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SUMMARY 

Definitions and methods of calculation of the temperature-programmed reten- 
tion index, ZTp, are presented. A more accurate regression equation describing the 
relationship between Zrp and the net retention volume, V, or the net retention time, 
t, for n-alkanes in temperature-programmed gas chromatography is proposed 

Z,, = a0 + a1 In Y + azYB 

where ao, al, u2 and B are constants, Y may be V or t. The equation can be applied 
to any temperature programme. 

INTRODUCTION 

The retention index, Iv, defined according to Kovatsl is based on the linear 
relationship between the logarithm of the net retention volume and the carbon num- 
ber of n-alkanes under isothermal conditions 

Z 
In V, - In VN 

V(x) = 1OON + 100 * 
In V,+, - In VN 

where V is the net retention volume, the subscripts N and N + 1 are the numbers 
of carbon atoms in the n-alkanes and the subscript x represents the unknown com- 
pound. Under isothermal conditions, V can be replaced by the net retention time, t. 

Temperature programming is generally used in the analysis of complex organic 
mixtures having a wide range of boiling points. Van den Do01 and KratzZ proposed 
the following definition of the temperature-programmed retention index, ZTp 
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= 1OON + 100 . 
T 

ITP(x) 
Rfx) - TR(N) 

TR(N+I) - TRW) 
(24 

or 

I = 1OON + 100 . tR(x) - tR(h') 
TPfd 

fR(N+l) - tR(N) 
(2W 

where TR is the retention temperature and tR is the retention time. The above equa- 
tions have been accepted as the fundamental definition of ZTp. However, there are 
three weaknesses in this definition: 

(1) It is based on the linear relationship between TR and the carbon number 
of n-alkanes under linear temperature-programming conditions. As pointed out by 
Harris and Habgood3, this linear relationship is “less regular and less extensive”. 

(2) It is only applicable to a linear temperature programme not including iso- 
thermal steps. 

(3) It is not more closely related to the isothermal retention indices of KovSts4, 
1i. Thus, in correlating &p with Ii, anomalies are founds. 

Recognizing the non-linearity between TR or In tR and the carbon number of 
n-alkanes in temperature-programmed gas chromatography (TPGC), some other 
definitions of ITp were proposed. Halang et ~1.~ and Zenkevich’ used curve-fitting 
methods to obtain some critical constants from retention data for n-alkanes and then 
calculated &p values by means of special equations. For instance, Zenkevich pro- 
posed the following relationship in TPGC: 

ITp = at + b log t + c 
(3) 

= a (t + q log t) + c 

Eqn. 3 shows that a linear relationship exists between ZTp and (t + q log t), so a 
“Generalized Retention Index (GI)” was defined as follows 

GL(x, = 100 N + 100 . 
(tx + 4 1% tx) - (tN + q 1% IN) 

(tN+l + 41% tN+1) - (tN + qlog h> 

where a, b, c and q are constants. The shortcoming of such a treatment is that all the 
constants used have to be redetermined when the temperature programme is varied. 
In addition, these methods are limited to simple temperature programmes without 
isothermal steps. 

Some authors have tried to extend the Kovats definition (eqn. 1) to TPGC and 
succeeded in deriving some rigorous equations to calculate V for any temperature 
programme. For instance, in the case of a constant mass flow-rate of carrier gas, V 
can be calculated by the method of Majlat et al. *. In the case of a constant inlet 
pressure of carrier gas, V can be calculated by Zhu’s methodg. Then, &p can be 
calculated according to eqn. 1. In this case, eqn. 1 can be called the Extended Kovats 
Definition. 

According to Majlit et al. and Zhu, the Extended Kovats Definition seems to 
be applicable to any temperature programme. However, the relationship between In 
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V and the carbon number of n-alkanes may not be linear in TPGC, so a linear 
interpolation could result in error. 

Because ZTp is the most important retention parameter in TPGC and is widely 
used for peak identification in routine analysis, a great number of Z,, data have been 
collected and additional data are expected to accumulate rapidly. Therefore, it is 
worthwhile to evaluate critically the different definitions and methods of calculation 
for I,,. 

In this paper, attention is focused on the relationship between the net retention 
volume, V, and the carbon number of n-alkanes in TPGC, because this relationship 
forms the basis of the ZTp definition. We have improved upon the Zenkevich treat- 
ment’ and a more accurate and universally applicable regression equation is proposed 
to describe this relationship. 

EXPERIMENTAL 

A Varian 3770 gas chromatograph (constant inlet pressure of carrier gas) 
equipped with a flame ionization detector and a C-RlB microprocessor was used. 
The open-tubular glass capillary columns were coated with OV-101 (24 m x 0.26 
mm I.D., film thickness, df = 0.5 ,um) or PEG-20M (25 m x 0.26 mm I.D., df = 0.2 

pm). 
The C7-C23 n-alkanes were dissolved in n-pentane and then injected with a 

splitting ratio of 1:90. 
Y/K values (K = constant, see ref. 9) for the n-alkanes were calculated and 

the equations describing Z TP verstix V/K or t were established by means of stepwise 
regression analysis; then GI values were calculated according to eqn. 6 (see below). 

A preliminary calculation showed that the maxima discrepancy between GI, 
and GIr (see below) existed at about (lOON+ 50) i.u., so a series of hypothetical 
compounds with t, = tN + (tN+l - tN)/2 was assigned for comparison of the dis- 
crepancy. 

A NEC/PC-8801 B computer was used for the calculations. 

RESULTS AND DISCUSSION 

Eqn. 3 proposed by Zenkevich was first used to calculate ZTp, but the results 
were comparatively unsatisfactory as the multiple correlation coefficient, R, was only 
0.9994.9999 and the estimated standard error (S.E.) was as large as 10 i.u. S.E. is 
the statistical result of the discrepancies between the ZTp values calculated by the 
regression equation and the theoretidal ZTp values of n-alkanes (lOON). 

By means of stepwise regression analysis, a more accurate regression equation 
has been found 

ZTp = a0 + al In Y + a2 . 10 b I” y 

= a0 + a1 In Y + azYB (5) 

= (I~ + ~(4 In Y + YB) 

where q = ul/a2, uo, al, a2, b and B are constants, Y may be V, V/F (F is flow-rate 
of carrier gas, see ref. 8), V/K or t. Then, GI can be redefined as follows: 
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(q In Yx -b Yf) - (q In YN + yg> 

looN + ***(q In YN+l + Yg+l) - (q In YN + fi) 

The constants in eqn. 5 have to be determined based on the Y values of n- 
alkanes and they have to be redetermined when the temperature programme or the 
column used is varied. In Table I, the constants of eqn. 5 for typical temperature 
programmes are compared. All of the regression equations are sufficiently accurate 
with R 2 0.999996, SE. < 0.65 i.u. 

From Table I it is seen that the constant B increases with increasing heating 
rate, r, and with increasing isothermal time at the initial column temperature. When 
Y is changed abruptly, for example, from 2 to 9”C/min or from an isothermal step to 
a heating step or vice versa, the B value changes dramatically. So the regression 
equation has to be obtained from, and is only useful to, a single step of a complex 
temperature programme. 

The constant q represents the relative contribution of the In Y and YB terms 
to ITP. For the most simple temperature programmes (from 80 to 210°C at 2”C/min 
and from 80 to 240°C at G”C/min excluding a final isothermal step), with decreasing 
heating rate, q increases and B decreases; this means a greater contribution from In 
Y to ITP compared with P. 

In addition, from Table I, the values of B and q for the earlier stage of a linear 
heating step are different from those for the later stage, so if an highly accurate 
regression equation is necessary the span of eqn. 5 should not be too large, say six 
to eight consecutive n-alkanes. 

From the experimental results in Table II, it is seen that when V/K is small, 
the In (V/K) term provides the main contribution to ITP, and with increasing V/K the 
contribution of (V/QB rapidly rises. Also, neither In Y nor YB can be neglected (if 
the contribution of a term is less than 1 i.u., the term can be neglected), even at low 
heating rates. 

In our opinion, Yin eqns. 5 and 6 should be the net retention volume, I/ (also 
including V/F and V/K), so that the equation has a closer theoretical relationship to 

TABLE II 

COMPARISON OF CONTRIBUTIONS OF In Y AND YB TO ZTp FOR HYPOTHETICAL COM- 
POUNDS (OV-101 COLUMN) 

Temperature 
programme 

80 (9 min) to 230°C 
at 6”Clmin 

VIP ZrP a0 

0.43899 949.23 988.08 

al In (VU a2 IVIWE 

(i.u.) (i.u.) 

-80.01 41.16 

80 to 240°C 0.21557 952.59 1145.73 -240.79 47.65 
at 6”C/min 0.81890 1549.40 1236.47 -40.23 353.16 

1.23515 2051.97 3610.87 627.29 -2186.19 

80 to 210°C 
at Z”C/min 

0.09490 757.66 1096.00 -343.16 4.82 

l See ref. 9. 
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TABLE III 

COMPARISON OF GI, (Y = t) WITH Gly (Y = V/Q FOR HYPOTHETICAL COMPOUNDS ON 
AN OV-101 COLUMN 

Hypothetical 
compound’ 

80 to 240°C at 6”Cjmin 80 (5 min) to 136°C at 
~ Z”C/min then to 240°C at 9”C/min 
GI, G&J AGl** 

GI, GI” AGI 

A 756.80 756.85 -0.05 
B 854.31 854.31 0.00 857.18 857.19 
C 952.75 952.72 0.03 954.67 954.63 
D 1051.45 1051.44 0.01 1052.36 1052.33 
E 1150.56 1150.60 -0.04 1150.83 1150.88 
F 1249.92 1250.00 -0.08 1250.03 1250.15 
G 1349.54 1349.50 0.04 1340.66 1340.55 
H 1449.45 1449.43 0.02 1445.59 1445.57 
I 1549.42 1549.42 0.00 1547.06 1547.09 
J 1649.44 1649.46 -0.02 1648.04 1648.09 
K 1749.71 1749.75 -0.04 

L 1851.94 1851.96 -0.02 1852.13 1852.12 
M 1952.09 1952.08 0.01 1952.07 1952.06 
N 2052.37 2052.37 0.00 2052.60 2052.60 
0 2152.87 2152.88 -0.01 2153.07 2153.07 
P 2253.55 2253.59 -0.04 2253.68 2253.69 

l There is a maximum discrepancy between GI, and GIv for these compounds. 
++ AGI = GI, - GIv. 

-0.01 
0.04 
0.03 

-0.05 
-0.12 

0.11 
0.02 

-0.03 
-0.05 

0.01 
0.01 
0.00 
0.00 

-0.01 

Kovats definition (eqn. 1). However, we found that GI, (Y = t) was very close to 
GIV (Y = V/a. The experimental results are in Table III, from which it is seen that 
GI, - GIv is generally less than 0.1 i.u. So the substitution of t for V in eqns. 5 and 
6 is reasonable and this facilitates the calculation. The previous discussions on GIY 
are also valid for GI,. 

The results obtained on the PEG-20M column were similar to those on the 
OV-101 column, 

CONCLUSIONS 

The relationship between ZTp and Y or t for n-alkanes in TPGC can be de- 
scribed more accurately by eqn. 5, which could be used for any step of a complex 
temperature programme. When the span of eqn. 5 was properly chosen, the accuracy 
of ZTp was generally better than 1 i.u. Based on eqn. 5, the generalized retention index 
(GI) can be calculated more accurately by eqn. 6 and has a closer theoretical relation- 
ship to Kovats definition. In addition, the observed similarity of GI, to GIV makes 
it easier to calculate GI in practice. 
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