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SUMMARY

A general model for the easy optimization of separation in reversed-phase
liquid chromatographic systems has been developed, for use on hand-held or desk-
top programmable calculators. A small number of experimental data (minimum of
four different conditions) are used to generate semi-empirical estimates of £” and e
for various values of temperature and mobile-phase composition (methanol-water,
in present study). These latter &” and a data are then combined with theoretical values
of N from the Knox equation to allow the calculation of resolution as a function of
all experimental parameters. Resolution can easily be mapped for time-normalized
separation, fixed or variable column length, fixed operating pressure, etc. This
allows the easy optimization of the final separation in terms of any set of initial
constraints.

It is seen that temperature plays an important role in such separations, when
mobile-phase composition and temperature are adjusted simultaneously fo maintain
fixed (i.e., optimum) values of &’. Resolution is generally improved at higher values of
separation temperature (and accompanying lower concentrations or organic in the
mobile phase). Exceptions to this rule are noted and discussed.

INTRODUCTION

Reversed-phase (RP) separation on alkyl-bonded-phase packings is now the
most versatile and popular of the various liquid chromatographic (L.C) procedures.
Judging from recently reported applications of madern LC, it seems probable that
75%, of these are now carried out in the RPLC mode. This situation seems likely to
continue for the next several years. It is therefore important to develop an in-depih
understanding of these RPLC separations, and to translate this knowledge into a
systematic approach that can be used by practical workers during method develop-
ment. ’

The optimization of scparation in chromatography (including RPLC) is normal-
ly carried out by trial-and-error procedures, guided by certain fundamental con-
siderations and by empirical intuition. This approach is generally successful, because
of the inherent power of modern chromatographic separation. That is, true optimiza-
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tion is rarely required, and procedures that are in fact far from “optimum™ are
usually adequate for the separation goal at hand. Occasionally, however, one is faced
with 2 more difficult separation problem. For example, the achievement of adequate
resclution for several sample components of interest may clude the first few
attempts at “optimization”. Or it may be required that the separation time not
exceed a few minutes for a reasonably complex sample (as in process control, clinical
analysis, etc.). Alternatively, it may be important to reduce the time spent oa each
“optimization” to a2 minimum, counsistent with adequate resolution of the sample
within an acceptable time of analysis. This would be particularly true in a laboratory
with a heavy demand for method development (e.g., an applications lab in an LC
equipment company), but it is an important consideration wherever LC method
devzicpment is carried out.

In each of the above cases, a systematic scheme is required so that a closer
approach to true optimization is achieved with minimum expenditure of time and
effort. One widely used scheme (e.g., discussion of ref. 1) is afforded by the
resolution equation

R,=(/8 (e—1) VN [K'/1+&)] )
® G i)

Here, resolution R, is related to the separation factor e, the column plate number N,
and the average capacity factor k' of the band-pair of interest. It is assumed that
terms i-iii of eqn. 1 are approximately independent, which allows their separate
optimization. Thus the capacity factor &’ is firsi adjusted into an “optimum” range
of 1-5 for the band-pair of interest. In RPLC systems this is easily achieved by
varying the volume fraction @ of organic solvent in the mobile phase; e.g., a change
from 407, methanol-water to 609, (v/v) methanol. If further improvement in sepa-
ration is required (increased R, or decreased separation time), then either term i or ii can
be further varied. The separation factor can be optimized in various ways: by
changing the organic solvent (e.g., from methanol to tetrahydrofuran), by invoking
chemical equilibria (pH effects, ion-pair formation, €tc.), or by varying the tem-
perature 7 of separation. While initially it was believed that the selectivity of
RPLC mobile phases is dominated by the water present, more recently Karger and
co-workers?-® have shown that significant changes in @ can be achieved by changing
the organic solvent. Variation in mobile phase pH (e.g., ref. 4) or the use of ion
pairing (e.g., ref. 5) allow major changes in separation selectivity, but these effects
are limited to ionized or ionizable solutes. Temperature effects in RPLC are less
well understood at present, although several studies®® suggest that temperature can
significantly affect e values. )

Coiumn plate number (term ii of egn. 1) is now well understood as a
function of experimental conditions due in large pari to the important work of
Knox and co-workers (see ref. 1, Chap. 5 for a general discussion). A rapid scheme
based on Knox’s work has been reported for maximizing N in small-particie
RPLC columns'?. Several workers have noted the genersl improvement in column
efficiency with increasing temperature {e.g., refs. 10, 11).

One limitation of the foregoing scheme based on eqn. 1 is the assumption that
terms i-iii are independent and hence can be separately optimized. While this is a
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useful first approximation, it is known not to be rigorously correct. Thus, a change
in the percentage of organic solvent in the mobile phase mainly afiects £’ but some
effect on @ can be expected, and in some cases N is changed slightly. Similarly,
a change in T affects all three terms significantly, although separation temperature
has not been much used for controlling resolution in RPLC separations.

When a mixture of several components is to be separated, eqn. 1 must be
applied to each of the adjacent band-pairs of interest. This further complicates the
overall optimization process. Since separation selectivity is of greater concern in this
situation, the separate optimization of e values is a useful first step. Laub and
Purnell® have discussed a scheme for plotting experimental e values for a complex
mixture versus a single separation variable (temperature in their examples). It is
readily apparent from such plots whether separation of all sample components is
possible, and what temperature(s) is optimum. Since mobile phase composition
(e.g., the percentage of organic solvent) is of equal importance in affecting « in
RPLC, the generalization of such plots for both composition and temperature is
suggested. Once regions of optimum ¢ are defined, the further optimization of N
and &’ in eqn. 1 could be pursued as needed.

Another approach to optimization of separation in RPLC is suggested by the
work of Deming and Turoff*>. They use the mathematical SIMPLEX scheme to
search for optimum experimental conditions. The concept is as follows. An initial
experimental separation is carried out, the results are fed back into the SIMPLEX
program, the program chooses a logical second set of conditions, the separation for
these conditions is carried out experimentally, the results are fed back into the
program, etc. In this way the SIMPLEX program will search for an experimental
optimum in a “brute force™ but systematic fashion. Two objections to the SIMPLEX
approach are: (1) the “brute force™ approach is limited unless chromatographic in-
tuition and gnidance are provided by the operator (e.g., see ref. 14), and (2) with a
large number of experimental variables plus a2 complex sample, many experiments
will be required during the course of the optimization; unless there is an on-line
interface between the experimental system and the SIMPLEX program, the overall
process will in turn be time consuming.

In the present paper we wish to explore another approach to optimizing
separation in RPLC systems. This scheme is both syncretistic and complementary
with respect to the approaches described above. It is based on the following con-
siderations that reflect recent developments in certain areas.

(1) The availability of simple but rigorous theory for plate number N as a2
function of separation conditions;

(2) the observation that semi-empirical relationships can be used to define
k' and « values in RPLC systems as a function of T and &, on the basis of a limited
number of experimental measurements for a given combination of column, organic
solvent (e.g., methanol) and sample;

(3) the wide availability of powerful desk-top or haad-held programmable
calculators, such as the Texas Instruments Model 59 used in the present study;

(4) the desirability of involving the cbromatographer and his experience
during the optimization process;

(5) the need to include all important parameters in the optimization process
(e.g., temperature).
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The above considerations bhave led us to develop a gemeral computer
approach to separation optimization which is adaptable to small programmable
calculators. Experimental retention data are first obtained for the sample of interest

etroral PD v = —cyey
in a parull:ar s S"y'sseu.: (51‘\-&!. wzu.l.u.u, s.lvcu Ggsau"ic m"\m“"fxef' e.g. me&i&i‘;sl} fef

four different sets of experimental conditions (different percentages of organic
modifier @, temperature 7). Appropriate reduction of the latter data generates a set
of szmi-empirical parameters which describe solute retention as a function of D and
T, and these are inserted into the program. Further optimization of the separation is
now carried out {using the calculator) by mapping resolution (and other pertinent
measures of separation, e.g., peak height for sensitivity) as a function of &, T and
other separation variables.

We also wish to report data on the combined effects of temperature and mobiie
phase composition oa resolution. While it has been known that &’ values generally
decrease with either increase in T or %-organic in RPLC systems, the effect of
simultaneous change in these latter two variables on a has so far not been reported.
As we will see, this dependence of @ on T and the percentage of organic solvent is
important in optimizing R,

Finally, the present Imited study suggests certain generalizations for the
dependence of &' in RPLC on the various separation variables, generalizations which
transcend sample rvpe and the separation system. While the consequences of these

observations wﬂl be explored in greater det'cul elsewhere, they allow some grelim-
inary guidelines to the optimization of RPLC separations in the absence of theoretical
calculations for a particular case.

The present discussion is restricted to isocratic RPLC systems. However,
recent work from this laboratory!'S—7 has established that gradient elution separations
can be related to isocratic separation in simple fashion. The further discussion of the
impact of the present study on RPLC gradient elution, and vice versa, will be de-

ferrad until later.

THEORETICAL

General resolution equation
The present approach to optimizing separation is based on an alternative form

ofegn. 1:

R, = 2 (t,—1)/(wy + wp) . 2

Hers, ¢, and ¢, are the retention times of bands 1 and 2, and w; and w, are their
base-line bandwidths (in time units). R, can be related directly to values of £’ for the
two bands (k, and k,) and to the column plate number N, since

t, =t (1+k)and ¢, = 1, (1 +kr) (2a)
and
N = 16(t,/w))? = 16(t,/w,)? (2b)

The assumption that N is generally the same for different bands in an RPLC chro-
matogram is usually valid, but values of N for each band can be determined as

below.
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If we are to calculate R, as a function of experimental conditions from egns.
2-2b, we require &y, k, and N as a function of experimental conditions.

N as a function of experimental conditions
Knox and coworkers (e.g., refs. 1, 18) have shown that the reduced plate
height & for any LC column is given by

B =2y + 4°*B L Cv 3

Here, A and C are constants characteristic of a given column, and £ is related to
plate height H and particle diameter d, as

k= Hid, (32)
The reduced velocity v is given as
v = udy[Dy (3b)

The quantity # is the velocity of the mobile phase, equal to Lfz,; L is cclumn
length and 1, is the dead-time for the column (see ref. 1 for further comment). The
solute diffusion co-efficient D, is commonly given by the Wilke~-Chang equation®:

D, = 7.4-107° (psMz) T/nVe® @

M is the molecular weight of the mobile phase and y; is an association factor; values
of yp My for RPLC systems are estimated in ref. 12. Fis the absolute temperature
(°K), 7 is the mobile phase viscosity (cP), and V, is the molar volume of the solute
(ml). Eqn. 4 is inapplicable to macromolecular solutes such as proteins and
polymers.

The mobile phase velocity u can be calculated for a particular LC system
as (e.g., ref. 1):

u = Pd}2®*nL )

Here, P is the pressure drop across the column (cgs units), and &@* is an empirical
column permeability. For columns of porous, spherical particles, ®* is generally
close to 500 for well-packed columns.

For a given column and RPLC system, the various parameters above wﬂl be
defined, so that N can be calculated as a function of experimental conditions. In the
case of “well-packed” columns of “good” packing material, eqn. 3 for porous
particles becomes

h =2y + >3 L 0.050 ®)

For such columns, the parameters 4 and C of eqn. 3 need not be determined. For
values of 7 in RPLC systems, see ref. 6. Using methanol as organic solvent, we
found that the latter data obey the empirical fitting function below (egn. 6a), within
+29% over the range 0<® <1 and 15T <65°C.

= 1 1
log 7 = log 74 + 10%(0.65 + 0.2 7,) (—1—; — m) (62)
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whers

40 = 0.64 - 21962325 (6b)

and 1., is the viscosity at 40 °C.
Values of 7 as a function of @ and T for organic solvents other than methanol will
require other empirical fitting functions. Note that  need not be estimated to better

than -+ 109,.

K’ as a function of experimental conditions

Because retention in chromatographic systems is determined by the equilibrium
characteristics of the system, k&’ values for a given solute at two temperatures T,
(ko) and T, (k,) are generally related (other conditions constant) as

log k. = log &k, — a(1/T, — 1/T) o

Eqgn. 7 has been verified in numerous RPLC systems (e.g. ref. 6 and present study). 7T
in ‘eqn. 7 refers to absolute temperature and a is a constant which is proportional to
the standard molar enthalpy for the transfer of solute from one chromatographic
phase to the other. It will prove convenient to replace T, by a reference temperature

Te (and k3), to give
logk,=logkpy —a(ljTy — 1/T) (72)

The parameter g will vary with the solute and with mobile phase composition.
For a given solute and separation temperature 7, it is generally observed that
X’ varies with the volume fraction @ of organic solvent in the RPLC mobile phase as

logk’ =b —cd. ®

Numerous studies summarized in refs. 15-17, as well as the present studies, show
that egn. 8 is generally obeyed within experimental error. Schoenmakers ef al.2° report
curvature of log X’—@ plots in representative RPLC systems, but this effect seems to
be slight and is probably not general (particularly over the narrow range in X’ values
that is of interest in chromatographic optimization). Where deviations from eqn. 8
are significant as far as optimization of resolution is concerned, it is possible to

correct for these (see below).
If eqns. 7a and 8 are obeyed by a solute in 2 RPLC system, then it follows that

the temperature coeflicient ¢ must be of the form
a=d—e® )

where 4 and e are constaants for a given solute and system. This can be seen by
solving for g in eqn. 7a:

a = (log kg — log £)/(1/Ts — 1/T) %a)

k_ is given by an equation of the form of eqn. 8, as is &z:

logk, = b, —c, D
logkg =56, — ¢, D
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Here, b, b,, c, and ¢, are constants for a given solute and RPLC system. Substituting
the above equations for log &, and log & into egn. 9a gives

a = (b — b)/(1Te — VT — (- — /(T — TI] P (9b)

Since the various terms of eqn. 9b are constant (for fixed temperatures TR and T),
except for  and D, eqn. 9b is seen to be of the same form as eqn. 9.

It is convenient now to define a “standard state” for the RPLC system
(specified by solute, column and nature of the organic solvent; e.g., methanol). The
standard state is defined by a temperature 7, and mobile phase composition @;. In
the present study, 7, = 51°C (324.3°K) and @, = 0.60 (unless otherwise noted). The
standard state value of &' for the solute of interest is k.. From egn. 8 we can write:

log ks =1logk, — c (@ — D) (10)

Here, ko ¢ tefers to a value of &° for some value of @ and the temperature T,. From
eqgns. 92 and 10, for a value of £ at any value of T and @, we then have

logk’ =logkos,s —a(l/T; — 1/T) (102)

Eqgns. 10 and 10a allow the calculation of X’ for any value of T and D, as
follows:

(1) determine the value &, for 7, and &;

(2) determine the value of ¢ from egn. 10 for experimental values of &k; and
k' at another value of @ (@ £ D) and T'= T;

(3) determine experimental values of 4 from egn. 10a as applied to values of
k' at the same @ and different values of T; obtain ¢ values for at least two different
values of D;

(4) determine the coefficients 4 and e of egn. 9 by plotting experimental g values
vs. D;

(5) to calculate &’ for any value of T and @, first calculate &5 ¢ from egn. 10;
then calculate &’ from eqn. 10a (after determining 2 from eqn. 9).

The foregoing scheme allows calculation of X’ as 2 function of T and D,
given a minimum of four well-chosen values of &' at different values of @ and T Thus,
assume the initial measurement of &X' for @ = 0.5 and T = 25°C gives a value
k' = 3.5. A second measurement might then give &’ = 2.0for® = 0.5and T = 60°C.
To maintain accurate values of k', the second two measurements should then be
carried out at the same values of T (25 and 60 °C), and a lowsar value of @ (e.g.,
@ = 0.2). This might in turn yield &’ values of 16 (25°C) and 8.2 (60°C). The
standard temperature could then be selected arbitrarily (e.g., T = 25°C), or as
discussed below. If a standard temperature other than either 25 or 60°C is desired,
values of &’ for that temperature can be determined by interpolation according to
eqgn. 7.

A comparison of calculated k' values as a function of T and @ (as described
above) is made with experimental values in a later section. Generally good agreement
is noted.

When might a particular standard state be chosen in preference to some arbi-
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trary T, @ combination? The standard state value of £’ (&,) can be determined
either directly (by experiment) or interpolated from direct experimental observations.
Thus, k, will be known fairly precisely. Extrapolation to other values of &' can
lead to experimental error or imprecision, depending on minor deviations of experi-
mental data from the relaticnships predicted by egns. 72 and 8. Thus maximum
accuracy in predicted values of X’ cccurs when conditions for & are similar to those
for k.. -

. When might it be important to obiaizc maximum precision in estimates of £'?
Resclution R, is quite sensitive to values of X’ when values of a are close to 1.0. There-
fore, optimization of R, requires accurate values of X’ in this region of T"and &¥. For
example, it might be found that ¢ = 1.00 for two compounds of interest over the
range of conditions T = 60°C, @ = 0.30 to T = 25°C, & = 0.45. A good choice for
the standard state would then be T = 45°C and & = 0.37.

EXPERIMENTAL

Chromatography

The liquid chromatograph was assembled from commercially available
modules consisting of an LDC Constametric I pump and Model 1203 254-am UV
monitor (Laboratory Data Control, Riviera Beach, Fla., U.S.A.), a six-port sampling
valve (Model CV6-UHPa-N60), Valco, Houston, Texas, U.S.A.), a constant-temper-
ature water-bath (Technicon, Tarrytown, N.Y., U.S.A.), and a Varian Model A-25
recorder (Varian, Palo Alto, Calif., U.S.A.). The separations were performed on Cg
reversed-phase columns (150 X 4.6 mm LD., d, = 5 gm, Fast-LC-8™ Columas;
Techuicon).

Duplicate k&’ values were measured afier 1 h of system equilibration. The
column dead time 7, was measured by injecting mixtures of methanol-water differing
in composition from the mobile phase.

All solutes were reagent grade, used as received and diluted in methanol-water
(50:50). Mobile phases were prepared cn a volume basis using Photrex grade
methanol (J. T. Baker, Phillipsburg, N.J., U.S.A.) and Milli-Q water (Millipore,
Bedford, Mass., U.S.A.).

Calculations

All calculator-generated data weire obtained with a TI-59 programmable
calculator (Texas Instruments, Dallas, Texas, U.S.A.). The use of appropriate
equations developed in preceding sections provided a calculator program capable of
completely describing the separation of any two adjacent solutes, as a function of
pertinent experimental conditions. The actual sesquence of calculations is summarized
in Table I and detailed in the Appendix.

The experimental variables and parameters required in the program are listed
in Table I. Final calculated quantities (R,, P, etc.) are also shown in Table I. The
computational steps listed in Table I were carried out as follows.

) (1) Values of &’ for the two bands (k; and k,) are calculated using eqns. 9, 10
ard 10a. The necessary experimental parameters (log &, ¢, d, €) can be derived by
application of these same equations to pertinent data. Values of these parameters for
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TABLE1X
CALCULATION SEQUENCE

161

Calculated parameters: R,, N, P, k*y, k', u, v, ; requived inputs: D, 7, ¢, (primary variables); &¢ L,
4, (eld constant in these experiments); solute coefficients (b, ¢, d, €), molar volume (¥F)).

Calculations
1. Calculate &'y, &2 = (P, T)
2. Determine &'me.. (K1 0r K2 )
z == thg
4. Calculatey = (P, T)

—_ 74 - 10°% Mg T
S. Du= (vsMp)

nvys
V.= h+v:
6. v = ijn
7. kR =2y 43 30050
8. H =*id,
9. N =LiH
10. £, =61+ kD)
11. &2 =&,
12. Wy =44]N*
W. = 44,/N*
2(t: — &)
13. Ry =m——mF—
ugl + wp)
*nL
P =
14 5
B =D, 1)
logk’ = (6 —@)—(d—e@)(i_i)
& Te T

where b, ¢, d, e are determined experimentally.

=D, T) . s
log 1 = log 7 + 10° (0.65 + 0.2 775) (? - iﬁ)
where 7:9 = 0.64 + 2.1 — 232

TABLE I

k" DATA FOR R, OPTIMIZATION

Solutes k’ (60%, 51 °C) b* c=8" d e a
p-Nitcophenol 0.34 0.896 2.345 2540 2360 1125
Phenol 0.38 0.892 2.215 1474 1590 523
Acetophenone 0.63 +1.310 2.505 1414 1554 480 .
Anisole 1.09 “1.595 2.595 854 485 563
Methyl benzoate 1.10 1.755 2.835 1340 1180 632
Benzene 1.20 1.587 2.535 1264 1184 555
Phenetole 1.75 2.056 3.028 1266 975 681
Toluene 2.03 2.080 2.965 1341 1016 732 " -
Ethylbenzene 3.28 2.582 3.450 1770 1595 813

* At 51 °C.
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TABLE IH
EXPERIMENTAL VERSUS CALCULATED k&° VALUES
6=01.
Solutes Temperature (°C)

31 41 51 59.5 695

Exp. Cale. Exp. Cale. Exp. Cale. Exp. Cale. Exp. Cale.
p-Nitrophenol 0.26 0.27 0.20 c.22 0.18 0.18 0.14 0.15 .08 0.13
Phencl 026 026 024 0.24 022 0.22 0.21 0.21 0.18 0.19
Acetophenone 040 042 038 039 036 036 034 034 030 032

- Methyl benzoate 070 075 063 066 059 059 052 054 047 048

Anisole 0.71 0.76 0.65 0.67 0.60 0.60 0.54 0.55 0.47 0.49
Benzene Q.77 0.80 0.72 0.72 0.65 0.65 0.61 0.60 0.54 0.55
Pheoztole 1.07 1.13 0.96 0.99 0.87 0.86 0.77- 0.78 0.68 0.69
Toluene 1.24 1.36 113 1.17 1.01 1.01 0.87 099 0.76 .79
Ethylbenzene 192 199 1.68 1.70 1.47 147 1.30 1.30 1.13 1.14

the solutes studied by us are listed in Table II (and were derived from the experimental
data of Tables HI-V).

(2) Since it is not always known in advance which band will elute first, the larger
of the two &’ values calculaied in step No. 1 is determined (Xp,;)-

(3) The quantity ¢, is calculated from the specified separation time £, and the
latter value of Ky -

(4) The mobile phase viscosity 7 is calculated from eqgns. 6a, b.

(5) The average solute diffusion coefficient D,, for the two solutes is estimated
from eqn. 4 (using an average value of V).

{(6-9) Egns. 3b and 6, plus definitions of 2 and N.

(10-13) Eqgns.2,2a,2band 5.

TABLE IV
EXPERIMENTAL VERSUS CALCULATED &’ VALUES
S =06.
Solutes Temperature (°C)

29 41.5 505 61 705

Exp. Cale. Exp Cale. Exp. Cale. Exp. Calc. Exp. Cale.
p-Nitrophenol 0.57 0.55 0.42 0.45 0.34 0.31 027 024 022 o2
Phenol 049 0438 042 041 0.38 0.37 0.24 033 0.30 0.30
Acetophenone 079 082 063 071 063 064 057 058 050 053
Metbyl benzoate 151 157 124 130 110 114 096 099 083 0388
Anisole — — 123 123 109 110 095 094 0382 037
Benzene 158 155 133 131 120 117 105 103 092 093
Phenctole 244 247 2.00 201 1.75 1.75 1.50 1.50 1.28 1.32
Toluene 282 292 231 234 203 202 74 11 148 149

Ethylbenzene 482 495 3.84 3.87 3.28 3 2.74 274 231 234
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TABLE V
EXPERIMENTAL VERSUS CALCULATED &k VALUES
& = 05.
Solutes Temgerature (°C)

30 41 52 59 71

Exp., Cale. Exp. Calc. Exp. Cale. Exp. Cale. Exp. Cale.
p-Nitrophenol 0.93 103 071 072 0.51 051 040 0.42 — —
Phenol 0.85 085 070 071 0.60 0.60 0.55 0.54 — —_
Acetophenone 154 156 129 133 112 1.12 191 102 088 0.87
Methyl benzoate 3.19 315 258 2.58 2.14 2.14 192 191 — —
Anisole 2.80 268 229 2.28 195 196 1.75 1.78 - —
Benzene 291 290 241 243 2.06 2.06 1.87 1.86 1.57 1.58
Phenetole 514 511 414 415 344 342 304 305 — —
Toluene 5.84 596 4.69 478 3.89 3.89 345 343 282 281
Ethylbenzene 1124 1160 878 89 703 704 599 609 — —

RESULTS AND DISCUSSIONS

The first consideration is how well the present approach predicts resolution and
other separation parameters. The main question in this regard is the ability of eqns.
9, 10 and 10a to estimate values of &’ as a function of @ and T. Table II provides
derived values of log &, ¢, 4 and e for 9 solutes, obtained from the experimental data
of Tables ITI-V. Tables III-V compare experimental and calculatéd values of &’ for
9 solutes over the range in coaditions: 29°C < T << 71°C and 0.5 << @ < 0.7. For
these substituted benzene derivatives, the 127 experimental &’ vaiues are predicted
with an average variation of - 29, (1 S.D.). In this case the reliability of egns. 9-1C2
appreaches the precision of the raw experimental data. We believe that similar accuracy
of these relationships will be found for most other solutes in RP systems.

Another test of the present approach is provided in Table VI. Here we have
selected two of the solutes of Tables HI-V (benzene, methyl benzoate) and calculated
R, N, etc. by means of the present program. Comparison of the resulting values with
experimentally determined data (Table VI) shows close agreement with all parameters.
The actual chromatogram is shown in Fig. 1.

TABLE VI

PREDICTED VERSUS EXPERIMENTAL SEPARATION OF METHYL BENZOATE-
BENZENE; & =05, T=28°C

t: — ¢,
Ry,=2 (._’__‘_)
Wy + w2
t R, k’s k’ ME u N
Predicted 140 1.24 3.00 3.27 046 6140 .

Experimental 144 1.14 304 3.30 0.45 6314
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METHYLBENZOATE
BENZENE ‘

TOLUENE

~ ] L

- 1 - — ok ———r
1 2 3 4 s
Time, minutes

Fig. 1. Separation of methyl benzoate-benzene. Cs column, 4.6 X 150 mm, 4, = 5 um, methanol-
water, @ = 0.5, T = 28 °C, u = 0.45 cm/sec.

Use of the present program (two adjacent bands)

The application of the present approach is illustrated using data from Tables
IV, for the simplest problem of the separation of two compounds. This is pertinent
for a sample containing only two difficultly separable solutes, but a similar approach
can be adopted for more complex samples (see below). In essence, the present program
allows the operator to adopt any optimization strategy bhe wants, but it climinates
the need for intermediate experimental work; i.e., the calculator replaces the LC unit
during optimization. Tables VII-IX provides an example, for several different solute

TABLE vII

SEPARATION AS A FUNCTION OF & AND T AT NORMALIZED k&’ FOR THE SOLUTE
PAIR BENZENE-TOLUENE

&b T R, P k', a v ] N

t; = 100 sec, k’>» = 3.01 & = 0.60 cmjsec

064 115 761 5092 1.52 198 579 194 4445
0.60 274 805 3644 1.59 1.89 3945 1.39 5570
0.55 470 8.62 2499 1.65 1.83 2556 095 7025
0.50 61.0 9.23 1746 1.67 1.80 16.92 0.67 8554

ty = 3060 sec, K’z = 3.01, u = 0.20 cmsec

0.64 11.5 10.24 1697 1.52 198 19.30 1.94 8053
0.60 274 10.53 1238 1.59 1.89 13.14 139 9525
0.55 47.0 10.86 833 1.65 1.83 8.52 0.55 11158
0.50 670 11.14 582 1.67 1.80 5.64 0.67 12467
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TABLE VHI

SEPARATION AS A FUNCTION OF @ AND 7T AT NORMALIZED £’ FOR THE SOLUTE
PAIR METHYL BENZOATE-BENZENE

£, = 100 sec; K’y = 3.00; « = 0.64 cm/sec. Note: k', is normalized, not &’,.

L+ ] T R, P K, 14 c v n N

0.5 28 1.13 4002 300 327 1.09 46.28 143 5083
045 46.6 1.27 2726 3.00 3.26 1.09 29.88 0.98 6481
0.4 64.3 149 1957 3.00 328 1.09 2046 0.70 7836
0.38 71 1.60 1743 3.0¢ 3.30 1.10 179 0.62 8336

pairs. In Tables VII-IX the column was held fixed (L, d, and 4. do not vary), along
with separation time ¢ and &,,,,- . That is, the separation was time-normalized and an
“optimum” value of &’ = 3 was assumed. Since the present program does not input
a value of k.,,,,_(although it could be rewritten to do s0), k... Was maintained equal
to 3.0 by varying T at each value of @ studied. For @ = 0.64 in the initial “experi-
ment” of Table VII, trial-and-error variation in T gave a value of T = 11.5°C for
Kz, = 3.0. The value of @ was then lowered to 0.60 in Table VI, and a new value
of T (for £py=. = 3.0) determined. The value of R, was observed in each case for final
values of @ and T (R, = 7.61 and 8.05). Since R, was increased by decrease in @
(and increase in T), the optimization process was continued to give R, = 9.23 for
@ = 0.5 and T = 67°C. Higher column temperatures were considered impractical,
but would have given larger valtues of R,.

The next step in the optimization is to note that column pressure is only 1746
p.s.i. (for @ = 0.5, T = 67°C), and it is assumed that the system allows 5000 p.s.i.
Further optimization in R, can therefore proceed by allowing k.. to increase. This
is accomplished by decreasing @ and holding T constant. When this was pursued it
was found that R, improved to 11.7 at @ = 0.3 (P = 5027 p.s.i., & e, = 10.97).

Alternatively, optimization could have been cartied out by varying T at each
value of @ to give some fixed (maximum) value of P (rather thad fixed k. ). This
would have essentially yiclded a similar set of final conditions for maximum R;.
During the optimization, other separation parameters can be checked. In some
applications, maximum detection sensitivity for some mipimum value of R, may be
desired. This can lead to a different set of final conditions, chosen as “optimum™ for
W, and #,, rather than for R,.

TABLE X

SEPARATION AS A FUNCTION OF & AND T AT NORMALIZED &k’ FOR THE SOLUTE
PAIR p-NITROPHENOL-PHENOL

t; = 100 sec; &2 = 3.01; « = 0.60 cm/sec.

L] T R, P o} e v 7 N
0.40 20 553 4506 190 1.58 51.72 1.72 4761
035 28 442 3694 215 140 41.56 141 5408

0.30 354 3.11 3059 242 1.24 33.82 117 6065
020 48.5 0.00 2148 3.00 1.00 23.10 0.82 7389
0.15 58 298 1702 252 1.19 1791 0.65 8337
0.10 67 6.03 1351 2,12 142 1394 0.51 9299
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‘Where separation time is to be optimized (minimum ¢), the input value of # can
be successively reduced while R, is maximized as a function of @ and T for each
vaiue of 1. Or after optimum values of @ and T (for maximum R,) are obtained at'one
value of 7, £ can be reduced until R, reaches the minimum acceptable value. Column
iength L can also be varied in this process, for absolute minimization of f£. Other
examples of the vse of this program will be obvious to the experienced worker.

Use of the present program (more than two bands)

‘Where three (or more) overlapping bands of interest are present in the
sample, optimization can be obtained by mapping R, values for the various band-
pairs which have marginal resolution. While this is more cumbrous than for the case
of a single band-pair (as above), in most cases, optimization by calculator proceeds
more rapidly than experimental optimization. The present conceptual approach could
also be extanded to a larger computer program capable of simultaneously handling
more than two sample bands. For more complex samples, however, a more practical
approach may be the initial mapping of @ values for all solutes in the sample, as
carried out by Laub and Purnell®. This allows the chromatographer to focus on
regions of @ and T of major interest (maximum e value for the most difficulty
separable band-pair), following which further optimization can be pursued using the
present program.

Resolution as a function of D, T and normalized K, ..

The present program allows additional insight into the various factors that
determine resoluticn in a particular case (given pair of solutes, LC system, etc.). Thus,
a particular parameter can be varied, and all the consequences of that variation are
available from the computer program. We will explore this aspect further, using the
data of Tables VII-IX.

In Tables VII-IX, values of R,, P, etc. are mapped for three representative
solute pairs as a function of @ and 7. In each case, column lengtb: was held ﬁxed,
along with separation time and X,

Tables VII-IX show data for the solute pairs benzene-toluene, methyl ben-
zoate-benzene and p-nitrophenol-phenol. In each example, as D is decreased and T
is simultaneously increased to maintain normalized %', N increases and its con-
tribution to R, increases. Closer examination of the data reveals that this is simply
a result of » approaching its optimum value, because 7 is decreasing. Note that this
occurs at constant ». Furthermore, since 7 is decreasing, it follows that P must also
decrease. For the solute pairs benzene—toluene and methyl benzoate-benzene, Nhasa
dominzant influence on R;; i.e., B, also increases with decreased @ and increased T.
However, this is not the case with p-nitrophenol-phenol where the influence of ¢ dom-
inates (se¢ detailed discussion below).

At this point it is appropriate to subdivide the various contributions to R,
(terms i-iii of eqn. 1) to provide additional insight into the influence of @ and T on
separation. The data of Tables VII-IX provide some pertinent examples, Fig. 2
further illustrates the effects shown in Tables VII-IX, in terms of percentage chaages
in R, with change in @ and 7. Corresponding changes in R, arising from ferms i-ii
of eqn. 1 are also plotted in Fig. 2. The reference point for these plots (0% change)
corresponds to the highest @ value in each case. The influence of the &’ ferm (iii)
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PERCENT CHANGE IN RESOLUTION AND COMPONENTS
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Fig. Z. Percent change in resolution with decreased @. Temperature adjusted to normalize &’.
Solute pair: (a) benzene-toluene. (b) methyl benzoate-benzene (R; offset by +59%). (¢) p-nitro-
phenol-phenol.

is roughly constant, because k., is held constant. The contribution of N is to
increase R, for larger values of T, as discussed below. In the case of the separation of
benzepe-toluene in Fig. 2a, the latter effect is sufficient to overcome a2 small decrease
in a as @ decreases. For the solute pair methyl benzoate-benzene (Fig. 2b), the
a contribution decreases slightly (approx. 3.5%) and then begins to increase as T in-
creases. Again, the influence of N is sufficient to produce a net increase in R; for
the conditions studied. Notice however that the R, line begins to diverge from the
/N line when the a coatribution begins to increase.

The most dramatic example of the influence of @ on resolution is provided by
the solute pair p-nitrophenol-phenol (Fig. 2c¢).

The &’ and N terms contribute to R, as in the two previous examples. However,
the a contribution is seen to rapidly decrease (@ — 1.0) as @ decreases (T increasing),
and then increases with further decrease of @. Resolution effectively follows e in this
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case, and the desired resolution can be achieved at two combinations of @, T. The
combination lower @, higher T is preferable since it results in a lower operating
pressure (77 is smaller).

From these examples, it is a simple matter to describe several general
categories capable of defining R, of solute pairs under conditions of X... normalized
(via adjustment of @, T) and constant ..

In every case, the k" contribution is approximately constant as long as &’ is
not small, and the N centribution increases as long as v,,, is being approached.

N dominates. If changes in « are not great, the R, will obviously improve as
long as v,,,, is being approached. For this type of solute pair it is generally heneficial to
operaie at higher T, lower @. Figs. 2a and b illustrate this case for both slight in-
crease and slight decrease in a.

@ dominates. There are several possibilities when a dominates R, since we have
seen that it can decrease, increase, or do both with increase in 7 under normalized
conditions. If ¢ decreases (as @ decreases and T increases), then it is best to operate
at the highest reasonable @ and lowest T to achieve separation. If a increases, the
opposite extreme is desirable. In both cases it is wise to check that the complete usable
temperature range is explored to be sure that a crossover does not occur. In cases
where crossover does occur (i.e., e = 1.0), it may be possible to achieve the desired R,
at two sets of D, 7. It seems generally advisable to operate at the lower @ (hence,
higher T), since operating pressure will be lower (as long as v is approaching its
optimum value). Fig. 2c illusirates this situation.

Generalizations regarding the dependence of k' on temperature and mobile phase
composition

The variation of solute X’ values with temperature and mobile phase com-
position D is given by the coeflicients c, 4, and e of egns. 9 and 10. However, these
coefficients are not totally independent. This can be seen in the tendency of tem-
perature coefficients @ (or transfer-enthalpies AH) to increase regularly with &, for
different solutes (and @ constant); e.g., see discussion in ref. 6. Similarly, the
coefficient ¢ of eqn. 8 now appears to increase regularly with &, in many RPLC
systems, although this effect has not been obvious in some studies fe.g., refs. 16, 20
and others). For example, the data of Tanaka and Thomton®' are instructive in this
regard. These workers obtained extensive data on k' vs. @ for 31 compounds of
widely varied structure and &, value. Derived values of ¢ vs. &, (T = 30°C, @, =
0.6) are plotted in Fig. 3. A regular increase in ¢ with increasing k; is apparent, and
is noted also in the present (and other) studies.

In fact, to a first approximation it scems that ¢, 4 and e are all roughly
predictable from values of &, in a given RPLC system. However, this dependency
or functional relationship may vary from one column type to another (the extent of
surface coverage by bonding alkyl groups may be a factor), and for different classes
of solutes. In the present C; RPLC system we found that extrapolated values of ¢ vs. @
converge to a value of 158 for @ = 1.0. That is, temperature coefficients were
similar for all solutes studied in pure methanol as mobile phase. For a more water-
rich mobile phase, more strongly retained solutes had larger ¢ values for a given
value of @ (as expected from ref. 6 and other studies). To summarize, it was
possible to predict values of ¢, 4 and e (present study) with reasonable precision, given
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Fig. 3. Correlation of values of ¢ (egn. 8) with &,. Methanol-water, C;s column, 30 °C. Values of
k, calculated for @, = 0.6, T = 30 °C. Data of ref. 21.

only a value of &, for the compound. The derived equations for the present RPLC
systemn were:

c=23113logk, an
e = 1450 + 1100 log &, (i1a)
d=158 + e (11b)

The ability -of eqns. 11-11b to predict values of &’ for the compounds of Table IT
is summarized in Tables X—XII. As expected, agreement between experimental and
calculated values is poorer than using empirically derived values of ¢, 4 and e
(Tables ITI-V), but is still good (4+9.4%).

Cne practical consequence of the above correlations (egns. 11-11b) is that
a values remain essentially constant for variation in T and &, if &' is held constant
during such change in separation conditions. This means (in the general case) that an
increase in T (with decrease in @) will usually provide larger R, values, due to the
accompanying increase in N. Thus we can generally expect better resolution at
bigher 7 values in RPLC separation, although the preceding examples show that there
are exceptions to this rule.
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TABLE X
EXPERIMENTAL VERSUS CALCULATED k* VALUES;. AVERAGE COEFFICIENTS
(Egns. 11-11b)
b =07.
Saolutes Temperature (°C)

31 £1 51 59.5 695

Exp. Cale. Exp. Cale. Exp. Cale. Exp. Cale. Exp. Cale.
p-Nitrophenol 026 038 020 025 0.18 023 014 021 008 0.20
Phenol 026 0.31 024 028 022 025 0.21 0.23 0.18 0.1
Acetophenone 0.40 0.50 0.38 044 0.36 0.39 0.34 0.36 0.30 0.32
Methylbenzoate 070 035 0.3 0.73 059 064 052 057 047 051
Anisole 0.71 0.84 0.65 0.73 0.60 0.63 .54 0.57 0.47 0.50
Benzene 077 092 072 079 065 069 06@ 062 054 054
Phenetole 1.07 1.31 0.96 112 087 096 077 085 068 074
Toluene 1.24 1.5% 1.13 1.28 1.01 109 087 096 076 034
Ethylbenzene 192 235 168 197 147 166 130 144 L13 124

Standard state, @ = 0.6, T = 50.5 °C.

TABLE XI
EXPERIMENTAL VERSUS CALCULATED k" VALUES; AVERAGE COEFFICIENTS
(Eqns. 11-11b)
b =0s6.
Solutes Temperature (°C)

29 41.5 505 61 705

Exp. Cale. Exp. Cale. Exp. Cale. Exp. Cale. Exp. Calc.
p-Nitrophenol 057 045 042 038 034 034 027 030 022 0.27
Phenol 049 051 042 043 038 038 034 034 030 030
Acetophenone 079 088 069 €72 063 063 057 056 050 048
Methylbenzoate 1.51 1.61 124 129 110 111 096 094 0.83 0381
Anisole - —_ 1.23 1.28 1.09 1.10 0.95 093 0.82 0.86
Benzene 156 178 133 142 120 1.21 105 102 092 088
Phenetole 244 271 200 2.10 1.75 1.77 1.50 1.46 1.28 1.25
Toluene 2.82 3.19 231 245 203 205 1.74 1.69 1.48 143
Ethylbenzene 482 540 384 403 328 332 274 267 231 222
TABLE X1I

EXPERIMENTAL VERSUS CALCULATED &k’ VALUES; AVERAGE COEFFICIENTS
(Egos. 11-11b)

D =0.5.
Solutes Temperature (°C)

30 £1 52 59 71

Exp. Calc. Exp. Calc. Exp. Calc. Exp. Czalc. Exp. Cale.
p-Nitrophenol 0.93 0.68 G671 0.58 0.51 049 040 945 — -
Phenol 085 078 070 066 060 055 055 051 — -
Acctophenone 1.5¢ 147 129 1.20 1.12 099 1.01 0.88 0.38 0.73
Mcthylbenzoate 319 295 258 232 214 18 192 162 — —
Aanisole 280 291 229 230 195 18 175 160 — -
Benzene 291 329 241 257 206 205 187 178 157 142
Phenetole 514 527 414 402 344 313 304 2469 - -
Toluene 584 834 469 4.79 382 3.69 345 3.16 282 245

Ethylbenzene 1124 1154 878 846 703 634 599 532 — —
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CONCLUSIONS

The present study suggests a general approach to method development and
optimization of separation in RPLC systems. A small number of initial experimental
data are collected on the sample of interest, and solute parameters are derived to
predict k' as a function of T and ®. These are then entered into a programmable
calculator {present program) to allow the calculation of R, (and other separation
parameters) for any two solutes of interest. The caiculator thea replaces the LC unit
in further optimization experiments (mapping of R,, etc. as a function of experimental
variables). This approach can greatly facilitate method development for certain
demarding cases.

The present approach also provides insight into the role played by different
separation variables on the overall separation. Particular separation parameters can
be followed during the variation in separation conditions, tc provide information that
would not be directly assessable in an actual chromatogram (values of N, e, etc.). An
examination of temperature effects in RP separations suggests that in most cases
higher temperatures provide better separation. However, there are occasional
exceptions to this rule. In any case, many of the generalizations previously offered on
temperature effects in RP separations must either be qualified, or in some cases are
actually misleading.

SYMEBOLS

A4,C coefficients in eqn. 3 (see ref. 12)
constant which is proportional to the enthalpy for transfer of solute from

a
one chromatographic phase to the other (seec eqn. 7)

b, ¢ coefiicients in egn. 8 (for temperature T, in later discussion)

d e coefficients in eqn. 9

D, solute diffusion coefficient as given by the Wilke—-Chang equation (Egn. 4)

. (see ref. 19)

D_ average diffusion coefiicient for two solutes using eqn. 4 and an average
value of V,

d. column internal diameter (cm)

d, particle diameter (cm)

H height equivalent to a theoretical plate

h reduced plate height, eqn. 3a

k' capacity factor (see ref. 1)

1’4 average of k; and &,

ks, k2 k’ values for solutes 1 and 2

k,, ks &k’ values for a given solute at two temperatures, 7, and 7T,

ke k" value at a reference temperature, Ty

k, k" value at standard state defined in present study as 7, = 51°C aad
@, = 0.00

ko, s value of k' for some value of @ (other than @) and T,

Keax. the larger of the two k&’ values calcuiated for the solute pair of interest

L column length (cm)

M, molecular weight of the mobile phase

N number of theoretical plates (see ref. 1)

P pressure drop across the columa (eqn. 5)
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R, resolution (see egns. 1 and 2)

T absolute temperature in °K (eqn. 4)

To Ty subscripts ¢ and b used to distinguish between different temperatuses

Te reference temperature

T, standard state temperature (7, = 51°C in present study)

£y, £y retention times of bands 1 and 2 (egn. 2)

t, separation time where 7, = £,

£ column void time

173 linear velocity (cm/sec)

Va molar volume of solute A

Vi.V> V4 values for solutes 1 en 2

Wi, Wa baseline width of bands 1 and 2

a selectivity factor (see ref. 1)

& volume fraction organic solvent in water—organic mixture (methanol in
present study)

D, standard-state volume-fraction organic, @; = 0.60 in present study

b+ empirical column permeability. &% = 500 for well-packed columns

vs association factor in eqn. 4

n mobile phase viscosity (cP)

Neo mobile phase viscosity at 40°C

¥ reduced velocity (egn. 36)

Vope optimum reduced velocity (see ref. 1)

APPENDIX

The program used in this study is listed in Table A-I. Having loaded this
program into the TI 59 calculator, parameters describing the chromatographic system
of interest are entered into the appropriate storage registers (see “Inputs”, Table
A-II). Systematic optimization can now be accomplished by varying the appropriate
parameters as detailed above. Outputs of interest are found by simply recalling the
appropriate storage register (Table A-II, “Outputs™).

TABLE A-1

PROGRAM

The program should be read in the order 4, B, C, ete.

A B C

LEN STO 16 (log k'g;)  +

ox4%t RCL 07 273.2

RCL 05 - =

- RCL 08 STO 18 (T °x)

RCL 00 X /X

b: < RCL 00 +/=

RCL 06 = +

= STO 17 (al) 1/X
RCL 01

(Continued on p. 17£)
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TABLE A (contirued)

b E

0.0030845 10* ) 2.32

= STO 20 (i) =t =

p:4 - ) /-

CL 17 RCL 19 +

+/; = 2.1

+ x 2 € 127 X

RCL 16 RCL 20

= STO 21

10* RCL 19 RCL 00
STO 19 (x*y) STO 20 -

RCL 09 RCL 21 ‘ . X

- STO 19 “ =

RCL 00 = STR 23 {9,5)
z = .- log X
RCL 10 = STO 24 (log wy,)
= RCL 00 RCL 23
STO 16 + . X

RCEL 11 0.6 ‘ 200

- + +

RCL 12 1 650

X = =

RCL 00 ’ /X STO 25
=0 x RCL 18 )
STO 17 (2,) RCL 03 1/%

RCL 18 = -

RCL 20 STO 21 (£) 0.003193
+/- RCL 02 =

- - X
0.0030345 RCL 21 RCL 25
X = +

RCL 17 STO 22 (u) RCL 24
+/- RCL 00 =

+ %2 10%

RCL 16 b-<
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TABLE A-I (continued)

G 2 z

sTO 27 (g) RCE 22 1

RCL, 28 X =

p:4 RCL 04

0.000000074 = RCL 21
= RCL 29 =

STO 29 = STO 33
14 STO 30 (o) RCL 20
+ RCEL 30

46.8 ¥

= 8.33 =

‘fg_ =

sTo 28 + RCL 21
RCL 13 2 =

+ - STO 34
RCL 14 RCL 30 RCL 33
= + =

- 0.05 b4

2 X 2

= RCL 30 -

Yx = RCL 37
2.6 RCL 32 =

= L 53 =

/% /X STO 35
- b4 RCL 32
RCL 27 RCL 33 ¥

p:3 X 1/xX
RCL 18 4 X

X b:4 RCL 34
STO 31 (R) RCL 02 b4

X = 4

RCL 04 STO 32 (N) =

= RCL 19 STO 36
/X + RCL 35

(Cantinued ore p. 176)
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TABLE A-I (continued)

J K L

& £ - 1.455 x 10”7
RCL 36 RCL 27 =

= b4 STO 39 (P)
sTo 37 RCL 02 Pause

RCL 34 - RCL 38

- RCL 04 R/S

STO 38 (R;) = LEN

RCL 22 RCL 04

x x

RCL 15

TABLE A-TI

LOCATION OF CHROMATOGRAPHIC PARAMETERS IN RESOLUTION PROGRAM
Parameter Storage register

Inputs 7] 00
T 01
L 02
1, o3
-dy o4
b, 05
s 06
dy o7
e (333
by 09
C2 !0
d: 11
€2 12
V: 13
| £ 14 ‘
" 15
Ouiputs &y 19
k> 20
1’3 2
n 27
14 30
N 32
R, 38
P 39
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