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SUMMARY

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

B

Istatlonary phase (') = A - —'T——I:—(—

gubstance

In the present paper, a least-squares computational method is used to deter-
mine by computer the constants to account for all the experimental variables.
The equation expressing the temperature-dependence of the retention index 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.

INTRODUCTION

It is well known that auxiliary methods are used for the identification of peaks
in qualitative gas-liquid chromatography when appropriate standards are not
. available. An important advance was achieved with the KovATs system of retention
indices?, and many investigators have dealt with the problems concerning this
system3, Thorough examinations were made to clucidate the relationship between
column temperature and retention index!-1%, but nc unambiguous resolution was
obtained, in spite of the remarkable results.
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We have already shown?! that the temperature-dependence of the retention
index can be expressed by eqn. 1:

B

Jstationary phose (1) =4 + _T—-l-—(,_ (I)

substance

where I is the isothermal retention index (index units); 7" is the column temper-
ature (°K); and 4, B and C are constants. Under given gas chromatographic con-
ditions, as used in the laboratory, A, B and C are defined by the substance involved
and by the properties of thestationary phase. The physicochemical derivations of these
constants according to PURNELLY are as follows:

A = ¢, 4 1002 (2)
B = 02 (A.H)x - (AIJ)'"’PZ-FI + Ca (A]J)npz —_ (AIZI)an_{_l "I"‘
+ ¢4 (AH)an — (4H) g (3)
(Ali)npz — (AH)nsz
C = o (4)

where ¢,—c, are constants; 4H is the differential molar heat of evaporation from
solution; z is the number of carbon atoms; x refers to the substance to be analyzed;
and »P; and nP;,., refer to paraffin hydrocarbons having z and z-+ 1 carbon atoms,
respectively.,

Although the differential molar heat of evaporation from solution is theoretic-
ally not independent of the column temperaturel?, our laboratory experience has
shown that the results obtained from this assumption are 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 (b) the number of
estimations necessary to define the three constants in eqn. 1.

THEORETICAL

As we have already stated?!, in almost every case the length of the linear
portion of eqr. 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 L 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 previously! for determining the constants in eqn. T for
practical purposes yielded quite reasonable results, but did not have sufficient
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accuracy for investigating theoretical problems. Therefore, the least-squares method
has been used for (letcrmmmg the constants to account for all experimental vari-

" ables1®19; : ' ‘

1 B 2 ..
F= X (Ii —4 -—-—,—:——-—-——) = minimum/ (5)
i=1 T+ C
where I is a function; Z; and 7'; are the measured data; 4, B and C are the constants
in eqn. I; 7 is a series of numbers; and » is the number of measurements.

The condition of the minimum is:
ol _ oF . oI’
o4 — 9B = @oC

As the system of eqn. 0 is, in our case, non-linear, its solution cannot be ex-
pressed in a closed form. Therefore, it is usually solved by approximations starting
from an appropriate set of initial values, 4, B, and C,, which may be calculated,
for example, by the method described previouslyl.

In the course of our calculations an approximation procedure has been used;
namely, the function I has been expressed at its starting point by its power ex-
pansion, neglecting higher-order members.

The function takes the following form at the 7th measured point:

By I B,

=0 (6)

Fi~Ii— Ay — ————dd — —+—+——dB + o= dC

PR T T TR Gy T T Co. 0 T T T G )
By using the following symbols: o
= — I . (8)

B, ‘
M= TG ~ o
B,

= e 10
“ (Ts - Cy)? (xo)

— B, |
wi_-—(h—Ao—h_{_C) (11)

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

F= % (vx,dA + vidB +4- 2dC — w04)? (x2)

i=1

Calculating eqn. 6 by means of eqn. r2, a linear system of equations is
obtained from which d4, dB and dC can be readily calculated. The starting constants
are corrected by using the differences obtained and it is checked whether or not the
sum of the squares of the deviations have become smaller. If so, the procedure can
be continued until the 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

« approximating function. It can be stated on the basis of the p'n'tlal derivatives that
" the influence of the constants diminishes in the present example in the order 4, B, C
~according to the ratio:

0F = 9F  oF _
94 ‘9B ‘o

:10-1:10-% (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 OF BENZENE ON THE COLUMN TEMPERATURE ON SQUALANE
AS STATIONARY PHASE ’

Column temperature Retention index _ Deviation
(°K) (iu.)
Measured Calculated from eqn. 1
(i.u.) (i.u.)
295.0 631.0 630.2 ~+ 0.8
295.7 631.7 630.5 1.2
303.0 632.0 633.4 — 1.4
313.0 634.0 636.9 —2.9
322.0 639.7 (10)  639.7 0.0
328.0 643.0 641.4 + 1.6
340.0 644.6 (10) 644.6 0.0
343.0 645.0 645.3 —o0.3
350.0 649.0 (7) 646.9 +4-2.1
355.0 648.0 648.0 0.0
359.0 648.9 (10) 6489 0.0
363.0 651.0 (7) 649.7 +1.3
3730 649.0 651.6 —2.6
393.0 655.0 654.9 0.1
Standard devialion 1.58

TABLE 11

INITIAL AND CORRECTED VALUES OF THI CONSTANTS IN EQN. I FOR BENZENE ON SQUALANE AS
STATIONARY PHASE

Coustanl Initial valuesv Correcled values®
A 691.00 693.36
B — 8820.00 —g6506.22
C — 148.00 — 142.03

& Calculated from eqn. 1.
b Calculated from eqn. 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 poss:ble 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 calculation?!:

I *
Lostance ™' (1) = w7y | (x4)
!

where I, is the molecular index contribution?! and f; is the interaction factor.

TABLE IIT

DEPENDENCE OF RETENTION INDEX ON COLUMN-TEMPERATURE FOR CYCLOHEXANE WITH SQUALANE
AS STATIONARY PHASE

Column temperatuve (°C)  Retention index

o r 2 3 4 5 6 7 8 9

20 ' 657 653 658 6358 658 659 659 650 659 G590
30 660 660 G6o 660  606rx 601 661 601 662 662
40 662 662 662 663 663 663 663 664  G6O4 664
50 664 664 665 665 6065 G663 666 666 666 666
60 666 667 667 667 667 668 668 668 668 668
70 669 669 669 66g 670 670 670 670 670 671
8o 671 671 671 671 672 672 672 672 673 673
g0 673 673 673 674 674 G674 . 674 G674 675 675
100 675 675 676 676 676 676 676 677 677 677
110 677 677 678 678 678 678 678 679 679 679
120 679 680 680 680 680 680

Now, Ip(benzene) = 162.92 index units (i.u.), and therefore:

o 162.92 )
I%%‘:,!:,lea,{‘eo (50.0°%) = —6-?5%5_ = 040.2 i.u. (15)
Jsaualane o _ 162,92 6 . 6
benzene (120-0 ) - W = 55-1 u. (I )

1

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 work??, eqn. 1 is suitable for the calculation of I(TPGC)
in the case of any temperature programme:

Ty +C
Istationary phase (TPGC) = A4 23 B log ( To + C )
substance ( iC) = -+ Ty — Tq (17)

where I(TPGC) is the retention index in temperature-programmed gas chromato-
graphy; Ty is the retention temperature (°K); and T, the initial temperature (°K).
However, it cannot be used alone for identifying a substance. IFor this purpose,
eqn. 17 has to be combined with VAN DEN DooL AND KRATZ's equation?3:
Ty(x) — Ty(2)
Ty(z 4 1) — Ty(2)

where (x) is the unknown substance; (z) and (z+ 1) are normal hydrocarbons having

I(TPGC) = 100 [ + z] . (28)
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z and z+-1 carbon atoms, respectively; and z is the number of carbon atoms,
In gas chromatography in general and especially in the analytical chemistry
of hydrocarbons, 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 (7°),
the following equality can be written:

I(T) = I,(T) (19)

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

S .
A, H TFC, Ay +

B
2
s 20
T C, (20)
This equation, after the necessary transformations, becomes:

T+ 7€y + C) + (—%‘—_‘—5;)] + [€iCa o+ Bljf - f:q )| =o

(21)

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

This procedure is demonstrated below on an example.

The constants of the two substances were as follows. IFor 3-methyl-z-ethyl-1-

butene: Ay == 650.00; By == —1980.00; and C, = — 520.16.-IFor cyclohexane: 4; =
1004.00; By = —712800.00; and C; = 1459.84. The stationary phase was squalane.
Thus, (4,—A4,) = 414.0; (C;+Cy) = 0939.7; (By— Bs) = —710820.0; C,C, =
—#%750350.4; I3,C, = 370770048.0; and B,C, = —2890483.2.

Substituting these data into eqn. 21, then:

T2—777.37T + 143211.2 = 0 (22)

Taking T; = 477.2°K (204.2°C) as the first case: no solution occurs because the
temperature limit of the squalane stationary phase is 125.0°C. In the second case, if
Ty = 300.1°K (27.1°C), there is good solution.
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