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QUANTITATI VE ST R UCTU RE-ACT IVITY RELATIONSHIPS FO R HERBI
CLDES

REVERS ED-PHASE LIQUID CHROMATOGRAPHIC RETENTION PARAM
ETER, log k w' versus LIQUID-LIQUID PARTITION COEFFICIENT AS A
MODEL OF THE HYDROPHOBI CITY OF PH ENYLUREAS, s-T RIAZIN ES
AND PHEN O XYCARBONI C ACID DERI VATIVES

TH OM AS BRA UM AN N*, G ERT WEBER and L. HORST G R IMME

Universi tiit Breme n, Fachbereicli BiologiefChemie , Postf ach 330440. D-2/jOO Bremen 33 ( Ci.F.R. 1

(First received Decemb er 20th, 1982; revised manuscript received Febru a ry 4th , 1983)

S UMMA RY

Th e retent ion beh aviour of phenylur eas, s-triazines and phenoxycarboni c acid
der ivat ives in a reversed-phase high-p erformance liquid chro ma tog raphic (RPLC)
system has been examined. Using meth an ol-wate r or aceto nitr ile-water as th e mobil e
phase, a linear relati on sh ip between the volume fract ion of the orga nic modifier, qJ,

a nd the logarithm of the capacity factor, log k' , is esta blished for each solute. The
different cor relat ion cur ves for each co mpo und ind icate selective effects upon ret en
tion due to solute- solvent and solute-stationary phase interactions. It is shown th at
log k w , a theoretical cap acity factor obtained by ext rap olation of retenti on data in
binary so lvent systems to pure aqueous eluent , is suitable for elimin atin g the selec
tive effects a nd thereby fo r quantitat ively describin g the hydrophobic nature of so lutes
in a way which is stro ngly related to the partit ion coefficient, log P, of the standard 11

octa no l-water partitioning system. Th e dependence of log k ; on the nature of the
or ganic modifier and an ana lysis of function al group beh aviour in different eluents
reveal th at log P and log k ; are not completely interc ha ngeable, becau se certa in
substituents, i.e., methylth io and triflu orom eth yl gro ups, beha ve differentl y in RPLC
and a tru e liquid-l iqu id partition ing system. The consequences of this non-polar
group selectivity in RPLC on the qu alit y of quantitat ive structure-activity relati on
ships for elect ron transport-inhibiting herbicides are dem onstrated. Th e results sug
gest th at log k ; might be a better model for the assessment of the hydrophobicity of
dru gs in biological systems.

INTROD UCTI ON

The aim of studies on quantitative structure-activity relationships (QSA Rs),
introduced by Han sch and co-workerst .2 , is the correlat ion of biological activity with
chemical structure for a co ngeneric series of compounds. Most of these studies, inc

0021-9673/83/$03.00 © 1983 Elsevier Scien ce Publishers B.Y.



330 T. BRAUMANN, G. WEBER, L. H. GRIMME

eluding those with herbicides<", ha ve shown that the inhibitory act ion of drugs is
predominantly a fun ction of their hydrophobic nature. The use of partition coef
ficients , P, obtained from an n-octanol-water partitioning system has become a stan
dard method? for modelling biological membranes and thereby quantifying the
hydrophobicity of a given compound as : log P = log Coe• - log Cwa,. ,

Log P is either determined experimentally or calculatedv". The conventional
shaking flask method is laborious and time .con suming, often complicated by insta
bility in aqueous med ia , impurities and the tendency for a compound to dissociate.
Furthermore, th is procedure only has a limited application range up to log P = 46

.

Calcul ation of log P using known H anseh tt values is often only successful when the
molecular framework of a given series ofcompounds exhibits roughly the same physi
co-chemical properties as th ose from which the tt value s were deri ved. Thus, there are
innumerable compounds for which log P values have to be determined .

Alternatively, chromatographic techniques can be used for the determination
of the hydrophobic nature of drugs, especially thin-layer chroma togra phy (T LC?
and reversed-phase high-performance liquid chro ma togra phy (RPLC) (see refs. 8- 10
for extensive references). The latter technique has been shown to produce very efficient
ly high-precision data with respect to retention which are believed to be a measure of the
partition behaviour between the non-polar bonded sta tiona ry phase and the more
polar eluent. The cap acity factor, k', is given by

(I )

where t R and to are the retention time s of a retained and an unretained solute, respec
tively. k' is directl y related to the Gibbs free energy attributed to the retention pro
cess, ,100 , according to

log k' = log <p - LJOo/2.3 RT (2)

where R, T and <p are the gas constant, temperature and phase ratio of mobile and
stationary ph ases , respectively. Log k ' is therefore equi valent to log P and can also be
used to obtain extrathermodynamie substituent con stantsv!" .

It has been shown! " that within a group of compo unds of comparable size,
shape and polarity, good correlations between log k' and log P are observed. How
ever, with octadecyl-silica as the sta tiona ry phase and water-organic mixtures as
eluents, pol ar group selectivity '? and non -pol ar group selectivityl°,13 appear which
depend both on solute structure and mobile phase composition. To eliminate these
selective effects, we have introduced log k .; as a mea sure of hydrophobicity in RPLC
and as a better analogue to log P'" . Thi s approach is equi valent to the R~ values,
introduced for TLCI 4

, and ha s recently found further applica tion in studies of the
hydrophobic nature of phenols I 5, the prediction of solubility in water?" and in ion
pair RPLCI 7.

In this study, we investigate in detail the relation between the reversed-phase
retention beha viour and bulk liquid-liquid partition coefficients of severa l economi
cally important herbicidal groups. Th e results indicate that log k w can be used inst ead
of log P as a hydrophobicity parameter for phen ylure as and phenoxyearbonic acid
derivatives. However , the two par ameters are not completely interchangeable because
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specific substituents behave differently in RPLC and a true liquid-liquid partitioning
system . In the case of s-triazines, only RPLC provides hydrophobicity parameters
which are strongly related to the inhibitory action of these compounds on photo
synthetic electron transport.

EXPERIMENTAL

Materials
All herbicides obtained from Riedel-de Haen (Hannover, G. F.R.) were of the

highest purity available. In Table I are collected the common and chemical names of
the compounds. Distilled water was prepared with an all-glass double distillation unit
(Heraeus-Schott, Mainz, G.F.R.). All other reagents were of analytical reagent grade
and used without further treatment. The column (25 cm x 4.6 mm LD.) (E. Merck,
Darmstadt, G.F .R.) was self-packed by the slurry technique using tetrachloroeth
ylene as the suspending medium. The suspension was introduced into the column

TABLE I

COMMON NAMES AND CHEMICAL NAMES OF THE HERBICIDAL COMPOUNDS

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

Common name

Phenylureas
Chloroxuron
Chlortoluron
Diuron
Fenuron
Linuron
Metobromuron
Metoxuron
Monolinuron
Monuron
Neburon

s-Triazines
Atrazine
Propazine
Simazine
Prometryn
Desmetryn
Terbutryn

Chemical name

3-[4-(4-Chlorophenoxy)phenyl]-I ,I-dimethylllrea
3-(3-Chloro-p-tolyl)-I ,I-dimethylurea
3-(3,4-Dichlorophenyl)-I ,I-dimethylurea
1,I-Dimethyl-3-phenylurea
3-(3,4-Dichlorophenyl)-I-methoxy-I-methylurea
3-(4-Bromophenyl)-I-methoxy-l-methylurea
3-(3-Chloro-4-methoxyphenyl)-I ,I-dimethylllrea
3-(4-Chlorophenyl)- I-methoxy-l-methylurea
3-(4-Chlorophenyl)-I, l-dimethylurea
I-Butyl-3-(3,4-dichlorophenyl)-I-methylurea

2-Chloro-4-ethylami no-c-isopropylamino-I ,3,5-tri azine
2-Chloro-4,6-di(isopropylamino)-1 ,3,5-triazine
2-Chloro-4,6-di(ethylamino)-1 ,3,5-triazine
2,4-Di(isopropylamino)-6-methylthio-l ,3,5-triazine
2-Isopropylamino-4-methylamino-o-rnethylthio-I ,3,5- tri azine
2-tert. -B1Itylami no-4-ethylami no-6-methyl th io-I ,3,5-triazine

Phenoxycarbonic acids
2,4-0 2,4-Dichlorophenoxyacetic acid
Dichlorprop 2-(2,4-Dichlorophenoxy)propionic acid
Fenoprop 2-(2,4.5-Trichlorophenoxy)propionic acid
MCPA 4-Chloro-2-methylphenoxyacetic acid
MCPB 4-(4-Chloro-2-methylphcnoxy)blltyric acid
Mecoprop 2-(4-Chloro-2-methylphenoxy)propionic acid
2,4,5-T 2,4,5-Trichlorophcnoxyacetic acid

Phenoxycarbonic acid methyl esters
All methyl esters of phenoxycarbonic acids listed above

- -- - - - - - - - - - - - - - - - - - --- - - - - - - - - -
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with the aid of a Ha skel pump at 500 bar. The sta tionary phase was IO-pm Li
Chroso rb RP-1 8 (Merck, batch No . VV 1106). The column was used without further
trea tment in all experiments.

Chromatography
The liqu id chr om atograph con sisted of a Series 2/2 reciprocating pump (Per

kin-EImer, Nor walk , CT, U.S .A.), a Model LC-55 variable wave length U'V-visible
detect or (Per kin-Elmer) and a Servogor Model S pen recorder (Me trawatt, Nurn 
berg, G. F .R.). Th e detecto r was set at 230 nm (r-triazines), 250 nm (phenylureas)
and 2~O nm (phenoxycarbonic acid derivat ives).

A volume of 5 ,t! of a 2.5 · 10- 4 M sample solu tion was injected by mean s of a
IO-plprecision syringe via a Rh eodyne M odel 7105 sample valve (Rheodyne, Berk eley,
CA, U.S.A.), and the retention times were measured with a sto p-watch. Th e re
pr oducibility of the retention times was' better than I %, so that in all experiments
two ind epend ent runs were carr ied ou t.

Th e mobile phase consisted of different volume fractions of methanol and
acetonitrile in water, respectively, prepared with the gradient former of the ch romato
graph. In stead of water, the.phenoxycarbonic acids were analysed in a 0.5 M aeetate
buffer (pH 2.9) as the aqueous phase . The flow-rate was 1.7 ml /m in at room tempera
ture . The column dead time was det erm ined by the injection of acetone dissolved in
methanol or acet onitri le with 100% methan ol or acetonitri le, respect ively, as the
mobile phase. We ha ve checked the reliabili ty of to obtained by this procedure by
comparison with va lues deri ved fro m the linearization of the net retentio n time for
hom ologous alkylbenzenes!". The to va lues were identi cal within the experimenta l
erro r. Th e standa rd erro r of log k' determination s was less than ±0.005.

Measurement of the Hill reaction
Broken spinach chloroplasts were prepared acco rding to a sta ndard pro ce

dure'" , Th e reactio n medium contai ned 7 m M phosph ate buffer (pH 6.4), 0.25 M
sucrose, 0.1 mM dichlor ophenolindophenol and 50 fig chlorophyll per ml and was
illuminated for 45 sec with 50,000 lux by means of a projector lamp. Th e decrease in
absorption was mea sured at 590 nm . At least four different herbicide con cent rati on s
were used for the determination of pIso, th e logarithm of the concentration of a
herbicide which causes 50 %inhibition of the H ill reaction .

RESULTS AN D DI SCUSSION

When th e reversed-phase pack ing of octadec yl groups att ached to a silica sur
face does not contain unreacted silanol groups which contr ibute to the retentio n of a
solute, ligand - solute interaction will be weak and non-selective-". Genieser et al."
estimated the ligand content of th e sta t ionary phase used in thi s study and fou nd a
very high surface coverage of about 22 %. Furthermore, determina tion of the dea d
volume with acetone gave the same values as derived from the linea rization of the net
retention time for hom ologou s alkylbenzenes, which is very unlikely in the case of free
silanol gro ups. It is therefore reason able to assume th at there are no accessible hy
droxyl gro ups to contribute to retention . Acco rding to the solvopho bic theory20 ,2 2 ,

retenti on will then be a function of solution behaviou r in the mobile phase .
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Variation of the capacity factor with mobile phase composition
The ana lytical tool to assess selec tive etTects of spec ific molecul a r st ructures is

the va riat ion of th e k' of the sa mple wit h the orga nic modifier co nte nt of the mobile
phase/ :':

log k' = log k; + S({J (3)

whe re (f is the volume fr act ion of organic so lvent in th e wa ter-organ ic so lvent m ix
ture, k .; represents the ca paci ty fac to r of a so lu te with pure wa ter as mobile ph ase
(usua lly obta ined by ext rap ol ation to the in ter cept of the o rdi na te) and S, the slope of
th e regression curv e, shou ld be relat ed to th e so lvent streng th of the pure o rgan ic
so lvent/:'. T able II shows the retention data of herbicides at ditTer ent vo lume fractio ns
of methanol , ({JM, in wa ter. T abl e III co llec ts the data fro m regression ana lysis of th e
rela tio n bet ween log k' and ({JM' and includes the part ition coefficients, log P.

From T abl e Ill , it is seen th at eq n. 3 de scr ibes the varia tio n of sa mple k' with
({J M' The pr oposal of Sn yder et al.2 3 th at S de pends only on the solv ent strength of th e
pure organ ic modifier and sho uld therefore be constant fo r ditTerent kinds of solutes
is obvious ly not correct. Valu es of S ca n va ry over th e ran ge - 3.0 to - 6.0, whi ch
indicates that a given increme nt in organic modifi er co nce ntration ca uses large di f
ferences in rete n tio n. T he sa me behavio ur has been fo und fo r benzene deriva tives !"
and for ion-pa ir RPLC of ben zen o ic acids !". Wi thin the di fferen t gro ups of herb i
cides, func tiona l gro up selectivi ty clearl y exist s, as ind icated by a la rge va ria tion of
the free ene rgy cha nge of the so rpt ion process with a given cha ng e in ({JM of th e mobile
ph ase. The ca pacity fac tor, k', is therefore not a good param eter to describe the
hyd ropho bic nature of a so lute since co m po un ds with the sa me k' at a given ({JM do
not necessa rily exhibit th e sa me ret ention mechanism d ue to different values of S. We
have th erefore suggested 10 th at log k.; is a better me asur e of the hydro ph obicity of a
so lute becau se select ive effects are eliminated owing to the extra po latio n to ({JM = O.
That S as well as log k ; is lar gely depend ent on the hyd rophobic sur face area of the
so lute is dem onstr at ed by the close corre lation of these va ria bles :

S = - 0. 719 log k ; - 1.980 (n = 30, r = 0.952) (4)

The fac t tha t th e herbi cid es belon g to qu ite d itTerent chem ica l classes esse ntia lly does
not influence the relati onsh ip bet ween S and log k w ' However , the d itTerent herbicid al
gro ups show a small but significan t deviati on from the overall re lat ion of eqn . 8
(Table IV).

If S and log k; depend on th e sa me properties of th e solute, th e slo pe of th e
regre ssion curve will be - 1.0. The sma lles t de viati on fro m - 1.0 is fo und for th e .1'

t ria zines which possess only hydrophobic substituents symmetrically arranged
around the hetero cyclu s. It is therefore reasona ble to ass ume th at the so lvo pho bic
effect is th e dominant facto r co ntrolling retention. Th e phenoxycarbonic acids on the
o ther hand are partly io nized at the pH of th e mobile ph ase so th at also electroni c
co nt ributio ns playa co nsidera ble ro le with a concomitant by low slo pe of - 0.4 58.
The o ther herbicid al gro ups co nta in both hyd rophil ic a nd hyd rophobi c subs tituen ts
and show a behaviour between the two extremes.
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TABL E II I

REGRESSION ANALYSIS OF THE RELATIONSHIP BETWE EN THE VOLUME FRACTION OF
METHANOL, CPM, AND log k' : log k' = log k ; - Scp"

Part ition coe fficients , log P, were ca lculated with IT values given by No rr ington et al. 24
• Diu ron (log P =

2.68) was the reference for the dimethylureas, linuron (log P = 2.76) fo r the methylm eth oxyure as. Log P
values of s-t riazines were calc ulated with simazine (log P = 1.51) as the standard co m po und. The log P
values of the reference compounds were taken from ref. 25. Log P values of the phenoxycarbonic acids an d
th eir methyl esters were cal culated with aceti c acid (log P = - 0.24), propi on ic acid (log P = 0.29) and
bu tyr ic ac id (log P = 0.70) as the parent co mpound , respecti vely. M = Meth yl ester.

Common name log «; -S log P

Fen uro n 1.838 3.642 0.9984 1.18
Metoxuro n 2.185 3.859 0.9977 1.98
Mo nuro n 2.239 3.556 0.9997 1.91
Mon olinuron 2.453 3.650 0.9998 1.99
Chlorto luron 2.640 3.8 13 0.9998 2.55
Metobrom uron 2.603 3.746 0.9996 2.37
Diuron 2.816 3.891 0.9998 2.68
Linuron 3.072 4.081 0.9997 2.76
Chlorox uron 3.602 4.636 0.999 7 3.65
Ne buron 3.920 4.882 0.9992 4.31

Sima zine 2.267 3.410 0.9994 1.51
Atrazi ne 2.759 3.842 0.9999 2.05
Prop azine 3.2 11 4.222 0.9994 2.59
Prometryn 4.731 5.546 0.9995 1.91
Desmetryn 4.749 5.512 0.9999 2.46
Terbutryn 5. 178 5.9 14 0.9991 2.56

2,4-D 1.726 3.182 0.9996 2.22
MCPA 1.872 3.270 0.9997 2.30
2,4,5-T 2.103 3.392 0.999.8 2.99
D ichl orprop 2.051 3.296 0.9996 2.75
Mecopro p 2.182 3.388 0.9998 2.83
Fenopro p 2.498 3.662 0.9999 3.52
MCPB 2.546 3.456 0.9996 3.53

2,4-D-M 3. 186 4.114 0.9995 2.64
MCPA-M 3.277 4. 174 0.9998 2.72
Dichlorprop-M 3.55 1 4.368 0.9998 3. 17
Mecop rop-M 3.599 4.40 2 0.9997 3.25
2,4,5-T-M 3.61 1 4.360 0.9997 3.41
MCPB-M 3.998 4.654 0.9995 3.95
Fcnoprop-M 4.076 4.740 0.9996 3.94

Influence of the nature of the organic modifier on log k ;
Log k ; was defined before as the capacity factor with pure water as the mobil e

phase and sho uld therefore be indep end ent of the nature of the organic modifier.
Additiona lly, log k.; should be an intrinsic property of the solute, indicat ing the non
polar sur face area 17 ,26. In order to verify these assumptions, we have estimated the k'
values of the phen ylurea herbicides with acetonitrile-water mixtures as the mobile
pha se. Table V collects the resulting values for S and log k ; and compares them to
those obtained from the methanol-water system.
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TABLE IV

REGRESSION ANALYSIS OF THE RELATIONSHIP S = a log kw + b

Herbicides - a - b 11

s-Triazines 0.857 1.471 6 0.999
Phenylureas 0.64 3 2.219 10 0.932
Pheno xyacetic acid 0.688 1.916 7 0.996
meth yl esters
Phenox yacetic acids 0.458 2.398 7 0.893
Pyridazinoncs* 0.792 2.096 8 0.969

* D ata taken from refs. 10.

Again, we find a line ar relationship between the capacity factor and the volume
fraction of acetonitrile, ({JA, in water. However , log k w(A ) and SiA l are quite different
from log k W(M) and S(M) ' A regression analysis yields:

log k w(M ) = 1.435 log k W(A ) + 0.279 (n = 10, r = 0.939) (5)

The moderate correlation coefficient indicates that log k.; indeed reflect s basically the
same molecular properties of the solute in both solvents, but these properties con
tribute differently to retention. This is also seen in the poor correlation of S (Al to log
k W(A) in contrast to the good correlation of S (M ) to log kw(M):

S IAl = ~0.203 log k w(A ) - 2.749 (n = 10, ,, = 0.410) (6)

Most probably, these differences ari se from the chemical nature of the two organic
modifiers. Methanol exhibits both hydrogen donor and acceptor abilities and will
therefore easily be incorporated into the network of water molecules, whereas aceta-

TABLE V

REGRESSION AN ALY SIS OF THE RELATIONSHIP log k' = log kW(A ) - S IAj<{JA

The corres po nding values of S(,,) and log k w(" , are included .

Common name

Fenuron
Metoxuron
Monuron
Monolinuron
Chlor toluro n
Metobromuron
Diuron
Linuron
Chloro xuron
Neb uron

Acetoni trile M ethano l

log kW(A ) - S IAl 11 log kw(MI -S(M )

0.910 2.902 7 0.9995 1.838 3.642
1.493 3.5 18 7 0.9975 2.185 3.859
1.428 3.086 7 0.9984 2.239 3.556
1.732 3.035 7 0.9989 2.453 3.650
1.524 2.837 7 0.9981 2.640 3.813
1.789 3.024 7 0.9997 2.603 3.746
1.673 2.929 7 0.9979 H ili 3.89 1
2.025 3.064 7 0.9985 3.072 4.081
2.132 3.217 7 0.9985 3.602 4.636
2.427 3.302 7 0.9979 3.920 4.882
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T AHL E VI

REGRESSIO N ANA LYS IS O F TH E RE LAT IONS H IP BET WEEN T HE VO LU ME F RACT ION OF DI F-
FE R ENT O RGA N IC MODIFIERS AND log k'

Retention da ta were taken from the compi lati on of ref. 27. Included are measured log P va lues, mostly published by
the Hansch group ' :".

- - - - - - - - - -
Compound A1('II1(/nol Acetonitrile Tetrahydrofuran log P

- ---- -

- 5 ( ", ) log k"-tMl - S tAI log k tv (,O - Sen log k ...IT)
- - " .~----- -- - - - -- ._.... - - - - - - --_. - - - -_. -- - -
Acet ophen on e 2.73 I. 92 2.28 1.42 2.71 1.21 1.66
Aniline 2.06 1.21 2.62 1.27 1.10
Aniso le 2.66 2. 15 2.62 1.86 3.21 1.81 2. 11
Bcnza ldeh yde 2.65 1.80 2.22 1.36 2.62 1.20 1.48
Bcnzene 2.56 2.16 2.57 1.86 3.08 1.85 2.13
Benzonitrile 2.63 1.77 2.44 1.54 3.0 1 1.45 1.56
Benzo phenone 3.72 3. 15 2.99 2.34 3.96 2.25 3.18
Benzyl alcoho l 2.52 1.47 1.86 0.80 2.65 0.93 1.10
Biphenyl 4.23 3.89 3.25 2.88 3.99 2.54 4.02
n-Butylbenze ne 4.54 4.32 3.34 3.03 4.26
Chlorobenzene 3.27 2.80 3.0 1 2.33 3.8 1 2.33 2.81
p-Chlorophenol 3.00 2.15 . 2.79 1.67 2.39
p -Chloro tolu ene 3.76 3.37 3.01 2.50 3.33
a-Cresol 2.65 1.81 2.51 1.46 3.61 1.88 I. 96
0 - Dichloro benzene 3.62 3.26 2.93 2.44 3.38
Dieth yl pht ha late 3.70 2.90 3.22 2.30 3.52 1.80 3.15
2,4-Dimethylphenol 3.09 2.31 2.74 1.77 3.94 2. 15 2.30
Dim ethyl ph tha lat e 3.22 2.21 2.61 1.63 3.01 1.23 2.11
m-Di nitrobenzene 2.62 1.91 2.87 1.86 3.68 2.01i 1.49
o-Di ni tro benzene 2.90 2.02 3.07 1.97 1.58
p-Dinitrobenzenc 2.62 1.8\ 2.9 \ 1.89 1.46
2,4.Dinitrotoluene 3.00 2.37 3.21 2.21 1.98
D iphcn yl ether 4.34 3.9 1 3.52 2.9 1 4.00 2.54 4.20
Eth ylbenzen e 3.52 3. 18 3.37 2.64 3.57 2.33 3. 15
1Il - F1uor o nit ro benzene 2.73 2.13 2.80 1.93 1.99
P:Fluor onitro benzen e 2.73 2.01 2.78 1.87 I. 99
p- Fluoropheno l 2.70 1.62 2.50 1.28 1.77
p-Hydroxybenzaldehyde 2.59 1.38 2.25 0.84 1.35
p-Methoxybenzaldehyde 2.79 1.97 2.35 1.42 1.68
p-Meth ylbenzaldehyde 2.92 2. 15 2.54 1.73 2.04
Meth yl benzo ate 2.87 2.28 2.6 J 1.82 2.12
Naphthalene 3.58 3.22 3.0 1 2.46 4. 13 2.54 3.37
p-Nitroa cetop hen one 2.77 1.95 2.65 1.68 3.28 1.68 1.53
p-Ni trobenza ldehyde 2.69 1.72 2.53 1.54 1.20
Nitrobenzene 2.70 2.03 2.66 1.80 3.36 1.80 1.85
111-Nitropheno l 2.72 1.80 2.68 1.46 4. 10 2. 10 2.00
o-N itrophen ol 2.54 1.90 2.50 1.6 1 1.79
p-Ni tropheno l 2.79 1.77 2.8 1 1.49 1.91
Phenol 2.35 1.34 2. 19 1.06 3. 19 1.50 1.46
2-Phenylet ha no l 2.8 1 1.80 2.08 1.04 3.04 1.17 1.36
p- Phen ylpheno l 3.67 2.96 3.52 2.40 3.20
3-Phcnylpro pa no l 3.06 2. 19 2.43 1.41 1.88
n-Propylbenzenc 4.15 3.82 3.29 2.83 3.68
Toluen e 3. 15 2.72 2.94 2.28 3.63 2.28 2.69
2,4,5-T richlorotoluene 4. \9 3.84 . 3.4 1 2.92 2.92
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nitrile can serve only as an hydrogen acceptor and will change the structure of the
mobile phase more drastically. The free energy change for the retention process will
thus be dependent on the different molecular properties of the solute. In order to gain
more insight into functional group selectivity in different organic modifiers, we have
analysed the retention data of Schoenmakers et a/.27 with respect to S and log k;
(Table VI) and included measured log P values reported in the literature.

The contribution of a substituen t to retention can be defined 8
•
1 1 as

, = log (kj /k;) (7)

where k' is the capacity factor of solutes j and i which differ by a sub stituent. When
transformed to log kw , eqn . 7 becomes:

' w= log k W(j ) - log kW(i) (8)

We have examined 'wfor the different monosubstituted benzenes of Table VI and
with three different organic modifiers (Table VII).

In general, the methanol-water system is the most discriminating eluent with
. respect to substituent effects on ret ention. These differences are most pronounced for
completely non-polar groups (Table VII). If we examine polar substituents, signifi
cant differences in polar group selectivity are found within the different mobile
phases. Short alcoholic groups (as in 2-phenylethanol) produce polar contributions to

TABLE VII

FUNCTIONAL GROUP VALUES, Tw , DERIV ED FROM MONOSUBSTITUTED BENZENES OF
TABL E VI

Log k ; for benzene is taken as reference. 7C values are taken from ref. 2.

Subst ituent M ethanol-water Acetonitrile-water Tetrahydrofu ran-water
t..., TA TT

CH3 + 0.56 + 0.42 + 0.41 +0.56
CH 3CH 2 + 1.02 + 0.78 + 0.48 + 1.02
n-Propyl + 1.66 +0.97 + 1.55
n-Butyl +2.1 6 + 1.17 + 2.13
Phenyl + 1.73 + 1.02 +0.73 + 1.96

OH -0.82 -0.80 - 0.35 -0.67
CH20H -0.69 - 1.06 - 0.92 - 1.03
CH 2CH2OH -0.36 - 0.82 - 0.68 -0.77
CH2CH2CH2OH + 0.D3 - 0.45 - 0.25

CI + 0.64 +0.47 +0.48 + 0.71
N02 -0.13 - 0.06 - 0.05 - 0.28
NH 2 - 0.95 -0.58 -1.23
CN - 0.39 -0.32 -0.40 - 0.57
CHO - 0.36 - 0.50 - 0.65 -0.65
COCH3 - 0.24 -0.44 - 0.64 - 0.55
OCH 3 -0.01 0.00 -0.04 -0.02
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the benzene ring in the acetonitrile (AN) and tetrahydrofuran (TH F) systems which
are almost twice those in the methanol system . This selectivity difference has also been
observed by Tanaka et alY for different II-alcohols. These authors also showed that
phenol is specifically retarded in the THF system, in accordance with our results
(Ta ble VII) . Acetophenone and benzaldehyde also possess a greater polarity in THF
and AN , but the functional group values in this case follow the order 'M < 'A < 'T.
On the other hand, nitro and amino groups att ached to the benzene ring result in a
stronger retention in AN and THF (i.e., 'A and 'T are smaller than ' M). Th e depen
dence of , for non -electrolytes on the nature of the organic modifier may be the result
of electronic interactions between the solute and solvent, especiall y in the cases of
polar group selectivity observed in the different phase systems.

Relationship between log k w and the partition coefficient, log P, of the n-octanol- water
system

The relation between log k ; and log P can be considered as a special case of the
Collander equation /" which relates the partition coefficients of different solvent sys
tems:

log Pz = a log PI + b (9)

Using the values of log k; and log P from Table VI, we obtain the following regres
sion curves for the methanol system

log kw(M ) = 0.870 log P + 0.401 (n = 45, r = 0.958)

for the acetonitrile system

log kw(A ) = 0.601 log P + 0.525 (n = 44, r = 0.894)

and for the THF system :

log kw(T) = 0.460 log P + 0.799 (n = 24, r = 0.827)

(10)

(II)

(12)

If a solute is equ ally distributed between octanol and water, i.e., log P = 0, the
intercept of the Collander equation gives a measure of the hydrophobicity of the non
aqueous phase in relation to the hydrophobicity of n-octanol ; a positive value in
dicates that the solvent is less hydrophobic than oct ano!. The positive intercept in our
case can be explained by recent findings l 3

.
Z9 that the organic modifier is extracted

into the stationary phase to solvate the octadecyl ligands and thereby decreases the
hydrophobicity of the " effective" stationary phase. Furthermore, the mobile phase
consists of water-organic mixtures which leads to a decrease in the free energy change
of expuls ion from the eluent relati ve to pure water. The overall effect is as if the non-
polar phase is more hydrophilic than octanol. '

The slope of the regression equ ation is a measure of the solvent system's sensi
tivity to changes in the hydrophobicity of solutes. Methanol again pro ves to be the
most discriminating modifier and is in this respect quite similar to the oct anol-water
system . For THF, changes in solute structure will usually result in only half the
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differences when compared to methan ol or the octanol-water system . The magnitude
of the correlati on coefficient o bserved is only acceptable for the linear rela tion be
tween log kW(M ) and log P. We can therefore conclude from the different correlation
coefficients of eqn s. 9-11 that onl y methanol-water as the mobile ph ase produces
ret ention data which are stro ngly related to log P.

We will now examine the validity of these results for the more complicated
structures of the herbicides. Since these compounds conta in mostly hydrophobic
substituents, it is expected that at least log k w (M ) will be closely related to log P. Fig. I
depicts thi s relationship for phenylureas and phenoxycarbonic acid deri vati ves.

-Indeed, the two hydrophobicity par ameters ma y be regarded as equ ivalent in thi s
instance., The poor co rrelation of log k ; to log P (1' = 0.923, n = 10), when de
termined in acetonitrile-water, also fits into the framework esta blished by the an alysis
of the simple benzene derivatives.

Interestingly, s-triazines show a completely different behaviour in the two sys-
terns :

log P = O. 196 log kW(M) + 1.432 (n = 6, r = 0.555) (13)

The lack of correlation between log k ; and log P is not the result of polar group
selecti vity as observed for the benzene deri vati ves, but arises from the unusual be
haviour of the non-polar methylthio substituent in RPLC. When s-triazines contain
th is fun ction al gro up instead of a chioro-subst ituent, a sma ll decrease in hydropho
bicity should occur according to the t: values of CI ( + 0.71) and SCH3 (+0.67)2.
Wh at is actua lly observed is a large increment in retention with a corresponding .110g
kM of 1.5, which is equivalentto an additional propyl group attached to the heterocy-

log P

4.0

3.0

2.0

1.0

3.02.0
t-'-----'-'--- - ---'-- - - - L _.

4.0 log kwo
Fig. I. Relationship between log P and log kw(M) for phenylureas (0), phenoxycarbonic acids (0) and
phenoxycarbonic acid meth yl esters (0 ).
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elus . We have shown 10 that a trifluoromethyl group also gives an unusually large
increase In hydrophobicity when compared to the tt value (l110g k.; of about 1.5). Both
results demonstrate that specific non-polar groups exert selective effects which are not
found in liquid-liquid partitioning systems. As a con sequence, we have measured the
inhibitory act ivity of s-triazines to examine which hydr ophob icity parameter is better
suited for modelling the hydr ophobicity of these herbicides.

St ructure-activity relationships
Phenylureas and s-triazines inhibit the phot osynthetic electron tr ansport of

chloroplasts. Since both herbicidal groups are known to bind to a specific protein
near photosystem U30

, the ability to inhibit electron flow upon illumination is
stro ngly dependent on the hydrophobic nature of these herbicide s". Therefore, QSAR
with log k; and log P is a good test of whether polar and non-polar group selectivity
influences the quality of the relati on between the biological respon se and the hydr o
phobicity of these compounds.

Using the 150 values for the inhibition of the Hill rea ction from Table VIII , for
phenylureas :

pEso = 0.945 log k w(M ) + 3.583 (n = 10, r = 0.841) (14)

Thi s equation is equivalent to those reported previously':" and is also valid if log P

TABLE VIII

piso VALUES FOR THE INHIBITION OF TH E HILL REA CTION BY PHENYLUREAS AND s
TRIAZINES

The react ion med ium containe d 7 mM phosphate butTer (pH 6.4),0.25 M sucrose, 0.1 mM dichlorophenol
indo phenol and 50 )1g chlorophyll per ml and was illuminate d for 45 sec with 50.000 lux, Th e decrease in
absorption was measured at 590 nm .

Compound pIso

Measured Reported'

Fenuron 4.9 4.6-5.5
Met oxuron 6.0 6.6
Monuron 5.5 5.6--6.8
Mon olinuron 5.8 5.6--6.1
Chlorto luro n 6.4 7.0
Met obromuron 5.6 6.0
Diuron 7.0 6.7-7.5
Linu ron 6.7 6.7-7.0
Chl oro xuron 6.7 6.8-7.3
Nebu ron 7. \ 6.7-6.9

Simazine 5.7 5.4-6.4
Atrazine 6.0 6.1-6.6
Prop azine 5.7 5.4-6.3
Prometryn 6.8 7.0
Desmetryn 6.4
Terbutryn 7.1
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6.0 •• • 0
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o 1.0 2.0 3.0 40 5.0 60
log P (e) and log kw(M) (0)

Fig. 2. Relationship between the inhibition of the photosynthetic electron transport by s-triazines and their
log kW(MI and log P values, respectively. The inhibitory activity is given as pIso, the logarithm of the
concentration which causes 50% inhibition of the Hill reaction with dichlorophenolindophcnol as elec
tron acceptor.

values are used instead of log k w ' Obviously, log k ; can fully replace log P as a
hydrophobicity parameter. This is also true for the phenoxycarbonic acids and their
methyl esters and for a variety of compounds, i.e., pyridazinones'", phenols'" and
alkylbenzamides".

The s-triazines with SCH 3 substituents show non-polar group selectivity in
RPLC so that log k.; and log P are only poorly correlated (eqn. 13). Interestingly, log
k; can be used to model the behaviour of s-triazines in thylakoid membranes whereas
log P cannot (Fig. 2). The parallelism between the increase in activity and the increase
in retention upon methylthio substitution cannot be interpreted at the moment. For
that purpose, more QSAR studies with congeneric series would have to be performed
where 'w or log k.; of those substituents which show polar and non-polar group
selectivity in RPLC should be related to their biological activity. Preliminary results
with trifluoromethyl-substituted pyridazinones are promising in this respect.

CONCLUSIONS

Extrapolated log k; values of different herbicides and of benzene derivatives
can provide hydrophobicity parameters which are strongly related to log P in the
standard octanol-water system. However , polar group selectivity and non-polar
group selectivity is observed in RPLC for certain substituents, among them OH,
SCH 3 and CF 3' which indicates that log k ; is basically an expression of the solvo
phobic effect but also includes additional information about the physico-chemical
properties of a compound. The few QSAR studies which have employed retention
parameters all show that log k' or log k ; can fully replace log P as a measure of the
hydrophobicity of drugs. We have shown here that in the specific case of s-triazines
with methylthio substituents only log k ; can be used for this purpose.

Biomembranes are highly compartmentalized structures with respect to their
lipid and protein moieties, and are thus not homogeneous within their non-polar nor
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polar region s. Thus, membranes should be better able to discriminate between min or
structural difference s than is indicated by the gro ss hydrophobic beh aviour in liquid
liquid systems. Thi s may be especially true for the protein-ri ch functi on al membranes
of chloropl asts and mitoch ondria which are the preferred targets for herbicides. Fur
thermore, the lipids and proteins of the biomembranes are asymmetrically arranged
and cannot move freely . laterally or transversely, so that steric and electronic require
ments of the molecular structure come into play which do not operate in bulk
liquids. Probably, the dyn amic chromatographic process -- the exclu sion of a solute
from the mobile phase into a more or less ordered stationary phase-- is a better
model of the beha viour of drugs during their passage thr ou gh biom embranes.
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SUMMARY

When appropriate salts are added to the mobile phase in ion-pair high-per
formance liquid chromatography (HPLC) it is possible to arrive at an isocratic sol
vent with which complex mixture s of nitrogenous compounds of different pK. values
and lipophilic characteristics may be separated. Selectivity in the manipulation of
solute retention depends on the salt type, its concentration, the percentage of organic
modifier in the mobile solvent and the solute itself. In addition to a dramatic reduc
tion in analysis time, the use of salts can also improve the resolution of closely eluted
peaks . With judicious control of the pH of the mobile solvent , the addition of salts to
the mobile phase can cause the retention of compounds of different pK. values to alter
in a contrasting manner. Under typical ion-pair HPLC conditions, an increase in salt
concentration in the mobile solvent enhances the retention of neutral compounds and
reduces the retention of ionized compounds. An inverse log-log relationship between
the capacity factor ofa solute and the salt concentration in the mobile phase was found .
Examples are given of the use of salts in mobile solvents for ion-pair HPLC of a
number of pharmaceutical preparations employed for the treatment of migraine.

INTRODUCTION

The analysis of compounds which contain amino groups is very important in
biological and pharmaceutical applications. The conditions for separation of basic
nitrogenous compounds by high-performance liquid chromatography (HPLC) have
always been dependent on the chemistry of these bases' : Two important parameters
regulating the elution profiles of these compounds from reversed-phase columns are
their pK. values and lipophilic characteristics. In the analysis of mixtures of bases
which differ widely in these parameters, the most popular method for separation has

0021-9673/83/$03.00 © 1983 Elsevier Science Publishers B.V.
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been gradient elution ion-pair HPLC2
, Whilst this is adequate for qualitative analy

sis, the lack of precision has limited its application. It has recently been dem
on strated ' that chromatographic separation with gradient elution can only be repro
ducible when isocapacitive mobile solvents are used. These solvents are defined as
mobile phases in which the pairing ion concentration is similar to that in the
stationary phase.

The addition of salts to mobile phases is a standard practice in ion-exchange
chromatography of ionized solutes, where the ions from the salt compete for the
charged sites on the ion-exchange resin. In salting-out chromatograph y, salts have
been used for the elution of neutral org anic compounds from ion-exchange columns.
In an attempt to relate the retention of a solute to the concentration of the salt in the
mobile solvent, the following empirical formula was proposed'v"

log k ' = log k~ + KsM

where k' and k~ are the capacity factors of a solute eluted using mobile solvents with
and without salt , respectively, M is the concentration of the salt in the mobile solvent
and K, is the salting-out constant. This expression is of the same form as the well
known Setchenow equ at ion" which describes the effects of salts on the solubility of
non-electrolytes in aqueous soluti on. The salt constants in both equations depend on
the nature of the salts used.

The use of salts in mobile solvents has been successfully applied to the separ a
tion of small neutral or ionized compounds on reversed-phase columns 7- 10 . The
enhancement of retention of neutral compounds with increasing salt concentration
has been explained by the solvophobic theory? in terms of the combined effects of a
reduction of electrostatic repulsion between solute molecule s, an increase in surface
tension of the eluent and the concomitant increase in the energy required for cavity
formation to accommodate the solute molecule in the solvent. For ionized solutes, a
more complicated relationship is involved: at low salt concentrations , the retention
decreases with increasing salt concentrat ion, whereas at sufficiently high salt concen
tration, an increase of salt in the mobil e solvent increases retention". Jandera et al:9

have demonstrated that the solvophobic theory cannot be strictly applied to these
retention phenomena.

Until recently , the addition of salts in ion-pair chroma tography had been em
ployed only to assist in the elucidation of the retention mechanism of ion-pair chro
matograph y. A number of authors1°--12 have suggested that an inverse dependence of
the capacity factor on the salt concentration in the mobile solvent can be used to
support the dyn amic ion-exch ange hypothesis, however the same relationship is es
sentiall y consistent with a variety of alternative retention mechanisms 13-15. In these
studies, the solutes used have generall y been small molecules such as biogenic amines
and amino acids, and no allowances have been made for selectivity differences ari sing
from the use of different salts.

In this report we discuss a number of att ractive features of the use of salts in
ion-pair HPLC of nitrogenous basic drugs, in particular with regard to selectivity in
retention reduction and improvement in the resolution of closely eluting peak s. With
judicious control of the pH of an isocratic mobile solvent containing a salt , it is
possible to analyse a number of pharm aceut ical preparations employed for migraine.
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Thes e preparations generally contain nitrogenous bases of varying pKa and lipophilic
propert ies, and the addition of salts to mobil e solvents not only redu ces analysis time
but can also exert opposite effects on the retenti on of neut ral and ionized molecules.
Th e relati on ship of the ca paci ty factors of a number of these nitrogenou s drugs to the
salt concentra tio n in the mobile phase of ion -pair HPLC is also investigated .

EXPE RIM EN TAL

Standards and reagents
Th e sta ndard dr ugs were obtai ned from various sources: (± )-ephedrine hydro

chloride, caffeine and theophylline from Sigma (U .S.A.) ; ergotamine tartrate from
Fluka (Switzerland) and cyclizine hydrochloride. meclozine hydrochloride and diphen
hydramine hydrochloride from the Nation al Biological Standard s Lab or ator y (Ca n
berr a, Austra lia). Th ese materials were show n to be free from contaminants by gas
chro ma togra phic- mass spectro metric (GC- MS) ana lysis and test solut ions were
made up in methanol- water (50:50) at a concentration of 1.0 mg/ml .

Analytical grade ammo nium sulpha te, lithium sulphate , magnesium sulphate,
sodium sulphate and sodium chloride were pur chased from BOH (A ustra lia). The
salts were washed with anhydrous meth anol and dr ied in a desiccat or under vacuum
before use. n-Heptanesulphonic acid (sodium salt) and acetic acid were obta ined from
Ajax Chemicals (Austra lia) and used witho ut fur ther pur ification .

Analysis of pharmaceutical for mulations for migraine treatment
Four different for mulatio ns were purchased over the co unter in Sydney, Aus

trali a. Th e ingredients and their co ncentra tions in each preparat ion are show n in
Table I. Twenty rand omly selected tablets fro m each of the fou r formulations were
crushed and an accur atel y weighed port ion of powder equi valent to the aver age
weight of a single tabl et was dissolved in an appro priate volume of methanol-water

T ABL E I

QUANTITATION OF SOM E COM ME RC IA L PH AR MACE UTI CAL PR EPA RATI O NS FOR M I
G RA INE T R EAT ME NT

Preparation Ma nufa cture r

Cafe rgo t Sa ndo z (Swi tzerland)

Ergodryl Park D avis (Au stralia)

Ergalan Allen and Han bu rys (Au stralia)

Migral Bur ro ughs Wellcomc (Australi a)

Stated concentrat ion oj"
acti ve ingredients (lIIg)

Ergotamine ta rtrate, 1.0
Caffe ine, 100
Ergota mine ta rtr ate , 1.0
Ca ffeine cit rate, 100
Diphenh ydr am ine hydrochl o ride, 25
Ergo tamine tar trate, 1.0
Ca ffeine, 100
Meclozinc hydr och loride, 10
Ergo tamine tartrate, 2.0
Ca ffeine hydr ate, 100
Cyclizine hyd rochlor ide, 50

%* ofstated
content

99 ± 1.2
101 ± 0.5

99.0 ± 1.0
99.6 ± 1.2
95.0 ± 1.3
94.5 ± 2.0
99.0 ± 0.8

100.0 ± 1.0
98.0 ± 2.0

101.0 ± 1.3
100.0 ± 1.2

" Result s are expressed as the percentage of the decla red content of the ac tive ingredient ± stan 
da rd deviati on . Th e sta ndard dev iatio n is esti ma ted fro m the ra nge of three indi vidu al determinati on s.
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(50:50) in a volumetric flask, with the aid of a ultrasonic bath. The solution was then
filtered and diluted , if necessary, to an appropriate concentration for injection onto
the HPLC column.

Quantitations were made by using the chromatographic peak heights, and the
concentrations of active ingredients in each tablet formulation were calculated with
respect to their stated contents. All assays were performed in triplicate.

Instrumentation and chromatographic procedures
The liquid chromatograph system consisted of a Waters Model M6000A sol

vent pump, Model U6K injector, Model M450 variable wavelength detector (Waters
Assoc., Milford, MA, U.S.A .) and an Omniscribe Model B52l7-1 record er. The detec
tor was generally operated at 254 nm with a sensitivity setting of 0.1 a.u.f.s., however
for separations of drugs in pharmaceutical preparations the wavelength was 245 nm.
Because of the large differences in concentrations of active ingredients in these formu
lat ions, the setting of the detector at this wavelength tended to bias the sensitivity of
detection towards the drugs of low concentration. All separations were carried out at
20°C and the flow-rate was set at 2.0 ml/min unless otherwise indicated.

Separation by HPLC was accomplished using a IlBondapak CIS column (30
cm x 4.7 mm J.D ., Waters Assoc.). The column was equilibrated with each mobile
phase before use; a constant retention time was usually obtained after pumping 20- 30
column volumes. When changing from one mobile phase to another, the column was
washed with 10 ml of 0.01 N H3P04 (pH 3.0) and 15 ml of methanol-water (50:50 v/v)
before equilibrating with the new solvent . When mob ile solvents containing sodium
chloride were used, the HPLC system was washed with water immediately after use. A
number of similar CIScolumns were used in this study, however the column was not
changed until a particular aspect of the study was completed.

Preparation of mobile phases
Analytical grade methanol was triply distilled from all-glass apparatus and

water was distilled using a Millipore Milli-Q water purification system. The mobile
phases were usually prepared immediately before use by dissolving 5.0 mmole .of
heptanesulphonic acid (sodium salt) and an appropriate concentration of salt in
methanol-water mixtures containing 1.0%(v/v) glacial acetic acid. All mobile sol
vents were prepared in single large batches of sufficient quantity for experiments on a
particular aspect of the study, so that intrastudy variations were eliminated. The
exact ingredients of the mob ile phase used are given in the figure captions.

Mobile phases were aspirated through 0.7-llm glass micro fibre paper filters
(GF/F, Whatman), degassed in an ultrasonic bath and allowed to equilibrate to
ambient temperature before use.

RESULTS AND DISCUSSION

Selection of solutes
The compounds selected for thi s stud y are listed in Table II together with their

pKa values and connectivity indices, X16
• The connectivity index is a useful indication

of the lipophilic character of a molecule and is directl y related to the cavity surface
area , polar izability, solubility and partition coefficient of that molecule!". The calcu-
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TABLE II

CONNECTIV ITY INDICES AN D pKa VALUES FOR COMPOUND S STU DIED

349

Name

Caffeine
Cyclizine
Diphenhydramin e
Ephedri ne
Ergotamine
Meclozine
Theoph ylline

* Fro m ref. 25.

Connectivity index , %

5.37
8.34
8.27
5.25

12.12
9.4 1
5.13

< 1.0
8.16
9.12

10.8
6.4

< 1.0

lated values of X reported here are approximate , in that no corrections were made for
the contributions of different functional groups, such as carbonyl and hydroxyl, in
the molecule.

The compounds shown in Table II are widely distributed in their pKa and
connectivity index values . Under the mobile phase pH conditions used in this study
(pH 3.5), theophylline and caffeine remain essentially neutral, wherea s all of the other
species are in their protonated form s. In view of the large differences in X values, the
separa tion of a mixture of these compounds, e.g., caffeine, ephedrine and ergotamine,
would be difficult under isocratic conditions. Ion suppression methods" cannot be
used here since the pH required would be in excess of that permi ssible with silica
columns.

2.0

\.5

'0
III

s:
o

.~

C
~

"co
U

o.oL-;-;;---~=::==::;;==;~~~~~~
35 40 45 50 55 60 65 70 75

Fraction Volume at Methanal in Methanol -Waler Mixture r/. )

Fig. I. Variation of the solubility of salts with changes in the fraction of meth an ol in meth anol-water
mob ile solvents. 0 = NaCI; • = MgSO., 6 = (NH.)2S0.;. = Li2SO,,; • = Na2SO•.
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Salt effects
The solubilities of the various salts studied in methanol-water mixtures were

determined experimentally by dissolving a known excess of salt in the solvent and
accurately weighing the dried residue. Fig. I shows the solubilities of these salts at
20°e.

The effects of addition of the salts NaCl, MgS04, (NH4)zS04' LizS04 and
NaZS04 to the mobile phase in ion-pair HPLC on the retention behaviour of the
solutes ergotamine, cyclizine, diphenhydramine, ephedrine and caffeine are shown in
Fig. 2. For the first four compounds, inclusion of a salt in the mobile phase caused a
reduction in retention, whereas for caffeine the retention was either unaffected or
slightly increased . The different behaviour of caffeine is clearly due to the fact that it is
not ionized under the pH conditions used. Similar results were obtained with theo
phylline, which is also not ionized. The general pattern observed for the protonated
solutes was that a sharp decrease in retention occurred upon the initial addition of
salt, after which only slight changes occurred with further addition of salt.

The results given in Fig. 2 indicate that the observed change in retention is
strongly dependent on the type of salt added to the mobile phase. The general order
of efficiency with which the salts reduced the retention of the solutes tested was
LizS04 > (NH4hS04 > NaCI > Na ZS04 > MgS04, although the order did vary
slightly depending on the nature of the solute. At higher concentrations of salt than
those shown in Fig. 2, a slight increase in retention was observed (Fig. 3) and this has
been rationalized 13 in terms of the gradual dominance of the surface tension terms in
the retention equation developed from the solvophobic theory. The same phenom
enon has also been attributed to salting-out effects caused by the increased concen
tration of salt in the mobile phase'" .

The order of efficiency of retention reduction exhibited by the various salts is
different for ephedrine than for the other protonated species. This difference must be

4.2

k'

(a)

2.2

1.8
"0---+-,---!:-2---!:-3---47-----""'"""+

Salt Concentration in Mobile Solvent (10 ~2 MI

Fig. 2.
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2.7

2.3
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Salt Concentration in Mobile Solvent (10- 2 MI
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k'

3.4 (C)

k'

3.1

1.6

o , 2 3
Salt Concentration in Mobile Solvent

0.86 (e)

4
110-2 MI

O.77't..~==!::::jt:==~--~--_t

0.5L _--"-__-'-_--'--__'---_---'--_ _
o , 2 3 4 5

Salt Concentration in Mobile Solvent (10-2M)

k'

0.83

0.80

0.74

0.71

-r
, 2 3 4

Salt Cancentration in Mobile Solvent liD-2M)

Fig. 2. Change of the capacity factor, k'; with salt concentration in the mobile solvents. Salts are denoted as
in Fig. l. Solutes: a, ergotamine; b, cyclizine: c, diphenhydramine: d. ephedrine: e. caffeine. Mobile
solvents: a-c, methanol-water (60:40) containing 5.0 mM sodium heptanesulphonate and 1.0% acetic
acid; d, e, methanol-water (43:57) containing 5.0 mM sodium heptanesulphonate and I %acetic acid.

partially attributed to the less lipophilic nature of ephedrine compared with the other
compounds. A lower fraction of organic solvent was employed in the mobi le phase
used for ephedrine in order to obtain a workable k' value which would illustrate salt
effects (k' > 1.5 at zero salt concentration).
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MgS04

0.30, 3 5 7 9 '1
Salt Concentration in Mobile Solvent (10- 2 MI

Fig. 3. Examples of the increase in retention at higher salt concentration in the mobile solvent. Mobile
solvent as for Fig. Za-c. D, 0 = Diphenhydramine; • = ergotamine. k'o is the capacity factor obtained
without addition of salt to the mobile phase.

The effect of added salt was somewhat dependent on the proportion of meth
anol present in the mobile phase. In mobile phases containing low amounts ofmeth
anol the k' value reached a lower plateau level than that observed for higher amounts
of methanol. In addition, the initial rapid decrease in k' occurring upon the first
addition of salt was more dramatic in mobile phases containing higher proportions of
methanol. This trend is expected since the concentration of pairing ion adsorbed onto
the stationary phases decreases as the fraction of organic modifier is increased. Com
petition by added salt ions can therefore more readily reduce the retention of an
ionized solute.

2

Ii)

3

4 (ii)

20

Fig. 4. Comparison of isocratic separations of synthetic mixtures of caffeine (I), ephedrine (2), diphenhyd
ramine (3) and ergotamine (4) with two different mobile solvents. Mohile solvents : i, methanol-water
(50:50) containing 5.0 mM sodium heptanesulphonate and 1.0% acetic acid; ii, as for i except with
7.0.10- 2 M Na2S04 added.
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Selectivity and resolution
The possibilit y of using the addition of salt to selectively manipulate retention

is evident fro m the dat a in Fig. 2. It is clear that the retention of a solute in ion-pair
HPLC is a function of the combined effects of the added salt type, salt concentra tio n,
the frac tion of organic modifier in the mob ile pha se and the natur e of the so lute. An
exa mple of selective retenti on manipulati on is given in F ig. 4 which depicts the iso
cra tic separa tion of a mixture of caffeine, ephedrine, diphenh ydramine and egot amine
using mobile phases both with and without the presence of added salt. Addition of
Na 2S04 result ed in a decreased ana lysis time, a reversal of the elut ion order of
ca ffeine and ephedrine and an imp rovement in peak sha pe for all solutes.

The resoluti on of closely eluted peak s is also governed by the concentration of
sa lt in the mobile phase. We have found that an increase in sa lt co ncentration leads to
an increase in resolution , followed by a decre ase at higher salt co ncentrations. Thi s
effect was particularly pron oun ced with columns of low efficiency and ca n be ex
plained in terms of the binding of exposed silanol sites by the salt in the mobile phase.
The result s are illustrated in Fig. 5 which shows that the resolution of ergotamine and

til
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08

0.7
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0.5

0.4
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2
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log k'
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0.1

-0 .1
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-0 .3

-10 -05
log(N025041

Fig. 5. An examp le of the impr ovement in the resolution of two closely eluted peak s produced by cha nging
the salt concentration in th e mobile solvent. Salt concent ra tions: i, 0.7 1· 10- 2 M; ii, 2.63 . 10- 2 Mi n
metha no l-water (50:50) co nta ining 5.0 mM sodium heptan esulphon ate and 1.0 %ace tic acid. Peaks: I =

ca lfeine ; 2 = d iphenh ydr am ine; 3 = ergotamine.

Fig. 6. Observed log-l og relati onsh ip betwee n k' and Na2SO. co ncent ration in the mobile so lvent. Mobile
phase: methan ol- water (50 :50) containing 5.0 mM hept anesulph onat e, I·%acetic acid and the indicated
conce ntration of Na 2SO• . • = Ergotamine; 0 = diphenhydr amin e; • = ephedri ne.
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Fig. 7. Separations of pharmaceutical preparations for migraine treatment using methanol-water mobile
solvents containing 5.0 mM sodium heptanesulphonate and 1.0%(v/v) acetic acid. i, Cafergot tablets,
methanol-water (50:50) and 7.0 .10- 2 M Na 2S04 ; ii, Ergodryl tablets, methanol-water (50:50) and
9.0.10- 2 M Na 2S04 ; iii, Ergalan tablets, methanol-water (51:43) and 4.0 .10- 2 M Na 2S04 ; iv, Migral
tablets, methanol-water (43:57) and 10.10- 2 M Na 2S04 . Peaks: A = caffeine ; B = cyclizine; C =
diphenhydramine; D = ergotamine; E = meclozine ; F = citric acid.
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diphenhydramine is dr amat ically im proved by an increase in th e sa lt co nce ntra tio n,
desp ite the fact th at the retention of eac h spec ies has been reduced . Addition of sa lt
im pr oves the resolution by na rrowing the pea ks, since the separatio n fact ors ca lcu
lated from eac h of th e chromatograms in Fi g. 5 are almost identical (1.31 and 1.37 for
Fi g. 5i and ii, respect ively). Improvements in resolution resulting from addit ion of
sa lt to the mo bile ph ase in ion-pair HPLC have been reported previously".

Relationship between k' and [salt]
A number of explana tions ha ve been advanced for the mechanism by wh ich

addi tio n of a sa lt to th e mobile ph ase pr odu ces a reduct ion in ret ention in ion-p ai r
HPLC. The un certaint y surro undi ng th is mech an ism is a direct result of th e fac t th at
co ns iderable am bigui ty sti ll exists regard ing th e mechanism of ion-p air chromatogra
ph y itself ' 4.' 5,20-24. In many of the published stud ies, an in verse relationship has been
reported bet ween k' and the co nce ntra tion of sa lt in the mobile ph ase " ·12.14.15. We
have experime ntally determined the re latio nshi p between k' and [sal t] for th e so lutes
ep hedri ne, ergotamine and di phenhydramine; the pair in g-ion co nce ntration was
mainta ined at 5 mM. The res ults of thi s study sh owed th at, for the particular solutes
an d salt co nce ntra tions exam ined , th e ca pacity facto r was not inver sely pr oport ional
to [sal t] ; ra the r an inve rse log-log relat ionsh ip was observed , as indicated by Fi g. 6.
The reasons for the d isp ar ity be tween th ese results and those previously rep orted
could onl y be de termined by further study, however we have used m uch larger so lute
molecul es a nd a wider ran ge of sa lt co ncentra tions th an in previous studies. These
facto rs are likely to have a co nsi de rable effect.

Analysis ofpharmaceutical preparations
To illus tra te th e utility of isocratic ion-pa ir HPLC with add ition of salt to the

mo bile phase, seve ra l preparat ions em ployed fo r m igraine trea tm ent co ntain ing d if
ferent mixtures of the test so lutes were ana lysed . The sa lt co nce nt ra tio n and the
percentage of orga nic modifier in th e mobile ph ase were adj usted to opti mize th e
separati on in th e min imum analysis time. As far as possible , the salt concentrat ion
was maint ained in th e plateau region (see Fig . 2) to minimize va riations in ret ention
ca used by slight cha nges in sa lt co nce ntra tio n. The chromatogra ms obta ined a re
given in Fig. 7 and the results are summarized in T a ble 1. These results clea rly show
th at the proposed me thod of an alys is has direct application to the analysis of such
ph a rm aceutical fo rmula tions.

CONC LUSIONS

Thi s study has de mons tra ted th at th e ad d itio n of sa lts to the mobile phase used
in ion- pa ir HPLC ca n lead to selective cha nges in ret enti on of so lutes. The type of
sa lt, the degree of io nization o f the so lu te, the percentage of organic modifi er , the sa lt
con centration and the nature of the solute itself all play a part in de termining solu te
ret ention. Adjustment of th e sa lt co nce ntra tion in the mobile phase ca n permit iso 
crat ic separation of a ser ies of co m po unds previously sepa rable only with gradi ent
elu tion io n-pai r HPLC.
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CHROMATOGRAPHY
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(Received Januar y 31st , 1983)

SUMMARY

The dependence of the elution patterns of 0- , m- and p-xylenes and ethylben
zene on the fJ-cyciodextrin concentration in the formamide stationary phase depo
sited on Celite has been studied in the temperature range 50-70°C, It has been found
that stereoselective molecular inclusion processes take place in the formamide
medium, thus , modifying its chromatographic properties . Such systems result in a
gain in stereoselectivity while at the same time retaining all the advantages of par
tition gas chromatography. The conditions for complete separation of the investi
gated compounds have been elaborated.

INTRODUCTION

The most remarkable property of cyclodextrins (CD s) is their great ability to
form inclusion compounds with various molecules and ions. Attempts to make use of
this phenomenon for the separation of various mixtures have mainly been by use of
liquid chrom atography' v'. There is little inform ation concerning the behaviour of
CDs in gas chromatography (GC) . The retention data of various compounds were
studied using stationary phases containing crystalline fJ.. - and {J-CDs3 and polyure
thane incorporating CDs4 . Under these conditions, molecular inclusion plays a signif
icant role in the sorption process. The Japanese authors" proposed that CD-poly
ureth ane resins be applied in anal ytical practice for the concentra tion of some aro
matic compounds.

The aim of this work was to answer the question: can CD s be used to modify
the resolution properties of liquid stationary phases in gas chromatography? In other
word s: can CDs be applied to the analytical separation of various compounds by
partition GC ?

The studies were performed using {J-CD solut ions in form amide; 0-, m- and p
xylencs and ethylbenzene were chosen as the model compounds.

0021-9673/83 /$03 .00 © 1983 Elsevier Science Publishers B.V.
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Reagents
[J-CD was supplied by Chinoin (Budapest, Hungary). Celite (80-120 mesh) for

gas chromatography was from BDH (Poole , Great Britain). Pure formamide was
supplied by POCh (Gliwice , Poland). All materials were of analytical or reagent grade
and were used without further purification.

Apparatus and procedures
Chromatographic studies were performed using a Hewlett-Packard 7620 A gas

chromatograph equipped with dual flame ionization detectors. Glass columns (2 m x
4 mm J.D .) were used. In the experiments special care was taken to maintain constant
the inlet pressure (2.75 atm) and helium flow velocity (50 ml/min).

The compounds were injected (0.2 Ill) separately or as mixtures using Hamilton
microsyringes. The retention time of each compound was determined as the mean
value (relative error < 0.5%) from each of series of six injections.

The stationary phase was prepared as follows. An aqueous solution containing
[J-CD and formamide was deposited on Celite. The resulting slurry was shaken for
about 10min and then the excess of water was slowly evaporated at low pressure (20
mmHg) and at a temperature of 50°C. In all the experiments the quantities of for
mamide (4.54 g) and Celite (20 g) were constant. The amount of [J-CD was varied :
0.3, 0.6, 0.9 or 1.2 g. The columns were weighed before and after packing to give the
mass of coa ted support in the column; the mean value for all the columns was 12 ±
0.5 g.

In each case two columns were prepared: one with a given solution of {J-CD in
form amide and the second (reference) containing form amide alone. These two col
umns when placed in the chromatograph oven enabled perform ance comparisons
und er the same conditions, thus excluding many sources of error. The two flame
ionization detectors were connected to two electrometers and could be operated with
two columns at the same time. Each injection on the [J-CD containing column was
followed almost at once by the injection on the reference column.

The studies were carried out in the temperature range 50-70°C.

RESULTS AND DISCUSSION

The chromatograms presented in Fig. I show the dependence of the separation
of a mixture of 0-, m- and p-xylenes and ethylbenzene on the concentration of [J-CD in
the form amide solution used to coa t the Celite column. Fig. 2 demonstrates the
influence of the temperature on the separation process for the same mixtures. In these
experiments the stationary phase comprised a U8 mol % solution of {J-CD in form
amide.

A comparison of the elut ion patterns in Fig . I leads to the conclusion that
inclusion of the solutes in the [J-CD cavi ty takes place in the form amide medium. For
each species investigated , the adjusted retention times followed the relationship:

t~ (f3-CD, formamide) > t~ (forrnamide)
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Fig. I. Chromatograms of a mixture of 0-(4), m-(I) and p-(2)xylenes and ethylbenzene (3) at 60°C on
columns (2 m x 4 mm 1.0.) packed with 0.0 (a), 0.296 (b) , 0.59 (c), 0.88 (d) and 1.18 mol %(e) of P-CD in
formamide solution, deposited on Celite (4.54 g per 20 g). Sample size : 0.3 Jll; composition; a-xylene
(0.7974 g), m-xylene (0.7546 g), p-xylene (0.7262 g) and ethyl benzene (0.7080 g).
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Fig. 2. Chromatograms of the same mixture as in Fig. Ie at 50°C, 60°C and 70°C. Sample size : 0.3 Jll.
Helium flow: 50 ml/rnin.
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TABLE J

SEPARATION FACTORS AT 70°C FOR COLUMNS WITH DIFFERENT CLNCENTRAnONS OF
p-CD

0 -, m-, poX = 0 - , m-, p-Xy1enes; etb = ethy1benzene .

Concentration (XJ>-x/m-x C1.etb/~X Ct.o- X/etb (J,erb/m-x r:J.o-X/",..X

ofP-CD in fo rmamide
(mol %)

0 0.9/\5 0.974 1.485 0.940 1.396
0.30 1.114 1.107 1.277 1.233 1.574
0.59 1.145 1.116 1.222 1.278 1.562
0.88 1.221 1.135 1.244 1.386 1.724
1.18 1.223 1.364 1.057 1.668 1.763

A characteristic feature of this inclusion process is its stereoselecti vity. The separation
factors, ex, of pairs of the compounds investigated, calculated as the ratios of their
adjusted retention times, are given in Table I.

With the column containing formamide alone, only a-xylene forms a separate
peak while all the other CSHlO aromatics are eluted together; thus is due to the
relat ively great difference (about 4°C) between boiling point of a-xylene and those of
the other compounds. However, in the presence of {3-CD in formamide solution, the
shape of the molecules is distinguished and each compound is eluted separately. The
polarizability, which changes only slightly in the case of xylenes, plays a minor role.

The pro cesses involved in the formation of {3-CD molecular inclusion com
plexes which take place in formamide medium , except stereoseiectivity and suitable
capacity, meet the other requirements of the dynamic chromatographic method ,
primarily those of reversibility and fast equilibration. The elution curves are sym
metrical and the retention of each compound is independent of its concentration and
of the presence of other substances in the injected sample . Table II gives the number
of theoretical plates, N, of the columns and Table III lists the resolution, Rs, es
tablished graphi cally for neighbouring peaks. It is evident that the loss of efficiency
caused by complexation processes is relatively small, not exceeding 12-24 %of the
reference value for the column containing formamide alone. Because of the gain in

TABLE II

NUMBER OF THEORETICAL PLATES, N, OF THE COLUMNS AT 60·C FOR DIFFERENT CON 
CENTRATIONS OF P-CD IN FORMAMIDE SOLUTION

Concentration of
P-CD in form amide
(mol%)

o
0.59
0.88
1.18

N*

1250
950

1050
1100

* Calcula ted on the basis of the peak of o-xylene.
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TABLE III

RESOLU T IO N, R" FOR 0- , m-,p-XY LENES AND ET HYL BENZEN E AT DIFFE REN T CONCEN
T RATI ONS OF P-CD AND AT DI FF ERENT TEMPERATU RES

Concentration R, Temperature
ofP-C D in formamide
(mol %) 500 e 600 e 700 e

0.0
R(' l b . ~X < 0.40
R,. x.m-x
Rm-X . I~X LSI 1.92 1.69

0.30 Rm_x.~x 1.25 1.1 7 0.80
Rp- X. et b 1.10 1.14 0.67
Relb.~X 2.22 2.00 1.86

0.59 Rm.X.,..x 1.26 1.20 1.20
R,1-X , e tb 1.13 1.16 1.09
RC1b , r1-X 1.53 1.42 1.00

0.88 Rm.x.,. x 1.56 1.33 1.40
Rp-X , etb 1.25 1.25 1.45
Rc-tb ,o-X 1.29 1.29 1.00

1.18 Rm.x,p-x 1.88 1.52 1.38
e;«: 1.60 1.47 1.44
Rc tb,o- x 1.57 1.33 1.05

selectivity with molecular inclusion, these systems exhibit bette r resolu tion towards
the compounds investigated.

Taking into account the time of separa tion and the values of R, as a function of
P-CO concentra tion and of temperature, it may be concluded that the following
conditions are suita ble for the analysis of 0 -, m- and p-xylene and ethylbenzene
mixtures: P-CO concentration, l.1 8 ml %; temperature, 60°C. Under these con
ditions the chromatog ra phic columns are sta ble and may be used for several weeks.

Therefore we have obtained an affirma tive answer for the questio n posed at the
outset of this work. P-CO can modify the resolution pro perties of partition GC
systems under suitably chosen conditions. The observed stereoselectivity seems to be
a very promising feature for various chromatographic separations.

The opinion genera lly accepted until quite recently, th at CDs form inclusion
complexes exclusively in aqueous solutio ns, does not therefore seem to be correct.
Form amide itself constitutes a suitable liquid matrix for P-CO inclusion proce sses.

In the course of thi s work special attention was paid to maintaining constant
values of the inlet pressure and helium carrier gas flow velocity. Under these con
ditions it was possible to compare the relative stabil ities of P-CO complexes while
having no means of establishing their exact values'<". Thi s evalua tion was performed
on the assumption th at on ly complexes of I: I sto ichiometry are formed and hence

{ p-CD = {~ (l + K [f3-CO])

where {P-CD and {~ are respectively the adjusted retent ion times of a solute on the
column containing P-CO in formamid e.solution and on the reference column contain-
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ing pure formamide; K is the stability constant of a 1:1 p-CO complex, e.g., for 0 

xylene;

[o-X ·p-CO]
K ortho = [o-X] [poCO]

For dilute poCO solutions ([P-CO] < 0.296 mol %) the following sequence has been
etablished at 60°C (etb = ethylbenzene):

This sequence changes in more concentrated poCO solutions , where the above
straight line depencence (for I: I stoichiometry) is no longer valid, and may suggest
that complexes of other than I: I stoichiometry are formed . Further studies on the
application of COs in partition GC are in progress.
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SUMMARY

Medium acidic phospha te deri vatives of the hydroxyethyl methacrylate macro
porous gels Spheron 300 and 1000 were prepared by several procedures. The resulting
cation exchangers had nominal capacities of 0.20-4.08 mequiv .jg and were charac
terized by their capacity for small ions, static and dynamic capacities for proteins,
elemental ana lysis, operating volume and inner surface area. Some samples were
titrated potentiometrically to the first and second dissociation degrees and the result s
discussed in terms of the phosphorus content. The relationships between the nomin al
capacity and phosphorus content, between nominal capacity and sta tic capacity for
proteins and between the static and the dynamic capa city for proteins were investi
gated and discussed . Chromatographic experiments on a mixture of serum albumin,
chymotrypsinogen and lysozyme showed a dependence of retenti on volumes on the
nominal capacity. Applications to the separations of egg-white proteins and of cellu
lolytic enzymes from a cult ivation liquid of Trichoderma viride-reesei are described .
Experiments with the cation exchanger Spheron 300 phosphate, used as an " im
mobilized acid" for cat alysis (esterification of alcohol and inversion of saccharose),
are also reported.

INTRODUCTION

New types of ion exchangers based on the macroreticular poly(2-

* For Part I see ref. 2; for Part II, ref. 3 and for Part Ill, ref. 4.

0021-9673 /83/$03.00 © 1983 Elsevier Science Publishers RV.
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hydroxyeth yl)methacrylate , trade-name Spheron (Lachema, Brno, Czecho slovakia)
or Separon HEMA (Laboratory Instruments Works, Prague, Czechosl ovakia) , have
been developed since 1975 for the rapid chromatography of biopolymers and their
fragments . In our introductory work" , these ion exchangers were described and ex
amples presented of the chromatography of proteins, polypeptides, amino acids ,
nucleic acids, oligonucleotides and nucleotides. The hydr odynamic properties of
these new packings for high-performance liquid chro matogra phy (HPLC) of bio
polymer s were also discussed. We subsequent ly reported? the charac terization-of the
polymer matri x, in particular its macrostructure and porosity, and described in
det ail:' the medium-basic diethylaminoethyl (DEAE) derivatives of Spheron, includ
ing examples of their application and a method of dete rmination of the sta t.ic capaci ty
for prote ins. The most recent.paper" in this series dealt with the weakly acidic carbox
ylic derivati ves of Sph eron and described a determinat ion of the dynami c capacity
for proteins.

These ion-excha nge deriva tives of Spheron and other der ivatives not yet de
scribed in detail have found bro ad application in biochemistry for the separa tion of
techn ical enzymes"? and other proteins and their fragments", in the chromatography
of mono- and oligosaccharidesv'? including cellodextrins! ", mono- and oligonu
c1eotidesl 2

, l 3 and organ ic acids!". The rapid chromatog raphic ana lysis ofenzymes and
examples of the application of Spheron ion exchangers have been reviewed1S-17 .

Thi s paper describ es med ium-acidic phosphate Spheron ca tion exchangers and
their application in the ra pid chroma togra phy of proteins and in catalysis (cf, ref.
18). A part of the results have been presented in a prelimin ary form!".

EXPE RIM EN TA L

M aterials
Spheron 300 (beads 10-20 and 20-40 jim) and 1000 (beads 20-40 and 40- 60

jim) were product.s of Lachema. Spheron 300 was extracted before ionogenic modifi
cat ions, as described", Ph osphorylated derivatives of hydroxyeth yl methacrylate gels
of capacity 2.20 or 2.28 mequiv.jg, applied in catalysis, were prepared according to
ref. 20 from non-e xtracted Spheron 300 (particle size 300-400 jim , specific inner sur
face area 103 m2 j g).

Proteins employed for testin g chromat ograph ic propert ies were those used
earlier!": Phosphoryl chloride, amines and solvents required for ionogenic modifi
cations, n-butano l, acetic acid and saccharose used for testing th e catalytic efficiency
of phosphorylated der ivatives and all inorganic compounds and chemicals for de
termination of cellulolytic activity were supplied by Lachema. Whatman No. I chro
mat ographic paper was supplied by Whatman Labsales (Maidsto ne, Gre at Britain).
The cultivation liquid Trichoderma viride-reesei was kindly provided by the Research
Institute of Food Industr y, Prague.

Preparation of ion exchangers for chromatographic application
Spheron phosphate s were prepared by reaction of phosph oryl chloride with

Spheron as shown in Scheme I in Results and Discussion . One of the laboratory
procedures is given in the legend of Fig . I, which shows the effect of reaction time on
the course of ionogenic substitution. Further modifications are described in Table I,
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8

"loP

4

10 20 30
h

Fig. 1. Effect of reaction time on the ionogenic mod ification of Spheron . 2.5 g d ry Sphe ro n 300 (fraction of
particle size 25 lun ) disper sed in 25 ml ethyl aceta te were pho spho rylated, with stirring at - 25uC, with 5 ml
POCI J in the presence of excess of trimethylamine. The samp les for analysis were was hed with water and
aceto ne, allowed to stand in 2 M NaOH for 2 h at laborato ry tem perat ure and further was hed with water ,
etha nol, acetone and die thy l ether and dried .

which present s the effect of temperatu re, and in Table II , which gives cha rac terist ics
of a series of ion excha ngers with increasi ng nom inal ca pac ities .

In the preparation according to Scheme II (Results and Discussion ), 10 g of
Sphero n were first tr ansform ed into a glycidyl derivati ve by alkaline swelling over
night in 50 ml of 50%pot assium hydr oxide at 10°C, followed by rapid filtrati on by
suction and dispersi on in 40 ml of epichloro hydrin in dioxan . After bo iling und er

TAB LE I

IN FLUENC E O F REACTION CON D IT IO NS ON C H LO R IN E AN D PH OSPH O R US CO NTENTS
IN T HE PREP ARATI O N OF SPHERON PH OSPH AT ES

A 10-g amo unt of d ried Sp hero n 300 (particle size 25 11m) was d ispersed in 100 ml dry et hyl acetate at
- 30°C an d, in the presen ce of 20 m! d ry trie thy lami ne, su bstituted stepwise by addition of 20 ml phos 
phoryl chloride dissolved in ethyl acetate for the given time. In the case of sample c, the temperature was
increased to + 25°C. Th e samples for ana lysis were trea ted as described in Fig . I; they are no t further
characterized in Table III.

Sample Reaction time (11) Elemental analysis (%)

a
b
c
d
e

At - 25 to - 30°C

I
3
3
6
7*

15

CI

o
o
3.20
0.12
0.19

p

2.68
3.76
5.27
7.25
6.95

* Pyrid ine was used instead of triet hyla mine and activated ca rbon was added after add ition of POCI).
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TABLE II

PREPARATION OF SPHERON PHOSPHATES OF INCREASING NOMINAL CAPACITY

Spheron 1000 (part icle size 20-4 0 Jlm) was dispersed in chloroform, mixed with phosphoryl chloride at 0
5°C and pyridine dissolved in chloroform was added dropwise . After complete addit ion of pyridine, the
mixture was stirred for another 2 h at the given temperature, filtered, washed and then subjected to
hydrolysis in sodium bicarbonate solution. The resulting ion exchanger was cycled.

Sample Phosphoryl chloride Pyridine Nominal capacityrr
No .* (mmoljg ofgel} (mmoljg of gel ) (mequiv.lg)

7 1.09 1.2 0.29
8 2.18 2.4 0.45
9 3.27 3.6 0.73

10 4.36 4.8 1.24
II 6.53 7.2 2.34
12 7.85 8.6 3.14
13 12.00 13.2 4.18

* Numbering as in Table Ill.
** In contrast to the dat a in Table III, the values were read from titration curves.

reflux for 3 h the required deri vative was collected on fritted glass filter and washed
three times with acetone , once with water , three times with acetone and three times
with diethyl ether. This glycidyl-Spheron 300 (0.3 g) was mixed with 2 g sodium
hydrogen pho sphate (Na2HP04 · 12H20) and 3 ml water and heated in a sealed tube
to 98°C for 90 h. The product was refined and cycled by stepwise washing with water ,
2 M hydrochloric acid, water , ethanol, acetone and diethyl ether and dried under
vacuum .

We also tried to prepare Spheron phosphate according to Scheme III (Results
and Discussion): 0.5 g Spheron 100 and 2 g sodium hydrogen phosphate were heated
with 1.5 ml water in a narrowed-neck tube which was placed in a heat ing block at
17SOC as long as water dist illed off. After cooling a second portion (1.5 m!) of water
was added and the process was repeated 10-15 times over 7 h. The product was washed
with water, 0.5 M hydrochloric acid, water, methanol and acetone and dried .

Chromatographic methods and evaluation off raction s
The procedures were described earlier"? (determination of static capacity, see

Fig. 13
; determination of dynamic capactity, see Fig. 44

) , as were the chromatographic
instrumentation, packing of columns, regeneration (2 M sodium chloride), cycling (2
M sodium hydroxide, 2 M hydrochloric acid) and equilibration of Spheron ion ex
changers. The effiuent from chromatographic columns was continuously evaluated by
measuring its absorbance at 285 and 254 nm; the condu ctivity and pH of collected

. fractions were also determined. The activity of cellulolytic enzymes (so called filter
paper activity) was ascertained for 100-pl aliquots of collected fracti ons according to
Mandels and co-workers2 1

•2 2 using squares (I x I em) of Whatman No.1 paper and
incubation in I ml 0.05 M citrate butTer (pH 4.7) for 3-14 h at 40°C; 200 pi of the
supernatant were then used for the determination of reducing sugars according to
Somogyiv' and Nelson!" . For details see the disertation of Hostomska" .
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Measurement of the cataly tic acti vity of Spheron phosp hates
n-But an ol was continuously esterified in a vertical glass cylinder (100 x 3 em

1.0.) furni shed with a thermostating jacket and heated by circ ulatio n of heating oil. A
thermometer probe (thermocouple) was placed in the column axis . The co lumn co n
sisted of three sections: the upper inlet sectio n contai ned a 19-cm layer or a preheat
ing packin g of por ou s ceram ics followed by a 2-cm .layer of glass woo l; the centra l
section contained a 56-cm layer of ion-e xchange catalyst (Sphero n phosphate, 2.28
mequ iv.jg) and a 2-cm layer of glass wool; the lower dischar ge section consisted of 19
em of ceramic pack ing resting on a 2-cm layer of glass woo l. The column was co n
nected thr ough a pum p and a fl ow-controll ing valve to a reservoir of processed liquid .
The outlet of the co lumn led to a separa tio n vessel.

Continuo us inversion of saccharose was carried out in a similar column (110 x
1.5 cm 1.0.); the height of the cata lyst section (Sphero n ph osph ate, 2.20 mequi v.jg)
was 51 em and the volume of this section was 90 ml.

R ESULTS AND D ISCUSSIO N

The phosphory lated derivatives of Sp heron
Medium-acid ic ca tion exchangers of the Sphero n phosph ate type are best pre

pared by the reaction of phosphor yl chloride with Spherorr ' v' or Sepa ron HEMA26

(Sph- OH), dispersed in an orga nic so lvent in the presence of a base, followed by
hydr olysis:

- Hel + H,O

Sph-OH + CIPOC I2 --> Sph- O-POCI2 --> Sph-OPO(OH )2 (T)

(lI a)

Analytical charac teris tics of the deriva tives prepar ed by this meth od are listed in
Table III.

Other metho ds of prepar at ion were also studied, e.g. via the glycidyl derivat ive
(prepared by use of epichloro hydrin , Scheme IIa) and the reaction with sodium phos
phate (Scheme lIb) :

KOH

Sph- OH + CICH2-~7Hz --> Sph-O-CH 2-q~~H2

Sph- O-CH z-CH-CH2 + Na2HP0 4 --> Sph-O-CH2~CH-CH 2-0-PO(ONa)2 (lI b)

~ OH
The atte mpted preparation by heat ing Spheron with sodium dih ydrogen ph osph ate is
illustrated by Scheme III :

-H 20

Sph-OH + HOPO(ONa)2 --> Sph-O-PO(ONah (III)

Other pro cedures, not descr ibed, were also tried . However , the ro ute in Scheme I
proved most suitable. It is of great importa nce in th is case th at the reaction product is
the pure ion excha nger with a nominal capaci ty as high as possible, and it sho uld not
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TABLE III

ANALYTlCAL CHARACTERISTICS OF THE PREPARED SPHERON PHOSPHATES

O. MIKES et al.

Data for the initial non -substituted Spherons are given for comparison, cf ., also refs. 2-4. Properties of the init ial
Spherons 300 and 1000 ar e given in ref. 2. Both types differ in pore size and in exclusion limit ; the latte r for Spheron
300 (after extrac tion) is 300,000--500,000 Daltons and for Spheron 1000 is 106 Daltons.

Property Unit Non-substituted Cation ex changers
Spheron

2 3 4

Starting type 300 1000 300* 300
Part icle size Jim 20-40 20-40 40--60
Nom inal capacity

calculated (bifunctional groups) mequiv.jg 4.21 2.25
determined ** mequiv.jg 0.03 0.04 3.00 1.50

Elemental analysis
C % 55.68 55.47 46.25 51.33
H % 7.56 7.57 6.26 6.47
P % 0 0 6.52 3.49
CI % 0 0 1.42 0
Ashes % 0 0 0
Dr y substan ces % 100 96.69 97.66

Working volume**
in 2 MNaOH mljg

3.95*** 3.80 2.7 4.15
in2 MHCI mljg 3.75 2.5 4.10

Specific inner surface area
by Klyas chko Gurwi ch method** m2/g 42-62 139-155 55 102
Capacity for serum albumin (desorption)**

by static method mg/g 2- 3 12
by dynam ic meth od mg j g 5.5

* Spheron was subsequently twice phosphorylated and the preparat ion contained 0.16 %N.
** Th e methods are described in refs. 2-4.

*** Valid for distilled water.

contain any chlorine which may result in undesirable reactions. As is seen from the
analyses in Table Ill, our procedures for ion exchanger preparation meet these re
quirements quite well.

One problem in the preparation of medium-acidic Spheron phosphate cation
exchangers was that most samples exhibited a higher content of phosphorus than that
corresponding to the capacity for small ions? as determined by titration of the pre
sumed bifunctional group (cf , Tables 1Il and IV). This can be explained by a partial
reaction of phosphoryl chloride with two adjacent hydroxyl groups on the surface of
Spheron according to Scheme IV:

CI .0
"- / '"; POCI -> Sph\ / PO- OH

CI 0
(IV)
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5 6 7 8 9 /0 JJ / 2 /3

300 300 1000 1000 1000 1000 1000 1000 1000
40-60 40- 60 20-40 20-40 20-40 20-40 20-40 20-40 20-40

3.54 4.22 0. 17 0.30 0.70 1.50 2.94 3.38 5.04
2.60 3.40 0.20 0.37 0.65 1.21 2.21 3.04 4.08

47.62 46.66 55.04 55.06 53.35 50.80 48.31 46.06 42.00
6.64 7.02 7.37 7.57 7.46 7.13 6.93 6.93 6.90
5.48 6.54 0.18 0.47 1.08 2.32 4.56 5.24 7.81
0.34 0.36 0 0 0 0 0 0 0
0.37 0.28 0 0 0 0 0.38 0.19 0.3 1

97.38 97.4 1 96.43 96.57 97.53 97.05 96.45 95.73 95.60

4.0 3.8 3.75 3.68 3.50 3.50 3.40 3.25 3.10
3.65 3.65 3.70 3.65 3.45 3.45 3.30 2.90 2.80

100 100 73 88 96 92 99 94 92

108 164 178 216 220, 224 196
14.5 21.8 23.7 27.5

The parti al formation of polyphosphate cha ins in the anhydro us medium can also be
considered, as in Scheme V:

Sph-OH + 2 ClPOClz ---> Sph-O-PO-O-PO(OH )2
I
OH

(V)

As follows from Schemes IV and V, the exclusive occurrence of the first reaction (IV)
would cause a more significant lowering of the nominal capacity, i.e., from a ratio
2H +:P for Scheme I to H +:P for Scheme IV. On the other hand , the exclusive
reaction of type V would decrease the capacity only to the ratio 3H + :2P.

The potenti ometric titration of samples of Spheron phosphates carried out to
the first degree (Ta ble IV) always agreed with the content of phosphoru s found by
elemental analysis. On the contra ry, potentiometric titration to the second degree
(Ta ble IV) showed a clearly lower value than that cor responding to the content of
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pho sphorus. The nominal capaciti es, determined by filtrati on of an excess of titrated
hydroxide through the ion-exchanger column according to ref. 2, exhibited even
lower values (Table IV). Thi s probl em has not yet been so lved fully, but it can be
suppose d that some role is played by those dissociabl e protons which would be
potentiometrically titrated in the seco nd degree, but which are eliminated by the
forma tion of phosph oric diesters (IV) or pol yphosphates (V).

S tatic and dynamic capacity of Spheron pho sphat es for sorption of serum albumin
The static sorptio n capacity of Spheron cation exchangers for proteins, as

det ermined in slowly ro ta ting sea led test-tubes", was first measured in severa l buffer
solutions (pH 3-6) to find the optimal pH (see Fig. 2). Th e stro ngly acidic buffer s
pre vented accurate mea surement s due to the formation of a turbidit y in the solutions,
in particular during desorption ; on the other hand, the so rption decreased in the
alk aline pH region. However , a sho ulder was found in th e dependence of static
sorption on pH, for this ion exchanger, and the optimal pH , which enabled measure
ment of sorption and desorption, was at pH 5, i.e., near the isoelectric point of serum
albumin (pH 4.7). This is in contradiction to the usual belief that proteins are best
sorbed on ion exchangers at a pH which differs by at least one pH unit from the
isoelectric point (cf., ref. 27).
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Fig. 2. Sear ch for the optimal pH for the sorption of serum albumin on Sphero n phosph ate 300 of nominal
capaci ty 3.4 mequiv.jg (sample 6 in Table Ill) . equilibrated with 0.1 M sodium acetate at various pH
value s. The sorption (and desorption in the sa me buffers adjusted to I M with NaCl) was studied under
condition s described for the determinati on of static capacity by the batch meth od :'. I.p. = lsoelectric point
of serum albumin.

Fig. 3. Relationship between the nom inal capacity of Spheron phosphates a nd the phosph or us content and
between the static and dynamic ca pac ities for sor ption of seru m albumin and the nominal capacity for
sma ll ions (Na " ), The sta tic ca pacity was de termined according to ref. 3 by a bat ch meth od in the presence
of excess of protein in a so rption buffer (0.\ M sodium ace ta te, pH 5) as long as the equilibrium was
esta blished . followed by desorption with the sa me buffer enr iched with I M. NaCI. The dynami c capaci ty
was determ ined at flow thro ugh a column acco rding to ref. 4, und er conditions given in Fig. 4. The sample
num bers are as in Tabl e Ill.
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We have found tcf. , Fig. 4 in ref. 3), that the static sorption on DEAE-Spheron
anion exchanger follows a steep convex curve depending on its nitrogen content,
whereas the capacity for small ions, e.g., CI-, has a linear dependence. We have also
described the similar steeply convex dependence of the static capacity for serum
albumin on the nominal capacity of carboxylic cation exchangers (CM-Spheron and
Spheron C; cf., Fig. 7 in ref. 4), and explained this feature on the basis of the multiple
sorption of proteins on these ion exchangers under the conditions used to determine
the static capacity":". In the present study of medium-acid ic cation exchangers of the
Spheron pho sphate type, we have confirmed the earlier findings, as follows from Fig,
3. Thus the nominal capacity for small ions (Na+) is roughly linearly dependent on
the phosphorus content. The static capacity for serum albumin again steeply in
creases at low nominal capa cities for small ions up to values of 2-3 mequiv.jg. From a
comparison of the results obtained with the three mentioned types of ion exchanger s, it
is obvious that the relat ionships between the capacity for small ions and for proteins
follow the same general rule, thus confirming and generalizing the above hypoth
esis'':". However, at even higher values of nominal capactiy a distinct drop in the
static capacity occurs. A weak indication of this phen omenon was also found in Fig. 7
of ref. 4 where the stati c capacity of sample 4 is somewhat lower than that of sample
3. At that time", we ascribed this to possible scatter due to experimental errors. The
phenomenon is much more pronounced in the present Fig. 3, because the phosphate
ion exchangers have higher nomin al capacities. Further experiinents will be required
to elucidate completely the reasons for this behaviour.

The measurement of the dynamic capacity for serum albumin (SA) is illus
trated in Fig. 4 and the values found are given in Table III. The relationship between
the static and dynamic capacities (Fig . 3) is surprisingly different from the expected
nearl y linear relationship between dynamic capacity and nomin al capacity, found
earlier for proteins on the carboxylic derivatives of Spheron (Fig. 7 in ref. 4). The
dynamic cap acity first follows a con vex dependence similar to the static capacity, but
with much lower values (these are 3-4 times higher after recalculat ion of volume data
in mg SA/ml to weight data in mg SA/g), and increases almost linearly only above the
nominal capacity of about 1.2 mequiv.jg. It may be concluded that the sorption is
controlled by at least two different mechani sms, depending on the nomin al capacity.
The bifunctional phosph ate groups obviously adsorb protein s at low capacities rela
tively more intensively than do monofunctional groups, so that the course of the
dynamic sorption at low nominal capacities may be similar to that of the static sorp-

. tion .

Chromatograph ic experiments
Spheron phosphates are well suited as medium- acidic ion exchangers for the

rapid chromatography of proteins. They have relati vely high nominal capacities and
suitable flow-through properties. The examples given below show that for chromato
graphic purposes it is not necessary furth er to increase their capacity. Examples of
application of Spheron phosph ates to the chromatograph y of proteins have been
presented in previous papers1

,6- S , l s. For this reason, we now describe only an ex
ample illustrating the effect of nominal capacity on the separation of a synthetic
mixture of proteins and two exampl es of the separation of protein mixtures.

Separation ofa synthetic mixture of' human serum albumin (S) , bovine chvmo-



ION-EXCHANGE DERIVATIVES OF SPHERON . IV.

E
c
-cr
LJ)

N

V1.,
V1
C
o
a.
V1

~

o
u.,.,o

373

Fig. 4. Determination of the dynamic capacity of Spheron phosphates for serum albumin by the method of
ref. 4 in a chromatographic column of 0.8 em 1.D. containing 10 ml of ion exchanger (height of packing
about 20 em). The numbers of the individual chromatographic profiles correspond to the ion-exchanger
samples in Table III; their nominal capacities are given on the right. A 5 %solution of serum albumin in the
sorption buffer (S) was pumped through the column which had previously been equilibrated with the buffer
S. After saturation with protein, the column was washed with buffer S to remove serum albumin which was
not ionically bonded, and then the desorption was carried out. The flow-rate was 3 ml /rnin during the
whole experiment; 20°C; pressure drop 0.4-0.5 MPa. S = Sorption buffer, 0.1 M sodium acetate, pH 5; D
= desorption buffer of the same composition, enriched with 2 M NaCl; S + D = region of linear gradient;
R = regeneration with non-buffered solution of 2 M Na'Cl. The desorption effiuent was collected, its
volume measured and analyzed spectrophotometrically for the content of eluted serum albumin, which
gave the dynamic capacity (mg SAlmI) of the ion-exchanger bed.

trypsinogen (C) and chicken lysozyme (L). Elution was first attempted on a column
(0.8 x 20 em) containing Spheron phosphate of high capacity (4.08 mequiv.rg)
equilibrated with the first buffer, using a series of linear-gradients of buffers with simul
taneously increasing pH and ionic strength in the region from 0.05 M sodium formate
(pH 3.5) to I M sodium acetate (pH 8); in the last gradient I M sodium acetate
(pH 8) was used with the same buffer enriched to I M sodium chloride. Because
serum albumin tended to be eluted together with chymotrypsinogen under these con-'
ditions, a series of experiments were carried out with a gradient of ionic strength only,
at pH 4, 5, 5.5, 6, 6.5 and 7.5 respectively. The results obtained resembled closely
those from similar experiments carried out previously with the carboxylic cation
exchanger (Fig. 10 of ref. 4); only the pH value at which Sand C start to separate
was different. Only two peaks (S and C were combined) were observed in both series
of experiments at low pH, whereas the proteins S, C and L were separated at higher
pH, but Sand C were separated discontinuously tcf., the discussion in ref. 4 relating
to Fig. 10). The experiment with Clvl-Spheron" mentioned above showed a threshold
pH value of 6.25, whereas for Spheron phosphate this appears at pH 5.5. Because
this interesting chromatographic behaviour occurred with two different Spheron ion
exchangers, we presume a similar interaction of both proteins. The value of pH 6.5
was chosen as optimum for further separations.
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The following experiments were ca rried out to investig ate the effect of the
degree of ion ogenic substitu tion on th e separation of the mixture of proteins S, C and
L under o pt imal condi tions, sta rting with the unsubst ituted Spheron (low nom inal
ca tion-excha ngi ng capacity of 0.04 mequiv.rg du e to a trace of irremoved ca rboxyls
and proceed ing to the strongly modifi ed Spheron phosph ate (4.08 meq uiv.rg). In
contrast to the earlier experiments with DEAE-Spheron 3 and Clvl-Spheron" where
the ion exchan ger with highest capacity pr oved most efficient , the pre sent experiments
revea led th at the mixture of pro teins is well separated on th e ion exchan ger with lower
nominal capacities (cf , Fig. 5). Of interest was the shifts in pos itio n of the peak s of
the basic lysozyme L with decreasing ca paci ty; these first ap peared at higher retention
volumes and th en rapid ly drop ped to th e hold-up volume, in contrast to an expected
continuous decrease with dec reasi ng ca pacity . This behaviour can be explained on the
basis of an an tagonistic effect of the spo ntaneously decreasing pH with the increasing
no mina l ca pacity up on the rete ntion of abso rbed proteins. The same tend ency, al
tho ug h no t so pronounced, ca n be seen with the other proteins Cand S. It is obvious that
Sphero n phosph at e with bifunction al gro ups differs from D EAE-Spheron and CM
Spheron no t only in th e dependences of the static and dynami c capaci ties for proteins

Linta r gradi t'nt s
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Fig. 5. Dependence of separa tion of 20.5-mg mixture of serum albumin S (10 mg), chymotrypsinogen C (7
mg) and lysozym e L (3.5 mg) on the nominal capacity of Sphero n phosph ate of particle size 20-40 I'm. Th e
colum n dimensions were in all cases 20 x 0.8 em I.D. and the mixture of proteins was applied in 0.3 ml of
the first buffer, which was also used for equi librat ion of the ion exch ange rs. The numbers of the ion
exchangers arc as in Table III . Th e poin ts ind icate the positio ns of chromatographic peak maxima. All
buffers were prep ared from ammonium hydroxide of the following concentra tions adjusted by aceti c acid
to pH 6.5: A, 0.05 M; B, 0.3 AI ; C, J M ; D , non-buffered 2 M NaCI. Th e flow-rate was 3 ml/m in; pressur e
dr op 0.5--0.9 MP a; ambient temperature, Th e pH during elution with the linear gradients was constant at
6.5 for unsub st itu ted Sphcron (N o. 2, Table III) but decreased for catio n exchangers in the region between
the first and second gradient , becoming more pronounced with incre asing nominal ca pacity (fro m pH 6.4
to 6.2. wherea s a slow but inco mp lete return to the origina l pH value took place with further elu tion at the
end of gra dients).
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Fig. 6. Separati on of seru m albumin (S), chymotrypsinogen (C) and lysozyme (L) on Sphe ron phosp hate
1000 of ca paci ty 3.04 mequiv.jg (preparation 12. Table III). For chromatographic condi tions see Fig. 5.
The volume of effluent, V, is shown on the hor izont al axis.

on the nom inal capacity for sma ll ions, but also in the chro ma tographic retentio n. An
example of the chromatographic profile of the separation of three proteins is sho wn in
Fig. 6.

Th e egg-white proteins were chose n as an example of a natural mixture of
proteins, as previous ly for C M-Spheron (Figs . 8 and 9 in ref. 4). Experiments only
with a gra dient of ion ic stre ngth in ammoni um acet ate buffers at pH 4, 7 and 9 failed.
However, simu lta neo usly increasi ng ionic strength and pH from 4.5- 5.5 to 8-9
pro ved suitable for the sepa ra tion of these pro teins. In co nt rast to the behav iour
show n in Fig. 5, the ion excha ngers with the highest nom inal ca pac ities gave the best
separa tion in these experiments, as with other types of Sphero n ion excha ngers. Fig. 7
shows the chromatogram obtained using Spheron phosph at e of high capacity (4.08
mequi v.Jg). A reaso nahle separa tion was even o bta ined with ion excha ngers of lower
capac ity dow n to 2.27 mequi v.Jg. Still lower capacities led to an unsatisfactor y sepa 
ration; the peaks broadened and the unsubstit uted sta rting Spheron 1000 with
gradients of ion ic strength and pH did not separate the egg proteins.

An example of enzyme separati on on Spheron phos pha te is show n in Fig. 8 for
the chro ma togra phy of cellulolytic enzymes from a cultiva tio n liqu id Trichoderma
viride-reesei. The so-ca lled " filter-paper activity" was only tested in this experiment,
and was found to be fairly reta ined , altho ugh the ion exchanger (No.3, Table III )
conta ined sma ll amo unts of bonded chlorine. Oth er types of enzymes fro m the cellu
lolyt ic syste m of this orga nism retained full enzyme act ivity during their separation
on Spheron phosph ates. Th e separa t ion of cellulolytic enzymes on Spheron ion ex
cha ngers proved very suitable." and will be repor ted in a separa te paper?".
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Fig. 7. Chromatography of 20-mg egg-white protein preparation on a column (20 x 0.8 cm J.D.) packed
with Spheron phosphate 1000 of capacity 4.08 mequiv. jg and particle size 20-40 pm (preparation 13,
Table III). Buffers A and B were prepared from 0.01 M and 0.2 M NaOH adjusted to pH 5.5 and 6.5,
respectively, with acetic acid. Buffers C (0.4 M), D (0.6 M), E (0.6 M), F (0.6 M) and G (0.6 M) were
prepared from Tris adjusted with acetic acid to pH 7.5, 8.0, 8.5, 9.0 and 9.0 and enriched with 0.1 M, 0.2 M,
0.4 M , 1.0 M and 2.0 M NaCI. The non-buffered regeneration solution (H) was 2 M NaCI. Flow-rate
3 mljmin, 25°C, pressure drop 0.6 MPa. The fractions were collected every 90 sec.

Catalytic properties of Spheron phosphates
Cation exchangers in the hydrogen form are "immobilized acids" and may

serve as catalysts in reactions which are otherwise catalyzed by hydrogen ions. We
chose two types of such reactions to study the catalytic properties of Spheron phos
phates: (a) continuous esterification of acetic acid with n-butanol and (b) the continu
ous inversion of saccharose.

The catalyst of initial nominal capacity 2.28 mequiv.rg was used in the experi
ments on esterification of acetic acid with n-butanol. Best results (90 %conversion of
acid) were achieved at the acid:alcohol molar ratio of 1:1.2, 116T and flow-rate 20
ml/h, When the highest conversion degree was attained, the product formed on cool
ing was a two-phase system with the mixture of ester and alcohol in the upper layer.
At lower degrees of conversion the product formed one phase. The degree of conver
sion of acid (but not the relative content of ester in the resulting mixture) rose with
increasing proportion of alcohol (from I: I to 1:2), but decreased with decreasing
temperature (from 110 to 60°C) or with increasing flow through. At flows higher by
one order of magnitude (about. 200 ml/h) t.he degree of conversion is very low . Traces
of phosphorus were observed III the reaction products (e.g., 2.5 x 10- 3 %), shghtly
increased in amount with temperature at 60-70°C and rapidly increased above 85
90°C. A conversion degree of 74 %was obtained at 79°C, the acid :alcohol molar ratio
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Fig. 8. Medium-pressure chromatography of a cellulolytic preparation from the cultivation liquid Tricho
derma viride-reesei on a column (20 x 0.8 em 1.0.) with Spheron phosphate 300 of capacity 3.0 mequiv. jg
(sample 3, Table Ill) . Buffers : A, 0.05 M NaOH adjusted with acetic acid to pH 4; B, the same buffer
enriched to I M NaCI ; C, the same buffer enriched to 3 M N aC!. Flow-rate 2.4 ml/rnin, 20°e. Fractions of
volume 4.8 m! were collected in 2-min intervals: pressure drop 0.5 MPa. A method for measurement of
cellulolytic activity by the analysis of reducing sugars is described in the text.

being I :2 and the flow through 67 ml jh, The long-term behaviour of the column was
tested, following the decrease in content of phosphate groups by measuring the nom
inal capacity of the ion exchanger. After 12 h of operation the capacity had de
creased from the original value of 2.28 to 2.12 mequiv. zg, The esterification column
still worked with a high efficiency after 25 I of the reaction mixture had been passed
through it. After the end of the whole experiment (total operation period 275 h), the
mean capacity of the bed was 1.7 mequiv.rg, but this value was not evenly distributed
over the column. The upper part was most (1.58 mequiv.jg), the middle part less (1.82
mequiv.jg) and the lower discharge part least exhausted (1.94 mequiv. zg).

A blank experiment, to determine the contribution of autocatalysis to the
esterification, was carried out in the same column but packed with inert glass balls of
diameter 0.8 mm. The highest degree of autocatalysis was found at 80°C, flow
through 19 ml/h and acid :alcohol ratio of I :I :2; the degree of convers ion of acid was
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11.8 %. The kinetics of the esterification reaction catalyzed by the ion exchanger were
also followed and compared with those in the presence of the equivalent amount of
free phosphoric acid. Both reactions were found to be of the second order (with
respect to the concentrations of acetic acid and »-butane), that catalyzed by the ion
exchanger proceeding more than two times faster (rate constant k 1 = 5.49 x 10-4
Ilmol . min) than the reaction catalyzed by the acid (k1 = 2.06 x 10-4 limo] . min).
A more detailed analysis of these results can be found in ref. 18.

The cation exchanger of nominal capacity 2.20 mequiv.jg was used for a con
tinuous inversion of saccharose, i.e., for the hydrolysis of this disaccharide to glucose
and fructose. A 24 ~~ solution of saccharose in distilled water was pumped through
the column at rates ranging from 20 to 200 mljh and temperature was maintained at
50, 60, 70°C or higher. The degree of conversion of saccharose was 100%at How
rates up to 70 mljh at 70°C and the resulting solution remained colourless. The
conversion was almost complete also at a flow-rate of 100 mljh and 70°C. At higher
temperature, e.g., 90°C, the processed solution was coloured brown. A part of the
functional groups of the catalyst was also lost during the preparation of invert sugar,
the content of phosphorus in the products being in the range 2 x 10-3

- 5 x 10 -3 %.
Upon conclusion of the experiments, i.e., after 5 days, when 13-14 I of the reaction
mixture had continuously passed through the column, the nominal capacity de
creased in the upper part of catalyst from the initial 2.20 to 0.85 mequiv.jg at a depth
of 4 em from the surface to 1.10 mequiv.jg and at a depth of 20 em only to 1.84
mequiv. jg. The lower layers of the catalyst bed were practically unaffected.

The volume velocity of catalysis, i.e., the ratio of the flow-rate (per hour) to the
volume of catalyst (in the same units), was 0.8-1 .0. This value is interesting from the
point ofview ofpossible practical applications. However, the chemical instability at the
higher temperatures required for continuous catalysis represents a problem.

CONCLUSIONS

The phosphate derivatives of Spheron may best be prepared by phosphory
lation of Spheron with phosphoryl chloride in the presence of a soluble base. These
medium-acidic ion exchangers absorb proteins under static conditions, even at lower
nominal capacities, and can be prepared with relatively high nominal capacities of
3.5-4 mequiv. jg. They proved suitable for medium-pressure chromatography of pro
teins at ambient or lower temperature. Under such conditions, they may be re
peatedly regenerated and reused . Enzymes chromatographed on these ion exchangers
retain full activity. Spheron phosphates were also used as immobilized acids in the
catalysis of alcohol esterification with organic acid and for the inversion of saccharose
to glucose and fructose. At higher reaction temperatures, small amounts of phos
phorus are lost, particularly in the upper parts of the column.
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ARTIFICIAL PEAKS IN GEL PERMEATION CH ROMATOG RAPHY D UE
TO COMBININ G CO LUMN SUPPORTS WITH DIFFERENT PORE SIZES
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Department ofBiochemistry, University 0/ Nijmegen, Kupittelweg 46, 6525 EP Nijmegen ( The Netherlands)
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SUMMA RY

Contrary to the eluti on pattern of bovine eye lens proteins ch rom at ogr aphed
on a TSK GEL G5000 PW type column, an additional peak, representing 4. 106

dalton aggregates, was ob served on a combined G5000 PW-G4000 SW type system.
Thi s extra peak , found between the G5000 PW tot al exclusion fraction and a-crysta l
lin (M r = 1.1 . 106

) , appeared to correspond to the G4000 SW void volume. Simulation
calculations substantiated that this peak is the result of coupling the two columns and
does not originate from a distinct sub -population of molecules. Such artificial peaks
may be expected whenever a broad molecul ar weight distribution extends beyond the
frac tiona tion limits of at least one of the con st ituents of a combined gel perme at ion
system. It is inferred that the hypothetical exclusion. limit for compact, globular,
symmetrical proteins on TSK GEL G 5000 PW is near 108 dalton .

INTROD UCTI O N

Semi- and non-rigid co lumn packings allowing high-pressure and high-speed
gel permeation chromatography (G PC) which have been used in non- aqueou s appli
ca tions for more then 10 year s, have recentl y become popular in aqueous
(bio)po lymer charac terizationvP . Two types of rigid hydrophil ic column packings
are available: chemically modified macropor ous silica supports and microsphcres
consisting exclusively of hydr ophilic polymer. The first type is preferred when pro
teins are investigated and the latter gives higher resolution for syn thetic polymers".
The applicatio n of silica-based TSK GE L SW type high -pres sure GP C in combi
nati on with a molecular weight-dependent detecti on system, using a low-angle laser
light scattering photometer , greatly improved the size charac teriza tio n of biological
macromolecules", In a previous paper we describ ed 13 the chroma tog raphy of eye lens
proteins, crysta llins, on TSK GEL G3000 SW and G4000 SW columns. Since the
fracti onation range of the largest pore size of SW type columns is limited to molecules
ha ving radii below 20 nm (inferred from the exclusion limits and molecu lar dimen
sions for dextrans":7 . 14 ) , these suppo rts are less appro pria te than the co nventional

* Present add ress: Milupa A.G . Research Department, 6382 Friedri chsdorf/Ts, G .F.R .

002 1-9673/83/$03.00 © 1983 Elsevier Science Publishers B.V.
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agarose matrices for the separation of high-molecular-weight (HM)-crystallin with
dimensions up to 500 1111115• Compared with the SW type columns, the polymer
based TSK GEL G5000 PW and G6000 PW type columns have larger pores'':".
Himmel and Squire? used a TSK GEL G5000 PW type column for size exclusion of.
large proteins and viruses and Ozaki et al:" were able to fractionate human serum
lipoproteins on G5000 PW or G6000 PW columns. Moreover, to obtain an optimal
one-step fractionation of the lipoproteins , the latter authors used several combinations
of PW and SW type columns.

The present communication deals with the results of fractionating lens proteins
on a TSK GEL G5000 PW column and a combination of a G5000 PW and a G4000
SW type column. In the latter case an additional peak was found between the void
volume and the a-crystallin peak, suggesting a discrete sub-population of inter
mediately sized HM-crystallin. However, because no indication whatever of such
peak could be obtained using only the G5000 PW type column, simulation calcu
lations were done and showed that the extra peak is artificial.

EXPERIMENTAL

High-pressure GPC was. carried out at room temperature in prepacked col
umns containing TSK GEL SW and PW type columns which were, when combined,
connected in sequence of descending pore size: GPWP (precolumn, 10 x 0.75 em),
G5000 PW and G4000 SW (60 x 0.75 em each) (Toyo Soda). The carrier buffer was
composed of 0.10 M sodium sulphate and 0.02 M sodium phosphate pH 6.9 and was
Millipore-filtered and degassed under vacuum before use. Elution was performed at
constant flow-rate of 0.4 ml /min for the PW type alone and 0.8 ml/rnin for the
combined system (solvent delivery: Beckrnan/Altex Model 100A). Detection was ac
complished with an ultraviolet absorbance detector at 212 nm (Hitachi /Altex). Sam
ples of 100 111, obtained from nuclei of calf lenses as described earlier l 3

•
16 and diluted

in elution buffer to a concentration of 2 mg/ml , were applied using a Valco loop
injector.

Molecular weight determination was done with a flow-through low-angle laser
light scattering photometer (Chromatix: KMX-6) and a differential refractive index
detector (Melz: LCD 201) according to the relative method" and using a Hewlett
Packard 3353 data system as described previously'<.

RESULTS

GPC of high-molecular-weight lens proteins
Fig . I shows the result of applying a diluted extract from the innermost part

(nucleus) of a calf lens to a TSK GEL G5000 PW type column (upper trace) and a
G5000 PW-G4000 SW type combination (lower trace). The upper elution pattern
shows that a good separation of the crystallins is obtained, especially between the
largest HM-crystallin aggregates eluting in the void volume and the a-crystallin peak.
Due to the pore characteristics of the G5000 PW support, the resolution of the other
crystallins is limited. The peaks were identified by comparison of the profile s with the
patterns obtained from SW type columns and by molecular weight determinations
using the molecular weight-dependent low-angle laser light scattering device; the data
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Fig. I. High-perfo rmance GPC or calf nuclear water-sol ub le lens proteins. T he upper elut ion profi le was
obtained using a TS K G EL G 5000 PW type column (flow-rate 0.4 ml/min ) and the lower one represents
the patte rn obtained from elu tio n on a TS K GE L G 5000 PW- G4000 SW column co mbinati on (flow-rate
0.8 ml/rnin).

were in accordance with those presented earlier' :' and are included in Table I.
To obtain a better resolution in the [3- and y-crys ta llin ran ge we coupled a T SK

G EL G4000 SW type colu mn to the PW type column and a typ ical elution pattern is
shown in the lower tr ace of Fig. 1. When both dr aw ings are co mpared , the decreasing
over laps betwee n (J.- a nd f3- and /3- and y-crystallin ind icat e the improvement in reso
luti on . Th e rat io of peak height s for [3H(igh)- and PL(uw)-crystallin cha nges markedly;
however, on comparing the areas under the curves for bot h chromatog rams it was
fou nd that the pro portion s of PH- and pl.-crysta llin are similar in bo th ana lyses.
Becau se of its hetero geneity1

3 , the [3H-crys ta llin gro up is eluted as a broader peak in
the bet ter reso lving system, with a lower peak height.

The presence of the additio nal peak between the void vo lume a nd the ex-crys ta l-
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TABLE I

MOLECULAR WEIGHTS AND GPC ELUTION PARAMETERS FOR TSK GEL G5000 PW

te = Retention time of a particular fraction; t, = retention time for totally permeated molecules; 10 =
retention time at which the void volume elutes; Kd = (r, - lo)/(t, - 10); F(v) = (.J(te/ I, - .yt;[t,)/(l -
JlJ!,).

Compound M, x, te/t, F(,.) ~Mrv

Tobacco mosaic virus 39.4· 106* 0 0.495* 0 306.4*
HM-crystallin >20.106** 0 0.495** 0 >245.5**
Sea worm chlorocruorin 2.9.106* 0.343 0.668* 0.398 130.2*
()(-Crystallin 1.1 . 106** 0.442 0.718** 0.500 93.37**
Thyroglobulin 670,000* 0.477 0.736* 0.535 78.43*
Dimeric serum albumin 136,000* 0.636 0.816* 0.686 46.00*
fi~-crystallin 130,000** 0.640 0.818** 0.690 45.40**
Monomeric serum albumin 68,000* 0.699 0.848* 0.744 36.51*
fit-crystallin 50,000** 0.711 0.854** 0.755 33.02**
YL-crystallin 20,000** 0.824 0.911** 0.854 24.33**
Cytochrome c 12,500* 0.871 0.935* 0.894 20.79*

* Molecular weight and elution data were taken from ref. 9.
** Elution data correspond to Fig. I; molecular weights were determined by low-angle laser light

scattering and agree with those reported previously! 3. For ()(- and HM-crystallin We used a partial specific
volume, ii, of 0.74 ml/g based on experimental data20

.
2 1

; for fi- and y-crystallin we used a ii value of 0.72
ml/g based on estimated values from amino acid compositions'Vv':'.

lin fraction was more puzzling, At first we thought of superior resolution of a discrete
sub-population of intermediately sized HM-crystallin aggregates, Such a population
has never been found as a peak fraction in a one-step GPC procedure-" -J 7, Although
van Kleef and Hoenders!" isolated these aggregates (szo,w near 40 S) as a peak frac
tion on a Bio-Gel A-SOm column, they obtained this by rechromatography of col
lected Bio-Gel A-Sm void volume fractions,

We found molecular weight values near 4,106 by the low-angle laser light
scattering device for the material eluting in the extra peak seen in the lower trace of
Fig, 1, It thus seems possible that the aggregates eluting in this peak represent the
earlier characterized HM2 1 8

, high ()(_J5 and oligomeric ce-crystallirr'". However, the
suggestion that this fraction represents a discrete sub-population of aggregates is
uncertain, Since this material could never be isolated as a peak fraction on one-step
agarose GPC, no indication of a corresponding peak in the elution pattern from the
GSOOO PW type column could be found and its molecular weight value coincides
possibly with the G4000 SW exclusion limit for these proteins, we looked for an
artificial origin of this peak, The results of simulation calculations, presented below,
confirm the artificial character of this peak caused by coupling the two different
columns,

The G5000 PW exclusion limit for compact globular protein
Although the literature concerning TSK GEL SW fractionation of proteins is

rapidly expanding, few papers have described the elution of proteins on TSK GEL
PW type supportsZ

,5 ,6 ,9 , To our knowledge Himmel and Squire" are the only authors
to mention the fractionation range for native high-molecular-weight proteins chroma-
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Fig. 2. Theoretical molecular weight distribution for calf lens nuclear HM- and a-crystallin (a) and cali
bration plots for the G5000 PW and G4000 SW type columns alone and in combination (b).
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tographed on a TSK GEL G5000 PW column. Since the reported exclusion limit of
1.4 . 106 dalton is much lower than our estimate, we compared our results with a
selection of elution data given by the previous authors. Table I lists several param
eters of the elution shown in the upper part of Fig. I and those reported in ref. 9:
M,; distribution coefficient , Kd ; the telt, value; the elution volume parameter, Flvl , and

the molecular weight function J M;v. It can be seen that there is a good agreement
between the elution parameters Kd and telt, for crystallins and other proteins of
comparable size anal yzed by Himmel and Squire".

It appears that the inconsistency between our exclusion limit estimate and that
of Himmel and Squire? can be attributed to the assignment of the void volume peak.
The latter authors considered most viruses and the sea worm chlorocruorin to be
eluted in the void volume (telt, = 0.642-0.668) and tobacco mosaic virus to beha ve
anomalously (telt, = 0.495). Moreover, in their elution pattern for the 5· 105 dalt on
dextran sample a small void volume peak can also be found with a telt, value of 0.495.
Whatever the structure of tobacco mosaic virus or the high-molecular-weight dextran
component may be, it is theoretically impossible for them to be eluted earl ier than the
void volume. The reason why the three other viruses and the sea worm proteins elute
at practically the same time remains to be established. We are convinced that the
largest HM-crystallin aggrega tes elute in the totally excluded volume. Since the to
bacco mosaic virus peak elutes at exactly the same position, our further calculations
are based on the telt t value of 0.495 representing the void volume.

Fitting all data from Table I with the least-squares method revealed an excel
lent linear correlation between the distribution coefficient and the logarithm of the
molecular weight (correlation coefficient 0.999). The exclusion limit, obtained by
extr apolation of K; to zero , amounts to 100.106 dalton. This value is higher than our
estimate of 20 . 106 for HM-crystallin obtained using high-pressure GPCjlow-angle
laser light scattering and trypsin-treated Hlvl-crystallin'"; we found a weight average
molecular weight of 30· 106 for the smallest aggregates still eluting in the void volume
and 15 · 106 for the aggregates which elut ed immedi ately after the void volume peak .
The discrepancy between both estimates may be expla ined by the structure of HM
cryst allins which feature chain-like polymers mainly composed of a-crystallin en
tities' ".

Extrapolation using the method of Himmel and Squire?'!" , based on a linear

relationship between the elution volume function , Fev), and J Mrv, yields a con
sidera bly lower value for the exclusion limit : 13· l O" dalton (correlation coefficient
0.97).

Simulation of elution patt erns
To investigate whether an extra peak ma y be generated when two columns with

different pore sizes are coupled, simulation calculations were performed . Fig . 2a
shows a theoretical molecular weight distribution for HM - and a-crystallin. Although
precise data are still lacking, we think that this pattern represents a reasonable ap
proximation of the actu al distribution . The distribution profile is sliced into fracti ons
of width 105 dalton. In Fig. 2b, theoretical calibration curves are presented for a TSK
GEL G4000 SW column, a G5000 PW column and a combination of both. The
curve s for the G5000 PW and G4000 SW columns were constructed considering
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Fig. 3. Simulated chromatograms calculated from the molecular weight distribution and calibration plots
given in Fig. 2. The pattern for a G5000 PW type column alone (a) and the profile corresponding to the
coupled G5000 PW-G4000 SW type columns (b) are given.
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exclusion limits of 4.106 and 20 ' 106
, respectively, and a total permeation limit of 104

for both supports. We think that a reasonable description is provided for the actual
situation in the case of crystallins. The curve for the combined columns was obtained
by plotting for each molecular weight the average distribution coefficient for the
separate columns. This is permitted since both columns are of exactly the same size
and appear to have similar pore volumes . The inflection point appearing at the upper
exclusion limit of the G4000 SW type column is marked.

In fig. 3 simulated chr omatograms are shown which were calculated from the
theoretical molecular weight distribution and calibration curves. For each slice in Fig.
2a, representing molecules within a range of 105 dalton, the distr ibution coefficients at
the molecul ar weight limits were determined from Fig. 2b. The simulated chromato
grams were con structed using the minimal and maximal distribution coefficients for
each slice (representing the slice width ), and considering the areas of the different
slices to be proportional to those in the molecular weight distr ibution plot (Fig. 2a).
So, the slice heights were obtained from the ratio of the slice areas and the slice
widths. The extra peak in the simulated elution pattern of the combined columns
arising at the upper exclusion limit of the G4000 SW column is obvious.

It has to be stressed that the shape of the chromatograms is rather arbitrary; in
fact we calcul ated Fig . 2a from Fig . 3a based on a linear increase of the chromato
gram for elut ing molecules between 20.106 and 2.1 . 106 dalton. If only stra ight lines
were used in the theoretical calibration plot a saw-to oth shape for the artificial peak
was obtained. For the sake of simplicity we neglected diffusion and /or band spread
ing effects in the simulation.

DISCUSSION

Whenever a broad continuous molecular weight distribution extends beyond
the fractionation limits of the constituents of a combined GPC column system, ad
ditional peaks may be observed caused by the chromatographic system. This effect is
observed with high-molecular-weight eye lens proteins on a combined TSK GEL
G5000 PW and G4000 SW column system. While investigating the suita bility of the
semi-rigid TSK GEL Toyopearl pack ings for GPC analysi s of dextrans, Barker et
alY also found an additional peak for which they had no explanation. Since it
occurred only when columns were packed with certain mixtures of HW55S and
HW65S and appeared to be related to the exclusion limit of the HW65S packing, we
are convinced that they observed the same effect.

Using different column combinations, Mori!" compared the average molecul ar
weight distribution curves for polystyrene NBS 706, NBS 705 and a commercial poly
styrene with a broad MW distribution. Although the average molecular weights were
not affected by the column combinations, he found that the integral molecular weight
distribution curves showed definite differences among several column sets. For a
broad-range calibration column systems, Yau et al.2s suggested the combination of
two GPC columns ha ving about one decade difference in pore size and approximately
equal pore volume s for the two pore sizes. The desired situation is one in which the
linear portions of the indi vidual column molecular weight calibration graphs are
substantially non-overlapping and the pore volume of each packing is such that the
linear parts of the calibration graphs are essentially parallel. Unfortunately , such
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supports are not yet ava ilable for aqueo us high-pressure GPC; it appears that th e
TSK GEL SW and PW type columns pr incipally differ in their upper exclusion limits
and to a lesser extent in the lower ones, thus result ing in non-par allel ca libration
curves.

Th e accuracy of molecula r weight determina tions using emp irica lly de rived
calibration plots is intluenced by many facto rs. Besides the development of high
performance instru menta tion, attention has been focused on ob taining linear cali
bration curves, thus reducing the number of necessar y calibra tion points. However, it
is obvious th at for the determina tion of molecular weights on combined co lumn
systems, ma ny calibratio n samp les are needed properly to co nstruct the calibration
curves . An alterna tive would be the use of a molecular weight-sensitive detect ion
system.

It should be clear tha t it is not strictly relevant to deter mine the exact value for
the exclusio n limit of TSK GEL G5000 SW type supports for globular and compact
high-mo lecular-weight prot eins since there are very few proteins which meet th ese
demand s; both HM-crystallin and tobacco mosaic vin is are asymmet rica l. However,
the difference between the value of 1.4 · 106 of Himmel and Sq uire" and our estimate
of 100· 106 is too large. An intermediate value of 13· 106 may be found if one re
calculates the da ta of the previous authors using the method based on the F (\') VS.

~Mrv relationv-!" and a different void-vo lume fraction . Suppo rt for the 100 . 106

value ca n be ob ta ined if we consider the G PC elut ion behav iour of dextr ans on TSK
GEL G4000 SW and G5000 PW ; the exclusion limits were experimentally found to be
0.5· 106 (ref. 4) and 7 · 106 (ref. 3), respectively. Using the da ta compiled by Ku ga",
these values correspo nd with equivalent sphere radi i of 17 and 50 nm , 'respectively;
according to Senti et al.14 (R = 0.066M?.43), rad ii of 19 and 58 nm , respec tively, can
be fou nd. Since the approxima tely three -fold increase in radius corresponds with a
27-fold increase in volume and consideri ng the exclusion limit of comp act globular
proteins on TSK GEL G4000 SW, 7. 106 (ref. 4), the estimate of 100 .106 for such
proteins on G5000 PW type columns seems more reasonable th an the lower values .
For the chain-like H M-crystall in protein clusters a value of 20 . 106 is postulated for
the molecular weight exclusion limit.

In conclusion, we would like to emphasize that check ing of the elutio n be
haviour on separate columns is needed to decide whet her additiona l peaks or shou l
ders, obse rved in a high-r esoluti on system consisting of supports with differe nt pore
sizes, represe nt d iscrete sub-populations of molecules or co lumn artifac ts. Although
the meth od of Himmel and Squire? seems to have advantages over the logar ithmic
treatment fo r molecular weight estima tio ns by interpolation of the da ta obtained
from sta nda rd proteins, extrapolation of these da ta to obtain the exclusion limit
sho uld preferabl y be performed accordi ng to the logari thmic method.
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SUMMARY

A microfilter extraction assembly containing a mixture of alumina and oc
tadecylsilylsilica is used in the prep aration of small volumes of cleaned-up extracts
from handswabs for their screening for explo sives components by high-performance
liquid chromatography at a pendent mercury drop electrode. Apart from the removal
of lipids and lipophilic materials likely to degrade chromatographic performance, the
ad sorbent removes highly polar electroactive compounds, and traps out volatile ex
plosives components when the swabbing solvent is remo ved. From used handswabs ,
including grossly soiled swab s, the recovery values of fourteen compounds in the
range [-50 ng per swab are given. Also are presented the results of a survey of 98
handswabs, the majority of which were collected from people occupied in heavy
manual work . From these results , the sensitivity limits are on the order of 1-10 ng per
used swab, which is subject to varia tion by the origin of the swa b and by the identity
of the compound of interest. Example s are given of the application of the technique to
people who had handled explosives and a firearm , and to the use of the extraction
assembly in a headspace sampling of bomb debris .

INTRODUCTION

A recently described high-performance liquid chr omatography (HPLC) tech
niqu e, with detection at a pendent mercury drop electrode (PMDE) gave detection
limits in the range 7-49 pg for fourteen repr esentative organic explosives components
in 20-/11 samples ': The technique is amongst the most sensitive now available, and
offers particular adv antages in its ease of use and its freedom from problems due to
the thermal lability of many explosives . To date, the development of the technique
has been especially directed to the general screening of samples for a variety of
common explosives components. This application to handswabs, which are
frequently submitted to forensic science laboratories for an examination for explos
ives traces , is the main topic of the present paper.

0021-9 673/83/$03 .00 © 1983 Elsevier Science Publishers B.V.
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In a related paper, Bratin et al.' have described the use of their thin-layer
electrode-HPLC technique in the examination, without prior clean-up, of some
handswab extracts for firearms discharge traces. Douse" ha s developed a clean-up
procedure based on Amberlite XAD-7 resin , which is appropriate to his silica capil
lary column gas chromatography (GC) electron-capture detector (ECD) technique" ;
Twibell et al.s for their GC-ECD technique used a thin-layer chromatography clean
up on silica gel; and for their HPLC-ECD work on explosion debris Krull et al.6 also
used silica gel. Earlier references are given by these authors. Although no clean-up
pr ocedure ma y be necessary when relatively high amounts of explosives are pre sent,
as in the applica tion of Bratin et al.", for the multi-sample screening of swabs for low
nanogram amounts some degree of clean-up is required, not only to rem ove com
pounds interfering in the detection of those of interest, but simply as a protection of
both the separa tion and the detection systems aga inst fouling by any materials
stro ngly retained on them . Earlier results in the pre sent research! ind icated th at thi s is
jus t as tru e for the th in-l ayer electrode technique as for the GC techniques referred to ;
and alth ough the PMDE is relati vely unaffe cted by fouling, becau se it is instantly
renewable, for its effective routine use at high sensitivities sample clean-up is oblig
atory .

EXPERIMENTAL

Chromatography
The details have been given before", the y are summarized here . The separa

tions are made on 150 x 4.5 mm columns of 3-pm ODS-Hypersil, in methanol
aqueous potassium phosphate (100 :86, v/v) with a flow-r at e of 1.0 ml min -I . The
aqueous component is 0.025 M orthophosphoric acid adjus ted to pH 3.0 with potas
sium carbonate . To elim inate oxygen, the contents of the eluent reservoir are main
tained under reflux . When heavily soiled swabs are being processed regularly, the
co lum n is purged, e.g., weekly, with methanol followed by eth yl acetate to preserve
resolution. Samples are deoxygenated , prior to injection, in a modified syringe? Usu
ally, the injection volumes are 20 pI, but slightly higher resolution is obtained with 10
pi volumes . Detection is at a PM DE normally operated at - 1.0 V vs. Ag/AgCI.

Explosives components
With the additio n of 2,6-dinitro toluene in some experiments, these are the

same as before", The abbreviations used are given in the caption to Fig. I , which is of
a chromatogram of a sta ndard mixture.

Processing of handswabs
Materials. Methanol is HPLC grade (Ra thburn) ; the other chemicals are Ar

istaR grade (BD H). BP-qualit y cotton wool is Soxhlet-extracted in methanol for 8 h.
Aq ueous pot assium ph osphate, 0.061 M , is prepared by the addition of potassium
ca rbonate to 3.5 g of orthophosphoric acid (86 %) dissolved in 500 ml of water to give
a pH of 3.0. Sulphamic acid solution (5 %, w /v) is prepared (when requi red for the
rem oval of nitrite) from 0.5 g of the acid dissol ved in 5 ml of wa ter , and made up to 10
ml with meth an ol. Thi s solutio n is filtered through a 0.2-{lm pol ytetrafluoroeth ylene
membran e. The adsor bent suspension is a mixture of 2.5 g of Spherisorb ODS-silica ,
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Fig. I. Chromatogram of standard compounds (0.5 ng each in 10 ,ul) run on ISO x 4.5 mm ODS-Hypersil,
3 ,urn, in deoxygenated methanol-aqueous potassium phosphate (0.025 M, pH 3.0) (100:86, v/v) at 1 ml
min -I, with detection at a PMDE ( - 1.0 V vs. Ag/AgCI). The compounds are : I = octogen (HMX) ; 2 =
picric acid (PA) ; 3 = hexogen (RDX); 4 = ethyleneglycol dinitrate (EGDN); 5 = 1,3-dinitrobenzene
(DNB); 6 = tetryl (TET); 7 = nitrobenzene (NB); 8 = nitroglycerine (NG); 9 = 2,4,6-trinitrotoluene
(TNT); 10 = 2,6-dinitrotoluene (26DNT); 11 = 2,4-dinitrotoluene (24DNT); 12 = 2-nitrotoluene (2NT);
13 = 4-nitrotoluene (4NT); 14 = 3-nitrotoluene; (3NT); 15 = pentaerythritol tetranitrate (PETN).

Fig. 2. Cross-sectional diagram of a centrifugal microfilter (Bioanalytical Systems) prepared for use as a
clean-up extraction assembly.

10 Ilm, and 2.5 g of Spherisorb alumina, 10 Ilm (Phase Separations), in 50 ml of
ethanol. A glass-sleeved magnetic stirrer bar is kept in the mixture's storage vessel.

Extraction assemblies. These are made from centrifugal microfilters (Bioana
Iytical Systems). Prior to its use, each dismantled filter is soaked overnight in methanol
containing 2 %(wjv) sodium hydroxide, 0.2 %ethylenediaminetetraacetic acid and
0.2/" thiourea. Explosives components in particular are rapidly degraded by the mix
ture (the thiourea acts as a source of sulphide); even so, micro filters that have come into
contact with explosives are not used subsequently for trace analysis . After they have
been rinsed in water, methanol and dried (50°C), each microfilter is fitted with a 0.2
lim cellulose membrane, and assembled with a piece of Viton sleeving (Soxhlet-ex
tracted in methanol) pushed over the membrane holder (see Fig. 2) to enable the
holder itself later to be sleeved by an inlet of a vacuum manifold.

To each assembled microfilter is added I ml of the adsorbent suspension,
transferred by means of a wide-bore dropping pipette from the vigorously stirred



394 J. B. F. LLOYD

mixture. The adsorbent is then centrifuged down at 1850 Ii onto the filter mem
brane. The assemblies are stored in a sealed container, in the absence of ethanol, until
they are required for use, when they are washed through at the centrifuge witli 1 ml of
ethanol. Fig. 2 shows the completed assembly.

Clean-up procedure. The following is used for swabs consisting of 90-110 mg of
cotton wool and ca. 200 III of ethanol. This volume of solvent is left after a swab
holding 500 III has been rubbed thoroughly over a hand.

A swab is inserted loosely into the top of a prepared microfilter assembly, from
which the receiving tube has been removed. The assembly is attached to a vacuum
manifold so that a stream of air can be sucked through the swab and then through the
adsorbent. A silica desiccant trap (made from a 5-ml glass hypodermic syringe, the
cone of which is pushed through a hole made in a microfilter cap) is attached to the
entrance of the filter. With an air flow of 75 ml min -1, once the bulk of the ethanol
has evaporated from the adsorbent, the solvent is removed completely (mass loss less
than I mg min -1) within 30 min at an ambient temperature of about 20°C.

The outlet tip of the microfilter is washed with acetone, shaken dry and fitted
with a tared receiver tube. The swab is packed down tightly onto the adsorbent bed,
treated with 250 III of methanol-water (100:35, v/v) and centrifuged for 5 min at 460
g and then at 1850 g for 10 min. The volume collected, ca. 160 Ill, is calculated from
the mass collected on the assumption that the eluate's density is 0.86 g ml". For
chromatography, a 0.37=volume ratio of the aqueous 0.061 M phosphate is added
either to the whole of the eluate, or to an aliquot when the presence of phosphate
could interfere in other work on the eluate. If nitrite is to be removed (see below),
I III of the sulphamic acid solution is added per 20 III of the diluted eluate.

For swabs of the stated composition, from which the results described here
were obtained, the drying time and the volume of the collected eluate are sufficiently
reproducible that it is unnecessary to weigh the microfilter and the receiver tube. This
is necessary, however, in the examination of swabs collected under unstandardized
conditions. In some cases solvent exudes when an over-wet swab is inserted in the
microfilter. This surplus may be removed and put aside, as sufficient remains on the
swab for analysis. Alternatively, the surplus is returned to the swab after the initial
drying. When over-wet swabs are being dealt with, the extraction assembly is inverted
during the evacuation in order to avoid any drainage of the solvent onto the ad
sorbent. As the dried adsorbent is loose, the assembly is set upright before the
vacuum is turned off. Up to 250 mg cotton wool swab may be handled by the
technique, with a proportionate increase in the volume of eluent. Aliquots are taken
of larger swabs.

Recovery experiments
These are made with DNB as an internal standard. Known amounts of explo

sives components in ethanol or aqueous methanol are distributed with a syringe
throughout the swab, and the swab is then processed. To the extract is added DNB in
an amount comparable to the explosives components, and the recoveries are calcu
lated from peak heights with reference to standards in the usual way.
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Factors relevant to the swabbing solvent
For much of the present work a relatively large injection volume, for 3-J.Lm

column packings, of 20 J.LI was adopted as a compromise between the requirements of
resolution and sensitivity. (With reference to a 10-J.LI injection, as in Fig. I, the in
creases in peak width and the inverse variation in peak height of a constant amount of
HMX in 20- and 50-J.LI injections are 1.14 and 1.47, respectively.) Because of this it is
important that the injection solvent must closely match the chromatography eluent in
composition, otherwise disastrously distorted chromatograms are obtained. If the
composition of the injection solvent is to be readily and accurately controlled, a
clean-up technique must include a step in which the swabbing solvent is removed. The
chromatography eluent or one of its components cannot be used as a swabbing
solvent unless it is then removed, because its composition is changed uncontrollably
by the effects of evaporation and by the accumulation of moisture from sweat. Nei
ther are dry swabs practicable. Although they efficiently remove explosives from skin
surfaces", presumably by attrition of lipid material in which the explosives may dis
solve", the presence of a solvent is necessary to inhibit the loss of volatile compounds
from the swab between the times of its use and extraction",

At present, ethanol is a frequently used swabbing solvent, mainly because the
amounts of compounds extracted that interfere in the commonly used GC-ECD
techniques are relatively low". Although it does not follow that this is the case for the
HPLC-PMDE technique, the present work has been conducted with ethanol-con
taining swabs because in the short term, at least, it is likely that they will remain in
common use. However, the clean-up technique has been designed to deal with any
solvent that is appreciably volatile at ambient temperatures.

Clean-up adsorbent
There are three important functions performed by the mixed adsorbent

(alumina plus ODS-silica) in the extraction assemblies. The first is the removal of
lipids and strongly lipophilic materials, such as mineral oil, that otherwise either are
thrown out of solution when the aqueous phosphate is added to the microfilter eluate,
or are strongly retained on the chromatography column and degrade its performance.
These materials are retained on the ODS-silica.

The second function is the removal of the large amounts of the highly polar
reducible species present in some handswabs, which give rise to an intense broad peak
that obscures the early part of the chromatogram, and leaves behind a disrupted
baseline. An illustration is given in Fig. 3, which compares chromatograms from a
pair of left and right handswabs that had been intermixed and divided. One part (A)
was dried, then extracted directly with the chromatography eluant. The other (B) was
cleaned-up as described. The effective adsorbent here is the alumina. Less satisfactory
adsorbents examined were a cation-chelating resin. Florisil and silica.

Thirdly, the adsorbent traps out any explosives components that volatilize
during the solvent removal stage, particularly if the time-to-dryness is exceeded. This
is shown in Table I, where the quantities recovered separately from the adsorbent and
from two unused swabs are compared after 30 ng of each compound had been added
to the swabs before the solvent was removed. At 29 min the swabs had almost reached



396

[ 5 nA

9 o

.I. B. F. LLOYD

min

Fig. 3. Example of the effect of the clean-up procedure on handswab extracts. Sample A is from half of a
bulked pair of handswabs which was extracted directly; B is an extract from the other half made by the
described clean-up procedure. The chromatography conditions are as in Fig. I.

dryness, but some transfer to the adsorbent was already occurring. On furth er pump
ing for a similar period, up to 5 ng amounts of the more volatile components were
transferred, which otherwise would have been lost. Oth er experiments indicated that
on a proportionate basis this potential loss increases as the amounts of the com
pounds decrea se. With the prol onged pumping time in the given example, evidently
some break-through occurred, e.g., 7 ng of NB were lost. The retentivity of the
adsorbent mixture can be increased by the use of a more heavily silylated silica, but
the advantage gained in this respect is offset by the increased difficulty with which
PETN can be subsequently eluted .

The possible use of proprietary clean-up cartridges was examined ; but because
of the amounts of adsorbent they contain, and its large particl e size, they are un
suitable for the recovery of samples into small volumes of solvent unless an evapora
tive concentration step is introduced, with consequent loss of volatile compounds:
e.g., when the volume of a methanol-water (100:20, vjv) soluti on from a cartridge
was reduced to Ij3rd in a stream of nitrogen at ambient temperature, the losses ofNB
and EGDN were 38%and 20% respecti vely. A Ij5th reducti on gave the respective
losses of 50%and 86 %. No losses due to sorption of the compounds in the plastics
composing the microfilters have been encountered, in contrast to the losses reported
for some organomercur y cornpounds' ".

The microfilter clean-up technique is readily adapted for other adsorbents that
are more selective for individual classes of compound, although such adsorbents are
unsuitable for the comprehensive detection of all of the compounds of interest. Ex-
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TABLE I

RECOVERY OF EXPLOSIVES COMPONENTS FROM UNUSED SWABS AND THE ADSOR
BENT AFTER SOLVENT REMOVAL IN AN EXTRACTION ASSEMBLY

The swabs contained 250 III of ethanol and 30 ng of each compound initially.

Compounds Recoveries (ng)

Drying time 29 min Drying time 59 min

Swab Adsorbent Swab Adsorbent

HMX 31 nd** 29 nd
PA 25 nd 24 nd
RDX 30 nd 29 nd
EGDN 28 nd 22 4.2
TET 28 nd 26 nd
NB 28 0.63 18 4.8
NG 29 nd 27 1.3
TNT 29 nd 27 0.15
26DNT 29 nd 25 2.2
24DNT 28 nd 26 1.4
2NT 27 0.33 20 5.4
4NT 26 0.48 22 4.2
3NT 31 0.24 21 5.1
PETN 28 nd 29 nd

* Full names are given in the caption to Fig. 1.
** nd = None detected.

periments were made with Amberlite XAD-7 in a modified form of Douse's tech
nique', with results in general agreement with his except that N B was recovered,
probably because of the improved measures that can be taken to avoid the loss of
volatile compounds. Selective and generally higher recove ries were obtained with
LiChrosorb-Nlfj. However, both techniques involved extra steps, because the ad
sorbent was additionally extracted with isopentane, and gave poor recoveries for
some compounds. Where specific compounds are sought though, such adaptations
could be important, and applied to the products of an initial non -selective clean-up.

Interferences not removed in the extraction assembly
Substantial amounts of nitrite were found in swabs taken from two lathe oper

ators . Presumably, the nitrite was from an anticorrosion additive in cutting fluid. As
Fig. 4 shows, an intense, distinctively shaped peak is produced, which is readily
removed by the treatment with sulphamic acid . Because nitrite could be of signifi
cance in an explosives investigation, and because of its infrequent occurrence in
amounts likely to prove a nuisance, the extracts are not routinely treated with sul
phamic acid. it should be noted that apart from its reaction with nitrite, the sul
phamic acid is added in amount sufficient to reduce the pH of the extract to the point
where the reaction rapidly occurs. Chromatographic resolution and recoveries are
unaffected.

A high level of calcium was present on two occasions in handswabs from



398

[ 100 nA

20 nA

••••••••••••~ •••••/ ~• • •• • ••~J \/ ..- /~••

9

~,

o

J. B. F . LLOYD

min

Fig. 4. Chromatograms of a handswab sample from a lathe operator, before (full line) and after (dotted
line) the extraet had been treated with sulphamic acid.

bricklayers, and precipitated as phosphate when the extracts were diluted. This was
readily removed at the centrifuge. The effect was obvious and caused no particular
difficulty, but as a precaution against column blockage a filter was subsequently
installed between the injector and the column.

Quantitative recovery experiments
The variation of recovery, with a constant volume of varied eluent, of 10-ng

amounts of explosives components from typical used swabs processed as described
under Experimental is shown in Table II. For most of the compounds there is slight
variation in recovery as the water-methanol ratio is increased to 35:100 (vjv). Beyond
this, recoveries decrease considerably for the compounds more strongly adsorbed on
ODS-silica. This could be countered by an increase in volume of the eluent, but with
poorer detection limits because of the resulting dilution of the eluate. From heavily
soiled handswabs, lipid-type materials are eluted when the solvent ratio is reduced
below 35:100, hence this composition is adopted for general use. In the present
instance the average recovery is 90 %.

The presence of large amounts of lipid and mineral oil on a swab do to some
extent retard the elution; but the effect is fairly small. Recovery data from some
exceptionally soiled handswabs are given in Table Ill . These, which were collected
from five garage mechanics, contained large quantities of mineral oil and other
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TABL E II

CO MPOSITION OF CL EAN-UP ELUENT: RECOVERIES OF EXPL OSIVES COM PON ENTS
FROM USED HANDSWABS

The amount of each compound was lOng; the volume of eluent, 250Jll.

Compound

HM X
PA
RD X
EGDN
T ET
N B
NG
TNT
24DNT
2NT
4NT
3NT
PET N

Mean

Recoveries (%)

Volumes of water per 100 volumes ofmethanol

25 35 45 55

85 88 81 82
75 88 70 80
94 96 86 82
94 103 90 86
74 78 64 55
92 95 79 68
99 97 87 73
83 86 68 54
83 88 65 43
90 93 72 51
84 90 64 41
85 89 65 37
90 84 70 47

86.8 90.4 73.9 61.5

TABLE III

RECOVERI ES OF 50-ng AMOUNTS OF EXPL OSIVES COMPOUNDS FROM FI VE HEAVILY
SOILED GARAGE MEC HAN ICS HANDS WABS: EF FEC T OF ELUTI ON VOL UME DURING
C LEAN-UP

Compound

HM X
PA
RDX
EGDN
TET
NB
NG
TNT
24DNT
2NT
4NT
3NT
PETN

Recoveries (%)

Elution volume, 250/11 Elution volume , 450 III

M ean Range Mean Range

64 41- 80 85 68-99
66 38- 88 93 88-96
76 49- 95 92 85-98
91 84-102 98 87- 105
73 45-89 84 75-9 1
80 71-86 88 86- 90
79 56-94 93 89- 98
68 44-87 84 73-9 1
62 37-86 80 58-93
75 65-90 1I5 73-96
67 53- 84 80 66-87
72 63- 86 86 78- 90
72 45- 91 87 79-96
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TABL E IV

RECOVERI ES OF 10-ng AMOUNTS OF EXPLOSIVES COMPOUN DS FR OM FIVE HEAVILY
SOILED GAR AGE MECHANICS HANDSWABS

The extraction assembly was eluted with 250 Jll in each case.

Compound Recovery (%)

Melin Range

HMX 73 62-78
PA 80 68-8 8
RDX 90 82-94
EGDN 86 76-97
TET 68 44- 82
NB 65 44-84
NG 80* 78-89
TNT 70 39-82
24DNT 64 34-80
2NT 71 62- 80
4NT 77* 72-82
3NT 79 51-9 3
PETN 72 60-8 1

* Only four results, the peak in the other samples was obscured.

debris, and were far more soiled than any that have been enco untered in case work in
this laboratory. The swabs were spiked with 50-ng amounts of the compounds, and
yielded the result s shown for 250-J-tl and 450-jll eluti on volumes. On avera ge the
increase in reco very due to the larger volume of eluent is from 73 %to 87 %. Even for
the poorest single recovery in the sma ller elutio n volume (24DNT, 37 %), which is
remedied in the larger one (81 %in th is particular sample), the increase in concentra
tion of the compo und in the approxima tely doubl ed volume of elua te is negligible .
However , if a high recovery mu st be assured th e larger elution volume is used with
this typ e of sample. Alternat ively, a second elut ion of the extrac tion assembly is made
if a positive result is given by a first 250-J-tl eluti on .

Further recovery data from five other garage mechanics' handswab s spiked
with IO-ng quantities are given in Table IV, and data fro m a set of swa bs taken to
represent a more usu al level of soiling and spiked with l ong quantities are given in
Table V. The latt er data are in the region of the sensi tivity limits, given swa bs of this
type, as discussed later. Ab ove thi s level, the average recovery un der the sta nda rd
conditions from Tables II-IV is 75.8 %. The associated vari ation, which also is a
function of the soiling present on the swab, on average is ±15 %. Thi s, from the
result s in Table III , is reduced to ±8.5 %by an increased elution volume.

Detection limits and interferences on handswabs
As the sensi tivity of detect ion is increased, explo sives-free hand swab s increas

ingly yield a number of chro ma togra phic peaks that sometimes appea r at posit ions
corresponding to explosives components, or, if they are not coincident, overl ap these
position s. Co nsequently, min or amo unts of explosives components may be obscured.
An extensive qu antitat ive variation in such peaks occurs between handswab s, al-
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TABLE V

RECOVE RIES OF I-ng AMOUNTS OF EXPLOSIVES CO MPOUNDS FROM FIVE MOD ER
AT ELY-SO ILED HAND SWABS

The extraction assemb ly was eluted with 250 ttl in each case .

- --- - - - --- - - -- --- ------ --
Compound Recovery (%)

Mean Range

No . of results»

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

HMX 0
PA 79 74- 84 2
RD X 84 62-98 4
EG DN 80 71-90 2
T ET 38 I
NB 69 54-79 3
NG 78 73- 84 3
TNT 70 51- 89 5
26DNT 71 70- 73 2
24D NT 52 48-57 2
2NT 76 57-95 2
4NT 0
3NT 0
PETN 0

* Successful ana lyses cou ld be made only in a restricted number of cases. In others the peaks were
obscured.

thou gh the qu alitati ve variation is inco nsidera ble: some peaks are co mmo n to man y
samples but vary widely in amplitude. Fo r example, the stro ng peak s show n in Fig. 3
at 3.4 and 6.3 min are part icularly commo n and normally the most intense apart from
the unretained peak. Th ey are not , however, co incident with explosives compo nents,
but usefully indica te the level of interferen ce to be expected in other parts of the
chro matograms. The amo unts of explosives that can be seen aga inst thi s type of
bac kgro und is indicated by the result s in Tables IV and V. With the heavily soiled
gar age mechanics' handswabs (Ta ble IV), IO-ng additio ns of NG and 4NT to the
whole swa bs were obscured in one out of the five swa bs used . In the other set of less
soiled swabs (Table V) l-ng addi tio ns co uld not be determ ined in man y instances.

Further examples are given in F igs. 5 and 6. Fig. 5 sho ws chro ma tograms fro m
explosives-free handswabs exhibiting the most inten se peaks enco untered in this
work . Superimposed (dotted line) is a chromatogram representing l-ng amounts of
the sta ndard compounds, which is equivalent to the contribution expected from the
complete recovery from the swa bs of I I ng of each compound. Fig. 6 is an example
from a more characteristically soiled swab with a superimposed contribution ex
pected from I ng of each explosives compound per swab .

Th ese examples are taken from the examination of a collect ion of 98 different
swabs. Of these, 25 were from members of the genera l publ ic; the remainder were
from groups of peopl e occupied largely in manual work, the major ity of whose swa bs
were extensively soiled . Of the latter, 12 were collected from garage mechani cs, 8 at a
steel fabrica tion plant, 14 at a light engineering works, 22 at a building site, 15 at a rai l
terminal and 2 from labor at ory sta ff. One swab from each person , generally from the
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Fig. 5. Chromatograms from two heavily soiled, explosives-free hand swabs (full lines), and I ng of each of
the standard compounds (do tted line), of which some of the more important are labelled. The abbrevi
ations are identified in the caption to Fig. 1. The chromatography conditions are as in Fig. I, except the
injection volume is 20 Jll.

Fig. 6. Chromatogram from a typically soiled, explosives-free hand swab (full line) with a superimposed
chromatogram of 91-pg amounts of the standards, equivalent to long amounts in the swab. The chromato
graphy conditions are as before, with an injection volume of 20 Jll.

right hand, was examined for the presence of chromatographic peaks coincident with
the explosives components run consecutively to each swab sample. Coincidence was
taken to be an agreement in retention times of within I %(the maximum variation in
retention time detectable between any pair of compounds in ten consecutive standard
chromatograms was 0.6 %). The results expressed in terms of the number of swabs
giving a response within different concentration ranges (on the assumption that losses
during recovery were insignificant in the context of the ranges used) are summarized
in Table VI. From these result s it is apparent that for most of the compounds there is
usuall y little interference at levels above I ng per swab. Major exceptions commonly
seen in the 1-10 ng interference range are at the 3NT position, which is unimportant
because this compound only occurs as an explosives trace as a minor component of
the nitrotoluenes mixture, and at the TET position, which compound is of rare
occurrence. Lesser exceptions are RDX and PETN. The RDX coincidence typically
occurs in heavily soiled swabs, the other is more generally distributed but readily
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INTERFER ENCE PE AKS IN A CO LLEC TION O F 98 US ED HANDSWABS
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Any interfering pea k is allotted to the co ncentration ra nge of the correspond ing explosives com po nent.

Compound Nu mber of swabs in the indicated range

HMX
PA
RD X
EG DN
D NB
T ET
N B
NG
TNT
26D NT
24D NT
2NT
4NT
3NT
PET N

Le ss than
1 ng per swab

93
95
86
95
98
70
95
95
97
97
94
95
92
41
88

Between 1 and
10 ng per swab

5
2

12
2
o

20
3
3
I
1
3
3
6

53
8

Great er than
lO ng per swab

o
I
o
1
o
8
o
o
o
o
1
o
o
4
2

distin guished from PETN voltamrnetrically (see below). In general, fro m the data
given in Tabl es II-VI , the sens it ivity limits of the presen t technique applied to used
handswab s are on the or der of 1-10 ng per 100-mg swab.

Voltamm etric selectivity
The chemical identities of the interference peaks are at present unknown, but in

-10 V -1·0 V

-0 '6V

~B
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Fig. 7. Sections of the P ET N region of chromatograms of a handswab ext ract (A and B) and a PETN
sta nda rd (C and D) with the PMDE pot entia l set a t · - 1.0 V (A and D) and - 0.6 V (B and C) vs. Ag/AgCI.
T he same sensitiv ity sett ing was used for bot h chromatograms of eac h sam ple. O the r chro ma tography
con d itions arc as in Fig. I .
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Fig. 8. Chromatograms of various samples: (A) hand swab collected after a brief handling of explosives 3 h
before sampling, and an unknown number of hand washes in the interim; (B) a swab collected from a beer
glass used by a person who had handled an RDX-based explosive 2.5 h before sampling, and had sub
sequently washed his hands; (C) an extract from an extraction assembly used to vapour-sample the debris
remaining after the explosion, I day previously, of a device containing 2NT; (D) a blank handswab. The
peaks are labelled as in Fig. 1. The chromatography conditions are as in Fig. 1, with 20-fll injection
volumes.

some cases, at least, it is possible to distinguish the peaks from explosives components
voltammetrically, if not by modified chromatography conditions. Thus, PETN is
readily distinguished when the potential of the PMDE is raised to -0.6 V. An
example is shown in Fig. 7. For the handswab material (chromatograms A and B) the
reduction in the response of the peak at the PETN position is by a factor of 0.12 when
the potential is changed from - 1.0 to - 0.6 V, whereas for PETN (C and D) the
factor is 0.41. As the coefficients of variation of the peaks are in the region of 3 %1,
PETN and the handswab compound are completely differentiated .

Examples of various applications
In Fig. 8, chromatogram A shows the result from a handswab of a person who

had briefly handled wrapped sticks of two explosives and some Cordtex detonating
fuse 3 h before the sample was taken, during which time the hands had been washed
at least once. The numbered peaks correspond to RDX (289 ng per swab), NG (108
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Fig. 9. Hand swab chromatograms from two experiments in each of which two shots were fired from a
Smith and Wesson Model 10, .38 Special revolver before the indicated sampling times. From each extr act
10 III were injected representing ca. 5%of the material on the swabs. The chromatography conditions are
as in Fig . I .

ng per swab) and PETN (141 ng per swab), which are the major components of each
of the explosives. The NG-containing explosive also contained EGDN, which is
probably responsible for the weak sh oulder present in the tail of the intense RDX
peak . Chromatogram B is from a swabbed drinking glass used by a person who had
handled an RDX-based explosive 2.5 h previously, and subsequently washed his
hands: the peak corresponds to 28 ng per swab of RDX. Chromatogram C is of the
eluate from an extraction assembly through which the headspace over the debris from
a device containing 2NT, exploded 24 h earlier, had been sampled. This was done at
ambient temperature for 20 min with the outlet of the extraction assembly attached to
a filter pump whilst the inlet collected the heads pace within the Polythene bag con
taining the debris . A twent y-fold diluti on of the eluate was necessary to obtain the
2NT peak in the chromatogram. A direct solvent extr action of the debris gave a
similar peak , but with much higher levels of background. A result from a blank swab
is shown at D.

Fig. 9 shows the chromatograms from handswabs taken 50 and 150 min after
two rounds on each occasion had been discharged in a Smith and Wesson Model 10,
.38 Special revolver. The NG peak s seen, from injections representing 5 % of the
recovered material, correspond to 9.1 and 5.8 ng per swab, respectively . Two other
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exper iments yielded ca. 1 ng per swab of NO . This amount of potentiall y available
explosive is well within the sensitivity range of the chromatography system, but a
satisfactory characterization requires clean-up techniques more specific than the rela
tively non- selective one presented here.

CON C LU SIONS

Othe r recently repor ted results for the detection of explosives traces in hand 
swabs include GC-ECD techniques giving limits of 0.5 ng per swabs and 10 ng per
swab? for NG, and 10-50 ng per swab for six other compounds", GC mass spectrom
etry, for NG , gives 2 ng per swabs. The earlier introduced thin -layer chroma togra phy
for NG)) gives, with sampl e clean-up, 5 ng per swab s and 20 ng per swab", Because of
the variations in the sample s used, in the specificity of the techniques, and in the
criteria applied in the assessment of these results , close comparison cannot be made
between them and the limits in the region of 1-10 ng per swab obtained with the
present technique. Even so, the conclusion seems to be justified that for all of the
compounds examined the HPLC-PMDE technique is amongst the most sensitive
that have been developed to date. The technique is not subject to operating difficulties
ana logous to those characteristic of GC-ECD techniques, e.g., detector fouling
cannot occur because the detector electrode is replaceable for or during each chroma
togram; the only routine maintenance work required is the periodic solvent-purge of
the column; and the technique is robust to the mult iple analysis of contaminated
samples.

Although the clean-up techn ique has been designed as a general-purpose
screening technique for use with HPLC-PMDE, it could be readily modified to suit
other detection systems, or to vary its selectivity, by means of other adsorbents and
solvents. Probably, slight modification will be needed for its use in the recovery of
inorganic explosives component s and of nitro cellulose.
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SUMMARY

The structures of the products formed between several n-aliphatic amines and
o-phthalaldehyde (OPT) during routine post-column derivatization after high-per
formance liquid chromatographic (HPLC) elution, were determined by gas chroma
tography-mass spectrometry. OPT derivatization studies were carried out separately
in the presence of mercaptoethanol (MCE) and in the presence of ethanethiol (ETH).
Comparison of the mass spectra of the silylated OPT- MCE derivatized amines with
those of the non-silylated OPT-ETH derivatives indicated a consistent fundamental
structure with similar fragmentation patterns. It was shown that the structure of the
fluorescent product obtained under analytical post-column HPLC derivatization con
ditions is a l-alkylthio-Z-alkyl-substituted isoindole. This finding is in agreement with
results reported earlier for preparative-scale reactions.

INTRODUCTION

High-performance liquid chromatographic (HPLC) separations of simple ali
phatic amines pose a special problem involving detection. The amines do not absorb in
the UV region of the spectrum nor do they possess native fluorescence. Therefore, it is
necessary to derivatize these compounds to a more easily detected form. Derivatiza
tion usually involves chromophoric or fluorophoric labeling of the molecule prior to
detection. The advantage of using the latter method lies in the superior specificity and
sensitivity of fluorescence detection over ultraviolet (UV) or visible (VIS) absorp
tion I .

Various reagents are currently available for fluorescent labeling of primary
amines, These include fluorescaminev'', dansyl chloridev", and the increasingly popu
lar reagent, o-phthalaldehyde (OPT). Since OPT was first introduced by Roth6 , it has
been used in a wide variety of applications/" . In 1976, Simons and Johnson"? pre
sented the first study elucidating the structure of the fluorescent product formed in the

* Present address: Department of Chemistry, University of Rhode Island, Kingston, RI 02881,
U.S.A.
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408 R. C. SIMPSON, J. E. SPRIGGLE, H. VEENING

preparative reaction of a primary amine with OPT and 2-mercaptoethanol (MCE).
Based upon data collected from lOO-MHz proton NMR spectra of derivatized n
butylamine, they concluded that the structure of the product was a l-alkylthio-2
alkyl-substituted isoindole 1o ,11 , as shown in Fig. 1. In a later publication, they de
monstrated that ethanethiol (ETH) could replace MCE to yield a more stable product
of the same general structure'<.

x = OH for 2 - mercaptoethanol
X = H for ethanethiol

Fig. 1. Structure of the derivative as proposed by Simons and Johnson10 , l1 .

In a later investigation by Simons and Johnson'? they reported results based
on the UV spectra of the derivatization reaction mixture of various primary amines to
confirm the presence of the isoindole ring system. They also performed mass spectral
(MS) analysis of various amines derivatized on a preparative scale in order to estab
lish further the structure of the fluorescent product. However, due to the difficulty in
isolating isoindoles'<, several measures, including long reaction times (15 min), the
use of bulky alkyl thiols and low temperatures of crystallization (O°C), were taken to
permit precipitation and isolation of the fluorescent adduct. Although these con
ditions did achieve preparative isolation of the product, they are not typical of those
normally used in OPT-derivatization of primary amines in HPLC applications. Nor
mally, on-line HPLC procedures are carried out over a much shorter period of time
(less than 1 min) in alkaline aqueous buffers, which are at or above room tempera
ture. Thus, it is not necessarily valid to assume that the fluorescent products, obtained
through the use of each of these vastly different conditions, are the same.

The purpose of our study was to determine the structure of the major product
obtained for amines actually eluted from HPLC columns and subjected to post
column derivatization. This was achieved by MS analysis of extracts of the derivatiza
tion reaction mixtures. Various aliphatic primary amines were derivatized with OPT
and MCE and again with OPT and ETH. Thus, the structure of the product was
observed as a function of amine structure and as a function of using either ETH or
MCE. The results obtained were then cross-checked against each other to establish a
consistent structure of the fluorescent adduct.

We have presented detailed MS fragmentation patterns for several of the prim
ary amine-OPT derivatives in this paper. The availability of such data for these
important HPLC derivatives should be useful as the trend toward combined HPLC
MS continues to grow.

EXPERIMENTAL

Apparatus
The HPLC system was a Spectra-Physics SP-8700 solvent delivery system

(Spectra-Physics, Santa Clara, CA, U,S,A.) equipped with a Model 7120 injection
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valve (Rheodyne, Cotati, CA, U.S.A.), fitted with a 100-fil sample loop. The column
used was 30 em x 3.9 mm 1.0., packed with Zorbax C, bonded phase material
(DuPont, Wilmington, DE, U.S.A.). The post-column OPT derivatizing reagent was
pumped into the column effluent by a Model 39-650 high pressure pump (Rainin
Instrument, Woburn, MA, U.S.A.) through a Swagelok "T" connector (Allentown
Valve and Fitting, Emmaus, PA, U.S.A.). On-line post-column derivatization occur
red in a reaction coil which was 305 em x 0.023 mm J.D. coiled stainless steel tubing
(Supelco, Bellefonte, PA, U.S.A.). The fluorophores were detected by a Schoeffel FS
970 spectrofluoromonitor (Kratos, Westwood, NJ, U.S.A.) with the excitation mono
chromator set at 340 nm and equipped with a Type 440 emission filter (Kratos).

The gas chromatograph-mass spectrometer was a Finnigan Model 4021 (Fin
nigan, Sunnyvale, CA, U.S.A.). The gas chromatograph was equipped with a 25 m x
0.25 mm 1.0. SE-54 (film thickness 0.25 fim) fused silica column (J & W Scientific,
Rancho Cordova, CA, U.S.A.).

Reagents
Aliphatic amines (methylamine, 40 %aqueous; ethylamine, 70 %aqueous; n

propylamine, 98 %; n-butylamine, 96 %; n-amylamine, 99 %), ETH and
bis(trimethylsilyl)trifluoroacetamide (BSTF A) were obtained from Aldrich (Mil
waukee, WI, U.S.A.). OPT was purchased from Sigma (St. Louis, MO, U.S.A.).
Reagent grade boric acid and anhydrous sodium sulfate were obtained from Fisher
Scientific (Pittsburgh, PA, U.S.A.). Matheson, Coleman & Bell (Norwood, OH,
U.S.A.) was the source of reagent grade MCE. HPLC grade methylene chloride and
methanol were purchased from Burdick & Jackson Lab. (Muskegon, MI, U.S.A.).
Ultrapure water was produced in-house by a Milli-Q reagent grade water system
(Millipore, Bedford, MA, U.S.A.). All other incidental chemicals were of reagent
grade purity.

The first derivatizing reagent, OPT-MCE, was prepared by dissolving 800 mg
of OPT and 600 fil of MCE in 10 ml of methanol; this mixture was then added to
approximately 950 ml of a 0.50 M potassium borate buffer at pH 9.0. The total
volume was then brought to 1.00 1 by addition of more borate buffer. The second
derivatizing reagent, OPT-ETH, was prepared identically. Multicomponent amine
mixtures were prepared by mixing l-ml samples of each amine and shaking
thoroughly.

Procedure
A 100-fil sample of the five component amine mixture was injected into the

HPLC system and eluted through the column with 0.20 M sodium acetate buffer (pH
4.50) at a flow-rate of 2.0 ml/min, The OPT-MCE (or OPT-ETH) reagent was added
to the column effluent at a rate of 0.7 ml/min. The detector effluent was collected for
the duration of full-scale detector response. The collected fraction was then extracted
with two 2-ml portions of methylene chloride. The methylene chloride layer was
removed and rendered anhydrous by being passed through a short Pasteur pipette
containing a plug of glass wool and anhydrous sodium sulfate. The resulting meth
ylene chloride fraction was collected and evaporated under a stream of dry nitrogen,
to a volume of approximately 100 fil. The OPT-MCE derivatized amines were then
further derivatized for GC-MS analysis by adding 100 fil of BSTFA to the methylene
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chloride concentrate, mixing thoroughly and warming gently for 1 min to insure
complete silylation. This part of the procedure was omitted for the OPT-ETH de
rivatized amines, A O.l-jll aliquot of either the silylated methylene chloride con
centrate, or the untreated OPT-ETH sample was injected into the GC-MS system at
an injector temperature of 310°C, using a 15:1 split ratio and a helium carrier flow
rate of 1 ml/min, The column temperature was initially held at 100°C for 2 min, then
increased to 300°C at a rate of l5°Cjmin for OPT-MCE derivatives arid l2°Cjmin for
OPT-ETH derivatives. The mass spectrometer was used in the electron-impact (EI)
mode, with the electron energy set at 70 eV. The scan time was 1 sec over a mass range
of mjz 33 to mjz 500.

RESULTS AND DISCUSSION

The purpose of the current HPLC-MS study was to expose aliphatic amines to
conditions actually encountered in a typical HPLC separation and on-line post
column derivatization, even though minimal separation of these compounds was
achieved by reversed-phase HPLC. Each of the amines was derivatized with OPT
MCE and OPT-ETH in separate experiments. This permitted observation of the
derivative structures for each amine as a function of either MCE or ETH addition to
the OPT derivatizing reagent. Due to the presence of a hydroxyl group in the deriva
tive formed with OPT-MCE (see Fig. 1), it was necessary to silylate the anhydrous
extract concentrate of the on-line HPLC derivatization reaction in order to obtain a
product which was sufficiently volatile to survive gas chromatographic (GC) separa
tion.

The reconstructed ion current gas chromatogram (RIC) of the silylated extract
of the OPT-MCE derivatization is shown in Fig. 2. The peaks at scan numbers 722,

100.0
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266

332 394 449
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Fig. 2. RIC of silylated OPT-MCE amine derivatives.
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Fig. 3. RIC of OPT-ETH amine derivatives.
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Fig. 4. EI mass spectrum of silylated OPT-MCE n-butylamine derivative.
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739,771,814 and 859 represent the silylated forms of derivatized methyl-, ethyl-, n

propyl-, n-butyl- and n-amylamine, respectively. Fig. 3 is the RIC of the products
resulting from on-line HPLC derivatization with OPT-ETH. The peaks at 652, 676,
716, 769 and 819 represent the derivatives obtained for methyl-, ethyl-, n-propyl-, n
butyl- and n-amylamine, respectively. Other peaks in both chromatograms (Figs . 2
and 3) are due to derivatized isomeric amines, incompletely derivatized amines, im
purities and decomposition products .

In this discussion, only the structural analysis of derivatized n-butylamine will
be presented; although, the structures for the other four derivatized amines were
found to be analogous . The EI mass spectra of the silylated OPT-MCE and the OPT
ETH derivatives of n-butylamine are shown in Figs. 4 and 5, respectively. In Fig. 4,
the molecular ion (M+) and the base peak were observed at mjz 321 and mlz 172,
respectively. Fig. 5 showed M + at m]z 233 and the base peak at m]z 204. Table I lists
the major m]z values, their relative MS peak intensities and the assigned mo lecular
fragments. The other analogous silylated OPT- MCE and unsily lated OPT- ET H
amine derivatives exhibited similar patterns consistent with their respective molecular
weights. Table II summarizes the m]z values of the respective M+ ions and base peaks
from the mass spectrum for each amine derivatized by both methods.

204

45

148
162

233

4 1

104

77 89 134 156

IJJli1
3

, I. J :iJI 'r .J
171

34 III ,II JIIIii 1II,I1, 1'T1 218
I

50.0

Mil 50 100 150 200

Fig. 5. ET mass spectrum of OPT- ET H II-butylamine deri vative .

100.0

Examination of the data in Table I suggests a consistent basic structure of the
derivative, regardless of which reagent was used to produce it. The difference in the
M+ m]z values is due to the presence of a trimethylsilylated hydroxyl group in the
OPT- MCE derivative which is absent in the OPT-ETH derivative, thus resulting in a
consistent difference of 88 mlz units for the two respective molecular ions for each
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T ABLE II

SUMMARY OF MS DATA FOR C,- Cs DERIVATIZ ED ALIPHATIC AMIN ES

Parent amine

Meth ylamine
Ethylamine
n-Propylamine
n-Butylamin e
zr-Amylam ine

OPT-M CE OP T- ETH
derivati ve (sily lated) derivative ( unsilylated)

M + ( rnjz) Base peak (ml z) M+ (m]z) Base peak ( rni z)

279 162 191 162
293 176 205 146
307 190 219 190
321 172 233 204
335 186 247 1-62

amine. The data presented in Table II, along with more complete fragmentation
patterns not presented in this paper, show that the fundamental structure of OPT
MCE or OPT- ETH amine derivatives was independent of the amine used.

This study has demonstrated that under conditi ons normally used for HP LC
on-line post-column derivatization of amines: (a) no preparative isolation of the
product is necessary for structural analysis; (b) the fundamental structure of the
fluoroph ore was consistently present in all derivatives; (c) substitution of ETH for
MCE in the OPT reagent gives an analogous non-hydro xylated derivat ive (as ex
pected) and (d) the structure of the fluorescent product obtained unde r analytical
post-column der ivatization HPLC conditions is a l -alkylthio-2-alkyl-substifuted iso
indo le, in agreement with that reported in the literature for preparative-scale reac
tions.
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Note

Determination of some polyaromatic compounds by reversed-phase
liquid chromatography with electrochemical detection

W. LOW RY CAU DILL, MILO S v. NOVOTNY and R. MA RK WIG HTMAN'

Department of Chemistry, Indiana University , Bloomington, IN 47405 ( U.S. A.)

(Received februar y 4th, 1983)

Synthet ic fuels derive d from sources such as coa l and oi l sha le are being in
creasingly ana lyzed for compo nents tha t may present certain health hazards. While
the mult icomponent sepa ra tion and identification meth ods combined with extensive
fraction ation schemesHi are imp ortan t to fully characterize the se material s, simple
measurements are also needed for the selected compounds th at possess mutagenicity
and carci noge nicity. Polycyclic aroma tic primary am ines (APA Hs) were found
amo ng the potent mut agens conta ined in petro leum substitutes':" .

A key feature of liqu id chro matography (LC) with elect roc hemica l detection
(ElCD) is the selectivity tha t can be affor ded by the j udicious choice of th e ap plied
poten tial. In this com mu nication, we show that amperometric detec tion can be em
ployed to selectively determine APA Hs in the presence of other polycyclic aromatic
compo unds (PACs). This selectivity may, therefore, be of grea t utilit y for ro utine
dete rminations . Th e electroc hemical oxidation of PACs in solvents such as acetoni
trile has been invest igated'"!" , In general, APAHs are oxidized at less pos itive poten
tials than polycyclic aromatic hydrocarbons (PA Hs). Polycyclic aro ma tic nitrogen
heterocycles (PAN Hs) are more difficult to oxidize than either of the above classes .

APA Hs have been previously determined by strong cation-exchange LC
ElCD 11

• However, recent advances in column tech nology and cell design provide
considerable impro vement in th is analysis scheme. Th e use of glassy carbon elec
trodes and inert materials throu ghou t the amperometric cell permi t a wide ran ge of
solvents to be employed. While separation of PACs can be achieved by reversed
phase LC with ace tonitri le as the mobile phase, electrochemica l detectio n is st ill
possible. Since non- aqu eou s LC- ElCD is an unexplored area, we have charac terized
the perform ance of the detector in this app lication.

EXPERIM ENTAL

Reagents
Sta ndard solutions of ant hrace ne (Gold Label; Aldrich, Mi lwaukee, WI,

U.S.A.) and 2-aminoanthracene (Aldric h) were prepared immediately before chro 
mat ograph ic analysis in acetonitrile (HPLC Grade, Fisher, Cincinnati , OH, U.S .A.) 
water (doubly distilled) (90:10) which conta ined sodium perchlorate (0.1 Mol' 0.01
M) . The 2-aminoant hracene was sublimed (200°C) prior to use. Sta nda rd solutions of

0021-9673/83/$03.00 © 1983 Elsevier Science Publ ishers B.V.
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anthracene, 2-aminoanthracene and acridine (1.10- 3 M, Sigma, St. Louis, MO,
U.S.A.) were prepared immediately before cyclic voltammetric characterization in
acetonitrile which contained sodium perchlorate (0.1 M).

Apparatus
LC system consisted of a constant-flow reciprocating pump (Model 396 mini

pump; Milton Roy, Riviera Beach, FL, U.S.A.), a loop injector (50 Ill, Model 7010;
~

Rheodyne, Berkeley, CA, U.S.A.) and a reversed-phase column (Chromanetics
Spherisorb, ODS-2, 25 em x 5 mm I.D., 5 11m particle size; PJ Cobert Assoc., St.
Louis, MO, U.S.A.). A stainless-steel tube (0.1 m x 5.0 mm J.D.) between the pump
and the loop injector served as a pulse dampener. The mobile phase, which contained
sodium perchlorate (0.1 M or 0.01 M) in acetonitrile-water (90: 10) was recycled by
pumping the eflluent into the buffer reservoir. The mobile phase reservoir was sealed
to prevent solvent evaporation. The flow-rate was 1.2 ml/min.

Amperometric detection was accomplished with a working electrode of glassy
carbon (Tokai GC-20; Atomergic, New York, NY, U.S.A.). The glassy carbon was
polished to a mirror finish with the use of 600 grit sandpaper followed by polishing
successively on a felt cloth with 5 11m, 0.3 11m, and 0.05 11m alumina (Fisher, Cincin
nati, OH, U.S.A.). The auxiliary electrode, which is also the upper portion of the cell,
was made of stainless steel as described previously'<. Apre-cut spacer (51 11m thick,
Tefzel; DuPont, Wilmington, DE, U.S.A.) was laminated (20 min at 300°C) onto the
auxiliary electrode. The lamination of the Tefzel spacer was necessary to prevent the
leakage that occured between the auxiliary electrode and spacer when PTFE or poly
ethylene spacers were employed. The entire assembly was then clamped together with
4 bolts. The working electrode area was 0.46 cm2 and the cell volume was 2.3 Ill. The
reference electrode in these studies was a silver/silver perchlorate (saturated) electrode
in acetonitrile-water (90:10). The reference electrode potential was checked daily
versus a saturated calomel electrode and was found to be 0.40 V more positive.
Voltammetric studies employed a PARC Model174A (Princeton, NJ, U.S.A.) and a
disk-shaped glassy carbon electrode (area 0.058 em"),

RESULTS AND DISCUSSION

The cyclic voltammograms of 2-aminoanthracene, anthracene and acridine in
acetonitrile with sodium perchlorate (0.1 M) as supporting electrolyte at a glassy
carbon electrode gave oxidation peak potentials + 0.16 V, + 0.82 V and + 1.17 V,
respectively. These results are similar to those obtained at a rotating platinum elec
trode in acetonitrile'v!", Analysis of the relative peak potential differences indicates
that LC-EICD should be able to determine 2-aminoanthracene in the presence of
anthracene and acridine. However, as indicated in the introduction, a detector which
is physically stable (i.e. will not degrade, dissolve, etc.) in acetonitrile, was needed. To
achieve this requirement an amperometric detector was constructed in which the
mobile phase contacts only stainless steel, Tefzel, glassy carbon, and the reference
electrode.

Fig. lA shows the chromatogram of2-aminoanthracene (5 pmol) at +0.4 Yin
the presence of anthracene (5 pmol). The mobile phase was acetonitrile-water (90:10)
with 0.1 M sodium perchlorate as the supporting electrolyte. The working electrode
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Fig. I. Chromatograms of standard solutions of2-aminoanthracene (5 pmol) and anthracene (5 pmol) with
acetonitrile-water (90:10) mobile phase. (A) Working electrode potential, Ea p p = +0.4 V with 0.1 M
sodium perchlorate as supporting electrolyte; (B) Ea p p = +0.8 V with 0.1 M sodium perchlorate as
supporting electrolyte; (C) Ea p p = + 0.4 V with 0.01 M sodium perchlorate as supporting electrolyte; (D)
Ea pp = + 0.8 V with 0.01 M sodium perchlorate as supporting electrolyte. Peaks: I = 2-aminoanthracene;
2 = anthracene.

potential was then altered to +0.8 V and the simultaneous detection of 2
aminoanthracene and anthracene was accomplished (Fig. IB). The signal-to-noise
ratios are reported in Table I and these compare favorably with those observed with
this detector with aqueous LC-EICD13

. Thus, LC-EICD with non-aqueous solvents
does not compromise the high sensitivity associated with aqueous LC"':EICD. For 2
amino anthracene, the calculated minimum detection limit (assuming a signal-to
noise ratio of 2) was less than 50 fmoles.

For the analysis of the non-polar PACs and for the longevity of the reversed-

TABLE I

SIGNAL-TO-NOISE RATIOS OF 2-AMINOANTHRACENE AND ANTHRACENE

Sodium per-
Eap p chlorate 2-Aminoanthracene (5 pmol) Anthracene (5 pmol)

concentration*

+0.4 V** 0.1 M 226
0.01 M 419

+0.8 v** 0.1 M 99.2 45.2
0.01 M 68.2 30.6

* Supporting electrolyte concentration in acetonitrile-water (90:10).
** Versus Ag/AgCI04 (saturated) reference electrode.
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phase column, it may be advantageous to use relatively low concentrations of sup
porting electrolyte. As seen in Fig. 1C and D, chromatograms obtained with 0.01 M
sodium perchlorate in the mobile phase are essentially identical to those with 0.1 M
sodium perchlorate. The signal-to-noise ratios are also given in Table I for the low
sodium perchlorate concentration and are virtually the same as those obtained with
0.1 M sodium perchlorate. The residual currents, however, increased from 57 nA to
81 nA at +0.4 V and from 560 nA to 700 nA at +0.8 V. An increase of this nature
may arise because the lower supporting electrolyte concentration increases the solu
tion resistance.
This work clearly indicates that non-aqueous LC-EICD at carbon electrodes may be
a viable technique for the selectiveanalysis ofPACs. As shown, the method possesses
the selectivity (detection of 2-aminoanthracene in the presence of anthracene), sensi
tivity (subpicomole) and low cost (recycling of buffer) that are associated with
aqueous LC-EICD. For the analysis of very complex samples (coal tars and oil shale),
the technique may provide valuable qualitative information in sample screening ef
forts (e.g., APAHs in the presence ofPAHs). For fractionated samples, the technique
may provide supportive information for identification purposes. If more component
resolution becomes a necessity, a miniaturized version of this detector!" could be used
in conjunction with high-efficiency capillary LCI S

. Further, while gradient elution is
problematic with electrochemical detection (due mainly to residual current shift), it
has been shown that quantitative results on the picomole level can be obtained with
small « 10%) gradients!". Larger gradients may also be possible; however, it is
expected that there will be a decrease in detection limits.
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Rapid molecular weight determination for native glucocerebrosidase
from human placenta using high-performance liquid chromatography
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Glucocerebrosidase (GCase) is a membrane-bound lysosomal hydrolase. De
fects in the activity of this enzyme result in storage of glucocerebroside in reticuloen
dothelial tissues. The disorder is called Gaucher disease.

GCase is generally extracted from membranes with detergents. Estimations of
"subunit" M; on sodium dodecyl sulfate-polyacrylamide gel systems (SDS
PAGE)l-3 yielded values ranging from 56,000 to 75,000. When whole tissue extracts
were examined by gel exclusion chromatography (Sephadex G-200)4 with a running
buffer of Triton X-IOO in 5 mM phosphate buffer, a M, of 160,000-200,000 was
observed for the fibroblast enzyme and 150,000 for the spleen in either 5 or 150 mM
NaCl. Partially purified placental enzyme", examined on a similar column in 20 mM
citrate-phosphate buffer containing cutscum and glycerol, was eluted at a volume
corresponding to a M, of 240,000, whereas a whole tissue placental extract revealed a
240,000 peak flanked by multiple activity peaks. GCase was thus thought to exist in
vivo as a tetramer (in placenta) or perhaps a dimer (in spleen and fibroblasts). These
studies suffered from a lack of sufficient and suitable protein standards, from working
too close to the void volume of the Sephadex and from a failure to examine a com
pletely purified protein, no longer in association with other proteins.

We have recently purified placental GCase to homogeneity by an affinity chro
matography technique! and have examined the M; of purified enzyme by the new and
rapid procedure of high-performance liquid chromatography (HPLC). The technique
is highly sensitive and obviates the necessity of making detectable derivatives, mul
tiple activity assays and laborious elution volume measurements. Each run is com
plete in ca. 20 min. Only microgram quantities of protein are required'':".

EXPERIMENTAL

The HPLC system consisted of a Beckman 421 microprocessor, a single piston
pump (Beckman Model 1lOA), variable wavelength detector (Beckman Model 155
40) set at 220 nm, a 250-).l1 sample injection loop and an Altex Model CRIA in
tegrator-printer. The two columns used in series were Beckman size exclusion
aqueous Spherogel, Micropak TSK Types SW 3000 and 4000, 7.5 mm x 30 em,
particle size and exclusion limits, M" being 10 ).lm and 3.0· 105 and 13 ).lID- and
over 7.0 .105 respectively.

0021-9673/83/$0.300 © 1983 Elsevier Science Publishers B.V.
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An in-line silica precolumn was used . Such columns consist of a hydrophilic
phase bonded to micro particulate silica so that the nature of this surface keeps pro
tein-silano l interactions to a minimum for neutral or acidic prot eins", GC ase has an
isoelectric point close to 51. Organic modifiers can also be used to reduce hydro
phobic interactions". The flow-rate was maintained at 0.9 ml/min , and the separa
tions were performed at room tempe rature.

When the six molecul ar weight standards (Pharmacia) were separa ted on this
system (Fig. I) using a running buffer of 100 mM sodium phosphate and 50 mM
NaCI at pH 6, a linear relat ionship was maint ained between retention time (directly
related to elution volume) and log M, between M, 669,000 and 13,700.
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Fig. I. HPLC separation of six molecular weight sta ndards: I = thyroglobulin, M, 669,000: 2 = ferritin,
M , 440,000; 3 = aldolase, M, 158,000; 4 = ovalbumin, M , 45,000; 5 = chymot rypsinogen A, M , 25,000; 6
= ribon uclease, M, 13,700. Conditions were as described in the text.

RESULTS AND DI SCUS SION

GC ase was injected immediately as it emerged from our affinity column. The
enzyme was not concentrated or treated in any way before injection. In Fig. 2 the
elution profile is compared to the sepa ra te elutions of lysosomal hexosaminid ase
(HEX) A and B from human placen ta, puri fied in our laboratory". The elution times
of HEX A and B (17.74 and 18.45 min) correspond to M(J of 120,000 and 87,000
respective ly, in agreement with previously publ ished values which ranged from 100,000
to 140,000; GCase, at 18.76 min, thu s has a M, of74,000. These results did not cha nge
upon use of the following buffers: 1, IQO mM phosphate, 200 mM NaCl, pH 6;
2, 100 mM pho sphate, 200 mM Na Cl, 10 %ethylene glycol, pH 6; 3, 100 mM phos
phate, 50 mM NaCI, 10%eth ylene glycol, pH 6; 4, 100 mM phosph ate, 200 mM NaCI ,
0.1 %sodium taurocholate , pH 5 (230 nm). Ho wever, as the ionic strength decreased
(50 mM phosphate , 50 mM Na CI) the apparent M, of GCase increased. Fin ally,
when salt was omitted from the buffer and detergents were present (100 mM phos-
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Fig. 2. HPLC ana lysis of G Case (- - , 3 jig), HEX A (... , 4 11g) and HEX B (- - - . 4 11g). Conditions were
as descri bed in the text. .

phate, 10% ethylene glycol; 100 mM phosphate, 0.1- 0.5 % sodium ta urocho late ;
50 mM ph osphate, 0.1 %sodium taurocholat e), the appa rent M , of both GCase and
HEX B increased to 174,000. We believe this is du e to an artefactua l aggregation
phenomenon because the change is also seen with H EX B, an enzyme which has been
character ized as to M , in man y laboratories". it is interesting that H EX B behaves
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in this fashion since this form of HE X 'is the more hydroph ob ic and tends to
aggregate':' . GCase, being a membrane protein, is also hydrophobic by nature.

GCase, HEX A, catalase, blue dext ran and vitamin B12 were eluted separately
from a 1.5 x 50 em Seph aro se CL-6B column, equilibrated with 100 mM phosphate,
50 mM N aCI, at pH 6 (Fig. 3). GCase emerges from the column later than , and
therefore is smaller th an , HEX A. Th is corro borates the HPLC results on the size of
the enzyme.

After HPLC ana lysis of GCase, HEX A and HE X B, we analyzed the
cata lytic activity of the enzymes using 4-meth ylumbelliferyl substrates. The recovery
of activity was highest for the least hydrophobic enzymes HE X A (90 ~~) and lower
for the more hydrophobic HEX B (67 %) and GCase (40-50 %). The retenti on times
for HE X A and B give apparent M, values for the native enzymes which are com
pat ible with tho se in the litera ture and thu s we believe th at for GC ase in its nat ive
state M , is 74,000. When GCase is reduced and alkylated ' it migrat es on HPLC in 6
M guanidine hydrochloride (our data, not presented) and on SDS-PAG E1 as a single
peak with appa rent M, of 70,000 and 75,000 respectively. Our result s indicate GCase
is a monomer in its na tive active state.

Thi s HPLC technique will prove useful in analyzing GCase from Gaucher
tissue.
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Separation of glyceollin isomers I-III by thin-layer chromatography
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(Recei ved Februa ry 2nd , 1983)

En vironmental stress of soy bea ns by chemical treatment (her bicide I , heavy
metal", ozo ne", etc.) o r micro bial infection2

.4- 1 S lead s to acc um ulation of the anti
fun gal metabolites glyceoll in I, " and III (GI-III), the levels and relative ratios of
which strongly depend on the plant tissue studied and the nature of the elici
tor ' :":11 ,12 , Th ese isom eric phytoalexins can be an alyzed by gas-liq uid chro mato gra 
phy (G LC)4,8 or high-perform ance liquid chroma tog raphy (HPLX)t ,6,11,12 .15 but no
separa tio n is achieved with the usua l th in-layer chro matographic (T LC) sys tems for
phenolic compo undsI-S,7-15, Acco rdingly, G I-III are usually quantitated after several
T LC pur ification steps as "glyceollin" , a mixture of the three compound sI-S,7-15,

~} glyceol l in II

H

~~P~,A } m~ glyce ollin

OH

g lyceo l lin I

The prese nt study eval uated a large num ber of cellulose, po lya mide or silica gel
T LC systems suggested for analysis of phen ols t6,17 but without success fo r separa tio n
of GI-III (da ta now shown) , However, the se co mpo unds are eas ily sepa ra ted by
using multiple developments of for ma mide-impregna ted silica gel layers, a sorbent
described for TLC of Umbelliferae drugs!". Quantitation of G I-III in plant extract s is
then achieved by using thi s system in place of the last purifica tio n- q uantita tion
steps 1-15, followed by normal UV spectrome try of the eluted spo ts , Thi s meth od ,
when co mb ined with radioa utogra phy , may also find app lication in radi ot racer
studies of the biosynthesis of G I- II L

* Permanen t address: Central Resea rch Inst itute for Chem istr y of the Hungarian Academy of Scien
ces, H·I025 Budapest , Hungary.

002 1-9673 /83 /S03 .00 © 1983 Elsevier Science Pu blishers B.V.
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EX PER IM ENTA L

NOTES

Cut soybean seedlings (5 g) were treated with the diphenyl ether herbicide
acifluorfen (sodium 5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoate; 5
ppm , stem uptake for 72 h). TheGI-III mixture was extr acted with 40 %ethanol and
purified by TLC according to -Ingham et al.II. The purified GI-III mixture and
standards of GI , II and III (0.2, I and 5 J1g; both separately and together) were
spotted ont o forrnamide-impregnated silica gel TLC plate s [prepared by developing
silica gel 60 F254, 0.25 mm thick TLC plates (Merck) twice with 5%form amide in
acetone and drying at room temperature] anddeveloped four times with diethyl
ether-hexane (3:1). UV-absorbing spots of GI , II and III were detected at R f values
of 0.50, 0.42 and 0.35, respectively, and the compounds were quant itated by UV
spectrophoto metry (using the following absorption maxima and molar absorption
coefficients : GI , 285 nm , 8300 I mol- I em -I ; GIl, 285 nm, 8700 I mol - 1 em - I; GIll,
292 nm, 9600 I mol-I cm -I ) 4,6 after scra ping off the spots and eluting with 2 x I ml
ethanol. The levels of GI , II and III found in acifluorfen-treated soy bean seedlings
were 7, 19 and 38 J1g/g fresh weight, respectively (compared to 4,28 and 44 J1g/g fresh
weight determ ined by HPLC in a separate experiment" ). The GI-I11 content in the
untreated leaves was < I J1g/g fresh weight.
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NEW BOOKS

Essential oils analysis by capillary gas chroma
tography and carbon-I S NMR spectroscopy, by
V. Forrnacek and K.-H. Kubeczka, Wiley,
Chichester, New York , 1983 , ca. 400 pp., price
ca. US$ 138.00, £ 63.00 , ISBN 0-47\-26218-8 .

L'Analy se biochimique quantitative par nano
chromatographie en couche mince, by M.
Bounias, Masson, Paris, 1983 , VI + 198 pp. ,
price FFr. 160.00, ISBN 2-225-78914-2.

Isoelectric focusing : theory, methodology and
applications (Laboratory Techniques in Bio
chemistry and Molecular Biology, edit ed by
T .S. Work and R.H. Burdon, Vol. 11) , by P.G.
Righetti, Elsevier Biomedical, Amsterdam, New
York, 1983, XVI + 386 pp ., price US$ 80.75
(U.S.A. and Canada) , Dfl , 190.00 (rest of
world), ISBN 0-444-8049 8-6 (hardback) ; USS
25.50 (U.S.A. and Canada), Dfl. 60.00 (rest of
world), ISBN 0-444-80467-6 (paperback).

Analytical aspects of environmental chemistry,
edited by D.F.S. Natusch and P.K. Hopke ,
Wiley, Chichester, New York , 1983 , ca. 224 pp. ,
price ca. US$ 39.90, £ 24 .90 , ISBN
0-471-04324-9 .

MEETINGS

Manual of laboratory pharmacokinetics: Exper
iments in biopharmaceutics, biochemical phar
macology and pharmacokinetics, with a consid
eration of relevant instrumental and chromato
graphic techniques, by S.H. Curry and R.
Whelpton , Wiley, Chichester, New York, 1983 ,
ca. 208 pp., price ca. US$ 21.45, £ 9.75 , ISBN
0-471-10247-4.

Wilson and Wilson' s Comprehensive analytical
chemistry, Vol. XVIII , edited by G. Svehla ,
Elsevier , Amsterdam, Oxford, New York , 198 3,
446 pp. , price US$ 110.00 (U.S.A. and Canada) ,
Dfl. 275 .00 (rest of world) , subscription price
US$ 106 .50 (U.S.A. and Canada), Dfl. 250.00
(rest of world) , ISBN 0-444-99685-0 .

Supplement to the second edition of Rodd 's
Chemistry of carbon compounds, Vol. I,
Aliphatic compounds, Part FG, edite d by M.F.
Ansell, Elsevier, Amsterdam , Oxford , New York ,
1983, XX + 404 pp ., price US$ 115 .00 (U.S.A.
and Canada), Dfl. 270.00 (rest of world), sub
scription price US$ 104.25 (U.S.A. and Canada),
Ol1. 245.00 (rest of world), ISBN 0-444-42 183-1.

Flow phenomena in porous media : fundamentals
and applications in petroleum, water, and food
production, by R.A. Gree nkorn , Marcel Dekker,
New York, Basel, 1983, XII + 550 pp ., price
SFr. 214.00 , ISBN 0-8247-1861-5.

GORDON RESEARCH CONF ERENCE ON ION EXCHANGE

The Gord on Research Conference on Ion Exchange will be held on Jul y 18-22, 1983, at Plymouth
State College in Plymouth, New Hampsh ire, U.S.A. Howard S. Sherry and Irving M. Abrams will be
Chairperson and Vice Chairperson, respectively.

Further details may be obtained from Alexander M. Cruickshank, Director, Gord on Research
Conferences, Pastore Chemical Laborat ory, University of Rhode Island, Kingston, RI 02881, U.S.A.
Te!.: (401) 783-4011 /33 72.

A det ailed program is listed below.



July 18: Fundamentals orion exchan ge (Jacob A. Marinsky, session chairperson): George Boyd,
"Interpretation of ion exchange properties using the manning condensation model" ; Eric Hogfeldt ,
"Equilibria in non-ideal systems"; Russell Petterson , "Thermodynamics of ion exchange in micro
crystals of hydr ous oxides"; Kurt Bunzl, " Kinetics of ion exchange."

Jul y 19: Ion exchange properties of zeolites (John D. Sherman , session chairperson): Richard M.
Wallace, "Fundamental properties of zeolites that are important for radioactive waste treatment" ;
Rodn ey P. Townsend , "Thermodynamics of ternary ion exchange in zeolites" ; Pochen Chu, "Ion
exchange properties of ZSM-5" ; Richard M. Barrer , "Ion exchange and isomorphous replacement in
zeolit es and feldspars."

Jul y 20 : Ion exchange in analy tical chemistry (Gabriella Schmu ckler, session chairperson) : Michael
J . Hudson, " Use of coordinating polymers in hydrom etallurgy"; R.M. Cassidy, "Separation of lantha
nides by HPLC." Ion exchange for drinking water and water reuse (Dennis Clifford , session chair
person): Wolfgang Hoell, "Partial demineralization of drinkin g water combined with the use of carbon
dioxide as regenerant"; Dennis Clifford, "The structure of resins as it affects the uptake of polyprot ic
acids such as chromic, carbonic, arsenic, etc."

July 21 : Ion exchange properties ofclay minerals (Adrian Crerners, session chairperson): Garrison
Sposito, "Ternary cation exchange in clay minerals" ; Oscar Talibudeen, "Calorimetry of ion exchange
reactions of the phyllosilicates in relation to their properties and comp osition" ; Andre Maes, "How
to make cesium high selectivity sit es in montm orillonite. " Special lecture: Calvin C. Calmon, "The
history of ion exchan ge." Elections. Poster session.

July 22 : Industrial applications (George Crits, session chairperson) : Howard L. Simpson, "Applica
tions of ion exchange resins in glucose/fruc tose separations" ; E.C. Hitz . "Innovative ion exchange at
Three Mile Island nuclear station."

CAPILLARY CHROMATOGRAPHY - 2nd INTERNATIONAL SYMPOSIUM

The 2nd International Symposium on Capillary Chromatography will be held on Oct. 10-12, 1983 ,
at the Westchester Marriott Hot el in Tarrytown, NY, U.S.A. The symposium will consist of invited and
submitt ed papers on all aspects of capillary chro matography, given by leading authorit ies from thro ugh
out the world . Informal discussions will permit the free exchange of ideas on various current questions
related to these techn iques and their applications. There will also be an exhibition of chromatography
instrumentation .

Further information may be obtained from: Dr. A. Zlatki s, Chemistry Departm ent , University of
Houston , Hou ston , TX 77004 , U.S.A.

WORKSHOP ON HANDLING OF ENVIRONMENTAL AND BIOLOGICAL SAMPLES IN
CHROMATOGRAPHY

This workshop will be held at the Lausanne Congress Centr e in Lausanne , Switzerland, on Nov.
24-25 , 1983 , and is organized by the Int ernational Association of Environmental Analytical Chemistry
and sponsored by national organizations. The Workshop is intended to bring togeth er specialists in this
field who can give a good account of the state-of-the-art in their part icular specialty and to present
ru st-hand experience in sample handling. Strong industrial parti cipation and ample discussion time.are
planned. Poster contributions to the workshop can be submi tted until October 15 , 1983.

A short course on "sample handling in liquid chromatography" will be offered prior to the work
shop on Nov. 22-23, 1983, in the same location .

For further information contact: Prof. R.W. Frei, The Free University of Amsterdam , Department
of Analyt ical Chemistry , De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands.



EUROANALYSIS V, CRACOW, POLAND

The 5th European Conference on Analytical Chem istry will be held in Cracow , Poland , on Aug. 26
Sept . 1, 1984. On behalf of the Work ing Part y on Analytical Chemistry of the Federat ion of Europ ean
Chemic al Societie s, thi s conference will be organised by the Polish Chemical Society and the Committee
for Analytical Chemistry of the Polish Academy of Sciences. The conference will aim, like earlier con
ferences, at the broadest possible coverage of analytical chemis try . The programme is being plann ed to
appea l both to practising analytical chemist s in indu strial and control laboratories and to those teaching
and doing research on analyt ical chemistry at universities and research institutes. Topic s will encompass
all classical and instrumental analytical techniques of determin ation and separat ion. Special sessions
will be devoted to Computer-Based Analytical Chemistry (COBAC III) and to Speciation in Trace and
Environmental Analysis. The offi cial language of the confere nce will be English.

Further details may be obta ined from Professor Zygmunt Kowalski, Secretary-General, Euroanalysis
V, Academy of Mining and Metallurgy, Mickiewicza 30 , 30-059 Krakow, Poland.

NEW JOURNAL

MA TERIALS CHEMISTR Y AND PHYSICS

Materials Chemistry , previously publi shed by Cenfor (Genoa, Italy), will be published by Elsevier
Sequ oia S.A. in a new and enlarged format as Materials Chemistry and Physics (Editor : Professor
Vincenzo Lorenzelli , Universita di Genova , Geno a, Italy). Materials Chemistry and Physics is an
interna tional journal for publi shing result s of experimental and theoretical research on the phy sico
chemical properties and behaviour of different classes of mat erials, as related to their structure, en
vironment and fabri cation pro cesses.

Materials Chemistry and Physics will be publi shed in two volum es (12 issues in total) in 1983 .
Subscri ptio n price for 1983 (Volumes 8 and 9) SFrs. 420.00 (ca. US $22 7.00). A free sample copy
can be obta ined from the publi shers, Elsevier Sequ oia S.A. , P.O. Box 85 1, CH-100 1 Lausanne 1,
Switzerland .

PROFESSOR EDGAR LEDERER
CELEBRATES 75th BI RT HDAY

Professor Edgar Lederer , one of the founding
fathers of chro matography, will be celebrating his
75th bir thd ay on the 5th of Jun e 1983.

The edi to r and the publi shers of the Journal
of Chromatography would like to take the
oppor tunity to thank him for all that he has
done for the journal through the years since its
incepti on and to congratulate him on the
achievements that he can look back on and the
great influen ce that he has been on the scientific
communit y.
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The work is in two parts:
Part A - Fundamentals and Techniques
- presents an introduction to the field,
including the developme nt and theory of
chromatogra phy and electrophoresis, and
then gives the theo retical and instrumental
basis of each techn ique.
Part B - Applications - is a critica l review
of the isolation and quant ification methods
in current use for variou s classes of sub
stances.

This two-part handbook is an up-to-d ate
tteatrnent of the ent ire field of chromato
graphy and electro phoresis, written by
scientists who are internationally recogniz
ed as the foremost authorities in their
specific fields.

Chromato graphy and electrophoresis are
probably the most wide ly used analytical
techniques today. Since these techn iques
were last presented in a comprehensive
treat ise in 1975, significant changes have
taken place, both in the techniques them
selves and in their applicat ions to analytical
probl ems.

Both parts of this work belong in all
libraries serving chromatographers at
technical colleges, research institutes,
universities, pharmaceutical com
panies and instrument manufacturers.
Practising chromatographers and
analysts will refer to it often when faced
with new or unusual analytical
problems and situations.



·:::::!:::::::!::: Pyrolysis Mass Spectrometry of Recent.:.:.:.:.:.:.:.:.: - B- - I
:rrrm::and Fossil lomaterla s

IIIIIIIIIIIIIIIII! Compendium and Atlas
::::!:::':'::I:::: by H.L.C. MEUZELAAR , Salt Lake City, UT, U.S.A., J. HAVERKAMP,
:IIII:Amsterdam, The Netherlands and F. D. HILEMAN, Dayton , OH, U.S.A.
III::::::Techniques and Instrumentation in Analytical Chemistry, Vol. 3

. t :::I::\I: Since the 3rd International Symposium on Analytical Pyrolysis in 1976,
::ffff the importance of pyrolysis mass spectrometry (Py-MS) as an
r::r:Imanalytical method has increased considerably. Specially designed
r::rrr Py-MS systems using galvanically heated filament or direct probe
::::::::::::::1 pyro lysis have been quite successful in structural investigations and
::::::Iff kinetic studies involving synthetic polymers and model compounds.
:r:IfI The Curie-po int Py-MS has, however, made a lasting impression on the
::fmrr: field , being unique in those applications that require maximum
:r::r::r: reproducibility. This book presents an in-depth discussion of basic
ff::ff princi ples (including sample requ irements, short- and long -term
rr:f::m reproducibility problems and data processing approaches) of Py-MS
:fIf::::: techniques.

:::::::::I:I The Compendium has been put tog ether by authors who have ..
:ff::::::::: themselves been deeply invo lved in an extensively used fully-automated :::::::::::::::::::
fff::f Py-MS system. It is thought that th is system, particularly useful in :::rrrm
Irfr:: charact erising bacteria, co uld revol ut ion ise clinical methods which rrrmr
:::::::::::::::::: h h d si P ::::::::::::::::::} :::::::::::::: ave not c ange since aste ur. ::::::::::::::::::
:::::::11:::: The advent of co mmercially available Curie -point Py-MS systems has :IIII:

[r::rr:r prompted the authors to include a sma ll Atlas of over 150 reference r::r:fm
::ffff: spectra of carefully selec ted biom ate rials wh ich should help users of 1f f f r:

I
:::::::::::::::::::these systems to "tune" their instruments to the ex isting systems and ::::::::::::::::::
::::::::::::::::::: to evaluate unknown spectra. :::::::::::::::::::

~1!111111111111111! :~i:~~::~~:~~i~:~::;~s:~1~t;~~:t~:::r~~~~lle~~~~~lu~st~:se !:\II'\:I[III:I:I':

r:tt::t their own specific problems in the analysis and data processing :::::ttt::
::::::::::::::::::: of biomaterials. :::::::::::::::::::
:tttt: Contents: Part I. Compendium of Basic Principles and Applications. :::tttt
::rrrr 1. Origins and Developm ent of Pyrolysis Mass Spectrometry of Biom aterials. ::rrr:m:
irrr:: 2. From Fingerprinting to Structural Investigation . 3. Pyrolysis Mechanisms in rrrmt
r:rrr: Biomaterials. 4. The Techn ique of Curie-Point Py-MS. 5. Reproducibility in tmrrr
(}rrr Curie-Point Py-MS. 6. Data Analysis Procedures. 7. Selected Applicat ions to r:1:t1::r:
\rrrmBiomaterials . Part II. Atlas of Selected Pyrolysis Mass Spectra. :m:fr:r

Ii ~i!6i11:~!~ri~~S i
II:I:::::I: ELSEVIER SCIENTIFIC PUBLISHING COMPANY ELSEVIER SCIENCE PUBLISHING CO. INc. I ::I::::::::
::tttt P.O. Box 211 52 Vanderbi lt Avenue t:t:r:::::
:} :::;::::::::: 1000 AE Amsterdam. The Netherlands. New York. NY 10017. U.S.A. ::::::::::::::::::: ~
:::::::::::::::::: :::::::::::::::::;: ~



ELECTROPHORESIS
A Survey of Techniques
and Applications
edited by Z. DEYL, Czechoslovak Academy
of Sciences, Prague
JOURNAL OF CHROMATOGRAPHY LIBRARY, 18

PART A: TECHNIQUES
Z. DEYL (ed ito r) /
F. M. EVERAERTS, Z. PRUSIKand
P.J. SVENDSEN (co-editors)

". . . provides a sound, state-o f-the-art survey of its
subject".

- Chemi stry in Britain

". . . the edi tors have set out to bring everything
together into a coherent whole... they have
succ eeded remarkably wel/.. . the book is bound to
be weI/liked and appreciated by readers".

- Journal of Chromatography

This first part deals with the principles, theory
and instrumentation of modern electromigra
tion methods. Both standard procedures and
newer developments are discussed and hints
are included to help the reader overcome
diff iculties frequently arising from the lack of
suitable equipment. Adequate theoretical
background of the individual techniques is
given and a theoretica l approach to the
deteriorat ive processes is presented to
facilitate further development of a part icular
technique and its application to a special
problem. In each chap te r practical realisat ions
of different techniques are described and
examples are presented to demonstrate the
limits of each method.

CONTENTS:
Introduction. Chapters : 1.Theory of electro
migration processes (J. Vacik). 2. Classification of
electrom igration methods (J. Vacik). 3. Evaluatio n of
the results of electrophoretic separations (J. Vacik).
4. Molecular size and shape in electrophoresis
(Z. Deyl). 5. Zone elect rophoresis (except gel-type
techniques and immunoe lectrophoresis)
(W. Ostrowski). 6. Gel -typ e techniques (Z. Hrka/).
7. Quant itative immunoelectrophoresis
(P.J. Svendsen). 8. Mov ing boundary electrophoresis
in narrow-bore tube s (F.M. Everaerts and
J.L.Beckers). 9. Isoelect ric focusing
(N. Catsimpoolas) . 10.Analyt ical isotachophoresis
(J. Vacik and F.M. Everae rts). 11. Cont inuous flow
through elec trop horesis (Z. Prusik). 12. Continuous
flow deviation electrophoresis (A Kolin).
13. Preparat ive electrophoresis in gel media
(z. Hrkal ). 14. Preparat ive elec trophoresis in
col umns (P.J. Svendsen). 15. Preparative isoelect ric
focu sing (P.BlanickY). 16. Preparative isotacho
phoresis (P.J. Svendsen). 17. Preparative isot acho 
phoresis on the micro scale (L. Arlinger). List of
frequently occurring symbols.Subjec t Index.

1979 xvi+390 pp. US $72.25 /DfI.170 .00
ISBN 0-444-41721 -4

PART B: APPLICATIONS
z.DEYL (edito r)
A. CHRI)MBACH, F.M . EVERAERTS and
Z. PRUSIK(co-ed ito rs)

Part B is an exhaustive survey of the present
status of the applic ation of electrophoretic
techniques to many diverse compounds.
Those categories of compounds most suited
to these separations, such as proteins and
peptides, are dealt with in detail, while the
perspectives of the applications of these
techniques to other categories of compounds
less commonly electrophor esed are given .
Special attention is paid to naturally occurring
mixtures of compounds and their treatment.
This is the first attempt to cover the field on
such a broad scale and the book will be
valuable to separation chemists, pharma
cologists, organic chemists and those involved
in biomedical research.

CONTENTS: 1. Alcohols and phenol ic com pounds
(Z. Deyl). 2. Aldehydes and ket ones (z. Deyl).
3. Carbohydrates (z. Deyl). 4. Carbo xylic acids
(F.M. Everaerts). 5. Steroids and stero id con jugates
(Z. Deyl). 6. Amines (Z. Deyl). 7. Amino acids and
th eir derivat ives (Z. Dey/). 8. Pept ides and structural
analysis of proteins (Z. Prusik). 9. Gel electro
phores is and electrofocusing of proteins (edited by
A Chramb ach). Usefulness of second-generat ion
gel electrophoret ic tools in protein fractionation
(A Chramb ach) . Membrane proteins, native
(L.M. Hjelmeland). Membrane proteins, denatured
(H. Baumann, D. Doyle). Prote in membrane
receptors (U. Lang). Steroid receptors (S. Ben-Or).
Cell surface antigens (R.A Reisfeld , M.A. Pellegrino).
Lysosomal glycosidases and sulphatases
(A L. Fluharty). Heamocyanins (M. Breno witz et a/.).
Human haemoglobins (A B.Schneider,
A N. Schechter).lsoelectric focusing of immuno
globul ins (M.I-/.Freedman). Cont ract ile and
cy toskeletal prote ins (P.Rubenstein). Proteins of
connective t issue (Z Deyl, M. Horakova). Micro 
tubular proteins (K.F. Sullivan, L. Wilson ). Protein
hormones (A D. Rogol ). Electrophoresis of plasma
proteins: a contemporary cl inical approach
(M. Englis) . Allergens (H. Baer, M.C. Anderson).
10. Glycoproteins and glycopeptides (affi nity
electrophoresis) (I C. B0g-Hansen, J . Hau ,).
11. Lipoprotein s (H. Peeters). 12. Lipopoly
saccharides (P. F. Coleman, O. Gabriel). 13. Electro
phoretic examin at ion of enzyme s (w. Ostro wski).
14. Nucleotides, nucleosides, nit rogenous
constituents of nucleic acids (5. Zadratil). 15.Nucle ic
acids (5. Zadrazil). 16. Alkaloids rz Deyl).
17. Vitam ins (z. Deyl). 18. Antibiotics ( II.Betina).
19. Dyes and pigmen ts (z. Deyl). 20. Inorganic
compounds (F.M. Everaerts, Th. P.E.M. Verheggen).
Contents of "Electrophoresis, Part A: Techniqu es".
Subject Index . Index of compounds separa ted .

1982 xiii + 462 pp. US $104.75/Dfl. 225.00
ISBN 0-444 -42114-9

ELSEVIER
P.O. Box 211 , Amsterd am
The Netherlands
52 Vanderbilt Avenue
New York, NY 10017, U.S.A.



PUBLICATION SCHEDULE FOR 1983

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

MONTH 0 J F M A M J
1982

Journal of 252 254 256/2 257 /2 259 /2 260/2 261 /3
Chromatography 253/1 255 256/3 258 259 /3 261 /1 262

253 /2 256 /1 257 /1 259 /1 260/1 261 /2 263
The publication schedule
for further issues will be

Chromatograph ic 271/1 271/2 published later.
Reviews

Biomedical 272 11 272 /2 273/1 273/2 274 275/1
Application.s

INFORMATION FOR AUTHORS

(Detailed Instructions to Authors were published in Vol. 244, No.2, pp. 401-404. A free reprint can be
obtained by application to the publ isher.)

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 com
munications and Notes. Short communications are preliminary announcements of important new devel
opments and will, whenever possible, be published with maximum speed. Notes are usually descriptions
of short investigations and reflect the samequality of research as Full-length papers, but should preferably
not exceed four printed pages. For review articles, see page 2 of cover under Submission of Papers.

Submission. Everypaper must be accompanied by a letter from the senior author, stating that he is sub
mitting 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 pagesof 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 separatesheets.

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 communicat ions 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
supplied. Coloured illustrations are reproduced at the author's expense, the cost being determined by the
number of pagesand 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 sequenceon a separatesheet 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 prepa
ration" or " personal communicat ion" .

Proofs. One set of proofs will be sent to the author to be carefully checked for printer's errors. Corrections
must be restricted to instances in which the proof is at variance with the manuscript. "Extra corrections"
will be inserted at the author's expense.

Reprints. Fifty reprints of Full-length papers, Short communications and Notes will be supplied free of
charge. Additional reprints can be ordered by the authors. An order form conta ining price quotations will
be sent to the authors together with the proofs of their article.

News, News releases of new products and developments, and information leaflets of meetings should be
addressed to: The Editor of the News Section, Journal of Chromatography/Journal of Chromatography,
Biomedical Applications, ElsevierScience Publishers B.V., P.O. Box 330, 1000 AH Amsterdam, The Neth
erlands.

Advertisements. Advertisement ratesareavailable from the publisher on request. The Editors of the journal
accept no responsibility for the contents of the advertisements.
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