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CH RO MATOG RA PH IC BEH AVIO UR O F A ROMAT IC COM POUNDS O N
NON -PO LA R PH ASES WIT H ADSORBED Q UAT ER NAR Y AMMO NIUM
SALTS

BO F. NILSSON and OLOF SAMUELSON "

Departm ent of Engineering Chem istry , Chalmers University of Technologv: S-4/ 2 96 Goteborg (S weden )

(Received Ma rch 18th . 198 1)

SUM MARY

Hexad ecyltrimethyl ammonium (HDTMA) aceta te and glyco late were strongly
adsorbed from I mM solution on O DS- Hype rsi l (silica gel with oc tadecy l groups) and
on Hitachi gel (poro us styrene-di vinylbenzene co polymer) in aqueo us sodium acetate
or glycolate solution. Th e presence of HDTM A favo ured the sorption of aroma tic
carboxylate anions, while their rete ntion was supp ressed by increas ing the concentra
tion of the sodium salts . Unde r comparable condi tions the presence of HDTM A had
no significant effect on the so rption of the aroma tic an ions onto a commerical anio n
exchange resin of the qu atern ar y ammonium type (Dowex I-X8), indicating that the
ion pairi ng in the external so lution was negligible. The results show that, in the
presence of HDT MA, the non-ionic phases were converted into anion exchangers,
and that ion excha nge had a do minan t effect on the rete ntio n of the benzoa tes and
phenylaceta tes stu died . Hydro phobic interactions contributed marked ly to the sorp
tion of the hydrophob ic anions and pheno ls, while, for both type s of solu tes, hy
drogen bonding between phenolic pro to ns and the sta tionary phases was less im
portant than with Dowex I-X8.

INT RO D UCTI O N

In a previo us pa per! the rete ntio n volumes were determ ined for phenols and
aromatic carboxy late anion s on a styrene-d ivinylbenzene anio n excha nger contai n
ing qua terna ry ammo nium groups (Do wex I-X8), in solutions of sodium salts of
simple aliphatic acids . Non-polar inte ractions of alkyl groups, an d hydrogen bonding
between phenolic hydroxyl prot on s and the aliphatic carboxy late anions in the resin,
led to increased reten tion volumes of both ions and non-elect rolytes, while intra 
molecular hydrogen bonding sup pressed the hydrogen bon ding with the resin. We
here report on the sor ption of the same solutes on non-p olar stationary phases in
aq ueous sodi um aceta te and glycolate solutions contai ning hexadecyltrimeth ylam
monium (HDTMA) ions. A porous copolymer, Hitach i gel 3011, with a chemical
composition (styrene- divinylbenzene) similar to tha t of the mat rix in the anio n-ex
change resin and a silica gel with cova lent ly linked oct adecyl groups (O DS-H ypersil)
were used as column packings.

0021-9673/81/0000-0000/$0 2.50 © 198 1 Elsevier Scientific Pu blishing Compan y



2 B. F . NILSSO N, O. SA M UELSO N

Chro ma togra phy on non-polar phases in eluents co nta ining ionic lon g-chain
alkyl compounds has recentl y been reviewed2.J. Ion- pair chromatogra phy and dy
nam ic ion-excha nge chromat ograph y arc amo ng the name s co mmo nly used for re
lated techniques. As shown below. ion -pair fo rmation in the exte rna l solution is of
littl e impo rtance in the systems studied in the present wor k. Chro ma tog ra phy is
inh erentl y a dynamic process. We feel th at the term "chro ma togra phy on sorbed
ion ic sites" would be bett er . and that the term "ion-pai r chroma tography" sho uld be
used onl y when ion pairing in the exte rna l so lution is the predom inant reason for the
retention of the solutes.

EX PE RIM ENTAL

T he jacketed stainl ess-steel co lumns (100 x 5 mm 1.0.) were therm ostatted by
circulating wat er. ODS-H ypersil (5 urn ; Shandon Sou thern. Run corn, Great Britain)
was packed acco rd ing to the procedu re recommended by Aslin" , Th e Hit achi gel (12
± 5 tLm; Hit achi. Tokyo. Japan ) was kept in methanol. Th e solvent was displac ed by
water. Th e resin slurry was transferred to a reservoir a ttached to the co lumn. and the
column was packed by pumping distill ed , boiled-out water throu gh the system at 30
MP a.

Co mmercia l hexadecylt rimeth ylammonium (HDT MA) chloride was co nvert
ed into th e aceta te or glycolate by passing a 20 /.. so lution of it throu gh a column
packed with a polystyrene-di vinylbenzene adso rbent. Amberlit e XAD-2 (150 ± 30
pm ; Rohm & Haa s. Phil adelphia. PA. U.S .A.). Th e column was then trea ted with ten
bed volumes of I M sodium ace tate (o r glyco late) solut ion followed by five bed
volumes of wat er. The acetate or glycolate form of HDTMA was eluted with five bed
volumes of 92 %(w/w) aq ueo us et ha nol. Etha no l was removed by evaporation under
redu ced press ure and th e sample dried und er vacuum befor e weighing. The salts.
whic h were free fro m chloride. were dissolved in water and stored as 10% (w/w)
aqueo us solutions .

Th e aro matic compounds were dissolved in distilled. boiled -out water and
applied to the co lumn. which was precondit ion ed with the eluent. Sparingly so luble
acids were added as their sodium salts. To determine the retent ion volume. single
com po unds were chromatogra phed and the UV-a bso rbance was measured at 254 and
280 nm . The reported retenti on data were o btai ned with well sepa ra ted mixtures of
th ree to six compounds. Th e sample solutions (20 tLI ) were introd uced through a
sample loop. The nominal linear (empty tube) flow-r ate was 5. 1 em min - I ,

Repeat ed run s under identi cal conditions showed that the retention volum es
on both columns were reproducible within ± I j;, for compounds elut ed within less
th an 50 bed volumes. For compounds which appeared very late as broad peak s, the
reproducibility was within ± 2 /... In the experiments referred to in Tables II and 1II.
the loaded amounts were 0.20 pm ol of eac h com po und. Vari ati on s between 0.10 and
0.40 tLmo) had no significant effect on the ret ent ion volume.

Th e retenti on volumes are reported as lilX. where Ii is the peak elution volume
and X th e bed volume. Some compress ion of the co lumn packings occurred during
prolon ged use. This was disregard ed when ca lculating the bed volume. Th e space at
the top of th e columns was filled with a thin layer of glass bead s. Th e difference
between In 1'1X for a substituted co mpound. e.g .. methylphenol. and the parent com-
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pound (phenol) in the same medium is denot ed by ,1 . The br eakthrou gh curves of
HDTMA wer e determined for sol utions of sod ium glycola te and so d ium ace ta te . The
curves wer e rec orded with a refract ive ind ex detector, and th e results ch eck ed by
co lorime tr ic tests based on add itio n of pot assium perrn an ganat e a t pH 3 and extrac
tion with chloroform" .

R ESU LTS AND DI SC USSIO N

influence of the H DTM A concentration
Like th e expe riments with Dowex I-X8 reported pr eviou sly ", th ose with th e

sta tiona ry ph ases reported here were made at pH 7. which means th at the aromatic
ca rboxylic acids are almost com pletely ionized, wh ile th e ph en ols can be conside red
as non -electrolytes. The com pa riso n between the results ob tained in th ese invest iga
tions is facilit at ed by the fact that th e di stribution coefficients o n Do wex I-X 8 were
onl y slightly affected when I mM HDTMA was pr esent. For 4-h ydroxyphenol the
distribution coefficient decrea sed by I ~, compared to a blank without HDTMA,
while an increase of 3 /.) wa s reco rde d for 4-hydroxy-3-methoxybenzoate and I %for
4-h ydroxy-3.5-dimethoxyphenylacetate. Evidently, ion-pair formation in the eluent
has no decisive influence on the sorption in this sys tem . The experiments were m ad e at
50c,C and , in agreement with results reported for other solutes, the distribution co effi
cients wer e higher than th ose at 60"C reported in th e previous paper] .

As shown in F ig. I , th e ret enti on vo lumes for arom at ic ca rboxylate anions in
0.5 M sod ium ace ta te were much high er when HDTM A was prese n t th an in its
a bsence . On ODS-Hyp er sil th e highest va lues were o bta ined at a co ncentra tio n of 0.1
mm ol HDTMA per litre o f eluen t. whil e a slight. but significa nt. decrease was o b
served at th e ten-fold concentrati on (cf. , ref. 6). For th e Hit achi ge l a n asym pto te wa s
approached in 0.25 mM HDTM A so lutio n. No fur ther cha nge was o bta ined by an
increase to I mM HDTMA.

1.00.50.5
0=-- -:::'::---- -"-= '-------:-L:-------'-

o

In th e a bsence of qu aternary ammonium ions, 4-hydroxybenzoate was, on
both sta t io na ry phases. held less strongly th an the other a nio ns stud ied . This was
expec ted since this an io n is more hydrophil ic th an th e other an ions. 4-Hydroxy-3
methoxyb enzo atc, with th e phenol ic proton linked to th e vicinal methoxyl group by
hydrogen bon d ing. is less hyd rophil ic. Accordingly. thi s a nion exh ibi ted a larger
retention vo lume o n the non-ion ic sta tionary ph ases. More effective hyd ro gen bond-
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ing, and shielding of the hydroxyl group by two adjacent methoxyl groups , expla in
the strong sorption of 4-hydroxy-3,5-dimethoxybenzoate.

The elution order was reversed when HDTMA was present in th e eluent, and
was the same as the order previously established for conventional anion-exchange
resins in acetate and glycolate media. The results indicate that, in th e presence of
HDTMA, the stationary phases constitute ani on exchangers/ -" with an a bility to bind
the carboxylate ion s as counter ions.

The effect of th e HDTMA concentration was less dramatic fo r the non-ionized
phenolic compounds than for the anions (Fig. 2). A large increase in the retention
volume was obser ved for 4-h ydroxyphenol , which is held by hydrogen bonding to
acetate counter ion s in anion exchangers". T he smallest effect of HDTMA, and at the
same time the largest adsorption on both sta tionary phases in the presence and
absence of quat ernary ammonium ion s, was observed for 2-methoxyphenol. Intra
molecular hydrogen bonding, resulting in increased hydrophobic int eractions and a
decreased ability to en ter into hydrogen bonding with the stationary phases, explains
both the high retention volumes and th e sm all influence of HDTMA. The larger
retention volume of 4-h ydroxy-3-methoxyphen ol compared to 4-hydroxyphenol, in
the absence of HDTMA, is also attributed to intramolecular hydrogen bonding
leading to increased hydrophobic interactions. The reverse of thi s order , in th e pres
ence of HDTMA, is explained by a less effective hydrogen bonding to the stationary
phase for 4-hydroxy-3-methoxyphenol compar ed with 4-hydroxyphenol.

In v/X

3.0 -0-0--- 0

0-0------0

1.0

20 .. f::, f::,

·;B:.::~<5 ·~ :.: ·..: ·~:..::.:..::.:.:.: _ .:..'~f::,o tc> .": 0 - -
0

0

o 0.5 1.0 0.5 1.0

milli mole/l itre
Fig. 2. Relat ion sh ip between In VjX and concentration of HDTMA in 0.5 M sodi um acetate at pH 7 and
SOT on ODS-H yper sil (left ) and Hitachi gel (r ight ). D. 2-Methoxypheno l; 6 . 4-h ydroxyphenol ; O . 4
hydroxy-3-meth oxyphcnol .

Adsorption of HDTMA
The ad sorption of HDTMA, under th e condit ions used for th e determinations

of the retention data for the aromatic compounds, was calculated from the break
through curves recorded on the same columns after displacement of HDTMA. Gra
dient elution with methanol, 0-100 %, was used for the displacem ent from the ODS
Hypersil column , wh ile ethanol , 0- 30 'X; (w j w), was used for the Hitachi gel. The col
umns wer e th en co ndi tioned with sod ium acetate (or glycolate) so lution free fro m
HDTMA. The brea kthrough eurves were recorded at influent compositions identical
to the eluent compositions in most exper iments with aromatic compounds.

Fig. 3 shows the breakthrough curves for ODS-Hypersil at an influent concen
tration of I mM HDTMA. The adsorption on both phases, calculated from the
curves, is given in Table I, which shows th at HDTMA was retained more strongly
than any of the aroma tic compounds studied in the present work . Ver y sha rp break
through curves were obtained, indicating th at the adsorpt ion equil ibrium was ap-



BEH AVIO UR OF AROMATIC COMPO UNDS O N NON-PO LA R PH ASE S 5

17 ( (
'- A B C 0

1.0

CICo

0.5

o
220 240 260

Bed volumes
Fig. 3. Break th rough curv es for I mM H DTMA in aceta te a nd glycolate so lutions on O D S-Hy per sil a t p H
7 a nd 50"C A. 0.3 M so d ium glyco la te; B. 0.5 M sod ium glyco late; C. 0.3 M sodium ace tate ; D . 0.5 M
sodium acetate.

pro ached rapidly. As ca n be seen, in 0.5 Iv! sodi um ace ta te the am ount of HDTMA
per ml of the bed volume was 272 tim es the amount present in 1 ml of th e external
solut ion . Th e ad sorbed am ount decreased onl y slightly when the eluent concentratio n
was lowered by a factor of 10. Hence, the number of quaternary ammo nium ions
calculated per ml of the bed (which is equal to the ion-exchange capacity) was only
slightly dependent on the con centrati on in the external so lution. The capacity ap
proaches th at of co nventional str ongly basi c anion-exchange resins of th e styrene
divin ylben zene typ e hav ing a low proportion of divinylbenzene . The adsorption in
creased slightly with increasi ng co ncentr ation of acetate or glyco late in the externa l
solu tion. While the aromatic compounds (in th e presence of HDTMA) were retained
mo re strong ly on the Hit achi gel than on ODS-H ypersil, the oppos ite was fo und for
HDTMA in both acetate and glycolate so lutio ns.

Influence ()j' ell/ell I concentra I ion
Pre viously pu blished rep ort s on the effect of sal t addit ion to eluents co ntaining

amines" or quaternar y ammonium ions! " show that electrolytes suppressed the reten
tion of ar om ati c carboxy late anio ns . At high co ncentra tio ns the effect becam e negli
giblc". For a ll aromatic carboxyl ate ani ons stu died on O DS-Hy pers il and the Hitachi
gel in the present work (Tables II and III) , the retent ion volume in aqueou s so lutio n

TAB LEI

ADSO RPT ION OF HDTM A ON ODS-HYP ER StL AN D HI T ACHI GE L FROM AQ U EO US SO 
LUTI ONS CO NT A I N I NG I m M HDTMA

External solutio n Adsorbed amount ( 11/1101 per 1111 bed
volumc)

Sod ium ace ta te. 0.3 M
Sod ium ace ta te. 0.5 M
Sodium glycola te. 0.3 M
Sod ium glyco late. 0.5 M

oOS- IIvpersi!

257
272*
224
233

Hitachi gel

I~O

1 ~ 5

159
167

* In 0. 1 mM HDTM A the adsorbed amount was 255 p mo l m l I
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with I mM HDTM A decr eased markedl y when the acet at e o r glyco late co nce ntra tion
was increased from 0.3 to 0.5 M. Thi s is co nsistent with the o bserva tion that
HDTMA ca tions adsorbed onto the sta tiona ry phases co nve rt the latter to anion
excha nge rs with ace ta te o r glyco late co unter ions. According to the law of mass
act ion. the inc reased eluen t co nce ntra tio n sho uld in an idea lized system lead to a
decrease in the distr ibut ion coe fficients for the aroma tic anions by 40 %.

T he observed dec rease in piX was mu ch less and var ied between 20 and 32 %. If
it is ass umed th at the relat ive inters tit ia l volume in the co lumn was 0.4. the ca lculated
decrease in the distribu tion coefficien ts wo uld be 20~33 %. Th e low va lues can only in
part be ascribed to the increased ion-exc ha nge capacity of the st a tionary ph ase
resulting fro m the inc reased ads orption of HDTM A. On both stationa ry ph ases and
in both med ia. 4-methylbenzoate exhibited the largest deviat ion fro m th e ca lcula ted
va lue. Thi s shows th at hydrophobic int eractions exerte d a grea t effect on the uptak e
of the ar oma tic ca rboxy late anions . Large deviations from idealit y have previou sly
been found in ion excha nge of a roma tic ca rbox ylate ion s on con ventional ion-ex
change resins' : As expected, an increased eluent concentration led to a lar ge decr ease
in the retention vo lume also in the ex per iments with methanol present.

Fo r all the phenolic compounds, the retention increased with incr easing con
centration of ace ta te or glycolate in the aqueo us eluent. Th e effeet was smaller th an
the sa lt ing out o bserved in ex perime nts with a n anion excha nge r with a styrene
divinylbenzene mat rix. It ca n be ass umed that for this resin the sa lting-o ut param eter
reflects the ac tivi ty coefficients in the ex tern a l so lut ion. Hence, the sma ller effect

TABLEIII

RETENTIO N DATA ON HITAC HI GEL FOR PHENO LS. BENZOAT ES AND PHENY LACETATESAT 50 C
AND pH 7.0 IN ACETATE AND GLYCOLATE SOLUTIONS WIT H ADD ITIONS OF HDTMA t l mM )

Parent compounds and Acetate. 11.3 AI Acetate. 11.5 AI Glvcolate, 11.3 M Glycolate . 11.5 M
subst ituents _.- --- - ..'- - - _.-

i'lX t1 i'lX L1 IT/X J IT/X L1

Phenol 32.0 34.5 25.0 26.0
4-Mcthyl S3 0.95 90 0.96 65 0.95 67 0.95
4-Hydroxy 7.9 - 1.40 S.5 - 1.40 5.1 - 1.58 5.4 -1.57
4-Mcthoxy 27.5 -0.16 29.4 - 0. 16 20.8 - 0.18 22.7 - 0.14
2-Mcthoxy 28.8 -0.11 31.6 - 0.09 25.7 0.03 26.9 0.03
4-Hydr oxy-3-mcthoxy 3.9 -2.12 4.4 -2.06 4.7 - 1.68 5.0 - 1.66

Benzoate 46.5 32.8 52 37.9
4-Mcthyl 122 0.96 88 0.99 129 0.91 99 0.96
4-Hydroxy 16.4 - 1.04 11 .6 - 1.04 14.6 - 1.27 10.4 - 1.28
4-Mcthoxy 56 0. \8 38.9 0.17 62 0. 17 45.5 0. \9
4-Hydroxy-3 -methoxy 11.9 - 1.36 8.2 -1.39 12.6 -1 .42 9.2 - 1.41
4-Hydroxy-3,5-dimcthoxy 8.1 -1.74 5.6 -1.76 9. 1 - 1.74 6.7 -1.74

Phenylacetat e 25.1 17.3 28.4 20.3
4-Hydroxy 13.4 -0.63 9.5 -0.60 12.9 - 0.79 9.2 - 0.79
4-Mcthoxy 28.5 0.13 19.9 0. 14 32.7 0.14 23.8 0.16
4-Hydroxy-3-mcthoxy 9.3 - 0.99 6.4 - 1.00 9.8 - 1.07 7.1 - 1.05
4-Hydro xy-3,5-dimcthoxy 6.4 - I.:n 4.4 - 1.37 7.3 - 1.36 5.5 - 1.31

--- --- -"._-. ..,.. - ._.._-- ._. -_ .. . _- ~-' " -- -- -.-. .. -_ .- - " .. __. _ ----_ .-~ - . -
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obta ined in the sys tems stud ied in the present work indic ates that the effect of the
altered ac tivity coefficients in the external solut ion on th e distribution coefficients is
suppresse d by cha nges in th e sta t iona ry ph ase,

In the experime nts with 20 ~;, methanol in the eluen t, an inc rease in the sodium
ace tate co ncentra tion from 0,25 to 0.5 M , had no significant influenc e on th e reten
t ion vo lume of the phenol ic co m po unds .

Ex perime nts with the Hitachi gel in aqueo us I mM HDTMA (pH 7) in th e
absence of sodi um acetat e or sod ium glyco late sho wed that carboxylat e ion s were
held very strongly by the resin. Hence, 4-h ydroxy-3,5-dimethoxybenzoat e, which ex
hibited very low retention volumes in the sa lt solu tions, remained in the column after
an elution vo lume correspo nd ing to 120 column vo lumes . In co ntras t, the non -elec
trolytes appeared earlier in th e elu ate when no sod ium salts were present. Compared
to the retenti on volume in 0.3 M so dium acetate, the retention of 2-me thoxy pheno l
was lowered by 22 %. Th e co rresponding va lues for 4-hyd roxyph enol and 4-hydroxy
3-methox ypheno l wer e 61 an d 59 ~:) ' respectively. Hence , chroma togra phy at a very
low concentra tion of the elut ing anion ca n be useful for separa tions of ca rboxyla te
anions fro m non-elect rolytes.

Comparison between acetate and glyco late
Table I shows tha t HDTMA was held more strong ly in sod ium ace tate than in

sodi um glyco late by bo th stat iona ry phases studied in the present work . Hence, the
ion-exchange ca pacity of th e column packings will be higher in ace ta te med ium ,
which will fav our th e uptake of the aro matic ca rboxylate ions. It ca n also be predicted
that the so rption of the a lkyl ammonium ion will depend on the ac tivi ty coefficients of
the counter ion s. An ana logo us phenomenon is th e adso rption of dye s onto cotton in
aq ueo us so lution. F or dyes containing sulpho nic ac id groups th e sorptio n is favoured
by coun ter ion s, wh ich are held st rongly by ca tion exch angers of the suiphoni c ac id
typel l , 12 , i.e. , by counter ion s with low ac tivity coefficients in the gel ph ase. Thi s
suggests that glyco late ion s present in the stat iona ry ph ases exhi bited larger act ivity
coe fficien ts th an acet ate ion s. With reg ard to the ac tivity coefficients of the competing
co unter ions , it ca n therefore be predicted that th e aromati c carboxylate ion s should
be reta ined mor e strongly in glyco late so lution than in ace ta te.

As shown in Table II , all ar om atic carboxylate an ions were held more stro ngly
on O DS-Hy pcrsi l in glyco late than in aceta te so lut ion of the same con centra tion . Th e
same was, with two exceptions , fou nd also for the Hitachi gel. These results indicate
th at th e direct effect of the activity coefficients of the eluent an ion in the stationary
phase on the ion -exch ange eq uilibri um was mor e imp ortant than the indirect effect
due to the ir influence on th e sorptio n of the qu at ernary ammo nium ion.

T he exce ptio ns obtained for the Hit achi gel were 4-h yd ro xyphcnylacetat e, with
virtually the same ret ent ion in both elucnts, and 4-hydroxy benzoatc, which exhibited
a slightly higher reten tion in ace tate than in glyco late. It is noteworthy that for ODS
Hypersil the sma llest di ffere nces between glyco late an d aceta te were observed for 4
hydroxy-substi tuted anions. Moreo ver, the most hydrophilic anions, i.e.. th ose with
4-hydroxy or 4-hydroxy-3-methoxy gro ups, were held more strong ly by Dowex l- Xx
in acetat e th an in glycolate so lution, whil e a lso with thi s resin the mo re hydrophobic
anions exhibited higher distributi on coefficients in glycolate ' : The results ind icate
tha t the same interactions have an influence on the retentio n o f the a ro ma tic ca rbox -



BEH A VI OU R OF A RO MATIC COM POU N DS ON NON-POLAR PHA SES 9

ylate anions in these systems but that their relat ive imp ortan ce differs fro m one
stationa ry phase to ano ther.

In the presence of HDTM A all phenol s were held more strong ly on ODS
Hypersil in aceta te sol utio n tha n in glycolate . The same hold s true for Dowex I-X8
studied previou sly", and with th e exception of 4-h ydroxy-3-methoxyphenol , also for
the Hitachi gel. One factor which wo uld favou r the sorption in acetate med ium is tha t
the acetate co unter ion s will rend er the sta tiona ry phase mor e hydrophobic tha n
glycolate ion s. Hyd rophobic interac tio ns are of importance even for the sorption of
the more hydr ophilic aroma tic compo unds. The results indi cat e, however , th at other
inte rac tions, such as hydrogen bonding of the so lutes to the sta tiona ry phase, are a lso
affected by the co unter ions.

In fluence of subst ituents 0 11 retention data
Tabl es 11 and 111 show th at in aqueo us media the substit uent param eter LI for a

given compo und was affected only slightly when the con cent rat ion of acetate or
glycolat e was increased from 0.3 to 0.5 M . This is true both for ODS-Hypersil and for
the Hitachi gel. Similarly, the LI va lues were hardly affect ed when the eluent was
changed from 0.5 to 1.0 M sodium acetate on Dowex I-X 81

• Very simila r .d values
were obta ined for 4-methylph enol and 4-meth ylbenzo at e in all media and on both
statio nary ph ases. In contrast, there were large differ ences between th e LI values for
the three compo unds contai ning a 4-h ydr oxyl subs tituent. Fo r these co mpounds ,
less negat ive va lues were found in acetat e than in glycolate. Th e results show th at
severa l types of interaction s are of impo rta nce for the retention volume of the solutes.

In aqueo us medi a , th e so rption of ion s and non-electrolytes on ion-excha nge
resins increases when hyd rophobic substituents are introd uced in the solutes. Ac
cord ing ly, Tabl es II and III show th at strong ly pos itive .d va lues were o bta ined for 4
meth ylpheno l and 4-methy lbenzoa te on bo th sta tio na ry phases . T he .d values were
la rger than those reported for Dowex I-X 8 at 60°C in aceta te and glycolate medi a 1 .

Experi ments at 50'T showed that the decrease in tempera ture fro m 60°C had no sig
nificant effect on the L1 values. Eviden tly, th e cha nge in free energy related to th e
tran sfer of a meth yl substitue nt fro m the extern a l so lution to the sta tiona ry phase
depend s not only on the properti es of the external so lutio n bu t a lso on the sta tionary
phase, and is larger (more negat ive) for O DS-Hy persil and Hitachi gel than for
Dowcx l-Xb, As expected , .d was sup pressed by the pr esence of 20 %meth an ol in the
eluent. In aq ueous so lutions the corres po nd ing eth yl deriv at ives were held so stro ngly
th at it was imposs ible to det ermine their retention vo lumes with sufficient accuracy.

Fo r anion-exchange resins with various carboxylate co unter ion s, the L1 va lues
resulting fro m the intro d uction of a phen olic hydroxyl group in th e 4-p osition were
posit ive for phenol, benzoate and pheny lacetate while, as can be seen from Tables II
and Ill , these substituen ts gave rise to strong ly negat ive L1 va lues both for ODS
Hypcrsil and for the Hit achi gel. For the anio n excha nger the enhanced sorptio n is
ascr ibed to hydr ogen bond ing betw een the pheno lic hyd ro xyl proton and the acetate
or glycolate co unter ion s presen t at high concentrations in the resin ph ase. For the
systems studied in the present work, the positi ve cont ribut ion s of hyd ro gen bonding
to the distribution coefficients are less, due to a lower number of aceta te or glycolate
counter ions per unit volume of the co lumn th an in Dowex I-X8. Possibly, the steric
conditions are also more favourable fo r hyd ro gen bo nding in the clastic ion-exchange
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resin than in the more rigid phases used in the present work . Moreover, the negative
contributions to L1 resulting from a decreased hydrophobicity of the solutes will be
larger for ODS-Hypersil and the Hitachi gel. These factors together may expl ain why
negative L1 values were obtained on ODS-Hypersil and th e Hitachi gel.

For the spec ies containing a methoxyl group in the para position, the hydro
phobic int eractions should be less than for the methylated compounds ' P. Moreover,
4-methoxyphenol is a weaker acid th an phenol. Hence, the methoxyl group will
decrease the hydrogen bonding of the phenolic proton to the stationary phase. This
can explain the negati ve L1 values observed on both phases in both media (and also in
the experiments with methanol present). In agr eement with the experiments with
Dowex l- X8, positive L1 values were obtained for 4-methoxybenzoate and 4-me
thoxyphenylacetate.

The L1 values observed for 2-methoxyphenol on ODS-Hypersil in acet ate and
glycolate were negative and very close to those found on Dowex l-X8, while the
values found on the Hitachi gel were less negative. The results are consistent with the
observation that intra molecular hydrogen bonding suppresses the hydrogen bonding
of the phenolic proton to th e sta tionary phase, but tends to increase the contribution
of hydrophobic interactions to the ret ention 14

.

4-Hydroxy-3-methoxyphenol exhibited lower retention volumes than 4-hy
droxyphenol on ODS-Hypersil and Hitachi gel in both acetate and glycolate. Similarly ,
the 4-hydroxy-3-methoxy-substituted carboxylat e ions were held less strongly than
those with a 4-hydro xy substituent. Hydrogen bonding between the phenolic proton
and the methoxyl group ma y have an influence in thi s direct ion . The introduction of a
second methoxyl group, vicinal to th e hydroxyl group, led to an additional decrease
in the retention volume. Th e same effect was found on Dowex I-X8, and was ex
plained by effective intramolecular hydrogen bonding and th e steri c shielding of the
phenolic hydroxyl group.

Both in 0.3 and 0.5 M solutions of the sodium salts, all aromatic solutes were
held more strongly on the Hitachi gel than on ODS-Hypersil. Th e retention of all
aromatic compounds, except 4-hydroxy-2-methoxyphenol , was previousl y deter
mined in 0.5 M sodium acetate and glycolate solutions at 60"C on Dowex l-X8. All
benzoates and ph enyl acetat es were , despite th e higher temperature, held more
strongly on the anion exchanger than on the Hit achi gel. The larg est difference was
o bserved for the ion s containing a phenolic hydroxyl group. Likew ise, 4-hydroxy
phenol exhibited a much higher retention on the anion exchanger, while for 4-me
thoxyphenol the difference was small. Th e other phenolic compounds were held more
strongly on the Hitachi gel. Thi s hold s true both in aceta te and in glycola te media.
The results confirm that hydrogen bonding between the resin and the phenolic proton
in phenols, and the presence of carboxylate an ion s, give mu ch larger contributions to
th e observed retention volumes on Dowex I-X8 th an on th e stationary phases studied
in the present work.

Finally, the chro matogram shown in Fig. 4 illustr ates the usefulness of the
applied technique for practical separati ons. As ca n be seen, six closely related ar
om atic carboxylic acid swere separa ted within ab out 20 min by isocrati c elution with
0.25 M sodium aceta te, I mM HDTMA: in the presence of 3 % (v/v) methan ol. A
decrease in the meth anol con centration to 2 %(v/v) led to a less good resolution. At
10%(v/v) methanol , the first two peaks overlapped seriously. In addition to organic
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solvents, changes in pH, eluent concentration and of eluting anion offer great possibi
lities to optimize the conditions for separations of various acids and non-electrolytes.
Under comparable conditions, a better resolution was obtained with ODS-Hypersil
than with the Hitachi gel. On the other hand, the Hitachi gel is more stable and can be
used over a wider pH range.

c

EA B

min

Fig. 4. Separation of benzoates and phenyl acetates on ODS-Hypersil in 1 mM HDTMA and 0.25 M
sodium acetate (3 ;', (v/v) methanol present) at pH 7 and 50°C. Wavelength, 280 nm. A = 4-H ydr oxy-3,5
dimetho xy-phenylacetate (40 nmol); B = 4-hydroxy-3,5-dimethoxybenzoate (8 nmol) ; C = 4-hydroxy-3 
methoxyphenylacet ate (40 nmol); D = 4-hydroxy-3-methoxybenzoate (8 nmol); E = 4-hydroxyphenyl
acetate (40 nmol) ; F = 4-hydroxybenzoate (48 nmol) .
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SU M MA RY

Partition coefficients for a homologous series of din itrophenylat ed amino acids
with alipha tic side-chains ha ve been determined in two aqueo us pol ymeri c FicoIl
dext ran 70 and dextran 500-polyethylene glycol 6000 biphasic systems an d in the
systems formed by n-octan ol and the aqueou s phases of the above systems. Th e
results afford an estimation of the free energy of tr ansfer of a CHz group from one to
the other phase of the systems examined . This par am eter (Llg~H2) was taken as a
measure of the hydrophobic character of an aqueous phase with respect to n-octanol.
It was shown that when the partition of a set of homologues in two biphasic systems is
correlated acco rding to the kno wn equa tion In K, = a In Ko + b, where K, and Ko are
the partition coefficients for a given solute in the ith system and in the system chosen
for reference, respectively, the par ameter a is rela ted to the Llg~H 2 and Llg~H 2 by a =
LlgCH2/LlgCH2. ' 0

Lr i t f a

Thi s equation was used to determine the hydrophobic char acter of various or-
ganic solvents and that of the aqueous polymeric ph ases of the aq ueous biphasic sys
tems studied, and was found to be valid for comparison of the partition values
determined in an aqueo us polymeric biphasic system and in the water- n-octa no l
system. Thi s seems to extend the possibilities of structure- activity relationships studies
as the Ficoll-dextran aqueous biphasic system pro vides as promising a mean s for their
study in biological chem istry as the water- n-octa no l system in drug research.

INTRODUCTI ON

It has been shown 1- 8 that the aqueou s biph asic polymeric systems described by
Albertsson9 provide a means for estimating the rela tive hydrophobiciti es of biological
so lutes and particles. We developed<" a new Ficoll-dextr an biph asic system that has
several adv antages over the common dextran-polyethyl ene glycol system, particu
larly for ana lytica l stud ies of both macrom olecule and cell surface proper ties.

It should be noted, how ever, th at the Ficoll-dextran system cannot be used for
part itioning non-polar compounds becaus e of their low solubi lity in water. Th e

0021-9673/81/000 0--0000 /$02.50 lC) 19X I Elsevier Scientific Publishing Comp any
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hydrophobic character of drugs is generally measured by partition coefficients de
termined using n-octanol-water as the distribution system I(}-n. Various solvent sys
tem s can be used for this purpose but measurements of the relat ive hydrophobi cities
of ionizable compounds alw ays suffer from non-identity of the solute species in th e
two phases of a given wa ter-organic solvent biphasic system l o-12 . Obviou sly the
con ventional biphasic systems containing an organic solvent cannot be applied to
biopolymers becau se of the denaturing effects of organic solvents .

Therefore, it seems th at th e best way to formulate a general hydrophobicity
scale for both biological macromolecules and low-molecular-weight polar and non 
pol ar solutes is to est abl ish an extra-thermodynamic relationship between the par
tition values determined in th e above aqueous polymeric biphasic system and in the n
octanol- water system similar to those reported for various pa irs of partition sys
tems1o-13 .

In thi s study we have a ttem pted to esta blish such a relationship and to measure
the hydrophobic chara cter specific for th e phases of two different aqueous polymeric
biphasic systems reTati ve to n-octano!.

EXP ERIMENTAL

Materials
Ficoll-400 (lot 11069) and dextran T-500 (lot 9307 , M..... = 484 · 103

, AI"
165.5.103

) were obtained from Pharmacia (Uppsala , Sweden). De xtran 70 (lot
580870, M..... = 64.5 .103, AI" = 22.7 . 103) was obtained under the trade-name Poly
glucinum from Minmedprom (Moscow, U.S.S.R.). Polyethylene glycol 6000 was pur
chased from Ser va (He ide lberg, G.F.R.).

Dinitrophenylated am ino ac ids (DNP-glycin e and DNP-L-alanine) were sup
plied by Serva . 2,4-Dinitro fluoro benzene was obtained from Calbiochem (Los An 
geles, CA, U.S.A.). L-Norleucine and DL-norvaline were supplied by Reanal (Bu
dapest , Hungary), and DL-2-amino-n-octa noic acid was purchased from BDH (Poole.
Great Brita in) . The amino acids were dinitrophenylated as described in ref. 14. All
dinitrophenylated amino acids were checked for purity by thin-layer chromato
graphy, and their sodium sa lts were prepared by titration .

I -Octanol and other chemicals and salt s were an alytic al-reagent grade ma
terials and were used without further pu rificati on .

Methods
Buffered Ficoll-dextra n 70 and Dextran 500- po lyethy lene glycol 6000 biphasie

syste ms were pr epared by weigh ing appropriat e am ounts of th e stock polymer so
luti on s as described previously': The Ficoll- dextran biphasic systems contained
12.5 % (w jw) Ficoll-400, 10.8 % (w jw) dextran 70 an d eith er 0.15 M sod ium chloride
in 0.01 M sodium phosphate buffer (pH 7.4) or O. I I M sodium phosphat e buffer (pH
7.4). The dextra n- polye thylene glycol biphasic systems contained 7 ~I" (wjw ) dextran
500 and 4.4 % (w jw) polyethylene glyco l 6000 (sa lt and buffer co ncentrat ions as
ind icated above).

The partit ion experime nts were ca rried out as described clscwherc'':":", Th e
ph ases of the Ficoll-dextran system were allowed to settle at 23"C for 24 h. th en
aliq uo ts of both phases were pipett ed fro m th e system and each was used for the
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solute concentrati on measurements and for subsequent par tition experiments with n
octan o!' The a bsorbance of each aliquot, a ppropria tely diluted with water, was
measured at 360 nm against a correspondingly diluted top or bottom phase blank.

Th e same partition technique was used with the dextr an-polyeth ylene glycol
systems except that the systems were cen tr ifuged for 20 min at 1200 g to speed phase
sett ling.

After sett ling of the aqueous biph asic systems, aliquots of the phases were
mixed with equa l volumes of »-octano l. Th e biphasic systems formed by a given
aqueous polymer ic phase with n-octan ol were centrifuged for 5 min at 1200 g. Th e
same technique was used with the butfer-n-octanol systems. Th e concentra tions of a
solute in both phases of the systems were measured as above, except those in the n
octanol phases, which were measur ed at 350 nm.

Th e partition coefficient , K, in the aqueous polymeric biph asic systems is de
fined as the ra tio of the sample concentra tion in the Ficoll-ri ch (pol yeth ylene glycol
rich) phase to that in the dextran 70-r ich (dext ran 500-rich) ph ase. The partition
coefficient in the aqueous solution- n-octa nol systems is defined as the ratio of the
sample concentra tion in the n-octanol phase to that in the aqueous phase.

Th e partition coefficients were measured for each solute over approximately
lO-fold concentration ranges and were found to be independent of the solute concen
tration in the aqueous polymeric biphasic systems and also in the aqueous solution-n
octanol systems .

Th e partition coefficient for each so lute was determined as the mean of two
measur ements on three dilutions from each partition experiment ca rried out 2-4
times in a given biph asic system.

RESULTS

The ap proach used is based on the linear relat ionship between the logarithm of
the partit ion coefficient and the number of CH2 groups in the aliphatic cha in of the
compounds distributed in a given biph asic systerrr'v' :". Some of the relationship s
found are show n in Fig. 1£1 and b. These relati on ships can be descr ibed by the equ a
tion

In K = C + E n (I )

where n is the number of CH 2 groups in the amino acid aliphatic side-chai n, C is the
In K value for DNP-glycine and E represent s an average In K increment per CH 2

group. It is clear th at E is related to the free energy of transfer of a CH2 group from
one to the other phase of a given biph asic system (Llg~H 2) accord ing to the equ ation
Llg~H2 = RTE.

A least-squ are s tre atment of the dat a obtain ed led to the C and E value s listed
in Ta ble I, togeth er with the corresponding Llg~H2 values.

Linear relat ion ships are kno wn to exist between the logar ithms of partition
coefficients of substances det erm ined separa tely in a pair of parti tion systems' P:":' .
The se relationships are described by the equa tio n

In K, = ([ In Ko + b (2)
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Fig, I. Logar ithm of the partition coefficient as a function of the aliph atic side-cha in length (n) of the
dinitrophenylated amino acids glycine, alanine, norvaline, norleucine and 2-amino-n-octa noic acid in the
followin g biph asic systems: (a) I, aqu eous polym eric biph asic system containing 12,5 % (w/w) Ficoll-400,
10,8 % (w/w) dextran 70, 0,11 M sod ium pho sphat e buffer (pH 7.4); 2, aqu eous polymer ic biph asic system
includi ng 7,0 % (w/w) dextran 500,4.4 % (w/w) polyethyle ne glycol 6000, OJ I M sodium phosphate buffer
(pH 7.4); (b) I, n-octan ol-aqueou s solution of 0.11 M sodium phosph ate buffer (pH 7.4); 2, n-octanol
polyeth ylene glycol 6000-rich phase ta ken from the above aqueous polymer ic system including 0,11 M
sodium pho sph ate buffer (pH 7.4).

where K, and Ko are, respectively, the part ition coefficients for a given solute in the /th
pha se system under study and in the system chosen for reference, and a an d h are
constants.

The values of a and b (which were calculated using the experim ental K values
with the corresponding buffer-n-octanol biph asic system as the reference) are given in
Table II .

DISC USSI ON

It has been suggested 1 , 15 th at the free energy of the interface transfer of a CH 2

group spec ific for a given biphasic system ( Llg~H 2) should be used as a measure of the
difference in th e rela tive hydrophobici ties between the two ph ases of the system.
Wh en thi s criterion is used for compar ison of differ ent aqu eous pha ses with a given
organ ic ph ase it can be taken as a measure of the relati ve hyd rophobic ity of these
phases. Th e sam e parameter can be applied for comparison of di fferent organic so l
vents with water or with an y sa lt so lution. n-Octa no l was chos en here as the reference
organ ic solvent for th e reasons given above. As the Llg ~;H2 value specific for the wat er
n-oct anol system is kno wn 1

Q-12 , it is possible to ca lcula te the LlK~;H 2 values for IlL
hyp othetical polymer so lution- water biphasic systems from the data given in Table I.

The rela tive hyd rophobicities of th e polymeric aq ueo us phases examined arc
sho wn in Fig. 2 and ave described qu antitatively (in term s of the I1K~;H 2 values) in
Table III. The hydrophobi c char acter of different orga nic so lvents was evalua ted
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TA BLE I

C HARACTE RIST ICS OF T HE PAR TITION BEHAVIOUR OF SODI UM SALTS OF DNP-AMINO
ACIDS WITH ALIPHATIC SIDE-CHAINS IN AQUEOUS PO LYMERIC BIPHASIC SYSTEMS
AND IN AQ UEOUS PHASE-n-OCT ANOL BIPHASIC SYSTEMS

Partit ion of a hom ologous series of so lutes in a given phase system is descri bed by the equation In K = C +
Ell (see text). Param eter E is related to the free energy of interface transfer of a CH2 group (Llg~;H ,) by
Llg~,H , = RTE.

Biphasic system » Sail C E .dg~H l

compositions » (callmo le)
. .._ - -

n-Octan ol- butfer I - 3.686 ± 0.018 1.008 ± 0.005 598 ± 8
II - 3.886 ± 0.024 1.008 ± 0.006 598 ± 8

Ficoll-dextran 70 I 0.28I ± 0.006 0.027 ± 0.002 16 ± I
II 0.099 ± 0.006 0.027 ± 0.002 16 ± I

Polyethylen e glycol- I 0.196 ± 0.011 0.042 ± 0.003 25 ± 2
dextra n 500 II - 0.073 ± 0.008 0.037 ± 0.002 22 ± I

n-Octanol--Dextran 70 I -3.77 ± 0.11 1.014 ± 0.027 601 ± 16
II -3.95 ± 0.05 1.007 ± 0.013 597 ± 8

n-Octanol- Ficoll I -3.92 ± 0.09 0.979 ± 0.022 580 ± 13
II -4.03 ± 0.10 0.984 ± 0.025 584 ± 15

n-Octanol--Dextran 500 I - 3.47 ± 0.02 0.963 ± 0.007 571 ± 4
II -3.57 ± 0.10 0.928 ± 0.030 550 ± 18

n-Octanol- polyethylene I - 3.63 ± 0.07 0.921 ± 0.021 546 ± 12
glycol II -3.50 ± 0.12 0.890 ± 0.035 528 ± 21

._ - .._-----------_. _.._----- ----- - - ----- - _ ..._ - -- ._- - - ------ - _ . - -
* Polymer compos itions of the aqu eous biphasic systems are given in the text. For deta ils of the

preparation of the n-oct an ol-aqueous phase system s see text.
** Salt composition : I, 0.11 M sod ium phosphate buffer (pH 7.4); 11 ,0.15 M sodium chloride in 0.01

M sodium phosphate buffer (pH 7.4).

TABLE II

FACTO RS FOR CALCULATING THE PARTITION VALUES DETERMIN ED IN VARIOUS
BIPHASIC SYSTEMS

The relati onship between the partition values for a solute determined in two different biphasic systems is
described by the equation In K, = a In Ko + b, where K, and Ko are the partition coefficient s of a solute in
the ith phase system und er study and in the system chosen for reference , respectively, and a and b are
constants. The system buffer-n-octanol was chosen for reference.

Biphasic system

Ficoll dextr an 70

Polyethylen e glycol- dextran 500

1l-0ctanol- dext ran 70

1l-0ctanol- Ficoll

1l-0clanol- dex tran 500

/l-Octan ol-polyethylenc glycol

Sail
compostI ion*

I
II
[

II
I
II
I
II
I
II
I
II

a

0.027 ± 0.002
0.027 ± 0.002
0.042 ± 0.003
0.037 ± 0:002
1.006 ± 0.025
0.999 ± 0.013
0.971 ± 0.020
0.976 ± 0.023
0.955 ± 0.008
0.921 ± 0.028
0.914 ± 0.019
0.883 ± 0.020

b

0.380 ± 0.02
0.204 ± 0.02
0.351 ± 0.02
0.071 ± 0.02

- 0.062 ± 0.1 J
-0.068 ± 0.06
- 0.341 ± 0.09
-0.237 ± 0.10

0.050 ± 0.03
0.009 ± 0.10

-O.26J ± 0.07
- 0.069 ± 0.12

* Salt composition : I. 0. 11 M sodium phosphate buffe r (pH 7.4); 11 ,0.15 M sodium chloride in O.O!
AI sodium phosphate butler (p H 7.4).
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h e p tane

CC1
4

oi ls

h e xane
--+--- xy lene

butyl ethe r

ether

hex a n o l
iso a my l a lcohol
pen tanol

c y clohexanol

butan ol

e than ol

methyl eth y l k e t one

F i c oll
Dex t ran 70

poly e t hylene ~ lyco l 60 0 0

Dextra n 500

i soton ic s al ine, p H 7 .4

__-,-__ wa te r

Fig. 2. Hydr ophobicity scale for orga nic solvent s and aqueo us polymer ic phases. Hydrophobicity is sho wn
according to the Llg~H2 values given in Table III. Poly eth ylene glycol 6000- po lyethylene glycol 6000-rich
pha se, dextran SOO-dext ra n SOO-r ich phase, Ficoll- Ficoll-rich pha se and dextran 7O-dextra n 70-rich ph ase
- all the ph ases from the cor resp onding aq ueo us polymeric biph asic systems co ntaining 0. 11 M sod ium
phospha te bu ffer (pH 7.4). Eth an ol is sca led accord ing to the extr ap olated value of Llg~;H 2 as indica ted in
the text.

from the literature data 1 0 , 1 2 as follows. It was show n earlier" th at parameter a in cqn.
2 represents the difference in the relative hydrophobicit ies between the two phases o r
a given biphasic system and is related to th e correspo nding L1 !,' ~I:H 2 and L1g~IH 2 by the, ()

equation

LlgCH' /LlgCII,
t r j tfo (3)

where th e subscripts i and 0 de no te the biphasic system under study an d the refere nce,
respectiveIy.

All of the data given in Tables I and II ar c consistent with eqn. 3. Thus. th e {[
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TA BLE III

RELATIVE HYDROPHOBI CITY OF ORGANIC SO LVEN T S AND AQUEO U S SOLUTIONS EX
PRESSED IN T ERM S OF TH E FREE EN ER GY OF T RA NSF ER OF A C H 2 G RO UP FROM
WATER TO A GIVEN M EDIUM (L1g~;H2)

So lvent

n-Hep ta ne
CCI.
Oils
CHC I3

n-Hcxane
n-Octanol
Oleyl alcohol
Xylene
Di-n-butyl ether
Diethyl ether
n-Hexa no l
Isoam yl alcoh ol
Primary pent ano!s
Cyclohexano l
Primary butanols
Etha nol

Methyl ethyl ketone
Polyethylene glycol 6000d

Polyethylene glycol 6000'
Dextr an 500'
Dextran 500'
Ficoll-400h

Dextr an 70;
Isotonic saline (pH 7.4)j
---- --------------

_ L1g~;H 2

( catjmole)

825 ± 10
784 ± 8
757 ± 16
731 ± 17
692 ± 60
683 ± 12
682 ± 43
672 ± 43
631 ± 34
612 ± 74
587 ± 24
573 ± 30
552 ± 49
509 ± 62
476 ± 16
388 ± 27

337 ± 48
155 ± 24
137 ± 17
133 ± 22
112 ± 13
101 ± 18
84 ± 22
85 ± 14

Calculated from the data given
in ref

Ta ken as repor ted in ref. 17
l6a

lOb
16a

19C

10, 12b

lOb
lob

16a

12b

16a

16a

l ob
lOb
lOb

Extrapolated value fro m da ta
in Fig. 3
lOb
This work, Ta ble I
This work, Tabl e I
This work, Table I
Th is work, Ta ble I
Thi s work, Ta ble I
Thi s wo rk, Tabl e I
Th is work, Ta ble I

a The L1g~H , values are ca lcu lated using the linear relationship between th e logarithm of the partition
coefficient and the num ber of C H2 groups in the alip hatic side -cha ins of the amino acid derivatives studied
in ref. 16_

b The L1g~;H 2 values are calc ulated from the a values for the corresponding solvent regression equa
tio ns reported in refs. 10 and 12 and the L1g~H2 valu e of 683 ca l/mo le as reported for the n-octanol-water
biphasic system ! o-12 .

c The L1g~H l value was calculated fro m the so lubility dat a for amino ac ids reported in ref. 19_
d Polyeth ylene glyco l-rich phase of the aq ueo us biphasic system polyeth ylene glyco l 6000-dextran

500 in the presence of 0.15 M sodium chlori de in 0.01 M sodium ph osphate buffer (pH 7.4) (po lymer
composi tion is indi cated in the text) .

e As in d but in the presence of 0.11 M sod ium ph osph ate buffer (pH 7.4) .
f Dextran 500-rich ph ase of the system indicated in d .

, As in f but in th e prese nce of 0.11 M sod ium phosphate buffer (pH 7.4) .
" Ficoll-rich ph ase of the aq ueous biphasic system Fico ll- dextran 70 in the presence of 0.11 M sodium

phosphate buffer (pH 7.4) or in the presence of 0_1 5 M sodi um chloride in 0.0 I M sodi um phosphate buffer
(p H 7.4) (polymer compos ition is indicated in the text).

i Dextran 70-rich phase of the system indi cated in ".
i Isot on ic sali ne co nta ining either 0.1 1 M sod ium phosphat e buffer (p H 7.4) or 0. 15 M sod ium

chloride in 0.0 1 M sod ium phospha te buffer ( p H 7.4).



20 B. Yu. ZA SLAVSKY, L. M. MIH EEVA, S. V. ROGO ZHI N

valu es reported by Hansch '? and Leo et ul. I O were treated accordi ng to cqn . 3 using
th e Llg~H 2 va lue of 683 ± 12 ca l/mole for the n-octan ol-water syste m 10 - 1 2. The AR~,lI,

values for isoamyl a lcoho l- water, di-n -butyl ether-water, n-he xanol-wate r, chloro
form-wat er and ca rb on tetrachloride-water systems were calcul at ed from the experi
mental data reported by Nandi!" using the approach applied in this study . Th e Llg~I:H l

value for the n-heptane-water system was taken from ref. 17.
It should be noted that the Llg~;H 2 values o btained for various n-alcohols ap pear

to depend on the alcohol chain length, as shown in Fig. 3, except fo r the value for
eth anol ca lcula ted from the dat a rep orted in ref. 18. However , the lat ter dat a arc the
onl y on es obtained not by th e partition technique bu t by so lubility measurements! ".
The ext rapolated value of 388 ± 27 ca l/mole seems to represent the hydropho bic
ch aracter of ethano l mu ch better th an 589 ± 83 cal /mol e estimated from the so l
ub ility data reported in ref. 18, as eth anol is the onl y a lcoho l und er considera tion tha t
is completely miscible with wat er. Hence, the relati ve hydrophobicity of ethano l is
shown in Fig. 2 accord ing to the extrapolat ed valu e of Llg~;H l .

",glrCH, ' cal/mote

700 t
600

500

400

300

1

8 n
,
6

,
4

----t-- +----+----+----+-- --j--+---

2
200

o
Fi g. 3. Ag~;H , values fo r II-alco hols as a fun ction of the alc ohol c hai n lengt h (II),

The approach described ab ove affords an evaluat ion of the relative hydro
ph obicit ies of aqueo us polymer soluti ons, which appea rs to open up a promising line
of research on pol ymer- solv ent int eract ion s. It is surp rising th at , to our know ledge.
no use has been mad e of thi s approach previously.

It is necessar y to empha size tha t altho ugh Llg~;H 2 appea rs to be completely
sa tisfactory as a measure of the hydrophobic ch aracter of a given or ganic so lvent or
aqueous so lution, it undoubtedly has some limitati on s. Th ese limitat ion s seem to be
concerned with the different cha racters of the interacti ons between different moi eties
of a solute molecule an d water or var ious organic so lvents. A meth ylene gro up has a
simple geometry and seems to be inert towards any aqueou s or or gani c solvent.
However, the affi nity of polar, ion izable and man y co mplex non-polar mo iet ies for a
so lvent ma y vary widely. These vari ations are reflected by differences in th e extent of
solva tio n specific for di fferent molecules in various so lvents and they ma y affect the
correspondin g pa rt ition va lues. It seems reasona ble to assume th at the parameter b in
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cq n. 2 represents the effects o f th e specific so lute-solven t int er acti ons o n th e so lute
pa rtiti on coefficie n t. [I' th is is so. 11 (no t a. which is co ns ta n t fo r a give n pa ir of
biphusic systems and doc s not de pend o n th e chem ica l nature of th e so lute bcin g
part it ioned ) mu st be cons idered as a me asure of th e specific in te ractio ns of a given
so lute mo iet y with a particul ar so lvent.

The above mea n ing of bo th para met er s a a nd 11 in cq n. 2 seems to be co nsistent
with the da ta reported in th e literat ure l

lJ- l2 . A more com prehensive discussion o f the
a a nd 11 va lues reported for va r io us water-organic so lvent pairs I 0-12 . however, is
beyo nd the scope of th e presen t study a nd will be given in a subseq uen t publica tion.

T he da ta give n in T ables I a nd II a llow o ne to compare the aqueous binary
Ficoll -dcx tra n a nd de xtran-polyethylene glyco l systems . The re lative hyd rophobi
c ities of th e two phases o f the dext ran-pol yethylen e glycol sys tem appear to exceed
th ose cha ra cter ist ic of the ph a ses of th e Ficoll-dcxtra n sys tem . It was shown", how
eve r, tha t th e relati ve hyd rophobicit ies o f th e phases o f th e Fico ll- dextran sys tem
depend particularl y o n th e molecula r weight o f dextran and o n th e polymer com
positi on o f th e sys tem. Compari son o f th e dat a give n in Table [ for th e de xtran
polyethylen e glyco l sys tem with th ose repo rted ea r lier for the same sys tem with an
othe r polym er compositi on I indi cates th at the polymer composit ion of an aqueous
polym eric biphasic system d oes affect its rel ative hydrophobicity . That seems to be in
line with A lbe rtson's view" with resp ect to th e position of aq ueo us polym er solutions
in a ra nge of so lvents with different hydrophobiciti es.

Th e dat a o bta ined in th is st udy indi cat e th a t it is possible to co rrel a te the
parti tion va lues o btai ned in the aq ueous polym eric biphasic system Fic o ll-dext ra n
with tho se determined in th e water-u-octa no l (or any wa ter-orga nic so lvent ) sys tem .
T he Ficoll-dcxtran biphusic sys tem appears to pro vide a new m eans fo r studyi ng th e
hydro ph o bic characte r of biol ogical particles and any po la r and io nizable so lutes .
T his biph a sic sys tem ca n be co nsidered as pr omising a tool for th e study of stru ctur e
ac tivity re la tions in biological chemis try as th e wa tc r- u-octa no l system wa s pro ved to
be in drug research .
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SUM MARY

Three methods of derivatization of histamine with o-phthalald ehyd e (OP T)
reagent were compared in order to confirm the stability of the fluor escent product. A
reversed-ph ase high-performance liquid chromatographic system with a fluorescence
detector was used. Immediately after derivatization, samples were inject ed at intervals
of 10 min for a tot al of 60 min. The stability of the fluor escent complex var ied
according to the method of derivatization. For method I (histamine-OPT reaction at
ambient temperature) the peak area after 10 min was only half that of its original
value. For method 3 (acidificat ion with hydrochloric acid of the end-product of
deri vatizat ion ) onl y a slight decrease occurred over the 60-min per iod ; meth od 2
(extraction of the OPT complex with ethyl aceta te) was the mo st sta ble.

INT ROD UCTI ON

Th e der ivat izat ion of am ines and amino acids with o-phtha laldehyde (OPT)
has been the subjec t of num erous studies. Th e chemical reactions invo lved, how ever ,
are not fully und erstood 1 .

In an atte mpt to quantify histamine in wine usin g a reversed-phase high-per
formance liquid chromatographic (HPLC) system , we observed th at the histam ine
OPT complex prepared according to Subden et £1/. 2 was unstabl e. A more th orou gh
investigat ion, using three other methods of derivatization with OPT, was carried out
in order to seek confirmation of the instability.

MATERIALS AND M ETH ODS

Two isocrati c mobile phases were used, one consisting of methan ol- 0.08 M
acetic acid (52 :48)3 and the other acetonitrile-water (40 :60) buffered to pH 7.0 with
dipot assium hydrogen orthophosphate", The solvents were filtered th rou gh a 0.45
,urn filter and degassed by soni cation just prior to use. A flow-rate of I ml/rnin was
used throughou t. OPT, mercaptoethanol and histamine were obta ined from Sigma

0021·9673/81/0000-0000/$02.50 I!') 1981 Elsevier Scient ific Publishing Co mpany
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(St. Loui s, MO, U.S.A .). All other chemicals met the ACS spec ifica tions. A stock
so lution of histamine in water (100 mg /l) was prepared, filtered through a OA5-,um
filter and stored at 4°C.

Liq uid chroma tography
The liqu id chromatographic system consisted of a Wat er s Mod el 6000A sol

ven t delivery device, a Waters U6K injector and a Waters Mod el 420 fluor escence
detect or (Wat ers Assoc., Milford, MA, U.S,A.). The detector was equipped with an
F4T5BL lamp, a 340-nm excitation filter and a 440-nm emi ssion filter ; the gain was
set at x 64.

A Spec tra -Physics Model SP4000 central processor and a Mod el SP4020 data
int er face (Spectra-Physics, Santa Clara, CA , U.S .A .) were used for int egrati on an d
recording.

A ,uBond apak CI S column (Waters Assoc.) was used for reversed-ph ase
HPLC. All ana lyses were performed in an air-conditioned room at n "c.

Derivatizat ion
Three methods of deri vatization were investigated .
M eth od 1 (according to Mel! et al.". OPT reagent was prepared freshly eac h

day by dissol ving 160 mg of OPT in 3 ml of ethanol and 0.2 ml of 2-mercaptoethano!
under a venti lated hood . This solution was added to 100 ml of 004 mol /! boric acid
which was adj usted to pH 9.5 with potassium hydroxide.

For derivatization, 0.1 ml of stock histamine solut ion was trea ted with I ml of
OPT reagent in a Teflon-lined screw-capped test-tube protected aga inst light with
aluminium fo il and mixed for I min on a Vortex mixer. After incubat ion for 2 min at
am bient temperature (20-22uC), 0.9 ml of doubly distilled wat er was added and
mix ed. The solution was then ready for injection. The injecti on volume of 20 ,Ill
co rrespo nded to 0.1 ,ugof histamine. The time required from derivat izat ion to injec
tion was 5 min .

M eth od 2 (ac cording to Davis et a/.4
) . OPT reagent was prepar ed by dissolving

0.5 g of bori c ac id in 19 ml of distilled water and titrating with pot assium hydroxide
solutio n (450 gil) to pH 10040 ± 0.02 . After transferring the titrat ed so lution to a
dark-glass bottle with a Teflon-lined screw cap, 17.5 mg of OPT were weighed into a
5-ml beak er , di ssolved in 200 ,Ill of glass-distilled methanol and added to the bor at e
solution togeth er with 40 ,Ill of 2-mercaptoethanol. The reagent was prepared fresh
daily.

For der ivati zati on , an aliquot of 0.5 ml of the histamine stoc k so lution was
dilut ed to approx ima tely 10 ml , the pH was adju sted to 7.0 ± 0.2 with 0.5 moi /l
potassium hydroxide solution and the vo lume was adj usted to 10m!. A I-ml vo lume
of th is so lut ion was der ivatized in a grad uated conica l centri fuge flask prot ected
aga inst light with a luminium foi l by adding 0.5 ml of the OPT reagen t. T wo gra ms of
sod ium chloride were added to break an y emul sion formed during two co nsec utive
extrac tio ns with 2-ml portions of ethy l acetate . Th e sample was sha ken on a Vor tex
mixer for I min during each extrac tion fo llowed by sedimenta tio n for I min (instead
of centrifugation) to separa te the phases. After extrac t ion, th e ethyl ace ta te phase was
extrac ted twice with 2-ml port ion s of dibasic sod ium ph osph at e butTer (50 mol /l, pH
10.0 ± 0. 1), sha ken for 1 min and allowed to sed imen t for 1 min . T he et hyl ace ta te
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was reduced to I ml under oxygen-free, dr y nitrogen. The injection volume of 20 ttl
corresponded to 0.1 ttg of histamine. The time required from deri vatization to injec
tion was 25 min .

M ethod 3 (according to Rice et al? ) . OPT reagent was prepared by dissolving
10 mg of OPT in I ml of methanol.

For der ivat ization, an aliquot of 135 ttl of the histamine stock solution was
mixed with 1.86 ml of 0.1 N hydrochloric acid in a Teflon-lined screw-capped test
tube protected from light with aluminum foil. To this was added 0.4 ml of I N sodium
hydroxide solution and the solu tion was mixed and left for I min. A O.I-ml volume of
the OPT reagent was added and the solution was mixed and left for 4 min, followed
by the addition of 0.2 ml of 3 N hydrochloric acid. The injection volume of 20 ttl
correspond ed to 0.1 ttg of histamine. The time required from derivatiz ation to injec
tion was 7 min .

Procedure
The samples were injected immediately after the deriv atization process (time

zero), and ther eaft er at intervals of 10 min for a total of 60 min.
The study was conducted according to a 2 x 3 x 7 split- split plot design in

two replications. The factors were, respecti vely, two mobile phases, three methods of
derivatization and seven-fold injection.

RESULTS

The fluorescence of the histamine-OPT complex is repres ented by the area
under the related peak (not shown). Immediately after deri vat ization (time zero ) the

TA BLE I

F LUO RESCENCE RESPONSES IN TERMS O F O BSE RVED A REAS UN DER THE HISTAMINE PEAK AS A
FUNCTION O F TIM E AFTER D ERIVAT IZAT ION (M EAN OF TWO REPLICAT ES)

Experimental conditio ns: reversed-phase HPLC system; 2 isocratic phases; 3 methods of derivatizati on; 7 injections
per phase/method /rep licat e combination; 0. \ Jlg of histam ine injected .

Meth od J Method 2
--,---

0 1326 (3. \2 )* \ 343
10 625 (2.80) 1358
20 277 (2.44) 1330
30 14 1 (2.14) 1385
40 73 (1.87) 1405
50 39 (1.58) 1372
60 25 (1.40) 1408

Sta nda rd error
of slope. Sb 50.76 (0.009) 29.32
Coefficient of
deter minat ion.
1'2 (98.8) 1.1
R2 D .42

* Log, o (area).

Time afte r
derivatization
(min)

Observed areas under peaks x /0 -2

Methanol- acetic acid (52:48)

-- ---------- - - -- ----- - -
Acetonitrile-water ( 40 :60)

--"'--

Method 3 Method J Method 2 Method 3
.__ ._- ._-- ..._--_._ _._ - -

3666 2095 (3.3 1)* 146 1 3434
3575 1117 (3.04 ) 1442 3370
357 1 589 (2.76) 1393 3350
3480 445 (2.64) 1415 3336
3448 317 (2.50) 1492 3224
3386 22 \ (2.34) \527 3252
3347 2 14 (2.33) 1450 3220

4.50 68.04 (0.014) 13.27 30.49

9 1.8 (92.0) 3.2 10.3
76. 1
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observed areas for methods I and 2 for both mobile phases were about half those for
method 3 (Table I).

The fluorescence of the histamine-OPT complex obtained by method I de
creased markedly during standing; 10 min after derivatization it was half of its orig
inal value. Statistical an alysis showed that this decrease followed a linear logarithmic
curve (,.2 - 98.8 and 92.0 for mobile phases I and 2, respectivel y). Antilogarithm s
of th is linear curve were used to draw the regression lines in Fig . I (method I).

4000

3000

' 0

«
UJ
II: 2000«

'"«UJ
0..

1000

605040302010
oL- ---.:::;=~-~

o

TIME (min)

Fig. I. Regre ssion lines as a function of time of inject ion on the fluorescence responses of the histamine
OPT complex ob tained by thre e methods of der ivat izat ion and using two HPLC isocratic phases (mea n of
two replicates). Open symbols : meth anol - acet ic acid . 0, Method I, 10gIO y* = 3.07 - 0.029x ; 0, meth od
2, y** = 1339.2 + 1.07x ; 6., method 3, .r = 3652.0 - 5.2x. Closed symbol s: acetonitrile- water. . ,
Method I, 10gIO y* = 3.20 - 0.016x ; _ , meth od 2, j'** = 1428.9 + 0.84x ; A , meth od 3, y** = 34 15.4 
3.59x.

Derivatization according to method 2 resulted in a stable complex; any vari
ation in the area was independent of the duration between derivatization and injec
tion (,.2 = 1.1 and 3.2).

A fairly stable omplex was obtained with method 3, although a decrease in
fluorescence did occur upon standing when methanol-acetic acid was used as the
mobile phase (,.2 '= 91.8). With the other mobile pha se (,.2 = 10.3), the ap
parent decrease was not statisticall y significant.

* Th e plotted line was based on the antilog of log ,o -,' .
** Th e slopes were not sta tistically significant , and therefore .\' was taken as .\':
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Although the choice of a mobile phase is based on optimal resolution, the
interrelation that may exist between the so lvents and component s under investigation
sho uld not be neglected . In this work, for two out of the three methods of derivatiza
tion methanol-acetic acid gave lower fluorescence values than acetonitrile- wa ter.
The acetate an ion is repo rted to affect adversely the fluore scence of the OPT deriva
tives' :

Of the three meth ods used, one had its fluore scence reduced by half 10 min
after derivatization, while the other two were fairly stable. Adequate standardizat ion
of the procedure (duration of derivatizat ion, interval between derivatization and
measur ement) is required for reproducibility and accuracy. The sensitivity of a
method is also impor ta nt when small am ounts need to be detected and quantified
(meth od 3 versus method I, time zero, or method 2).

CONCLU SIO N

OPT is a useful reagent for the determination of histamine but careful choice
and standardization of a method of der ivatization are necessary in order to obtain
repr oducible data.
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SUMMA RY

It is shown th at alka line earth metal di-u-hexylph osph inat es may interact
specifically with unsaturat ed hydrocarbon s. The de pende nce of logarithms of reten
tion volumes on the boiling points of hydrocarbon s is sugges ted for use in qu antita
tive ca lculations of these interactions.

INTRODUCTION

In a previous paper", we described a method for the calculation of stability
con stants of n-complexes on the basi s of gas-solid chromatographic data. It was
stated there that a reference meta l had to fulfil a num ber of conditions. In this work
we demonstrate, using alka line eart h metal di-n-hexy lphosphina tes (O HPs) as an
exa mple, that mai n-group metals may inte ract specifically with unsaturated hydro
carbons and tha t these interactions de pend on the kind of metal involved.

EXPER IMENTAL

Th e expe rimenta l meth od ology has been descr ibed previously':" , Ad sorb ent s
were pre pa red to co nta in 10- 4 mole of phosphinate per gram". Stai nless-stee l co l
umns ( I m x 4 mm 1.0.) were used throughout. In frar ed spectra were measured with
a Perk in- Elmer 180 or 250 IR spectrometer. Calcu latio ns of heat of adsorp tio n were
carried out on an Odra 1204 co mputer. Reten tion volumes of specific interac tio ns and
the ther ma l effects of specific interaction s were ca lculate d by linear regression on a T I
59 programma ble calc ulator.

RES ULTS AND D ISC USS IO N

Retention times and volumes of 22 Co hyd rocar bons were measured at four
tempera tures between 70 and 90"C. We have emphasized previously" th at it is no t

002 1-9673/RI/0000 -OOOO/$02.50 \C) 19R1 Elsevier Scient ific Publishing Co m pany
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possible to confirm the existence of specific interactions on the basis of either absolute
or relati ve retention volumes. However, differences between the retention indices of
various hydrocarbons on these ad sorbents and their standard retention ind ices (SRI)5
do suggest the existence of specific interactions.

Retention indices of these hydrocarbons on the phosphinate adsorbents
studied and squalane, together with SRI values, are shown in Table I.

TABLE I

RET ENTION INDI CES OF C6 HYDROCARBONS ON PHOSPHI NATES AND SQ UALAN E
. _ -'._ .._-"_ ."_. ._ ----_.---- "- -- - --_ . -- - '.__.__ ...._ . - _.__._ -- ... - - ..- .- ._- --- - .._~- -

Compound Mg -DHP Ca-DH P S r-DH P Ba-DHP Sq6 Sq7 SRI
- - - - - - - - - -- -- --- - _ ._-. "--.. _ . - -. '- ---" - -- -~_ ._--

n-Hexane 600 600 600 600 600 600 600
I-Hexene 596.9 592.8 597.4 595.9 583.9 582.7 588
I-He xyne 650.3 632.9 648.6 643.9 586.9 610
1,5-Hexadiene 592.8 585.9 592.6 590.4 565.7 563.7 577
2,4-Hexadicne 696.7 668.4 681.7 681.5 655.1 642
cis-2-Hexene 622.6 611.5 619.6 616.6 605.6 604.1 600
trans-2-Hexene 614.3 605.0 610.4 609.0 598.2 596.7 598
cis-3-He xene 610.8 604.1 611.1 609.2 594.0 593.0 595
trans-3-H exenc 609.5 603.0 608.8 607.2 592.9 591.6 596

Cyclohexane 659.2 635.8 649.8 651.7 667.9 667.2 645
Cyclohexene 691.1 654.6 675.0 675.6 676.9 652
1,3-Cycloh exad iene 699.4 655.0 677.0 677.0 647
1,4-Cyclohexad iene 739.4 688.0 712.3 712.8 694.4 670
Benzene 713.8 661.2 695.9 685.9 644.6 641.8 643

3-Methylpcntane 585.3 586.0 587.9 586.5 585.4 585. \ 587.0
3-Methyl- l -pcntene 567.1 567.7 571.2 568.8 553.0 563
cis-3-M ethyl-2-pcntene 618.0 608.9 618.1 615.4 604.6 603.4 607
tra ns-3-Methyl-2-pentene 627.0 617.0 625. J 624.0 614.4 612.9 598

Methylcyclop ent ane 624.7 609.7 619.0 620.0 632.1 631.0 612
2-Methyl-I-pcntene 595.2 592.4 599.4 596.9 581.9 580.6 581
4-Meth yl-I-pcntene 565.1 568.5 571.4 569.5 550.4 562
trans-4-M ethyl- 2-pcnt ene 579.1 578.8 582.6 580.6 563.0 561.6 575
- - --- _ .,- -_ .-_ .- ~ , . -- -- - - _ . ' _ . '--.. -- . .

Normal unsatur at ed hydrocarbons have higher reten tion indice s on phosphi
nates than on squalene. These indices are also higher than the SRIs. Th e difference in
retention indices between phosphinates and squalane and between phosphinates and
SRI incr eases with the degree of unsaturation . These resu lts indicate the existence of
specific interactions between the double bonds of the so lute and the alkaline earth
metal of the pho sphinates. There is a "cyclic effect" for cyclic hydrocarbons, because
such compounds have higher retention indices than SRI s5. Copper and magnesium
phosph inates when melted demonstrated a larger cyclic effect s. One may conclude
that th is effect is caused by the disper sive interactions of the phosphorus-alkyl rad
icals, so the rigidity of the struc ture of a so lid phosphinate in contrast to a melted
phosph inat e ma y explain the sma ller value of the effect. Alkene der ivati ves of 3
meth ylpent an e ha ve mu ch higher retenti on indices than SRls in the group, which
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indicates apparent interactions of the double bonds of these hydrocarbons with th e
alka line earth metals.

To make a quantitative evalua tion of these interactions one mu st take into
acco unt the volatility of the hydrocarbons. Th ere is a recti linear depend ence for a
limited ra nge of temperatures :

where V~T = retention volume and l b = hydrocarbon boiling point.
Th e linear relationship between retention data and boiling points of n-alkanes

can serve as a reference line from which one can define a hypothetical retention
volume, V~;, belonging to any /I-hydrocarbon having a boiling point T". Knowing its
real retention volume, V~J, one can calculate the difference th at may indicate tne
specific interaction contributions to the retention volume :

A V PT - V PT _ V PT
LJ spec - g2 g1

where Ll V:;;'c = retention volume due to a specific interaction .
A similar procedure has been considered for evaluation of the retention mech

anism of chlorinated methanes in hydrocarbon stationary ph ases". Fig. 1 illustrates
schema tically the basis for the calculation of Ll V:;;'c.

-----------,
I
I
I
I
I
I

A v PT
spec .

tglll =a

b

--- - - ---- -- -
I
I
I
I
I

III I
- - ----..., - - - - - - - - --

I
I
I
I

I
I
I
1

Fig. I. Specific interaction s of hydro carbons with boiling point T, .

Coefficients a and b and cor relation coefficients (r ) have been calculated for all
of the co lumns. Values of r close to unit y support the rectilin ear relati on ship for each
column used. The values of Ll Vr;;.c were ca lculated for unsaturated n-hydrocarbons
and are present ed in Table II.
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TABLE II

VALUES OF RET ENT ION VOLUMES DUE TO SPECIFIC INTERACTIONS OF SOME Co
HYDROCARBONS, V::~c (ml jg)

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

Compound tb (OC) DHP-Mg DHP-Ca DHP-Sr DHP-Ba
----_. .._ .._~-~----_._ ..__.- .._._,..._.,_.._.."."" ,-,..

I-Hexene 63.49 0.307 0.191 0.314 0.296
I-Hexene 71.33 1.566 0.899 1.523 1.370
cis-2-Hexene 68.84 0.648 0.248 0.530 0.451
trans-2-Hexene 67.87 0.441 0.113 0.287 0.265
cis-3-Hexene 66.44 0.475 0.262 0.481 0.451
lrans-3-Hexene 67.08 0.355 0.136 0.319 0.293
1,5-Hexadiene 59.46 0.573 0.398 0.567 0.537
2,4-Hexadiene 80.00 3.013 1.480 2.139 2.220

a 2.35 .10- 2 2.40 . 10- 2 2.47 .10 - 2 2.35 · 10- 2

b 1.84 .10- 3 7.65 . 10- 2 9.68 .10- 2 8.80 . 10- 2

r 0.9992 0.9992 0.9990 0.9992
r2 0.998 0.998 0.998 0.998

. ._..._-- "._-- ..._-

The following conclusions can be drawn from these results : alkenes interact
specifically with alkaline earth metals; the strength of those interactions depends on
the degree of hydrocarbon unsaturation, alkynes and dienes interacting more
strongly than alkenes; interactions of cis-isomers are stronger than tho se of trans
isomers; DHP-Mg shows the strongest and DHP-Ca the weakest interactions; and
the specific interactions decre ase with increasing ionic radius, excluding DHP-Ca.

Similar manipulations can be performed for cycloalkenes and unsaturated 3
methylpentane derivatives, bu t only if the reference line is based on cycloalkanes or 3
methylalkanes, respectively.

Specific free ene rgy of inte rac tion ( LJ Gs pec )

The same dependence , log V~T = fUb)' can be used for the qu antitative de
termination of thermal effects of specific interactions. Th e increase in retention
volume together with the incre ase in the length of the n-alkane chain can be att ributed
to an increase in non-specific interactions!". Thus, the perpendicular (to the abscissa)
section connecting the po int (Tx ' log v~D with the line set by n-alk anes can be used
for the calculation of the free energy of specific interactions. If there are several
sources of such interactions , then the total free energy, LJGa , will be

where the sum contains a ll the possible sources of interactions different from non
specific. Based on the str aigh t line set by n-alkanes:

( T)_ V~2
LJGs pe c - - RT In v~i

where :
V~J = real re tention volume of an II-hydrocarbon having a boilin g point cqual
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v:r= hypothetical retention vo lume of the hydrocarbon (or retention volume
of hypothetical n-alkane having the sam e boil ing point TJ .
The hypothetical retention volume V:r shows which part of th e total (real) ret ention
volume V:r is cau sed by non-specific interactions. The values of L1G,pec calcula ted in
this way are shown in Table III.

TABLE III

VA LUES OF -LlG,pee OF SOM E U NSATU RAT ED HYDROCARBONS (kca l/mo le)

Unsaturated hydro
carbon

l -H exene
l -Hexyne
1,5-H exadiene
2,4-Hexadiene
cis-2-H exene
trans-2-Hexcne
cis-3-Hexene
trans-3-Hex ene

DHP-Mg

0.04 7
0.177
0.092
0.259
0.084
0.060
0.066
0.050

DHP-Ca

0.028
0.095
0.059
0.127
0.031
0.016
0.035
0.019

DHP-Sr

0.049
0.175
0.093
0.195
0.071
0.041
0.069
0.046

DHP-Ba

0.042
0.146
0.080
0.186
0.055
0.035
0.058
0.039

Heats of adsorption and specific heats of adsorption
Determination of thermal effects of adsorption is one of the common est meth

od s for the characterization of an adsorbent surface. Th e heats of adsorption of C6

hydrocarbons on the packings discussed are presented in Tabl e IV.
The heats of adsorption increase in the order DHP-Ba < DHP-Mg < DHP

Ca < DHP-Sr. It is more useful for our discussion to determine which part of the
therma l effects is du e to specific int eract ions of unsaturated hydrocarbons with phos
phinates. Th e linear dependence of the heats of adsorption of alkanes on their boiling
poin ts has been known for a long time. Taking advantage of this relationship, we can
calcul ate the heat s of specific int eractions, L1 Hspec' The results are presented in Table
V.

The independence of L1 H,pec from temperature (in contrast to L1 V~:"c) makes
th is factor more valuable for the sur face characterization of an adsorbent than the
retention volume due to specific interac tions. Th e regularities disco vered before, viz.,
dependence of the interaction on the degree of unsaturation of the hydrocarbon and
stronger interactions of cis-isomers than those of trails-isomers, are fully confirmed
by the results in Table V. However, no distinct dependence of the se int eractions on
the ionic size of alkaline earth metals has been observed. To explain the this lack of
depend ence we shall consider the IR spectra of the phosphinates.

The spectra in the so lid sta te and in solutions in the vibrat ion ra nge of the
- P0 2- gro up (900-1300 cm - 1) were mea sured for all of the ph osphinates. The spec
trum of DHP-Mg (potassium bromide pellet) shows three strong abso rption bands a t
11 65, 1083 and 1023 em - 1. Th e spectrum of the same compound dissolved in 11

hept ane demon strates two st ro ng absorpt ion bands at 11 60 a nd 1095 em - 1 , and two
much weaker band s at 1006 and 976 cm - 1 . DHP-Mg dissol ved in carbon tetra
chloride shows only two stro ng band s at 11 63 and 1093 ern - 1 . Taking into account
literature dat a 1 1 , one ca n co nclude tha t the - P = ° group tak es part in the coord i-
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TABLE IV

HEATS OF ADSORPTI ON OF C6 HYDROCARBONS ON ALKALI NE EARTH METAL PH OS
PHINATES (kcaljmole)

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

Compo und DHP-Mg DHP-Ca DH P-Sr DHP-Ba- _..._ - - -- .. ._- '- - .__ . _.. - ."--- -- _ .-- _._" _. . - -_.. -.__..

n-Pentan e 5.8 1 6.37 6.64 5.13
n-He xan e 6.75 7.34 7.66 6.20
n-Heptan e 7.67 8.41 7.86 7.27
»-Octane 8.64 9.49 10.17 8.32
l-Hexene 6.75 7.28 7.76 6.36
l -Hex yne 7.88 8.33 9. 11 7.63
cis-2-Hexene 7.15 7.48 8. 15 6.61
rI'Qns-2-H exene 7.10 7.46 8.05 6.56
cis-3-Hexene 6.9 1 7.44 8.00 6.62
rrans-3-H exen e 6.94 7.43 7.98 6.54
1,5-Hexad iene 7.08 7.32 7.85 6.52
2,4-Hexa diene 7.90 8.39 9.12 7.76
Cyclohexa ne 6.94 7.40 8.03 6.31
Cyclohexene 7.49 7.83 8.54 6.87
1,3-Cyclohexadiene 7.74 7.98 8.78 7.10
1,4-Cyclohexad iene 8.16 8.24 9.24 7.60
Benzene 7.85 8.14 9.28 7.45
Methylcyclopent an e 6.61 7.20 7.66 6.15
3-Methy1pentane 6.41 6.79 7.57 5.98
3-Methyl- l -pen tene 6.17 6.96 7.48 5.95
cis-3-Methyl-2-pentene 6.73 7.4 1 8.25 6.59
tran s-3-Methyl-2-pentene 6.85 5.89 8.22 6.76
2-Methyl- l -pentene 6.43 7.16 7.98 6.47
4-Methyl-I-pentene 5.92 6.79 7.43 6.04
trans-4-Methyl-2-pentene 6.35 7.03 7.65 6.31

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

TABLE V

SPECIFIC HE ATS OF ADSORPT ION O F UNS AT U RATE D II-H YDROCARBONS ON ALKALIN E
EART H METAL PHOSPHINATES (kca ljmole)

--....- - - . - _ .- . '._ ,-_ ._- - -- ._- -- -_._. . -_.__._-

Compou nd DHP-Mg DHP- Ctr DHP-Sr DHP-Ba
- --_._ _." ._-- _ ..-- - _ ._. -_...._ .,' ._- "- -.. .

l -He xene 0.12 0.03 0.16 0.30
l-Hexyne 1.01 0.81 1.21 1.29
cis-2-He xene 0.35 0.04 0.34 0.36
trans-2-Hexene 0.33 0.06 0.28 0.34
cis-3-Hexenc 0. 19 0.09 0.29 0.45
trans-3-Hex ene 0.20 0.06 0.24 0.35
1,5-Hexad iene 0.58 0.21 0.4 1 0.60
2,4-Hexa d iene 0.75 0.57 0.88 1.11

a 3.15 . 10- 2 3.49 .1 0 - 2 3.93 . 10- 2 3.56 .10 - 2

h 4.63 5.04 5.10 3.80
r 0.9988 0.9979 0.9954 0.9993
r2 0.998 0.996 0.99 1 0.999
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nation of the magnesium atom. Three absorption bands (in the solid state) justify the
existence of at least two kinds of such a coordination. The change in the phosphinate
IR spectrum after dissolution of the compound in n-heptane indicates the flexibility of
its structure and its susceptibility to external conditions. One may also assume that
coordination bonds existing in the solid state are so weak that they might be of an
intermolecular nature.

Carbon tetrachloride molecules that can coordinate with a metal atom prob
ably take part in the coordination. A similar influence on phosphinate spectra were
observed with Mn[OP(CsH I 7hOh; the spectrum in the solid state (Nujol) demon
strated three bands at 1140, 1067 and 1015 em - I , whereas when dissolved in carbon
tetrachloride it showed only two at 1135 and 1065 cm - I .

The spectrum of DHP-Ca (potassium bromide pellet) shows several bands in
the vibration range of the -POz- group with similar intensities at 1168 , 1138, 1025,
980 and 960 em -I and can prove the existence of several asymmetric kinds of coordi
nation of calcium with the - P =° groupll-l3. The spectrum of DHP-Ca dissolved in
II-heptane consists of three dominating bands at: 1150, 1050 and 960 em -I. Disso
lution of the phosphinate in carbon tetrachloride shifts these bands to 1165, 1033 and
955 ern - I. Three absorption bands usually appear for octahedrally coordinated
transition metal phosphinates, e.g., for manganese, iron and cobalt di-n-octylphos
phinates1 1-13 , so one may assume that the calcium atom is less accessible than mag
nesium in DHP-Mg. Hence DHP-Ca may be assumed to undergo weaker interactions
with solutes under chromatographic conditions.

The spectra of DHP-Sr and DHP-Ba (potassium bromide pellets) are very
much similar, the former having bands at 1143 and 1048 cm -I and the latter at 1133
and 1034 em -I . In solution in the polar solvent dichloromethane (in non-polar sol
vents they are not soluble enough for a spectrum to be obtained) the bands are shifted
to 1133 and 1040 em - 1 (1020 ern - I) and 1130 and 1032 ern - 1 (1020 em - I), respec
tively.

Dissolution of DHP-Sr and DHP-Ba in dichloromethane does not result in
considerable differences in the IR spectra, although splitting of the symmetrical vib
ration band into a doublet is noticeable; this indicates that the structure of the
dissolved compound differs from that of a phosphinate in the solid form. The splitting
of both symmetrical and asymmetric vibration bands of the -paz group in di
chloromethane solution has already been observed for lead diphenylphosphinate!".

The above discussion leads to the conclusions that interactions of alkaline
earth metals with compounds that have zr-bonds and heteroatoms are possible, cal
cium interactions will be weaker than those of magnesium and strontium and barium
should have similar interactions.

CONCLUSIONS

Gas chromatography has been used to demonstrate the interactions of main
group metals with unsaturated hydrocarbons and their dependence on the degree of
unsaturation and the structure of the solutes. The IR spectra of the alkali metal
phosphinates have confirmed the possibility of the interactions and enabled the rela
tively weak specific interactions of DHP-Ca to be explained .

The linear dependence of logarithms of retention volumes on boiling points of
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the sorbates has been used for the quantitative determination of specific interactions.
The results presented in this and previous papers indicate that the relative retention
volumes should not be used for this purpose even if one employs as a reference an
alkane having the same number of carbon atoms as a compound a ble to interact.
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SUMMARY

The high-performance liquid chromatographic (HPLC) determination of the
ginsenoside saponins from Panas ginseng C A. Meyer (Araliaceae) was used to
investigate the possibilities and limitations of peak identification with on-line and off
line methods. Thin-layer chromatography was used to separate the ginsenosides with
a running distance of 6.5 em, the detection limit being 0.2 ug. By means of multiple
internal reflection infrared OR) spectroscopy, IR spectra were obtained with 20 f.1g of
ginsenoside. Field desorption (FD) mass spectrometry permitted not only the identifi
cation and determination of the molecular weights of underivatized ginsenosides, but
also gave important information about the sequence of the sugar moities in the
molecule. Less than I ug of ginsenoside is needed to produce an FD spectrum, The
time required for the FD investigation of an HPLC fraction containing a ginsenoside
is about I h, including sample preparation, FD measurements, data processing,
output, evaluation and interpretation.

INTRODUCTION

We recently reponed on the possibility of separating ginsenosidcs (tritcrpene
saponins from Panax ginseng CA. Meyer) by means of high-performance liquid
chromatography (HPLC) and of determining them quantitatively in plant materials
and in various galenical prcparat ions l". An important aspect, which often is not
considered when using HPLC is the unambiguous and reliable identification of the
eluted substances. The examination of the purity of a peak is particularly important if
there arc substances to be determined in complex mixtures, such as body fluids or

* Field desorption mass spectrometry of natural products, Part IX; for Part Vl l l, see ref. 12.

0021-9673/81/0000-0000/$02.50 ((.; 1981 Elsevier Scientific Publishing Company
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plant extracts. Utili zin g the HPLC determination of the ginsenosi des , we report here
the possibilities and limi tations of peak identification using on-line methods such as
ultra violet (U V) spec troscopy a nd a bsorba nce ra tios a nd off-line methods, such as
thin-layer chro mat ogra phy (T LC), multiple int ernal reflect ion infrared (MIR-IR)
spec troscopy and field desorption mass spectrome try (FD-MS). Th e struc tures of the
ginsenosides invest iga ted are shown in Fig. I.

Fig. I. Structures of the ginsenosides inves tigated .
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Apparatus
A Model 6000 A ch rom at ographic pump, a Model U6 K sam ple injection valve

and a pre-packed flBondapack C IM co lum n (30 cm x 3.9 mm 1.0.) were obtained
fro m Wa ters Assoc. (Milfo rd, MA, U.S.A.), and an LC 75 spectr opho tome tric detec
tor, Mod el 598 infrared spec tro photo meter and micr o M IR accessory fro m Per kin
Elmer (Norwa lk, CT, U.S.A .). An Extrelut co lumn and silica gel H PT LC plat es (10
x 10 em) were purchased fro m Merck (Darmstad t, G .F.R .) and a Linomat III from

Camag (M utte nz, Switzer land) . A W + W Series 1100 recorder was supplied by W +
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W Electronic (Basle, Switzerland) and a MAT 73 1 mass spectrometer and Spectro
System 200 by Varian (Bremen, G.F.R .).

Materials
Methanol n-butanol and acetonitrile (Uvasol grade), chloroform, acetic anhy

dride, sulphuric acid and ethanol were Merck products. Perfluorokerosene and tris 
(pcrfluo rononylj-s- tr iazine were obtained from J. T . Baker (Deventer, The Ne ther
lands). Standardized gin seng extracts GI15 and GI15 Sand gin senosides Rb. , Rb1 ,

Rc, Rd, Re, Rf, Rg, and Rg, were supplied by Pharmaton (Lugan o-Bioggio, Switzer
land).

Sample preparation
A I.O-g amount of ginseng extract was dissol ved in 20.0 ml of water in a tared

fl ask and 4.0 ml of this solution and 6.0 ml of water were adde d to an Extrelut
co lumn. Aft er 15 min th e co lum n was eluted with 80.0 ml of water-saturat ed 11

butanol. The elua te was eva porated on a Rotavapor and the residue dissolved in 2.0
ml of methanol. A 5-30-,u1 volume of this solution was inject ed into th e HPLC
system. The plastic material of new columns must be soa ked in methanol fo r I h prior
to the first use; before further use washing with common detergents is sufficient. The
refilling material mu st be washed with methanol prior to use (fo r instance, six ba gs of
refilling material with I I of methanol fo r 6 h in a Soxhlet apparatus, then dryed at
80 r C). The column is pack ed with 11.3 g of refilling material. For further inform
at ion, see ref. I.

HPLC
The high-performan ce liqu id chromatograph consisted of a constant-flow

pump, a valv e-type injector, a UV detector (203 nm, absorbance 0.08) and a str ip
chart recorder (0.5 em /min). The stainless-steel column was packed with reversed
phase mater ial. The mobile phase was acetonitr ile- water (29 :71) at a flow- rate of 2
m ljmin for ginsenosides Rb. , Rb 1 , Rc, Rd, Rf and Rg1 and acetonitrile-water
( 18:82) at a flow-rate of 4 ml /rnin for ginsenosides Re and Rg.. After each chro ma
tographic run the column was washed with 30 ml of methanol at 4 rnl/min. Room
temperature (22'C) was used.

TLC
The fractions relating to the peak s of Rb., Rb ., Rc, Rd . Rc, Rf, Rg 1 a nd Rg1

were collected from the chro matogra ph in semi-micro flasks with conical bottoms,
then the so lvent was evaporated. The residue was dissol ved in a few microlitres of
methanol and the solution drawn off with a sy ringe. Pre-coated HPTLC plates were
used for the chromatogra phy. with Linomat III spr ay-on equipment. The sam ple
vo lume was 10 ,ul, band length 5 mm, running spe ed 50 mm/,ul , piston speed 10 see/,ul
and nitrogen pressure 2 bar. Elu ent A (chloroform-n-butanol-methanol-water,
20:4 0 :15:20; lower phase) o r eluen t B (chloroform-methanol-wat er . 65:35 :10; lower
pha se) can be used as th e mobile ph ase. The eluent fro n t was 6.5 ern for A an d 7.5 ern
for B. The plat e was sprayed with 10 ml of acetic anhydride-sulphur ic acid- ethanol
(5 :5 :90) and heated at I05"C for 10 min. The ginsen osidcs were revea led with brown
vio let colouring.
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MIR-IR
A microprocessor-controlled IR spectropho tometer was used . The sca n time

was 8 min, abscissa expansion 56 em, Slit medium (resolution at 1100em - 1 , 3 em - l ) .

A micro multiple interna l reflection accessory . including a 45" KRS-5 micro crysta l
(th allium bromide-iodide), 10 mm long x 5 mm high x 0.5 mm thick, was used. To
reco rd the spectru m, 10- 20 /11 of the peak frac tions that are to be investigated arc
placed with a syringe on th e crysta l and the solvent (methan ol) is evaporated in air.

FD-M S
The FD spec tra were produced on a co mmercially avai lab le double-focusing

mass spectrometer equippe d with a combined electron impac t/field ioniza tion/F l) ion
source. All spectra were recorded electrically with scan tim es between 4 and 8 sec/de 
cade and at a mass resolu tion of better th an 3000 (10 % valley definition) . Dat a
acquisition and processing were performed using the data system. For ma ss cali
bration th e electron imp act mass spectra of perfluorokerosene and tris(perfluor o
nonyl)-s-triazine were taken. Th e FD emitte rs used in all experiments were prepared
by high-tem perature act iva tio n of IO-/lm diameter tungsten wires in a home-built
multiple activa tion chamber. In general , emi tte rs with an average length of 30 /~m for
the carbon microneedles were used and their ionization efficiency and adju stment
were determined by mean s of m]z 58 of acetone in the field ionization mode. All
spec tr a were produced at ion source potentials of +8 kV for the field anode and - 3
kV for the slotted cathode plate, an ion source pressure of ca. 10- 7 Torr and an ion
sou rce tem perature bet ween 50 and 60"C. The samples were dcsorbcd by direct heat 
ing using the supplied emitter heating curre nt (0- 70 mA) and by controlling the
emission of FD ion s rou ghly by the total ion monitor. Meth an ol was used as solvent
for all HPLC fractions and an estimated amo unt of ca. I /1g was transferred to the
emitter by the syringe technique. The time required for th e FD investigation of an
HPLC frac tio n containing a saponin was about I h. includ ing sample prepar at ion.
FD measur ement s. dat a processing, outp ut. eva luation and interp retation .

RESULT S AND DI SC USSIO N

On-line methods
In genera l. the identi fication and determin ation of th e substa nces separ at ed by

chroma tography can be per formed on-line, th at is a t the same time as the chrom ato
gra phic separa tion is achieved . Alternati vely, an off-line investiga tion can be app lied.
invo lving co llection of th e effluent and consec utive examinat ion of the chromatograph
ically iso lated fractions by physical or chemical methods. The on-line methods can
be characterised as follows.

Retention time. Identical capacity factor s of a reference substance and the
substa nce to be determ ined in the test materia l is a unr elia ble pea k identifica tion
meth od. as severa l su bsta nces ca n show identica l retentio n times.

U V'spect roscopy, If a UV spectrophotometer is used as a detecto r. it is possib le
to record the UV spectrum of substa nces in the sto p-flow mode. In th is meth od. the
flow of the mobile pha se is sto pped when a su bsta nce that we wish to identify is in the
absorption cell. One mu st wo rk either with a double-beam spectrophotometer or a
single-beam spectropho to meter with a background corrector. Although thi s peak
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identificat ion method has proved effec tive in certa in instances:':", it is not suitable
when there are two or more subs ta nces with identica l U V spectra under the same
peak . Owing to the CZC CZ5 double bonding, all ginsenosides have ident ical UV
spectra Urnax . 203 nm) and molar ab sorptivities (log [; = 4.66). Therefore, if two or
more ginsenosides lie under the sam e peak, it would not be possible to distinguish
them.

Absorbance rat ios. Another technique for co nfirming the pu rit y of compo unds
that appear within a single peak is to use th e absorbance rat ios at several UV wave
lengths". The flow of the mobile ph ase is stopped when a substance is in the absorption
cell and th e absorption at several wavelengths is measured . The ratios of these ab
sorbances give an indi cation of the spectra l properties of the compound in th e cell.
Thi s techn ique is also useful for confirming the purity of compounds . It is not suita ble
when unsep ar at ed substa nces have the same UV spectra and identica l molar ab
sorptivities,

Off-line methods
For the off-line method s, which were preferred in thi s work, the fo llowi ng

techniques were employed. Aft er pr evious tr eatment the extracts were injected into
the high-performance liquid chromatograph; Fig. 2 shows typ ical chromatograms.
The steps in the possible off-line methods for peak identification are shown in Fig . 3.
T hIC fract ion s correspo ndi ng to pea ks Rb I' Rbz, Rc, Rd , Re, Rf, Rg I and Rgz are
collec ted from the chroma togra ph in semi-micro flasks with conica l bottom s (ste p I).
In step 2 the solvent (acetonitrile- water) is evap or at ed. Th e residue is th en dissolved
in a few microlitrcs of methanol and drawn off with a syrin ge (step 3).

Re Rg,

Rb2

Rc

Rb,

Rf

r

--,.-- - I I I ,

20 I11il10 40 20 mino

Fig . 2. High-performan ce liquid ch romat o gra ms o f G 115 S. 7 JlI for el uent A . 12 JlI for eluent B. Elue n t
A : acetonitrile- water (29 :71). 2 ml /rn in. Elue nt B: aceto n itril e -wa ter (1 8 :82), 4 m ljmi n . R b .. 13 JIg; Rb2 •

8 JIg; Rc. II JIg; Rd. 4.4 I,g ; Re, 17 JIg; nr; 2 JIg ; Rg, . II JIg; Rg 2 • I JIg.



42

HPLC-.

~~SEMI- MICRO
FLASK

WITH CONICAL ..•. ...•..
BOTTOM

l'
ROTAVAPOR

I

V
021~g

MICRO MIR
CRYSTAL

H.-R . SCHULTEN, F. SOLDATI

MIR-IR

5~

""'''''''''' ''''''1''')

FD-MS

Fig. 3. Off-line methods for identifying substances separated by HPLC.

TLC. Chromatography with HPTLC (step 6) has considerable advantages
over classical TLC6

. For good resolution, it is important to have the minimal diffu
sion of the spot over as small an area as possible. This is achieved by using a small
sample volume and a suitable non-polar solvent. Therefore, water has to be removed
from the solvent (step 2).

B

--
Rg Rg Rf Re Rd Rc Rb Rb

2 1 2 1
Fig. 4. Thin-layer chromatograms of G 115 (I) (10 Ill), G 115 S (II) (10 Ill) and of the peaks RbI ' Rb 2 , Rc,
Rd, Re. Rf. Rg. , Rg2 (10 ug each) after HPLC. For A and B, see Experimental.
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It is of advantage to combine H PTLC plates with th e Linomat spray -o n tech 
niqu e. in whi ch ni trogen is used as a ca rrier to spot the sam ple on th e pla te. The free
select ion of the sample vo lume be tween I and 100 pI. the ac curacy of sa m ple volume
sp rayed (better tha n I :%,,) and th e free ly selectab le band length en sure the highest
possi ble resoluti on within th e shortest tim e. The res u lts o b ta ined wit h the HPLC
spray-o n tech nique a rc shown in Fig. 4 . T he ginscnosides can be sepa ra ted with a
runni ng di st an ce of 6.5 em wi th elu en t A with in 60 m in . To carry o ut a n accura te
pea k identification, it is also po ssibl e to chromatograph with other elu ents (for in 
stance, B). Table I gives the RF values o btained . This technique has a detection limit of
0.2 llg of ginsenosidc.

TABLE I

RETENTION T I MES (R f · VA LUES) OF T HE G INSENOSIDES I N VESTI G AT ED BY HPTLC

Ginsenoside EIU~1Il A Eluent B

Rg2 0.52 0.40
Rg, 0.53 0.39
Rf 0.44 0.34
R.: 0.42 0.25
Rd 0.37 0.26
R.: 0.2H 0.23
Rb 2 0.22 0.23
Rbi 0.21 0.14

M IR-IR spectroscopy, A useful a pplication of MIR-IR spec troscopy is in th e
ide nt ificat ion of peak s sepa rated by HPLC (steps 4 and 5). T ypi cal fractio n sizes arc
5-- 20 pg and, after eva po ra tio n o f th e solven t, th ey ca n easily be run as film s cast on a
m icro MIR cr yst al. Tota l internal reflect ion occurs within a crysta l of high refracti ve
index. along the crysta l- sam ple interface. when en er gy is passed through it a t an angle
of inc idence great er tha n the critical angle. At each re flection energy penetra tes the
sample, whic h m ust be in o pt ica l co ntact with th e cryst al. and a small amoun t is
absorbed a t the characte rist ic abso rption frequen cies of th e sa m ple, producing a n IR
spectr um s. T h is techn ique a llows th e recording of I R spectra wit h very sm a ll amoun ts
of su bstance. Spect ra that we obtained with 20 pg each o f the pea k fra ction cor
res po nd ing to Rg 1 (A ) and Re (B) arc illustrated in Fi g. 5. In th ese spectra the
absorption bands a t 1640 ern - 1 (C = C) and at 3380 em - 1 (OH) are al so character istic
for the other ginsc nosidcs .

FD-MS. Gas chroma togra phy-electron im pact MS (GC-EI- MS) has been
shown to be very usefu l for th e ide ntification and determ ina tion of the pur ity a nd
struc tures o f ginsc nosides ' . Ho wever, fo r the MS invest igat ion vo lati le deriva tives
(pcraceta tcs or pcrrncthyl ethers) have to be produced . Moreover, th e ginse nosid cs do
not give molecu la r ion s even when dcrivat izcd and even when the sp ec trum is taken at
a low ion izing potent ial (20 eV) ~ .

Previou s investiga tions o f nat ur a l pr oduct s by FD-MS have dem on str at ed th a t
th e tech n iq ue is sui table for th e determ ina tion of th e molecul ar weights of large. po lar
and undcrivat ized glycosi des , Steroid a nd triterpcnc sa po nins", ph ysiol ogicall y ac tive
pcnnogenin and hcder ugcnin glycosidcs 10. cytoto xic ca rdiac glycosides fro m Lopho-
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600

petalum toxicum'l , lignan glycosides from the barks of Ligstrum japonicum '? and
some dammarane saponins':' have been identified in extracts from plant materials.
Moreover , the sequencing of underi vatized oligoglycosides and the comparison of
sequence-specific fragmentation with the mechan ism of solvolysis in solution chem
istry have been reported! ". On th e other hand. the utility of FD-MS for the identifi
cation of biocides' P? ? and drugslll-2 O in fractions of HP LC effl uents, and thus the use
of the FD spectro meter as a highl y sensit ive and specific "off-line" detector. ha ve
been amongst the most successful applicat ions of the technique. These results prompt
ed the present investigation to identify and characterize saponins from Panas gil/
seng extracts in HPLC fraction s (step 7). The que st ion was whether the FD method
allows th e rapid and reliable identifica tion and, to some extent. the qua lity control of
physiologically active natura l products. In genera l. a ll of the ginse nosidcs investi
gat ed gave the [M + Na) + ion as base pea k of the FD mass spectrum. and from this
basic feature the molecular weight was easi ly derived . The compound s Rb2. Re and
Rg1 had already been studied by FD I 3 and the samples from the H PLC fraction s
gave simi la r resul ts . F or insta nce, Re gave the [M + Nat ion at 111/= 969 as base peak
(6000 counts). a weak [M + 39 Kt ion at 111/= 9X5. the [(M + Na) - H20 )+ ion at
111/;: 95 1 (32 % relative abundance). and a doubly charged [M + 2Na] 2+ ion a t 111/=
496 (15 % relati ve abundance). All of thcsc ion s can be used to confirm the correct
assignment of the mo lecular weight and. as will be shown below. arc co mmon in the
FD spectra of the oligogl ycosidcs. In add ition . the loss of a terminal desoxyhcxosc,
rh amnose. is indica ted by the [(M + Na) - 146t ion a t 111/=X23 (40 ~%; relati ve
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abundance) . Further, th e loss of a terminal hexose, glucose, results in a weaker signal
at 1111::: 807 fo r the [(M + Na) - 162]+ ion (22 % relative abund an ce). No other FD
ions were detected when eight FD spectra were averaged at emitter heating cur rents
of bet ween 30 and 35 rnA.

When six FD spectra of compound Rb , were taken between em itter heat ing
currents of 35 and 40 rnA the base peak was again the [M + Nat ion at m ]z 1131
(70,384 counts) and the [M + 2Naf + ion at m]z 577 was of 12 '1.', rela tive abund an ce.
T he sequence-specific ion s for the loss of one glucosyl unit, [(M + Na ) - 162]+, at
1111::: 969 and for the loss of the di saccharide consist ing of two glucose units at fil l : 807.
[(M + Na) - 324]+ , were of minor importance und er the se experimental condi tions
(below 10% rela tive abundance). Also, compound Rg, gave an abundant ion a t m]:
80H or [M + Na] +, at m ]: 823 for [M + 39 K]+ and m]: 415 for [M + 2Na]2+. At the
applied em itter heating current of 30- 35 rnA no sequence-specific fragmenta tio n was
induced .

In order to survey which thermally induced fragmenta tion can be generated
and how these fragment s can be expl ain ed, the ginsenosides Rf, Rd and Rc were
investigated in that section of the desorption process which gave the most int ense ion
curre nts for structura lly significant fragmen ts.

Th e FD ma ss spect rum of Rf o btai ned in this manner is shown in Fig. 6. As
mention ed a bove, th e de termination of the molecul ar weight is stra ightforward as the
signal at m jz 823 produced by attachment of a sodium cation to the intact mol ecule
(cationization ) gives th e base peak of the spectrum. Aga in, ow ing to small inor ganic
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Fig. 6. FD mas s spectrum of the HPLC fracti on conta in ing com pound Rf. Seven mass spectra whieh were
obtained between emitter heating curr ents of 29 and 32 rnA were averaged by the data system . The base
peak corresp onds to 14.536 cou nts; the noise level is abou t 50 cou nts .
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Fig. X. FD mass spectrum of the HPLC fraction co ntaining compound Rc. Within an emitter heating
cur rent in the ran ge betwee n 25 and 30 rnA eight FD spectra ~ere recorded and averaged. The base pea k
represe nts 57.776 coun ts; the bac kground level (noise) is as in Figs . 6 and 7.

sa lt impurities. th e [M + 39 Kr ion at 111/: 839 a nd its isotopic sa tel lites are found.
Loss of wat er from the molecule. probably from the agl ycone. and cationization give
th e [(M + Na) - H20] + ion at 111/: 805 . An indication that th e water loss is ind eed
from the aglycone and not th e suga r moieties is deri ved from th e sign al at 111/: 48 L
whic h can be expl ained as loss of water after cleavage of the disaccharide unit from
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the glycos idic oxygen in position 6 of th e aglycon e. A general fea ture in FD-MS is the
form ation of doubly ch arged ions, and this is particularly valid for glycosides. Th is is
clear ly demonstr ated by the FD ion s at m]: 423, [M + 2N a]2+, and m]: 43 I, [M +
Na + K]2+. The usefulness of these types of ion for addi tiona l confirma tion of the
molecul ar weight has been discussed pre viou sly in deta il" .

Cleavage of th e terminal glucose from the molecu le. proton tran sfer to the
glycos idic oxygen and cati onization are the processes that lead to the ion at m]z 66 L
exp lained as [(M + Na) - 162]+. Simila rly, the loss of both glucose unit s from
pos itio n 6 of the ag lycone occ urs and , as th e glycos idic oxyge n is retained and prot on
tr ansfer results in the hydroxyl fun ct ion, an ion of compar able intensity is found at
111 /= 499 for [(M + Na) - 324]".

For compound Rd more fragment ation was found and, as shown in Fig. 7, the
molecular weight of th is ginsenoside is un ambi guou sly determined by four series of
F D ions. The [M + 39K] + ion at m ]z 985, [M + Na] + at 111 /::: 969, [M + 2Na] 2+ ion
at 111/::' 496 an d [M + Na + 39K]2+ at m]z 504 all give inform ation on the molecular
weigh t. However , minor accom panying substa nces that could also be oligoglycosides
canno t be excluded becau se the signa ls at m]: 953 and 721 are unli kely to be frag -

TAB LE II

D ET ERMINATI ON OF TH E MOLEC ULAR WEIGHTS AN D ASSIG NMENT OF ST RUCTUR
A LLY SIGNIF ICA NT SIG NA LS FO R CO NFIR MAT ION OF TH E SUGA R SEQUENCE IN T HE
HPLC F RACTION OF COM POUN D Rc BY FD-MS

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

Type ofion*

[M + K] +
[M + Nat
[(M + Na) - X]+
[(M + K) - Z]+
[(M + Na) - Z] "
[(M + Na) - X - Z] +
[(M + Na) - Y]+
[(M + Na) - X - Y]+
[(M + Na) - Z - Y]+
[(M + Na) - X - Z - Y] "
[(M + Na) - (Y - Y W
[(M + Na ) - X - (Y - YW
[(M + Na) - (Y - Y) - Z] +
[(M + Na) - (Z - Y) - Yt
[(M + Na) - X - (Y - Y ) - Z] +
[(M + Na) - X - (Z - Y) - Yj i

[M + 2Na]2+
[(M + 2Na) - X]2+
[(M + 2Na) - Z]2+
[(M + 2Na) - Yj2+
I(M - + 2Na) - Y - Z] l +
[(M + 2Na) - X - Y - Z]2+

Relative abundance** Accurate mass

+ 1117.556

+++++ 1101.582

+ 1083.573

+ 985.514

+ 969.540

+ 951.529

+ 939.529

+ 921.519

+ 807.487

++ 789.427

+ 777.477

+ 759.466

+ 645.434

+ 627.424

+ + 562.286

+ 553.281

+ 496.265

+ 48l.266

+ 415.238

+ 406.233

* X = water; Y = glucose; Z = arabinose.
** The relative ab undances fo r electrica l detec tion a re given with five levels: rela tive abundance 0-2() ' ~. ; .

+ ; 20-4 0 :%; = + + ; 40-60 ~{, = + + + ; 60-80 ";, = + + + + ; 80 I 00 '~ :. = + + + + +.
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mcnrs of Rd. A possible explanation is that in this compound the hydroxyl functi on
in position C 12 is labil e and was exchanged against hydrogen (e.g ., after elimina tion
of water). Th e molecular weight of this new compound would be 930 and the cor
respo nd ing [M + Nat ion at 111/:: 953 is detected with low relat ive abunda nce . Loss
of one glucose un it [(M + Na) - 162]+ would explain the ion at m]z 79 1 and the loss
to two hexose suga rs would give the ion at m]: 629. In view of the pronounced signa ls
for elimina tion of water from the aglycone of Rd, viz ., [(M + Na) - 162 - H 20t at
111/:: 789, [(M + Na) - 324 - H20 ] + at I11 /Z627 and [(M + 2Na) - 162 - H20 ]2+ a t
111/::406, eliminati on of water from po sition 12 is a very likely process. Owin g to th e two
possibilities for th e loss o f a terminal glucose from the mol ecule and the abunda nt [(M
+ Na) - 162]+ ion. a doubly cha rged ion for the loss of a sugar unit und water was
obse rved for the first time at m]: 406. Very interesting is a no vel type of ion for [(M +
Na) - 162f +, a signal which represents a doubly charged seq uence ion .

The FD mass spectrum of Rc is shown in Fig. 8 and can be regarded as an
optima l F D spectrum as far as structurally important fragmentation is concerne d. As
all types of ions desc ribed above for the other ginsenosides are detected , the acc ura te
masses of these ion s and their interpretation are listed in Table II in orde r to fac ilita te
the und erstand ing of the information obtained for mol ecular weight and st ruc ture.
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SUMMARY

The effect of silver as a counter-ion for the aqueou s sepa ration of oligo sac
charides on cation-exchange resins has been investigated. Silver form cation-ex
change resins retain oligo saccharides to a greater extent than the calcium form of the
same resins, resulting in a greater number of oligosaccharides bein g separated . By
varying the amount of silver placed on the resin the amount of separation and column
efficiency can be optimized. By using the op timum silver loading technique, the oper
ating range, i.e., the number of oligosacchar ides separated , has been increased by a
factor of two for 4, 5, 6 and 8 %cross-linked resins .

IN TROD UCTION

Corn-derived oligosaccharides have been separated on calcium form 4 %cross
linked cation-exchange resins using water as the sole eluent'<" , When operated at low
flow-rates the calcium form column separates the oligosaccharides in corn syru ps up
to a degree of polymerizati on (DP) of 8. Th e remaining higher-molecular-weight
saccharides elute in the void volume of the column as a single peak at the beginning of
the chromatogra m. While the resolution of the sepa ra tion is generally excellent for
dextrose and maltose, the resolution of the higher corn-derived oligosaccha rides de
teriorates markedly aft er maltotriose and again even more markedly after malto
hexaose. The se sudden changes in resolution ar e probably due to the unique helical
structure of 0( - I-4 linked corn-derived oIigosa ccha rides since no corresponding effect
has been observed for the separa tion of cellulo se-derived oligosaccharides" or for
those derived from inul in.

In addition to the resoluti on losses caus ed by the structure of corn-derived
oligosaccharides, conside rable losses in efficiency are also encountered with increases
in flow-rate on calcium form columns. Effi ciency losses on the order of 50 %ar e not
uncommon for a two-fo ld increase in flow-rate .

Due to these losses and to the ra ther high comp ressibility of 4 %cross-linked

* Presented at the Secon d Chemical Congress '1/ the North American Cont inent, Las Vegas, NV,
August 28.1980.
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resins, usabl e high-speed separa tion of co rn-de rived oligosacchari des is usually lim
ited to DP I th rou gh DP 5 with ana lysis times of 15- 20 min.

Since some of our earlier work? indicated that the number of oligosac charides
separated by a given resin could be doubled with the use of silver as the counter-ion, it
was decided to study th is system further to see if more mechanically sta ble and
efficient resins could be used to improve the quality of the sepa ra tio n and further
reduce the time of the ana lysis.

EXPERIMENTAL

Materials
The chromatographic resins Aminex A-7 (7-11 ,urn), Ami nex A-5 (10-1 5 ,urn),

Aminex 50W-X4 (10- 15 ,urn), an d an experimental 6 % cro ss-link ed, 10-1 5-,um resin
were obtained from Bio-Rad Lab s. (Richmond, CA , U.S. A.). Th e HC -40 (10-1 5 ,urn)
resin was obtained from Ham ilton (Reno, NY, U.S. A.). Th e silver nitrate used for
resin prepar ation was reagent grade from Mallin ckrodt (St. Lou is, MO, U.S.A.).

Chromatographic grade tubing (60 em x 7.8 mm 1.0.) was obtai ned from
Waters Assoc. (Milford , MA , U.S.A.) and 30-cm columns were cut from th is stock
size. Chromatographi c end fittings (Cat. No . 6-IZ2HBZ7-3) were obtained from
Parker-Hannifin (Huntsville, AL 35802, U.S.A.).

Instrumentation
The automated liquid chroma tographic system used in this study consisted of a

Waters Model ALC201 equipped with a Model 401 differential refractometer and a
1000-lbs. solvent delivery system (Waters Assoc .), a System I computing integrator
(Spectra-Physics, Santa Clara, CA, U.S.A.), an Omniscribe Model 52 11 -12 du al-pen
recorder (Houston Instrument s, Austin, TX, U.S.A.) and a custom-built autosampler/
system controller of ou r own des ign. Details of this system have been descr ibed in a
previou s paper".

Resin preparation
Before conversio n to the silver form the resin of cho ice is degassed using a 1:4

slurry of resin in deionized water under aspirator vacuum for 30 min. Following
degassing, the resin is tr an sferred to a 350-ml medium porosity sintered glass buchner
funnel and the excess water is dr awn through the resin bed. Th e resin is then washed
with successive 200-m l porti ons of 0.5, 1.0, and 2.0 M HN03 . Each wash is allowed to
stand on the resin for 20 min befo re being drawn through the resin bed. Fina lly the
resin is washed with three 200-ml washes of deionized water as in the previous step.

Since silver form resins perfo rm more efficiently at less tha n 100 % loading,
conversions are carried out using equilibrium techniques. In order to convert resins to
the desired silver level the following equations and equ ilibriu m co nsta nts are used.

The standa rd equa tion for silver- hydrogen ion-exchan ge equilibria is

MH + % Ag resin
K= - - x 0 •

MAg ' % H resin
(I)

where K is the equilibrium consta nt, MH • is the final mola r concentra tion of H + ,
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MAg + is the final molar concentration of Ag " , % Ag resin is the percentage of the
resin in the silver form and %H resin is the percentage of the resin in the hydrogen
form. For 8 %cross-linked resins, the value of 5.84 has been reported" for K. For 6, 5
and 4 %cross-linked resins the values of K were experimentally determined to be 5.3,
5.0 and 3.0, respectively. By rearranging eqn. 1 and inserting th e desired values of
silver and hydrogen loading, the final Ag + concentration can be calculated using eqn.
2.

M (fi I) _ M H + %Ag resin
A + na - -- X -::-:-::-:- -,--

g K %H resin
(2)

(3)

Using eqn . 2 a long with the amount and the capacit y of the resin , the initi al
con centration of Ag " for a given conversion can be calculated using eqn. 3.

M (i . . I) (MH + % Ag resin) mequiv. of silver on resin
A + mrna = - - x + - - -,-- - -,-------,---,-- -

g K % H resin volume of solution

The following example illustrates the use of eqn. 3 in performing an equilib-
rium conversion :

A 25-ml volume of Aminex A-7 (H +) is to be converted to the 75 %silver form .
The capacity of this 8 % cross-linked resin is 1.7 mequiv.jrnl resulting in a total
capacity of 42.5 mequiv. for the 25-ml amount. Sevent y-five percent of this value, i.e.
31.88 mequiv., is the amo unt of Ag + that will be placed on the resin and will also be
the amount of H + that will be displaced into the solution . Using 500 ml as the final
volume, the following list of values can be tabulated : mequiv. of silver on resin, 31.88 ;
volum e of solution, 500 ml; M H + (final), 31.88/500 = 0.063 8; %Ag resin , 75; % H
resin, 25; K, 5.84.

Inserting these values into eqn. 3 gives the following result s :

. " . (0.0638 75) 31.88
M A g + (initi al) = ~ x 25 + 500 = 0.0966

To carry out the actual con version . 25 ml of the resin of cho ice is slurried in 100
ml of deion ized water and is transferr ed to a 500-ml er lenmeyer flask. Th e appro
pr iate amount of silver nitrate is then added from a 0.4 M stock so lu tion. Th e slurry is
diluted to 500 ml with deion ized water and a magnet ic stir bar is added. From this
point . the resin is protected from light with aluminum foil. Fin ally. the slurry is gently
stirred for 30 min.

After conversion the resin slurry is transferred to a 350-ml medium porosity
sinte red glass buchn er funn el. 250 ml at a time and the excess silver nitrat e so lution is
drawn off with aspira tor vacuum. Th e resin is then washed with three 200-ml portions
of deionized water as in the initial step. All washings are collected and residual Ag + is
determ ined by ato mic absorption spectroscopy. From this determinat ion the amount
of silver retained by the resin can be checked .

Finally , the resin is reslurried in 200 ml of deionized water and is transferr ed
into a light -tight co nta ine r where it is stored until needed.
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Column packing procedure
A 60-cm column is joined with a 30-cm column using a 3J8-in. tubing union

and the assem bly is clamped in a vertical position with the long column on the upp er
end . A 500-ml reservoir is a ttached to the upper end of the 60-cm column and a
plugged 5-J1m end fitting is att ached to the lower 30-cm column. Next the assembly is
filled to the bottom of the reservoir with degassed deioniz ed water. The assembly is
tapped during this step to insure that no air bubbles stick to the walls of the tubing.
Th e prepared resin is reslurried in 200 ml of water and is tran sferr ed into the res
ervoir. Th e resin is then allo wed to sett le into the assembl y for at least 4 h. After
sett ling is complete the reservoir is removed and the upper end of the assembly is
connected to an undamped Milt on-Roy pump. Next the plug is remo ved from the
lower end fitting and flow from the pump is initiated at a rat e appropri ate for the resin
being packed . Pumping schedules for the various resins are listed in Table 1. After
packing is complete the pump is shut off and the upper column is removed from the
assembly. The union is removed from the lower column and the resin from it is
transferred into an end fitting. A small amount of water is added to the resin to settle
it into the end fitting. The water is then removed from the resin by appl ying suction to
the outlet of the fitting. Th e fitting so prepared is attached to the co lumn and will be
used as the inlet.

TA BLE I

CO LU M N PACKING PUMPIN G SCH ED UL E
- - - - _ ._ .- _ ._ .._ . ..._ .

Time
(min)

Cross-link ing (%)

4 (10- 15 11m) 5--6 (10 - 15 WII ) 8 ( 7- 11 Jim )

0-- 60
60-120

120- 180

Flow-rate
[mllmin)

0.1
0.2

Pressure
(p .s.i.g .)

0- 80
80-400*

Flow- rate
( rn l l rn in }

0.5
1.0

Pressure
(p .s.i .g . )

0- 300
300-600*

Flow-rate
(mljmin )

0.5
1.0
1.5

Pressure
(p .s.i.g .}

0- 500
500- 1000

1000-1500*

* Packing is sto pped and the column is ca pped if pressure exceeds this value.

Sample preparation
Since sa lts, acids, soluble protein and particulat e matter interfere with the

quantitativ e analysis of corn syru ps they must be removed prior to an alysis. Simpli
fied clean-up procedures for corn syrup samples have been described in a previous
paper".

Chromatographic conditions
Unless otherwise specified the followin g conditi ons were used throughout. Sol

vent, deionized, degassed wate r main tained at 95"C; co lumn dimensions, 30 cm x 7.g
mm 1.0.; co lumn temperature, 85"C; det ector temperature, 45"C; detector attenu a
tion , 8 x ; recorder sensitivity, 100 mV full sca le; sample concentra tion, 2- 5 %dr y
solids basis; sample volume. 5-1 5 Jll.
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Shown in Fig. I is the separation of a 42 D.E.* acid- hydro lyzed corn syru p on a
commercially prepared 4 %cross-linked resin (Ca2+) run at various flow-rates. The
chromatograms in the figure are typical for corn syrups separ ated on this support. As
Fig. I illustrates, ma rked decreases in resolution occu r aft er the DP 3, DP 6 and DP 9
region s. In addition to losses in resolu tion due to the structure of the corn-deri ved
oligosaccharides, Fig. IA-C also illustra tes the loss in resolution due to increases in
flow-r ate. In terms of theoretical plates, the values based on the dextro se peak are
3611 for the 72-min sepa rat ion, 2958 for the 36-min separatio n and 1738 for the 18
min separation.

A
H

3

z B

H
z

c

H

Fig. I. Chromatograms of a 42 D.E. acid-hydrolyzed co rn syrup at various now-rates. Chromatographic
conditi ons: column (30 ern x 7.8 mm I.D .) Aminex HPX-42 (Ca 2+), 4 %cross-lin ked resin (20-30 li m).
Flow-rate, (A) 0.15 rnl/min ; (B) 0.30 ml/rnin; (C) 0.60 ml/min , Num bers over pea ks indicate DP ; H
indicates higher excluded oligosacchari des.

These problems, along with considera ble lot-to-Iot variati on in the compress
ibility of 4 %cross-linked resin s, prompted the continued study of silver form resins.

Shown in Fig. 2 is the separat ion of a 42 D. E. ac id-hydro lyzed corn syrup on a
4 %cross-linked resin , Aminex 50W-X4 (Ag +) (20-30 tim) . Th is column, described in
an ea rlier study" ind icated that almos t twice as man y oligosaccha rides could be sep
arated on a 4 %cross -linked resin in the silver form than could be separated on the
same resin in the calc ium form. How ever, the resolution of the oligosaccha rides on
these early silver form columns, while different in character , was in general no better
than that obtained on the calc ium form of the same resin.

Initi ally it was believed that these resins were being co mpletely conver ted to the
silver form. Ho wever, su bsequ ent preparations of the sam e resin under slightly dif
ferent conditions gave considerably different results in term s of the num ber of oligo
saccha rides separa ted and the resolution of the separation itself. Th ese variations in
the chromatograph ic behavior of ea rly silver form resins finall y lead to the discovery
that they were onl y parti ally load ed with Ag+, with the remain der of the resin being

* Th ro ughout this art icle, D.E. (dextrose equivalen t) is defined as a measu re of reducing power using
a modified Lane and Eynon pr ocedure".
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Fig. 2. Chromatogra m of a 42 D.E. acid -hyd ro lyzed co rn syrup. Chro matogra phic co ndit ions : co lumn (60
ern x 7.8 mm 1.0.) Arninex 50W-X4 (Ag " ) 4 % cross-linked resin (20-30 11m ). Flow-ra te. 0.3 ml /min .
Numbers over peaks ind icate D P.

Fig. 3. Effect of silver loading on resolut ion . Chro matog rams of a 62 D.E. enzyme-hydro lyzed corn syrup
chromatograph ed on co lumns with var ious amo unts of silver loading. Chromatog ra phic co nditions : a ll
co lumns (30 cm x 7.8 mm 1.0.) Arnincx Q-155 ( 19-25 JIm) with (A) 70y', silver form; (B) 85 ~{, silver form;
(C) 95 % silver form; (D) 100 % silver form resin, Flow-rate. 0.4 rnl/min . Numbers over peak s indicate DP;
H indicat es higher excluded oligosaccharides.

in the hydrogen fo rm. As a result of th is findin g, a study was co nducted to determin e
the effect of percentage silver load ing o n the sepa ration of oligosacc harides.

Separation of oligosaccharides on 8%cross-linked resins
Shown in Fig. 3 are th e chroma tog rap hic results of a study in which an 8 ~~{,

cross-link ed resin, Aminex Q- 15S ( 19-25 JIm) was converted to various silver loading
levels with silver ni trate. In the calci um form thi s resin separa tes a number of mono
saccha rides, maltose, and malto triose from the higher oligosaccharides. However, we
found the separa tio n of the o ligosaccha rides on this resin co uld be extended beyond
ma ltoh exaose by increasing the silver loadi ng level to about 80 %. It was noted that
while increased silver loa di ng effective ly increases the retention of the oligosaccha-
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rides, it also, beyon d a cer tain level, causes a marked red uction in the resolution of the
separation. From this study it was determined more highly cross-linked resins cou ld
be used to separate oligosacc harides with more efficiency than the 4 %calcium form
resins , providing that the amount of silver on the resin was adjusted to an optimum
level.

Shown in Fig. 4 are improved sepa rations of a 62 D.E. enzyme-converted
syrup on another 8 % cross-linked resin, Am inex A-7 (7- 11 /lm) at the 75 % silver
loading level at various flow-rates. By using this high -performance resin converted to
its optimum silver loading level of 75 %, high resolu tion separation of the oligosac
charides can be obtained through D P 6 in 20 min . By increasing the flow-rate two 
fold to 0.8 ml/min , the time of the analysis can be further reduced to 10 min. At this
flow-rate the only peak to suffer a significant loss in resolution is the D P 6 peak. This
excellent retention of resolution with increases in flow-rate is due to two additional
beneficial features of silver form resins. First, silver form resins are more efficient, in
terms of theoretical plates , than the same resin in the calcium form . Second, silver
form resins retain their efficiency to a greater extent with increases in flow, than the

I

2
2

2

A B C

H 3 H 3 H
3

5 5 5

~ F ~ F
,

F
'-' v-

1'0 2~ 7~5 I ~ ~ 1
10

MIN UTES

Fig . 4. Chroma tograms of a 62 D .E. enzyme-con verted corn syrup at various flow-rates. Chromatog raphic
condi tions: column (30 em x 7.8 mm I.D .) Aminex A-7 (7-11 11m ), 75 %silver form . Flow-rate, (A) 0.40
ml/min; (B) 0.60 ml/rnin ; (C) 0.80 rnl/min . Numbers over peak s ind icate DP; H ind icates higher excluded
oligosaccharides.
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same resins in the calcium form. Fig . 5 illustrates the comparison of Aminex A-7 in
both the silver and the calcium form versus flow-rate. At a flow-rate of 0.4 mljmin
Aminex A-7 (Ag ") is more than five times as efficient as Am inex A-7 (Ca 2+).
Moreover, at an increased flow-rate of 0.8 mljmin Aminex A-7 (Ag+) is more than
ten times as efficient as Aminex A-7 (Ca2+). These features are again due to the
unique complex that silver forms with the oligosaccharides.

(N) THEORETICAL PLATES

14000

12000

10000

8000

6000

4000

~
~ Ag+

2000

Ca 2 -+

0.2 0 .4 0.6 0.8
Flow - r ate (rnl / min J

Fig. 5. Comparison of efficiency of Aminex A-7 (Ag " ) and Aminex A-7 (Ca H
) versus flow-rate . Efficiency

versus flow for (A) (30 cm x 7.8 mm I.D.) Aminex A-7 8 %cross-linked resin column (7-11 /lm) , 75%
silver form and (B) (30 ern x 7.8 mm I.D .) Aminex A-7 8 %cross-linked resin column (7-11 /lm), 100%
calcium form. Theoretical pla te ca lculations based on N = 5.554 (tR/WI/2)2 for dextrose, where N =

number of theoretical plate s, t R = retention time, and WI 12 = peak width at half-height.

It has been reported by Gould ing? that Ag + resins form strong monodentate
complexes with most monosaccharides, while Cal + forms bi- and tridentate com
plexes with the same series of sugars depending on their structure s. Whil e the silver
monodentate complex is less selective for monosaccharides, it is much stronger than
the bidentate complex of calcium for the oligosaccharides. Thi s stro nger complex
brings about the greater retention of all the oligosaccharides and allows more of them
to be resolved from the truly excluded higher-molecular-weight sugars . Table II lists
the capacity factors of the corn-derived oligosaccharides on various resins in both the
silver and calcium form .

It was also reported by the same author? th at Ag + resin s have little or no
ability to resolve ('J. and fJ anomers of glucose, while Ca2+ resins at ambient tempera
ture give partial separa tion of the sam e pair. While th is feature of ca lcium form resins
is less than desirable for most purposes, it can be suppressed by operating at elevated
temperature. However, since Ag " resins show no tendency to separate ('J. and f3
anomers of the glucos e oligosaccharides, operation at elevated temperatures gives rise
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to significant ly narr ower peaks th an th ose obtained on the calcium form. This red uc
tion in peak width along with increased retention accounts for the large differences in
efficiency obs erved between the silver and calcium forms.

Separation of oligosaccharides on a 6%cross-link ed resin
While additional oligosaccha rides can be reso lved fro m the higher excluded

saccharides on 8 %cross-linked resins by increasing the amount of silver on the resin ,
it generally results in some loss in reso lution on the lower -molecu lar-weight end of the
separation. An alternate method to increase the number of saccharides resolved is to
use a resin with less cross-linking. Shown in Fig . 6 is a 42 D.E. acid -hydrolyzed syrup
separated on a 6 %cross-linked resin in the silver form at var ious flow-rates. Th e resin
used in this portion of the study is cur rently an experimenta l I0-15-,um product with a
capacity of 1.6 mequiv. rml . As illustrated in Fig. 6, this resin can separate the oligo 
saccharides thro ugh DP 9 when con verted to 86 % of its capacity with Ag " . Also
apparent is again the excellent retenti on of resolution with increased flow. This resin,
which is only slightly less rigid tha n the 8 % cross-linked Am inex resins, can be
pumped at flow-rates of 0.8 ml /min in a 30 em x 7.8 mm I.D. column and produce
separations of the oligosaccharides in a corn syrup through D P 7 in less than 12 min .
At this flow-rate the only significant loss in resolution occurs around the DP 8 region .
However, in order to counteract this loss, a flow-rate of 0.6 ml/min is used and the
samples are injected on an over-lap basis every 12 min with an autosampler of our
own design.
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Fig. 6. Chromatograms of a 42 D .E. acid-hydrolyzed corn syrup at various flow-rates. Chromatographic
conditions: co lumn (30 cm x 7.8 mm 1.0.) Aminex exper iment al o X cross- linked resin (10-15 j!m). 86; ;,
silver form. Flow-rate, (A) 0.25 ml /rnin: (B) 0.55 ml /rnin ; (C) 0.80 ml /min. Numbers over peaks indicate
DP; H indicates higher exclud ed oligosaccharides.

Fig. 7 illustrates the analysis of a series of different corn syrups using the over
lap inject ion technique. As illustrated in this figure, operation at a flow-rate of 0.6
ml/min offers the resolution of an 18-min an alysis but with a sam pling rate of one
sample per 12 min , uti lizing the relatively large void time of resin columns.
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Fig. 7. Chromatograms of various corn syrups injected on an over lap basis. (A) a 28 D.E. enzyme
converted corn syru p; (8) a 35 D.E. acid-hydrol yzed corn syru p; (C) a 42 D.E. acid -hydrolyzed corn syrup;
(D) a 53 D.E. acid-hydro lyzed corn syrup; (E) a 62 D.E. enzyme-converted corn syrup. Chromatographic
cond itions : co lumn (30 ern x 7.8 mm 1.0.) Arnine x exper iment al 6 %cross -linked resin (1O~15 pm) 86 %
silver form. Flow-rate, 0.6 ml/rnin. Numbers over peaks ind icate DP ; H indicates higher excluded sac
cha rides.

Although not originally intended for monosaccharide separations the high
performance silver form resins also give a sati sfactor y separation of fructose from
dextrose. Shown in Fig. 8 is the separation of a series of saccharide standards with
fructose included . While the amount of separation is not as large as that obtained on
the calcium form, it is suffic ient for the analysis of high fructose/regular corn syru p
blend s.

Separation of oligosaccharides on 4- 5% cross-linked resins
While rapid sepa rations through DP 8 ar e generally sa tisfactory for the routine

char acterizat ion of corn syrups, occa sionally a need arises that requires extended
separ ati ons beyond th is range. In an effort to fill th is need, several 4--5%cross-linked
resins were stud ied in the silver form, using the optimum loading technique.

Shown in Fig. 9 is the separation of a 42 D.E. acid-hydro lyzed corn syrup on a
5%cross-linked resin in the silver form at various fl ows. Although the manufacturers'
original specifica tion for this product stated th at its degree of cross-linking was 4 %,
its mechanical stre ngth along with its chromatographic behavior in both the silver
and calcium forms indi cate that it has an effective cross-linking of approximately 5 %.
As illustrated in Fig. 9A thi s resin can separa te the oligosa ccha rides through DP 12
when converted to 71%of its capacity with Ag +. Ca pa ble of withstanding flow-rates
of over 0.6 ml/rnin it can produce separations of the oligosacc ha rides up through DP
10 when pumped at a ra te of 0.7 ml /rnin as illustrated in Fig. 9C. However , since th is
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Fig. 8. Chromat ogram of saccharide standard s on (30 ern x 7.8 mm 1.0.) Amin ex experimental 6 /;, cross
linked resin (10--1 5 Ilm) 86 % silver form . Flow-ra te. 0.55 ml/rnin . F = fruc tose; I = dextrose; 2 =

maltose; 3 = maltotriose; 4 = maltotetraose; 5 = maltopentaosc; 6 = maliohexaose: 7 = maltoheptaose;
8 = maltooctaose; H = dextran 10.
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Fig. 9. Ch rom at ograms of a 42 O.E. acid-h ydr olyzed corn syrup at various now-rate s. Chromatographic
conditions : co lumn (30 cm x 7.8 mm 1.0.) Hamilt on HC-40 50;, cro ss-linked resin (I 0-15 11m) 71 00silver
form . Flow-r at e (A) 0.25 ml/rnin ; (B) 0.55 nil/min: (C) 0.70 nil/min . Numbers over pcaks indicat e OP ; H
indicate s higher excluded oligosaccha rides .
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resin loses considerable resolution at this rate, due to a slightly asymmetrical particle
size distribution, it is generally operated at the 0.55 ml/min rate shown in Fig. 9B and
is injected on an over-l ap basis every 18 min .

The final resin stud ied in this series is another experimental product designated
Aminex HPX-42 (10-15 pm). Thi s product is a smaller particle size version of the 4 %
cross-linked resin shown in Fig. I . Shown in Fig . lOis the separation of a 62 D .E .
enzyme-converted corn syrup on Aminex HPX-42 (10-15 pm) converted to 70 %of
its capacity with Ag+ . As illustrated, this high-performance resin can sepa rate oligo
saccharides through DP 15 in 60 min when operated at a flow-rate of 0.2 ml /min.
Shorter an alysis times are not practical with thi s resin since its small particle size gives
rise to criti cally high backpressure at flow-rates above thi s value. While thi s column
does not operate at the higher speeds of the other columns shown, it does illustrate
that with optimum silver loading, high-resolution separation of corn-derived oligo 
saccharides can be made through DP [2 without marked losses in resolution afte r
every half turn of the helix.

3

MINUTES

Fig. 10. Chroma togram of a 62 D.E. enzyme-hydrolyzed corn syrup. Chromatographic conditions:
column (30 cm x 7.8 mm 1.0 .) Amin ex 4 %cross-linked resin (10-1 5 jlm ) 70 %silver form . Flow-rate , 0.2
ml/min . Numbers over peak s indicat e DP ; H ind icates higher excluded oligosacc harides.

CONCLU SIO N

We ha ve found that the increased retenti on and resolution cha racteristics of
silver form resin s pro vide an an alysis of corn derived oligosaccharides superior to
that obtained on equi valent resin s in the calc ium form. While the aspect of partial
silver loading is not yet clearly und erstood, it has provided a method to produce high
resolution separations of oligosaccharides on mechanically sta ble resin s that in oth er
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metallic forms resolve only mono-, di- and trisaccharides. Partial loading also ap
pears to increase column life of silver form resins . Several columns from this study
have been in operation for over 22 months and they show no indication of silver
reduction .
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SU M MA RY

A high-performance liquid chromatographic (HPLC) method for the analysis
of reduced unsaturated disaccharides derived from enzymatic digestion followed by
reduction with sodium borohydride of chondroitin sulfates, dermatan sulfate , he
par an sulfate and heparin is described, This method is well suited for the HPLC
ana lysis of glycosaminoglycans (GAGs) because the possibility of obtaining anomeric
forms of unsaturated disaccharides is eliminated which provides a major advantage
for quantitation. This procedure is more sensitive than existing HPLC methods for
the determination of enzym atic degradation products from GAGs. In particular, the
resolution of disaccharide products from heparan sulfate is improved after reduction .
The appl icability of this method for the det erm ination of GAGs in biological samples
is demonstrated.

INTROD UCTION

Glycosaminoglycans (GAGs) are members of a group of related het eropoly
saccharides which can be degraded by specific enzymes to produce unsaturated disac
charides containing a reducing end. Two major groups of disaccharides have been
reported : (I ) disaccharides from chondroi tin sulfate isom ers aft er digestion with
chondroitinase enzymes" , (2) disa ccharides from heparan sulfate and heparin after
digestion with heparinase and/or heparitinase enzyrnes<" . The assays of these d isac
cha ride products provide useful tool s for identificati on, structural an alysis and quan
tification of GAGs5 .6 . High-performance liquid chromatography (HPLC) has been
sho wn to be a successful technique for these assays . It is more sensi tive, precise and
faster than other chroma tographic methods7- 1 1 .

When HPLC is used for the quantitation of the unsaturated disaccharides from
GAGs two peak s often have been observed for each disac charide, which has been
considered to be due to the presence of sugar anomeric form s7

. J I . Ot otani et al.1O also
have assumed that anomers are present during the ion-pair reversed-phase HPLC of
cho ndroitin sulfate disac charides. These GAG disaccharid es contain a reduc ing end
which is the anomcric center in each molecule and therefore mixtu res of CI. - and [J-
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anomeric forms may be detected under appro pria te chromatograph ic conditions.
Thi s phenomenon interferes with separations and has limited the quantificati on of
these disaccharides.

In th is report the effects of sodium borohydride reduction of sugar carbonyl to
terminal hydroxymethyl groups ar e described. Thi s approach does indeed eliminate
an omeric forms and also increase s the sensitivity and resolution in HPLC of en
zymatic degradation products from GAG .

EX PE R IM EN T A L

Apparatus
The HPLC system employed in th is work included a Model 6000A solvent

delivery system, a U6K uni versal injector and a Model 440 UV detector (Waters
Assoc., Milford , MA , U.S.A. ). Th e recorder used was a Houston Instrument (Austin,
TX , U.S.A.) OmniScribe A5211-5 du al-p en recorder. Peak heights, peak ar eas and
retention times were measured by an on-line Model Supergrator-I integrator (Co
lumbia Scientific, Austin , TX , U.S .A.). A prepacked HPLC co lumn, Parti sil-IO PAC,
10 flm , 25 cm x 4.6 mm J.D . (Wh atman, Clifton, NJ, U.S.A.) was employed.

Reagents and materials
Chondroitin 4-sulfat e, the unsaturated disaccharides (LlDi-OS, Ll Di-6S and

LlDi-4S)* from chondroitin sulfate isomers, chondroitinase ABC (E.C. 4.2.2.4) from
Proteus vulgaris and chondro itin ase AC (E.C. 4.2.2.5) from Arthrobacter aurescens
were products of Seikagaku Kogyo, Tokyo, Japan and were purchased from Miles
Labs. (Elkhart, IN, U.S.A .). Chondroitin 6-sulfate was purchased from Calbiochem
(San Diego , CA , U.S .A.). Th e unsaturated disaccharides (LlDi-HS b-I, Ll Di-HSb-II,
Ll Di-HSb-II I and LlDi-Hea-I)** from heparan sulfate and heparin were generous gifts
from Dr. Alfred Linker (Uni versity of Ut ah, Salt Lake City, UT , U.S.A.). The urine
sample from a pat ient with Maroteau x-Lamy disease was supplied by Dr. John T.
Dul ane y (Uni versity of Tennessee, Memphis, TN, U.S.A.) .

Meth anol and acetonitrile, HPLC grade, were obtained from J. T. Baker (Phil
lipsburg, NJ , U.S.A.). Sod ium borohydride and sodium tetraborate were purchased
from Fisher Scientific (Pittsburgh, PA, U.S .A.). Doubly distill ed water passed
through two mixed-bed ion- exchan ge cartridges was used in preparation of am
monium formate buffer for the HPLC mobile phase. The buffer was passed through a
0.45-flm filter prior to use.

Isolation of urinary GAGs and enzymatic procedure
The isolation of GAGs from 2 mlurine specimens and the enzymatic digestions

* Ll D i-OS = a non-sul fat ed disacch a ride fro m chon dro it in: ADi-6S = a 6-su lfat ed disacch aride from
cho ndro itin 6-sulfa te; Ll D i-4S = a 4-sulfat ed d isacc hari de fro m cho ndroi tin 4-sul fat c. For detailed st ruc 
t ures and pr ep arat ion s, see ref . I .

** Ll Di -HS b-I = a non -sul fat ed disacc hari de fro m hep ar a n su lfa te ; LlDi-HSb-11 = a disaccha ride from
hepar an sulfa te co ntaining o ne sulfate gro up on the ace tylglucosaminc un it: Ll Di-H Sb-111 = a disacch ar ide
fro m hepar an sulfa te con ta ining N-sulfat ed glucosam ine: ADi- He,,-1 = a trisulfat ed disacch ar ide fro m he
par in . Fo r de ta iled struc tu res and prepa ration s. see refs. 2 and 4.
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of stand ard chondroi tin sulfat es and urinary GAGs by chondroitinases were carr ied
out as described previously'l-! " .

Chemical reduction
Standard unsaturated disaccharides (200 pg) , and enzymatic deg radation pro

duct mixtures obtained from 200 pg standard chondroitin sulfates or fro m I ml
Maroteaux-Larny urine were individually dissolved in 200 pi of 0.1 M sodium borate
buffer (pH 8.2). A 2.5-mg amount of sodium borohydride in 100 pi of 0.1 M sod ium
borate (pH 8.2) was added to eac h so luti on in severa l steps. The vor tex mixing was
done with a Super-Mixer (M atheson Scientific) after each addition . Aft er shaking
gent ly at room temperature for 3 h, the solutions were refrigerated for 3 h and th en
neutralized to pH 5.0 with 0.5 M acetic acid to destroy excess sodium borohydride.
Each solution was dried under a stream of nitrogen and the residue, dissolved in 90 %
aqueous methanol, was ap plied to the HPLC column.

HPLC
An aliquot from each reduced disa ccharide product was injected and chromat

ographed at 1.5 ml/min with a ternary so lvent system of acetonitrile-methanol-am
monium formate buffer on a Whatman Parti sil- IO PAC column. The composition of
the mobile phase was systematically varied in order to select the optimal conditions
for separation.

The chromatography was carried out isocratically at room temperature. De
tails are given separately with each chromatogram.

RESULTS AND DISCUSSION

Sodium borohydride ha s been widely used for the derivatization of reducing
sugars (neutral sugars' P '!", amino sugars l 5

.
1b and sugar acids I 7

•
1 8

) for gas chroma
tography. The reduction of the unsaturated disaccharides of GAGs using sodium
borohydride was reported previously'v"? and is assumed to reduce the carbonyl
groups to give the structures shown in Fig . I . Recently, in sequencing studies of

COOH yHzOH

{}:

H- ? - NHAC

H O- C - H
OH H I

H RO- C- H
I I

H OH H-C- OH
I
CH20R2

CHZORZ
COOH I
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H O-C-H
OH H I
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I
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Fig. I. Str uctures of reduced disaeehar ides from GAGs.
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Fig. 2. HPLC of the reduced unsaturat ed disaccharid es from chondroi tin sulfate isomers. Peaks : 1
rLl Di-OS; 2 = rLlDi-6S; 3 = rLl Di-4S. Co lumn: Part isil-I O PAC, 10 Jlm, 25 ern x 4.6 mm I.D. Solvenl
system : acetonitrile -methanol-0.5 M ammonium formate , pH 6.0 (69:14:17). Flow-rate: 1.5 ml/rnin. Pre
ssure: 600 p.s.i. UV detection at 254 nm , 0.01 a.u.f.s.

chondroitin sulfates, sodium borohydride has been used to form redu ced oligosac
cha rides and unsaturated disacchar ides which were ana lyzed by HPLC on a Partisil
IO SAX anion-exchange colurnrr'". Compo unds 1-7 are the redu ced disaccharides
fro m Ll Di-OS, Ll Di-6S, Ll Di-4S, Ll Di-HSb-I, Ll D i-HSb-lI , Ll Di-HSb-III , and LlDi-Hea 

I, respectively. A separa tion of the three reduced chondroi tin sulfate disaccharid es
rLlDi-OS, rLlDi-6S and rLlDi-4S is show n in Fig. 2. Th e reso lution of these three
reduced compounds is similar to that of non -reduced disacch arides", However, the
efficiency in the chro matography of the reduced com po unds is much higher as in
dicated in Table I which shows the comparison of the number of theoretical plates of
reduced and non-reduced disaccharide peaks under a vari ety of compos itions of
mobil e ph ases. Th e effective baseline sepa ra tions for redu ced and non-reduced disac
cha rides were achieved by mob ile phases I and 2, respect ively. It is clearl y indicated
th at the number of theoretical plat es of redu ced disaccharide peak s is increased
fro m two- to seven-fo ld when co mpared with non-redu ced d isaccharides depending
on acetonit rile-metha no l rat io and the molarity and pH of aq ueo us ammo nium
formate in the mobil e ph ase.

Fig . 3 illustr at es the H PLC separa tion of red uced non- sul fat ed and mon osul
fated disaccha rides from heparan sulfa te. M uch bett er resolu tion was achieved in
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T A BLE I

THE D EP ENDENC E OF TH E NU M BE R O F TH EOR ETICAL PLAT ES (N) FOR THE SE PA
RATI ON O F RED UC ED AND OF NON-RED UC ED C HON D RO IT IN SUL FATE DI SACCHARID E
PE AK S ON AC ETONITRILE-METH AN OL RATI OS AND p H AN D MOLARITY O F
A M MON IU M FORMATE I N TH E M OBILE PH AS E

N was calc ulated by hal f peak height method , using N = 5.54 (t R/ Wi l2 where 1R = retent ion time and Wi =
peak wid th a t ha lf peak heigh t. Column : Part isil-I O PAC. 10 /lm , 25 em x 4.6 mm J.D. Flow -rate : 1.5
ml /m in .

Disaccharide N

Acelollilri le-/1/ellll/1/ol-a/1//1/0IliU/1/ formate (m olarity, pH ) rat io

( /) 69 : / 4 : / 7 (0.5 M , (2) 59:24: / 7 (0.5 M , (3) 69 : / 4 : / 7 (0.5 M. (4) 69: / 4: /7 (0.8
pH 6.0 ) pH 6.(1) pH 5.0) M . pH 6.0)

Ll Di -OS
Ll Di-6S
Ll Di-4S
rLlDi-OS
rLlDi-6S
rLlDi- 4S

0 .003

572
871
820

2861
2428
2459

646
870
854

1766
1930
1920

504
604
653

2681
2458
2506
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680
695

32 15
2930
2833

w
U 0 .002
Z
<t
(I)
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~ 0.001
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Fig. 3. HPLC o f th e reduced unsaturat ed disaech ar ides fro m hep aran sulfa te . Pea ks : I = rLlDi-H Sb-I; 2 =
rLlD i-HSb-II ; 3 = rLlD i-HSb-ll l. Co lumn : Parti sil-IO PAC, 10 /lm . 25 em x 4.6 mm J.D . So lvent sys tem :
aeeton itr ile-methanol-0.5 M ammon ium formate. p H 4.5 (60:20 :20) . Flow-rat e : 1.5 rnl /rnin . Pre ssure : 750
p.s.i. UV detect ion at 254 nrn , 0.01 a .u.f.s.

compari son with HPLC of non-reduced compounds!" . Each reduced compound
form ed from chondroitin sulfates as well as heparan sulfate gave a single and much
sharper peak under all chromatographic conditions. This is an important ad vantage
for qu antitation and supports the conclusion that anomeric forms were eliminated.

Th e retenti on beha vior of these reduced disacch arid es, as chromatogra phed on
the cyano-amino bonded sta tiona ry phase. showed a strong and sensitive dependence
on the rati o of acetonitrile and methanol content in the eluent. Table II sho ws the
capacit y rati os (k ') of these redu ced disaccharides det erm ined as a function of the
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TABLE II

THE DEPENDENCE OF CAPACITY RATIOS (k ') OF THE RED UCED DISACCHARIDES FROM
GAGs ON THE ACETONITRILE AND METHANOL CONTENT OF TH E MOBILE PHASE

Values given are mean k ' values determined from five separate chromatograms . Column : Partisil-l 0 PAC,
10 pm, 25 em x 4.6 mm I.D . Flow-rate : 1.5 ml/rnin . UV detection at 254 nm, 0.01 a.u.f.s.

Reduced disaccharide
from chondroitin sulfates

k'

Ratio of acetonitrile-methanol-U .S M ammonium f ormate (pH 6.0)

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

rL1Di-OS
rL1Di-6S
rL1Di-4S

0:83:17

0.94
7.43
7.26

19:64 :1 7 39:44:17 59:24 :1 7 69:14 :1 7 74.9 .1 7

1.01 1.31 2.23 3.40 5.96
4.56 3.35 3.30 4.27 7.12
4.47 3.51 3.74 4.90 8.35

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

Reduced disaccharide
from heparan sulf ate

Ratio of acetonitrile-methanol-tt .S M ammonium formate (pH 4.5)
--_ - __ .__.._ - - - _ .._.- __ .

0:80:20 20:60:20 40:40:20 60:20 :20 65:15:20 75:5:20
_ _ -"0___- --_.__._- _ .. _---,- --- ---.-.

rL1Di-HSb-I 0.99 1.01 1.11 1.56 I. 95 6.90
rL1Di-HSb-II 6.78 4.09 3.05 2.73 3.06 8.54
rL1Di-HSb-III 10.85 7.09 4.90 3.93 4.24 11.05
- - _ .._-- - - - . . -------_._--

concentration of acetonitrile and methanol of the mobile phase, while keeping the
content of aqueous ammonium formate constant. The k ' values of reduced sulfated
disaccharides from both chondroitin sulfates and heparan sulfate first decrease with
increasing acetonitrile content and decreasing methanol content, pass through a min 
imum, and then increase sharply. The k' values of reduced non-sulfated disaccha
rides (rLlDi-OS and rLlDi-HSb-I) increase slightly in the region in which k' values of
reduced sulfated disaccharides decrease and then increase sharply as did the reduced
sulfated disaccharides. A reversed retention order of rLlDi-6S and rLlDi·4S was ob
served when these two organic solvent contents were varied . The k' values of all
reduced disaccharides decrease with increasing aqueous ammonium formate content.
After using a column for a period of time with a given mobile phase, the retention
times of all disaccharides may decrease due to loss of column efficiency. An adjust
ment of mobile phase composition was necessary in order to maintain the optimal
conditions for separation. The difference in retention behaviors of these compounds
from column to column can also be overcome in the same manner. The reduced
trisulfated disaccharide (rzlDi-Hej-I) derived from heparin can be quantitated using
an ion-pair reversed-phase method as described for HPLC of the non-reduced trisul
fated disaccharide!!.

In order to evaluate the linearity and the sensitivity of this procedure, the
following experiment was performed. Duplicate aliquots containing 200 /lg of the
unsaturated disaccharides were prepared. One set of these aliquots was reduced with
sodium borohydride and the other set was used without chemical modification. Both
sets, reduced and non-reduced disaccharides, were chromatographed separately
under the conditions which gave effective separations for each disaccharide isomer
group. The peak . height of each disaccharide was plotted against the amount of
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compound injected. Excellent linear relati on ship s exist for both sets of disacchar ides
as shown in Fig. 4. The results a lso ind icat e that the detection sensi tivity is increased
by a factor of at least 2 by employ ing sodium borohydr ide redu ct ion.
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Fig. 4. The linearity or HPL C analysis for redu ced disacchar ides and the comparison or detection sensi
tivity between red uced prod ucts and origina l non -reduced compounds. Cu rves: • • rLl Di-OS; . , rLlDi-6S;
.... rdDi-4S; O . d Di-OS; O . d Di-6S; 6. d Di-4S.

Th e applica bility of this redu ct ion pro cedure to biological samples was de
monstr ated by the analysis of enzyma tic degrad ation products of sta nda rd chon
droitin sulfates and urin ar y GAGs from a patient with Maroteau x-Lam y disease (F ig.
5). Th e two top plot s in Fig. 5 illustrate HPLC separa tions of reduced disaccharid es
obtained after the treatment of either chondroitin 4-sulfate (left ) or chondro itin 6
sulfate (right) with chondroitinase ABC and borohydride redu ction . As expected,
L1 Di-4S and fLjD i-6S are the maj or products of chondroitin 4-sulfat e and chon
droitin 6-sulfate, respectively. Th e two bottom plots in Fig. 5 show sepa rations of
reduc ed disacch arid es from Maroteau x-Lam y urin ar y GAGs after digestion with
cho ndro itinase ABC (left ) or AC (right) followed by bor oh ydr ide reduction. The
large difference in amounts of rLJDi-4S produced by the two d ifferent chondro itinases
confirms the excretion of large amo unts of derm atan sulfate ' , a characteristic of
Mar oteau x-Lam y diseuse?". Severa l additio na l impurity peak s a ppea r in the chro
matographs. However , they are eluted lon g before redu ced disaccharide peaks and do
not inter fere with this qu antifi cati on .
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Fig . 5. HPLC of products of enz ymatic degradation followed by sodium borohydride reduction of stan
dard chondroitin sulfates and urin a ry GAGs : standard' chondroitin 4-sulfate (top left) and chondroitin 6
sulfate (to p right ) degraded by chondro itinase ABC; GAGs from a Maroteaux-Lamy urin e degrad ed by
chondroitinase ABC (bottom left ) and by chondroit inas e AC (bo tto m right). Peak s: I = rLlDi-OS ; 2 =
rLlDi-6S; 3 = rLlDi-4S. Th e a mo unt injected was 2.5 % of th e reaction products fro m 100 J.lg sta nda rd
cho nd roi tin su lfa tes or from GAG of I ml Mar oteau x-Lam y ur ine. Chro ma tog ra phic co ndi tions as in Fig.
2.

In this laboratory the procedure described is a valuable addition to the existing
methodology for the ana lyses of GAGs. It permits a faci le analysis of lower levels of
GAGs in biological samples when compared to previously described procedures in
volving enzymatic degradation .
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SUMMARY

The pungent principles of ginger (Zingiber officinale Roscoe), the gingerols
and related compounds, were investigated by gas chromatography and gas chroma
tography-mass spectrometry using several chemical derivatives and deuterium label
ling. Gingerdiones, postulated intermediates in the biosynthesis of the gingerols, were
identified together with desmethylhexahydrocurcumin and the shogaol analogues of
the hexahydrocurcumins.

INTRODUCTION

Previous studies on the composition of the pungent principles of ginger tZin
giber of fi cinale Ro scoe) have shown th at the major constituents are the homologous
gingerols (I) and the shogaols (11)1-4; the latter compounds are thought to be partly
formed from the gingerols by decomposition 1,5,6. Other related compounds present
in smaller quantities include paradols (III), gingediols (IV) , zingerone (V)2,3,7, hexa
hydrocurcumin (VIa)8 and the O-methyl ethers of many of these compounds1 .4.

Lower boiling extracts contain a range of terpenes and related compounds'"" 2. It has
been proposed th at the biosynthesis of the gingerols involves th e condensation of
dihydroferulic acid first with malonic acid and then with a short chain carboxylic acid
such as hexanoic acid to give the intermediate gingerenedione (X , Fig. 1). This can
either be reduced to the ketoalcohol (XI) and hydrogenated to gingerol (I), or hydro
genated to gingerdione (XII) and then reduced to gingeroI13- 15. Of these pathways.
the first seems to be preferred as the reduction of gingerdione (XII) appear s to be a
relatively inefficient process l5. However, neither gingerdione or the intermediate (XI)
appears to ha ve been identified in the ginger plant. In this paper . we describe the
identification of three gingerdiones corresponding in cha in lengths to the three major
gingerols (Ia, n = 4, 6 and 8). Other new compounds identified were desmethylhexa
hydrocurcumin (VIb) and the shogaol equivalents (XlIIa, b) of both hexahydrocur
cumin (VIa) and desmethylhexahydrocurcumin (VI b) , These are probably produced

0021-9673/81/0000-D000 /$02.50 ~) 1981 Elsevier Scientific Publi shing Co mpany
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Fig. I. Proposed scheme14 for the biosynthesis of the gingero ls and hexah ydrocurcumins. Gingero ls are
produced when R is an a lipha tic carboxylic acid such as hexan oic whereas the hexahydrocurcumins result
fro m condensa tion with an aromat ic acid such as dihydroferu lic acid .
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by the same biosynthetic pathway as the gingerols by condensation of the inter
mediate IX with either dih ydroferulic or dih ydrocatTeic acid (XI V).

R= CHJ • XIIlo
R= H , XIll b

EXPE R IM ENTA L

Dihydroca tfelC acid , XN

Preparation of samples
Root ginger from Jamaica was obtained locally. Gas chromatographic-mass

spectrometric (GC-MS) studies on severa l samples showed similar profil es.
A 1.5-g amount of dry root was crushed and left to sta nd with ethyl acetate for

30 min. Th e solution was filtered and evaporated to dryness to yield 200 mg of oil.
Thi s was dissolved in 20 ml of ethyl aceta te to give the stock solution. Aliquots of this
were derivat ized as described !:'~low .

Trimethylsilyl ( T MS) derivatives. Th e sample (0.1 ml) was blown to dr yness
(nitrogen stream) and heated with a mixture of N,O-bis(trimeth ylsilyl)trifluoroacet
amide (BSTFA, 4 Ill), trim eth ylchlorosilan e (T MCS, 2 Ill) and acetonitrile (4 Ill) at
60°C for 10 min. Aliquo ts of the mixtu re were injected directly into the chromato
gra ph.

I ZflQ j TM S deriva tives:", The sample was heated with [ZH ls]bis(trimethylsilyl)
acetamide ([Z H1 S] BSA, 5 Ill) and ace to nitri le (5 ItI ) for 10 min at 60°C.

Me thyl ether- T M S derivati ves. A 0.2-ml volume of the stoc k solution was
blown to dr yness and dissolved in dimethylformam ide. Meth yl iodide (10 pi) and
potassium ca rbonate (ca . 50 mg) were added and the mixture was stoo d overni ght at
room temperature. Th e mixture was then diluted with water , the products were ex
tracted with ethyl acetate , washed with water, dried (MgS04 ) and blown to dr yness.
Th e sample was then reacted with BSTFA as described above.

I Zfl31Methyl ether- TMS derivat ives. These were prepar ed as above using eH3] 

meth yl iodide in place of the meth yl iodide.
Methyloxime-T'M'S ( M O-TMS ) derivative s. T he dry sample was dissolved in

pyridine (20 Ill) and heated for I h at 60"C with an excess of methoxyamine hydro
chloride. Th e mixture was then blown to dryness and the TMS deri vatives were
prepared as described above.

Lithium alum inium hydr ide reduction. The sample was dissolved in ether (0.5
ml) and allowed to react with lithium a luminium deut erid e (ca. 10 mg) fo r I h at room
temp erature. The products were extracted with ethyl acetate following destruction of
the excess reagent by sta nda rd techniques. Th e solvent was removed from the dried
(MgS04 ) solution with a nitrogen stream and the residue was trimeth ylsilylated as
described a bove.

Deuterium exchange . Th e samp le was dissolved in dioxane (0.5 ml), zHzO (0.5
111 1) and Na02 H (trace) and allowed to sta nd at room temp erature overn ight. Th e
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mixture was then diluted with 2H20 (2 ml) and acidified (H 2S04 ) and the products
were extracted with ethyl acetate. The extract was washed with water, dried (MgS04 )

and con verted into trim eth ylsilyl derivatives as described above.
Deuterium exchange , reduction . The deuterium excha nge reaction was perfor

med as above and the dri ed product was reduced with lith ium aluminium deuteride as
described under Deuterium exchange. The products were trimethylsilylated as de
scribed under Trimethylsilyl ( TM S ) derivatives.

Oxidation . The sam ple was dissolved in a mixture of dimethylsulphoxide (0.5
ml) and acetic anhydride!" and left at room temperature overni ght. Water was add ed
and the products were extrac ted with eth yl acet at e, washed with sodium bicarbonate
solution, water and evapora ted to dr yness. Th e residue was hydrolysed in a mixture
of methanol (1 ml) and dilute sod ium hydroxide solution (0.1 ml, 0.1 N) for I h at
60°C, diluted with water and the products were extracted with eth yl aceta te. Th is
extr act was washed with water, dr ied (MgS04 ) blown to dryness and con verted into
TMS derivatives as described above.

Gas-liquid chromatography
GC data were recorded with a Varian 2440 gas-liqu id chromatograph fitted

with dual flame-ionisati on detectors and two 2 m x 2 mm glass columns packed with
3 % SE-30 on 100-120 mesh G as-Chrom Q (Applied Science Labs. , State College,
PA, U.S.A.). Nitrogen at 30 mlJmin was used as the carrie r gas, the injector and
detector temperatures were 300"C and the column oven was temperature programmed
fro m I00 to 300°C at 4"Cjmin.

Gas chromatography-mass spectro me try
GC-MS dat a were recorded with a VG Micromass 12B mass spectrometer

interfaced to a VG type 2040 data system and via a glass je t separator to a similar
chromatographic system to that described above. Helium at 30 mlJmin was used as

16

4

1 3
2

27

13
21

2 4
32 33

! I I I I

14 0 160 180 200 220 260 280
Temp. 1°C)

Fig . 2. Com pute r reprocessed ,. chromatogra m of the ginge r constituen ts sepa ra ted on a 3 %SE-30 packed
co lum n programmed fro m 100 to 300''C at 4'·Cjmi n. Peaks arc identified in Ta bles I an d II and in the text.



GC AND MS OF G INGER CO NST IT UE NTS 79

TABLE I

GC-MS DA TA FOR T HE T MS D ERI VATI VES O F TH E GIN GEROLS AN D REL AT ED CO MPOU N DS
- _.. .__. ---_. _~_.. - _.__.- . ._-- -_. . _.,-- _ . .. _..._-- _ _ ··_ - -, -_·_ -_·_- - - - '-- - --_ - --0_ -

Compound No. n Peak No. M U M +' Base Majo r ions
tvpe (SE-30)

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

Gingero l Ia 2 12 22.73 410* 209 145** 320*** 222
(3 1) (50) (17) (20)

Gingero l Ia 4 16 24.5 7 438 209 173** 348*** 222
(4 1) (37) (33) (25)

Gingero l Ia 6 21 26.39 446 209 201** 356*** 222
(44) (3 1) (29) (27)

Gingero l la 8 27 28.35 494 209 229** 404*** 222
(46) (26) (34) (25)

Gi ngero l la 10 29 30.30 522 209 257** 432*** 222
(24) (13) (23) (20)

Methylgingero l Ib 4 15 380 151 173** 290*** 164
(17) (46) (21) (33)

Meth ylgingerol Ib 6 20 408 151 201** 318*** 164
(14) (40) (20) (38)

Methylgingerol Ib 8 26 436 151 229** 346*** 164
(17) (38) (28) (45)

Shogaol lI a 2 7 320 209 223
(27) (15)

Shogao l lI a 4 13 23.24 348 209 223 277
(53) (15) (15)

Shogao l lIa 6 18 25.26 376 209 277 223
(43) (15) (13)

Shogao l lIa 8 24 27.28 404 209 277 223
(51) (17) (13)

Methylshogaol lIb 4 10 290 151 165 219
(83) (72) (71)

Methylshogaol lIb 8 22 346 151 219 165
(5 1) (58) (32)

Paradol III 4 II 350 209 320 223
(56) (23) (22)

Gi ngedio l IV 4 17 24.91 512 209 173** 332 ! 422***
(II) (98) (92) (44)

Gingedio l IV 6 22 26.77 540 209 360 1 201** 450***
(II ) (99) (83) (43)

Gingediol IV 8 28 28.69 568 209 388 1 229** 478***
(9) (99) (71) (43)

G ingerd ione VII 4 14 23.62 364 209 179
(29) (26)

Gi ngerdio ne VII 6 19 25.52 392 209 179
(30) (24)

G ingcrd ione VII 8 25 27.55 420 209 179
(36) (22)

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

* m]: and (relativ e intensity).
** TMS-O += CH-(CH 2).- CH,.

*** [M - TMS-OH t .
1 [M - 2 x TMS-OHf .
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the carrier gas . Operating conditions were: injector, sepa ra tor and ion source tem
peratures, 300, 280 and 260°C, respectively; accelerating voltage, 2.5 kV; electron
energy, 25 eV; trap current, 100 IlA; scan, 3 sec/decade; exponential, down.

RESULTS AND DIS CUSSI ON

Fig. 2 shows a computer reprocessed l" total ion chromatogram of the ginger
constituents separated as TMS derivatives on a 2-m SE-30 column. The compounds
which were eluted in the low temperature region of the chromatogram were not
studied in detail although a few identifications were made. Thus, peak 1 was identified
as ex-curc um ene1q

, pea ks 2- 4 were C 15 H24 sesquiterpenes, peak 5 was zingerone (V)
and peaks 6, 8 and 9 were palmitic, oleic and stearic acids, respecti vely. Most of the
other compounds in th is region appeared to be hydroxylated deriv ati ves of the ses
quiterpenes (peak s 1--4).

Peaks 7, 10- 29 were produced by the gingerol s and related compounds (I-IV,
VII), the compounds identified are listed in Table I together with their GC-MS
characteristics. Identification was based on the GC-MS properties of the TMS,
[2Hq]TM S and MO-TMS derivatives. In addition the methylgingerols (lb) and meth
ylshogaols (lIb) were identified by comparing their GC-MS properties with synthetic
samples prepared by meth ylati on of the gingerols. Th e gingediols (IV) were identified
similarly by reduction of the gingerols with lithium aluminium deut eride. The reduc
tion yielded two dia steroisom ers, epimeric about the reduced gro up, but onl y one of
these was present in the ginger sample. Its stereochemistry was not determined . Th e
compounds were located in the ginger fract ion by plotting single ion chromatograms
of characteristic ions; thus m]z 209 (a) was diagnost ic of the compounds such as
gingerol ha ving one hydroxy and one methoxy substituent in the phen yl ring and m]:
151 (b) was characteristic of the methylgingerols and related compounds. Single ion
chromatograms for the corresponding tropylium ion s from other commonly occur
ring phenyl derivatives (e.g . methylenedioxy) failed to reveal any additional series of
gingerols. Acetyl derivatives of the gingerols and gingediols recently found in samples
of Japanese ginger" were not detected.

CH +

~I2 ( ) t r-opy liu rn Ion

" 1OR
OR2

R' =CH3, R3= TMS, m/ z 20 9 (0 )

R' =R2 =CH3 , mlz 15 1 (b )

R' = R2 = TMS , mlz 26 7 (c )

Further evidence that the shogaols are pred ominantl y decomposition products
of the gingerols was obta ined from the experiments on labelling the ex-hydrogens of
the gingerols and shogaols with deuterium. GC-MS ana lysis of the products showed
that most of the contribu tion to the shogaol peaks was by molecules which had
incorporated 3 deuterium ato ms. The shogaols should have incorporated 6 atoms as
the result of double bond migrati on whereas the gingerols with 4 a-hydrogens in
corpo ra te 4 atoms. Th erm al elimina tion of water from the gingerols, a 1:2 elimi
nation, would remove one of these de uterium atoms (from C4 ) to give a shogao l with
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~BLE II

2-MS DATA FOR TH E TMS DERIVATIVES O F THE HEXAHYDROC URCUMINS A ND RELATE
)MPO UNDS

590* 209 500**
(13) (26)
500 209 179
(10) (17)
648 209 267
(21 ) (47)
558 209 267
(14) (63)

Impound No. Peak No. MU
- -- ._- --- ..~-- - - ~

zxahydro curcumin Vi a 32 32.55

esmethylhcxahydrocurcumin Vlb 33 32.96

XIIla 30 31.30

Xlllb 31 31.1{6

* m]: and (relative intensit y).
** [M - TMS-OHr .

M~ Base M ajor ions

179 235
(16) (14)

558** 179
(37) (31)
179
(24)

3 deuterium atoms. Thus, considera ble dehydration took place after the completion
of the exchange reaction, demonstrating the instability of the ginger ols .

The compounds producing peaks 14, 19 and 25 were identified as gingerdiones
(VII) . They formed mono-TMS derivativ es as shown by spectra of the eHg]TMS
derivati ves, and the base peak in the spectrum of the TMS deri vati ve at m]z 209 (a)
showed that this hydroxy group was on the phenyl ring . Reaction with methoxyamine
hydr ochloride gave bis-oximes (2 peak s produced by syn- and anti-isomers) showing
the presence of two ketone groups in the original molecules. Confirmation of the
presence of these ketone groups in the 3 and 5 positions of the alk yl chain was
obtained by oxid ation of the gingerols with a mixture of acetic anhydride and dimeth
ylsulphoxide! ". The GC-MS characteristics of the products of oxid ation (TMS
derivati ves) were identical to those of the diones in the ginger extracts. Th ese com
pounds do not appear to have been reported before.

Peaks 30-33 were identified as hexahydrocurcumins and related compounds
(Tabl e II). Hexahydrocurcumin itself (VIa , peak 32) formed a tris - TMS derivative
(molecular weight 590) and its ma ss spectrum (Fig. 3) showed an abundant loss of
TMS-OH (m]: 500) and a base peak at m]: 209 (a) . Ion s at m]z 189, 193, 223, 249 and
251 were typical of the dihydroferulic acid residue and were also prominant in the
spectra of the gingerols (Fig. 4). The ion at m ]: 235 (d) which was absent from the
spectra of the gingerol s, came from the second dih ydroferulic acid residu e (C5-C7) by
loss of TMS-OH (the site of the hydrogen loss was not determined) as shown by (a)
the absence of exchangeable hydrogens and (b) the presence of the ion in the spectra
of the TMS deri vati ves of the gingediols. Ion d is thu s assoc iated with the Ar- CH z
CH z- CHO-TMS- and not the Ar- CH 2-CH z- CO-moiety.

<1 , m(z 235
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Th e compound producing peak 33 formed a tetraki s-TMS deri vat ive with a
molecular weight of 648. Its mass spectru m was similar to th at of th e corresponding
derivat ive of hexahydroc urcumin (VIa), but prominent ions a t m]z 209 (a) and 267 (c)
indic ated that one of the methoxy groups had been replaced by a hydroxy gro up.
Meth ylation with methyl iodid e gave the same permeth ylhexah ydrocurcumin from
both hexah ydrocurcumin and th e co mpo und producin g peak 33. By the use of [2H,1
met hyl iodid e the two sta rting mat er ials co uld be dist ingu ished by their incorpora
tio n of two and th ree [2H3]methyl groups , respective ly. Thus, peak 33 was produced
by a desme thylhexa hyd roc urc umin. Two isom ers (VIb and VIc) of this compound are
possible but the mass spectru m of the TMS deri vative showed that the compound was
VIb. This was based on the shift of ion d tm ]z 235) by 58 mass un its. As this ion comes
fro m the second aro ma tic resid ue (attach ed to C7 ) , then clearl y thi s must contai n the
dihydroxy and not the hydroxy methoxy substituents .

A possible biosynthetic pathway for the production of these compounds can be
prop osed along the lines of the biosynthesis of the gingerols. Thus, condensati on of
dih ydroferulic ac id with the intermed iate IX (Fig. I) ultim ately lead s to hexah ydro
curc umin (VIa) whereas condensation of IX with dihydrocaffeic acid (XIV) gives the
desmeth ylhexahydrocurcumin (Vlb).

Peak s 30 and 31 had G C-MS characteristics (Table II) fully consistent with
their being produced by th e hexah ydrocurcumin equivalents to the shogaols (VIII).
They for med bis-TMS deri vat ives and mon omethyloximes. Result s from the deu
terium labelling experiments indicated th at, like the shogao ls. the y were produced
mainl y by thermal dehydrati on of the hexah ydrocurcumins.
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BONDED SUPPORT IN SHORT COLUMNS
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Central Institute 0/ Chemical Industry , Blvd. Ho Shi Min 14, Sofia 1574 (Bulgaria )
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SUMMARY

The use of surface-bonded PEG 20M Chromosorb P as the support, coated
with Versamid 900 or PEG 20M stationary phases, in short columns allows the rapid
isothermal gas-liquid chromatographic separation of s-triazine derivatives. The
preparation of the support involved preliminary acid washing and subsequent polymer
deactivation; a modified Soxhlet apparatus was used for acid washing, in which hot
extraction acid vapours were used. The iron content of Chromosorb P (80-100 mesh)
was reduced to 0.01-0.02 % in 6 days.

Two columns were suggested: 3 %Versamid 900 (0.45 m x 3 mm J.D.) for the
separation of a mixture of methoxy-, chloro- and thiomethyl-s-triazines and 2 %PEG
20M (0.35 m x 3 mm J.D.) for the separation of chloro-s-triazines alone. The anal
ysis time on the former column was about 9 min and on the latter about 4 min.
--------- - - -

INTRODUCTION

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

s-Triazine derivatives are widely used as herbicides, and in the last two decades
a number of methods for their analysis have been developed v", such as spectroscopy
(UV-visible), gas-liquid chromatography (GLC) and paper and thin-layer chroma
tography. Although some of the first investigations were carried out by GL'c4

-
6 and

the number of publications continued to grow up to 1970, by about 1976 the number
of such papers had fallen to half that in 1970, probably owing to the time-consuming
GLC analysis on conventional stationary phases in long columns". The disadvan
tages of the other methods employed", viz., insufficient separation possibilities of
spectroscopy and the semi-quantitative results of paper and thin-layer chromato
graphy. have directed the efforts of investigators during the last 2-3 years towards
high-performance liquid chromatography (HPLCf and back to GLC8

-
J4

. One of the
main reasons is the suggested use of surface-bonded phases, allowing the solution of
ad sorption problems related to inefficient, poorly silanized commercially available
supports-"?".

In this paper we report the application on surface-bonded .PEG 20M Chro
mosorb P as the support . coated with Versamid 900 or PEG 20M, for the separation
of methoxy-, chloro- and thiomethyl-v-triazines using short columns and isothermal
temperatures.

0021-9673/81/0000-0000/$02.50 (!') 1981 Elsevier Scientific Publishing Company
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Preparation of surface-bonded packings
Th e surface-bonded support was prepared in accordance with the ori ginal idea

suggested by Aue et al. t 9 .2 0 and the procedure described in a previous paper! " Acid
washing of Chromosorb P (80- 100 mesh) with 6 N hydrochloric acid was carri ed out
in a modified Soxhlet apparatus of our own design (Fig. I), in which hot extraction
acid vapours were used ; the acid-washing period was shortened to 6 days and the iron
content was reduced to 0.01-0.02 %. Aft er coating the support with PEG 20M, heat
conditioning to 280°C, removal of non-bonded PEG 20M by solvent extraction with
methanol and dr ying, the surface-bonded support was read y. Th e suppor t was di
vided into two parts : on e was coated with Versamid 900 and the ot her with PEG
20M.

:3

2

Fig. I. Mod ified Soxhl et appar atu s for acid was hing of the suppor t with the hot extrac tio n acid vapo urs . I,
Flask (500 cm') with a ground-glass joint ; 2. 340 mm x 450 mm J.D. tube with gro und-g lass joi nts at both
ends; 3, 160 mm x II mm 1.0. funnel with an elon gated tube; 4, Chromosor b P (80- 100 mesh); 5, 210 mm
x 28 mm 1.0. overflow cartridge with th ree openings for the extraction solution; 6, reflux co ndenser with
gro und-glass joint.

Gas-liquid chromatography
G LC measurement s were carr ied out isothermally on a Carlo Erba Fract ovap

G I instrument equipped with a flame-ionization detector (FlO) and an injector con
nected dir ectly to the column (Rasoterm U-shaped 0.35 and 0.45 m glass columns of
our design; the end fittin gs were straight witho ut any additio na l glass or metal com
pon ent s for connection to the Fl O) .

The glass columns were previously deacti vated with d imeth yldichlorosilane
(O MC S) and then filled with the prepa red packin gs. Versa mid 900 was deposited on
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the support from chloroform-n-butanol (I :1) and PEG 20M from dichloromethane .
The working temperatures of the Versamid 900 and PEG 20M columns were 200 and
195°C, respectively. Oxygen-free argon was used as the carrier gas.

A Leeds and Northrup Spedomax W recorder was employed at a chart speed
of 116 cm min-I.

Chemicals
s-Tri azines of analytical-reagent grade were employed. The Chromosorb P

(80-100 mesh) support was supplied by Johns-M anville (Denver, CO, U.S .A.) and
the Versam id 900 and PEG 20M liquid phases by Carlo Erba (M ilan , Italy).

GLC measurements
The herbicides selected were polar, high-molecular-weight I,3,5-triazines, sub

stituted at the second, fourth and sixth positions (Table I). The methoxy-, chloro- and
thiomethyl-s-triazine mixture (Fig . 2A) and the chloro-s-triazine mixture (Fig. 2B)
were injected in the form of a dimethylformamide solution.

TABLE I

s-TRIAZIN ES US ED

. _-- _ -----

s-Triazine

Prometone
Atra to ne
Simeton e
Propazine
Atrazine
Simazine
Prometryne
Ametryne
Simetryne

2-Substituent
( R, )

OCH J

O CH J

OC H J

CI
Cl
Cl
SCH J

SC H 3

SC HJ

n-Substituenr
( R2 )

iso-C J H 7

C2Hs
C2Hs
iso-C 3H 7

C2 Hs
C2 Hs
iso-CJ H 7

C2 Hs
C2 Hs

6-Substituent
( RJ )

iso-C J H 7

iso- CJH 7

C2 Hs
iso-C 3 H 7

iso -C 3 H 7

C2 Hs
iso-C3H7

iso-C 3H 7

C2Hs

M olecular
weigh t

225 .3
2 11.0
197.2
229.7
215.7
20 1.5
241.3
227.3
213.3

The retention times were measured by means of a stop watch and the peak
widths by a micrometric magnifying glass (±O.I mm) "Karl Zeiss"-Jena.

The reproducibility of GLC measurements such as resolution criterion (R e.,J,
relative retention times (RRT) and asymmetry coeffic ient (KJ was eva luated from the
sta ndard deviat ion (SO) and the relative standard deviat ion (RSO, %), obtained in 6
experiments with each mixture ana lyzed on the corresponding column (Table II).

RESULTS AN D D ISC USSIO N

A large number of polar and non-polar sta tionary liquids have been sug
gested4.S.11.13 for the GLC ana lysis of v-triazines, such as XE-60, Reoplex 400, PEG
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20M , PEG A, OV-210, Versamid 900 and SE-30 with liquid loadings mainly below
5 % (w/w) , and also a combination of polar and non-polar liquids (SE-30 and Re
oplex 400)13. Diatomaceous supports of th e Chromosorb W type4 ,ll,13 treated or
untreated with silanes have been employed. However, in most instances peak tailing
and/or broadening was obser ved and there wa s a lack of reproducibility between
different laboratories. A possible explanation is that sep aration s on packed columns
with liquid load ings below 5 %depend on the support employed21 because the sepa
ra tions are effected by a complex mechanism of retention. Recently these problems
and those related to the use of poorly silanized supports in the analysis of polar
compounds were overcome by the use of surface-bonded supports8 •20,21, which al
lowed an efficient low liquid loading of 1-3 % (W/W)1 7. Some disadvantages as
sociated with the use of Chromosorb P for the an aly sis of pol ar compounds?" , includ
ing pesticides", have been rnentioned'<' " in comparison with other diatomaceous
supports such as Chromosorb Wand G and G as-Chrom P and Q. Nevertheless, in
our investigation we used Chromosorb P.

Before we discuss the reliable results achieved by applying surface-bonded
Chromosorb P as th e support for the an alys is of polar s-triazines, the reasons why
thi s type of support wa s selected will be given.

First, as was mentioned above, the preparation of a surface-bonded support is
time consuming (minimum 15 days) . Therefore, it is better to use Chromosorb P,
which ha s a higher mechanical resistance and is less fragile th an Chromosorb W, with
which the removal of fines at all stages is required.

Second, for additional deactivation of the support to achieve a fairly inac tive
clean surface, it is important to remove iro n and other mineral impurities. As men
tioned above, during acid washing (Fig. 1) the iron content is reduced to 0.01-0.02 %.
Moreover, Chromosorb P does not contain Fe 203 as a complex as does Chromosorb
W, and th e iron is more readily extracted from the Chromosorb P surface.

Third, Chromosorb P is more suitable than Chromosorb Wand G for modifi
cation and additional coating with pol ar liquids such as PEG 20M and Versamid 900.
Moreover, according to Ottensteirr'", Chromosorb W supports have a larger pore
size (about 9 pm), compared with about 2 pm for Chromosorb P. This difference
could explain the vari ation in the column behaviour of the two types of supports : the
former ret ain s the liquid stationary phase in broad pools, whereas the latter does it in
smaller pools, leading to less tail ing with Chromosorb P.

As can be seen from Table II and Fi g. 2, the surface-bonded Chromosorb P
support employed in short columns provides good reproducibility of the relative
retention tim es (relative standard dev iation not over 3.5 %), with good resolution .
The resolution crite rion (R " w) va lues for both co lumns are higher than 1.2 and the
reproduci bilit y of Rr•w measured as the relative standard deviation is 0.8-4.2 %. The
values of the asymmetry coefficient (KJ are clos e to unity with good reproducibility
(relati ve standard deviation not over 3.6 %).

Wh en the relative sta nda rd dev iation of th e relative re tention time was higher
(e.g., the rela tive standard deviation for at razine was 4.2 %), a check with the t~

criterio n was made. The tabul ated values of the t, crit eri on (for a significa nce level of
a = 0.05 and five degrees of freedom) were higher than those of the ca lculated i ,

criterion. Therefore, there was no systematic error in th e relative retention data ob
tained.
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Fig. 2. Ga s chromatograms of s-triazine mixture s. (A) Mixture of meth oxy-, chloro- and thiomethyl-s
triazines: I = prom etone; 2 = at rat one ; 3 = simetone; 4 = atrazine; 5 = prometr yne; 6 = ametryne; 7 =
simetryne. Oper at ing conditions : column, 0.45 m x 3 mm 1.0. , packed with 3% Versamid 900 on Chro
mosorb PAW (80-100 mesh) (0.01 % Fe), deactivated with a non-extractable layer of PEG 20M; argon
flow-rate, 35 ml min - 1; column temperature, 200°C. (B) Mixture of chloro-s-triazines : I = propazine; 2 =
atrazine; 3 = simazine. Operating conditions : column, 0.35 m x 3 mm 1.0., packed with 2 %PEG 20M on
the support as in (A); argon flow-rate, 45 ml min - I ; column temperature, 195°C. Injection volume, 0.8 It! ;
attenuation, 16 x 102 •

The time of analysis for the mixture of methoxy-, chloro- and thiomethyl-s
triazines on the Versamid column (F ig. 2A) is about 9 min . For the separation of the
chlo ro-s-triazine series alone the most polar column PEG 20M (Fig. 2B) was found to
be more suitable, with a shorter analysis time of a bout 4 min .

CO NCLUSION

Surface-bonded supports in short columns have prov ed suitable for the GL C
anal ysis of s-triazines, with an efficiency approaching that of HPLC7

,2 3 ,24 .
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SUMMARY

A reversed-phase high-performance liquid chromatographic method is des
cribed for the determination of both aliphatic and aromatic isocyanates in air. The
test atmosphere is drawn through a 2.10 - 4 M solution of 1-(2-pyridyl)piperazine in
toluene at a sampling rate of I I min - t for 5-20 min . The sample solution is evap
orated to dryness and the residue dis solved in 100 pi of acetonitrile. A IO-pl aliquot of
the resulting solution is chromatographed using a 25 em x 4.6 mm J.D . stainless-steel
column packed with ODS-Hypersil 5 pm silica gel and eluted, isocratically, with
acetonitrile- G. I M ammonium acetate mobile ph ase at a flow-rate of 2.Gml /min. The
ammonium acetate solution is adjusted to pH 6.2 with acetic acid.

INTRODUCTION

Diisocyanates and thei r high-molecular-weight oligomers are ext ensively used
in the production of polyurethane materi als ranging from flexible foams to enamel
wire coatings, so that a large number of workers are potentially at risk of isocyanate
exposure. Ad verse physiological effects of inhalat ion of isocyanate vapo ur or aerosol
extend from mucous membrane irritation to respiratory sensitizatiorr' P. Th e latter
effect ma y possibly be due to combination reactions of isocyanate gro ups with bod y
protein":". A progressive diminution in lung function has been reported to occur
when workers are regularly exposed to sub-threshold limit value" isoc yanate concen
trations":". Although conflicting evidence has been put forward on thi s point":", the
current trend suggests that lower threshold limit values may be considered in the
future' ". Consequently, sensitive analytical methods for the det ermination of iso
cyanates and their oligomers are of increasing importance.

In order to achieve adequate sensitivity and resoluti on, th e majority of recent
analytica l methods for the determination of isocy anates employ either high-perform-

* Present address : Imperial Chem ical Industr ies Ltd., Organics Division , Hexagon House , Blackley,
Manchester M9 3DA , G rea t Britain ,
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ance thin-layer chromatography (HPTLC) or high-performance liquid chromato
graphy (HPLC). Previous co lorime tric-based methods are genera lly incapable of re
so lving individ ual isocyanat e component concentrations and are suscept ible to inter
fere nces in man y cases1 1-1 8. Although several HPLC meth od s ha ve been reported for
the det ermina tion of free isocyanates in the ir bulk prepolymers' <v ", the first gener
ally applicable atmospheric isocy anate de termination employed a double derivative
thin-layer chromatographic techn ique / :'. Th e method, based on the reac tion of iso
cya nates with N-4-nitrobenzyl-N-n-propylamine (nitro rea gent) to form urea deriva
tives. has a lower det ection limit of 80 Jig m - 3, and an improved sam plin g technique/ "
has recently increased its sensitivity to 2 Jig m ":' (for toluene diisocyanate, 4,4 '
meth ylene bisphenyl isocya na te and 1,6-hex amethylene diisoc yan ate) for a I -I air
sample.

The determination of atmospheric isocy anates, usin g nitro reagent as the iso
cya na te- reactive entity, was later extended to gra d ient-elution HPLC as the meth od
of analysis' ". Fur ther studies2 tr2 8 indica te, however, that the pre sence of excess nitro
reagent in the sam ple so lution seriously reduces the life of the pellicular-silica co lumn
specified due to ad sorption onto the co lumn pac king. As a result of such reagent
adsorptio n the urea derivatives have a tendency to elute with sloping ba seline s, espe
cia lly in the case of higher retention time peak s, ca using a reducti on in precision . Th e
need to use gradient elution leading to significant column recovery tim es is a fur ther
limitat ion to be co nsidered . San go" has recentl y examined the applicat ion of a
bonded octadecylsilyl phase usin g isocrat ic elution with acetonitrile-wat er (75:25) to
minimise the disa dvantages associat ed with th e nitro rea gent. Nevertheless, deco m
posit ion of th e nitro reagent , bo th during and after sa mpling, may occur in reducing
or oxidizing atmospheresP''" , possibly due to the presence of the ar omatic nitro
gro up in th is seco ndary am ine .

The reversed-phase HPLC method rep orted here is based on the reac tion of
isocyana tes with 1-(2-pyrid yl)piperazine to form sta ble urea deri vati ves. 1-(2
Pyridyl)piperazine has negligible steric hindrance at the - NH position and reaction
with both alipha tic and aromatic isocyana tes is rapid and exothermic. In addition, th e
subs titute d ureas formed possess significantly higher molar absorptivities in the ult ra
violet region th an th ose derived fro m th e nit ro rea gent '". The method is capable of
measuring 500 pg of methylene bisphen yl isocyanate, eq uiva lent to 48 ppt (1012

) in a
10-1 air sample.

EXPERIME NTAL

Chroma tographic apparatus
Th e liquid ch romatograph com pr ised an Altex Model 11 OA con stant-fl ow re

cip rocating dia phragm pu mp , a Rheod yne Mod el 7120 syringe loading sample injec
tor with a 10-Jilloop and a Pye- Unicam LC-UV det ector set at 254 nm. The co lumn
co nsisted of 25 em x 4.6 mm J.D . Apo llo sta inless-stee l tubing, slurry packed at
6000 p.s.i. with ODS-Hypersil (5 Jim diameter mean particle size, Shando n Sou the rn
Products, Runcorn, G reat Britain). Th e mo bile ph ase was dea erated using helium
and pumped at ambient temperatu re through the column at a flow-rat e 01'2.0 ml/rnin.
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Mobile phase
Three mobil e phases, consist ing of acetonitrile in 0.1 M aq ueo us ammo nium

acetate solution were used in the isocrat ic mode. Th e ammo nium ace tate solu tio n was
adjusted to pH 6.2 with acetic acid . Mo bile ph ase A (acetoni trile-ammo nium acetate
solution, 31:69) was used in the determ ination of 2,4- and 2,6-t ol uene di isocyan ate
(TDI), 1,6-hexa methy lene d iisocya nate (H M O I), phenyl isocyanate (PhI) and naph
thalene diisocyanate (NO I) urea der ivati ves. Mobile phas e B (ace to nitrile-am
monium acet at e solution, 37:63) was used in the determination of th e isophorone
diisocyana te (IPOI ) urea deri vati ves, while mobile ph ase C (acet onitrile- ammonium
acetate solution, 40: 60) was used in th e determ inat ion of the methylene bisphenyl
isocyana te (MOl) and HMOI oligome r (De smodur N; Bayer, Richmond-upon
Thames, Great Brita in) urea der ivati ves.

lsocya nates
Th e following isocyanates were used: HMOI (O esmodur H, Bayer) ; IPOI

(Veba-Chemie, Gel senkirch vuer, G .F. R.) ;4,4'-MOl (l CI , M acclesfield , G reat Britain );
I.5-NOI (Oes mo d ur 15, Bayer); Phi (Eastman-Kodak, Roche ster , NY, U.S. A.); 2,4
TDI (Fluorochem, G losso p, Great Brit ain) ; 2,6-TO I (ICI , Blackley , Manch este r,
Grea t Britain ) and HMOI o ligomer (Oes mo du r N, Bayer ).

Standard urea der ivatives
A freshl y prepared so lution of pu re, monomeric isocyanate (0.8 mmole) in 3 ml

of dimeth yl sulphoxide (OMSO), for example, is added to a stirre d solution of 1-(2
pyridyl)piperazi ne (280 pI, 1.8 mmole) in OMSO (3 ml). Th e mixture is stirr ed for 15
min at 60D C and then 200 ml of d istilled wat er is slowly ad ded. A whit e precipitate
forms which is filtered off and was hed with d istilled wat er. The white solid is dried at
50"C and recrystall ised to produce approximately 500 mg of the urea derivative. The
aro ma tic isocyanate urea derivat ives are recr ystallised from a mixture of to luene and
DMSO, except for th e phenyl isocyanate ure a der ivat ive which is recry stallised from a
mixture of toluene and n-hexan e. The alipha tic isocyanate ure a derivati ves are re
crystallised from a mixtu re of wat er an d dim eth ylformamide.

To prepare an HMOI oligomer urea derivative, it is necessary to use a three
fold molar excess of 1-(2-pyrid yl)piperazine with dry ace to nitri le as the so lvent. The
reaction mix ture is stirred a t 60°C for 30 min , after which it is set aside for severa l
days , du rin g which time th e urea derivati ve forms as a gummy off-white deposit.
Excess dist illed wat er is th en ad ded at ambient temperature, the so lution is decanted
off, the residu e is dri ed at 50"C and eventually solidifies to a whit e solid .

Alterna tive ly, standard urea so lutions ca n be produced for a ll th e isocyan at es
and their oligomers by adding a suitable qu antity of th e isocyana te under investi
gation. d issolved in dichlorornethane, to a 2 · 10- 2 M so lution of 1-(2
pyridyl)piperazine in dichl oromethane. The resulting solution is di luted to give stan
da rds in the required range .

Absorbing solut ion
A 320-1!1vo lume (326 mg) of 1-(2-p yr idyl)p iperaz ine is pipett ed into a 100-m\

volumetr ic flask an d made up to volume with to luene . A 5-ml aliquot of this solution
is mad e up to 500 ml with toluene to give a 2. 10- 4 M a bso rbing so lution. Thi s
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solution sho uld be stored in a dark glass-stoppered bottle. Exper ience indicates that
the stored solution remains stable for several months.

Air sampling and sample preparation
A sample of the test a tmos phere is drawn through 8 ml of the absorbing

solution in a Greenburg-Smith type midget impinger at a flow-ra te of I I min - 1 for at
least 5 min. Alternatively, for time-weighted-average sampling purposes, a lower flow
ra te (50 ml min - I ) can be used . After sampling, the impinger and its contents are re
moved to an uncontaminated atmosphere and any liquid is expelled from the inlet tube
with a blow-ball. Suitable amounts of the absorbing solution are successively tran s
ferr ed into a 2-ml micro-reaction vessel and evaporated to dryness with nitrogen .
Finally, the impinger receiver is washed with 0.5 ml of toluene and the washings also
transferred to the micro-reaction vessel. The residue, aft er evapora tion, is redi ssolved
in ]00 jll of dr y acetonitrile and a ]O-jll aliquot is injected int o the liquid chromato
graph.

Determination of collection efficiency
A dynamic standard atmosphere apparatus3 1

, modified to include double di
lution, was used to generate known concentrations of HMO] in a constant-flow
stream of dried air. These atmospheres were sampled at I I min - 1 through three
midget impingers connected in series, each containing 8 ml of the ab sorbing solution.
The absorbing solutions were treat ed as described a bove and the extent of
breakthrough determined.

RESULTS AN D DISCUSSIO N

Selection of derivatising reagent
Th e choice of 1-(2-pyrid yl)piperazine as a suitable derivati sing reagent for

isocyan ates was made after a systema tic study of several related compounds with the
required cha racteristics, that is (i) a seconda ry aliphatic amine gro up as part of a ring
structure with negligibl e steric hindrance and (ii) an aromat ic substituent. Th e one
step addition reaction of isocyan ates with the -NH group elimina tes the possibility of
further reaction, as ma y occur with I-n aphthyl methylarnine", which has recentl y
been used in the HPLC ana lysis of isocyanates using fluor escence detection. The
presence of an aromatic substituent on the derivatising molecule ensures that the urea
deri vativ es will have sufficiently high molar absorptivities even when derived from
aliphatic isocyanates, and the presence of the pyridyl group confers solubility on the
urea derivat ives in dilute acids , from which they may be recovered unchanged by
alkali precipitation . Crystalline urea derivatives of the general formula

2 t R( NCO)
2

were prepar ed from 2A -T O ] and HMO] using the ran ge of seco nda ry aliphatic
amines sho wn below. Th e molar absorptivities and wavelengths of maximum absorb
ance , using dioxa n as reference so lvent, a re show n in Tabl e I.
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MO LA R A BSO RPTIV ITI ES AND WAVELENGTHS OF MAX IMUM A BSO RBANCE FO R ISO
CYANATE U REA D ERI VATI VES USING D IO XA N AS A REFER EN C E SOLV ENT

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

Reagent 2.4-TDI HM DI

;,"'ux. ( 1/11I) l: ( I, mor l ' em- I ) ;,"'ux. ( 1/11I ) l: (I ' 11I01 - 1 , Oil - I )

I 4-Benzylpiper id ine 147 14900 260 763
2 1-Phenylpiperazine 249 52 400 250 24800
3 I-Benzylpiperazine 248 20 300 245 1100
4 1-(4-Fluorophenyl)p ipera zine 250 49500 249 17 300
5 1-(2-M ethoxyph enyl)piperaz ine 247. 421 00 255 20000
6 1-(2-Pyridyl)piper azin e 252 60500 252 34 700
7 N-( Cl.Cl.GC-Tri tluoro-lII-tolyl)-

piperazine 255 51800 258 26 300
~ 4- Piperazinoacetophenone 314 45900 317 35900

It can be seen from Table I th at 1-(2-p yrid yl)piper azine- based urea deri vati ves
arc the most suita ble for use in the determination of isocyanates by H PLC with UV
detect ion . 1-(2-Pyrid yl)piper azine also has high so lubility in wa te r, which mak es th e
preparati on of the urea standa rds easier. and th e pyrid yl ring ena bles visua lisa t ion of
the urea derivatives. using HPTLC, with. for exa m ple. iodoplat inate reagent. Such a
method has recentl y been developcdP and pro vides the occ upa tiona l hygienist with
the facili ty to determ ine isocya nate in ai r co nce ntra t ions on-site ; HPLC ana lysis in
the laborator y ca n be used to ac hieve grea ter precision and further qu alitat ive co n
firmation whe n necessary,
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Collection efficiency OJ" samp ling method
The efficiency of the sampling procedure was examined for a range of standard

at mosphere concentrations using three impingers in series in the sampling train.
HMOI was selec ted for this experiment because of its re lative ly low boi ling point
compared with those of the ot her a liphatic isocyanates studied. The resu lts, shown in
Table II, indicate that the collection efficiency of one impinger is greater than 90 %for
HMOI leve ls as high as 1600 flg m " :'. Simi lar experiments with TO I, reported ear
lier 3 3

, showed the collection efficiency of one im pinger to be greater than 97 X, for
TOI levels up to ten times the current thresho ld limit va lue (lOx 140 Jig m - 3).

TABLE II

EffIC IENCY OF THE SAMPLING PROCEDURE FOR THE COLLECTION OF HMD I IN
2.10 - 4 M 1-(2-PY R ID Y LlP IPE RAZI N E

--- - -

Calculated concentration Meal/ concentration of Efficiencv o]'
ofatmosphere at 20"C* isocyanate collected ( /IK 111- J ) trap I ( ~ ;, )
-------~~- .- -- - - - - - ----

ug III- J 1'1'111 I'mpl I'mI' 2 I'mI' 3

146 0.021 143 3 < 2 98
170 0.024 150 20 < 2 88
173 0.025 170 3 < 2 98
173 0.025 170 3 < 2 98
198 0 .028 190 8 < 2 96
233 0.033 nl 8 4 95
242 0.035 237 5 < 2 98
269 0.038 259 10 < 2 96
271 0.039 255 16 < 2 94
309 0.044 288 14 7 93
324 0.046 305 19 < 2 94
425 0.06 1 389 36 < 2 92
460 0.066 435 18 7 95
492 0.070 462 20 10 94
524 0.075 49 1 33 < 2 94
579 0.083 507 72 < 2 88
672 0.096 629 43 < 2 94
685 0.098 626 48 II 91
722 0.103 646 60 16 89
761 0.109 667 60 34 88
783 0.1 12 653 82 48 83
823 0.118 748 48 27 91
979 0.140 938 41 <2 96
lIn 0.160 1040 61 21 93
1366 0.195 1278 88 < 2 94
1661 0.237 1530 131 <2 92

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

* Assuming a co llection efficiency of 100 i., in a 3-impinger sampling system.

Chromatographic conditions
Previous workers have found that the presence of a basic reagent in the reac 

tion mixture to be chromatographed presents certain problems when silica is used as
the column packing!". The use of nitro reagent, for example, in normal-phase HPLC
studies, was reported to produce significa nt peak ta iling and progressive column
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degrad at ion , possibly because of the seco nda ry amino gro up on the nitro rea gent,
which inte rac ts with the silano l groups of the silica co lumn to produce retardati on of
the reagent on the co lumn'". The prese nce of excess reagent ' " req uir es the ad di tion of
a suitable reage nt scru bber such as p-to lyl isocyan at e''? or ace tic anhydri de" to the
reac tio n mixture. In orde r to overco me thi s probl em severa l wo rkers 2 9

•
3 7 have suc

cessfully investiga ted the use of reversed -phase HPLC using a bo nded oc tadecylsilyl
sta tio nary pha se with isocra tic pH-bu ffered elut ion.

OOS-Hypersil was selected as the most suita ble rever sed-ph ase co lumn pack
ing in the prese nt investiga tio n. Fo r all th ree mo bile phases used in the separation of
the various urea deri vati ves excess 1-(2-pyr idyl)p iperazine is eluted first , and since th e
elution mode is isoc ra tic, the next ana lysis can , if required , be sta rted immed iatel y.
The reagent as co mmercia lly supplied co nta ins the disubstituted piperazine, 1,4-(2,2'
dipyrid yljp ipera zine, as an impurity. This ca n be rem oved by vac uum distill ati on if
desired (boi ling point of the reagent is 114°C at 3 Torr), but thi s was not found to be
necessary in thi s study as the impur ity did not inte rfere with the resolution of the urea
derivativ e peak s.

Fig. I sho ws a chromatogram of the sta nda rd urea deri vati ves of a mixture of
the two TOI isom ers and PhI with unreacted reagent and the di substituted piperazin e
impurity present. Fig. 2 shows a typical chro mat ogram of a polyureth an e foam (TOI
oligomer based) hot-w ire cutting pr ocess a ir sample. TOI monomer is a degrad ation

Ph i

I
0 .04 Absorbance units

1·(2 PIP

2 .6 · TO I

10.05Ab sorbance uni ts

2.4 · TOI

2.4 · TOI

12 11 10 9 8 6 5 2 1 a
I [ ,

12 11 10 9 8

2,6 · TOI

! , !

6 5 4 3 2 a
T ime . min ute s Time : minutes

Fig. I. Chro matogra m of 1-(2-p yr idyl)pipcrazim: [1-(2-P lP ) reagen t. IA-(2.2'· d ipyridyl )piperazine im
pur ity a nd the' PhI and TO I urea deri va tives. Cond itio ns: co lum n, 250 x 4.6 mm 1.0.. O OS -Hype rsi l:
mo bile ph ase, acetonitrile 0. 1 M aqu eo us a mmonium aceta te (3 1:69), the wa ter phase adj usted to pH 6.2
with aceti c acid ; temperature. am bien t : llow-rutc, 2.0 ml /m in ; sa mple vo lume , 10 Ill: det ecti on . UV at 254
nm a nd 0.08 a.u .f.s.

F ig. 2. Chro ma to gra m of a T OI in a ir sam ple ta ken a bo ve th e hot- wire cu tting of a flexi ble polyurethan e
foa m based on a TOI oligomer. Condi tions as in Fig. I. exce pt : sens itivity , 0 .64 u.u.I,s .
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product of such a process, and as can be seen from the chromatogram , is well resolved
from the other breakdown products. Fig. 3 shows a chroma togram of the HMOI and
NO I standa rd urea derivati ves.

By increasing the co ncentra tion of acetonitrile in the mobile phase it is possible
to elute the MOl and HMOI oligomer urea derivati ves within II min as shown in
Figs . 4 and 5, respectively indicating tha t the chroma tographic system can be used in
the ana lysis of the high er mol ecular weight isocyan ate prepolymers frequentl y used
by industry. Th e retention times and wavelengths of maximum absorbance for the
urea derivat ives studied are listed in Table III.

!0 .02 Absor bance units

H 2 ·? )?

I0 .02 Absor ban ce un its

HMO I

, 1 , ! I 1 , ! ! ! t

12 11 10 9 8 7 6 5 4 3 2

Time : m inutes

o

H2·?)?

MO l

RI

t ! , ! ,

12 11 10 9 8 7 6 5 4 3 2 1 0

Time : minutes

Fig. 3. Chroma tog ram of 1-(2-p yridyl)piperazine reagen t. IA-(2.2'-dipyridyl)piperazine im pur ity a nd the
HM DI a nd ND I urea derivatives. Co ndit ions as in Fig. I. except : sensit ivity , 0. 16 a .u.f.s.

F ig. 4. Chroma togram of the M DI urea de rivat ive togeth er with excess reagen t and its impu rity. Con
d itio ns as in Fig. I, except : mobile phase . acetonitri le-O. I M aqueous ammo nium acetate (40 :60), the water
phase adjusted to pH 6.2 with ace tic ac id; sensi tivity, 0.16 a .uJ .s.

It ca n be seen from Table III that the separa tion of isocyan ate mixtures that
commo nly occur together in cert ain industrial atmospheres is easily ach ieved. For
exa mple. HMOI oligomer, commo nly used in two-pac k polyol-cure pain t systems,
genera lly co ntains approx ima tely 0.7 ~%; of HMDI mon om er. In man y cases mixed
isocyanates do not occur and it is relatively easy to mod ify th e elut ion conditions to
red uce the retenti on times; this will add itiona lly give sha rper peak s.

Ca libra tio n gra phs, over the concentrat ion 0-1 00 ng, were prepared for the
isocyanate urea derivat ives studied. A linear respon se was exhibited in eac h case
between the concentrat ion of the urea and its abso rbance. A typical ca libration
graph, for the 2,6-TOI urea, is shown in Fig. 6. Detection limits, based on a signa l-to -
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, , , " , ! !

21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Time : minutes

Fig. 5. Chro ma tog ram o f the H M D I oligome r (Desmodur N) urea derivati ve to geth er with excess reagent
and its impur ity. Condi t ions as in Fig. I. except : sensit ivity. 0.32 a .u.f.s.

TABLE II I

RETENTION TIM E DATA AND WAVEL ENGTHS OF MAX IM UM ABSO R BA NCE FOR ISO
CYA NAT E U REA DE RIVA TIV ES
See text for desc ription of mobile phases.

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

Compound Mobile phase Ret ention time (mill) l~m/,4x . ( 11m)
- -_._-- - _._-- ..

1-(2-Pyrid yl)piperazin e A 1.3 255
2.6-TDl -urea A 6.3 252
HMDI -ur ea A 7.2 255
Phl -ur ea A 7.3 25 1
2.4-TDI-urea A 9.5 252
NDI-ur ea A 9.7 253
1.4-(2.2-D ipyridyl)pipcrazinc A 10.9
1-(2-Pyridyl)piperazine B 1.3 255
1.4-(2.2-Dipyridyl)piperazinc B H.6
IPD I-ur ea B 12.9 an d 23.2 254
1-(2-P yridyl)p iperazine C 1.3 255
1.4-(2,2-D ipyrid yl)pipcrazine C 5.5
MD I-ur ea C 10.9 256
HMD I o ligom er urea C 11.0 253

noise ratio of 3 with the detector set at 0.005 a .u.f.s., are given In terms of free
isocyanate in Tabl e IV.

The lower limit ma y be decreased by taking a larger air sample. and the up per
limit increased by using a mo re concentra ted a bsorbing solution or smaller air
sample.
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Fig. 6. Ca libration cu rve for the 2,6-TD I urea derivative. Co nditions as in Fig . I.

TA BLE IV

ISOC YAN AT E CONCENTRATION LI M IT S

Concentra t ion limits are based on a 10-litre air sam ple.

Isocyanat e

2,4-T D I
2.6-T D I
MDI
PhI
H M DI
NDI
IPDI
HMD I oligomer

CO NCLUSIO N

Lower limit ( fl g m - 3 )

0.5
0.5
0.5
0.5
0.7
1.0
1.5
0.75

Upper limit (mg m - 3 )

17
17
25
21
17
21
22
32

A reve rsed-phase HPLC method has been developed for the de termina tion of
atmospheric isocy anate conce ntra tions using 1-(2-pyrid yl)piperazine to form urea
derivatives which exhibit very high molar abso rptivities in the ult raviolet region. The
sensi tivity of the meth od is suc h th at as little as 48 pp t of MOl or TOI may be
determ ined in a 10-1 a ir sa mple, eq uiva lent to one fou r-hundr eth of the cur rent th res
hold limit val ues for these compounds" , T his mean s that shorter sampling per iods can
be used giving rise to better hygiene control. In theory, th e sensitivity of the meth od is
sufficiently high to omit the concentration step prior to HPLC ana lysis, and to inject a
IOO-tLl aliquot directl y into th e chroma tograph. However , to luene is not suitable as an
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injection solvent and there are probl ems assoc iat ed with the use of acetonitrile as the
sample absorbing so lvent due to its toxic and volatile nature. In addition, we have
evidence that th e concentration step may be of importance in ensur ing that urea
formation goes to completion . It has also been shown that impuri ties in acetonitrile
may react with isocya nates.

Unlike the nitro reagent and 9-(N-meth ylaminomethyl)anthracene , a reagent
recently suggested for the HPLC-fluorescence determination of isocyanates" , 1-(2
pyr idyl)piperazine is a stable, high-boiling liquid (boiling point 283"C) requiring no
preparation befor e use. In add ition, HPTLC ana lysisP may be carried out on- site
pr ior to HPLC ana lysis, using 1-(2-pyridyl)piperazine reagent, enabling the occ u
pati on al hygienist to make an immediate assessment of the extent of any isocya na te
hazard that may be present.
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Note

Fraction collector controller for collecting liquid chromatographic
peaks

K. NAKATSU

Department of Pharmacologv, Queen's Universitv, Kingston. Ontario K7L 3N 6 ( Canada )

(Rece ived February J rd, In I)

In the course of our work on drug metabolism, it is often necessary to collect
fractions from a liquid chromatographic column. This procedure is used frequ ently in
an alytical work when metabolites are co llected for further analysis by methods such
as high resolution mas s spectrometry. Less frequ ently it is used in large-scale chro
matography for the purification of drugs synthesized in the laboratory.

In many cases th e peaks which one wishes to collect are not so well separated
that conventional timed collect ion s offractions is sa tisfactor y. Yet many laboratories
have excellent fraction collectors which can be made to collect peaks when they are
connected to an appropriate peak detecting device. In this communicat ion a device
wh ich senses the sta rt of a peak , arranges for peak collecti on , can accommod ate a
noisy baselin e and corrects for sloping baselines, is described. Th e approach to the
problem was to design a device which performed these functions and also had other
useful features. It should be inexp ens ive, made of commonly ava ilabl e components
and simple to con struct. The design should be applicable to mo st det ection systems
and fraction collectors which are alre ady in use or easily available. The fracti on
collector controller was built for an LK B fraction collector and a Houston Instru
ments strip chart recorder which are popular and representative of equipment in the
field .

MA TERI ALS AN D M ETH ODS

Ma terials
Th e electronic components used are all readily available from electronic supply

dealers and from electronic hobby hou ses. The recorder modifications were made in
the ma chine shop.

Construction
The components were soldered on a printed circuit board which was made in

the laborator y. In lieu of a custom-made printed circuit one can use a commercially
ava ilabl e multiple-purpose printed circ uit bo ard and make the appropriate connec
tion s with "jumper" wires. The integrated circuits (IC) were mounted in IC sockets .

The design shown in th e circuit diagram of Fig. I fulfils our requirements . Its
function is mor e easily comprehended by following the fun ctional block diagram
(Fig. 2). The sensing unit consists of integrated circuit I (hal f of a 556) and a slider
assembl y on the recorder. Th e slider was a 12 mm long metal cylinder mounted on a

002 1-9673(81(0000- 0000($02.50 (l l 1981 Elsevier Scientific Pub lishing Com pany
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5V 5V

R7

C4IC4

FC

Out H

Out l

5V

L-..1'--r---G;c1

Event Marker

Fig. 1. Circuit diagram . The components were as follows : IC 1 and IC 3. 556 dual timer; Ie 2 and IC 4.
74121; IC 5, 7402; Q1 and Q2, 2N2222 transistor; R1. R2 and R7, 10 kQ; R3. 62 kQ; R4 and R6. I mQ
variable; R5, 56 Q ; R8, 280 Q; C I and C4. 10 IIF; C2. 330 JlF; C3. 33 IIF. Out L = output pulse low; Out
H = output pulse high; S = event marker solenoid; FC = fracti on collector.

Teflon ® bushing which fits on the pen support rod of the recorder. An .. L" shaped
piece of metal (L-bar) was attached to the pen holder so that the slider was pulled or
pushed to follow the movement of the pen . The slider was connected to electrical
earth and made electrica l contact with the rest of the circuit by touching an electri cal
contact on the L-bar when moving in one direction and on the pen holder when
moving in the opposite direction. When contact with the L-bar is made a peak is
detected and IC 2 (one-shot) is fired . IC 2 cannot be activated again until after the
opposite electrical contact is made and IC I is reset by the pen moving downward
during the declining phase of the peak. the first half of IC 3 contains a free running
tim er which fires at a preset frequency (every 5 min) unless it is interrupted. The
ou tput from IC 2 interrupts the 5-min timer, causing it to fire when a peak is detected.
Th e output from the 5-min timer initiates a time delay (7 sec) which is contained in the
second half of IC 3. This allows time for the column effiuent to travel from the
detector to the fraction collector. The output from the time delay fires a one- shot
pul se (IC 4) which is used to drive the recorder event marker and to step the fraction
collector. The circuit to this point is applicable to pra cticall y all fraction collectors
and recorders. Th e time between fract ion collector steps when no peaks appear can be
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Reset IC2
Tr ig ger IC1 One Shot

Out I-- In
Out

I I I
Out

In Out T rig ll er Out Rese t

IC4
Seconds Delay S Minute Time r

Out 1/2 IC3 1/2 IC 3

Event M a rke r

Froct ion
Col lector

Fig. 2. Function block d iagram .

varied by adj usting the resistance at R4 . Similarly the time delay is adj usted at R5 and
sho uld be set for each chroma to gra phic un it.

Th e output from IC 4 was not capa ble of dir ectly dri ving either the fract ion
collector or the event marker. Consequentl y a pair of transistors (2N 2222) was used
for the event marker and ano ther integrated circuit (7402) was used for the fraction
collector. Th e inp ut to the fraction collector was via the drop counter head ; the input
line was soldered to the wire which enters the fractio n co llector at pin 4. The fraction
collector was set in the d rop-cou nt mode for one drop. Th is app roach leaves the
fraction collector essentially unchanged so that it may also be used in its conventiona l
time- or drop -count modes.

To allow for use with noisy baselines the L-bar which pulls the slider was made
with a slotted mount. T his allows the ope ra to r to alter the amo unt of pen oscillation
permitted witho ut triggerin g the circuit. No te also th at as lon g as the slider has not
mad e both reset and tr igger contac ts th e circuit do es not sense a peak. Thi s allows the
baseline to drift in either dir ection with out ca using false triggering.

Before arriving at this final design, a purely electronic meth od was tried which
would have obviated modifications to the recorder. In thi s approach the detector
output was amplified and pu t th rou gh a first der ivative circuit to detect cha nges in
slope; this was abandoned for two reasons. Firstly it was difficult and time consuming
to adj ust for baseline noise, whereas L-bar adjustment (F ig. 2) is read ily made and
easy to sec. Secondly, the so leno ids in the event mar ker and the frac tio n collecto r
always produ ced some electr ica l noise which was amplified by the derivatizing circ uit
to give fa lse triggering.
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Use of organic modifiers in the mobile phase for the reversed -phase
high-performance liquid chromatographic separation of steroidal hor
mones

G EO RG E JI A-LONG LEE*, ROBERT M. K. CA RLSON and STA NL EY KUSHIN SKY

Syntex Research, Institute of Biological Scien ces, 340 1 Hillview A I'e. , Palo Alto. CA 94304 ( U.S. A.)

(Received March lOt h, 1981)

Th ere have been several repo rts of the use of small percentages of vario us
or gan ic compounds in the mobile ph ases to modify chro ma tog ra phic selectivi ty for
different po lar fun ctional groups in reversed-phase high-per forman ce liquid chroma
tograph y CHPLC)1- 7. In th e course of studies on th e separa tion of various stero ida l
hormones we encountered several mixture s which we were unable to resolve com
plete ly by mean s of binary mixtures of aceto nitrile and water or met hano l and water
on an octylsilane-bonded ph ase co lumn. A systematic examina tion of severa l organic
modifiers was initia ted to improve the sepa ra tions . As a result of these stud ies, severa l
ethers were found to improve the sepa ra tions significantl y and an explanation for
these effects was attempted .

EXPERIMENTA L

Reagents and mat erials
Estradiol- I? «, estr adi ol-17{/ and estrone were purchased from Steraloids (Wil

ton, N H, U.S.A.) . Testosterone, progester on e, estriol , mestran ol, ethinylestra diol
and nor eth indrone were prod uct s of Syntex (Palo Alto, CA, U.S.A.) . Met han ol,
acetonitrile (UY grade), tet rah yd rofuran (UY grade) and d iethyl ether (distilled-in
glass gra de), were o bta ined fro m Burd ick & Jackson Labs. (Muskegon, MI , U.S.A.).
1,4-Dioxane, I ,2-dimethoxyethane, diiso propyl eth er and cyclohexene oxide were pur
cha sed from Fisher (Pittsburgh , PA, U.S.A.), MCB (Cincinn at i, O H. U.S.A.), Mal
linckrodt CSt. Loui s, MO, U.S.A .) and Ald rich (M ilwau kee, WI , U.S.A .), respec
tively.

Apparatus
All HPL C separations were performed with Waters Assoc. (Milford, MA ,

U.S.A.) equipment. Th e sol ven t del ivery system co nsisted of a Mod el 6000A and two
Model 45 pumping systems. Either a Model U6K universal injector or a Model 710B
sample processor was used for the injection of samples. The detector was a Mod el 450
varia ble-wave length UY monitor. Th e Ilow-rate and so lvent co mposition were con
trolled by a Model 720 system co ntroller. Peak height s, peak areas and retention
times were measured by mean s of a Model 730 data modul e. Th e columns used were

0021-9673/8 1/0000-0000/S02.50 © 198 1 Elsevier Scient ific Publishing Company
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prepacked with la-pm or 5-pm LiChrosorb RP -8, containing covalently bonded oc
tylsilane functions (Rheodyne, Cotati, CA, U.S.A.).

High-performance liquid chromatography
Binary solvent mixtures of water-acetonitrile and water-methanol and ternary

mixtures of these systems with ethers as modifiers were used as the mobile phases.
Mobile phases were degassed in an ultrasonic bath for 30 min . The flow-rates used
were 2 ml/rnin for the la-pm RP- 8 column and I ml/min for the 5-pm RP-8 column.
Further detail s are given in the legend s to the figures.

RESULTS AND DISCUSSION

Separation of a mixture of estrone, estradiol-l ?« and estradiol-LZb by use of an ace
tonitrile-water system with or without diethyl ether as a modifier

The conditions employed for thi s comparison and the results obtained are
summarized in Fig. I . Addition of ether shortened the retention times , improved the
resolution, and sharpened the peaks , thus increasing the sensiti vity. Without ether,
the separation of the epimer ic estradiols was incomplete.

Effect of diethyl ether concentration on the elution volumes for estrone, estradiol-l Z«,
estradiol-I Zb, testost erone and progesterone

The result s of this study are summarized in Fig. 2. Elution volumes, expressed
as a capacity ratio (k ' ), are plotted as a function of the volume percent of diethyl ether

A B

2
3

2

i i
w w
U U
Z Z
<t <t
CD CD
cr c;

0 3 0
<n <n
CD CD
<t <t

o 5 10

MINUTES

15 20 o 4 8

MINUTES

Fig. 1. HPLC or three estrogens with binar y an d tern ar y so lvent systems. (A) Mob ile phase : acetonitri le
water (35:65); (B) Mo bile ph ase : (acetonitrile- water . 35: 65)-d icthyl et her (90:10. v/v). Co lumn: Li
Chrosorb RP-X. 10 Jim . 25 ern x 4.6 mm I.D .; flow-rat e : 2.0 ml/min , pressure : 700 p.s.i.; UV detection at
2XO nm. 0.04 u.u.f.s. Peak s : I = estrad iol-17/i; 2 = estradio l- I?« : 3 = estro ne.
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NOTES

Fig. 2. k' Values of estrogens. testosterone and pro gester one as a functi on of diethyl ether content of the
mobile phase. Curves: .... = testo sterone; 0 = estra dio l- Dfi; 0 = estr adiol -l ?«; 6 = estrone; • =
progesterone. Column: LiChrosorb RP- 8, 10 tan, 25 em x 4.6 mm I.D .; Solvent system: acetonitrile
water (35:65, v/v) plus diethyl ether.

in the mobile phase . In each case, lower value s of k' were obtained when the con
centration of diethyl eth er was increa sed . Ho wever, the magnitude of the effect was
different for different functional groupsv'. The retention times of o:,IJ-unsa turated
ketonic steroids were more drastically shortened.

Use ofdiethy l ether and tet rahydrofuran in the separation ofketonicfrom non-ketonic
steroids

In Fig. 3 are plotted the k' values for 17Gl:-ethinylestradiol, mestranol, nor
ethindrone and progesterone as a fun ction of the con centration of acetonitrile in
water. Based on the closeness of the k' va lues for noreth indrone and 17o:-eth inyl
estradiol at all concentra tions of acetonitrile, it is apparent that thi s binary system is
unsui tabl e for the separa tion of these stero ids. However , the addit ion of 10 % (v/v)
diethyl ether to the eluent containing 40 %acetonitrile in wat er resulted in a lowering
of the k' value for norethindrone in compari son with that obtained for 17o:-ethinyl
estradiol and an improvement of the separ ation. Similarly, the add ition of 10% (v/v)
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k '

605040
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Fig. 3. k' Values of four steroids in binar y and ternary solvent systems. Ethinylestradiol (0 ), norethin
drone (0), mestranol «», and progesterone (6) were eluted with binary solvent systems of acetonitrile in
water, as shown on the hor izont al scale. Eth inylestradiol ( e) and norethindrone (_) were eluted with a
ternary solvent system of (aceton itr ile-water, 40:60)-dieth yl ether (90:10, v[v). Mestranol (+ ) and proges
terone (A) were eluted with a terna ry solvent system of (acetonitrile- water, 65:35)-tetr ahydrofuran
(90:10, v/v). Co lumn : LiCh rosorb RP-8. 5 Ilm , 25 em x 4.6 rnm J.D .

tetrahydrofuran to the eluent contammg 65 % acetonitrile provided a differential
lowering of the k' values for mest ranol and pr ogesterone and allowed them to be
separated. Although progesterone and mestranol could be sepa rated from one an
other with a binary system at a lower concentration of acetonitrile, the presence of
tetrahydrofuran reduced the elution volumes by at least a factor of 2 and shortened
the time required for separation accordingly.

Selectivity effects fo r steroids of several organic modifiers with ether linkages
Since diethyl eth er and tetrahydrofuran had significant effects on the retention

behavior of various ster oids and these modifiers both contain an ether link age in their
struc tures, the selectivity effects of other organic mod ifiers with ether link ages were
investigated.

It is evident from ear lier reports'' :? and fro m our own results that the order of
elution of the steroids used in this study depends on whether aqueous acetonitrile or
methanol is used as the eluent in reversed-phase HPLC. For example, estrad iol-I?«
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and estradiol-17fJ are eluted before estrone by the eluent contain ing acetonitrile and
after estrone by the eluent containing methanol. In addition, the order of elution of
the two epimeric estrad iols is reversed in the se systems. However , when various
modi fiers containing ether linkages are added to both binary systems, the selectivity
effect for pol ar functional groups is similar.

Tabl e I shows the changes in elution volumes resul ting from the additi on of
different eth ers to aqueous methanol. Significant changes in elution order are observ
ed. The eluti on volumes of all stero ids are decreased by the use of an ether as a
modifi er. However, in systems containing diethyl eth er , tetra hydrofuran, diiso propyl
ether or cyclohe xene oxide, the magnitude of the decreases in the elution volumes for
stero ids with a phenoli c struc ture in the A ring (estrone, estradiol-l ?«, estradio l-17fJ
and 171J(-ethinylestr adiol) is sma ller than that for steroids containing an lJ(,fJ-unsa tu
rated ketone in the A ring (testosterone, progesterone and noreth indrone). Similar
result s were obtained (Figs. 2 and 3) with the system containin g acetonitrile. An
example of polar functio na l gro up selectivity is shown in Part B of Table I. Th e values
of the selectivity factor (IJ( ) for 171J(-ethinylestradiol to norethindrone ar e significantly
larger in the systems containing these mon oeth er mod ifiers. These two stero ids differ
only in the A ring which is phenolic in the former and contains an unsaturated ketone
in the latter. The ro le of organ ic modifiers on the retention mechani sm in reversed
phase HPLC ha s previously been investigated by McCormick and Karger10

•
1 1

• The y
indicated that polar group selecti vities of solutes could in large part be rat ionalized on
the basis of specific solute-modifier interac tions in the statio nary phase. The greater
retardation of phenolic solutes may result from hydrogen bonding to the ethers which
are partially extracted by the sta tiona ry phase. On a mole-percent basis in the mobile
phas e, diisopropyl ether, which is more hydrophobic than dieth yl ether or tetrahy
drofuran, provides the largest selectivity effect of the ethers. A lar ge selectivity effect
was also obtained for the relatively hydrophobic epo xide, cycloh exene oxide, which
was tested at a concentra tion of onl y 2 % (v/v) in the mobile ph ase. The mod ifiers
conta ining two ether linkages, such as I,2-dimethoxy ethane and 1,4-dioxane, do not
show the differential effect for phen olic and ketonic steroids (Table I). Th e reduced
hydrophobicity in these modifiers compared to monoethers could be responsible for
the decreased effect , since it is reason abl e that the concentration of these extr acted
modi fiers in the non-polar sta tionary phase would be lower! ". If th is int erpretation is
correct , then a good modifier for mobile phases in reversed-phase HPLC mu st be a
compound with a strong hydrophob ic region to insure th at it is adequately sorbed by
the hydrophobic bonded phase, bu t it mu st also contain a polar region (such as an
ether linkage), which can inter act selectively (pro ba bly via hydrogen bonding) with
certain compounds in the mixture to be separated.

Complete separation of a mixture of testo sterone, estriol. estradiol-I Zb, estradiol-l Z«,
estI'O/ /(! and progesterone with WI eluent containing acetonitrile. water and diethyl ether

The condi tions used and the separa tion obtained are shown in Fig. 4. In the
absence of dieth yl ether, the elution volume for pro gesterone was excessive and the
separa tion of testoster one from estradiol- I?« was marginal. The addition of dieth yl
ether to the binary mobile phase of wat er-acetonitrile changed the elut ion order of
these steroids in a way that perm itted ra pid baseline separa tion of th is complex
mixtu re of steroids.
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Fig. 4. HPLC separation of estro gens, testosterone and progesterone. Peak s : I = estriol; 2 = testosterone;
3 = estradiol-17P; 4 = estradiol-I?«; 5 = estr one; 6 = progesterone. Col umn : LrChr osorb RP-8, 5 Jlm,
25 ern x 4.6 mm J.D .; Solvent system: (acetonitrile-water, 40 :60)--diethyl ether (90:10, v/v); flow-rate : 1.0
ml /rnin ; pres sure : 2100 p.s .i.; UV detect ion at 270 nm , 0.04 a.u.f.s.

REFERENCES

I S. R. Bakal yar , R. McIlwrick and E. Rogg endorf, J. Chromatogr., 142 (1977) 353.
2 N. Tanaka, H. G oodell and B. L. Karger, J . Chromatogr., 158 (1978) 233.
3 Sj. van der Wal and J . F . K. Huber, J. Chromatogr., 149 (1978) 431.
4 R. Spatz and E. Roggendorf, Z. Anal. Chem ., 299 (1979) 267.
5 F . Klink, Amer. Lab., 12, No.5 (1980) 81.
6 E. Roggendorfand R. Spatz, Chromatography Review (Spectra-Physics) , 6 (1980) 10.
7 C. D . Hathaway, Amer. Lab., 12, No . 10 (1980) 134.
8 R. J . Tscherne and G. Capitano, J. Chromatogr., 136 (1977) 337.
9 R. W. Roos, J. Ass . OJ}ic. Anal. Chem. , 63 (1980) 80.

lOR. M. McCormic k and B. L. Karger, J. Chromat ogr ., 199 (1980) 259.
II R. M . McCormick and B. L. Karger . Anal. Chem., 52 (1980) 2249.



Journal of Chromat ography, 212 (1981) 115-120
Elsevier Scientific Publishing Company, Amsterdam ·- Printed in The Netherlands

CHROM. 13,863

Note

Detection of brominated and chlorinated organics by a gas chromato
graphic microcoulometric detector

Effect of pyrolysis tube conditions

J. A. SWEETMAN*·· and E. A. BOETTNER

Department ofEnvironmental and Industrial Health, University ofMichigan, Ann Arbor, MI48109 ( U.S .A .)

(Received April 8th , 1981)

The specific detection of halogenated organics is of considerable interest to
environmental scientists. Low levels of organochlorine pesticides, polychlorinated
biphenyls (PCBs), and polybrominated biphenyls (PBBs) entering the environment
are important because of their refractory nature and potential for bioaccumulation.
Low levels of some other halogenated compounds, such as haloforms, which are
produced during the chlorine disinfection of water ' r" must be monitored because
they may be directly ingested by humans.

G as chromatography (GC) with an electron-capture detector (ECD) is often
used for the analysis of haloforms extracted from watersv", as well as organochlorine
pesticides, PCB, and PBB residues". The ECD is used because of its sensitivity for
halogenated compounds and its wide availability. The ECD has some disadvantages
including : a lack of specificity; widely varying sensitivity with degree of chlorination,
e.g. the ECD is 104 times more sensitive to CHCl3 than to CH3Cl (ref. 7); and
sensitivity which varies with positional isomerism, e.g. different sensitivity for PCB
isomers having the same degree of chlorination". Microcoulometric detection does
not have these disadvantages.

The microcoulometric detector responds to the weight of halogen present.
Through oxidative pyrolysis the material is converted to titratable halides which are
swept into the microcoulometric detector cell where the halides react with the silver
ions pre sent in the cell electrolyte. The efficiency of this pyrolysis process vari es with
compound, pyrolysis temperature, and furnace atmosphere. The coulometer pro
duces a voltage proport ional to the current required to replace the consumed silver
ions. Th e detector has a selectivity of 106 for chlorine over carbon and of 104 for
chlorine over sulfur, nitrogen and phosphorus". Microcoulometric detection has been
used to measure total organic halogen as a water quality parameter using a system
with a sample boat for sample introduction l" ,

In this paper the use of a commerciall y available microcoulometric det ector
specifically designed as a GC detector, the Envirotech (Santa Clara, CA, U.S.A.)

* Present address : Department of Chemistry, University of Wat erlo o, Waterloo, On tario N2L 3G I,
Canada .
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Dohrmann DE-20, is discussed . Pyrol ysis tube condition s were varied and the effect
on the detection of certain hal ogenated organ ics including chloroform, bromoform,
and halogenated benzenes was examined . At a pyrol ysis tube tem pera ture of 92SCC,
the analyses of four PBBs were compared .

EXPE RIMENTAL

So lutions fo r microcoulometr ic detection
To avoid carbonaceous build-up in the pyrolysis tube, the solvent used to

introduce th e halogenated compounds into the G C system mu st be vented. Pentan e
was found to be a suita ble solvent for the aliphatic halogen s and halogenat ed ben
zenes studied . Hexane was util ized for the PBBs examined. Table I lists the col umns
and temperature program s utilized .

TABLE I

GC COLU MNS AND TEMPERATURE PROGRAMS UT ILIZE D FO R MICROCO ULOMETRI C
DETECTION

Compounds Retention Column and tempera ture program
time (min )

Chloroform
1,2-Dichloroeth ane
Dibrometh ane
Brom oform

Chlorobenzene
Bromobenzene
1,2,4-Tr ichlorobenzene
1,2,4-Tr ibrom obenzene

2,4-Dibro mo biphenyl
2,4' ,5-Tr ibrom obiphenyl
2,2' ,5,5'-Tetr abromobiphenyl
2,2' ,4,4' ,5,5'-Hexabrom obiphenyl

4.8
6.5

11.5
19.5

2.5
4.1

11.4
14.6

2.5
5.5
8.0

15.4

4-ft. 10% Ca rbowax 20M column.
Isoth erm al at 75"C for 8 min.
then 5T/mi n to 130"C.

6-ft. 3 :%;SE-30 column.
Isoth ermal at 68"C for 6 min,
then IO°Cjmin to 150"C.

6-ft . 3 % SE-30 column.
Isoth ermal a t 220"C for 7 min,
then 1ST /m in to 290"C.

Three solutions for reco very studies with microcoul om etric detection were pre
pared , each contai ning four str uct ura lly relat ed compo unds . Microlit er qu antities of
C HCI3 , CHBr3 , ClCH 2C H 2Cl, and C H 2 Br2 were injected with a Hamilton la-pi
syr inge into 10 ml of pentane. Thi s stock so lution was then diluted I to 50 to ach ieve
the desired co ncentra tion for micro coulometric de tection. The so lution concentra tion
was calculat ed from the density of the indi vidual component s. A so lution co nta ining
three halogen ated benzenes was prepared in the sa me manner; the fourt h component ,
a tribromobenzene, was weighed on a micr ob alance. Fo ur stock PBB sta nda rds (2,4
dibrom o- , 2,4' ,5-tribro mo -, 2,2',5,5'-tetra brorno- , and 2.2',4 ,4' .5,5'-hexabrom ob i
phenyl o bta ined fro m RFR, Hope, RI, U.S .A.) were prepared by weighing mg qu an 
tities and tr an sferring to 100-ml flasks with hexane . Th e final PBB so lution was
prepared by mixing 2 ml eac h of the four PBB stock so lutions.
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Instrumental
An Envirotech DE-20 halogen specific microcoulometric G C detector was

adapted to a Microtek MT-220 Gc. Th e effl uent from the G C column flows through
a transfer line (wrapped in heating tap e and kept at the maximum column tempera 
ture) to a pyrol ysis tube in a furnace which is at 820°C or higher. As the GC effl uent
enters the pyrol ysis tube it is joined by a 120 ml/m in flow of oxyge n. The halogenated
species are con verted to titratabl e halides and swept into the miniaturized micro
coulometric cell.

A Texas Instruments strip cha rt recorder was used to record the volta ge pro 
duced by the coulometcr. A compensating polar plan imeter (K & E) was used to
measure the areas of the GC peak s for con version to ng hal ide as follo ws :

halide (ng)
GC peak ar ea (coulombs) x 109

X atomic we of halide

96500 (faraday)

RE SULTS AND DISCUSSION

Table II gives the results of tr iplicate inject ions of the solution contammg
CHC I3 , ClCH 2CH 2CI , CH 2Br, and CHBr3 . Three pyrol ysis tube temperatures, the
lowest being the manufacturers recommended value of 8l0°C, were used. The %
recoveries were determined as 100 x the ratio of the amount of halide repr esented by
the GC peak area to the amount of halide equi valent to complete con version of the
organic halogen compound to titratable hal ides. For CHCl 3 and C1CH2CH 2CI with
oxygen pyrol ysis gas the reco very could be increased by increasing the pyrol ysis tube
temperature. More complete pyro lysis to titratable halide probably result s a t the high

TABLE II

MICROCO UL OM ETR IC D ETECTION O F C H CI3 , C ICH2CH 2Cl , CHBr3 , C H 2 Br2 WITH OXYGEN OR CA R
BON DIOXIDE R EACTANT
- - - --- - - --- . _- -- -._~_ . - - ._ - - -- - - - - _ . _ .

Reactant
gas

Pyrolysis tube
temperature (0C) *

Recovery (%) ± S .D. (n = 3 )

CHC/3
( 66 ng C/- )**

CIC H 2CH2C/

(53 ng cr ) **
CH Br 3

(137 ng s-: )**
CH 2 Br2

( 138 ng Br - ) **

O2 820
920

1020

CO2 820
920

1020

42 ± 1.5 41 ± 2.1 82 ± 2.6 77± 1.7
47 ± 1.2 73 ± 1.5 55 ± 3.6 53 ± 4.2
47 ± 1.0 64 ± 2.5 39 ± 4.7 43 ± 2. 1

40 ± 2.0 45 ± 5.0 68 ± 3.8 79 ± 4.5
48 ± 2.3 76 ± 1.5 82 ± 2.3 91 ± 2.3
66 ± 3.0 92 ± 3.5 8 1 ± 2.9 87 ± 0.6

- -_.. - .._._- -- ----"-_ .

* Devia tion fro m speci fied tempera tur es ± 10"('.
** Amount of chloride or br omide equiva lent to complete co nversion of orga nic halogen compound to titratabl e

halides.
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temperatures. For CH Br3 and C Hz Brz the opposite effect occ urs. Th e reco very de
creases with increased pyrolysis tube temperature (see Fig. I ). Th e brominat ed com
pounds may be co nve rted to a nontitrat able species such as broma te (Br0 3 ) . Using
carbon d ioxide as the pyrolysis gas, the pyrol ysis tube temperature could be increased
without decreasing the recovery of brominated compounds. Co mpara ble reco veries
for the chlorinat ed com po unds resulted with carbon dioxide as pyrolysis gas.

10 0 A
<. CHCI

3) 100 B
<. CH B'3)

<A CICH
2C

H
2CI)

( A CH
2
B'2)

.,.
A

.,. I
R A R
e e •c c
0 • • 0 •v • v
e e
r r
y y

820 920 1020 820 920 1020

Pyrolysis Tube 'C Pyrolysis Tube 'C

100 C 100 D
A .. ...,. ,. A • •..

R • R •
e e
c • c
0 A 0
v • ve er r
y y

820 92 0 1020 820 920 1020

Pyrolysis Tube 'C Pyrolys;s r" be 'C

Fig. I. Effect of pyrolysis gas and pyro lysis tu be temperature on recovery . Chlorinated compounds A and
C; • CHC IJ , '" C1CH2CH2C1. Brominated com pounds B an d 0 ; • CHBr3. ... CH2 Br2• A and B: Oxygen
reactan t gas; C and 0 : carbon dioxide reactant gas.

With oxygen as the pyrolysis gas, halo gen at ed benzenes showed very po or
reco very at 820°C (Table Ill ). For both chlor ina ted and brominat ed benzenes, the
recoveries increased with higher pyro lysis tube temperatures. The aroma tic carbon
halogen bond is stro nger than the aliph ati c ca rbon- ha loge n bond . Fo r exam ple, the
C-Br bond energy of bro mobenze ne is 71 kca l/mo le; and the C- Br bond energy of
eth yl bromide is 65 kca l/m ole l l

. As a resu lt, it wou ld be expected that pyrolysis of the
aromatic compounds requi re higher temperatures. Recovery of the brom obenzenes,
as would be expected from the weaker C- ha loge n bond was bett er tha n recovery of
the chloro benzenes (C-C1 , 86 kcal/mo le), Reco veries simi lar to the brominated ben
zenes were found (Table IV) for four PBB isome rs (2-6 bromine atoms) using oxyge n
pyro lysis gas and a 925°C pyrolysis tube tem peratu re.

D ifferences in thermal stabi lity have been ut ilized to selective ly detect chlori
na ted pest icides in the presence of PCBs with a Co ulson electrolytic co nd uctivity ·
detector in the redu ct ive mod e ' <:' :'. It appear s that the same sort of selective detect ion
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TABLE III

MI CROCO UL OMETRIC DETECTIO N OF HALOGENATED BENZ ENES WITH OXYGEN R E
ACTANT

ReCOIW Y (%) ± S.D. ( 11 = 3)Py rolysis
tube
temperature ("C) *

820
870
920

1020

Chloro
bell::.elle
(87 1lg C/- ) **

< 5
14 ± 0.6
28 ± 3.6
26 ± 2.1

Brom o
bell7.elle
( 136 1lg Br ' ) **

< 5
16 ± I.2
47 ± 5.7
50 ± 1.0

1,2,4- Tri 
chlorobenzene
( 36 ng C/ - )**

< 5
3 ± 1.2

18 ± 3.2
26 ± 1.7

1,2.4- Tri
brom obenzene
(175 ns s-: ) **

< 5
10 ± 2.5
40 ± 2.9
47 ± 4.4

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

* Deviat ion fro m specified temperatu res ± 10·'C.
** Amo unt of chloride or bromide eq uiva lent to com plete conver sion of o rga nic halogen compound to

titratabl e hal ides.

could be accomplished with the microcoulometric detector in the oxidative mode.
The results with CHBr3 and CHzBrz point out, however, that if high pyrolysis tube
temperatures are used to screen for all halogenated organics, there will be a tendency
to discriminate against the aliphatic brominated organics. On the basis of this limited
study, it is evident that to achi eve maximum sensitivity by microcoulometric detec
tion , the pyrolysis process mu st be optimized and for quantitation, sta ndards mu st be
used to determine the reco very for each compound.

TABL E IV

MI CROCO ULOM ETRIC DET ECTI ON OF PBBs WITH OXYG EN REA CTANT

Pyrol ysis tube temperature 925 ± 7"C.

I somer AmOUIlI* Reco very of PBS
(%) ± S.D. ( 11 = 3)

2,4-D ibro mo bipheny l
2,4',5 -T ribro mo biphe nyl
2,2' ,5,5' -Tetrabromobiphenyl
2,2' ,4,4' ,5,5' -H exabrornobiphenyl

73.4 ng Br"
49.5 ng Br 
69.8 ng Br 

123.6 ng Br -

43 ± 7.8
34 ± 4.0
35 ± 6.8
44 ± 7.8

* Amount of bromide equi valent to complete co nversion of th e PBB to tit rat abl e bromide.
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Gas chromatographic determination of water in acetone
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In a study designed to develop a continuous process! for obtaining a coco a
butter-like fraction from beef tallow by acetone fractionation, the water content in
the acetone was critical". Therefore, monitoring the water content of acetone used in
all stages of this experimental process was necessary. A quantitative method was
required that was both rapid and reliable.

Th e standard Karl Fischer titration for determining water was not suit able
because of ketonic interference. Even an altern ate procedure of substituting freshly
distilled pyridine for methanol as the solvent permitted only the approximate deter
mination of small amounts of water in carbonyl compounds:'.

Other methods reported in the literature for determining water in liquids utilize
gas chromatographic (G C) separation with thermal conductivity detection. Smith",
probably one of the earliest researchers to publ ish GC data on the quantitat ive
determ ination of water in an organic system, used three methods of qu antitation,
namely : internal normalization. calibrated sta nda rd curve, and an internal sta nda rd
meth od. Bennet", in a further study of GC sepa ration of aqueous organic solutions,
measured peak height and interpreted the percent water from a corresponding ca li
brati on curve. However, because of possible cha nges in the column or det ector , the
calibrat ion curve had to be reestablished periodi cally . Hogan et al.6 used an intern al
standard technique employing methanol as the standard to eliminate the need for
daily area calibrations. A shortcoming of thi s procedure was the necessity to measure
the wat er content of the internal standard prior to addition to the samples.

MacD onald and Brad y? combined the method of standard add ition with gas
chromatogra phy to yield a technique that was superior to those pre viously a vailable.
However, when we employed this method in our study, we encountered difficulti es.
For exampl e, water peak s were not reproducible because of moderate tailing, thu s
result ing in poor quantitation.

We modified MacDonald and Brad y's method to permit analysis of a wider
ran ge of water contents (0.2-4.0 i;,) in acetone. The changes include column packin g,
method of sample preparation. adjustment of sample size, and the use of a Chaney
adaptor to insur e injection of a constant volum e of sample.
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EXPERIM ENTAL*

NOTES

M

Apparatus
A Varian Aerograph chromatograph Model 1520 C with thermal conductivity

detector (TCD) set at 200°C and 125 rnA was used. The separating column was 6 ft .
x 1/8 in. stainless steel packed with Chromosorb 102 (Johns-Manville), 80-100

mesh . Operating conditions were as follows: column, 150aC; injection port, 175"C;
helium carrier gas flow-rate, 40 ml /min; sample size, 0.5 ,Ill. An Infotronics Model
CRS 100 integrator with automatic attenuation set at x 10 was used to integrate all
peak areas.

Procedure
Sample preparation by the method of standard addition was as follows. Ap

proximately 20.0 g of acetone was weighed into a tared 25-ml volumetric flask fitted
with snap-cap closure. To this , varying weights of water (100 to 300 mg) were added
with a weighing buret, and the solution was thoroughly mixed . In general , at least two
separate weights of water were added to each acetone sample.

Initially, 0.5 ,Ill of "neat" acetone was injected into the chromatograph with a
1.0-,111 Hamilton syringe fitted with a Chaney adaptor. The retention time and area of
the water peak were measured. Then, 0.5,111 of "addition" solution was injected, and
the new area of the water peak was determined . Injections were repeated in this
manner a minimum of four times , and the mean area value of the water peak was
calculated. These values were used in calculating the weight of water in acetone.

Calculat ion
The weight percent of water in acetone was calculated by the following rear

rangement of MacDonald and Brady's equation7:

(Wa x Aa) X (Ws - Wa)

(Ws x AJ - (Wa X A a)

where

M = weight of water in acetone
Wa = weight of acetone before standard addition
Ws weight of acetone after standard addition
Aa mean area of water peak before standard addition
As mean area of water peak after standard addition

When M and Wa are known, the water content ( % , w/w) = (M/Wa) x 1001:;

RES ULTS AND DISC USSION

Initially. Chrornosorb 104 (an acrylonitrile -di vinylbenzenc polym er) was used
as recommended by MacDonald and Brady. Mod erat e tailing of the water peak
resulted in poor quantitation .

* Refer ence to brand or firm name does not constitute end orsement by the U.S. Departm ent of
Agriculture over others of a simil ar nature not mentioned.
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Peak tailing is indicative of hydrogen bonding of water to the solid support of
the column packing or to the column tubing itself. Tailing also may be caused by an
overload of the thermal conductivity detector due to injection of excess sample
volume. All three conditions will result in poor peak area reproducibility, thereby
affecting the accuracy and precision of the method.

To minimize the adsorption effects, the stainless steel column was silanized
before being packed. It has also been reported that inert porous polymer packings,
such as the Chromosorb Century Series, have unique selectivities which depend on
the functional groups chemically bound to the cross-linked polymer", For example,
Chromosorb 104 appears to be more suited for separating trace amounts of water
(0.1 %) as demonstrated by MacDonald and Brady, whereas Chromosorb 102 (a
styrene-divinylbenzene polymer) is more efficient for separating of higher concentra
tions of water (4.0 %) in acetone. For this reason, Chromosorb 102 was used in the
present study. Because of the wide range (0.20--4.0 %) of water concentrations en
countered it was observed that a 10-JlI sample, as recommended by MacDonald and
Brady, caused a TCD overload as manifested by a slow return of the pen to baseline.
A study of the effect of sample volume indicated that a 0.5-JlI aliquot gave a satis
factory separation of the two peaks (Fig. 1) and a consistent retention time for the
water peak over the range of concentrations encountered. The method was further
refined by the use of a 1.0-JlI Hamilton syringe fitted with a Chaney adaptor and the
technique of direct on-column injection of the sample.

These refinements permitted several grades of acetone as well as acetone cuts
from various stages of the continuous extraction procedure to be analyzed. Table I
includes quantitative data from three types of samples representative of all analyses
made in this study.
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Fig. I. Typical chromatogram showing the separation of a 2 '~, water in acetone solution. Peaks: a = air;
b = water; c = impurity; d = acetone.
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TABLE I

EXPERIMENTAL DATA AND ANALYTICAL RESULTS OF ACETONE ANALYSES

Sample Water n Area of water peaks Water c.v.
added (mV sec) content (%)
(g) ( %)

Neat After addition

ACS-grade 0.20707 5 4707 26,510 0.219 2.58
acetone 0.20186 5 4707 25,136 0.226 0.94

Feed 0.20109 5 12,883 15,716 4.19 2.01
acetone 0.28471 4 12,883 17,316 3.92 1.20

Recycled 0.18827 6 13,876 18,587 2.41 4.08
acetone 0.10672 4 13,279 16,197 2.35 3.94

The first sample was the ACS- or reagent-grade acetone which had been used in
the start-up of the continuous process for extraction of animal fats. It had an average
mean area for the water peak of "neat" acetone of 4707 mV sec with an average
standard deviation of 105 mV sec. After two separate additions of water to this
acetone, the water peak areas averaged 26,510 and 25,136 mV sec with standard
deviations between replicates of 583 and 195 mV sec, respectively. The water concen
tration of this sample as determined by the method of standard addition and calculat
ed by the formula previously presented averaged 0.223 %, having standard deviations
of 0.006 and 0.002, respectively, for the two weights. The coefficient of variation
(C.V.) averaged 1.75 %.

The second sample, identified as feed acetone, also had been used in the ex
perimental tallow fractionation pilot plant study. This sample came from the evap
orator used to recover acetone from the fat for recycling. (The acetone must be dried
before being recycled to the process.) A sample of this acetone was analyzed for water
content. It had an average peak area of 12,883 mV sec for "neat" acetone with a
standard deviation of 38 mV sec between replicates. Area counts of 15,716 and 17,316
mV sec were obtained after two separate additions of water to the feed acetone. The
standard deviations of these data were 61 and 58 mV sec, and the calculated water
content averaged 4.19 and 3.92 %, respectively. The standard deviations of these data
were 0.08 and 0.05, respectively, with an average C.V. of 1.60%.

The third sample shown is a recycled acetone, also from the tallow fractiona
tion studies. This acetone, recovered from the evaporator, was partially dried by
being passed through molecular sieves prior to GC analysis. The sample had averaged
peak areas for "neat" acetone of 13,876 and 13,279 mV sec with standard deviations
of214 and 45 mV sec for 6 and 4 replicates, respectively. After two separate additions
of water the area water peaks averaged 18,587 and 16,197 mV sec, respectively, with
standard deviations of 195 and 120 mV sec. These data were used to calculate average
water contents of 2.41 and 2.35 % water with standard deviations of 0.1 and 0.09,
equivalent to a C.V. of 3.99%.

This study has demonstrated the feasibility of using the method of standard
addition for determining water in acetone up to a concentration of at least 4.0 %.
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Result s of this work also show that concentrati on s of water as low as 0.2 %can be
deter mined accura tely. Of the adsor bent systems tr ied, the Cent ury Series Chromo 
sor b 102 gave satisfac tory separation of water and acetone and reproducible areas of
the water peak. Fina lly, we found that overload ing of the TCD could be avoided by
limiting the sample volume to 0.5 pi, precisely mea sured each time with a Cha ney
ada ptor.
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We have previou sly reported severa l impro vements for fraction ati on and
quantitati ve or qu alitative determination of maltooli gosacch arides using carbon
column chrom atography", paper densitometry", gas-liquid chromatography", gel fil
tration chrom at ography" and multiple descending pap er chromatography". These
studies were closely related to our work on the fine structure of the starch molecule
and on the mech anism of action of amylases. Recently, high-performance liq uid
chromatography (H PLC) has been recogn ized as a qu ick , convenient and accu rat e
method of qu antitat ive analysis of carbohydra tes 6 -10 .

In thi s pa per, we summarize o ur results on the qu an titat ive analysis of mal to
saccha rides by HPLC. We also try to determine the ra nge of erro r in the determina
tion of high er maltooligosaccharid es when maltose is used as a sta nda rd compo und .

EXPERIM ENTA L

Preparation of maltooligosaccha rides
A 200-ml vo lume of 2 i :' short-chai n amy lose (mean degree of polymeri zati on ,

D.P. = 18) was inc ubated with 5.5 I.U,* of bacterial liquefying a-amy lase (Crysta l
line; Seik agu Kogyo, Tokyo, Japan ) at 40"C for 30 min, then deioni zed on Amber lite
MB-3 resin. Th e deionized hydrolyzat e was lyophil ized . Each pure maltooligosac
charide was prepared by macro pap er chr omatography. Th e co ncentrations of oligo
saccharides were determined by th e phe no l- sulphur ic acid method 11.

HPLC apparatus, column and operating conditions
A Trir ot or HPLC ap pa ra tus (Ni ho n Bun ko, To kyo, Japan ) was used with a

Ja scopak SN -O J co lumn (25 cm x 4.6 mm , Nih on Bunko ) an d a 5-cm SN -OI guar d
column or a ,uBonda pa k carboh ydrat e co lumn (30 em x 4.0 mrn, Waters Assoc .),

* One Intern ati onal Unit (I.U.) accordi ng to the Internati onal Co mmission on Enzymes is the
amo unt of enzyme tha t will hydrolyze 1 /-lmol of glycos id ic bonds in I min und er optimal conditions.

0021-9673/81/0000-0000/$02.50 ~) 1981 Elsevier Scientific Publi sh ing Co mpa ny
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The elution of carbohydrate was detected with a di fferential refractometer (Shodex
SE-I I). The column was elute d with acetonitri le-deionized water (65: 35 v/v) at room
temperat ure. Samples of 10- 30 pI were injected into the HPLC and eluted at a ve
locity of 2~3 ml /rnin. All the solvents and samples were degassed ultrasonically and
filtered with a mem brane filter (0.45 pm pore size).

RES ULTS

Fractionatio n of ma ltooligosaccharides with Jascopak SN-O ]
The partial hydrolyzate of short-chain amylose and frac tionated G], G z, G J ...

G 7* were analyzed by HP LC with the Jascopak SN-OI co lumn under the conditions
described in Experimenta l.

Fig. I shows the elution profile of th e mixture of ma ltooligosaccharides. The
quantitative ana lysis of G] to G il is easily done within 20 min. Various amounts of
pure G, , G z, G 4 and G o were injected into the HPLC in order to construct a ca li
bration curve betwee n detector response and the amount of maltooligosaccharides.
The detector response, K, is defined as the slope of th e calibration curve for each
saccharide.
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Fig. 1. Chromatogram of maltool igosaccharides mixture on Jascopak SN -Ol.

Fig. 2 shows the relation between peak height and the amount of saccharides.
The slope of the curves gradually decreases with increasing molecular weight. The K
value obtained from the G 1 curve is mo re th an three times that from the G o curve.
The values for G 1• G 2 , G 4 and G o are 1.63, 1.35,0.85 and 0.55 respectively.

Fig. 3 shows the rela tio n betwee n peak area, calc ulated as the are a under a
triangle, and the amount of saccharides. It is seen that the four curves are close to
each ot her. The K va lues for o. , c .. G 4 and G (> are 1.16. 1.23, 1.19 and 1.24.

Fig. 4 was obtained by plotting the peak weight (mg) against the amount of
saccharides . Peak weight was measured by cutt ing and weighing the peak of each
saccharide from a Xerox copy of the chromatogram . We found that th e closest
calibration curve was obta ined when the peak weights were employed. The K
values are 1.00 for G. and G(> _0.99 for G, and G 4 .

* Symbols G I _ G 2• G J •. .. etc. repre sent glucose. maltose. malt otriosc , etc.
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Fig . 2. Cali brat ion curves obtained by plotting peak height against the amounts of each sacch aride.
Column : Jascop ak SN-Ol.
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Fig. 3. Ca librati on curves o btain ed by plott ing
Co lumn : Jascopak SN-Ol.

Fig. 4. Ca libration curves obtained by plott ing peak weight aga inst the amo unt of each sacchar ide.
Co lumn : Jascopak SN-OI.
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Fractionation of ma ltooligosaccharides 011 p.Bondapak carboltvdrate
Th e resu lts of the fracti on ation of mal tooligosaccharides on a /lBondapak

carbohyd ra te co lumn ar e show n in Fig . 5. G lycerol was added as an internal sta n
dard . The co lumn sa tisfac tori ly fract iona ted o ligosacc ha rides lip to Go or G 7 _ even
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Fig. 5. Chroma tog ram of ma ltooligosacchar ides mixtur e on IIBondapak carbo hydra te.

though the peaks were broad. It was difficu lt to analyze maltooligosaccharides higher
th an 10, which was easi ly don e on the Jascopak SN -O I column. Fig. 6 shows the
calibration curves for each oligosaccha ride plotted as peak area agai ns t concentra
tion. Th e K values ca lcula ted by vario us methods with and witho ut internal sta ndard
are show n in Tabl e 1.

50
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amount of saccharides ( pg )

Fig. 6. Ca libra tion curves o bta ined by plott ing peak area aga inst the amou nt of eac h sacc ha ride .
Col umn: ItBondapak ca rbohydra te.

D ISCUSSION

Becau se of the difficult y in obtai ning commercia lly pure ma ltool igosaccharides
as standard co mpounds fo r chroma tography. one of the purposes of this study was to
de ter mine the ran ge of error whic h might ar ise by using pure mal tose. which is fairly
readily obtainable. as a standard compound for the de ter mination of higher malto-
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TABLE I

DET ECTOR RESPONSE VALUES (K) OF MALTOSACCHARIDES

NOT ES

Response values: H , based on peak height of maltooligosaccharide; A, based on peak area of malt ooligo
saccha ride ; HI ' based on peak height of internal standard; A" based on peak area of interna l sta nda rd.

H A H/H, A/A,
.'-"._----------_ ...._..__.........-

G j 0.18 0.21 0.91 1.36
G 2 0.14 0.21 0.59 1.11
G 3 0.11 0.20 0.52 1.17
G4 0.06 0.18 0.27 1.05
Gs 0.05 0.20 0.23 1.13
G6 0.03 0.17 0.14 1.01
G 7 0.03 0.21 0. 15 1.37
-_._----

oligosaccharides. Tables II and III show the correction factors for each maltooligo
saccha ride when O 2 is used as a standard . The correction factor (c.r.)was defined as :

K value of O 2

K value of maltooligosaccharide

As seen in Table II , the c.r. values of 0, ,04 and 0 0 are very close to I when the
peak are as or peak weights are measured. This indicates that G 2 could be used as the
standard compound for maltooligosaccharide determination with high accuracy be
cause all the standard curves shown in Figs . 4 and 5 are very close to each other.

TABLE II

CORRECTION FA CTORS OF EACH MALTOOLIGOSACCHARIDE WH EN G 2 IS USED AS
STANDARD COMPOU ND (1ASCOPAK SN-OI)

Correct ion factors were calculated as described under Discussion.
----------- _ ..

Based on
peak height

0.83
1.59
2.45

Based all

peak area

1.06
1.03
0.99

Based all

peak weight

0.99
1.00
0.99

TABLE III

CORRECT ION FA CTORS OF EACH MALTOOLIGOSACCHARID E WHEN K VALUE OF G2 IS
USED (jlBO ND APAK CARBOHYDRAT E)
-----_._.

H A H/H , A/A,
--_ ._-

G J 1.27 1.05 1.13 0.94
G4 2.33 1.17 2. 19 1.06
Gs 2.80 1.05 2.57 0.98
G6 4.67 1.24 4.2 1 1.10
G 7 4.67 1.00 3.93 0.81
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Using the correction factors, the amount of each maltooligosaccharide is easily de
termined accurately from ;

pg of maltool igosacch aride = (pg as G 2 ) x C.F.

Correction factors obtained from the result s on the pBondap ak column were widely
scatte red when compared with the dat a obtained on Jascopak SN-Ol (Fig. 3).

Th e experimental results described show that maltose can be employed as a
standa rd saccha ride for the determination of maltooligosaccharides with high ac
curacy, if the peak area or peak weight is mea sured . We have obtained sati sfactory
result s with the Jascopak SN-Ol column in terms of peak resolution and reproduci
bility. We also tested the SN-Ol column packed in our laboratory and obtained
exactly the same resolution of oligos accharides. The use of the latter column re
duced the cost of the column in HP LC to 5-10 %of the commercially packed column.
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OF ISOTACHOPHORESIS
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Symposium, Baconfoy, May 4·5, 1979

A. ADAM and C. SCHOTS (Edi tors )

Analytical Chemistry Symposia Series 5

Thes e proceedi ngs comprise a thorough
discussion of th e technique of isotacho
phoresi s. Basic principles and app lica 
tions are discussed together wit h the
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th e fields of biochemi stry, pharm acology
and toxicology.
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Methods and Phenomena: Their Appllca
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cludes over 1000 reference s carefully
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authorities experienced in all aspe cts of
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A. FRIGERIO and M. Mc CAMISH (Edi tors)
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Comprising a total of 34 papers, th is
volume is devoted to pote nt ial applica
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developments.
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forensi c sc ience, c linical chem istry and
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Dec. 1980 564 pp.
US $83.00/Ofl. 170.00
0-444-41870-9

WILSON AND WILSON'S
COMPREHENSIVE
ANALYTICAL CHEMISTRY
G. SVEHLA (Editor)
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The History of Analytical Chemistry
E. JUNGREIS, L. BEN·DOR, F.
SZABADVARY and A. ROBINSON

The first of the two chapters in th is volume
is a d iscussio n of spot test anal ysis, writ-



ten by two co-workers o f Fritz Feigl. th e in
itiator of th e technique. The second chap
ter comp rises a brie f history of ana ly t ical
chemistry . providin g a val uable and hi ghl y
read able sou rce of inform ati on on the ea r
ly analyt ica l wo rk.

Aug . 1980 396 pp.
US $83.001011. 170.00
Subscript ion Price: US $73.25101 1. 150.00
0·444·41859-8

Volume XI: The Applicat ion of Mathe
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J. GRIMSHAW. P. MORITZ and W. E. VA N
DER LINDEN
Vol ume XI co ns is ts o f three chapte rs. The
first on mathemat ical sta tist ics covers st a
tistica l te sting. the law o f propagat ion o f
errors. and the sett ing up of math em at ical
models In deta i l. The second introduces
mass spe ct rome try int o th e series and the
third. on ion selec t ive elec trod es. di sc us
ses developments in th is rapid ly expan
ding f ield .

Nov. 1980 422 pp.
US $119.501011. 245.00
Subscr ipt ion Price: US $107.25101 1. 220.00
0·444·41886-5
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CAR BANION CHEMISTRY
E. BUNCEL and T. DURST (Ed i tors)

Part A: Structure and Reactivity

Studies in Organic Chemistry 5

Vol ume 5 in S.O.C. w il l comprise a compre
hensive coverage (in 3-5 part s or sub-vo l
umes) of the fiel d of carbanion chem is try.
This fir st sub-volume (Part A) deal s with
the physi cal characteristi cs 01 carbanions
. the ac idi ty of carbon ac ids in sol ut io n
and in the gas -phas e. struc ture of mono-

and di an io ns as de te rmi ned by pro to n and
ca rbo n nucl ear reso na nce. ult ravio let. in
frared and Ram an spec troscopy and the
involvemen t o f elec tron transfer proces ses
in ca rbanion reaction s.

Aug. 1980 408 pp.
US $83.001011. 170 .00
0-444 -41913-6

ISOTOPES IN
CATIONIC REACTIONS

Isotopes in Organ ic Ch emistry , 5

E. BUNCEL and C. C. LEE (Edi tors)

The four chapters in th is fifth vo lume of
the series dea l w it h the use of isotopes in
reactions where ca t ionic species are invol 
ved. The su bjec ts di scu ssed are . degene
rate rear rangements in triaryl vin yl cat io ns .
th e Pummerer and Pummerer type 01 reac
tions . appli cations o f isotopi c lab elling to
th e study of Friedel-Crafts reac ti on s. and
aromat ic cationic reaction s.

Nov . 1980 248 pp.
US $73.251011. 150.00
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or more ni trogen at oms: pu rines. nuc leosi
des. nucleotides and nuclei c acid s. pteri
dines and rela ted compounds . Biosyn
thesi s of plant alka loid s and nitrogenou s
metaboli tes

The first th ree chapte rs co nc lude th e sy s
tem at ic treatmen t o f heterocycl ic com
pound s having more than tw o (us ually
four) nitrogen atoms. The final chapter
dea ls w ith th e biosynthesi s of plant alka
loi ds and nitrogenou s mi crob ial metaboli 
tes.

Jan. 1980 522 pp.
US $126.751011. 260.00
Subscript ion price: US $112 .2510 11. 230.00
0-444-41768-0
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Their Chemistry, Biochemistry and Physio
logy

D. J. COSGROVE (wi th con tribu ting chap
ters by G. C. J. IRVING)

Studies in Organic Chemistry 4

This comprehens ive accou nt o f inositol
phosphates co vers the ir chemis try (ana ly
t ical meth od s, chroma tog rap hy, synthesis
and properties) , biochemis try (the phyt a
ses, th e biosynthesis of myo-inositol and
the natur e of inosi to l phosphat es) and phy
sio logy (inc luding a review of the ro le of
myo-inosito l hexakisp hosph ate in nu tri 
t ion ),

March . 1980 204 pp.
US $46.25IOfl. 95.00
0-444-41874-1

" This book is by th e ack no wledged wor ld
expe rt in the subjec t. Anyone work ing in
th is rap idly expa nding area will need no
prom p ting to bu y th eir own copy of th e
wo rk, "

- Chemistry in Britain

SYNTHETIC PEPTIDES,
VOLUME 5
G. R. PETTIT

In th is fif th vo lume of the se ries Synthe t ic
Pept ides, informati on in th e int rod uct ion
cove rs th e period be tween Jan. 1975 and
Jan . 1977 and in the ta bu lar survey be
tween Jan. 1974 and Jan . 1976. The mai n
summa ry of recent adva nces has been pre
pared using st ruc tura l for mul ae accompa
nied by a br ief sta teme nt in orde r to fac ili 
tate the simp lest and fast est retrieva l o f
use ful info rma t io n.

May 1980 411pp.
US $109.75IOfl. 225.00
0-444·41895-4
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CHEMISTRY REVIEWS
Including selected plenary lectures from
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Journal of Organometallic Chemistry
Library 9

Main Grou p orga nometall ic chemistry is
fea tured in th is volume wi th topics in the
areas of magnesiu m, aluminium, silicon,
tin , lead , mercury and arseni c chemistry.
The sub jec t matt er covers synthes is, struc
tu re and chemica l reacti vit y incl uding me
chanism and ap plica t io ns. Si licon che
mi stry is we ll represe nted in the plenary
lec tures from the symposium.

Jan. 1980 440 pp.
US $105.00IDfl. 215.00
0·444·41840-7

ORGANOMETALLIC
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ANNUAL SURVEYS: SILICON
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D. SEYFERTH and R. B. KING (Edi tors)

Journal of Organometallic Chemistry
Library 10

This vol ume brings th e Annual Surveys for
the yea r 1978 of the organometall ic chern i
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US $119.50IDfl. 245.00
0·444·41876-8

PHOSPHORUS
An Outline of its Chemistry, Biochemistry
and Technology

Second Edition

D. E. C. CORBRIDGE

Studies in Inorganic Chemistry 2

Th is book, now in it s seco nd editio n, is a
comprehensive survey of the broad field of
pho spho rus chem istry incl uding organic,
ino rga nic , bioorganic, physi cal. technical
and environmental as pec ts . Addi t ions to
the f irst edit io n inc lude: new material in
eac h chapte r to update the text up to the
end of 1979: completely new sections on



hydrogen bonding, medicinal compounds,
hydrazides and azides; and a supplemen
tary chapter on metal-phosphorus co or
dination compounds.

May 1980 570 pp.
US $95.00IOfl. 195.00
).444·41887·3

"... is a fairly concise, ye t remarkably com
zrehensive and well-re ferenced survey of
~/I aspects of the chemis try of ph osph o
'us."

-Journal of Applied Crystallography
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:HEMICAL KINETICS
~. H. BAMFORD and C. F. H. TIPPER
Edit ors)
, ECTION 6: OXIDATION AND
~OM BUSTION REACTION S
lolume 16: Liquid-phase Oxidation

/o lurne 16 cove rs ox ida tion in th e liquid
ihase by grou nd st at e and singlet mol ecu
ar oxygen, and by ozo ne.The free -radi cal
.hain mechani sms and th e comp lex ro le
)f hydrope roxides, dihydroperoxides.
iero xides and polyoxides. togeth er with
he mech anism of th e ac tion o f catalys ts
md inhibi tors , are disc ussed in de tail. The
mport ant ro le of hydr ogen is also consi
lered.

luly 1980 280 pp.
JS $87.75IOfl. 180.00
iubscription price: US $78.00/Dfl. 160 .00
1·444·41860·1

:OMPREHENSIVE
:HEMICAL KINETICS
~. H. BAMFORD and C. F. H. TIPPER
Editors )

,ECTION 8: HETEROGENEOUS
~EACTIONS

lolume 22: Decomposition and Interaction
.f Inorganic Solids

This volume is devoted to the kinetics and
mechanisms of the decomposition and in
teraction of inorganic solids, extended to
include met al carboxy lates.

Jan. 1980 354 pp .
US $107.25IOfl. 220.00
Subscription price: US $95.00/Dfl. 195 .00
0·444-41807·5

STATISTICAL THERMO
DYNAMICS OF SIMPLE
LIQUIDS AND THEIR
MIXTURES
T. BOUBlIK, I. NEZBEDA an d K. HLAVATY

Studies in Physical and Theoretical
Chemistry 2

This monograph outli nes poten t ial prob
lem s in th e descript ion of th e state and th e
th ermodynami c behavi our of flu ids when
using the radial d istri bution fu ncti on. Ne
cessary mathem ati cal deta i ls are inc luded
with th e more co mp lica te d operat ions de
scribed in th e extens ive appe ndices.

Jan. 1980 146 pp.
US $41.50IOf l. 85.00
0·444·99784-9

" ... is a co mpa ct and balanc ed accou nt ...
can be recommended to those who want a
clear ac count of the authors' chosen
fi eld ".

·Nature

GROWTH AND PROPERTIES
OF METAL CLUSTERS
Applications to Catalysis
and the Photographic Process

Proceedings o f th e 32nd Internat ional
Meet ing of the Soc iet e de Chimi e Phys i
que, Vill eurbanne, France, September
24-28, 1979

J. BOURDON (Edi to r)

Co mpris ing 53 papers, these proceedings
offer a co mp rehensive and up-to-dat e ac
co unt o f recent progress on c luster bu ild 
up. Fundamental aspec ts such as nuclea
ti on , growth and elec t rocrystal l izat ion of
c lus te rs, th eir app lications to photograp 
hic pro cesses and cata lys is were discus
sed as plenary lec tures. Other communica
t ion s reviewed for exa mp le, theo retical ad-



vances, the valid ity of the Hucke l theory
and advances resulting from increased
detect ion sensit ivity.

April. 1980 580 pp.
US $97.50/Ofl. 200.00
0·444·41877·6

DIELECTRIC PHYSICS
A. CHE!KOWSK I

Studies in Physical and Theoretical
Chemistry 9

Two spec if ic areas related to the physics
of dielectrics , the gaseous and liquid sta
tes , are discussed in this book. The quail 
ties characteriz ing a free molecul e, suc h
as polarizabilit y and dipo le moment are
presented, as wel l as the effects which
make it possib le for those quantities to be
determined. The chapters are: Sta ti c Elec
tric Suscept ibil ity of Gases and Liquids;
Dielectrics in Alternating Fields; Anisot ro
py of the Polarizabilit y and Molecul ar
Structure; Non -Linear Dielect ric Eff ect s;
Experimental Methods of Measuring Die
lect ric Susceptibil it y.

Sept. 1980 408 pp.
US $80.50/Ofl. 165.00
0-444-99766·0

SPECTROSCOPY IN CHEMI·
STRY AND PHY SICS:
MODERN TREN OS
A Collection of the Invited Papers Presen 
ted at th e 14th European Congress on Mo·
lec ular Spectrosco py, FrankfurtlMain 3·7
Sept em ber 1979

F. J. COMES, A. MOLLER and
W. J. ORVILLE·THOMAS (Edi tors)

Studies in Phys ical and Theoretica l Che
mistry 8

Reprinted from the Journal of Molecul ar
St ructu re, Vol. 59

Each of the 24 papers in thi s volume pre
sents both a review of a developing field of
spectroscopy and indi cates the nature of
recent progress. Rapid publication has en
sured an up-to-date survey of mol ecular
spec troscopy at the present time.

Jan. 1980 350 pp.
US $87.75/Of l. 180.00
0·444·41856·3

CATALYST DEACTIVATIO N
Proceedings of the International Sympo·
sium, Antwerp, Belgium, October 13·15,
1980

B. DELMON and G. FROMENT (Edi tors)

Studies in Surface Science and Catalysis 6

This proceedings vo lume is devoted to the
sc ient if ic aspects of deact ivation of heter
ogen eous catalysts by poisoning , cok ing
and solid state tra nsformations. For each
top ic an att empt is made to understand
the fundamental processes invo lved, to
sc ient ific ally des cribe the prac tical conse
quenc es of the phenomena, and to show
how this understa ndi ng of the basic pro
cesses can be related to the overall obser
ved phenomena.

Oct . 1980 612 pp.
US $92.75/Ofl. 190.00
ISBN 0·444·41920·9

INFRARED INTERFEROMETRIC
SPECTROM ETERS
A. E. MARTIN

Vibrational Spectra and Str ucture 8

J. R. DURIG (Series Edit or)

This volume sets out to describe in a tho
rough but relat ively uncompl icated man
ner the theoretica l backg round of Fourier
transform spectroscopy tog ether with a
number of assoc iated instruments and
techn iques. The inclusion of a consider
abl e amou nt of previous ly unpublished
work and suggest ions for processing inter
ferogram data without need for a corn
out er, complete the text .

July 1980 304 pp.
US $73.25/Ofl. 150.00
0-444-41907·1

" Overa ll this is an excellent book for the
spectroscopy specialis t."

·Pharmaceut ical Journal

ATOMS IN EXTERNAL FIELDS
S.FRAGA andJ. MUSZYNSKA

Physical Sc iences Data , 8

This book is the firs t to present a systema
ti c study of ato ms in external fields. The
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ted thro ugh the tabula t ion of electri c dipole
polarizabilit ies, shielding pot entials , pro-

f babil iti es of barri er penetr at ion , elec tric
dipole transiti on probabil ities, and radial
integrals of the B· thr ough No-isoelect ro
nic ser ies.

Dec. 1980 568 pp.
US $119.50IDfl. 245.00
ISBN 0·444-41936-5

WEAK INTERMOLECULAR
INTERACTIONS IN CHEMISTRY
AND BIOLOGY
P. HOBZA and R. ZAHRADNIK

Studies in Physical and Theoretical Che
mistry 3

This monograph explains meth ods for cal 
culation of weak interact ions with speci al
attent ion to the variat ion and perturbati on
methods and empirical and hybrid methods
and their appl ica t ions. The text is supple
mented with numerous tables and figur es.

Jan. 1980 354 pp.
US $48.75IOfl. 100.00
0·444·99785·7

..... there is so me thi ng in th is bo ok for
everyone interested in the di ffe ren t as
pect s of the ph ys ico-chemical sciences.
and i t sh ould find a place in every scien
tific li brary. "

·Bioelectrochemi stry and Bioenergetics

CATALYSIS BY ZEOLITES
Proceedings of an International Syrnpo
sium organized by the Institut de Recher·
ches sur la Catalyse- CNRS· Villeurbanne,
and spons ored by the Centre National de
la Recherche Scient if ique, Ecully (Lyon),
September 9·11, 1980

B.I MELl K, C. NACCACHE, Y. BEN TAARIT,
J. C. VEDRINE, G. COUDURIER
and H. PRALIAUD (Edi tors)

Studies in Surface Science and Catalysis 5

The invited papers in this vol ume comprise
reviews of recent deve lop ments in ca taly
sis by zeol ites, including the co nversio n of
hydrocarbons by acid ic zeo lites, the con
cepts of shape selec t ivity. the catalyt ic .
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solid matrices etc.

Sept. 1980 356 pp.
US $65.75IOfl. 135.00
0-444-41916·0

ELECTRODES OF
CONDUCTIVE METAL OXIDES:
PART A
S. TRASATIl (Edi tor)

Studies in Physical and Theoretical
Chemistry 11

This tw o-part work provides a general uni
fyi ng introduct ion plus a state-of-the-art
review of the physicochem ical properti es
and elec troc hemical behaviour of conduc
t ive oxide elect rode s. The present volume
(Part A) dis cusses st ructu re and therrnody
namic prop ert ies from a mu ltid isciplinary
viewpoint. For the fi rst t ime different
groups of oxides are t reat ed togeth er in
order to place emp hasis on th ei r sirn llarl 
ti es and differences.

Aug . 1980 382 pp.
US $83.00IDfl. 170.00
0-444·41912·8

DESIGN OF
INDUSTRIAL CATALYSTS
D. L. TRIMM

Chemical Engineering Monographs 11

This book descr ibes the design procedur e
by which ca talysts may be selec ted for a
parti cular reacti on . It discusses the under
lying theories and provides num erous ex·
amp les of catalyst design . Thi s is the first
book on th e subject and as suc h will be
welcomed by chemical engineers and che
mists in a wide variety of indust ries.

Aug . 1980 326 pp.
US $61.00IDfl. 125.00
0-444-41906-3

ENERGY AND CERAMICS
Proceedings of the 4th International
Meeting on Modern Ceramics Technolo
gies, Saint-Vincent, Italy, 28·31 May 1979

P. VINCENZINI (Edi tor)

Materials Science Monographs 6



This proceedings volume, comprising
more than 100 papers, represents a com
plete overview of recent developments and
new channels of research in the ceramics
industry. Recent imp rovements in proces
sing meth ods to reduce energy co nsump
t ion to a minimu m and new classes of
cerami c mat erial currently being intro
duced in vari ous areas of energy produ ct 
ion and convers ion are discussed in depth
in the text.

Mar. 1980 1312 pp.
US $192.75/Ofl. 395.00
0·444·41864·4

L1QUID·L1QUID EQUILIBRIUM
AND EXTRACTION: PART A
A Literature Source Book

J. WISNIAK and A. TAMIR

Physica l Sciences Data 7

Providing an org anised literatu re reference
source for liqu id-l iqu id equil ibri um and for
the equilibr ium dis tribut ion of co mponents
between tw o immisc ible liquids, thi s two
part wo rk deal s wi th data publi shed bet
ween 1900 and early 1980. From 1500 refer
ences scanned (from Chemica l Abst ract s
and allied publicat ions in several fie lds) ,
8500 were fou nd to co nta in pertinent
material , thu s providin g an up-to-date
guide for wo rke rs in f ie lds such as cnem is
try, metallurgy, and chemica l engi neering .

Aug. 1980 1274 pp.
US $183.00/Ofl. 375.00
0·444·41909·8

STRUCTURE AND PROPERTIES
OF AMORPHOUS POLYMERS
Proceedings of the Second Cleveland
Symposium on Macromolecules, Cleve
land, Ohio, 31 October· 2 November, 1978

A. G. WALTON (Editor)

Studies in Physical and Theoretical
Chemistry 10

This symposi um was organised so th at
leading researchers in th e f ield of arnor-

phous polymers could present reviews of
structurelproperty relat ions for polymers
in the amorphous or glassy state by ther
mal , mechani cal and spectroscopic me
thodology. The understanding of design
st ruc ture and properties of these polymers
is of gro wi ng im portance in indust ry and
co mmerce, makin g thi s volume a valuable
gu ide to research in the field .

July 1980 239 pp.
US $53.75/Ofl. 110.00
0·444·41905·5

ATMOSPHERIC POLLUTION
1980
Proceedings of the 14th International Col·
loquium, UNESCO Building, Paris , France,
5·8 May 1980

M. M. BENARIE (Edi tor)

Studies in Environmental Science 8

This book compri ses a select ion of 61 of
the 81 pape rs presented at the bi-ann ual
co lloquium. The aim of th is meeting was
to offer spec ialists fro m the various sub
fields an opportun it y to discuss th e pre
sent state of research and development in
the field.

April 1980 452 pp.
US $73.25/Ofl. 150.00
0·444·41889·X

"The enormo us range of topics will ens ure
that all air po llu tion specialis ts will f ind
pap ers of interest in this volume ".

·Water, Air and Soil Pollution

TRADE AND ENVIRONMENT
A Theoretical Enquiry

H. SIEBERT , J. EICHBERGER,
R. GRONYCH and R. PETHIG

Studies in Environmental Science 6

This boo k ana lyzes the relati onsh ip bet
ween enviro nmenta l poli cy, enviro nmental
qua lity and int ernat ional trade , and goes
on to disc uss how environmenta l policy



r
will affect the comparat ive advantage of a
country, import and export fl ows, the
terms of trade and the ga ins ob tained from
trade. The authors app roac h the sub ject
from an analyt ica l-theore ti ca l ang le wit h
the results derived from analyt ica l models
interpreted verba lly and diagrammat icall y.

May 1980 360 pp.
US $63.50IDfl. 130.00
0·444·41875·X

FIELD WORKER EXPOSURE
DURING PESTICIDE
APPLICATION
Proceedings of the Fifth International
Workshop of the Scientific Committee on
Pesticides of the International Associat ion
on Occupational Health, The Hague, Oc
tober 9-11 ,1979

W. F. TORDOIR and E. A. H. VAN
HEEMSTRA·LEQU IN (Editors)

Studies in Environmental Sc ience 7
These proceedings co mprise twenty-f ive
invited papers in whic h internat ional ex
perts disc uss the current sta te-o f-the-art
and related sc ienti fic deve lop ments in the
field of occupa t ional health related to the
manufacture, form ulat ion and app lication
of pest ic ides.
April 1980 222 pp.
US $47.25IDfl. 97.00
0·444·41879-2

TRACE CHEMISTRY OF
AQUEOUS SOLUTIONS
General Chemistry and
Radiochemistry

P. BENES and V. MAJ ER,

Topics in Inorganic and General Chem is
try, Monograph 18

Th is book offers an orig ina l treatm ent of
thephysico-chemical propert ies and beha
viour of very low co nce ntrations of sub
stances in aqueo us solu t ions. Part icular
emphasis is place d on general trace che-

mistry with a discussion of the effect of
various factors on th e st ate and behavi our
of traces of SUbstan ces , in whi ch pecul iari
t ies and deviations from com mo n (macro)
co ndit ions are indicated .

Mar. 1980 252 pp.
US $56.00IDfl. 115.00
0-444-99798·9

DICTIONARY OF
CHEMICAL TERMINOLOGY
In Five Languages - Engli sh, Germa n,
French , Po lish and Russi an

D. KRYT, (Edi tor)

This fi rst mul t il ingual dic t ionary on chemi
ca l term inology represent s a co mpil at ion
of 3805 mut ually co rrelated terms from th e
bas ic f ields of chemis try and from th ose
related disci plines which are ente ring
chemistry to an ever increasing deg ree.
The most rece nt areas of development
have also been taken in to account with
mat erial drawn from the widest possible
range of co nte mporary literatu re.

Sept. 1980 612 pp .
US $95.00IDfl. 195.00
ISBN 0-444-99788-1

HANDBOOK OF PAPER
SCIENCE
The Science and Technology of Paper
making, Paper Properties and Paper Usage

H. F. RANCE (Edi tor)

Volume 1: The Raw Mate rials and Proces
sing of Papermaking

This is the f irst vo lume of a handbook in
tended to f i ll a major gap in the technical
li teratu re of paper and papermaki ng. It
deals with the raw materia ls, essent ially
ce llulose f ibres and water, th eir t reatment
in preparati on for paperm aking, and the
seq uence of pape rma king processe s co m
prised wit hin the pape rmac hine. The
beat ing process is speci ally signif ican t in
papermak ing and is therefor e discusse d in
detai l in th e text.

March. 1980 312 pp.
US $78.00IDfl. 160.00
0-444-41778-8



TITLES
APPEARING
EARLY 1981

NON DESTRUCTIVE
ACTIVATION ANALYSIS
With Nuclear React ors and Radi oacti ve
Neutron Sources

s. AMIEL (Edi tor)

Studies in Analytical Chemistry 3

The techn ique of nond estructive ac t iva tio n
analysis can now be applied more uni ver
sally and with greate r acc uracy . Th is boo k
is a gu ide as to how and when it may be
used to produce opt imal results as regard s
sensitivity and accuracy. The sequ ence of
the text follows the prin cipal steps in NAA
. irradiation , measurement , and evaluat ion
of resu lts with brief descriptive detai ls of
the basi c princ ip les for the novi ce. Appli 
cations to several f ield s of science and
technology are described in detai l.

Jan. 1981 380 pp.
US $83.00IDfl. 170.00
0·444·41942·X

SOLUBILITY IN INORGANIC
TWO·COMPONENT SYSTEMS
M. BROUL, J. NYVLT and O. SOHNEL

Physical Sciences Data 6

This book comprises a summary of reli a
ble solubi lit y data for about 500 inorgan ic
substances in aqueous solutions . Using
equations based on a thermodynami c
description of phase equ ilibr ia, the
authors have calculated the most probabl e
smoothed valu es. Solubilities are pres en
ted in the form of the equation describing
the temperature dependence of the so lu
bil ity. Smoothed valu es are tabulated in
one degree int ervals and are suppl emen
ted by temperature co effi cients of solubili 
ty tabulated in ten degree int ervals.

Sept. 1980 576 pp.
US $90.25IOfl. 185.00
ISBN 0·444·99763·6

IONIC HYDRATION IN
CHEMISTRY AND BIOPHYSICS
B. E. CONWAY

Studies in Physical and Theoretical
Chemistry 12

This volume, in 34 chap ters , provides a
co mprehens ive cove rage of the various
fact ors that determine ion sol vat ion and
also cove rs the invol vement of ion hydra
ti on in ioni zat ion reactions in solut ion,
elec trode reaction equi libria and ki net ics,
inorganic redo x chemist rv, and ionic pro
cesses in biop hysics and at interfaces.

Jan. 1981 794 pp.
US $131.751011. 270.00
ISBN 0·444·41947·0

VIBRATIONAL SPECTRA
AND STRUCTURE
A Series of Advances, Volume 9

J. R. DURIG , (Editor)

Cont ent s: Chapters . 1. Vibrat ional Spectra
and Latti ce Dynami cs of Ionic Crystal s (I.
N akaga wa and Y. Morioka). 2. On the Rele
vance of the Vibro-Elect ronic and Elec
troni c Ram an Eff ect to Select ion Rules of
Norm al Modes of Mo lecu les Having an
Elect ron ical ly Degenerate Ground State (J.
A. Ko n ingstein). 3. Chemica l Applications
of Resonance Raman Spectroscopy (P. V.
Hu an g). 4. Vibrat iona l Spec troscopic In
vest igat ions of the Spat ial Structure of the
Cyc lohexa ne Der ivat ives (G. N. Zhizhin and
Kh. E. St er in ). 5. Asymm et ric Potent ial
Functions for Internal Rot at ion as Calcula
ted from Experiment al Data (0. A. C. Com
pton). 6. Internal Rotat ion of Mole cules
with Two C3v Rot ors (P. Gron er et al .).

Feb. 1981 536 pp.
US $139.001011. 285.00
ISBN 0·444·41943·8

DIFFRACTION STUDIES
ON NON·CRYSTALLINE
SUBSTANCES
I. HARGITIAI and W. J. ORVILLE·TH OMAS
(Edi tors)

Studies in Physical and Theoretica l
Chemistry 13

Com pri sin g 21 chapters wr itten by recog-



conditions si milar to those of indu str ial
processe s. Both heterogeneous and
homogeneous catal ysis are inc luded,
together w ith aspect s of indu stri al en
zymatic ca ta lys is ;

• scientifi c aspect s of preparat ion. ac ti 
vat ion, agei ng, poi son ing, reju venati on ,
regenerat ion , st art up trans ient eff ec ts;

• methods of charac te riza t ion of ca ta
lyst s, when they are both sc ient if ic and
of pote nt ia l in terest fo r indust ria l ca ta
lysts;

• aspects of chem ica l engineer ing rele
vant to th e science of cata lys is ;

• new ca ta ly t ic reac t ions of pot en ti a l
prac tica l int erest. New cata ly tic routes.

A news brief sec t ion, prov ided by corre
spondents, con ta ins inf ormati on gathered
from paten ts , techn ical jo urna ls , etc. , on
new catalyt ic react ion s, catalys ts and pro
cesses, new methods of cata lyst prepara
tion, and on new sc ientific fact s relat ed to
the appli ca tion of catalys is .

Aspecial feature of the journal is the rapid
publicat ion of contributions inc luding ,
regular research papers (full length), sho rt
commun ications and notes.

1981: Volume 1 (in 6 issues)
US $88.75IOf I. 173.00
including postage

A New Section of the
JOURNAL OF MOLECULAR
STRUCTURE

THEOCHEM
Applicat ions of Theoretical Chemistry to
Organic, Inorganic and Bio logical Prob
lems.

Editors:
W. J. ORVILLE-THOMAS, Salfo rd, U.K.
I.G. CSIZMADIA. Toronto, Cana da

The develo pmen t o f qua ntu m and sta t is t i
cal theoreti cal meth ods, the availabi l ity of
fast com pute rs, and th e crea tion o f eff i
cient com puter program s have made it pos-

sib le for theory to p lay an increas ing ly im 
portan t ro le in chem ica l resea rch. There is
now every reason to beli eve th at present
rapid growth in the general appl ica t ion of
th eoreti cal meth ods wi ll resul t in thei r be
co ming sta ndard res earch too ls of th e che
mi cal laboratory by th e end of th e ce ntury .

There is thu s a c lea r need for an internatio
nal journal whi ch will prov ide a med ium for
pap ers dealing exc lus ive ly w ith th e appl i
ca t io n o f ava ilab le theory to prac tica l che
mi ca l problems. Suc h a jo urna l sho uld a l
so st imulate greater int eracti on and co lla
bor at ion between theoreti cal and experi
me nta l chemis ts. In recent yea rs an in
creas ing nu mber o f app lied th eoreti cal pa
pers have app eared in the JOURNAL OF
MO LECULAR STRUCTURE and now THEO
CHEM, a daughter jo urna l, w ill act as a
fo ca l point for con tribu tions in this gro 
wing fi eld of app lied theoret ical c hemistry.

THEOCHEM co vers the applicat ion of
theoret ical methods to the study of mo le
cular struc ture and assoc iated mo lecular
properti es; it does not , however, a im to
publi sh papers concerned primaril y with
th e development of new theoretical or
computat ional meth od s. The struc tures of
sta ble mol ecul es, reaction intermed iates,
and tr ansition sta tes are inc luded in the
ove ra ll scope of th e journal , toget her w it h
th eir physi cal and chem ica l pro perties,
such as force co ns tants , elec tric and mag
neti c mom ent s, acid ba se charac teris t ic s,
and so on.

The th eoreti cal meth od s app lied may
range fr om int erpret ative qu antum chemi
ca l methods (suc h as orbita l and state cor
relati on) to computat iona l quantum me th
ods (for exa mple, semi-empirica l and ab in
itio) or sta t is t ica l mechanica l tech niques.
The mol ecul ar struc tures deal t with in
c lude orga nic , inorganic , and bio log ical
molecul es togeth er with polymer, so lid,
and liquid struc tures .

Althou gh THEOCHEM form s an int egral
part of the JOURNAL OF MOLECULAR
STRUCTURE, and is automat ically recei
ved by all subsc ribers, THEOCH EM is al so
avai labl e separately.

1981 : Volume 1 (in 4 issues).
US $9 1.25IO f I. 178.00
inc lud ing pos tag e.



COLLOIDS
AND SURFACES
An Internatio nal Journa l Devoted to the
Applications and Princ ip les of Colloid and
Interface Sc ience.

Editor-in-Chief: P. SOMASUNDARAN,
Co lum bia Universi ty, New York
Regional Editors: E. D. GODDARD, U.S.A.
and T. W. HEALY, Au stralia

Colloids and Surfaces is concerned wit h
th e publi cat ion of basic co llo id and sur
face science data and , in pa rt icular, it s ap
plication in engi neeri ng and app lied sc ien
ce. In addit ion to research papers, the jour
nal co nta ins not es, brief communicat ions,
book reviews and an nounc ements.

Areas, topi cs and subjec ts co vered inclu 
de emuls io ns, foams , aerosols, detergency
and we t t ing, f loccu lat ion and d ispers ion ,
rheology , cos met ics, pai nts, food s, paper
and pulp, electrok ineti c and elect rode phe
nom ena, fricti on and lubr icati on, thi n
films, l iquid membranes and bilayers , bio
mat eri al s and bioco llo ids, polymer co l
lo ids, pharmaceut ical and related heal th
sci ences , environme nta l and aqua tic sys 
tems, wa ter treatment and dewate ring ,
agr icu ltural and soil sc ience, minerals ex
t raction and met allurgy , preci pi ta tion and
cryst a l grow th and mod ifi cat ion .

1981: Vol umes 2-3 (in 8 issues)
US $182.50IOfl. 356.00 inc luding post age.

1iinc
TRENDS IN ANALYTICA L CHEMISTRY

A monthly magazine publishing short, criti 
cal reviews and news on trends and devel·
opments in analytical chemistry

Anal yt ical chemist ry has grown so rap id ly
and is applied to so many diverse prob
lem s th at it is impossi ble fo r ana lyt ica l
chem ists to have detailed knowl edge of
every available techn iqu e. However, it is
important for them to be aware of techn i
que s outs ide their own area and of. what
these ca n achieve.

They mu st also be in a posi ti on to select
appropriate me thods for sol ving the broad
spectr um of problems encountered in
pract ice . TrAC wi ll prov ide this informa ti on
- its purpose is to prom ot e co mmunication
about me thodology amo ngs t all scienti sts
involved in chem ica l ana lysi s.

Trends in Analytical Chemistry will

• publish sho rt, cri tica l reviews wri tten in
suc h a way as to be intel l igible to an in
terd iscip linary aud ience

• pub lish reg ular feature arti cl es
• prov ide insights int o norm s, proc edu

res and standards related to the func
ti on , organizat io n and operation of in
dustr ial . government or resea rch labo
rat or ies

• serve as an invaluable teach ing aid - it
w ill be more up-to-dat e than any text
book

• report on meetings

There is also a News Section open for
voluntary cont ribut ions, a boo k review sec
tion and a diary of fo rthco mi ng events.

TrA C wi ll prove par ti cula rly useful to prac 
ti s ing ana lytica l chem ists and all those in
volved in chemical ana lysis , since it con
tai ns reviews of the lat est develop ments in
methods and techn iqu es in analytical che
mistry. It w ill th us enable the reader to
keep in formed of develop ment s w ithout
recourse to the large volume of pr imary
lit erature.

1981-82: Volume 1, is sues in March , Octo
ber, November and December 1981, and
thereafter mont hly January to December
1932.

PERSONAL EDITION· VOLUME 1

INTRODUCTORY OFFER VALID UNTIL
DECEMBER 1981
All 16 issues: £20.00 (U.K.) $42.50 (U.S.),
Dfl. 91.50 (Europe), Dfl. 95.50 (Rest of the
World).

All subscriptions for the Personal Edition
must be prepaid.

LIBRARY EDITION· VOLUME 1

All 16 issues, pl us a co mpendi um consis
ti ng of the arc hival ma teria l bo und in a
hard cover wi th an index to fac ili tate stora
ge and ret rieval - US $133.25IOfl. 260.00.



PUBLICATION SCHEDULE FOR 1981

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

MONTH N D J F M A M J J A I s
1

0 IN ID1980 1980

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

205/1 206/3 207/3 209/1 210/1 211/1 212/1
205/2 212/2

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

Biomedical 221/1 221/2 222/1 222/2 222/3 223/1 223 /2 224 /1 224/2
Applicat ions

INFORMATION FOR AUTHORS

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

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

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

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

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

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

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

References. References should be numbered in the order in which they are cited in the text, and listed in
numerical sequence on a separate sheet at the end of the article. Please check a recent issue for the lay-out of
the reference list . Abbreviations for the titles of journals should follow the system used by Chemical Abstracts.
Articles not yet published should be given as " in press", "submitted for publication", "in preparation" or
"personal communication".

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 repr ints can be ordered by the aut ho rs. An order form containing 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 ad
dressed to : The Editor of the News Section. Journal of Chromatography/Journal of Chromatography, Biomedical
Applications, Elsevier Scientific Publishing Company, P.O . Box 330, 1000 AH Amsterdam, The Netherlands.

Advertisements. Advertisement rates are available from the publisher on request. The Editors of the journal
accept no responsibility for the contents of the adve rt ise ments.



"... no book previously published has
thoroughlyinvestigatedthesurfacepropert
ofa material in relation to its uses in chro.
atography."

- Chromatograpl

1979xii+336 pagesUSS58.50/DfI.120.l
ISBN 0-444-41683-8

52 VanderbiltAve,
New York,N.Y. 1001

P.O. Box 211,
1000 AE Amsterdar
The Netherlands,

ELSEVIE

PQ80US
SI[ICA
Its Properties and Use as Support in
Column Liquid Chromatography
K. K. UNGER, Professor of Chemistry at
University ofMainz, WestGermany.

Journal of Chromatography Libra
Volume 16.
This book provides the chromatograpl
with full information on the properties
silica and its chemically bonded derivath
in context with its chromatographic I

haviour. The book will be useful to all thl
who use silica in HPLC and who seek
choose the optimum silica packing fo
given separation problem.

CONTENTS: Chapters. 1 General Chernistn
Silica. 2. Pore Structure of Silica. 3. Surf;
Chemistry of Porous Silica. 4. Particle Characl
istics.5.SilicaColumns- PackingProcedures,
Performance Characteristics. 6. Silica and
Chemically Bonded Derivatives as Adsorbs
in Liquid-Solid Chromatography. 7. Silica a
Support in Liquid-Liquid Chromatography.
Chemically Modified Silica as Packings in
Exchange Chromatography. 9.SilicaasaPack
in Size-Exclusion Chromatography. Subj
Index.

A practical guide for all those involved in the
application of column liquid chromato
graphy, this book provides a valuable, up
to-date review of the large selection of
instrumentation currently available. Special
emphasis isgiven to discussion ofthe gener
a� principles of design which will remain
relevant even if new technical solutions are
found in the future.

CONTENTf: Chapters. 1 The chromatographic
apparatus from the viewpoint of system theory
(J. F. K.Huber). 2. Pump systems (M. Martin and
G. Guiochon). 3. Solvent gradient systems
(M. Martin and G. Guiochon). 4. Sample intro
duction systems (J. C. Kraal<). 5. Column design
selection (J. C. Kraak). 6. Components and ac
cessories for preparative high-performance
liquid chromatography (A. Wehr/i). 7. Detectors
based on the measurement of optical and elec
trical properties of the mobile phase (H. Poppe).
8. Electrochemical Detectors (H. Poppe). 9. Ra
diometric detectors (P Mark/). 10. Combination
of liquid chromatography and mass spectro
metry (E Kennd/er and E R. Schmid). 11 Specifi
cations of commercial liquid chromatographs
(R. R.Becker). Subject index. Manufactu rer index.

" ... this book provides useful practical infor
mation for the neophyte. It is well produced
and in line with the high standard set by the
publishers."

1978 xii + 204 pages USS 39.00/Dfl. 80.00
ISBN 0-444-41648-X

- FaradayTransactions

J. F. K. HUBER, Institute of Analytical
Chemistry, University of Vienna, Austria
(Editor).

Journal of Chromatography Library:
Volume 13.

INSTRUMENTATION
FOR
HIGH-PERFORMANCE
LIQUID
CHROMATOGRAPHY

_? 9J1.25~4 ..~
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