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GRADIENT OPTIMIZATION IN ELUTION LIQUID CHROMATOGRAPHY

I. THEORETICAL CONSIDERATIONS CONNECTED WITH EVALUATION
OF THE CONCENTRATION-TIME FUNCTION FOR STEPWISE ELUTION

M. BOR6wKO, M. JARONIEC, J. NARKIEWICZ, A. PATRYKIEJEW and W. RUDZINSKI

Departm ent of Theoretical Chemistry, Institute of Chemistry UMCS, No wotki 12, 20031 Lublin
(Poland)

(First received June 13th, 1977; revised manuscript received November 18th , 1977)

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

SUMMARY

Usin g the theoretical treatment of Jandera and Churacek, problems connected
with evaluat ion of the concentration-time function are discussed . It is shown that
the linear relationsh ips of the type capacity factor versus concentration of the more
efficient eluting component in the binary-solvent mobile phase, measured for different
chromatographed compounds, can be used to predict the concentration-time function
for stepwise elution with a mobile phase of constant composition in each step.

~----------------

INTRODUCTION

Liteanu and Gocan wrote" , "Gradient chromatography has developed in the
general context of evolution of chromatography and is in full progress owing to the
possibility of automation in the programming of certain parameters". The use of
gradients is a basic means of optimizing the process of chromatographic separation,
i.e., achievement of the best resolution in as short a time as possible. Of many known
types of gradients, the greatest experimental possibilities are offered by mobile phase
gradients.

The theory of isocratic and gradient elution chromatography has been dis­
cussed by many workers':". The most advanced studies, both theoretical and experi­
mental , have been carried out by Snyder- on adsorption liquid chromatography.
Jandera and Churacek''-", using the fundamental relationships of Snyder defining
distribution coefficients in ad sorption chromatography for single- and binary-solvent
mobile phases, derived theoretically the relationship between the capacity factor and
the concentration of the more efficient eluting component in a binary-solvent mobile
phase. A simplified version of this relationship is

(1)

• To whom correspondence should be addressed.



310 M. BOR6wKO et al.

where k(AB)i is the capacity ratio for the ith component of the mixture in the binary­
solvent mobile phase A-B, XB is the molar fraction (the term "concentration" will
subsequently be used) of the more efficient eluting component B in the binary-solvent
mobile phase A-B and a, and n, are constants. It has also been shown? that eqn. I
is valid for ion-exchange chromatography. However, for partition mechanisms
(liquid-liquid chromatography, salting-out chromatography and solubilization chro­
matography on ion exchangers in mixed aqueous-organic media), a slightly different
relationship has been derived":

log k~AB)i = log hi - m, Xu (2)

where b, and m, are constants. The constants G;, 11, and hi> m, can either be calculated
theoretically by means of the parameters that characterize the sample being chro­
matographed, the components of the mobile phase and the stationary phase, or can
be determined directly from experimental data.

Eqns. I and 2, derived theoretically by Jandera and Churacek", have been
obtained experimentally by several workers":". The systematic experimental studies
of Bieganowska and Soczewiriski" showed that the classification of chromatographic
systems, as suggested by Jandera and Churacek", is not sufficiently accurate. The
experimental dependences of log k(AB)j versus log X B and log k(ABli versus XB, published
in the present literature, have been summarized'! and on this basis the types of
chromatographic systems to which eqns. I and 2 apply have been distinguished.

Eqns. I and 2 describe satisfactorily a large number of experimental relation­
ships between the capacity ratio and the concentration of component B. Hence the
functions log kiAB ) i versus log Xu and log kiABli versus XI!, measured for different
compounds, may be very useful in evaluating the optimal concentration-time function
for the separation of a mixture . In this paper, we discuss the problems connected
with the numerical evaluation of the concentration-time functions in chromatography
using elution with a mobile phase (binary-solvent mixture) with a constant com­
position in each step (stepwise elution chromatography). Such a type of gradient
(stepwise function) is more effective than a continuous function in many chromato­
graphic separations'<'".

EQUATIONS CHARACTERIZING OPTIMAL SEPARATION OF THE CHROMATO­
GRAPHED SAMPLE

The theoretical determination of resolution for a multi-component mixture is
difficult'v'". In order to describe the efficiency of separation fully , the resolution for
each successive pair of compounds, i and i + I, must be calculated. If the resolution
of each such pair were at least greater than unity, then the separation of the given
mixture would be good. Another problem is the time of analysis. It may happen that
the resolution is very high for a pair of compounds i and i+ I which indicates a large
distance between the maxima of their chromatographic peaks, and consequently a
considerable increase in the time of analysis. The optimal time for the separation of
a multi-component mixture can be obtained if the resolutions of consecutive pairs
of components" are the numbers from the interval (1, 1.5). Taking into consideration



GRADIENT OPTIMIZATION IN ELUTION LC. 1.

I.
I I 1i+1 -----<~

Ili~ '

I "
I
I
I
I
I
I
I
I

Fig. I. Schematic diagra m for eqn. 3; for R i; 1./ the value 1 5 is assumed.
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the se two aspects (good resolution and a short time of an alysis), a condit ion can be
written that should be satisfied for two successive symmetrical peaks:

(3)

where l, is the distance of the peak ma ximum from the sta rt for the ith component,
Wi is the peak width for the ith component and Ri +l.i is the optimal resolution for
two successive peaks i and i + I. The optimal resolution, R i + 1. i> should be chosen so
that the distances R i +1 .i· W i and R i +J.i · W i + l are the maximal widths of the peaks of
i and i+ I, respectively (Fig. I). Eqn. 3 can be re-written in a slightly different form:

(4)

where D = 2/Y N, VR . is th e retent ion vo lume of the ith component in th e mixture
and N is the total number of plate s in the column. N is assumed to be independent
of the type of compound and the composition of the mobile phase. Expre ssing the
retention volume by mean s of the free volume of the column, Vm , and the capacity
factor, k;:

(5)

from eqn. 4 we obtain:

(6)

where k; and k ;+l denote the capacity factors of the ith and U+ I)th component,
respectively, and refer to the binar y-solvent mobile phase A-B, i.e., k; = k ; AB )i and
k; + l = k ;AB)i+ l '

Now, we shall show the usefulness of eqn. 6 in th e determination of the con ­
centration-time function for two-step elution chromatography. Eqns. I and 2 will
be used.
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Firstly, we shall di scuss eqn. I. If we wish to use the concentration-time
function to perform the separat ion of a given mixture, it is essential to know the
concentration of the solvent B at which the elution of the first two components
guarantees a resolution R2 •1 within the range 1-1.5. This concentration can be defined
numerically from the equation that is obtained on substituting eqn. I in eqn. 6:

(7)

where Xl is the molar fraction at which components I and 2 are eluted. When It! = 1t2'

eqn.7 has an analytical solut ion" :

(8)

where

(9)

The next step is often necessary in order to shorten the retention time of a
component, i.e., to approximate the peak of component i + 1 to that of component i.
This effect can be achieved by increasing the concentration of the so lvent B directly
after elution of component i. The concentration at which component i+ I should
be eluted can be calculated from a modified eqn. 6 and eqn. I. For this purpose,
eqn. 6 should be re-written in the form

(10)

where k;+I is an average capacity factor for the (i+ I)th component which was
initially eluting at the concentration Xl and subsequently at the concentration X 2•

Let us consider migration of component i + I through a chromatographic
column of length L (see Fig. 2b) . The elution time of the component i + I is given by

(11)

where

(12)

fR 'I H+1 and tR ( 2)i + 1 are the retention times of component i + I at concentrations XI

and X 2, respectively and fR / +
1

is the time of elution of component i+ I corresponding
to the capacity factor k;+1' Substituting into eqn. II the fundamental relationship

k'. =I
(13)
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Fig . 2. Illustration of migration of components i and i + 1 in solvent programming.

we obtain

(14)

where

(15)

In eqns. 13-15, kil)i+l and k(2)i +1 denote the capacity factors for the component
i+ 1 at the concentrations XI and X2, respectively ; fRo = Llv , where v is the linear
velocity of the mobile phase. Combination of eqns. 10 and 15 leads to

k;l)i (I + D R i + I • I ) - YI+ l . i k;l)i+l (I - D R1+ u ) + 2 D R1+ u

(I - Yi+l.l) (I - D R i+ 1•1)
(16)

Substituting eqn. 1 into eqn . 16 and taking into account the definition of Yi+ l .l

(see eqn. 21), we obtain the expression for the concentration X 2 at which component
i+l should be eluted:

1

[ al+l (1 - Y~+l,i) (I - D R1+1,1) ]nt+t
2 D R1+1• i (I + a, x;nl

)

(17)

Now we derive an expression for the parameter Y~+ l . I ' for which purpose the
distance L(l) i + 1 should be calculated. Let us consider the migration of components i
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and i+ 1 through the chromatographic column (see Fig. 2). Solvent of concentration
X2 should be introduced into the column at such a time that its front will reach the
end of column just as the peak of component i has been eluted completely, i.e., at
the time t(l)i - t R . Hence the time of migration of component i + 1 at concentration

o
Xl' t;1)i+1' is given by

= ~ (1 +~) [(L + 0.5 W(l)i) k;l)i + 0.5 w(1);]
(1)i+1

The distance L(1)i+l can be calculated from the expression

From eqns. 19, 18 and 12, we have

. . = _~_. [~~W(ll!...- k' (1 ~~W(l~)]
Y,+l,1 k' L + (1)i + L

(1)i+ 1

If L » W(I);, this expression can be reduced to

k;l)i
Yi+1,i = -k-"-­

(1)i+1

(18)

(19)

(20)

(21)

Substituting eqn. 1 into eqn. 20, we obtain an exact numerical value of the parameter
Yi+1,i' which is necessary for calculating the concentration X2 (see eqn. 17). A very
simple expression for Yi+1,i can be obtained from eqns. 21 and 1:

(22)

For chromatographic systems that satisfy eqn. 2, the following equations are
analogous to eqns. 7, 8, 17 and 22:

1 1 [ bi + 1 (1 - rf+l ;)(1 - D R'+l .) ]X 2 = - - ' og . .
mi + 1 2 DR· (1 + b 10- IniXI)

1+1.1 1

(23)

(24)

(25)
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(26)

(27)

The parameter y~+ I. i is evaluated from eqns. 2 and 21. Eqn. 24 ha s been also proposed
by Jandera and Churacek".

EVAL UATION OF THE CONCENTRATION-TIME F UNCTION

Let us now discus s the chromatographic separation of an Il-component
mixture. Assume that we know the relationships between the capacity factors and
the concentration of solvent B in the mixture A-B for all components contained in
the chromatographed sample. If the chromatographic system satisfies eqn. 1, then
eqns. 7, 8, 17 and 22 are useful for programming the gradient. Eqns. 23-27 are used
for programming the gradient in chromatographic systems that satisfy eqn . 2. For
the sake of illu stration, we shall discuss eqns. 7, 8, 17 and 22. Let the sequence of
elution of the components be

Series 28 is equi valent to the following series of capacity factors :

k~ < k; < ... < «; < k;+1 < ... < k~

(28)

(29)

However, for the determined concentration of solvent B, if 111 = 112 = '... = n., the
following inequality is satisfied :

al < a2 < . .. < at < ai +l < . . . an (30)

For the sake of simplificat ion, let us consider a mixture of compounds for which
11, = 1 (from numerous experimental studies it appears that for many compounds 11,

is clo se or equal to unity!"). In Fig. 3, the capacity facto r (k:) versus molar fraction
of solvent B, i.e., k~ = a,jx, are presented for different values of a.. The in itial con­
centration, Xl> at which compounds 1 and 2 should be eluted is calculated from
eqn . 8, assuming R2 • l = 1. In order to obtain the resolution for the interval (I, 1.5)
during separation of compounds i and i+ 1 (where i ~ 2), the distance between the
curves i and i+ 1 at the point x = XI should sat isfy the inequality

for i = 1,2,3, . . . This inequality is equivalent to

a, (I + D) + 2 DXl at (I + I.5 D) + 3 DXl
I - D ~ a'+l ~ 1 - 1.5 D

(31)

(32)
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Fig. 3. D ependences between the capacity fact or and the molar fraction of the more efficient eluting
component ca lculated for different values of a.. The solid lines den ote the fun ction s k' = a.l x (i =
1,2,3,4 ,5) and the broken lines denote the fun ctions kJ = k ' 1} ) + (I - Yi .) aj!»: (i = 4,5). The sub­
scrip ts i a nd j denote a given co mpo nent of the ch ro ma tographed sam ple.

for i = 1, 2, 3, . . . If the distances between the successive curves at the point x = X l'

beginning from i ~ 2, satisfy inequal ity 31, then the se compounds will be separa ted
at concentration X l' From Fig. 3, it appears that inequality 31 is sati sfied by com­
pounds from I to 3 inclusive. The distance between the curves 3 and 4 at the point Xl

already exceeds the upper limit of the distance calculated for a resolution of 1.5.
Hence the concentration X2 at which component 4 will be eluted should be determined .
This concentration is determined by means of eqn. 17, assuming the opt imal value of
the resolution R 4 •3 , which should be greater than unity but approximate to unity if
the concentration X 2 increases. The capacity ratio of each successive peak j , for
j ~ 4, is given by the equ at ion

(33)
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for j ~ 4. In Fig. 3, the broken lines present the functions kj versus Xl for j ~ 4 and
n, = 1.

In order to obtain the resolution for the interval (1, 1.5) for components with
j ~ 4, the distances dj+l,j between the curves j and j+ 1 at the point X = Xl should
be in the following range:

D (k~ + k~+l + 2) ~ dj+l,j ~ 1.5 D (k~ + k~+l + 2)

j = 4,5, . " From eqn. 34, an interesting inequality can be deduced:

(34)

or

k~ (1 + D) + 2 D

1-D

k~ (1 + 1.5 D) + 3 D
« t: ,c::--------
~ j+ 1 ~ 1 ~ 1.5 D (35)

k~ (1 + D) + 2 D

[ - - - r=-D- - - - k;ll3] 1 _Xl. - ~ aj+l ~
YJ+l.3

,c:: [k~ (1 + 1.5 D) + 3 D _ ' ]
~ 1 - 1.5 D k(ll3 ---,------=-- (36)

The latter inequality is especially important in determining the resolutions for further
pairs of components. From eqn. 36, the boundary parameters aj+l (j ~ 4) are ob­
tained, which guarantee the resolution of further compounds for the interval (1, 1.5).
From Fig. 3, it follows that at concentration Xl component 5 can be eluted. Proceeding
in this way, elution concentrations can be found for other sample components.
Knowing these concentrations as well as parameters a and n, the elution time (from
the start to the end of the peak) for individual components can be calculated, They are

for i = 1,2,3 and (see Appendix)

(38)

Thus, the concentration-time function presented in Fig. 4 corresponds to Fig. 3. In
the above discussion, we assumed the resolutions for successive pairs of the com­
ponents at a given concentration for the interval (1, 1.5). The upper limit of this
interval may be higher than 1.5, depending on the particular mixture being chro­
matographed.

The evaluation of the optimal concentration-time function may be difficult
for many real chromatographic systems. Then, the position of successive peaks can
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Fig. 4. Two-step gradient corresponding to Fig. 3.

be regulated by changing the concentration x or by cha nging the solvents in the
mobile phase.

APPENDI X

Eqn. 38 defines approximately the elution time fO •2l i> i.e., the t ime from the
start to the end of the jth peak, for two-step elution. The first term of th is equation
denotes the retention tim e of the jth component, i.e., the time from the start to the
peak max imum, and it is defined by means of the average capacity factor, kj. The
other term in eqn. 38 defines approximately half of the peak width for the jth com­
ponent and it is usu ally small in comparison with the first term. Alth ough the jth
peak is formed during all steps of elution, it is formed mainly in the last step. There ­
fore , the peak width for stepwise elut ion may be equal to or greater than that for
isocratic elution at concentration X2 ' Thu s, the second term in eqn. 38 can be deter­
mined by means of tR ( 2)j or tR O .2) )'
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SUMMARY

Equations describin g multi -step elution with a mobile phase of consta nt com­
position in each step have been der ived. These equations are very useful for calculating
the concentration-time function if the experimental relati onships between the capacity
factors and the concentration of the more efficient eluting component in the binar y­
solvent mob ile phase are known for different sample compounds.

INTRODUCTION

In Part P , theoreti cal problems connected with evaluation of the concentra­
tion-time function for two-step elution with a mobile phase were considered and a
method for calculat ing two-step concentration-time funct ions was proposed. In th is
method, the experimental relationships of the type capacity factor versus concentra­
tion of the more efficient eluting component in the binary-solvent mobile phase,
measured for different pure components of the chromatographed sample, were
applied. These experimental dependences may be presented in a linea r form. Know­
ing the parameters that characterize these linear functions, the capacity factor can be
calculated for an arbitrary composition of the mobile phase.

In this paper, the procedure for calculating the concentration- time funct ion for
multi-step elution in liquid chromatography is discussed. The theoretical discussion
relates to elution with a mobile phase of constant composition in each step .

GENER AL CONS IDE RATI ONS

"Theoretical problems connected with the determination of the resoluti on of
multi- component mixture were discussed in Part P . It was shown that the efficiency of
separation of a given multi- component mixture can be characterized by means of the
resolutions of successive pairs of components. Assuming optimal resolutions for each

• To who m correspo ndence should be addressed.
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pair of components of the mixture (for the interval 1-1.5 or 1-2.0), the composition
of the mobile phase can be calculated.

Here, chromatography of an s-component mixture is discussed. Let A-B de­
notes the mobile phase, where B is the more efficient eluting solvent. Let us assume an
r-step elution, i.e., in the ith step the molar fraction (concentration) of B is Xi and at
this concentration the components from j i-1 + I to Ji will be eluted; thus, jr = s
(see Fig. I). The fundamental assumption, which makes the change of the concentra­
tion Xn at the optimal moment possible , is as follows: mobile phase with a concentra­
tion Xi of solvent solvent B should be introduced into the column at such a time that
its front reaches the end of the column just as the peak of the component ji -1 has
been eluted , i.e., at the time (Ro .. .. I-I) Jt-1 - (R o' where t R O ...... _1) 11-1 is the retention
time for the last component, which is eluted in the (i -I)th step and fR o = L lv (L is
the length of the column and v is the linear velocity of the mobile phase) . Hence this
component migrated through the column at i-I different concentrations of X n. In
such a model , we assume that the time of elution of a given peak can be neglected in
comparison with the retention time, i.e., the width of the peak is very small. Further­
more, small concentrations of the chromatographed compounds and symmetrical
peaks are considered.

xr-----------------hll jr-1 +1), 5

___ ___ h_h_ Il h-l+11..jj T

(~ +l l. · · ·.bIX2 - - - - - - -

1. ....~ I

time

Fig . 1. Schematic diagram for r-step elution when an s-component mixture is separated.

EQUATIONS FOR RETENTION VOLUME AND RETENTION TIME IN STEPWISE ELU­
TION

In gradient elution chromatography, the reduced retention volume , V~J =

VR J - Vm (VR J is the retention volume of thejth sample compound and Vm is the
total volume of the mobile phase in the column) can be calculated by means of the
following relationshi pS2-4:

(I)
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where kj is the capacity factor equal to the ratio of the total amount of the Jth com­
pound in the stationary phase to that in the mobile phase A-B under equilibrium con­
ditions; k' is a function of the concentration of solvent B. For r-step elution with a
mobile phase of constant composition in each step, eqn. I can be re-written as

where

I-I

Vm = L V;j)/k;j)) + V;/J)k;I»)
i=1

1-1

;=1

(2)

(3)

for I < r; V(j) is the volume of mobile phase of concentration Xi of i > I; however, for
i = I V(1) = V(I) + Vm and k(i)) is the capacity factor of the Jth component for
mobile phase A-B with a concentration Xi of solvent B. The volume V(i) is proportion­
al to the capacity factor kU)j:

(4)

for J )0 Ji where V~, s.s, is the proportionality factor and J, denotes the last component
which is eluted in the ith step (see Fig. I). V(!)) denotes the volume of mobile phase
A-B with a concentration XI in which the sample compound J migrated. Substituting
eqn. 4 into eqn. 3, we obtain

where

1-1

VR(l .....O) = Vm[1 + L rj.). : k;o),
i=1

I-I

(5)

(6)

for i < I and J > i, and I is the last step of elution for the Jth compound . Eqn. 5 can
be re-written in the following form:

(7)

or

where
1-1

k;I ..... O) = 2 rj.)k;O) + (1,
1=1

1-1

L rj.J )k;!))
I

; =1

(8)

(9)
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The symbol kiL..../)j denotes the capacity factor of the jth sample compound, which
migrated through the column with the mobile phase of different concentrations X B

from Xl to X I inclusive. The capacit y factor kiL....ivs is an average of the capacity
factors k (l li for i = 1,2' 00',1.

DETERMINATION OF THE PARAMETERS Y

For the purpose of calculating the parameter yL,the volume V~" J.lI should be
evaluated. Considering the definition of Vi i) (see eqn. 3) and eqn . 4, we obtain

V i
m J,i .

I

( 10)

Substitution of eqn s. 7 and lOin eqn. 6 leads to

i- I

2: «, k;p)j .- 2: yj ,j k;Pli
(P I i - 1 P i- I

P=--'�'--- ~P_=-:.I-

k ;i)j

( I I)

where

= c +
. k 'Y5,J (Ilj
i ii

<.

i-I

C = J!,- '" [yr. j k ;Plj . - yj , j k ;Pli . ]
(i)j L.... • P I I- I p I - I

p=1

It follows from eqn . 4 that

V' / V - p k ' - p k'
( p ) m - Yj , j (p)j - Yj , j ( p) j

/ p i i-I p i- I

for p < i - 1. According to eqn. 13, C = O. Then, from eqn. II we obtain

(12)

(13)

yji .
, J .
•

(14)
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Knowing the parameters yL" Y;.h" ' " ytj~ - l' the capacity factor kiI.... j)j can be cal­
culated by means of eqn. 9. The se parameters are as follow s:

(15)

k;llj k' 2 )j
___ I _ _ ' _ 2 [I

k~1)j k~2 )j
3 3

... etc.

EVALUATION OF THE CONCENTRATION-TIME FUNCTION

As Part II , we applied the following equations for the capacity factors kj:

(l6a)

or

(l6b)

where a j , n j , bj and m j are constants, which can be calculated from the experimental
values of kj presented in a linear form":".

The concentration of solvent B at which the elution of two arbitrary compo­
nents guarantees the optimal resolution R j+l . j (for example, from 1.0 to 1.5) can be
calculated from eqn. 16a or 16b and the following expression:

where D = 2jVN, N is the total number of plates in the column, which is assumed to
be independent of the type of compound and the composition of the mobile phase,
and j and j + I denote two arbitrary successive sample compounds.

The first step in the evaluation of the concentration-time function is the cal­
culation of the first concentration , XI' at which sample compounds I and 2 can be
eluted with optimal resolution, R2,1. Thi s concentration can be evaluated numerically
from the following equations:

(l8a)

or

(18b)
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capacity factor of the jth component for mobile phase A-B with a con­
centration Xi of solvent B;
average capacity factor of the jth sample compound, which migrated
through the column with mobile phase having different concentrations,
XB, from x, to X , (see eqn . 9) ;
con stant in eqn . 16b;
exponent in eqn . 16a ;
total number of eluti on steps;
number of sample compounds ;
equal to L/v;
retention time of the j th compound;
elution time of the .ith compound, measured from the sta rt of analysis to
the end of the j th peak ;
parameter defined in eqn. 14;
linear velocit y of the mob ile phase.

Subscripts
(i)j refer s tojth compound migrating through the column with mobile pha se of

composition X I ;

(J ,...,i)j refers to jth compound migrating through the column with mobile phase
having different compositions from X l to X i ;

i, last sample compound eluted at conc entration Xi ;

p summation index in eqns . 11 -13, 19 and 20 or a component in the range
<i. -1 + 1, I. - 1>.

Sup erscript
refers to mobile phase of concentration X i '
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SUMMARY

------ --- --- -

A computerized mathemati cal model has been developed of a free-flow electro­
phoresis cell operating under conditions of no convection and no sedimentation of
sample. The complex interaction s of the various system parameters have been
identified and included in th is model. Data inputs representing existing equipment
have been processed with the the oretical results co mpar ing well with experimental
result s. Data were also processed for an experimental electrophore sis cell designed to
allow optimum resolution and/or sample throu ghput while operating in a zero g
env ironment. Theoretical results are presented along with some experimental ground­
based data.

INTRODUCTION

The fact that particles dispersed in a solut ion could be influenced by an electric
field was first descr ibed by Lod ge! in 1886. Six yea rs later, Picton and Linder- related
their systematic studies of the phenomenon. Ho wever, as with mo st new techniques,
there was a dormant period, and it was not until the work of Ti selius" in 1937 that
elect rophoresis began to receive increased attention. The T iselius method was origi­
nally of interest only to biochemists and med ical resear chers. However, with the
introduction of lower cost equipment and advances such as supporting med ia ,
biologists, chemists and engineers use the technique for analysis, separation, identifica­
tion and purification.

During the nineteen fifties and sixtie s, men such as Barrollier et al.' and
Hannig' proposed preparative electrophoretic techniques based on a flowing system
in which both the buffer and the sample were continuo usly admitted to the electro­
phoresis chamber, with th e separated fractions being collected in individual con­
ta iners. 'Such electrophoresis systems are now categorized as " free-flow" . Because
these systems are made thin to minimize convection problems and to maintain sta ble
temperature gradients, the sample fractions are generally distorted due to both hydro-

• To whom inquiries or reprint requests should be addressed.
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dynamic and electro-osmotic flow profiles. These types of distortion were recognized by
Kolin" in his magnetical1y driven electrophoretic separator, and by Strickler and
Sacks? and Hannig et al.s in the usual free-flow electrophoresis systems.

Distortion of the sample bands can be decreased by decreasing the thickness
of the sample stream or by increasing the thickness of the electrophoresis cell. In
principle the sample stream thickness could approach zero; in practice thethickness
is a significant fraction of the cell thickness. An alternative method of obtaining less
distorted sample bands is to increase the electrophoresis cel1 thickness. This would
result in "flatter" profiles for both buffer curtain flow and electro-osmotic flow, but
would aggravate the problem of convection since the temperature difference would be
greater in a thicker cell. A thin cell can be expected to have severe distortion of the
sample due to steep flow profiles, while a thick cell will suffer from convection prob­
lems.

A solution is possible. Since convection and sedimentation are attributable to
a gravity field, these problems may be alleviated, at least theoretically, if the cell
system were to be operated in a zero g environment. The advantages would be: a
thicker cell to flatten the flow profiles and the absence of convective mixing and
sedimentation of samples at high concentration.

This work describes a mathematical model of an electrophoresis cell which
operates under the conditions of no convection and no sedimentation (absence of
gravitational effects).

THEORETICAL FOUNDATION

General
In electrophoresis the item of interest is the rate of migration. Provided the

migration path is of sufficient length a mixture of components may be separated. The
rate of migration (electrophoresis) is a function of net charge, size and shape of the
particles, and retarding factors such as viscosity . A particle which has no net charge
or is uncharged should not migrate. However, a liquid flow occurs, induced by the
applied field, which causes all species present to migrate. This is known as electro­
osmosis.

The following sections will discuss the ?;-potential, electrophoretic velocity and
mobility, and electro-osmosis.

?;-Potential
The charge and potential near a phase boundary have been considered in detail

by Debye and Hiickel", Audubert'", Gouy", Chapman", Stern" and others. The ap­
plication of these equilibrium properties to electrokinetics has led to the concept of
a "slipping plane" displaced somewhat from the actual phase boundary. Electro­
kinetic phenomena are controlled by the potential at this slipping plane cal1ed the ?;­
potential as indicated in Fig. I. The concept of the slipping plane and its attendant
potential is useful in measurements and calculations relating to electrophoresis, but
the relationship to more fundamental properties of the phase boundary is somewhat
tenuous. More detailed descriptions of ?;-potentials and their application in electro­
phoresis can be found in refs. 14-17, and in the many references cited therein.
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Fig.!. Variation of potential with distance from a charged surface.

Electrophoresis and mobility
Elementary analysis indicates that if an electric field, B, is applied to a particle

of net charge C, the force producing electrophoretic migration is Be. The resisting
force is given by Stokes' law, i.e., F = 4na1] V for a spherical particle where a is the
particle radius, 1] is the bulk viscosity of the medium and V is the particle velocity.
If the particle has mass m, and neglecting electrostatic interactions, the motion is
described by

- md~ dx
EC = c.rtz- + 4nYJa <:It

The transient response is rather small (10- 14 sec) and the particle accelerates
to its limiting velocity almost instantly. The limiting velocity or the electrophoretic
velocity (Ve p ) is given by:

v = BC
ep 4nYJa

The mobility fl (velocity in unit field) is given by:

(2)

(3)

and it can be shown that the mobility is related to the (-potential in the following
manner:

(4)

where D is the dielectric constant of the solution.
It has, of course, been shown that the constant, 4n, in eqns. 1-4 is valid only

when the radius of the phase boundary is large compared to the thickness of the



332 J. A. GIANNOVARIO, R. N . GRIFFIN, E. L. GRAY

electrical double layer. Under other circumstances the con stant can range up to
671:18 •19 , dep ending on particle size and the composi t ion and ion ic strength of the sur­
rounding med ium . For ou r present purpose the use of the con stant, 471: , will suffice.
The extension to other circumstances is obvious.

Electro-osmosis
The phenomenon known as elect ro-osmo sis is due to the poten tial difference

existin g between the wall of a chamber and the layer of liquid lying next to it ; that
is to the double layer at the boundar y between solid and liquid. The applicat ion of
an electric field mu st cause a displ acement of the charged layer s, and since the wall
cannot move the liquid mu st , and a flow results. The direction of flow depends on
whether the ions in thi s double layer are positive or negati ve.

Suppose that the wall of the chamber is negati vely charged and the layer of
liquid adjacent is po sitively charged. If a field E is applied and the surface den sity of
charge is given by a the for ce acting on unit surface is Ea. The viscous forces opposing
flow are given by 1')(Veo/(5) where (5 is the double layer thickness and Veo is the electro­
osmo tic veloc ity. For a stead y flow the two for ces must be equal.

- VeoEa =1]-­
15

(5)

As in electro phoresis, the electro-osmotic veloc ity at the wall, Vws can be
related to ( -potential (of the wall) and is given as

(6)

where D is the dielectri c constant of the so lution, 1') is its viscosity and Cw is the ( ­
potential of the wall surface with respect to the bulk solution. The fund amentals of
electro-osmo sis in a clo sed system are well known!", and while a free-flow electro­
phoresis system is, by definition, not a closed system it is closed in the dire ction of
electro-osmosis and the recirculation characteristic of a closed system is observed.
Nee has recen tly re-examined in det ail the fund am ent al equ ati ons describin g electro­
osrnosis'" .

ASSEMBLY OF THE COMP UTERIZED MODEL

Intr oduction
A useful electr ophoresis system designed to operate in a zero-g environment

should be flexible eno ugh to handle some of the very different biological materials
which remain unseparated by present terrestrial electrophoretic meth ods. Th e resolu­
tion necessary to obtain useful material will vary for each species. Thi s impli es an
electrophoresis unit with con siderable ope rati onal latitude in sample flow-rate , sample
residence time, field potential , wall ( -potentials and separ ati on resolution.

The entire mathematical model is based on a criterion ca lled the separa tion
resolution and defined as nfl, the minimum difference in sample compo nent mobility
which will result in the complete separation of two adjacent sample components by
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Fig. 2. Schemati c, free-flow electrophoresis and definition of separation resolution.

an amount equal to the spacing ot the product fraction collection tub es. This is il­
lustrated in Fig. 2.

The term i1S is the cru x of the matter. This term is calculated by taking a
sample particle at two locations on the outer edge of the sample stream and calcu­
lat ing net displacements at tho se points. Fig. 3 illustrates the concept.

The displacement at either point is given by

x
I

!-:----s x --------.-1
A~~ A
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0 ------1
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Fig. 3. Definition of sample distortion , LI S.



334
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Vep = electrophoretic velocity,
Veo = electro -osmotic velocity,
Vnel = algebraic sum of electrophoretic and electro-osmotic velocities,
t, = residence time in the field,
Vb = the buffer velocity at x and
L = length of the field.

Eqn. 10 is simplified in that it does not take into account diffusion effects. If
diffusion were to occur with displacements on the order of the electrophoretic dis­
placements then the A term would be constantly changing during the time particle A
is in the field. Th is effect is built into this model.

In eqn. 10, all of the velocity terms have a dependence upon viscosity, and
viscosity is in turn dependent upon temperature. Th us, temperature becomes the
most important pa rameter in the mode l for separation resolution. Temperature is
also important to sensitive (biological) materials, and it is probably necessary to keep
the maximum temperature at or below physiological temperature (37°). Therefore,
before an attempt can be made to calcu late any of the velocities (Vep, Veoo or Vel) it
is necessary to determine the temperature profile through the cell thickness and the
maximum temperature at the cell centerline.

It is now possible to take an overview of the system and identify the inter­
dependence of the cell variables. Fig. 4 shows this interdependence.
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I
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T

DIFFUSION

BU F FER V E LOCITY

EL ECT RO ­
PHORESIS

DISPLACEMENT -----------. M INI MUM RESOLUTION

Fig. 4. Interdependence of cell variables.
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Temperature distribution and cell thickn ess: step 1
As mentioned before, it is the cell thickness that is the crucial factor in a

successful free-flow system. This is due to several factors: (1) heat transfer occurs
through this dimension ; (2) the hydrodynamic flow profile is determined by the cell
thickness; and (3) the extent of electro-osmotic distortion is determined by the thick­
ness also. The most important parameters here are the temperature distribution and
the maximum temperature at the cell centerline. Since these increase rapidly with cell
thickness, a trade-off must be made between large temperature gradients and flatter
flow profi les.

The first step in the development of the model was to describe accurately the
temperature gradient through the cell thickness and from the maximum temperature
at centerline to choose an appropriate cell thickness. A similar analysis was per­
formed by Brown and Hinckley" subsequent to completion of this work. Their con­
clusions were generally similar to ours except that we did not consider the wall thick­
ness. In designing equipment we strive for the highest practical thermal conductivity
in the walls. Some standard textbook equations were solved first to acquire a "feel"
for the solutions (see Figs. 5A, 5B and 6A). Fig. 6B show s the data resulting from the
finalized mathematical description of the temperature distribution.

A B

Q -IO.O
10

.u
w
z
:J
0:
W

~
W
U
.J
.J
W
U...
<{

W
0: 10
=>...
~
w..
~...
g;
§

Q . WATTS/C M]

0. 2 0 .3 0,4 0 .5 0.1

CELL HA LF THICKNESS (CM)

Q . WATTS/CM3

0. 2 0.3 0. 4 0.5

CELL HALF THICKNESS (CM)

Fig. 5. A, planar heat source; B, distributed heat source, both cases having fixed thermal and
electrical conductivities.
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Fig , 6. A, distributed heat source with fixed thermal conductivity and variable electrical conductivity.
B, Distributed heat source having variable thermal and electrical conductivity.

The equation governing this distribution may be written as

d2 d 2

(a + py) d~ + P( d~) + Q (1 + toy) = 0 (II)

where y = temperature difference from wall at x, x = distance from cell cenlerline,
a = thermal conductivity of buffer at 4°, P= temperature coefficient of the buffer
thermal conductivity, B = temperature coefficient of the buffer electrical conductivity
and Q = power density in WIcm3 containing both the field, E, and the buffer electrical
conductivity, ke.

Eqn. II is a boundary value problem (of the second kind) rather than an
initial value problem. The boundary conditions for eqn. 11 are: the derivative of the
temperature at the cell centerline be equal to zero , y'(O) = 0 and the temperature dif­
ference at the wall (Xf) be equal to zero, Y(Xf ) = O. The distribution is assumed to be
a symmetrical function with respect to the cell centerline. The sought-for value is the
temperature at the cell centerline, j'(O), Some sort of iterative technique must be used
to solve this equation, with the additional condition that the solution converge
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reasonably rapi dly. The method used here is a var iant of the so called " shooting­
method" , in which a value for yeO) is assumed, and with y'(O) = 0, the equation is then
integrated over [O,xf) ' and a y(xf ) is calcu lated. This result, y(Xf) ' is compared with
the condition y(xf ) = 0, and the comparison is used to derive a better estimate of
yeO). The process is repeated until successive iterations converge. It is clear that some
mechanis m must be provided to estab lish how much yeO) is to be incremented on a
given iteration and the Newton-Raphson technique was chosen for this purpose.

Referr ing to Figs. 5 and 6, note how each refinement of the model has affected
the maxim um temperatures at the cell centerline. From these data a cell thickness of
0.5 em (0.25 em half thickness) was chosen . The horizontal dashed line on each graph
represents physiological temperat ure, 37°. An addit ional output from this step is the
temperature profi le through a cell of a given thickness. Figs. 7, 8 and 9 are examples
of this output for cells of thickness 0.07 em, 0.16 em and 0.5 cm, respectively . These
data are read onto a file and used in subseq uent calculations.

The data inputs to step one are: buffer conductivity and its temperature coef­
ficient, thermal conductivity and its temperature coefficient, voltage gradient and one­
half the cell thickness.
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Fig. 7. Temperature grad ient vs. distance from cell centerline for a field of 40 Vfcm and a conductance
of 8.7 x 10- 4 Q - I crn" ' . Cell thickness, 0.07 ern.
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Fig. 8. Temperature gradi ent vs. distance from cell centerline for a field of 40 Vfcm and a conductance
of 8.7 x 10- 4 Q- l em- I. Cell thickness, 0.16 em.
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Fig. 9. Temperature gradient vs. distance from cell centerline for a field of 40 Vfcm and a conductance
of 8.7 x 10- 4 Q -I cm- I • Cell thickness, 0.50 em.

Curtain velocity profile: step 2
The linear veloci ty of the buffer cur ta in determines the residence time, t., of a

particle in the electric field , and therefore determines, in part, the lateral d isplacement
of the particle. In a constant temperature system, the velo cit y profile wo uld be
parabolic du e onl y to visco us friction . However, visco sity decreases with increasing
temperature (for a liqu id) and since there is a distribution of temperature in the cell,
a di stortion of the parabol ic flow profile results. It is important to kno w the buffe r
velocity at all points through the cell thickness, since a sample strea m has a finite
diameter and therefore particles at the outer edge of the stream move with a lower
velocity than particles at the center. The slower parts of the stream have longer
residence times and therefore experience different lateral electrophoretic displace­
ments. This ultimately a ffects resolution .

The equation used to model the flow profile in the cell can be writt en as :

~ ( aVb) + dP = 0
ax 'YJ ax dz

(12)

where 'YJ is the viscosity of the buffer, dP jdz is the pressure gradient cau sing flow, Vb
is the linear buffer velo city at x, a di stance from the cell centerline.

Since it is not practical to measure dPjdz in a real system, this quantity mu st
somehow be related to the volumetric flow-rate of the system , a quantity easily mea­
sured and controlled. This quantity dP jdz can be written as:

dP
- (iZ

iJ4F
00

(4 j3 ) ab' - «(jjb) 1: N; -s tanh N nG
n =O

(13)

N n = (2n + 1)n j2b (14)

where ij is the average visco sity, G and b are one-half of the cell width and thi ckness,
respectively, and F is the volumetric flow-rate".
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Figs. 10, 11 and 12 show the outputs for cells 0.07, 0.16 and 0.5 ern thick ,
respectively. The flow-rates in all three cases were adjusted to give comparable resi­
dence times in each cell.

The inputs to step 2 are : flow-rate, cell width, cell thickness and temperature
points from the data file created in step 1 to calculate variations in viscosity .

Profile of electro-osmotic velocity: step 3
Electro-osmosis occurs normal to the direction of hydrodynamic flow. Since

the cell is a closed system in the direction of electro-osmosis, this flow must be re­
circulating. Depending upon the sign and magnitude of the applied field and the l;­
potential at the wall, this electro-osmotic flow affects the lateral disp lacement of a
particle undergoing electrophoresis. It is necessary to know the profile of this flow,
so that a net horizontal displacement can be calculated for particles at various posi­
tions in the cell.
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Fig. 10. Buffer curtain velocity vs. distance from cell centerline. Cell thickness, 0.07 em.
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Fig. 12. Buffer curtain velocity vs. distance from cell centerl ine. Cell thickness, 0.50 em.

The equation used to derive this profil e is almost ident ical to that in step 2 and
is written as:

o ( OVeo )- 17-- + F= Oox OX
(15)

where 1) is the viscosity, Veo is the electro-osmotic velocity at distance x from the cell
centerline and F is the driving force for electro-osmotic flow. An expression is needed
to relate the ' -potentia l of the wall to the force driving the fluid . Ifan average viscosity
is ass umed, then eqn. 15 becomes

- F = 1]- d
2

Veo

dx?

and reduces to

FX'2
Veo = --'- + C1 x ' + C2

2ij

( 16)

(17)

If the cell is described through its thickness as shown in Fig . 13, the boundary condi­
tions are at x' = 0; Veo = Vw' At x' = S, Veo = V w, so that eqn. 17 becomes :

so that C2 = V wand

F(S)2
V w = --_- + C1(s) + Vw

2YJ

so that

(18)

(19)

(20)
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Fig. 13. Closed-flow electro-osmo sis.

and

It follows that eqn. 15 is now transformed to

F rom Smoluchowsk i's equation fo r a rec ta ngular cross section ce ll :

X 'S - x ' Z

Veo(x ) = V w - 6 V w (--s-z--)

Setting equations 22 and 23 eq ual:

(
x's - X

I Z

)' _ F I 'z
-6 VW S2 - 2ii (x s - x )

6 Vw F
-~ 2~

Since s = 2b

F = _2!'w~
• b2

From eq n. 6

341

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)
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(29)

Substituting into eqn. 27, the result is:

F= _~ ( w DE
4 nb 2

where D is dielectric constant, E is field, b is 1/2 cell thickness and c, is the (-potential.
Noweqn. 15 can be written as:

(30)

This last equation is the one used to calculate the final electro-osmotic velocity
profile in the cell. Figs. 14, 15 and 16 are the results of these calculations for cells of
0.07, 0.16 and 0.5 cm thickness , respectively. Note that in each case there is a point
at which Veo is zero, and beyond that the flow direction reverses. Thi s correlates well
with the "real world" situation.
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Fig. 14. Electro-osmotic velo city (Veo ) l'S. distance from cell centerline for a field of 40 Y/cm and a
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Inputs to step 3 are : ' -potential of the walI surface, dielectri c constant of the
buffer , the field gradient, 1/2 cell thickness and the temperature from the data file
created in step I to calculate the variation in viscosity.

Diffusion effects and residence time ( t.}: step 4
Depend ing on the kinds of particles in the sample stream and on the residence

time within the field, diffusion effects may play an imp ortant role in the separation
and resoluti on achieved . Diffusion wilI cause the sample stream to increase in diam­
eter as it tr averses the length of the cell. 1f the diffusion time is short compa red to the
residence time , sample particles wi1l mo ve into slower curtains and the residence
times will increase. The effect of diffusing into a slower stream can be compared to a
decelerating force and the increase in residence time can be calculated by using the
following equation :

L = Va t, - 1/2 A t/ (31)

where L is the length of the electrophoresis cell, Va is the initial velocity of a particle
at the outer edge of the sample strea m, A is the change in velocity with respect to time
(due to diffusion ) and t, is the residence time.

The effect of diffusion can be related to eqn . 31 in the folIowin g manner: if the
mean increase in sample diameter is expre ssed as23

(32)

where D I is the diffusion coe fficient and t is time , th en the change in zl V with respect
to time is given as

(33) .
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Since J r in thi s case co rrespo nds to a ch an ge in x , th e position throu gh the thickness,
it is possible to subs titute dx /dt for d/Jr/dt . Now, acce leration or deceleration in th is
case is defined as

dV
a = - -

dt

However, with a change of variables

d V dx
a=-- - -

dx dt

or

from eqn. 35. Rearrangement brings

1 1_ at? = _ A t3/ 2

2 2

where

A = d V (~~)1 /2
dx 2

(34)

(35)

(36)

(37)

(38)

Starting with the init ial estimate of t, = L/ Vo a distance is calculated from eqn .
31 and compared to L , the actual length of travel. Using the Newton-Raphson routine
an increment, DEL, is generated and added to the old residence time and the cycle
begins again until the difference between the calculated distance and the actua l di s­
tance meet s the convergence criterion.

Table I contains the data obtained for three cells of th ickness 0.07, 0.16 and
0.5 cm.

TABLE I

RESIDENCE TIME t, AT EDGE OF SAMPLE STREAM

In all cases L = [0.16 cm and D, = 5 X 10- 9 crnv sec.

Parameter Value
- --_.

Thi ckn ess (cm) 0.07 0.16 0.50
Va (ern/sec) 0.008 0.030 0.033
A (ern/sec") - 1.576 - 0.331 - 0.033
t, 1st guess (sec) 1163 335 307

1st itera tio n 1679 338 308
2nd iterat ion 1720 co nverges co nverges
3rd itera tio n 1721 converges co nverges

LlX(cm) 0.007 0.003 0.003
_ . ' •.. ._ .-. - "..• .._. . _---_ ._ .
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For particle remaining at the cell centerline, the residence time is simply the
length, L, divided by the curtain velocity at x = o.

The inputs to step 4 are: active cell length, buffer velocity at the edge of the
sample stream (bs/2) (from step 2), the deceleration factor, A (from step 2), and the
diffusion constants of the particles.

Total lateral displacement due to electrophoresis and electro-osmosis: step 5
The total lateral displacement of a particle in the field is the result of electro­

phoresis, electro-osmosis and residence time. In step 5, the net lateral velocities for
the particles at points A and B in Fig. 3 are calculated. For the particle at point B,
the net velocity is simply the sum of the electrophoretic and electro-osmotic velocities
at x = O. This sum times the residence time at x = 0 will yield So, the lateral displace­
ment at x = O. Calculation of the similar term, Sx, for the particle at point A, involves
integrating the electrophoretic velocity, V e p, and the electro-osmotic velocity, V eo, over
the increase in sample diameter. Sx can be written as

(39)

where XU) = bs/2 + (6D 1 t)lIZ = bs/2 + zlx (bs/2 is the sample stream radius). The
boundary conditions on XU) are: when t = 0, XU) = bs/2 and when t = t., x(t) =

bs/2 + zlx, and from eqn. 35 dx/dz = ([3/2] [Ddt])'lz. The following substitution can
be made:

dt = 2 (x - bs/2) dx
6D,

(40)

From eqn. 39 and with a change in the limits of the integration, S; can be
written as:

_ I fts /
H I1X f 1f bS}s, - 3D; bs/Z 1Vep(X) + Veo(X)J1x - 2 dx (41)

The inputs to step 5 are the diffusion constant of the particle, the sample radius
increase and the residence time. The electro-osmotic velocity is taken as necessary
from the data file created in step 3. The electrophoretic velocity is calculated from
viscosity variations due to temperature gradient, and particle zeta potential.

Minimum resolution: step 6
Going back to Fig. 2, the separation resolution Ll,u can now be calculated from

the data available:

Ll,u = LlS + N + zlx' + bs/2 (42)

where Ll,u is the minimum difference in sample mobility which will result in the
complete separation of two sample components, N is the collection tube spacing,
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zlx ' is the adjacent sample increase in radius due to diffusion and bsJ2 is the original
sample stream radius. LlS, which is a measure of the sample distortion, is calculated
from step 5 data by taking LlS = S; - So. The absolute minimum is determined by
two factors alone, the initial sample stream radius and the collection tube spacing ,
since it is conceivable to have a case where LlS and zlx ' are both zero .

APPLICATION AND RESULTS

Several realistic, yet hypothetical, cases were examined with the completed
model. A sample containing four components was theorized . These components had
' -potentials of 25, 29, 30 and 34 mY, corresponding to the mobilities measured for
the fixed red blood cells of chicken, human A, human B and dog, respectively. In each
case, the active cell width and length are 5.08 x 10.16 em. The thickness was varied.
The flow-rate through each cell was adjusted so that a particle at the centerline would
have a residence time comparable to the other cases. The sample stream diameter,
0.06 em, the wall' potential, 5 rnV, and the field, 40 VJcrn, were the same in all cases.
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..__---------5.0CM----------•
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2 3 4 5 6 7 8 9 10 11
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Fig. 17. Graphic illustration of separation and resolution for a 4-component mixture. Cell, 10 x 5
cm; th ickness, 0.07 cm ; sample diameter, 0.06 cm; field, 40 Y/cm ; wall potential, 5 mY; particle
potential, 25, 29, 30 and 34 mY; centerline velocity, 0.032 em/sec.
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Fig. 18. Graphic illustrati on of separation and resolut ion for a 4-componcnt mixture. Cell, 10 x 5
em; thickness, 0.16 em; sample diameter, 0.06 em; field, 40 Y/cm ; wall potential,S mY; particle
potential, 25, 29, 30 and 34 mY; centerline velocity, 0.035 em/sec.

Figs. 17, 18 and 19 are the result s of the se calculations for cells of 0.07, 0.16 and 0.5
cm thickness, respectively.

The first case, a 0.07-cm thick cell (Fig. 17), is very close to the thickness of
the electrophoresis cells described by Barrollier et al.' and Hannig". The effects of
electro-osmosis and the buffer profile are profound. In addition, reterring to Table J,
the very long residence time for particles at the outer edge of the sample stream has
caused the sample stream to diffuse to the cell walls even though a very small diffusion
constant was used, ca. 10- 9. The result of moving to the wall is that the particle s are
now caught in the reverse flow cau sed by electro-osmosis and further remixing of the
sample occurs. As can be seen from the collection graph, no separa ted material can
be collected in an y large amount.

The second case, a 0.16-cm cell (Fig. 18), is similar to equipment used in thi s
labo ratory. The crescent effect is still qui te pronounced and it is still not possible to
obta in a complete sepa ration between any of the components.

The last case, 0.5 em (Fig. 19), is a proposed "thick" zero g experiment cell. A
cell of this dimen sion canno t susta in the resultant temperature gradient in a Ig envi­
ronment without convection setting in rapidly. Although the crescent effect is still
present, it is great ly reduced and it now becomes possible to obtain two components
of 100% puri ty. Of the other two components, 95 % of one component can be col­
lected free of other material , while the fourth will contain some 4 % (of the total
amount) contamination.

In all three cases the , -potential of the wall was assumed to be 5 mV. Thi s
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Fig. 19. Graphic illustration of separation and resolution for a 4-component mixture. Cell, 10 x 5
em; thickness, 0.5 em; sample diameter, 0.06 em; field, 40 Y/cm; wall potential, 5 mY, particle
potential, 25, 29, 30 and 34 mY; centerline velocity, 0.033 em/sec.
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would result in very little electro-osmotic flow and the bulk of the crescent effect is
due to the buffer flow profile.

The crescents, in these cases, point from right to left, indicating that particles
at the outer edge of the sample stream had more lateral electrophoretic displacement
due to longer residence times.

If the wall '-potential is changed, for example from 5 to 50 mY, by some
treatment of the wall surface, the results would look like Fig. 20. The other parameters
are unchanged from case 3. The crescent is now pointing from left to right due to the
increased influence of electro-osmosis. Overall, the electro-osmotic velocity at any
point is greater than the electrophoretic velocity. As a result, the entire sample band
moves farther than previously and particles near the centerline move farther than
others in the stream.

Table II lists some data pertaining to these examples. The distortion, .1S, is
given and the separation resolution, .1,u, is given in both zzm .em .V- 1 sec- 1 and in mV.

The first two examples were modeled after existing equipment to check the
reliability of the predictions made with the mathematical model. The last two cases
are, at present, unable to be verified experimentally, since they require a "zero s"
environment. An electrophoresis cell of the dimensions stated for cases 3 and 4 has
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Fig. 20. Effect of a change in the wall ( -potential. Condit ions are the same as in Fig . 19 except the
wall ( -potential has been increased by a factor of 10.

TABLE II

HYPOTH ET ICAL ELECT ROPHORET IC SEPARATIONS

l iS = em
/ l/l = Ilm ·cm ·V-l · sec- 1

- --- - -- .- -
Separation ( -potential Other parameters
parameters

25 III V 29 III V 30 III V 34 III V
- _ ._"- -- _.,- ' . •.. _-"-- - ---

LIS 4.96 6.00 6.27 7.31 0.07 ern thick; ( w = 5mV
LJll 4.08 4.89 5.11 5.94
LlC(mV) 78.77 94.42 98.66 114.69

LlS 0.19 0.23 0.24 0.27 0.16 ern thick; C" = 5mV
LIIl 0.28 0.31 0.32 0.35
LlC(mV) 5.41 5.98 6.17 6.75

IJS 0.024 0.026 0.027 0.032 0.50 ern thick; Cw = 5 mV
LJIl 0.137 0.137 0.137 0.137
flC(mV) 2.645 2.645 2.645 2.645

LJS 0.034 0.029 l ~1 0.028 0.024 0.50 cm thick; C, = 50 mV
LJll 0.138 0.\37 0.137 0.137
.dC(mV) 2.664 2.645 2.645 2.645
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been constructed and some ground-based data were obtained. These data were then
compared to data for thinner cells and then extrapolated to thicker cells. Fig. 21
relates these data, power density, residence time and cell thickness to an arbitrary
stability standard. This standard was defined as: an undisturbed flow of neutral
density polymer latex for a minimum of 3 min with the field applied. The result is the
curved surface shown in Fig. 21. In a 19 environment stable operation of the system
will occur only for points lying below the surface. Operation at the surface or above
it suggests a reduction in the gravity field to decrease convection.

20

",.
14

0:

~ '0

10 20 30 40 50 60 70 80 90 100 110

RESlDENCE TIME (SEC)

Fig. 21. Experimentally determined regions of stable and unstable operat ion of an electrophoresis
cell as a function of the power (in W) and the residence time for a O.50-cm thick cell with other condi­
tions as indicated.

Sedimentation of sample at high concentrations is another problem experienced
by early researchers. In a preparative system sample throughput would be of prime
concern. One solution to the sedimentation problem is to operate the system vertically.
However, this orientation tends to maximize convection. Again, a reduced gravity
field would serve to overcome these problems. Data were obtained for existing equip­
ment and extrapolated to thicker cells. Fig. 22 shows throughput in glh versus cell
thickness for two kinds of sample streams. The first kind of stream is very thin in
width, less than the inside diameter of a collection tube, and this width is kept constant.
The height of the stream varies with the cell thickness. This kind of stream would be
used when resolution of components is the main concern, recalling the criterion for
separation resolution. The second kind of sample stream is round in cross section
and its diameter is ca. 80 % of the cell thickness. This kind of stream would be used
when high throughput of sample is the objective. Comparing the two kinds of
streams, at IO % sample concentration in a lO-mm thick hypothetical cell, the in­
crease in throughput from the rectangular cross section to the round cross section
would be greater than a factor of 20.
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Fig. 22. Th roughput vs. cell thickness. Lower curves represent sample con cent ratio ns for high resolu­
tion. Uppe r curves represent sample concentratio ns for maximu m thr ou ghput.

CO NCL USIONS

A math ematical model of an electrophoresis cell operating und er conditions of
no convection and no sedimentation has been assembled. Through the use of com­
puters, the complex interactions of the various parameters are able to be mod eled
realistically. The temp erature gradient is probabl y the most important factor affecting
a given separation, since thi s directl y affects the buffer curtain profile and the electro­
osmotic profile throu gh the temp erature dependen ce of the fluid viscosity . For a cell
of given length and width, the thickness has the most profound effect on the temp era­
ture gradient since the heat transfer occurs through this dimension. For tem perature
stability a thinner cell is advisable. However , the buffer profile and electro-osmot ic
profiles are adversely affected in thinner cells except under special circumstances':" ,
Therefore, a trade-off must be made between temperature and the two flows for
systems operating in Ig environments. If the problem of convection in thick cell sys­
tems is eliminated by operat ion in a zero g environm ent the upper limit for cell th ick­
ness is governed by the maximum temperature the sample can withstand. In this way,
the buffer curtain profile and electro-osmotic profile are kept as flat as possi ble.

Sedimentat ion of sample at high concentration s is another problem which
plagues terrest rial free flow electrophoresis systems. By operating the system in zero
g, the sedimentation of sample is negligible, allowing higher th rou ghput.
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SUMMARY

Weak hydrogen bridge complexes have been investigated by gas chromato­
graphy. A correction for the influence of dipolar interactions between solvent and
solute on the retention of the latter has been evaluated, and applied in the calculation
of the association constants. Indications have been found of the existence of very
weak complexes between mercaptans or alkynes and n-hexadecyl bromide, and the
occurrence of complex formation between amines and n-hexadecyl bromide has been
definitely established. Association constants of the stronger complexes between
amines and n-hexadecyl cyanide have been evaluated with a precision of about 5%.

INTRODUCTION

In previous work l
, hydrogen bonding between alcohols and a number of

hexadecyl derivatives and dioctyl compounds was investigated. In this work, weaker
hydrogen bridges have been investigated, viz., between amines, propyl mercaptan and
butyne on the one hand, and n-hexadecyl cyanide and n-hexadecyl bromide on the
other.

When weak complexes are investigated by means of gas chromatography (GC),
great care must be exercised in correcting for dipolar interactions between the solvent
and solute, as the retention of the solute is increased not only by hydrogen bonding,
but also by dipolar interactions with the solvent. Therefore, an analysis was made
of the influence of dipolar interactions between solvent and solute on the retention
of the latter, prior to the investigation of hydrogen bonding.

THEORETICAL

By means of GC, association constants, K, for I :I complex formation between
a volatile solute A and an involatile component B of the stationary phase in the
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Previou sly' , g(II'B) was approx imated by g (II'B) = al VB, where a is a constant,
and c was set equal to unity, following Littlewood". H owever, when weak complexes
are investigated, as in thi s work, the correction for dipolar interactions is important
and the utmost attention sho uld be paid to the evaluation of g( wB) and of the con ­
stants c and din eqn. 3.

In the following, WB is defined as the ratio of the weight fraction of the func ­
tional group in the stationary phase to that in the corresponding pure C16 compound.
We used Litt lewood's" retention data at 60° for the stationary phases n-hexadecane,
n-hexadecene, n-hexadecyl chloride, n-hexadecyl bromide and palmitonitrile, and
Littlewood and Willmott's" data (interpolated to 60°) for squalane- lauronit rile
mixtures as stationary phases. It appeared that ra depends slightly on the identity of
the alkane*. Therefore, in the calcul ation of r b from Littlewood's data, the value of
ra for the alkane homomorph of the polar solute was used , rather than an average ra

value for all investigated alkanes (Littlewood and Willmott" tabulated only average
ra values). We calcu lated separately for eth yl and propyl deri vati ves (Tables
I and II).

In eqn . 3, g(II'B).u~ depends only on the identity of the stationary phase (i) , and
.u~01 depends only on the identity of the solute (j) . Hence eqn. 3 can be written as
follows:

(5)

where x represents log rb, P is proportional to g(WB).u~ and q is proportional to .u~Ol '

The appropriate mathematical technique for determining the values of p and q that

TABLE I

LOG r, VALUES OF ETHYL DERIVATIVES, CALCULATED F RO M R ETENTION D AT A
OF REF. 4 AT 60° AND REF. 5 INTERPOLATED TO 60°

Stationary
phase

C '6Hn
C,6H 33CI

C'6 H33 Br

C' 6H33N
C\2HzsN:

100%
48.4 %
28.6 %
14.0 %

- ,,- - -- - -
Solute

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

Diethyl Ethy/ M ethyl Ethyl Ethyl Nitroethane Ethyl
ether acetat e ethyl bromide iodide cyanide

k etone
- . . _ --- -- - _ . ._ .. _ .,- " , -- -- ----- -_ .. . -- -
-0.011 0.080 0.035 0.049 0.04 8 0.077 0.0 84

0.060 0.220 0.259 0.164 0.170 0.384 0.395
0.052 0.225 0.268 0.177 0.196 0.390 0.419
0.157 0.458 0.5 57 0.304 0.280 0.879 0.846

0.262 0.509 0.666 0.992 1.000
0.152 0.316 0.444 0.698 0.666
0.121 0.222 0.306 0.529 0.483
0.097 0.130 0.189 0.3 61 0.334

- - - - - - ~_ .. -

• The mean values of r; of 10 alkanes investigated by Littlewood" and thei r standard deviations,
are as follows : n-hexadecene, 1.004 ± 0.002 ; n-hexadecyl chloride , 1.264 ± 0.009 ; n-hexadecyl
brom ide, 1.578 ± 0.019 ; and palmitonitrile, 1.517 ± 0.019. The standard deviat ion for n-hexadecene
is probably caused only by experimental error, but the larger standard deviations for the other sta­
tionary phases reflect genuin e differences in the individual r. values. It appears that r. increases slightly
with increasing chain length of the alkane.
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TABLE IV

VALUES OF Pi AND qj DERIVED FROM THE DATA IN TABLE II
_. - .._--. ---

Stationary Pi Solute qj
phase

C"H'2 0.064 Dipropyl ether 0.309
C"H 33C1 0.260 Propyl acetate 0.893
C"H338r 0.275 Propionaldchyde 0.992
C"H33N 0.533 Propyl chloride 0.566
C'2 H2S N : Propyl bromide 0.550

100% 0.572 Nitropropanc 1.669
48.4% 0.382 Propyl cyanide 1.674
28.6% 0.282
14.0% 0.182
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In Fig. I, the ratio of p for squalane-Iauronitrile mixtures to p for lauronitrile
is plotted as a function of IVB for ethyl and propyl derivatives. This ratio is equal to
the ratio of the corresponding g(WB) values. It follows that the ratio of g(wB) values
is identical for ethyl and propyl derivatives, i.e., it is independent of the solute.

1.0

P,W':',l<i1. rOE

0.6

0.4

0.2 0.4 0.6 0.8 1.0
~

1.2

Ws
Fig. I. Influence of solvent composition on dipolar interactions in squalane-Iauronitrile mixtures.
e, Ethyl derivatives; 0, propyl derivatives.

To investigate whether the ratio of g(wB) values depends on the properties
of the polar and the apolar component of the solvents, values of Vmelhyl ethyl ketone /

Visopenlane and of Vpropionaldehyde / Vbulane were determined for mixtures of n-hexadecane
with n-hexadecyl cyanide and with n-hexadecyl bromide at 62.6°. From these data,
values of rb for methyl ethyl ketone and propionaldehyde, and values of g(wB)/g
(WB = 1) can be calculated by means of eqn. 3. The results are given in Tables V and
VI and in Fig. 2.

Comparison of the data in the fourth columns of Tables V and VI shows once
again that g(wB)/g (wB = I) does not depend on the investigated solute.
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Fig. 2. Influence of solvent composition on dipolar interactions. The effect of changing the type of
polar or apolar solvent component is shown. 0, Squalane-lauronitrile mixtures; ., n-hexadecane­
n-hexadecyl cyanide mixtures; x, n-hexadecane-n-hexadecy\ bromide mixtures.

or a branched-chain alkane. However, comparison of the data for g(wB)/g (WB = 1)
for n-hexadecane-n-hexadecyl cyanide mixtures and for n-hexadecane-n-hexadecyJ
bromide mixtures, either in the fourth columns of Table V or VI, or in Fig. 2, shows that
the functional group of the polar component of the solvent mixture has a large
influence.

It follows that the influence of the solvent composition on log 'b (and on F)
must be assessed separately for each polar solvent component. It is best estimated
graphically, from graphs such as those in Fig. 2.

The value of c was estimated by the following procedure. p, proportional to
g(WB),u~, was approximated by

p = (I + UWB),u~ (7)

(8)

where t and u are constants. Starting with c = 1, t and u were estimated by regression
analysis of the data for p/,u~ for squalane-lauronitrile mixtures from Tables III and
IV, on the values of W B . Using these estimates of t and u, c was estimated by regression
analysis of the data for log [p/(t+ u)] for n-hexadecene, n-hexadecyl chloride, n-hexa­
decyl bromide and palmitonitrile from Tables I II and IVon the values of log ,uB' This
procedure was repeated until the values of c, t and u converged. The results were
c = 1.09 ± 0.05 for ethyl derivatives and c = 0.97 ± 0.05 for propyl derivatives.

In pure C l6 compounds as solvents, it holds that

- ( Cd)r b = exp V,uB ,upol

where l' = t +u. For ethyl derivatives v = 0.040 ± 0.004 and for propyl derivatives
v = 0.04 ± 0.01. There is little, if any, difference between the results for ethyl and
propyl derivatives. In further calculations we used the values v = 0.04, c = 1.03 and
d = 1.2 for all substances.
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Table IX shows that the association constant of 2-methoxyethylamine is not particu­
larly small. Apparently, little or no intramolecular hydrogen bonding occurs with this
molecule, in contrast to the situation with its alcoholic counterpart.

CONCLUSIONS

Indications have been found that mercaptans and alkynes form very weak
hydrogen bonds with n-hexadecyl bromide. The association constants found are of
the order of 0.05 at 60° (molar fraction scale).

Amines form hydrogen bonds with n-hexadecyl bromide. The calculated
association constants depend on the reference solute that is used to correct for dipolar
interactions between the amine and n-hexadecyl bromide, and they also depend
strongly on solvent composition. The association is too weak to be assessed quanti­
tatively by Gc.

Association constants for hydrogen bonding of amines with n-hexadecyl
cyanide can be assessed by GC with a precision of about 5 %.
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.um Millipore filter. Degassing of solvents was achieved by vacuum filtration and
constant slow stirring of the solvent in the reservoir.

Standards
All stock catecholamine standards were prepared in 0.05 M HCl04 , 0.005 M

NazSzOs at a concentration of lO0.ug/ml and stored at 4 0 C in the dark. Appropriate
concentrations of the stock standards listed later in the text were diluted with 0.05 M
H3CCOOH, 0.005 M NazSzOs, and stored for no more than 12 h at room tempera­
ture. An injection volume of 25 .ul, made with a Precision microsyringe with stainless­
steel needle, was used throughout this text, except where noted.

RESULTS AND DISCUSSION

Separation of the catechol group (NE, E, DHBA, and DA) was directly affected
by changes in the solvent pH (Fig. 1). These results are comparable to those previously
demonstrated by Molnar and Horvcith9 • The theory for this phenomenon has been
previously discussed ll

. The detector response, as measured by peak height, was also
affected by change of pH (Fig. 2). Since the response is dependent upon oxidation of
the catechol ring, which has been shown to be enhanced by increased pHIz, the trend
indicated in Fig. 2 would be expected. As the pH rises from 2 to 6, the ring undergoes
increased oxidation at the electrode surface. At a pH above 6, the catechol ring, in the
presence of metal surfaces present in this chromatographic system, may undergo auto­
oxidation prior to entering the detector. This is reflected by the disappearance of the
signal observed in Fig. 2.

-..
'"
~ 16

0.40

~M
Q)
C

l5 14

~ 120.30
• E-l< 1Il

0

~D~BA § 10

~
.Q 0.20 ~ 8
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... 4u

.l!! DA

~ 2 N

E
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Fig. 1. Retention ofcatecholamines on a 4 mm x 30 cm Waters Assoc. ,uBondapak CJ8 column versus
solvent PH. Solvent consisted of 0.1 M NaH,P04 , 0.1 mM EDTA, adjusted to appropriate pH by
titration with NaOH. Solvent flow-rate, 1.5 ml/min. The catecholamine mixture consisted of I ,ug/ml
each of NE, E, DHBA and DA.

Fig. 2. Signal response generated by the electrochemical detector versus solvent pH. The solvent
consisted of 0.1 M NaH,P04 , 0.1 mM EDTA, adjusted to the appropriate pH by titration with
NaOH. Solvent flow-rate, 1.5 ml/min. 25,u1 of the catecholamine mixture, consisting of 1.0 ,ug/ml
each of NE, E, DHBA and DA were injected at each different pH.
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equation was initially intended for study of a single ion species, and therefore applica­
tion to the problem presented in Fig. 4 wou ld be a gross oversimplification, It is in­
troduced here only to promote the interpretation that the diffusion of an ion through
an aqueous solution should be inversely proportional, in some manner, to the
number of charged species in solut ion (21) , Thi s is generally suggested by the trend in
Fig. 4 at a pho sphate concentration greater than 0.07 M .

~---"'OA

-- ---4.-..._ - N

0.2 0.4 0.6 0.8 1.0

[P04 ' J, M

Fig. 4. Signal response generated by the electrochemical detector versus solvent ionic strength . The
solvent consisted of varying concentrations of NaH 2PO. (p H 4.0) with 0.1 mM EDTA. 25 pi of the
catecholamine mixture, 1.0 1tgj m l each of NE, E, DHBA and DA , were injected a t each different
ionic strength indicated in the figure.

The diminished detector response at low ionic strength indicated in Fig . 4
must be explained by an entirely different mechanism. The detector was composed of
a two-loop circuit with amplification. One loop served as a reference ; the second loop
(working electrode) provided an electron sump at which oxidation occurred, with
concurrent generation of a signal voltage proportional to current at the working
electrode. To complete the circuit, the reference and working loops must make elec­
trical contact via an ionic medi um. Under the constraints of diminished ionic strength,
resistance to very small current flow (nA) was increased, thereby decreasing the re­
lative response of the detector.

To enhance the resolution of catecholamines, and particularly to effect a base­
line separation between E and DH BA, a useful internal standard, the technique of
ion pairing was studied. Coupled with reverse-phase HPLC, ion pairing with aliphatic
counter ion s provided a very powerful tool for positioning peaks in a chromatogram
where desired. This technique promoted the best features of reversed-phase columns
(high resol ution and column stability) with the strong separation characteristics of
ion -exchange chromatography. In view of the success that Knox and Jurand'? have
had with soap chromatography in the separation of biogenic amines, a variety of
aliphatic sulfonates were studied as possible ion-pairing agents to achieve resolution
between E and DH BA. The results of adding paired ion s of varying straight carbon
chain length are shown in Fig. 5. In this study, ionic strength of both the buffer and
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aliphatic sulfonate were constant. The on ly physical factor that was changed that
could affect resolution was the number of carbons in the aliphatic portion of the pair­
ing species . No change in relative detector response was observed. From Fig. 5, it was
deemed that the most practical paired ion would be either heptanesulfonate or octane­
sulfonate. The effect of heptanesulfonate concentration on retention (k) is shown in
Fig. 6. The trend in Fig. 6 closely resemb les that seen by Kno x and Jurand':' ."

1.1 DA DA
10

0.9
8

~ 0.7
0 ~ 6

~~::BA
Ol
.Q 0.5

4

0.3
2

0.1

4 5 6 7 8 2 4 6 8 10
Aliphatic sulfonate carbon length Ilieptanesulfonate). mM

Fig. 5. Retention of catecholarnines on a 4 rnm x 30 cm Waters Assoc. flBondapak CIScolumn as
a ffected by the carbon chain length of aliphatic sodium sulfonate paired ions. The solvent (1.5
ml/min) consisted of 0.1 M NaH2PO. (pH 5.0), 0.1 mM EDTA with 210 mM aliphatic sulfonate as
implied in the figure. The sulfonates were butanesulfonate, pentanesulfonate, hexanesu lfonate,
hep tane sulfonate, or octanesulfonate. The catecholamine mixture co nsisted of 100 ng/rnl each of NE,
E, DHBA and DA.

Fig. 6. Retention of catecholamines on a 4 mrn x 30 cm Waters Assoc . /lBondapak C's column as
affected by the concentration of the paired ion, heptanesulfonate. The solvent (\.5 ml/rnin) was 0.1
M NaH2PO. (pH 5.0), 0.\ mM EDTA containing varying amounts of heptanesulfonate. The
catecholamine mixture consisted of 100 ngjml each of NE , E, DHBA and DA.

CONCLUSION

Determination of solute concentration after separation by a chromatographic
method requires application of an optical or chemical method to the eluate. Two
factors influence the sensitivity of a chromatographic technique. They are (I) the
sensitivity of the detec tion mechanism for concentration of the solute of interest in
the column eluate, and (2) the amount of solute spreading that occurs during the
separation procedure. By diminishing the solute dilution that occurs during chroma­
tography, the concentration per unit volume of the solute in the eluate may be in­
creased, which effectively increases the sensitivity of the entire system .

HPLC, using a solid support of small , uniform particle size offers sharp solute
resolution. When this type of separation is coupled with a sensitive, specific method
of detection, such as amperometry, the system becomes a powerful tool for analysis of
a very low conce ntration of the solute of interest. This is evidenced by the chromato­
graphic trace shown in Fig. 7. Trace A shows the results when 25 ,ul of a catecholamine
standard mixture containing 100 ng/rnl each of NE , E, DHBA and DA were introduced
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Fig. 7. Chromatographic trace generated by the electrochemical detector. A, 25 fll of a mixture
containing 100 ng/rnl each of NE, E, DHBA and DA ; the solvent (2.0 ml/rnin) was 0.1 M NaH2PO.

(pH 5.5), 0.1 mM EDTA, 5.0 mM heptanesulfonate. B, 5 III of a mixture containing 5 ng /ml each of
NE, E, DHBA and DA; the same solvent as in A flowed at 0.8 ml/rnin.

into the system. Trace B shows the sensitivity of the method. The peaks in trace B re­
present 20 pg (ca. 100 fmoles) of each of the catecholamine standards.

To accomplish the degree of sensitivity indicated in Fig. 7, the pH and ionic
strength must be controlled. Maximum detector response was observed at an ionic
strength of 0.07 M, pH 5.5-5.8. Under these constraints, it is necessary to add an
aliphatic counter ion to the separation solvent to achieve an isocratic separation that
gives baseline resolution between the catecholamines of interest. The obvious ad­
vantage of the system described here is that a paired ion may be added or removed to
alter resolution between peaks of interest and interfering peaks that may appear during
the analysis of biological specimens.

Classical approaches to handling of biological specimens for analysis of cate­
cholamines have incorporated a preliminary clean-up step in which the catecholamines
are adsorbed onto aluminum oxide under mildly alkaline conditions, followed by
elution with acid. We have found this to be necessary prior to analysis using the sys­
tem described here. Our experience with the aluminum oxide clean-up step has con­
vinced us of the need to include an internal standard with elution characteristics similar
to the endogenous catecholamines. Recovery of the catecholamines from biological
specimens by adsorption on aluminum oxide under strictly controlled conditions was
observed to vary by up to 20 %. For this reason, we feel it is essential that an internal
standard be incorporated into the procedure. Inclusion of DHBA, a synthetic cate­
cholamine, throughout the clean-up and HPLC steps provides a correction factor to
account for recovery of sample during the preliminary clean-up step, a feature not
available previously' :"; This is a significant contribution toward the faster, more
sensitive method for accurate analysis of catecholamines presented here.
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REACTIVE POLYMERS

XVI". SURFACE-MODIFIED POLYMERIC SORBENTS BASED ON GLYC­
IDYL ESTERS

J. LUKAs, F. SVEC, E. VOTAVOV A and J. KALAL

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences, 16206 Prague 6 ( Czecho­
slovakia)

(Received October 24th, 1977)

SUMMARY

Copolymers based on glycidyl methacrylate-co-ethylenedimethacrylate were
modified by reaction with a number of amines, and by acid hydrolysis followed by
cyanoethylation . The physical and chromatographic properties of the modified co­
polymers suggest that a single copolymer with reactive functional groups can yield
a number of sorbents possessing various polarities and various sorption properties.

INTRODUCTION

Surface treatment of polymeric sorbents influences the retention character­
istics of individual sorbates. One procedure used in such treatment is the introduction
of a stationary phase' :", so that absorption becomes the dominant separation process.
Use of a variety of polymer sorbents and stationary phases showed that in most
cases, the highest separation efficiencies could be obtained with a 2-7 % coatingS.6 •

The other modification procedure alters the chemical character of the sorbent
by a chemical reaction on its surface. The most frequently used treatment of this
type is silanization. Silanized copolymers7 exhibit a higher separation efficiency and
considerably smaller tailing of peaks. Polymeric sorbents with reactive functional
groups can be modified by polymer-analogous reactions to yield sorbents with com­
pletely different separation properties. This procedure was used in the modification
of Spheron", the free hydroxy groups of which were used in polymer-analogous
transformations with stearoyl chloride and acrylonitrile.

This paper reports the investigation of the surface properties of macroporous
polymeric sorbents based on glycidyl methacrylate-co-ethylenedimcthacrylate
(GMA-co-EDMA), modified by polymer-analogous reactions of the epoxy groups
of glycidyl methacrylate units .

• For Part XV, see ref. 9.
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EXPERIMENTAL
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Modification of copolymers by polymer-analogous reactions
Reactions with amines. The starting copolymer in reactions with amines was

sample 1, containing 55% (wjw) of GMA. Ammonia, methylamine, dimethylamine,
ethanolamine and ethylenediamine were used as reagents . The reaction with ammonia
was carried out in a stainless steel autoclave, whereas reactions with volatile amines
(methylamine, dimethylamine) were performed in ampoules placed in a thermostat.
Reactions with less volatile amines (ethanolamine, ethylenediamine) were carried out
in a flask under reflux, heated on a water bath. The reaction conditions, the conver­
sion of GMA and the basic physical characteristics of copolymers modified with the
amines are given in Table I.

Hydrolysis of the copolymer GMA-co-EDMA. The epoxide ring was opened
by means of the acid hydrolysis of sample 7 with a 0.1 N sulphuric acid solution.
The reaction was carried out at 90° for 3 h. The product was decanted with water
to neutral reaction and dried. Vicinal hydroxy groups were formed, and no epoxy
groups were detected in the copolymer after such hydrolysis .

Cyanoethylation of the hydrolysed copolymer. The hydrolysed sample was
cyanoethylated after being swollen in a 9 M NaOH solution. The reaction with
acrylonitrile (AN) was carried out at 25°, with the molar ratio of reagent to the
reactive hydroxy unit being 3.2: 1. As the copolymer was in the swollen state, the reac­
tion proceeded not only on the surface but also in the bulk.

Chromatographic and other measurements
The chromatographic measurements required for calculation of the specific

retention volumes, the Kovats retention indices and the modified Rohrschneider con­
stants were carried out in the same way and under the same conditions as described
in the previous paper". The 150-200 flm fraction was used in all cases .

The mea surement of specific surface areas and thermal stabilities and the de­
termination of the epoxy groups were also carried out in the same way as in the
previous paper", The nitrogen content of the copolymers was determined by the meth­
od of Kjeldahl'".

RESULTS AND DISCUSSION

The starting copolymer used in the polymer-analogous reactions with am­
monia and with a number of amines was sample I, obtained by the copolymerization
of 60 % (wjw) of GMA and 40 % (wjw) of EDMA. This proportion of the cross­
linking EDMA ensures the required mechanical strength, small volume contractions
due to the temperature and medium, and a sufficiently large surface area of the re­
sulting copolymer. GMA introduces into the copolymer the required concentration
of reactive epoxide groups.

The conditions for the polymer-analogous reactions and the basic character­
istics of modified copolymers with chemically bonded primary, secondary, and ter­
tiary amines are given in Table 1. Although the reactions were carried out in a mul­
tiple excess of amines, the conversion of GMA with ammonia and amines containing
one nitrogen atom varied from 64 to 79 mole%. In the case of sample 6, when the
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reagent contained two nitrogen atoms, the conversion (assuming that only one amino
group of ethylenediamine reacts) was only 53.7 mole %. Thi s result may be disto rted
by the fact that under appropriate steric conditions ethylenediamine could react with
both groups. In addition to am ino groups and hydroxy groups introduced by ethanol­
amine in sample 5, the surface of copolymers thu s modi fied also contains epoxy
groups of unreacted G MA. Because the specific surface areas of samples of the mod­
ified copol ymers vary with in a small range about the value of the sta rting sample
I , it is impossible to follow exactly the effect of polymer-analogous react ions on the
change in the surface area. The experimental error in the specific surface area can
be considerable (± 5%). It may be asserted , however, that polymer-analogous re­
act ions lead to an increase in the mean pore diameter ; sample 6 is the only except ion
to thi s finding.

Compared with the starting sample I, the thermal stability of thi s series of
modified copolymers tends to decrease somewhat. The lowest thermal stability was
observed with sample 4, the thermogravimetric record of which continued to decrease
in the linear region, so that at the character istic breaking po int (onset of decomposi­
tion ) the weight loss amounted to 7.4 %.

Subsequent modifications (Table II) were carried out using sample 7 as the
starting copolymer. Its acid hydrolysis yielded a macroporous copolymer with free
hydroxy groups on the surface (sample 8). Reaction of AN with the hydro xy groups
of the hydrolysed copolymer yielded sample 9, which contained strongly polar nitrile
groups. The last in the series is sample 10: a terpolymer, GMA-co-AN -co-EDMA.
The latter two samples were compared in order to examine how the properties of the
copolymer, with the substra te (AN) attached to the surface, differed from tho se of
the terpol ymer , into which the substrate had been incorporated as the monomer.

T ABLE II

BASIC CHARACTERISTI CS OF THE STARTING CO PO LYME R GMA- CO-EDMA AND
OF SAMPLES MODIFIED BY HYDROLYSIS FO LLOWE D BY CYANOETHYLATION

Sample M odified Content in Thermal Specifi c M ean
number copolymer stability surface pore

( OC) area size
GM A AN (m' /g) (nm)
( %, ( %,
IV/IV) IV/IV}

- ----- --_.----

7 53.5 • 216 60 11.4
8 by hydrolysis with H2SO4 207 62 12.0
9 by hydrolysis and

cya noethylatio n 18.9 216 51 20.5
10 36.9" 14.8 272 59 17.1

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

• GMA- ED MA (60 :40, w/w) in the pol ymerizati on mixture.
•• GMA-AN- EDMA (40:20 :40, w/w) in the polymerizat ion mixtu re.

As with copolymers modified with amines, in this case too the changes in the
specific surface areas are comparatively small, and one can also observe an increase
in the mean pore diameter (with sample 9, thi s cha nge is conspicuously large) in
relation to the starting copolymer. Comparison of the thermal stabilit ies of mod ified
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copolymers and the starting sample 7 shows that the stability of the hydrolysed sample
has decreased by ca. 10°. The reason is the lower stabi lity of the vicinal hydroxy
groups. Subsequent cyanoethylation of the hydrolysed copolymer caused an increase
in thermal stability to that of the starting sample 7. A considerably higher stability
was observed with the terpolymer. A possible cause of the difference in the thermal
stabilities of samples 9 and 10 is the ether bond formed in the reaction of AN with
the hydroxy groups of the hydrolysed copolymer.

It follows from the specific retention volumes in Table III that modified sor­
bents have quite different sorption properties. Although the specific surface areas of
modified samp les do not differ much from those of the original copolymers, the dif­
ferences in the retention values of compounds on the individual samples are con­
siderable. With the majority of samples (2-6 and 8) the retention values of not only
polar, but also non -polar compounds are increased compared with the starting co­
polymers (I and 7). Thus important changes in the pore distribution probably occur
in the polymer-analogous reactions. Of the modified copolymers, only sample 9 con ­
taini ng AN is an exception: as with the terpolymer 10, the retention values on sample
9 are shorter than those on sample 7.

TABLE III

SPECIFIC RETENTION VOLUMES OF SORBATES ON COPOLYMER SAMPLES

Column temperature 150°, flow-rate of argon 25 ml/min : injected amount 0.1 Ill.
-----_ .- ..._- --- - - - - - - -- - -

Sorbate Sample number
..._--- - -

1 2 3 4 5 6 7 8 9 10
- ,._--- -

Pentane 2.8 5.4 4.4 3.2 \.6 1.6 3.0 6.1 0.9 1.7
Hexane 5.8 9.7 8.9 6.4 2.5 2.9 4.3 11.3 1.6 3.2
Heptane I\.4 18.0 16.5 11.6 4.0 5.0 8.1 19.4 3.3 5.8
Octane 22.1 32.8 21.2 7.4 9.2 15.0 5.2 9.3
Nonane 44.2 65.8 38.6 13.0 17.0 26.7 7.8 13.4
Methanol 5.3 18.8 13.7 10.9 10.2 16.4 6.2 18.8 4.8 5.7
Ethanol 8.8 32.3 25.6 15.8 13.7 21.5 7.6 37.3 5.5 7.6
Propanol 17.1 68.2 42.6 29.4 22.9 37.3 14.4 86.3 8.4 13.3
Butanol 34.3 147.2 93.4 56.7 41.2 65.9 27.5 13.7 23.4
Benzene 17.3 40.0 27.4 20.3 11.9 12.3 15.5 44.9 6.0 12.6
Methyl eth yl ketone 18.4 40.1 24. 1 17.2 14.7 71.5 8.1 14.4
Nitromethanc 27.8 6\.6 44.2 36.3 28.8 43.8 26.2 60.9 18.9 27.9
Pyridine 57.1 266.9 159.7 92.9 70.2 107.0 45.4 25.4 41.8

-- --- ---_ . ...

The dynamic conditio ns in columns packed with modified copolymers based
on glycidyl esters are analogous to the starting copolymers" ; the separation efficiency
is somewhat reduced only in the series modified with amines. This finding is con­
firmed by the fact that the structure of porous particles is essentially unchanged during
the modification.

The polar character of the sorbent, which is the cause of major or minor spe­
cific interactions with the sorbate molecules, is reflected in the basic chromatographic
data, retention times, or volumes. Thi s is also why the Kovats retention indices , which
are interpolated logarithms of the retention of compounds related to the homologous
series of alkanes, express the chromatographic properties of the separation materials.
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TABLE IV

MODIFIED ROHRSCHNEJDER CONSTANTS9 OF THE COPOLYMER SAMPLES

Related to Kovats indices determined at 1500 on Carbopack B: Ib,nz.n. = 561, I"'"n o' = 296;
[meth Yl e th y l ket one = 476, In itromelh ~ne = 358, Ip yrid l ne = 547.

Sample x ' y ' z' u' s '
number

I 2.02 3.65 2.96 4.75 3.93
2 2.69 5.02 5.43 5.92
3 2.13 4.67 3.52 4.84 4.80
4 2.32 4.58 3.47 5.33 5.04
5 3.23 6.12 4.74 6.83 6.53
6 2.89 6.40 6.98 6.54
7 2.45 3.88 3.22 5.39 4.37
8 2.93 5.24 4.64 5.52
9 2.71 5.14 4.29 7.13 5.81

10 3.26 4.64 4.43 7.00 5.97
-----_.•._ - - -- - - --_.__ ..

The polarity of the samples of sorbcnts under investigation was expressed using the
modified Rohrschneider constants", the calculations of which are based on the Kovats
retention indices of the Rohrschneider standards (benzene, ethanol , methyl ethyl
ketone, nitromethane, pyridine) on the given sorbent and on non-polar Carbopack
B. Table IV shows that all polymer-analogous reactions lead to an increase in the
polarity of modified copolymers. The highest polarity was obtained with sample s
prepared by reaction with ethanolamine (5), ethylenediamine (6), and by hydrol ysis
(8) followed "by cyanoethylation (10). Compared with sample 9, the specific inter­
actions of terpolymer 10 are stronger in the separation of aromatic (x ') , weaker in
the separation of alcohols (y ') , and approximately the same in the separation of the
other types of sorbate (z', u' , s').

Because the retention values are smallest on samples 9 and 10, these samples
are the most suitable for application. Moreover, the separa tion efficiency, thermal

>

2

3

4

I
05 1015 20 min

Fig . 1. Separation of carboxylic acids CrC5 on sample 9. Glass column (100 x 0.3 ern I.D.) ; injec­
tion, 0.15 ,ul; column temperature, 165°; flow-rate of nitrogen, 30 ml/min, Peaks: 1 = acetic acid ;
2 = propionic acid; 3 = butyric acid; 4 = valerie acid.
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2

3

379

15 min

Fig. 2. Separation of mixture of polar compounds with close boiling points on sorbent 9. Glass
column (100 x 0.3 ern J.D .); injection, 0.1.«1; column temperature, 90°; flow-rate of nitrogen, 30
rnl/rnin. Peaks: I = I-chlorobutane; 2 = ethanol; 3 = butyraldehyde ; 4 = methyl ethyl ketone.

stability and lifetime of these packings in the chromatographic column are the highest.
The reactivity of the epoxy groups in the copolymer GMA-co-EDMA rules out the
separation of carboxylic acids and amines. On the other hand, on copolymers sub­
jected to surface modification with AN the separation of carboxylic acids proceeds
without problems (Fig. I), as is the case with the terpolymer GMA-co-AN-co­
EDMA. The separation of mixtures of polar compounds with close boiling points
on sample 9 is shown in Fig. 2. This modified copolymer exhibits inversion in the
separation of l-chlorobutane and ethanol compared with the starting copolymer",
The separation of chlorinated hydrocarbons on this sorbent is highly selective, and
the peaks obtained are highly symmetrical. This is illustrated by the separation of
isomers of trichlorobenzene (Fig. 3).

II min

Fig. 3. Separation of trichlorobenzene isomers on sorbent 9. Glass column (100 x 0.3 ern J.D.); in­
jection, 0.1 Itl; column temperature, [90 °; flow-rate of nitrogen, 30 ml /rnin, Peaks: I = 1,3,5-tri­
chlorobenzene; 2 = I ,2,4-trichlorobenzene; 3 = 1,2,3-trichlorobenzene.
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The result s described in th is paper show tha t by modifying polar polymeric
sor bents based on glycidyl esters by means of polymer-analogous react ions, one can
obtain a great number of sorbents possessing various polarities and various sorption
properties.
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SUMMARY

A screen is proposed for the evaluation of chemically bonded supports; for
use in reversed-phase high-performance liquid chromatography. Appl ication of the
screen to a range of test mixtures has revealed that, in general, octadecyl-bonded
silica is the most useful.

INTRODUCTION

A chemically bonded support is the normally accepted terminology for de­
scribing the chemical linking of organic moieties on to chromatographic adsorbents
such as alumina and silica gel. The advantages of chemically bonded supports in
routine analysis stem from their long-term stability as well as compatibility with
gradient elution techniques. Although widely used, the logic behind the choice of
a bonded support for a particular separation has become very vague.

Conventionally, a stationary phase was chosen after partition experiments had
indicated the desired selectivity. Such experiments are difficult to perform with bonded
phases and in any case, the effect of the monolayer so formed is significantly less
than the multilayer film associated with the adsorbed stationary phase. Consequently,
comparisons between adsorbed and bonded phases are probably meaningless. Con­
sistent with this viewpoint, difficulties have been encountered when reversed-phase
chromatography has been used in an attempt to determine dynamic partition co­
efficients'r".

Applications of chemically bonded supports for reversed-phase chromato­
graphy are legion":", Many use octadecyl-bonded silica. Recentl y, a vast range of
silanes has been made generally available thus prompting an escalation of the number
of bonded silicas evaluated and made commercially available. It is interesting to note
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that the majority of applications advocating the use of such bonded materials employ
adsorption chromatography with non-aqueous solvent systemsv"-'":" and no real
effort, apart from the investigation of chain length of the bonded alkyl groups'v",
appears to have been made to see if a better separation could have been achieved
on more readily available supports. It was to this end that a column screen was
instigated. '

EXPERIMENTAL

Apparatus
Modular equipment was used comprising: constametric I pump (LDC); vari­

able-wavelength UV detector (Cecil Instruments, Model CE 212); syringe loading
injection valve (Rheodyne, Model 7120) and a Servoscribe l.S. recorder (Smiths In­
dustries).

Reagents
Silanes were purchased from Petrarch Systems (Magnus Scientific, Sand bach ,

Cheshire, Great Britain) and Aldrich (Milwaukee, Wise., U.S.A.).

Preparation of bonded supports
In all cases, the following procedure was used. Silica (10 g) was slurried in

toluene (100 ml) to which the appropriate silane was subsequently added (I g). With
occasional stirring, the reaction was allowed to proceed at ambient temperature for
approximately 24 h. The supernatant solvent was subsequently decanted off. Toluene
(100 ml) was added and the bonded silica was again dispersed and allowed to settle.
The supernatant was decanted-off. This procedure was repeated several times using
methanol as solvent (usually 3-5 washes) until no residual silane was observed in
the supernatant. Finally, the methanol dispersion was filtered, washed with methanol
and dried at 40°.

Column packing
The procedure used has been described previously". All columns were packed

by the same procedure and under the same conditions (i.e. 7500 p.s.i. for 30 min).
Extreme care was taken to ensure that all the end fittings, column tubing (Apollo,
from Aedes and Pollock, Warley, Worcestershire, Great Britain), dimensions and
support material (Partisil 5) were the same for each column, thus reducing the pos­
sibility of ascribing peculiar chromatography to factors other than chemical modifica­
tions of the support.

Chromatography
All chromatography was performed under isocratic conditions using a solvent

composition found to be suitable for the application but not necessarily optimal.
Test mixtures used and the corresponding eluent composition are given in Table 1.

The fundamental chromatographic parameter chosen to characterise the chem­
ically modified supports is that of resolution R, determined from the expression

R = 2L1t
WI + Wz
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TABLE I

COMPOSITION OF TEST MIXTURES AND THEIR CORRESPONDING ELUENTS
Me = methyl, Ph = phen yl.

383

Test mixture

PAH
Phenol-I
Phenol-2
Mefruside
2-N1
Ketone
Sugar
Azo compounds

• Acetonitrile.

benzene, naphthalene, diphenyl and anthracene
phenol, p-cresol and 2,4-xylenol
phen ol , p-cresol, p-b rom ophenol , p-iod ophenol
see Fig. 2
see Fig. 5
see Fig. 1
arab inose, xylose, fruct ose and sucrose
11-(1 ) and iso-(l1) azo dyes

N/Ph (xMe(Ph
Men~ Me -:P' N

e-: I and I
Me ~ NHCH R ~ NHCH2R2

where R = (HOC H,- CHOH- CHOH- C HO H)-

Methanol

60
20
20
20
10
40
90·
90

Water

40
80
80
80
90
60
10
10

where LI t is the difference in retention time of the solutes and WI and Wz are the
peak widths at the base of the peak respectively . Unlike the commonly used ca­
pacitance factor (k l

) we feel that R is of more practical use as well as being easier
to comprehend.

The column screen
The column screen involves the evaluation of a wide range of bonded supports

for each separation under investigat ion.
Test mixtures were chosen to represent relativel y simple molecules of similar

functional group together with more complex mixtures of drugs and their metabolites.
The latter are included in order to justify the relevance of the screen to real applica­
tion s.

An evaluation of the screen must take into account the following parameters:
alkyl chain length; steric effects due to bulky groups; basicity; acidity; polarity of
the bonded pha se.

The use of the screen should be aimed at providing the following information:
the best column for a given separation; trends which can be used to probe the under­
lying mechanism of reversed-phase liquid chromatography; and a limited number
of bonded supports suitable for use in a more restricted screen.

Furthermore, application of the screen would be expected to restrict the pro­
liferation of publications describing novel bonded phases .

Application of the screen
The proposed screen has been applied to at least 20 bonded supports (the

number is being increa sed continuously) based upon various alkyl, aryl, acidic , polar
and unsaturated functional groups. Identification of the bonded supports mentioned
in Table III is given in Table II.
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TABLE II

IDENTIFICATION OF SOME BON DED SU PPORTS LIST ED IN TABLE II I

Column pack ing

Supp ort

Partisil-S

Alox-T, S/l

Modification

Hexyl
Non yl
Tetradecyl
Octadecyl
Monophenyl
Diphenyl
Triphenyl
Diphenyl, sulphon ic acid
D iphenyl, sulph onamide
Amino propyl
Prop yl ethylenediamine
Propi onitrile
Methacrylate
Allyl
Glycidoxypropyl
Octa decyl, sulphonic acid
n-Butyl germanium

Octadecyl

Identification

C.
C9

C14

CIS
'PI
'P'
'P,
'P, /SCX
'P2/S-NH,
NH 2

en
CN
MA
All
GL Y
CIS/SCX
BuGe

A I-T /C.s

Alkyl bonded supports. Three different separations (illustrated by Figs. 1, 2
and 3) have been used to demonstrate the relationship between resolution Rand
alky l chain length Cn' In each case, R was found to increase linearly with C, (Fig.
4). These examples show zero resolution on silica alone (n = 0). Of the examp les
studied so far only the nitroimidazole separation gives a positive resolution on silica
alone. It is conceivable that the degree to which a group of compounds is affected
by changes in C, coul d be utilised to improve some complex separations.

St eric effects due to bulky groups. Three phenyl-bonded supports were made
according to the scheme

I C&HSSi 01 3 -Lo-L-@a ) - Si-OH ,.
fill

I I I

I (C&HS)2
Si 012

+~-@b) - Si -OH .. fil2
I

I ( O&HS) 3S i 01 I~
c ) - Si-OH .. -j'-~-@ 1213

I

Reaction scheme for chemical bonding with mono-, di- and tr i-phenyl silanes.
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R / H
. ' H-_--..

lRo-8-372 51

R . =0
/ - -

(R o -11-91 30 )

lnj

1216l rn in s I
Iminsl 20 10 0

Fig. I. Ketone separa tion on octadecyl Part isil (5 ,tm). Eluent, methanol-water (4 :6); flow-rate ,
ml{min ; detection, UV (254 nm).

Fig. 2. Sulphon am ide sepa ratio n on octadecyl Partisil (5,tm) . Eluent, methanol-water (2 :8) ; flow­
rate , 1.5 ml/min ; detection, UV (248 nm).

As the bulk iness of the bonded phenyl groups increases from !Po -7 !Pi -7 !P2 -7

!P3 (where !Po = C o = unbonded silica) steric exclusion of the solute from the support
surface can be expected to increase far more dramatically than that due to incre asing
chain length of similar carbon number. Thi s provides a tool for investigat ing the
eluti on mechanism of reversed-phase chromatography.

OH

R
1'Q~ I

R2

Pk R1 R2

1 H H

2 H CH 3

3 CH 3 CH 3

3

2

lm insl 10 0

Fig. 3. Phe nol-I separation on oc tadecyl Part isil (5 lim). Eluent , methanol-water (2 :8); flow-rate,
0.8 ml{min ; detect ion, UV (275 nm) .
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R

4
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2

6

Ket one

10 14 18

Cn

C. J LITTLE, A. D. DALE, M. B. EVANS

Fig . 4. Relationship between reso lution R and alkyl chain length C .

If liquid partition was the dominating mechanism an increase in retention and
resolution would be expected for increasing alkyl and aryl coverage of the silica sur­
face. On the other hand, if adso rption was the domi nating mechanism an increase
in support coverage wou ld be expected to decrease retention and resolution. At first
sight, the separation of the 2-nitroimidazole radiosensitiser [Ro-07-0582] from its
metabolite [Ro-I I-9130] (Figs . 5 and 6) would fa ll into the latter catego ry. If, how­
ever, the resolution data is superimposed on the corresponding resolution data for
the alkyl coverage (Fig. 7) in such a manner that phenyl corresponds to hexyl, di­
pheny l corresponds to dodecy l and triphenyl corresponds to octadecyl, a more com­
plex situation is observed. Going from phenyl to triphenyl the general decrease in
retention and resolution upholds the adsorption as the dominating mechanism but
the increase in retention and resolution in going from silica to phenyl can be attri-

..--R: -H

(Ro -05-9 9631
1\
N", N-CHz-CH-CH z-.v I I

I
NO OH OR

2
Ib)

10 1 !cl

~

,IR: -CH 3

IRo -07-058 21

I
I, III,

I

l
11

I

J~jL
lmin s I 6 3 2 1

Fig . 5. Nitroimidazole separation on octadecyl Partisil (5 flm) . Eluent, methanol-water (l :9) ; flow­
rate, 1 ml/rnin; detection, UV (324 nm) .

Fig. 6. Nitroimidazole separation on mono- (a), di- (b) and tri - (c) phe nyl-bonded silicas.
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A l k yl

I '

~ (c ) (b)

- A r y l

j2 6 10 14 18 Cn

~O ¢1 ¢2 ¢3

387

(c)

Fig. 7. Comparison between the effects of carbon number C. and pheny l carbon num ber 'P" on resolu ­
tion for the nitroimidazole separation.

Fig. 8. Sulphonamide separation on mono- (a), di- (b) and tri - (c) phenyl -bonded silicas.

buted either to partition effects or to adsorption mod ified by hindrance to the desorp­
tion process. The problem is magnified by the continued increase in retention and
resolution by increasing alkyl coverage. Perhaps the increase in carbon number mere­
ly increases the hindrance to the desorption process. A similar result" is obtained
with the separation of the sulphonamide, Mefruside [Ro-8-3725] from its metabolite
[Ro-11-9130] (Fig. 8) except that the maximum retention and reso lution occurs nearer
to diphenyl (Fig . 9).

R

~o
Fig. 9. Comparison between the effects of carbon number C. and phenyl carbon number 'P . on resolu­
tion for the sulphonamide separation.

Acidic and basic bonded supports. At this stage it is worth referring to a sum­
mary of the screen to date (Table III) which attempts to classify the performance
of the bonded supports investigated for each application. Not every bonded support
is listed, but those that are have been chosen as being representative or illustrative
of a point of particular interest. Most of the bonded supports investigated fall into
the zero-moderate category.

In general , the acidic and basic bonded supports gave poor resolution. The
only application giving significant separation with these supports was that of the
nitroimidazoles. However, this separation gave a similar separation on unbonded
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TABLE III

SUMMARY OF COLUMN SCREEN

C. J. LITTLE, A. D . DALE, M. B. EVANS

Performance PAH Phenol-I Phenol-2 Mefruside 2-NI Ketone Sugar Azo
compounds

. .. . .. __ .- ---- -

Zero CN NH, /P(1 . 3 ) CN NH, CN C,4 CJa
Poor c., I SCX C6 CN C6 BuGe /P(1.3 CN
Mod. (AI-T) I c., CI4 All C,4 CN MA BuGe
Good C , 4 MA C l4 'P , 'PI C I4 N H, CIa I SCX
Best c., (AI-T) I c., c., c., c., c., en SCX

- - - - - - - - - -- -

silica . Consequently, one can conclude that the bonded groups have made very little
difference to the sepa ration.

Exceptions relating to these bonded supports occur in the applications where
ion-exchange or ion-pair formation can be invoked (i.e . sugars and azo compounds).
An interesting trend to emerge from the sugar screen is the improvement in resolution
as the number of bonded amino gro ups is increased. Th is wor k will be reported in
greater detai l in a future publication".

Polar bonded supports. The general remarks referring to acidic and basic bonded
supports also apply to polar supports such as nitrile and methacrylate. The major
exception to these comments refers to the reso lution of the phenol-l mixture where
methacrylate produces a good resolution. However, the resolution offers DO advantage
over the octadecyl-bonded supports of either silica or alumina. To date no application
has been found for this group of supports which cannot be better performed by other
supports.

Miscellaneous. Apart from the octadecyl Alox T support, which is comparable
to octadecyl Partisil for the phenol-l separation, the only noteworthy resu lt is that
of n-butyl germanium in the sugar separation. This application serves to emphasize
the importance of screening several supports prior to submitting a new application
for publication. This is the on ly potent ial application we have found for n-buty l
germanium so far. If we had published on the basis that it was superior to octadecyl
Partisil a misleading situation would have arisen through not taking into account
the even better resolution of aminopropyl Partisil and ethylenediamine-bonded Par­
tisil.

CONCLUSIONS

Apart fro m applications invo lving ion-exchange or ion-pa ir mecha nisms, octa­
decyl-bonded supports appear to be the most useful for reversed-phase chromato­
graphy.

Although inconclusive at this stage, there is some evidence that the pre­
dominant role of the bonded phase in reversed -phase chromatography is to modify
the adsorption effects of the support. Almost certainly there is more than one mech­
anism acting and it is hoped that more conclusive evidence will be forthcoming.

Already there is sufficient evidence to propose a restricted column screen. It
would appear that silica, octadecyl silica, am inopropyl silica, ethylenediamine-bonded
silica and a strong cation-exchange-bonded silica should suffice to give the maximum
of information for the minim um of effort.
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SUMMARY

The chromatographic properties of a range of peptides varying in size from
di- to decapeptide have been investigated by reversed-phase high-pressure liquid
chromatography. A new set of conditions, namel y, the addition of phosphoric acid
to the mobile phase, has been found to have very real advantages in the analysis of
underivatised peptides. The se conditions allowed marked alterations in retention
times, improvement in reproducibility and excellent resolution of peptides differing
by as little as a single amino acid. A major advantage of phosphoric acid is that it can
be used successfully in the range 195-220 nm which makes it compatible with -the
use of variable wavelength UV monitors as sensitive detectors in high-pressure liquid
chromatography. In addition, the use of phosphoric .acid permits the significant
lowering of concentrations of organic solvents in the mobile phase, thus reducing the
possibility of denaturation or precipitation .

INTRODUCTION

In the past, reversed-phase liquid-liquid partition chromatography has found
limited .application, but recent developments in the preparation of chemically bonded
stationary phases have shown that highly efficient columns can be prepared for a
variety of applications which include the analysis of pharmaceuticals', metabolites' ,
pesticides' , derivatised amino acid s"? and derivatised peptides". Recentl y the use of

* To whom correspondence should be addressed.
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ammonium acetate? and other buffers'? has been reported for the analysis of peptides
by reversed-phase high-pressure liquid chromatography (HPLC).

We recently reported a reversed-phase method for the analysis and resolution
of a series of underivatiscd peptides on 37-50,um pellicular packings!', Improved
retention times with consequently improved peak separations should result by using
reversed-phase packings of less than 10 11m particle diameter. These fully-porous
silica based packings are noted for their significantly higher plate counts. It was found,
however, that retention times of known peptides were extremely long and repro­
ducibility was difficult to obtain with these micro-reversed-phase packings. In order
to overcome these problems a series of ion-pairing and ionic suppression reagents
were examined as additives to the mobile phase. As a result of these studies we found
that several reagents, and in particular phosphoric acid, when added to the eluant ,
gave a marked improvement in reproducibility and retention times of peptides on
commonly used reversed-phase systems . In addition, the use of phosphoric acid
allows detection of eluted peptides at wavelengths in the range of 200-220 nm.

It is the purpose of this paper to describe the effectiveness of phosphoric acid
in the analysis of a variety of peptides.

MATERIALS AND METHODS

High-pressure liquid chromatography
A Waters high-pressure liquid chromatography system was used which included

two M-6000 solvent delivery units, an M-660 solvent programmer and a U6K uni­
versal liquid chromatograph injector, coupled either to a Cecil 212 variable wave­
length UV monitor with an 8 ,ul flow-through cell and a Linear Instruments Corp.
double channel chart recorder, or to a Series 440 Waters UV detector and Rikadenki
double channel chart recorder.

The Bondapak Cl8-Corasil and Bondapak Phenyl-Corasil (37-50,um) were
purchased prepacked in stainless steel columns (61 ern X 2 mm J.D.) from Waters
Assoc. (Milford, Mass. , U.S.A.). The ,uBondapak-Fatty acid analysis and ,uBondapak­
CI 8 columns (lO,um, 30 ern X 4 mm I.D.) were also from Waters Assoc. Sample
injections were made with a Pressure-Lok liquid syringe , Series B-1 10 from Precision
Sampling (Baton Rouge, La ., U.S.A.). Filtration of solvents was carried out using a
pyrex filter holder (Millipore, Bedford, Mass., U.S.A.) while peptide samples were
filtered using a Swinney Filter (Millipore).

Reagents
All solvents were Analar grade. The methanol was used as supplied by

Mallinckrodt (St. Louis, Mo., U.S.A.). The acetonitrile, supplied by Fisher Scientific
(Pittsburgh, Pa., U.S.A.) was further purified by the method of Walter and Ramaley".
Orthophosphoric acid was from May & Baker (Dagenham, Great Britain), potassium
dihydrogen phosphate and benzoic acid from BDH (Poole, Great Britain). Water
was glass-distilled and de-ionised. Samples in Fig. 3 (A, B, D) and the protected
hexapeptide (Fig. 2) were produced in this laboratory" by the solid phase method
using standard procedure", The peptides described in Table I were purchased from
Research Specialities (Richmond, Calif., U.S.A.). All amino acids were of the
L-configuration.
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Methods
A flow-rate of 1.5 ml/min was used for each column which was maintained

by a pressure of 1100 p.s.i . for the C1s-Corasil column, 2000 p.s.i. for the phenyl­
Corasil column, 2100 p.s.i. for the ,uBondapak-C1s column and 2300 p.s.i. for the
,uBondap ak-Fatty acid analysis column. All tests were at room temperature (ca. 22°).
Sample sizes varied between 0.1 and lOng of peptide material injected in volumes
I-I00 ,u1. Detection was in the range 205-225 nm, 254 nm or 280 nm depending on
the nature of the sample and the mobile phase. All peptides were taken up in de­
ionised, distilled water and, prior to injection, made up in the eluting solvent. All bulk
solvent s were degassed separately for the following times ; water for at least 30 min,
organic solvents for 1.5 min. The solvents were mixed in the required volumes,
degassed for 1.0 min and then equilibrated to room temperature. This preciseness was
necessary for reproducibility. All solvents were stirred magnetically during equilibra­
tion and elution. All columns were equilibrated to new solvents for at least 30 min.
The mob ile phase solutions were routinely filtered using 0.5,um Millipore filters as
were all peptide samples.

RESULTS

In Fig. 1 the marked decrease in retention time of a tetrapeptide (Leu-Trp­
Met-Arg) on C1s-Corasil after the addition of 0.1 % phosphoric acid to the mobile
phase is shown. The pH of the acetonitrile-water mobile phase decreased from 6.5 to
2.2. These are apparent pH values obtained using a glass electrode. Thus, the addition
of phosphoric acid will have a dual effect of a change in pH and of the equilibria of
the ionisable groups in the peptide. The very basic guanidino side cha in of the arginine
residue (pK. 12.48) will remain protonated over the pH ranges used in reversed-phase
chromatography. The a-amino group and C-terminal carboxyl group will, however,
both be affected by this change in pH .

10
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16 014

TIME (min)

1210B6

0·16r---------------------:...,.----------~

0·14
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N 00
Q
Q

Fig. l. Elution profile of the tetrapeptide Leu-Trp-Met-Arg on a C l 8-Corasil column. (A) with
acetonitrile-water ( I :3) as mobile phase (B) with acetonitrile-water (2.5 :97.5) and 0.1% phosphoric
acid as mobile phase .
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In an attempt to distinguish between these effects a model peptide (a derivative
of the amino terminal hexapeptide fragment of Acyl Carrier Protein) Ac-Ser-Thr-Ile­
Glu(OBzl pN02)-Asp(OBzI pN02)-Arg(N02)OH, was examined under the same con­
ditions. Since the amino terminus has been blocked by acetylation and all side chain
functional groups are protected, the only ionisable group is the C-terminal carboxyl
group. In this case decreasing the pH of the mobile phase increases the retention time
of the peptide (Fig. 2). Apparently, suppression of the ionisation of the carboxyl group
has reduced the polarity of the peptide. A variety of concentrations of added phos­
phoric acid were tested, and 0.1 %(vjv) was found to be optimal and was used in all
subsequent studies. A similar result was observed for acetic acid in that at the same
pH of the mobile phase, both acetic and phosphoric acid resulted in increased reten­
tion times for the peptide. Similar results were obtained in the analysis of the ampho­
teric molecule, p-aminobenzoic acid ".

2-4min A B C
0·012

5·3min

0·010
5-8min

0'008

g 0006
N

0'002

0 2 4 6 0 2 4 6 0 2 4 6 8

TIME {mini

Fig. 2. Elution profile of the protected hexapeptide Ac-Ser-Thr-Ile-Glu (OBzl pN02)-Asp(OBzI

pN02)-Arg(N02)OH on a JlBondapak-Fatty acid analysis column. In each case the mobile phase
was methanol-water (48 :52) with the following additions: (B) 0.1 %acetic acid; (C) 0.1 %phosphoric
acid.

The dramatic reduction in retention time for peptides which contain free
amino groups was confirmed with a variety of other examples (Column I, Table I).
The retention time of the pentapeptide Leu-Trp-Met-Arg-Phe with a mobile phase
consisting of 40 %methanol-water decreased from 104 to 12.4 min on the addition
of phosphoric acid. Many peptides which contain aromatic amino acids are strongly
retained on reversed-phase columns. Such an example is shown in Table II with the
peptide linear antamanid where the use of phosphoric acid greatly facilitates the
chromatography of such materials. Fig. 3 shows the elution profiles of four peptides
on a ,uBondapak-Fatty acid analysis column. Again in each case the addition of
phosphoric acid allowed rapid analysis of the peptide by reversed-phase HPLC.

It is of interest to note that phosphate buffers also mimic the effect of phos­
phoric acid on retention times. As is shown in Table II with linear antamanid as an
example, the effect of the H2P04 - jHPO/- system on retention time is greatest at the
lower pH values. However, 0.1 M potassium dihydrogen-monohydrogen phosphate
at pH 7 still causes a significant decrease in retention time for this peptide from 100
to 4.7 min.
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TABLE I

THE EFFECT OF PHOSPHORIC AND ACETIC ACID ON THE RETENTION TIME OF
VARIOUS PEPTIDES

The a nalysis was carried o ut on a p Bondapa k al kyl-phenyl column with 50 % methanol as the eluent.

Peptide'

L-W-M-R
L-G-M-R-F
G-F
G-G- Y
M-R-F
F-S-K-L-G-D-G
G-L-Y
R-F-A

Retention tim e

0.1% H,PO.,
pH 2.5"

2.3
5.1
2.4
1.9
2.5
2.4
2.4
2.05

0.1% CH,COOH,
pH4 ..· • • •

4.1
8.3
3.5
3.0
3.8
3.8
3.6
2.2

- The co de for amino acids is as used by Dayhoff?", A = alanine, D = aspartic ac id , F = phenyl­
alanine, G = glycine, K = lysine, L = leucine, M = methionine, R = arginine, S = serine, W =
trypt ophan, Y ~ tyro sine .

•• Apparent pH va lues mea sured with a glass electrode.
••• Bro ad peaks unsuitable for analytical separat ions were ob ser ved with thi s reagent.

TABLE II

TH E RETENTION TIMES OF THE DECAPEPTIDE LINEAR ANTAMANID' ON A
,uBONDAPAK-Cs COLUMN

Amino acid sequence Val-Pro-Pro-Ala-Phe-Phe-Pro-Pro-Phe-Phe.

Mobile phase Retention tim e (min)
Methanol- water

50 :50 00

55 :45 00

60:40 100

Methanol-water + 0.1 % phosphoric acid
50 :50 6.01
55 :45 2.74
60 :40 2.37

Methanol-water (55 :45) + 0.1% phosphoric acid + 0.1 M potassium dihydrogen dipotassium hydrogen
phosphate

pH 2.5 2.45
pH 3.0 2.70
pH 4.0 3.30
pH 5.1 4.95
pH 7.0 4.07

DISCUSSION

In a recent publication" the separation of underivatised peptides on reversed­
phase C18- or alkyl-phenyl columns (37-50 ,urn) was described. Although useful results
could be obtained with this system, it was noted that peptides characteristically give
broad peak shapes indicating a lower theoretical plate count, N , than those ob served
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Fig. 3. Elution profiles of four different peptides on a ,uBondapak-Fatty acid analysis column. (A)
The synthetic peptide linear antamanid with a mobile phase consisting of methanol-water (4:1) and
0.1 % phosphoric acid. (B) The synthetic peptide Val-Ile-His-Pro-Phe, an angiotensin fragment, with
a mobile phase consisting of methanol-water (I : I) and 0.1 % phosphoric acid. (C) The tetrapeptide
Met-Arg-Phe-Ala with mobile phase acetonitrile-water (I :3) and 0.1 % phosphoric acid. (D) The
synthetic peptide Glu(OBzl)-Glu(OBzl)-Glu(OBzl)-Glu(OBzl) with mobile phase methanol-water
(3 :7) and 0.1 % phosphoric acid.

for most other organic molecules. For example, benzoic acid has a value of N 2.5
times that of the tetrapeptide Leu-Trp-Met-Arg when compared on the same chro­
matogram. This broader peak shape can possibly be attributed to the complex
contribution of ionic groups to the polarity of the peptide. This phenomenon has
been recently observed with other highly polar molecules'v-".

The use of the micro columns, ,uBondapak-Fatty acid analysis and ,uBondapak­
CIS' has now been investigated in an attempt to solve this problem. These packings
have the stationary phase chemically bonded to silica particles of 10 ,um. Unfortun­
ately, in preliminary experiments with these micro columns, peptides often gave
irreproducible elution times when chromatographed under standard conditions with
methanol-water mobile phases. In some cases, very long retention times were ob­
tained, as was the case with linear antamanid which was eluted at 100 min even with
a high concentration of an organic solvent in the mobile phase.

The addition of phosphoric acid to the eluant resulted in dramatic decreases
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in the retention time of a range of peptides of widely different chemical structures
(Figs. l(b) and 3; Tables I and II) as well as giving good reproducibility. Th is general
phenomenon of decrease in retention time is, presumably, due to an increase in
polarity of peptides when analysed by reversed-phase chromatography in the presence
of phosphoric acid.

A possible explanation for the effect of phosphoric acid on the polarity of a
peptide can be obtained by a consideration of the ionic equilibria involved. In the
case of the unblocked peptide Leu-Trp-Met-Arg, addition of acid will not only have
the effect of protonating the carboxyl group, but also will simultaneously affect other
equilibria, such as:

(I)

It appears that protonation of the amino group, by driving the equilibrium (I)
to the right, overwhelms the contribution of the neutral carboxyl group, the formation
of which should make the peptide less polar.

The effect of phosphoric acid cannot, however, be solely explained on the
basis of a simple acid effect. As can be seen for the case of linear antamanid the
addition of H2P04 - at constant pH causes a large decrease in the retention time
(Table II). With methanol-water (60:40) and 0.1 %phosphoric acid as the eluant this
decapeptide gave a retention time of 2.37 min on the flBondapak-C18 column. The
addition of 0.1 M potassium dihydrogen phosphate to this eluant decreased this
retention time further to 1.9 min . Other polar anions such as perchlorates'v" ,
picrates'" , and methyl sulphonates" cause a similar decrease in retention time of
peptides" and polar pharmaceuticals", which was attributed to ion-pairing between
the polar anion and the solute molecules.

By analogy it is possible that the formation of an ion-pair between the peptide
R-NH3 + and the hydrophilic anion H2P04 - is responsible for the large increase in
polarity observed for solute molecules in the present study. Other possible explana­
tions seem less likely, particularly as less polar acids such as acetic acid (column 2,
Table I) do not show this dramatic effect.

CONCLUSION

The purpose of this paper has been to report the advantages of phosphoric
acid in the analysis of underivatised peptides by reversed-phase HPLC: namely,
marked alterations in retention times, improvement in reproducibility and excellent
resolution of peptides differing by as little as a single amino acid (Fig. 3 B, C) .

Since phosphoric acid can be used successfully in the range 195-220 nm , it is
compatible with the use of variable wavelength UV monitors as sensitive detectors
in HPLCIl. In addition phosphoric acid is readily available, inexpensive, and allow s
the use of significantly lower concentrations of organic solvents in the mobile phase
(with less chance of precipitation or denaturation of peptides). The development of a
system for the routine analysis of underivatised peptides and amino acids using such
reagents is being vigorously pursued.
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FLOSSIGCHROMATOGRAPHISCHE PARAMETER HERBIZIDER WIRK­
STOFFGRUPPEN

11*. CHLORPHENOXYALKANSAUREN

J. PRIBYL und F. HERZEL

lnstitut fiir Wasser-, Boden- und Lufthygiene des Bundesgesundheitsamtes, Postfach, D-JOOO Berlin 33
(B.R.D.)

(Eingegangen am 24. November 1977)

SUMMARY

Liquid chromatographic param eters ofgroups ofherbicidal active substances. II. Chloro­
phenoxyalkanoic acids

The liquid chromatographic properties of the most important active ingredients
of the chlorophenoxyalkanoic acid herbicides were analysed on unmodified silica gel
and on some reversed phases. An effective retention of the substances as well as good
separation on the reversed phase " R P-2" could be obtained by adding 60 mmoles of
tetramethylammonium halogen ide per litre of mobile phase. The UV spectra of seven
active ingredients and three chlorophenoIs were recorded. In many cases they show
an absorption minimum near the most-applied UV wavelength of 254 nm.

---- - --- - -- - -- - - - - - - - - - - - - - - - - -

EINLEITUNG

Die Riickstandsanalytik der Chlorphenoxyalkansaureherbizide wird heute
meist gaschromatographisch (GC) durchgefiihrt. Da die Verb indungen als Carbon­
sauren niedrige Dampfdrucke besitzen , miissen sie vor der Aufgabe auf die GC-Saule
derivati siert werden . Derartige GC-Verfahren zeichnen sich auf diese Weise zwar
durch hohe Nachweisempfindlichkeiten au s, jedoch sind Umsetzungsvorgange im
Nano- oder Picomolbereich nicht immer ohne Probleme zu bewaltigen und zudem
bieten sie infolge der Verlangerung und Komplizierung des Analysenganges die zu­
satzliche Gefahr einer Fehler- und Fremdstoffeinschleppung. Wir haben deshalb die
Moglichkeit untersucht, diese Sauren direkt zu bestimmen, und zwar auf dem Wege
der Hochdruck-Fliissigchromatographie mit Detektion durch UV-Absorption.

Neben den Chlorphenoxyalkansauren selbst wurden auch einige Chlorphenole
untersucht, da diese einerseits als Rohstoffe oder Zwischenprodukte bei der Her­
stellung von Phenoxysauren dienen, andererseits als Metaboliten beim Abbau der
Phenoxysaureherbizide in der Natur auftreten.

• Erster TeiI : J. Chromatogr., 125 (1976) 487-494.
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Die Literatur tiber die fiussigchromatographische Bestimmung der Phenoxy­
sauren ist -im Gegensatz zu den GC-Methoden- nieht sehr umfangreich. Es handelt
sieh vielfaeh um Firmensehriften.

Auf Kieselgel werden mit Hexan-Essigsaure-Gemischen auf zum Teil sehr
langen Saulen zufriedenstellende Trennungen von Kombinationen der hier behan­
delten Phenoxysauren erzielt' v'. Von merkliehem Einfluss ist dabei die Grosse der
Oberflache des Tragers. Eine Bestimmung neben verschiedenen Organoehlorinsekti­
ziden zeigte hingegen trotz komplizierter Gradienten-Elution nur massigen Erfolg" ,

Von den sogenannten Umkehrphasen (Reversed-Phasen, RP) wurden Sorben­
tien besehrieben, die mittels Polyamidgruppierungerr' oder Alkylgruppen versehiede­
ner Kettenlange' -" substituiert waren. Hier wurde mit Methanol-Wasser- oder
Methanol-Wasser-Essigsaure-Gemischen eluiert. Aueh dabei war die Trennung trotz
hoher Saulenlange nieht immer zufriedenstellend. Die eingespritzten Substanzmengen
lagen, soweit Angaben daruber gemaeht werden, recht hoch: 5, 25 und 50 flg pro
Verbindung. Ausserdem wurde mitunter fur die Messung UV-Strahlung gewahlt,
deren Wellenlange -wie wir anhand der aufgenommenen UV-Spektren feststellten­
keine volle Ausschopfung der Nachweis-Empfindliehkeit zuliess.

PARAMETER

Die wiehtigsten physikalisehen Eigenschaften der von uns untersuehten Ver­
bindungen sind in Tabelle I aufgefuhrt. Hier sind neben der ehemisehen Bezeiehnung
der Verbindungen jeweils ihre im Pflanzenschutz gebrauchlichen Wirkstoff-Bezeich­
nungen angefuhrt . Betraehtet man die chemisehe Zusammensetzung, so ist die offen­
bar obligate Substitution der 2- und 4-Stellung irn Benzolkern dureh Chior bzw.
Methylgruppen bemerkenswert. Die Wasserloslichkeit bezieht sich stets auf die freie
Saute und nicht auf deren Salze, die in der Praxis meist eingesetzt werden und viel­
fach eine unvergleiehlieh hohere Loslichkeit im Wasser zeigen. Die bei den Extink­
tionskoeffizienten in Klammern angegebenen Werte stellen die Wellenlange dar, bei
denen gemessen wurde. Wie aus den Spektren (Fig. 4) ersichtlich, sind meist drei
Maxima vorhanden.

Die Moglichkeiten der Flussigchromatographie sind infolge der Variabilitat
der mobilen Phase vielfaltiger als die der Gaschromatographie, zumal auch hinsieht­
lieh der Anzahl stationarer Phasen eine zunehmende Auswahl zur Verfiigung steht.
Wir haben jedoeh die Erfahrung gemacht, dass sich fur das vorliegende Problem mit
Kieselgelsorbentien und einfaehen Reversed-Phasen brauchbare Resultate erzielen
lassen . Die Beschickung der Saulen geschah zum Teil durch Einrutteln des troekenen
Materials mit Hilfe eines Vibrators und der Wasserstrahlpumpe, zum grosseren Teil
jedoch nach verschiedenen Siurry-Teehniken. Eine Weiterentwicklung dieser Tech­
niken mit dem Ziele der Optimierung der Saulenleistung wurde in diesem Zusammen­
hang nieht angestrebt.

Es wurden prinzipiell von jedem Saulentyp zwei Exemplare hergestellt, und
fur die Ermittlung der ehromatographisehen Daten dann die leistungsfahigste und
damit fUr die Charakterisierung ihrer Fiillung typischste Saule ausgewahlt. Diese
Saul en wurden auf Trennleistung sowie auf allgemeine und selektive Retentions­
wirkung gegeniiber Phenoxysauren und Chlorphenolen getestet.
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das Einspritzvolumen betrug uberwiegend 10 pI mit je 1-2 pg Substanz. Mit reinem
Wasser als Elutionsmittel (oberes Beispiel in Fig. I) laufen drei der Substanzen un­
getrennt mit der Front; die restlichen beiden verlassen die Saule erst naeh ca. 45 min.
Wird der mobilen Phase 14 % Methanol zugesetzt (Mitte), so verlassen die beiden
sonst schwer eluierbaren Stoffe die Saule in vertretbaren Zeiten; am Frontpeak ver­
bessert sich jedoeh niehts. Der Zusatz von 0.5 %Tetramethylammoniumsalt (unteres
Beispiel) andert das Bild grundlegend: Die Reihenfolge der Elution andert sieh niehl,
aber die vier Phenoxysauren werden jetzt gut voneinander getrennt; das Phenol
andert seine Laufzeit nieht, da es naturgemass von den organisehen Kationen weniger
beeinflusst wird.

So war es aueh gleiehgultig, welches Tetramethylammoniumsalz eingesetzt
wurde; wir verwandten das Bromid, wei1es bei uns von Anfang an in ausreiehender
Reinheit verfUgbar war. Fig. 2 verdeutlieht noehmals die Abhangigkeit der Retention
yom Methanol-Gehalt der mobilen Phase bei unveranderter Konzentration an Tetra­
methylammoniumsalz.

% Methanol

30 2.1.- OP
/

20

10

0
0 5 10 15 20 25 30 35 1.0 ti (min)

21.- 0
2.4 - OP

14 % Methanol

2.45- T MePB

10 15 20 25 30 35 1.0 II (min)

Fig. 2. Abhangigkeit der Retentionszeiten von der Zusammensetzung der mobilen Phase (wassriges
Methanol mit 30 mMol Tetramethylammoniumbromid); ubrige Bedingungen siehe Fig. 1.

Fur das Retentionsverhalten nieht gleiehgiiltig war die Lange des an der
Reversed-Phase angelagerten Alkylrestes. Es zeigt sieh, dass die RP-2-Phase ge­
eigneter was als das analoge RP-8-Produkt; das letztere wiederum erwies sieh als
geeigneter als RP-18. In der gleiehen Reihenfolge ist aueh eine Zunahme der Reten­
tion zu verzeiehnen (siehe Fig. 3). Die Reduzierung der Saulenliinge von 50 auf 25 em
ergab erwartungsgemass sehlechtere Resultate; das gleiehe gilt fUr die Verwendung
geringerer Saulenquersehnitte (2 mm anstatt 3.5 mm). Sehliesslich erhielten wir mit
Methanol giinstigere Ergebnisse als mit Athanol.
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RP-Saulen sich umkehrt. Verschiebungen innerhalb der Reihenfolge wurden durch
Schraglinien gekennzeichnet. So tauschen auf Kieselgelsaulen eine Reihe von Wirk­
stoffen ihre PIatze, wenn als mobile Phase Hexan-Essigsaure anstatt eines Gemisches
von Wasser, Propanol und Methylenchlorid verwendet wird. Bei den RP-Saulen, die
allgemein mit wassrigem Alkohol als Elutionsmittel verwendet werden, angert sich
an der (umgekehrten) Reihenfolge nichts, wenn der pH-Wert der wassrig-methano­
lischen Phase verandert wurde oder verschiedene Salze fur eine etwaige lonenpaar­
bildung, wie z.B. Natriumchlorid, Natriumphosphat, Ammoniumbromid, Tetraal­
kylammoniumhalogenide oder Triathanolammoniumsalz, zugesetzt wurden. Eine
Ausnahme machte hier uberraschenderweise Dimethylhydraziniumdichlorid, das
sogar die drei Phenole zu unterschiedlichem Retentionsverhalten veranlasste.

Die Messungen wurden an einem Varian-Gerat des Typs LC 8500 mit Spek­
tralphotometer 635 durchgefiihrt. Urn die Nachweisempfindlichkeit zu optimieren,
wurden die UV-Spektren der untersuchten Verbindungen aufgenommen (siehe Fig. 4).
HierfUr wurden die Phenoxysauren als Natriumsalze im Wasser aufgelOst (20 ,ug/ml).

Die Eichkurve verlief im untersuchten Bereich von 10-3000 ng linear. Bei
Versuchen mit Dosiervolumina zwischen 3 und 60,u1 wurden keine unterschiedlichen
Ergebnisse beobachtet. Aus der Streuung der Messwerte errechnete sich eine relative
Standardabweichung von 6%. Die Nachweisgrenze liegt fUr 2,4-0 bei etwa 4.10- 11

Mol (10 ng), naturgemass etwas abhangig vom Trennsystem.

ZUSAMMENFASSUNG

Die flussigchromatographischen Eigenschaften der wichtigsten Wirkstoffe der
Chlorphenoxyalkancarbonsaure-Herbizide auf unmodifiziertem Kieselgel und auf
einigen Umkehr-Phasen wurde untersucht. Eine wirksame Ruckhaltung der Wirk­
stoffe sowie eine gute Trennung auf der Reversed-Phase "RP-2" konnte durch Zusatz
von 60 Millimol Tetramethylammoniumhalogenid pro Liter mobiler Phase erzielt
werden. Die UV-Spektren von sieben Wirkstoffen und drei Chlorphenolen wurden
aufgenommen. Sie zeigen in der Nahe des gebrauchlichsten UV-Bereiches von 254 nm
vielfach ein Extinktions-Minimum.
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In the analysis of pesticides, one is faced with many compounds that are very
difficult to separate and/or are often unstable on commerically prepared supports.
The objective of this study was to determine what factors are most critical in the
preparation of Carbowax 20M surface-modified solid supports and the practical ap­
plication of these supports to pesticide separations.

EXPERIMENTAL

Preparation of supports for gas chromatography
The principle used for preparing the supports was the same as that described

by Aue et aU. The supports evaluated in this study (Table I) included Chromosorb
P, 80-100 mesh (Analabs, North Haven, Conn., U.S.A.); Chromosorb G, 80-100
mesh (Analabs.); acid-washed Chromosorb W, 80-100 mesh (Analabs); Gas-Chrom
Q, 80-100 mesh (Applied Science Labs., State College, Pa., U.S.A.); and Gas-Chrom
P, 80-100 mesh (Applied Science Labs.). Each commercial diatomaceous earth support
was acid washed in a Soxhlet apparatus with 9 N hydrochloric acid until all traces of
a yellow hue were removed. This generally required a minimum of 1-3 weeks, de­
pending on the support. The supports were then washed to neutrality with distilled
water and dried. Each support was gently screened through a l20-mesh Tyler stainless­
steel screen to remove fines, and coated with Carbowax 20M (usually 5%) using
rotary evaporation until a good uniform coating was achieved.

TABLE I

SUPPORT MATERIALS AS RECEIVED FROM THE MANUFACTURER PRIOR TO
MODIFICATION BY CARBOWAX 20M TREATMENT

Source, Diatomite; mesh size, 80-100.
--- ~-_.__...__ . -------'.-

Support Color Surface Treatment by manufacturer Free fall
area density
(m2jg) (gjml)

------ --'-',-- - '0_--- .___._

Chromosorb P Pink 4.0 Calcined 0.38
Chromosorb G Oyster white 05 0.47
Chromosorb W White 1.0 Flux calcined. acid washed 0.18
Gas-Chrom P White 1.0 Flux-calcined, acid-washed, 0.22

base-washed
Gas-Chrom Q White 1.0 Flux calcined, acid washed, 0.22

base washed, DMCS treated

The coating of the support with the Carbowax was accomplished by mixing
the support with Carbowax 20M dissolved in dichloromethane and allowing to stand
overnight before evaporating the solvent on a rotary evaporator. Solvent was then
added to the coated support, the mixture stirred gently and allowed to set one hour
before solvent removal by rotary evaporation. This procedure was carried out two
more times before the coating was considered uniform. The dried supports were trans­
ferred to a 50-ml volumetric pipette containing a glass wool plug at the restricted
end and capped with an additional glass wool plug at the top of the packing. The
pipette containing the support was placed in a 4-in. long circular heating block which
had an LD. sufficient to hold the pipette at a flow-rate approximating 200 ml/min
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for at least 30 min. The flow of nitrogen was then reduced to 5 ml/min, The tem­
perature was then raised to 270°-280° (unless specified otherwise) over a period of
about 2 h and maintained at that temperature for 20 h before cooling to room tem­
perature. The supports were then transferred to a Soxhlet apparatus and successively
extracted with methanol and dichloromethane (unless otherwise stated) for at least
seven days. All supports were then dried and divided into two portions, one of which
was coated with OV-21O and the other used without further treatment for general
comparisons. OV-21O coated supports were prepared in the same manner as the
Carbowax 20M treated supports.

Pesticides evaluated
The pesticides selected for evaluation (Table II) vary greatly in polarity and

suitability as solutes for GC on conventional silicone coated columns", Many of these
compounds are generally considered thermally unstable, yield unfavorable separa­
tions, and/or give less than optimum chromatographic behavior as often characterized
by peak tailing or broadening.

TABLE II

PESTICIDES USED IN THE EVALUATION OF MODIFIED SUPPORTS

Common name

Aldrin

Atrazine
Azinphos-methyl

Benefin
Chlorpyrifos
Chlorpyrifos oxygen analogue
Diaz inon

Dioxathion
Disulfoton
Lindane
Methamidophos
Methyl Parathion
Mevinphos

Monocrotophos
Parathion
Paraoxon
Phosphamidon
p,p '-DDT
Simazine
Tepp
Trifluralin

Chemical name

1,2,3,4, I0, IO-Hexachloro-I ,4,4a ,5,8,8a-hexahydro-endo-1 ,4-exo­
5,8-dimethanonaphthalene

2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine
O,O-Dimethyl S-[4-oxo -1,2,3-benzotriazin-3(4H)-ylmethyl]

phosphorodithioate
N-Buty1-N-ethyl-a,a,a-trifluoro-2,6-dinitro-p-toluidine
O,O-Diethyl O-(3,5,6-trichloro-2-pyridyl) phosphorothioate
O,O-Diethyl O-(3,5,6-trichloro-2-pyridyl) phosphate'
O,O-Diethyl O-(2-isopropyl-6-methyl-4-pyrimidinyl)

phosphorothioate
2,3-p-Dioxanedithiol-S,S-bis(O,O-diethyl phosphorodithioate)
O,O-Diethyl-S-2-(ethylthio)-ethyl phosphorodithioate
y- Isomer of 1,2,3,4,5,6-hexachlorocyclohcxane
O,S-D imethyl phosphoramidothioate
O,O-Dimethyl O-p-nitrophenyl phosphorothioatc
O,O-Dimethyll-carbomethoxy-l -propen-2-yl phosphate

(60 % trans, 30 % cis isomer)
cis-3-(dimethoxyphosphinyloxy)-N-methylcrotonamide
O,O-Dicthyl-O-p-nitrophenyl phosphorothioate
O,O-Diethyl O-p-nitrophenyl phosphate
2-Chloro-N,N-diethyl-3-hydroxycrotonamide dimethyl phosphate
I, 1,1-Trichloro-2,2-bis(p-chlorophenyl) ethane
6-Chloro-N,N' -d iethyl-I ,3,5-tr iazine-2,4-d iamine
Tetraethyl pyrophosphate
a,a,a-Trifluoro-2,6-dinitro-N,N -dipropyl-p-toluid ine

Gas chromatography
All supports were packed in 1.8 m x 2 mm I.D. U-shaped glass columns and

evaluated in a Varian Aerograph Model 2100 gas chromatograph equipped with 3H
electron-capture detectors (ECDs) and a Microtek Model 220 gas chromatograph
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Tables IV and V compare RRT values and chromatographic efficiencies for 21
pesticides on each of the five Carbowax 20M modified supports evaluated both with
and without OV-210 coating. Fig. la-d illustrate typical chromatograms obtained
for monocrotophos on four of the five non-coated Carbowax 20M modified supports.

When comparing the five reconditioned supports it was found that the most
desirable chromatographic behavior was obtained with the Carbowax 20M modified
Gas-Chrom P and Q. Modified Chromosorb G was also good with the exception
that peaks were generally broader, indicating lower column efficiency. Chromosorb
W modified with Carbowax 20M was not as good as was originally anticipated. More
tailing was observed for many of the compounds tested and peaks were broad, in­
dicating poor column efficiency. Some of the pesticides also gave additional large
peaks indicating thermal breakdown of the parent compound. Coating the modified
supports with OV-210 generally improved the chromatographic behavior of the
pesticides. Figs. 1band 2 depict a typical improvement using the OV-210 coated
support on Chromosorb W. Monocrotophos still tailed some but a significant im­
provement over the non-coated Chromosorb W was noted.

2 4 6 8 10 12 14 min

Fig. 2. Chromatogram of monocrotophos on Carbowax 20M-modified Chromosorb W coated with
5 %OV-2IO. Column temperature, 200°.

Separation of the pesticides, as expressed by retention times relative to para­
thion, was generally comparable for the deactivated supports, with the exception of
Chromosorb P (Table IV). However, resolution of the pesticide was not always as
good as might be desired even though there was an improvement over most published
reports, particularly with lindane, diazinon, atrazine and simazine. Coating the sup­
ports with OV-210 changed the RRTfor many of the compounds as well as improved
the separations not possible with the deactivated support alone (Table V).

When comparing RRT values and chromatographic behavior expressed by
peak shape with coated OV-210 non-treated and coated OV-210 deactivated supports,
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(e)
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(fJ

2 4 6

(g)

10 12 min
! !

4 6 8 10 min

( h)

2 4 10 12 14 min 2 4 8 min

Fig. 3. Chromatogram of disulfoton (a) on non-treated Chromosorb P coated with 10% OY-210
(column temperature, 200°); (b) on Carbowax 20M-modified Chromosorb coated with 10% OY-210
(column temperature, 200°). (c) Chromatogram of mevinphos on non-treated Chromosorb G coated
with 10% OY-210 (column temperature, 200°). (d) Mevinphos on Carbowax 20M-modified Chro­
mosorb G coated with 10% OY-210 (column temperature, 200"). (e) Mevinphos on non-treated
Chromosorb W HPcoated with 3 % OY-210 (column temperature, 175°). (f) Mevinphos on Carbowax
20M-modified Chromosorb W coated with 5% OY-210 (column temperature, 175°). (g) Mevinphos
on non-treated Gas-Chrom Q coated with 5% OY-210 (column temperature, 175°). (h) Mevinphos
on Carbowax 20M-modified Gas-Chrom Q, coated with 5% OY-210 (column temperature, 175°).

Where optimum separations of various compounds have been attempted in
the past there have been two basic chromatographic considerations, one dealing with
the stationary phase and the other with the solid support. By deactivating a support
one can reduce the first factor to a minimum. The characteristics attributed to the
stationary phase can then serve as the primary consideration for separating various
compounds.

It should be added that since this work was completed there are now many
suppliers that can provide such deactivated supports commercially. However, these
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Fi~. I. Gas chromatograms of products of the reaction of I, II, III and IV with trifluoroacetic an­
hydride using electron capture detection. (Reaction of II or III yields the same product and therefore
the same chromatogram). Column conditions: 1.7 m x 2 mm 1.0. glass column; 5% OV-IOI
on Chromosorb W AW DMCS, 100-120 mesh; column temperature ~~ 150°.
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Fig. 2. GLC-MS total ion monitor chromatograms of trifluoroacetic anhydride reaction products
from J. II, III and IV. GLC-MS conditions: 5% OV-IOl, 1.6 m x 2 mm 1.0. glass column; ioniza­
tion potential = 70 eV; temp. prog. = 50-150° at gO/min.
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TABLE II

PRODUCTS FROM THE TRIFLUOROACETYLATION REACTION OF COMPOUNDS I,
II, III AND IV DETECTED BY GLC-MS, AND/OR DIP-MS

---- ----

Parent m/e I II III I V

0:'
N=C=O

153,155

CI ' IA

127,129

I1A

253

223,225

157

183 •
FY)

O=C=NyY

o F IE

IliA

IVA

IVB

--- ---_._-------
• Product IE seen only on DIP-MS of reaction product of I.

molecule reaction in the mass spectrometer, or as a product of the in vitro degradation
reaction which does not elute from the GLC or elutes with a very long retention time.
Ambient DIP-MS (7 eV) analysis showed very strong mje 253 and 223 confirming
these ions as parent ions of the in vitro reaction products. The fact that the intensity
of the mje 406 peak was much less than mje 253 or 223 was taken to indicate that it
was not the parent ion for peaks at mje 253 and 223. Previous mass spectra of
substituted phenylureas have shown strong parent ionsll

•
12

• In addition, the fact that
the mje 406 peak was not present at 5 eV indicates that it was unlikely to be a parent
ion. Fragmentation of either the mono- or the di-trifluoroacetyl derivatives (rnje 502)
could be expected to yield daughter ions with even mass numbers, i.e., 252 and 222
respectively, unless a hydrogen atom rearrangement occurred. (There are none avail­
able to be rearranged in the di-derivative and it is unlikely that an N-H would be
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TABLE IV

THE DIRECT-INLET PROBE MASS SPECTRA OF THE TRIFLUOROACETYL DERIVA­
TIVES OF DlFLUBENZURON (I)

Ion intensity reported as millimeters peak height. Mass spectrometer source temperature, 150°.
IP = ionization potential.

m/e DuPont, Finnigan, Finnigan, Finnigan,
IP = 70 eV IP = 70eV IP ~ 7 eV IP ~o 5 eV

0---·_··

504 2 4 2
502 5 12 5
408 4.5
406 0.5 13 3
253 200 2350 950 150
225 440 1900 3100 400
223 1290 5800 9000 1200
183 240 3100 5100 500

IS

rQYN:C:O+
CI~+O""~

o F

IE

HzO-

IC

10 I B IC 10

Fig. 4. Suggested reaction pathways yielding products observed from trifluoroacetylation of di­
flubenzeron (I).
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Reaction products after treatment of Boc-Pro-Phe-Isogln(OBzl) with tri­
fluoroacetic acid ll

. The starting material Boc-Pro-Phe-lsogln(OBzl) had the following
characteristics: m.p., 158-162°; [a]g, -57.17° (c = 1.2/DMF). Elemental analysis:
calculated, C 64.12, H 6.94, N 9.65 %; found, C 63.27, H 7.12, N 9.90 %.

A 250-mg amount of Boc-Pro-Phe-lsogln(OBzl) was refluxed in 35 m1 of
TFA for 2.5 h. After evaporation to dryness, the product was subjected to chromato­
graphic separation.

Mass spectrometry
All mass spectra were obtained with a Varian-MAT Fll instrument operating

at 70 eV.

Materials for chromatographic separation
Pyridine was distilled over solid potassium hydroxide and then at least three

times over ninhydrin in order to remove all impurities that react with the reagent.
For the separations, the cation-exchange resin DC-IA (Durrum, Palo Alto, Calif.,
U.S.A.), which is an 8 %crosslinked polystyrene of particle size 18 ± 3 /-Lm, was used.
Pyridine-acetic acid buffers were prepared from pyridine and deionized, doubly
distilled water. The pH was adjusted with distilled acetic acid. For partial hydrolysis
after chromatographic separation, 5 N sodium hydroxide solution was used. The
ninhydrin solution was prepared from a mixture of the reagent PJepared by
Spackman et alY and distilled acetic acid (1 :1). The peptide mixture (up to 250 mg)
was dissolved in 2-5 ml of the starting buffer.

Amino acid analysis
The fractions from the fraction collector were evaporated to dryness, hydro­

lysed with 6 N hydrochloric acid at 110° for 12 h and used for amino acid analysis.

RESULTS AND DISCUSSION

Fig. 1 shows a schematic diagram of the preparative peptide analyser, devel­
oped in collaboration with Biotronik, Frankfurt, G.F.R.

A Milton Roy Dosapro micro-pump, which is connected with the buffer
reservoirs, magnetic valves and an air-bubble trap, pumps the pyridine-acetic acid
buffers (1.5 ml/min) via a 2 X 3-way valve on a Biotronik glass-jacketed high-perfor­
mance glass column (550 X 9 mm) filled with DC-IA cation-exchange resin. To the
effluent from the column, distilled water is added (I :2.5) in order to reduce the loss
of separated peptides. From this diluted effluent a small amount (0.2 ml/min) is used
for detection. After dilution with 5 N sodium hydroxide solution (l :2), partial
hydrolysis in a PTFE reaction coil (20 m X 0.7 mm) at 100° is carried out and the
mixture is subjected to reaction with ninhydrin reagent. The colour is finally developed
in a second PTFE reaction coil (30 m X 0.7 mm) at 100° and detected and recorded
with a Biotronik photometer at 570 nm. About 95 % of the effluent is brought to a
fraction collector.

Figs. 2 and 3 show chromatograms of synthetic TRH and TRH derivatives
with an N-terminal pyroglutamic acid residue. The synthetic steps used for the sam­
ples subjected to chromatographic separation are also given in Figs. 2 and 3. The
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chromatograms demonstrate the high purity of TRH and the derivatives and thus
the suitability of the strategy chosen for their synthesis. The chromatogram of D­

Hisz-TRH shows clearly that the compound is contaminated with about 8 %of the
natural hormone (L-Pyr-L-His-L-Pro-NHz).

waste

E F

air_bubbl
traps

G

Fig. 1. Schematic diagram of the peptide analyser. A, B, D, D = Buffer reservoirs; E = water reser­
voir; C = 5 N NaOH reservoir; D = ninhydrin reagent-acetic acid (I :1) reservoir.

A
E

0.16

0.12

0.08

0.04

0

B E

0.8

0.6

0.4

D-His L-Pro

OMez
Z -l''-------If-OMe

Z OH ow H NHZ

Z ---"<--:..- t-_D::cC:::C:..:./...:.H:..:Oc::Bt.:.......J_NHZ

CF 3COOH I anisole

L-Pyr-D-His-L-Pro- NH2

HOURS

HOURS 3

Fig. 2. Preparative chromatograms ofTRH and D-His2-TRH. Column: 550 x 9 mm, DC-IA resin
(18 ± 3 ,urn). Elution buffers: A, 0.1 M pyridine acetate, pH 3.2 (15 min); B, 0.2 M pyridine acetate,
pH 3.5 (45 min); C, 0.3 M pyridine acetate, pH 4.0 (60 min); D, 0.6 M pyridine acetate, pH 4.2 (60
min); E, 1.0 M pyridine acetate, pH 4.6 (80 min). Flow-rate, 1.5 ml/min; back-pressure, 70-90 bar;
temperature, 43°; detection with ninhydrin (570 nm) after partial hydrolysis (5 N NaOH). Samples:
A, 8.7 mg; B, 250 mg. Sensitivity: A, 0.2 a.u.; B, 1.0 a.u.

















444 P. W. LANGYARDT et at.

Indirect methods involving reactions and subsequent colorimetric determina­
tion2 or dechlorination of acid chlorides and determination as chloride ion in solu­
tion3

•
4 have been described. Typically these methods lack specificity and the desired

sensitivity. However, Rusch et af.5 claim a detection limit for dimethylcarbamoyl
chloride in air in the low ppb range by reaction with 4-(p-nitrobenzyl)pyridine to
form the highly colored dihydropyridine derivative and Crummett and McLean6 ob­
tained similar sensitivity for phosgene by ultraviolet spectrometry after derivatization
with aniline.

Methods for measuring acid halides directly by gas chromatography have been
described7

,8; however, these typically involve difficult and/or exotic chromatographic
techniques. Espisito et aU have recently circumvented most of these problems in
determining phosgene to sub-ppb levels in air.

Greatly enhanced chromatographic properties and increased response can be
imparted to acid halides by derivatization prior to analysis. Acid chlorides have been
analyzed as their methyl esters lO and their N,N-diethyl amides 'l . Dahlberg and Kihl­
man12 converted acid chlorides to their isopropyl esters before analysis via electron
capture gas chromatography. They claim detection limits of 10- 11 mole/,ul (I ,ug/ml)
for CAC and 10- 12 mole/,ul for dichloroacetyl chloride and trichloroacetyl chloride.

Although the highly specific and sensitive method described herein has been
tailored specifically for the determination of CAC, several other acid chlorides were
derivatized under identical reaction conditions and the derivatives identified to em­
phasize the general utility of this procedure.

EXPERIMENTAL

Materials
Calcium hydride and sodium hydroxide and the organic solvents acetone,

hexane, methanol, pyridine and toluene were all of analytical reagent grade. The
toluene was stored over calcium hydride and pyridine over sodium hydroxide pellets
to reduce and maintain the water content at a consistent and acceptable level. Di­
methyldichlorosilane (DMCS), used for deactivating glassware, was obtained from
Pierce (Rockford, III., U.S.A.).

Chloroacetyl chloride (97 % pure) and 2,2,3-trichloropropionyl chloride were
supplied by Dow Chern. (Midland, Mich., U.S.A.). Acetyl chloride, dichloroacetyl
chloride and 2,4,6-trichlorophenol (TCP) (98 % pure) were obtained from Aldrich
(Milwaukee, Wise., U.S.A.). Pentafluorophenol was obtained from Peninsular Chem.
Research (Gainesville, Fl., U.S.A.). 1,4-Dibromonaphthalene (DBN), the internal
standard, was obtained from Eastman-Kodak (Rochester, N.Y., U.S.A.) and was
used without further purification.

The 2,4,6-trichlorophenyl chloroacetate (TCPC) was prepared by scaling up
the derivatization procedure described below. The TCPC was purified by recrystal­
lization twice from hexane. The other reaction products, 2,4,6-trichlorophenyl 2,2,3­
trichloropropionate (TCPT), 2,4,6-trichlorophenyl acetate (TCPA), 2,4,6-trichloro­
phenyl dichloroacetate (TCPD) and pentafluorophenyl chloroacetate (PFPC), were
prepared as was TCPC above, but were not recrystallized.
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The response for TCPC was shown to be linear from 2 ng/ml to at least 20(
ng/ml in toluene. The response for the internal standard, DBN, was shown to bl
linear from 20 ng/ml to at least 460 ng/m!. The recovery results obtained by spikinl
CAC directly into the reactant solution (Table l) averaged 76 ± 4 % (mean ±S.D.)
When the CAC was added directly to the air stream ahead of the first impinger (Tab!:
ll) the average recovery dropped to 70 ± 5% (mean :±~S.D.). This decrease in reo
covery may be due to the reaction of CAC with atmospheric moisture.

To test the effect of moisture build-up in the reactant solution during sampling
six recoveries were obtained using toluene saturated with water as the solvent fOJ
the reactant solution. The average yield for these six samples dropped by 5%relative
to yields obtained under the same conditions but with dry toluene.

The average carry-over of reaction product into the second impinger was 6 Yc
(Table ll). This carry-over could possibly be diminished by replacing the impingen
with the generally more efficient fritted-glass sparger-tubes.

The TCPC prepared in bulk and used as the authentic standard for this work
was characterized by NMR, CI-MS and FID-GC. Jt is a white solid melting at 69.0­
69.5° and yields a single peak by FlD-GC. The proton NMR spectrum was con­
sistent with the proposed structure showing a two-proton singlet at 4.85 15 correspond­
ing to the chloroacetyl protons and another two-proton singlet at 7.7815 correspondinE
to the aromatic protons. No evidence of the aromatic protons of TCP was observed
at 7.3815. The M + 1 ion (m/e 273) was the base peak in the chemical ionization
mass spectrum of TCPC. The isotope ratios for the M + I ion were indicative of
four chlorine atoms. No M + 29 or M + 41 reactant ions were observed. The major
fragmentation ions were m/e 196 and m/e 197, each with three chlorine atoms.

The structures of TCPT, TCPA, TCPD and PFPC were likewise confirmed
by NMR and CI-MS, but no recovery data were generated for these compounds.

DISCUSSION

Acid halides react with halogenated phenols in the presence of pyridine to
give stable ester derivatives which exhibit excellent gas chromatographic properties.
A halogenated phenol was chosen as the derivatization reagent because: (l) the re­
sulting ester yields a very strong response for electron capture detection, and (2) the
excess reagent can be quantitatively removed by extraction. The retention times for
the species of interest may be varied by choosing a different halogenated phenol (e.g.,
using a fluorinated phenol for the less volatile aromatic acid halides, etc.).

The TCPC recovery was not increased by allowing the reaction to continue
after the lO-min sampling period; however, the recovery was proportional to the
excess of TCP in the reactant solution with 53 % recovery for a 0.10 g/20 ml con­
centration and 76 %recovery for a concentration of 0.14 g/20 m!. The limiting factor
for increasing the recovery this way is the amount of TCP which may be removed
by extraction prior to analysis by electron capture Gc.

Changing the concentration of pyridine in the reactant solution had no effect
on recoveries. However, if a catalytic amount of pyridine was not added, recoveries
decreased drastically and were inconsistent. Pyridine is thought to catalyze this re-











GLC OF AMINES

T ABLEt

A BBREV IATI ONS FOR A MI N ES

Amine

Phenyleth ylarnine
N-Methy lphenylethy lami ne
N, N -D imeth ylt yr arn ine
Phen ylpropylamine
p-Methoxypheny lethylamine
N,N-Di methyltryptam ine
5-Methoxydimethyltrypta mine
3,4-Di methoxy p henylethy lamine
Tyramine
N- Methyltyramine
3-Methoxy-4- hydroxy p henyle thy lamine
Bufo tenin

Abbre­
viation

P E
M PE
DMTY
PP
MO PE
D MT
MO D MT
D MPEA
TY
MTY
MOHPE
BUFO

Amine

T ryptamine
N-Methy ltrypta m ine
D op am ine
5-M ethoxytryptam ine
Norm etan ephrine
Meta nephrine
No radrena line
Adrenal ine
5-M eth ylt ryptamine
Serotonin (5-hyd roxy tryptamine)
N-Methylse ro to nin

453

A bbre­
viation

TR
MT R
DA
MOTR
N M N
M N
NA
A D R
5MTR
HT
M HT

The combined or ganic extracts ar e evap orated to dryness at 25- 30° under a strea m of
dry air, th e residue is dissolved in 0.2 ml of pyrid ine-prop ion ic anhydride (3:1 , vJv)
and the solution is heated fo r 15 min at 100° in PTFE-capped via ls. After cooling to
room temperature, excess of pyridine and propion ic anhydride is evaporated. The
propionyl ated amine derivatives are th en dissolved in 1.0 ml of acetonitrile to give
solutio ns read y for gas chro matog ra phic analysis.

RESULTS AN D DI SC USSI O N

Comparing di fferent acy l derivat ives of biogenic amines, Kau ert et a/. ll fo und
th at propio nic anhydride readil y reacts wit h pr imar y and seconda ry am ino gro ups
and with hydr oxyl gro ups. In prel imin ar y experiments, we fo und th at qu antitative
derivatization takes place even in an aqueous medium if the amines have no or only
one phenolic hydroxyl gro up (in additio n to the amino groups). Fo r quantita t ive
propi onylat ion of all functio na l gro ups of biogenic amines such as catecholamines,
phenyleth ylamines and ind olalk ylamines, it is neccessar y to carry out the deri vatiza­
tion reaction under anhydro us co ndi tio ns in the presence of pyridine and propionic
anhydride. Th e react ion of propionyl ation of tyr amine and bufotenin is shown in
Fig. I.

o
h O II

HsC2- C '7 HO~N(CH3)2 HSC2-C-0~N(CH3)2 HsC2- COOH
'0 + I I ,.,,= :::,... I I +
,/ :::,... N N

HsC2- C:::,... H H
'-':0

Fig. 1. Acylation of tyramine a nd bufot en in with p ropioni c anhydride.
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SUMMARY

A simple method has been developed for the measurement of disopyramide
in blood-plasma or serum at the concentrations attained during therapy. A relatively
small (200,u1) sample volume is made basic and extracted with 50,u1 of chloroform
containing an internal standard, and the extract is analysed directly by gas-liquid
chromatography with flame-ionization detection. The instrument calibration is linear
and passes through the origin of the graph. Neither solvent transfer nor evaporation
steps are used in the extraction procedure, which takes less than 3 min to complete,
and urine specimens may be analysed by an analogous technique. No interference
from either endogenous sample constituents or other drugs has been observed, al­
though a simple back-extraction procedure is described which eliminates potential
interference from a small number of basic and neutral drugs.

INTRODUCTION

Disopyramide is reported to suppress ventricular arrhythmias in patients who
have suffered acute myocardial infarction l

, and it may prove of value in the prophyl­
actic treatment of such patients. Plasma drug concentrations between 2.8 and 7.5
mg/l are thought to be required for optimal clinical effect, but adverse reactions may
occur at concentrations greater than 3.6 mgfJ2. The apparent ineffectiveness of diso­
pyramide in trials3.4 in which the plasma drug concentrations attained were not mon­
itored may have been due to inadequate dosage.

The spectrophotofluorimetric assayS for plasma disopyramide does not dif­
ferentiate between the drug and its mono-N-dealkylated metabolite (MND), and
variable "blank" values are produced by some specimens6

. Of the published gas­
liquid ohromatographic (G LC) methodsh

-
s, all incorporate solvent evaporation steps,

and that of Hutsell and Stachelski6 required prolonged extlaction times and an ex­
tensive extract purification procedure. Moreover, the calibration graphs obtained had
non-zero intercepts, indicating that either adsorption or decomposition of the drug
had occurred on-column. This latter problem has been avoided by use ofliquid chroma­
tography (LC)9, although the extraction procedure used in this method was still
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relatively long. Disopyramide and an internal standard were extracted into diethyl
ether at an alkaline pH and subsequently back-extracted into dilute acid. In the LC
method this extract was analysed directly using ion-paired chromatography on an
octadecylsilane reversed-phase column. However, we have found that a simple re­
extraction into a small volume of chloroform followed by the direct analysis of this
latter extract using GLC with flame ionization detection can be easily performed.
On-column decomposition of disopyramide has been prevented by prior treatment
of the column with y-glycidoxypropyltrimethoxysilane, and thus the instrumentcalibra­
tion obtained was linear with zero intercept.

Subsequently, it was found that the extraction procedure could be simplified
considerably with no loss of sensitivity. Thus, a 200,u1 volume of plasma or serum
was made basic, extracted with 50,u1 of chloroform containing the internal standard
and analysed directly. Urinary disopyramide concentrations, which are approximately
IO-fold higher than those found in plasma9

, may be measured by a similar technique,
but only a 1: 1 ratio of sample to solvent is required. No interference has been ob­
served with either type of extraction procedure, but the capacity to perform the back­
extraction procedure was retained in view of potential interference from a small
number of basic or neutral drugs.

EXPERIMENTAL

Materials and reagents
Disopyrarnide free base (4-diisopropylamino-2-phenyl-2-(2-pyridyJ)butyrami­

de), an aqueous solution of disopyramide phosphate (equivalent to 200 mg/l diso­
pyramide base), its MND; 4-isopropylamino-2-phenyl-2-(2-pyridyl) butyramide) and
the internal standard, p-chlorodisopyramide (CDP; 4-diisopropylamino-2-p-chloro­
phenyl-2-(2-pyridyl)butyramide) (200 gil in methanol) were all supplied by Roussel
Laboratories, Wembley, Great Britain. The aqueous disopyramide solution was used
to prepare a "quality control" sample in heparinized human plasma at a concentration
of 4.0 mg/1. y-Glycidoxypropyltrimethoxysilane (A-187) was supplied by Union Car­
bide U.K., Southampton, Great Britain. Diethyl ether, chloroform, sodium hydroxide,
sulphuric acid and tris(hydroxymethyl)aminomethane (tris) were all analytical-reagent
grade; the last three compounds were used as 2.0, 0.05 and 2.0 mole/I aqueous solu­
tions, respectively.

Gas-liquid chromatography
A Pye Series 204 gas chromatograph equipped with a flame ionization detector

and linked to a 10mV recorder was used. Integration of peak areas was performed
using a Hewlett-Packard 3352 data system. The column and detector oven temper­
atures were 240° and 300°, respectively; injection block heaters were not employed.
The nitrogen (carrier gas) flow-rate was 40 ml/min, and the flame was supplied by
air and hydrogen at inlet pressures of 16 and 21 p.s.i., respectively, giving flow-rates
of approximately 440 and 40 ml/min.

A coiled glass column (1.5 m X 4 mm 1.0.) was silanized by immersion in
5 %dichlorodimethylsilane in toluene for I h, rinsed in methanol and dried at 100°.
The column was packed with 3% OV-Ion 80-100 mesh Supelcoport, purchased
ready-prepared from Chromatography Services, Merseyside, Great Britain. The
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packed column was conditioned at 3000 with a nitrogen flow of 40 mlJmin for 15 h,
and was treated subsequently by injection of from 10 to 20 fll of A-I87. Thereafter,
occasional injections of 5-10 fll of this compound were performed to maintain the
column in the deactivated form.

The retention times of disopyramide and of some other compounds on this
system measured relative to CDP are given in Table I. The chromatography of a
chloroform solution containing both disopyramide and CDP is illustrated in Fig. 1.

TABLE I

RETENTION DATA OF DISOPYRAMlDE AND SOME OTHER COMPOUNDS ON THE
OV-I COLUMN SYSTEM

Compound

Procainamide'
MND"
Diazepam
Dipipanone
Chlorprothixene
Chlorpromazine
Methixine
Disopyramide
Methotrimeprazine
Pecazine
Trimethoprim'
N-Acetylprocainamide'
Chloroquine
Metoclopramide
Trifluoperazine
Acepromazine
CDP
Phenazocine
Propiomazine
Quinine
Quinidine

Retention time
(relative to CDP)

0.27-0.31
0.48
0.48
0.56
0.58
0.58
0.60
0.62
0.64
0.64
0.67~.80

0.76-0.80
0.80
0.89
0.95
0.98
1.00
1.04
1.04
1.24
1.26

• Positively skewed peak -retention times measured on analysis of 5 and 0.05 pg, respectively.
•• Principal peak; other compounds eluted at relative retention times of 0.26 and 0.30 (el Fig. 5).

Extraction procedures
Direct extraction ofplasma or serum. Sample (200 fll), tris solution (20 fll) and

internal standard solution (50 fll of 20 mg/I CDP in chloroform) were added to a
clean Dreyer tube (Poulten, Selfe and Lee, Wickford, Great Britain). The last two
additions were performed using Hamilton repeating mechanisms fitted with 1.0 ml
and 2.5 mt Hamilton gas-tight luer fitting glass syringes, respectively (Field Instru­
ments; Richmond, Great Britain). Everett stainless-steel needles (No. II serum) were
affixed to these syringes.

The contents of the tube were mixed thoroughly on a vortex mixer for 30 sec
and the tube was centrifuged for 2 min at 9950 g in an Eppendorf centrifuge 5412
(obtained from Anderman and Co., East Molesey, Great Britain, and modified to
accept Dreyer tubes by slight drilling-out of the 0.4 ml test tube centrifuge adaptors).
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TimeCminJ

Fig. I. Chromatogram obtained on analysis of a solution of disopyramide (16 mg/l) and CDP (20
mgfl) in chloroform; 3-,u1 injection.

Subsequently, a 1-5,uI-portion of the chloroform phase was obtained and injected
on to the column of the gas chromatograph. This latter portion was obtained by
taking 5,u1 of air into a gas-chromatographic syringe and passing the syringe needle
through the basic layer into the chloroform. The air was expelled, and 1-5 ,ul of the
extract were taken up for injection.

The extraction was performed in duplicate and the mean result was taken.
If the difference between the duplicates was greater than 10 %, both the extractions
and the analysis were repeated.

Direct extraction of urine. The procedure was identical to that described above
except that (i) 50,u1 of sample were taken, and (ii) 50 mgjl CDP in chloroform was
used as the extraction solvent.

Back-extraction of plasma or serum. Sample (500,uJ), sodium hydroxide
solution (100 ,ul) and diethyl ether (5 ml) were added to a 10 ml tapered glass tube.
Subsequently, 50,u1 of the internal standard solution (50 mgjl aqueous CDP) were
added using a Hamilton repeating mechanism. The tube was sealed using a ground­
glass stopper, the contents were vortex-mixed for 20 sec and the tube was then cen­
trifuged in a windshielded instrument at 1800 g for 4 min. The ether layer was trans­
ferred by aspiration to a second tapered tube containing sulphuric acid (500,ul), and
the contents of this tube were similarly vortex-mixed and centrifuged. Subsequently,
the organic layer was removed by aspiration and any residual solvent eliminated under
a stream of air. The acidic solution was made basic with sodium hydroxide solution
(300,u1), and chloroform (50,u1) was added. After vortex mixing and centrifugation
at 1250 g for 4 min, a portion of the chloroform extract was injected on to the column
of the gas chromatograph. This portion was obtained by an analogous method to
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that described for direct-extraction analyses. Plasma samples were assayed in duplicate
and the mean results taken.

Instrument calibration and calculation of results
In the case of the direct-extraction analyses, standard solutions containing both

disopyramide and COP were prepared in chloroform and were used to obtain calibra­
tion graphs of peak area ratio (disopyramide/internal standard) against disopyramide
concentration. The sample disopyramide concentration was calculated from the peak
area ratio obtained on analysis of the extract and by the use of a previously calculated
recovery factor. In contrast, solutions prepared in heparinized human plasma and
containing disopyramide at a range of concentrations were analysed by the back­
extraction procedure, together with each batch of specimens, and the sample drug
concentration was obtained directly from the calibration graph.

The "quality control" specimen containing disopyramide (4.0 mg/I), which was
obtained from an independent source of the drug, was analysed along with each batch
of plasma specimens. If a mean result was obtained which differed by more than
±5 %from the true value, the batch of analyses was repeated.

Direct extraction: plasma or serum analyses. Standard solutions containing
disopyramide at concentrations of 2.0, 4.0, 6.0, 8.0, 12.0, 16.0, 24.0 and 32.0 mg/I
were prepared by dilution of a I g/I solution of the drug in chloroform. (N.B. These
concentrations were four times higher than the equivalent sample concentrations since
a sample-solvent ratio of 4: I was used in the extraction). Each standard solution
also contained COP (20 mg/I) which was obtained from a similar stock source. A
linear calibration graph with zero intercept was obtained on analysis of these solu­
tions (Fig. 2); the calibration gradient (peak area ratio/plasma drug concentration)
normally obtained was 0.24 l/mg. (N. B. Analogous graphs were obtained from the
other sets of standard solutions). The results of sample analyses were multiplied by
a factor of 1.13 to compensate for the incomplete extraction of the drug.

2,0

0

~

~

1.0~

~

"-

Oisopyramide. mgll

Fig. 2. Calibration graph obtained on analysis of the standard disopyramide solutions in chloroform
used in conjunction with the direct extraction of plasma specimens.

Direct extraction: urinary analyses. The instrument calibration procedure was
identical to that given above except that the range of disopyramide solutions ran
from 20 to 100 mg/I, in increments of 20 mg/I, and each contained COP at a con­
centration of 50 mgt\. The calibration gradient normally obtained was 0.023 I/mg,
and the results of sample analyses were multiplied by a factor of 1.12.
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Back-extraction procedure: plasma or serum analyses. Standard solutions of
disopyramide at concentrations of 0.5, 1.0, 3.0, 5.0 and 8.0 mgll were prepared in
heparinized human plasma by dilution of an aqueous solution (1 gil) of disopyramide
free base. The calibration gradient normally obtained on analysis of these solutions
was 0.28 I/mg.

RESULTS AND DISCUSSION

Column deactivation
The relationship between the disopyramide concentration in the chloroform

standards and the peak area ratio of drug to internal standard was non-linear, es­
pecially at low drug concentrations, if the column was not treated with A-187. More­
over, the chromatogram obtained using an untreated column on analysis of a 1 gil
solution of disopyramide in chloroform showed clear evidence of on-column decom­
position of the drug; the baseline rose before the elution of the disopyramide, i.e. a
negatively skewed peak was obtained. Column treatment with A-187 to prevent the
degradation of compounds such as disopyramide during GLC analysis has been dis­
cussed by AverilPo. This silane is used to promote the adhesion of organic materials
to inorganic substrates, and it may act by promoting a relatively complete stationary
phase coating of the support material, thus masking catalytically active sites.

Column treatment with a silylating agent (Rejuv-8, obtained from Chromato­
graphy Services) did not noticeably reduce the on-column decomposition of diso­
pyramide, although the injection of 5-1O,u1 portions of a 5 gil solution of DL-a­

phosphatidyIcholine dipalmitoyl (Sigma London, Kingston-upon-Thames, Great
Britain) in chloroform was partially effective. However, daily injections of 5-1O,u1
of this solution were required to maintain the column in the deactivated form, and
since relatively large peaks were obtained for up to I h after treatment, this was con­
sidered unsatisfactory. Although peaks were normally obtained following column
treatment with A-187, such treatment was only required infrequently (at most, weekly
with a relatively new column, and monthly thereafter). The column was maintained
at 1400 with nitrogen flow of 40 mllmin when not in use, in order to minimize the
need for further treatment.

Recovery studies
Detailed recovery studies with the back-extraction procedure were not ne­

cessary since standard disopyramide solutions prepared in heparinized human plasma
were analysed together with each batch of samples, and were used to provide the
calibration graph. However, in the case of the direct-extraction analyses, recovery
factors were calculated in order to facilitate calibration using standard solutions pre­
pared in chloroform, with a consequent reduction in the total analysis time.

Plasma analyses. The calibration standards used here contained disopyramide
at a concentration four-fold higher than in the corresponding plasma solutions since
a sample: solvent ratio of 4:1 was used in the extraction procedure. Thus, solutions
containing disopyramide at concentrations of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0 and 8.0
mgll were prepared in heparinized bovine plasma by dilution of a I gil aqueous solu­
tion of the drug. The quintuplicate analysis of each of these solutions revealed a
mean recovery of 88.5 ± 5.3 (SD) %which was uniform over the range of concentra-
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tions studied. The results of sample analyses were therefore multiplied by a factor
of 1.13.

In order to assess the validity of this factor when applied to human plasma
assays, 50 specimens obtained from patients treated with disopyramide were analysed
in duplicate by the direct- and back-extraction procedures. There was a good correla­
tion (r = 0.95) between the results given by each method, and the mean of all of
the analyses obtained using the back-extraction (3.87 ± 1.41 (S.D) mg/I) was the same
as that obtained from the direct extraction (3.87 ± 1.38 (S.D) mg/I).

Urinary analyses. In this case, the calibration standards contained disopyramide
at concentrations equivalent to the corresponding urinary solutions since a sample­
solvent ratio of only I: I was required in the extraction. Thus, solutions containing
disopyramide at concentrations of 20-100 mg/I, in increments of 20 mg/I, were pre­
pared in drug-free human urine. The triplicate analysis of these solutions revealed a
mean recovery of 89 ± 4 (S.D) %, which was uniform over the range studied; the
results of sample analyses were therefore multiplied by a factor of 1.12.

Assay reproducibility
The coefficient of variation (Cv) of the plasma direct-extraction procedure as­

sessed from the difference between duplicates of 50 sample analyses was 3.8 % in the
range 1.4-7.0 mg/1. The intra-assay Cv at 4.0 mg/I was 2.2 % (n = 20).

The Cv of the back-extraction procedure assessed from the difference between
duplicates of 50 analyses was 4.0% in the range 1.2-7.5 mg/1. The intra-assay Cvof
this procedure at 3.0 mg/I was 4.1 % (n = 10). The inter-assay Cv at 2.6 mg/I was
3.2 % (n = 15) and at 4.0 mg/I was 3.0 % (n = 22). The similarity of these results
to those obtained with the LC disopyramide assay9 was not unexpected in view of
the similarities between the extraction procedures used in each method.

Specificity
No interference has been observed in either direct- or back-extracts of drug­

free heparinized human plasma, or in direct extracts of drug-free human urine, and
an example of such an analysis is given in Fig. 3. Analogous extractions performed
without the addition of CDP have not revealed the presence of compounds that could
elute with this standard. In addition, specimens of either plasma or urine obtained
from patients treated with disopyramide have shown a similar absence of interference
in both direct- and back-extraction analyses (Figs. 4-6). Again, no compounds have
been observed which could elute with COP.

The major metabolite of disopyramide (MND)ll is reported6 to be unstable
under similar GLC conditions to those used here. Indeed, three compounds eluting
before disopyramide were represented on the chromatogram obtained on analysis
of a I gil solution of MND in chloroform, and an analogous pattern of peaks has
been observed on analysis of urine specimens obtained from patients treated with
disopyramide (cf Fig. 5). Since disopyramide is excreted largely unchanged in the
urine of healthy subjects l!, and MND is reported to be not only inactive against
ventricular arrhythmias but also less active than disopyramide against atrial arrhyth­
mias12

, the plasma or urinary assay of MND appears unlikely to be of clinical value.
A number of basic and neutral drugs were investigated as possible sources

of interference. Mexiletine and lignocaine both eluted with the solvent under the GLC
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Fig. 3. Chromatogram obtained on analysis of a direct extraction of drug-free human plasma; 4-/ll
injection. The COP concentration was 20·mg/1.

Fig. 4. Chromatogram obtained on analysis of a direct extract of plasma obtained immediately prior
to dosage from a patient treated with disopyramide (200 mg, 8 hourly); 4-ft! injection. The COP con­
centration was 20 mg/I, and the plasma disopyramide concentration was found to be 2.3 mg/I.

iii iii
16 14 12 10 8 6
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Fig. 5. Chromatogram obtained on analysis of a direct extract of urine obtained from a patient treated
with disopyramide (100 mg, 6 hourly); 2-fll injection. The COP concentration was 50 mg/I and the
urinary disopyramide concentration was fOund to be 52 mg/1. (I ~ Degradation products of M NO.)

Fig. 6. Chromatogram obtained on analysis of a back-extract of plasma obtained 3 h after dosage
from a patient treated with disopyramide (100 mg, 6 hourly); 3-/11 injection. The plasma disopyramide
concentration was found to be 3.3 mg/1.
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conditions used, and the retention times of the remaining compounds measured rel­
ative to the retention time of COP are given in Table 1. None of the compounds
likely to be present in the plasma of patients receiving disopyramide (i.e. procain­
amide, N-acetylprocainamide, diazepam, trimethoprim, metoclopramide and quin­
idine) interfered in the assay. Most of the remaining drugs are administered at low
dosage (less than 100 mg/day) or are extensively metabolized and are thus unlikely
to interfere in either the direct- or back-extracts of plasma. Nevertheless, the capacity
to perform the back-extraction was retained in order to counter possible interference
from compounds not surveyed in the present work.

Limits of sensitivity
The limit of sensitivity of the direct-extraction plasma assay was taken to be

0.2 mg/I if 200 ,ul of sample were used. Although the use of a larger sample volume
could produce a corresponding decrease in the limit of sensitivity of the assay, this
was not thought to be necessary in view of the plasma disopyramide concentrations
associated with effective therapy2. The use of relatively small volumes of plasma is
especially useful where further analyses are to be performed using the same specimen
or where sample size may be limited. The back-extraction plasma assay has a similar
limit, but 500,u1 of sample are required. Since the urinary disopyramide concentra­
tions attained during therapy are approximately lO-fold higher than in plasma, the
calibration range and limit of sensitivity of the direct-extract urinary assay were cor­
respondingly higher, and this minimized the need for dilution of the specimen prior
to analysis. However, increased sensitivity could easily be obtained if required by
adopting the assay procedure used for plasma.

Choice of direct-extraction conditions
Initially, the conditions used in the direct-extraction procedure were similar

to those used prior to back-extraction in that 2 mole/l sodium hydroxide was em­
ployed. However, emulsions were obtained on analysis of some plasma specimens
under these conditions. No emulsions were obtained following the use of 2 mole/l
tris in place of the sodium hydroxide solution, whilst the recovery of disopyramide
was unchanged. The pH of a mixture of I volume of tris solution and IO volumes
of plasma was found to be 9.4.

An extraction time of 30 sec was chosen on the basis of results obtained with
other direct-extraction drug assay procedures performed using Dreyer tubes13

-
15

•

Advantages of the direct-extraction procedures
Oisopyramide has an elimination half-life of ca. 7 h in patients who have suf­

fered a myocardial infarct 16
• A plasma disopyramide concentration may be accu­

rately measured using the direct-extraction procedure within ca. 20 min of receipt
of the specimen, provided that the instrument calibration has been accomplished
previously, and thus the result may be made available with sufficient speed to have
relevance to therapy. In contrast, an analysis using the back-extraction procedure
takes ca. 40 min to complete. The direct-extract analysis of urine also minimizes the
time required for the assay, especially since previous methods6 •9 advocated the dilu­
tion of the urine specimen prior to disopyramide measurement by the same procedure
as for plasma.
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In addition to the rapidity and small sample requirement of direct-extract d. ug
assays, there are other advantages to the use of such procedures. These have been
discussed in detail elsewhere13

-
15

, and include the requirement of minimal apparatus
and reagents, the absence of interference derived from solvent transfer and evapora­
tion stages or from inadequately cleaned glassware and the good accuracy and re­
producibility of the techniques.

A disadvantage to the direct-extraction procedure was that cholesterol was
represented on all of the chromatograms of plasma or serum extracts (el Figs. 3
and 4). Although this compound did not interfere in the analysis, its presence did
reduce the rate at which these analyses could be performed. Nevertheless, the ad­
vantages of the direct-extraction procedure outweighed this latter consideration. The
use of nitrogen-selective detection, or indeed LC analysis, in place of flame ionization
could serve to prevent the detection of cholesterol should this be required.

CONCLUS10NS

The direct-extraction procedures described represent improvements over pre­
viously published methods for the measurement of either plasma or urinary diso­
pyramide at the concentrations achieved during therapy. A complete quantitative
analysis can be performed, in duplicate, within 20 min and with the use of a relatively
small sample volume. The extraction may be completed in less than 3 min and is
performed in a single tube, and thus solvent transfer and evaporation stages are not
required. No interference from endogenous sample constituents, other drugs or drug
metabolites has been observed.

It has proved possible to use an analogous direct-extraction procedure to that
described here in the measurement by GLC of two other antiarrhythmic drugs,
mexiletine and lignocaine, at the plasma concentrations attained during therapy (D.
W. Holt, A. M. Hayler, M. Loizou and R. J. Flanagan, unpublished results). In
addition, preliminary results suggest that the method described here may prove to
be applicable to the measurement of the plasma concentrations of not only diso­
pyramide but also procainamide, N-acetylprocainamide and quinidine which are
achieved during therapy.
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SUMMARY

A simple method has been developed whereby chlormethiazole, ethchlorvynol
and trichloroethanol can be simultaneously detected and measured in biological
fluids. The procedure is based upon the rapid extraction of a small (50-,u1) sample
volume with an equal volume of chloroform containing an internal standard, fol­
lowed by the gas-liquid chromatographic analysis of this extract. Specimens of
blood plasma or serum, urine and gastric contents can be used, and no interference
from either endogenous or exogenous sources has been observed. The method is
suitable for the measurement of the plasma concentrations of these compounds
attained after overdosage.

INTRODUCTION

Chlormethiazole, ethchlorvynol and trichloroethanol (the pharmacologically
active metabolite of chloral hydrate l

,2) can all cause coma if ingested in sufficient
quantity, and thus the detection and identification of these compounds may be of
clinical relevance. Ethchlorvynol and trichloroethanol can be detected by simple
chromogenic reactions which are applicable essentially to urine and only provide
qualitative information3

• Moreover, in the case of this latter compound, the test4 is
not specific and will detect other trichloro-compounds such as chloroform. Chlor­
methiazole and its metabolites may be detected by the thin-layer chromatographic
analysis of a chloroform extract of alkaline urine, but identification may prove
difficult, especially if some other drugs have been ingested.

A gas-liquid chromatographic (GLC) technique for the analysis of ethchlor­
vynol in specimens of either plasma or urine obtained from poisoned patients has
been described5

• This method is rapid, specific, sensitive and requires only 100,u1 of
sample to enable a duplicate analysis to be performed. The investigation of possible
sources of interference in this assay showed that not only were chlormethiazole and

• Present address: Toxicological Unit, S1. George's Hospital Medical School, Hyde Park Comer
London SW1, Great Britain.
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trichloroethanol resolved from both ethchlorvynol and the internal standard on the
chromatographic system used, but also that they were extracted into chloroform
under the same conditions as this latter drug. Subsequently, a modification of this
technique has been found to be applicable to the analysis of all three compounds in
specimens obtained from poisoned patients.

EXPERIMENTAL

Chemicals and reagents
Chlormethiazole free base (Astra Chemicals, Watford, Great Britain) and

2,2,2-trichloroethanol (Aldrich, Gillingham, Great Britain) were stored at -20°
prior to use. The source and purity of the ethchlorvynol used have been discussed
previously5. The internal standard, 2-methylnaphthalene (Hopkin and Williams,
Chadwell Heath, Great Britain) was used as a 20 mg/l solution in chloroform (ana­
lytical-reagent grade).

Gas-liquid chromatography
A Pye 104 model 24 dual-column gas chromatograph fitted with flame­

ionisation detectors was used throughout. The column and detector oven tempera­
tures were 140° and 200°, respectively, and the injection port-setting was 2. The
carrier gas (nitrogen) flow-rate was 60 ml/min and the hydrogen and oxygen inlet
pressures were 15 and 10 p.s.i., respectively, giving flow-rates of approximately 45
and 200 ml/min. The column, a 1.5 m x 4 mm 1.0. coiled glass tube, was packed with
2 % (w/w) Carbowax 20 M (Field Instruments, Richmond, Great Britain) and 5%
(w/w) KOH on HP Chromosorb W, 80-100 mesh5. On this system, trichloroethanol,
ethchlorvynol and chlormethiazole had retention times of 0.52, 0.69 and 1.28,
respectively, relative to 2-methylnaphthalene.

Extraction procedure
The sample (50 ,ul) was introduced into a Dreyer tube (Poulten, Selfe and Lee,

Wickford, Great Britain) by means of a semi-automatic pipette; specimens of gastric
contents containing large amounts of solid material were centrifuged prior to analysis
in order to obtain a clear fluid. Subsequently, 50 ,ul of the internal standard solution
were added via a 2.5-ml Hamilton gas-tight luer-fitting glass syringe fitted with a
Hamilton repeating mechanism (both available from Field Instruments). An Everett
stainless-steel needle (No. II serum) was affixed to this syringe. The contents of the
tube were mixed thoroughly on a vortex mixer for 30 sec and the tube was centri­
fuged for 30 sec. at 9950'g in an Eppendorf centrifuge 5412 (Anderman and Co., East
Molesey, Great Britain and modified to accept Dreyer tubes by slight drilling-out of
the 0.4 ml test tube centrifuge adaptors). Subsequently, a 3- to 5-,u1 portion of the
chloroform phase was obtained as described5 and injected onto the column of
the gas chromatograph.

The extraction was performed in duplicate and a mean result obtained. If the
difference between the duplicates was greater than 10 % both the extractions and
analysis were repeated.
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TABLE I

DRUG STANDARD SOLUTIONS AND CALIBRATION GRADIENTS

Each solution also contained 2-methylnaphthalene at a concentration of 20 mg/l.
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Compounds Calibration Standard drug solutions available (mgl!)
gradient ._-- --------

(flmg) 5 10 /5 20 25 30 40 50 75 100 150 200 250

Chlormethiazole 0.016 X x x x x x x x
Ethchlorvynol 0.035 x x x x x x x x
Trichloroethanol 0.013 x x x x x

~ ----~-~----

Instrument calibration and calculation of results
Standard solutions containing each drug were prepared in chloroform by

dilution of a 1 gil stock solution in this same solvent (Table I). Each standard also
contained 2-methylnaphthalene at a concentration of 20 mg/I, obtained from a
separate stock source. The ratio of the peak height of each drug to the peak height of
2-methylnaphthalene bore a linear relationship to the drug concentration over the
ranges studied. The normal calibration gradients obtained (i.e. peak height ratio­
drug concentration) are shown in Table I. The results of sample analyses were
multiplied by a "recovery factor" to compensate for the incomplete extraction of
each drug. The factors used for either plasma or urine analyses are given in Table II.

TABLE II

RECOVERIES OF ADDED DRUG FROM EITHER HEPARINISED BOVINE PLASMA OR
DRUG-FREE HUMAN URINE

Compounds

Chlormethiazole
Ethchlorvynol
Trichloroethanol

- -_.- .- ---_._- -_..
Standard solutions Plasma Urine

-----

Range Increment Mean ± SD Recovery Mean ± SD Recovery
(mgl!) (mgl!) ('Yo) factor (%) factor

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

10- 50 10 96 ± 4 1.04 100 ± 2 1.00
20-100 20 95 ± 4 1.05 95 ± 2 1.05
50-250 50 75 ± 4 1.33 78 ± 3 1.28

RESULTS AND DISCUSSION

Recovery studies
Standard solutions were prepared in 10.0 ml of either heparinised bovine

plasma or drug-free human urine by dilution of a 2-g/l solution of each drug in etha­
nol, and the range of concentrations thus obtained is shown in Table JI. The quintu­
plicate and triplicate analyses of the plasma and urine solutions, respectively, revealed
the mean drug recoveries given in Table JJ. Each recovery was uniform over the
range st-udied.

Sources of interference
The method has been applied primarily to the analysis of plasma or serum

specimens obtained from poisoned patients and no interference from either endo­
genous sample constituents or other drugs has been encountered. Examples of the
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chromatograms obtained on analysis of drug-free human plasma and of plasma
obtained from an ethchlorvynol overdose patient have been given previously5. The
analysis of a plasma specimen from a patient who had ingested a large amount of
dichloralphenazone is illustrated in Fig. 1.

~
ii i i i i i I

13 12 11 10 8 6 5 4 0

Time (minI

Fig. 1. The analysis of an extract of plasma obtained from a dichloralphenazone overdose patient on
the Carbowax 20M-KOH column system; 3-ftl injection. The plasma trichloroethanol concentration
was found to be 71 mg/1.

A feature of the analyses of urine (and in some cases of plasma) from chlor­
methiazole overdose patients is the plesence of several compounds which elute after
chlormethiazole on the Carbowax 20 M-KOH column system (Fig. 2). These com­
pounds are probably chlormethiazole metabolites, but specific identifications have
not been attempted. Although up to five metabolites of this drug have been identified
in human urine6 •7, all thought to result from oxidation of the 2-chloroethyl moiety
of chlormethiazole7

, the fate of only approximately 20% of the dose has been defined.
The possibility that metabolites of chlormethiazole might interfere in the assay has
been investigated. Analyses on a second GLe column system (2.1 m X 4 mm 1.0.
glass column packed with 10 % Apiezon L-2 % KOH on 80-100 mesh Chromosorb
W AW (obtained ready-prepared from Chromatography Services Ltd., Hoylake,
Great Britain)) at 1600 have given identical quantitative results to those obtained
from the same extract on the Carbowax 20 M-KOH column system. The retention
times relative to 2-methylnaphthalene of the peak corresponding in area to "metab-
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Fig. 2. The analysis of an extract of a urine specimen obtained from a chlormethiazole overdose
patient on the Carbowax 20M-KOH column system; 3-,uI injection. Compound 1 (and possibly
compounds 2-4) are metabolites of chlormethiazole (see text).

olite I" (el Fig. 2) and of chlormethiazole were 0.40 and 0.51, respectively, on the
Apiezon L-KOH column system. All of these compounds gave rise to sharp, sym­
metrical peaks, but no other metabolites were observed on this latter system.

It has been found that both chlormethiazole and ethchlorvynol may be
readily detected and identified in gastric content specimens by use of this procedure,
and an example of such an analysis is given in Fig. 3. However, chloral hydrate was
neither extracted8 nor chromatographed under the conditions of this assay.

Limits of sensitivity
When using a sample-solvent ratio of I: 1, the minimum sensitivities of the

technique to chlormethiazole, ethchlorvynol and trichloroethanol were 2, 2 and
10 mg/I, respectively, at the amplifier attenuation normally used (5 .10- 10 A). The
plasma-concentrations of both ethchlorvynol and trichloroethanol attained in over­
dose are above these Iimits5 •9 , and the available data suggested that this also applied
for chlormethiazole; the intravenous infusion to six volunteer subjects of from 1.20
to 2.25 g of chlormethiazole ethanedisulphonate at rates varying from 11.9 to 25.0 mg/
min gave rise to plasma drug concentrations between 3 and 40 mg/l at the cessation
of infusion lO

• The results from nine patients who had ingested an overdose of chlor-
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Fig. 3. The analysis of an extract of a I :20 aqueous dilution of a specimen of gastric contents ob­
tained from a chlormethiazole overdose patient on the Carbowax 20M-KOH column system; 2-,111
injection.

TABLE 1lI

PLASMA CONCENTRATIONS AND ADDITIONAL DATA FROM NINE PATIENTS WHO
HAD INGESTED AN OVERDOSE OF CHLORMETHIAZOLE

--------

Patient Age Sex Plasma Grade of Other drugs
No. (yr) chlormethiazole coma at time detected

(mg/I) of sampling
-- -,._--,._------- --------_.- ... _.. ~ .'--

I 63 F 16 IV Diazepam
2 38 F 9 II Nil
3 26 F 66 IV Dextropropoxyphene.

Nitrazepam
4 40 M II III Nil
5 61 F 8 III Nil
6 34 M 8 1I Nil
7 47 M 37 IV Chlorimipramine,

Diazepam
8 48 F 14 IV Nitrazepam
9 77 F 12 III Nil
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methiazole either alone or together with other drugs supported this view (Table Ill).
All of these patients recovered uneventfully.

The use of electron-capture detection has been advocated recently9 for the
measurement of the plasma trichloroethanol concentrations attained in overdose.
However, the results presented here clearly show that flame-ionisation detection is
satisfactory even though only 50 ttl of specimen are required. Indeed, smaller volumes
of both sample and solvent can be used with no decrease in sensitivity. On the other
hand, greater sensitivity to all of the drugs studied with the present technique was
attainable if required. The use of a higher instrument sensitivity together with a less
concentrated internal standard solution served to increase the minimum sensitivities
of the method 10-fold without a concomitant increase in the interference observed.
In addition, a higher sample-solvent ratio in the cases of both ethchlorvynoP and
chlormethiazole also increased the minimum sensitivities attainable.

CONCLUSIONS

Analytical techniques which are specific, sensitive, rapid and plovide not only
qualitative but also quantitative information are advantageous in clinical toxicology.
The method described here has been used in the assay of several hundred specimens
obtained from poisoned patients during the course of our 24-h drug analysis service
over a period of approximately one yeal. Even quantitative analyses were completed
within 20 min and with the use of a very small sample volume. The GLC column
system has proved to be extremely stable under the conditions used, and the method
represents a considerable improvement over methods used previously in our laboratory
for the analysis of chlormethiazole, ethchlorvynol and trichloroethanol in biological
fluids.
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SUMMARY

The quantitative analysis of micromolar levels of arylhydroxylamines in liver
homogenates is described. The analyte is extracted from the biological medium with
dichloromethane and then converted to the corresponding N-hydroxyurea by reaction
with methyl isocyanate. The reaction product is stable both in the dry state and in
solution. The derivatized mixture is separated by reversed-phase partition chromato­
graphy and the hydroxylamine quantitated as the methylhydroxyurea by spectro­
photometric monitoring of the column eluent at 254 nm. The method is specific for
arylhydroxylamines in that the product is different from products formed by reaction
of methyl isocyanate with alternate amine metabolites and metabonates.

INTRODUCTION

Some primary aromatic amines and amides are thought to induce cancer
through interaction of their N-hydroxylated metabolites with nucleic acids and
protein l

•2• The low concentrations at which these compounds are present in biological
samples and their ease of oxidation have hindered development of reliable methods
for their analysis, particularly in the presence of other metabolites. Most reported
methods lack sufficient specificity to differentiate between the arylhydroxylamines and
C-hydroxylated metabolites of aryl amines. Furthermore, reported procedures often
measure arylhydroxylamines by conversion to nitros03 or az04 derivatives which are
indistinguishable from alternate metabolic products, formed via different metabolic
routes. Ultimate detection of these analytes has involved spectrophotometryS-7,
fluorimetry8, amperometrl and isotopic measurements10

•

We have recently described a high-pressure liquid chromatographic (HPLC)
separation and quantitation of C- and N-hydroxylated metabolites and metabonates
of the aromatic amine, aniline, using reversed-phase partition chromatography with
ultraviolet spectrophotometricll or amperometricl2 detection of analytes. These

*To whom correspondence should be addressed.
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methods are specific, sensitive (detection limit: 10- 8 M) and reliable for analysis of
C-hydroxylated metabolites of arylamines. However, although these procedures can
specifically monitor N-hydroxylamines, the instability of these compounds limits the
concentration that can be quantitated to 5· 10- 5 M and demands rapid processing
and analysis of samples. It is not possible to practically monitor arylhydroxylamines
in biological fluids with these methods, because of their short half lives, without
stabilization of the analyte early into the analysis scheme. In this report we desclibe
a derivatization procedure for arylhydroxyJamines prior to their HPLC separation,
which renders the analyte stable in solution and converts the hydroxylamine to a
species which can be distinguished from all other amine metabolites and metabonates.

EXPER IMENTAL

Apparatus
Chromatography was performed on a component system conslstmg of a

Waters Model M 6000A solvent delivery system, a Model U6K septumless injector
and Model 440 absorbance detector operated at 254 nm (Waters Assoc., Milford,
Mass., U.S.A.).

Reagents
Methanol was ChromAR grade (Mallinckrodt, St. Louis, Mo., U.S.A.).

Distilled water was used throughout. Analytical-reagent grade dichloromethane
(Fisher Scientific, Pittsburgh, Pa., U.S.A.) was used without further purification.
Methyl isocyanate was obtained from Aldrich (Milwaukee, Wisc., U.S.A.) and was
used as received.

5-Hydroxyaminoindan (HAl) was synthesized by reduction of 5-nitroindan
(Aldrich) with zinc and ammonium chloride l3

. The product was isolated as yellowish­
white plates with a melting range of 64-66°. Spectrometric data, including ultraviolet
and mass spectra, and elemental analysis confirmed the identity of the product
(elemental analysis: calculated, C, 72.44%; H, 7.44%; N, 9.39%; found, C, 73.83%;
H, 7.50%; N, 9.50%).

] -Hydroxy-f-(S'-indanyl)-3-methylurea (H IMU) was synthesized by established
methods l 4, mixing a solution of HAl in diethyl ether with a 25 molar excess of an
ether solution of methyl isocyanate. The product, after recrystallization from benzene,
was white and crystalline with a melting point of 119.5-120.0°. Spectrometric data
and elemental analysis confirmed the identity of the product (elemental analysis:
calculated, C, 57.81 %; H, 6.08%; N, 16.86%; found, C, 58.01 %; H, 5.95%; N,
16.98 %). Mass spectra gave a peak for the molecular ion at m/e 206, and a fragmenta­
tion pattern consistent with the behavior of similar substituted hydroxyureas l5

•

Liver homogenates
Male Sprague-Dawley rats (weighing 200-250 g) were decapitated, their livers

excised and washed in cold 0.02 M Tris-HCI buffer (pH 7.4). The liver was
homogenized with a PTFE pestle in four volumes of the buffer. The homogenate was
centrifuged at 9000 g for 20 min at 4°. The supernatant was removed, diluted lO-fold
with buffer and used as such in all experiments.
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PROCEDURES
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Extraction
Varying known amounts of HAl were added to either 5 ml of Tris-HCI buffer

(0.02 M; pH 7.4) or 5 ml of liver homogenate to give final solutions containing
1.10- 4 to 1.10- 6 M HAL The mixtures were extracted for 5 min with 8 ml of di­
chloromethane, and then centrifuged at 800 g for 5 min. The aqueous layer and
protein precipitate at the solvent interface were aspirated to wa~te.

Derivatization
Methyl isocyanate (400,ul of undiluted material) was added to a 3-ml aliquot

of the dichloromethane extract and the solution was shaken for I min at room tem­
perature. The solvent was then evaporated to dryness in a nitrogen atmosphere and
the residue redissolved in 250,u1 of methanol-water (50:50) containing 4.73.10- 5 M
N,N-dimethylaniline (present as the internal standard).

Chromatography
Samples were analyzed by HPLC using a ,uBondapak Cl8 column (30 cm X 4

mm J.D.; Waters Assoc.) operating at a flow-rate of 2 ml/min (2300 p.s.i.) with
methanol-water (50:50) as mobile phase. Analytes were detected spectrophoto­
metrically at 254 nm. For quantitative analysis concentrations of hydroxylamine were
determined from a standard curve. A stock solution of HI M U (l. 10- 3 M) was
prepared in methanol-water (50:50) and diluted as required with the same solvent.
N,N-Dimethylaniline (final concentration 4.73.10- 5 M) was added to each solution
as internal standard. All quantitative measurements were made relative to this constant
amount of dimethylaniline. Standard curves were constructed by plotting peak height
ratio (analyte: internal standard) vs. analyte concentration for 6 concentrations of
HIM U in the range from I· 10- 4 to 2· 10- 6 M. All measurements were made in
triplicate and the data subjected to linear regression analysis.

RESULTS

Analysis of the HAl in liver homogenates was performed in three stages: (I)
initial extraction of the analyte; (2) subsequent derivatization by reaction with methyl
isocyanate; and (3) separation of the derivatized mixture by high-performance
reversed-phase partition chromatography.

Extraction
The arylhydroxylamine was removed from aqueous buffer or liver homogenate

solutions by extraction with 1.6 volumes of dichloromethane. For biological samples
5 min extractions were required to reach equilibrium. One extraction removed
88 ± 2%of the analyte from aqueous solutions, and 82 %from tissue homogenates,
over the concentration range (I . 10- 4 to 2· 10- 6 M) studied. Extraction could alter­
natively be carried out with chloroform, however, this solvent was unsatisfactory for
subsequent derivatization. Centrifugation of the biological f1uid-dichloromethane
system was required after agitation to form two distinct liquid phases, thereby
maximizing analyte recovery.
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Derivatization
The extracted hydroxylamine was reacted with methyl isocyanate. The reaction

product was isolated by HPLC and identified from elemental analysis and mass
spectra as the N-substituted monoacylated hydroxylamine (HIMU) (eqn. I)

+

HAl

MU

HIMU (1)

For analysis from biological fluids the reaction was carried out in the presence
of a lOOO-fold excess of isocyanate. This large excess of reagent was required because
isocyanates react indiscriminately with nucleophilic species and therefore are con­
sumed by compounds which may co-extract (e.g. water, alcohols, amines) with HAl
into dichloromethane. Sufficient reagent must be present to totally derivatize the
analyte in the presence of these potential interferents. Acylation reactions are, there­
fore, carried out under anhydrous condition~. In this regard, the derivatizing agent
also acts as a dessicant reacting with water to form methyl urea (MU) (eqn. I). For
the convenience of the analyst, reaction was carried out at room temperature in the
untreated dichloromethane extract. Under these conditions reaction was complete in
less than I min and HAL was quantitatively converted to the corresponding hydroxy­
urea, HIMU.

HIMU was stable at room temperature in the extraction solvent or HPLC
mobile phase (methanol-water (50: 50» for more than I h, i.e. less than 5%loss was
observed over this time period. The derivative appears to be indefinitely stable (more
than 6 weeks) when stored dry (i.e. in the absence of solvent) at room temperature.
Reaction must, however, be carried out in the absence of acid to prevent the acid
catalyzed conversion of HIMU to the corresponding benzimidazol-2-one (110)
(eqn. 2)15.

Chloroform was unsuitable as the reaction medium, because of the relatively
high concentration of ethanol which is added to stabilize the commercially available
solvent. Ethanol consumes the reagent, converting it to N-methyl-O-ethylcarbamate.

HIMU

H Gl--
no

(2)
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Chromatography
The derivatized hydroxylamine was separated from other species by reversed­

phase partition chromatography with isocratic elution of components using methanol­
water (50:50) as mobile phase (Fig. I). To maximize sensitivity, the dichloromethane
solvent was removed by evaporation and the residue reconstituted in a minimum
volume of mobile phase prior to HPLC analysis. This volume reduction step results
in the appearance of unidentified peaks in the chromatographs, apparently attributable
to co-extracted materials and decomposition of methyl isocyanate. HAl was quanti­
tated as HIMU (retention volume, VR = 7.8 ml) by measuring peak height relative
to a constant amount (4.73.10- 5 M) of N,N-dimethylaniline (VR = 14.2 ml), present
as internal standard. A linear relationship was found between HAl concentration and
peak height ratio over the range from 1.10- 4 to 2.10- 6 M. Linear regression analysis
of the data generated the line y = 0.240 [H IM U] - 0.976 with a correlation coef­
ficient of 0.998. Analysis was carried out with reproducibility of ±5 %. Accuracy of
the determinations, based on the amount of HAl determined by HPLC after extrac-
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Fig. I. Chromatography of I-hydroxy-l-(5'-indanyl)-3-methylurea (HIMU) obtained by extraction of
8· 10- 6 M 5-hydroxyaminoindan (HAl) from liver homogenate and reaction with methyl isocyanate.
N,N-Dimethylaniline (DMA; 4.73.10- 5 M) is present as the internal standard. Components were
separated by reversed-phase partition chromatography using methanol-water (50:50) as mobile
phase.

tion from liver homogenates and derivatization with methyl isocyanate, was ±4 %.
The minimum concentration of HAl which could be quantitated with this precision
and accuracy was 1.10- 7 M when the analyte was originally dissolved in aqueous
buffer solution and 2.10- 6 M for HAl present in liver homogenates. These limits are
all based on 10-fll injection volumes. Larger injection volumes could not be used to
enhance sensitivity, because they resulted in an application of greater amounts of
interfering substances onto the column, which masked the HlMU peak and de­
creased column life. Total chromatographic analysis time was less than 9 min.

Methyl isocyanate is a very non-specific reagent and therefore acylatable co­
extracted materials will react with it. The products formed will not, however, be
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hydroxyureas (unless other arylhydroxylamines are present in the analysis mixture).
Analysis of liver homogenate mixtures not containing HAl, but carried through the
entire analysis scheme, showed no interfering peaks at the retention volume at which
HIMU (VR = 7.8 m!) and dimethylaniline (VR = 14.2 ml) elute from the column.
Similarly, chromatographic analysis of underivatized (VR = 12.2 ml) and derivatized
(VR = 10.0 ml) 5-aminoindane, 5-nitrosoindane (VR = 26.1 ml), 5-nitroindane (VR =

29.3 ml) and 5,5'-azoxyindane (VR > 250 ml) (possible metabolic products or
metabonates of HAl) did not produce interfering peaks in the region of the peaks of
interest. Furthermore, 5-aminoindan (which is also derivatized with methyl isocyanate)
and 5-nitroindan, which are the metabolic precursors for HAl, are eluted after the
hydroxylamine; therefore, hydroxylamine can be determined in the presence of a
large excess of the amine or nitro compound. Under the conditions of methyl iso­
cyanate derivatization, 5-aminoindan was quantitatively converted to the correspond­
ing methylurea, i.e. reaction mixtures containing the amine and subjected to isocyanate
treatment show no peak at VR = 12.2 ml; only a peak at 10.0 ml corresponding to
the methylurea derivative.

DISCUSSiON

A method has been described for the analysis of micromolar levels of the aryl­
hydroxylamine HAl, present in liver homogenates. HAl serves as a model compound
having reactivity and solubility characteristics similar to polynuclear aromatic
derivatives, but without the proven potent carcinogenicity associated with the latter
group. The major difficulty in quantitative analysis of arylhydroxylamines is their
instability, i.e. at neutral pH they have a half life of ca. 20 min; at pH ;;:, 10, the t l / 2

is less than 2 min11 •

The problem of analysis of such unstable compounds has been handled by
either an on-line assay or by chemical conversion of the analyte to a more stable
entity. On-line assays have used amperometric transducers9.16.17 that cannot dif­
ferentiate between hydroxylamines and aminophenols without prior HPLC separation
of components12

• The procedures are, therefore, either non-specific or time-consuming.
Alternatively, arylhydroxylamines have been analyzed by conversion to nitros03 or
azolS derivatives. These products are stable, but are indistinguishable from those
formed from alternate amine metabolites or via other routes of biotransformation.
The methods are, therefore, non-specific. Furthermore, these procedures are time­
consuming and often involve carrying out operations at elevated pH -jeopardizing
the stability of the analyte and, therefore, the accuracy of the determination. In this
report an analytical procedure is described, in which the arylhydroxylamine is con­
verted to a hydroxyurea by reaction with an isocyanate directly in the extraction sol­
vent. The product is stable, both in the dry state and in solution, so that HPLC anal­
ysis of samples can be carried out at a leisurely pace once derivatization is complete.
Most importantly, the derivative which is monitored by HPLC is specifically derived
from the arylhydroxylamine, i.e. the analyte is converted to a product which is dif­
ferent than products formed from other amine metabolites or metabonates. The re­
agent reacts indiscriminantly with nucleophilic species, but the product that is
monitored is only formed by reaction with the arylhydroxylamine. Thus, when
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, I

Fig. 3. Trennung von Desmycarosylturimycin H (untere Reihe) , 4"-DesacyIturimycin H (mitt lere
Reihe) und Turimycin-H-Komplex (obere Reihe). Losungsmittelsystem: Benzol-Methanol (2:1).
Substanzen : In der Reihenfolge von links nach rechts wurden folgen dc Mengen als Gemisch der drei
Substanzen (Gew ichtsverhaltn is 1:I : I) aufgetragen : je 2 ug, je 3/lg, dreimal je 4.8 fig, je 4 /lg, je 6
!J.g und Wiederh olung in gleicher Reihenfolge.

Reproduzierbark eit als Funkt ion der Anzahl der Messungen, der Probenmenge und der
Anzahl der aufgetragenen Fleeke

Je ein Fleck mit 2, 3, 4 und 6 pg 4"-OATH wurde nach chromatographischer
Entwicklung und Detektion mehrmals (11 = 10) vermessen . Als arithmetische
Mittel der Messwerte ergaben sich: 33.37, 51.25, 74.04 und 114.05. Mit relativen
Standardabweichungen zwischen 0.49 und 1.76% wird eine sehr gute Reproduzier­
barkeit der Auswertung mit dem Quantimet errei cht.

Zur Untersuchung der Abh angigkeit der Messwerte von der Sub stanzart
sowie des Einflusse s von Auftragungsfehlern wurden definierte Mengen von DMTH,
4"-DATH und THKin 6facher Wiederholung punktforrnig aufgetragen und chroma­
tographiert. Die Flecke wurden zweimal vermessen, wobei die DC-Platten na ch der
ersten Messung um 1800 gedreht wurden, um Untersch iede der Schichtdicke bzw.
eine gewisse "Wolkigkeit' der Platten zu eliminieren . Vor jeder Messreihe wurde fur
jede Platte eine elektroni sche Ausleuchtungskorrektur vorgenommen.

Den Ergebnissen (Tabelle I) ist zu entnehmen, dass generelI grossere Fehler
a ls bei wiederholter Messung am Einzelfleck auftreten. Dariiberhinaus werden Unter­
schiede zwischen den Messreihen a und b beobachtet, wenngleich die Ubereinstim­
mung au sser bei 2.4 p g 4"-DATH im Rahmen der Genauigkeit des Au swertesystems
in bezug auf einzelne Flecken befriedigend ist. Die vorhandenen Unterschiede
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518 NOTES

time at 25°. A suitable volume of the organic phase was withdrawn and shaken with
0.1 M sulphuric acid before analysis.

Quantitation was effected with the aid of the internal standard and reference
solutions of pentafluorobenzyl bromide and alcohol.

RESULTS AND DISCUSSION

Degradation products of pentajluorobenzyl bromide
Pentafluorobenzyl bromide is degraded to pentafluorobenzyl alcohol and

chloride and bispentafluorobenzyl ether. Pentafluorobenzyl chloride is formed from
pentafluorobenzyl bromide and chloride ions, liberated by the degradation of
methylene chloride under alkaline conditions6

.

The time course of the degradation of pentafluorobenzyl bromide and the
formation of degradation products is demonstrated in Fig. I. The change in the con­
centration of pentafluorobenzyl alcohol and the ether is small after 8 h, when little
pentafluorobenzyl bromide remains.

0/0

2 4 6 8 24 hours

Fig. 1. Degradation of pentafluorobenzyl bromide. Organic phase: methylene chloride with 0.066 M
pentafluorobenzyl bromide. Aqueous phase: tetrapentylammonium (0.1 M) in 0.25 M carbonat<
buffer (pH 10). Equal phase volumes. 0, Pentafluorobenzyl bromide; D. pentafluorobenzyl chloried
L, pentafluorobenzyl alcohol; L, bispentafluorobenzyl ether.

Low concentrations « I %) of pentafluorobenzyl alcohol were observed when
the aqueous phase contained 0.1 M sodium hydroxide and tetrapentylammonium
was used as the counter ion. The concentration of bispentafluorobenzyl ether increased
as long as pentafluorobenzyl bromide was present. This indicates an almost immediatf
conversion of the alcohol into the ether at the high pH used.

The recoveries of pentafluorobenzyl bromide and its degradation product~

were in most instances above 90 % of the initial concentration. In the presence 01
phosphate and tris buffers the recovery was only about 50 %(24 h).
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CHROM.10,839

Note

Detection of sulphonamides in urine by pyrolysis-gas chromatography-mass
spectrometry

W. J. IRWIN and J. A. SLACK'

Department o/Pharmacy, University ofAston in Birmingham, Gosta Green, Birmingham 84 7ET (Great
Britain)

(Received November 14th, 1977)

We have previously described the pyrolysis-gas chromatography-mass spec­
trometry of a series of medicinal sulphonamides l

. It was shown that each sulphon­
amide yielded a unique pyrogram and the principal mode of decomposition was fission
about the labile sulphonamido group. Fragmentation yielded aniline from all medici­
nal sulphonamides, and a heterocyclic amine which was characteristic of the sulphon­
amide under test. Here we wish to describe the detection of these drugs in urine sam­
ples and to show that on the basis of fragmentations previously described, the identifi­
cation of sulphonamides in urine may be accomplished using pyrolysis methods.

EXPERIMENTAL

Preparation of samples
An aliquot of urine (R:i25 ml), frozen until required, was freeze dried. The

residue was taken up in a small amount of water (0.5 ml) and the resulting paste was
coated onto the rotating pyrolysis wire2• Wires were then placed in a desiccator, under
vacuum, for 30 min to yield a firmly adhering coat.

Apparatus and conditions
A Pye Curie Point pyrolyser was connected to a Pye GCY gas chromatograph

(dual columns and flame ionisation detector) or a Pye 104 gas chromatograph inter­
faced to a Micromass 12B mass spectrometer. Pyrolysis was performed at 770°,
maintained for 5 sec and chromatography was carried out using 1.5 m x 4 mm J.D.
columns packed with 8 % Carbowax 20M and 2 % KOH on Chromosorb W AW
DMCS (100-120 mesh). The temperature was programmed from 100° (5 min hold) at
5°/min up to 245 0 (8 min hold). The injection port was held at 275° and the detector
oven at 350°. The air pressure was maintained at 0.5 kg/cm2, the hydrogen at 1.4
kg/cm2 and a flow-rate of 50 ml/min (nitrogen, helium) was used. Mass spectra were
collected with an ionisation energy of 22 eY, a trap current of 100 flA and an ac­
celerating voltage of 4 kY.

• Present address: Department of Biochemical Pharmacology, King's College Medical School,
Denmark Hill, London SE5 8RX, Great Britain.
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CHROM. 10,836

Note

Gas chromatographic determination of methanal traces in presence of other
volatile carbonyl compounds

E. MERAT

Laboratoire Cantonal de Chimie, lnstitut d'Hygiene, Cuse Po~"ale 109, CIf /2/1 Geneva 4 (Switzer­
land)

(Received November 14th, 1977)

The determination of methanal in products such as f1avourants contalTIlTIg
large amounts of volatile carbonyl compounds is, in most cases, impossible with the
classical optical methods using reagents such as acetylacetone, chromotropic acid,
albumin-iron reagent, 4-amino-3-hydrazino-5-mercapto, I,2,4-triazol, etc. The direct
gas-chromatographic detection on molecular sieve is not sufficiently sensitive. For
these reasons, we have adapted the gas-chromatographic separation of 2,4-dinitro­
phenylhydrazone suggested by Soukup et a/. J to obtain a method allowing trace
determination at the 10 ppm level.

EXPERIMENTAL

Reagents
The reagents used were as follows: 2,4-dinitrophenylhydrazine (DNP);

sulphuric acid; DNP reagent: dissolve 1.0 g DNP in 20 ml sulphuric acid and a few
drops of water, and dilute slowly to 100 ml with water; benzene; all were of analytical
grade.

Apparatus
The apparatus consisted of: test tubes (3 ml); electric stirrer for test tubes

(Vortex-Genie); 100 and 600,u1 piston pipettes (Eppendorf) gas chromatograph
(Perkin-Elmer 900 or similar); glass column (4 m x i in. J.D.); stationary phase:
4% SE-30 + 4% OV-17 on Chromosorb W HP (100-120 mesh) or 10% OV-101 on
Chromosorb W HP (100-120 mesh). The operating temperature was programmed
from 150-220° (6°/min) with the injector and manifold at 300°. The carrier gas was
nitrogen (30 ml/min) and detection was by flame ionisation.

METHOD

]n a test tube, add 600,u1 of DNP reagent to 100,u1 of sample. Mix well and
allow to stand for 15 h (temperature: ]_3°). In the same test tube, just before the
injection, extract the derivative in 100,u1 benzene. Ensure an excess of reagent has
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CHROM. 10.844

Note

Sephadex columns equilibrated with NaCI to purify invertase, acid phos­
phatase and glycosidases from plants

D. W. A. ROBERTS

Agriculture Canada Research Station, Lethbridge, Alberta TlJ 481 ( Canada}

(Received December 21st , 1977)

During purification of invertase' , acid phosphatase- and fJ-glucos idase from
wheat leaves, forms of these enzymes were encountered that eluted from Sephadex
G-200 gels in the void volumes. Other forms of fJ-glucosidase, fJ-galactosidase and
invertase were found that eluted as if the y were quite small proteins. These enzym ­
atically active small proteins could not always be recovered if rechromatographed
on the same columns of Sephadex G-200.

The enzymes eluting in the void volume contained soluble polysaccharides
(unpublished, cf ref. 3). There are numerous reports that some enzymes bound to
cell walls'::? and other insoluble cell cornponents'"-" may be eluted from the de­
bri s in homogenates with I M NaCI solutions. Other enzymes may be disaggregated
by high concentrations of monovalent cations's". Solutions of NaCI can prevent the
interactions between glycosaminoglycans and basic polypeptides in some cases".

Since the form of invertase that behaves as a small protein on Sephadex G-200,
is a basic protein 1, it might adsorb on the few acidic groups of Sephadex G-200 and,
consequently, be eluted from the column with 0.01 M sodium maleate buffer , pH 6.5,
much later than it would if molecular size were the only factor controlling elution
volume. This behavior has been observed with several small basic proteins on Sepha­
dex G_5015 - 17 •

Experiments with Sephadex G-200 columns, equilibrated with NaCI, were
done to try to separate those enzymes that were eluted in the void volume of Sepha­
dex G-200 columns from the soluble carbohydrate materials, and to prevent the
adsorption of small basic proteins on Sephadex G-200 .

EXPERIMENTAL

Juice from the leaves of Kharkov 22 Me winter wheat was clarified, concen­
trated and chromatographed on a Sephadex G-200 column, eluted with 0.01 M
sodium maleate buffer pH 6.5 1

• The fractions obtained were assayed for invertase',
acid phosphatase hydrolyzing adenosine-f-phosphate'", fJ-glucosidase, and fJ-galac­
tosidase to identify those fractions containing activity. The glycosidases were assayed
by incubating 0.5 ml of the unknown with 0.5 ml of Mcilvaine's buffer'? containing
2.4 mg/rnl of either p-nitrophenyl fJ-o-glucopyranoside or p-nitrophenyl fJ-o-galacto­
pyranoside. The liberated p-nitrophenol was assayed colorimetrically (No. 42 filter,
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Note

High-performance aqueous gel-permeation chromatography of oligomers

YOSHIO KATO, HIROO SASAKI, MAKOTO AlURA and TSUTOMU HASHIMOTO

Central Research Laboratory, Toyo Soda Manufacturing Co., Ltd., TOllda, Shillnanyo City, Yamaguchi
Prefecture (Japan)

(First received November 23rd, 1977; revised manuscript received December 20th, 1977)

Gel-permeation chromatography (GPC) is a type of liquid chromatography
in which the separation is based only on the molecular size of the solute in solution,
and hence the setting of the experimental conditions and the interpretation of the
results obtained are easy. In general, however, GPC is slow and has a low resolution
in comparison with other liquid chromatographic techniques. Therefore, GPC has
rarely been applied to the separation of low-molecular-weight compounds and has
been mainly employed to separate high-molecular-weight compounds. However, high­
resolution columns packed with microparticulate polystyrene gels were developed a
few years ago', and high-speed GPC with satisfactory resolution was attained 2. As
a result, the possible applications of GPC have been extended to small molecules
in organic solvent systems3.4. Also in aqueous systems several column packings have
been developed for use in high-speed measurements. However, those column packings
have adsOl'ptivity, resolution or pore size disadvantages.

Recently, GPC columns packed with microspheres of hydrophilic polymer gels
have become commercially available (TSK-GEL, Type-PW; Toyo Soda Manufac­
turing Co.). These columns can be operated under high pressure in aqueous systems
and have a large number of theoretical plates (more than 4000 or more than 6000
plates/ft.). Moreover, several grades of columns with different pore sizes are avail­
able. High-speed GPC of ethylene glycol oligomers was performed with two grades
of TSK-GEL, Type-PW, with small pore sizes (G2000PW and G3000PW), in order
to investigate the resolution and the separation range of these columns. The results
are described in this paper.

EXPERIMENTAL AND RESULTS

GPC measurements were carried out at 55° on a commercial gel-permeation
chromatograph, HLC-80IA (Toyo Soda Manufacturing Co.), with two G2000PW
columns or with two G3000PW columns. Each column was 2 ft. long with an l.D.
of 0.305 in., all were packed with gel particles of diameter 12-15,um and had almost
the same theoretical plate numbers and pressure drops. In Fig. I, flow-rate depen­
der,ces of the theoretical plate number and the pressure drop are shown for G3000PW.
Distilled water was used as the solvent, the flow-rate was 1.4 ml/min, the injection
volume was 0.18 ml and the sample concentration was varied between I and 18 mg/
ml depending on the molecular weight distributions of the samples. Narrow molecular
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