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Equations correlating the normal boiling points (Tg), critical temperatures (T¢) and critical pressures
(Pc) with the respective carbon numbers (n) were developed for the straight-chain homologous series
H-(CH,),~Y, where Y denotes CH;, OH, CH=0, OCOCHz and COOH and n varies from 5 to 18.
The estimates based on these equations were found to reproduce experimental data within the average
errors less than 0.27% for Tz and T, and 1.45% for P thus alowing a prediction of new data.

A knowledge of the normal boiling points (Tg) and critical properties (T, P and Vi)
of pure substances is important in many thermodynamic and transport property calcula-
tionst. In spite of the fact that several compilations of critical properties have appeared!™,
reliable experimental data are still lacking for many substances. Thisis particularly true
for higher molecular weights materials that decompose or associate before attaining
their critical states. Values for oxygen compounds, e.g. for 1-alkanols, acetates and
alkanals are especially scarce. Further, various compilations of boiling points usually
quote the boiling point of a high-boiling compound at a reduced pressure, while for
theoretical calculations knowledge of the normal Ty is required.

The methods proposed for the estimation of normal boiling points'® usually require,
besides molecular structure, some extra parameters, like critical temperature, molar re-
fraction, ionization potential, etc. It is very unlikely that these parameters will be
known for a compound when its boiling point is not known. Although some of these
parameters can be estimated through group contribution methods, the propagation of
error through such a route would be fairly high. The only method which is based on the
molecular structure only was proposed by Joback’. This method uses the equation
Tgy = 198 + 3§, where Tg; is in Kelvins and the contributions &; of the various groups
are listed in Reid et al.%,

A number of methods have been proposed to predict the critical properties!:38-10
when experimental data are not available. These methods are generally based on the
Eq. (1) according to which the critical property Y. (or some function of this property)
of a compound mis expressed as a linear sum of terms incorporating some functions of
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the carbon number n and the normal boiling point Tg, as well as contributions for
various atoms of groups of atoms §,.

Yo(m) =a, +a, f(n) + a5 f(Tg) + 3-42 5 . (1)

The relationship (1) involves two extreme approaches. One uses the last (two) term(s)
by setting the coefficients a; = a, (or even a3) = 0 (e.g. the known group contribution
methods of Ambrose®, Fedors'! and Somayajulu*!?), while the other makes use of an
empirical equation which requires only the number of carbon atoms n (a3 = a, = 0); the
last approach is intended to apply only to homologous series of compounds and may be
represented by procedures developed by Kreglewski'® (Eq. (2)) and Fisher'* (Eq. (3)).

Yo=Y - exp (@, +a,n?d) )
Yoza + 2 3
c=qy n+a, (3)

According to the Eq. (2), it is assumed that the property Y (i.e. T, Pc or even Tg) is
compatible with the corresponding limiting property Y and that all infinite-length ho-
mologues have the same composition [(CH,),] and hence the same properties. Various
limiting values for an infinitely long akyl chain, ranging from 960 K to 1 190 K (refs*1%)
for T2 and from 0 bar* to 8.4 bar'316for PZ, have been recommended. Recently, Eq. (3)
was suggested'* to correlate some physicochemical properties of homologous fatty
acids. All three parameters (a,, a, and az) were optimized to give the best fit. But, such
an equation is not generally suitable since it would tend to fit the data scatter and not
give avalid reflection of random experimental uncertainty. Moreover, from a statistical
point of view, a relatively large data base would be needed to optimize three para-
meters.

The principal objective of the present investigation is (i) to demonstrate that Eq. (3)
can be modified by setting a; equal to the fixed limiting property so as to reduce the
number of adjustable parameters at a minimum while maintaining both the flexibility
and accuracy of the function, and (ii) to present a new empirical approach for the
estimation of physical properties of the pheromone-like homologous series H-(CH,),,~Y,
where Y denotes CH;, OH, CH=0, OCOCH, and COOH, and n varies from to 5 to 18.

* 1 bar =0.1 MPa
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The experimental property data needed (Tg, Tc and Pc) were taken mainly from
compilations™®, but for some oxygen containing compounds the critical constant values
reported in more recent sources'®18 were preferred. The critical constants recom-
mended by Ambrose (1992) on behalf of IUPAC (as quoted in ref.1% were used for
alkane standard set.

For the acetate and aldehyde homologous series, where the experimental critical data
are limited to those members having up to five carbon atoms only, these data have also
been included in the correlations, the missing data in each series being substituted by
reliable estimates based on a recently developed* group contribution method.

A commercial statistical package (Statgraphic Plus, Release 7.0) was used for nonli-
near regression procedures and graphical analyses.

RESULTS AND DISCUSSION

Equation (3) forms the central point of our analysis. Prior to the analysis it may be
useful to point out that the evaluation of the physicochemical properties according to
this model is generally based on the extent to which the properties have characteristics
normally found in members of homologous series, i.e. (i) with increasing chain-length
the properties increase or decrease in a regular fashion, (ii) the properties are correlat-
able, by least squares equations, both with chain-length measured by the number of
carbon atoms and with the corresponding properties of alkanes, and (iii) the properties
are compatible with the limiting properties.

Our interest in keeping the number of parameters to be estimated at a minimum
prompted us to investigate a possibility of setting the a; parameter in Eq. (3) equal to
the corresponding limiting value Y*. From atheoretical point of view thisidea seemsto
be reasonable as the derivative of the second term on the right side of Eqg. (3) with
respect to n goes to zero for n equal to infinity. A similar approach was previously
applied with a remarkable success® on density calculations. Since a variety of literature
limiting values is available both for the Tg, TR and Pg, the immediate problem was to
decide which values of limiting properties to adopt. To select the limiting temperature
value suitable for the Czto C,g carbon span region investigated in this work, a nonlinear
regression analysis was applied on the Tz and T experimental data of thirteen
alkanes, Cgto Cginclusive. The general procedure used in parametrizing a,;, &, and a;
was to minimize the square of the deviations of a set of calculated properties from their
experimental values. By analyzing the Ty = f(n) and T = f(n) functions separately, two
slightly different estimates resulted, viz. a; = Ty = 1 114 K and a; = Tg = 1 095 K.
Taking into account the small difference (19 K) between the two estimates as well as
generally accepted assumption that the limiting value for the normal boiling point is
equal to the limiting value for the critical temperature, an average value Ty = TR = 1 105K
was selected as the most suitable limiting value for our study. Figure 1 compares mean
square errors (MSE) of the Tg = f(n) and T = f(n) functions fitted by Eq. (3) on
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alkane data using both the selected value a; = 1 105 K and severa other limiting
values, 1 021 (ref.?), 1 072 (ref.2®), 1 078 (ref.2%), 1 143.8 (ref.1%) and 1 190 (ref.’%) K
suggested by other authors. It is shown that the T = f(n) dependence is dightly more
sensitive to a correct selection of the limiting value, while there is some toleration (MSE
< 1) for both functions in the limiting temperature region of about 1 070 — 1 140 K. It is
worth to mention that the value of 1 105 K agree very well with the literature values
derived recently'®1° from other models. However, the value of Teja (1 143.8 K,
ref.19) is about 4% too high, while that of Tsonopoulos (1 072 K, ref.1°) is about 3% too
low in relation to our value.

With the value of a; = T = T = 1 105 K thus predetermined and with the corre-
sponding value of PE = 1.01325 bar, Egs (4) — (6) immediately follow from the general
eguation (3):

_ ag

Tg=1105+ n+ by [K] 4
_ ar

Te=1105+ - [K] (5)
_ ap

Pe=101325+ F [bal . (6)

These two-parameter equations predict an increase in boiling point or critical tempera-
ture and decrease in critical pressure until the values attain a limiting value as n tends
to infinity.

Fic. 1
Mean square errors of Eq. (3), Y; = Tg or Tg,
fitted on alkane (Cg to C,g) experimenta data
Influence of selected limiting property values
adopted for a; parameter
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Equation (4) was tested by using available experimental normal boiling points for
44 compounds belonging to five homologous series. The series included akanes, 1-alka
nals, alkyl acetates, alkanals and carboxylic acids ranging in carbon number from 5 to 18.
At least five data points (alkanals) were used for correlations in each series. The boiling
points were calculated by a nonlinear, least squares fit of the input data. The results of
the calculation are included in Table | along with the corresponding correlation coeffi-
cients. A comparison of the calculated and experimental values (see Appendix) shows
a good agreement, generally within 0.3%. However, the invariably nonlinear Tg = f(n)
relationships found in this work markedly contrast with an inherent linearity assumed
by Joback” in his group contribution method. Thus, we should be cautious in using Tg
estimates based on Joback’s method.

Regression equations and associated statistical data that relate T and P data of the
homologous series to n according to the Eqgs (5) and (6) are shown in Tables Il and IIl.
The different classes of compounds appear to be equally well correlated (in all
cases r2 > 0.995). The close juxtapositions of data points and calculated lines (Figs 2

TaBLE |
Coefficients of Eq. (4) for correlation of boiling points

Series n ag bg r
Alkanes 5-18 -19073.4 20 0.9999
Alkanols 5-12,17,18 —22 457.3 27.34 0.9993
Alkyl acetates 5-8, 10, 12, 14 —21 966.2 27.27 0.9993
Alkanals 3-8 -21193.3 25.08 0.9991
Carboxylic acids 4-9,11, 13, 15, 17 —20 560.6 27.73 0.9988
TaBLE I

Coefficients of Eq. (5) for correlation of critical temperatures

Series n ar br r?

Alkanes 5-17 -10 616.8 12.76 0.9999
Alkanols 5-12 -10720.8 15.71 0.9996
Alky! acetates 5 - 17)° -13254.9 21.33 0.9999
Alkanals (5-17% -12 515.9 18.57 0.9999
Carboxylic acids 4-9 -10612.9 18.95 0.9973

2 |nput data based on the group additivity method of Somayajulu®.
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and 3) seem to give assurance that the equations in Tables Il and 111 could be used to
predict T and P satisfactorily from the corresponding carbon numbers for all classes
of compounds investigated. Two points should be made, however, regarding the input
data used for the correlations: (i) as recommended in the original work?%, “smoothed”
experimental P data were used for alkanoic acids; this allowed to improve a rather
modest correlation (r2 = 0.976) following from the use of not-smoothed data (inclusive
an apparently erroneous value, 27.0 bar, for octanoic acid); (ii) since either the T, or P
experimental data were available for the alkyl acetate and alkanal homologous
series (n > 5), estimated values based on the group additivity method of Somayajulu* had

TasLE I

Coefficients of Eq. (6) for correlation of critical pressures

Series n a bp r
Alkanes 5-17 245.57 3.408 0.9981
Alkanols 5-12 268.23 2.002 0.9953
Alky!l acetates (5-17% 245.8 4.151 0.9998
Alkanals (5-17% 249.64 2.858 0.9998
Carboxylic acids 4-9 275.73 3.879 0.9994
8 See note in Table I1.
750 T ! ! T 40 T T T
e EXP | i
e & ]
K bar | i
L »,

600 r

20 1
500 600 T K 750 10 20 BAC b 40
Fie. 2 Fic. 3

Comparison of estimated (Eq. (5)) T with lite-
rature experimental values; m RH, e ROH,

0 ROAc, 0O RCOOH

Comparison of estimated (Eq. (6)) Pc with lite-
rature experimental values; m RH, e ROH,
O ROAc, O RCOOH
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to be used as input data to treat the corresponding T or P = f(n) dependence. There-
fore, for these two homologous series, the proposed correlations should be regarded
only as a more smple alternative to the above mentioned group additivity method.

Table IV presents the average deviations associated with different classes of com-
pounds and thus assists in a broad sense in assessing the capability of the method to
estimate selected physicochemical properties for substances corresponding to their re-
spective classification.

Combining each of the Egs (4) — (6) for alkyl homologous series with corresponding
equations for alkanes enables the appropriate differences to be expressed by

i ™

where Y; represents Tg, T or Pc and Y2 is that property for the n-alkane with the same
number of carbon atoms n; a;, b; and a2, b2 are fitted constants which are characteristic
of the respective homologous series. Note, that a formally similar (and more simple)
equation (Eg. (8)) has been suggested'® to describe T or P. = f(n) dependence of
1-alkanols as perturbations of the corresponding properties of alkanes.

Y, - Ya= . ©)

TABLE IV
Summary of average deviations according to classes of compounds

Average deviation, %

Series (n-range)
Ts Tc Pc
Alkanes 0.05 0.09 145
(5-18) (5-17) (5-17)
Alkanols 0.27 0.11 1.36
(5-12, 17, 18) (5-12) (5-12)
Alkyl acetates 0.24 - -
(5-8, 10, 12, 14)
Alkanals 0.25 - -
(5-9)
Carboxylic acids 0.32 0.15 0.32
(5-9, 11, 13, 15, 17) (5-9 5-9
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To make the results based on Eqgs (7) and (8) comparable, we recalculated the coef-
ficients of Eqg. (8) using the same n-range and input data as for Eq. (7). This afforded
the numerical values of Ag, By, Apand Bp equal to 861.1, 2.303, 19.795 and —1.3771,
respectively. Prediction results for the Y, — Y2 differences (AYCALC) using the correlation
equations (7) and (8) are compared with the experimental differences (AY®*P) in
Figs 4 and 5. It may be observed (Fig. 4) that the correlating ability of Egs (7) and (8)
for AT¢ (n = 6 to 12) is nearly the same, the absolute difference between ATEALC and
ATEXP not exceeding 2.5 K. On the other hand, Fig. 5 demonstrates a relatively large
scatter of points for the corresponding AP differences. There are two possible expla-
nations for this type of behaviour. First, and most obvious, the data scatter could be a
manifestation of a high uncertainty of experimental P. data for the alkanol series in
genera and for heptanol and octanol, in particular. Note, that for these two compounds
the newly reported'® data (31.6 and 28.5 bar) used in thiswork differ by 1.0 and 0.7 bar
from the equivalent data obtained® by another technique. From this point of view, even
the largest differences (=0.7 bar) between the APSALC and APEXP (Fig. 5) seem to liein
the range of experimental errors. Second, this might be a signal of severe problems with
the models examined at a very fundamental level (e.q. an unappropriate description of
the T = f(n) and P = f(n) dependences by the same functions). Both explanations can
be assessed only via additional (and accurate) experiments.

The difference between Eqgs (7) and (8) is more apparent when examining the predic-
tions based on AT = f(n) and AP = f(n) functions for a more extended n-range. For

”O 105 T T T T
v v
exp | -
A7(-:EXF‘ A:‘g
K bar | vy 4
70 25¢ 7
v v
I v v T
v v
v v
50 70 ATCCALC‘ K 10 1-5 25 AFECALC) bar 4.5
Fic. 4 Fic. 5
Comparison of AT(E;XP and ATEALC (Egs (7) and Comparison of AP(E;XP and APEALC (Egs (7) and
(8)). Solid line indicates a 1 : 1 correspond- (8)). Solid line indicates a 1 : 1 correspond-
ence. v Eq. (7); O Eq. (8) ence. v Eq. (7); O Eq. (8)

Collect. Czech. Chem. Commun. (Vol. 59) (1994)



1491

- - - - - - - - (6e¥9) (6'6T) (r'612) (8'289)  (891) (0°529) (9°809)

v'qT  T'29. S'/8S 8'.T 9669 G'€ES 29T €.0L 9SS 20z 08T.L TES 0.T €9/9 0605 2T
- - (129 - - - - - - (s12) (0c02) (z12s)  (z81) (0859) (5°68%)
ST 908 Tv.S 06T LT189 9.TS ZLT TS89 O'TES 9T G§€0L €£6IS T8T 2859 .68y TIT
- - - - - - - - (z119) (te) (£7289) (evos)  (961) (06£9) (T°69%)
6dzc v'8eL T'09G ¥'0Z 6999 6005 ¥'8T 0289 9'GIS ¥'€Z  6°/89 9°€0S €6T 9889 2697 OT
(¢22) (09z2) (6T¥9) - - (tzsy) - - - (tse) (€129 (rosy) (T12) (2°219) (€LvP)
v'qz  €62L T'SYS 122 07159 2€sy L'6T 0899 €£'66¥ ¥'6Z  0T.9 0/8Y 802 TULI9 €lvr 6
gv2) (ozt) (27229 - - (Tv9py) - - (zesy) (582) (z'zg9) (r89v) (622) (9v69) (0vey)
%z TTITL 9'62S ovZ OVve9 ¥vov 212 T1'€S9 228y 8¢ 1289 S'69v §2C L'€6S 8 8
(#92) (0v69) (02T9) - - (zvwy) - - (9°99%) (918) (0'2€9) (g6¥v)  (6v2) (2°899) (8°86¢€)
€9z 0969 O€IS €92 GST9 Vv T€Z  2LE9 OV 80 87289 OISV 9z 8/95 9865 L
(d62) (0'629) (¥s6v) - - (652p) - - (Lvyy) (zve) (ot9) (9oer) (Prz) (zovs) (971.8)
692 96.9 §G6V 262 966G T'ETV 262 1029 Ly Sve  TTII9 VIEY T/2 T6ES PTLE 9
(0ze) (0€99) (¥'8.¥) - - (tTov) 488665 (vzev) (Tee) (g889) (zT11)  (€08) (9209) (6°THE)

ol

€ 67T99 89 8¢ 0v.S Go0v 6'Lc 9T09 ¢Evev €6E 2'/85 90TV ¢0oe €108 Teve S

Teq‘dd M Pl MLEL feq™d MOL MLEL  reqd ML M 8L Jeqdd M'PL M@ Jeqd M OL M 8L

HOOD = A OHO = A HO0D0 = A HO = A £HO = A

A%mpps snobojowoy Jo saniadoid jo sanjen (sasayjuated ul) [eluswiiadxs pue ((9) — (ysb3) parenoed
X1aN3IddVv

Estimation of Critical Propertes

Collect. Czech. Chem. Commun. (Vol. 59) (1994)



Koutek, HoskowemarL

9'¢

v

6V

9'S

9

€L

1492

[

[

[

[

[

[

el !(491) uonrenba aulojuy ayy wouy q
LRl g RN 1Rl 1B ) g SR iR WOy udMe) elep [ejuawiladxa  (Pdpue 1) (a1 pue (3L)4a) wouy uae) erep [ejuswiadxy

- - - - - - - - - - - (p'809) - - (6'€09)
8,18 ¥'GS9 0€T 8729, TEI9 T2l 089, 8619 v¥T 698 1'609 G2l 665, T'€09 8T
- - (z6v9) - - - - - - - - (0265  (621) (0°2v2) (0°069)
8'608 €£'Gi9 9'€T T'€S. +'T09 92T 276G, 8809 TST  2//. G865 0€T €8y, G685 LI
- - - - - - - - - - - - (ret) (09el) (96.9)
€T08 819 €¥T  0€r. T'68S Z€T  00S. €165 6'GT 699/ 8985 L'€T  6'GEL 26/ 9T
- - (L'v29) - - - - - - - - - (ov1) (0€z.) (0°099)
¥'26. 8'€29 0'ST 22eL T9.S 8'€T 20V, €685 89T 865, 9V.S v¥T 922, T09S ST
- - - - - - - - (geL9) - - - (8v1) (0'802) (8'€vS)
628, €219 8'GT  L'02L 129§ 9vT 6'62L LTS 8/.T Ty, 8795 TST €80L O¥WS vI
- - (¥'669) - - - - - - - - - (2's1) (0°€69) (2929)
8¢/, 2009 89T 9'80.L G'8¥S €GT 6'8T.L G'6SS 68T GTEL €8¥S 09T 0269 0725 €I
req ‘Pd MPL MLEL  feqod M OL M 8L Jeqod ML M AL 1eq'Pd M PL MIEL  leqod M OL Mel
u
HOOD = A OHO = A HO0D0 = A HO = A £HO = A
panunuo))
XIaANIddY

Collect. Czech. Chem. Commun. (Vol. 59) (1994)



Estimation of Critical Properties 1493

higher n the functions represented by Eqgs (7) and (8) display a dightly different beha-
viour, with the absolute deviation between them reaching about 4 K and 0.25 bar for
n = 18. The deviations may be even more significant for higher (n > 20) homologous
series members. Again, because of the lack of the experimental datafor 1-alkanols with
n > 12, it is yet difficult to draw a conclusion which of the functions more correctly
extrapolates the data. The discrepancy between the predicative ability of Egs (7) and
(8) can be resolved only by new experimental measurements.

To conclude, correlations based on limiting properties concept were developed for
the estimation of normal boiling points, critical temperatures and critical pressures for
homologous series of compounds related to pheromones. The correlations are valid
especialy for the C; — C;g carbon atom range and produce estimates that generally
agree with literature values when these are available. One outcome of this development
could be that biologically oriented chemists with a rather modest working knowledge of
physical chemistry can easily make profitable use of Eqgs (4) — (6) to aid in interpreta-
tion of pheromone transport phenomena.
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