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PREPARATION AND EVALUATION OF N-(2-AMINOETHYL)-y-
AMINOPROPYLTRIMETHOXYSILANE-TREATED SILICA COLUMNS
FOR THE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC ANAL­
YSIS OF SOME AROMATIC AMINES

MITSUYOSHI OKAMOTO·

Gifu Pref ectural Institute of Public Health , 6-3, Noishik i 4 Chome, Gifu 500 (Japan)

and

HIROSHI KISHIMOTO

Faculty of Pharmaceutical Sc iences, Nagoya City University , 3-1 , Tanabe-dori, Mizuho-ku , Nagoya 467
(Japan)

(Received March 13th, 1981)

SU MMARY

The retention and selecti vity behaviour of some aromati c amines were studied
by high-performance liquid chromatography using amino-chemically bonded
sta tionary phases (column gel), prepared from silica gel treated with benzene solution
containing 5-50 % of N-(2-aminoethyl)-y-aminopropyltrimethoxysilane
(N2AAPTS). The N2AAPTS gel was compared with the 3-aminopropyltriethoxy­
silane (3APTS)-treated silica gel. From elemental analysis data for nitrogen and
carbon, the maximum number of accessible amino surface groups per 100 A2 of silica
gel (mean pore diameter 85 A, particle size distribution 5.8 pm) in N2AAPTS gel was
estimated to be 1.81. The N2AAPTS gel provided better resolution of some amines
than the 3APTS gel. The effect of the kind of component in the mobile phase on the
capacity factor was stud ied using various alkanes (ba sic component) and normal
alcohols (additive component).

INTRODUCTION

Because of the carcinogenic properties of certain aromatic amines, their analy­
SIS III the environment has received a great deal of attention. Amino chemically
bonded stationary phases were selected for the high-performance liquid chromato­
graphic (HPLC) analysis of aromat ic amines owing to their weakly basic properties.
Although separations were obtained using various reversed-phase chemically bonded
chain lengths l

-
13

, such as Cz, C3 , Cll or C l ll , there ha ve been few reports on the HPLC
analysis of aromatic amines using amino chemi cally bonded sta tionary phases or the
influence of the length of the amino chemically bonded chain. Therefore, the prepara­
tion and evaluation of amino chemically bonded stationary phases and the separation
of aromatic amines by HPLC using these columns were studied.

0021-9673/81/0000- 0000/$02.50 i!:) 19lil Elsevier Scientific Publ ishing Co mpany



252 M. OKAMOTO. H. KISHIMOTO

In a prev ious paper! " we considered the use of several 3-aminopropyltriethoxy­
silane (3APTS) stationary phases in HPLC. Therefore, in this work we compared the
retention behaviour of aromatic amines on the length of the aminomethylene bonded
chain using N-(2-aminoethyl)-y-aminopropyltrimethoxysilane (N2AAPTS) and
3APTS I4, and considered the number of acce ssible N2AAPTS surface groups per 100
A2 of silica gels with several pore sizes and particle sizes, i.e.. 85 A, 5.8 ,um; 70 A, 10
,um; 153 A, 8.4 ,um; and 180 A, 8.4 ,um. We also studied the eff ect of the mobile ph ase
composition on the chromatographic beha viour of some aromatic amines.

EXPERIMENTAL

Reagents
0 - , m- and p-nitroanilines and 3,4-. 2,6- and 2,4-dinitrotoluenes were obtained

from Wako (Osaka, Japan). N2AAPTS was purchased from Tokyo Kasei (Tokyo,
Japan) and four kinds of highly microporous spherical silica gels differing in mean
particle size and mean pore diameter were purchased from Fuji-Davison (N agoya,
Aichi , Japan) (Table I). n-Pentane, »-bexane. »-heptane. methanol , ethanol, l -propa­
nol , l-butanol and I-pentanol from Wako were used after distillation. All chemicals
were of ana lytical-reagent grade .

TABL E I

SILICA G ELS USED

Silica gel* Mean part icle
size
tum )

Mean pore
diamet er
(A)

Specific surface
area (ml /g)

Pore volume
(ml jg )

Fuji -Da vison 1 10.0 70 490
Fuji-Davison 2 8.4 153 204
Fuji-Davison 3 8.4 180 167
Fuji-Davison 4 5.8 85 400
~ ~-- _._ ..__.- -_..•_-_._....._. .-

0.87
0.78
0.75
0.85

* The se names and serial numbers were assigned by the authors for co nvenience and are not comm er­
cial name s.

Apparatus
The HPLC measurements were carried out using a KHU 16 Kyowa Seimit su

Mini Pump equipped with a Uvid ec 100-II Jasco variable-wavelength detector.

Stationary phase and elemental analysis
According to the previous method 14,5 g of dried Fuji-Davison 4 silica gel were

added to 50 ml of a 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 or 5.0 /; . benzene sol ution of
N2AAPTS. After stirring for 24 h at room temperature, the silica gel suspension was
filtered with a glass filter (I ,urn), washed several time s with benzene and methanol and
then dried in vacuo at 70"C for 2 days, finally producing the silica gels for HPLC.
which are listed as N2AAPTS 4-0 to 4-50, respective ly. in Table I I. Also. after 5 g of
dr ied Fuji-Davison I, 2 or 3 had been added to 50 ml of a 5.0 (~ ; ) benzene solution of
N2AAPTS, the same procedure as with the N2AAPTS 4 series in Table II was carried
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TA BLE II

SU RFACE T REATM ENTS A ND ELE MENTAL A NA LYSES

F RO M f UJ I-D A V I D S O N SILICA GE L USING DI FFER ENT

N2A APTS IN BENZENE

Mono = Monofunct ion a l. Bi = bifunctional (see text ).

253

FO R GELS PR EPARED

CO NCENTRATIO I S O F

. .. -- ----._- - -_ .. - ----
Treated gel Concentrat ion of Specific N calculated ( \) N found C calculated (%) Cfoulld

N 2A A P TS ill sur f ace
.. _ .._ .

(~~)
- _.__._-

( /~)

benzene (0.;,) area ( 11/' [g) M OllO Bi .t JOIlO Bi
. .. ._-_. --_._. - _. - _._...- ----------,.

N2A APTS 4-0 0 400 0 0 0 0 0 0
N2AAPTS 4-5 0.5 357 0.5 1 0.51 0.61 1.53 1.32 2.23
N2AA PTS 4-10 1.0 324 0.98 0.99 1.13 2.93 2.54 3.84
N2AAPTS 4-15 1.5 301 1.41 1.43 1.59 4.23 3.68 5.86
N2AAP TS 4-20 1.0 296 1.81 1.84 2.04 5.43 4.75 6.75
N2AAPTS 4-25 1.5 191 2.18 2.23 2.34 6.54 5.74 7.72
N2AAPTS 4-30 3.0 274 2.52 2.59 2.42 7.57 6.68 7.38
N2AAPTS 4-50 5.0 287 3.69 3.85 2.6 1 11.07 9.90 7.8 1

- - _ ., _ _ •___ 0_ _ - _ " •_ _ _ _ _ _ --_ .__.- -_....._- -- - - - - - -- - ---- ---

out. producing N2AAPTS 1- 50. 2- 50 and 3- 50. which are shown in Table III tog eth ­
er with N2AAPTS 4-50. Hereafter. N2AAPTS 4-0 to 4-50 and I-50 to 3-50 will be
abbreviated to "column gel" .

Th e nitrogen and carbon contents of each column gel were determined by
elementa l analysis using an MT-3 Yanagimoto CHN elemental ana lyser, giving the
data indicated as "Found" in Tables II and III. The specific sur face areas of the
column gels were determined with an SA- IOOO Shibata surface area pore volume
analyser. giving the data in Tables II and III .

TA BLE III

SU RFACE TREATMENTS AN D ELEM ENTAL ANALYSES FOR G ELS PR EPARED FROM F U­
JI -DA VISO N J. 2. 3 AND 4 SILICA GE LS

Co ncentrat ion of N2AAPTS in ben zene : 5.0 %.

Treat ed ge l Spec ific surface
area (m' jg )

N fo und ('/~ ) C fo und ( /;; )

N2 AAPTS I-50 330
N2AAPTS 2-50 166
N2AA PTS 3-50 125
N2AAPTS 4-50 287

2.85 7.98
1.55 4.21
1.31 3.35
2.61 7.8 1

Column preparat ion
The column gels were packed into stainless- steel co lumns (250 x 4 mm I.D.)

using a balanced density method through a 10-ml sta inless-steel packer at a rate of
500 kg/ern? with a Kyow a Seimitsu KHW-20 ultra -high -pressur e pump.

RESULTS AN D DIS C USSIO N

Figs. IA and 2A show the correla tions between the ca pacity factors (k ' ) of
nitroaniline or d iam inot olu ene and the concentra tion of N2AAPTS solution with
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which the silica gel was treated. Saturation of log k ' was observed at least from
N2AAPTS 4-20 to 4-30, almost all of the N2AAPTS-reactive hydro xyl groups on the
silica gel surface having been replaced with N2AAPTS.

Figs. IBand 2B show the corresponding cur ves obtained with 3APTS
sta tionary phase, which has a shorter aminomet hylene bonded chain than
N2AAPTS.

2.0

:.:
Ul
o
..J

1.5

1.0

0.5

o

A

Conc entration of N 2A APTS ( "10)

B

Conc en t r at io n of 3 APTS ( "10)

Fig. 1. Relationships between capacity factors (log k ' ) of nitroan ilines and the concentra tions of (A)
N2AA PTS and (B) 3APTS in benzene solution. Column: 250 x 4 mm 1.0. Mobile phase: n-hexane­
ethanol (25:1). Flow-rate : 2.0 ml/min, Detection : UV, 254 nm. 0 ,p-Nitroaniline; D , m-nitroa niline; b. , 0 ­

nitroan iline.

\5
A B

~

1.0~

~~

~'" "
A

0 A-----b "..J

0.5

o o
Concentration of N2AAPTS ("10) Concent r ation of 3 APTS ( "10)

Fig. 2. Relat ionships between capacity factors (log k ') of diaminotoluenes and the concent rations of (A)
N2AAPTS and (B) 3APTS in benzene solution. Conditions as in Fig. I. 0 . 2,4-Diaminotoluene; D , 2,6­
diaminotoluene; b. , 3,4-diamino toluene.
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From the elemental analysis of silica gel treated with various concentrations of
N2AAPTS, the number of accessible amino surface groups per 100 A2 of silica gel
surface can be estimated as follows .

If N2AAPTS is substituted monofunctionally on silica gel, the surface struc­
ture of the saturated column gel can be written as

The number of accessible amino surface groups per 100 A2 of silica gel surface is then
given by

or

[(N/100)/14.0067 · 2] · 6.022· 1023/S · 1018

[(C/IOO)/l2.011· 7] ·6.022 ·1023/S ·lOu l

(1)

(2)

where N = weight percentage of nitrogen, C = weight percentage of carbon,
6.022· 1023 = Avogadro's number and S = specific surface area (m2/g) of treated
silica gel.

If N2AAPTS is substituted bifunctionally on silica gel, the surface structure of
saturated column gel can be written as

OCH 3-. -:
Si

-: -.
CH2CH2CH2NHCH2CH2NH2

The number of accessible amino surface groups per 100 A2 of silica gel surface is then
given by

or

[(N/I 00)/14.0067 ·2] ' 6.022 . 1023/S · 1018

[(C/100)/12.011 · 6] · 6.022 · 1023/S · 1018

(3)

(4)

Su bstitution of the values of Nand C found by elemental analysis into eqns. 1-4 gives
the number of accessible amino surface groups per 100 A2 of silica gel surface,
indicated as "Found" in Table IV. As can be seen from the "Found" data in Tables II
and Table IV, an increase in the N2AAPTS concentration in benzene increases the
surface modification of the silica gel, but approaches saturation over about 2.0 /~ of
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N2AAPTS. Thi s tendency explains well the sa tura ted cur ves of log k' from
N2 AAPTS 4- 20 to 4- 30 in Fig. IA. The log k ' curves o btained with 3APTS. reported
previously!", show the same pattern as those obtai ned with N2AAP TS in this work .
As the agreement between the va lues ("Found ") fo r accessib le amino sur face groups
in Ta ble IV acco rding to the mon ofun ction al react ion mechan ism (eqns. I and 2)
seems to be better than tha t between the values accord ing to the bifunct iona l reaction
mechani sm (eqns. 3 and 4), it is suggested th at the reac tion between silica gel and
N2AA PTS. and also 3APTS I 4

• takes place mon ofunct ion ally. We calc ulated the
nitrogen and carbon percentages and the number of accessible amino surface gro ups
according to eqn. 1. 2, 3 or 4 with the assumption that all N2AAP TS molecules reac t
with silica gel. Both the former and the latter va lues are show n as "Ca lcula ted" in
Tab les II and IV, respect ively.

TABLE IV

SU RF AC E T RE AT MENTS A N D N UMB ER OF ACCESSIB ILE AM IN O SU RFAC E G RO UPS PER
100 A2

Mon o = Mon ofun ct ion al; Bi = bifunctio na l (see text).
... . .. ._------_._._ -- - .-

Column gel No. ofaccessible NH2 surfac e groups per IOU IF
. . ..-- _._- -_ ._- - _.

Calc . M OllO Found A101l0 Calc. Bi Found Bi
.. .. .- _...__.__.. ------

Eqll . I Eqn . 2 Eqll.l Eqn . 2 Eqll. 3 Eqn . 4 Eqll. 3 Eqll. 4
-------- _. .._-_ ._-- ----- - ------ - - -

N2AAPTS 4-0 0 0 0 0 0 0 0 0
N2AA PTS 4-5 0.3 1 0.3 1 0.37 0.44 0.31 0.3 1 0.37 0.52
N2AA PTS 4- 10 0.65 0.64 0.75 0.84 0.66 0.66 0.75 0.99
N2AAPTS 4-15 1.00 1.00 1.13 1.38 1.02 1.02 1.13 1.62
N2A APTS 4-20 1.31 1.31 1.48 1.62 1.33 1.34 1.48 1.90
N2AAPTS 4-25 1.60 1.60 1.72 UN 1.64 1.64 1.72 2.21
N2AAPTS 4-30 1.98 1.98 1.95 1.93 2.03 2.04 1.95 2.15
N2A APTS 4-50 2.75 2.75 1.95 1.95 2.87 2.87 1.95 2.27
.._---------- -

The comparison between these calculated values and the corresponding
"Found" values sho ws aga in tha t sa turation of N2AAPTS on silica gel tak en place at
a bout 2.0 ~~ of N2AAPTS in benzene. Using the data from N 2AAPTS 4-20 to 4-50
in Table IV, th e number of accessible am ino surfa ce gro ups per 100 A2 of silica gel
was calculated to be 1.81.

On the other hand , from the data given in Tables I and III, the important
par ameters of silica gel with respect to the number of accessible N2AAPTS gro ups
per 100 A2 of silica gel were co nside red to be the pore d iam eter and the surface area .

II-Pentane, II-hexane and II-heptane were used as basic compo nents of the
mobile phase. Tak ing into co nside ra tion th at lower viscosities lead to higher column
efficiencies. II-pentan e was the best compo nent (the viscosities of II-pentane. n-hexane
and II-hept an e are 0.22. 0.3 1 and 0.40 cP. respectively, a t 22' C) . However , the low
bo iling point of n-penta ne l 5 may cause bubble forma tion in the detecto r. so II-hexane
seemed to be the optima l basic component. The addit ion of an alco ho l to a mob ile
phase ca n be used to adj ust the retention volumes of ar om at ic umines, because of its
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co mpetit ive hydrogen bo nd ing with arnines ag a inst the am ino -bonded sta tiona ry
ph ase o n th e co lum n ge l. T he k ' va lues o r nit roan iline a nd diam ino tol uene were
measured using var io us kinds or mo bile phase co n tai ning a n II-a lka no l and a basic
component. As can be see n in Fi g. 3, the k ' va lues gen erall y increased with increasing
carbo n num bers 0 1' decreas ing polarit y!" o r the »-ulka nol s. retl ectin g the dec reas ing
solubi lity in the mo bile phase.

Based on the relati onship between k' and th e carbon n um ber of »-al kanols.
methanol is th e most sui ta b le. However, m ethanol has a very low solubil ity in n-

k '

40r
30~

20

A - I

k '

B - 1

10

O·L-_-"-_--""'----'-_ _ L-_-"-

A- II
30

20

A- III
30

20

B -II

B -I1I

!
~_.-J:Y '_ - 0

IB::---q>--- - ?"- I

Carb o n num be r of n - clkcno ts

Fig. J. Re lat ion ship s bet ween ca pacity fac tors (k ') of nitroan iline a nd the II-alkan ol added to the mobile
phase. Co lumn : 250 x 4 mm 1.0 . Sta tionary ph ase : A, siliea gel treat ed with 2.5 ~~ , N2AAPTS; B. silica gel
tre ated with 2.5 '\; 3A PTS . Mobile ph ase : basic com ponents -alipha tic a lcoho ls (9: I) (basic components : I
= II-he ptane, II = II-hexan e. III = II-pentane; aliphat ic a lcohols : I = methanol. 2 = et ha nol. 3 = 1­
propan ol. 4 = I-butanol. 5 = I-penta no l). Flow-rate : 1.49 nil /mi n. Detec t ion : U V. 254 nm . 0 --- 0. p­
Nitroa nili ne ; ° 0 , III-nitroa niline ; 0 O, o· nitroa niline.
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hexane, so that ethanol seem s to be optimal from the point of view of the sepa ra tion.
The dependence of k ' on the alcohol concentration was studied with ethanol, and
optimal sep ar ations of nitroanilines and diaminotolucnes were ac hieved with 25: I 11­

hexan e-ethan ol (F igs. 4 and 5). Figs. 6 and 7 show typical liqui d chromatog ra ms
obta ined with nitroanilines and diaminotoluenes on N2 AAPTS an d 3APT S
stationa ry ph ases.
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SU M M A R Y

The gas chromatographic behaviour of Chromosorb " century ser ies" porous
pol ymer beads was investigated by analysing mixtures of gases (H 2 , CO 2 , CH4 , C 2 H 2 ,

C2H4 and C2H 6 ) at different temperatures on columns filled with various types of
beads (Chromosorb 101. 102, 103, 104 and 105). The ad sorption entha lpies of these
compounds were calculated in order to cha racterize the va rious Chromos orb type s.
T he relative retention with resp ect to ethylene was used for th e rapid ide n tifica tion of
the type of Chromosorb and to co mpare their gas chromatog raphic beh aviour with
th at of Porapak pol ymer beads.

INTROD UCTION

The reproducibility o f gas chromatographic (GC) ret ention data obtained by
usin g porous po lymer bead s (PPBs) ha s been widely di scu ssed . In the ana lysis of
inorgani c gases, light hydrocarbons and small organic molecules, d ifferent authors
ha ve reported wide varia tions of a bso lute and relati ve retention time s, depending on
the per formance of va rious types and batches of pol ymer" .

Although many of the reported discrepancies can be expla ined on the basis of
th e tem perature dependence of th e retention times", other par ameters that influ ence
th e co lumn behaviour remain to be investigated : mesh size of th e beads, porosity,
co m position and physical st ructure, et c. Some of these parameters are given by th e
pr oducer, while others are not avai lable to the GC user, m ak ing the choice of PPB for
a given separation an art rather than a science, depending mainly on previous ex­
perien ce and sometimes requiring troublesome and expensive tri al -and-error tests.

A gener al classification of the GC performance of th e types of commerc ia lly
avai lable PPBs, so ld by various pr oducers under different tr ad e nam es, would be very
useful. A knowledge of both similarity (i. e. , th e possibili ty of rep lacing a given
sta tionary ph ase with ano ther readil y a vail able) and difference t i.e., th e ch oice of a
stat ionary ph ase ha ving sepa ra tion properti es int erm edi at e bet ween those of d ifferent
tr ade nam es) are import ant for the user of these packings,

Com parison of PPBs of d ifferent tr ade names have previous ly been reported.

0021-% 73f t! 1/0000 -0000/$02.50 r · 11) t!I Elsevier Scie n tific Publish ing Com pan y
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The widest range of types was investigated by Dave' (Chromosorb 101, 102 and 103;
Porapak N, P, Q, R, S, T and Q-S ; Par I and 2) and by Supina and Ro se" (Chro­
mosorb 101, 102 and 103; Porapak N, P, R, Sand T). Other papers'"? report com ­
parisons between two or three different types of Chromosorb "century series" and
Porapak .

The characterization of Porapak ® by analysis of light hydrocarbons was prev i­
ously described 10 . The use of the retention time relative to eth ylene, ac H , of vari ou s, .
gases (CH4 , CO2 , C2 H 6 ) , who se measurement is simple with respect to th e determina-
tion of the thermodynamic functions (lJI-{J , LlCo and LlSO), permitted an evalua tion of
the bat ch-to-batch reproducibility of the column behaviou r, and a semiq uantita t ive
classific ation of the " polarity" of the various types of Porapak. Here we report the
results of a simil ar investigation on Chromosorb "century series" ® pol ymer bead s.

EXPERIMENTAL

Stainless-steel columns (3 m x 2.4 mm 1.0.) were filled with carefully weighed
amounts of Chromosorb 101, 102, 103. 104 and 105 (~W-IOO mesh), from differ ent
batch es. A therm al conductivity detector with semi-di ffusion cells (Aerograph A 350)
was used at high sensi tivity (filament current 250 rnA) with helium carrier gas (22 em:'
min - 1) in order to permit an alysis of the smallest possible amount of sample and to
avoid peak asymmetry".

The column temperature was measured with an accuracy of ±0.1"e. The flow
was measured with a bubble flow meter, and the pressure at the head and at the end of
the column was monitored with a mercury manometer, with an accur acy of ±1 To rr ,
in order to calculate the pre ssure gradient correction factor, J, of James and
Martin II . Adju sted retention volumes, V~, net retent ion volumes, VN , retent ion rela­
tive to ethylene, aC,H.' LllfJ , LlSO and LlCo were measured or ca lculated as previously
described 10. In the equations and discussion below, the !Xc H va lues will be indic at ed,, .
for sak e of brevity, by the sym bo l a.

RESULTS AND DI SCUSSION

As pre viou sly observed in the case of Porapak columns!", plots of In V~ as a
function of l /T (reciprocal of the column's ab solute temperature) were linear in the
interva l examined (Fi g. 1). Th e values of the parameters p and q of the equation

In V~ = p (1/ 71 + q ( I )

are shown in Table I and the intersection temperatures, where the given compounds
have th e same ret enti on time, ca lculated by solving a system of equations of the type
I, are sho wn in Tabl e II , together with the temperature limits (isotherrna lr'P.

The a values obtained on the various Chromosorbs and typical peak shapes on
3-m (80-100 mesh) co lum ns are shown in Fig. 2. As the experimental conditions were
exactly the same as in the investigations on Porapak columns! ", both the p and q
va lues and the a va lues ca n be directl y com pared . Table III sho ws the classification of
the various Chromosorb types on the basis of the a values at 30 and 50c e. Th e
com parison of th ese results and of Fig s. I and 2 with the corresponding results for the
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Fig. I. Plot of In VN agai nst I j T on vario us Chromosorb "century series" (80--100 mesh). Helium flow-rate :
22 crrr ' min - , .

TA BLE I

VA LU ES OF THE SLO PE (P) AND INT ER C EPT (q) OF EQN. 1 FOR LI G HT HYDROCARBONS
AND CO 2 ON CH ROMOS O RB CO LU MNS

Columns: 3 m long. 80-100 mesh. Carrier gas : helium, 22 em? min- I .

----- ------ ------- ------ --- --
p
---- - ---_._- --------- - ---- - --- - -
101 102 103 104 105

-_._--_._---------- -------- -------------- - --- -
CH4

CO 2

C2 H6

C2 H4

C2H2

1862
2797
3227
3307
3413

q

2063
2760
3322
3222
3285

1835
2680
3568
3304
3476

1956
3779
3625
3722
4333

1844
2901
3023
3231
3500

_ .._ - ----_._---------- ---- ------ ----
101 102 103 104 105

----------- ----
CH4 -4.35 - 4.32 - 4.22 -4.41 -3.57
CO2 - 6.10 - 5.37 -5.59 - 7.81 -5.49
C2 H6 - 6.84 - 6.02 - 7.62 - 7.45 -5.32
C2 H4 - 6.93 - 6.08 -7.05 - 7.71 -5.65
C2 H2 - 7.13 - 6.22 -7.34 - 8.68 -6.49
- - - - - _ .. _.~~.- -- - - _.'- -- .- --- _. ___ . ' ' 0_ __- ___



Porapak columns previously reported.'? shows that the behaviour of Chromosorb
101 and 102 is similar (but not identical) to that of Porapak P and Q respectively. No
intersection point of ethylene and acetylene retention times was observed on Chro­
mosorb 102 in the considered temperature interval, while for Porapak Q the intersec­
tion point of these compounds was observed at 44°C. Resolution of ethylene and
acetylene is difficult with these columns. The beha viour of Chromosorb 103 and 105
can be compared with that of Porapak Sand R respectively. As shown by the parallel
o: plots for CzH z and CZH6 on Chromosorb 103 and Porapak S, and by the intersec­
tion point at 49°C for Chromosorb 105, no increase in resolution is found by chang­
ing the temperature of analysis, while a satisfactory increase in the resolution between
CzH z and CZH6 is obtained by decreasing the temperature from 70 to 30°C on
Porapak R. Chromosorb 104 has no analogous PPB in the Porapak series. Both
Porapak Nand T show a very long retention time for CzH z, as Chromosorb 104 does ,
but the peculiar feature of 104 is the long retention of COz compared with hydro­
carbons. This is clearly shown by the tx values of Fig. 2. Porapak Nand T also retain
COz more strongly' than other Porapaks and Chromosorbs, but this compound is
always eluted before CZH4 •
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Fig . 2. Valu es of IJ(C , H, and peak resolution as a function of tem perature on variou s Chromosorbs. Co n­
ditions as in Fig. I. Acet ylene off-scale on Chro mos orb 104.

T ABL E III

VALUES OF IJ(C, H, AT 30 AND 50"C O N VA RIO US C H ROMOSO RBS (80- 100 M ESH ), USED AS A
QUANT IT AT IVE EVA LU AT IO N OF TH E " POL AR IT Y" O F THE PHASE

Temperature Chromosorb
( OC)

Compound

101 102 103 104 105
--_._-,,-_. - -----_.._-- _..__ ._ - --_ .__ ._-¥,.".".-

CO 2 30 0.504 0.45 0.55
50 0.55 0.48 0.62

C2 H2 30 1.19 1.075 1.33
50 1.17 1.07 1.27

CzH. 30 1.39 1.48 1.35
50 1.33 1.43 1.29

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

1.16 0.56
1.13 0.57
3.0 1 1.50
2.62 1.37
1.05 1.42
1.04 1.36

The differences and similarities between Porapak and Chromosorb ob viou sly
depend on the composition and surface area of the various beads. Unfortunately,
little inform ati on is available on the chemica l structure of some of the bead types.
Table IV summa rizes data taken from bulletins or catalogues.

Th e effect of the carrier gas flow-rate an d of the columns length on the a. values
is very sma ll, as previously observed with Porapak columns.

The linear dependence of the a. values on the reciprocal of the a bso lute tem-
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TABLE IV

CH EM ICAL CO MP OSIT IO N AND SU R FAC E A REA O F PORAPAK A ND CHROM OSORB
POLYMER BEADS, TAK EN F RO M CA TA LOGUES (WA T ERS AN D JOH NS-MA NVILL E) AND
FR OM REF. 16

T ype

Ch romosorb 101
C hro mosorb 102
Ch romosorb 103
Ch romosorb 104
Ch romosorb 105
Porapak N
Porapak P
Porapak Q
Porapak R
Porapak S
Po rapak T

Surface area
( m' ts)

< 50
300--400

15- 25
100--200
600-700
225-350
100- 200
500-600
450- 600
300-450
250- 350

Chemical composition

Styrene-divinylbenzene
Sty rene-d ivinyl benzene
Cr oss-linked po lysty rene
Acr yloni trile -divinylbenzen e
Acrylic esters
A* + viny l pyrrolidone
Styrene-divin ylbenzene
Eth ylvin ylbenzen e + d iviny lbenzene
A* + vinylpyrr olido ne
A* + viny lpyrid ine
A*

* A = Styrene- divi ny lben zen e or elh ylvin ylben zene - divinylben zene po lymers modifie d with polar
monomers.

perature, as a consequence of eqn. I, permits calculation of the ex(C)!" value of a
compo und C on the sta tionary phase i at a given absolute temperature T. The values
of the consta nts m and n

ex(C)J" = m, (l /T) + n j (2)

for the various types of Chromoso rb are show n in Table V. Moreover, the behaviour
of mixed columns made from variou s amounts of different Chromosorb types in
ord er to obtain a cha nge in the eluti on order and resolution of the various com­
pounds can be calculated . It has been shown ':' that the ex values for a given C at a
con stant temperature T on a column prepared by mixing various amounts of two
different types, i and i. of Porapak

(3)

TABLE V

VALUES OF TH E CO EFF IC IE NTS OF EQ NS . 2 A ND 4 FOR CHROMOSORB CO LU M NS

- - - " ._ - .._ _ . ._- --_. ~~--- -- ' ----._-- - _._.

Chromosorb CH4 CO2 C2 H 2 C2 Ho
_.- _.- - - - - -"-' ._- " .----

m, n, m, 11; nZj fl j mi nj
- -_._._- ._ - -.._ - ' -_..- _ .... . --_ . . -- -- -

101 -247 0.947 - 23 1 1.267 105 0.848 262 0.523
102 - 154 0,637 -168 1.003 46 0,923 268 0.601
103 - 244 0.937 - 377 1.79 1 254 0.488 276 0.437
104 - 182 0.684 165 0.6 17 1898 - 3.252 67 0.832
105 - 169 0.674 -75 0.807 609 - 0.513 314 0.388

._. - ---- . . - - .. - -
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where x j is the weight fraction of the ph ase, and X i + x j = I. The same behaviour,
with th e lim its of the experimental determination of the IY. values for homogeneously
mixed or multil ayer pack ings ' :', has been found for Chromosorb " century series"
PPBs (Fig. 3). Therefore. the IY. of a given compound C on a mix ed colum n i + .ican
be found a t a ny temperature by a combination of eqns. 2 and 3 :

, I I I ] I
G(C ) j +j = L(lII j - III ,) ' T + Ili - n, 'Yj + IIl j ' T + n, (4 )

T he preparation of mixed columns is of practical interest wh en PPBs of dif­
Ierent "polarity" are used (Fig. 3). Compatibility tests must be d on e by mixing small
am ounts o f th e two packings in order to determine whether electrost ati c effects due to
the sur fac e groups and composition of th e various types of C h ro mosorb ca use adhe­
sion of th e bead s. which impairs th e filling by gra vity of th e co lum ns with homoge­
neously mi xed packings. A mixed column with two non-compatible C hrom os o rb
types can be prepared by alternately pouring small amounts o f th e two phases in the
column, giv ing a multilayer pack ing . It has been found that such columns are simi lar
to homogeneous columns when th e number of layers increa ses. T he behaviour of
mi xed Porapak-Chromosorb co lumns ca n also be calculated by usin g th e previously
publish ed G( values!". Little or no ad va ntages are obtained by mixing packings of
simil a r " po la r ity" . while mixed columns of PPBs giving very d iffer ent elution orders
(e.g .. C hrom os o rb 104 with Chromoso rb 101. 102 or 103, see Fig. 3) can replace any
column ha vin g intermediate po larity . C oupled or series columns ca n a lso be used. but

x102
0.5 0

x103
0.5 0

X102
0.5 0

X101
0.5 0

x101
0.5 0 ;-1-,-=;-=---,----,;

V
:I:
N

u
~

0.5

o

o 0.5
x105

o 0.5
xl02

CH4

o 0.5
xl03

3

C2~ ,
2 ,,

,,,,,
,,,,

C2H6-
e«.

, ,

CO2

CH4

0

0 0.5
xl04

3

o

o 0.5
x104

Fig. 3. Beh a viour of mixed co lum ns of various Chro mosorb types at 30 C ( ... ) and 70"'C (- - -). Absc issa
values : a bove , .";; belo w. .r j .
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TA BLE VI

VALUES OF - Ll ifl (kcal mol " ") FO R LIGHT HYDROCARB ONS AN D CO 2 ON VARIOU S C H RO­
MOSORBS

Co nditions as in Table I.

Compound Chromoso rb

101 102 103 104 105
.__ . ----_ .._-- - - - - . - - - --- - _..__._ ._.-

CH.. 3.70 4.10 3.65 3.89 3.66
CO 2 5.54 5.48 5.32 7.51 5.76
C2 H, 6.41 6.60 7.09 7.20 6.00
C2 H. 6.57 6.40 6.56 7.39 6.42
C2 H2 6.78 6.53 6.91 8.61 6.95

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

in thi s case the prevailing influence of the up-stream column working at higher pres­
sure must be taken into account.

Th e thermodynami c fun ctions were calculated as described elsewhereI O.14.15 in
order to obta in more informati on on the partition equilibrium and on the " pola rity"
of the var ious PPB s. Tabl e VI sho ws the values of th e adsorption entalphies (- LJ IfO).
whose values for acetylene increase in the order Chromosorb 102, 101, 103, 105. 104,
in accorda nce with th e CCC,H. va lues of Table III, with the polar ity order given by th e
producer t t and with th at obta ined by ana lyzing a polar ity mixture of ac eto nitr ile.
benzene. methyl eth yl ketone and ter t.-butanol 12

. It can be concluded th at Chro­
mosorb 102 and 104 have respectively the lowest and the highest polar ity in the
Chromo sorb "century series" pack ings. Th e linear co rrelation between -LJIfO and
(.(C, II . va lues (see Fig. 4) is better for the Chro moso rb th an for the Por ap ak series where

3

z

rCOz =0.959

rCZHZ=0_998

104

6 7 8 9
-IlH o

( kcal -mol -')

Fig. 4. Linear co rrelatio n between :XC, H. and - LIlt' values of CO , and C, H2 on various Chromoso rbs at
50' C. Corre latio n coefficients, r, are also shown.
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inversion between Rand S, T and N types was observed 10 . Thi s is shown by the cor ­
relat ion coefficients. tho se at 50°C on Porapak type columns being 0.789 for CO 2

and 0.724 for C2H 2 , much smaller than the corresponding values for the Chromosorb
"century series" , shown in Fig. 4.

The dependence of the Cl values of C2H 6 on the - iJJrl values is almost random
both on Porapak (r = 0.141) and on Chromosorb (r = 0.678), while a satisfactory
linear correl at ion is found between the o: and - iJJrl values for CO 2 and C2H2•

CONC LUSIONS

The measured values of ClC 2H4 refer to a restricted number of batches of Chro­
mosorb "century series" of different types. It is possible that single batches would give
Clc ,H

4
and - iJJrl values which arc slightly different from the values reported. In the

case of the Porapaks we investigated the effect of mesh size on the Clc,H
4

values and
found a variation of about 5 %, that is probably of the same order of magnitude as the

. fluctuations due to change in mesh size of the Chromosorb beads.
This notwithstanding, the ClC2H 4 values can be used as a mean for the rough

classification of the polarity of Chromosorb and Porapak PPBs and for the choice of
packing or of mixed column that can replace another type of PPB not readily
available for a given separation. Moreover, both for Chromosorbs and Porapaks, the
measurement of the ClC

2H4
values of CO 2 and C2H2 at room temperature on a freshly

prepared Chromosorb column permits a rapid evaluation of the reproducibility of
this column with respect to that of a column previously used for the same analysis but
which it is desired to replace.
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SU M MA RY

The retenti on o f a wide ra nge of ionised a nd non-ioni sed a na lyte s o n silica gel
liquid chro ma tographic co lumns mod ified by d yn amic interaction with so lut io ns of
mixture s of ioni c a nd noni o n ic surfacta nts has been exam ined syste ma tica lly using
bot h aq ueo us a nd aq ueo us methan oli c eluent systems . It is sho wn tha t efficient sepa ra ­
tio ns of m ixtures of severa l classes of orga nic co m po und s ca n be ac hie ved by th ese
" d uplex soap chromat ography" proced ures.

INTRO D UCTIO N

Kn ox and La ird" , G ilbert and Wa1l2
• and th e presen t a utho rst" ha ve shown

th at aq ueo us alco ho lic so lut ions o f surfactants inter act with oxide gel liq uid chroma to ­
graphic co lum n packin g mat eri als to genera te a liqu id- sol id in terface th at faci lita tes
sepa ra tions o f cha rged a nd un ch a rged so lu tes by a co mbi na t ion of ion-excha nge and
so lvo pho bic pro cesses. A n esse ntia lly simi lar technique wa s used by A rmstrong a nd
Terr ill6 fo r sepa ra tio ns by chro matography on thin a lum ina layer s with out exami­
nati on of the mech an ism of separat ion. It was clea r fro m the stud y7 of effects of
add itio n of anionic surfac ta nts (wh ich do not interact in aq ueous or aq ueo us alc o­
holi c so lutio ns with acid ic ox ides like silica ) to reten tive silica- no n-ion ic sur facta n t
systems that this " d uplex soap chromatogra phy" wa s of consid er able pot ential inter­
es t.

The pr esent stud y descr ibes the effects o f add itio ns of either a qu at ernary
ammonium sa lt soa p. or an ammonium sa lt so ap. or a lkyl sulpha te salt soa ps to

chro matographic co lum n eluents co n taining polyoxyethylene sorbi ta n ester
(Tween 's) non-ionic surfac ta n ts. Retent ions of seve ra l groups of analytes were
studied as fun cti ons of non- ionic soa p co nce n tra tio n a nd (independe nt ly) o f io nic
soap co nce n tra tion.

* Present address: Dep artment of Pharmacology. Unive rsity of Brit ish Co lumbia. 2176 Health Scien­
ces Ma ll. Vancou ver. BC V6T IW5. Canada .

002 1-9673 /8 1/0000- 0000/5 02.50 .1'\ 19KI Elsevier Scientific Publishing Co m pa ny
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EXPE RIM ENTA L

Y. GHAEMI , R. A. WALL

111,\"1rumentarion
Chromatographic sys tems were assembled from components as outlined in

earlier reports in this series3
-

5
•
7

• Columns were packed by the "upward slurry" tech­
niques described by Bristow et al .8 at 300-500 bar con stant pre ssure, using methanol
both for packing and suspension of the spherical silica gel (H ypersil, dp ::::::: 5 JIm , S BEl

::::::: 170 rrr' g-l , Shandon Southern Instruments, Runcorn. Great Britain) used in all
the reported experiments.

So lvents and reagent s
Solvent methanol was HPLC grade (R athburn Chemicals, Walkerburn. Great

Britain) and water was doubly distilled from glass and stored in glass containers. Care
with preparation and storage of solvent water largely eliminated the problems of
column contamination observed in the earlier study 7 on peptide separations by the se
techniques.

Hexadecyltrimethyl ammonium bromide (CTAB). sod ium lauryl sulphate
(SDS), puriss. grade. and Tergitol 7 (T. 7) were purchased from Fluka, Buchs. Swit­
zerland . Tweens 20 and 40, sta ted to be of "industrial qu al ity" were obtained from
Sigma (London) (Poole. Great Britain). All other reagents used were of reagent grade
and were used as recei ved from the various suppliers.

Procedures
In all experiment s except the aqueous so lution series, the mea surement of

retention with a given set of surfactant s in the eluent was carried out on columns
pack ed with silica which had been in contact with onl y those unique soaps. Th e
columns were brought to equilibrium by washing with at least 0.51 of Tween so lution
(2-5 g dm - 3) before initiation of duplex soap experiments, and in all cases columns
were washed with the chosen eluent until constant ret ention was ob ser ved for the test
substa nces.

In pr actice, thi s equilibration procedure (carried out a t ambient temperature.
IS-21 °C) usually consisted of passage of some 0.2 I of eluent through a column before
any me asurement of retentive power. More often than not work timetabJing led to
parti al equilibration on one working day followed by data collect ion on the following
or later days. No particular significance attached to thi s timing when aqueous organi c
elucnts were used, since achievement of a constant retaining surface appeared to be
so lely a function of passage of sufficient eluent through the column. However, when
purely aqueous eluent systems were examined carefully, it was observed that retention
of neutral analytes often incr eased after overnight stor age of a column already in
apparent equilibrium with the eluent. Fortunately, thi s very slow reorganisation of
the retaining surface molecular architecture was found to be complete after 16-20 h
sto rage . All aq ueous soap chromatographic data reported below were collected only
afte r an overnight storage period following passage of a t least 0.2 I of eluent through
the column. Studies on the time and temperature dependence of the retenti ve surface
charac terist ics ar e no w in han d.
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RESULTS AN D DI SC USSIO N

Dynamic anion-exchange systems
It was clearl y of in teres t to see whe ther or not the int er act ions between non­

ioni c and anionic surfac ta nts found earlier7 to be so usefu l co uld a lso be dem­
onstrated when a cationic soap was used in place of the SDS or T.7 of the peptide
cation-exc ha nge ex periments . Fig . I shows th at mixed ca tio nic- no n-ionic soap sys­
tems exhibit properti es different fro m those of single surfacta nt-oxide gel chro ma to ­
graphic proced ures . This figure out lines the lar ge varia tio ns in selectivi ty attaina ble by
cha ngi ng the co ncentra tion of the ioni c soap compon ent of the eluent. Com pa rison of
the present Fig. I with the data expressed as F ig. I of the ea rlier study on CTA B-­
silica in teractions? shows clea r ly that a slightly lower maximum retent ion of cha rged
sulpho nic acid analytes is obta ined in the duplex soap system, and tha t this maximum
k' [k' = (T"mple re tern in n - Tvoid vo lu me e lear, nee)/ t void volu me e le,ra nee] is ac hieved a t mu ch
lower ionic surfactant concentrations th an in the single surfacta nt system (k ' ::::: 20 at

2 . 10- 2 M [CTAB]l'erslls k ' ::::: 13 at 6. 10- 3 "if [CTAB].

1.0

~o
o

0.5

l og k'

100
I
'0

I
10 20

10 ' X !CTAB] I mol dm- 3

J'---'----'-- --'------'--- --'----'-

~o
--------0 4

I

Fig. I. Effect of var iat ion of qu atern a ry ammonium sa lt concentra tion on sample reten tion . Water­
methan ol (1: I. v/v) so lutio n of Twee n 40 (2 g dm - 3 ) , pH 5 (with H3 P0 4 ) . Ana lytes : I = di-J-acid; 2 =
Schaffer 's acid; 3 = dioxy-J-acid ; 4 = acetophenone; 5 = fluorenone; 6 = naphthalene. For stru ctures of
sulphonic acids cf, Knox and Laird'.

A seco nd. pot enti ally useful difference between the sing le soa p and duplex soap
eluents is apparent in th e very different re lationship of retention to CTAB con cen­
trati on for union ised ana lytes. There is a steady increase to maximum k' for a ll ana ­
lyres in the sing le soa p system, whereas ret en tion of non-polar eluites is steadily
reduced by ad d ition of CTA B to the Twce n- SrOj co lumn system. T hat this di fference.
which is probabl y an exaggerated case of the phenomena deta iled by G ra ha m and
Rogers? in their investigat ion of surfac ta nt effects on retention of neut ral analytes on
a column of octadecyl silica. is genera l will be shown lat er in this present work .
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A pparently th e ana log y used in th e peptide stu dy? ora "brush " ty pe of ind uecd
ion-exchanging surface might also accoun t for th e observed ch romat ograph ic prop­
er ties of th e duplex ca tio nic- na n-io nic soa p- modi fied silica surface. As th e io nic
so a p conce ntra tion increases. so al so retention .of a nio nic cluitcs increases th rou gh a
m a ximum and thereafter decrea ses as th e so lva ti ng power of th e surfacta n t in the
mobile phase begins to domi na te th e dis t ributio n o f so lute be tween sta t ionary and
mobile ph a ses.

Determinat ion of the uptake o f CTA B from a wa ter- metha no l (1:1. viv) so­
luti on containing Tween 40 (2 g d m " 3) showed 0.06 · 10 ' h mol m - 2 a t [CT AS] =
5. 10- 3 mol drn ":'. This coverage of the silica surface sho u ld be co m pared to th e
binding capacity for a lky lbe nzyld ime thy l ammon ium sa lts o n the O D S-Spherosi l
surfa ce. wh ich was report ed by Tomlinson et lIl. 1O to be 0.13 . 10- f> mol m - 2 from a
10- 3 m ol d m " :' solut ion of the surfact ant in wa ter-metha no l ( I : I. v/v ).

T he appa ren t success o f th e above experime nts in gene ration of what might be
descr ibed as a " stron g" an io n exc ha nger led to attem pt s to co m bine th e effects of a
non-ion ic surfacta nt an d the surface ac tive dodccylarn m onium io n . Fig. 2 shows that
the retention \'.1. [dodecylammoniurn] re la t io nsh ip is sim ila r in form to that observed
a bov e with the fully quat erni sed C T A B. T he elu ent sys te ms were buffe red to p H 5.5
in this la tt er series of experime nts to ensu re pro tonati o n o f the a mi ne soap as we ll as
(ca . 80 (~~l com plete) ion isation of the carboxylic acid una lytcs .

2.0

1.5

Log 1<.'

0-"""""" 0

-----o__~~
~8

0 7

1.0 _ <:
____ <)4

0. 5

10
4

X [Dod ec ylornrnonkrml / mol dm- 3

Fig. 2. Changes in eluite rete ntion with var iation in dodecylammonium io n con centra tion. Water-meth­
anol ( I : I, v/v ) so lution of Tween 40 (2 g dm - "), pH 5.5 (with H"P0 4 ) . Analytes: I = 3-phenylbutanoic
acid ; 2 = trans-2-p henylcyclopropane- t -ca rboxylic acid ; 3 = 3,3-diphcnylpro penoic aeid; 4 = I-naphthyl
ace tic acid ; 5 = fluorenone; 6 = na phtha lene ; 7 = anthracene; 8 = pyrone.
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It can bc seen th at m ax imum retentio n of th e ca rboxy late ani on s occ urs a t
significant ly higher cationic soap co ncent ra t ions than did th e co rrespo nd ing max­
imum retention of arylsulphonate anions on the Tween 40- CTAB-silica columns.
T h is find ing is co nsis ten t with th e gre a te r surfac ta n t acti vity o f CTA B as o pposed to
do dccylarnm onium . the cr itica l mic elle concentration (CMC) of the qu at ernary ion
is slightly less th an a tenth that of the primary ammonium ion in water! ", Interest­
ingly, re ten t io n of non -p ol ar an alytcs appea rs to be sign ifica nt ly grea te r (a t eq uimolar
ca tio nic so a p concentrati on s) in th e dodccylammonium system than in th e CTA B
eluent , possibly reflecting a grea ter induced polarity o f the surface from the quater­
na ry sa lt .

Dynamic cation-exchange systems
A m ore complete inv estigat ion of the relationship of an ionic sur fac ta nt (T. 7)

co ncentra tion to ion ised a nd non-polar analyt e ret ent ion on a silica co lumn equ ilib­
rated with Tween 40 (2 g dm - 3 in water-methanol, I : I) than was illu strated in the
early study7 of thi s system is shown in Fig. 3. Com parison of th e data represented in
F ig. 3 with th ose showi ng th e eq uiva lent relationship for th e shor te r cha in alky l
sulpha te, SD S, reveals th at retention in th e duplex system d oes not appear to be as
direct a function of surfact ant ch ain length as with the single soap elue nt- oxide
co lum n tcf, Fig. 3 of ref. 4 and Fi gs. 2 and 3 of ref. 5). It wo uld appear that the
lipophil icity of th e dynamicall y gen erated stationa ry phase in duplex soap sys tems is
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Fig. 3. Effect of vari ation of Ter gitol 7 ("C 17 " alkyl sulphate) con cent ration on sample reten tion. Water­
methano l ( I :I , vjv) solut ion of Tween 40 (2 g dm - 3 ) . pH 4.0 (with H3P0 4) . Analytes 5-8 as in Fig. 2, an d : 9
= 2-nitroaniline ; 10 = I-am ino-I-phcnyl etha ne; II = I-am ino-l-(i -naph thyl)ethanc.



276

1.0

Log k'

0.5

Y. GHA EMI, R. A. WALL

I
40

~10

governed primarily by the nature of the non-ionic surfactant. This latter assertion is
supported by further comparisons of Figs . I, 3,4 and 5 from this report with Fig. 1 of
ref . 3, Fig. 3 of ref. 4 and Figs . 2 and 4 of ref. 5, since maximum retention of charged
analytes in the single cationic and anionic systems occurs at much higher concen­
trations of the appropriate surfactant, whereas maximum retentions of uncharged
(and charged, cf. Fig . 5) analytes were observed at approximately the same concen-

1.5

1.0

Log k'

0.5

0.4 10 2!J

[ Tween 40] / g dol 3

Fig. 5. Effect of variation of con centration of non-ionic (Tween 40) soap on analyte retention. Water~­

meth an ol ( I :1. v/v) solution of SDS (10 - 2 mol dm - ., ). pH 4.0 (with H ,P04 ) . Ana lytes as in Figs. 2 and 3.
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tration (ca. 2 g dm - 3) of the non -ionic surface active eluent compo nent in both single
and duplex soap systems .

The other feature of duplex surfactant liquid chroma togra phic systems which
is show n very clearly in Figs . I and 2 and less obviously in Figs. 3 and 4 is the very
different response of char ged and uncharged analy tes to variations in the ionic soa p
constituent of the eluent. Th e change in retaining surface char ge density with increas­
ing ionic soa p conte nt gives a steady rise in retentiveness for ionised analytes (of
charge opposi te to that of the soa p) through a maximum shared by ana lytes of the
same cha rge. The effect of the increasi ng surface charge density on uncharged ana lytes
is simply to reduce their retention from the maximum which is observed in the ab­
sence of the ionic soap eluent component. So in man y cases the order of elution (i.e.,
selectivity) of a given set of cha rged and uncharged eluites may well alter drast ically
with cha nges in ionic surfacta nt concentra tion (at con stant non-ioni c concentra tion).

The more complete data collections of the present work confirm the tend encies
to selective retention observed in Part 11 7 of this extended study, and suggest that
gradient elut ion systems in which either counter ion or ionic sur factant con cen­
trations were varied might prove to be useful separa tio n procedures.

Dyn amic coating with aqueous surfactant solutions
A possible deterrent to wider use of the oxide gel- surfactant liqu id chromat o­

gra phic systems described so far in this study is the relatively low lipophilicity of these
dynam ically coa ted surfaces compared to curren t alkylbo nded silica surfaces. Reten­
tion of aroma tic ketones and phenol s on duplex or simplex (non-ionic) soa p coated
silicas is appa rently of the same order as found on the least hydr ophobic bonded
silicas. However , Fig. 8 of Par t 1J] 4 (and unpublished result s associated with ref. 7) of
this series shows that altera tion of the orga nic componen ts of eluents contai ning non­
ion ic surfac ta nts lead s to the expected large change s in retenti on of neutral ana lytes.

Taking these latt er observa tions to their logical conclusion, especially in view
of the " micellar chromatogra phy" studies of Arm st ron g and Terrill6 on separations
on alumina thin layers with aqueou s SDS eluents, it seemed appro priate to determ ine
whet her aqueo us non-ionic surfactant solutions could also be used to generate a
controlled retenti ve surface on silica gel. In the event, such interactions did take place
and gave the very large increase in retention expected by ana logy with the effects of
similar eluent changes in alk yl-bonded silica chroma tog ra phy.

As can be seen in Fig. 6, particularly by comparison with Fig. 8 of ref. 4, k ' for
aceto phenone (and several other analytes not shown) in aqueous eluents is abou t ten
times that found with water-meth anol (I :I) eluents. Further inspection of Fig. 6
reveals two other differences between the aqueous and or gani c-modified aqueous
chroma togra phic systems. First , and most important , the fairl y sharp maximum in
the retention 1'.1' . non-ionic det ergent concentra tion cur ve so characteristic of aqueo us
meth anol eluents tcf . Fig. 5) do es not appear in purely aqueo us syste ms. Instead ,
retention rises slowly to a limiting value defined by interaction of pur e water eluent
and pre-load ed (with 0.5 g dm - 3 (Tween 20]) silica gel. Th e k' measurements on the
[Tween 20] = 0 axis were obtained after passage of a pprox . 0.8 I of water throu gh the
pre-load ed column. Secondly, the order of elution of the seco nd an d third eluites is
reversed from tha t previo usly observed on columns of alkyl-bonded silica or dynami­
ca lly coated silica eluted with aqueous orga nic eluents (If Fig. II of ref. 7), which
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suggests considerable involvement of surface silano ls in the retention mechani sm 12 of'
these fairl y pol ar eluites. Note also th at there doe s not appear to be any pronounced
cha nge in the chroma tographic char acteristics of the single non-ionic surfactant
eluent-gel system as might be expected near the CMC 1 1 of this detergent.

Log k'

0.5

- --- - o--~o j
~o CMC

- -- -- 0 - 0 ~
-----v~

-- ---0--0_ o~-----~--v-:=====o <>~ ' 6

V~~~5--- - -o---v~ ~~_______ D 4

()~ .....V3

~(J2

5 10 20, 2

[Tween 20 J Ig dm- 3
0.5t Io

o

Fig. 6. Effect of varia tio n of concentra tion of Tween 20 on aqu eous single soap chromatogra phic retenti on
of uncharge d samp les. Analytes : I = 4-meth ylpentan- 2-one ; 2 = acetophenone; 3 = 4-methoxyac eto­
phenone; 4 = salicylamide; 5 = 4-methylphenol; 6 = 2.3-xyleno l.

Fig. 7 is a simple demonstration that column efficiency with this aqueous non­
ionic soap eluen t is comparable to that obtained in con ventional "reversed-phase'
alkyl-bonded silica separation systems. Note the unusual ord er of elution of ac­
etophenone, 4-hydroxyacetophenone and 4-methoxyacetophenone.

In line with the general theme of the present work, aqueous duplex soap eluents
were examined with the same pre-loaded (after collection of the water elution data)
silica column used for the studies described by Fig. 6. The retention I'S. [SDS] data
shown in Fig. 8 were measured in a series of eluents of decreasing anionic soap
con centrat ion, following the same methodology used with the aqueous single soap
eluent s. A very large disturbance in baseline det ector sign al resulted from the appli­
cation of the mo st concentrated (ca. 2 x CMC of SDS, ref. II) duplex soap eluent
tested. Moreover , measur ement of the column void volum e by injection of pure water
or aqueous potassium nitrate solution demonstrated a con siderable incr ease over the
values recorded in the absence of the anionic detergent. Apparently the high solubilis­
ing power of aqueou s SDS at co ncentrations at or above the CM C rem oves most of
the dynamically deposited non-ionic surfacta nt and hence leads to minim al retentive
power for all an alytes examined .

Not e, howe ver, that as the concentra tion of the ionic soa p falls below the
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Fig. 7. Sample separation of some uncharged analytes by aqueous single non-ionic soap chromatography.
Column of Hypersil, 135 x 4.6 mm J.D., eluted by aqueous solution of Tween 20 (2 g dm - 3) at I crrr'
min - 1 . Detection by ultraviolet absorption at 254 nm. Analytes : I = butan-2-one; 2 = 4-methylpentan-2­
one; 3 = acetophenone; 4 = 4·hydroxyacetophenone; 5 = 4-methoxyacetophenone; 6 = salicylamide; 7
= 4-methylphenol.

Fig. 8. Effect of variation of concentration of sodium lauryl sulphate on aqueous duplex soap chromato­
graphic retention of cationic and neutral samples. [Tween 20] = I g dm - 3, pH adjusted to 3.0 with
phosphoric acid after addition ofNa2HP04 to give [Na +] = 0.020 mol dm -3. Analytes 2, 5 and 6 as in Fig.
6, and : 7 = glycyltyrosine; 8 = 4-hydroxyacetophenone; 9 = tyrosine methyl ester; 10 = I-amino-I-(I­
naphthyl)ethane.

CMC, there is a rapid generation of retentive character for both cationic and neutral
analytes. The behaviour shown in Fig. 8 is distinctly different from that observed with
the aqueous single soap eluent exemplified in Fig. 6 above. Concomitant with the
restoration of retention at sub-CMC SDS concentrations there was the expected
baseline detector perturbation and a measureable decrease in the void volume as if
non-ionic Tween was again deposited on the silica surface.

Note that the relationship of retention of uncharged analytes to surfactant
concentration in the duplex soap system resembles that in the single soap system,
although Fig. 8 makes clear that (at moderate ionic strength) neutral eluites are not
bound quite so firmly to the SDS- Tween surface as to the Tween surface. However,
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the retaining power of the duplex surface for cationic analytes passes through a well
defined maximum as anionic soap concentration is reduced . Th at this difference in
selectivity for charged as opposed to uncharged eluites is a general property of all the
duplex soap systems examined to date may be confirmed by examina tion of Figs. 1--4
and 8 and Figs. 1 and 4 of ref. 7.

NE

Elution Time I min

DHBA

DOPA

N~ N Y

EPI

U -.

I I I I I I
30 20 10

Elution Time / min

Fig. 9. Sample separation of some ana lytes of Fig. 8. Same column , detect or sett ing and eluen t flow-rate as
Fig. 7. Eluent : aqueous solution of Tween 20 (I g drn " :') and SDS (2 . 10- 3 mol dm - 3

) containing
NazHP04 (9 .10- 3 mol dm " "), pH adjusted to 3.01 by addition of H3P0 4' Analytes: I = 4-hydr oxy­
acetophenone; 2 = 4-methoxyacetophenone; 3 = glycyltyrosine; 4 = 3,5-xylenol; 5 = 2,3-xylenol; 6 =
tyrosine methyl ester.

Fig. 10. Sampl e separation of tyrosine and some of its metabolites. Column, eluent , and operating con­
ditions as in Fig. 9 except detection at 272 nm . Analytes: DOPA = 3,4-dihydroxyphenylalanine; Y =

tyro sine; EPI = epinephrine; NE = norepinephrine; NM N = normetanephrine; DH BA = 3,5-dihydro xy­
benzylamine (intern al standard for ca techo lamine analyses).

A sample separation of some of the test substances used in the experiments
with aqueous single and duplex soap eluents is shown in Fig. 9. Although ther e is
evidence of increased peak asymmetry resultant from extended usage of the column,
the perceived separating power has remained acceptable . Since it was clear that rela­
tively polar analytes could be well retained with aqueous soap eluents, it seemed
appropriate to examine possible separations of the biologically interesting catechol­
amin es and their precursor amino acids. Fig. 10 shows such a trial separation.
Although this model mixture does not include all the biolog ically significant tyrosine
metabolites, the analytical possibilities inherent in this non-optimised separation
appear to warrant fur ther study, particularly since the elut ion order of these amines is
dist inctly different from that observed in aqueous or aqueous-organ ic buffer elution
from anionic surfactant-modified alkyl-bonded silica columns1 3

-
1 5

.

CONCLUSIONS

Equ ilibration of porous silica gel with an aqueous methanol ic solution of a
("duplex soap") mixture of a cationic and a non-ionic surfactant may be used to
produce a liquid chromatographic column packin g material which will separa te neu-
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tra l anal ytes by so lvopho bic interactions and anionic ana lytes by a com bination of
anion-exchange and solvophobic distribution processes. Ret ention of charged and
uncharged analytes on such dynamic ally coat ed silica is a function of the concen­
trations of both surface-ac tive agents in the eluting so lvent system, although greatest
selectivity in control of relative retention is achie ved by variation of the concentration
of the ca tionic rather than the non-ionic soa p.

Duplex cationic soap chromatographic systems qual itatively resembl e single
cationic soap- acidic oxide gel separation systems . How ever, maximum analyte reten­
tions occur at much lower ionic soa p concentra tions on duplex soa p modified oxide
gel column packings th an on single soa p modified materials.

Replacement of the cati onic soa p in the above duplex soa p chromatography
procedure by an a nionic surfacta nt produces a separation system which discriminates
between analytes by a combination of cation-exchange and solvophobic interac tions.
These discriminative properties arc preserved with both aqueous and aqueous- or­
ganic eluting so lvents.

Although ana lyte retention in all single and dupl ex soap chroma tography sys­
tems examined to date has been found to be a non -linear function of sur factant
concent ration in the mobile phase, very ra pid changes in the retenti ve pro perties of
the dynamically modifi ed stationary phase associated with micellisat ion ha ve been
observed only with an aqueous duplex soap chro matog raphy procedure as a con­
sequence of variation of the ionic sur factant concentration in the eluen t.

Each of the single and duplex "soap chromatography" procedures studied in
this and earlier reports"? has been found to give efficient separa tions of a wide variety
of organic compo unds. Many questions remain to be answered ab out these sepa­
ra tion systems, but what has been found so far clarifies the pot enti al value of (dy­
namic) single and duplex soap chroma togra phy meth od s.
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SUMM ARY

Sep aration of 23 heteroborane a nio ns by reversed-phase ion-pair liquid chro­
matography on C I-bonded-phase columns using C 12 or C6 n-alkylamine pairing ion
is reported . The elution was monitored with a U V detector at 235, 254 or 280 nm well
below microgram sensitivity level. The effec ts of the concentrations of the pairing ion
and th e inert sa lt, the pH, the pairing ion len gth , the stationary phase material and the
methanol-water ratio on retention and se lectivity were inve stigated .

INTROD UCTION

In the pa st two decades, a great va riety of borane anionic spec ies have been
synthesized , ranging from polyhedral borane anions to sandwich cage heteroborane
complexes. Some of these compounds wer e successfu lly applied in neutron captur e
therapy", as extract io n reagents in processing spent nuclear fuel 2

•
3 and in homoge­

nous cat alysis" . Despite the fact that m any closely related compounds were prepared.
which differ structur a lly in a very subtle way, a speedy and efficient analyti cal method
for purity ass ay, rea ction monitoring and isolation of reaction products is st ill lack­
ing. The only report dealing with sepa ra tio n of th ese compounds is th e st udy of
Wellum et al,", who sepa ra ted so me pol yh edral bora ne anions using ion -exchange
and part ition thin-layer chromatography (T LC ) systems .

lon -pair reversed-phase high-performan ce liquid chromatography is now a
well es ta blished technique for the ana lys is o f many organic and biochemical sys­
tcm s":", but reports of its applicat ion to an aly sis of inorganic and organo metallic
compounds are relatively scarce'"!",

The present article is aimed at dem on strating the convenience of th e reversed­
phase ion-pair techn iq ue for direct ana lysis of some heteroboran e a nions , and at
investigating the effect of factors governing th e separation process.

EXPE R IME NTA L

T he home-made chromatograph de scribed previou slyl' comprised a VCM 300
membrane pump, a UV detector operating a t 254 l1l11, a UV M-4 va ria ble-wav eleng th

0021-9673)8 1;0000- 0000/$02.50 ,c; 1981 Elsevie r Scie ntific Publishing Com pan y
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(235-380 nm) detector (Development Works of Czechoslovak Academy of Sciences,
Prague, Czechoslovakia), a U6K injector (Waters Assoc ., Milford, MA, U.S.A.) and
a differential refractometer (Model 2025/50 ; Knauer, Oberursel, G.F.R.).

All samples were obtained from laboratory stocks; the methods of preparation
are listed in Table I. Laurylamine (Lacherna, Brno, Czechoslovakia) and hexylamine
(Koch-Light Labs., Coinbrook, Great Britain) were converted into hydrochloride
salt s and purified by crystallization from dry diethyl ether-absolute ethanol mixture.
All other chem icals were p.a. grade. Methanol was passed through.a column of
activated silica and distilled in glass before use. Water was deionized and double
distilled from all-glass st ill.

Packing material s were C I-bonded phase (C l-BP) prepared from Kieselgel for
TLC (Merck, Darmstadt, G.F.R.); a fraction with average particle size 14.3 J.lm

T ABLE I

CAPACITY RATIOS OF H ETEROBORANE ANIONS

Systeml: co lum n , 150 x 3.8mm; so rben t, C,-BPon silica (14.3/lm);.eluent,2.70 ·10- 3Mn-CI1H25NH2·H CI
in methanol-water (6:4); flow -rat e, 0.92 ml /rnin; pressure d rop, 4.8 MPa; UV detection. System II : eluent,
2.70.10 - 3 M n-C 12H25NH1 · HCI in methanol-water (7 :3); flow-rate, 1.19 ml /rnin; pressure drop, 5.8 MP a ;
other parameters as in system I. System 1Il: eluent, 2.70 · 10 - 3 M n-C12H 25NH 2 . HCI in methanol-wat er (8 :2);
flow-r at e, 0.93 ml /rnin ; pre ssure drop, 3.7 MPa ; other parameters as in sys tem I.

Anion

7,8-C2BqH I2
7,8-C2BqH I2
7,8-C 2BqH I2
5-HS-7,8-C2BqH I ,
5-iso- C .\H 7-7,8-C2BqH II
5-1-7,8-C2BqH 11
5-CI -7,8-C 2SqH II
9-CI -7 ,8-C 2BqH11
9-1-7,8-C2BqH 11
9-0H-7,8-C 2BqH I1
5,6-12-7,8-C 2BqH IO
5,6-CI2-7,8-C 2BqHIO
9,11-l r 7,8-C 2BqH IO
9,ll-Cl 2-7,8-C1BqHIO
7,9-C2BoH 12
10-OH-7,9-C 2BqH I ,
10-CH30-7,9-C2BqHI'
CB lOH I3
CB q H I2
( 1,2-C 2BqH llhCo ­
(l ,2-C 2BqH" h Co '
8,8' -5-( I ,2-C 2BqH ,ohCo '
8,8'-C 6 H4 - ( I ,2-C2BqH ,ohCo '
(l,2-C 2BqH " h Fe '
(I ,2-C2 BoH" hFe '
(1,2-C2BqH IOlhCo "
(I ,2-C 2Bq Hll hNi '

Cation

K +

N(CH 3);
Na +
N (C H3);
Cs +
N( CH 3);
K +

N( CH3);
N(CH3);
N(CH3);
N(CH3);
Na +
N(C H3);
N( CH 3 ) ;

Cs +
N( CH3);
N(CH 3 );

Cs+

N( CHX
Na +
C s +
N(CH 3);
Cs '
Cs+
N( C4 Ho);

Cs'
Cs+

k ' value

System I

6.8 3
6.39

16.8
10.4

13.1
12.1
16.1

7.00
2.87
6.35
6.65
6.91

System /I

0.89
0.84
0.84
1.05
1.49
1.16
1.08
l.03
1.22
1.32
1.54
1.11
2.03
1.22
0.86
0.48
0.89
0.84
(Un
2.95
2.89
2.03
2.62
4.08
4.05

22.8
4.68

Sy stem III

0.21
0.28
0.29

0.50
1.83

Ref erence
to method
ofpreparation

12
12
12
13
13
13
13
13
13
13
13
13
13
13
14
13
13
15
16
17

18
18
17
17
13
17



LC OF HET EROBORANE ANIONS 285

(obtained by sorting with Alp ine MZR air class ifier) was used . The sorbent was
treated in tolu ene with trimethylchlorosilane-hexamethyldisilazane mixture in the
usual manner! ". Th e prepared material contained 5.84 ~~ C and exhibited a capacity
ratio (k ' ) of 0.23 for nitrobenzene in heptane and negati ve methyl red test/". Sep aron
SI C I and Separon SI C 18 (Laboratorni Pr istroje, Prague, Czechoslovakia) ar e
sorbents based on spherica l silica with average particle size 10 ,urn, and with carbon
content 6 and 20 %c. and specific surface area 200 and 300 m? j g, respectively. Both
exhibit k ' values less then 0.6 for nit robenzene in heptane and negative methyl red
test.

Th e columns were prepared by the slurry packing techn ique using an ap­
paratus described by Coq et a/.2l

• Equilibration of the eluent with the co lumn pack­
ing was relati vely rapid; 30 column volumes were sufficient to achieve constant k '
values. The system was washed with a minimum of 50 column volumes of pure
meth anol prior to leaving out of opera tion. Th e capacity fact or values k ' were calcu­
lated in a usual way from triplicate measurements of retention times, and the ho ld-up
time was det ermined by the method of Bristow and Knox2 2 from baseline disturbanc e
of the UV trace. Fresh 0.1-0.5 %solutions of borane salts in methanol-water mixture
corres pond ing to the given eluent composi tion were used ; for sparingly soluble sam­
ples the pure meth anolic solution was preferred.

RESULTS AN D DISCU SSION

Th e chromatographic conditions used and k ' dat a for heteroborane anions are
summarized in Ta ble I. Figs. l~ show some typi cal separa tions of borane anion
mixtures and dem onstrate the separ at ion powe r of the method. Heteroborane anions
are relati vely strong ly retained on hydrocarbonaceous bonded phase, and a meth­
ylated silica gel C I-bonded phase was preferred to the more conventiona l C lIl-bonded
phase to lower the required methanol content and improve peak sha pes for strongly

2

08 ec

I I J Ia 2 t; 6 m in

r ig. I. Separa tion of 7.8-C2BoHI2 iodine derivatives : I, 5-1-7,8-C2BoH11; 2, 5,6-12-7,8-C2BoHlo. Hydro­
gen atoms are omitted from the struct ura l formula. Operating conditions : sorbent, Ct -BP (14 /lm );
column, 150 x 3.8 rnm: eluent, 2.7 .10 - 3 M n-Ct2H 25NH 2 ' HCI in methanol-water (7:3); flow-rate, 1.09
ml/rnin; pressure drop, 5.3 MPa ; detector , UV 254 nm.
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I I I I I I
o 2 I, 6 8 10 min

Fig. 2. Separation of sandwich comp lexes (l ,2-C2BqH 11hM - , where M = Co ( l ) or Fe (2). Opera ting
cond ition s: flow-rate, 0.84 ml /rnin ; pressure dr op , 4.0 MPa; ot her conditions as in Fig. I.

t;

3

5

2

I I I

o 2 c 6 m in
Fig . 3. Separation of a mixture of borane anions. I = Unk nown; 2 = 7,8-C2BqH'2; 3 = 5-1-7,8-C2BqH,,;
4 = 9-I-7,8-C2BqH11; 5 = 9, ll -I2-7,8-C2BqH lo. Opera ting cond itions: sorbent Separon SI C1 (10 Jim);
column, 200 x 3.8 mm ; eluent, 2.7 · IO- J M n-C 12 H2SNH2· HCl, 0.02 M NaCI0 4 in methanol - water
(6:4); flow-rate, 1.15 ml/min; pressure drop, 8.5 MPa ; detector, UV 254 nm.
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ret a ined solutes. Column efficiencies o f 6000 th eo reti cal pla tes per metre were
ac hieved for io nic compounds, as co mpared with 11,500 th eoreti cal plat es per me tr e fo r
th e non-i onic tes t su bs ta nce aniso le o n th e C t-BP so rben t. T he sphe rica l co mme rc ia l
sorben t Sepa ron SI C I ex h ib ited th e sa me selec tiv ity. th e ret ention rat io s being ca.
50 "" of th e va lue obtai ned wit h irregu la r C. -BP mat er ia l.

2

3

~
\.B OT T

.,oJ

~
-

I I I I

0 2 4 6 min

Fig. 4. Separa tion of non-ionic (l·carb orane from borane ani on reaction prod ucts. I = 7 , 8·C2 Bq H~2 ; 2 =
9-0H·7.8·C2BqH11; 3 = 1.2·C2BIOH Il (o-carbor une). Operating co nditio ns : detection A, UV 254 nm: B.
refractive index ; other co nditions as in Fig. 2.

A ll bo rane ani ons stud ied ex hib it absorpti on in th e low U V region. For the
C2 B<JH ~2 · a n ion and its deriva ti ves, th e a bsorpt ion ma ximum lies be low 240 nm and ,
whe n wo rking with a va r ia b le-wav elength UV detect or, th e lo west a va ila ble va lue
(235 nm ) was used. Sa ndwich het eroborane co m plexes exhibi t a bso rptio n m axima
near 280 nm. For com parison, Ta ble II pr esents the m in imum detecta ble am o un t of
so lute th at ca use s a det ec to r sig na l of d ou ble th e noise intensity. However. th e ga in in
signa l inten sit y of the single beam va ria ble-wavelength det ector is parti all y de-
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TA BLE II

MIN IMUM D ETE CTABL E A MOUNTS (I N Jig) OF SO ME BOR AN E AN IONS

Fo r chroma tographic co ndit ions see Table I, system II.

Species U V detection wavelength

7,8-C2BqH " K
5-iso-CJ H7-7,8-C 2BqH" Cs
5-1-7,8-C, BqH , , N(CH J)4
9-1-7,8-C2BqH , I N(CHJ)4
10-OH -7,9-C,BqH, , N(C H.1)4
( I,2-C2BqH " h CoCs

(1.2-C2BqHll hFeN(C4Hq)4
8,8' -S(I,2-C2BqH'OhCoN(C HJ)4
8,8' -C6 H4(1,2-C,BgH lOhCoCs

* Fixed-wavelength detector.
** UYM detector.

254 nm»

0.250
0.580
0. 120
0.093
0.370
0.030
0.139**
0.062
0.100
0.068

280 1/1/1**

0.036

0.130
0.095
0.083

235 nm**

0.105
0.360
0.167
0.065
0.096

preciated by its relati vely high noise level. But even with thi s instrumenta tion, includ­
ing very sho rt column, suffici ent sensitivity can be rout inely ac hieved.

Fo r some borane anio ns und er cer tai n but d ifferent co ndi tions pea k splitti ng
was o bserved . Similar behav iour was described in the reversed- ph ase ion-pair separa­
tion of benzenesulphon ic acids 2 J and the phen anthrol ine complex of ruthenium 10 .

Th e phenomenon, which is not d ue to bad co lumn per formance. ca n be easily identi­
fied by cha nging th e amount of samp le injec ted. as seen in Fig. 5. No t all the prin­
cip les governing the observed peak splitti ng are clear. but from the experiments it
follows tha t the main factors de termining the exte nt of pea k sp litti ng are the ratio of
the concentrations of the solute and the co unter ion. the composi tion of the mobile
phase and the chemica l nature of the so lute.

To gain insight in chroma tographic factor s in ion -pair chromatog raphy that
can be used to optimize the separa tio n process. we stud ied the effect of the concentra-

5.05

~I

.500
426

531 ~I

----t(min)

Fig. 5. Effect of a sample amount on splitting of the 9,1 1-I, -7,8-C 2BqH;o peak . Sample size: A. 11.4 /lg ; B,
28.5 /lg; C, 57 ug; D. 136.8 /lg ; E, 285 Jig; F. 570 Jig. Operati ng co ndi tio ns : so rbent C ,- BP (14 /lm ) ; colu mn,
300 x 3.8 rnm; eluent, 2.7 ·10- .1 M n-C ' 2H25' HCl, 0.02 M NaCI04 in meth anol- wa ter (65 :35); now-rate,
1.26 ml/min, pressure drop, 7.8 MPa ; detecto r, UY 254 nm . T he numbers a bove the peaks denote corre­
spond ing k ' values.
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tion of th e pairing ion (Fig. 6) and meth an ol content in mob ile phase (Fig. 7) on
retention behaviour of borane solutes . In addition, the effect of th e inert sa lt concen­
trati on , the pH of mobile phase (Table III ) and th e effect of th e lengths of the pa iring­
ion chain and the bonded-phase hydrocarbon cha in were examined .

5

3

2o 3

concenlration mol. drri
3

K 103

Fig. 6. Effect of the concentra tion of the pairin g agen t (Iaurylamine hydr ochlor ide) on bor ane anion
capacity ra tios : 6. , 5-1-7.8-C 2 Bq H, , ; x , 5-iso-C3 H7-7.8-C 2 Bq H,-, : O . 7.8-C2 Bq H , 2 ; O . (1.2­

C2 Bq H "hCo - . Operati ng co nditio ns : sorbent , C ,-BP ( 14JIm); co lumn. 150 x 3.8 mm : eluent. methanol­
water (7:3); flow-rate , 1.35-1. 40 rnl/min; pressure drop. 6.5··7.0 MPa ; detector. UV 254 nm .

Fig. 6 shows that the addition of pairing ion sharply increases the retention of
boran e anions which are pra ctically not ret ained in methanol-water so lvent system.
Further increase in pairing-ion co ncentra tion increases retention with out any change
in elu tion order. The retention of borane cage anions is very sens itive to the amount
of meth an ol in the mobile ph ase. as seen from Fig. 7. The observed phenomena,
which are co nsistent with observat ion s on other ion-pair reversed-phase systems/",
can be rat ion alized in terms of solvophobi c theory25.26. Despit e the fact th at the exact
mechanism for ion-pa ir chroma togra phy has not been clearl y esta blished to date, a
model invo lving the formation of ion pairs in the mobile phase. followed by distri­
bution of the ion peaks to the hydrophobic sta tio nary phase. is the eas iest framework
for rati on al izing the observed phenom ena . Thus, the decr ease in methan ol concentra­
tion increases the surface ten sion of meth anol-water eluent and increases the repuls­
ive interact ion of hydrophobic ion pair s with the eluent, resulting in increased k '
values. As seen from Table III, the addition of neutral salt decreases the k ' values of
boran e anions . Added salt can compete in forming ion pairs with the pairing ion, thus
decr easing the thermodynamic activity of the pairing ion. The o bserved decrease in
ret ent ion is dependent also on the chemical nature of the anio n added. The per­
chlorate an ion is kn own to be a good ion-pair ing agent . and its effect is thus stronger
than that of the sulphate ani on.

Th e co nj ugated ac ids of the borane anions und er study are genera lly stro ng
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TABLE III

EFFECT OF ACIDITY OF ELUENT AN D INERT SALT CO NCENT RAT ION ON CA PACITY
RATI OS OF SOM E BOR ANE A NION S

Chro matogra phic co nd itio ns : sor bent, Scparo n SI C , ( 10 jim ); co lumn. 200 x 3.X mm: eluent , 2.7 ·10 - "
M II-C12 H1 5 NH2 · HCI in methanol-wat er (6 :4); flow-rate. 1.25 ml/rnin: detector, UV 254 nm .

Species k ' value

pH 6.8 p H 3.6 p H 5.6

i' /I ,so . ( M)

O.OOIJ (WOO 0.002 0.000 (WOO

c incr t su/r ( M )

0.000 IJ.020 (W 20 0.020 IJ.040
( N1l2S04 ) ( N1l2S04 ) ( NllClO4 ) ( NaClO4 )

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

7,8-C2Bq H' 2K 2.29 0.95 1.03 0.33 0.36
5-iso-C3H 7-7,8-C2BqH 1 1Cs 4.83 2.02 2.24 0.77 0.85
5-1-7,8-C2Bq H " N(CH 3)4 3.82 1.62 1.75 0.59 0.61
9-1-7,8-C2Bq H" N(C H3) 4 4.32 1.93 2.03 0.71 0.73
5-CI-7,8-C1 Bq H" K 2.64 1.16 1.22 0.40 0.44
9-CI-7.8-C 2Bq H" N(C HJ ) . 2.96 1.29 1.37 0.47 0.53
( ).2-C 2Bq H Ilh Co Cs 12.00 6.24 6.63 2. 10 2.22

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

log k'

%meLhanol
Fig. 7. Relati onship between log k ' and the amo unt of met hanol in the mob ile phase for some borane
anions: O. 7,8-C 2BqH "2; x , (1,2-C 2BqH " j,Co '; 0, (1,2-C1B"H 101 ), Co - ; 6 , 9-1-7,8-C2BqH ;-, . Operat­
ingconditions : sorbent, C,-BP (14 Ilm); colu mn, 300 x 3.Xmrn; cluc nts 2.7 . 10- 3 M I1-C 12 H2 S NH1 · HCI
and 0.02 M NaCi O. in met hanol -water; flow-ra te. 1.25 1.30 ml/min; pressure drop, 6.3· 7.X MPa ; detec­
tor, UV 254 nm .
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acids in a Bronsted sense, e.g, 7.8-C2 B<jH 1 3 can be titrated in meth anol-water (I :2)
solutionl ' with apparent pK" of 2.95. As might be expected, the influence of the
acidity of the eluent on k ' values was minim al, as demonstrated in Table Ill. The
reproducible k ' values of borane anions and symmetrical peaks can be obtained
without using complicated buffer system.

Ta ble IV shows the influence of changing the lengths of the pairing-ion cha in
and bonded-phase hydrocarbon cha in on the retention and selectivi ty of some borane
anions. Th e group contribut ion term, T. is defined '" as T = log kj/k;, where k' are
capacity ra tios of solutes j and i which differ by a functional group. In this present
study. th e reference solute i was taken to be th e unsubstituted 7,8-C2B<j H 12 anion,
and the sand wich complexes are formally considered as derivatives of this anion.
From the result s it follows that a decrease in the length of alk yl chain of the counter
ion produces a corresponding decrease in the retention of a given solute, but the
elution order of solutes remains unchanged . Th e order of the retention power of th e
stationary phases. C I H > C I' can be related to the carbon loading of the support.
However. the higher carbon content of th e CIS sorbent doe s not bring about a
corresponding increase in selectivity. To obtain a reasonable retention, mobile ph ases
of ditferent polarity were used . The linear relati onship betwe en T and the sur face

TABL E IV

FUNCTION AL BEHAVIOUR OF SOME 7,8-C2B9H ~2 SUBSTITUTION DERIVATIVES D ET ER­
MINED USING VARIOUS ALKYLSILICA STATIONARY PHASES AND VARIOUS PAIRING
IONS

Column 150 x 3.8 rnm; methanol--wat er eluent; pairing ion concentration. 2.70· 10- 3 M; flow-rate. 1.20
ml /rnin . 7 ,8-C2 Bo H~2 structure dr awing : Fig . I.

Sor bent

C,-BP

Pairing agent

C,-BP Separon Sf C,s

Methanol concentration ( %) (v lv )

Substituent

70

k '

60

k'

75

k '

H 0.89
5-Cl 1.08
5-1 1.16
5-iso-CJH 7 1.49
5-HS 1.05
9-1 1.22
9-CI 1.03
9-0H 1.32
9,11-12 2.03
9.11-Cl 2 1.22
3-C2 B~H IlFe - 4,05
3-C2 B"H IlCo '- 2.89

0.00
0.08
0.11
0.22
0.07
0.14
0.06
0.1 7
0.36
0.14
0.66
0.5 1

0.72
0.92
1.08
1.62
0.89
1.33
0.97
1.47
2.94
1.25
R.R6
5.53

0.00 0.89 0.00
0.11 1.14 0.11
0.18 1.28 0.16
0.35 1.56 0.24
0.09
0.27 1.44 0.21
0.13 1.06 0.08
0.31 1.44 0.21
0.61 2.46 0.44
0.24 1.28 0. 16
1.09 5.14 0.76
0.89 3.73 0.62

. . - - - -----,.
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ten sion of the eluent was demonstrated by Riley et al.i" , and for the C 1 bonded
phase-hexylamine counter- ion system the effect of the more polar eluent with higher
surface tension dominates . Thus, for a given class of compounds, the C I-bonded
phase seems to be more useful th an the C Ill-bonded phase in terms of selectivity.

When we try to discuss the relationship between the chemical nature of the
compounds under study and their retention behaviour. we are handicapped by the
fact that, for these compounds, only a few physical data are ava ilable . Despite this
fact , two general trends are ob vious. As the surface area of the molecule increases so
the retention increases, which is demonstrated by high pos itive T values of sandwich
complexes and C2BgH ;-2 iodine derivatives (see Table IV). Substitution of hydrogen
in 7,9-C 2 Bg H ;-2 by a more polar group leads , for IO-OH and IO-CH30 groups. to a
decrease of ret ention and, for 5-HS group in the 7,8-C2B'lH~2 skeleton, to only a
sma ll increase in retention in comparison with the retenti on of the parent ani on . The
k ' value s of9-0H-7,8-C2B'lH;-2 are higher th an one might expect on the basis of the
ideas given above.

CO NC LUSION

lon-pair liquid chromatography with n-alkylamine pairing ion s, C l-b onded
phase on silica and a methanol-water eluent system present s a powerful and relati vely
simple analytical method for separating hete roborane ani ons. Th e methanol-water
rati o, the n-alk ylamine chain length , and the concentrat ion s of the pairing ion and the
inert salt can be var ied, to achieve the requi red separation for the broad range of
borane anions . The separa tion of non-ionic het eroboranes and heteroborane anions
ca n be performed in a single ana lysis. The 'grea t separation efficiency allows the
routine separa tion of struc turally closel y relat ed species, including geometrical iso­
mers, on a sub-microgra m scale.
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SEPARATION OF CYTOCHROMES c BY REVERSED-PHASE HIGH-PER­
FORMANCE LIQUID CHROMATOGRAPHY

SHIGER U TERABE*. HIROY UKI NISHI and T Ell CHI ANDO

Department of Industrial Chemistry, Faculty of Engineering, Ky oto University , Sakyo-ku, Kyoto 606
(Japan)

(Rece ived April l st , (981)

SUMMARY

Six kinds of cytochrome c of different origin, i.e., bovine, chicken, dog, horse,
rabbit and tuna, were subjected to separation by reversed-phase high-performance
liquid chromatography on three commercial packing materials; octadecyl-, octyl- and
cyanoalkyl-silicas. The effects of reversed-phase material, mobile phase and tempera­
ture on the separation of cytochromes c were examined. The parameters of the mobile
phase were the organic modifier, the pH , the salt concentration and additives. Under
optimal conditions, five of the six cytochromes c were resolved in 10 min . The relative
retention values cannot be explained in terms of the relative lipophilicities of the side­
chains of the amino acid residues.

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

INTRODUCTION

Reversed-phase high-performance liquid chromatography (RP-HPLC) is now
a well-established method for the separation of native and synthetic peptides' >" ,
Several papers3- 12 have described the success of RP-HPLC in separating closely
related peptides. Some detailed investigations4,6,13-16 have been reported on the ex­
perimental conditions and parameters affecting the separation of such peptides. On
the other hand, recent advances in aqueous gel permeation chromatography ha ve
permitted rapid analysis of a mixture of proteins of a wide range of molecular weights
by size exclusion2 .17-19. However, proteins of comparable sizes cannot be separated
by this method.

We have already shownv !" that RP-HPLC is extremely useful for the separa­
tion of peptides having closely related structures, such as those that differ only in (i)
the number of constituent amino acid residues by one or more, (ii) the kind of amino
acid residues, including optical isomers, (iii) the sequ ence of amino acid residues, or
(iv) the structure of the acyl groups attached to the N-terminal groups. The molecular
weights of the peptides in our previous work" are below 6000 .

In the present study, cytochromes c were chosen as a group of closely related
proteins in order to explore the possibility of the fine separation of larger peptides by
RP-HPLC. Cytochrome c is a hemoprotein found in the cells of all aerobic or-

0021-9673/81/0000- 0000/$02.50 ~ :) 1981 Elsevier Scientific Publ ishing Company
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gani sms and consists of a single pol ypeptide cha in of ca. 104 am ino acid residues with
th e hem e group attached through cysteine res idues at positions 14 and 17. Studies
were made on the separa tion of five mammali an cytochromes (' whose sequences
differ by between two and eigh t out of 104 amino acid res idues, and one from tuna
which is appreciably different from the mammalian protein s, fo r th e purpose of
examining th e effect s of exper imenta l parameters and condit ion s.

EXPER IMENTA L

Reagents and materials
All six cytochromes (' investigated were purchased from Sigma (SI. Loui s, MO,

U.S.A.) and used without further purification. The differences between them in th e
sequences of amino acid residues are listed in Table }20 . Acetonitrile (W ako, Osaka,
Japan) and methanol (Nakarai , Kyot o , Japan) were of HPLC qu ality, and th e other
chemicals use d were of reagent grade . An tiox idant- and peroxide-free tetrahydro­
fu ran (THF) was obta ined by passin g commercia l THF through an ac tive a lumi nium
oxide column. Water was purifi ed by means of an ion-exchange co lumn follo wed by
single distill at ion in glass wa re.

Apparatus
A Perkin-Elmer Series 2/2 liqu id ch romatograph equipped with a Rh eodyne

7105 sample injector was used in conjunction with a Perkin-Elmer LC-65T UV de­
tector/o ven. As pack ing materials, Nucleosil 7C I H, Nu cleosil 7C H or Nucleosil 5CN
(M acherey, Nagel & Co .. Duren, G .F.R.) were used . The co lumns (10 cm x 4.6
mm J.D. ) were packed by the modified viscosity method rec ommended by th e manu­
facturer, usin g a C hemco slurry-packing a ppa ra tus Model 124 (Chemco, Osaka ,
Japan) at ca. 500 kg/em ".

Procedure
Cytochrome c wa s diss olved in distilled wa ter to give a co ncentration of I

mg/ml . The sam ple solutions were kept at - 20n C when not in use. Am ounts of
sample injected wer e usu ally of the order of micrograms.

Experiments were carried out at room temperature unl ess otherwise stated.
Th e t1ow-rate was 1.0 or 2.0 ml /m in. The detector was o perated at 2 10,220 or 400 nm .
Th e mobile ph ase was filtered through a 0.7-/l m membrane filter and degassed pr ior
to use. T he recovery of cytochrome c eluted from th e column was measured by the
method of Lowry et al.2I

•

RESULTS AND DIS C USSIO N

Reversed-phase materials
Three kinds of commercial packing material, i.e. silica gel with chemically

bonded oc ta decy l (Nucleosil 7C 1ll ) , oc ty l (Nucleosil 7C ll ) an d nitrile (Nucleos iI5CN)
groups, were used. The order of elution of the cytochromes (' investigated on the C i ll

column under th e co ndit ions indicated in F ig. I was as follows : horse > rabbit >
bovine = chicken = tuna > dog. Bovine , chicken and tuna cytoc hromes c could not
be resolved on the C I II column a lthough va rious cond itions were exam ined.
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Horse

Rabbit

Bovine

Dog 0.002AU

I

5,0,--,_ _ .l-_---'-_~..JI?
min

Fig. I. Sepa ra tion of cytochromes c on a C I K co lumn . Co nditions : mob ile phase. mixture of 69 '/~ of 0.005
M phos phate buffer (p H 3.0) co ntaining 0.1 M sodium sulphate. and 31 ,/;. of aceto nitrile; flow-rate, 2.0
ml/rnin; detection. absorp tion at 210 nm ; sample size, total 6 /,g in the rati o of 3: 3: 6 :8 in the order of
elution.

Five kind s of cytoc hromes c were successfully sepa rated on the Cs column as
show n in Fig . 2, bu t bovine and chicken were again not separa ble. Cytochrome c
from tun a was eluted between bo vine and dog, the order of elution of the other
cytochromes c being the same as for the C ISco lumn. Th e content of acetonitrile in the

Horse

0002 AU

Rabbit r
Bovine I

Tuna

Dog

o
I

5
I

10
1

Fig. 2. Separation of cytochromes c on a CK co lumn . Contitions: mobil e phase. mix ture of 72.5 '\. of 0.005
M phospha te butfer (pH 3.0) containing 0.1 M sodium sulphate. and 27.5 ~;, of acetonitrile; now-rate. 2.0
ml/min : detec tio n, absorpt ion a t 220 nm ; sample size. to tal II /,g (2:2 :2:2:3).
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mobile phase was red uced to 27.5 I., on the C H column to obtain suita ble retention
times.

The order of elution on the C N column (Fig. 3A) was as follows : hor se >
rabbit = bovine = chic ken> dog > tuna. It is noticeable that the order of elution of
dog and tuna on th e C N co lum n was the reverse of that observed on the C I H and C8

columns. Th e mo bile phase co nta ining a higher concentration of phosphat e buffer
(0.1 M) gave better reso lution on the C N colum n than that employed for th e C 18 and
Cs columns.

Hor se

A
B

Bovin e

Dog
0002A U

f

Horse'

O.OO2AU

r

10 20 30
! I I

min
o
!20

.__ ----.J mi n

Tuna

10
!

a
'-----"---.

Fig. 3. Separation of cytochrornes c on a CN co lum n at different pH values. Cond itions: mobile phase.
77.5°" of 0.1 M phosphate butfer (A. pH 1.0; B. pH 3.0) containing 0.05 M sodium sulphate and 21.5 %of
acetonitrile; flow-rate, 1.0 ml/min: de tect ion. absorption at 400 nm; sample size. total 10 Il g (1 :1:1 :1).

A few initia l injections of cytoc hro me c gave no appreciable peak s un til the
total injection s amounted to ca. 10 Il g. when the newly packed columns were used .
Moreover . init ia lly recorded pea ks were unusually broad and unsymmetrical, and
several addi tiona l injections were required in order to obtain sati sfactor y peak
shap es. This obse rvation suggests that th e packing materials used have some acti ve
sites where cytochrom e c is irreversibl y adsorbed . The reco very of cytochrome c fro m
the column was more th an ~O :>;,. as determined by th e method of Lowry et al.ZI , after
the co lumn was co nd itio ned by severa l injec tions of cytochrome c.

T he capacity facto rs of the six cytoc hro rnes c as a function of th e pack ing
the na pht ha lene peak eluted wit h the methanol- water so lven t system. althou gh the
efficiency of the co lum ns for cyioc hromes c was ra ther low. No significa nt 'd ifferences
in the reso lu tion were not iced betwee n elutio n on the col umn me ntioned above and
elutio n on more efficien t co lumns ha ving more than 5000 theoretical plates for naph­
thalene.

T he ca pacity fac to rs of the six cytoch rorncs c as a function of the packing
mat erial a re shown in Fig. 4. Bovine and chicken cytochromes c could not be resolved
on any of the th ree co lum ns. as shown in Fig. 4. Thei r separa tion ca n be effected on
an NH z co lumn (N ucleosi l 5N Hz. 15 em x 4.6 mm 1.0.) with 0.00 5 M phosphate
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Fig. 4. Plot of capacity factor (k ') of cytochrome (' \'S . packing material. (0) Horse. (6 ) rabbit. (.) bovine
and chicken. (A) tuna and ( e) dog . Conditions are indicated in Figs . 1- 3.

buffer (pH 6.0) containing 0.05 M sodium sulphate as the mobile phase, although
the se conditions may not be regarded as those for RP-HPLC. The order of elution
was as follows : tuna > horse = chicken > rabbit = bovine = dog.

Mobile phase
E.Uect oforganic modifier. When 30 It,of TH F was employed instead of 31 ~{, of

acetonitrile under the conditions indicated in Fig. I, tuna cytochrome c was eluted
last from the C I S column and the other cyto chromes c were not resol ved, except for
horse cytochro me c which was eluted first. In contrast, the same order of elution was
observed on the nitrile column for the following two so lvent systems: one consi sting
of 22.5 % of acetonitrile and 77.5 ~{. of 0.1 M phosphate buffer (pH 3.0) containing
0.005 M sodium sulphate, and on e consisting of 40 It, of methanol and 60 % of the
buffer. A much higher content of methanol than acetonitrile was required to obtain
comparable retention times. The solvent system conta ining methanol gave broader
peaks than the acetonitrile system.

The dependence of the capacity factor on the composition of the mobile phase
was investigated for four peptides of different molecular weights on the C1 8 column.
The mobile phases with slightly different compositions were prepared by means of the
solvent programmer of the liquid chromatograph in order to obtain reproducible
compositions. The plot of the logarithm of the capacity factor against the content of
acetonitrile gave straight lines with different slopes, as shown in Fig. 5. The larger the
peptide molecule, the steeper the slope of the line in Fig . 5. This result is consi stent
with ob servations'':" that the retention times of peptides are highl y dependent on the
amount of the organic modifier present. In addition, it is interesting that the plot of
molecular weights of peptides aga inst the slopes of the plot s in Fig. 5 gives an alm ost
stra ight line.

Eff ect of pH. As th e packing materials employed ar e based on silica gel, the pH
of the mobile phase is limited to the range 2-8. The acidic mobile phases (pH 2-3)
were preferable to the neutral in reducing peak ta ilings for cytochrome c. No signifi-
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Fig. 5. Dependence of k ' of cytochrome (' on the content of acetonitrile in the mobile phase. ( e) Benzene,
(<» [Gly4,Phe 5]-LH-RH". (+) ACTH- (1-26)-NH/ . ( . ) porc ine insu lin" and (0) bovi ne cytochrome c.
Conditions: column. Nucleosil 7C I 8 10 cm x 4.6 mm 1.0.; mob ile phase, mixture of acetonitrile and 0.005
M phosphate buffer (pH 3.0) containing 0.1 M sodium su lphate; flow-rate, 1.0 mljmin .

can t differe nces in the chromatograms were recognized betwee n pH 2.0 and 3.0 on the
C I Hand Cs columns. However, alte rations in retent ion beha viou r and peak widths
were noticed on the eN co lumn between pH 2.0 and 3.0, as show n in Fig . 3.

Effect ofsalt concentration. The effect of the concen tration of sodium sulphate
was shown in Fig. 6. Th e ca pacity factor decreased with an increase in salt concen­
tration . Altho ugh the separation was not appreciably influenced in the tested ran ge of

JO
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salt concentration, the additio n of some salt was found desirable in order to obtain
symmetrical peaks.

Effect of additives. Capacity factors of cytochromes c on the C 18 column in­
creased with an increasing amount of EDTA disodium salt added to the mobile pha se
in the range 0.001-0.003 M , but otherwise no appreciable effect was observed. No
significant change in capacity factors or peak symmetry was noticed when an ion­
pairing agent, 0.005 M sod ium l-butanesulphonate or 0.0001-0.0004 M L-arginin e,
was added to the mobile phase.

The peak symmetry and resolution of cytochromes c on the C III column were
much improved by the addition of horse cytochrome c in the concentration of 3.3 mg
per litre of the buffer (2.6 . 10- 7 M), as shown in Fig . 7. The addition of cyto chrome c
in higher concentra tion resulted in an extra peak at the retention time of hor se
cytochrome c.

A

o
I

5
I

0.002 AU

f

10
I

15,
min

B

o
I

5
I

10,

0.002AU

f

15,
min

Fig. 7. Effect of cytochrome (' added to the mobile phase. (A) No cytochrome (' added. (B) 2.6 · 10 7 M
hor se cytochrome (' added to the buffer. Co nd itions : co lumn. Nucleosil 7C 'B; mobile phase. mixture of
68.5 %of 0.005 M phosph ate buffer (pH 3.0) containing 0.1 M sodiu m sulpha te and 31.5 ~<> of aceton itr ile;
now-rate , 1.0 ml/min: detection. abso rptio n a t 220 nm ; sample. bovine cytochrome (' (A) 4 JIg. (B) 2 JIg.

Eff ect of temperature
The temperature dependence of retention in RP-HPLC is receiving increasing

attention (e.g. , ref. 22). Plots of the logarithm of the cap acit y factor against the
reciprocal of the temperature usually show a linear relationship, and this was in fact
ob served for cytochromes c on the C N column although the slopes of the plots were
different for different cytochromes c. On the C I 8 column, however, no such depen ­
dence was obtained, as shown in Fig. 8. The reason for this ob servation is not clear.
Increasing temperature was less effective for improving the separation of cytochrome
c both on the CN and the C 18 columns.

Relat ive order of elution of cy tochrome c
The separation of closely rela ted peptides by RP-H PLC has generally been

explained in term s of the difference in hydrophobicity of the side-chains of the con­
stituent amino acid residues!l ·1 4.23. Thi s interpretation is invalid in some instanc es.
howe ver. and conformationa l and hydrophobic properties of the whole molecul e and
its size should be taken into acco unt!l ·14.16.23.

All the am ino acid residu es different among five cytochro rnes c sho wn in Table
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Fig. X. Dependence o f k o f cytoc hrome (' on the tempera ture. (0 ) Horse, (6 ) rab bit , (0 ) bo vine an d ( e )
do g. Cond itions: column. Nucleosil 7C1"; mobile ph ase. mi xture of 69 ~. :, of 0.005 M ph osphate buffer (pH
3.0) conta ining 0.1 M sod ium su lpha te a nd 3 1'\, o f aceto nitri le.

I (except for tuna) are situated on th e outside of the mol ecule?". This means th at the
side-chai ns of these am ino acid residues can interact with the stationary phase and,
therefore, the alteration of the amino acid residue at these positions can affect the
hydrophobic interacti on of cytochrome (' with the hydrocarbonaceous stationary
phase.

The relativ e retention values of the six cytoc hromes (' do not correspond with
the relati ve hydrophobicities calculated from the relati ve lipophil icities" of the side­
chains of am ino acid residu es at the structurally variable positions. Thi s suggests that
the minor conformational change of the molecule supposedly produced by the al­
ter ation of the am ino acid residue is more dominant in determining the ret enti on of
cytochrome c th an the change in hydrophobicity of the side-ch ain at the relevant
position .

CONC LUS ION

Five kind s of cyto chrome c, i.e., bo vine, dog, horse, rabbit and tuna, have been
separated by employing appropriate reversed -phase, chromatographic conditions.
However, the efficiency of the columns was mu ch lower than for small molecules. This
low efficiency can be att ributed partly to the low diffusitivity of cytochrome (' in the
mobile phase and partly to the irreversible ads orpti on of cytochrome (' on th e station­
ar y phase. It is desirabl e to develop new packing materials for the separation of
proteins by RP-HPLC.
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SELECTED PETROLE UM HYDROCARBONS IN WATER AND FISH
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SU M MA RY

Th e mo st effective water to solvent rati o is determined for the an alyses of
aro matic hydrocarbons in water using hexane . The recoveries of th ese hydrocarbon s
formed in the water soluble fract ion of crude oils and petroleum pro ducts ar e
measured using a microextraction proced ure. Recoveries were in the 30-40 % ra nge
but are co nsistent for each compo und. Fish mu scle samples are fortified with the
sta ndards and the recoveries measured with a modified extrac tio n procedure using
d ichloromethane as the prim ary extracting solvent. Thi s is dispersed in water using
acetone and finally extracted with hexane. Recoveries range from 90- 113 '%, with a
mean va lue of 98 ~%"

INTROD UCTION

Microextr acti on procedures for the ana lysis of organic contamina nts in water
ar e widel y known t

--4 .6- 8 , and are becoming more popular becau se of their economy of
solvents, ease of extract ion and speed of an alysis, Since there is no need for a co ncen­
tr at ion step the problem of impurities in the solvents is reduced. Although extraction
efficiencies are in the 40-60 ~:) ran ge, consis tent and reliable result s are ob tained.

Crude oils and petroleum products such as diesel oils and gas olines are not
readily miscible with water. but when an aqueous extract is made of an oil, ap ­
preciable amo unts of sparingly soluble aro matic compounds appea r in the aqu eous
ph ase. Th e compounds selected for standardization and recovery studies are re­
present at ive of those found in the wa ter so luble frac tion of cru de oils and petro leum
products"? '.

A microextract ion fl ask:' was used to investigate the mos t effective water to
so lvent ra tio at var ious con cent rati on levels. A mod ified pro cedure was developed to
ext ract these or ganics and measure reco veries from fish mu scle samples using di­
chloro me tha ne as the primary extracting solvent. The d ichlorom eth ane extract was
dispersed in water with aceto ne. Thi s was then extracte d with I ml of hexan e using the
microextraction pro cedure.

00 21- 9673 jgl jOOOO- OOOOj$02. 50 (" Inl Elsevier Sc ien tific Publ ishing C ompany
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A standard sol utio n of ethy l benzene , L3,5-trimethylben zen e, I-iso pro pyl 4­
meth yl benzene , naph th alen e. 2-methy l naphthalen e, l -meth yl naphtha lene and 2.3­
dimethy l naphth alen e was made up in ace to ne a t a concentration of I J1. g/J1.1 of each .
An interna l standard of n-d ecyl ben zen e was mad e up at the same co nce ntration in
hexan e.

Dupl icate extractio ns were done with a I-I m icroextract io n tlask in which 950
ml of wa ter fortified wit h sta ndards were ex tracted wit h 250- 1000 /II of hexa ne. The
design of the flask permi tted sma ll vo lumes of so lvents to be co nven ient ly reco vered
for direct injecti o n into a gas chroma togra ph. T he flask was shaken man uall y for 2
min to eq uilibra te the standards in the two ph ases and wa ter was added to br ing the
so lven t in to the capi llary neck of the flask fo r an alysis.

Sa m ples of fish muscle (5 g) were fo r tified at three levels of th e sta ndards (20 ,
10, 5 ppm) a nd ex tracted with 10 ml of d ich lorometha ne . T he slurry was passed
throug h a coarse stai n less-stee l sieve and 5 ml of th e liqu id cleaned up on a co lum n of
d ry sodium sulpha te and F lorisil. T he compounds were eluted with d ichlorometh an e
to give 5 ml of eluate. This was tran sferred to th e m icr oext racti on flask. 100 ml of
acetone and 850 ml of wa ter were ad ded to pro d uce one aq ueo us phase. T his was then
extracted wit h I m l of hexane, the interna l sta ndard was added and the so lvent layer
analysed by gas chromatography .

Water so luble fractions of th e o ils an d petroleu m products were prepa red by
shaking 50 ml of oil wit h I 101' wa ter in a separa to ry funne l for 5 min an d a llow ing the
layers to separate o vernight. T he aq ueous phase wa s passed through two glass wo ol
plugs in series to rem ove any d ro plets of inso lub le oil. Organic ma terials wer e re­
covered from th e aqueou s phase by the microextract io n pr ocedure.

Gas chromatographic conditions
A Perki n-Elme r 900 gas chromatograph was used with a n Infot ro n ics C.R.S.

208 integrator for quantitati ve ana lysis. A 2 m x 4 mm 0 .0. glass column was
packed wit h 10 'X. Dexsi l 400 coated on C hromosorb W AW. 80-100 mesh .
Cond itions : temperat ure s : tlame ioniza t ion detector. 275"C; injector. 225 'C;
co lumn progra m med 100-250"C a t 10' C/m in : flow-ra tes : n itrogen. 25 m l/min:
hydrogen, 25 ml/rnin; air. 200 ml/rnin.

A 15 m x 0.1 mm 1.0. ca pillary co lumn was used 1'01' th e a na lysis of the cr ude
oi ls and th e water so luble fractions . It was coated with SE-30 and pr ogrammed from
50-275"C at 8"Cjm in after a 4-mi n initial hold a t 50' C. A splitless injec tion tec h­
niq ue was used .

R ES ULTS

Evaporati ve losses typica l o f con ventiona l concentration steps were measured
by concentra t ing 5 ml of he xane to 0.5 ml o n a rotary evaporator. The hexa ne was
fortified wi th 100 /II of the sta nda rd so lution. 100 Jll of the in ternal sta nda rd added
and th e ra tios of sta nda rds to n-decyl ben zene calcu lated from the chromatogram.
This was repeated a fter the co ncent ra tio n step and th e rati os again calculat ed . Th e
ligures in T able I sho w 27-66 :/:. losses occurred during the concentration step.
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TABLE I

LOSSES O F SEL ECTED CO M POU N DS BY CO NC ENT RAT IO N WITH A RO TARY EVAPO RA­
TO R

Compound

Eth yl benzene
T rime thyl benzene
Isoprop yl methyl benzene
Na phthalene
2-Mcthyl na phthalene
I-Methyl naphthalene
2.3-Dimethyl naphthalene

b.p, Rati o Rat io
rc) befo re after

concentration concentra tion

136 1.14 0.39
165 1.12 0.49
177 1.08 0.50
2 18 1.26 0.75
24 1 1.06 0.70
245 1.01 0.70
268 1.05 0.7 7

Loss ('/oj

66
56
54
40
34
30
27

Using the microextraction flask, 950 ml of clean water were spiked with 50,u1 of
the standard so lution and extracted with 250 jll of hexane. The internal standard was
added and the ratios calculated from the chromatogram and expressed as a per­
cent age recovery. This was repeated with 500, 750 and 1000 jll of hexane. The results
in Table II show that the volume of hexane to extract 1000 ml of water was approach­
ing an optimum value of 1000 )11. Larger volumes of hexane would have a diluting
effect with no appreciabl e increase in recoveries. This optimum water to solvent ratio
of 1000:I was used to measure recoveries at four concentration levels and the results
in Table III show recoveries which are consistent for each compound .

TABLE II

RECO VERIES ( '/0) O F SELE CT ED COM PO UN DS AT 50 Jlg/ I BY MI CR O EXTR ACTION

Compound Volume of hexane ( pi )

250 500 750 /000

Ethyl benzene 5.5 17.2 21.4 25.4
Trime thy l benzene 9.8 30.8 33.9 35.6
Isopropyl methyl benzene 15.2 37. 1 38.2 38.5
Naphthalene 5.7 19.0 24.3 27.6
2-Mcthyl naphthalene 10.4 33.3 35.8 3-7 .0
I-Meth yl naphthalene 9.7 32.5 37.4 39.4
2,3-Dimethy l naphthalene 16.3 39.9 40.2 40.9-_. .. .._ - - -~ _ ._-

Four concentration levels of the standards were added to 5 ml of dichloromet­
han e and 100 ml of acetone used to disperse the dichloromethane into the aqueous
phase in the microextraction flask . Thi s was then extracted with 1000,u1 of hexane and
the reco verie s ca lcu lated as before. These recoverie s in Table IV were 20-30 %higher
using dichloromethane but were consistent for each compo und within the concentra­
tion ran ge of 10-100 ppb (loq).

Fish mu scle wa s spiked with three concentration levels of the standa rds and
extracted with d ichloromethane. An aliquot of the extract was run through a clean-up
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TABLE III

RECOVERIES ( %) OF SELECTED COMPOUNDS IN WATER WITH 1000 J.lI HEXANE BY MI­
CROEXTRACTION

Compound Concentration ( J1g/1) R.S.D. (%)

100 50 25 10

Ethyl benzene 27.1 25.4 23.6 18.5 ±14.6
Trimethyl benzene 36.7 35.6 34.8 31.8 ± 5.8
Isopropyl methyl benzene 38.4 38.5 38.6 35.1 ± 4.3
Naphthalene 28.7 27.6 27.8 24.9 ± 5.8
2-Methyl naphthalene 37.7 37.0 37.4 35.2 ± 2.9
I-Methyl naphthalene 40.0 39.4 35.8 32.2 ± 9.4
2,3-Dimethyl naphthalene 40.5 40.9 41.8 40.7 ± 2.1

TABLE IV

RECOVERIES ( %) OF SELECTED COMPOUNDS FROM DICHLOROMETHANE WITH 1000 J11
HEXANE BY MICROEXTRACTION

Compound Concentration ( J1g/1) R.S.D . (%)

100 50 25 10

Ethyl benzene 33.6 32.3 32.5 26.0 ±10.5
Trimethyl benzene 46.2 46.2 47.2 41.6 ± 5.2
Isopropyl methy l benzene 53.5 56.0 56.2 50.6 ± 4.5
Naphthalene 33.9 32.4 32.1 30.0 ± 4.7
2-Methyl naphthalene 48.0 48.3 48.9 44.5 ± 3.9
I-Methyl naphthalene 50.7 46.4 44.8 39.9 ± 9.1
2,3-Dimethyl naphthalene 56.3 59.6 60.5 57.1 ± 3.2

TABLE V

RECOVERIES ( %) OF SELECTED COMPOUNDS FROM FORTIF IED FISH MUSCLE BY MI­
CROEXT RACTION

Compound Concentration (ppm) R.S.D. (%)

20 10 5

Ethyl benzene 98.7 98.1 102.0 ±5.8
Trimethy l benzene 97.7 95.7 94.2 ±7.1
Isopropyl methyl benzene 97.4 93.8 89.9 ±5.3
Naphthalene 98.3 100.6 113.2 ±3.8
2-Methyl naphthalene 96.1 91.7 104.4 ±4.0
I-Methyl naphthalene 102.6 94.3 99.0 ±4.0
2,3-Dimethyl naphthalene 98.0 91.9 99.6 ±4.4
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column, transferred to the aqueous phase in the microextraction flask with 100 ml of
acetone and re-extracted with I ml of hexane. The ratios were again calculated from
the chromatograms and using the mean recovery figure for each compound from
Table IV, the results were expressed as a percentage recovery. These recoveries from
fish muscle in Table V range from 90-113 %with a mean value of 98 %. The relative
standard deviation (R .S.D.) of results in Tables IV-V was less than 9 % with the
exception of ethyl benzene at the lowest concentration, possibly because it was most
volatile.

DISCUSSION

It has been demonstrated that many types of organic compounds show losses
during concentration steps such as rotary evaporation, use of micro Snyder column or
blowing nitrogen over a solutiorr':" . The microextraction procedure overcame this
disadvantage in that it extracted and concentrated in one step with minimum of loss
due to handling and transfers .

Recoveries of selected compounds approached a maximum when I ml of
hexane was used to extract I I of water containing 10- I00 fJg of contaminants.
Recoveries from dichloromethane using the modified procedure were improved by
20-30 % and were consistent over the concentration range investigated. When fish
muscle was fortified with the standards in the 5-20 ppm range the corrected recoveries
were close to 100 /~ .

The advantage of using dichloromethane as a primary extracting solvent for
fish samples was in the concentrating effect; the compounds extracted in 5 ml of
dichloromethane were finally extracted into I ml of hexane with no evaporative step
in the process. There were no detectable hydrocarbon impurities in the dichlorometh­
ane and the clean-up step using sodium sulphate and Florisil produced a clear eluate
suitable for microextraction. Other solvent systems no dou bt exist which would
permit the transfer of organic compounds through a solvent-water-solvent phase
system to achieve concentration in the final solvent.

The effect of adding inorganic salts to the aqueous layer before extraction was
not investigated since consistent recoveries were achieved without this step.

Recoveries for ethyl benzene and naphthalene have been reported in the 90 %
range.'v' using water to solvent ratios of 100: I and 20: I. These high recoveries are due
to the choice of pentane (b .p. 36°C) as a solvent. The use of lower water to solvent
ratios partially negated the concentrating effect in that less organics were available for
extraction. This was offset to some extent by higher extraction efficiencies, but the
overall recovery was improved, four to five fold , when a large volume of water was
extracted with a small volume of solvent. In our experience, hexane (b.p. 69°C) was
found to be more suitable than pentane because it was less volatile and less soluble in
water. Extracts could be stored more easily without evaporative losses and more
hexane was recovered from the microextraction.

The importance of using clean water and solvents must be emphasized . Dis­
tilled water was obtained directly from a commercial still without passage through
plastic pipes since these contaminated water with phthalate esters". Each batch of
solvents was checked for interfering contaminants before use but four small peaks
persisted in the water blank chromatogram and have been attributed to impurities in
the water.
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The chromatograms in Fig. I illustra te the complex nat ure of the orga nic
compounds found in crude oils and their water soluble fractions, Tentative ident ifi­
cation have been made of som e of the major components from retention time dat a of
kno wn compo unds . The peaks numbered in the chromatog ram of Alberta Crude are
the n-alkanes present in all crud e oils in varying proportions . Pristane and phytane
are seen next to C l7 an d C I 8 respectivel y and serve as helpful po int s of identificati on.
In the water soluble frac tion chromatog ra ms, the peak s numbered 1- 7 are those
selected compounds which appear in all water soluble fractions, again in varying
proportions. Although nominally insoluble, these compounds are soluble in the low
ppb ran ge of these extractions.

3 4

12

5

6

14

POlO OIESEL
WATE R SOLUBLE FRACTION

ALBERTA CRUDE

WATER SOLUBLE FRACTION

ALBERTA CRUDE

22 24 26

Fig. I . Gas chromatograms of microe xtraction s of th e water so luble frac tions of diesel an d crude oil com­
par ed to the crude oil using a 15-m wall -coa ted open tu bul ar SE -30 co lumn and a split less injectio n.

It is of inte rest tha t crude oils an d petro leum products all produced similar
water soluble fractions, showing the same pattern of major peak s. Further work on
the sub-lethal toxic effects of these com pounds on fish, invertebrates and other orga­
nisms is presently underway using the descr ibed techniq ues.
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SUMMARY

A new thin-layer chromatographic system on silica gel for the separation of
sialyloligosaccharides is described. Calibration of the system with standard milk and
colostrum sialyloligosaccharides is presented. The use of the system in monitoring
different oligosaccharides is demonstrated for the purification of bovine colostrum
sialyllactose isomers and a commercial sialyllactose product, and is discussed with
respect to other biological fluids.

The large-scale preparation of pure sialyllactose isomers from bovine colos­
trum is achieved using an improved ion-exchange separation on Dowex I-X2 «400
mesh) employing isomolar elution at 20 mM for monosialyloligosaccharides and 200
mM for disialyllactose. The purification of four major monosialyltrisaccharides, the
2-3 and 2-6 isomers of N-acetylneuraminyllactose, N-glycolylneuraminyI2-3Iactose
and N-acetylneuraminyI2-6-N-acetyllactosamine, and the disialyltetrasaccharide di­
N-acetylneuraminyllactose is reported. The detection and partial purification of three
new minor monosialyloligosaccharides is described.

INTRODUCTION

Sialyloligosaccharides are present in large amounts in the milk and colostrum
of mammals! and also in urine2 .3 , where the excretion of particular oligosaccharides

* Glycolipids and oligosaccharides are abbreviated according to the recommendations of the
IUPACIUB Lipid Nomenclature Document, Lipids, 12 (1977) 455-468.

0021-9673/81/0000-0000/$02.50 ,c) 1981 Elsevier Scientific Publishing Company
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has been corr ela ted with genet ic di sorders in man". The iso lation of the sma ller
o ligosaccha rides, in particular sia lyllactose, from colostrum or milk ha s pro vided
wide ly used substra tes fo r th e assay of sia lidase ac tivity".

The occurrence of th e ()(2-3 and ()(2-6 derivatives of N-acetyln euraminyllactose
(IlNeuSAc Lac) in co los t ru m has lon g been est abl ished", a nd has usually been pre­
pared and detected using pa per chromatogra phy . However, the exis tence of other
isome rs, sia lyl-N-acet yllactosamine (I I Ne uSAcGalfJl-4GleN Ac) and N -glycolyl­
neu rarninyllactose (IINeuSG ILac) present in bovine co los trum 7, is not usually co n­
sidered although co mmercially avai lable sia lyllac tose is obtai ned principally from this
source .

We present a new thin-layer and co lumn chro mato gra phic system , where rapid
ident ification and large-scale preparation of the different sial yllactose isomers and
other sia lylo ligosaccha rides ca n be ac hieved . Alternati ve systems ha ve been reported
in the literature by M aury/ and more recently by Holmes and O'Brien" and Momoi
and Wiegandt", However, good resolution of sialyllactose isomers ha s not been re­
po rt ed previously. The preparation of sia lyllactose isomers by ion-exchange chromato­
graphy has previously proved to be more difficult , and th e results reported by Schneir
and Rafelsorr '" and Smith et a/,ll with Dowex and DEA E-cellulose ion exch angers
give only parti al sep ar ati on of a ll isomers.

The new sys tem will be of va lue in the scree ning for th ese oligosaccha rides in
biological fluids, especiall y in th e prep ar at ion of highl y purified ol igosaccharides, and
in ana lysis of sia lyllac tose clea vage in sialidase assays .

MATE RIALS AND MET HODS

Ma terials
Bovine co los tru m was obtai ned fro m th e Bundesa nstalt fur Milehforsch ung

(Kiel, G .F .R.) and was co llected with in I h of milk ing an d frozen at - IS"C until use.
Sia lyllac tose was purch ased fro m Boehringer (Mannhe im , G. F.R.). Silica gel

60 a nd cellulose thin-layer plates (0.1 mm laye r). so lven ts and chemicals of analytica l
grade were product s of E. Merck (Darms tad t. G .F.R.). Dowex I-X2, minus 400
mesh , was purchased from Bio-Rad (Munchen, G .F.R.).

T he fo llow ing sta nda rd compo unds were pr ep ar ed fro m th e so urces indica ted :
II3Neu SAcLac, II6NeuSAcL ac, II 3 (NeuSAchLac and II6 NeuSAcGal{JI -4GlcNAc
fro m bovine co los tr um; Iy3Neu SAcLcOse4 , IybNeu SAcLcnOse4 and Iy3 NeuSAc­
III 6N euSAcLcOse4 fro m human milk l "; 11 3NeuSGILac (aft er ozonolysis of l l r Neu­
SGlLacCer) from equine ery throcytes, by the method of Wiegandt and Bucking!".

Analytical methods
Sia lic ac ids were de te rmined by the periodic ac id- reso rc ino l method !", by the

peri odic ac id-thioba rbituric aci d a nd orcino l- Fe' " micromethod s!" and by gas­
liqu id chroma tography (GLC)15. T he meth anolysis pro d ucts of th e o ligosacc ha rides
were analysed by G LC as descri bed previously!", Methylation ana lysis was per­
fo rmed acco rd ing to Hak omori! ".

T hin- laye r chroma togra ph y (T LC) of sia lic acids was per formed on cellulose.
developi ng with n-bu ta no l- n-propan o l- O.I M HC l ( I :2 : I , vjvjv ) and visua lizing with
th e orc ino l-Fev" sp ray reagen t 15. Oligosaccha rides were sepa ra ted on silica gel 60



TL C O F CO LOST RU M SIALYLOLIGOSACCHARID ES 315

thin-layer plates using ethanol-n-butanol-pyridine-water-acetic acid
(100:10:10:30:3, vjv) and visualizing with orcinol-Fe3+ spray reagent or orcinol­
H2S04 (200 mg of orcinol in 100 ml of aqueous 20 %H2S04 ) sprays. To identify the
nature of sialic acids in individual oligo saccharides, two -dimensional T LC was em­
ployed. The oligosaccharide sample was applied to the corner of a 20 x 20 cm
cellulose thin-layer plate and run in the n-butanol-n-propanol-O.I M HCI system
described above. After drying, the plat e was spra yed with 0.1 M HCl and incubated,
with an overlying glass plate to prevent drying out, for 30 min at 80°C. The plate was
then removed and dried , and the hydrolysis was repeated. On completion of the
second hydrolysis the plate was developed in the same solvent and the components
visualized with the orcinol-Fe' + spr ay reagent. Standard Neu5Ac and Neu5GI, as
well as oligosaccharides, were run in the appropriate dimensions .

Paper chromatography was ca rried out on Whatman No . 3 paper in pyridine­
eth yl aceta te-acetic acid-water (5 :5:1:3, vjv). Fowl plague virus (don ated by Pro ­
fessor R. Rott, University of Gies sen, Giessen, G.F.R.) was used as a source of
sialid ase; incubations were carried out as described elsewheres -!".

Preparative methods
Bovine colostrum (I I) was mixed with chloroform- methanol (2 : I, v]v; 51) and

stirred vigorously for 20 min at 4"C. The suspension was centrifuged for 20 min at
4000 g and the upper light -yellow aqueous layer separated from the intermediate cake
of precipitated protein and the lower deep-yellow organi c phase. Aqu eou s phases
were pooled (ca , 2 I for I I of colostrum) and concentrated by rotar y evapora tion
und er reduced pressure, and 300-400 ml were applied to a column (100 x 10 cm 1.0.)
of Seph adex G-25 fine. The column was eluted with d istilled water using a peristaltic
pump at a flow-rate of 3 ml /min, and the effi uent was monitored for sia lic acid content
by the orcino l- Fe:'+ assay and at 280 nm for glycopeptides. All procedures were
conducted at 4"C. The fractions (10 ml) were combined to give three pools, as in­
dicated in Fig. 1. This is a slight modi ficati on of the method of Ohman and Hyg-
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Fig. I. Elution profi le of 300 ml of co ncen tra ted aqueous phase after extract ion of bovine co lostrum with
chloroform- metha no l (2: I) on Seph adex G-25 fine eluted with water. The ellluent was monitored for the
ab sorban ce at 2l!Onm ( 0) and with the orc inol- FeJ

' assay for sialic acids ( .). Fractio ns were pooled as
indicat ed to give poo ls 1-3.
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stedt! ". Th e pools were freed of lactose and neutral oligosaccha rides by ch rom at o­
gra phy on Dowex I-X8 ace ta te, 200-400 mesh . Sialyllactose isom ers were elut ed with
50 mM pyridinium aceta te (pH 5.0), and disialyllactose with 200 mM pyridinium
acetate (pH 5.0) to give a crude mixture of mon osialyllactose isomers and disialyllac­
tose.

Separation of sia lyllactose isomers was ca rr ied out on a co lumn (20 x I ern
1.0.) of Dowex AG I-X2 (minus 400 mesh, ace tate for m at 4°C). A sam ple (10 mg) of
crude sialyllactose from Seph ad ex G- 25 chromatog ra phy was dissolved in 10 ml of 2
mM pyridinium aceta te buffe r (pH 5.0) and applied to the co lumn. The co lumn was
was hed with 50 ml of the same buffer and eluted with a linear gra d ient (2 x 250 ml)
fro m 10 m M to 50 mM pyridinium aceta te (pH 5.0). Th e buffer co ncentra tion at the
beginn ing of th e sialyllactose elution was found to be 20 m M , and thi s con centration
co uld be used for isomolar elutio n of the co lumn with good sepa ra tion of the differen t
isomers . Th e sepa ra tion of larger amounts (800 mg) of the crude mixture of sialyllac­
tose isomers was carried out using th e sam e technique. The sialyllactos e was dissolved
in 80 ml 01'2 mM pyridinium aceta te buffer (pH 5.0) and load ed on to a Dowex AG 1­
X2 co lumn (95 x 3 cm 1.0.). Eluti on was carried out at a fl ow-rate of 50 ml/h using 20
mM buffer, and fractions of 16 ml were collected . After 8 1of buffer had been passed
th rou gh the co lumn the disialyllactose was eluted by ra ising the buffer concentr atio n
to 200 mM.

RESULTS AN D DI SC USSIO N

The sepa ra tio n of sialyloligosacchari de sta nda rds by a new TLC system on
silica gel is shown in Fig. 2a, which shows th at a goo d reso lutio n of the major
sialyloligosaccharides occurring in the milk of mammals is achieved with this system.
Separatio n of lar ger sia lyloligosaccha rides from glycoprotei ns" and gangliosides is
also possible (data no t shown). The new system is superior to other reported systems
(e.g. refs . 2, 3, 8 and 9) in its resolution and application in th e identificatio n of
sialy llactose isomers, and is mor e ra pid and sensitive than pa per chro matog ra phy.
Thus a rapid ana lysis of sia lylol igosaccharides is poss ible.

The TLC system has been used to monitor the sialyloligosaccharide co m­
ponents d uring their prepar ation fro m bovine co lostrum (F ig. 2b). Frac tiona tion of
the aqueo us phase of co lostrum ext rac ted with chloro for m- metha no l on Seph adex
G-25 yielded three pools (F ig. I). The first pool co n ta ined glycopeptides, glycolipi ds
and sma ll amounts of disialyllactose, and pools 2 and 3 co ntai ned the sialyllactose
isom ers. Disialyll actose was fo und chiefly in pool 2 and mon osialyllactose isomers in
pool 3, which was also conta minated with lactose, eluting lat er but st ill overlapp ing
with sialyllactose owing to the high concentra tion in colostrum .

Removal of resid ua l lactose by ion- exchan ge chrom atogra phy withou t reso­
lut ion of individu al co mpo nents yielded between 0.7 and 1.2 g of sia lyloligosacc ha ride
mixture per litr e of co lostru m (fifteen exper iments).

Resolut ion of the individ ua l compo nents from the co mbined pools 2 and 3 was
carried out on an anio n-excha nge co lumn (Fig. 3). After the co ncentration of buffer
necessary to commence elution of sialy llactose isomers had been determi ned . an
isomo lar elution was fou nd to give a goo d separa tion of these isomers; this approach
had not previously been utilized for oligosaccharide separations. The chromatogra-
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Fig. 2. (a) Chromatography of standard sialyloligosaccharides on silica gel thin-layer plates in eth anol-n­
butanol-pyridine-water-acetic acid (100 :10:10:30:3, v jv). I = 11 3Neu5AcLac (1.0); 2 = Iy3Neu5AcLc­

Ose, (0.94); 3 = 113Neu5GILac (0.93); 4 = 116Neu5AcGalpl-4GlcNAc (0.89); 5 = 116Neu5AcLac (0.80);
6 = Iy6Neu5AcLcnOse

4 (0.70); 7 = II3(Neu5Ac)zLac (0.65); 8 = ly3Neu5AcIlI6Neu5AcLcOse
4 (0.57).

The figures in brackets are the RII ' Neu 5AcLac values for each component. (b) TL C as in (a) of the pool s 1-3
from Sephadex G-25 chromatography of bovine colostrum sialyloligosaccharides. The pool s 1-3 and
standards 113(Neu5Ac)zLac (A), 116Neu5AcLac (B), 116Neu5AcGalpl-4GlcNAc (C), 11 3Neu5AcLac (0)
and II3Neu5GILac (E) were run on silica gel plates . (c) TLC as in (a) of a commercial sample of sialyllac­
tose (SL) and the standards 11 3Neu5AcLac (A), 11 3Neu5GlLac (B) and 11 3(Neu5Ac)zLac (C) . The com­
mercial sample show s bands corresponding to 113Neu5AcLac and 113Neu5GILac (I), 116Neu5AcGalpl ­
4GlcNAc (2). 116Neu5AcLac (3), 11 3(Neu5Ac)zLac (4) and higher mo lecular weight oligosaccharides (5).

phy revealed four main trisaccharide components, identified as 11 3 Neu5AcLac, 11 ­
6Neu5AcLac , II6Neu5AcGalf3I--4GIcNAc and 11 3Neu5GILac. These compounds
were analysed by GLC and compared with reference oligosaccharides on TLC and
paper chromatography (Table I). The structure of II6Neu5AcGal{31--4GIcNAc was
also confirmed by methylation analysis. Cross-contamination between these fractions
was less than 0.5 %, as calculated from GLC and TLC analyses.

Disialyllactose was also separated by ion-exchange chromatography, and its
structure was confirmed by GLC after methanolysis. The isolated product gave only
one band on TLC (Fig. 2a and b), although several bands eluted with 200 mM
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Fig. 3. The elution profile of crude sialyllactose from Sephadex G-25 chromatography (pools 2 and 3), on
Dowex AG (-X2 eluted with 20 mM and 200 mM pyridinium acet ate (pH 5.0) as indicated. Samples were
measured using the orcinol-Fe:'+ assay . From fraction 490 onwards the scale is reduc ed by a factor of 10 as
indicated on the right-hand axis. The fraction s were pooled to give samples 1-10 as indicated; fractions
450-490 were discarded. Further details are given in the text.

pyridinium acetate (Fig. 3). The reason for thi s behaviour ofdisialyllactose is unclear
at present. The structure of the disialyllactose was further analysed by incubation
with fowl plague virus sialidase, and separation of the products on the TLC system.
The formation of lactose was detected at different times of incubation and with
different enzyme concentrations. No formation of lIoNeu5AcLac was detected. The
virus sialidase cleaves 2-3 and 2-8 glycosidic linkages to Neu5Ac but 2-6 linkages are
very slow ly cleaved '"!". Thus incubation with the sia lidase should result in an enrich­
ment of 1I6Neu5Ac Lac if this linkage exists in disialyllactose. The results showed only
lactose and very sma ll amounts of II3Neu5AcLac, the other expected product, but no
IIoNeu5AcLac. Thi s result was further supported by 360 MHz nuclear magnetic
resonance spectroscopy of the disialyllactose isolated, because only evidence for a 2-3
linkage was found , and so the presence of a 2-6 linkage could be ruled our" .

In addition to these major o ligosaccharide components, three minor oligo sac­
charides were detected and analysed (Table I) for the molar ratios of the component
monosaccharides by GLC and for the type of sia lic acid by a new method combining
two-dimensional TLC with intermediate mild acid hydrolysis (Fig. 4). On the basis of
these results and their elution positions on anion-exchange chromatography (Fig. 3),
it is tentatively concluded that the components 3 and 5 in Table I are II6Neu5GIGal{J­

l-4GlcNAc and I1 6Neu5Gl Lac, respectively. Component I contained 2 mol of galac­
tose per mo le of glucose and Neu5Ac. The structure of thi s component has not yet
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Fig. 4. Two-dimensional chromatography of sampl e 7 (see Table I) from ion-exchange chromatography
(F ig. 3) on cellulose thin- layer plates. Development in both directions was with n-butanol- n-propanol- O.l
M HCI (1:2: 1, v/v!v). After ap plicatio n of the samp le at x and developme nt of the plate in the first
d imens ion , the pla te was dried. sprayed with 0.1 M HCI and incu bated at 80°C for 60 min as described in
the text. After drying. a mixture of sample 7 with Neu5Ac and Neu 5GI sta ndards was applied to posit ion
x and develo pment in the secon d dimension carried out. In add ition. sam ples 6 and 7 (see Ta ble I) were
run only in the first dim ension for compa rison (left-h and side of the chromatogram). Th e pro ducts of two­
dimens ional chrom atography. visualized with the orc inol-Fe:'+ spr ay reagen t. ar e indicated as sialic acid
($) or oligosacc haride (0) products.

been determined . These min or components were difficult to analyse as th ey still con­
ta ined oligosaccharides from neighbouring fra ctions (Figs. 3 and 4).

Using thi s method it is poss ible to process gram amo unts of crude sialyllactose
isom ers and to prep ar e homogenou s product s in amounts suita ble for ro utine analy­
sis of sia lidases, for exa m ple. The yields of the major sia lyloligosaccharides in a
typ ical experiment are not ed in Table I for a cru de mixture containing sma ller
amo unts of disia lyllactose. Typical yields for I I of colostrum were: II 3Neu5AcLac.
530 mg; IJ6 Neu5AcLac. 65 mg; 1I3Neu5GI Lac. 32 mg; 1I6Neu5AcG al{JI-4GIcNAc,
JI O mg; IJ 3 (Neu5Ac}zLac, 2X5 mg.

Thus. in contrast to previou s met hods, the isomo lar elution techn iqu e em­
ployed here com bines good reso lution of individual comp onents with the scaling-up
of the applied sample size and represents a significant improvement 10 , 1 1.1 H,

The availab ility of rela tively large amo unts of sialyllactose from co lostrum an d
its suita bility as a substra te for sia lidases has led to its widesprea d co mme rcial ava il­
abil ity. Although the occ ur rence of the four major trisaccharides has been described ",
subse quent workers ha ve reported only the 2-3 and 2-6 isomers of sia lyllactose, or
noted other minor and un identified oligosaccharides 10 .1 H. Dis ia lyllactose occur s as a
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major component in bovine colostrum, as has been reported earlier1
•
7

•
1 8

, and is also
present in the commercial sample of sialyllactose in amounts similar to those found in
the present work (Fig . 2c). Th e commercial sample shows the presence of two bands
in the region of disialyllacto se and other slower migrating sialyloligosa ccha rides not
found in the present work. A major band migrates as 1I6Neu5AcGal/31-4GlcNAc,
and 1I3Neu5GlLac is probably included in the large II3Neu5AcLac band (Fig. 2c).
Use of these samples for sialidase or other assays mu st tak e into account the different
behaviour of each isomer in such experimentsv !" .

Using the TLC system presented here , a rapid analysis is possibl e of sialyloligo­
saccha rides from colostrum, milk, urine and other biological fluids, as well as com­
mercial samples, and the ion-exchange method pro vides a new system for the large­
scale preparat ion of pure sia lyllactose isomers.

AC KNOWLEDGEMENTS

Jean- Claude Michalski was recipient of an EMBO fellowship du ring this work.
The technical assistance of Marzog El Madani (Kiel) is gratefully acknowledged. The
authors thank Dr. W. Kaufmann , Bundesan stalt fur Milchforschung, Kiel, for do­
nating bovine colostrum. This work was supported by the Deutsche For­
schungsgemeinschaft (Grant Scha 202/9) and the Fonds der Chemischen Industrie.

RE FER EN CES

A. Kobata, in M. J. Horowit z and W. Pigman (Edito rs). The Glycoconjugates, Academ ic Press, New
York , Vol. I, 1977, pp. 423--440.

2 P. Maury , Biochim, Biophy s. Acta, 252 (1971) 48-57.
3 P. Maury, Biochim . Biophys. ACLa , 252 ( 1971) 472-480 .
4 G. Strecker and J . Montreuil, Biochimie, 61 (1979) 1199-1 246.
5 A. P. Corfield, J.-c. Mich alski and R. Scha uer , in G . Tett ama nti (Edi to r), Proc, l nt. Symp, on S ialid-

ases and Sialidoses, Geno va, Edi Ermes Publ ., Milan , 1981, in press.
6 R. Kuhn, Naturwissensch aften, 46 (1959) 43- 50.
7 R. Kuhn and A. Ga uhe, Chem . Ber., 98 (1965) 395--413.
8 E. W. Holmes and J. S. O' Brien, Anal. Bioch em .. 93 ( 1979) 167-1 70.
9 T. Momoi and H. Wiegandt, Hoppe-Sey ler's Z. Phys iol. Chem .. 361 (1980) 1201-1 210.

10 M. L. Schneir and M. E. Rafelson , Jr., Biochim . Biophys. Acta , 130 ( 1966) I-II.
II D. F . Smit h, D. A. Zopf and V. G insburg, Anal . Biochem., 83 (1976) 602- 608.
12 L. Grimmo nprez, S. Bou quelet, B. Bayard. G . Sp ik, M. Monsigny and J. Mon treuil. Eur. J. Biochem ..

13 (1970) 484--492.
13 H. Wiegandt and H. W. Bucking. Eur. J. Biochem .. 15 (1970) 287-292 .
14 G . W. Jourdian , L. Dean and S. Roseman. J. Bioi. Chcm ., 246 ( 1971) 430--435.
15 R. Schauer, Methods Enzymol. , 50C (1978) 64--89.
16 J. P. Kame rling, G.J. Gerwig,J . F. G . Vliegenthart and J. R. Cla mp. Biochem . J.• 151 (1975) 491--495.
17 S. Hakomori , J. Biochem . ( Tokyo) , 55 (1964) 205-208 .
18 R. Ohman and O. Hygstedt. An al. Biochem .. 23 (1968) 391·4 02.
19 R. Dr zeniek, Curr o Top . Microbial. lmmunol.• 59 (1972) 35-·74.
20 B. Bayard, E. P. Kercka ert, D. Roux and G . Strecker. Prot ide» Bioi . Fluids. Proc. Col/oq.. 27 (1979)

153-1 56.
21 J. F. G . Vliegenthart. Bio-Organic Chemistry Depar tment, University of Utrecht, Ut recht . The Neth­

erlands. personal communica tion .



Journal of Chromatog raphy, 212 (1981) 323 -330
Elsevier Scientific Publi shin g Co mpany, Amsterdam - Printed in The Neth erlands

CHRO M. 13,826

D ET ERMINATION OF ADRIAMYCIN (DOXORUBICIN) AND RELATED
FLUORESCENT COMPOUNDS IN RAT LYMPH AND GALL BY HIGH-PER­
FORMANCE LIQUID CHROMATOGRAPHY

SHINYA SHINO ZAWA*
Departm ent of Hospital Pharmacy, Ok ayama University Medic al Sc hool, 2-5-1, Shikata -cho, Okayama 700
(Japan)

and

TAKU ZO OD A

Department of Biochemistry Cancer Institut e, Okayama University Medical Schoo l, 2-5-1, Shika ta-cho,
Okayama 700 (Japan)

(F irst received January 27th, 1981; revised manuscript received March 27th, 1981)

SU M MA RY

Th e concentra tions of ad riamycin (ADM) an d related fluore scent compounds
in lymph and gall were determined by high -performance liquid chromat ography
(HPLC) after a single intravenous injection into AH 109A tumour-bear ing rats.
HPLC was carried out by using Zorbax Sil as the stationary phase and chloroform­
isopro panol-acetic acid-water-sodium aceta te buffer (pH 4.5) (100:100 :14:14:1) as
the mobile phase, with a fluorescence spectrophotometric detector at an excita tion
wavelength of 470 nm and an emission wavelength of 585 nm. The detection limit for
ADM was down to 1.0 ng/ml. In the thoracic duct lymph, the concentrat ion of total
ADM equivalent values (total ADM value s) was maximal 30 min after injection and,
after a subsequent decrease, increased gradua lly from 60 to 180 min . The rati o of
tot al ADM in lymph to that in plasma at 180 min was 1.5 times th at at
30 min. In gall, the total ADM showed a maximal level of 20.0 JIg/ml at 30 min .

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

INTROD UCTI ON

Adri am ycin (ADM) is an anthracycline antibiotic used extensively for the
treatment of leukaemia and various malignant tumours 1. Its initial half-life in plasma
aft er intravenous injection is very sho rt 2

--
5 and it has a strong affinity to tissue pro­

teins 3. f:> -~ and deoxyribonucleic acid", Its biliary excretion is the major excretory
pathway in several animal species!", but its passing into lymph has no t yet been
examined in detail.

In this study we devised a high -performance liquid chromatographi c (HPLC)
method for the determinati on of ADM and appli ed it to the tran sport of ADM into
rat tho rac ic lymph and ga ll.

001 1 -9673i~q ;0000- 0000;$02.50 .r 198 I Elsevier Scien tific Publi shing Company
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EXPERIME NTAL

S. SHINOZAWA, T. ODA

Reagents
Ad riamycin hydrochlor ide, adriamycinone and adriamyci no l were kind ly do ­

na ted by Farmitalia (Mi lan, Italy) and daunomyci n was obtai ned from Meiji Seika
(Tokyo, Jap an ). Chloroform and isop ro pan ol were of HPLC grade. Acetic acid and
sodium acetate were of ana lytical reage nt gra de.

Animal experiments
AH 109A ascites tumour (2 x 10° cells per anima l) was inoculated on the

back of Donryu male rats (bo dy weight, ca. 160-1 70 g). Th e ani ma ls had free access
to food and water. Seven days later, the rats were anae sthetized with diethyl ether,
injected intravenously with 1.0 mg/kg of ADM or da unomycin (DU M) solutio n (I
mg/ml) with a syringe with a Harvard Appa ratus infusio n pump to the right inferio r
vena cava (0.53 nil/min), and the blood was collected with a heparini zed syringe from
the left inferior vena cava. The plasma was isolated. Fo r study ing the passing of
AD M and D UM into lymph, the ra ts were anaesthetized by int raperitoneal injec tion
of sodium pen tob arbi tal (50 rug/kg) and the thor acic duct was can nu lated according
to the met ho d of Bollman et a1. 1 1

: a hepar inized vinyl cat heter (1 .0. 0.5 mm ; Ima­
mu ra Rubber, Tokyo, Japan) was inserted into the duct and fixed with aid of a dro p
of Aron Alpha A tissue cement (Sankyo, Tokyo, Japan ). The thoracic duct lymph
was collected . For studyi ng the passing of ADM into gall, the rats were an aesthe­
tized by intraperitoneal injection of sodium pentobarbital (50 rug/kg) and the com­
mon bile duct was cannulated with a hepar inized vinyl catheter. The gall was col­
lected. Before or after these cannulations the rat s were injected intrave nously with 1.0
mg/kg of ADM or D UM solution (I mg/ml) with a syringe with a Har vard Appara­
tus infusion pump to right inferior vena ca va (0.53 ml/min),

Determination of A DM and related f luorescent compounds
ADM, related fluorescent compounds and D U M in the plasma, lymph and gall

of AH 109A tumour-bearing rats were determined by modi fying the pre viously re­
ported HPLC method l 2

. In brief, a Hitachi Model 635A high-performan ce liqu id
chromatograph was con nected to a Hitachi Model 650- IOS high-sensitivity fluores­
cence spec trophotometer , the resu lts were recorded on a Hitach i Model 056 recorder
and calculations were performed using a Hitachi Model 834-30 Chro ma to-Processor
as an integrator, based on the rat io of the peak area to that of standard AD M or
DU M (external standa rd meth od ). The stationa ry phase was Zorbax Sil (5 /im ) pack­
ed in a sta inless-steel tu be (150 x 4.6 mm 1.0.). The mob ile phase was chloroform­
isop ropanol- acetic acid-water-sodium acetate buffer (p H 4.5) ( 100: I00: 14:14:I) at a
flow-rate of 1.0 m l/rni n , with a fluoresce nce spectrophotometric detecto r at an ex­
citation wavelength of 470 nm and an emiss ion wave length of 5X5 nm. ADM was
extracted from the biological samples by the met hod described previously, using
chloroform- methanol (4 :1)°. All ope rations with AD M and related fl uorescent com­
po und s were carried out in near darkness.
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The use of Zorbax Sil as the stationary phase and chloro form-isopropanol­
acetic acid-water-sodium acetate buffer (pH 4.5) (100:100 :14:14:1) as the mobile
phase resulted in a good sepa ration of ADM, adriamycino l, adriamycinone and
DUM. A typical example of the HPLC analysis of rat gall is shown in Fig. I. Peaks 1­
7 (P I metabolite-P7 metabolite) representing ADM-related compounds were detect­
ed. P2 was identified as adriamycinone and P6 as adriamycinol by HPLC and thin­
layer chromatography", The contaminating biological blank was detected at the same
site as P5 but in trace amounts. The detection limit for ADM was down to 1.0 ng/ml .
Tables I and II show the concentrations of ADM and related fluorescent compounds
in AH 109A tumour-bearing rat plasma and thoracic duct lymph after a single intra­
venous inject ion ( I mg/kg), as determined by HPLC. AD-N E indicates the total
concentration of P2 plus P3 metabolites. The values are expressed as means ±
standard errors (ng adriamyci n equiv alent value/m l),
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Fig. 1. High-performance liqu id chromatogram of a standard sample mixture (stan dard), ADM-adminis­
tered rat gall and calibration graph of adriarnycin obtained with a Hitachi Mo del 635A high-performance
liquid chromatograph with a Zorbax Sil column (150 x 4.6 mm I.D.) at room temperature. Mobile phase ,
chloroform- isopro pano l- acetic acid-water-sodium acetate buffer (pH 4.5) (J 00 :I00:14:14:1); flow-rate,
1.0 ml/rnin ; detector, Hitachi Model 650- IOS fluorescence spectro photometer (excitation. 470 nm; emis­
sion. 585 nm) ; SI = adriarnycinone; S2 = daunomycin; S3 = adriamycin ; 54 = adri arnycinol: P2 =

adriamycinone; P6 = adriamycinol; ADM = adriarnycin: B = gal l blank .

ADM and related fluorescent compounds were elimin ated rapid ly from plas­
ma, but in the thoracic duct lymph the concentration of AD-NE and the total ADM
equivalent fluorescent values (total ADM values) showed maxima 30 min after injec­
tion and, after a subsequent decrease, increased gradually from 60 to 180 min . The
total ADM values in plasma and thoracic duct lymph are shown in Fig. 2 in com ­
parison with the value s of total D UM equivalent fluores cent values (total DUM
values). Total DUM values in the plasma showed were max imal at 5 min and de­
crease rapidly from 5 to 30 min, then they are almost constant up to 360 min. Total
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Fig. 2. Concentra tions of tot al adri amycin (ADM) and daunomycin (D UM) (equ ivalent values) in AH
I09A tumour-bearing rat plasma [ADM (plasma) and DUM (plasma)] and thor acic duct lymph [ADM
(lymph ) and DUM (lymph)] after a single intr avenous injection, examined by HPLC. The values are means
for at least five animals.

D UM va lues in the rat thoracic duct lymph differed from the ADM value, showing a
maximum at 30 min, then decreasing gradually to near to the its plasma value at 180
mm.

T abl e III shows the ratios of ADM and related compounds in lymph to those
in pla sm a 30 and 180 min aft er inject ion: the AD-NE, ADM and total ADM values
at 180 min were up to 1.5 time s the corresponding va lues at 30 min.

The passing of ADM into rat gall is illustrated in Fig. 3. The total ADM level
was m aximal at 30 min (20.0 j.lgjml), being rich in ADM (unchanged form), and
thereafter decreased gradually up to 120 min. At 450 min, the level was still (5.0
j.lgjml).

DI SCUSSIO N

We have pr eviou sly reported a method for the dete rm ination of AD M in seru m
and tissues with Zorbax Sil as th e stationa ry phase and 3.8 % sodium aceta te in
isopro pa nol as th e mobile ph ase6.12

. However , there were problems with broad chro­
matographic peaks and the long an alytical tim e (22 min ). In thi s study, we de vised a
method based on these po int s that ga ve sharp chroma togra phic peak s, with a rapid
(10 min) and highl y sensi tive determination of ADM.

For the identification of metabolites of ADM , op inions vary about contami­
nation of ag lycones and pol ar metabolites (containing adriamyc inol?·5.6 .13-15, but in
some work no metabolites were det ected ". In our experiments, the main metabolites
in rat plasm a, lymph and gall were ad ria myc inone, P4 metab olite, P5 metabolite and
adr iamyci no l. and other minor metabolites were a lso detected.

ADM was shown to be passed into lymph or ga ll in high concentrations.
Becau se lecith in and bile acid, the main consti tuents of ga ll, have been relat ed to the
passing of drugs into the lyrnph! ", a high co ncentra tion of AD M in lymph was
conside red to be correlat ed with its high excretion into gall.

Arena et al,' first reported on the pharmacokinet ics of ADM in mice, sta ting
th at th e concentra tions in mo st tissues were at least one or two orders of magnitude
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Fig. 3. Co ncentrations of ad riamycin and rela ted l1uorescent compo unds in AH I09A tumo ur-beari ng ra t
gall after a single int ravenou s injectio n. Total AD M values = total adriarnycin equiva lent values ; AD M =
adri amycin; AD-NE = P2 metab olite plus P3-metab ol ite; P5-met. = 1'5 metabol ite . Th e values are mean s
for a t least thr ee anima ls.

grea ter th an blood levels, and demonstrated that biliar y excretion was the primary
route of elimina tion. The high retent ion of ADM in tissues in var ious animals has
been rep orted 3 ,6- 11 . For th is reason , it is considered that ADM is structurally simila r
to quinone compounds present in anima l tissues, and can enter coe nzyme Q and
related enzyme systems" ? or has an especia lly strong affinity to deoxyribon ucleic
acid') and some negati vely charged phosph olipids! !! .
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SU MMA RY

A high-performance liquid chroma togra phic meth od is described which allows
the simultaneous estimation of pilocarpine, isopilocarpine, pilocarpic acid and iso­
pilocarpic acid . The method offers advantages over existing chroma tographic pro­
cedures in that pilocarpine and the degradation products are eluted within 15 min
making the pro cedu re suit able for routine quality control.

Pilocarpine eye-drop preparation s avai lable on the Austra lian mark et were
determined to contain between 0.4 and 1.9% isopilocarpine and between 2.2 and
6.3% total pilocarpic acids*. Th ese findings are compa ra ble to tho se reported by
Weber in a survey of pilocarp ine conta ining products avai lable in the U.S.A.

INTRO DUCTION

The alkaloid pilocarpine is used topically as a miot ic in the treatment of
glaucoma . In aqueous solution degradation can occur either through epimerisat ion to
isopilocar pine or hydrolysis to pilocarpic and isopiloca rpic acids' :", Both mecha­
nisms result in a loss of pharm acological activity.

Analytical procedures for pilocarpine based on classical titrimetric or spectro­
phot ometric procedures are described in a number of texts'<". None of these methods
is capable of distinguishing the epimers of pilocarpine.

The monographs for pilocarpine salts in the British Pharmacopoeia" and the
United States Pharmacopoeia (USP)8 include requirement s for specific rotation
which may be interpreted as indirectly assigning limits to the to ta l impurity levels.
Weber? calculated that the range of specific ro tation perm itted in USP XIX mon o­
graph" for pilocarpine hydrochloride a llows a maximum of either 6%isopilocarpine,
or 3%pilocarpic acid. The mon ographs for pilocarpine preparations, however do not
include requirements for specific rotation presumably because excipients may inter­
fere with optical rotat ion measurement s.

* Subsequent referen ce to piloca rp ic acid co nte nt sha ll be und ers tood to mean the tot al content of
pilocar pic and isopilocarpic acids .

0021-9673/1\1 /00 00-0000/$02.50 © 191\1 Elsevier Scient ific Publishing Co mpa ny
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A survey of the literature revealed that nuclear magnetic resonance'v'? and
chromatographic procedures9 , 1 1- 14 had been devised for the quantitation of pilocar­
pine and degradation products.

Urbanyi et alY reported the separation of the pilocarpine epimers by ion
exchange on Aminex A-7. Weber9 modified this procedure and estimated the content
of pilocarpic acids by cyclizing them to pilocarpine and measuring the resultant
increase in alkaloid content of the sample. Weber conceded the inconvenience of the
two stage analysis and the possibility that cumulative errors could lead to inaccurate
results.

Wahba Khalil 1 2 joined a pBondapak Cl~ column and a pBondapak CN
column in series and used as mobile phase borate buffer (adjusted to pH 9.2)-tetra­
hydrofuran (7:3). Our investigations to establish the usefulness of this procedure were
abandoned after it was determined that the mobile phase had a tendency to dissolve
the silica base of the column packing material.

Mitra et al. l3 enhanced the detectability of the pilocarpine epimers by forming
p-nitrobenzyl bromide derivatives which were subsequently separated by ion-pair
chromatography on a pBondapak CIS column. A sample chromatogram included in
the paper showed that the isopilocarpine derivative eluted as an unresolved rider on
the tail of the pilocarpine peak which may lead to potential quantitation difficulties.
No mention of detection or estimation of the pilocarpic acids was made.

Noordam et al.t" separated pilocarpine and its degradation products on a Cl~

column using a mobile phase of water-methanol (97 :3) containing 5 %of potassium
dihydrogen orthophosphate adjusted to pH 2.5 with orthophosphoric acid. Our at­
tempts to repeat the method gave poor resolution and excessive tailing. The sample
chromatogram included in the paper by Noordam et al. indicates that these workers
experienced similar problems.

In this paper we present a simple, method involving minimal sample prepa­
ration which would be suitable for routine quality control of pilocarpine eye-drop
formulations. Emphasis has been placed on reducing analysis times while maintaining
resolution consistent with the needs of quantitation. The procedure described has
been used to survey a wide range of pilocarpine eye-drop preparations available in
Australia.

EXPERIMENTAL

Materials
Pilocarpine nitrate was obtained from BDH (Poole, Great Britain) and iso­

pilocarpine nitrate from Koch-Light Labs. (Colnbrook, Great Britain). Both al­
kaloids were used as received. All other reagents and chemicals were either analytical
grade or high purity. Water was freshly distilled.

Equipment
The high-performance liquid chromatographic (HPLC) system comprised a

Varian 8500 constant-flow pump; an Altex Model 905-42 syringe-loading sample
injector fitted with a 20-plloop; a Waters Assoc. (Milford, MA, U.S.A.) pBondapak
phenyl column 30 em x 3.9 mm; a Varian Aerograph temperature-controlled water­
bath; a Perkin-Elmer LC 55 spectrophotometer fitted with a Coleman 55-204 UV
accessory and a Hewlett-Packard Model 3380A integrator.
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The pH measurements were made with a Radiometer (Copenhagen, Denmark)
PHM64 research pH meter which was standardised with Radiometer buffers 51310
(pH 4.01) and s1001 (pH 6.5).

The mobile phase was filtered immediately prior to use with a Millipore fil­
tration assembly XXI0047 30 using 0.5-,um filters.

Chromatographic conditions
The column was maintained at 40 ± 1°C. The mobile phase was a 5 % (wIv)

aqueous solution of potassium dihydrogen orthophosphate adjusted to pH 2.5 with
orthophosphoric acid. Flow-rate was 1 ml/min. The UV detector was set at 215 nm.
Integrator settings were attenuation 4, slope sensitivity 0.3 and chart speed 0.5
cm/min.

Samples and standards were chromatographed in the following order, stan­
dard I followed by 4 samples, consisting of alternated duplicates from 2 batches, then
an injection of standard 2 and a group of 4 samples from another 2 batches, followed
by a standard 1 and so on.

Before commencing the day's analysis mobile phase was pumped through the
column for 1.5 h at a rate of 2 ml/min to establish stable baseline conditions. At the
conclusion of each day the column was flushed with 30 ml of water and 30 ml of
methanol-water (60 :40, vIv).

Preparation of samples and standards
Standards and samples were prepared in 0.2 M Na ZS04 solution, in order to

minimise disturbances of ionic equilibria in the column. Weber9 had earlier dem­
onstrated the stability of pilocarpine in this medium.

Eye-drop preparations assayed contained pilocarpine as the hydrochloride but
the more readily available nitrate salt was chosen as the reference standard. In the
preparation of standards 1 and 2 below it is necessary to make allowance for the
isopilocarpine content of the pilocarpine nitrate standard.

Each standard contained nominally 1.108 mgjrnl of pilocarpine nitrate; in
addition standard 1 contained 4.43 ,ug/ml and standard 2 0.554 ,ug/ml of isopilocar­
pine nitrate. These standard solutions (l and 2) correspond to a nominal content of 1
mg/ml of pilocarpine hydrochloride containing respectively 4 %and 0.5 % (w/w) of
added isopilocarpine hydrochloride. It was anticipated that these levels of isopilocar­
pine contamination would represent the extremes which may occur in the samples to
be surveyed.

Eye-drop preparations were diluted to a nominal concentration of 1 mg/ml of
pilocarpine hydrochloride with 0.2 M Na ZS04 • The dilutions were carried out on the
day of analysis.

We were unable to locate a source of either pilocarpic or isopilocarpic acid. It
was therefore necessary to determine an equivalence factor which related the peak
areas of the pilocarpic acids to their concentration. This determination involved the
quantitative hydrolysis of a known amount of pilocarpine, following the procedure
described below.

About 80 mg of pilocarpine nitrate was weighed accurately and diluted to 200
ml with water. A 25-ml aliquot was refluxed for 1 h with 5 ml of I M sodium
hydroxide. The resultant solution was adjusted to about pH 7 with 0.5 M ortho-
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phosphoric acid (universal indicator paper), transferred quantitatively to a 50-ml
volumetric flask and diluted to volume with water. The hydrolysis procedure was
performed in triplicate.

A 25-ml aliquot of the original pilocarpine nitrate solution was diluted to 50 ml
with water. Each solution was chromatographed and the mean equivalence factor
calculated divid ing the pilocarpine peak area by the mean of the pilocarpic acid
peaks .

Linearity of standard curves
The relationship between pilocarpine peak areas and concentration was in­

vestigated in the concentration range corresponding to a sample assay range of be­
tween 70 and 110% of labelled content. A linear regression fit gave a correlation
coefficient (r) of 0.99 (n = 9).

Solutions of pilocarpine nitrate were spiked with isopilocarpine to investigate
the linearity of the relationship between peak height and concentration of isopilocar­
pine in the concentration range equivalent to 1-5 % isopilocarpine contamination. A
linear regression fit gave r = 0.99 (n = 15).

RESULTS AND DISCUSSION

Our investigation of the methods in the literature indicated that the method of
Noordam et al.14 appeared to be the most promising for routine quality control of
pilocarpine eye-drops. In practice, however, poor resolution due to excessive tailing
of the peaks made quantitation difficult. The method was modified as follows.

The ODS column was replaced by a jlBondapak phenyl column, which reduced
analysis times while improving peak shapes and resolution. Increasing column tem­
peratures led to reduced capacity factors and sharper peaks and a plot of temperature
against resolution showed a definite maximum at 40°C. In agreement with the obser­
vations of Noordam et al. 14 we found that decreasirig pH and increasing ionic strength
resulted in less peak tailing. However, a compromise was necessary because use of a
mobile phase with too low a pH resulted in overlap of the pilocarpic acids, and
pilocarpine peaks. A pH of 2.5 was optimum. We adopted the suggestion of Noor­
dam et al. that use of a mobile phase consisting of 5%potassium dihydrogen ortho­
phosphate provided a reasonable compromise between peak shape and the life of the
column. A discussion of the influence of pH and temperature on chromatographic
separations has been given by Horvath et al.1 s and Gant et al.16 respectively.

Init ially difficulties were experienced with the quantitation of isopilocarpine. It
was noted that the response factor for isopilocarpine (peak height per unit concen­
tration) changed slowly but uniformly during the course of a d ay's analysis. This
behaviour appeared to be linked to the age of the mobile phase since results from later
experiments conducted with freshly prepared mobile phase showed no drift. Before
this link was established the rate of drift was determined by making a series of
injections of standard at particular times recorded throughout the day's analysis. The
appropriate response factor for each sample could then be interpolated and used to
calculate the isopilocarpine content. The analysis results obtained with this drift
compensation compared very closely to those obtained when the same samples were
re-analysed with freshly prepared mobile phase . Smuckler" ? and Rabel ' 8 reponed
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chromatographic problems arising from the gradual accumulation of un-identified
UV absor bing impurities in solutions of KHzP04 . In order to check the relevance of
their findings to our observed dri ft in response facto r, mobile phases were prepared
using both highly pur ified and artificially contaminated KH zP04 , prepared acco rding
to Smuckler 's!? procedure . No discernable difference was noted in the resultant chro­
matograms. To date no explana tion has been found for the observed drift but the age
of the mobile phase appears to be a factor.

The results of the survey are given in Table 1. The samples consisted of 29
batch es from 4 different manufacturers which are identified by the letters A to D.
Weber9 surveyed 12 batches from 10 manufacturers ava ilable on the U.S.A. mark et.
Ta ble II compa res the results of our survey to those obt ained in Weber 's survey and
shows the mean pH and mean contents of pilocarpine, isopilocarpine and pilocarpic
acid. The range and standard deviation of each set of values are also included.

TABLE I

EXPE RIME NTAL RESULTS OF SURVEY

Manufacturer Pilocarpine content isopilocarpine Pilocarpic acid pH
- - - _ .. percent of total percent of total
Ma nufac turer Percent label alk aloids* alka loids*
label claim claim determined
(%)

A 0.5 94.4 0.63 2.74 4.46
A 0.5 91.7 0.65 2.38 4.53
B 0.5 96.5 1.23 4.91 4.49
C 0.5 97.6 I.2 1 5.06 4.49
D 0.5 103.3 1.90 6.26 5.02
A 1.0 96.8 0.51 3.91 4.18
A 1.0 94.5 0.74 3.36 4.24
B 1.0 94.3 0.95 3.79 4.24
C 1.0 93.1 0.96 3.83 4.24
D 1.0 101.1 1.75 5.35 4.81
A 2.0 94.1 0.74 4.01 4.08
A 2.0 95.9 0.67 3.89 4.09
B 2.0 94.0 0.84 3.27 4.19
C 2.0 95.0 0.84 3.13 4.20
D 2.0 103.1 1.15 4.70 4.50
A 3.0 93.0 0.43 4.75 3.98
A 3.0 92.2 0.43 4.61 3.99
B 3.0 96.2 1.37 4.79 3.92
C 3.0 98.5 1.17 3.98 4.36
D 3.0 105.4 1.06 4.98 4.23
A 4.0 93.9 0.63 2.20 3.97
A 4.0 97.4 0.66 4.24 3.96
B 4.0 96.2 1.06 4.16 4.14
C 4.0 95.0 1.04 4.22 4.14
D 4.0 106.2 0.84 3.72 4.25
A 6.0 93.9 0.58 4.42 3.95
A 6.0 95.6 0.76 4.27 4.19
B 6.0 96.3 1.45 4.25 4.40
D 6.0 103.6 1.35 4.23 4.19

* Tota l content of pilocarpine and isopilocarp ine.
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TA BLE II

MEAN RES ULTS OF U.S.A. SURVEY COMPARED TO AUSTRALIAN SURVEY

The first result in each block is the mean and standard deviat ion, the second is the range of values
determined.

Result s

U.S.A . survey Au stralian survey

pH 4.36 ± 0.60 4.26 ± 0.26
3.55- 5.20 3.92- 5.02

Pilocarpine as % 98.7 ± 3.8 96.9 ± 4.0
of labelled strength 93.7-104 91.7-106.2

Isopilocarpine as % 1.5 ± 0.9 1.0 ± 0.4
of total alk aloids 0.4-3.4 0.4-1.9

Pilocarpine acids as % 3.9 ± 2 4.1 ± 0.9
of total alka loids 0.6-6.8 2.2-6.3
- - --_. ..._--~....

An investigation of the relationship between isopilocarpine content (as a per­
centage of total alk aloids) and pH for the data obtained in our survey is shown in Fig.
1. The results of the linear regression analysis, were slope 0.47 (0.54), intercept pH 3.8
(3.5) and r 0.68 (0.84). The results are similar to the results reported by Weber which
are given in parentheses. The discrepancy in r values is largely due to the outlying
data point circled in Fig. I. Rejection of this point changes the slope to 0.53 and r to
0.78. A linear regression analysis of content of pilocarpic acids against pH of the
samples gave poor correlation (r = 0.28) which is in agreement with the data reponed
by Weber.
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The main difference between the two surveys was the isopilocarpine content of
the preparations. Weber found a higher mean content (1.5) and a greater range (0.4­
3.4) of individual contents than was found in the Australian formulations, mean (1.0)
range (0.4-1.9). This difference is consistent with the following considerations. As
demonstrated by Weber and corroborated by our data, isopilocarpine content is
often proportional to pH (see Fig. I). The majority of samples examined by Weber
had pH values of either above 5.0 or below 4.0. This contrasts with our narrow pH
range of between 4.0 and 4.5 with one sample at pH 5.0. Thus the wider range of
isopilocarpine contents found by Weber would appear to be consistent with the wider
pH range of the samples examined.

The samples taken for this survey had been manufactured between 4 and 25
months prior to analysis . There does not appear to be a linear relationship between
age and content of either degradation product (r = 0.31), gradient (m) = 0.02 for
isopilocarpine and r = 0.04, m = 0.23 for content of pilocarpic acids. This lack of
correlation between age and content of degradation products may suggest good long­
term stability for pilocarpine eye-drop preparations. The differences in degradation
product concentrations between samples may be accounted for by differences in
history of sample preparation and source of pilocarpine. It is intended to establish the
stability of the samples analysed in this survey by re-analysing them at a later date.

Of the 41 batches analysed in the two surveys, only 3 samples were found to
have isopilocarpine contents in excess of 2 %of total alkaloid content. These 3 sam­
ples were part of Weber's survey and were found to contain 2.5, 2.6 and 3.4 %
respectively of isopilocarpine. These same 3 samples also showed atypically high pH

T
3

2

001.. A U

l-_ _l J .. _.L . --,--1
o 5 10 15 min

Fig. 2. Separation of standard pilocarpine (4), isopilocarpine (3). isopilocarpic ac id (2), and pilocarpic acid
(I ).
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values of 5.20, 5.00 and 5.05 respectively. The normally low isopilocarpine levels
found suggest therefore that classical techniques which determine total alk aloid con­
tent may give a reasonable indic ation of pharmacological activity. It should be noted
however than Urbanyi et al. 1 1 reponed that one preparation of pilocarpine nitrate
contained 25.2 % isopilocarpine.

CONCLUSION

The HPLC method described allows the simultaneous quantitation of pilocar­
pine , isopilocarpine, pilocarpic acid and isopilocarpic acid in eye-drop preparations.
The analysis time, sample preparation and low cost mobile phase make the method
suitable for routine quality control and stability trials.

Experience indicates that the mobile phase should be freshly prepared , as
ageing results in a drifting isopilocarpine peak height response factor. The cau se of
this drift is unknown.

As baseline resolution of the pilocarpine epimers was not achieved (Fig. 2) it is
recommended that epimer resolution be optimised for each system by manipulation
of mobile phase, pH and temperature.
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SUMMARY

A rapid high-performance liquid chromatographic method for the determi­
nation of nitroprusside in commercial lyophilized products or in intravenous admix­
ture solutions is described. The method is stability-indicating. Reversed-phase liquid
chromatography was performed using a microparticulate (10 j.Lm) phenyl column
with a mobile phase acetonitrile-phosphatejtetrabutylammonium hydroxide buffer
(pH 7.1) (30 :70) and detection at 210 nm . A coefficient of variation of less than 3.1 %
was achieved over the concentration range studied (10-50 j.Lgjml) . Total analysis time
was 9 min.

This method was used to show that there is a small loss of nitroprusside due to
photodegradation during intravenous infusion, even when the admixture container is
wrapped in foil as recommended and used expeditiously.

INTRODU CTION

Sodium nitroprusside is hydrated sodium nitrosyl pentacyanoferrate
Na 2Fe(CN)5NO · 2H zO . It is a potent, rapid-acting hypotensive agent when adminis­
tered intravenously. Sterile sod ium nitroprusside (U .S.A. Pharmacopoeia , USP) is
lyophilized sodium nitroprusside. The USP assay for this product is a polarographic
determination of the ferric ion at a dropping mercury electrode. Polarographic meth­
ods for nitroprusside"? require specialized instrumentation not available in many
laboratories and are not suitable for automation for routine analysis . Colorimetrict:"
and spectrophotometric ':" methods have heen described for the determination of
sodium nitroprusside and its photodegradation products. However, they are either
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not sta bility-indicating or they rely on unproven assumptions about the underlying
chemis try of the photodegradation. Coulornetric, gra vimetric and titrimetric methods
ha ve also been described ? but they also are time-consuming or require unusual in­
strumentation .

High-performance liquid chromography (HPLC) has become the method of
choice for the determination of sta bility of organic pharmaceuticals, but has had little
appli cation in the qu antitation of inorganic or quasi-inorgan ic compounds. A
method for the determination of nitrate and nitrite by HPLC with ultraviolet (UV)
det ect ion was recently described". This paper reports a method using ion-pair re­
versed-phase HPLC with UV detection for the rapid direct measurement of nitro­
pru sside in vials or diluted intravenous solutions, and which pro vides the potential for
measuring breakdown products. In the pre sence of light , sodium nitroprusside rap ­
idly undergoes a wide variety of react ions to yield numerous products dep ending on
the cha racteristics of the impinging light.' . Therefore its stability in an infusion set was
qu estionable.

EXP ERIMENTA L

Materials
Sodium nitroprusside (F isher Scientific, Fairlawn. NJ . U.S.A.) was used as the

standard. Sterile sodium nitroprusside, US P (Roche Lab s., Nutl ey, NJ, U.S.A.) and
dextrose (5 %) injection, USP (American McGaw, Irv ine, CA, U.S.A.) were used to
prep are admixtures. Distilled-in-glass acetonitrile (Burdick & Jackson, Muskegon,
MI , U.S.A.), tetra butylammo nium hydroxide (Eastman, Rocheste r, NY. U.S.A.)
sodium nitrate, sodium nitrite, pot assium ferricyanide, potassium ferr ocyanide an d
potassium phosphate monobasic (Mallinckrodt, St. Louis, MO, U.S.A .) were used
with out further purificati on . Pur ified water was further purified (Milli-Q water purifi­
cation system , Millipore, Bedford , MA, U.S.A.) prior to use.

Apparatus
The liquid chr omatographic system consisted of a so lvent pumping system. an

automatic sampler equ ipped with a 50-pi sample loop, a variable-wavelength detector
(detection wavelength 210 nm) and a lO-mV recorder (Perkin-Elmer, Norwalk, CT ).
A 30 ern x 3.9 mm J.D. column packed with phen yl bonded to lO-pm silica gel
(Water Assoc ., Milford, MA , U.S.A.) was employed.

M obile phase
The mobile pha se was prepar ed fresh daily by thoroughly mixin g 300 ml of

acetonitri le and 700 ml of buffer. The buffer was 0.01 M potassium pho sph ate mon o­
basic and 0.005 M tetrabutylammon ium hyd roxide adjusted to a final pH of 7.1 with
ph osphoric acid. The mobile phase was filtered throu gh a 0.5-pm filter (Millipore)
prior to use and pumped at a con stant flow-rate of 2 ml/min ( < 2000 p.s.i.).

Standards
Sodium nitroprusside stock standard solutions were prepared at I mgjml in

5 %dextr ose in water USP (D,W). Th e flask was wrapped in foi l to protect it from
light.
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The stock standard nitroprusside solution was diluted with D,W to yield stan­
dards of 50, 40, 25 and 10 j1gjml, which were also wrapped in foil for prot ection from
light.

A 1.5-ml volume of each sta nda rd and each sample was placed in autosampler
vials (which had been made op aque with interior latex paint ), capped and injected in
duplicat e by the autosampler. Peak heights were used to construct ca libration curves
and for sample an alysis. Peak areas ma y also be used.

Analysis of unit dosage
The lyophilized sodium nit roprusside vials were recon stituted with exactly 5.0

ml of D 5W. The vial was sealed and shaken to dissolve the sodium nitroprusside.
Exactly 1.0 ml of this so lution was quantitatively transferred to a 200-ml volumetric
flask and brought to volume with D, W. Th e flask was wrapped with foi l to protect it
from light. Quadrupl icate samples (50 j1g/ml ) were prepared from each vial.

Infusion set study
Admi xture so lutions were prepared to contai n sodium nitroprusside 100 j1gjml

as per packa ge insert instruc tions. Solutions were immediately wrapped in foil. Pr ior
to the attachment of the infusion set a control sample was taken from the admixture .
Nitroprusside degrad ation while trav ersing the infusion set was defined in relation to
this control, which was taken as 100% of theoretical. Th e infusion set spike was
inserted into the IV bottle which was then inverted and hung. The tub ing was filled by
gravi ty flow upon release of the roll er clamp. Flow-rate regulat ion was accomplished
by measuring delivered volume over time at 10 drops/m in. Flow-rate s were moni­
tored th roughout the test period . An initial 3-ml sample was taken from each set.
Addi tional samples were taken at 30, 60, 90, 120, 180, 240 and 300 min . Th e samples
were stored in foil-wrapped glass vials with ru bber sto ppers at IODC until assayed.
These samples were diluted I :I with D,W pr ior to an alysis.

Light studies
Admixtures were prepared as described above in label free bottles and sto red in

a high intensity light ca binet (1400- 2000 foot-ca ndles), in sunlight and und er 24
h /d ay fl ourescent light s. A control wrapped in foil was sto red in the dark. Th ese
samples were diluted I : I with D, W prior to ana lysis.

RESULTS AN D DISC USSION

Chrom atography
Using ion-pair chromatography with tetrabutylammonium hydroxide (TBA,

0.005 M ) as the ion- pairing agent , the effect of the eluent composition on the reten­
tion time of sod ium nit roprusside and its major degradation products as well as
potassium ferri cyan ide and ferrocyanide was investigat ed. Potassium ferricyan ide
and fer rocyanide were used to determine whether this HPLC system could differen­
tiate ferrocyanide, ferricyanide and nitroprusside.

As the pH of the aq ueous phase was increased, the retention time for nitro­
pru sside, its major unidentified phot odegrad at ion prod uct, ferrocyanide and fer­
ricyanide increased as shown in Fig. I. At the pH values studied. nit roprusside deg-
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Ret ent ion
t im e (m in)

pH
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Fig. 1. Effect of the pH of the mobile phase on the retention times of nitroprusside. its major photodegrad­
ation product, ferricyanide and ferroc yan ide. . , Nitroprusside; . , ferro cyanid e; ... , ferricyan ide; • .
degrad ation product.

radation products eluted first, then ferrocyanide, ferricyanide and finally nitro­
prusside. Ferricyanide and nitroprusside eluted at about the same retention times at
all pH values .

A pH of 7.1 was chosen for the chromatographic procedure because at this pH
the greate st separation of degradation products and nitroprusside occurs and the
integri ty of the column can be maintained.

As the percentage of acetonitrile in the eluent decreases, the retention times for
nit roprusside, its maj or photodegradation products, ferrocyanide and ferricyan ide
increased as shown in Fig. 2. A mobile phase composition of acetoni trile- buffer
(30 :70) was chosen for the cnromatographic procedure. Under these conditions ni­
troprusside is resolved from its photodegradation products and sample time is mini­
mized for routine analysis.

The eluent used in the HPLC procedure for the determination of sodium ni­
troprusside in the commercial lyophilized product, admixture solutions, infusion set
studies and photodegradation studies was acetonitrile-O.OOS M tetrabutylammonium
hydroxide, 0.01 M potassium phosphate (pH = 7.1) (30:70). Chromatograms of a
sample of nitroprusside admixture so lution. reference sta nda rd. infusion set sample
and photodegraded sample under the above chromatographic conditions are given in
Fig. 3. Several extra peak s near the so lvent front. presumably degradation products.
are present in the photodegraded sample. The retention times of these degradation
products are similar to those of nitrite and nitrate.

Precision
Four repl icate nitroprusside samples (50. 40. 25 and 10 .ugjml ) were automa ti­

cally injected. and their peak height s were measured (Table I) . A correlation coef-
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Fig. 2. Effect of acetonitrile content of the mobile phase on the retention times of nitroprusside . Its major
photodegrad ation product. ferr icyanide and ferrocyanide. e, Nitroprusside ; _ , ferrocyanide; A , fer­
ricyan ide ; • • degradation product.

Fig. 3. Actual chromatograms of nitroprusside admixtures. (A) Sodium nitroprusside admixture in dex­
tro se (5 % ); nomin a l concentration is 50 ug ml. (B) Sodium nit ro pru sside standard at a nominal concen­
trat ion of 10 /lg/m l. (C) Sod ium nitroprusside sample at a nom inal concentra tion of 50 /lg/ml after passage
thr ough an infu sion set exposed to normal room light . (D) Sod ium nitroprusside admix ture after 3 da ys in
a 1400- 2000 foot-candle light cabinet. Nominal init ial concentra tion of 50 /lg/ml.

ficient of greater than 0.999, a coefficient of variation (c.Y.) of less than 3.1 %and an
accuracy of grea ter than 98.2 %were consi stently obtained . Although similar results
were obtained using peak areas, for consis tency peak heights were emp loyed for all
analyses.

TABLE I

PR ECIS ION DATA FO R SOD IUM NIT ROPR USSID E EMPLOYING PEAK HEIGHTS

N itroprusside
concentration
( IIg/lIl /)

Mean ( n = 4 )

peak height
( mm )

Adjust ed
group mean

S.D.

50 182.25 96.6 2.4
40 144.25 100.7 2.1
25 91.00 99.7 1.2
10 36.38 99.7 l.l
Ove ra ll 99.9 1.8

- -_ ._ -~-_ . - - ._.- -_.__ .
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Potency study
Four vials from two commercial lots of lyophilized sod ium nitroprusside were

analyzed (Table II). A c.Y. between different vials of the same lot of less than I ~~< ) was
found. The pooled C. Y. was less than 1.4 ( ~'O"

TABLE II

POT EN CY OF SODI UM NITROPRUSSIDE VIALS IN MILLIGRAMS

Label claim is 50 mg.

LVI A Lot B
._ --- - - -- -

Via/ A Vial B
------- - --• .. ._.._" .._--,,----

Mean (II = 4) 48.16 48.04 48.92
Stand ard de~iation 0.652 0.477 0.376

Vial C

50.02
0.286

Admixture infusion set study
An admixture of sodium nitroprusside was connected to an infusion set and

kept in the dark, which protected the nitroprusside from the effects of light but
permitted gas exchange to occur. Duplicate experiments gave no evidence of nitro­
prusside degradation or adsorption.

Admixture solutions of sodium nitroprusside protected from light with alu­
minium foil were connected to administration sets and exposed to normal room light.
Duplicate experiments were performed. Every delivered potency was equal to, or less
than, the bottle control. This is the opposite of what is seen in the light-protected sets .
A comparison of the light-exposed and -protected sets (Table 1II) shows that the
light-exposed sets have a lower delivered potency over the entire time span of the
experiment. This supports the theory that the loss of nitroprusside potency seen
during i.v. infusion is due to light instability and not adsorption to plastic. Although
the maximum difference is only 3.5 %, an examination of the chromatograms of
samples exposed to light shows very small peaks at approximately the retention times
of the light-degradation products. While the peaks are too small to be definitive, they
also indicate photodegradation.

TABLE III

POTENCIES DELIVERED FROM i.Y. INFUSION SETS

Nominal concentration 100 j1g/ml (10 drops/min)

Time (min) Sets protected fr om light
(%boule control )

Sets exposed to light
(% bottle control)

o
30
60
90

120
180
240
300

102.5
101.5
101.3
101.3
1Ol.l
101.4
101.4
101.4

100.0
98.8
98.7
98.0
98.0
97.9
98.5
98.4
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Because photodegradation would be a fun cti on of exposure tim e, and the
ex pos ure time is con stant at a uniform drip-rate, eac h dat a point ca n be th ou ght of as
a repl icate sam ple. Performing a T-test on th e two data se ts sho ws th at wh ile the
nitro pruss ide loss d ue to light degrad ation is sma ll it is stat ist ica lly sig nifica nt.

Pliot odegrudat ion st ud v
Sod ium nitroprusside ad m ixtures were ex posed to various types an d int en sit ies

of light to help assess their sta bility (T a ble IV). W hen pr operly pro tect ed from light
the admi xtures show good sta bility. Even when ex posed to normal fluorescent light
general ly accepta b le sta bility was seen for the first few hours. After 6 h o n a labo­
ra tory bench with the room light s on th e sa m ple still exh ibi ted 93 'X, of its in it ial
potency. However, since pot enti ally toxic degrad at ion products may fo rm it wo uld
a lwa ys be wise to foll ow package insert direct ion s to wrap th e infusion bo tt le with fo il
and use the adm ixt ure quickly after preparati on . It is part icul arly interest ing to note
th at d irect sunlight was the most potent source of ph ot od egr ad at ion tested, causing a
32 '~ (l potency loss in only one hour . This ubiquitou s poten t ia l so urce of de gr adation
must be considered during all phases of admixture preparation , tran sportation and
usc. Fi na lly, a high-intensity light cabinet wa s found to provi de a n effec t ive, con­
veni ent model system for studying the photod egr ad ation of sod ium nitroprusside
ad mixtures as all light sources gave similar chromat ograph ically de tected br eakdown
patterns.

TA BLE IV

SOD IU M NI TROPR USSIDE POTENCY (/lg /ml) IN D EXT ROSE (5 ';';,) AD M IXTU RES STORED
UNDE R LIGHT CONDITIONS

Time (h) Control Room light.
foil-wrapped fluorescent light .
dark cab inet 24 h/d,,)"

Init ial 50.54 52. 12
I 50.46 51.97
2 52.39 52.52
4 51.04 50.55
6 49.81 48.46
7 4S.83 46.74

24 49.39 43.30
3 1 49 .22 41.4 5
48 51.47 38.57
60 47.62 31.66

144 49.07 23.63*

* From this time the solution was blue.

CO NC LU SIO N

Willdo w light
eastern window

50.54
34.44
27.56
22.5 1*
14.89
11.94
11 .87
8.49
6.76
3.78
1.73

High-intensity
light cabinet .
I40()- 2000 foo t­
candles

50.76
45.26
38.38
28.78
23.74*
21.53
9.68
7.65
4.09
1.18
0.69

An analyt ica l method has been developed wh ich a llows qu antitation of sodium
nit ro pru sside in admixture solutions, in commercially avai la ble lyophilized vials and
during photodegradation studies. This HPLC method was used to sho w th at while
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there is no adsorption to the infusion set there is a small loss of nitroprusside due to
photodegradation even when the infusion bottle is wrapped in foil.
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C HIC K EN TISSUE AND CHICKEN FEED USING HIGH-PERFORMANCE
LIQUID CHROMATOGRAPHY
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HOUSE

Department of Analytical Chemistry. Huntingdon Research Centre. Huntingdon PEl 8 6ES (Great Britain )
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SU M M A RY

Methods are described for the analysis of the anti-coccidial drug, halofu­
ginone, in chicken tissue at co ncentrations as low as I ppb (0.001 ppm) and in chicken
feed at a concentration of 3 ppm, using high-performance liquid chromatography.
The tissu e analysis involves: enzymatic release of the halofuginone followed by ethyl
acetate extraction under basic conditions, partition into ammonium acetate buffer ,
concentrat ion using Sep-pak™ C 18 cartridge . Th e feed analysis involves : ethyl ac­
etate extraction under basic conditions, partition into hydrochloric acid, concen­
tration using XAD-2 column chromatography. Both methods use high-performance
liquid chromatography with ultraviolet detection for the final analysis. Preci sion and
accu racy data for both methods ar e given .

INTROD UCTION

Halofuginone (DL-rrans- 7-bromo-6-chloro-3-{3-(3-hydro xy-2-piperidyl)
acctonyl}-4(3H )-q uinazo lino ne hydrobromide) (I ) is an anti-coccidi al drug proposed
for incorporat ion in poultry feed to permit co ntinuo us administration to bro iler
chickens . For the purposes of registration, sensitive and precise methods were re­
quired for the an alysis of halofuginone in chicken tissues. particularly liver and
kidney. and in chicken feed at the inclusion co ncentration of 3 ppm. A pre viou s
paper! from this laboratory ha s described a high-performance liquid chromato­
graphy (HPLC) method for analysing feed at 3 ppm. To eliminate the interference
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caused by matrix co- extractives from so me feed s, modification of the HPLC co n­
ditions of this method was necessary. This paper describes the modification, with
precision a nd accuracy data generated o ver ~ years, an d the exten sion of the method
to the a na lysis of chick en tissue s a t con centrations as low at I ppb (0.00 1 ppm).

EX PERIMENTA L

Apparatus
H PLC. A Waters Assoc. (Hartford, Grcat Brit ain) M-6000A pump fitted with

a /lBonda pak C I K (30 ern x 3.9 mm 1.0.) pre-p acked co lumn (Waters Assoc.) was
used . Injection was achi eved by means of a WI SP 7 10A a utoma tic sa m ple injector
(Waters Assoc.) . The elu ate from the co lum n was monitored using a LC- UV variable­
wavelength UV detector (Pye-Unicam, Cam bridge, Great Britain). Output from the
detector was measured o n either a Spectra-Physics SP4100 computing integrat or
(St. Alb an s, Great Brita in) o r W + W ser ies 1100 cha rt reco rder (Basic, Switzer la nd) .

General. Sample macerati on was ac hieved usin g a Polytron mod el PCU-~ ma­
cera tor (K inematica, Swi tze r land ). G lass columns (30 x I em 1.0.) with sint crcd
filters were used for ma cr orcticular resin separa t io ns . A Beckman Model 3500 dig ita]
meter with co m bination electro des was used for pH measurements. Cen trifuga tio n
was accomplished using a MSE "GF-S" ce ntrifuge (Crawley, Great Britain) capabl e
of acce pting ~OO-m l glass ce n tr ifuge bo tt les. Biichi " Ro ta va po r R" ro tary film evap­
orators (R F E; Orrne Sc ien tific, Middlet on , Great Britain ) were used for reduced
pressure eva pora tions.

Materials
Ana lytica l-grade hal ofuginone (m icro niscd) was obta ined from Rou ssel Ud al'

(pari s, F ra nce) . The macr orcticular resin , Amberlit e XAD-~ sta nda rd gr ade (BDH ,
Poole, Great Britain), was freed from chloride ions by wat er wash ing and purified by
overnight Sox hlet ext ra cti on with methanol. The purified resin was sto red , und er
methanol. in sto ppered glass bottles. Immediately pri or to use, a slurry of the purified
resin ( lOg). in methan ol. was transfer red to a glass chro matogra phy co lumn a nd,
aft er draining of the methanol. washed tho ro ug hly with gla ss di still ed water. Scp­
pak1M C 1 >! ca rtr idges (W at er s Assoc.) were pre-wash ed seq uen tia lly with methanol (2
ml) and glass -d istilled wat er (5 ml). All chem ica ls wer e ana lytica l-reagent grade an d
all solvents HPLC grade. The enzyme pre para tion, T ryp sin, was labo ratory-reagent
grade (Fi so ns Scientific. Lou ghborough . Great Brit ain) . Unmcd icated (cont rol )
poultry di et was prepared at Huntingd on Research Cen tre to a fixed commerc ia l
rec ipe and co n tro l and treated chi ck en tissues were o btai ned from th e De partment of
Animal Scienc e at Huntingdon Rese arch Cent re.

Acet ate buffer (0.25 M , pH 4.3) was prepared by dissolving ammonium acetat e
(19.4 g) a nd glacia l acet ic acid (30 ml) in glass-d istilled wa ter and dil uting to I I. with
glass -d istilled wa ter. Acet ate buffe r (0. 1~5 AI. pH 4.3) was prepared by diluting 500
ml of the 0 . ~ 5 M, pH 4.3 ace ta te buffer to I I. with glass -d ist illed wa ter.

Chromatography
The HPLC mobile phase con sisted of acetonitrile acetate buffer (0.~5 !'vI) .

wa ter (5 : 3 :1 ~ . vjv i v), re-adj usted to pH 4.3 with glacia l acetic ac id a fter mi xing.
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Sample injection volume was 40 .u l for feed ana lysis and 100 .ul for tissue analysis.
Chroma togra phy was carried out a t ambient tem perature (23 ± JC) using a mobile
phase flow-ra te of 2 ml/rnin. Th e eluate fro m the HPLC co lumn was monitored at a
wavelength of 243 nm . Cha rt recordings were mad e at a chart speed of 0.5 em /min
using a detector sensitivity of 0- 0.04 a.u.f. s. (W + W) or 0- 1 volt un attenuated
(SP4100). Under the se co nditions the retention volume of halofuginone was 14 ml.

Procedures
Finishedfeeds (approxima telv 3 ppl/l hulofuginone ) , A representative sample of

feed (lO g) was macerated with sodi um carbonate so lution (10 ml; I0 ~~ w/v) and eth yl
ace tate (100 ml) . Th e phas es were separated by cent rifuga tio n and th e et hyl aceta te
phase decanted . The residue was rc-cx tractcd with ethy l ace ta te (100 ml) and the
combined ethy l acetate extracts was hed with sa lt-saturated sodi um carbonate so­
lution (50 ml ; 5 It" w/v). The ethyl acetate ph ase was separat ed, extracted with hydro­
chloric acid (2 x 50 ml. 0.1 M) an d the combined hydrochlori c acid ext racts washed,
by gentle agi ta tion, with ethyl acetat e (10 ml). Residual ethyl aceta te was removed
from the acid so lution (RFE at 40 'C 5 min ). Th e acid so lution was passed through an
Amber lite XAD-2 macroreticular resin co lumn prepared as unde r Ma terials and the
co lumn washed with hydrochloric acid (20 ml, 0.1 M). An y residual acid so lution was
removed from the co lumn usin g low-pressure compressed air. Th e co lumn was
equ ilibrated with methanol for 10 min and eluted with meth an o l (100 mI). The so lvent
was eva pora ted (R F E at 40' C) and the residue d issolved in HPLC mobile phase (10
ml), filtered thro ugh a Wh atman GF/F paper and analysed by HPLC.

Tissues. Trypsin (0.5 g) an d water (10 ml) were added to a representative
sam ple (20 g) of homogcn ised tissue, mixed , and the pH adj usted to 8 ± I by th e
dropwisc ad d itio n of sodi um ca rbona te so lutio n ( I0 ~-;;, w/v) . Th e mixtur e was in­
cubat ed for 3 h (wat er bath, 40"C). a llowed to cool to ambient temperature and
macerated for 3 min with sodium carbonate so lution (10 ml; 10 /~, wiv) and eth yl
aceta te (100 rnl), Aft er cen trifuging. the organic pha se was decanted. the residue re­
extrac ted with ethy l aceta te (100 ml) and the comb ined extracts was hed with sa lt­
sa tura ted sodium carbo na te so lution (50 ml ; 5 'I;'. w/v) .

Th e or ganic layer was extracted with ammonium aceta te buffer (2 x 50 ml,
0.125 M ) and the com bined aqueou s extracts washed. by gentle agitation. with ethyl
acetate (10 mI). Residua l ethy l acetat e was rem o ved from the aq ueous so lution (RFE
at 40C 5 min). Th e so lution was tran sferred quantita tively to a vo lume tric flask (100
ml) and diluted to vo lume with ace ta te buffer (0.125 M ). An aliquot (10 ml) of the
so lution, after filtrati on through a Whatman GF/F paper. was passed thro ugh a pr e­
washed Sep-pa k C 1 ~ cartridge. Thi s was rep eated with a seco nd aliquot (10m!) and
the ca rtridge washed with glass-dis ti lled water (3 ml). Halofuginone was eluted from
the cartridge with meth an ol (5 ml), the elua te co llected in a ta pered test tube (10 ml)
and evaporated to dryness using a stream of dry nitro gen. The residue was dissol ved
in HPLC mobile phase (200 .ul) and analysed by HPLC.

S tan dard solutions
Halofuginone (50 mg ) was dissol ved in acetate buffer (250 ml , 0.25 M) to

produce a sto ck stand ar d soluti on . Portions of the sto ck sta ndard so lution were
diluted with HPLC mobile phase to provide ca libration sol utions in the ran ge 0-5.ug
halofuginon e/rnl .
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TABLE I

PRECISIO N AND ACCURACY (FIN ISHED FE EDS )

A. ANDERSON et al.

The fo llowing procedural reco very data has been generated by three ana lysts over a 2-yea r period .

Concentrat ion (no mina l)
Num ber of determinations
Mean recov ery
Stan dard deviation

Control

1

3 ppm
85
92.7 ~~~

±4.2%

3 ppm Feed

1

8 Minute s 8 Mi nut e s

Fig. I. Chromatogram s o bta ined for extracts from co nt ro l feed and Iced cont a inin g halofuginonc a t J ppm .
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Procedural recoveries
Finished feed. The stoc k standard halofu ginone solution was diluted to a con­

centration of approximately 10 Ilg halofuginon e/ml with glas s-distilled water and
portions (3 ml) of thi s solution used to fortify control feed (10 g) to produce halofu­
ginone concentration s of 3 ppm. Th e mix ture was analysed immediat ely as described
under Procedures.

Tissues. The stock standard halofuginone solution was diluted with glass-dis­
tilled water to a concentrat ion such th at th e addition of 100 III of the solution to
control homogenised tissue (20 g) gave hal ofuginone co ncentra tio ns in the ra nge
0.01S~·1.0 ppm in the tissue. The mixt ure was an alysed as described under Procedures.

Calibration and calculation
Ca libration curves of chroma tog ra phic pea k height or peak area versus con­

cent ration of halofuginone (llg/ml) were constructed usin g the data o btained by injec­
tion s of aliquots of the standard solutions prepared as described under S tandard
solu/ions.

5 ~g halo f ug inone/ml

1 ~g ha lo f ug i none / ml

8 Minutes 8 Mi nu t e s

Fig. 2. Chromatograms ob tai ned for cu libru uon sta nda rds o f halofu ginon e.
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Concen trations of halofugin one in sam ples were det ermined by mea sur ement
of the chroma togra phic pea k heig h t or pea k area a t the ch aracterist ic reten tion
vo lume for halofuginone an d, after interpolation to the appropriat e calibration
curve. a pplication of th e necessa ry di lut ion fac tors .

R ESULTS A ND DISC USS IO N

HPLC was fou nd to be superior to ga s-liq uid chromatography for the an alysis
of ha lofuginone at 3 ppm in finished fecd ' . Using th e HPLC me thod de ta iled in this
paper we have analysed approximately 500 commercia l finished feeds from many
di ffere nt feed compounders without interference fr om feed co-extrac tives. Duri ng this
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" A BL E II

PR ECI SIO N AN D ACCU RACY ( TISSU ES)

Th e tol lowing proced ural recove ry dat a illust ra tes the pr ecis io n and accuracy o r th e met hod used 1'01'

a naly sing tissues .

T is.Hli' Fort ification No. 01 M ean f ccorer." Reco very f U Il K"

range (1'1'11/ .1 determinat ions ( ': .1 ( ...er )

l .ivc r 0 .0 15 1.03 IX XI.O 6X'J3*
Kidn ,'y 0 .0 15 1.03 17 X4.3 (N 100

Mu"ic 0.0.1 -r 'JX.7 74- 117,
Skin a nd

ral 0 .03 10 X7 3 T!.· 104

* On e rl'CO\ cr y was o btuiucd a l 124 "" (0.03 ppm ).

1
,.

t 1 1

H M 1 11111 , '~-;
...--------...1 ...,------~
Fig. 4. C hro mato gra ms obtained 1'0 1' extract s lrom co ntro l chicken tissues . Co ntrol t issue extr ac ts: liver
(A ). kid ney ( H). m uscle (C). a nd skin a nd 1:lt (D) .
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time a total of 85 procedural reco veries have been undertaken , by three different
an alysts. Th e precision and accur acy data ar e shown in Tabl e I, indic ating the method
to be both precise and accurate. Typical chromatography for the feed analysis is
shown in Fig. 1, with typical calibrat ion chro mato gra ms and calibration cur ve shown
in Figs. :2 and 3, respectiv ely. The method has proved to be both very selective, so
elim inat ing interference from other compo unded animal products, and stability in­
dicating. Analysis of sma ll-scale (1- 7 kg) mixes of halofuginonc with poultry feed and
radioactive experiments have shown that the procedural recovery data, a ltho ugh
generated by aqueo us add ition of halo fugin on e to feed , is a good reflection of the
accuracy of the method .

The HPLC method for analysing halofuginonc in feed was modifi ed to develop
a procedure cap able of det ectin g halofuginon e in tissues a t concen trations as low as
0.001 ppm (1 ppb). To reduce solvent volumes, th e decision was tak en to replace the
XAD-:2 resin column with a Sep-pak CI S cartridge. Prev ious work had suggested that

1 1 1
; '

1

,
8 Mi nl l t. t' S f~ r-1 iI11 It( " ~ d r" \I \ ',II ," -- ij M l 1111~ ' '' ~

Fig . 5. Chroma tograms o btai ned fo r ex tract s from co ntrol ch ic ken tissues to rufied with hu lofug ino nc. A.
Liver (0 . 1 ppm halofuginonc): B. kidney (I ppm); C. m usc le (0.03 ppm) ; D. skin and fat (0.0 3 pp m ).
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the USc of 0.1 M hydrochl oric acid resulted in breakdown of the Scp-pak C J ~ support .
Therefore, the hydrochloric acid. used to extract hal ofuginone from the ethyl acetate,
wa s repl aced with ammonium acetate buffer. An aliquot of th e buffer solution was
pa ssed through a Sep-pak C J ~ cartridge, ena bling collect ion of the elua te in a small
tapered glass tube and the ability to concentrate to a final mobile phase volume of 200
,ul to achieve the requ ired sensitivity. The use of Sep-pak CJ ~ for feed analysis is also
po ssible, and precision and accuracy data arc presently being generated using this
modification. It was also necessary to use the enzyme. tr yp sin, to release halofuginone
from the tissues.

The precision and accuracy data of the method used for ana lysing tissues arc
given in Table II with typical chromatography, obtained from control tissues and
tissues fortified with halofuginone. shown in Figs. 4 a nd 5 respectively. The accuracy
of the method was not significantly different over the concentration range of the
procedural recoveries or for different tissue s. although recoveries were gen erally
higher from muscle. The lowest concentration of halofuginone at which procedural
recoveries wer e undertaken was 0.0 15 ppm, although the limit of sens it ivity . defined
as the concentration of halofuginone producing a peak with a height three times
instrument noi se. was estimated at 0.00 I ppm (I ppb).

This method has now been used successfully to an alyse tissues from chickens
dosed for 14 days with radioacti ve halofuginonc, in order to determine the target
tis sue and the ratio of halofuginonc to total radioactive residues.
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Con siderable importance is attached to the de velopm ent of procedures for the
purifica tio n of synthesized peptides where good chromatographic fraction at ion can
be achieved. Partition chromatograph y in volatile so lvent systems has for some time
been a useful procedure for lar ge amounts of material. Amounts of pept ide in the
range 100-500 mg were easily separa ted in the counter-current distribution machine
of the Crai g- Post design . Thi s large appara tus, howe ver, is no longer commonl y
available. Methods utiliz ing more modern instruments which are relati vely compact
and accessible were evaluated for their applicabi lity to purifying large amounts of
synthesized peptides. These methods provide potentially easy and routine initia l frac­
tion ation steps. One procedure stud ied in this exper iment is counter-current chroma­
tography performed in the horizontal flow-th rou gh coi l planet cent rifuge.' :". Thi s
liquid-l iquid partitio n system allows excellent recovery of materia l and is versati le in
that either phas e is used as the mobile phase. The ot her procedure evaluated was
high-performance liquid chromatography (HPLC) using a semi-preparative C I H

column , 30 ern x 7.8 mm t o . flBondapak (Waters Assoc., Milford, MA, U.S.A.). In
this case the resolu tion was expected to be bett er. Both these procedures were tried in
the purification of the dodecapeptide fJ-LPH (66-77), or des-en kephalin y-endorphin,
a f3-endorphin fragment studied for its possible neurolept ic-like beha vioral effects:'.
The results were compared on the basi s of pur ity and reco very.

EXP ERIM ENTAL

All chemicals were ana lyt ica l grade reagents . n-Butanol was from Burd ick &
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Jackson (Muskegon, MI, U.S.A.). Acetonitrile and methanol were HPLC grade from
Waters Assoc. Water used in HPLC was deionized and glass distilled.

The peptide des-enkephalin i'-endorphin (Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro­
Leu-Val-Thr-Leu) was synthesized by the automated solid-phase procedure on a
Beckman 990B instrument". The N-C(-Boc amino acids in 2.5 molar excess were
coupled in the desired sequence to 0.92 g Leu substituted chloromethyl I 'j;) divinyl­
benzene cross-linked polystyrene resin (0.4 mmol) using dicyclohexylcarbodi-imide as
the coupling agent. A 4-molar excess of Boc-Gln was coupled as the p-nitrophenyl
ester in dimethylformamide. The side-chain-protected N-C(-Bo'c amino acids were
benzyl Thr, benzyl Ser, 1:-2CI carbobenzoxy Lys, i!-benzyl Glu and Glnp-nitrophenyl­
ester (purchased from BaChem or Chemalog). Each coupling step was repeated with
half the amount of coupling amino acid. The peptide resin was cleaved and de­
protected with 10 ml of anhydrous hydrogen fluoride and I ml of anisole for 45 min at
O°C.

Counter-current chromatography was carried out in the horizontal flow­
through coil planet centrifuge with 2.6 mm I.D. PTFE tubing coiled in 1000 turns
with a capacity of 260 ml, The column was charged with 230 mg of peptide in 5 ml of
each phase of the solvent system, 0.1 %trifluoroacetic acid-n-butanol (1: I, v/v). The
sample had a K value of 0.19 in this system. The coil was filled with lower phase and
the upper phase served as the mobile phase. The upper phase was pumped at 24 ml/h
and the column-coil was rotated at 400 rpm. Fractions of 6 ml or 15 min were
collected. The solvent front emerged at tube 28 (168 ml). The mobile phase was
pumped for three times the column volume, then the column contents were pumped
out emerging between fractions 130 and 170. The fractions were assayed by Folin­
Lowry determination", and tubes containing peptide were pooled, evaporated in a
rotary evaporator and lyophilized.

For preparative HPLC a 50-100 mg sample was dissolved in 0.02 M acetic acid
(0.1 /~) and passed through a Millipore filter and injected with the 6UK manual
injector in a volume of 2 ml onto the semi-preparative CIS ,uBondapak column,
pumped at a flow-rate of 3 ml/min with 0.1 /,) acetic acid. After 5 min, a linear
gradient of methanol was pumped from 0 to 60 %methanol in 60 min. Two 6000A
Waters pumps were used with a 720 systems controller. The column was run through
the chromatography conditions prior to loading the sample. Absorbance at 210 nm at
the full scale of 2 was monitored. Fractions of I min were collected and assayed by the
Folin-Lowry method, and tubes containing peptide were pooled and concentrated as
described above.

Solutions of 10 mg/ml were made of the different chromatographic products
and these were analyzed by TLC, analytical HPLC, and amino acid analysis of
hydrolysates. Analytical HPLC was done on the 30 em x 4 mm I.D. CIS ,uBondapak
column in 0.1 % phosphoric acid and 17% acetonitrile at a flow-rate of 3 ml/min,
Absorbance at 210 nm at 0.04 absorbance units was recorded.

RESULTS AND DISCUSSION

The yield of synthesized product after lyophilization was 382 mg of off-white
powder. On cellulose TLC in the system n-butanol-acetic acid-water (4:1:1, v/v/v),
there were two spots (not discrete but smeared) with RF values of 0.41 and 0.13.
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The results of an HPLC experiment are shown in Fig. I. Absorbance at 210 nm
was monitored. The peaks, determined by the Folin-Lowry method, were well sep­
arated. The yield of material from a chromatography of 50 mg was 2 mg in the peak
emerging at 37 min and 9 mg in the peak emerging at 48 min . In a chromatography of
100 mg, 3 and 29 mg were obtained, respectively. Amino acid analysis showed the
expected integral molar ratios of the amino acids in the material of the second peak .
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Fig. I. Preparative HPLC of 50 mg des-enkephalin y-endorphin. The pro cedu re is described in the text. Th e
abs orb ance recording of the Model 440 var iable-wavelength det ector (Waters Assoc.) at 210 nm with the
full sca le of 2 units is the solid line. The dashed line is absorbance at 700 nm. Samples of 20 III were take n
from 3-ml fract ion s and ana lyzed by the Folin-Lowry method . The dotted line indicates percent age of
meth anol. Th e column was pumped at 3 ml /min in 0.1 % acetic acid, and 5 min after injection of sample a
grad ient of meth anol at 1 %/min was started.

Since the yield was so low the other procedure was tried. A sample of 230 mg was run
in the horizontal flow-through coil planet centrifuge. As seen in Fig. 2, onl y a single
peak was found and it was not symmetrical, indic ating lack of resolution . The yield of
the major fraction of the peak was 148 mg and of the following material , 33 mg.
Much more material was reco vered in this procedure. Fig. 3 contains the traces of the
an alytical HPLC of each of the fra ctions from both procedures. In the upper pan el
(A) the maj or peak of the reversed-phase chromatography was pure. The major peak
of the counter-cur rent chromatogram contai ned impurities but was highly purified
(C) . This partially purified product was passed through the reversed-phase column,
afford ing complete purification but low yield (23 %).

Des-enkephalin y-endorphin, a neutral, non-aromatic, moderate-sized peptide
would be expected to be resolved only with difficulty from impurities of similar
structure, such as deletion or truncated peptides or diastereoisomers. The resolution
of the semi-preparative reversed-phase column in purifying this pept ide was excellent.
Th e impur ities were separated well from the major product by 10 min. Th is separa­
tion was not complete in the counter-cur rent chroma tography. Nevertheless, the coil
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fig. 2. Analysis of horizontal flow-through planet centrifuge fractions . The absorbance of 100-jJlsamples
anal yzed by The Folin-Lowry method is shown . Fractions 121-128 were pooled as the major product and
fractions 129-132 as the minor product. The solvent front emerged at tube 28. the lower phase at tube 121
and column contents between tubes 130 and 170. The conditions of the chromatography are described in
the text.
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c
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D
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MIN

Fig. 3. Analytical HPLC of 5-jJg samples of each chromatographic product. Recording at 210 nm absor­
bance (0.04 unit s full scale) is shown. The products of the HPL C prep arative fractionat ion are shown in the
upper panel. A is the large peak emergin g at 47 min and B is the smaller peak at 35 min (Fig . I). In the
lower panel C is the major component of the counter-current chr omatogr aphy fraction (121-1 28) and 0 is
the remainder of the material (129- 132) (Fig. 2).

could have been run longer or recycled to achieve a better separation. Compared with
the major product, the impurities were less hydrophobic eluting earlier in the re­
versed-phase and later in the counter-current chromatography.
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A serious problem with the reversed-phase chromatography, however, was the
recovery. Pure peptide attained by this method (29 %yield) was one half that of the
counter-current procedure (65 %). Th e counter-current fraction appeared to be highly
purified (at least 85 %) in the analytical HPLC. With other peptides the hori zontal
flow-through coil planet centrifuge has pro vided chroma togra phically pure prod­
ucts '':". Conditions will have to be developed to improve the recovery of peptide from
the reversed-phase column. Other volatile solvents or flow-rates or gradients could be
tried. Th e column packing material may be affecting the result s as well. The flow-rate
utilized was not very high and back pressure was ca. 3500 p.s.i. Furthermore, in one
example (D-Ala2 enkephalin Arg") which has a relativel y earl y retention time, the
reco very from HPLC after two chromatographic runs on a column was qui te high
(50 %). Thus the recovery may depend on the structure of the peptide. It is still
preferable to perform a chromatography that provides qu antitative reco very and
then resort to HPLC for further purification. If high recoveri es were con sistently
possible with HPLC then th is method cou ld be used exclusively.
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Dur ing the pas t two decade s, much work has been conducted by various re­
search groups to develop effective cholinesterase reactivators for use as therapeuti c
agent s in reversing the deleter ious effects of organop hosph at e poisoning of the ner­
vous system in mammals1- 5 . As a result of these efforts, severa l gro ups of compounds
ha ve been tested in animals in an attempt to unde rstand bett er their modes of action.
N-Methyl pyridinium-2-aldoxime chloride (2-PAM) is an oxime that falls within this
area of research. Altho ugh mu ch research has been performed on this compound ,
ma ny quest ions remain unan swered ; this is part icu larl y true with respect to the phar­
macok inetic actions of 2-PAM in humans.

In studies conducted by Ellin and co-workers":", 2-PA M was shown to degrade
via two routes when exposed to various hydrogen and hydr oxyl ion concentra tions in
vitro (Fig . I). The results obtained from these studies are relevant in view of the fac t
that 2-PAM may be subject to these condi tions when administered to human subjects,
either orally or intramu scularly as a therapeutic drug. It has been determined that
parent era l solutions contain ing pyrid inium oximes are most sta ble at pH values

0 -I +CI +H 20
N -o
I
CH3

Fig. I. Decomposition mechanism for 2-PA M in acid and alkaline solutions at 95"C.

0021-9673/81/0000 -0000/$02 .50 <0 1981 Elsevier Scientific Publ ishing Company
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below 5. Within an in I'ivo system, where the normal pH value is approximately 7.4,
the reaction kinetics for 2-PAM should follow the reaction scheme of the hydroxyl
ion degradation.

Specific and sensitive methods are required to establish the decomposition
mechanism for 2-PAM in vivo . In thi s paper, we describe a relati vely simple procedure
for separating and quantifying major degradati ve by-products of 2-PAM in both
basic and acidic solutions. The method involves the separation of 2-PAM and its by­
products by employing ion-pair reversed-phase high-performance liquid chromato­
graphy (HPLC). Amounts as low as 25 ng are detected by this method . Analysis time
requires less than 6 min per sample. In addition, high accuracy and reproducibility
are obtained by using this procedure. The method offers an excellent alternative to
many of the previously described procedures used for analyzing the pyridinium
oximes.

EX PER IMENT A L*

Apparatus
A Waters Assoc. (Milford, MA, U.S .A.) Model ALCjGPC 204 liquid chro­

matograph, equipped with two Model 6000A high-pressure pumps, a 660 solvent
programmer, a U6K loop injector, a 280-nm UV detector and a Model 730 data
module was used in thi s study.

Reagent s
All solvents and chemical s used in the study were either of spectroqual ity or of

analytical grade. Acetonitrile was obtained from Burdi ck & Jackson Labs. (Mus­
kegon, MI , U.S.A.). PIC-B7 reagent (I-heptane sulfonic acid) was purchased from
Waters Assoc. Stock standa rd solutions (5 f.1g jf.1l) of 2-PAM, l-methyl-2-pyridone
(Aldrich, Milwaukee, WI, U.S.A.) , 2-formyl-N-methyl pyridinium chloride hydrate,
2-carbamoyl-I -methyl pyridinium chloride monohydrate, and 2-carboxy-N-methyl
pyridinium chloride (Ash Stevens , Detroit. MI, U.S.A.) were prepared in methanol­
water (I :1).

Procedure
A pre-packed 30 em x 3.9 mm I.D. pBondapak CI S column (Waters Assoc.)

was employed to chromatograph all compounds used in thi s study. The mobile pha se
con sisted ofa 0.01 M solution ofPIC-B7 mixed with acetonitrile. PIC-B7 reagent was
prepared by dissolving 20 ml of the pre-packaged reagent into 480 ml of glass-distilled
water. The pH of the solution was 3.4. A PIC-B7-acetonitrile ratio of80:20 was used
in an isocratic mode to separate each compound. The flow-rate was 1.5 mljmin .
Column pressures ranged between 1500 and 1700 p.s.i. All separations were per­
formed at ambient temperature. Samples were introduced into the column through a
continuous-flow loop injector. Peak areas and heights were measured and computed
with an on-line integrator.

* The manu fact urer s' nam es a nd produ ct s a re give n as scientific info rma tio n an d do no t co nstitute an
end or seme nt by the U.S. G overnment.
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The therapeutic efficacy of 2-PA M to reacti vat e orga no phos pho rus -inhibited
cho linesterases is completely dependent upon the po tency of the antido te, based on
the stability of the active compound in the formul ati on , prior to its administra tion. In
certain cases where the ant icholinergic activity of the antido te is unknown due to the
deterioration of the parent compound caused by prolon ged storage con di tions, speci­
fic meth ods are needed to cha racterize the formulation.

In a series of recentl y publi shed reports"?" we stud ied the degradative fate of
several anticholinergic compounds after expo sur e to vario us pH and temperature
gradients. The data compiled from these studies were used to predict the shelf life of
these compounds when stored in different clima tic regio ns . In th is paper, we studied
the reaction kinetic s of2-PAM by subjecting it to elevated temperatures in acidic and
basic solutions , thus simulating long-term sto rage .

In order to identify the hydrolytic by-pr oducts of 2-PAM, a series of standard
solutions containing the major degradation products of th is oxime were prepared and
chroma tographed (Figs. 2 and 3). Concentrat ion s ran ged from 100 to 1500 ng/Ill.
Linearity was established for each compound chroma tographed. Experimental sam­
ples of 2-PAM were prepared in 0.1 N hydrochloric acid and 0. 1 N sodium hydroxide.

O.02A
2 o.oza

2

3

4

a I 2 345 6 a 1 2 3 4 5 6

TIME (MINl TIME (MINI

Fig . 2. Separation of a sta ndard solution containing (I ) 100 ng of 2-formyl-N -methyl pyr idinium chloride
and (2) 1.25 /l g of 2-PAM. Co lumn: 300 x 3.9 mm I.D . /lBondapak C1 s- Mobile phase : PIC-B7­
aceto nitrile (80:20). Flow-rate: 1.5 mljmin . Co lumn temperature: ambient.

Fig. 3. Separa tion of a standard solution of (1) 2-carboxy-N -methyl pyridinium chloride (560 ng), (2) 1­
methyl-2-pyridon e (560 ng), (3) 2-carbamoyl-l -methyl pyridinium chloride (280 ng) and (4) N-methyl
pyr idinium-2-aldoxime chloride (560 ng).

Eac h gro up was heated at 95"C for various time periods. Th e chroma to grams below
depict the results of this experiment. Chromatogram s of the acid hydrolysate s showed
a pattern of degradation with 2-formyl-N-methyl pyridinium chlor ide as the principal
hydrolytic by-product. The first signs of degr ad ati on were observed after 5 min of
heating. Heating was continued for 60 min . Samples were co llected every minute
during the first 5 min, followed by 5-min intervals during the next 30 min and in 10-
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min time periods, thereafter. During the 60-min hydrolysis, only 10 I;' of the 2-PAM
was degraded to 2-formyl-N-methyl pyridinium chloride. No other by-products were
observed in the chromatographic separations. Figs. 4 and 5 represent two time frame s
of the reaction kinetics for the hydrolytic break-down of 2-PAM in acid .

0.02A 2

0.02A 2

o I 2 3 4 5 6

TIME (MINI

N HCl at 95°C for 5 min . 1 = 2-

o I 234 5 6

TIME (MINI

Fig. 4. Chromatogram of a 1.50-jlg sample of 2-PA M heat ed in 0.1
Fo rmy l-N-methyl pyridinium chloride ; 2 = 2-PA M.

Fig. 5. Chromatogram showing the hydr olysis of 2-PAM in acid after 60 min . I = 2-Formyl-N- methyl
pyridinium chlor ide; 2 = 2-PAM.

Chromatograms of the alkaline hydrolysates showed contrasting result s for 2­
PAM. Hydrolytic degradation occurred rapidly. Whereas one major by-product was
formed during acid hydrolysis, a series of by-products were formed in the basic
solution. The chromatograms in Figs. 6 and 7 show the rate of form at ion of break­
down products occurring during hydrolysis.

0.02A
4

0.02A
I 2

2

343

0123456

o I 2 3 4 5 6 TIME (MIN)

Fig. 6. Chro ma togra m of a 1.50 jlg sample of2-PAM hydr olyzed in 0.1 N NaOH at 95"C for 5 min. ( I) 2­
Carboxy- N-me thyl pyridin ium chloride, (2) l -methyl-z-pyridine, (3) 2-carbamoyl- l -methy l pyr idinium
ch lor ide and (4) 2-PA M.

Fig . 7. Chromatogr am of the 60 minu te alkaline hydrolysate of 2-PAM. (I ) 2-Car boxy-N-methy l pyri­
d inium chloride, (2) l-methyl-z-py ridon e. (3) 2-carbamoyl-l-methyl-pyridiniu m chloride, (4) and 2-PAM.
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It was noted that after exposure of 2-PAM to alkaline hydrolysis for 5 min ,
three degradative by-products were observed in the mixture. As the reaction time
increased, the rate of degradation of2-PAM was accelerated . Upon completion of the
60-min hydrolysis, it was shown that l-methyl-2-pyridone (61.4 %) and 2-carboxy-N­
methyl pyridinium chloride (37.8 %) were the major by-products formed during the
hydrolysis. A small amount of 2-carbamoyl-l-methyl pyridinium chloride was also
formed.

Studies conducted by Kramer!! , from analysis of human urine, following oral
administration of 2-PAM showed that a metabolite possessing a carboxyl function
and weak acidic group was produced . The trend observed by Kramer is similar to
what we saw during basic hydrolysis in vitro.

In light of the evidence, which indicates that the degradative fate of 2-PAM in
\'i\'o is similar to in vitro degradation, the method described in this paper may possibly
be used to answer some of the questions pertaining to the metabolism of 2-PAM in
human subjects.
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Carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl meth yl carbamate) is a
bro ad spectrum insecticide/nema ticide". A variety of analytical methods involving gas
chroma tography (GC)2-5 and high-performance liquid chro ma tography'"? have been
reported for the analysis of car bofuran in environmental mat rices. All these methods
have varying degree s of specificity. We sought a reliable qu antitati ve method with a
high degree of specificity for confirmat ion of low-level carbofuran residues in water
samples involved in various environmenta l monitoring programs. This paper repor ts
a rapid specific meth od which allows accurate qu anti tat ion of carbofura n in water at
the 10 /lg/l level, with a lower limit of detection of 0.5- 1 /lg/l.

EXPE RIMENTA L

All solvents employed were Baker (Phillipsburgh, NJ. U.S.A.) Resi-Ana­
lyzed w. Standa rds were ana lytica l grade (> 99 % purity) prepared in FM C labora­
tori es.

Gas chromatography-mass spectrometry
A Hewlett -Packard HP 5992B microprocessor controlled GC-mass spectrome­

try (MS) system was used. The system was equipped with a 122 em x 2 mm 1.0.
silanized glass column packed with Ten ax GC 60--80 mesh. The GC-MS system
included a HP5990B qu adrapole mass spectrometer coupled to a HP9 825 computer
and a HP9885 flexible disk . Operating conditions were: column temperature, 260~C ;

injector temperature, 260°C; carr ier gas, helium (20 rnl /m in); ion source, 170°C;
electron impact energy, 70 eV; electron multipl ier voltage, 2.8 eV.

Methodology
Extraction. Water samples (100 g) were acidified by the addition of three drops

of concentrated hydrochlor ic acid. The acid solution was extracted twice with 150 ml
dichloromethane (OCM).

Conversion of carbofuran to 2,3-dihydro -2,2-dimethyl-7-hydroxybenzofu ran ( 7­
phenol) . The OCM extract was washed twice with 150 ml 0.5 N sodi um hydroxide
and the aqueous phase discarded. The OCM was reduced in volume to ca. 10 ml using
a Kudern a-Dan ish (KO) evaporative concentra tor on a steam bath . The extract was

0021-9673/81/0000-0000/$02.50 © 1981 Elsevier Scientific Publish ing Company



NOT ES 367

taken ju st to dryness with a gentle stream of nitrogen. A 25-ml volume of 0.5 N
NaOH was added to the residue and the solution stirred 0.5 hours at room tempera­
ture. The contents of the flask were washed two times with 50 ml OCM and the OCM
discarded. The basic hydrol ysis solution was made acidic by the add ition of 5 ml
concentrated hydrochloric acid and the solution extr acted twice with 50 ml OCM .
The OCM extr act was dried by filtration through anhydrous sodium sulfate. The
filter pad was rinsed with an additional 25 ml DCM. The combined extracts were
placed in a KO concentrator and 50 ml methanol and five drops of diethylene glycol
(as a keeper) were added. The solution was reduced in volume to ca. 5 ml on a stream
bath and quantitatively tran sferred to a graduated centrifuge tube with methanol.
The methanolic extract was reduced in volume to exactly I ml under a gentle stream
of nitrogen for analysi s.

Quantitation. Quantitation was accompli shed by comparing the area of abun­
dance at the 164 ion (molecular ion of 7-phenol) in a sample to that of a standard
injection of a known quantity of 7-phenol (typically I ng).

The following formula was employed

ppm
area of unknown x ng standard

x CF
area of standard x mg water injected

where CF = 1.35; the molecular weight ratio of carbofuran (221) to 7-phenol (164).
The detection system was shown to be linear over the 0.25-2.0 ng range. A

standa rd injection was made after each sample and the average of all standards was
used to calculate Ilgjl values. An indicat ion of the precision of calculation is the
coefficient of error (standard deviation/me an) observed for the altern ate standa rd
injections (typica lly six standard injections). The coefficient of error ranged from
0.03-0.07 in the work reported .

Sensitivity . Method sensitivity (quantita tively reliable measurement of re-

T A BLE I

R ECOV ERY O F CARBOF URAN F RO M FORTIFI ED WA TER SA M P LES

Sample Fortification
number level

( Ilg /I )

Recovery
level
( ugil )

Recovery (%)

1
2
3
4
5
6
7
S
9

10

10
10
10
10
20
30
30
40
40
50

6. 1
6.3
7.3
6.9

12.9
24.5
23.8
32.0
29.9
46.1
Aver age
Standar d deviati on

61.0
63.0
73.0
69.0
64 .5
81.6
79.3
80.0
74.7
92.2
73.8

9.8
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TA BLE II

MASS MAJOR FRAGMENTS OF CA RBOF URAN AND 7-PHENOL

NOT ES

Ion Carbofu ran
( relative
abundance)

7-Phenol
( relat ive abundance)

221 10
165 12 12
164 100 100
149 63 76
147 9 II
131 18 30
123 16 26
122 17 25
121 II 20
103 9 14
...._ - --- _•. ,--_. _- --

sponse) was validated down to the 10 Jlg/Ilevel by sa tisfactory reco very of carbofuran
(as 7-phenol) from artificially fortified control samples. Method detectability, recog­
niti on of MS detector response was possible at 0.1 ng injected on column (0.7 Jlg/I).

RESULTS AN D DISCUSSION

Table I lists the recoveries obtained from fortifi cation experiments.
The conversion of carbofuran to 7-phenol was incorporated into the method

for two reasons : first 7-phenol ionizes at 70 eV approxima te ly five times as well as

a b c

t
0> cog

(IJN ~'3? M
M M <0 II
~ ~
II II II II ,,~

z~ z~
0z u t0 0 0 0 0'"

-~ - ~ .... -
:J

:J
U.

:J
U. U.

Fig. I. Typical chroma togra ms fro m the analysis of carbofuran in water. a, I ng 7-pheno1, area = 2341
unit s (scale = 29 abundance units); b. control water sample 200 mg injected (scale = 18 abunda nce units);
c, control water sample for tified with 10 pg/I carbofuran 200 mg injected, area = 2384 units (scale = 30
abunda nce units). Response is equ ivalent to 6.9 pg/I carbofuran.
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carbofuran. This is evidenced by comparison of mass to total ion abundance for each
compound. Carbofuran gives essentially the same mass spectra as 7-phenol (see Table
II); second the conversion allows one to take advantage of 7-phenol's acidity for
sample cleanup. The initial base wash removes acidic coextractives while the DCM
wash of the hydrolyzed mixture removes neutral and basic coextractives. This simple
acid-base partition provides all the sample cleanup required for the analysis.

Control experiments demonstrated the quantitative nature of the hydrolysis of
carbofuran to 7-phenol. It was also possible to demonstrate that the 7-phenol anion
was unextractable from the basic hydrolysis mixture. Finally, control experiments
showed that base wash of the initial DCM extract did not remove any carbofuran
while it removed 7-phenol quantitatively.

Fig. I shows typical selected ion chromatograms derived through this method .
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High-performance liquid chromatography of trichothecenes

I. Detection of T -2 toxin and HT-2 toxin
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The fungi Fusarium tricinctum , F. so/ani and F, sporotrichioides produce a large
number of metabolites including the highly toxic trichothecenes diacetoxyscirpenol
(DAS), T-2 toxin and HT-2 toxin I (Fig. I). The absence of conjugated unsaturation
in mo st of the trichothecenes explains their lack of UV absorption". The determina­
tion of these compounds is therefore difficult. It can be achieved by thin-layer chro­
matography (TLC) followed by spraying with sulphuric acid ', or derivatization with
a silylating reagent and subsequent gas chromatography':".

H H

z ---1-·' Trichothecene R ' R2 RJ R4

H 8
13 _ 0 3 - - - - - ---- -_..

/ I 5 12 T-2 toxin OH C H3COO CH 3COO OCO CH 2CH(CH, h/
R4 CH - - - - - ••4 R2 HT-2 toxin OH OH CH 3COO OCOCH 2CH(CH,hI 2 ICH3 I DAS OH CH 3CO O CH 3COO H

R3 H
Fig. I. Structures of naturally occurring trichothecenes,

So far, methods for isolation of trichothecenes have relied heavily on column
chromatography on alumina and silica gel, or TLco.7 • We have found , howe ver, tha t
single runs with column chromatography or TLC yield incomplete separations.
Therefore multiple chromatography techniques ha ve to be applied. Moreover , ap­
plication of TLC in trichothecene isolation can be hazardous inasmuch as the opera­
tor may have direct contact with mycotoxins, especially when scratching frac tions
from the TLC plate.

In view of these problems with classical separation techniques, we have recon­
sidered the use of high-performanc e liquid chromatography (HPLC) for the separa­
tion and determination of trichothecenes.

EXPERIMENTAL

Production of trichothecenes by Fusaria
Flasks containing 60 g of rice and 30 ml of wat er were stoppered with cotton­

wool plugs. After 2 h they were autoclaved for 20 min at 121 "C. Then the rice was

0021-9673/81/0000-0000/$02 .50 ({~ 1981 Elsevier Scientific Publ ish ing Company
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inoculated with a suspension of spores of F. tricinctum sp. 897, F. solani sp. 900 or F.
sporotrichioides sp. 941 (Professor Dr. Leistner, Bundesanstalt fur Fleischforschung,
8650 Kulrnbach, G.F.R .) in 0.2 /,) Tween-80 and incubated at room temperature for
6 days.

Sample preparation
The extraction of moulds has been described previously", Extraction with

acetonitrile-water (containing 4 %of potassium chloride) was followed by partition­
ing against n-hexane and dichloromethane. After evaporation of the solvent under
reduced pressure, the residue was dissolved in 400 III methanol. A 200-1l1 volume of
the solution thus obtained was pipetted on to a Sep-Pak C l 8 cartridge (Waters As­
soc., Milford, MA, U.S.A.) and eluted with 5 ml methanol-water (80:20). The pre­
purified extract was transferred into a 10-ml Luer-Lok syringe containing a Swinney
filter holder and a 0.5-llm Millipore filter through which the sample was filtered. After
evaporation of the solvent, the residue was redi ssolved in a small amount of methanol
and injected into the HPLC system.

For the separation of non-polar trichothecenes like T-2 toxin a modified
sample preparation is advantageous. If the extract placed on the Sep-Pak C 18 cartridge
is eluted with 5 ml of 20 % methanol , T-2 toxin is retained while more polar com ­
pounds pass through the bed. T-2 toxin is then eluted with 5 ml of 80 % methanol.
Thi s fractionation result s in a less complex chromatogram.

HPLC
Liquid chromatographic separations were performed on the apparatus recently

described". The prepacked IlBondapak C I 8 (particle size 10 lIm) column (30 em x 7.9
mm 1.0.) was obtained from Waters Assoc . The detection of the metabolites was
ca rried out by a differential refractometer (M 401, Waters Assoc.).

R ESU LTS

In the course of our investigations the differential refractometer has proved to
be suitable for detection of as little as I Ilg T-2 toxin per injection at the highest
detector sensitivity up to semipreparative qu antities of about I mg.

In Table I are summarized the retention times for T-2 toxin , HT -2 toxin and
DAS in different methanol-water mixtures. A strong decrease in retention with in­
creasing methanol concentration (55 to 65 %) is evident. Therefore the solvent has to
be prepared carefully. The retention times for the solvent containing 60 %methanol
ar e highly reproducible. Several injections of extracts from mouldy rice and pure T-2

TA BL E I
RET EN TION TIMES (min) OF DIACETOXYSCIRPENOL, HT-2 T OXIN AND 1'-2 TOXIN IN
DIFFERENT METHANOL-WATER SOLVENT SYSTEMS ON A j1BONDAPAK C I M COLUMN

So lvent (f low-rate 2.0 ml lmin )

Methanol-water (5.5 :4.5)
Methanol-water (6:4)
Meth an ol -water (6.5:3 .5)

DAS

12.3
'1.8
8.1

HT-2 toxin

19.3
13.0
10.3

T-2 toxin

30.6
17.6
13.0
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TA BLE II

REPRODUCIBILITY OF RETENTI ON TIM ES FOR T-2 TOXIN, HT-2 TOXI N AND Dr ACE­
TOXYSCI RP ENOL IN HPLC

Parameter T-2 toxin HT-2 tox in DAS
._-- -~ ---

No. of injections, N 28 29 12
Retention time (min)

Range 17. 1- 18.5 12.6-1 3.4 9.5- 10.2
Mea n 17.6 13.0 9.8
Stan dard deviation (min) 0.47 0.26 0.24
Coefficient of vari ation ( %) 2.66 2.01 2.49

T-2

(e)

... (0)
III
c:
0
0..
III...
a::
... T-2...
~

HT-20
v...
a::

(b)

r
o 8 16 24

Retention Time (min)

Fig. 2. Elu tion patterns of extracts from rice after HPLC with methanol-water (6:4) as solvent.
(a) Extract from mouldy rice, usin g sample preparat ion with 80 % meth anol; (b) extract from mouldy rice,
using mod ified sample preparation for remo val of polar compou nds with 20 % meth anol and elution with
80 % methanol ; (c) extract fro m non-mould y rice.
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toxin, HT -2 to xin and DAS (Ma kor Chemicals, Jerusalem , Israel) gave reproducible
mean reten tion times of 17.6 min for T-2 to xin, 13.0 min for HT-2 toxin and 9.8 min
for DAS (coefficients of varia tion 2.66, 2.01 and 2.49, respecti vely). The relat ively
high var iation can be att ributed to slight differences in the methan ol concentration of
the mo bile phase (Ta ble II).

For the separa tion of extract s [rom mouldy rice the solvent meth an ol-water
(6 :4) was suitable. The chroma tograms in fig. 2 show the elution pattern for an
extrac t from non-mouldy rice (no cha rac teristic peak s) and for two extracts fro m
mouldy rice which had been treated differentl y. Th e chroma togra ms of the extracts
from cultures of F. tricinctum sp. 897, F. so/ani sp. 900 and F. sporotrich ioides sp. 941
showed no remarkable differences. The accuracy of the retent ion times permitted a
clear distinction between T-2 tox in, HT-2 toxin and DA S that was lacking in the
ori ginal extracts. This result was confirmed by TL C of the fractions. At least two
more metabolites (tR 14.9 and 30.5 min) , prelim inaril y classified as trichothecenes,
have been detected on the HPLC chroma togram. Both fract ions exhibit the same re­
action with sulphuric acid on silica gel TLC plates (a green-yellow fluorescence) as T-2
toxin, HT- 2 toxin and DAS.
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High-performance paper electrophoresis
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During the last few years special attention ha s been paid to studies on fast
separation processes, and so-called "high-performance" methods have been devel­
oped in both electrophoresis and chromatogra phy.

Lederer l has recentl y developed a rapid electrophoretic method that can yield
good separa tions within a few minutes by an extremely simple arrangement which has
been ca lled "high-performance paper electrophoresis". So far this method has been
used experimenta lly to separate, for example, mixtures of metal ion s. We have now
carried out a more extensive study and have compared the results with those pre­
viously obtained by high-voltage electrophoresis<" .

EXP ERIMENTAL AND RES ULTS

The apparatus used consi sted of an LKB powe r supply (Model 337 IE). a
plastic electro phoretic cell without a cooling system and glass plates 10 em lon g and 5
ern wide and varying in thi ckness from 2 to 5 mm. The paper strips (Wh atrnan No. I
or 3MM) were usually 10 em long and 5-10 mm wide and were placed between the
glass plates. Unle ss indicated otherwise in the figure legends, the length of the experi­
ments varied from 3-15 min. Th e electric field applied was 40-80 Vjcm (in the figure
legend s we give the values of the voltage appli ed, as the distance between the elec­
trodes was alwa ys 10 em).

The separati ons described below were chosen in order to establi sh the limits of
utilization of the method. All of the separation s studied had already been achieved by
high -volt age electrophoresis/:" .

Separation of cobalt ( Ill ) complexes: separat ion 4 Co ( el1 ) ~ +. Co (NH3 )~ +' Co (o­
phel1 ) ~ + and Co (dip ) ~+

For the separ ations we used 0.3 and 0.5 N aqueous solutions of sodium tri­
chlor oacetate, sodium sulphate and sodium perchlorate. As show n in Figs. 1-4 , good
separa tions of all the compounds could be obtained in trichloroacetate, whereas in
sulphate and perchlorate solutions Co(dip)~ + and Coto-phenjj " were not separated.

0021-9673/81/0000- 0000/$02.50 !!.:) 1981 Elsevier Scientific Publishing Company
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e 0 Ill. 4 min

6 mi n e 0 o. 5 min

7 min e 0 G . 6 m in

anode cathode ano decathode

NOTES

~0: 81---------
3.

o .co (en)3
3 •

• , Co (o- phen)3

e .Co (NH3 )~'

1IlJ> . Co (dip )~.

Fig . I. Elcct ro pherograms olcoba ltt l l l ) co mp lexes on Whut ma n 3M M paper a l 500 V. Solut ion 01" so d ium
trichto roaccuuc (0.3 ,"').

Fig . ~ . EIc,lrophcrograllls 0 1" cobal tt (( l) co mp lexes on Wha tm un .1M M pa per a t 500 V. So lut ion 0 1" sod ium
uich loroucct .uc (0.5 N ). Spo ts as in Fig. I.

A

B

eo
0 0

3min

4 min
@> 0 ~_O-OOI-<!HI---E----~-

ca thode anode cathode anod e

Fig . 3. lilectropherogram s 0 1" cob ulu III ) co mp lex" on Whu trnun 3M M pa per at 500 V. Solut ion of sodium
perchl o rat e ((1.3 N). Spots as in Fig. I.

I: ig. 4. Elec trophcrograms 01" cobul u ll l} complexes o n Wharman 3M M parer at 500 V; lime. 6 min. A.
Sol utio n 0 1" Na ,SO.. (0.3 N ); B. so lutio n 0 1" Na ,SO.. (0.5 N) .

Figs. I and 2 show also that with more concentrated so lutio ns (0 .5 N) at the sa me
vo ltage sepa ra tio ns could he o btai ned even in 4 min with a relati vely sho rt electro­
ph oretic run.

In a ll of the ex pe rime nts we used Wh atman 3M M paper because thic k pa per
ca uses more heating owing to the Joul e effect . wh ich favo urs th e separat ion. As
re ported previou sly? 4 . because o f th e differ ence in ion-pa ir format ion. we also o b­
se rved an inversion o f th e electrophoretic mobil ity wh en we used so lutions of sul­
ph ate instead o f perchlorate a nd tr ichloroacetate ; Co(\ I I ) (en)~ + . for exam ple. was
th e fastest in perchl orate an d trichlo rou cct atc an d th e slowes t in sulpha te.

Separation ol cobalt ( III ) mixed cOIII /I !ne,l: ( ({ .I Co ( ell I:;+ . Co ( ell ) ~ t o-phent': " .
('o (e ll ! ( o-p !lm }i O and ('0 ( o-Jl!l ell ):: + and ( h i Co ( eni ~ '. ('o (e ll h ( d i/I ) J+. Co t en ) ­
( dip ) i+ and Co ( {fiJir:t

As in th e previous ins ta nce. we utilized aqueous so lutio ns of tri ch loroacetate,
perchl orate and sulpha te. Figs, 5-7 show how it is po ssibl e to sepa ra te th ese com­
plexes in all of th e sol utions exam ined ; th e best separati ons were o bta ined with 0.5 N
so lutio ns. but separa t ions cou ld a lso be o bta ined with 0.3 N so lutions ; the o ptima l
vo ltag e was 500 V (50 Vrcm ); th e length o f the experiments ca n be reduced to 3 min.

Regarding th e seri es o f m ixed co m plexes . Co(en )~ + -Coten j, (d ip).1 + ·Co(en) ­
(d i p)i ; -Co(d i p):~ t . go od sepa ra tions co u ld be o bta ined wit h 0.3 and 0.5 N so lut ions
of so d ium per chl orate (under d ifferent co ndi tions o f vo ltage a nd time ) and with 0.3
a nd 0.5 N so lu tio ns of so di um perchl o ra te (Figs. g a nd 9 ). In co n trast to th e res u lts
o bta ined by high- volt age elec tro pho res is". th e fo ur co m plexes cou ld no t be separa ted
in trichl oro accuuc so lutio ns.
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o <Ii)2> . 6min o ilIp . A

0 ~ p e 7 mi n 0 III ¢ . B

cat hode anode ca t hode anode

o,co(en>j"

®,Co (en)2 (o -phen)3..

S2\',Co ( en)(O - Phen)~+

e ,c o (o - phen); +

Fi g. 5. Separat ion of mi xed complexes of cobalt(l lI ) on Whatman 3M M paper at 500 V. Solu ti on of
sodium trichloroaeetate (0.5 N) .

Fig. 6. Separa tion of mi xed com plexes of coba lt t l l l ) on Wha trn un 3M M paper at 500 V. A , Sodi um
perchl orate (0.3 N) , time = 6 m in; B, sodium perchlorate (0.5 N) , tim e = 5 mi n. Spots as in Fig. 5.

A B

• .0e o 50 0 V e !2f '- 0 3 m in

e ¢e o 60 0 V .d ~ O 5 min

. '" ~ o 700V . 0 ~ 0 6 m in

cat hode ano de cathod e anode

Fig. 7. Electropherograrns of mixed com plexes of coba lt (l l l) on Wh atman 3M M paper ; solution or
N a2S04 (0.5 N) . A , Time = 3 min ; B, vo l tage = 500 V. Spots as in Fi g. 5.

A A

. $ ~ 0

I
600 V Ojg ~ . 5 min

e .lll' l8l 0 500 V Oi<1l>te 3 min

cat hode anode cat ho de anode
B B

e .lll' 18l 0

I
8 m in o ~~ e l 5 m in

e ~ l5l. o 5 min o :Ql1te 3 m in

cathode ano de cathode anode

3+a,Co (en)3
3+(llf,Co (en )2 (d ip)

~Co (en ) (diP)~"

e ,Co (di P)i +

lig. X. Elcctropherogrurn s of mi xed com plexes or coball(ll!) on W hat man 3MM paper ; so lution or
Na2SO.. (0.3 N ). A, Ti me = 5 min ; B, vo ltage = 500 V .

Fi g. 9. Elect ropherog rums of co balt( lI l) complexes on Wh al man 3M M paper at 500 V. A , Solution or
sodium perchl orat e (0.3 N ); B, solut ion or sodium perchlorate (0.5 fII) . Spot s as in Fig. X.
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Separation O f .IOIl IC inorganic anion s: separation o] CIO .1 ... , BrO .1 and 10.1
Fig . 10 shows th e separation of chlorate, bromate and iod a te ions in 0,1 N H CI

so lu tio ns . At 700 V the time req uired could be reduced to 60 sec ,

. 0 0

. 0 0

anode

180 se c

120 sec

60sec

cathode

0 ,10;

@.BrO;

• . ClO;

Fig. 10. Sep arat ion 01" so me ino rga nic an ions on Whatman No . I pa per at 700 V. Elect ro lyte , 0.1 N He !.

Scpura /ion of optinti isom ers
We separated optical antipodes of Co(en)~ + with var io us electro phoretic sys­

tem s; th e results a re show n in Figs. 11 -14. Wi th so lutio ns of antimonyl tartrat e a
longer time is necessary (10-1 5 min). The tim e required could be considerably re­
duced (Figs. 13 and 14) if m ixtures of al umin ium ch lori de and D( - )- o r L( + j-ta rtra te
we re used . As we.were study ing th erm olabile su bs tances, we used th e lighter Wha t­
man No. I paper (wh ich gives a low temperature) or Whatman 3MM pa per , and in
th ese instan ces th e gla ss plates between whi ch th e paper st rips were placed were much
thicker ( > 5 mm) ill order to a bso rb th e hea t gene rated . With th is technique it wa s
impo ssible to separate th e optical isome rs of Co( en)~ + with solutions o r opticall y
ac tive tartrate, whereas thi s sepa ra tion was ac hie ved with h igh- voltage electropho­
rcs is" .

00 ( ! )Co (en)3+ 10 m in 0 0

0 0

cat hode onode cat hode anode

.... ig. I I. l. lcctrophcrograms 01" ( ± )-co bal t(l ll) (en):: I o n Wh at man 3M M pa per a t gOO V. Electrolyte.
ant imon y potassium ( + )-ta rtr at e so lu tion (0. 1 N ).

lig. 12. Elcctropherogr ums 0 1" ( ± j -cobulu f I I) (en ):: + a t 500 V 1"01' 15 min. Electro lyte, an timony po tassium
( + j-tur tra tc so lu tion (0.1 N ). A. Wh .uman No . I pa per ; K Wh utman No . 3M M paper.

t'.: c;) 1 (-)Co (e n )~+ 0 000 (': ) Co(en)~ + 3 m ln

0 c::::, 2 (! ) Co(en )~+ o · = (.: )Co (en)~ + 5 m n
0 3 (+) Co (en)j+ 0 0 (.: )Co (en~+ 7min

ca t hode anode cat hode anode

Fi g. 13. Separati on 0 1" two cnunti omcrs or Co tcni, on W hatrn an No . I paper at 500 V for 7 m in.
Elect ro lyte, mi xture 01" a luminium chlo ride (0.24 AI ) a nd di sodi um nt - j-turt ra tc (0.36 M). The str ip pa per
was ~ em wide .

.... ig. 14. Separa tion 0 1" two cnuniiomc rs 0 1" Colen):: > o n Wha tm an No . I paper a t SOD V for 7 min .
Elec tro lyte, m ixt ure 0 1" a lumin ium chlor ide (0.24 M ) and di sodium Il( - )-ta rt ra te (D.36 M ).
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CONC LUS IO N

NOT ES

A general co m pa riso n of the results obtained by this method with those o b­
tained by high-voltage electrophoresis leads to th e following conclusions:

(I) It is possible to obtain separat ions by high-performance paper electropho­
resis whenever the differences in the electrophoretic mobility in high-voltage elec­
trophoresis a re 2 em or more ; in thi s even t th e time required is reduced from I h to
a bo ut 10 min .

(2) Wh en the mobility differences are less than 1.5· 2 em it is still possible to
o bta in separati on s utilizing the increase in the electro pho ret ic mobility du e to the
temperature increase. In this instance. the method can only he used with non-thermo­
labile su bstances .

(3) Of the different facto rs that influence the se pa ra tio ns. the most important
is th e var iat ion of temperature du e to the Joule effect.

(4) Th e extreme shortness o f the time necessary for th e ex periments (whi ch
genera lly docs not exceed 5 min) makes high-performance paper electro phoresis par­
ticularly suitable. for example. fo r co ntro lling th e pur ity of complexes prepared in the
laboratory.
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CHROM .I3.925

Note

Separation and identification of stereoisomers of sesquiterpene lac­
tones by multiple development of thin-layer chromatograms

A N NA K. PI CMAN *. IRMA PANFI l * and G. H . N Eil T OW ERS

Depurtmcnt or Botany, Univcrsit v or Brit ish Columbia , Vancouver, B. C. V6T 2BI ( L'anada )

(Fi rst received March 17th . 1981; revised ma uu scr ipi received April 24th . 1981)

Because d iast ereoisomers have different physical pr operties, including different
so lubilit ies in a given solvent, they are often separated chromatographically I . How­
ever , thin-layer chromatography (TLC) techniques with va r ious so lvent sys tems
which hav e been generally used fo r separa tion of sesquiter pene Iactones" ar e in­
ad equate for th e separat ion of th eir stereoisomers . For example, two naturally occur­
rin g diastereoisomers, parthenin and hymenin (I , I I), give iden tical RF values on TLC
using silica gel in various solvent systems even with heat-activated plates or plates
impregnated with Ag N0 3 . In ad dit ion, th ey canno t be dist ingu ished under UV ligh t,
using iodine vapours, KMn0 4 spray or van illin or p-dimethylaminobenzald ehyd e
sp ray reagents:' .

o

J , PM THENI N I I, IIYHENI N I II , XANTHI N1N 1v , XANTHUNI N

o

A better separa tion of similar co mpounds ca n be sometimes achieved th rough
the multiple development of TLC plates in th e same so lvent system". We report here
the use of the multiple-development TLC technique for th e sepa ration of parthen in
and hymenin. This meth od appears to be equa lly suita ble for the separation of other
iso meric sesq uiter pene lactones.

EX P ERIMENTAL

Methods
Silica gel plat es, with out gyp sum a nd with fluorescent indicator (Poly gram ;

* Permanent address : Inst itutc of O rgani c: C hemistr y. Pol ish Academ y of Sciences, Kasp rzaka 44 j52.
Warszawa, Pol and .

0021-96n j8 IjOOOO· OOOOj$02 .50 ,(' 198 I Elsevie r Scien tific Publishin g Co m pany
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Brinkmann. Westbury, N Y. U .S .A .) were used . Strips of silica ge l plat e (12 ern) with
parthenin and hymenin or xa nthi n in (lI l ) and xunthurn int lV) applied to the same spo t
(approxim ately I f.1g of each com po und ) wer e developed 1-10 x in a standard cha m ­
ber with heptane-diethyl ether-ethyl acetate (30 :65 :5). the plates being air dri ed in
between runs. The compounds were visua lized with the va nillin spray reagent:' . Par­
thenin a nd hymenin give a blui sh gree n color. xa n th in in br o wni sh red . and xan­
thumin redd ish brown . U nder these cond it io ns parthen in mo ves a head of hym enin
and xa nthin in ahead of xa nth um in.

T o det ermine which of th e two stereoiso mers. parthenin or hyrnenin, is pr esent
in crude extracts of Partheuium hvsterophorus. tw o 20 x 20 ern plates were used. O ne
plate was spo tted (in one co rner ) with parthenin , the other one with hyrnenin , and to
these spo ts the cr ude plant ex t ract was added . T he TLC plates were de veloped in
chlorofo rm- acetone (6 : I) to se pa ra te parthenin (o r hym enin ) from o ther ex trac t con­
stit uen ts , a ir dried . a nd th en d eveloped in a seco nd directi on in th e a bove so lven t
system ten times . The presen ce of parthenin in a n extract wa s indica ted by two spo ts
on a plate spotted with hym en in but only one spo t on a plate spotted with parthenin .
On the o ther hand. the pr esence of hymenin was indicated by tw o spots on a p la te
spotted wi th parthenin .

M ateria ls
Parthenin and hymen in we re isolated from P. h vsteropltorus collected in T exas

(U.S .A .) and Argentina. respect ively. The sa m p les of xanthinin wer e provided by th e
late T. A. G eissman (University of Californ ia. Los Angeles. CA. U.S.A.) and T. J.
Mabry (U niver sity of Texas. A us t in . TX. U .S.A .). Xanthum in was a gift of E. Rod­
riguez (U nive rs ity o f C a lifo rn ia . Ir vine. CA. U .S.A.).

RESULTS AND DI SCU SSIO N

T he multiple devel opment of TLC plat es in the same so lvent system fac ilit at es
the separa tion of stereo isomers which after a sing le development of plates mo ve as
one spot. th e technique taki ng adv a ntag e o f th e sligh t ly differ ent so lub ilit ies o f ot he r­
wise very sim ilar co m po unds in a g iven so lvent sys te m. T o ac hieve a se pa ra tion th e
so lven t system must be o ne in wh ich th e compounds m o ve very slo wly o n the chroma­
tograph ic plat es.

In case of both mi xtu res (parthenin and hymenin, xa nthi ni n and xanthumin)
1-6 develo pm ents of th e TLC plates did no t suffic ien t ly separat e the stereoi somer s
(Fig. I) . To sepa ra te pa rthenin a nd hymen in o r xa nthin in and xa nth um in clearly it is
ne cessa ry to develop the T LC pla tes Hx o r lGx , respecti vely (Fig. I ).

The method desc r ibed proved to be useful in a com pa ra tive s tudy o f th e ses ­
quiterpen e lactones o f P. hvsteropho rus (Con ipositoc ) coll ected fro m va rio us popu­
lations throughout its ran ge o f dist r ibu t io n . In general, North and Centra l Ameri can
plants as wel l as Indian speci mens were foun d to contain pa rthenin (I), whil e So uth
American sa m p les had hymenin (II) as the maj o r sesq uiterpene lact one' . Parthen in is
responsibl e fo r an epidemic of a llerg ic contact dermatitis in Indi a" which is stereos pe­
cific". Both ste reoiso mers were never fou nd together in a sing le plan t.

Th is technique. ho wever, al so ma kes it possible to iden tify stcrcoisorners of
ses q ui terpene lactones in cases where th ey a re pr esent in th e sa me sam p le. " Xa n-
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Fig . I. Separa tio n of purthcu in t i ) a nd hym en in (II ). and xa n th inin t l l l ) and xa n th um in ( IV) by m ulti ple­
d e velo pm en t techn iq ue .

th in in" which was ava ila ble in o ur laboratory pro ved to be a mixture of authentic
sa mples of srereo isomers. xa nthini n( lI l) and xanthumin(l V). The shades of co lors
fo rmed with the va nillin spray rea gent a re slightly different for th ese compounds .
Both . xa nthinin a nd xanthumi n. co -occur in Xunthiutn strumurium i Compositae v. T he
spec ies is separa ted int o the "itulicurn morphologica l co mplex with th e predo minant
scsq uiterpene lactone being xa nt hinin an d the "chinese" co mplex with the majo r
co mpo und being xanthumin. Some hybrids bet ween th ese two co m plexes co ntai n
both stereoisorn ers". O ur TLC method co uld be successfu lly used in such co mpa ra ­
tive chem ica l stud ies. In add ition. th is technique is particularl y useful when onl y sma ll
sa mples of plants a re av ailab le for an a lyses a nd whe n ot he r techn iques such as nu­
clear magnetic resonance spectrosco py which ma y requi re the isolation and purifi­
ca t ion of a com po und. ca nno t be successfully a pplied .
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Book Review

Chem ische Reak tionsdetek toren Fir die schnel!e Fliissigk eits- Chroma tographie -­
Grundla gen und Anwendungen in del' Spurenanalyse, by G , Schwedt. Huthig,
Heidelberg. 1980,213 pp" price OM 38.00, ISBN 3-7785-0687-0.

To write a book on reaction detectors in high-performance liquid chromato­
graphy (HPLC) is certainly a very pertinent endeavour these days. On the other hand.
one wonders whether the re is enough material published for an entire book on this
subject and the result, consequently, is rather on the meagre side.

The book sta rts with a general introduction to the subject. which is useful to
the newcom er to reaction detector technology.

The main secti on on applications gives a good overview of all the work done in
this area, with a fair co verage of the literature up to 1980. The reader will find some
practical information on the application of this technique to many important groups
of compounds, particularly in the bioanalytical area . Although the author gives many
det ails of pr ocedures. one still has to resort to the original literature in mo st instances
in order to be able to reproduce a technique; thus. all details may be given on a
separation system. but not en ough detail to tell you how to make the reagent soluti on
(and hence the reaction medium) compatible with the mobile phase. The vari ous
methods are cited with no critical remarks about their relative merits and some of the
examples given in detail in tabula r form seem to be poorly chosen.

The book also contains a theoretical section on diffusion efTects in various
reactor designs. but this seem s to contribute more to confusion th an to diffusi on! The
equations are not numbered . which makes discu ssion difficult. Some equations con­
tain errors (e,g., on pp. 29, 30, 32 and 48), sigma values have been added instead of
add ing sigma-sq uared values, some unusual symb ols have been used and graphical
representa tions resulting from some of these eq ua tions are present ed without an y
further expl anation about the ir usefulness to the practitioner.

Nevertheless, with a ll its shortcomings, the book will be useful to the novice in
the area of reacti on detectors in HPLC or to workers who need some ideas on how to
handle specific groups in complex matrices, It fulfills a useful purpose, even if only
owing to the lack of a better up-to-date alternati ve so urce,

Amsterdam ( The Netherlands} R. W. FR EI
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Erratum

1. Chromatogr., 210 (1981) 301- 309
Page 306, Table II , the heading of the 2nd co lumn should read: IIC/.
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NEW BOOKS

Polymer catalysts and affiants - Polymers
in chromatography, edited by B. Sedlacek, C.G.
Overberger and H.F. Mark, Wiley, Chichester,
New York , 1981,260 pp ., price US$ 31.50,
£ 14.50, ISBN 0-471-o9014-X.

MEETING

Essentials of nuclear chemistry, by H. J.
Arnikar , Wiley, Chichester, New York , 1981 ,
ca. 250 pp. , price ca. US$15.50 ,£ 5.95,
ISBN 0-85226-033-4 .

CHROMATOGRAPHY '82, THE 17th INTERNATIONAL SYMPOSIUMON ADVANCES IN
CHROMATOGRAPHY

The 17th International Symposium on Advances in Chromatography will be held April 5-8, 1982,
in Las Vegas, NV, U.S.A. The scope of the meeting will include papers and informal discussion groups
by outstanding researchers from throughout the world in all fields of chromatography. In particular,
new developments in gas, liquid, and high-performance thin-layer chromatography will be included.
There will also be a commercial exhibition of the latest instrumentation and books. Participation in
the symposium will be on the basis of invited papers as well as unsolicited contributions. Authors de­
siring to present papers must submit 200-word abstracts by Sept . 14th, 1981. Complete manuscripts
of accepted authors will be due on Oct. 14th, 1981. Special separate, intensive 2-day courses in (a)
High Resolution Capillary Columns, (b) HPLC, (c) Gas Chromatography-Mass Spectrometry, and (d)
HPTLC will be held on Saturday and Sunday ; April 3 + 4, just prior to the meeting. All correspon­
dence pertaining to the symposium , short courses, and exhibition space should be directed to :
Professor A. Zlatkis, Chemistry Department, University of Houston, Houston, TX 77004, U.S.A.

CALENDAR OF FORTHCOMING MEETINGS

Sept. 20-25 , 1981
Philadelphia, PA,
U.S.A.

Sept. 28-0ct. I , 1981
Barcelona , Spain

Sept. 28-0ct. 4, 1981
Moscow, U.S.S.R.

8th National Meeting of the Federation of Analytical Chemistry and Spectros­
copy Societies (FACSS)
Contact: M.A. Kaiser, E.I. du Pont de Nemours & Co. , Experimental Station
E228/200, CR&D Department , Wilmington, DE 19898, U.S.A.

16th International Symposium Advances in Chromatography
Contact: Dr. A. Zlatkis, Chemistry Department, University of Houston,
Houston, TX 77004, U.S.A. Tel. (713) 749-2623.
(Complete program published in Vol. 209 , No.3)

International Symposium on Chemical Physics
Contact: Prof. N.M. Emmanuel, Institute of Chemical Physics,
Academy of Sciences of U.S.S.R., Vorobyevskoye Chaussee 2-6,
SU-I I 7334 Moscow, U.S.S.R.



Sept. 29 - 0ct. 2, 1981
Basle, Swit zerland

Oct. 22-23, 1981
Montreux , Switzerland

Oct . 27-29, 1981
London, Grea t Britain

Oct. 28-3 0, 1981
Gatlinburg, TN , U.S.A.

Nov. 9-10 , 1981
Berlin , G. F .R .

Nov. 16 -17 , 1981
Washington , DC, U.S.A.

Nov. 23 -25, 1981
~arcelona , Spain

Dec. 2-3 , 1981
Paris, france

Jan . 4 -9 ,1 982
Orlando, F L, U.S.A.

Jan. 19-20,1982
Amsterda m, The Nether­
land s

March 8-12, 1982
Atlantic Cit y , NJ, U.S.A .

March 28- April 2, 1982
Las Vegas, NV, U.S.A.

April 5-8 , 1982
Las Vegas, NV, U.S.A.

ILMAC 81; 8th International Exhibition of Laboratory, Chemical
Engineering, Measurem ent and Automation Techniques in Chemistry
Con tact : D. Gamrneter , Secret ariat ILMAC 81, Postfach, CII-4021
Basle, Switzerland. Tel. 06 1 2020 20 . (Further details published in
Vol. 212 , No. 2)

Workshop on Liquid Chromatography - Mass Spectrometry
Contac t : Prof. Dr. R.W. Frei, Free University, Department of Analytical
Chemistry , De Boelela an 1083 , 1081 HV Amsterdam, The Netherlands
(Further details published in Vol. 207 , No. 3).

Petroanalysis 8 I
Con tact : Miss LA. Mc'Cann , Co nference Officer, Inst itu te of Pet roleum,
6 1 New Cavendish Str eet, London WIM 8AR , Gre at Britain . (Tel :
0 1·- 636 1004, Telex: 264 380 )

Resource Recovery and Environmental Issues of Industrial Solid Wastes
Contac t: J .S. Watson , Oak Ridge Nation al Laboratory, P.O. Box X, Oak
Ridge, TN 378 30, U.S.A.

Symposium on Practical Aspects of HPLC
Contact : Dr. I. Molnar, Wissenschaftliche Ger atebau Dr. H. Knauer GmbH,
Hegauer Weg 38 , D-100 0 Berlin 37, G.F .R. (Further details published in
Vol. 207 , No.2).

International Symposium on HPLC of Proteins and Peptides
Contac t: Ms. S.E. Schle ssinger , Symposium Manager, 400 East Rand olph ,
Chicago, IL 60 60 I , U.S.A. (Further details published in Vol. 208, No.2)

2nd International Congress on Analytical Techniques in
Environmental Chemistry
Contact: Dr. Joan Albaiges, General Secretary, Plaza de Espana,
Barcelona-a , Spain. Tel. 22 3 31 0 I .

Journees de Chromatographie en Phase Liquide
Con tac t: H. Colin , Laborat oire C.A.P., Ecole Poly techni que , Route de
Saclay , 91 128 Palaiseau Cedex , f rance .

1982 Winter Conference on Plasma Spe ctrochemistry
Contact : 1982 Winter Conference, clo ICP Information Newsletter ,
Chemistr y -GRC Towers, University of Massachusetts, Amherst ,
MA 0 1003, U.S.A. Tel. (4 13) 545 -2294.

Symposium on " Detection in High-Performance Liquid Chromato­
graphy"
Contact : Mrs. Peschier, Hewlett-Packard Nederland B.V., Analytical
Department, van Heuven GoedhartIaan 121 , 1181 KK Amst elveen,
Th e Netherlands. (Tel.: 020-47 20 21). (F ur ther det ails pu blished in
Vol. 212 , No.2)

1982 Pittsburgh Conference and Exhibition on Analytical Chemistry and
Applied Spectroscopy
Contact : Mrs. Linda Briggs, Program Secretary , Pittsburgh Conference,
Department 1-{)57, 437 Donald Road, Pitt sburgh, PA 15235, U.S.A.
(Further detail s published in Vol. 212 , No.2)

National Ameri can Chemical Society Meeting
Contact: AT. Winstead, American Chemical Society, 1155 Sixteenth
Str eet, NW, Washington , DC 20036, U.S.A.

International Symposium "Advances in Chromatography"
Contact : Pro f. A. Zlatki s, Chemistry Department , University of Houston,
Central Campus, 4800 Calhoun, lIouston, TX 77004 , U.S.A. Tel.: (7 I 3)
749-2623 .



April 14 ·-1 6 , 198 2
Amsterda m ,
Th e Netherlands

April 15 -·17 ,1982
To kyo, Ja pan

Apr il 19- 22, 1982
Barcelon a, Spa in

April 21-23, 198 2
Neuherberg ncar Mun ich ,
G .F. R.

April 27 - 30 , 1982
Munich, G .F .R.

May 2- 6, 1982
In terlaken ,
Switzerland

May 11-14, 198 2
Ghe nt, Belgium

June 6 -12,1982
Frank fur t, G.F.R .

June 7 -11, 198 2
Philadelphia, PA, U.S.A.

June 28-30, 1982
East Lansing, Ml, U.S .A.

July 11-16,1982
Washington , DC, U.S.A.

July 11-16,1982
Lou vain-la-Neuve,
Belgium

12th Annual Symposium on the Analytical Chemistry of Pollutants
Co ntac t : Prof. Dr. Roland W. Frei , Th e Free University, De Boelelaan 1083 ,
1081 HV Amsterd am , Th e Ne therlan ds. (F urthe r de tails published in
Vol. 206 . No. I )

International Symposium "Advances in Chro matography "
Contac t: Prof. A. Zla tk is, Chemistry Department, Unive rsity of Hou ston ,
Central Campus, 4800 Calho un, Hou ston , T X 77004, U.S.A. Te l.: (7 13)
749-262 3.

International Congress on Automation in Clinical Laboratory
Co ntact: Dr. R. Ga lima ny, Seccion de Automatizacion, Labor atori o de
Ana lisis Clinicos, C.S. " Principes de Espana", Hospit alet de Llobr egat,
Bar celon a, Spain.

Second International Workshop on Trace Element Analytical Chem­
istry in Med icine and Biology
Contac t : Dr. P. Schrarnel, Gesellschaft fuer St rah len- und Umwelt­
fo rschu ng, Institu t fuer An gewandte Physik , Physikalisch-Technische
Abte ilung, Ingolstaedter Landstrasse 1,0-8042 Neuherberg, G.F.R.

Biochemische Analytik 82
Contact : Prof. I. Trautschold, Medizinische Hochschule Hannover , Karl­
Wiechert-Allee 9 , 3000 Hannover 61 ,G.F .R .

(Further det ails published in Vol. 224 , No . 3)

2nd International Symposium on Instrumental TL C (HPTLC)
Co ntac t : Dr. R.E. Kaiser , Inst itute fo r Ch ro matography, P.O. Box 1141 ,
0-670 2 Bad Diirkheirn, G .F. R.

4th International Symposium on Quantitative Mass Spe ctrometry in
Life Sciences
Co ntact : Pro f. A. De Leenheer, Symposium Cha irma n, Laboratoria voor
Medis che Bioch emic en voor Klini sche Analyse, De Pintelaan 135, B·90 00
Gh ent, Belgium.

European Meeting on Chemical Engin eering and ACHEMA Exhibition
Congress 1982
Contac t : DECHEMA 1'.0. Box 970146 , 0 -6000 Fr ankfur t/M 97 , G.F .R.

VI International Symposium on Column Liqu id Chromatography
Co ntac t : R. A. Bar fo rd , ERRC - SEA, U.S. Departmen t of Agricultu re , 600
E. Mermaid Lane , Philad elphia , PA 1911 8 , U.S.A.
(F urthe r det ails published in Vol. 2 11, No . 3)

35th American Chemical Society Annual Summer Symposium
Contac t: A.1. Pop ov, Che mist ry Depa rtm ent, Michi gan State University ,
Eas t Lan sing , MI 4 8824 , U.S.A.

6th International Conference on Computers in Chemical Research and
Edu cation (ICCCRE)
Cont act: Dr. Stephen R. Heller, Chair ma n, 6 th ICCCR E, EPA , MIDSD ,
PM- 21 8 , 401 M St ree t, S.W., Wash ington , DC 20 460, U.S.A. Tel:
(202) 755 - 4938, Telex: 89-27- 58 .

6th IUPAC Conference on Physical Organic Chemistry
Contact : Pro f. A, Bruylant s, Uni versite Cat ho lique de Louvain,
Lab or atoire de Chimie Gen eral e et Or gan ique, Batim ent Lavo isier
Place Louis Pasteu r, 1348 Louvain-la-Neuve, Belgium.



Jul y 12-16, 1982
Amherst , MA, U.S.A.

July 19-22, 1982
Prague , Czechoslovakia

Aug. 11-13,1 982
Hameenlinna, Finland

Aug. 15-21,1982
Perth, Australia

Aug. 23- 27, 1982
Budapest, Hungary

Au~ 29-Sept. 4, 1982
Kyot o, Japan

Aug.30-Sep.3 ,1982
Vienna, Austria

Aug. 31-Sept. 2, 1982
Vienna, Austri a

Sept. 12-17,1982
Kansas City, MO, U.S.A.

Sep t. 13-17,1 982
Lond on , Great Britain

Sept. 19-24, 1982
Philadelphia, PA, U.S.A.

Jul y 17-23, 198 3
Edinburgh, Great Britain

Aug. 28-Sep t. 2, 1983
Amsterdam,
The Netherlands

IUPAC Macromolecular Symposium
Contact : Jam es C.W. Chien, Department of Polymer Science &
Engineering, University of Massachusetts, Amherst, MA 01003, U.S.A.

Prague Microsymposium "Selective Sorbents"
Contact: Dr. F. Svec, c/o Institute of Macrom olecular Chemistry,
Czec hos lovak Academ y of Sciences, Heyrovskeho n.2 , 16206 Prague,
Czechoslovak ia.

6th European Symposium on Polymer Spectroscopy (ESOPS 6)
Contact : Professor Johan Lindberg, Department of Wood and Polym er Chem­
istry , University of Helsinki, Meritullinkatu I A, SF 00170 Helsinki 17,
Finland.

The 12th International Congress of Biochemistry
Contact : Brian Thorpe. Department of Biochemistry, Faculty of
Scien ce Australian National University, Canberra A.C.T. 2600 ,
Australia.

22nd International Conference on Coordination Chemistry
Contact : Prof. M.T. Beck, Institute of Physical Chemistry, Kossuth
Lajo s University, Debrecen 10, H-4010, Hungary .

5th International Congress of Pesticide Chemistry
Contac t: Rikagaku Kenysh o (The Institute of Physical and Chemi cal
Research), 2-1 Hirosawa Wako-shi Saitama Pref. 351 , Japan.

9th International Mass Spectrometry Conference
Contact : lnterconvention, P.O. Box 105 , A-1014 Vienna , Austria.
(Further details published in VoL 206 , No. I)

5th InternationailUPAC Symposium on Mycotoxins and Phycotoxins
Contac t: Prof. P. Krogh , Department of Veterinary Microbiology, Purdue
University , West Lafayette, IN 47907 , U.S.A.

National American Chemical Society Meeting
Contact : A.T. Winstead, American Chemical Society. 1155 Sixteenth
Street, NW, Washington DC 20036, U.S.A.

14th International Symposium on Chromatography
Contac t : Th e Executive Secretary , Chromat ograph y Discussion Gro up, Trent
Polyt echn ic, Burt on Street, No ttingham, NG I 48 U, Grea t Britain .
(F urther det ails publ ished in Vol. 2 11, No. 3)

9th National Meeting of the Federation of Analytical Chemistry and Spec­
troscopy Societies (F ACSS)
Contact : Division of Analytical Chemistry, Ameri can Chemical Society.
Depar tment of Chemistry , Notre Dame, IN 46556, U.S.A.

SAC 83 : Sixth International Conference on Analytical Chemistry
Co ntact: Miss P.E. Hut chin son , Royal Chemistry Society , Analyti cal
Division. Burlington House, London WI V OBN , Great Britain.
Tel. 01 - 734 9971.

9th International Symposium on Microchemical Techniques
Contac t: Symposium Secretariat, c/ o Municipal Congress Bureau ,
Oude zijds Achterburgwal 199 , 1012 DK Amsterdam , The Netherlands.
Tel: (0 20) 55 2 3459.



PUBLICATION SCHEDULE FOR 1981

Journol of Chromatography (incorporating Chromatographic Reviews) and Journal' of Chromatography, Biomedical
Applications

MONTH N 0 J F M A M J J A S I 0 I N I 0 I1980 1980

Journal of 203 206/1 207/1 208/1 209/2 210/2 211/2 212/3
Chromatography 204 206/2 207/2 208/2 209/3 210/3 211/3 213/1

20S/1 206/3 207/3 209/1 210/1 211/1 212/1 213/2
20S/2 212/2

The publication schedule
Chromatographic 220/1 for further issues will be
Reviews published later.

Biomedical 221/1 221/2 222/1 222/2 222/3 223/1 223/2 224/1 224/2 224/3
Applications

INFORMATION FOR AUTHORS

(Detailed Instructions to Authors were published in Vol. 209, No.3, pp. 501-504. A free reprint can be obtained
by application to the publisher)

Types of Contributions. The following types of papers are published in the Journal of Chromatography and the
section on Biomedical Applications: Regular research papers (Full-length papers), Short communications and
Notes. Short communications are preliminary announcements of important new developments and will,
whenever possible, be published with maximum speed. Notes are usually descriptions of short investigations
and reflect the same quality of research as Full-length papers, but should preferably not exceed four printed
pages. For reviews, see page 2 of cover under Submission of Papers.

Submission. Every paper must be accompanied by a letter from the senior author, stating that he is submitting
the paper for publication in the Journal of Chromatography. Please do not send a letter signed by the director of
the institute or the professor unless he is one of the authors.

Manuscripts. Manuscripts should be typed in double spacing on consecutively numbered pages of uniform size.
The manuscript should be preceded by a sheet of manuscript paper carrying the title of the paper and the name
and full postal address of the person to whom the proofs are to be sent. Authors of papers in French or German
are requested to supply an English translation of the title of the paper. As a rule, papers should be divided
into sections, headed by a caption (e.g., Summary, Introduction, Experimental, Results, Discussion, etc.). All
illustrations, photographs, tables, etc. should be on separate sheets.

Introduction. Every paper must have a concise introduction mentioning what has been done before on the topic
described, and stating clearly what is new in the paper now submitted.

Summary. Full-length papers and Review articles should have a summary of 50-100 words which clearly and
briefly indicates what is new, different and significant. In the case of French or German articles an additional
summary in English, headed by an English translation of the title, should also be provided. (Short communi­
cations and Notes are published without a summary.)

Illustrations. The figures should be submitted in a form suitable for reproduction, drawn in Indian ink on
drawing or tracing paper. Each illustration should have a legend, all the legends being typed (with double
spacing) together on a separate sheet. If structures are given in the text, the original drawings should be sup­
plied. Coloured illustrations are reproduced at the author's expense, the cost being determined by the number
of pages and by the number of colours needed. The written permission of the author and publisher must be
obtained for the use of any figure already published. Its source must be indicated in the legend.

References. References should be numbered in the order in which they are cited in the text, and listed in
numerical sequence on a separate sheet at the end of the article. Please check a recent issue for the lay-out of
the reference list. Abbreviations for the titles of journals should follow the system used by Chemical Abstracts.
Articles not yet published should be given as "in press", "submitted for publication", "in preparation" or
"personal communication".
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