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In order to be able to discuss the conditions under which two peaks are resolved, it is 
clearly necessary first to define an acceptable criterion of minimum resolution, 
which will often depend on the type of problem under investigation. A convenient 
measure of resolution is the distance between two maxima expressed in terms of 0, the 
dispersi,on of, an individual peak. At zo separation it is just possible to recognize the 
two-component character of the peakl. Hence, for qualitative analysis a resolution’of 
zcr may be’adequate’but it will not enable one to estimate the ratio of the peak .areas. 
This only becomes possible when the separation is’about 40.2 For’ quantitative anal- 
ysis of traces or for, preparative separation in one step an even larger separation’ is 
desirable such as a Ga-resolution” (cf: Fig. I). 
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Fig. 1. Resolution of two peaks. 

We propose that any of these “minimum resolutions” can be used and that one 
can speak of a 2c+, 3a- and in general of an No-resolution* of two peaks matching N 
with the actual problem. In this paper we give a fairly simple method for the esti- 
mation of the difference, 61,‘between the retention indices of two substances which is 
necessary to achieve an No-resolution. We discuss therefore the slightly modified form 
of an equation derived previouslyl** : 

* It is possible and equivalent to this definition to measure the resolution in terms of 4 6, 
see e.g. AMBROSE et al.“. 

** See also CHOVIN AND L~n~~~.These authors givearelation betweentlle“separationfactor S”, 
ofJ?u~~E~~aand 19. 
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J(z)-I(I) (-1 
Distance of the maxima of two peaks in s-units: i.e. the resolution in ‘C 

term&of (r ..(-) 4 

The half of the peak width at the inflexion point (cm) 
&3( Q/&x (0) (-) 2 

Adjusted retention distance of the substance (I); do < d&2) (cm) 

Uncorrected retention distance of a substance insoluble in the 
stationary phase (cm) 
TOO RT,/,5 c-1 
Temperature of the column (“I<) 
Free enthalpy of vaporisation from the stationary phase given for 
one CH,-group (Cal/mole) 

.This equation consists of the three main parts: 

The fmxtion @ depends on the separation of two w-paraffins, expressed in terms of ,8, 
and on the temperature of the column. A.large value of ,I!? and low temperatures give 
good &p&ration. The function, @’ itself increases with lowering of the temperature thus 
amplifying the total effect of the temperature. The function 1/1/g shows that the 
separation increases with the square root of the theoretical plate number of the column. 

The function (p + 1)/p approaches unity as the retention distance becomes 
larger corresponding to increasing separation efficiency. Summarising, we can con- 
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elude that the separation of two peaks does not depend only on the theoretical pla@ 
number of a column but also on the temperature as well as on other.speciAc pfoperties 
of the stationary liquid. 

In Table I the values of the function N@ are listed for six stationary phases at 
different temperatures, In Fig. 2 is shown the graphical representation of the func- 
tion : 

that is, the necesszuydifference between the retention indices of two substances, 61, 
whose retention time is very long compared with the zero retention time. In this case 
(p + r)/p-+,.I. In Fig. 3 two functions,: (p + 1)~ and [p/(p + I)] 2 are plotted against p. 
To evaluate the ,difference 61 we can now proceed in two equivalent ways: 

(a) (i) Taking the value of NQ, from Table I ; 
(ii) Taking the value of 61( co) from Fig. 2; 

(iii) Taking the value of (p. + 1)/p from Fig. 3. 
We can now calculate 61 as follows: 

(b) (i) Taking the value of N@ from Table I; 
(ii) Calculating the so-called effective plate number with the aid of Fig. 3: 
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Fig. 3. Graphical representation of the function t%(m) = IV@ -!- . 
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Fig. 3. Plots of the functions (p + I)//) and Cp/(p + I)] B vetas p. 
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Fig. 4. Percentage error ve_yszcs original pexbmtagc of a minor component. 

(iii), Taking the value of 61 in Fig. 2 using +zzoff instead of H. In this case the 
diagram gives 61 instead of 61( co). 

A further question is how to choose N for a given quantitative analytical problem. 
In l?ig. 4 the percentage error is plotted against the original percentage of a minor 
component. We can see that for the quantitative determination of a trace component 
of 0.1 %, approximately 7a-resolution is required if we do not want to make a larger 
error than 20 Oh. The diagram, of course, does not take account of errors caused by 
asymmetrical peaks or tailing effects. 

The last question is the choice of N for the preparative separation of two sub- 
stances*. Fig. 5 shows the percentage of substance (2) in the prepared substance (I) 
as a function of the original percentage of (I) in the binary misture. The cut was 
chosen to be esactly midway between the two maxima of the pure components. 

Exam$Zes 

(i) A packed column (i.o:o.6 cm; I:240 cm) with emulphbr-0 as stationary phase 
(celite : emulphor-0 = 65 : 35; 0 of celite 120--150 ,u) gives about 1200 theoretical 
plates. A normal retention distance is such that p is about IS. The evaluation of 6? 
for a resolution of 40 at Igo proceeds as follows: 

Metho< a. In Table I we find for 44, the value : 7.98. Using this value for N@ 
arid IZOO for ‘yt we find in Fig. 2 61( co) to be ‘23 index units. The ,value of (p + r)/p is 

*The formula of GLUECKAUP~ is derived with the assumption that the percentage impurity 
is very small. 
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Fig. 5. Percentage df substance (1) in the prepared subitance (1) as a function’ of the original 
percentage of (I) in the binary mixture. 

.’ 

for p = 15 about, 1.1 (Fig. 3) so Ithat: 

‘iv l 1.1*23 = 25 

Metkod b. With.the aid of Fig. 3 the effective ,plate number is found to be: 

.12opp = 0.88-IZOO = .1056 

Using the values 798 for @:&-id, ro56 for Beif, we find from Fiig. 2 SI to ,be .25. 
(ii) A capillary cplyinn. (i.s :b;2 cm; L: 10,000 cm) witli. apiezon-L as stationary 

phase’ gives a plate number of’about 50,006. The zero retention time under normal, 
conditions is about 15 min. A monoterpene hydrocarbon appears after about 22 min 
so that p m o.g.‘.We ,now wish to find.61 which is necessary for a Go-resolution. 

Method.a, 6@: from “Table”:I’: 934. ,For 50,000 plates 61( 00) is 5; The value of 
(p -t_ i)/pis3; so that’:_ ,, :, :,dr, 

,;p:3*5 = r5 ” 

,‘i&Tethod b. We find, for tlie. function [‘/@.+‘I)]? from Fig. 3 (with p = 0.5) the’.’ 
valueo.11, so that: ’ 

. 

*off = 0.x I l ~o;ooo = 5500 
‘. ,.. 

With the aid of fieff we fin+ in ‘Fig. 2: SI = x5. 
: . ,,. ‘: 

.’ 
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PEAK RESOLUTION IN GAS. CHROMATOGRAPHY 295 

The necessary SI is much lower if the substance has a longer retention time. 
For instance we find for a substance which appears after 45 min on the same column 

(P = 2), 61 to be 6. 
(iii) In Fig. 6 the chromatogram of the mixture: +cymene//&pinene is shown. 

Under the experimental conditions indicated the plate number was about g3o and 
the value of p about 13.0. The value of @is ISI (Apiezon-L, Igo”) thus the necessary 
resolution for a Is-resolution is M( co) m 6 IU and 61 = 6.5 at p = 13. The retention 
index of $-cymene is 1071, of /?-pinene 1043; the difference between them being 28 IU. 
The calculated resolution is therefore 28/6.5 = 4.3s. For the measured resolution we 
obtain 3.8 0. 

d’(l) 
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Fig. 6. Chromatograrn of a mixture of p-cymene and /?-pincne. I = /?-pinene; 2 = fi,-cymene; 
‘r = rgo.I” C; ?-f = ~5~ C; Af = rboo ,ug; 6, = 51.5 ml/min; column = Pyrex glass; length = 
qo cm; Q = 0.6 cm. Celite-C: Apiezon-L = 65 :35 ; n = 930. Detector: lcatharorneter/tungsten 

iilament. p = &(1)/d(o) = 13.0; N = S/s = 3.8. 

(iv) Fig. 7 shows the chromstogram of the binary mixture of Ip-cymene and 
limonene. This mixture has been chromatographed in a stainless steel tube with 
apiezon-L as stationary phase. Under the experimental conditions indicated the 
plate number obtained was 35,000. For the difference 12 IU between the indices of 
the two components at 130~ we calculate with p = 0.7 and CD = 156 a theoretical 
resolution of 5.7 (Herr = 5950). The measured value of 5.0 is in good agreement with 
the calculated value. 

(v) Thesamemixture as in example iv is separated by 41 IU [IPr&limonene) = 
1180; 1Ploo(j5-cymene) = 12213 on the stationary phase emulphor-0 (Fig. S). The 
calculated separation is 6.8 0 (p = 6.9; CD = Igg) against the measured 6.7 0. 

APPENDIX 

The diflekence betweert the retentiolz indices of two substances resolved by Ncr 

The uncorrected retention volume of the component (I) with the shorter retention 
time is by definition: 

v”R(I) = v”R(o) + VA’(I) (=I 
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Fig. 7. Chromatogram of a mixture of p-cymene and limonene. I = +cymene; 2 = limonene; 
z-.. = 130.7O c; ‘rf = 25O C; M w IOO ,ug;d, I 25 ml/min; column stainless steel tube: length 
= Io,ooo cm; 0 = 0.2 cm. SP: Apiezon-L, cu. I g; ez = 35,000. Detector: lcatharometer/tungsten 

filament. p = d’(I)/d(o) = 0.70; N = B/s = 5.0. 

d_II .__- .-__- 
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4 

Fig. 8. Chromatogram of a mixture of limonene and p-cymene. I = limonene; 2 = p-cymene; 
Tc = 190.20 c; 2-f = 25' C; M w 700 ,~g; tic = 58.2 ml/min. Column = Pyrex glass; length = 
240cm; 0 = 0.6 cm. Celite-N : Emulphor-0 = 65 : 35 ; n = 1440. Detector: lratharometer/tungsten 

filament. p = d’(I)/d(o) = 6.9; N = 6/a = 6.7. 
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Supposing the elution curve is a Poisson distribution curve, we find for the inflexion 
points which are at rt: a : 

VO*o = f -& LYOR(0) + V,(I)1 (2) 

For the retention volume of the component (2) which lies No-units after the maximum 
of (r) we get : 

v"R(2) = v'R(I) +N.V”+, = 
C 

I 

For the net retention volume of (2), using the definition equation, we get : 

(3) 

where : 

TfN(2) = 

P = T7~(I)/v0~(0) = d'R(I)/dR(O) 

The function p is the relative retention of the substance (I) with respect to the gas- 

(4) 

(5) 

holdup; da(o) is the retention distance of a substance which is insoluble in the station- 
ary phase. 

Putting: 
2kz = log VN(PZ + 3) - log V,(P*) (6) 

we can write the definition-equation of the retention index in a simple: form: 

I(i) = y [log VN(i) - log 
P 

Thus for the substance (I) we can write: 

I(1) = y [log V,(I) - log 
2 

In order to calculate the retention index of the 
into eqn. (6): 

s 
VN(PZ)l + 100 2 (7) 

V&P,)] + 100 2 (8) 

substance (2) we substitute eqn. (4) 

V,(r) - log VN(PZ) ) + 100 2 (9) 

Now we can calculate the difference 61 defined as: 

&I = I(2) -I(I) (IO) 

by subtracting eqn. (8) from eqn. (9): 

91 = y log [I + 
L 

5 (+)I (11) 
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In practice ti is a large number and hence: 

For this case the following equation is a good approsimation for eqn. (II) : 

(rr 
100 

w - ’ 0.4343 
bz 

(12) 

(13) 

The claaracterisation of a stationary fihase with the aid of the function /I 

It is well known that the plot ,of the logarithm of the adjusted retention distance, 
log d’#,), of the normal paraffins (C,H 82 + ,J against z is a straight line. 

This fact means that: 

log d’~(J=r + I). -log d’~(J’z) = log Vxv(Pz i- I) - log V,(Pz) = br (14) 

the term bz thus being independent of x for the higher members of this homologous 
series. The best (mean) value for b we get from the regression equation: 

log d’~(p,) = a + b.2. (15) 

From this slope b we can calculate: 

(16) 

The function ,B is the increment for the free enthalpy of evaporation from the ideal 
dilute solution. This function varies linearly with the temperature in the temperature 
range in which a stationary phase is used for’gas-chromatographic work. Thus we can 
express p by the following simple equation: 

p = $400 f -- ,;; (T - 400) (Cal) (17) 

that is we take 400~ I< (ca. 130~ C) as standard temperature. The values p40,,0K i.e. 
6 , 13cPc and the temperature dependence xo(@?/aZJ are listed in Table II for 6 
stationary phases. 

TABLE II 

Statiomty phase 

Apiezon-L 
Emulphor-0 
Didecyl phthala@ 

Di-ethylhexyl sebacc?td 
Silicone DC-200~ 
Polyethylene glycol” 

514.4 - I.25 I 10-230 

46gar - I.33 r IO-230 
58308 -4.78 SO--I50 . rq 
567.5 - 7.50 50-150 
582.9 

Y , 
-2.57 50-150 

5S9,S - 6,Sg 50-150 

J. Cirromatog.; 8 (1962) 289-302 
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The function ,8 is characteristic for the stationary phase and is independent of 
column conditions except the temperature. 

The digerence 61 expressed with the aid of/3 

The combination of eqn. (13) with eqn. (16) gives : 

61 (If3 
Putting 

~0 = 198.6 T,f/3 (19) 

and substituting this in eqn. (IS) we can write: 

(20) 

It is sometimes useful to define a so-called effective number of theoretical plates as 
follows : 

(21) 

Thus eqn, (20) becomes simpler: 

ISI=N@I 
l/nopp 

(22) 

The function bI is a minimum under given experimental conditions if the retention 
times of the substances are very long, for in this case: 

Substituting eqn. (23) into eqn. (20) we again get a simpler form: 

fir =sr(c+ - r + ‘> P 
(24) 

The necessary resohtion of two coqbonents for analytical work 

For the sake of the numerical calculation we replace the Poisson-curve by a Gaussian 
distribution function. Fig. g shows two methods for finding o by construction. For 
the peak of substance (I) the intersection of the base line with the tangents gives 4s. 
On the peak of the substance (2) the line between the inflexion points gives 20. 
The second method is based on the fact, that the inflexion points are at the height 
given by : ‘, 

e-&IL a 0.6 It (25) 

Let us now suppose that we analyse the mixture by integrating the composite 
peak up to the point I3 which lies exactly midway between the two maxims.. If we 
designate the distribution curves by f(x,I) and f(x,z), then we get the two areas: 

J. Clwomatog., 8 (1962) zSg-3oz 
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s 
B F’(I) = f(x,I)dx + JB f (x,s)dx 
-CO --co 

F’(2) = 
s 

zrn f(x,I)dx + j‘zr, f(x,a)dx 

Thus we calculate the apparent percentages: 

@a) 

W=) 

P’(I) 
F’(x) =~()~-----; P'(2) = 

F'(z) 

F(1) + F(2) =O" q-;j-T-F(a) 
(27 a + b) 

if we put for the integrals: 

F(I) = 
,s 

-m f(x,I)dx and F(2) = 
-CO s 

_*I f(x,n)clx (28 a + b) 

/---+-I 
Fig. 9. Methods for finding TV by construction. 

TABLE 111 

so 0.00 0.00 

PO 48.07 32.?5 
IO 7i.17 55 -93 

5 84.74 74.07 
,2. 93.68 88.39 

I 96.80 93.96 
0.5 98.39 96.92 
0.2 99.35 98.75 
0.1 99.68 99.37 
0.05 99.84 99.69 
0.02 99.94 99.87 
0.01 99.97 G9.94 

0.00 

16,.70 
34.83 
54.60 

c*‘,; . 
92.97 
97.08 
98.32 
99.26 
99.70 
99.85 

0.00 

6.39 
IS-40 
29.05 
52.20 

69.04 
81.83 
91.89 

;“,*:; . 
99.13 
99.36 

0.00 0.00 

1.83 0.40 

4.73 1.07 
10.05 2.37 
22.96 6.09 

37.83 11.68 

55*=5 21.09 

75.56 40.20 
86.11 57.40 
92.54 72.95 
96.88 87.09 
98.42 93.10 

0.00 

0.07 
0.19 
0.42 
1.11 
2.23 

4.40 
10.38 
18.84 

31.73 

0.00 0.00 0,oo 

0.01 0.00 0.00 

0.03 0.00 0.00 

0.06 0.0s 0.00 

0.15 0.02 0.00 

0.31 0.04 0.00 

o.G3 0.07 0.01 

I*55 0.17 0.01 

3.07 o-34 0.03 
5.95 0.68 0.06 

13.67 1.67 o.r5 

24.05 3.29 0.29 
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The true percentage of the substance (I) is: 

F(I) 
P(I) = 100 --- 

F(I) 3 F(2) 

Let us take component (I) as the minor component. In this case the apparent per- 
centage is always greater than the true percentage. We can now give the percentage 
error for the determination of the component (I) as follows: 

P error =I00 

&4 100% error means that the result for the substance (I) is caused completely by (2) ; 

a 0% error on the other hand means that the apparent percentage is equal to the 
true percentage. In Table III the values of + CrrOr are listed for different resolutions 
and for different amounts (I) in the binary mixture. 

l% necessary resolution of two com$onents for @e$arative work 

The impurity in the minor component (I) can obviously be calculated for the same 
separation as defined in Fig. g : 

IOO -13 
#JimpurIty = 

J F'(I) -co 
f (x,z)dx (30) 

This percentage is listed in Table IV for different resolutions and for different per- 
centages of (I) in the binary mixture. . ..) 

TABLE IV 

gillat 
% Itr@writy (i.e. szrbstarrce (2)) it, the isolated srtbsfat~ce (x) 

ixtrrrc 
f%I IO 20 3a 4= 5= 60 70 scl 90 IOU 

30.854 15.866 6.681 
64.092 42.998 22.261 
80.064 62.925 39.184 
89.449 78.180 57.631 
95.626 go.235 77.817 
97.786 94.916 87.635 
98.886 97.404 93.441 
99.553 98.948 97.277 
99.776 99.472 98.621 
99.888 99*735 99.306 
99.955 99.894 99.721 
99.978 99.947 cgg.86o 

2.275 
8.519 

17.322 
30.G67 
53.286 

69.740 
82.246 

92.074 
95.877 
97.596 
99.148 
99.572 

0.6210 
2.438 

5.324 
10.612 

23.441 
38.218 

55.4=6 
73.716 
86.192 
g2.588 
96.898 
98.425 

0.1350 

0.5378 
1.202 

;:;y; 

11.803 
21.r97 
40.281 

57.454 
72.988 
87.109 
93.111 

0.02326 0.0~3167 o.0333g8 0.042867 
o.ogag80.01267 o.o"135g 0.0:'1147 
o.2ogo 0.02850 0.0~3058 0.0~2580 
0.4402 0.06014 0.0~6455 0.0~5446 
1.127 0.1550 0.01665 0.0~1405 
2.252 0.3126 0.03363 0.0"2838 

4.425 0.6263 0.06756 0.035704 
10.403 I.556 0.1693 o.or430 
18.861 3.067 o-3383 0.02863 

31.747 s-954 0.6746 0.05726 
53.772 13.669 1.6701 0.1431 
69.939 24.052 3.2857 0.2858 

SUMMARY 

A method is given for the estimation of the difference between the retention indices 
of two substances necessary for an Ns-resolution of their peaks. 

j. Chromatog., 8 (1962) 289-302 



302 H. STRICI<LER, E. KOVtlTS 

REFERENCES 

1 E. I<ovA+rs,Nelv. Cl&z. Acta, 41 (1938) 1915. 
2 J. H. PURNELL, Natwe, 184, Suppl. No. 26 (1959) 2009; Anat. CJbem., 3~ (1960) 1268. 
31,Hn~Asz AND G.SCHREYER,Z. anal.CJ~em., 181 (1961) 367. 
4 D. AI\IBROSIZ, A, I. M. KEULEMANS, E. KOVATS, H. R&K, C. ROUIT AND F. H.STROSS, in R. I?. 
SCOTT, Gas CJwomatograpJ~y 1960, Butterworths, London, 1960, p. 423. 

6 I?. CHOVIN AND J. LEBRE, in the Avan&ditio?z des Communicatio?ls aux Jouwles Internatiowales, 
Paris, 1961, p. 30. 

a G. RAUPP,~. a%aZ, Clzcm., 164 (1958) 135. 
7 E. GLUECICAUF, Tva9zs. Faraday SOL, 51 (1955) 34. 

J. CJwomatog., 8 (1962) 289-303 


