KOH in methanol-water (95:5) solution
were added. The tube was sealed with a PTFE-lined cap. The solvent level was marked
on the outside of the test tube and the mixture was heated at 80°C, in a heat block for
4 h, to insure complete hydrolysis of the bound solanesol. After cooling, and if
necessary, methanol was added to bring solvent level to the initial volume and 3 ml of
isooctane, containing the internal standard (IS, 0.5 mg of butyl triacontanoate) were
added. After sonification for 15 min, 1 ml of water was added and the mixture was
al10wed to stand in the dark, at room temperature for two or more hours. A 250-,u1
aliquot of the isooctane layer was transferred to a I-ml Reacti-vial, the solvent was
removed by a stream of nitrogen at 40°C, and 100 ,ul of N,O-bis(trimethylsilyl)
acetamide (BSA) were added. The vial was sealed with a PTFE-lined cap and heated at
80°C for 30 min. After cooling, the sample was transferred to a micro auto-sampler vial
and I ,ul was analyzed by GC.

In an alternative procedure (method B), the sample was treated as above, except
that the IS was not added to the isooctane in the test tube. Instead, after standing
overnight at room temperature, 250,u1 ofthe isooctane layer (containing the saponified
compounds) were added to a Reacti-vial, together with the IS (80 ,ug). The sample was
then treated as above.

Total solanesol by saponification .flask hydrolysis method
About I g of dried ground tobacco and 40 ml of methanolic potassium

hydroxide were placed into a 250-ml saponification flask, with a 24/40 joint, and fitted
with a reflux condensor. The mixture was refluxed for 2 h under nitrogen. After
cooling, the mixture was filtered through fluted filter paper into a separatory funnel
and the flask and filter were washed with 50 ml of a I: I mixture of benzene and
ethanol-water (85:15). Hexane (50 ml), 25 ml of aqueous saturated KCl solution and
50 ml of water were added to the funnel and the funnel was vigorously shaken to effect
solvent partitioning. The hexane layer was removed and the aqueous layer was
extracted with hexane (2 x 25 ml). The hexane extracts were combined, washed with
water (3 x 25 ml), reduced in volume on a rotary evaporator, and transferred to
a 25-ml volumetric flask. A 300-,u1 aliquot was removed for GC analyses and
concentrated BSA reagent was added and the sample was treated as above.

Gas chromatography
Samples were analyzed on a HP 5710A gas chromatograph, modified for

capil1ary GC and containing an flame ionization detector13
. The column was a 10

m x 0.53 mm J.D. fused-silica capil1ary column, coated with SE-54 (4 mg/ml). The
detector temperature was 350°C and the injector temperature was 250°C. For total
solanesol determination, the oven was heated from 220 to 300°C at 8°C/min and held
8 min at 300°C. For free solanesol determination 10, the oven temperature conditions
were: hold for 2 min at 100°C, then program from 100 to 300°C at 8°C/min. The lower
starting temperature was needed to al10w determination of other, major leaf
constituents, including malic and citric acid, fructose, glucose, sucrose and chIorogenic
acid.
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RESULTS AND DISCUSSION
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As stated earlier, we have for a number of years routinely analyzed solanesol in
cured tobacco leaf, using 45-cm packed Dexsil 300 GC columns 1o

. One major
d.isadvantage was unpredictable column life, which varied from 100 to 500 analyses per
column. When wide bore (0.53 mm I.D.) glass capillary columns became available, we
investigated bonded SE-54 columns as replacements for the packed columns and
found that short (10 m or less) and thin-film columns lasted for 1000 + analyses and
gave very reproducible results. An example of a wide-bore capillary GC separation is
shown in Fig. I.

Another problem with the packed column analyses was the cost and stability of
the 1,3-dimyristin internal standard employed at that time. Consequently, we
investigated a number of substitutes and found that the butyl ester of triacontanoic
(C30) acid was a suitable replacement.

The next step in modifying the total solanesol method was to streamline the
labor-intensive flask saponification and extraction procedures. By changing the
hydrolysis solvent from aqueous ethanolic KOH to methanolic KOH, we were able to
hydrolyze bound solanesol and then extract the free solanesol into isooctane in the
same reaction vessel, an 8-ml capped test tube. Briefly, the procedure consists of (1)
methanolic KOH hydrolysis of a small sample of ground tobacco, (2) ultrasonic
extraction of the hydrolysis mixture with iso-octane and addition of water to assist in
phase separation, and (3) derivatization of the free solanesol with a silylating reagent
(BSA) for GC analysis.

After establishing the saponification and extraction conditions, it was necessary
to evaluate the reproducibility of the method. The reproducibility of the GC procedure
was first examined (Table I). Two representative tobacco varieties were analyzed for
solanesol by test tube method R A sample from each tobacco was hydrolyzed and the
hydrolyzate was analyzed four times to give the results in Table I. From the relative

(u....,

Fig. I. Gas chromatogram for analysis of total solanesol in tobacco leaflamina. IS at 5.79 min and solanesol
at 11.43 min.
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TABLE I

REPRODUCIBILITY OF GC ANALYSES FOR SOLANESOL

Tobacco" %Dry weight

Run number Mean ± R.S.D.

2 3 4

KY-14 2.75 2.77 2.83 2.81 2.78 ± .03
OX 259 2.88 2.99 2.86 2.97 2.92 ± .06

" See Table II.
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standard deviation (R.S.D.), it was apparent that the GC part of the method yielded
very reproducible and acceptable results.

In Table II, the reproducibilities of micro test tube methods A and B (for the
hydrolysis and extraction of total solanesol) are compared to that of our standard
saponification flask procedure. This saponification flask method contains several
improvements over the previously reported 10 method. It was apparent that the more
rapid test tube methods yielded data ofequal validity and reproducibility compared to
the original flask saponification method. Thus, the addition of internal standard to the
isooctane extraction solvent (method A) or to the separated isooctane prior to GC
(method B) produced identical results. Consequently, the analyses ofa large number of
field samples could be performed rapidly and confidently by either test tube method.

In our program to breed tobacco with a lower solanesol content, we have
examined many tobacco varieties. As an example of solanesol variation and method
applicability, the results for six tobaccos are shown in Table III. As each tobacco was
grown in four separate field plots and samples were taken from each plot, there was

TABLE II

REPRODUCIBILITY OF METHODS FOR THE DETERMINATION OF TOTAL SOLANESOL

Tobacco" Method %Dry weight

Run number Mean ± R.S.D.

2 3 4

KY-14 Saponification flask 2.86 2.76 2.82 2.81 ± .04
Test tube A 2.79 2.77 2.83 2.86 2.81 ± .03
Test tube B 2.86 2.77 2.76 2.78 2.79 ± .04

Sp G-28 Saponification flask 2.40 2.46 2.50 2.45 ± .04
Test tube B 2.43 2.40 2.36 2.34 2.38 ± .04

OX 259 Test tube A 2.93 2.88 2.94 2.86 2.90 ± .03
Test tube B 2.83 2.86 2.95 2.89 2.88 ± .04

" Kentucky 14 (KY-14) is a representative burley tobacco, Speight G-28 (Sp G-28) is a represent
ative flue-cured tobacco and Oxford 259 (OX 259) is a recent flue-cured variety. Analyses data represent
repetitive runs on the same sample.
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TABLE JIJ

FREE AND TOTAL SOLANESOL LEVELS OF SELECTED FLUE-CURED TOBACCOS

Values represent averages of four or more samples collected in the field.

Tohacco

Harrison Pryor
Oxford 3
Sp G-70
Coker 48
NC 95
NC 82

To/al .I'olanesol"
% leaf (dry w/.)

± R.S.D.

2.18 ± 0.02
1.90 ± 0.10
2.06 ± 0.08
2.07 ± 0.37
2.81 ± 0.30
2.43 ± 0.20

Free .I'olanesol"
% leaf (dry WI.)

± R.S.D.

1.68 ± 0.36
1.34 ± 0.23
1.83 ± 0.26
2.05 ± 0.34
2.49 ± 0.48
2.31 ± 0.16

% Free solanesol

77
70
89
99
89
95

" Method A.
b Ref. 8.

much more variability in results between plots and this resulted in higher R.S.D., as
compared to the data in Table II. The percent free solanesol (determined by the
method in ref. 10) varied from 70 to 99% of the total solanesol values. Therefore free
solanesol values cannot be used to calculate total solanesol in tobacco. This
methodology should be applicable to analyses of other plant alcohols, such as free and
bound sterols. With a pH adjustment step after saponification, free and bound fatty
acids could also be determined.
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ABSTRACT

A gas-liquid chromatographic procedure is described which permits analysis of
aliphatic and aromatic sulphonates as their tert.-butyldimethylsilyl derivatives. The
tert.-butyldimethylsilylation of sulphonic acids in their free or sodium salt form is
accomplished in a single derivatization step with N-methyl-N-(tert.-butyldimethylsi
lyl) triftuoroacetamide and tert.-butyldimethylchlorosilane in acetonitrile. Stability
results and mass spectral analysis of all tert.-butyldimethylsilyl sulphonates are present
ed. Each derivative displays a prominent and characteristic [M-57] fragment ion in
its mass spectrum.

INTRODUCTION

Organic sulphonate compounds are important industrial chemicals used as sur
factants, pigments and dye intermediates etc. They constitute a significant number of
samples analyzed at the Canadian Customs Laboratory for Tariff Classification pur
poses. In particular, it is necessary for us to determine the identity and purity of these
chemicals.

Sulphonates have been investigated by various chromatographic methods.
Among these methods we are particularly interested in the technique of gas chroma
tography (GC). Since suiphonates are compounds of low volatility, they were con
verted to volatile derivatives to be amenable to GC analysis. GC methods have been
developed to analyze sulphonic acids as their trimethylsilyl (TMS) derivatives1,2,
methyl esters3 and thionyl chloride derivatives4

. Another method of analysis involves
desulphonation in a reaction precolumn followed by GC analysis 5

.

All the derivatization methods other than silylation involve sample work-up
and are not applicable to sulphonic acids containing other polar functional groups
such as hydroxy and amino groups. In general, silylation enjoys the advantage over
other derivatization methods in that it is a single-step procedure and does not require

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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separation of the derivatives prior to GC analysis. It is also a more versatile deriv
atization method. If a proper silylating reagent is employed, other polar substituents
can be derivatized along with the sulphonate group.

Previous work, however, indicates that TMS derivatives suffer from instabilityl
and lack of response to flame ionization detection (FID)z. It was also noted that the
trimethylsilylation involves mainly the free acids, and very little, if any, of sulphonate
salts.

This paper reports the development of a tert.-butyldimethyl silylation (tBDMS)
method that allows derivatization of sulfonates in their free acid or sodium salt form
in a single step reaction. Polar substituents such as OH, COOH and NHz were also
derivatized by this procedure. Most of the synthesized tBDMS derivatives were found
to be stable for at least 25 days at room temperature in the reaction solution. Unlike
the TMS derivatives, the tBDMS-sulfonate compounds were detected by FID. All
tBDMS derivatives were also subjected to GC-mass spectrometry (MS) analysis.
Fragmentation patterns of these derivatives are presented.

EXPERIMENTAL

Materials
N-Methyl-N-(tert.-butyldimethylsilyl)trifluroacetamide(MTBSTFA), tert.-bu

tyldimethylchlorosilane (tBDMCS) and acetonitrile were purchased from Pierce
(Rockford, IL, U.S.A.). Benzo-15-crown-5 was obtained from Aldrich (Milwaukee,
WI, U.S.A.). n-Tetradecane was a product of Alltech (IL, U.S.A.). Dioctyl phthalate
was a commercial sample of >99% purity.

All the sulphonates used in this study are listed in Fig. I. They were all obtained
from Aldrich except compounds 8, 9 and 10 which were commercial samples.

Derivatization
The tBDMS derivatives of all the sulphonates were prepared by adding 18 mg

tBDMSCI, 100 III of MTBSTFA and 100 III of a 2% acetonitrile solution of dioc
typhthalate into a PTFE-faced Reacti-vial containing 3-4 mg of the sulphonate.
Derivatization of sodium isethionate in the presence of benzo-15-crown-5 was carried
out the same way except that 6 mg of the polyether was added to the reaction mixture.

The reaction mixture was stirred at 70°C for a period of 24 h. Aliquots of I III
were injected into GC-FID system at I, 3, 6 and 24 h reaction time. Peak ratio of the
product to the internal standard (dioctyl phthalate) was plotted against reaction time,
the point at which the curve started to level off is taken as the reaction completion
time. In all cases, the reaction mixtures at the end of24 h were analyzed by GC-MS to
obtain the mass spectra of the derivatives.

The stability of the phthalate internal standard in the silylation reaction mix
ture was tested using the same derivarization procedure described above, except I mg
of tetradecane was used in place of the sulfonates. Peak ratio of the phthalate and
n-alkane was found to remain constant at 70°C for 24 h and later for 25 days at room
temperature, indicating that the dioctyl phthalate was stable throughout the deriv
atization and stability study.
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Fig. I. Structures of suiphonates used in this study. I = Sodium octanesulphonate; 2 = sodium isethion
ate; 3 = ammonium isethionate; 4 = L-cysteic acid; 5 = sodium xylene sulphonate; 6 = sodium 4
amino-I-napthalenesulphonate; 7 = 1,5-napthalenedisulphonic acid; 8 = 2-amino-5-chlorotolenesul:
phonic acid; 9 = 5-(sodiosulfo)isophthalic acid; [0 = sodium 2,3-dihydroxy-6-naphthalenesulphonate..

Stability study
After 24 h at 70°C, the reaction mixture was allowed to stand at rbom temperc

ature for at least 25 days. The mixture was analyzed by GC every 5 days and the peak
ratio of the tBOMS derivative vs. the internal standard was plotted against time. A
slope of zero from the plot and the absence of extraneous peaks in the chromatogram
was interpreted as absence of decomposition of the derivative during the study peri
od.

GC
A Hewlett-Packard Model 5840 A gas chromatograph equipped with a flame

ionization detector was employed. The column used was a 15 m x 0.25 mm 1.0.,0.25
11m thick OB5 fused-silica column. The injector temperature was 250°C and 1 /11 of
the reaction mixture was injected with a split ratio of 100: 1 at an oven temperature of
80°C; after an initial hold time of 2 min at 80°C, the oven temperature was pro
grammed at 10°C/min until 250°C; helium flow-rate was 1 ml/min.
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GC-MS
The gas chromatograph-mass spectrometer (Finnigan Model 1020) was

equipped with an electron impact source and a Nova 4 data system. The scanning rate
was I s/scan in the range 40-650 a.m.u. The ion source temperature was held at 80°C.
Electron impact (EI) spectra were obtained at 75 eV. The GC instrument (Perkin
Elmer Sigma-3B) was operated with the same column, the same oven and injector
temperatures as described for GC-FID above. Helium flow-rate was 1 ml/min.

RESULTS AND DISCUSSION

Formulation of silylation cocktail
Previous work in our laboratory6 has shown that sulfonic acids can be readily

silylated by MTBSTFA in acetonitrile at 70°C. No reaction, however, was observed
with various sodium salts of sulphonic acids using the same silylating reagent, even
after prolonged heating. It is known that the reactivity of hexamethyldisilazane
(HMDS) can be increased by the addition of a small amount of trimethylchlorosilane
(TMCS), a chloride containing the same silyl group as HMDS7

• In our laboratory, we
have observed8 that a silylation cocktail composed of a mixture of HMDS and
TMCS in pyridine is able to derivatize metal salts of various carboxylic acids which
fail to react with HMDS alone. Using the same reasoning, a silylation cocktail com
posed of MTBSTFA and tBDMCS, a chloride containing the same tBDMS silyl
function as MTBSTFA, in acetonitrile were formulated as described in the Experi
mental section and used in this investigation.

Derivatization
As shown in Table I, among the four aliphatic sulphonates studied, sodium

octanesulphonate and ammonium isethionate were completely silylated as mono- and
disilylated derivatives. respectively, within the first hour.

TABLE I

DERIVATIZATION AND STABILITY RESULTS OF ALIPHATIC SULPHONATES

Compound D.erivative Degree ol
reaction alter
1 h (%)

.-S03(tBDMS) 100

2 -S03(tBDMS) 6", 75"
-O(tBDMS)

3 -S03(tBDMS) 100
-O(tBDMS)

4 -S03(tBDMS) 70
-COO(tBDMS)
-NH(tBDMS)

Minimum
No. oldays without
decomposition

28

25

Slow decomposition
to yield an
extraneous GC peak

" The degree of silylation was estimated from the GC response of the generated tBDMS derivative
and that of the same derivative derived from the corresponding ammonium. salt at the completion of
reaction.

" In the presence of benzo-15-crown-5, added in equal molar amount as the substrate.
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Unlike the ammonium salt, sodium isethionate was only 20% reacted after 24
h. It appears that the poor reactivity is due to a solubility problem. A macrocyclic
polyether, benzo-15-crown-5, known to complex with the sodium cation and thus
help to bring the anion into organic solvent9

, was added to the reaction mixture in a
I: I molar ratio with respect to the substrate. A dramatic increase in reaction rate was
observed. Sodium isethionate was 75% derivatized in the first hour. After 24 h reac
tion at 70°C, however, only 50% of the tBDMS derivative was detected, while no
other extraneous peak was observed. We believe the complexing of sodium ion by the
polyether renders the chloride ion generated from the silylation reaction more
"naked". The activity of this anion is enhanced such that it is able to reverse the
reaction as shown in the following equation. This postulate is presently under in
vestigation in our laboratory.

tert.-butyl(CH 3hSiCI + HOCH2 CH2S03 + polyether-Na + +2

(tBDMS)OCH 2CH 2S03(tBDMS) + polyether-Na + + Cl-

Cysteic acid, a compound containing S03H, NH2 and COOH functional
groups, formed a trisilylated derivative. The silylation reaction appeared to be com
pleted in 3 h but the response of the derivative started to slide as an unidentified new
peak is formed. MS analysis indicates that this peak is not the tetrasilylated derivative
in which both of the hydrogens on the primary amino group are replaced by the silyl
groups. Degradation of the trisilylated derivatives, however, was slow, with 15% loss
in response over a period of 18 h.

TABLE II

DERIVATIZATION AND STABILITY RESULTS OF AROMATIC SULPHONATES

Compound Derivative Degree o{ Minimum
reaction a{ter No. o{ days without
1 h (%) decomposition

5 -S03(tBDMS) 100 27

6 -S03(tBDMS) lOa" 32

7 -SOitBDMS) 84 26
-S03(tBDMS)

8 -S03(tBDMS) 16b 34
-NH(tBDMS)

9 -COO(tBDMS)
-COO(tBDMS)
-S03(tBDMS)

" The disilyl derivative in which one of the amino proton was replaced by a tBDMS group was
observed only after 24 h of reaction.

b Mono- and disilyl derivatives were observed simultaneously, but the response of the disilyl deriv
atives grew at the expense of the monosilyl derivative. At the end of 24 h, the monosilyl peak almost
disappeared, indicating silylation was close to completion.

, The extent of reaction was not estimated since reaction was not completed at the end of the 24-h
study period.
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In general, no difficulty was experienced in derivatizing aromatic sulphonates,
although derivatives of higher degree of silylation were formed slower than those of
lower degree of silylation (Table II). In all cases except compound 8, only one deriv
ative was detected during the 24-h study period. For compound 8, both mono - and
disilylated derivatives were observed simultaneously, with the quantity of the latter
growing at the expense of that of the former. A strong GC response was observed
after overnight derivatization for compound 10, although no kinetic or stability stud
ies were carried out for this compound.

In case where there are more than one active site reacting such as in compounds
6 and 8, the detected monosilyl derivative is assummed to be the one with the sul
phonate group derivatized, since aromatic compounds containing an amino group
attached to the ring can elute under the described GC conditions but underivatized
organic sulphonic acids or salts are too polar to pass through the DB5 column 10.

Stability a/the tBDMS-sulphonates as a/unction o/time
Those sulphonates which were completely derivatized in less than 24 h were

subjected to stability test as described under Experimental. As presented in Tables I
and II, all these tBDMS derivatives demonstrated excellent stability for at least 25
days.

Mass spectrometry
Each synthesized tBDMS-sulphonate was subjected to GC-MS analysis and

each displayed a very sharp single chromatographic peak except the monosilyl deriv
atives of the two amino sulphonates (compounds 6 and 8) which exhibited a slight
peak tailing.

Table III shows the MS results for the aliphatic and aromatic suiphonates,
respectively. Both groups of tBDMS derivatives produced the same general frag
mentation. All yielded a singular unique [M - 57] fragment ion in the high mass
spectral region. As is typical oftBDMS derivatives, this fragment ion results from the
elimination of one tert.-butyl function from the molecule. In monosilylated deriv
atives, this ion was very intense and often served as the base ion. The relative intensity
of this fragment decreased as the degree of silylation increased. Each derivative also
displayed both a weak molecular ion (< 0.1 %) and a low relative intensity [M - 15]
fragment (0-8%) which was produced by the loss of a methyl group from the deriv
ative.

In general, all these derivatives displayed fragment ions m/z 73, 75 and 115.

+
HO=Si(CH 3h

m/e 75
[Si(CH 3h-tert.-C4 Hg] +

m/e 115

In addition to the ions already mentioned, di- or trisilylated derivatives also
yielded the ion m/e 133 containing two silicone atoms..

Fragments characteristic of tBDMS-sulphonate function are [M - S02 
57t, [M - S02(tBDMSW and [M - S03(tBDMSW corresponding to loss of
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Fig. 2. Characteristic fragmentation patterns of tBDMS derivatives of (a) compound 4, (b) compounds 6
and 8 and (c) compound 9.

a.m.u. 121, 179 and 195 from the molecular ion. As shown in Table III, some or all of
these fragments were observed in all of the derivatives except in the trisilylated deriv
ative of compound 9, in which fragmentation involving the tBDMS-earboxylate
function was competing with the cleavage at the tBDMS-sulphonate group.

Fig. 2 describes fragmentation patterns specific to the tBDMS derivatives of
compounds 4,6,8 and 9.

Mass spectra of the trisilyl derivatives of compounds 4 and 9 are composed
mainly of fragments of low intensities except the ions of mje 73 and mje 75. Ions
resulting from the favorable cleavages IX to the amino function were observed at mje
302 and mje 352 for compound 4 derivative as shown in Fig. 2a.

The disilylated derivative of compounds 6 and 8, both of which are aromatic
aminosulphonates, share several similar fragmentation reactions as shown in Fig. 2b.
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A method has been developed in which sulphonic acids or their sodium salts are
derivatized to their respective tBDMS derivatives in a single-step reaction. These
derivatives can be easily detected by FID. In addition, the tBDMS-sulphonates can
be readily identified by their mass spectra characterized by the presence of [M - 57]
fragment ion, and other ions resulting from cleavage at the S03(tBDMS) function.
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ABSTRACT

A method is described for the simultaneous analysis of nine neutral and three
amino sugars. Mixtures of standard sugars and biological samples were acid hydro
lyzed with a two step Saeman procedure, neutralized with BaC03 , reduced with
sodium borohydride, acidified, evaporated and alditol acetates prepared. Baseline
resolution was achieved on a glass-capillary SP-2340 column in ca. 52 min. Reproduc
ibility, response factors and hydrolysis losses were determined. Quantitation was
linear over the range of 10-20 J1gjml to 2000 J1gjml. Conditions were defined for the
reproducible quantitation of muramic acid.

INTRODUCTION

Several gas (GC) and high-performance liquid chromatographic and colori
metric methods have been used to measure the neutral sugars in the complex mixture of
plant polysaccharides termed dietary fiber l

-
3

. Understanding the role of dietary fiber
in the gastrointestinal tract requires additional analytical capabilities to distinguish
exogenous from endogenous carbohydrate polymers, and bacteria. Plant polysac
charides are comprised largely of neutral sugars whereas both neutral and amino
sugars are present in bacteria and mucin. One amino sugar, muramic acid, has been
used as a marker for bacteria4

• Our interest in the analysis of polysaccharides typically
found in the lumen of the gastrointestinal tract instituted a search for an analytical
method that would allow complete determination of both neutral and amino sugars
and wich would permit analysis over a wide range ofabsolute amounts of sugars in any
particular sample. Earlier GC methods for measurement of both neutral and amino
sugars as alditol acetate derivatives exhibited long retention times, poor chromato
graphy of the amino sugars5 or inadequate separation of the neutral sugars6

.

Deamination of amino sugars produced shorter retention times for amino sugar
derivatives. However, multiple products were produced from each amino sugar and
some neutral sugars partially decomposed under the deamination conditions 7

.

Methods which give satisfactory results for specific types of samples have been

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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reported, for example, non-starch polysaccharides in foods 2 ,3,8, plant cell walls9,
bacterial cell walls10,1l, and glycoproteins 12

,13. Each of these kinds of samples often
contain relatively high concentrations. of carbohydrates or specific polysaccharides,
that simplify their analysis. We report here a method, derived by combining and
modifying a number of existing methods, for the simultaneous analysis and
quantitation of neutral and amino sugars, including muramic acid, in the CHO
mixtures typically found in the lumen of the gastrointestinal tract.

EXPERIMENTAL

Chemicals
All sugars, sodium borohydride, acetic anhydride, octanol and methylene

chloride were obtained from Sigma (St. Louis, MO, U.S.A.). All other chemicals were
reagent grade. Whatman GF/A glass micro fiber filter paper (4.25 cm) was purchased
through VWR Scientific (Chicago, IL, U.S.A.). 12 MH 2S04 was made by adding 1226
g ultra pure sulfuric acid, purchased from VWR, to 408 g of distilled water. The specific
gravity was checked and adjusted, if necessary, to 1.63 g/ml and the solution stored in
a desiccator. The standard sugar mixture consisted of 1 mg/ml of each of nine neutral
and three amino sugars in distilled water.

Biological samples
All samples that were analyzed were obtained from experiments conducted in

this laboratory. Rat feces were collected from animals fed an AIN 76A purified
diet14,15 into which 40% oat bran (Quaker Oats, Barrington, IL, U.S.A.) had been
incorporated to make a diet containing 8% dietary fiber 16

. Complete fecal collections
were made daily for 14 days from 10 animals, blended with distilled water and
lyophilized. A single composite consisting of 10% of the dry output from each rat was
prepared for analysis. One composite of human feces was prepared from samples
collected during 5 to 7 days of ingestion of a mixed solid food diet supplemented with
30 g/day of soft white wheat bran (American Association of Cereal Chemists, St. Paul,
MN, U.S.A.); dietary fiber intake was 33-35 g/day 17. Nine stools from five male
subjects were combined to prepare the composite. The other human feces sample was
collected during consumption of a fiber free diet during the last 10 days of a 60-days
study of a nutritionally complete liquid diet (Ensure®, Ross Labs. Columbus, OH,
U.S.A.)18. A single composite from the 10 days of excreta of six subjects was prepared
for analysis by combining 2% of dry stool from each subject.

Acid hydrolysis
All biological samples were acid hydrolyzed by a modified Saeman hydrolysis

procedure. Dry ground samples or standards were thoroughly mixed with 12
M H 2S04 (1.0 ml acid/50 mg of sample)19 and allowed to incubate at ambient
temperatures for I h with mixing every 15 min; II ml water/ml of 12 M H 2S04 was
added to produce 1 M H 2S04 , Samples were then autoclaved for 1 hat 121 a C (15
p.s.i.). After cooling to ambient temperature, 0.2 ml of the internal standards mixture
was added. The internal standards were allose at 10 mg/ml and N-methylglucamine
(N-methyl-2-amino-2-deoxY-D-glucose) at 10 mg/m\. The hydrolysates were filtered
through tared filter paper (Whatman GF/A) and neutralized with BaC03 (ref. 20).
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Sugar derivatization
Reduction was accomplished by heating 1 ml of the acid hydrolysate from 25 mg

of a biological sample or I ml from 24 mg of the standard mixture with 0.1 ml of
a sodium borohydride solution (100 mg/ml in 3 M ammonium hydroxide, I h,40°C).
Glacial acetic acid (0.1 ml) and 3 ml methanol were added and sample evaporated with
simultaneous vortexing under vacuum to remove excess borate as methylborate and to
remove water. The temperature of the evaporator was started at 40°C and raised to
60°C when the pressure gauge indicated most of the methanol had evaporated. This
step was repeated three more times with drying time increased to 3 h for the last time.
Derivatization was accomplished essentially by the method of Whiton et alY with 2.0
ml acetic anhydride at 100°C for 16 h. If a larger aliquot of the hydrolysate was used,
the amounts of reduction and acetylation reagents were proportionately increased.
The procedure was modified to remove contaminants by incorporating the following
extractive steps. After acetylation, samples were extracted three times with I ml of
methylene chloride. The pooled methylene chloride extracts were backwashed with
2 ml ofwater, followed by 2 ml of30% sodium hydroxide and finally 2 ml ofwater. The
washed extracts were dried under a steam of nitrogen, redissolved in 0.5-1.0 ml of
methylene chloride and stored at - 20°C until analyzed.

Gas chromatography
GC analyses were carried out on a Model HP-5890 gas chromatograph

(Hewlett-Packard, Palo Alto, CA, U.S.A.) equipped with a flame ionization detector,
and containing a 30 m x 0.5 mm J.D. borosilicate glass column (SP-2340, Supelco,
Bellefonte, PA, U.S.A.) fitted with 0.32 mm inert fused-silica tubing at both ends.
Samples were injected (0.5-1.0 ,ul) using a split ratio of 10: I and a column helium flow
of 5.5 ml/min. The injection port temperature was 250°C, while the detector
temperature was 300°C. The column oven program started at 185°C for 10 min then
programmed at 3°Cjmin to 220°C, held at this temperature for 5 min, and then
increased to a final temperature of 235°C at 15°C/min. The final temperature was held
for 30 min. Data were collected on a Hewlett-Packard HP-3392A integrator.

Evaluation of method
Linearity of the method was determined by GC analysis of sets of sugar

standards containing approximately 10, 20, 50, 500, 1000 and 2000 ,ug/ml ofeach sugar
along with 0.2 ml of an internal standard mixture which contained 5.0 mg/ml of allose
and 5.0 mg/ml ofN-methylglucamine. Linearity was demonstrated by correlating the
area ratio of each sugar, i.e.area of sugar/area of internal standard with the weighed
amount of sugar. Response factors (RF) of standard sugar mixtures (24 mg sugar/ml)
were determined by the equation: RF = (area of internal standard/mg of internal
standard) x (mg of unknown/area of unknown). Hydrolysis losses were calculated as:
[1.0 - (RFofsugars without acid treatment/RFofsugars with acid treatment)] x 100.

The effect of different concentrations of closely eluting pairs of neutral sugars,
i.e. rhamnose and fucose, and ribose and arabinose, on the RFvalues for these sugars
was evaluated by GC analysis of four mixtures of standard sugars without acid
treatment: (1) the four sugars each at 2.0 mg/ml; (2) the four sugars each at 0.2 mg/ml;
(3) rhamnose and ribose at 0.2 mg/ml, and fucose and arabinose at 2.0 mg/ml; and (4)
rhamnose and ribose at 2.0 mg/ml and fucose and arabinose at 0.2 mg/m!.
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Reproducibility of the method was evaluated by conducting all analyses in triplicate,
determining the standard deviations and coefficients of variation. Reproducibility
over time was determined by conducting triplicate analyses of four acid-treated
standard sugar mixtures four times during two months.

RESULTS

Essentially baseline resolution was obtained for the nine neutral sugars, three
amino sugars and two internal standards; the possible exceptions were the closely
eluting pairs of rhamnose/fucose and ribose/arabinose (Fig. I). The sugars eluted with
these retention times: deoxyhexoses,at 8.02 and 8.60 min, pentoses, 12.06 to 16.39 min,
hexoses 19.24 to 24.73 min, and amino sugars, 34.37 to 51.20 min (Table I).

Linearity for each neutral sugar was demonstrated over the range of IO to 2000
,ug/ml; the correlations between the area ratio of the sugar and the weighed amounts
were r ~0.999. This linearity held throughout the entire range of concentrations
tested;' the coefficients of variation (n = 3) for each neutral sugar at any concentration
were all :'(4%. The mean coefficient of variation for all neutral sugars at 10 ,ug/ml was
1.9% (range: 1.0-3.6%), at 2000 ,ug/ml, 1.3% (range: 0.3-3.2%). None of the amino
sugars were detectable at levels of IO ,ug/ml; however, they were detected at 20 ,ug/ml.
Linearity for each amino sugar was demonstrated over the range of 20 to 2000 ,ug/ml,
with the correlations between the area ratio of the sugar and the weighed amounts of
r ~0.999. At 20 ,ug/ml the mean coefficient of variation of triplicate analyses of two of
the amino sugars, glucosamine and galactosamine, was 5.2%, and at 2000 ,ug/ml,
2.0%.

The individual sugars of the two closely eluting pairs, i.e. rhamnose/fucose and
ribose/arabinose could be accurately measured whether concentrations of the two
sugars in each pair varied by tenfold, 0.2 mg/ml and 2.0 mg/ml, or were at equal

I
I ! , I , !

o 10 20 30 40 50

Time (minutes)

Fig. I. Glass capillary column chromatogram of the alditol acetate derivatives of a mixture of hydrolyzed
neutral and amino sugars each at a concentration of 2.0 mg/m!. Allose and methylglucamine were the
in ternal standards.
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TABLE I

RETENTION TIMES, RESPONSE FACTORS AND HYDROLYSIS LOSSES OF NEUTRAL AND
AMINO SUGARS

I.S. = Internal standard.

Sugar Retention Responsefactor (mean ± S.D., n=3) Hydrolysis
time losses (%)
(min) Without acid With acid

treatment treatment

Rhamnose 8.02 0.94 ± 0.02 1.06 ± 0.03 II
Fucose 8.60 0.87 ± 0.01 0.98 ± 0.03 II
Ribose 12.06 0.89 ± 0.03· 1.39 ± 0.04 36
Arabinose 12.85 0.88 ± 0.01 1.01 ± 0.03 13
Xylose 16.39 0.88 ± 0.01 U8 ± 0.03 25
Allose (I.S.) 19.24
Mannose 20.19 0.95 ± 0.003 1.09 ± 0.03 13
Galatose 21.29 0.95 ± 0.004 1.09 ± 0.02 13
Glucose 22.80 0.94 ± 0.006 1.05 ± 0.03 II
Myoinositol 24.73 0.90 ± O.O! 0.97 ± 0.01 7
Muramic acid 34.37
N-Methylglucamine (I.S.) 43.39 --'-

Glucosamine 46.02 1.90 ± 0.21 2.19 ± 0.05 13
Galactosamine 51.20 2.73 ± 0.06 3.26 ± 0.04 16

a See Table IV.

concentrations, 0.2 mgjml or 2.0 mgjml each. As shown in Table II, the RF for each
individual sugar was essentially identical across the four different concentrations.

The extent of decomposition of monosaccharides during acid hydrolysis of
carbohydrates was determined by subjecting a standard sugar mixture to the acid
hydrolysis procedure and comparing the RF values of the same mixture without acid
treatment. The RFvalues of standard sugar mixtures with and without acid treatment
and the resulting hydrolysis losses are shown in Table I. The RF values of all of the
neutral sugars without acid treatment were very similar, ranging from 0.87 for fucose

TABLE II

RESPONSE FACTORS OF TWO CLOSELY ELUTING PAIRS OF DERIVATIZED NEUTRAL SUGARS
WITHOUT ACID TREATMENT

Concentrations (mgjml) RF

Rhamnose Fucose Ribose Arabinose Rhamnose Fucose Ribose Arabinose

2.0 2.0 2.0 2.0 0.93" 0.86 0.85 0.85
0.2 0.2 0.2 0.2 0.87 0.80 0.80 0.80
0.2 2.0 0.2 2.0 0.85 0.82 0.80 0.83
2.0 0.2 2.0 0.2 0.93 0.86 0.86 0.81

Mean ± S.D. 0.90 ± 0.04 0.84 ± 0.03 0.83 ± 0.03 0.82 ± 0.02

" n = 2.
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to 0.95 for both mannose and galactose. RF values for neutral sugars with acid
treatment ranged from 0.97 for myoinositol to 1.39 for ribose; the RF values of the
other neutral sugars were approximately 1.0 to 1.1. In contrast, the RF values of
glucosamine and galactosamine without acid treatment were 1.90 and 2.73 and
following acid treatment, 2.19 and 3.26, respectively (Table I). Seven of the nine
neutral sugars showed about 10% to 15% decomposition during acid treatment while
ribose and xylose exhibited 36 and 25% hydrolysis losses, respectively. Hydrolysis
losses for glucosamine and galactosamine were 13 and 16%, respectively (Table I).

Reproducibility of the entire method, determined by analyzing four sets of
triplicate aliquots of the standard sugar mixture, was very good, with coefficients of
variation for the mean of means of the RF values of any sugar ranging from 1 to 4%
(Table III). Precision within the sets of triplicates was also good, with coefficients of
variation of 1 to 3%.

N-Acetylmuramic acid was included in the standard mixture and analyzed
throughout these experiments. Data from four experiments in Table IV, part A,
illustrate considerable variation within and between each set of triplicate analyses.
Similar variability, with coefficients of variation, of 7 to 10% (n = 3), was observed
across the range of concentrations of 20 to 2000 mgjml used to determine linearity of
response. In addition, hydrolysis losses were variable and negative rather than positive
numbers (Table IV, part A). The variability in the RF values suggested incomplete
derivatization of N-acetylmuramic acid. The effects of the amounts of derivatizing
reagents and total sugar content on the variability in N-acetylmuramic acid RF was
evaluated by hydrolyzing and derivatizing N-acetylmuramic acid in the presence of
constant amounts ofderivatizing reagents and 8, 16 or 24 mg of total sugar. Indeed, the
RF of N-acetylmuramic acid increased as the amount of total sugars increased in the
mixture, indicating less complete derivatization of N-acetylmuramic acid in the
presence of greater amounts of sugar (Table IV, part B). However, derivatizing

TABLE III

REPRODUCIBILITY OF RESPONSE FACTORS OF ALDITOL ACETATES OF MIXTURES OF
NEUTRAL AND AMINO SUGARS WITH ACID TREATMENT
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TABLE IV

RESPONSE FACTORS AND HYDROLYSIS LOSSES OFN-ACETYLMURAMIC AND MURAMIC

ACID

Response factor Hydrolysis
loss (%)

Without acid With acid
treatment treatment

(A) N-Acetylmuramic.acicf
Experiment I 3.04 ± 0.30 2.29 ± 0.14 -33
Experiment 2 3.71 ± 0.29 2.48 ± 0.22 -50
Experiment 3 n6 ± 0.80 2.90 ± 0.15 -16
Experiment 4 2.52 ± 0.10

(B) N-acetylmuramic acid'

Sugar Reagents
(mg)

8 standard" 2.17 ± 0.08
16 standard 2.50 ± 0.10
24 standard 2.76 ± 0.20
24 3 x standard 2.27 ± 0.04

(C) N-Acetylmuramicand muramic aciel.l
N-Acetylmuramic acid 2.80 ± 0.08 2.17 ± 0.07 -29
Muramic acid 1.64 ± 0.07 2.16 ± 0.12 +24

" Experiments used amounts of reduction and derivatization reagents reported in methods for I ml
of acid hydrolysate from 25 mg of biological sample.

b N-Acetylmuramic acid derivatized in presence of varying amounts of neutral and amino sugars
and with two amounts of derivatization reagents.

N-acetylmuramic acid in the presence of24 mg sugar with 3 times more reductive and
acetylating reagents produced a RF of 2.27, almost identical to the RF of 2.17
determined with the lowest amount of sugars (Table IV, part B). The concentrations of
the reducing and acetylating reagents had noeffect on the RFvalues ofall other sugars.

The problem of a negative hydrolysis loss for N-acetylmuramic acid was
addressed by testing the hypothesis that the acetyl group interfered with derivatiza
tion 22

• First, N-acetylmuramic and muramic acids (I mg) were individually deriv
atized in triplicate with the standard amounts of reagents, i.e. 0.1 ml of sodium
borohydrate and 2 ml acetic anhydride. Comparison of the RFvalues for muramic and
N-acetylmuramic acid without acid treatment indicated the acetyl group interfered
with derivatization (Table IV, part C). Muramic acid was approximately 55% more
efficiently acetylated than N-acetylmuramic acid, with corresponding RF values of
1.64 and 2.80. The experiment was repeated but with acid treatment of the samples
before derivatization. Following acid treatment, both sugars yielded essentially
identical RF values, 2.16 ± 0.12 and 2.17 ± 0.07, for muramic acid and N-acetyl
muramic acid, respectively, and a positive hydrolysis loss of 24% for muramic acid
(Table IV, part C).

The method described here was successfully used to determine sugar content of
typical biological samples analyzed in this laboratory (Table V). Total neutral sugars
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TABLE V

SIMULTANEOUS DETERMINATION OF NEUTRAL AND AMINO SUGARS IN BIOLOGICAL
MATERIALS

n.d. = None detected.

Sugar Content (mgflOOmgdryfeces) (mean ± S.D.,n=3)

Rat feces, oat bran diet Human feces

Rhamnose
Fucose
Ribose
Arabinose
Xylose
Mannose
Galactose
Glucose
Myoinositol
Muramic acid
Glucosamine
Galactosamine

0.7 ± 0.0
0.3 ± 0.0
0.5 ± 0.0
2.2 ± 0.1
3.4 ± 0.1
0.5 ± 0.0
0.9 ± 0.0
5.6 ± 0.1
n.d.
0.2 ± 0.1
0.6 ± 0.0
0.3 ± 0.0

Wheat bran diet

0.5 ± 0.0
0.2 ± 0.0
0.6 ± 0.0
4.8 ± 0.2
5.2 ± 0.2
0.5 ± 0.0
1.3 ± 0.0
8.1 ± 0.2
n.d.
0.2 ± 0.0
0.5 ± 0.0
0.3 ± 0.0

Fiber~rree diet

0.5 ± 0.1
0.1 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
0.7 ± 0.1
2.6 ± 0.2
n.d.
0.2 ± 0.0
0.7 ± 0.0
0.2 ± 0.1

in the three samples ranged from 4.4 to 21.1 mg/IOO mg of dry feces. In all samples
glucose was the dominant sugar, accounting for about 40% of the neutral sugar
content in the fiber-containing samples and 60% in the fiber-free sample. The two
fiber-containing samples also had significant amounts of arabinose and xylose,
whereas the feces from humans fed the fiber-free diet had only negligible amounts. All
three amino sugars were detected in the three samples, and all at low levels. Muramic
acid content was about 0.2% for each sample, and galactosamine concentrations were
slightly higher, ranging from 0.2 to 0.3%. Glucosamine was the most abundant amino
sugar in all three samples.

DISCUSSION

Simultaneous quantitation of nine neutral and three amino sugars typically
found in biological samples was achieved with the method we developed· and
evaluated. GC analysis of the alditol acetate derivatives of the sugars was achieved in
less than one hour. The borosilicate glass column that was used showed excellent
resolution for all desired sugar derivatives, including the closely eluting pairs of
rhamnose/fucose and ribose/arabinose. Although the retention times of amino sugars
were relatively long, the column and conditions used are an acceptable compromise
which allows quantitation of both neutral and amino sugars.

The limit of detection of neutral sugars we observed was at a concentration of
about 10 Itg/ml when 1.0 ml of methylene chloride was used as the final solvent. This
translated to limits of0.04 mg/l 00 mg of starting material which is similar to the limits
of0.1 mg/IOO mg ofstarting material reported by Fox et al. 1D

. Since detection ofamino
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sugars was less sensitive than that ofneutral sugars, the limits ofdetection on a starting
weight basis for the three amino sugars would be about two to three times higher.
Theoretically lower limits of detection per starting weight could be attained by
dissolving the derivatized sample in smaller volumes of methylene chloride.

Sawardeker et at. 23 reported RFvalues of 1.0 for a series of the alditol acetates of
neutral sugars without acid treatment when compared to xylitol. Since xylose is
routinely present in samples analyzed in this laboratory, allose was chosen as an
internal standard for neutral sugars. The RFvalues for neutral sugars when compared
to allose were all very similar, ranging from 0.87-0.95, but were slightly less than 1.0
reported by Sawardeker et at. 23. We used N-methylglucamine as the internal standard
for amino sugars since Fox et at.!O reported improved precision for the analysis of
amino sugars when N-methylglucamine was used as an internal standard versus the
neutral sugar xylose.

Hydrolysis losses of sugars are sugar specific and highly dependent on the
severity of hydrolytic conditions9.24.25. We found xylose and ribose to be the neutral
sugars most sensitive to hydrolytic decomposition. Hough et at. 24 also observed the
most decomposition of these sugars when samples were heated to 100°C in 2 MH 2S04

for 6 h. They recovered only 48 % of the ribose, and 67% of the xylose, while glucose
and fucose recoveries were? 90%, and mannose and galactose recoveries were 84 and
87% respectively. The higher recoveries we observed for ribose and xylose, 64 and 75%
respectively, agree with the conclusions of Selvendran et at. 25, that Saeman hydrolysis
methods result in less degradation than hydrolysis methods using only dilute H 2S04
and longer heating times. The need for anaerobic conditions for amino sugar acid
hydrolysis is unclear26,27. Under our experimental conditions, the losses of glucos
amine and galactosmine, 13% and 16% respectively, were similar to those of the
neutral sugars even though they were hydrolyzed under aerobic conditions. Muramic
acid, with hydrolysis losses of 24%, was decomposed to a greater extent than the two
other amino sugars.

Difficulties in the GC analysis of amino sugars are well documented, regardless
of the derivative prepared28. It was thought that these problems were due primarily to
chromatographic problems rather than derivatization problems 12. Hudson et at. 29

found the behavior of the alditol acetate derivatives of amino sugars to be highly
dependent on the pretreatment of a capillary GC column. For example after
pretreatment with basic conditions the amino sugar derivatives were completely
adsorbed to or decomposed on the column. However, if deactivated inlets and
capillary columns were used, they found that the response of the amino sugar
derivatives were about 90% of that of the neutral sugar derivatives. Fox et at.! 0 also
have suggested that the sensitivity of amino sugars may be lower than those for neutral
sugars because they may adsorb to the column. This lower sensitivity would explain the
higher RFvalues we observed for the amino sugars and suggests some adsorption onto
the column. The RFvalues we determined for the amino sugars have been reproducible
and suitable for the quantitation of small amounts of amino sugars in biological
samples.

Many of the currently available methods were designed for the carbohydrate
analysis of specific types of samples with high levels of carbohydrates or specific
polysaccharides, characteristics which simplified their analysis. The samples analyzed
for sugar composition in this report not only contained a complex mixture of
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polysaccharides derived from a variety of sources, plant cell walls, bacterial cell walls,
bacterial exopolysaccharides and mucins, but also contained only very small amounts
of some of the sugars. To determine complete sugar composition of these biological
samples, it was necessary to take either a large portion of or the entire acid hydrolysate
from 25 mg of sample for GC analysis. This was achieved by neutralization of the
hydrolysate with barium carbonate and removal of the sulfate anion as barium sulfate
by centrifugation. Part or all of the supernatant was then taken for subsequent
reduction and derivatization.

Since muramic acid determination was desired, we found that the thorough
evaporative and derivatizing procedures reported by others 21 were required. ]f

muramic acid determination is not desired, derivatization of the supernatant by
a methylimadizole catalized method9 could be utilized. Muramic acid (l3-0-lactyl
glucosamine) is chemically unique among amino sugars in that under dehydrating
conditions it forms a lactam ring 10

,21. The acetylated lactam is the derivative analyzed
by Gc. Lactam formation is essential for muramic acid analysis by the method we
report, as the free carboxyl would bind to the SP2340 GC column 21

.

Acetylation of the amine nitrogen interferes with the lactam ring formation,
explaining the less efficient derivatization ofN-acetylmuramic acid we observed. Such
interference would lead to an underestimation of the actual amount of muramic acid
when starting with N-acetylmuramic acid. This underestimation would explain the
negative hydrolysis losses of N-acetylmuramic acid in the standard sugar mixture.
Since the acetyl group ofN-acetylmuramic acid was cleaved during hydrolysis, thereby
yielding muramic acid 22

, identical RF values for the two sugars were achieved.
Following acetylation and extraction, it would be possible to inject samples

directly into the GC system. However, we have found that sample clean up and drying
prior to GC injection prolongs the life of the column; it may also eliminate extraneous
peaks from the chromatogram. The clean up procedure we described should remove
both acidic and basic contaminants and provide an essentially water-free extract for
GC analysis.
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ABSTRACT

Pyrazinamide is an antitubercular drug, commonly prepared by ammoxidation
of 2-methylpyrazine (2-MP), which also may be prepared by several routes. Rapid,
sensitive and selective analytical methods are essential for monitoring the reactions
during process development. Methods based on gas chromatography were developed
for monitoring the reactions during the preparation of2-MP and a high-performance
liquid chromatographic procedure was used to separate and determine the ammoxi
dation products of 2-Mp. The methods were utilized successfully in analysing the
reaction streams.

INTRODUCTION

Pyrazinamide (PZA) is a drug used in the treatment of pulmonary tuberculo
sis 1.2 and is manufactured by several ways3, including the hydrolysis of 2-cyano
pyrazine (2-CP), obtained by ammoxidation of 2-methylpyrazine (2-MP). Pyrazine
may be obtained as a byproduct during this ammoxidation process. The raw material,
2-MP, necessary for this ammoxidation is prepared by several routes. Pyrazine
derivatives are useful not only in the preparation of pyrazinamide, but also in the
manufacture of many other industrial products, e.g., flavouring agents, pharmaceuti
cals and agricultural chemicals4

. The reactions chosen for the preparation of2-MP and
PZA in the present studies are shown in Fig. I.

PZA levels in biological fluids have previously been determined by spectro
photometric5 •6 , gas chromatographic-mass spectrometric (GC-MSf and high-per
formance liquid chromatographic (HPLq8-12 techniques. GC analysis of reaction
mixtures obtained in the synthesis of 2-MP from EDA and PG (route I) and
ammoxidation products of 2-MP (route IV) was reported by Forni et al. 13

.
14

.

" IICT(H) Communication No. 2485.
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Fig. l. Reactions for the preparation of 2-MP and PZA. P-HPEDA = p-hydroxypropylethylenediamine;
PG = propylene glycol; EDA = ethylenediamine.

Attempts to standardize these methods in our laboratory are not successful. It was
found that the stationary phase deteriorated quickly and that EDA was not eluted
from the column.

In addition, no GC or HPLC methods are available for the analysis of reaction
mixtures obtained in the preparation of2-MP from p-hydroxypropylethylenediamine
(P-HPEDA) (route II) and 2-methylpiperazine (route III). Therefore, there is an
increasing need for rapid and selective methods for the determination of raw materials,
intermediates and finished products in reaction streams during process development of
2-MP and PZA.

In this study, methods based on GC and HPLC were developed for the
determination of 2-MP and PZA in reaction mixtures and their application to
monitoring the reactions during process development is demonstrated.

EXPER1MENTAL

Reagents
2-MP and pyrazine were purchased from Aldrich (Milwaukee, WI, U.S.A.),

PZA from IDPL (Hyderabad, India), 2-CP by Armour Chemicals (Bombay, India),
EDA from Qualigens Fine Chemicals (Bombay, India) and PG from S.D. Fine
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Chemicals (Bombay, India). All solvents used in HPLC except ethanol were obtained
from Spectrochem (Bombay, India). Ethanol, 2-chloropyridine and 2,3-dichloro
pyridine (internal standards) were purchased from Fluka (Buchs, Switzerland).
Chromosorb 101 was supplied by Sigma (St. Louis, MO, U.S.A.), other stationary
phases employed in GC were purchased from Analabs (Norwalk, CT, U.S.A.) and
stationary·phases used in HPLC from Waters Assoc. (Milford, MA, U.S.A.). All other
reagents were of analytical-reagent grade.

Doubly distilled water from a glass apparatus was used throughout. All
glassware was cleaned, rinsed with acetone and silanized before use.

Instrumentation
The GC system consisted of Perkin-Elmer Model 910 chromatograph equipped

with a flame ionization detector in conjunction with a Perkin-Elmer I-mV potentio
metric strip-chart recorder. The following GC conditions were used for the analysis of
reaction mixtures of 2-MP obtained froni route 1: injection temperature, 300°C;
detector temperature, 300°C; column, 10% Carbowax 20M (12 ft. x 1/8 in.) coated on
Chromosorb W AW (80-100 mesh); carrier gas, nitrogen at a flow-rate of 45 ml/min;
column temperature, programmed from 80 to 120°C at 5°C/min. The column was
saturated with aliquots of ammonia before the sample was analysed. The following
GC conditions were used for the analysis of reaction mixtures of2-MP from routes II
and III: injection temperature, 230°C; detector temperature, 250°C; stationary phase,
Chromosorb 101 (6 ft. x 1/8 in.); oven temperature, 250°C; carrier gas, nitrogen at
a flow-rate of 40 ml/min.

The HPLC system consisted of a Waters Assoc. Model ALC/GPCj244
chromatograph with an isocratic solvent delivery system (Model 6000A) equipped
with a U6K injector, a Model 440 absorbance fixed-wavelength detector (254 nm at
0.1 a.u.f.s.), combined with a Chromatopak EIA integrator (Shimadzu, Kyoto,
Japan). Analyses of process streams of PZA (route IV) were performed on a
normal-phase pPorasil (10 pm particle size) column (30 mm x 3.9 mm I.D.) with
isooctane-ethanol-acetic acid (75:24: I, v/v/v) as mobile phase at a flow-rate of
1.5 ml/min. The mobile phase was freshly prepared and filtered through Millipore HF
0.5-pm filters and the solvent was degassed before use.

Chromatographic analyses
Standard mixtures with different concentrations of 2-MP, EDA and PG

together with 2-chloropyridine (internal standard) were prepared and analysed by Gc.
Standard solutions with different concentrations of 2-MP were prepared in order to
construct a calibration graph for the determination of 2-MP reaction products by
routes II and III. Sample volumes of I pi were injected in each instance.

Standard mixtures with different concentrations of 2-MP, pyrazine, 2-CP and
PZAtogether with 2,3-dichloropyridine (internal standard) were prepared and
analysed by HPLC; 5 pi of the sample were injected.

RESULTS AND DISCUSSION

GC analysis of reaction mixtures of 2-MP (route I)
The relative retention times of EDA, PG and 2-MP on Carbowax 20M
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TABLE I

RELATIVE RETENTION TIMES (RRT) AND RESPONSE FACTORS OF EOA, PG AND 2-MP BY
GC

Compound RRT

EOA 0.26
PG 0.41
2-MP 0.57
2-Chloropyridine (internal standard) 1.00

Response
faclor

3.65
2.17
1.26
1.00

stationary phase are given in Table I. Stationary phases with different polarities such
as Porapak Q, OV-17 and QF-l, and also Chromosorb 101 14

, were tried for the
separation of these compounds, but EDA was not quantitatively eluted and response
factors calculated for PG and 2-MP were not reproducible. This problem was
overcome by saturating the stationary phase with ammonia as the compounds under
investigation are basic. It was observed that 5-Jll aliquots of ammonia solution,
injected six times, was sufficient for complete elution of all the compounds.

A typical chromatogram illustrating the separation of EDA, PG and 2-MP is
shown in Fig. 2. Standard mixtures were prepared and analysed by GC. Response
factors were calculated and presented in Table I. Results obtained in the analysis of
standard mixtures are given in Table II, and are in close agreement with the true values.
Reaction mixtures were analysed utilizing the developed method and the results are
given in Table III.

GC procedure for the analysis of reaction mixtures of 2-MP (route II)
A procedure for monitoring the conversion of P-HPEDA to 2-MP by GC using

4

2

3

5

o 4 6 8 10

TIME (min)

Fig. 2. Typical gas chromatogram showing the separation of the reaction mixture of2-MP (route I). Peaks:
1 = solvent; 2 = EOA; 3 = PG; 4 = 2-MP; 5 = 2-chloropyridine (internal standard).
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TABLE II

RESULTS OF ANALYSIS OF STANDARD MIXTURES OF EDA, PO AND 2-MP BY OC

Average of triplicate determinations.

Mixture EDA PG 2-MP
No.

Taken (%) Found (%) Taken (%) Found (%) Taken (%) Found (%)

I 25.31 25.46 24.89 24.70 49.80 49.33
2 21.43 21.27 22.86 22.72 55.71 55.89
3 16.58 16.40 20.08 20.19 63.34 63.12
4 34.92 35.61 32.23 32.05 32.85 32.64
5 10.47 10.41 13.74 13.91 75.79 76.50
6 5.58 5.65 8.28 8.38 86.14 86.09

TABLE III

RESULTS OF ANALYSIS OF REACTION MIXTURES OF 2-MP BY OC (ROUTE I)

Average values obtained from duplicate OC runs.

87

Mixture EDA (%)
No.

I 30.62
2 36.73
3 27.95
4 40.58
5 50.34

PG (%)

16.53
20.09
14.81
22.33
26.71

2-MP (%)

57.75
43.18
60.30
37.87
23.59

26 .--------------,
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o ---'20---4J-0---l60---8..L0--l-l00

2-MP 't.(VtV)

Fig. 3. Calibration graph for the determination of2-MP in reaction mixtures obtained by routes II (0) and
III (e).
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TABLE IV

RESULTS OF ANALYSIS OF REACTION MIXTURES OF 2-MP BY GC (ROUTE II)

Mixture 2-MP
No. formed (%)

Unconverted Pyrazine (%)
P-HPEDA (%)

1
2
3
4

53.50
57.00
73.50
72.00

35.00
40.00
20.00
22.00

9.50
2.50
6.50
4.00

the external standard method was developed. Mixtures with different concentrations
of 2-MP and fJ-HPEDA were prepared and a calibration graph was constructed of
peak height (ordinate) versus concentration of 2-MP (abscissa) (Fig. 3). Results of the
analysis of reaction mixtures are given in Table IV.

GC procedure for the analysis of reaction mixtures of 2-MP (route III)
A similar method was developed for the analysis of reaction mixtures of 2-MP

from route III. The calibration graph is shown in Fig. 3. Results of the analysis of
reaction mixtures are given in Table V. The results obtained are in close agreement
with the yields obtained after isolating the products.

HPLC analysis of 2-MP reaction mixtures ofpyrazinamide (route IV)
Normal-phase HPLC with flPorasil as stationary phase and isooctane-ethanol

acetic acid (75:24:1, v/v/v) as mobile phase separated all the components, i.e., 2-MP,
2-CP, PZA and pyrazine. A typical chromatogram is shown in Fig. 4. Relative
retention times along with capacity factors are given in Table VI. Quantitative analysis
was carried out by the internal standard method. Many compounds were tried as
internal standards and 2,3-dichloropyridine was found to be most suitable. Response
factors determined by well established procedures15 are given in Table VI. It was found
that the response factors for all the components are much less than I, which indicates
that the detector response is good.

The validity of the method was checked by analysing synthetic mixtures and the
results are presented in Table VII. The results obtained are in good agreement with the
true values.

TABLE V

RESULTS OF ANALYSIS OF REACTION MIXTURES OF 2-MP BY GC (ROUTE III)

Mixture 2-MP Unconverted Pyrazine (%)
No. formed (%) 2-methylpiperazine

(%)

1 64.00 35.00 2.00
2 57.50 40.50 2.50
3 80.50 17.00 2.50
4 85.50 12.50 2.00
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Fig. 4. Typical high-performance liquid chromatogram showing the separation of reaction mixtures of
pyrazinamide (route IV). Peaks: 1 = 2,3-dichloropyridine (internal standard); 2 = 2-CP; 3 = 2-MP;
4 = pyrazine; 5 = PZA.

TABLE VI

RELATIVE RETENTION TIMES (RRT), RESPONSE FACTORS AND CAPACITY FACTORS OF
THE CONSTITUENTS OF REACTION MIXTURES OF PYRAZINAMIDE BY HPLC

Compound RRT Response Capacity
factor factor (k')

2,3-Dichloropyridine (internal standard) 1.00 1.00 0.37
2-CP 1.88 0.25 0.82
2-MP 2.22 0.26 1.15
Pyrazine 2.43 0.13 1.36
PZA 2.93 0.23 1.84
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TABLE VII

RESULTS OF ANALYSIS OF SYNTHETIC MIXTURES OF PYRAZINAMIDE BY HPLC

Average of triplicate determinations.

Mixture 2-MP 2-CP Pyrazine PZA
No.

Taken Found Error Taken Found Error Taken Found Error Taken Found Error
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

I 55.99 56.55 1.00 27.87 27.47 1.44 13.83 13.72 0.80 2.26 2.22 1.77
2 18.29 18.56 1.48 42.11 42.36 0.59 5.60 5.57 0.54 34.00 33.51 1.44
3 19.89 20.09 1.01 19.84 19.82 0.10 10.65 10.53 1.23 49.61 49.56 0.10
4 30.46 30.10 1.18 28.98 29.04 0.21 26.51 26.89 0.30 14.05 13.96 0.47
5 5.64 5.54 1.77 4.30 4.36 1.39 1.72 1.69 1.74 88.34 88.41 0.08

TABLE VIII

RESULTS OF ANALYSIS OF REACTION MIXTURES OF PYRAZINAMIDE BY HPLC

Average values obtained from duplicate GC runs.

Mixture 2-MP 2-CP Pyrazine PZA
No. (%) (%) (%) (%)

1 97.23 1.96 0.82
2 85.85 0.70 11.90 0.01
3 47.78 28.73 22.43 1.08
4 42.51 24.16 33.32
5 44.45 52.11 0.96 2.46
6 41.87 54.67 0.77 2.66
7 47.71 47.69 3.15 1.43
8 37.26 2.70 8.51 51.54
9 34.78 10.47 54.75

10 40.54 4.23 55.22

Experiments on the ammoxidation of 2-MP were carried out under different
conditions and with various catalysts. Typical samples of the reaction mixtures
collected were analysed by the developed procedures and the results obtained are given
in Table VIII. It can be seen that the amounts ofPZA and 2-CP formed are different in
each instance, depending on the experimental conditions.

CONCLUSIONS

A rapid and accurate GC method was developed for the determination of2-MP,
EDA and PG in reaction mixtures, in which presaturation of the column with
ammonia before sample analysis enhanced the accuracy. A GC method was
established for determining 2-MP in the conversion of f3-HPEDA to 2-MP. Reaction
mixtures obtained during the dehydrogenation of methylpiperazine were also
monitored by GC under similar conditions.

Tn addition, an HPLC procedure for the determination of ammoxidation
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products of 2-MP was developed. The time required for complete elution of the
compounds is 10 min whereas the reported GC method requires nearly 20 min.
Further, in the reported GC procedure, the stationary phase material deteriorates after
a few months of use, whereas such a drawback is not observed in the developed HPLC
method.

The methods developed are applicable to the assay of pyrazinamide and for
monitoring the reactions during its process development. Further, the procedures are
useful in the assay of the components of reaction mixtures in the process development
of 2-methylpyrazine, which is the starting material for the manufacture of pyrazin
amide.
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ABSTRACT

The Analytical and Environmental Committees of the Institute of Polyacrylate
Absorbents (1330 Connecticut Avenue, N. W., Washington, DC 20036, U.S.A.), of
which Dow is a member, requested the development of specific and sensitive analyt
ical techniques to monitor the movement of soluble polyacrylates through soils.
Three analytical techniques are explained that can be used to monitor effluents from
columns or in studies where batch extraction of the soils are conducted. Concentra
tions of polyacrylic acid were studied from the ppm range for nuclear magnetic
resonance spectroscopy and size-exclusion chromatography to the sub-ppm range for
derivatization pyrolysis-gas chromatography. The soils under study were a sandy
soil, a londo soil, and a clay type of soil. The investigation explained in this report was
conducted with batch extractions. Included in this report is a soil adsorption capacity
study that showed behavior opposite to what was expected to be the adsorption
capacity of the soils. Also included are pH studies of the soils.

INTRODUCTION

The increased use of disposable diapers containing polyacrylate superabsorb
ents and their disposal in landfills has focused attention on the possible movement of
the soluble polymer fraction and its penetration of soils. In the past, there have been
reports1,2 of studies designed to understand the dynamics of the movement of the
soluble fraction of superabsorbent polymers. These studies were conducted with 14C_
tagged polyacrylate polymers, which made the study very expensive. Another study3

used a Total Organic Carbon analyzer to monitor the effluent of a column loaded
with soil to determine the movement of soluble polymer. The need to make this type
of study more specific and available to investigators with limited resources prompted
an investigation that resulted in the development of techniques that are specific and
very sensitive.

The techniques investigated included size-exclusion chromatography (SEC) de-
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rivatization pyrolysis-gas chromatography (Py-GC) with dual-column chromatogra
phy4,7 and nuclear magnetic resonance (NMR) spectroscopy. Difficulties associated
with the movement of polyelectrolytes through solids and the interactions these poly
mers will exhibit when contacted with water and soils have been explained befores

,6.

To add to these difficulties it was requested that the procedures developed be sensitive
enough to detect the soluble fraction of the superabsorbent polymer at the sub-ppm
level.

EXPERIMENTAL

Size-exclusion chromatography
Instrumentation. Column, I TSK G 1000 PW; eluent, 0.3 M NaCI, 0.34 M

Na2HP04, pH adjusted to 6.8 with 3% H 3P04 and then filtered through a O.I-J-lm
filter; flow-rate, I ml/min; injection volume, 200 J-lI; detector, Waters differential re
fractometer Model 410; software, Nelson X-Chrom v. 7.1.

Sample preparation. The soluble polyacrylic acid was added to the soil in three
different ways. (a) Linear polyacrylic acid (mol. wt. ca. 243 000 and 0% neutral
ization; Scientific Polymer Products, Ontario, NY, U.S.A.) was added directly to the
soil and allowed to equilibrate for up to 4 h. (b) The same linear polymer was pre
pared by adding it to water and then contacting it with the soil. (c) soluble polymer
was extracted with 0.9% NaCI from commercially available DRYTECH® (Dow
Chemical, Midland, MI, U.S.A.) superabsorbent polymer which is partially neutral
ized. The soluble polymer in 0.9% NaCI was then contacted with the soils.

A 10-g amount of soil containing the polyacrylic acid was extracted with 100 ml
of Millipore-filtered water in the case of sample a, a IO-g amount of soil was extracted
with Millipore-filtered water containing soluble polyacrylic acid in the case of sample
b, and a IO-g amount of soil was extracted with 100 ml of 0.9% NaCI containing the
soluble polymer fraction in the case os sample c. The extraction was performed by
shaking in a flatbed shaker for 16 h.

The samples were then placed in a centrifuge for I h with a relative centrifugal
force of 1000 g.

The samples were then filtered through several filters. The filtration started with
a 0.8-J-lm nylon plain filter (47 mm, Cat. No. N08SP04700 MSI) followed by a
0.45-J-lm nylon plain filter (47 mm, Cat. No. N04SP04700 MSI), then a 0.22-).tm nylon
plain filter (47 mm, Cat. No. N02SP04700 MSI), and, finally, a O.I-).tm nylon plain
filter (47 mm, Cat. No. NOISP04700 MSI), all filters w~re obtained from Fisher
Scientific (Midland, MI, U.S.A.).

The samples were then concentrated by freeze-drying to obtain the desired
sensitivity.

Derivatization pyrolysis-gas chromatography
GC conditions. Instrument, Hewlett-Packard 5890 GC dual-column system;

columns, (I) stainless steel, 6' x Ys" J.D., packed with 0.1% SP-1000 Carbopack C
and (2) 60 x 0.25 mm, 0.25 ).tm film tickness, capillary column DB-wax; temper
atures, initial 50°C for 4 min, oven ramp 6°Cjmin, final 220°C for 40 min, injection
200°C, and flame ionization dectector 220°C; helium flow-rate, 16 ml/min.

Sample derivatization. The sample was prepared as explained in the Size-exclu-



FATE OF SUPERABSORBENTS IN THE ENVIRONMENT 95

sion chromatography section. A 250-lll aliquot of Methyl-8@ [dimethylformamide
(DMF) dimethyl acetal] was added. The sample was heated at 160°C for 16 h. Resid
ual solvent was evaporated with a heat lamp under a nitrogen purge. Methanol, 0.5
ml, was added to dissolve the residue.

Sample analysis. The instrument was a CDS 120 pyrolyzer equipped with coil
probe. The probe was placed in the GC interface and pyrolyzed under the following
conditions: ramp, off; time, 20s; pyrolysis temperature, 700°C; interface temperature,
200°C. A 4-lll sample was placed in a quartz pyrolysis boat, the boat was placed in the
CDS pyrolysis coil probe and the solvent was flashed off.

NMR analysis
Instrumentation. Instrument, IBM AF300 NMR spectrometer; spectrometer

frequency, 300.132 MHz; sweep width, 5000 Hz; offset frequency, 5000 Hz; data size,
32K; acquisition time, 3.277 s; pulse width, 2.0 IlS; receiver delay, 0.0 s; receiver gain,
40; apodization, 2-10 Hza.

Scans. Linearity (polyacrylic acid): 300-3700b
. Soils (blank, spike): l133a.

Sample preparation. After the water was removed by free-drying as explained in
the Size-exclusion chromatography section, the samples were dissolved in zHzO and
poured into 5-mm NMR tubes.

pH Determination. To 10 g of soil 100 ml of Millipore-filtered water was added.
The samples were stirred for 10 min at a low-speed setting to avoid COz absorption
and the pH was determined using a pH meter.

RESULTS

Size-exclusion chromatography
In order to establish a limit of detection, the samples were analyzed after con

centration. It was found that the Borden sand sample· did not show any interferences
with polyacrylic acid at the 0.5-ppm level. The Londo soil and the clay samples
showed interferences ranging from 3 to 7 ppm. Humic acid naturally present in soils
did not interfere with the analysis by SEC as shown in Fig. 1. Included in Fig. 1 are
typical SEC traces of the extracted soils. Studies to determine the capacity of the soil
to adsorb polyacrylic acid were conducted and they are shown in Tables I-IV. It was
found that when the soil was extracted with water and the polymer was not neutral
ized, the Borden sand showed a greater capacity than the other soils to adsorb the
polymer. When the solvent used was 0.9% NACI and the polymer was partially
neutralized, the clay showed greater capacity as shown in Table III.

pH determination
The pH values of the soils were determined and the results can help explain the

affinity of the polymer for the sand. The pH of the Borden sand sample (9.6) is higher
than the other two soils, (Londo soil, pH 7.6; Fox Sandy Loam, pH 6.9).

" The number of scans and apodization was held constant for the blank and polyacrylic acid spiked
soils.

b 39-ppm standard 3700 scans; [90-ppm standard, 1729 scans; 37 [-ppm standard. 313 scans.
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A

Fox Sandy Loam.~~=t:=;:~;}Londo Soil
Borden Sand
Polyacrylic Acid

9.6 ppm

o

B

Humic Acid 600: ,p:::pm==t:=:::t'\Polyacrylic Acid_
9.6 ppm

o

10.0

10.0

S. S. CUTIE, W. C. BUZANOWSKI, J. A BERDASDCO

20.0

20.0

Fig. I. SEC traces of (A) standard and soils (B) standard and humic acid. Horizontal axis represents time in
minutes.

TABLE I

SOIL CAPACITY

Polymer was applied to the soil and the soil was extracted with water.

Soil type Polymer added Recovery Lost Capacity
(J.lg) (%) (%) (J.lgjg)

Borden sand 400 0 100 >40
Londo soil 400 0 100 >40
Fox Sandy Loam 400 0 100 >40

TABLE II

SOIL CAPACITY OF BORDEN SAND

Polymer was applied to the soil and the soil was extracted with water.

Sample Polymer added Recovery Lost Capacity
No. (J.lg) (%) (%) (J.lgjg)

I 400 0 100 > 40
2 1230 0 100 >120
3 2040 0 100 >200
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TABLE III

SOIL CAPACITY

Soil type" Polymer added Recovery Lost
(pg) (%) (%)

Borden sand· 14000 70 30
Borden Sand 11200 87 13
Londo soil 11200 70 30
Fox Sandy Loam 11200 24 76

Capacity
(pg/g)

460
ISO
370
850

" Polymer was added in 0.9% NaCI.
• Polymer was added in 0.7% NaCI.

Surface area
The surface areas of the three soils were determined following the BET Nitro

gen Test with the following results: Borden sand, 0.3 m2 jg; Londo soil, 1.63 m2 jg;
Fox Sandy Loam 8.78 m 2 jg.

Derivatization pyrolysis-gas chromatography
In order to maximize the sensitivity of the method, the sample must be carefully

concentrated and dried before derivatizing the polyacrylic acid. This was done by
freeze-drying the extract in a 100-ml vial as explained before. The vial was washed
with 5 ml of water which were then transferred to a 5-ml Reacti-vial. The sample was
then evaporated to dryness by blanketing the sample with a stream of nitrogen and
heating with an infrared heat lamp. Once the samples were dried, 250 III of Methyl-8
were added and the vial was heated at 130°C for 16 h. After derivatization, the sample
was again dried and the residue was redissolved in 0.5 ml of methanol. This second
drying step was incorporated into the method because the derivatized polymer is not
soluble in the methylating agent. A spin bar was lised in the vial to aid in dissolution
of the polymer. Using a 10-111 syringe the solution was then transferred to a quartz
boat for pyrolysis. A quartz boat was used in favor of a platinum ribbon since the

TABLE IV

SOIL CAPACITY

Polymer was added to the water and extracted with water.

Soil type Polymer added Recovery Lost Capacity
(JIg) (%) (%) (pg/g)

Borden Sand 12000 0 100 > 1200
24300 0 100 >2430
30400 0 100 >3040

Londo Soil 12000 0 100 > 1200
24300 14 86 2100
30400 16 84 2540

Fox Sandy Loam 12000 0 100 > 1200
24300 3 97 2360
30400 30 70 2100
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0,8 ppm
Methyl Acrylate

Fox Sandy Loam
Clay

Londo Soil

Borden Sand

S, S, cUTIE, W, C. BUZANOWSKI,], A BERDASDCO

10,00 20,00 30,00 40,00 50,00

Fig, 2, Py-GC traces of an O,8-ppm standard and soil samples using the packed column, Horizontal axis
represents time in minutes,

0.8 ppm
Methyl Acrylate

Fox Sandy Loam
Clay

Londo Soil

Borden Sand

o 10.00 20,00 30,00

Fig, 3. Py-GC traces of an O.8-ppm standard and soil samples using the packed column as in Fig. 2, but
magnified electronically five-fold, Horizontal axis represents time in minutes.

0.8 ppm
Methyl Acrylate

Fox Sandy Loam
Clay

Londo Soil

Borden Sand

o 10.00 20.00 30.00 40.00 50.00

Fig. 4. Py-GC traces of an O.8-ppm standard and soil samples using the capillary column. Horizontal axis
represents time in minutes,
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0.8 ppm
Methyl Acrylate

Fox Sandy Loam
Clay ~_""'.o--.l..--"'-"""'"

Londo Soil

Borden Sand

o 10.00 20.00 30.00

Fig. 5. Py-GC traces of an O.S-ppm standard and soil samples using the capillary column as in Fig. 4, but
magnified electronically five-fold. Horizontal axis represents time in minutes.

sample could contain salt\S. Rather than contaminating a ribbon with the sait, a boat
was used which could be readily cleaned with acidified methanol.

The polyacrylic acid was derivatized to methylacrylate because the main pyrol
ysis products of the acid are carbon dioxide and water. Only a small amount of the
monomer was produced under the pyrolysis conditions listed. By derivatizing the acid
to methylacrylate, the main pyrolysis products are methanol and methylacrylate both

_H 20

46 3

PPM

Fig. 6. NMR spectrum of 190 ppm polyacrylic acid (PAAC) in 2H20.



100 S. S. cUTIE, W. C. BUZANOWSKI, J. A BERDASDCO

~H20

PAAC
r:----l

PPM

Fig. 7. NMR spectrum of 39.1 ppm polyacrylic axid (PAAC) in 2H 2 0.

35030010050 150 200 250

PPM PAAC

'H NMR Results

Fig. 8. Plot of the total area response for the polyacrylic acid (PAAC) backbone hydrogens versus PAAC
concentration by NMR.
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of which can be readily chromatographed and detected. The advantages of derivatiz
ing the sample also include the fact that the pyrolysis products can be ratioed to each
other, and when compared to a standard will indicate the presence of any interferenc
es in the analysis. By using a dual-column system with columns of differing polarity or
retention mechanisms, determination of the retention times of the main pyrolysis
products becomes almost a definitive means of identifying the polymer present in the
sample as polyacrylic acid. In Fig. 2 are shown Py-GC traces of an 0.8-ppm standard
and soil samples using the packed column. In Fig. 3 are shown the same traces only
magnified electronically five-fold. In Fig. 4 are shown the pyrograms of an 0.8-ppm
standard and soil samples using the capillary column. In Fig. 5 the same traces are
shown magnified electronically five-fold.

NMR spectroscopy
The spectra acquired for polyacrylic acid-zHzO solutions of 190 and 39.1 ppm

are given in Figs. 6 and 7, respectively. The assignments for the polyacrylic acid
backbone hydrogens and the residual hydrogens from the undeuterated water are
included in the spectrum. A plot of the total area response for the polyacrylic acid
backbone hydrogens versus concentration is given in Fig. 8. Although the signal-to
noise ratio in the spectrum given in Fig. 7 is not high, a reasonable estimate of the
detection limit of the NMR experiment is approximately 20-40 ppm polyacrylic acid
in zHzO. The NMR spectrum of the polyacrylic acid standard spiked in zHzO is
given in Fig. 9. The area of the polyacrylic acid backbone hydrogens corresponds to
approximately 128 ppm of polyacrylic acid. The spike was prepared to contain ap-

I
o2

PAAC

3

-H20

I I
68 5 4

PPM

Fig. 9. NMR spectrum of the polyacrylic acid (PAAC) standard spike in 2H20.
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...-H,O

78 4

PPM

Fig. 10. NMR spectrum of a Fox Sandy Loam blank in zHzO.

o23878 5 4

PPM

Fig. 11. NMR Spectrum of a Borden sand blank in 2H 20.

9
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H,O-

9 8 7 6 4

PPM

Fig. 12. NMR Spectrum of the Fox Sandy Loam soil spiked with200 ppm polyacrilic acid in 2H20 .

o23

.... H,O

678 5 4

PPM

Fig. 13. NMR spectrum of the Borden sand soil spiked with 200 ppm of polyacrylic acid in 2H20.
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proximately 200 ppm of polyacrylic acid. The NMR result indicates a recovery of
approximately 64%. The sample loss took place during the freeze-drying step and is
probably due to irreversible adsorption of the polyacrylic acid to the glass of the
bottle.

The hydrogen NMR spectra of the soils labeled Fox Sandy Loam and Borden
sand are given in Figs. 10 and 11, respectively. There are peaks evident in the region
3-1 ppm. This is the region where the backbone hydrogens of polyacrylic acid res
onate. Therefore, interferences exist in the soils which will interfere with the determi
nation of low levels of polyacrylic acid.

The hydrogen NMR spectra for the Fox Sandy Loam and Borden sand soils
spiked with 200 ppm of polyacrylic acid are given in Figs. 12 and 13, respectively
Comparing these spectra with the spectra of the blank soils (Figs. 10 and 11), it is
evident that very little, if any, polyacrylic acid is present in the samples. Further work
is necessary to identify the components present in the soils.

DISCUSSION

The first approach was to use SEC, excluding the polymer totaJly to obtain a
useable signal. Adsorption capacities of the soils for polyacrylic acid were obtained
using this procedure. NMR spectroscopy was used as a characterization tool to verify
the response obtained by SEC. Derivatization Py-GC with dual columns was then
investigated. It was known that polyacrylic acids wiJl degrade to CO2 when heated at
high temperatures for pyrolysis purposes. A derivatization procedure explained else
where7 was successfuJly tried, and no interferences were found in any of the soils at
the sub-ppm level.

The samples of soil extracts needed to be cleaned and concentrated to get the
desired detection limits. The clean bottles normally used in the analytical laboratories
for trace analysis were found to contain interferences in the area of elution of the
polymer on the SEC system. The problem was solved by rinsing the bottles with
Millipore-filtered water. Rinsing the bottles eliminated the interferences in the Bor
den sand sample, but the Londo soil and the Fox Sandy Loam sample still had some
interferences at the 5-ppm level that were not introduced by the bottles. Humic acid
naturaJly present in soils did not interefere with the SEC analysis. The use of batch
extractions has advantages over the use of columns to study the movement of the
polymer in soils. When batch extraction is used, aJl the intereferences that are natural
ly present in the soils will be present during extraction, while in the case of column
studies the soil is constantly stripped of some of the components. Batch extractions
monitored with SEC have been used to determine the capacity of soils which can be
used to better understand the movement of polyelectrolytes through soils. As it was
shown in Tables I-IV the selectivity of soils is not directly related to surface area.

Sand, which has a smaller surface area than clay (0.3 versus 1.63 and 8.78 m2 jg)
has a greater selectivity for this type of polymers. On the other hand a decrease in
particle size will increase the trapping of polymer molecules. In this case clay will
perform better to stop the polymer movement. Water enhances the repulsive forces
among the negatively charged carboxylic acid groups and expands the chains, in
creasing the hydrodynamic volume of the polymer. Salt solutions will have the oppo
site effect contracting the chains to their original size. The results presented in Tables
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I-IV indicate that when this happens the capacity of soils to adsorb polyacrylates is
enhanced when the polymer chains are at their larger volume. Concentration of the
polymer under investigation is also a critical parameter, since the increase in concen
tration will increase the viscosity of the polymer and will affect the capacity of the soil
to adsorb polyacrylates and the movement of the polymer.

CONCLUSIONS

SEC with batch extraction of the soils and NMR spectroscopy can be used to
determine the capacity of soils to adsorb polyacrylates. Derivatization Py-GC with a
dual-column system and a flame ionization detector or a single-column system with a
mass spectrometer can be used to monitor effluents from columns or from batch
extraction at the sub-ppm level.
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ABSTRACT

Solvatochromic hydrogen bond (HB) donor acidity (am) values for aqueous
mixtures of methanol, ethanol, isopropanol, acetonitrile and tetrahydrofuran were
measured by electronic absorption spectroscopy employing bis[a-(2-pyridyl)
benzylidine-3,4-dimethylaniline]bis(cyano)iron(II) as an indicator, and compared to
available literature values. The HB donor acidity of all the aqueous organic mixtures
increases in a nonlinear fashion as water is added to the organic solvent. For mixtures
of acetonitrile and tetrahydrofuran, which are not acidic or are only slightly acidic,
with water am increases rapidly as a small amount of water is first added, then shows a
plateau region, and finally slowly rises to the acidity value of water. In contrast, the
am for the mixtures of methanol, ethanol and isopropanol, which are quite acidic,
increase slowly as the first small amount of water is added and then increase rapidly
as the mixture approaches pure water. Literature values of am for water-methanol
mixtures, which were determined from the ET (30) values of Reichardt's betaine dye,
showed a minimum in the plot of am vs. volume fraction of organic component. It was
also shown that the solvophobicity parameter (Sp) of methanol- and ethanol-water
mixtures can be described by a combination of the dipolarity (nm*) and HB donor
acidity (am) of the mixtures.

INTRODUCTION

Retention in reversed-phase liquid chromatography (RPLC) is determined by
the difference in various types of interactions which a solute can undergo in the mobile
and stationary phase. According to the solvophobic theory of Horvath et a/. l the
stationary phase is considered to be more or less passive. It is now known that the
structure and composition of the stationary phase plays an active role in the separation
process and has a major effect on selectivity2.3. Since RPLC separations are often

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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performed by employing a fixed stationary phase and examining the effect of different
mobile phases to obtain optimal separation conditions, understanding the various
interactions of solutes with the mobile phase is important for elucidating the retention
mechanism and hence the prediction of selectivity in RPLC. There have been many
studies of the effect of the mobile phase on retention. Solubility parameter theory4,s,
the interaction index6

, and statistical mechanics7 have been applied in attempts to
better understand the mechanism of retention, but none of these approaches makes
quantitative predictions of retention.

Recently the ET (30) scale of mobile phase polarity8-10 and linear solvation
energy relationship (LSER) based on the Kamlet-Taft multiparameter scalesll •

12

were successfully used to study retention in RPLC. Johnson et al. 8 have shown that
plots ofln k' for a large number of solutes vs. the mobile phases' ET(30) solvatochromic
parameters are very often more linear than are plots of In k' vs. volume fraction of
organic modifier. However, this approach only allows for the prediction of retention at
different mobile compositions to be made, but provides no information about the
relative strength of various interactions between a solute and the mobile phase, which
are important in understanding the retention process. The ET (30) scale had been
proposed as a single-parameter overall scale of solvent polarity, but Cheong and
Carr13 recently pointed out that there can be no global single-parameter solvent
polarity scale except when the solute and solvent are incapable of forming hydrogen
bonds. In contrast, LSER approaches based on multiparameter scales ll -

13 seek to
relate retention in a fixed mobile phase-stationary phase system to variations in the
solute properties, or to variations in mobile phases' properties when the solute and
stationary phase are fixed. TheKamlet-Taft multiparameter solvent scales are based
on the differential evaluation of solvent dipolarity-polarizability (n*), solvent HB
donor acidity (a), and solvent hydrogen bond acceptor basicity ({3)14-17.

Kamlet and Taft and their co-workers have applied these measures of
interaction strength based upon LSERs to about 600 processes18, including a large
number of systems of immediate relevance to chromatography, such as Rohrschnei
der's gas-liquid partition coefficients19, Snyder's solvent strength scales for normal
and reversed-phase liquid chromatography20.21, and retention in RPLC ll ,12.22. In
this work we will adopt the LSER formalism and report, in particular, the
measurement of Kamlet-Taft hydrogen bond (HB) donor acidity (am) values for
RPLC mobile phases.

THEORY

The a parameter can be obtained from several different methodologies such as
13C NMR, 19F NMR, electronic absorption spectroscopy and reaction rate measure
ments 17 , and is most conveniently obtained from measurements of the frequency of
maximum absorption of carefully selected indicators. The LSER formalism 17

indicates that when solute-to-solvent hydrogen bonding effects are excluded, as when
solutes or indicators are non-protic and when only solvents with similar polarizability
characteristic are considered, a spectroscopic property (XYZ, e.g., the frequency of
maximum absorption) ofa solute in various solvents will be well correlated through an
equation of the form:

XYZ = XYZo + sn* + aa (1)
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where XYZo is the intercept of the regression equation, s and a are regression
coefficients for the solvatochromic parameters (n* and IX). Inclusion of the dipolarity
polarizability parameter (n*) comes about naturally since any compound which is able
to donate or accept hydrogen bonding will also undergo dipolar interactions. When
the value of n* is available for a given solvent, the IX parameter can be estimated by the
following equation:

IX = (XYZ - XYZo - sn*)la (2)

To minimize possible errors, due to self-association of strong HB donors or solvents
and to errors in the n* values, Kamlet et al. 1 7 suggested that properties which meet the
following criteria be chosen for formulating an IX scale: (a) the properties should
involve sufficiently strong HB acceptor that competitive solvent self-association
should not materially influence the enhanced solvatochromic effects due to hydrogen
bonding, (b) ratios of the als terms in eqn. 1should not be too low (preferably> 1.0) so
that uncertainties in the n* values, which are necessarily less reliable for the HB donors
than for the non-HB donor solvents, should not introduce unacceptable uncertainties
in the IX values.

To date there have been only a few studies on HB donor acidities of
aqueous-organic mixturess.23. 24

. Krygowski et al. 23 and Johnson et al. S reported
measurement of ET (30) values, using Reichardt's betaine dye [4-(2,4,6-triphenyl
pyridinium)-2,6-diphenylphenoxide], for aqueous mixtures of a number of organic
solvents including methanol, acetonitrile, tetrahydrofuran, isopropanol, etc. from 0%
to 100% organic solvent. However, it has been shown that ET (30) values can be
described by a combination of the Kamlet-Taft dipolarity parameter (n*) and the
related HB donor acidity scale (IX) as follows 17:

ET(30) = 29.35 + 16.3n* + 15.8IX (kcal/mol)
n = 19, r = 0.993, S.D. = 0.89, (als = 0.97)

(3)

This equation holds for 19 solvents including aliphatic alcohols and other aliphatic HB
donor solvents.

Recently, Cheong and Carr24 reported measurement of Kamlet-Taft n;, values
for a number of aqueous organic mixtures. The subscript m indicates that the values
are for mixtures. They also estimated the IXm values of the same mixtures from Dorsey
and Johnson's ET (30) values 10 and their n;, values by assuming that eqns. 2 and 3 for
pure solvents could be applied to a mixture. Even though there are a number of serious
approximations and assumptions in using pure solvent regression results to interpolate
data on mixed solvents, the trends in the IXm values with volume fraction of organic
cosolvent (CPo) were in good agreement with chemical intuition. For example, they
observed a rapid rise in IXm for tetrahydrofuran and acetonitrile mixtures upon addition
of a small amount of water, a plateau region, and a final rise to the value of IX in water.
However, a peculiar result was observed for the IXm values in water-methanol mixtures,
i.e., they observed a minimum in the plot of IXm vs. CPo. This is at variance with the
chemical intuition. The HB acidity of the mixture is expected to increase as the more
acidic solvent (water) is added. Cheong and Carr24 suspected the existence ofa specific
solvation effect on Reichardt's betaine dye and concluded there must be an error in the
IX values of this mixture.
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We believe it is likely that this unusual behavior of water-methanol mixture is
due in part to the propagation of errors in the n;:; values since the als ratio in eqn. 3 is
not large and thus a small error in the n;:; value might lead to a greater error in the
estimated IXm value. In the present work errors of this kind were reduced by use of the
wavenumber of the maximum absorption (\lm,x) of bis[IX-(2-pyridyl) benzylidine-3,4
dimethylaniline]bis(cyano)iron(II) (abbreviated Fe complex)25 in the aqueous-or
ganic mixtures and by utilizing eqn. 2 and the following solvatochromic regression
equation for the \lm,x of this indicator in 13 pure solvents, where the ratio als is 1.59:

vm'x = 14.02 + 0.98n* + 1.561X (kK)a (4)
n = 13, r = 0.999, S.D. = 0.04

The quality of the fit of \lm,x for the pure solvents is also better than that with ET(30)
and thus the use of this relationship will minimize errors in the estimated IXm values due
to the propagation of errors in the n;:; values.

EXPERIMENTAL

All solvents used in this work were HPLC grade and were used without further
purification. The solvent mixtures were prepared by mixing a known volume of each
liquid. The indicator, Fe complex, was prepared and recrystallized twice using
a procedure given in the literature25 . Dilute solutions (typically 1 mM or less) were
prepared in the solvent mixtures. The indicators for measurement of n;:; for
water-ethanol mixtures are 4-nitroanisole (1), 4-ethylnitrobenzene (4), N-methyl-2
nitroaniline (32), and 2-nitroanisole (45) were obtained commercially and recrystal
lized once before use. The number in parenthesis after each indicator refers to the
Kamlet-Taft indicator designation 17. All spectroscopic measurements were carried
out by following the standard procedure26 and repeated at least five times for each
solution. A Hitachi Model 320 double-beam UV-VIS spectrophotometer was used to
make measurements to ±0.2 nm. In order to check for any concentration dependence,
measurements were repeated at five different concentrations ranging from 0.05 to
1 mM and in all the cases standard deviations in the wavelength of maximum
absorption was found to be less than 0.3 nm and did not vary with concentration.
Consequently the solvent mixtures were examined at a single solute concentration
chosen within the above range. The agreement between our measurements of vm'x of
the Fe complex in 13 pure solvents and those in the literature25 was within 0.1 kK
except in water where the difference was about 0.3 kK. This led us to measure vm'x for
water using two different spectrophotometers over a period of two months, and our
value of 17.09 kK was not changed. Thus in the subsequent work on solvent mixtures
we chose to use our value.

RESULTS AND DISCUSSION

The IXm values for aqueous mixtures of methanol, isopropanol, acetonitrile and
tetrahydrofuran at various organic compositions were computed as follows from
literature values24 of n;:; and our measured vm'x values for the Fe complex of the solvent
mixtures:

IXm = (\lm3x - 14.02 - 0.98n;:;)/1.56

a kK = kiloKayser, i.e., 1000 wavenumbers.

(5)
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TABLE I

THE VALUES OF C(m FOR WATER-ORGANIC COSOLVENT MIXTURES

The C(m values based on £.r(30) are in parentheses.

<Po Methanol Isopropanol Acetonitrile Tetrahydrofuran

0.1 1.20(1.01) 1.16(0.92) 1.16(1.01) 1.11(0.89)
0.2 1.17(0.93) 1.02(0.76) 1.08(0.94) 0.98(0.72)
0.3 1.15(0.92) 0.90(0.70) 1.01(0.90) . 0.90(0.62)
0.4 1.1 0(0.88) 0.88(0.67) 0.95(0.90) 0.86(0.60)
0.5 1.07(0.86) 0.89(0.69) 0.90(0.89) 0.83(0.58)
0.6 1.04(0.87) 0.89(0.69) 0.90(0.88) 0.78(0.57)
0.7 1.02(0.91) 0.88(0.71) 0.88(0.89) 0.74(0.56)
0.8 1.02(0.96) 0.86(0.70) 0.82(0.85) 0.68(0.53)
0.9 1.02(1.00) 0.81(0.69) 0.71(0.81) 0.58(0.46)
1.0 1.02(l.09) 0.78(0.74) 0.32(0.33) 0.04( -0.09)

Based on eqn. 5 an error of ±0.03 in n~ gives an error of ±0.006 in am' Our values for
am are given in Table I along with the values given by Cheong and Carr24 in
parentheses, and are plotted vs. qJo in Fig. 1.

As can be seen in Fig. 1, the am values obtained from the Fe complex are
generally greater than those from the ET (30) values of betaine dye but the trends in the
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Fig. I. Plots of C(m vs. volume fraction of organic cosolvents (<Po). A, Methanol; B, isopropanol; C,
acetonitrile; D, tetrahydrofuran. 0 = ET (30); • = this work.
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changes of IJ(m values with <Po are very similar in all the mixtures except the methanol
mixtures. Differences in IJ(m values determined by using two different indicators are
entirely possible, particularly in solvent mixtures. Although the two indicators sense
via their solvatochromic shifts the same intermolecular interactions exerted by the
solvent, the sensitivity of the two indicators to the effects can be different. It should,
however, be noted that there is no distinct minimum in the plot for methanol mixtures
when the IJ(m values are obtained with the Fe complex, while the same plot for IJ(m values
obtained via the ET (30) values has a distinct minimum. Since both the betaine dye and
the Fe complex are sensitive to their environment as a consequence ofa large change in
dipole moment upon excitation and are also very strongly dependent on the HB donor
acidity of the solvent, as indicated by the s and a coefficients in both eqns. 3 and 4 for
the pure solvents, variations in the ET values (kcal) with <Po for the mixtures are
expected to be very similar for the two indicators. Fig. 2 shows plots of the ET values
for the Fe complex vs. those for Reichardt's betaine dye [ET (30)]. All the plots show
good linear relatioships except the methanol mixtures, where a convex curve is evident.
Non-linearity in the plot for the methanol mixtures is an indication that the cybotactic
region about the two indicators have different compositions than the bulk mixtures,
resulting in different effects on solvatochromic shifts of the two indicators.

In order to see if the behavior of betaine is unique to water-methanol mixtures,
we measured IJ(m for water-ethanol mixtures with the Fe complex. We also measured
the n;:', values for ethanol-water mixtures with four indicators and determined two sets
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Fig. 2. Plots of ET (kcal) for the Fe complex vs. ET (30) for the betaine. A, Methanol; B, isopropanol; C,
acetonitrile; D, tetrahydrofuran.
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TABLE II

THE VALUES OF n~ AND txm FOR ETHANOL-WATER MIXTURES

CPo n:a tx b txm'm

0.0 1.16(0.17) 1.24 1.10
0.1 1.18(0.14) 1.17 0.99
0.2 1.18(0.14) 1.11 0.87
0.3 1.17(0.14) 1.05 0.75
0.4 1.08(0.12) 0.98 0.74
0.5 1.0 I(0.11) 0.94 0.73
0.6 0.94(0.10) 0.91 0.75
0.7 0.87(0.09) 0.90 0.76
0.8 0.79(0.09) 0.90 0.80
0.9 0.67(0.04) 0.91 0.86
1.0 0.54(0.06) 0.89 0.91

113

a The n~ values are the average based on four indicators. The figures in parentheses indicates
standard deviation.

b The txm values calculated from \1m" values of the Fe complex using the corresponding
solvatochromic equation.

, The txm values calculated similarly from ET(30) values from literature27

of O(m values based on literature data2
? for ET(30) and our measurements ofvmax for the

Fe complex. The values are given in Table II and plotted vs. qJo in Fig. 3. There is
a minimum in the plot of O(m values based onET(30) while there is no minimum based
on the Fe complex. We also note that the differences between the two sets of O(m values
are smaller than those for the methanol mixtures.

Cheong and Carr24 stated that within the framework of the solvatochromic
LSER model of retention in RPLC the mobile phase HB acidity must increase as water
is added and thus there should be no minimum in the plot of O(m vs. qJo. Our results are in
agreement with their conclusion and thus we believe that our O(m values are more
reliable than those based on ET(30). The values of O(m calculated from vmax of the Fe

1.3

•
1.1 •

E •~

0 • •
0.9 • • • •0 0

0
o 000 0

0.7 '--~""""'~-'-~---'-~-'--~....I

0.0 0.2 0.4 0.6 0.8 1.0

If
Fig. 3. Plots of txm vs. volume fraction of ethanol. 0 = ET (30); • = this work.
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complex are 1.24, 1.02, 0.91, 0.78, 0.32 and 0.04 for water, methanol, ethanol,
isopropanol, acetonitrile and tetrahydrofuran, respectively. These should be com
pared to the literature values28 of 1.17, 0.93, 0.83, 0.76,0.19 and 0.00. Recent work of
Taft29 indicates that rx values determined by different methods have a variability of
± 0.10 units. Our values of rx for these pure liquids are well within this range. In view of
the fact that RPLC separation is more often applied to uncharged compounds, the HB
donor acidity values measured via the uncharged Fe complex are expected to represent
the HB acidity toward the solutes in the RPLC mobile phases in a more realistic
fashion and to be more useful than those via a charged betaine.

The solvophobic strength of the mobile phases in RPLC has been of great
interest to liquid chromatographers1

. Recently, Abraham et al. 30 proposed a new
measure of a solvent's solvophobic effect (Sp) for pure liquids and for aqueous
mixtures based on the Gibbs free energies of transfer of inert solutes from water to the
second liquid. Following Horvath's interpretation of hydrophobic interactions that
they originate in the net repulsion between water and the non-polar stationary phase
and the non-polar moiety of the solute, we expect that the Sp should be well correlated
with the dipolarity (n~) and HB acidity (rxm) and basicity (13m) of the mobile phases.
Thus we regressed Sp values for the methanol and ethanol mixturus against n~, rxm and
13m. The 13m values for the mixtures are from Krygowski et al. 23. The values of Sp for
other aqueous-organic mixtures of interest to RPLC are not available. Based on
previous experience, we have found that it is important to build up the regression in
a stepwise fashion in order to avoid addition of unnecessary parameters. For Sp values
at nine different volume fractions of organic cosolvent we obtain:

For methanol mixtures,

Sp = -0.77(±0.17) + 1.43(±0.17)n~

r = 0.941, S.D. = 0.10

For ethanol mixtures,

Sp = -0.88(±0.18) + 1.40( ±0.18)n~
r = 0.947, S.D. = 0.09

(6)

(7)

RPLC mobile phases contain water, and water is very strong HB donor (see Table II).
Thus the HB acidity parameter for the mobile phases was included in the regression
equation:

For methanol mixtures,

Sp = -1.44(±0.08) + l.22(±0.06)n~ + 0.81(±0.12)rxm

r = 0.998, S.D. = 0.02

For ethanol mixtures,

Sp = -1.72(±0.07) + 0.67(±0.06)n~ + 1.58(±0.12)rxm

r = 0.998, S.D. = 0.02

(8)

(9)

Incorporation of HB acidity obviously improves the quality of the fit very consider-
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ably. The Ehrenson test3l indicates that the am parameter is significant at the 99.9%
confidence level. Since methanol and ethanol are much more basic in HB interactions
than water, it seems necessary to include the HB basicity of the mixtures in the
regression equation. The three-parameter equations so obtained are:

For methanol mixtures,

Sp = -1.42(±0.47) + l.21(±0.08)n;;', + 0.79(±0.32)am - 0.01(±0.26)f3m (10)
r = 0.998, S.D. = 0.02

For ethanol mixtures,

Sp = -1.68( ±0.26) + 0.67( ± 0.06)n;;', + US( ± 0.19)am- 0.02( ± O.l4)f3m (11)
r = 0.999, S.D. = 0.02

We find there is no improvement in the goodness of either fit and the b coefficients are
very small (statistically zero). The Ehrenson test also shows that the 13m parameter is
not significant. The quality of the fit for methanol mixtures based on eqn. 8 is
demonstrated in Fig. 4 as an example. Based on the above regression results one can
say that the solvophobic property of methanol and ethanol mixtures with water is
a combination of the dipolarity and HB acidity of the mobile phases themselves. As
described previously18, transfer from one solvent to another should involve the
difference in two cavity terms. Since no cavity formation parameter, such as
Hildebrand solubility parameter ((jH), was included in our model of Sp we believe that it
is incomplete. Nonetheless rather good correlations were obtained most likely becaue
(jH covaries with n* and a. Retention in RPLC involves transfer of the solute between
the mobile and stationary phases. Thus, when regressions of retention in RPLC vs.
mobile phase parameters include Sp, a parameter representing the cavity formation
term should also be included. Work is in progress to correlate RPLC retention with the
solvatochromic mobile phase properties.
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ABSTRACT

Nitrated polycyclic aromatic hydrocarbon (nitro-PAH) retention behavior was
evaluated on a reversed-phase polymeric octadecylsilane column under isocratic con
ditions as a function of organic modifier and temperature. Several conclusions can be
drawn from the retention and organic modifier study (viz., methanol and acetonitrile
water). First, the logarithm of the capacity factor (log k') was linearly dependent on
organic-water volume fraction (<p). Second, nitro-PAH k' values increased with de
crease in organic modifier concentration. Third, the slopes of log k' vs. <p plots were
solvent-dependent. Larger slope values were found for nitro-PAHs in methanol
water than in acetonitrile-water mixtures for a particular compound. Fourth, slope
values were dependent on the molecular structure of individual nitro-PAHs.

Nitro-PAH retention times decreased with increase in column temperature. A
linear dependence of log k' on the reciprocal of the absolute column temperature, the
Van 't Hoff plot, was observed for both organic modifiers over the temperature range
studied. The standard enthalpic change (LJW) for nitro-PAH transfer from the mo
bile to the stationary phase was determined. LJW was dependent on organic modifier
type and composition as well as solute structure. The enthalpy-entropy compensa
tion effect was evaluatedby plotting log k' vs. - LJW and used to interpret nitro-PAH
retention mechanisms. A compensation effect was found for some mononitrated
PAHs for both organic modifiers. The compensation temperatures were within the
accepted range described for reversed-phase high-performance liquid chromatogra
phy systems.

INTRODUCTION

Reversed-phase high-performance liquid chromatography (HPLC) retention
and thus, solute selectivity, is influenced by several chemical (e.g., type and
concentration of organic modifier) and physical factors (e.K., column temperature

0021-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.
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and/or stationary phase chain length, density, surface area, pore volume, mono
meric/polymeric coatings). The retention process in reversed-phase HPLC is thought
to be primarily controlled by solute interactions within the mobile phase l

-
3

. Most
research has focused on understanding the influence of mobile phase composition on
retention. Studies have shown that variations in solvent composition (i.e., water with
one or more organic solvents) can produce dramatic retention differences4-7.
Stationary phase studies are limited because details of the bonded-phase synthesis and
silica substrates are not readily available. In addition to mobile-stationary phase
effects on retention, changes in column temperature may alter retention characteristics
as wells- ll .

In this investigation, the isocratic reversed-phase nitrated polycyclic aromatic
hydrocarbon (nitro-PAH) retention behavior was studied as a function of mobile
phase composition (acetonitrile-water and methanol-water) and column temperature
(35-65°C) on a polymeric octadecyJsilane column. For each organic modifier, the
dependence of the logarithm of the capacity factor at a given volume fraction (log k')
on the volume faction oforganic modifier in the organic solvent-water mixture (cp) was
evaluated. The slope, S, for log k' vs. cp plots was discussed in terms of solute type and
organic modifier. Van 't Hoff plots, log k' vs. I/T (T = temperature), were used to
determine the effect of column temperature on nitro-PAH retention. Based on these
results, the standard enthalpic change (iJW) for nitro-PAH transfer from the mobile
to the stationary phases was evaluated. An extra-thermodynamic approach, based on
enthalpy-entropy compensation 12, was used to further define the nitro-PAH retention
process.

EXPERIMENTAL

Reversed-phase HPLC separations were achieved using a Hewlett-Packard
1090M liquid chromatography system (Hewlett-Packard, Palo Alto, CA, U.S.A.)
equipped with a DR5 binary solvent system, diode-array detector (standard flow cell),
and temperature-controlled autosampler and column compartments. A Hewlett
Packard HPLC ChemStation was used to control the HPLC experiments, record and
evaluate chromatograms and spectra. Sample injections were made using the
autosampler and autoinjector system. A 25 cm x 2.1 mm, 5 pm particle size
reversed-phase CIS column (Alltech, Deerfield, IL, U.S.A.) was used. A Rheodyne
3 mm x 0.5 pm column inlet filter was incorporated to protect the analytical column.

HPLC-grade acetontitrile and methanol (Fisher Scientific, Medford, MA,
U.S.A.) were used as received. Water was purified by a Milli-Q water purification
system (Millipore, Milford, MA, U.S.A.). All solvents were filtered through a 0.45-pm
nylon-66 filter (Rainin, Woburn, MA, U.S.A.), ultrasonicated and vacuum degassed
prior to use. Helium sparging was performed throughout the HPLC experiment. The
mobile phase consisted of 50,60 and 70% (v/v) of acetonitrile or methanol in water at
flow-rate of 0.5 ml/min. HPLC experiments were performed at column temperatures
of 35,45, 55 and 65°C for each mobile phase composition. 2% Sodium dichromate in
water was used to determine the elution time for the unretained solute for each mobile
phase and temperature.

Sources of nitro-PAHs have been identified elsewhereI3
. Nitro-PAHs were used

without further purification. Standard solutions were prepared by dissolving ap-



HPLC OF NITRO-PAHs 119

proximately 1 mg of nitro-PAR in I ml of acetonitrile or methanol. Samples were
stored in the dark and refrigerated. After the column was equilibrated with solvent and
the col umn temperature stabilized, 1 fll of a nitro-PAR solution mixture was injected.
To reduce experimental time, multicomponent standard solutions were prepared.
Identification of each compound peak was made by comparing RPLC retention times

. and UV absorption spectra with those of individual standards.

RESULTS AND DISCUSSION

Nitro-PAH retention as afunction of mobile phase compostion
The intent of this study was to evaluate nitro-PAR isocratic reversed-phase

RPLC retention characteristics, on a polymeric octadecylsilane column (250 x 2.1
mm, 5 flm particle size), at various acetonitrile-water and methanol-water mobile
phase compositions and temperatures. Shown in Table I are nitro-PARs and their
corresponding compound numbers. Tables II-V illustrate nitro-PAR retention
behavior, measured by log k', as a function of qJ (50:50, 60:40 and 70:30, v/v) and
T (35-65°C). Cross-comparison of acetonitrile and methanol log k' values at the same
volume fraction and temperature revealed two readily apparent observations. First,
nitro-PAR elution order was markedly different between the two organic modifiers.
Second, nitro-PARs were retained in the column much longer by methanol-water than
by acetonitrile-water mixtures. For instance, I-nitropyrene eluted at 22 min with
acetonitrile-water (50:50) (35°C). The same compound eluted after 1.5 h with
methanol-water (50:50) (35°C). Data for compounds eluting after 1.5 h are not
included in this study. Retention time reproducibility was monitored over a nine
month time period with data incorporated in relevant tables.

The dependence of nitro-PAR retention on mobile phase composition was
evaluated by plotting log k' VS. (p at constant column temperature

TABLE I

IDENTIFICATION OF NITRO-PAHs

No. Compound

I 5-Nitroquinoline
2 6-Nitroquinoline
3 5-Nitro-6-methylquinoline
4 8-Nitroquinoline
5 1,8-Dinitronaphthalene
6 1,3,6,8-Tetranitronaphthalene
7 1,5-Dinitronaphthalene
8 IA-Dinitronaphthalene
9 1,3-Dinitronaphthalene

10 3-Nitrodibenzofuran
II 2,4,7-Trinitro-9-fluorenone
12 1-Nitronaphthalene
13 2-Nitro-9-fluorenone
14 2,7-Dinitro-9-fluorenone
15 2-Nitronaphthalene
16 2,6- Dinitro-9-fluorenone
17 2-Nitrobiphenyl

No. Compound

18 3-Nitro-9-fluorenone
19 I-Nitro-2-methylnaphthalene
20 2,7-Dinitrofluorene
21 3-Nitrobiphenyl
22 2,2'-Dinitrobibenzyl
23 4-Nitrobiphenyl
24 9-Nitrophenanthrene
25 2-Nitrofluorene
26 9,IO-Dinitroanthracene
27 3-Nitrophenanthrene
28 9-Nitroanthracene
29 3-Nitrofluoranthene
30 1-Nitropyrene
31 I-Methyl-IO-nitroanthracene
32 6-Nitrochrysene
33 3-Nitroperylene
34 6-Nitrobenzo[a]pyrene
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log k' = log ko - S(fJ
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(1)

where ko is the (extrapolated) value of k' for pure water as the mobile phase (fJ=0).
The slope, S, should be related to the solvent strength of the pure organic solvent14

.

Tables II-V also list the corresponding slopes (slope error), intercepts and correlation
coefficients. Several conclusions were drawn from the data. First, log k' was linearly
related to (fJ. Second, as might be expected 15

, the slope, S, for a particular nitro-PAH
was significantly different between the two mobile phases. Nitro-PAHs had larger
S values with methanol-water than with acetontitrile-water, e.g., the slope for
9-nitroanthracene was 5.06 VS. 3.33, respectively, at 35°C. Third, at each temperature
studied, a wide range of slope values were found for both mobile phases. For example,
the S values ranged between 1.49 and 3.66 for nitro-PAHs in acetonitrile-water at
35°C. This resulted in nitro-PAH elution order sequence reversals for some com
pounds (see tables). Several researchers have observed this phenomena as weIl 2 ,?, 16-18.

Eqn. 2 relates S with log ko

S = p log ko + q (2)

where p and q are assumed to be constants for a given experimental condition.
Schoenmakers et al. 2 plotted S vs. log k o for 32 benzene derivatives (having a wide
range of functionality and molecular structure) in methanol-water (p = 0.79, r = 0.98)
and acetonitrile-water (r = - 0.06). The data revealed that the relationship between
S and log k o was solvent-dependent. Moreover, the slope value greatly differed from
one suggesting that the same solute properties effected S and log k o in much different
ways. In contrast, Quarry et al.? plotted S vs. log k o for seven nitroaromatics in
methanol-water. For these compounds, the same solute properties appeared to
influence S and log k o in a similar manner (p = 1.0, r= 0.99). Shown in Table VI are the
results of S vs. log k o plots for nitro-PARs. Higher correlation coefficients were found
for the compounds studied in methanol-water (r=0.98) than in acetonitrile-water
(r = 0.94). Nevertheless, the relatively small deviation in slope from one suggests that
the same solute properties contribute to S and log k o in the same way. The extent to
which these properties contribute in each organic modifier however was greatly
different as evidenced by the k' values.

TABLE VI

S 1'8. LOG k o PLOTS AT VARIOUS TEMPERATURES

Temperature (OC) p q n

Acetonitrile-water
35 0.94 0.83 ± 0.05 0.87 ± 0.19 34
45 0.95 0.88 ± 0.05 0.77 ± 0.18 34
55 0.95 0.91 ± 0.05 0.72 ± 0.18 34
65 0.94 0.91 ± 0.06 0.74 ± 0.19 34

Methanol-water
35 0.98 0.94 ± 0.04 0.82 ± 0.15 28
45 0.98 0.91 ± 0.04 0.85 ± 0.14 29
55 0.98 0.90 ± 0.03 0.89 ± 0.13 30
65 0.98 0.90 ± 0.03 0.87 ± 0.13 31
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Braumann and co-workers 17
,18 proposed the concept of using log k o as

a measure of the intrinsic property of the solute to partition itself between the
mobile-stationary phases, For all common nitro-PARs, the correlation coefficient for
log kO(CH OH) VS. log k O(CH

3
CN) averaged 0.84 ± 0.01 over the temperature range studied.

The moderate correlation in retention data also suggested that the same molecular
properties contribute to the separation process to much different degrees. These solute
property differences result in greatly different retention behavior for nitro-PARs in the
two organic modifiers.

Nitro-PAH retention as a function of temperature
The extent to which individual nitro-PAR retention decreased was a function of

column temperature. This resulted in elution order reversals for some nitro-PARs (see
Tables II-V). Eqn. 3 describes the relationship between solute retention and column
temperature 12

log k' = -LlRo/2.3RT + (LlSo/2.3R) + log e (3)

where R is the gas constant, T is the absolute temperature, eis the mobile-stationary
phase ratio, LlHo is the standard enthalpy change of solute transfer from the mobile
phase to the stationary phase, and LlSO is the associated change in the standard
entropy.

Summarized in Tables VII and VIII are the results of log k' vs. liT plots at
constant mobile phase composition. (Note: The data for these plots are given in Tables
II-V). The standard enthalpy change, LI~, was constant and independent of
temperature. The negative value indicated that nitro-PAR transfer from the mobile
phase to the C 18 stationary phase was enthalpically favored.

Nitro-PAR LI~ values varied widely in a particular mobile phase composition.
For example, at acetonitrile-water (50:50), LI~ was between 1.32 and 6.96 kcal/mol
(see Tables VII and VIII for other comparisons). In general, as the concentration of
organic in the mobile phase increased, LlHo decreased or remained constant (at the
95% confidence level). Further inspection revealed that nitro-PARs were between 0.24
and 4.4 kcal/mol more favorable to transfer from methanol-water to the C 18

stationary phase than were nitro-PARs in acetonitrile-water. Nitro-PAR LI~ values
were dependent on solute structure as well as the type and concentration of organic
modifier.

Eqn. 4 was used to examine the nitro-PAR transfer mechanism between the
mobile and stationary phases12

. If a linear dependence is observed between log k'
(determined at or close to the harmonic mean temperature, Tcy• l ) and LI~, it implies
that the retention mechanism is similar and that an enthalpy--entropy effect exists in
the solute retention process. The compensation temperature, f3, can be determined
from the slope of log k' vs. - LI~ plot

log k'y = -Ll~/2.3R (liT -1/f3)-(LlG~/2.3Rf3)+ log e (4)

where, k'y is the capacity factor at temperature T and LlG~ is the Gibbs free energy at
the compensation temperature. If a family of compounds exhibit enthalpy-entropy
compensation, the values of f3 and LlG~ will be invariant and the solute transfer process
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is assumed to be identical. On the other hand, differences in LlG~ and f3 suggest
differing solute retention processes. Thus, the compensation temperature provides an
indication of the retention process as a function of the nature and composition of
organic modifier studied.

Plots of log k45 vs. - Ll JfJ yielded an average correlation coefficient of 0.80
± 0.07 for both organic modifiers at the mobile phase compositions studied (n = 18,
3 compositions x 3 runs per composition x 2 organic modifiers). The relatively
moderate correlation suggested different retentive processes for the family of
nitro-PAHs studied. However, much higher correlation, r=O.96 ± 0.03 (n= 18), was
found for some mononitrated PAHs (viz. 1,3,10, 15, 17,23,25,28,30,31 and 33). For
these compounds an enthalpy-entropy compensation effect existed over a wide range
of mobile phase conditions. The plots further suggested that changes in LlJfJ were
countered by changes in LlSo at temperatures near f3, 565 ± 54 K. Moreover, the
compensation temperature fell within the accepted range (554-755 K) reported by
other researchers 10,12.19.20 and thus, the retention process for these compounds
appeared to be same.

CONCLUSION

The data revealed that nitro-PAH log k o values (defined as the solute capacity
factor at 100% water) were dependent on organic modifier. Thus, the assumption that
reversed-phase retention was primarily controlled by solute-mobile phase interactions
was supported by the observed differences in log kO(CH

3
CN) and log kO(CH

3
0H)' The extent

to which the organic modifier influenced the retention process and therefore, log k' was
significant. Nevertheless, the moderate correlation between log kO(CH

3
CN) and log

k O(CH
3

0H) purported that the same solute properties contributed to the separation
process to varying degrees. This was probably due to differences in nitro-PAH
conformation in the two solvent systems. Why some mononitrated PAHs exhibit
enthalpy-entropy compensation was unclear. The relationship cannot be explained by
simple steric or electronic arguments.
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ABSTRACT

A correlation is presented for the partitioning of proteins in aqueous two-phase
systems, The correlation relates the natural logarithm of the protein partition coeffi
cient to the polyethylene glycol (PEG) concentration difference between the phases,
(W1" - W1'), by the equation, In K = A(W1" - Wi') + b(W1" - W1')2. This relation
ship was showQ"to fit protein partitioning data obtained from eight two-phase sys
tems at pH 7.0, four consisting of PEG 8000-Dextran T-500-water systems and four
consisting of PEG 3400-potassium phosphate-water systems. Seven different pro
teins, ribonuclease, lysozyme, trypsin, rhodanese, transferrin, hexokinase and inver
tase, with a molecular weight range of 10 000-270 000, were utilized in this work.
Each of the proteins partitioned with different values of the empirical constants A and
b.

INTRODUCTION

Aqueous polymer two-phase systems such as those composed of polyethylene
glycol (PEG)-dextran-water and PEG-potassium phosphate-water provide both
a gentle and economical means for the purification of biological materials 1,2 . In order
to facilitate their use, a simple method is needed for correlation of partition
coefficients. Such a correlation would provide the groundwork necessary for the
selection of an appropriate system for separation, and the eventual scale up of the
purification process.

The partition coefficient, K, has been postulated as a function of many
parameters, including electrical charge, hydrophobicity, biospecificity, size and
conformation1. Much work has been done to elucidate the effects ofpH3 , the influence
of salts4

,5, hydrophobicity6,
7 and biomolecule and polymer molecular weight8 ,9 on

protein partitioning. Several theoretical models have been proposed for the thermo
dynamic behavior of protein partitioning in aqueous polymer two-phase systems.
Walter et al. 2 and Albertsson et al. 9 have shown that the lattice model of Flory! 0 and
Huggins11 could be used to qualitatively predict protein partitioning. Baskir et al. 12
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have modified the theory ofScheutjens and Fleer13
,14, while King et al. 15 extended the

model of Edmond and Ogston16 to take into account electrostatic charge. However,
a simple correlation still has not resulted. Diamond and Hsu17 presented a linear
semilogarithmic relationship for correlating biomolecule partitioning, with respect to
the PEG concentration' difference between the phases, based on Flory-Huggins
solution thermodynamics. The relationship proved to be adequate for dipeptide and
low-molecular-weight protein partitioning. However, the correlation was not appro
priate for high-molecular-weight proteins, which apparently exhibited partitioning
with non-linear dependence on the PEG concentration difference. In this paper, the
correlation of Diamond and Hsu is generalized to include a quadratic dependence on
PEG concentration difference for high-molecular-weight protein partitioning. The
generalized expression is shown to be applicable to both PEG-dextran-water and
PEG-potassium phosphate-water two-phase systems for seven proteins.

MATERIALS AND METHODS

Materials
Dextran T-500 (Lot 06905) was obtained from Pharmacia (Piscataway, NJ,

U.S.A.). PEGs of molecular weights 3400 (Lot 00304 EV) and 8000 (Lot 02316 EV)
were purchased from Aldrich (Milwaukee, WI, U.S.A.).

Ribonuclease (bovine pancreas), trypsin, lysozyme (chicken egg), rhodanese
(bovine liver), hexokinase (bakers yeast), invertase (bakers yeast) and transferrin
(human) were obtained from Sigma (St. Louis, MO, U.S.A.).

Partition experiments
The PEG 8000-Dextran T-500-water systems at 4°e and the PEG 3400

potassium phosphate-water systems at 200 e were prepared as described earlier1
7-19

and had the following phase compositions (in %, w/w):
(1) Bottom phase: 8.83% dextran-1.63% PEG, top phase: 0.86% dextran

4.91 % PEG
(2) Bottom phase: 14.11 % dextran-0.73% PEG, top phase: 0.11 % dextran

7.03% PEG
(3) Bottom phase: 18.73% dextran-0.43% PEG, top phase: 0.03% dextran

9.27% PEG
(4) Bottom phase: 21.61 % dextran-0.30% PEG, top phase: 0.01 % dextran

10.83% PEG
(5) Bottom phase: 14.06% phosphate-4.23% PEG, top-phase: 8.19% phos

phate-15.96% PEG
(6) Bottom phase: 15.46% phosphate-2.54% PEG, top phase: 7.01 % phos

phate-':19.16% PEG
(7) Bottom phase: 17.41% phosphate-1.30% PEG, top phase: 5.56% phos

phate-23.90% PEG
(8) Bottom phase: 19.41 % phosphate-0.78% PEG, top phase: 4.55% phos

phate-28.15% PEG
The PEG-dextran phase diagram data were taken from Diamond and Hsu1 7,

while the composition ofsystems 5-8 of the PEG-potassium phosphate phase diagram
were obtained from Albertsson 1

.
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Partition experiments were performed as previously described 17, in which the
PEG-dextran-water systems were maintained at pH 7.0 with 0.01 m potassium
phosphate buffer. The potassium phosphate in the PEG-potassium phosphate-water
systems consisted of a mono- to dibasic weight ratio of 0.55, thus maintaining at pH
7.0. A lO-ml volume of phase system was poured into 15 ml polypropylene centrifuge
tubes. A 10-mg amount of protein was added, and the tubes tightly sealed. The protein
was then dissolved by gently mixing the contents of the centrifuge tube with a vortex
mixer. The phases of the PEG-dextran system were allowed to settle for 24 h at 4.0 ±
0.1 °C in a temperature controlled refrigerator, while the PEG-phosphate systems were
permitted to settle for 24 h at 20.0 ± OSC in the laboratory environment. A pasteur
pipet was used to collect the top phase, while the lower phase was drained from the tube
by piercing a hole at its bottom.

Protein concentration was determined by diluting the phase aliquot with water,
and measuring absorbance at 280 nm versus an equally diluted phase blank. The
partition coefficient, K, was defined as protein concentration in the top phase divided
by that in the bottom. Two or more partition experiments were performed for a protein
in a particular system, and the resulting partition coefficients did not differ by more
than 5%. The K values used in this work represent the average value of the measured
partition coefficients.

RESULTS AND DISCUSSION

It has been demonstrated that for low-molecular-weight proteins and small
molecules such as dipeptides, the natural logarithm of the partition coefficient may be
correlated with the PEG concentration difference in a system composed of PEG,
dextran and water l

7. Zaslavsky et al. 20, using dinitrophenylated amino acids, have
also shown that the Gibbs free energy of transfer of a CH2 group varied linearly with
the PEG concentration difference between the phases for a PEG-dextran-water
system. However, they did not provide a theoretical basis for their plot. The linear
relationship between In K and the PEG concentration difference, as derived from
Flory-Huggins polymer solution thermodynamics, was found to be l7

:

In K = A(w'{ - W'l) (1)

where w is weight percent, the subscript 1 refers to PEG, and the double and single
prime superscripts represent the top and bottom phase, respectively. The slope, A, is
a function of biomolecule and polymer molecular weight, and the interaction of the
biomolecule with the polymers and water. The above relationship was not applicable
to high-molecular-weight proteins which tended to deviate from eqn. 1. Introducing
a second degree term into eqn. 1 yields the following relationship:

In K = A(w'; - W'l) + b(w'; - w'd 2 (2)

Although empirical in nature, the coefficient b, like A, may reflect the interaction of the
protein with the polymers and water. Eqn. 2 may be simplified by dividing through by
Wi; - Wi! to yield the linear relationship:

(3)
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Fig. I. Correlation of low-molecular-weight protein partitioning data in the PEG 800o-Dextran
T-500-water system according to eqn. 3. 0 = Ribonuclease; • = trypsin; 6 = lysozyme.
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Fig. 2. Correlation of high-molecular-weight protein partitioning data in the PEG 800o-Dextran
T-500-water system according to eqn. 3. 0 = Rhodanese; • = hexokinase; 6 = invertase; ... =
transferrin.
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Fig. 3. Correlation of protein partitioning data in the PEG 3400-potassium phosphate-water system
according to eqn. 3. 0 = Ribonuclease;. = trypsin; 6 = lysozyme;'" = rhodanese; 0 = hexokinase;
• = invertase; \l = transferrin.
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TABLE I

THE CORRELATION CONSTANTS, A AND B, OF EQN. 3 FOR PROTEIN PARTITIONING IN
THE PEG 800o-DEXTRAN T-50o-WATER AND PEG 340o-POTASSIUM PHOSPHATE-WATER
PHASE SYSTEMS

Protein Molecular lsoelectric PEG 8000- PEG 3400-
weight pH Dextran T-500· potassium phosphate

A b A b

Ribonuclease 12600 9.3 - 6.7 - 30 -16.4 30
Lysozyme 13900 11.0 -16.1 30 - 5.6 4
Trypsin 23200 8.7 - 4.8 - 20 -12.9 30
Rhodanese 37570 4.7 8.0 -180 -21.1 60
Transferrin 77 000 5.9 1.1 -190 -47.3 120
Hexokinase 102000 4.7 11.9 -190 -31.5 90
Invertase 270000 4.0 17.3 - 39 -46.9 130

• System contains 0.01 m potassium phosphate buffer, pH 7.0.

Eqn. 3 was tested by partitioning seven proteins in two types of aqueous two-phase
systems. Figs. 1 and 2 represent the partitioning data for three low-molecular-weight
proteins and four high-molecular-weight proteins, respectively. The system utilized
was PEG 8000~Dextran T-50o-water at 4°C. Similarly, in Fig. 3, the same seven
proteins have been partitioned in the system composed of PEG 3400-potassium
phosphate-water at 20°C. The values of A and b for each of the proteins in the two
systems as obtained by unweighted least squares fitting of eqn. 3, along with protein
molecular weight and isoelectric pH, are presented in Table I. It should be pointed out
that the A values for ribonuclease, lysozyme, and trypsin were found to be -9.0,
-13.4 and -6.1, respectively, when correlated according to eqn. 117 . These values
differ slightly from those reported in Table I due to the equation of regression.

Examination ofFig. 1reveals that, although the regression lines are not perfectly
horizontal, the second term of eqn. 3 appears to be small compared to the first term
(the intercept, A) for the low-molecular-weight proteins. Since the low-molecular
weight proteins in the PEG-dextran system partitioned according to eqn. 117 , then
b will be small, and the plot of eqn. 3 will approximate a horizontal line.

In Fig. 2, the linear relationship of eqn. 3 was tested in the PEG-dextran system
for the high-molecular-weight proteins, rhodanese, hexokinase, invertase and trans
ferrin. The linearity obtained for each of the proteins suggests that the addition of the
second degree term was appropriate.

The partitioning data for the seven proteins in the PEG-phosphate system was
correlated according to eqn. 3 and is presented in Fig. 3. The linear relationships for all
of the proteins verify the applicability ofeqn. 3 to protein partitioning in the PEG-salt
system. Since the PEG-salt systems are more economical than PEG-dextran
two-phase systems for protein purification2

, the results should be useful for the
selection of the proper phase system.

Although eqn. 3 must at present be considered empirical, a trend is observed
when the A values for the proteins are compared with their molecular weights. The
A term was found to be both a function of protein molecular weight and the interaction
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of the protein with the polymers and water. Examination of the PEG-dextran data in
Table I reveals that as protein molecular weight is increased, the A value shows an
increasing trend. A similar trend is observed for the PEG-phosphate data where A, in
general, becomes more negative as protein molecular weight is increased. However,
a definite relationship can not be established between protein partitioning and
molecular weight unless the protein-polymer and protein-water interaction can be
measured. In addition to these interactions, the protein tertiary structure must be
known at each tie of the phase diagram since the interactions will change with the
three-dimensional structure of the protein. It also has been shown that the primary
structure of a protein has an effect on partitioning behavior in PEG-phosphate
system l9

.

It should be pointed out that eqn. 3 is applicable over a region of the phase
diagram where partitioning experiments are most frequently performed. When using
eqn; 3, the question arises as to what happens when w'; - W'l = 0, i.e., the plait point is
reached, or when w'; - W'l becomes very large, i.e., far removed from the plait point. At
the plait point, the composition of the two phases is identical, and the partition
coefficient is unity. Therefore, In K/(w'; - wD = 0/0, and is undefined. However,
according to eqn. 3, it can be seen that In K/(w~ - W'l) approaches A as w'i - W'l

approaches zero. To verify whether this limit is true, partition experiments must be
performed close to the plait point. At present, no such data exists in the literature due
to the sensitivity of the two-phase systems near the plait point, and the closeness of the
K values to unity. Similarly, when w'; - W'l becomes large, In K/(w'; - W'l) should
large. However, partitioning far removed from the plait point is difficult to perform
due to the high viscosity of the phases, limited solubility of the protein at high polymer
concentrations, and the problem of denaturation and precipitation at the interface.

CONCLUSIONS

Based on the relationship ofeqn. 3, an empirical equation has been presented for
correlating protein partitioning in PEG-dextran-water and PEG-potassium phos
phate-water two-phase systems at pH 7.0. The relationship was found to apply to the
seven proteins partitioned in the above two-phase systems. Future work involves
applying the equation to other aqueous two-phase systems, and varying environ
mental parameters such as temperature, pH and ionic composition.
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ABSTRACT

A tridentate ligand, trimethoxysilylpropyldiethylenetriamine, was bound to sil
ica and studied as a stationary phase for reversed-phase ligand-exchange chromato
graphy, The tridentate stationary phase "triamine" yielded more stable metal com
plexes, i.e., better metal loading efficiencies than previously reported diamine and
monoamine stationary phases. This triamine packing with its enhanced metal loading
properties was evaluated to identify the key factors that affect solute retention and
selectivity. Mobile phase properties like buffer ionic strength and metal concentration
greatly affected retention, while type of metal, i.e., Znll , Cdll, HgII

, CUll or Nill greatly
affected selectivity. The choice of mobile phase organic modifier significantly affected
both retention and selectivity. Methanol-water mobile phases elicited relatively little
metal binding per triamine site, with HgII

, ZnII
, Nill and Cdll occupying 32, 9.5, 7.8

and 5.7%, respectively. Changing the organic modifier from methanol to acetonitrile
provoked a dramatically different but consistent pattern of metal loading to the
triamine. The ratio of loaded metal with the acetonitrile modifier was 2.3 ± 0.1 fold
higher than that observed for the methanol modifier in each of the cases tested.
Factors found to affect metal loading to the stationary phase were the type of metal
and the mobile phase solvent. The loading of metals onto the silica-bound triamine
correlated directly to metal basicity. The variety of solute selectivities obtained in this
study indicate that the key solute-metal interactions are a function of metal and
solute functional group basicities and the number and spacing of solute functional
groups possessing lone-pair electrons capable of interacting with the metal. Retention
can be greatly enhanced when multiple functional groups possessing donatable elec
trons are present: functionalities containing nitrogen, sulfur or oxygen. Ring-sub
stituted nitrogen, sulfur or oxygen atoms i.e. piperdines, pyrimidines, purines, xan
thines and triazoles, enhance retention more than non-ring-substituted
functionalities, such as carboxylic and sulfonic acids. The presence of non-electron-

a Present address: Berlex Laboratories Inc., 110 East Hanover Avenue, Cedar Knolls, NJ 07927
U.S.A.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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donating functionalities in close proximity to strong interacting groups resulted in
significant decreases in retention due to steric hindrance of solute lone-pair electrons
to the metal coordination sphere. It is suggested that the mechanism of ligand-ex
change retention on this triamine phase involves the reversible binding of a metal to
the stationary phase followed by outer-sphere solute-metal complexation.

INTRODUCTION

In 1961, Helfferich 1 first introduced the term "ligand exchange" illustrating how
metal ions (CUI, CUll, Ni ll , Ag' and COlli) when loaded onto an ion exchanger could
separate or isolate ammonia, organic amines, polyhydric alcohols, olefins and anions
oforganic acids and amino acids by forming complexes of varying strengths with these
metals. In ligand-exchange chromatography (LEC) the interaction between solute and
stationary phase is accomplished primarily via the coordination sphere of the
complex-forming metal ion. Reviews of early work in LEC have been published by
Davankov and Semechkin2

, Waiton3
, and Chow and Grushka4

.

Compounds amenable to separation by LEC include those which contain
lone-pair electrons or n-orbitals, e.g., isomers or homologues of organic compounds
containing nitrogen, oxygen and sulfur. Examples of LEC separations of amino acids
and peptides5-10, nucleosides and nucleotides 11, olefins12-15, heterocyclics16,17 and
aromatic amines 18 ,19 now appear in the literature.

The purpose of this work was first to identify an amine-based packing that could
give enhanced ligand-exchange retention and selectivity over previously reported
mono- and diamine packings; second, to study those parameters and conditions that
affect retention and selectivity in reversed-phase LEC using a silica-bonded triamine
stationary phase; and last to characterize the stationary ligand (triamine)-metal

.interaction and the stationary ligand-metal-solute interaction as influenced by metal
type and mobile phase organic modifier.

The metal loading of the triamine stationary phase, expressed as the moles/gram
of CUll loaded divided by the molar quantity ofligand per gram, was superior to either
the mono- of diamine packings. The metal loading of CUll to each packing was
approximately 0.1, 0.2 and 0.5 for the mono-, di- and triamine stationary phases,
respectively. Chromatographic utility of the triamine was investigated by evaluating
retention characteristics of compounds with various functional groups. Substituted
naphthalenes, benzoic acids and compounds containing one or more heterocyclic
nitrogen were chosen as study solutes. All solutes could be detected by UV without
metal interference. The substituted naphthalenes were used to quantify the magnitude
of the effect of different exocyclic and heterocyclic functionalities on LEC retention,
the substituted benzoic acids were used to determine the effect of substitution of
a non-ligand-exchanging group, and, finally, the substituted xanthines were used to
elucidate the LEC retention mechanism.

The metals used in this study, Znll, Cdll, HglI
, Nilland CUll, were chosen based on

their properties. The former three metals are water-soluble, have a wide range of
basicities and represent a homologous series with filled d-shells. Consequently, the
stereochemistry of the complexes of these metals will be based solely on considerations
of size. electrostatic forces and covalent binding forces. Nill was chosen for study as it is
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a water-soluble d-8 metal that contains a large crystal field component. The choice of
these metals allowed the use of UV detection in the range 240-290 nm. An experiment
was also conducted utilizing CUll because its use has been described extensively in the
LEC literature.

EXPERIMENTAL

Chromatographic apparatus
A modular chromatographic system consisting of a WISP 7l0B (Waters Assoc.,

Milford, MA, U.S.A.) autosampler, Model 400 solvent-delivery system (Kratos
Analytical, Ramsey, NJ, U.S.A.), Model 773 variable-wavelength detector (Kratos),
normally at 254 nm, and an HP 3388 integrator-computer (Hewlett-Packard, Palo
Alto, CA, U.S.A.) was used. The pH of aqueous solutions was determined using
a digital Orion pH meter. To avoid baseline instability from variation in temperature
columns were jacketed at 30 ± 1°C using a column oven (Jones Chromatography,
U.K.).

Reagents and chemicals
Reagent-grade trimethoxysilylpropyldiethylenetriamine was obtained from

Petrarch (Bristol, PA, U.S.A.). The 1O-J.lm irregular silica gel of 60 Apore diameter
and 500 m2 jg surface area, Polygosil 60-10 (Macherey-Nagel), was obtained from Ace
Scientific (East Brunswick, NJ, U.S.A.). Metal salts and buffers were obtained from
Aldrich (Milwaukee, WI, U.S.A.). The solvents used for HPLC were obtained from
Burdick & Jackson (Muskegon, MI, U.S.A.). All xanthines were kindly supplied by
Berlex Labs. (Cedar Knolls, NJ, U.S.A.). The remaining solutes were obtained from
Aldrich or Sigma (St. Louis, MO, U.S.A.).

Preparation of bonded phase
A 250-ml aliquot of toluene was added to a 500-ml round-bottom flask and

heated with slow stirring. Once the temperature of the toluene reached 50°C, 50.00 g of
Polygosil60-10 silica gel were slowly added to the flask. Following the addition of the
silica gel, a 1.00-ml aliquot of distilled water was added to the flask. The temperature
was increased to allow azeotropic distillation of all water and ca. 50 ml of toluene
thereby obtaining dry toluene and silica.

The reaction mixture was allowed to cool to 60°C with constant stirring.
A 25.8-ml aliquot of trimethoxypropyldiethylenetriamine was added to the flask. The
reaction mixture was refluxed for 20 h with constant stirring. At the conclusion of the
reaction the mixture was cooled to room temperature and the toluene decanted. The
silica-bonded triamine was washed with ca. 1 1of chromatographic-grade methanol
and dried for 12 h at 70°C in a vacuum oven. The phase was slurry-packed into 15 cm
x 4.6 mm LD. stainless-steel columns.

Measurement of metal loading
The measurement of metal breakthrough volume was determined colorime

trically using a dye solution containing a 0.2 mgjml solution of pyridine-2-azo-p
dimethylanaline (Sigma). The mobile phase was concomitantly monitored at 210 nm
(290 nm for nickel) during metal loading.
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Mobile phase metal content and detection sensitivity
Solute sensitivity using UV detection at 254 nm was affected only when either

CUll or HgII was present in the mobile phase. HgII mobile phases were operated at 268
nm where the metal has a lower absorption band. Because of the strength of the
Trien-Cull complex, columns loaded with CUll could be operated without metal in the
mobile phase for up to 4 h.

RESULTS AND DISCUSSION

Characterization of the triamine stationary phase
Based on C, Hand N analysis, the surface coverage of the triamine to the

Polygosil 60-10 was calculated to be 1.3 ,umoljm2
, with 6.57 . 10--4 mol triamine per

g packing or a 13.4% triamine loading.
The triamine stationary phase dissociation constants were determined by

titration. Two pK. values were observed in the 9.5-10 range while the third was
observed in the acidic range of 4.2. For steric reasons the latter pK. was attributed to
the central amine of the triamine. These numbers are in rough agreement with those
reported for a similar compound, l-amino-2-(2-aminoethyl)amino ethane: 9.9, 9.1 and
4.3 (ref. 20).

Metal loading on triamine stationary phase
The extent of loading of the triamine sites at equilibrium with a given metal were

calculated for the mobile phases and are presented in Table I. The methanol-water
mobile phases elicited relatively little metal binding per triamine site, with HgII

, Znll,
Nilland Cdll occupying 23,9.5, 7.8 and 5.7%, respectively. The loading of the above
metals onto the triamine from methanolic mobile phase was proportional to the
basicity of the metal.

Changing the organic modifier from methanol to acetonitrile provoked
a dramatically different but consistent pattern of metal loading to the triamine. Again,
the extent of metal loading onto triamine sites followed the metal basicity in all cases.
Interestingly, the ratio ofmetal loaded with the acetonitrile modifier was 2.3 ± 0.1 fold
higher than that observed for the methanol modifier in each of the cases tested.

The volume of mobile phase for metal breakthrough was determined by
appearance of metal in the effluent. At that point, each metal was at equilibrium for
a given mobile phase except for Nill in methanol which continued to bind for 48 ml.

The triamine-metal complexes, except in the case of CUll where a fairly stable
complex was formed, were fairly weak and easily reversed by passing through a mobile
phase without metal. All the d-lO metals tested eluted from the triamine stationary
phase at essentially the same rate. The metals possessing unfilled d-orbitals and more
rigid coordination formed the more stable complexes owing to lower exchange rate of
metal-triamine ligands with mobile phase ligands.

Following the use of an LEC mobile phase, a column was washed with
approximately fifty column volumes of an acidic mobile phase, 35:65, (vjv) acetoni
trile-water containing 5 ml glacial acetic acid.

Triamine as an ion exchanger
For proper assessment of the solute functional group effect in LEC, solute-
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stationary phase interaction in the ion-exchange mode (mobile phase minus metal) was
established first. A series of substituted naphthalenes were injected into the HPLC
system operated in the ion-exchange mode as presented in Table II.

Introduction of the functionalities hydroxy, amino, cyano and aldehyde to the
naphthalene backbone contributed little to retention on the triamine when operated in
the anion-exchange mode. Furthermore, naphthalenes with single or multiple
heterocyclic nitrogen substitutions were generally less retained than naphthalene
mainly because the heterocyclic naphthalenes and the triamine possess common
functionalities. Predictably, significant increases in retention were observed when
anions such as carboxylic acids and sulfonic acids are substituted onto naphthalene.

Triamine as a ligand exchanger
Study of substituted naphthalenes and similar compounds. The capacity factors

(k') of the substituted naphthalenes on the triamine phase, operated in the ligand
exchange mode, were determined with the mobile phase containing CdlI

, Zn lI
, Ni ll or

Hg lI (Table II). In order to separate the pure solute ligand-exchange retention effects
from those inherent in the silica-bonded triamine alone (i.e. no metal present)
a so-called ligand-exchange capacity factor, k", was calculated for each solute as
follows:

k"
k'(LE) - k'(IE)

k'(IE)
(I)

where k'(LE) is the capacity factor of a solute versus a non-retained species when
a metal is present in the mobile phase and k'(IE) is the capacity factor ofa solute versus
a non-retained species when no metal is present in the mobile phase. Using eqn. 1 the
"pure" ligand-exchange effects on a solute can be evaluated. If ligand-exchange
retention was less than ion-exchange retention, k" was defined as zero. Solutes with k"
~ 0.2 for all metals (naphthalene, I-naphthol, I-cyanonaphthalene, I-naphthalde
hyde and 1,4-naphthoquinone) have been omitted from Table II.

Where single functional groups are concerned, the difference in basicity of solute
and metal was the key determinant to retention. In the case of molecules containing an
alcohol, aldehyde or quinone functionality, the basic metals Ni lI

, CdlI and ZnlI had
essentially no effect on ligand-exchange retention, and cyano and amino functionali
ties show very minor effects. Conversely, these "basic" functional groups displayed
a much greater affinity for, and were retained in the presence of acidic Hg lI

.

Modest retention increases were noted for solutes with various heterocyclic
nitrogen ring substitutions. The difference in the basicity of solute and metal appears
to be the controlling factor to each ligand-exchange interaction. The role of metal
coordination sphere size and "fit", however, also appear to influence retention. In the
case of ZnlI and HgII complexation, the fit also appears better for quinazoline while
quinoline appears better for Cd ll

.

Study ofsubstituted benzoic acids. The ligand-exchange retention properties of
benzoic acids substituted at the p-position were studied on the triamine phase loaded
with CdlI in order to quantify the effect on retention of substitution of a non-ligand
exchanging group away from the exchanging functionality. Alkyl substitution at the
p-position of C1-Cs had no significant effect on retention. Also, mono-. di- or



152 T. R. KOZIOL, M. L. GRAYESKI

trimethyl substitution close to the ligand-exchanging carboxyl group (2,4-, 2,5-, 2,6- or
2,4,6-methyl substitution) had little effect on retention. Steric hindrances to the
carboxy functionality were not sufficiently established by methyl substitutions near the
acidic carboxyl group.

Study ofsubstituted xanthines. A series of substituted xanthines were studied to
further elucidate the retention mechanism in LEC (Table III). EssentiaIly no retention
was observed for these solutes when injected into the system operated in the
ion-exchange mode; therefore, retentions observed in LEC could only be attributed to
metal-solute interactions.

The xanthine backbone is rigid and essentially planar21
-

23
, allowing the effect of

the solute in metal-solute interactions to be more easily interpreted. Also, depro
tonated xanthine bases exhibit a variety of nucleophilic sites which do not differ
significantly in their electronic properties24

. The literature25
-

3o illustrates that
metal-xanthine binding, via inner-sphere complexation, takes place mainly in the
imidizole ring, at atoms N-7 and N-9, under basic conditions where the heterocyclic
nitrogens are not protonated. Stability studies of theophylline-ZnlI complexes31 have
shown that the complex rapidly breaks down below a pH of9.0 where atom N-7 is
protonated.

The LEC retention of xanthines within each metal studied appears to be
controlled by electrostatic effects between multiple functional group interactions and
the metal. Xanthine was the most retained solute in all cases; in fact, the interaction
was so strong that it only eluted in the ligand-exchange mode on the lightly loaded
Nill-triamine. Based on molecular distances between functionalities of xanthine
possessing lone-pair electrons, the molecule is capable of ten metal interactions at
atoms N-7 0-6-N-7, N-7-N-9, N-9, N-3-N9, N3, N-l, 0-6-N-l, 0-2-N-I and
0-2-N-3 (ranked in order of importance).

TABLE III

RETENTION OF SUBSTITUTED XANTHINES ON THE TRIAMINE PHASE USING ACETO
NITRILE-BUFFER MOBILE PHASES CONTAINING VARIOUS METALS

Chromatographic conditions: 15 cm x 4.6 mm I.D. triamine column; mobile phase, acetonitrile-water (3:7,
v/v) containing 0.0667 M ammonium acetate, 0.133 M sodium chloride and 0.004 M metal acetate, pH 6.9;
flow-rate, 2.0 ml/min, detection, UV at 254 or 268 nm (for Hg). In the study of HglI the chloride salt was
used. The CUll data were collected by first pre-loading the column with metal then switching to a mobile
phase minus metal; the system was stable for several hours.

k'

Solute No metal(II) Nill Zn ll Hg/l CUll

Xanthine 0.19 5.0 DNE" DNE DNE
l-Methylxanthine 0.12 3.2 DNE 16.0 DNE
3-Methylxanthine om 1.2 21.0 7.30 DNE
3,7-Dimethy1xanthine 0.01 0.34 0.54 1.80 1.10
1,3-Dimethylxanthine 0.01 0.87 14.7 2.40 17.6
1,7-Dimethylxanthine O.oI 0.60 DNE 1.86 2.09
1,3,7-Trimethylxanthine 0.00 0.14 0.22 0.61 0.46

" DNE: solute did not elute in 60 min.
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In the xanthine molecule, the most important binding site, atom N-7, is only
partially ionized as compared to the other substituted xanthines. This is advantageous
to stronger binding at the N-7 atom with concomitant 0-6 hydrogen bonding to other
ligands, probably water or solvent, in the metal coordination sphere. The N-9 atom
can be considered to moderately affect retention, while binding influences from atoms
N-I, N-3 and 0-2 are considered to be small. The N-I position is protonated and
sterically hindered by the two neighboring oxo functionalities, while N-3 is also
protonated.

The effect of changing mobile phase metal on the retention of substituted
xanthines was also studied in a methanol-water mobile phase (Table IV). Substituted
xanthines were slightly retained on the triamine phase operated in the ion-exchange
mode. The slight retention by ion exchange was caused by the poor solubilities of the
xanthines in this mobile phase. Retention was, therefore, achieved by the aversion of
the solute for the mobile phase which allowed longer interaction with the stationary
phase.

TABLE IV

RETENTION OF SUBSTITUTED XANTHINES ON THE TRIAMINE PHASE USING METHA
NOL-WATER MOBILE PHASES CONTAINING VARIOUS METALS

Chromatographic conditions: IS cm x 4.6 mm J.D. triamine column; mobile phase, mcthanol~water (35:65,
v/v) containing either no metal or 0.005 M metal acetate, pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254
or 268 nm (for Hg). In the study of Hg" the chloride salt was used.

k'

Solute No metal(lI) Zn ll Cdll Nill Hgll

Xanthine 1.26 ONE" ONE ONE ONE
I-Methylxanthine 0.85 ONE ONE 24.2 ONE
3-Methylxanthine 0.61 ONE 2.31 4.45 ONE
3,7-Dimethylxanthine 0.32 0.55 0.39 0.43 5.87
1,7-0imethylxanthine 0.37 ONE 1.00 1.88 14.4
1,3-Oimethylxanthine 0.50 9.86 1.51 3.07 0.43
1,3,7-Trimethylxanthine 0.32 0.32 0.33 0.36 0.89
1,3,7,9-Tetramethylxanthine 0.32 0.32 0.36 0.36 0.44

a ONE: solute did not elute in 60 min.

Spectroscopic studies of xanthine and metals were carried out in the mobile
phases tested in order to determine the mechanism of complexation between the
various metals and the xanthine at pH 6.9. Based on the experimental results, the
possibility of solute-metal inner-sphere complexation was ruled out. It can then be
assumed that the electron transfer process in reversed-phase LEe on the triamine
phase involves intact coordination spheres. The reactant ions do not come into
intimate contact but are separated by ligands at the time of electron transfer, i.e.
outer-sphere complexation. This result would be expected based on the previously
reported xanthine-metal complexation data and because almost all the nitrogens are
ionized.
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Study of other chromatographic parameters afTecting LEC retention on the triamine
phase

Mobile phase metal concentration. The effect of varying mobile phase Znll

concentration from 0.0002 to 0.02 M on a set of test solutes was determined using Zn ll

as the acetate salt in the mobile phase. The ionic strength of the mobile phase was kept
constant using ammonium acetate. Dramatic increases in solute retention were
observed accompanied by changes in separation factor (Fig. 1). Over a limited range of
Znll concentrations, e.g. 2-8 mM, a linear relationship was observed between the
molar concentration of metal and the k' of a solute.

Ionic strength. The effect of mobile phase ionic strength on retention of solutes
on the triamine phase was evaluated by varying the amount of ammonium acetate
buffer in acetonitrile-water (1:1, v/v) containing 0.004 M Zn ll at pH 6.9. Increasing
ionic strength of the mobile phase from 0.13 to 0.23 and then to 0.33 resulted in
approximately a 2.5-fold loss in capacity factor per increment for the solutes
8-chlorobenzotriazole, I,7-dimethylxanthine and theophylline.

To evaluate the effect of counter-ion type on retention, the ionic strength of
a mobile phase containing Znll was held constant while a portion of the ammonium
acetate buffer was replaced with sodium chloride. Significantly increased retention was
observed with the weaker chloride anion.

Mobile Phase pH. pH 6.8-6.9 was chosen for these comparative ligand-exchange
studies based on the criteria that a common mobile phase had to be found that could
solubilize all metals under investigation. Studies on the effect of mobile phase pH on
the ligand-exchange retention based on extent of solute ionization have been
conducted by Lindner et al. 32.

Column quality under LEC conditions
Column stability and reproducibility. In order to test column stability and column

reproducibility, a column was selected from each of three different triamine reaction

125,r------------...----...,

Fig. 1. Effect of metal concentration (wide range). Chromatographic conditions: 15 em x 4.6 mm J.D.
triamine column; mobile phase, acetonitrile-water (35:65, v/v) containing 0.2 M ammonium acetate and
various concentrations of zinc acetate, pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254 nm.
e = 3-Methylxanthine; 0 = 1,7-dimethylxantine; f':" = 5-chlorobenzotriazole; 0 = theophylline;
o = p-amiliobenzoic acid.
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batches and operated with various mobile phases and metals. A test solute,
p-aminobenzoic acid, was injected into a mobile phase of acetonitrile-water (I: 1, vIv)
containing 0.1 M ammonium acetate at pH 6.9 onto each column before and after use
with each mobile phase containing metal. The k' of the test solute did not change (range
6.87-6.97), illustrating that not only could each metal be removed, but also no column
degradation took place.

Chromatographic quality. Chromatograms of p-aminobenzoic acid under the
ion-exchange and ligand-exchange chromatographic conditions illustrated in Table n
are shown in Fig. 2. The peak shapes shown for p-aminobenzoic acid are typical and
represent a compound that had moderate increased capacity over the ion-exchange
mode when chromatographed in the LEC mode. The number of theoretical plates (N),
calculated by

N = 5.54 [retention time (s)]/peak width at half-height (S)]2,

observed for the solutes tested in Table II ranged from 1000 to 2000. Asymetry,
assessed as tailing factor (calculated at 10% peak height: peak width front/peak width
tail, generated from construction of perpendicular line from peak maximum),
averaged approximately 0.8. The latest eluted solute, 8-aminonaphthalene sulfonic
acid with k' = 34.5, exhibited a tailing factor of 0.34. The solute, 8-hydroxyquinaline,
exhibited the poorest mass transfer characteristics of all compounds tested (n = 10). It

c

D

I I I I I I I I , I I
o 4 8 12 16 20

minutes

Fig. 2. Chromatograms of p-aminobenzoic acid when chromatographed in a common mobile phase
containing different metals. Chromatographic conditions: 15 em x 4.6 mm I.D. triamine column; mobile
phase, methanol-water (35:65. v/v) containing 0.004 M ammonium acetate or 0.004 M metal (as acetate or
chloride), pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254 nm. (A) No metal added to mobile phase; (B)
mobile phase containing Hg: (C) mobile phase containing Cd; (D) mobile phase containing Zn, (E) mobile
phase containing Ni.
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is postulated that this compound can inner-sphere coordinate with the metals tested
making it a poor candidate for LEe.

Application of LEe
The separation of xanthines has historically been a difficult task. In order to

study the metabolism and pharmacokinetics of theophylline (l,3-dimethylxanthine)
one must first chromatographically separate it from its metabolites as well as caffeine
(l,3,7-trimethylxanthine). It is particularly diffficult to separate the metabolite
1,7-dimethylxanthine from its parent compound31

.
33
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Fig. 3. Examples of ligand-exchange separations of 1,3-dimethylxanthine from 1,7-dimethylxanthine.
Chromatographic conditions: ]5 cm x 4.6 mm I.D. triamine column; mobile phase, acetonitrile-water (3:7,
v/v) containing ammonium acetate and/or sodium chloride and 0.005 M metal acetate, pH 6.9; flow-rate, 2.0
ml/min; detection, UV at 254 or 268 nm (for Hg). Solutes, 1,3-dimethylxanthine (I) and 1,7-dimethyl
xanthine (2). (A) Mobile phase containing Ni, 0.1333 M sodium chloride and 0.0667 M ammonium acetate;
(B) mobile phase containing Hg, O. I333 M sodium chloride and 0.0667 M ammonium acetate; (C) mobile
phase containing Zn and 0.2 M ammonium acetate; (D) mobile phase equilibrated with Cu, 0.1333
M sodium chloride and 0.0667 M ammonium acetate.
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Using the LEC systems described in this paper, a wide range of selectivities can
be attained for xanthines. Separation factors between theophylline and 1,7-dimethyl
xanthine in the methanol-water mobile phase were 1.51, 1.63, 33.5 and infinity for
CdH, NiH, HgH and ZnH, respectively, while separation factors in the acetonitrile-buffer
mobile phase were 1.45, infinity, 1.3 and 8.4, for NiH, Znu, HgU and CUll, respectively.

Comparison of the separation factors obtained for the theophylline/I,7-dime
thylxanthine separation for NiH and Hg lI loaded onto triamine when mobile phase
organic solvent was changed from acetonitrile to methanol resulted in selectivity
changes of 100 and 600%, respectively. These changes again illustrate the effect of
solvent and the wide range of separations that are possible (Fig. 3).

CONCLUSION

The silica-bonded tridentate amine stationary ligand yields more stable metal
complexes, resulting in better metal loading efficiencies, than previously reported
bidentate and monodentate amine silica-bonded ligands studied in reversed-phase
LEe.

LEC can be applied to routine, yet specific chromatographic separation
problems encountered in the analytical laboratory. Compounds amenable to separa
tion by LEC include those which contain lone-pair electrons or n-orbitals, e.g., isomers
or homologues of organic compounds containing nitrogen, oxygen and sulfur.

Solute-metal interactions in ligand-exchange chromatography are determined
by factors such as the number of sites capable of donating electron pairs, the
ionizability of each site, steric hindrances imposed by bound and/or neighboring
functionalities, the hardness of a metal, the intermolecular distances between key
functionalities and the ability of other ligands in the metal sphere to form hydrogen
bonds to solute functionalities creating a more stable chelated outer-sphere complex.

Retention can be greatly enhanced when multiple functional groups possessing
donatable electrons are present: N-, S- and O-containing functionalities. Ring
substituted N, Sand 0 atoms, i.e., piperidines, pyrimidines, purines and triazoles,
enhance retention more than non-ring -substituted functionalities, such as carboxylic
and sulfonic acids.

Key mobile phase factors affecting solute retention include the metal,concen
tration, buffer ionic strength and percentage organic modifier, while solute selectivity
is mainly governed by the choice of metal and organic modifier.

The mechanism of chromatographically useful ligand-exchange retention on the
triamine phase is postulated to involve a process in which metal is reversibly "bound"
to the stationary triamine phase through chelation of the metal coordination sphere to
the amine functionalities of the triamine. This triamine-metal(II) complex can then
interact with sterically unhindered functional groups containing lone-pair electrons
according to the scheme

triamine ---- metal(II) * ** * solute,

where * * * * represents an outer-sphere attraction and ---- represents an inner
sphere coordination.

The limitations of reversed-phase LEC are related to the requirement that
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a metal be present in the mobile phase. Consequently, practical considerations can
include metal precipitation, limited UV detection and waste disposal.
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ABSTRACT

The details of construction and operation of an alternating current plasma
(ACP) detector supported with helium gas for reversed-phase high-performance
liquid chromatography is described. The system is evaluated as a selective detector for
the determination of organomercury compounds, The chromatographic eluent is in
troduced into the plasma by means of a frit nebulizer and the plasma can tolerate the
nebulization of 100% methanol without extinguishment. Detection limits of methyl
mercury chloride and ethylmercury chloride were found to be 4.5 and 2.2 ng Hg/sec,
respectively, In the nanogram to microgram mass range studied the precision was
found to be less than 10% (relative standard deviation). The detection of organomer
curials in complex sample matrices illustrates the selectivity of the ACP detector.

INTRODUCTION

The advantages of high-performance liquid chromatography (HPLC) in
combination with plasma emission detectors has been described during the last
decade l

-
4

. One attractive feature of this type of detectors is their capability for
elemental speciation permitting the determination of organic molecules containing
a specific heteroatom in a very complex sample matrix, where resolution of a desired
compound and matrix interferences may affect its detection. The choice of a suitable
detector is one area that should be considered for the utilization of HPLC for
speciation purposess.

There are three principal plasma sources that have been evaluated as specific
detection modes in HPLC: direct current plasma (DCP), inductively coupled plasma
(ICP) and microwave-induced plasma (MIP). Most studies have focused on the
combination ofHPLC with ICP and many applications have been reported6

-
11

• The
introduction of the direct injection nebulizer (DIN) has made the technique more
attractive 12

,13. The extensively reported fact that the DCP is compatible with a wide
variety of solvents has facilitated its combination with HPLC 14

-
17

. However, the
interface of HPLC and MIP has been more challenging because of the low tolerance of
the MIP towards organic solvents typically used in HPLC although this situation has

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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been addressed by mixing the plasma gas with oxygen 18 and modification of the design
of the discharge tube. In addition, this type of plasma can accommodate solutions
containing up to 90% (v/v) methanol in water. More powerful and costly He-MIP
(500-W) detectors have been also investigated 19,20. A low power (IOO-W) He-MIP
with a moving wheel sample transport-desolvation interface has also been described 21.
The aqueous solvent is evaporated with a nitrogen flow at elevated temperatures in
order to reduce interferences due to the solvent. However, this device is in
a preliminary stage and the effect of organic solvents was not reported.

In a recent communication our laboratory reported an alternating current
plasma (ACP) detector for gas chromatography (GC)22. The self-seeding plasma
could tolerate high mass flow-rates of organics without extinguishment. The
performance of the ACP detector was comparable with that of the MIP detector for
Gc. The compatibility with large injected aliquots of organics strongly suggested the
possibility ofextending its application into HPLC as an inexpensive detector, simple in
construction and operation. In this communication the interface and operation of the
detector in tandem with HPLC in the reversed-phase mode are reported.

EXPERIMENTAL

Reagents
All the solvents used were HPLC grade. The organomercury compounds,

methylmercury chloride (MMC) and ethylmercury chloride (EMC), were purchased
from Morton Thiokol (Alfa Products, Danvers, MA, U.S.A.). Stock solutions were
prepared by dissolving the appropriate amount of the organomercurial in methanol (1.
T. Baker, Phillipsburg, NJ, U.S.A.). Subsequent solutions were prepared by serial
dilution of the stock solutions.

Chromatographic equipment
Fig. I shows a schematic diagram of the components of the system used in this

study. A Spectra-Physics solvent delivery system (Model SP8700, Spectra-Physics. San

Fig. 1. Schematic diagram of the HPLC-ACP system. A = a.c. power supply; B = discharge tube; C = gas
flow controller; D = solvents and solvent delivery system; F = HPLc column; G = nebulizer; H = optical
bench; I = monochromator; J = PMT; K = PMT power supply; L = focussing lens; M = picoammeter;
N = data acquisition system.



a.c. PLASMA EMISSION DETECTOR FOR HPLC 161

Jose, CA, U.S.A.) delivered the mobile phase to the sample loop injector (Model 7125,
Rheodyne, Cotati, CA, U.S.A.) which was connected to a Hypersil ODS column, 100
x 4.6 mm 1.0., 5 {tm (Hewlett-Packard, Palo Alto, CA, U.S.A.). UV monitoring was
performed using a TriDent detector (Perkin-Elmer, Norwalk, CT, U.S.A.).

Spectroscopic equipment
A single-beam McPherson grating monochromator EU700 (McPherson, Acton,

MA, U.S.A.) was equipped with a R212 photomultiplier tube (Hamamatsu, Middle
sex, NJ, U.S.A.) which was coupled to a voltage power supply (McPherson, Model
7640) and operated at -900 V. An optical bench was equipped with an adjustable
optical mount and a 75-mm biconvex quartz lens (Oriel, Stratford, CT, U.S.A.) to
focus the plasma into the monochromator with a slit height and width setting of 5 mm
and 300 {lm, respectively. For spectral background measurements, a slit width of 50 {tm

was selected. A picoammeter (Model 414s, Keithley Instruments, Cleveland, OH,
U.S.A.) monitored the current generated by the photomultiplier tube. A mercury
hollow cathode lamp (Perkin-Elmer) was employed to accurately select the analytical
emission line (253.7 nm). Data acq uisiton was achieved with the Chrom-IAT
chromatography data acquisition board controlled by the Lab Calc software (Galactic
Industries, Salem, NH, U.S.A.) in conjunction with a Zenith AT compatible
microcomputer (Zenith Data Systems, St. Joseph, MI, U.S.A.). The Lab Calc software
package provided data smoothing algorithms to reduce random noise and permitted
selectable sampling rates. In this investigation a rate of 5 points per second was utilized
which is more than adequate to define the peak shape in LC applications where peak
widths are typically 15 to 60 s (ref. 13).

Discharge tube and interlace operation
The discharge tube was constructed from quartz tubing, 6 mm O.D. x 4 mm

I.D, and it was similar to that previously reported in our GC study22. The discharge
tube was attached to an adjustable optical mount (Edmund Scientific, Barrington, NJ,
U.S.A.) which was fastened to the optical bench. The plasma was generated across two
copper electrodes (1 mm diameter) with an a.c. power supply, operated at 10 000 V,
Furnace Ignition Transformer (France, Fairview, TN, U.S.A.). The gap between the
electrodes was maintained at 13 mm (ref. 23).

A glass-frit nebulizer was used as the interface between the HPLC column and
the ACP and a schematic of the interface is illustrated in Fig. 2. The design closely
resembled that which has been used in other studies24

•
25

. It consisted of a modified
15-ml Pyrex sintered glass funnel filter, 20 mm in diameter and 4.5-5.0 {tm in porosity
(Corning Glass, Corning, NY, U.S.A.). A 15 cm length ofFlexon high-pressure tubing
(0.063 in. 0.0. x 0.007 in. 1.0.) served as the connecting line from the column eluent
to the glass frit. The volume of the chamber was approximately 5 m!. The upper arm of
the modified funnel was connected to the bottom end of the PTFE tee union attached
to the discharge tube. Helium flow of 61/min was introduced into the opposite side of
the frit as the nebulizer gas and simultaneously supported the ACP. The drain of the
nebulizer was closed to the environment allowing the fine mist produced to be
transported toward the plasma. The largest droplets were removed and discarded
through the drain to a closed waste collector.
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Fig. 2. Schematic of the glass-frit nebulizer.

RESULTS AND DISCUSSION
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Interlace
The frit nebulizer generates a very fine mist with droplet size distribution smaller

than the pneumatic nebulizer26 and greatly enhances the introduction of organic
solvents to the plasma25

. The nebulizer performed more favorably when the sintered
glass disc was positioned in a vertical or angular orientation with respect to the
discharge tube, as shown in Fig. 2, as opposed to the preferred horizontal position used
with the ICP24

.

The inherently high efficiency of the frit nebulizer24
,25 and the small inner

diameter of the transfer tube were responsible for small droplets of the nebulized
solution to be deposited as small droplets on the walls of the transfer tube. After several
minutes the droplets filled part of the transfer tube presenting disturbances to the
plasma and even trapped most of the aerosol at flow-rates greater than 31/min. These
problems were overcome by maintaining the transfer tube and the connection to the
discharge tube at 100°C. Pressures up to 100 p.s.i. can be applied to the nebulizer'
without producing damage to the sintered glass frit. The ACP response showed
a dependence on the gas flow-rate across the frit nebulizer. The maximum response
was associated with a He gas flow-rate of 6 l/min delivered at a pressure of 78 p.s.i.

Plasma stability
The presence of organic solvents in the ACP increases the noise level of the
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detector; therefore, the high-frequency random noise was digitally removed by
smoothing the data once collected, improving signal to noise ratio. Since methanol and
acetonitrile are the most commonly used organic modifiers in reversed-phase HPLC,
the characteristics of the plasma were further studied with the binary mixtures of these
solvents with water. The color of the plasma (pink-purple with the introduction of pure
water) changed to a bluish green color when aqueous solutions of the organic solvents
were introduced. This color change, resulting from CN molecular emission, became
more intense with increasing concentration of the organic solvent. However, if
increased oxygen levels are present in the plasma, such as is the case when aqueous
solutions of methanol are introduced, decreasing cyanogen formation occurs and the
more stable CO molecular species are formed instead resulting in decreased intensity of
the bluish-green color 27

• The CN molecular species formation results from nitrogen
impurities in the He gas, when acetonitrile is not used as the organic modifier. The
ACP did not extinguish when pure methanol was nebulized into the plasma at a rate of
I ml/min for a period of 30 min and the recorded baseline (noise) did not show any
irregular perturbation. However, the introduction of aqueous mobile phase containing
10% acetonitrile did extinguish the plasma after 5 min. In addition, with acetonitrile
entering the plasma in place of methanol, the formation of carbon 'species increases
with a concurrent decrease in the amount of oxygen-containing species and results in
the accumulation of combustion deposits in the vici'nity of the plasma. Carbon
deposition with acetonitrile was also observed on the walls of the discharge tube above
the plasma plume but with methanol very little residue was noted in this vicinity.

Organomercury detection
The analytical emission line used throughout this study was the Hg(I) 253.7-nm

line. In order to observe the influence of the mobile phase in the vicinity of the
analytical line, a profile of the plasma emission was generated. No interference is
observed at the wavelength corresponding to Hg(I) line.
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Fig. 3. Chromatograms of MMC (669 ng as Hg) and EMC (505 ng as Hg) with (A) ACP detection and (B)
UV detection; mobile phase, 0.01 % 2-mercaptoethanol in methanol-water (22:78); column, Hypersil ODS
5 (100 mm x 4.6 mm 1.0.); flow-rate, 1.0 ml/min; injection volume, 25 Itl; wavelength, 253.7 nm.
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The HPLC-ACP chromatograms of MMC and EMC were monitored with
a fixed-wavelength UV detector (254 nm) operated at its maximum output sensitivity.
In Fig. 3 parallel chromatograms of MMC and EMC which clearly display the
improved sensitivity of the ACP detector are presented.

Linearity and detection limits
Calibration plots for MMC and EMC were prepared by injecting six repetitive

injections of known amounts into the HPLC-ACP system linearity of over three
orders of magnitude for both probe solutes in the range studied was observed.
Correlation coefficients of the log-log plots were 0.999 and 0.998 for MMC and EMC,
respectively. Detection limits (D) were calculated based on the integrated baseline
noise6 ,28 and according to eqn. 1

D= 3(J/m (I)

where (J refers to the standard deviation of the noise and m is the sensitivity. The
sensitivity is defined as the slope of the calibration curve29 multiplied by the peak
width at 0.607 height of the analyte peak 30 to account for the capacity factor, k'. The
detection limits for MMC and EMC, expressed in terms of elemental Hg, were
calculated to be 4.5 ng/s and 2.2 ng/s, respectively. The actual values observed
corresponded to 25 III injection of 2.8 ng/III MMC (2.2 ng/III or 70 ng as Hg) and 4.0
ng/III EMC (3.0 ng/III or 70 ng as Hg). The repeatability of a standard solution at twice
the detection limit was under 10% relative standard deviation (n = 5) for both MMC
and EMC. Detection limits for similar compounds analyzed by HPLC interfaced with
ICP by means of a conventional nebulizer have been reported to be 232 and 302 ng/III
as Hg for MMC and EMC, respectively; improved results were also reported but the
cold vapor generation technique for mercury was used after the analytical column3

!.
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Fig. 4. Chromatograms of a water sample taken from a local river spiked with MMC and EMC, with (A)
ACP detection and (B) UV detection: mobile phase, om % 2-mercaptoethanol in methanol-water (22:78),
after 5 min methanol was increased to 100%; column, Hypersil ODS 5 (100 mm x 4.6 mm I.D.); flow-rate,
1.0 ml/min; injection volume, 25 Ill; wavelength, 253.7 nm.
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Fig. 5. Chromatograms of (A) diluted gasoline spiked with MMC and EMC by UV detection, (B) unspiked
gasoline with UV detection, (C) ACP detection of the spiked gasoline and (D) unspiked gasoline detected by
ACP; M and E points out the elution time of MMC and EMC, respectively. Conditions as in Fig. 4.

Selectivity
In order to demonstrate the selectivity of the ACP, known, amounts of MMC

and EMC were spiked to samples ofdifferent matrix composition, namely, a sample of
local river water and gasoline. Chromatograms of each spiked sample in Figs. 4 and
5 were monitored in parallel by UV detection at 254 nm and the ACP. The samples
were spiked in such a manner that a 25-pl injection corresponded to 840 ng (669ng Hg)
and 668 ng (505 ng Hg) ofMMC and EMC, respectively. In order to elute all strongly
retained components from the column, the amount of methanol in the mobile phase
was increased after 5 min from injection (from 22% to 100%). In Fig. 5 the selectiviy of
the ACP detector is further demonstrated with chromatograms of gasoline: UV
detection of (A) gasoline spiked with MMC and EMC and (B) unspiked gasoline, and
ACP detection of (C) spiked and (D) unspiked gasoline. The rapid increase of
methanol in the mobile phase (after 5 min of injection) also yielded a higher plasma

. background emission when the methanol reached the plasma as a "plug" of solvent.
After approximately 4 min the baseline restabilized but at an elevated level. Moreover,
the baseline stability of the ACP detector in HPLC was not affected by injection of
a complex matrix whereas in our GC studies we found baseline instability to be
problematic at the beginning of chromatograms associated with high organic solvent
concentrations in the plasma22.

CONCLUSION

The ACP detector described here offers a number of attractive features as an
element-selective detector for the reversed-phase mode of HPLC. The detector is
inexpensive, simple in design and can accept pure methanol with no adverse
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. performance. The ACP offers considerable potential for the determination of
organomercurials by HPLC, especially where complex sample matrix may be
a difficulty with other types of detectors. The nebulizer used as the interface
contributed to the development of the ACP detector for reversed-phase HPLC.
Further improvements in detector design including the use of other nebulizing systems
should provide even improved performance of the ACP. One such area is the use of
discharge tubes of smaller inner diameters to further reduce the overall dead volume of
the system.
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ABSTRACT

Methacrylate-based molecular imprints were prepared using a number of L

amino acid aromatic amide derivatives as print molecules. Methacrylic acid was used
as a functional monomer such that the acid function of the monomer interacts ion
ically with the amine function and via hydrogen bonding with the amide function of
the print molecule. Bulk polymers were prepared and were ground and sieved to
particles < 25 {tm, packed into high-performance liquid chromatographic (HPLC)
columns and used for enantiomeric separations in the HPLC mode. The polymers
were shown to exhibit efficient enantiomeric resolution of a racemic mixture of the
amino acid amide used as the print molecule and in many instances were also able to
.resolve the enantiomers of amino acid amides other than the print molecule, depend
ing on the substituents on the amine and amide functionalities. Allowing an increased
number of monomers to interact with the print molecule, i.e., by introducing an
additional amide function or a pyridyl ring to the print molecule, led to an improved
separation in most instances, although increased band broadening was observed,
especially when isocratic elutions were performed. With all polymers, acetic acid
gradient elution improved the peak shape, leading to increased resolution and shorter
analysis times. The implications of these findings with respect to the mechanism of
recognition and the ability to predict the enantiomeric resol ution of substances on
molecularly imprinted polymers are discussed.

INTRODUCTION

Molecular imprinting in synthetic polymers is a new and potentially very
interesting technique for preparing specialized separation media for chromatography,

" Present address: Smith Kline Beecham, Research and Development Division, L-47, Department of
Macromolecular Sciences, 709 Swedeland Road, P.O. Box 1539, King of Prussia, PA 19406, U.S.A.
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especially for enantiomeric separations. Polymerization is allowed to occur in the
presence of a template, the print molecule, which is subsequently removed from the
rigid polymer, thereby producing sites within the polymer with affinity for the original
print molecule, the so called "memory" effect. Polymerizable monomers are chosen to
allow specific and definable interactions with the print molecule. Such interactions are
subsequently responsible for the recognition of the substrate by the polymer. The
interactions can be either non-covalent forces such as ionic and hydrogen bonding 1

,2

or the formation of reversible covalent bonds, such as ketals 3
, boronic esters4

,5 and
Schiffs bases6 ,7.

We have previously described the preparation of molecular imprints of amino
acid derivatives2 and in particular we have been interested in the application of the
technique of molecular imprinting to the optical resolution of such compounds.
Previously described polymers showed very high enantio selectivity and were
sufficiently rigid to be used in the high-performance liquid chromatography (HPLC)
mode 8

. In addition, the enantiomers of structurally related compounds could be
resolved on a polymer of predefined specificity9. A solution NMR study gave evidence
for the formation ofcomplexes between a print molecule (L-phenylalanine anilide) and
functional monomers (methacrylic acid) defined by ionic and hydrogen bonds 1o. It
was argued that these complexes were preserved during the polymerization process,
resulting in an arrangement of methacrylic acid residues in the polymer responsible for
subsequent recognition of molecules. From the ability of the polymer to resolve the
enantiomers ofan array of structural analogues of the print molecule, it was possible to
draw some conclusions about the mechanism ofrecognition9

. It was proposed that the
substrate was initially bound to the polymer via "ion pairing" between the primary
amine of the substrate and a carboxylic acid residue on the polymer. Additional
interactions between the polymer and substrate, such as hydrogen bonding between
the amide on the substrate and carboxylic acid residues in the polymer, were then
"induced" .

We have extended these earlier investigations and describe here the molecular
imprinting of eight amino acid derivatives based on the same structural elements
previously shown to be important for enantiomeric resolution in this system. All print
molecules used in this study were amino acid amide derivatives. The aromatic amide
was either an anilide or a p-naphthylamide and various substituents were coupled to
the amino nitrogen. The versatility of the resulting polymers to resolve the enantiomers
of amino acid amide derivatives was analysed in the HPLC mode. The aim was to
correlate the chromatographic properties of the polymers with the structures of the
print molecules. The effect of increasing the number of interactions between the print
molecule and monomers during polymerization on the ability of the resulting polymers
to separate enantiomers and the applications of these polymers as chiral stationary
phases in column chromatography are discussed.

EXPERIMENTAL

Methacrylic acid (MAA) and ethylene glycol dimethacrylate (EDMA) were
obtained from Aldrich Chemie (Steinheim, F.R.G.), 2,2'-azobis(2-methylpropioni
trile) (AIRN) from Janssen Chemica (Beerse, Belgium), L-Ieucine-p-naphthylamide
(LeupNA) and L-phenylalanine-p-naphthylamide (PhepNA) from Sigma (St. Louis,
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MO, U.S.A.) and D-leucine-p-naphthylamide from Bachem (Bubendorf, Switzerland).
D- and L-phenylalanine anilides(PheAn), D- and L-proline anilides (ProAn) and 0- and
L-phenylalanylglycine anilides (PheGlyAn) were all synthesized by a procedure similar
to that described previously for L-phenylalanine anilide8. 0- and L-N,N-dimethyl
phenylalanine anilides (Me2PheAn) were prepared by reductive methylation of
phenylalanine anilide analogously to a literature method ll . 0- and L-N-pyridoxyl
phenylalanine anilides (PLPheAn) were prepared essentially as described elsewhere 12.
The syntheses of D- and L-N-(pyridylmethyl)phenylalanine anilides (PyMePheAn)
were developed in our laboratory and will be described in detail elsewhere 13. Briefly,
phenylalanine anilide was reacted with pyridine-4-carbaldehyde in acetonitrile to
produce the imine, which was then reduced by sodium cyanoborohydride.

All solvents used were of the highest available grade. HPLC analyses were
performed with an LKB (Bromma, Sweden) system consisting ofa Model2152 HPLC
controller two Model 2150 HPLC pumps and a Model 2151 variable-wavelength
monitor. Fourier transform IR (FT-IR) analyses were performed with a Nicolet 20
SXC instrument.

Polymer preparation
Polymers were prepared as described previouslyS·14 using EDMA as cross

linker and MAA as the functional monomer. The compositions of the polymerization
mixtures are shown in Table I. The molar ratio of cross-linker to functional monomer
to print molecule was 30:6:1.5 in entries A-C, E and F; in entries D, G and H a molar
ratio of 30:6: 1 was used. MAA, EDMA, initiator (AIBN), chloroform and the
appropriate amount ofcrystalline print molecule were weighed into 50-ml borosilicate
glass ampoules (Wheaton Scientific, Melvill, NJ, U.S.A.). The mixtures were cooled
on ice, degassed under vacuum in a sonicating bath and sparged with nitrogen for
5 min. The ampoules were then sealed with Parafilm and placed under a UV source
(366 nm) at 4°C overnight (16 h). The bulk polymers were ground in a mechanical

TABLE I

POLYMER PREPARAnONS

All polymers were prepared using EDMA (52.4 mmol) as cross-linking monomer. chloroform (16 ml) as
solvent and AlBN (0.76 mmol) as the initiator at O°C as described previously.

Polymer Print molecule MAA Ratio Inner sUI/ace
(mmol) MAA:pma area (m 2 /g)'

Ahbreviation mg mmol

A L-PhepNA 760 2.62 10.48 4 3.8
B L-LeupNA 671 2.62 10.48 4 3.3
C L-PheAn 629 2.62 10.48 4 6.2
0 L-PheGlyAn 520 1.75 10.48 6 5.6
E L-ProAn 498 2.62 10.48 4 4.2
F L-Me2PheAn 702 2.62 10.48 4 2.8
G L-PyMePheAn 579 1.75 10.48 6 3.5
H L-PLPheAn 684 1.75 10.48 6 3.6

a Ratio MAA:pm refers to the molar ratio of functional monomer (MAA) to print molecule (pm).
b Inner surface area was determined by nitrogen adsorption measurements.



170 L. I. ANDERSSON, D. J. O'SHANNESSY, K. MOSBACH

mortar (Retsch, Haan, F.R.G.) and wet sieved (water) through a 25-,um sieve (Retsch).
The fraction that passed through the sieve was collected and the remainder was
re-ground. This procedure was repeated until all polymer particles passed through the
sieve. The fines were removed from the preparation by repeated settling in acetonitrile
and the particles were finally dried under vacuum.

High-performance liquid chromatography
Particles were suspended in chloroform by sonication and packed into 200 mm

x 4.5 mm J.D. stainless-steel columns using aceto'nitrile as solvent with an air-driven
fluid pump (Haskel Engineering Supply, Burbank, CA, U.S.A.) at 300 bar. The
columns were then washed on-line with methanol-acetic acid (9:1, vjv) until a stable
baseline was obtained. HPLC analyses were performed under either isocratic or
gradient elution conditions. Isocratic elutions were performed with acetonitrile
containing the appropriate percentage of acetic acid (5-12.5%, vjv) at a flow-rate of
1 mljmin and with detection at 250 nm. Gradient elutions were performed using
a linear gradient of0-30% (vjv) acetic acid in acetonitrile over 30 min at a flow-rate of
1mljmin. Samples consisted ofa mixture of 5,ug ofeach of the L- and D-enantiomers of
a given compound, prepared in acetonitrile, and injected in a total volume of 20 pI.

Enantiomeric resolution was confirmed by separate injections of each of the
enantiomers. The void volume of the columns were determined by injection of glacial
acetic acid. Capacity factors (k'), separation factors (0:) and plate numbers (N) were
calculated using standard chromatographic theory 15. The resolution (R,) was
calculated according to Wulff et al. 4

.

RESULTS AND DISCUSSION

Polymer preparations
A recently developed polymerization procedure, based on photolytic initiation,

was used in this study as the chromatographic properties of the resulting polymers
have previously been shown to be superior to polymers prepared by thermal initations.
All polymerizations were performed under equivalent conditions to ensure that the
physical properties of the polymers were as equivalent as possible. In addition, the
composition of the polymerization mixture was kept constant throughout all
experiments, with the exception of added print molecule. The molar ratio of
cross-linker (EDMA) to functional monomer (MAA) was 5: 1. The optimum molar
ratio ofMAA to print molecule was previously shown to be about 4: 19

,14 and this ratio
was used here, except in entries D, G and H (Table I). To allow for the possibility of an
additional interaction point to the print molecules L-PheGlyAn, L-PyMePheAn and
L-PLPheAn, the ratio of functional monomer to print molecule was increased to 6: 1 by
decreasing the amount of print molecule added to the polymerization mixtures of these
polymers (Table I). As the formation of complexes between print molecule and
functional monomers in the prepolymerization mixture is an equilibrium process, the
introduction of additional interaction points on the print molecule must be accom
panied by a corresponding increase in the amount of functional monomer. This was
achieved by keeping the number of moles of interacting sites constant, rather than the
number of moles of print molecule, by decreasing the amount of print molecule added
to the polymerization mixture. Tn this way the ratio of functional monomer (MAA) to
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the number of "potential" interaction sites was constant in all polymerization
mixtures.

As a routine measure of the equivalence of physical properties between polymer
preparations, the specific surface areas were determined. As can be seen from the data
in Table I, all polymer preparations had comparable surface areas. In this context it
should be noted that a "reference" polymer, prepared in the absence of print molecule,
possessed different physical properties. The specific surface area was 13 m2 /g of
polymer for the reference polymer compared with 3-6 m 2/g for imprinted polymers
A-H (Table I) and the pore volume of the reference polymer was 0.08 cm 3/g compared
with 0.04-0.05 cm 3/g for polymers C and F (not shown).

The polymer particles were packed into stainless-steel columns (200 x 4.5 mm
1.0.) and washed on-line with 10% (v/v) acetic acid in methanol to remove print
molecules from the polymer. The amount of irreversibly incorporated print molecules,
determined by FT-IR difference spectra between polymer C (Table I) and a reference
polymer (prepared in the absence of print molecule), was calculated to be less than 1%
of the total amount of print molecules added, as no IR bands originating from PheAn
could be detected (not shown).

Chromatography
Polymers were evaluated in the HPLC mode using either isocratic or gradient

elution schemes. When using isocratic elution conditions the composition of the eluent
was optimized for each stationary phase by changing the concentration of acetic acid.
In order to compare chromatographic data from all stationary phases, the eluent was
chosen to give a capacity factor, k', for the o-form of the print molecule of ca. 1. Eight
polymers were prepared (see Table I) using print molecules containing the same basic
structural elements; all were aromatic amides of amino acids, as shown in Fig. I.
Racemic mixtures of all amino acid amides were analysed on all eight columns and the
results are presented as separation factors, IX, in Table II, and a few representative
chromatograms are depicted in Fig. 2.

The broad elution peaks obtained in the present system, particularly for the
more strongly retained L-forms of the substrates, may be due to several factors,
including the size distribution and shape irregularity of the polymer particles. In
addition, broad elution peaks may be due to differences in the number and
complementarity of interactions between the print molecule and functional mono
mers, prior to and during polymerization, giving rise to a wide range of non-equivalent
sites in the polymer. A third explanation for peak broadening may be that the kinetics
of release are slow such that K"ss ~ Kdiss> as discussed previously9. The observed peak
broadening is probably due to a combination of all of these factors. Peak broadening
was most pronounced on polymers D, G and H (Table I), imprinted against
compounds L-PheGlyAn, L-PyMePheAn and L-PLPheAn, respectively, with an
increased number of interaction points with the functional monomer. Despite the
increase in separation factor on polymers 0 and G (see below), the resolution was not
improved and therefore lower than expected for these columns; Rs = 0.5 (polymer D)
and Rs = I. I (polymer G) compared with Rs = 0.7 (polymer B) and Rs = 1.0 (polymer
C). This was probably due to band-broadening effects, particularly as all the columns
used in this study resulted in symmetrical void peaks with plate numbers between 500
to 650 using glacial acetic acid (not shown).
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Fig. l. Structures of the compounds used as print molecules. Abbreviations: PhepNA, phenylalanine-p
naphthylamide (polymer A); LeupNA, leucine-p-naphthylamide (polymer B); PheAn, phenylalanine anilide
(polymer C); PheGlyAn, phenylalanylglycine anilide (polymer D); ProAn, proline anilide (polymer E);
Me2PheAn, N,N-dimethylphenylalanine anilide (polymer F); PyMePheAn, N-pyridylmethylphenylalanine
anilide (polymer G); PLPheAn, N-pyridoxylphenylalanine anilide (polymer H).

As acetic acid is a competing ligand, it follows that by increasing the acetic acid
concentration in the eluent, the equilibrium would be shifted towards dissociation, or
elution of the substrate, and the higher the Ka the higher is the concentration of acetic
acid required to effect elution. It was considered, therefore, that gradient elution
[0-30% (v/v) acetic acid in acetonitrile] would both improve the peak shape and give
some information on the relative affinities of the substrates for the various polymers,
as reflected in the percentage of acetic acid required for elution (see Table III). Fig.
3 shows the elution profiles for the enantiomers of PLPheAn on polymer H using both
isocratic and gradient elution. In this instance, the resolution showed a modest
increase from 0.4 to 0.5 and the analysis time decreased from 30 to 20 min when
gradient elution was used.

Specificity of recognition
In a previous study we showed that it was possible to resolve the enantiomers of
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Fig. 2. Enantiomeric resolution of amino acid amides. Particles of <25,um were packed into 200 x 4.5 mm
J.D. columns. Analyses were performed isocratically using (A) 10% (v/v) or (B and C) 7.5°1., (v/v) acetic acid
in acetonitrile as the eluent at I ml/min at room temperature. Detection was at 250 nm. In all experiments,
a mixture of 5,ug of each of the enantiomers of the compound was analysed. Analyses shown: (A) D,L-PheAn
on polymer C (prepared against L-PheAn, Table I); (B) D,L-Me2PheAn on polymer F (prepared against
L-Me2PheAn, Table I); and (C) D,L-ProAn on polymer E (prepared against L-ProAn, Table I).

TABLE III

SEPARATION OF THE ENANTIOMERS OFTHE PRINT MOLECULE BY GRADIENT ELUTION
ON POLYMERS A-H (TABLE I)

A mixture of 5 ,ug of each of the enantiomers of the corresponding amino acid derivative was injected onto
the column in a total volume of 20 ,ul of acetonitrile and eluted with acetonitrile-acetic acid using a linear
gradient of 0-30% acetic acid in 30 min. Detection was at 250 nm.

Polymer Prim molecule Elution"

L D

A
B
C
D
E
F
G
H

L-PhefJNA
L-LeufJNA
L-PheAn
L-PheGlyAn
L-ProAn
L-Me2PheAn
L-PyMePheAn
L-PLPheAn

15.7
11.0
14.5
9.5

10.1
10.5
10.1
7.9

6.6
10.7
8.4
7.3
7.1
6.9
6.3

" Percentage of acetic acid at which the compound eluted.
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Fig. 3. Resolution of the enantiomers of the print molecule on polymer H (prepared against L-PLPheAn,
Table I). Particles of < 25 lim were packed into a 200 x 4.5 mm I.D. column. (A) Analysis performed at
room temperature with acetonitrile-acetic acid (19:1, v/v) as the eluent at I ml/min; (8) analysis with the
following gradient of acetic acid in acetonitrile at I ml/min: D--4 min, 4%; 4-12 min, 4-[2%; [2-16 min,
12%; 16-18 min, 12-4'Yo. Detection was at (A) 250 nm and (8) 290 nm. Samples consisted of 5 Ilg of each of
the enantiomers of PLPheAn in a total volume of 20 III of acetonitrile. The resolution (R,), calculated as in
ref. 4, was ca. (A) 0.4 and (8) 0.5. Asymmetry factors (A,) at 1O% of the peak height were calculated to be (A)
3.7 and (8) 2.7 for the L-peak and (A) 1.5 and (8) 0.9 for the D-peak.

a number of compounds on a polymer molecularly imprinted against L-PheAn 9 and
that an amine and an amide, in the correct geometry around the chiral carbon, were
necessary for resolution. In this work we extended previous investigations by
preparing molecular imprints against eight aromatic amides of amino acids. The
structural differences between the print molecules were small; the amide moiety was
either an anilide or f3-naphthylamide, and the amine moiety was either primary,
secondary or tertiary (see Fig. I). All compounds had the same arrangement of amine
and amide around the chiral carbon, previously shown to be essential for enantiomeric
resolution on a polymer prepared against L-PheAn9 . This ensures, as far as possible,
that the types of interactions involved in the recognition process are the same on all
polymers, viz., ionic bonding to the amine and hydrogen bonding to the amide. The
introduction of additional interactions, such as hydrogen bonding in PheGlyAn and
ionic bonding in PyMePheAn (see below), should not alter the type of interactions but
only increase their number. The recognition sites formed after polymerization would,
in principle therefore be very similar in structure and any differences would be
indicative of changes in the three-dimensional arrangement, spatial or distal, of
carboxylic acid residues, the number of carboxylic acids or the shape (volume) of the
sites. The elution data for the various amino acid amides should then reflect differences
in the conformation, configuration and number of interactions introduced into the
recognition sites by a partic!-.t1ar print molecule.
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Racemic mixtures of all amino acid amides were analysed on all eight stationary
phases prepared and the data are presented in Table II as separation factors, IX. It is
important to note that enantiomeric resolution was observed for all stationary phases,
at least for the print molecule. In this context, a polymer imprinted against a racemic
mixture ofo,L-PyMePheAn, did not display any enantiomeric resolution (not shown).

In almost all instances the best separation was achieved when the enantiomers of
the print molecule were applied to the column (Table II). Although the polymers were
able to resolve the enantiomers of compounds other than the print molecule, the
separation factor, IX, was less than that for the racemate of the print molecule.
Unexpectedly, on many polymer preparations only the enantiomers of a few amino
acid amides, in some instances only of the print molecule, were resolved, at least using
the present elution schemes.

The first group of polymers to be discussed are polymers A, B, C and D,
prepared against L-Phe/3NA, L-LeujiNA, L-PheAn and L-PheGlyAn, respectively. On
all four polymers enantiomeric resolution was observed when a racemic mixture of
each of the compounds LeujiNA, PheAn and PheGlyAn was applied to the columns,
with the exception of LeujiNA on polymer D. These observations extend and support
the hypothesis that an amine moiety and an amide moiety, in the correct geometry
around the chiral carbon, are the major criteria for enantiomeric recognition on
molecularly imprinted polymers9

. When applying compounds containing a sub
stituted amine, as with ProAn, MezPheAn, PyMePheAn and PLPheAn, no enan
tiomeric resolution could be detected on polymers A-D. Therefore, these polymers
have the ability to distinguish, at least to some extent, primary from substituted
ammes.

Polymers E, F, G and H prepared against the "substituted" amines L-ProAn,
L-MezPheAn, L-PyMePheAn and L-PLPheAn, respectively, showed little tendency to
resolve the enantiomers of compounds other than the original print molecule, with
a few exceptions (see Table II). It must be stressed, however, that the possibility exists
that a polymer prepared against L-MezPheAn, for example, may be able to resolve the
enantiomers ofa number ofother N,N-dimethylated amino acid amides, analogous to
polymers A-D and previous observations9 .

The mutual inability of polymers prepared against substituted and unsub
stituted amines to resolve the enantiomers of the other type of amine can not be
accounted for by differences in ionic interactions, as the pKa values for the
corresponding acids of primary, secondary and tertiary amines are generally in the
same range of 10-11. The substituents on the amino groups would therefore only cause
the participants in the ionic bond to become more distanced from each other, but as
coloumbic interactions are long range on the molecular level the ionic bond is not
expected to be weakened to any great extent. This is supported by the observation that
regardless of the number of substituents on the amine moiety, all amino acid amides
were bound approximately equally strongly to the polymers in the present solvent
system, in that all o-forms and L-forms of the non-resolved substances eluted at
approximately the same position on any given polymer (data not shown). Perhaps the
most striking examples of the selectivity for unsubstituted and substituted amines are
polymers C and F, imprinted against L-PheAn and L-MezPheAn, respectively (see
Table II), where the addition or remova~of two methyl groups to the amine of the print
molecule resulted in total loss of enantiomeric resolution. This effect cannot be simply
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explained by differences in ionic bonding to carboxylic acid residues on the polymer
but may be related to the shape of the molecules 16 and hence the shape of the binding
sites on the polymers and/or additional interactions such as hydrophobic interactions
or changes in hydrogen bonding abilities. It is also unlikely that the bulkiness of the
two methyl groups would be a major factor responsible for the observed effect.

By increasing the number of possible interactions between polymer and
substrate it was expected that the resolution of the enantiomers would improve. The
introduction of an additional point of interaction into the print molecule should allow
coordination of more functional monomers during polymerization and subsequent
incorporation of additional carboxylic acid residues into the recognition sites. This
concept was investigated on polymers 0, G and H, imprinted against L-PheGlyAn,
L-PyMePheAn and L-PLPheAn, respectively. PheGlyAn has a peptide bond in the
molecule (Fig. I) and therefore additional hydrogen bonding potential. PyMePheAn
has a pyridine ring coupled to the amine (Fig. I), which should result in an additional
ionic bond to the pyridine nitrogen, albeit weak as the pKa of the pyridine ring is ca. 5.
PLPheAn was included in the investigation because of its complexity, being a more
functionalized molecule than the other compounds investigated. It is similar in
structure to PyMePheAn but contains an additional hydroxyl group and a hydroxy
methyl group on the pyridine ring (Fig. I). In each of the three compounds, these
"additional" points of interaction are situated at a distance from the chiral carbon, but
if this interaction is participating in the chiral recognition event an improved
enantiomeric separation would be expected. Polymer 0, prepared against L-Phe
GlyAn, produced a significantly higher separation factor for the enantiomers of the
print molecule compared with polymers Band C, prepared against "similar" print
molecules, L-Leuf3NA and L-PheAn (Table II). Polymer G, imprinted against
L-PyMePheAn, resolved the enantiomers of the print molecule very efficiently (Table
II). It is in fact one of the highest a-values ever obtained in our laboratories and among
the highest ever reported in the literature in the field of molecular imprinting2. Peak
broadening of the L-enantiomer was considerable but the o-enantiomer eluted as
a narrow, symmetrical peak (not shown). Analysis of a racemic mixture of 0- and
L-PLPheAn on polymer H produced a lower separation factor than expected.

Although the second amide moiety in PheGlyAn and the pyridyl nitrogen in
PyMePheAn are situated at a distance from the chiral carbon in these molecules, the
additional interactions had a positive effect on the separations. In general, the results
indicate that additional points of interaction between the print molecule and
functional monomers during polymerization gives rise to polymers possessing
improved separation abilities, exemplified by polymers 0 and G, imprinted against
L-PheGlyAn and L-PyMePheAn, respectively. However, this is not universally
applicable, as shown by polymer H, imprinted against L-PLPheAn.

CONCLUSIONS

It is clear from the results presented here and in previous publications8-1o.12.14
that some form of chiral information is introduced into the polymer during
polymerization in the presence of a template, the print molecule. This information is
preserved during work-up of the polymer and removal of print molecule, resulting in
the "memory effect". The polymeric material can then be used as a chiral stationary
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phase in column chromatography. It is unlikely that the observed enantiomeric
separations are due to irreversible incorporation of chiral molecules as the template is
almost quantitatively removed after polymerization, as determined in the present
study by FT-IR measurements. The enantiomeric separations observed are more likely
due to specific interactions between the substrate and chiral recognition sites within the
polymer. The fact that the best separation is almost always recorded for the
enantiomers of the print molecule supports this hypothesis. Although it is extremely
difficult to "map" the actual structure of these sites, several assumptions may be made.
It seems clear that one or several carboxylic acid residues from functional monomers
are incorporated into the sites1o . These acid functionalities are responsible for the
initial binding of substrate to the polymer via ionic interaction with the amino
function(s) on the substrate9

. The forces giving rise to enantiomeric separations are
more difficult to study.

An indirect approach to obtaining information about the enantiomeric separa
tion event is to investigate different racemates and record which compounds are
resolved, as described here. It was shown previously that an amine and an amide in the
correct geometry around the chiral carbon are crucial for a substrate to be resolved on
a polymer prepared against L-phenylalanine anilide9 . The side-chain on the amino acid
derivative is of little importance for enantiomeric resolution. Here we have presented
data showing that the moieties important for binding to the polymer are of extreme
importance for chiral resolution, e.g., the type of amine in the amine-carboxylic acid
interaction. It should be stressed that binding and chiral resolution are two distinct
events. Increasing the number of interactions between the substrate and the polymer
results in higher separation factors but the unfavourable kinetics on such polymers
lead to peak broadening. For practical reasons it is neither necessary nor advantageous
to increase the number of interactions in order to achieve better separations, at least for
small organic molecules. Although the type of amine determines if a given amino acid
amide is resolved on a particular polymer, it is recognized that all amino acid amides
are bound equally strongly to each polymer. We conclude that the initial binding of the
substrate to the polymers occurs via ionic bonding between the amine on the substrate
and carboxylic acid residues on the polymer. The second step in the recognition
process is the formation of other interactions, such as hydrogen bonds and
hydrophobic forces, and it is these "secondary" interactions which give rise to the
enantiomeric separations observed.

Molecular imprinting is an interesting and simple technique for preparing chiral
stationary phases for enantiomeric separations. The relatively high separation factors
achieved in the present system and in previous studies8

-
10

,14 are promising for future
developments ofpolymers with practical applications in column chromatography. The
polymers are rigid and stable enough to be used at high pressures and are also resistant
to most of the commonly used solvents9

. The major shortcoming of these polymer
preparations in column chromatography is the sometimes pronounced broadening of
peaks. Gradient elution schemes improve the peak shape, increase the resolution and
shorten analysis times. However, further improvements in the chromatographic
applications of these polymers are desirable and may include the preparation of
beaded molecular imprints and a thorough investigation of the kinetics of association
and dissociation.
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ABSTRACT

(S)-2- and (R,S)-2-hydroxypropyl-p-cyclodextrin have been bonded to silica gel
and evaluated as stationary phases for reversed-phase liquid chromatography. Sta
tionary phases also were prepared on two silicas having different pore sizes and
surface areas. Dissimilarities were observed in enantiomeric selectivities between
these columns and also between these and the native P-cyclodextrin columns. With
the exception of compounds 5 and 10, all other racemates reported here which have
been successfully resolved on the new phases are enantiomers which have not been
previously reported as separated on the p-cyclodextrin stationary phase. In some
cases, there were also differences in enantioselectivities observed between the (S)- and
the (R,S)-hydroxypropyl-p-cyclodextrin phases on the same silica. The results are
discussed in terms of the retention mechanism and compared to results reported
earlier for P-cyclodextrin columns.

INTRODUCTION

Cyclodextrins (CDs), cyclic oligomers of glucose bonded through a-I ,4 linkages,
have been used successively and extensively both as mobile phase additives (CMA)1-4
and as chiral bonded stationary phases (CBP)5-7 in liquid chromatography for the
separation of enantiomers. Although the native CDs have proven useful as stationary
phases for liquid chromatographic applications, their use as mobile phase additives
has been restricted because of the low solubility of the native CDs in aqueous solutions.
Derivatizing the CD increases the solubility of the CD; however, derivatization has
been found to cause changes in .the chromatographic behaviors. In reversed-phase
applications, the separation mechanism is thought to be the result of the formation of
inclusion complexes in which the solute is included into the cavity of the CD. For
enantiomers, separation is possible if these inclusion complexes have different binding

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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constants. The mouth of the CD hydrophobic cavity is surrounded by secondary
hydroxyls which are locked into position and are considered to be important in chiral
recognition. In the derivatized CD, some of these hydroxyls are substituted with
hydroxypropyl groups. When using hydroxypropyl-{J-CD as a CMA, it has been
found that as the degree of substitution on the derivatized CD increases, it can
sometimes affect the binding process as well as the enantioselectivity. It is probable
that the hydroxypropyl groups partially occlude the mouth of the CD cavity and
sterically influence the formation of inclusion complexes. Computer modeling9 .!O as
well as considerable chromatographic data have revealed that enantioselectivity using
CDs is enhanced when there is close proximity of substituents on the "chiral center" of
the enantiomer capable of forming hydrogen bonds with the secondary hydroxyls of
the CD. Unfortunately, many chiral compounds do not meet this requirement. In an
effort to extend the range of chiral separations obtainable using CD-based stationary
phases, an additional chiral center was incorporated as a side-chain on {J-CD and the
derivatized CD was used to synthesize a bonded stationary phase. Both the racemic
and the optically pure forms of the hydroxypropyl-{J-CD were used. The (R) and (S)
designations are used to specify only the configuration of the hydroxypropyl group
and not the configuration of the CD. The resultant hydroxypropyl-{J-CD stationary
phases were evaluated chromatographically. Numerous separations were obtained on
the new hydroxypropyl-{J-CD bonded phases that were not possible on the {J-CD
stationary phase. Differences in selectivity also were observed between the racemic and
enantiomerically pure stationary phases. In addition, the effect of bonded-phase
loading on selectivity was examined.

EXPERIMENTAL

Materials
The 5-pm silica (Nucleosil, 300 A, and Spherisorb, 120 A) was obtained from

Alltech. (R,S)-2- and (S)-2-hydroxypropyl-{J-CD were synthesized as previously
described!!. Briefly, {J-CD was dissolved in aqueous sodium hydroxide (5%, w/w) and
the solution was cooled in an ice bath. Propylene oxide of the desired chirality was
slowly added with stirring. After about 6 h in an ice bath, the reaction was allowed to
proceed for a day at room temperature, neutralized and dialyzed briefly in order to
remove the contaminating salts. The retained solution was filtered and the product
obtained by freeze drying. The (S)-2-hydroxypropyl-{J-CD used for the bonded phase
was a mixture ofhomologues with an average molar substitution of7.9, calculated per
cyclodextrin molecule.

The structures of the solutes used are presented in the tables. Idazoxan and
methylidazoxan are drugs under investigation at Reckitt & Colman and were supplied
by N. A. Hyde from Danson Lane, Kingston-upon-I-lull, U.K. Compounds 8-14 were
supplied by Dr. David Kimball at the Squibb Institute for Medical Research,
Princeton, NJ, U.S.A., and are listed in the tables using the Squibb designation. The
thyroid drugs, 3,3',5-triiodo-D,L-thyronine and 3,5-diiodo-D,L-thyronine, were ob
tained from Dr. H. J. Cahnmann of the National Institutes of Health, Bethesda, MD,
U.S.A. The other solutes were obtained from various sources and used without further
purification. Methanol, acetonitrile, triethylamine and glacial acetic acid were
obtained from Fisher Scientific (St. Louis, MO, U.S.A.). Water was distilled,
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TABLE I

LIST OF BONDED SORBENTS

Column, Bonded ligand Pore size Sw/aee area Spacer CD %C
length x I.D. (A) (m'/g) (/lmol/m 2

) (lunol/m 2
)

(em)

A,25 x 0.46 S-Hydroxypropyl 300 100 l.16 0.19 3.1
B, 15 x 0.46 rae-Hydroxypropyl 300 100 0.97 0.21 4.3
C, 25 x 0.46 S-Hydroxypropyl 120 170 3.77 0.12 5.6

subsequently deionized using a Barnstead Cartridge, filtered and used without further
purification.

Columns
The bonded phases were prepared under anhydrous conditions as reported

previously12. The bonded sorbents were submitted for carbon analysis. The pertinent
sorbent parameters are listed in Table I. The surface concentration was calculated
according to the equation!3

surface concentration (/Imol/m2)
%C'106 I

l200Nc - %C(M - 1) S

where %C is the percent carbon (w/w) from elemental analysis, N c is the total number
of carbons in the bonded ligand, S is the surface area of the bare silica and M is the
molecular weight of the bonded ligand. The molecular weight used for the derivatized
CD determination of the surface concentration is based on an average molar
substitution of 7.9.

RESULTS AND DISCUSSION

Bonding results
As can be seen from Table I, better CD coverages were obtained on the silica with

the larger pore size (300 A). This is indicative of some exclusion of the CD from the
smaller pores of the silica used in the preparation ofcolumn C. Although column C has
a lower CD density, the absolute amount of bonded CD is greater because of the
greater surface area of the substrate.

Chromatographic results
The chromatographic data for the solutes used to evaluate the columns are

tabulated in Tables II-IV. If racemates were unresolved on a particular column (A,
B or C) no data were reported for these columns in Tables II, III or IV. Unfortunately,
due to the different bonding characteristics of each sorbent, it was not possible to
obtain a given separation under identical mobile phase conditions on all three
columns. Mobile phase conditions were therefore optimized for each column.

The solutes that were used to evaluate the columns can be loosely classified into
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three groups. The first group consists of those compounds in which the chiral center is
incorporated into a ring system. The data for these solutes are tabulated in Table II.
Table III contains the data for solutes for which the chiral center is external to an
aromatic ring. The third group of solutes consists of atropic compounds, or
compounds which contain an axis of dyssymmetry. In almost all cases, the best
selectivities were achieved on the larger-pore silica. This is undoubtedly due to the
higher derivatized CD density on the silica surface (see Table I).

The spacer chain concentration on the smaller-pore silica is approximately twice
that found on the wider-pore silica. This suggests the possibility of an alternative
retention mechanism in which the solute interacts with the spacer chain rather than
with the CD. The spacer chain, lacking a chiral center, does not confer any
enantioselectivity but can contribute to retention. This may account for the lower
enantioselectivity of column C despite the generally larger capacity factors relative to
the other 25-cm column. Alternatively, there is more likelihood of the CD being linked
by more than one spacer chain to the smaller-pore silica. This could limit the mobility
of the CD and also sterically restrict access of the CD to the chiral analytes.

As stated in the introduction, the mechanism thought to be responsible for
enantiomeric separations using underivatized CDs is related to the formation of
a diastereomeric inclusion complex between the CD and the chiral compound. Earlier
chromatographic studies using CDs have revealed several solute structural factors
affecting chiral recognition14

. Hydrogen bonding groups adjacent to the "chiral
center" capable of interacting with the hydroxyls which line the mouth of the CD
cavity enhance enantioselectivity. The hydrophobic interior of fJ-CD can accommo
date a solute of about the same size as a naphthyl or biphenyl group. There must be
a relatively tight fit between the solute and the CD cavity for chiral recognition. Better
resolution is obtained when the solute has between two and four rings with at least one
being aromatic. It also has been found that enantioselectivity is enhanced when the
chiral center is "sandwiched" between n systems. In general, the more rigid the
substituents on the "chiral center", the better the resolution between enantiomers.

In the case of derivatized CDs, the additional hydroxyl groups external to the
CD may play more than one role in chiral recognition. In some cases, the external
hydroxyl groups may provide additional sites for hydrogen bonding and may assist in
"immobilizing" the solute in the diastereomeric inclusion complex. In contrast to the
secondary hydroxyls which are locked into position on the native CD, the OH moiety
of the hydroxypropyl groups is free to rotate. This flexibility may allow for a closer
approach between the OH and any hydrogen bonding moiety present in the solute
leading to stronger or more stereospecific interactions than are possible with the native
CD. This effect would be more important for the smaller solutes such as indanol (2)
and 1,2,3,4-tetrahydro-l-naphthol (3). In these cases, the optical purities of the
additional chiral centers on the derivatized CD would not playa role in the chiral
recognition process. This type of role is also demonstrated by the fact that some
enantiomeric pairs (i.e., 5 and 10) are well resolved on the racemic stationary phase
despite the fact that the racemic column was shorter than the optically pure columns
(Table II). The fact that the additional hydroxyls do make a contribution to chiral
recognition is established because most of these solutes were unresolved on a fJ-CD
column. Compounds 5 and 10 were recently reported as separated on a fJ-CD
column 15

. The {3-CD column exhibited better selectivity for these compounds.
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In the case of compounds 8-14, the aromatic ring presumably is the portion of
the molecule included into the CD cavity (Fig. I). The presence of the polar
trifluoromethyl (or nitro, compound 12) substituent on the aromatic ring probably
precludes full penetration of the aromatic ring into the CD cavity. Others have found
that for geometrical isomers of dipolar substituted aromatics, arrha-substituted
isomers elute before the para isomers8

. Although the exact substitution patterns of the
hydroxypropyI groups on the CD are not known, the presence of these groups no
doubt alters the types of interactions possible at the mouth of the CD cavity. These
alternate types of interactions possible with the hydroxypropyl-p-CD include not only
the hydrogen bonding interactions with the hydroxypropyl OH mentioned above but
also include steric interactions with these groups as well. These additional steric

Fig.!. Computer graphic image or the inclusion complex or BA Y COOH (compound 8). a calcium-channel
blocker. and hydroxypropyl-{J-CD.
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interactions may account for some of the enantioselectivity observed for enantiomers
which have bulky substituents on the heterocyclic ring {3 to the chiral center (i.e., 13 in
Fig. 2).

As in the case of {3-CD-based separations, selectivity is more likely if the
substituents on the chiral center are capable of hydrogen bonding or if the chiral center
is adjacent to an aromatic ring. However, the restriction that the hydrogen bonding or
aromatic substituents be rx to the chiral center seems to be much less stringent for the
hydroxypropyl phases. The effect of substitution on selectivity can be seen by
comparing the selectivities obtained for compounds with different substituents
(Table II). The relative selectivity obtained for the enantiomers ofIdazoxan (6) is less
than that obtained when the chiral center has an additional methyl substituent (7).
Compounds 9-11 are esterified derivatives of compound 8. The acid is fairly well
resolved on all three columns (Fig. 3). This is probably due to hydrogen-bonding
interactions through the acid. Some of this resolution is lost, however, when the ester is
formed (compounds 9 and 11) unless the ester has a bulky substituent which can hinder
the possible orientations of the molecule in the diastereomeric association complex
(compound 10). In this case, the hydrogen bonding interactions are replaced by steric
interactions. Also, for compounds 9 and 12, the external chiral center of the derivatized
CD seems to playa role in the chiral recognition process because the racemic column
was unable to resolve the enantiomers. However, the racemic column exhibited better
selectivity than the other two columns for compounds 10 and 11, probably because of
the higher bonded CD density.

For some compounds (i.e., 9, 12, 15, 16 and the atropic compounds 19 and 20),
the additional chiral centers undoubtedly playa role in the chiral recognition process
because of the significantly greater selectivities achieved on the A and C columns as
opposed to the selectivity obtained on the Bcolumn (Tables II-IV). Bulky substituents
on the chiral centers of the optically active molecules sterically restrict access to the CD
cavity and preclude full penetration of the solute into the CD cavity. For example, the
presence of an additional iodine on the phenolic ring of 3,3',5-triiodo-D,L-thyronine
(15) interferes with the formation of an inclusion complex. Only the optically pure
column with the highest bonded ligand density is able to resolve the enantiomers

o 7 14

TIME (min)

Fig. 2. Chroma1ogram of a calcium-channel blocker (compound 13) on the wide-pore (S)-hydroxypropyl
{i-CD column A. Mobile phase as specified in Table II.
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Fig. 3. Chromatograms of BAY COOH (compound 8) on (a) column A (wide pore, (S)-hydroxypropyl);
(b) column B (wide pore, racemic hydroxypropyl and (c) column C (narrow pore, (S)-hydroxypropyl).
Mobile phase as specified in Table II.

(Fig. 4). 3,3',5,5'-Tetraiodo-o,L-thyronine was unresolvable on any of the columns.
The atropic molecules also are sterically restricted from fully entering the CD cavity;
therefore, the enantioselectivity must arise through interaction with the chiral center
external to the CD. As pointed out by Han and Armstrong16

, it is not necessary for the
entire molecule to be included in the CD cavity. In the case ofhydroxypropyl-f3-CD, it
is possible for the hydroxypropyl groups to assume a configuration which would allow
stereoselective hydrogen bonding with the chiral portion of the molecule even though
the chiral center sits outside the CD cavity as long as a portion of the molecule is tightly
complexed within the CD cavity. In order for enantioselectivity to occur, however, the
hydroxypropyl groups would have to be optically pure. This would explain the lack of
stereoselectivity on the racemic column (B) for these particular solutes.
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o 16

TIME (min)

24 32

Fig. 4. Chroma1ogram of 3,5-diiodo-D,L-thyronine (compound 17) on the wide-pore (S)-hydroxypropyl
{3-CD column A. Mobile phase as specified in Table III.

In summary, hydroxypropyl-j1-CD has been shown to be a useful liquid
chromatography packing for the separation of enantiomers which are difficult or
impossible to separate using j1-CD columns. In most cases, the separation mechanism
appears to be, as in the case of the native CD, due to the formation of diastereomeric
inclusion complexes. However, the hydroxypropyl-CD phase seems to have more than
one mechanism for distinguishing between enantiomers. For smaller solutes, the
flexibility of the hydroxypropyl group allows for a closer approach between the
hydroxyls and any hydrogen bonding moiety present in the analyte leading to stronger
but not necessarily stereospecific interactions than is possible with the native CD. The
hydroxypropyl groups can provide not only additional sites for hydrogen bonding but
steric interactions as well. In addition, the additional centers of chirality on the
hydroxypropyl group may also contribute to enantioselectivity through stereospecific
hydrogen-bonding interactions. This is particularly important in cases where the
analyte is too big to fully enter the CD cavity.
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chiral alkylsilica columna

ANDREAS M. RIZZI

ln~titute of Analytical Chemistry, University of Vienna, Wiihringerstrasse 38, A-1090 Vienna (Austria)

(First received February 15th, 1990; revised manuscript received March 26th, 1990)

ABSTRACT

A two-dimensional chromatographic system was evaluated that combines a
column packed with swollen crystalline cellulose triacetate for optical resolution of
enantiomers with a non-chiral column for the preseparation of these enantiomers
from other analytes or impurities. This two-dimensional approach greatly enhances
the low peak capacities usually obtained with swollen microcrystalline cellulose tria
cetate columns. In this way determination of enantiomers can be achieved also in
more complex samples and the significance of the purity determination of the
enantiomeric peaks can be improved. The coupled column system was evaluated with
respect to the compatability of the mobile phases and the possibilities of achieving
peak compression at the top of the second column.

INTRODUCTION

In the last 10 years, the separation ofemintiomers has attracted great interest for
a wide spectrum ofcompounds. Chiral stationary phases based on cellulose derivatives
have been applied for this purpose in many instances 1-3. Microcrystalline cellulose
triacetate (CTA) and cellulose tribenzoate (CTB) can be used directly in a swollen state
as packing materials with small particle sizes (down to 7-10 pm) in high-performance
liquid chromatographic (HPLC) columns4

-
7

. These adsorbents provide high enantio
selectivity for a great variety of substances, including those with only one polar
functional group. This feature and a surprisingly high loadability without loss of
performance are the main advantages of these materials5

•
6

•
8

•
9

. Their main drawback,
however, is the very large peak dispersion for most types of analytes.

U Dedicated to Professor J.F.K. Huber on the occasion of his 65th birthday.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Recent papers8 ,9 discussed certain stategies for improving the efficiency ofchiral
separations by means of swollen crystalline cellulose triacetate (swcrCTA) packings.
In spite of significant improvements in peak dispersion on optimizing the chromato
graphic conditions, the plate height values still remain high for many types of
substances. The resulting lack of theoretical plates can be overcome in many instances
by the high enantioselectivity obtainable by swcrCTA adsorbents to give good
enantiomeric resolution. The low peak capacity of a swcrCTA column, however,
which results from the low plate number, remains a problem. A low peak capacity
implies that one has only a small chance of finding separation conditions where the
enantiomers will be sufficiently separated from each other and from other compounds
present. Even with well separated and seemingly pure enantiomeric peaks one needs
a certain peak capacity to ensure and to demonstrate that no trace peak is hidden
underneath the analyte peak. This is also important for more or less pure chiral
substances, because high accuracy and precision are usually required for the
determination of the enantiomeric excess.

An effective technique for enhancing the peak capacity is the use of a multi
column set-up with column switchinglo . The whole potential of on-line column
switching techniques can only be utilized if the two following conditions are met: the
mobile phase carryover from the first column should not cause a severe and
detrimental deconditioning of the second column, and proper selection of the mobile
phases should make it possible to achieve a peak compression effect in the second
column II. In our case the question also has to be discussed of whether the carryover
severely affects or disturbs the swelling state of the swcrCTA material.

In this work the possibilities and limitations of column switching in a coupled
system consisting of a non-chiral alkylsilica column operated in a reversed-phase
system and a subsequent chiral swcrCTA column were examined with respect to the
above criteria: compatability of the mobile phases and possibilities for obtaining peak
compression effects.

Conclusions drawn for this column-switching system may also be useful for the
optimization of off-line preseparations, especially when considering deconditioning of
the CTA column by the injected solvent and the determination of the maximum
allowable injection volume.

EXPERIMENTAL

Instrumentation
Chromatographic experiments were carried out with an HPLC pump (Model

L-6200 intelligent pump, Merck-Hitachi, Tokyo, Japan), a syringe-valve injector
(Model 7161, Rheodyne, Cotati, U.S.A.) equipped with a 20-Jilloop, a column oven
(Model 655A-52, Merck-Hitachi), two switching valves (Model 7000, Rheodyne) and
a UV detector (Model L-4000, Merck-Hitachi) connected to an integrator (Model
D-2000 chromato-integrator, Merck-Hitachi).

Columns
Non-chiral column. Prepacked stainless-steel columns (250 mm x 4.0 mm J.D.)

filled with chemically bonded octylsilica material, particle diameter 5 Jim (LiChrosorb
RP-8; E. Merck, Darmstadt, F.R.G.).
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Chiral column. Prepacked columns (250 mm x 4.0 and 10.0 mm J.D.) filled with
swollen crystalline cellulose triacetate, mean particle diameter 10 ,um (Ribar; E.
Merck).

Reagents and samples
Organic solvents were obtained from E. Merck: methanol of LiChrosolv quality

and absolute ethanol of analytical-reagent grade. Water was distilled twice from
a quartz apparatus and additionally purified by passing it through an RP-8 column
before eluent preparation. Alcohol-water mixtures were partially premixed and
degassed in an ultrasonic bath.

Pure standard solutions of the racemic test analytes were used for the evaluation
of the peak compression effect. Solutions ofless pure standard analytes were employed
to demonstrate the separation power of the column-switching set-up.

Chromatographic procedure
A schematic diagram of the two-column set-up is shown in Fig. I and a general

chromatographic elution and column switching protocol is given in Table I. The
procedure starts with the injection of the sample onto the non-chiral alkylsilica column
and the elution on this first column with ethanol-water mixtures suitable for the entire
separation problem. Tn this step, the racemic analytes are separated from matrix
constituents and impurities. A small fraction of the eluate which contains the chiral
analyte is transferred to the CTA column. After the transfer of this fraction to the
second column, the elution on the first column is finished. Thereafter, column I is
switched off and the capillary bypass is used. At the same time the eluent composition
is changed to an ethanol-water mixture suitable for the separation on the CTA
column, and the capillaries are rinsed. After rinsing, the CTA column is switched on
and the analyte stored in this column is eluted. The temperature of the first column was
ambient and of the CTA column 50°e. UV detection at 254 nm was used. Mobile
phase void volumes of the CTA columns were calculated by assuming a packing
porosity of 0.71 8 .

RESULTS AND DISCUSSION

Peak capacities
The peak capacity, n(R,), i.e., the maximum number of peaks that can be

separated in a chromatogram with a desired resolution, Rs• in a given time, in the ideal

column!

~!or detector

Fig. I. Schematic diagram of the coupled column chromatographic system used: column I, alkylsilica (OS
or ODS); column 2, swollen crystalline cellulose triacetate (CTA). Valves: rotor position A, solid lines; rotor
position B, broken lines.
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TABLE I

GENERAL ELUTION AND COLUMN-SWITCHING PROGRAMME

A. M. RIZZI

RP I I Preseparation of the sample
RP + CTA I 2d Transfer of the racemic analyte
RP I 1 End of RP elution
Capillaries 2 1 or Change of eluent

higher Rinsing of capillaries
CTA 2 2 Chiral separation

Time
interval"

O-tl
tl-t2
t2~t3

t3~t4

t4~tS

Position
of valve

2

A A
A B
A A
B B

B A

Column Eluentb Flo IV

rate'
Comment

a t I = Beginning of analyte transfer, e.g., at the beginning of the appearance of the racemic analyte;
t2 = end of transfer; t3 = end of the chromatogram on the RP column; t3-t4 = time for eluent change and
rinsing the capillaries (3-S min); t4 = beginning of elution of CTA column; tS = end of elution of CTA
column, end of chromatogram.

b Eluent I, eluent optimized for separation in column 1; eluent 2, eluent optimized for separation in
column 2.

, Flow-rates I and 2: optimum flow-rates for columns I and 2, respectively.
d If the pressure of both columns is too high, a lower flow-rate can be selected.

case that all possible peak positions can be utilized, is calculated here by means of the
equation.

n(R,} = log(1 + k~)/log(1 + Rs!.,JIV) (1)

where k~ is the capacity factor of the last eluted peak, n, and N is the mean plate
number. For the desired resolution of subsequently eluting peaks, R" we chose a value
of 6".

Assuming for a typical octylsilica (OS) column oflength 25 cm an average plate
number of 9000 and choosing a k~ value of 20 as the upper limiting value for the
practical use, the peak capacity value is ca. 50.

The plate numbers achievable of swcrCTA columns depend very much on the
chemical structures of the analytes. Assuming N to be 900, which is obtained with
a column of length 25 cm under favourable conditions, and k~ to be 5, the maximum
number of separable peaks is about ten. When looking for average values in typical
chiral separations by means of swcrCTA adsorbents, an N value ofabout 600 seems to
be more realistic8

,9. In addition, a lower value should be assumed for k~, e.g., 3, as in
practice very few analytes are eluted with k' > 3 when using commonly applied mobile
phases (low capacity factors are also convenient in order to keep the analysis time
acceptably short). With these more realistic assumptions, a peak capacity of ca. 6 is
obtained. This is a very low value compared with that obtainable with other
chromatographic support materials.

a The resolution, R" is defined here by R., = (VRj - VR)/(Jv), where VRare retention volumes and (Jv,
is the volume standard deviation of the first-eluted peak. For peaks of equal height, R, values of6 mean just
baseline separation. The numerical values of R, calculated according to this definition are about four times
larger than would be obtained by using the definition given by Snyder and Kirkland 12



COUPLED-COLUMN CHIRAL SEPARATIONS. I. 199

A peak capacity value of 6 may be sufficient for the separation of two
enantiomers. It is, however, too low, to allow separation also from impurities or to
demonstrate their absence with confidence. The large increase in peak capacity is the
main reason for introducing a two-column set-up for this type of separation. In
principle and under certain conditions, peak capacity values can be obtained in
two-column systems which are as high as the product of the peak capacity values of the
individual columns. These conditions are met if peak dispersion resulting from the first
column is negligible with respect to the overall dispersion or is overcome by peak
compression.

Peak compression at the top of the second column
Peak-sharpening effects generally can be obtained by enhancing the elution

power of the eluents. These effects are well known from gradient elution. In coupled
column chromatography, those column combinations are especially useful, where at
a given eluent composition the analyte is retained more strongly on the second column
than on the first: k;col.2 > k;coI.1 (co represents carryover). In such a case one may

co co
apply a step gradient after the transfer ofthe analyte onto column 2 by using a stronger
eluent for the second column than for the first at the time of transfer (i.e., during the
carryover). The peak compression effect which is obtained on applying a step gradient
at the top of the second column can be quantified by the peak compression factor, pc!
This factor can be evaluated to a certain approximation by the equation l3

Pelf = av(before compr.)/av(after compr.) = kicol.2/kicol'2·2
j j I I co e. (2)

where el.2 indicates the eluent used for the second column.
Table II shows that, with water-ethanol eluents and with the same eluent

composition, all analytes investigated are in fact retained more strongly by the CTA
than by the OS adsorbent used. A strong step gradient can therefore be applied at the
top of column 2.

The influence of the eluent composition on the retention is illustrated in Fig. 2 for
ethanol-water mixtures. These data are required when applying eqn. 2. With the
alkylsilica phases, the capacity factors ofthe given analytes show a monotonic decrease
with increasing alcohol concentration. This is a typical and well known behaviour for
non-ionic solutes at not too high alcohol concentrations. There one may even assume
an approximately linear correlation between In k' and the volume fraction of the
alcohol in the aqueous mobile phase.

With CTA columns the dependence of k' on the ethanol concentration is not
monotonic in the region ofethanol concentrations usually applied with this adsorbent.
The decrease in retention with increasing ethanol concentration follows the opposite
trend at high concentrations of ethanol.

The observed behaviour is due to the special adsorption mechanism on
swcrCTA adsorbents 14. The strength of the competitive effect of solvent components
is significantly influenced by the steric size of the solvent molecules. Hence the
competitive effect of water on this adsorbent is stronger than that of ethanol. This
effect acts in the direction of reducing the capacity factor values with increasing
concentration of water. On the other hand, the smaller solvation power of water
compared with ethanol for many imalytes causes the activity coefficients of the
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TABLE II

CAPACITY FACTORS WITH OCTYLSILICA AND swcrCTA STATIONARY PHASES AS A
FUNCTION OF THE CONCENTRATION OF ETHANOL IN WATER-ETHANOL MOBILE
PHASES

Compound OCly/silica

80%" 72% 64% 40% 24%

Phenyloxazolone 0.03 0.09 0.50 2.69
Phenyldioxolone 0.07 0.09 0.14 1.00 3.72
Hexobarbital 0.08 0.11 0.20 1.59
Spirobiindanone 0.11 0.19 3.88
Methaqualone 0.13 0.28 0.44 4.50
Trager's base 1.26 2.27 4.77

swcrCTA

96%" 86.4% 80% 76.8% 72% 60% 40%

Phenyloxazolone Ib 0.54 0.34 0.23 0.30 0.56 1.87
lIb 0.88 0.57 0.43 0.70 0.89 2.71

Phenyldioxolone I 1.84 1.66
II 3.47 3.66

Hexobarbital I 0.83 0.60 0.59 0.85 1.42
II 1.21 0.99 1.02 1.22 2.50

Spirobiindanone I 0.95 0.67 1.08
II 2.03 1.80 3.14

Methaqualone I 0.27 0.18 0.29
II 0.42 0.29 0.44

Trager's base I 1.I0 0.74 1.24
II 2.31 1.67 2.99

a Ethanol concentration in mobile phase (0;;" v/v).
b I and II indicate first and second enantiomer, respectively.

analytes in the mobile phase, and hence the capacity factors, to increase with increasing
concentration of water. The superposition of both effects produces the capacity factor
dependence given in Fig. 2.

By use of eqn. 2 and the data from Fig. 2, one can evaluate the conditions under
which and the extent to which peak compression can be obtained. As a rule, peak
compression can simply be obtained in most instances by choosing a higher alcohol
concentration in eluent 2 than in the carryover, with the exception of ethanol
concentrations higher than 75-80% (vjv).

Exploitable peak compression effect
To evaluate the optimum eluent compositions for eluent 2, one must consider the

optimum separation conditions for the racemic analytes on the CTA column together
with the peak compression potential at the top of this column given under these
conditions. One should consider that the peak compression factor at the top ofcolumn
2 is not required to be the maximum attainable. It is sufficient if the peak variance in
the carryover is reduced to such an extent that it does not affect the resolution to more
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'Fig. 2. Logarithm of the capacity factors of test analytes on swcrCTA and octylsilica adsorbents as
a function of the volume fraction of ethanol in ethanol-water mobile phases. Temperature, 50°C. Analytes:
hexobarbital (open symbols), 5-phenyltetrahydrooxazol-2-one (half filled symbols) and methaqualone (full
symbols). Circles, swcrCTA adsorbent; squares, octylsilica adsorbent.

than a few percent. The maximum exploitable compression factor therefore obviously
depends on the peak variance in the carryover and the variance resulting during elution
in column 2.

The influence of the peak variance in the carryover on the total resolution is
evaluated by means of eqn. 3, assuming that more or less the whole analyte peak is
transfered to column 2:

R~1+2) = [ (O'Y0I.1)2J-1/2
R(2) 1 + O'col.2

s V
(3)

where R~2) means the resolution obtained by use of column 2 and RP + 2) that obtained
by the use ofa combination of both column; O'v is the standard deviation of the eluted
peaks in volume units.

For reasonable capacity factors and plate numbers in the first (OS) and second
(CTA) columns, and considering typical inside diameters of the columns (4 mm for the
OS and 4 and 10 mm for the CTA column), the relative decrease in enantiomeric
resolution due to the first column is shown in Table III, under the assumption that
peak compression is not performed. Conversely, these data illustrate the maximum
effect on the peak widths in the final chromatograms that can be expected from peak
compression at the top of the column under the optimum conditions. For columns
with equal diameter, the decrease in resolution is sometimes significant and may be up
to 30% for compounds weakly retained on the CTA column. Here, the application of
peak compression will result in a decisive improvement. If one combines the OS
column of4 mm J.D. with the chiral column of 10 mm J.D., the decrease in resolution is
very small and in fact negligible. In this instance, a peak compression at the top of
column 2 will produce no observable effect on the final chromatogram.
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TABLE III

CALCULATED PEAK PROFILE STANDARD DEVIATIONS, av, OF THE COLUMNS USED AND
CALCULATED DECREASE IN CHROMATOGRAPHIC RESOLUTION ON USING TWO
COLUMN CHROMATOGRAPHY WITHOUT PEAK COMPRESSION

Column 1 Column 2 (N = 600)"
(N = 8000:
J.D. = 4 ml11, Va = 2.41111) I.D. = 4 111m, Va = 2.4 1111 I.D. = 10 111m, Va = 151111

k' av (J.l/) k' av (J.l/) R,<' +2l/RPl av (J.l/) R,<' +2 1/R,(2)

3 107 0.5 147 0.808 919 0.993
1.0 196 0.877 1225 0.996
1.5 255 0.916 1531 0.998

5 161 0.5 147 0.674 919 0.985
1.0 196 0.772 1225 0.991
1.5 255 0.835 153! 0.995

a Typical value for RP columns.
b Typical value for swcrCTA columns.

Chromatograms of 5-phenyltetrahydrooxazol-2-one, hexobarbital and Trager's
base obtained by the OS-CTA coupled column system are shown in Figs. 3-5. In each
instance, the eluents for the first column were selected such that reasonable capacity
factors are obtained on the OS column and a too high concentration of water is
avoided (cf, discussion on the compatibility of mobile phases). The eluents for the
second column were selected such that the requirements for enantiomeric resolution
and short analysis time were satisfied 14. The separation of the enantiomers obtained
with the coupled column system is seen to be as good as that given by a single CTA
column.

Table IV shows the capacity factor, enantioselectivity and peak dispersion data
corresponding to these chromatograms together with the data obtained by single CTA
chromatography. Experimental peak compression factors, determined from peak
widths in the chromatograms according to eqn. 4, and the maximum obtainable
compression factors at the top of column 2, as calculated from capacity factor data
according to eqn. 2, are also given.

(4)

where the superscript ex indicates contributions from the injector, detector, capillaries
and switching valves. (O"v°I.1)2 has to be substituted by the peak variance in the
carryover if only parts of the analyte are transferred to column 2.

First, and most important for practical applications, one can see in Table IV that
the final peak widths (O"y data) remain essentially unchanged in all instances, whether
using a single CTA column or a column-switching system. Because of the higher
elution strength of eluent 2 with respect to the carryover, peak compression can be
expected to take place at the top of the CTA column in all instances (cf, pcf"ax data). It
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Fig. 3. Chromatograms of 5-phenyltetrahydrooxazol-2-one obtained in single column systems and in the
octylsilica-swcrCTA two-column system including column switching. Separated enantiomers are indicated
by I and II. (a) OS column only; (b) CTA(II) column only; (c) OS-CTA(l1) with column switching. Coiumn
dimensions: OS, 250 x 4 mm I.D.; CTA(II), 250 x 10 mm I.D. Temperature: column I, ambient; column 2,
50°C. Eluent I, ethanol-water (40:60); eluent 2, ethanol-methanol-water (67.2:20: 12.8). Flow-rate I, 0.5
ml/min; flow-rate 2, 1.0 ml/min. Times of events: II = 5.5; /2 = 6.5; /3 = 11.0; /4 = 16.0; /5 = 42.0 min.

is obvious that a significant peak compression effect in the final chromatograms (see
pcj';xP data) can be observed only in instances where the small-diameter CTA column
was employed. Otherwise the effect vanishes because of the dispersion in the
wide-diameter column.

From Table IV a decrease in the capacity factors on the CTA adsorbent by the
column switching procedure can be seen. It is probably due to a slightly higher
temperature in the CTA column when operated in the column-switching mode, which
results from different working temperatures in columns 1 and 2 in our set-up. The
increase in enantioselectivity is probably caused by the high water content in the
carryover. Increasing enantioselectivity with increasing water concentration in the
eluent can be observed for many analytes with CTA adsorbents 7.14. The higher water
contents in the carryover thus produces a useful side effect in this type of
column-switching system.

General compatibility of the mobile phases
The use ofcoupled column chromatography requires that the carryover from the

first column is fully compatible with the stationary phase and the eluent used in the
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Fig. 4. Chromatograms of hexobarbital obtained from a single CTA column and in the octylsilica
swcrCTA two-column system including column switching. (a) CTA(,) column only; (b) OS-CTA(I) with
column switching. Column dimensions: OS, 250 x 4 mm 1.0.; CTA(i) 250 x 4 mm J.D. Temperature:
column I, ambient; column 2, 50°C. Eluent I, ethanol-water (40:60); eluent 2, ethanol-methanol-water
(67.2:20: 12.8). Flow-rate 1,0.5 ml/min; flow-rate 2, 0.16 ml/min. Times of events: 11 = 12.25; 12 = 15.20;
13 = 20.0; 14 = 25.0; 15 = 61.0 min.

second column. This means, first, that for our column-switching system, solvents
which may solvate the CTA adsorbent (chloroalkanes, THF, ketones) must be
excluded from the carryover.

Second, with swcrCTA stationary phases, an additional constraint results from
the swollen state of the packed bed. Previous investigations14 have shown that changes
in the eluent composition probably also affect the swelling state of the CTA packing. It
is therefore necessary to prevent an irreversible change in the swelling state of the bed
by the eluent carryover. With regard to the proposed two-column combination, too
high a water concentration in the carryover may be problematic for the CTA column.
In our experience, the packing of the column is not disturbed, at least up to
a concentrations of 76% (v/v) water in the ethanolic mobile phase, although
temporary changes in the swelling state are very likely. The critical content of water at
which breakdown of the packing occurs has not been determined. Up to 76% of water
all the changes in the swelling state did not cause problems with the stability of the
packed bed. Plate-number data indicate that these changes are fully reversible on
returning to the initial eluent composition that was used for the packing of the column
[in this instance ethanol-water (96:4)].
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TABLE IV

CAPACITY FACTOR (k'), ENANTIOSELECTIVITY (a) AND PEAK STANDARD DEVIATION
(O"v) DATA OF ANALYTES IN SINGLE-COLUMN AND COUPLED-COLUMN CHROMATO
GRAPHY, AND PEAK COMPRESSION FACTORS (pcl) DERIVED THEREFROM

CTA(I),column with J.D. 4 mm, flow-rate = 0.16 ml/min; CTA(II), I.D. IOmm, flow-rate = 1.0ml/min; OS,
octylsiiica, flow-rate = 0.5 ml/min. Other chromatographic conditions as given in Figs. 3-5; co indicates the
carryover; pc!"P, experimental peak compression factor, determined according to eqn. 4; PC}"" maximum
obtainable peak compression factor at the top ofcolumn 2, evaluated according to eqn. 2. Enantioselectivity
coefficients in the coupled-column system are calculated according to a = (t~S-CTA - t4 - t~TA)/(t~S-eTA 
t4 - t~TA), tR and tR being the retention times of the two enantiomers, t4 the lime of starting'the elution on
the CTI\ col~mn (eI: Table I) and t R , the elution time of the system peak of the eluent component methanol
(i.e., 14 min in both columns at the flow-rates applied).

Compound Parameter CTA(/) OS-CTA(/) CTA(lI) OS-CTA(l/)

5-Phenyltetrahydrooxazol-2-onc" k' eTA 0.65b 0.31 b 0.43 0.331. el.l

k' eTA 0.85b 0.48 b 0.66 0.532 el.l

a 1.31 b 1.52b 1.55 1.61
(O"v), (pi) 86b 96b 680 680
(O"vlz (pI) 106b 102b 760 760
(O"v)" (pi) 500 130
pcf~'P 5.3 1.02
pcf~'P 5.0 1.01
k' CIA 1.87'

1 el.l

k' eTA 2.71'
2 el.I

pc!";" 6.0d 4.3
pcj~"' 5.6" 4.1

Hexobarbital" k' eTA 0.71 0.66 0.67 0.551 el.2

k' eTA 1.04 1.03 1.05 0.902cJ.2

a 1.46 1.56 1.57 1.62
(O"v), (pi) 131 140 880 810
(O"vlz (pi) 173 182 1200 1090
(0"v)eo (pi) 500 300
pcj~'P 3.7 1.15
peG'p 2.9 1.00
k' eTA 3.6'1 e1.1

k' eTA 6.0'2 cl.1

pc!";"' 5.4

pe0"' 5.7

Trager's base' k' CTA 1.13 0.961 e1.l

k'CTA 2.41 2.232 el.2

a 2.14 2.33
(O"v) l (/il) 1410 1420
(O"vlz (/il) 2960 2800
(O"v)eo (/il) 310
pc!','P 1.02
pCG'p 1.06
k' CTA 1.5'1 eI.1

k' CTA 3.6'
2 el.l

per."' 1.3
pc~"' 1.5

a Eluent I, ethanol-water (40:60); eluent 2, ethanol-methanol-water (67.2:20:12.8).
b Flow-rate, 0.08 ml/min; temperature of CTA column, 60°C.
, Obtained by extrapolation (Fig. 2).
d Calculated from the k,eTA data given under OS-CTA(I).
, Eluent I, ethanol-water (72:28); eluent 2, ethanol-water (96:4).
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Fig. 5. Chromatogram of Trager's base obtained with the octylsilica-swcrCTA two-column system with
column switching. Column I, octylsilica; column 2, swcrCTA(II). Column dimensions: OS, 250 x 4 mmI.D.;
CTA(Il),250 x 10 mm J.D. Temperature: column I, ambient; column 2, 50°C. Eluent 1, ethanol-water
(72:28); eluent 2, ethanol-water (96:4). Flow-rate I, 0.5 ml/min; flow-rate 2, 1.0 ml/min. Times of events:
II = 7.0; 12 = 9.50; 13 = 12.0; 14 = 17.0; 15 = 72.0 min.

CONCLUSION

For optical purity control and enantiomeric excess determination, a high peak
capacity is required in order to exclude the possibility with sufficiently high
significance that small impurity peaks interfere with the peaks of the enantiomers.
Even for apparently pure substances one needs a minimum peak capacity to make
purity evaluation possible at a certain level of accuracy and precision. To increase the
low peak capacity of swcrCTA columns, a two-column set-up with column switching
can be used which combines a non-enantioselective separation step on an alkylsilica
column with an enantioselective separation step on the swcrCTA column. In order to
take advantage of the maximum achievable peak capacity in a column-switching
system, the variance of the transferred peak must be negligible with respect to the
variance originating from the second column, or has to be made negligible by peak
compression.

Owing to the strong peak dispersion in swcrCTA columns, the peak broadening
produced by the alkylsilica columns can often be neglected. This is obvious when using
CTA columns of 25 cm x 10 mm J.D., as they are commercially available, and OS
columns of 4 mm J.D. Using columns of equal diameter, peak compression is
worthwhile. Peak compression may also be of interest for semi-preparative separa
tions, for which swcrCTA adsorbents are especially suitable. Overloading effects
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expected in column 1 (OS) when using swcrCTA columns for semi-preparative
purposes can be compensated for in this way.

Peak compression at the top of the CTA column can be achieved in most
instances simply by choosing a higher concentration of alcohol in eluent 2 than in the
carryover, when applying mixed water-alcohol mobile phases. This strategy may not
be successful at very high concentrations of ethanol. Compatibility of the mobile
phases for both columns is given for ethanol-water mixtures with a water concentra
tion ofleast up to 75% (v/v) in the carryover. Up to this value, the CTA packing has
been proved to be stable. The exact limit at which the packing breaks down has not
been determined. For not very hydrophilic analytes, the given concentration range
should be sufficient for successful reversed-phase chromatography. Obviously, with
respect to the solubility of the CTA material, chloroalkanes, ketones ofTHF must not
be present in the carryover.
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ABSTRACT

Enantiomeric purities of resolved enantiomers of the agrochemicals paclobu
trazol (I) and f1uazifop-P-butyl (II) have been determined using a diode-laser-based
polarimetric high-performance liquid chromatography detector. Reversed-phase
achiral chromatography was used with polarimetric and absorbance detectors in se
ries to measure optical rotation, a, and absorbance, A. In blind trials enantiomer
mole fractions in unknowns, Xu, were calculated from a standard, X" and alA values
using the equation

(aIA)u/(aIA)s = (2xu - 1)/(2xs - I).

The method always gave Xu within I % of actual values. 95% confidence limits
were roughly twice those from chiralchromatography and better than conventional
polarimetry. The linear range of the polarimetric detector was 0.02 - 10 mg ml- 1 for I
and 0.1 - 10 mg ml- 1 for II (20 JlI injection). Limits of detection for I and II of 0.19
and 1.0 Jlg correlate with specific rotations of the compounds.

INTRODUCTION

With the advent of laser-based polarimetric detectors specially designed for
high-performance liquid chromatography (HPLql-4, the reduction of noise to
microdegree levels in optical rotation (OR) measurements has allowed chiral
molecules to be quantitated with detection limits in the O.I-I-Jlg range. Applications of

"Present address: Department of Clinical Pharmacy, University of Tennessee, 26 South Dunlap St.,
Memphis. TN 38163. U.S.A.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers RY.
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polarimetric detection in HPLC have been recently reviewed 5. The use of absorbance
and polarimetric detectors coupled in series to monitor peaks eluting from an achiral
chromatography column has been shown to provide a simple method for deter
mination of the enantiomeric purity of compounds for which a standard of known
purity is available2,6,7. This technique was first applied to a permethrinic acid
insecticide6 and a detailed account of the precision and accuracy of the method has
recently been given for the pharmaceuticals ephedrine hydrochloride and pseudo
ephedrine hydrochlorides.

In the present paper the technique is applied to two agrochemicals, paclobutra
zol and tluazifop-P-butyl, with particular reference to establishing 95% confidence
limits and comparison with alternative procedures using chiral separation or
polarimetry of bulk samples for quality control of these compounds which are used in
enantiomerically pure form.

Paclobutrazol, (2RS,3RS)-I-(4-chlorophenyl)-4,4-dimethyl-2-(1 H-I ,2,4-triazol
l-yl)pentan-3-ol (I, Fig. I), is one of a new class of plant growth regulators that affect
both vegetative and reproductive components of fruit tree growth9 and is a broad
spectrum growth retardant with a wide range of uses 10. Paclobutrazol possesses two
chiral centres, so four optical isomers may be separated. The 2S,3S enantiorner, the
active ingredient in plant growth regulation, inhibits the biosynthesis of gibberellins,
the plant hormones that primarily regulate the elongation of shoots1°while the 2R,3R
component has low plant-growth activity but high fungicidal activity11 . The 2R,3S
and 2S,3R diastereoisomers of paclobutrazol are potent inhibitors of plant sterol
biosynthesis12.

Fluazifop-butyl, butyl(RS)-2-[4-(5-tritluoromethyl-2-pyridyloxy)phenoxy]pro
pionate (II, Fig. I), is the active ingredient of a highly selective systemic postemergence
herbicide for use against annual and/or perennial grasses in cotton, soybean and other
broad leaf crops. Compound II has one chiral centre and only the R-( +) form, termed
tluazifop-P-butyl, is generally herbicidally active.

Because the enantiomers display large differences in the nature and degree of
biological activity, analyses which quantitate the enantiomeric forms are of consider
able importance in studies of activity, mode of action, translocation, metabolism and
persistence of these agrochemicals in the environment13

. Many methods have been
developed for chiral analysis, the most useful being those based on chromatographic
separation. Achiral chromatography may be carried out after chiral derivatisation of
112 and II14, but this is a lengthy process. Such procedures require the chiral reagent to
be optically pure and the reaction to proceed to completion without racemisation at
any stage15 . Separations using a chiral stationary phase (GSP)14 are generally taken to

Fig. I. Structural formulae of paclobutrazol (I) and fluazifop-butyl (II).
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be the standard methods of analysis. Such analyses are not ideal for quality control
because many CSPs are less robust and considerably more expensive than those for
normal achiral chromatography.

EXPERIM ENTAL

Reagents and chemicals
Experimental samples, supplied by ICI Agrochemicals, were fluazifop-P-butyl,

the racemate fluazifop-butyl, and the 2R,3R and 2S,3S enantiomers of paclobutrazol.
Solutions of all compounds were prepared immediately prior to use, and filtered
through a 0.45-llm filter. The HPLC mobile phases were prepared using deionized
water (Elgastat UHQ water purifier), methanol, ethanol, hexane (all HPLC grade) and
trifluoroacetic acid (analytical-reagent grade).

Instrumentation
The HPLC system consisted of a ternary gradient pump (ACS, Model 352), an

injection valve (Rheodyne 7152) with a 20-1l11oop, a variable-wavelength UV detector
(ACS 750/12) operating at 265 nm for paclobutrazol and 300 nm for fluazifop-P-butyl,
and a polarimetric HPLC detector (ACS ChiraMonitor) which utilises a diode laser
light source at 820 nm and a cell with pathlength 0.16 dm and volume 23 Ill. The UV
data were collected and analysed on an integrator (Trivector Trio), whilst a chart
recorder (Chessell) recorded the output from the polarimetric detector. A polarimeter
(Perkin-Elmer 141) with a I-dm pathlength silica cell thermostatted at 20°C was used
to measure the optical rotation of fluazifop-P-butyl and both enantiomers of
paclobutrazol at the sodium D line (589 nm) and mercury arc wavelengths (579,546,
436,405,365,313 and 302 nm). A UV spectrophotometer (Shimadzu UV 260) was
used to measure absorbance spectra.

Chromatographic conditions
In the analysis ofpaclobutrazol, a Chiralcel OC column (25 cm x 4.6 mm 1.D.)

was used for chiral separation with a hexane-ethanol (95:5) mobile phase at a flow-rate
of2.0 ml min -1. The achiral determination used a C18 column (Hichrom, 10 cm x 4.6
mm 1.D.) with a methanol-water (70:30) mobile phase at a flow-rate of 1.0 ml min - 1.

In the determination of fluazifop-P-butyl, the chiral column was a Pirkle type
(CPIA-3, 25 cm x 4.6 mm 1.D.) packed with covalent o-phenylglycine. A mixture of
hexane-methanol-trifluoroacetic acid (1000:0.9:0.5) was used as the mobile phase at
flow-rates of 1.0 or 2.0 ml min -1. Conditions for the achiral analysis were the same as
for paclobutrazol with the exception of the mobile phase composition (methanol
water, 75:25).

All chromatographic experiments were carried out at ambient temperature.

RESULTS AND DISCUSSION

Paclobutrazol
Chiral chromatography. Chiral chromatography was carried out as described in

the experimental section to establish the enantiomeric purity of 2R,3R and 2S,3S
samples of paclobutrazol. The enantiomer mole fractions determined from UV peak
areas are given in Table 1.
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TABLE I

ENANTIOMERIC PURITY OF PACLOBUTRAZOL SAMPLES

Z. WU et ai.

Sample Enantiomer mole Factions

2R,3R
2S,3S

(2R,3R)

0.97
0.074

(2S,3S)

0.03
0.926

(2R,3R)-Paciobutrazol elutes first, and because of peak tailing and lack of
baseline resolution the small mole fraction of the 2S,3S enantiomer in the (2R,3R)
paciobutrazol sample carries higher uncertainty than does the 2R,3R content of the
2S,3S sample. The (2S,3S)-paciobutrazol sample was consequently taken as the
standard for enantiomeric purity determinations in subsequent work.

Polarimetry. The observed rotation, a, of a compound containing mole fractions
of ( + )- and ( - )-enantiomers x and (1 - x) respectively is given from Biot's law as

a = [a] (2x - l)e! (1)

where c is the mass concentration, I the cell pathlength, and [a] the specific rotation of
the ( + )-enantiomer. For the racemate, with x = 0.5, a = 0; for the pure (+ )-form,
with x = 1, a = [a]e!; for the pure ( - )-form, with x = 0, a = - [a]e!.

Eqn. 1was used to obtain specific rotations at the sodium D line and mercury arc
wavelengths using the (2S,2S)-( - )-paciobutrazol reference standard for which x had
been found from chiral chromatography as described in the previous section.

Extrapolation of[a] to the wavelength of the diode laser, 820 nm, was carried out
using the Drude equation applicable to a material with one dominant chiral
chromophore16

(2)

where Ais the wavelength of measurement and ,.1,0 (the wavelength of the dominant
chiral chromophore) and K are constants. Fig. 2 shows the plot of A2 [ah versus [ah,
from which [amo was deduced to be 65.6 ± 2.4° ml g-1 dm -1 and ,.1,0 = 217 ± 2 nm.
Paciobutrazol has two chiral centres, and ,.1,0 coincides with the 220 nm UV peak
maximum which may be assigned to a n-n* transition on the triazole ring attached to
the C2 chiral centre17.

Achiral chromatography. A representative achiral chromatogram of (2R,3R)
paciobutrazol is shown in Fig. 3 and the calibration plot of the OR response, log (peak
height) versus log(concentration) is given in Fig. 4. The linear range of the method is
from 0.02 to 10 mg ml- 1 (for a 20-,u1 injection) of (2R,3R)-paciobutrazol with
correlation coefficient of 0.99998 and slope of 1.005 ± 0.005. The limit of detection of
the technique is 9.5,ug ml- 1 injected concentration (0.19 ,ug on column) calculated
using the equation18:

LOD = 3sy1x/b (3)
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Fig. 2. Wavelength dependence of the optical rotation of(2R,3R)-paclobutrazol in methanol-water (70:30)
measured at the sodium 0 line (589 nm) and mercury arc wavelengths (436, 405, 365, 313 and 302 nm) at
20°C.
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Fig. 3. Achiral chromatograms of (2R,3R)-paclobutrazol with dual optical rotation and UV absorbance
detection. Column: Hichrom C'8 (10 cm x 4.6 mm 1.0.). Mobile phase: methanol-water (70:30).
Flow-rate: 1.0 ml min - '. Injection, 40 Ilg. ChiraMonitor attenuation 2, time constant I s and chart recorder
200 mV fsd.

Fig. 4. Linear response of the polarimetric detector. Plot of log(OR peak height) versus log(concentra
tion/mg ml- ') for (2R,3R)-paclobutrazol.
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where sYlx is the root mean square (RMS) error on the data points and b the slope of the
plot of OR peak height versus concentration using the lowest concentration points in
Fig. 4. Eqn. 3 may be shown to follow 18 from the IUPAC recommendation 19 for the
definition limit of detection = 3 Sll, where SII is the standard deviation on the blank
signal.

Enantiomeric purity determination. From eqn. I, the simplest method of
determining the enantiomer mole fraction in a chemically-pure compound when an
enantiomeric standard is available is to measure a/c values for unknown, u, and
standard, s,

(a/c)u

(a/c)s

2xu - I

2xs - I
(4)

This is the procedure normally used when carrying out enantiomeric purity
determination using conventional polarimetry.

Using the (2S,3S)-( - )-paclobutrazol as standard, with Xs = 0.074, Xu for the
2R,3R-( + )-sample was deduced from a/c ratios measured at 365 nm (the wavelength
at which the highest sensitivity was obtained) to be 0.983 ± 0.010 (three replicate
measurements).

An alternative procedure is to use achiral chromatography with polarimetric
and spectrophotometric detectors in series, and calculate the enantiomeric purity from
the ratio of the optical rotation and the absorbance (A) response, a!A, for unknown
and standard samples8

,

(a/A)u

(a/A)s

2xu - I

2xs - I
(5)

This follows from eqn. 4 since A is directly proportional to c. As in previous sections
the 2S,3S sample was used as standard, giving Xu = 0.963 ± 0.006 (three measure
ments) for the (2R,3R)-( +)-paclobutrazol sample.

Table II compares the three methods for determination of enantiomeric purity.
Mean values are given with their 95% confidence limits, calculated knowing the
number of replicate measurements, n, and the t value for a confidence interval of95%,
t95 (ref. 18).

The achiral HPLC method with dual detectors is seen to give results in good
agreement with chiral chromatography, and carries less uncertainty than does
polarimetry on bulk samples. Perhaps of greatest importance when considering
applications in quality control of agrochemicals is that the a/A method does not
require chemically pure samples, and that it can be orders of magnitude more
economical in material. To obtain the data in Table II, 40 flg was loaded for each
HPLC injection whereas about 6 mg was required to fill the 6-ml polarimeter cell.

Fluazifop-P-Butyl
Chiral chromatography. Fig. 5 shows the chromatogram of fluazifop-P-butyl

obtained using a chiral column under the conditions given in the experimental section.
The mole fractions of each enantiomer in this sample and in the racemate
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TABLE II

(2R,3R)-( + )-PACLOBUTRAZOL MOLE FRACTION DETERMINED BY THREE METHODS
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Method

(1) Chiral chromatography
(2) Polarimetry
(3) Achiral chromatography

with OR and UV detectors

0.97
0.978 ± 0.010
0.963 ± 0.006

n

fluazifop-butyl were calculated from the ratio of the peak areas of( +)- and ( - )-forms.
The results, given in Table III, establish the precision and accuracy of the method. It
should be noted that the mole fractions for fluazifop-butyl agree within 95%
confidence limits with those expected for the racemate.

Polarimetry. In the same way as for paclobutrazol, the optical rotations of
fluazifop-P-butyl were measured at the sodium D line and mercury arc wavelengths
(579,546,436,405 and 365 nm) and [alA calculated with eqn. 1. The A2[a] versus [a] plot
(eqn. 2) gave Ao = 237 ± 5 nm which corresponds to the 230 nm peak maximum in the
UV spectrum, and [amo = 18.1 ± 0.4° ml g-1 dm -1 (in methanol-water, 75:25).

Achiral chromatography. Fig. 6 gives an achiral chromatogram of fluazifop-P
butyl. Under the achiral conditions described in the experimental section, the linear
range of the technique for the analysis offluazifop-P-butyl was found to be 0.10-10 mg
ml- 1 with a correlation coefficient of 0.9989 for the log (OR peak height) versus
log(concentration) plot (cl Fig. 4). The slope and the RMS error of the plot of the OR
height versus the concentration of II gave a detection limit of 1.0 J.lg using eqn. 3.

(+)

(-)

I I I I I I I I I

o 2 4 6 8 10 12 14 16

min

Fig. 5. Chiral chromatogram of l1uazifop-P-butyl spiked with racemate l1uazifop-butyl. Column: Pirkle
CIPA-3 (25 cm x 4.6 mm 1.0.). Mobile phase: hexane-methanol-tril1uoroacetic acid (1000:0.9:0.5).
Flow-rate: 1.0 ml min -1 Total amount injected was 3.8 Jig.
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TABLE III

ENANTIOMERIC PURITY OF FLUAZIFOP-BUTYL SAMPLES FROM CHIRAL CHROMATO
GRAPHY

Sample Enantiomer mole fraction (';;u ± t9ssxjJn) n

Fluazifop-P-butyl
Fluazifop-butyl

(+ )-form

0.948 ± 0.005
0.501 ± 0.004

(- )-form

0.052 ± 0.005
0.499 ± 0.004

9
4

The detection limits for I and II may be compared with the theoretical values
obtained by considering the noise level on the detector. The RMS noise was measured
to be 2.3 ± 0.6 microdegrees (l s time constant). This is taken as the theoretical figure
for the standard deviation in the blank signal, Sn (eqn. 3). Theoretical limits of
detection of 3sn are presented in Table IV. Eqn. 1was used to convert from rotation to
concentration, and the measured peak width to determine dilution between concentrat
ions at injection and at peak maximum in the OR cell. There is good agreement
between the theoretical and the observed LOD values, 0.19 {tg for I and 1.0 {tg for II
injected on column (l-s detector time constant). It should be noted that the LOD is
inversely proportional to the specific rotation and directly proportional to the peak
width. The former factor contributes x 3.6 and the latter x 1.4 to the ratio
(LOD)n/(LOD)] = 5.

Enantiomeric purity determination. In blind trials, mixtures of fluazifop-P-butyl
(0.185 mg ml- 1

) and the racemate fluazifop-butyl (0.304 mg ml- 1
) were prepared to

OR

uv

I I I , , ,

o 2 4 6 8 10
min

, ! I , , !

o 2 4 6 8 10
min

Fig. 6. Achiral chromatograms of fluazifop-P-butyl with dual optical rotation and UV absorbance
detection. Column: Hichrom CIS (10 cm x 4.6 mm 1.0.). Mobile phase: methanol-water (75:25).
Flow-rate: 1.0 ml min -1. Injection, 20 /lg. ChiraMonitor attenuation 2, time constant I s and chart recorder
50 mY fsd.
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TABLE IV

LIMITS OF DETECTION (LOD) FOR PACLOBUTRAZOL (I) AND FLUAZIFOP-P-BUTYL (II)

Time constant = I s.

[al82o;o ml g-l dm- l

Half height peak width/ml
Dilution factor
Theoretical LOD/Jig
Observed LOD/Jig

J

66
0.22

12
0.15 ± 0.04
0.19

JJ

18
0.30

16
0.8 ± 0.2
1.0

give samples with Xu around 0.90. Assays were then carried out with both achiral
chromatography and (for samples 5-7) chiral chromatography. For samples l~4,

solutions of the mixtures were prepared in the same solvent as the achiral mobile phase
(methanol-water, 75:25). For samples 5-7, the mixture solutions were prepared in
hexane-methanol (1000:0.9). As the different mobile phases used in chiral and achiral
chromatographies were immiscible, the solution ofeach sample (Nos. 5-7) was divided
into two portions. One of them was for direct chiral chromatographic assay. With the
other portion for achiral chromatography, solvent was evaporated and methanol
water (75:25) added to redissolve the sample to a concentration of ~ 1 mg ml- 1. The
enantiomer mole fractions of (+ )-form in each of the mixture solutions were
calculated from the ultraviolet peak ratio in chiral chromatography and from the a/A
ratio (eqn. 5) in achiral chromatography. The results of the blind trials are shown in
Table V. The quality of the achiral technique for enahtiomeric purity determination is
evident. Although the achiral chromatography carries a little more uncertainty than
does the chiral chromatography, it is in good agreement with that from the chiral
separation as well as with the actual mole fractions.

TABLE V

ENANTIOMER MOLE FRACTION OF FLUAZIFOP-P-BUTYL IN BLIND TRIALS

Sample x (j. "
(actual)

Standard
l 0.940
2 0.931
3 0.919
4 0.910
5 0.926
6 0.902
7 0.886

-
.~" ± t95.\·.,,,/Jn (11)

Chiral separation

0.948 ± 0.005 (9)

0.928 ± 0.004 (4)
0.904 ± 0.008 (6)
0.884 ± 0.007 (7)

Achiral chromatography

0.942 ± 0.016 (5)
0.938 ± 0.012 (5)
0.923 ± 0.008 (7)
0.901 ± 0.010 (7)
0.916 ±0.010 (6)
0.902 ± 0.012 (8)
0.880 ± 0.011 (6)

a The calculated uncertainty in all Xu values is 0.005, the dominant error being the enantiomer mole
fraction of the standard.
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CONCLUSION

Z. WU et al.

Using a diode-laser-based polarimetric detector in series with a UV detector, the
enantiomeric purities of pac1obutrazol and fluazifop-P-butyl have been assayed and
calculated from the ex/A ratios of unknown and standard samples eluting from an
achiral column. The accuracy of the technique has been confirmed by comparison with
chiral separations on the same samples.

The precision using achiral chromatography is comparable to that of the chiral
separations and the 95% confidence limits are better than those from conventional
polarimetry. The achiral chromatography technique with dual OR/UV detection
offers advantages for routine quality control of (i) using a normal achiral column
instead ofa less robust and more expensive chiral column, (ii) using Jig ofsample which
need not be chemically pure, whereas conventional polarimetry requires mg amounts
of chemically pure sample.

The detection limit of the technique is dependent on specific rotation and the
quality of the chromatographic peak. Any increase in [ex] or decrease in peak width will
improve the limit of detection.

It is anticipated that this technique will provide a convenient routine analytical
method for the enantiomeric purity determination of chiral agrochemicals and
pharmaceuticals8 with the precision dependent upon the availability ofwell-character
ised standard samples and the number of replicate measurements taken.
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ABSTRACT

The chromatographic behaviour of some acidic herbicides (phenoxyacetic
acids, bentazon and dicamba) was investigated on a column laboratory-packed with
PRP-l, using acetonitrile-water as mobile phase. Detection was performed with a UV
detector set at 220 nm. This wavelength was selected as the optimum for the simultane
ous determination of the herbicides. The elution of acidic compounds is affected by
the pH of the mobile phase. The greatest retention and the best peak symmetry were
observed at pH 2.3. The relationships between log k' and acetonitrile volume fraction
(cp) in the mobile phase are parabolic. The detection limits of the tested substances
were about 0.2 ng in the volume injected. The capacity factors in pure water (k'w),
extrapolated by a quadratic expression, showed that PRP-l could be effective in
extracting the examined compounds from water. Various experiments, carried out on
spiked water samples using commercial PRP-l cartridges, showed that the recovery
of examined herbicides is nearly 100%. Further, such traps could make it possible to
concentrate aqueous samples containing acidic herbicides at very low levels (ppt).

INTRODUCTION

Phenoxy acid herbicides are used extensively in agriculture for weed control and
ultimately find their way into lakes, streams and groundwaters. Sometimes they may
be found in tap water at very low concentrations (ppt). The common procedure for
determining these pollutants in water involves extraction and derivatization prior to
analysis by gas chromatographl-5

. The main disadvantages are the time-consuming
sample preparation and the hazards associated with handling organic solvents.

High-performance liquid chromatography (HPLC) appears to be an atractive
alternative as phenoxy acids absorb strongly in the UV region. Both reversed-phase6

-
9

and normal-phase6 ,9. 10 applications have been reported. Ion-pair chromatography on
octadecylsilica columns has also been employed11. Chiral stationary phases were used

" Present address: Servizio Multizonale di Prevenzione, USL 31, C.so Giovecca 169, Ferrara, Italy.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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to separate enantiomers of MCPP [2-(4-chloro-2-methylphenoxy)propionic acid] and
of 2,4-DP [2-(2,4-dichlorophenoxy)propionic acid] in formulations I2,13.

In previous work, many substituted benzoic acids were studied on styrene
divinylbenzene columns and a polymeric packing, such as PRP-I, showed good
properties for the elution of acidic compounds l4; in fact, polymeric columns have
better stability than silica-bonded phases at lower pH. It should be pointed out that
phenoxy acids are usually separated on a CI8 reversed phase at a mobile phase pH of
36

- 9. However, at this pH, some herbicides (such as 2,4-D and 2,4,5-TP) having pKa

< 3 are partially ionized during chromatographic runs15
.

The aim of this work was to investigate the elution behaviour of some phenoxy
acid herbicides on PRP-I polymeric laboratory-prepared columns. The influence of
the mobile phase pH on the retention data and the relationship between the capacity
factor (k') and the mobile phase composition were investigated using water-aceto
nitrile eluents. Experiments were also carried out to find the optimum wavelength for
the simultaneous determination of the herbicides; some workers have set the detector
at 280 nm 8,9 and others at lower wavelengths16

,17. The use of styrene copolymers as
solid-phase extraction materials for the determination of phenoxy acids in water is
discussed.

EXPERIMENTAL

The retention parameter measurements were carried out on a Waters Assoc.
Model 501 solvent-derivery system (Millipore, Milford, MA, U.S.A.), equipped with
a Waters, Assoc. Model 484 tunable absorbance detector. Chromatograms were
recorded on a Spectra-Physics (San Jose, CA, U.S.A.) SP 4270 integrator. Samples were
introduced with a Rheodyne Model 7125 injector (supplied by Millipore), equipped
with a lO-JlI sampling loop. HPLC-quality acetonitrile (Rudi Pont, Eurobase, Milan,
Italy) and deionized, distilled water were filtered through a 0.45-Jlm MiJlipore filter
and degassed with a helium purge. The pH was controlled with 0.05 M phosphoric acid
and 0.05 M potassium dihydrogenphosphate or sodium monohydrogenphosphate.
The reported pH values are those of the solution before the addition of acetonitrile.
Solvent mixtures are expressed as percent by volume. The solutes, listed in Table
I (Chern. Service, West Chester, PA, U.S.A.), were dissolved in acetonitrile. Bentazon
and dicamba also were considered as they are the most effective herbicides under our
environmental conditions. The solute concentrations were about I mg/l and allowed
suitable detector responses without overloading the column. A PRP-I (Hamilton,
Bonaduz, Switzerland) column (150 x 4.6 mm LD.) was prepared as described
previouslyl8. Potassium nitrate was used as the unretained solute. All experiments
were run in triplicate at a flow-rate of I ml/min. The repeatibility of retention times was
better than ± 1%.

PRP- I commercial cartridges, supplied by AJltech (Milan, Italy), were employed
in enrichment experiments. Before use the traps were treated as described previouslyl9.

RESULTS AND DISCUSSION

Preliminary runs were performed to choose the optimum wavelength for the
maximum absorbance. These experiments were carried out with a Waters Assoc.
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Fig. l. UV spectrum of 2,4,5-TP. Mobile phase: acetonitrile-water (50:50) at pH 2.3.

Model 990 photodiode-array detector using acetonitrile-water (50:50) at pH 2.3. This
pH (corresponding to a 0.05 M phosphoric acid solution) allows the phenoxy acids to
be completely non-ionized.

The solutes showed absorbance bands at various wavelengths; some had a band
with a maximum at a wavelength below the cut-off of acetonitrile (190 nm) and
a shoulder between about 220 and 230 nm; others had a band with a maximum slightly
above 190 nm and a similar shoulder. All the compounds examined showed bands
between 250 and 320 nm.

The UV spectrum of 2,4,5-TP is reported in Fig. I as an example. In Table I the
wavelengths of the maxima and of the shoulders are reported. For analytical purposes,
220 nm is a good compromise wavelength for all the solutes examined. Moreover, the
molar absorptivities at 220 and 280 nm (Table I) show that a greater sensitivity may be
obtained at the lower wavelength.

The retention mechanism of ionizable compounds in reversed-phase chromato
graphy is highly dependent on the pH of the mobile phase20

. Measurements ofk' in the
pH range 2.3-5 were carried out with acetonitrile-water (50:50) as eluent. The
maximum k' values were obtained at pH 2.3 and decreased as the pH was increased. At
pH > 5 many solutes were eluted with the solvent. Further, the peak asymmetry
factors were about I at pH 2.3 and became worse as the pH was increased. The data in
Table II show that solute retention increases with increase in the number of methylene
groups in the aliphatic chain and with an increase in the number of methyl and/or
chloro substituents on the benzene ring. In fact, 2,4,5-TP is more retained than MCPP
and 2,4,5-T more than MCPA. However, some pairs of phenoxy acid herbicides, such
as 2,4-DB-MCPB and 2,4-D-MCPA, cannot be separated.

The behaviour of phenoxy acid herbicides on PRP-I columns may be explained
with the solvophobic theory2o and is similar to the behaviour observed by other
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TABLE I

UV SPECTRA OBTAINED WITH ACETONITRILE-WATER (50:50) OF pH 2.3 AS MOBILE PHASE

Compound Systematic name Wavelength Molar absorptivity,
of maximum absorbance e x 10-3 (111101-1cm- 1)

(nm)
220 nm 280 nm

2,4-DB 4-(2,4-Dichlorophenoxy) < 190 220 280 9.97 1.78
butanoic acid

2,4-D 2,4-Dichlorophenoxy < 190 220 280 9.20 1.68
acetic acid

2,4,5-TP (+ )-2-(2,4,5-Trichloro 205 220-230 290 9.05 0.98
phenoxy)propionic acid

2,4,5-T 2,4,5-Trichlorophenoxy 200 220-230 290 9.12 1.01
acetic acid

MCPB 4-(4-Chloro-2-methyl 198 230 290 9.88 1.70
phenoxy)butanoic acid

MCPP (+ )-2-(4-Chloro-2-methyl 198 230 290 10.10 1.55
phenoxy)propanoic acid

MCPA (4-Chloro-2-methyl 198 230 280 10.90 1.62
phenoxy)acetic acid

Dicamba 3,6-Dichloro-2-methoxy 202 220-230 280 10.90 0.65
benzoic acid

Bentazon 3-lsopropyl-(IH)-2, 1,3- 215 220-230 310 14.90 1.30
benzothiadiazin-4(3H)-one
2,2 dioxide

workers9 using octadecylsilica columns. The relationships between log k' and the
acetonitrile volume fraction (cp) were investigated and the plots for some phenoxy acids
are shown in Fig. 2. Regression analysis between log k' and cp showed that all data
points may be fitted to a quadratic expression 21

;

log k' = A cp2 + B(p + C

TABLE II

k' VALUES OF HERBICIDES OBTAINED WITH ACETONITRILE-WATER (50:50) AS THE
MOBILE PHASE AT VARIOUS pH

Compound

2,4-DB
2,4-D
2,4,5-TP
2,4,5,-T
MCPB
MCPP
MCPA
Dicamba
Bentazon

pH

2.3 2.5 3.0 3.5 5.0 5.3

5.15 5.07 4.94 4.63 2.89 2.15
2.65 2.49 1.96 0.99 0.15
6.02 5.71 4.61 2.49 0.31 0.22
4.02 3.82 2.92 1.42 0.21
5.33 5.18 5.15 4.87 3.12 2.82
3.87 3.70 3.31 2.20 0.27 0.20
2.71 2.56 2.19 1.27 0.17
2.09 1.74 0.86 0.29
3.28 2.96 1.89 0.80 0.52
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Fig. 2. Plot of log k' versus <p on PRP-l column. Mobile phase: acetonitrile-water (pH 2.3). D = MCPB;
• = 2,4,5-T; /':, = bentazon; • = 2,4-0; .... = dicamba.

The regression parameters and correlation coefficients are reported in Table III.
A similar behaviour was found for triazines on polymeric columns with water
acetonitrile eluents19

.

Extrapolation to 0% organic modifier yields the logarithm of the capacity factor
in pure water (k'w). The high k'w values suggest that PRP-l could be effective in
extracting phenoxy acids from water. In fact, herbicides are usually present at
concentrations below the detection limits, so that a preconcentration step is necessary.

The suitability of PRP-l for enrichment from aqueous solutions was evaluated
by sampling distilled water containing herbicides at concentrations below the

TABLE III

REGRESSION PARAMETERS OF LOG k' VS. <p

Log k' = A<p2 + B<p + C.

Compound A B C Correlation
coefficient

2,4-0B 3.1 -6.6 3.2 0.999
2,4-0 2.4 -5.4 2.5 0.998
2,4,5-TP 3.4 -6.8 3.2 0.999
2,4-T 3.0 -6.2 2.7 0.999
MCPB 3.0 -6.5 3.2 0.996
MCPP 2.8 -6.2 2.9 0.999
MCPA 2.7 -5.9 2.6 0.998
Oicamba 1.9 -4.5 2.1 0.998
Bentazon 1.8 -4.8 2.4 0.995
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TABLE1V

RECOVER1ES OF HERBlCIDES AT VAR10US CONCENTRATION LEVELS lN DISTILLED
WATER

Concentrations: column 1,0.05 ppm; column 2, 0.5 ppm; column 3, 1.0 ppm; column 4, 0.5 ppm. pH of the
aqueous sample = 2.3 with phosphoric acid (columns 1,2 and 3) and 2 with hydrochloric acid (column 4).

Compound

2,4-DB
2,4-D
2,4,5-TP
2,4-T
MCPB
MCPP
MCPA
Dicamba
Bentazon

Recovery (%)

2 3 4

101 99 99 98
99 98 101 100
99 103 101 101
97 99 100 99

101 100 103 99
100 98 98 100
96 99 99 98
98 93 99 98

102 100 100 102

detection limits. These detection limits (signal-to-noise ratio = 3) were about 0.2 ng of
the tested substance in the injected volume, i.e., 0.01-0.05 p.p.m.

Commercial cartridges containing about 100 mg of PRP-I were employed.
Before use, the traps were washed with 2 ml of acetonitrile and 2 ml of water at pH 2.3.
A vacuum was applied by a water pump and, after 250 ml of aqueous sample had

5 10 min

Fig. 3. Chromatogram obtained by concentrating 1000 ml of tap water spiked with 0.1 j.lg/I of dical11ba (peak
I), 0.1 j.lg/I of 2,4-D (peak 2) and 0.2 Ilg/I of bentazon (peak 3) using a PRP-I cartridge. Mobile phase:
acetonitrile-water (40:60), pH 2.



SEPARATION OF HERBICIDES 225

passed through, the herbicides were desorbed by passing 1 ml of acetonitrile and
collected in a glass vial.

The recoveries of the herbicides were evaluated by comparing the peak height
obtained with the sample and with a standard solution. The results obtained in three
runs are reported in Table IV (first three columns of recoveries). These data do not
vary with increase in the volume of the water samples (up to 1000 ml) or with increase
in herbicide concentration (up to 1 mgjl). The repeatibility of the percentage recovery
data is ±2%.

The re-usability of the cartridges was investigated by making repeated pre
concentration runs and by restoring the adsorbents with 10 ml of acetonitrile. After
five extractions the recovery of herbicides had not decreased significantly.

Fig. 3 shows a typical chromatogram obtained by this procedure for a tap-water
sample (1000 ml) acidified with hydrochloric acid to pH 2 and spiked with dicamba,
bentazon and 2,4-D. The use of phosphoric acid in natural and in tap-water samples
should be avoided in order to prevent the precipitation of insoluble phosphates. On the
other hand, hydrochloric acid does not affect the recovery efficiency reported in Table
IV (last column).

The results obtained showed that polymeric columns could be usefully employed
in the determination of phenoxy acid herbicides. Further, such material could also
make it possible to concentrate aqueous samples of these herbicides at very low
concentration levels.
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ABSTRACT

The differences in the chromatographic behaviour of glucuronic and galactu
ronic acids and some common neutral sugars on an amino-bonded phase column
(LiChrosorb NH z) were studied. The mobile phase was either acetonitrile-water or
acetonitrile-sodium dihydrogenphosphate buffer. The influences of the presence of
an anion (H ZP04 -) in the mobile phase, the pH and the composition of eluent were
investigated. The results contributed to the elucidation of the mechanism of the elu
tion of uronic acids and the simultaneous determination of uronic acids and neutral
sugars.

INTRODUCTION

The use of amino-bonded phase columns with a mixture of acetonitrile and
water as eluent in high-performance liquid chromatographic (HPLC) separations of
carbohydrates has been studied by numerous investigators 1-7. However, most of the
previous work dealt 'with the separation of neutral sugars and little attention has been
paid to the separation of uronic acids with this method because uronic acids are not
readily eluted from this type of column with aqueous acetonitrile systems. A few
reports have been published on the separation of some organic acids on amino-bonded
phase column8

-
10

. An attempt to separate some uronic acids using a LiChrosorb 10
NHz column in a weak anion-exchange mode with sodium acetate buffers as eluent
was not successful 10. Further, the mechanism of the elution ofuronic acids on this type
of column is poorly known.

An alternative approach is to use ion-exchange columns for such separations.
Most current procedures for separating acidic monosaccharides are carried out on
anion- or cation-exchange resins lO

-
14

. In comparison with amino-bonded phase
columns, ion-exchange columns offer different selectivities and elution sequences, but
have to be run at high temperatures and are either prone to rapid degeneration 10.15 or
have little facility for retention time adjustment I5

;16. Comparative studies 15 and
critical reviews16 concerning liquid chromatographic carbohydrate separations on the
above columns have been published.

002[-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.
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Based bn these observations, we were interested in extending the potential of
amino-bonded phase columns to the simultaneous analysis of neutral sugars and
uronic acids. It is of value to analyse directly the uronic acids and neutral sugar
residues in order to identify the polysaccharides as it is the first step in the structural
analysis of polysaccharides. In this paper, we report an investigation of the
chromatographic behaviour of uronic acids and neutral sugars on an amino-bonded
phase column and discuss the results from the viewpoint of structural features and
elution mechanism. The possibility of the simultaneous determination of uronic acids
and neutral sugars is considered.

EXPERIMENTAL

Materials
Standard saccharide samples were obtained from Sigma and Aldrich. HPLC

grade acetonitrile (Fluka) and analytical-reagent grade sodium dihydrogenphosphate
(NaHzP04) were used.

Preparation of hydrolysate of acidic polysaccharides. An acidic polysaccharide,
PIA-I, prepared in our laboratory, was hydrolysed with 2 M trifluoroacetic acid (TFA)
at 120°C for I h in a sealed tube. After the TFA had been removed by evaporation, the
hydrolysate was dissolved in water, filtered to remove any particulate matter and then
subjected to HPLC analysis.

Apparatus
The equipment consisted of a programmable HPLC pump (Waters Model 590)

a differential refractometer (Shodex Model SE-51) and a high-pressure sampling valve
(Bio-Rad Model 7125). The detector output was recorded with a flat-bed recorder
(LKB Model 2210) and an integrator (CDMC-2, China).

Chromatography was carried out with a 200 x 5 mm J.D. stainless-steel column
packed with 5-f.lm LiChrosorb NHz (E. Merck) and a 5 x 5 mm J.D. guard column
packed with the same material.

Chromatographic conditions
The mobile phase was a mixture of acetonitrile and phosphate buffer or water.

All solvents were filtered and degassed ultrasonically before use. The column was
equilibrated overnight with the respective eluent at a flow-rate of 0.5 mljmin and then
the flow-rate was maintained at I mljmin during chromatography. A 20-f.l1 volume of
a sample solution containing 0.5-2% (wjw) of each saccharide was applied to the
column. All separations were done at room temperature and no attempt was made to
control the temperature of the mobile phase and the column.

RESULTS AND DISCUSSION

A typical separation of some common mono- and disaccharides using aceto
nitrile-water (80:20, vjv) (pH 8.4) as eluent is shown in Fig.!. The elution sequence
and resolution are similar to those reported using the same column1,3-5. With this
LiChrosorb NH z column and acetonitrile-water as eluent, however, uronic acids such
as glucuronic acid (G1cA) and galacturonic acid (GalA) could not be eluted as
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o 10 30 40· 50
Fig. I. Separation of a neutral mono- and disaccharide mixture on LiChrosorb NH 2 column. Flow-rate,
1.0 ml/min. Eluent, acetonitrile-water (80:20, v/v) (pH 8.4). Peaks: 1 = rhamnose; 2 = xylose + fucose;
3 = arabinose; 4 = mannose; 5 = glucose; 6 = galactose; 7 = sucrose; 8 = lactose; m = mobile phase.

measurable peaks within a reasonable time. For the separation of these acids,
a phosphate buffer-acetonitrile solvent was tested6 . Fig. 2 shows the chromatogram
obtained on the same column with acetonitrile-O.oIS M NaHzP04 buffer (80:20, v/v)
(pH 7.3) as eluent for the separation of a standard mixture ofuronic acids and neutral
sugars. GlcA was eluted as a comparatively broad peak but GaIA was still not eluted.

The marked difference in the elution behaviour of the uronic acids with the two
solvent systems led us to investigate the effects of the composition and pH of the
buffered mobile phase on the separation of the acids.

III

o 10 20 50 60 lliJl

Fig. 2. Separation of (I) rhamnose, (2) xylose, (3) arabinose, (4) glucose, (5) sucrose, (6) glucuronic acid and
galacturonic acid on the same column. Flow-rate, 1.0 ml/min. Eluent, acetonitrile-0.015 M NaHzPO.
(80:20, v/v) (pH 7.3).
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At fixed acetonitrile to buffer ratio of75:25 (v/v), the pH of the mobile phase was
adjusted to 7.2 and 6.9 with 0.015 and 0.018 M NaHzP04 , respectively. Using these
eluents, the same test mixture as in Fig. 2 was chromatographed and the results are
shown in Fig. 3. On comparing the elution profiles of GlcA and GalA in Fig. 3B with
that in Fig. 3A, the improvement in peak width and peak tailing obtained with the
eluent oflower pH is obvious, especially for GalA, although a negative peak appeared
at the retention time of GalA and split the relatively broad peak ofGalA into two. This
negative peak has also been reported by Hendrix et al. 1

7 using a similar system with
amine-modified silica as the stationary phase, and was found to be a function of the
eluent pH. The acidic eluents resulted in a strong negative peak following trisaccharide
elution.

o

m

10

5 6

20

mm

A

40

m

4

fO

6

20
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negative
peak
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min

40 50

Fig. 3. Effect of increasing the acidity of eluent on solute elution. Flow-rate, 1.0 ml/min. Eluents: A,
acetonitrile-0.015 M NaH zP04 (75:25, v/v) (pH 7.2); B, acetonitrile-0.018 M NaH 2P04 (75:25, v/v)
(pH 6.9). Note that a negative peak appears at the GaIA elution position. Peaks: I = rhamnose; 2 = xylose;
3 = arabinose; 4 = glucose; 5 = sucrose; 6 = glucuronic acid; 7 = galacturonic acid.

In our system, a solvent with a higher water content was employed to elminate
this undesirable negative peak. Fig. 4 illustrates the results for the test mixture and
GalA alone with acetonitrile-Om 5 M NaH zP04 (70:30, vIv) (pH 7.0) as eluent. GlcA
and GalA were eluted as symmetrical peaks and a baseline separation was obtained.

In Table I, the retention times and capacity factors (k') of the carbohydrates
determined with various solvents are presented. The retention of the carbohydrates on
the amino-bonded phase is strongly dependent on structural features. It has been
proposed that the number and geometry of hydroxyl groups on the neutral sugars are
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6
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o 10 20

Fig. 4. Chromatogram obtained with a higher water content in the buffered solvent. Flow-rate, 1.0 ml/min.
Eluent, acetonitrile-0.015 M NaH 2P04 (70:30, v/v) (pH 7.0). Peaks as in Fig. 3.

important factors for separation 1 ~. In general, more hydroxyl groups would result in
more hydrogen bonds with the stationary phase, therefore increasing the retention.
The uronic acids are distinguished from neutral monosaccharides in the replacement
of the 6-hydroxyl group with a carboxylate group:

"~"'O"'
OH

0- Galactose

o
II

"~"'O"'
OH

D-Gal acturonic acid

Our data indicate that a uronic acid either cannot be eluted from the column or is
eluted much later than the corresponding neutral sugar. This different behaviour
cannot be explained by the difference in the number of hydrogen bonds.
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TABLE I

RETENTION DATA FOR NEUTRAL SUGARS AND URONIC ACIDS ON AN AMINO-BONDED PHASE
COLUMN WITH DIFFERENT MOBILE PHASE SYSTEMS

Sample No. System I: System II: System Ill: System IV: System V:
of" CH3 CN-l1'ater CH3 CN-G.015 M CH3 CN-G.015 M CH3 CN-G.018 M CH3 CN-0.015 M
hydroxyl (80:20, I'll') NaH 2 PO. NaH 2 PO. NaH2PO. NaH2 PO.
groups (pH 8.4) (80:20, I'll') (75:25, I'll') (75:25, I'll') (70:30, I'll')

(pH 7.3) (pH 7.2) (pH 6.9) (pH 7.0)

t, (min) k' t, (min) k' t, (min) k' t, (min) k' t, (min) k'

Rhamnose 4 8.84 0.740 9.73 0.966 7.38 0.689 6.90 0.612 6.44 0.656
Xylose 4 10.50 1.067 12.42 1.509 8.48 0.941 7.76 0.813 6.68 0.717
Fucose 4 10.70 1.106 12.71 1.568 8.62 0.973 7.86 0.836 6.71 0.725
Arabinose 4 12.10 1.382 14.59 1.947 9.27 1.121 8.63 1.016 6.82 0.753
Mannose 5 15.79 2.108 18.76 2.790 10.75 1.460 9.49 1.217 7.57 0.946
Glucose 5 17.10 2.366 21.56 3.356 11.54 1.641 10.09 1.357 7.99 1.054
Galactose 5 18.30 2.602 22.85 3.616 12.03 1.753 10.39 .1.428 8.21 1.111
Sucrose 8 30.67 5.037 38.09 6.695 16.12 2.689 13.61 2.180 9.73 1.501
Lactose 8 46.31 8.116 53.33 9.774 20.12 3.604 17.81 3.161 11.35 1.918
GIeA 4 47.12 8.519 19.26 3.407 18.49 3.320 13.14 2.378
GaIA 4 b 17.85 3.589

to 5.08 4.95 4.37 4.28 3.89

a Sample cannot be eluted from the column.
b Peaks too broad to measure.

It is also interesting that GlcA was eluted before or after the disaccharide lactose
with the different mobile phases employed. It has been observed previously that when
neutral mono- or disaccharides were separated on an amino-bonded phase column,
although the capacity factors were a function of the eluent pH, composition and the
column used, the elution order was not significantly effected by them 6 ,7,17,19. Our
results on neutral sugars are also in agreement with these reports. This can probably be
attributed to the dominant force in the separation of these neutral sugars on the
amino-bonded phase column being the same as forces such as hydrogen bonding

'force 1
,6,18. If the retention of uronic acids on the columns were also caused by this

force, GlcA would follow the same rule and the above factors would not change its
elution sequence. When the eluent pH and composition were varied, however, the
experimental results did not support the above assumption. The influence of the pH
and composition of the eluent on the retention order ofuronic acids and neutral sugars
is demonstrated in Fig. 5.

These results may lead to a better understanding of the elution mechanism of the
acids. It seems more likely that the retention of uronic acids is mainly derived from
other kinds of molecular forces. This may also explain why the uronic acid cannot be
eluted from LiChrosorb NH 2 with an acetonitrile~watersystem. Some similar organic
acids on an amino-bonded phase column were presumed to form salts with the amino
groups in the normal-phase modes.

From literature data and our studies, it appeared that the retention of
carbohydrates decreased with decreasing eluent pH. However, we also noticed that
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Fig. 5. Influence of eluent modification on the elution order of uronic acids and neutral sugars. Flow-rate,
1.0 ml/min. Eluents: A, acetonitrile-0.015 M NaH 2P04 (75:25, v/v) (pH 7.2); B, acetonitrile-0.015 M
NaH 2 P04 (70:30, v/v) (pH 7.0). Peaks: 1 = rhamnose; 2 = xylose; 3 = arabinose; 4 = glucose;
5 = glucuronic acid; 6 = lactose; 7 = galacturonic acid.

increased retention times for neutral sugars were obtained in system II, the eluent pH
being changed from 8.4 in system I to 7.3 with phosphate buffer. It was considered
possible that the role of the anion (H 2PO,n in the mobile phase is not only to adjust the
eluent pH, but also to form a complex with the bonded phase. The complex is probably
similar to the amine phosphate salt [RNH-O+PO(OHh] obtained on a phosphoric
acid-modified amino-bonded phase column20

. Preliminary investigations indicated
this modified amino-bonded phase column did not change the elution order of neutral
sugars but had a significant influence on the elution of GlcA and GaiA. Further work
is in progress.

From the above it is evident that the addition ofNaH 2P04 to buffer the eluent is
essential for elution of the acids from the column and a higher water content of the
eluent can eliminate the negative peak found with acidic eluents and have a promoting
effect on the elution of the uronic acids.

Accordingly, under the appropriate mobile phase conditions, the method
described makes it possible to analyse directly the hydrolysate of polysaccharides
which contain uronic acid units. Fig. 6 demonstrates the result for a real sample on the
amino-bonded phase column. Filtration of the sample is the only pretreatment and no
derivatization is required. The column used in our system appeared to be stable.

In conclusion, owing to the different chromatographic behaviour between
uronic acids and neutral sugars on an amino-bonded phase column, the use of
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Fig. 6. Separation and determination of (I) galactose and (2) galacturonic acid in the hydrolysate of the
acidic polysaccharides PIA-I. Flow-rate, 1.0 mljmin. Eluent: acetonitrile-o.015 M NaH 2 P04 (70:30, vjv)
(pH 7.0).

a buffered mobile phase and control of the eluent pH and composition are necessary
for the simultaneous and direct analysis of these carbohydrate mixtures. This HPLC
method has proved helpful in the study of the structural analysis of acidic
polysaccharides such as plant gums and mucilages.
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ABSTRACT

Conditions for extraction and high-performance liquid chromatographic
(HPLC) analysis for fourteen of the patulin pathway metabolites from Penicillium
patulum are described which allow quantitation of the metabolite content of cultures
at hourly intervals. The HPLC analysis is more sensitive than gas-liquid chroma
tographic analysis and is more quantitative than thin-layer chromatographic analy
sis. Separations on a preparative column allow for the collection and identification of
new metabolites. The column elution program can be varied to optimize analysis time
for individual metabolites, allowing individual enzymes of the pathway to be assayed
by following the conversion of substrate to product. Analysis of product formation in
crude enzyme mixtures can be used to assay an enzyme in the presence of subsequent
enzymes of the pathway and to establish the pathway reaction sequence.

INTRODUCTION

Fig. I shows the polyketide family of products derived from the simple aromatic
polyketide 6-methylsalicylic acid (6-MS) in the organism Penicillium patulum and in
several related fungal species. The metabolites and the enzymes producing them are
absent from young cultures undergoing balanced "trophophase" growth, and they are
not produced until the culture enters "idiophase"growth where some essential nutrient
has become limiting! (these terms were suggested by Bu'Lock et al. 2

). Patulin is the
major end product accumulating under some culture conditions but changes in media
composition, pH, temperature, aeration rate, etc. can affect not only the relative
amounts of the metabolites but also the timing of their appearance1,3,4. Variations in
the induction rates and final activities of the several enzymes involved are presumably
responsible for the variability in metabolite profile, though limitations on transport in

a Present address: Department of Biochemistry, University of Alabama at Birmingham, Birming
ham, AL 35297, U.S A

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers BY
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Fig. 1. Products derived from polyketide 6-methylsalicylic acid in the organism Penicillium pa/ulum and
related species.

and out of the cells may also playa role in what is found in the culture medium at any
one time.

While this polyketide "pathway" is one of the most studied examples of
secondary metabolism, a thorough study of many of the subtleties involved in
induction of the pathway enzymes has been hindered by the lack of a rapid, sensitive,
and quantitative assay for the metabolites and a sensitive, general assay for the
enzymes. A crude measure such as the color intensity with FeCI} can quickly
quantitate total 6-MS in the absence of significant amounts of the other metabolitesS,
but is an inadequate indication of total "phenolic" metabolite production. Thin-layer
chromatography (TLC) provides sensitive information4

.
6

, but spots on thin-layer
plates are difficult to quantitate, interpretation can be difficult when compounds
comigrate, and the collection of data is time-consuming. Gas-liquid chromatography
(GLC) has been used in some laboratories for metabolite quantitation but this method
is less sensitive and requires preparation of silylated derivatives7

. The dehydrogenase
enzymes of the pathway which employ NAD+ or NADP+ cofactors are simple to
assay spectrophotometrically8,9 but the other enzymes studied have required a spe
cialized assay development for each enzyme, usually involving the use of isotopically
labeled precursors and the chromatographic isolation and counting of a radiolabeled
productS,! 0,11.

We report here the application ofHPLC to the rapid (1 h) simultaneous analysis
of metabolites with a sensitivity one to two orders of magnitude higher than GLC, and
with only two cases of peak overlap requiring special attention. Minor variations of the
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procedure aIlow a generalized assay ofany enzyme in the pathway for which substrate
is available.

EXPERIMENTAL

Metabolite standards
Several compounds were obtained from commercial sources and purified by

recrystallization or, in the case of m-cresol, redistillation. These include m-cresol,
m-hydroxybenzyl alcohol, m-hydroxybenzaldehyde, and gentisaldehyde from Al
drich, toluquinol from Matheson, and patulin from Applied Science. Gentisaldehyde
was also synthesized from p-hydroquinone (Matheson) by the Riemer-Tieman
reaction l2 . 6-MS was synthesized by the method of Eliel et alY. Toluquinone was
synthesized by oxidation of toluquinol with Ag20 (ref 14). Gentisyl alcohol was
prepared by the NaBH4 reduction of gentisaldehyde, and gentisyl quinone by the
further oxidation of this product with NaI04 (ref. 15). Ascladiol was synthesized by
the NaBH4 reduction of patulin l6. Phyllostine was kindly supplied by Dr. G. M.
Gaucher, University of Calgary, Canada17

. DesoxyphyIlostine and neopatulin were
isolated from preparative scale in vitro enzyme incubations l8 . Standard curves were
obtained by dissolving a known quantity of standard (10 to 160 /lg) to two or more 0.5
ml samples ofHPLC buffer (14 mMpotassium phosphate, pH 6.0 and 20% methanol)
and analyzing 20 /ll aliquots by HPLC. The integrated peak areas on the recorder were
used to calculate the conversion factor "pmolesjl03 area units" (Table I).

HPLC conditions
The HPLC system consisted of two Model 114M solvent pumps, a Model 421A

controller, a Model 210A sample injection valve, a Model 160 UV detector with 280
nm and 254 nm filters (all Beckman), and a Shimadzu model C-R3A integrator.
Reversed-phase columns were packed with Altex Ultrasphere ODS C I8 for either
analytical (25 cm x 4.6 mm 1.0., 5 /lm packing or 7.5 x 4.6 mm 1.0., 3 /lm packing) or
preparative (25 x 1.0 cm 1.0., 5 /lm packing) analyses. Samples isolated by ether
extraction foIlowed by drying and removal of ether in vacuo were dissolved in 14 mM
potassium phosphate buffer, pH 6.0, containing 20% methanol [and 0.7 mM
tetrabutylammonium phosphate (Sigma, 90%) if this ion-pair reagent was being used
in the elution]. Analytical samples were cleared of fine particles by a 30-s high-speed
centrifugation in an Eppendorf tube prior to injection of a 20-/l1 aliquot. Preparative
samples were centrifuged for 30 min at 30000 g prior to injection of 500 ,ul aliquots.
The eluting solvents were HPLC grade and de-aerated prior to use. The elution
programs are described in the figure legends.

Metabolite extraction
Fermentor cultures of P. patulum were grown as described previouslyl8.

Aliquots of the culture were harvested at various times and the mycelium separated by
filtration. For analytical runs, a 30-ml portion of the filtered culture medium was
acidified to pH 2-3 with concentrated HCl and extracted twice with 30-ml portions of
anhydrous ether. The ether was dried over 20 g of anhydrous Na2S04 and removed by
rotary evaporation under an aspiration vacuum. The residue was redissolved in 10 ml
of buffer as described above. For preparative isolations, usually one liter of medium
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was acidified and extracted with two 500-ml portions of anhydrous ether. The
combined ether extracts were equilibrated with saturated aqueous NaCI solution,
dried over anhydrous Na ZS04, and the ether was removed by rotary evaporation. The
residue was redissolved in 3 ml of buffer as described above.

Enzyme assays
Mycelial samples of P. patulum were harvested from cultures grown as

previously described 18, washed with 0.5 volumes of 20 mM potassium phosphate, pH
7.5, and suspended in this same buffer for lyophilization. Lyophilized samples were
stored at - 70°C until utilized for enzyme isolation or analysis. To facilitate cell
breakage and to remove phenolic metabolites which might inhibit activi ty 19 the
lyophilized mycelium was frozen in liquid nitrogen, ground to a fine powder with
a mortar and pestle, and stirred into 10 ml of - 20°C acetone per gram of powder. The
acetone was removed by filtration through a sintered glass filter, and the mycelial
powder was rinsed with 10 ml of - 20°C anhydrous ether and dried thoroughly by
suction filtration. A 0.5-g portion of the dried mycelium was mixed in a cold mortar
with 5 ml of extraction buffer (100 mM potassium phosphate, pH 7.5, 2.5 mM
dithiothreitol, and 15% glycerol) and 0.5 g of sand. The sample was ground with
a pestle to a paste and the thick suspension centrifuged at 4°C for 10 min at 10000 g in
a Sorvall RC-2B centrifuge with an SS-34 rotor. The supernatant was transferred to
a second tube and centrifuged at 4°C for 30 min at 30000 g. This process yielded
approximately 3.5 ml of crude extract with a protein concentration of 18--48 mg/ml.
Aliquots of this crude extract were utilized for the enzyme assays. The conditions for
each assay are described in the figure legends. The metabolite extraction efficiency for
the enzyme assay (Table T) was determined by adding known quantities of metabolite
(10 to 160 flg) to two or more 5.0 ml portions of 100 mM potassium phosphate buffer,
pH 7.5, acidifying to pH 1-2, and extracting twice with two volumes ofether. The ether
was dried over sodium sulfate and evaporated as in the enzyme assay extraction, the
residue was dissolved in 0.5 ml ofHPLC buffer (14 mM potassium phosphate, pH 6.0
and 20% methanol) and 20 fll aliquots were analyzed by HPLC. Integrated peak areas
were compared with those obtained from an equivalent amount of standard added
directly to 0.5 ml of HPLC buffer.

RESULTS AND DISCUSSION

Fig. 2 shows an analytical HPLC profile of eight of the more common
metabolites from 6-MS (Fig. 1), including the most polar (gentisyl alcohol, peak a) and
the least polar (m-cresol, peak i). A gradient elution was necessary to achieve the best
separation of the early peaks while keeping elution of m-cresol within 30 min. An
ion-pair reagent, tetrabutylammonium phosphate, was necessary to alter the elution
position of 6-MS (peak h), the one carboxylic acid in the set of standards. In the
absence of the ion pair the carboxylate ion of 6-MS elutes very early as a broad, polar
peak and interferes with detection of the other polar metabolites. At the indicated
concentration of 0.7 mM ion pair reagent, 6-MS eluted in a region clear of other
metabolites. Instability of the column at low pH precluded attempts to suppress
ionization using an acidic elution mixture. For samples not containing 6-MS or
another carboxylic acid, the ion-pair reagent can be omitted. Only two pairs of
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Fig, 2, HPLC profile of metabolite standards. A 20-liI sample of a mixture of standards in a buffer
containing 14 mM potassium phosphate at pH 6,0, 0,7 mM tetrabutylammonium phosphate, and 20% (v/v)
methanol was injected on a 25 em x 4,6 mm 1.0" 5 11m C's column, The column was eluted at a flow-rate of
0.6 ml/min using a gradient of solvent B [14 mM potassium phosphate at pH 6,0, 0,7 mM tetrabutyl
ammonium phosphate, and 50% (v/v) methanol] in solvent A (14 mM potassium phosphate at pH 6.0 and
0.7 mMtetrabutylammonium phosphate), The elution program was 40% B to 60% B (linear gradient) in 10
min, 60% B to 100% B (linear gradient) in 10 min, and 100% B (isocratic) for 10 min, The metabolite
standards are: a = gentisyl alcohol, 0.4 Ilg; b = patulin, 0,05 Ilg; c = toluquinol, 0,2 pg; d = m-hydroxy
benzyl alcohol, 0.4 pg; e = impurity; f = gentisaldehyde, 0,5 pg; g = m-hydroxybenzaldehyde, 0.4 Ilg;
h = 6-MS, 1.0 pg; and i = m-cresol, 0.4 pg.

compounds tested did not give satisfactory resolution under these conditions. On
a preparative column ascladiol co-eluted with gentisyl alcohol at 10.8 min, and
toluquinone co-eluted with m-hydroxybenzaldehyde at 32.8 min. For the culture
induction and enzymatic assays reported here, this lack of resolution did not cause
ambiguity in interpretation of results. Gentisyl alcohol and ascladiol are not likely to
be present in the same enzymatic assays, and in culture analyses gentisyl alcohol should
be the first of the pair appearing. The presence of toluquinone would be indicated if
toluquinol were also found. Nevertheless, should it be necessary to verify the content
of these peaks, one can re-run the sample at a different detector wavelength or collect
material from the peaks to analyze by UV~VIS spectroscopy or by TLC.

Ideally, one would like to inject a culture medium or an enzymatic reaction
mixture directly on the HPLC. The major components of either the culture medium
(glucose, salts, nutrients) or the enzyme solution (proteins, buffers) would likely
interfere or drastically shorten the life of the column, so metabolites were first
extracted with ether prior to analysis. While ether extraction adds some time to the
analysis, it also adds flexibility in manipulating sample size and ultimate sensitivity.
One can vary the volume of sample extracted, the volume of elution buffer used to
reconstitute the extract, and the volume of the aliquot injected.

The sensitivity, of course, also varies with the compound and the wavelength of
the detector. The quantity of standards shown in Fig. 2 ranged from 50 ng (0.32 nmol)
for patulin (peak b) to 1.0 flg (6.6 nmol) for 6-MS (peak h) in a 20-fll injection, or 2.5
ngjfll and 50 ngjfll respectively. Discernable peaks could be seen with as little as 2% of
this quantity, whereas detection limits reported for GLC by Ehman and Gaucher7

range from 4-18 ngjfll of extract for a I-fll injection.
In addition to monitoring the appearance of known metabolites, the HPLC

procedure provides the possibility· of observing new metabolites. Samples can be
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Fig. 3. Preparative HPLC metabolite profile of extract from an induced culture of Penicillium patulum. One
liter of medium from a 32-h culture was extracted and reconstituted in 3.0 m! of buffer containing 14 mM
potassium phosphate at pH 6.0 and 20% (v/v) methanol. A 500-/ll aliquot was injected on a 25 x 1.0 cm
I.D., 5/lm C,8 column. The column was eluted at a flow-rate of 2.0 ml/min using a methanol-water solvent
as follows: 17.5% methanol(isocratic) for IS min, 17.5% methanol to 100% methanol (linear gradient) in 30
min, and 100% methanol (isocratic) for 5 min. Metabolite identities were determined by comparison with
retention times and by examining the UV spectra of collected material as described in the text (the ion-pair
reagent was not included because no 6-MS was detected in the culture at that time).

collected from a preparative column for structural verification of identification using
other spectral techniques.

Fig. 3 shows a typical preparative HPLC elution profile of a culture extract
obtained from a 32-h fermentor culture. The lettered peaks were identified both by
comparison of retention times to standards and by collecting the corresponding eluent
and comparing its UV spectrum to that of a standard. Peak a contained a mixture of
gentisyl alcohol and ascladiol. Peak b contained neopatulin in early fractions and
patulin in late fractions (neopatulin can be seen as a distinct shoulder on the patulin
peak with a smaller sample). Peak c contained toluquinol with a small unknown
contaminant. Peaks d and g contained m-hydroxybenzyl alcohol ad m-cresol
respectively. Material from peak e had four absorption maxima at 210,242, 285, and
350 nm and that from peak fhad a broad absorption band with a maximum at about
270 nm. These latter two substances may turn out to be new compounds related to the
pathway, but have yet to be identified.

The HPLC procedure was easily adapted to assay of individual enzymes of the
patulin pathway. We modified the extraction method to start with a smaller sample
volume and achieve a greater concentration of extract in the elution buffer in order to
increase sensitivity. The gradient elution profile was modified for each specific assay to
minimize elution time while still achieving separation of substrate and product. The
ion-pair reagent was unnecessary for reactions not involving 6-MS, nor was it
necessary for 6-MS decarboxylase since the product m-cresol elutes much later than
6-MS. Details are given under Experimental.

Figs. 4 and 5 show an example of the assay of 6-MS decarboxylase in crude
extract. The production of m-cresol is linear with respect to both time up to one hour
(Fig. 4) and extract concentration up to 20 J.ll (Fig~·)). ·Fig. 6 shows similar results for
m-hydroxybenzyl alcohol dehydrogenase. A more convenient spectrophotometric
assay has been developed for the dehydrogenase 8

, but the HPLC method can be used
to verify activity in crude extract where competing reactions of NADH could
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Fig. 4. HPLC assay of6-MS decarboxylase: effect of incubation time on product formation. Each assay tube
contained 0.50 /lmol of 6-MS, 7.5 mg of serum albumin, and 20 ,ul of crude extract in 5.0 ml of 100 mM
potassium phosphate buffer, pH 7.5. Tubes were incubated at 28°C for the indicated time, acidified to pH
1-2 with concentrated HCl, and the products were extracted with ether as described under Experimental.
Aliquots of the reconstituted extract (20,u1 of 500 ,ul) were injected on a 25 cm x 4.6 mm 1.0.,5,um CIS
column which was eluted isocratically with 50% methanol at a flow-rate of 0.6 mIjmin. (A) Tracing of the
recorder response at 280 nm from (I) 15 min, (2) 30 min, (3) 45 min, and (4) 60 min incubations respectively.
(B) Plot of the quantity of m-cresol in the extract determined from the integrated peak areas in A. These
values were not corrected for extraction efficiency.

Fig. 5. HPLC assay of 6-MS decarboxylase: effect of crude extract concentration on product formation.
Assays were carried out as in Fig. 4 except incubations were for 60 min at crude extract concentrations of (l)
5 ,ul, (2) 10 ,ul, and (3) 20,u1 in the 5.0-ml incubation mixture. (A) Tracing of the recorder response at 280 nm
from the HPLC analysis. (B) Plot of the quantity of m-cresol in the extract determined from the integrated
peak areas in A. These values were not corrected for extraction efficiency (this extract had been stored longer
than that used in Fig. 4, consequently its decarboxylase activity was lower).

complicate the assay with a high background. A similar assay procedure has been
reported for toluquinol and gentisyl alcohol epoxidase activity18.

The data in Figs. 4-6 were not corrected for extraction efficiency. If one desires
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Fig. 6. HPLC assay of m-hydroxybenzyl alcohol dehydrogenase: effect of incubation time and enzyme
extract concentration on product formation. Each assay tube contained 0.50 ,umol of m-hydroxyben
zaldehyde, 0.50 ,umol of NAOPH, 50 nmol of ATP, 5 Ilmol of MgCI 2 and the indicated amount of crude
extract in 5.0 ml of 100 mM phosphate buffer, pH 7.5. The enzyme extract was a saturated ammonium
sulfate precipitate of crude extract resuspended in an equivalent vol ume of enzyme buffer. Tubes were
incubated at 28°C for various times with 40 ,ul of enzyme extract (A) or for 60 min with varying amounts of
enzyme extract (B). After acidification aJ:ld .extraction with ether as described under Experimental, aliquots
of the reconstituted extract (20,u1 of 500 ,ulYwereinjected on a 25 cm x 4.6 mm 1.0., 311m CIS column which
was eluted at a flow-rate of 0.6 ml/min with a gradient of20% methanol to 50% methanol in 4 min followed
by 50% methanol for 14 min. The quantity of m-hydroxybenzyl alcohol (retention time, 4.8 min) produced
was determined from the integrated peak areas. These values were not corrected for extraction efficiency.
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to calculate enzyme activities on an absolute basis for comparison with each other,
then the extraction efficiency of the method must be determined. Table I shows the
efficiency under conditions we employed for our enzymatic assays as determined for
thirteen of the metabolites we have studied. These are clearly lower than those reported
by Ehman and Gaucher7 who were preparing samples for GLC analysis, and who
obtained extraction efficiencies above 90% for all but the very polar gentisyl alcohol at
78%. Different sample sizes and volume ratios of extracting solvent to sample
probably account for these different results, and our method could be modified to
improve efficiency if necessary. Table I also compares the detector sensitivity at 280 nm
for each of the compounds. Multiplying the factor in the table by the integrated peak
area gives the quantity of material in the injected sample. The retention times for
standards are given for both the analytical column with the ion-pair reagent and the
preparative column without the ion-pair reagent under the gradient elution programs
described in Figs. 2 and 3.

TABLE I

PARAMETERS FOR QUANTITATING METABOLITE CONCENTRATIONS BY HPLC ANA
LYSIS

The metabolite extraetion efficiency for enzyme assays, and the recorder response for each metabolite were
determined as described under Experimental. Retention times on an analytical (25 em x 4.6 mm J.D.) and
a preparative (25 cm x 1.0 cm J.D.) column were determined using the elution programs described in Figs.
2 and 3, respectively. They varied by less than 5% in anyone day's experiments and less than 15% between'
two columns over a period of eighteen months. The elution order is constant.

Retention time (min)Metabolite

Gentisyl alcohol'
Phyl10stine
Neopatulin
Patulin
Gentisyl quinone
Toluquinol
m-Hydroxybenzyl alcohol
Desoxyphyl1ostine
Gentisaldehyde
m-hydroxybenzaldehyde
Toluquinone
6-Methylsalicylic acid
m-Cresol

Extraction
efj/ciencyG
(%)

32 ± 3
68 ± 4
n.d d

49 ± 9 .
66 ± 5
76 ± 10
68 ± 5
60 ± 5
77 ± 12
76 ± 8
43 ± I
80 ± 5
74 ± 7

Detector
responseb

280 nm
(pmolesl103

area units)

9.6
16.7
2.7
1.5

34.7
12.1
18.2

'12.8
62.5
28.6
62.6
15.1
22.0

Analytical

6.61
n.d."
n.d."

8.8
n.d.'
11.5
12.6
n.d."
19.3
20.4
n.d."
26.9
28.9

Preparative

10.8
12.2
15.1
15.6
16.8
22.5
25.6
29.1
31.9
32.8
32.8
n.d.d

39.1

G Average of 3-5 extractions.
b Arbitrary area units on a Shimadzu model C-R3A integrator at a setting of 0.04 a.uJ.s. This factor

converts peak area to pmoles of analyte.
, Ascladiol co-elutes with gentisyl alcohol. We did not determine extraction efficiency or a standard

peak response for this compound.
d Not determined.
" Not determined under the specific elution conditions described in Fig. 2.
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We did not systematically study the sensitivity of the method for different assays,
but Fig. 5 can give one a feeling for the sensitivity of the decarboxylase assay. The
lowest point (5 ,ul of extract) gives a small but clearly discernable peak when the
recorder is set at 0.04 a.uJ.s. After correction for 74% extraction efficiency, this value
corresponds to about 10 nmoles or about I ,ug of m-cresol in 5 ml of assay mixture. By
comparing the 280 nm recorder responses shown in Table I, one can calculate that
other compounds would be detected with one-third to ten times the sensitivity of
m-cresol.

The HPLC procedure also provides an advantage beyond speed and sensitivity
in studying the pathway enzymes. Assays based on incorporation of substrate
radioactivity into product involve isolation and counting of product accumulated after
a given time of incubation. The presence of other enzymes in the crude extract,
especially the next pathway enzyme, can prevent product accumulation by further
metabolizing it. Thus assay values in crude extract can be misleading. The HPLC
analysis allows one to observe accumulation of other products as well as the one being
assayed and to determine whether subsequent reactions are occuring. One also need
not go to the trouble and expense of preparing radiolabeled substrate.

Finally, the ability to observe several products at once has proven useful in
determining the reaction sequence of the pathway. As an example, Fig. 7 shows the
complexity of products formed after incubation ofcrude extract with gentisyl alcohol.
Four products are observed: gentisyl quinone (d), which might have been produced
chemically or enzymatically; gentisaldehyde (e), product of gentisyl alcohol dehy
drogenase; phyllostine (b), the epoxidase reaction product on the way to patulin; and
neopatulin (c), the product of phyllostine ring opening20

. Fig. 7 describes a preparative
HPLC run used for the purpose of collecting and identifying these metabolites. An
analytical column was used under similar conditions [isocratic elution with me
thanol-water (10:90) at a flow-rate of0.35 mljmin] to assay different enzyme fractions.
These assays played an important role in unraveling the reaction sequence as gentisyl

10 20

Retention Time (min)

Fig. 7. Preparative-scale HPLC of products from the incubation of crude extract with gentisyl alcohol.
A 1.0-1 assaycontaining30 mg ofgentisyl alchol, 100 mM potassium phosphate buffer, pH 7.5, and 6.0 ml of
mycelial crude extract from a 32-h culture was incubated for 2 h at 28°C. The product was isolated by ether
extraction, the ether removed in vacuo and the residue dissolved in 4.0 ml of 17.5% methanol-water.
A 0.5-ml aliquot was injected on a 1.0 x 25 em 5 /1m CIS column which was eluted isocratically with 17.5%
methanol-water at a flow-rate of2.0 ml/min. The detector was set at 254 nm and the recorder response at 2.0
a.uJ.s. Material in the lettered peaks was collected and identified as: a = gentisyl alcohol; b = phyllostine;
c = neopatulin; d = gentisyl quinone; e = gentisaldehyde.



246 1. W. PRIEST, R. J. LIGHT

alcohol ~ phyllostine ~ neopatulin, with gentisaldehyde and gentisyl quinone as
products of side reactions18

.

With the relatively rapid HPLC method it becomes possible to assay metabolite
production at hourly intervals while the culture is in progress. Culture experiments
from several laboratories have shown similarity in induction patterns, but the time of
induction varies considerablyl,2,4,s. Even in our hands under carefully controlled
conditions the induction time may differ by a couple of hours. Timely assay of the
induction state of the culture is important if one wants to harvest large samples of
mycelia at a given stage of induction. We will report elsewhere the use of these assays to
carefully define the condition of culture samples for the purpose of isolating mRNA
from uninduced and early induction-stage cells and the use of this mRNA in isolating
induction-specific genes from a genomic library.
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ABSTRACT

A rapid high-performance liquid chromatographic method for the simultane
ous separation and determination of five flavonoids and four coumarins, viz., liq
uiritin, isoliquiritin, Iiquiritigenin, isoliquiritigenin, glycycoumarin, isoglycycouma
rin, licochalcone A, glycyrol and isoglycyrol, in licorice root is described. The
separation system consists of a reversed-phase column and a gradient elution system
containing acetonitrile and 3% acetic acid in water. The compounds were detected at
310 and 365 nm successively. The recoveries of the flavonoids and coumarins were
95.6-105.2% with relative standard deviations of 0.62-4.24%. The contents of the
above nine compounds in three species of licorice root produced in China were deter
mined.

INTRODUCTION

Licorice root, the roots and rhizomes of Glycyrrhiza spp., family Leguminosae,
has long been used as an important dtug in China and also in Europe. It attracted
special attention when Revers 1 in 1946 discovered and investigated the effect of lico
rice extract in the treatment of gastric and duodenal ulcers. Since then, a large
amount of work on the chemical, pharmacological and clinical studies have been
reported2

-
5

. It has been found that the main active constituents of licorice root are
saponins, flavonoids and coumarins, among which glycyrrhizinic acid and its agly
cone showed anti-inflammatory, antitussive and antiallergic activities3, liquiritin and
isoliquiritin and their aglycones antiulcerogenic and spasmolytic activities3

,5, glycy
coumarin antibacterial activity and licochalcone A anti-HIV activity6.

Methods for the determination of glycyrrhizinic acid using precipitation 7
, thin

layer chromatography8, gas-liquid chromatography9 and high-performance liquid
chromatography (HPLC)10-13 have been reported. No method for the determination
of other constituents of licorice root has been found in literature. We describe here an
HPLC method for the separation and determination of five flavonoids and four
coumarins, viz., liquiritin (I), isoliquiritin (II), liquiritigenin (III), isoliquiritigenin
(IV), glycycoumarin (V), isoglycycoumarin (VI), licochalcone A (VII), glycyrol (VIII)

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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I Llqulrlt1n Glu II Isol1qulrlt1n Glu H H OH

III Llqulrltigenin H IV Isol1quirltlgenln H H H OH

VII Llcochalcone A H OQl3 CMe2CH =CH2 H

V Glycycoumarin

VIII Glycyrol

VI Isoglycycoumarln

IX Isoglycyrol

Fig. 1. Structures of compounds I-IX. Me = CH 3 .

and isoglycyrol (IX). These compounds are known to be present in certain Glycyrrhi
za Spp.4,16-18 and their structures are shown in Fig.!.

EXPERIMENTAL

Plant material
Glycyrrhiza uralensis Fisch. was collected in Linxian County, Shanxi Province,

and purchased from Nei Monggol Autonomous Region (July, 1987), G. inflata Bat. in
Yianqi County, Xinjiang Autonomous Region (July 1986) and G. glabra L. in Hejing
County, Xinjiang Autonomous Region (July, 1986). Roots and rhizomes of the above
species were used in all analyses. Voucher specimens of the plants and crude drugs are
deposited in the drug museum of the Department of Pharmacognosy, School of
Pharmaceutical Sciences, Beijing Medical University.
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Apparatus
HPLC analysis was carried out using a Varian 5500 instrument with a Varian

UV-200 spectrophotometric detector, a Varian 4270 data processor and a Zorbax
ODS stainless-steel column (15 cm x 4.6 mm 1.0.) (Shimadzu, Kyoto, Japan).

Reagents
Freshly distilled acetonitrile and acetic acid of analytical-reagent grade and

freshly distilled water were used for all HPLC analyses. Other solvents were of analyt
ical-reagent grade. The reference compounds used were isolated from licorice root
and characterized in our laboratory by spectroscopic methods. Each compound
shows a single peak in HPLC. Their melting points are as follows: liquiritin, 213
215°C (lit. 14, 212°C); isoliquiritin, l88-l90°C (litY· l87-l89°C); liquiritigenin, 203
205°C (lit. 16 , 20 I-203°C); isoliquiritigenin, 198-200°C (lit. 16, 198-200°C); glycycou
marin, 236-238°C (lit. 16, 23l-233°C); isoglycycoumarin, 236-237°C (lit. 1

7, 236
23TC); licochalcone A, 102-l03°C (lit. 1B

, 102°C); glycyrol, 247-249°C (lit. 19
, 243

245°C); and isoglycyrol, 30l-303°C (lit. 19
, 298-300°C).

Chromatographic conditions
The temperature of the column oven was 28-30°C. The programme for the

mobile phase, flow-rate and UV detector wavelength is given in Table I.

Analytical procedure
A 100-mg amount of powdered crude drug was weighed into a micro-Soxhlet

extractor and refluxed with 10 ml of methanol for 2 h in a water-bath OO°C). The
methanolic extract was concentrated at 70°C to less than 3 ml, transferred to a mea
suring flask and, after cooling to room temperature, was made up to 5 ml with
methanol. Volumes of 4-10 ,ul of this solution were used for HPLC analysis.

RESULTS AND DISCUSSION

Selection of separation system
In order to separate the five flavonoids and four coumarins, we tried a number

of columns, viz., MicroPak MCH-5 (15 cm x 4.6 mm 1.0.) (Varian), Zorbax ODS
(15 cm x 4.6 mm 1.0.) (Shimadzu) and ,uBondapak CN (30 cm x 7.R mm J.D.)

TABLE I

PROGRAMME FOR MOBILE PHASE COMPOSITION, FLOW-RATE AND UV DETECTOR
WAVELENGTH FOR QUANTITATIVE ANALYSIS OF LICORICE ROOT BY HPLC

Time Mobile phase (%. viv) Flow-rate UV detector
(min) (mllmin) (nm)

3% acetic acid Acetonitrile

o(start) 80 20 1.0 310
13.0 ! ! ! 365
15.0 50 50 1.2 365
25.0 20 80 1.2 365
30 (stop) 20 80 1.2 365
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Fig. 2. HPLC of compounds I-IX. Numbers at peaks indicate retention times in min.

(Waters Assoc.), and several gradient elution systems, i.e., methanol-water, metha
nol-water-acetic acid and acetonitrile-3% acetic acid and found that the Zorbax
ODS column combined with acetonitrile-3% acetic acid gives the best separation and
resolution for all nine compounds in 30 min (Table I and Fig. 2).

Selection of wavelength
The maximum absorption wavelengths (nm) and intensities (log B) of the nine

compounds are as follows: liquiritin, 220 (4.10), 275 (4.00), 312 (3.75); isoliquiritin,
232(4.20 sh), 362 (4.43); liquiritigenin, 231 (4.33),275 (4.24), 312 (3.95); isoliquir
itigenin, 262 (4.10 sh), 365 (4.45); glycycoumarin, 252 (4.36), 258 (4.30), 352 (4.60);
isoglycycoumarin, 253 (4.28), 256 (4.24), 353 (4.48); licocha1cone A, 264 (3.79), 304
(3.94), 370 (4.20); glycyrol 231 (4.49), 243 (4.36), 347 (4.42), 353 (4.38 infl.); and
isoglycyrol, 224 (4.38 sh), 247 (4.34), 347 (4.40), 363 (4.36 infl.). Further, other sub
stances in licorice can interfere with the detection, such as the coexisting glycyrrhizin-

TABLE II

REGRESSION EQUAnONS AND CORRELAnON COEFFICIENTS FOR COMPOUNDS I TO IX

Function: y = ax + b, where y = peak area and x = amount (flg).

Compound Regression Correlation
equation coefficient

I y=83.49x+2.23 0.9935
II y= 155.33x- 1.12 0.9989
III y =87 .29x - 0.23 0.9979
IV y=685.24x-0.23 0.9983
V y =246.32x +0.47 0.9969
VI y=269.62x-0.61 0.9985
VII y= 1586.l2x-0.91 0.9978
VIII y= 313.31x-1.08 0.9988
IX y= 352.91x-0.47 0.9985
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ic acid, which shows a retention time close to that of isoliquiritigenin in our analytical
system. Considering the above factors, we chose wavelengths of 310 and 365 nm for
detection, not only to avoid the interference from glycyrrhizinic acid, which gives a
maximum absorption at 248 nm (log G = 2.16), but also to make the baseline of the
chromatogram smooth. The programme for the mobile phase, flow-rate and UV
detector wavelength for the analysis of the above nine compounds is given in Table I.

Linearity and precision
In order to check the linearity of the relationship between amount ofcompound

and peak area using the above separation system, suitable amounts of each of the nine
compounds were weighed and mixed in a measuring flask, dissolved and suitably
diluted with methanol to serve as a standard solution. Various amounts of the stan
dard solution were injected and chromatographed. The regression equation
y = ax +b, where x is the amount of compound (Jig) and y is the peak area (absor
bance x 10- 3), and the correlation coefficients of compounds I-IX are given in Table
II. All the graphs exhibit good linearity and obey Beer's law. The concentration
ranges for a linear relationship between amount and peak area are as follows (all 10 -4

Jimol): liquiritin, 2.536-12.68; isoliquiritin, 2.244-11.22; liquiritigenin, 3.203-16.02;
isoliquiritigenin, 0.9766-4.883; glycycoumarin, 0.6576-6.576; isoglycycoumarin,
0.8696-13.9; licochalcone A, 0.1746-2.793; glycyrol, 0.7104-11.37; and isoglycyrol,
0.4180-6.667. Volumes of 10 Jil of the mixed solution of the nine compounds were
chromatographed and the experiments repeated six times. The results showed that the
relative standard deviations for the nine compounds were between 1.38 and 3.70%.

Selection of extraction methods
Four methods of extracting the f1avonoids and coumarins from licorice root

were compared for efficiency. Amounts of 100 mg of the powdered drug were weighed
and extracted by one of the following methods: (i) hot reflux with ethyl acetate in a

TABLE III

EFFICIENCY OF DIFFERENT METHODS FOR EXTRACTING COMPOUNDS I-IX FROM
GLYCYRRHIZA URALENSIS ROOT

Compound Amount of compound extracted (%)

Hot ethyl acetate Hot ethanol Cold methanol Hot methanol
reflux reflux maceration reflux

I 0.481 0.918 1.016 1.152
II 0.444 0.770 0.843 0.949
III 0.384 0.697 0.666 0.662
IV 0.082 0.120 0.114 0.136
V 0.048 0.048 0.041 0.048
VI Trace Trace Trace 0.002
VII Trace Trace Trace Trace
VIII 0.016 0.018 0.014 0.019
IX 0.003 0.003 Trace 0.003

Total 0.458 2.574 2.694 2.971
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TABLE IV

RECOVERIES OF COMPOUNDS I-IX FROM LICORICE ROOT (GLYCYRRHIZA URALENSIS
FISCH.)

Compound Added Recovered Recovery Mean recovery ± S.D. (%) Relative standard
(mg) (mg) (%) deviation (%)

1.060 1.055 99.5 96.2± 2.96 3.08
1.590 1.489 93.7
2.385 2.278 95.5

II 0.992 0.998 100.6 99.1 ± 2.86 2.89
1.488 1.426 95.8
2.323 2.252 100.9

III 0.820 0.827 100.9 99.1±3.06 3.08
1.230 1.176 95.6
1.845 1.862 100.9

IV 0.250 0.252 100.7 100.3±0.72 0.72
0.375 0.373 99.5
0.563 0.568 100.8

V 0.386 0.362 93.8 95.6± 1.70 1.70
0.579 0.554 95.7
0.869 0845 97.2

VI 0.512 1.515 100.6 101.7 ± 1.92 1.79
0.768 0.797 103.8
1.152 1.160 100.7

VII 0.094 0.098 104.1 101.5 ±4.30 4.24
0.141 0.136 96.5
0.212 0.220 103.8

VIII 0.416 0.414 99.5 99.4± 0.153 0.62
0.624 0.620 99.4
0.936 0.929 99.2

IX 0.244 0.255 104.5 105.2 ± 0.651 0.62
0.366 0.385 105.2
0.549 0.581 105.8

TABLE V

CONTENTS OF COMPOUNDS I-IX IN THREE SPECIES OF CHINESE LICORICE ROOT (%)

Compound G. uralensis" G. uralensisb G. infiata G. glabra

I 3.649 1.152 0.593 0.470
II 2.328 0.949 0.508 0.425
III 0.121 0.662 0.032 0.014
IV 0.121 0.136 0.016 0.016
V 0.138 0.048 0.017 0.011
VI O.oJ8 0.002 0.009 0.005
VII Trace Trace 0.138 0.025
VIII 0.044 0.019 Trace 0.008
IX 0.027 0.003 Trace Trace

Total 6.446 2.971 1.313 0.974

a From Shanxi.
b From Nei Monggol.
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Fig. 3. HPLC of Chinese licorice root (Glycyrrhiza uralensis Fisch.). Numbers at peaks indicate retention
times in min.

micro-Soxhlet extractor in a water-bath (80°C) for 2 h; (ii) hot reflux with ethanol in a
micro-Soxhlet extractor in a water-bath (8YC) for 2 h; (iii) cold maceration with
methanol in a stoppered centrifuge tube at room temperature for 24 hand (iv) hot
reflux with methanol in a micro-Soxhlet extractor in a water-bath (70°C) for 0.5, 1.0,
1.5 and 2 h. The results showed that method iv (hot reflux with methanol for 2 h) is
the best (Table III).

Recovery of compounds I-IX
Suitable amounts of compounds I-IX were added to a sample of powdered

licorice root with known contents of the nine compounds and the whole was extracted
and analysed by the above procedure. The recoveries of the flavonoids and coumarins
were 95.6-105.2% with relative standard deviations of 0.62--4.24% (Table IV).

Contents of compounds I-IX in licorice root
In order to demonstrate the validity of this method, the contents of the nine

compounds in three species of Chinese licorice root were determined. The peaks were
checked by adding a mixed solution of reference compounds to the sample solution
before injection. The results are given in Table V. A chromatogram of the extract of
G. uralensis root is illustrated in Fig. 3.
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ABSTRACT

High-performance liquid chromatography and diode-array detection were em
ployed for the determination and identification of new ferrioxamines, produced by
directed fermentations with Streptomyces olivaceus TV 2718. Supplementation of the
production medium with L-ornithine, 1,6-diaminohexane, bis(2-aminoethyl) ether,
S-(2-aminoethyl)-L-cysteine and N-glycyl-I,2-ethylenediamine resulted in the produc
tion of thirteen new compounds which were identified during the fermentation
process in the culture filtrate by this technique.

INTRODUCTION

Ferrioxamines belong to the group of sideramines, natural iron-chelating
compounds, produced in the desferri form by microorganisms 1

,2. Desferrioxamine B,
a non-cyclic, positively charged sideramine 3

•
4

, is produced industrially by fermenta
tionof Streptomyces pilosus and used medically against a variety ofdisorders related to
iron overload and pathological iron deposition in man and aluminium chelation
during dialysis5

. Desferrioxamine E (Fig. 1) is a cyclic sideramine consisting of three

(N~C~2)5 ~C~~)\
N-C

, II
0- 0

OC -(CH )-C=O Fr-O-N-ICH) -NH22\ ) 250- 0
, "N C

I \
~CH2 )5 (C~2)2

NH~CO

Fig. 1. Ferrioxamine E iron complex.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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units of 5-succinyl-l-amino-5-hydroxyaminopentane, which is derived from L-lysine6
.

The three hydroxamate groups of the molecule are responsible for specific iron
chelation. The compound is produced by Streptomyces olivaceus TO 2718 at
a concentration up to 12 gil in an optimized fermentation process by feeding of
L-Iysine7

. This microorganism therefore seemed to be an ideal tool for our studies on
the biological derivatization of desferrioxamine E by feeding precursors structurally
related to L-Iysine. The interpretation ofsuch investigations demands a rapid, selective
and sensitive method to identify the newly synthesized compounds during the
fermentation process.

As reported previously, high-performance liquid chromatography (HPLC) and
diode-array detection represent a highly efficient technique for the classification of
structurally related compounds by comparing the UV-VIS spectra of peaks during the
HPLC analysis8

-
lo

. As ferrioxamines show a characteristic maximum in the visible
spectrum at 435 nm, it should be possible to detect related compounds directly in the
culture filtrate of the fermentation broth of Streptomyces olivaceus.

EXPERIMENTAL

Chemicals
Acetonitrile (HPLC grade) and orthophosphoric acid (analytical-reagent grade)

were obtained from Merck (Darmstadt, F.R.G.). Water was purified by means of
a Milli-Q system (Millipore, Eschborn, F.R.G.).

L-Lysine and L-ornithine were obtained from Deutsche Ajinomoto (Hamburg,
F.R.G.), 1,4-diaminobutane and 1,6-diaminohexane from Fluka (Neu-Ulm, F.R.G.)
and S-(2-aminoethyl)-L-cysteine from Diamalt (Munich, F.R.G.). Bis(2-aminoethyl)
ether was a kind gift from Dow Chemical (Midland, MI, U.S.A.).

Chromatographic system
The chromatographic system consisted of an HP-1090M liquid chromatograph

equipped with a diode-array detection system and work station (Hewlett-Packard,
Waldbronn, F.R.G.). A detection wavelength of 435 nm with a band width of 10 nm
was used.

The column (125 x 4.6 mm J.D.) was fitted with a guard column (20 x 4.6 mm
J.D.) and filled with 5-tJm Nucleosil-100 C l8 (Grom, Herrenberg, F.R.G.).

The biological samples were separated by gradient elution. Solvent A was 0.1 %
phosphoric acid, solvent B was acetonitrile and the linear gradient was from 5 to 25%
solvent B in 10 min, with a flow-rate of 2 ml/min.

Sample preparation
A sample of the fermentation broth was centrifuged. The supernatant was

diluted with methanol to a ferrioxamine concentration below 2 mM. A 5-tJI volume of
1 M FeCh was added to 1 ml of the sample and, after centrifugation, 10 tJl of the
supernatant were injected automatically onto the column.

RESULTS

The results of the optimization of fermentation conditions for the production of
desferrioxamine E and analogues are described elsewhere7

.
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Fig. 2. HPLC of ferrioxamine E (I mg/ml), plotted at 435 nm, and UV-VIS spectrum, recorded during
chromatography of the standard solution.

Fig. 2 shows the HPLC analysis and UV-VIS spectrum of ferrioxamine E.
Supplementing the production medium with different analogues (20 mM, summarized
in Table I) led to the formation of thirteen new desferrioxamines. The new compounds

TABLE I

PRECURSORS FOR BIOLOGICAL PRODUCTION OF FERRIOXAMINE DERIVATIVES BY
DIRECTED FERMENTATIONS WITH STREPTOMYCES OLIVACEUS

COOH COOH CH 2 NH 2

I I I
HCNH 2 HCNH 2 CH 2NH 2 CH 2

I I I I
CH 2 CH 2 CH 2 CH 2

I I I I
CH 2 CH 2 CH 2 CH 2

I I I I
CH 2 CH 2NH 2 CH 2NH 2 CH 2

I I
CH 2NH 2 CH 2 NH2

L-Lysine L-Ornithine 1,4-Diaminobutane 1,6-Diaminohexane

CH 2NH 2

I
CH 2

I
o
I

CH 2

I
CH 2NH 2

Bis(2-aminoethyl) ether

COOH
I

HCNH 2 CH 2NH 2

I I
CH 2 CH 2

I I
S NH
I I
CH 2 C=O
I I
CH2 NH 2 CH 2 NH 2

S-(2-Aminoethyl)-L-cysteine N-Glycyl-I,2-ethylenediamine



258 H.-P. FIEDLER el al.

were characterized by HPLC and diode-array detection, comparing the retention times
and UV-VIS spectra with those of known ferrioxamines.

Supplementation with L-ornithine or 1,4-diaminobutane (putrescine) resulted in
the production of four compounds. In addition to the primary products ferrioxamine
E and D 2 , which have no or one, respectively, exchange of 1,5-diaminopentane with
1,4-diaminobutane, two new ferrioxamines, XI and X2 , were produced, having two
and three, respectively, exchanges of 1,5-diaminopentane with 1,4-diaminobutane.
The HPLC analysis of the culture filtrate and the corresponding UV-VIS spectra of
the modified ferrioxamines are shown in Fig. 3.

X2
XI
D2
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4.57 m n
5.33 m n

100

80

60

40

20

0-',---==------=".,
211 601

Wavelength (nm)

"D
III

rrJ
o

(f)

D2

Xl

X2
20

30

:::J
([

E

10

E

1082 4 6
Time (m; n )

Fig. 3. HPLC of culture filtrate from directed fermentation by supplementation with 1,4-diaminobutane,
plotted at 435 nm, and UV-VIS spectra of the produced ferrioxamines X2 , XI and D2 ·

The supplementation with 1,6-diaminohexane led to four new desferrioxamine
analogues. Two of them, ferrioxamine X4 and X6 , could not be detected directly in the
culture filtrate because of their low concentration, but were isolated during down
stream processing. HPLC of the culture filtrate and UV-VIS spectra of the new
compounds are shown in Fig. 4. The shifted maximum in the visible spectral range of
ferrioxamine X s, which was also found for ferrioxamine X 6 , is due to partial
hydroxylation of the desferrioxamine molecule. The first hydroxamate group is
lacking, and hence iron chelates are formed by the remaining two hydroxamate
groups. A desferrioxamine containing three 1,6-diaminohexane molecules was not
detected.

In the case of supplementation with bis(2-aminoethyl) ether three new des
ferrioxamines, Etl> Et2 and Et3 , were produced, as could be expected. The compounds
differed in their retention times compared with ferrioxamine E but showed identical
UV-VIS spectra (Fig. 5).

Addition of S-(2-aminoethyl)-L-cysteine led to incorporation into the sider
amine molecule and the production of three new compounds, desferrioxamine Te 1.
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Fig. 4. HPLC of culture filtrate from directed fermentation by supplementation with 1,6-diaminohexane,
plotted at 435 nm, and UV-VIS spectra of the produced ferrioxamines Xs and X 3 .

Tel and Te3 (Fig. 6). In contrast to all other investigated ferrioxamines, no baseline
separation was achieved.

On supplementing the production medium with N-glycyl-I,2-ethylenediamine,
only one desferrioxamine analogue, PIo could be detected in the culture filtrate and
characterized as a new ferrioxamine, as shown in Fig. 7. In ferrioxamine P1 one
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30 <tJ 40
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0
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Fig. 5. HPLC of culture filtrate from directed fermentation by supplementation with bis(2-aminoethyl)
ether, plotted at 435 nm, and UV-VIS spectra of the produced ferrioxamines Et 3 , Et2 and Et , .
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Fig. 6. HPLC of culture filtrate from directed fermentation by supplementation with S-(2-aminoethyl)-L
cysteine, plotted at 435 nm, and UV-VIS spectra of the produced ferrioxamines Te3, Te2 and Tel'

1,5-diaminopentane is substituted by N-glycyl-l,2-ethylenediamine, resulting in an
altered retention time of the substance compared with ferrioxamine E.

The isolation and structure elucidation of all the detected new ferrioxamines
confirmed the HPLC and spectral data with respect to their identification as new
structures7. These are summarized in Table II.
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Fig. 7. HPLC of culture filtrate from directed fermentation by supplementation with N-glycyI-l ,2-ethylene
diamine, plotted at 435 nm, and UV-VIS spectrum of the produced ferrioxamine PI'
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TABLE II

STRUCTURES OF THE CYCLIC DESFERRIOXAMINES PRODUCED BY DIRECTED FER
MENTATIONS WITH STREPTOMYCES OLlVACEUS

OH OH OH
I I I

NH-RI-N-C-(CHz)z-C-NH-RZ-N-C-(CHz)z-e-NH-R3-N-C-(CHzh

I II II II II II Io 0 0 0 0 C=O
I

Ferrioxamine R I R Z R 3

X z (CH Z)4 (CH 2)4 (CH Z)4

XI (CHz)s (CH Z)4 (CH2)4

D2 (CHz)s (CH 2ls (CH2)4

E (CH2)s (CH 2)s (CH 2)s

X3 (CH2)6 (CH2)s (CHzls
X4 (CH 2)6 (CH2)6 (CH2ls
X s

a (CH2)6 (CH2)s (CH2)s
X 6

a (CH 2)6 (CH 2)6 (CHz)s

Et l (CH2h-O-(CHzh (CH2ls (CHzls
Et2 (CH2),-O-(CHzh (CH2h-o-(CHzh (CH2)s
Et3 (CH2h-O-(CH2)2 (CH 2)2-o-(CH2h (CHzh-O-(CHzh

Tel (CH Z)2-S-(CHzh (CH2)s (CH2ls
Te2 (CHzh-S-(CHzh (CH2h-S-(CHzh (CHz)s
Te3 (CH Z)2-S-(CH2h (CH2)2-S-(CH zh (CH2)z-S-(CH2h

P t (CH Z)2-NH-eo-eH 2 (CHz)s (CH2)s

a The first hydroxamate moiety is lacking.

CONCLUSIONS

The coupling ofHPLC with computer-assisted diode-array detection represents
a powerful tool for the identification of structurally related compounds. The
comparison of the retention time and UV-VIS spectrum of the primary product,
stored in a computer library, with those of compounds produced by altered
fermentation conditions, such as directed fermentations, permit a rapid classification
of peaks during HPLC analysis. This technique simplifies the interpretation of
time-consuming feeding experiments by determining the new product spectrum during
the fermentation process.
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ABSTRACT

A high-performance liquid chromatographic (HPLC) method was developed
for the quantitative comparison of various batches of tannic acid from the same
manufacturer used to aid the binding of human chorionic gonadotropin to sheep
erythrocytes in the manufacture of pregnancy testing kits. The tannic acids were
separated by reversed-phase HPLC on a CIS column using gradient elution with
aqueous methanolic eluents at low pH. A portion of the chromatogram correspond
ing to the compounds involved in the tanninisation process was integrated and a linear
relationship was established between this peak area and tannic acid concentration.
The correlation coefficient was greater than 0.993 even in the absence of an internal
standard. Tanning capacity was evaluated on the basis of the amount of tannic acid
which remained following incubation with a known quantity of erythrocytes. The
application of this procedure to three batches of tannic acid is demonstrated.

INTRODUCTION

Tannins comprise a heterogeneous group of polyphenols which can combine
with skin proteins, e.g. gelatin, in such a way as to render them insoluble and resistant
to putrefaction. They are of high molecular weight, containing sufficient phenolic
hydroxyl groups to permit stable cross-links with proteins. Tannins are nowadays
classified as "condensed,,1 or "hydrolysable"2, depending on their structure. Hydro
lysable tannins consist of gallotannins, ellagitannins and caffetannins. Of these, the
gallotannins (which are composed of galloyl groups bound to a central polyol bia
hydrolysable ester bond) are the most important. Besides the galloyl components,
tannin extracts in general contain small amounts of free gallic, digallic and trigallic
acids3

•
4

. Condensed tannins consist of acacatechin, isoacacatechin and the gambin

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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catechin tannins. Of the two classes, the condensed tannins are more widely distrib
uted in higher plants.

Tannic acid is the usual form of tannin used in industry and is obtained by
purification ofhydrolysable tannins. Tannic acid is widely used in the pharmaceutical
industry as an astringent, and in the brewing industry as a clarifier for wine and beer.
It has many applications in the chemical industry, including leather tanning, ink com
pounding, as a reagent in analytical chemistry, and (of particular interest in the
present study) as a coupling agent used to bind human chorionic gonadotropin
(hCG) to erythrocytes in the manufacture of pregnancy testing kits.

The components of tannic acid have been separated by gel filtrationS, thin layer
chromatography6 and high-performance liquid chromatography (HPLC)7-11. Both
normal-phase7,811 and reversed-phase9 ,1o HPLC techniques have been employed,
and in both cases a gradient was required to separate gal1ic, digal1ic and trigallic acids
from the tannic acid mixture. Quantitative analysis of tannic acids from different
commercial sources was carried out by Verzele and Delahaye8. The normal-phase
HPLC of tannic acid had a regular pattern of about six peaks with a general Gaussian
shape pattern. They concluded from this that different sources of tannic acid could be
identified on the basis of total peak pattern of the chromatogram and 2,3,4-tri
hydroxybenzoic acid was proposed as a suitable internal standard. Single peaks ob
tained by normal-phase HPLC could be further separated into two or three peaks by
reversed-phase HPLC with a gradient of methanol-water containing phosphoric
acid. Gal1ic, digallic, trigal1ic and ellagic acids have also been separated by reversed
phase HPLC10. In this case, on ODS column was used with an aqueous methanol
mobile phase (adjusted to pH 2.5 with HCl04) operated over a linear gradient ramp.

Tanning capacity (i.e. protein precipitating or binding power) is routinely deter
mined by the "hide powder assay" prescribed by the American Leather Chemists
Association12- 14. This method, however, also determines non-tannins in an extract,
and therefore gives purity percentages which do not always reflect the real tanning
power1S . As an alternative to the hide powder assay, tanning capacity may be eval
uated by binding with bovine serum albumin (BSA), where it is expressed in terms of
the number of milligrammes of protein bound to I mg of tannic acid11. Other meth
ods used to study tannin-protein interactions include complexation with dinitrophe
nol-derivatised gelatin16 and 12sI-label1ed BSA17. In general, tanning power is con
sidered to be related to molecular weight (optimum 3000), though it has also been
reported that tanning capacity is improved if specific groups in a molecule are ster
ically well-positioned to permit binding to the protein surface. The latter hypothesis is
used to explain the high tanning capacity of some tannic acids despite their low
molecular weight.

There are, to date, no reports on the binding of tannic acid to erythrocytes
although Schultz et al. 18 have described the use ofhaemoglobin in a quantitative assay
for plant tannins. This method was based on the decrease in absorbance of haemoglo
bin at 578 nm fol1owing precipitation with tannins. They found that the tannin
protein binding reaction exhibited co-operativity, in that the first tannin bound
facilitated binding of successive tannin molecules. The problem with this technique is
that it necessitates the ready availability oflarge batches of fresh blood, as preserved
human blood cannot be used due to the addition of anticoagulants.

The objective of the present study was to develop a suitable analytical method
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for the quantitation of tannic acids and to use this method to compare the tanning
capacity of new batches of tannic acid in the tanninisation of erythrocytes during the
manufacture of pregnancy testing kits. Such a method might obviate the current
requirement for expensive, time-consuming and sometimes inconclusive production
trials in the quality control screening of new batches of tannic acid.

EXPERIMENTAL

Reagents and solvents
Tannic acid was supplied as pharmaceutical grade by Merck (Darmstadt,

F.R.G.). Methanol (HPLC grade) was obtained from Fisons (Loughborough, U.K.).
Disodium hydrogen phosphate, potassium dihydrogen phosphate and orthophos
phoric acid (AnalaR grade) were purchased from BDH (Dorset, U.K.). Purified wa
ter was produced by passing distilled water through a Millipore (Milford, MA,
U.S.A.) Milli-Q water purification system. Whole blood from sheep was decanted
into an isotonic citrate buffer. The packed cell volume of a representative sample was
measured following centrifugation and adjusted to a pre-determined value by addi
tion of more citrate buffer or removal of supernatant as the case demanded. The
erythrocytes were then separated, washed with more buffer and stored in isotonic
saline under refrigeration until required for use.

Instrumentation and operating conditions
The tannic acids were separated on a Rosil (Alltech, Deerfield, IL, U.S.A.) CiS

(5-llm) column, 15 x 4.6 cm I.D. Samples were introduced onto the column using a
Perkin-Elmer (Beaconsfield, U.K.) Model LC600 autosampler with an injection vol
ume of 10 or 100 Ill. Detection was achieved by ultraviolet absorption at 280 nm using
a Perkin-Elmer Model LCI5 spectrophotometric detector and the resultant chroma
tograms were recorded using a Perkin-Elmer chart recorder at a chart speed of 5
mm/min. The mobile phase consisted of 0.5% aqueous phosphoric acid (A) and
methanol-phosphoric acid [100:0.5, v/v] (B), delivered from a starting concentration
of30% B over a gradient ramp of2% B per min for a run time of23 min. The mobile
phase components were filtered through a 0.45-llm membrane, degassed by helium
sparging, and delivered by a Perkin-Elmer Series 2 dual pump at a flow-rate of 1.5
mljmin.

Procedure
Erythrocytes were tanninised by mixing 5 ml erythrocyte suspension with an

equal volume of 1.0% tannic acid in 0.01 M phosphate buffer, pH 7.2, and incubating
(in a standing position) the suspension at 56°C for 30 min. The supernatant was
separated from the erythrocytes by centrifugation at 2000 g for 10 min. Erythrocyte
free tannic acid in phosphate buffer, pH 7.2, was treated in the same manner and used
as a control.

Standard solutions in the concentration range 0.01-0.07% tannic acid in 0.01
M phosphate buffer were prepared for each batch of tannic acid resulting in a sep
arate calibration curve for each new batch. Following incubation of the control and
erythrocyte-treated samples, the supernatants were diluted I in 20 to bring them into
the range of the calibration curve. The total peak area along the chromatogram from
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J 1.5 to 23 min was integrated electronically and plotted as a function of concentra
tion to yield a linear calibration curve. The peak area corresponding to the tannic acid
remaining following treatment with erythrocytes was subtracted from the control
peak area. The concentration of tannic acid bound to erythrocytes was determined
through interpolation ofthis figure on the calibration curve and tanning capacity was
expressed in terms of the percentage of the original concentration added which be
came bound to the erythrocytes.

RESULTS AND DISCUSSION

Development of chromatography
The chosen starting point was the mobile phase reported by Verzele and Dela

haye 8
. A typical chromatogram resulting form this mobile phase programme is

shown in Fig. lAo Shown in Fig. lB is a typical chromatogram which demonstrates
the somewhat improved resolution of the main tannin band achieved with the mod
ified mobile phase as indicated in this figure.

The stability of tannic acid solutions was determined by comparing chroma
tograms of a fresh 50% (vjv) solution in purified water and the same solution stored
at 4-8°C over a 2-week period. Based on the fact that the number and magnitude of
peaks remained constant, it was decided that the tannic acid solution was stable under
these storage conditions. Tannic acid solutions prepared in buffer were stable for 5 h
at room temperature. After this time, the early eluting peaks began to increase in
intensity and there was a change in the peak pattern of the main band.

(8) (bl

5 10 15 20 25

Il!1U!l1Jll
4 8 12 16 20

lll1L1m1nl

Fig. I. Typical chromatograms of tannic acid constituents A, before and B, after mobile phase mod
ification. (A) Mobile phase: methanol-water-orthophosphoric acid (10:90:0.5. v/v/v) increasing after I min
to methanol-orthophosphoric acid (100:0.5, v/v) over a linear gradient ramp of 3% methanol-orthophos
phoric acid/min. (B) Mobile phase: methanol-water-orthophosphoric acid (30:70:0.5, v/v/v) increasing
after I min to methanol-orthophosphoric acid (100:0.5, v/v) over a linear gradient ramp of2% methanol
orthophosphoric acid/min. Sensitivity = 0.256 a.u.f.s., injection volume = 10 Ill, sample = I mg/ml tannic
acid in purified water.
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Selection of a tanninisation procedure
Initially, erythrocytes were tanninised by mixing with 0.01 % tannic acid in

phosphate buffer, pH 7.2, and incubating the suspension at 56°C for both 10 and 30
min. Following centrifugation, the supernatants of the two incubated suspensions, in
addition to a suspension which had not been incubated, were tested for remaining
tannic acid. Erytrocyte-free tannic acid solutions (in phosphate buffer, pH 7.2) were
subjected to the same treatment and compared with the supernatants. No tannic acid
was detected in the supernatant after 10 or 30 min incubation. In the incubated
controls there appeared only a small change in the peak pattern along the chroma
tograms and a slight increase in the height of the early eluting peaks.

Since all of the 0.01 % tannic acid solution had become bound to the erythro
cytes after 10 min incubation, it was decided to increase the concentration of tannic
acid to establish at what point it would be in excess of the erythrocytes binding sites.
0.1,0.15,0.18,0.2,0.25,0.5 and 1.0% solutions of tannic acid were investigated and it
was found that with the 0.5% solution, 12% (as compared with the corresponding
erythrocyte-free control) remained after incubation, and that almost 60% remained
using the I% tannic acid solution. In order to allow for batch-to-batch variations of
greater than 12% in tannic acid, it was decided to use the 1.0% solution in all sub
sequent tannisation procedures. Chromatograms of 1% tannic acid solutions follow
ing 30 min incubation both with and without erythrocytes are presented in Fig. 2.

Verzele and Delahaye8 found that (i) high molecular weight polygalloyl glucose

(8)
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Fig. 2. Typical chromatograms of tannic acid constituents after incubation. A. with erythrocytes and B
without erythrocytes. A = Control tannic acid: B = Erythrocyte-treated sample. Mobile Phase = metha
nol-water-orthophosphoric acid (30:70:0.5, v/v/v) increasing to methanol--orthophosphoric acid (100:0.5,
v/v) over a linear gradient ramp of 2% methanol-orthophosphoric acid/min.
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constituents preferentially bound to BSA, (ii) that low-molecular-weight polygalloyl
glucose components bound preferentially to beer proteins, and (iii) that gallic acid
and its oligomers, di- and tri-gallic acid, have no tanning capacity under these circum
stances. In the present work it was found that all polygalloyl glucose constituents
complexed with erythrocytes during tanninisation, since all peaks in the main peak
pattern of the chromatogram reduced proportionally during tanninisation. There
fore, the total area of this band was used as measure of tanning capacity. The early
peaks, corresponding to low-molecular-weight gallic acid-type consitituents, and
which have no tanning capacity, were subtracted from the total area of the chroma
togram. Furthermore, following processing, it was found that there was greater var
iation in the peak areas of the early-eluting peaks than in the main band within a
given batch of tannic acid. Peak area integration was, therefore, commenced at 11.5
min following injection.

Evaluation of tanning capacity of three tannic acid batches
Quantitative measurements were based on the difference in tannin concentra

tions after tanninisation of erythrocytes compared to tannic acid control solutions
which were subjected to the same incubation conditions. It was found that the chosen
internal standard, 2,4,6-trihydroxybenzoic acid, co-eluted with the early eluting
peaks, so attempts were made to extract the constituents responsible for these peaks
since they are known not to partake in the tanninisation process. Peak removal was
attempted using a cation exchanger but this approach resulted in a reduction of the
peaks of interest as well as the interfering peaks. It was decided, therefore, to proceed
with the analysis without an internal standard, and even under these circumstances
there is a linear relationship between peak area and concentration with a correlation
coefficient greater than 0.993. The correlation coefficients were compared for the total
peak area in the chromatogram and for the corrected peak area, i.e., the area of
analytical interest along the chromatogram. There was no significant change in corre
lation when the corrected (as opposed to the total) peak area was integrated. The
three batches tested had tanning capacities of 62%, 68% and 80% respectively. The
80% value was yielded by a batch manufactured in 1985 and the other two were
manufactured in 1981. This suggests a fall-off in tanning capacity with time, though
further investigations to confirm these findings have not yet been concluded.

CONCLUSION

Reversed-phase HPLC can be used to determine the reduction in tannic acids
by incubation with erythrocytes. Using the described method, it was found that there
appeared to be a decrease with time in the concentration of pollygalloyl constituents
which are responsible for the tanninisation process. Potentially, this method can be
used in the quality control screening of batches for the binding of antigens to erythro
cytes.

REFERENCES

I E. Haslam, Chemistry of Vegetable Tannins, Academic Press, London, 1966, p. 10.
2 M. Metche, Tannins, Nature et Properties, Bulletin de Liasion nr. 10, Groupe Polyphenols, Neuchatel,

1980.



HPLC OF TANNIC ACID 269

3 M. Verzele, P. Delahaye and J. Van Dyck, Bull. Soc. Chirn. Belges, 93 ([983) [81.
4 M. Verzele, A. De Bruyn, F. Van Damme and P. Delahaye, Bull. Soc. Chirn. Belges, 92 ([983) 469.
5 H. C. G. King and G. Pruden, J. Chrornatogr., 52 (1970) 285.
6 E. P. Kemertelidze, P. A. Yavich, A. G. Sarabunovich, L. T. Churadze, M. I. Khechumashvili, G. E.

Elerdashvili and D. D. Dolidze, Farrnatsiya (Moscow), 33 ([984) 34; Anal. Abstr., 47 ([985) 248.
7 P. Delahaye and M. Verzele, J. Chrornatogr., 265 (1983) 363.
8 M. Verzele and P. Delahaye, J. Chrornatogr., 268 (1983) 469.
9 G. Belleau and M. Dadic, J. Arn. Soc. Brew., 37 (1979) [75.

to M. H. Salagoity-Auguste, C. Tricard, F. Marsal and P. Sudraud, Arn. J. Enol. Vitic .. 37 (1986) 301.
11 M. Verzele, P. Delahaye and F. J. Van Damme, J. Chrornatogr., 362 (1986) 363.
12 American Leather Chemists Association, Subcommittee report, J. Arn. Leather Chern. Assoc., 5[ (1956)

353.
[3 C. Gordon-Gray, J. Soc. Leather Trades Chern .. 6[ ([957) 269.
[4 D. Raux, J. Soc. Leather Trades Chern., 6[ (1957) 275.
15 T. Beasley, H. Ziegler and A. Bell, Anal. Chern" 49 ([977) 238.
[6 J. Van Buren and W. Robinson, J. Agric. Food Chern., 17 (1969) 773.
17 A. Hagerman and L. Butler, J. Agric. Food Chern., 28 ([980) 945.
[8 J. C. Schultz, I. T. Baldwin and P. J. Nothagle, J. Agric. Food Chern" 29 (198 [) 823.





Journal of Chromatography, 513 (1990) 271-278
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 22 520

Applications of gel filtration chromatography for resole
phenolic resins using aqueous sodium hydroxide as solvent

TERRY SELLERS, Jr* and M. LYNN PREWITT

Mississippi Forest Products Utilization Laboratory, Mississippi State University, P.O. Drawer FP, Mis
sissippi State, MS 39762 (U.S.A.)

(First received November 1st, 1989; revised manuscript received April 24th, 1990)

ABSTRACT

Suggested applications are demonstrated for a gel filtration technique previous
ly described with a suitable gel packing material (Sephacryl) for the analysis of phe
nol-formaldehyde resins (resoles) and phenolic-like compounds. An alkaline solution
was used as eluent which saved preparation time for the alkaline resole resins. Sodium
polystyrene sulphonates were used as standards. Several chromatographic systems
were used to study the phenolic resins which are typically used to bond wood compos
ite panels including plywood, hardboard, oriented strandboard and waferboard. The
studies focused on commercial and laboratory resins, formulation process variables,
freeze-dried and liquid treatments of resins, varying gel packing materials, various
end-use type resins, lignin-modified phenolic polymers, and lignin raw materials. The
system is suitable for characterizing the molecular weight of resoles and as a quality
control tool.

INTRODUCTION

Size-exclusion chromatography (SEC), such as gel filtration chromatography
(GFC) and gel permeation chromatography (GPC) , is a useful technique for the
analysis of macromolecules. The technique is a type ofchromatography that separates
molecules according to molecular size. Gels of very narrow sieve fractions (approxi
mately 5---40 itm) are used as stationary phase. The chromatograph of such a system
reveals a fingerprint of the molecular weight distribution ofa resin. In this article, GFC
refers to aqueous SEC at less than I atm (I kPa); whereas, systems using higher
pressures in non-aqueous solvents are referred to as GPc.

In the U.S.A., where phenol-formaldehyde (PF) resins consume over 35% of the
phenol produced, resole-type PF resins are the preferred binder for structural wood
composites1,2. While some chromatography data have been reported about molecular
weights for resoles used by the wood industry3-7, faster methods would be more
practical for a quality control tool.

Efforts to develop more accurate and faster chromatographic techniques for

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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phenolic resins have been ongoing since the instrumentation has been developed.
Many polymers such as resole phenolic resins are not totally soluble in common GPC
solvents such as N,N-dimethylformamide (DMF) and tetrahydrofuran (THF), and
altering the polymers' solubility changes their hydrodynamic volume and behaviors in
GPC systems6

,8. Precipitating or drying the resoles causes the molecular weight to
increase and solvation in such solvents as THF to decrease6 . Acetylation of resole
resins in THF did not eliminate all artifacts associated ·with dissolving the high
molecular-weight fractions in some studies6

. However, artifacts of high-molecular
weight groups in phenolic resins on Merckogel Si were reported eliminated by
acetylation of these groups or by the addition of lithium chloride to the mobile phase
(DMF)9. But acetylation procedures for a phenolic resin sample take about 24 hand
such time-consuming techniques do not facilitate speedy monitoring of resin
production or quality control.

The development of suitable chromatography systems that use an alkaline
solution as eluent, which is the medium of the alkaline resoles (ca. 10% caustic solids in
phenol-formaldehyde wood binders), would provide a faster method for character
izing resins and serve as a quicker quality control tool when compared to current GPC
methods. The time saved is related to the preparation time (5 min) and not the
analytical separating flow-rate (30 to 60 min). This article summarizes some
applications of just such a system.

EXPERIMENTAL

GFC system
The GFC system used in this study has been previously reported 10 and may be

summarized as follows: A peristaltic pump was connected to a Pharmacia preparative
or an analytical chromatographic column with two adapters. The columns contained
Sephadex G-IOO or Sephacryl S-200 (HR). The eluent was 0.10 M sodium hydroxide.
Blue dextran was used to determine the exclusion volume and phenol was used to
determine the permeated volume. A standardization curve was produced by using
sodium polystyrene sulphonate (SPS) standards (Polymers Labs.). Because of the low
polydispersities, the standards M p (peak molecular weights) were considered weight
average molecular weights (M w) in the standardization calculations. The column was
connected to an ultraviolet detector with a 280-nm filter and interfaced with
a chromatographic data acquisition system. Resin samples (25 ,ul) were injected onto
the column using a low-pressure injector valve. The sample preparation consisted of
0.1 g of resin diluted to 10 ml with 0.1 M sodium hydroxide. Chromatographs were
produced on agraphics plotter. Tabular molecular weight data were generated by the
Nelson Chromatograph GPC software.

High-pressure GPC system
A high-pressure GPC system used for comparison is described as follows:

Waters Assoc. Model 510 solvent delivery system, Model U6K injector, Model 481
Lambda-Max UV spectrophotometer, and calculations on Waters Assoc. software
using commercial polystyrene molecular weight standards. The separation was
performed on a Polymer Laboratory 60 cm x 1cm mixed gel of 10 ,urn, a mobile phase
of mainly DMF, a flow-rate of 1 ml/min, an injection volume of 25 ,ul, a sample
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preparation of0.1 g of resin in 3 drops ofwater added to 5 ml of mobile phase and a run
time of 31 min.

RESULTS AND DISCUSSION

Table I shows the molecular weight distribution of three commercial phenolic
resins used to bond plywood, hardboard and oriented strandboard wood composites.
The chromatographs for these resins are shown in Fig. 1. The plywood resin (A) has
the highest Mwaverage (11237), followed by the dry-process hardboard resin (B) (3903
Mw) and the oriented strandboard resin (C) (1574 Mw). In terms of distribution, the
plywood resin has over 40% above 10000 Mw and less than 5% below 2000 Mw ; the
hardboard resin has 11 % above 10 000 Mw and over 50% below 2000 Mw ; and the
OSB resin has less than 2% above 10000 Mwand over 70% below 2000 Mw (with over
50% below 1000 Mw).

As shown in Fig. 2, resoles used to make similar wood composite products are
diverse in molecular weight. This diversity is dictated by the resin raw materials,
composite process, wood species and the end use (exterior vs. interior) of the wood
composite products. In this hardboard case, the wet process depends heavily on
precipitating of the phenolic resin solids prior to final cure and the dry process depends
on accelerated condensation at immediate high temperatures.

Most PF resin types have molecular weights below 18 000. However, column
packing material should be able to accommodate the higher ranges (ca. 35000 Mw ) of
molecular weight distribution such as occurs in North American plywood PF resins.

TABLE I

COMPARISON OF GFC MOLECULAR WEIGHT DISTRIBUTION (AREA PERCENT) OF THREE
LIQUID COMMERCIAL RESOLE RESINS USED TO BOND WOOD COMPOSITES

M w = weight-average molecular weight; M n = number-average molecular weight.

Molecular weight Area percent"··
range

OSB Hardboard Plywood
(C) (B) (A)

> 35 000 0.0(0.0) 0.3(0.3) 0.4(0.4)
35000-18000 0.3(0.3) 5.7(6.0) 25.9(26.3)
18000-10000 1.3(1.6) 5.1(11.1) 16.0(42.3)
10000-5000 5.1(6.7) 6.5(17.6) 14.6(56.9)

5000-3000 8.0(14.7) 12.3(29.9) 23.6(80.5)
3000-2000 8.7(23.4) 13.8(43.7) 15.3(95.8)
2000-100 18.8(42.2) 19.8(63.5) 3.9(99.7)
1000-500 20.0(62.2) 17.4(80.9) 0.3(100.0)
500-100 37.8(100.0) 19.1(100.0) 0.0(100.0)

Mw 1574 3904 11237
Mn 343 769 5079
Mw/Mn 4.58 5.07 2.21

a The results were obtained using Sephacryl S-200 HR and were based on sodium polystyrene
sulphonate standards. The area percent values in this table correlate to the letters in Fig. I with (C) oriented
strandboard (OSB), (B) dry-process hardboard and (A) plywood-type phenolics.

• The numbers in parentheses represent accumulations.



274

(e)

T. SELLERS, Jr., M. L. PREWITT

ii' I I

35 18 10 632 1 0.5 0.1 X 103

Molecular Weight

(B)

35 18 10
I

532
Molecular Weight

(A)

, 3
0.1 X 10

iii' ,

35 10 5 3 2 1 0.5
Molecular Weight

Fig.!. Chromatographs ofGFC molecular weight of three commercial phenolic resins used to bond wood
composites. (A) Plywood; (B) dry-process hardboard; (C) Oriented strandboard. (See Table I).

Fig. 3 compares chromatographs using Sephadex G-lOO and Sephacryl S-200 HR for
a single commercial oriented strandboard PF resin (results exclude urea content).
While providing a higher molecular weight range for delineation than Sephadex,
Sephacryl also enhances the percent of the area within the 2000-5000 Mw range.
However, above Sephadex's upper limit, the reaction of higher molecular weight

Wet Process

35 18 10 5 3 2 0.5 (11 X 10'

Molecular Weight

Fig. 2. Chromatographs of GFC molecular weight of two commercial resoles used to bond hardboard
manufactured by two different processes.
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Fig. 3. Chromatographs of OFC molecular weight for an oriented strandboard phenolic resin using
Sephadex 0-100 and Sephacryl S-200 HR column packing materials (SPS standards).

materials in plywood resoles is unknown, although higher standards (35 000 Mp SPS)
are available for comparison (Table I). Therefore, Sephacryl S-200 HR is the gel of
preference in this GFC system.

One use of GFC is to examine the progression of a phenolic resin synthesis
during the cook compared to the final finished form (Table II). This application is
particularly useful when formulation changes are made such as adding a two-charge
sodium hydroxide catalyst instead of a single-charge caustic catalyst to plywood-type
phenolic formulations 11,12.

Comparisons of typical high pressure GPC results to the GFC data obtained iIi
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this work are shown in Figs. 4 and 5. While both methods provide qualitative and
semi-quantitative data relative to any series of tests, it is thought that greater
association of organic solvents with phenolic methoxy groups yield higher molecular
weight values in the GPC method compared to the GFC method.

Phenolics are "living polymers" that are constantly changing toward gelation
and decreasing in stability with increasing time and temperature. In the U.S.A.,
a plywood phenolic resin may increase from 600 to 2000 mPa . s (cP) in two weeks at
25°C. Due to these changes, the essence of physical characteristics of these synthetic
resins over time is difficult to capture, even with experimental precautions. GFC offers
an opportunity to observe or monitor changes which occur with alterations in
conditions. Freeze-drying may offer an opportunity to protect the integrity of the GFC
data on sample retains ofPF resins for periods of up to six months or more (Table III).
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TABLE III

COMPARISON OF MOLECULAR WEIGHT DISTRIBUTION OF A PHENOLIC RESIN BEFORE
AND AFTER FREEZE-DRYING USING SEPHACRYL S-200 HR COLUMN-PACKING
MATERIAL

Molecular weight
range

Area percent"

Before After

> 35000
35000-18000
18 000-10 000
10000-5000

5000-3000
3000-2000
2000-1000
1000-500
500-100

0.3(0.3)
5.9(6.2)
6.0(12.2)
7.6(19.8)

12.9(32.7)
12.7(45.4)
16.8(62.2)
14.6(76.8)
23.2(100.0)

4075
670
6.08

0.1(0.1)
3.8(3.9)
5.4(9.3)
7.8(17.1)

12.9(30.0)
12.8(42.8)
17.0(59.8)
17.0(76.8)
23.2(100.0)

3397
716
4.74

" The numbers 'in parentheses represent accumulations.
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CONCLUSIONS

T. SELLERS, Jr., M. L. PREWITT

The GFC technique developed in this work showed usefulness in many
applications analyzing the PF resins and phenolic-like compounds as manufactured
with a minimal alteration of their molecular structures. The procedure uses aqueous
sodium hydroxide as solvent reducing resin preparation time by not requiring
acetylation qr conversion to a non-aqueous solvent system. Having relative GFC data
over time for various types of common phenolic-like polymers allowed comparative
evaluation of similar resins and potential raw material extenders. The technique
described in this study can be used to characterize resoles with a wide range of
molecular weight (low and high) and to serve as a quality control tool. Eventually
correlation of Mw data ofresins to end-use performance of bonded wood composites is
a likely goaI13- 16 .
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ABSTRACT

The separation of corticosteroids and benzothiazepin analogues by micellar
electrokinetic chromatography (micellar EKC) was studied in comparison with capil
lary zone electrophoresis. The separation of these substances was not succesful under
neutral and alkaline conditions because they migrated with the same velocity as that
of the electroosmotic flow. Micellar EKC with sodium dodecyl sulphate (SDS) solu
tions was also not successful because these substances migrated with almost the same
velocity as that of the SDS micelle, owing to their high lipophilicity. The use of bile
salts, which have a similar skeleton to corticosteroids, as the micellar phase permitted
the separation of these substances with high theoretical plate numbers (150000
350000) within a short time (ca. 15 min). Sodium cholate was particularly useful. The
effects of bile salt concentration, pH and the addition of methanol were investigated.
Micellar EKC was also applied to the determination of the drug substances in tablets
and cream using the internal standard method and to purity testing of drug sub
stances and tablets.

INTRODUCTION

Micellar electrokinetic chromatography (micellar EKC) is a type of liquid
chromatography based on micellar solubilization and the instrumental technique of
capillary zone electrophoresis (CZE)1,2. CZE has been shown to be a very powerful
separation technique for ionic and biological substances3.4. Although CZE separation
can be applied only to ionic species, owing to the separation mechanism involved,
micellar EKC permits the separation of neutral substances5

-
7 because its separation

principle is the same as that of chromatography.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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The greatest advantage of this technique is its capability to separate neutral
substances. In addition, selectivity and peak shapes can be much improved with this
technique for some ionic substances8-

13 in comparison with CZE because of the
presence of the micellar phase.

The determination of antibiotics in plasma by micellar EKC was reported by
Nakagawa and co-workers 14,15 using a direct sample injection method. According to
their method, pretreatment ofthe plasma sample was not necessary because the plasma
proteins, which can interfere with drug analysis, were solubilized by the micelles and
hence eluted later than the drugs. The use of surfactants in high-performance liquid
chromatography (HPLC) was established by Armstrong and Terrill 16 as micellar
chromatography, in which serum or plasma is injected directly without any
pretreatment17

.

Chiral separation by micellar EKC was also successful, using chiral surfactants
such as bile salts 18, 19 or mixed micelles20 , in which chiral additives are solubilized into
the micelle. In the former method, the chiral separation was achieved with chiral
micelles alone without any metals that form chelate complexes.

Recently, Bushey and Jorgenson21 reported the separation of dansylated
methylamine and dansylated trideuteromethylamine by micellar EKe. The closely
related isotopic compounds were also successfully separated under the optimum
conditions by CZE22

. These results show that ultra-high resolution can be obtained by
micellar EKC or CZE.

Application of CZE and micellar EKC to the separation of water-soluble
substances has been well studied recently8-13,23-26. However, few papers have
considered the separation of lipophilic substances. These non-ionic solutes cannot be
separated by CZE owing to its separation principle, or by micellar EKC using sodium
dodecyl sulphate (SDS) because of the strong solubilization effect of the micelle, that
is, such solutes migrate with almost the same migration time as that of the micelle. The
utility of micellar EKC for the separation of hydrophobic substances has only recently
begun to be explored. The use oforganic modifiers in the operating buffer solution has
been reported to be effective for the separation of such compounds27

,28.

This paper concerns the separation of corticosteroids and benzothiazepin
analogues, which are relatively lipophilic, by micellar EKC with bile salts. Bile salts
seem to have a relatively small solubilization effect compared with SDS micelles from
the smaller micelle-water partition coefficients for I-pentanol and I-heptanol than
those of SDS29

. We would expect some characteristic solubilization effect from the
structures of bile salts similar to those of corticosteroids. The effects of the pH of the
buffer, organic modifier content and surfactant concentrations were studied and the
separation mechanism is discussed with respect to the structures of four bile salts. The
application of this technique to the determination of drug substances in commercial
preparations by the internal standard method and the purity testing ofdrug substances
and tablets are also described. The results obtained are compared with those obtained
by HPLC.

EXPERIMENTAL

Apparatus and procedure for micellar EKe
Micellar EKC was performed with the same apparatus as described previous-
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ly12. A fused-silica capillary tube (650 mm x 50 flm I.D.) (Scientific Glass
Engineering, Ringwood, Victoria, Australia) was used as a separation tube. A d.c.
voltage was applied between the two ends of the tube through platinum electrodes
dipped into the buffer solution in the reservoirs with a Model HJLL-25PO
high-voltage d.c. power supply (Matsusada Precision Devices, Kusatsu, Shiga, Japan),
which delivered up to +25 kV. The electric current was monitored between the
negative electrode and the negative terminal of the power supply with an ammeter
throughout the operation. Migrating solute bands were detected by the on-column
measurement ofUVabsorption (210 or 220 nm) across the axis of the tube at a position
150 mm from the negative end with a Uvidec-100-VI (Jasco, Tokyo, Japan).
A Chromatopac C-R2AX (Shimadzu, Kyoto, Japan) was used for data processing.
Sample solution was injected by siphoning from the positive end into the fused-silica
tube filled with the buffer solution in advance. Micellar EKC was carried out at
ambient temperature (ca. 25°C). Regarding the reproducibility of the system, the
coefficients of variation of the migration times of the solutes with repeated injections
(n = 5-7) were within I % from run to run and within 3% from day to day in micellar
EKe.

Reagents
Hydrocortisone, triamcinolone, betamethasone, hydrocortisone acetate, dexa

methasone acetate, triamcinolone acetonide, fluocinolone acetonide and fluocinonide
were obtained from Sigma (St. Louis, MO, U.S.A.). Fourteen benzothiazepin
analogues (diltiazem and its derivatives and metabolites) were obtained from our
laboratory (Tanabe Seiyaku, Osaka, Japan). These test samples are listed with their
structures in Tables I and II. Sample 1 in Table II is diltiazem, which is a calcium
antagonist with coronary vasodilatory activity30. All samples were used as received
and dissolved in methanol at a concentration of ca. 0.5-1 mg/ml to give adequate peak
heights in the study of the separation. Several kinds of diltiazem hydrochloride and its
tablets from different companies were used as samples for the purity testing. Diltiazem
tablets (Herbessor) and fluocinonide cream (Topsym) (Tanabe Seiyaku) were used for
the analysis of commercial preparations.

Sodium dodecyl sulphate (SDS) from Nacalai Tesque (Kyoto, Japan) and
sodium cholate (SC), sodium taurocholate (STC), sodium deoxycholate (SDC) and
sodium dehydrocholate (SDHC) from Tokyo Kasei Kogyo (Tokyo, Japan) were used
as anionic surfactants. Sudan III from Nacalai Tesque was used as a tracer of the
micelle2. These were dissolved in a buffer solution prepared by mixing 0.02 M sodium
dihydrogenphosphate solution with 0.02 M sodium tetraborate solution to give
appropriate pH values. These solutions were filtered through a 0.45-flm membrane
filter prior to use. All other chemicals and solvents were of analytica~-reagentgrade
from Katayama Kagaku Kogyo (Osaka, Japan).

Procedure for purity testing
About 0.03 g of diltiazem hydrochloride was weighed and dissolved in 20 ml of

methanol. The solution was used as the sample solution. Diltiazem tablets were ground
and the resulting powder was weighed in an amount approximately equivalent to 0.03
g of diltiazem according to the label claim and placed in a test-tube, then 20 ml of
methanol were added for extraction. The tube was warmed in a water-bath at ca. 40°C
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TABLE I

CORTICOSTEROIDS

H. NISHI et at.

Hydrocortisone

CH,OH
I

&
0 H,CC~OH

H,C.

0'" d'

Triamcinolone Betamethasone Hydrocortisone acetate

fH,oCOCH,

&
10 H,C C~'OH

H,C

0'" d'

Dexamethasone acetate Triamcinolone acetonide Fluocinolone acetonide Fluocinonide

~H,OCOCH,

H,C CO
__ /",-L/'.-···_··O'C/CH,

"0/ 'CH,

Symbol Name Symbol Name

a Hydrocortisone e Dexamethasone acetate
b Triamcinolone f Triamcinolone acetonide
c Betamethasone g Fluocinolone acetonide
d Hydrocortisone acetate h Fluocinonide

TABLE II

DILTIAZEM AND ITS RELATED COMPOUNDS-po..
RbCS

OR,

IN 0 ....R3
CHtCHtN'Rt

No. R! R2 R3 R4 Rs

I H CH 3 CH3 COCH3 CH3

2 H CH3 CH 3 H CH 3

3 H H CH 3 H CH3

4 H CH 3 CH 3 H H
5 H H CH 3 H H
6 H (NH" -) COCH 3 CH3

7 Cl CH 3 CH 3 COCH3 CH 3

8 Cl H CH3 H CH3

9 Cl H H COCH 3 CH 3

IO CI CH 3 CH3 H H
II Cl (NH" -) COCH 3 CH3

12 H CH 3 CH 3 Aromaticb CH 3

a Des-CH 2CH 2NR2 R 3 form (thiazepin form).
b Substituted benzoyl.



MICELLAR EKC OF CORTICOSTEROIDS AND BENZOTHIAZEPINS 283

for 10 min with occasional shaking, then cooled. The solution was filtered through
a membrane filter (0.45 ,urn) and used as the sample solution. The peak areas of the
substances obtained from each solution were measured with the data processor and the
content of impurities was determined by the area percentage method.

Procedure for determination of drug substances in products
Ten diltiazem tablets (Herbessor, 30-mg tablets) were weighed and ground. One

tenth of the powder was weighed accurately into a 50-ml volumetric flask and 30 ml of
methanol were added for extraction. The flask was warmed in a water-bath at ca. 40°C
for 10 min with occasional shaking, then cooled. Internal standard solution (exactly 10
ml), which was prepared by dissolving 0.3 g of diltiazem derivative (sample 7 in Table
II) in 100 ml ofacetonitrile, was added and then sufficient water was added to the flask
to make 50 ml. This solution was filtered and used as the sample solution. Authentic
diltiazem (ca. 0.03 g) was weighed accurately into a 50-ml volumetric flask and exactly
10 ml of internal standard solution were added and then sufficient water to make 50 ml.
This solution was used as the standard solution.

About I g offluocinonide cream was weighed accurately into a test-tube and 5 ml
of methanol and 5 ml of internal standard solution, which was prepared by dissolving
0.02 g of diltiazem derivative (sample II in Table II) in 100 ml of methanol, were
added. The tube was then warmed at ca. 40°C for 5 min. After cooling, this methanol
solution was filtered with a membrane filter (0.45 ,urn) and 0.1 ml ofwater was added to
1.0 ml of this filtrate. This solution was filtered again with a membrane filter (0.45 ,urn)
and used as the sample solution. Authentic fluocinonide (about 5 mg) was weighed
accurately and dissolved in exact 50 ml of methanoI. Exactly 5 ml of this solution were
combined with exactly 5 ml of internal standard solution and I ml of water. This
solution was used as the standard solution.

The sample solution and the standard solution were introduced into the capillary
tube by siphoning (about 10 cm height, 10 s) for micellar EKC analysis. The injection
volume in the system was of the order of I n1 12

. The ratios of the peak area of each
ingredient to that of the internal standard were measured with the data processor and
the content of each ingredient in a tablet or cream was calculated.

Procedure for capillary washing
To maintain good peak shapes and reproducible retention data, the capillary

tube was flushed with the working buffer solution from a manually operated syringe
for I min each time after a sample solution had been injected. The tube was washed
according to the following procedure each time when the solution was replaced: the
capillary was flushed with water for ca. I min, then swept with 0.1 M potassium
hydroxide solution and allowed to stand for ca. 30 min, flushed with water again until
the eluted solution showed neutral using a pH test paper and finally filled with the
working solution and allowed to stand for at least 30 min before operation.

RESULTS AND DISCUSSION

CZE separation and micellar EKC with SDS solutions
Corticosteroids are very lipophilic and are not soluble in water, hence the

octanol-water partition coefficients are infinity. Benzothiazepin analogues (diltiazem
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and related compounds) are soluble in water in their salt forms, however. Their
octanol-water partition coefficients change in accordance with the pH values of
aqueous solutions and are also infinity under neutral and alkaline conditions because
their pKa values are around 7. Corticosteroids are electrically neutral in the range pH
7-9, and consequently they migrated with almost the same velocity as the electro
osmotic velocity, which was evaluated from the migration time ofmethanol2, with very
broad and tailing peaks in the CZE mode using pH 7-9 buffer solutions. Diltiazem
analogues also eluted with around the migration time of the electroosmotic flow with
very broad and tailing peaks in the CZE mode using pH 7-9 buffer solutions.

As micellar EKC has been applied successfully to the separation of electrically
neutral or non-ionic compounds5

-
7

, we tried to separate these corticosteroids and
diltiazem-related compounds by micellar EKC with SDS solutions. The solutes
migrated with almost the same migration time as that of Sudan III with 0.05-0.1
M SDS at pH 7-9. This result shows that these solutes are almost totally solubilized by
the SDS micelle, because Sudan III is considered to be a marker of the micelle2. The
separation of these solutes was slightly improved by decreasing the SDS concentration
to 0.01-0.02 M, but the peaks were very broad and showed tailing as in CZE
separation. These results may indicate that adsorption of these solutes on the capillary
wall occurs in the absence of SDS or at low SDS concentrations.

The use of organic modifiers in the operating solutions has been reported to be
effective for the separation of such compounds by reducing the capacity factors28 .
However, addition of organic modifiers results in long migration times owing to
a decrease in electroosmotic flow and selectivity is not much improved.

Micellar EKe with bile salts
Bile salts, which have a skeleton similar to that of corticosteroids, are biological

surfactants synthesized in the liver. They form small aggregates because of the bulky
structure of the monomer. The structures of the bile salts used are shown in Table III
with critical micellar concentrations (CMC)31. Three (or two) hydroxyl groups at the
3a-, (7a-) and I la-positions of bile salts are all oriented in the same direction, nearly
perpendicular to the steroidal frame, and consequently the bile salts have both
a hydrophilic and a hydrophobic face in the molecule. Therefore, the bile salt
molecules tend to combine with each other at the hydrophobic face in an aqueous
phase, as shown diagrammatically in Fig. 132 . Hence bile salts are considered to form
a primary micelle with up to ten monomers.

Micellar EKC was performed with buffer solutions of pH 9.0 containing bile
salts. First, a mixture of seven alkyl p-hydroxybenzoates (see Fig. 2) was injected to
examine the power of micellar solubilization. These solutes migrated with almost
identical velocities and coeluted at ca. 7 min in CZE at pH 9.0. However, micellar EKC
using 0.05 M SDSor N-Iauroyl-N-methyltaurate permitted a successful separation12.
Micellar EKC using bile salts was also successful except for sodium dehydrocholate
(SDHC). A typical electropherogram of seven alkyl p-hydroxybenzoates in CZE and
chromatograms obtained by employing sodium cholate (SC) and sodium deoxy
cholate (SDC) are shown in Fig. 2. The elution pattern of these solutes in SDHC was
almost the same as that of the electropherogram in CZE, indicating that SDHC has no
effect on micellar solubilization or does not form micelles, although it has been
reported that SDHC has a capability for inclusion complex formation with various
organic solvents33 .
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TABLE III

STRUCTURE OF BILE SALTS

285

Bile salt Abbreviation R, R2 R3 R4 CMC (mM) N"

Sodium cholate SC OH OH OH ONa 12,5 3
Sodium taurocholate STC OH OH OH NHCH 2CH 2S03Na 4.0 3.5
Sodium deoxycholate SOC OH H OH ONa 6.4 14
Sodium dehydrocholate SDHC =0 =0 =0 ONa

a Aggregation number.

In general, the migration time varies in a regular and predictable fashion with
repeated substitution of a group in a sample molecule. Often the capacity factor will
depend linearly on the number of repeating groups. This relationship is well known as
Martin's rule in chromatography. In micellar EKe, the capacity factor is given by!

(Al

k' = tR - to
to(1 - tR/ tmc )

cooe

(1)

Fig.!. (A) A possible structure and (B) its diagrammatic representation of a two-molecular aggregate of
sodium cholate in aqueous solution. The hydroxy groups are representated by the filled circles and the
carboxylate groups by the open circles.
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Fig. 2. (A) Separation of seven alkyl p-hydroxybenzoates by CZE with a 0.02 M phosphate-borate buffer
solution (pH 9.0), and separation of those with fluocinolone acetonide (g) and fluocinonide (h) by micellar
EKC with (B) 0.1 M sodium cholate (pH 9.0) and with (C) 0.05 M sodium deoxycholate (pH 9.0). Me,
methyl; Et, ethyl; iPr, isopropyl; Pr, n-propyl; iBu, isobutyl; Bu, n-butyl; iAm, isoamylp-hydroxybenzoate.
Applied voltage, 20 kV.

where to, tR and tmc are the migration times of an unincorporated solute, the solute and
the micelle, respectively.

The j? values of seven alkyl p-hydroxybenzoates were calculated according to
this equation from the data shown in Fig. 2, where these esters and samples g and hare
separated by micellar EKC with 0.1 MSC solution of pH 9.0. The plots oflog k' versus
n (carbon number of the alcohol part in alkyl p-hydroxybenzoates) are approximately

1.5

UJ
::>
...J 1.0c>:
>

1'-'
to
0
...J 0.5 •

1 2 3 4 3 4 5

CARBON NUMBER (N)

Fig. 3. Dependence of log 1(' on the carbon number (n) of the alcohol part of alkyl p-hydroxybenzoates in
micellar EKC with sodium cholate. Conditions as given in Fig. 2B. • , Me, Et, Pr and Bu; ., iPr, iBu and
iAm.
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linear, as shown in Fig. 3, except for n = 1. This indicates that partition or interaction
between the solutes and the micelle in micellar EKC employing bile salts follows
a retention mechanism similar to that in reversed-phase HPLC.

From the results, corticosteroids and diltiazem-related compounds were ana
lysed by micellar EKC with SC, sodium taurocholate (STC) and SDC solutions.
Typical chromatograms are shown in Fig. 4. The solutes were successfully separated
within ca. 15 min by use of bile salts in comparison with CZE or micellar EKC with
SDS solutions. The theoretical plates numbers calculated from the equation34

(2)

where tR, h and A are migration time, peak height and peak area, respectively, were
200 000-350 000.

The relative migration order observed in Fig. 4 almost follows the lipophilicity of
the solutes. Among corticosteroids, the solutes which have the foundamental steroid
structure, that is, having no ester structure at the hydroxy group on the C-21 position
and having no acetonide structure at the hydroxy groups on the C-16 and C-17
positions (samples a, band c in Table I) eluted first, followed by the acetate type (d and
e), the acetonide type (f and g) and finally fluocinonide, which has both acetate and
acetonide structures. The lipophilicity of corticosteroids also increases in the order
mentioned above. For diltiazem-related compounds, elution of the solutes follows in
the order diltiazem analogues (samples 1-6), their chlorinated derivatives (7-11) and

7

8
(B) +

1 9

2

a g
(A)

6
10

b
c

4
11

e
f h 5

3 12

o 5 10 15
I

20 0 5 10 15
TIME/min TIME/min

Fig. 4. Typical chromatograms of (A) eight corticosteroids and (B) twelve benzothiazepin analogues.
Conditions: buffer, 0.02 M phosphate-borate (pH 9.0) containing (A) 0.1 M sodium cholate and (B) 0.05
M sodium taurocholate; applied voltage, 20 kV; temperature, ambient; detection wavelength, 210 nm.
Solutes are given in Tables I and II.
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substituted benzoyl compound (12). Samples 2-5 are metabolites of diltiazem (I) and
samples 8-10 are metabolites of its chlorinated compound (7). These metabolites
migrated faster than their original compounds because of an increase of hydro
philicity.

Micellar EKC with 0.05 M SDC solution (pH 9.0) was also performed and
typical chromatograms are shown in Fig. 5. The migration pattern of corticosteroids is
almost the same as that in 0.1 M SC shown in Fig. 4, except for sample f. For sample b,
the migration time was shorter than for other samples over the all bile salts and the
elution order was altered by the bile salt concentrations, as mentioned later. The
separation of twelve benzothiazepin analogues by use of SDC was not successful. Six
diltiazem analogues and five chlorinated analogues were eluted as groups of
incompletely resolved peaks even at pH 9.0 (Fig. 5B). From these results, we selected
SC or STC as the surfactant for micellar EKC in the following experiments.

Among four bile salts, SDHC had no effect on solubilization of the solutes. SDC,
in contrast, had the greatest solubilization effect, although the selectivity decreased in
comparison with SC and STC. No distinct difference in the migration of the solutes
was observed between SC and STC, between which only the ionic groups are different.
The effect of ionic interaction observed in the separation of ionic solutes by micellar
EKC12,13.35 did not contribute to the migration of the solutes, because the solutes are
electrically neutral. The structural difference in the steroidal part between SDC and SC
or STC is only in one hydroxyl group (see Table III); the hydroxyl group at the C-7
position in SC or STC is replaced with a hydrogen atom in SDC. The solubilization
effect of SDC seems to be much increased by this substitution from the data on the
effect ofsurfactant concentration on the migration times of the solutes (see below). The
reported CMC ofSDC is smaller than that ofSC31

. This supports the observation of
stronger solubilization of SDC.
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Fig. 5. Typical chromatograms of (A) eight corticosteroids and (B) twelve benzothiazepin analogues by
micellar EKe with sodium deoxycholate (0.05 M). Other conditions as in Fig. 4.



MICELLAR EKC OF CORTICOSTEROIDS AND BENZOTHIAZEPINS 289

Effect of bile salt concentration and pH on the separation
The effect of the bile salt concentration on the migration times of the solutes was

investigated with SC and STC solutions (pH 9.0). The results are shown in Fig. 6 for
corticosteroids and Fig. 7 for benzothiazepin analogues. The migration times
increased with increase in bile salt concentration, although the electroosmotic flow did
not change significantly over the whole concentration range. The migration time of
Sudan III was almost the same as for sample 12in Fig. 7. This can be ascribed to
a larger micelle phase ratio at high than at low SC concentrations. However, the
increase in migration times was very slight when the SC concentration was increased
from 0.1 to 0.15 M in comparison with the increase from 0.05 to 0.1 M, as shown in
Figs. 6 and 7.

In micellar EKC, the total range of migration of electrically neutral solutes is
limited between the migration time of water (to), which is measured with methanol,
and that of the micelle (tme), which is measured with Sudan III. The value of tmeltocan
be regarded as a parameter indicating the total width of the migration time window.
The value of tmelto calculated from Fig. 2, in which Sudan III migrated just after
isoamyl p-hydroxybenzoate, is 2.7. The value of tmelto observed in micellar EKC with
SDS solutions usually lies between 4 and 57. The slight change in migration times
between 0.1 and 0.15 M SC and the narrow migration time window at 0.15 M SC can
be ascribed to the small tmel to value in micellar EKC with bile salts. It is interesting that
a typical solute concentration would be 3 mM (calculated for hydrocortisone), and the
greatest change in migration behaviour in Figs. 6 and 7 occurred as the concentration
ofmicelles changed from about 5 to about 10 mM, assuming an aggregation number of
10. Optimum separation was obtained at ca. 0.1 M sc.

The use of STC instead of SC did not bring about any significant change in
selectivity in comparison with the results shown in Figs. 6 and 7. When concentrations
ofSTC higher than 0.1 M were employed, the baselines became noisy. The purity ofthe
STC used might be responsible.

The pH dependence of the migration time was examined with 0.1 M SC solutions

15

Z
>2
w 10'"i=
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Fig. 6. Effect of bile salt concentration on the migration time ofcorticosteroids. Buffer, 0.02 M phosphate
borate (pH 9.0) containing sodium cholate. Other conditions as in Fig. 4.



290

15
z

~
w
"";:: 10
z
0
;::
'"cr:

'" 5:E
-------- - - - - --- - - - - - - - -- ~----~~::~: ----_.~

H. NISHI et al.

OL.----....I.----...L-------''---
0,05 0.1 0,15

CONCENTRATION (M)

Fig. 7. Effect of bile salt concentration on the migration time ofbenzothiazepin analogues. Conditions as in
Fig. 6.

in the pH range 7-9 and the results are shown in Fig. 8. The migration behaviour of
corticosteroids did not alter over the whole pH range, because they are electrically
neutral. However, the selctivity between diltiazem (sample 1) and its metabolites or
chlorinated diltiazem (sample 7) and its metabolites deteriorated at low pH. It was
useful to use high pH solutions to improve the separation ofbenzothiazepin analogues.
The ionic effect due to an ionizable phenol will probably contribute to migration at
high pH (9.0), because metabolic solutes have phenolic hydroxy groups. That is,
electrostatic repulsion between the solutes and the anionic micelle will decrease the
incorporation of these solutes by the micelle. Unincorporated anionic solutes,
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Fig. 8. pH dependence of the migration time of (A) cortocosteroids and (B) benzothiazepin analogues.
Buffer, 0.02 M phosphate-borate containing 0.1 M sodium cholate. Applied voltage, 20 kY.
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however, will migrate in the opposite direction to the electroosmotic flow by
electrophoresis of solutes themselves. Therefore, it is difficult to predict how the
migration time of ionizable solutes will be altered by changes in pH.

Effect of organic modifiers
Optimization of resolution has been also attained through adding an aqueous

organic modifier27 ,28,36 in addition to the parameters mentioned above. The effect of
an organic solvent on the separation of the solutes was investigated by use ofmethanol
at concentrations up to 20%. The result for corticosteriods is shown in Fig. 9. The
migration times of the solutes increased with increase in the methanol concentration.
This is ascribed to the decrease in the electroosmotic flow. The addition of 20% of
methanol decreased the electroosmotic flow by about half (from 1.24 to 0.64 mm/s).
The migration order and selectivity were not influenced except for sample b, probably
because these solutes have nearly the same structure and they are electrically neutral.
For the benzothiazepin analogues the same tendency (increase in migration time) was
observed with increase in the methanol concentration without a change in elution
order. However, the selectivety was much improved in the separation of a mixture of
fourteen cold medicines, in which ionic compounds were mixed with neutral
compounds3 7.

Qualitative analysis of diltiazem hydrochloride and its tablets
On the basis of the results mentioned above, a buffer solution of pH 8.0

containing 0.1 M SC was selected for qualitative and quantitative analysis ofdiltiazem
hydrochloride and its tablets from the viewpoint of successful separation and short
analysis times. A chromatogram of diltiazem containing 0.3--0.5% of its related
substances (samples 2-5) is shown in Fig. lOB, indicating a satisfactory separation.
A typical chromatogram obtained from diltiazem hydrochloride (supplied by FE)
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Fig. 9. Effect of organic modifier (methanol) in micellar EKC of corticosteroids in comparison with 0.02
M phosphate-borate buffer solution without bile salts (CZE) and with 0.1 M sodium cholate (EKC).
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according to the procedure described under Experimentalis shown in Fig. lOA. About
0.2% of an impurity (sample 2) was detected. The detection limit was ca. 0.1 % at
a signal-to-noise ratio of 3. Other results with samples from commercial sources and
our laboratory are summarized in Table IV. These values agreed well with the values
obtained by HPLC. Qualitative analysis was thus successfully performed by micellar
EKC with the same precision as in an HPLC analysis.

Quantitative analysis of diltiazem tablets and fluocinonide cream
Diltiazem tablets were analysed by the internal standard (I.S.) method using

sample 7 as an I.S.. The conditions are the same as in Fig. 10. The reproducibilities
(coefficients of variation, C.V.) of the migration times and peak area ratios obtained
with the standard solution by repeated injections (n = 5) were 0.7% and 2.2%
respectively, were comparable to those obtained in previous studies37

-
39

. The
calibration graph for diltiazem obtained by the peak-area ratio method gave excellent
linearity over the range 40-120% of the assay concentration with a correlation
coefficient r = 0.998 and passed through the origin. The recovery was almost 100%.
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Fig. 10. Typical chromatograms obtained in the purity testing of diltiazem. (A) Diltiazem hydrochloride
supplied by FE and (B) authentic diltiazem with 0.3--{).5% of related substances added. Buffer, 0.02
M phosphate-borate (pH 8.0) containing 0.1 M sodium cholate. Other conditions as in Fig. 4.
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TABLE IV

RESULTS OF PURITY TESTING OF DILTIAZEM HYDROCHLORIDE AND ITS TABLETS

Source Sample Impurity (%)

TA Diltiazem NDa
FE Diltiazem 0.22
FA Diltiazem 0.27
TA Tablets NDa

TO Tablets 1.46

a Not detected.

The assay results are summarized in Table V and typical chromatograms are shown in
Fig. I1A. The average assay value for six replicate analyses was 101.5% and the C.V.
was 1.7%.

Topsym cream containing 0.5% of fluocinonide was also analysed by the I.S.
method using sample II as an I.S. Buffer solution of pH 9.0 containing 0.1 M SC was
used and typical chromatograms are shown in Fig. 11 B. The accuracy and
reproducibility of the determination are given in Table VI. The e.V. obtained by
repeated injections (n = 6) of the same sample solution in the peak-area ratio mode
was worse than that in the peak-height ratio mode. The reason is unclear but the matrix
of the formulation (non-ionic surfactant) might have affected the results. The
peak-height ratio mode was used in the actual assay of cream. The capillary tube was
washed with the operating buffer solutions as described in the procedure for capillary
washing. Tables V and VI demonstrate the capability of this technique as a quantifica
tionmethod.

In conclusions, it was found that corticosteroids and benzothiazepin analogues
can be successfully separated by micellar EKC using bile salts with high theoretical
plate numbers within ca. 15 min, although the separation of these solutes could not be
achieved by conventional CZE or micellar EKC with SDS solutions. The successful
separation indicates that it might be useful in cases of poor resolution to explore
various kinds of surfactants having different molecular structures in order to improve
the selectivity in micellar EKe. The results of the quantitative and the qualitative
analyses suggest that micellar EKC can be a helpful complement to HPLC in the field
of separation science.

TABLE V

REPRODUCIBILITY AND ASSAY RESULTS FOR DILTIAZEM TABLETS

Peak area ratio (c. v.) Assay values (%)

2.2% 99.4
101.3

102.5
104.3

99.9
101.6
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Fig. II. Typical chromatograms obtained in the assay of (A) diltiazem tablets and (B) fluocinonide cream.
Conditions: (A) as in Fig. 10; (B) as in Fig. 2B.

TABLE VI

REPRODUCIBILITY (C.V.) AND ASSAY RESULTS FOR FLUOCINONIDE CREAM

Standard solution (c. V,) Sample solution (C. V,) Assay values (%)

Peak area ratio Peak height ratio Peak area ratio Peak height ratio

3.17% 4.59% 9.32% 2.77% 102.5
104.4

100.2
93.0

101.4
103.6
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ABSTRACT

A preparative isotachophoretic analyser with a series of four separation tubes
of LD, 0.5-5 mm was constructed and its fundamental efficiency was evaluated. The
maximum injectable sample volume was 2.5 m!. The heat convection in the separation
tube (LD. = 5 mm) was suppressed by adding hydroxypropylcellulose to the leading
electrolyte (1 %) and sucrose to the terminating electrolyte (20%). The entire separat
ed zones were fractionated dropwise (5.4 fll each) through a narrow-bore nozzle by a
counter flow of the leading electrolyte. Variations in the course of dropping due to
electrostatic forces were suppressed by a simple electrostatic device. The recoveries of
several micrograms of separands were determined by photometric and PIXE analysis
and were almost 100%. The separability and apparent sensitivity were very good;
e.g., 150 ppb (109 ) Sm3 + (10- 6 M, 2 m!) was separated from a mixture with Dy3+,

Tm3 + and Lu3+.

INTRODUCTION

Capillary isotachophoresis (IP) is an important method for preparative sep
arations because of its high separation power. In addition to the purification of a
sample by fractionation, preparative isotachophoresis is useful for various purposes
such as the determination of unknown constituents in combination with different
analytical methods. In such a case, preparative isotachophoresis is regarded as a
pretreatment technique with high selectivity for further characterization and identifi
cation.

Preparative capillary isotachophoretic analysers can be classified into two types
with respect to the method of fractionation. A type for the fractionation of the entire
sample zones was reported by Arlinger1

. The zones were swept gradually by a counter
flow of the leading electrolyte on applying a migration current and the fractions were
fixed on a cellulose acetate strip. For this purpose, the apparatus was equipped with a
pump to provide the counter flow and a strip-winding device. The fractions on the
strip are eluted and the fractions are analysed by different methods.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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On the other hand, in the type reported by Kobayashi et al. 2
, the separated

sample zone was fractionated using a microsyringe. They reported a potential gra
dient detector equipped with a sample removal port to fractionate the target zone
immediately after the tail of the zone was detected. Although the method was not
intended for the successive fractionation of the entire sample zones the operational
facility is notable. Kaniansky et al. 3 reported a similar discontinuous fractionation
technique with the use of a specially designed fractionating valve. The fractionated
solution itself is convenient as a sample for further analysis.

Considering the characteristics of these methods, an isotachophoretic analyser
was constructed to fractionate the entire separated zones dropwise by using a counter
flow of leading electrolyte. Complete recovery of the mobile components in the in
jected samples was expected with the minimum risk of loss and contamination, al
though the mixing of adjacent sample zones could not be avoided in principle.

The other aim was to increase the amount of sample that can be separated for
trace analysis. Dolnik et al. 4 suggested strategies for isotachophoretic trace analysis
and developed an isotachophoretic analyser with rectangular tubes. In trace analysis,
a large sample volume is required with application of a high electric charges. There
are three ways to increase the load of the leading electrolyte according to the sample
amount to be separated4

; as (l) a hydrodynamic counter flow; (2) a concentration
cascade; and (3) enhancement of the separation volume. We used method (3), uti
lizing the column coupling technique6

.

In this paper the design, operation and basic efficiency are reported for a pre
parative isotachophoretic analyser using a separation tube of J.D. 5 mm. The maxi
mum sample volume is 2.5 m!.

EXPERIMENTAL

Instrumentation
Fig. 1 shows a schematic diagram of the apparatus. The double lines represent

the electrolyte tubing and single lines the electric wiring. Valves are represented by
circles. Sample migration in this apparatus can be divided into three stages. In the
first stage, the sample solution (2.5 ml or less) was separated roughly. We shall call
this stage the "preseparation stage". The second stage was used for the complete
separation of the preseparated samples or the separation of the relatively small
amounts of samples of the order of 102 nmol or less. Part of the unnecessary constitu
ents migrating in front of the target zones was isolated at this stage. We shall call this
stage the "separation stage". In the last stage, the separated zones were fractionated
dropwise by a counter flow of leading electrolyte.

Four tubes with different inner diameters (J.D.) were coupled to increase both
the separable amount of sample and the volume of the sample solution; the J.D.s were
5,2, 1 and 0.5 mm and typical lengths for effective separations were 10, 10, 15 and 30
cm, respectively. The lengths of three tubes were easily adjustable except for the tube
with an J.D. of 5 mm.

The tubes with J.D. 1 and 0.5 mm were connected by using a PTFE joint for a
Shimadzu IP-2A with a tapered structure. The other joints for the tubes with larger
J.D. were made from a block of acrylic resin. The migration around the joint was
carefully checked visually using dyes; good separation and recovery could not be
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Fig. 1. Schematic diagram of preparative IP equipment. Ll,L2,L3 = Leading electrolyte compartments;
Tl,T2 = terminating electrolyte compartments; Vl-V5, V9-V13 = valves to fill and to drain the electro
lyte compartments; V8 = injection valve; J = tube joint; V6,V7 = valves to change the current path;
INJl,INJ2 = injection ports; P = PTFE plug to cut off Ll compartment; PRE-SEP. TUBE = presep
aration tube; B1,B2 = branch of separation tubes; Reser = electrolyte reservoir; PER = peristaltic pump;
PGD = potential gradient detector; REC = amplifier and recorder; SYR.PUMP = syringe pump to give
a counter flow of leading electrolyte for fractionation; AS = automatic sampler driven by stepping motor;
LS = light source; DET = photodetector and amplifier for triggering the automatic sampler; Dr =

electrolyte drain; HVl,HV2 = high-voltage power supplies; N z = nitrogen pneumatic device. Separation
tubes: Bl-V6-V7 and V6-L2, LD. = 2 mm and 0.0. = 3 mm; T2-V7-J and B2-L3, 1.0. = [ mm and
0.0. = 2 mm; J-B2, LD. = 0.5 mm and = 0.0. =[ mm; preseparation, LD. = 5 mm and 0.0. = 7 inm.

expected if the joint had an electrophoretically dead space. The load of the leading
electrolyte in the thus connected tubes was ca. 3.1 ml, which is at least ten times larger
than that of the ordinary apparatus. This permits the separation of micromole
amounts of samples, although the amount depends on the difference in the mobilities
of the separands.

Three leading electrolyte compartments (Ll, L2 and L3 in Fig. I) and two
terminating compartments (Tl and T2) were used for the rapid migration of samples
through the different stages. The migration current was applied selectively to the
electrodes of these compartments. The apparatus was equipped with two injection
ports (INJI and INJ2 in Fig. I). One of them was used selectively according to the
amount and/or volume of sample.

The details of each stage are considered in the following sub-sections.



300 T. HIROKAWA et al.

Preseparation stage
The preseparation tube was made of acrylic resin. The tube was tapered as

illustrated in Fig. 1 and the J.D. and O.D. were 5 and 7 mm at the maximum and 3
and 4 mm at the minimum at branch Bl. At the branch the tube of the preseparation
stage was connected with that of the separation stage. The preseparation tube was
surrounded by a water-jacket and was cooled by circulating water (room temper
ature) during operation.

The leading and terminating electrolyte compartments (Ll and Tl) were made
of acrylic resin blocks and the volume of the solution was ca. 30 ml. The electrode
compartments (volume ca. 8 ml) were set apart from the electrolyte compartments
and were connected with a tube (O.D. = 12 mm, J.D. = 8 mm, length = 55 mm).
The electrode used was a coiled platinum wire. The hydrogen and oxygen generated
were trapped in the electrode compartments and released after the operation. It
seemed that some electrode reaction took place and the reactive ions formed hindered
the electrophoretic migration of samples if the electrode compartments were not
separated. When histidine was present in the leading electrolyte, for example, the
colour of the electrolyte solution gradually turned brown during migration.

The migration voltage applied between Ll and Tl was 1000-500 V under typ
ical operation conditions, and the current varied from 5 to 3 mA during the migra
tion. The distance between INn and Bl was ca. 10 cm and it took ca. 20 min for the
migration. Then the current path was changed from Ll-Tl to L2-Tl and the presep
arated zones were led to the separation stage by applying 1500 V (ca. 1.5 mA) using
the high-voltage power supply HVI. The separation tube connecting L2 and branch
Bl was made of PTFE and the J.D. and O.D. were 2 and 3 mm, respectively. When
the edge of the preseparated sample zone reached valve V6, HVI was turned off.

Appropriate dyes were used as position markers to monitor the migration
process and to switch the valves appropriately. When the leading edge of the sample
zone reached branch Bl, HVI was turned off. The course of the separation tube
(Ll-Tl) was blocked by a PTFE plug (P) at B1. The role of the plug was to prevent
the gradual mixing of the leading ion or the rejected sample constituents with the
target zones; if the plug was not used, the separation in the subsequent stage was
unfavourable owing to the elution by the leading ion from L1.

As the heat conductivity of acrylic resin was poor and the wall of the presep
aration tube was relatively thick (l mm), the electrolyte in the tube could not be
cooled sufficiently. Therefore, the temperature of the electrolyte near the inner surface
wall was significantly different from that in the centre of the tube. To suppress heat
convection; which disturbed the formation of sharp zone boundaries, the viscosity of
the electrolytes in Ll and L2 was increased by adding hydroxypropylcellulose (HPC,
1%, wjw), obtained from Tokyo Kasei (Tokyo, Japan). The viscosity of the 2%
aqueous solution was 1000-4000 cP at 20°C according to the specification. A 2%
stock solution was prepared and used after deionization with an ion-exchange resin.

Deionized sucrose solution was added to the terminating electrolyte in Tl
(20%, wjw) to prevent the heat convection in the terminating zone. Two peristaltic
pumps PER in Fig. 1; Model MP-3 (EYELA, Tokyo, Japan) were used to fill Ll, L2
and Tl with the leading and terminating electrolytes. First, Tl was filled with the
heavy terminating electrolyte up to the level of the drain tube near INJ1. Then Ll was
filled with the viscous leading electrolyte and finally L2 was filled. Owing to the
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difference between the specific gravities of the leading and terminating electrolytes,
the initial boundary between these electrolytes was sufficiently stable. The boundary
was clearly visible, because the refractive indices of the solutions were different from
each other. The sample solution was injected into the tube containing terminating
electrolyte through a rubber septum at INJI in Fig. 1. The initial boundary was not
perturbed during sample injection, provided that the injection was slow.

The temperature of the electrolyte in the preseparation tube was at most ca.
50T at the narrowest position. This was seen from the fact that the solubility ofHPC
decreased with increase in temperature and the transparency of the I% solution was
lost completely at ca. 50°C. In fact, the current applied was adjusted so that this
temperature was not exceeded.

In the preseparation stage, a Toyo Seisakusyo Model 2515 high-voltage power
supply (2500 V maximum HVI) was used in the constant-voltage mode, and stop
valves VI, V2, V3, V4, V5, V6 and VI3 were used for the liquid chromatograph
(Gasukuro Kogyo, Models LPV-2, LPV-3 and LPV-4.

Separation stage
After the leading edge of the preseparated sample zone had reached at the valve

V6, a migration current (300 p.A) was applied between L3 and T1 by using HV2. After
the final sample zone had passed V7, the current path was changed from L3-TI to
L3-T2, and the migration current was decreased from 300 to 150 p.A. This change in
current path was very important, as discussed later. Until fractionation, the sample
zones migrated through the separation tube.

When the sample amount was small, the preseparation procedure was not nec
essary. In such cases the sample solution was injected using the second injection port
(INJ2) at sampling valve V8. Coupled PTFE tubes (O.D. = 2, J.D. = 1mm and O.D.
= 1, J.D. = 0.5 mm) connected V8 with the leading electrolyte compartment L3.
Half way along the tube of J.D. 0.5 mm a potential gradient detector (PGD, for
Shimadzu IP-2A) and a fractionation compartment were fitted.

The electrolytes used in the separation stage were the same as those used in the
preseparation stage except that the concentration of HPC in the former electrolytes
was 0.2%. The temperature at this stage was not as high as in the preseparation stage
because the applied current was low. The main role of HPC at this stage is to suppress
not the heat convection but the electroendosmosis. Hence, if the presence of HPC in
the fractions is undesirable, it should not be contained in the leading electrolyte
solution.

In this separation stage, the sampling valve V8 and the stop valves V9, VIO, VII
and VI2 were used (Shimadzu IP-IB). The valve V7 was that used for Gasukuro
Kogyo Models LPV-2, LPV-3 and LPV-4liquid chromatographs. To fill L3 and T2, a
pneumatic device was used.

Fractionation stage
After the migration in the separation stage had started, a counter flow of lead

ing electrolyte was fed continuously by a syringe pump (Model JP-V, Fume Science,
Tokyo, Japan). The leading electrolyte used was the same as that used to fill compart
ment L3. Until the leading edge of the sample zone reached the fractionation com
partment, the overflow of leading electrolyte was discarded through a nozzle at the
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Fig. 2. T-shaped branch of the fractionation compartment and illustration of fractionation. L = leading
zone; T = terminating zone; A, Band C = sample zones.

T-branch of B2 in Fig. 1. Hence it should be noted that the counter flow was not
effective through the whole capillary. After the sample zones had reached B2, the
dropwise fractionation was started. As shown in Fig. 2, the edge of the migrating
zones was swept by the counter flow, and the samples diluted with the leading electro
lyte dropped onto a sample collector through the nozzle (a platinum capillary, J.D. =

0.3 mm and a.D. = 0.5 mm). The dropping of fractions was monitored by an optical
device.

The voltage applied between L3 and T2 was up to ca. 10 kV under typical
experimental conditions. The power supply used (HV2) was a constant-current type
for a Shimadzu IP-2A. As it was a bipolar type, for example, - 5 kV were applied to
the leading electrode and 5 kV to the terminating electrode. If the potential at the
fractionating nozzle was made equal to the ground level, there could be no electro
static hindrance to the drop. However, it was not easy to maintain such a situation
because the potential gradient varied according to the electrolyte used and during the
migration process. Unless a positive counter measure was devised, the fractions scat
tered widely and did not form drops. To regulate such an electrostatic influence, a
copper coil (six turns) was located under the nozzle and was connected to the nozzle.
The a.D. of the coil was 16 mm, the length was 20 mm and the a.D. of the copper
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wire was 1 mm. The size of the drops and the dropping course could be stabilized by
the use of such a simple device.

An automatic sampler (AS in Fig. 1) was used for the fractional collection of
the dropped samples. Twenty-five fractions were collected in small sampling tubes or
on Nuclepore filters which were set on the exchangeable turntable of the sampler. The
turntable was revolved by a stepping motor (Model PH264M-32, Oriental Motor,
Tokyo, Japan) with a pulse generator (Model UG601) and a driver (Model UD2l0).
The pulse generator was triggered by a delayed photometric signal caused by a frac
tion dropping through a light path. A small lamp was used as the visible light source
(LS) and the detector (DET) used was a photodiode (Model S1226-5BQ), Hamamat
su Photonics, Hamamatsu, Japan). The distance between LS and DET was ca. 40
mm.

The concentration of samples in the fractionated drops or the amount of the
target substance in a fraction was adjustable by changing the rate of pumping of the
leading electrolyte solution. The rate was determined by considering the isotachopho
retic velocity under the operating conditions and the linear velocity of the counter
flow. In a typical experiment, the linear velocity ofthe counter flow was four times
larger than the isotachophoretic velocity and the flow-rate was variable in the range
10-50 ,ul/min. Under the condition of 12 ,ul/min and a driving current of 150 ,uA, the
time interval for fractionation was ca. 30 s. The averaged volume of a drop was
estimated to be 5.4 ,ul by weighing out 200 drops of sample. The consistency of the
volume was ca. ± 10% when the above-mentioned difficulties were removed. The
volume of one drop was affected by the diameter and seemingly by the material of the
nozzle. A platinum nozzle was preferable to PTFE for making the volume small and
constant.

Samples
Using the present analyser, to mark the migration process and to monitor the

timing of valve opening or closing (as mentioned above), the selection of suitable dye
markers is important. In this experiment, the R E (effective mobility of leading ion/
effective mobility of sample) values of eighteen kinds of cationic dyes were obtained.

Two cationic dyes, toluidine blue. (TB) and astrazon pink (AP), were used in
order to evaluate the basic efficiency of fractionation of the present apparatus. A
mixture of Ce3 + , Sm3 + , Dy3 + and Tm 3 + was also separated and fractionated for the
same purpose. To exemplify trace analysis, a mixture of Sm3 +, Dy3+, Tm3+ and
Lu3+ was used. The concentration ofSm3+ was varied from 1.25·10- 5 to 1 . 10- 6 M
whereas the concentration of Dy3+ , Tm3+ and Lu3+ was kept constant as 1.25 . 10 - 5

M.
The dyes and other chemicals were obtained from Tokyo Kasei in the purest

form available. The standard lanthanoids were purchased as the chlorides containing
six molecules of water of crystallization and the purity was above 99.9%. They were
dissolved in deionized water (5 mM).

Electrolyte system
The electrolyte system used in the fractionation and trace analysis is shown as

system 1 in Table I. The concentration of HPC in the leading electrolyte for the
preseparation stage was 1% and that for the separation and fractionation stages was
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TABLE I

ELECTROLYTE SYSTEM USED IN ISOTACHOPHORETIC SEPARATION

HIB = a-Hydroxyisobutyric acid; CARH = carnitine hydrochloride; HPC = hydroxypropylcellulose.

Parameter

Leading electrolyte

Complexing agent
pH buffer
pH of leading electrolyte
Terminating electrolyte
Additive

System I

20mMKOH or
I mM KOH + 19 mM NH40Ha
IOmMHIB
Acetic acid
4.8
20mMCARH
0.2-1 % HPC (leading)
20% sucrose (terminating)

System 2

IOmMKOH

None
Acetic acid
4.57,4.8, 5.0
10mMCARH
0.2% HPC
(leading)

a When the fractions were analysed by the PIXE method.

0.2%. The terminator (carnitine hydrochloride) was recrystallized from methanol,
unless stated otherwise. The pH measurements were carried using a Horiba (Tokyo,
Japan) Model F7ss expanded pH meter.

Analytical methods
The fractions of dyes were analysed with a Hitachi Model 356 double-beam

spectrophotometer. One fraction (average volume = 5.4 ttl) was dissolved in 5 ml of
distilled water and the spectrum of the solution was obtained in the range 300-700
nm. By determining the maximum absorption at 532 and 623 nm of astrazon pink
and toluidine blue, respectively, the concentration of the fractions was obtained.

PIXE (particle-induced X-ray emission) was used to analyse the lanthanoid
fractions. The fractions were dropped directly on a Nuclepore filter mounted on a
aluminium frame. After drying in a desiccator, they were used as the targets. The
targets were irradiated by a 2.0-MeV proton beam generated by a Van de Graaff
accelerator (Nisshin High Voltage, Tokyo, Japan). The PIXE spectra were obtained
by a multi-channel analyser equipped with an hp (high pure)-Ge detector. A typical
single run took ca. 1000 s (beam current = 20 nA). The details of the PIXE analysis
of Ianthanoids and their isotachophoretic analysis have been reported elsewhere7 ,8.

In the fractionation of lanthanoids, mixed leading ions were used (l mM KOH
and 19 mM NH 40H, see Table I) because the sensitivity of potassium is very high in
PIXE analysis and it disturbed the rapid collection of the signals of the target ele
ments. The mobilities of K + and NH4 + are of the same magnitude and the mixing
has no adverse effect on isotachophoresis.

RESULTS AND DISCUSSION

Migration markers
In the measurement of the R E values of eighteen kinds of cationic dye markers,

electrolyte system 2 in Table I was used. Table II gives the observed RE values, with
carnitine as terminator and tris(hydroxymethyl)aminomethane (Tris) as an internal
standard to correct the asymmetric potential of the potential gradient detector9

. Most
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TABLE II

THE OBSERVED R
E

VALUES AND EFFECTIVE MOBILITIES OF CATIONIC DYES AT pH 4.57,
4.8 AND 5

R
E

= effective mobility of leading ion/effective mobility of sample. m = effective mobility x 105 cm 2 V-I

S-I. For the electrolyte system, see system 2 In Table 1.

Dye pH of leading electrolyte

4.57 4.80 5.00

RE m Re m R E m

Bismark brown 1.47 (48.6) 1.46 (48.9) 1.48 (48.2)
Acridine orange 1.76 (40.6) 1. 79 (39.9) 1.75 (40.8)
Toluidine blue (TB) 1.80 (39.7) 1.79 (39.9) 1.83 (39.0)
Neutral red 1.88 (38.0) 1.84 (38.8) 1.93 (37.0)
Pyronine Y 1.90 (37.6) 1.96 (36.4) 1.93 (37.0)
Methylene blue 1.94 (36.8) 1.97 (36.2) 1.96 (36.4)
Astrazon green 1.96 (36.4) 1.94 (36.8) 1.93 (37.0)
Astrazon blue 2.06 (34.7) 2.11 (33.8) 2.09 (34.2)
Astrazon Bordeaux 2.21 (32.3) 2.25 (31.7) 2.24 (31.9)
Safranine 0 2.24 (31.9) 2.23 (32.0) 2.28 (31.3)
Crystal violet 2.25 (31.7) 2.24 (31.9) 2.25 (31.7)
Astrazon red 2.44 (29.3) 2.49 (28.7) 2.55 (28.0)
Methyl violet 2.66 (26.8) 2.70 (26.4) 2.76 (25.9)
Basic fuchsin 2.83 (25.2) 3.01 (23.7) 2.99 (23.9)
Pyronine G 2.90 (24.6) 3.04 (23.5) 3.06 (23.3)
Brilliant green 2.96 (24.1) 3.23 (22.1) 3.65 (19.6)
Astrazon pink (AP) 3.41 (20.9) 3.53 (20.2) 3.40 (21.0)
Astrazon yellow 3.69 (19.3) 3.69 (19.3) 3.69 (19.3)

Carnitine (Terminating) 5.43 (13.1) 6.18 (11.6) 6.53 (10.9)
Tris (standard) 2.66 (26.8) 2.67 (26.7) 2.67 (26.7)

of the dyes treated contained impurities, The listed RE values were those for the
coloured main components. Apparently from Table II, the RE values of the treated
dyes were not affected by changes in the pH of the leading electrolyte, except for
brilliant green. It should be emphasized that most of these cationic dyes may form
complexes with metal ions. When the complex-forming interaction occurs, the RE

values may be different from those listed in Table I.

Evaluation offractionation
To examine the separability and consistency of the fractionation, 30 /ll of a

mixture of AP and TB (5 mM, 150 nmol each) was separated and fractionated. As the
amount of sample was small, the preseparation stage was not used. A separation tube
with an I.D. of 0.5 mm and a length of 30 em was used, and the driving current was
150 /lA. It took ca. 30 min to start fractionation. The observed isotachopherogram is
shown in Fig. 3. The impurity zone with a large step height was due to the terminating
electrolyte used, as in this particular instance the terminating carnitine hydrochloride
was not purified. The impurity zone with a small step height was due to TB.
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Fig. 3. Observed isotachopherogram of astrazon pink (AP) and toluidine blue (TB) mixture. Leading
electrolyte, I mM KOH + 19 mM NH40H + 10 mM a-hydroxyisobutyric acid + 0.2% hydroxypropyl
cellulose, pH 4.8 (adjusted with acetic acid); terminating electrolyte, 10 mM carnitine hydrochloride. The
migration current was 150 /lAo
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Fig. 4. Constituents and concentrations in the fractions of astrazon pink (AP) and toluidine blue (TB)
mixture. Electrolyte system as in Fig. 3.
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Ten fractions were obtained at a flow-rate of 24 ,ul/min. The visible spectra of
the fractions were then obtained and the amounts of the components were determined
(Fig. 4). Fractions 1-8 were TB and 9-11 were AP. The differences between the
observed concentrations of TB and AP are due mainly to the differences in the effec
tive charges of the ions. The fractionated amounts of AP and TB were 148.2 and 131
nmo1, respectively, and the recoveries were 98.8 and 87.3%, respectively. The recov
ery of TB was relatively low because some UV-transparent impurity was present in
the sample. The lack of mixing ofTB and AP in the fractions was due to the existence
of UV-transparent zones between the TB and AP zones.

For the same purpose, a mixture ofCe3+, Sm3+, Dy3+ and Tm3+ was separat
ed and fractionated. The volume injected was 20 ,ul, which nominally contained 25
nmol of Ianthanoids (3.50, 3.76, 4.06 and 4.22 ,ug, respectively). Twenty-five fractions
were obtained in 6 min. Fig. 5 shows the observed isotachopherogram for Ce3 + ,

Sm3+, Dy3+ and Tm3+ and Fig. 6 shows the constituents and amounts found in the
fractions; these are the results of the PIXE analysis. Apparently the fractionation was
very good. At the plateaux in Fig. 6, the deviation of the fractionated amounts was
less than 10%. The total amounts of the lanthanoids recovered were 3.77, 4.00, 3.98
and 4.41 ,ug and the recoveries were 108, 106,98 and 104% for Ce, Sm, Dy and Tm,
respectively. These values are satisfactory taking into account the experimental and
analytical errors of the PIXE method.

Carni tine

Tm

Dy

8m

Ce J

imp,

K

Time

Fig. 5. Observed isotachopherogram of Ce3 +, Sm3 +, Dy3 + and Tm3 + mixture (25 nmol of each). Electro
lyte system as in Fig. 3.
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Fig. 7. Zone length of Sm3+ with time vs. the concentration of the solution injected. The solution was a
mixture ofSm 3, Dy3+, Tm 3 + and Lu3+. The concentrations ofDy3+, Tm3+ and Lu3+ were 1.25 . 10- 5 M
each. The volume injected was 2 m!. Leading electrolyte as in System I in Table 1.
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Trace analysis
As the expected performance of the developed system with respect to fraction

ation was confirmed, the limits were studied using a mixture of Sm3+, Dy3+, Tm3+
and Lu3+ as the sample. The concentration ofSm3+ was varied from 1.25 . 10- 5 to I
. 10- 6 M while the concentrations of the other lanthonoids were kept constant at 1.25
. 10 - 5 M. The sample (volume 2 ml) was injected from the injection port in the
preseparation stage (INJI in Fig. 1). A potential gradient detector was used and the
current applied during the sample detection was 150 pA. It took ca. 120 min for
analysis and the time-based zone lengths were in the range 63.0-5.25 s.

Fig. 7 shows the observed zone length of Sm3+ and the concentration of solu
tion. Good linearity was obtained, confirming the high sensitivity and reproducibility.
The minimum concentration of 10- 6 M corresponds to 150 ppb (109

). A higher
sensitivity may be expected when a narrower separation tube is used.

lfthe migration was carried by applying a current between L3 and Tl instead of
L3 and T2, the detected zone boundaries were obscure. Moreover, a linear relation
ship between the amounts of sample injected and the detected zone lengths could not
be obtained. This can be explained as follows: during the migration in the presep
aration stage, the temperature of the electrolyte between Ll and Tl increased consid
erably owing to the high current (3-5 rnA) and the geometry of the separation tube
(acrylic resin) changed slightly. After the current had been lowered to 150 pA, the
electrolyte and the tube were cooled gradually and hydrostatic flow occurred owing
to the contraction. Consequently, the isotachophoretic migration of the separated
zone was disturbed by the flow along the direction of the capillary.

In conclusion, the present apparatus was very useful both for the fra~tionation
of sample constituents and for the analysis of trace components. The zbne of the
markers formed in the preseparation stage (tube of J.D. 5 mm) was very sharp,
suggesting that the use of a larger J.D. may be allowed. As the amount of electrolyte
constituents which concern the electrophoretic process was relatively large, in partic
ular in the preseparation stage, the chemicals used for the preparation of the leading
and terminating electrolytes should be extremely pure. In the present experiments, a
considerable amount of Na + was detected in KOH. Unless the HPC was deionized
and the terminating carnitine was recrystallized from methanol, the disturbance due
to the impurities was serious. This is really an adverse effect due to the high load of
the electrolytes.

The coupled IP-PIXE method proposed here has been applied to the determi
nation of trace amounts oflanthanoids in crude rare earth metal chlorides and misch
metal. The results will be published in due course.
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oils
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This author has previously recorded! the use of a mixed liquid crystal as a gas
chromatographic (GC) stationary phase for resolving the most volatile constituents of
essential oils such as limonene, cineole, etc. The potential of liquid crystal phases for
studying the other less volatile constituents of essential oils has not been studied, and
an initial evaluation is given here. These oils are often complex mixtures of aromatics
and terpenoids, and results on liquid crystals could usefully supplement those obtained
using conventional isotropic phases with their randomly distributed molecules.

In 1965, Dewar and Schroederz described the use of eight liquid crystals for the
GC of aromatic solutes and commented that "the effectiveness of II (a chlorinated
tetra-aromatic di-anil) as a stationary phase agreed with our expectations, since II has
a very long nematic (existing as a liquid crystal) range (180°) and a high transition
temperature" at which it changes to a normal isotropic liquid. Although they record
that "II decomposed slowly even at temperatures just above its melting point" they
used it at 200°C as well as 158°C.

As this liquid crystal "II" is relatively cheap and commercially available under
various names, it was selected for an initial study, despite its possible decomposition
hazard, but only used up to 190°C. It is (CH30-C6Hc CH =N-C6H 3Cl-)z and is
bis-4-(4-methoxybenzylidineanil-2-chloroaniline) (MBCA)z.

EXPERIMENTAL

Apparatus
A Pye QCD gas chromatograph fitted with flame ionisation detector and

a Hewlett-Packard 3380A recorder/integrator were used. A glass column (1.5 m x
4 mm 1.0.) was packed with 2.5% (MBCA)z [p-dianisal-3,3'-dichlorobenzidine (TCI,
Tokyo, Japan), melting point observed 142°C]. The weighed (MBCA)z was dissolved
in dichloromethane and taken to dryness in a rotary evaporator with weighed
Chromosorb W AW, 80-100 mesh. The column, after packing, was heated at 190°C

0021·9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.



312 NOTES

C1 C2 C3 C4

cinnamal -H H- H- -CH=CH-CH=O

anethole -OCH3 H- H- -CH=CH-CH3
estragole -OCH3 H- H- -CH2-CH=CH2
safrole -O-CH2-O- H-

cuminal -CH=O H- H- ,.CH3-CH
thymol -CH3 H- HO- 'CH3

Fig. 1. Formulae of some benzene derivatives studied.

TABLE I

RELATIVE RETENTION TIMES (LINALOL = 1.00 AFTER SUBTRACTION OF HOLD-UP
TIME)" ON PACKED COLUMN OF 2.5% (MBCA),

Mobile phase, nitrogen at a flow-rate of 3.75 to 5.00 ml min - 1 at the flame ionization detector outlet.
Averages (in italics) and ranges of values shown.

Essential oil
constituent
(and source)

(X-Pinene
(BDH)

1,8-Cineole
(Faulding)

Estragole
(Sigma)

Safrole
(Fritzsche)

Thymol
(Sigma)

Cuminal
(Eastman)

Anethole (trans)
(Sigma)

Perillalb

(Koch-Light)
Cinnamal

(Ajax)

Relative retention time

Column temperature (OC)

134.7 149.8 160.3 175.4 189.3
134.2-135.2 148.0-151.6 159.0-161.3 174.7-176.3 186.8-191.1

0.15 0.18 0.20 0.19 0.25
0.16-{).19 0.18-{).22 0.18-{).20 0.21-{).27

0.37 0.38 0.46 0.46 0.52
0.44-{).48 0.44-{).50 0.47-{).55

1.58 1.58 1.71 1.58 1.81
1.53-1.63 1.52-1.63 1.63-1.76 1.52-1.65 1.69-1.9\
2.67 2.61 2.55 2.51 2.63
2.61-2.70 2.45-2.77 2.41-2.73 2.45-2.59 2.53-2.79

3.92 3.40 3.27 3.06
3.87-3.98 3.24-3.6\ 3.15-3.35 2.87-3.19

3.90 3.45 3.61
3.66-4.24 3.30-3.59 3.21-3.91

3.74 3.73 3.78 3.48 3.64
3.64-3.82 3.62-3.85 3.50-4.07 3.25-3.64 3.42-3.83

4.95 4.50 4.84
4.46-5.26 4.40-4.55 4.74-5.00

9.02 9.45
8.70-9.44 9.00-9.63

a Average retention times for linalol (Sigma) at each of the above temperatures were 0.79, 0.44, 0.32,
0.25 and 0.19 min, respectively.

b Perillal is not an aromatic substance but an unsaturated cyclic mono-terpenoid structurally like
cumina!.
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for a few hours with a flow of mobile phase (nitrogen) before analytical use. It could be
used repeatedly.

A Technoterm 7300 probe was used to observe oven temperatures to 0.1 0c.

Materials
The materials used are indicated in Table I and Fig. I.

Method
Repeated injections were made from a microsyringe which had been filled then

"emptied" of materials. Relative retention times were calculated against linalol,
a "standard" used previously3, after deducting hold-up time. Various column
temperatures (isothermal) were used, indicated in Table I.

RESULTS AND DISCUSSION

Results are given in Table I. An unusually low mobile phase flow-rate of 5 ml
min - ! or less was needed, and then sharp symmetrical peaks were only obtained with
aromatic substances and with compounds having short retention times. Terpenoids
such as carvone, citral and geraniol exhibited considerable "tailing" and were subject
to excessively varying relative retention times, thus appearing unsuited to analysis on
(MBCA)z. The terpenoid perillal was, however, satisfactory. The.variations often
involved an atypical increase in retention time as the quantity of solute injected was
reduced. Dewar and Schroeder2 recommended using small samples, and this was
found necessary in this study to approach consistent results. The short retention times
involved also increased the chance of variation.

Six of Dewar and Schroeder's liquid crystals2 were di-, tri- or tetra-aromatics,
and it is likely that the use of such phases for GC will be best for aromatic solutes, as
found here. Ignoring estragole, which always emerges first, results for some aromatics
on (MBCA)z are safrole (first) - thymol - anethole - cinnamal (last). This is
interestingly different from results on polyethylene glycol3 where anethole precedes
safrole, and thymol is a long last. It seems that the double bond conjugated with the
aromatic ring present in anethole and cinnamal (see Fig. I) is preferentially retained by
(MBCA)z. On polyethylene glycol it is the polar nature of the phenol (thymol) and
aldehyde (cinnamal) groups which show greatest affinity, so deciding the elution
sequence.

Liquid crystals have been used for the GC resolution of geometric isomers since
1977, when Vetrova et al. 4 separated cis- from trans-decalin. It was thus disappointing
that (MBCA)z used here failed to resolve cis- from trans-citral (neral from geranial).
Nor did it resolve the dextra- and laeva-isomers of carvone and linalo!.

At 80°C (MBCA)z resolved cineole from a-pinene (separation factor, a = 3.15)
almost as efficiently as the previously used! mixed liquid crystal (a = 3.45). It is
amazing that (MBCA)z with a melting point above 140°C functions as a stationary
phase at a temperature well below this, even as low as 50°C, where it resolves {3- from
a-pinene. However, Witkiewiczs records, in his recent review, that "several examples
are known of the use ofliquid crystals in the solid state". (MBCAh gave "normal"
results at 135°C, just below its melting point (given as 154°C by Dewar and Schroeder2

for their synthesised product), fitting into the pattern given at higher temperatures
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when it had reliably become a liquid crystal. The melt, observed on a microscope slide
between crossed polarisers, showed a striated birefringence ofliquid crystallinity, with
spherulites of solid growing in it as it cooled.

A change in behaviour was observed for (MBCAh at temperature above 175°C,
when relative retention times increased instead of decreasing as usual, apart from
thymol. This has been observed by Janini et al. 6 using another di-anilliquid crystal GC
phase for which "retention increases due to the enhanced retention property of the
nematic state".

Substances with short retention times gave relative (linalol) retention times on
(MBCAh falling between those previously observed3 on packed columns of conven
tional phases. The low-polarity solute cineole shows the highest relative retention time
on the low-polarity methylpolysiloxane, whilst "polar" aromatic solutes like estragole
and safroIe show the highest relative retention times on the polar polyethylene glycol.
Other aromatic solutes with longer retention times give greater relative retention times
on (MBCAh than on either conventional phase, although these are still fairly brief
retentions.

(MBCAh thus may have potential for the analysis ofessential oils which are rich
in aromatic constituents such as aniseed, basil, cinnamon, cumin, fennel, sassafras,
tarragon and thyme, where it could supplement conventional phase work. It does not
seem suited to the GC ofoils containing terpenoids apart from coriander and lavender,
which contain lipalol.
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Monoterpene hydrocarbons are common natural products, and are the major
constituents in turpentine and other essential oils 1. Several monoterpenes are
important mediators in the chemical communication between organisms and are
essential in insect-plant interactions2

• Most of these monoterpenes are chiral with the
(+)- and ( - )enantiomers often having different biological properties. The individual
enantiomers of a compound such as a-pinene can be transformed to chiral auxiliaries,
which are used in organic synthesis, e.g., hydroboration reactions3

. Hence there is
a need for rapid and accurate methods for the determination of the enantiomeric
composition of monoterpene hydrocarbons. The classical polarimetric method and
NMR techniques require large amounts of sample and are not suitable for complex
mixtures or impure compounds. Chromatographic techniques are therefore more
attractive [4-6]. A perpentyl-p-cyclodextrin phase has been reported 5 for gas
chromatographic (GC) separations of some chiral olefins, including a-pinene and
limonene. However, the enantioselectivity of such columns is limited, requiring high
plate numbers, which lead to long analysis times.

We have reported that the enantiomeric purity of monoterpene hydrocarbons
can be determined by GC via transformation to carbamates that can be separated on
a Chirasil-Val column 7

• Chiral olefins have also been converted to the corresponding
diastereomeric ketal of (2R,3R)-2,3-butanediol that can be separated on standard GC
columnss. However, these procedures are experimentally laborious and are therefore
not suitable for routine analysis.

In 1983, Koscielski et al. 9 described a promising method for the enantiomeric
separation of both a- and p-pinenes using a-cyclodextrin in formamide as the
stationary phase. Later, the same workers separated the enantiomers of pinanes and

a Dedicated to Gunther Ohlolf on the Occasion of his 65th Birthday.
b Presented in part at the 1st International Symposium on the Separation of Chiral Molecules. Paris.

1988.

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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2-carene10 using the same procedure. The aim of the present investigation was to study
and develop further this method in order to obtain a reliable technique for the
determination of the enantiomeric composition of monoterpene hydrocarbons in
biological samples, such as spruce phloem.

EXPERIMENTAL

Apparatus
A Pye Unicam 304 gas chromatograph, equipped with a splitjsplitiess injector

and a flame ionization detector, was used with helium as the carrier gas. A Pye GCV
chromatograph equipped with an effluent splitter (I: 100) was used for preparative
work and fraction collection. Merck-Hitachi D-2000 integrators were used. The
different fractions from the biological samples were collected in gas-tight syringes
(SGE, 100 fll) and cooled by wrapping in aluminium foil together with dry-ice. Before
the analysis, the syringes were heated in an oven at 100°C.

Chemicals
cx-Cyclodextrin was purchased from Aldrich as the hydrate. The individual

enantiomers, (+)- and (- )-a-pinene, (- )-jJ-pinene, (+)- and (- )-limonene and
(+ )-3-carene, were commercial samples. (+ )-2-Carene and racemic 2-carene were
obtained by isomerization from (+ )-3-carene and racemic 3-carene, respectively.
Racemic 3-carene and (+)-jJ-pinene were gifts from A. M. Mosieenkow (Selinskii
Institute, Moscow, U.S.S.R.) and P. Baeckstrom (Royal Institute of Technology,
Stockholm, Sweden), respectively. The (+)- and ( - )-enatiomers of camphene were
obtained by preparative GC on an a-cyclodextrin column (2.1 m x 4 mm J.D.) at 45°C
ofa commercial racemate, and the identification of the enantiomers was carried out by
NMR spectroscopy and polarimetry.

Procedure
To prepare the packing material for the analytical column, 200 mg of

cx-cyclodextrin hydrate were dissolved in 1 g of formamide, which was diluted with
water (10 mI). This solution was poured into a round-bottomed flask containing 5 g of
Chromosorb W AW (45-60 mesh). The slurry was dried under reduced pressure
(15-20 mmHg) using a rotary evaporator at 50°C for 30 min, then packed into a glass
capillary (1.8 m x 0.8 mm J.D.) using an ultrasonic bath. Fused-silica capillaries (20
cm x 0.53 mm J.D.) were epoxy-glued to the ends of the filled column before it was
mounted in the chromatograph. The carrier gas was saturated with water vapour by
passing it through a stainless-steel cylinder packed with water-impregnated glass
wool, and then through a second stainless-steel cylinder loosely packed with
glass-wool to remove water aerosol.

Phloem samples (1 cm 2
), taken 1.5 m above the ground, were collected from

a Norway spruce [Picea abies (L.) Karst], then chopped with a knife and extracted with
1.5 ml of methanol in an ultrasonic bath for 15 min. Saturated aqueous sodium
chloride (1.5 ml) and pentane (I ml) were added to the methanol extracts. The mixture
was shaken and the layers separated. The pentane phase was passed through a short
silica column to remove oxygenated compounds in order to shorten the GC separation
time. A 5-fll volume of the mixture was fractionated on a preparative column
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(Carbowax 20M, 10% on Chromosorb W, 80-120 mesh) (2.1 m x 3 mm LO.), and the
individual monoterpenes were subsequently analysed on an a-cyclodextrin column.

RESULTS AND DISCUSSION

During initial attempts to separate the two enantiomeric pairs of a- and {J-pinene
at 35°C with dry helium, according to the method of Koscielski et al. 9

, we were not able
to obtain stable conditions. The retention times fluctuated, the peak shape deter
iorated with time and the enantioselectivity was rapidly reduced. This behaviour was
attributed to dehydration of the stationary phase matrix by the dry carrier gas. Earlier,
Andera and Smolkova-Keulemansova11 pointed out the beneficial effect of water in
the carrier gas on the peak shape with cyclodextrin-based columns. Support for our
assumption was obtained by, measurement of the weight loss of the column. The
column weight decreased from 11.38 to 11.24 g in 19 h, after which it remained almost
constant. The selectivity factor, a, correspondingly fell from over 2.2 to less than 1.5 for
a-pinene enantiomers. To improve this situation, the experiments were repeated with
the carrier gas saturated with water vapour. Stable enantioselectivity and resolution
were obtained with only a slight weight loss of the column. The increased stability of
the "wetted" column allowed us to separate (+)- and (- )-limonene. For this
separation, the humidification of the carrier gas is ofcritical importance, as can be seen
in Fig. I.

Initially, separations were carried out at 35°C, but better results can often be
obtained at lower temperatures, as in Fig. 2, where the chromatograms of the
enantiomeric pairs of 3-carene, camphene and limonene are shown. The elution order
was determined by injecting the individual reference enantiomers. The retention times
still fluctuated over a long period and also a slight deterioration of the peak shape after
several days of use was noticed. This can be attributed to the pressure drop over the
column, eventually resulting in an uneven water distribution along the column. It was
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Fig. 2. Chromatograms of the enantiomeric pairs of some monoterpene hydrocarbons.

found that the peak shape could be restored by periodically reversing the direction of
flow in the column.

The "wetted" o:-cyc1odextrin columns have the disadvantage of a limited
temperature range and a low efficiency; however, this is outweighed by their high
enantioselectivity. Thus, it is possible to obtain short analysis times making these
columns suitable for preparative fractionation. Our pure (+ )-and (- )-camphene
reference material was obtained by such a preparative GC method from a commercial
racemate of camphene.
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TABLE I

THE ENANTIOMERIC COMPOSITION OF SOME CHARACTERISTIC MONOTERPENE CON
STITUENTS IN A PHLOEM EXTRACT OF PlCEA ABIES (L.) KARST

Compounds are listed in elution order from the Carbowax column. Elution temperature on the cyclodextrin
column was 30°C, except for 3-carene (40°C) and limonene (25°C).

Compound P. abies extract Enantiomeric Retention time
composition composition a-CD column
(%) (%) (min)

[(+).(-)] [(+):(-)]

a-Pinene 34 42:58 6.1 :11.7
Camphene 9 8:92 5.4:17.6
f3-Pinene 16 3:97 8.0:10.4
Myrcene 12 Not chiral -;;-
3-Carene 6 >99.5:<.5 19.8:16.5
Limonene 8 10:90 8.2:7.3
a-Phellandrene 13
Unidentified constituents 2

a The a-phellandrene enantiomers could not be determined owing to lack of reference material.

The improved "wetted" system was used to determine the enantiomeric
composition of the major monoterpene hydrocarbons in a phloem extract of Norway
spruce. A direct separation of the enantiomers was not possible owing to the complex
nature of the extract. Therefore, the extract was first fractionated on the preparative
Carbowax column and the individual monoterpene hydrocarbons were collected by
a simple off-line procedure. The results from the final enantiomeric determinations on
the iX-cyc1odextrin column are presented in Table I. In a previous paper? we have
shown that there exists a large variation in the enantiomeric composition ofiX-pinene in
Swedish spruce trees. A systematic investigation concerning the genetic dependence on
the enantiomeric composition of monoterpene hydrocarbons in Swedish conifers is in
progress.

To optimize the performance of iX-cyc1odextrin columns further, one can change
the organic liquid in the stationary phase. Some promising results were obtained with
triethanolamine instead offormamide as the stationary phase matrix component. This
should be further investigated.
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Sunscreen agents are widely used to protect the skin against sunburn and to
prevent the degradation of cosmetic products by sunglight, and a simple and reliable
method for the determination and confirmation of sunscreen agents in cosmetic
products is required in order to check whether the products were prepared in
accordance with official regulations.

Several methods have been reported, including gas-liquid chromatography
(GC)1-3 and high-performance liquid chromatography (HPLC)z-s. Confirmation of
sunscreen agents in these methods is usually done on the basis of retenion times, and
a method based on UV spectral characteristics of sunscreen agents was proposed by
Gagliardi et al. 5 . However, a more definite identification of sunscreen agents by gas
chromatography-mass spectrometry (GC-MS) has not been reported.

In a previous papers, a simple method based on HPLC was proposed for the
determination of six sunscreen agents {(2-hydroxy-4-methoxyphenyl)phenylmethan
one (Oxybenzone), 2-ethoxyethyl 3-(4-methoxyphenyl)-2-propenoate (Cinoxate),
2-ethylhexyl 4-(dimethylamino)benzoate (Escalol 507), 2-ethylhexyl 3-(4-methoxy
phenyl)-2-propanoate (Parsol MCX), 1-[4-(l-methylethyl)phenyl]-3-phenyl-I,3-prop
anedione (Eusolex 8020) and 1-[4-(1, l-dimethylethyl)phenyl]-3-(4-methoxyphenyl)
1,3-propanedione (Parsol 1789)} in cosmetic products. HPLC is useful for routine
analysis but now difficult to use in combination with mass spectrometry in our
laboratory. In this paper, we describe the application ofGC to the determination of the
six sunscreen agents and GC-MS to their confirmation using a DB-17 megabore
capillary column.

EXPERIMENTAL

Reagents and materials
Oxybenzone, Cinoxate, Escalol507, Parsol MCX, Eusolex 8020 and Parsol1789

were used as reference standards as reported previouslys. Water was deionized and
distilled from glass apparatus. All other chemicals were of analytical-reagent grade.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Standard solutions
Stock standard solutions were prepared by dissolving the appropriate amount of

sunscreen agent in tetrahydrofuran (THF). A set of working standard solutions were
produced by diluting aliquots of the stock standard solutions with THF to 50 ml in
volumetric flasks. The concentration of each compound for the calibration graphs
ranged from 20 to 100 Ilg/ml.

Sample solution
An amount of a cosmetic product equivalent to about 1-5 mg of a sunscreen

agent was weighed accurately in a 50-ml beaker, dissolved in about 20 ml ofTHF by
sonication and transferred into a 50-ml volumetric flask. The beaker was rinsed twice
with 5-ml portions ofTHF and the rinsings were combined in a volumetric flask. The
solution was diluted to volume with THF.

Gas chromatography
Determination of sunscreen agents was performed on a Model GC-15A gas

chromatograph (Shimazu, Kyoto, Japan) equipped with a flame ionization detector.
All samples were automatically injected into the gas chromatograph by a Model
AOC-9 automatic sampler (Shimazu). Chromatograms and peak areas were obtained
with a Model C-R5A reporting integrator (Shimazu). The megabore column used
(15 m x 0.53 mm I.D.) contained DB-17 (50% phenylmethylpolysiloxane, I.O-pm film
thickness; J & W Scientific, Folsom, CA, U.S.A.). The injection temperature was
280°C. The oven temperature was set at 160°C for 10 min, then programmed from 160
to 250°C at 5°C/min followed by a lO-min hold at 250°C. Helium was used as the
carrier gas at a flow-rate of 20 ml/min.

By means of the automatic sampler, 5 III of the prepared sample solution and
standard solution were chromatographed under the operating conditions described
above. Quantification was based on peak areas.

Gas chromatography-mass spectrometry
Confirmation of sunscreen agents was performed on a Model HP 5890A gas

chromatograph (Hewlett-Packard, Avondale, PA, U.S.A.) interfaced to a VG
Analytical (Manchester, u.K.) Model 70S high-resolution mass spectrometer. Elec
tron impact (EI) mass spectra were recorded at an ionization potential of 70 eV. The
megabore column used and the operating conditions for GC-MS analysis were the
same as described under Gas chromatography. The mass spectrometer was scanned
repetitively from m/z 50 to 400 at a rate of one scan per second.

RESULTS AND DISCUSSION

A representative chromatogram obtained with the proposed GC method is
shown in Fig. 1. Under the experimental conditions, the six sunscreen agents were well
resolved. Calibration graphs were constructed by plotting the peak area against the
concentration of standard injected. Good linearity over the range 20-100 Ilg/ml for
each sunscreen agent was obtained. The detection limits were 1llg/ml for Oxybenzone,
Cinoxate, Escalol 507 and Parsol MCX, 3 Ilg/ml for Eusolex 8020 and 5 Ilg/ml for
Parsol 1789.
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Fig. 2. EI mass spectra for (a) Oxybenzone and (b) Cinoxate.

The total ion current chromatogram ofa full-scan GC-EI-MS analysis of 500 ng
of each sunscreen agents is essentailly identical with the gas chromatogram in Fig. 1.
Figs. 2, 3 and 4 show the EI mass spectra of the sunscreen agents. Each spectrum
showed an [M] + ion and Oxybenzone and Eusolex 8020 also showed a strong
[M - H] + ion. The base peaks of the sunscreen agents were as follows: Oxybenzone,
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mlz 151 ([M - C6 H s]+); Cinoxate, mlz 161 ([M - C4 Hg0 2]+); Escalol507, mlz 165
([M - CSH 16]+); Parsol MCX, mlz 178 ([M - CSH 16]+); Eusolex 8020, mlz 147
([M - CSH 70]+); and Parsol1789, mlz 135 ([M - C12H 1SO]+). Cinoxate and Parsol
MCX showed intense peaks at mlz 178 and 161 due to the 3-(4-methoxyphenyl)-2
propenoic acid moiety.

The peaks of the sunscreen agents in practical GC analysis sometimes overlap
those of other ingredients containing in cosmetic products. In such a case, the
information obtained from monitoring the characteristic ions (molecular ion and
major ion) by GC-MS is useful to confirm whether particular sunscreen agents are
present or not. The characteristic ions are as followed: Oxybenzone, mlz 228 ([M]+),
227 ([M - H]+) and 151; Cinoxate, mlz 250 ([M]+), 178 ([M - C4HsO]+) and 161;
Escalol 507, mlz 277 ([M]+), 165 and 148 ([M - CSH 170t); Parsol MCX, mlz 290
([M]+), 178 and 161 ([M - CSH 170]+); Eusolex 8020, mlz 266 ([M]+), 265
([M - H]+) and 147; and Parsol 1789, mlz 310 ([M]+), 295 ([M - CH 3]+), 161
([M - C9H90 2]+) and 135.

Recovery tests were carried out on cosmetic products to evaluate the reproduc
ibility and accuracy of the proposed GC method. Three cosmetic prodllCts were spiked
with the amounts of the agents reported in Table I and subjected to the whole
procedure. As shown in Table I, excellent recoveries and precision were observed.

TABLE I

RECOVERIES OF SUNSCREEN AGENT FROM COSMETICS

Amounts of standard samples added were as follows: suntan lotion, 2.5% (wjw); foundation, 1% (wjw);
lipstick, 2% (wjw).

Sunscreen agent

Oxybenzone
Cinoxate
Escalol 507
Parsol MCX
Eusolex 8020
Parsol 1789

Suntan lotion Foundation Lipstick

Recovery R.S.D. Recovery R.S.D. Recovery R.S.D.
(%) (%)a (%) (%)a (%) (%)"

99.9 1.8 100.9 1.2 101.2 1.4
99.8 0.4 99.9 1.5 97.0 2.1

100.0 1.2 103.5 1.5 98.7 l.5
100.0 0.5 100.0 2.8 99.9 1.9
100.4 0.3 98.3 1.1 104.2 1.0
101.2 0.4 95.8 3.3 103.7 1.7

a Relative standard deviation (n = 5).

The proposed GC method was applied to the determination of sunscreen agents
in various cosmetic products (suntan lotion, foundation and lipstick). A representative
chromatogram of a commercial suntan lotion is shown in Fig. 5. Analytical results are
given in Table II. These results agreed with those obtained by HPLCs. The suntan
lotion, foundation and lipstick contained about 1-7% of sunscreen agents.

The concentrations of sunscreen agents in the cosmetic products could be
determined by monitoring the characteristic ions because the absolute intensity ofeach
ion increases in proportion with the amount of compound injected. Fig. 6 shows total
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Fig. 6. Total ion current and mass chromatograms from the GC-EI-MS analysis of a commercial milk
lotion. The values with asterisks are the absolute intensities on the 100% intensity axis.

ion current and mass chromatograms obtained from the GC-EI-MS analysis of
a commercial milk lotion. It was confirmed from these chromatograms that the lotion
contained Oxybenzone, Escalol 507 and Parsol 1789. The concentrations of each of
these sunscreen agents were also determined from intensities of the characteristic ions;
the results of 0.1 % for Oxybenzone, 0.1 % for Escalol 507 and 0.05% for Parsol 1789
were in agreement with the results obtained by GC analysis. The detection limits were
the same as those in GC.

In conclusion, a simple, precise and accurate method has been developed for the
determination of sunscreen agents in cosmetic products by GC using a megabore
capillary column without any derivatization such as silanization as reported by
Cumpelik1

. It is suitable for the routine analysis of cosmetic products. The GC-MS
method allows the determination and confirmation of sunscreen agents even if the'
cosmetic products contain many ingredients.

TABLE II

CONTENTS OF SUNSCREEN AGENTS IN COSMETICS

Values in parentheses obtained by HPLC8

Sample No. Concentration (%. IV/IV)

Oxybenzone Escalol507 Parsol MCX

Suntan lotion I 3.2 (3.5) 6.6 (7.0) 2.2 (2.1)
2 3.1 (2.8) 7.1 (6.9)

Foundation I 3.0 (2.8)
2 1.3 (1.3)

Lipstick I 0.96 (0.95)
2 2.7 (2.8)
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Wax esters constitute an important lipid class in the marine environment and are
found in many marine organisms1

, in particulate2 and dissolved matter3 and in
sediments4

. They are energy-storage molecules in the marine food chain, especially in
calanoid copepods, which represent a large fraction of the zooplankton biomass in
most parts of the world's oceans. Calanoid copepods from high latitudes generally
contain high levels of wax esters with high degrees of unsaturation5

-
9

.

Marine wax esters are composed of long-chain saturated and monounsaturated
fatty alcohols and fatty acids with up to six double bonds. Therefore, the wax esters
may exhibit up to seven double bonds in the molecule. In previous work various phases
for the separation of wax esters were described, such as OV_1 1o

.1l , OV-101 12 , Dexil
30013 and SE-5214

. With these phases separations could be achieved based on chain
length but hardly on the degree of unsaturation.

In order to obtain clear separations also of the various unsaturated wax esters,
high-temperature gas chromatography (GC) on a special triglyceride stationary phase
using a capillary column was applied in this work.

EXPERIMENTAL

The method was developed by using a complex mixture of wax esters isolated
"from lipids of the calanoid copepod Calanus' hyperboreus originating from the

Greenland Sea (Arctic). The organisms had to be sorted immediately after catching
and preserved in chloroform-methanol (2: I) to avoid deterioration and loss of
substance. Samples were frozen and stored at - 25°C until analysis9

.

Lipid was extracted by homogenizing the animals in the storage solution with
a Potter homogenizer (Braun, Melsungen, F.R.G.) at 1000 D/min. Insoluble particles
settled out within a few hours or after slight centrifugation. From an aliquot of the
supernatant, wax esters were separated by thin-layer chromatography (TLC) on silica
gel 60 (Merck, Darmstadt, F.R.G.) with hexane-diethyl ether-acetic acid (90:10:1)15.

a Contribution No. 270 of the Alfred Wegener Institute for Polar and Marine Research.

0021-9673(90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Bands corresponding to wax esters were scraped off and eluted with chloroform,
evaporated and dissolved in hexane. Additional TLC separations were made on silica
gel 60 impregnated with 3% silver nitrate to differentiate between the polyunsaturated
and the mono- and diunsaturated wax esters. Plates were developed with chloro
form-methanol (95:5)16.

GC of the wax esters was carried out under the following conditions: instrument,
Carlo Erba Model 5370 Mega Series; carrier gas, hydrogen at 100 kPa; column, 25
m x 0.25 mm J.D. wall-coated open-tubular bonded fused-silica column coated with
a O.lO-lim film of 50% methyl--50% phenylpolysiloxane [Triglyceride Analysis Phase
(TAP); Chrompack, Miihlheim, F.R.G.]; injection, 0.2--0.5 iiI of hexane solution

a

b

28:0

30:0

32:0

34:0

38:1

38:0

38:1

38'0
40:0

42:0

42:2

44:0

44:2

40:2 40:5

38:1
38:5

38:2

34:1 40'6

42:842:7
44:7

~
1 J I 1 r I I r 1 I 1

2~ I.
4 6 10 12 14 16 16 20 22 24 mm

Fig. I. Gas chromatograms ofwax esters. (a) Commercial mixture; (b) natural wax esters isolated from lipids
of Calanus hyperboreus. Asterisks indicate corresponding isomers.
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on-column at 280°C oven temperature with 30-s auxiliary cooling; temperature
programme, 2 min at 280°C, increased at 1°C/min to 320°C; detector, flame ionization
(380°C).

To confirm the identification of peaks, commercial standards of saturated wax
esters from C 28 to C44 and monounsaturated 36: I and 38: 1 wax esters (Sigma,
Deisenhofen, F.R.G.) were used. For the determination of possible wax ester
combinations, an aliquot of the wax ester extract was transesterified. The resulting
fatty acid methyl esters and fatty alcohols were analysed by GC according to the
method described by Kattner and Fricke17.

RESULTS

The samples of Calanus hyperboreus contained a mixture of wax esters in the
range C3o-C44 with different degrees of unsaturation. In Fig. 1 the chromatogram of
these wax esters is compared with that ofa standard mixture ofcommercially available
saturated and monounsaturated wax esters. Saturated wax esters were not detected in

TABLE I

ALL POSSIBLE COMBINATIONS OF THE WAX ESTERS OF CALANUS HYPERBOREUS
CALCULATED BY ALCOHOL AND FATTY ACID ANALYSIS

C:X = number of carbon atoms:number of double bonds; wax ester combination = alcohol/fatty acid.

C:X Main Minor Traces C:X Main Minor Traces
compounds compounds compounds compounds

28:0 14:0/14:0 38:1 22: 1/16:0 16:0/22: 1 20: 1/18:0
30:0 14:0/16:0 38:2 20:1/18:1 16:1/22:1

16:0/14:0 22:1/16:1
30: 1 14:0/16: I 16:1/14:0 38:3 20:1/18:2 22:1/16:2
30:2 14:0/16:2 38:4 20: 1fl8:3 22:1/16:3
30:3 14:0/16:3 38:5 20:1/18:4 22:1/16:4
30:4 14:0/16:4 38:6 16:0/22:6 16:1/22:5

32:0 16:0/16:0 14:0/18:0 40:2 20:1/20:1 22:1/18:1
32: I 16:0/16: 1 14:0fl8:1 16:1/16:0 40:3 22: 1fl8:2
32:2 14:0/18:2 16:0fl6:2 16:1/16:1 40:4 22:1/18:3
32:3 14:0/18:3 16:0/16:3 16:1/16:2 40:5 22:1/18:4
32:4 14:0/18:4 16:0/16:4 16:1/16:3 40:6 20:1/20:5
32:5 16:1/16:4

42:2 20: 1/22:1
34:1 20: 1/14:0 14:0/20: 1 16:0/18:1 22: 1/20:1
34:2 16:0/18:2 16: 1/18: 1 42:6 22: 1/20:5 20:1/22:5
34:3 16:0/18:3 16:1/18:2 42:7 20: 1/22:6
34:4 16:0/18:4 16:1/18:3

44:2 22:1/22:1
34:5 14:0/20:5 16: 1/18:4

44:6 22: 1/22:5
36:1 22:1/14:0 16:0/20:1 44:7 22: 1/22:6

20: 1/16:0 14:0/22:1
36:2 20:1/16:1 16:1/20:1
36:3 16:0/18:3 16:1/18:2
36:4 20: 1/16:3
36:5 20: 1/16:4 16:0/20:5 14:0/22:5
36:6 14:0/22:6 16: 1/20:5
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the copepod. The 36: 1 and 38: 1 wax esters were directly identified by comparison of
their retention times. By using the standard mixture (Fig. la) the range of retention
times for the unsaturated wax esters could be deduced, as it has already been
established that TAP retards the unsaturated more than the saturated components.

Identification is further possible from the known linear relationship between the
logarithm of the retention times and the number of carbon atoms for members of
a homologous series. Most important for the identification was the analysis of the fatty
acid and alcohol components of the wax esters. On the basis of these results all possible
wax ester combinations can be calculated (Table I). The compositions were classified
on the basis of the amounts of the major fatty acids and alcohols. Traces of fatty acids
and alcohols may contribute very small amounts to some wax ester peaks. These
combinations are also given in Table I. In Table II the wax ester composition of
Calanus hyperboreus in combination with the resulting fatty acid and alcohol
composition is presented. The fatty alcohols were less complex than the fatty acids.
Only five alcohols were found, of which the principle components were the 20: 1 and
22: I alcohols. Nineteen fatty acids were identified with about seven major acids.
Owing to their different proportions, the identities of the major wax esters could be
established.

TABLE II

COMPOSITION OF WAX ESTERS, FATTY ACIDS AND ALCOHOLS OF CALANUS HYPER
BOREUS

ex (n - y) = number of carbon atoms:number of double bonds; y is the number of carbon atoms between
the methyl end and the first double bond. Trace amounts are neglected.

Wax Content) Fatty acids Content Alcohols Content
esters (%,11'/11') (%,11'/11') (%,11'/11')

30:1 0.42 14:0 3.84 14:0 2.22
32:1 0.51 16:0 2.12 16:0 3.23
32:2 0.21 16:1 (n-7) 5.37 20:1 (n-9) 27.97
32:4 1.31 16:2 (n-6) 0.51 22:1 (n-II) 65.61
34:1 3.04 16:3 (n-3) 0.43
34:2 0.32 16:4 (n-3) 0.66
34:4 2.12 18:0 0.32
36:1 5.45 18:1 (n-9) 2.73
36:2 2.09 18:1 (n-7) 0.45
36:5 0.54 18:2 (n-6) 2.44
36:6 0.24 18:3 (n-3) 1.28
38:1 1.95 18:4 (n-3) 19.94
38:2 5.64 20:1 (n-9) 20.81
38:3 0.39 20:1 (n - 7) 1.45
38:5 6.17 20:5 (n-3) 4.79
40:2 9.98 22:1 (n-II) 21.10
40:3 1.99 22:1 (n-9) 4.69
40:5 8.73 22:5 (n-3) 1.14
40:6 5.05 22:6 (n-3) 5.83
42:2 21.79
42:6 1.28
42:7 1.90
44:2 17.38
44:7 1.40
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b
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Fig. 2. Gas chromatograms of natural wax esters, isolated from lipids of Co/anus hyperboreus, after
separation by silver ion thin-layer chromatography. (a) Mono- and diunsaturated wax esters; (b)
polyunsaturated wax esters. Asterisks indicate corresponding isomers.

Small amounts of the different isomers of the wax esters were found but are not
listed in Table 1. They appear as peak shoulders and as broadening of the bases of the
corresponding peaks (Figs. 1 and 2). For the 42:2 wax ester, for example, theoretically
at least eight isomers are possible owing to the different double bond positions in the
fatty acids and alcohols.

From combined TLC and GC it could be concluded that the major mono- and
diunsaturated wax esters are 36:1, 38:1, and 40:2, 42:2, 44:2, respectively (Fig. 2a). In
the polyunsaturated fraction the 40:5 and 38:5 wax esters are most abundant as
a combination of the 20: 1 and 22: 1 alcohol with the 18:4 fatty acid.' The 40:6 and the
38:6 wax esters are not clearly separated from 40:5 and 38:5 (Fig. 2b). Owing to
incomplete TLC separation in both chromatograms small amounts of the other
fraction are detected.
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DISCUSSION

NOTES

In previous studies, high-temperature GC was performed to characterize
especially commercial waxes according to chain length with and without derivatiza
tion 13. Most data on marine wax esters are based on the GC identification of fatty
acids and alcohols after hydrolysis. The calculation of possible wax ester combinations
from those data has some limitations, of course. On the other hand, the few methods
used so far were performed on columns with non-polar:phases. They provided only
total values for all wax esters having the same carbon nurriber and gave no information
about their degree of unsaturation 10

-
13 or at most they only differentiated between

saturated and mono- and diunsaturated wax esters 14
.

The Triglyceride Analysis Phase used in our method allows the separation of
wax esters of the same chain length according to the number of double bonds without
derivatization. The peaks appear in order from the saturated to the most unsaturated
components, similarly to standard fatty acid methyl ester separation methods17

. It is
also possible to separate isomeric components. However, most of the peaks may be
composed of a number of wax esters which differ in the alkyl and acyl moieties but
having the same total carbon number and the same number of double bonds.
Supported by the analysis of fatty acids and alcohols, most of the wax esters can be
identified as a major single component (Table I). Hence the combination of the two
methods allows a nearly complete elucidation of the wax ester composition of the
studied material. Quantification is possible by adding internal standards, e.g.,
a saturated wax ester such as 40:0 or 42:0.

This method was developed to study the wax esters of marine calanoid copepods
from temperate and high latitudes, which are known to contain high amounts of wax
esters often with large moieties of polyunsaturated fatty acids7

-
9

. Now it will be
possible to investigate, e.g., species variabilities and distributions of copepods based
on more detailed data for intact wax ester molecules.
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The most frequently used methods for the determination of organochlorine
pesticide (OCP) residues in fatty samples involve adsorption chromatography on
Florisil l- 3

, alumina4
,5 or silica gei 6 ,7 as a clean-up step before determination by gas

chromatography (GC) with electron-capture detection (ECD).
During analyses of lipid-rich samples such as human milk, cow milk and

vegetable oils for OCP residues with Florisil clean-up 3, we frequently observed in the
GC-ECD trace negative peaks which interfere with, and in some instances prevent, the
determination of some OCP residues. Further, some large negative peaks, observed
especially with vegetable oils, elute very late and their removal is very useful for
decreasing the analysis time. Treatment with concentrated sulphuric acid has already
been reported as the sole8 ,9 or supplementarylO,ll clean-up of fatty extracts for the
determination of OCP residues by GC-ECD. The treatment has been carried out
either by shaking the sample extract dissolved in hydrocarbon solvents with
concentrated sulphuric acid 8 ,lo or by passing it through a column ofacid-impregnated
Celite ll

,12 or silica gel9 . However, both approaches have some drawbacks. Shaking is
not a safe procedure because sputtering of sulphuric acid may occur and, further, it
requires centrifugation for clear separation of the phases. Impregnation by thoroughly
mixing concentrated sulphuric acid with granular materials such as Celite is time
consuming and also not safe because of the possible volatilization and inhalation of
acid-charged particles. Both approaches involve the recovery of reusable glassware.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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This paper describes a sulphuric acid treatment for removing negative peaks
from extracts of fatty samples which are insufficiently cleaned up by adsorption
methods. The treatment is carried out on disposable solid-matrix columns in a simple,
safe and efficient manner. The behaviour of selected OCPs toward this treatment has
been studied.

EXPERIMENTAL

Reagents and materials
Analytical-reagent grade chemicals were used. Light petroleum (b.p. 40-60°C)

and isooctane were redistilled from an all-glass apparatus. Sulphuric acid (95%,
density 1.824 g/ml) was used. Organochlorine pesticide reference standards were from
the collection in this laboratory.

Apparatus
Extrelut-I columns (E. Merck, Darmstadt, F.R.G.; code 15371) are ready-to

use, disposable columns filled with a macroporous Kieselghur-type material with
a nominal volume of 1 ml. Remove the upper paper disk before use and attach the
supplied needle (Luer Lock 0.65/32) at the column end as a flow regulator in the
elution step.

The analyses were carried out on a DANI 6800 gas chromatograph equipped
with an electron-capture detector. A glass column (1.8 x 4 mm J.D.) was packed with
OV-17 + QF-I (1.5% + 1.95%) on Chromosorb W HP (100-120 mesh). The
temperatures were oven 210, inlet block 230, outlet block 250 and detector 250°C. The
carrier gas was nitrogen at a flow-rate of 55 ml/min.

A rotatory evaporator (bath temperature 40°C; reduced pressure) was used to
concentrate solutions.

Procedure
Pipette I ml of sulphuric acid onto the Extrelut column, avoiding touching the

inner walls. Allow the acid to drain and wait 10 min to obtain an even distribution into
the filling material. Transfer onto the Extrelut column the sample extract cleaned up by
Florisil adsorption chromatography, e.g., according to Suzuki et al. 3 with three I-ml
portions oflight petroleum. Wait 5 min, then elute the OCP residues with 10 ml oflight
petroleum. Collect the eluate and concentrate it carefully to dryness, dissolve the
residue in 1 ml of isooctane and analyse the solution by' GC-ECD.

RESULTS AND DISCUSSION

Some applications of solid-matrix columns and their advantages in pesticide
residue analysis over conventional techniques have been reported previously13-15. In
this application, the columns were used as a solid support to carry out a sulphuric acid
clean-up of fatty extracts for the determination of OCP residues by GC-ECD.

The proposed procedure overcomes the problems mentioned in the Introduction
because the acid is held in a solid matrix, the columns are prepared just prior to use
with simple and safe operation and there is no need to recover reusable glassware. It is
noteworthy that with this treatment emulsions do not occur, the elution is accom-
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TABLE I

RECOVERIES OF ORGANOCHLORINE COMPOUNDS USING THE DESCRIBED PROCEDURE

Extrelut columns with I ml of 95% or 90% sulphuric acid, eluted with 10 ml of light petroleum.

Compound Amount Average recovery ±S.D. (n = 6) (%)
present
(Ilg) 95% H 2SO 4 90% H 2 SO4

HCB 0.01 76 ± 18 89 ± 7
a-HCH 0.01 90 ± 14 99 ± 6
T-HCH 0.01 89 ± 10 98 ± 9
P-HCH 0.02 84 ± 16 94 ± 9
o-HCH 0.01 100 ± 9 117 ± 20
Aldrin 0.01 91 ± 12 104 ± 15
Dieldrin 0.05 n.r.a n.r.a

Endrin 0.05 b b

HEPO om 95 ± 8 102 ± 13
T-Chlordane 0.03 95 ± 8 93 ± 9
a-Chlordane 0.03 95 ± 7 89 ± 8
T-Chlordene 0.02 61 ± 12
a-Chlordene 0.02 68 ± 15
p,p'-DDE 0.03 98 ± 6 98 ± 10
o,p'-TDE 0.05 92 ± 8 94 ± 9
o,p'-DDT 0.05 88 ± 7 88 ± 9
p,p'-TDE 0.05 95 ± 5 92 ± 9
p,p'-DDT 0.05 86 ± 8 90 ± II
Mirex 0.11 94 ± 7 95 ± II
Metoxychlor 0.15 19 ± 17 49 ± 12
Oxychlordane 0.02 97 ± 8
trans-Nonachlor 0.02 77±1O

a Not recovered.
b Recovered as endrin ketone, which appears as a peak with a retention time longer than that of the

parent compound.
, Not investigated.

plished in a few minutes with a reduced volume of solvent and the eluate is neutral and
does not need to be centrifuged, washed and dried as in shaking methods8

.

The performance of the method was studied with respect to the recovery of
selected OCPs, the quality of the GC-ECD trace and the weight oflipidic material left
in the extract after the treatment.

In Table I are reported the average recoveries and standard deviations for 23
organochlorine compounds subjected to the described procedure in amounts ranging
from 0.01 /lg for HCB to 0.15 /lg for metoxychlor. Acceptable recoveries were observed
for most of the compounds. Exceptions included IX-chlordene, T-chlordene and
metoxychlor, which were recovered only partly and with high variability; dieldrin was
not visible in the GC-ECD trace at the sensitivity used; endrin, according to the
published data 16, is converted to the ketone, which appears as a peak with a retention
time longer than that of the parent compound.

With respect to the quality of the GC-ECD trace, Fig. 1 shows the substantial
improvement in the gas chromatogram ofa human milk extract obtained according to
the method of Suzuki et al. 3 after the described treatment. Similarly, tissues from
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Fig. I. Gas chromatogram of human milk extract obtained according to the method of Suzuki el al. 3
,

(A) before and (B) after the sulphuric acid clean-up. Peaks: I = HCB; 2 = p,p'-DDE. For conditions, see
text.

marine organisms such as mussels and seal liver could be analysed for OCP residues
only after applying the described sulphuric acid clean-up. The blank of the method is
satisfactory under the GC-ECD conditions used, allowing the determination of OCP
residues in milk at ppb (JIg/kg) levels.

With respect to the ability of the described clean-up method to destroy unwanted
lipidic material, it was found that extracts from ham, milk, mussels and seal liver and
muscle after Florisil chromatography3 normally contain 10-50 mg oflipidic material,
which was reduced to just a few milligrams after the sulphuric acid clean-up. This is
very important when capillary GC, especially with on-column injection, is used.

CONCLUSIONS

The described method offers a simple, rapid and safe method for a supplemental
clean-up of difficult fatty extracts which are insufficiently cleaned up by adsorptive
methods. As the procedure requires only disposable items and almost unattended
operation, it offers a means of improving the throughput of residue laboratories with
significant savings of reagents, glassware and time.
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Carboxymethylcellulose (CMC) and carboxymethylstarch (CMS) have been
employed as important industrial polymers in textile processing, detergents, drilling
fluids and protective coatings. The purified grades have been used extensively in the
pharmaceutical, cosmetic and food industries. The suitability of CMC or CMS in
actual applications is influenced by the degree of substitution (the average number of
carboxymethyl group~ substituted per anhydroglucose unit) and the distribution of
the carboxymethyl substituents. Various methods have been reported for the determi
nation of the DS (degree of sustitution) in CMC and CMS, such as chemical titra
tion l

-
4

, spectrophotorretryl,S and electrometric titration 1
,6. However, these methods

determine only the DS without providing information on the distribution of the
carboxymethyl substitiuents. Recently, Ho and Klosiewicz7 reported on the distribu
tion of the substituents on CMC by proton nuclear magnetic resonance spectrometry.

This paper deal1s with determination of the DS and the distribution of the
carboxymethyl groups in both CMC and CMS by a gas-liquid chromatographic
(GLC) method based on a modification of previous work 8

.

EXPERIMENTAL

Reagents
All chemicals were of analytical-reagent grade. Sodium borohydride was pur

chased from Kishida (Osaka, Japan) and other reagents from Nacalai Tesque (Kyo
to, Japan). Amberlite CG-120 was purchased from Organo (Tokyo, Japan). CMC
(DS = 0.6--0.8) and CMC (DS = 1.0-1.5) were kindly provided by Daice1 (Osaka,
Japan) and CMS (DS = 0.3-0.5) was obtained from Nikka (Fukui, Japan).

Evaporation
All evaporations were conducted under reduced pressure at bath temperatures

not exceeding 40°C.

Reduction of carboxymethylglucans
CMC (DS = 0.6--0.8) (l00 mg) was dissolved in water (30 ml), then l-ethyl-3-

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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(3-dimethylaminopropy!)carbodiimide (EOC) (1 g) was added. As the reaction pro
ceeded, the pH of the reaction mixture was maintained at 4.75 by titration with 0.1 M
hydrochloric acid (HC!) with stirring for 2 h. Then 2 M sodium borohydride
(NaBH4 ) (10 ml) was added slowly to the reaction mixture at room temperature. The
pH of the mixture rose rapidly to 7.0 and the mixture was maintained at this pH by
titration with 4 M HCI. The solution was dialysed against water overnight, then the
non-dialysable solution was concentrated to ca. 30 ml. The product was reduced twice
more under the same conditions. The final non-dialysable solution was lyophilized to
yield 85.3 mg as the hydroxyethyl product HCMC-1. CMC (OS = 1.0-1.5) (100 mg)
was reduced under the same conditions to give 82.2 mg as the hydroxyethyl product
HCMC-2. CMS (OS = 0.3-0.5) (100 mg) was treated in the same manner to yield
62.3 mg as hydroxyethyl product HCMS.

Preparation for GLC analysis
Reduced carboxymethylglucans (5 mg), i.e., hydroxyethylglucans (HCMC-l,

HCMC-2 and HCMS), were hydrolysed with 90% formic acid (l.5 ml) at 100°C for 5
h and the solution was evaporated to dryness. The residue was dissolved in 2 M
trifluoroacetic acid (TFA) (1 ml) and heated at 100°C for 4 h. The solution was
evaporated to dryness and the dried hydrolysates were reduced with NaBH4 (5 mg) in
water (2 ml) for 3 h at room temperature, then passed through a column of Amberlite
CG-120(H+). The eluate was evaporated to dryness and the resulting boric acid in the
residue was removed as trimethyl borate by repeated evaporation with methanol. The
sample was dried and acetylated with acetic anhydride-pyridine (1: 1) (1 ml) at 95°C
for 2 h. Toluene (1 ml) was added to the reaction mixture in order to remove the
residual acetic anhydride and pyridine as an azeotropic mixtureS, then evaporated to
dryness. The residue was dissolved in chloroform (50 pI) and the solution was injected
into the gas chromatograph.

Gas-liquid chromatography
The samples were analysed using a Shimadzu 4 CM chromatograph equipped

with a hydrogen flame ionization detector. A glass column (1.5 m x 0.3 cm 1.0.)
packed with 2% EGSS-X on Chromosorb W AW OMCS (60-80 mesh) was used at
215°C and a nitrogen flow-rate of 60 mljmin. Peak areas and retention times were
measured by use of a Shimadzu Chromatopac C-R5A integrator. The samples were
also analysed with a CP-Sil88 FS-WCOT fused-silica capillary column (25 m x 0.25
mm 1.0.) with temperature programming (after injection at 180°C, held for 70 min,
the temperature was increased at OSCjmin to 190°C, held for 70 min, at OSCjmin to
200°C held for 70 min, at OSCjmin to 210°C, held for 70 min, and finally at OSCj
min to 220°C) at a pressure of 60 kPa (1.3 kgjcm2

) of helium, with a splitting ratio of
1:157.

RESULTS AND DISCUSSION

The reduction of the carboxymethylglucans (CMC and CMS) to the hydrox
yethylglucans (HCMC and HCMS) was carried out by the method used by Taylor
and co-workers9

•
10 for the reduction of the carboxyl group of uronic acid residues in

polysaccharides. The carboxymethylglucans were reacted with l-ethyl-3-(3-dimethyl-
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aminopropyl)carbodiimide in aqueous media and the resulting carbodiimide-activa
ted carboxymethylglucans were reduced with NaBH4 to yield the hydroxyethylglu
cans. From the results of carbon-13 nuclear magnetic resonance spectroscopy of the
reduced carboxymethylglucans (hydroxyethylglucans) in 2 M Na02H, the complete
reduction of carboxymethyl groups were confirmed by there being no signal in the
carbonyl region of the spectrum. These reduced carboxymethylglucans were hydro
lysed with formic acid and then TFA. In the acidic hydrolysis, the resulting 2-0
hydroxyethylglucose derivatives were partially converted into 1,2-0-ethyleneglucose
derivatives8. The hydrolysates thus obtained were reduced with NaBH4 and acetylat
ed with acetic anhydride in pyridine.

The sugar derivatives from the acid hydrolysates of reduced CMC (DS =

0.6-0.8) (HCMC-I) were separated with a 2% EGSS-X glass column. By reference to
the retention time of authentic standards and mass spectral analysis!!, the individual
peaks in Table I were identified with increasing retention time as follows: 1,2-0
ethylene-a-o-glucofuranose (l,2-0-etn-a-o-Gf), I,2-0-ethylene-a-o-glucopyranose
(1 ,2-0-etn-a-o-Gp), glucitol (G), I,2-0-etn-,B-o-Gp, I,2-0-ethylene-6-0-hydroxyeth
yl-a-o-glucofuranose (I ,2-0-etn-6-0-he-a-o-Gf), 1,2-0-ethylene-6-0-hydroxyethyl
a-o-glucopyranose (1 ,2-0-etn-6-0-he-a-o-Gp), I,2-0-etn-3-0-he-a-o-Gf, 6-0-hy
droxyethylglucitol (6-0-he-G), 2-0-he-G, 3-0-he-G, I,2-0-etn-3-0-he-o-Gp, 1,2-0
etn-6-0-he-,B-o-Gp, 2,3-di-0-hydroxyethylglucitol (2,3-0-dihe-G). 2-0-He-G and 3
O-he-G could not be separated satisfactorily with this 2% EGSS-X glass column, so
they were also analysed with a CP-Sil 88 capillary column. The assignment of 2-0
he-G for peak 8 reported previously8 was corrected to overlap of 2-0-he-G and
3-0-he-G, and the assignment of 3-0-he-G for peak 9 was corrected to I,2-0-etn-3
O-he-o-Gp from the present study with a capillary column. Also, the previous peak 6
was separated into 1,2-0-etn-6-0-he-a-o-Gp and 1,2-0-etn-3-0-he-a-o-Gf by the
capillary column. As reported previously8, the GLC analysis of hydroxyethylcellu
lose and hydroxyethylstarch synthesized by the reaction of ethylene oxide with cellu
lose and starch gave 2-0-(2'-hydroxyethoxy)ethylglucitol and its derivatives. How
ever, with the hydroxyethylglucans (HCMC and HCMS) prepared by the reduction
ofCMC and CMS, no such compounds are afforded. CMC (DS = 1.0-1.5) and CMS
(DS = 0.3-0.5) were reduced under the same conditions to give HCMC-2 and
HCMS, and analysed by the same GLC method as HCMC-I. The sugar derivatives
of each sample are summarized in Table I. The distribution patterns of carboxy
methyl groups in each glucan ar~ also shown in Table I. The carboxymethyl groups
were located mainly at 0-2 and 0-2,3 of the glucosyl residue in CMC, and at 0-2 of
the glucosyl residue in CMS. The proportion of 6-0-carboxymethylglucosyl residue
in CMC was greater than that in CMS. The DS values of these samples measured by
this method are similar to those listed in commercial products (see Table II).

In conclusion, complete reduction of carboxymethyl groups to hydroxyethyl
groups was carried out by the reaction of carboxymethylglucan with carbodiimide
and sodium borohydride. The hydrolysates of the resulting hydroxyethylglucans were
analysed by a GLC method as the acetates of alditol and 1,2-0-ethyleneglucose deriv
atives. As the substituted sugars in these carboxymethylglucans can be accurately
determined, the DS and the distribution of carboxymethyl substituent can be deter
mined satisfactorily. This method simplifies the determination of the degree and pat
tern of carboxymethyl substitution of CMC and CMS.
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Very long-chain fatty acids, i.e., acids with 22 carbon atoms and longer, have
recently been investigated1,2, but they were mostly saturated fatty acids. In very
long-chain polyunsaturated fatty acids (VLCPUFA) the situation is much more
complicated and few systematic studies of their isolation and identification have been
reported. So far, their occurrence has been demonstrated primarily in animal tissues
(e.g., the retina and in various brain diseases such as Zellweger syndrome)3,4 and in
marine species such as the herring (Clupea harengus)5 and sponges6

.

The main problem in the identification of these compounds in natural materials
is their low concentrations, which usually do not exceed, with a few exceptions (e.g ..
certain sponges), tenths of a percent. Their identification is also complicated by their
sensitivity to heat and aerial oxygen. In previous methods natural fatty acid mixtures
were enriched with VLCPUFA and analyses were based mainly on chromatographic
methods4

. The detection of eluted components is complicated as fatty acids hardly
absorb in the UV region. Therefore, it is necessary to use either terminal absorption of
the carboxylic bond or of double bond(s) or to derivatize the carboxylic group.
Picolinyl esters are the only derivatives that can later be used also for gas
chromatographic-mass spectrometric (GC-MS) identification. Unlike the use of
pyrrolidides, which show only terminal absorption in the UV spectrum, Ag+ion
exchange high-performance liquid chromatography (HPLC) and reversed-phase (RP)
HPLC, the former method separating compounds according to the number of double
bonds and the latter according to the equivalent chain number, appear to be the most
promising. Ion-exchange HPLC has only been applied to methyl esters 7

, whereas by
means of RP-HPLC picolinyl esters could also be separated8

. In this work the
advantages of both methods were combined, followed by identification of the eluted
components by GC-MS with the aim of preparing standards that are not available
commercially.

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.Y.
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Materials
Free fatty acids were obtained by basic hydrolysis of total lipids obtained by

extraction of fish meat with chloroform-methanoI9
. Picolinyl esters were prepared

from free fatty acids by reaction with thionyl chloride followed by 3-pyridyl carbinol as
described by HarveylO. The reaction mixture was diluted with water, extracted with
hexane and evaporated to dryness. The residue was dissolved in diethyl ether and
purified on Supelclean solid-phase extraction tubes containing LC-NH 2 (Supelco,
Gland, Switzerland). The eluate was evaporated to dryness, dissolved in acetonitrile
hexane and stored at - 25°C. Aerial oxygen was removed from the solvents used for
HPLC by bubbling with helium; 70 mg/l of butylated hydroxytoluene (Sigma, St.
Louis, MO, U.S.A.) were added to other solvents. All the vessels and the rotary
evaporator were flushed with nitrogen before use.

HPLC
Preparative HPLC was performed in a Gradient LC System G-I (Shimadzu,

Kyoto, Japan) with two LC-6A pumps (4 ml/min), an SCL-6A system controller, an
SPD ultraviolet detector (266 nm), ,a SIL-IA sample injector and a C-R3A data
processor. Semi-preparative columns, 30 cm x 7.9 mm J.D. packed with a strongly
acidic cation exchanger (S03H groups, SCR-101 H, 10-.um spherical particles;
Shimadzu) impregnated according Christie et at.?, and 25 cm x 21.1 mm J.D. packed
with ODS(5-.um particles; Shimadzu) were employed.

Silver ion exchange
After injection of 10 mg of picolinyl esters, elution was carried out with

a gradient from hexane-dioxane-isopropanol (40:10:50) to dioxane-isopropanol
(50:50) in 20 min and then to pure isopropanol in a further 25 min.

In the reversed-phase mode, 5 mg were injected and elution was carried out with
a gradient from water-acetic acid-triethylamine-methanol-isopropanol (291:3:6:
690:10) to the same mixture in the proportions 9.7:0.1:0.2:700:290 in 28 min and then
isocratically for 15 min.

Individual classes of picolinyl esters and individual picolinyl esters after HPLC
were collected and evaporated.

GC-MS
The fraction containing both 28:7 isomers was separated and identified using

a Finnigan MAT (San Jose, CA, U.S.A.) 1020 B instrument. The injector temperature
was 100°C and an HP-l cross-linked methylsilicone (Hewlett-Packard, Palo Alto, CA,
U.S.A.) fused-silica capillary column (25 x 0.2 mm J.D. film thicknes 0.11 .urn) was
used. The temperature programme was 100°C (l min), then increased at 20°C/min to
230°C and at 4°C/min to 339°C. The carrier gas was hydrogen at a flow-rate of75 cm/s.
The ionization energy was 70 eV and mass spectra were scanned in the range m/z
150-550,

Infrared spectroscopy
For scanning infrared spectroscopy of the fraction 28:7n - 6 and 28:7n -:I (in
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carbon tetrachloride), a Perkin-Elmer Model 1310 infrared spectrophotometer was
used.

RESULTS AND DISCUSSION

As described previously9, herring is a suitable source ofVLCPUFA, even if only
of n - 3 isomers. In that work, two 28:7 positional isomers, i.e., n - 3 and n - 6, were
identified in preliminary tests. In the present work, attention was therefore focused on
a conclusive demonstration of the previously proposed structure. Combination of
HPLC-GC ofpicolinyl esters having satisfactory chromatographic properties, either
in HPLC or GC, i.e., with an aromatic ring showing intensive UV absorption and not
too high an elution temperature, can accelerate both qualitative and quantitative
analyses. Separation ofpicolinyl esters by means of Ag+ ion-exchange HPLC has not
previously been described. It was necessary to solve two problems, viz., detection of the
eluted compounds and the question of whether the contribution of the double bond is
sufficient for separation as the picolinyl ester already contains an aromatic system.
Picolinyl esters fulfil very well the first condition, absorbing at 266 nm (I' = 104

). When
solving the latter problem we utilized literature data 11 on the chromatography on
benzoyl derivatives of non-hydroxy fatty acid ceramides. Although the molecule of
ceramides after derivatization contained a benzene ring, it was not difficult to separate
compounds with 0-3 double bonds.

On the chromatogram obtained by means ofAg+ ion-exchange HPLC (Fig. la),
seven distinctly separated peaks can be seen. Unfortunately, the peak 6+7 contains
compounds with six and seven double bonds. RP-HPLC as described by Christie and
Stefanov8 was used for an additional semi-preparative separation. However, it was
found that the separation of picolinyl esters without a buffer, i.e., in pyridine-acetic
acid, is poor and therefore a mass detector had to be used instead of a UV detector. The
problem can be solved by replacing pyridine with triethylamine as the elution mixture

3
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Fig. I. Preparative chromatography of picolinyl esters from herring. For conditions, see text. Top:
preparative Ag+ ion-exchange HPLC. Bottom: preparative RP-HPLC.
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no longer absorbs above 230 nm. By applying RP-HPLC, individual esters could be
separated to the baseline, except for 28:7 positional isomers.

Common methods for the determination of configurations of double bond(s)
include infrared spectroscopy. Some peaks at 967 em-I, i.e., the characteristic
absorbance for trans isomers, were not identified. From the above argument is to be
expected that double bonds are cis.

Separation of n - 3 and n - 6 methyl esters and of free PUFA is in general
difficult. Aveldano et al. 4 separated 22:5n - 3 from 22:5n - 6, whereas Narce et al. 12

could not separate 18:3n - 3 and 18:3n - 6. With picolinyl esters, none of the positional
isomers, e.g., 18:3n-3 and n-6, 20:3n- 3 and n-6 and 20:4n-3 and n-6) could be
separated8

. It follows from Fig. Ib that both 28:7 isomers are partially separated, but
the separation is not sufficient for further identification. GC of VLCPUFA on
capillary columns has been reported only a few times l3 ,14 and only using non-polar
columns. In previous work9 both 28:7 isomers were separated as methyl esters on
a polar capillary column for the first time. However, picolinyl esters of 28:7 isomers
were not eluted from the same column. Christie et al. 15 also found that it is necessary to
increase the elution temperature of picolinyl esters by 50°C above that for methyl
esters. Therefore, in the case of peaks 6+ 7, it was necessary to use a non-polar phase.
The elution order n-9, n-6, n-3 (22:3n-9, 22:3n-6 or 35:6n-6, 36:6n-3) was
found for methyl esters I4 and the same order was also observed for picolinyl esters
(22:5n-6,22:5n-W 5

.

GC-MS of the mixed peak 28:7 obtained after RP-HPLC confirmed the
assumptions concerning the elution order, i.e., 28:7n - 6 was followed by 28:7n - 3,
which was demonstrated by the mass spectra (see Fig. 2). Interpretation of the mass
spectra of picolinyl esters has- been described Io,15,16. In polyenoic acids containing
methylene-interrupted double bonds, gaps of 26 u for any double bond were found.
However, ChristieI6 showed that it is easier to detect gaps of40 u between the terminal

100 151

~ 80
4,7,10,13,16,19,22 - 28-7 501 [M+J

:1 60
190

230 390

.~ 40 270 310

~ 20"0:

0
150 200 250 300 350 400 450 m/z 500 550

100 164

80
7,10,13,16,19,22,25 - 28-7

,., 501 [M+j

.~ 60 192

.~ 40 151 232 272

">
<; 20
Q;
0: 0

150 200 250 300 350 400 450 m/z 500 550

Fig. 2. Mass spectra of picolinyl esters of octacosaheptaenoic acids. Top: mass spectrum of 28:7n-6
picolinyl esters. Bottom: mass spectrum of 28:7n - 3 picolinyl esters. Asterisks indicate peaks of
polysiloxanes (stationary phase).
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end ofany of the double bonds and the methylene group on the carboxyl end. This fact
was confirmed also with the two 28:7 isomers. It follows from Fig. 2 (top) that the
molecular ion (mlz 501) was present and that degradation products (M -IS,
M-15-14, etc.) could be found. The first double bond from the CH 3 end is in
position n - 6, as also reflected by an ion of mlz 430. Gaps of 26 u are not so
pronounced as 40 u and, hence, are much more suitable for identification. A certain
problem arose with the identification of the ,14 double bond, where a gap of only 26
u could be demonstrated. With the second isomer (Fig. 2, bottom) the situation is
almost identical, values of diagnostically significant ions differing by only 2 U, being
shifted towards higher values. The ratio of ions of mlz 151 and 164 is another auxiliary
criterion for the position of the double bond. When this bond is not in the,14 position
the abundance of the ion of mlz 164 is higher than that of the ion ofmlz 151 (see Fig.
2 and the literature10,16). In the presence of the ,14 double bond the opposite occurs
(Fig. 2). As the abundance of ions above mlz 150 is low with these polyenes, as also
described by HarveylO, we scanned the mass spectra beginning with mlz 150. Ions
having lower mlz values are diagnostically not very significant. The chromatographic
behaviour of both 28:7 isomers is in agreement with the data obtained so far, i.e., the
order is n - 6-n - 3. The mass spectra of both isomers of picolinyl esters are clearly
different and ions with gaps of 40 u are much more intense and hence more significant
for identification than ions with gaps of26 u. Both isomers therefore yield sufficiently
characteristic spectra that can be used for their identification and determination of
their structure.

It can be concluded that the above combination of three separation methods,
i.e., ion-exchange HPLC, RP-HPLC and GC-MS ofpicolinyl esters, yields conclusive
data even in the identification of unusual VLCPUFA. The use ofcharacteristic gaps of
40 u during the degradation of polyene picolinyl esters can also contribute to their
easier identification. Naturally, the combination of the above methods is not limited
only to VLCPUFA from fish but can also be used with any biological material
containing these rare acids.
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Precision and accuracy are of the greatest importance in all aspects of the theory
and practice in analytical chemistry l. The information measure FUMI (FUnction of
Mutual Information) quantitatively describes the precision of measurements in
chromatography2-4 and the concept involved is known in information theory as
mutual informations. The optimum condition can be clearly defined as one which can
provide the maximum amount of mutual information FUMI.

The aim of this paper is to consider the amount of information obtained from
peaks in some chromatographic circumstances from the viewpoint of information
theory based on FUMI. The treatment of the optimum peak separation has disparate
views in the so-far developed optimization methods using the resolution Rs

6
-

9
. The

optimum separation can be deduced as a theoretical consequence from the maximum
amount of FUMI.

UNDERLYING CONCEPT

The optimum peak separation under a particular operating condition can be
derived from FUMl IO

. If the leading peak U = I) is fixed at a retention time 'b then
the optimum retention time i 2 (>'1) for the second peak is expressed as

N 1
/
2 + Y . '1N 1/ 2 - y

(I)

where N denotes the plate number of the column and y is a constant (= 2.07). Using the
well known approximation 11

,12 (I + xj2)j(1 - xj2) ~ 1 + x, we obtain the least
capacity factor k2 corresponding to i 2 : '

A ( 2y ) 2y
k 2 = I + N 1/ 2 k 1 + N 1/ 2 (2)

In the above, the peak areas A j are assumed to be the same. The optimum peak

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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.

separation was derived under the condition that the optimum suffers no strong peak
overlap, i.e., the information loss Ml> = O.

CHROMATOGRAPHIC POWERS

Fig. 1 shows the influence of peak overlap and separation on the mutual
information cPo It is assumed that one peak is fixed at a position, 1 and the other moves;
the other variables, N, A j, etc., are invariant. There exists a deep trough, which stems
from strong peak overlap. In addition to the trough, the FUMI cP gradually decreases
with increasing capacity factor k 2 of the moving peak because of the peak-widening
effect3

.

The maximum of FUMI at the right-hand side of the trough shown in Fig. 1
indicates the optimum separation for peaks in a column of plate number N. The
maximum information can be obtained from the optimally separated peaks and can be
derived from eqn. 2 and FUMI3.4:

(3)

where

(4)

'0 is the hold-up time and ii denotes the power spectrum intensity of white noise4
. The

function N/(l + 2y/N 1
/
2

) involved in cP increases monotonously with respect to Nand
then the plate number effect varies accordingly. If N = 1000 and k 1 = 2.00, then
k2 = 2.39 and cP = 12.76. If N is improved, FUMI selects sharper but closer peaks of
higher precision as the optimum. If N = 10 000 and k 1 = 2.00, then k2 = 2.14 and
cP = 13.95.

The information cP can vary, even if the relative retention ex (= k 2/k 1 ) is kept
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Fig. 2. Effect of capacity factor k, on FUM! for various values of the relative retention Cl. A j = 5000; Zi = I;
y = 2.07; N = 10000; TO = 200. c1 = 1.041 (theoretical). From top to bottom, Cl = I. [00 [the maximum of
<P = 14.48 (b<P = 0) at k, = 0.78 from simulation (0.73 from eqn. 5)]; 1.080 [<Pm" = 14.28 (0.005) at
k t = l.16 (l.12)]; 1.060 [<Pm" = 13.88 (0.025) at k, = 2.16 (2.38)]; 1.040 [<Pm" = [2.89 (0.509) at k t = 4.28];
1.030 [<Pm., = [1.92 (0.956) at k t = 7.92]; 1.025 [<Pm" = 1l.18 (l.181) at k, = [3.88].

constant. As the capacity factors k l and k z of the peaks increase, the mutual
information increases abruptly, reaches a maximum and gradually decreases [see Fig. 2
(solid lines)]. The small amounts of information at both sides of the 1J maximum can be
attributed to too strong peak overlap and excessive widening of peaks. The maximum
information in Fig. 2 is given approximately by substituting in FUMI the optimum
capacity factors of the constant ac

~ ~ _---:-c-::---__
2

-'---y---k l ~
N1/Z(a - I) - y(a + 1)

(5)

(and kz = akl when eqn. I is used).
A column of plate number N has a definite lower limit & and any peaks

characterized by a « &) cannot be quantified with the required precision in the
column:

&=
2y

+ N l / Z (6)

This can be obtained from the restriction that the denominator in eqn. 5 should be
positive. The behaviour of the information 1J towards a is shown in Fig. 2 (N =
constant). Ifa is larger than the lower limit, then the mutual information 1J takes a high
peak (solid lines). A drastic change in 1J occurs at the lower limit as a boundary
(dot-dashed line). Below the limit &, FUMI can no longer reach the information
obtained above &and the peaks fail to provide the precision in any k 1 or k z examined
(dotted lines). This degraded information is attributed to the unavoidable information
loss b1J arising from strong peak overlap.

Eqn. 6 also indicates that sufficiently separated peaks (a ~ &) can be quantified
with satisfactory precision even if a column oflower N [but N l

/
Z ~ 2yj(a - 1)] is used.

It involves at least two cases: (i) a column of the same size but lower N; (ii) a short
column of the same plate height. In case (i), the information decreases according to the
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equation of FUMI. In contrast, shortening of the column leads to an increase in the
information of the sufficiently separated peaks (ex ~ &).

A change in the column length L affects the retention time cjand plate number N.
If the length of the colunn L is changed to xL, FUMI is described by

I
ep = l/Jt + l/Ji - 2" log [(k1 + 1)(k2 + I)] - log (X

1
/
2

) (7)

By replacing N in eqn. 2 with iN, we can obtain the optimum column length iL for the
peaks:

(8)

Eqns. 3-8 will be useful for determining the amount of information that can be
obtained from peaks with the optimum separation in various situations.

Plots of Rs under the same conditions as shown in Figs. I and 2 will display no
similarity to the plots of FUMI. Rs plots are monotonously increasing functions of k 2

at a fixed k 1 and of k 1 at a fixed ex 6
. The plot of Rs against N will be similar in shape to

that of FUMI, but there is a difference: Rs ex N 1
/
2

; ep = log N 1
/
2 + constant. The

above results reflect a clear distinction between information and separation.
A two-peak system has been treated here for simplicity. The theory of FUMI can

easily be applied to optimization of multi-peak systems without any other conditions
q

because of its additivity: ep = L qJj (qJj denotes the individual peak information). The
j= 1

calculation of FUMI is also very easy: for Gaussian peaks, it requires only peak area,
peak width, retention time and noise level.

FUMI contains an arbitrary constant y which can be determined according to
the conformity with linearity of the chromatograph and peak-resolving power of the
data processing sytem. In this paper, y is set at 2.07 for mathematical peak resolution
by Kalman filter. FUMI, however, holds for other data processing such as the
perpendicular dropping if y takes another appropriate value. For the optimum peak
resolution, y is closely related to R/o. lethe least acceptable separation (e.g., Rs = 1.5
or 3.0) is specified, then FUMI can select the optimum conditions according to the
corresponding y. The optima from FUMI and Rs-based criteria will not always be the
same because of the difference in the basic concepts.

Analytical applications of FUMI are now under development. Its merits and
limitation should be elucidated by further study of the optimization of many
chromatographic variables.
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The high-performance liquid chromatographic (HPLC) analysis of complex
mixtures with UV detection can sometimes be difficult to achieve, e.g., with a mixture
of trace amounts of a UV-absorbing solute in the presence of large amounts of
non-UV-absorbing compounds. However, the choice of UV detection is valuable
owing to the specificity and sensitivity of this method in the routine analysis of UV
absorbing solutes at trace levels.

However, quantitative UV measurements can be altered bycoelution of non
UV-absorbing and UV-absorbing products, ghost peaks linked to the injection sol
vent which differs from the mobile phase composition, peaks resulting from the resid
ual solvent in the sample studied, etc. A wavelength change sometimes gives in
formation about other compounds that do not absorb at the wavelength of the solute
determination. In spite of this, UV detection does not always permit the optimization
of the analytical parameters (repeatability, sensitivity, etc.) in order to obtain a vali
dation method. Hence non-detection of the major products does not enable one to
ascertain that the elution of the UV-absorbing product traces and that of the major
compounds are not concomitant. Connection of a universal detector to the specific
UV detector provides a solution to the problem.

The determination of trace amounts of cetylpyridinium chloride (CPC) in an
alcoholic solution illustrates this problem, as large amounts of surfactant are included
in cosmetic or pharmaceutical samples, either as an emollients or as lubricants. Sever
al chromatographic methods have been reported for the determination of CPC using
various chromatographic systems l

-
4

, including a rapid and specific HPLC procedure
directly applied to CPC in mouthwash 1. The variability of the results we obtained
with this procedure made it necessary to optimize the proposed determination.

For this study, refractive index detection is limited owing to the very long
equilibration time required for the detection limit and because it is impossible to use
gradient elution for the analysis of complex mixtures. Light-scattering detection

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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(LSD), which is more sensitive than refractive index detection, is easy to use and
compatible with gradient elution 5

,6. Scattered light produced by microparticles per
mits a universal detection method for non-volatile solutes. The development of LSD
has been described in several papers and many applications have been published in
both HPLC7

,8 and supercritical fluid chromatography (SFC)9-11. This paper de
scribes for the first time the compatibility of LSD with selected salted eluents. It also
gives an explanation for the variability of the determination of CPC in mouthwash
using the HPLC conditions described by Meyer and Takahashi 1 and presents a spe
cific and rapid new procedure.

EXPERIMENTAL

Chemicals
The mobile phase solvents used were reversed-phase HPLC-grade methanol

(Prolabo, Paris, France), HPLC-grade acetonitrile (Fisons, Loughborough, U.K.)
and distilled water (Cooperation Pharmaceutique Fran<;aise, Melun, France). Other
reagents were of analytical-reagent grade.

Apparatus
Chromatography was carried out using a Knauer (Berlin, F.R.G.) Model 64

pump, a Rheodyne (Cotati, CA, U.S.A.) Model 7125 valve, and a Shimadzu (Touzart
et Matignon, Vitry-sur-Seine, France) CR 3A integrator.

Three different detectors were used: a Model SF 769 UV spectrophotometer
(Kratos, Ramsey, NJ, U.S.A.) set at 258 nm, a differential refractometer (LDC,
Riviera Beach, FL, U.S.A.) and a Model Sedex 45 light scattering detector, (Sedere
Vitry-Sur-Seine, France). LSD uses the following principle: the effluent is nebulized
by an inert gas (nitrogen) and the solvent is vaporized in a warm tube. The non
volatile solutes give a mist of small particles which scatter the light. Scattered light is
measured at 120· to the collimated light source6 ,8.12.

Columns
The columns used were lO-,um ,uBondapak CN (150 x 3.9 mm 1.D.) purchased

from Waters Assoc. (Milford, MA, U.S.A.) and 7-,um Zorbax CN (150 x 4.6 mm
1.D.) purchased from DuPont (Wilmington, DE, U.S.A.).

Mobile phases
Solution S was a 3.6 g 1- 1 aqueous solution of tetramethylammonium hydrox

ide pentahydrate (Aldrich, Strasbourg, France) adjusted to pH 4.2 with acetic acid.
Solution T was a 10- 3 moll- 1 aqueous solution of triethylamine (Aldrich) adjusted
to pH 4.2 with trifluoroacetic acid. The eluents were as follows: A, mixture of 700 ml
of methanol and 300 ml of solution S; B, mixture of 700 ml of acetonitrile and 300 ml
of solution S; C, mixture of 700 ml of methanol and 300 ml of solution T; and D,
mixture of 700 ml of acetonitrile and 300 ml of solution T.

Samples
Solution M 1 was prepared by dissolving cetylpyridinium chloride (CPC) at 500

ppm (0.05%) in 95% ethanol. Solution M 2 was a 50 ppm (0.005%) solution of CPC
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obtained by diluting solution MIlO-fold with 95% ethanol. Solution M 3 was a
40000 ppm solution of hydrogenated polyoxyethylenated castor oil (HPCO) in 95%
ethanol.

A standard mixture M4 was prepared by mixing 10 ml of M 1 and 20 ml of M 3

with 70 ml of distilled water in a 100-ml flask.
The analyte was a commercial mouthwash used as received.

RESULTS AND DISCUSSION

The CPC analysis performed with a pBondapak CN column, with a methanol
water mobile phase containing tetramethylammonium (eluent A) as defined by Meyer
and Takahashi t led to the chromatograms in Fig. 1 and to the quantitative results in
Table I.

a

5min

b

'----'-
5min

Fig. 1. Typical chromatograms of CPC on JlBondapak CN (150 x 4.6 mm 1.0.) with a UV detector.
Eluent A, methanol-aqueous buffer; flow-rate, 1.5 ml min-I; pressure, 134 bar; injection loop, 20 JlI;
detection, UV at 258 nm. (a) Standard solution M2 of CPC; (b) commercial mouthwash.

The method is rapid and simple and the CPC peak is easily identified as the
lasted peak elutes. However, the repeatability determined from eight replicate in
jections was unsatisfactory both for the standard mixture and for the mouthwash
[relative standard deviation (R.S.D.) 8.6% and 6.1 %, respectively].

No difference in the CPC UV peak is observed in the chromatogram of stan
dard M2 (Fig. la) and mouthwash (Fig. 1b). Standard M4 and mouthwash solution
differ from standard M 2 owing to the large amount of hydrogenated polyoxyethyl
enated castor oil (HPCO). This seems to be the cause of the above high R.S.D.s for
standard M4 and the mouthwash compared with that of standard M 2 (2.9%). The
cause of the variability should be established by using another detection
mode. Therefore, we first attempted to carry out a chloroform extraction of
CPC prior to its determination in the standard M4 or mouthwash solution; the ex
traction selectivity and extraction yield were poor and did not improve the repeatabil
ity. Next, we connected the light-scattering detector to the specific UV detector, and
then all the non-volatile compounds including UV-absorbing solutes and non-UV
absorbing solutes were detected. This form of detection requires readily evaporated
eluent in order to obtain a low enough background noise. Therefore, tetramethylam-
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TABLE I

REPEATABILITY FOR STANDARD SOLUTION M2 , STANDARD MIXTURE M4 AND THE
COMMERCIAL MOUTHWASH

Column, jlBondapak CN (ISO x 3.9 mm l.D.); eluent A, methanol-aqueous buffer; detection, UV at 258
nm.

Peak-area units

Standard solution M 2 Standard mixture M4 Commercial
(CPC 50 ppm) (CPC 50 ppm, mouthwash

castor oi/8000 ppm)

709091 642874 714576
717410 779244 679613
730641 725461 627895
753 395 801 945 616727
774929 749800 601 250
750376 769679 610277
766 105 757 587 610 791
748382 613207 604006

Mean: 743 791 729974 633 142
R.S.D.: 2.9% 8.6% 6.1%

monium acetate salt in eluent A must be replaced with a more volatile salt, triethyl
ammonium trifluoroacetate, which constitutes eluent C.

This is the first time we have demonstrated the application of LSD in eluents
containing salts. Using an organic-aqueous mobile phase containing a 10- 3 moll- 1

concentration of salt, the evaporation temperature in the diffusion tube remains be
low 500C; this possibility is only afforded by the Sedex 45 detector. Other applications
using various salts will be presented later13

. Such a modification of the mobile phase
does not produce a difference in the CPC retention. Indeed, UV detection gives for
the standard solution M4 or the mouthwash the same pattern as Fig. 1. Fig. 2 displays
the same analysis as Fig. 1 but with LSD.

LSD proved conclusively that the elution of HPCO was quicker than that of
CPC. However, the high concentration of HPCO in relation to the concentration of
CPC in mouthwash and elution spreading produced by the diverse components pre
sent in the HPCO mixture led to partial co-elution of CPC with castor oil. This
co-elution cannot be revealed using the UV detection mode as HPCO is a non-UV"
absorbing mixture. It was co-elution in Meyer and Takahashi's UV method 1 that
caused the variability in our results.

The UV signal consists of two contributions: a direct UV CPC signal and a UV
signal given by the change in the refractive index of the effluent at the elution time of
CPC in standard solution M 2 and the refractive index of the effluent containing castor
oil at the elution time of CPC in standard solution M4 (or mouthwash). The latter
contribution was not constant and resulted in variability in the determination of
CPC. Changes in the chromatographic elution conditions, discriminating without
greatly modifying the procedure, should allow CPC and HPCO elutions to be carried
out.

First, replacement of methanol with acetonitrile permitted a more rapid elution
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.
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Fig. 2. Chromatograms of CPC on tIBondapak CN (150 x 4.6 mm 1.0.) with a light-scattering detector.
Eluent C, methanol-aqueous buffer; flow-rate, 1.5 ml min - 1; pressure, 134 bar; injection loop, 20 til. LSD
conditions: evaporation temperature, 40OC; nebulizer gas, 2.5 bar. (a) Standard solution M 2 of CPC (50
ppm); (b) commercial mouthwash; (c) standard mixture M4 of CPC (50 ppm) and HPCO (8000 ppm).

of the compounds apart from CPC. Second, replacement of J.lBondapak CN with
Zorbax CN increased the separation of HPCO and CPC. Under these conditions an
acceptable chromatogram was obtained with rapid elution. The choice of Zorbax CN
rather than J.lBondapak CN resulted from comparisons made by Goldberg~4 which
showed that the stationary phases are different in terms of classification of polar and
non-polar phases. Our previous similar work~5.~6 demonstrated the great difference
between Zorbax and IlBondapak the hydrophobic contribution to retention being
greater with Zorbax.

Typical chromatograms of the commercial mouthwash solution obtained using
the three different detection modes are presented in Fig. 3. When considering the
universal detection modes, clearly LSD (Fig. 3b) afforded greater more sensitivity

CPC

!

CPC

b c
a

. ,
05min 0 5min

Fig. 3. Typical chromatograms of commercial mouthwash on Zorbax CN (150 x 4.6 mm 1.0.) with three
different detection modes. Flow-rate, 1.5 ml min -1; pressure, 41 bar; injection loop, 20 til. (a) UV detection
at 258 nm. Eluent B = acetonitrile-aqueous buffer. (b) Light-scattering detection. Nebulizer gas, 2.5 bar;
evaporation temperature, 40'C. Eluent 0 = acetonitrile-aqueous buffer. (c) Differential refractometric
detection. Eluent B = acetonitrile-aqueous buffer.
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than refractive index detection (Fig. 3c), despite the unfavourable elu'tion conditions
(addition of salt to the mobile phase). Moreover, the variation of the refractive index
of the effluents was very large and the CPC peak was partially masked by lack of
resolution; ethanol in the mouthwash preparation was the major cause of the large
refractive index change or disturbance.

With the new chromatographic conditions and UV detection, a calibration
graph for CPC determination was established with seven reconstituted solutions of
increasing CPC concentration from 5 to 75 ppm containing a constant concentration
of HPCO (8000 ppm). The graph was linear with an acceptable regression value (R =

0.9997) and passed very close to the origin. Now, using the new chromatographic
conditions, the repeatability established using six injections of a commercial mouth
wash was better; the R.S.D. obtained (2.8%) compared favourably with that for the
standard CPC solution under the same conditions.

It appears that the effects of HPCO on the determination of CPC using the new
chromatographic conditions were negligible; the chromatographic procedure is satis
factory and capable of achieving excellent separations.

CONCLUSION

Variability in the UV determination of low CPC concentrations in a mouth
wash by HPLC was caused by the co-elution ofUV-absorbing and non-UV-absorb
ing compounds. Universal detection connected with UV detection afforded informa
tion enabling the variability problem to be solved. The LSD mode was superior to the
refractive index mode for two reasons: a higher detection limit and the injection
solvent, being of a different nature from that of the eluent, does not produce a
disturbance in the chromatogram. Using LSD new elution conditions were establish
ed and the routine UV determination of CPC in mouthwash became an accurate and
rapid analysis.
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The use of a systematic experimental design to optimize the separation
conditions in high-performance liquid chromatography (HPLC) serves to minimize, if
not eliminate, the laborious trial-and-error attempts to achieve desired separation
conditions generally associated with the latter technique. One of these systematic
approaches makes use of mixture designs followed by overlapping resolution
mapping l

. This method requires only seven preliminary experiments based on the
solvent selectivity triangleZ

-
4 to predict the mobile phase compositions for optimum

separation. The selection of the criteria desired for a particular analysis is made at this
stage; these criteria include a reasonable analysis time (which forms the basis on which
the solvent strength of the eluent mixture may be calculated) and a certain required
resolution between adjacent component peaks in the chromatogram.

The overlapping resolution mapping technique has previously been applied with
success to the analysis of eleven priority substituted phenols5

. In this paper, the use of
five plasticizers (dimethyl, diethyl, dibutyl, diallyl and benzyl-n-butyl phthalate) as
model systems to test the isocratic overlapping resolution mapping scheme is
described. Although the biological effects of plasticizers present in the environment
have not been fully evaluated, the facts that these compounds are very widely used, and
are therefore ubiquitous in the environment and that they may possess undesirable
biological effects, justify the need to analyse for them. Indeed, four of the five
phthalates mentioned above (the exception being diallyl phthalate), plus a sixth,
bis(2-ethylhexyl) phthalate (not considered in this present work, for reasons given
below), are on the priority pollutant list of the United States Environmental Protection
Agency (USEPA).

EXPERIMENTAL

Chemicals and reagents
Dimethyl, diethyl, dibutyl, diallyl and benzyl-n-butyl phthalate (of at least 97%

purity) were obtained from Fluka (Switzerland). Standard solutions of the individual

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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phthalates and mixtures (in the concentration range 160-260 ppm for each com
ponent) were prepared using methanol. The methanol (J. T. Baker, U.S.A.) and
acetonitrile (Ajax, Australia) used were of HPLC grade and the 2-propanol and
dimethylformamide (Ajax) were of analytical-reagent grade. Mobile phases were
prepared according to the A + B (quantum sufficit) addition procedure recommended
by Runser6

. In this method, the modifier amounts are measured, and then the volume
is brought to the desired value with water, the final component in the mixture. All
solutions and solvents were filtered and degassed by sonication before use.

Instrumentation
The HPLC system consisted of a Shimadzu (Kyoto, Japan) LC-6A pump,

a Shimadzu SPD-6A variable-wavelength UV spectrophotometric detector and
a Ch,romatopac CR-3A data processor. The reversed-phase column used for the
evaluation of the optimization scheme was a Shimadzu Shimpack CLC-ODS (15 cm
x 6 mm LD.; 5 ,urn particle size). Once the optimum mobile phase had been
determined, a Whatman Partisil-5 ODS-3 column (10 cm x 4.6 mm LD.; 5,um particle
size) was used to separate the phthalates. The detection wavelength was 224 nm. The
flow-rate used was 1.0 ml min-I, except for 2-propanol-water (0.6 ml min-l); the lower
flow-rate was used because of the excessively high column pressure obtained with
2-propanol-water as mobile phase.

A Rheodyne 7125 injection valve with a 20-,u1 loop was used for sample
injections. All chromatographic runs were duplicated with a reproducibility between
runs of 2% or better. The void volume was obtained for all mobile phases by using
methanol as the unretained component.

RESULTS AND DISCUSSION

Preliminary experiments
In defining the first vertex of the solvent selectivity triangle using methanol

water2 as the binary mixture, the first selection criterion to be specified was the desired
analysis time. With three randomly selected methanol-water compositions (60:40,
70:30 and 72.4:27.6), it was determined that the shortest retention time for the
last-eluting component in the standard phthalate mixture was a reasonable 22 min for
the composition 72.4:27.6. The solvent strength (ST) of the eluent mixture of this
composition was then calculated from the equation2

(I)

where Si = the individual solvent strengths and qJi the volume fractions of each
component i.

The solvent compositions of the other binary mixtures (acetonitrile-water and
2-propanol-water, which define the other two vertices of the triangle) having the same
solvent strength were then determined using eqn. 1.

To effect changes in selectivity, solvents from different selectivity groups4 should
be chosen to establish the solvent selectivity triangle. As methanol and acetonitrile are
the most common reversed-phase HPLC solvents, and they are in different solvent
groups, they were picked (as binary mixtures with water) to be the two corners of the
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TABLE I

ELUENT MIXTURES USED IN PRELIMINARY EXPERIMENTS

Solvent compositions are given as percetages of binary mixtures in the mobile phase.

Eluent Methanol- Acetonitrile- 2-Propanol-
mixture water water water

I 100 0 0
2 0 100 0
3 0 0 100
4 50 50 0
5 50 0 50
6 0 50 50
7 33.3 33.3 33.3

NOTES

triangle. For the third corner, 2-propanol (+ water) was selected instead of the
customary tetrahydrofuran (THF) for work of this nature mainly because of the added
expense of obtaining antioxidant-free THF. The other solvents in the same group as
THF, methoxyethanol and dimethylformamide, were ruled out because of their toxic
and irritant properties. Moreover, 2-propanol is in the same group as methanol which,
in our view, is an added advantage because of its good solvating power.

The solvent selectivity triangle having been established, the next step was to
conduct experiments using the other six eluent mixtures representing the acetoni
trile-water and 2-propanol-water vertices, the three mid-points of the vertices and the
centre· of the triangle 1

. The seven eluent mixtures used for these preliminary
experiments are shown in Table I. Table IT shows each of these eluent mixtures as
a percentage of the pure solvents in the mobile phase.

It is worth mentioning that during the setting up of the solvent compositions
representing the second and third vertices of the solvent selectivity triangle, it is usual
to make small adjustments to the amounts of the organic modifier in order to obtain
equivalent k' values2

. If this were done, however, the solvent strength would no longer
be constant. A change in solvent strength is not useful for improving the resolution

TABLE II

ELUENT MIXTURES USED IN PRELIMINARY EXPERIMENTS

Solvent compositions are given as percentages of pure solvents in the mobile phase.

Eluent Void time, Methanol Acetonitrile 2-Propanol Water
nlixlure to (min)

I 2.662 72.40 0.00 0.00 27.60
2 2.683 0.00 70.00 0.00 30.00
3 4.037 0.00 0.00 51.70 48.30
4 2.760 36.20 35.00 0.00 28.80
5 2.532 36.20 0.00 25.85 37.95
6 2.325 0.00 35.00 25.85 39.15
7 2.600 24.13 23.33 17.23 35.31
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TABLE III

CAPACITY FACTORS (k') OF PHTHALATES CHROMATOGRAPHED USING THE ELUENT
MIXTURES LISTED IN TABLE II

DMP = Dimethyl phthalate; DEP = diethyl phthalate; DAP = diallyl phthalate; BBP = benzyl-n-butyl
phthalate; DBP = dibutyl phthalate.

Eluent DMP DEP DAP BBP DBP
mixture

1 0.381 0.991 1.538 6.848 7.211
2 0.371 0.838 1.133 3.517 4.145
3 0.288 0.618 0.958 2.733 2.776
4 0.407 1.022 1.485 5.670 6.385
5 0.337 0.810 1.296 5.057 5.377
6 0.449 0.996 1.373 4.311 5.220
7 0.363 0.904 1.337 5.027 5.935

between peaks 7
. Therefore, in this work, no adjustments to the composition of the

mobile phase were made.
From the results of the seven preliminary runs, the resolutions, R" between every

pair of peaks in the chromatogram were obtained for each eluent mixture using the
equationS

I ( k' )R s = 4 (0:- 1)~·5 I + k' (2)

where k' is the average capacity factor for the two peaks, 0: the relative retention ratio
and N the number of theoretical plates. The calculated Rs values were then fitted into
a second-order polynomial equation2

:

TABLE IV

RESOLUTION (Rs ) BETWEEN ADJACENT PEAKS CALCULATED FOR PHTHALATES CHRO
MATOGRAPHED USING THE ELUENT MIXTURES LISTED IN TABLE II
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Fig. I. Overlapping resolution mapping plot for all four phthalate peak pairs.. = R, ,,; 1.2; - = 1.2 ,,; R,
,,; 1.3; + = 1.3 ,,; R, ,,; 1.4; • = 1.4 ,,; R, ,,; 1.5; # = R, ;;, 1.5.

where aj = coefficients and Xi = volume fractions of the three binary mixtures,
methanol-water, acetonitrile-water and 2-propanol-water. The values of ai for each
pair of peaks were determined using a BASIC program2 slightly modified for our
purposes. Subsequently, using eqn. 3, R.. values within the solvent selectivity triangle
were calculated. Table III shows the capacity factors of the five phthalates
chromatographed using the seven eluent mixtures: The calculated R.. values for
adjacent peaks in each of the eluent mixtures are given in Table IV [note that with
eluent mixture 6, the minimum resolution is close to that specified (1.5) for our
optimization scheme (see below)].

Overlapping resolution mapping: optimization of solvent composition
From the calculated R.. values, Venn diagrams! were generated 2 for each pair of

components in the chromatogram at a specified resolution of 1.5' between each
adjacent pair of peaks. By superimposing (overlapping) all seven Venn diagrams, areas
corresponding to solvent compositions giving the desired resolution amongst all the
peaks in a phthalate mixture were established. Such an overlapping resolution
mapping diagram for the five phthalates considered in this work is depicted in Fig. I.
The area described by the symbol # represents all possible mobile phase compositions
using which the optimum separation (i.e., where R.. ~ 1.5) of all the phthalates may be
achieved. The other symbols indicate various mobile phase compositions which are
not optimized to achieve a complete separation between each peak pair for all the
components in the mixture.

To evaluate the optimization scheme, a point within the region encompassed by
the symbol # on the overlapping resolution mapping diagram was taken; this
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Fig. 2. Chromatogram of phthalates obtained using optimum eluent mixture (methanol-acetonitrile
2-propanol-water, 3.6:42.0:18.1:36.3) derived from overlapping resolution mapping diagram in Fig. I.
Peaks: I = dimethyl phthalate; 2 = diethyl phthalate; 3 = diallyl phthalate; 4 = benzyl-n-butyl phthalate,
5 = dibutyl phthalate. The Whatman Partisil 5 ODS-3 column was used to generate this chromatogram.
Other conditions are as given in the text. The void time for this column was 1.1 min.

corresponds to a mobile phase composition of methanol-acetonitrile-2-propanol
water (3.6:42.0: 18.1 :36.3). Using this mobile phase, a different C t8 column and under
isocratic elution, a chromatogram of the five phthalates was generated, as shown in
Fig. 2. As can be seen, satisfactory separation was achieved. Note that the analysis time
was less than 6 min. The value of the overlapping resolution mapping technique has
thus been clearly illustrated. In spite of the fact that not all of the adjacent peaks could
be separated in each of the seven preliminary experiments, after the overlapping
resolution mapping scheme had been established an optimized mobile phase
composition could be identified by the simple expedient of selecting a point (and
consequently a solvent composition) within the region of the overlapping resolution
mapping diagram where Rs ~ 1.5 (or any other required resolution). Although, as
mentioned above, with eluent mixture 6 it was possible to obtain a minimum resolution
of 1.45 (for diallyl phthalate and benzyl-n-butyl phthalate), which is close to the
specified Rs value, an even better resolution (i.e., 1.5 or greater, symbolized by # in
Fig. 1) could be achieved for this pair when the optimum mobile phase, derived from
the optimization scheme, was used. This systematic approach therefore reduces to
a minimum the time spent in method development and is also economical in terms of
amounts of solvents used. Another point worth emphasizing is that the chromatogram
in Fig. 2 was obtained using a different reversed-phase column from that used to
establish the optimum mobile phase composition in the optimization exercise. This
further illustrates the flexibility and versatility of the overlapping resolution mapping
scheme; for a particular application, subsequent routine analyses may be carried out
without resort to the original column used for method development.
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Limitations of the present approach
As indicated by the results, the present isocratic technique has been found to be

highly satisfactory for the separation of five priority phthalates. However, with the
addition of a sixth plasticizer, bis(2-ethylhexyl) phthalate, possibly because its
retention behaviour is different from that of the other five under the conditions
employed here, it was not possible to generate an overlapping resolution map from
which an optimized solvent composition (with specified Rs ?': 1.5) could be selected for
the complete separation of all six components. Obviously, a different approach needs
to be considered in this situation. Work is currently being conducted to overcome this
difficulty.
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Affinity chromatography is a very powerful technique for separating biological
substances such as proteins, owing to its selectivity. However, a different support
coupled with a ligand that is complementary to the sample to be separated must be
prepared for a different kind of sample. To simplify this, it is desirable to have good
activated supports to which many ligands can be coupled easily under mild conditions.
Various activation methods were examined in the past, and a method with tresyl
chloride1 was found to be useful. Subsequently some tresyl-activated supports based
on agarose or silica became commercially available but they had unsatisfactory
mechanical or chemical stability of the base material. However, new tresyl-activated
supports based on synthetic hydrophilic resin have become commercially available
recently under the trade-names TSKgel Tresyl-Toyopearl 650M (ref. 2) and Tresyl
5PW (ref. 3). We have been evaluating these supports for the coupling of proteins and
have reported results of the study of coupling conditions, pH of the coupling buffer,
temperature, reaction time and amount ofreacted ligand 2

• We have now examined the
effects of the type and concentration of the coupling buffer on the coupling yield and
the results are reported here.

EXPERIMENTAL

Proteins were dissolved in 4 ml of coupling buffer and mixed with 0.4 g
ofdried Tresyl-Toyopearl650M powder, which gives a volume of2.0 ml in the swollen
state. After the mixture had been left to stand with gentle shaking at a constant
temperature for a certain period of time, 36 ml of distilled water were added and the
diluted mixture was filtered with a sintered-glass funnel (this dilution was necessary to
prevent adsorption of proteins on the support without covalent bonding in some
instances). The protein coupling yield was calculated from the UV absorption at 280
nm of protein solutions before and after the coupling reaction. The coupling buffers

002[-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.
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examined were 0.1-1 M carbonate buffers (pH 8.0); 0.1-1 MN-(2-hydroxyethyl)piper
azine-N'-2-ethanesulphonic acid (HEPES) buffers (pH 8.0), 0.1-1 M phosphate
buffers (pH 8.0) and 0.1 M carbonate buffer (pH 8.0) containing 0.5-2.0 M sodium
chloride. The proteins employed were purchased from Sigma (St. Louis, MO, U.S.A.).

RESULTS AND DISCUSSION

The coupling yields observed for bovine serum albumin in the various buffers are
summarized in Table I. When the buffer concentration increased from 0.1 to 1 M, the
coupling yield remained almost unchanged with carbonate buffer, but it increased with
HEPES and phosphate buffers. It also increased with increase in the sodium chloride
concentration in 0.1 M carbonate buffer. In particular, it increased to a great extent
when the concentration of phosphate buffer was raised to 1 M. We postulate that this
great increase in coupling yield occurred because the bovine serum albumin was forced
to approach near the surface of the support owing to the salting-out effect of
1 M phosphate buffer and the coupling reaction between bovine serum albumin and
tresyl groups then became easier. We also examined if 1 M phosphate buffer is effective
for the coupling of other proteins. Some proteins were coupled in 1 M phosphate
buffer (pH 8.0) and in 0.1 M carbonate buffer (pH 8.0) containing 0.5 M sodium
chloride. Proteins for which low coupling yields were observed in carbonate buffer
were selectively used in this experiment. The results are summarized in Table II. Much
higher coupling yields were obtained in 1 M phosphate buffer than in carbonate buffer
for all the proteins examined except cytochrome C. In particular, almost quantitative
coupling yields were achieved for a-I-antitrypsin, bovine serum albumin, myoglobin
and a-chymotrypsin, although the coupling reaction was performed at 4°C for 4 h. The
coupling yield did not change for cytochrome c with the two buffers, probably because
phosphate buffer of 1 M is not concentrated enough to salt-out cytochrome c as the
latter is very hydrophilic. The coupling yield may be increased by further increasing the
phosphate buffer concentration, e.g., up to 1.5 M.

It is concluded that 1 M phosphate buffer is very effective in general for the
coupling of protein ligands to Tresyl-Toyopearl 650M. It is better than buffers which
have been commonly employed in the coupling ofligands to various types of activated

TABLE I

EFFECTS OF TYPE AND CONCENTRATION OF COUPLING BUFFER ON COUPLING YIELD

Bovine serum albumin (30 mg) was reacted with TSKge1 Tresyl-Toyopearl650M (0.4 g) in 4 ml of various
buffers (pH 8.0) at 25°C for 5 h.

Coupling buffer Coupling
yield (%)

Coupling buffer Coupling
yield (%)

0.1 M carbonate buffer 16
0.5 M carbonate buffer 15
1.0 M carbonate buffer 12
0.1 M HEPES buffer 16
0.5 M HEPES buffer 35
1.0 M HEPES buffer 32

0.1 M phosphate buffer 17
0.5 M phosphate buffer 41
1.0 M phosphate buffer 88
0.1 M carbonate buffer containing 0.5 M NaCl 28
0.1 M carbonate buffer containing 1.0 M NaCl 29
0.1 M carbonate buffer containing 2.0 M NaCI 36
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TABLE II

COUPLING OF VARIOUS PROTEINS TO TSKgel Tresyl-Toyopearl650M

Proteins (20 mg) were reacted with Tresyl-Toyopearl650M (0.4 g) in 4 ml of (A) 0.1 M carbonate buffer (pH
8.0) containing 0.5 M NaCl and (B) 1 M phosphate buffer (pH 8.0) at 4°C for 4 h.

Protein pI Coupling yield (%)

A B

IXcAcid glycoprotein
IX-I-Antitrypsin
Bovine serum albumin
Myoglobin
IX-Chymotrypsin
Cytochrome c

1.8-2.8
4.0
4.9
6.8-7.8
9.1

10.1

2
25
31
55
70
43

58
98
99
99

100
46

supports, such as 0.1 M carbonate buffer (pH 8.0) containing 0.5 M sodium chloride.
When I M phosphate buffer is not effective in achieving a high coupling yield, higher
concentrations, e.g., 1.5-2 M, may be useful for increasing the coupling yield. It is
considered that other buffers having similar salting-out effects to I M or more
concentrated phosphate buffer would also be effective.
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Though always intellectually challenging, with the current high interest in
biotechnology, the problem of separating and analyzing enantiomeric mixtures is one
of high importance. Liquid chromatography (LC) has been investigated extensively
for the convenient and rapid separation of enantiomers, Several LC methods have
been applied for the separation of enantiomers, namely, the use of chiral mobile phase
additives, the use ofchiral stationary phases (Pirkle columns), ligand exchange, charge
transfer complex formation and inclusion complex formation with cyclodextrins l -

3
. It

has been demonstrated that ligand-exchange chromatography (LEC) is very effective
for the separation of optical isomers without prior derivatization4

. LEC involves the
use of a chiralligand and copper(II) in the stationary phase or mobile phase and the
optical isomers are separated primarily by the difference in the stabilities of the
copper(IJ)-chiralligand-enantiomer complexes. The major problems with the existing
LEC columns are, (1) they are difficult to prepare and consequently expensive and (2)
the separated analytes are contaminated with CUll either due to the addition of CUll to
the mobile phase or the leaching of CUll from the stationary phase. We have addressed
these problems in the current work.

We have developed in our laboratory several polymeric Cull-amine-cellulose
complexes, where amine is diamine like 1,3-diaminopropane and cellulose is unmodi
fied or modified celluloses. CUll on the average is complexed to one glucose unit of
cellulose and one amine molecule in these complexes. Cellulose provides the chiral
environment necessary for the separation of optical isomers, which in combination
with CUll becomes an excellent choice as column material. These compounds are easy
to prepare, inexpensive and can be coated with ease in various amounts to obtain
different loadings of CUll on a variety ofsubstrates like silica and polystyrene. Columns
for both analytical- and preparative-scale separations can be thus readily made.
Further, as described in the Experimental section, these columns are stable under
a variety of conditions exhibiting insignificant leaching of CUll. Cellulose and its
derivatives as well as other polysaccharides like Sephadex have been used as chiral
stationary phases for the separation of optical isomers6

,
7

. However, these separations
were not achieved by LEC and were not very efficient. We have achieved excellent
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separation of D- and L-alanines from a racemic mixture using copperll-I ,3-diamino
propane-eellulose coated on silica by LEe. The experimental procedure and results
are described here.

EXPERIMENTAL

Reagents
The alanines (D, L and the racemic mixture), CUS04 . 5H20 and 1,3-diamino

propane were obtained from Aldrich and were> 99% purity. High-purity cellulose of
average particle size 10,um without any binder, suitable for thin-layer chromatography
(manufactured by Machery, Nagel & Co., F.R.G., and distributed by Brinkman
Instruments, New York, U.S.A.) was used to prepare the Cull-I,3-diaminopropane
cellulose complexes. Silica gel (70-150 ,urn) was from Analtech. All the solvents used
were HPLC grade and were purchased from Mallinckrodt. Deionized water for the
HPLC experiments was distilled twice over permanganate.

Apparatus
The separation of D- and L-alanines were performed on a Perkin-Elmer Series 4

liquid chromatograph with Rheodyne 7125 injector containing a 20-,ulloop, a Perkin
Elmer LC 95 UV-visible spectrophotometric detector and Alltech Linear 1200
strip-chart recorder. The leaching of CUll under the various experimental conditions
used for the separation of the racemic alanine was checked using the Perkin-Elmer
6500 inductively coupled plasma-atomic emission spectrometry (ICP-AES) system at
the 224.7 nm emission wavelength (detection limit: 0.2 ppm).

Procedure
The Cull-l,3-diaminopropane-cellulose complex was prepared as previously

reported 5
• The proposed structure for this complex is shown in Fig. I. Silica gel, 15.5 g,

was washed three times with deionized water, three times with methanol and finally
with deionized water. It was stirred with 50 ml of Cull-I ,3-diaminopropane-cellulose
complex containing 8.8' 10- 3 mol of CUll for I h and allowed to settle. A blue colored

(I
H2 N......... ....NH 2Cu

-o~o~o-
0, /0 CH 20H

Cu
H w"' 'NH2

U
2

Fig. I. Proposed structure for copper(II)-1,3-diaminopropane-<:ellulose.
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gel and a clear aqueous layer were obtained, indicating that the silica gel has been
coated with the complex. The gel was filtered on a medium frit funnel, washed several
times with distilled water and dried in vacuum at room temperature for 12 h. The blue
colored silica gel, 1.2 g (CUll = 5.6· 10- 4 mol/g of silica), was slurried with methanol
and packed into a stainless-steel high-performance LC column of28 cm x 0.3 cm J.D.
~t a flow-rate of 1 ml/min at room temperature. No significant amount of CUll was
found to leach from the column with water (pH 3-9), 0.1 M NH 3 , methanol and
acetonitrile as eluents. This was determined by analyzing the eluent for CUll using
ICP-AES. Water solutions were directly analyzed while organic solvents were
evaporated and the container washed with an appropriate volume of water for analysis
by ICP-AES. Several eluent compositions were tried to obtain the best separation for
a solution containing 10- 3 M (89 ,ug/ml) racemic DL-alanine in water at pH 7

D (30 min)

L (17 min)

A211

16 24 32

min

40 48

Fig. 2. Separation of DL-alanine using copper(II)-1,3-diaminopropane--eellulose coated on silica.
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(phosphate buffer). An eluent composition of methanol-water-acetonitrile (80: 10: 10)
at a flow-rate of 1 ml/min afforded the best separation of the D and L forms. The
detection wavelength was 211 nm. The individual components were identified by
injecting separately D- and L-alanine of the same concentration as the mixture. The
retention time for the non-adsorbing analyte acetone under these conditions was
1.7 min.

RESULTS AND DISCUSSION

Excellent baseline separation of the D- and L-alanines from the racemic mixture
was obtained under the experimental conditions as shown in Fig. 2. The retention
times are 17 and 30 min for L- and D-alanines, respectively. The corresponding capacity
factors using the retention time for the non-adsorbing analyte acetone for L- and
D-alanines are 9.0 and 16.7, respectively. These results yield a separation factor IX of
1.85. The separation factors for the separation of racemic DL-alanine using some other
columns reported in the literature are collected in Table I. As may be seen from this
table, the separation factors obtained using the CuIl-l,3-diaminopropane-cellulose
coated on silica are comparable or superior to these other columns. The most
significant advantage to the column we have developed is tbe simplicity of its
preparation. Application of this column for the separation of several other racemic
compounds are currently under investigation.

We may also notice from Fig. 2 that the peaks for L- and D-alanines have about
the same width, i.e., the number of theoretical plates calculated from the peak widths
using the equation for asymmetric peaks are markedly different (373 for the L isomer
and 1162 for the D isomer)13. This difference could be rationalized using the Knox
equation for reduced plate height h14. Stout et al. 1s have shown that the Band C terms
of the Knox equation which account for the diffusion and mass transfer of the analyte

TABLE I

LITERATURE VALUES FOR SEPARATION FACTOR (a) OF D- AND L-ALANINES

Column material

Polystyrene derivatized with
(R)-N',N'-dibenzyl 1,2-propanediamine

Silica gel derivatized with
(R)-N-[ II ~(triethoxysilyl)undecanoyl]
a-(6,7-dimethyl-I-napthyl)isobutylamine

Silica gel derivatized with
N-w-(dimethylsiloxy)undecanoyl-L-valine

Polystryene derivatized with
L-methionine-l-sulphoxide

Lichrosorb RP-18 with Cu" and
N,N-dimethyl-L-phenylalanine in the eluent

Silica gel derivatized with P-cyclodextrin

a Ref

I~ 8

I.~ 9
(as the N-3,5-dinitrobenzoyl derivatives)

2.34 10
(as the 5-dimethylaminonapthalene-

I-sulphonyl derivatives)

1.19 II

1.75 12

I.W 2
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depend on its capacity factor, B increasing and C decreasing with the capacity factor.
The magnitude of the change in C can be much higher than B if the diffusion of the
analyte within the intraparticle region is impeded by steric effects and/or pore size of
the solid support. The three-point interaction that is generally believed to be
responsible for chiral recognition by ligand exchange indicates that the most likely
contributing factor for our columns is steric effect 16

. As a result the h value for the
more retained o-alanine is smaller and hence its plate number larger compared to the
less retained L-alanine. This aspect is under further investigation.
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Chiral dihydropyridines such as nilvadipine and nicardipine have been at
tracting much attention as potent calcium antagonists. Although these dihydro
pyridines exhibit different pharmacological effects between enantiomers1

, racemic
mixtures have been used mainly because of difficulties in obtaining optical isomers in
pure form and determining their optical purity in plasma. Therefore, high-per
formance liquid chromatographic (HPLC) separation of optical isomers of dihy
dropyridines is expected to be beneficial in solving these problems.

Recently, the successful chromatographic resolution of a dihydropyridine,
nilvadipine, was achieved with opticaIIy active ( +)-poly(triphenylmethyl methacryl
ate) (Chiralpak OT)2. It has also been reported that a stationary phase composing of
0: l-acid glycoprotein is able to separate a series of dihydropyridine enantiomers using
buffers 3

. We reported that optical resolution of nicardipine was possible on HPLC
columns packed with xylan bis(3,5-dichlorophenylcarbamate)4 and ceIIulose tris(4
tert.-butylphenylcarbamate)5.

In this study, we examined the optical resolution of six dihydropyridines,
nimodipine, nilvadipine, benidipine, nitrendipine, isradipine and nicardipine, on
phenylcarbamate derivatives of ceIIulose, amylose and xylan using organic eluents.

EXPERIMENTAL

Polysaccharide phenylcarbamates and chiral stationary phases for HPLC were
prepared as reported previously6. The stationary phases were packed manuaIIy in
HPLC columns (25 x 0.46 cm LD.). The theoretical plate numbers of the columns for
benzene were 2800-3700.

Optical resolution was performed on a lasco Trirotar-II chromatograph
equipped with UV (254 nm, lasco Uvidec 100-III) and polarimetric detectors (435 nm,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Jasco DIP-181 C). The elution time of 1,3,5-tri-tert.-butylbenzene was used as the dead
time (to).

Nimodipine (Bayer Yakuhin), nilvadipine (Fujisawa Pharmaceutical), beni
dipine (Kyowa Hakko Kogyo), nitrendipine (Sigma), isradipine (Sandoz Pharmaceu
ticals) and nicardipine (Sigma) were used as analytes without purification.

RESULTS

Fig. 1 shows the optical resolution of nimodipine, nilvadipine and benidipine on
xylan bis(3,5-dichlorophenylcarbamate), which showed an effective chiral recognition
ability for nicardipine4

. Although nilvadipine was not completely resolved, nimodi
pine and benidipine were completely resolved.

Isradipine and nitrendipine were more effectively resolved on cellulose 4-tert.
butylphenylcarbamate. The resolution ofisrapidine, nitrendipine and nicardipine was
examined in more detail with four chiral columns and the results are summarized in
Table I. Cellulose tris(3,5-dimethylphenylcarbamate), which shows high optical
resolving abilities for many racemates7-9, showed no separation of three dihydro
pyridines. However, cellulose 4-tert.-butylphenylcarbamate resolved the three com
pounds. Amylose tris(3,5-dimethylphenylcarbamate) showed a more effective chiral
recognition ability for isradipine (Fig. 2). Although nicardipine was almost completely
resolved on cellulose tris(4-tert.-butylphenylcarbamate) and xylan bis(3,5-dichloro
phenylcarbamate) using hexane-2-propanol (90:10), the elution time was long4

•
5

.
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Fig. 3. Enantiomeric resolution of nicardipine on xylan bis(3,5-dimethylphenylcarbamate). Eluent: hexa
ne-2-propanol (90:10), 0.5 ml(min.

Fig. 4. Enantiomeric resolution of nitrendipine on cellulose tris(4-tert.-butylphenylcarbamate). Eluent:
hexane-2-propanol--ehloroform (85: 10:5), 0.5 ml(min.

However, as shown in Fig. 3, a more expeditious separation was attained on xylan
bis(3,5-dimethylphenylcarbamate) using the same eluent.

The influence of the elution system on the chiral recognition abilities was
investigated by adding 5% of chloroform to hexane-2-propanol (90: 10). For instance,
nitrendipine was better resolved with a small capacity factor (k'l = 0.99) and a larger
separation factor (IX = 1.32) on cellulose tris(4-tert.-butylphenylcarbamate) (Fig. 4).
The resolution factor (Rs = 2.67) was also larger than those (1.22 and 1.81) on
EnantioPac and Chiral-AGP columns, respectively3. In contrast, isradipine was less
efficiently resolved by adding 5% of chloroform to the eluent with amylose
tris(3,5-dimethylphenylcarbamate), giving an IX value of 1.10.

The possibility of preparative separation was examined with nitrendipine.
About 0.5 mg of the sample was injected in one dose onto the cellulose tris(4-tert.
butylphenylcarbamate) column with hexane-2-propanol-chloroform (85: 10:5) as the
eluent and was almost completely separated into two peaks with an Rs value of 0.97.
This suggests that preparative separations will be possible with a larger column.
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Monohexosylceramides (MHCs), galactosylceramide (GaICer) and glucosylcer
amide (GIcCer) are the simplest glycolipids and the biosynthetic precursors common
to elongation of the carbohydrate chains in all glycolipid series. GalCer can be
extended enzymatically to glycolipids belonging to galaseries and to GalCer sulphate.
GIcCer can be elongated to all other glycolipid series via lactosylceramide1

. The
relative distributions of GalCer and GIcCer appear to be characteristic for tissues, cell
types and animal species (for a review, see ref. 2). For instance, MHCs of adult
mammalian brain and Gaucher's spleen consist almost exclusively of GalCer and
GIcCer, respectively, whereas in many other tissues the two classes coexist.

In order to separate GIcCer and GalCer, chromatography on a borate-impreg
nated thin-layer plate3

, prepared from a silica gel slurry in a borax solution, has been
employed. More recently, high-performance liquid chromatography (HPLC) of
perbenzoylated MHC derivatives was adopted for the separation4

. These procedures
are suitable for analytical purposes rather than preparative separations. However, the
necessity for preparative separation of MHCs in tissues is often encountered, such as
for the composition analysis of the lipid moieties in each MHC class.

This paper describes an improved thin-layer chromatographic (TLC) and
a preparative separation method for GIcCer and GalCer. With the use of these
procedures, relative amounts of the two classes in MHCs in various tissues were
determined.

EXPERIMENTAL

Materials
Precoated TLC plates (silica gel 60, 20 x 20 cm) and silicic acid (Iatrobeads

6RS-8060) were obtained from Merck (Darmstadt, F.R.G.) and Iatron (Tokyo,

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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Japan), respectively. Other reagents were of analytical-reagent grade. Human renal
cell carcinoma tissues were obtained at operation and dissected into tumour and
uninvolved portions. From the cancer tissues or from the other tissues (see Results and
Discussion), an MHC fraction was obtained as described previouslys. MHC from
bovine milk was kindly donated by Snow Brand Milk Products (Tokyo, Japan).
Standard glycolipids were prepared in this laboratory. Tritium labeling ofGIcCer and
GalCer was carried out as described by Schwarzmann6

.

Modified thin-layer chromatography
Proportions of components of solvent mixtures are expressed by volume. In

place of a laboratory-made borate-impregnated silica gel plate3, a precoated silica gel
plate was employed. The plate was sprayed with 1% (w/v) aqueous borax (sodium
tetraborate), air dried and activated at 110°C in an oven before use. The plate was
developed with chloroform-methanol-water-15 M ammonia solution (280:70:6: 1)
(solvent A)3 or chloroform-methanol-pyridine (60:40:2) (solvent B). Glycolipids were
revealed with orcinol-sulphuric acid reagent.

Borate-impregnated silica gel column chromatography
Iatrobeads were suspended in three volumes of 3% (w/v) aqueous borax with

vigorous stirring, filtered and dried at 110°C in an oven. A slurry of the silica gel in
chloroform-methanol-pyridine-water (70:30:2: 1, solvent C) saturated with borax was
packed under normal pressure into a glass tube to make a column of 41 x 1.0 cm J.D.
Approximately 50 mg of an MHC mixture dissolved in the minimum volume of the
same solvent were applied to the column. The column was eluted in a stepwise manner
with five column volumes each ofsolvent C and chloroform-methanol-water (50: 50:5,
solvent D). The eluates were collected (2 ml per fraction), each concentrated in vacuo
and monitored by TLC as described above using solvent B for separation of GalCer
and GIcCer. The separated MHC was combined, evaporated for the solvent and
subjected to Folch's partition7 to remove the salt.

Analytical methods
The compositions of monosaccharide, fatty acid and long-chain base were

determined as described previously8 using a Shimadzu GC-8A gas chromatograph
equipped with a capillary column (25 m x 0.3 mm J.D.) coated with HR-1. The ratio
of GalCer and GIcCer in the mixture was also measured by densitometry of the
glycolipid spots on the TLC plate with a Shimadzu GS-910 chromatogram scanner as
described previously9.

RESULTS AND DISCUSSION

Improved thin-layer chromatography
When MHCs were developed with two solvent systems containing ammonia

solution (so"lvent A, Fig. IA) or pyridine (solvent B, Fig. IB) on the borate-impreg
nated plates, much better resolution of GIcCer and GalCer with their subcomponents
was achieved with the latter solvent. MHC fractions from the same tissue of different
animal species and different tissues of the same species were examined by TLC (Fig.
IC). Pig spleen contained only GIcCer, whereas equine spleen contained a small
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Fig. 1. Borate-impregnated TLC of various MHC with previous and present solvents. A, solvent A3; B,
C and D, solvent B. Plates A and B: I = pig spleen; 2 = equine kidney; 3 = rat kidney; 4 = dog kidney;
5 = cat brain. Plate C: I = pig spleen; 2 = pig erythrocyte; 3 = pig serum; 4 = pig intestine; 5 = equine
spleen; 6 = bovine milk; 7 = cat "brain. Plate D: I = upper band of equine kidney GalCer separated by
borate-impregnated silica column chromatography; 2 = lower band of the GaiCer.

amount of GalCer in addition to GlcCer. For kidney, MHCs from the horse and rat
consisted of the two glycolipid classes with a higher content of GlcCer (Fig. 1B),
whereas dog contained largely GlcCer (Table I). These results were consistent with
observations on rat 10 and dog11 kidney obtained by carbohydrate analysis of the
MHC fractions. An MHC pattern characteristic of tissues was observed in pig (Fig.
1C, Table I). Pig erythrocytes, serum and intestine afforded similar compositions of
GlcCer and GalCer, whereas the spleen MHC was exclusively GlcCer. MHC from
adult cat brain was composed of exclusively GalCer (Fig. 1), like brain MHC from
many other animal species.
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TABLE I

RELATIVE CONTENTS OF GlcCer AND GalCer IN VARIOUS TISSUES

NOTES

Relative contents were determined by densitometric analysis of glycolipid spots on the TLC plate.

Tissue GlcCer GalCer Tissue GlcCer GalCer
(%) (%) (%) (%)

Equine kidney 68 32 Pig intestine 66 34
Rat kidney 66 34 Pig spleen 100 0
Dog kidney 90 10 Equine spleen 94 6
Pig erythrocytes 61 39 Bovine milk 100 0
Pig serum 57 43 Cat brain 0 100

On the other hand, when human kidney tumour was measured for the relative
contents of the two MHC classes, GlcCer was increased in comparison with that in
uninvolved tissue (Table II). In the GlcCer fraction a faster moving component
composed mainly oflignoceric and behenic acids (71 % of total acids) and sphingenine
(95% of total long-chain bases) was markedly increased (Table III). As a significant
elevation of PAPS: GalCer sulphotransferase level brought about a marked increase in
GalCer sulphate in renal cell carcinoma5

, a decrease in GalCer relative to GlcCer in the
tumour may be ascribed to enhanced utilization of GalCer for sulphatide synthesis.

The improved TLC method did not separate two dihexosylceramides, lactosyl
ceramide and galabiosylceramide (Gal-al-4-GaICer).

Borate-impregnated silica gel column chromatography
When an MHC mixture (50 mg) ofequine kidney was subjected to separation on

a borate-impregnated silica column, the best separation of the two glycolipids was
attained by elution with 5 volumes each of solvent C and solvent 0 (data not shown).
The recoveries of GlcCer and GalCer were 95% and 85%, respectively, using the
tritiated glycolipids. Although elution with ten volumes of chloroform-methanol
pyridine (85: 15:2) containing no aqueous borate gave a complete separation of
GlcCer, the recovery of GalCer thereafter was poor. In instances where slight

TABLE II

MONOHEXOSYLCERAMIDE COMPOSITION IN HUMAN RENAL CELL CARCINOMA

Case" GlcCer GalCe,.
(%)b (%)

IU 56(20) 44
IT 93(86) 7
2U 89(44) II
2T 92(74) 8
3U 82(29) 18
3T 93(74) 7

" U = Uninvolved tissue; T = tumour tissue.
b Values in parentheses indicate percentages of faster moving GlcCer in total GlcCer.
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TABLE III

LONG-CHAIN BASE COMPOSITION OF GlcCer AND GalCer FROM EQUINE AND RAT
KIDNEY

Kidney Glycolipid

Equine GlcCer
GalCer (whole)
GalCer (upper)
GalCer (lower)

Rat GlcCer
GalCer

Composition (%)"

di8:i di8:0 tJ8:0 t20:0

I II 25 63
38 19 10 33
86 10 2 2

3 I 39 57
8 43 36 13

85 19 5 N.D.

a The composition was determined by gas chromatography. d = Dihydroxy base; t = trihydroxy
base. N.D. = Not detected.

coelution of two glycolipids (less than 10% of GIcCer with major GalCer) occurs, this
overlapping could be prevented by increasing the elution volume of the first solvent
mixture, or rechromatography of the overlapped fractions was sufficient for complete
separation. As GalCer of equine kidney gave two subfractions with upper and lower
bands, the lipid compositions of the subfractions were analysed. The lower com
ponents contained fairly large amounts oftrihydroxy long-chain bases compared with
those in the upper components (Table III), while the fatty acid composition in rat
MHC was similar in the two glycolipid classes which could not be separated into
subfractions by the column; GalCer contained more dihydroxy bases and 2-hydroxy
acids than GIcCer. Thus, in addition to the interaction between borate ion and the
galactose moiety of the MHC mixture, the lipid moiety containing cis-diol groups also
interacts with borate ion, as was observed previously12.

In conclusion, the improved borate-treated silical gel chromatography on
a precoated plate and a column gave a clearer and simpler separation of GIcCer and
GalCer for subsequent determination and preparation, respectively.
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Totally porous supports have commonly been employed in high-performance
liquid chromatography (HPLC). On the other hand, pellicular supports, which were
once explored in the early stages of HPLC but did not come into general use, have
been drawing attention during the last few years particularly in the separation of
biopolymers. After Unger and co-workers had shown that pellicular supports of
small particle diameter (1.5 {lm) are very useful for rapid separations of proteins 1-3,

various types of pellicular supports were prepared and some of them have become
commercially available. TSKgel DEAE-NPR and TSKgel SP-NPR are such supports
for ion-exchange chromatography4. They were prepared by introducing diethylami
noethyl or sulphopropyl groups into non-porous spherical hydrophilic resins of 2.5
{lm in diameter. We recently demonstrated that proteins4

, oligonucleotidesS and
DNA restriction fragments 6 could be separated rapidly with high resolution on these
supports. We have now investigated the separation of peptides on SP-NPR and the
results are presented here.

EXPERIMENTAL

Chromatographic measurements were performed at 25°C on a 35 mm x 4.6 mm
I.D. stainless-steel column with a system consisting of a Model CCPM double-plunger
pump and a Model UV-8000 variable-wavelength UV detector operated at 215 nm
(TOSOH, Tokyo, Japan). All peptides were purchased from the Peptide Institute
(Osaka, Japan), except insulin, which was obtained from Sigma (St. Louis, MO,
U.S.A.).

RESULTS AND DISCUSSION

Fig. 1shows the separation ofa peptide mixture. As exemplified here, peptides of
relatively high molecular weights could be separated rapidly with high resolution.
However, small peptides of molecular weight below about 1000 were usually eluted as
broad tailing peaks (see Table I). The reason is probably that SP-NPR is resin-based

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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Fig. I. Separation of a peptide mixture on TSKgel SP-NPR. A mixture of y-endorphin (I), bombesin (2),
luteinizing hormone-releasing hormone (3), somatostatin (4), a-melanophore-stimulating hormone (5),
substance P (6), glucagon (7), insulin (8) and f)-endorphin (9) was separated with a 30-minlinear gradient of
sodium sulphate from 0 to 0.25 M in a mixture of20 mM acetate buffer (pH 3.5) and acetonitrile (60:40, v/v)
at a flow-rate of 1.5 ml/min. Sample loads were 0.251lg for components 2,3 and 5 and 0.51lg for others. The
20 mM acetate buffer (pH 3.5) was prepared by adding 20 mM sodium acetate to 20 mM acetic acid until the
pH became 3.5.

TABLE I

PEAK WIDTHS OF PEPTIDES OBSERVED ON SP-NPR

Conditions as in Fig. I. Peak widths were measured at half-height and multiplied by 1.70.

Peptide Molecular weight Peak width (11/1) Elution volume (ml)

TRHa 369 0.22 2.13
Leu-enkephalin 556 0.82 1.79
Met-enkephalin 574 0.84 1.49
Angiotensin III 931 0.75 8.75
Oxytocin 1007 0.15 1.07
Angiotensin II 1046 0.43 6.00
Bradykinin 1060 0.42 7.91
LH-RHb 1182 0.17 4.48
Angiotensin I 1297 0.47 8.70
Substance P 1348 0.19 8.23
Mastoparan 1480 0.41 11.85
Bombesin 1620 0.13 3.80
Somatostatin 1638 0.24 6.27
a-MSH' 1665 0.19 6.63
a-Endorphin 1746 0.15 3.70
y-Endorphin 1859 0.15 3.49
Motilin 2700 0.18 9.60
VIpd 3326 0.27 16.73
f)-Endorphin 3465 0.19 11.15
Glucagon 3483 0.16 8.66
Insulin 5808 0.17 9.53

a Thyrotropin-releasing hormone.
b Luteinizing hormone-releasing hormone.
, a-Melanophore-stimulating hormone.
d Vasoactive intestinal polypeptide.
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and is assumed to have very small pores, although it is said to be non-porous. If small
molecules enter such small pores, the diffusion rate there should be slow, which must
result in broad and tailing peaks. Some peptides with higher molecular weights were
also eluted as slightly broad peaks.

Elution conditions for obtaining good peptide separations were examined.
When peptides were separated with eluents that did not contain organic solvents, some
were eluted late as broad peaks, probably owing to hydrophobic interactions between
the peptides and the support. We then examined the effect ofaddition ofacetonitrile to
the eluent. Peptides were separated with 30-min linear gradients of sodium sulphate
from 0 to 0.25 M in mixtures of 20 mM acetate buffer (pH 3.5) and acetonitrile (100:0
to 50:50, vjv) at a flow-rate of 1.5 mljmin. All peptides tested were eluted without
significant retardation on addition of more than 20% of acetonitrile to the buffer. The
addition of less than 20% of acetonitrile was not sufficient to eliminate the abnormal
elution behaviour of some peptides. At acetonitrile concentrations above 20% the
peak widths were almost uanchanged, although the selectivity changed to some extent
with the content of acetonitrile.

The effect of salt concentration gradient was examined by separating a mixture
of insulin and fJ-endorphin with linear gradients of sodium sulphate from 0 to 0.25 M
in a mixture of 20 mM acetate buffer (pH 3.5) and acetonitrile (60:40, vjv) at
a flow-rate of 1.5 mljmin. The gradient time was varied between 5 and 60 min. The
resolution for the separation of insulin and fJ-endorphin is plotted against gradient
time in Fig. 2. The resolution increased with increasing gradient time up to 30 min, then
became constant. Ifwe consider the separation time and dilution of the sample, which
increase as the gradient time becomes longer, gradient times of ca. 30 min
corresponding to a gradient of about 8 mMjmin sodium sulphate appear to be a good
compromise. Sodium sulphate was employed because it is not corrosive to stainless
steel even at low pH and its UV absorption at low wavelengths, e.g., 215 nm, is low.
These properties of the salt are important in the separation of peptides on cation
exchangers because peptides are usually separated at low pH and detected at low

10

20 40

Gradient Time (min)

60

Fig. 2. Dependence of resolution on gradient time in the separation of peptides on TSKgel SP-NPR.
A mixture of insulin and If-endorphin was separated under the conditions in Fig. I except that the gradient
time was varied between 5 and 60 min. The resolution was calculated from the peak widths and elution
volumes of the two peptides.
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Fig. 3. Dependence of resolution on flow-rate in the separation of peptides on TSKgel SP-NPR. A mixture
of insulin and p-endorphin was separated under the conditions in Fig. I except that the flow-rate was varied
between 0.25 and 2.0 ml/min. Resolutions calculated as in Fig. 2.

wavelength. Some other salts such as sodium perchlorate may be used also in place of
sodium sulphate.

The effect of flow-rate was examined by separating a mixture of insulin and
f3-endorphin with a 30-min linear gradient of sodium sulphate from 0 to 0.25 M in
a mixture of20 mM acetate buffer (pH 3.5) and acetonitrile (60:40, v/v) at flow-rates of
0.25-2.0 ml/min. The resolution for the separation of insulin and f3-endorphin is
plotted against flow-rate in Fig. 3. The resolution increased with increasing flow-rate
up to 1.5 ml/min, then became constant at higher flow-rates. Although the separation
time becomes slightly shorter as the flow-rate increases, the samples are more diluted
and the pressure drop becomes higher almost proportionally with the increase in
flow-rate. Therefore, flow-rates of ca. 1.5 ml/min appear to be a good compromise.

The loading capacity was evaluated by separating some peptides individually
with various sample loads. The peak widths remained constant at sample loads up to
about 2 {Ig, then increased with further increase in sample load. Accordingly, the
maximum sample load in order to obtain the highest resolution is only about 2 Ilg for
pure samples, although it is expected to be much larger for crude samples as in the
separation ofproteins4

. This low loading capacity must be due to the small surface area
of SP-NPR and is the greatest disadvantage of pellicular supports.

As demonstrated above, peptides with molecular weights above about 1000 can
be separated rapidly with high resolution on the pellicular cation exchanger SP-NPR,
whereas small peptides with molecular weights below about 1000 are eluted as broad
tailing peaks. The elution with a 30-min linear gradient of sodium sulphate from 0 to
0.25 M in a mixture of 20 mM acetate buffer (pH 3.5) and acetonitrile (60:40, v/v) at
a flow-rate of 1.5 ml/min is generally a good compromise with respect to resolution,
separation time and dilution of sample, although shorter gradient times, e.g., 10 min,
are recommended when very rapid separations are required.
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Azadirachtin, first isolated by Butterworth and Morgan1 from neem (Aza
dirachta indica A, Juss.) kernels, has been studied intensively during the past 15 years
by organic chemists probing and finally solving2- S its intricate molecular architecture
and by entomologists on account of its powerful antifeedant and hormonal activity
towards many species of insects6

. Although azadirachtin is present to the extent of
0.2-0.6% in neem kernels, its isolation1.3,7-12 in a pure state is tedious and time
consuming, involving repeated partitioning between solvents and elaborate chromato
graphy under a variety of conditions. It is neither necessary nor practical to use
azadirachtin as such for insect control. Only small amounts are required for biological
studies and as an analytical standard.

In the course of numerous high-performance liquid chromatographic (HPLC)
determinations of the azadirachtin content ofethonolic extracts of neem kernels, it was
observed that azadirachtin could always be obtained as a peak distinct from those of
most other components. This suggested the possibility of developing a simple
procedure for the isolation of azadirachtin by direct preparative HPLC, using an ODS
column and methanol-water (60:40) as eluent. The azadirachtin obtained by the direct
preparative HPLC method was identical in all respects with a sample prepared by the
procedure of Schroeder and Nakanishi 12, which was modified after the vacuum liquid
chromatographic stage as we did lot succeed in improving the azadirachtin content by
carbon tetrachloride crystallisation. The azadirachtin-rich fraction from vacuum
liquid chromatography was further purified by medium-pressure liquid chromato
graphy on silica gel with a final purification by preparative HPLC on an ODS column.
The specific rotation and 1Hand 13C NMR data were in excellent agreement with data
reported by Kraus et al. s and Butterworth et al. 7.

EXPERIMENTAL AND RESULTS

HPLC studies were carried out on a Shimadzlt Model LC-8A system linked to
a C-R4A data processor. The peaks were dclected with a Shimadzu SPD-6AV detector
at 215 nm. A Shimpack analytical ODS column (15 cm x 4.6 mm J.D.) was used for
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analytical studies and a Shimpack preparative ODS column (25 cm x 20 mm 1.0.) for
preparative work.

Neem kernel powder (15 g) was defatted with hexane in a Soxhlet apparatus for
2 h. The dry, defatted powder was extracted with four 15-ml portions of boiling 95%
ethanol on a hot water-bath for 10 min, each time decanting the extract through
a filter-paper and diluting to 100 ml with 95% ethanol.

A 20-JiI portion was removed for determination of the azadirachtin content by
analytical HPLC with methanol-water (60:40) as eluent. Valley-to-valley integration
of the azadirachtin peak and calculation of the azadirachtin content from a calibration
graph of peak area (ordinate) versus azadiractin content in nanograms (abscissa)
showed a total content of 0.4%.

The alcohol was removed in vacuo at 45°C and the residue was dried to constant
weight (1.5 g). A weighed portion of the residue was also analysed for azadirachtin
content and the result was in agreement with the earlier analysis.

The hexane extract was repeatedly shaken with 90% methanol. The hexane layer
on evaporation yielded an oil (5.1 g). The residue from the methanol layer (0.5 g)
contained a detectable amount ofazadirachtin as sho~n by HPLC. Apparently, the oil
carries with it a small amount of azadirachtin and other compounds. Similar fractions
from a number of runs can be pooled and processed for recovery of azadirachtin. It is
essential, however, to defat the kernels with hexane, as they contain 30% of oil and the
azadirachtin content is ca. 0.3%. It is not desirable to load the reversed-phase column
with an excess of non-polar material.

Isolation o.lpure azadirachtin by preparative HPLC
A 500-mg amount of the ethanol extract residue was dissolved in 1 ml of

methanol, centrifuged at 15 500 g to remove insoluble matter, filtered through
a Millipore filter (0.25 Jim) and then injected into the preparative column and eluted
with methanol-water (60:40). The flow-rate was adjusted at 10 ml/min. for the first 25
min. Under these conditions, components of high polarity were eluted in the first 10
min, followed by a small peak. The azadirachtin peak appeared next and was centred
at 14.4 min during the preparative run. As the left-hand segment of the peak ascended
from the baseline, the eluent was collected until the peak had attained two thirds of the
maximum height (fraction A). Collection of the azadirachtin fraction was begun when
this two thirds of peak height had been reached and was ended when the peak
descended to the baseline again (fraction B). Fraction A contained, in approximately
equal amounts, azadirachtin with a retention time of 5.3 min on an analytical ODS
column and a compound with a slightly shorter retention time of 5.1 min. Fraction
B yielded azadirachtin, identical with an authentic sample as shown by HPLC. At 18.5
min, another peak was detected which was also collected for further investigation.
After 25 min, the flow-rate was increased to 50 ml/min. to remove all of the less polar
components from the column, this process taking about 45 min. At least six distinct
peaks were collected for further investigation. The less polar compounds could be
removed better by eluting the column with pure methanol for 20 min at a flow-rate of
25 ml/min. Restabilization of the column with methanol-water (60:40) for another 20
min at a flow-rate of 25 ml/min renders it ready for the next run.
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Preparation of the standard sample
Neem kernels (1 kg) were extracted with three I-I portions of methanol over

a period of 3 days. The methanol was removed in vacuo at 45°C and the residue
partitioned between aqueous methanol-hexane and aqueous methanol-ethyl acetate
as reported by Schroeder and Nakanishi 12

. The residue of the ethyl acetate extract
(34.5 g) was subjected to vacuum liquid chromatography on silica gel (Acme, 250-400
mesh, 500 g) using hexane-ethyl acetate (25:75). The azadirachtin-containing fraction
yielded a residue (11.4 g) which was subjected to medium-pressure liquid chromato
graphy on a Biichi column (450 mm x 49 mm 1.0.) loaded with silica gel (Acme,
250-400 mesh, 500 g). The column was eluted with hexane-ethyl acetate (25:75) and
fifteen 250-ml fractions were collected. The azadirachtin-enriched residue of fraction
9 (2.8 g) was subjected to preparative HPLC in portions with methanol-water (60:40).
From 500 mg of this enriched fraction 170 mg of azadirachtin were isolated. It had
a retention time of 5.3 min when analysed on an analytical ODS column eluted with
methanol-water (60:40) at a flow-rate of 0.8 ml/min. [a]f,8 - 53°. lH and 13C NMR
data were in excellent agreement with earlier data5 ,7.

DISCUSSION

Using an ODS column of1.0. 20 mm, the optimum batch size was 500 mg of the
residue from the ethanolic extract (the total residue from 15 g of kernels was 1.5 g).
Using the procedure described under Experimental and Results, each run could be
completed in about Ih, yielding 10-15 mg of azadirachtin and several runs can be
effected in succession. Using larger preparative columns (1.0. 50 mm and above),
which are commercially available, the batch size can be increased to 5 g.
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Various analytical methods have been used to determine trimethoprim in
pharmaceuticals and biological fluids, including colorimetric analysis1, first-derivative
spectrophotometry2, potentiometric analysis3, polarography4.5, gas-liquid chroma
tography6,7, high-performance liquid chromatography (HPLC)8-12 and thin-layer
chromatography 13-17. The last method1? is claimed to be free from interferences by
related and degradation products. Although with some of these procedures trimetho
prim could be separated from its metabolites5,lO,13-15 with only one HPLC method
trimethoprim was determined in the presence of two of its degradates8.

We have succeeded in isolating five trimethoprim degradation products18 and
have published an HPLC analysis oftrimethoprim in pharmaceuticals, using a Zorbax
TMS column19. This method was free from interferences by the degradation products
but when such a column was used during a kinetic study on samples containing
trimethoprim in various buffer solutions, distortion of the trimethoprim peak
occurred.

A trouble-free method, using a Partisil 10 ODS-3 column was then developed.
The method was subsequently evaluated in the analyses of tablets and suspensions.
This assay, which is described here, was found to be stability indicating and reliable.

EXPERIMENTAL

Degradation of trimethoprim
The degradation of trimethoprim and the isolation of degradation products

(Fig. 1) were achieved as described previously18.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers BY
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Fig. 1. Structures of trimethoprim (l) and its degradation products.

Materials
Ammonium acetate (analytical grade) and acetonitrile (HPLC grade) both from

Merck, South Africa, were used. Trimethoprim was supplied by Wellcome, South
Africa.

Instrumentation
An M-45 dual-piston pump and a Model 441 fixed-wavelength detector at

254 nm, both from Waters Assoc. (Milford, MA, U.S.A.) were used. Sample injection
was accomplished by means of a Rheodyne loop injector, Type 7012 equipped with
a 20-/l11oop. Peaks were integrated with a Waters 740 data module. Degassed mobile
phase, consisting of acetonitrile (25%) and ammonium acetate (l %) in water at
a flow-rate of 1ml/min was used. A stainless-steel column (250 x 4.6 mm LD.) packed
with Partisil 10 ODS-3 (Whatman, Clifton, NJ, U.S.A.) was used.

Preparation of chromatographic solutions
Standard solutions containing 200-300 /lg of trimethoprim per ml of methanol

were prepared to obtain calibration graphs.
Sample solutions, to test the reproducibility of the method, were prepared using

commercial tablets and a suspension (a single brand of each). Twenty tablets (100 mg
of trimethoprim per tablet) were weighed, powdered and an amount of powder
equivalent to 100 mg oftrimethoprim was suspended in methanol, sonicated for 2 min,
filtered and diluted with methanol to a concentration of about 250 /lg of trimetho
prim/ml. The suspension samples (50 mg of trimethoprim/5 ml) were diluted with
methanol to the same concentration as above, sonicated and filtered.

Unfortified and fortified samples were prepared to evaluate the accuracy of the
procedure. The unfortified tablet and suspension samples contained about 125 /lg of
trimethoprim/ml and were prepared in a similar manner as the sample solutions above.
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Fortified sample solutions were prepared by spiking the unfortified samples with
60-120% of trimethoprim.

Analytical procedure
The analysis was performed in two separate stages. The first stage included all

the tablet samples and the second stage the suspension samples. Six calibration
samples (200-300 J1g of trimethoprim/ml) were included in both the stages. All of the
first stage solutions were chromatographed in sequence, followed by a second and
third run after which the procedure was repeated with the suspension stage. The
average of the three areas under the curves thus obtained was used in the calculations.
n-Propylp-hydroxybenzoate, present in the suspension and having a retention time of
more than 50 min, can be eluted by flushing the column with acetonitrile for 6 min.

RESULTS AND DISCUSSION

A number of stationary phases were evaluated during the development of this
method. Initially a Zorbax TMS column (DuPont, Wilmington, DE, U.S.A.) was used
as it gave reproducible results with tablets and suspensions19. However, when this type
of column was used during a kinetic study, distortion of the trimethoprim peak was
evident in all samples containing buffer components (phosphates, sodium borate,
potassium chloride, hydrochloric acid and sodium hydroxide). At lower buffer
concentrations peaks tended to be flattened and broadened while higher buffer
concentrations yielded completely distorted peaks. The reason for this distortion is not
clear. It may,possibly be attributed to the adsorption of inorganic ions to free silanol
groups on the support which could then change the kinetics of molecular exchange. It
was also found that the trimethoprim peaks obtained from suspension samples were
flatter and slightly broader than those obtained from tablet samples. This phenom
enon is probably due to various excipients in the suspension causing the same problem
as mentioned above.

No peak distortion or change in theoretical plate count were observed when
reverting back to trimethoprim solutions free of inorganic substances. These findings
seem to indicate that peak distortion on the TMS column is the result of the
composition of the sample rather than that of the mobile phase. Thus, although the
mechanism which causes peak distortion is not known, it is clear that the process is
reversible with no permanent damage to the column. These problems ruled out the
TMS column for samples containing buffer components during a kinetic study.

A trouble-free method using a Partisil 10 ODS-3 column was subsequently
developed. Baseline separation of trimethoprim in the presence of its degradates was
achieved (Fig. 2a), which indicates that the method is stability-indicating. Identifica
tion of the five degradation products is possible in a single run. When this method was
applied to various sample solutions during a kinetic study it was found that buffer
components (hydrochloric acid, sodium hydroxide, sodium tetraborate, sodium
acetate, citric acid, potassium dihydrogen phosphate, potassium chloride and
trishydroxymethylaminomethane) caused no interference or peak distortion. The
analysis was also carried out on trimethoprim-sulphamethoxazole combinations and
it was found that sulphamethoxazole (retention time 3.9 min) presented no problem
during the procedure. Chromatograms of the tablet and suspension samples are shown
in Fig. 2b and c.
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Fig. 2. (a) Chromatogram oftrimethoprim (50 Ilg/ml) in the presence of its degradation products. Peak Nos.
1-6 refer to Fig. l. (b and c) Chromatograms of trimethoprim in tablets (b) and su~pension (c). Peak 7 =

methyl p-hydroxybenzoate.

A Nuc1eosil C ts column (Machery-Nagel, Duren, F.R.G.) gave results similar to
the Partisil ODS, the only exception b(,:ing an incomplete separation between methyl
p-hydroxybenzoate (present in the suspension) and compound 2 on the former
column. This phenomenon however, did not influence the analysis of trimethoprim.

The pH of the mobile phase, which was adjusted to 6.90 ± 0.1 by ammonium
acetate, is important for proper separation. While a pH value of 6.5 still rendered
satisfactory results, baseline separation between trimethoprim and compound 5
(50 Itg/ml of each) could not be achieved at pH values ~ 6.

Although a mobile phase containing 25% acetonitrile was used, the speed of
analysis can be optimized by using the highest concentration of acetonitrile that will
still effect baseline separation between trimethoprim and its degradates.

Calibration and calculation
A linear response was obtained for peak area versus concentration of the

trimethoprim standard solutions between 200 and 300 Itg/m!. The equations of the
calibration graphs for six solutions were y = 8.980x - 37.96 (r 2 = 0.9997) and
y = 9.002x - 30.50 (r 2 = 0.9998) for the tablet and suspension stages, respectively,
where x is the concentration of trimethoprim and y the corresponding peak area.

The quantity of trimethoprim in the samples was calculated using the external
standard method by substituting the peak area (y) in the appropriate equation above.



396 NOTES

Range of linearity and detection limits
The detector response was found to be linear between 1.0-500 Jlg/ml (r 2

0.9999) while the limit of detection (signal-to-noise ratio 3: 1) was 0.2 Jlg/ml.

Reproducibility
The coefficients of variation (C.V.) were 0.98 and 0.56%, respectively, for six

tablet and six suspension samples. The average C.V. for three injections, calculated for
all the chromatographed solutions, was 0.45%.

Accuracy
The average recovery, calculated from six fortified and six unfortified tablet

samples was 99.4% (C.V. = 0.87%). The result for the same number of suspension
samples was 99.1 % (C.V. = 0.80%).

CONCLUSION

The method described for the quantification of trimethoprim in tablets and
suspensions is simple, accurate and reproducible. Buffer components, sulphameth
oxazole, methyl p-hydroxybenzoate and n-propyl p-hydroxybenzoate caused no
interference during the analyses.
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The root extracts of Ononis spinosa L. are known 1 to be diuretically active. In
a previous paper2 we reported the high-performance liquid chromatographic (HPLC)
determination of tlavonoids from Ononis spinosa L. roots. Isolation of these
components was carried out by extraction of the tissue with 50% ethanol at 70°C.
Chromatographic separation was then performed on a IlBondapak CIS column by
gradient elution with acetonitrile~water (pH 2.6). However, isocratic conditions are
preferred for quantitative analysis because of the greater reproducibility, especially
when routine determinations are required.

In this respect, it has been recently been shown that eluents containing C3

alcohols and ethers have great potential for the isocratic HPLC determination of
tlavonoids in different extracts, such as Passiflora incarnata L. 3, Crataegus mono
gyna3

, Matricaria chamomilla4
, Ginkgo biloba5 and Betulae folium 6

. This paper
describes a similar approach for the determination of genistein, formononetin and
biochanin A in Ononis spinosa L. extracts.

Isolation of the isotlavones is carried out by percolation of the extract through
a Sep-Pak CIS cartridge, washing with water followed by water-acetonitrile (75:25)
and selective elution of the retained isotlavones with methanol. Determination of the
isolated isotlavones is carried out by HPLC on a Cs Aquapore RP 300 column and UV
diode-array detection (DAD). Elution is isocratic using 2-propanol-tetrahydrofuran
water (28:2:70),

EXPERIMENTAL

Materials
Authentic samples of genistein (ICN Pharmaceuticals, Plainview, NY, U.S.A.),

formononetin (Extrasynthese, Genay, France) and biochanin A (Aldrich Europe,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Beerse, Belgium) were purchased as standards. Ononis spinosa root extracts were
obtained from different commercial sources.

2-Propanol and tetrahydrofuran were of HPLC grade (Baker, Deventer, The
Netherlands). Sep-Pak C18 cartridges (Waters Assoc., Milford, MA, U.S.A.) were
used for sample preparation.

Apparatus
The HPLC analysis was carried out on a Waters Assoc. liquid chromatograph

equipped with a Model U6K universal injector and a Model 510 pump connected to
a Model HP 1040A photodiode-array detector (Hewlett-Packard, Waldbronn,
F.R.G.). The column used was a C8 Aquapore RP300 (7 ,urn spherical) (250 x 4.6mm
J.D.) (Brownlee Labs., Santa Clara, CA, U.S.A.). The mobile phase was 2-propanol
tetrahydrofuran-water (28:2:70, v/v/v) at a flow-rate of 1 ml/min.

The signals were acquired (all with 4 nm band width) at 254,280 and 310 nm. The
acquisition of UV spectra was automatic at the apex, both inflection points and the
base of all peaks (200-400 nm, 2-nm steps).

Purity assay of the chromatographic peaks
The UV spectra acquired for each peak, after subtraction of the corresponding

UV base spectrum, were computer normalized and the plots were superimposed. Peaks
were considered as chromatographically pure when there was exact coincidence
among their corresponding UV spectra.

Sample preparation
A Sep-Pak C18 cartridge was activated by passing 3 ml of methanol followed by

5 ml of water. An I-ml volume of Ononis spinosa L. hydro-alcoholic extract was
diluted with I ml of water, percolated through the cartridge and washed with 3 ml of
water and 5 ml of water-acetonitrile (3: I). The isoflavones were then eluted with
methanol (4 ml). The solvent was evaporated to dryness and the residue was dissolved
in methanol (I ml).

Calibration graphs
Genistein, formononetin and biochanin A were dissolved in methanol at

concentrations of 1mg/ml. These stock solutions were diluted with the eluent to obtain
reference solutions containing 0.01-0.2 ,ug in 10 ,ul.

RESULTS AND DISCUSSION

The chromatogram in Fig. 1 shows a typical run with a standard mixture of
genistein, formononetin and biochanin A. As indicated in Fig. 2, adequate separation
of the isoflavones in Ononis spinosa L. extracts can be achieved in less than 18 min.

The UV spectra of genistein (G), formononetin (F) and biochanin A (B) are
presented in Fig. 3. When the acquired UV spectra were computer normalized, plotted
and superimposed, exact coincidence curves were obtained (match factor > 990).
Consequently, the peaks were assumed to be pure. The first chromatographic runs
were carried out using 2-propanol-water (30:70) as eluent, and sharp peaks were
obtained. However, from the DAD analysis it was clear that the formononetin peak
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furan-water (28:2:70); flow-rate, 1.0 ml(min; UV detection at 254 nm.

Fig. 2. Typical chromatogram of an Ononis spinosa L. extract. Chromatographic conditions as in Fig. I.

was not pure. Addition of 2% of tetrahydrofuran to the 2-propanol phase allowed
formononetin to be separated from later eluting components (the broad peak at
9.5 min). Further exact coincidence between the UV spectra of the peaks and those of
their corresponding isoflavone standards was found, thus confirming their previous
identification through the retention times.

Rectilinear responses between peak area and amounts injected were obtained
from three replicate injection of genistein, formononetin and biochanin A standard
solutions in the range 10-200 ng, as indicated by the following equations:
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TABLE I

CONTENTS OF GENISTEIN, FORMONONETIN AND BIOCHANIN A IN THREE COMMER
CIAL ONONIS SPINOSA EXTRACTS

Extract Compound (mg per lOa g)

Genistein Formononetin Biochanin A

I 1.7 3.2 0.08
II 2.1 4.7 0.21
III 3.8 5.9 0.30

y
y
y

lOAx + 0.53
26Ax + 2.31
12.lx + 1.03

r = 0.998 (genistein)
r = 0.996 (formononetin)
r = 1.000 (biochanin A),

where y represents the peak area and x the amount injected (ng).
Tests on standards gave recoveries of98 ± 1.5% and, with a certain amount of

standard added to the extract, 9604 ± 4.2%. Intra-day relative standard deviations
were determined by assaying the samples four times on the same days and were 2.9%,
3.0% and 304% for genistein, formononetin and biochanin A, respectively. Inter-day
relative standard deviations were obtained by analysing the samples daily for a week
and were 2.6%, 2.9% and 3.2% for genistein, formononetin and biochanin A,
respectively.

Analysis of commercial extracts was performed by external standardization,
with a good relative standard deviation of3.2% (n = 5), and the results are reported in
Table I.
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Avermectins are macrocyclic disaccharide antiparasitic agents having anthel
mintic and insecticidal properties and are produced 1 by fermentation of Streptomyces
avermitilis. Their structure was describedz as sixteen-membered lactones containing
an a-L-oleandrosyl-a-L-oleandrosyl disaccharide attached to the lactone ring through
the allylic C 13 hydroxy group. The complex contains four closely related major com
ponents, Ala, Aza, Bla and Bza, in varying proportions and four minor components,
Alb, Azb, Blb and Bzb, each of which is a lower homologue of the corresponding
major component.

Avermectins do not show any antibiotic activity and therefore instead of micro
biological methods for their determination a biological test based on the movement
paralysis of the free-living nematode Caenorhabditis elegans is commonly used3A.

The test is simple, but for a higher accuracy of determination of individual major
components in an avermectin complex it is desirable to combine it with a chroma
tographic assay. The avermectin complex produced by investigated microorganism
strains can be tested by means of thin-layer chromatography (TLC) of extracts of the
cultivating medium. The advantages of this technique are its simplicity and rapidity
and the possibility of simultaneously determining a larger number of samples.

However, the separation of the major compounds under the TLC conditions
described so far l ,z,5-7 is not sufficient to make a densitometric determination pos
sible. The purpose of this investigation was to achieve an effective TLC separation of
the major components Ala, Aza, Bta and Bza of avermectins, permitting their densi
tometric determination.

EXPERIMENTAL

Preparation of samples
The samples for TLC were prepared by extracting (5 min) the homogeneous

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Fig. I. TLC of an extract from the cultivation medium of Streptomyces avermitilis producing avermectins.
Solvent system: hexane-acetone-methanol (14:6:0.05). RF values ofavermectins: AI = 0.41; A 2 = 0.36; BI
= 0.26; B2 = 0.20. Detection at 254 nm.

cultivation medium (5 ml) with a volume of chloroform so as to give a final avermec
tin concentration in the organic layer of ca. 1 mg/ml. The chloroform layer was
separated by centrifugation (10 min, 5000 g).

Thin-layer chromatography
The samples (5-10 JlI of organic layer) were applied to TLC plates (LK6F, 20 x

20 cm; Whatman, Maidstone, U.K.) with a Linomat III instrument (Camag, Mut
tenz, Switzerland). The plates were developed for 30-40 min with different solvent
systems. The best results were obtained with hexane-acetone-methanol (14:6:0.05) or
hexane-isopropyl alcohol-methanol (14:4:0.05). For quantitative evaluation, the
plates were measured at 254 nm by means of a TLC Scanner II densitometer (Camag)
with Hewlett-Packard HP 3390 A integrator. Typical chromatograms are shown in
Figs. 1 and 2. The concentrations of individual types of avermectin were determined
from a calibration graph (Fig. 3). Ivermectin [22,23-dihydrogen avermectins (Merk,
St. Louis, MO, U.S.A.) (modified Bla and Bib avermectins giving one peak only on
TLC plates), similarly to a main component Ai which is a mixture of Ala and Alb
compounds; see below] was used as a standard.
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Fig. 2. TLC of an extract from the cultivation medium of Streptomyces avermitilis producing avermectins.
Solvent system: hexane-isopropyl alcohol-methanol (14:4:0.05). RF values of avermectins: A, = 0.53; A2
= 0.45; B, = 0.38; B2 = 0.30. Detection at 254 nm .
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Fig. 3. Dependence of the peak area (measured densitometrically on TLC plates) on the amount of
ivermectin.
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Different solvent systems were tested for the determination of individual aver
mectins in cultivation media by TLC: chloroform-ethyl acetate-methanol-methylene
chloride (9:9:1:2) (according to ref. 1), ethyl acetate-ethanol (95:5), methylene chlo
ride-methanol (95:5 and 98:2), diethyl ether-light petroleum (30:70 and 180:20), hex
ane-ethyl acetate (85:5) (according to ref. 6), hexane-ethyl acetate (2:1), methylene
chloride-tetrahydrofuran-ethanol (90:9.7:0.3 and 89.7:10:0.3) (according to ref. 7),
and some other combinations of these solvents. The best results were obtained with
the systems hexane-acetone-methanol (14:6:0.05) and hexane-isopropyl alcohol
methanol (14:4:0.05). Under these conditions, the mixture of avermectins was sep
arated into four main components, AI, Az, Bl and Bz, each containing both the
major and the minor parts (e.g., component Al included compounds designated Ala
and Alb). From a comparison of Figs. I and 2 it is evident that the second solvent
system gives a better separation of the components, with higher RF values. The deter
mination of individual avermectins in the cultivation medium based on measurement
of corresponding peak areas using the calibration graph (Fig. 3) showed an inter
assay deviation of ± 10% under standard conditions. The shapes of the peaks of the
individual avermectins and the ivermectin standard were very similar over the whole
sample concentration range applied (the percentage deviation may be affected by
possible differences in the molar absorptivities for the individual avermectins and
ivermectin).

The TLC technique described here permits an effective screening of Strepto
myces avermitilis strains from the viewpoint of the qualitative and quantitative com
position of the avermectins produced.
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Letter to the Editor

Preparation of pyrrolidides from fatty acids via
trimethylsilyl esters for gas chromatographic-mass
spectrometric analysis

Sir,

Pyrrolidides have been recognized as useful derivatives of fatty acids for their
characterisation by gas chromatography-mass spectrometry (GC-MS) with electron
impact ionization l

-
4

. This functional group directs the fragmentation of a carbon
chain in such a way that structural features such as the location ofbranchings or of one
or two double bonds can be recognized much more readily than with the acid itself or
its esters 2

.

Later, other derivatives, such as ,B-picoliness, dimethyloxazolines6 and tria
zolopyridines 7, were found which show the same type of fragmentation even more
strongly and now even the double bonds in polyunsaturated acids can be located. The
formation of the derivatives requires activation of the acid in a first step, either to the
acid chlorides, to an activated ester6

,7 or at least to a methyl ester in the case of the
pyrrolidide 1

•

However, from an experimental point of view, all these derivatives suffer from
the serious shortcoming that, in contrast to esterification with diazomethane or
trimethylsilylation with a commercial reagent, their preparation from the acids is not
sufficiently simple for everyday use in the laboratory. It therefore appeared worthwhile
to study the preparation of such fragmentation-directing derivatives on a microscale
with the aim of developing a procedure comparable in simplicity to esterification or
silylation and preferably also without the need for work-up before GC-MS analysis.

Considering the nucleophilic power ofpyrrolidine, which is sufficient to convert
various esters into pyrrolidides under mild conditions, we reasoned that trimethylsilyl
(TMS) esters would be converted analogously. This would allow a simple experimental
set-up because the preparation of the TMS ester and subsequent conversion to the
amide could be carried out in one procedure. The technique would resemble very
closely that of the commonly used silylation procedure, except that the tertiary base
pyridine would be replaced with pyrrolidine.

Fig. I shows the results of a kinetic study on the reaction of stearic acid with
three commercially available silylating reagents and pyrrolidine. It turned out that the
best reagent is trimethylsilylimidazole (TSIM), which produces a quantitative yield of
the pyrrolidide in less than 6 h at room temperature. As is common practice in
silylation derivatization for GC-MS analysis, the liquid reagent is employed in large
excess and serves as the solvent of the reaction mixture. With regard to the amount of

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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Fig. I. Yield of stearylpyrrolidide from stearic acid. Experimental conditions: I mg of stearic acid, 100 III of
pyrrolidine, 100 III of trimethylsilyl reagent. 0 = Trimethylsilylimidazole; [] = hexamethyldisilazane;
A = bistrimethylsilyltrif1uoroacetamide. All experiments at room temperature.

pyrrolidine, it is essential to use an excess over the silylating reagent because the latter
reacts with the acid and also with the pyrrolidine, but only free pyrrolidine appears to
be able to attack the TMS ester under mild conditions. We usually employ TSIM and
pyrrolidine in 1: I volume ratio, which corresponds to a 1:2 molar ratio. The total
volume is usually 200,111. The reaction mixture is used directly for GC-MS analysis.

If alcohol groups are present in the sample, it is found that they are silylated
under the conditions employed, but silylation often appears incomplete in GC-MS
analysis. This is presumably due to desilylation in the injector of the gas chromato
graph by the free pyrrolidine present in the reaction mixture. In such instances an
additional silylation step has to be performed after the completion of the pyrrolidide
formation. In this step sufficient reagent, now preferably bistrimethylsilylacetamide is
added to convert the free pyrrolidine into its TMS derivative.

Ester groups present in the sample are split by the TSIM-pyrrolidine reagent
under the conditions employed, resulting in a pyrrolidide and a TMS ether as expected.
This reaction proceeds more slowly and heating is usually required to complete it in
a practicable time. Studies are under way to find the optimum conditions for this
reaction which may be analytically useful in itself.

Unfortunately, a comparatively simple procedure has not been found for the
conversion of acids to the other derivatives mentioned above5

-
7

. The nudeophilicity
of these reagents appears to be too weak for an attack on TMS esters under mild
conditions.
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General
The JOURNAL OF CHROMATOGRAPHY publishers papers on all aspects of chromatography, elec

trophoresis and related methods. Contributions consist mainly of research papers dealing with chroma
tographic theory, instrumental development and their applications.

BIOMEDICAL APPLICATIONS. This section, which is under separate editorship, deals with the
following aspects: developments in and applications of chromatographic and electrophoretic techniques
related to clinical diagnosis or alterations during medical treatment; screening and profiling of body fluids
or tissues with special reference to metabolic disorders; results from basic medical research with direct
consequences in clinical practice; drug level monitoring and pharmacokinetic studies; clinical toxicology;
analytical studies in occupational medicine.

SYMPOSIUM VOLUMES. This publication, which is under separate editorship, publishes proceedings
of symposia on chromatography, electrophoresis and related methods.

Types of contributions
The following types of papers are published in the JOURNAL OF CHROMATOGRAPHY and the

section on BIOMEDICAL APPLICATIONS: Regular research papers (full-length papers), Notes, Review
articles and Letters to the Editor. Notes are usually descriptions of short investigations and reflect the same
quality of research as full-length papers, but should preferably not exceed six printed pages. Letters to the
Editor can comment on (parts of) previously published articles, or they can report minor technical im
provements of previously published procedures; they should preferably not exceed two printed pages.
Review articles are invited or proposed in writing to the Editors. An outline of the proposed review should
first be forwarded to the Editors for preliminary discussion prior to preparation.

Submission of an article is understood to imply that the article is original and unpublished and is not
being considered for publication elsewhere.

Upon acceptance of an article by the journal, the author(s) will be asked to transfer the copyright of the
article to the publisher. This transfer will ensure the widest possible dissemination of information.

Submission of papers
Manuscripts (four copies are required), in English, should be submitted to:

for the JOURNAL OF CHROMATOGRAPHY:

Editorial office
JOURNAL OF CHROMATOGRAPHY
P.O. Box 681
1000 AR Amsterdam, The Netherlands

for the BIOMEDICAL APPLICATIONS section:

Dr. K. Macek
The Editor of
JOURNAL OF CHROMATOGRAPHY,
BIOMEDICAL APPLICATIONS
P.O. Box 681
1000 AR Amsterdam, The Netherlands

Manuscripts for the SYMPOSIUM VOLUMES section (three copies are required) should be sent by
regular airmail (NOT by registered, special delivery ofprivate mail services) to:

Dr. E. Heftmann
The Editor of
JOURNAL OF CHROMATOGRAPHY,
SYMPOSIUM VOLUMES
P.O. Box 928
ORINDA, CA 94563-0818, U.S.A.

Every paper must be accompanied by a letter from the senior author, stating that he/she is submitting the
paper for publication in the Journal of Chromatography.
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Manuscripts
Manuscripts should be typed in double spacing on consecutively numbered paper of uniform size. The

manuscript should be preceded by a sheet of manuscript paper carrying the title of the paper and the name
and full postal address of the person to whom the proofs are to be sent. As a rule, papers should be divided
into sections, headed by a caption (e.g. Abstract, Introduction, Experimental, Results, Discussion). All
illustrations, photographs, tables, etc. should be on separate sheets. Four copies of the complete manuscript
should be submitted.

Title
The title of the paper should be concise and informative. Since titles ares widely used in information

retrieval systems, care should be taken to include the key words. The title should be followed by the
authors' full names, academic or professional affiliations, and the address of the laboratory where the work
was carried out. If the present address of an author is different from that mentioned, it should be given in a
footnote. Acknowledgements of financial support are not to be made in a footnote to the title or name of
the author, but should be included in the Acknowledgements at the end of the paper.

Introduction
Every paper must have a concise introduction mentioning what has been done before on the topic

described, and stating clearly what is new in the paper now submitted.

Abstract
Full-length papers and Review articles should have an abstract of 50-I 00 words which clearly and briefly

indicates what is new, different and significant.

Il1ustrations
The figures should be submitted in a form suitable for reproduction, either drawn in Indian ink on

drawing or tracing paper, or as sharp glossy prints. Axes of a graph should be clearly labelled. Please note
that any lettering should also be in a form suitable for reproduction. Lettering (which should be kept to a
minimum) and spacing on axes of graphs should be such that numbers, etc., remain legible after reduction.
One original and three photocopies are required. The figures should preferably be of such a size that the
same degree of reduction can be applied to all of them. Standard symbols should be used in line drawings,
the following are available to the printers and can also be used in the legends:

Photographs should have good contrast and intensity. Sharp, glossy photographs are required to obtain
good halftones. References to the illustrations should be included in appropriate places in the text using
Arabic numerals and the approximate position of the illustration should be indicated in the margin of the
manuscript. Each illustration should have a legend, all the legends being typed (with double spacing)
together on a separate sheet.

If structures are given in the text, the original drawings should be provided.
Coloured illustrations are reproduced at the author's expense, the cost being determined by the number

of pages and by the number of colours needed.
The written permission of the author and publisher must be obtained for the use of any figure already

published. Its source must be indicated in the legend.



416

Tables
The tables should be typed (in double spacing) on separate pages, and numbered in Roman numerals

according to their sequence in the text. A brief descriptive heading should be given above each table. Below
the heading the experimental conditions should be described. The layout of the tables should be given
serious thought, so that the reader can grasp quickly the significance of the results.

Nomenclature, symbols and abbreviations
Widely accepted symbols, abbreviations and units (SI) should be used. If there is any doubt about a

particular symbol or abbreviation, the full expression followed by the abbreviation should be given the first
time it appears in the text. Abbreviations used in tables and figures should be explained in the legends. In
general, the recommendations of the International Union of Pure and Applied Cemistry (LU.P.A.C.)
should be followed.

References
References should be numbered in the order in which they are cited in the text, and listed in numerical
sequence on a separate sheet at the end of the article. The numbers should appear in the text at the
appropriate places in square brackets. In the reference list, periodicals [I], books [2], multi-author books
[3], and proceedings [4] should be cited in accordance with the following examples:

I A.T. James and AJ.P. Martin, Biochem. J., 50 (1952) 679.
2 L.R. Snyder, Principles of Adsorption Chromatography, Marcel Dekker, New York, 1968, p. 201.
3 R.D. Marshall and A. Neuberger, in A. Gottschalk (Editor), Glycoproteins, Part A, Elsevier, Am

sterdam, 2nd ed., 1972, Ch. 3, p. 251.
4 R.H. Doremus, B.W. Roberts and D. Turnbull (Editors), Growth and Preparation ofCrystals, Proc. Int.

Con/ Crystal Growth, Coopertown, NY, August 27-29,1958, Wiley, New York, 1958.

Abbreviations for the titles of journals should follow the system used by Chemical Abstracts. Articles not
yet published should be given as "in press" (journal should be specified), "submitted for publication"
(journal should be specified), "in preparation" or "personal communication". The JOURNAL OF
CHROMATOGRAPHY; JOURNAL OF CHROMATOGRAPHY, BIOMEDICAL APPLICATIONS
and JOURNAL OF CHROMATOGRAPHY, SYMPOSIUM VOLUMES should be cited as J. Chroma
togr.

Dispatch
Before dispatch of the manuscript please check that the envelope contains four copies of the paper complete

with references, legends and figures. One of the sets of figures must be the originals suitable for direct
reproduction. Please also ensure that permission to publish has been obtained from your institute.

Proofs
One set of proofs will be sent to the author to be carefully checked for printer's errors. Corrections must

be restricted to instances in which the proof is at variance with the manuscript. We shall be obliged to make
a charge for all "extra corrections" at a rate in accordance with their cost to us.

To ensure fastest possible publication, proofs are sent to authors by airmail and must be returned to the
publisher also by airmail. If this is not done, the article will be passed for publication with house correction
only. Proofs may also be returned by FAX; the FAX number of Journal of Chromatography is: 31 (The
Netherlands) -20 (Amsterdam) -5862304.

Reprints
Fifty reprints of Full-length papers, Notes and Letters to the Editor will be supplied free of charge.

Additional reprints can be ordered by the authors. The order form containing price quotations will be sent
to the authors together with the proofs of their article.

Subscription orders
Subscription orders should be sent to Elsevier Science Publishers B.V., P.O. Box 211, 1000 AE Am

sterdam, The Netherlands. The JOURNAL OF CHROMATOGRAPHY and the BIOMEDICAL AP
PLICATIONS section can be subscribed to separately. Cumulative Author and Subject Indexes can also
be ordered separately. Write to the Marketing Manager, Chemistry, at the above address for more details.
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AWARDS

MJ.E. GOLAY AWARD

At the 10th International Symposium on Capillary Chromatography which was held last year, at
Riva del Garda; Italy, the first M.J.E. Golay Awards, named after the inventor of the open-tubular
columns, were presented to Dr. R. Kaiser, Dr. R. Dandeneau and Mr. E. Zerenner for their pioneering
work in the development of capillary chromatography.

Following the death of Professor Golay, the Perkin-Elmer Corporation, in cooperation with the
Permanent Organization Committee of the International Symposia on Capillary Chromatography
agreed to take over the sponsorship of the M.J.E. Golay Award. This Award, which consists of a
medal, a scroll and an endowment, is to be presented at the yearly Symposia to a scientist or scientists
who made significant contributions to the evolution of capillary chromatography.

The award winner is to be selected from those who are nominated by the Chromatographic Com
munity. The nomination is open to everybody, except members of the Award Committee and the
Chairman of the Permanent Organization Committee of the Symposia (who does not serve on the
Award Committee). For the administration of the Award and the evaluation of the nominations an
Award Committee consisting of scientists from various countries has been organized. The chairman
of the Award Committee is Prof. Dr. C.A. Cramers.

The M.J.E. Golay Award in Capillary Chromatography, sponsored by the Perkin-Elmer Corpora
tion has been presented at the 11th International Symposium on Capillary Chromatography (Mon
terey, California, May 14-17, 1990) and will be presented at the forthcoming 12th International Sym
posium on Capillary Chromatography (Kobe, Japan, September 11-14,1990).

The Award Committee is soliciting nominations for the Award to be presented at the 13th Inter
national Symposium on Capillary Chromatography to be held May 13-16, 1991, in Riva del Garda,
Italy. Deadline for the nomination is October 1, 1990. They sould be sent in five copies and include a
discussion of the nominee's activities with particular emphasis to the specific achievement for which
the presentation of the award is proposed.

The nominations should be sent to the Chairman of the Award Committee: Prof. Dr. C.A. Cramers,
Eindhoven University of Technology, Lab. Instrumental Analysis, P.O. Box 513, 5600 MB Eind
hoven, The Netherlands. Tel.: (31) 40.479.111; Fax: (31) 40.442.576.

THE MARTIN AWARD

The Martin Award was presented at the 14th International Symposium on Column Liquid Chro
matography to William Howard Pirkle - born in Shreveport, Louisiana on May 2, 1934, and raised
in California in a small town on the edge of the Sierra Nevada mountains. His interest in chemistry
developed after he began studies at the University of California at Berkeley, where he supported his



studies through work in the chemistry department storerooms and alkaloid isolation for Professor
Henry Rapoport. His Ph. D research was conducted on morphine chemistry under the direction of
Professor Marshall Gates at the University of Rochester, NY, after a Postdoctoral Fellowship with
Professor E.J. Corey at Harvard University. Pirkle joined the faculty at the University of Illinois in
Champaign-Urbana in the fall of 1964. Here he has remained and is now a Full Professor with ap
pointments in both Analytical and Organic Chemistry, his co-workers coming from both areas.

It is just this combination of interests that has enabled Professor Pirkle's research group to make
the contributions to stereochemical analysis and stereoisomer separation which are so widely recog
nized. Pirkle's work in these fields was initiated by the discovery that the addition of certain chiral
solvating agents to NMR samples ofmixed enantiomers caused the chemical shifts ofthese enantiom
ers to differ. Thus, enantiomeric purity could be directly determined by NMR methods. Mechanistic
studies in this area, coupled with the development of chromatographic methods for obtaining the
chiral solvating agents in enantiomerically pure form, led to the design of chiral compounds having
different affinities for enantiomers. These chiral selectors were immobilized on silica to afford chiral
stationary phases of rather broad scope. Intentionally not patented, these chiral phases were quickly
commercialized by several companies. "Pirkle columns" are now available worldwide. Using one
chiral phase to aid in the design ofothers, Pirkle's group has generated a large number of chiral phases
and attained levels of enantioselectivity which transcend the needs of even preparative chromato
graphy. While still deeply interested in attaining an understanding of basic chiral recognition mecha
nisms, Pirkle's work is now advancing into the realm ofenantioselective membranes, materials which
have considerable potential for industrial scale separations of stereoisomers.

ANNOUNCEMENTS OF MEETINGS

CONFERENCE ON CAPILLARY ELECTROPHORESIS, FREDERICK, MD, U.S.A., OCTOBER
15-16,1990

The Conference on Capillary Electrophoresis will be held at the NCI-Frederick Cancer Research
and Development Center in Frederick, MD, U.S.A., October 15-16,1990.

The focus of this meeting is the scientific exchange and dissemination of the technical aspects of
capillary electrophoresis (CE). We invite discussions ofestablished methodologies as well as creative
and innovative new approaches and techniques. The format will include workshops, oral and poster
presentations by individual conference participants, and optional enrollment in a definitive CE course.
Invited speakers will provide expert overviews of the basic aspects and applications ofCE including,
but not limited to, instrument and column design, detection, the role of the buffer and factors that
influence mobility, selectivity, resolution and optimization. Also, the application of CE to the sepa
ration ofsmall ions as well as large biomolecules will be presented and discussed.

There is no registration fee; however, registration is mandatory to ensure participation. A nominal
fee of US$50.00 will be charged for participation in the CE course. State-of-the-art equipment dis
plays and literature will be made available to participants by the leading manufacturers of CE
instrumentation.

For further information on registration, abstract submittal, and course participation, please con
tact: Margaret L. Fanning, Conference Coordinator, PRI, NCI-FCRDC, P.O. Box B, Frederick, MD
21701, U.S.A. Tel.: (301) 698-1089; Fax: (301) 698-5866.

10th INTERNATIONAL SYMPOSIUM ON HIGH-PERFORMANCE LIQUID CHROMATO
GRAPHY OF PROTEINS, PEPTIDES AND POLYNUCLEOTIDES, WIESBADEN, F.R.G., OC
TOBER 29-31,1990

The 10th International Symposium on HPLC of Proteins, Peptides, and Polynucleotides will be
held in Wiesbaden, F.R.G. from October 29th to October 31 st, 1990.

New developments and applications in the area of HPLC and other high resolution techniques is



the major theme of this symposium series. Scientists from academia and industry can meet and dis
cuss in an informal way recent advances in the development of new stationary phases, the growth of
complementary techniques such as electrophoresis and the suitability of these for the isolation and
analysis ofbiopolymers.

A special scientific and social program is being planned in order to highlight the anniversary of
ISPP and 10 years of achievements in research in high-performance liquid chromatography.

The three-day scientific programme consists of oral presentations, poster sessions and discussions.
Recognized authorities will review current trends and future perspectives in various topics, including:
column technology and support materials, protein-surface interaction, isolation and purification
techniques, regulatory issues and QC, detection and amplification, electrophoresis, polynucleotides,
membrane proteins, separation and protein engineering, membrane technology and special topics.

Registration fee is DM 720, which covers all scientific and social events, including a copy of the
proceedings. Students will be eligible for a reduced rate of DM 360 (a copy of the proceedings is not
included).

For further details, contact: Secretariat, 10th ISPP, P.O. Box 28, S-751 03 Uppsala, Sweden.

SHORT COURSE ON CHROMATOGRAPHIC CHIRAL SEPARATIONS, EDISON, NJ, U.S.A.,
NOVEMBER 9-11, 1990

The Short Course on Chromatographic Chiral Separations will be held at the Holiday Inn at Raritan
Center, Edison NJ, U.S.A., November 9-11,1990.

This short course is designed for researchers faced with the separation or analysis ofoptically active
compounds. These include drugs, natural and synthetic products and metabolites.

The course covers HPLC, GC, TLC and several preparative separation methods.
Prospective participants should have a basic knowledge of chromatography and have previous ex

perience with routine HPLC. Two laboratory demonstrations and work sessions are included.
The main topics are: chiral separations; examination ofLC methods; gas chromatography, selecting

the proper columns for an analysis; special problems; basic chiral recognition theory. The course in
structors are: Daniel W. Armstrong, Irving W. Wainer, Thomas E. Beesley, Apryll M. Stalcup and
Willie L. Hinze.

The registration fee of $895.00 covers registration, class materials and banquet.
For further information contact: Ms. Mary Jo Richards, Chromatographic Separation of Enantiom

ers, Department of Chemistry, University of Missouri-Rolla, Rolla, MO 65401-0249, U.S.A. Tel.:
(314) 341-4429.

INTERNATIONAL SYMPOSIUM ON CHROMATOGRAPHY, ALIGARH, INDIA, DECEMBER
10-12,1990

The International Conference on Chromatography, will be held at the Aligarh Muslim University,
Aligarh, India, December 10-12, 1990

The scope of the conference is to provide a forum for discussion on recent developments inchro
matography. The following topics will be covered: fundamentals, synthesis of new materials, planar/
column/ion exchange/ligand exchange/gas chromatography, recent developments, instrumentation,
separation science and technology, and application to the environment.

The conference consists of invited lectures, oral and poster presentations in the relevant fields of
chromatography. English will be the official language of the conference.

The registration fee will be Rupees 250.00 for domestic participants; US$ 150.00 for overseas
participants.

All correspondence should be addressed to: Dr. K.G. Varshney, Organizing Secretary, ICC 90, De
partment of Applied Chemistry, Faculty of Engineering and Technology, Aligarh Muslim University,
Aligarh-202 002, India.



2nd INTERNATIONAL SYMPOSIUM ON FIELD-FLOW FRACTIONATION (FFF'91) AND FFF
WORKSHOP III, SALT LAKE CITY, UT, U.S.A., FEBRUARY 2-6,1991

The symposium will be held for three days, February 4-6, 1991. The FFF workshop will occupy the
Saturday preceding the symposium, February 2, 1991. (There is another FFF workshop scheduled
for June II, 1991).

The symposium will have presentations covering all aspects ofFFF, ranging from recent theoretical
developments to applications in industry, biochemistry, and environmental studies. Invited lectures
along with contributed papers and posters will be scheduled.

The FFF Workshop is intended for those desiring a working knowledge offield-flow fractionation.
Topics will include basic theory, principles of operation and optimization, and instrumental systems
and characteristics. A hands on experience will be provided. Enrollment will be limited to maintain
an informalleaming environment.

Titles of proposed oral and poster presentations are invited. Posters are particularly encouraged.
Final titles will be selected by a scientific committee. The due date for abstracts will be September 17,
1990.

For further details contact: Julie Westwood, FFF Research Center, Department ofChemistry, Uni
versity of Utah, Salt Lake City, UT 84112, U.S.A., Tel.: (801) 581-5419.

42nd PITTSBURGH CONFERENCE AND EXPOSITION ON ANALYTICAL CHEMISTRY AND
APPLIED SPECTROSCOPY, CHICAGO, IL, U.S.A., MARCH 4-8,1991

The Pittsburgh Conference and Exposition is the premiere event in analytical chemistry and ap
plied spectroscopy. The technical program is committed to educational goals that will expand to the
limits of our scientific range. A program that features both the emerging science on the cutting edge
as well as the state-of-the-art techniques for established operations in the field is planned. To reach
goals that extend across the range, the committee is planning a diverse selection of symposia, contrib
uted papers, courses and plenary sessions followed by round table discussion seminars. These will be
arranged and presented by outstanding scientists from a wide variety of scientific disciplines. Each
Conferee will have the opportunity to gain the maximum benefit from each encounter.

The special week-long educational program features short courses. UMIX symposia, hands-on
workshops, and informal round table discussions. Special tours of major scientific installations in the
region;i.e. Fermilab, Bell Labs, Argonne National Laboratory, etc., may be offered.

Original, unpublished papers may be contributed in all areas of analytical chemistry, spectroscopy
and related scientific areas. August 3, 1990 is the deadline for receipt of abstracts. One copy of a 250
word abstract must be submitted for review. All abstracts will be carefully evaluated. The abstract
should clearly state: the objective of the work, the research plan, equipment and procedures used,
sufficient experimental evidence to indicate success of the research plan, and results and/or conclu
sions. Abstracts must include sufficient content and organization for adequate evaluation by the Con
ference Program Committee. The Pittsburgh Conference Program Committee reserves the right to
accept, place on a waiting list, or reject any paper. In November 1990 the designated speaker will be
informed of the paper's status: accepted, on the waiting list, or rejected. Specific references to vendor
products in the titles of papers are not permitted and will be automatically deleted. Conference Pro
ceedings ofcontributed papers will not be published. Authors may publish their papers after the Con
ference. If the paper is accepted, a second abstract will be required for reproduction in book form for
distribution to the conferees. Forms and instructions concerning this second abstract will be sent to
the designated speaker with the notification of acceptance of the paper. The abstract for publication
will be due December 7, 1990. The title of the paper and the author information originally submitted
cannot be changed for the second abstract, be sure to have the desired title and author information on
the original abstracts. The Pittsburgh Conference does not provide financial support to authors of
contributed papers.

Authors wishing to present papers at the 1991 Pittsburgh Conference and Exposition Technical
Program should submit, one copy of a 250-word abstract on or before August 3, 1990 to: Mrs. Alma
Johnson, Program Secretary, The Pittsburgh Conference, 300 Penn Center Blvd., suite 332, Pitts-



burgh, PA 15235, U.S.A. A self-addressed envelope should be enclosed which will be returned to
indicate receipt of abstract. This receipt will not indicate acceptance of the abstract for the 1991
Pittsburgh Conference Program.

INTERNATIONAL ELECTROPHORESIS SOCIETY MEETING, WASHINGTON, DC, U.S.A.,
MARCH 19-21, 1991

The International Electrophoresis Society Meeting, which will be held at the Sheraton Washington
Hotel, in Washington, DC, U.S.A., March 19-21, 1991, will bring together experts from the areas of
2D electrophoresis, analytical electrophoresis, capillary zone electrophoresis, clinical medicine, clin
ical pathology, computerized image analysis, genomic sequencing, molecular biology, and preparative
electrophoresis to examine aspects of the development and application of electrophoretic techniques
in molecular biology.

The three-day program will include lecture and poster presentations, discussion sessions, work
shops, and exhibits. Invited lecturers have included Robert Allen, Norman Anderson, Bruce Budowle,
Charles Cantor, Gilbert Chu, Ronald Davis, Denis Hochstrasser, Leroy Hood, Donald Hunt, Robert
Kelly, Eric Lai, James Neel, David Patterson, Bruce Roe, Steven Smith, Edwin Southern and Allan
Wilson.

Papers, describing original research, in the following areas are invited: biotechnology, capillary zone
electrophoresis, detection and imaging methods, forensic DNA methods, gel electrophoresis, genetic
testing, genome project, high resolution 2D electrophoresis, polymerase chain reaction, risk assess
ment, and sequencing.

The Scientific Committee welcomes your suggestions for additional topics to be covered in the
Symposium. The Deadline for submission of abstracts is September I, 1990. Abstracts received after
September I will be considered for poster presentation.

For abstract forms, program and registration information, contact: Mrs. Janet Cunningham, IES
Symposium Manager, Barr Enterprises, P.O. Box 279, Walkersville, MD 21793, U.S.A. Tel.: (301) 898
3772; Fax: (301) 898-5596.

4th SYMPOSIUM ON FAST PROTEIN LIQUID CHROMATOGRAPHY, MAARSSEN, THE
NETHERLANDS, MARCH 26, 1991

Fast protein liquid chromatography (FPLC) ofbiomolecules is an important technique in the high
performance field. This symposium offers participants the opportunity to get acquainted with and
discuss the high-performance liquid chromatography ofbiomolecules.

The scientific programme will consist of poster presentations and discussion sessions dealing with
the following applications ofFPLC and BioPilotTM: protein purification and characterization; peptide
structure elucidation; biologically active molecules; monoclonal antibodies; membrane proteins;
preparative chromatography; quality control; affinity chromatography; poly- and oligonucleotides;
column selection and maintenance.

Lectures or posters on these topics are invited. For instructions for lectures, abstracts or poster
presentations contact Marianne Wobma, before October I, 1990, at the address given below. The
deadline for submission of Abstracts is December 29, 1990. Manuscripts and Abstracts will be pub
lished in the proceedings of the symposium. The proceedings will be available at no extra cost for
speakers at the symposium.

Most lectures will be held in Dutch, however, a small number will be given in English
The registration fee will be Dfl. 150.00
For further details, contact: Marianne Wobma, Pharmacia Nederlands BY, Houttuinlaan 4, 3447

GM Woerden, The Netherlands. Tel.: (03480) 77631.



3rd INTERNATIONAL SYMPOSIUM ON PHARMACEUTICAL AND BIOMEDICAL ANALY
SIS, BOSTON, MA, U.S.A., APRIL 28-MAY I, 1991

The 3rd International Symposium on Pharmaceutical and Biomedical Analysis (PBA '91) will be
held at the Boston Park Plaza Hotel, Boston, MA, U.S.A., April 28-May I, 1991.

The three-day program will feature invited plenary, keynote, and submitted research lectures, par
allel discussion sessions, and poster presentations covering a wide range of topics in pharmaceutical
and biomedical analysis. The following topics will be included: advances in detection methodologies
- UV, FL, FT-IR, CL, NMR and MS; advances in immuno-diagnostics - recombinant DNA tech
nologies and clinical applications of monoclonal antibodies; analytical considerations of biotechnol
ogy; applications in industrial and clinical analysis; automated sample preparation; biosensors; cap
illary electrophoresis and CE-MS; chiral separations in GC, LC, TLC and SFC; computer-aided
methods of analysis; derivatization techniques in LC, GC and RIA; drug metabolism and pharmaco
kinetics; electrochemical methods of analysis; frontiers in therapeutic drug monitoring, clinical and
forensic toxicology; microcolumn separations; multidimensional/multimodal chromatography; planar
chromatography; preparative separations; substance abuse testing and sports medicine; supercritical
fluid chromatography and extraction.

Abstracts of original research in any of the previously mentioned topics are invited. All papers
presented will be published after refereeing in a special Symposium issue of the Journal ofPharma
ceutical and Biomedical Analysis. Completed manuscripts will be due at the time of the symposium.

For further details contact: Ms. Shirley E. Schlessinger, Symposium Manager of PBA '91, 400 East
Randolph Drive, Suite 1015, Chicago, IL 60601, U.S.A. Tel.: (312) 527-2011.

8th INTERNATIONAL SYMPOSIUM ON PREPARATIVE CHROMATOGRAPHY, PREP-91,
ARLINGTON, VA, U.S.A., MAY 13-15, 1991

The 8th International Symposium on Preparative Chromatography (Prep '91) will be held at the
Key Bridge Marriott Hotel in Arlington, VA, U.S.A., May 13-15, 1991. The three-day program will
include invited and contributed lectures, poster presentations, and discussion sessions.

Papers describing original research are invited in areas of preparative chromatography and espe
cially: theory of non-linear chromatography, overloaded elution and displacement chromatography;
kinetics of mass transfers at high concentrations in chromatographic columns; stationary phases; ap
plications to recombinant and natural proteins, to peptides, other biopolymers, chiral separations,
etc.; optimization of experimental conditions; economics of preparative chromatography;
instrumentation.

The deadline for submission ofabstracts is November 15, 1990. Abstracts received after November
15 will be considered for poster presentation.

For further details, contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walkersville,
MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.

5th SYMPOSIUM ON HANDLING OF ENVIRONMENTAL AND BIOLOGICAL SAMPLES IN
CHROMATOGRAPHY, BADEN BADEN, ER.G., SEPTEMBER 26-27,1991

The 5th Symposium on Handling of Environmental and Biological Samples in Chromatography
will be held in Baden Baden, ER.G., September 26-27, 1991. A Short Course on Sample Handling in
Liquid Chromatography will precede the symposium (September 24-25, 1991 ).

The Symposium will be the 5th in a series of very successful meetings initiated by the late Professor
Roland Frei under the auspices of the International Association of Environmental Analytical Chem
istry. It is the intention of the organizers to continue the work of Roland Frei and to follow the ideas
and objectives he has laid down for carrying out these symposia: main goal is to bring together experts
and practicing analytical chemists who can give a good account of both the state-of-the-art in their
respective speciality and first-hand experiences in practical sample handling.



Robotics, continuous flow techniques, column switching methodologies to accomplish operations
such as extraction, derivatisation, enrichment or dialysis for the handling of complex samples are
among the topics which will be treated and discussed. Special emphasis will be placed on techniques
with automation potential and procedures suitable for the automated handling oflarger series of sam
ples. Most of these methodologies and strategies can be applied to all kind of analysis and matrices. It
is however the intention to focus on samples which are either of biological (blood, urine, tissue, plant
material) or environmental (water, waste water, sediments, air) origin. Consequently drugs (phar
maceuticals) and priority pollutants respectively are the analytes of major interest.

For further details contact: Workshop Office IAEAC, M. Frei-Hausler, Postfach 46, CH-4123
Allschwil2, Switzerland, Tel. (004161) 632789 and (004161) 732950.

11th INTERNATIONAL SYMPOSIUM ON HIGH-PERFORMANCE LIQUID CHROMATO
GRAPHY OF PROTEINS, PEPTIDES AND POLYNUCLEOTIDES, WASHINGTON, DC, U.S.A.,
OCTOBER 20-23, 1991.

The II th International Symposium on HPLC ofProteins, Peptides and Polynucleotides will be held
in Washington, DC, U.S.A., October 20-23,1991.

The program will include invited and contributed lectures, poster presentations, and discussion
sessions organized into different sessions. Recognized authorities will review current trends and fu
ture prospectives in various topics, including: electrokinetic separations; column technology and sup
port materials; protein conformation and chromatographic behaviour; polypeptide structural studies;
protein purity and QC of recombinant proteins; polynucleotides; polysaccharides; membrane pro
teins; affinity chromatography; analytical applications; sample preparation; preparative chromato
graphy of biopolymers; high resolution electrophoresis; integrated purification systems; biospecific
detectors; process monitoring; recovery of recombinant proteins.

The deadline for submission of abstracts is June 3, 1991.
For further details contact: Janet E. Cunningham, Barr Enterprises, P.O. Box 279, Walkersville,

MD 21793, U.S.A. Tel.: (301) 898-3772; Fax: (301) 898-5596.

1992 WINTER CONFERENCE ON PLASMA SPECTROCHEMISTRY, CALIFORNIA, U.S.A.,
JANUARY 6-11,1992

The 1992 Winter Conference on Plasma Spectrochemistry will be held Monday, January 6 through
Saturday, January II, 1992 in Southern California. Short courses highlighting special topics will be
offered Saturday, January 4 and January II and Sunday, January 5. A three-day exhibition ofspectro
scopic instrumentation and accessories will also be included.

Program features and symposia will include: automation, expert systems, and robotics with plasma
spectroscopy; chemometric applications in plasma spectrochemistry; chromatography with plasma
source detection; flow injection plasma spectrometry; glow discharge and low pressure plasma atomic
and mass spectrometry; laser assisted plasma spectrochemistry; mechanisms and process in plasma
sources; modem sample preparation and calibration techniques; new instrumentation for plasma
spectrochemistry; plasma source mass spectrometry; process control, remote, and on-line plasma
analysis; sample introduction techniques and phenomena; spectrochemical applications of plasma
sources; and transform spectroscopy, interferometry for plasma sources.

Titles and 50-word abstracts for submitted lecture or poster papers are sollicited by July I, 1991.
Extended conference abstracts are requested by October 7, 1991.

For further information contact: 1992 Winter Conference on Plasma Spectrochemistry, Attn. Dr.
R. Barnes, c/o ICP Information Newsletter, Department of Chemistry, GRC Towers, University of
Massachusetts, Amherst, MA 01003-0035, U.S.A. Tel. (413) 545-2294, Fax: (413) 545-4490; BIT
NET: RBARNES@UMASS.
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number of pages and by the number of colours needed. The written permission of the author and publisher
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Dispatch. Before sending the manuscript to the Editor please check that the envelope contains
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figures must be the originals suitable for direct reproduction. Please also ensure that permis
sion to publish has been obtained from your institute.
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must be restricted to instances in which the -proof is at variance with the manuscript. "Extra corrections"
will be inserted at the author's expense.
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Additional reprints can be ordered by the authors. An order form containing price quotations will be sent to
the authors together with the proofs of their article.
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