
SYSTEMATIC’AkPROACH TO 0 PTIMEZING RESOLUTION IN REVERSED- 
PHA& LIQUID CI-IROMA‘FOGRAPHY, WI333 EMPHASIS ON THE ROLE OF 
TElHPERATuRE - 

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 munber of experimental data (minimum of 
four different conditions) are used to generate semi-empirical estimates of k’ and a 
for various values of temperature and mobile-phase composition (methanol-water, 
in present study)_ These latter k’ 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 
alI experimental parameters. Resolution can easily be mapped for time-normalized 
~paration, tied or variable column length, G.xed 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 
mobilephase composition and temperature are adjusted simukzneously to maintain 
tied (k, optimum) v&es of k’. 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. 

lNTFtODUCXlON 

Reversed-phase (RP) separation on @l-bonded-phase packings is now the 
most versatile and popular of the various liqtid chromatographic (kc) procedures. 
Judging from recently reported applk&.ions of modern LC, it seems probable that 
75% of these are now czried out in the RPLC mode. This situation seems likely to 
continue for the next several years. It is therefore important to develop an in-depth 
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 s&ration in chromatography (including RPLC) is normal- 
ly carried out by triaknd~rror procedures, guided by certain fundamental con- 
siderations and by empirical intuition. This approach is generally successful, because 
of the inherent power of mkdern chrqnatographic separation. That is, true optimiza- 
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tion is rarely required, and procedures that are in fact far from “optimum- arc 
usuahy adequate for the separation goal at hand. Occasionally, however, one is faced 
with a more difEcult seperation problem. For example, the achievement of adequate 
resolution for several sample components of interest may dude 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 iu process control, clinical 
analysis, etc.). Alternatively, it may be important to reduce the time spent on each 
“optimimtion” to 2 minimum, consistent with adequate resolution of the sample 
with31 an acceptable time of analysis. This would he particuIarIy true in a laboratory 
with 8 hezvy demand for method development (e.g., au applications lab iu an LC 
equipment company), but it is an important consideration wherever LC method 
deveIcpment is carried out. 

In ezch 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 
efh~rt. One widely used scheme (e.g., discussion of ref. 1) is tiorded by the 
resolution equation 

& = (l/4) (Q-l) 4z [K/(lfk~]. (I) 
(l) (ii) (iii) 

Here, resolution R, is related to the separation factor a, 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 k’ is &st adjusted into an “optimum” range 
of l-5 for the band-pair of interest. In ,RPLC systems this is easily achieved by 
varying the volume fraction @ of organic solvent in the mobiIe phase; e.g., a change 
from 40% methanol-watei to 60% (v/v) methanol. If further improvement in sepa- 
ration is required (increased R, or decreased separation time). theu either term i or ii cau 
be further varied. The separation factor can be optimized in various ways: by 
changing the organic solvent (e.g., from methanol to tetrabyclrofuran), by invoking 
chemical equilibria (pH effects, ion-p& formation, etc.), or by varying the tem- 
perature T of separation. While initially it was believed that the selectivity of 
RPLC mobile phases is dominated by the wster present, more recently Karger and 
co-workers2*3 have shown that siguificaut chauges in a cau 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 iouized or ionizable solutes. Temperature effects in RPLC are less 
well understood at present, although several studiesG9 suggest that temperature can 
sigu&antly a%%ct cc values. 

Column plate number (term ii of eqn. 1) is now well m&-stood as a 
function of experimental conditions due in large pzrt 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 iu small-pzrticie 
RPLC columnist. Several workers have noted the geneml improvement iu column 
efficiency with increasiug temperature (e.g., refs. 10, 11). 

One limitation of l Lhe foregoing scheme based on eqn_ 1 is the assumption #bat 
terms i-iii. are independent and hence can be separately optimized. While this is a 
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usefd ikst approximation, it is known not to be rigorously correct. Thus, a change 
in the percentage of organic solvent in the mobile phase mainIy affects k’ but some 
e&ct on a 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 sekctivity is of greater concern in this 
situation, the separate optimization of c values is a useful first step. Laub and 
Purrtell* have discussed a scheme for plotting experimenral Q 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 optim-mn. Since mobile phase composition 
(e.g., the percentage of organic solvent) is of equal importance in a&cting Q: in 
RPLC, the generalization of such plots for both composition and temperature is 
suggested. Once regions of optimum Q are defined, the f&er optimization of N 
and k’ 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: cl) the “brute force” approach is limited unless cbromatographic in- 
tuition and guidance are provided by the operator (e.g., see ref. 14), and (2) with a 
large number of experimental variables plus a 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 a 
function of separation conditions; 

(2) the observation that semi-empirical relationships can be used to define 
k’ and a values in RPLC systems as a function of T and G, 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 avai!abihty of powerful desk-top or hand-held programEnable 
caIcuIators, such as the Texas Instruments Model 59 used in the present stndy; 

(4) the desirability of invoiving the chromatographer and his experience 
during the optimization process; 

(5) the need to include ah important parameters in the optimization process 
G-g., temperature). 



The above considerations bave Ied ILS to develop a general computer 
approach to separation optimization which is adaptable to small programmable 
calculators_ Experimentaf retention data are first obtained for the sample of interest 
iii a particular RP system (given column, given organic mod%er; e.g. methanol), for 
four different sets of experimental conditions (difEerent percentages of organic 
modifter 0, temperature T). Appropriate reduction of the latter data merates a set 
of s=mkmptical parameters which describe solute retention as a function of @ and 
T, and these are inserted into the program. Further optimktion of the separation is 
now carried out (using the calculator) by mapping resolution (and other pertinent 
measures of section, e.g., peak height for sensitivity) as a function of @, T and 
other separation variables. 

We also wish to report data on the combined e&c% of temperature and mobile 
phase composition on resolution. While it has been known that k’ vahres generally 
decrease with either increaze 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 wilI see, this dependence of Q 0x1. T and the percentage of organic sofvent is 
important in optimizing R, 

Finally, tire present Iimited study suets certain generalizations for the 
dependence of k’ in RPLC on the various separation variables, generalizations which 
transcend sample type and the separation system. While the consequences of these 
observations wili be explored in greater detail elsewhere, they allow some grelim- 
inary guidelines to the optimization of RPLC separations in the absence of theoretical 
cakulations for a pticuzar case. 

The present discussion is restricted to isocratic RPLC systems. However, 
reCent .WOik from this laboratory 15-z7 has established that gradient dution separations 
can be related to isocratic separation in simple fkhion. The further discussion of the 
impact of the present study on RPLC gradient dution, and vice versa, will be de- 

ferred until later. 

THEORETICAL 

Genera2 resolution eqzuttin 
Thq present approach to optimizing separation is based on an alternative form 

ofeqn. 1: 

Rx = 2 (t,--tl)/(w, f ~3 (2) 
Here, tI and tz are the retention times of bands I and 2, and wl and IV, are their 
basshne bandwidths (in. time units). R, can be related directly to values of K for the 
two bands (kl and k3 rinn to the column plate numlkr N, since 

t1 = r,,(l+ka and tz = z,,(l+kd (3a) 

and 

N = 1qzJw~~ = lq&/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 
b&W. 



lf we are to tzahlate R, as a function of experimental conditions from eqns. 
2-2b, we require k,, k2 ami N as a function of experimental conditions. 

N QS a faction of experimental conditions 
Knox and coworkers (e.g., refs. 1, 18) have shown that the reduced plate 

height h for any LC column is given by 

h = 2/v f A#-U f- cv (3) 

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

h = Hla, 

The reduced velocity v is given as 

(W 

v = u d,/Dm (3b) 

The quantity u is the velocity of the mobile phase, equal to L/t,; L is column 
length and r, is the dead-time for the column (see ref. 1 for further comment). The 
solute Musion co-efficient D, is commonly given by the Wilke-Chang equationlg: 

D a = 7.4 - 10-8 (?p&&) T/q vy (4) 

MB is the motecAr weight of the mobile phase and yB is an association factor; values 
of vB MB for RPLC systems are estimated in ref. 12. S is the absohte temperature 
(OK), q is the mobile phase viscosity (cP), and VA is the molar volume of the solute 
(ml). Eqn. 4 is inapplicabIe to macromolecular solutes such as proteins and 
polymers. 

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

u = P d,zlfp+qL (3 

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

For a given column and RPLC system, the various parameters above A be 
de%&, 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 = 2/v f 90-u f 0.0% (c;) 

For such columns, the parameters A and C of eqn. 3 need not be determined. For 
values of 7 in RPLC systems, see ref. 6. Using lqethanol as organic solvent, we 
found that the latter data obey the empirical fitting function below (eqn. 6a), within 
f2% over the range O=@ <l and lS<T<65”C. 

log 17 = log q& f l(r (0.65 (6a) 



where 

tlto = 0.64 f 2.1 Qi-22.32P 

and qa is the viscosity at # “C. 
Valncs of ‘7 as a function of @ and T for organic solvents other &an metha. will 
Squire Other e%@ical fitting functiOnS. Note thatq need not be estimated t0 better 
than f royO. 

Because retention in chromatographic sys@ms is determined by the eqnihbrinm 
characteristics of the system, V values for a given solute at two temperatures T, 
(kJ and Tb (kJ are generally related (other conditions constant) as 

log k, = log kb - 41/T, - l/TJ 0 

Eqn, 7 has been verified in numerous RPLC systems (e.g. ref. 6 and present study). T 
in’eqn. 7 refers to absolute tempezature 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 TB by a reference temperature 
Tp (ad ka), to give 

log k, = log kB - 41/T= - l/T, (7a) 

The parameter u will vary with the solute and with mobile phase composition. 
For a given solute and separation temperature T, it is generally observed that 

k’ varies with the volume fraction @ of organic solvent in the RPLC mobile phase as 

IogK=b-cc_ (8) 

Numerous studies summarized in refs. 15-17, as well as the present studies, show 
that eqn. 8 is generally obeyed within experimental error. Schoenmakers ef a1.2O report 
curvature of log k’-@ plots in representative RPLC systems, but this effect seems to 
be slight and is probably not general (particularly over the narrow range in k’ values 
that is of interest in chromatoSraphic optimization). Where deviations from eqn. 8 
are sign&ant as far as optimimtion of resolution is concerned, it is possible to 
correct for these (see below). 

If eons. 7a and 8 zre obeyed by a solute in a RPLC system, then it follows that 
the temperature coe&ient a II!& I& of the form 

a=d-e@ 

where d and e are constants for 2 given solute and 
solving for a in eqn. 7a: 

ez = (log kn - log kJ/(l/T, - l/T’ 

system. This can be seen by 

k, is given by an equation of the form of eqn. 8, as is kR: 

logk,=b,-cc,@ 
logk,=br-cc,@ 
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Here, b,, b,, c, and c, are cons&mts for a given solute and RPLC system. Substituting 
the above equations for log k, and log kg into eqn. 9a gives 

Since the various terms of eqn. 9b are constant (for fixed temperatures Ta and TJ, 
except for a and @, equ. 9b is seetr to be of the szme 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 T, and mobile phase composition a,. Irr 
the present study, TJ = 51°C (324.3%) and @, = 0.60 (unless otherwise noted). The 
standard state value of k' for the solute of interest is k,. From cqn. 8 we can write: 

log k@_, = log k, - c (CD - @a WV 

Here, kO_, refers to a value of k’ for some value of G and the temperature 7’,_ From 
eqns. 9a and 10, for a value of k’ at any value of T and !D, we then have 

log k’ = log k@_, - a(l;T, - l/T’) (1W 

Eqns. 10 and 10s allow the calcuIation of k’ for any value of T and @, as 
follows: 

(1) determine the value k, for T’ and @,; 
(2) determine the value of c from eqn. LO for experimental values of k, and 

k’ at another value of @ (@ f @J and T= T,; 
(3) determine experimental values of a from eqn. 10a as applied to values of 

k’ at the same @ and different values of T, ob’&in a values for at least two different 
values of @; 

(4) determine the coefficients dand e of eqn. 9 by plotting experimental Q values 
vs. @; 

(5) to calculate k’ for any value of Tand @, first caiculate k*,, from equ 10; 
then calculate k' from eqn. 10a (after determining a from eqn. 9). 

The foregoing scheme allows calculation of k’ as a function of T and 0, 
given a minimum of four wellchosen values of k’ at different values of@ and T. Thus, 
assume the initial measurement of k' for @ = OS and T = 25°C gives a value 
k’ = 3.5. A second measurement might then give k' = 2.0 for @ = 0.5 and 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 lower value of @ (e.g., 
Qi = 0.2). This might in turn yield k’ values of 16 (25T) and 8.2 (60°C). The 
standard temperature could then be selected arbitrarily (e-g., T = ZYC), or as 
discussed below. If a standard temperature other than either 25 or 60°C is desired, 
values of k’ for that temperature can be determined by interpolation according to 
eqn. 7. 

A comparison of calcuiated 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 par&&r standard state be chosen in preference to some arbi- 



trary T, !B combiition? The standard state value of k’ &) can be determined 
either directly (by experiment) or interpolated from direct experimental observations. 
Thus, k, will be hnown fairly precisely. Extrapolation to other vahxes of k’ can 
lend to experimental error or imprecision, depending on minor deviations of experi- 
mental data from the relaticnships predicted by eqns. 7a and 8. Thus maximum 
accuracy in predicted values of k’ occurs when conditions for k’ are similar to those 
for ks. __ 

When might it be important to ob’;ain maximum precision in estimates of k’? 
Resol&on R, is quite sensitive to values of k’ when values of a are close to 1.0. There- 
fore, optim&tion of & requires accurate values of K in this region of T and @. For 
example, it might be found that Q = 1.00 for two compounds of interest over the 
range of conditions T = 6O”C, @ = 0.30 to T = 25°C Qi = 0.45. A good choice for 
the standard state would then be T = 45°C and @ = 0.37. 

Chromatography 
The liquid chromatograph was assembled from commercially available 

modules consisting of an LDC Constametric II pump and Model 1203 254-nm W 
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 Warian, Palo Alto, Calif., U.S.A.). The separations were performed on C, 
reversed-phase coiumns (150 x 4.6 mm I.D., d’ = 5 pm, Fast-IX-S- Columns; 
Teclmicon). 

Duplicate k’ values were measured after 1 h of system equilibration. The 
column dead time 2, 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 on a volume basis using Photrex grade 
methanol (J. T. Baker, Phillipsburg, NJ., U.S.A.) and Mill&Q water (Millipore, 
Bedford, Mass., U.S.A.). 

AU calctuator-generated data were 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 seeuence of calculations is summat5ze.d 
in Table I and detailed in the Appendix. 

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

(1) Values of K for the two bands (kI and ka are calculated using e+s. 9,lO 
gnd IOa. The necessary experimental parameters (log k, c, 4 e) can be derived by 
application of these same equations to pertinent data. Values of these parameters for 



K =f(@,T): 

logk’=(b-c@)-(d-e+-;) 

where b,~4earedetermiuede&eriment&y_ 

7j =f(@*T): 

TABLE II 

K DATA FOR Rs OPlXMIZATiON 

Soties k’ [60%, 51 “C) 6’ c=s d e d 

pNifropheno1 
FhenOl 

Aasophenone 
A&de 
Methyl knzoase 
Benzene 
Phendde 
TOIUSE 

WY- 

0.34 
0.38 
0.63 
1.09 
1.10 
I.20 
1.75 
2.03 
3.28 

0.896 2345 
0.892 2215 

‘a 1.310 2.505 
.- L.595 2.595 

1.755 2.835 
1.587 2535 
2.056 3.028 
2.080 2.%5 
2582 3.450 

23m 
1474 1590 
1414 1554 
8.54 485 

1340 1180 
1264 1184 
1266 975 
1341 1016 
1770 1595 

1125 

z? ” 
563 
632 
555 
681 
732 -__ - 
813 

l At 51 “C. 
-A 



PWWtOb 

Tolueztc 
EthYkXlZES 

0.26 
0.26 
0.40 
0.70 
O-71 
0.77 
1.07 
1.24 
1.92 

0.27 0.20 0.22 0.18 0.18 0.14 0.15 0.08 o.13 
0.26 024 024 022 0.22 021 0.21 0.18 0.19 
0.42 0.38 0.39 0.36 0.36 0.34 0.34 030 0.32 
0.75 0.63 0.66 0.59 0.59 0.52 0.54 0.47 OAa 
O-76 0.65 0.67 0.60 0_6o 0.54 0.55 0.47 0.49 
0.80 0.72 0.72 0.65 0.65 0.61 0.60 0.54 0.55 
1.13 O.% 0.99 0.87 0.86 o-n- 0.78 0.68 0.69 
1.36 1.13 1.17 1.01 1.01 0.87 02o 0.76 0.79 
139 1.68 1.70 1.47 1.47 130 1.30 1.13 1.14 

51 59.5 -695 

the solutes studied by us are listed in Table 11 (and were derived from the experimental 
data of Tables IIGV). 

(2) Since it is not always known in advance which band will elute first, the larger 
of the two K values caIcuiati in step No. I is determined (k-J 

(3) The quantity to is czlculated from the specified segtardion time t, and the 
latter value of k___ 

(4) The mobile phase viscosity q is caI~+ated from eqns. 6a, b. 
(!Q The average solute diffusion coefficient 0, for *-he two solutes is estimated 

from eqn_ 4 (using an average value of E). 
(6-9) Eqns. 3b and 6, plus d&nitions of h and N. 
(10-13) Eqns. 2,2a, 2b and 5. 

TABLE IV 

EXPEEUMENTAL mRsus tzA.uxum K VALTJES 
@ = 0.6. 

29 415 505 61 705 

E&x calf- .EqL Gdc. Erp. GA Exp. cak_ Exp. Gzk 

pNitropkno1 
Phenol 

Anisde 

Pflemtok 
ToIw 
EShyliJWZQC 

0.57 0.55 0.42 0.45 0.34 0.31 027 024 022 
0.49 0.48 0.42 O-41 0.38 0.37 0.34 0.33 0-u) 
0.79 0.82 0.69 0.71 0.63 0.64 0.57 0.58 0.50 
1.51 1.57 1.24 1.30 1.10 1.14 096 0.99 0.83 
- - li?3 lJ3 1.09 1.10 0.95 094 0.82 
1.56 1.55 1.33 1.31 L2o 1.17 1.05 1.03 0.92 

z 292 2.47 2.0 231 234 201 203 l-75 202 1.75 150 1.74 1_5o 1.71 12s 1.48 
4.82 4.95 3.84 3.87 32a 328 274 274 231 

022 
0.30 
0.53 
0.88 
0.87 
033 
1.32 
1.49 
234 
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SOh3.S Temperare (“Cl 

30 41 52 59 71 

Exp. clzk. EqJ. arc. Ekp. Gdc. Ekp. CQfc. Exp. G?&_ 

p-Nitrophenol 0.93 
Phenol 0.85 
Acetophenone 1.54 
Methyl bemoate 3.19 
Anisde 2.80 
F 291 
Phenetole 5.14 
Toluese 5.84 
J2thYlbIS%%e 11.24 

1.03 0.71 0.72 0.51 0.51 0.40 
0.85 0.70 0.71 o&Q 0.60 0.55 
1.56 1.29 1.31 1.12 1.12 l.!x 
3.15 2.58 2.58 2.14 214 1.92 
2.63 2.29 2.28 1.95 1.96 1.7s 
2.90 241 2.43 2.06 2.06 1.87 
5.11 4.14 4.15 3.44 3.42 3.04 
596 4.69 4.78 3.89 3.89 3.45 
11.60 8.78 8.96 7.03 7.@? 5.99 

0.42 - - 
0.54 - - 
1.02 0.88 0.87 
1.91 - - 
1.78 -' - 
1.86 1.57 1.58 
3.05 - - 
3.43 282 281 
6.09 - - 

The first consideration is how well the present approach predicts resolution and 
other separation parameters. The main que&on in this regard is the ability of eqns. 
9, 10 and 1Oa to estimate values of k’ as a f?unction of @ and T. Table II provides 
derived values of log k,., c, d and e for 9 solutes, obtained from the experimental data 
of Tables III-V. Tables III-V compare experimental and calculat&l~values of k’ for 
9 solutes over the range in conditions: 29°C < T < 71°C and 0.5 < @ < 0.7. For 
these substituted benzene derivatives, the 127 experimental k’ vaiues are predicted 
with an average variation of j, 2% (1 SD.). In this case the reliability of eqns. 9-1Oa 
approaches 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 &SE of the present approach is provided in TabIe VI. Here we ha& 
sekcted two of the solutes of Tabtes III-V (benzene, methyl benzoate) and calculated 
R, N, etc. by means of the present program. Comparison of ‘&e resulting values with 
experimentally determined data (Table VI) shows close agreement with all parameters- 
The actual chromatogram is shove in Fig. 1. 

TABLE YI 

PRJSDICTED VERSUS EXPJZRIMENTAL SEPARATION OF h%ETHXL BENZOATE- 
BENZENE;~=0.5,T=2S°C 

6 R, k’= KklB u N 

1.24 3.00 3.27 0.46 6140 _ 
1.14 3.04 3.30 0.45 6314 



Use of the present program (two djacent ban&) 
The application of the present approach is ikstra~kd using data from Tables 

II-V, for the simpkst problem of the separation of two compounds. This is pertinent 
for a sample containing only two dif&uXtiy 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 he wants, but it eliminates 
the zcd for intermediate experimental work; i.e., the caIculator replaces the LC unit 
during optimization. Tables VII-IX provides an example, for several diEerent solute 

TABLE VII 

SEPARATION AS A FUNCTION OF ‘D AND TAT NORMMXZED K FOR THE SOLUTE 
PAIR BENZEN)-TOLUENE 

G T RS P k’, Q V fl N 

r, = 100 seq Kz = 3.01 u = 0.60 cnz/sec 

O-64 115 7.61 5092 1.52 198 57.9 1% 4446 
0.60 27.4 8.05 1.59 1.89 39.45 1.39 5570 
0.55 47.0 8.62 

:z 
1.65 1.83 25.56 09s 7025 

0.50 67.0 9.23 a746 1.67 1.80 1692 0.67 8554 

r* = 300 set, Kr = 3.01, K = 0.20 aR/sec 

0.64 11.5 10.24 1697 1.52 198 19.30 134 8053 
0.60 27-4 IO.53 12iS 159 1.89 13.14 1.39 952.5 
0.55 47.0 10.86 833 1.65 1.83 8.52 0.95 11158 
0.50 67.0 11.14 582 1.67 1.80 5.64 0.67 12467 
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TABLE vnl 

SEPARATION-AS A FUNCTION OF Qi AND TAT NORMALIZED K FOR THE SOLUTE 
PAIR ME?XYL BENZOATE-BENZENE 
r,=1oosec;K~ = 3.00;rc=~Qcm/sec.N0te:k'~isno~notk'z. 

qr T & P w* K a V ? iv 

0.5 2s 1.13 4002 3-W 3.27 1.09 46.28 1.43 5083 
0.45 46.6 1.27 2726 3.00 3.26 1.09 29.88 0.98 6481 
0.4 64.: 1.49 1957 3.00 3.28 1.09 20.46 0.70 7836 
0.38 71 1.60 1743 3.m 3.30 1.10 17.9 0.62 8336 

pairs_ In Tables VII-IX the column was heid tied (L, d,, and c& do not vary), along 
with separation time t and km_. That is, the separation was time-normalized and an 
Uoptimum” value of k’ = 3 was assumed. Since the present program does not input 
a value of k__ (although it could be rewritten to do so), k,_. was maintained equal 
to 3.0 by varying T at each value of @ studied. For CP = 0.64 in the initial “experi- 
ment” of Table WI, t&Landerror variation in T gave a value of T = 11S”C for 
k = 3.0. The value of @ was then lowered to 0.60 in Table VII, and a new value 
o=(for k-_ = 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 
45 = 0.5 and T = 67°C. Higher cohunn timperatures were considered impractical, 
but would have given larger values 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 RJ 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 I-?* improved to 11.7 at @ = 0.3 (P = 5027 p.s.i., k’__ = 10.97). 

Alternatively, optimization could have been czried out by varying T at each 
value of @ to give some fixed (maximum) value of P (rather tbad fixed k-3. This 

would have essentially yielded a similar set of Goal conditions for maximum &. 
During the optimization, other separation parameters can be checked. In some 
applications, maximum detection sensitivity for some minimum value of It, may be 
desired. This can lead to a Merent set of final conditions, chosen as “optimum* for 
WI and W& rather than for &_ 

TABLE lx 

SEPARATTON AS A FUNCXTON OF @ AND TAT NORB&UXED k’ FOR THE SOLUTE 
P~PNITROPEENOL-PHENOL 
r.=100sce;K~=3.01;K=0.0cml~ 

0.40 20 5.53 4506 1.9Q 1.58 51.72 1.72 4761 
ox 28 4.42 3694 215 1.40 41.56 1.41 5408 
0.30 35-4 3.11 3059 242 1.24 33.82 1.17 0065 
0.20 48.5 0.00 2148 3.00 1.00 23.10 0.82 7389 
0.15 58 298 1702 252 1.19 17.91 0.65 8337 
0.10 67 6.03 1351 212 1.42 1394 0.51 9299 
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Where separation time is to be optimkd ( minimum t), the input value of r can 
be successively reduced while R, is e * d as a function of !D and T for each 
vahm of z. Or after optimum vah~~ of @ and T (for maximum RJ are obmined atone 
value of 2, t can be reduced until R, reaches the minimum acceptable value. Column 
length L can also be varied in this process, for absolute minimktion of t. Other 
examples of the use of this program will be obvious to the experienced worker. 

Use of the present program (more fh two ban&) 
Where three (or more) overlapping bands of interest are present in the 

sample, optimization can be obtained by mapping I?, values for the various band- 
pairs which have marginal resolution. Whife 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 extended to a larger computer program capable of simuhaneousIy handling 
more than two sample bands. For more complex samples, however, a more practical 
approach may be the initial mapping of Q values for ah sohrtes in the sample, as 
carried out by Laub and PurnelIH. This allows the chromatographer to focus OQ 
regions of @ and T of major interest (maxinmm Q value for the most difhcuhy 
separable band-pair), following which further optition can be pursued using the 
present program. 

Resolution as a@ction of @, T and normalized km,_ 
The present program allows additional insight into the various factors that 

determine resolution in a particukr 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 wiIl explore this aspect further, using the 
data of Tables VII-IX. 

In Tables VII-IX, values of I?,, P, etc. are mapped for three repyntative 
solute pairs as a function of @ and T. In each case, column length was&Id fixed, 
along with separation time and km_. 

. - 

Tables VII-LX show data for the solute pairs benzene-toluene, methyl ben- 
zoate-benzene and-p-nitrophenol-phenol. III each example, as @ is decmased and T 
is simtihaneousiy increased to maintain normalized k’, N increases and its con- 
tribution to R, increases. Closer examination of the data reveals that this is simply 
a resuh of P approaching its optimum value, because q is decmasing. Note that this 
occurs at constant u. Furthermore, since q is decreasing, it follows that P must also 
decrease. For the solute pairs benzene-toluene and methyl benzoa&bcnzene, N has a 
dominant influence on I?,; i.e., Rs aLso in- withdecmas&@andincreasedT. 
However, this is not the case withpnitrophenol-phenol where the influence of a dom- 
inates (see detailed discussion below). 

At this point it is appropriate to subdivide the various contributions to RS 
(terms i-iii of eqn. 1) to provide additional insight into the infiuence of @ and T on 
separation. The data of Tables VII-IX provide some pertinent examples. Fig. 2 
further ikstrates the effects shown in Tables VI-IX, in terms of percentage changes 
in R, with change in @ and T. Corresponding changes in I?, arising from terms i-iii 
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 k’ term (iii) 
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0 0-l 0.2 0.3 a4 OS 

Fig. z percent change in l-esohtion with decreased @. Temperature adjusted to norrnaI& k’. 
Solute pair: (a) benzene-toIuene_ (b) methyl bmzcate-benzene (R, offset by -F-5%)_ (c) &J-l&m- 
phenol-phenol. 

is roughIy constant, because k,, is held constant. The contribution of N is to 
increase. R, for larger vahxes of T, as discussed below. In the case of the separation of 
benzene-tohrene in Fig. 2a, the latter effect is sufficient to overcome a small decrease 
inaas@decmaxs. For the solute pair methyl benzoat&xnzene (Fig. 2b), the 
a contribution decreases slightly (approx. 3-S”%) and then begins to increase as Tin- 
creases. Again, the intluence of N is sufficient to produce a net increase in I& for 
the conditions stndied. Notice however that the I?, line begins to diverge from the 
fi line when th e CT contribution begins to increase. 

The most dramatic example of the infhrence of a on resolution is provided by 
the solute pair p_nitrophenoLphenoI (Fig. 2~). 

The k’ and N terms contribute to I?, as in the two previous examples. However, 
the a contribution is seen to rapidly decrease (a -+ 1.0) as CD d ecreases (Tincreasing), 
and then increases withkrtherckrease of @. Resolution effectively follows Q in this 
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case, and the desired resolutim can be achieved at two combinations of @, T. The 
combiit.ion lower 9, higher T is preferable since it results in a lower operating 
pressure (II 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 k-_ normalized 
(via adjnstment of @, T) and constant t=. 

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

N dominates. If changes in Q are not great, the I?, will obviously improve as 
long as rOm is being approached_ For this type of solute pair it is generally beneficial to 
operate at higher T, lower @. Figs. 2a and b illustrate this case for both slight in- 
crease and slight decmase in CL, 

a domrirales. There are several possibilities when c-r dominates R, since we have 
seen that it can decrease, increase, or do both with increase in T under normalized 
conditions. If Q 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 IXZZS 
where crossover does occur (i.e., (I = 1 .O), it may be possible to achieve the desired R, 
at two sets of @, %‘It seems’.generally advisable to operate at the lower @J (hence, 
higher T), since operating pressure will be lower (as long as v is approaching its 
optimum value). Fig. 2c illustrates this situation. 

GenefQhIzati0n.s regarding the dependnce of k’ on temperature md mobile phase 
composition 

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

In fact, to a first approximation it seems ffiat c, d and e am all roughly 
predictable from values of k, 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 alhyl groups may be a factor), and for different classes 
of solutes. In the present Cs RPLC system we found that extrapolated values of a vs. @ 
converge to a value of 158 for @ = 1.0. That is, temperature coefEcients 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 a values for a given 
value of @ (as expected from ref. 6 and other studies). To summarize, it was 
possible to predict values of c, d and e (present study) with reasonable precision, given 
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l? , 

0-l 1 
4 

10 100 

F= 3. Correlation of values of c (eqst. 8) with k,. MethanoLwater, C,* a&mm, 30 “C. Values of 
k. calculated for @r = 0.6, T = 30 ‘=C Data of ref. 21_ 

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

c = 2.3 f 1.3 log k, (11) 

e = 1450 t lloologk, (1 la) 

d=15S+e (1 lb) 

The ability *of e-qns. 1 l-l lb to predict values of k’ for the compounds of Table II 
is smmahzed in Tables X-XII. As expected, agreement between experimental and 
cakufated values is poorer than using empirically &rived values of c, d and e 
(Tables III-V), but is still good (f9.4°&). 

One practical consequence of the above correlations (eqns. 11-1 lb) is that 
a values remain essentially constant for variation in T and @, if k’ is heId constant 
during such change in separation conditions. This means (in the geaerai case) that an 
increase in T (with decrease in @) MI usualiy provide larger R, values, due to the 
acxzompanying increase in N. Thus we can generally expect better resolution at 
higher TvaIues in RPLC separation, although the preceding examples show that there 
are exceptions to this ruk. 



TWX 

EXPERXMENTAL W.?RSUS CALCULATED KVAUJB-AVERAGE COEFFTCIENTS 
(Eqqs 11-lib) 

0 =0.7_ 

Sues Tenzpmrre("C) 

32 41 51 595 695 

Eq?. cizk Exp. cak Exp. eafc. Eqx Cdc. Exp. Cdc. 

p+X&RYpbOl 026 
Phenol 0.26 
Afetopfienone 0.40 
MethyIfmzoa~ 0.70 
AnkoIe 0.71 

0.77 
PIIfSXtole 1.07 
Taluene 1.24 
Ekhyibenzme 1.92 

standard state@ = 0.6. T 

02s 020 
0.31 0.24 
0.50 0.38 
0.85 0.63 
:9? 0.72 0.65 

1.31 0.96 
1.51 1.13 
236 1.6S 

= 5OS"C. 

026 0.18 023 O-14 o-21 0.0s 020 
0.28 0.22 0.25 0.21 0.23 0.18 0.21 
0.44 0.36 0.39 0.34 0.36 0.30 0.32 
0.73 0.59 0.64 0.52 0.57 0.47 0.51 
0.73 0.60 0.63 0.54 0.57 0.47 0.50 
0.79 0.65 0.69 0.6L 0.62 0.54 0.54 
1.12 0.87 O-96 0.77 0.85 0.68 0.74 
1.28 1.01 1.09 0.87 0.96 0.76 0.84 
1.97 1.47 1.66 1.30 1.44 1.?3 1.24 

TABJLEXi 

ExPEzn&ENTAL VERSUS CAJXULATED k'VALUES;AVERAGECOEFFKlEF.ii 
(Eqnsm 11-lib) 

@ = 0.6. 

sokcrer Temperature (“C) 

29 4I.s 505 61 705 

Erp talc. Exp. G?k ELqL caIc_ Exp. Cdr. Erp. ct7.k 

pNitrophmo1 
Phenol 
Acetophezlone 
M&.Iyenzoate 
AnisoIe 
Benzene 
Phenetok 
TOllX~ 

Ethylbenzene 

0.57 0.4s 
0.49 0.51 
0.79 0.88 
1.51 1.61 
- - 

1.56 1.78 
244 2.71 
2.82 3.19 
4.82 5.40 

0.42 0.38 0.34 0.34 0.27 0.30 0.22 0.27 
0.42 0.43 0.38 0.38 0.34 0.34 0.30 0.30 
0.69 0.72 0.63 0.63 0.57 0.56 0.50 0.48 
la24 1.29 1.10 1.11 0.96 0.94 0.83 0.81 
1.23 1.28 1.09 1.10 0.95 0.93 0.82 0.86 
1.33 1.42 1.20 1.21 1.05 1.02 0.92 0.88 
2.00 210 1.75 1.77 1.50 1.46 1.28 1.25 
231 245 203 205 1.74 1.69 1.48 1.43 
3.84 4.03 3.28 3.32 274 267 2.31 2.22 

TABLE w 
EXPEFSMENTAL K?ZSUSCALCUL4IED K VALUES;AVERAGE COEFFICIENTS 
(Eqns. 11-lib) 

@ =o.s. 

ashwer TemperaZure 

30 4I 

-=P- 
0.93 
0.85 
1.54 
3.19 

i!!z 
5.14 

1z 

Gzk 

O&S 
0.78 
1.47 

z 
3.29 
527 
634 
11.54 

Erp. 

0.71 
0.70 
1.29 
25s 

Et 
4.14 
4&a 
8.78 

CidC 

0.58 
0.66 
1.20 
2.32 

z 
4.02 
4.79 
8.46 

52 59 

Erp. G&z- Erp. Gzzc 

0.51 0.49 0.40 0.45 
0.60 0.56 0.55 0.51 
1.12 0.99 1.01 0.88 
2.14 1.85 1.92 1.62 
19s 2.84 1.75 1.60 
206 2.05 1.87 1.78 
3.44 3.13 3.04 269 
3.89 3.69 3.45 3.16 
7.03 6.34 5.99 5.32 

71 

Exp_ f2Qk 

- 
- - 

0.88 0.73 
- - 

G7 1.42 
--- 

282 245 
- - 



CONCLUSIONS 

‘Be present study suggests a general approach to method dev~opment and 
optimizttion of separation in RPLC systems. A small number of initial experimental 
data are collected on the sample of interest, and soiute parameters are derived to 
predict k’ as a finction of T and @_ These are then entered into a programmable 
calculator (present program) to allow the caIculation of Rb (and other separation 
parameters) for any two solutes of interest. The calculator then replaces the LC unit 
in further optimization experiments (mapping of I?, etc. as a function of experimental 
variables). This approach can greatly facilitate method dev&opment for certain 
demamiingcases. 

The present approach also provides insight into the role played by di&rent 
separation variables on the overall separation_ Farticular separation parameters can 
‘be followed during the variation in separation conditions, to provide information that 
would not be directly assessable in an actual chromatogram (values of IV, a, etc.). An 
examination of temper&me e&&s 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 qual.&ci, or in some cases are 
actnalry misleading. 

coefficients in eqn. 3 (see r& 12) 
constant which is proportional to the enthalpy for transfer of solute from 
one chromatographic phase to the other (see eqn. 7) 
coegicients in eqn. 8 (for temperature T, in later discussion) 
coefEcients in eqn. 9 
solute diffusion coefficient as given by the Wi&-Chang equation (Eqn. 4) 
(see ref. 19) 
average difF&on co&cient for two solutes using eqn. 4 and an average 
VaIue of V, 
c&mm internal diameter (cm) 
particle diameter (cm) 
height equivalent to a theoretical plate 
reduced plate height, eqn. 3a 
capacity factor (see ref. 1) 
average of kI and kt 
k' values for solutes 1 and 2 
k’ values for a given solute at two temperatures, T’ and Tb 
k’ value at a reference temperature, Tg 
k’ value at standard state de&red in present study as T’.“. = 51°C and 
0, = 0.00 
value of k’ for some value of @ (other than @J and T, 
the larger of the two k’ values calculated for the solute pair of interest 
column length (cm) 
molecular weight of the mobile phase 
number of theoretical plates (see ref. 1) 
pressure drop across the cohrmn (eqn. 5) 



resolution (see eqns. I and 2) 
absolute temperature in “K (eqn. 4) 
subscripts Q and b used to distinguish between Herent temperatures 
reference tempemti 
standard state temperature (T, = 51°C in present study) 
retention times of bands 1 and 2 (eqn_ 2) 
separation time qhere ?= = tz 
column void time 
linear velocity (cm~sec) 
molar volume of solute A 
V, values for solutes 1 en 2 
baseline width of bands I and 2 
selectivity factor (see ref. 1) 
volume fraction organic solvent in water-organic mixture (methanol in 
present study) 
standard-state volume-fraction organic, 0, = 0.60 in present study 
empirical column permeabiity. @* = 500 for well-packed columns 
association factor in eqn. 4 
mobile phase viscosity (cP) 
mobile phase viscosity at 40°C 
reduced velocity (eqn. 36) 
optimum reduced velocity (see ref. 1) 

The program used in this smdy is listed in Table A-L Having loaded this 
program into the TI 59 calculator, parameters describing the chromaiograpbic 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 (Fable A-II, “Outputs”). 

TABLE A-I 

PROGRAM 

The program should be read in the order A, B, C, etc. 

A B c 

LRN 

ox4t 
RCL 05 

FSL 00 

X 

RCL 06 

= 

ST0 16 

KCL 07 

RCL 08 

X 

_RcL 00 

= 

ST0 17 

(log k’ 51) f 

273.2 

= 

S‘s0 18 W Ok) 

l/X 

+/- 

+ 

ial1 l/X 

RCL 01 



D E F 

0.0030845 

= 

X 

CL 17 

+/- 

+ 

RCZ 16 

= 

lOX 

ST0 19 

RCL 09 

RCL 00 

X 

R(3L 10 

= 

ST0 16 

RCL 11 

RCL 12 

X 

RCL 00 

=o 

ST0 17 

RCL 18 

-Ran 20 

+/- 

0.0030845 

X 

RCL 17 

w- 

i- 

RCL 16 

10X 

6To 20 

RCL 19 

= 

x I t 127 

RCL 20 

ST0 21 

RCL 19 

Ck'l) ST0 20 

Rc!L 21 

ST0 19 

= 

= 

= 

RCL 00 

f 

0.64 

+ 

1 

= 

l/X 

X 

(42) RCL 03 

= 

ST0 21 

RCL 02 

f 

RCL 21 

= 

ST0 22 

RCL 00 

X2 

X 

2-32 

(kr2)- .‘--: = 

;/- 

c 

2.1 

X 

RCL 00 

X 

. L. = 

6TR 23 C*40' 

I SlOY x 

ST0 24 mm 9401 

RCL 23 
. 
X 

200 

+ 

650 

= 

ST0 25 

RCL 18 

l/X 

cq 0.003193 

= 

X 

RCL 25 

+ 

Cd RCS 24 

E 

lox 



ST0 27 t-1 RCL 22 

Y” 

9-S 

= 

l/x 

t 

RCL 27 

X 

RCL 18 

X 

ST0 31 

X 

m-z 04 

= 

r/x 

X 

RCL 04 

1 

Rszh 29 

= 

ST0 30 

RCL 30 

Y” 

O-33 

= 

-s- 

2 

3 

RCL 30 

c 

0,os 

X 

KtL 30 

= 

KCT. 32 

cc 

Ilx 

X 

RCL 33 

X 

4 

x 

w ReL 02 

= 

STQ 32 

Rcr# 29 

c 

x 
= 

X 

RCL 21 

= 

ST0 33 

(0) RCC 20 

t 

I 

s 

X 

Rcb 21 

= 

ST0 34 

RCL 33 

= 

X 

2 

t 

RCL 37 

= 

= 

ST0 35 

RCL 32 

w 

l/X 

X 

Ran 34 

X 

4 

(N) = 

ST0 36 

RCL 35 
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TABLE A-I (tw-J -_ 

J K L 

f x 1,455 x us7 

RCL 36 R[=L 27 = 

= X ST0 39 (PI 

ST0 37 RCL 02 PEtU.Se 

RCL 31 ^ RCZL 38 

RCL 04 R/S 

6TO 38 (Rs) t EUH 

RCL 22 RCL 04 

X X 

RCL ?_5 

TABLE A-II 

LOCATION OF CHROMATOGRAPHIC PARAMETERS IN RESOLUTION PROGRAM 
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