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LEST viE EXAGGERATE ..... . 

How often do we run across phrases in technical publications that 
refer to quantity or degree of ...... which are obviously not 
quantitative at all, but are merely used to impress someone or 
emphasize an experimental conclusion? Non-specific terms are used 
to represent real quantities. One wonders, for instance, how many 
experts were consulted when an author concluded that, "most author-
ities agree that ...... " I recently carne across ali st known as 
Ried's Table that attempts to assign absolute values to non-specific 
descriptions. 

Here's an adaptation of Ried's Table. 

Description 

One 
Only one 
A couple 
A few 
Quite a few 
Several 
Many 
Most ("most authorities") 
Ha If a dozen 
About half a dozen 
A lot 
Quite a lot 
A whole lot 
Ten 
Around ten 
A dozen 
About a dozen 
A bunch 
A I'lhole bunch 
Two dozen 
About two dozen 
A few hundred 
A couple of hundred 
Two or three hundred 
Most 
A majority 

Copyright © 1983 by Marcel Dekker, Inc. 

Value 

1 
1 
2 - 4 
3 - 5 
3 - 6 
3 - 9 
3 - 8 
4 - 6 
5 - 7 
4 - 8 
6 - 10 
7 - 11 
8 - 17 
9 - 11 
7 - 13 

11-13 
9 - 15 
8 - 15 
9 - 19 

22 - 26 
21 - 27 

101 - 201 
101 - 202 
140 - 275 

10 - 20% 
50% + 1 

1557 
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A clear majority 
A vast majority 
An overwhelming majority 
I\lmost all 
Practically all 
All 
Absolutely an 
100% of those tested 

51% 
52 
61 
71 
76 
81 
86 
91 

- 60% 
- 70% 
"" 75% 
- 80% 
- 85% 
- 90% 
- 95% 

Jack Cazes, 
Editor 

LEST HE EXAGGERATE 
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SEDlMENTATION-l"LOTATTON FOCUSING FIELD-FLOw" 
FRACTIONATTON TN CHANNELS W"ITH MODULATED 

CROSS-SECTIONAL PERMEABTLTTY. 
T. THEORETTCAL ANALYSTS 

Josef J·anca and Vera Jahnova 
Institute of Analytioal Chemistry 
Czechoslovak Academy of Sciences 

611 42 Brno, Czechoslovllicia 

ABSTRACT 

A new-shaped oross-section of a cha=el with 
modulated permeability used in Sedimentation-Flota
tion Focusing Field-Flow Fractionation is proposed. 
The shape of the resulting velocity profile inside 
the channel is described as a function of the geo
metric channel oharacteristics. Basic separation 
parameters such as retention, effioiency and the 
related resolution are discussed. The principle of 
a channe.l wi th modulated permeability can also be 
appJ.ied to other subtechniques of Field-Flow Frac
tionation. 

INTRODUCTION 

Field-Flow Fractionation (FFF) is a separation 

method conceptually proposed by Giddings (1) who, 

togetl1.er wi. th his coworker"" elethora ted the theory, 

the experimental techniques and a number of appJ.ioa-. 

tions for the purpose of separating maoromolecules 

and particles. 

The principle of the method bases upon the 

simul taneous influenoe of concentration and f 1 o "Iv in

homogeneities. The separation is due to differences 

1559 
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1560 JANCA AND JAHNOVA 

In the mlgratlon veloclty of the solute specles 

separated j"n a narrow channel of rectangular 

cros,s···section through whlch a :f~Luid i,s fJ,OIvj.ng. 

The physlcal :fleld appJ.led perpendlcularly to the 

channel 10ng:L tudlnaJ. axls, for :Lnstance, a thermaJ., 

electrlcal or magnetlc fleld or gravitatlonal forces, 

etc., produces a concentration gradlent across the 

channel, commonly along the dlrection of the forces 

of the field. The streamJ.lne velocity of' the fJ.uid 

passing through the channel also changes across the 

channel. This velocity gradient is caused by viscosity 

effects assoclated with flow processes. 

In our preliminary conununication (2) we descrlbed 

the principle of a new separation method called 

Sedimentation-Flotation Focusing Field-Flow Fraction

ation (SFFFFF). This new method is based on the 

well-known physical phenomenon owing to which suspend

ed particles or dissolved macromolecules sediment or 

float in the density gradient of the liquid phase. The 

sedimentation-flotation processes cause the solute of 

a given density to concentrate to a layer wherein the 

density of the environment is the same as that of the 

solute. Dlffusion processes or the Brownlan ndgration 

act in the opposjte directlon tending to disperse thc 

concentrated solute zone that was formed. After a while 

dynamic equilibrium ls reached, the solute flux due 

La sedilllentaLloll-,flo taLioll lorces being jus L equilib,L'aL

ed by the flux resulting lrom dispersive processes 

and, as a result, the solute is focused to a narrow 

zone whose concentration distribut:Lon corresponds to 

the J.ocal density gradient. Upon attaining this dynamic 

equiJ.ibrium or even in the course of equilibration, 

the liquid in the narrow fractionation channel moves 

in a direction perpendicular to the density gradient 



SFFFFF IN CHANNELS WITH HODULATED PEHMEABILITY. 1 

f"")A'/I,TIf"\1\1 nv I t-'\ I I\JI\I 

PARABOL~I~C~ ........ .J~""""~SFFF 
VELOCITY 
PROFILE 

SFFFFF 

1 ')61 

FIGURE 1. Section of the rotating channel with 
parabolic velocity profile. The concentration 
distribution across the channel is Gaussian in case 
of sedimentation-flotation focusing field-flow 
fractionation (SFFFFF) and exponential in case of 
sedimentation field-flow fractionation (SFFF). 

formed. Under laminar flow conditions a steady velocity 

profile is produced and the solute zone moves along 

the channel with a linear velocity corresponding to the 

streamline velocity in the relevant coordinate o In our 

initial proposal (2) we supposed that the channel across 

which a density gradient and, consequently, a concen

tration distribution of the solute is formed, was 

narrow enough and that the velocity profile generated 

was parabolic as ShO·\fll in Figure ·1. This figure com~ 

pares, at Lhe same Lillie, Lhe Gaussian conuculraLion 

distribution of the soJ_ute for SFFFFF and the exponen

tial distribution for the classical Sedimentation 

Field-Flow Fractionation method (SFFF) (3). 
This paper examines the Lheoretical aspccts o:f 

SFFFFF for the case of a separating channel with modu

lated cross-sectional permeability that leads to a 

more complex distribution of the streamline velocities 

inside the channel. When chosing the appropriate shape 

of the cross-section, improved separation character

istics can be achj_eved by means of the SFFFFF method. 
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ANALYSIS 

The dj_stribution of the streamline velooities 

of a unidireotional steady flow in a ohannel of g:iven 

oross-seotion oan be expressed by solving the general 

equation 

G 

where u is the linear streamline velooity along the 

x-axis, y and z are ooordinates in the plane of the 

ohannel oross-seotion, G = ,6.p/L is the pressure 

gradient throughout the ohannel length L, and ~ is 

the visoosity of the fluid. The analytioal solution 

of Equation (1) for a given shape of the ohannel 

oross-seotion is known for oertain simple oases only 

(4). One of the latter is a ohannel of reotangular 

oross-seotion. The positions of the walls of a reo

tangular ohannel are determined by the ooordinates 

y = :!:b and z = :!:o, 0 > b, where a = o/b is oalled 

aspeot ratio, Sinoe the expression 

u 
2 

is an even funotion of the both variables y and z 

tha t satisfies the Laplaoe equation and j_s zero for 

y == :!: b, it oan be written as the Fourier series for 

y of the form 

n odd 

A 
n 

oosh 
nTIz 

2b 

nTIy 
oos 

2b 

whj_le the ooeffioj_ents A oan be found from the 
n 

(J) 



SFFFFF IN CHANNELS IHTll MODULATED PERllliABILlTY. I 

boundary condition for ~ :t c. This re,suJ.t.s in a 

rela t:Lvoly oomp].ex func tion descrLbh1.g the shape of 

tho velocLty profj.le :Ln the coordinates y and z o:f 

a rectangu:Lar ohanneJ. (5). An approxLmate simplLfied 

solution (5) suited to describe the shape of the 

velocity profj.J.e, i:f c»b and a»1, respectiveJ.y, is 

given by 

cosh VJ a Z) 

1563 

u -----J (4 ) 
cosh VJ a) 

where U = u/u (u is the maximum streamline max max 
velocity in the channel centre), Y = ylb and Z = z/c. 

Figure 2 demonstrates the course of the depend

enoe of U on Z for Y = 0 and for two different values 

of a = 20 and 100. It is obvious from the figure that 

the velocity profile formed in the plane o:f the z and 

x axes is flat in the central part while it is steeply 

bending near the side walls of the channel only. The 

higher the value of a, the steeper the curvature that 

begins relatively nearer to the wall. On the other 

hand, the veloci ty profile formed in the plane o:f the 

x and y axes or in parallel planes is parabolic US 

shown in FLgure J :for illustration. 

Let us examine now the changes of the velocity 

profile in the plane of the x and z axes or in paral

lel planes in the case 01' the channe:L being of' 0 ther 

than rectangular cross-section so that :L ts pcrmeabil~ 

i ty may change continuously along the z axis. We shal.I 

consider two cases that may be of practical importance: 

a channel whose two longer walls consist of planes 

containj.ng the angle ex (see Figure 4a), and a channel 

whose two longer walls consist of parabolic sur:faces 

(see Figure L~b). 
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b 

u 

0.5 

o 0.5 

z 
FIGURE 2. Velooity distribution in a reotangular 
ohannel. Aspeot ratio a: a = 20 b: a = 100. 

FIGURE 3. Sohematio illustration of velooity 
distributions in a reotangular channel. 
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B 

--~--
I-- d .1. c--tool 

FIGURE 4. 
channels. 

Cross-sect~ons of two d~fferent model 

In case that channel permeab~l~ty changes along 

the z ax~s, Equa t~on (L~) can be re-wr~ tten as follows 

U :=: <p (z) ( 1 
cosh (VJ a Z) 

( VJ a) ] 
(5 ) 

cosh 

where <P(Z) ~s the permeab~l~ty ~n the g~ven po~nt Z. 

In order to calculate and quant~tat~vely express 

permeabil~ ty ~n po:Lnt Z, we can suppose w:L th fai.r 

approx~mation that, ~n the close v~c~n~ty of po~nt Z, 

relations descr~bing the flow of a fluid between two 

paraJ_Iel planes are valj_d and that, as a consequence, 

veloc~ty U ~n point Z, norlllal~zed relat~ve to Z:::O j_s 
Z 

(6 ) 

Therefore, linear velocity U ~s a funct~on of 

the square of the d~stance of the channel walJ_s ~n 

poi_nt Z. For .instance, it holds for the ve:Locity rati.o 

~n po~nts A and B, 
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u b 2 

=[-~J 
Il 

In v~ew of the above facts, the follow~ng relat~on 

holds for a channel :formed by b'lo pJ.anes contaj.ning 

a given angle ex i. e. :for a channel geome trically de ter

mined by the length ratio of the two shorter walls 

Y., and Y2 (see Figure 4a) and by the aspect ratio, 

Y2+Y 1 

cosh (\[3 az)] 
(8 ) 

(V'S a) 
u' [, + Z 

cosh 

where u· is the normalized velocity U· U/UZ=O 

(uZ=O bein~ the velocity for Z=O) • 

The aspect ratio in Equation (8) is also a func-

tion of the coordinate Z. Since variability a(Z) 

affects the resulting form of the function U· = U(Z) 

only in the marginal parts when Z :Ls approaching :!:1 , 

constant values of ~ for calculating U· in both 

marginal parts can be applj.ed in Equat:Lon (8) without 

substantia.lly affecting the course of the function 

U· U(Z) :Ln the important central part. Fj.gure .'5 

shows the course of the functions U· = U(Z) for two 

different channe:Ls differj.ng in the Y2/Y 1 ratio, that 

meRns :i.n the modulated permeabLli.ty a~Lon~ the z-axi.s. 

The caJ.cula tions were made for two different values 

of a = 20 and 100 in order to evaluate the influence 

of variability a(Z) on the results of the calculations. 

In this case, if the longer channel walls consist 01' 

two planes contaj.ning a given angle, the central parts 

of the velocity profiles are shaped like parabolic 

sections with the maximum veloci ty in the vicinj. ty of 

one of the shorter side waJ.ls of the channeJ .• 
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3 

u* 

2 

-1 -0.5 o 0.5 
z 

FIGURE 5. Normalized velocity distributions in 
channels wi th plane walls. a: y 2/y 1 = 2, a = -) 00 , 
b: Y2/Y1 = 2, a = 20, c: Y2/Y 1 = 10, a = 100, 
d: Y2/Y 1 = 10, a = 20. 

Tn case the channe~L consists o:f two surfaces 

parabolic in shape as shown in Figure 4b, the following 

relation holds instead of Equation (7) 

c + d -+- c ZA 

and j. t holds for U· 

u· 
cZ 

(--+ 1) (1_y2) [1-
c+d 

cosh 

cosh 

(VJ a Z) 

(VJ a) ] 
(10) 
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FIGURE 6. Normalized velocity distributions in 
channels with parabolic walls. a: c == 1.5, d == 1 
a == 100, b: c == 49.5, d == 1, a == 100. 

where d is the di,stance from the apex of the parabola 

to the shorter of the side walls (see Figure 4b). 

The central part of the ve:Loci ty profiles in the 

planes para.IJ_el to the x and z axes is linear in this 

ease (as sehemat:i.calJ.y depicted in Figure 6). The 

velocity profiles in the planes parallel to the plane 

where the x and y axes are situated are parabolic 

RETENTION 

If centrifugal forces are applied across the 

channel along the z axis, a steady-state or quasi

sta,tionary density gradient can be formed in the two 
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or llIuJ.ticomponent system of the liquid phase under 

appropria te conditions. For the thermodynando equi

LLbrium, thi.s system should sat:Lsf'y the ooncLi.tion 

1569 

V. 
1 

Q (Z) ) w2r dr _. L 
k 

(11 ) 

The quantities Mi' vi' l1i' and c of' Equation (11) are 

moleoular \lTeig'ht, partial speoif'io volume, the ohemi

oal potential and the conoentration of' the i-th oompo

nent, respeotively, while r is the distanoe f'rom the 

axis of' rotation, 9(Z) is the density of the system 

at ooordinate Z and W is the rotational velooity of 

the oentrifuge rotor. If the substance to be separated 

- the solute is injeoted into the channel as a short 

puls, solute migration along the z axis takes plaoe 

due to the density gradient. The ooncentratiDn distri

bution of the solute at equilibrium or at steady-state 

oondition along the z axis in the ohannel oan be 

described with the aid of a Gaussian function of the 

form, for instance, 

,2 RT 

2 
( ~ - Z) J IIlax . (1 ?) 

where c (Z) is ·the concentration in the ooordinate Z, 

V is the molar volume of' solute, R is the gas 

oonstant, and T is the absolute temperature. 

The ooordinate Zmax corresponds to the maximum 

ooncentrati.on of the solute, that means to the 

posi tion where the solute densi.ty equals the dens.i ty 

of' the environment in the liquid phase. Equations (11) 

and (12) and the way of deriving them were disoussed 

in detail in a previous paper by the author (2). 

Tf' two or more different solutes diff'ering i.n 

dens:L ty are simu.ltaneously present i.n the ohannel, 
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the~r concentrat~ng ~s effected due to sed~mentat~on-

flotat~on forces ~n var~ous coord~nates Z ~n 
max 

accordance w~th the course of th~ dependence of the 

l~qu~d-phase densj_ty on coord:Lnate Z. As soon as the 

li_qu~d phase begins to move aJ_ong the ChalUlel in the 

d~rection of the x ax~s, a velocity profile ~s formed 

along the z axis, that means along the density gradi

ent or ~n the d~rect~on of the separation of the 

individual solutes. As a consequence, var~ous solutes 

w~ll be entrained at d~fferent l~near veloc~ties along 

the x ax~s, and this leads to the~r effective separa

tion as can be seen from the schemat~c ~llustration 

~n Figure 7. The ~nd~v~dual separated solute spec~es 

are detected at the channel outlet by means of 

a su~table detector, ~n a similar way as in chromatog

raphy. 

EFFICIENCY 

In chromatography, separation qual~ty is generally 

character~zed by the height equivalent to the theoret

ical plate H. If supposing;, again, that, in the channel 

coordinate 'L" H oan L>e <-le sor~bed I"i tIl the aiel of' 

rela t~ons valid f'or two para_1J_el ~nf~n~ te planes and 

that the starting solute concentrat~on along the y axis 

is homogeneous, it holds (6) 

H 2 D/ii(z) + w2(z) u(Z)/105 D 

where D is the d~ffusion coeffic~ent of' the solute, 

w(Z) = 2b(Z) ~s the distance of the ohannel walls 

along the y axis ~n the coordinate Z, and ~(Z) ~s the 

average velocity of the l~qu~d fl_ow~ng ~n the channel 

at the coordinate Z. The h~ghest eff~cicncy, that means 
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FIGURE 7. Separation by SFFFFF of two solute speci.es 
in a rotating cha=el with modulated cross-sectional 
permeabi_li ty. 

minimum values of H, can be attained in the minimum of 

the function described by Equation (13). This minimum 

can be found in putting the first derivative of 

dH/d~(Z) equal to zero 

dH 2D w2(z) 
:=: 

~2(Z) 
+ :=: 0 

d~(Z) 105 D 

The optimum velocity u opt 

D 
u opt V210 

w(z) 

corresponds to the minimum o:f this function. 

The minimum value of H. is given by the relation m:Ln 

H . m:Ln 

2 w(Z) V210 

105 
:=: 0.276 w(Z) :=: 

w(Z) 

lj. 
( 16 ) 
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Rf~SOLUTTON 

The chromatograph:Lc resoJ_ution Rs of' two solutos 

and. ;~ has bOC"H dcfirwd by the) knOIHl ("lua !;j.on 

R s (17 ) 

where tRi are the retention times of' solutes and 2, 

and t
lvi 

are the widths of the elution curves of' sol

utes 1 and 2 expressed in time units. Alternatively, 

an expression in elution volume units instead of' time 

t, can be used in Equation (17). The height equivalent 

to the tl1.eoretical plate can be written as 

H 
L 

where L is the length of the channel and 6 is the 

standard deviation of' ·the elution curve given in 

( 1 8 ) 

UT]j. ts o:fl(~ngth. For a Gaussj.an e.lution curve it 

hO.l(h; that 1.,·6 -- IV, .-thero IV is the width of tho 

elution curve expressed in units of' length. Tn view 

of Equations (16) and (18) it holds 

IV . 
IUln 

2 Vw(Z)L ( 1 9 ) 

The triv:Lal re.lation u(Z) = L/t(Z) is va:Lid for 

the linear velocity of the f'luid phase. By substi

tuting f'rom Equations (7) and (19) into Equation (17) 

and by rearrangement we arrive at 
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Equatj .. on (20) demonstrates 1vhich parameters descrj.bing 

the geometrj.c and dimensional characteristics of the 

channel and to ,vhich quantitative degree decide on the 

resolution attainable when separat:Lng two solutes. Thus, 

resolution increases 117'i th the root of the channel 

lenght-to-thickness ratio in a given coordinate Z 

where the centre of the focused concentrated zone of 

the solute is situated. Or, a higher resolution can be 

attaj.ned if elongating the channel and decreasing its 

dimension along the y axis. The term in square brackets 

at the right-hand side of Equatj.on (20) demonstrates 

to ,.hich degree the difference in channel widths in 

the positions of the centres of the zones of the 

separated solutes 1 and 2, a:ffects tI'le resolution. 

If denoting the term in square brackets in the 

right-hand side of Equation (20) as 4J , we can re1vrite 

Equation (20) as follows 

H =: 
S 

Figure 8 shows the p.lot of the dependence 4J on the 

b
1
/b

2 
ratj.o. As is evident from the figure, the value 

of 4J increases with the decreasing b
1
/b

2 
ratio, 

asymptotically approachj.ng unity. This means, j.n 

practice, that increasing the b,/b
2 

ratio is 

meaningfLl]. only up to a certa.in value; above th.1.s 

value, no substantia]. improvement in reso].ution can 

be atta:Lned .• 
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FIGURE 8. Dependence of resolution parameter ~ 
on ratio b 2/b 1 • 

EXPERIMENTAL 

A very simple apparatus was constructed to demon

strate the formation of the flow velocity profile in 

a channel with modulated cross-sectional permeability. 

r~vo strips of PVC foil of different thickness (0.15 and 

0.45 Ilun) were placed longitudinally between two glass 

plates of 2.5 x 1 x 30 cm so as to form a channel of 

trapezoidal cross-section. Thc dimensions of the 

channel were 1.5 x 30 cm, the thickness inoreasiuE',' 

f'rom 0.15 to O.LfS lllUl. One of the ends or the chaIll10):L 

was tightened and provided with stainless steel 

capillary tube for the inlet of solvent (ethanol). 

The ,,,hoTe system was clamped be bveen two perspex plates 

and tigthened with severa:L screws. The experiment proper 

was made by injecting a short pu.lse of ethanol-soluble 

dye into a steady stream of solvent :flowing dO,vrl the 

channel. The zone produced of the dye was recorded 

photographically at various phases of its development. 

These phases are shown in Figure 9. At the walJ. on the 

broader side o:f the channel the zone moves faster. 
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r r 

• 

.1 
a b 

FIGURE 9. Development of' the zone shape in the 
channeJ. of' trapezoicla.l cross-section. 
a - top view on the channeJ. at the moment of' 

inject:Lon o:f dye 
b - section of the channel with various phases 

of the zone movement. 

157 'j 
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'rho shapes oi' the :front and LIle) roar or thc Y,one 000.1. 

correspond to a parabolic Elele!. or velocities in the 

core or the channe:L, \\lhioh agreeC)\vith the theoreLLoal 

CONCLUSION 

In this first part of a series of oontributions 

dealing' \d, th SFFFFF we .have domonstrated in theory the 

basic potentials that can be accomplished when using 

channels with modulated cross-sectional permeability. 

Even though we have restricted ourselves to applying 

this ohannel type solely to SFFFFF, it is obvious that 

the properties of thLs ohannel - as far as the poten

tial formation of the shape of the velooity profile is 

oonoerned - oan also find use in other subteohniques 

of FFF. We shall further examine this potential use, 

Investigations are oontinuing in order to establish 

the praotioal utilization of the desoribed prinoiple 

reJ,a ted to a ohannel wi th modulated permeability. Other 

aspeots of this prinoiple and of the SFFFFF method will 

bo the subjeots of later papers. 
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DETERMINATION OF CARBOHYDRATES BY ANION EXCHANGE 
CHROMATOGRAPHY WITH PULSED AMPEROMETRIC DETECTION 

* Roy D. Rocklin and Christopher A. Pohl 

Dionex Corp., 1228 Titan Way, 
Sunnyvale, CA 94086 USA 

ABSTRACT 

Carbohydrates such as sugar alcohols, monosaccharides, 
disaccharides, and other oligosaccharides are separated as anions 
by ion exchange chromatography wi th a sodium hydroxide eluent. Re
tention time and selectivity are controlled by varying eluent strength 
and column temperature. The carbohydrates are detected by 
oxidation at a gold electrode. A repeating sequence of three 
potentials electrochemically cleans the electrode surface of 
oxidation products and other interfering species. Detection 
limits are as low as 30 ppb for sugar alcohols and monosaccharides, 
and about 100 ppb for oligosaccharides. Other species containing 
CHOH groups can also be detected, such as alcohols and glycols. 

INTHODUCTION 

The determi na tlon of carbohydr'a tcs by chl'oma togl"ap11y has been 

hnmr)f>rC'd hy t\'iO faetor.s: the lo.ck of a :3ulto.b1c 11igh pGCfOl'lildllCC 

.separation method and the inability to detect the carbohydrates at 

low levels. A number of separation methods have been used. 

Cal" bohydl"a Les can DC ue tel'lllilleU by gas CI1l"Ollla Lography, llo\olever, 

their non··volatile nature requires a Lime consuming del"ivitization 

pl"ocedul"e (1). The most common method is the use of high capacity 

strongly acidic cation exchange columns in the metal fOl"m u.sing 

\oIater a.s the eluent (2). Calcium i.s the mo.st common metal, although 

.silver and lead have al.so been u.sed. 

1577 
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These columns suffcr from severa] drawbacks. first, the 

organ:ic acids present i.n many samples elute metals from the 

cation exchange resi.n. This results in resin bed shrinkage and 

requires frequent regeneration of the column back to the original 

metal form. Second, thesc columns exhibit poor selectivity for 

higher oligosaccharidcs. Low crosslink resin is required for 

resolution of even the lower oligosaccharides such as OP2 through 

OP4. The resin exhibits high compressibility, making it unsuitable 

for high flow rates and rapid analysis. Third, high column 

temperatures (85°C) are needed for optimum column performance. 

These high temperatures present a severe test of the performance 

of the detector, particularly for a refractive index detector. 

Finally, since only water or water organic solvent mixtures 

can be used as an eluent, the methods of retention and selectivity 

control left open to the chromatographer are severely limited. 

A second major method of carbohydrate analysis involves the 

use of micro-particulate silica with an amino bonded phase (3). 

While this system successfully separates mono and disaccharides, 

the hi gher oligosaccharides (OP3-0PIO) are eluted as broad peaks 

and require extended analysis times. Furthermore, amino stationary 

phases are subject to reaction with aldehydes or ketones in 

samples (frequently present in foods and beverages) to form a 

Schiff's base. Because of this, amino bonded phases tend to 

exhibit reduced lifetimes with certain samples. 

A third method is the separation of sugars via their borate 

complexes (4). While the selectivity of these systems are superior 

to the above two methods, the kinetics of the complex formation 

process is slow, thus requiring low flow rates and long analysis 

times. 

We report here an alternative to the above method; the 

direct separation of carbohydrates by anion exchange. Because 

carbohydrates have pK values ranging from 12 to 14 (5), retention 

is possible on a strongly basic hydroxide form anion exchange column 

with highly alkaline eluents. Such a system is previously 
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unreported, although retention of methylglycosides on a strongly 

basic hydroxide form anion exchange column has been reported (6). 

Due to the absence of a strongly absorbing UV chromophore, 

carbohydjOales l'e usually detected by ('ef'r'3c iej ve ir:dex dctector'. 

R.I. detectors have low sensitivity and are difficult to use. Low 

UV detection «200 nm) has been employed, but the need for ultra 

clean eluents and interference problems have limited its utility. 

The detection method reported here uses an electrochemical 

detector which supplies a triple potential sequence to a gold 

working electrode. Both potentiometric and single potential (D.C.) 

amperometric detectors have been used to detect carbohydrates (7). 

Potentiometric detectors suffer from slow response times. 

Single potential oxidation of sugars causes the electrode surface 

to become contaminated by the products of the reaction, thus 

rendering the detector unusable. Triple pulse amperometry of 

sugars was first reported by Hughes and Johnson using a platinum 

electrode (8). Although the detection method is successful, 

the potential at which the oxidation current is measured 

(EI,-0.40V) is sufficiently negative to cause the reduction of 

oxygen. Gold was investigated as an alternative working electrode 

rna leri a1 . 

EXPERIMENTAL 

All chromatography was performed on a Dionex System 2011 

(P IN 35295) Ion Chromatograph. The sample loop si ze \.Jas 50)JL 

iinn the Rluent flm·J mle ].0 mL/min .. The detRctor' "las Zl brearlboarrl 
TM 

version of a Dionex TonChrom IPulsed Amperometric Detector (PIN 

35227) consisting of an amperometric flow-through cell and a 

potentiostat. The cell is a thin layer design with a gold working 

electrode, a silver/silver chloride reference electrode, and a 

glassy carbon counterelectrode. The potentiostat applies a series 

of up to three potentials (El, E2, E3) in a repeating waveform. 

The pulse durations (tl, t2, t3) are selectable by the user. 
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The cell cUfTenl is measured on.1 y dur:ing r,;] rOlO 16.67 ms (to cancel 

60 hz line noise). A 40 ms delay following the potential step 

allows charging currenl to decay. 

The anion exchange column used t'las a prototype HPIC-AS6 

column (PIN 35391). The .i.on exchange resin used in the column 

consisted of 10 micron substrate coated with a monolayer of anion 

exchange latex similar to that used in other HPIC anion Ion Chroma·

tography colunms. 

The eluent consisted of NaOH in deionized water (0.15 N). 0.2 M 

CH
3

C0
2

Na was added as a pusher to elute oligosaccharides. Eluents 

were prepared from carbonate free 50% NaOH solutions and protected 

from carbon dioxide contamination with Ascarite traps. Sugar sam

ples were purchased from Pfanstiehl Laboratories (Waukegan, IL) 

and Sigma Chemicals Co., St. Louis, MO. The maltose oligomers 

were a generous gift of the A.E. Staley Company. 

RESULTS & DISCUSSION 

Cyclic Voltammetry of Glucose 

The choice of potentials and pulse durations for ehromato

graphic detection is most easily determined from voltammetric 

information. Accordingly, the cyclic voltammetry of sugars on 

gold was studied and is illustrated in Figure 1 by glucose. The 

dashed line is a background scan of the 0.1 N NaOH supporting 

electrolyte. It shows .i.rreversible oxidation of gold beginning 

at approximately 0.25 V. The reduction of the surface oxide back 

to gold is shown as a cathodic peak at approximately 0.1 V. 

With glucose added to the solution, oxidation begins at 

-0.5 V on the positive going scan. The current rises slightly 

and remains unchanged until it rises at -0.15 V towards a peak 

at 0.26 V. On the reverse scan, the current actually reverses 

from cathodic to anodic at the onset of the gold oxide reduction. 

This implies that glucose oxidation which occurs at the bare 

gold surfaee is inhibited upon the formation of gold oxide. As 

soon as the reduction of gold oxide back to gold begins, 
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Figure 1. Cyclic voltammetry of 0.92 mM (166 ppm) glucose on a 
gold workjng electrode. Dashed line is 0.10 M NaOH supporting 
electrolyte. 0.20 V/sec sweep rate. 

oxidation of glucose that had diffused toward the electrode while 

the surface was covered with oxide takes place. 

Cyclic voltammetry of the sugar alcohols xylitol and sorbitol 

and the disaccharide sucrose were also studied. They were similar 

to glucose, except the height of the anodic peak at 0 V on the 

negative going scan was larger with the sugar alcohols and smaller 

with sucrose. 

Choice of Applied Potentials 

Single potential (D.C.) amperometry with E set to 0.1 V 
app 

was attempted. 0.1 V was chosen because at this potential, there 

should be a large fraction of unoxidized gold on the electrode 

surface. Although detection was possible, the response decreased 

rapidly as products from the oxidation reaction deactivated the surface. 

A large improvement in reproducibility was obtained by pulsing the 

applied potential from -O.S V to 0.2 V and measuring the oxidation 

current at 0.2 V. The negative potential apparently serves as a 
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cleaning step, ensuring the reduction of gold oxide back to gold. 

Also, the magnitude of the sugar oxidation current from a voltage 

pulse is greater than that caused by Lhe hydrodynamics of flow 

Hhcn only a single poLenLi al is used. The use of both negative 

and positive cleaning potentials was found to provide the most 

reproducible chromatograms, as well as minimum inLerference from 

other species in the samples. The following potentials and times 

(shoHn in Figure 2) have been chosen as optimum for carbohydrate 

determination: El: 0.20 V, 60 ms; E2: 0.60 V, 60 ms; E3: -0.80 V, 

240 ms. 

The signal-to-noise ratio is affected the most by the choice 

of the detection potential, El. The peak heights for three sugars 

and the background current are shown in Figure 3. The large in

crease in background current from 0.2 V to 0.4 V is accompanied by 

a 4X increase in noise. The optimum value for El is 0.2 V. Due 

to the similarity of the electrochemistry of the different sugars, 

this value may be optimum for most, if not all, sugars. 

Small (0.1 V) changes in E2 and E3, as well as their dura

tions, have only a minor effect on response. 

Chromatography 

One of the main advantages of the anion exchange chromaLo

graphy of carbohydrates as compared to meLal form caLion exchange 

is the abillLy to influence rctcntion time and rctention order. 

The primar'y opel"aLing var'iablcs arc clucnt strenc;th clnri col umn 

temperature. The separation of a mixture of sugar alcohols 

and saccharides is shown in Figure 4. The addition of acetate 

ion results in r'educLion in the K' of all solutfCs. Thi.s enablc,':; 

the elution of the oligosaccharides DP2 through lO, shown in 

figure 5. 

In general, the observed anion exchange affinity follows 

the trend: sugar alcohols < monosaccharides < disaccharides 

< oligosaccharides, although in some cases overlap is observed 

in the elution order of mixtures of disaccharides and oligo

saccharides. For a homologous series of carbohydrates, retention 
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figure 2. Triple potential program applied to the gold working 
electrode for the detection of carbohydrates. Oxidation current 
is sampled from 40 to 56.7 ms after the beginning of El. 
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figure 3. ip as a function of El for 100 ppm xylitol (dots), 
100 ppm glucose (squares), and 316 ppm sucrose (triangles). 
Background current as a function of El is also shown. 



I 
o 

4 

ROCKLIN AND POEL 
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Figure 4. Separation of sugar alcohols and saccharides. Listed 
in order, they are: 25 ppm xylitol (1); 50 ppm sorbitol (2), 
rhamnose (3), arabinose (4), glucose (5), fructose (6), lactose 
(7); 100 ppm sucrose (8), raffinose (9), stachyose (10); 150 
ppm maltose (11). 0.15 M NaOH eluent at 36°C. 
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Figure 5. Separation of oligomers of maltose, DP 2 (maltose) 
through DP 10 (maltodecose). 0.2 _0 NaOI-!, 0.2 l':'! CH

3
C0

2
Na eluent at 34°C. 



DETElU'HNATION OF CAHBOHYDRA'l'ECi 

OL-------r-------r-----~_r_------TI-------rl-------.'-------.,--
o 0.10 0.20 0.30 0.40 0.50 0.60 0.70 

NaOH Concentration (M) 

Figure 6. Capacity factor versus NaOH concentration. Column 
temperature: 34°Cj sample concentrations: 100 ppm each. 
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increases as the degree of polymerization (DP) increases. Selec

tivity changes are often observed as the hydroxide ion concen

tration is varied. Typical selectivity changes observed for 

oligosaccharides are illustrated in Figure 6. For the oligo

saccharides shown, optimum selectivity is obscrverl 8t 0.150 

M NaOH. Similar chromatographic behavior is observed for mono

saccharides and sugar alcohols. While in some cases these 

selectivity changes may be used to advantage, ill gcnCl"C\l hy~·· 

droxide ion concentration is not a useful method for controlling 

selectivity. Often, the desired selectivity for a particular 

mixture of carbohydrates is only observed at K' values which 

are unacceptably large or small. 

The hydroxide ion concentration has a significant effect 

on the observed efficiency for a particular solute. It is 

generally observed that column efficiencies increase as the 
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hydroxide ion concentration Is increased. For glucose, eff! 

ciency nearly doubles when hydroxide Ion conccntration is 

increased from 0.10 ~ NaOI! to 1.0 M NaOH. 

A Geconci val"iable uGeful Cor contl"oJ of ,sclccU vj ty and 

retention iG column temperature. Retention decreaseG for 

all GoluteG aG the temperature increaGeG. The degree to which 

temperature alterG retention iG 100Gely related to the carbo

hydrate Gize; the observed magnitude of the temperature effect 

being: oligosaccharideG > disaccharides > sugar alcohols> mono

GaccharideG. ThiG can be used to advantage for adjusting the 

elution order for a given mixture of carbohydrateG. The 

effect of temperature on the Gelectivity obGerved for some 

common carbohydrates iG shown in Figure 7. Note that an 

elution order reversal is observed for maltose (a disaccharide) 

and stachyose (a tetrasaccharide) as the temperature is 

increased. 

Three factors serve to limit the effective upper range 

of temperature in the retention of sugars on hydroxide form 

anion exchange columns: 

(1) Tailing and Gecondary peaks are obGerved for Gome carbo

hydrates (particularly glucose and mannose) when the 

temperature of the column exceeds 45°C. ThiG iG pro

bably cauGed by rearrangement about the anomeric carbon 

atom, the Lobry de Bruyn-Van EkenGtein transformation. 

(2) EfficiencieG tend to decreaGe when temperatures exceed 45°C. 

(3) Anion exchange materialG in the hydroxide form are sub-

ject to Hoffman degradation at elevated temperatures. 

BccauGe of the above, columnG are normally operated at 

temperatures between 20°C and 45°C. 

A third variable for control of selectivity and retention 

iG the addition of anionG other than hydroxide to the eluent. 

The addition of other anionG iG sometimes desirable due to 

the fact that high levels of NaOH ()0.2 M) can reGult in 

increased detector noise aG well as peak aGsymetry for the Gugar 
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l587 

Figure 7. Capacity factor versus temperature. Eluent: 0.15 M 
NaOH; sample concentrations: 100 ppm each. 

alcohols. Acetate, carbonate, nitrate, and sulfate have been eva

luated as eluent additives. In our work, acetate was found to be 

the preferred eluent additive due to the fact that its affinity 

for the anion exchange resin is similar to that of' hydroxide. The 

other anions were found to be compatible with the detector but 

their high aff'inity for the anion exchange resin resulted in a 

substantial reduction of the column loading capacity. 

Because of the elution power of carbonate, it is important 

that carbonate be excluded f'rom the eluent system. This is 

particularly true tor eluent systems used for the analysis of 

sugar alcohols and monosaccharides. Proper precautionary measures 

include the use of' an Ascal'ite tl'ap on the eluent- bottle and 

ASMT Class I deionized water when making up eluents. 

~~n~J:~i vi!x-,_I:.:eL!1ear i!X an~eproducibi1Hy 

TIle detection limits for the carbohydrates shown in Figure 4 

range f'rom 30 ppb f'or the sugar alcohols and monosaccharides to 

100 ppb for the oligosaccharides. Plots of the log of' peak 

height VB the log of' concentration are U.near up to several 

hundred to 1,000 ppm, where overloading of the capacity of the 
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Figure 8. Extract from flavored potato chips. Lactose con
centration in the extract is 70 ppm. 

column occurs. Although the log/log plots are linear, the 

slopes for several sugars are: xylitol, 1.07; glucose, 1.03; 

sucrose, 1.16. The near linearity of ip vs C plots, rather than 

l/i vs l/C as on platinum (8) implies that adsorption of carbo-
p-

hydrate molecules during t3 (E3 = -0.80 V) is not part of the 

reaction mechanism. 

Reproducibility of peak heights for multiple injections 

of a single sample is general ly better than l'1,. Peak 11eigh t:o 

have a tendency to increase with time, beginning with the time 

at Hhich the Horking electrode was cleaned. This i.ncrease has 

been observed to be approximately 5 to 15% at"ter 8 hours of 

operation. Errors in concentration measurements can be minimized 

by the frequent use of standards. 

CONCLUSION 

The anion exchange separation of carbohydrates with alkaline 

eluent systems provides a pOHerful neH tool in the analysis of 

carbohydrates. The combination of this chromatographic system 
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with triple potential detection provides a highly seJective and 

sensitive method particularly well suited to complex samples. 

For example, the determination of lactose in flavored potato 

chips, shown in Figure 8, was easily accomplished even though 

the solution to be analyzed contained a high concentration of 

potentially interfering salts. 

The triple potential detection method can also be used to 

determine other speci es containing the alcohol functi onal group. 

Using di fferent chroma tographi c condi ti.ons, simple alcohols 

and glycols have been detected. NOTE: The analytical methods 

described in this paper are the subject of pending patents. 
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HPLC SEPARATION AND CHARACTERIZATION OF SYNTHETIC 
AND NATIVE CYTOCIIROHE C DERIVED PEPTIDES 
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ABSTRACT 

The use of HPLC for the characterization of peptides used in semisynthesis 
of cytochrome c is discussed. HPLC provided a convenient method for assessing 
the purity and structure of the peptides used. HPLC was also useful in moni
toring the progress of solid phase peptide synthesis and in purifying the final 
product. 

INTRODUCTION 

The preparation, purification, and characterization of relatively large 

peptidLs (30-50 residues), in particular those produced by solid phase synthesis 

techniques, present a considerable analytical challenge. Conventional tech-

nigues Bueh as amino acid analysis (AM) and peptide mapping are frequpnt 1 y 

insufficient indicators of purity and can consume excessive amounts of time and 

material without providing definiti.ve answers. High performance liquid chroma-· 

tography (BPLe) has proven very valuable in providing such information (I, 2), 

and we report on lts application to the preparation of semisynth(~tic cytochrome 

c. 

Barbury and co-workers (3, 4) demonstrated that horse heart cytochrome c, a 

104 residue protein, could be cleaved at met-65 to produce two essential pep-

--fA~·t-h;;~ to whom reprint requests should be sent at the Dept. of 
Chemistry 
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tides, a 65 residue peptide to which a heme group is attached (HP]--65) and a 

non-heme peptide contD:tni.ng the remaining residuE's (NHP 66-10 /,) ~ As a result of 

the c]eavage reaction with cyanogen brondde, the met"'65 of tlH~ heme peptide is 

converted into homoserint: lactonf). This latter moiety will react with NHP 

66-10'+ under appropri.ate conditions to reestahlish a covalent linkage hetween 

residues 65 and 66. A fully biologically active protein results which differs 

only from the native at residue 65, now homoserine. The effect of individual 

residues on structure-function relationships in the intact protein may be 

established by making individual substitutions in the NHP 66-101, sequence 

followed by fragment recombination. The success of such a venture clearly 

depends upon the efficacy of the purification and characterization methods 

employed part icularly in distingui shing changes in individual residues. 

The HPLC has proven useful in the purification and characterization of pep-

tides and proteins (1, 2). This is in spite of the still not completely 

understood mechanism for retention. Several groups (6-10) have established 

empirical relationships between amino acid composition and retention. Others 

(11-13), including this paper, have found it convenient and successful to nse 

the values calculated by employing Rekker' s hydrophobic values (5) or by Meek 

(6, 7) to predict elution order. 

EXPERHIENTAL PROCEDURES 

Materials. All reagents and buffers used Were reagent grade unless otherwise 

specIfied. Reagents were obtained from the following sources: Horse heart 

cytochrome.c: (type Ill), cyanogen bromide from Sigma Chemical Company; HPLC 

grade ac('tonitrile, dipotassium hydrogen phosphate from Matheson, Coleman and 

Bell; ammonium acetate, formic acid, and I-butanol from Fisher Scientif ic: t-

butoxycarbonyl and g-Fluoromethyloxycarbonyl protected amino acids from Vega 

Biochemicals. 

Hethods. Heme peptides 1-80 and 1--65 were prepared by limited cyanogen bromide 

cleavage and were purified by chromatography on Sephadex G-7S with acetic 

acid:formic acid:JlZO, 40:10:50 v/v as the mobile phase (14). Non-heme peptides 
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66-10L" 66--80 and 81-]04 '-Jere prepared as described by Corradin and Harbury 

(3, 4), CXC(-~pt that purficat"ion \'laS performed on the SE'phndex G~-75 column 

describeD ahove. The appropriate fractjoflG VlPl'e pooled, lyoplliJized, and th{-_~n 

purified in a final step by gel chromatography on Sephadex G--SO-F with 7% formi c 

acid as soLvent. 

A Model 332 Altex gradient liquid chromatograph was used for all IlPLC appl i-

cations. An Altex Ultrasphere--ODS column (Sum, 4.6 rrrrn Ld. x 25 cm, octade-

cylsilane bonded silica) or an Altex Ultrasil-ODS (lOum, 4.6mm i.d. x 25 em, 

octadecylsilane bonded silica) was used. Solvents were first filtered through 

0.5 Millipore filters (type fH for organic solvents, type HA for aqueous 

solvents)~ Acetonitrile and ammonium ac.etate were used in all separations. Oal 

M ammonium acetate at pH 4.5 was used for most peptidE's while a 0.2 H solution 

at pH 5.0 was used for some, indicated on the individual figures. Flow rates 

and gradient conditions used are shown on the individual chromatograms. All 

peptide samples were filtered through 0.45um type HA Hillipore filters pdor to 

injection or centrifuged for 2 minutes in a Fisher micro-centrifuge model 235A. 

RESULTS AND DISCUSSION 

synthesis and recombination of peptide fragments is greatly facilitated by care-

ful monj toring of purity at designated stages of the synthesis ~ Figure 1 sholtIS 

Lhe Lwo imporLanL heme pepti.des which are oblained [rom Lhe cyanogen bromide 

cleavage of cytochrome c~ These correspond to att.ack at met-65 and met-80 to 

produce HI' 1-65 and HI' ]-80 ,.hich elute in both the open (homoserine 

carboxylate) (Peaks A and C) or in the synthethetically active lactonp (Peaks B 

and D) forms. It has been previously pointed out (4) that the lactone form will 

open in the presence of base. Under such conditions Peaks A and C can be 

shown to grow at the expense of Band D thus confirming the peak assIgnments. 

This treatment does not result: in modification of the heme moiety. 
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Figure 1 - HPLC of Heme Peptides from CNBr Cleavage. 
A-llP 1-65 homoserine; B-HP 1-65 homoserine lactone; C-HPI-80 homoserine; 
D-HPI-80 homoserine lactone; E-native cytochrome c. Conditions: Ultrasil 
Column, Flow rate 2 ml/min. acetonitrile/ammonium-acetate buffer gradient as 
shown .. 

The ability to predict retention tImes based on peptide size or amino acid 

componition is quite important because peak assignment is a tedious process and 

consumes cOllsicierabJ.e time and material .. Lt has been previously suggested (10, 

16) that hydrophobic interactions with the stationary phase determine retention 

on ODS columns 0 In thj s case the larger peptides have longer retention times 

even though the overall positive charge is also higher. The striking influence 

of C-terminal residue modification is clearly seen in the comparison of Peaks A 

and B or C and D. The opening of the homoserine lactone creates a 10ca1i zed 

negative charge and reduction in the overall positive charge on the peptide. 

The resul ting lowered retention time wi th otherwise constant amj no acid 

composition does not agree with the predictions of the models (6, 7) based 

solely on hydrophobic interactions but suggests instead the strong individual 
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Figure 2 - HPLC of Non-Heme Peptides from CNBr Cleavage. 
A-NlIP66-80 homoserine lactone and NlIP66-80 homoserine; B-NIIP81-101,; 
C-NHP66-101, Conditions: Ultrasphere-ODS column, flow rate 2 ml/min, Same as 
acetonitrile/ammonium acetate gradient as shown. 

influence on retention of the charged carboxyl group In any case, the ability to 

quickly establish the presence of the lactone at position 65 is significant 

because the lactone is essential for the formation of a covalent bond between 

residues 65 and 66 in the recombination studies. 

Separation of Non-Heme Peptides. Figure 2 shows a chromatogram of the three 

non-heme peptides obtained from the digestion of horse heart cytochrome c. The 

identity of the various peaks was established by separate tnjections of the 

various components as well as amino actd analysis of the eluted peaks. Again as 

in the case of the heme peptides, the elution order is determined primarily by 
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Figure 3 - HPLC of Non-Terminal Homoserine Non-Heme Peptide 
A-NHP66-10 l, (homoserine-80); B-NHP66-104(methionine-80) Conditons: Same as 
Figure 2, gradient as shown. 

peptide length rather then by charge. If the NHP 66-80 peak is rechroma-

tographed at a lower acetonitrile concentration (13%) the two peptides con-

taining the C-terminal homoserine lactone and carboxylate with net charges of 

+7.57 "nd +J • .,? respectively can be resolved. The elutIon order is analogous to 

that of the heme pep tides • If NHP 66-10l, is prepared with a 50-fold excess of 

CNSr instead of the normal 3-fold excess. part of the NHP 66-104 formed will 

possess met -80 whfch has been converted into homoserlne without ami.de bond 

cleavage (3, 4). This is shown in Figure 3 where the distinction between these 

two closely related peptides is essential to the subsequent peptIde reconstruc-

tion. The substitution of homoserine for methionine may render the peptide more 

polar thus resulting in more rapid elution. 

J?eparation of Synthetic Cytochro,!,~_"::Jl~ri~ed __ PepJCi:..C!<:"'-. We have previously 

demonstrated the preparation of semi--synthetic cytochrome c from the native 
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Arrow indicates retention time of native peptide. Conditions: Same as 
Figure 2, gradient as shown. 

UPl·,65 and mIT 66··104 prepared by solid phase peptide synthetic techniques 

descdLed elsewhere (15). Conventional t--LuLoxycarLonyl (t-Hoc) del'ivatives 

were used for a-amino group protection (17, 18). Standard amino acid analysis 

of synthetic NHP 66-10/, samples give the expected results withi.n experimental 

error 0 Yet, as shown l.n Figure l~, HPLC analysis of the same peptide shows a 

high degree of heterogeneity. Indeed very li ttle synthetic peptide is eluted 

at the retention time of the corresponding native peptide. Enzymatic hydrolysis 

of the synthetic material followed by amino acid analysis showed that the large 

very broad chromatographic peak (Figure I,) waS due primarily to incomplete remo-

val of blocking groups at the conclusion of the synthesis. A variety of con-

ditions were examined for the resin-peptide cleavage step following synthesis 
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Figure 5 - HPLC of F-moc Synthesized NHP66-104 
Arrow indicated retention time of native peptide. Conditions: Ultrasphere 
ODS column, flow rate Iml/min, acetonitrile/ammonium acetate gradient as 
shown. Curve A - HPLC after HF cleavage, Curve B - HPLC after preliminary 
HPLC purfication. 

that also removes side-chain blocking groups. It was not possible to achieve 

complete deblocking in anhydrous HF without destruction of the peptide. 

Further, the constant washing of the growing peptide with mild acids in the a-

amino deprotection step can also have detrimental effects. This has encouraged 

Lhc w~e of lhe. base labIle a--awino prolect:lng gt'Oup 9 fluoromethyloxycarbonyl 

(F-moc) (19). Figure 5 Curve A shows the chromatogram of F-moc synthesized NilI' 

66--101, before HPLC purification. The presence of a small number of well-defined 

peaks supports a "cleaner" higher yield synthesis Q The fraction eluting at ea Q 

29 minutes "laS rechromatographed, giving Curve B. The characteristics of this 

latter fraction were identical to those of the native peptide. 

HPLC has also been used to monitor the course of the solid phase reactions. 

This is quite important for the synthesis of relatively large peptides because 
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A-Truncated Pept ide; B - NHP81-101, Conditions: Same as FIgure 2, gradient 
as shown .. 

errors occurring early in the sequence will result in low yields and complicated 

mixtures which are time consuming and expensive to evaluate and purify. Figure 

6 shows the chromatogram of synthetic NHP 81-10l,. Peak B is identical to native 

NIlI' 81-104. leaving Peak A as a major contaminant. It can be presumed to be a 

shorter or truncated peptide resulting from incomplete reaction. By comparing 

the peptide product at various stages of synthesis with native peptides derived 

from "ytochrome c by limited enzYlllatic hydrolysis, it is possible to establish 

the slep at which extraneous peaks appear G In this case, it was established 

that truncation occurs in the Arg-91 region. It has been suggested that resin 

support collapse is the cause of the problem (2]). Correction of the factors 

causing this problem now makes possible synthesis of the NIlP 66-104 peptide in 

reasonable yields. 

Retention times are reproducible on a single column (within 4%), however, 

columns of the same type from the same manufacturer do not give identical reten-
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tion behavior. This makes the availability of suitable standards essenlial~ 

The retention of cytochrome c derived peptides is very sensitive to the aceto

nitrile concentration of the mobile phase. Changes as small as 5% can result in 

the extremes of complete retention or non-retention on the column~ 

It is of interest in the present study to be abJe to qualitatively predict 

retention times, or at least retention order for eluting peptides. Such predic

tions do not eliminate the need for peptide isolation and identification, but 

they can help considerably in the optimization of elution conditions. The pep

tides in question are relatively large (15-104 residues) and the separations are 

carried out at around pH 4.5. This means that the peptides are not in an open 

chain configuration and consequently not all residues are freely accessible for 

interaction with the stationary phase. The simplest approach is to consider the 

retention order to be determined by peptide size (number of residues). We find 

that for our peptides this latter method works as well as those of Rekker (5), 

Heek (6, 7) and Sasagawa (10). These methods all produce about 10% uncertainty 

in the prediction retention time which becomes quite important when peptides of 

comparable size but different sequence must be separated. In some cases the 

effect of individual amino acid substitutions can be correctly predicted (66-104 

VB 66-104 homoserine) but this approach cannot be described as totally reliable. 

The ability of HPLC for the separation, purification and identification of 

cytochrome c-derived peptides has been demonstrated. Separation of relatively 

large peptides with single residue modification has been achieved. The moni

toring of the growing peptide product during solid phase synthesis has enabled 

tIle detection of syntllesis error Lhus saving considerable lime and expensec 
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OF FUJOF<.ESCENT COIVIF'DUNDS 
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ABSTRACT 

A detector making full use of the advantages offered by chEcmi
luminiscence has been constructed. Light measurement was performed 
with modern electronic equipment using photon counting and the sys
tem was tested using dansyl deri vati ves of adrenaline, noradrenaline 
and of some amino acids. The detection limits for the two catecholamines 
were 6 and 16 fmol, respectively, and less than 0.5 fmol for the amino 
acids. To reach these low levels all reagents were purified or selected for 
ultra-high purity. The effects of reagent contaminants and of various op
tical filters have been studied using adrenaline as the test substance. 

INTRODUCTION 

Introduction of chemiluminiscence in liquid chromatography can 

be interpreted as an attempt to increase the sensitivity and selectivity 

of fluorescence methods, and thus extend their applicability to the assay 

of chemical compounds of various kinds. The effective detection limit 

in fluorescence analysis using a high-energy light source, e.g. a xenon 

lamp, and a photomultiplier tube is restricted to about 100 pmol for 

dansyl derivati ves, due to problems with stray light and intensi ty vari

ations of the light source. Application of UV- and tunable dye lasers 

have improved the situation. However, UV-lasers are limited to a few 
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wavcdengths and tunable lasers are rather expensi ve, making them 

available to a small number of laboratories. 

MELUHN 

Another problem when trying to decrease the detection limit 

arises from the light measurement. In conventional fluorescence sys·

tems, light is detected with a photomultiplier tube connected to an 

electric circuitry measuring the photon induced current in a conti

nous manner. Even when no photons strikes the light sensitive sur

face of the photomultiplier, a small current arises from thermally 

excited electrons in the dynode chain. This dark current restricts the 

low limit of detection, unless precautions are taken to reduce it. 

Due to the fact that photons propagate as distinct quanta, every 

photon striking the first dynode gives rise to a very short pulse of 

electrons, which is ampli fied in the dynode chain. Pulses generated 

by thermally excited electrons are amplified to a smaller extent, 

making them distinguishable from true light pulses. By electronic 

discrimination and counLing, one can register only those pulses having 

an energy above a preset value. As the background can be kept as 

low as a few photons per sec., it is possible to count the number of 

photons interacting with the first dynode. This is the principle of 

photon counting. 

Usually the number of pulses is counted during a preset period of 

time, e.g. 1 sec., then the result is displayed and a new counLing 

cycle is started. By using this method the instrument. bClckgfOlJnrl CCln 

virtuCllly bp ke[1t CIt zero, mClkinC] it possible to measlI!'p vP!'y low 

sample concentrations. In previous applications of chemiluminiscence 

to thin-layer chromatography (1) and high performance liquid chromato

graphy (I-IPL.C) (2,3) usc has not beerl made of phoLon coulltillg for 

light measurement, whereby the sensitivity has been restricted by 

dark current fluctuations in the photomultiplier. 

In clinical work, bio- and chemiluminiscence have been used for 

numerous analytical purposes (4) utilizing different methods for che

mical excitation. The method used in this work was of the peroxylate 

type with the proposed mechanism: 
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oxalic ester 

o () 
l>r:; + 2 ArOH 

I I 
0-0 
1,2 dioxetane

dione 

9 \,) y-cr + fluorophor flullrophor-* + 2 CO 
2 

0-0 
(dansyl derivative) (excited state) 

The structure of the oxalate substituents (Ar) has been shown to in

fluence both the reagent stability and the fluorescence intensity (5). 

The use of bis(2,L1,6-trichlorophenyl)oxalate (TCPO) as the oxalic ester 

gives good reagent stability together with high quantum yields. The 

reaction of dansyl chloride with amines and phenols occurs according 

to the general equation: 

reagent 
(dansyl chloride) 

Apparatus 

reactant 
(amine) 

EXPERIMENT AL 

HPLC was performed with a 5.0 mm 1.0. x 200 mm column 

packed with 5 pm Nucleosil C
18 

particles (M8cherey-N8gel & Co., 

Duren, G.F.R.), The pllmp llsed for chromatDCJrRphy wos R I nr [:on

stametric III double piston HPLC pump (Laboratory Data Control, 

Riviera Beach, Fl., U.S.A.) and the injector was a Rheodyne 7120 

(Rheoelyne, Rerkeley, CI\., U.S.I\.) equipped with [] 20 p I sample loop. 

The photon counter was developed and constructeel by AuraLronic 

Electronic Consultant, Stockholm, Sweden. It utilizes a Hamamatsu 

type R268UH-HA-P photomultiplier tube (Hamamatsu TV. Co. Ltd., 

Hamamatsu-City, Japan). Filters were manufactured by Carl Zeiss, 

Oberkochen/Wurft, G.F .r~. Catecholamine samples were prepared using 

1605 

a Bond Elut C 18 column (Analytichem International, Harbour City, CA., 

U.S.A.). 
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The photomultiplier tuiJe was moun led DS ShOWI1 i rl r i (). 1. Im

mediately in front of the tube is ,,1 filter holdcr with a Filter Followed 

by 8 spir81-t.ype flow cell. To avoid sigr1al detcrioration the pre-8m

plifier is placed as close to the photomultiplier tube as possible, in

side the light-proof box. A ]I-metal magnetic shield prevenUl distur·· 

bance from laboratory equipment. On top of the box is a carefully 

sealed cover, giving a background count of only 50-150 photons per 

sec. The design of the flow cell is shown in Fig. 2. It was constructed 

from borosilicate glass and on the revers side it was covered with 

aluminium foil to direct all light towards the photon counter. 

Chemicals 

I-Adrenaline, I-noradrenaline, dansyl chloride and cyklohexyl

amine salts of dansyl-I-glutamic acid, dansyl-l-methionine, dansyl-d,l

-norleucin and dansyl-l-a-alanine were obtained from Sigma Chemi-

cal Company, St. Louis, MO., U.S.A. Ethyl acetate, acetone, hydrogen 

peroxide, tris(hydroxymethyIlaminomethane (TRIS) and hydrochloric 

acid, all of analytical grade, and ethyl acetate, acetone and acetoni

trile of spectroscopic grade were obtained from E. Merck, Darmstadt, 

G.F.R. Toluene of HPLC-grade was supplied by the same source. 

Acetonitrile for HPLC was from Rathburn Chemicals Ltd., Walkerburn, 

Gt. Britain and From BDH Chemicals Ltd., I"arkstone, Gt. Britain. 

Hydrogen peroxide "Aristar" was also supplied by SOH. TCPO was pre

pared by the met.hod of Muhan and TUlTO (6). All water was doubly di

sLilled. 

Purification of chemicals 

Analytical grade ethyl acctate and acetone were distilled using 

a l··m filled column. The TCPO WDS recrystallized from HPI .. C-grade 

toluene, the solution being treDted with charcoDl, and n<'IS was re

crystallized from aqueous ethanol (7). 

Analyt.ical conditions 

In the determination of catecholamines the mobile phase consis

ted of 85% (v/v) acetonitrile and 15% (v/v) 0.05 mol 1- 1 TRIS-HC1-

-buffer, pH 7.7. The flow-rate was 1 ml min-'J 
• TCPO was dissolved 
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~I D E 

FIGURE 1 

Light measurement compartment wi th A) Flow cell, B) Filter, C) ]J -metal 
shield, D) Photomultiplier and E) Pre-amplifier. 

E 
E 

" N 

FIGURE 2 

2.3mm 

Design of flow cell. 
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in ethyl acetate at a concentraLion of 5 mmol r- I and 30% (v/v) 
--I H

2
0? was diluted with acetorIC" to a final concentration of 0.5 moll. 

The flows were 0.3 ml min- 1 for thr-) TCPO solution and 0.5 ml min--1 

for the HZO
Z 

reagent. In order to analyse the amino acids the buffer 

content of the mobile phase was increased to 65% (v/v) and acetoni

trile made up the final 35% of the mobile phase. The flow-rate was 

maintained at 1 ml min-1 
• To avoid phase separation due Lo the low 

solubility of TCPO in aqueous systems, the TCPO reagent was pumped 

at 0.5 ml min-1 and the H
2

0
Z 

reagent at 1.3 ml min-1 • 

Sample preparation 

Dansyl amino acid samples were freshly prepared by dissolving 

the derivatives in doubly distilled water. Dansyl derivatives of cate

cholamines were prepared as follows: Adrenaline and noradrenaline 

were dissolved in 0.1 mol 1-
1 

HC!. A 100- jJ 1 volume of this solution 

was mixed with 330 pI of NaHC0
3 

buffer (pH 8.5) and Z ml of 0.1 % 

(w/v) dansyl chloride in acetone. After vigorous mixing the samples 

were allowed to react at 55
0

C for 10 min. To remove the excess 

reagent, Z ml of 0.5% (w/v) l-ct-alanine was added and the sample 

mixture was once again placed at 55
0

C for 10 min. After application 

on a Bond Elut C
18 

column and rinsing wi th 5 ml of 500;(, -ethanol, 

the sample was eluted with 500 jJl of acetone and diluted to 10 ml 

with mobile phase. Care was taken to prevent UV-irradiation during 

sample preparation. 

Procedure 

The entire system outline is shown in Fig. 3. The eluent was 

kppt in a glass container and was pumped through the injector alld 

the column at a pressure of 1500 psi. The TCPO and H
2

0
Z 

reagents, 

dissolved in ethyl acetate and acetone, were placed in two 500-ml 

stainless steel containers pressurized with helium and forced through 

a l-m x 0.15 mm I.D. stainless steel or teflon capillary tubing givirlg 

a flow of 2 ml min-lor less. The exact flow rates were adjusted by 

carefully regulating the helium pressure. This method gives a constallt 

and absolutely pulse free deli very, which is important to achieve a low 

backgrollnd noise. 
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The TCI::lO and 1-1
2
°2 solut.ions were mixed in a static mixer acco]'

dine] to Kobayashi ,md Imai U), ami then immediately brought in con

tact with the coltlmn efflucllt usinCj an identical mixer. UpClIl mixing, 

1,2-dioxetanedione is formed which exci tes fluorescerlt molecules whcn 

encountered in the column effluerlt. Since the chemilumirliscent radi-

ation declines very rapidly, the flow was conducted directly to the flow 

cell where the light intensity was measured by photon counting. The 

number of photons striking the photomultiplier tube during 1 sec. was 

counted, the digital reading was converted automatically to an analog 

result and the chromatogram registered on a recorder in conventional 

manner. When starting up the system, it was allowed to operate for 

10 to 15 min. so that the base line became stable. If the system has 

been turned off less than a couple of hours, it can be used wi thin a 

few min. 

RESUL TS AND DISCUSSION 

E Hect of reagent puri ty 

Table 1 lists the effect of mobile phase purity on signal and 

background readings. It can be seen that acetonitrile may contain 

relatively large amounts of fluorescent contaminants and still fulfil 

the UV-absorbance cri tel' ion of a HPLC-grade sol vent. Therefore a 

careful choice of acetonitrile supplier is essential. The purification 

of TRIS is of smaller importance but still affects the results. Ouring 

the remainder of this work I::3LJH HPLC ace toni trile has been used in 

the mobile phase together with recrystallized TRIS. 

In Table 2 the effects of purity of TCPO and f-1
2

0
2 

reagents are 

summarized. It is evident that the make of H
2

0
Z 

has little influence 

011 the peak height t.o bClckground rCitio, while distillation of the reagent 

solvents is essential. 

Test of optical filters 

In an attempt to increase the sensitivity of the detector system, 

25 different filters were tested using the dansyl derivative of adrena-

line as the test substance. A filter may be used to reduce the background 

level since the sample and the contaminants emit light aL different 
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TABLE I 

~~ffect of Mobile Ph8se Purity on the Peak Height to 
Gackground f~atio 
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TRIS Aceto- HCl Background Peak h eight/ background 
nitrile (cps) x1000 

P.A. BOH P.A. 15600 1.67 
recryst. HPLC 

P.A. SDH P.A. 18000 1.50 
HPLC 

P.A. Rathburn P.A. 36700 0.75 
recryst. HPLC 

P.A. Merck P.A. 15200 1.71 
recryst. Uvasol 

-X-Constant amounts of approximately 0.9 pmol of tridansyl-adrenaline 
were injected. 

TABLE II 

Effect of Purity of TCPO and H
2

0
2 

Reagents on the F)eak Height 

to Background I=<.atio * 

Acetone Ethyl H
2

0
2 

Background Peak height/background 
acetate (cps) x1000 

P.A. P.A. Merck 84100 1.080 
dest. clest. P.A. 

i-).A. I'.A. Mccl'ci< 190000 0.500 
dest. P.A. 

P.A. P.A. Merck 235000 0.404 
dest. P.A. 

P.A. P.A. BOH 95000 0.989 
dest. clest. Aristar 

* Constant amounts of approximately 0.9 pmol of tridansyl-adren8line 
were injected. 
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Filter 

None 

GG16 

GG14 

GG8 

OG3 

Inter-

TABLE III 

Effect of Filters in the Optical Path on the Peak I-Ieight 
to Background Ratio 

MELLBIN 

Background 
(cps) 

Peak height/background 
x1000 

Characteristics 

142900 

13600 

33900 

L~3000 

810 

1905 

n.30S 

0.750 

0.697 

0.588 

0.543 

0.522 

Wave
length 

400nm 700nm 
10011.-I----i 

I~ 

ference 

GG15 94700 0.394 

GG17 108200 0.333 

BG23 77000 0.252 

wavelengths. The filters were placed next to the photomultiplier tube 

immediately in front of the flow cell. As can be seen from Table 3, 

the best choice (GG16) increases the signal to background ratio more 

than twice compared to measurements without a filter. As the chemi

luminiscence from the dansyl derivative of adrenaline gives a wide 

wavelength distribution with a maximum at 512 nm, a 90 nm bandwith 

interference filter with its peak transmittance at 519.5 nm was 

expected to increase the signal to background rat.io significantly. The 
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log peak height 

4 A 

3 

O~~~--~----~-----r-----r--~ -log cone. 
5 6 8 

log peak height 

4 B 

2 

O~~----~----r---~----~--- -log cone. 
5 6 9 

FIGURE 4 

Correlation between sample concentration (mol 1-1
) and peak height for 

A) adrenaline and B) noradrenaline. 



Ljain was, 11Owever, Ilot as larlJe as accomplished with some of the 

other fil tel's. 
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A plot of peak height versus concentration for adrenaline and 

noradrenaline displays a linear correlation over more than three or

ders of magnitude (Figs. 4A and B). At the high concentration end 

the peaks were flattened at the top probably due to reagent shortage. 

The peak intensities were in the order of 3 million cps. Extrapolating 

to the noise level gives a detection limit of 6 fmol for adrellaline 

and 16 fmol for noradrenaline. This is to be compared with the value 

of approximately 12 pmol obtained for the same deri vatives by F rei, 

Thomas and Frei using a conventional fluorescence detector (8). 

Assay of amino acids 

In order to make a further comparison between this detector and 

a conventional fluorescence detector (2), some amino acids were ana

lysed under almost identical conditions to those in ref. (2). Dansyl 

derivatives of glutamic acid, alanine, methionine and norleucine were 

dissolved in water and analysed using the same system as for the 

catecholamines. A VG10 filter turned out to be the best chDice in 

order to supress the effect of background radiation. The sensitivity 

varied somewhat for different derivatives but the methionine deriva

tive, being the least sensitive, had a detection limit of less than 

0.5 Fmol (Fig. 5). Using a fluorescence detector with the lamp turned 

Dff, Kobayashi and Imai (2) reached a detectiDn limit of 10 fmol for 

the same dansyl amino acids, that is, the present method is more 

than 20 times as sensitive. This brings chemiluminiscence combined 

with photon counting up to and possibly beyond the limits of laser 

induced fluorescence, making it the most sensitive optical method 

of detection available at present. 

CONCLUSIONS AND ~-UR THER WORK 

Chemiluminiscence in combination with photon counting affords a 

high-sensitive analytical method for the assay of many substances, 

especially in the biochemical field. The considerable decrease in de-
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FICURE 5 

] 615 

i i min 

7 8 

Chromatogram of amino acid dansyl derivatives. Injected volume: 20 III . 
-10 --1 

Sample concentrations: dansyl-I-methionine (MET) 2.07 . 10 mol I , 

dansyl-I-glutamic acid (CLU) 1.73 • 10-
10

mol (1, dansyl-I-IY--alanine (ALA) 

2.37. 10-10mol 1- 1 and dansyl-d,l-norleucin (NOR-I_EU) 2.15 .10-
10

mol (1. 

The chromatographic conditions are given in the text. 
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tecUon limits For dansyl clerivaLives of catecholamines ,mel Clmirlo 

acids in comparison with those attained with conventional Fluorescence 

methods, shoulcl be possible to realize for many other compound classes. 

On that account it is our intention to apply the present methocl to 

other fields of interest e.g. tu the assay u famines as o-phlaldialdehyde 

deri vati ves. 
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COHPARISON OF VARIOUS COLUMNS FOR THE H.IGH·-SPEED HPLC ANALYSIS 

OF DRUGS OF FORENSIC INTEREST 

Ira S. Lurie and Susan H. Carr 
Special Testing and Research Laboratory 

Drug Enforcement Administration 
HcLean, Virginia 22102-3494 

ABSTRACT 

A comparison of the use of various commercially available col
umnS for the high-speed reverse-phase ion-pair high performance 
liquid chromatographic separation of drugs of forensic interest is 
discussed. The columns include a Partisil 5 ODS-3 RAC, a Partisil 
5 CS RAC, a Radial Pak microBondapak CIS cartridge, a Perkin-Elmer 
HS/5 CIS and a Perkin-Elmer HS/3 CIS. The mobile phases employed 
contain water, acetonitrile, phosphoric acid, and sodium hydroxide, 
with or without hexylamine. When a mobile phase Vlithout an amine 
modifier is employed, retention times Vlere at least halved, except 
with a HS/3 CIS column, over those obtained Vlith conventional col
umnS. Basic drugs did not elute Ivhen the above mobile phase is used 
with a HS/3 CIS column. In addition, the selectivities of the other 
high speed columns Vlere similar. Further reductions in retention 
times and different selectivities I·Jere obtained Vlhen an amine modi
fier is utilized. Column performance parameters such as n, V and v 
are presented for the c01u¥,ns examined. A new column performance 
parameter S I·,hich is (n/V)''' is introduced and discussed. 

INTRODUCTION 

Reverse-phase ion-pair HPLC has been employed for the analysis 

of drugs of forensic interest (1, 2). The microBondapak CIS column 

(30cmx3.9mm) and Partisil 10-0DS-3 (25cmxLj. 6mm) column have been shoVin 

to exhibit similar selectivities (2). The goal of the present study 

Has to investigate ways of obtaining faster separati.ons using systems 

designed for high-speed analysis. There are three ways of obtaining 

faster separations with a given mobile phase assuming the column pack

ing material to be employed is of a similar nature to the previously 

utilized column. 

Hi 1 7 
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1) An increased number of plates per second could be obtained by 

using 7·-1Scm lenglh and /j.··-Smm id c.olumns 'iiJith 3 or 5 micron particle 

size packing material. The use of injectors, detectors and connecting 

Lubing Hbich minim.L2e band spreading ""ould be required. The Perkin-

Elmer RS/5 CIS and Perkin-Elmer HB/3 ClB are examples of such columns. 

2) An increased number of plates per second could be obtained by 

using 10cm length and 9. 5mm id columns .. lith 5micron particle size pack

ing material. Unlike the columns in Category 1) conventional equipmenl 

Hould be employed. The Partis11 5 ODS-3 RAC and Partisil 5 CB RAC are 

examples of such columns. 

3) An increased number of plates per second could be obtained by using 

10cm length and 5-Smm id cartridges ,vith 5 or 10 micron particle size 

packings. A compression module is required for these cartridges of 

Hhich the Radial Pak microBondapak ClB is an example. 

Another way of obtaining faster separations is to modify the mobile 

phase. For the reverse-phase ion-pair chromatography of basic drugs, 

the addition of a competing amine to the mobile phase Hill reduce k' 

values (3, 4). 

In this paper various ways of performing reverse-phase ion-pair 

high-speed HPLC analysis for drugs of forensic interest are compared. 

Columns Here employed from each of the above categories utilizing mobile 

phases Hith or ,·,ithout the presence of a competing amine. Only one 

column from each commercial type was employed and therefore this study 

did not take into account variations between columns from the same 

manufacturer. 

EXPERIMENTAL 

Equipment 

Two liquid chromatographs "ere employed in this study. One chroma

tograph consisted of the following components; Model 6000A pump (loJaters 

Associates); Model U6K injector (Haters) or Model 7125 injector (Rheodyne); 

Hodel 4LfO fixed \vavelength uv detector at 2St. nm Hith a 12.5 \11 flmv cell 

(loiaters); Systems lVB data system (Spectra Physics) or Sigma 15 data system 

i.nterfaced with a Hodel 3600 data station (Perkin-Elmer). Columns 

employed on the first chromatographic system consisted of tHO pre-

packed BnunxlOcm stainless steel columns each ,o]ith 5 micron C1B and 5 

micron CB packing material (Partisil 5 ODS·-3 RAC and Parti.sil 5 CB 
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RAe, Hhatman); a prepacked 1 •• 6mmx2':iclll stainless steel column \'7i"tl1 LO 

micron C18 packinr, material (Partlsil 10" "ODS"-3, Hhatman); and a pH'"" 

packed 8mmxlOcm polyethylene> cartrj"clge ",ith 10 micron CI8 packing 

mau,rtal (Rad La:! Pak rnicrDTlondapClk eLil cartr Lclgc, vlaters) mountcccl i"" 

side a radial compressiDn chamber (Z-NDdule, Haters). 

The other li"quid chromatDgraph cDnsisted of the fD110",ing CDlH"

ponents: Nodel 8800 4-s01vent gradient system (DuPont); NDdel LC8S 

variable UV detect Dr , containing a 2. S microliter flot., cell or 1. S 

micrDliter flot" cell at 214 or 2S4nm (Perkin Elmer); Sigma 15 Data 

System interfaced ",ith a NDde1 3600 Data StatiDn (Perkin-Elmer), A 

prepacked 4.6mmx12.5cm stainless steel column Vlith S micrDn C18 pack

ing material (Perkin Elmer HS/5 C18) and a prepacked 4.6mmxlOcm stain

less steel column "'ith 3 micrDn C18 packing material (Perkin-Elmer 

HS/3 C18) Vlere used ",ith this system. 

Naterials 

The fDI1DVling chemicals ",ere used: hexylamine (Eastman Chemicals, 

Rochester, N.Y.); methenamine (Nerck, RahVlay); acetDnitrile (Burdick 

and Jackson). Other chemicals ",ere reagent grade. Authentic drug 

standards Df USP/NF quality ",ere employed. 

One mobile phase cDnsisted Df 20% acetDnitrile, 79% ",ater, and 1% 

phDsphDric acid adjusted tD pH 2.2 "'ith 2N sodium hydrDxide. This ",as 

prepared by filtering and degassing thrDugh a 0.45 micron filter a 

sDlution consisting Df 1580ml ",ater, 400ml acetDnitrile, 20ml phDsphDric 

acid anLl GOml 2N soLlium hydroxide. 

The secDnd mDbi1e phase cDnsisted of 12% acetonitrile, 87% ",ater, 

and 1% phDsphDric acid adjusted tD pH 2.2 "'ith 2N sDdium hydroxide. 

This mobile phase ",as prepared as previDusly repDrted (2). 

Hexylamine ",as added tD mobile phases after they ",ere filtered anLl 

degassed resulting in a final mDlarity fDr amine of 0.072N "'ith the 

pH raised to apprDximately 3. 

RESULTS AND DISCUSSION 

Table 1 presents a comparisDn Df retention times (RT's) and rela

tive retentiDn times (RRT's) for 4 Df the high speed columns and a con

ventional cDlumn, the Partisll lO-ODS-3 using a mDbile phase ",ithDut an 

amine modifier. The high speed columns gave RT's at least one-half 

those Dbtained ",ith the cDnventional column in addition tD similar selec-



1620 LURIE AND CARR 

TABLE I 

Retention Data for Drugs of Forensic Interest Using Vartous Alkylsi 11 ca 
Stationary Phases Hith Mobile Phase Hithout Hexylamine 

"' ~-.. ~~-~----.-.------------------------- ---
CoLumn HS/5 CL8 5 ODS-3 RAC 5 C8 RAC RADIAL PAK 10 ODS-3 

flmv 2.5 flow 8.0 flow 8.0 flow 8.0 flmv 2.0 
ml/min. ml/min. ml/min. ml/min. ml/min. 

Hobile _J2..hase: see Figure 1. 

Drug RT RRT RT RRT RT RRT RT RRT RT RRT 

Heroin 3.0 1.0 3.1 1.0 2.8 1.0 2.5 1.0 7.8 1.0 
Caffeine 1.2 .42 1.2 .38 1.2 .44 .88 .35 3.2 .41 
Phenobarbital 6.0 2.0 6.4 2.1 6.1 2.1 4.1 1.6 12.1 1.6 
Methamphetamine 1.3 • L,2 1.2 .40 1.2 .43 1.1 .42 3.1 .40 
Acetyl-codeine 2.9 .97 3.0 .95 2.8 .98 2.4 .94 7.4 .96 
Noscapine 6.0 2.0 6.3 2.0 5.8 2.1 L,.9 2.0 15.0 1.9 
Papaverine 5.7 1.9 5.9 1.9 5.6 2.0 4.6 1.8 16.0 2.1 
Cocaine 3.8 1.3 3.9 1.2 3.8 1.4 3.2 1.3 10.4 1.3 
PCP 7.3 2.4 7.7 2.5 7.3 2.6 6.1 2.4 18.3 2.1, 
LSD 5.2 1.8 5.5 1.8 5.4 1.9 L,.4 1.8 IL .. O 1.8 

tivities. Therefore these high speed columns should be applicable to the 

analysis of drugs of forensic interest using mobile phases which had been 

previously utilized with the microBondapak C18 and Partisil ODS-3 columns. 

Results from the HS/3 C18 column were omitted from Table 1 because 

basic drugs did not elute from the column under these conditions. The 

Perkin-Elmer nS/3 CI8 column required a much more liphophilic mobile 
,~ 

phase to elute heroin and the resul Ling peak is very assymetrical 

"ill! only 75 LlwoL'oLical plaLes. 

Although the addition of methenamine to the mobile phase resulted 

in reduced tailing and shortened retention time for heroin, the peak 

shape was still unsatisfactory and the plaLo count "as only 300. There 

appears to be unbonded silanol sites on the HS/3 CIS column. It has 

been reported that using a similar mobile phase, with alkyl-bonded 

columns containing residual silanol groups, the addition of a competing 

amine to the eluent reduced peak tailing and decreased RT's for basic 

drugs (3, 4). The nature of the added ami,ne affects both peak shape 

* Satisfactory peak shape is taken to be an Assymetry Factor (A) of 
1. 8 or less, measured at 10% of peak maximum. (A) is computed by divid
ing the distance from peak center to trailing edge by the distance from 
peak center to leading edge. 
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and retentton t.tme for baste drugs. Stnce the addttton of methenamine 

to the mobtle phases dtd not result tn a sattsfactory peak shape for 

herotn, the effect of hexylamtne was investigated since it has been 

shown to be one of the best blocking agents for silanol groups (4). 

Satisfactory peak shape was obtained with over 1000 theoretical plates 

for the heroin peak. 

Table 2 shows results from measurements made under the same condi-

tions as Table 1, except for the addition of hexylamine to the mobile 

phase. The addition of hexylamine further decreased RT's for the HS/5 

column by a factor of 1.5-2. In addition, the amine reduced RT's with 

the HS/3 column to values less than those obtained with the HS/5 column. 

Hexylamine in the mobile phase also affects column selectivity, as 

illustrated by the changes in RRT's for the HS/5 column for caffeine, 

phenobarbital, PCP, and LSD. RRT's for other substances changed little. 

Although satisfactory peak shape was obtained for heroin on the 3 micron 

column, some bases exhibited excessive tailing. 

The parameter, v, described by Desty, et a1. (5), was evaluated 

for the columns studied and is defined by 

v ~ 

where n 

RT 

n/RT 

theoretical plates/column 

retention time (min) 

(1) 

The number of theoretical plates (n) was calculated as follows: 

n ~ 25(RT/w4 . 4)2 (2) 

where W 4.4 is the \"idth of the peak at 4.4% of peak hej ght. 

The per fonnancc par<llllctcr is) \vhich is inLrouuced in this pcil.H21: 

is defined by 

S g (n/V)1/2 

",here V ~ retention volume (ml) 

The parameter S is useful for the evaluation of column perform-

ance because it is a function of both the separating power of the 

column and of solvent consumption. The rate of production of theoreti·" 

cal plates, v, is of use where separating power is of primary interest. 

Graphical presentations of the v factor (Figure 1) and S factor (Figure 2) 

were obtained from experimental results for three compounds of forensic 

interest (caffeine, phenobarbital and heroin), using the five high speed 

columns and a conventional column. '1'he column performance paramet.ers 



a 
Z 

TABLE 2 

Retention Data for Drugs of Forensic Interest UsLng the US/5 CIS and 
HS/3 CIS Columns Hith Hobile Phase Containing Hexylamine 

Column HS/S C1S HS/3 CiS 
flow 2.5 £10.., 2.5 
ml/min. ml/min. 

Hobne phase: same as Figure 1 except .072H hexylamine 

Drug RT RRT RT RRT 

Heroin 1.6 1.0 1.1 1.0 
Caffeine 1.2 .75 .70 .61 
Phenobarbital 4.S 3.0 3.1 2.7 
Hethamphetamine .S3 .52 . 62 .5L • 
Acetyl-codeine 1.6 1.0 1.1 1.0 
Noscapine 3.4 2.1 2.2 1.9 
Papaverine 2.S 1.8 1.9 1.6 
Cocaine 1.7 1.0 1.6 1. 36 
PCP 2.S 1.8 4.6 Lf, 0 
LSD 2.3 1,1+ 1.8 1.5 
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1. Plot of plates per second (v) versus column type for various solutes 
in mobile phase consisting of 20% acetonitrile, 79% water, 1% phos
phoric acid adjusted to pH 2.2 with ?N sodium hydroxide. 
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2. Plot of square root of plates per volume (S) versus column type for 
various solutes. See Figure I for mobile phase. 

TABLE 3 

Performance Parameters for Caffetne, PhenoDarbttn] and IIeLoiu Oll Various 
Alkyl-Silica Stationary Phases Hith Hobile Phase Hithout Hexylamine 

Drue Caffcine Phenobarbital Heroin 

Nobile !:,hase and flow rates: see Tables 1 and 2 

Column V n v S V n v S V n v S 

See text for description of r>erformance 12araTI1et~r szmbols 

HS/3 C18 2.1 4900 98 48 10.8 13425 32 213 
HS/5 C18 3.1 3802 51 35 14.9 6289 H1 .20 7.5 fl960 28 26 
5 ODS-3 RAC 9.6 2644 37 17 51.5 2633 7 17 24.9 2844 15 11 
5 C8 RAC 9.9 2640 36 16 48.6 2900 8 18 22.7 2203 13 10 
Radial Pak 7.0 1150 22 13 33.0 1080 4 6 20.0 1010 7 7 
10 ODS-3 6. f, 2258 12 19 24.3 2860 4 19 15.5 22 f,3 5 12 

------,----~-"----------~-~". - --- --- "-----""-~-- ----~---
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3. Plot of retention volume (V) versus column type for heroin. See 
Figure I for mobile phase. 

n, v, V and S for these compounds are presented in Table 3. A mobile 

phase withou1: hexylamine was used at the same linear velocity. For 

caffeine and phenobarbital the highest values for v and S were obtained 

,.,ith the Perkin-Elmer HS/3 CIS column. The high value for v using the 

HS/3 column is consistent Hith the 3 micron particle size. This is a 

result of the Im"er value of the A and the C terms in the Van Deempter 

equation \o/hich are proportional to the particle di.ameter (6). Simi.lar 

results have been reported by other authors using columns with 3 micron 

packing (7-9). The appreciably higher values for S obtained with the 

Perkin-Elmer nS/3 and HS/5 CIS columns as compared to the other high 

speed columns tested apparently resulted from their greater efficien-

cj es and l",.,er solvent. consumption. The lm"er solvent consumption of 

the Perkin--Elmer high speed columns, illustrated in Figure 3, is due 

of course to their smaller internal diameters. As indicated in Figure 2, 

the S value of the conventional lO .. ·ODS-3 column is higher than some of 

the high speed columns as a result of reduced solvent consumption. IVhen 
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TABLE If 

Performance Parameters for Caffeine, Phenobarbital and Heroin On the 
H8/5 CHl and H8/3 C18 Columns vlith Mobile Phase Containing Hexylamine 

Drug Caffeine Phenobarbital lIeroin 

l1_obile P_~0~-'=-_~E~ floy~ rates: see Table 2 

Column V n v S V n v 8 V n v 

8ee text for descriJ2tion of ]2erformance ]2arameter szmbols 

H8/3 C18 1.7 2889 67 41 7.8 8742 47 3L, 2.8 1427 21 
H8/5 C18 3.0 3540 49 34 12.0 6356 22 23 4.0 3053 32 

employing a mobile phase ,,,ithout hexylamine, the highest values for v 

and 8 are obtained for heroin with the Perkin-Elmer H8/5 Cl8 column. 

S 

22 
28 

A comparison of Table 3 and 4 indicates that the addition of hex

ylamine to the mobile phase has little effect on v or 8 for the compounds 

studied with the H8/5 column. The number of theoretical plates of the 

heroin peak is reduced on the HS/5 column when hexylamine is added to 

the mobile phase. The number of theoretical plates of heroin and 

caffeine on the HS/3 column is significantly lower than that of the H8/5 

column using the latter mobile phase. For the H8/5 column using a mobile 

phase containing hexylamine, there is a slight increase in both v and S 

for heroin due to the column's significantly reduced retention volume. 

As Figure 1 and Table 3 indicate, the v and n values are consid

erably higher for the H8/s Cl8 column than the RAC-CI8 and RAC-C8 

columns. Neglecting extra-column effects (,,,hich is reasonable for pheno-

barbital due to its large k' value) one would expect as a result of the 

-Lnfinite diameter phenomenon that the larger diameter RAC columns Hould 

be closer in efficiency to the narrower HS/5 column. Indeed, it has 

been reported that for 10cm length columns packed with 5 micron pack-

ing material the 9.5 mm id column showed marked increases in efficien

cies over a 4.smm id column (10). Therefore it would appear that the 

RAe columns are not as well packed as the HS/5 column which results in 

a higher A term in the van Deemter equation. 
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4. Plot of HETP versus flow rate for heroin on various columns. See 
Figure 1 for mobile phase. 
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5. Plot of HETP versus flm., rate for heroin; on a HS/S C1S column with 
mobile phase without hexylamine (A) (see Figure 1); same column as 
(A) except mob:Lle phase contains .072M hexylamine (ll); on a HS/3 
C18 column "itll mobD.e phase containing .On.N hexylamine (C). 
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Figures 4 and 5 a~e VloLs [or llcroiIl uf HE~P versus flow rate for 

the various chromat.ographj,c systems. In order to obtain l()\'1cr analysis 

times, higher than opt~num flow rates were used and found to result in 

a small sacrifice in the number of theoretical plates. 

Figure 6 gives van Deemter plots for heroin using various columns 

",ithout hexylamine. Van DcemLer plots for the Hs/5 C18 and ODS-3 RAe 

with other solutes have been reported and the curve shape is very simi

lar to those illustrated in Figure 6 (7, 9). The smaller HETP values 

and smaller increase in HETP l'1ith linear velocity for the columns con

containing 5 micron particle sizesis a result of the effect of the smaller 

particle's size on the A and C term of the van Deemter equation. The 

shape of the curve for the Radial Pak microBondapak cartridge is very 

similar to that obtained for the microBondapak C18 column (11). The 

lo",er values for HETP on the Radial Pak microBondapak C18 column than 

on the IO-ODS-3 column are due to a smaller A term in the van Deemter 

equation as a result of the elimination of ",all effects. 

Figure 7 illustrates the effect of the addition of hexylaminc to 

the mobile phase on the van Deemter plot for heroin on the Hs/3 and 

Hs/5 C18 columns. The higher HETP values and greater increase in HETP 

"'ith linear velocity ",hen an amine is added may be a result of the con

tribution of the D term in the van Deemter equation. This term relates 

to mass transfer effects in the stationary phase and could increase 

because of the presence of two differing absorption sites which result 

when a competing amine is added to the mobile phase (12). The two kinds 

of sites consist of bonded Ci8 groups and unbonded silanoi groups (11). 

The higher HETl' valuc" [or 11112 IIS/J C18 columll aLe c:onsislenL \Vith a 

larger number of unbonded silanol sites and therefore a greater inhomo

geneity of absorption sites. The Hs/3 CIS column because it contains 

thp smallpy 3 micron particle size packing material would be expcC:Lcd 

to contain lower HETP valups than the Hs/5 CIS column (7). 

The Rs/5 C18 column "'ith a mobile phase containing hexylamine 

gave the best values of v and S for heroin. The use of this column 

with a mobile phase like one that has been previously reported for 

heroin analysis (2), except that methanesulfonic acid is replaced by 

hexylamine, gave a greatly improved separation for heroin and its major 

by-products. It was found that 06-acetylmorphine, acetylcodeine, heroin, 
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of (A), (B), and (C) see Figure 5. 
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8. Comparison of the separation of 06-acetylmorphine (A), acetyl
codeine (B), heroin (C), noscapine (D) and papaverine (E) on 
two chromatographic systems. System a consists of a Partisil 
IO-ODS-3 column with mobile phase which doesn't contain hexyl
amine. System b consists of a HS/5 C18 column with the same 
mobile phase as system a except that hexylamine is present. 
FlOl>J rate on both systemG iG J.Oml/lilill. The lIlobile phases are 
described in text. 

noscapine and papaverine ,>Jere resolved in almost one-tenth the previously 

reported (2) time, as illustrated in Figure 8. The addition of methane

sulfonic acid or hexylamine to the mobile phase "laS necessary to produce 

a linear isotherm for heroin below a concentration of 2 mg/ml. The use 

of the above chromatographic system for the analysis of both uncut and 

adulterated samples is being studied. 
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EVALUATION OF MICRO-HPLC AND 
VARIOUS STA'I'IONARY PHASES IN 
REVERSED-PHASE MODE FOR THE 
SEPARATION OF STYRENE ~LIGOMERS 

K.Jinno and T.Sato 
School of Materials Science 
Toyohashi University of Technology 
Toyohashi 440 
Japan 

ABSTRACT 

The potential 
technique and 
phase packing 
separation of 
is evaluated. 

of the micro-HPLC 
various reversed
materials for the 
styrene oligomers 

The results indi-
cate that longer carbon chains 
and/or copolymer materials with 
small-diameter particles are 
superior to other type packings 
for the separation of oligomers 
with methanol as mobile phase. 
Micro-HPLC promises the possibi
lity of separating conformational 
isomers of styrene oligomers. 

INTRODUCTION 

Over the past. few years, much effort has bccn cJirecLec1 

toward increasing both selectivity and efficiency in liquid 

chromatography (LC). The introduction of various types 

of micro-HPLC columns (1-5) and smaller size packing materi-

als represents a revolution in column technology (6-8). 

In light of recent interest in micro-HPLC and small 

dimension packing materials, it seems appropriate at this 

1631 
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time t:o assess the utility of the new column technoloqy for 

separation problems in polymer chemistry. 

The purpose of this communication is to evaluate their 

ability for the separation of styrene oliqomers, which is 

one of the typical chromatoqraphic problems in polymer 

chemistry. The discussion, here, is restricted to an iso-

cratic mode with methanol as mobile phase, usinq teflon 

micro columns. 

EXPERIMENTAL 

All measuremen~of micro-HPLC separation were made 

with the MF-2 microfeeder (Azuma Electric, Tokyo, Japan) to 

control the mobile phase flow. A Jasco (Tokyo, Japan) 

Uvidec-lOO II ultraviolet spectrophotometer was used. Con-

ventional HPLC measurements were made with a system consist

ing of a Jasco Trirotar III and Uvidec-lOO III ultraviolet 

spectrophotometer. 

The column packing materials evaluated here are listed 

in 'rublc 1, in which carbon chain -·lcnqt.h, pa rt .. i.c 1 <" s i. ZP , 

column lenqth and commercial name are shown for each. All 

of the micro columns used were constructed with teflon tub

ing, 0.5 mm inner diameter, packed with materials listed 

in Table 1 by a slurry technique. The conventional HPLC 

column was a 4.6 mm i.d. x 25 cm stainless steel tube packed 

with FineSIL C18 (Jasco, 10 urn). 

The mobile phase was HPLC-grade methanol purchased 

from Kanto Chemicals (Tokyo, Japan). Flow rates were 

8 ell/min for micro-HPLC and 0.5 ml/min for conventional 

HPLC, respectively. 
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Table 1 

Packing Materials Used in This Work 

=~=~-=--""'----" -" 
Column No. Carbon Chain Particle Column Commercial 

Name 
-----~-- --- ----" 

1 C 1 10 }Jm 162 mm FineSIL Cl 

2 C 2 10 220 FineS1L C2 

3 C 8 10 193 FineSIL C8 

4 C 8 5 175 Develosi1 C8-5 

5 C18 5 185 FineSIL C18-5 

6 C18 10 211 FineS1L C18-10 

7 C18 10 210 FineSIL C18 T* 

8 C18 7 160 Chemcosorb ODS/H-7 

9 C18 3 169 Develosi1 C18-3 

10 C18 5 196 Develosi1 C18-5 

11 C18 10 179 Develosi1 C18-10 

12 C18 5 232 SC-01 

13 copolymer, 10 44 HP-01 
styrene-di-
vinylbenzene --_._----_. 

* trimethy1si1ilated after chemical bonding. 

Test solute for column evaluation was styrene oligomers 

A-500 (purchased from TOYo Soda, Tokyo, Japan) which has 

an average molecular weight of 500 with a butyl side chain. 

RESULTS AND D1 

The chromatograms obtained under identical chromato-

graphic conditions, with micro-HPLC, are shown in Figures 

I-A, 1-8 and I-C. The number of each chromatogram corres-

ponds to that shown in Table 1. The chromatogram recorded 

with conventional HPLC is shown in Figure 2. 

Effect of chain 1 : Obviously, materials bonded with 

shorter carbon chains will have smaller capacity factors 
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1 2 

o 10 min. o 10 min. 

3 4 

o 10 min. o 10 min. 

Figure 1 Separation of styrene oligomers with micro-HPLC 
A: column No. 1-7 in Table 1. 
B: column No.8-II 
C: column No. 12, 13 
Chromatographic conditions: 
Mobile phase; methanol 100 % 
Flow rate; 8 pI/min 
Sample injection; 0.3 pI 
Column temperature; 25'C 
Detection; UV 207 nm 
(n=2 means dimer). 
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than those with longer carbon chains when used with the same 

mobile phase. However, in this instance, the retention times 

of oligomers with C2, CS and CIS columns (No.2, 3, 6 and 7 

in Figure I, all materials have the same particle diameter) 

are almost the same; this means that longer carbon-chain 

columns are more likely to resolve styrene oligomers. From 

the chromatograms shown in Figure I, it is apparent that 

the separations with Cl, C2 and CS packings (group-I) are 

poor, whereas those with CIS and copolymer (group-2) are 

good" 
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There have been a number of discussions concerning the 

retention mechanism in reversed-phase separation (9-24). 

Despite the popularity and wide applicability of reversed-

phase separations, a complete description of the retention 

mechanism for bonded phases has not yet been formulated. 

However, it is well known that a major factor in determining 
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12 

40 min. 

13 

o 10 20 30 60 min. 

Figure 1 - continued 

the selectivity of reversed-phase LC is the degree of aqueous 

character of the mobile phase; solute distribution has been 

modeled by invoking a solvophobie interaction (24-26). 

In our previous paper (27), it was reported that the 

interactions between solute and stationary phases such as 

C2, CS and CIS are similar to eaeh other with mixtures of 

acetonitrile and water as mobile phases. However, it seems, 

in this instance, that some differences are present in re

tention mechanism between the stationary phases of group-l 

and -2. 
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10 
RENTENTION TIME 

20 min. 

Figure 2 Separation of styrene oligomers with conventional 
HPLC 
Chromatographic conditions: 
Column; 4.6 mm i.d. x 25 cm, FineSIL C18 
Mobile phase; methanol 100 % 
Flow rate; 0.5 ml/min 
Sample injection; I ul 
Column temperature; 30·C 
Detection; UV 207 nm 

Tanaka et.al. (28) have investigated the effect of the 

structure of the stationary phase on retention and selecti-

vity in reversed-phase LC using chemically bonded stationary 

phases on silica gels. Their conclusions are as follows; 

in addition to the solvophobic interaction and the solvation 

of the solutes in the mobile phase, effects such as steric 

recognition andl1-l1 interaction between solute and the 

stationary phase were found to be important in determining 

retention in a reversed-phase system. Extended, longer 

carbon groups and large aromatic rings in the stationary 

phase contribute to the preferential retention of more planar 

solutes. 
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n~2 

2 3 4 5 6 7 8 

RENTENTION TIME 

Figure 3 Separation of styrene oligomers with best 
optimized micro-HPLC 
Chromatographic conditions: 
Column; connected two columns of No. 8 and 10. 
Mobile phase; acetonitrile 100 % 
Flow rate; 2 ul/min 
Sample injection; 0.1 ~l 
Column temperature; 2S'C 
Detection; UV 207 nm 

The results we report exhibited a similar mechanism to 

that described above. The stationary phases with the longer 

carbon-chain (C18) and the aromatic rings (copolymer) can 

retain styrene oligomers more than those with shorter carbon 

chains. 'l'his means that there exists an effect of molecular 

shape and size to their retention. 

The differences of separation ability between the sta-

tionary phases with the same carbon chain length might be 

caused from their other characteristics, e.g., internal 

porosity, specific surface area, treatments for chemical 

bonding, etc., which have not been determined for the mate-

rials investigated here. 

Effect of particle size: The effect of particle size is 

seen in the results. Calculated h' values (capacity factor) 

for each oligomer are tabulated in Table 2 for Column No. 

9, 10 and 11. The k' values are almost consistent each 

9 hr. 
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Table 2 

Logarithm of Capacity Factor (k') for 
Styrene Oligomers. 

Column No. Particle log k' 
_______ ~ ._12i9_meJ:",r~_ .!l.=1. __ rt=:'~ ______ rl~...J 

9 

10 

11 

3 um 0.198 0.012 0.158 

5 -0.215 -0.015 0.156 

10 -0.194 -0.004 0.164 

0.328 0.H8 

0.314 0.464 

0.318 0.467 

other for these columns. It is apparent that the decrease 

of particle diameter improves the resolution but does not 

change the retention. Smaller particles need more analysis 

time in some instances, although it is realized that the 

analysis time generally decreases in proportion to the 

square of particle diameter (29). 

Performance of micro-HPLC: Micro-HPLC promises great impro-

vements in selecting chromatographic conditions due to its 

advantageous features: smaller flow rates (in the order of 

microliters per minute), smaller required sample quantity 

(less than one microliter), and easier procedures for pre-

paration of columns. 

In order to evaluate the potential of micro-HPLC, a 

comparison of the chromatograms obtained with a conventio--

nal HPLC column and the micro-HPLC columns was examined. 

It is clear, from No.7 in Figure I-A and Figure 2, 

that the resolution of the conventional column is not higher 

than those of the micro columns, and that there are no dis-

advantages in performance caused by column miniaturization. 

It is concluded that micro-HPLC offers high potential 

for separations in polymer chemistry because of the above 
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leatures. Also, this technique drastically reduces system 

and running costs. 

Figure 3 shows an optimized chromatogram for styrene 

oligomers by micro-HPLC in which conformational isomers of 

each oligomer can be resolved. Recent developments in micro-

column technology in capillary LC (30-32) will bring higher 

resolution separations of isomers with shorter analysis 

times. 

The authors would like to show their sincere thanks 

to Dr. Y.Hirata and C.Fujimoto for their encouragement. 
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ABSTRACT 

Several characteristic structural features of peptides were 
considered in a study on the retention of small chain peptides 
on C8 and polystyrene-divinylbenzene reverse stationary phases. 
These include the effects of subunit nonpolar, polar, acidic, 
and basic side chains, the influence of the location (terminal 
or interior) of a nonpolar subunit in the peptide chain, effects 
of two or more nonpolar subunits and their location (terminal or 
interior) in the peptide chain, and the effect of two chiral 
centers and their location (terminal and/or interior) in the 
peptide chain. LC data, which were collected in an acidic, 
zwitterion pH, and basic mobile phase where possible, indicated 
that location of the side chains 'in the peptide relative to the 
terminal charge sites is also an important factor in determining 
peptide retention. Peptides with side chains containing acidic 
or basic groups were studied as a function of mobile phase pH. 
Whether these groups are ionized or not and their location 
relative to the terminal charged sites strongly influences 
peptide retention. 

INTRODUCTION 

Amino acids (AA) and peptides in the past have often been 

separated by ion exchanger procedures. Recently, modern reversed 

16L,5 
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phase liquid chromatography (RPLC), which offers improved 

versatility, efficiency, and shorter analysis times has been 

widely used for these separations. Although most investigations 

have utilized alkyl-modified silica as the stationary phase 

(1-4), separations by RPLC are also possible on polystyrene

divinylbenzene (PSDV) copolymers which act as nonpolar 

adsorbents (5,6). With both stationary phases key mobile phase 

variables are pH, ionic strength, water-organic solvent ratio, 

and the addition of counterions. Since the PSDV stationary 

phases are stable throughout the entire pH range they permit a 

basic mobile phase condition to be used where the AA and 

peptides can be separated in their anionic form. In contrast 

alkyl-modified silicas are stable only up to pH 8. 

Similarities exist between the two types of stationary 

phases when applied to AA and peptide separations. For example, 

manipulation of the mobile phase variables to improve resolution 

or to alter selectivity is similar; that is, retention decreases 

as organic modifier concentration increases, eluting strength is 

in the order CH 3CN > EtOH > MeOH, and the analyte retention is 

lowest when the mobile phase is at the zwitterion pH. For both 

stationary phases retention from a buffered mobile phase free of 

hydrophobic counterions is dominated by interactions between 

hydrophobic centers within the AA and peptides and the hydro

phobic surface of the stationary phase (1--6). If hydrophobic 

counterions are present, then a double layer type interaction, 

I'lhich is strongly i nfl uenced by an ion exchange sel ectivi ty 

prevails under defined experimental conditions (7). 
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Control of the elutropic properties of the mobile phase and 

the hydrophobic nature of the stationary phase focuses attention 

on how intrinsic hydrophobicities exhibited by AA and peptides 

influences their retention. Success in this goal has already 

been achieved. For example, AA retention on alkyl-modified 

silica (2) and PSDV (5,6) can be correlated to carbon number in 

the AA side chain or to hydrophobicity (8) for the side chain. 

Retention also correlates to AA partition coefficients in 

octanol-water distribution (2). For dipeptides, where one AA 

subunit varies, retention can be correlated to the hydrophobicity 

of the side chain for the variable AA unit (2,3,5,6,9) while for 

peptides with repeating AA units, log retention increases linear

ly as the repeating AA units increase (2,5,6). The effects of 

mobile phase pH on dipeptide retention appears to be systematic 

(5,6,10) while di-and tripeptide diastereomer separations follow 

a structure related elution order (4). 

Retention coefficients for individual AA subunits have been 

estimated via numerical analysis procedures from retention data 

obtained for a series of long chain peptides of known structure 

using a known, fixed mobile phase gradient (11-15). These con

stants are then used to predict the retention time for other pep

tides providing the same gradient is used and the AA composition 

of the peptide is known. In general, the correlation between ac

tual and predicted retention times have been favorable (11-15), 

although there is some disagreement about the coefficient values 

for certain subunits (15). 
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The goal of this investigation is to evaluate how individual 

AA subunits within the peptide chain influence retention of the 

peptide. Since the AA side chain can be polar, nonpolar, acidic, 

or basic its influence on retention can be large. The approach 

taken was to study the retention of a series of peptides whose 

structures were systematically modified with respect to chirality, 

type, and location of individual AA subunits (terminal or peptide 

interior) in the peptide chain. Both alkyl-modified silica and 

PSDV reverse stationary phases were used with acidic, zwitterion 

pH, and basic (only with the PSDV stationary phase) mobile phases 

where the solvent is a water-organic modifier mixture. Since the 

terminal and side chain acidic or basic groups can be ionized, de

pending on mobile phase pH, the combined effect of these charge 

sites and the peptide structure can be evaluated. 

EXPERIMENTAL 

Chemicals and Instrumentation 

Amino acids and many peptides were obtained from Sigma 

Chemical Co., Chemalog, Vega Biochemicals, and Research Plus. 

Several peptides were synthesized by reaction of a specific AA 

or peptide of known structure with (tert-butoxycarbonyl )-L

amino acid N-hydroxysuccinimide ester (BOC-AA). Thts reaction 

adds the AA from the BOC-AA to the N-terminus of the starting 

AA or peptide through the formation of a peptide bord (16,17). 

Organic solvents and water were LC quality while all inorganic 

salts were analytical reagent grade. 
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The PRP-"I (4."1 111m x 150 mm) column, which "is a spher'ical, 

10 )lm, PSDV copolymer of large surface area and porosity, was 

obtained from Hamilton Co. The alkyl-modified silica columns 

were 3.2 and 4.6 mm x 250 n1l11, "10 )lm, LichY'osorb C8 (Al tex and 

E/M) and 4.6 mm x 250 mm, 10 )lm )l-Bondapak C18 O~aters). Both 

Altex Model 332 and Waters Model 202 LC instruments equipped 

with fixed wavelength detectors or with a Tracor Model 970 or 

Spectra Physics 770 variable wavelength detector were used. 

Procedures 

Sample solutions (about 1 mg/ml) were prepared by dis

solving mg quantities of the AA or peptide in H20, EtOH, or 

their combination in 6 ml Hypovials fitted with Hycar Septa 

(Pierce Chemical). Samples were refrigerated when not in 

use. Operating conditions generally involved sample aliquots of 

10 )ll, 1 ml/min flow rate, inlet pressures of about 500 to 1400 

psi depending on column and eluting condition, detection at 

either 254 or 208 nm, and controlled temperature at 25°C. Hixed 

solvents are expressed as per cent by volume. The mobile phase 

1649 

pH was maintained w"ith Hel, NaOH, and phosphate buffer while ionic 

strength was controlled with added NaCl. Details of these basic 

LC procedures and calculation of column void volume and capacity 

factors are provided elsewhere (4-6,7). 

RESULTS AND DISCUSSION 

P~ino aCids and peptides change from cations (pH < 2), to 

zwitterions, and finally to anions (pH> 10) in solution as the 

pH is increased from an acidic to a basic cond"ition. The charge 
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Form of the AA or peptide strongly influences their retention on 

reverse stationary phases; -in general , a well··defined retention 

minimum is found \'Jhen the mobile phase is at the zwitterion pH 

(5,6,10). If the side chains contain acidic or basic groups, 

ionization at these sites will contribute to the overall charge 

on the AA or peptide depending on the pH and ionization constants 

of the sites. When the mobile phase pH is adjusted so that these 

groups are also ionized retention is greatly reduced. If all 

contributing ionization sites are considered the influence of pH 

on retention can be quantitatively described and predicted (5,10). 

Initial LC experiments focused on the retention of AA and a 

series of dipeptides that differed in only one of the AA sub

units. These data were consistent with previous results (5,6) 

in that retention was found to increase as the hydrophobic 

property of the side chain increased. The effect was the 

largest from an acidic or basic mobile phase where the charge 

resides at either the AA or dipeptide terminal -NH Z or -C0 2H 

group, respectively, and the smallest from a mobile phase at the 

zwitterion pH where both groups are charged. These trends were 

observed for both the PSDV and alkyl-modified silica stationary 

phases. It should be noted that in these and subsequent studies, 

LC experiments on the latter stationary phase where restricted to 

a mobile phase pH of 2 to 8. Thus, the full effect of the 

presence of anionic sites within the AA and peptides on their 

retention is only realized with the PSDV stationary phase. 

If the side chains also contain acidic or basic sites re

tention is significantly reduced at mobile phase pH conditions 
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TAI3LE I 

Retention of Acidic and l3asic Dipeptides on 

PRP-l as a Function of Mobile Phase pH 

Dipeptide 

L-Tyr-L-Tyr 

L-Tyr-L-Glu 

L-Glu-L-Tyr 

L-Tyr-L-Val 

L-Val-L-Tyr 

L-Tyr-L-Arg 

L-Arg-L-Tyr 

.Pli 
2.0 5.8 8.6 11.6 

29.3 6.35 35 0.04 

3.38 0.20 0.48 0 

7.88 0.31 0.24 0 

15.4 2.03 19.3 0.48 

15.4 1.65 16.5 0.43 

1.67 0.91 6.18 0.31 

4.310.82 2.54 0.19 

A 10 11m, 150 x 4.1 mm, PRP-1 column using a 

1:99 CHlN:H20, phosphate buffer, 1l=0.10M 

mobile phase at 1.0 ml/min. 

where these sites are also ionized. Data illustrating this are 

shown in Table I (only results for a PSDV stationary phase are 

shown) where retention of dipeptides with two acidic side chains 

(Tyr-Glu and Tyr-Tyr), one acidic and one hydrophobic (Tyr-Va"I), 

and one acidic and one basic (Tyr-Arg) can be compared. 

The first case provides the greatest change in retention 

since the dipeptides in basic solution (pH = 11.6) are multi-

valent anions; that is, both side chain acidic sites as well as 

the terminal carboxyl groups are ionized extensively. In acidic 

1651 
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solution the hydrophobic effect of the side chain, where the 

order is Tyr > Glu, increases retention since only the terminal 

amine group is ionized. Furthermore, the hydrophobic effect of 

Tyr is greater when it is in position 2 in the dipeptide or 

when it is furthest from the terminal charged site. Introducing 

Val into a Tyr dipeptide eliminates one potential ionization 

site and thus, the retention increases in a basic mobile phase 

due to the hydrophobic influence of the Val side chain. In 

an acidic mobile phase the hydrophobicity of the Val 

side chain and its effect on retention are intermediate relative 

to the Tyr and Glu side chains. 

For the dipeptides in Table I that contain both an acidic and 

a basic side chain a suppressed retention due to additional ioniza

tion at these sites is seen in both an acidic and basic (pH = 11 .6) 

mobile phase. The higher retention of L-Arg-L-Tyr over L-Tyr-L-Arg 

from an acidic mobile phase and the opposite for a basic mobile phase 

is consistent with the fact that the hydrophobic side chain is the 

furthest from the charged site in this order. 

The Glu acidic side chain (pKa = 4.36) ionizes at a lower pH 

than the Tyr side chain (pKa = 10.47). This difference has a large 

effect on retention at mobile phase pHs between the zwitterion pH and 

a very basic pH. In this region (see data at pH = 8.6 in Table I) 

the Glu side chain is readily ionized and retention is suppressed. 

In contrast a higher mobile phase pH is required to bring about 

appreciable ionization of the Tyr side chain. Thus, retention of 

the Tyr containing dipeptides increases as the mobile phase pH is 

increased from the zwitterion pH to a pH where ionization is 
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k' 
8 

4 

o L-Phe-L-Asp 
o L-Asp---L--Phe 

o L-Tyr-L-Val 

.. L-Val-L--Tyr 

* L-Tyr-L.-Arg 
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FIGURE 

Retention of Acidic and Basic Dipeptides on 
PRP-l as a Function of pH 

A 4.1 x 150 mm, 10 ).1m, PRP-l column and a 2:98 CH3CN:H20, 
l.0 x 1o- 2M buffer (phosphate), ).I = O.lOM (NaCl) mobile phase at 
a flow rate of 1.10 ml/min. 

appreciable. At this point retention decreases sharply. Several 

examples illustrating this sharp change in retention with mobile 

phase pH are shown -in figure 1. These data clearly point out the 

need to carefully control mobile phase pH in order to maintain the 

expected selectivity when separating peptides with acidic and 

basic side chains. They also indicate that pH is a powerful tool 

for changing selectivity when separating peptides of this type 

from each other or from those without acidic or basic side chains. 
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No attempt was made to investigate retention of long chain 

peptides conta-ining several acid-ic or basic side chains under pH 

conditions where these groups are and are not ionized. However, 

the data in Table I (see also Table VI and VII), as well as other 

data not reported here, indicate that retention would sharply de

crease as the number of ionized sites increase, while under mobile 

phase pH conditions where the sites are not ionized, retention 

would increase according to the number and hydrophobicity of the 

side chains present in the peptide. 

In order to focus on the effect of individual side chains in 

longer chain peptides, peptides were obtained or synthesized that 

have structures which systematically change with respect to side 

chain hydrophobicity, charge site, and/or chirality. Subsequent

ly, retention data for these peptides were determined on the PSDV 

and alkyl-modified silica stationary phases as a function of 

mobile phase pH. Since the former stationary phase permits a 

wider mobile phase pH only data for this stationary phase are re

ported here (18). 

The effect of a repeating hydrophobic side chain on retention 

from an acidic, zwitterion pH, and basic mobile phase is shown in 

Figure 2 where retention of a series of (L-Ala)x peptides is cor

related to the peptides hydrophobicity. This was determined by a 

summation of the assigned hydrophobicity (0.53) for each Ala sub

unit according to Rekker (8). Similar results were obtained on 

the C8 column at pH conditions where column stability is main

tained. As hydrophobicity increases, retention increases 
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8 Mobile Phase 

K'4 

~cidic 

Qasic 

~witterion pH 

n I 
0.53 

2 
1.06 

3 
1.59 

4 
2.12 

5 
2.65 

Sum of fragment constant for (L-Ala)n 

FIGURE 2 

6 
3.18 

Retention of a Series of (L-Ala)x Peptides as a 
Function of Hydrophobicity 
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Conditions are the same as Figure 1 except the solvent -is 100% 
H2 0 and pH = 1.75, 5.20, and 11.00. 

systematically whether the analyte is an anion, a cation, or a 

ZI'iitterion. However, the rate of change is the lowest for the 

latter condition or where both the terminal -NH 2 and -C0 2H groups 

are ioni zed. 

Table II lists retention data as a function of mobile phase 

pH for a series of L-Phe-(Gly)x peptides where the Phe unit is 

systematically shifted through the peptide. Since the charge on 
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TAI3LE II 

Retention of L-Phe-(Gly)x Peptides on 

PRP-l as a Function of Mobile Phase pH 

Peptide 2.1 5.9 

L-Phe 2.32 0.98 

Gly-L-Phe 6.44 1.05 

L-Phe-Gly 3.00 1.40 

L-Phe-Gly-Gly 2.59 1.33 

Gly-Gly-L-Phe 8.07 1.10 

L-Phe-Gly-Gly-Gly-Gly 2.40 1.63 

Gly-L-Phe-Gly-G1Y-Gly 5.03 2.81 

Gly-Gly-L-Phe-Gly-Gly 6.50 3.13 

Gly-Gly-Gly-L-Phe-Gly 6.75 2.60 

Gly-Gly-Gly-Gly-L-Phe 9.27 1 .42 

1 0. ° 
1.58 

2.34 

3.29 

4.13 

1.78 

5.27 

5.95 

4.18 

3.60 

1.87 

Column-mobile phase conditions are the same as 

Table I except the mobile phase solvent is 5;95 

CH 3CN:H 20. 

the peptide can be shifted from one end (terminal -NH 2 group) in 

the peptide to the other (terminal -C0 2H group) or at both ends 

(at the zwitterion pH), the effect of the position of the hydro-

phobic side chain relative to the charged site can be ascertained. 

As the chain length of the L-Phe-(Gly)x peptides in Table II in

creases, the trend becomes more obvious and the effect is clearly 
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10 ----.-, ----.----,----,-------.--, 

8 

• 
6 

K' 

4 

pH = 5.9 

2 

OL-------~------~------~----~!------~~ 
4 5 

Phe pOSition 

FIGURE 3 

Effect of the Location of the Phe Subunit on the Retention of a 
Series of L-Phe-(G1Y)4 Peptides on PRP-l as a Function of pH 

Column conditions are given in Table II. 

illustrated in Figure 3 where retention of the 5-unit peptides are 

plotted for the three mobile phase pH conditions as a function of 

the position of the L-Phe in the peptide. Whether the mobile phase 

is basic (terminal -C0 2- group) or acidic (terminal -NH 3+ group), 

retention increases as the hydrophobic side chain is moved away 

from the charge site. In the former case this is when the side 

chain is at subunit 1 while in the latter this is at subunit 5. 

For a zwitterion pH, where both terminal groups are charged, the 
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highest reterlt"ion 'is favored Ivhen the side clwinis at subuni L 3 

or midway to the two charge centers. 

The effects of two and three hydrophobic centers are shown in 

Table III and Table IV, respectively, where retention data for a 

series of (L-Phe)2-(Gly)x and (L-Phe)3-(Gly)x peptides are shown. 

Addit"ional hydrophobic centers increase retention and consequent-

ly the mobile phase eluting power was increased (% CH 3CN in

creased) in order to reduce retention times. Although not all 

peptide combinations were available, the general trends in re-

tention, even though more complex, are consistent with those 

observed for peptides with only one hydrophobic center (Table II). 

For example, the highest retention is favored by PPG and PPGG in 

basic solution where both hydrophobic centers are as far as 

possible from the -C0 2 terminal charged site and lowest in acidic 

solution where they are as close as possible to the -NH 3+ terminal 

charged site. Similarly,at the zwitterion pH the highest retention 

is favored by those peptides where the hydrophobic centers are in 

the interior positions (GPPG, GPPGG) and lowest retention when these 

centers are at the terminal ends (for example, compare PGP to PGGP). 

The correlation between peptide retention and a systematic 

peptide structure change is also illustrated in Table V. Whether 

Gly (set 2 peptides),Phe (set 3 peptides),or Phe-Phe (set 4 peptides) 

is added to the N-terminus of set I peptides, the retention order is 

essentially the same as found in their absence (compare to set I 

peptides). Other similar trends are apparent when comparing the 

peptides in Table II to IV. 
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TABLE I II 

Retention of (L-Phe)2(Gly)X Peptides on 
PRP-l as a Function of Mobile Phase pH 

Capacity Factor, k' 

Peptide 2.2 6.4 

L-Phe-L-Phe 3.39 1 .46 

L-Phe-L-Phe-Gly 1 .80 1 .56 

Gly-L-Phe-L-Phe 5.49 1.68 

L-Phe-Gly-L-Phe 4.86 1 .32 

L-Phe-G1y-L-Phe-G1y 3.09 1.69 

L-Phe-Gly-G1y-L-Phe 3.24 1 .08 

Gly-L-Phe-G1y-D,L-Phea 5.02 5.53 1 .64 

Gly-L-Phe-L-Phe-Gly 3.69 2.84 

L-Phe-L-Phe-Gly-G1y 1 .45 1 .57 

G1y-L-Phe-G1y-L-Phe-G1y 3.64 1.87 

Gly-L-Phe-L-Phe-G1Y-Gly 3.20 2.34 

Gly-L-Phe-Gly-Gly-L-Phe 4.36 1 .31 

10.05 

3.95 

3.99 

2.02 

2.11 

2.77 

2.79 

1 .90 

2.52 

3.94 

2.31 

2.40 

1 .39 

Column-mobile phase conditions are the same as Table I 

except that the mobile phase solvent is 1:4 CH 3CN:H 20. 

a. Data are for LL and LD, respectively, where 

resolved. 
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TABLE IV 

Retention of (L-Phe)3(Gly)x Peptides on 

PRP-l as a Function of Mobile Phase pH 

---- Ca pac ity Factor, 

.P.!i 
2.4 6.4 

L-Phe-L-Phe 0.765 0.333 

L-Phe-L-Phe-L-Phe 2.96 1 .63 

L-Phe-L-Phe-L-Phe-G1y 2.91 1. 50 

L-Phe-L-Phe-G1y-D,L-Phe 2.24 2.69 1. 31 1.82 

L-Phe-L-Phe-L-Phe-G1y-G1y 1. 24 1.28 

L-Phe-L-Phe-G1Y-Gly-L-Phe 1 .59 1.00 

L-Phe-L-Phe-Gly-L-Phe-Gly 2.02 1 .76 

k' 
---~---.. 

10.2 

0.602 

2.82 

2.72 

2.14 

2.43 

1.61 

2.37 

Column-mobile phase conditions are the same as Table I except the 

mobile phase solvent is 3:7 CH 3CN:H 20. a. Data are for LLL and 

LLD, respectively, where resolved. 

Several (L-Leu)y-(Gly)x peptides were also studied (17). 

Although this series did not cover as great a range as with the (L

Phe)y-(Gly)x peptides, the available data indicated similar reten

tion trends that correlated to the number and location of the 

Leu hydrophobic side chains within the peptide chain. 

Table VI lists retention data for several (L-Tyr)-(Gly)x 

peptides as a function of pH. In this series the single Tyr sub

unit introduces an aCidic side chain which provides a charged site 

in addition to the terminal -C0 2- group providing the mobile phase 
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TABLE V 

Correlation of Peptide Structure and Retention on 

PRP-l for (L-Phe) (Gly) Peptides y x 

set 

2 

3 

4 

2 

3 

4 

2 

3 

4 

Acidic Mobile Phase 

PGG < GGP 

PPGG < PGGP - PGPG 

GPPGG < GPGPG < GPGGP 

PPPGG < PPGGP < PPGPG 

GGP < PGG 

PGGP < PGPG - PPGG 

GPGGP < GPGPG < GPPGG 

PPGGP < PPPGG < PPGPG 

Basic Mobile Phase 

GGP < PGG 

PGGP - PGPG < PPGG 

GPGGP < GPGPG - GPPGG 

PPGGP < PPGPG < PPPGG 

See Tables I to IV; P=L-Phe, G=Gly. 
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TABLE VI 

Retention of (L-Tyr)(Gly)x Peptides on 

PRP-l as a Function of Mobile Phase pI! 

_~acity. Factor, k I 

Q!i 

Peptide 2.0 5.9 11 .1 

L- Tyr 4.72 1.14 0 

L-Tyr-Gly 5.60 1 .94 0.10 

Gly-L- Tyr 11 .0 1. 1 0 0 

Gly-Gly-L-Tyr 15.6 1.46 0 

Gly-L-Tyr-Gly 10.5 2.68 0.18 

L-Tyr-G1Y-Gly 5.34 2.28 0.16 

Gly-Gly-Gly-L-Tyr 18.8 1 .99 0.11 

G1Y-Gly-L-Tyr-Gly 12.8 3.83 0.13 

Gly-L-Tyr-Gly-Gly 10.9 4.74 0.31 

L-Tyr-Gly-Gly-Gly 5.96 2.97 0.24 

Column-mobile phase conditions are the same as 

Table I except that the mobile phase solvent 

is 100% H20. 

pH is high enough. Thus, in a strongly basic mobile phase reten-

tion is sharply reduced due to the additional charge. At the 

zwitterion pH and in an acidic mobile phase the Tyr subunit im-

parts its own hydrophobic contribution to the retention; as ex-

pected retention is low from the former and high from the latter 

mobile phase. Several other retention trends are apparent and are 
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consistent with those already indicated in the previous discussion 

vlhen the influence of the additional charged si tes are accounted 

for. F'Jr example: 1) In acid solution retention increases as the 

Tyr subunit is shifted further away from the charged N-terminus: 

2) At the zwitterion pH the highest retention is favored when the 

Tyr subunit is moved to the chain interior. Also, higher retention 

occurs when the Tyr subunit is at the N-terminus rather than at the 

terminal -COli group. 3) In basic solut'ion, even though rete71tion 

is barely detectable, the data indicate that higher retention is 

favored when the Tyr subunit is located further away from the charged 

terminal -COZH group. 4) Although not shown in Table VI,retention 

passes through a maximum between the zwitterion and strongly basic 

pH which correlates to the stepwise ionization of the terminal -COZH 

group and side chain acidic site (see Figure 2) (5,10). 

Table VII lists retention data for several Trp(G1Y)xTyr 

peptides as a function of pH. The low retention at a basic pH 

and the high retention at a pH intermediate to the zwitterion and 

very basic pH is consistent with the ionization of the acidic side 

chain of the Tyr subunit. In basic solution retentioll illcY'cases 

as the number of Gly units increases but at the intermediate pH 

retention decreases. Retention is low at the 7witterion pH and 

high in acidic solution due to the hydrophobic contribution of 

Trp and Tyr. Unlike the (Ala)x series in Figure 2, retention 

passes through a maximum as the number of Gly units increases. 

The reason for this is not readily apparent since retention (see 

Tabl e VI) increases in the order G .. G-G- Tyr > G··G- Tyr > G- Tyr and 

the addition of the Trp subunit to the N-terminus of these chains 
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TABLE V II 

Retention of L-Trp(Gly)x L-Tyr Peptides on 

PRP-l as a Function of Mobile Phase pH 

.PJi 

Peptide 2.0 5.9 9.5 

L- Tyr 0.6 0.2 0.2 

L- Trp 5.30 2.12 1 .85 

L-Trp-L-Tyr 28.1 7.43 15.9 

L-Trp-Gly-L-Tyr 42.8 9.48 13.0 

L-Trp-(G1Y)2- L- Tyr 34.8 9.92 11 .6 

L-Trp-(G1Y)3- L- Tyr 29.6 7.29 11 .0 

L-Trp-(G1Y)4- L- Tyr 27.1 7.10 10.8 

L-Tyr-(G1Y)2- L- Trp 4.62 4.43 4.27 

Column-mobile phase conditions are the same as Table 

except the mobile phase solvent is 1:9 CH 3CN:H 20. 

11. 1 

a 

1. 61 

1. 31 

1.38 

1 .41 

1. 56 

1.77 

results in the retention maximum at Trp-G-G-Tyr. The effect of 

reversing Trp and Tyr is seen by comparing data for Tyr-G-G-Trp 

to Trp-G-G-Tyr in Table VII. Since the charged sites in the 

former are at both ends in a basic mobile phase, retention is 

much lower. In an acidic and zwitterion pH mobile phase switch-

ing the Tyr and Trp to N-terminus and carboxyl-terminus, 

respectively, reduces retention significantly. 

Separation of dipeptide diastereomers on a C8 (4) and PSDV 

(6) stationary phase has been reported previously. For dipeptides 
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wi til hydrophobic and hydrophilic side cha"i ns the datai ndicate 

that the L-L and 0-0 enantiomers always coelute first followed by 

the coelution of the D-L and L-D enantiomers regardless of mobile 

phase pH. Table VIII lists retention data for a series of (Leu)2(Gly)x 

peptides where the two chiral centers provided by the two Leu 

subunits occupy different positions in the peptide chain. The 

effect of the hydrophobic side chain provided by the Leu SUbunits 

is consistent with the trends already described. However, the 

nature and location of the chiral centers also strongly influence 

peptide retention. When the Leu chiral centers are adjacent the 

L-L and 0-0 enantiomers coelute first as in the case of dipeptide 

diastereomers (4,6). When the chiral centers are not adjacent a 

significant change in selectivity is observed. That is, the L-L 

and 0-0 enantiomers coelute either second or very close to or with 

the L-D and D-L enantiomers. This trend is independent of mobile 

phase pH. However, the selectivity for the separation of the 

diastereomers, in general, favors the order acidic> basic> 

zwitterion mobile phase pH (see Table VIII). The trends shown in 

Table VITI were also observed on the C8 stationary phase (18) at 

mobile phase pH conditions where column stability is maintained. 

The observed elution order for the diastereomeric dipeptides 

can be correlated to their preferred molecular conformation (4). 

Since the two hydrophobic side chain groups and the two terminal 

groups, which are charged depending on the mobile phase pH, are on 

the same side in the D-L and L-D dipeptide enantiomers and on 

opposite sides for the L-L and 0-0 enantiomers, the retention of 
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TAGLE VIII 

Retention of L-Leu-D,L-Leu(Gly)x Peptides on 

PRP-l as a Function of Mobile Phase pH 

Ca~aci t,x: Factor, k' 

Eli. 
2.20 6.25 10.1 

pe~tidea LL LD LL LD LL LD 

L-Leu-D,L-Leu 1 .87 6.02 0.46 1 .52 1. 67 2.08 

L-Leu-D,L-Leu-G1y 0.93 3.23 0.51 1.83 2.02 2.90 

L-Leu-Gly-D,L-Leu 2.89 2.14 0.61 0.48 1.15 1.05 

Gly-L-Leu-D,L-Leu 3.23 7.90 0.86 1. 67 0.89 1 .83 

L-Leu-G1Y-Gly-L,D-Leu 2.10 1.84 0.56 0.42 1.01 0.94 

G1Y-Gly-L-Leu-D,L-Leu 3.21 7.32 0.80 1.44 0.67 1. 25 

L-Leu-D,L-Leu-G1Y-Gly 0.85 2.89 0.65 2.08 2.07 2.92 

G1y-L-Leu-Gly-D,L-Leu 3.63 3.51 0.82 1.00 0.93 1 .04 

G1y-L-Leu-Gly-G1y-D,L-Leu 3.19 2.92 0.83 0.67 0.90 0.80 

L-Leu-G1Y-Gly-Gly-D,L-Leu 1. 63 1 .69 0.39 0.44 0.71 o .Il 

L-Leu-D,l-Asp 3.93 9.41 0 0 0 0.73 

L-Leu-D,L-Arg 4.29 8.31 1.95 8.27 30 34 

Co 1 umn-mobil e pahse conditions are the same as Tab1 e I except the 

mobile phase solvent is 15:85% CH 3CN:H 2O; for Leu-Asp and Leu-Arg 

it was 100% H20 and the pH was 2.1 , 5.9, and 9.5. a. Peak 
assignments were made from chromatographic data obtained for each 

ena nt i omer. 
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the former is greater due to the higher overall hydrophobic concen-

tration of the side chains. This is illustrated below 

L-L. L-D 

where the conformation for the L-L and L-D dipeptide 

diastereomers for Leu-Leu are shown looking down the peptide 

chain. (The D-D and D-L forms would be the mirror images of the 

conformations shown.) This preferred conformation prevails when 

the two chiral centers are adjacent to each other in longer chain 

peptides. If the chiral centers are separated by a nonchiral 

subunit, such as Gly, the concentration of hydrophobic side 

chains in the preferred conformation changes. Construction of 

models using the criteria discussed elsewhere (4) indicates a 

slightly greater concentration of side chain hydrophobicity for 

separated chiral centers rather than for adjacent ones. For 

example, models of Leu-Gly-Leu indicate side chains on adjacent 

sides for L-G-L and D-G-D enantiomers and opposite sides for 

L-G-D and D-G-L enantiomers. However, the change is not large 

enough to produce a retention reversal but rather a similarity 

in retention (see Table VIII). If additional Gly subunits are 

inserted between the chiral centers the retention difference is 

reduced further. This is due to the increased separation of the 
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chiral centers and to the change in the preferred molecular 

conformation. 

Several workers (19,20) have suggested that elution orders 

are reversed (D-L and L-D elute first followed by the coelution 

of the D-D and L-L enantiomers) for the separation of diastereo

meric dipeptides containing basic side chains which are in the 

ionized form. The data in Table VIII do not agree with this and 

indicate that the elution order for diastereomers containing 

either ionized acidic or basic side chains is consistent with 

the retention order observed for other diastereomeric dipeptides 

(4,6) . 

The data reported here clearly indicate that modest 

structural differences in small chain peptides often lead to 

major changes in peptide selectivity, particularly when coupled 

with control of mobile phase pH. Often elution orders can be 

reversed by a suitable change in mobile phase pH. Consider the 

L-Phe-(G1Y)4 pentapeptide series in Figure 3 (see also Table II). 

In an acidic mobtle phase retention with favorable resolution 

follows the order GGGGP > GGGPG > GGPGG > GPGGG > PGGGG while in 

a basic one the elution order is essentially reversed. If a 

zwitterion mobile phase pH is used GGPGG is retained the most, 

however, resolution of the mixture is poor compared to either an 

acidic or basic mobile phase. 

Prediction of peptide elution time (11-15) is possible by 

the establis~nent of a coefficient characteristic of each AA as 

being either a terminal or an interior subunit. A mixed solvent 
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mobile phase gradient and a constant pH was usually used in 

establishing the AA coefficient (11-15). Since the alkyl

modified silica was the stationary phase, the constants were 

established only at an acidic pH (pH < 3) and/or near zwitterion 

pH conditions (pH 5 to 7). The data shown here clearly indicate, 

at least for small chain peptides, that the location of the 

subunit within the peptide interior significantly influences 

peptide retention. For example, GPGG, GGPGG, and GGGPG would be 

predicted to have identical elution times when using the AA 

coefficients. Figure 3 clearly indicates that this is not the 

case and the location of the Phe within the peptide significantly 

influences retention. Other examples demonstrating this are 

apparent from Tables II to VIII. 

Several other factors, in addition to those indicated by 

Sasagawa et~. (15), may account for the variance in the 

reported AA coefficients. 1) The mixed solvent gradient 

usually covers a wide range of added organic modifier (often 

from 0 to 60%). This can influence the ionization of tile weak 

acids and their salts and subsequently change the apparent pH of 

the mobile phase; the effect should be more noticeable in the 

acidic mobile phase. 2) The type of co-anion used for the 

buffer components can have a strong influence on the retention 

of the peptides, particularly if the peptides are retained in a 

cation (or anion) form via a double layer interaction (7,21-22). 

3) The data reported here indicate that the retention is not 

independent of the location of a given AA subunit within the 
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peptide. Hovlever, -it is -important to note that for short chain 

peptides like those used in this study, peptide shape is 

probably not yet a significant factor. f:or eXdmple, approxi 

mately 4.3 AA subunits are required for one helix turn. In 

previous studies (11-15) long chain peptides were used and it is 

reasonable to suggest that peptide shape factors will tend to 

reduce and perhaps normalize individual contributions of AA side 

chains within the peptide. 
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ABSTRACT 

Simultaneous separation of the four major 
deoxyribonucleosides and their monophosphate nucleotides was 
achieved using tetrabutyl ammonium phosphate hetaerons with 
a reversed-phase (C8) packing material. Baseline resolution 
for all eight solutes was achieved within 48 minutes, using 
a 7.5% methanol mobile phase, 2.0 mM in TBA, buffered with 
50 mM phosphate at pH 4.8. The effect of methanol and TBA 
concentra~lons upon the retention of neutral and anionic 
solutes was studied in det.ilil. It was determined that. 
changes in solute k' with increasing methanol could be 
explained by essentially independent phenomen? These are: 
1) a decrease in the partition coefficient of the TBA cation 
with increasing organic concentration, resulting in lower 
surface charge densities, and 2) a decrease in the 
hydrophobic interactions of the solutes with the 
reversed-phase HPLC. The overall effect was a log-linear 
decrease in k' with increasing methanol concentration. An 
empirical equation was derived for the above model which was 
found to be helpful in determining the optimal separation 
conditions for the nucleosides and nucleotides. 
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INTRODUC'frON 

The simultaneous separation of the nucleosides and 

their mononucleotides is of significance in many areas of 

nucleic acid research. Reversed-phase HPLC has become the 

method of choice for the separation of the nucleosides and 

their bases (1-2), while ion-exchange is most effective for 

nucleotide anal yses (3). Some success has been achieved in 

the simultaneous separation of nucleosides and nucleotides 

using polystyrene based exchangers (4). Such resins however 

exhibit inherently poor mass transfer properties, r esul t i ng 

in slow analyses and poor efficiencies. 

Ion-pairing, or hetaeric HPLC as coined by Horvath 

(5-7), is uniquely suited for the simultaneous separation of 

both neutral and ionic solutes (8-1 I) • The appiHent 

separation mechanism accounting for this unique selectivity 

is the adsorption of hetaerons to the stationary phase 

(12-J5), resulting in a mixed-mode phase with significant 

ionic and hydrophobic properties. Such dynamic ion-exchange 

resins produce unique selectivities for separations such as 

the catecholamines and their metabolites (16,17) and would 

seem to be equally suited for the simultaneous analysis of 

the nucleosides and their mononucleotides. 

Theory 

RelatIvely few systematic studies into the effect of 

organic modifier concentration in ion-pair separations have 

been presented. Therefore, a systematic investigation into 
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the changes in k' occuring with changes in methanol and 

tetrabutylammonium phosphate concentrations on a 

reversed-phese (CS) system for the the deoxyribonucleosides 

and their nucleotide monophosphates was undertaken. It has 

been found that the surface concentration of the hetaeron 

decreases with increasing methanol (18-20). This results in 

a decreasing retention for ionic solutes (14). At the same 

time, a neutral molecule normally separated by hydrophobic 

mechanisms will also decrease retention, usually in a 

log-linear form (18-20). The net result is a decrease in 

retention of both neutral and ionic solutes with increasing 

methanol but for different mechanistic reasons. 

If the k' contr ibutions from ionic and hyd rophobic 

forces ere essentially independent, then the total k' can 

arise from two contributions; 

Eq. 1 

It is well documented that the first part of equation 1 can 

be expressed as; 

k'HYD Eq. 2 

where A is the slope of the decrease in k' wi th increasing 

organic, "nd k' is the intercept. 

The latter half of equation 1 represents the ionic 

contribution of a solute/hetaeron pair. This can be 

described in terms of hetaeron surface concentration, or 

k' ~ O(C ) 
TONIC 8 

Eq. ~, 
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where 0 is some interact-ion inc1ex, and Cs is the stat.ionary 

phase concent.rat.ion of adsorbed het.aeron. This adsorbed 

surface concent.rat.ion of het.aeron (or TBA in this 

experiment.) can be accurat.ely predict.ed by the Freundlich 

i so the rm; 

Eq. 4 

The basic Freundlich equat.ion concerns t.he increase in Cs 

with cm, t.he mobile phase concentrat.ion of TBA, at. const.ant 

met.hanol. It. was found experimentally in t.his study t.hat 

t.he int.ercept. of a In-In plot. of t.he Freundlich isot.herm 

decreased exponentially wit.h met.hanol, but t.hat. the slope 

was const.ant within experimental error. Thus; 

Eq. 5 

where a and ~o are the slope and intercept of a plot of the 

1 n ~ ve r sus the pe r c e n t met. han 0] • 

The above equat.ions are st.raight.forward and are based 

upon normal adsorpt.ion behavior for small molecules on a 

solid surface. In sum t.hey should describe t.he decrease in 

surface TEA concent.ration as a function of methanol 

concent.ration. A furt.her empirical refinement was 

necessary. The slope of t.he k I ver sus Cs plot fo reach 

solut.e was not. constant with increasing met.hanol, but. 

rat.her decreased exponent.ially. Thus, 

Eq. 6 
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where 00 is the intercept of J nO versus methanol percent, 

and v is the slope. With this final refinement, the 

overall equation for k' as a function of methanol and 'fBA 

mobile phase concentration becomes; 

k' OilS Eq. 7 

Equation 7 describes the retention of a solute in terms 

of seven system constants. Three of these, and 

a, are basic thermodynamic constants for a given pairing 

ion/stationary/mobile phase combination and need be 

determined only once. Of the remaining four, ~' and A are 

constants for a given solute on a simple reversed-phase 

system and have been discussed in the literature previously 

(18-20) • The remaining two, 00 and v , are solute specific 

for a given pairing ion system. 

Equation 7 was found to fit quite accurately the 

retention of the deoxyribonucleosides and their 

monophosphate nucleotides from 0 to 15% methanol 

concentrations. While equation 7 is empjrical, It is 

nevertheless useful in optimizing and predicting the 

qualitative and quantitative effects of the two primary 

variables in the ion-pair system. 

EXPERIMENTAL 

Instrumentation 

Chromatographic instrumentation consisted of a Waters M 

6000 pump, (Waters Associates, Milford, MA) and either a 
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waters U6K injector or a Rheodyne 7125 injection valve 

(Hheodyne Inc., Cotati., CA). The detectors used were either 

a Waters M 440 detector at 254 nm or a Kratos FS 770 

variable wavelength detector (Kratos Analytical Instruments, 

Ramsey, NJ). Detection of TBA breakthrough curves was 

accomplished using a detection wavelength of 222 nm., while 

254 nm was used for detection of the nucleosides and 

nucleotides. Data were recorded using either strip chart 

recorders, or a Hewlitt-Packard 3390A electronic integrator 

(Hewlitt-Packard, Avondale, PA). A Haskel DSTV 300 

pneumatic intensifier pump was used for the packing of all 

columns. 

Columns 

Whatman Partisil 5-C8 packing material (Whatman Inc., 

Clifton, N.J.) was used throughout the ion-pair studies. 

Particle size for all experiments was 5 micron. The columns 

were packed in the laboratory using the slurry method. For 

the 10 cm columns, 1.2g of material was slurried in 10 ml of 

isopropyl alcohol (IPA) , vnd \vas pocked upworc1s ot 5000 psi 

pressure for 10 minutes using acetone as the packing 

solvent. Without releasing the pressure, the columns were 

inverted, and packed downwards for another 5 minutes. The 

pressure was shut off with a high-pressure valve, and the 

apparatus allowed to equilibrate for 5-10 minutes before 

removal of the column. After assembly, columns were washed 

and equilibrated using 60% methanol/water mixtures and were 

tested for reproducibility of k' values and for efficiencies 
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using test solutes of interest. Commercially prepacked 

columns were ",]so used, in which CDses the accuracy of k' 

values were again confirmed. 

Preparation of Reagents and Chemical Standards 

1679 

The eluent used consisted of HPLC grade methanol 

(Burdick & Jackson,Muskegon MI), double distilled water, 

with a O.OSM buffer prepared from ACS grade KH2P~ (Fisher 

Scientific Co., Fairlawn NJ) and NaOH (Fisher) at a pH of 

4.80. The concentration of buffer remained constant for all 

the eluents. The pairing ion used was tetrabutyl ammonium 

phosphate (TBAP) (Eastman Kodak Co, Rochester NY). All 

eluents were filtered through 0.4S micron membrane filters, 

then degassed with helium before use. Small changes in 

total ionic strength occurred as the concentration of TBA 

was varied. Such ch?nges were minimized through the use of 

relatively high ionic strengths. Working standards of the 

solutes were prepared at 0.025mg/ml. 

Determination of Adsorption Isotherms 

Frontal elution breakthrough curves were used in order 

to determine directly the adsorption of the pairing ion TEA 

on the stationary phase surface. Absorbance measurements at 

222nm proved to be sufficiently sensitive to allow for the 

monitoring of eluting TBA concentration profiles. The 

identity of the breakthrough fronts were confirmed by using 

a simple water-methylene chloride extraction system. An 

anionic dye (in this case a w?ter soluble blue ink) 
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partitioned into the organic phase in the presence of TBA. 

When determining the breakthrough volumes, a solvent system 

was first run with a given percent methanol and buffer but 

no TBA ion. The ion-pair containing eluent made from the 

same batch of methanol-water buffer was then flushed through 

the system up to the column union. Initial time was taken as 

the start-up of the carefully calibrated pump. 

RESULTS 

Effect of Pairing Ion Concentration on Retention 

The k' values of t.he nucleosides and their 

monophosphate nucleot.ides were found to be a linear function 

when plotted against the surface concentration of adsorbed 

TBA, as shown in Figure 1 for the nucleoside dGuo, and the 

nucleotide dAMP. This direct relationship between adsorbed 

het.aeron and k' has been reported previously (14). A 

maximum in k' is observed for the chClrged solutes, followed 

by a decrease in ret.ention. It is likely that this maximum 

results from mobile phClsP pairing, fitting the general moc1el 

presented by Horvath et al (5-7). However, in the region 

prior to t.his maximum, i.e., up to about 0.18 umole m for 

dAMP, or 4-5 mM TBA in the mobile phase, it seems likely 

that the dynamic ion-exchange moc1el most accurat.ely 

describes the data (] 2-15). The slope of this curve is 

labelled as 8 It is int.eresting to note that the k' 

values of the nucleosides decrease linearly, while the k' of 

the charged nucleotides increase linearly with surface TBA 

concent.ration. 
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O-OdAMP 
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o .10 .20 

Cs (TBA) 

Figure I 

Plot of k' vs. concentration of pairing ion Cs, on tile 
stationary phase, for the negatively charged nucleotide 
dAMP, and the nucleoside dGuo (for conditions see 
exper imental) • 

Effect of Methanol Concentration 

The k' values for all eight of the nucleosides and 

nucleotides were found to decrease logarithmically with 

increasing volume percent of methanol in the mobile phase. 

Figure 2 shows this log-linear relationship for the dAMP 

solute over the range of 0- 10% (v/v) methanol/water, using CJ 
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In k' vs % I al VARIOUS TBA 

5 

dAMP 

In k' 

O+-----~------~----~----_r----~~----~~ 
o 2 4 6. 8 10 12 

Figur-e 2 

Plot of In k' vs. % methanol for- a negatively ch?r-ged 
nucleotide, dAMP, at several TBA concentrations. 

50 mM phosphate buffer eluent. The lower curve at a mM TBA 

repres(>nts a simp] (> rcvcrscd·-phasc (C8) system. The linoi11 

correlation coefficients at 0 mM TBA was found to average 

0.9293 for all solutes, with no coefficient being less than 

0.9000. 

When TBA is present in the mobile phase, this same 

log-linear decrease in retention is observed, but at higher 

or lower k' values. Thus, the In k' values for dAMP 
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.1'1 k' vs % CH30H at VAR IOUS TRA 

5 

4 6 8 10 12 14 

Figure 3 

Plot of Ink' vs. % methanol for a nucleoside, 
deoxyadenosine, at various TBA concentrations 

168J 

increase steadily with increasing TSA, with equal slopes but 

greater interCEpts. 

For the llucleosic1 e dAdo, C'S ~il1oVlll in Figure 3, Lhe 

some parallel In k' lines are observed. The intercepts 

however decrease with increasing TBA. Tbis is presumably 

due to lepulsion of the solutes from the increasingly 

cationic stationary phase. 

The TBA adsorption to the stationary phase was found to 

fit a Freundlich isotherm, Eq. 4. Stationary phose 

concentrations were determined using frontal elution 

techniques. within experimental error, the Freundlich 
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In ex vs CH
3
0H 
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Ino< ::: InO(.+ oC 

0< =()I.oeoC 

10 

% CI-30H 

• 

15 

Figure 4 

Plot of In vs. % methanol in the mobile phase. 
Alpha is the intercept of the Freundlich isotherm for the 
adsorption of TBA onto the stationary phase. The slope of 
the plot is a, and the intercept, '" All other conditions 
the same as Iigure I. 0 

slopes for TBA on the C8 stationary phase were found to be 

constant with increasing methanol, while ~he intercepts 

decreased exponentialJy, as shown in Figure 4. 

The slopes of the k' versus Cs curves or e, 

decreased exponentially with increasing methanol, as shown 

in Figure 5 for the deoxynucleotides. The same log-linear 

relationship was also observed for the deoxynucleosides. 
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In lei vs CH30H for NUCLEOTIDES 
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Figure 5 

Plot of k I of dNMP, vs. Cs at var ious methanol 
concentrations. The slope B varies systematically with 
increasing organic modifier concentrations. 

Net Effect of Methanol and TBA Concentration 
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The overall effect of TBA and methanol upon the k' of 

the deoxynucleosides and their mononucleotides can be 

described by equation 7 for mobile phase concentrations of 

up to 15% methanol and at TBA concentrations of up to 7 mM 

TBA. The net effect of increasing methanol at constant TBA 

is to decrease retention for all solutes. At constant 

methanol, the deoxynucleosides will decrease in retention, 

while the deoxyrnononucleotides will increase. The rate of 

increase or decrease can be predicted with reasonable 
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Figure 6 

Comparisons of the calculated (broken li.nes) and 
observed (solid lines) k' values for the negatively charged 
mononucleotide dCMP. Experimental conditions the same as in 
Fig. 1. 

Table I 

Summary of retention constants for equation 7 for the 
eight deoxynucleosides and their mononucleotides. 
stationary phase: whatman CB. Mobile phase: methanol/water, 
50 mM in phosphate. Temperature:ambient. Valie range: 
0-15% (v/v) methanol, 0-7 mM TBA. 

_clThd_ dAdo _dQMI' dQlVlJ' _.clTMP dAMP 

ko 3. I·f2 13.7Lf 15.33 1+8.1.1-2 0.88 3. Lf2 3.71+ 9.97 

A -.122 .145 - .137 - .150 -.072 -.188 -.125 -.130 

8 -6.75 -26.58 -40.41+ -121.51 22.64 88.23 84.77 267.70 
0 

\) -.145 -.197 -.220 .221 -.074 -.116 ··.101 -.121 
-------

:for TEA: ~ =0.1.Lf6 
0 

a= -0.0418 8 = 0.308 
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accuracy according to equation 7. Figure 6 shows the 

predicted and observed values for dCMP, using the system 

constants presented in Table 1. 

Excellent qualitative accuracy, and reasonable quantitative 

fits were observed for all eight solutes using equation 7. 

Over the range of conditions studied, equation 7 proved to 

be accurate to within 5-10% for all eight of the 

deoxynucleosides and their nucleotide monophosphates. 

Final Separation Conditions 

Figure 7 presents the simultaneous separation of the 

eight deoxyribonucleosides and their monophosphate 

nucleotides. Baseline separation was achieved for all 

solutes, with a total analysis time of 50 minutes. The 

retention times as predicted by equation 7 are presented as 

broken lines. This separation offers considerable 

flexibility in conditions. Changing the methanol or TBA 

concentration will drastically alter the elution pattern, 

according to EQ. 7. Thus, if only several of the soJutes 

studied need be separated, new conditions can be readily 

calculated and form the basis for at least the initial 

starting conditions. These conditions can then be fined 

tuned empirically at the instrument. 

CONCLUSIONS ---_._--

An ion-pair separation of the major 

deoxyribonucleosides and their monophosphate nucleotides has 

been presented. Complete separation of all solutes was 

achieved in under 1 hour, with excellent efficiencies. An 
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Chromatogram of the eight test solutes comparing the 
observed and predicted retention times according to Eg. 9. 
Mobile phase: 0.050 M phosphate buffer, 2.0 mM TBA, 7% (v/v) 
methanol in water. Temperature, ambient. Column: ~~atman 
Partisil 5 C8 (4.6 mm id X 250 mm). 
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empirical function was derived to aid in the optimization ot 

separation conditions. Jt appears that ion-pair HPLC is 

uniquely suited [or the separation of the nucleic acid 

constituents, since in many cases both charged and 

non-charged solutes are involved. Ion-pairing offers the 

flexibility of changing the retention of the charged solutes 

at a much greater rate than the neutral solutes, resulting 

in excellent control over the selectivity of the system. 

The mechanism of separation appears to fit a dynamic 

ion-exchange model most accurately. If this is indeed the 

case, then it ought to be feasible to synthesize stationary 

phases with properties similar to those observed in 

ion-pairing systems, but without the problems inherent in 

ion-pairing. These shortcomings include the addition of 

foreign ions to the mobile phase, long equilibration times 

and diminished column lifetimes. The synthesis of such 

phases are being studied in our laboratory and will be 

reported in the literature. 
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HPLr: SEPARATION OF DIASTEr~Em~mJC ADDUCTS OF GLUTATIIIONE 

WITH SOME K-REGION ARENE OXIDES. 
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P.O. Box 1;>213 

Research Triangle Park, N.C. 27709 

ABSTRACT 
The diastereomeric glutathione (GSH) adducts of the K-region arene 

oxides phenanthrene 9,10-oxide, pyrene 4,5-oxide, (±)-benz[a]anthracene 
5,6-oxide, and (±)-benzo[a]pyrene 4,5-oxide were separated by reversed 
phase liquid chromatography. Chromatographic conditions involved ~n orga
nic base, Tris-base or diethylenetriamine (DETA), neutralized to pH 1 with 
phosphoric acid, and an alcohol, methanol or I-propanol, as modifier. For 
(±)-benzo[a]pyrene 4,5-oxide, the use of DETA and I-propanol provided a 
complete stereochemical profile of the thioether conjugates derived from 
this arene oxide. For the GSH adducts of (±)-benz[a]anthracene 5,6-oxide 
complete separation was achieved under two sets of chromatographic 
conditions; methanol and I-propanol enhanced the selectivity of the system 
for different sets of diastereomers. For both arene oxides, the GSH 
adducts wHh .i-confiyurat'ion eluted earl iet' than the B.-d'iastereomel's. 

INTRODUCTION 

A growing body of evidence indicates that a close relationship exists 

between the stereochemistry of oxides derived from polynuclear aromatic 

hydrocarbons and the expression of mutagenic and carcinogenic acitivity 

(1). This stereo-dependence is also manifested in the detoxication pro-

cesses involving these metabolites. Stereopreference in the hydrolysis of 
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arcne oxides to tran2-clihyrlrorlio'! s by eroxirle hydrol ilse has been rerorted 

(?). Equally important, the glutathione transferase enzymes have also been 

shown to be highly stereospecific in catalyzing the reaction of epoxides 

with glutathione (1). The ability to analyze for the different stereoiso

mers formed in the reaction of arene oxides with glutathione becomes a 

limiting factor in the interpretation of experimental data. 

Analytical conditions for the glutathione (GSH) adducts of (±)-benzo[aJ

pyrene 4,5-oxide (BPO) have been reported (l). This HPLC analysis has been 

successfully employed in the stereochemical analysis of the enzymatic reac

tion of GSH with this arene oxide. More recently these analytical con

ditions were applied in the determination of the stereochemistry of 

oxidation of benzo[aJpyrene by a purified cytochrome P-~5D preparation (4). 

In the present report we describe conditions for the analysis of diastereo

metric GSH adducts of phenanthrene 9,lD-oxide, pyrene 4,5-oxide, (±)-benz

[a]anthracene 5,6-oxide (RAO) and improved conditions for the separation of 

thioethers derived from (±)-BPO. 

MATER I ALS AND METHODS 

Phenanthrene 9,lD-oxide and pyrene 4,S-oxide were prepared by litera

ture procedures (5). Racemic BPD and BAD were obtained from the Midwest 

Research Institute, Kansas City, MO. Samples of optically pure BPO were 

prepared by a publ i shed procedure (1). The GSH adducts "Iere prepared by 

reaction of GSH with the corresponding epoxide in methanol solution (0). 

The structures were verified by llC_nmr and mass spectral analysis with the 

exception of the benz[a]anthracene products. Supporting evidence for the 

latter comes from mechanistic considerations and similarities with (±)-BPO. 

A sample of purified GSH adducts of (+)- and (-)-BAO were generously pro

vided by Dr. Richard N. Armstrong, l1epartment of r:hemistry, Iiniversity of 

t~aryland, College Park, Mil 2074? Assignment of absolute stereochemistry 

to the GSH adducts of pyrene 4,5-oxide and phenanthrene 9,10-oxide was not 

complete at this time. 
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The chromatographic conditions employed involved two systems. System 

1, Waters Associates M6000A pump, model UGK injector, model 440 UV absor

bance detector (?54 nm), RCM-IOO radial compression system equipped with a 

'i micron eli) Radial,PAK (8 mm III x IO em) and il Brownlee 'i m'icron f~P,·18 

pre-column. The eluent was 75 mM phosphoric acid adjusted to pH 3 with 

either Tris-base or diethylenetriamine (OETA). Methanol was used as 

modifier in the concentration indicated in the figure legends. System?, 

DuPont Gradient LC system 88?? with absorbance detector (?'14 nm), model 

7125 Rheodyne i nj ector, 'i mi cron Zor'bax C8 co I umn (4.6 mm In x ?'1 cm) 

equipped with a Brownlee RP-8 5 micron pre-column. The eluent consisted of 

5 mM OETA neutralized to pH 3 with concentrated phosphoric acid. I-Propanol 

was used as modifier i~ the concentrations indicated in the figure legends. 

RESliLTS AND DISCUSSION 

The structures of the compounds of interest are shown in Fig. 1. The 

relative stereochemistry of the hydroxyl and thioether groups is depicted 

as trans in accordance with the known mechanism of nucleophilic ring 

opening of epoxides (7). The symmetric nature of phenanthrene 9,lO-oxide 

and pyrene 5,n-oxide excl udes the possibil ity of positional isomers while 

for the unsymmetrical epoxides (±)-RPO and (±)-BAO two positional isomers 

are possible. The nomenclature used in Fig. 1 is as follows: The numbers 

identify regioisomers, e.g., for (±)-RPO ~', refers to a S-glutathionyl

adduct and! to a 4-glutathionyl isomer; for (±)-BAO ~ refers to a 

S-g'!utath'ionyl and 2- to a 2--glutathionyl regioisomer. Because of the 

chiral nature of GSH each regioisomer wi!! consist of a pair of 

diastereorners, identified by the letters a and b fo'llowing the compound 

number. 

For the symmetrical K-region arene oxides of phenanthrene and pyrene, 

the diastereomeric adducts formed on react'ion with GSH are la,b and 1.a,b 

(Fig. 1). In both cases, separation of the two possib'!e diastereomel's was 

readily achieved as shown in Fiq.? Assignment of relative stereoche

mistry to the individual diastereomers was not available. 
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1a 
2a 

1b 

2a 

o 10 20 30 o 10 20 30 

Time (min.) 

Figure 1. Structures of the GSH adducts of phenanthrene g,lO-oxide (jl), 

pyrene 4,5-oxide (3.), (±)-benzo[aJpyrene 4,5-oxide (l and .i), 

and (±)-benzo[a]anthracene 5,6-oxide (§. and £J. Absolute 

stereochemistry is not implied. The letters designated dias

tereomers for each regioisomer. 



lJIASTEREmmRIC AlJllUCTS OF GLUTATHIONE 1697 
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Figure? HPLC profile for the diastereomeric GSH adducts of phenanthrene 

9,10-oxide ill and lQ.) and pyrene 4,5-oxide (?a and 2b). System 

1, Tri s-phosphate pH :1/::\0% MeOH, flow rate ::\ ml /mi n. 

For (±)-BPO there are two possible positional isomers (e.g. 2 and ~, 

Fig. 1). Because this arene oxide is capable of existing in enantiomeric 

forms, a tota"1 of four diastereomers are formed on reaction of racemic BPa 

with GSH. The separation or'iginally deve"loped fOt' the GSII adducts of 

(±)-BPO provided baseline separation for two of the four diastereomers 

(Fig. ::\a). These analytical conditions found immediate application in 

establishing the stereochemical course of the enzymatic reaction of GSH 

with this arene oxide (3). The first two eluting peaks, :1a and ~ in Fig. 

:1a, represent a single diastereomer each originating from a different enan

tiomer of (±)-BPO (8). Thus, compound..1!., a I)-glutathionyl regioisomer, 
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Figt:re 3. HPJ profile for the diastereomeric GSH adducts of (±)-benzo[aJ-

prene 4,5-oxide. Trace A, Tris-phosphate pH :ljIlO% MeOH, flow 

ra:e 1 ml/min. Trace B, system ?, OETA-phosphate pH ~/9% 

l-oropanol, flow rate ~ ml/min. Peak identification: ~, 

(45,4S)-5-SG;~, (4S,5S)-4-SG; ~b, (IlR,5R)-5-SG; i!:., (4R,SR)-4-SG. 
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originates from (~5,5R)-BrO and it follows that the absolute configuration 

of ,~a" is (45,1)5); compound~, a 1l'-Cj'lutathionyl regioisorner, odqinates 

from (4R,S5)-BPO and it has absolute configuration (45,SS). The third 

e'luting peak in I'iq. :ia conta'ins the t'(~rnaininCJ two diastereomers, a 

4-glutathionyl isomer (from (45,SR)oxide) and a 5-g1utathionyl isomer (from 

(4R,SS)oxide), both with absolute configuration (4R,5R). Separation of the 

latter set of diastereomers was required for further studies on the 

stereochemi ca 1 as peets of the enzyme cata 1 yzed react i on. The approach 

followed was to affect the selectivity of the system by changes in the 

eluent. Two modifications 11ere introduced: first, the use of diethyle

netriamine (OETA) in the preparation of the buffer was found beneficial 

(9); second, the use of I-propanol as organic modifier had a profound 

effect on the selectivity of the column. As shown on Fig. ,b separation of 

all the diastereomeric GSH adducts of (±)-BPO was ach'ieved with the modifi

cations described above. The diastereomers shown coeluting in Fig. ,a are 

now identified as ~b, a S-glutathionyl isomer with absolute configuration 

(4R,5R), and~, a 4-g1utathionyl isomer with absolute configuration 

(4R,5R). The HPLC on Fig. ~b represents a complete stereochemical profile 

of the GSH adducts of (±)-BPO. 

The situation with (±)-BAO ~Ias as compl icated as with BPO with two 

positional isomers and a total of four diastereomers. As shown in Fig. 4, 

conditions were developed which allow the analysis of all four 

diastereomers. Trace 4a sho~ls separation of three peaks in the ratio of 

?:1 :1, the modifier used in this case was methanol. Trace 4b shows a dif

ferent profile, three peaks in the relative ratio 1:1:2, when I-propanol 

was used as modifier. Structural and stereochemical assignments for the 

GSH adducts of BAO, based on HPLC analysiS of authentic GSH conjugates of 

optically pure BAO (see Materials and Methods), were as follows: 

(5R,6S)-BAO on reaction with GSH gave rise to a S-glutathionyl isomer, 

absolute configuration (SS,fiS), identified as 29.., and a fi-glutathionyl 

isomer, absolute configuration (5R,6R), identified as!i!2.; (5S,6R)-BAO 
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A B 

5a,6a 

6b 
5b 

I I I I , ! I 

A b

•

6b 

-: I I 
0 20 40 60 80 0 20 40 60 80 100 

Time (min.) 

Figure 4. HPLC profile for the diastereomeric GSH adducts of (±)-benz[aJ
anthracene 5,n-oxide. Trace A, system 1, Tris-phosphate pH 1/ 

~O% MeOH, flow rate 1 ml/min. Trace B, system ?, OETA-phosphate 
pH 3/9% I-propanol, flow rate? ml/min. Peak identification: 

.fu1.., (5S,6S)-6-SG;~, (5S,6S)-5-SG; £!:.., (5R,nR)-n-SG; 5b, 
(5R,IiR)-5-SG. 

formed a 5-g1utathionyl adduct, absolute configuration (5R,nR), identified 

as 5b, and a 6-g1utathionyl adduct, absolute configuration (5S,6S), iden

t ifi ed as.§A.. El ut ion profil es for a 11 these d i astereomers is i 11 ustrated 

in Fig. 4. A recent report in the literature described an HPLC separation 

of the GSH conjugates of BAO (10). The profile reported in that paper 

resembled that obtained in the present work with methanol as modifier. A 

direct extrapolation to the present work is not possible since we have 

shown that the separation is quite sensitive to solvent effects. The con

ditions used in that report (10) (1 micron 00S-2 column, 8% CH 3CN/20% 
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r'IeOIi/7?% 100 mM Tris,'phosphate pH ?o5) are substantially different from the 

ones used in the present study. The conditions described here allow 

separation of all diastereomers by choosing the appropriate solvent con

dHions. 

The two bonded phases used is this study, r-R Zorbax and Waters C-1R, 

were comparably effective in resolving these compounds. The differences 

observed in selectivity are more directly correlated to the effect of the 

organic modifiers. The use of an organic base remains a prime requirement 

(9), and DETA would seem to be the base of choice for these compounds. 

The observed change in column selectivity as a function of organic 

modifier is the combined result of two effects: 1) the nature of the 

interaction between the solvent and the bonded phase; ?) solute-solvent 

interactions. The first effect involves a comparison between methanol and 

I-propanol. Higher molecular weight alcohols are reported to change the 

selectivity of reversed-phase bonded phases by a 'loading effect, the 

hydrophobic alcohols effectively saturate the HPLC column (11). How this 

effect may help discriminate among stereoisomers is not predictable. The 

second effect is perhaps more easily correlated with the problem at hand. 

Diastereomers differ in the spatial arrangement of their substituents and 

consequently are expected to have different stable conformations. This 

stable confonner population may be significantly affected by solvent 

interactions, and it has been reported (7) that for dihydro derivatives of 

polynuclear aromatic hydrocarbons a shift from diequatorial to diaxial con

formers occurs in high polarity solvents. The use of 1-propanol, a stronger 

eluent than methanol, decreases the amount of organic modifier (9% vs 30% 

methanol) required for elution, with the resulting mobile phase being more 

aqueous and hence more polar. This chanqe in polarity could have an effect 

on the relative conformer populations of the t,SH adducts of (±)-BPD and 

(±)-BAO (12). 

Although it is not possible at this time to c'larify the observed selec

tivity effects, two important observations emerge from these studies. 
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First, the order of elution of sets of reqioisomers, ~\ oneill. for fWO anrl.2 

and (, for BAO "is consistent in that d"iastereomers with S-configuration 

emerge earl ier than those vlith R-configuration; ~ and .4a for GPO U:"ig. 

:1b), anci 5a. anrl0.il for BAO (Fi 'I" Itb)" Second, the order of e"luti on of 

diastereomers with the same absolute configuration at the carbon-bearing 

sulfur, i.e. la.. and ~ for BPO, .'23_ and .fia for GAO, is determined by the 

proximity of the peptide residue to the most hydrophobic portion of the 

molecule. Thus, on :ia the peptide residue is adjacent, and presumably 

interacts by inhibiting binding of the "naphthalene residue" to the bonded 

phase (B), while in.iil. this group is more available for binding; simi

larly, :ib elutes earlier than 4b. A similar analysis in BAO shows that Sa 

elutes earlier than.52., and.sE. is less retained than fib. These obser

vations on the influence of stereochemistry in the separation of thioether 

derivatives of K-region arene oxides are in accordance with those reported 

for the GSH adducts of styrene oxide (14). In the latter, thioethers with 

S-configuration eluted earlier than the R-diastereomers. It is possible 

that the order of elution under the conditions described here, represent a 

general rule for this type of compounds. If such were the case, it should 

be possible to assign relative configuration, based on the HPLC elution 

profil e of GSH adduct s of epox i des of unk novm stereochemi st ry. A prere·· 

quisite would be the ability to separate the anticipated number of dias

tel"eOlllel"5. For phenanthrene q, lO-oxide and pyrene '1, !i-ox'ide thi s con

ditions is met and it is tempting to assign the S-configuration to the 

first elutinq diastereomer in each case (Fig. ?). 

The conditions described here provide a tool for the stereochemical 

analysis of the glutathione transferase catalyzed reactions with arene oxi

des and, in the case of metabolically formed epoxides, for the stereoche

mistry of oxidation of po"ynuclear aromatic hydrocarbons by the cytochrome 

P-450 dependent monoxygenase system (4). 
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ABSTRACT 

No single isocratic chromatographic technique allows the 
complete separation of common organic aliphatic and alicyclic 
acids of plants. In order to obtain a better isocratic separation 
with a single }WLC method we combined in one chromatoEraphy assay 
the Ion Exchange and Reverse Phase technics in building a twin 
phase column. The first attempts are promising. This double chro
matography based on the polarity of molecule (Reverse Phase) and 
on its acidic characteristics (Ion Exchange) has the advantages 
of both methods and allows good separations of the acids. 

IN'I'l1.0DUCTION 

The number of chromatographic techniques used reflects the 

difficulty of natural organic acid separation. 'I'he most common 

methods are Gas Liquid (1,2,3,4,5) and Liquid-Liquid Chromatogra-

170.5 
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phy. High performance Liquid Chromatography (HPLC) has recently 

been uses in three forms: Reverse Phase (6,7,8,9,1.0,'1.1.), Ion 

Exchange (1.2,'1.3,JLI,15,1.6,1.7,1.8,1.9,20) and Counter Ion Chromato

graphy (21.). No single method allows the complete separation of 

common organic aliphatic and alicyclic acids present in plants and 

consequently each problem needs a specific solution. Chromatogra

phic columns with specific characteristics (1.2,1.3) are available 

commercially but they often involve expensive and delicate proce

dures, particularly due to the high cost of columns and the need 

of a gradient apparatus. 

In order to obtain a good isocratic separation of organic 

acids with a single HPLC method, we combined in one chromatography 

assay, the Ion Exchange and Reverse Phase techniques in building 

a twin phase column. For this purpose we took advantage of two main 

properties of the organic acid molecules 

- their polarity (brought out by the Reverse Phase) 

- their acid dissociation constant (brought out by the Ion Exchange). 

lYJA'l'EHlALS 

Choice of supports 

The reverse phase ::;upport, Lichrosorb m' 1.8 (Merck) particle 

size 10 w, was chosen because of the silica-bonded octadecyl groups 

(C18 ) which are the best support for the retention of polar organic 

acids. The ion exchange support, Lichrosorb AN (Merck) particle 

size 10 w, was chosen because of the silica·-bonded ammonium quater

nary groups which are strongly anionic. 
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Column characteristics 
--~.-- --------------

Supports RP 18 Ion Exchange 

Length 320 mn 80 mn 

Diameter 4 mrn 4mrn 

Particle size 10 )J 10 )J 

Choice of eluents 

We used as mobile phases aqueous phosphate buffers at diffe-

rent pH and concentrations. 

Chromatographic equipment 

The chromatographic system included the following equipment 

a rotary solvent distribution valve (Reodyne 50-03) 

an injector valve (Teflon rotary valve Reodyne 50) 

a high pressure pump (ORLITA D MP-AE 10-4) 

an UV detector (PHILIPS Pye Unicam LC), 210 nm 

a pulse damper (TOUZART et MATIGNON) 

a flow rate and pressure control unit (TOUZART et MATIGNON) 

a recorder (KIPP and ZONEN BD 111) 

recorder-computer (SHlMADZU) 

column packing equipment (TOUZART et MATIGNON) 

a temperature regulator (JULABO). 

J'ilEiI'HODS ---
The column was first partially filled with the Reverse Phase 

support and then totally filled with the Ion Exchange support. The 

following solvents were used : 
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- for Reverse Pl1ase : a mixture of ethanol (8 m1) and bromoform 

(15 ml), witl1 similar densities of the support and solvent 

(d = 2.1) 

- for Ion Exchange the phosphate buffer later used as the chro-

ma.tographic mobile phase. 

The suspension of each support was homogenized and degassed 

by ultrasonics during several minutes and then poured into the 

filling apparatus precolumn TOUZART et MATIGNON (23 ml capacity). 

The suspension was pushed from the precolumn to the chromatographic 

column using a 450 bars filling pressure, with ethanol for the 

Reverse Phase, and phosphate buffer for the Ion Exchange part. The 

required time to built a twin phase column was about 3 hours. 

The functional direction was the same as the filling direction; 

thus the column was used first in the Ion Exchange part and second 

in the Reverse Phase part. 

After preparation the column was stabilized with the chromato

graphic mobile phase and tested for its efficiency before final 

attatchment to the chromatograph. 

RESULTS AND DISCUSSION 

Our chromatographic studies were directed toward the separa

tion of organic acids (quinic, shikimic, tartaric, malic, fumaric, 

succinic, citric and oxalic) which contribute to the leaf tissue 

acidity of trees. HPLC chromatography performed either by Ion 

Exchange or with Reverse Phase did not give good results. The table 

gives representative results. Using the twin phase column, we 
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3 
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20 15 10 5 o 

ELUTION TIME (min.) 

Acids 

1. Quinic 
2. Tartaric 
3. Shildmic + Malic 
4. Succinic + Citric 
5. Fumaric 

FIG. 1 

Concentration pg/ml 

225 
200 

11 + 700 
200 + 200 

10.5 

Sensitivity: S = 0.08 A.U.F.S. 
Temperature : 20°C 
Flow rate : 1. LI5 mllminute 
Pressure : 81 bars 
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k' 

0.26 
0.39 
0.98 
1.98 
3.36 

Buffer: (I<H
2

P04-H
3

P04 ) c = 0.33 ~1 pH 2.5 

PEAl<:S : E = Eluent 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 

4 1 

3 

6 inj. 

E 

25 20 15 10 5 o 

ELUTION TI ME (min.) 

FIG. 2 

Acids Concentration 
Wg/ml 

Quinic 300 
Shil\imic 11 
Malic 300 
'l'artaric 300 
Succinic 300 
Oxalic + Fumaric 300 
Citric 300 

Sensitivity: S = 0.08 A.U.F.S. 
Temperature : 20°C 
Flow rate : d = 1.29 ml/minute 
Pressure : 71 bars 
Buffer: (KH2P04) c = 0.2 M; pH 4.5 

PEAKS : E = Eluent 
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k' 

0.25 
0.43 
0.86 
1.111 
1.51j 

'\, 3.5 
'\, 4.5 
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expected to obtain both the advantages of the two kinds of chr'oIlJa-· 

tography 

- a good separation of quinic and shikimic acids brought by the 

Reverse Phase 

- an increase by the Anion Exchange support of the capacity coeffi-· 

cients (k') of oxalic, and perhaps tartaric, acids observed with 

Reverse Phase, in order to displace their chromatographic peaks, 

respectively, away from those of quinic and shikimic acids. 

At first, we studied the effects of eluent pH, and ionic 

strength on the retention of each acid by a 40 cm length twin phase 

column (RP J8 and A.N. in the proportion J/i+). It appeared that the 

acids fell into two groups : 

- those whose capacity coefficient k' were little influenced by pH 

and ionic strength; they are quinic, shikimic, malic and succinic 

acids ; 

- those whose capacity coefficient k' were more dependant on pH and 

ionic strength ; they are citric, fumaric, oxalic and tartaric 

acids. 

Generally, k' decreases when ionic strength increases at 

constant pH, and le' increases with increasing pH at constant ionic 

strength. 'l'he pH effect is more noticeable for tar'taric and citric 

acids, especially with low eluent concentrations (O.J M). At pH = 

2.5 and above oxalic acid is completely dissociated and consequently 

strongly retained by the Anion Exchange support. We obtained a very 

high k' coefficient for low eluent concentrations. 
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30 40 50 

ELUTION TIME (Min'> 

Acids Concentration wg/ml 

Quinic 250 
Shikimic 7.5 
Malic 250 
Tartaric 250 
Succinic 250 
Malonic 250 
Fumaric 5.0 
Citric 250 
Oxalic 250 

FIG. 

k' 

0.21 
0.38 
0.50 
0.75 
1.05 
1.37 
1.91 
3.01 
6.22 

3 

Sensitivity: S=O.OLI A.U.P.S. 
'I'emperature : LIOoC 
Flow rate: d = 0.99 ml/minute 
Pressure : 41 bars 
Bu:ffer : (KH2POLI-H7POLI) 

c = 0.2~ pH = 3.8 
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VJith thic, data in hand, we used the same column to analyse 

mi.xtures of acids using different experimental conditions. Our 

results show that now rate, temperature, and sample mixtUl"e compo

sition playa prominent part in the acids separations. rrhe figures 

give representative examples of the separation obtained. Figure 3, 

for instance, shows the separation of 9 orgarU.c acids at a tempera

ture of 40°C, which is a very promising result. It must be noted 

that although, an increase of temperature improves acid separation, 

good results were obtained at 25°C for more less complex cases 

(Fig. 1,2). 

The choice of the proportion of the support in the column 

(Reverse Phase 3/4 - Anion Exchange 1/4) was not well suited to 

oxalic acid idcmtification. Increasing the ratio of the Reverse 

Phase support would give better results. Another way improvement 

would be obtained with the use of very low pH ; such a pH suppres

ses an important dissociation of this acid, and consequently it 

would strongly lower its retention time. Unfortunately these low 

pH's are uncompatible with silicon supports. An Anion Exchange 

Chromatography at very low pH (pH < ?S) has bepn uspd by othprs 

to identify oxalic acid (13, 1 LI). An ammonium styrene support type, 

which does not allow the use of high solvent pressure, was used. 

CONCLUSION 

The first attempts to separate aliphatic and alicyclic acids 

of tree foliar tissue on a twin phase column, using Reverse Phase 

and Ion Exchange supports, are promisjng. This double chromatogra--
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phy, based on the of the molecule (Heverse Phase) and on 

its acid characteristics (Ion Exchange), uses the advantages of 

both methods. 'rhe possibility of the proportions of the two 

supports in a single column allows the researcher a personalized 

column whose properties can be modulated complementarly by the eluent 

ionic strength, the eluent pH, and the temperature conditions. 
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LC NnJS 

PROGRAMMABLE UV-VIS DETECTOR FOR HPLC may be optionally equipped 
with fast scanning and wavelength capabilities. It is capable of 
wavelength speeds up to 100 nm per second. The system is 
microprocessor-based and accessed via an HP-41 programmable 
calculator. Automatic baseline zero is featured for offsetting 
wavelength-induced baseline shift. Kratos Analytical Instruments, 
Inc., JLC/83/9, 170 Williams Drive, Ramsey, NJ, 07446, USA. 

PNEUMATIC CLAMPING SYSTEM is for use with HPLC columns and 
cartridges. No-fault connections ensure consistent results. 
Columns are added or removed easily by relatively untrained 
operators without altering analytical integrity. They are useful to 
5000 psi. EM Science, Inc., 480 Democrat Rd., Gibbstown, NJ, 
08027, USA. 

AUTOMATIC LC SAMPLE HANDLER is designed for use with almost any 
type of commercial LC unit; it functions as an independent module 
with a wide choice of user-programmable parameters and 
instructions. Segmented trays hold 80 vials in any combination. 
They revolve in both directions providing random access to all 
vials, and an automatic calibration cycle returns the standard vial 
to the injection position when required, regardless of its 
location. IBM Instruments, Inc., JLC/83/9, Orchard Park, P. O. Box 
332, Danbury, CT, 06810, USA. 

PUMP PRIMING VALVE is designed to simplify purging of HPLC pumps 
when change of solvent is made. When fitted between pump and 
injector, it permits new solvent to be purged through the pump to 
waste via a drain tube. Only half a turn is required to open the 
valve fully. Negretti & Zambra (Aviation), Ltd., JLC/83/9, The 
Airport, Southampton, S09 3FR, Hampshire, England. 

ION CHROMATOGRAPHY determines mono-, di-, and oligosaccharides up 
to DP 12 in beer and wort. Separations of both fermentable sugars 
and higher saccharides can be obtained with greater selectivity 
than conventional techniques. Parts-per-million levels are 
determined with an amperometric detector. Dionex, Inc., JLC/83/9, 
1228 Titan Way, Sunnyvale, CA, 94086, USA. 

1. 717 
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UNIVERSAl HPLC SOLVENT CL.ARIFICATION MEMBRANE accomplishes 
filtration of all commonly used IWLC solvents. The membranes have 
an extensive range of chemical compatibility, are hydrophilic, and 
do not require a pre-wetting step. They also exhibit an extremely 
low extractables content, thereby eliminating concern of 
contamination From the membrane. Millipore Corp., JLC/83/9, 80 
Ashby Road, Bedford, MA, 01730, USA. 

HPLC FILTER ·is made of a new fluoropolymer membrane and is housed 
in solvent resistant polypropylene. It is pressure rated at 75 psi 
and is available in a 0.45 micron pore size. Gelman Sciences, 
Inc., JLC/83/9, 600 S. Wagner Rd., Ann Arbor, MI, 48106, USA. 

FLAME IONIZATION DETECTOR FOR LC is said to overcome general 
·Iimitations of prior "universa"l" LC detectors. A rotating disc, 
"ringed" by a fibrous quartz belt, conducts samples to a dual-flame 
ionization detector for analysis. Volatile solvent is vaporized 
and removed by vacuum. Solutes are carried into the FlO, and 
residual sample is then removed by hotter hydrogen/oxygen cleaning 
flames. Tracor Instruments, JLC/83/9, 6500 Tracor Lane, Austin, 
TX, 78721, USA. 

HPLC REAGENTS & COLUMNS are described in a new brochure. Included 
are buffers, ion pair reagents, derivatizing reagents, hardware, 
and solvents. Fisher Scientific Co., JLC/83/9, 711 Forbes Ave., 
Pittsburgh, PA, 15219, USA. 

LAB AUTOMATION SYSTEM FOR SAMPLE PREPARATION combines robotics and 
lab stations to automate procedures. The controller interfaces the 
operator with the robot. Software is menu-based and uses familiar 
laboratory terms. Zymark Corp., JLC/83/9, Zymark Center, 
Hopkinton, MA, 01748, USA. 

APPLICATIONS GUIDE deals with sample preparation, highlighting 
baCkground, principles, and techniques of solid phase extraction. 
The guide contains over 40 detailed procedures for preparing 
environmental, pharmaceutica·I, biological, food, and cosmetic 
samples, such as priority pollutants, crude oil, trace metals, 
aflatoxins, steroids, etc. J. T. Baker Chem. Co., JLC/83/9, 222 
Red School Lane, Phillipsburg, NJ, 08865, USA. 

HPTLC/TLC BIBLIOGRAPHY SERVICE is available free of charge. 
Publications may be included by mailing to the publisher. Applied 
Analytical Industries, Inc., JLC/83/9, Route 6, Box 55, Wilmington, 
NC, 28405, USA. 

DETERGENT REMOVING GEL is an affinity chromatographic support that 
selectively removes detergents from protein solutions, with 
proteins being recovered in virtually 100% yields. The support can 
be regenerated for repeated use. Pierce Chemical Co., JLC/83/9 P. 
O. Box 117, Rockford, IL, 61105, USA. 
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AUTOMATED LC SAMPLE PREP/INJECTION SYSTEM combines solid-phase 
sample preparation and syringeless injection into a single 
operation. Samples are extracted by sorbent cassettes that 
selectively isolate and concentrate compounds of interest. 
Analytichem, International, Inc., JLC/83/9 24201 Frampton Avenue, 
Harbor City, CA, 90110, USA. 

ANALYSIS OF FATTY ACIDS in cooking oils, lipid extracts, etc. 
necessitate an efficient separation approach prior to their 
quantitation in the laboratory. Previously accomplished by gas 
chromatography with derivatization, high resolution results are 
obtained with HPLC, particularly in analyses of rape seed oil and 
tall oils. Free acids are determined at the microgam level, and 
derivatized acids are determined at the nanogram level. Pye 
Unicam, Ltd., JLC/83/9 York Street, Cambridge CBl 2PX, England. 
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LC CALENDAR 

1983 

AUGUST 10-12: 22nd Canadian High Polymer Forum, Univ. of 
Waterloo, Canada. Contact: A. Garton, NRC of Canada, Div. of 
Chem., Ottawa, Ont., Canada, K1A OR6. 

AUGUST 14-19: 25th Rocky Mountain Conference, Denver Convention 
Complex, Denver, Colorado. Contact: E. A. Brovsky, Rockwell 
International, P. O. Box 464, Golden, CO, 80401, USA. 

AUGUST 15-19: Coal Science: 1983 Int'l Conference, Pittsburgh, 
PA. Contact: N. Maceil, JWK Int'l Corp., 275 Curry Hollow Road, 
Pittsburgh, PA, 15236, USA. 

AUGUST 22-26: 7th Australian Symposium on Analytical Chemistry, 
Adelaide, Australia. Contact: D. Patterson, AMDEL, P.O.Box 114, 
Eastwood S.A. 5063, Australia. 

AUGUST 26 SEPTEMBER 2: Int'l. Symp. on Solvent Extraction, 
Denver, CO. Contact: D. Nowak, AIChE, 345 E. 47th St., New York 
NY, 10017, USA. 

AUGUST 28 - SEPTEMBER 2: 11th World Petroleum Congress, London. 
Contact: Amer. Petrol. Inst., 2101 L St., N.W., Washington, DC, 
20037, USA. 

AUGUST 28 - SEPTEMBER 2: ACS 186th Nat'l Meeting, Washington, DC. 
Contact: A. T. l1instead, ACS, 1155 16th St., NW, Washington, DC, 
20036, USA. 

AUGUST 29 - SEPTEMBER 2: 4th Danube Symposium on Chromatography & 
7th l'nt'l. Sympos. on Advances & Applicat"ions of Chromatography 
in Indudtry, Bratislava, Czech. Contact: Dr. J. Remen, Anal. 
Sect., Czech. Scientific & Technical Soc., Slovnaft, 823 00 
Bratislava, Czechoslovakia. 
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SEPTEMBER 2?-?3: Sym[Josium: "Columns in High Performance Liquid 
Chrol1latogro[Jhy," Lildy MHchel"1 Ililll, University or Cilmbridgc'. 
Contilct: A. G. W. Mulders, Hewlett Packard, GmbH, Poslfach 1280, 
0-7517 Waldbronn 2, West Germany. 

SEPTEMBER 25-30: Federation of Anal. Chern. & Spectroscopy 
Societies (FACSS) ConL, Philade Iphiil. Contact: M. O'Brien, 
Merck, Sharp & Dohme Res. Labs., West Point, PA, 19486, USA. 

OCTOBER 2-6: 97th Annual AOAC Meeting, Shoreham Hotel, 
vJilshington, DC. Contact: K. Fominaya, AOAC, 1111 N. 19th St., 
Suite 210, Arlington, VA, 22209, USA. 

OCTOBER 3-5: Chemexpo '83, Harbor Castle Hilton Hotel, Toronto, 
Ont., Canada. Contact: ITS Canada, 20 Butter"jck Rd., Toronto, 
Ont., Canada, M8W 3Z8. 

OCTOBER 3 - 6: Advances in Chromatography: 20th Int'l Symposium, 
Amsterdam, The Netherlands. Contact: A. Zlatkis, Chern. Dept., 
University of Houston, Houston, TX, 77004, USA. 

OCTOBER 12-13: 8th Annual Baton Rouge Anal. Instrum. Disc. Grp. 
Sympos., Baton Rouge, LA. Contact: G. Lash, P. O. Box 14233, 
Baton Rouge, LA, 70898, USA. 

OCTOBER 12-14: Analyticon'83 - Conference for Analytical Science, 
sponsored by the Royal Society of Chemistry and the Scientific 
Instrument Manufacturers' Ass'n of Great Britain, Barbican Centre, 
London. Contact: G. C. Young, SIMA, Leicester House, 8 Leicester 
Street, London WC2H 7BN, England. 

NOVEMBER 3-4 ACS 18th Midwest Regional Meeting, Lawrence, Kansas. 
Contact: W. Grindstaff, SW Missouri State Univ., Springfield, MO, 
65802, USA. 

NOVEMBER 9-11: ACS 34th SE Regional 
Contact: J. M. Ereder i ck sen, Chem. 
Davidson, NC, 28036, USA. 

Meeting, Charlotte, NC. 
Dept., Davidson College, 

NOVEMBER 14-16: 3rd I nt' 1. Sympos. on HPLC of Prote i ns, Pept ides 
and Polynucleotides, Monte Carlo, Monaco. Contact: S. E. 
Schlessinger, 400 EasL Randolph, ChicilYo, IL, 60G01, USA. 

NOVEMBER 16-18: Eastern Analytical Symposium, New YOY'k Statler 
Hotel, New York City. Contact: S. David Klein, Merck & Co., P. O. 
Box 2000, Rahway, NJ, 07065, USA. 

NOVEMBER 22-23: Short Course: "Sample Handling in Liquid 
Chromatography," sponsored by the Int'l. Assoc. of Environmental 
and Biological Samples in Chromatography, Palais de Beaulieu, 
Lausanne, Switzerland. Contact: Dr. A. Donze1, Workshop Office, 
Case Postale 130, CH-1000 Lausanne 20, Switzerland. 
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NOVEMBER 24-25: Workshop: "fI<J.ndl ing of Environmenta 1 and 
Biological Samp-Iesin Chromatography," sponsored by the Int']. 
Assoc. of Environmental Anal. Chem., Palais de Beaulieu, Lausanne, 
Switzerland. Contact: Dr. A. Donzel, Workshop Office, Case 
Postale 130, CH-1000 L<J.usanne 20, Switzerland. 

1984 

FEBRUARY 12-16: 14th Austra-lian Polymer Sympos-ium, Old Ballarat 
Travel Inn, Ballarat, Austral-ia, sponsored by the Polymer Div., 
Royal Australian Chemical Inst. Contact: Dr. G. B. Guise, RACI 
Polymer Div., P. O. Box 224, Belmont, Victoria 3216, Australia. 

APRIL 8-13: National ACS Meeting, St. Louis, MO. Contact: 
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA. 

MAY 20 - 26: 8th IntI. Symposium on Column Liquid Chromatography, 
New York Statler Hotel, New York City. Contact: Prof. Cs. 
Horvath, Yale University, Dept. of Chem. Eng., P. O. Box 2159, 
Yale Stn., New Haven, CT, 06520, USA. 

AUGUST 26-31: National ACS Meeting, Philadelphia, PA. Contact: 
Meetings, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA. 

OCTOBER 1-5: 15th Int'l. Sympos. on Chromatography, 
West Germany. Contact: K. Begitt, Ges. Deutscher 
Postfach 90 04 40, 0-6000 Frankfurt Main, West Germany. 

1985 

Nurenberg, 
Chemiker, 

FEBRUARY 11-14: Polymer 85, Int'l Symposium on Characterization 
and Analysis of Polymers, Monash University, Melbourne, Australia, 
sponsored by the Polymer Div., Royal Australian Chemical Inst. 
Cont<J.cL: Polymer 85, RACl, 191 Royal Parade, Parkville Victoria 
3052, Australia. 

APRIL 28 - MAY 3: l89th National ACS Meeting, Miami Beach. 
Contact: A, T. vJinstead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

SEPTEMBER 8-13: 190th National ACS Meeting, Chicago. Contact: A. 
T. Winstead, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA 

1986 

APRIL 6-11: 19lst National Am. Chem. Soc. Mtng., Atlantic City, 
NJ. Contact: A. T. vJinstead, ACS, 1155 -16th Streeet, NW, 
Washington, DC, 20036, USA. 
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SEPTEMBER 7-12: 192nd National Am. Chern. Soc. Mtng., Anaheim, 
Calif. Contact: A. To W"instead, ACS, 1155 16th Street, m1, 
Washington, DC, 20036, USA 

1987 

APRIL 5-10: 193rd Nationa 1 Am. Chern. Soc. Mtng., Denver, Colo. 
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

AUGUST 30 - SEPTEMBER 4: 194th Nationa 1 Am. Chem. Soc. Mtng., New 
Orleans, LA. Contact: A. T. Winstead, ACS, 1155 16th Street, NW, 
Washington, DC, 20036, USA. 

The Journal of Liquid Chromatography will publish 
announcements of interest to liquid chromatographers 
in every issue of the Journal. To be listed in the 
LC Calendar, we will need to know: Name of the 
meeting or symposium, sponsoring organization, when 
and where it will be held, and whom to contact for 
additional details. You are invited to send 
announcements to Dr. Jack Cazes, Editor, Journal of 
Liquid Chromatography, P. O. Box 1440-SMS, Fairfield, 
CT, 06430, USA. 
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ERRATUM 

E. S. Chang, J. Liq. Chrom., 6(2), 291-299 (1983) 
"Analysis of Insect Hormones oy Means of a Radial Compression 
Separati on System." 

Figure 1 in this paper was incorrect. The correct structures 
for Figure 1 are: 

R R' 

COOCH 3 
JH I: R: Et, R': Et 

JH II: R: Et. R': Me 

JH III: R: Me, R': Me 

COOH JH III acid 

JH III diol 

COOH JH III acid-diol 

OH 

1725 





INSTRUCTIONS FOR PREPAIlATION OF MANUSCRIPTS 
FOR DIBECT HEPf10DUCTION 

Journal of Liquid Chrolnatographv is Cl bimonthly 
public(1tlOfl in the Fllglish langui1Qe fOI lho rapid corn 
munication of liquid chromatographic research. 

Directions for Submission 

One typewritten manuscript suitable for direct 
reproduction, carefully inserted in a folder, and two 
(2) copies of the manuscript must be submitted. Since 
all contributions are reproduceri by direct photography 
of the manuscripts, the typing and format instructions 
must be strictly adhered to. Noncompliance will result 
In return of the manuscript to the authors and delay 
its publication. To avoid creasing, manuscripts should 
be placed between heavy cardboards and securely 
bound before mailing. 

Manuscripts should be mailed to the Editor: 

Dr. Jack Cazes 

Journal of Liquid Chromatography 

P. O. Box 1440·SMS 
Fairfield, Connecticut 06430 

Reprints 

OWing to the short production time for articles in 
this Journal, it IS essential to indicate the number of 
reprints required upon notification of acceptance of 
the manuscript. Reprints are available in quantities 
of 100 and mul tiples thereof. For orders of 100 or 
more reprints, twenty (20) free copies are provided. 
A reprint order form and price list will be sent to the 
author with the notification of acceptance of the 
manuscript. 

Format of Manuscript 

1. The general format of the manuscript should be 
as follows: title of article; names and addresses of 
authors; abstract; and text discussion. 

2. Title and Authors: The entire title should be in 
cJpltal letters and centered on the width of the typing 
area at least 2 Inches (5.1 cm) from the top of the 
page. This should be followed by three I Illes of space 
and then by the names and addresses of the authors In 
the following way (also centered): 

A SEMI·AU I OMA I'IC TECHNIOUE FOR THE 
SEPARATION AND DETERMINATION OF 

[JAf1IUM AND Sn,ONTIUM IN SUFlFACE WATERS 
BY ION EXCHANGE CHFlOMATOGFlAPHY AND 

ATOMIC EMISSION SPECTFlOMETRY 

F. D. Pierce and HR. Brown 
Utah Biomedical Test Laboratory 

520 Wakra Way 
Salt Lake City, Utah 84108 

3. Abstract: Three Imes below the addresses, the 
title ABSTRACT should be t~lped (capitalized Elnd cen
tered on the page). This should be followed by a 
slngle·spaced, conCise, abstract comprising less than 
10%of the length of the text of the article. Allow three 
lines of space below the abstract before be~linninD the 
article Itself. 

4. Text Discussion: Whenever pOSSible, the tex[ clis
cussioll should be diVided into such major sectIons as 
INTFlODUCTION, MATEFlIALS, METHODS, RE
SULTS, DISCUSSION, ACKNOWLEDGMENTS, unci 
REFERENCES. These major headings should be sepa" 
rElted horn the text by two lines of space above and 
one line of space below. Each heading should be In 
capital letters, centered, and LindeI'I Jned. Secondary 
headings, if any, should he flush with the left margin, 
underscored, and have the first letter of all main words 
capitalized. Leave two lines of space Above and one 
lille of space below secondary headings. 

5. Paragraphs should be II1dented five (5) typewriter 
spaces. 

6. Acknowledgment of collaboration, sources of re
search funds, and address changes for an author should 
be listed in a separate section at the end of the paper. 

7. References (including footnotes) in the text will 
be numbered consecutively by numbers in parentheses. 
All references (and footnotes) should then be aggre
gated in sequence at the end of the communication. 
No footnotes should be shown at the bottom of pages. 
The reference list follows immediately after the text. 
The word REFERENCES should be capitalized and 
centered above the reference list. It should be noted 
that all reference lists should contain initials and names 
of all authors; et a/. will not be used 111 reference lists. 
Abbreviations of Journal titles and styles of reference 
lists will follow the American Chemical Society's 
Chemical Abstracts List of Periodicals. References 
should be typed Single-spaced with one line space be
tween each reference. 

8. Each page of manuscript should be numbered 
lightly at the bottom of the sheet With a light hluR 
penCIL 

9. Only standard symbolS and nomenclature ap
proved by the International Union of Pure and Ap
plied Chemistry should be used. 

10. Any matenal that cannot be typed, such as Greek 
lette;! S, SCllpt letters, and structural formulae, should 
be drawn carefiJlly in black India ink (do not u<;e blue 
Ink). 

Typing Instructions 

1. The manuscnpt must b typewritten on good 
quality white bond paper meaSL 'Olpproxllnately 8% 
x 11 inches (21.6 Clll x 27.9 cn not use Corrasl-
ble bond or Its equivalent. The ('If. 19 area of the 
article opening page, including the tlij should be 5% 
Inches wide by 7 inches deep (14 cm x 18 cm). The 
tYPing area' of all other pages should be no more than 
5% Irlcheswlde by 8YJ Inches deep (14crn x 21.6cm). 

2. In general, the chapter title and the abstract, as 
well as the tables and references, are typed Single· 
spaced. All other text OISCUSSlon should be typed 1 Y?
Ime spaced, If iJvadabJe, or double spaced. Prestl~Je elite 
characters (17 per Inch) arf~ recornnlt!ndcd, If (JvEHlable. 



3. It is essential to lise black typewriter ribbon (car
ball film is preferred) in good condition so that a clean, 
cleal Impression of the letters is obtained. Eraslire 
marks, smudges, creases, etc., may result in return of 
the manuscript to the authors for retyping. 

4. Tables should be typed as part of the text but in 
such a way as to separate them from the text by a 
three-line space at both top and bottom of each table. 
Tables should be inserted in the text as close to the 
pOint of reference as possible, but authors must make 
sllre that one table does not run over to the next page, 
that is, no table may exceed one page, The word TA
BLE (capitalized and followed by an Arabic number) 
should precede the table and be centered On the page. 
The table title should have the first letters of all main 
words in capitals. Titlc~ should be typed single-spaced. 
Use !he full width of the type page for the table title. 

5. Drawings, graphs, and other numbered figures 
should be professionally drawn in black India ink (do 
not use blue ink) on separate sheets of white paper and 
placed at the end of text. Figures should not be placed 
within the body of the text. They should be sized to 
1>t within the width and/or height of the type page, 
including any legend, label, or number associated with 
them. Photographs should be glossy prints. A type
writer or lettering set should be used for all labels on 
the figures or photographs; they may not be hand 
drawn. Captions for the pictures should be typed single
spaced on a separate sheet. along the full width of the 

type page, and preceded by the word FIGURE ann a 
number in arabic numerals. All figures and letterll1g 
must be of a size to remalll legible after a 20% reduc· 
tion from original size. Figure numbers, name of senior 
author, and arrow indicating "top" should be written 
in light blue pencil on the back or typed on a gummed 
label, which should be attached to the back of the 
illustration. Indicate approximate placerrwnt of the il
lustrations in the text by a marginal note in light blue 
pencil. 

6. The reference list should be typed single-spaced 
although separated from one another by an extra line 
of space. Use Chemical Abstract abbreviations for jour
nal titles. References to journal articles should in
clude (1) the last name of all author(s) to anyone 
paper, followed by their initials, 12) article title, (3) 
journal, 14) volume number (underlmed), (5) first page, 
and (6) year, in that order. Books should be Cited 
similarly and include (1) author, ·surname, first and 
middle initials, (2) title of book, (3) editor of book (if 
applicable), (4) edition of book (if any), (5) publisher, 
(6) city of publication, (7) year of publication, and (8) 
page reference (if applicable). E.g., Journals: Crulg, 
L. C. and Konigsber, W., Use of Catechol Oxygenase 
and Determination of Catechol, Chromatogr., 10,471, 
1963. Books: Albertsson, P. A., Partition of Cell Parti
cles and Macromolecules, Wiley, New York, 1960. 
Article in a Book: Walter, H., Proceedings of the Pro
tides of Biological Fluids, XVth Colloquim, Pteeters., 
H., eds" Elsevier, Amsterdam, 1968. p. 367. 
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