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TH E EL ECTRON-CAPTURE D ET ECTOR

II. DESI GN AND PER FORM ANC E

J. CO NNO R

Royal Armame nt Research and Dl!I'eloI'1II1'1ItEstablishment , f lirt H alstead, Sevenoaks , Kent ( Great Britain }

(Received No vember 17th . 19S0)

SUM MA RY

The model developed in Part I is used to estimate the performance of electro n
ca pture detectors opera ting in coulometri c, con stant-current and consta nt-frequency
modes. Co ulometr ic operat ion is difficult to achie ve directly but coul om et ric respon 
ses can be estimated by extrapo lation. Detection limits can be substantially less th an I
pg and th is mode of o pera tion is preferred where practicabl e. Where co ulometry
cannot be att ained eith er directly or by extrapolation, the constant-frequency mode
sho uld be utilised with calibrat ion standards for quantitati ve analysis. Th e consta nt
current mode offers a wide dynamic ran ge but respon ses are non-linear for stro ngly
electro n-ca ptur ing materials.

INTROD UCTION

Th e electron-capture detector (EC D) has been widely used for the analysis of
trace am ounts of stro ngly elect ron-capturi ng mat erials such as , for exam ple, some
explosives or pesticide residu es. Detect ion limits of better th an pa rts per 109 (vI v)
have been achieved but at the se low levels qu antitative analysis is difficult , not least
becau se EC D responses und er pract ical working cond itio ns are themselves diffi cult to
predict. In Part I I a th eoretical model of the operation of the EC D under cer tai n
limitin g condition s was developed and the extra po latio n of results from thi s model to
practical co nd itions was discussed. T he o bjec t here is to exam ine de tecto r design and
performance in the light of this model and to make recommendation s concerning the
optimum operat iona l modes for qu an titat ive ana lysis with the ECD.

ECD DESI G N

The most important dec ision facing the ECD designe r is the specifica tio n of the
electron source. Fo r compatibility with gas chro ma togra phic (G C) colum ns and to
ensure that the resolution of chro matogra phic separa tions is not affected by dead
volumes, detector volume sho uld be small, typically not mor e th an a few millilit res;
source size is therefo re limited . In add ition , since the detector will be required for

0021-9673 /81/0000- 0000/$01 .50 \("1 19SI Elsevier Scient ific Pu blishing Co mpany



194 J. CONNOR

routine work, the source should have the minimum possible requirements for oper
ational controls and for maintenance. The range of choice is thus severely restricted
and almost every ECD described to date has relied on a radioactive pparticle emitter
as the electron source.

Thermal electrons, designated s, are produced from p particles by interactions
with carrier gas molecules

(I)

Typically each Pparticle has an initial energy ~ 10 keV and around 30 eV are ex
pended in forming an electron/positive ion pair in normal carrier gases (argon/meth
ane or nitrogen), (see, for example ref. 2, p. 35). Each IJ particle will thus produce 102



103 thermal electrons so that a l-mCi or 4.10 7 P particles per sec source will give
~ 101 0 electrons per sec and a maximum current of ca. 1 nA.

Direct ionisation of the carrier gas as shown in eqn. I is the most probable
process when nitrogen is the carrier but in argon metastable atoms may be formed.

I~ + Ar ----> IJ + Ar* (-11.6eV) (2)

These metastable argon atoms have a relatively long lifetime and would be lost from
the detector by ventilation unless deactivated. The deactivation process normally
involves production of an electron/ion pair by reaction with any polyatomic molecule

Ar* + X ----> Ar + X + + f, (3)

Thus with pure argon as carrier the presence of sample increases the electron concen
tration and thus the detector current, the reverse of the desired electron-capturing
effect, leading to anomalous responses. Addition of ~ 5/., methane to the carrier
results in all metastables being deactivated by methane and prevents this type of
response.

The rate of thermal electron production by eqn. I (or by eqns. 2 and 3) is
subject to fluctuations due to the stochastic nature of radioactive decay. Noise pro
duced in the ECD system as a result of these fluctuations is a major factor in de
termining the limits of detection of the system. The noise may be minimised by
selecting sources with the maximum possible activity compatible with safety and with
the minimum possible IJ particle energy.

Some relevant properties of currently available I~ particle sources are given in
Table 13.4 . The maximum current and noise levels are typical values and are taken
from Dwight et al:"; the Pparticle energy is the value at the maximum of the number/
energy distribution. The rate of electron production is calculated directly from the
maximum current assuming that at this maximum all the electrons produced are
collected. In a clean system the current is independent of temperature (see, e.g., ref. 5).

Most commercially produced detectors employ 63Ni sources since they are
readily available and operate to reasonably high temperatures. Tritium sources seem'
attractive in that they offer high activity combined with low I~ particle energy but their
performance in practice often falls below expectation, perhaps because of surface
contamination effects. The 55Fe source has only recently been described". It has a
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TABLE I

SOME PROPERTIES OF EL ECTRON SOURCES FO R TH E EC D

195

Properties Sources
__0. _

oj Nifo il J H titanium fo il JH in
scandium f oil

55 Fe on nickel
alloy foil

{J part icle energy (keV)
{J part icle range (mm )
Maximum activity
(mCi cm - 2 )

Upper
temperature limit ("C)
Maximum current (pA)

Rate of electron
production . R I' (sec " ")

Noise level" (pA)

66
:::: 10

10

350
9

( 15-mC i so urce)

6 . 1010

1.5

18 18 5.387-5.640
:::: 2.5 ::::2.5 :::: 0.5

170 3

220 325 400
30 0.5

(500-mCi source) (5-mCi source)

3 . 109

0.1

* Measured at ambient pre ssure in nitr ogen at 21°C.

relat ively low acti vity and rate of electron production but this is compensated for by
its low noise level and, as will be seen below, this source appears to have att ractive
properties for some applications. However, it should be stressed that published in
formation on GC-ECD work with 55Fe sources is extremely limited and the practical
value of the source remains to be pro ven.

A variety of detector geometries ha ve been employed in the past, som e impor
tant examples of which are shown in Fig. I. Th e plan e parallel design s tend to have
larger volumes than the cylindrical and for this reason the latter are pre ferred. In the
coaxial design the dis tan ce from source to anode should be greater than the fJ particle
ran ge to ensure that all Ii particles ar e fully deactivated, maximising electron produc
tion, and to prevent collisions of energetic fJ particles with the anode which may cau se
surface corrosion and increase adsorption ra tes. The distance should not ho wever be
so great as to make efficient electron collection impossible when a narrow ( ;:::; I Jisec),
low-voltage (50 V) pulse is applied to the anode. Th is condition is easily met for low
diam eter tritium or 55 Fe det ectors, particularly when argon-methane is the carrier
gas but it is less readily met with 63 Ni sources and nit rogen carrier. Nitrogen will
deacti vate energetic electrons to thermal levels only inefficiently, methane is very
much more effective. Electrons in nitrogen therefore tend to be at somewhat higher
energies than in argon-methane and are thu s less affected by electric fields and less
easily collected. Van de Wiel and Tommassen" have clearly demonstrated this effect
using a detector with a 10-mCi 63Ni source. They found that a 40-V pulse of < 4 usee
duration was sufficient to collect all the electrons in the detector when argo n- metha ne
was the carrier gas but a pulse du ration > 20 usee was requi red with nitrogen.

In displaced coa xial cylinder design s, the cell geometry is such that dir ect
collisions offJ particles with the anode are unlikely and smaller diameters are possible
with in the limitation that collision s of fJ particles with the radioacti ve source itself
should be minimi sed. Again the distance from the reac tion volume to the anode
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7 7 I I COLLECT OR ELECTRODE

Fig. 1. Schematic diagr am of alterna tive ECD geometries.

should not be great enough to prevent all of the electrons in the cell being collected at
each pul se.

Coaxial cylinder cells with 63Ni sources typically have volumes of up to 5 ml
and a diameter of 1-2 cm . Displaced coaxial cylinder designs can be rather sma ller.
Patterson" has described such a cell with a total volume of 0.3 ml employing a 7.5-mCi
63Ni source. Even with nitrogen as carrier a 50-V pulse of 0.64 usee duration was
sufficient to collect all electrons present. It is unlikely that other commercially
available ECD systems will achieve this performance, but since most manufacturers
do not provide a variable pulse width facility it is difficult to check this.

The remaining feature of ECD design which warrants consideration is the need
for adequate temperature control. Since the ECD should always be operated at a
temperature above that of the GC column in order to minimise contamination by
condensation of column effluent s, it requires its own temperature control system
separ ate from the GC oven. In addi tion, since detector respons e is for many materials
a function of temperature, this control system should pro vide a detector temp erature
which is well defined throughout the volume and closely controlled . In some commer
cial designs ECD temperature is controlled onl y by placing the base of the detector
bod y in contact with a thermostatically controlled met al block. Thi s is likely to
produce a temperature gradient within the detector and as such is un satisfactory.
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Devaux and Guiochon 7 a rgue th at in the worst case temperature fluctuations
of ± 0.0 I°C can give a noise level in the ECD of I pA. Their detector current in
creased strongly with temperature however, suggesting that the system was con
taminat ed, possibly with oxygen in th e carrier gas". Pr obably a m or e real istic estimate
for a rea sona bly clean system is that by Pellizzari" who argues that a fluctuation of
±0.3°C will produce an error of I % in th e determined concentration of sam ple.
Likewise, a fluctuat ion of ± 3°C will produce an error of 10 %. In th e absence of
impurity, temperature control to ± I"C is ad equate but oxygen impurity in th e carrier
gas will severely increase th e system noise level unless temperatures are co ntro lled to
± 0.1°C or better.

DETECTOR PERFORMANC E

Definitions and numerical values
The major concern of thi s part of the report is to produce numerical estimates

of ECD per formance for d ifferent modes of operation and for mat erials with different
electro n capture rate coefficients. The aspects of performance of most interest are th e
limit of detection (th e sma llest detectable sam ple input con centration) and th e line ar
response range (the range of sample input concentra tio ns over which detector re
sponse is linear with concentration). Estim ates will be ba sed on the assumption th at
the detector and the carrier gas a re clin icall y clean.

The ECD operating conditions giving optimum detection of a particular m a
terial are a fun ction of th e ability of that material to capture electrons as measured by
the rate constant, k l' of the electron-capture reaction.

k
B + AB -4 A B- (4)

For th e pre sent pu rpose, and quite arbitrarily, materials for wh ich k 1 -> 5.10 - 7 ml
sec - I, the collision theory limiting rat e constant", will be descri bed as being str ongly
electro n capturing and m aterials for which k 1 ;:;:; 10 - 10 ml sec - 1 as wea kly electro n
capturing. M aterials for which k , < 10- 10 ml sec- 1 are likely to be m ore efficiently
detected by techniques o ther th an elect ron ca pture and are not conside red here.

The electron/posit ive ion recombination rate constant, k z, and the negative
ion /positi ve ion recombina tion rate constant, k 3 , have comparable va lues ", normally
in the range 10- 6 to 10- 7 ml sec - 1 (refs. 10 and II ). For these ca lcula tions it will be
assumed th at k z and k 3 are equ al and a va lue of 5 . 10- 7 ml sec - 1 will be adopted.

k
B + M + ~ neutrals

AB- + M + !..J. neutrals

(5)

(6)

The notation adopted is th at defined prev io us ly "; a glossary of sym bo ls employed is
given on pp. 208 and 209. The identities

(7)
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and

will be employed for convenience.

Coulometric operation
It follows ' that, when the conditions

k I 'Ie ~ II/I'

and

are met the response of an ECD is given by

LlICO U l = 10 - I = vQB

1. CONNOR

(8)

(9)

(10)

(II)

This type of response, where the change in the number of electrons collected per unit
time exactly equals the number of sample molecules input in that time , is described as
being coulometric. With the possible exception of case s where electrons react with
products of the original electron-capturing reaction (eqn . 4), it represents the largest
possible response.

In a GC system the gas flow, II, cannot be much less than 0.1 ml sec - I . If it is
assumed that eqn. 9 is met at thi s flow-rate and that positive ion losses by diffusion
can be ignored then the pulse periods at which eqn. 10 hold s can be evaluated . When
t p ~ a -I and if posit ive ion s are lost only by ventilation then from ref. I,

'I + = RV/II ( 12)

Using values of RI' from Tabl e I, '1 + and k 2 '1+ can be estimated and hence the
maximum value of t p estimated as one tenth of the value of (k 2 'I +) -I; it is assumed
that k 2 'I+ ~ II/V so that k 2 'I+ = a, this is true in an y practical system. Results are
given in Table II.

TABLE II

POSITIVE ION CONCENTRAT ION AND MAXIMUM PULSE PERIODS FOR COULOM ETRI C
R ESPONSE

Gas (low-rate, II = 0.1 ml sec - I. It is ass umed that k I tf.. P 1I! 1' and tha t po siti ve ions are lost onl y by
venti la tion. k2 = 5 X 10 - 7 ml sec -I , t r (m ax) = 0.1 (k 2 'I t ) I ,

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

RI' 'I + k 2 n ; Iptmdxl
( S l' £'- I ) ( III r I) ( Vi' £' - I ) ( 1IS i' £' )

----- -~ --

55Fe (5 mCi) 3 ·10" 3 . 1010 1.5 · I()~ 7.0
63Ni (15 mCi ) 6 .10 10 6 . 101 1 3 · 10' 0.3
3H (500 mCi ) 2 . lOl l 2, 1012 1·1 0" 0. 1
--_ .._-
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In real sys tems po sit ive ion d iffusion losses cannot be ignored and po sitive ion
concentrations will be less th an a nd maximum pulse peri ods grea te r th an th ose es
timated in Table II. N evertheless Tab le II d oes illu strate tha t very sho r t pulse period s
are required for true coulometry and , under these conditions, electron concentrations
are very lo w leading to lo w dyn amic ra nge and a rapid fa ll-o ff in sensi tivi ty wit h
increas ing sa m ple input. Loveloc k and Watsorr'? have po inted o ut that impro ved
performance is achieved by o pera ting a t longer pulse per iod s, typi call y 100- 300 usee,
and making allowance fo r electron loss by recombination. Pro vided tha t the cha nge
in detector current tH is re latively sm a ll, say less than 10 %of the detector standing
current, the n electron recombination is littl e affected by the presence of sa m p le. The
fractio n, p, of th e electrons produced which are co llected by th e pulse can be es
timated from

(13)

where 10 is th e obser ved current in the absence of sam ple and cp the maximum possible
(zero pulse per iod ) cu r rent. The observed sa mple resp onse L11 is the n converted to th e
coulometric response A1cllu l by

A1Cllu i = A1/p (14)

The sam ple response A1 sho uld of co urse be de te rmi ned under co nd itions whe re th e
condi t ion (eq n. 9) , wh ich im plies complete sa m ple ion isa t ion, is met. D ata from
Lovelock et al .lJ and calculations by Lo velock and Watson 12 indicate that thi s is
hardly possib le a t gas flo w-ra tes compati ble wit h chromatograph ic app lications
(excep t perhaps in large-volume de tecto rs) but th at co m plete ionisation is approach
ed as th e flow-rat e is reduced. U nde r th ese co nditions th e ex te nt o f sa m ple io nisa tio n
was shown in Pa rt I to be give n by

so that

k ] il...
k 1 'Ie + 11/ 1'

II
+ - 

k 1 ,/.. I'

( 15)

( 16)

Hencev -> I as II -> 0 and, pro vided ,/.. is not a func t ion of carrier gas flo w-ra te, th e
sam ple response at complete ionisation can be determined from a plot of the re
ciproca l response aga inst flow-ra te by ex trapolat ing to zero flow !". It need s to be
stressed that, fo r this met hod to be applicable, '/•. must not vary significantly wit h
ca rr ier gas flow-rate so that reactions with impurities suc h as GC co lum n bleed, whi ch
migh t be ex pec ted to vary in co ncen tration wit h flo w, must not be a significant
elec tron loss mech an ism . The co u lometric respo nse ca n o n ly be estimated in a clean
ECD system.

Lim its of detecti on in th e cou lometric m ode ca n be calculated from eq n. II
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with ,11 = 2 x system noise and I' = I m!. This gives the limit in terms of rate c
sample input and conversion to the corresponding sample concentration at the lim
depends on the shape of the input chromatographic peak . Very crudely, the peak ca
be regarded as triangular with widths at half peak height , t±, of between 5 sec and 3
sec covering the range like ly to be encountered in practice. It follows then that th
limit of detection in terms of concentration is

(l ~

Values of Bm in and Cm in ha ve been calculated for 55 Fe_, 63 Ni_and 3H-based detector
An estimate of the minimum mass which can be det ected has also been made on th
assumption of a sample molecular weight of 150. The results are given in Table II

TABLE III

LIMITS OF DETECTION IN TH E CO U LO M ET RIC MOD E

Calculated from Bm;n = 2 x Noise/l'Q . Limiting concentrations a re based on GC peak half-widths of
and 30 sec and limiting masses o n the basis of a molecular weight of 150.

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

Nois e s. ; I j = 5 sec II = ]0 sec
(p A } ( 111 1- I sec - I )

<;
"'

m
;"

(' min
"'

min

( I1Ir ' ) !.IX) ( 1111- I ) ({g )
--- --

55Fe (5 mCi) 0.1 1.25 ·10" 6 ·10" 1.5 3.75 .1 07 9.3
oJNi (15 mCi ) 1.5 1.875 · W 9.107 22 5.6 · 10" 140
JH (500 mCi ) 3 3.75 . \0 7 1.9 · 10" 47 1.1 . 109 275

- ------

The limit s shown in Table II I represent the best possible ECD performance.
is unlikely that these limit s can be attained directly in a single observation; multip
injections to estimate zero flow responses and correction for electron recombinatic
are required , complicating the method. Ne vertheless thi s mode of operation is attrac
ive for quantitative studies where, for one reason or another, calibration standan
are not available' :'. It should be noted that the method employs constant frequent
ECD operation and not th e constant-current mode now so often supplied in comme
cial equipments.

The upper limit to the linear range in coulometric mode is reached whe
sample input, B, approaches the rate of electron production, Rv, of the source so tho
If.. falls and eqn. 9 cannot be met. The range is therefore certainly less than Rv/8m
and for all three sources is unl ikely to exceed :::::05 .10 2

.

An alternative approach to coulometry is to empl oy a d.c . mode detector 5

that [ p = 0 and eqn. lOis met under all conditions. In the d.c. mode the electro
concentration is determined by the rate of electron production and the electron dri
velocity between so urce and co llector under the influence of the permanently appli e
collection voltage. Ch arge separa tion effects and the short residence time of electro!
in the ECD minimise electro n/ ion recombination . Ty pica lly the field in the detect :
may be 100 V cm - I and under the se conditions at atm ospheric pres sure the electro
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drift veloci ty is 4 · 105ern sec - 1 (ref. 10, p. 545). Assuming a cross sectiona l area in the

drift regio n of I cm' . the electron densities, l7~ , in 55Fe_, 63Ni_and 3H-based detector s
can therefore be estimated as 7.5· 10J ml " " 1.5 · 105ml - ) and 5 · 105ml - 1 respecti vely.
Taking I; 1 to have its largest possible va lue of 5 · 10- 7 ml sec - I, eqn. 10 ca n therefore
be met in a d .c. ECD for valu es of u less than about 4 · 10- 4 ml sec - I, 7.5 · 10- 3 ml
sec- 1 and 2.5. 10- 2 ml sec - ) for 55 Fe_, t>

3Ni_ and 3H- based detectors, respecti vely.
Such Jow values a re d ifficult, if not im possible, to reconcile with chromatographic
requirements and extrapo la tion to zero flow of resp on ses determined a t a series of
fl ow-rates is still required. In addi tion d .c. mod e EC D opera tio n is probl em a tic be
cause of space charge and co ntact potential effects !" which can lead to distortion of
peak shapes and , in ext reme cases, to sp urious peaks. Fo r these reason s the d .c. mode
is rarely used .

Operation at constant frequency; long pulse periods
At lon g pulse perio ds,

(18)

and with

the detector respo nse is given by

( 19)

10 - I

I

17° I; I '
-'"- '- 8

Ru
(20)

and is linear in sample co ncentra t ion.
Fo r sma ll sam ples I ~ /0 and, since

10 = II? J'Q / I/J and II? = ~i:~ ar long times,

cqn. 18 can be written as

II :~ ! 1,2 o«,
tJl = /0 - / = - --- .-- 8

RIII II

As was shown previou sly I with I r ~ !J.- I th en

- - R
'1 + = II? = - 

!J.

In practice « = 1;211+ since 1;] 11 + ~ II/I'SO that

- ( R) ~
17+ = II? = 1-.;

(2 1)

(22)

(23)
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and substituting in eqn. 21 gives

J. CONNOR

(24)

The best possible limits of detection in this mode are obtained with k 1 as large and tp

as small as is possible consistent with eqns. 18 and 19 which, for the purposes of these
calculations, can be assumed to be when

and

'» (min)

k 1 (max) = 0.1 (u/v)/ry~

(25)

(26)

Substituting these expressions in eqn. 24 and substituting from eqn. 23 for ry~ and 17+
gives

vQB
M=

lOa
(27)

Thus the greatest possible response in this mode is two orders of magnitude less than
the coulometric response.

The upper limit to the range of the detector in this mode is reached when the
detector current falls to a level approaching the system noise level In' At this limit,
eqn. 18 can be written

(28)

Also from eqn. 18 we have

(29)

so that the linear range of the system is

(30)

The optimum limits of detection for linear responses in the long pulse period
mode for three types of detector are listed in Table IV. Also listed are the electron and
positive ion concentrations, the linear range and the values of k 1 and tp calculated
from eqns. 25 and 26 with v = I ml and u = I ml sec - I. It should be noted that this
mode is applicable only to weakly electron capturing materials. For materials with
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TABLE IV

LIMITS OF D ET ECTION I N LONG PULSE PERIOD MODE

Optimum detection limits, 8 m,n ' in lon g pulse period consta nt-frequency mode and the cor responding
values of k 1 and I p (v = I ml. u = I ml sec - ') . For lower values 91'k 1 or grea ter values of I p• 8 m,n will rise
while for higher values of k I or lower values of 10 , 8 min will decrease but the response will be non-linear.

R 11~ = fl . k, ( max) i , ( m in ) No ise Bm in Linear
( lil t I sec " ) ( 111 / - 1 ) ( 111/ .1'£'c - l ) (m s ) (p A ) ( m r ' .l'ec · ' ) range

.._. - - . .

55 Fe (5 mCi) 3 . 104 7.7. 107 1.2 ·1 0 4 260 0. 1 1.25 · 10" 6 . 106

b3 Ni (15 mCi ) 6 · 10' 0 3.5 · 10" 2.8 ·1 0 10 60 1.5 I. 9 · 104 9 · io-
3H (500 mCi) 2 · 10" 6.3 · 10" 1.6 ·1 0 10 30 3 3.g · 104 2.5 . 107

- -- ~ .. -

higher elect ro n-ca pture rate constants, k t - improved ti. e., lower) limits o f detection
ma y be obtained but, for sma ll sam ples. th e response is non-linear in sam ple concen
tration. Sen sitivity will in fact decrease as sam ple co ncen tra tion is increased until -;;-

e

falls to a va lue where th e condition in eqn. 19 can be met. The best possible response
at long pulse periods is obtained with k 1 sufficiently large to ensure that every sample
molecule captures an electron . Under this cond itio n the limit is determined from the
fraction of the electrons produced in the detector which are actually co llected rather
than being lost by recombination or vent ila tio n. For sm all sam ples and at long pul se

periods th is fraction is n?, /Rt p and for the so urces of inter est is c::::; 8 %or less, a t least
one order of magnitude less th an the co ulometric mode.

Material s with lower va lues o f k 1 th an th ose tabulated will give a correspond
ingly wo rse ii.e., higher) limit of detection but the line ar range will be un altered .

Operation at constant frequency ; intermediat e and short pulse periods
The long pul se period mode just described provides excellent linear range for

weakly electron capturing materials but it does not provide the optimum low er detec
tion limit. The condition for optim um detection of such materi als derived in Part I
can be written as

(31 )

The approxima t ion results from the va ria tio n in rf+ with {I" The wea kly electro n
ca pturing condition is met if k 1 rJ;. ~ II /I ' . It was further shown tha t th e sens itivi ty, S,
o f th e ECD for weakly electron capturing materials is given by

whil e

df
S= _ ·

dB

k 1 I' dl
_.,.~-_.-

II dA
(32)

where cp = RI'Q. Subst itu t ing At
l
, = 1.79 int o eqn. 33 gives

1 = 0.47cp

cp is the maximum (i.e .. d .c.) current av aila ble from the detector.

(33 )

(34)
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To the extent that '7 + can be regarded as constant, optimum detection of
weakly electron-capturing materials is achieved at the pul se period giving a standing
current of about half the maximum available (d.c.) current. With Atp = 1.79 it follows
that

S = -0.3 k 1 ~<p
UA

(35)

For sm all samples, Acan be replaced by o: and, under normal operating conditions CJ.

= k 2 '7 + so that both CJ. and <p vary with source strength. At short pul se peri ods tx is
linear in source strength R (eqn. 12) and at long pul se peri ods it is linear in g l: (eqn .
23). At these in termediate pul se periods an intermediate dependence is exp ected so
that S should increase with source strength but the increase should not be lar ge.

The lower limit of detection can be derived from th e expression

(36)

provided that S can be estimated. However S is a function of CJ. and hen ce of '7 + and at
these intermediate pulse periods the va lue of '7 + is a function of puls e period. It is
therefore not po ssible to produce a genera l express ion for Bm in in this mode and
optimum detection limits need to be determined experimentally. The model can be
used onl y to make the qu alitati ve sta tements that (a) optimum detection of weakl y
electro n-captur ing materials is achieved at a pulse period such that the detector stand
ing current is about half of its m aximum (zer o pul se peri od) value, and (b) that for
more stro ngly electron-capturing materials optimum detection is obtained at shorter
pulse periods with the limit of detecti on for strongly electron-capturing materials
appro aching, but not a ttain ing , th e coul ometric limi t. Since detector respon ses in thi s
mode ca nnot be theoretically predicted, quantitati ve work demands the use of ac
cura tely calibrated standa rd solutions of samples of interest in the relevant co ncen
tr ation ranges. For low-l evel tr ace an alysis, preparat ion of such standa rds may be a
major problem in itself! ".

T he linear range in thi s pul se mode is also difficult to est imate from first
principles. Th e condition for linearity of response is that S does not change signifi
ca ntly with sam ple input which, from eq n. 35, im plies that J- is constant. Thi s condition
is met fo r small samples, k 1 c ~ k 2 '7 + , when A = rx but this sm all sample condition
requires knowledge of th e positi ve ion co ncentra t ion if it is to be used quantitati vely
and thi s informati on is not avail abl e. In pr actical ECD systems a linear response
(within 5 ~%;) is obtained in this mode for samples which remove up to 30 ~;) of the
avail able standing cur rent of th e detect or , corresponding to a range of about 102-103

in input concentrati on.
One final point is wo rth making : at sho rt pul se per iod s, detection of stro ngly

electron-capturing materials is optimi sed while mo re weakly capturing materials ar e
more efficiently detected at longer periods. Short pul se peri od operation increases the
selectivity of th e detector for strongly electron-capturi ng materials. Sinc e thes e arc th e
materials mo st likely to be selected for detection by electro n capture th e short pulse
period mode is wide ly used in pr actice.
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Constant-current operation
The response of an ECD operating in constant current mode was given in Part

I as

f -./~ (37)

and for samples for which k 1 lJe ~ u]v, so that the extent of ionisation is small, thi s
becomes

to k 1 I'f - ./~ = J_( _ B
au

(38)

At the limit of detection B appro aches zero andf:;:; ./~ . The base frequency fo giving
the optimum limit of detection for a particular sample in this mode is therefore
identical with the frequency of operation which gives the optimum limit in the con
stant-frequency mode. As in the constant-frequency mode, the optimum base
frequency j., varies from material to material with electron-capturing ability and, for
weakly electron-capturing materials, is defined by (J. = 1.79/0 , The difficulty in calcu
lating va lues for (J. from first principles mean s that the optimum detection condition
must be determined exper imentally.

Eqn. 38 is the equivalent of eqn. 21 in the constant-frequency mode with the
important difference that eqn. 38 is valid for all va lues of./~ (or t p ) while eqn. 21 is
valid onl y for small values of./~ . For materials and detector designs for which eqn. 38
hold s the linear range is given by

fmax - ./~

2f~
(39)

where ./~,a x is the maximum possible frequency (i.e., the reciprocal of the pulse width
and '/;, the noi se level. T ypicall Y./;"ax is :;:; I06 Hz,./~ ;::::: 103 Hz and!" :;:; 5 Hz so that the
linear range is 105

. In practice since (J. varies with fo the linear range is perhaps an
orde r of magnitude less. For weakl y electron-capturing materials therefore, constant
current operation combines optimum detection limits with a wide linear range.

For stro ngly electron-capturing mat erials the co nstant-current detector re-
- -

sponse is given by eqn. 37 and , in the limit where k I lie ~ u]v so th at B = k 1 lJe C,

f ' - f ' = ./~ B. . 0 «n,
(40)

If 'I + and therefore (J. ca n be regarded as constant , it follo ws from eqn. 40 th at
the response to strongly electron-capturing materials in thi s constant current mode is

linear only for small sample inputs wh ere Ife = II ~ . As the sam ple input increases Ife
and, with it , the extent of sa mple ionisation fall until, for high enough inputs, eqn. 38
holds. Thus for a stro ngly electron-capturing material in a detector for which k I lJ~ ~

u] v, the detector response will be large and constant for small sample inputs but will
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fall away to a lower level as sample input is increased, subsequently remaining con
stant at this level up to high inputs. This non-linearity in constant current ECD re
sponse is often ignored but it needs to be stressed that optimum linearity is only
obtained if the degree of sample ionisation is small and is thus not compatible with
optimum detection. As in the constant-frequency mode, optimum detection limits for
strongly electron-capturing materials approach but do not attain the coulometric
limit. Quantitative work in this mode again demands the use of accurately calibrated
samples and is, of course, complicated by the non-linear response.

DISCUSSION

Detector design
The lack of any alternative to f3 particle emitters as ECD electron sources

imposes severe limitations on detector design and application. Such sources are in
adequate in two respects which have important practical consequences; they produce
a population of electrons at energies which are above thermal energies and at the
same time they produce an equal number of positive ions.

The energy distribution of electrons in the ECD is a function of both the carrier
gas and time. The initial electron energy is governed by the dynamics of the f3 particle
quenching reaction.

f3 + M ....... f3 + M+ + G (1)

Typically each electron will have an excess energy of .~ I eV, this energy is lost by
collisions with the carrier gas at a rate which depends on the nature of the carrier gas.
At short ECD pulse periods, the average electron energy is likely to be higher than at
long pulse periods since in the latter case more time is available for thermalisation.
Nitrogen is less efficient than argon-methane mixtures in quenching excited electrons
and electron energies will therefore be higher in nitrogen. In general electron-capture
reactions are resonance processes, proceeding most rapidly for electrons with a par
ticular energy but at much reduced rates for electrons with only slightly more or less
energy (see, e.g., ref. 2, Ch. 6). Variations in electron energy can therefore have
profound effects on ECD responses and, since electron-energy distributions in the
ECD are not easily estimated, these effects are not readily quantified.

Positive ion effects are also of importance since they directly affect ECD elec
tron concentrations in a way which changes with pulse period and because they may
drift to the collector electrode between pulses thus changing the measured detector
current!". Only under limiting conditions of very short or very long pulse periods can
the positive ion concentration and therefore the electron concentration be estimated
directly. These conditions are of little practical significance.

Ideally, a source for an ECD should produce electrons at thermal energies with
no positive ions. Such a source would provide a detector in which electrons were lost
only by ventilation or by collection at the electrode. Higher electron concentrations
could be achieved and the time for the electron concentration to reach its maximum
value would be increased from milliseconds to seconds. Coulometric detection would
then be available in pulsed mode for a wide range of substances and, by varying the
pulse period, the selectivity of the detector could be adjusted as desired.



THE ELECTRON-CAPTUR E DETECTOR. II. 207

ECD performance
Because of the positi ve ion concentration effect s, quant itati ve descriptions of

ECD performance are not pos sible in the intermediate pulse period mode which is of
most practical interest in GC systems. Fo r a limited range of very stro ngly electron
capturing materials d .c. or short pulse period mode operation will give optim um
response , approaching cou lornet ry as the carrier gas flow-r ate is reduced. Linear
response range will be limited . For other materials optimum responses for small
samples are obtained at longer pulse periods with, for weakly electron-capturing
materials, the optimum being that period a t which the stand ing current is reduced to
half of its d.c. value. At this standing current responses for strongly electro n-captur 
ing materials will be about half the coulometric response. For general purpose oper
ation this half maximum current criterion define s the optimum condition for ECD
operation in either con stant-frequency or cons ta nt-cur rent mode. Where interest is
prim arily in more strongly electron-capturing com po unds however , shorter pulse
periods will tend to improve responses to these substances while reducing responses
to weakl y electron-captur ing materials, thus increasing the specificity of the detect or.

Provided that th e optim um pul se frequency for detection of a particular sample
is selected , there is no difference in detection limits bet ween constant-current and
con stant-frequency mode dev ices. In modern equipments the consta nt-cur rent mode
is oft en preferred because of its claimed superior linear response range. However, as
was shown above, resp onses in constant-current mode detectors are linear onl y if k 1

ife ~ u]v so that the extent of sample ion isation is negligible, say < 10%. In gen eral
this cond it ion is met only for low va lues of k I' i.e., for wea kly electron-capturing
samples, or for very high zero sample pulse frequenciesj. ; At such high frequencies ife
= R/2j~ so that the linearity condit ion becornesj., ~ k 1 Rv/2u . For k I --> 5 · 10- 7 ml
sec - I and u = I ml sec - 1 thi s implies that .f~ > 150 kHz for a 15-mCi 63 N i so urce and
j~ > 7.5 kHz for a 5-mCi 55Fe source. The required base puls e frequenc y for the 63Ni
source is too high to be pract ical and neither this source nor 3H ca n be used in a
con stant-current mode detector if linearity of response to strongly electron-capturing
mat erials is required. It sho uld be possible to o btain linear res ponses from a 55 Fe
source ECD and the low noi se level of thi s source should compensate for the lower
sensitivity, giving limit s of detection a t least comparable to th ose obtained with 63Ni
and 3H sources in the sa me mode. This limit will be at least one order of magnitude
below the coulome tric limit , however , and unles s a very wide dynamic range is essen
tial, operation at a lower constant frequency where sample ioni sati on is more nearly
com plete is preferred . Under such cond itions, detection limits may approach the
coul ometric limit and the linear range is likely to co ver at least a factor of 102 in
sample input concentration.

Althou gh an ECD for G C a pplica tions which gives a genuinely co ulometric
resp onse is difficult, if not impossible, to prod uce. the coulometric response can be
calculated from data obta ined under cond itions where coul ometry is approached.
Som e uncertainty is introduced by the extrapolation which is req uired but for
strongly electron-capturing materials and in clean ECD systems thi s uncertainty ma y
be negligible. In view o f the grea t difficult y invol ved in the preparati on of accura te
cal ibration standa rds at trace levels, say parts per 1010 (v/v) , this quasi-coulometr ic
approach to the absolute ca libra tion of ECD responses is particularly attracti ve.
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The constant-current mode ECD now widely used provides a wide dyn amic
range but responses to small samples of strongly electron-capturing materials are
non-linear in sam ple concentration . Thi s mode of op er ation is suitable for qualitative
work but at best is highly inconvenient when qu antitati ve results are required.
Theoretical con side rations and limited experimenta l evid ence" suggest that, in con
stant-current mode, a 55Fe electron source will provide optimum range and limits of
detection.

Responses in the constant-frequency mode are linear in sample concentration
for

(a) Weakly electron-capturing samples at lon g pul se periods (typically > 5
msec). Such samples a re pr obably better detected usin g other systems.

(b) Strongly electron-capturing samples at int ermediate pul se periods (0.1 -1
msec) provided that the sample size is small so that the detector current is not reduced
by more than ::::; 20 %.

(c) Strongly electron-capturing samples under conditions where a coulometric
response can be obta ined either d irectly or by extra po la tion.

Coulometric detection , whether direct or indirect, requires extremely clean
ECD systems and factors such as co lum n bleed pre sent very real problems. On the
other hand th is mode offers the optim um detection limits, being ca pable of detectin g
samples of su bstantially less than 1 pg of strongly electron-capturing materials in
systems where electro nic rather th an chemica l noise predominates. Additiona lly, re
sponses in this mode ar e qu antitative and calibration using standa rd solutions is not
necessary; thi s can be a su bs ta ntia l adv antage since accurat e standa rd prepar ati on at
tr ace levels is fra ught with difficulties.

Exa ct qu antitative descriptions of the EC D op erating at intermediate pulse
per iods ar e not pos sible because of lack of information on processes involving po si
tive ions. Quantitative work in th is mode therefore requires the use of accurate cali
br ati on sta nda rds . Limits of detection can approach the coulometr ic limit but may fall
short of this by an order of magnitude or more in systems where impurities such as
column bleed provide an important electron loss mechanism.

Future improvements in the per formance of the EC D may stem from the
development of elect ron sources which do not at the same time pr oduce positi ve ions
or fro m techniques which involve the determination of product ions as well as reac
tant electrons. Some progress in this direction has been made with the plasma chro
matograph !", a drift tube device, but cons iderable effort is sti ll requ ired to make th is
type of instrument compatible with Gc.

GLOSSARY OF SY M BO LS

v Detector volume (ml )
B Rate of sample input to detector (rnl " I sec - I)
Blll a x Maximum ra te of sam ple input for which detector res po nse is linea r (ml- 1

sec -I )
Bm in Minimum detectabl e rate of sample input (limit of detecti on) (ml - 1 sec- I)
R Rate of pr oduction of th ermal electrons in the detector (ml- I sec- I)
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Carrier gas flow -rate (ml sec -I )
Electronic charge (C)
Detector current with no sample present (A )
Detecto r curren t, sample present (A )
Cha nge in detector current with sample present (A)
Cha nge in detector current a t coul ometric limit (A)
Detector noi se level expressed as fluctu at ion in dete cto r curr ent (A)
Detecto r cur rent in DC mod e (= RI'Q) (A)
Frac tion of elect ro ns prod uced which is co llected (= 1o/rp )
Detector sens it ivity expressed as th e cha nge in detector cu rrent with th e ra te
of sam ple input (A ml sec)
An y sam ple molecule
Product of reac tio n betwee n sam ple molecul es and electrons
Neutra l product (s) of A B- decomposit ion
Any ca rrier ga s molecule
Posi tive ion (s) fo rmed by co llision of /i particles with carrie r gas molecules
An y impurity molecule
Highly ene rgetic electron s
Electrons at (o r close to) th ermal energies
Nu m ber den sity of ther ma l electro ns in th e detector in the absence of sample
(m l- I )

Number density of thermal electrons in the detect or in the presence of
sample (ml- I )

Ti me averaged va lues of 'I~ , 'I" (m l- I
)

Num ber de nsity of positi ve ions in th e detecto r (m l - I
)

Time ave rage d va lue of '1 + (ml - I
)

Number densit y of negati ve ions in the detector (ml - 1
)

Number density of sam ple molecules in th e detector (ml " I )
Min imum detectable num ber den sit y of sample molecules (rnl" I)
Minimum detecta ble m ass of sample mol ecules (g)
Interval bet ween electron co llectio n pul ses in pul sed mod e EC D (sec)
Electron coll ection pul se frequency (H z)
Electro n coll ection pul se frequency in absence of sample (Hz)
Detector noise level expressed as fluctu ati on in detecto r pul se freq uency
requ ired to maint a in con stant detect or current (Hz)
Rate co nsta nt fo r a tt ac hme nt of electrons to sam ple molecules (m l sec - I)
Electron/pos itive ion recombination rate co nsta nt (ml sec - I)
Positive ion /n egative ion recombination rate co nstant (ml sec - I)
Width of gas chro matogra phic peak at half peak height (sec)
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SIMPLE RELATIONSHIPS CONCERNING MOBILE AND STATIONARY
PHASES IN NORMAL- AND REVERSED-PHASE CHROMATOGRAPHY*
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SUMMA RY

For normal-phase chromatography on am inopropyl-bonded silicas, the ad
sorption of the polar modifier of various mixtures of hexan e with n-alkanols, benzyl
alcohol , acetone, dimethylformarnide, nitromethane, chloroform and diisopropyl
ether were measured. One to three molecules of the polar solvent per bonded amino
propyl cha in can be fixed. Simple calculations allow the determination of the relati ve
proportions of amino groups free or bonded with one , two or three modifier mole
cules for each mobile phase composition. The amount of the polar modifier in the
sta tionary phase increases with its ability to form hydrogen bonds with the amino
gro ups for a given composition of the mobile phase. The amount is larger with any
alcohol than with nitrom ethane, acetone or dimeth ylformamid e.

The capaci ty factor (k ' ) of various polar solutes (phenol s, amines and pyri
dines) and non-polar solutes (polyaromatic hydrocarbons) decreases when the con
centration of polar solvent in the mobile ph ase incre ases. When the average number
of molecules of the polar modifier in the sta tionary pha se remains less than one per
amino group, a linear relationship exists between I lk' and the volume fract ion of the
polar solvent in the mobile phase. When more than one molecule per amino chain is
fixed, the variations of I lk' are not easily linked to the eluent composition.

For reversed-phase chromatography on alkyl-bonded silicas, the In k' and the
selectivity for non-polar and polar solutes vary linearly with NS (N being the total
number of chains bonded on the silica surface and S the hydrocarbonaceous surface
area of a chain). For instance , the retention time of a solute will be the same using Ca,
C l 2 or Cn bonded phases with the same va lue of NS and consequently the same
carbon content.

Retentions of polar and non-polar so lutes were measured with five different
wate r-miscible organ ic modifiers (methanol , ethanol, I-propanol, acetonitrile and
tetrahydrofuran), The variations of k' can be relat ed to the volume fraction (x ) of

* Presented at the 13th Internat ional Symposium all Chromatography , Cannes, June 30-July 4, 1980.
The majority of the pape rs present ed at th is symposium has been published in J . Chromatogr.• Vols. 203
and 204 (1981).

** Present address: Rhone-Poul enc Indu stries, Centre de Recherche Nicolas G rillet, Vitry-sur-Seine,
France .

0021-9673/81/0000-0000/$02.50 (j;:) 1981 Elsevier Scientific Publishing Company
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water by In k' = ax" + b (0 < x < 0.85), n depending on the organic solvent nature
and a on the solute properties. For each organic modifier, a linear relationship exists
between a and the molar volume of the solute. The solubility of solutes was measured
in the same mixtures used as mobile phases. The solubility of a given solute in any
water-modifier mixture is related to x by In s = - ax" + b'; a and n having the same
values as those obtained for the retention variation. This equation is verified for x
values corresponding to I < k' < 200. Hence a very simple relationship between k'
and s (k's = C) is valid for all mobile phase compositions.

INTRODUCTION

In partition by normal- and reversed-phase chromatography, the retention of a
solute depends on the amount and polarity of the bonded stationary phase, the
mobile phase composition, the temperature and the nature of the solute.

In reversed-phase chromatography, Locke! has shown that the interactions
between n-alkyl-bonded chains and solutes are weak and non-selective, and suggested
that the relative retention for closely related solutes could be determined solely by the
difference in solubility of the two components in the mobile phase. This idea was
considered by Karger et al.", who studied the water solubility theory and predicted
retention by using a topological index called molecular connectivity, in which the
solute surface area is estimated from the hydrocarbonaceous skeleton of the solute.
They obtained good correlations for alkyl and cycloalkyl compounds. Horvath and
co-workers'l-" also showed that the solvophobic effect is mainly responsible for the
solute retention. Therefore, even if the hydrocarbonaceous stationary phase plays
some role in retention", the mobile phase and the solute solubility playa more im
portant role'<".

In contrast, in normal-phase or adsorption chromatography, the solute reten
tion is often described as being mainly due to the interactions in the stationary phase.
Two approaches to the chromatographic behavior of solutes have been developed.
The first describes the stationary phase composition in equilibrium with the eluent.
Snyder's!" and Oscik'Sll theories are two examples of the first approach. According
to Snyder10 •

1 2
, 13 , the interaction energy of a solute with any component in the mobile

phase is always negligible in comparison with the adsorption energy of the solute or
the solvent molecules on the stationary phase surface. This assumption was also used
when this theory was extended to non-ideal mobile phases!" or heterogeneous sur
faces 1 5

. However, the behaviour of aminoalkyl-bonded phases is different and cannot
be described accurately by Snyder's theory! 5

. Consequently, the activity of this phase
should be very low compared with silica or other bonded phases. Moreover, Ham
mers et al. 16 noted that strong interactions occurred between dichloromethane mole
cules and the bonded amino groups. Strong interactions must occur in the mobile
phase between the dichloromethane and amino groups of any solute and this is
therefore inconsistent with assumptions about interactions in the mobile phase with
polar solutes.

The second approach describes the solute partition between both phases 1 7,!8.

Polar forces are the main forces in the bulk phase, whereas dispersive and polar forces
can occur in the eluent. Scott and Kucera!" observed a linear relationship between the
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inverse of the retention volume of a so lute and the concentration of the polar modifier
in the mobile phase. Another linear relationship is obtained with the eluent density
when the polar solvent concentration remains constant. However, this theory only
describes dipole-dipole forces in both phases and not hydrogen bond or complex
formation , which seem more important with aminoa lkyl-bonded phases.

As no theory accuratel y describes the behaviour of am ino-bonded phases, we
have tried to define the nature and th e composition of the stationa ry phase in equ ilib
rium with mixtures of n-hexane and vario us polar modifier s and then to expla in the
variati on s of the capacity ratio of the solutes with the mobile phase composition.

EXP ERIMENTA L

Appa ratus
Experiments were performed with a liquid ch romatograph assembled from

comm ercially available modules con sisting of an Alt ex 380 pump (Altex, Berkeley,
CA, U.S.A. ), a Valco six-port sampling va lve with a 20-pl loop, a Wat ers R-401
refractometer (Waters Assoc., Milford, MA, U.S.A.), or a fixed-wavelength UV de
tector (Altex), and also with a Hewl ett-Packard 1084 B liquid chromatograph (Hew
lett-Packard, Avondale, PA , U.S.A.). The temperature was mainta ined at 30 ± 0.1°C
with a co nstant-tempera ture water-bath. Solute solubilities were measured by the UV
technique on a Vari scan variable-wave length spectro photometer (Varian, Palo Alto,
CA, U.S.A.).

Stationary phases
Several chromatographic columns of ditferent lengths were packed with home

made sta tionary ph ases described previou sly" and with the commercia lly available
LjChrosorb-Nl-l , and RP- 8 (10 pm) (Merck, Darmstadt, G .F.R. ). The dead time s of
reversed-phase columns were mea sured for each mobile phase composi t ion by de
termining the retenti on time of sodium nitrate.

Chemicals
All of the alcohols used were of analytical-reagent grade and were obtained

from Prol abo (Paris, Fr an ce). Chloroform and methylene chloride were of Li
Chrosolv grade and were purchased from Merck. n-H exane, tetrah ydrofuran and ac
etonitrile were of Chroma so l grade and were purchased from SDS (Valdone, France).
The water was doubly distilled .

Calculations
All calcul ator-generated data were obtained with a Hewl ett-Packard 9825A

programmable ca lcula tor.

NO R MA L-PHASE C H RO MA TOG RA PH Y ON AMI NOPROPYL-BO ND ED SILICAS

Adsorption isotherms
Experimental result s. Ads orption of th e polar modifier fro m vario us mixtures

of n-hexane with n-alkanols, benzyl alcohol, N,N-dimethylformamide, ace tone, ni
tromethane and chloroform was measured on an aminopropyl-bonded stationa ry
pha se (LiChros orb- N H2 ) using a frontal an alysis technique.
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The adsor ption isot her ms in F ig.l show the affinity order of the pola r modifier
for the amino groups. Th ere is no satisfactory correlation between affi nity order and
classical measurement of polar ity as Snyder's eluent strength eo or Rohrschn eider 's
po lar ity parame ter P' for all of the solvents considered . For insta nce, acetone has
more affinity for amino gro ups th an nitromethane , altho ugh acetone is always con
sidered to be less polar than nitromethane .

0.0200.010

0.20

0.80

0.40

0.60

Polar solve nt concentration i n
th e stat ion a ry pha se ( m mo l.g - I)

Fig. I. Adsorption isotherms of polar solvents on LjChrosorb-Nlf , containing 0.9 mrnol -g- I of amino
chains. Solvents: I, chloroform ; 2, nitromethane; 3, acetone; 4, N.N -dimethylforma mide; 5, l-decan ol: 6,
I-octanol ; 7, I-pentanol; 8, I-p ropanol ; 9. ethanol; 10. methanol ; II. benzylmethan ol.

Ho wever , as usual , a good correlation is observed for n-alkano ls:methanol >
ethanol > I-p ropanol > l -pentanol > I-oct anol > I-decan ol.

Description of an adsorption model fo r aminopropyl-bonded silica. We consider
that molecules of a polar modifier (P) interact with the amino groups according to the
following equil ibria :

t -NHz-':.I_
I-NH zl lPI

(I )

I-N Hz-pzl
I-N Hz-PII Pj

I -N~I

I-NHr Pzl lPI

(2)

(3)
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The number of mol ecules of P fixed per amino group depends on the polarity
ofP. For instance, with a slightly polar molecule such as chloroform on e obtains onl y
adsorpt ion of one molecule per amino group (Langmuir isotherm) . For a strongly
polar solvent such as eth anol one obtains ad sorption of th ree alcohol molecules per
ammo group.

Ta ble I gives equilibrium consta nts for various n-hexane-polar solvent mix 
tures on arninopropyl-bond ed silica (LiChrosorb-N Hz with 0.9 mmol . g " 1 of bonded
chain). These were determined by regression of the experimental ad sorption iso
therms .

TA BLE I

EQUIliB RIU M CO NST A NTS OBTAINED WITH n-HEXANE-POLAR MODI FI ERS O N Li
CH ROSO R B-N H 2 CONTA IN ING 0.9 mrn o l - g - ' O F BONDE D C HA INS

Polar modifier Equilibrium constan ts (mol - 1 · 1)

Benzylm ethanol 87
Methanol 71
Etha no l 50
I-Propan ol 45.5
I-Pentanol 45.5
I-Oetan ol 46.5
l- Deeanol 46
N,N-Dimeth ylformamide 35
Acetone 13
Nitromethane 6.7
Chloroform 0.8
Diehi or omethan e 0.7

12
15
8,8

4
8
1,2

We discuss two cases : ad sorpt ion of a slightly pol ar solvent (chloroform) and
adsorption of a strongly polar so lvent (ethanol).

Adsorption of'a slightly polar solvent (chloroform ) . In thi s case onl y on e mol
ecule of chloroform is ad sorbed per amino gro up (Fig. 2a) and an ad sorption iso
therm of the Lan gmuir type is obta ined :

Fig. 2b rep resents frac tions of free am ino groups and so lvated amino groups
(with only one chloroform mole cule) plotted against chloroform concen tration in the
mobile pha se (calcul ated by computer from the K 1 va lue).

Adso rption of a strongly polar solvent (ethanol) . Here , the results indic ate th at
one amino group can adsorb up to th ree ethanol molecul es (Fig. 2c). Fig . 2d shows
varia tio ns of the number of free and so lva ted amino groups (with one, two or three
ethanol molecules) versus ethano l concentration in the mobile ph ase . Th e free amino
group concentra tion decreases considerabl y as the etha no l concentra tion increases in
ethanol- n-hexane mixtures.
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Fig. 2. Adsorption isotherms of chlor oform (a) and ethanol (c) on a home-made stationary phase ( I. :
mrno l -g -t of ami no bonded chains). a nd co mputed molar fraction of free a nd "solvated" grou ps wher
va rying the po lar mod ifier co nce ntrat ion in the mobile phase : chloroform- a-hexa ne (b) a nd etha no l-a
hexa ne (d).

Retent ion (~I' solutes on amino-bonded phases
Descriptio n of the retention model. Altho ugh the decrease in the ca pacity rat ic

of solutes wit h increasing co ncentration of the pola r modifier in the eluent is wei
known in normal-phase chromatography, on ly a few data on these variations witl
amino-bonded phases are ava ilable. Linear relat ionships between the loga rithm 01

the capaci ty ra tio and the po lar so lvent concentration were mainly observed witl
va rious eluent mixtures 19

.
2 0

.
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(a) Mixture ofan apo lar solvent with a slightly polar solvent , T he mo bile phase
can be considered as idea l a nd the activity of a ny species is equa l to its concentratio n .
However, the isotherm det erminati on always shows only one m olecul e of the most
polar solvent per am ino -bonded grou p, eve n with high co nce ntra tio ns . If the sol ute S
can form com plexes with the polar so lvent in the mo bile ph ase accordi ng to

S + P ~ SP
I SPI

K = fSIlPr (4)

and assuming tha t th e solute molecul e m ainl y interact s with free amino groups in th e
stationary ph ase accordi ng to

(5)

the following rela tion shi p is obtai ned :

I

k '
V 1 + (K1 + K)! P/ + K1K /P/z

II1 r s, (6)

where 11/ is th e mass of th e sta tionary phase, V the vo lume of th e mobi le ph ase in the
chromatographic col um n a nd r the to ta l co nce ntra t ion of free and so lva ted amino

-- - -- ----
groups (r = (- N Hz) + (- N Hz-S) + (- N Hz- P) . Hence the inverse of the ca paci ty
ratio of a so lute is related to th e co nce ntra tion of the most polar so lvent by a parabolic
equat ion.

(b) M ixtures ofan apo lar solvent with a strongly po lar solvent. For et ha nol-II
hexane mixtures, polar sol vent molecules so lvate each amino group when the polar
modifier conce ntra tion in th e mobil e phase is increased. In fac t , th e int er action energy
between amino groups an d alcohols is so lar ge tha t th e fixatio n of one molecule of the
polar so lvent per amino group occ urs only for very low co ncentrations, generally less
tha n 0.2 I.)(v jv) . T he ac tivit ies of th e various species are ro ughly pro portiona l to th eir
concentrations and eqn. 6 ca n be wr itten as

I

k '
V

IIIr

+ (K. + K) y(P) + K 1K /( P)Z

Ks
(7)

where }' is th e mean activity coefficient of th e pol ar eluent in the mixture, ro ughly
equal to its infinite d ilution activi ty coefficient. For very low concentra tions of the
po lar so lvent, the term K 1K / (P)z is neg ligible and eqn. 7 can be written as

I

k'

V I + (K1 + K) y(P)
- _. ------- - -- -
III r tc;

(8)

Then, the inver se of the ca pa city rati o varies line arly with th e co ncen tra tio n of the
po lar so lven t in the elue nt.

Experimental verification. Two sets of experime nt s were performed with amino-
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bonded phases and various solvent mixtures: the first with n-hexanc and dichlo
romethane mixtures for aniline or phenol derivatives and the second with n-hexane
and n-alkanol mixtures for the pyridine derivative separations.

(a ) Mixture ofan apolar solvent with (/ slightly polar sol vent. Fig. 3. shows the
parabolic variations of the capacity ratio of some aniline derivatives eluted with
cyclohexane-dichloromethane mixtures (Fig. 3a) and some phenol derivatives eluted
with cyclohexane-trichloromethane mixtures (Fig. 3b). According to eqn. 6, we ob
serve that the ratio of the second degree coefficient to the constant term is equal to the
product K1K. Similarly, the ratio of the first degree coefficient of the constant term is
equal to the sum K1 + K. Then the calculation of K and K 1 is easy.

11k'

0.80

0.60

0.40

o 10 15
Dichl oromethane concentration

in the mobile phase (moLl -I)

4

~;
r iii ii' • ..
5 10

Trichloromethane concentration
(tV in the mobile phase (mol.l- 1 )

Fig. 3. (a ) Variat ion or I l k ' with d ichloromcthan c concentration in the m ob ile pha se (dichlororncthanc- »
hexane mixtures) for aniline de rivatives. Column : 15 ern x 4 mm 1.0. packed with a sta tiona ry pha se
co ntai ni ng 1.5 mmol · g " I of bonded aminopropyl cha ins . Flow-rate. I ml /min : U V detection a t 254 nm .
So lu tes: I, aniline; 2, o-to luid ine; 3, N-methylaniline; 4, N,N-dimethylaniline. (b) Vari at ion of I lk ' with
trichloromethane concentration in the m obile phase for phenol derivatives. Solutes: I. »z-cresol : 2, 3.4
dimethylphenol ; 3, o-cr esol ; 4. 2.5-dimethylphen oI; 5. 2,6 -d ime thy lphcno l.
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Table II gives the coefficients of the parabolic curves for the aniline deri vatives,
as determined by regression an alysis, and the two equilibrium constants K and K).
Table II shows that the equilibrium consta nt K) between the polar solvent and the
amino-bonded chains doe s not depend on the nature of the so lute and remains
roughly eq ual to 0.6 mol - 1 · 1, which is very close to the value ca lculated from iso
therm determ ination, vi:. , 0.7 mol - 1 . 1.

TABLE II

COEFFIC IE NT OF T HE FITT ED PARAB OLI C C U RV E FOR VA R IATIONS O F 11k ' VERSUS T HE
POLAR MOD IF IE R CONC EN T RA T IO N IN T HE MOBILE PH ASE FO R AN ILINE D ERI VA
TIVES

Conditions as in Fig. 3a .

- - ..- ._._ . ._- .- ._- ,,- -_. _--
V V K + K V K 1K

Solute 1 K K- .---
Ks Ks K s

I
111r /Ill' mr

( /1101- I .1) (mol>? ·F ) ( mol - I . I) ( mor l ·1)
- .. _. ,,---- -- ----

N,N-D imeth ylaniline 0.688 0.439 0.025 0.57 0.06
N-m ethylaniline 0.202 0.148 0.002 0.56 0.1 8
o-Toluid ine 0.087 0.07 1 0.0116 0.58 0.23
Aniline 0.058 0.05 1 0.008 0.66 0.22
-- _. _-,- - . -_._ - - - --

In contras t, the associat ion co nsta nt K bet ween the solute molecule and di
chloro methane increase s from N,N -d imethylaniline to aniline, that is, with increa sing
accessibility of the nitrogen atom of the so lute molecule. As the co nsta nt increases
simulta neo usly with the order of elutio n of the aniline deri vat ives, the distribution
consta nt Ks of the solute bet ween the two phases also increases from N,N
dimeth ylan iline to aniline.

(b) Mi x ture of an apolar and a strongly polar solvent. As predicted by eqn. 8,
the inverse of the capacity rati o of various alk ylpyridines eluted with n-hexane
meth an ol mixtures is linearly re lated to the concentra tio n of the polar solvent in the
mobile phase (Fig. 4a ). Th e slopes of the stra ight lines obtained depend on the
struc ture of the so lute and, for instance, the influence of the alcoh ol co ncentra tion is
less with 3,4-dimethylpyr idine th an with 2,6-d imethylpyrid ine o r pyridine.

Fig . 4b shows the influence of the hydrocarbonaceous chain of the alcohol on
the elut ion of 2,6-dimethylpyridine. For each alcohol a linear relat ion ship was ob
served between the inverse of the ca pac ity ratio of the so lute and the mobile phase
composition . Further, for a constant co mposit ion of the mobile ph ase (expressed as
the volum e fraction of the alcohol in the eluent) the solute retention is lower when the
number of carbon atoms in th e alcoho l molecule decreases.

R EVE RSED-PH ASE C H RO MATOG RA PHY ON /I-A LKY L BO ND ED PI-lAS ES

Role of the stationary phase
The influence of the surface co ncentration and of the length of bonded n-alkyl

chai ns was studied pre viou sly' . e l M bonded pha ses with various surface coverages
were synt hesized and it was sho wn th at the solute capacity facto rs and relati ve reten-
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0.10 0.15
Alcohol votumic " ..ct ian
in the mobile phase ( a/.)

®

0.05

0.10

0.15

0.25

0.30

0.20

0.10 0.15
Alcohol volumic fract ion
in the mobi le phase ( °/.)

®

0.05

0'-----,-----,-- _ _ ---,__
o

0.15

0.20

0.10

0.25

0.05

Fig. 4. (a) Varia tion of I l k ' with vo lume frac tion of meth an ol in meth an ol- u-h exan e mixtures for pyridine
der iva tives. Flow-ra te, I ml/min : UV detectio n a t 254 nm . Solutes : I. 3,4-dimet hy lpyridine ; 2, 4-dim ethyl
pyridine; 3, 3-me thy lpyridine; 4, 2-methylpyrid ine; 5, 2,6-d ime thylpyrid ine. (b ) Variation of Il k ' with
polar modifier co ncentration in the mobile phase for 2,6-dimethylpy rid ine. Solutes: I, I-octanol ; 2, 1
penta nol ; 3, I-prop an ol ; 4, meth a nol.

tion s increase with increasing surfa ce concentra tion. Fo r a con stant surface co ncen
tra tion of bond ed cha ins, the capaci ty factor and relat ive reten tion increase with
increasing chain length. Roumelioti s and Unger" co rrelated k'/SBET (where S13ET is
the specific surface a rea of silica) with the hyd rocarbon aceou s surface area of the
bonded chai n.

In thi s study, severa l sta tiona ry phases with various surface con centrati on s and
va rious lengths of bonded cha ins (CC C2 2 ) were synthesized from the same batch of
silica and using the same bond ing method (from Il-alk yltrichlorosilane). The hydro
carbonaceous sur face area (5) of a chain was ca lculated from Bondi 's relation ship"
and th e number of bonded chai ns per square nanometre of silica (N) from ca rbon
microan alysise:'. Th e capacity facto rs of various polar and non-polar so lutes were
measured with the above sta tionary ph ases, th e eluting mixture being the same. The
results are shown in Fig . 5. A linear relationship is observed between the capacity
fact or of pyrene (F ig. 5a) and th e bonded hydrocarbon aceous surface per sq uare
nanometre of silica. A simi lar relationship is obtained for th e relative retenti ons of
pyrene and phenanthrene (Fig. 5b). So , usin g a C !2' C 16 , C I l; or Cn bonded phase
having abo ut the same hydrocarbonaceous surface area NS and the same eluen t, the
capacity factors and relat ive reten tion s o btained arc very simi lar.

The same results were observed for a so lute with a long a lkyl chain such as 1
tetr adeca nol (F ig. 5c). Thus, the chain length has no specific ro le in the retent ion
mech ani sm . Berendsen and De G a lan/" have shown from a geo met rical model that
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Fig. 5. Variation of logarithm of capacity factor and relat ive reten tion with hydrocarbonaceous surface
area of the bonded phase (NS) per nrrr' of silica. Stationary phase : n-alkyl chains bonded on experimenta l
Spherosil (specific surface area . 520 m2 g - I; average part icle diam eter. 5 JIm). Column : )5 cm x 4 mm
J.D. (a) Capacity facto r of pyrene eluted with meth anol-wat er (70:30); (b) relat ive retention of pyrene and
anthrace ne with the same eluen t; (c) capac ity factor of l -tetr adec anol (A) and I-decan ol (_) eluted with
acetonit rile-water (80 :20). The numbers above the experimental points corres pond to th e bonded chain
length s.

the surface concentration is limited to 3.8 j1mole· m - 2 for a trim ethyl chain and a
lower value for a longer cha in. Th e advantages of bonding a longer chain are to
increase the hydrocarbonaceous surface ar ea and to obta in a more selective bonded
pha se. For instance, Tak ayama et al.2 5 synthesized a C3 0 bonded ph ase and so
achieved a very difficult sepa ra tion of fatt y acids .

Role of the mobile phase
Relationship between retention and mobile phase composttion. Retentions of

non-polar solutes (various polycyclic aromatic compo unds) and polar solutes (n
alkano ls) were measured with various mixtures of water and a water-miscible organ ic
solvent. Five solvents were stud ied: methanol, ethanol, I-propan ol , acetonitrile and
tetrahydr ofuran . The relati on ship between In k' for the solutes and the volume frac
tion of water (x) in the elut ing mixture is show n in Fig. 6. A linear relationship exists
only with meth anol as the organic modifier (Fig. 6a). For non-polar solutes the rate of
change of In k' with x increases from acetonitrile to ethanol, to tetrahydrofuran and
then to I-propan ol (Fig. 6b- e). Polar solutes eluted with acetonitr ile-water mixtures
show the same behaviou r as non -polar solutes (Fig . 6f). Th e order of elution of non
polar solutes is the same for each mod ifier and is related to the solute size; therefore ,
the heaviest compounds are retained most in the column. The curves obtained with
tet rah ydr ofuran - water mixtures are not well separa ted ; a con sequence is that the
selectivity between these so lutes is not as high as with the other modifier-water mix
tures.

Ano ther observa tion is that for each organic modifier the recorded capacity
facto r is smaller than that expected from the beginning of the curve when the volume
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CH30H 0 .5 H2O CH3CN 0.5 H2O
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4 4

3

2

0 0

x x
C2HSOH 0 5 H2O THF 0 5 H2O

L nk '
Lnk'

4

3 3

2 2

Fig. 6. Variation of logarithm of cap acity factor with volume fraction of water in the eluent for various
solu tes. Column : 5 ern (a-e) and 15 cm for (I) ; I.D. 4 mm. Packing: II-oct ylsilica (RP-8). Eluen t : mixtures
of water an d (a) meth anol , (b) acet onit rile, (c) ethano l, (d) tetrahydr ofuran, (e) I-propanol and (I) ac
etonitrile. Solute : _ , benzene; "' , tol uene ; 0, p-xylcne; D , phenanthrene; ...., perylcne; . , tetraphenyl
naphth alene; * , I-p entanol ; ct, I-decanol ; x , l -tetradccano l; \l , I-hexadecanol;. ' I-naphthol; 6., 2
naphthylamine .

frac tion of water is high er th an 0.80 or 0.8 5. Thi s effect is particularly noticeable with
the benzene and tolu ene curves.

In reversed-phase studies, a linear relationship betw een In k' and x was
frequently observed with methanol- water mixtu res and with other modifiers at low
wat er contents. Some wo rkers 2 .3 •

2 6
,2 7 also not iced that the linea r relat ion sh ip was not

always checked, especia lly when th e wat er content was high . Sim ilar observat ions
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have been rep orted in th in-la yer ch romatography on silanized silica gel or on silica gel
coated with paraffin oiI2 9-.H . Recently, Schoenmakers and co-workers2o- 28proposed
the parabolic dependence In k ' = ax2 + bx + (' to represent th e experimental curves
mathematically.

As we ob served that the rate of change in In k ' with x was dependent on the
nature of the modifier, the mathematical model chosen for the study of the experi
mental curves was In k ' = ax" + b. For each organic modifier and up to x = 0.8, a
and 1/ were calculated for each so lute (Table III).

(a) Examination of'n. Values of 1/ vary betw een 1.9 and 2.5 for aromat ic
hydrocarbons with acetonitrile as modifier; with eth anol n varies between 2.5 and 3,
with tetrahydrofuran between 3.5 and 4.8 and with I-propanol between 3.5 and 5.
Hen ce, for thi s type of so lute, 1/ depend s mainl y on the organic modifier. Ho wever , if
we look at each column in Table III, we can see that 1/ also depends on the solutes
and, except for tetrah ydrofuran. for any modifier 1/ decreases as the so lute size in
creases.

If /I is ab out 2 for ar omatic hydrocarbons eluted with acetonitrile- water mix
tures, 1/ does not have the same value for II-alkanol solutes eluted with the same

a

20

15

10

,"
Molar volume

I
200

I
150100

5 '-----.--.-_,_--,--~--.--_._~-~~-~~~~-.-_,_--

80

Fig. 7. Variation of the coefficient a obtain ed from In k ' = ax" + h with th e molar volume of aromat ic
compoun ds for different organ ic mod ifiers. Experime nta l co nd it ions as ill Fig . 6. 1Sl. Meth an ol; 0 , ac
eto nitr ile; • . e tha no l; I Lte tra hydrofura n.
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mixtures and it varies from 2.5 for I-pent an ol to I for l-tetradecanol. I-Naphthol and
2-naphthylamine give th e same n va lue.

(b) Examination o/a. ln Tabl e III for aro ma tic hydrocarbon s, a increases with
increasing solute size; Fig. 7 shows a linear rela tionship bet ween a and the molar
volume of solutes. It has been showrr'? tha t for homologous compounds the loga
rithm of th e water solubility is linearly related to the molar volume.

Thus, for non-polar solutes, as n depends mainly on the organic modifier, it is
possible to predict retention using the molar volume of the so lute.

Relat ionship bet ween solubility of the solute and mobile phase compos ition. Th e
solubility (.I') of phenanthrene was measured in the same mixtures as the eluting
mixtures previou sly studied . Fig. 8 shows the logarithms of phenanthrene solubility
versus th e volume fract ion of water (x ) . There is a linear relati on ship between th e
solubility and .v for meth an ol-wat er mixtu res, but not for the other orga nic modifiers

o 0.5 1
Water volume frac tio n

Fig. 8. Variation of logar ithm of so lubi lity (mo le ' I' ' ) of phenanthrene in water- organic solve nt mixtures
with the volume fraction of wa ter. 0 . Methan ol; 0 , aceto nitrile; • . etha no l; 6 , I-pro pan ol.
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(the so lu bility in water -tetrahydrofuran mi xtures could not be measured because
sepa ra tion occurred ).

Because of thi s linear relationship with methan ol- wat er mixtures, th e same
m athematical analysis o f ex pe rime n ta l curves was carried o ut, using the equati o n In s
= a'x" + b' , Experimental va lues of a' and II ' are given in Table IV.

TABL E IV

a' AND n' VA L U ES OBTAI N ED ON REPR ESENTIN G EX PERIMENTAL CU RVES OF TH E SOL
U BI LI T Y OF PH ENANTHR EN E IN WATER METHANOL (O R ET HANOL. ACETON ITRILE
O R I-PROPANOL) M IXTU RES BY T HE REL ATIONSHIP In s = a'x'" + j, '

This relatio nship is checked in the .v ra nge for k ' between I and :WO.

Parameter Organic modifier

CH,DH

a'
II '

.\" ra nge for
I < k ' < 200

- 11.4 - 10.5 - 15.5 -15.1
1 2.1 3.0 5.0

0.15 < .v < 0.65 0.20 < .v < 0.75 0.25 < .v < 0.75 0.35 < .v < 0.S5

Com pariso n o f th ese va lues with th ose o bta ined by In k ' = ax" + b fo r
ph en anthren e in Table III shows tha t a' :;:: - a a nd II ' = II. Hence fo r ph enanthren e
and o ne given m odifier th e ca paci ty factor is re la ted to .v by In k ' = ax" + ha nd
so lu bi lity is rel a ted to .v by In s = - (/X" + h, Note that th e re la tions hip In s =
- axil + h is checked fo r x va lues co rrespo nd ing to the ran ge of k ' bet ween I and 200 ,

It a ppears th at th e reten tion curves look like so lu bi lity curves , This ana logy has
been ment ioned in rever sed-phase thin -la yer chro m a togra phy by Marko wsk i et al.3.J.
a nd indica tes th e pred om inating role o f th e mobile ph ase,

Relationsh ip between reten tion and solubility, If we co m pa re th e two ex per i
mental rela tionships bet ween s a nd .v a nd bet ween k' a nd II. th e ca pacity fac to r a nd
the so lubility are directly re lated by ks = eh

+ /.. = C. where C is a cons tant. For a
given organic modi fier th is co ns tan t is ind cpend ant of .v. T his means th at whe n the
on ly varia ble param eter is th e wa te r content in th e eluti ng mi xture. the change in
retent ion is governed on ly by the ch ange in solubilit y in th e mobile phase.

The retention can be defined by' ?

, r (solute- st ati onary ph ase interactions)k = - -- . _ . 0-

r (solute-mobile ph ase interactions)

T he so lubi lity can be co nside red as a me asure o f the so lute- mo bile phase
in teractions. Hence th e k 's re llect s th e so lute-sta tio nary ph ase int eract ions, As thi s
product is independent of th e wa te r con tent o f th e mo bile phase. .v, th e sol ute
stat iona ry phase int eracti on s are inde pendent of th e water co ntent. Hen ce the
stationary ph ase has th e sa me co m posit ion (in th e x ra nge checked for th e a bove
relati onship, i.e. x < 0.8).

C ons ide ring th e const ant k :s va lue of ph en anthren e o btai ned with four orga nic



MomLEANDSTAnONARY PHAS~ IN LC 227

modifiers in Tabl e V, this co nsta nt is nearly the same for the three alco ho ls (abo ut
0.02) and is much higher fo r acetonitrile (0.13). Th e so lub ility of phenanthrene in the
three pure alcohols (so) is a lso the same and is much higher in pure acetonitrile. If, for
each modifier, the wa ter co nte nt of the mobile ph ase is adj uste d so as to provide the
same solubility (.I') of phenan threne, the phenanthrene capacity factor will be the same
for the three alco ho ls (as k ' = Cjs ). It will be about six times higher for acetonitrile as
the modifier.

TABLE V

k's VAL UES OBTAINED FO R PH EN ANTHREN E ELUTED WI TH WATER- ORGANIC
MODIFIER MIXT U RES AND PH ENANTH RENE SOLUBILITY (so) I N T HE PUR E ORGA NIC
MODIFIERS (FO R .v = 0)

Parumcter

k's (mo le ' I - I )
so(mole ·I - 1

at 25"C)

CI I.,OJ(

0.019 ± 0.00 \

0. 15

CzH,OH

0.02 1 ± 0.00 I

0.19

0.020 ± 0.00 1

0. 17

0.13 ± 0.0 1

0.65

This di fference in rete ntion can be easily explained if we co nsider that the non
polar alkyl-bonded chai ns are cove red with one or severa l layers of pure organic
mod ifier (or of a mixture very enric hed wit h pu re modifier). Tabl e VI gives the k 's
values of some solutes eluted with etha no l-water mixtures and solute solubilities (so)
in ethano l.

TABL E VI

VALUES OF ks OBTAINED WITH SOME SOLUTES ELUTED WITH WATER-ETHANOL
M IXTU RES (15l:m CO LUMN PACK ED WITH RP- 18) AND SOL U BI LITI ESOFTH ESE SOL UTES
IN PU RE ET HANOL AT 25T

Parameter So lute

Acet anilide p-Ethoxv- p-Metl iyl- Benz amide o-Nitrophenol
acetanilide ace tanilide

k 's (mole . 1- 1) 0.30 ± 0.04 O.O~ ± 0.01 0.1 1 ± 0.0 1 0.24 ± 0.03 0.36 ± 0.04
"0 (mo le' i - I) 1. ~3 0.37 0.62 1.20 2.25
ksls.; 0. 16 0.22 o. is 0.20 0.16

It can be seen that the constant k 's is related to so' as the rat io k ' .1'/.\'0 is constant.
Therefore, k' = C so/s and the so lute- stationary phase interactions ar e in fact the
interaction s between the solute and the orga nic solvent coated on the sta tionary
phase; the more so luble the so lute is in the orga nic solvent, th e stronger these int erac
tion s are.

Scott and Kucera" showed tha t for a low water conte nt the bonded chains
were wette d by the orga nic solvent; our result s are in complete agreement.
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We have seen above that the bonded chains play no specific role in the retention
mechanism and that the only important parameter for solute capacity factors and
relati ve retentions is the total hydrocarbonaceous surface area NS. In fact , the hydro
phobic hydrocarbonaceous chains are only a support for a layer of organic solvent
and, as the solute doe s not interact directly with the bonded chains, there is no specific
interaction between the bonded bristle and the solute.

CONCLU SION

In this study, some simple relationships concerning solute retention ha ve been
given. The optimization of chromatographic separations can easily be attained with
the se relationships, particularly in reversed-phase chromatography. The very simple
relationship between the k' and s for a solute in the mobile pha se provides a useful
means for the rapid choice of operating conditions.
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SU MMA RY

To find optimal co nditions for the sepa ra tio n of nucleobases, nucleosides and
nucleo tides by reversed-phase chromatography, th e polarity, pH, ion concentration
and polarity of th e buffer ion s of the mobile phase were va ried. A systema tic study of
the effects of th ese param eters on ret ardati on led to the fo rm ulation of the following
simple rule s : ( I) methanol cha nges onl y column capacit y ratios, not selectivity; (2) pH
influences both column ca paci ty ratios and select ivity; (3) the concentration of buffer
ion s had hardly any effect on retardation ; (4) the hydrophobicity of th e buffer ion s
has strong effects only on column capacity ratios and selectivity of solutes with
oppos ite charge ; and (5) a mixture of buffer ions with different hydrophobicities has
the chroma togra phic properties of a buffer ion with intermediate hydrophobicity.

INT ROD UCTI O N

Nucleo bases and nu cleo side s have been sepa ra ted by standa rd methods on
cation excha ngers at acidic pH I and nu cleo tides on ani on excha nge rs at neutral or
basic pH 2

• Nucleobases and nucl eosides have a lso been sepa rated on an ion exchan
gers at basic pH 3 .4 , and under these cond it ions the sim ulta neous separation of a ll
compounds on on e column was possibles:". The introduction of revers ed phases
facilit ated thi s simulta neo us separat ioni", especia lly when hydrophobi c buffer ions
were used". More recently, affinity chromatography o f nucl eobases has been re
ported, usin g immobilized th ym idin e as th e sta tionary ph ase' 0 . Thi s class ofsubstances
ca n be sepa ra ted success fully under man y different co ndi tions'<''? ow ing to th eir
intr insic ph ysical properties, combining ac id ic. basic, polar and lipophilic moieties
within one chemica l structure.

* Present address : Zoologica l Labora to ry, Ce ll Biology and Morphogenesis Unit. Unive rsity of
Leiden, Kaiserstraat 63, 23 11 G P Leiden. Th e Net herlands.

002 1-9673/8 1/0000- 0000/$02.50 ,,1') 198 1 Elsevier Scientific Publishing Co mpa ny
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To optimize chro ma to graphic cond itions, one sh ould use a ll of the se ph ysical
properties. It is important to know the effect s of different mobile phase par ameters
such as pol arity, pH , ion concentration and polarity of the buffer ions on the retar
dation of so lutes with different phy sical propert ies.

T he relatio nship between the resolution of two solutes and selectivity and
column capac ity rati os can be formulated as3 1

where R., = resolution, k ' = mean column capacit y rati o , a = selectivi ty, L = length
of the co lumn and H = height eq uiva lent to a theor etical plat e. Altho ugh H is not
inde pend en t of k' 32, thi s equa tion pr ovides a theor et ical guid e to th e optima l compo
sition of mobile phases in chromatogra phy. In genera l, it is easier to increa se k' va lues
than a values. k' va lues above about 4 are used only if man y co mpo unds have to be
separated, because the resolution is a lready at 80 It, of its ma ximal valu e. If the
resolut ion is insufficient, the mobile phase sho uld be ch an ged in such a way that the
selectivity ( a) is more affected than co lumn capac ity ratios (k ') . In practice, the op
timal separa t ion condi tions sho uld co mbine small column capaci ty rati os with high
select ivity. Therefor e, th e efTects of the polarit y of the mobil e ph ase, its pH, ion
co ncentrat ion and the pol ar ity of the ca tio ns on co lum n ca pac ity ra tio and selectivity
were stud ied systemat ica lly on a reversed-phase co lumn.

EXPERIME NTA L

The high-per form an ce liqu id chroma to graph ic (H PLC) equipme nt consisted
of an Altex Mo de l IOOA pump, a Rh eod yne 7105 injecto r, a reversed-phase co lumn (5
Jim , RP- 8, Riedel-de Haen, Hanno ver , G .F .R.; self-packed, 300 x 3 mm 1.0.) and a
Per kin-Elme r LC- 55 va riable wave leng th detect or set at 260 nm . Retention times
were recorded with a stopwa tch and were reproducible with a standard deviation of
0.5 ~,.:, . Th e ion co ncentrations of th e mobile ph ase are always given for th e ca tions
and the tot al volume . Th e pH was measured with an E-516 Tit risko p Met roh m
J-ler isau pH meter, an d is given for the fina l mobile phase com posit ion. Th e flow-rate
was 1.5 ml/rnin . T he pr essu re varied with the compos ition of the mobil e phase be
twee n 110 and 150 ba r. A ll experiments were carried o ut a t room tempera ture.

RESU LTS A ND DI SC USSION

In addi tion to the so lutes listed in Tabl e 1*, the following compounds were
investiga ted the same way (da ta not shown): 8-me thoxy-cA MP (8), 8-hydroxy
cAMP (B), 8-bromo-cA M P ( B), 5-aminoimidazole-4-car boxamide- l-ribose-3' ,5'
monoph osph at e (A ICA R) (B), xanthos ine-YS-mono phospha te ( 8), adeno sine-N"-

* Ab breviations used: cAMP = adenosine-3',5'-m onophosph ate; 5'-AMP = adcnosine-S'
monophosph atc; cPMP = purine-riboside-3' ,5' -monophosphate; B = Boehr inger (Mannheirn, G .F. R.); S
= Sigma (St. Lou is, MO, U.S.A.); P = Pharrna-Waldh of (Mannheim, G .F.R.); M = Merck (Darm
stad t, G .F.R.).
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TABLE I

PHYSICO-CH EMI C A L PR O P ER TI ES OF SOL UTES

No. Compound Source Hydrophobicity» Elec trop horetic
at p H 3.0 mobilityr» (It p H 3.0

1 cAMP P O.X - 3. 1
2 N"-M on o but yr yl-cA M P B 3.9 - 8.4
3 6-C hloro-cP M I' B 2.0 - 10.8
4 8-Ami no-cA M P B 0.6 + 0.5
5 8-D ime thy lamino-cA M P B 3.5 - 0. 1
6 8-Benzy lamino-cA M P B 11.2 + 0.7
7 S'-A M P B 0.3 - 2.9
8 Ade nosine M 1.1 + 11.1
9 Adenine B 0.8 + 19.5
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* Hydro ph obicity is ex presse d as the k' va lue o n the reversed-phase co lumn in 10 'X.methan ol -I OmM
ammo nium fo rmate (p H 3.0).

** The elec trophor etic mob ility is ex pressed as the rat e of mo vement in cm/h of the so lutes to th e
negativ e pole (pos itive sig n) or positive pole (negat ive sign) of a Ph erograph high- volt age elect ro phore t ic
appara tus. Th e electro pho retic movement is div ided by tbe RF va lue of the so lute in ascend ing pape r
chroma tog ra phy. to co rrec t for adsorpti on o f the sol utes 10 th e pa per.

oxide (S), 2' -deoxyadenosinc ( M), 5' -tosyladen osine (P), 2' ,3' -isopropyliden ead en 
osine (S). 2' .3 '-O-p-methoxybenzyliden ead en osin e (S) , gua no sine (P), 2'-de
oxyg ua nosi ne (M ). cy tidi ne (P), 2' -deoxycyt id ine (P), uridine (P), thymid ine (B) a nd
purine ribos ide (S). The co mpo unds in Ta ble I were chosen for the follow ing reasons:

( I) cA M P. ade nosine a nd adenine ha ve sim ilar pol a riti es bu t d ifferent cha rges;
(2) cA M P a nd 5' -A M P have iden tical charges at pH 3.0 but differ in polarity;
(3) 8-amino-cA M P, 8-dimethylamino-cAMP and 8-benzylam ino-cA M P have

simila r charges but their polarities diller wide ly;
(4) N't-monobutyr yl-cA M P and 6-chloro-cPM P were chosen as th e least

prot on ated so lutes a t pH 3.0 .
The stru ctures of th ese cyclic nucl eot ide deri vati ves are sho wn in Fig. I.
The electro pho retic mobilit ies of the so lutes were de te rmi ned in 0.04 M ci tra te

hydrochloric acid (p H 3.0) on Whatman 3M M paper usin g Pherograph high-voltage
elect ro pho res is a t 2000 V. Adsorpt ion of the so lutes to th is paper was determined in
this buller usin g ascending paper chro ma togra phy. As an ind ication of th e charge of
the so lutes a t pH 3.0, the electro pho ret ic mobility was d ivided by th e R; va lue fo r
paper chromatography.

No R, R2

1 - NH2 - H

R2
2 - NH- CO-CHr CHrCH3 - H

3 -{l - H

4 - NH2 -NH2

5 - NH2 -N(CH3)2

6 - NH2 - NH- CH2- C6Hs

Fig . I. Struc tures of th e cycl ic nucleo tide der ivati ves.
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The silanol gro ups that are st ill prese nt after chemical mod ificat ion of the silici
gel mat rix often have no influence on retardati orr' :', and this occ urred with thi:
column; retention times of polar com pounds did not increase at higher methano
concentrations (data not sho wn) . Th erefore, it is assumed th at all chrorna tographi:
effects are due to interactions between co mponents of the mobile phase, the solute
and the octyl moieties of the stationary phase. In most exper iments the pH was kepi
at 3.0, as a t this pH most compounds are partially proton ated (Table I). Differem
substituted ammo nium ion s were used to give a specific hyd rophobicity'l".

Polarity of the mobile phase
An increase in methanol concent ration decreases the retention times in reo

versed-phase ch romatography (Fig. 2). The effect of the hydrophobic con stitu ents at
the adenine moiety on co lumn capacity ratios is shown in th e order of elution of 8
amino-cAM P (4), 8-dimethylamino-cAM P (5) and 8-benzylamino -cAM P (6). The
methanol concentration has virtually no effect on selectivity, probably indicating that

K
20

15

10

5

o

o 25 50
methanol [%]

Fig. 2. Influence of methanol concentrati on o n colum n capaci ty ra t ios. Mo bi le phase : 10 mM tributy lam
monium formate (pH 3.0). Solutes (see Table I) : I = cA M P; 2 = Nb·m onobutyr yl-cAMP; 4 = S-am ino
cAMP; 5 = 8-d im ethylam ino -cA M P; 6 = 8-benzylamino-cAMP.

meth anol does no t modify the type but rat her th e intensity of interaction between
solutes and the sta tionary phase; it competes with the so lute for occupa tion of the
octyl groups.

As meth an ol changes on ly k' values, a decrease in met hanol concentration does
not result in a much improved resoluti on of two solutes with sma ll selectivity, but in a
longer analysis time .
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pH of the mobile phase
The pH of the mobile phase may atTect the polarity of the so lutes more stro ngly

than the polarity of the mobile and stationary phases. Protonation of ba sic groups of
the solutes result s in an incre ase in polar ity, and therefor e in a decre ase in retention
time. The pK value of cyclic AM P (I ) is approx ima tely 3.4 (Tabl e 1), which agrees well
with the significant cha nge in k' va lues between pH 3 and 4 (Fig. 3). Substitution of
the N°-amino group in N°-monobutyryl-cA M P (2) decreases the pK value to ap
proximately 2.5 (Ta ble 1), and shifts the pH-sensitive part of th e curve to values below
pH 3.0. By rem oval of the amino group as in 6-chloro-cPMP (3), no protonati on
occurs (Table I) and the pH ha s little etTect on ret ardation. Hence the pH of the
mobile phase only influences the k ' values of those solutes which have a pK va lue in
the region where th e pH was ch an ged. Becau se most compo unds have ditTerent pK
values, th is par am eter is particularly useful in mod ifying selectivity .

k
5

4

3

2

o

·9

2 3 4 5
pH

Fig. 3. Influence or pH on co lumn ca pacity rat ios . Mob ile phase : 10 % meth anol-I O mM ammo nium
formate. Solutes (see Table I) : I = cA MP; 2 = N°-monobutyryl-cA MP; 3 = 6-ch loro-cPM P; 8 =
adenosine; 9 = adenine.

Ion concentration of the mobile phase
The con centrat ion of the buff er ion s was varied between 0.00 I and 0. 1 M,

Solutes were injected at a relati vely low conce ntra tion of I lI M . Cha nges in ion
concentration may cha nge the eq uilibrium of the solutes in ion-paired and non-paired
forms. Th e co nce ntra tion of butTer ion s also may cha nge the polarity of the mobile
phase J 5

.
J b

. Fig. 4 shows that the ion concentration has not icabl e but small effects on
retard ati on and selectivity on a reversed-phase column. This parameter is therefore of
minor importance for optimizing mobile phase compositions for a reversed-phase
column.
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Fig. 4. Influence of concentration of buffer ions on column capacity ratios. Mobile phase: 30 %methanol
tributylammonium formate (pH 3.0). Solutes: (see Table I): I = cAMP; 2 = N't-moncbutyryl-cAlvfP; 5 =

8-dimethylamino-cAMP; 6 = 8-benzylamino-cAMP.

Hydrophobicity 0/ the buffer ions
Increasing hydrophobicity of the cations results in an increase in the k' values

of negatively charged solutes [Fig. 5A, cyclic AMP (1) and Y-AMP (7)] and a slight
decrease in the k' values of positively charged solutes [adenosine (8) and adenine (9) in
Fig.5A].

Retardation of the cyclic AMP derivatives with a distinct net negative charge at
pH 3.0 is strongly influenced by increasing hydrophobicity of the cations [N6 _

monobutyryl-cAMP (2) and 6-chloro-cPMP (3) in Fig. 58]. The retention times of the
cyclic AMP derivatives with a close to zero net charge, such as 8-amino-cAMP (4),8
dimethylamino-cAMP (5) and 8-benzylamino-cAMP (6), are only slightly influenced
by the polarity of the buffer ions (Fig. 58). These results demonstrate the anion
exchange properties of a reversed-phase column in the presence of hydrophobic
buffer cations.

Reversed-phase interactions are involved in the retardation mechanism, as is
shown by the constant differences in the k' values of 8-amino-cAMP (4), 8-dimethyl
amino-cAMP (5) and 8-benzylamino-cAMP (6). A lively discussion is going on in the
literature on the mechanism by which charged solutes arc retarded on reversed-phase
matrices in the presence of hydrophobic ions. The result is a variety of terms for this
type of chromatography, such as "soap chromatographyY'r'", "ion-pair chromato
graphy'v", "solvent-generated dynamic ion-exchange chromatography'r'Pv",
"hetaeric chromatogruphyr'<, "paired-ion chromatographyv":', "detergent-based
cation exchange"?", "solvophobic-ion chromatography':", "surfactant chromato
graphy"?" and "ion interaction "45. This variety indicates the uncertainty that exists
concerning the retention mechanism of this type of chromatography. For the practice
of chromatography it may be sufficient to state that increasing hydrophobicity of
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Fig. 5. Influence of the hyd ropho bicity of the cations on co lumn ca pac ity ra tios . Abscissa : hydrop ho bicity
of the cations, calcu lated with hydr oph ob ic frag menta l consta nts". Ca tio ns fro m left to right on each
curve : etha nolammonium, ammonium. monoethylamm on ium , diethylamm onium , triethylammonium,
tributylammo nium and tetra buty lammonium. Mobile phase : 10 % meth anol-I O mM cations (p H 3.0),
adjusted with formic ac id. So lute s: see Tab le I and Fig. I.

buffer ions resu lts in unchanged reta rda tion of solutes without charge, in unchanged
or diminished reta rdatio n of so lutes with the same charge as the modifying buffe r ion.
and in stronger retarda tion of so lutes with an opposite charge of the modifying buffer
Ion.

M ixture of buffer ions with different hydrophobicities
The cha nge of a buffer ion by subseq uent substitutions through hydrophobic

groups can on ly result in discrete values of the hyd rophobicity of the buffer ions . It
will be time co nsuming to find the specific bu ffer ion which has the des ired hydropho
bicity. A mixture of two buffer ions with different hydroph o bicit ies ma y act as a
buffer ion with interm ediat e hydrophobicit y. In Fig. 6 the ra tio of co ncentrat ions of
two ca tions with differ ent hyd rophobicitie s is varied; the cha nge in selectivity is
comparabl e to the change in Fig. 5, where th e hydrophobicity of only one cat ion was
varied. A compariso n of Figs. 5 and 6 shows that a mixture such as 10 mM tributyl
am mo nium forma te plus 100 m M ammo nium forma te res ults in a simi lar slectiv ity to
10 mM tr ieth ylammonium form at e.

Mix tures of buffer ions with differen t hyd rophobicities ca n pro vide a co ntinu
ous ran ge of hydr oph obicities. and it is easie r to find an opt ima l mixtu re than a ca tio n
with optima l hyd rophobi city.

Practica l aspects of reversed-phase chroma tograplty
The action of mobile phase components on the retardation of charged so lutes

by reversed-phase chromatography can be summarized by the following simple rules:
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( I) Methanol reduces onl y the column capacity rat ios, without ha ving a stro ng
effect on selectivity .

(2) The pH of the mobile phase influences both co lumn ca pacity rati os and
selec tivity. Its action depends mainl y on the pK va lues of the so lutes .

(3) The concentration of buffer ion s ha s onl y minor effects on column cap acity
ratios and selec tivity .

(4) The hydrophobi city of a buffer ion has pron ounced effects on co lumn
capaci ty ratios and the selectivity of so lutes with oppos ite charge, and sma ll effects on
the retardati on of so lutes witho ut charge or the same cha rge as the buffer ion s.

(5) A mixture of bu ffer ion s with different hydrophobi cities acts as a buffer ion
with intermediate hydrophobicity. The hydrophob icit y of a mixtu re is determined by
the rat io of the concentration s of the compo nents rather than by their ab so lute
co ncentrat ions.

Du ring the last 2 year s we have applied thes e rule s to severa l separation prob
lems using different co lum ns. For our stud ies on the degrad ati on of cyclic nucleotide
derivatives by a liver hornogenat e'"' , sim ulta neous separa tion of nucleot ides, nu
cleosides and nucleobases was desirabl e. For the sepa ra tion of degradation products
of 2'-(2,4-dinitro phenoxy)-cAM P. a reversed-phase co lum n was chosen becau se of
the high hydrophobicity of the d init ro phenoxy moi ety. A relati vely high pH was used
in orde r to discriminat e between the cha rge of ph osph at e diesters (cA MP) and phos
phate mon oesters (5' -AM P). Phosphat e buffer has a good bufferi ng ca paci ty a t pH 6,
whereas the ion co ncentra tio n is not im portant. First. the meth an ol co ncentra tion
was varied to obtain a preliminary separation. then the selecti vity between the group
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of nucleosides and the gro up of nucl eot ides was impro ved by adding a sma ll amount
of tr ibutylamrn onium formate. Finally, the optimum compromise between resolution
and analysis tim e was found by vari ation of the methan ol concentration (Fig. 7A).

The appearance of 2'-(2,4-d init rophenoxy)-5'-AM P amo ng the degradation
pro ducts of th is cyclic nucleotide derivative was surprisi ng, as 5'-AMP did not appear
as one of the degradation products of cyclic AM P. To prove that the compound
which forms peak 3 ha s a negat ive cha rge, more tributylammo nium forma te was
added to the mobil e ph ase. Th e nucl eotides d isappeared from the chroma togra m,
whereas th e retention time of the nucl eoside remain ed unchanged (Fig. 7B).

®

3
4
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2

5

o 1
..L------..J.-.._~

3 4 0 1 2 34

retent ion lim e [min ]

Fig. 7. Separation of 2'·(2,4-dini trophenoxy)-cAMP incubated with a liver homogenate for 8 h4 6
.

Stationary phase : RP- 18 (Machery, Nagel & Co ., Diiren, G .F .R .), 300 x 3 mm. Mobile pha se: A, 8 mM
Na 2 HP04 /H J P04 -1 mM tri butylam monium formate-48 % methanol (p H 6.6); B, 8 mM
Na 2 HP04 / HJ P04 - 10 mM tribu tylammonium form ate-48 % methanol (pH 6.6). Peak s: I and 2 = UV
absor bing com pou nd from th e liver homogenate ; 3 = 2'-(2,4-dinitrophenox y)-5' -AM P; 4 = 2'-(2,4
dinitro pheno xy)-cA MP; 5 = 2'-(2,4-dinitropheno xy)inosi ne.

Another exa mple is kinet ic stud ies of cyclic nucleoti de ph osph odiesterase
under non-equi librium conditions which require the separa tion of minute amounts of
prod uct fro m large amo unts of substra te. Becau se peak tai ling occ urs more often
than an extende d fro nt of the peak , the high substra te peak sho uld be the last one in
the chro matogram. As enzyme preparations ar e rarely pure, the further degradation
products sho uld also be ana lysed. Fo r cyclic nucl eot ide phosph odi ester ase the op
tima l sepa ra tion would tak e place when all nucl eosides and 5'-AMP co incide in one
pea k just aft er th e injection peak and cyclic A MP appea rs lat er in the chromatogra m.
A reversed phase gives the co rrect order of elution of 5'-AMP and cycl ic AM P. Cyclic
AMP beco mes the most !ipophilic compound on using triethylammonium or tributyl
ammo nium forma te as the mobile phase buffer (if , Fig . 5A).

The pH sho uld be below 5, otherwise 5'-A MP acq uires two negati ve cha rges
and therefo re two lipophil ic counter ions. With tr ieth ylammonium formate as the
buffer ion adenosine appeared after 5'-A M P, whereas with tributylammon ium for
mate 5'-A MP appea red after ade nosi ne. By mixing d ifferent concentra tions oftrieth-
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ylammonium wi.th tributylammonium ions a mixture was obtained that resulted i
identical retardation times of adenosine and 5'-AMP. Separation between this pea
and cyclic AMP was optimized by varia tion of the methanol concentration (Fig . SA
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Fig. 8. Separat ion of lar ge amo unts of cyclic AMP fro m minute amo unts of 5·-A MP. aden osine or furtlu
degradation products. Equipment: Altex Model tOOA high -pres sure pump. Valeo 7000 p.s.i. injecto
Lab orat ory Dat a Control UVIII (1203) detector (254 nm) and a Kipp BD 40 flat-bed record er. Stationar
phase: reversed-phase LiChrosorb 5RP-18 (250 em x 4.6 mm) with Vydac 20 I SC pre-eolum n (100 em ;
2.1 mm). Mobile pha se : 5 mM triethylammonium formate-0.5 mM tributylamm onium form ate- zo '
methanol (pH 4.5) (adju sted with formi c acid); flow-rate . I ml/min ; pressure . 306 bar. (A) Separatio n (
0.5 .10- 9 moles of aden osine. 0.5 .10 - 9 moles of 5'-A MP and 5 .10 - 9 moles of cyclic AMP . lnjectio
volum e: 10 Ill. Sensitivity : detector at 0.128. recorder at 10 m V; thus. one arbitrary unit == 0.128 absorl
ance un it. (B) Separation of 10- 7 moles of cyclic AMP from 2 · 10 - 1 2 moles of 5'-AMP. Injection volume
100 Ill. Sensit ivity; a = det ector at 2.048. record er at 10 mV (one arbitrary unit == 2.048 absorbance unit:
b = detector at 0.002. recorder at 2 mV (one arbitrar y unit == 0.0004 absor bance unit ). Cyclic AMP wa
purified previously under the same chr omat ograph ic co nditio ns. (e) Separation of 10" 10 moles (
[3H]cAMP from 10- 1 5 moles of [3H)_5'-AMP and possibly further degr adation products: 10 - 10 moles (
[2.8-3H]cAMP (52 Ci/mrnc l; Radiochemical Centre, Amer sharn, Gre at Britain) were in .ubated in 25 mJl
Tris-HCI- 2 mM MgCI2 (pH 7.5) with 2.5 . 10- 10 g of cyclic nucl eo tide phosph od iesterase (Boehringer) in
tot al volume of 10 Ill. Ten seconds after the init iat ion the reacti on was sto pped by injection of th
incubati on mixture on to the column. The eluent was divided into 0.25-ml fract ions, the radioactivity c
which was determined. [2.8-.lH]cAM P was purified previously under the same chromatogra phic con
ditions.
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The background noise of the UV detector is approximately 0.0000 I absorb
ance unit. Fig. 8B shows the separation of 10- 7 moles of cyclic AMP from 2· 10- 12

moles of Y-AMP. By making use of radioactive cyclic AMP the sensitivity is de
termined by the specific activity of the radioactive label. Fig. 8C shows the separation
of 10- 10 moles of [3H]cAMP from 10- 15 moles of degradation products (Y-AMP
and/or nucleosides), The detection limit can be reduced still further if [32p]cAMP

(1000-3000 Ci/mmole, NEG-Oil; New England Nuclear, Boston, MA, U.S.A.) is
used. The detection limit would be then 10- 17 moles, which is only 6 million mole
cules.
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SUMMARY

The polarity , pH , ion concentration and polarity of the buffer ions of the
mobile phase were modified systematicall y in order to find optimal conditions for the
separation of nucleobases, nucleosides and nucleotides by ion-exchange chroma to
graph y. Th e effects of these mobile pha se parameters on the retardation of 26 nu
cleobases, nucleosides and nucleotides on the cation exchanger Partisil-IO SCX and
the anion exchanger Partisil-I 0 SAX were examined and resulted in the formulation
of the following simple rules :

(I) These ion exchangers also have revers ed-phase and normal-phase prop
ert ies; their occurrence is det erm ined by the polarity of the mobile phase .

(2) The ion con centration has an effect only on ion-e xchange properties,
(3) The pH of the mobile phase determines the degree of protonat ion of the

solutes, and therefore the charge and polarity. Many solutes have different pK valu es,
thu s pro viding a tool for the variation of selectivity ,

(4) The polarity of the buffer ions has an ind irect effect on ion-e xchange chro
matography through differential distribution of the buffer ions over the two phases.
Th is differential distri bution is caused by reversed-phase or normal-phase charac
teristics,

The integra tion of these three types of chromatography has been dem onstrated
by some examples,

IN T RODU CTION

Ch arged solutes have commo nly been separated by ion-exchange chroma te 
graph y": ". Nucl eosides, nucleobases and nucleotides have been separated by ion-ex-

* Present address: Zoologica l Labora to ry, Ce ll Biology an d Morph ogene sis Unit , University of
Leiden , Kaiser st raa t 63, 23 11 GP Lcid cn, Th e Nethe rla nds,

002 1-9673/8 1!OOOO-OOOOj$02,50 \( 'j I '.IX I Elsev ier Sc ientific Pu blish ing Co mpany
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change chromatography and reversed-phase chromatography'r". Reversed-phase
chromatography is increasingly replacing ion-exchange chromatography, especially
after the introduction of hydrophobic ions as a component of the mobile phase3 2

-
3 7

. A
disadvantage of ion-exchange chromatography is the unpredictability of some sepa
rations; the solutes are not always eluted in the sequence of their charges. Often these
complexities can be diminished by the addition of non-polar solvents to the mobile
phase3 8-4 1 .

Samuelson." studied the distribution of ethanol over the two phases of an ion
exchanger used in low-pressure liquid chromatography. He found that with up to
30 %ethanol in the mobile phase the concentration of ethanol in the stationary phase
is always higher than that in the mobile phase. If the concentration of ethanol in the
mobile phase is above 35 %, then its concentration in the stationary phase is always
lower than that in the mobile phase". Eksteen et al." used these results to explain the
retardation of nucleobases and nucleosides on an anion exchanger in the presence of
varying ethanol concentrations. These experiments suggest that reversed-phase and
normal-phase interactions may take place in ion exchangers. In reversed-phase chro
matography the ion concentration has little effect on retardationf", but in ion-ex
change chromatography it has a pronounced effect 1.2.

The simultaneous occurrence of reversed-phase and ion-exchange interactions
may result in unpredictable separations. Therefore, the effects of the polarity, pH,
buffer ion concentration and polarity of the buffer ions in the mobile phase on the
retardation of 26 nucleobases, nucleosides and nucleotides was studied systematically
on anion and cation exchangers. The results led to rules for practical ion-exchange
chromatography and a few applications are shown.

EXPERIMENTA L

The high-performance liquid chromatographic (HPLC) equipment consisted
of an Altex Model 100A pump, a Rheodyne 7105 injector and a Perkin-Elmer LC-55
variable-wavelength detector set at 260 nm. The columns were packed with the anion
exchanger Partisil-IO SAX and the cation exchanger Partisil-IO SCX (Whatman; 250
x 4.6 mm 1.0.). The concentrations of the mobile phase components are always
given for the total mixture. The ion concentration is given for the cations.

The pH was measured with an E-516 Titriskop Metrohm Herisau pH meter.
Retention times were recorded with a stop-watch and were reproducible with a stan
dard deviation of 0.5 %. The solutes were dissolved in water. The flow-rate was 2
ml/min with a pressure between 35 and 70 bar, depending on the column and the
composition of the mobile phase. All experiments were carried out at room tempera
ture.

RESULTS AND DISCUSSION

In addition to the solutes listed in Table 1* and shown in Fig. I, the following

* Abbreviations used: cAMP = adenosine-3',S'-monophosphate; 5'-AMP = adenosine-5'
monophosphate; cPMP = purine-riboside-3',S' -monophosphate; B = Boehringer (Mannheim, G.F.R.); S
= Sigma (St. Louis, MO. U.S.A.); P = Pharma-Waldhof (Munnheim, G.F.R.); M = Merck (Darm
stadt, G.F.R.); k' = column capacity ratio; (X,AMP = selectivity to cAMP.
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TABLE I

PHYSICO-CHEMICAL PROPERTIES OF SOLUTES

No. Compound Source Hydrophobicity* Electrophoretic
atpH 3.0 mobility** at pH 3.0

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

1 cAMP P 0.8 - 3.1
2 N6-Monobutyryl-cAMP B 3.9 - 8.4
3 6-Chloro-cPMP B 2.0 -10.8
4 8-Amino-cAMP B 0.6 + 0.5
5 8-Dimethylamino-cAM P B 3.5 + 0.1
6 8-Benzylamino-cA MP B 11.2 + 0.7
7 5'-AMP B 0.3 2.9
8 Adenosine M 1.1 + 11.1
9 Adenine B 0.8 + 19.5

10 8-Bromo-cAMP B 2.0 5.6
11 8-Methoxy-cA M P B 1.0 - 2.9

243

* Hydrophobicity is expressed as the column capacity ratios (k ') of the solutes on a reversed-phase
column (RP-8, Riedel-de Haen, Hannover, G.F.R.) in 10% methanol-I 0 mM ammonium formate (pH
3.0)42.

** The electrophoretic mobility is expressed as the rate of movement in cmjh of the solutes to the
negative pole (positive sign) or positive pole (negative sign) of a Pherograph high-voltage electrophoretic
apparatus. The electrophoretic movement is divided by the R; value of the solute in ascending paper
chromatography, and thus corrected for adsorption of the solutes to the paper.

compounds were investigated the same way (data not shown, except in Figs. 6 and 7):
8-hydroxy-cAMP (B), xanthosine-3',5'-monophosphate (B), 5-aminoimidazole-4
carboxamide-l-ribose-3' ,5' -monophosphate (AICAR) (B), adenosine-N i-oxide (S),
2'-deoxyadenosine (M), 5'-tosyladenosine (P), 2',3'-isopropylideneadenosine (S),
2',3'-O-p-methoxybenzylideneadenosine (S), guanosine (P), 2' -deoxyguanosine (M),
cytidine (P), 2' -deoxycytidine (P), uridine (P), thymidine (B) and purine riboside (S).

The electrophoretic mobility of the solutes was determined in 0.04 M citrate
hydrochloric acid (pH 3.0) on Whatman 3MM paper using Pherograph high-voltage
electrophoresis at 2000 V. Adsorption of the solutes to this paper was determined in
this buffer by ascending paper chromatography. As an indication of the charge of the
solutes at pH 3.0 the electrophoretic mobility was divided by the RF value for paper
chromatography.

No R, R2

R, -NH2 -H

(r~}-R2 2 -NH-CO- CH2-CHrCH3 -H
~4 Ii

3 -Cl -H

O~~OH 4 -NH2 -NH 2

-NH 2 -N(CH 3)2
1-
0 6 -NH 2 - NH-CHrC6Hs

10 -NH 2 -e-
11 -NH 2 - 0-CH 3

Fig. I. Structures of the cyclic nucleotide derivatives.
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Structure of the ion exchangers

P. J. M. VAN HAASTER-

Pa rlis ll- l0 SAX

Pa r hsi HO SCX

The information on the structure of Partisil-\ 0 SAX and sex was kindl
provided by Dr. F . Rabel , Whatman Inc. (personal communica tion). Partisil-I 0 SA)
and sex are chemically modified silica gel resins, which still contain silanol groups
The functional groups are shown in Fig. 2.

Io R
I Iffi

- si-{cH2)n-N- H
I Io R
I

I
o 0
I Oil-ri- (CH2). ~ /; ~-oe
o 0
I

Fig. 2. Stru ctures of the funct ional groups of Partisil-I 0 SAX and Part isil-I 0 sex.

In the anion exchanger Partisil-IO SAX, the tertiary ammonium moiety for
ion-ex change properties is connected to the silica gel matrix via an aliphatic spacer. In
Partisil-IO sex, cation-exchange properties are de rived from the sulphony l moiety,
which is connected to the silica gel matrix via a spacer composed of aliphatic and
aromat ic moieties.

Anion exc hanger

In ion-exchange chromatography the buffer ion concentrat ion and the pH are
the important mobile phase parameters that influence the retardation of charged

k'
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6

4

o

: :~\_'2
56 '~ • •,~. ' - -- 5 6

4 ' '.

--------.- - - . 1.3.4

/o 10 50 100 500 1000

ion concentration [mM]

Fig. 3. Influence of ion concentration on column cap acit y rat ios. Sta tionary pha se : Parti sil-I OSAX anion
exchanger. Mobile phase : sodium pho sph ate butfer (pH 3.0). Solutes : I = cA MP; 2 = Nb-monob utyryl
cAMP; 3 = 6-<:hloro-c PMP; 4 = 8-amino-cAMP; 5 = 8-dimethylamino-cA MP; 6 = 8-benzylamino
cAMP.
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solutes. The ion concentration main ly affects column capacity ratios and pH affects
column capacity ratios and selecti vity . In Fig. 3 the buffer ion concentra tion increased
from 6 to 500 mM. Above about 100 mM the ion concentra tion no longer intluenc es
the retention times. Alt hough ion-exchange chromatography is virtually absent, th ere
is still retention, especia lly of the nucleoti des with hydrophobic substi tuents (F ig. 3,
Table I) . Reversed- ph ase interact ions ca n be diminished by the additio n of an apo lar
solvent to the mobile phase'':'. The addi tion of sma ll amounts of acetonitrile to the
mobile ph ase (F ig. 4) results in a reduction of the reten tion times of the nucleotides
with hydrophobic substituents (Fig. 4, Table I). This ma y indicate that acetonitrile
removes reversed -phase interactions. At high ace to nitrile concentrations, the reten
tion of most nucleotides increases. This suggests the introduction of normal-pha se
chro matography, probably due to acti vat ion of silanol groups at high acetonitrile
concentrations.

The effects of the mobile phase components on the retardation of charged
solutes by ion-exc ha nge chromatography can be shown more clearly fo r a ca tion
exchange column.

•10

o

'\
\ ·7

. )<, /
'--'~_<--_.--L '

7 / ~-2
1~ •6'---._ _. 6

6

B

o
I

2

4

25 50

% CH3CN

Fig. 4. Influ ence o f polarity of the mobil e ph ase o n co lumn ca pac ity ra t ios. Sta tio na ry ph ase : Partisil-I O
SAX anion excha nger. Mobile ph ase: 20 mM tri ethylammonium forma te (pH 3.0) . Solutes : I = cAMP; 2
= N6 -monobutyryl- cAM P; 6 = 8-benzy lam ino-cA M P; 7 = 5' -A M P.

Cation exc hanger

Par tisil-I Osex co nsists of a silica gel matr ix to which sulphonyl groups are
coupled via a spacer composed of alip hatic and aromatic mo ieties (Fig. 2); silanol
groups are present (Dr. F. Ra bel, Whatman lnc., per sonal communication). Due to
these components, the fo llow ing types of chroma togra phy can take place on this
cat ion exchanger: ca tion exchange on the sulphonyl groups; reversed-ph ase chroma
tography on the aromatic and aliphatic spacer; and normal-phase chromatography on
the unprotected silanol gro ups of the ma tr ix. Each of these types of chromatography
may be effective.
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Polarity of the mobile phase
If reversed-phase, ca tion-excha nge and no rmal-phase interaction s a re involve,

in the ret ardation of a so lute on a cation exchanger, the polarity of the mobile phas
will determine th e types of interaction s th at are predom inant. Reversed- phase an,
ca tio n-excha nge properties may be present if the mobile phase does not cont ain aJ

apolar so lvent. Addi tion of a pola r so lvent to the mobile phase will remove the re
versed-phase pr operti es. Silano l groups may becom e activa ted at a high co ncen
tration of an apolar solvent in the mob ile ph ase.

Cation-exch ange properties will be present at all po iarities. An explana tion fo
the effect s of the polarity of the mobile phase on retardation of the nucle obases an:
nucleosides will be given lat er .

In buffer a lone seve ra l nucl eo tides are reta rded on a cat ion excha nger (F ig. 5)
T he retentio n times of the nucl eobases, nucl eosides and nucle ot ides are not very wei
corre lated with their charges (F ig. 6a) . The ad d itio n of acetonitrile to the mobil,
phase results in a reduction of the retenti on times of the nu cleotides, especially of th,
hydr ophobic ones, such as N6-mon obutyryl-cAMP (2), and 8-d imethylamino -cA MI
(5) (Fig. 5). Between approximately 15%and 40 %aceto nitrile, the retenti on time s 0

the nucleobases, nucleo sides and nucl eotides change only slightly (Fig. 5).

"5
4 . 5

o ~~._~//
---.~-----

o 25 50 75

% CH3CN

Fig . 5. Influ ence of polarity of the mo bile phase on co lumn ca pac ity ratios. Sta tionary phase : Parti sil -I f
sex cation exchanger. Mobil e phase : 5 m M tr ieth ylam mon ium for ma te (pH 3.0) . Solutes: 1 = cA MP; :
= Nb-monobutyryl-cAMP; 5 = 8-d imethylamino-cAMP; H = adenos ine; 9 = ade nine.

The orde r of elution fro m the co lumn fo llows the order of electropho retic
mobility onl y with 25 %acetonitrile in the mobil e phase (Fi g. 6b).

T he dec rease in th e retent ion times of the nucleotides on the ca tion excha nger
between 0 %and 25 %ace to ni trile (Llk ' SC X) is proportion al to the hydrophobicity 01
the solutes (k:' RP- 8) (Fi g. 7). Thi s clearly shows that reversed-phase inter actions
occur in the absence of acetonitrile, and th at acetonitrile rem oves these reversed
phase interactions.

Above 50 % ace toni trile in the mobile phase, nucleot ides becom e even more
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Fig. 7. Correla tion betwee n hyd rophobi city o f the nu cleotides an d the di lTerenc e in co lumn ca pac ity rati os
on an ion excha nger in the a bsence of acetonitrile and with 25 % ace to nit r ile. Abscissa: hydropho bici ty of
the nuc leotides, expressed as co lumn capaci ty rat ios o n a reve rsed -phase co lum n ik' RP_84 2

) . Ordi nate :
decrease in column ca paci ty rat ios on Parti sil-lO SCX cat ion excha nger if th e m ob ile ph ase cha nge d from 5
mM triethylam mo nium for mate (p H 3.0) to 5 mM triethy lammonium for mate-25 % acetonitri le (p H 3.0)
(<16: ' SCX).

retarded (Fig. 5) and, as in the ab sence of acetonitrile, the order of elution does not
correspo nd closely to the order of the electrophoretic mobilities of the solutes (Fig.
6c). Th e selecti vity of the nucl eotides in relation to cAMP changes minimally above
65 % acetonitr ile (Fi g. 8). Onl y 5'-AM P is retarded more strongly than cAMP at
increa sing acetonitrile concentrations. Thi s suggests retardation by normal-phase
interactions of the phosph ate moietie s with the silano l groups. Thi s phosph ate moiety
is identica l in all cyclic nuc leotides, is more polar in 5'-A MP and is not pre sent in the
nucleo bases and nucleosides.

The presenc e of reversed-phase, cati on -exchange and normal-ph ase chroma
tography on one column ca n be very co nfusing when optimizing separa tions, as the
etfects of the mobile phase param eters ca nno t be easily predicted . Ret ardation on an
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F ig. 8. Influence of polari ty of the mobil e ph ase o n th e selectivity of the so lutes to cA MP (OCcAM") a t higl
ace to nitrile concentrati on s in the mobil e ph ase. Stationary ph ase: Parti sil-IO sex cation exchanger
Mobil e phase : 5 mM tri ethyl ammon ium formate (pH 3.0). Solu tes : I = cAMP; 6 = 8-benzylamin o
cA MP; 7 = 5'- A MP; 8 = ad en osine; 10 = 8-bro mo-cA M P; II = 8-methoxy-cA M P.

ion-exchange column is cau sed solely by ion-exchange pr op erties, if a mod erau
amount of apola r so lvent is added to the mobile phase.

Concentration of buffer ions
The butTer ion co ncentra tion is that mobile phase co mpo nent which is a lway:

used to cha nge co lumn ca pac ity rat ios in ion-exch an ge chroma togra phy' :". An in
crease in con centrati on decreases retention times. The ion concentration has minoi

6

4

2

.
5 10 50

co ncen tra t ion lm lvll
Fig . 9. Influence of co ncentra tio n of bu ffer ions o n co lumn capacity ra tios. Stationa ry phase : Part isil- I
sex cation exc ha nger. Mobi le pha se : trie thylammonium formate-75 ~ '.;. acetonitri le (p H 3.0). Solutes : I :
cA MP ; 2 = N"-monobutyryl-cA M P ; 5 = 8-d imethy lamino-cA MP; 8 = adenosine; 9 = ade nine .
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effects on reversed- pha se chro ma tog raphy'V. To show the effect on normal-phase
chroma tography, th is pa ram eter was vari ed in the presence of 75 %aceto nitrile. F ig.
9 clearly shows that the ion concentration has min or effects on th e nucleotides, which
were assumed to be mainly reta rded by normal-ph ase chro matogra phy . The ion
concent ra tion strongly infl uences the reten tion times of the nucl eobases and nu
cleosides, which is as expected for cation-exchange intera ctions.

p H of the mobile phase
The pH of the mobil e phase influences the cha rge of the so lutes, and con 

sequent ly their pola rit y. Protonation of a basic at om gro up results in stro nger ca tion
exchange interactions. and in an increase in po lar ity. Both phenom ena are shown in
Fig. lOA . At 65 % acetoni trile, a decrea se in pH result s in stro nger ca tion-excha nge
interactions of the nucleobases and nucleosides, and in stronger normal-phase int er
actions of th e nu cleot ides. Most solu tes will have different pK va lues; the refore, th is
param eter should also have a strong effect o n selectivity. This is shown for some
nucleo tides in Fig. 108.

3 ® 3 ®

, :~.~ "<AM' , j :
\ . 7 '~'7'

,.-----.~"'. , s ••-> .>: s

1. ______.~:~ 8 ' [' _ 10
6

1;<:/:__.1
.~ ' 7• . __________ • 2

o ~. , 0 _2.------..-=-:7 :10

2.5 3.0 3.5 4.0 25 3.0 3.5 4 .0
p H pH

Fig. 10. Influence of pH on co lumn ca pacity ra tios (A) a nd selectivity to cAM P (B). Stationa ry phase :
Part isil- IO SCX cation excha nger. Mobile phas e : 5 mM tr ieth ylamm on ium formate-65 % acetonitri le.
Solutes: I = cAM P; 2 = N"-mon o butyryl-cAM P; 5 = 8-Jimethylamino -cAM P; 6 = S-be nzylamino
cAMP; 7 = 5'-AMP ; 8 ~ adenosin e; 9 == aden ine; 10 = 8-bro mo -cAM P.

Polarity of the buffer ions
The polarity of the buffer ion s has a strong effect on retardation on a reversed

phase column, partly due to differential dist ribut ion between the mobil e phase and
the sta tiona ry phase3 7

,42 . On thi s ca tion excha nger not only do ca tion-exchange
properties occur, but normal-ph ase and reversed-phase interaction s can also take
place. Owing to the se normal-phase and reversed-phase properties, the polarity of the
buffer ion s may ha ve an effect on the co ncentra tions of the se ions in th e stationary
phase and, consequently, on the retardation of a so lute by ion-excha nge interac tions.
To study the effect of th is param eter on retardation , the po larity of the catio ns was
varied for all compounds at different acetonitrile con centrations. The concentration
of cat ion s in the mobil e phase is kept co nsta nt. Th e results for one nucl eoside are
shown in Fig. I I.
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Fig. II . Influen ce of hydrophob icity of the buller ions and polar ity of the mo bile phase on co lumn capacir
rat ios of adenosine. Stati on ary phase : Parti sil-I OSCX cati on exchan ger. Mobile pha se : 5 OlAfcati ons (p}
3.0). Cations used : ammoni um, ethylammonium, trieth ylamm on ium, tr ibut ylammonium and tetrabut yl
ammonium. Their hydrophob icities were calc ulated with the hydr oph obic fragment al constanr ' ". For (a)
(b), (c) and (d), see text.

In the ab sence of ace to nitri le (Fig. II, curve a), reversed-phase properties ar,
present in thi s cation exchanger , which results in att rac tion of hydrophobic com
ponents of the mobile ph ase by the stationary phase. An increase in the hydro pho
bicity of the cations results in an increase in their con centration in the stationar
pha se, and therefore in reduced cati on-exchange interaction s (Fig. II , curve a). A
37.5 %acetonitrile (Fig . 11 , curve b), the polari ties of the two phases are the same, s'
that the hydrophobi city o f the ca tions has no effect on th e d istribution of the ca tion
ove r the two phases, and also ha s no effect on the ret ard at ion of adenosine (Fig. II
curve b). At 75 % acet on itril e (Fig. II, curve c) the sta tiona ry phase is more pola
th an the mobile phase. An incre ase in the hydrophobicity of the cations results in '
decrease in their concent rat ion in the stationary ph ase, and therefore in longer reten
tion times of solutes ret ard ed by cation-exchange int eractions (Fig. II, curve c).

The influence of d ifferent acetonitrile concentrat ion s on the retardation c
nucl eobases and nucle osides on thi s cation exchanger in the presence of tri ethyl am
monium formate can now be mor e eas ily explained (Fig. 5; Fig. 11 , curve d). Trieth yl
ammo nium is a hydrophobi c ca tion and is att racted to the sta tionary phase by re
versed-phase interact ion s that occ ur in the absence of ace to nitrile, Add ition of ac
eto nitri le to the mobil e phase removes the reversed-ph ase characteristics, and th
co ncentration of trieth ylammonium ion s in the sta tiona ry ph ase decreases and reten
tion times increase. Between 15 % and 40 % the polariti es of the two phases ar
ident ical, and no cha nges in retention times are ob served. A further increase in th



HPLC OF N UCLEOBASES, N UCL EOSIDES AND NUCLEOTIDES. II. 251

acetonitrile concentration makes the sta tiona ry phase more polar than the mobile
phase, resulting in a fur ther decrease in the concentra tion of tr ieth ylam mon ium ions
in the stationary phase. The retention times of the nucl eosides and the nucl eobases
will increase still further (F ig. 5; Fig. II , curve d).

Practical aspects of ion-ex change chromatography
The increasing replacement of ion-e xchange columns for the separation of

charged solu tes is based mainly on the ease of handling mobile phase parameters in
reversed-phase chromatography. Although th is replacement is justified by excellent
separa tions of almos t all classes of compounds, ion-e xchange columns can be even
more valuable if their properties are understood bett er. The following rules may help
to opt imize mobil e phase compos itions for ion-exchan ge chroma togra phy :

(I ) Ion-exchange columns based on a silica gel matrix also have reversed
phase and normal-phase prop erties. Th e polarity of the mobil e phase determines the
types of interactions that ca n be invo lved in retardat ion .

(2) Th e pH of the mobi le pha se is a general parameter affecting column ca
pacity ratios and especially selectivity . Thi s parameter is important if the solutes ha ve
different pK values.

(3) The ion concentra tion has negligible effects on reversed-ph ase and normal
phase interactions, but has strong effects on ion-exchange interac tions. Higher ion
concentrations redu ce the retention times of so lutes retarded by ion-excha nge interac
tion s.

(4) The polarity of the buffer ions has an ind irect effect on ion-excha nge inter
actions owing to a differential dist ribu tion of the buffer ion s between the two phases.
This partition is ca used by the presence of reversed-ph ase and normal-phase prop
erties.

During the last 2 years these rules have been applied to different separation
problems on a variety of ion-exchange columns. Combining them with the rules for
the separation of charged solutes by reversed-phase chromatographyt" , 2'-(2,4
dinitrophenoxy)-cAMP and 2'-(2A-dinitroph enoxy)-5'-A MP can be sepa ra ted in sev
era l chromatogra phic systems (Fig. 12). On a reversed- phase co lumn a high pH is
necessary in order to ob tain full express ion of the charge differences between phos
phate diesters and pho sph ate monoesters. Neit her the polarity of the buffer ions nor
their concentration is decisive. The methanol con centrati on was varie d in order to
achieve sufficient resoluti on and minimal an alysis times (Fig. 12A). On an an ion
exchanger the reversed-phase properties sho uld be removed by the addition of a
mod erate amo unt of acetonitrile, because both compounds ha ve the very lipophilic
dinitrophenoxy moiety in common . Neither pH nor the polarity of the buffer ions is
decisive. Th e ion concentrat ion was varied in order to obta in an optimal separation
(Fig. 12B). On a ca tion excha nger a high concentrati on of aceto nitrile is requ ired in
orde r to introduce normal-phase chromatography. Neither pH , the polarity of the
butler ions, nor ion concentrat ion is decisive. Th e ace tonitr ile concentrat ion was
varied in order to achieve sepa ration (Fig. II C) . On th is ca tion excha nger there is st ill
ano ther ra nge of para meters with which separa tion of these negati ve so lutes is
possible. Both so lutes haw a very hydr oph obic din itrophenoxy moiety, but they have
a different polarity at the phosphorus moiety. Reversed-phase proper ties in a cation
excha nger can produce selectivity for these so lutes. Onl y ace tonitrile is an importan t
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Fig. 12. Separation of 2'-(2,4- d initrophenoxy)-cAMP and 2'-(2,4-dinitrophenoxy)-5' -AMP in different
chromatographic systems. (A) Rever sed-phase column (RP-8, Riedel-de Haen, 300 x 3 mm J.D " self
packed) in 15 mM Na 2HP04 /H,POr46 %methanol (pH 6.6); flow-rate , 2 nil /min. (B) Anion exchan ger
(Parti sil-t OSAX) in 25 mM trie thyl amm onium formate-20 %acetonitrile (pH 3.0); flow-rate, 3 nil /min . (C)
Cation exchanger (Partisil-l 0 SCX ) in 2 m M triethylammonium form at e- 73 %acetonitrile (pH 3.0); flow
rate , 3 ml /min. (D ) Cation exchang er (Partisil-I O SCX) in 2 mM triethylammonium formate-1.5 ~;'; ac
eto nitrile (pH 3.0); flow-rat e, 3 ml/min. (E) Structure of 2'-(2,4-dinitrophenoxy) -cAMP. Solutes : I =

impurity, probably 2,4-d initro pheno l: 2 = 2'-(2,4-d initro phenoxy)-5' -AM P; 3 = 2'-(2,4-d initro phenoxy)
cA MP.

parameter for reducing retention times. The other parameters will hardly ha ve any
effect (Fig. II D) . Notice the order of elution in the se four separations.

For the study of the degradation of cyclic nucleot ide deri vatives in a liver
hornogenatef ' a separation system was required for the simultaneous an alysis of
nucleotides, nucleobases and nucleosides. It would be practical if chromatography is
relati vely independent of deri vatization of the cAMP molecule. The nucleotides can
be separated on the basis of the phosphate moiety and the nucleosides and nuc
leo base s according to their charge and polarity. Therefore. a mixture of cation-ex
change and normal-phase chro matography was chosen. The pH and polarity of the
buffer ions are relati vely unimportant. The retention times of the nucleotides were
varied with acetonitrile (normal-phase chromatography) and the retention times of
the nucleobases and nucleosides were varied with the ion concentration (cation-ex
change chromatography). A chromatogram is shown in Fig . 13.

S-Adenosyl-L-methionine (Boehringer; Fig. 14) was chromatographed on
another Partisil-IO sex column that differed from that described above by the
necessity for a 100-fold higher ion-concentration in order to obtain the same reten
tion times in cation-exchange interactions. The S-adenosyl-L-methionine peak kept a
co nsta nt column capacity ratio of 0.8 if the ammonium acetate concentration was
above 1.5 M . At this high ion con centration the peak could be shifted to the dead
vo lume by adding propanol . again indicating reversed-ph ase properties. By decreas
ing the ion concentration in the presence of propanol the S-adenosyl-L-methionine
peak was shifted to higher column capacity ratios. indica ting cation-exchange inter
actions.

Onl y if reversed-phase and cation-exchange properties are present simul
tan eou sly do two S-adenosyl-L-methionine peak s appear. The peaks are interconver-
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Fig. 14. Sepa ra tio n of two stereoisomers of Svadenosy l-t-met hio nine by mixed chro matogra phy .
Sta tionary phase : Pa rtisil- lO SCX cation exchanger. Mobile phase : 1.1 M ammonium acetate (pH 5.6);
flow-rate, 2 mljmin. Sample : commercial S-adenosy l-L-methionine was boiled for 5 min at pH 1 in 0.1 M
HCl, which resulted in racem ization and partial degradatio n. Peaks: MT A = 5'-deoxy-5'
meth ylthioadenosine ; Ad = adenine; SA M I = (- )-S-ade nosy l-L-meth ionine ; SA M II = (+ )-S
adenosyl-L-methio nine.

tible on heat ing and are equally sensitive to alkaline pH . Mo st probably these two
peaks are the two stereoisomers of S-aden osyl-L-methionine at the sulphonium atom
(Fig. 14).
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XL*. STUDY OF THE INTERNAL STRUCTURE OF THERMALLY
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SUMMARY

A decrease in the specific pore volume and specific surface area and an overall
narrowing of the pore distribution are the main changes in the internal structure of
thermally treated copolymers based on glycidyl methacrylate -ethylene dimethac
rylate. They are also closely connected with changes in the chromatographic prop
ert ies of polymeric sorbent s thu s treated . The decrease in the pore volume may be
directly correlated with the decrease in the retention volumes,

INTR OD UCTION

The chromatographic properties of macroporous polymeric sorbents are pre
dominantl y determined by their internal structure and chemical composition. The
specific surface area and the specific pore volume or average pore radius are the
cha racteri stics most frequently used in the description of the internal structure of
polymeric SOl' bents. In mo st instanc es, these data arc obtained by the dynamic ni
trogen desorption method l J. Some further valuable findings may be provided by
elect ron microscopy'"", which can show the globular order of microparticles and of
their sizes. In addition, mercury porosirnetry":" provides important information on
the pore distribution at pore radii over 4 nm.

In a previous paper'! we described changes in the chromatographic properties
of copolymers based on glycidyl methacrylate-ethylene dim ethacrylate (GMA
EDMA) which had been exposed to brief heating, due to which same destruction had
already taken place.

In this study we concentrated our attention on the internal structure of such
thermally treated copolymers by combining mercury porosimetry and the sorption
meth od based on capillary condensation of nitrogen . Th e dat a obtained were cor
related with chromatographic result s.

* Part XXX IX : F. Svec and A. Jehlickova, Angell'. Mukromo l. Chern.. in press.

002 1-9673/8 IjOOOO OOOO!$02.50 1·' Ill81 Elsevier Scient ific Pu blishing Com pa ny
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EXPERIMENTA L

J. LUKAS et al.

The thermal tre atment of copolymers and conditions for the gas chromato
graphic measurement of the retention of sorbates have a lready been described".

The specific pore vo lume was determined by the method of capillary conden
sa tion of nitrogen containing less than I '%of hydrogen using a Quantasorb apparatus
(Quantachrome, Greenvale, NY, U. S.A .).

Porosim etric measurements
Prior to measurements, the copolyme r samples were dried at room temperature

and 0.6 kP a for 15 h. After being transferred into the measuring dila torneter , they
were evacua ted at 6 Pa for I h, then the dilatometer was filled with mercury at the
same pressure. A Model 225 porosimeter (Carl o Erba, Mil an , Italy) was used with a
pre ssure range of 0-2 . 105 kPa. and an IB M 1370- 135 compu tel' was em ployed to
process the results.

RESULTS AND DI SC USSIO N

The results of porosimetric measurements on thermally treated macrop orous
G M A- ED M A copolymers and the pore volumes determined by the method of capil
lar y condensation of nitrogen are given in Table I. Differences in the Vp va lues
o btai ned by the indi vidua l methods ar e due to the fact that the so rpt ion method is
suita ble for pore radi i between 1.5 and 30 nm, while mercury porosimetry records
pores of radi us 4 nm and greater. In both instances the cylindrical pore st ructure
model was used . The Vp va lues obtained by mercury porosimetry ar e closer to reality.
whereas th e result s of the sorption method detect the participat ion of micropores in
the internal stru cture.

TABLE I

POROUS ST RU CTU RES OF INITIAL AND THERMALLY TR EAT ED SAMPL ES OF G LYC ID YL
METHACRYLATE (GMA)-ETHYLENE DIM ETHACRYLATE (EDMA) COPOLYM ERS

". ------

Copolymer M odificat ion conditions M e /TIIIT porosime trv» Capillary
No . condensation

Temperature Tillie ( 11 ) VI' ( m f ' fR) SI/" (m' /g) <1/2 ( 11111) oj'N2* :
t C j VI' ( ('/If ' fR)

._ - - _ .

1** 0.89 144 4- 230 0.29
2 250 I 0.80 135 4-190 0.29
3 250 2 0.78 127 4--130 0.23
4 250 4 0.70 \13 4-13 0 0.21
5 260 2 0.74 120 4-11 0 0.18
6 280 0.52 79 4- 11 0 0.19
7*** 1.22 194 4- 200 0.31
8 250 I 0.76 99 4-1 20 0.21
9 250 2 0.63 64 5- 120 0.18

10 260 2 0.50 58 5- 80 0.09

* VI' = specific pore volume; SHg = specific surface are a; <1/2 = pore distribution.
** GMA :EDMA ratio in po lymerizati on mixture = 45:55 (w fw ).

*** G MA :ED MA ratio in polymerization mixture = 60 :40 (w fw ).
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The results show that in both sta rti ng copolymers (sam ples I and 7) the th er
mal treatment lead s to a decrease in th e to ta l pore vo lume. In agreement with earl ier
findings" , thi s decrease is more pronounced for the copolymer with th e higher GMA
content. If, for example, an identical depolymerizat ion mechanism is ass umed for
both incorporated monomeric units, then the release of one GMA molecule is at least
twice as likely as the release of the cross-linking agent that has reacted on both sid es.
This is why th e copolymer richer in GMA is degraded more quickly. The specific
sur face area (Table I) were obta ined by calculation from porosimetric measurements.
Even though th eir accuracy is lower th an that of data obtained by the sor ption
method ", it is obvio us that th e decrease in the specific surface area of thermally
treated copolymers is in agreement with the decrease in the specific pore volume.

Morphological ch anges ca used by the therma l tre atment ha ve the cha racter of
a sinte ring process and a re retlected in the ove ra ll pore distribution. As demonstrated
by Table I and Figs. I and 2, the upper boundary of the pore size decreases. Thi s is
due to the decrease in the particle volume cau sed by heat ing. Of the origina l 150-1 80
flm fraction , 30-50 %of the particles have a diameter smaller th an 150 flm , depending
on the conditions of tre atment 10. It may be assumed that heating leads to sintering,
and hence to the disappearance of micropores. This is suggested by the decrease in th e
Vp values mea sured by th e sorption method and by the initi al shape of the porosimet
ric curves of some of th e th erm ally treated copolymers (predomina ntly in samples
with a higher GMA conten t). Hence in th e sintering process th ere is an over all
nar row ing of the pore distribution, which is a useful effect for the chromatographic
sorbent. Th e resul ts show th at this nar ro wing of th e po re d istribution is a ffected by
the sin tering temperature rather than by th e durati on of thermal tr eatment (Figs. I
and 2).

Table II demonstrates the ma in ad vantage of therm ally treat ed GMA copo
lymers used as chromatographic sorbents, namely a reduction in ret ention times
compared with the original sorbent. Thi s, in turn , makes possible acceleration of the
ana lysis or reduction of the working temper atures during the analysis. It can also be
seen th at th e reduction in th e retentions of non-polar hydrocarbons is gre ater than
th at of polar sorba tes, in acco rdance with an earlier find ing? th at th e polarity of
thermally treat ed G M A co po lyme rs is higher th an th at of t he origina l copo lyme rs.

Corre lation between th e porosirnetr ic and ch romat ographic dat a (Figs. 3 and
4) shows tha t th ere is a linea r dependence bet ween th e decrease in the total pore
volume of th ermally treat ed copolymers and th e reduction in th e ret entions on th ese
samples. It sho uld be pointed out, however, th at deviat ion s appea r in the slopes of th e
stra ight lines obta ined for copolymers with va rious contents of GMA . Under th e
same conditions of thermal treatment, the decrease in th e pore volume of copolymer I
is sma ller (F ig. 3) than that of copolymer 7 (Fi g. 4). The relatively lar ger decrease in
the retention s of sorbates on so rbents deri ved from copolymer I may be explained
throu gh th e fact that the in te rna l str ucture of this less polar sorbent affects the
retent ions of co m po unds much more st ro ng ly. Hence, th e decrease in the pore
volume is also more markedl y reflected in th e retenti on s of both polar and non-polar
sorbents. Thi s is a lso ind icat ed by the a lmo st identical slopes of the stra ight lines for
both hydrocarbon s and pola r so rbates (Fi g. 3). In co ntras t, with the thermally tre at ed
and more polar copolymer 7, its chem ical composit ion plays a more im po rt ant rol e in
the retent ion, which is also indic a ted by different slopes of the dependences for hydro-
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Fig. l. Integral distribution curves of pore sizes of copolymers I -6. (a) Effect of the time of thermal
treatment: O. copolymer I (original); c , copolymer 2 (250'C. I h); e. copolymer 3 (250"C. 2 h); ••
copolymer 4 (250"C. 4 h). (b) Effect of temperature: O. copolymer I (original); e. copolymer 3 (250C. 2
h); '". copolymer 5 (260'C. 2 h); •. copolymer 6 (280 C. I h).

Fig. 2. Integral distribution curves of pore sizes of copolymers 7-10 (a) Effect of the time of thermal
treatment: O. copolymer 7 (original); . copolymer 8 (250C. I h); •. copolymer 9 (250"C. 2 h). (b) Etfect
of temperature: O. copolymer 7 (original); •• copolymer 9 (250C. 2 h); e. copolymer 10 (260C. 2 h).

TABLE II

RELATIVE RETENTION VOLUMES OF SORBENTS ON THERMALLY TREATED SAMPLES
OF COPOLYMERS RELATED TO THEIR RETENTION VOLUMES ON THE INITIAL COPO
LYMER

Values determined at 150C.

Sorbate Copolymer No.

2 3 4 5 6 7 8 9 10

Pentane 0.48 0.32 0.35 0.44 0.22 0.58 0.50 0.38
Hexane 0.44 0.28 0.30 0.40 0.17 0.59 0.52 0.42
Heptane 0.39 0.24 0.27 0.36 0.14 0.55 0.47 0.41
Octane 0.34 0.19 0.20 0.32 0.10 0.50 0.43 0.37
Nonane 0.30 0.14 0.16 0.26 0.08 0.46 0.38 0.33
Benzene 0.52 0.44 0.47 0.56 0.34 0.78 0.73 0.70
2-Butanone 0.53 0.47 0.50 0.56 0.36 0.81 0.73 0.70
Nitromethane 0.89 0.75 0.83 O.S2 0.69 0.99 0.97 0.96

Methanol 0.39 0.53 0.73 1.25 0.51 1.09 1.08 1.12

Ethanol 0.78 0.71 0.76 0.82 0.64 0.98 0.95 0.96
Propanol 0.69 0.62 0.63 0.70 0.49 0.89 0.85 O.S3

Butanol 0.58 0.50 0.51 0.61 0.37 0.80 0.74 0.70
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Fig. 3. Etfect of decrease in the specific pore volume of samples obtained by the therm al treatm ent of
copolymer 1 on the red uction of the retention volumes of sorba tes; 0, pent an e; . , heptan e; <t, non ane;
() , benzene; Q . propanol; o. nitrom eth ane .

Fig. 4. Effect ofdecrease in the specific pore volume of samples obta ined by the treatm ent of copolymer7 on
the reduction of the retenti on volumes of sorbates. Sorbates as in Fig. 3.

carbons and polar sorbates (Fig. 4). Similarly , the sintering effect affect s the reduction
of the retentions of non-polar compounds compared with the polar compounds.

The correlation between the chromatographic and porosimetric data indic ate s
close relationships between changes in the internal structure and changes in the chro
matographic properties of modified sorbents. The conclusion s drawn from this study
suggest further trends in controlling the struc ture of polymeric sorbents that possess
optima l propert ies for pract ical chroma togra phic ana lyses.
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SUMMARY

Losses due to polymerization of vapours collected from the atmosphere using a
solid adsorbent (activated carbon), that cat alyses this polymerization were examined.
The losses of styrene vapour sampled on activated carbon that occur when elution is
delayed were studied. Tests performed using an adsorbent treated with an inhibitor of
the polymerization reaction (catechol), which is effective only when the granules
rema in in contact with the eluate , are described .

INTRODUCTI ON

For the efficient utilization of sol id adsorbents for the sampling of organic
vapours. severa l factors mu st be carefully controlled I, in orde r to avoid possibiliti es
of error.

When using a fixed adso rbent bed within which air containing the vapours
flows, several parameters affecting the collection efficiency must be borne in mind,
includ ing the adsorption capacity, the particle size, the packing of the adsorbent, the
size of the spaces between the particles with respect to the mean free path of the
molecules, which determines whether viscous or molecul ar flow predominates, and
the contact time between gas and solid 2

.
3

.

Other errors may occur in the vapour phase. The tenacity with which the
sur face of the solid retains the vapour molecules vari es greatly, depending on the
characteristics of the different molecules (e.g ., polarizability) and on the fraction of
the adsorbent covered, so that the reco very is never completely quantitative. Th e
error is small er with near-saturation of the retention capacity of the ad sorbent for the
vapours being considered, becau se the fraction retained (not desorbed ) is negligible .

* Thi s resea rch was car ried out as part of the project " Pa to logia da ambiente di Lavo ro" of the Con
siglio Nationa le delle Ricerche.

0021-9673 /81 /0000 -0000/$02.50 {') 1981 Elsevier Scientific Publi sh ing Company
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These are factors of a general nature, although their incidence is different in the
various instances and they require a careful preliminary calibration. However, there
can also be specific causes, linked to particular properties of a substance, that can
have a pronounced effect on the recovery process.such as transformations undergone
by the vapours on the adsorbent.

The possibility that some molecules may be polymerized or oxidized, favoured
in these processes by the adsorbent, is of practical importance. This may occur par
ticularly with acti vated carbon, with a consequent loss of sampled vapours.

The tests described in this paper were carried out in order to study this impor
tant practical aspect of vapour sampling on a bed of acti vated granular carbon.

EXPERIMENTAL

Materials
Activated carbon of surface area 1400 m 2/g and particle size 15-30 mesh (some

tests were performed using a particle size between 30 and 100 mesh) was used.
Styrene vapour was obtained by heating polystyrene at 600"C.

Procedure
For sampling styrene vapour, the apparatus shown in Fig . I was used. It

consisted of a cylindrical copper reactor with capillary holes at the base, a copper
tube connected with the outside which, after immersion in melting ice, was divided
into two parallel lines, each consisting of a small tube containing I g of granular
carbon, a flow meter and a suction pump.

Fig. l. Schemat ic diagram of appara tus. A = Reactor; B = refrigerator; C. C, = adsorbent beds; D. D1

= suction pumps; E. E, = flow meter s.

A 200-mg amount of expanded poly styrene was placed in the reactor and
inserted in a muffle furnace at 600°C. The vapour produced was aspirated by the
pump at a flow-rate of 0.5 l/min in equal proportions into the two small tubes con
taining carbon, one of which served as a reference standard (a reference standard had
to be used for each test because the composition of the products resulting from the
thermal degradation of polystyrene is influenced by the secondary reactions, which
are affected by various factors, such as the time the vapour remains in the hottest zone
and the thickness and compactness of the sample). The volatile products of pyrolysis
of polystyrene in an inert atmosphere are monomer (44 ;',), dimer (22 °,{,), trimer
(27 %), toluene and carbon monoxide". The products vary, depending on the operat
ing conditions, particularl y in the presence of oxygen. At 400°C the degradation
should be complete; at higher temperatures toluene, styrene, benzene and ethylene
are produced. Between 400 and 700°C the highest percentage of styrene is obtained".

After the reaction, the standard tube was immediately eluted with carbon
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dioxide (5 ml), whereas the other tube was eluted, using the same amount of solvent,
after a time t which varied from test to tes t. Th e elutio n was effected by immersing the
adsor bent in the solvent for a fixed per iod (30 min), then the carbon granules were
removed by filtration. This method was preferred to perco lation because it is more
practical and easier to repe at.

The amount of styrene present in the eluate was determined by means of a
DANI Model 3400 gas chroma to graph using a 2 m x 1/4 in I.D. column packed with
3 ~~ SE-30 on Chromosorb and a flam e-ion izati on det ector. Th e number of theoret
ical plates was 3500 at 60°C, calc ula ted on the sty rene, with a retentio n time of 5.3
min; the carrier gas (nitrogen) flow-rat e was 6 cm/sec . Th e ca lculations were carried
out based on the toluene peak as internal sta nda rd, which is a lways pre sent (t R = 2.5
min) and which is not subject to variation with time.

RESULTS AND D ISC USSION

The results obtai ned are present ed in Fig. 2.

r----- " ------- ._ -- ---.----- - ----- l
10 :) '

I
80~

'Of ~: I
60l x~: . . II I

::r " , , ~ _:-__: __J
o 2 j ~ 5 6 7 8
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Fig. 2. Loss by polymerizat ion of styrene vapour (percentage of final styrene, F.s.. with respect to initial
styrene. I.s.) with time. Adsorbent carbon size : x , 15-30 mesh ; • . 30- 100 mesh.

o F s.
15-r.s

Th e reduction in the amo unt of styrene produced on dela ying the time when
the elution is carried out is fairl y regular. The var iations in the result s, even though
the tests were per formed in a strictly standard ized way, are inevitable becau se of the
ma ny factors th at may affect th e differe nt tests.

The reco very losses are between 15% and 32 % with elution after 24 h, and
between 20 %and 43 /,) with elutio n after 48 h. T hese losses refer to an adsorbent bed
of I g of carbon with an avera ge total load of 50 Il g of styrene, for tubes kept with out
special precautions with regard to light and at a temperature between 20 and 25°C.

Addit iona l tests co nsisted of ascertaining the persistence of the vapour loss du e
to po lymerization in the presence of carbon unde r d ifferent conditions, and of at
tempts to overcom e thi s drawbac k by mean s of an inhibitor of the reaction.
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Confirmation of the loss of styrene due to the catalysing effect of carbon on its
polymerization was obtained by eluting the two tubes simultaneously, but leaving the
eluate in one of them in the presence of carbon for various periods. The losses that
occur in the eluate that is in the presence of carbon (compared with the contro l eluate)
are of the same order as those which occur when the elution is delayed (Fig. 3).

To prevent the losses due to polymerization of the vapour, catechol was used as
an inhibitor of the reaction, both in the liqu id phase and in the vapour phase.

o Fs .-c-
Is. 9 0

80

70

6 0

50

40

.---- ---I

30L-_..l...-_--'-_-L_--l_--lL-----L

o 2345678
t, days

Fig. 3. Loss by polymer izat ion of styrene in so lution with time.

Liquid phase: solution of catechol in methanol
The granules of the adsorbent were treated with the so lution; after evaporation

of the solvent, the tubes were prepared and the tests desc ribed were perform ed . Th e
amounts by weight of catechol, relative to the carbon, were I :200 and 1:5.

With delayed elution there is in any case a reduction of the styrene produced
comparable to that which occurs with the adsorbent untreated with the inhibitor. The
behaviour is different if the carbon granules treated with catechol are left in the
eluate; in this instance the amount of styrene produced remains constant with time.

Gaseous phase
Passing the catechol vapour over the ca rbon granules, both before and after

adsorption of the styrene. does not lead to a suppression or decrease of the polymeri
za tion with tim e. On the contrary. the catechol vapour inhibits the reacti on only when
the y pass through the ad sorbent tube simulta neously with the styrene vapour, i.e.,
du ring the sampling. In thi s inst ance there is a suppression of the polymerizat ion and
the amounts of styrene in the eluate remain con stant, even if the elution is carried out
after an interval of several days.

The behaviour of catechol can be explained as follows . When the cat echol
molecules are adsorbed on the surface of the adsorbent , they cannot perform their
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inhibiting action becau se of their lack of mobility. Th e inh ibition occurs when the
catec ho l vapour is mixed with the styrene vapo ur before entering the tube and also
when, on eluti on , the cat echol regains its mobility in the elua te.

CONCLUSIONS

The test s performed with styrene show how the transformat ion s undergone by
the sampled vapour as a result of the action of the adsorbent can affect the final
result s. Th ese resul ts for styre ne mu st be extended to all substances, e.g., viny l
chloride and formaldehyde, th at ma y a lso under tran sformati on under the influence
of carbon.

On the basis of th e various tests, it is possible to conclude that pri or tre atment
of the adsorbent with an inhibito r may prevent th e loss with the mon om er vapo ur
sampled. In th e spec ific case examined it was established that, if ca rbo n granules
previou sly tre ated with catecho l (in solution or in the gase ous sta te) are left in the
eluate, losses du e to the ca ta lytic acti on of carbon are prevented . In thi s way the
analysis can be performed after an interval of time, with the certainty that the results
ob tained will not be affected by erro rs du e to losses cau sed by th e ad sorbent.
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SUMMA RY

Severa l different aminophenylboronic acid (APBA)-agarose matrices ha ve
been compared.

Nucleotides are able to bind to these matrices in the presence of either NaCI or
MgClz. NAD + and FAD are more tightly bound to these co lumns when compared
with other nucleotides.

The properties of NAD + and NADP + complexes with immo bilised phenylbo
roni c acids have been compared using pure 6-phosphogluconate and alcohol de
hydr ogenases. The NADP +-dependent enzyme bound to the NADP + complex. Con
versely the NAD +-dependent enzyme was only retarded by the NAD + -immobilised
APBA complex.

Glu cose-6-phosph ate dehydrogenas e from yeast has been partially purified on
NADP + complexed to immobilized boronic acid- agarose columns.

Th e desorp tion of bound enzymes to nucleotide-phenyl boronate columns can
be effected by salt gradients, the addition of diols; monosaccharides, sorbito l, cofac
tor competition, by lowering the pH of the eluent or by specific retardation.

Purification facto rs of 14-fold were achieved for yeast glucose-ti-phosphate
dehydrogenase by choosing the appro priate concentration of presaturating NADP +.
The enzyme was selectively retarded and did not require specific elution.

Similar experiments enabled yeast hexokinase to be purified by presaturation
of APBA-aga rose with AT P. Elution of the enzyme was dependent upon the concen
tration of ATP used to presaturate the column. The enzyme was simply ret arded by
the column and required no (specific) eluent.

0021-9673/8 1/0000-0000/$02.50 (0 1981 Elsevier Scientific Pu blish ing Compa ny
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INTRODUCTION

V. BOURIOTlS, I. J. GALPIN , P. D . G . DEAN

The ability of borates to form complexes with alcohols and particularly vicinal
diols has been known for some time ' v'. Biologically useful applications of the latter
property using immobilised phenylboronate to selectively interact with diols were
developed by Gilham and co-workers': ". Thus, tRNA and tRNA-isoacceptors have
been purified from yeas t" . Other separations of ribonucleotides and ribonucleotide
(ADPR)-protein conjugates have also been described'<". Small er mol ecules , pheno
lates" , catecholamines!", and sugars" have been separated by a variety of phenylboro
nates immobilised to polyacrylamide, Sephadex and polystyrene.

Immobilised phenylboronates have also found interesting applications in the
enzymic assays of adenylate cyclase! ", ribonucleotide triphosph ate reductase) 2 and a
phosphodiesterase) 3 .

Other applications of immobilised phenylboronic acid s utilise a different prop
erty of boronic acids, namely their abil ity to inhibit proteases. Thus, the purification
of proteases from Bacillu s subtilis has been reported )4 .

Three var iables ar e particularly important for the des ign of successful affinity
chromatographic separations. These are matrix, spacer arm, and ligand.

(i) Matri x: in the applica tion of imm obil ised boronates, unlik e many affinity
systems, the ligands have been mainly based on supports other than agarose. It could
be argued that cellulose and other glucose-based polysaccharides would be intrinsi
cally unsuitable because of potential interactions between the ligand (boronate) and
the matrix. This feature of the latter polymers is likely to be less pronounced for
agarose which has fewer available hydroxyl groups, none of which have the 1,2-cis
diol configuration.

(ii) Spacers : we ha ve examined the properties of agarose-immobilised phen yl
boronates with hyd rophobic arms because of the known importance of hydrophobic
" spacer arms" to enhance some low affinity interactions' ".

(iii) Ligand : the ligand used in previous work has been phenylboronate (PBA) ,
most frequently as the derivative 3-aminophenylboronate (Fig. Ia) . One of the pur
poses of thi s investigation was to examine different methods of immobilising amino
phenylboronic acid to agarose and to select from these the most suitable adsorbent for
nucleotide-based affinity separations. Thus, we hoped to be able to overcome un
desirable features of imm obilised nucleotides which include (a) the need for complex
synthesis of derivat ives suitable for immobilisation ; (b) the instability of many de
scribed covalently att ached nucl eotides and the resulting limited life of such columns;
(c) the cost; (d) the need to carry out separ ate immobilisation reactions for each
nucleotide deri vati ve.

We present data which suggest that phenylboronate-agarose ad sorbents can
retard nucleotides sufficiently to perm it chromatography of deh ydrogena ses and ki
nases from yeast extracts.

EXPERIMENTAL

Mater ials
Enzymes, their sub strates and nucleotides were purchased from Boehringe r

(Mannheim, G.F.R.). 3-Aminophenylboronic acid (APB A), 1,4-butanedi ol-digl y-
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Fig. I. The str ucture of phcnylboron ic ac id (a) an d synthesis of 6-aminocaproy l-3-a mino pheny lboronic
acid (b) .

cidyl ether, and diphen ylcarbazon e were ob tained from Aldrich (Mi lwaukee, WI ,
U.S.A.). Cyanogen bromide and yeast enzyme concentrate were obta ined from Sigma
(St. Loui s, MO , U.S.A.) . Hydrogen bromide and 6-am inocap roic acid were pur
chased fro m BDH (Poo le, Great Britain). Sepharose 6B was obtai ned from Phar
macia (Uppsala, Sweden). Matrex Gel pheny lboronate was obtained fro m S. Fulto n
(Arnicon, Lexington , MA, U.S.A .). (Ligand concentra tion was 41 {lmoles/ml ).

Me thods
Thin-layer chroma tog raphy (T LC) was performed on Kieselgel GF 254-coated

plates (Merc k, Darmstadt, G .F.R.). The spots of boron-containing compo unds were
visua lized by sprayi ng with a 0.2 % (w/v) solution of diphenylcar bazon e in meth
ano l!". A 0.2 %(w/v) ninh ydrin so lution in acetone was used for detectin g primary
amino gro ups. Nuclear magnetic resonance (NMR) spec tra were recorded at 220
MH z on a Perkin- Elmer R-34 instrument.

Measurements of retention volumes. (Least vo lume before nucleotide could be
detected). Eac h nucleotide (I mg) was dissolved in 50 mM Hepes buffer , pH 8.45 (0.2
ml) containing 0.1 M MgCI2 and applied to a column of immobilized APBA (I ml)
attac hed to CN Br-ac tivated Seph ar ose 6B (ligand concentratio n, 8 mg APBA/ml wet
weight). The temperature of the co lumn was 4"C throu ghout. Flow-rates were main
tained at 1.0 ml/h using a peristalti c pump (LK B Varioperpex) . Fract ions (0.5 ml)
were co llected and monitored for 0 .0. at 260 nm .

Immobilisation m ethods. (a) Cya noge n bromide activati on : Seph arose 6B (25 g
moist weight) was activa ted with cya noge n bromide (2 g) acco rd ing to the method of
Axen et a/.17

• Th e gel was washed with ice cold 0. 1 M Na HC03 , pH 9.5 and added to
a solutio n of APBA (500 mg) or aminocaproyl amino phenyl bo ronic acid (ACA
PBA, 500 mg) in 0. 1 M Na HC03 , pH 9.3 (20 rnl), the suspension was rotated over-



270 V. BOURIOTIS, I. J. GALPIN, P. D. G. DEAJ\

night on a Coulter mixer at 4°C. The matrix was washed with 0.1 M NaHC03 . The
ligand concentration was estimated spectrophotometrically by subtracting the amouni
of unbound ligand from the total added initially.

(b) Epoxy activation: The method of Porath!" was used to couple APBA te
Sepharose 6B. The ligand concentration of the matrix was estimated spectrophoto
metrically by subtracting the amount of unbound APBA from the total amount added

Synthesis of 6-aminocaproyl-3-aminophenylboronic acid (see Fig. Ib).
(a) Synthesis of benzyloxycarbonyl 6-aminocaproic acid (Z-ACA): 6-Amino·

caproic acid (10 mmoles) was dissolved in 4 M NaOH (50 mI). Benzyloxycarbon
ylchloride (20 mmoles) was added with cooling and shaking over a period of 20 min.
During the latter period, additional 4 M NaOH (50 ml) was added. The solution was
extracted with diethyl ether (3 x 100 ml). The aqueous phase was acidified with HCI
at O°C, and extracted with ethyl acetate (3 x 100 mI). The ethyl acetate extracts were
combined, dried (NaZS04 ) and evaporated to dryness. The resulting solid was re
crystallised from chloroform m.p. 54-56°C (Lit. 1 9 m.p. 54°C) yield 85 %. TLC
showed one spot (R F , 0.41, ethyl acetate; 0.66, ethanol). NMR [dg-dimethyl sui
phoxide (DMSO)]: lJ 1.38 (complex multiplet, 1.2 to 1.6,3 x CH z): 2.2 (t, J = 6 Hz,
CHz): 3.0 (q, J = 6 Hz, CHz): 5.20 (s, ArCHz): 7.23 (complex m, NH): 7.36 (s =
5ArH): 9.8 (s, COzH) -u,o exchangeable.

(b) Synthesis of benzyloxycarbonyl 6-aminocaproyl-N-hydroxysuccinimide
ester (Z-ACA-NHS): Dicyclohexylcarbodiimide (5.5 mmoles) was added to a so
lution of Z-ACA (5 mmoles) plus N-hydroxysuccinimide (5.5 mmoles) in dioxan (25
ml) with cooling. The reaction was left for 10 h at 12°C. The white precipitate which
formed (dicyclohexylurea) was filtered off and the remaining solution evaporated to
give an oil. The oil was washed with water followed by I M HCI and was used for the
next step without further purification.

(c) Synthesis of benzyloxycarbonyl-6-aminocaproyl-3-aminophenylboronie
acid (Z-ACA-APBA). To a solution of Z-ACA-NHS (5 mmoJes) in ethanol (10 ml)
under nitrogen was added APBA (5 mmoles) in water (10 ml) containing NaHC03

(10 mmoles). The mixture was left for 10 h at room temperature. The precipitate
which formed was filtered off, washed with water and recrystallized from ethyl acetate
to give Z-ACA-APBA as plates m.p. I72-1 74°C (yield, 20-40 %).

TLC revealed a single UV-absorbing spot (R F , 0.32, (ethyl acetate); 0.76 (eth
anol); 0.84 (ethanol-water, 1:1) (APBA gave RF , 0.26 (ethyl acetate». NMR (d6 

DMSO): lJ 1.4 (complex multiplet, 1.2 to 1.7,3 x CHz): 2.25 (t, J = 6 Hz, CH z): 2.97
(q, J = 6 Hz, CHz): 4.97 (s, ArCHz): 7.3 (s, 5ArH): 7.17~7.93 (complex multiplet, H).
APBA gave eHzO): 7.07 (complex multiplet): 7.28 (d, J = 2 Hz): 7.34 (d, J = 2 Hz)
all aromatic H atoms. Am• x (dioxan) = 253, 284 (shoulder).

(d) Synthesis of 6-aminocaproyl-3-aminophenylboronic acid (ACA-APBA) :
Benzyloxycarbonyl-6-aminocaproyl-3-aminophenylboronic acid (150 mg) was added
to 45 % (v/v) HBr in acetic acid (4 ml) and acetic acid (4 mI). The mixture was left at
room temperature for 40 min. Diethyl ether (100 ml) was added to precipitate the
HBr salt of ACA-APBA as a white hygroscopic powder. The precipitate was further
washed with diethyl ether (500 ml) and dried in vacuo. The product moved as a single
spot on TLC (SiOz) RF , 0.18 (ethanol); (cellulose) 0.68, (ethanol), m.p. > 250°C (d).
Yield, 80%. NMR (d6-DMSO): significant peaks were lJ 1.13 (t, J = 6 Hz, CH z); 1.4
(complex multiplet, CHz); 1.65 (complex multiplet, CH z); 2.38 (broad t, J = 6 Hz,
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CH 2); 2.85 (t, J = 6 Hz, CH 2); 7.62 (complex multiplet, 4 ArH); 7.92 (d, J 6 Hz)
and 9.88 (s, B(OHh) in the presence of 2H20 the peaks at b 7.92 and 9.88 were
removed by exchange. Am a x. (0.1 M sodium phosphate buffer, pH 7.0), 242 nm.

RESULTS AND DISCUSSION

Of the eleven nucleotides tested for retardation by CN Br-immobilized APBA,
only NAD+, FAD and NADH seemed to bind tightly (Table I). The etTectof varying
the pH and salt concentration on the retention of nucleotides was examined (Table
II). It can be seen from Table II that Hepes buffer, pH 8.45 improved the binding of
FAD when compared with phosphate butTer (pH 7.0) but that either I M NaCI or 0.1
M MgCI2 produced a further 6-10-fold increase in retention volume.

TABLE I

RELATIVE RETARDATION OF NUCLEOTIDES BY PBA-AGAROSE COLUMNS

Nucleotides (I mg) were separately applied in 50 mM Hepes-NaOH buffer, pH 8.45 containing 0.1 M
MgCl 2 to columns (I ml) ofPBA-Scpharosc 6B (CNBr-activated); ligand concentration. 58 /lmolcs/ml (wet
weight) at OT at a flow-rate of 1.0 ml/h. Retention volumes were measured as in Fig. 2.

Nucleotide

NAD +
NADH
NADP+
FAD
Adenosine
AMP
ADP
ATP
GMP
GDP
GTP

Retention volume ( x Va)

> 15
> 15
9-10
> 15

8
6
6.5
5.5
5.5
6
5

Capacity (umollml )

5-7
5-7
5-7
NT*
NT
NT
NT
4
NT
NT
NT

* NT = not tested.

TABLE II

THE EFFECT OF VARYING THE pH AND SALT CONCENTRATION ON THE INTERACTION
OF FAD WITH PBA-AGAROSE COLUMNS

Columns containing PBA-Sepharose 6B (CNBr-activated. I ml) were equilibrated with the appropriate
buffer before application of a pulse of I mM FAD (0.2 ml) at 4. Flow-rate 0.7 ml/h. Retention volumes
were measured as in Fig. 2.

Retention volume (x Va)

0.1 M potassium phosphate. pH 7.0 2.5
0.1 M potassium phosphate + I M NaCI 4.6
50 mM Hepes, pH 8.4 4.0
50 mM Hepes + I M NaCI 26
50 mM Hepes + 0.1 M MgCI 2 25
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These results indicate that nucleotides could be used as affinity ligands when
complexed to immobilized phenylboronic acid-agarose provided that enzyme and
enzyme-nucleotide interactions are stable to either I M NaCI or 0.1 M MgCl 2 and to
pH values in excess of 8.0 and preferably 8.4.

The increased stability of the PBA -nucleotide interaction in the presence of I
M NaCi or 0.1 M MgCI 2 has useful chromatographic applications. Thus, enzyme
samples can be applied to a nucleotide-PBA-agarose complex at low salt concen
trations (the complex being stabilised with MgCI 2 ) . The bound enzyme may be de
sorbed using either I M NaCI or nucleotide (see below).

The interaction of NADP+ with immobilised PBA was determined to some
extent by the chemistry of the linkage with the column. Fig. 2 shows the differing
abilities of PBA derivatives to bind NADP+ at various applied NADP+ concen
trations. The retention volume was also affected by the amount of nucleotide applied
to columns of immobilized phenylboronic acid (Fig. 2), decreasing in response to an
increase in the amount of NADP+ applied. This change of retention volume was
clearly related to the capacity of the boronate ligand to bind the nucleotides. Thus the
retention volumes of both epoxide and CNBr-immobilized PBA fell below ten
column volumes when more than 2-3 mg of NADP+ were applied. Columns with
retention volumes in excess of ten column volumes were effective as affinity supports.
Thus, we conclude from our experiments with CNBr-coupled aminocaproyl-3
aminophenylboronic acid that, at the ligand concentration used, this derivative of
phenylboronic acid with NADP+ cannot easily be used for affinity experiments.

15

~10
x

"E
:J

o
>
c: 5
o

~ce",
~ Epoxy·PBAcNBr'ACA-~

o 2 NADP' "mg 6

Fig. 2. The variation of retention volume with the concentration of applied NADP' for three types of
immobilised PBA. Buffer was continuously applied until the applied nucleotide emerged. The retention
volume is defined as the lowest volume after which the nucleotide was detected and is expressed as a
multiple of the column volume. The ligands were prepared as described in Experimental. The ligand
concentrations were 58 Ilmoles/ml (CNBr-PBA); 146 Ilmolcs/ml (epoxy-PBA) and 34llmolcs/ml (CNBr
ACA-PBA). Temperature. buffers and flow-rate used were as quoted in Table II. NADP' was applied in
0.2 ml to each column (I mI).

We have chromatographed purified enzymes on both NAD+ and NADP+
presaturated phenylboronic acid-agarose columns (Fig. 3). Neither yeast alcohol de
hydrogenase (ADH) nor 6-phosphogluconate dehydrogenase (6-PGDH) were able to
bind tightly to the NAD+ -phenylboronic acid complexes, whereas the NADP+
specific yeast 6-PGDH bound tightly to the NADP+ -PBA columns.
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Fig. 3. T he chroma to gra phic behaviour of purified yeast AOH a nd yeas t 6-P G O H o n NAO( P) +-PBA
Seph arose. NAO '" (a) or NA O P + (b) (2 mg) was applied to A P BA-Sepha rose 6B (I ml) (C N Br-activated)
and the resu lting adsorbent washed with 0.05 M Hepes- NaOH buffer. pH 8.45 co ntai ning 0.1 M MgC I2

(1.0 ml). Co lumns were the n load ed with a mixture of AOH (3 U) a nd 6-PG O H (2 U) (in 0.2 ml) and
was hed with the sa me buffer (7 mI). Elution buffers co nta ined 2 mM NAO(P) '" o r 20 mM sorbito l. • •
AO H; O . 6-PG O H ( x 5).

Yeast protein mixtures were applied to N ADP +- PBA co lumns and the result s
(F ig. 4) confirm those obta ined with purifi ed enzymes . Thus, A D H appea red in the
ea rly fractions of th e co lum n whereas a linear gradient of KCI eluted glucose-6
phosphate dehydrogenase (G-6-PD H), whic h was separated fro m the mai n peaks of
pro tein.

We do no t understand why NAD +-presatu ra ted co lum ns did not retard
NAD +-depend ent dehydrogenases. Similar d ifferences in behaviou r have been ob
served for rib ose-imm obil ised NAD + an d N ADP +. Several well documented ex
amples of successful applica tion of such NADP +-affinit y columns exist20

•
2 1 but few

for NAD + systems. Th e reasons may be (i) that a lar ge percentage (50 %) of non
productive species are formed by attachm ent via the adenine ribose of the dinu
cleotide ; or (ii) tha t NAD +-depcnd ent enzymes use both ribose moieties for successful
binding of the cofactorP . The apparen t inconsistency between free so lution studies
on peri od at e-oxidized (ri bose) nucl eotides (to which dehydrogenases do not bind)
and ribose-immobilised N A D P+-affinity columns (which do bind NAD P+
dependent dehyd rogenases) ca n be explained by the fact that the ribose ring in the
latte r has been reformed int o a morphol ine derivat ive and ma y well reta in the molec
ula r co nfigurat ion of the orig inal nucleotide.
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Fig. 4. Th e chro matogra phy of yeas t proteins on NAD(P )+- PBA- Sepharo se. Yeast en zyme co ncentra te
(52 mg ) in Hepes-NaOH buffe r ( I ml ), pH 8.45 (p lus 0. 1 M MgCl 2 ) co nt ain ing G-6-PD H (5.5 U) and
AD H (16 U) applied to a co lumn of PB A- Sepharosc 6B (CN Br-acti va led) (3 ml) presa tura ted with 6 mg
NA D P + (prepa red as described in Fig. 3). Elution was carried out with a grad ient o r o to 0.5 M KC I (_ . _)
in th e same Hepe s bu ffer (20 mJ to tal vol ume) . Frac tio ns of 2 m l were collected . Sam ples were as saye d for
G -6-PD H ( e). ADH (0) a nd pr otein (- -).

Application of similar protein mixtures from yeast extracts to NADP+
presaturated aminocaproyl am inophenylboronate co lumns (Fig. 5) resulted in retard
ation of the NADP +-dependent G-6-PDH dehydrogenase. A specific elution step was
not used and a 14-fold purification factor was ac hieved with 66 %yield . Thi s gel did
not perform particularly well in NADP +-saturation studies (Fig. I) (partly becau se of
its low ligand concentra tio n, 34 ~molesjml ) . which migh t explain why the enzyme did
not require a separa te elution step to be reco vered fro m the column. Ind eed boron ate
columns appear to be especi ally useful becau se of the manner in which enzymes ma y
be selectively reta rded P .

Matrex gel phenylboronate (ligand concentration , 41 Jlmolesjml) columns were
also abl e to retard G- 6-PDH from yeast protein when presaturat ed with 2 mg of
NADP + per I ml co lumn (Fig. 6). In this experiment. a purification factor of 12-fold
and yield of 69 %were recorded. Elution in the la tter instance was effected by 2 mM
NADP +.
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Fig. 5. Chro mat ographic re ta rda t ion of yeas t G-6-PD H by NA D P +-presaturat ed AC A- P BA-Sepharose.
Yea st enzy me co nce ntr at e (7. 1 mg in 0.5 ml ) in 0.05 M Hepes- NaOH bu ffer ( I ml). pH 8.5 (p lus 0. 1 M
MgC I2) was applied to a co lumn of ACA-PB A- Sepharose ( I ml) which had been preeq uilib rated wit h the
a bov e buffer (5 mil foll owed by a so lutio n co ntai ning NADP + (2 mg) in the same butTer (0.5 mil fo llowed
by buffer ( I ml ). T he con cen tr at e conta ined 18 U of G -6-PDH . Frac t ions of I ml were co llected a t a flow
ra te of I ml /h. Fract ion s were ass ayed for enzy me activ ity ( e ). O .D . 260 (A ) and O .D . 280 (0).
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Fig. 6. Chromatography of yeast 0-6-PDH by NADP+ - presaturated Matrex gel- PBA. Yeast enzyme con
ccntra te (7.5 mg in 0.5 ml) in buffer (ligand concentra tion, 41 Jlmoles/ml ) (see Fig. 5) was applied to a column
of Mat rex gel PBA (I ml) preequi libra ted as described in Fig. 5. The concentrate contained 19.4 U of 0-6
PDH . Fractions ( I ml) were collected and assayed for enzyme activity ( e), 0.0. 260 (A) and 0.0. 280 (0).
Elutio n was effected with 2 mM NADP + (arrow) .

Thus, various elution procedures can be adopted which depend to some extent
on the nature of the boronate ligand , its concentrat ion and the agarose used as a
matri x. Cross-linking of the matrix ma y have some effect and may explain the dif
ference between Matrex gel® and Sepharosew since Matrex gel is cro ss-linked
whereas Sepharose is not.

The specificity of "ligand medi ated" separations using boronate columns can
be changed by replacing NADP + with other nucl eotides. Thus, we have used Matrex
gel phen ylboronate-ATP complexes to retard hexokinase . Control columns contain
ing no ATP retard little or no hexokinase. Small amounts of material are bound
however , which are released from the column with 100 mM sorbitol (Fig. 7).

On the other hand , when ATP was included in the irrigation buffer prior to the
application of yeast extract , hexokinase was retarded (Fig. 8). Furthermore, the elu-
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Fig. 7. Chroma tography of yeast hexokinase on Matrex gel-PBA in the absence of presaturating ligand.
Yeast enzyme concentra te (I ml) in buffer (see Fig. 5) was applied to a column of Matre x gel-PBA (I ml)
(ligand concent ra tion. 41 Ilmo les/ml) preequ ilibrated with 50 mM Hepes-NaOH buffer (conta ining 0.1 M
MgClz). pH 8.45. Th e concentra te contained 62 U of hexokin ase. Fraction s (4 ml) were collected and
assayed for hexokinase ac tivity ( e) and 0 .0 . 280 {OJ. Elution was effected with 100 mM sorbitol in buffer
(arrow) .
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Fig. 8. Chro matographic profile s of hexok inase retarded by Matrex gel PBA presatur ated with three
different concentrations of ATP. Yeast enzyme concentra te conta ining hexokinase [60 (c). 66 (b) and 80 (a)
U, respectively] in buffer (see Fig. 5) was ap plied to a co lumn of Mat rcx gel PBA (4 rnl, ligand concen
tra tion , 4 1~moles/ml ) preequilibrated with ATP [8 (c), 12 (b) and 22 (a) mg in 0.5. 0.5 and I mi. respectively)
in 50 mM Hepes- NaOH buffer (conta ining 0.1 M MgCI2 ) . pH HA5 fo llowed by the same buffer (4 mI).
Fraction s (4 ml) were collected and assa yed for hexok inase activity ( e). 0 .0. 280 ( 0 ) and 260 tA). Insert
Fig . Be: Fra ctions were poo led (6 to 26) and analysed by sodium dod ecyl sulph ate-polyacry l-amide gel
electrophoresis (gel a') . A comm ercia l preparation of pure yeast hexok ina se (Boehringer) is compared (gel
b').
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tion profile of hexokinase cha nged on increasing the amo unt of presaturating ATP
from 8 to 22 mg. The pu rificat ion fac to r was least (ten -fold) when the AT P concen
tration was highest. The precise AT P concentrat ion req uired for maximizing the emer
gent specific activ ity is expected to be ditTerent for eac h bat ch of yeas t protein . From
the da ta present ed a value between 8- 12 mg AT P per (4-ml) co lumn gave the best
results.

Previou sly reported examples of immobilised nucl eotides have been described
where the ligand was attached co valently and irreversibly to suppo rt matrices. In the
latter instances co mplex chemical synt heses are requ ired pri or to co up ling the ligand
which ca n incur considera ble expense especially when large sca le ap plica tions are
considered .

We believe, des pite the problem of preparing su itable imm o bilised pheny lbo 
ronic acids that this ligand, when used as a complex with nucleotides, may overcome
many of the critic isms of immobi lised cofactors as gro up-specific ligands.

At presen t, two problems remai n to be resolved .
(i) Th e pK of the immobi lised PBA (8.9 , see ref. 20 and Fig. 9) used in th is

study is by no mean s ideal, since the chroma tography requ ires pH va lues in excess of
8.0. Wo rk is in progress to synthesise more suitable boronic acids.

12

I
a.

o 2 t: 6 8
0.01 M NoaH ml

Fig . 9. T itr at io n curv e obtained with APBA-Sepharose (CN Br-ac tivated). Sa mples of gel were was hed
with d ist illed wat er and the p H adj usted to a va lue of 1.5 with dilute HC I. The suspension was then titra ted
with 0.01 M NaOH with constant s tirr ing under nitrogen . The titrat ion was ca rri ed o ut a t room tempera
ture . Ligan d concentra tio n 8 mg A P BA per ml gel (wet weigh t) .

(ii) The ligand co ncentra tio ns used in th is work appea r to limit the enzyme
ca pac ity of these gels. T herefo re. a device is needed to augmen t the ligand concen
tr at iorr'" . However. the ubiquitous nature of PBA- eoen zyme interacti on s ena bles a
very wide ran ge of immo bilised cofactors to be prep ared with the same co lumn. Th e
co lumn is not sensitive to enzym ic degrad ation , and the ligand which is co mplexed to
the boronic acid is readi ly replaced (or excha nged) simply by stripping the PBA
mat rix with low pH buffers or so rbito l (fo llowed by urea and Na O H to remove any
adsorbed protein, for cross-linked gels on ly).

Ot her applicat ions of immobi lised PBA are under invest iga tio n in this la bo
ratory.
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SU M MA RY

An improvement in the chromatographic separation of sugars and sugar al
cohol s on cation exchangers (Ca 2+) with water as eluent is presented. Addition of
0.00 I !vf triethylamine to the eluent catalyses the mutarotation of reducing sugars,
and result s in reduced peak widths. Complete resolution is obtained for glucose,
mannose and fructose in 3t min , for glucose, rnannose, fructose , mannitol and gluci
tol in 9 min and for sucrose, glucose and fructose in 3t min. A nearly complete
resolution of lactose, glucose and galactose is achieved in 3 min. The influence of the
triethylamine content , column temperature and eluent flow-rate has been determined .
Procedures are given for column preparation, ac tivation and regeneration.

INTRODUCTION

Liqu id chromatography of sugars using ion exchangers ha s become routine.
The use of anion exchangers with borate buffer s! and with ethanol-water", and the
use of cation exchangers with ethanol-water:', as eluent have been reported. Many
improvements have been achieved, and a comprehensive review is provided by Jan
dera and Churacek". The methods given by Samuelson and co-workers/ :" result in a
low column efficiency and are not in common use. However , in combination with
borate buffer s, anion exchangers are frequently employed for the separation of simple
mixtures of sugars"? ". Although this method also lead s to low column efficiencies, it
has the advantage of a tailor-made eluent through variation of the buffer concen
tration and pH ?

Two other systems are commonly employed: alk ylamine-modified silica togeth
er with acetonitrile-water, and cation exchangers (Ca 2+) with pure water as th e
eluent. Silica can be modified with alkyl amine both chemically! 1-1 3 and ph ysi
cally ! "? " , It ha s the advantage of being resistant to high pressures, enabling the use of
high eluent flow-rates. Separations can also be carried out at room temperature with
simple apparatus. In the " Ca-co lumn" system , the main function of the ion exchanger
is to immobilize Ca 2 + , while separation is the result of the different complexing

0021-9673t lS 1/0000-0 000/$02.50 Ii') 1981 Elsevier Scien tific Publ ish ing Comp an y
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abilities of the polyols with Ca 2 + . However, the degree of cross-linking is al so impor
tant , polymeric sugars being better separated at low degrees and mono- and dimer i
sugars at high degrees. Advantages of thi s system are cheap eluent, high columi
capacity and stability and complete elution of all suga rs injected! ".

In contrast with the borate-anion exchanger system , the elution seq uenc
cannot be changed in the modified silica system nor in that o f the cation exchange
(Ca2+). There is a remarkable difference between the elution seq uences of th e last tw:
systems: on alkylamine-modified silic a, sugars are e luted in order of increasing degre
of polymerization, first monome'ric then oligomeric and pol ymeric ; the o pposite i
true for the cation exchanger (Ca2+) system . Choice of the appropriate method will
therefore, depend on the nature and quantity of the sugars to be sepa ra ted . Althougl
the use of silica columns is increasing, thi s meth od will not supe rsede the two ion
exchange methods because of the different elution seq ue nces.

In this paper we describe an extension of the applicabil ity o f the cation ex
changer (C a 2+). Addition of a small am ou nt of triethylamine (TEA) to the eluen
catalyses th e mutarotation of red ucing suga rs, resulting in reduced peak widths with
" lit affecting the elution times. The sepa ra t io ns are thus possible at room tempera
ture, with no separate peaks for sugar anomers. The ov erall result is a greatly im
proved method of analysis.

EXPERIM EN TA L

Appa ratus
The co lum n comprised a 316 st ainless-steel Lichroma tube (Chrompack, Mid

delburg, The Netherlands) , 250 mm x 4.6 mm 1.0., fitted with filters (pore size 2 pm
and th ermostated in a water-bath . The elu ent was deaerated by he at ing it to 10"(
abo ve the column temperature ; it was pumped , after passage through a 2-pm filter, b)
a so lven t delivery system (Model 6000 A, Waters Assoc .). Injection was performec
with a Rheodyne Type 7010 sa m ple valve, fitted with a 10-pl loop, and filled b)
suction using a peristaltic pump. Detection wa s by a differential refract ometer (Type
R401 , Waters As soc .). The specificati ons of the cation-exchange resin Aminex A- :
(Bio-Rad Labs., R ichmond, C A , U .S.A .) were as follows : matrix, polystyrene an c
di vinylbenzene with 8 %cross-l inking; functi onal gr oup, sulphon ic acid; particle di am
eter , 13 ± 2 pm; exchan ge capac ity, 1.7 m equiv. jml; m aximum allowable tempera
ture, 150"C.

Column preparation and quality
Several methods o f column preparation are given in literature. Rapp et al. "

pumped a slurry of the resin in etha no l- wa te r (75 :25) into the co lum n without an )
pretreatment. Ladi sch et al:'" ca rr ied o ut ste pwise washings and extract ions in ordei
to purify th e resin and to convert it into the ap pro pria te ionic form. Scobell et al,"
used th e same procedure, but with the resin inside the column, which is less laboriou s
Ladisch and Scobell also em ployed sedimentation to obtain a more uniform particle
size . We did not use sed imenta t io n as we supposed the resin Aminex A- 5 to be withir
13 ± 2 pm. Our method , resem bling that of Scobell et al.2 0 , is as foll ows.

(I) A weighed amount o f Aminex A-5 (ca. 1.5 g per ml column conte nt) wa :
placed into a column and the e luen t pump wa s connected ;
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(2) The resin was washed with 100 ml dist illed wa te r, th en with 300 ml of 0.2 M
CaCl2 in d ist illed wa te r a nd fina lly with 100 m l dist illed water;

(3) The resin wa s pumped out of the co lum n int o a beaker together wi th four
times its vol ume of wa ter ;

(4) The a na lys is column wa s fitted with a sta in less-stee l filter a t th e bottom and
a filling column at the top, and then filled with distilled water;

(5) The resin wa s slurried o ver 5 min using a n ultrasonic bath and poured into
the filling column , the residual vo lume o f whi ch was filled with water. The top of thi s
column was co nnec ted to th e elue nt pump. This proced ur e is carried o ut quickly in
orde r to avoid select ive sedi menta tio n;

(6) During I h, water was pum ped throug h th e column, maintain ing a pressure
drop of 50 p.s.i. per ern of bed height;

(7) The filling co lum n was di sconnect ed, the ana lysis co lumn filled and levelled
and fitt ed with a sta in less -s teel filter.

The flow d irect ion was marked o n th e co lumn in order to avoid d isturbance of
the co lum n pack ing. (The resin resist s appli ed pr essure; Rapp et al . l ll even used up to
20 /:, higher pr essure drops. The procedure is carried out a t room temper ature .)

The co lum n, prep ared in th is way a nd used a t S5"C with an elue nt flow-rate of
0.5 ml /m in, gave a plate height for the refer en ce su bs ta nce D-m an nito l of 80 .urn (6 x
par ticle diameter ). It has been used for 3 m onths un der various co nd it io ns : tempera
tures fro m 15 to 95"C; eluent cha nges between d isti lled wa te r, 0.00 1 M T EA, KOH
solutio n a t pH II a nd 0.2 M CaCI2 in wa te r ; and with longer SlOpS o f elue n t flow
and hea ting. The col um n perfo rm ance, wi th reference to D-mannitol was un a ltered
ove r thi s per iod , in accord ance with th e ex pe rience of Angya l et al.' ?

Standard condiI ions
Colum n: 250 x 4 .6 mm sta inless stee l filled with Aminex A- 5 (C a2+) ; temper

ature,4Y'C. Elue nt : 0.001 M tri ethylamine in wa te r; flow-r at e, 0.5 nil /m in. Injected
amount : 0.1 mg of each suga r. Attenuation o f the refr act ometer : x 32.

RESU LTS AND DISCUSS ION

Se pa ra tio n of suga rs wi th th is cation exc hanger (Ca 2
" ) , wit h water as eluent , is

genera lly performed a t elevated tem pera tures 'V'". O wing to a high er rat e o f mass
tr an sfer , the peak wid ths decrease. At lo wer te m pe ra tures, double pea ks of th e dif
ferent suga r a no me rs occ ur?", which fu se at higher temperatures due to th e increa sed
mutarotat ion rat e! " (T he sa me beh aviou r is o bserved in th e chromatogra phy o f
suga rs on ani on exchanger s with etha nol-wa te r as clue nt'" ). On th e other hand , com
ponents are more stro ngly adsorbed (exotherm ic ads o rption ) at lower temper atures
and, the refo re, th e resolut ion ca n be impro ved if th e influe nce o f th e lower mass
tran sfer rat e is small a nd th e effect o f mutarotati on is suppressed.

TEA (/ .1' a catalyst [or mutarotat ion
Since m utaro tat ion is cata lysed by hydro xide io ns, the use of an eluent having a

high pH sho uld improve th e chro matogra phic separa tion! " T he use o f an am ine,
especia lly T EA , is pr eferred for severa l reasons : stai nless stee l is m ore resist ant to
co rrosio n in ami nes tha n in ulkalis/:' : with T EA, th e elu en t pump and sa m ple va lve
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will no t be blocked by evaporation residues during shut-down periods; TEA has a
boiling point wh ich is re latively high in comparison to the column temperature; and
TEA, unlike polyamines, does not result in too high a viscosity. To elucidate the effect
of TEA addition, severa l experiments have been carried out a t room temperature.

D-Glucose solutions in water and in 0.001 M TEA were analysed at set times
after preparation, using our column with pure water as eluent and under circum
stances in which the anomers are sep arated (45"C, flow-rate 0.5 ml /rnin). Freshly pre 
pared so lu tions contain mainly the o-form, while at equilibrium the Ii-form is pre
dominant, as confirmed by polarimetry. P lots of peak areas for the (1 - and jJ-forms
versus time elapsed after preparation of the so lutions are presented in Fig. I . Ap
parently the mutarotation rate is increased by a factor of ca . 20 by the addition of
0.00 I M TEA. Other resu lts of thi s experiment are that jJ-glucose is eluted before a
glucose, and that both forms give the same quantitative response. For quantitative
analysi s, therefore, it does not matter whether an equilibrium mixture is injected or
not.
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Fig. I. Time required for equilibrium between z-glucose (0) and II-glucose ( ~) at l ye: -- -. a freshly
prepar ed solution of glucose in water; -- '- . the sa me soluti on but after additi on of 0.001 M trieth yl
amin e.

Influence of TEA concentration
To determine the optimum T EA concentration for analysis , a reference sam ple

was injected using elu ents comprising various amounts of TEA in water. First , suf-.
ficient e luent had to be pumped through in order to reach a "steady sta te". The results
ar c presented in Table I. Retention times are almost independent of the TEA co ncen
tration ; however. th e peak width of glucose decre ases with increasing TEA co ntent.
Concentrations of TEA higher than I mM do not further improve the analysis.

TEA from th e eluent will gr adually di splace Ca2+ from the ion exchanger.
resulting in decreased retention tim es and in low sepa ra t io n efficiency. This effect is
illustrated in Table II . Co ncentra tio ns higher than 0.001 M TEA should not be used,
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TA BLE I

ELUTION TI M E AND PEA K WIDT H AS A FUNCTION OF T RIET HY LAMINE CONCEN

TRAT ION IN T HE WATE R ELU ENT

t
R

= Elution time in minutes; "'~h = peak width a t half height in minutes.

Sugar** Triethvlumine concentration ( IIIM )*

0.2 ( 9 ) 0.4 (5 ) 0.6 ( 3 )

t R U'~ _h t R It'~-h t R W!'-h
2 2

Glucose 3.63 0.37 3.63 0.31 3.6\ 0.27

Fructose 5.07 0.34 5.07 0.34 5.07 0.33

Mann itol 6.89 0.44 6.93 0.44 6.91 0.43

Glucitol 9.23 0.57 9.23 0.56 9.15 0.54
--_.- --- -

/. 0 ( 3 )

3.59 0.26
5.05 0.32
6.85 0.42
9. 13 0.54

* The column conditioning time is given in parentheses.
** All sugar products menti on ed in this pa per belong to th e u-series.

TA BLE II

COLU MN EFFICIENCY BEFORE AN D AFTE R 2000 ml OF 0.00 1 M T RIET HY LAM INE ELUENT

HAS BEEN PUMP ED THRO UGH

N = Number of theoret ical plates. t. and ""1h as in Table I.

Mann itol
tR

W~h

N

G!ucito l
tR

11'1.,h
N

Resolut ion
(ma nnito l-glucito l)

Ca 2 + - COIIll/1II (f reshly
regenera ted[-water

7.09
0.4 1

1656

9.59
0.54

1747

2.63

Ca 2 + -colum n
(af ter 2000 1111
o.ooi M TEA eluent )«
O.OO! M T EA

6.71
0.38

1728

8.85
0.50

1736

2.43

T EA -columns-water

4.03
0.31

936

4.95
0.36

1047

1.37

* Realized by pumping of 150 ml of 0.1 M TEA · HCI.

and, depending on the resolut ion needed , the column sho uld be regenerated afte r ~ 2
I of eluent have been pumped thro ugh it. Co lumn regeneration can be performed as
described below.

Influence of column temperature
The result s of experim ent s ca rried o ut to determin e the infl uence of co lumn

temperature on the resolution are given in Tabl e Hl . Th e eluents pure water and 0.00 1
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M TEA are compared . Whi le at low column temperatures, using water, double peaks
occur for the red ucing sugars, single peaks are obta ined under all circumsta nces using
T EA. At higher temperatures the use of TEA results in a substa ntia l decrease of peak
width for these sugars. Th e peak wid ths for the sugar alcoho ls, which do not mut a
rotate, a re only slightly affected . Th e mutarotati on rate decreases in the seq uence :
fruct ose > ma nnose > glucose, as ca n be seen fro m the occurrence of double peaks.
The most significant improvement of the analytica l result by adding TEA is obta ined
for the slow ly mutarotating sugars. Aitzetrnuller!" reported improv ed resolut ion ,
apa rt from increased elutio n times, upon ad ding po lyamine to an ace to nitri le-water
eluent using silica co lumns . Th is im proved reso lutio n ca n also be explained by in
creased m uta ro ta tion.

TA BLE III

E LUTIO N DA TA FO R SUGA RS AT VA RIO US COLUM N TE M PE RAT U RES WIT H ( +) AN D
WIT HO UT (-) 0.00 1 1'./ T EA

tR and I\'ih as in Table I.

Sugar Colum n tempera ture ( C)

25 35 45 55 65 75 1i5
( + / -) ( + / - ) ( + !- ) ( + / -) ( +) ( + ) ( + /-)

Glucose
l « 3.67/ 3.65* 3.59/ 3.65* 3.61/3 .63* 3.66/3 .67* 3.63 3.57 3.68/3.69

H'~h 0042/ - ** 0.30/ - 0.23/ - 0.20/ - 0. 19 0.17 0.17/0.24

Mann ose
f R 4.35/ 4.37* 4.35/ 4.32* 4.25/4. 34* 4,23/4 .29 4.25 4.14 - /4.21
WI 0.31/ - 0.27/- 0.25/ - 0.22;0 .51 0.20 0. 19 -/0.23

2h

Fructose
l « 5.69/ 6.03* 5.31/ 5.6 1* 5.07/5.29 4.93/4.99 4.75 4.51 4.5 1/4.53

"'ih 0043/- 0.35/ - 0.30/0.94 0.25/0.60 0.22 0.22 0.20jO.24

Mannito l
f R 7.93/ 8.21 7.31/ 7.61 6.85/7. 09 6.53/6 .69 6.21 5.85 5,79/5.87

U'!..h 0.58/ 0.62 0047/ 0049 0040/0041 0.32/0.35 0.28 0.26 0.24/0.25
2

G lucitol
f R 1104 /12 .1 10.1 jl O.7 9.09/9 .59 8041/8 .75 7.79 7. 19 6.99/7.1 1

a-'Th 0.78/ 0.87 0.60/ 0.66 0.5 1/0.54 0041/0044 0.34 0.30 0.28/0.28

* Elut ion time is calc ulated according to f R = to (I + 1.,' .1, + I.,,' .Ii,), where t9 is the elut ion time in
minu tes of an unr eta ined compound. I.; and kp' are the capacit ies of ano mers ~ and II, respec tively, andr,
andjp are the co rresponding mo l fractions.

** Do uble pea k.

Influence of eluent flow-ra te
Results of experi me nts at di fferent eluent flow-rat es are present ed in Tabl e IV.

Peak wid ths decrease with decreasing eluent flow-ra te, while elution volumes hard ly
ch ange. The improvement in column efficiency, however , is not su ffici ent to j ustify the
lon ger elution tim es.
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TABLE IV

ELUTION DATA FOR SUGARS AT VARIOUS EL UENT FLOW-RATES

VR = Elution volume in ml ; W~h = peak width a t half height in Jll.

Sugar Eluent flo w-rate (mllmin )

0.1 0.2 0.3 004 0.5 0.6 0.7

Sucrose
VR 1.53 1.52 1.52 1.49 1.47 1.41

W~h 93 100 104 112 110 118

Lactose
VR 1.68 1.62 1.59 1.57 1.58 1.56 1.57

W~h 83 98 106 112 120 120 126

Glucose
VR 1.92 1.86 1.83 1.82 1.81 1.80 1.81
11" 77 90 98 102 106 110 112

I h

Gala ctose
VR 2.18 2.10 2.07 2.05 2.06 2.03 2.03
11" 79 93 100 109 112 113 118

I h

Man nose
VR 2.15 2. 13 2. 12 2.10 2.08 2.08
11'1 91 106 107 112 113 120

I h

Fruc tose
VR 2.56 2.47 2.43 2.42 2.41 2.40 2.4 \

W~h 88 102 116 120 128 130 134

Mannitol
VR 3.39 3.27 3.23 3.2 1 3.20 3. 18 3.18
11'1 108 124 143 156 165 168 179

I h

Glucitol
VR 4.33 4.19 4.14 4.11 4.09 4.07 4.08

'V~h 135 150 175 192 200 2 11 227
--------_..-- -- ._._ -- - - _ . . '- _ .. -- -- - --_..- .

Addition of 0.001 M TEA to the eluent cau ses the pH to rise to 10.8, and
during the elution isom erization and/or degr ad ation of the sugars may occur. We
studied th is possibility by determ ining the qu antitative response, peak form and
elution volume of the different sugars as a function of the eluent flow-rate . No in-
fluence could be found and, therefore, isomerization and degradat ion of the sugars at
high pH can be. neglected .

Column regenerat ion and activation
Column regeneration and activation can be performed by pumping through

the column successively: 100 ml distilled wat er, 100 ml 0.2 M CaCl z in water, 100 ml
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distilled water and 50 ml of 0.001 M TEA eluent. Regeneration can be carried ou
overnight, and , therefore, the procedure has not been optimized. The frequency c
regeneration will depend on the resolution needed . On the basis of an average elutio
volume of 2 ml and a regeneration step after 2000 ml eluent, 1000 analyses can b
carried out between two steps.

For reactivation and deactivation of the column, some time is needed. This i
illustrated in Table V. Six column volumes of TEA eluent must be pumped through i
order to attain a "steady state". This amount of amine corresponds to only 1/300 c
the total column capacity. The increased rate of mutarotation, is therefore not due t,
the column being in the amine form, but merely to the higher pH throughout th
column. For deactivation (not regeneration) of the column, which means lowering th
pH inside the resin , even more time is needed . A hundred column volumes of wate
eluent have to be pumped through to convert an activated column into a " norma l
column (Ca2+).

TABLE V

COLUMN ACTIVATION

t R and. l;'!h ~~ .in Table~ .
. --_.__...._._._--

Sugar Column volumes 0/ eluent
_.-.,~ ._ --_..

0 2.4 4.8 6.0 7.5._-_... ... _ _ . .

G lucose
tR 3.51* 3.51* 3.67 3.71 3.69

3.95* 3.95*

W~h 0.29 0.24 0.24

Fructose
tR 5.19 5. 19 5. 19 5.19 .5. 19

wih 0.70 0.66 0.3 8 0.32 0.3 1

Mannitol
tR 7.01 7.01 6.99 7.01 6.99

W-}h 0.41 0.40 0.40 0.40 0.40

Glucitol
t R 9.35 9.29 9.29 9.33 9.2 7

W~h 0.52 0.52 0.53 0.53 0.52
. .._-- --_ .. .._-.- -_. .._.

* Double peak.

Application of the method to some common sugar mixtures
The addition of TEA to the eluent results in a large reduction in peak width s ol

the mutarotating sugars. Therefore, better separations within shorter analysis times
are obtained, as compared with previous methods. The separations of some commor
sugar mixtures are now presented to illustrate the method .

Glucose, manno se, fructose. This product mixture is obtained from the isc
merization of glucose to fructose, where mannose is a side-product. The "isornerose '
mixture is used as a sweetener in the food industry, as an alternative to sucrose ane
"invert-sugar". Analysis can be performed using an anion exchanger with borate as
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eluent", a ca tion exchan ger (Ca2+) with water as eluent! " or unm od ified silica with
acetonitri le conta ining a trace of wateri". In these three systems the ana lysis time
needed is ca. 30 min and only the first system yields complete separation. No litera
ture da ta are avai lable for the ana lysis of thi s mixture using propylamine-modi fied
silica with acetonitrile-water, and inter pretati on of other da ta suggests that separa
tion will be difficult.

From the elution data in Table III , it is seen tha t the reso lution is dependent on
the co lumn temp erature. With increasing temperatu re, the glucose - rnannose reso
lution impro ves, while that of mannose-fructose worsens. The optimum tempe rature
is 45°C, and, using our sta nda rd ana lytical conditions, complete separa tion is ob
tained within 6 min (see Fig. 2). In seria l ana lysis the time required ca n be redu ced to
3t min .
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Fig. 2. Chromatogram of glucose (I ), mann ose (2) and fructose (3) und er sta ndard condi tions. f.s.d. = Full
sca le de flection.

Peak heigh ts remain co nstant within 2 %. From the injec tio n of different
a~ounts . of.su~ar, a linear calibration curve could be constr ucted. If the signal-to 
noise ra~1O IS higher than 10, the detection limit for our system is I f.lg sugar, cor
respond 109 to 0. 1 gi l with an injection volume of 10 f.ll.

Glucose, mannose. fruct ose , mannitol, glucitol. Th is product mixture is o btai ned
from the sim ultaneous isomeriza tion and hydrogenation of glucose. The sugar al-
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cohoIs obtained by hyd rogenation are eluted after the sugars, and a complete separa
tion is possible using the conditions described above. A typical chromatogram is
shown in Fig. 3. The time needed to separate the five components is 12 min; in serial
analysis, 9 min. The detection limit for the sugar alcohols is a factor of 2 higher than
for the sugars owing to the longer elution times.
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Fig. 3. Chromatogram of glucose (I). mannose (2). fruct ose (3). mannitol (4) and glucitol (5) under
standard condi tions.

Lactose, glucose, galactose. People suffering from lactose intolerance cannot
digest lactose or "milk-sugar". Hydrolysis of lactose to the digestible sugars glucose
and galactose is a useful method of overcoming th is problem. In this reaction, some
oligomeric sugars are formed as side-products. Chromatographic separation of the
main components lactose, glucose and galactose can be achieved using an anion
exchanger with borate as eluenr'" and a cation exchanger with water as eluent! ". The
time needed for the analysis is 30 min , which can be reduced in serial analysis to 20
and 10 min respectively for the two systems. No data are available on the use of
modified silica with acetonitrile-water as eluent for the analysis of this sugar mixture.
Such analysis will probably be difficult.

With our system , separation at 55°C is achieved within 6 min as is shown in
Fig . 4. The quantitative results are similar to those already mention ed for the glucose
mannose-fructose mixture. An ad vantage of our system over the modified silica
system is that oligomeric sugars are eluted before the monomeric sugars, which en
able s accurate estimation.

Su crose, glucose, fructose. Sucrose, gluco se and fructose are the most com
monly used sweeteners. A glucose-fructose (I : I) mixture obtained by hydrolysis of
sucrose is called "invert-sugar" . Many methods for chromatographic separation of
th is mixture are given in the literature : anion exchangers with borate as eluent9.10.25,
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Fig. 4. Chroma togram of lacto se (I ). glucose (2) and galactose (3) under sta ndard conditions , but with a
column temperature of 55"C.

Fig. 5. Chroma togra m of sucrose (1). glucose (2) and fru ctose (3) under sta nda rd cond itions .

catio n exchangers with water lll-20.26 and alkylamine-modified silica gel with acetoni
tri le-water l o .

l l
. For the anio n- and ca tion-exc hange r sys tems , th e time required for a

single ana lysis is 30 min , and in the latter case, as littl e as 15 min for seria l an alysis.
With the silica gel system, 10 min are usually necessa ry, and the time ca nnot be less in
seria l analysis because of baseline disturbances caused by inject ion .

Sucrose, glucose and fru ct ose ca n be separated und er ident ical conditions to
th ose used for glucose-mannose-fructose, as shown in Fig. 5. The ana lysis requires 3t
min if ca rrie d out serially. Th e qua ntita tive results are similar to those obtained for
glucose- rnannose- fructose. The th ree components could a lso be separated using only
water as eluent at 85"C. The time needed for elution is the same, but addition of TEA
to the eluent enables the use of a mu ch lower column temperature.
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G ASC H RO MATOG RAP HISC HE ER FASS UNG VON 6-0ESOXYHEXOSEN,
PENTOSEN UNO HEXOSEN A US HERZWIRKSAM EN GLYKOSIDEN

I. G AS-FL OSSIGKEITS-CHROMATOGRAPHIE AN GEPACKTEN SAULEN

BRI GITTE KOPP*, J. JU REN ITSCH und W. K UB ELK A

lnstitut fii r Pharma kog nosie der Universiuit Wiell, Wd hringerstrasse 25, A- J090 Wien ( Osterreich }

(Eingegangen am 8. Januar 1981)

SUMMAR Y

Gas chromatographic determinat ion ofti -deoxyhexoses, pento ses and hexoses ofcardiac
glycosides. I. Gas-liquid chromatography Oil packed column s

A new, re latively simple and accurate method allo ws th e identificat ion and
qu antificat ion of the monosacchar ide co mpo nents of cardiac glycosides.

After hydrolysis under sta nda rd co nd itions the trim ethylsilyl et hers of digitox
ose, cymarose, fucose, rhamnose, 6-deoxya llose, 6-deoxygulose , 6-deoxyglucose, 6
deoxyidose, 6-deoxytalose, 3-0 -methylglucose, allo se, a ltrose, gulose, idose, gluco se,
mannose, galactose, talose, ar abinose, lyxose, ribo se and xylose can be identified by
gas chroma to gra phy on OV-10 I or OV-17 as sta tionary phases. Th e retention times
of the main peak s of each of the ana lysed monosaccharides, and the ra tios of the peak
areas of the different anomers were found to be characterist ic and of goo d reproduci
bility.

With phen yl-ji-o-glucopyran oside as internal sta nda rd th e qu antificati on of
the abso lute amount of sugar present in ca rd iac glycosides of known co nstitution is
possible. the reco very after hydr olysis being 71- 92 %. Th e method a llows determ ina
tion of the composit ion of the suga r cha in in new card iac glycos ides and gives better
informati on in a shorter time of ana lysis than other meth od s.

EINL EITU NG

Die meisten Herzglykoside entha lten ungewohnliche, sonst in der Natur nur
selten vorkommende Zucker. die hinsichtlich ihrer Struktur ' , Biogenesev" sowie
ihres Einfl usses auf die Loslichkeit bzw. pharmakodynamischen Eigenscha ften einzel
ner Substa nzen'' :" besonderes Int eresse beanspruchen. O a diese Naturstoffe oft nur in
geringen Men gen isoliert werden konnen , ist man fur die Identifizierung der
Zuckerkomponente(n) vorwiegend auf chro matogra phische Vergleiche angewiesen.
DafUr hatte man fruher die Pap ierchromatographie heran gezogen , wobei Verwen
dung vier verschiedener Fliessmittel systeme eine eind euti ge Sicherung der nach Sau
rehydr olyse des Herzgl ykosides erha ltenen Monosaccharid-Bau sreine errnoglichte7

.

002 1.96 73/81/0000--0000/$02 .50 ,n 1981 Elsevier Scientific Publ ishin g Company
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Eine Verbesserung der Trennung konnte durch Komplexbildung erzielt werden, in
dem das Papier mit Boratpuffer? oder Natriummolybdat" impragniert wurde; auch
diese Methode war jedoch mit grossem Zeitaufwand verbunden.

Ais bisher einfachstes Verfahren zur eindeutigen Unterscheidung der Zucker
komponenten erwies sich eine Kombination von Dunnschichtchromatographie, Pa
pierchromatographie und Hochspannungselektrophorese" ,

Da unserer Arbeitsgruppe in den letzten Jahren die Isolierung einer grossen
Anzahl neuer Herzglykoside aus Convallaria majalis'Pr>, Erysimum cheiri'? und Ur
ginea maritima'< gelang und die Auffindung weiterer herzaktiver Verbindungen zu
erwarten ist, schien es angebracht, eine zeitsparende und weniger umstandliche Me
thode auszuarbeiten. Wegen des geringen Substanzbedarfes bot sich fur diesen Zweck
im besonderen die Gaschromatographie an!".

Zur Vervollstandigung der Resultate sollten neben den in diesen Verbindungen
haufig vorkommenden 6-Desoxyhexosen auch samtliche Hexosen und Pentosen in
die Untersuchungen miteinbezogen werden, zumal gerade in letzter Zeit solche Zuk
ker in Cardenoliden aufgefunden wurderr'P'!" .

EXPERIMENTELLES

Vergleichssubstanzen
o-Arabinose, o-Lyxose, o-Ribose, o-Xylose, n-Allose, n-Altrose, n-Galakto

se, n-Gulose, o-Glucose, n-Idose, n-Mannose, n-Talose, n-Digitoxose, n-Fucose (6
Desoxy-n-galaktose) und L-Rhamnose (o-Desoxy-t-mannose), Sigma (St. Loui s,
MO, U.S.A.) ; 6-Desoxy-o-allose, 6-Desoxy-o-gulose; 6-Desoxy-o-glucose, 6-Des
oxy-t-idose, 6-DesoxY-L-talose, 3-0-Methyl-o-glucose: Professor Dr. T . Reichstein,
Basel, Schweiz).

Die Glykoside waren isolierte Reinsubstanzen aus Convallaria maja
/isI 0 , 1 1. 1 5- 17 , Erysimum cheirir" , Adonis vem alis'" und Ornithogalum boucheanum'" ,
die Glykoside Sarmentosid A und Strogosid verdanken wir Herro Professor Dr. T.
Reichstein.

Zum Vergleich wurden 6-Desoxy-allose aus Strophallosid und Strophanollo
sid!", 6-Desoxy-gulose aus Desglucocheirotoxol und Perigulosid! ", 6-Desoxy-glucose
aus Glucoallisid 12 , Fucose aus Cheirosid A 1 2 , Rhamnose aus Thollosid, Lokundjosid
und Rhodexin A 10,17, 6-Desoxy-talose aus Sarmentosid A und Strogosid, Digitoxose
aus Helveticosid V, Cymarose aus Cymarin! ", Allose aus Bipindogenin-ji-c-allosid!",
Glucose aus Cheirosid A und Glucoallisid 12, Arabinose aus Strophanthidin-ji-o-allo
methylosido-u-t-arabinosid l ' und Xylose aus Glykosid A I

1 9 durch Hydrolyse im
Mikromassstab hergestellt.

Ais innerer Standard wurde Phenyl-Ii-o-glucopyranosid, Fluka (Buchs,
Schweiz) verwendet. Die Substanzen wurden vor der Einwaage im Hochvakuum
getrocknet. Aile verwendeten Losungsmittel waren p.A. Qualitat, Merck (Darmstadt,
B.R.D.).

Gaschromatographie
(I) Varian Aerograph 2740 Flammenionisations detektor (FID); Saule; Py

rex 10 ft. x 1/4 in. O .D. x 2 mm I.D.; Trennmaterial: 1.6 % OV-101 auf Chromo
sor b G AW DMCS (100-120 mesh); Tragergas : Stickstoff 20 rnl/min, Wasserstoff 30
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ml/min., Synthetische Luft 300 ml /min; Temperatur: Injektor 230°C, Oetektor
240°C; Temperaturprogramm 100-240°C (2°/min); Empfindlichkeit 32 x 10- 1 1 ; In
tegrator: Perkin-Elmer SIP-I.

(2) Perkin-Elmer F 33/3 (FlO); Saule, Pyrex 6 ft. x 1/4 in. 0.0. x 2 mm 1.0.;
Trennmaterial : 6 %OV-17 auf Chromosorb W AW OMCS (100-120 mesh); Trager
gas: Stickstoff 13.5 ml /min, Wasserstoff 30 ml /min, Synthetische Luft 300 ml /min.;
Temperatur: Injektor/Detektor 225°C; Temperaturprogramm 100-200°C (2°/min);
Empfindlichkeit 8· 10; Integrator: Perkin-Elmer M-2.

Hydrolyse ( M ethode 1)
0.50-1.00 mg Glykosid wurden in einem Kochglas in 0.3 ml Kiliani-Mischung

(3.5 ml Eisessig, 5.5 ml destilliertes Wasser und 1.0 ml konz. Salzsaurej") gelost, gut
verschlossen und I h auf 100°C (Trockenschrank) erhitzt. Nach dem Abkuhlen ver
diinnten wir mit dem doppelten Volumen Wasser und extrahierten die wassrige La
sung zweimal mit je 0.5 ml Chloroform, urn die Aglykon-Artefakte abzutrennen '. Die
Neutralisation der sauren Losung erfolgte mit Oowex 44 (Serva, Heidelberg,
B.R.O.); OH - -Forrn; Saule, 10 x I em 1.0. Oem Eluat setzten wir 0.20 mg Standard
(Phenyl-ji-o-glucopyranosid) in Form einer methanolischen Losung zu und brachten
unter wiederholtem Zusatz von Methylathylketon-x-Propanol (I :I) bei max. 40°C
und unter vermindertem Druck zur Trockene.

Hydrolyse ( M ethode 2)
Bei dieser Methode versetzten wir 0.50-1 .00 mg Glykosid mit 2 ml Aceton und

5 ml 0.05 N Schwefelsaure und erhitzten 2 h auf 95°C. Nach dem Abkiihlen wurde die
Losung mit Oowex 44 (OH - -Form; Saule: 10 x I cm 1.0.) neutralisiert und nach
Zusatz von 0.20 mg Standard unter wiederholter Zugabe von Methylathylketon-»
Propanol (I: I) bei max. 40°C und vermindertem Druck in einem 3-ml Reacti-Vial
(Pierce, Rotterdam, Niederlande) zur Trockene gebracht.

Aquilibrierung der freien Zucker in saurer Losung
Wir losten 0.20--0.50 mg Zucker in 0.3 ml Kliani-Mischung und erhitzten 30

min auf 100°C. Die anschliessende Aufarbeitung erfolgte wie unter Hydrolyse ( M e
thode 1) angegeben.

Aquilibrierung der freien Zucker in wdssriger Losung
Die Aquilibrierung wurde nach Wulff2 1 ausgefiihrt. Oas Abdampfen der wass

rigen Phase erfolgte wie oben.

Derivatisierung
Oas nach Hydrolyse oder Aquilibrierung erhaltene Zuckergemisch Iosten wir

in wasserfreiem Pyridin, wobei fur 0.20 mg Zucker 100 III Pyridin verwendet wurden,
und setzten pro 100 III Pyridin 10 III Hexamethyldisilazan und 10 IIITrimethylchlorsi
Ian (Pierce, Rotterdam, Niederlande) zu 22

. Nach gutem Ourchschiitteln wurde I III
dieser Suspension direkt in den Gaschromatographen eingespritzt. Die Losungen
waren bei Autbewahrung im Exsiccator und Kiihlschrank mindestens drei Tage ver
wend bar.
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Quantitative Bestimmung val/ Zuckern in Glykosiden
Die verschiedenen, in wass riger Losung aq uilibrierten Zucker wurden mit

Standard (204 .8 mg Phenyl-ji-n-glucopyranosid in 100.0 ml Methanol) versetzt und
wie oben weiterbehandelt. Die zur Derivatisierung verwendeten Losungsmittel- und
Reagentienmengen wahlten wir so, dass die Substanzkonzentrationen denjenigen der
Probeneinspritzlosungen entsprachen. Fur die Berechnung/ :' wurden folgende gemit
telte Standard-Korrekturfaktoren verwendet, da die fur die einzelnen Zucker gefun 
denen Werte jeweils nur urn ± 10 % (reI.) ditTerierten : 2,6-Bisdesoxyhexosen 0.90; 6
Deso xyhexosen 0.85; He xosen und 3-0 -Methy lhexosen 0.95; Pentosen 1.0.

ERGEBN ISSE

Die G aschromatographie wurde in letzter Zeit haufig zur Identifizierung und
quantitati ven Bestimmung von Zuckern herangezogen. Zwar mussen die Monosac
ch aride zu diesem Zweck in fluchtige Derivate (z.B. Trimethylsilyl-(TMS-)Ather2 4- 34 ,

Acetalditole" . MethyWther3 5
- .l

7 oder Triftuoroacetate"..l8 ) uberfuhrt werd en , doch
wird dieser Nachteil bei weitem durch die erreichbare Trennkapazitat und den Zeitge
winn wettgemacht' v". Fur die in der vorliegenden Arbeit in erster Linie angestrebte
Identifizierung der Monosaccharid-Bausteine verschiedener herzwirksamer Glykosi
de empfahl sich besonder s die Yerwendung dcr TMS-Deri vat e, welche zum einen
durch einfache, in kurzer Zeit quantitativ verlaufende Um setzung hergestellt werd en
konncn und zum andcren durch Stabilisierung dcr anomercn furanoiden, pyranoiden
bzw. a uch heptanoiden Formen im G aschromatogramm ch araktcristische "finger
prints" der einzelnen Zucker ergcben4 0

-
4 2

, woraus eine zusiitzli chc Absicherung der
An alyscnergebnisse resulti ert.

Bei der Wahl des gaschromatographischcn Trennsystems gingen wir da von aus.
dass die Trennung einer grossen Anzahl von Hexosen, Desoxyhexosen und Pent osen
moglich sein sollte. Zu diesem Zweck mu sste ein Programm iiber einen grossen Tem
peraturbereich gewiihlt werden, da einerseits eine gute Abtrennung der relativ niedri g
siede nde n TMS-Der ivat e der Bisde so xyhe xosen vom Losungsmittel und ande rseits
eine gute Auftrennung der hoher siedenden TMS-Hexosen bei moglichst kurzer Ana
Iysenzeit zu gewahrlei sten war. Wegen der hohen Temperaturst abilitat setzten wir
da zu die Siliconphasen OY-IOI bzw. OY-17 ein .

Da die Erfassung der Monosaccharid-Bausteine von Glykosiden eine saure
Hydrolyse voraussetzt , wurden auch die Yergleichssubstan zen den fur die Glykosid
spa ltung notwendigen Hydrolysebedingungen unt erworfen. Die Behandlungszeit
musste in Ubereinstimmung mit WultT2 1 allerdings fur die freien Zucker herabgesetzt
werden, urn der Kiliani -Sp altung von Herzglykosiden vergleichbare Bedingungen zu
schaffen, da ja die freien Zucker so fo rt den bekannten Zersetzungsreaktionen ausge
setzt waren. Yergleichende Untersuchungen von freier und durch saure Hydrolyse
au s Monoglykosiden gewonnener Glucose, Rhamnose und Fucose ergaben, da ss die
freien Monosaccharide nach halbstiindiger Behandlung mit Kiliani-Mischung die
gleichen "fingerprints" wie die au s den Gl ykosiden nach einstiindiger Hydrol yse ge
wonnenen Zucker aufwiesen. Wir konnten daher einzelne Zucker, die nur in geringen
Mengen als Reinsubstanzen zur Verfugung standen, durch Hydrolyse von Monogly
kosiden gewinnen, ohne eine Verfalschung der Analysenergebnisse befiirchten zu
rnussen. Fur den Nachweis del' 2,6-Bisdeso xyzucker verwende ten wir ein scho nendes



GC VON 6-D ESOXYHEXOSE N, PE NTOS EN UN D HEXOSEN. I.

R,h
IAt , OI1>LUC f1I t

1.1 I; A: , M
GAL 10 Il

+ t I 17 I I I, 10 " I & I
QU: XYl RH
I + t

i ;, ;) 4 15 '.I '

HAN TALM G: I r.
+ If r-v
u 1, \ 1 :'. !

AU Flle ARAB
+ l' + r-l
1 71 I !

GLUe ALL GLUeH 10M i "X D'QITOX eVli

n f ~ r---l I n
, ' I H '.3, , '

295

40 U filN 7U

Fig. I. Retenti on szeitcn der T'M'S-Mon osacch aride nach sa urer Hydr o lyse sowie Peakflii chenverhiiltni sse
der ano mere n Fo rmen an OV-IOI; Sa ule: Pyre x 10 ft. x 1/4 in. O.D. x 2 mm I.D. , 1.6 % OY -IOI auf
Chromosorb G (100-1 20 mesh ): Tru gcrgas: N 2, 20 rnl /min ; Tc mpc ratur: lnj ekt or : 230"C, Detekt or :
240 'C ; Oren, Programm 100- 240 C (1"/min ). C Y M = C yma rose, D IGI TOX = Digito xose, LY X =
l.yxose, ARAB = Arabi nose, G U LM = 6-Deso xygulose, RH = Rhamnose, ALLM = 6-Deso xyallose,
RIB = Ribose, 10M = o-Deso xyidos c, FUC = Fu cose, TALM = 6-Desoxytalose , XYL = Xylose, ID
= Idose, 3-0-MG LUC = 3-0 - MethylgluCDse, G LUC M = 6-Desoxyglucose, A LL = Allose, A LT =
Alt ro se, MAN = Mannose, GU L = G ulose , G LUC = G lucos e, GA L = G ala ktose, TAL = Talose.

Hydro lyseverfahren, da sich diese unter den oben angegebenen Bedingungen vo ll
stund ig zersetzten l

, 1 2 ,

Die gaschromatographische Trennung del' auf die se We ise aufbereiteten, persi 
Iylierten Zucker a n OV- 10I (Fig . I) zeigte. dass die verwendeten Bedingungen in den
meisten Fallen eine sichere Identifizierung del' Zucker zulasse n, wenn man davon
ausge hi, da ss in Herzglykosiden maximal drei verschi ed ene Zuckerkomponenten zu
erwarten sind . Nach Behandlung mit Siiur e traren jewei ls zwei bis drei Hauptpeaks
auf. die mindestens 90 :;;, del' G esamtpeakll iiche aufwiesen, weshalb wir nur die se fur
die Au swertung heran zogen . Bei Ret entionszeiten unt er 35 min wurde noch bei Dille
renzen von 0.6 min und bei Retentionszeiten libel' 3S min bei Unter schieden von 0,9
min (4<T-Trennung) eine Iur die sichere Identifizier ung del' Peaks a usre ichende Auflo
sung gcfunden, Die wcni gcn verblcibendcn kriti sch cn Paare fuhrtcn wir eine r Trcn
nung a n dcr mit tclpo lurcn Silikonphase OV -17 zu (Fi g, 2) lind konnten feststellen ,
da ss d iese Vorgangsweise eine gute Ergiinzu ng zu den an OV - IOI erzielba ren Ergeb
nissen dar stellt. Die au s Fig s, l und 2 ers ichtlichen Peakflachenverha ltni sse del' ano
meren Zu ck er erw iesen sich bei str ikter Einha lt ung del' sta nda rd isierten Hydrolyseb e
dingungen als gut reproduzierbar (max . ± lSi ;, rel.) , In Wasser aqu ilibri erte Mono
saccha ride ergaben normalerweise gleiche Hauptpeaks mit a llerd ings unterschi edli 
cher Fliichenvert eilung. Eine Au snahrne bildeten Gulose und A ltrose, welch e nach
Behandlung mit Saure je weils einen zusatz lichen Hauptpeak kiirzerer Retentionszeit
zcigten. Dies kann al s Hin weis dafur gewertet werden, dass in diesen Fallen bei del'
Siiurehydrolyse leich t Anhydroprodukte entstehen":'.

Urn d ie Leistungsfiihigkeit de s neu en Verfahrens zu prufen , wurde eine grosse
Anz ahl von herzw irk sam en Glykosiden a us Convallaria majalis, Erysimum cheiri,
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Fig. 2. Retentionszeiten der TMS-Monosacchar ide nach saurer Hydrolyse sowie Peakfl ach enverh altn isst
der anomeren Fo rrnen an OV-17; Saule : Pyrex 6 ft. x 1/4 in. 0 .0. x 2 mm 1.0., 6 % OV- l7 au
Chromosorb W (100- 120 mesh); Tragergas : N2 , 13.5 ml/min: Temperatur : lnjektor /Detektor 225°C
Ofen, Programm 100-200°C (2°/min). Abkiirzun gen vergleiche Fig. I.

Adonis vernalis und Ornith ogalum Boucheanum hydrolysiert und die Zuckerbaustein
mit Hilfe von Phenyl-[J-D-glucopyranosid als innerem Standard quantifiziert. Die fu
die Berechnung notwendigen Standard-Korrekturfaktoren bestimmten wir unt e
Verwendung von in wassriger Losun g aquilibrierten Vergleichssub stanzen unt er Be
rucksichtigung der in Fig. I bzw. Fig. 2 ersichtlichen Hauptpeaks, sod ass die bei de

ST

~c MIN 0 io MIN

Fig. 3. Ga s- Fliissigkeits-Chroma togramm der T MS-Mo no saccha ride aus Glu coallisid (Bipindogenin-6
desoxyglucosido-glucosid) nach saurer Hydrolyse, Trennbedin gun gen vgl. Fig. I. 1 = 6-0esoxyglucose, ;
= Gl ucose, ST = Phenyl-ri-n-glucop yranosid.

Fig. 4. Gas- Fliiss igkeits-C hroma togramm der TM S-Monosacch ar ide aus Cheirosid A (Uza rigenin-fucosi
do-glucos id) nach saurer Hydrolyse, T rennbedi ngungen vgl. Fig. I. 2 = Glucose, 3 = Fucose, ST =
Phenyl-ji-o-glucop yranosid.
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Hydrolyse und Probenaufbereitung nicht zu vermeidenden Substanzverluste erfasst
werden konnten. Bei Eins atz von 0.50- 1.00 mg Gl ykosid erhielten wir gut auswertba
re Gaschromatogramme (Figs. 3-6) und stellten fest , dass unter den angegebenen
Bedingungen 71-92 %der in den Gl ykosiden enthaltenen absoluten Zuckermengen
wiederzufinde n waren (Tabelle I). Bei D i- bzw . Triglykosiden waren die mit den
Faktoren korrigierten Peakflachenverhaltnisse mit dem mol aren Verhaltnis der Zu
cker gut korrelierbar.

5 6

~o " IN 0 ~o " IN

Fig. 5. Gas-Fliissigkei ts-Chromatogramm der TMS-M onosaccharid e aus Glykosid U (Stro phanthidin-6
desoxya llosido-arabinosid) nach saurer Hydrolyse. Trennbedingungen vgl. Fig. 1.4 = Arab inose, 5 = 6
Dexoxyallose, ST = Phenyl-ji-n-glucopyran osid.

Fig. 6. Ga s-Fliissigkeits-Chro matogram m der T MS-Monosacchar ide aus Glykosid AI (Lit. 19)nach saurer
Hydrolyse, Trennbedingungen vgl. Fig. I. 5 = 6-Desoxya llose,6 = Rh amnose, 7 = Xylose, ST = Phenyl
p-u-g lucopyranosid.

Das beschriebene Verfahren eign et sich somi t nicht nur fur die ld entifizierung
der in herzwi rk samen Gl ykosiden auftretenden Monosaccharid-Bausteine, sondern
lasst unter genauer Einhaltung der sta ndardisierten Hydrolysebedingungen auch si
chere Aussa gen tiber die Zu sammensetzung der Zuckerkette zu . Der Zeit- und Infor
mationsgewinn gegenuber den fruher verwendeten Verfahren ist erheblich .

Z USAMME NF ASSUNG

Ein neues, im Vergleich zu bisher bekannten Methoden einfaches und genaues
Verfahren errnoglicht die Identifizicrung und quantitative Bestimmung von in hcrz
wirksame n Gl yko sidcn vorkomme nde n Mon osacch arid-Bau steinen. Nach hydroly
tischer Spaltung bei standardisierten Bedingungen gelingt unter Verwendung von
OV-IOI bzw. OV-I7 als sta t iona re Ph ase die gaschromatographische Identifizierung
der Trimethylsilylather von D igitoxose, Cymarose, F ucose , Rh amnose, 6-Desoxyal
lose, 6-Desoxygulose , 6-D esoxygluc ose, 6-Desoxyidose, o-D esoxytalose, 3-0 -Me
thylglucose, Allose, Altrose, Gulose, Idose, Glucose, Mannose, G alaktose, Talo se,
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TABELLE I

WIEDERFI ND UNGSRATEN DER Z UCK ER NACH SA UR EHYDROLYTISCH ER SPALTUNG
VON H ERZWIRKSAMEN G LYKOSID EN BEKANNTER KONSTITUTION
--- . _-~--- ----------

Glykosid Zu ck er- Ein waage Riickgewinnung
kom ponente in) (mg) (~:)

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

Convallatoxo l Rhamnose 0.98 88
Periplorhamnosid Rhamnose 0.78 71
Desglucocheirotox in 6-Desoxygulose 1.00 9 1
Perigul osid 6-D esoxygulose 0.67 88
Strophallosid 6-De soxyallo se 0.70 85
Peripallosid 6-Desoxya llose 0.83 85
Cheiros id A f Fu cose 0.97 83

\ Glu cose 92
G lucoa llisid f 6-Desoxyglucose 0.83 88

1. Glucose 89
G lykosid Ull { 6-D esoxyallose 0.90 83

Ara binose 8 1
{ 6-D esoxyallose 84

G lykos id A I
19 Xylo se 1.07 87

Rh amnose 82
Sarmentosid A o-De soxytalose 0.56 78
Cymarin Cym ar ose 0.65 73
Helveticosid Digitoxose 0.73 75
----- --' ._--

Arabinose, Lyxose , Ribose und Xylose, wobei als Identifizierungsmerkmale neben
den Retentionszeiten der Hauptpeaks auch die gut reproduzierbare Peakflachenver
teilung ("fingerprints") der mit diesem System trennbaren anomeren Formen der
einzelnen TMS-Monosaccharide herangezogen wurden. Mit Hilfe von Phenyl -li-D
glucopyranosid als innerem Standard konnten bei Anal yse der Zuckerkomponenten
von herzwirksamen Glykosiden bekannter Struktur 71-92 %der absoluten Monosac
charidmenge wiedergefunden werden. Das Verfahren erlaubt somit auch die rasche
Feststellung der quantitat iven Zusammensetzung der Zuckerketten unbekannter
Glykoside.
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SUMM ARY

A technique is desc ribed wher eby a polypeptide containing an argin ine residue
that has been modified with cyclohexane- I,2-d ione may be digested with a protease
and any arginine-conta ining peptides specifically adsorbed to an affi nity co lumn con
sisting of immobilized borate. After desorpt ion , the peptides may be con verted into a
deri vati ve compatible with N-trifluoroacetylation and permethylation and then sub
jected to analysis by combined gas-l iquid chromatography-mass spectrometry. Al
ternatively, after isolation the cyclohexanedione group may be removed and the,
peptide analysed by conventional procedures. Improved reaction conditions, involv
ing use of urea , for mod ification with cyclohexanedione are described that were used
successfully to modify insulin and a 65-residue haem- containing fragment from cy
tochr ome-c. Th e sequence Arg- G ly-Phe was identified by mass spectrometry in a
peptide isolated by affi nity chromatography of a digest of cycloh exanedione-modified
insulin. The methods described in thi s paper are appropriate both to primary stru c
ture determination and in structure-function studies via chem ical modification of
arginine residues.

INTROD UCTI O N

The analysis of part ial hydrolysate s of proteins and polypept ides by combined
gas-liquid chromatography-mass spectrometry (G LC-MS) H> otTers several adv an
tages over techniques of amino acid sequence determination that rely on the Edm an
degrad ation. To be abl e to exploit these advantages, the oligopeptide deri vati ves
which it is necessar y to prepare must both be volatile and possess good mass spectral
characteristics. N-Trifluoroacetylation follow ed by permethylati on is suitable and is
directly applicable to peptides contain ing residues of any of the commo nly occurri ng
amino acids, except arginine? Thi s amino acid does not give rise to volatile products

* Present address : Dcpart cmcnt de Biochimi e Medicale , 1211 Ge neve 4, Switzerland.

0021-9673/81/0000-0000/$0 2.50 ((:) 1981 Elsevier Scientific Publ ishin g Co mpa ny
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owing to the high basicity of its guanido group, which must therefore first be modified
in a sepa rate reaction.

The fact that arginine residues are chemically distinct from residues of the
other amino acids permits their selective modification. Of the various methods
available, the products of hydrazinolysis, condensation with pentane-2,4-dione and
treatment with cyclohexane-I ,2-dione (CHD) in sodium hydroxide solution have
proved chemically compatible with the permethylation reaction involving dimethyl
sulphinyl sodium and methyl iodidev":". CHD in sodium hydroxide solution has
been used in conjunction with an earlier type of permethylation reaction", When
CHD is used in borate buffers, its selectivity for arginine residues becomes com
plete 1

D--13 . In summary, the adduct that is formed possesses a 1,2-diol function which
is stabilized by borate . At low pH , the borate-diol complex dissociates and the free
adduct is stable . At alkaline pH in the absence of borate, the adduct spontaneously
regenera tes CHD and the guanido group, a process which may be accelerated by the
addition of nucleophiles such as hydroxylamine. At pH > 12, a rearrangement takes
place to yield a compound containing a spiro carbon atom. Trypsin does not cleave
on the C-terminal side of arginine residues modified with CHD, a feature that is
useful for amino acid sequence determination, especially in view of the reversible
nature of the modification (compare the utilit y of reversible acylation of lysine res
idues!").

Peptides modified with CHD ma y be isolated by the usual techniques of gel
filtration , paper chromatogra phy and electrophoresis, if necessar y using a rad ioac
tively labelled reagent 1 5

. Th e ability of the 1,2-diol function to bind borate can be
exploited for affinity chromatography on a column of immobilized borate. Any pep
tides so isolated and therefore containing such a modified argin ine residue could be
identified mass spectrometrically either after a lkaline rearrangement to the spiro
form 7 or after regeneration of the guanido group follow ed by one of the procedures
for arginine-containing peptides, usuall y hydrazinolysis or condensation with
pentane-I A-dione. An advantage of direct alk aline rearrangement of the diol is that
this would retain the distinction between an arginine residue that had been modified
with CHD and one that had not. Alternatively, after isolation on the borate column
and regeneration of the guanido group, the peptides would, of course, be amen able to
sequence determination by a non-mass spectrometric method such as the Edman
degradation. Thi s paper describes some investigations concerning the form ation, iso
lation and analysis of the adducts of CHD with various arginine-containing poly
peptides.

EXPERIMENTAL

Unle ss otherwise specified, reagents were of analyt ical-re agent grad e and were
used without further purific at ion . High-voltage paper electrophoresis and staining of
separated peptides were as pre viously described 16 . Cellulose acet ate electrophoresis
was performed in a Shandon MMB tank on strips of cellulose acetate (Schleicher &
Schull, Dassel, G. F.R.) and using a buffer prepared by dissolving 3.1 g of boric acid in
200 ml of deionized 8 M urea whilst diluting with water and I M sodium hydroxide
solution ; the final volume was 250 ml (pH 8.0). The 3-cm wide strips drew ap
proximately 0.05 rnA at 200 V over a length of approxima tely 15 em. After air dr ying
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at 80-100°C, staining was effected with Ponceau S (0.2 % in 3 % acetic acid) and
destaining with 3 %acetic acid. Prior to acid hydrolysis for amino acid analysis, 20 JLI
of mercaptoacetic acid (reagent grade, Hopkin & Williams, Chadwick Heath, Great
Britain) was added when required.

Preparation of the CH D adduct of porcine insulin
Boric acid ( 1.55 g) was dissolved in water as the pH was adjusted to 9.0 with 5

M sodium hydroxide solution; the final volume was 50 ml (0.5 M ). A I.OO-g amount
of CHD (Aldrich , Milwaukee, WI , U.S.A .) was dissolved in 28.6 ml of buffer and the
pH was readjusted with 5 M sodium hydroxide solution to pH 9.0 (0.3 M CHD).
Boric acid (1.55 g) was dissolved in deionized 8 M urea and the pH was adjusted to
9.0 with 5 M sodium hydroxide solution; the final volume was 50 ml (0.5 M). CHD
(175 mg) was dissolved in 5.0 ml of thi s buffer and the pH was readjusted with 5 M
sod ium hydroxide solution to pH 9.0 (0.3 M CHD). Four 100-mg batches of porcine
insulin (Monocomponent, No vo) were taken. To lot A were added 5 ml of water and
then 5 ml of buffered CHD solution. To lot B were added 5 ml of deionized 8 M urea
and then 5 ml of 0.5 M borate buffer (pH 9.0). To lot C were added 5 ml of deionized
8 M urea and then 5 ml of buffered CHD solution. To lot 0 were added 5 ml of
deioni zed 8 M urea and then 5 ml of buffered CHD-urea solution. All samples were
soluble and were incubated for 2 h at 37°C. Each was then rinsed with 10 ml of 30 %
acetic acid into a length of boiled (I %w]» sodium hydrogen ca rbonate solution, 15
min) 18/32 Visking dialysis tubing and dial ysed at 4°C against 5 Iofcold I %acetic acid
with stirring. Th e d iffusate was changed after 3 h, a further 17.5 h and a further 5 h.
The bag contents were then freeze-dried. Yields were 99-100 mg. Samples were
hydrolysed for amino acid analysis. In each instance, a duplicate hydrolysis was
performed in the presence of 20 JLI of mercaptoacetic acid . Samples were also ex
amined by cellulose acetate electrophoresis.

Ajfinity chromatography of modified insulins and control
Samples (approximately 2 mg) of the modified insul ins and the unmodified

control (B) were dissolved in 0.5 ml of I % N-ethylmorpholine (Koch-Light, Coln
brook , Great Britain; redistilled before use) buffer (pH 8.0 with acetic acid) and
appli ed to a column (bed dimension s 80 x 5.5 mm diameter) containing m-amino
phen ylboronic acid coupled to epoxy-acti vat ed Sepharose 6B7 that had been equili
bra ted and was then elut ed with the same buffer. Fr actions of 2.5 ml were co llected.
After the fifth fraction had eluted , the eluent was replaced with I %acet ic acid . The
UV spectra of fractions were det ermined .

Performic acid oxidation of insulin
A 50-mg amount of insulin (or deri vati ve) was dissolved in 2 ml of 98 %formi c

acid- IOO- volum e hydrogen pero xide (9: I). Aft er I h at room temperature the solution
was dilu ted with 100 ml of water and freeze-dried to a fluffy white po wder.

Peptic digestion and application to the affinity column
A 12-mg amount of performic acid-oxidized insulin (or derivative) was dis

persed in 0.3 ml of pH 1.9 buffer (formi c acid-acetic acid -water, I :4 :45), then 1.5 mg
of pepsin (Sigma, St. Loui s, MD, U.S.A.) was dissolved in 100 pI of pH 1.9 buffer and
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50 pl were added to each sam ple. Aft er incubating overni ght at 3r e, 10-/11 a liquots
were subjected to high-voltage paper electrophoresis at pH 1.9 and 6.5 and the sheets
cut and the separa te tracks stained with cadmium-ninhydrin , Paul y, Sakaguchi and
«-nitroso-ji-na phtho l sta in. The dige sts were adjus ted to pH 8 with pure N-ethylmor
pholine and applied to th e borate column as descri bed ab ove for undigested material.
Fraction 2 (unbou nd mat erial) and frac tions 7 and 8 (pooled material that bound to
the column and was then eluted at low pH ) were freeze-dried, taken up in 200 JlI of
wa ter and 2-p l a liquo ts were electrophoresed at pH 1.9 and 6.5. Aliquo ts of 2 III were
hydrolysed in the presence of mercaptoacetic acid for amino acid an alysis. Aliquots
of 2 pI were treated with 100 pI of 0.2 M hyd roxylammonium chl oride which had been
adjus ted to pH 7.0 with sodi um hydroxide so lutio n, at 3T Cvfor 23 h and were then
hydrolysed in the presence of mercaptoacetic acid.

Isolation and analysis of the arginine-containing peptide from CH Ir-m odified insulin
A mixture of 20 mg of C HD-mo d ified insulin (C) and 1.3 mg of V8 protease

(Miles Labs., Slough, Great Brit ain) was dissolved in I ml of I ~<, N-eth ylmorpholine,
which had been adjus ted to pH 8.0 with acet ic acid , and applied to the bo rate co lumn
equilibr ated with the N-ethylmorphol ine buffer. A 0.2-ml vo lume of V8 pro tease
solutio n (2 mg/ml in the same buffer) wass then applied and th e tlow stopped . After
overnight incubation at room temper ature (28"C), the co lum n was eluted as described
above, Fraction 7 (opalescent) was clar ified by addition of I drop of glacial acetic
acid. The UV spect ra of fracti on s were determined . Unbound and bound mat er ial
(fractions 2 and 7, respe ctively) were dried do wn, taken up in 300 III of wat er plus 50
III of pH 1.9 buffer and 10-pl a liquo ts were subjec ted to high- voltage paper elec
tro pho resis at pH 1.9. Fraction 7 was then dr ied down before treatment with pentane
2,4-dione (reagent grade; BDH , Poole, Great Britain)", Analytica l electrophor esis at
pH 6.5 showed eviden ce of approximatel y 50 % co nversio n. Th is was though t to be
due to traces of the pH 1.9 buffer neutralizing some of the tr iethylamine, so the
pentan e-2,4-d ion e tr eatment was rep eated. Analytical electrophoresis a t pH 6.5 then
showed that conversion was essentially complete. The peptide derivat ive was ta ken
up in 500 III of 1% (w/v) ammonium hydrogen ca rbonate solution , pH 8, and in
cuba ted at 3T C fo r 5 h with o-chymotrypsin (Sigma), added as 50 Jll of a 2 mg/rnl
solution in water. After removal of so lvent in a vacuum desiccator, the digest was
dissolved in dimethyl sulphox ide, tritluoroa cet ylat ed and permethylat ed ; the product
was taken up in chl oroform and 7 !., of the so lution an alysed by G LC-MS as previ
ou sly described" .

RESU LTS AND DI SC USSI ON

Formation of the adduct
When porcine insul in was subj ected to rea ction conditions recommended for

proteins!", amino acid ana lysis (A, Table I) showed extensive but neverth eless incom 
plete deriv at ization of th e single arginine residue at position B22. Thi s was th ought to
be du e to ste ric hindrance, so denaturin g conditions wer e considered . Gu anid inium
chloride, a commo nly used protein so lubilizing and den aturing agent, would be ex
pected to complete effectively with ar ginyl side-cha ins for th e C HD reagent. so no
experiments were per formed with it. Urea, the other commonly used den aturant , is
also known to rea ct with I,2-diketones and this was thought to preelude its use during



AFFINITY C H RO MAT OG RA PH Y AND GLC.'-MS OF ARGINYL PEPTID ES 305

TABL E I

R ES ULTS OF AMI NO ACID ANA LYS IS OF PORCINE INS U LI N TR EA T ED IN VA R IO US WAY S
(A D. S EE TEXT)

MA = mercap toace tic ac id ; PI = porcine insu linc. T he results a rc ex presse d as rati os . normalised to
Leu = 6.00. " Bo und " refers to materia l which hound to th e bo ra te co lumn.

Amino A B (' D BOlllld P/**
acid

IfCl HCI; IICI IIClI If0 net, 110 Hetl H CI net,
M A* M A * M A* M A* IH A *

Asp 3. 19 3.0X 2.99 3.26 2.99 3.14 3.0 1 3.17 3.4X 3.2 1 (3)

Th r 2.25 2.54 2.00 2.90 1.9X 2.69 1.9X 2.65 U N 1.85 (2 )
SCI' 3.06 2.67 2.X9 2.76 2.11 l 2.6X 2.82 2.72 2.69 2.52 (3)
G lu 7. 13 7. D 7.09 7. IX 7. 15 7.0X 7. 12 7.26 6.911 6.74 (7)
Gly 3.85 U O 3.60 4.00 3.l\ I 4.03 3.64 3.67 3.118 3.50 (4)
Ala 2.09 2.02 I. Xli 2.02 1.94 1.92 2.00 2.02 1.95 1.93 (2)
Val 3.06 3.02 3.09 3.12 3.09 3.14 3. 14 3.2 1 3.1J 3. 19 (4)

CYSl 2.35 2.50 2.38 2.45 (3)
l ie 1.20 1.09 1.25 1.11 1.2 1 1.15 1.22 1.17 1.30 1.15 (2)
Leu 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 (6)
Tyr 3.29 4.0 1 3.11 7 4.0 3 3.22 3.95 3. 16 4.08 3.0 1 3.92 (4)
Phe 2.88 2.87 3.02 2.87 2.89 2.8 1 2.87 2.87 2.85 2.89 (3)

2.02 2.61 2.06 2.01 2.04 2.62 2.01 2.62 2.0 1 2.82 (2)
Lys 0.76 0.82 0.70 0.75 0.1l4 0.1l5 0.1l4 0.1l5 0.88 0.87 (I )
Ar g 0.4 2 0.2R 0.98 0.94 0.211 0.14 0.3 1 0.17 0.22 < 0.05 ( I)

* Va lues obtai ned aft er hydrolysis in the pr esence of mercaptoacetic ac id. whic h preve nts regen er
a tio n of arg inine fro m its CHD adduct which is o the rw ise about 20 ,>:,10.

** Compos itio n o f porcine ins ulin' :'. Proline ( I resid ue) was not qu antitat ed .
*** Hydr o lysis of the C HD adduct of arginine in th e presence of mercap toacetic acid gives rise to a

neutr al prod uct "~ which elutes on our ana lyser a t th e histid ine positi on 7 .

modific at ions with CHO l7
. However , guanidines are more reactive than urea !", so

on e might expect to achieve a degree of arginine modificat ion in urea solutions. Thi s
was found to be the case : a higher degree of deri vatization of porcine insul in ma y be
achieved in 4 or 8 M urea (Ta ble I). The slight ditTerence betw een the 4 and 8 M
result s may not be significant. Analysis of the products by cellu lose acet ate elec
trophoresis confirmed the results of amino acid an alysis. In a ph osph ate-urea buffer
(pH 7.2), CHO-modified insu lin is not separated from nati ve insulin . In a borate-urea
buffer , CHO-modified insu lin run s towards the anode about IA times faster than
unmodified insul in, con sistent with the introd uction of an extra negative charge on
complexation with borate. The N-termina l cyanogen bromide fragment of horse
heart cytochrome-c. consisting of residues 1- 65 and the haem prosthetic group, was
also successfully mo dified at the single arginine resid ue with CHO in 4 M urea (Table
II). The use of at least 4 M urea is recommended whenever qu antitati ve reaction of
C H0 with the arginine residues of polypeptides or proteins is being attempted.

Isolation of C HIr-tnodified peptidcs h.l' affinity chromatography
Substances possessing 1,2- or I,3-d iol functions that can atta in a suita ble ori en

tati on are able to form co valent complexes with borate. Com plex formation, which is
reversibl e, is st rongly fav oured at alkaline pH . Borate attached to a so lid support may
thus be used to bind specifica lly such substancea'Y''' , which may then be relea sed at a
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TABLE II

RESULTS OF AMINO ACID ANALYSIS OF THE CHD-ADDUCT OF THE N-TERMINAL CNBr
FRAGMENT OF HORSE HEART CYTOCHROME-c

All values normalized to Leu = 3.00.

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

Amino HClIMA Hell pp**
acid MA*

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

Asp 5.09 5.18 (5)
Thr 6.19 5.90 (7)
Giu 6.68 6.59 (7)
Gly 10.21 9.95 (10)
Ala 3.15 2.99 (3)
Val 2.22 2.10 (3)
Ile 1.56 1.42 (2)
Leu 3.00 3.00 (3)
Tyr 0.99 0.88 (I)
Phe 2.49 2.31 (3)
His*** 4.09 4.30 (3)
Lys 10.82 11.54 (II)
Arg 0.28 0 (I)

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

* See footnote to Table I.
** Composition of the polypeptide:".

*** See footnote to Table I. Proline (2 residues), cysteine (2 residues) and homoserine (I residue) not
determined.

later stage, This specific recognition of a target species by an immobile ligand has
become known as affinity chromatography. m-Aminophenylboronic acid is a suitable
ligand in that it possesses a nucleophilic group for attachment to an activated sup
port, it is a stable compound, it may be quantitated in solution by UV spectropho
tometry and it is readily available. This ligand was coupled to epoxy-activated Seph
arose 6B, a support found to be preferable to cyanogen bromide-activated Seph
arose 4B7

• In preliminary experiments, the column produced demonstrated an
ability to bind selectively the CHD-guanido adducts of arginine and of Ser-Pro-Phe
agmatine (Agm). As borate-diol complexes are unstable at low pH, it proved possible
to release the adducts with dilute acetic acid. The adduct is thus released by a volatile
solvent at a pH at which it is stable even in the absence of borate.

In addition to binding small peptides carrying the diol group, the column is
equally satisfactory when modified polypeptides are used. Unmodified insulin (8, see
Table I) was found not to bind to the borate column (100 %of the absorbance at 280
nm was found in fractions I and 2), whereas modified insulin (D, see Table I) does
bind (15 % of the absorbance at 280 nm eluted in fractions 1 and 2 and 85 % in
fractions 7 and 8; the latter figure agrees well with the value of 83 % for the diol
content of sample D deduced from the amino acid analysis result in Table I). Bound
material, released by I %acetic acid, was found to be completely derivatized (Table
I).

Application to the borate column of a peptic digest of performic acid-oxidized,
CHD-modified insulin led to the isolation of a set of peptides containing the modified
arginine residue. The digest before application contained a set of peptides similar in
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electrophoretic mobility to those which stained for arginine in the case of the control;
electrophoresis showed that these were selectively bound on application to the borate
column and were released, in fraction 7, on decreasing the pH of the eluent. UV
spectrophotometry, electrophoresis and amino acid analysis showed that no peptides
were present in fraction 7 of the control. Amino acid analysis of the isolated modified
peptides was consistent with the expected cleavage pattern of pepsin around the
modified arginine residue:

-Glu-Ala-Leu- Ty r- Leu-Val -Cys-Gly-Glu-Arg-Gly-Phe-Phe- Tyr- Thr-Pro-Lys-Ala

T T T T T T

The yield based on the Gly, Glu , Leu and Arg values ofthis analysis was I /Lmol (50 %).
The CHD-<iiol group is stable even in the absence of borate at the low pH

required for peptic digestion. Pepsin is a very convenient protease to use on this
account. Digestion with trypsin may be performed in a phosphate buffer at pH 6.8
without decomposition of the CHD adduct l5. If alkaline conditions are required for
the digestion, as is sometimes the case, borate should be present in order to avoid
substantial loss of the diol grouplO .ll. If a high concentration of borate is used, say
0.1 M, then this complexes with the diol group of the adduct at the pH used for
application to the borate column and effectively prevents binding to the column. For
example, less than 10 % of CHD-modified insulin binds when applied in 0.1 M
sodium borate at pH 8 to a column equilibrated and then eluted with 1% N-ethyl
morpholine acetate (pH 8). Although it should be possible, by using a longer or more
highly substituted column, a lower borate concentration and perhaps a lower pH , to
find conditions suitable for the application of alkaline digests, another poss ibility is to
carry out the digestion with the sample bound to this borate column itself. This has
been achieved. Digestion with V8 protease" of modified insulin bound to the borate
column led to the isolation of a single peptide of electrophoretic mobility'? at pH 6.5
of MAsP = -0.49, and at pH 1.9 MSer = 1.16. The expected mobilities of
Arg(DHCH)-Gly-Phe-Phe- Tyr-Thr-Pro-Lys-Ala are M Asp = - 0.43 at pH 6.5
and Ms er = 1.18 at pH 1.9. The peptide stained red with the cadmium-ninhydrin
reagent and was Sakaguchi negative.

Analysis of the modified peptide by GLC-MS
The peptide isolated by affinity chromatography from the V8 digest of modi

fied insulin was treated with pentane-2,4-dione, digested with chymotrypsin, N-tri
fluoroacetylated and permethylated and an aliquot of the products analysed by GLC
MS. The selected ion record of m]e 150, diagnostic of the modified arginine side
chain, showed one maximum at a retention time of 28 min 22 sec. A full spectrum of
the modified arginine-containing tripeptide Arg-Gly-Phe was obtained (Fig. 1), cor
responding to residues 22-24 of the B-chain of porcine insulin".

CON CL USION

Jt is possible to use a column of immobilized borate to isolate arginine-contain
ing peptides modified with cyclohexane-I ,2-dione from a proteolytic digest of a modi
fied polypeptide carried out either at acidic or alkaline pH. The modified arginine
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Fig. I. Ma ss spectrum showi ng the seq uence " Arg'J- G ly-Phe. The arginyl residue has been con verted into
a residue of 4,6-dimethylpyrimidyl-2-ornith ine. In this figure . the usual three-letter code is used to denote
the N,O-permethylated amino acid residues. This is the raw mass spectrum (mi l' > 150) stored as scan 185
of the G LC- MS run descr ibed in the text. Ion s appearing at mi l' 207,28 1, 341 and 355 are du e to column
bleed . The seq uence of the tripeptide is easily deduced via the stro ng sequence ions.

residue may be identified in sequence by GLC-MS. Since the completion of this work ,
a paper has appeared/" describing the isolation, on a commercially available borate
gel, of an arginine-containing peptide after reaction with CHD. It is of interest that
the products of modification of arginine residues with butanedione in borate buffer 2 5

and with phenylglyox al in borate buffer/" are also believed to contain the 1,2-diol
moiety and so could in principle be isolated by affinity chromatography on a column
of immobilized borate.
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SUMMARY

A sensitive and specific gas chromatographic procedure is described for the
quantitation of trazodone and its active metabolite, 1-m-chlorophenylpiperazine
(mCPP), in plasma and brain. After addition of internal standards, the samples were
extracted with benzene and the extracts divided into two portions. One portion was
evaporated to dryness, the residue dissolved in methanol and the solution injected
into a gas chromatograph equipped with a nitrogen-selective detector, for trazodone
quantitation. To the remaining half of the extracts, 100 pi of heptafluorobutyric
anhydride solution were added and the metabolite was measured as the heptafluoro
butyryl derivative by electron-capture detection. Gas chromatography-mass spec
trometry was used to confirm the specificity of the analyses.

The kinetic profile of trazodone and its metabolite was investigated after oral
administration of trazodone (25 mgjkg). The parent drug and its metabolite both
accumulated in brain, reaching concentrations several times those in plasma. More
mCPP than the parent compound entered the brain; the ratio of the area under the
curve for trazodone to mCPP in plasma was about 4, whereas in brain it was only
about 0.8.

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

INTRODUCTION

Trazodone,2- {3-[4-(m-chlorophenyl)-I-piperazinyl]propyl }-s-triazolo[4,3a]py
ridin-3-(2H)-one hydrochloride, a non-tricyclic antidepressant, is extensively meta
bolized in man and animals, only a small percentage being excreted unchanged in the
24-h urine and faeces': The main products of elimination are hydroxylated deriva
tives2

.
3 and oxotriazolopyridinepropionic acid originating from oxidative cleavage of

the parent compoundvt". There is no evidence that these metabolites are biologically
active.

One metabolic pathway includes oxidation of the phenylpiperazine system of
the trazodone molecule, with the formation of I-m-chlorophenylpiperazine (mCPP),
which has recently been isolated as the glucuronide from rat urine". Pharmacological
studies indicated that mCPP was more active than trazodone as an inhibitor of the

0021-9673/81/0000--0000/502.50 I!') 1981 Elsevier Scientific Publishing Company
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membrane uptake mechanism for serotonin (5HT) in the brain 7 , a property shared by
some tricyclic antidepressants" . Subsequent studies showed that mCPP behaved like a
5HT agonist in the central nervous system9-11. Some workers ' { reported th at trazo
done acted as a central 5HT agonist at high doses but at lower doses it exerted anti
5HTergic activity, suggesting that the former effect might be induced by its meta
bolite. It is therefore of interest to follow the time courses of the production and
elimination of mCPP, because in the studies menrioned l ' the metabolite was not
directly identified in trazodone-treated animals. Moreover, in seeking a relationship
betwe en the plasma and tissue concentrations and pharmacological effects it is neces
sary to quantitate both th e met abolite and trazodone.

Methods available for the quan titation of tr azodone use spectro fl uorimetry' ,
!4C-labelled compound 2

•
4, gas chromatography (GC) with flame-ioni zation detector

or ma ss fragmentographic techniques", and are aimed only at the analysis of the
parent compound . This paper reports a GC method for the quantitati on of trazodone
in biological samples, using a simpler and more sensitive procedure, vi: ., rapid extrac
tion and the use of a nitrogen-selective detector. Th e procedure includes quant itation
of the metabolite by GC with electron-capture detecti on. GC-mass spectrometry
(MS) was used to confirm the presence of the drug and its metabolite. Pla sma and
brain concentration curves were plotted for both compounds aft er ora l admini s
tration of tr azodone to rats.

EXPERI M ENT A L

Trazodone hyydrochloride was supplied by Angelin i (Rome, Ital y), mCPP
hydrochloride by Aldrich-Europe (Beerse, Belgium), benperidol by Janssen (Beerse,
Belgium) and 4-amino-I-( 6-chloro-2-pyridyl)piperidinc hydrochloride by Clin
Mid y (Montpellier, France). Heptaflu orobutyric anhydride (HFBA), as a 25 °;; (v(v)
solution in ethyl acetate, was obtained from Pierce (Rockford, IL, U.S.A.). Formic
acid, n-heptane, chloroform and benzene were obtained from Carlo Erba (Milan,
Italy).

Apparatus
GC determinations of tra zodone were carried out on a Oani 3400 gas chroma

tograph equipped with a nitrogen-phosphorus det ector (NPO). A glass column (l m
x 3 mm 1.0.) pa cked with 80- 100-mesh Gas-Chrom Q with 3 I;' aV-1 as the
stationary phase (Supelco, Bellefonte, PA , U.S.A.) was used . Th e temperatures of the
column, detector and injector port were ma intained at no"e. The carr ier gas was
nitrogen at a flow-r ate of 30 ml(min.

mCPP heptafluorobutyrate was an alysed on a Carlo Erba Fractovap 2150
instrument equipped with a 63Ni electron-capture detector. The chromatographic
column was a glass tube (2 m x 3 mm 1.0.) packed with 80-100-mesh Supelcoport
with 3 %aV-17 as the stationary phase (Supelco). The oven, injector port and detec
tor temperatures were 205, 250 and 250"C, respectively. The carrier gas was nitrogen
at a flow-rate of 35 ml(m in.

GC-MS analysis was performed on an LKB 2091-051 instrument coupled with
an LKB-2130 computer system for data acquisition and calcul ation. The gas chro
matograph was ope rated under the conditions described above and ma ss spectra were
collected in the electron-impact mode at 70 eV.
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Animals
Male C D-CO BS rat s (C harles River , Com o, Ital y), average weight 250 g, were

used.

Extraction FOIn plasma
To 0.5- 2 ml of heparin-treat ed plasma were added 50 )11 of a methanolic so

lution of 4-am ino -I -(6-ch loro-2-pyridyl)piperidine (2 )lg/m l) and water to a final
volume of 2 ml, followed by 0.5 ml of I N sod ium hydr oxide so lution and 10 ml of
benzene. Th e samples were mechanically sha ken and centrifuged . An 8.5-m l volume
of the benzene phase was evapor at ed to dr yness, the residu e dissolved in 0.05 ml of a
metha no lic so lutio n of benperidol ( 10 Jlg/ml )l3 and 1-2 pI were injected into the G C
column described for tr azod one analysis.

To th e remaining benz ene phase (I ml), 100 pi of an eth yl aceta te solution of
HFB A (25 %, v/v) were added and the samples were heat ed at 60°C for 30 min .

After the react ion the samples were was hed with water ( I ml) and 5 %aq ueo us
ammo nia so lution (0.5 ml) and 1- 2 p i of the benzene phase were injected into the G C
column for mCPP ana lysis.

Extraction f rom brain
Brain s were hom ogenized (9 rnl /g) in co ld aceto ne- I N formic acid (85:15) and

centrifuged. The superna tant was sha ken twice with »-hepta ne-chloroform (4: 1), the
organic phase was discarded and the aqueou s ph ase (0.5 ml) was used for drug
extraction as described for plasma.

internal standard calibration graphs
Drug-free pla sma and brain samples conta ining known amo unts of trazodone

(0.05-0. 5 pg) and mCPP (0.0 1-0.5 )lg) were ana lysed co ncur rently with each set of
unknown samples.

Calibration graphs were co nstruc ted by plotting the ra tios of th e peak areas of
trazodone and mCPP to those of th e respecti ve internal standards and comparing the
amo unts of trazodone and mCPP added. Co nce ntr ations of tr azod on e and mCPP in
the unknown samples were subsequently determined from the ca libra tion graphs.

Reco very studies
Percent age reco ver ies were calc ulated by compa ring the peak -area ratios of

trazodone and mCPP heptafluorobutyrate after plasma and brain extr act ion with the
peak -area ratios obta ined by di rect inject ion of standard so lutions of trazodone or
mC PP hep tafluorobutyrate.

RESULTS AND DI SC USSIO N

Flame-ioniza tion detection is not sensi tive eno ugh for kinetic studies of tr azo
done and th e biological extrac ts ha ve to be cleaned up in order to eliminate interfer
ing constituents':'. The selective detector significantly improves the sensi tiv ity and
redu ces interference from endogeno us co nstituents. However , electron-ca ptu re detec
tion is not very sensitive to high-m olecular-weight compo unds such as trazodon e,
which co nta in onl y on e chlorine a tom. We chose the alt ernat ive of using an NPD,
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achieving high sensitivity and specificity with the nitrogen-containing compound in
volved. Under the experimental conditions used the ratio of the peak area of trazo
done to that of the internal standard was linear in the range 1-10 ng per injection. An
additional sample dilution was necessary at concentrations higher than lOng per
injection; I ng per injection (2 Ill) was the detection limit, corresponding to 0.05 I1g
per millilitre of plasma or per gram of brain. The greater response of mCPP heptaf
luorobutyrate to the ECD provided high sensitivity and specificity in the analysis of
the metabolite. Concentrations down to 10 ng per millilitre or per gram of tissue
could still be measured. Thus, evaporation of the biological extracts, which resulted
in unpredictable losses of mCPP, was avoided . The ratio of the peak area of mCPP
heptafluorobutyrate to that of the internal standard was linear in the range from 0.0I
ng (2111) to 0.5 ng per injection. Extraction from plasma and brain homogenates using
n-hexane, diethyl ether or benzene was investigated. Benzene was found to be the
most suitable as it gave consistent recoveries of both trazodone and mCPP after a
single extraction. A summary of the recoveries during the kinetic studies in rats is
reported in Table 1. Trazodone was extracted reproducibly with a mean recovery of
81 ± 1.3%and a coefficient of variation (c. Y.) of 3.6-1 0 %. The recoveries of mCPP
from plasma samples were 82-94 %with a C.Y. of 3.3-9.7 %; recoveries from brain
homogenates were 83-86 % with a C.Y. of 4.6-7.2 %.

Figs. I and 2 are typical chromatograms of extracts from (A) a spiked brain
sample, (B) the brain of a rat treated with trazodone (25 rug/kg, p.o.) and (C) a drug
free homogenized brain. The extracts from drug-free plasma or brain show no peaks
that could interfere with the analysis of trazodone or its metabolite. Retention times
were 4.2 min for trazodone and 5.3 min for the internal standard. The retention times
of heptafluorobutyrate derivatives of mCPP and 4-amino-I-(6-chloro-2-pyridyl)-I
piperidine were 4.2 min and 3.3 min, respectively. Specificity of the analysis was
confirmed when unknown plasma and brain samples of rats given trazodone were
analysed by GC-MS. The mass spectra were identical with those obtained after

TABLE I

RECOVERY OF TRAZODONE AND l-m- CHLOROPHENYLPIPERAZ1NE FROM PLASMA
AND BRAIN

Each value is the mean of five determinations.

l -m-Chlo rophenylpiperazincSample Am ount added Trazodone
(Il g )

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

Amountfound Recovery
( JIg ± S.D .) (% ± S.D. )

- ,._-"--,.__ . _ ..._- -...._ - .-- .-

Plasma 0.01
0.05 0.040 ± 0.003 80 ± 6
0.10 0.080 ± 0.004 80 ± 4
0.25 0.205 ± 0.080 82 ± 3
0.50 00404 ± 0.038 8 \ ± 8

Brain 0.05 0.040 ± 0.003 81 ± 5
0.10 0.080 ± 0.008 80 ± 8
0.25 0.198 ± 0.010 79 ± 4
0.50 0041 7 ± 0.037 83 ± 7

- -_._--_...._ ._..._ •. .._ .. _ -. _--

Amo unt found
( JIg ± S.D. )

0.008 ± 0.001
0.045 ± 0.004
0.090 ± 0.003
0.230 ± 0.007
0.469 ± 0.029

0.041 ± 0.003
0.085 ± 0.006
0.215 ± 0.009
00430 ± 0.020

Reco very
(%. ± S.D .)

82 ± 8
9 1 ± 8
90 ± 3
92 ± 3
94 ± 6

83 ± 6
85 ± 6
86 ± 4
85 ± 4
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Fig. I. Gas chromat ogram s of extr acts from spiked brain sample (A). fro m brai n of rat s treated with
trazod one (B) and from drug-free brain (C). Peaks : (a) tr azodonc; (b) internal standa rd.

injection of trazodone or mCPP heptatluorobutyrate. Fig. 3 shows the mass spectrum
of mCPP heptatluorobutyrate. There is a base peak at m]e = 195 corresponding to
the chlorophenylpiperazine moiety, which is further fragmented to give intense ions
at mi l! = 166. 139 and Ill. In the high mass range the mass spectrum shows charac
teristic ions at mi l! 373 and 357. which correspond to the loss of' fluorine and chlorine,
respect ively, from the molecular ion. Th e ma ss spectrum of trazodone has been re
ported by oth er workers'P' !".

In order to collect information on the kinetic profile of trazodone and its act ive
metabolite, male rats were treated orally with the parent compound (25 mg /kg) and
the plasma and brain were analysed as described . Fig. 4 shows graphs of plasma and
brain concentrations versus time . Trazodone was rapidly ad sorbed, rising to peak
plasma concentrations of 1.40 ± 0.40 pg/ml after 5 min . The plasma concentrations
showed a biphasic decline thereafter, with an initial phase lasting about 30 min,
followed by a second, slower phase with a half-life ( T~) of 50 min. Brain peak con
centra tions were reached after 15-30 min , declining thereafter in a monoexponential
manner with T1 = 77 min . Similar results have been obtained for the rat by other
workers1 •2 . 13 .

mCPP was detected in both plasma and brain 5 min after oral administrati on
of the parent compound. reaching peak concentrations after 1-2 h. The metabolite
disappeared from plasma (T! 97 min) more slowly than the parent compound, but its
brain T! (83 min) was comparable to the brain Tt of trazodone. The metabolite
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Fig. 4 . Plasma (circles) and bra in (triangles) co ncen tra tio n- t ime cu rve s for tr az od one ( • . ~) and ] -m

chloro phenylpiperazine (0 . 6 ) after o ral ad ministration of trazo do ne (25 m grk g) to ra ts. T he va lues are
mea ns ± S.D. fo r 4··6 rats .

acc um ula ted more specifica lly than the parent com po und in brain . These findin gs
were reflected in the area under the curves (AUC) (Table II ). At the oral dose of
trazodone tested, the brain A UC was about 5 times grea ter tha n the plasma A UC,
whereas th e brain A UC of the meta bolite was about 26 times grea ter than the plasma
AUC. Th e AUC ratio oftrazodone to mCPP was appro xima te ly 4 in plasma and 0.8
in bra in. Th ese results suggest that mCPP is a qu antitat ively significant met abolite of
trazodone in the ra t bra in, co nfirmi ng the suggestion' f that it may pla y an important
ro le as a 5HT agonist after relati vely high doses of trazod on e in the ra t. Data not
reported in de tai l ind icat e th at the brain concent ra tion s of mCPP after oral adminis
tration of tra zod onc to rat arc comparable to those reached after pharmacologically
and biochemic ally effective doses of mCppl S

. F urt her studies a re now in pr ogress to
elucida te the role of the metaboli te in the ph arm acological effects of the paren t
com po und.

TA RLE II

PLASM A AND BR AI N A R EA S U N D ER T HE CU R VES (A UC) OF TRAZODO NE AN D I-m
C H LO RO P H ENY LP IP E RAZ IN E

A UC values were calcu la ted by the tra pezoi da l rule and ext ra po la ted to infin ity .

Compound Plasma AVC
(Jig /m/ · min )

Brain A Ve
(Jig /g. min )

Trazod on e
l -nr-Chlo ro phenylpi per azine

39.8 1
10.01

202.87
262. 12
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SUMMARY

Th e micropreparative separation of an in vivo act ive glycoprotein, ery th
ropoietin, using isot achophore sis on an LKB Tachophor equipped with a Tacho
frac, a micropreparative fra ction co llector is described. The preparative techni que as
described by earli er workers was varied by application of a new time-distance delay
determination which produces highly accurate component separa tions . Using this
technique a purification factor of 228 could be obtained for erythropoietin with a
recovery of 59 %.

IN TROD UCTION

Hitherto the main problem in the purifi cation of erythropoietin was the reali
zat ion of a rapid , efficient fractionation procedure to obtain a product of high yield
and purity. Up to now the best method is that due to Myake et al." , leading to a
preparation of 70,400 IU /mg in a six-step procedure. The activity yield was 2 1%,
demonstrating a significant loss of material during fractionati on , mainl y cau sed by
loss of N-acetylneuraminic acid from erythropoietin, As the LKB Tachophor and
Tachofrac had been shown to be powerful tool s in protein ana lysis/ :" and prepar
ation":", we tested the efficiency of prepar ati ve ca pillary isot achophores is in overcom
ing the d ifficulties in the purification of erythropoietin (Ep o).

0021-9673/81/0000- 0000/$02.50 (0 1981 Elsevier Scien tific Pu blishin g Company
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EXPE R IM E NTA L

W. TH ORN, F. BLA KE R. E. WEILAND

Materials*
HPM C was obta ined from D ow Ch ern. (Midland , MI , U.S.A.), Tri s from

Serva (Heide lberg, G.F.R.), I N hydrochloric acid and barium oxid e from Merck
(Darmstadt , G .F.R.), glutamic acid, cystine and glycine from Sigma (St. Loui s, MO,
U.S.A.), Ampholine pH 3.5-9 .5 from LKB (Stockholm, Sweden), Epo-HA I from
JCL Clinica l Rese arch Corp. (Knoxville, TN. U.S.A.), indigo tetrasulphonate from
LKB and ammediol from Ser va .

All reagents except HPM C were of an alytical-reagent grade. HPMC was pu ri
fied according to th e method of Delmotte" .

Instrumenta tion and conditions
All investigations were ca rried out with the LK B Tachophor equipped with a

Tachofrac, a mic ropreparative fraction coll ector. The microtitration equipment of
Co oke Laboratory Prod uct s (Alexandria . YA, U.S.A .) was used for the Epo- HA I.

The Tachophor was oper ated with a detection wavelength of 280 nm and UY
gain 175; th e capillary length was 43 em and the ca pilla ry temperature 285"K. Th e
strip velocity of the Tachofrac was 0.43 mrn /sec. Th e elut ion cu rrent was 67 pA chart
speed 0.5 mm /sec and counter flow 0.03 pi/sec.

Buffer system
Th e leading electro lyte was 10 m M hydrochl or ic ac id in 0.3 'Y., HPM C adjusted

to pH 8.00 with Tris. The terminator was 15.38 mM Gl y adjusted to pH 10.00 with
fresh ly pr ep ar ed bar ium hydr oxide . Buffer preparation was ca rried out under ni
trogen to avoi d carbon dioxide adsorpt ion .'. Before usc the buffer s were degassed fo r
10 min .

Buller runs
Th e first four runs of every sequence were ca rried out for buffer control and

system clean ing. A constant current of 150 pA was appl ied. ca using a volt age rise
fro m 2.6 to 23.7 kY. Th e last buffer run was used to control Am pholine (Fi g. I).

Determination oftime-distance delay (f value)
As there is a d istance between the UY window and the T-tube outlet of the

capillary, every eluted component ha s a del ay again st its UY signal. This delay, called
the / valu e, is specific for every buffer sys tem and has to be mea sured by a dyestuff run
under preparati ve conditions with ind igo tetrasulphonat e when ani onic systems are
used .

A I-pi volume of the dye (0.5 mg/rnl) was applied to the system, which was kept
open at the terminator side. Wh en th e dye had co vered half the distance between the
injection port and the U Y window, a counter flow was sta rted . The cur rent was re
duced until the zone migration stopped . As the counterflow decreased the zon e sharp-

* Abbrevi a tions : HPM C = hydroxypropylrnct hylccllul ose: Tr is = tri shydroxymcthylaminomcth
a nc ; G lu = glu ta m ic ac id; (Cys); = cysti ne ; G ly = glyc ine; Epo-HA I = ery thro po ietin hacmagglur i
nation inhi bition assay; ammed io l = 2-am ino -2-methy lpro pa ne- I,3-d io l: IU = Internat iona l Unit.
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.._. - ..--- - --- - -- -
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Fig. I. Butler run using 1.5 III of I ~>:, Amph oline, pH 3.5-9.5. No effect on detect ion is ob served .

ness. the dye zon e was observed for several minutes to be sure that no further mi
gration occurred. Th e correspondi ng current reduced by 51:, was the elution current.
After the counterflow was stopped the system was closed with the termina tor valve.
After reconstitution of the dye zones, the coun ter flow was started again. No reduc
tion in resolution cou ld be observed when the system was absolutely closed.

At 0.5 kV before dye detect ion, the current was decreased to the elution value
and the Tac hofrac was switched on , followed by the counterflow pu mp. Each 5-cm
dista nce was marked as a punch ho le on the acetate strip, corresponding to a spike on
the UV diagram. The following distances had to' be estimated :

(a) distance of two successive sp ikes on the UV trace;
(b) distance of the first spike to the beginning of the UV signal;
(c) punch-punch distance on the strip (= 5 em = constant) ;
(d) (b ja) r:
(e) punch-peak distance on the acetate strip;
(/) e - d.

f m ust be added to d in order to find the eluted component on the strip. The scheme
for determinat ion of the f value is shown in Fig. 2.

_coloured samp le UV peak
.-spike

puncp mar k

--d--r-[]
L.---LL_
~ point of elution

point on s t r i p of coloured sample
co rres ponding on to the strip
to UV det ection
of sample

764 52 3543

Fig. 2. Scheme for determination of /value.
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Normally, fractionation of achromatic compounds such as proteins and pep
tides was carried out according to the parameters estimated in a pre-run with indigo
tetrasulphonate. This produces errors when alkaline buffer systems are used because
carbon dioxide adsorption changes the f value from run to run; hence the exact
positions of components cannot be estimated. Thervalue remains constant when the
buffers in the capillary and in the reservoirs are changed for every run. The f value
increases when only the capillary buffers are changed. This problem may be solved by
injecting 0.2 ,ul of dye together with the sample. Thefvalue may then be calculated in
situ and high accuracy is achieved for component determinations in every run. The
dye does not affect the resolution (Fig. 3).

Fig. 3. Comparison of the same diagram region of two runs carried out with and without dye. Although the
dye produces mixed zones with sample components, the other components arc not effected.

Erythropoietin sample
A urinary protein mixture isolated from the urine of a chronic myeloid

leukaemia patient by benzoic acid-acetone precipitation" and additional gel filtration
on Sephadex G-50 (Pharmacia, Uppsala, Sweden) with an activity of 2 IU jmg stan
dardized against the International Reference Standard (I RS) was used. Biological
activity was measured by the exhypoxic polycythaemic mouse assay 7.

Determination 01 erythropoietin activity
Erythropoietin activity was measured with the Epo-HAI method according to

Lange et al. 8. The sample with a bioassayed activity of 2 IU jmg had an HAl activity
of 1800 miu (milli-immunological units) calculated with the HAl quantitative chart.
First, the erythropoietin activity of the regions formed by Glu and (Cys}, as discrete
spacers? were assayed in a screening test. The acetate strip was cut into pieces cor
responding to protein regions. The protruding edges of the strips were cut off so that
only the small track with the components on it remained. These pieces were pre
wetted with phosphate-buffered saline (pH 7.4) and then incubated with 50 ,ul of PBS
at 313°K for 20 min to resolubilize the components. The strip was then removed and
the solution was assayed for HAL For peak identification the strip region with eryth
ropoietin activity was cut into pieces according to the calculated zone lengths.
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Protein determinat ion
Assuming Myake et al.ts erythropoietin preparation 1 to be absolutely pure, we

could calculate the amount of erythropoietin present in our sample to be 25.5 ng /mg
protein. As a 5-lll sample volume was found to be the optimum for the separation
capacity, onl y 1.9 ng of erythropoietin could be assumed to be present in every
preparative run. We tr ied to calcul at e erythro po ietin concentration s using th e
Bou guer-Lambert -Beer law and the absorba nce coe fficient (A: ~m) for eryt hropoietin ,
which is 9.26 according to Espada et al.t ", The other parameter s necessa ry for ca l
culation were obta ined from th e cap illary geometry and the UV spectru m: 10 = 17.5
cm (total absorbance) ; 1 = 15.85 cm (total absorbance - signal height); d = 0.05
ern (inner diameter of the capillary); E = 0.926 (special extinction coefficien t =
A : ~';,,/IO) .

From these parameters, the ery thro poietin co ncentra tion was ca lcula ted to be
929 ng/lll, representing the maximal concent rat ion of the erythropoietin zo ne. For
calculation of the am ount of erythropoietin pre sent in this zon e, the zone length also
had to be determined. The ph ysical constants need ed for a calculat ion depending on
the Kohlrausch equation 11 are not known . The factor between the real zone length
and UV signa l length was therefore estimated by running indigo tetrasulphonate
und er preparati ve conditions. The real zone length was measured with a millimetre
strip pasted parallel to the capill ary. The UV signal length was measured on the UV
spectrum. A linear relationsh ip was found bet ween the real zo ne length and the UV
signa l length and the gradient factor was 0.3. Using thi s va lue, the erythropoietin
zone volume was calculated to be 0.2 Ill , lead ing to a tot al amo unt of erythropoietin
of 193 ng.

Erythropoietin fractio nat ion
In every run, 5 III of sa mple ( 135 miu of erythropoietin) were applied together

with 1.5 III of I %Arnpho line, 0.3 III of Glu ( I mg/ml ), 0.3 III of (Cys), ( I mg /ml) and
0.2 III of dye. Du ring a run with out fractionation the voltage increased from 2.0 to
17.6 kV at a consta nt current of 100 IIA. During fractiona tion a final voltage of 14.3
kV was reached. Fig. 4 shows a typical UV spectru m of a fractionation run.

",

;1· :
\1': ; . !

: ~ :: !
. ~ ~ ~ i

I •

'! 1,I: ' j
.1 I
i '

1, 1\ :
! 1 l~: ·
~ . . . ~

: 2IIOnm.

~ .. "1-. i , I

Fig. 4, UV diag ra m of a fract iona tion run . G lu and (Cys r, were used as disc rete spacers. Erythro poieti n
activity could be detected only in the pea k region mar ked.
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RESULTS AND DISCUSSION

W. THORN, F. BLAKER, E. WEILAND

Preparative capillary isotachophoresis was used to purify erythropoietin with
both a high yield and a high purification factor. A suitable buffer system for eryth
ropoietin preparation was found to be 10 mM chloride-Tris (pH 8.00)-15.38 mM
Gly-Ba(OH}z. Chloride-ammediol (pH 9.00)-Gly-Ba(OH}z, which gave a better res
olution, was not useful as no erythropoietin activity could be recovered.

A modification of the method for the determination of the f value was tested,
which gave a highly accurate isolation of components. The importance of this modifi
cation was demonstrated by measuring the influence of carbon dioxide on the j~value,

which leads to continous changes in time-distance delay from run to run.
The mean activity yield of four determinations was 59 ± 3 %. A purification

factor of 228 ± 11 was calculated for the isotachophoretic fractionation. When the
purification factor of benzoic acid-acetone precipitation and Sephadex chromato
graphy is taken into account (= 25), a total factor of 5700 ± 275 for a two-step
procedure was calculated from a mean activity recovery of 79.3 miu.

Compared with serum protein, uroprotein mixtures are more complex, con
taining large numbers of denatured proteins, peptides and fragments of these com
pounds. This was demonstrated by analytical isotachophoresis of chromatographic
uroprotein fractions investigated with cr-Tris (pH 5.8) and Gly-Tris (pH 7.2)3
according to the method applied for macropreparation with preparative isotachopho
resis on the LKB Uniphor!". Although the system was not optimized, up to 150
different components could be discriminated. As erythropoietin was only a minor
component in our sample, a number of developments were necessary for eryth
ropoietin fractionation. First a buffer system had to be found where the activity
recovery was optimal. This proved not to be the system that gave the best resolution
of components. The more alkaline pH of CI- -ammediol compared to cr-Tris may
have caused loss of sialic acid from erythropoietin, thus influencing the pI value and
the net mobility and leading to activity spread over a wide range of mobilities with
concentrations below the detection limit. This suggestion would be in agreement with
Lukowsky and Painter13, whose results of electrofocusing studies showed a significant
change of erythropoietin pI corresponding to loss of sialic acid.

The second problem was the quantification of the protein present in the zone
with erythropoietin activity. Some methods exist for component determination-'"?".
For minor components with zones thinner than the diameter of the UV slit an ap
proximation was made by measuring the peak height in millimetres. This method is
useful only when a calibration line obtained from pure standards can be calculated.
This was not the case for erythropoietin; hence we were forced to estimate the real
zone length of the erythropoietin zone. As calculations depending on the Kohlrausch
equation were not possible because of lack of data for erythropoietin, the method
described under Protein determination was used as an approximation. The estimation
of the erythropoietin zone volume could not be carried out with high accuracy in this
manner. As the zone length of any component at isotachophoretic equilibrium is
directly proportional to the amount of current-transporting charges on the ions in the
leading electrolyte, the Kohlrausch equation under constant conditions is reduced to

CL = constant· C,
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where CL is the concentration of the leading ion and C, the co ncentration of a
dissociat ed component 17 . Kn owing the relationship bet ween the charge co ncen
trati on s of erythropoietin and indigo tetr asulphonate, th is meth od co uld be applied
more accura tely when physical dat a for a calculation are not ava ilable.

Although the method applied to the protein determinati on is coa rse and mor e
exact methods may lead to a lower yield and purification factor , prepa ra tive capillary
isot achophore sis seems to be a very successful method . The application of a protein
mixture with a higher original erythropoiet in ac tivity ma y open up new po ssibilities in
the field of erythropoietin cha rac teriza tio n, purification and qu antitati on .
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Note

Bestimmung der Totzeit in der "Reversed-phase" Hochleistunqsflus
sig keitschromatog ra ph ie

O. F IN I. F. BR USA und L. C H IESA"

Abt eilung Qualitiitskontroile, Wander Chimica S .A.. Postfach, MOO Locarno t Schwciz )

(Eingcga ngcn am 2-7. Okt ober 1980; gea nde rtc Fassung. eingegangen am 3. Fcbrua r 198 I)

Ubcr d ie Tot zeitbest immung in der Gaseh romatograph ic cxis tieren viclc Lite
raturan gaben '"", Bei der Hoehlei stungsfhissigkeitschromatograph ie (HPLC) sind die
Literaturangaben bisher rar, obwohl die Kenntni s der Totzeit aus fo lgenden G riinden
sehr wichtig ist :

( I) A us der Totze it und den Bruttoreten tion szeiten konnen die Nett o reten
tion szeiten berechnet werden ; da rau s lassen sich die weiteren wichtigen Param eter
errechnen (k-Werte , Bodenzahl usw.).

(2) Aus der Tot zeit wird die G iite der Einr ichtung gep ruft, z.B. Dosiergut e
(na ch Kai ser"),

(3) A us der Totzei t lassen sich ungiinsti ge HP LC-Bed ingungen erkennen, wie
Fig. I zeigt.

Signal
Paracetamol

Co ffein

t
In jekt i o n Totze i t Re tent i onsze i t

Fig. 1. Chromatogramm-Schcma.

1m abgebildeten Chro matogramm-Schema ist das Paraeetam ol zwar von Cof
fein getrennt, a ber die Spezifitat de r Pa racetamol-Bestimmung ist sehr gering, und die
Storungsmoglichkeitcn sind hoch . Paraeetam ol wird in die sem Fa ile vo n der stationa
ren Ph ase uberhaupt nieht zur iiekgeha lten. Von der Verwc nd ung dieses chromate 
gra phischen Systems zu r Paracet am ol-B estimmung ist desha lb (dan k der Kenntnis
der Totzeit) abzuraten.

Es gibt viele pha rrnazeuti sche Wirksubsta nzen, die mit bestimmten Fliessmit
teln bei de r Totzeit, oder sogar vorher (z.B. Ace tylsalicy lsa ure) . eluiert werde n (vgl.
Tabelle II) .

0021-9673/81/0000 -0000/$02 .50 (n 198 I Elsevier Scienti fic Publishing Co mp any
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Unter Tot zeit TAl versteh t man d ie Verwe ilzeit del' zu besti mme nde n Substan
zen in del' mobilen Ph ase. D ie gemessene Retent ionszeit einer Substanz (TR ) ist die
Summe a us del' To tzeit ( T M ) und del' Verwei lzeit del' Substan z in del' sta tionaren
Phase (TR ) .

T heoreti sch so llte die To tzeit TAl' bei gegebener Sa ule und F luss , fur a ile Sub
stanzen gleich sein" und un abha ngig von del' F liessmittelzusamme nse tz ung.

EXP ERIM ENTEL LE R TEl L

Best itnmung des pro zentualen Anteils vonfliissiger undfester Phase ill del' Sdule mittels
Gravimetric

Urn das exa kte Volume n del' in del' Sa ule cntha ltenen Fliissig kei t Zll bestimmen
(= th eoretisch es Totvo lume n) , wurde fo lgende Method e a ngewende t:

(a) Wiigen del' Sa ule (cinsc hliesslich stat ionarer und m o biler Ph ase) = G'n';
(b) Q ua ntita tive T ran sferierung des Sa uleninha ltes (fest + flussig) in einen

tarierten Rund kolben . Verdampfu ng de l' tliissigen Ph ase. Bestimm ung des Gewichtes
del' feste n Ph ase = Gre, ,;

(c) Wagen del' leeren Sau le = G l m ;

(d) Best immung des T ot al volumens de l' leeren Sa ule a us de m Gewicht del'
leeren Siiule und dem Gewich t del' mit Wasser gefiillten Siiule = VIO"

Aus d iescn Messunge n ergibt sieh das Vo lume n del' flussigen Ph ase = VF 1

wobei S Fl das spezifi sehe Gewieht de l' mobilen Phase darstellt . Das Vo lum en del'
sta t iona ren Phase (V,,) ist gegeben d ureh:

Messungen. Bei Kn au er- Fert igsiiulen (K na uer, Oberu rsel, B.R. D .), LiChro
so rb RP -8, 7 pm, 25 x 0.46 em. ergeben sich fo lgende Werr e (25'C) : Vo lume n del'
lecren Sau le: 4.11 ml ; Volumen de l' fl uss igen Phase: 3.03 ml ; Volumen del' festen
Phase : 1.08 rnl. D ie Er fa hru ng zeigt, da ss sich das Vo lume n del' fes ten Phase bei
Anderung del' mo bilen Ph ase nicht iindert (ke ine "Schrumpfung" oder "Quellung");
dara us fo lgt , dass V" eine ko ns ta nte Grosse sein m uss . Wenn man annimmt, dass bei
del' C hroma tographie d ie gesarnte, in de l' Siiule weilende F lussigkeit lau fen d erneuert
wird , und wenn die Vo lume nkontra kt ion vernachlassigt wird , so ste llt das oben ge
messene Volumen dcr flussigen Phase VF 1 das iheoretische Totvolumen del' Saule da r.

Das Vo lume n del' VOl' und naeh del' Sa ule ange sehlossenen Kapilla ren ist derart
klein. da ss es vern aehliiss igt werden kann ; fur den untersuchten Sau lent yp ergeben
sieh somit :
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bei cine m Fluss vo n 1.00 ml /min eine theorcti sch e T ot zc it vo n 3.03 min. bei 2.00
ml /rn in cin e theoreti sch e Totze it vo n 1.52 m in. U.S.w.

Bestimmung der Totzeit mittels Inertsubstanzen
Eine Reihe moglicher Inertsubstanzen wurde unter gleichen HPLC-Bedingun

gen eingesetzt, und die Aufenthaltszeit bis zum Detektor wurde gemessen. Die Expe
rimente wurden mit verschiedenen mobi len Pasen durchgefuhrt (vgl. Tabelle I).

Diskussion. Die theoretische Totzeit fur die gewiihlten Bed ingungen (vgl. Ta
bellen I und II ) ist 3.03 min (s. oben).

Aus der T abelle I sieht man, d ass diese Zeit mit den gefundenen Ze iten von
Forrnamid , H arnstoff und Thioharnstoff gut ube reinst irnmt. Aus pr aktisch en Griin 
den (se hr gute UV-Absorption ) empfehlen wir, Thioharnstoff zur Best immung der
T otzeit in der "Rever sed-phase" Hochl cistungsl1iissigk citschromatographie zu ver
wenden. Salze, Natriumnitrat usw. kommen mit bestirnmten Fliessmitteln zu friih
und konnen nicht zur Bestimmung der To tzei t verwendet werden . Sauerstoff wird
hingegen vo n der stationaren Ph ase zuruckgehalten und ist demzufolge zur Best im
mung der Totzeit nicht anwendbar . (Sauerstoff ist in organi schen Losungsmitteln
bessel' loslich als in Wasser. )

Wie aus der T abelle II er sichtlich ist, gibt cs cinige ph armazeutisch e Wirk
sto ffe , d ie bei der Anwendung best immter mobilen Phasen cine Rctentionszeit auf
weiscn , die kleiner al s di e Totze it ist. Dass gcwisse Substanzcn VOl' del' Totzeit cluiert

TA BELLE I

RET ENTlO NSZ EITEN (mi n) EIN IG ER IN ER T S UBST A NZ EN , DI E Z UR BESTIMM U NG D ER TOTZEIT It
F RAGE KOMM EN KO NNTEN

Konstant geha ltene Bedingun gen : Flu ss : 1,0 rnl/rnin: Sa llie : Knuucr-F crti gsiiulc RP -8. 7 Ilm , 25 x 0.46 ern,Volune
der Ieeren Siiule = 4.11 rnl ; Einrichtung : Hewl ett-Packard Fliissigchromatograph Mod<:11 1084; Temperatur : 2SC
Bemerkun g : D ie Leitun g vor lind nach der Saul e bestand au s kur zcn Kapill ar-St ahl rohren . Das Volum en dielC
Rohren ( = 0.05 m!) gegeniiber dem Sa ule-Vo lume n wa r derart klein. dass es vernac hlassig t wurde .

---_..

Substanzr M obile Phase
- - - _ _ • • 0

Methanol - Wa sser Methunot- Methanol - Methanol-
---_. 0.1 M N Jl4H2P04 0.1 M ( N H4) 2H P0 4 NcCl-Losung

!OO:O 75: 25 50:50 25: 75 in Wasser ill Wa.uer 0.1 Mill WIlSSI
(p H 5.4), (pH 8.3 ). (pH 6.2) ,
50:50 50:50 50:50

.......---'- - '--"'-'" _. -_. _- - --- - -
Na triumni tra t 1.94 2.00 1.93 1.95 2.94 2.96 2.96
Pikrinsaure 1.78 1.65 1.77 2.92 6.70 6.40 6.05
Chro mo tro psiiure-

dinatrium salz 1.61 1.59 1.59 1.63 2.58 2.49 2.39
Formam id 3.00 2.94 2.93 3.02 2.9 1 2.91 2.94
Wasser 2.98 3.17 2.98
Harnsto fT 2.93 2.93 3.09 2.92 2.91 2.93
Th ioh arnsto fT 2.90 2.88 2.94 3.15 2.94 2.93 2.93
Uraci l 3.23 3.23 3.25 3.48 3.24 3.21 3.27
SauerstofT 3.68 4.50 5.8 1 7.24 5.95 6.0 1 6.10

.. _--- - _. --

* In rnoglich st klein er Men ge eingespritz t (50 bis 200 ng ). Eins pritzvo lume n : 10 Il l.



NOT ES 329

TABELLE II

RETENTIONSZ EITEN (m in) EINI G ER PH ARMAZE UTISCHER WIRK STO FFE MIT BEKANNT KL EI N EM
KAPAZITATSFAKTOR

Konstant gehaltene Bedingungen: Flu ss : 1.0 ml jmin ; Siiule : Kn auer-Fertigsaule RP-8, 7 11m, 25 x 0.46 em, Volumen
der leeren Saule = 4.11 ml.; Einrichtung: Hewlett-Pack ar d FIUssigchromat ograph Modell 1084 ; T em pera tur : 25"C;
Bemerkllng: Die Leitung vor lind nach der Saulc bes tand aus kurzen K apillar-Stahlrohren . Das Vo lumen d iese r
Rohren(= 0.0 5 ml) gcg enuber dem Saule-Volurn en war dcrart klein, dass es vernach lassigt wurde.

Subs/an:* Mohile Phase

Methanol- Wa sser M ethanol-U.l'r ;
Annnoni umcarbonatlosung

75:25 9(1: J() / 1111 :0 75: 25 90 : J()

Oopamid 3.60 3. 15 3.03 3.55 3. 18
Colfein 3.5 1 3.35 3.30 3.53 3.34
Phenobarbita l 3.57 3.1 2 3.02 3.24 3.02
Acetylsalicylsaure 3.12 3.02 3.07 2.82 2.57
Paracetamol 3. 12 3.04 2.99 3.09 3.0 7
Aesculin 2.90 2.80 2.80 2.70 2.58

Me/hallol--O./%
Na-dihydrogenphospha t;
90 : / 0

3.20
3.50
3.20
2.64
3.18
2.83

* In moglichst klcin er Menge eingcspr itzt (50 bis 200 ng). Eins pri tzvol umcn : 10//1.

werden, kann durch die Donnan 's G lcichgewicht svert eilungcn crkl a rt werden oder/
und dadurch , da ss die crwiihntcn Substanzcn unter bestimmten Bcdingungen nicht
in die Porcn del' sta t ionurcn Phase cindri ngcn konnen (So lva thiillc) .

Als Richtlinie zur Erstel lung von Ana lysenmethoden schlagen wir VOl' , d ie
HPL C- Bedingungen so zu wahlen, dass del' Peak del' zu bestimmenden Substanz
nach dern Thioharnstoff-Peak kommt und von diesem vol lstand ig getrennt ist.

Homologe Reihe
Analog zur Gaschrornatographic besteht uuch bei der " Reversed-phase"

HPLC die Moglichkeit , die Totzeit durch da s Chromat ographieren einer homologen
Rcihe zu bercchnen":", Grundlage dazu ist da s lineare Vcrh a ltni s zwischen Logarith
mus der Netto-Retentionsze it (T'R = T R - T.\/) und der homologen Zahl (/I) der
entsprechenden Substanz".

Wir haben Versuche mit nur ein er homologen Reihe (p-Hydroxy-benzoesiiu
reester) durchgefuhrt (T abel le II I). Die so errechneten T otzeiten weichen ein wenig
von den direkt gemessenen abo Es scheint , dass es einen weiteren Einfluss pa ra rneter,
wenigstens fur die eingesetzte hornologe Reihe, gibt , weil die berechnete Totzeit mit
abnehmendem Methanol-Anteil in der mobilen Phase, d .h . mit zunehmendem Kapa
zitatsfaktor, zunimmt (T abelle IV).
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TA BELLEI II

R ET ENTIO NSZ EIT EN (min ) EI N ER HO MOLOG EN R EIH E

Kon stan t geha ltene exp erime ntelle Bed ingu ngen : Flu ss: 2.0 rnl/m in, Saul e : Kn au er - Fer tigsaule RP-8,
tun, 25 x 0.46 em ; Einr ichtung: Hewlet t-Packar d Fliissigchroma tog raph Modell 1084; Tem per atui
25°C.

Homologe Su bstanz Homologe
Z ahl

Mobile Phase Methanol- Wasser

p-Hydroxybe nzoesaure
-meth ylester
-aeth ylester
-p ropylester
-butylester

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

I
2
3
4

65:35

2.36
2.76
3.46
4.5R

(iO:40

2.73
3.40
4.6\
6.7 1

55:45

3.29
4.44
6.64

10.67

TABELLEIV

VER GLEI CH ERRECH NE T ER UNO G EME SSEN ER TOTZEIT EN

Kon stan t geha ltene experi me ntelle Bedin gun gen : Flu ss : 2.0 rnl/rnin ; Sa ule : Kn au er -Fertigsa ule RP-8,
Jl~, 25 x 0.46 ern ; Einric htu ng : Hewlett -Pac ka rd F lussigchro rna to gra ph Modell 1084; Ternpcra tur
25"C.

Mobile phase
Methanol-Wasser

65 :35
60 :40
55:45

LIT ER AT UR

Tot zeit, errechnet al/s dell
Retent ionszeiten einer
homologen Reihl' ( Tabel/e III )
( Iterat ionsme thode} (min )

1.75
1.85
1.96

Totzeit durch
Thioharnstoff
gemesscn (mill)

1.62
1.63
1.65

R. E. Kaiser , Chromcard Gas-Chr oma tographic. Totzeit ill der Gaschromu tographie, Inst itut fur Chro
ma tograph ie, Bad Oiir khcim , 1978.

2 A. Grobler und G . Bal isz, J . Chrom atogr . set: 12 (1974) 57.
3 R. J. Smi th, J. K. Hak en und M . S. Wainwrigh t, J. Chroma togr., 147 (197R) 65.
4 R. E. Kaiser, Chroma tographia. 9 (1976) 463.
5 H. Enge lhardt, Hoehdrl/ck -Flussigkeilschromatographie, Springer, Berlin, Heidelberg, \9 76, p. 7.
6 W . K. AI-Thamir, J. H. Purnell , C. A. Wellington un d R. J . Laub, J . Chroma togr., 173 (1979) 388.
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Note

Determination of polychlorinated biphenyl vapor pressures by capillary
gas chromatography

JOHN W. WESTCOTT* and TERRY F. BID LEMAN

Department ofChemistry" and Belle W. Baruch Institute, University ofSouth Carolina, Columbia , SC 29208
( U.S.A .)

(Received Jan uary :l9th, 1981)

Transport of organ ic pollutants through the enviro nment is, to a large extent,
governed by two phy sical properties : water solubility and vapor pressure. For an
important class of organ ic pollulant, pol ychlorinat ed biphenyls (PC Bs), water so lubi
lities have been determined for indi vidu al isomers. Vapor pressures, ho wever , have
been determined only for co mme rcial Aroc lorwfluids", These mixtures contai n fifteen
or more isomers . For several reasons va po r pr essure dat a fo r these mixtu res are
uncertain ; there is no evidence th at so lutions of PCB isomers exhibit ideal behavior
(obey Raoult' s Law); vapor pre ssures for these mixtures at 25°C are extrapolat ed
from dat a obtained at IOO- 250°C higher than room temperature; and finally, com
mercial PCB mixtures are liquids while mo st of the pure isome rs are solids .

G as chro ma togra phy has several advantages as a technique for determining
vapor pressures: speed, to lera nce to relatively impure compounds, the abili ty to de
termine vapor pressures of several compo unds simulta neously, and small sample size
requi rements. This paper reports the use of glass ca pilla ry gas chromat ography for
de termining the vapor pressures of indi vidu al PCB isomers and chlorina ted pesti
cides.

TH EOR Y

Vap or pressures for two substa nces at the same tempera tur e are related
throu gh the equa tion :

( I)

where I and 2 refer to the test and reference compo unds respecti vely, pOis the vapor
pressure, L is the heat of vaporization, an d C is a co nstant. The rat io L 1/L 2 and the
constant C may be calculat ed fro m the rela tive retent ion volume (VR ) (or time) of the
test to the reference compound and the vapo r pressure of the reference compound:

(2)

A plot of In ( VR )1 /( VR h V.I'. In P2
0 sho uld give a straight line with slope (I - L tlL2 )

0021-9673/81/0000-0000/$0:!.50 (i) 1981 Elsevier Scient ific Publishing Company
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and intercept - C. It is assumed that the ratio of the heats of vaporization of the two
compounds is independent of temperature over the range of measurements. The
deri vation of eqns. I and 2 is presented in detail by Ham ilton :'.

EXP ERIMENTAL

Nanogram quantities of individual PCB isom ers in hexane were inject ed di
rectly onto a I m x 0.25 mm 1.0. wall-coated open tubular (WCOT) glass capilla ry
column installed in a Vari an 3700 gas chromatograph . Use of pentane as a solvent
instead of hexane produced no difference in retention times. The sta tionary phase was
Apolane-87 (Applied Science Labs., State College, PA, U.S.A. ), chosen because of its
low polarity and non-chiral structure. Hydrogen at a fl ow-rate of 2-4 ml /m in was
used as a carrier gas, and nitrogen at 30 ml/min was used as a make-up gas for the
63Ni electron-capture det ector. The column was op erated isothermally at 60-1 30°C.
Temperatures indicated by the oven pyrometer agreed well with those measured with
a mercury thermometer inserted into the oven. The detector was maintained at 325°C,
and the injector at Isoac. Ret ention times were mea sured in chart units from the
injection point and were expressed relative to the retention time of 2,4,5-trichlorophe
noxyacetic acid, isobutyl ester (2,4,5-TIB) which ha s a vapor pressure of 2.2 .10 - 5

Torr at 25°C3. PCB isomers were purchased from An alab s (North Haven, CT,
U.S.A.). Pesticides were obtained from the U.S. Environm ent al Protection Agency
Pesticide Repository (Resea rch Trian gle Park , NC, U.S.A.). Solvent s were pesticide
residue quality.

RE SULTS

Vapor pre ssur es for the reference compound , 2,4,5-TI B, in the temperature
ra nge of our mea surements were obtained from Ham ilton 's relati ve retention data:'
for 2,4,5-T IB and dibutyl phthalat e (DBP). Using his values for L1/Lz and C for the
2,4,5-T IB/D BP pair to gether with DBP vapo r pressures at different temperatu res
(fro m the equa tion of Sma ll et al,", quoted by Ham ilton '), pOwas ca lcula ted for 2,4,5
TIB in ou r temperature ra nge using eqn . I. Regression lines were fitted to In
(VR)I!( VR)z I'S . In P:0 plot s (Fig . I) acco rd ing to eqn . 2 and the parameters L 1/ L; and
C were obtained for eac h of the test compound/2,4,5-TI B pa irs. Two to seven of these
plot s were constructed for eac h test compound. Table I gives, for each test com
pound, the means of the indiv idua l regression results for L 1/ Lz and C, and the means
of the vapor pressure values ca lculated from the individual regression results and the
vap or pressure for 2,4,5-TIB (2.2 .10 - 5 Torr at 25"C; 4.1 .10 - 5 Torr at 30D C) using
eqn . 1.

DISCUSSION

Selecti vity in gas-liqui d chroma tography is infl uenced by the volat ility of the
solute and by chemical interact ion s between the so lute and the sta tiona ry phase. If
chemica l effects can be elimina ted or at least minimized, part it ion ing bet ween the
sta tiona ry and mobile ph ases is co ntrolled by so lute volatility. No n-polar co lumns
have been employed in severa l applicatio ns involving determ inations of boiling points
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Fig. 1. Plots of In (VR)d( VRh vs. In P20 (vapor pressure of 2,4,5-TIB at different temperatures) for PCB
isomers and 2,4,5-trichlorophenoxyacetic acid, n-butyl ester (2,4,5-TNB).

TABLE I

MEAN VALUES OF LdL2 , C, AND VAPOR PRESSURE

Compound Experiments L, /L 2 C pO (Torr) (25 CC)

Pesticides
p,p'-DDE
o,p'-DDT
2,4,5-T, II-butyl ester

PCB isomers
3,3'-DCB
2',3,4-TCB
2,2' ,5,5' -TCB
2,2',4,5,5'-PCB
2,2',4,4',6,6'-HCB

2
2
7

5
4
4
4
3

1.008 ± 0.063
1.030 ± 0.027
1.016 ± 0.020

0.884 ± 0.029
0.913 ± 0.016
0.925 ± 0.009
1.000 ± 0.036
0.975 ± 0.029

~ 1.046 ± 0.270
-1.312 ± 0.047
-0.222 ± 0.059

0.900 ± 0.100
0.324 ± 0.056
0.076 ± 0,039

-0.897 ± 0.128
-0.8'28 ± 0.113

(7.4 ± 2.7).10- 6

(4.5 ± 1.3) .10- 6

(1.6 ± 0.2).10- 5

(2.0 ± 0.5).10- 4

(8.0 ± 1.0) .10- 5

(5,5 ± 0.4)· 10- 5

(9.2 ± 2.3).10- 6

(1.2 ± 0.2) .10- 5

or vapor pressures. Packed columns with SE-30 as the stationary phase have been
used by Green et al? to simulate distillation of hydrocarbons, by Martin et al.6 to
calculate boiling points of phenothiazines, and by Hamilton:' to determine vapor
pressures of herbicides. Castello and D'Amato7

.8 found some variation in activity
coefficient due to solute-solvent interactions when using SF-96 as a stationary phase
to determine the vapor pressures of a series of alkanes.

Use of an open tubular column eliminates adsorption effects due to the pre
sence of a stationary phase support. Stationary phase selectivity can be minimized by
choosing a stationary phase of as low polarity as possible. Apolane-87 is an 87-unit
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TABLE"

APOLANE-87: STRUCTURE AND McREYNOLDS CONSTANT

NOTES

Phase MeReynolds constants»

Apolane-87 71
SF-96 205
SE-30 217

* Sum of five LJIvalues (Applied Science Labs.).

hydrocarbon which is non-polar and non-chiral, with McReynolds constants lower
than those for either SE-30 or SF-96 (Table II). The I-m long WCOT column used for
these experiments was obviously of lower efficiency than the 30~50-m columns norm
aUy used for analytical separations, but the ability to resolve large numbers of com
pounds of similar volatility is not a major requirement for this technique. Fig. :2

rn
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'L d)
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I
o
L
~

(1)
~
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80'C

100'C

15
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I
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~

c
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Fig. 2. Chromatograms of 2',3,4-trichlorobiphenyl (tri-CB), 2.2',5,5'-tetrachlorobiphenyl (tetra-CB) and
2,2',4,5,5' -pentachlorobiphenyl (penta-CB) on a l-m Apolane-87 capillary column at 80 and IOOC.
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shows that the resolution of the column was suffi cient to allow severa l compounds to
be chromatographed at once. The use of a longer column would ha ve been incon
venient because of the extremely long retent ion time s for compo unds of low vapor
pressur e at low column temperatures. On the I-m column. 40 min were required to
elute 2,4,5-TI B at 70"C and 3 ml /rnin carrier gas flow-rate, while 1100 min were
requ ired to elute the same compound from Hamilton's 0.6-m packed column at 72"C
and a ca rrier gas flow-rate of 66 ml/rnin". On the l-m WCOT co lumn, 175 min were
required to elute 2,2 ' ,4,5,5' -pentachlorobiphenyl at 60"C.

Table III shows a comparison between vapor pressures determined by th is
meth od and those mea sured by us using gas sa turation", a lo ng with liter ature values
where ava ilable:"!".

TABLE III

CO M PA RISON OF VAPOR PRESSURES D ET ERMINED BY GAS CH RO M A TOG RA PHY AND
GAS SATU RATI ON TECHNIQ UES

CONC LUS IO NS

Capillary gas chromatography is a rapid and conven ient mean s of determ ining
vapor pressures. The sol id PCB isomers 2'.3A-trichlorobiphen yl and 2.2' .5,5' -tetra
chloro biphcnyl arc major compon ent s of the commercial fluid Aroclor w 1242 which
has a reported vapor pressure of 4.1 . 10- 4 Torr, and 2,2',4,5,5' -pentachlorobiphenyl
is a major component of Aroclor s 1254 which has a reported vapor pressure of
7.7 .10 - 5 Torr". The vapor pre ssur es determined for the solid ind ividual PCB isomers
are approximately 5-10 times lower than those reported for the liquid commercial
mixtures. Vapor pressures determined by gas chromatography agreed well with tho se
determ ined by gas saturation.
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Note

Gaschromatographische Erfassung von 6-Desoxyhexosen, Pentosen
und Hexosen aus herzwirksamen Glykosiden

11*, Gas-Flussigkeits-Chromatographie an Glaskapillarsaulen**

J . JUR ENI TS CH*. B. KOPP. I. G A BLE R-KO LACS EK lind W. KUI3 ELKA

Institutfiir Pharmak ognosic der Univcrsitii t WiCII. Wiihringerstrassc 25. A- lOW) Wiell (Osterreich j

(Ei ngega ngen am X. Januar 19XI)

1m Rahmen von Arbeiten zur Konstitutionsb est im m ung verschiedener hcrz
wirksam er G iykoside ' :" hatte sich die Notwend igkeit crgeb en , ein einfache s Verfa h
ren zur Identifizierung und Quantifizierung vo n o-Desoxyhexosen. Hexosen und Pen
tosen au szuarbeiten. Die Gaschromatographie der pertrimethylsilylierten Zucker an
gep ackten Saulen erwies sich zu diesem Zweck gut geeignet I , wobei allerdings bei
einigen Zu ckerpaaren eine siche re Zuordnung nur durch Yerwendung zweier ver
schiedener Trennsau len (O Y-10 lund OY- 17) erreicht werden konnte. 1m H in blick
a uf eine weitere Yereinfachung ste llte sich nun die Frage, o b die bei der Gaschroma
tographie an G laskapil larsa ulen erz ielba re Trennkapazitat '"? e inen Ein satz zweier
Trennsysteme eriibrigen wi.irde. Um einen Yergleich mit den an gepackten Saulen
erreichbaren Ergebnissen z u errn og lichen , untersuchten wir daher das Trennverha lten
der o-Deso xyhexosen , Hexosen und Pentosen sowohl an mit OY - 101 als auch an mit
O Y- 17 be legten D unnfilm glaska pilla rsa ulen . Oaneben versuchte n wir durch Einsat z
verschiedener Silylierungsreagentien eine Vereinfachung der zu r Deri vati sierung noti
gen Manipu lat ionen zu erzielen .

EXPE R IME NT ELLES

Vcrglcichssubstanzcn : Wie in Lit. I angcgeben.
Losungsmi ttel : A ile verwendeten Losungs mittel waren p.A . Qualitat (Merck,

D armstadt. B.R. O .).
Gaschrom atogra phic: Geriit Per kin- Elmer F 33 ausgerustet mit einem F lam

meni oni sationsdc tcktor (FlO) . Siiu le I : G lask a pillare: 24 m x 0.23 mrn I.D., Trenn
film: OY- IOI; Tragergas (N 2 ) : 0.6 m l/m in. Split 1:50; Temperatur : lnjektor /Detektor
225 C ; Ofen . Pro gr am m : 150-240 C. I' /rnin ; In it ialzeit : 20 min; Brenngase: Wa sser
sto ff -Synthetische Luft. Saule 2: G las ka p illa re : 24 m x 0.28 mm 1.0., Trennfilm :
O Y- 17; Triiger ga s (N 2 ) : 0.6 ml /min , Spl it 1:30; Temperatur : lnj ekior/Detektor
225 C; Ofen. Programm : 150--200 C. I' /m in, In it ia lze it : 20 min ; Brenngase : Wasser-

* I. M iu .: l. it . I.
** Teil dcr D iplom ar beit I.Ci.-K .. Univcrsitu t Wicn, Wicn , 1979.

0011-9673/X I10()()O OOOO/$O~ . 5 0 ,r 19SI Elsevier Scienti fic Pu blish ing Compa ny
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sto ff - Syn the t ische Luft . Integrator Perkin-Elmer M- 2; Schreiber Perkin-Elmer 056 .
Hydrolyse der Gl yk osid e und Aquilibrierung der fre ien Zucker : wie fruh er

besch rieben I .

Deri vati sierung : Rea gen s I : N ach Sweeley ('1 al.10 m it Hex amethyldi silazan
und T rimethylchlorsilan in wasserfreiem Pyridin I. Reagen s 2: 0.2 m g Zucker wer de n
m it 100 pI Tri-Sil Z (Pierce . Rotterdam. Niederlande) verse tz t 1 1

. Reagen s 3: 0.2 mg
Z uc ker we rden mit 100 It! N.O-Bis-(tr im ethy lsilyl)-trifluo raceta m id rein st (Serva ,
Heid elber g, B.R.D.) verse tzr!". Rea gen s 4 : 0.2 mg Zucker werden mit 100 III N
Trimethylsilylim idazol reinst (Serva) verse tzt. Von diesen l.osungen wurden 0.5-1 .5
III inj izier t .

ERGE BN ISSE UNO DI SK USSI O N

Zur Optimierung der gasc h rom a togra ph ischen Bedingungen zogen wir ein Ge
mi sch von Arabinose, Rh amn ose und Fucose heran, deren Haupt peaks bei der Ver
wcndung gepackter Saulen teilwei se stark uberlappten (Fig. I). Nach Variation von
G as flus s und Temperaturprogr amm konnten wir mit eine r O V- IOI Glaskapillarsaule
bei verg leichbaren Retenti onszeit en eine wesentlich besser c Auftrennung erzielen
(Fig. 2).

,
20MIN35MIN 22

Fig. I. Gas-Fltissigkei ts-Chromatographische Trenn ung von TM S-A ra binose ( I), T MS-Rha mnosc (2)
und T MS-F uCDse (3) a n gepacktcr Sau lc; Siiule: Pyrex 10 tt . x 1 in 0 .0. x 2 mm 1.0. ; T rennfil m 1.6 ~: ; ,

OV-IO I a uf C hromosorb G (100- 120 mesh ); Tragcrgas (N l ) : 20 ml /m in ; Tempera tu r Injektor 230 C.
Detekto r 240T; Programm 100 240'C (2 ,/mi n) .

F ig. 2. Gas- F liissigkei ts-C hromat ographische T rennung vo n T MS-A ra binose ( I). T MS-Rhamnose (2) und
TMS- Fueose (3) an G las ka pillar saule; Saule : G lask a pilla re 24 m x O.D mm 1.0.; Tr ennfil m : OV- IOI:
Tragergas (N

l
) : 0.6 ml /min . Split 1:50: Tern pcra tur lnj ek to r /D etck to r 225('; Ofen. Pro gramm 150

240°C. I"/ m in : ln itialzeit 20 mi n.
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Da sich bei dem bisher verwendeten Derivatisierungsverfahren 1,1 0 durch die
bei der Reaktion auftre tende Trubung gewisse Nachteile ergeben hatten, uberpruften
wir nun and ere im Handel erhaltliche Reagentien auf ihre Eignung: Wahrend " Tri -Sil
Z" hinsichtlich der Haltbarkeit der Losun gen nicht zufrieden stellt e, verlief die Reak
tion mit N,O-Bis-(trimeth ylsilyl)-trifluoracetamid (BST FA) a uch na ch 30 min Erwar 
men auf 60"C nicht vollstandig. Erst die Yerwendung von Trimethylsilylimid azol
(TSIM) Konzentrat brachte dem fruh eren Yerfahren vergleichbare Ergebni sse, besass
jedoch den Yorteil, das s klare Einspritzlosungen erhalten wurden, weshalb wir dieses
Reagens bei allen weiteren Untersuchungen verwende ten.

Um einen Uberbl ick tiber d ie an OY-IOl G laska pillarsaulen auftretenden Re
ten tionszeiten , die Anzahl der Anomerenpeaks und deren Flach enverh altnisse zu
erha lten, dosierten wir zunachst Losun gen der einzelnen pertrimeth ylsilyliert en Rein
subs tanzen, die wir zuvor wie fruh er beschrieben ' mit Saure vorbehande lt hatten.
Ein Yergleich der Retentionszeiten zeigte, da ss sich verschied ene Zucker in nur einem,
einige aber in zwei Hauptpeak s uberlagern mu ssten.

Zur Gewinnung praziser Daten spritzten wir an schl iessend Gemi sche von
Trim ethyl silyl (TMS)-Zuckern ahnlicher Rctenti on szeit ein und fand en bei den Paar en
Ribose- o-Desoxygulo se, Ribo se-6-Desoxyidose, 6-Desoxyidose-6-Desoxytalose, Ri
bose-Fucose, 6-Desoxyallose- Fucose, 6-D esoxyallo se- 6-D esoxytalo se, Xylose- Fu
cose, 6-De soxyglucose-Altrose, Allose- Talose, Talose-Galaktose, Gulose-Mannose
und 6-Desoxy idose-Idose eine Ubertappung jeweil s eines Hauptpeak s. Nahezu glei
chc Retentionszei ten wiesen die Hauptpeak s der Paare Lyxose-6-Desoxygulos e und
Fucose-o-Des oxytalose auf. Yon diesen kritischen Paar en konnten a llerdings z.B. 6
Desoxyallose-6-Desoxytalose und Allose- Talo se trotz unvollstandiger Tr ennung ne
beneinander erfasst werd en. Die gefundenen Retentionszeiten und Flachenverhaltnis
se sind in Fig. 3 ersichtli ch. Beispiele fur die Trennung von au s jeweils funf Monosac
char iden besteh enden Gemischen zeigen Fig. 4 und 5.

Ent sprech end e Yersuche mit einer OY-l 7 Glaskapillarsaule erga ben die in Fig.
6 ersicht lichen D aten . Wie bei Yerwendung von OY-lOl stell ten wir auch bei OY-l7
Uberlagerungen von Hauptpeaks einzelner Zuckerpaar e fest , doch lagen die aufOY-

.--rue--.
1.3 1

GAL ALLM RIB ARAB
t I n rl r-.

1.3 1 I 1.6 1 2.7 1.2 1
ALT ID R~

t I t
1.5 1 2.3

TAL XYL G ~ LM

I I
1.7 1.3

GLUC ALL GUL 1lX1
I r-l .------. t I

1.1 2.3 1 1 4.R I 1. 5
MAN GLUCM TALM LYX

t r-l I
1. 3 I 2.7 3.3

60 50 40 3D MIN

Fig. 3. Reten tionszeiten der TMS-Monosaccharid e an einer OV- IOl GlaskapiJlar siiule (vgl. Fig. 2) und
Peakflachen verhaltnisse der anomeren Formen nach Beha ndlung mit Saur e, G ULM = 6-Desoxygulose,
RIB = Rib ose, RH = Rhamnose, ARAB = Arabin ose. LYX = Lyxose, AL LM = 6-DesoxyaJlose, ID M
= 6-Desoxyidose. TALM = 6-Desoxy talose. FUC = Fucose, G UL = G ulose, XYL = Xylose, ALT =
Altrose , G LUC M = 6-Desoxyglucose , ID = Idose. ALL = Allose, TAL = Ta lose, G AL = Galaktose,
MAN = Mann ose, GLUC = Glucose.
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10 ,0 /0 MIN
I

50 30 20 MIN

TAlJ1
n
1 U

Fig. 4. Gas-Fliissigkeits-Chromatographische Trennung von TMS-Lyxosc (I), TMS-Allose (2). TMS-6
Desoxyallose (3), TMS-Mannose (4) und TMS-Rhamnose (5) an einer OV-IOI Glaskapillarsaule; Trenn
bedingungen wie in Fig. 2.

Fig. 5. Gas-Fliissigkeits-Chromatographische Trennung von TMS-Ribose (6), TMS-6-Desoxytalose (7),
TMS-Gulose (8), TMS-Talose (9) und TMS-Glucose (10) an einer OV-10 I Glaskapillarsaule; Trennbedin
gungen wie in Fig . 2.

10M
t I
1 1.\

GlUm ALlJ1
I .-.
1.2 1 H ,
ALT IYX

t I t t
5 1 1.5 3"

MAN AR AB
t f
1 l.2

GAL ALL XY I RH
t t .------. t I
1.3 1 2,3 1 1.3 2,3

GLUe A If ~ Fue
~ AI t

1.2 1.7 1 1 4,8 1.3 12.7 I

60 50 40 MIN

Fig. 6. Retentionszeiten der TMS-Monosaccharide an einer OV-17 Glaskapillarsaule und Peakflachenver
haltnisse der anomeren Formen nach Behandlung mit Same. Glaskapillare 24 m x 0.28 mm 1.0., Trenn
film OV-17; Tragergas (N z) 0.6 ml /min, Split 1:30; Temperatur Injektor/Dctcktor 225"C; Ofen, Programm
150-200°C, I ''/min; Initialzeit 20 min . Abkiirzungen vgl. Fig. 3.

101 gefundenen kritischen Paare nunmehr soweit getrennt vor, dass eine sichere Iden
tifizierung moglich wurde. Fiir Analysen unbekannter Proben empfiehlt es sich, zu
nachst an OV-10 I zu trennen und in Zweifelsfallen, das heisst bei Vorliegen der
aufgezeigten kritischen Paare, eine zusatzliche Bestimmung an OV-17 durchzufuhren.
Bei der Umersuchung herzwirksamer Glykoside fuhrt normalerweise allein die Ver
wendung von OV-IOI zu raschen und sicheren Ergebnissen, da dieser Glykosidtyp
erfahrungsgemass maximal drei verschiedene Monosaccharid-Bausteine enthalt.

Wie bereits bei der Gaschromatographie an gepackten Saulen 1 festgestellt,
liessen sich erwartungsgemass auch die Peakflachenverhaltnisse als Zuordnungskrite
rien heranziehen. Es ist jedoch hervorzuheben, dass wir bei den Analysen an Glaska
pillarsaulen teilweise abweichende Verhaltniswerte fanden, was zum grossen Teil auf
das neue Silylierungsverfahren zuriickgefiihrt werden muss. Da vergleichende Analy-
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sen an gepackten und Kapillarsiiulen ebenfalls Schwankungen der Flachenverteilung
aufzeigten, kann auch ein Einfluss des Probenteilers nicht au sgcschlossen werden .
Die in Fig. 3 und 6 angegebenen Flach enverhaltnisse mu ssen daher als Richtw~rte
betr achtet werden. welche sich allerdings bei strikter Einhaltung der Hydrolyse- bzw.
Aquilibrierbedingungen gut reproduzieren lassen .

Auch in quantitativer Hinsicht gab die Anal yse unter Verwendung von Glas
kap illar saul en zufriedenstellende Ergebnisse. Eichanalysen mit Monosaccharidgemi
schen bekannter Zu sammensetzung fuhrten zu Korrek turfaktoren, die mit den an
gepackten Saulen ermittelten ' gut korrelierten. Nachdem die Faktoren der Hexosen,
Pentosen und 6-Desoxyhexosen nur urn ± 10% (relativ) differierten, liessen sich na
herungsweise auch die Flachenverhaltnisse fur die Bestimmung der Mol-Verhaltnisse
heranziehen .

Sowohl bei Verwendung von gepackten als auch von Glaskapill arsaulen ist
somit eine sichere Identifizierung der einzelnen Zucker moglich ; dies bringt gegeniiber
den bisher zur Verfugung stehenden Verfahren!" einen deutlichen Zeitgewinn. Hin 
sichtlich der Trennkapazitiit zcigten sich die Kapillarsaulen den gepackten uberle
gen, wodurch bei komplexen Gemischen leichter interpretierbare Chromatogramme
erhalten wurden. Es ist jedoch anzumerken, dass auch bei Anwendung von Kapillar
saulen bei manchen Analysen zwei unterschiedliche stationare Phasen (OV-lOl und
OV-17) eingesetzt werden mu ssen, urn die geforderte Analysensicherheit zu gewahr
leisten. Dennoch konnen beide Verfahren (Chromatographic an gepackten Saulen
oder an Glaskapillarsaulen) im Rahmen der Strukturaufkliirung herzwirksamer Gly
koside mit Erfolg verwendet werden; im Einzelfall wird die Wahl in Abhangigkeit
vom speziellen Trennproblem und vorhandenen technischen Moglichkeiten zu treffen
sem,

DA NK

Fur die Uberlassung von Vergleichssubstanzen danken wir Herro Professor
Dr. T. Reichstein, Basel. Sch weiz a uf das herzlichste . Die verwende ten gaschromato
gra phischen Einheiten wurden durch Mittel der Osterreichi schen Ap othekerkammer
bzw. aus Sondermitteln des Osterreichischen Bundesmin isteriums fur Wissenschaft
und For schung finanziert.
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Note

Gas chromatographic enzymic determination of amygdalin

SATOSH I KA WAI · a nd K EIKO KOB A YASHI

Gifu College of Pharmacy , Mitahora , Gifu (Japan }

a nd

Y UZ I TAKAY AMA

Mat erials Science , Toyohashi University ofTeclmo logv; Tenipaku- cho , Toyohashi ( Lapan}

(R eceived Januar y 21st, 1981)

T he evaluation of amygdalin (o-mandelonitrile-{i-D-gentiobioside) as a ca ncer
remedy has been th e subject of considerable controversy ' v'. Recently, Stobau gh et
al.3 developed a meth od for the determination of amygd alin in human plasm a, based
on th e gas chromatographic (GC) determination of benzaldeh yde formed by en
zyma tic ({i-glucos idase) hydrolysis of the parent glycos ide . In th is paper, we describe a
more sens itive method for the determination of amyg da lin in aqueous so lution. En
zyma tic hydrolysis of amygda lin by /J-glucosidase was per formed according to the
procedure described by Stobau gh et al.3, then the benzald eh yde liberated was co n
verted by pentaflu oro ben zyloxylamine int o its O-pen tafluo ro benzyl oxime and the
deri vative was de term ined by GC with the use of a !lam e- ion izat ion de tector (F lO) or
an electron-ca pture de tec to r (ECD).

EX PER IM ENTA L

Reagents
Pentafluoroben zyloxylammonium [O-(2,3,4,5,6-pentafluorobenzyl)hydroxyl

ammo nium] chloride (P F BOA) was synthes ized" fro m pen taflu orobenzyl bromide
(Ald rich, Milwaukee, WI , U.S .A .) and N-hydroxyphthalimide (To kyo Kasei, To kyo,
Japan ). a,a-Dichloro dipheny lme tha ne was used as an inte rna l sta ndard (IS ). Amyg
da lin (M erck , Darmstadt, G. F .R.) was used without further purifi cati on (m.p. 22 1
222"C) . f3-Glucosidase (powder, prepared from almonds) was obta ined from Sigma
(St. Loui s, MO, U.S.A .), with an activ ity of 4.0 unit s/rug (I unit will liberat e l.0
Iimole/min of glucose from Sa licin a t pH 5.0 at 3T C). Benzaldehyde was distilled
and kept under nitrogen .

Apparatus and conditions
A Shima dzu G C-4APF gas chro ma togra ph eq uipped with a FlO and GC

4AP E gas chromatograph eq uipped with a 10-mCi 63Ni EC D were used . A 2
m glass co lumn packed with 3 % XE-60 on 80- 100-mes h Ce lite 545 (AW DMCS)
was used, with a co lum n tem perature of 160"C, a detecto r tempera ture of 180"C and
a char t speed of 0.25 em/min .

0021-9673/8 1/0000 -0000/$02 .50 \l..j 1981 Elsevier Scientific Publishing Co m pa ny
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Standard procedure
Method A . When the F lO was used , amygda lin was disso lved in 50 m M ace tate

buffer (pH 4.8) to give so lutio ns of co ncent ra tion 2.5-10 Ilg/m l. To 0.2 ml of the
sample so lutio n in a 5 ml centrifuge tu be were added 50 pi of {I-glucosidase (2.0
units /nil) dissol ved in acetate buffer (50 m M. pH 4.80). After shaking for I h in an
incuba tor of 30"C, 50 pi of an aq ueo us solution of PFBOA (2.2 mg /ml) were added
and the mixture was allowed to sta nd for I h at room temperature. After being
satu rated with sodium chloride and acid ified with I drop of 18 N sulphuric acid , the
O-PFBO deri vati ve of benza ldehyde was extracted with 500 III of et hyl acetate co n
taining I Jig of O:,e<-d ichlo rod iphenylmethane as an IS, followed by centrifuging for a
few minutes to separate two phases. T he lower , aqueo us layer was removed with a
syringe with a long needle. a few grains of anhydrous sodium su lphate were added to
dry the et hyl acetate extrac t, followed by co ncentra tion of the so lvent into a small
volume under a strea m of air. and an aliquot of the fina l so lution was injected on to
the GC co lumn.

Method B. When the EC D was used. amyg dalin was dissol ved in 50 mM
acetate buffer (pH 4.8) to give solutions of co ncentra tion 0.5-2.5 pg/ml. Then 0.2 m!
of the sample so lution was tr eat ed by a technique similar to meth od A, except th at
this time 2.0 m! of ethy l ace tate co nta ining 5 pg of o:,e<-dichlorodi phenylme tha ne was
used for extr action of the O-PFBO der ivati ve.

RES UL TS AND DIS C USS ION

Stoba ugh et al.' hydrolysed 3-ml plasma samp les spiked with amygdalin a t
concen trations of 2-20 Jlg/m l. If a molar equivalent of benzaldehyde was prod uced by
the hydrolyt ic ac tio n of {I-glucosidase (in their work, the benzaldeh yde recove red was
found to be 95 ~<, of the amygdalin added), about 1.4 pg of benzaldehyde was pro
duced from 6 pg of amygda lin. They extracted it with 250 pi of chloroform co ntaining
an IS and injected direct ly I pi of it on to a gas chromatograph equipped with an F ID .
However, when GC with an F lO was used, the sensiti vity limit is about 2 ug in 250 pi
of benzaldehyde in et hy l acetate. part ly beca use benza ldehyde is so vo latile tha t it is
difficult to concent rate a solution without loss, and partly because the peak of benz
a ldehyde on the chroma togram occurs on the slope of th a t of so lvent. Hence,
Stobaugh et al. were forced to take 3-ml plasma samples and to extract with as small a
volume as 250 pi of orga nic so lvent.

We ha ve fou nd PFBOA to be an exce llent der iva tizing age nt in th e GC de
term ination of low-molecul a r-weight ca rbony l compounds in aq ueo us so lut ion. The
reac tion of carbony l compounds with PFBOA proceeded readil y in wea kly acid ic
medi a (pH 2- 5) at room temperature to yield derivati ves extrac ta ble from the
aqu eou s so lution with orga nic so lvents, and the co mplete rem oval of the unreacted
reagent was easi ly achieved. The resulting derivati ves were sta ble in orga nic solvents
and very vo latile, and th erefor e the GC sepa ra tio n co uld be ca rrie d ou t at low tem
perat ures. A lso. the O-P FBO were extreme ly sensi tive to the EC D. In th is wo rk.
PF BOA was app lied to the micro-d eterminat ion of amygdali n. The reagent concen
tra tio n was mad e 100-1 OOO-fo id grea ter th an that of benza lde hyde to ensure com
pletion of the co ndensation reaction with a small amount of the a ldehyde in the
aqueo us so lution. Th e co ndi tions for enzymatic hyd rolysis of amygdalin were fixed
accord ing to the procedure of Stobaugh et al .
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Experiments were a lso conducted to determine the effect of pH on fl-gluco
sidase acti vity. The enzyme rapidly hydrolysed amygdalin to liberate benzaldehyde
between pH 4.0 and 7.0. Therefore, incubation solutions were buffered at pH 4.8,
taking into consideration conditions for the enzyme activity of [i-glucosidase and the
condensation reaction with PFBOA. Ethyl acetate was a suitable solvent for the
extraction of the oxime. Salting-out improved the extent of extraction. In order to
pre vent an excess of PFBOA from bein g extracted, extr action was carried out in the
acidic media by adding I drop of 18 N sulphuric acid.

Typic al GC separa tions are illustrated in Fig. I. a ,a-Oichlorodiphenylmethane
was used as an internal sta ndard. Quantitati ve assay was carried out by comparison
of the peak-height ratio with a calibration graph prepared from solutions containing
known amounts of amygdalin.

( A ) ( B )

1
2

o 4 8 1 2 o 4 8 12 mi n

Fig. I . Gas chrom atogram of benzald ehyde produced from hydr olysis of amygda lin by {I-glucosidase on a
2.0-m 3% G E-XE co lumn at 160"C. I = Benzald ehyde O-pentatluo robc nzy loxime; 2 = x.c
diehlorodiphenylmethane. (A) Anal ysis on a gas chromatograph eq uipped with a hydrogen FlO. using 2.0
pg of am ygdalin. (B) Anal ysis o n a gas chromatograph eq uipped with a hJN i EeD. using 200 ng of
amygdalin .

In the present method , the reaction of benzaldehyde with PFBOA provided a
larger molecule, which led to an increase in FlO sensitivity and to the possibility of
concentration of the extract without perceptible loss of the derivative. Even when an
F]O was used, the sensit ivity limit was improved 10-fold compared with the proce
dure performed without derivatization by Stobaugh et al., which means that on e tenth
of the amount of pla sma samples is sufficient for analysis. Th e O-PFBO deri vati ve
was very sensitive towards the EC O and was ab out 40 tim es more sensitive than x.o
d ichlorodiphen ylmethan e used as an IS. Fig. IB is a ch romatogram obtained on
treating 200 ng of am ygdalin according to method B. A sta ble response was ob served.
eve n for the injection of 10 pg of benzaldehyde as its O-P FBO.
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The overall precision of measu rements by method B was a coefficient of vari
at ion of 5.03 %(11 = 6) and a co rrelatio n coefficient of 0.9989 over the range 0.l-2.0
fl g of am ygdalin. The advantage of the proposed method is th e potenti al for micro
determinati on with fairly good precision. Th e procedure will be useful for monitoring
the conc ent rat ion and beh aviour of am ygdalin in biological mat erials.
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Note

Measurement of exposure to xylenes by separate determination of m
and p-methylhippuric acids in urine

M. MORI N*. P. CH AMBON. R. C HAM BO N a nd N. BICH ET

La boratoire de Toxicologie et Hygiene I ndu strielle , Faculte de Phurmacic: ,\' Aven ue Rock efeller, F-n')()()
Lyon ( France )

(First received Oct ober 27th. 1980; revised manuscri pt received Feb rua ry 4t h. IY8 I)

Hippuric acid occurs as a met abolite of toluene after inhalation of lar ge doses
and fII- and p-methylhippuric acids (fII- and p-M HA) are urinary metabolites of III

and p-xylene. These acids are rapidly excreted in urine over a period of time th a
increases with increasin g level o f exposure .' . The determination of the se acids is there
for e a va lua ble index of expos ure to toluene and a lso to xylenes , which oft en occ ur a:
contam inants of tolu en e.

Many meth od s have been described for th e determinati on of th ese meta bol ites
th e first ba sed on co lorime try . These ha ve no w been suppla nted by various chro ma
to gr aphic techniques : thin-layer chroma tog ra phy' . gas chromat ography (GC)3 - 5
high-performance liquid chroma tography'v" and iso tac hopho res is". GC procedure
ha ve not yet produced a simple sepa ration of the various urin ar y met abolites 0

xylen e, especia lly fII- a nd p-MHA.
The aim of thi s work wa s to develop a sim pler routine technique for hippuric

acids; thi s was achieved with high sensitivity by GC using a th ermionic detector a nc
an original internal standa rd .

EX PE R IM ENTA L

Reagents
The fo llow ing a na lytica l-reagent grade chem ica ls were used : concentrat ec

hydrochl oric acid, sod ium chl orid e, ethyl acetate, methanol, diazomethan e-d ieth y
ether so lution, benzoylproline (Fluk a, Buchs, Swit zerland) (internal standard ), hip
puric acid (Fluka), fII-MHA* ancl p-MHA*.

Gas chromatographic system
A Hewlett-P ackard 5710A gas chro ma tograph with a 2 m x 2 mm 1.0. glass

column packed with 2 j,; O V-225 was used , equipped with a nitrogen-phosph orus
flam e-ion ization detector. Th e ca rr ier gas was nitrogen at a flow-r ate of 20 ml /m in.

* Kindly supp lied by M r. Rai ner Sjoholm, Depa rt ment o f Orga nic Chemistry. Abo Akadcmi, T urk u,
Finl and ,

0021-9673j8I jOOOO -00 00j$02.S0 (C ' 1981 Elsevier Scienti fic Publishing Com pany



NOTES 347

The flame was air (50 mljmin)-hydrogen (3 mljmin ). The following temperatures
were maintained : co lumn. 210"C ; injec to r. 250"C; and detector. 300"C.

Method
A mixture of 0.5 ml urine, 0.5 ml of concentrated hydrochloric acid, 0.3 g of

sodium ch loride, I ml of 150 mg jl aqueous benzoylproline solution (internal sta n
dard) and 3 ml of ethyl acetate was shaken vigoro usly in a glass screw-capped test
tube for 10 min . and 2 ml of the supernata nt eth yl ace ta te were transferred into
another test-tube with I ml of methanol. Meth ylation was effected with diazom eth
ane- diethyl et her so lution. A I-Ill volume of the solutio n o btained was injected into
the gas chrom atograph.

RESULTS AN D DI SCUSSION

Table I shows the extrac tion reco very of the internal sta nda rd and Tables II
IY show the results obtained with known amounts of the various hippuric acids as the
methyl esters. Fig. I shows a chromatogram obtained for a mixture of compounds.

The extraction technique used here is that of Ogata et a /.1O
, which provides a t

least 99 % reco veries of the vario us hippuric acid s. Howe ver, with high levels of
hippuric acids, the dete ctor becom es sa tura ted and the results are not rep roducible. A
ten -fold d ilut ion of the sample will pre vent thi s from occur ring.

The G C separa tio n of 111- and p-M HA is very sa tisfac tory. Th e specificity of
OY-225 is mueh better than th at of SE-30 as used by Kira5 for the same order of
sensitivi ty; th e latt er type of packing. even when used at 10/.) concentra tion, do es not
sepa ra te the two isom ers. Mor eover , sa licyluric acid and its monomethyl ester inter-

TABL E I

RECOVERY OF BENZOYLPROLI N E FRO M WAT ER

.. _ ._ - - .._------- --
AII/OIIII/ added /0

lI'O/I' /" ( II/K! /)

AlI/oUI1/[ound

( II/K//) ( II = 5 )

Recovery S.D. Coefficient
of variat ion (~>,,)

Ben zo ylpro line
(rng /l) 100 100.28 100.28 2.9 1 2.9

TABLE II

RECOVERY OF HIPPURIC ACID FROM U RI NE

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

2.6
1.9
2.3

Coefficient
of variat ion (';.;; )

4

Recovcrv S.D.
(,/;;J

4.8

73. 1 lU)
80 .2 9.8
77.4 20. 1

AlI/oIIII/Fllmd

( II/g/I) ( II = 5)

120

303 .6
522. 1
885 . 1

o

250
500

1000

Ali/olin/ added /0

urine ( II/g/I)

U rine (U)

U + h ippu ric acid
(rng/l)

------ - - - - - - - - - - - ---_._-- - ----------- -
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TABLE III

REC O VER Y O F II/-METH Y L/-/IPP U RIC ACID FRO M U R INE

NOT E~

Amount added to
urine (mgll}

Amountfound
( mg/ !) ( n = 5 )

Reco very S.D.
('/;;;

Coefficient
of variat ion
('%)

Urine (U )

U + m-M HA
(mg /I)

o

28.37
56.75

113.5

0

26.98 95 1.30 4.8
50.37 88.7 3.09 6. 1

102.86 90.6 2.04 2

T ABLE IV

RECOVERY OF p -METHY LHIPPURI C ACID FROM U RIN E

Amount added to
urine (mg ll )

Amount found
( rngj l ) (n = 5 )

Rccovcrv S.D .
('i ;')

Coeffi cient
a/variation '
(%)

Uri ne (U) 0 0

U + p- M HA 34.25 27.88 8 1.4 1.43 5.1
(mg / l) 68.5 54.35 79.3 2.90 5.3

137 112.3 82 2.56 2.3

4

.--

1

I~
I

I
Fig. I. Chro m atogram of hippu ric ac id (I) . lIl-methylhippuric acid (2). 1!-met hy lhippur ic acid (3) and
benzoylproline (internal standard) (4) .

fere with this peak , whereas on the OV- 225 column there is no inte rference, the
retention time s being hippuric ac id 3.39 min , m-MHA 4.51 min, p-MHA 4.76 min ,
internal standard 6.16 min and meth yl sa licylura te 8.73 min.

We ha ve compa red th e GC method with th at of Engs tro m et al:", by which
hippuric acids were determined as their a lka line hydr olytic products. The correlati on
between exposure to toluene and urinar y con centrati on s of benzo ic and tolui c acids
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was better with the latter method for high levels corresponding to a heavy inhalation,
but this was not our concern as we were more interested in long-term, low-level,
exposure. It would seem more useful to evaluate the increase in the levels of the
metabolites to achieve a better sensitivity together with a good resolution. Th is is what
we propose here with the OV-225 separation and the thermionic detector, the sensi
tivity of which averages I mg/l with a signal-to-noise ratio of 5.

The relative response of the detector to hippuric acid and benzoytproline
(internal standard) was about 1.01, i.e. the sensitivity of the detector is almost iden
tical for the two compounds.
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An taz ole (Fig. I) is an anti histaminic drug, with local anaesthetic and some
anticholinergic properties. It is claimed to be less irritating to the tissues tha n most
other antihistamines, and on ly two cases of letha l antazoline intoxication have been
reported 1 . Blomquist et al,' reported two hydrolysis products of antazoline after
autopsy in a case of lethal intoxication ; (phenylbenzylaminoacetyl)ethylenediamine
was the major hyd rol ysis product, together with N-benzylani line in trace amounts.

H

H

H

H

OH

Com pound

Antazoline t 2 - ( N - benZYI
anilino meny l ) imidazolinej]

N-benzylani line

p-benzylami nophenol

Fig . I. Structures of antazoline, N-bcnzylaniline and p-benzy laminophenol.

No reports on antazoline metabolism, to our knowledge, have been published pre
viously. Therefore, we decided to study the metabolism of th is drug to establish
whether the two products reported! are metabolites or chemica l decomposition pro
ducts .

This paper desc ribes invest igations int o the in vitro metabolism of antazoline
using ra bbit liver microsomal fraction .

0021-9673/81/0000-0000/$02.50 © 1981 Elsevier Scientific Publi shing Cern pany
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Compounds and reagents
Antazolin e hydrochloride was kindly supplied by Ciba-Geigy (Basle, Switzer

land). N-Benzylan iline was obtained from BDH (Poole, Great Britain) and p-ben
zylam inophenol from Eastman (Rochester, NY , U.S.A.). NADPNaz, glucose-6
phosph ate Na , and glucose-6-phosph ate dehydrogenase were purchased from Boeh
ringer (Mannheim, G.F.R. ), N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
from Pierce (Rockford , IL, U.S.A.), acetic anhydride from BDH, acetonitrile from
Fison s (Loughbor ough, Great Britain; redi stilled and kept over calcium chloride at
room temperatu re) An alaR diethyl ether from BDH (freshly distilled), 2,3,5
triphenyl-2H-tetrazol ium chlor ide monohydrate (98 %) from Ald rich (Milwaukee,
WI, U.S.A. ), n-pentane from Fisons, iron(III) chloride from May & Baker (Dagen
ham , Great Britain ) and sodium met abisulphite from BDH .

Thin-layer chromatography ( T LC)
Gl ass plates (20 x 20 em) were spread to a thickness of 0.25 mm with a mixture

of silica gel G (Merck, Darmstadt, G.F.R .) and water (1:2). The plates were first
allowed to dry at room temperature and were heated for I h at 110°C before use. The
solvent system was chloroform-acetone (90 :20, vjv). The var ious spots were revealed
by sprayi ng with (a) ammoniacal silver nitrate solution, (b) triphenyltetrazolium
chloride (TTC), (c) iron(II1 ) chloride (5 % in 0.5 N hydrochloric acid) and (d)
Dr agendortf's reagent. Th ese spray reagents were prepar ed and used according to the
meth ods described in ref. 2.

Gas-liquid chromatography (GLC)
A Perkin-Elmer Model F33 gas chromatograph equ ipped with a flame- ioni

zat ion detector and a 1.0-mV Perk in-Elmer 56 recorder were used. All columns were
made of glass, 0.64 cm O.D. , and the solid supports were acid washed and tre ated
with dimeth yldichlorosilane.

System A was a glass column, 2 m long, packed with Chromosorb Q (100-120
mesh) coa ted with OV-17 (3 %, wjw) and operated und er the following conditions:
hydr ogen , 1.1 2 kg/em"; air, 1.68 kg/ern"; nitrogen , 2. 1 kg/ern".

System B was a glass column, 2 m long, packed with Chromoso rb G (80-100
mesh) coa ted with OV- 17 (5 %, wjw) and operated under the same condition s as for
system A.

System C was a glass column, I m long , packed with Chromosorb W (80-100
mesh) coated with UCW-98 (10 %, wjw) and opera ted under the following con
diti ons: hydrogen , 2. 1 kg/ern"; air , 0.7 kg/ern" ; nitrogen, 1.4 kg/ern",

All the columns were conditioned at 250°C for 24 h before use and the injection
port temperature was 250°C. Each column was silanized with two 5-J.t1 portions of
hexamethyldis ilizane (HMDS) befor e use.

Combined gas- liquid chromatog raphy- mass spectrometry
All mass spectra were obtained usin g a Perkin-Elmer Model 270 gas chroma

togra ph-ma ss spectrometer at an electron energy of 70 eV. A 1.0 m x 0.64 em O.D.
glass column packed with UC W-98 (10 %, w jw) on Chro mosorb W (80-100 mesh)
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was used at 190"C (oven temperature); helium (1.4 kg/ern") was used as the carrie]
gas.

Incubation procedure
Antazoline hydrochloride (10 jimol/ml as the base; I ml) was incubated ai

37°C for 40 min with the microsomal fraction from a liver homogenate of a New
Zealand white rabbit". Each incubation mixture contained I ml of substrate; I ml 01
cofactor solution consisted of glucose-6-phosphate Na2 (6 mg, 20 jimol), nico tin
amide (0.6 M) (0.1 ml, 60 jimol), NADPNa2 (3.4 mg, 4 jimol), distilled water (O .~

ml); phosphate buffer (pH 7.4) (3 ml) and liver microsomal fraction (I ml) were alsc
used. Glucose-6-phosphate dehydrogenase (2 units) was added to the microsomal
fraction preparation. Control experiments were carried out at the same time.

In all instances the incubation mixtures were incubated for 5 min at 3TC with
shaking before the addition of the substrate. The incubation reactions were stopped
by putting the flasks in ice, and extracted as described.

Extraction procedure
(a) Antazoline and N-benzylaniline . To the incubation mixture (6 ml) was

added sodium chloride (2 g); the pH was adjusted to 9-10 with ammonia solution
(10 %) and the mixture was extracted with freshl y distilled diethyl ether. The con
centrated ethereal extracts were analysed by G LC systems A and B and by TLC.
Also , acetic anhydride was added to ethereal solutions of authentic N-benzylaniline
and to the concentrated ethereal extracts of antazoline incubation mixture prior to
GLC.

(b) p-Benzylaminophenol. To the incubation mixture (6 ml) was added
Na2S20 S (10 %, I ml) and sodium chloride (2 g), the pH was adjusted to 8.0-8.2 with
ammonia solution (10 %) and the mixture was extracted with freshly distilled diethyl
ether. The concentrated ethereal extracts were examined using G LC with systems A,
Band C and by TLC. A separate portion of the concentrated ethereal extracts was
allowed to dry under nitrogen; dry acetonitrile (10-15 jil) and BSTFA (10 Ill) were
added and the mixture allowed to stand at room temperature for 5 min. The trimeth
ylsilyl derivative of p-benzylaminophenol was then examined by GLC using system
A.

Stability of anta zoline during incubation and ex traction
Antazoline hydrochloride (10 jimol as the base) was incubated at 37cC for 40

min as described earlier, but omitting the cofactor solution. The incubation mixture
was extracted as described above. The concentrated ethereal extracts were examined
by G LC using system A and by TLC.

RES ULTS AND DIS CUSSION

Stability of anta zoline during incubation and extraction
When antazoline was incubated under conditions similar to those used in met a

bolic studies but without the cofactor solutions and the incubation mixture was
extracted at pH 9.0 with diethyl ether, the ethereal extract gave only one peak on
GLC (system A) and one spot on TLC corresponding to antazoline itself. It is there
fore concluded that antazoline is stable under the above conditions.
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ldentification of metabolic products
NsBenzylanii ine. When antazoline was incubated with rabbit liver microsomal

fracti on plus the necessary cofactor requi rements and the incubation mixture was
extrac ted at pH 9.0 with diethyl ether, N-benzylaniline was identified as a metabolic
pro duct. TL C of the ethereal extr act gave a spot with an RF value of 0.96 (Table I).
GLC of the etherea l extr act gave a peak at a retenti on time of 1.5, 5.0 and 4.0 min on
colu mns A, B and C. respec tively (Ta ble I).

TA BLE I

OLC AND T LC CHA RAC T ERIST ICS OF ANTAZOLIN E, N-B EN ZYLANILIN E, p-BENZYL
AM INOPHENO L AN D TH EIR TRIM ETHYLSILYL AN D ACET YL D ERI VATI VES

O LC oven tempera tures are given in par entheses.

Compound GL C retention lim e (min ) T LC R F

values

Antazoline

N-Benzylaniline
Acetyl derivative

of N-be nzylaniline
p-Benzylamino pheno l
Trime thy lsilyl de riva tive

p-benzylamino pheno l

Column A

11.0 (240 'C )

1.5 (220T)

6.0 (220"C)

7.0 (21ST)

Column B

5.0 (230"C)

17.0 (230"C)

Column C

0.0

4.0 ( 190"C) 0.96

8.0 (190°C)
15.0 (190°C) 0.39

Acetylatio n gave ma inly N-ace tylbenzylaniline together with traces of unreac
ted N-be nzylani line (Ta ble I). GC- MS of the ethereal ext ract gave frag ment ions at
m je 91 (100 %) and 183 (40 %), with the latter fragment ion corres ponding to the
molecular ion , in agreement with publi shed dat a t (Fig. 2a and b). Th e above char ac
teristics of the metabolically produced N-ben zylan iline are identical with those of the
aut hentic compo und.

p-Benzylaminophenol, p-Benzylam inophenol was identified as a metab olic pro
duct of antazo line. TL C of the ethereal extr act of the incuba tion mixture (pH 8.0)
gave a spot with an R F value of 0.39 (Table I). Black, violet and yellow spots were
obta ined upon spraying with ammoniacal silver nitrate, iron(l II) chloride and TTC
reagent s, respect ively. G LC of the etherea l extract (pH 8.0) gave a peak with a
retenti on time of 6.0, 17.0 and 15.0 min on co lumns A, B and C, respectively (Table I).
Derivatization with BSTFA gave the trimethylsilyl derivati ve of p-benzylamino 
phenol (retention time 7.0 min on column A, Tabl e I). GC-MS of the etherea l extrac t
(pH 8.0) showed the presence of the fragm ent ions m]e 91 (100 %) and 199 (50 %),
correspondi ng to the base pea k and the mol ecular ion , respectively (Fig. 3a and b).
GC-MS of the trimethylsilyl der ivati ve gave fragm ent ions at m]e 73 (base peak ), 271
(mo lecular ion), 180, 91 and 75 (F ig. 4a and b). Th e fragment ions at m]e 73 and 75
correspond to the tr imethylsilyl der ivati ves'' :", The cha racteristics of the metaboli
ca lly produ ced p-benzylaminophenol , descri bed ab ove, are ident ical with those of the
aut hentic reference compo und.
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Fig. 2. Mass spectra of (a) synthetic N-benzylaniline and (b) metabolically produced N-benzylaniline.
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Fig. 3. Mass spectra of (a) synthetic p-benzylaminophenol and (b) metabolically produced p-benzylamino
phenol.
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Fig. 4. Mass spectra of (a) synthetic p-benzylaminopheno l and (b) metabolically produ ced p· benzylamino ·
phenol as their tr imethylsilyl deriva tives.
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Use of high-performance liquid chromatography (HPLC) for the det erm i
nation of carbofuran residues has been described. Most reports include method s for
the de termina tion of 3-hydroxyca rbofuran metabolites in plants "". Frei et al," sep
arated Dns der ivat ives of N-m ethylcarbamate pest icides, includ ing ca rbofuran, in
water and soi l using a lUI'-oxydipropioni tr ile col umn. Moye and St. John 7 reported
the use of a C IMco lumn in the determination of carbofuran and other N-meth
ylcarbama tes. Sparaci no and Hines" reported the separation of 25 carbamate pesti
cides, including 3-hydroxycarbofuran and carbo fura n, using HPLC with silica, CN
and NHz columns. Lawrence" repo rted the determ inat ion of carbamate pesticide
resid ues, including carbofuran, in crops after sepa ration on a silica co lumn. Lawrence
and Leduc '? develop ed an analytica l procedure fo r residue s ofcarbo furan, 3-hydroxy
car bofuran and 3-ke tocarbofuran tha t used a silica co lumn. We needed a meth od
to sepa rate carbofuran and its metab olit es 3-hydroxycarbofuran, 3-hydroxy-7
phenol, 3-ketocarbofuran , 3-ke to -7-p heno l and 7-pheno l, using HPLC. No report
could be found on th e use of HPLC for the separation of carbofura n and these five
carbofuran metabolites.

Becau se of the variations in retent ion times and irreversi ble adsor ptio n often
observed with silica HPLC co lumns, the use of a reversed-phase column was ex
plored . The HPLC separation of carbofuran and its five non- conjugated met abolites
using a C IS reversed-phase column is described here.

EXPER IMENTA L

Apparatus
A liquid chromatograph (Model 1084B ; Hewlett-Packard, Avo ndale, PA,

U.S .A.) eq uipped with a variable-wave length UV detector (operated at 220 nm ) and a
24 em x 4.6 mm I.D . Zorbax O DS analytica l column with a 5 ern x 4.6 mm J.D.
Permaph ase ODS guard column (DuPo nt, Wilmingto n, DE, U.S.A.) was used.

002 1-9673/81/0000-0000/$02 .50 © 1981 Elsevier Scientific Publi shing Compan y
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Reagents
Methanol and acetonitrile were liquid chromatographic quality (Burdick &

Jackson, Muskegon, MI, U.S .A.) . Water was filtered th ro ugh a Milli-Q water purifi
cation system (M illipo re, Bedford, MA, U.S .A.). The fo llowing compounds (see Fig .
I for structures), used as reference standards, were obtained fro m FMC (Middleport,
NY, U.S.A.) : car bofura n (2,3-dihydro-2 ,2-d imet hyl-7-benzofuranyl meth y!car
bamate, I); 7-phenol (2,3-dihydro-2,2-d imethyl-7-hydroxy benzofuran, II); 3-0H-car
bofuran (2,3-dihydro-2,2-dimethyl-3-hydroxybenzofura nyl-7-me thy!carbama te, III );
3-0 H-7-pheno l (2,3-dihyd ro-2,2-dimethyl-3,7-dihydroxybenzofura n, IV); 3-CO -car
bofuran (2,3-di hydro-2,2-dimethyl-3-ketobenzofuranyl-7-methy!carbamate, V) and
3-CO-7-phenoJ (2,3-dihydro-2,2-dimethyl-3-ke to-7- hydroxybenzo fura n, VI). Stan
dards were prepared in methanol or acetonitrile and were stored at - 20°C when not
In use.

w ~
WOH

~ 0 ~ 0

OC ON HC H3 OH OCONHC H3

I II ill

wOH wO wO

~ I
~ 0 0 ~ 0

OH OCONHC H3 OH

TIL" 'Z :lZI.

Fig. l. Carbofuran and its five met ab olites : I = carbofuran; II = 7-phenol; III = 3-0H-carbofuran; IV =
3-0 H-7-pheno l; V = 3-CO-carbo furan; VI = 3-CO-7-phenol.

High-perfo rmance liquid chroma tography
Chromatographic par ameters : co lumn oven tem perature 40°C ; UV detector :

sample beam wavelength 220 nm , reference bea m wave length 430 nm ; mobile phase:
System A (isocratic) acetonitrile-water (25:75), 2 ml/min; System B (gradient) meth
ano l in wate r 40, 44, 62, 100 and 100 %for retention times of 0, 8, IS, 17 and 30 min,
1.5 ml/min . Following gradient elution, the mobile phase was returned to starting
condi tio ns (me tha no l-water, 40 :60) and the system was equilibrated for 10 min
before any subsequent injections.

RES ULTS AND D ISCUSSION

Two so lvent systems were investigat ed. The first was an aceto nitri le-water
isocratic elution (System A). Fig. 2 shows the resolution of ca rbofuran and its five
meta bo lites using this system. The corresponding hydrolyzed compound eluted
before its parent compo und (II before I, IV before III and VI before V). Resolu tion of
carbofuran and its metabolites was not completely satisfactory for our needs using
this system because the reso lutio n of I and II varied, especia lly when comparing
resolution before and after flushing the column with 100 %acetonitri le. Lon g equili
bra tion periods were often required to return the co lumn to optimum reso lution fol
lowing the acetonitrile fl ush . Reduction of the time req uired for the separa tio n was
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Fig. 2. Chromatogram of carbofuran and its five metabolites. Packing: Zorbax ODS. Colu mn: 25 em x
4.6 mm J.D . Mobi le phase : acetonit rile-water (25:75), 2 ml/min (System A); recorder sensitivity, 0.058
absor bance units full sca le; injection volume, 10 Ill. Co ncentra tion of standa rds (Ilg /ml): I, 44.4; II, 48.0;
111 , 20.0; IV, 40.0; V, 31.6; VI, 12.6.

also desirable. For these reason s, a separa tion invol ving gra dient elution was also
inves tiga ted .

Fig. 3 shows a typical chro matogram of carbofuran and its metaboli tes using a
me tha no l-water gra dient elution (System B). Th e resolu tion of carbofuran and its
five meta bol ites was sa tis fac tory for our pur poses. The order of elu tio n of I and II is
reverse d com pared with th at of the isoc ra tic elut ion us ing acetonit ri le- water. T his is
not the case for th e order of elution of the rem aining four metabolites (III, IV, V and
VI). Adequate reso lution was maintained for co nsecutive runs usin g thi s elution
system.

Some problem s with the sta bility of V were enco unte red . Me tca lf et al,' re
po rted th at V is easily hyd rolyzed to its ph enol (VI) upon sta nding at 37.5"C in
meth an ol-phospha te buffer so lution a t pH 9.5 . No significant hyd rolysis of V to VI
was observed when the mi xed sta nda rds in methan ol or ace tonit ri le were kept at 4°C
ove rn ight. Neither was hyd rolysis of V observed when th ese solutions were stored for
I week at - 20°e. No degrada tion of the othe r carbofuran me tabolites was ob serve d
when methan ol and ace toni trile so lutions were stored at 4"C for a month.
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In our application, these separations were made before collection of fractions
and subsequent quantitation of [14C]carbofuran residues in extracts of root crops. We
believe that this separation, with UV determination at 220 nm , ma y be applicable for
the quantitati ve determination of carbofuran residues in some samples witho ut
cleanup of the extracts . Howe ver , in most cases cleanup of the sample extracts before
HPLC determination may be necessary. Data on the extraction study for which these
separ ations were used will be presented in a future publication.
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H igh -performance liquid chromatography of cyclohexanone oxime in
urine and plasma

PETE R D. UNG ER" and FRANK J. McMAHON

Allied Chemical Corporation , Corporat e Medical A/Jilin, P.O . Box 1021 R, Morrist own , NJ 07960 ( U.S .A .J

(Received Jan uar y 26th . 1981)

Cyclohexanone oxime (Fig. I) is a chemica l intermediat e used in the prod uc
tion of ny lon 6. In the synthesis of nylon 6, cyclo hexanone oxime undergoes the
Beckmann rearrangement to form the seven-membered heterocyclic caprolactam.

O NOH
Fig. I. Stru cture of cycloh exanone ox ime. CbH l iO N.

Capro lactam is then hydrolyzed to the stra ight-chain c-aminocaproic acid which
po lymerizes to form the linear po lymer. Toxicology data on cyclohexanone oxime is
scarce, but the approximate seven-day LDso in the ma le mouse, by intraperitoneal
administra tion, has been reported! to be 250 rug/kg. Upon administration to the rat ,
cyclo hexanone oxime appears to affect primarily the centra l ner vous system. A syn
ergistic central nervous system effect (as eval uated by loss of conditioned reflex) has
been reported when cyclohexane, cycloh exan one, cyclo hexanol and cyclohexanone
oxime (four intermediates in the pro du ction of caprolactam) are administered simul
taneously to the rat". A decrease in the erythrocyte count and increase in blood
methemoglobin levels in the ra t after 6-10 week inha lation exposure to cyclohexanone
oxime (0.1 or 1.0 mg/m") has also been reported :'. Desquamat ion of the bronc hia l
epithelium was also obser ved in the animals exposed to I mg/rrr'. but no toxi c effects
were observed after exposure to 0.03 mg/rrr' (ref. 3).

Cyclohexanone oxime, alo ng with cyclohexane, cyclohexanol and cyclohe
xanone, are also th ou ght to be metabol ites of the ar tificia l sweeten ing agent sodium
cyclamate'"" . In Drosophila tests, cyclohexanone oxime failed to ca use sex-linked
lethal mutations7

•

Several photometric", polarograp hic", thin -layer chro matographic 1o
•
1 1

, gas
chromatograp hicv "! and liq uid chromatographic !J procedures for the determination
of cyclohexanone oxime appear in the literature. However, most are indirect , rela
tively insensitive or uns uitable for the routine det ermi nation of tr ace quant ities of the
compound . Therefore, a sensitive, highly reprodu cib le high-performance liqu id chro
matographic (HPLC) procedure for th e determination of cyclohexanone oxime,
suitable for use in water sample analysis, bioconcentration and metabolism studies,
was developed .

002 1-9673/81/0000-0000/$02.50 ~ J 1981 Elsevier Scientific Publish ing Co mpany
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EXPE RIMENT A L

36 1

Standards
Cyclohexa none oxime (purity 94. 7 /,,) was obtain ed from the Fiber s and Plas

tics Compan y of Allied Chemical Co rpora tion (H op ewell, VA, U.S.A .). Impurities in
the material were wat er (m. 5 %) and cyclohexanone (m. 0.2 %). CycIohexanone
oxime was dissolved in the appro pria te volume of acetonitrile to yield standards
containing 0.005, 0.01, 0.0 5,0.1 and 0.5 mg/rnl . Standards were analyzed imm ediat ely
after preparat ion . Samples (10 ,ul) were inject ed onto th e column usin g microliter
syringes (G lenco Scient ific, Houston, TX , U.S.A.).

Equipment
Reversed-phase chroma togra phy was per formed using an LDC (Laboratory

Data Co ntro l, Riveria Beach , FL , U.S.A.) co ns tametric Il-G HPLC system including
an LD C Spectromonitor II varia ble-wavelength absorbance detector. Samples were
injected onto the column using a Valco N60 fixed-volume loop injector. Separati on s
were achieved with a Whatman (Clift on , NJ , U.S.A .) Partisil PXS 10/25 ODS-2
column (particle size, 10 ,urn; column dim ens ion s, 25 em x 4.5 mm I.D. ). A gua rd
column (Whatman) packed with pellicul ar ODS (particle size, 25- 37 Ilm) was a ttach
ed preced ing the ana lytica l column. The elution rate was 1.0 ml /m in, and cyclo hexa
none oxime was det ected at a wave length of 205 nm , with the abso rba nce detector
a t sensitivities 01' 0.0 1- 1.28 absorbance units full sca le (a .u .f.s.). Sol vent programming
(Gradient Ma ster, LD C) was used to establish the optimum solvent ra tio .

Elution solvent
The elution so lvent co nsisted of glass-di stilled acetonitr ile (Burdick & Jackson

Lab s., Mu skegon, MI, U.S .A .) and micro-filtered distilled water. Aceto nitr ile-water
(I :3, v/v ) was found to give adequat e resolution of cyclohexa none oxime from inter
fering peak s in urin e and plasma sam ples. Th e elution sol vent was degassed und er
vacuum before use, and kept und er nitrogen dur ing chromato gra phy.

RESULTS A ND D ISCUSS IO N

Re IenI ion lillie
At a tlow-rate of I ml /min, using acetonit rile-water (I :3) as the eluti on solvent,

cyclo hexanone oxime eluted as a sharp, symme trica l peak (Fig. 2). The retention
times were highly rep roducible. F ifteen injectio ns of cyclo hexano ne oxime over a
per iod of 6 da ys gave a mean retention time of 574 sec, with a coefficient of variat ion
of 0.54 % (Table I).

Precision lind sens itivity
Precision was eva lua ted by injecting, over a two-day period , ten 10-,u1 a liq uots

of sta ndard solution co nta in ing 0.5 ,ug cyclohexanone oxime. Reproducibility of peak
height was good , with a coefficient of variation of 1.1 ;.;, representing the com bined
errors of injecti on, detection and now-rat e tluctuation (Table I) . Mean sensitivity of
detection, mm peak height per ng of cyclohexanone oxime injected (Ta ble I) and the
chrom at ograms shown in Fig. 2 indic at e that as littl e as lOng of cyclohe xanone
ox ime can be detected and quan titated.
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TABLE I

REPRODUCIBILITY OF RET ENTI ON TIME AND PEAK H EIGHT FOR CYC LOH EXANO NE
OX IME BY HPLC

Reten tion lillie

Injections. 11*
Range (sec)
Mea n
Sta ndard deviation (sec)
Coefficient of variation ( ~~)

Peak height
Injections, 11**
Range (mm)
Mean
Standard deviation (mm)
Coefficient of var ia tion ( %)
Sensitivity (mm peak height /ng)***

15
565-579
574
3.08
0.536

10
85-88
86.95
0.956
1.099
3.478

* Successive injections of cyclo hexa none oxime standard (50 ng- 5 Ilg) over a six-day period , using
several separately prep ared ba tches of the elution solvent.

** Successive injections of eyclo hexa none oxime standard (0.5 ug. sensit ivity 0.08 AUFS).
*** Calculated to maximum sensitivity, 0.005 AUFS.

Lin earity
The relationship betw een peak height and qu antity of cyclohexanone oxime

injected was linear over a rang e of 50 ng- 2.5 ug. In Fig. 3. the peak heights (converted
to a common sensitivity) ar e plotted \'s. the quantity of cyclohexanone oxime inject ed .

ReCOI'eIY of cyclohexanone oxime ./i·OII1 I'll' urine and plasma
For the determinat ion of cyclohexa none oxime in ur ine. cyclo hexanone oxime

(dissolved in acetonitrile) was added to aliq uots of urine (from untreated rat s) to yield
co ncentrations of 0.01. 0.05. 0.1 and 0.25 mg/ml , Th e spiked samples then were
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centrifuged and the supernatants injected directly onto the high -performance liquid
chromatograph for determination of cyclohexanone oxime.

For the determinat ion of cycloh exanone oxime in plasma, cyclohexano ne
oxime (dissolved in acetonitrile) was added to aliqu ot s of plasma (from untreated
rat s) to yield concentrations of 0.0 I, 0.05, 0. 1 and 0.25 mgJml. An equal vo lume of
acetonitrile was added to each spiked sample to precipitate the plasma proteins. The
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Fig. 4. Chromatogram tracings of urin e (a) and plasma (b) spiked to 50 jIg/ml with cyclohexanone oxime
(CH O). Spiked plasma samples were dilut ed I :1 with aceto nitrile to precip itat e the pr oteins. The peak
(retenti on time 8.5 min) immediatel y preceding CHO was not observed in all urine sam ples.
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TA BLE II

RECOVERY OF CYCLOHEXAN ON E OXIM E FROM SPIKE D U RINE AND PLASM A SAMPLES

Recovery given as mean ± sta nda rd error.

Cyclo hexanone oxime added
[mgjml )

o
0.01
0.05
0.1
0.25

Recovery (%J

Urine

96.9 ± 1.76
102.5 ± 2.K7
103.3 ± 2.K4
98.7 ± 0.99K

Plasma

104.5 ± 2.56
102.6 ± I.K6
99.8 ± 0.947
97.8 ± 2. 10

sam ples were centrifuged (5 min at 1000 g), and the superna tants were removed. Th e
supernatants were then injected onto the high-performan ce liquid chromatograph for
determination of cyclohexan one oxime.

As indicated in Table II, determination of cycloh exanone oxime in both urin e
and plasma 'was quantitativ e ove r the concentration range investigated. Chromato
gram tracing s of spiked urine and plasma samples arc sho wn in Figs. 4a and 4b,
respect ively.
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High-performance liquid chromatographic determination of stress-in
duced sesquiterpenes of the potato (Solanum tuberosum)
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Eastern Regional Research Center, Agricultural Research, Science and Education Administration, U.S . De
partment of Agriculture , 600 East Mermaid Lane, Philadelphia, PA 19118 ( U.S .A .)

(Received February 16th, 19BI)

Under the stress of bacteria l an d fungal infection, potato tuber tissue produces
a number of sesq uite rpenes that are not native to unin fected tissuel". These com
pounds are of interest because of the possibility that such compounds are involved in
the resistance of the tuber and the po ta to plant to infection. Qualitative and quanti
tat ive analytical methods are needed for determining the conditions under which
sesquiterpenes are formed in the po tato tuber. Gas- liquid chromatography (G LC)
has been used to separate and quantitate some of these compounds'<I" .

The purpose of this investiga tion was to establish high -performance liquid
chromatography (H P LC) parameters suitable for the separation and quantitation of
the four main sesquiterpenes produced in infected potato tiss ue.

EXPERIMENTAL*

Phytuber in ' Y!", katahdinone' <'!", rishi tin! ", and lubimin 1s-zo (Fig. 1) have
been reported as the predom inant sesqui terpenes produced in infected potato tissue.

M o~Y\O~ ~

0 - C- CH
II 3o ~

PHYTUBERIN KATAHDINONE
(MW=2 94) ( MW=218)

"QQJ
RISHITIN LUBIMIN

(MW=222) (MW=236)

Fig. l. Predominant sesquiterpenes produced in infected pot ato tubers . MW = Molecular weight.

* Reference to brand or firm name does not constitute endorsement by the U.S. Department of
Agriculture over others of a simi lar nature not mentioned .
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For the purposes of this study these compounds were isolated from potato tubers
infected with Phytophthora infestans and were purified by combinations of vacuum
steam distillation and column and thin-layer chromatographic (TLC) technique s".
Th e identities of these four compounds were confirmed by mass spectrometry at this
laboratory.

Standard solutions containing 0.1 /lg/fJJ of lubimin, rish itin , phytuberin, and
katahdinone in methanol were prepared and used to evaluate HPLC separation param
eters . The HPLC system was assembled from Waters Assoc. (Milford, MA, U.S.A.)
components (solvent deli very system , Model 6000 A; injection system, Model U6K ;
and variable-wavelength UV det ector, Model 450) and a column that was 30 em x
3.9 mm J.D . and packed with 10-/lm, reversed-phase, /lBondap ak C I 8 (monomolec
ular layer of organosilane bonded to porous silica particles). Th e system was oper
ated isocratically with a binary solvent mixture consisting of methanol-water. The
proportions of organic solvent and water were varied over a range of 9:1 to 6:4, in
conjunction with a var ying flow-rate of 0.4 to 2.0 ml/rnin, respectively, to determine
optimum conditions for separation of the four sesquiterpenes. A wavelength scan was
run with the Model 450 variable-wavlength UV detector, and a wavelength of200 nm
was found to be sat isfactory for all four compounds. Katahdinone also can be de
tected at 255 nm.

RESULTS AND DIS CUSSION

With a methanol- water (7 :3) solvent system , at a flow-rate of 1.0 ml/min and a
wavelength of 200 nm , good separation of authenti c lubimin, rishitin , phytuberin,
and kat ahdinone was obtained, the resolutions being 1.1, 1.5, and 3.4 for lub imin
rishitin , rishitin-phytuberin and phytuberin-katahd inone, respectively (Fig. 2). Other
conditions were investigated, namely, a /lBondapak phenyl column (30 em x 3.9 mm
J.D .) and an acetonitrile-water solvent system. In no case was the resolution as good as
that obtained with the methanol-water system and the /lBondapak C I 8 column as
described above. The early peaks in the chromatogram do not represent impurities in
the sta nda rds; they were pre sent in the control (solvent onl y) injection. As expected
for the four compounds, the capacity ratio (k ' ) (ba sed on unretained solvent peak) for
each compound increased as the amount of water, the more polar solvent in the
binary system, was increased (Fig. 3). In addition to tests on extracts spiked with
authenti c compounds, the identities of lubimin, rish itin , phytuberin , and katahdinon e
sepa rated from extr acts were substantiated further on the HPLC eluate collected in
fractions corresponding to the retention volumes of the authentic compounds, then
concentrated and spotted on TLC plates; TLC Rf' values agreed with those of authen
tic compounds, and no extraneous compounds were found. Standard curves were
developed with known amounts of au thentic lubimin, rishitin, phytuberin, and katah
dinone (F ig. 4); recorder response was linear throughout the range of weights used to
establi sh the cur ves with the sta ted operating conditions. Calcul ated as peak height
(mm ) divided by weight of compound (/lg) response factors per JIg of compound for
lubimin, rishitin, phytuberin , and kat ahdinone were 364, 1674, 698, and 926, respec
tively.

The precision of the HPLC method was determined with a crude extr act of
potato tissue that had been infected with P. infestan s and incubated for 72 h at 20°C
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Fig. 2. High-performance liquid chromatogram of authen tic sesqu iterpenes : lubi min (I), rishitin (2),
phytuberin (3), and kata hdinone (4) (0.2 jlg of each com pound). Methanol-water (70:30 ), 1.0 ml /rnin,
wavelength 200 nm, 0.02 a.u.f.s., reversed-phase jlBondapak C l 8 co lumn (30 ern x 3.9 mrn 1.0 .).

Fig. 3. k ' values obtained for lubimin ( I), rish itin (2), phytuberin (3), and kata hdinone (4). Meth anol- water
system, reversed-phase jlBondapak C I 8 col umn (30 em x 3.9 mm 1.0 .) k' = (lR - IR )JIR ' whe re IR is
the retention time of the solvent fro nt, an d I R I is the retention time of the compound . 0 c 0
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Fig. 4. Standard curves , lubimin ( I), rishit in (2), phytuberin (3), and kat ahdinone (4). HPLC, met hanol 
water (70 :30), 1.0 ml/rn in, reversed- phase IIBondapa k C I 8 co lumn (30 em x 3.9 rnm 1.0. ).
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Fig. 5. High-performance liquid chromatogram of sesquiterpenes in a crude extract of pot ato tissu.
infected with Phytoph thora in f estans: lubimin (I ). rishitin (2), phytu berin (3), an d kat ahdinone (4); 3.0-11
int ro duction of diluted (30 x ) crude extrac t. Col umn and operating co nd itions as in Fig . 2.

in an ethylene-oxygen atmosphere7
• The initi al extract was too concentrated and hac

to be diluted 30-fo ld. A 3.0-111injection of the diluted extract was used for the preci
sion study . An example of the chromatogram obtained is presented in Fig . 5. A series
of II determinations for Iubimin , rishitin, phytuberin, and katahdinone were made.
the standard deviation of the values obtained for the concentration of each corn
pound was calculated. Th e con centration values shown were calcu lated back to the
original (undi luted) crude extract (Table I).

TABLE I

STA N DA RD DEVIATIONS OBTA INED FROM REPLICATE (II = II ) HPLC ANALYSES OF ,.
CRU D E EXTRACT OF POTATO TISS U E INFECTED WITH PllYTOPHTHORA INF£STANS

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

Compound A I'erage concentration S .D. Rei. S.D. (% )
f ound ( /lg! /ll )*

. . _.. .._ ._-- - - 0 · ••• - ·_ - _ · _ -

Lubimin 7048 0.321 4.29
Rishitin lAO 0.218 15.57
Ph ytuberin 4.50 0.308 6.84
Kat ahdione 2.07 0.056 2.69

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

* Orig. (undiluted ) crude extract.

The percent reco veries of the four compounds were determined by spiking th:
crude extract with known amounts of each compound (0,15 Jig). Five determinati on :
were made with the spiked and unspiked extracts. The average reco veries for lubimin
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rishitin, phytuberin , and kat ahdinone were. 99.8. 92.0, 116.2. and 98.8 %, respec
tively.

As described herein, a reversed-phase, ,uBondapak CI S HPLC column eluted
with methanol-water (70:30), at a flow-rate of 1.0 ml /min, can be used routinely to
separate and determine the quantities of lubimin , rishitin , phytoberin , and katah
dinone in crude extracts of potat o tissue.
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Dehydrogenation of t erpeno ids on chromatoplates

J . C. KOHLI*, RANJANA GUPTA, A. K. ARORA and KHUSHMINDER

Chemistry Departm ent, P.A .U., Ludhiana ( India)

(First received June 19th, 1980; revised manus cr ipt received January 28th , 1981)

A number of organic reactions in a solid matrix are known to occur l
-4 . FOI

example, El-Maghraby" carried out chemical reactions on chromatoplates in order tc
solve several problems, particularly involving natura l products. Materia ls obtainable
from natural sources are often too small for preparing derivatives for comparison
with known products or for carrying out reactions in a flask. We describe here the
dehydrogenation of terpenoids with p-chloraniI and 2,3-dichloro-5,6-dicyanobenzo
quinone (DDQ) on chromatoplates .

EXPERIM ENTAL AND RES ULTS

Glass plates (5 x 20 ern) were coated with a silica gel G slurry, which was
prepared by mixing thoroughly one part by mass of silica gel G with two parts by
volume of water. After drying in air the plates were stored and heated in an oven for
30 min at II o"e before use.

TABLE I

n, VALUES OF REACTION PRODU CTS OF TERP ENOIDS WITH p-CHLORAN IL ON SILI CA
G EL G PLATES

Solvent : benzene--ethyl acetate (9:1 or 8:2).

Compound Origina l compound Reaction product

9: 1 8:2 9:1 8:2
--_. _ '• . ._ ' 0.

Carv one 0.23 0.24 0.23 0.24
Linaloo l 0.22 0.23 0.27 0.30
Eugeno l 0.64 0.65 0.57 0.60
Khu sinodiol 0.20 0.24 0.13 0.14
Santonin 0.34 0.35 0.34 0.35
Abietic acid 0.37 0.39 0.46 0.50
Camphene 0.36 0.44 0.81 0.83
Menthol 0.50 0.53 0.72 0.79
Khus ol 0.59 0.60 0.59 0.60
Khu silic acid 0.45 0.49 0.32 0.33
Khu silol 0.56 0.58 0.73 0.76
Daucol tosylate 0.78 0.79 0.83 0.87
Podocarpic acid 0.27 0.52 0.66 0.71
Ll 3-Carene 0.55 0.56 0.77 0.84
Khu sinol 0.52 0.63 0.78 0.87
._ - _ .. ._-_._ -
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