
Gradient Elution
in Reversed-Phase HPLC

Commonly Used Terms in Chromatography
A, B, C Knox equation coefficients (Equation 5)
dc column diameter
Dm solute diffusion coefficient
dP particle diameter
F flow rate of mobile phase
h reduced plate height
H plate height (=L/N)
k' solute capacity factor
k average k' value in gradient elution
ko value of k' at beginning of separation
L column length
N column plate number
PC peak capacity—maximum number of peaks that can be fit into the

chromatogram with unit resolution
Rs resolution function
S change in log k' for unit change in 4> (isocratic elution)

retention time, gradient elution
tG time from start to end of gradient
tS value of te for full-range gradient (</> changes from 0 to 1)

retention time, isocratic elution
At**, Ate difference in retention time (Ir or tB) for adjacent bands
to column dead time
u mobile-phase velocity
Vq gradient volume (=tQF)
Vm column dead volume (=t0F)
a separation factor
V reduced mobile-phase velocity
<t> volume fraction of stronger (organic) solvent
A 0 change in <p during gradient (A<p = 1 for 0-100% gradient)
a isocratic bandwidth (1 SD)

<Tg gradient bandwidth (1 SD)

The chromatographic separation of
large molecules (103—107 daltons)
began in the early 1950s, with the first
separations of proteins by ion ex-

change (7). Then, as now, it was

necessary to use gradient elution for
the resolution of these macromole-
cules, More recently gradient elution
has been extended to the separation of
other large molecules such as nucleic
acids, DNA and RNA fragments, syn-
thetic polymers, and oligomeric carbo-
hydrates (2,3). These developments
have coincided with the commercial
introduction of much more efficient
high-performance liquid chromatogra-
phy (HPLC) columns for such separa-
tions, and it is now possible to resolve
macromolecular samples in less than
an hour.

Chemists are more familiar with the
behavior of small molecules than that
of macromolecules, while chromatog-
raphers are accustomed to working
with isocratic elution rather than with
gradient elution. It is not surprising
then that there is some confusion
when it comes to the principles of the
gradient separation of macromole-
cules. Practitioners often are puzzled
by the outcome of some change in sep-
aration conditions. The apparent ab-
sence of predictability and of guide-
lines for method development also
prevents the full potential of these
gradient separations from being
achieved.

Such apparent anomalies in the gra-
dient separation of macromolecules
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Gradient lilutior
Separation of Macromolecules

have led workers to make new propos-
als for the basis of such separations.
Many chromatographers assume that
macromolecules are retained at the
column inlet, until at some point in
the gradient they are desorbed com-
pletely and then move through the
column without further interaction
with the stationary phase. Other
workers have suggested that chro-
matographic migration in these sys-
tems occurs by a precipitation-redis-
solution process rather than by inter-
action of solute molecules with the
stationary phase; that is, solute solu-
bility determines separation. Another
view is that the multipoint attach-
ment of macromolecules to the surface
of the stationary phase leads to a re-
tention process that differs fundamen-
tally from that for small molecules. On
the other hand, we believe that the ap-
plication of existing “small molecule”
chromatographic theory to these sepa-
rations can explain many of the anom-
alies reported so far. That is, the gra-
dient separation of macromolecules
differs from the isocratic separation of
small molecules in degree, not in kind.

Isocratic Elution
The separation of a three-compo-

nent mixture by isocratic elution is
represented in Figures la and lb. The
fractional migration of solutes a, b,
and c along the column as a function

° Lloyd R. Snyder, Inc., 2281 William Ct., York-
town Heights, N.Y. 10598

of time after sample injection is shown
in Figure la, and the resulting chro-
matogram is pictured in Figure lb.
The final separation can be described
by the well-known equations summa-
rized in Table I for retention (Equa-
tion 1), bandwidth (Equation 2), and
resolution (Equation 3). A good theo-
retical understanding of column effi-
ciency or plate number N as a func-
tion of experimental conditions now

exists, and can be summarized by the
so-called Knox equation (4):

h = Av1/3 + B/v + Cv (5)

Here the reduced plate height h is
equal to H/dp, where H is the usual
plate height value (column length L
divided by plate number N) and dp is
the diameter of particles used to pack
the column; v is the reduced mobile-
phase velocity, equal to udp/Dm (u is
the mobile phase velocity and Dro is
the solute diffusion coefficient). In
principle, Equation 5 allows the calcu-
lation of N as a function of such ex-

perimental variables as column length,
column diameter, mobile-phase flow
rate, temperature, sample molecular

Figure 1. Fractional migration (X/L) of solute bands along the column and resulting
chromatograms for isocratic vs. gradient elution
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Table I. Basic Equations for Isocratic and Gradient Elution
Relationship Isocratic elution Gradient elution a

Retention time (s) (1) tR = t0k' + to (1a) tg
= t0k log(2.3k0/k)

+10
Bandwidth (mL) (2) c — Vm(1 + k')N-"2 (2a) crg

= Vm(1+ k)N-1/2/2
Resolution (AtR/4cr

or Ata/4(Tg)
(3) Rs =[(’/<)(« -1>N1'2]

[k'/(1 + k')]
(3a) Rs = [(V4)(a - 1)N1'2]

[k/(1 + k)]
Capacity factor (4) k' = (tR - t0)/t0 (4a) k = tG/A0Sto

= teF/A^S Vm
a Approximate equations for so-called gradient conditions (5)

in Figure 2a, Q is a phenethyl group
(I). For peptides as in Figure 2b, Q is
an amino acid residue (II):

(II)

weight, etc. For application to a broad
range of experimental systems, partic-
ularly involving both large and small
molecules, it is also necessary to recog-
nize that B and C of Equation 5 de-
pend on the solute capacity factor k'
and molecular weight (5, 6). A further
discussion of all aspects of isocratic
HPLC is given in Reference 7,

Gradient Elution
The corresponding separation by

gradient elution of the same three-
component sample is shown in Figures
lc and Id. The migration of each com-

pound along the column is pictured in
Figure lc, where a different pattern is
seen compared to the isocratic separa-
tion shown in Figure la: All three
compounds are initially retained at
the column inlet after the gradient is
begun. Eventually the k' value for
compound a (dashed curve in Figure
lc) becomes small enough to allow mi-
gration of a along the column; a then
moves increasingly faster along the
column until it appears in the chro-
matogram (Figure Id). The same pat-
tern is repeated at a later time in the
separation for compound b, followed
eventually by similar migration of c.
Compared to isocratic elution (Figure
lb), gradient elution (Figure Id) pro-
vides more nearly equal bandwidths
for compounds a-c, and faster overall
separation.

Equations in gradient elution for re-
tention, bandwidth, and resolution
also are given in Table I (Equations
la, 2a, 3a) (8). These are expressed in
terms of the same parameters as for
isocratic elution (Equations 1, 2, 3),
except that k' is replaced by the aver^
age k' value during gradient elution, k.
Bandwidth and resolution are of spe-
cial interest; it can be seen that Equa-
tions 2 and 2a and Equations 3 and 3a
are virtually the same, except that k'
is replaced by k in gradient elution.
That is, separation and peak heights
or detection sensitivity are controlled
by the same factors in both isocratic
and gradient elution. Method develop-
ment therefore proceeds in similar
fashion for both HPLC procedures
(7,8).

Of special interest in gradient elu-

tion are so-called linear-solvent-
strength (LSS) gradients. These can
be defined as gradients that provide
roughly equal values of k for com-

pounds eluting at different times dur-
ing the separation. LSS gradients thus
yield constant bandwidths for the var-
ious compounds separated (Equation
2a) and equal resolution for band
pairs with similar values of the separa-
tion factor ot (Equation 3a). As in iso-
cratic elution for IF, there is a roughly
optimum value of_k: 1 < k < 10. Equa-
tion 4a describes k as a function of
gradient time tc, flow rate F, and col-
umn dead volume Vm. This is in con-
trast to isocratic elution, where k' is
independent of separation time, flow
rate, and column dimensions (other
conditions being constant). This dif-
ference can lead to confusion when
gradient and isocratic separations are

compared.
Retention time tg, resolution Rs,

and bandwidth <7g in gradient elution
can be predicted from data for corre-

sponding isocratic systems (Equations
la-4a). Thus it is necessary to know
values of the isocratic parameters k<j,
to, N, and S, For many isocratic sys-
tems (e.g., reversed-phase HPLC) re-
tention is given by:

log k' = log ko — S <f> (6)

As illustrated in Figure 2, the impor-
tant parameter S is the slope of these
plots of log k' vs. volume fraction of
organic. When plots of log k' vs. 4> are

nonlinear, the tangent to the curve at
k' = k serves as an adequate approxi-
mation to linear log k'-0 plots for pur-
poses of relating gradient and isocratic
data. However, in the remainder of
this report we will assume that lin-
ear log k'-0 plots as in Figure 2 de-
scribe isocratic data and that linear
gradients (0 varying linearly with
time) are employed. For examples of
the prediction of gradient data from
isocratic experiments see References 8
and 9.

Macromolecular Solutes and
Chromatographic Separation

Macromolecular solutes can be re-
garded as polymers Qn of some repeat-
ing unit Q. For polystyrene solutes as

As the number of repeating units, n,
increases and the solute molecule be-
comes larger, the molecule assumes a
three-dimensional (3D) structure. For
peptides and proteins, there will exist
a preferred or “native” configuration,
while most synthetic polymers assume
a “random-coil” structure. This 3D
configuration of macromolecules is
critical to some chromatographic pro-

Cytochrome c (12 000)

Benzene (78)ACTH
\(4000)

 Insulin (6000)

Small Peptide (900)

Figure 2. Variation of sample retention
k' with the volume fraction 0 of the
strong solvent B in a solvent mixture
A-B
(a) Polystyrene samples of varying molecular
weight eluted from C)8-silica by mixtures of water
(A) and tetrahydrofuran (B>, Solid line derived
from isocratic data: dashed line derived from gra-
dient data. Adapted from Reference 9. (b) Peptide
samples and benzene eluted from C,8-silica by
mixtures of butter (A) and acetonitrile (B); solute
molecular weights shown in parentheses. Adapt-
ed from Reference 10
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pplications Report:
New Column Technology

Peek Identity
1. Thryroglobulin
2. IgG
3. Ovalbumin
4. Myoglobm
5. Cyanocobalamm

Molecular Weight
670.000
150.000
45,000
17,500

1.355

Column: 3'C-S'1 ”SK-2jj
300* 7,5 mm

Flow Rate 1 t1
Buffer: ClUNaSC,

0.02M NaH2P04 pH 6.8
Sample Bc-RadGg-

Filtration Standard

0 25 -

C 2J -

015 -

Ui
j

0,10-

0 05 -
-

MINUTES

2 3 Column. B.o-Fan ’Sk-IEX 540 DEAE
Sample: S'O-RaoGe F-n’a* zr S’a~cam3

-G,
Gradient:

Solvent A: 0.05M Tris Buffer, pH 7.2
Solvent B: 0.5M NaCi in 0.05 M Trts Buffer, pH 72
Linear gradient programmed
from 0% to 100% B for 45 minutes

Flow Rate; 2.0 ml/mm
Detector: UV at 280 0 nm
Peak identity:

1 tgG in solvent front 5. Ovalbumin related peptide
2, Myoglobin 6 Ovalbumin ,

3 Cyanocobalamin 7 Ovalbumin related peptide
4. Ovalbumin related peptide

0 5 15 20 25

Coljmn: B c Rad Reverse c~ase
(RP-304) Hi-Pore™

Sample: B*o-Rad Gel Filtration Standard,
10/i I injection

Program:

Gradient
Solvent A

Solvent B

5% {PA \ in unu01%TFAf inH0H

k} in HOH

Time to enter the Bio-Rad race at PITCON. Circle Reader #10 for entry form.

New tools
for protein
separations.
New HPLC column technology from Bio-Rad

gives researchers a number of worthwhile
alternatives for protein separations.
For example, here are three separations
of the same sample, using three different
approaches — high performance gel filtration,
our new high performance ion exchange
column, and our new Hi-Pore™ reverse

phase column.

Looking at those separations, it's appar-
ent that these HPLC columns provide
fast separations with excellent resolution.
Not only that, certain compounds appear
in the ion exchange and reverse phase
separations that don't reveal themselves
in the gel filtration separation. HPLC lets

you "read between the peaks" with both
speed and precision.
These new columns complement rather
than compete with each other. Our HPLC
ion exchange column for analysis of ioniz-
able biochemical compounds is an excellent
complement to our Bio-Sil gel filtration
column. By using all three columns, better
characterization of proteins (including large
ones) may be obtained.
As always Bio-Rad is prepared to assist you
in plotting an effective strategy for your pro-
tein separations, using any or all of these
techniques. Give our applications staff a call,
or contact us at

BIO-RAD
^

Bio-Rad Laboratories —Chemical Division
2200 Wright Avenue
Richmond, CA 94804
(415) 234-4130
Also in Rockville Centre, N.Y., Australia, Austria,
Canada, England, Germany, Italy, Japan, The
Netherlands, and Switzerland.

CIRCLE 9 ON READER SERVICE CARD
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DuPont's column-to
can save you days or



-column reproducibility
hours in LC separations.

13 quality control checks,
plus patented ZORBAX packings,

give you unmatched column performance.

Du Pont quality control checks
assure you of lot-to-lot, column-to-
column reproducibility. This lets
you, as an experienced chroma-
tographer, eliminate the tedious
hours spent reworking a separation.
When you use Du Pont ZORBAX
columns, you no longer have to
worry about column variability.

You get reproducibility because
ZORBAX packings are manufac-
tured in very large lots under care-

fully controlled conditions,
eliminating batch-to-batch variation.
We check our packing for eight crit-
ical parameters, to assure that you
get uniform separation characteris-
tics from each lot. Then, every
DuPont column is tested and ship-
ped with its own performance report.

The column is guaranteed to
give you similar efficiency, peak
shape, selectivity and permeability in
your laboratory.

These time-saving high per-
formance features are a part of the
industry’s widest array of columns
for every phase of your HPLC
applications: ZORBAX analytical,
semipreparative and preparative
columns, ZORBAX PMS bimodal
columns, ZORBAX packings. Large-
scale manufacturing facilities give
you “off-the-shelf column deliveries.
And DuPont chromatographers,
with years of experience in HPLC
separation techniques, are only
a phone call away should you
need them.

For literature, or a sales contact,
call our 24-hour, toll-free number:
800-345-8600, ext. 502.

For technical assistance, call
302-772-5273.

DuPont Company, Instruments
Systems, Room X40195, Wilming-
ton, DE 19898.

Compare technology and you will choose DuPont.

liquid Chromatographs
CIRCLE 59 ON READER SERVICE CARD
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Figure 3. Isocratic reversed-phase separation of 50 000-dalton polystyrene sam-

ple with tetrahydrofuran-water mixtures
Adapted from Reference 9

cesses, but less important in others.
Chromatographic Retention, Re-

tention in HPLC can effectively be re-

garded as an equilibrium process:

Qn(mobile phase)
^ Qn (stationary phase)

In many HPLC systems this equilibri-
um appears to involve the competitive
displacement of mobile-phase mole-
cules from the stationary phase (see
various discussions of liquid-solid
\11\, ion exchange [8], and reversed-
phase chromatography \12\). If so, the
above equilibrium could then be
written:

Qn(m) + rM(s) Qn(s) + rM(m) (7)

where M refers to a molecule of mobile
phase or solvent, and (m) and (s) refer
to molecules in the mobile phase or

stationary phase, respectively. Wheth-
er displacement is the most important
factor in every macromolecular system
cannot be stated at the present time.
Other phenomena (solute-solvent in-
teractions) may also be important.

It can be seen that one molecule of
solute Qn displaces some number r of
solvent molecules M upon sorption of
the solute. The value of r in Equation
7 will be related to the size of the mol-
ecule Qn because a larger solute mole-
cule will cover a larger part of the sta-
tionary phase surface, and therefore
displace a larger number of solvent
molecules upon sorption of Qn. This
means that plots of log k' vs. 0 will be
steeper for larger molecules Qn (mass
action effect—Equation 7), or the
S value (Equation 6) for larger sol-
ute molecules will be larger. This is
clearly seen in Figures 2a and 2b,
where the slope (value of S) for these
plots increases with increasing solute
molecular size; see also the protein-
ion-exchange examples of Reference
13 and the reversed-phase separations
in Reference 14. For very large solute

molecules (>105 daltons) values of S
can be 30- to 100-fold greater than for
small molecules, meaning that reten-
tion is then extremely sensitive to
change in 0, This is illustrated for the
isocratic separation of a 50 000-dalton
polystyrene fraction in the reversed-
phase system of Figure 2a, shown in
Figure 3. For 87% tetrahydrofuran-
water (0 = 0.87) this sample elutes at
to; for 0 = 0.85, the compound exhibits
a normal band at about k' = 2. For
0 = 0.83, the sample appears not to elute
at all. This behavior of large sol-
ute molecules may appear strange to
chromatographers, who are more fa-
miliar with the separation of smaller
molecules (lower values of S). Because
of the dependence of k on S in gradi-
ent elution (Equation 4a), the gradi-
ent separation of macromolecular
samples requires different experimen-
tal conditions to achieve optimum val-
ues of k' during the separation.

Pore Size Effects. Solutes sepa-
rated by the usual porous HPLC
packings will be retained almost ex-
clusively on the internal surface of the
particle, because only a small fraction
of the stationary phase is found on the
outside of the particle. If the large size
of a macromolecular solute prevents
its access to the small pores of a parti-
cle, retention of the solute will be cor-

respondingly decreased. A similar ef-
fect forms the basis of size exclusion
chromatography (SEC) (7), illustrated
in Figure 4 for a column packing hav-
ing uniform-size pores. In this exam-
ple, macromolecules A and B are
shown in the preferred coiled configu-
ration as opposed to small molecule C,
In SEC (see Reference 8 and calibra-
tion plot of Figure 4), large molecule A
is almost totally excluded from the
pore. Compound B of intermediate
size is partially excluded, whereas
small molecule C is not excluded. Ex-
clusion in SEC is seen to be related to
the ease with which the coiled mole-
cule “fits” within the pore.

Figure 4. Size exclusion of large mole-
cules from the pores of the column
packing
(a) Plot of solute molecular weight vs. solute re-
tention volume, (b) Size of solute molecules (A,
B, C) compared to diameter of particle pore

For other HPLC methods, however,
the accommodation of the coiled mol-
ecule within the pore is less important.
Thus the coiled structure can be dis-
rupted as a result, of attachment of the
solute molecule to the stationary
phase, or the solute molecule can un-
ravel partially, thereby decreasing its
molecular cross section and permitting
its access to small pores. At the same
time, the amount of stationary phase
within the particle tends to be in-
versely proportional to pore diameter
(proportional to surface area). This
means that in the absence of exclusion
effects, retention for non-SEC meth-
ods in HPLC should decrease with in-
creasing pore size of the particle—the
opposite of the case for SEC as in Fig-
ure 4. This is illustrated by the data in
Table II for the reversed-phase gradi-
ent elution of various polystyrene
samples. Here retention is measured
by the 0 value at the column outlet at
the time of elution; a larger value of 0
means later elution and stronger re-
tention. For each polystyrene sample,
retention is stronger (larger 0) for the
small-pore column. That is, the larger
surface area of the small-pore column
more than outweighs any exclusion of
large molecules from the pores of this
column. In Table II the extent of SEC

1418 A • ANALYTICAL CHEMISTRY, VOL. 55, NO. 14, DECEMBER 1983



THENEW
NALGENE*

FILTER HOLDER SYSTEM.
VERSATILE, SIMPLE,

LONG-LASTING.
The new reusable Nalgene Filter Holders are available
with either a receiver, for filtering up to 250 mL, or
with a funnel, for use with manifolds. They com-
bine all the performance and convenience J

^
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'
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brane filtration system.
’

EXCLUSIVE: TWO MEMBRANE
SUPPORT PLATES
Each Nalgene Holder is supplied with -
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and an analysis plate, to maintain the
perfectly flat membrane needed for ana-
lytical work.
INTERCHANGEABLE UPPER
CHAMBER
Upper chamber can be used with either
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version of Holder and Receiver to a filter
funnel, ask for the Nalgene Funnel
Conversion Assembly.
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Determine
Hydrogen in steel
accurately, rapidly
and conveniently with
LECCTs RH-101 & DH-102!

• Direct reading to 0.01 ppm
• Blanks less than 0.02 ppm
• 3-4 minutes analysis time

The LECO® RH-101 and DH-102 inert gas
extraction technique eliminates undesirable
conditions such as interfering gases (oxy-
gen and nitrogen are not released because
the sample is heated below its melting
point), system outgassing time, significant
system blanks, and potential reduction
reactions. The LECO® RH-101 determines
residual hydrogen in solid samples or

samples taken from molten steel. The
LECO® DH-102 determines both diffused
and residual hydrogen using the new
LECO® vacuum sampler (patent pending).

For accuracy, speed and
convenience through
microprocessor electronics,
contact LECO today!

LECO CORPORATION
3000 Lakeview Ave.
St. Joseph, Ml 49085-2396, U.S.A.
Telex: 72 9411
Phone: (616) 983-5531
Cable: LECOLECO
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Table II. Reversed-phase HPLC Separation of Polystyrenes
Using Columns of Different Pore Size a

Volume traction organic SEC %
solvent (4) at elution exclusion 6

Sample
mol wt

6-nm pore
column

30-nm pore
column

6-nm
pore

30-nm
pore

2000 0.804 0.750 66 14
4000 0.830 0.788 78 19
9000 0.853 0,826 90 26

17 500 0.863 0.853 100 40
50 000 0.873 0.870 100 60

a Tetrahydrofuran/water gradient (linear), 40-min gradient time and 2 mL/min flow rate, C,s col-
umns
b Decrease in size exclusion retention vs. totally permeating molecule; equals about 100% for A
rn Figure 4a and 0 % tor C
Data taken from Reference 9.

exclusion (coiled molecule) is also
shown for each column and the vari-
ous polystyrene samples. The greater
exclusion of these samples from the
small-pore column (66-100%) vs. the
large-pore column (14-60%) contrasts
with the stronger retention of these
same samples on the small-pore, high-
surface column under reversed-phase
conditions.

For larger molecules (>50 000 dal-
tons) or more compact (e.g., cross-
linked) molecules than the polysty-
renes of Table II, pore exclusion ef-
fects can be more important than sur-
face area effects. In these cases it is
possible to see greater retention on

large-pore vs. small-pore columns (see
discussion of Reference 15).

Column Efficiency. Chromatogra-
phers who have compared the resolv-
ing power of different columns for
both large and small molecules have
often drawn two conclusions: first,
that the plate numbers measured for
large-solute molecules are generally
much smaller than those measured for
small molecules (same column) and
second, that “good” columns for
small-molecule separations (large
N values) are often “poor” when applied
to macromolecular samples and vice
versa. This again has been interpreted
as evidence for a nonchromatographic
process in the separation of macro-
molecules by HPLC. On the other
hand, chromatographic theory holds
that the Knox equation (Equation 5)
applies to all samples for a given col-
umn (16). Let us see if we can recon-
cile these apparently contradictory
observations.

The reduced velocity v of Equation
5 is proportional to (1/Dm). The solute
diffusion coefficient Dm is roughly
proportional to (solute mol wtL0-4 (7),
which means that v will be proportion-
al to (mol wt)0-4, other factors being
equal. Thus, present separations of
small molecules with 3-5-jum particles
usually involve v values in the range

3 < v < 15, whereas macromolecule
separations typically involve
v values greater than 50. This means
that Equation 5 is approximately
given as:

h = Af1/3 (3 < V < 15) (8)
for small molecules, and as

h = O (v> 50) (8a)

for macromolecules, because only the
above terms from Equation 5 are sig-
nificant in the indicated range of
v values.

For typical values of A, B, and C in
Equation 5, h has a minimum value
(largest N value) at about v = 3, and
then increases with increase in v.

Thus, macromolecule separations with
their large values of v will necessarily
involve larger values of h (and smaller
N values) compared to small-molecule
separations on the same column. This
is illustrated in Figure 5. Also, other
conditions being equal (dp, column di-
mensions, etc.), a “good” column for
small-molecule separations means a
column with a small A value (Equa-
tion 8), i.e., a well-packed column. A
“good” column for macromolecule
separations means a column with a
small C value (Equation 8a), implying
particles with favorable mass-transfer
properties (e.g., large pores, fast diffu-
sion in the stationary phase, no reten-
tion sites that are much stronger than
average, etc.) (5,6). Thus, the factors
that make a “good” column for sepa-
rating small molecules are indeed dif-
ferent from the factors that yield large
N values in the separation of large
molecules, yet the Knox equation is
fully able to explain the observations
of previous workers trying to separate
macromolecules by HPLC. It should
be noted also that the value of C is a
function of both the column and the
sample. Thus, columns with 10-20-nm
pores can have “good” values of C for
small solute molecules, yet much larg-
er (“poor”) values of C for macromole-
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Balances
that keep records.
Whenever samples change weight as a function of experimental
conditions, Calm recording balances get tire data to tire scientist.
Measure weight changes of samples as small as 0.1 ug to 100 grams
in high vacuum, flowing gases, or high temperatures. Two models
to choose from. Write for a free catalog today Cahn Instruments, Inc.,
16207 S. Carmenita Road, Cerritos, CA 90701.

Wtx%e weighing a little means a lot

cules, because of slower diffusion of
large molecules within small pores (5).
Finally, columns with small values of
both A and C for solutes of all sizes
will be “good” columns for all sam-

ples.

Application to Studies from the
Literature

We can now apply the preceding
discussion to several otherwise puz-
zling observations on the separation of
macromolecular samples by gradient
elution. First, however, it is useful to
express peak capacity (or average Rs
value) and peak height (or l/<rg) in
terms of the primary variables: col-
umn length L and diameter dc, flow
rate F, gradient time to, and particle
diameter dp. Table III summarizes the
resulting relationships for both isocrat-
ic elution (small molecules) and gra-
dient elution for macromolecules (17).

The starting point in Table III is
the relationships for reduced plate
height h: Equation 8 for small mole-
cules and Equation 8a for large mol-
cules (Knox equation). These equa-
tions plus the definitions of N(=L/H),
h(=H/dp) and i'(=udp/Dm) lead to ex-

pressions for the plate number N for
each case. The proportionality of N to
certain separation variables is then
given by Equations 9 and 9a in Table
III. For gradient elution, it is conve-
nient to express N in terms of the
mean capacity factor k, proportional
to to F/L dc2 (tc is defined equal to
tc/Af,1), the time for a 0-100% gradi-
ent). For the final derivation of resolu-
tion or peak capacity from Equations
3 or 3a, and peak height or (l/<rv) from
Equations 2 or 2a, the value of N from
Equations 9 or 9a is used. In the case
of gradient elution, advantage is taken
of the approximate, empirical rela-
tionships:

Figure 5. Plot of reduced plate height h
vs. reduced velocity (Knox Equation 5)
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Before you buy your next AA, discover
the benefits of a SpectraSpan from
Beckman.

You’ll get more elements..,more
value than you thought possible.

More Elements. Discover Spectra-
Span's ability to analyze more ele-
ments. The high-performance Direct-
Current Plasma (DCP) gives you
3000°C more than AA’s nitrous oxide
acetylene flame.

That means you can analyze 70 ele-
ments over a dynamic range of 4-6
orders of magnitude with little inter-
ference.

Easier Chemistry, Discover the ease
of analysis.

With DCP, you can directly inject
Hydrofluoric Acid, Milk, Brines and
Blood.

Even powder suspensions of glass
and carbides.

Faster Multi-Channel Analysis. Dis-
cover the time savings.

The SpectraSpan V, for instance, can
handle up to 20 elements in under a
minute.

What’s more, you can perform quali-
tative analysis.

More Services. Discover the global
network of Beckman sales, training and
service personnel which can help you
get the maximum from your Spectra-
Span.

More Value. Compare price with
performance. You’ll discover that you
can get a SpectraSpan DCP model for
the price of an AA. That’s value.

Your next AA should be a Spectra-
Span. Shouldn’t it?

See your local Beckman representa-
tive. Or write for a free copy of “Plasma
Emission Spectrometers for Elemental
Analysis" to:
Beckman Instruments International S. A.
17, Rue des Pieires-du-Niton
1207 Geneva, Switzerland
Tel: (022) 362070

BECKMAIM
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We’re not the new
kid on the block
anymore

After a year of publication, more than 3,000 chemists are reading
Organometallics every month. In fact, last year:

• over 300 papers were published,
• readers received over 1,500 pages of original peer-reviewed

research, and
• the majority of manuscripts were published within three

months of their acceptance!

Edited by Dr. Dietmar Seyferth, Organometallics is essential
reading for organic chemists, inorganic chemists, polymer
chemists—all scientists who need the most current research
in organometallic chemistry.

Each issue brings you original peer-reviewed
research in all aspects of organometallic chemistry,
including synthesis, structure and bonding,
chemical reactivity and reaction mechanisms, and
applications. You also receive special
Communications and review columns. And all at a
fraction of the price you’d pay for comparable
journals in this field.

If you're not reading Organometallics
now, then you’re missing vital
organometallic chemistry research.
Start an affordable subscription to
Organometallics today. Use the attached
coupon or call Toll Free 800-424-6747
to enter your subscription.

American Chemical
Society

Chemical Publishers
Since 1879

American Chemical Society, 1155 Sixteenth Street, N.W., Washington, D.C. 20036 U.S.A.

Yes, please enter my subscription to ORGANOMETALLICS
at the rate checked below:

1984 One Year Rate
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Nonmembers   $195.00
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Surface
Postage
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  $209.00
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Freight
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Card No.

Interbank No.
(MasterCard only)
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Signature

Organization_
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Address G Home_
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City_____
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Journal subscriptions start January 1984. Subscriptions at ACS member rates
are for personal use only. Foreign payment must be made in G.S. currency, by
international money order, GNESCO coupons, G.S. bank draft, or order
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the KONTRON
Double Beam UV/VIS Stars

are in the ascendency

now from
SFr. 16660,-

The UVIKON® 810/820 Double Beam Spectropj^otometers
are having so much worldwide success that KONTRON can
reduce prices. NOW is the time for you to find out the reasons

for the success.

I JAKONTRON  kJ ANALYTICAL
Austria (Vienna) (0222)670631
France (Montigny le Br.) (3)0438152
Germany (Munich) (081 65) 771
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* UVIKON 810 DB Spectrophotometer SFr. 16660,-
(without recorder). In some countries this price does not
include installation, warranty and taxes. Prices subject to
change without notice.
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What Do These Nobel Laureates
Have in Common?

Kohut I Mulliken

Den.li Barton

Muhin C ah in

They have all published articles
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• Chemical &

Engineering News
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GAS CHROMATOGRAPHY

Right from the start
...with PyeUnicam
GC injection systems
Get you r analyses right from the start with Pye Unicam’s high
quality range ot gas chromatography injection systems.

The microprocessor of the PU 4700 Autojector raises
automated GC to new levels, giving you more control over the

injection sequence than any alternative, ft will automatically take
care of the measurement and injection of up to 102 liquid samples
with a very high degree of accuracy and reliability.

Other Pye Unicam injection systems designed to extend

chromatograph usage and applications include

Headspace analyser

A headspace analyser
A flow switching unit for multidimensional
chromatography
A Curie point pyrolyser
Gas sampling valves
A novel valve oven

Full details are given in the new Pye Unicam GC range
brochure. Do the right thing by circling reader inquiry no. 84

for your copy-now.Flow switching unit

Pye Unicam Ltd
ASCIENTIFIC AND INDUSTRIAL CO MPANYOF PHILIPS

York Street Cambridge Great Britain CB1 2PX
Telephone (0223) 358866 Tele* 81 7331

Scientific &
Analytical Equipment PHILIPS
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More for 1

UV/VISIBLE SPECTROPHOTOMETRY

More choice
The addition of the superb new PU8600
microprocessor single beam Series to the Pye Unicam
UV/VIS range enables you to specify Pye Unicam for

every application - from trace inorganics to enzymes.
Choice of end or side window photomultipliers,

single or double monochromator is available in the
PU88O0 Series. For even more budget-conscious
scanning, take a look at the surprising SP8-300 and
400, while the three models in the legendary SP6

single beam range are the outstanding candidates for
routine laboratory assays.

More information
Take the PU8800 Video range. Nothing else comes
near its ability to calculate and display final results with

exceptional speed and accuracy. Isn't that what

today’s UV/VIS requirements are all about?

More performance
Probably the world's best UV/VIS optical systems are
found in Pye Unicam instruments. For instance, every
model -

single or double beam - is fitted with a master
blazed holographic grating and silica coated reflecting
surfaces.

Less effort
Try any Pye Unicam UV/VIS spectrophotometer -

you’ll wonder how such flexibility can be so easy to
control. The PU8800S are already a byword in this

respect, while features like storage for 10 programs,
automatic peak seeking and self-test set new
standards in the PU8600 price class.

Excellence can cost less than you think. For example,
many people don't realise that their budget could well
stretch to a PU8800. In addition, instrument

performance for applications like densitometry, colour
measurement and fluorimetry is so good that your
need for an additional dedicated analyser will simply
vanish overnight.

PHILIPS Scientific &
Analytical Equipment



Don’t settle for “more or less”. Take a new
look at Pye Unicam and get MORE FOR LESS
in UV/VIS.

Inquiry No.

PU8800 double beam 70
PU8600 microprocessor single beam 71

SP8-300/400 double beam 72
SP6 single beam 73

NEWS FROM PHILIPS AND PYE UNICAM

New
high-speed IR

__NEW
No ordinary LC
detector

All the qualities you ever looked lor in an IR

spectrophotometer have been incorporated
without compromise in the new PU 9510 Series
tram Pye Unicam.

Accuracy, speed and reproducibility are

phenomenal. Ease of use is exceptional, data

handling facilities virtually limitless.
Send today lor more details and let the outstand ing
qualities of FD-IR capture your imagination.

Reader inquiry no. 74

Customised LC
, ^nicam offers custom-built versions of its

top quality isocratic, gradient elution or video

liquid chromatography systems - to bring
automation to even the most complex quality
control analysis.

If it's technically possible, Pye Unicam’s

applications engineering team will design, build
and install an LC system to analyse your
samples automatically.
Reader inquiry no. 75

Inquiry No.

PU8800 UV/VIS

spectrophotometers
PU8600 UV/VIS spectrophotometers

SP8 300/400 UV/VIS spectrophotometers
SP6 VIS and UV/VIS spectrophotometers
PU 9510IR Series
Customised LC

PU4021 UV/VIS multichannel detector
Infrared spectrophotometers
Atomic absorption spectrophotometers
Gas chromatography
Liquid chromatography
pH meters

70

71

72

73

74

75

76

77

78

79

80

81

Conductivity meters
Ion selective analysis

Pye Unicam Ltd
A SCIENTIFIC AND INDUSTRIAL COMPANY OF PHILIPS

York Street Cambridge Great Britain CB1 2PX
Telephone (0223) 358866 Telex 817331

Pye Unicam's new PU 4021 multichannel UV/Visible
detector extends significantly the horizons of liquid
chromatography by providing a vast fund ot

information from a single chromatographic run.
Based on a microprocessor-scanned photodiode

array, it is unique as a single unit which combines

high performance and versatility with exceptional
ease of use,

PVC U NIC AM PU 4021 muKttlMniMI detustor g PHIUP4
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Reader inquiry no. 76
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UP TO 80% ON THESE
SELECTED AUDIO TITLES

Quantities of these selected audio cassette tape programs are limited. Orders will be filled on
a first-come, first-served basis. All titles will go back to list price after sale ends.

Affinity Lables in Drug Design
5 tapes 140 visual illustrations (1981)
List $59.95 Sale $39.00

NMR in Chemistry and Biology
6 tapes 150 visual illustrations (1981)
List $79.95 Sale $39.00

Innovative Approaches to Clinical
Analytical Chemistry
7 tapes 218 visual illustrations (1980)
List $89.95 Sale $29.00

Innovation and Research in the
United States
10 tapes 96 visual illustrations (1980)
List $99.95 Sale $19.00

Unusual Hydrocarbons: Synthesis
and Properties
7 tapes 200 visual illustrations (1981)
List $89.95 Sale $39.00

Approaches to Solving Industrial
Toxicology Problems
7 tapes 30 visual illustrations (1981)
List $139.00 Sale $69.00

Automating Your Laboratory
6 tapes 57 visual illustrations (1981)
List $149.00 Sale $79.00
Melvin Calvin: Impact on Bio-Inorganic
Chemistry
8 tapes 167 visual illustrations (1981)
List $99.00 Sale $29.00

Each audio tape program comes packed in a protective album with the illustrations bound in a three-ring
binder. Prices include shipping and handling. The order form below must accompany your payment or

purchase order to take advantage of these sale prices.

AUDIO TAPE SALE
ORDER FORM

  Payment Enclosed   Invoice Company/Purchase Order #

  Invoice Me   VISA Account Number:_

  Master Card/lnterbank Code:_

Send to:

American Chemical
Society
Distribution Office
1155 16th Street, N.W.
Washington, D.C. 20036
Phone 800-424-6747

Expiration Date:_Signature:_
Your Name_Title_

Company_
Address_

Billing Address__

City_State_Zip
California residents add 6% state use tax.



Instrumentation Engineers
AND OTHERS RESPONSIBLE FOR DEVELOPMENT OF PHOTONIC INSTRUMENTATION

Photon Engineering
Continuous Workshops

v
PHOTOMULTIPLIER

TUBES
ARRAYS

Discuss with individual circuit engineers
and application engineers microchannel
plate detectors and other unique circuitry
which can be utilized in your instruments.

Learn about this newest technology in
detection from the engineers involved.
Find out what’s available now and what’s
coming later in 1983.

—

SOLID STATE
DETECTORS

Compare the resolution, speed and
spectral response of new silicon,
gallium arsenide and germanium
models that offer the inherent
advantages of solid state detection.

--<
SCIENTIFIC

LIGHT SOURCES
Talk to specialists in deuterium, hollow
cathode and mercury lamps. Ask about
extended life models and special phos-
phor mercury lamps to match specific
spectral specifications.A

_

  Information to help you design instruments of the future
  Problem-solving answers to your questions about detection
  Confidential conference about your specific needs
  Definitive facts on how to match detectors and lamps for optimum instrument performance

Specialists in detectors and
lamps for the following instru-
ments will be available for
counsel and discussion:

• Spectrophotometers
• Colorimeters
• Gamma Counters
• Scintillation Counters
• Medical CAT Scanners

• Other Medical Imaging
• Industrial Scanners
• Cherenkov Detection
• High Energy Physics
• Other Analytical and Research Instrumentation

AT THE CONFERENCE ON
ANALYTICAL CHEMISTRY AND APPLIED SPECTROSCOPY.

Atlantic City, March 5-8,1984
Room TS-3 (downstairs from the exhibition hall)

Workshops will be in session from 9 A.M. — 5 RM. (except for lunchtime)
Also Visit Booths 201 to 207 Main Exhibit Hall

CALL OR WRITE FOR ADDITIONAL INFORMATION

HAMAMATSU
HAMAMATSU CORPORATION • 420 SOUTH AVENUE • MIDDLESEX, NEW JERSEY 08846 • PHONE:(201) 469-6640

International Oftices in Major Countries ot Europe and Asia.
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Table III, Isocratic Separation of Small Molecules vs.
Gradient Elution of Large Molecules—Dependence on
Experimental Conditions

Relationship
Small molecules,
Isocratic elution

Large molecules,
gradient elution

Plate height h

Plate number
N

(8) Ai'1'3
(9) D"3Ld2/3F-1/3d“4'3

(8a) Cv

(9a) Dmt£(kCd3r1

Resolution Rs,
peak
capacity PC

(10) [D"eL1/2d^3F-1/6d“2'3]
[k'/(1 + k')]

(10a) Dr(tS)’'2(kr<°-5+">'V

Peak height or

(1/ff)
(11) [D"6L-1/2d“5,3F-,/6dp?/3]

[1/(1 +k')]
(11a) D^tir^F-’W-^+^V

Figure 6. Reversed-phase gradient elu-
tion separation of proteins as a function
of column length
Diphenyl-silica column, 10-90% isopropanol-
water gradient, 0,46-cm column diameter, 1 mL/
min flow rate. 1, ribonuciease A (13.7 kilodal-
tons); 2, insulin (6.0); 3, cytochrome c (12.2); 4,
lyso2yme (14.0); 5, bovine serum albumin (66.3);
6, ^-lactogtobulin (35.0); and 7, ovalbumin (44.0).
Adapted from Reference 18

k/(l -j^k) oc (k)1/4, and
C oc (k)n

where -0.5 < n < 0.3 (6).

Equations 10a and 11a apply to the
separation of large molecules by gradi-
ent elution. We have observed that the
column parameter n is close to —0.5
for reversed-phase systems (either
large or small molecules), but should
be larger if stationary-phase diffusion
is markedly retarded (probably the
case in ion exchange and adsorption
chromatography). For reversed-phase
systems, with n taken as —0.5, Equa-
tions 10a and 11a then yield simplified
equations for gradient elution of mac-
romolecules: Peak capacity or average
Rs is proportional to

Df dp1 t0ti5 (12)

and peak height is proportional to

D^2 F_1 dp1 tG1/a (13)

Equations 12 and 13 can be contrasted
with corresponding relationships
(Equations 10 and 11) for resolution
and peak heights in isocratic elution.
Unlike isocratic elution, gradient elu-
tion separations are somewhat insensi-

Flow rate (mL/min) Flow rate (mUmin)

Figure 7. Peak capacity (a) and peak height (b) as a function of flow rate and gra-
dient time tg for separation of various peptides (300-6000 daltons) on a Ci8-srlica
column
Adapted from Reference 19

tive to the column dimensions chosen.
This is confirmed in Figure 6 for the
separation of a mixture of proteins by
the same gradient from two columns
of different length. Peak capacities (or
average resolution) and average peak
heights are similar for the two separa-
tions.

Average resolution and peak capaci-
ty also are predicted (Equation 12) to
be independent of flow rate, and this
is shown experimentally in Figure 7a
for peak capacity vs. flow rate and gra-
dient time for the reversed-phase sep-
aration of a mixture of peptides.
These data also show that peak capac-
ity increases regularly with gradient
time t<;, as predicted by Equation 12.
In Figure 7b the effects of flow rate
and gradient time on peak height val-
ues are shown for the same system.
Here the decrease in peak height pre-
dicted by Equation 13 vs. increase in
to or F is again confirmed. This same

study (19) also showed that a 5-
pm-particle column gave roughly dou-
ble the peak capacity found for a

10-pm column, again in agreement
with Equation 12. Other examples of
the applicability of Equations 12 and
13 for the reversed-phase separation
of peptides and proteins using gradi-
ent elution are presented in Reference
17, where quantitative agreement has
been observed between experimental
data and a model based on small-mol-
ecule HPLC.

The failure of average resolution or

peak capacity to change with column
length L or flow rate F (Figures 6 and
7) deserves comment. The plate num-

ber N increases with L and decreases
with F for macromolecular gradient
separation. However, this is counter-
balanced by a change in k, since k is
proportional to_(F/L),_and resolution
increases with k/(l + k). Equations 12
and 13 thus arise from the fortuitous
cancellation of two effects.

Other Predictions of the Model
The model described here also pro-

vides insight about the question of
how macromolecules move through
the column during gradient elution:
unretained vs. retained (the normal
case for small molecules). Figure 8 il-
lustrates how band migration in re-
versed-phase liquid chromatography
changes with change in the sample
molecular weight, other conditions
held constant. In Figure 8a the elu-
tion of a 100-dalton (small molecule)
solute is shown under conditions
(Equation 4a) that yield a value of k
equal to 3. This separation can be
compared with that of Figure lc. It is
seen that the k' value of the band
varies from about 10 to 1.5 during
most of the migration process. In Fig-
ure 8b the similar separation of a
10 000-dalton solute is shown. Because

(Continued on p. 1429 A)
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Problem GC samples?
Try Perkin-Elmer’s
automated headspace approach.

The HS-100 automated head-
space sampler, coupled with the
SIGMA 2000 gas chromatograph,
helps you solve difficult GC
sample problems. Headspace
analysis is the method of choice
for the analysis of residual
organics in foods, packaging
materials, pharmaceutical
products, modern polymers and
other complicated GC samples.
Our HS-100 helps you forget
about non-volatile content by
leaving it behind. Only the
volatile components in your
sample reach the gas
chromatograph.

If you already work with
headspace GC, you will surely
appreciate the flexibility of the

new HS-100. Here are the facts
that make the HS-100 the most
advanced headspace sampler
available today.
- HS-100 runs more samples for

you unattended than any other
headspace sampler. Maximum
storage capacity is one hundred
22 ml vials.

- All sampling steps are precisely
reproduced, including thermo-
statting time. This gives you
highest possible reproducibility.

- The choice of four operating
modes provides greater flexi-
bility in method development.
The MHE (multiple headspace
extraction) mode allows
complete automation of the
important technique of multiple

headspace sampling.
- Multiple methods storage in

the SIGMA 2000 memory
makes determination of varying
sample types a snap. Simply
load the tray, designate the HS
and GC methods to be used
for each group of samples and
all setup and operation is per-
formed automatically-the
HS-100 does it for you.

For further information please contact:

Perkin-Elmer Corp., Analytical Instruments,
Main Ave. (MS-12), Norwalk, CT 06856
U.S.A. Tel: (203) 762-6853.
Perkin-Elmer Ltd., Post Office Lane,
Beaconsfield, Bucks HP9 1QA, England.
Tel: Beaconsfield (04946) 6161.

Bodenseewerk Perkin-Elmer & Co., GmbH,
Postfach 1120, D-7770 Ueberlingen, Federal
Republic of Germany, Tel: (07551) 811

PERKIN-ELMER
Circle #167 for literature. Circle #168 for sales call.



Our new ICP/6000.
A sequential ICP system with
16 bits, color graphics, plus...
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Atomic Spectroscopy

In ICP analysis, you’re looking for
speed, precision, flexibility, and
operating simplicity. That’s what
the ICP/6000 delivers.

Since it's a sequential multiele-
ment system, you can select from a
wide range of wavelengths to han-
dle different sample types opti-
mally. Each element is determined
under its own optimum, uncompro-
mised set of conditions.

...large memory capacity
and storage.

The ICP/6000 uses our new
16-bit, Model 7500 Laboratory
Computer. Using the powerful MC
68000 microprocessor, the 7500
has a standard RAM capacity of
640K bytes and it's expandable.
There’s a 10-megabyte hard disk
for automatic data storage and
archiving. Plus two double-sided,
double-density floppy disks.

...wavelength identification
and data manipulation.

With its high-resolution color
graphics you can easily distinguish
among standards, blanks and
samples and evaluate wavelength
and background parameters. You
can develop optimized methods
for every sample type and store
them on disk. Identify unknown
emission lines using the resident
wavelength tables. Analyze sam-
ples at any wavelength without
prior wavelength calibration. Ob-
tain a hard-copy color printout.

What's more, you can determine
up to 20 elements/minute. As the
data are generated, they are auto-

matically saved on disk. Then, a re-
port in the format that you choose
is printed or the data are sent to a
host computer.

... exclusive soft keys.
Because the software was de-

signed with the analyst in mind, the
ICP/6000 is incredibly simple to
operate. You don’t need computer
experience. You’ll get clear screen
prompts in color.

What's more, parameter entry is
simplified because our exclusive
soft keys are used. Their labels are
displayed along the bottom of the
large CRT and change with the
operating mode you choose.

... extensive bibliography.
Need to analyze an unknown

sample? With the optional ICP/
6000 bibliography, you have at
your service a research utility con-
taining over 900 ICP references.

More than 250 keywords make
cross-reference searching simple
and fast. Retrieved from disk, refer-
ences are displayed on the CRT
and printed out.

...it’s built tough.
The ICP/6000 nebulizer has our

proven cross-flow design for
analytical precision without adjust-
ments. The plasma torch is de-
mountable, with replaceable
low-cost components. Uniquely
rugged, it handles any lab acids
plus high dissolved solids.

The blazed holographic grating
assures low stray light, and the
computer-controlled grating drive
system results in fast, accurate,
reproducible wavelength selection.
Resolution is excellent, and the
ability to work in the low UV range
(170nm-189nm) is built in.

Facts and figures free.
Get the details from our literature

kit. If you have our ICP/5500 sys-
tem now, upgrading is easy. Call
your Perkin-Elmer representative
or phone toll-free 1-800-762-4000.
Or contact one of the offices below.

Perkin-Elmer Corp., Analytical Instruments,
Main Avenue (MS-12), Norwalk, CT 06856
U.S.A. Tel: (203) 762-1000

Bodenseewerk Perkin-Elmer & Co., GmbH,
Postfach 1120,7770 Ueberlingen, Federal
Republic of Germany. Tel: (07551) 811

Perkin-Elmer Ltd., Post Office Lane,
Beaconsfield, Bucks HP9 1QA, England.
Tel: Beaconsfield (049 46) 6161

PERKIN-ELMER
Circle #175 for literature. Circle #176 for a sales call.



Brings the world's best
background correction to light.

Figure 2 IL Video 22 AA screen during the
determination of Cd in 2% NaCI, with furnace
atomizer. Background absorption is 2.8 absorb-
ance units (99.8% absorption).

Instrumentation Laboratory inc.
One Burtt Road
Andover, MA01810
Tel. 617-470- 1790/Telex: 951096

Instrumentation
Laboratory
An ^^LLIED Company

S-H System compared to Zeeman system:
  No rollover of working curves.
  No "anomalous" elements.
  No obstruction of sample area.
  No splitters or polarizers to impede

light throughput.
  Costs much less.

A winning combination:
IL has introduced a new video AA, com-
plete with graphics, methods storage
and storage of analytical curves. The
dual-channel, double-beam Video 22
AA can determine almost any two ele-
ments simultaneously, can utilize the
internal standard technique, can also be
used as a first-rate UV spectrophotometer,
and is equipped with the Smith-Hieftje
system as standard.

Advantages:
S-H System compared to conventional
deuterium-arc correction:
  Corrects "structured" background.
  Eliminates some spectral interferences.
  Also corrects in visible range.
  Cannot be misaligned.
  Provides better light throughput.
  Corrects higher absorbances (Fig. 2).
  Costs less.

Name: Smith-Hieftje* (S-H) Background
Correction System.

Availability: Only in the new IL Video
22™ Atomic Absorption Spectropho-
tometer.

Principle: The hollow cathode lamp
serves as its own background corrector
(Fig. 1). At the normal lamp current, light
is absorbed by the element and also by
the background. Then a very brief, high-
current pulse broadens the emission,
which is then absorbed primarily by the
background. The difference of the two
signals produces the corrected absorb-
ance. An IL patent is pending.

Figure 1

‘StanleyB. Smith, Jr., Director of R&D, IL Analytical
Instrument Division. Gary M. Hieftje, (Heef yeh),
Professor of Chemistry, Indiana University.

IL'S NEW
VIDEO 22
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(a) (b) (c)
104 106
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Figure 8. Calculated band migration in the gradient elution separation of com-
pounds of varying molecular weight
(a) 100-dalton solute, conditions chosen to give k = 3; (b) 10 000-dalton solute, other conditions the
same; (c) 1-million-dalton solute, other conditions the same. X/L is fractional migration distance; col-
ored line, X/L; black line, k'

of the larger value of S for this com-
pound (17), the value of k is reduced
to 0.5 (Equation 4a), and k' varies
from about 2 to 0.2 during migration.
However, significant retention of the
band exists over the entire course of
its elution from the column. In Figure
8c, for the gradient separation of a
1-million-dalton sample, the value of k
is only 0.07, and the sample is essen-

tially unretained during its elution
(0.05 < k' < 0.5). The separation con-
ditions of Figure 8c are suboptimal for
the separation of such macromolecular
samples, and a change in column di-
mensio_ns or flow rate (so as to in-
crease k) would be expected to im-
prove separation markedly—without

any change in tq. It is likely that many
gradient separations of macromolecu-
lar samples are carried out as in Fig-
ure 8c—without significant retention
of the sample during elution. This is
particularly true of step-gradient pro-
cedures as shown in Figure 9 for the
separation of egg white proteins by
ion-exchange chromatography.

Table II illustrates another charac-
teristic feature of the gradient separa-
tion of macromolecules. Here it is seen
that as solute molecular weight be-
comes large, the band is eluted in al-
most the same mobile phase composi-
tion 0 for the two different, columns:
For the 50 000-dalton solute, 0 =

0.873 for the 6-nm-pore column vs.

0 = 0.870 for the 30-nm-pore column
(corresponding 0 values for the 2000-
dalton solute are 0.804 and 0.750).
That is, it appears that the column
plays no role in determining separa-
tion for large molecules.

It is also found that elution of large
molecules at constant 4> occurs when
other conditions (column length or di-
ameter, flow rate, and gradient time)
are changed—unlike the case for small
molecules. Actually, the present model
predicts just what has been observed:
elution of large molecules at approxi-
mately constant 0. Thus Equations la
and 4a can be combined with the de-
pendence of ko on column surface area

(9) to yield (for a 0-100% gradient):

0 (at elution) = (tg - to)/tq
= (log 2.3 K0)/S + (log 0)/S + (log k)/S

(i) (ii) (iii)
(14)

Here ko = Ko0, where is the station-
ary-phase volume for a given column
vs. a standard column with ko = Ko by
definition (9). Differences in solute re-
tention between two Cm columns of
differing pore diameter (as in Table
II) are described by term ii of Equa-
tion 14. Likewise, differences_in tq, F,
or column dimensions affect k and
term iii of Equation 14. For a given
solute, its value of S will become large
as its molecular weight increases,
thereby making terms ii and iii small.
Therefore in the limit, for very large
sample molecules, terms ii and iii can

become negligible, so that 4> at elution
becomes constant for columns of dif-
ferent surface area and for different
experimental conditions (tq, F, Vm,
etc). Note that differences in the sol-
ute also affect term i of Equation 14.
Because Ko increases with solute mo-

lecular weight, however, term i does
not become small for large-solute mol-
ecules, as do terms ii and iii.

Conclusion
The separation of many macromo-

lecular samples by gradient elution
can be described by the same model
(8) that has been verified for the gra-
dient separation of small molecules. A
simplified form of this model (Equa-
tions 12-14) predicts how separation
varies with experimental conditions,
and this in turn explains some of the
anomalies reported by previous work-
ers. A key feature of these macromo-
lecular solutes is the potentially strong
dependence of retention on mobile
phase composition 0, and this possi-
bility should be considered in the de-
velopment of optimized separation
procedures (to avoid elution as in Fig-
ure 8c). A strong dependence of solute
retention on 0 also leads to some in-
teresting consequences, such as rela-
tive independence of gradient reten-

Figure 9. Separation of egg white proteins by step-gradient elution. Mobile-phase
composition changed (j) for elution of each band
Adapted from Reference 20
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tion time tK on certain experimental
conditions. It should be noted that we
have simplified many features of these
macromolecular separations, and
there is still much to learn about the
“fine structure” of this area of chro-
matography. Most experimental work
relating to this picture has been col-
lected for the reversed-phase separa-
tion of molecules with molecular
weights of 100 000 and under. The
characteristics of these systems may
not be typical of macromolecular sep-
aration is general. However, at this
time, there is no reason to believe that
the gradient separation of macromole-
cules cannot be understood in terms of
the same principles that have served
to explain the chromatographic sepa-
ration of small molecules.
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