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Prior to 1967, liquid column chromatography (LCC) 
separations were not normally carricd out i n  an opti- 
mum manner; for this rcason. the technique was 
vicwcd as slow and inefficient ( I  3 ) .  Consequently, 
other techniques such as thin-layer chromatography 
(TLC) and gas chromatography (GC) found favor. 
Within the last 5 years, LCC has undergone dramatic 
changes and now rikals GC in speed of analysis and 
column efficiency. Thc modernized technique is coni- 
monly known as high pressurc liquid chromatography 
( H  PLC). 

Tablc I roughly compares HPLC with other com- 
monly uscd chromatographic tcchniques in  terms of 
support particle size and speed of analysis, Ncf,;'/ (see 
Mea.sicret~ieri/ of Coliitiirt Per~~)rriic7rice). A maximum 
N,,tf , ' /  means the shortest analysis time. Classical LCC 
and TLC are seen to be slow, although a new form of 
high spccd TLC, thin-film chromatography. was re- 
cently dcscribcd (4). GC and HPLC are seen to be com- 
parable in speed and efficiency. A common misconcep- 
tion in  comparing these two tcchniques is that HPLC 
is lcss efficient. Rathcr. with GC. longer columns and. 
hencc. many more thcoretical plates can be used. Be- 
cause of the much lower permeability of HPLC col- 

umns, the apparatus places a limitation on the column 
length. The lower permeability results from the smaller 
particle sizes and the higher viscosities of liquids. How- 
ever. cvcn with rclativcly short columns, very difficult 
separations can be accomplished with HPLC duc to its 
grcater selcctivity. Greater selecticity is achieved 
through choice of the mobile phase, solvent program- 
ming, and variation of the separation mechanism. i.e., 
adsorption, ion exchange, or partition. 

Much early work in HPLC involved the develop- 
mcnt of high efliciency and high speed systems ac- 
cording to theoretical guidelines. With a knowlcdge of 
modern chromatographic theory (5, 6). a better under- 
standing of the basic principles underlying HPLC and 
the deficiencies of classical LCC techniques is achieved. 

TI IEORS 

General Considerations Impro\ement in  LCC has 
been achieved primarily through the use of more cffi- 
cicnt coluinns and of higher mobile phase velocities. 
Column efficiency, or band broadening, is dcscribcd by 
the height equivalent to a theorctical plate, H, conccpt, 
which is a measure of solute band broadening per unit 
length of the column. The height H is defined as: 

where u, is the standard deviation of the Gaussian func- 
tion (the solute band profile) in lcngth units, L is thc 
column length, and N is the number of theoretical 
platcs. The latter is given by: 

(Eq .  2) N = 16(L!W)' 
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Table I-Comparison of Chromatographic Performance 

Technique 

TLC 
Classical LCC 
HPLC 

Silica gel 
Porous laver beads 

Zipax 
Corasil 

Silica microspheres 

Classical packed 
Porous layer beads 

GC 

Particle 

(d,,), LC N.frlP erence 

2-20 <0. 08 3 
150 <0.05 3 

20 2 3 

30 8 114 
28-37 2 114 

5 23 51 

Diameter Ref- 

130 10 150 
90 50 150 

a Effective plates er second, where Nerl = N [ k ’ / ( l  + k’)]2,  N = num- 
ber of theoretical p i tes ,  arid k ‘  = capacity factor. 

where W is the peak width determined by tangents to 
the Gaussian profile. In the construction and operation 
of columns, it is desirable that H be as small as pos- 
sible. 

Until recently, the Van Deemter equation : 

H = A + S / V  + CV (Eq.  3)  

had been used to  represent the chromatographic band 
broadening mechanism. In Eq. 3, the A tern1 arises 
from complex flow processes (eddy diffusion), the B 
term describes solute dispersion by longitudinal mo- 
lecular diffusion, and the C term relates to nonequilib- 
rium resulting from resistance to mass transfer in the 
stationary and mobile phases. There is now consider- 
able evidence to  show that Eq. 3 is generally inade- 
quate (3,5-7). 

Huber and Hulsman (8) and Huber (9) developed an 
equation, in which H is the sum of four terms, which 
takes into account four independent processes: mixing 
by longitudinal molecular diffusion, H.,fD; mixing by 
convection, HMc; resistance to mass transfer in the 
stationary phase, Hss; and resistance to  mass transfer 
in the moving phase, H E M .  Hence: 

H = H.UD + HMC t HRS + HEM (Eq.  4) 

The longitudinal molecular diffusion, HArn,  is given by: 

H.UD = 2DmITmV (Eq. 5 )  

Since H M D  is inversely proportional to mobile phase 
velocity, Y ,  and since the diffusion coefficients, D,, in 
liquids are lo4- 1oj smaller than those in gases, this 
term contributes significantly only at very low velocities 
in LCC. Figure 1 illustrates this point and compares 
H cersus V curves of LCC and GC. Consequently, at 
the velocities employed in HPLC, this term is neg- 
ligible (5 ,6) .  

The most complex dispersion mechanism is convective 
mixing in the mobile phase. This term is related to 
point-to-point velocity inequalities within the packed 
bed (eddy diffusion) and the compensating effects of 
transverse molecular diffusion and stream splitting 
(5 ,6 ) .  Giddings (5, 10) stressed the fact that thcse terms 
are not independent but are coupled. An expression 
similar to the theoretically derived equation (5, 10) was 
developed (8, 9). The mobile phase mixing term, H M C ,  
is given by : 

At high velocities, HMMC approaches a value equal to  
2Xld, (classical eddy diffusion term). Thus, at  the higher 
velocities, lateral diffusion has a smaller effect in de- 
creasing the magnitude of this term. In addition, this 
term is independent of the capacity factor, k’. 

The magnitude of the H M c  term is dependent upon 
the bed structure, the column-to-particle diameter 
ratio (dc/dp),  the particle shape, and the packing tech- 
nique (11, 12). Columns of uniform, dense packing 
structure give the best column efficiencies (6, 13, 14a). 
Such columns are most readily prepared from dense, 
spherical particles (13). I n  addition, Eq. 6 predicts that 
decreasing the particle diameter should increase effi- 
ciency. This effect is experimentally found to be true 
for particles less than 100 p only if the correct packing 
technique is employed (4, 9, 14a). Furthermore, theory 
predicts that increasing the column-to-particle diam- 
eter ratio will increase band spreading due to the in- 
creasing importance of transcolumn flow inhomo- 
geneities ( 5 ) .  However, the optimum column diameter 
was found to be between 2 and 4 mm. i.d. for regular 
packed columns (d,/dp > 10) (13, 146). Below 2 mm., 
efficiencies are significantly poorer (13, 15). Apparently, 
this discrepancy is associated with the difficulty of 
packing small particles homogeneously into narrow 
bore tubes. With columns greater than 4 mm., distorted 
and doublet peaks have been noted (15). This distortion 
is probably associated with the different packing struc- 
ture in the vicinity of the column wall (wall effects) ( 5 ) ,  
where the velocity is greater than the average. Since 
solute diffusion is slow in liquids, the solute in the vi- 
cinity of the walls does not have enough time to diffuse 
back to the center before elution; hence, bands elute 
unsymmetrically. However, Knox and Parcher (16) 
proposed a theory where slow diflusion leads to im- 
proved chromatographic performance. These authors 
calculated that, with a 5-mm. i.d. column of length 
<0.33 m. containing particles with a diameter of 30 p, 
the solute never reaches the wall area before elution. 
Consequently, the band is not distorted by wall effects. 
This type of column is known as the “infinite diam- 
eter” column and was successfully demonstrated with 
columns of 7.94 and 10.9 mm. i.d. (15). A column is 
judged to be of infinite diametcr if the column diameter, 
d,, is greater than (2.4Ldp)’ ’. 

At velocities above the minimum in H uersw V 
curves (Fig. 1) for GC or LCC, H E S  and HE,,, terms 
become increasingly important as the velocity in- 
creases. These terms relate to nonequilibrium resulting 
from resistance to  mass transfer in the stationary phase, 
HBs,  and the mobile phase, HE, ,  ( 5 ,  6) .  The extent of 
broadening from nonequilibrium is a function of the 
rate of flow of the mobile phase relative to the rate of 
mass transfer of the solute between the mobile and 
stationary phases. Rate-limiting processes that con- 
tribute to this typc of broadening in LCC include de- 
sorption kinetics and diffusion in the mobile phase 
which is stagnant in  pores of the support’. General 

1 For a detailed discussion of these terms. see Reference 5. 
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tionary phase). In such a case: 

V 

Figure 1-Typical shapes of H (heighr) versus V (celocity) curces for 
GC and LC. 

equations (8, 9) that describe these processes are: 

1 eu - ern + Keg B,,,’, 2dp1 ?q’/aV’/? Hsu = ._ - _ _ - ~ ~  (Eq. 7) 5 . 7  ea + Kea (1 - enr)Dm’/? 

and : 

HBS is more strongly dependent than HBnf upon the 
mobile phase velocity, V ,  and the particle diameter, 
d,. However, both terms are minimized by decreasing 
d,. Many workers have noted, however, that for 
dp < 100 p, H increases (4, 17, 18). This discrepancy 
from theory is associated with the difficulty of packing 
homogeneously small particles, especially those of a 
low density, nonspherical type (15, 18). However, with 
special packing techniques, the use of small diameter 
particles was impressively demonstrated by Hamilton 
(19), Scott et a / .  (20), and Burtis (21) using roughly 
10-20-p particle diameter ion-exchange resins. Pie1 (22) 
successfully used a variety of supports in the submicron 
region, and Huber and Hulsman (8) and Huber (9) 
packed efficient columns with 20-30-p diatomaceous 
earth. The successful use of small diameter particles to 
reduce mass transfer effects requires dense uniform 
packing, i.e., minimal contribution from HAfc. Recently, 
Kirkland (23) demonstrated the superiority of small 
particles with 5-p porous silica microspheres (Table 
1). 

Equations 7 and 8 indicate that the mass transfer 
term can also be reduced by maximizing solute diffusion 
coefficients, D, and D t S ,  in the mobile and stationary 
phases, respectively. Since the liquid diffusion coeffi- 
cient is inversely proportional to liquid viscosity, the 
stationary and mobile phases with the lowest possible 
viscosities should be chosen (2, 24, 25). 

Resistance to mass transfer from diffusional processes 
in the stationary phase can also be reduced by mini- 
mizing the diffusion path length (i.e., minimizing sta- 
tionary film thickness) (5, l l ) .  In addition, a stagnant 
mobile phase in the pores of the support further con- 
tributes to slow mass transfer (5, 6, 11). These effects 
have been decreased by the reduction in particle size, 
since specific pore volume decreases with decreasing 
particle size (8, 9), and by the development of porous 
layer beads, which will be described. 

Equation 8 can be simplified if it is assumed that the 
pores of the support are completely filled with B (sta- 

where k‘ is the capacity factor equal to  K(ta / ta) .  
The capacity factor function reaches a maximum at 

k’ = 1 and then decreases strongly with increasing k’. 
If mobile phase effects predominate over stationary 
phase effects, H is essentially independent of k’ (6). 
However, since the magnitude of k’ is related also to 
sample resolution and since low k’ values are desirable 
for fast analysis, there is an optimum k’ value (6). 
Snyder ( 3 )  calculated the optimum value of k’ to be 5 
for a given column length and any desired column pres- 
sure and 2.9 for a given column pressure and any col- 
umn length. 

Speed and Optimization in Liquid Chrornatography- 
A number of recent papers dealt with the theoretical 
treatment of the optimization of chromatographic pa- 
rameters for fast separations (1, 8, 17, 22, 26-28). Since 
the time of separation is a function of a number of pa- 
rameters, mathematical optimization with respect to 
all relevant parameters is virtually impossible (28). The 
problem is simplified by holding a number of param- 
eters fixed (26, 28). However, all treatments of the 
resolution of a two-component system start with the 
following equation: 

(Eq. 10) 

Resolution is related to N ,  the number of theoretical 
plates necessary to achieve the separation. The diffi- 
culty of the optimization problem arises from the com- 
plexity of the H function, which is in  itself a function 
of the other parameters in Eq. 10. Equation 10 does, 
however, show that the retention time, t , ,  can be re- 
duced by minimizing the H / V  ratio. It follows that the 
optimum conditions for fast analysis correspond to the 
minimization of the H/V factor. However, the H / Y  
factor initially decreases sharply with increasing V but 
then decreases slowly at higher velocities (6, 9, 26). The 
point at which the slope of the H/V oersits V plot stops 
changing significantly can be considered as the optimum 
velocity, especially where pressure drop is a limitation. 
The optimum velocity for 2-3-mm. i.d. columns is 
about 2-3 cm./sec. (6). Beyond the optimum velocity, 
a decrease in analysis time is afforded only by a large 
increase in pressure drop, AP,  in the column. Pressure 
drop is related to velocity through the column perme- 
ability, KO: 

L 
V I, = ( I  + A’)  - j  = N(1+ K ’ )  

KO = !??L! 
AP (Eq. 11) 

The importance of pressure drop and permeability in 
regard to analysis time can be seen by substituting the 
expression for V from Eq. 11  into Eq. 10: 

(Eq. 12) 

For constant values of k’, 7, L, f, and A P ,  the more 
permeable the column the faster is the analysis time. 
Equation 12 also indicates that the analysis time can be 
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decreased by lowering the solvent viscosity, 7, and the 
column length, L. 

Equation 10 indicates that t ,  can be reduced by 
optimizing factors that minimize H .  These factors were 
discussed previously, but, in the main, a decrease in 
particle size (8, 9, 26) and the development of support 
materials that give flat H uersus V curves will give the 
fastest analysis time. 

The equations used previously to describe analysis 
time neglected the effects of extracolumn band broaden- 
ing. The shorter the column length, the smaller must 
be the contributions from injection and detection 
(26, 28). Smuts and Pretorius (28) showed that, for 
simple separations, the minimum separation time is 
limited by extracolumn effects. 

COLUMN DESIGN 

Column Packings-The use of the relevant theories 
has led to the development of two methods to achieve 
high speed analysis by LCC: the development of 
porous layer beads of 3&50-p diameter and the use of 
supports with particle diameters less than 10 p. Because 
both supports have shallow pore depths, slow mass 
transfer in the stagnant mobile phase held within the 
pores is reduced. 

A porous layer bead has a hard, nonporous core 
surrounded by a thin, porous shell. Golay (29) and 
Bohemen and Purnell (30) first suggested, from a theo- 
retical standpoint, the advantages of porous layer beads 
for fast analysis. Other authors (31, 32) suggested the 
use of such supports for LCC. Rapid mass transfer is 
possible, since diffusion occurs only in a thin, porous 
layer. As a result, flat H uersus Y curves are produced; 
consequently, high carrier velocities can be used with 
small loss in efficiency. The various types of porous 
layer beads were described (6, 33, 34). Two commer- 
cially available supports, Zipax2 (26, 35) and Corasil 
I and 1 1 3  (36), have siliceous, porous layers of roughly 
1-p thickness. Zipax is a relatively inert support (35) 
and is used primarily in liquid-liquid chromatography 
(LLC). The Corasils are much more active and, therefore, 
can be used for both LLC and liquid--solid chromatog- 
raphy (LSC) (36). Supports with a porous layer of 
alumina have also been prepared (1 1 ,  37). A new type 
of support, the surface-textured bead having 30-40-p 
diameter and surface-etched pores with 2--4-p depths, 
has potential in high speed LLC (24). However, surface- 
textured beads have even a lower sample capacity than 
the porous layer beads. Porous layer adsorbents also 
have been developed for ion-exchange chromatog- 
raphy. A pellicular ion-exchange bead' in which the 
ion-exchange resin is polymerized on the surface of a 
spherical, solid glass bead has been introduced (1 1,38a). 
Kirkland (39, 40) developed similar materials. 

In addition to the fast mass transfer properties of 
porous layer beads, their spherical shape, high density, 
and rigid structure yield dense, regular packed beads 
which are stable at high pressures. However, because 

of their low surface areas, small sample sizes and very 
sensitive detectors must be used. 

A possible solution to the capacity problem is to use 
porous supports of small particle diameters (< lo  p) .  
As already noted, the use of supports with such small 
particle sizes has been successfully demonstrated. Sup- 
ports that have been used are diatomaceous earth 
(8, 9, 41), silica gel (4, 22), alumina (22), carbon black 
(22), silica microspheres (23), and ion-exchange resins 
(20, 42). Huber and Hulsman (8), Huber (9), and 
Deelder et al. (41) used diatomaceous earth of 28-32 
and 9 p .  The efficiency of these columns for retained or 
unretained solutes was comparable to efficiencies of 
porous layer beads. However, with the exception of 
ion-exchange resins, for which special packing tech- 
niqucs have been developed (43, 44), practical diffi- 
culties arise in preparing homogeneous beds of these 
small particles (4). Very narrow size fractions are a 
definite must in preparing satisfactory columns (8). 
Batch separation into narrow size fractions by elutri- 
fication was described for diatomaceous earth (41) and 
ion-exchange resins (42). With the development of re- 
producible packing techniques, 2-5-p porous particles 
will become commonplace in the future. Some supports 
available for HPLC are shown in Table 11. 

Column Tubing and Shape-Kirkland (39) found 
significantly poorer efficiencies for solutes chromato- 
graphed in columns of seamless stainless steel relative 
to precision glass5 and precision bore stainless steel. 
Karger et al. (24) also found precision glass tubing to  
give better efficiency than seamless stainless steel ; how- 
ever, the difference between the two column tubings 
was not as great as was found by Kirkland (39). Karger 
et al. (24) reconimended that the seamless stainless steel 
be washed as follows: chloroform, acetone, water, 50% 
phosphoric acid, 10% nitric acid, water (until washings 
are neutral), acetone, and chloroform. Kirkland (45) 
recommended scrubbing the interior with laboratory 
detergent solution. 

Columns filled with packings and then bent have 
shown a significant decrease in efficiency in comparison 
to straight columns (39, 46). Straight columns 50 or 
100 cm. in length are generally used. To  obtain more 
theoretical plates, columns can be connected in series 
with low dead volume connectors. Kirkland (33) ob- 
tained a 5-6% loss in efficiency for two connected col- 
umns and a 10% loss for three connected columns. 

Column Packing Techniques-Column packing is 
one of the most difficult and most important experi- 
mental operations in high efficiency LCC. The various 
packing techniques were reviewed (4, 47). Columns 
are packed by either dry-fill (14, 45, 48) or wet-fill (14, 
44,49) techniques. 

The standard dry-fill technique involves small incre- 
mental additions of dry packing, with horizontal tapping 
of the column at the level of the packing and with si- 
multaneous vertical tapping of the column on the floor 
or benchtop. Sie and van den Hood (14a) found H to 
decrease by a factor of 5 or more for relatively large 
column diameters (dc = 1.0 cm.) when a special dis- 

2 Dupont. Wilmington, DE 19898 
Waters Associates, Framingham. MA 01701 
Available from Northgate Laboratories, Hamden. Conn. 
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Table II-Supports for High Pressure Liquid Chromatography 

Type Particle Size, p Use 

Porous Layer 
Silica (active) 37-50" 

37-44h 
3 W C  
3 0 - 4 4  

Silica (inactive) 44-53e 
25-31, 

Alumina 31-44 
Porous 

Silica 20-44* 
37-75' 

Alumina 

<40' 
36-45' 

10,20,30' 
18-30'" 
< 74' 

LLC, LSC 
LLC, LSC 
LLC, Lsc 
LLC, LSC 

LLC 
LLC 

LLC, LSC 

Lsc, LLC 
Lsc, LLC 
Lsc, LLC 

LSC 
Lsc, LLC 
LSC, LLC 
LSC, LLC 

0 Corasil I and I1 (Waters Associates). b Pellosil (Northgate Labora- 
tories). e Perisorb A [Varian, E. Merck (Germany), E. M. Laboratories]. 
d Vydac (Applied Science Laboratories, Separations Group). Liqua- 
Chrom (Applied Science Laboratories). Zipax (Dupont Instruments). 
o Pellumina (Northgate Laboratories). h BioSil (Varian. Bio Rad Lab- 
oratories). * Porasil (Waters Associates). j Spherosil [Pechincy-Saint- 
Gobain (France)]. SiI-X (Nester-Faust). 1 Li Chrosorb [Varian. E. 
Merck (Germany), E. M .  Laboratories]. m Woelm (Waters Associates). 
n Bio Rad AG (Blo Rad Laboratories). 

tributor head for feeding the adsorbent evenly into the 
column, plus rapid rotation and tapping of the column, 
is used. These workers also found that smooth particles 
gave consistently better columns by the dry-fill tech- 
nique. They found H to decrease in the following order: 
silica beads > silica gel > alumina > sil-o-cel. In addi- 
tion to vibration, Stewart ct al. (50) recommended 
gentle tamping (weight of rod on top of the packed 
adsorbent) for the dry fill of silica gel. The efficiencies 
of tamped columns improved with decreasing particle 
size down to about d, equal to  50 p.  The loss in effi- 
ciency for smaller particle sizes is probably due to the 
difficulty of obtaining dense, regular bed structure with 
irregularly shaped particles of alumina or silica gel (4). 
Conversely, the dense, spherical porous layer beads 
can be efficiently packed with the standard dry-fill 
techniques for particle sizes down to 20-30 p (33). 
Kirkland (45) described an optimum procedure for 
packing Zipax. Column efficiency was found to improve 
with a decrease in particle size down to at least 37 p.  
For 1 P,p'-oxydipropionitrile on Zipax (<37 p),  
plate heights of 0.23 mm. (k' = 2) were found at 1 
cm./sec. mobile phase velocity. Although other porous 
layer packings were not included in this study, similar 
results are expected. 

Other workers (8, 9, 41) were able to pack good 
liquid partition columns with diatomaceous earth with 
d, down to 10 p.  Columns were packed by small incre- 
mental additions of the support, with tamping between 
increments using a closely fitting rod. However, such 
packings have the disadvantages of bed compression 
and lower permeability at pressures exceeding 1 atm./ 
cm. (41). 

For supports of particle sizes less than about 20 p ,  
the slurry packing technique is often used (14, 44, 49). 
The balanced slurry technique (49), where the support 
particles arc suspended in a solvent of equal density, is 
probably the best method. Sie and van den Hood (14a) 

recommended the use of calcium sulfate hemihydrate 
as a binder in the slurry. Silica6 with a mean particle 
size of 10 p, when packed by the balanced slurry tech- 
nique, gave columns of high efficiency (51). On the 
other hand, Stahl er al. ( 5 2 )  found poorer efficiencies 
by the slurry technique (probably not balanced slurry) 
than by a dry-fill technique for silica gel particles of 
less than 15 p.  More recently, Kirkland (23) introduced 
silica microspheres (5-6-p particle diameter) and gen- 
erated 23 effective plates/sec. (see Measurement 01 
Column Performance) with these particles packed by a 
slurry technique in a column 35 X 0.32 cm. at  600 
p.s.i. pressure drop. 

INSTRUMENTATION 

Many papers have been written on the overall design 
of LCC systems (53-61). Scheme I shows a block dia- 
gram of a simplified liquid chromatograph. Although 
many manufacturers supply complete systems, a liquid 
chromatograph can be built easily from individual 
components which are readily available. In general, all 
components should be constructed of corrosion-resistant 
materials such as stainless steel, glass, or Teflon. 

Flow System I 

Pumps can be classified into two major types: me- 
chanical and gas displacement. Mechanical pumps are 
constant flow rate devices such as the screw-driven 
syringe pump and the reciprocating piston or dia- 
phragm pumps. The former are pulse free, whereas the 
latter type requires pulsation dampening for detector 
stability. Several methods for pulsation dampening 
have been described (57, 60, 61). Karger and Berry (62) 
constructed a simple device for producing pulseless 
flow with inexpensive reciprocating piston pumps. 
Mechanical pumps can be purchased which operate to  
pressures of about 5000 p.s.i. 

Of the gas-displacement pumps, the gas pressurized 
reservoir (2, 54) is the least expensive and is capable of 
pulseless flow. The reservoir can be a stainless steel 
container or a coil of stainless steel tubing, pressurized 
by nitrogen from a gas cylinder. A second type of gas- 
displacement pump is the gas-driven piston pump (55), 
which amplifies the gas pressure by utilizing a large 
area gas piston pushing against a smaller area liquid 
piston. The prime disadvantage of gas-displacement 
pumps is that the flow rate changes with varying back 
pressure. 

The design of the injection port' is critical to minimize 
band spreading, especially for solutes of low k' .  Inlet 
bandwidths must be restricted to submillimeter values. 
The major factors that describe band spreading in the 
injection port are: ( a )  distance between syringe needle 
and the column inlet, (b)  mobile phase linear velocity, 
(c) sample volume, and (d) rapidity of radial mass 
transfer (63). Direct on-column injection gives mini- 
mum band spreading (63). Mobile phase swept injec- 
tion ports (including sampling valves) are satisfactory 
for solutes with k' > 1 (53). Smuts et al. (63) designed 

6 Li Chrosorb E. ,M. Laboratories, Inc.. Elmsford, N Y  10523 
7 For design df injection ports, see ReJerences 53-61. 
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a unique solvent swept inlet system giving bandwidths 
as small as 0.3 mm. 

Detectors 

A number of excellent papers have been published 
on the various detectors available for LCC (64- 66). 
Munk (67) and Huber (68) compared the most com- 
monly used detectors. LCC detectors can be categorized 
as solute sensitive or bulk sensitive. 

Solute-Sensitive Detectors- U V arid Visible Absorption 
-The UV photometer is most commonly used since 
it is relatively insensitive to variations in flow rate or 
temperature and is adaptable to  solvent programming. 
A number of workers (69-71) described the construc- 
tion of low dead volume U V  detectors. These detectors 
and the commercially available detectors are single 
wavelength units (254 or 280 nm.). Such detectors are 
capable of sensing less than g./ml. (55). Commer- 
cial spectrophotometcrs have also been used success- 
fully as high performance detectors (68, 72-74). The 
obvious advantage is wavelength selectivity. In addi- 
tion, in some cases the number of solvents to choose 
from is increased. In cases where solutes have little or 
no UV absorption, the use of color-forming reactions 
can be of great value for increasing sensitivity and selec- 
tivity. Stahl e l  ul. (52)  described the construction of a 
high performance system for the analysis of carboxylic 
acids in the nano-equivalent scale, using the sodium 
salt of o-nitrophenol as the indicator. The authors sug- 
gested the use of umbelliferone, whose protonated 
form is highly fluorescent, as an alternative indicator. 
Such a technique can be of extreme value in trace anal- 
ysis and metabolism studies. 

Fluorescerice-- Although no work has been published 
using a fluorescence detector in HPLC, a high per- 
formance, dual-beam fluoro monitor* is on the market, 
In addition, filter fluorometersg can be converted with 
suitable flowthrough cells (75). The technique has the 
advantages of specificity and high sensitivity (about 

g./nil.). In addition, fluorescent derivatives can be 
prepared from many compounds lacking fluorescent 
capabilities. 

8 Laborntory Data Control. 
0 Amcrican Instrumcnt Co., G .  K .  Turncr Associates. 

Flame Ionization-To obtain a suitable response in 
a flame-ionization detector, the solvent must be re- 
moved. This is done by coating part of the column 
effluent on a moving wire which then passes through a 
heated chamber. Currently, two general methods of 
getting the sample into the flame are used: direct com- 
bustion in the flame (76-81) and pyrolysis of the residue 
on the wire prior to detection in the flame (82-85). The 
former technique is noisier due to  the movement of the 
wire through the flame and the intermittent misalign- 
ment of the wire in the flame. Scott and Lawrence (83) 
modified the pyrolysis detector in such a way as to re- 
duce significantly the noise level. Instead of pyrolyzing 
the solute, combustion of the solute in  an oxygen 
atmosphere to  carbon dioxide is used. The carbon di- 
oxide is then hydrogenated catalytically over nickel to  
methane which is then passed into the flame-ionization 
detector. This detector's response is directly propor- 
tional to the carbon content, and the sensitivity is about 
2 mcg./ml. of mobile phase. The moving wire detector 
can be used with all modes of column chromatography 
including gradient elution. However, it has the dis- 
advantages of: (a) poor sensitivity since only part of 
the effluent is detected, (b) markedly reduced sensitivity 
as solute volatility increases, and (c) imprecise quantita- 
tion if the sample is not homogeneously dispersed over 
the column cross section (68). 

Polurogruphic-The polarographic detector is spe- 
cific and highly sensitive. The detector is sensitive to  
solutes that can be oxidized or reduced at  the mercury 
electrode. Additional specificity results from varying 
the half-wave potential. The only other requirement is 
that the mobile phase must have sufficient conductivity. 

A detector based upon the dropping mercury elec- 
trode (DME) suitable for high speed LCC was de- 
scribed by Koen et al. (86). The cell volume was only 
a few cubic millimeters. The detector was successfully 
applied to  the chromatographic analysis of methyl 
parathion and parathion at concentrations down to 
lo-" mole/l., with a standard deviation less than 2%. 
The major problem of this design is dissolved oxygen 
in the mobile phase and the sample solution, and 
damping is required to  reduce the noise associated 
with the DME. The sensitivity of the detector depends 
upon the electrochemical valency, the solute diffusion 
coefficient, the flow rate and drop time of the mercury, 
and the flow rate of the eluant. 

Joynes and Maggs (87) dcscribcd a simpler system 
based upon a carbon-impregnated silicone membrane 
as the electrode. The advantages over the DME are 
low residual currents, decreased proneness to  mercury 
oxide films, simple construction, low noise level (no 
damping required), no atmospheric exposure of mer- 
cury, and 100 times lower interference from oxygen in 
the mobile phase. The linear dynamic range is of the 
order I X loj, with a detection limit of about 2 X 

mole/l. (organics), and the reproducibility is about 
0.25 %. 

Radioactiuiry-This detector is extremely useful for 
metabolic studies because of its specificity and high 
sensitivity. The utilization of p-radiation using SUS- 
pended scintillators in continuous-flow systems was 
described (88). A detector suitable for high speed LCC 
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was also described (89). The detector cell consists of a 
Teflon tube, 36 mm. in length X 0.38 mm. i.d., in a 
continuous-flow Geiger-Muller counter. 

The following expression for detector sensitivity was 
derived : 

E q .  13) peak area = - - A 

where S, is the sensitivity of the detector, V ,  is the 
volume of the detector cell, p is the volume flow rate, 
and A is the total activity of the sample component. 
The sensitivity is seen to  be inversely proportional to  
the flow rate but directly proportional to the cell vol- 
ume. A compromise must be made between the cell 
volume size and the tolerable band spreading. 

Davies and Mercer (90) described an automated sys- 
tem for the analysis of labeled, unsaponifiable lipids. 
The scintillator flowthrough cell was packed with 
europium-activated calcium fluoride crystals. 

Bulk-Sensitive Detectors- R efracrice Oldex- -The re- 
fractive index detector monitors the difference in re- 
fractive index between the reference and analytical 
column effluents, and sensitivity is determined by this 
difference. This detector is close to being a universal 
detector, the exception being when the solute and sol- 
vent have the same refractive index. Two types are 
commercially available: the deflection type3 and the 
reflection typelo (91). The sensitivity is about lo-' re- 
fractive index unit full scale. However, to achieve such 
sensitivity, the temperature and flow rate must be con- 
trolled precisely (64, 67). The temperature coefficient 
is about refractive index unit/"C. Heat exchanger 
tubing is commonly used. To  minimize band spreading 
and to improve temperature stability in  the heat ex- 
changer, Deiningcr and Halasz (61) recommended that 
the free cross section of the heat exchanger be squeezed 
alternately at 90" angles. Thus, high radial mass trans- 
port in the heat exchanger tube is achieved through 
turbulent flow. The peak broadening is minimized to 
that of the high efficiency UV detectors, and the noise 
levels are reduced to less than 3 x lo-' refractive index 
unit. 

Solvent programming is not feasible unless solvents 
of the same refractive index are used (92). A new detec- 
tor (93) based upon continuous evaporation of the 
eluate and redissolution of the residue in a fixed sol- 
vent gives the maximum response in a refractive index 
detector. 

Heat of Adsorption---The heat of adsorption de- 
tector or microadsorption detector (94- 100) is a uni- 
versal detector which measures minute temperature 
changes accompanying the sorption of the eluent and 
the solute on an active solid surface, usually the support 
held in the chromatographic column. The detector can 
be used with all modes of chromatography. However, 
this detector is extremely flow and temperature sensi- 
tive. In addition, it requires frequent calibration, and 
the peak shape (97, 100) is unusual in  that a positive 
component and negative component result. The real 
value of this detector is in qualitatively visualizing the 
elution pattern (64). 

S A  vI> 
cc 
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Other Detectors-The conductivity detector is sold 
by a number of manufacturers and is commonly used 
in amino acid analyzers and in gel permeation tech- 
niques (65). Other techniques that have been applied 
to  HPLC are the gas density balance (101). the mass 
(102), the electron-capture (103), the interferometer 
(104), and the capacitance (105- 107) detectors. 

LIQUID CHROMATOGRAPHY METHODS 

Selectivity--The ability of any chromatographic 
technique to  perform separations depends upon the 
efficiency and selectivity of the chromatographic sys- 
tem. The former was discussed previously while the 
latter is expressed in terms of the relative retention, a, 
that is equal to the ratio of retention volumes of two 
solutes. Selectivity is determined by solute-solvent or 
solute-adsorbate interactions and, to a lesser extent, 
by their molecular size and shape (108). 

Although chromatographic systems are primarily 
chosen by trial and error, some theoretical and eni- 
pirical treatments have been developed which can be 
of aid. Snyder (109) discussed the role of the mobile 
phase in  LCC. Solvent polarities are measured in 
terms of the Hildebrand solubility parameter, 6, and 
the solvent strength parameter, to. In  addition, Keller 
and Snyder ( 1  10) discussed the rclationship between 
6 and c0. 

Martire and Locke ( 1  1 1)  considered the therniody- 
namic basis for selectivity i n  ternis of both the athermal 
(size) and the thermal (energy) factors in  LLC. Locke 
( 1  12) measured the infinite dilution activity coefficients 
of hydrocarbons in  the acetonitrile -squalene system. 

Huber (1 13) reviewed the methods for prediction of 
partition coeficients in liquid liquid systems. Recently, 
Huber et al. (1 14) developed a new method of predicting 
partition coefficients. The partition coefficient ( K , )  is 
described as a function of P parameters, each having a 
solute factor ( A i n )  and a liquid-liquid system factor 
(XkD). The equation has the form: 

( E q .  11) 

The method was tested for 28 steroids in six ternary 
liquid-liquid systems composed of water, ethanol, and 
isooctane. For P = 3, a precision of about 4"< was ob- 
tained. 

Liquid-Liquid Partition- -Liquid -Liqitid Sj3stems 
The types of supports available for partition chroma- 
tography are shown in Table 11. The various porous 
layer beads were evaluated by Karger et al. (1 15), and 
a similar comparison was made by Kirkland (33) and 
Majors (1 16). On the basis of the data given, Zipax 
appears to be the best porous layer support for liquid- 
liquid chromatography. The Corasils arc much more 
active than Zipax since Corasil I ,  when packed dry, 
adsorbs 1.1 %, (w/w) P,P'-oxydipropionitrile from eluent 
saturated with &@'-oxydipropionitrile. On the other 
hand, Zipax adsorbs only 0.25:< (115). Majors (116) 
recommended that Corasil be deactivated by heating 
to  350" for LLC. Tailing was partially eliminated upon 
deactivation. Huber er al. (1 17, 1 18) successfully used 
small particles of ground Porasil (2 -5 p )  and diato- 
maceous earth (5-10 p, 20-30 p) as LLC supports. 

log K ,  = c A,,,Xk,, 
P 
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To produce columns of high capacity, Halasz et al. 
( 1  19) proposed the use of heavily loaded columns. 
Columns packed with Porasil A (38-53 p) coated with 
50 7: (w/w) d,d’-oxydipropionitrile exhibitcd high 
capacity factors which were indcpendent of carrier 
linear velocity. Such columns have low blecd rate and 
large sainplc capacity (at least 1 mg. in 2-nini. i.d. 
column). 1Ieavily loaded columns should perform well 
in prcparative applications, providing the stationary 
phase can be separatcd easily from the solutes. Kirk- 
land (23) recently introduced the use of 5 6 - p  silica 
microspheres. This packing is not yct conimercially 
available. 

A fluorocarbon support’l coated with 23 7; Ainberlite 
LA-1 gave excellent separation of steroids by reverse 
phasc chromatography ( 120). Zipax and diatomaceous 
earth supports wcre also uscd in this study. 

Kargcr et al. (24) introduced surface-textured beads, 
small particle diamctcr fractions of GLC-100 snpport12. 
Although very efficient columns (5500 plates/m., 1 cm./ 
sec.) were produced, the capacity of thc columns was 
poor. 

Kirkland (33, 48) reviewed the various packed col- 
umns and the experimcntal techniques of LLC. 

The choice of stationary phasc in LLC is. at this 
stage. largely trial and error. Commonly, binary two- 
phase systems arc used. For polar solutes, polar mobile 
phases such as 8,~’-oxydipropionitrile, 1 &pro- 
panediol, ethylene glycol, and Carbowax arc used with 
nonpolar carricrs saturated with stationary phase. To 
decrease retention times. polar modifiers such as chloro- 
form. tctrahydrofuran, or alcohol can be added to the 
carrier up to about 10% (v/v). Binary, ternary, or quater- 
nary two-phase systems are also useful. 

Huber et al. (114. 118) described six ternary two- 
phase systems of water, ethanol, and isooctanc for the 
analysis of steroids. With such systems, the relative 
polarities of the two phases can be varied to  achicve 
optimum k’ and a values. Other possible ternary sys- 
tems are chloroform cyclohexane nitronicthanc, ben- 
Lene-watcr-alcohol, and water ethyl acetate-,i-butanol. 
Commonly, the polar phase is used as the stationary 
phase: however, for reversc phasc applications, the less 
polar phase can be coated onto surfacc-dcactivated 
supports. Commonly used nonpolar, stationary phases 
are squalene (1 12), hydrocarbon. or cyano cthyl silicone 
polymers ( 1  2 I ). A series of liquid-liquid partition sys- 
tems which may tind use in LLC was described by 
Metzsch (1 22). 

Experimental tcchniques necessary to obtain precise 
quantitative analysis with high speed LLC werc de- 
scri bed by Leitch ( 1  23). 

Prrmaneritlg Botidrd Stationarjq Pha.ses-LLC has 
such disadvantages as the tendency of the stationary 
phase to blccd and the inability to solvent program. 
To overcome these disadvantages, column packings 
with chemically bonded, organic, stationary phases 
have been developed. Two different types of chemically 
bonded phases are commercially available. 

1. Esterified Siliceous Supports (Brushes)-Esteri- 

Plaskon CTFE-2300, Allied Cticinical. 
I ?  Corning Glass. 
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fication of surface-activc silanol groups (Si-0-H) of 
silica with alcohols creates thc Si-0-C bond at the 
silica surface. Halasz and Sebestian (124) bonded 3- 
hydroxypropionitrile to thc surface of I’orasil C and 
dcmonstrated the uscfulness of “brushes” for fast gas 
and liquid chromatographic separations. Durapaks3 
are commercially available silicatc cstcr packings. A 
niorc cflicicnt packing is made by the csterification 
of Corasil. The disadvantage of these packings is that 
the Si-0-C bond is not hydrolytically stablc. I n  addi- 
tion, extreme caution is necessary i f  the eluant contains 
proton donor liquids such as isopropanol ( I  25). With 
such solvents, a good proportion of the bonded nia- 
terial elutes ( 1  26). 

A morc promising brush-type bondcd phase is bascd 
upon the much more hydrolytically and thermally 
stablc Si- -C bond. Locke et a/ .  ( 1  27) produced naph- 
thyl-Porasil C by chlorinating the surface of Porasil 
with silicon tetrachloride or titanium tetrachloride 
followed by coupling with naplithylmagriesiuiii bromide. 
Organic contents of 4.0 =t 0.5‘,’‘; were found. The rc- 
active, bonded naphthalenc ring can undergo such re- 
actions as bromination or sulfonation. Repeated bromi- 
nation of naphthyl-Porasil C and combination with 
naphthylmagnesiuni broniidc providcd a polynaphthyl- 
Porasil containing as much as 240; by wcight of organic 
material. Both cation and anion exchangers werc pre- 
pared from these substituted Porasils. 

2. Chemically Bonded Silicone Polymcrs- Bonded 
silicone polynicrs are prepared by the reaction of 
organochlorosilanes with the active surface hydroxyls 
to form silicone polymers of thc type Si--O (R, Si- 
0 -)n, where K is an organic radical bonded by carbon 
to  the siloxane chain. Aue and Hastings (128) described 
the means of prcparation and chromatographic appli- 
cations of surface-bonded siliconcs to diatomaceous 
earths, silica gcls, silica beads, and glass beads. These 
materials were thermally and hydrolytically stable. 

Similarly, Kirkland (49) and Kirkland and De Stcfano 
(1  29) introduced two permanently bonded silicone 
polymer phascs, whcre R = C6H120?, R ’  = 0 --- (ether 
bonded phase) and K = C2HICN, R ”  = CH,I or 
- -0- (nitrilc bonded phase), for HPLC. Schrnit ct NI. 
(130) introduced a bonded phase where R = ClsH:.7 
(octadecyl silicone) for reverse phasc chromatography. 
Both the ether and nitrile bonded phases show selectivity 
toward proton donors (129). Thc octadccyl phasc is 
selective for samplcs that are sparingly soliiblc in  water 
and fairly soluble in  alcohols and/or alkanes (130). 
The retention mcchanisni on these columns is not 
clearly undcrstood ; however, there is cvidence that the 
mechanism is a combination of both partition and 
adsorption (33, 49, 130). Unlike convcntional liquicl- 
liquid systems, the teniperaturc, the modifier, or the 
percent modifier can be varied at will without any 
column deterioration. Undoubtedly, many future dcvel- 
opments in LCC will involve synthcsis of many new 
bonded phases of varicd polarities. 

Liquid-Solid Chromatography For rcvicws and for 
detailed discussion of thc experimental technique and 
selectivity in liquid-solid chromatography (LSC), con- 
sult the works of Snyder ( 1  3, 109, 110, 131---133). 



LSC is best suited to samples of intermediate molecu- 
lar weight (< IOOO), particularly those that are oil 
soluble (131). Any sample type that has been success- 
fully chromatographed by TLC can be separated by 
LSC. Separations are usually carried out on polar 
adsorbents such as silica, alumina, or other inorganic 
solidst3. 

Both porous layer materials and porous supports are 
used in high performance LSC. The porous layer 
materials (alumina and silica) produce faster and more 
efficient separations than porous support materials. 
Little et a/. (36) found pellicular silica (Corasil I and 11) 
to give substantially less peak broadening than con- 
ventional porous silica beads (Porasil) of the same 
particle diameter (37--50 p) .  However, the disadvantage 
of porous layer beads is their low sample capacity. 
Recently, Majors (134) showed that columns packed 
with IO-p diameter silica gel’,‘, when packed by the 
balanced slurry technique, can give lo4 theoretical 
platesjm. Sample sizes of 1 mg.jg. of adsorbent can be 
injected on such columns. 

Snydcr (2, 3) revicwed the factors affecting column 
efficiency in LSC. 

Stewart et al. (50) compared high pressure LSC with 
TLC and found comparable separations; however, 
LSC produced bettcr resolution and shorter analysis 
times. 

Lebedeva et ul. (135) studied the cffcct of the geo- 
metrical structure and the surface chemistry of silica 
gels on scparations in LSC. Thcy concluded that. for 
analytical purposes. it is preferable to use macro- 
porous silica gels with specific surface areas of !0-300 
m.?/g. and an average pore radius greater than 80 A. 

The need to control carefully the water contcnt of the 
adsorbent and the mobile phase has becn emphasized 
(131. 132). The addition of water to the adsorbent 
increases linear saniplc capacity and efficiency. For 
porous silica or alumina, 0.02 0.04 g. of water should 
be added for each 100 m. of surface area ( I  3 1 ). 

The use of adsorbcnts impregnated with complexing 
agents can greatly improve separations of isomers and 
compounds within a homologous series. On the other 
hand. classical LSC is most selective for compound 
classes. Snydcr (132) reviewed the use of complexing 
agents in LSC. For cxamplc, adsorbcnts impregnated 
with silver nitrate arc sclcctivc for olefins. Recently, 
Vivilccchia e r  ul. ( I  36) uscd Zipax impregnated with 
silver oxide as a specific adsorbent for the rapid separa- 
tion of polynuclear aza aromatic hydrocarbons. Sclcc- 
tivity is based upon cnmplexation bctwcen the aromatic 
nitrogen atom and the silver ions. 

Ion-Exchange Chromatography The speed of ion- 
exchange chromatography was significantly improved 
by the development of pellicular ion exchangers by 
Horvath and coworkers (28).  Pellicular ion exchangers 
consist of a nonporous. ccntral core and a thin, porous 
outer shcll of the ion-exchange resin. Similar materials 
wcrc introduced by Kirkland (39, 40). Both anion and 
cation exchangers are availablc commercially 15. These 

1 3  Scc Re/erericc 134 for ii conipletc compilation of LSC adsorbcnts. 
1 ‘  Availablc from E .  M. Lnboratorics and Varian. 
1 )  Northgatc Lahoratorics and Dupont  Instruincn~s.  

materials have small ion-exchange capacities in the 
order of 8-10 peq.ig. Dupont’s cation exchanger ex- 
hibits an exchange capacity of 3.5 peq./g. (40). Al- 
though sample capacity is low, these exchangers exhibit 
high efficiency. 

Spherical, porous ion-exchange resins of small 
particle sizes in the range of 10 p can be used as a high 
efficiency, high capacity packing (20, 43). A tabulation 
of the various ion exchangers for HPLC was compiled 
( 1  34). 

The performance of ion exchange is a complex func- 
tion of many variables, including temperature, pH, 
buffer type, and ionic strength. Increasing temperature 
generally reduces retention volumes and improves 
column efficiency (38a, 40). Column performance im- 
proves with increasing temperature due to increased 
solute diffusivity in  both phases. At present, no good 
guide exists for the optimization of the mobile phase. 
However, resolution is primarily affected by the pH 
and ionic strength. Temperature is of less importance 
in this respect. 

To achievc optimum resolution of adenine and its 
metabolites, Gere et a/. (137) reportcd that it is best to  
keep the temperature as high as possible while varying 
the pH and ionic strength. Since columns packed with 
pellicular ion-exchange rcsins are characterized by a 
large ratio of mobile phase to stationary phase, eluent 
strengths of the mobile phasc can be much lowcr than 
in  conventional ion-exchange columns. 

Gel Chromatography- Steric-exclusion chromatog- 
raphy is most commonly used for the analysis of bio- 
logical macromolecules and synthetic polymers. The 
large number of publications describing the principles 
and applications of gel chromatography are far beyond 
the limits of this paper. General reviews (138-140) and 
a monograph (141) were published on this subject. 

Programming -The broad variance in band migration 
rates of a multicomponent sample under fixed experi- 
mental conditions (normal elution) often leads to poor 
separation of the first eluted components and/or exces- 
sive separation timcs with concomitantly poor detect- 
ability. This “general elution problem” can be handled 
by several techniques: flow or pressure programming, 
solvent programming, temperature programming, or 
coupled column operation (stationary phase program- 
ming). 

Flow programming (142, 143) involves the continuous 
increase of mobile phase velocity to  increase band 
migration rates of the later eluting peaks. In addition, 
slow mobile phase velocity at the beginning of elution 
can lead to increased resolution for the weakly retained 
components due to  an increase in column efficiency at 
lower flow rates. However, resolution at the back end 
of the chromatogram is sacrificed (higher mobile phase 
velocity) as compared to  normal elution (143). 

The other techniques involve changes in capacity 
factors (k’  programming). Of these techniques, solvent 
programming (gradient elution) is the most common. 
Snydcr (144) reviewed gradient elution, and Henry 
(53) described several commercial gradient devices. 
Other gradient devices were recently described (92, 
145, 146). Snyder and Saunders (147) theoretically 
derived optimum conditions for solvcnt programming 

Vnl. 62, No. 9, September 1973 1407 



with LSC. Under optimum conditions, gradient elution 
can provide marked improvement in resolution at  all 
points in the chromatogram, particularly at  the front 
end ( 143). 

Temperature programming in LCC has not found 
much use. Two types of temperature programming have 
been used: “normal” programming where the tem- 
perature is raised during the separation (135) and 
“inverse” programming where the temperature is 
lowered (142, 148). Inverse programming is re- 
stricted to LSC with mobile phases containing a “modcr- 
ator,” a very strongly adsorbing compound at low 
concentration (e .g . ,  0.15 isopropanol in n-heptane). 
As the temperature is lowered, the moderator covers 
more of the adsorbent active sites, thereby reducing the 
k’ values of thc solutes. The major problem with this 
technique is the long times required to reequilibrate 
the column to the starting condition (142). 

Coupled-column operation involves the use of two 
or more columns, each with a different stationary phase 
or with the same stationary phase but different column 
lengths (143). The latter does not involve change in 
k’ values. Snyder (143) described an LSC system where 
adsorbent strength is varied by water deactivation. 
Recently, Scott et al. (20) coupled anion- and cation- 
exchange columns for the analysis of urine constituents. 
With parallel gradient elution of the columns after 
injection, 16 new peaks (total > 100) were resolved and 
analysis time was reduced from 24 to 14 hr. 

Snyder (143) compared normal elution, coupled 
columns, solvent programming, flow programming, 
and temperature programming under time normaliza- 
tion. He found that resolution decreased in the order 
solvent programming > coupled columns > tempera- 
ture programming > flow programming > normal 
elution. Solvent programming is especially useful for 
unknown samples but of less value for routine or re- 
petitive samples since reequilibration time is long. 
Temperature programming has the same disadvantage. 
Coupled columns and flow programming are more 
amenable to repetitive analysis. 

MEASUREMENT OF COLUMN PERFORMANCE 

Since capacity factors ( k ’ )  in HPLC are generally 
small, the use of the number of theoretical plates ( N )  
as a measure of the separating power of a column is 
unsatisfactory since resolution is also a function of k’.  
A more suitable parameter is the number of effective 
plates, Neff (6 ,  149), where: 

Effective plates is related to resolution by: 

(Eq. 16) 

The number of effective plates per unit time, Nettil, can 
tell directly how long a separation must take; Neir/t  is 
related to k’ by the following expression: 

(Eq. 17) 

If H is assumed to be independent of k‘ (which is often 
true in HPLC), the optimum k’ for fast separations is 
about 2 (6).  

Some workers prefer the reduced parameters ( 5 )  for 
comparing column efficiency of different chromato- 
graphic systems as a function of mobile phase velocity. 
Reduced plate height ( / I ) ,  equal to Hid,, and the reduced 
velocity (u) ,  cqual to Vd,, D,, are used instead of H and 
V.  The reduced plate height normalizes H for particle 
diameter, and the reduced velocity normalizes for 
diffusion over a particle diameter distance. Halasz 
(125) and Snyder (3) pointed out the dangers of using 
reduced parameters for comparing different H PLC 
columns. 

A semiquantitative method for comparing H versus 
V curves of different columns was described (3, 143); 
H versus V curves were found to obey the empirical 
relationship : 

H =  D P  (Eq.  18) 

where D is a constant for a given column and set of 
experimental conditions (e .g . ,  type of column packing, 
particle size, and packing technique), and I I  is 0.4 for 
LSC columns. This cquation affords a simple basis for 
comparing column efficiencies obtained by different 
workers, using any set of experimental conditions. 

The value of D for silica is found to  decrease with 
decreasing d,  (4). Kirkland (45) found D to decrease 
with decreasing d,, down to at least 37 p with Zipax 
coated with 1 P;: stationary liquid. 

The importance of extracolumn band broadening 
from the injector and detector should not be neglected 
in the determination of column performance since the 
variance of the peak measured by the detector is a sum- 
mation of all the variances in  the chromatographic 
system. Deininger and Halasz ( 1  50) considered the 
effect of the equipment on measured column eficiency 
and resolution. 

PHAR.MACEUTICAL APPLICATIONS 

To date, a rclativcly limited numbcr of practical 
applications of HPLC has been reported in the litera- 
ture. This paucity of publications can be expected to  
change very rapidly with the ever increasing avail- 
ability of commercial instrumentation, with improved 
column technology, and with the realization that many 
separations, which had heretofore been both tedious 
and complicated, may now be effected quitc readily 
by means of this powerful analytical technique. Many 
applications that have been developed are illustrative 
of this method’s immense value for pharmacological 
studies of drug substances and their metabolites and 
for clinical investigations of metabolic disorders. 

Schmit et (I/. (130) described the use of high specd 
reverse phase liquid chromatography for the separa- 
tion of natural products and also biochemicals. The 
biologically activc constituents of hashish were isolated 
and chromatographed by gradient elution (water to  
methanol) on an octadecylsilane permaphase column. 
Both water-soluble and oil-soluble vitamins have becn 
separated on an octadccylsilanc permaphase column, 
using a water to methanol gradient. 
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General-In a brief survey of the applicability of 
high speed liquid chromatography (HSLC) to phar- 
maceutical analysis, Williams et al. (1 5 1 ) described pro- 
cedures for the rapid determination of different classes 
of drugs. 

Using a Zipax controlled-surface porosity support 
coated with a 1% polyamide stationary phase, the 
separation of such antibiotics as penicillin and its 
derivatives, myosins, and rifampin was achieved. A 
suitable mobile phase was hexane-ethanol (75 : 25), 
which was also capable of separating impurities from 
these antibiotics. 

Steroids and a variety of their derivatives have been 
successfully chromatographed from a number of ma- 
trixes using reverse phase chromatography on a hy- 
drocarbon column, with a water-methanol solution 
as the eluant. Efficient separations of some steroids 
have also been obtained by normal phase chroma- 
tography on an ethylene glycol column, using hexane- 
chloroform as the eluting solvent. 

A single-tablet analysis of thiabutazine was presented 
as an example of a rapid separation for a diuretic. The 
analysis was performed on an oxypropionitrile column, 
using n-hexane for the elution. The total time for elu- 
tion was 4 min., with the minimum detectable limit 
being 10 ng. of the diuretic. 

The antihistamine chlorpheniramine maleate was 
chromatographed in 2 min. on a trimethylene glycol 
column using 10 chloroform-n-hexane. Analyses were 
carried out on single-component and multicomponent 
tablets with no interferences from excipients or the 
other actives. 

Barbiturates and Alkaloids -The applicability of 
high speed chromatography for the analysis of barbitu- 
rates, diphenylhydantoin, and their hydroxylated 
metabolites was reported (152). Separations were per- 
formed without the necessity of any derivatization, 
using a pellicular anion-exchange column and eluting 
with either a nongradient or gradient mode of operation. 
Column inlet pressures ranged from 700 to 1600 psig., 
and flow rates ranged from 26 to 36 ml./hr. The eluting 
peaks were detected at  the microgram level with the 
aid of a fixed wavelength (254 nm.) UV detector. 

Optimal conditions for the separation of diphenyl- 
hydantoin and its phenolic metabolite were established 
to be analogous to those conditions necessary for the 
separation of phenobarbital and the hydroxy derivative 
of phenobarbital. A nongradient mode of elution, 
performed at 80” using a 20.0 mM phosphate solution, 
buffered at  pH 3.5, produced the most rapid and satis- 
factory resolution for these compounds. These condi- 
tions were unsatisfactory for other barbiturates, how- 
ever. Successful separation of these parent compounds 
and their metabolites required the use of a linear sodium 
chloride gradient at SO”. The sensitivity of the method 
could be increased by working with neutral solutions 
due to the increased absorptivity of the barbiturates in 
more alkaline media. 

Alkaloids in plant extracts have been separated on 
oxypropionitrile and cyanoethyl silicone columns, using 
either n-heptane or n-heptane with a polar modifier 
as the eluant (121). The choice of eluant depended upon 

how strongly the alkaloids were retained on the col- 
umns. 

Urine and Blood Analysis-Burtis et al. (153) re- 
ported a high pressure anion-exchange chromato- 
graphic technique for the separation and identification 
of two metabolites of phenacetin in urine. These me- 
tabolites were ultimately shown to  be 4-hydroxyace- 
tanilide and 3-methoxy-4-hydroxyacetanilide. The 
system employed was a UV analyzerI6; this system con- 
sisted of a 200-cm. small bore column filled with Dowex 
1-XS resin and a spectrophotometer, which was used 
to  monitor the column effluents at various wavelengths. 
The mobile phase was an ammonium acetate-acetic 
acid buffer. 

The UV analyzer (154-158) was able to separate 
140 UV-absorbing compounds in urine and should 
prove to be invaluable in many pharmacological studies. 
In the present example, the two metabolites of phenace- 
tin were separated on the anion-exchange column and 
subsequently identified by their UV, mass spectrometric, 
and IR spectra. 

Recently, Scott et al. (20) described modifications of 
their original system to increase resolution and also to 
decrease analysis time. By using coupled anion- and 
cation-exchange chromatography and gradient elution 
(in which the concentration of the acetate ion in an 
ammonium acetate-acetic acid solution buffered at pH 
4.4 was gradually increased from 0.015 to  6 M ) ,  16 
additional peaks were separated from urine samples. 
The anion-exchange resin used was Aminex A-27, with 
quaternary ammonium active sites, while the cation- 
exchange resin employed was Aminex A-6, with sul- 
fonic acid active sites. The eluant was pumped at a flow 
rate of about 10.5 ml./hr. through the 150-cm. long 
column at pressures up to 3500 p.s.i., and the eluting 
peaks were detected at two wavelengths in the UV 
(254 and 280 nm.). With this system, the time of analysis 
was decreased from 24 to 14 hr. 

Although the UV analyzer is capable of resolving a 
large number of components in complex biological 
mixtures, the qualitative identification of the eluting 
peaks, for the most part, has been extremely difficult. 
By using the chromatographic technique proposed by 
Scott et al. (1 54), Burtis (2 1)  reported that reproducible 
chromatograms of urinary samples could be accom- 
plished on a liquid ~hromatograph’~ by high pressure 
anion-exchange chromatography. Detection of nano- 
gram amounts of substances was possible using an effi- 
cient microvolume UV photometer. It was proposed 
that the resultant chromatograms or “urinary profiles” 
could be used to great advantage in the diagnosis of 
certain abnormal metabolic or pathological conditions. 

At present, only 50 of the molecular constituents that 
have been reported have been identified by a combina- 
tion of analytical techniques (1 59). 

Scott et al. (157) also reported the development of 
a companion carbohydrate analyzer, which has success- 
fully separated and detected 48 different carbohydrates 
in urine and blood serum. This system also utilizes a 
high pressure anion-exchange column. Qualitative and 

1 8  Developed at the Oak Ridge National Laboratory. 
17 Varian Aerograph model LCS-1010. 
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quantitative detection of peaks was accomplished by 
use of a colorimeter, the color being produced through 
reaction of the eluting carbohydrates with a phenol-- 
sulfuric acid reagent. Sodium borate-boric acid buffer 
concentration gradient solutions served as the eluant. 
The most effective anion-exchange resin was reported 
to be a Type 1 resin of small particle size, with a final 
cross-lin kage of 7-10z. 

The use of the carbohydrate analyzer in the clinical 
laboratory in the investigation of various carbohydrate 
metabolism disorders was proposed ( I  60). The detection 
of excreted sugars and some of their derivatives was 
possible without interferences from other eluting sub- 
stances such as vitamins, aliphatic and aromatic hy- 
droxy and keto acids, and polysaccharides. 

The automation of a system was described for rapid 
separations of saccharides by high prcssure ion-ex- 
change chromatography, using a neutral pH boric acid- 
2,3-butanediol buffer solution to minimize alkaline 
rearrangement reactions (161). 

An improved automated system with more rapid 
analysis times was developed by Floridi (162). This 
system utilizes from one to three diffcrent borate buffers 
adjusted to pH 8.40 or 8.80. The analysis of the eluting 
mono-, di-, and trisaccharides was accomplished by the 
orcinol colorimetric method'*. The one-buffer elution 
system allowed rapid and eflective separations of mono- 
saccharides, the two-buffer elution system produced 
high resolution of di- and trisaccharides, while the 
three-buffer solution effected a separation of 17 different 
saccharides in 10 hr. In all cases, the analyses were 
carried out on Dowex ion-exchange resin at a column 
temperature of 5 5 " .  Flow ratcs were varied according 
to the particular system employed. 

A high speed ion-exchange chromatographic method 
was devised for the direct analysis of glucuronide and 
sulfate conjugates of drug substances in biological 
samples (163, 164). The analyses were carried out at 
80" in narrow bore stainless steel columns, 250 cm. in 
length, containing a pellicular anion-exchange resin. 
Column inlet pressures were maintained between 800 
and 1000 psig., giving rise to a flow rate of 0.5 ml./min. 
A fixed-wavelength (254 nm.) UV detector was employed 
to monitor thc column effluent. 

Both nongradient and gradient elution methods were 
required. Thc use of pH 3.0 formic acid solutions of 
high ionic strength (1.0 M potassium chloride) and a 
linear gradient solution of potassium chloride permitted 
the successful separation and quantitative detcrmina- 
tion of sulfate and glucuronide conjugates in  urine in 
less than 40 min. 

Benzodiazepines---To avoid the undesirable task of 
acid hydrolysis or derivatization, which is necessary 
for the G C  determination of benzodiazepines, Scott 
and Bommer (126) utilized HSLC for the separation of 
these pharmacologically important compounds. The 
stationary phase was Durapak "0PN"--the oxypro- 
pionitrile group chemically bonded to porous glass 
beads--which was dry packed in a narrow bore stain- 
less steel column 1 m. in length. Elution of the column 
was effected at a solvent flow rate of 1 ml./min. using 

' 8  Performed with a Technicon Auto-Analyzer. 
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either: (a) a constant composition hexane-isopro- 
panol mixture or (6) an initial elution with 100% hexane 
followed by a stepwise change to a 70:30 mixture of 
hexane-isopropanol. The latter solvent system served 
to sharpen the elution pattern of the slowest eluting 
component without sacrificing the resolution of the 
more rapidly eluting substances. A fixed-wavelength 
(254 nm.) UV microvolume photometric cell detected 
the eluting substances at the microgram level. 

This procedure not only effectively separated mix- 
tures of benzodiazepines but also was useful for the 
separation and quantitative determination of the parent 
compounds and their metabolites in a pharmacological 
study of urine samplcs. 

Steroids- ~ High resolution liquid chromatography 
(HRLC) at moderate pressures, using small bore boro- 
silicate glass columns, 50 cm. in length, was shown to be 
effective for the rapid analysis of steroid hormones 
(120). A representative number of polar and moder- 
ately polar steroids was separated by reverse phase 
chromatography, and separation conditions for the 
various classes of steroid hormones were described. 

Three types of solid supports were investigated: 
(a )  Anakrom A B  diatomaceous earth, (6) Plaskon 
CTFE-2330 terpolymer, and (c) Zipax controlled- 
surface porosity silica beads. In all cases, Amberlite 
LA-I, a water-insoluble amine, was used as the sta- 
tionary phase; each support was coated at a level 
giving optimal results for that matcrial. Water or a 
water-methanol mixture was used as the eluant. 

The separation patterns observed for the four classes 
of steroids studied (adrenal corticosteroids, androgens, 
progestins, and estrogens) indicated that the main 
factor governing the chromatography of these com- 
pounds was actually a competition between liquid- 
liquid partitioning with the stationary liquid phase and 
liquid--solid adsorption with the solid support. It was 
further demonstrated that the relative effect of each 
separation mechanism was dependent upon the per- 
centage of liquid loading used. Therefore, optimal 
rcsolutions for various pairs of compounds could be 
obtained by merely varying the level of liquid loading. 

Henry et al. (165) surveyed numerous applications 
of HSLC to the analysis of steroids and steroid con- 
jugates. Thc column effluent was continually monitored 
with both a fixed-wavelength (254 nm.) UV photometer 
and a refractive index detector. The advantages and 
disadvantages of each detector were noted. For UV- 
absorbing steroids, the UV detector had a lower detec- 
tion limit of about 10 ng., while the refractive index 
detector had a I-ng. lower detection limit whether or not 
the steroid absorbed in the UV.  The formation of a 
strongly absorbing 2,4-dinitrophenylhydrazine deriva- 
tive of the nonabsorbing carbonyl-containing steroids 
was proposed as a useful and attractive technique for 
increasing sensitivities for these compounds. 

Examples of separations of all major types of steroids 
(including estrogens, androgens, progestogens, and 
adrenocortical hormoncs) by conventional liquid-- 
liquid partition chromatography, reverse phase chro- 
matography, and ion-exchange chromatography were 
presented, and useful column packing materials, sta- 
tionary phases and mobile phases were described. 



Mollica et al. (166) described a suitable stability- 
indicating assay for the steroid flumethasone pivalate. 
A quantitative determination could be effected by using 
a controlled-surface porosity support coated with B,p'- 
oxydipropionitrile as the stationary phase and eluting 
with a solvent system of 5 %  ethyl acetate and 0.2% 
acetonitrile in hexane. Other chromatographic studies 
were reported for the steroids dexamethasone, pred- 
nisolone, and hydrocortisone. 

A rapid and precise method for the quantitative 
determination of estrogens in urine was developed and 
applied to  the determination of estriol in pregnancy 
urine (1 18). Detection of the estrogens was accomplished 
with a UV spectrophotometer operated at a fixed wave- 
length of 281 nm., corresponding to the absorption 
maximum of this class of compounds. Separation was 
effected with the use of two coexistent phases of a water- 
ethanol-2,2,4-trimethylpentane system (molar ratios 
0.229:0.680:0.09 and 0.019:O. 177 :0.804) as the sta- 
tionary and mobile phases, respectively. The water-rich 
phase was coated on diatomaceous earth (28--32 p in  
diameter), which was then packed into a 2.7-mm. i.d. 
borosilicate glass column (50 cm. in length) through 
which the water-poor phase eluant was pumped. All 
analyses were performed at a constant temperature of 
22". 

Analgesics--Henry and Schmit (167) described the 
analyses of the active ingredients in analgesics. The 
analyses were performed on Zipax controlled-surface 
porosity supports coated with an anion-exchange resin, 
using small bore stainless steel columns 1 m. in length. 
The mobile phase was distilled water buffered at pH 
9.2. To lower the retention times of the more highly 
retained components, the ionic strength of the mobile 
phase was increased by the addition of ammonium 
nitrate. Detection of the eluting peaks at the nanogram 
level was accomplished by means of a fixed-wavelength 
(254 nm.) UV photometer. By using benzoic acid as the 
internal standard, both single- and multicomponent 
tablets were determined quantitatively without any 
interference from excipients. A routine time of analysis 
was 10 min., using a flow rate of 1.5 ml./min. at a col- 
umn inlet pressure of 1200 psig. Since all separations 
were performed at  ambient temperature, no problems 
of thermal degradation occurred, as had been en- 
countered in GC. I n  addition, by merely increasing the 
ionic strength of the mobile phase, the determination 
of the decomposition product, free salicylic acid, could 
be performed quantitatively. with pyromellitie acid 
employed as the internal standard. 

In a similar study, the successful quantitative de- 
termination of the active ingredients in 12 commercial 
analgesic tablets was reported, using an anion-exchange 
column 300 cm. in length (168). The eluant was a 1.0 
M aqueous solution of tromethamine buffered at pH 
9.0. The flow rate was 8.6 ml./hr. at 925 -1000-p.s.i. 
pressure and a temperature of 60". The eluting peaks 
were detected with a fixed-wavelength U V  detector. 
This chromatographic system permitted baseline sepa- 
ration of acetaminophen and phenacetin. which had 
previously eluted at the same time (1); therefore, a 
qualitative identification of the components in a single 
tablet could be made by comparison of retention times. 

In an extension of this study, Wolford et al. (169) 
reported the separation of oxypurines and the determi- 
nation of caffeine in pharmaceutical separations. By 
using 3 M NH,OH as the eluant at a flow rate of 3 
ml./min., caffeine was eluted as a sharp peak from a 
1 X 20-cm. column in less than 10 min.; qualitative 
results were obtained. Phenacetin. which is strongly 
basic, appeared between 15 and 30 min. while such 
compounds as aspirin, salicylamide, tetracycline, and 
barbiturates were effectively retained. 

Amino Acids, Nucleotides, and Nucleic Acid Bases- - 
High speed ion-exchange chromatography on small 
bore columns has been shown to be amenable to  the 
analysis of amino acids using a modified sequential 
multisample amino acid analyzerIg (170). 

By eluting the column with citrate buffers at varying 
pH's, a flow rate of 0.5 ml./min., and a pressure of 600 
p.s.i., satisfactory resolutions were obtained for the acid, 
neutral, and basic amino acids in  approximately 60 
min. A photometer equipped with a high efficiency flow 
cell detected the eluting peaks, the areas of which were 
found to be directly proportional to the amount of 
amino acid present in the sample. 

Numerous authors have used HSLC to great ad- 
vantage for the separation and identification of nucleo- 
tides, nucleosides, and nucleic acid bases. 

The ribonucleoside mono-, di-, and triphosphates of 
cytidylic. uridylic, adenylic, and guanylic acids were 
separated on anion-active and cation-active resins 
coated on glass beads, producing pellicular ion ex- 
changers (38a). Rapid separations of nanomole quanti- 
ties of the substances were achieved by using a linear 
gradient elution with a phosphate or an ammonium 
formate buffer solution. The eluting peaks were de- 
tected by means of a spectrophotometer at  a wave- 
length of 260 nm. using a microvolume flow cell. Analy- 
ses could be accomplished in all cases in less than 90 
min. 

The four major bases (uracil, guaninc, adenine, and 
cytosine) and nucleosides (uridine, guanosine, adeno- 
sine, and cytidine) formed by the hydrolysis of RNA 
were successfully separated and detected at subnano- 
mole levels using a pellicular cation-exchange resin in 
small bore stainless steel columns (386). Acidic potas- 
sium or ammonium phosphate solutions served as the 
mobile phase, and detection at these levels was afforded 
by a micro-UV detector operating at a fixed wavelength 
of 254 nm. The elapsed time for an analysis was 6 min. 
The optimal conditions for these separations were in- 
vestigated and described. It was found that the pH of 
the sample and of the eluant had the most pronounced 
effect on the resolution. 

A similar separation of the nucleotides and nucleic 
acid bases and other less commonly encountered purines 
and pyrimidines was successfully performed on con- 
trolled-surface porosity supports coated with strong 
cation- and/or anion-exchange resins (40). A 0.01 N 
nitric acid solution was utilized for the elution. The 
total time of analysis for the major hydrolysates of 
RNA was 5 min. By employing an ammonium formate 
solution first at  3000 p.s.i. with a flow rate of 50 ml./hr. 

19 Technicon. 
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and then at 4600 p.s.i. with a flow rate of 80 ml./hr., 
the elution times for these alkaline hydrolysis products 
were reduced to  4 and 2 min., respectively, by Burtis 
(171), who also suggested the obvious applicability of 
the method for the determination of the base composi- 
tion of DNA following an enzymatic, rather than alka- 
line, hydrolysis reaction. The elution times and the 
conditions for many “unusual bases” and common ribo- 
and dcoxynucleosides were also reported. Quantitation 
and detection at the nanomole to picomole level were 
possible. These high speed separations, with no deriva- 
tive formation required, rival those observed for GC 
separations. 

The use of citrate and acetate buffers as effective 
eluants for the chromatography of these compounds 
on a cation-exchangc resin also was noted (172). 

To eliminate the interferences and anomalous peaks 
caused by UV-absorbing substances present as contam- 
inants in buffer solutions described by Horvath and Lip- 
sky (386). Shmukler (173) devised a purification system 
for potassium dihydrogen phosphate. Due to  the rela- 
tively low solubility of potassium dihydrogen phosphate 
in water, the non-UV-absorbing salt, potassium chloride, 
was added to increase the total salt content of the 
eluant. With this buffer system, the chromatography of 
adenine nucleotides and ST-labeled compounds in a 
deproteinized mitochondria1 reaction mixture was 
studied (174). 

Sample preparation methods and elution conditions 
for the separation of mononucleotides, ribomono- 
nucleotides, deoxyribomononucleotides, nuclcosidc 
diphosphates, and dinucleotides were reported and 
their R values were tabulated (175). The chromato- 
graphic separation was carried out on an anion-exchange 
column, maintained at 70°, using a linear or exponential 
gradient elution technique and “purified” potassium 
phosphate solutions. 

The qualitative and quantitative determination of 
nucleotide profiles of cell extracts was characterized 
(176), and optimal conditions for the rapid separation of 
the mono-, di-, and triphosphates of the naturally oc- 
curring ribosides, as well as for the sulfur analogs of 
some of these compounds, were noted. The method was 
developed with the aid of a high pressure chromato- 
graphz0 equipped with an anion-exchange column and a 
double-beam UV detector operated at 254 nm. A potas- 
sium phosphate-potassium chloride gradient served as 
the eluant, and the eluting peaks were identified by one 
or more of the following methods: (a) spectrophoto- 
metric or chemical means, (6) injection of known 
standards, (c) comparison with chromatograms of 
known substances, and (d) use of known enzymatic 
reactions. ‘‘Enzymatic peak shifts” not only served to 
identify peaks but also aided in unmasking a chromato- 
gram and allowing the detection of other smaller peaks 
to  be made. A further use of this system combined with 
isotopic labeling to measure the radiospecific activities of 
nucleotides was proposed. 

The four conimon 5’-deoxyribonucleotides were 
succcssfully analyzed on a Zipax strong anion-exchange 

2 o  Picker Nuclear. 
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column eluted with 0.008 M phosphate buffer at pH 
4.40 (177). 

Nucleotides, nucleosides, and nucleic acid bases were 
also successfully separated by ligand-exchange chroma- 
tography using a cation-exchange resin, Chelex 100, 
impregnated with copper (11) ion (178). The flow rate of 
the eluting agent (water and/or ammonium hydroxide, 
depending upon the substances being separated) was 
maintained at  0.75 ml./min., and the effluent was con- 
tinually monitored with a UV spectrophotometer. The 
nucleotides were not retained on the column ; the weakly 
basic nucleosides were separated by elution with water, 
the more basic nucleosides were resolved with 1 N am- 
monium hydroxide, and the nucleic acid bases required 
2.5 N ammonium hydroxide to  be displaced from the 
column. 

The quantitative determination of enzymatically 
formed adenyl cyclase at the microgram level was re- 
ported (179), using high pressure anion-exchange 
chromatography following an initial zinc-barium pre- 
cipitation step which removed interfering substances. 
The elution was effected by a nongradient mode of 
operation with a pH 2.20 hydrochloric acid solution as 
the eluant. A flow rate of 12 ml./hr. with an inlet pres- 
sure of 450 550 p.s.i. was employed, while the column 
temperature was controlled at 80”. Detection of the 
peaks was accomplished with a sensitive microvolume 
UV flow cell. The total time for an analysis was about 
10 min. 

Qualitative identification and quantitative detection 
of adenine and its metabolites in body fluids were 
described, and an empirical means of optimizing the 
separation conditions was discussed, presenting a sys- 
tematic and logical approach to a HSLC problem (137). 

Aza Aromatic Hydrocarbons-Snyder ( 133) de- 
vcloped a rapid liquid-solid Chromatographic method 
for the analysis of hydrogenated quinoline mixtures, 
using alumina as thc adsorbent and a 60% water- 
saturated 35 dichloromethane-pentane mixture as the 
eluting solvent. Qualitative and quantitative analyses 
could be performed over a long period with no changes 
in the efficiency of the column being observed, provided 
that the water level of the alumina was maintained at a 
constant level and the column was regenerated oc- 
casionally to  rcmove strongly adsorbed components. 
Routine analyses of quinoline mixtures could be per- 
formed in less than 30 min., with the detection of the 
eluting substances being realized with a UV spectro- 
photometer equipped with a microvolume flow cell. 
Problems inherent in such procedures and methods of 
solving them were also presented. 

A high speed liquid-solid column chromatographic 
procedure for the separation of polynuclear aza hetero- 
cyclic compounds was reported (1 36). The adsorbent 
was Zipax, a high efficiency chromatographic support, 
the surface of which was impregnated with silver ions. 
Separation was achieved by means of formation of 
donor-acceptor complexes between the silver ion and 
the heterocyclic nitrogen. The order of elution was 
found to be dependent upon both the basicity of the 
nitrogen and the steric accessibility of thc lone pair of 
electrons. 

A 1 Pr, (vlv) acetonitrile in n-hexane solution produced 



highly efficient separations. Unlike many liquid-solid 
chromatographic methods, no water deactivation of the 
column nor careful control of the solvent water content 
was required for this method to  give consistently good 
results. 

A high speed liquid chromatographic method has 
been developed for the separation and quantitative 
determination of isomeric mixtures of the cyano-, 
carboxamido-, and carboxy-substituted pyridines. A 
1-m. X 2.1-mm. i.d. column filled with a strong cation- 
exchange resin (1 % sulfonated fluorocarbon) coated 
on Zipax was employed. Elution was effected with an 
aqueous solution of 0.1 N sodium nitrate and 0.1 N 
phosphoric acid at a flow rate of 1.70 ml./min. at an 
inlet pressure of 1500 p.s.i. Detection of the eluting 
substances was accomplished with a fixed-wavelength 
(254 nm.) UV detector. 

The analysis of trisulfapyrimidines by cation-exchange 
liquid chromatography was accomplished using a 
phosphate buffer solution for the mobile phase: an 
application for the quantitative determination of sul- 
fadiazine, sulfamerazine, and sulfamethazine was pre- 
sented (1 80). 

Miscellaneous-A liquid-solid adsorption chromato- 
graphic technique, using microbore glass columns 
packed with dry silica gel, was developed by Gordon 
and Peters ( 1  8 1 ) to separate 4,4'-diaminodiphenyl- 
sulfone from its monosubstituted and disubstituted 
acetylated derivatives. 4,4'-Diarninodiphenylsulfone has 
had a great amount of pharmacological interest since it 
has been shown to be a highly effective antileprotic 
agent as well as an antimalarial drug. 

The procedure was adapted from a TLC separa- 
tion, with anhydrous ethyl acetate as the eluting sol- 
vent. A satisfactory separation of all three compounds 
was obtained in less than 30 min. by pumping the mobile 
phase through a 30-cm. column at a pressure of 100 
p.s.i. and a flow rate of 0.25 ml./min. Detection of the 
compounds at the microgram level was accomplished 
by measuring the UV absorption at 280 nm. A linear 
relationship existed between the peak areas obtained 
and the amount of substance, thereby providing a rapid 
quantitative estimation of each compound. 

N,N-Dimethyl-p-aminobenzeneazobenzoyl chloride 
reacts with a wide range of organic compounds to form 
colored products with differing polarities. This reaction 
was used in conjunction with HPLC. using small bore 
glass columns, and the effects of the various parameters 
were discussed (182). Either high speed cation-exchangc 
chromatography using a strongly acidic sulfonated 
styrene- divinylbenzene resin or high speed liquid -solid 
adsorption chromatography on silica columns per- 
mitted satisfactory separations. A microvolume flow- 

: through photometric detector continuously monitored 
the column effluent stream. The effect of the hydro- 
chloric acid concentration in aqueous methanolic or 
aqueous ethanolic solutions and also the effect of the 
alcohol concentration in the eluting solutions were 
determined. 

The acidic and neutral catabolites from catechol- 
amines were quantitatively and rapidly separatcd on a 
cation-exchange resin, PA-28 (183). A scheme for the 
elution of the catabolites formed in oiao from dopamine, 

noradrenaline, and adrenaline was outlined : the column 
was successively eluted with sodium citrate buffers, pH 
3.28 for 15 min., followed by a sodium citrate-boric acid 
buffer, pH 4.53, for 100-235 min., and, finally, with 
0.2 N sodium hydroxide for 60 min. The flow rate was 
maintained at  50 ml./hr. with a back-pressure of 140-200 
p.s.i. in the 60-cm. X 9 mm. column. All analyses were 
performed at a constant temperature of 5 5 " .  The eluting 
peaks were detected with a spectrophotometer21 at 280 
nm. 

In a similar manner, Lange and Hempel (184) demon- 
strated that a wide range of aromatic acids, aldehydes, 
and alcohols could be separated. The eluting substances 
were determined by: (a) measuring the absorbance of 
the eluate at 280 nm. or ( h )  determining the fluorescence 
at  315 nm. of the emuent fractions by means of a spec- 
trofluorometer??. The elution times for 50 aromatic 
compounds were tabulated, with the order of elution 
generally being dependent upon the polarities of the 
substances. 

Efficient separations of aromatic monosulfonates and 
disulfonates and of isomeric and homologous aromatic 
sulfonates were achieved (185) by use of high speed 
anion-exchange chromatography, using narrow bore 
columns packed with a cross-linked polyalkylene amine 
resin. Elution of the sorbed substances was accomplished 
with an aqueous organic solution of water- acetonitrile- 
methanol (a 1 : 1 : 1 mixture provided the best perform- 
ance) and a linear salt gradient of lithium chloride. A 
nionochromator was utilized for the absorbance mea- 
surements over the UV range from 220 to 400 nm., 
which permitted the maximizing of general or selective 
sensitivities for the sulfonates being determined. 

Linear gradient elution chromatography has provided 
an efficient means of separation of aromatic hydro- 
carbons having widely different boiling points (186). 
Analyses were carried out on small bore glass columns 
packed with alumina, using a pentane-ether gradient at a 
flow rate of 45 ml./hr. The eluting peaks were detected 
with the aid of a fixed-wavelength photometer at 260 
nm., and identification was made either by comparison 
of retention times or by addition of pure standards to the 
mixture being analyzed. 

Beyer (187) developed a quantitative HPLC analytical 
method for sulfonylurea antidiabetic agents. A column 
of 1 %  hydrocarbon polymer on Zipax eluted with ci- 
trate or borate buffers separated glyburide, chlorprop- 
amide, tolazamide, tolbutamide, and acetohexamidc. 

HPLC was used for the analysis of N,N-dimethyl-2,2- 
diphenylacetamide and its metabolites in soybean plants 
(1 88). The analysis was obtained on a 1-m. hydrocarbon 
polymer column eluted with a water methanol (4 : l )  
mixture. 

APPENDIX: LIST OF SY MHOLS 

A = eddy diffusion term in the Van Deemter equa- 

B = longitudinal molecular diffusion in the Van 
tion 

Deemter equation 

?I Beckmati DB. 
2': Aminco-Bowman. 
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C =  

D,  = 

Dts = 

d, = 
d,, = 

h =  
H =  
K =  

f =  

KQ = 
k’ = 

L =  
N =  

Nerr = 
Nerrlt = 

AP = 
R ,  = 
T, = 
Ts = 

1 =  
t ,  = 
l o  = 
V =  

V?7L = 
v, = 
W =  
t, = 

€ “ L  = 

t s  = 

t =  

1 - e =  

9 =  

( T I  = 
x,x2 = 

P =  

mass transfer term in the Van Deemter equa- 
tion 
diffusion coefficient of solute in the mobile 
phase 
diffusion coefficient of solute in the stationary 
phase 
internal diameter of the column 
particle diameter of the packing 
total porosity in the column 
reduced plate height (H/d,)  
height equivalent to a theoretical plate 
distribution coefficient 
specific pcrmeability of a column 
capacity factor = K( V s /  V,) 
column length 
number of thcoretical plates 
number of effective plates 
effective plates per second 
column pressure drop 
resolution 
interparticle tortuosity factor 
intraparticle tortuosity factor 
time of analysis 
retention time of peak measured from start 
retention time of a nonsorbed species 
mobile phase velocity 
column mobile phase volume (dead volume) 
column stationary phase volume 
peak width 
fraction of column volume occupied by phase a 
fraction of column volume occupied by thc 
moving phase 
fraction of column volume occupied by the 
static phase 
fraction of the column volume occupied by the 
two phases 
fraction of column volume occupied by the sup- 
port material 
mobilc phasc viscosity 
dimensionless constants 
length-based standard deviation of the Gaus- 
sian band 
micron (micrometer) 
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HESEAI<CII  A R T I C L E S  

Absorption and Distribution of Naloxone in 
Rats after Oral and Intravenous Administration 

S. H. WEINSTEIN', M. PFEFFER, J. M. SCHOH, L. FRANKLIN, 
M. MINTZ, and E. R.  TUTKO 

Abstract 0 The effect of route of administration on the absorption 
and distribution of naloxone, a narcotic antagonist, was investigated 
in rats. Plasma levels were determined by GLC. Five minutes after 
intravenous administration of 1 mg./kg., the plasma concentration 
was 258 ng./ml. I'lasma levels after low oral doses were undetect- 
able; but after 100 mg./kg. orally, the peak level of unchanged drug 
was almost 5000 ng./nil. In terms of percent of administered dose, 
the maximum amount of naloxone in the calculated plasma volume 
is 1.04% of the intravenous dose wrsus 0.197; of the oral dose. 
Pharmacokinetic parameters were generated with a computer pro- 
gram; the models constructed are of a rapidly absorbed and rapidly 

excreted and/or metahohzed drug. These results, together with 
results from absorption studies with ligated intestinal loops, 
indicate that poor abborption of naloxone is not the cause of its 
relatively low oral potency. Iir  rirro metabolic studies with rat liver 
slices confirmed rapid naloxone metabolism, suggesting that the 
lower potency of oral naloxone compared to parenteral naloxone 
is due to rapid first-pass liver metabolism. 

Keyphrases 0 Naloxone hydrocl~loride-absorption and distrtbu- 
tion aftcr oral and intravenous administration. rats i: Absorption 
and distribution. naloxone hydrochloride - alter oral and intra- 
venous administration, plasma levels, liver metabolism, rats 

Naloxonc [( -) - N - ally1 - 14 - hydroxynordihydro- pareliteral adniinistration to laboratory animals (1, 2) 
morphinonc] is a potent narcotic antagonist upon or man (31, but i t  is approximately one-fiftieth as po- 
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