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SUMMARY 

Solution properties at ideal dilution were measured for 124 solute probes by gas 
chromatography on five pure paraffins of well defined molecular weight at tem- 
peratures of 1 IO-190°C. Standard chemical potential differences, related to the molal 
Henry coefficient, were calculated from retention data. Their temperature dependence 
allowed the calculation of partial molar solution enthalpy, entropy and heat capacity 
differences between the ideal gas phase and the ideal dilute solution. It was found that 
the standard chemical potential difference depended linearly on the variable i = 
1000/M,, where ML is the molecular weight of the paraffin stationary phase. The linear 
dependence was best explained by assuming that it is due to the linear dependence of 
the partial molar solution entropy of the solute on the variable 1. Consequently, on 
a molal basis, a solute forms equithermal solutions in any of the liquid paraffins. 
Comparison with literature data suggested that these results have general validity. 
Approximate relationships are given to calculate the coefficient of variation of the 
retention index with temperature and with the variable [ from thermodynamic data. 

INTRODUCTION 

Solute properties at ideal dilution in a family of homologous high-molecular- 
weight solvents are best investigated in terms of a standard chemical potential 
difference related to the molal Henry coefficient of the solute in the solvent’-3: 

A# = RT In kj/(atm kg mol-l)] cal mol-l (1) 
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where R (= 1.9872 cal mol-l K-‘) is the ideal gas constant, T (K) is the absolute 
temperature and gj the molal Henry coefficient of the solute, j, defined by 

gj = Pj/tij atm kg mol-l; fij and Pj + 0 (21 

The symbol Pj (atm) is for the partial pressure of the solute in equilibrium with the 
ideal dilute solution where the solute concentration is given in molality, Griz, (mol kg-‘). 
This definition will be used throughout this paper and therefore the superscript (g) will 
be dropped for simplicity. 

The temperature dependence of the standard chemical potential difference is 
described, at higher temperatures in a wide temperature range around a reference 
temperature Tt (at least f 100 K), with an adequate precision by 

Apj = AHj - TASj + ACp,j T- Tt - T In $ 
( >I 

where AHj and ASj are the partial molar standard enthalpy and entropy differences of 
the solute between the ideal dilute solution and the ideal gas state at the reference 
temperature Tt (ref. 4). It was assumed that the difference in the partial molar heats of 
the solute between the two states, ACp,j, is constant in the temperature range in 
question (Kirchhoffs approximation), which results in the third terin in eqn. 3. 

With the specific definition of the standard chemical potential difference, the 
thermodynamic functions are differences between the reference states: unit molal 
concentration of the solute in 1 kg of solvent and the ideal gaseous state at unit pressure 
(1 atm). In an ideal gas there are no forces between the molecules, Therefore, the molar 
enthalpy can be considered as a measure of the interaction forces between solute and 
solvent molecules where solutes are surrounded only by solvent molecules contained in 
unit mass of solvent. 

In a model family of solvents the solvent molecule is composed of identical 
building blocks (segments, monomers) - . ’ l4 Members of the solvent family will have 
molecules composed of different numbers of building blocks linked by chemical bonds. 
One kilogram of solvent will, therefore, contain the same number of building blocks, 
independent of the temperature and of the molecular weight of the solvent molecule. 
Thus, the solute is always attracted by the same number of building blocks and might 
have the same dissolution enthalpy in any member of the solvent family. The solute will 
form equithermal solutions with the members of the solvent family. 

Less obvious is the effect of the choice of these standard states on the molar 
entropy of dissolution for which a standard state of constant volume would be 
preferable. The volume of 1 kg of solvent will obviously depend on the temperature 
and on the molecular weight of the solvent molecule. The “free volume” between the 
solvent molecules will be higher if the density is lower, introduced either by 
temperature or by a lower molecular weight. Therefore, the change in density will 
appear as an entropic effect. 

A non-thermodynamic choice had to be made for the variable characterizing 
a specific member of the solvent family. It has been proposedl,’ that a variable be 
introduced, proportional to the number of molecules in 1 kg of solvent. The variable 
[ defined by 

[ = 1000/M, mol kg-l (4) 
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(ML is the molecular weight of the solvent molecule) is proportional to the number of 
molecules in unit mass, if the (generally higher) weight of end-groups can be neglected 
[if necessary, a corrected variable 5’ = 1000/(ML + k) may be used’]. The choice of this 
variable is also justified by the results of the application of the lattice theory to the 
mixture of molecules of unequal size 4-i4 In the original theory of Flory6 and , 
Huggins7-9, 4 appears as the natural variable for a mixture of molecules of unequal size 
at ideal dilution. 

It is now proposed to describe the dependence of the chemical potential on the 
molecular weight of the solvent following the equation 

Apj = mApj + Rj5 (5) 

where “A,Uj is the standard chemical potential difference of the solute in a hypothetical 
member of the solvent family having infinite molecular weight ([ = 0) and Rj is 
a residual function. Formal comparison of eqn. 5 with eqn. 3 shows that this form of 
dependence may be the result of the variation of the partial molar enthalpy or that of 
the molar entropy (or of both) following the equations 

AHj = “AHj + hj[ (61 

ASj = “AS, t Sj[ (7) 

where “AHj and “ASj are the partial molar enthalpy and entropy difference of the 
solute in the solvent of infinite molecular weight and the ideal gas state at Tt, and hj 
and sj are the coefficients of variation of these functions with the variable 5. Obviously, 
the partial molar heat difference, dCp,j, also ought to vary in a similar manner: 

11 

ACp,j = “AC,,j + cP,&’ @> 

It will be assumed, and also proved experimentally, that the variation of d Cp,j with l is 
negligible, i.e., Cr,j = 0. Actually, in eqn. 3 the term with AC,,j represents a small 
correction, describing the slight curvature of the plot of d~j as a function of 
temperature. 

Comparing eqns. 3, 5,6 and 7, the residual function in eqn, 5, Rj, may have the 
following form: 

Rj = hj - TSj (9) 

In fact, Rj[ is the difference in the standard chemical potential difference of the solute 
between the solution in a given solvent and that in the hypothetical solvent of infinite 
molecular weight ([ = 0). If the enthalpic coefftcient hj = 0, all solutions are 
equithermal, and the variation of the solution properties of the solute with the size of 
the solvent molecule is due only to entropic effects. 

The objective of this work was the experimental study of the coefficients of eqn. 
9 in the family of the simplest organic solvents, the paraffins. The same project has 
already been undertaken by using paraffins of series A, shown in Fig. 1, as stationary 
liquids2S3. However, the results were unsatisfactory, Because of the volatility of the 
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&?#!+I c. C.H2.+1 

\ / 
I-K - (CH&- CH 

/ 
Ha+1 C” 

\ 
‘%HZWI 

A-x! A-36 A-46 A-62 A-76 
“: 6 10 14 16 

B-X 8-59 B-67 B-75 B-67 
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Fig. 1. Structure of paraffins, C,H,,, 2, used in ref. 3 (series A) and in this work (series B) as stationary 
liquid. 

paraffins A-30 and A-46, solution data at higher temperatures could not be determined 
and the experimental design was unbalanced for most solutes. The present project was 
designed on the basis of these experiences. 

For the present project a series of five branched paraffins, B-x, of the general 
formula shown in Fig. 1, were synthesized to be used as stationary liquids15. 
n-Paraffins of the same molecular size could not be applied as stationary liqtids 
because they had too high melting points. From the data listed in Table I, it is seen that 
the inverse molecular weight of the branched paraffins decreases by nearly equidistant 
steps in the series B-59 to B-103. The molecular weight of the smallest member, B-59, is 
such that it can be used up to about 200°C as a stationary phase without weight loss by 
evaporation and the molecular weight of the highest member, B-103, was chosen to 
have a melting point permitting it to be used from about 90°C as a stationary liquid1 ‘. 
Actually, this temperature is far enough from its melting point to exclude some 
nematic order in the B-103 liquid. The density of these paraffins has been determined 
up to 200”C16 and it has been shown that it can be given for the whole family with 
a precision better than 0.1% by the equation” 

ln p = In mpt + c& [ - *atAT + clcAT + c,l;AT?- w-o 

where “P+ is the density of the hypothetical liquid paraffin of infinite molecular weight 
at the standard temperature Tf, ooat is the coeflicient of thermal expansion of this same 
hydrocarbon and cf, c1 and c2 are constants. Column packings of high loading (lo%, 
weight/total weight) were prepared with each paraffin in order to minimize the effect of 
adsorption of the solute at the solid support-liquid interface. It has been shown on the 
example of the B-87 hydrocarbon that adsorption at the liquid-gas interface is 
negligible “. 
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With each packing two columns were prepared with a known amount of 
stationary liquid and specific retention volumes of seven n-alkanes, CrH2z+2, with 
z = 5-l 1 were determined at every 10 K in the temperature interval between 110 and 
190°C. Molal Henry coefficients were calculated with the aid of 

g, = BT/1000 V&, (11) 

where I is the ideal gas constant (W = 82.0575 cm3 atm mol-’ K-l) and V,,, [cm3 g-‘1 
is the specific retention volume of the alkane with carbon number z-. The set of 9 x 5 x 7 
= 315 chemical potentials, calculated with eqn. 1, were then analysed as a complete 
factorial design (see, e.g., ref. 19) with the factors T = temperature (1 lo-190°C; nine 
equidistant levels), L = stationary liquid (c = 0.9450-1.2094 mol kg-‘; five nearly 
equidistant levels) and S = alkane solutes (z = 5-l 1; seven equidistant levels) as 
explained under Experimental. This analysis of variance peimitted a representation of 
the experimental domain with the aid of orthogonal polynomials where only 
significant terms were considered. Standard chemical potential differences were now 
calculated from this expression for every alkane at every 10 K between 110 and 190°C. 
Using these points, the thermodynamic functions were then determined as the 
coefficients of eqn. 12 by a non-linear regression with fl = 130.0 + 273.16 K as the 
reference temperature. 

Apj = “AHj + [kj - TmASj - T[Sj + T - Tt - T In (121 
Parallel to these experiments, retention indices were determined for a series of 

chosen solutes in general at 110, 130,150,170 and 190°C. The results were evaluated in 
two ways. First, the coefficients of eqn. 13 were determined by the method of least 
squares. Also a variant was calculated where the coefficient PI,,~ was put equal to zero. 

I = “f + ATAT -I- A& -I- AT,[(AT (13) 

where “fl is the retention index of the solute on the stationary phase of infinite 
molecular weight at 13O”C, AT, A, and A,,c are regression coeff%ients and AT 
= T - T+ with fl = 130.0 -I- 273.15 K. In a second evaluation, retention indices were 
transformed one by one to standard chemical potential differences by linear 
interpolation between the chemical potentials of suitable n-alkanes based on the 
relationship20 

Ij = 100 ’ APj - AP= + looz 

&+I - AP, 
(141 

where Ap, < Apj B Apu,+ 1. Using the resulting points, the functions “AHj, “ASj, 
ACp,j, hj and Sj were determined as coefficients of eqn. 12 by non-linear regression. 
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BASIC RELATIONSHIPS 

In gas chromatography, the net reten@in volume, VN,j, of the solutejis related to 
the distribution coeffkient at infinite dilution by eqn. 15 if the following conditions 
hold: solute vapour in the eluent tin be considered as a mixture of ideal gases; the 
solute is not adsorbed at the support-stationary liquid and stationary liquid-gas 
interfaces; and the solute is at infinite dilution in both phases. 

VN,j = WI. KD,.i (1% 

where W, is the volume of the stationary phase in the column and the distribution 
coeffkient is defined by 

KD,j = bL,/[IIp = 9~’ [iJL/1O@)pj; bl, -+ 0 (16) 

where [il represents the molar concentration of the solute,j, in the stationary liquid, L, 
and mobile phase, p, respectively. The right-hand side of eqn., 16 is only valid under the 
above-mentioned conditions. The Bunsen coeffkient, the Henry coefficient and the 
molal Henry coefftcient are defined in eqns. 17, 1X and 2.4 

bj = [ilL/pj; Pj + 0 (17) 

hf = Pj/Xj; Pj + 0 (18) 

where Pj is the partial pressure of the solute in the mobile phase and Xj is the molar 
fraction of the solute inthe stationary phase. The specific retention volume is defined 

by : 

vg,j = vN,j/wL (19) 

where wL is themass of the stationary liquid in the column. Using the definitions of the 
coefficients &, b; h* and g (eqns. 16, 17, 18 and a), the definition of the specific 
retention volume (eqn. 19), the relationship of eqn. 11 and the equation of state of the 
ideal gas, the relationships summarized in eqn. 20 are derived. 

v,,j = j, KD,j = 

VL bj RT WT[ Ki- 
=-= 

1000 1 OOOh; 1OOOgj 
(20) 

where FL (em’ g-l) is the specific volume of the stationary liquid [3~ = &(T,{)] and the 
other symbols are as before. 

The retention index is defined by 
._ 

I, = 100 
log vg,j - log vg,z + 100~ 

1% V&Z. 1 - log V&Z 
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Eqn. 14 is derived by substituting either the relationship between Yg,i and K,, b, 
la* or g summarized in eqn. 20 for Vg,j in eqn. 21 and multiplying the right-hand side of 
this .equation by RT/Rp’. It is then observed that eqn. 12 is valid for the standard 
chemical potential difference related to the molal Henry coefficient, A/.Lj, but also for 
those defined in eqns. 22, 23 and 24. 

ApjD’ = -RT In KD,j (22) 

A#” = - RT In [bj/(mol 1-l atm-‘)I (23) 

A,$* = RT In [hj/(atm)] (24) 

EXPERIMENTAL 

Materials 
Solutes were research-grade compounds from Fluka (Buchs, Switzerland). The 

structure of the paraffins B-59, B-67, B-75, B-87 and B-103 used as stationary liquids is 
shown in Fig. 1. Some of the properties of these compounds, synthesized. in our 
laboratory are listed in Table 11’*16. Two batches of Volaspher A2 from Merck 
(Darmstadt, F.R.G.) were used as supports: batch Nos. 1120015 and 2328148. The 
commercial material was sieved and the fraction with particle diameter d, = 150-180 
pm was used. For the preparation of column packings, an exact amount of support (ca. 
25 g weighed with a precision of fO.O1 g) was wetted with a 3% solution of one of the 
paraffins (cu. 3.00 g weighed with a precision of _+ 0.001 g) in 100 ml of cyclohexane. 
Under a gentle stream of argon ( -=z 1 ppm of oxygen), the solvent was evaporated at 
60-70°C in a slowly rotating evaporator, then the temperature was raised to 200°C for 
1 .O h. Column packings were stored in an argon atmosphere. Columns (coiled Pyrex 
tubes of1.D. 0.40 cm and length 330 cm) were packed with the column material under 
vibration. The weight of the packing in the column (calculated as the difference of the 
weight of the packed and empty column) is given in Table II. Immediately after 
packing the columns were filled with argon, and those in use with helium. 

Apparatus 
The apparatus used for the determination of retention data is described in detail 

in ref. 18. In summary, a slightly modified Packard-Becker (Delft, The Netherlands) 
Model 419 chromatograph was used, equipped with two thermal conductivity 
detectors. The temperature of the two columns in the oven thermostat was measured 
with a Pt sensor (100 8; DIN 43710) and a measuring device from Systemteknik 
(Lidingoe, Sweden; Model S 1220). The Pt sensor was calibrated by the “Eidg. Amt fiir 
Mass und Gewichte” (Bern, Switzerland) between 0 and 400°C with a precision of 
) 0.1 K. The temperature gradient in the oven was measured with chromel-alumel 
thermocouples at eight points. The mean column temperature was calculated by 
considering the temperature gradient as described in ref. lx. 
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TABLE II 

CHARACTERISTICS OF THE CHROMATOGRAPHIC COLUMNS 

wL is the mass of the stationary liquid in the column, PL is the percentage of L of the packing (lOOw,/total 
mass). Support: Volaspher, batch No. 1120015. Also listed are correction factors,f,, for the weight of the 
stationary liquid calculated on the basis of the analysisof variatice (see eqn. 33 and text) of the retention data 
of n-alkanes. 

Stationary Cchnln WL pt fL 

liquid, B-x Cd (%I 

B-59 A 1.951 9.99, 
B 1.859 10.04 

0.9999 

B-67 A I .&96 9.99 
B” 1.964 10.00 0.9965 

B-75 A 2.105 9.97 

6 2.061 10.03 
1.0024 

B-87 A 1.866 10.04 
B 1.919 10.06 

1.0057 

B-103 A 1.956 9.90 
B&b 1.571 10.06 

0.9955 

’ Volaspher batch No. 2328148. 
* Column length 230 cm (instead of 330 cm). 

Retention volume 
The retention time, tR,i (min), of a solute, .j, was determined at the peak 

maximum with an integrator from Hewlett-Packard (Model 3390 A) with a reprodu- 
cibility of f 0.001 min. The retention time of neon, tR,Xe was used as the hold-up time 
for the calculation of the net retention time in the equation 

tN,J = tR,j - tR,Ne 125) 

The flow-rate of the carrier was measured at the column outlet at the temperature Tf 
(K) of the soap-film flow meter. The carrier was saturated with water vapour prior to 
the measurement. The reduced flow-rate, @yTP), was calculated using 

V(F) = F#J,t, - 8,2,)/7601 (273.WTd (26) 

where tiJ is the flow-rate of the saturated carrier at atmospheric pressure, P,,, (Torr), 
and PHzo (Torr) is the vapour pressure of water at the temperature Tf (IX). The 
pressure drop on the column was measured with a precision manometer from Dresser 
Industries (Stratford, CT, U.S.A.; Ashcroft Digigauge). Inlet and outlet pressures of 
the c&rnn, PI, and I’,,,,, were corrected for the flow resistance of the injector and the 
detector, respectively. The fiow-rate in the column at the mean column temperature, 
T,, and the mean column piessure, PC, was calculated from 

vc = pj!.‘TP) (TJ273.15) (76O/P.&J (27) 
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where 

V = (3/2)[(Pi,/P0~t)2 - 11/[(PinlPout)3 - II (28) 

is the correction factor of James and Martin 21 for a homogeneous column bed and an 
ideal gas carrier. The specific retention volume is then given by 

V@,j = VN,j/WL = ~JN,jlWL (291 

where wL (g) is the mass of stationary liquid, L, in the column. 
Retention volumes of the n-alkane solutes (C,H1,+ 2, z = 5-I 1) were determined 

on two columns of each of the five stationary phases at nominal temperatures T, 
ranging from 110 to 190°C at every 10 K interval in the following way. The specific 
retention volume was determined at a temperature TeXp near the nominal temperature, 
T,, where 6T = T, - Tcxp never exceeded kO.5 K. At least four independent 
determinations were made at temperatures near 1 IO, 130, 150, 170 and 190°C and at 
least two at 120, 140, 160 and 180°C. Average specific retention volumes were 
calculated on each of the columns which were in turn averaged to give the experimental 
specific retention volumes given in the equation 

(30) 

at Texp = [T(A) + T(B)]/2. Assuming a linear dependence of V, on T in the small 
temperature domain, 6T, the specific retention volume measured at Texp was then 
corrected for the slight temperature deviation 6T with the aid of the equation 

(31) 

where T z Texp and AH, is the molar enthalpy difference of the vn-alkane z between the 
gas and the liquid phases at the temperature 2’ = 130 + 273.15 K. It was assumed that 
AH, is nearly independent of the molecular weight of the paraffm stationary phase, 
and therefore values for these enthalpy differences were taken from ref. 18 (AH, of the 
alkanes in the stationary liquid B-87). This approximation is justified by the results of 
the present study. As an example, this correction represents, for 6T = + 0.5 K, a factor 
of about 1 .OO + 0.01 for the specific retention volume of pentane and l..OO + 0.02 for 
that of dodecane at the lowest nominal temperature of 110°C. 

The results of these experiments gave a table of specific retention volumes of the 
seven n-alkanes with z = 5-11 on the five paraffin stationary phases B-59, B-67, B-75, 
B-87 and B-103 at every 10 K interval between 110 and 190°C. Retention volumes of 
dodecanc and tridecane were also determined but only at higher temperatures: z = 12 
at T = ISO-190°C and .z = 13 at T = 16190°C. 

Standard chemical gofsntials 
Molal Henry coefficients were calculated from the corrected specific retention 
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volumes with eqn. 11 and the standard chemical potential difference with eqn. 1 to give 
a set of 3.15 standard chemical potential differences at the nominal temperatures. This 
set was used for the following analysis of variance. 

Analysis of variance and correction of the measured chemical potential for weighing 
errors 

Analysis of variance of the standard chemical potential differences of the 
a-alkane solutes shown in Table III refers to the description of the experimental 
domain by the equation 

where @is an orthogonal polynomial of the degree i related to the effect X = L, Tand 
S and b$) is the corresponding regression coefficient 22. The polynomials designated by 
the subscript L refer to the five levels of the nearly equidistant variable [ = 1000/M,, 
where ML is the molecular weight of the stationary liquid. They were calculated 
following ref. 19 to give the values listed in Table IV. The polynomials designated by T, 
defined at nine equidistant temperatures T - 273.15 = 110.~190.0”C (steps of 10 K) 
and those designated by S, defined at the seven equidistant values of z = 5-l 1 for the 
n-alkane solutes CrH2z+2, were taken from ref. 22. Only significant terms are listed in 
eqn. 32. 

First, an analysis of variance was performed on this set of 315 standard chemical 
potential differences. The result of this analysis is seen in Table III if the corresponding 
figures are substituted by those indicated in footnote a. It is observed that several 
variances of the subspace TL are highly significant against the estimate of the 
experimental error, v( TLS), such as F”[F1’L”‘] and the residual variance of the effect 
TL, v’(res. TL). Tested against this variance also systematic quadratic, cubic and 
quartic variations of dp on the inverse of the molecular weight of L were highly 
significant; a fact very improbable for thermodynamic reasons (except perhaps 
a quadratic term). On the other hand, variances such as V’[F1’L(2’] and [1?2)L(1J] were 
non-significant. These results suggest that the error in the TL subspace is different 
from the final estimate of the residual variance by equating the latter to J”( TLS). It is 
logical to consider that the error introduced by adjusting a new temperature or by 
changing the column is more important than that which is observed on the same 
column during a working day. It was therefore concluded that r(res. TL) is due to 
a stochastic error introduced by changing T and L and that variances of this subspace 
are tobe tested against this variance. Testing against P”(res. TL), the linear dependance 
of LIP on L is highly significant, Also, the residue V’(res. L) (including linear to quartic 
terms) remained significant. We believe that this highly significant error in the 
dependence on 5 is due to stochastic weighmg errors in the determination of the mass of 
the stationary liquid in the column. The true mass of the stationary liquid in the 
column is given by 

WL = fLWL,erp (33) 
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TABLE III 

ANALYSIS OF VARIANCE OF THE SET OF 315 STANDARD CHEMICAL POTENTIALS OF THE 
n-ALKANE SOLUTES 

Data were corrected for weighing errors of the stationary liquid in the column (see eqn. 33 and Table II). The 
source of variance is related to the orthogonal terms in eqn. 32. _P) is the systematic polynomial variation of 
Ap on the effects T(temperature), S (carbon number of the solute) and L (the inverse of the molecular weight 
of the stationary liquid). The superscript in parentheses refers to the degree of the orthogonal polynomial: 
(1) linear; (2) quad&tic; (3) cubic; (4) quartic. SQ is the sum of squares, #is the number of degrees of freedom 
and P” is the combined variance to be analysed by Fisher’s F. The coefficients bz’ in eqn. 32 are also listed. 
The abbreviation res. is for “residual variance” and id. means that V’ is identical to the corresponding SQ. 

Source 32 @ v F Significance bji’ 

w/o) 
X ii) 

4 (0) 
T (1) 

(2) 
(res. T)*” 

L UY 
(res. L)b 

TL (l>l) 
(res. TL)*a,b 

1st res. (=ZX*)b 

S (1) 
(2) 
(3) 
(4) 
(res. s) 

TS U,l) 
Cl,21 
c&l) 
(1>3) 
(res. TS)** 

LS (1.1) 
(res. Ls)**’ 

TLS**< 
2nd res. (= ,Xx**) 

75 746 s54.4 
19 218.7 

1656.9 
324 262.0 

0.0 
1457.3 
4358.9 
6015.8 

304 524 896.4 
50 510.8 

2381.5 
78.0 
10.8 

1050 479.1 
715.1 

1922.0 
58.1 

1193.2 
2242.7 

203.9 
2747.5 
4155.4 

1 
1 
I 
6 
1 
3 
1 

31 
37 

1 
1 
1 
2 
1 
1 
1 
1 

44 
1 

25 
192 
261 

id. 
id. 
276.2 
id. 

0.0 
id. 
140.6 
162.6 

id. 
id. 
id. 
id. 

5.4 
id. 
id. 
id. 
id. 
27.1 
id. 

8.9 
14.3 
15.9 

4.65 . 10s 0.01 
1.18 lo2 0.01 

1.99 103 0.01 

8.96 1 

1.91 10’ 0.01 
3.17 103 O.Iil 
1.50 102 0.01 
4.90 5 

- 

6.60 t lo4 0.01 
4.49 IO1 0.01 
1.21 loz 0.01 
3.65 10 

1.41 102 0.01 
- 
- 

-245.9 
+ 189.92 

- 1.335 

- 178.3 

-4.63 

-491.6 
+0.3661 
-0.495 
+ 0.062 

411.18 
+0.17 
-0.211 
-0.030 

-7.4 

e Important to note: after correction for weight of L the following terms are non-significant against 
1st res: SQ[T’3)] = 153.2; SQ[fl”)] = 327.9; SaPLCz)] = 15.4; SQ[f12)LC1’] = 4.9. 

b Before correction for weight of L: SQ (res. L) = 3305.9 (@ = 31, significance 0.1% against I” (res. 
TL) = 145.3 (Cp = 31); SQ (res. TL) = 4504.4 (8 = 31); SQ (1st res.) = 6161.3’(@ = 37). 

c Important to note: after correction for weight of L, the following terms are non-significant against 
2nd res.: SQ [L(*)6”‘] =. 1.7; SQ [Lf2)s(“] = 1.0; SQ[F”‘L”‘s’“] = 1.6. 

wherefL is a correction factor. In order to estimate this factor, the dependence of the 
average of the chemical potential on the variable ( *was considered to be linear. In Fig. 
2, the linear dependence is compared with the experimental points. If deviations from 
linearity are due only to weighing errors, then eqn. 34 holds. 

(34) 
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TABLE IV 

VALUES OF THE LINEAR AND QUADRATIC ORTHOGONAL POLYNOMIALS P,“AND $!I IN 
THE VARIABLE [ = 1000/M, CHARACTERIZING THE FIVE STATIONARY PHASES B-59-B-103 

B-59 1.20539 
B-67 1.06176 0.14362 

to.26036 +0.03403 

0.11303 
+0.11673 -0.01938 

B-75 0.94873 
B-87 0.81808 0.13065 

+ 0.00370 -0.03240 
-0.12695 -0.01561 

B-103 0.69118 0.12690 -0.25385 +0.03337 

n e = 0.94503. 

where the deviation from the linear regression is identified as -RT In fL. The 
calculated correction factors are listed in Table II. 

Experimental chemical potential values, dp’j, were corrected wit11 the aid of the 
factorsf, to give a new set of 3 15 standard chemical potential differences. This set was 
considered as the basis of all further calculations. The analysis of variance of this set 
and the coefficients b$’ in eqn. 32 are listed in Table III. 

Ednation of the experimental error 
An orthogonal term V’(X) in an analysis of variance is composed of the 

contributions given in the equation” 

V’(X) = V(exp. error) + vXV(x) (35) 

where vx is the number of statistical units composing a figure in the table having served 
to estimate V’(x), and V(X) is the variance due to the source X. The zero hypothesis, 
V(x) = 0, can therefore be proved or disproved by testing V’(X) against an estimate of 

0.6 
-420 

0.8 1.2 mol kg-’ 

-520 

Fig. 2. Plot of the average standard chemical potential difference of seven n-alkanes at nine temperatures as 
a function of the inverse molecular weight of the stationary liquid. 
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the experimental error by using Fisher’s test. In Table III, the variance of the 
experimental error was put equal to P”(7’Ls) by assuming that I’(/(TLs) = 0. 
Systematic highest order variations were shown to be non-significant by proving that 
terms such as I/‘[Fr)L(l)s(‘)] are non-significant. 

The standard deviation of a statistical unit is calculated from the “2nd res.” in 
Table III as o2 = +4.0 cal mol-’ (@ = 261) to give the confidence limit at the 95% 
confidence level of Ap5 = i 9.4 cal mol-‘. 

The residual variance I”(res. TL) is highly significant if tested against the “2nd 
res.” It is believed that v(res. TL) is due to stochastic errors, and not to an additional 
systematic dependence of Ap on T and L. The non-significance of v[P1)L”‘] and 
~‘[P2’L’1)] supports this thesis. The corresponding variance can now be calculated 
with eqn. 35 after rearrangement: 

V(lst res.) = [v (1st res.) - P’(2nd res.)]/ vTt = (162.7 - 15.9)/7 = 20.9 (36) 

where VT,_ = 7 (the number of n-alkanes). The result gives o1 = i 4.6 (@ = 37) and Ag5 
= * 11.. 1 cal malll. 

The result is interpreted as follows. Solutes are injected as mixtures during 
a working day where the temperature and column remain constant. During a working 
day, the chemical potential of an n-alkane is reproducible to Ag5 = k 9.4 cal mol-i. If 
new experimental conditions, T and L, are chosen, the error between the chemical 
potentials is Ag5 = + 11.1 cal mall’. The variance of the total error is calculated as 

V{tot. error) = 20.9 + 15.9 = 36.9 (37) 

to give Agj (tot. error) = f 14.7 cal mol-‘. We also conclude that the error of the 
chemical potentials calculated from retention indices should be around Ag5 = kg.4 
cal mol-‘, these values having been calculated relative to the data of the n-alkanes. 

Polynomial descriptiora of the standard chemical potential differences of the n-alkanes 
With the aid of the polynomials p’,” and the corresponding coefficients b!’ (eqn. 

32 and Table III), the coefficients c$’ in eqn. 38 were calculated to describe the 
dependence of Ap of a given n-alkane in terms of P’$ and @_ 

Ap(n-alkane) = c&*) + c(T1)#) + cv)P(:) + cf)fij + cy;i)P(T1) Pf) (38) 

where the symbols are as before. The values of the coefficient c$) are given in Table V. 
Orthogonal polynomials of higher degrees can be expressed as a function of the 

linear orthogonal polynomial following eqns. 39a and b (see ref. 22, p. 34). 

where tX is a continuous variable equal to P”’ at the Nx discrete values where P!$) is 
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TABLE V 

REGRESSION COEFFICIENTS FOR THE DESCRIPTION OF THE STANDARD CHEMICAL 
POTENTIAL DIFFERENCE OF AN cALKANE BY EQN. 38 

5 1250.5 + 157.39 PO.702 - 156.0 -4.63 
6 733.6 + 167.38 -0.913 - 163.4 -4.63 
7 231.9 + 178.05 -1.124 ~ 170.9 -4.63 
8 -259.2 + 189.25 -1.335 - 178.3 -4.63 
9 - 745.4 + 200.78 - I.546 - 185.7 -4.63 

10 - 1226.9 +212.47 - 1.757 ~ 193.1 -4.63 
11 -1705.1 +224.13 - I .969 -200.5 -4.63 

defined (NT = 9, Ns = 7, NL = 5). Substitution of eqns. 39a and b in eqn. 38 gives 
a polynomial expression in tT and tL where 

gT = (,T - Q/10 (40a) 

In eqns. 40, T = 150.0 + 273.15 K is the mean temperature and r = 0.94503 mol kg-l 
is the average value of the variable [_ Substitution of eqns. 40a and b in the resulting 
equation and introduction of the variable 

AT = 10cT + 20 (41) 

gives eqn. 42 for the description of the chemical potential of an n-alkane as a function 
of the variable 5 around the standard temperature of p = 130.0 + 273.15 K (AT 
= T - 403.15 K). 

A&-alkane) = d (‘) + d$)AT + dF’Ap + dg’c + dy,$‘cAT (42) 

The value of the coefficients & is given in Table VI. 

Relationship between the coefficients d$) and thermodynamic data 
Substitution of A T = T - T+ in eqn. 3 gives the dependence of Ap of an n-alkane 

as a function of AH, AS and AC,. 

Ah(n-alkane) = AH-TTIAS-ASAT + AC,[AT - (p + AT)ln(l + $)I (43) 

Approximation of the logarithmic expression by a Taylor series and substitution of the 
result in eqn. 43 gives 

Ap(n-alkane) = AH - TtAS - ASAT - AC, 
(1x2) Tt’ ATz + 

+ (2x;)c;P)2, Lip - 
AC, 

(3 x4) (P)3. Ap + .‘. 
(44) 
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TABLE VI 

REGRESSION COEFFICIENTS d;) FOR THE DESCRIPTION OF THE STANDARD CHEMICAL 
POTENTIAL DIFFERENCE OF AN n-ALKANE AS A POLYNOMIAL OF THE VARIABLES 
5 = 1000/ML (mol kg-l) AND AT = T - 403.15 K (EQN. 42) 

5 1076.3 16.4573 -7.02 - 146.74 -0.463 
6 546.9 17.5407 -9.13 -154.14 -0.463 
7 31.6 18.6921 -11.24 -161.64 -0.463 
8 -475.1 19.8965 - 13.35 - 169.04 -0.463 
9 -976.1 21.1339 - 15.46 - 176.44 -0.463 

10 - 1473.4 22.3873 - 17.57 - 183.84 -0.463 
11 - 1967.4 23.6381 - 19.69 -191.24 -0.463 

Comparison of eqns. 42 and 44 gives the desired relationships between the regression 
coefficients d’,l) and the thermodynamic functions AH, AS and AC,. In eqn. 45c, higher 
than quadratic terms in AT were not considered. 

AH - TtAS = d”’ + dp’[ W-4 

(45b) 

-AC,/2Tt = d(T2) (45c) 

After rearrangement, eqns. 46a-c result: 

“AS = -&) (46b) 

AC P = -2T’d’,2’ (46~) 

Thermodynamic data calculated with eqns. 46a-c are listed in Table VII in the rows 
designated by P (for polynomials). 

With the aid of the coefficients in Table VI, in eqn. 42, chemical potentials were 
calculated for every n-alkane in the experimental domain of 1 IO-190°C for every 10 
K interval. On these set of points, coeffkients of eqn. 3 were calculated by non-linear 
regression. The regression coefficients are listed in Table VII in the rows designated by 
K (for Kirchhoff’s approximation). 

Finally, for dodecane and tridecane, thermodynamic functions were estimated 
as follows (retention data were not determined for these solutes in the whole 
temperature domain). First, values of h, s and AC, (for tridecane also “AH) were 
calculated by linear extrapolation of the corresponding coefficients ofz = 9,lO and 11. 
These coefficients were fixed, then the remaining coefftcients were calculated by 
non-linear regression of eqn. 3 on the experimental points. Values of these regression 
coefficients are given in Table VII in italics. 
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Solutes other than n-alkanes 
Solutes were injected as mixtures and retention indices were calculated at the 

experimental column temperature TeXp_ For each stationary liquid, the temperature 
dependence of the retention index was calculated with a linear regression. The 
retention indices I(TeXP) were then corrected for the small deviation 6T from the 
nominal temperature with the aid of the slope to give retention indices at the nominal 
temperature I( Tc). The resulting table was then considered as the basic experimental 
set for the following evaluations. The objective was to determine indices on all 
stationary liquids at every 20 K interval in the temperature domain 11&190”C. For 
solutes with high indices, values at lower temperatures were not determined 
(chromatogram times were too long). 

In a first evaluation, the significant terms of eqn. 47 were elucidated by an 
analysis of variance. 

(47) 

where the symbols have analogous meanings to those in eqn. 32. Quadratic terms were 
hardly ever significant therefore b(T) and b(L2) were considered to be equal zero. The 
variance corresponding to the mixed term was significant in most cases. In Table VIII, 

TABLE VII 

THERMODYNAMIC FUNCTIONS FOR THE TRANSFER OF 1 MOL OF n-ALKANE FROM THE 
IDEAL GAS STATE INTO 1 kg OF THE IDEAL DILUTE SOLUTION 

P (for polynomial): calculated with the coefficients of eqn. 42 with the expressions given in eqns. 46. K (for 
Kirchhoff): calculated as the coefficients of eqn. 12 by non-linear regression on points generated by eqn. 42. 
The superscript 4 refers to a hypothetical liquid paraffin stationary phase of infinite molecular weight. 
Enthalpy and entropy are at the reference temperature Tt = 130.0 + 273.15 K. For dodecane and tridecane 
values in parentheses are extrapolated and values in italics are calculated as explained in the text. 

z “AH, hz “AS, & 
(cd mot’) (cal kg mut’) (Cal mot’ K-‘) (cd kg R’ mot2) 

Acne 
(cal mot’ R’, 

5P -5558.6 
K -5558.7 

6P -6524.3 
K -6524.4 

7P -1504.3 
K - 7504.4 

8P -8496.2 
K -8496.2 

9P -9496.1 
K -9496.2 

10 P - 10498.7 
K - 10498.6 

11 P - 11497.2 
K - 11496.9 

12P - 
K - 12497.6 

13 P 
K - (13486.2) 

+ 39.8 
+ 39.8 
+32.4 
+32.4 
+25.0 
+25.0 
I- 17.6 
-t 17.6 
+ 10.2 
+10.1 

+2.1 
f2.9 
-4.7 
-4.6 

(- 12.1) 

(- 19.5) 

- 16.4576 
- 16.4581 
- 17.5407 
- 17.5406 
- 18.6923 
- 18.6927 
- 19.8961 
- 19.8965 
-21.1336 
-21.1340 
-22.3868 
-22.3872 
-23.6382 
-23.6382 

- 24.8999 
- 

-26.1423 

+ 0.463 

+0.463 

+0.463 

+ 0.463 

-t-0.463 

+ 0.463 

+ 0.463 

(+0.463) 

( + 0.463) 

+5.66 
f5.95 
+7.36 
+7.73 
+9.06 
+9.51 

+ 10.76 
+11.30 
+ 12.47 
+ 13.08 
+ 14.17 
+ 14.86 
+ 15.87 
+ 16.65 

(+ 17.57) 
(+ 18.43) 
(+ 19.27) 
(+20.21) 
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coefficients of eqn. 12, calculated from the coefficients of eqn. 47, are given for two 
variants. In the first variant only .!#’ and 6y’ were considered, resulting in a simplified 
form of eqn. 13 with A,,C = 0. In a second variant all significant coefficients were 
calculated. 

In a second evaluation, the set of experimental retention indices were converted 
point for point by linear interpolation between two suitable n-alkanes following eqn. 
14, where standard chemical potential differences of the n-alkanes were generated by 
eqn. 12 with the coefficients designated by K in Table VI. This set of data were 
submitted to an analysis of variance solute by solute with the following results. In most 
instances (over 95%), the term signalling the significance of Sj was significant and that 
corresponding to hj was not. In applying eqn. 12 to the experimental data set, the 
following general behaviour was observed: (a) by putting hj = 0 the coefficient Sj was 
significant; (b) by putting Sj = 0 the coefficient hj was significant but the residual 
variance was higher than in case (a); (c) by allowing the existence of hj and Sj 
simultaneously, neither of them wassignificant and the residual variance was highest. 

From these observations, it was concluded that Sj and hj were. strongly 
correlated. This correlation will be discussed in the next section. Based on this 
correlation, it was considered to be sufficient to list only Sj in Table VII. The best 
combination of Sj and hj is also indicated on a basis explained in the next section. 

Table VIII also includes data for n-alkanes calculated as follows. With eqn. 3, 
a set of Apz values were calculated for each n-alkane, by using coefficients listed in rows 
designated by K in Table VII. Eqn. 12 with h, E 0 was then fitted on this set by 
non-linear regression. The resulting coefficients, s, (O) (h, = 0), are also listed in Table 
VIII together with the standard deviation of this function around the generated points. 
It is observed that the resulting standard deviation is one order of magnitude smaller 
than the residual variance indicated in the analysis of variance in Table III, meaning 
that there is practically no difference in the description of dp, of the n-alkanes by using 
the coefficients h, and S, or sip) only. 

RESULTS AND DISCUSSION 

On the basis of the results of this study, it can be concluded that in the family of 
liquid paraffins as solvents, solutions at ideal dilution can be considered as 
equithermal if the heat of dissolution is calculated on a molal basis. In fact, if eqn. 12 is 
fitted to a data set, the smallest variance is observed if the coefficient responsible for the 
variation of the molal solution enthalpy, hj, is put equal to zero with s$“) highly 
significant [the superscript (0) refers to “S only”]. If eqn. 12 with Sj = 0 is fitted, hf” [the 
superscript (1) refers to “h only”] is highly significant but the residual variance is 
generally higher. Finally, if eqn. 12 with Sj # 0 and hj # 0 is fitted, neither Sj nor hj is 
significant and the residual variance is highest. This behaviour suggests that hj and Sj 
are closely correlated. This relationship will be discussed later. 

In summary, it is concluded that the dependence of the standard chemical 
potential difference of a solute on the inverse of the molecular weight of the stationary 
phase is best described by eqn. 5, with 

R. = _ Ts!o’ 
_I J 



ORGANIC SOLUTES IN PARAFFIN SOLVENTS 157 

(i.e., by eqn. 12 with hj = 0) in th e f amily of parafftnic solvents, B-x, of the structure 
shown in Fig. 1. Of course, the statement has to be considered as a result of the actual 
experimental design and with respect of the actual experimental error. The basis of the 
data is the set of chemical potentials of seven n-alkanes (pentaneeundecane) on five 
stationary phases (B-59-B-103) at nine equidistant temperatures (1 lo-190°C). The 
total error of a single determination was shown to be dgS = + 9.4 cal mol-‘. The 
determination of the thermodynamic functions of solutes other than n-alkanes was 
based on retention indices, i.e., on a scale relative to n-alkanes, and it is seen in Table 
VIII that the error of d,u of these solutes is, in fact, always around Ag5 = _t 9 cal mall’. 

The analysis of variance of the n-alkane data set shown in Table III seems to 
contradict the conclusion summarized in eqn. 48. In fact, the significant coefficients of 
eqn. 32 combine in a manner that in the final result both S, and h, are significant. This 
result is in contradiction to those found for all other solutes. Nevertheless, this 
description, admitted to be a best fit and eqn. 12 with the coefficients listed in Table 
VII, was used for the calculation of standard chemical potentials of all solutes from 
retention indices. On the other hand, it is observed that h, changes from positive to 
negative with the carbon number, z, of the n-alkane solute, which is not logical, as it is 
highly improbable that the coefficient of the entropic variation would be independent 
of the size of these solutes. Therefore, the result was considered as a confusing artifact. 
In fact, the difference between the “sand h” and the “s only”, s(O), variants is extremely 
slight. This is demonstrated on the example of n-alkanes by evaluating a data set 
generated with eqn. 12 and the coefficients listed under K in Table VII with the “S 
only” variant of eqn. 12. Data listed in Table VIII show that the standard deviation of 
the “S only” variant around points of the “s and h” variant is negligible (F0.5 cal 
mol-l) compared with the standard deviation of a single experiment (2nd residue in 
Table III; 0 = f4.0 cal mol-‘). 

Consequence of the correlation of the coeffcients h and s 
It is extremely unfortunate that no neat decision could be arrived at on the 

separate existence or non-existence of the enthalpic and entropic coefficients of 
variation. Actually, these coefficients are the necessary experimental data to correlate 
experimental results with results of model calculations. 

It was already mentioned that these coefficients are probably strongly corre- 
lated. All our solutes have been evaluated by three variants of eqn. 12, “h’l’ only”, “s(O) 
only” and the “h and s” variant. In a first experiment, hfl’ was plotted as a function of 
- P&O1 shown in Fig. 3. The plot was linear and gave the following regression: 

with cp = 0.9468 + 0.0068. This result suggested that, in fact, in general, Cphj can 
compensate for any value of - TSjh A variable Olj was introduced in order to relate sj to 
s$@ of a given solute j: 

Sj = So) (1 - aj) (50) 

implying hj = Lrjr’aj, and it was proposed that the relationship expressed in eqn. 51 is 
valid for any value of aj for the residual function Rj (eqn. 9) 

Rj = - c a&‘) - T(l - aj)sfo) 
4 (51) 
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TABLE VIII 
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RETENTION INDICES AND THERMODYNAMIC DATA OF 124 CHOSEN SOLUTES IN A FAMILY OF 
BRANCHED HYDROCARBONS AS STATIONARY PHASES 

Retention indices are described by eqn. 13. In the first line coefkients are listed with A,, 
i 

= 0, in the second line all 

significant coefficients are listed. Finally, retention indices on the Ca7 stationary liquid at 130°C a7Zt, are compared with 
those of ref. 18. Thermodynamic data were calculated by fitting eqn. 12 on the experimental points by putting hj = 0 as 
explained in the text. In the first line the regression eoefftcients are listed, in the second tine their standard deviation. 
Symbols: n is the number of points in the data set; e is the standard deviation; all other symbols are as in the text. 

No. Compound n Temperature Retenrion index 
range 

(“Cl Q mz130 IOA, 
Ai I%* 

r 
(R’) (inot’ (mot’K-’ 

kg) 6) 

HYDROCARBONS 

AIkanes 
00.05 Pentane 

00.06 Hexane 

00.07 Heptane 

00.08 Octane 

00.09 Nonane 

00.10 Decane 

00.11 Undecane 

00.12 Dodeeane 

00.13 Tridecane 

Isaakanes 
10.02 2,2-Dimethylbutane 

10.04 2,2-Dimethylpentane 

10.06 2,CDimethylpentane 

10.07 2,2,3_Trimethylbutane 

10.08 2,2-Dimethylhexane 

10.10 2,4-Dimethylhexane 

10.11 3,4-Dimethylhexane 

10.12 2,3,4_Trimethylpentane 

10.13 2,2,4_Trimethylpentane 

10.15 2,2,4,6,6-Pentamethylheptane 

45 

45 

45 

45 

45 

45 

4.5 

4s 

45 

25 

25 

2s 

2.5 

25 

25 

25 

25 

25 

25 

110-190 - 

1 l&190 _ 

110-190 - 

110-190 _ 

1 IO-190 

500.0 def 

600.0 def 

700.0 def 

800.0 def 

900.0 def 

11&190 _ 

110-190 - 

110-190 - 

110-190 - 

1000.0 def 

1100.0 def 

1200.0 def 

1300.0 def 

110-190 1.13 539.9 0.75 + 1.38 
1.16 539.5 0.92 +1.74 

110-190 0.70 625.5 0.56 f2.92 
0.71 625.6 0.46 f2.72 

110-190 0.98 625.9 0.17 +3.27 
1.01 625.8 0.17 + 3.28 

110-190 0.92 651.6 1.56 to.06 
0.94 651.5 1.64 f0.23 

110-190 0.79 716.0 0.52 + 3.93 
0.81 715.9 0.57 f4.02 

1 l&190 0.54 730.9 0.37 + 2.60 
0.55 730.8 0.43 + 2.72 

1 lo-190 0.51 782.0 1.09 -1.86 
0.51 781.6 1.32 -1.37 

1 l&l90 0.78 765.9 1.47 -1.18 
0.78 765.3 1.77 -0.55 

ll(r190 0.59 691.3 0.88 +4.02 
0.61 691.4 0.82 +3.88 

110-190 0.39 984.8 2.02 +6&l 
0.40 984.7 2.03 -k6.67 

-0.180 

+0.102 

-0.009 

-0.085 

-0.046 

- 0.062 

-0,243 

-0.317 

+0.067 

-0.013 
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Thermodynamic data 

s’I1 30 ReJ (Ii) m APO g, Ago’ AC, S’OJ a CT 
(cal mot’) (eal mot’ (cal mot’ (Cal mot2 (calmot’) 

K-‘) R’) K-’ W 

541 .o 
540.9 
627.9 
627.8 
628.6 
628.5 
651.6 
651.7 
719.2 
719.2 
733.0 
733.0 
780.5 
780.5 
764.9 
764.9 
694.6 
694.6 
990.2 
990.2 

541.2 

627.7 

629.5 

653.1 

719.6 

733.4 

780.4 

765.6 

694.8 

990.5 

- 5521.1 - 16.3695 5.94 0.3691 
3.1 73 0.13 14 

- 6493.8 - 17.4685 7.73 0.3866 
2.5 60 0.11 11 

- 7480.7 - 18.6372 9.51 0.4040 
1.9 46 0.08 9 

- 8479.6 - 19.8574 11.30 0.4215 
1.4 32 0.06 6 

- 9486.5 -21.1114 13.08 0.4389 
0.8 19 0.03 3 

- 10496.0 -22.3811 14.86 0.4563 
0.2 5 0.01 1 

-11501.3 -23.6486 16.65 0.4738 
0.4 9 0.02 2 

- 12509.0 - 24.9261 18.43 0.4912 
0.9 22 0.04 4 

-13481.6 -26.1336 20.21 0.5086 
1.5 36 0.06 7 

- 5746 - 16.401 5.4 0.393 
34 80 1.4 15 

- 6648 - 17.521 7.4 0.426 
20 48 0.9 9 

- 6746 - 17.760 8.2 0.430 
29 68 1.2 13 

- 6698 - 17.317 8.5 0.397 
26 62 1.1 12 

-7594 - 18.714 10.7 0.453 
22 51 0.9 10 

-7730 - 18.865 9.4 0.440 
15 36 0.7 7 

- 8072 - 19.074 10.7 0.397 
14 33 0.6 6 

-7855 - 18.740 11.0 0.402 
20 48 0.9 9 

- 7239 - 18.146 8.3 0.45 1 
17 41 0.7 8 

- 9970 -21.279 11.9 0.530 
11 26 0.5 S 

-0.25 0.52” 

-0.20 0.42” 

-0.15 0.33” 

-0.10 0.23“ 

-0.05 0.13” 

-0.01 0.04” 

-t 0.02 0.06” 

+0.06 0.16” 

+ 0.09 0.26” 

+0.09 5.7 

-0.13 3.4 

+0.01 4.8 

-0.08 4.4 

f0.12 3.6 

+ 0.09 2.6 

+0.06 2.3 

+0.1X 3.4 

-0.01 2.9 

+0.26 1.9 

(Continued on p. 160) 
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TABLE VIII (continued) 

No. Compound n Temperature Retention index 

(r m1130 

10.16 2,dDimethyloctane 

I-Alkenes 
11.05 1-Pentene 

11.06 1-Hexene 

11.07 I-Heptene 

11.08 1 -0ctene 

11.09 I-Nonene 

11.10 I-Decene 

11.11 1-Undecene 

11.12 1-Dodecene 

I-Alkynes 
12.05 I-Pentyne 

12.06 l-Hexyne 

12.07 I-Heptyne 

12.08 I-Octyne 

12.09 I-Nonyne 

12.10 I-Decyne 

Monocyclic hydrocarbons 
13.05 Cyclopentane 

13.06 Cyclohexane 

13.07 Cycloheptane 

13.08 Cyclooctane 

13.10 Cyclodecane 

. 

25 

25 

25 

25 

25 

2s 

2s 

20 

20 

25 

25 

25 

25 

25 

25 

20 

20 

40 

40 

19 

1 lo-190 

1 lo-190 

1 lo-190 

1 IO-190 

110-190 

110-190 

1 IO-190 

150-190 

ISO-190 

110-190 

1 lo-190 

1 IO-190 

1 l&190 

1 l&190 

1 lo-190 

130-190 

130-190 

1 IO-190 

110-190 

13&190 

0.32 928.4 0.42 +2.96 
0.32 928.2 0.50 +3.14 

1.41 485.6 0.24 -1.93 
1.45 485.6 0.26 -1.91 
0.84 587.8 0.21 -2.06 
0.87 587.7 0.28 -1.91 
0.58 686.9 0.20 - 1.52 
0.60 687.0 0.14 - 1.63 
0.51 786.8 0.32 ~ 1.75 
0.52 786.5 0.48 -1.43 
0.41 886.8 0.34 - 1.54 
0.40 886.5 0.51 -1.18 
0.42 986.8 0.31 -1.65 
0.42 986.5 0.44 -1.37 
0.56 1086.5 0.31 - 1.24 
0.57 1087.3 0.08 -2.15 
0.43 1186.3 0.26 -1.33 
0.44 1185.9 0.37 -0.92 

1.67 490.2 -0.09 -5.16 
1.64 488.5 +0.76 -3.36 
1.18 594.1 -0.02 -5.24 
1.15 592.9 +0.60 -3.94 
1.03 694.3 0.05 -4.86 
1.00 693.1 0.63 -3.64 
0.93 794.3 0.14 -4.92 
0.91 793.3 0.62 -3.89 
0.89 895.6 0.13 -5.53 
0.91 895.7 0.10 -5.59 
0.98 995.0 0.31 -5.22 
1.00 994.9 0.39 -5.07 

1.80 598.3 1.51 - 13.26 
1.60 592.4 3.48 - 7.01 
1.93 700.7 3.03 ~ 10.17 
1.98 699.2 3.52 - 8.62 
0.63 848.5 4.20 - 12.63 
0.56 847.5 4.83 - 11.55 
0.69 981.3 5.10 ~ 17.30 
0.45 978.8 6.15 - 14.65 
1.02 1198.3 6.91 -22.14 
0.92 1195.1 7.96 - 18.79 

-0.090 

-0.011 

-0.073 

+ 0.058 

-0.159 

-0.178 

-0.138 

+0.244 

-0.109 

-0.899 

-0.653 

-0.611 

-0.517 

+0.030 

-0.082 

- 2.083 

-0.516 

-0.669 

-1.117 

-1.117 
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Thermodynamic data 

I%$ (II) mAIP’ mAZP) AC, 
pl a 0 

[cat mot-‘) (Cal mot-’ (cal mot’ (ral mot’ (cal mot’) 
R’) K-‘) K-’ kg) 

930.8 
930.8 

484.0 
484.0 
586.1 
586.1 

685.7 
685.7 
785.4 
785.3 
885.5 
885.5 
985.5 
985.4 

1085.5 

1085.5 
1185.2 
1185.1 

486.0 
485.8 
589.8 
589.7 
690.3 
690.1 
790.3 
790.1 
891.1 
891.1 
990.7 
990.8 

587.5 

586.7 
692.4 
692.1 
838.2 
838.1 
967.1 
966.8 

1180.2 
1179.7 

- 

483.9 

585.3 

685.2 

784.7 

885.0 

984.6 

1084.3 

1184.3 

484.9 

587.6 

688.4 

788.3 

888.0 

986.7 

588.3 

694.5 

838.8 

966.9 

1180.0 

-9719 -21.336 13.4 0.478 
10 23 0.4 4 

-5329 - 16.084 6.4 0.343 
23 103 1.8 19 

-6309 -17.171 7.1 0.359 
26 62 1.1 12 

- 7279 ~ 18.301 8.1 0.384 

17 41 0.7 8 
- 8265 - 19.494 10.8 0.399 

I5 35 0.6 6 
-9270 ~ 20.739 12.5 0.419 

12 27 0.5 5 
- 10282 -22.014 14.2 0.435 

12 28 0.5 5 
-11243 -23.180 14.9 0.458 

124 282 2.9 7 

- 12232 -24.416 16.1 0.474 
96 217 2.2 6 

-5417 - 16.244 6.7 0.304 
50 118 2.1 22 

- 6362 ~ 17.221 5.9 0.321 

35 82 1.5 15 
-7338 - 18.358 7.7 0.345 

29 69 1.2 13 

-8311 - 19.514 9.1 0.363 
is 60 1.1 11 

-9336 -20.795 11.4 0.374 
26 62 1.1 12 

- 10279 -21.905 11.5 0.396 
25 60 1.1 11 

-6031 - 16.363 6.3 0.232 

134 309 4.2 25 

-6784 - 16.917 7.4 0.292 
148 343 4.6 27 

- 8005 - 18.089 9.0 0.282 
12 31 0.6 5 

-9105 - 19.185 9.3 0.261 

12 28 0.5 5 

~ 10740 -20.602 6.2 0.255 
48 111 1.5 9 

f0.18 1.6 

-0.38 7.3 

-0.24 4.4 

-0.32 2.9 

-0.02 2.5 

f0.05 1.9 

f0.04 2.0 

-0.27 2.6 

+0.10 2.0 

+0.84 8.4 

i-o.45 5.9 

+ 0.39 4.9 

+0.26 4.3 

-0.48 4.4 

-0.23 4.3 

+2.88 8.6 

-0.30 9.5 

-0.09 2.6 

+0.36 2.3. 

-0.01 3.1 

(Continued on p. 162) 
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TABLE VIII (continued) 

No. Compound n 

Bicyclic hydrocarbons 
14.01 cds-Hydrindane 

14.02 trans-Hydrindane 

14.03 &-De&in 

14.04 aruns-Decalin 

Alkylbenzenes 
15.00 Benzene 

15.01 Toluene 

15.02 Ethylbenzene 

15.03 Propylbcnzene 

15.04 Butylbenzene 

15.05 Pentylbenzene 

Miscellaneous 
19.01 Adamantane 

19.03 Naphthalene 

19.04 Azulene 

ALKANE DERIVATIVES 

I-Chloroalkanes 
20.04 I-Chlorobutane 

20.05 I -Chloropentane 

20.06 I-Chlorohexane 

20.07 I-Chloroheptane 

Bromoalkanes 
21.02 Bromoethane 

21.03 I-Bromopropane 

Temperature Retention index 
range 

(“C) o “I 130 IOAT 
A5 lOA,, r 

(K-l) (mot’ (mot’ K-’ 

kg) kg) 

30 

30 

35 

40 

140-190 

140-190 

130-190 

120-190 

24 110-180 

35 I lo-190 

25 1 IO-190 

25 110-190 

25 130-190 

25 130-190 

30 

30 

20 

25 

25 

25 

25 

45 

35 

140&190 

140-190 

160-190 

110-190 

110-190 

110-190 

110~190 

110-190 

1 IO-190 

0.62 1055.2 5.68 -21.46 
0.59 1053.0 6.33 - 19.04 -0.690 
0.71 1018.8 5.30 - 18.79 
0.67 1016.2 6.04 - 16.05 -0.783 
0.64 1174.6 7.13 -23.83 
0.39 1170.7 8.42 -19.70 - 1.372 
0.63 1131.2 6.45 -21.13 
0.46 1128.8 7.41 - 18.59 - 1.014 

1.36 690.1 3.12 -16.90 
1.22 687.3 4.47 - 14.03 - 1.435 
1.30 801.7 2.95 - 19.29 
1.10 798.2 4.34 - 15.52 - 1.469 
I .07 894.4 3.30 - 19.83 
0.83 891.9 4.53 - 17.23 - 1.302 
0.98 981.8 3.57 - 18.42 
0.83 979.9 4.53 - 16.38 -1.018 
0.98 1081.4 3.58 - 17.48 
1.00 1081.5 3.54 - 17.60 +0.040 
1.00 1176.9 3.75 - 17.60 
1.02 1176.8 3.78 ~ 17.50 -0.034 

0.78 1159.8 8.28 -26.21 
0.60 1154.6 9.77 -20.71 -1.571 
0.88 1249.5 7.82 -40.51 
0.78 1245.1 9.06 -35.92 -1.311 
0.88 1371.4 8.89 -48.85 
0.90 1370.1 9.15 -47.58 -0.281 

1.16 651.3 1.53 - 10.46 

1.15 650.3 2.03 - 9.40 -0.528 
1.06 754.6 1.67 - 10.63 
1.06 753.8 2.10 - 9.71 -0.460 
1.08 856.0 1.80 - 10.65 

1.06 854.9 2.36 - 9.47 -0.588 

1.09 957.2 1.88 - 10.41 
1.08 956.2 2.37 - 9.39 -0.510 

2.01 533.3 1.85 - 12.93 
2.03 534.0 1.51 - 13.65 +0.361 

1.36 638.5 2.14 - 12.36 
1.29 636.2 3.05 - 9.88 - 0.962 
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Thermodynamic data 

Ref (11) “LitiD’ m AS@’ AC, P) a 

(Cal mot’) (Cal mot’ (Cal mot’ (Cal mot2 
R’) K-1) K-’ kg) 

1037.6 
1037.4 
1003.4 
1003.1 
1155.1 
1154.6 
1113.9 
1113.6 

676.3 
675.8 
785.9 
785.5 
878.2 
877.8 
966.7 
966.5 

1067.1 
1067.1 
1162.5 
1162.5 

1138.4 
1137.7 
1216.4 
1215.7 
1331.4 
1331.2 

642.7 641.4 -6548 - 16.955 5.5 0.271 -0.18 5.7 

642.6 34 80 1.4 15 
745.9 743.3 -7543 -18.114 6.8 0.290 -0.26 5.0 

745.9 30 71 1.3 13 
847.3 844.8 -8533 - 19.303 8.4 0.309 0.00 4.9 

847.2 29 70 1.2 13 
948.7 946.3 -9539 - 20.545 10.0 0.330 -0.05 4.9 

948.5 29 69 1.2 13 

1034.9 

1000.3 

1153.9 

1112.2 

678.8 

786.5 

875.9 

965.0 

1064.8 

1162.0 

1137.6 

1215.4 

1331.2 

-9844 -20.116 14.2 0.241 
60 117 1.6 6 

-9617 - 19.992 15.0 0.263 
65 148 1.8 6 

- 10580 -20.491 10.3 0.232 
25 57 0.8 4 

- 10345 -20.427 11.8 0.248 
17 39 0.6 4 

- 6634 - 16.687 11.0 0.201 
31 74 1.7 13 

-1733 - 18.012 9.8 0.204 
27 63 1.1 11 

-8568 - 18.926 9.7 0.210 
24 57 1.0 11 

-9372 - 19.835 8.8 0.244 
22 52 0.9 10 

- 10394 -21.158 11.5 0.282 
67 154 2.0 12 

-11291 -22.218 12.0 0.298 
65 151 2.0 12 

- 10285 - 19.942 12.1 0.211 
64 145 1.7 6 

- 1106f -20.823 11.7 0.078 
86 195 2.3 8 

- 11994 -21.685 13.5 0.034 
423 943 8.9 12 

522.7 523.0 - 5301 - 15.398 3.5 0.217 -2.72 10.7 

522.8 54 127 2.3 21 
628.4 629.4 -6273 - 16.444 4.6 0.251 +o.so 6.0 
628.1 32 77 1.4 13 

- 

-0.77 2.5 

-0.36 2.7 

+0.36 1.8 

-0.11 2.1 

+I.27 5.4 

+0.96 4.9 

+0.55 4.1 

+0.09 3.7 

-1.45 4.8 

-1.23 4.8 

+0.55 2.7 

-3.34 3.6 

_ 4.4 

- 

CT 

(cal mot’) 

(Contimed on p. 164) 
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No. Compound n Temperature Retention index 
range 

(“C) 
0 -z130 lOAT 

A5 IO‘%* i 
(K-l) (mos-’ (mot’K-’ 

kg) kg1 

21.04 I-Bromobutane 35 

21.05 I -Bromopentane 40 

21.06 1-Bromohexane 40 

21.07 I-Bromoheptane 45 

I-Iodoalkanes 
22.01 Iodomethane 

22.02 Iodoethane 

22.03 I-Iodopropane 

22.04 I-Iodobutane 

22.05 I-Iodopentane 

I +anoalkanes 
23.03 l-Cyanoethane 

23.04 I -Cyanopropane 

23.05 I -Cyanobutane 

23.06 1-Cyanopentane 

23.07 I-Cyanohexane 

23.08 1-Cyanoheptane 

I-Nitroalkanes 
24.0 1 Nitrornethane 

24.02 Nitroethane 

24.03 I -Nitropropane 

24.04 I-Nitrobutane 

24.05 I-Nitropentane 

24.06 I -Nitrohexane 

25 

25 

25 

25 

2s 

40 

40 

40 

45 

25 

25 

25 

30 

30 

30 

45 

45 

11G190 

110-190 

I l&190 

110~190 

110-190 

1 IO-190 

1 IO-190 

110-190 

11@190 

1 IO-190 

1 IO-190 

110~190 

1 lo-190 

110-190 

110-190 

110-170 

1 lo-190 

110-190 

I lo-190 

1 la-190 

110-190 

1.18 742.0 2.39 -11.59 
1.10 739.8 3.31 - 9.10 
0.95 845.3 2.62 - 12.20 
0.85 843.1 3.54 - 9.88 
0.62 946.4 2.89 -12.13 
0.54 944.9 3.52 ~ 10.55 
0.64 1048.3 3.06 - 12.78 

0.59 1047.4 3.54 -11.76 

1.10 565.8 3.09 ~ 18.88 
1.10 564.9 3.54 - 17.92 

1.01 654.9 3.34 - 17.38 

1.01 654.2 3.69 - 16.63 
1.11 761.5 3.77 -19.11 
0.95 759.5 4.81 - 16.91 

1.18 862.9 3.94 - 19.26 
0.98 860.5 5.15 - 16.72 

1.22 963.6 4.07 - 19.26 

1.06 961.3 5.20 - 16.85 

4.13 496.1 0.84 _ 7.78 

4.17 495.0 1.40 - 6.67 
1.49 594.0 1.21 - 6.17 

1.50 593.4 1.47 - 5.52 

0.93 701.9 1.47 - 7.82 

0.89 700.4 2.09 - 6.25 

0.69 804.4 1.71 - 8.12 

0.62 803.1 2.36 - 6.75 
2.52 921.6 1.57 - 15.70 

2.57 921.3 1.92 - 14.95 

2.89 1020.8 1.95 - 13.93 
2.94 1019.8 2.46 - 12.85 

3.57 467.3 0.96 - 10.07 

3.34 462.7 4.28 - 5.15 

2.70 577.2 1.16 ~ 12.85 
2.61 573.7 2.74 - 9.18 

1.60 672.0 1.62 ~ 10.87 

1.60 670.8 2.17 - 9.61 

1.03 777.2 I.87 - 11.71 

1.01 776.0 2.41 - 10.46 

0.58 877.3 2.31 - 10.50 

0.46 875.9 3.04 - 8.97 

0.53 978.6 2.49 - 10.69 

0.36 977.1 3.25 - 9.08 

-0.968 

-0.976 

-0.667 

-0.509 

-0.484 

-0.377 

- 1.098 

- 1.272 

- 1.205 

-0.591 

-0.274 

-0.657 

-0.686 

-0.374 

-0.541 

-3.511 

- 1.682 

-0.582 

-0.577 

-0.767 

-0.806 
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_ 

Thermodynamic data 

732.5 
732.4 

835.3 
835.0 
936.5 
936.3 

1037.8 
1037.8 

550.4 
550.2 

640.7 
640.6 
745.9 

745.7 
847.1 

846.8 
947.8 

947.5 

489.7 
489.5 
589.0 
588.9 
695.5 
695.3 
797.8 
797.6 
908.8 
909. I 

1009.4 
1009.3 

459.1 
458.5 
566.1 
566.2 
663.1 
662.9 
767.6 
767.4 
868.7 
868.6 

969.9 
969.7 

Rej (1I) mAEf”’ 

(cal motl) 

732.7 

835.0 

936.4 

1036.2 

548.8 

638.9 

743.8 

844.6 

944.6 

- 

593.6 

697.4 

799.1 

- 

578.6 

665.1 

767.2 

868.8 

969.9 

- 7258 - 17.571 5.9 0.281 
27 64 1.2 11 

- 8263 - 18.772 8.4 0.292 
21 50 0.9 8 

-9254 .. - 19.97s 11.1 0.312 
14 34 0.6 6 

- 10246 -21.182 12.8 0.321 
15 35 0.6 6 

- 5294 ~ 14.960 3.1 0.149 
35 83 I.5 16 

-6149 ~ 15.927 4.4 0.1x9 
32 77 1.4 14 

-7102 - 16.943 5.2 0.193 
27 65 1.2 12 

- 8087 -18.120 6.6 0.212 

28 66 1.2 12 

-9079 - 19.334 8.1 0.229 

28 65 1.2 12 

-5253 - 15.765 6.3 0.272 
114 270 4.9 44 

- 6097 - 16.571 5.5 0.312 

40 95 1.6 16 

-7133 - 11.762 X.8 0.315 
23 55 1.0 9 

-8095 - 18.859 9.7 0.329 

15 36 0.6 6 

-9137 - 19.984 6.4 0.263 

69 164 2.9 30 

- 10008 -20.921 4.3 0.302 

73 172 3.1 32 

-4975 - 15.458 12.4 0.234 

108 255 8.2 48 

- 5924 - 16.371 7.3 0.226 

72 171 3.1 32 

-6783 - 17.277 8.6 0.271 

42 99 1.8 18 

-1797 - 18.465 11.2 0.282 

24 57 1.0 11 

- 8682 - 19.410 10.2 0.314 

I1 27 0.5 4 

-9674 -20.618 12.0 0.331 

9 22 0.4 4 

mAgo’ AC, 
p d LT 

(cal mot’ (cal mot’ (cal mot2 (Cal mot’) 
KF) R’) K-’ kg) 

+0.4s 5.0 

to.47 4.0 

+0.04 2.7 

-0.24 2.9 

-1.83 

-1.54 

+0.16 

f0.56 

+0.33 

5.9 

5.5 

4.6 

4.7 

4.7 

fO.05 

-0.22 

+ 0.26 

+0.26 

-0.76 

-0.14 

21.2 

7.5 

4.3 

3.0 

11.6 

12.2 

+ 6.30 

+2.12 

-0.10 

-0.16 

+0.28 

+0.35 

17.9 

13.2 

7.7 

4.4 

2.2 

1.8 

(Continued on p. 166) 
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TABLE VIII (continued) 

NO. Compound n Temperature Retention in&x 
range 

(“Cl CT mI130 IOAT 
AS. IQA, 

i 
(R’j (mot1 (motlK_l 

kg) kg) 

I-Acetoxyalkanes 
25.02 I-Acetoxyethane 

25.03 I-Acetoxypropane 

25.04 I-Acetoxybutane 

25.05 I-Acetoxypentane 

25.06 I-Acetoxyhexane 

I-Alkanols 
31.03 I-Propanol 

31.04 I-Butanol 

31.05 l-Pentanol 

31.06 I-Hexanol 

31.07 I-Heptanol 

31.08 I-Cktanol 

2-Alkcmols 
32.04 2-Butanol 

32.05 2-Pentanol 

32.06 2-Hexanol 

32.07 2-Heptanol 

2-Methyl-2-alkanob 
33.05 2-Methyl-2-butanol 

33.06 2-Methyl-2-pentanol 

33.07 2-Methyl-2-hexanol 

33.08 Z-Methyl-2-heptanol 

25 

25 

25 

25 

25 

30 

45 

45 

40 

40 

40 

24 

24 

24 

24 

25 

25 

25 

25 

110-190 

110-190 

1 lo-190 

1 lo-190 

1 l&190 

110-190 

110-190 

110-190 

1 lo-190 

1 lo-190 

I lo-190 

1 lo-190 

110-190 

110-190 

110-190 

1 lo-190 

1 lo-190 

1 lo-190 

110-190 

1.74 555.6 -1.05 - 10.91 
1.46 552.1 +0.71 - 7.19 
1.41 650.4 -0.76 - 7.19 
1.36 648.8 +0.06 - 5.46 
1.46 751.8 -0.63 - 6.87 
1.42 750.2 +0.17 - 5.18 
1.54 851.5 -0.54 - 6.20 
1.52 850.0 +0.17 - 4.69 
1.56 949.9 -0.46 - 5.31 
1.57 948.9 +0.04 - 4.26 

3.91 501.2 0.83 -11.60 
3.98 501.7 0.54 -12.17 
4.83 611.6 1.17 ~ 14.95 
4.73 607.2 3.51 - 10.02 
3.17 715.0 1.24 - 14.24 
3.12 712.4 2.65 -11.27 
2.07 814.8 1.30 - 12.65 
2.08 813.3 1.97 - 10.97 
1.95 916.2 1.38 - 12.33 
1.92 913.9 2.34 - 9.91 
1.94 1019.2 1.52 - 14.46 
1.94 1017.5 2.24 - 12.68 

1.68 571.9 0.59 -17.56 
1.72 572.1 0.46 -17.84 
1.57 668.6 0.44 - 14.86 
1.60 668.8 0.33 -15.10 
1.38 768.3 0.32 -14.18 
1.41 768.7 0.11 - 14.62 
1.43 868.2 0.29 -13.77 
1.46 868.6 0.10 - 14.18 

2.09 617.2 0.54 - 12.03 
2.14 617.3 0.50 -12.11 
1.78 707.6 0.52 - 9.88 
1.81 707.4 0.60 - 9.72 
1.79 802.8 0.51 - 9.42 
1.84 802.5 0.66 - 9.10 
1.97 900.7 0.47 ~ 9.10 
2.02 900.9 0.37 - 9.30 

- 1.863 

-0.866 

-0.844 

-0.758 

-0.528 

+0.311 

- 2.468 

- 1.486 

-0.708 

- 1.020 

-0.754 

+0.139 

+0.119 

f0.221 

fO.201 

+ 0.039 

-0.081 

-0.158 

+ 0.099 
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Thermodynamic data 

8711 30 Ref- (II) m AH@ m As”“’ AC, P) a F 
(cal mot-‘) (cal mot1 (cal mot’ ical mot’ lcal mot’ 1 

K-1 ) K-1) K-’ kg) 

546.1 
546.2 
644.5 
644.3 
746.2 
746.0 
846.4 
846.2 
945.6 
945.4 

491.7 
491.1 
599.4 
599.0 
703.4 
703.2 
804.5 
804.3 
906.1 
905.8 

1007.4 
1007.1 

557.5 
557s 
656.4 
656.4 
756.7 
756.7 
X56.9 
857.0 

607.4 
607.4 
699.5 
699.4 
795.1 
795.1 
893.3 
893.3 

544.0 

638.9 

740.9 

841.1 

939.4 

- 

600.9 

701.9 

803.6 

905.6 

1006.6 

552.0 

648.2 

748.0 

848.0 

600.9 

693.8 

788.3 

885.8 

-6140 - 17.180 5.0 0.244 
48 112 2.0 21 

-7048 - 18.201 7.2 0.309 
41 96 1.7 18 

-8003 - 19.286 7.8 0.332 
40 94 1.7 18 

- 8982 - 20.464 9.0 0.358 
41 97 1.8 18 

-9960 -21.671 10.5 0.386 
42 99 1.8 18 

-5351 - 15.945 10.3 0.226 
120 283 4.8 50 

-6165 -16.518 3.9 0.209 
120 283 5.1 41 

-7225 - 17.828 7.7 0.240 
76 179 3.3 30 

-8192 - 18.975 7.6 0.282 
52 I22 2.1 20 

- 9220 -20.265 10.3 0.304 
49 114 2.0 19 

- 10194 -21.417 11.2 0.299 
47 110 1.9 18 

- 5970 -16.559 8,5 0.166 
52 124 2.2 23 

- 6970 - 17.789 10.0 0.221 
48 112 2.0 21 

- 7962 ~ 18.986 10.2 0.250 
43 101 1.8 19 

- 8953 -20.197 10.9 0.274 
43 101 1.8 19 

-6413 ~ 17.059 6.0 0.246 
68 160 2.9 30 

-7292 - 18.079 5.8 0.289 
54 127 2.3 24 

- 8237 - 19.225 6.8 0.312 
53 125 2.2 23 

-9230 - 20.470 8~2 0.334 
57 135 2.4 25 

4-2.59 8.0 

+0.68 6.8 

+0.&l 6.7 

$0.55 6.9 

+0.32 7.0 

-2.20 

-t3.84 

+ 1.31 

+0.07 

+0.70 

+0.10 

-3.31 8.8 

-2.11 8.0 

-1.96 7.2 

- 1.64 7.2 

-1.52 11.4 

-0.85 9.0 

-0.58 8.9 

-0.83 9.6 

20.9 

23.9 

15.1 

9.7 

9.1 

8.8 

(Continued on p. 168) 
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TABLE VIII (continued) 

G. DfZFAYES et al. 

- 
No. Compound 

- 
2-Akanones 
40.04 2-Butanone 

40.05 2-Pentanone 

40.06 2-Hexanone 

40.07 2-Heptanone 

40.08 2-Octanone 

40.09 2-Nonanone 

Ethers 
41.06 Dipropyl ether 

41.08 Dibutyl ether 

41.10 Dipentyl ether 

Halogenomethanes 
42.22 Dichloromethane 

42.23 Trichloromethane 

42.24 Tetrachloromethane 

42.32 Dibromomethane 

42.33 Tribromomethane 

HALOGENOBENZENES 

50.11 Fluorobenzene 

50.21 Chlorobenzene 

50.31 Bromobenzene 

50.41 Iodobenzene 

P YRIDINES 

60.01 Pyridine 

n Temperature Retention index 
range 
(“Cl 

0 micro IOA, 
A5 lOA,, 

(K~‘) (mar’ 
i 

(mat’K_’ 

kg) kg) - 

30 

36 

30 

30 

45 

45 

110-180 

11&180 

110-180 

1 IO-180 

1 lo-190 

ll&.l90 

25 110-190 

25 110-190 

25 I lo-190 

30 1 IO-180 

30 1 lo-180 

40 110-190 

25 110-190 

25 1 WI90 

25 

35 

40 

25 

25 

110-190 

110-190 

110-190 

130-190 

1 l&l90 

3.63 543.3 0.66 - 9.96 
3.53 538.7 2.97 - 5.09 
2.19 636.2 0.73 ~ 9.19 
2.09 633.0 2.33 - 5.80 
1.45 737.2 0.77 - 6.84 
1.39 735.2 1.80 ~ 4.67 
0.87 838.2 0.76 - 6.68 
0.77 836.2 1.65 ~ 4.81 
0.67 937.7 1.01 - 6.25 
0.58 936.3 1.71 - 4.76 
0.61 1038.0 1.08 - 6.43 
0.54 1036.9 1.64 - 5.24 

0.94 658.6 
0.96 658.5 
0.69 X56.2 
0.70 856.0 
0.68 1052.2 
0.69 1051.9 

-0.27 
-0.19 
-0.15 
-0.04 

0.08 
. -023:- 

- 1.20 
- 1.04 
- 0.31 
- 0.10 
+ 0.44 
+ 0.76 

_,...~ 

2.91 
2.52 
1.90 
1.88 
0.83 
0.84 
2.20 
1.98 
2.87 
2.94 

518.2 
511.8 
616.8 
614.8 

2.0; 
5Z9 

-2.46 
3.46 

- 15.46 
- 8.66 
- 12.46 
- 10.33 

688.5 ,I 2.83 ~ 9.16 
6X8.5 2.85 - 9.12 
733.9 3.95 -27.40 
730.3 5.78 -23.53 
942.7 6.05 -29.63 
942.9 5.96 -29.83 

1.65 684.0 
1.52 681.4 
0.79 884.6 
0.52 X81.6 
0.74 983.8 
0.56 981.5 
1.52 1115.7 
1.56 1115.1 

2.27 
3.53 
4.32 
5.48 
5.52 
6.51 
6.90 
7.07 

- 17.71 
- 15.04 
-22.33 
-19.18 
-26.63 
-24.13 
- 35.74 
- 35.20 

1.79 749.9 3.71 -26.90 
1.67 747.3 5.07 -24.17 

-1.335 

- I.226 

- 1.052 

-0.181 

-2.439 

- I.694 

- 1.086 

-0.937 

- 0.748 

-0.594 

-0.080 

-0.109 

-0.163 

-3.400 

- 1.064 

-0.019 

- 1.933 

to.102 

-1.370 
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Thermodynamic data 

Ref. (Ilj mAH(o) mAS?O’ AC, pl CL 0 
{cal mot’) (Cal mot’ (ml mot:’ (Cal mat2 (calmot’) 

KP) R’) R’ kg) 

535.2 543.5 -5831 - 16.587 14.8 0.254 
534.5 100 236 5.5 41 
628.7 632.2 - 6696 - 17.523 13.5 0.283 
628.3 57 134 3.1 24 
731.6 733.7 -7704 - 18.734 14.7 0.331 
731.4 34 SO 1.9 14 
X32.7 833.4 - 8675 - 19.880 13.5 0.351 
832.3 20 48 1.1 8 
932.6 933.2 -9599 -20.931 12.5 0.374 
932.4 1s 35 0.6 6 

1032,7 1033.4 - 10593 -22.161 14.0 0.390 
1032.6 14 32 0.6 5 

657.6 655.2 -7109 - 18.246 8.5 0.382 
657.6 28 66 1.2 12 
855.9 855.1 - 9049 - 20.570 11.2 0.428 
855.9 20 46 0.8 9 

1052.6 1053.0 - 10977 -22.931 14.0 0.470 
1052.5 18 42 0.8 8 

505.6 509.1 -5174 - 15.289 9.1 0.182 
504.7 79 187 4.4 33 
606.6 610.3 -6075 - 16.230 9.5 0.240 
606.3 51 121 2.8 21 
681.0 681.8 -6676 - 16.795 6.2 0.291 
681.0 22 52 1.0 9 
711.5 706.2 -6643 - 16.154 0.9 0.090 
711.1 54 127 2.3 24 

918.5 912.9 -8328 - 17.73s 3.6 0.109 

918.5 90 212 3.8 40 

669.5 665.9 -6603 - 16.679 3.0 0.190 
669.1 42 98 1.8 18 

866.3 866.1 - 8228 - 18.214 8.1 0.187 
865.9 14 32 0.6 6 

962.0 961.1 - 8956 - 18.796 8.9 0.156 

961.8 15 36 0.6 6 
1086.5 1081.1 -9892 - 19.526 8.6 0.092 
1086.3 106 250 3.3 20 

727.9 728.3 - 6948 -16.717 6.7 0.100 

727.5 49 115 2.1 21 

f3.61 17.3 

+ 1.99 9.8 

+0.96 5.9 

+0.74 3.5 

+oso 3.0 

+0.31 2.7 

-0.14 

+0.03 

+ 0.20 

4.7 

3.3 

3.0 

+7.11 13.7 

+ 0.48 8.9 

-0.95 4.3 

+2.40 9.0 

-7.30 15.1 

+ 0.94 

f0.23 

-0.91 

-8.03 

7.0 

2.5 

2.9 

-0.15 

7.9 

8.2 

(Continued on p. 170) 
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TABLE VIII (continued) 

G. DEFAYES et d. 

NO. Compound n Temperature 
rlnlge 

(“Cl 

SILICANE DERIVATIVES 

70.01 Tetramethylsilane 

70.02 Hexamethyldisilane 

70.03 1,2-Bis(trimethylsilyl)ethane 

70.04 Hexamethyldisiloxane 

70.05 ‘Hexamethylcyclotrisiloxane 

MISCELLANEOUS 

90.01 Tetrahydrofuran 

90.02 1 .CDioxane 

30 

25 

25 

25 

25 

25 

25 

110-170 

110-190 

110-190 

110-190 

110-190 

110-190 

110-190 

CT mZ130 IOAT 
Ab lOA,. 

i 
(K--‘) (mot1 (motlR’ 

kg) kg) 

1.96 419.8 -0.57 + 7.32 
1.97 420.3 - 1.28 + 6.82 +0.74s 
1.61 672.1 +0.11 + 16.66 
1.64 672.5 -0.10 + 16.23 +0.212 
0.48 815.7 -0.94 + 20.57 
0.47 816.2 -1.21 + 20.00 +0.2s1 
0.86 576.2 -2.46 + 24.53 
0.84 577.1 -2.90 + 23.61 + 0.460 
0.92 687.9 -3.21 +27.21 
0.82 689.5 -3.99 + 25.54 f 0.832 

2.21 631.9 I .70 - 19.43 
2.25 631.0 2.16 ~ 18.47 -0.478 
2.07 693.3 2.15 - 19.99 
2.10 692.4 2.58 - 19.08 -0.458 

u Standard deviation of the regression with h = 0 relative to points generated by eqn. 42. 

- ,-t s(O) CA mol“ kg 0 
0 

,,(‘I 

I 

cal mol+ kg 

Fig. 3. Correlation of the regression coefficients hy’ (,‘/I only”) and q’ (L‘s only”) as special cases of eqn. 9: 
plot of hy) as a function of T’s?’ (see eqn. 49). 
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Thermodynamic data 

Ref- (Il) = AlP’ “AS@ AC, 
p) u 

(cal mot’) (Cal mot’ (cal mot’ (Cal mot’ 

K-‘) P) K-’ kg) 

425.8 427.1 - 4866 ~ 15.78X -1.7 a.447 -0.79 
425.9 57 134 4.0 2s 
685.7 - -7331 - 18.606 8.8 0.598 +0.33 
685.8 51 120 2.2 22 
832.5 - ~ 9029 -21.004 13.0 0.662 +0.46 
832.6 17 40 0.7 7 
596.3 _ -7041 - 19.114 11.0 0.681 +0.31 
596.4 25 60 1.1 11 
710.2 - - 8286 - 20.761 12.8 0.721 +0.20 
710.4 24 57 1.0 I1 

616.0 612.9 -6230 - 16.423 4.5 0.161 -1.72 
615.9 67 1.58 2.8 30 
676.9 675.0 - 6708 - 16.822 3.6 0.165 -1.76 
676.8 61 145 2.6 27 

(r 
(Cal mot’) 

9.9 

8.5 

2.8 

4.3 

4.1 

11.2 

10.3 

In order to test eqn. 51 at T = p, experimental values of hj,expr s~,~,.~ and QXp were 
used in 

h. 
Y = J’exp - Ttsj,exp 

- ~4%, 
= 7 + (1 - Nj,exp) (52) 

The value of CLJ,,,~ was calculated with eqn. 50 by using experimental regression data: 

aj.exp = l - [~j,expis$~2xpl (53) 

The plot of the left-hand side of eqn. 52 as a function of Glj,,,p is shown in Fig. 4. The 
correlation is excellent, with,a value of C$ = 0.9465 f 0.0037. 

If the equations were evaluated with different combinations of Sj and h, the 
values of “AHj and “ASj were also,different, but AC,,j remained constant. In Fig, 5, 
the difference “AHj - mAH$$) is plotted as a function of kj,,,p_ It gave the following 
correlation: 

mAHj,exp = mAM”) - q”hj,erp J.‘=P (541 

with 50” = 0.9451 f 0.0002. In Fig. 6, the difference nwASj - ~A~j’O’] is plotted as 
a function Of - P[@&, - Sj,,,p . ] The following correlation is valid: 

mASj,exp = mAS(P) - (P”‘[sj,exp - srixp] 1A-xP (55) 
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-1 .o 0.0 tl .o 0. 

Fig. 4. Plot of the combination of experimental regression coefficients hj,_ and _vj,_ as a function of 
E. calculated with regression coeffkients .yj prp and Q, 
siX?*f eqn. 52). 

as indicated in eqns. 52 and 53 0, in the left-hand 

with q”’ = 0.9450 & 0.0001. The factor 40’ = $’ = cp“’ is obviously the average of the 
CL characterizing the five stationary phases, i = 0.9450 mol kg-l. 

Comparison of eqn. 51 with eqn. 9 resulted in eqns. 56 and 57. Substitution of 
these results in eqns. 54 and 55 gives the followin_g set of four equations for the 

-A,_, _ mAH”% 

h 

-300 -200 -100 0 100 200 

Cal mor2 kg 

Fig. 5. Plot of the difference of experimental regression coefficients mAHj,exp - “Afij~&, as a function of 
$exp (see eqn. 54). 
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calculation Of Sj, hj, “dHj and m ASj for a given value of oL from the data listed in Table 
VIII for a = 0. 

“AH. = 3oAmo’ + paj,+*’ = m&$o’ + 403.2 or.s(*’ .I J J .I3 cal molll (56) 

“AS, = wAS))’ + %tIjS$*’ = OcI A@*’ + O-9450 ajS$*’ cal moP K-’ (57) 

hj = - 2 N&) = -426.6 cllS$*) 
e 

cal mole2 kg (58) 

s. = (1 - a.)#’ 
I J J cal mole2 K-l kg (59) 

It should be noted that the relationships summarized in eqns. 5659 are not valid 
mathematically. They are good approximations in a restricted range of OL, estimated 
roughly as tij = - 2 to +2. 

In conclusion, the statement summarized in eqn. 48, i.e., the variant “S(O) only”, 
is the best statistically significant variant of eqn. 12; it can be extended as follows. Any 
model which results in a linear combination of hj and Sj satisfying eqn. 51 is justified 
from a statistical viewpoint if the value of 01 does not exceed +2. In fact, for such 
a linear combination, the residual variance around the regression of eqn. 12 remain 
almost the same as for the “s(O) only” variant. 

In Table VIII, the thermodynamic functions listed are related to the “s(*) only” 
variant (N = 0). Also is given for each solute the value of Glj corresponding to the best 
combination of lzj and Sj as revealed by fitting eqn. 12 to experimental data. 

200 

oal mol.’ 

100 _J 
-Tt(do’- S) 

-300 -200 -100 0 100 200 

cal mole2 kg 

- f (-AS- mAS’“’ ) 

Fig. 6. Plot of the difference of experimental regression coefficients “dSj,eXp - “dq$p as a function of the 
difference sj,_ - SF&, (see eqn. 55). 
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Standard chemical potentiaal differences with other reference states 
It is obvious that standard chemical potential differences referring to different 

reference states are related to each other by simple mathematical rules; consequently, 
they do not give new information about solution behaviour. However, it frequently 
happens that correlations between molecular properties and solution behaviour are 
simpler to explain in another language. Arguments were already given in favour of 
chemical potential related to the molal Henry coefficient, gj”‘. Arguments against the 
chemical potential related to the Henry coefficient, h;, are numerous. This function 
becomes -co for c-+0 and solution data expressed as d$*’ will have a strong 
dependence on the variable c by the nature of the definition of hj (see eqns. 20 and 24). 

Solution data have already been discussed in terms of &CD), i.e., chemical 
potentials related to the distribution coefficient, &,, as defined in eqn. 22 lo. Therefore, 
conversion of our data to dpjD’ will be discussed, and two methods will be given. 

Combination of eqns. 20, 1 and 22 gives the relationship between dp (related to 
g) and AptD). 

Ap - AptD’ = RT In (BTpL) (60) 

where the density of the stationary liquid, pL, is given in eqn. 10 (for coefficients of eqn. 
10, see Table I). Substitution of eqn. 10 in eqn. 60 with suitable numerical values of the 
coefficients gives 

dp - dpcD) = -4.874 T + 1.987T 1nT - 13.91 lo4 T2 

- 0.057 T[ + 2.03 lo4 p[ - 4.35 . lo-’ T31: (61) 

Obviously, this correction function is independent of the nature of the solute. Eqn. 61 
allows the calculation of dp (D) at any point of the experimental domain with an error of 
about f 1 cal mol-‘. For the calculation of the corresponding thermodynamic 
functions, the following two methods, A and B, can be applied. 

Method A. With the aid of eqn. 12 and the coeffkients listed in Table VIII, 
chemical potentials, dpj, are calculated at every 10 K interval in the experimental 
temperature range, also indicated in Table VIII. At every point, dpjD’ is calculated with 
the aid of eqn. 61, then the thermodynamic functions *A#.!‘) “A,‘$?) AcFj j&D) and 

$D’ are calculated by fitting an equation, formally identical kiih eq;. 12, to’the’points 
by non-linear regression. 

Method B. For the developement of this method, first a set of 9 x 5 = 45 points 
of the “standard chemical potential difference”, dp - dpcD’ (eqn. 61) was calculated 
at every 10 K in the temperature interval 11&19O”C for the five stationary phases. 
On this data set, eqn. 12 was fitted where the corresponding coefficients gave the 
necessary corrections listed in eqns. 62-66. 

“AqD’ = “AH, + 580.2 t_ 0.6 

“AqD’ = “AS, + 7.9267 f 0.0015 

cal mol-l 

cal mol-l K-l 

(62) 

(63) 

dC$qj = LlCp,j + 0.53 f 0.01 cal mol-l K-l (64) 
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h@” = J h - 29 5 + 0 6 3 . - * cal mol12 kg (65) 

SSp’ = Sj - 0.1188 + 0.0015 : cal mol-* K-l kg (66) 

From eqn. 65 it is seen that if the solutions are equithermal in terms of molality, they 
are not on a molar basis. 

In order to find the set of equations for the case “s(~,‘)” i.e., “dD,O) only”, the 
enthalpic coefficient of variation is hj D,“) = 0 The value of cl; to be used for this case is . 
found from eqns. 58 and 65: 

29.5’5 
a;= -w (67) 

Substitution of eqn. 67 in eqns. 5659 and using the result in eqns. 62,63, 65 and 66 
gives (same units as in eqns. 62-66) 

mA~DPo) = “A#jO’ + 552.3 (68) 

o”A~Dso’ = mA$j”) + 7.8614 (69) 

,$W” = 0 
J (70) 

s$~,O) = s$~) - 0.0496 (71) 

It can now be shown that eqn. 49 is also valid for h$D,l’ and ~~~~~~ with q = c. Therefore, 
eqn. 51 is also valid and a set of equations can also be given for the functions related to 
KD,j having exactly the same form as eqns. 56-59: 

4ApjJ” = mApjD,O) + Tta$r’j+‘,o) = ~AHD,O) + 403_2a!n)$D,o) 3 J (72) 

aAgjD) - 

1 

~A,‘#‘,OJ + r#‘),r$D*O) = ~A,$D,“) + 0.945#‘)@,0) (73) 

Tt j&D) = -aa!P’ _ sC!‘8) = -426.7 aP’sW” 
_I J 

5 J 
J I (74) 

(75) 

In summary, for the conversion of thermodynamic data related to the molal 
Henry coefficient, gj, thermodynamic quantities, $jo), given in Table VIII can be 
transformed to those x(D,o), related to the distribution coefficient, Kn, with the aid of 
eqns. 68-71 and 64. bar” the coefficients hlD’ and .scD’ the same correlation is valid as 
that shown for hj and Sj in eqn. 49 with cp = 5. Thergf&e, standard chemical potentials, 
AP$~‘, can also be calculated with coefficients given by eqns. 72-75 if the value of 
E$~) does not exceed ca i2 . . 
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Solution data in the homologuous series of n-alkanes 
The relationship between the partial molar solution entropy and enthalpy of the 

n-alkanes in a hypothetical paraffin of infinite molecular weight at P was calculated 
by using data listed in Table VIII. Linear regression gave 

CC AflfO’ 
=A$*) = K + 2 = -9.402 (f0.065) + 

“AH!!’ 
z 0 808.7 (k4.6) 

&I m&l K-’ (76a) 

where K and 0 are constants. Actually, 0 is a characteristic temperature of the paraffin 
stationary phase. At this temperature, the difference between the homologuous 
paraffins would be zero, as will be seen in the following equations. For the regression 
eqn. 76a, only data for n-alkanes with z = 6-11 were used. The error of a single value 
around the regression line is A 95 = f 0.13 cal mol-’ K-l. The inverse relationship, 
explicit for AH(zo), is given by 

mA*:) = 808.7 (f4.6) “AS!!) + 7602 (+ 95) cal mol-l (76b) 

The molar enthalpy of the n-alkanes varies linearly with the carbon number: 

“Ati;’ = "AH'$' + “6Hz O)z = -467.7 (& 17.0) - loo2.~a~+_m_ll~z 
(77) 

where mdH$‘) is the molar solution enthalpy of a hypothetic “nullane”, (hydrogen), 
and mSH’,“) is that of a methylene groupe. The error of a single value is Ag5 = _t 20 cal 
mol-’ around the correlation line. The coefficient of variation of the molar standard 
entropy with the variable [, s, (O) also gives a linear correlation with the carbon number: , 

s$” = sb”’ + 6s:“~ = 0.2820 (& 0.0001) + 0.01742 cal moP2 kg K-’ (78) 

with analogous interpretation of the correlation constants ~6”) and 6,$‘) as before. The 
error of a single value is dgg = &O.OOOl around the correlation line. Finally, the 
correlation of ACps, and z is given by 

C PA = C,,,, + GCp,Zz = -2.94 + 1.782 cal mol-l K-l (79) 

Combination of eqns. 76a and 77 gives the relationship between “dS$” and z: 

= -9.981 (k 0.082) - 1.240 (f 0.009)~ cal mol-’ K-l (80) 

Substitution of eqns. 76-79 in eqn. 44 gives the increase in the standard chemical 
potential due to the introduction of a methylene group in an n-alkane. 
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where “Spit) is the methylene increment on the stationary phase of infinite molecular 
weight at temperature P. 

On the basis of the relationships summarized in eqns. 76-81 there is a linear 
correlation between the molar standard enthalpy, entropy and the carbon number z at 
all temperatures on all stationary phases. 

Thermodynamic functions and retention index 
The exact relationship between the standard chemical potential and the 

retention index is given in eqn. 14. Substitution of eqn. 12 in eqn. 14 gives 
a complicated but precise relationship between the retention index as a function of the 
thermodynamic data and of the variables c and A T around the standard temperature 
Tt = 403.15 K. Substitution the regression eqns. 7681 in the resulting ,relationship 
then applying the approximation (1 - S)-’ x 1 + 6 gives eqn. 82 after tedious 
calculations, rearrangements and neglecting higher order terms. 

where “$ is the retention index at 130°C (T = fi) on the stationary phase of infinite 
molecular weight ([ = 0). In eqn. 82 

and 

where ij’ = (*IJ - lOOz)/lOO. The physical meaning of “Sqi is illustrated in Fig. 7. In 
fact, it is the difference between the solution entropy of the solute j and that of 
a hypothetical n-alkane with carbon number z + zy = “q/100. The physical meaning 
of 6@ is analogous; 

Comparison of eqn. 82 with eqn. 14 gives the relationships summarized in eqns. 
83a-c. 
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1 [calmol.‘] 

-12000 -10000 -8000 -6000 -4000 

“A&;’ 

Fig. 7. Illustration of the meaning of “6SP’ on the example of ethylbenzene, 
Of" 

mIt = 891.9. Theenthalpyofan 
n-alkane with this index would be “&I!, + 0.92 1003 = - 9402 cal mol-‘. The solid line is the correlation 
between enthalpy and entropy of the n-alkanes. ‘Points marked by BO-B5 are alkylbenzenes, from benzene 
(BO) to pentylbenzene (BS); AZ is for azulene, Np for naphthalene and Ad for adamantane. 

100 0 
ATE-_------._’ 

“IWO’ o- Tt 
*&$J = +0.199 (k 0.001) “SS$ 

z 
VW 

@3b) 

1 
0.397 (+ 0.044) Ss$?I’ - 0.0028 (+ 0.0014) Ss$‘; 

0.00495 (+ O.O0055)A, - 0.014 (+ 0.007)AT (83c) 

It is seen that A,,c is a function of AT and A,. 
The numerical value of SS$ and that of 6s$‘i were calculated with eqns. 82a and 

b from the data listed in Table VIII. In the calculation, the index “Ij listed in the 
second line was used, resulting from regression eqn. 13. In Figs. 8-10, the correlation 
between the coefficients AT and A, and A,,< are shown with those calculated with the 
aid of eqns. 83a, b and c. The slope of the correlation lines for AT and A, do not deviate 
significantly from unity (0.93 + 0.13 and 0.971 f 0.028, respectiveiy) if some results 
are ignored where the experimental temperature domain was too restricted. The 
correlation is poor but significant for AT,[ (slope 0.59 + 0.13). 

It is now clear that in turn the coefficients AT and AC permit the calculation of 
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“dHf”, &sds)o’ and ,sj*’ if &6@‘), 0 and the other thermodynamic functions of the 
n-alkanes are known. The value of I$ is calculated from the definition of the index as 
follows: 

(84) 

1.0 

0.5 

0.0 AT/AI 

-0.5 

-1.0 
-1.0 -0.5 0.0 0.5 1:O 

Fig. 8. Correlation of the temperature dependence of the retention index, AT/RI, with that estimated from 
thermodynamic data. A#‘hD. 

A</ThD 

0 A,/RI : 

-40 
-40 -20 0 20 40 

Fig. 9. Correlation ofthe coeffkient of the dependence of the retention index dn the inverse of the molecular 
weight, of the paraffin stationary phase, AI/RI, with that estimated from thermodynamic data, AC/%D. 



180 G. DeFAYES et al. 

AT,</ ThD 

Fig. 10. Correlation of the coefficient, A,(/RI, of eqn. 13 with that estimated from themmdynan& data, 
A,,;/ThD. 

After some rearrangements, eqn, 84 gives for the molar enthalpy 

“AH$” = “AH’;’ + I~“SH$‘,O’ + T+*SS$‘~ 

= “AHjo - $’ . 1002.6 + 2026AT (85) 

The value of mAS’j”) is calculated by rearranging eqn. 82a: 

Similar rearrangement of eqn. 82b gives 

SjO’ = sip’ + z~6s;“’ + bsfY2 = $’ + $ . 0.0174 + 0.01254, (871 

In conclusion, the coefficients of eqn. 13 describing the variation of the retention 
index with temperature and with the variable I;, permit the calculation of the molar 
solution enthalpy and entropy if thermodynamic data of the.n-alkanes are known. 
However, the function ACp,j cannot be estimated with data having the present error. In 
fact, this function should be estimated from the quadratic dependence of the index on 
the temperature. 

General validity of the results 
It has been demonstrated that the solution behaviour of a large collection of 

solutes can be described by eqn. 48. Comparison with literature data can be made in 
two steps. First, data for n-alkanes will be examined, then the behaviour of retention 
indices of,other solutes. 
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In Fig. 11, the specific retention volume of n-alkanes is shown on a logarithmic 
scale as a function of the variable 5 at 100°C. Data were calculated with eqn. 12 and the 
coefftcients listed in Table VIII by extrapolating down to c = 0 and up to [ = 4.0, 
corresponding to a stationary phase of about C 1 6 H 34. The low temperature of 100°C 
was chosen because several literature data sets are available at this temperature on 
relatively volatile paraffins, Kwantes and Rijnders 23 have determined retention data 
of n-alkanes on n-alkane stationary phases with x = 16, 24, 30 and 36 carbons. In 
a recent work, data for n-alkanes were remeasured on 19,24_dioctadecyldotetracon- 
tane, paraffin A-78 in Fig. 1 . 24 Data from this reference do not deviate more than 
_t 2% from the correlation lines. This same hydrocarbon was used in previous work as 
a member of a homologous series of the general formula shown in Fig. 1. In fact, 
retention data reported in this reference did deviate by about 15% from the present 

1000 

ml 

100 

10 

z-103 z-59 

I .c i 
0.0 1.0 2.0 3.0 4.0 mol kg" 

IcaB 500 
--IF' ILlII I 11111111111LI I 1,x 

co 100 50 40 30 20 (16) 

Fig. 11. Comparison of the results of this study with literature data on the example of the specific retention 
volumes of n-alkanes at 100°C (log FJg is proportional to the standard chemical potential difference). Full 
lines are traces of retention data calculated with eqn. 12 and coefficients listed in Table VIII. Data from (+) 
Dutoitz4 (on A-78); (0) Hube? (on A-30, A-46, A-62); and ( x ) Kwantes and Rijndersz3 (on CM, C24, C32 
and Cs6 n-alkanes). 
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TABLE IX 

COMPARISON OF THE COEFFICIENTS OF EQN. 13, “f, AT AND A5 MEASURED IN THIS 

WORK WITH THOSE FOUND ON PARAFFIN HYDROCAI&ONS OF THE SERIES A-x WITH 
CARBON NUMBERS 30,46,62 AND 78 IN REF. 3 

Under 9 are listed average values of lOAT and Al found in this work and under d are averages of the 
deviations, this work - ref. 3. Compound numbers are as in Table VIII. 

Hydrocarbons 
I-Alkenes 

11.05-11.11 
I-Alkynes 

12.05-12.10 
Monocyclic hydrocarbons 

13.05 
13.06 
13.07 
13.08 

Bicyclic hydrocarbons 
14.01-14.04 

Alkylbenzenes 
15.00-15.03 

Miscellaneous 
19.01 
19.03-19.04 

Alkane derivatives 
I-Chloroalkanes 

20.04-20.07 
I-Bromoalkanes 

21.02-21.07 
l-Iodoalkanes 

22.02-22.04 
I-Cyanoalkanes 

23:03-23.06 
23.07-23.08 

I-Nitroalkanes 
24.02-24.06 

I-Acetoxyalkanes 
25.02-25.06 

I-Alkanols 
31.03-31.0s 

2-Alkanols 
32.04, 32.06-32.07 

2-Methyl-Z-alkanols 
33.05-33.08 

I-Alkanones 
40.04-40.09 

Ethers 
41.06-41.10 

Halogenomethanes 
42.22 
42.23 
43.24 
43.32 

+0.4 + 0.32 -0.02 

f3.4 + 0.52 +0.06 

+ 2.7 + 3.48 +1.25 
+4.0 + 3.52 +0.15 
-0.4 + 4.83 -0.56 
t1.9 + 6.15 -0.69 

+4.1 + 7.05 -0.84 

+1.5 + 4.47 +I.08 

+4.3 + 10.23 +0.51 
-9.4 + 8.37 -0.74 

+3.7 + 2.22 -0.08 

+6X + 3.08 -0.09 

f2.2 + 4.55 +0.70 

-7.9 + 1.83 + 1.64 
+8.3 + 2.05 + 1.76 

-2.1 + 2.72 +0.25 

+8.2 + 0.14 +0.40 

+3.5 + 2.21 +0.42 

+15.5 + 0.22 -0.72 

f9.3 -t 0.53 -1.05 

-1.9 + 2.02 +O.QO 

+2.2 0.00 +0.3X 

-1.1 + 5.29 +4.48 
+1.8 + 3.46 +2.23 
+2.9 + 2.85 +0.38 
+7.6 + 5.78 +0.99 

+1.61 

+4.24 

-7.0 
-8.6 

-11.6 
~ 14.7 

- 18.4 

- 15.6 

-20.7 
-41.8 

-9.5 

- 10.7 

-16.7 

-613 
-12.1 

-9.5 

-5.3 

-11.2 

-15.5 

-10.1 

-5.1 

-0.1 

-8.7 
- 10.3 

-9.1 
-23.5 

-0.5 

-1.8 

-2.2 
-1.4 
+0.7 
-0.9 

-2.6 

-1.4 

-1.9 
+ 7.0 

-1.6 

+0.4 

-3.2 

+4.1 
-4.3 

+0.5 

-3.4 

-1.5 

-9.1 

-4.2 

+1.5 

-1.5 

+O.Q 
-5.8 
+1.7 
-3.8 
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Compounds “It: lOAT 
AT 

s‘ P 6 P b 

Halogenobenzenes 
50.11 
50.21 
50.31 
50.41 

Pyridine 
60.01 

Miscellaneous 
90.01-90.02 

+3.8 + 3.53 +0.50 -15.0 -1.9 
-1.4 + 5.48 +0.58 - 19.2 +0.5 
-1.1 + 6.51 +0.42 -24.1 +o.o 
t9.9 + 7.01 -2.58 - 35.2 -6.7 

-5.3 + 5.07 +0.38 -24.2 -s.9 

+ 14.3 + 2.31 +0.62 -18.8 -9.2 

results. However, this redetermination proves that specific retention volumes publish- 
ed in refs. 2 and 3 are systematically too high. The correct figures are obtained on 
multiplying all retention volumes by 0.864 + 0.002. These corrected data from ref. 
3 are also included in the plot in Fig. 11, where specific retention volumes of n-alkanes 
were determined on a family of branched paraffins with x = 30,46,62 and 78 carbon 
atoms of the general formula shown in Fig. 1 as series A-x. 

Comparison of the coefficients “fi, AT and A, in this work with those in ref. 3 in 
Table IX shows that there is a good general correlation of the results found in both 
studies. It is observed that there is a close correlation between the deviation between 
the values of “f and those found between the coefticients A,. It is believed that this 
correlation is due to the fact that on stationary liquids of the series A-x data could not 
be determined at higher temperatures and thus the experimental design was 
unbalanced. 
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