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INTRODUCTION 

The presentation of retention data in absolute units (specific retention volumes or 
partition coefficients), although conceptually simple, is beset with practical difficulties 
if reasonable accuracy is to be obtained 1. For analytical purposes, retention ratios 
are generally used. However, owing to the wide range of column conditions and 
solutes concerned no single conventional standard material suffices. A wide range 
(,f arbitrary standards are therefore to be found in the literature. 

This situation is unsatisfactory from a number of aspects. Thus, filing and 
tabulation of data become cumbersome, comparison of data using different standards 
is difficult and thermodynamic relationships are indeterminate. 

A i,~te has been published ~ by one of the present .authors which shows that 
retent ion ratios relative to n-nonane can be obtained by extrapolation or interpolation 
of the: close linear relation between log (retention) and carbon number in the homo- 
logous n-paraffin series. This is referred to as the "log plot" in this paper. The reasons 
for the particular choice of n-nonane as standard are given later. 

The precision of the method clearly depends on the precision with which the 
retentions of the n-paraffins, or any other internal standards, can be expressed relative 
to tile retention of n-nonane which in turn depends on the accuracy of the inter- 
polation or extrapolation of the linear "log plot". This is discussed in some detail 
in the theoretical section. 

EXPERIMENTAL 

Apparatus 
Only conventional and simple gas chromatography equipment was used throughout 
this investigation. Columns were 5 feet × 4 mm in pyrex glass using a modified flame 
ionisation detector 3. The carrier gas was a 3 : I (by volume) mixture of hydrogen and 
nitrogen. The carrier gas flow rate and column inlet pressure were controlled only 
by an ORI2 pressure regulator (British Oxygen Gases Ltd.). The column temperature 
was regulated by a vapour jacket consisting of boiling methanol (64.7°), water 
(IOO.O °) or n-pentanol (138.o°). These boiling points were subject to some variation 
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due to changes in barometric pressure which ranged from 74o to 765 torr. The 
stationary phases were supported on acid-washed (I % phosphoric acid) 60-72 mesh 
celite (J.J.'s, Ewell, Surrey, England) and in certain cases on 60-72 mesh C.22 
firebrick (J.J.'s). 

In this investigation the only stationary phases used were dinonyl phthalate 
(BDH for chromatography) and squalane (BDH for chromatography). In our 
experience, polyethylene glycol and silicone columns, although otherwise useful, 
change their character on usage even at quite moderate temperatures. Samples 
(approximately IO 7) for analysis were introduced by means of stainless steel capillary 
pipettes 4. Columns were operated at or near optimum carrier gas flow rate (approx. 
50 c.c./min, measured at room temperature and at column outlet pressure) and had 
efficiencies between 400 and 500 theoretical plates per foot of column. 

Materials 

Solutes were selected with a view to having as wide a range of solvent interactions 
as possible. Thus in respect of dipole moments these ranged from zero for the n-paraf- 
fins to about 4.0 Debye units for aromatic nitro compounds. Group polarisabilities 
ranged from 1.68 for the C- -H bond of n-paraffins to 8.1 for the S--S bond in di- 
sulphides (polarisaoility expressed as contributions to the Lorentz molar refraction). 
Hydrogen bond acceptor and donor properties ranged from zero in the n-paraffins 
to the strong tendency in both respects for alcohols. 

The solutes studied were all commercially available and were either predomi- 
nantly pure (checked by infra-red analysis and gas-liquid chromatography where 
appropriate) or had a component which was clearly identifiable (e.g. irom a homolo- 
gous series gas-liquid chromatography plot). 

Calculation procedure [or Rx9 values 

A convenient calibration series of n-paraffins was injected into the column and a 
chromatogram obtained. Since the overall reproducibility was being investigated 
this was repeated for each Rx9 value determined. In normal practice this calibration 
chromatogram needs only to be repeated at infrequent intervals to check any change 
of column characteristics with usage. 

Retention distances on the chart were then measured from the "column dead 
volume point" to the peak maxima. 

With detectors insensitive to air no "air peak" is observed and this presents 
some difficulty. This was obviated by the following procedure. A calculated value for 
the column interstitial volume was first taken, converted into chart distance, and 
subtracted from retention distances measured from the point of injection. These ad- 
justed retention distances were then plotted against carbon number (on I I ~  in. 
× i 6 ~  in. 2 or 3 cycle log-linear graph paper). If in fact the calculated interstitial 
volume was in error some curvature of the plot at low retention times was apparent. 
The further correction required could, however, easily be computed from the expression 
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2.3o 3 2~ JR(6 log R) 2] 6 a =  
Y~ [~ log R] 

where R = retention distance from assumed dead volume point on chart 

log R = log R o b s e r v e O  - -  log R e x t r a p o l a t e d  

R e x t r a p o l a t e d  = value obtained from extrapolation of linear part of graph 

3a = further correction to retention distance to be subtracted from the first set 

of adjusted retention distances. 

Provided the first calculated interstitial volume of the column was not seriously 

in error the above correction gave very precise values for adjusted retention distances 
and on replotting the data no curvature was apparent. 

From the corrected graph the retention distance for n-nonane was obtained by 

interpolation or extrapolation. Within the temperature range studied this could 

be done graphically with sufficient accuracy. At very much higher temperatures 

"least squares" methods may be required. 

From the value for the adjusted retention distance of n-nonane obtained from 

the corrected graph, the relative retentions of the n-paraffins within the calibration 

with respect to n-nonane were calculated from the relation 

R2v9 ---- R2v/R9 

where R2v9 = retention of paraffin relative to n-nonane 

RN ---- adjusted retention distance on chart of the paraffin 

R 9 ---- adjusted retention distance on chart of n-nonane deduced from the graph. 

On occasion the use of n-paraffins as internal standards is inconvenient. In this 

case a suitable internal standard was added to the calibration series and the retention 

of the proposed internal standard relative to n-nonane thus obtained. On very polar 

stationary phases the concentrations of n-paraffins in this calibration generally need 

to be small in order to obviate band broadening due to delayed volatilisation. With 
the high sensitivity detectors now available this presents little difficulty. 

Having thus obtained the retentions of the n-paraffins or other standards 
relative to n-nonane one or more of these were used as conventional internal standards 

to measure the retentions of various solutes relative to n-nonane from the relation 

Rx9 = Rx~ × R~v9 

where Rz9 = retention of material being measured relative to n-nonane 
Rx~v = retention of material being measured relative to the internal standard 

RN9 = retention of standard relative to n-nonane. 

For reasons discussed in the theoretical section, wherever possible, two internal 

standards eluting either side of the material being measured, were used and the 
mean Rx9 value taken. 

For calibration purposes only n-paraffins above n-butane should be used since 

on theoretical grounds the linearity of the "log plot" should deteriorate below 

n-butane. This is not generally of concern since these low molecular weight paraffins 

are more conveniently analysed by gas-solid chromatography. 
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Temperature cycling o~ columns 

In  order to  simulate normal  practice in analytical  laboratories the columns were 

tempera ture  cycled as follows: (I) Dinonyl  phthalate  columns, 65 ° (7 h), IOO ° (7 h), 

65 ° (7 h), IOO ° (711) etc. (2) Squalane columns, 65 ° (7 h), IOO ° (7 h), I38 ° (7 h), 65 ° 

(7 h) etc. 
In the lower temperature  range it is possible tha t  the reproducibility of retenti(m 

da ta  would be bet ter  than tha t  observed if the column was not operated a~ l,r, hcr 

temperatures.  

THEORETICAL 

The reproducibility o] conventional retention ratios 

The simplest case to consider is where the s tandard  and the unknown ~rt~ , t,,~ , , ,  

separate chromatograms.  If  it is assumed tha t  the percentage s tandard  deviaiiun 

of a retention t ime is independent of retention t ime (this has experimental  suptx~,rl 

provided rapidly eluted materials are excluded) then the theory  of randorn error 

propagat ion predicts tha t  
~'a:N = (~X 2 + ~N2) ~ = 2½ eO ( I )  

where exN = % s tandard  deviat ion in the retention ratio 

ex = e2v = e0 = % s tandard  deviation in retention time. 

In  practice, however, the s tandard  and the unknown are almost Mw:Lys run 

together  on the same chromatogram (Internal  s tandard  technique). Th,~ tbe.ort:tical 

discussion of the s tandard  deviation of the retention ratio under these conditJo~., is 

complicated except for the unique cases (I) where the errors in operat ing conditions 

are subject to rapid random fluctuations or (2) where the operating condition:, are 
subject to systematic  linear drift. Under  the lat ter  conditions and taking the special 
case where errors are due to a linear drift  in carrier gas flow rate then 

I OO~ [ 

where F = F 0 + at = carrier gas flow rat~ at time t 
F o = flow rate at the t ime of elution of the "air  peak"  

t 1 = elution time of s tandard  (measured from air peak) 

t 2 = elution t ime of unknown (measured from air peak). 

Clearly the error will be zero when t, = t 1, and hence the desirability of using an 

internal s tandard  with a similar retention t ime to the unknown. Exact  equali ty is 

not  practicable since the peak must  be resolved and an infinite range of s tandards  

would be required. 

If  two internal s tandards  can be used which have a precise known relation to 

some pr imary  s tandard  then the percentage error of the mean retention ratio relative 

to this pr imary  s tandard  under conditions of linearly drift ing carrier gas flow rate 

will be given by  xoox t3 + tl 

~'~P=~0 t~ -z I (3) 
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where t 1 : retention t ime of first Standard 

t 2 : retention time of unknown 
t3~---- retention time of second standard 

and, t I < t2 < t3.  

If therefore the retention of the unknown is the mean of the retentions of the 
two internal standards, errors due to a linearly drifting carrier gas flow rate will be 
eliminated. This is in principle a practical proposition since all peaks can be resolved 

under these conditions. Moreover although exact equality of t 2 and (t3 + tl)/2 can 
rarely be obtained, approximate equality pertains when the unknown is eluted 

between the two internal standards. This is a readily obtainable condition with the 
Rx9 method using two convenient n-paraffins as internaI standards. 

Similar but more complex considerations apply to small linear drifts in other 
operating conditions (temperature, amount of stat ionary phase in column) provided 

the character of the stat ionary phase is not drifting. When the drift is no longer 
linear with time the errors can be greater than those suggested by eqns. (2) and (3). 

The following general principles, however, still apply namely: (I) Retention ratios 
measured on a single chromatogram should be more reproducible than those derived 
from separate chr0matograms. (2) The accuracy with the former method should 
improve as the retentions of the internal standard and the unknown approach each 

other. (3) A method which involves the use of two internal standards more or less 
symmetrically disposed either side of the unknown should be more reproducible 

than methods using a single standard similarly disposed, provided the relations 
between the internal standards and the primary standard are precisely known. 

The reproducibility o~ retention ratios in theoretical nonane units (Rz9) 

Since Rx9 ---- Rx2v × RN9 then by  the law of random error propagation 

~ 9  2 = ~ N  2 + ~2v9 2 ( 4 )  

This applies when the two determinations are on separate chromatograms, exN is 
the % standard deviation for a conventional retention ratio. The critical factor 
therefore which will determine the % standard deviation of retention ratios in Rx9 

units is the quanti ty e2v9 which is the percentage standard deviation for the retention 
of the standard relative to n-nonane. This itself is a composite enti ty since 

RNo : RN/R9 
where RN = retention of standard 

R 0 = retention of n-nonane. 
Under the worst and never used conditions where these retentions are measured 

on separate chromatograms : 
EN9 2 : E N  2 -]- E9 2 (5) 

Although these conditions never apply in practice it is nevertheless important  
to evaluate the probable value of eg, the % standard deviation for the retention of 

n-nonane using separate chromatograms throughout. 
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The value of R 9 as stated previously is obtained by  extrapolating the best 
straight line of the log RN vs. carbon number plot of the n-paraffins. The probable 
error for R 9 in such a calibration is given by  

Z (i - -  9)2 
~9 2 = (6) 

X i~ - -  (X i)2 

where ~% = % probable error of Rg/% probable error of a single retention time 

i ---- the carbon number of each paraffin in the calibration 
v = the number of paraffins in the calibration. 

This equation applies to the worst possible system of calibration where each 
paraffin is run on a separate chromatogram. Under normal calibration conditions of 
a single chromatogram for the whole series, ~9 may be expected to be much smaller. 

The value of ~% is clearly a function of the calibration range of n-paraffins. If  
all the n-paraffins with carbon numbers between m and n are used in the calibration 
eqn. (6) reduces to 

2 { 5 4  (9  - -  n - -  m )  + 2 (n 2 + m 2 + r a n )  + n - -  m ) 
~ 9  2 = (7)  ( n - - m )  ( n - - m  + I) ( n - - m  + 2) 

or in more general terms 

2 2 { 6dr/" (dV" - -  n - -  m )  + 2 ( n  2 -}- m 2 -[- ran) -4- n - -  m } 

~0~ = ( n -  m) ( n -  m + ~) ( n -  m + 2) (8) 

where ~V" is the carbon number of the n-paraffin pr imary standard. 
By using eqn. (7) it is possible to evaluate the minimum value of n for each 

value of m which will make ~% ~< i. 
The minimum calibration ranges shown in Table I have been selected on this basis. 
In practice using a single chromatogram for the whole calibration these ranges 

are more than sufficiently wide and the accuracy correspondingly greater. By partially 
differentiating eqn. (8) with respect to W,  @ can be shown to have a minimum 
value when,A/" = (n + m)/2. That  is to say the best pr imary standard from this point 
of view is one near the middle of the range of n-paraffins which are amenable to GLC. 

Although n-nonane is somewhat below the middle of the range of n-paraffins 

which are amenable to GLC, pr imary standard paraffins with a higher carbon number 

would make calibration times at the lower end of the scale impossibly long. n-Nonane 
would therefore undoubtedly appear to be the best standard from a practical point 
of view. 

The maximum practicable calibration range of n-paraffins is determined by  the 

maximum convenient elution time for the last peak (Rn). Now owing to the linearity 
of the log plot 

Rn = Rm lO b (n - m) (9) 

where Rm = retention time of first peak (measured from air peak) 
b = slope of log plot. 
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T A B L E  I 

MINIMUM AND MAXIMUM CALIBRATION RANGES, SELECTED FOR 
SMALLEST NUMBER OF PEAK MEASUREMENTS* 

299 

m n n max**  Column No. ~ p ~ k  N o . ~  Minimum 
temp. °C me~umments ~t~minations running time, rain 

I 8 - - 8 6  8 I 1 . 8 . 1 o  7*** 
2 8 - - 6 4  7 I 2 . 4 . 1 o  ~*** 
3 8 - - 4 2  6 I 8 . 6 - 1 o  3*** 

4 7 8 - - 2 o  12 3 47 ° 
5 9 9 o 5 I 33 ° 
6 9 I I  24 4 I 55 
7 9 12 46 3 I 14 
8 9 14 68 2 I 5 
9 IO 16 90 2 I 4 

Io  15 18 112 6 I 5 ° 
I I  18 21 135 8 I 97 
12 19 23 156 8 I 59 
13 22 26 179 IO I 85 
~4 24 29 200 I I  I 68 
15 26 33 223 12 I 53 
16 28 37 246 13 I 42 
17 3 ° 45 267 14 I 25 

* C o l u m n s  3, 4 a n d  7 in  t h i s  T a b l e  a r e  p u r e l y  i l l u s t r a t i v e  a n d  r e f e r  to  a 5 % s i l i cone  704 c o l u m n  
of t h e  t y p e  d e s c r i b e d  u n d e r  EXPERIMENTAL. 

** n m a x  is t h e  h i g h e s t  v a l u e  of n for  t h e  a b o v e  c o l u m n  fo r  w h i c h  t h e  t i m e  for  a c h r o m a t o g r a m  
does  n o t  e x c e e d  8 h. 

*** T h e s e  v a l u e s  a r e  i m p o s s i b l y  long.  

The minimum practical value of Rm is that  which can be accurately measured 

on the chart. With conventional potentiometric recorders having a maximum chart 
speed of I in. per rain this minimum accurately measurable elution t ime is probably 
i 2 r a i n .  

The factor b depends critically on the nature of the stat ionary phase and the 
temperature.  Representative values for b are shown in Table II .  

The maximum calibration ranges shown in Table I are for a 5 % silicone MS7o 4 
column (4 mm × 5 feet) at temperatures appropriate to a retention time of about 

T A B L E  I I  

EXPERIMENTAL VALUES OF b FOR $4-PARAFFINS IN THE EQUATION log R ~ a -~ b N  

20 ° 65 ° I 0 0  v 1380  16o ° 

lO 3 × I / T  3.413 2.959 2.681 2.433 2 .309 
P E G *  0 .380 o . 3 o i  0 .23o 0.204 
D N P  0 .477 0.377 o.311 0.258 
Sil. 7o4 * 0 .477 0.362 o .3 o l  o .146 O . l l  4 
S q u a l a n e  0.492 o.391 0.324 0.264 

* T h e s e  v a l u e s  a r e  v e r y  a p p r o x i m a t e  d u e  t o  c o l u m n  i n s t a b i l i t y .  
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I min for the first member  of thecal ibrat ion series and about 8 h for the last member 
at a carrier gas flow rate of approximately 50 c.c./min. 

This type Of stat ionary phase has high b values for n-paraffins and represents 
difficult conditions in respect of time required for calibration. 

In spite of this the minimum calibration ranges required for accuracy are well 

within the maximum convenient calibration ranges. 
Under other conditions (polar stat ionary phases, normal caRillary columns) 

calibration times are much reduced. 
Summarising, under the worst conditions of 'separate chromatograms throughout 

and using a single secondary standard 

~N = ~/~0 (io) 

That  is to say the probable error for retention data in Rz~ units should be W/2 times 
the probable error in the conventional method. 

However, the facts that  the whole calibration is on a single chromatogram and 

that  two internal n-paraffin standards with the unknown can be used in determining 
Rz9 makes the probable error in Rz9 considerably less. 

In many  cases this improvement is particularly marked for retention data  in 
Rz 9 units and in consequence data in these units are rarely inferior in reproducibility 
compared with conventional methods and frequently superior (see RESULTS). 

The relation between Rz9 and the retention index 

KOVATS ~ has defined the retention index as 

log R (x) - -  log R (Pz) 
I = 200 + IooZ (I2) 

log R (Pz ~ 8) - -  log R (Pz) 

where R(x) = retention of unknown 
R(P~) = retention of n-paraffin with z carbon atoms 
R(P, + 2) = retention of n-paraffin with z + 2 carbon atoms. 

KOVATS does not comment on the physical significance of I .  I t  is in fact IOO × 

the carbon number of a hypothetical n-paraffin having the same retention as the 
unknown. In the following discussion we replace I by  U where I '  = I / I o o  since in 
our view I '  is a more convenient parameter.  

Rx9 a n d / '  are simply related by the expression, 

log R ~  
I '  = + 9 (I3)  

b 

The recommended experimental procedures for obtaining R~ 9 and I'  are some- 

what different, however. Thus the Rx9 method suggested in this paper uses a number 
of n-paraffins in the calibration and therefore incorporates a check on the accuracy 
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of the column interstitial volume apart  from a generally higher standard of repro- 
ducibility which is shown in the experimental results. 

The, R ,  9 method is in our view more convenient for analytical purposes in that  the 
Rx, value is directly proportional to elution time. In the retention index system relative 
elution times can only be calculated via a knowledge of the b factor for the column. 

The retention index is reputed to have a virtually zero temperature coefficient 5, 

but since 
dI" 0I '  dlnRx9 0I" db" 

+ (14) 
d (l/T) 01nRz9 d (I/T) 0b '  d (I/T) 

where T = absolute temperature and b' = 2.3o3 b. Then from eqn. (13) 

d I '  I d In Rz9 lnRx9 d b' 

d ( I / r )  b' d ( I / T )  b '2 d ( I / r )  

I d log Rz9 log Rz9 d b 

b d (I/T) b 2 d (I/T) 

(I5) 

(x6) 

The condition for zero temperature coefficient for I '  is thus 

d log Rx9 d b 
b d ( I /T~  -- log R X g d ( I / T  ) (17) 

When this condition does not hold, the temperature coefficient of I '  will clearly 
be a function of temperature.  

The thermodynamic significance o/R29 values 

Most work of a thermodynamic nature in gas chromatography has followed thermo- 
dynamic convention for vapour-solution equilibria and taken the pure liquid solute 
at the temperature and average pressure of the column as the standard state6, 7. 

This introduces a number of experimental complications in that  to determine 
true activity coefficients at infinite dilution (yo) the fugacities of the pure solutes 
must  also be determined. In general this means determining the vapour pressure 
of the pure solutes and correcting for non-ideality of the vapours via knowledge 
of the molar volumes in the liquid phase and the second virial coefficients. For  most 
compounds this data  is not available. If, however, the vapour  at infinite dilution is 
taken as the standard state it is possible to calculate from Rx9 values (provided 
small samples are used) the partial molar free energy of solution increment over 
that  for n-nonane at infinite dilution by  the simple relation 

}1 Gx9 = R_T tn R~9 

d in Rz9 A Hz9 
moreover 

d (I/T) __R 

I d In Rz9 A Sz9 
and -T d (1/7") - -  In Rx9 = 
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where ~Gx9 = increment in partial molar free energy of solution from the gas phase 
at infinite dilution compared with n-nonane 

T = absolute temperature 

AHx9 = increment in partial molar enthalpy of solution at infinite dilution from 
the gas phase compared with n-nonane 

ASx9 = associated entropy term 
R_ = gas constant. 

AHxs is in general sufficiently invariant with I/T to make possible good temperature 
interpolations for Rxs, by plotting log Rxs against I/T. 

The use of 2rGxg, /IHxs and possibly ASz, would appear justified by the fact 
that such terms are generally an additive function of chemical group contributions 8-1°. 

RESULTS 

Rx, values for various solutes on squalane and dinonyl phthalate at various temper- 
atures are shown in Tables V-IX. Alongside the Rz, value the standard deviation 
and the percentage standard deviation (obtained from at least nine determinations 
of Rz,) are quoted. The remaining columns in Tables V- IX give the conventional 
retention ratios taking various n-paraffins as internal standards. The standard 
deviations and percentage standard deviations of these values are also quoted. 

Rz9 values for n-paraffins are shown in Tables I I I - IV together with percentage 
standard deviations. 

TABLE III 
n - P A R A F F I N S  ON 2O ~o D N P / C E L I T E  

64.7 ° i o o  ° 

Subs tance  b = 0.,?77 P b  = 0.0009 b ~ o . 3 H  P b  = 0.0009 

R x .  P x .  "xo 3 ax .  Rx9 P x .  • ro  ~ gx~ 

n - P e n t a n e  o.o31 0.79 2.5 
n - H e x a n e  0.074 0.79 I . I  O . l l  3 2.o 1.8 
n - H e p t a n e  o .176 o.79 o.45 o .237 2.6 I . i  
n - O c t a n e  o.421 i .o  0.24 o.487 2. 5 o.51 
n - N o n a n e  I.OOO o.oo o .oo I.OOO o.oo o.oo 
n - D e c a n e  2.377 4.5 o.19 2.o51 6.o o .29 
n - U n d e c a n e  5.657 15.4 0.27 4 .196 16.o 0.38 
n - D o d e c a n e  8.556 43 o-5o 
n - T r i d e c a n e  17.52 131 o.75 

K n - n o n a n e  ~ o . 7 6 . 1 o  3 K n - n o n a n e  m O,22"IO 3 

It  is to be noted that although the standard deviation is always low, the values 
vary widely. In the case of rapidly eluted materials a relatively high standard 
deviation is to be expected but, apart from this factor, the origin of the diversity 
of standard deviations is hard to explain. 

The theory of the Rz9 method suggests that owing to the fact that at elevated 
temperatures calibration ranges of n-paraffins were used which are wider than neces- 
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T A B L E  I V  

n - P A R A F F I N S  ON 20  ~o SQUALANE/CELITE 

3o3 

Substance 

64.7 ° zoo ° 138o 
b = o.39~r Pb ~ o.ooo7 b ~ o.324 Pb -- o.ooI6 b = o.~64 Pb ~ o.ooo7 

Rx9 P m  "zo3 exo Rx ,  Px~ "zo 3 oxo Rx, Px~ "zo s axo 

n - P e n t a n e  0 . 0 2 7  0 . 7 3  2. 7 0 . 0 5 0  1. 3 6 . 6  
n - H e x a n e  0 . 0 6 7  0 . 7 5  i . i  O . lO  5 1. 3 1. 3 
n - H e p t a n e  o . 1 6 5  0 . 8 4  o . 5 1  0 . 2 2 4  1.8  o . 7 9  0 . 3 0 5  3 .3  i . I  

n - O c t a n e  0 . 4 o  7 1. 5 0 . 3 7  o . 4 7 4  2 . 6  0 . 5 4  0 . 5 4 9  3 . 7  0 . 6 8  
n - N o n a n e  i . o o o  o . o  o . o o  i . o o o  o . o o  o . o o  i . o o o  o . o o  o . o o  

n - D e c a n e  2 . 4 5 9  4 . 6  o . 1 9  2 . 1 1 o  7 .2  0 . 3 4  1 .839  4 . 8  o . 2 6  
n - U n d e c a n e  - -  - -  - -  4 . 4 4 6  39  0 . 8 9  3 . 3 8 6  8 .2  0 . 2 4  
n - D o d e c a n e  - -  - -  - -  9 -4  l o  77 0 . 8 2  6 . 2 3 0  20  0 . 3 3  
n - T r i d e c a n e  . . . . . .  I i .48 49  o . 4 3  
n - T e t r a d e c a n e  . . . . . .  2 1 . 2 2  12o  0 . 5 8  

K n - n o n a n e  ~ 1.2 • lO 3 K n - n o n a n e  N o . 3 i  • lO 3 K n - n o n a n e  ,,, o . 1 3  • lO 3 

sary to maintain constant reproducibility of R 9, then the reproducibility should 
improve with increase in temperature. By taking the mean standard deviation at 
each temperature, for all the materials studied in this paper, this trend is evident 
(Table X). Also in this table are shown (I) the mean standard deviation of retention 
ratios using a single n-paraffin standard with a retention in the middle range and 
(2) the mean standard deviation of retention ratios using in each case as internal 
standard the n-paraffin with the closest retention to that of each substance. 

In general terms the reproducibility of the Rz9 method compares with (I) but 
slightly inferior to (2) as predicted on theoretical grounds. 

One concludes that  provided identical column characteristics pertain, R~ 9 values 
are generally reliable to within the limits set by a standard deviation of approximately 

o.5%. 
Reproducibility between laboratories would therefore appear to rest largely 

on the identity of column characteristics. Methods by which column characteristics 
can be defined are being studied in these laboratories and will be published in due 
course. 

The importance of column characterisation cannot be overemphasised, since 
variations in the purity or composition of the stationary phase (either initially or 
due to degradation with usage), the nature of the support and the surface area/ 
volume ratio for the stationary phase may all substantially affect column characteris- 
tics in certain respects. This is shown in Tables XI -XI I .  

The onset of column degradation can be very sudden in certain cases. Thus a 
squalane column maintained at IOO ° gave reproducible Rz9 values for about 14o h. 
Beyond this time although the Rx9 values for relatively non polar materials showed 
little change, the Rz9 values for polar or polarisable materials showed a marked drift 
(Table XIII) .  

J. C h r o m a t o g . ,  6 (1961)  2 9 3 - 3 1 1  
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TABLE X 

M E A N  P E R C E N T A G E  S T A N D A R D  D E V I A T I O N S  I N  R E T E N T I O N  R A T I O S  F O R  T H E  M A T E R I A L S  S T U D . I E D  

Stationary Type o[ mean 
phase %std. deviation* 64"7° x °° ° z38° 

DNP 

Squalane 

ax9 0.55 0.47 - -  

axN opt. O.52 0.33 - -  

(~xN c o n s t .  0 . 5 0  0 . 5 0  - -  

ax9 0.78 0.73 0-59 

axN opt. 0.50 0.83 0-36 

(TxN eonst. O.71 0.8 7 0.88 

* For  the meaning of these symbols  see the list of symbols  at  the end of this paper .  
I t  is of interest  to record the Rx9 values for the I.U.P.A.C. n recommended s tandards  on dinonyl 
ph tha la te  and squalane at  IOO °. These are shown in Tables X I V - X V .  Apar t  from the fact  t h a t  
these s tandards  are not  related in any  way they  are clearly inadequate  in t ha t  they  do no t  cover 
the retent ion scale uniformly as shown in the last column of these Tables. 

TABLE XI 

EFFECT OF THE CHANGE OF STATIONARY PHASE CONCENTRATION 

AND ALSO THE CHANGE OF SUPPORTING SOLID PHASE ON Rx9 VALUES 

(64.7°/ 

t Substance 2o % DNP/celite 5% DNP/celite 5% DNPlbrick dust 

Methyl ethyl  ketone o. 163 o. 175 ~ o.3 
Butan- I -o l  o.4i 7 0.537 2.0 
Oct- i -ene o.426 0.425 0.434 
n-Buty l  acetate o. 786 o. 819 * i. 195 * 
Chlorobenzene 1.267 1.254 1.249 
Hexane- I - th io l  1.863 1.847 1.833 
Cumene 1.961 1.932 1.91o 
Anisole 2.594 2.59o 2.633 

* Asymmetr ic  peak. 

T A B L E  X l I  

E F F E C T  O F  T H E  C H A N G E  O F  S T A T I O N A R Y  P H A S E  C O N C E N T R A T I O N  A N D  

O F  S U P P O R T I N G  S O L I D  P H A S E  O N  R x 9  V A L U E S  A L S O  T H E  C H A N G E  

( I O O  °)  

Substance 20% DNP/celite 5 % DNP[celite 5 % DNPlbvick dust 

Butan- I -o l  0.438 0.500* 21.7" 
Ethylbenzene 1.243 1.216 1.214 , 
Hexan- I -o l  1.952 2.165 * - -  
D.H.M. 2.323 2.3o2 2.299 
n-Buty l  n -bu ty ra t e  2.8o 4 2.837 3.09 * 
Di-isopropyl 

disulphide 3.6Ol 3.541 3.496 
Phenetole 3.712 3.677 3.716, 
Octan- I-ol 8.4oo 9.14 - -  

* Asymmetr ic  peak.,  

J .  Chromatog . ,  6 (1961) 293-31I 
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T A B L E  X I I I  

ONSET OF COLUMN DEGRADATION WITH TIME OF USAGE AT IOO ° FOR 

20 ~o S~UALANE/CELITE COLUMN 

S ubstance Rx, Rx, Rx, Rx, 
o-14o h xSO h i57 h x64 h 

Oct - I -ene  o.414 o.416 o.4I 7 o.417 
Phene to le  1.5o 3 1.519 1.522 1.6o 3 
Ni t robenzene  2.333 2.357 2.417 2.673 
O c t a n e - I - t h i o l  4.497 4.5 o l  4.617 4.829 

T A B L E  X I V  

Rz9 VALUES FOR THE I .U.P .A.C.  RECOMMENDED STANDARDS 

20 9/0 SQUALANE/CELITE, IOO ° 

Substance Rx9 logto Rx, Alog~oRx, 

Methy l  e thy l  ke tone  o.o71 - - 1 . 1 4 9  
0.322 

Benzene  o.149 - - o . 8 2 7  
o.157 

I sooc t ane  o.214 - - 0 . 6 7 0  
0.476 

Cyc lohexanone  o.64 - - o . I 9 4  
0.020 

Cyc lohexano l  0.67 - -  o. 174 
0.047 

p - X y l e n e  0.746 - - o . 1 2 7  
0.939 

N a p h t h a l e n e  6.48 o. 812 

T A B L E  XV 

Rx9 VALUES FOR THE I .U.P .A.C.  RECOMMENDED STANDARDS 

20 % DNP/cELITE, IOO ° 

Substance Rxo logleRxj ,~logaeRx~ 

Methy l  e thy l  ke tone  o.216 - - 0 . 6 6 5  
O.Oli 

I sooct~ne  0.222 - - o . 6 5 4  
o.119 

Benzene 0,292 - -  0.535 
o.666 

p - X y l e n e  1.353 o. i31 
0.202 

Cyclohexanone  2.155 o.333 
o.o21 

Cyclohexanol  2.26I o.354 
o.874 

N a p h t h a l e n e  I6.92 1.228 

j .  Chromatog . ,  6 (!961) 293-31: 
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SYMBOLS USED 

---- correction to calculated column interstitial volume (expressed as dis- 
tance on chart) required to ensure linear relation between log (retention) 

and carbon number in the n-paraffin series (applicable from n-butane) 

- retention distance on chart measured from the "air peak" 

---- deviation of log R from extrapolated linear region of the "log plot" 

= retention of internal standard relative to n-nonane 

= retention distance on chart of the internal standard, measured from the 

"air peak" 

---- retention distance on chart of n-nonane measured from the "air peak" 

obtained by extrapolation of "log plot" 

---- retention of material being measured relative to n-nonane 

---- retention of material being measured relative to internal standard 

= % standard deviation in the retention distance on the chart for the 

material being measured 

= % standard deviation in the retention distance on the chart for the 

standard 

% error in retention ratio due to linear drift in carrier gas flow rate 

using the internal standard technique 

~- change in carrier gas flow rate per unit of time 

= carrier gas flow rate at the time of elution of the air peak 

= carrier gas flow rate at any time 

= elution time measured from air peak 

= % error in the mean retention relative to a primary standard (using two 

internal standards eluted either side of the material being measured) 

due to a linear drift in carrier gas flow rate 
% standard deviation in Rx9 when material being measured, the internal 

standard, and each paraffin in the calibration are all run on separate 

chromatograms 

= % standard deviation in Rz2v when the material being measured and the 
standard are run on separate chromatograms 

= % standard deviation in RN9 when each paraffin in the calibration and 
the standard are all run on separate chromatograms 
probable error in retention distance of n-nonane (obtained by extrapola- 

tion or interpolation of the "log plot") divided by the probable error in the 

retention distance of an-paraffin whichis not eluted too close to the a-ir peak 

= the carbon number of a n-paraffin used in the calibration 

~- the number of n-paraffins used in the calibration 

---- the carbon number of the lowest molecular weight paraffin used i~, the 

calibration 

= the carbon number of the highest molecular weight n-paraffin used in the 

calibration 

J. Chromatog., 6 (196I) 293-31I 
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nmax 

EO 
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R ( x )  = 

R(Pz) = 

R(Pz+2) = 
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A Gx9  

I 
AS~o = 

P x 9  

~ 9  ~-  

PxN ~-- 

(YxN 

~X9 

(~xN opt .  ~ -  

0"xNconst. 

the carbon number of the n-paraffin used as the pr imary standard 
(equal to 9 if n-nonane is taken as pr imary standard) 

the slope of the "log plot" (i.e. d lOgdi R , )  

retention distance on the chart measured from the air peak for a n- 
paraffin with i carbon atoms 

the maximum carbon number of a n-paraffin used in the calibration 

which is eluted in less than 8 h on a 5 ft. × 4 mm silicone 704 column 
with 5 % stat ionary phase 
% standard deviation in retention distance on chart and assumed to be 
independent of retention distance for materials not eluted close to the air 
peak 
KOVATS' retention index 

KOVATS' equivalent of Rx used in this paper 
KOVATS' symbol for the retention distance on the chart for a n-paraffin 
with Z carbon atoms 
KOVATS' symbol for the retention distance on the chart for a n-paraffin 

with Z + 2 carbon atoms 
I / I 00  

absolute temperature of column 

2.303 b 
activity coefficient at infinite dilution in the liquid stat ionary phase 
taking the pure solute as the standard state 
increment in the partial molar free energy of solution at infinite dilution 
over that  for n-nonane taking the vapour at infinite dilution as the stand- 
ard state 
increment in partial molar enthalpy of solution associated with dGx9 

over that  for n-nonane 
increment in partial molar entropy oi solution associated with d Gzg over 
that  for n-nonane 
observed standard deviation in Rx9 
observed standard deviation in b 
observed % standard deviation in Rx9 using internal standard technique 

observed standard deviation in RxN using internal s tandard technique 
observed % standard deviation in Rx~v using internal standard technique 

mean percentage standard deviation in Rz9 for all the values quoted in 

this paper 
mean percentage standard deviation in Rx~v using a n-paraffin as internal 

standard with the closest retention to each material  being measured for 

all the values quoted in this paper 
mean percentage standard deviation in RxN using one n-paraffin as 
internal standard with a retention in the middle range of retentions 
measured at each temperature and stat ionary phase. 

j .  Chromatog., 6 (1961) 293-311 
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SUMMARY 

The reproducibility of retention data in Rx9 units is discussed theoretically. It is 
shown that high reproducibility should be readily obtainable by using suitable 
calibration procedures and experimental evidence in support of this is presented 
for a wide range of compounds. 
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