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SUMMARY 

As already shown by the authors l, the temperature-dependence of the retention 
index can be expressed by a first-order fractional function of the column temperature : 

In the present paper, a least-squares computational method is used to cleter- 
mine by computer the constants to account for all the esperimental variables. 
The equation expressing the temperature-dependence ;of the retention indes has a 
shorter or longer linear portion depending on the natures of the substances involved 
and the stationary phase in the temperature range generally used in gas-liquid 
chromatography. The temperature-dependence of the retention index is significant 
from both the practical and the theoretical viewpoint, It has an important role in 
research on the structures and interactions of molecules. 

lNTRODUCTION 

It is well known that auxiliary methods are used for the identification of peaks 
in qualitative gas-liquid chromatography when appropriate standards are not 

I available. An important advance was achieved with the KOVATS system of retention 
indice@, and many investigators have dealt with the problems concerning this 
systenP. Thorough examinations were made to elucidate the relationship between 
column temperature and retention index d-,.10, but no unambiguous resolution was 
obtained, in spite of the remarkable results. 
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We have already shown1 that the temperature-dependence of the retention 
index can be expressed by eqn. I: 

(1) 

where I is the isothermal retention index (index units); 2”’ is the column temper- 
ature (“K) ; and A, 13 and C are constants. Under given gas chromatographic con- 
ditions, as used in the laboratory, A, B and C are definecl by the substance involved 
and by the properties of the stationary phase. The physicochemical derivations of these 
constants according to PURNELL~ are as follows: 

A = 
B= 

-I- 

where q-c8 are constants; AH is the differential molar 
solution; z is the number of carbon atoms; x refers to the 
and ~9, and ~zP~+.~ refer to paraffin hydrocarbons having 
respectively. 

heat of evaporation from 
substance to be analyzed; 
z and z + I carbon atoms, 

Although the differential molar heat of evaporation from solution is theoretic- 
ally not independent of the column temperatureI’, our laboratory experience has 
shown that the results obtained from this assumption a.re significant within a rela- 
tively wide temperature range, Two problems concerning the temperature have 
arisen from the practical application of this assumption: (a) the variation of the 
temperature interval over which linear dependence is valid; and (1~) the number of 
estimations necessary to define the three constants in eqn. I. 

(4 

(3) 

(4) 

TWEORETICAL 

As we have already statedl, in almost every case the length of the linear 
portion of eqn. I varies in the temperature interval of gas chromatographic measure- 
ments. The length of this portion is initially determined from the interactions between 
the substance investigated and the stationary phase. 

The fact that the length of this portion may in certain cases be extremely 
long, e.g., when using squalane or Apiezon 1; as the stationary phase, does not mean 
that the theoretical function of the retention index is therefore a linear function of 
the column temperature. 

We must emphasize that although a linear approximation may be quite 
sufficient on some apolar stationary phases, its accuracy is less than that of the, 
approximation by a first-order fractional function, However, the linear approxi- 
mation may, in the case of a polar stationary phase, be a frequent source of serious 
error. 

The method used previously1 for determining the constants in eqn. I for 
practical purposes yielded quite reasonable results, but did not have sufficient 
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accuracy for investigating tlleoretical problems. Therefore, the least-squares method 
has been used for clcterminiug the constants to account for all experimental vari- 

” ables18glD : : , 

(5) 

where F is a function; I$ and Tg are the measured data; A, 13 and C are the constants 
in eqn. I ; i is a series of numbers; and 71 is the number of measurements. 

The condition of the minimum is: 

ar; a.F ar; 
-zi-=-= au TEo ((4 

As the system of eqn. G is, in our case, von-linear, its solution cannot: be ex- 
pressed in a closed form. Therefore, it is usually sqlved by approximations starting 
from an appropriate set: of initial values, A O, B, and Co, which may be calculatecl, 
for example, by the methocl described previouslyl. 

In the course of our calculations an approximation procedure 1~s been used; 
namely, the function I; has been expressed at its starting ‘point by its power ex- 
pansion, neglecting l@her-order members. 

Tile function takes the following form at the ith measured point: 

F$ m Ii - A, - ,730 
Tt -j_ C” - dA - 2-f. ; C”. dB + (7-g -:“c,)2 dC 

By using tlic following symbols: . ’ 

xi=-1 I PI 

(11) 

ancl inserting them into eqn. 7, then eqn. 12 is obtained: 

17 = 5 (xtdA + yzdB -/- xrclC - R+ (I4 
gal. 

Calculating eqn. G by means of eqn. 12, a linear system of equations is 
obtained from which dA, d13 and. dC can be readily calculated. The starting constants 
are correctecl by using the differences obtainecl and it: is checked wllether or not. the 
sum of the squares of the deviations have become smaller. If so, the procedure can 
be continued until tile required accuracy is obtained. If necessary, the procedure 
can be repeated using different starting values. 

We have investigated the influence of the incorrectness of the constants on the 
P approximating function. It can be stated on the basis of the partial derivatives that 

the influence of the constants diminishes in the present example in the order A, 13, C 
according to the ratio: 

aF al; w 
8A 

: x : ac w I : 10-l : Jxr-3 (13) 
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EXPERIMENTAL AND RESULTS 

For presentation of the approximation by a fractional function, we have 
calculated the retention indices of benzene on squalane as stationary phase. The 
above method of calculation was programmed on a Gier computer (Copenhagen) 
in Algol-4 (ref. 20). The results are shown in Table I. 

TABLE I 

DEPENDENCE OF THE RETENTION INDEX OB BENZENE ON THE COLUMN TEMPERATURE ON SQUALANE 

AS STATIONARY PHASE 

CoZm~n tem#wature 
(“I<) 

Retcntiow index Deviation 
(Lab.) 

Measured Calculated from eqn. I 
(i.u.) (i.uJ 

295.0 
=95*7 
303.0 
313.0 
322.0 
328.0 
340.0 
343.0 
3 SO.0 
355.0 
359.0 
363.0 
373;o 
393.0 

631.0 
631.7 
632.0 
634,o 
639.7 (10) 
643*0 
644.6 (10) 
645 *o 

%E (7) 
648:9 (IO) 

fi51.0 (7) 
649.0 
fi55.0 

630.2 
630.5 
633.4 
636.9 
639.7 
641.4 
64416 
G45#3 
646.9 
G48,o 
648.9 
649.7 
65x.6 
654.9 

+0.8 
_1- I.2 

- 1.4 
-2.9 

+x 

0.0 

-0.3 
+2.1 

0.0 

-t_ rr :; 
-2.6 

-I- 0,I 

Standard deviation 1.58 

TABLE II 

INITIAL AND CORRECTRD VALUES OP THE CONSTANTS IN EQN, 1 FOR 13lSNZENE ON SQUALANE AS 

STATIONARY PHASE 

Constant InitiaZ values@ Cow&cd valuesb 

:: 
Ggr .oo 693.36 

- 8820.00 -965622 
C - 148.00 - 142.03 

e Calculated from cqn. I. 
b Calculated from cqn. 12 by computer. 

The initial and the corrected values of the constants are shown in Table II. 
The knowledge of the temperature-dependence of the retention indices makes 

it possible to prepare retention index VS. column temperature tables. An example is.,, 
shown in Table III. 

In studying these interactions it is important to know the relationship between 
the retention index and the column temperature. e.g., on squalane as stationary 
phase the interaction factor is 0.7455 at 50.0~ and 0.7513 at 120.0’. These factors 
can be calculated only by knowing the temperature-dependence of the retention 
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index. Their importance is proved by the following calculation21: 

where 1~ is the molecular index contribution21 and.fg is the interaction factor. 

TABLE III 
DEPENDENCE OF RETENTION INDES ON COLUMN-TEMPERATURIZ POR CYCLOMEXANE WITH SQUALANE 

AS STATIONARY PHASE 

Colawn tevnficvatwvc (“C) Retention index 

0 .r 2 3 ,4 5 G 7 8 9 . --..-_ 

20 

30 

40 

50 
60 

70 
80 

90 
100 

II0 

120 

657 G58 6.58 G58 658 6.w 659 659 659 659 
GGo GGo CiGo 660 GGr. GGI GGI 661 662 662 
662 GGZ 662 GG3 GG3 GG3 GG3 664 GG4. GG4 
GG4 GG4 GG5 GGs GG5 GGs GGG 666 666 GGG 
GGG GG7 GG7 GG7 GG7 GG8 GG8 GG8 668 GGS 
GGg GGg GGg GG9 G70 670 670 670 670 G7= 
671 G7I 671 471 G72 672 672 672 G73 G73 
673 673 673 674 674 G74 - 674 674 675 675 
675 G75 G7G G7G G7G G7G G7G. G77 677 677 
677 677 678 678 G78 678 678 679 679 G79 
679 G8o G80 G80 680 GSo 

Now, IM(benzene) = rGz.gz index units (i.u.), and tlicrefore: 

1;yg;;; (50.0”) = 
1GW.p 

0.2545 
= G40.2 i.u. 

, (IS) 

q;,‘,“n”,” (120.0°) = 
162.92 

0.2487 
= 655.1 i.u. (16) 

8 

These theoretical data can be compared with the experimental values of 640.0 
i,u. at 50.0’ and 655.0 i.u. at 120.0~. 

As shown in earlier worka2, eqn. I is suitable for the calculation of I(TPGC) 
in the case of any temperature programme: 

(17) 

where I(TPGC) is the retention index in temperature-programmed gas chromato- 
graphy; Tr is the retention temperature (“I<) ; and T, the initial temperature (“I<). 

However, it cannot be used alone for identifying a substance. For this purpose, 
eqn. 17 has to be combined with VAN DEN DOOL AND I<RATZ’S equation23: 

I(TPGC) = IOO [ 
T,(x) - T,(z) T (a + r) 

r - T,(x) +z] _.. (18) 

where (x) is the unknown substance; (z) and (z + I) are normal hydrocarbons having 
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z and x _1- z carbon atoms, respectively; and z is the number of carbon atoms. 
In gas chromatography in general and especially in the analytical chernistky 

of hydrocarl~ons, the total overlap of’ peaks must be taken into account. 
In the case of the total overlap of two peaks at a given column temperature (T), 

the following equality can be written: 

gives 

4 07 = I,(T) 

The temperature-dependence of the retention indices of the two peaks that 
total overlap is given by: 

(20) 

This equa.t.ion, after tile ncccssary transformations, becomes: 

T” + ?’ [(Cl -+ C,) -t_ (;I 122 )] -t_ [c,c, + (q 1 y, )] = 0 (21) 
1 2 I. 2' 

If eqn. 21 has a real solution under gas chromatographic conditions for the 
given stationary phase, the two peaks totally overlap, 

This proceclure is demonstrated below on an example. 
The constants of the two substances were as follows. For 3-methyl-2-ethyl-L- 

butene: A, -- 050.00; B, = -1c~80.00; and C, = -52o.1G:l;or cyclohexane: A, = 
1oG4,oo; U, = -712800.00; and C, = 1459.84. The stationary phase was squalane. 
Thus, (Al--A,) = 414.0; (&j-C,) = 939.7; (B,--B2) = -710820.0; C,C, = 
- 75935o*4; file2 = 370770048.0; and B,C, = -28go483.2. 

Substituting these data into eqn. 21, then: 

T2--777.3 T + 143211.2 = o (22) 

‘Taking T, = 477.2% (204.2”C) as the first cast: no solution occurs because the 
temperature limit of the sclualane stationary phase is 125.o’C. In the second case, if 
I’, = 300.1OK (27.1”C), there is good solution. 

The authors express many thanks to MAX TOTW (New York University, New 
York, U.S.A.) for assisting with the preparation of this manuscript. 
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