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I. INTRODUCTION

One of the great long-range aims of the chemist has been to correlate the struc-
ture of molecules with their chemical and physical properties. If our knowledge
were complete, the knowledge of the structure of a molecule should give com-
plete and accurate knowledge of its properties; conversely, an informed knowl-
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edge of its properties should indicate its structure. Many lifetimes of conscien-
tious labor have been devoted to the correlation of the physical properties and
structure of organic compounds. Numerous promising relationships have been
established, but none gives a complete answer. It is not surprising that no single
physical property seems to be readily correlated with all types of differences in
structure. One of the most promising physical constants in this respect is the
parachor. The parachor is a secondary derived function dependent upon the
primary properties of surface tension, density, and molecular weight.

Since it is inconceivable that such changes as the position of attached groups
would not change the shape and size of 2 molecule, molecular volume was one of
the first properties seriously studied in the effort to correlate physical properties
and structure. Molecular volumes based upon densities measured near the boiling
point were extensively investigated by Kopp (31), Traube (63), and Le Bas
{(34). Definite quantitative relationships were observed, and atomic values were
derived to be used in an additive manner. These values have been useful, but
exact mathematical relationships have constantly eluded workers in this field.
Perhaps the greatest single obstacle encountered has been the difficulty, if not
impossibility, of comparing molecules in the same or corresponding states.

One effort to overcome this difficulty led to the determination of the so-called
“nullpunkt’s volume.” This was obtained by the extrapolation of temperature—-
density curves to absolute zero. A reasonably successful analysis of this function
was made by Biltz, Fischer, and Wiinnenberg (2). Another promising approach
is based upon Guldberg’s rule (21). Since the boiling point of a substance is ap-
proximately two-thirds of its critical pressure, molecular volumes have been
compared at temperatures which are some constant fraction of the boiling point.
In general, however, it may be said that the several promising theoretical modi-
fications of the simple molecular volume concept have been, in the final analysis,
somewhat disappointing.

Perhaps the most successful attempt to devise comparable conditions for the
measurement of molecular volume or a directly related function had a purely
empirical origin. Macleod (38) in 1923 discovered the simple relationship between
surface tension and density, v = C(D — d)*, where D and d are the densities of a
liquid and its vapor, respectively, v is the surface tension at the same tempera-
ture, and C is a constant characteristic of the liquid. It has since been shown
that this relationship may be theoretically deduced (15). Sugden (56) in 1924 re-
vised the Macleod equation to express the equivalence of the constant in molar
proportions and called the new constant the parachor. The revised equation has
the form:

M
D - d)
where M is the molecular weight. When the vapor density is negligibly small in
comparison with that of the liquid, the relationship reduces to

P = Vo'l

P — 71/4
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where V,, is the molecular volume. If the surface tension is unity, the expression
further reduces to

P’ = Vo

Thus the parachor may be regarded as the molecular volume of a liquid of a
surface tension equal to unity. A comparison of the parachors of liquids is thus
equivalent to a comparison of molecular volumes under such conditions that the
liquids have the same surface tension. Sugden (57) himself states the advantage
of the parachor as follows:

“The chief significance to be attached to a comparison of molecular volumes at constant
surface tensions instead of at constant temperature, or at a constant reduced temperature
(e.g. the boiling point) is that this method does make some allowance for the effect upon
molecular volumes of the forces due to molecular attractions. The large internal pressure
due to these forces cannot, unfortunately, be measured directly, but the theories of the
liquid state all lead to the conclusion that surface tension and internal pressure are closely
related to one another. The general equations of Laplace show indeed that the ratio of the
surface tension to the cohesion is a quantity of the order of magnitude of the range of the
molecular forces and in Young’s theory is taken as equal to this range. . . . Further evidence
is obtained for the view that the parachor is a true measure of the molecular volume when
this constant is compared with the critical volume and with the mean collision area.”

To the extent that comparisons of parachors actually are more nearly compari-
sons made under corresponding states than in the use of other functions, the
parachor may be expected to be superior to the other functions.

The impractibility of the measurement of surface tension over the wide tem-
perature range necessary for the adjustment of values to the same surface ten-
sion would appear to discredit the usefulness of the parachor. However, for most
unassociated liquids the parachor is subject to only a minor temperature dif-
ference. When this condition does not obtain the fact is readily recognized, and
the comparison of the parachors of liquids of similar structure at an arbitrary
temperature in general introduces little error.

II. THE DETERMINATION OF ATOMIC AND STRUCTURAL CONSTANTS

The parachor was first considered to be an additive function and atomic con-
stants were calculated. The most important value for organic compounds is that
of the CH, unit. Occurring so many times as a unit, it is of greater importance
than the value of carbon or hydrogen. By comparing the successive members of
various homologous series Sugden arrived at the value of 39.0 for this CH, unit.
Subtracting n CH; from the saturated hydrocarbons C,H:..» gave the value
for 2H and subtracting this from 39.0 gave the value for C. Assuming these values
to be correct and purely additive, the values for other elements may be calculated
by a similar process. Sugden early saw that in addition to the additive elemental
constants certain constitutive features such as a double bond or ring could be
assigned a value. He arrived at the values given in table 1.

Use of these values gave theoretical values for the parachors of many com-
pounds which corresponded closely to the values caleulated from observed sur-
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TABLE 1
Sugden’s atomic and structural parachor values
UNIT i PARACHOR UNIT PARACHOR

Co 4.8 Bro...o.o 68.0
B 17.1 I g1.0
N 12.5 Double bond . .............. 23.2
P 37.7 Triple bond. ............... 46.6
O 20.0 Three-membered ring....... 16.7
S 48.2 Four-membered ring........ 11.6
Fooooo 25.7 | Five-membered ring........ i 8.5
Clo..ooo 54.3 Six-membered ring.......... } 6.1

) O; (inesters)............... ! 60.0

face tensions and densities. For example, the parachor of a chlorotoluene would
be calculated as follows:

7 carbon atoms, each 4.8 = 33.6

7 hydrogen atoms, each 17.1 = 119.7
1 chlorine atom, 53.8 = 53.8
3 double bonds, each 23.2 = 69.6
Theoretical parachor = 282.8

The observed value for o-chlorotoluene was found to be 280.8; for p-chlorotoluene
283.6. It was first considered that position isomerism in aromatic compounds
did not vary the parachor value.

Sugden (56) surveyed the then existing data in the chemical literature for
surface tensions and densities and calculated the parachors of 167 substances.
These values were compared with those obtained by adding the appropriate
atomic and structural constants. Agreement within 2 per cent was found for
145 compounds and within 1 per cent for 104 compounds. Since the experimental
values were obtained by different observers, in different laboratories, frequently
using different methods of measurement, and upon compounds of varying de-
grees of purity, the correlation was striking. It is significant that Sugden, while
stressing the additive nature of the parachor, early assessed structural constants
to varying degrees of unsaturation and ring structures. He also recognized a con-
stitutive effect in the difference between oxygen in ester groups and in alcohols,
and noted the temperature effects due to association.

It should be pointed out that no value was or is given to a single bond. The
value given to hydrogen includes the parachor of the hydrogen atom plus one-
half of the parachor of a single bond. Similarly, the value given to carbon in-
cludes one-half of the parachor of four single bonds. Thus, the value assigned to
the double bond is not strictly that of the double bond but the additional in-
crement that must be used in calculating unsaturated compounds. It is a plus
value obtained by subtracting from the value of two hydrogens the decrease in
parachor observed between a saturated and an unsaturated molecule containing
one double bond.
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Although various modifications have been necessary in Sugden’s values, they
did produce correlations between observed and calculated values for parachors
better than had been obtained by the use of other properties. Sudgen’s parachor
presented historical evidence for the existence of such structures as the semipolar
bond, singlet linkages, and the triple-bonded isocyanide grouping. Various ex-
tensions and refinements of the concept have appeared which have changed and
extended its usefulness. Being primarily refinements they do not diminish but
rather have increased the importance of Sugden’s contribution.

TABLE 2
Atomic and structural constants

VALUES ASSIGNED BY

UNIT

Sugden Muﬁfﬁfé:nd ‘ Vogel Quayle
CHa. oo 39.0 0.0 | 40.0 40.0
e ‘ 4.8 9.2 | 8.6 9.0
H.oooo f 17.1 5.4 | 15.7 15.5
O 20.0 200 | 198
Os (inesters)................... ... ‘ 60.0 60.0 | 54.8
N o 12.5 7.5 |
1 P 48.2 50.0 i 49.1
F oo 25.7 25.5 ; |
Clo 54.3 55.0 1 55.2 ‘
Broooo 68.0 69.0 68.8 |
P 91.0 90.0 90.3 i
Singlet bond . . .......... ... =116 -9.5 ‘
Double bond....................... 23.2 19.0 19.9
Triple bond. ....................... 3 46.6 38.0 1 40.6
Three-membered ring............... 16.7 12.5 ‘
Four-membered ring................ 11.6 6.0 | ‘
Five-membered ring. . .............. 8.5 3.0 ‘
Six-membered ring . . ............. .. 6.1 0.8 j ‘
Seven-membered ring............... 4.0 } !

Mumford and Phillips (40) detected certain shortcomings in Sugden’s at-
tractively simple treatment of the parachor as an additive function. They ex-
amined the apparent anomalies in the parachors of a series of fatty acids reported
by Hunten and Maass (24) and concluded that the discrepancies were due to an
incorrect value for the methylene increment. They objected to Sugden’s failure
to distinguish between isomers and particularly to disregarding chain branching.
By basing their calculations on data from homologous series of the same type of
structure—all normal, all secondary, or all tertiary—they arrived at a mean
CH, value of 40.0. They proposed a ‘‘strain constant” for secondary branching
of —3 units, and for tertiary branchings one of —6 units. This was an important
contribution in establishing what has proven to be a better value for the methyl-
ene increment and, also, in further suggesting the truly constitutive nature of
the parachor.
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Mumford and Phillips’ (40) reévaluations of the atomic parachors are shown
in table 2. These are probably the most widely used values at the present time.
Later refinements, particularly those of Vogel, are also included in table 2.

Since the value for CH; is taken as the basis upon which all other values are
calculated, its correctness is of primary importance. As the essential constitutive
nature of the parachor has gradually been recognized, it has also become ap-
parent that the value for CH, in saturated hydrocarbons is almost unique in its

TABLE 3
Comparison of independent determinations of parachors of n-alkanes
A. Surface tensions at 20°C.

ALKANE
Wibaut Quayle
Pentane. .......... ... i 15.98 15.97
Hexane........................ .. ...... 18.41 18.39
Heptane............... ... ... 20.26 20.31
Octane. ... 21.71 21.80
Nonane..........oooii i, 22.91 22.92
Decane. ... — —
Undecane..............coovveviinnn... 21.29 21.31
Dodecane... ..., 18.10 18.12
B. Parachors at 20°C.
P
ALKANE |
; Wibaut Quayle 1 Vogel
PEntane. . . ..oovvnee e 230.7 231.0 | 2318
Hexane............... . ... .iiiiiai.. 270.7 270.8 : 270.9
Heptane.............. ... oot 310.8 311.3 ; 312.0
Octane...............oiiiiiiii i, 350.6 351.1 j 350.5
NONANE. . oot e 390.5 391.1 f 390.7
Decane. . ... — 431.2 | 429.5
Undecane. .................o.ooiiii.. — 1 470.6 ‘ 470.6
Dodecane.........ooooviviiinnneeeinns, — | 510.1 i 510.0

constancy. The value for CH. has consequently been repeatedly measured and
independently checked.

Vogel (65) recalculated the CH, increment from homologous series of n-alkyl
chlorides, bromides, iodides, and esters and arrived at a CH, value of 40.3 with
hydrogen as 14.4 and carbon as 11.5. Later Vogel (66) revised his values upon the
basis of further purified alkyl halides; the average value for the CH, increment,
calculated by the method of least squares, was 40.02.

As compounds of exceedingly high purity became available! and as techniques

! Five pure hydrocarbons of the American Petroleum Institute-National Bureau of
Standards series were used, together with three repurified samples from the Eastman
Kodak Company.
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of measurement improved, Quayle, Day, and Brown (45) considered it essential
to reéxamine further the accepted value for the methylene unit. They measured
a series of normal hydrocarbons from pentane through dodecane. They arrived
at an average value for the CH; increment of 40.0 and also concluded that there
was no apparent change in this value as the chain length increased within the
limits of the series investigated. Added validity is attached to the determina-
tion, as the average values were obtained from individual values with very small
deviations. Their constants for carbon and hydrogen, 9.0 and 15.5, respectively,
are slightly different from these obtained by Vogel or Mumford and Phillips.

The methylene value has thus been independently determined by several work-
ers and upon several different series of compounds. This fundamental unit, used
in calculating the constants for other groups, may be considered to have been
established at 40.0, since three modern groups arrived at identical values.

Wibaut (70) and his coworkers also synthesized a series of highly purified
alkanes and cycloalkanes. Table 3 shows the remarkable agreement between
their values, those of Vogel (67), and those of Quayle, Day, and Brown. The
agreement is the more striking in that Vogel used a different method of measur-
ing surface tension (capillary rise) from that used by Wibaut and Quayle (maxi-
mum bubble pressure).

III. CONSTITUTIVE CONSTANTS

In the earlier work upon the parachor, agreement of theoretical values with
those based upon observation to within 1.0~1.5 per cent was considered quite
satisfactory. As methods of obtaining compounds of the highest purity have ad-
vanced, and as the techniques of the measurement of surface tension have im-
proved, greater precision and accuracy have become possible. A precision which
permits determinations within 0.1 per cent is now readily possible. The limits of
accuracy earlier prevailing account for the early assumption that position iso-
merism caused no change in the parachor and for the failure to observe other
very real constitutive changes. With greater accuracy it has been gradually found
that the parachor, while grossly additive, is sensitive to almost any change in
structure and is particularly sensitive to any change in degree of unsaturation.

At first thought the lack of strict additivity would appear to decrease the value
of the parachor. However, once the minor changes have been evaluated, the
correlation between observed and calculated values becomes much better and
the usefulness of the function increases. The changes in parachor produced by
changes such as the position of a double bond or the variation in the effect of
branching the chain as its position is shifted are of a lower order of magnitude
than the atomic constants. These smaller corrections in turn are average values
and not absolutely constant. The differences here, however, are of a still lower
order of magnitude and in the present state of development are seldom of suffi-
cient size to obscure the conclusions obtained. It is important that their existence
be recognized, however, since it is probable that any change in structure causes
some change in the parachor.
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A. The CH, unit

The CH, unit in saturated chains has been considered by most modern ob-
servers as unique in its constancy and has been used as such in evaluating other
variations. This has proven to be a valid practical assumption leading to the
establishment of other useful constants for other groups and structures even if
not entirely sound upon a theoretical basis. Gibling (19) has found that even
this CH, value in the hydrocarbon chain is not absolutely constant. The devia-
tions in its value are, however, small and do not appear to become significant
until the chain contains from 16 to 20 carbons. The use of the parachor function
is made considerably more complicated with little added accuracy in the great
majority of compounds if corrections for the CH, value are used.

Gibling (19) objects to the use of atomic and structural constants based upon
any average values.? He states that ‘“the volume contribution of any atom, such
as C, is not constant but varies according to the nature of the other atoms with
which it is linked”” and that “no allowance has been made for the ‘interference’
between the non-linked atoms.” In each case the effective contribution of the
carbon in CH. is decreased in comparison with that of carbon in CHj, and this
decrease will vary as the interference changes with different length chains at-
tached.

Gibling’s work comprises the most comprehensive theoretical treatment of
the parachor in recent years (20) and has been successfully applied to numerous
classes of organic compounds. It warrants consideration in some detail. It is
based upon a fundamental change in the concept of the parachor and in the logical
outgrowth and extension of the ideas of several of the other workers who have
pointed out constitutive variations. Although his concept historically followed
much other work upon the constitutive nature of the parachor, it will be con-
sidered at this point because of the primary importance of an accepted value or
values for the CH, unit in assessing the values for other elements and groups.

Gibling’s interpretation involves a more complicated scheme than the simpler
concept and does not outmode the latter (in the opinion of the author) in prac-
tical use except for molecules having extremely long carbon chains (twenty or
more carbons).

Gibling objects chiefly to Sugden’s tacit assumption that the contribution of
any atom to the molecule is the same no matter to what other atoms it may be
united by single bonds, and to his disregard of interference which may occur when
atoms not directly united are brought into rather close conjunction by the natural
angles of a carbon chain. He also pointed out the failure of Mumford and Phillips

C
to differentiate between —CH; andC> CH;, even though they had recognized

2 The author would agree with this objection in theory and has studied variations in
the parachor upon the basis of this assumption. However, many of the variations caused
by slight changes in structure are below the least obtainable experimental error. Conse-
quently, many additive and structural constants based upon average values are of distinet
practical value.
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C C
the volume reduction betweenc> CH, andc> CH—C. It is asserted that the

CH, value appears to show progressively higher values throughout any homol-
ogous series, owing to interference effects.

In 1945 Gibling (19) reviewed his proposed method of calculation on the basis
of data for the normal alkanes reported by Quayle, Day, and Brown (45). Para-
chor reductions observed in homologous series are by this new concept due to
overlapping of spheres of influence of non-linked atoms. Gibling makes corrections
for these overlappings and terms the newly calculated values ‘“reduced para-
chors.” These “R. P.” values for a series of successive branchings have a constant
increment of 2.2 in the reduction caused by the branching.

Gibling proposes for the calculation of the parachors of normal paraffins the
equation:

P =[2C + (n — 2)k|f

where C' = 55.2 (CH; contribution), & = 39.8 (CH; contribution), f = 1.0004165,
and n is the number of carbon atoms. The value of 2C + (n — 2)k is taken as
the reduced parachor, R. P. (preferred to the earlier name, ‘‘standard value” or
8. V.). R. P. values are allotted to the different groups formed in the molecules
of paraffins and olefins and certain interference reductions are assessed. The
CH, differences starting at 39.9 for n = 2 or 3 would become 40.2 for n = 10
or 11; for n = 2 to 12 the mean CH, would be somewhat more than 40.0; for
n = 59 or 60 it would be 41.8, with the mean just under 40.9 betweenn = 2
and 60.

Gibling asserts that the magnitude of the CH. increment depends upon the
magnitude of the parachors but is independent of the type of compound; expan-
sion occurs at exactly the same rate for various homologous series.

Gibling further finds that a second correction value in addition to the “inter-
ference correction” is necessary. He terms this an “expansion correction’ or
E. C. The following equations define the reduced parachor, the calculated par-
achor, P, and the expansion correction, E. C.:

R.P. = 20 + (n — 2k
P =[2C + (n — 2)kIf*
P—-R.P.=EC.

The reduced parachors were derived from values in A List of Parachors compiled
by the British Association for the Advancement of Science?® with revision when-
ever warranted by more recent values. These R. P. values have been found to
be truly additive and constitutive functions. However, Gibling’s apportion-
ment of a parachor value to a group which involves the linkage of heterogeneous
atoms cannot be effected by using available data. For instance, to obtain a value
for (C)—0—(C) as in dimethyl ether it was necessary to arbitrarily allot to

3 This list appears as an appendix to Sugden’s The Parachor and Valency, G. Routledge
and Sons, Ltd., London (1930).
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CH;(O) the same value as for CH;(C); the desired value was found by differ-
ence. The method of assessing group values is illustrated by the following eval-

/O
uation of (C)—C—0—(C):

[P}, CH,COOCH,CH; 216.6 (mean of recorded values)

I

—-E. C« = —0.4

R.P.,, CH;COOCH,CH; = 216.2

Deduct (C)CH.(O) at 394 = —39.4

R. P., CH,COOCH; = 176.8

Deduct 2CH; at 55.2 = —110.4
/O

R.P, (C)—C—0—(C) = 66.4

The method of calculation is applied to 2-methyl-2-butene in the following illus-
tration:

CH;CH=CCH;
b,
3CH;(C) at 55.2 = 165.6
(C)CH=(%) at 34.3 = 34.3
(C)=C<( ) 4167 - 16.7
(©)
216.6
Expansion correction, E. C. = 40.4
217.0
Observed parachor = 216.9

Compounds containing a markedly polar group such as (C)Cl, (C)Br, (C)I,
ROC(C), and Ce¢H;(C) exhibit regularity in the CH, increment only after the
first few (generally five) members in a series. Reductions in the parachor by
these groups seem to be due to interaction between atoms of these and neighbor-
ing groups—a tendency of the chains to bend back to form a partly closed
ring as a consequence of polarity. Corrections in the alkyl chains have been
assessed by a consideration of the effect of homology, which leads to the conclu-
sion that the configuration of the carbon chain is determined primarily by the
polarity of that part of the molecule to which it is attached.

Additional reductions in the parachor occur in alkyl carbonates with propy!l

0
7
4 If one lets —C— equal CH,, then the expansion correction for ethyl acetate is the
same as that for diethyl ether, —0.4. In evaluating the (C)—0—(C) of ethers O was as-
sumed equal to C; thus E. C. for diethyl ether was derived from pentene, listed in Gib-
ling’s table for various hydrocarbons.
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or longer chains and in other compounds with the possibility of parallel chains,
apparently caused by the close-packing of such chains.

CH,—CH;,
AN
O\ CH,—CH,—CH,
/C= Interference constant = 2.2(n + 2)
0 CH,—CH,—CH;
AN
CH,—CH,

Gibling has also successfully applied his concepts to a number of other special
cases, particularly to cases involving polar groups. His values show good agree-
ment for branched-chain paraffins except for compounds containing (1) two

adjacent —/\-\CH’S, to one or both of which is attached an ethyl or higher radi-

cal as in 2,3- and 2,4-dimethylheptanes, and (2) trisubstituted derivatives of
trimethylmethane, as in 3-ethylpentane.

The group values and various corrections of Gibling are given in table 4.

Gibling has applied his concepts and values with remarkable success. It has
been possible to calculate the parachors of more than four hundred compounds
to within 0.2 per cent. His values and method of calculation are particularly
superior to those of other workers in the field when applied to long-chain com-
pounds. This is brought out by table 5.

In the face of the remarkable success of Gibling’s use of his concept and the
constants derived from its application, many observers (including this author)
have continued to use the simpler system of atomic and group constants., There
is considerable justification for this in the great majority of cases. Gibling, as
has been pointed out, reviewed his method upon the basis of the values for nor-
mal alkanes given by Quayle, Day, and Brown (45). The latter claim an accuracy
such that their error is less than 0.1 per cent. Within this limit and up to com-
pounds containing twelve carbon atoms the “interference effect’” does not ap-
parently reduce the validity of their values. The theoretical values of the normal
alkanes from pentane through dodecane, when compared with the values cal-
culated from observed surface tensions and densities, show a maximum devia-
tion of 0.1 per cent and an average deviation of 0.045 per cent.

Telang (61) and Ferguson and Kennedy (14) consider the parachor to be more
correctly expressed in the revised form

P = My'"/(D — d)

where experimental determinations of surface tension are applied in the evalua-
tion of n for similar compounds. The use of this form of the equation, in the lim-
ited experience of the author, has not resulted in improved correlations which
would encourage its use over the classical form of Sugden. Neither would the
determination of n for a group of compounds appear to obviate the necessity of
the use of constitutive corrections.
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TABLE 4
Gibling’s parachor values
A. Group values

GROUP R.P.* GROUP R. P
CHy—(C). oo vvoeeeerannns 55.2 (C)—CeH—(C) ..o 174.8
(C)—CHz—(C). .. 39.8 (©)
(%)
CeHy—(C)ornennn .. 159.4
CH—(C) .o vvanrnn . 22.2
(&)
© 0....HO
(o)) [(0) U 2.4 7
(C)—C C—(C) 149.4
i / ‘
! OH-.--0 !
(©) ©) (C)—CeH—(N)........... . 174.6
CH=(C).. o vvereeririn.. 49.7 (C)—CeH—(0)............ 174.4
(CYCH=(C) . ..\ rerrrnr... 34.3 (N)—CeH—(0). . ......... 174.2
©) (CYCHL(0). ... oo 39.4
(®)]
C=(C)....cove ] 167
: CHO). .o\ 21.4
(9]
(C)=0—(C) ..o 215 ©
(C)—CHO . ... oo | 6r.4 (©) O] 1.2
(C)—CO—(C).. oo 51.0
(C)—CO0—(C). . .vevvvn 66.4
O=ClO(C)]z. v vverennnns. 85.5
CeHe—(C) oo, 190.2 ©) ©)
CeHsm (N oo | 100.0 HCOO(C) . oo | 82.8
CHy—(0) oo 189.8 (C)—O0 |
O—(C) ............. 224.9 O | 85.5
(C)—0
(C)-C>—(C) ........ 208.5 )
(C)—CHa—(N). oo v 39.6 CH—(O).....cov... 17.7
(C)=NOg. .o e 76.8
(C)—O—N=0.......c...... 75.3 )
(C)—=N=N—(C).....\®.... 51.8 (C)—CHCL. ... 96.1
(C)=N=N.....c.ciirriii 53.2 (C)—CH,Br . ...oovein .. 110.3
(C)—N=N=N.............. 79.9 (C)—CH,L.. ..o 131.6
(CV—ON ..o, 66.6 (C)COOCO(C) ..o o1
(C)=NC...o oo, 66.8 (at 15°C.)
o) I 47.9 . to115.7
©) | (at 50°C.)
(C)=S—(C) .o ‘ 52.0
NH...oooeeeeeraninn, 32.0 (C)—8—8—(C) v . 103.1
(C)—SH. ..\, 1 68.2
©) | ©—CH—(®). ..o | 39.3




TABLE 4—Continued

GROUP i R.P» GROUP R.P.
) ,‘ CeH:— (). oo 189.7
[ [{C)OLSO. ... 109.0
N—(C)ovviiin ’; 13.0 [{C)OL8O0s. ..o 127.0
;\ [(CYOLPO. ....oco 119.8
(©) \
(C)—O0H.......... ... 39.2
O)—CH—(O)......cvvv.. .. } 38.3
© g
CH—(C). ........o. . 19.9
|
(0)
B. Interference correctionst
GROUP CORRECTION GROUP CORRECTION
C c}
/ /
C —-2.2 C -2.9
| \
C |8
c‘{ e
/ ‘ /
C —2.2 IN o -3.1
N N\
C ] C
C .0
/ -/
C —2.6 \ C —3.7
N N\
0 0
C C
/ /
C —2.4 O —5.2
AN AN
N C
CeHs—NO:z. ... —6.4
Rl s
SUBSTITUTION INCREMIENTSI
—CH;. ... 39.8 ” —Cl 38.2
—OCH;. ... 59.4 || —Br.. ... 52.1
—NOz. o BT.2 1 =L .. 74.5
Disubstitution corrections on benzene or cycloalkanes
POSITION CORRECTION i! POSITION ; CORRECTION POSITION } CORRECTION
L2 | -27 E 1,3- ] -1.7 1,4- —-2.2
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TABLE 4—Concluded

Ring corrections for derivatives of eycloparaffins

C.H:, with n = \ 3 4 5 6 ' 7
‘ +5.9 +0.1 | —5.4 ' -10.7 | -15.7
Ring correction = (26.1 — 7.63n -+ 0.35n2 — 0.016n3)
Parachor reduction due to chelation
|
C
NN\
C o)
I P =179
C H
/NS
0
C. Corrections in alkyl chains
croUP ct: | cm | om | o | oom ToTAL
1 i i
0 |
I |
—C— . -2.0 -0.8 I —=1.7 - —4.5
O N—. ‘f -1.0 -2.7 -1.0 + — | —47
NC—. . ! -1.3 | 0.8 | —26 | —1.1  —5.8
Br—orI— ..., — -0.7 | -1.5 | -0.6  -238
HOOC—. ... oo — ~2.0 = -08 | -1.7 ‘ —4.5
CeHs—. oo — —2.4 —-0.6 | —1.3 —-4.3
—S— — -1.0 | -0.6 ; —1.0 ‘ —-2.6
—S—S— -0.9 -1.3 ' —-0.6 | —1.0 | -3.8
—8—80—0—. ............... 4 —0.8 | (—2.2 extra for each following pair of
carbon atoms)
—8=80—0—................ —1.1 | (—2.2 extra for each following pair of
carbon atoms)
—0
PO—O—. ............... E —1.4 | (—6.6 extra for each following trio of
/ { carbon atoms)
—0
CeHi—O—. ... | ~15 | —2.0 - | - ‘ — | 35
S P ‘ Po— —-1.9 | — —
N ‘ — -1.5 . — —
O | — — | -7 | - '

* R. P. values include corrections for interference whenever it occurs within the group
as written. Thus the value for (C)—0—(C) includes a negative correction of —5.2; the

ideal R. P. would be 26.7.

In this table, the values in the column headed R. P. do not include the atoms enclosed

in parentheses.

t These corrections are included in the group values listed in part A of table 4 whenever

interference occurs within the group.
1 The increments are added to the R. P. of benzene (205.6).
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Telang has also considered the parachor as resolvable into two components, a
constant volume factor for each element or group and a variable surface-energy
factor wherein constitutive effects are manifest. Seemingly, the approach of
Telang differs from the classical approach primarily in terminology. As the para-
chor has come to be recognized as subject to constitutive influences, the classical

TABLE 5
Comparison of parachor values for normal alkanes
‘ MUMFORD
SUGDEN | AND VOGEL DESREUX* BAYLISS'{' QUAYLE GIBLING OBSERVED
PHILLIPS !
Covi 48| 9.2 15| 83 o1| 9.0 |
H................ 17.1 154 14.4 ‘ 15.8 15.4 15.5 {
CH;.............. 56.1 55.4 1 54.71 55.7 55.3 55.5 55.21 1
—CHy—.......... 39.0 40.0| 40.31 39.9 39.9 40.0 39.8 |
n-CogHps. ..o 1048 1071 | 1077 | 1069 1068 1071 1077 ;1082
n-CoaHeg.......... 1282 1311 1318 ! 1308 1308 1311 1322 ¢ 1322
n-CeoHize. . ... ... 2374 2431 | 2447 . 2426 2425 2431 2480 ¢ 2480
Mean difference, ; ‘ i
per cent........ © 36 1.4+ 07 15| 1.6 1.4 0.2
* Bull. soc. chim. Belg. 44, 249 (1935).
t J. Am. Chem. Soc. §9, 444 (1937).
t Reduced parachor.
TABLE 6
Comparison of theoretical and actual parachors of normal alkanes
. P | ‘
: A ! A PER CENT
Theoretical Observed at 20°C. )’
i
Pentane................ 231.0 231.0 0.0 | 0.00
Hexane................. 271.0 270.8 0.2 i 0.06
Heptane................ 311.0 311.3 0.3 ‘ 0.10
Octane................. 351.0 351.1 0.1 0.03
Nonane................. 391.0 391.1 0.1 0.02
Decane................. 431.0 431.2 0.2 0.05
Undecane. .. ........... 471.0 470.6 0.4 0.08
Dodecane.............. 510.0 510.1 0.1 0.02

Average derviation. . .......... . i  0.045 per cent

concept has, in fact, been gradually modified to that of Telang. The value is
now generally considered to include the “core volume” of the atoms involved
and the sphere of influence of the molecule. Changes in the parachor brought
about by differences in the position of groups, by changes in saturation, and by
other constitutive factors would seem to be equally reflected by either interpre-
tation and to require the same method of evaluation.

As has been pointed out, although the parachor was first considered a simple
additive function it has been found to be, on the contrary, quite susceptible to
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any and all changes in structure. The effects of minor changes in structure in
general cause small but very real changes in the parachor. These were masked
at first by the relatively large experimental error. With increasing accuracy
greater information has been obtained upon variations in the value attributable
to branching of the chain, to the ethylene linkage, to the carbonyl linkage and to
aromatic position isomers, to hydrogen bonding, to conjugated systems, ete.

B. Chain branching

Mumford and Phillips (40) observed the anomalous results obtained by using
the parachor as a strictly additive atomic function in branched-chain eompounds.

TABLE 7
Parachors of seventeen isomeric octanes
COMPOUND l P R piERACY PER BRANCH

n-Octane. ... ... 99.95 + 0.04 351.20

2-Methylheptane. ..................... ..., 99.66 & 0.18 | 348.82 —2.38
3-Methylheptane.................ooon. 99.64 £ 0.23 | 347.33 —3.85
4-Methylheptane.......................... 99.89 & 0.07 347.24 —3.96
2,2-Dimethylhexane....................... 99.77 & 0.11 345.90 —2.65
2,3-Dimethylhexane....................... 99.75 £ 0.20 343 .44 ; —3.88
2,4-Dimethylhexane. . . ................... 99.75 + 0.20 345.31 | —2.95
2,5-Dimethylhexane....................... 99.73 £ 0.09 347.01 1 —-2.10
3,3-Dimethylhexane....................... 99.75 £ 0.20 343.02 —4.09
3,4-Dimethylhexane................. ... ... 99.75 = 0.20 342.70 —4.25
3-Ethylhexane. ........................ ... 99.75 &+ 0.20 344.98 -6.22
3-Ethyl-2-methylpentane. ................. 99.93 = 0.04 338.12 —6.54
3-Ethyl-3-methylpentane.................. 99.78 = 0.11 : 344.23 —3.49
2,2,3-Trimethylpentane. . ................. 09.68 =+ 0.20 | 340.27 —3.64
2,2,4-Trimethylpentane. .................. 99.88 £ 0.05 343.73 —-2.49
2,3,3-Trimethylpentane. . ................. 99.79 =+ 0.08 | 339.03 j —4.06
2,3,4-Trimethylpentane. . ................. 99.83 4 0.06 ‘ 340.78 ; —3.47

They proposed a “strain constant” of —3 units for each branch in a chain. This
value has been found to vary with the position and length of the chain. How-
ever, since it may be shown to be a negative correction in all cases, the use of the
“constant’”’ —3 gave values in closer agreement with observed values than if
no “constant’” had been used. Particularly is this true since the negative correc-
tion is approximately 3 in many of the simpler compounds with short branched
chains. It was, moreover, of particular value in that it clearly recognized the
constitutive nature of the parachor.

A comparison between the parachors of n-octane (351.0) and 2-methylheptane
(349.4) gives a “strain constant” for the single branch of —1.6. A comparison
between n-octane and 3-ethylhexane (345.0) gives a ‘‘strain constant” of —6.0.
Numerous other equally divergent values could be cited, and the value is ob-
viously not constant.

The seventeen isomeric octanes available to Donaldson and Quayle (11)
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from the American Petroleum Institute and the National Bureau of Standards
through A.P.I. Research Project 44 afforded an excellent opportunity to more
closely evaluate chain branching in compounds of the highest purity. Table 7
summarizes the parachor data upon these compounds. The parachor values given
are the average of the values obtained at 20°, 30°, and 40°C. The parachors were
calculated by using density values supplied by the Bureau of Standards and de-
terminations of the surface tension made by these observers. Each surface ten-
sion value used at each temperature was obtained from an average of at least
seven determinations. The maximum deviation of any of the 126 surface tension
measurements from the value used was 0.018 in the case of n-octane at 40°C.
(from the accepted value of 19.803). The mole per cent purity given was sup-
plied by the Bureau of Standards (41).

By inspection it will be noted that the correction is obviously not constant;
moving the branched chain toward the center of the molecule causes an increase
in the correction, as does an increase in the length of the chain. In general, two
branches closer together but upon separate carbons, compared with two more
separated chains, also cause an increase in the correction.

If the parachor is a function of the effective volume of the molecule, it is not
surprising that any change in the molecule which would change this volume
or affect its shape would in turn affect the parachor. In the compounds given in
table 7 it is apparent that changes which would tend to produce a more compact
molecule cause a decrease in the parachor value. It would also seem reasonable
that once a particular grouping has been evaluated, it might be used in an addi-
tive manner in calculating a value for a more complex molecule. By the same
token the joining together of two evaluated units would to some degree affect
the values of these units. However, the evaluation of common groupings and the
use of such group values would in all cases decrease the number of factors in the
molecule for which compensation is not made. In the case of complex units sep-
arated some distance by a methylenic chain, which has a constant or nearly
constant CH, value, the evaluated complex units might be expected to be able
to be treated in a truly additive manner.

Donaldson (10) has evaluated certain group values from a study of the para-
chors of the octanes (table 7). Robinson (50) has determined the parachors of
eight heptanes and thirteen nonanes, also made available by the National Bu-
reau of Standards and the American Petroleum Institute through A.P.I. Research
Project 44, and has compared the theoretical parachors (using the values cal-
culated by Donaldson) with the observed parachors. By no means were perfect
correlations obtained, but the average deviation obtained in the twenty cases
was 0.23 per cent or approximately one-third the deviation of 0.63 per cent ob-
tained by using the simpler “strain constant’’ of —3 originally proposed by Mum-
ford and Phillips.

Structural units, as used by Donaldson and Robinson, were evaluated by
subtracting from the molecular parachor of a compound, in which the unit occurs
joined to a straight chain of two or more carbon atoms, that amount of the par-
achor contributed by the portion of the molecule which is not a part of the unit.
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For example, the parachor contribution of the 1,1,2-trimethylpropyl group was
evaluated as 243.5 parachor units by subtracting from the experimentally de-
termined parachor of 2,3,3-trimethylpentane (339.0) the amount attributable
to an ethyl group (95.5), on the basis that each methylene group contributes
40.0 units and the third hydrogen on a methyl group 15.5 units. In a similar
manner the value for the 1,1-dimethylpropyl group was derived from 3,3-di-
methylhexane and that for the 1,2-dimethylpropyl group from 2,3-dimethyl-
hexane. Table 8 gives the group contributions to molecular parachors as com-
puted by Donaldson. The use of the twelve “constants” derived by Donaldson

TABLE 8
Hydrocarbon group contributions to molecular parachors
SYMBOL AND GROUP VALUE l SOURCE OF EVALUATION

A: Methylene........................ 40.0 { Previously determined
B: Hydrogen......................... 15.5 |
C: 1-Methylethyl.................. ... 133.3 i 2-Methylheptane
D: 1-Methylpropyl................... 171.9 ! 3-Methylheptane
E: 1-Methylbutyl................. ... 211.7 4-Methylheptane
F: 1-Ethylpropyl................ ... .. 209.5 3-Ethylhexane
G: 1,1-Dimethylethyl. ... ......... ... 170.4 2,2-Dimethylhexane
H: 1,1-Dimethylpropyl. ... ........... ; 207.5 3,3-Dimethylhexane
I: 1,2-Dimethylpropyl............... 207.9 2,3-Dimethylhexane
J: 1,1,2-Trimethylpropyl. .. ......... ; 243.5 2,3,3-Trimethylpentane
K: Secondary-secondary carbon ad- | .

JACENCY . oot : —1.6 J 2,3-Dimethylhexane
L: Secondary-tertiary carbon ad- ‘} !

jacency. .. ... ‘ —-2.0 2,2,3-Trimethylpentane
M: Tertiary-tertiary carbon ad- ‘

JaCenCy. . ... \ —4.5 Estimated
N: Chain length increase from methyl

toethyl* .............. ... ... ‘ 37.5 ' 3-Ethylpentane
R: 2-Methylpropyl.. ................. 1 173.3 ‘ 1-Methylheptane

* Applied in table 9 by Robinson in the case of 3,3-diethylpentane only.

is not particularly convincing when applied to the same seventeen compounds
measured by him from which they were derived, particularly as there are nearly
as many constants used as compounds. That they do, however, permit a closer
approximation of calculated values to those derived from direct measurement is
shown by Robinson in his application of Donaldson’s values to heptanes and
nonanes. His results are shown in table 9.

In brief, the parachor values for saturated aliphatic hydrocarbons and the
hydrocarbon portion of more complex structures is usually calculated using the
“strain constant’’ of —3.0 parachor units for each branching of the chain. This
value is not a constant, and calculated parachors showing appreciably less devia-
tion from experimental values may be arrived at by using the somewhat more
complicated method illustrated above with heptanes, octanes, and nonanes.
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C. Ethylenic linkages

457

The ethylenic linkage was first given an average value of 23.2 by Sugden
(57)% and later a value of 19.0 by Mumford and Phillips (40). These average
values were obtained by considering all available values for unsaturated linkages,
including some values showing considerable deviation from the average. With

TABLE 9
Comparison of observed and calculated parachors of heptanes and nonanes
: CALCU- !
: LATED |
| ASSUMING
. v THE MUM- B
fcH I e
! STRAIN
i CONSTANT
1 =3
[ per cent ! per cent
2-Methylhexane. . ... ............. 309.6  C+4A + B 308.8 1 0.25 ‘ 308.0 | 0.52
3-Methylhexane. .. ............... 307.8  D+3A+B 307.4]0.13 | 308.0 | 0.06
3-Ethylpentane................... 3064 F+2A+B 1'305.0 [ 0.13 ' 308.0 | 0.86
2,2-Dimethylpentane. . ........... 3066 G+ 3A + B 305.910.23 2305.0; 0.52
2,3-Dimethylpentane. . ........... 3049 I 4+20A 4+ B 303.4 | 0.49 . 305.0 | 0.03
2,4-Dimethylpentane. . ........... 307.5 | 2C + A 306.6 | 0.20 305.0 | 0.82
3,3-Dimethylpentane. . ........... 304.2 | H +-2A + B |303.0|0.39 305.0 ; 0.27
2,2,3-Trimethylbutane. . ......... 3024 G+ C+ L \ 301.7 1 0.23  302.0 | 0.13
n-Nonane. .. ..................... 390.6 | 9A + 2B 1391.0 1 0.10 1 391.0 0.10
2,2,3-Trimethylhexane. . ......... 380.41/G+E + L 380.1 ;1 0.08 382.0 ' 0.42
2,2,4-Trimethylhexane. . ......... 381.6 G+ A+ D 382.3 1 0.18  382.0 | 0.10
2,2,5-Trimethylhexane. .......... 383.9 1 G +2A + C 38.7,0.05 382.0!0.49
2,3,3-Trimethylhexane...........| 3783 |J + 3A 4+ B 379.0 [ 0.16 ‘ 382.0 1 0.98
2,3,5-Trimethylhexane. . ......... 3818 | I+ A +C ; 381.2 | 0.16 | 382.0 . 0.05
2,4,4-Trimethylhexane. . ......... 3798 C+ A+ H J 380.8  0.26 ' 382.0 0.58
3,3,4-Trimethylhexane. . ....... .. 3782 H+ D+ L |[377.4 0.21 382.0  1.00
2,2,3,3-Tetramethylpentane. . . ... 3729 | G+ H+ M 3734 0.13 379.0 ; 1.64
2,2,3,4-Tetramethylpentane......| 376.1 | G + I + L . 376.3 0.05 379.0 ‘ 0.77
2,2,4,4-Tetramethylpentane. . ... .| 378.5 2G + A | 380.8 | 0.35 : 379.0 0.13
2,3,3,4-Tetramethylpentane. . ....| 373.6 'J+C+1L 374.8 1 0.32 379.0 1.45

* See table 8.

the passage of time it has become more and more apparent that the parachor is a
highly constitutive function and is particularly sensitive to changes in unsatura-
tion. It might be expected, therefore, that ethylenic linkages of certain types
would have a lower parachor than others, just as certain ethylenic linkages show
greater activity in chemical additions than other types. Specifically it might be
expected that terminal ethylenic linkages would be more unsaturated, in this

5 Sugden arrived at the value of 23.2 as the parachor contribution of the double bond,
whether the double bond was ethylenie, or in the carbonyl group, or of some other un-
saturated type. In compiling his average, he had available values from only sixteen com-
pounds, and the double-bond value for individual compounds varied from 21.2 to 27.1.
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meaning of the word, and would have a larger parachor than similar bonds in
the 2,3- or 3,4-position. Johnston (26) has reported values for a number of
ethylenic compounds which support this view.

His determinations, as reported, include values for ethylenic compounds con-
taining terminal linkages derived from the parachors of American Petroleum
Institute—National Bureau of Standards pure hydrocarbons and others of less
certain purity. Using only the values obtained from the A.P.I.-N.B.S. samples,

TABLE 10
Parachors of ethylenic linkages
A. Terminal position

» P -
COMPOUND SOURCE Ryl (CHs), DOUBLE-SOND
1-Pentene. .........ocovveiiniiinn. A 219.4 ] 200.0 19.4
1-Hexene.............ccooiiiannn A 259.0 240.0 19.0
1-Heptene. .......ovvvveveeineann.. A 209.1 280.0 19.1
1-Octene..........ooviiviiiinn A 338.8 \ 320.0 18.8
1-Nonene...............oovvieniun. B 379.0 | 360.0 19.0
AV . o . ettt e 19.1
B. 2,3-Position
| i

2-Pentene. ......cooiiiiiiiiiinn. E 218.2 | 200.0 \ 18.2
2-Hexene. ............coovuivvnn.. E 258.1 | 240.0 i 18.1
2-Heptene. . . ..o | E | 2980 . 280.0 | 18.0
2-0CtENe. . .o E | 3357 | 320.0 ‘ 15.7
2.-Nonene............o.ooiiiian. E ’ 376.6 | 360.0 | 16.6
AVETALE . ottt 17.3
Average omitting 2-octene............... ... 17.7

* A = A.P.I.-N.B.S. pure hydrocarbon, A.P.I. Research Project 44.

B = prepared by E. H. Clower and C. T. Lester, Emory University.
E = prepared by E. W. Wilson and C. T. Lester, Emory University.

where suitable compounds were available he obtained an average value for the
terminal ethylenic bond of 19.1. Values for the 2,3-position show greater indi-
vidual deviations from the average value of 17.3. However, the maximum value
obtained for any 2,3 bond was below that obtained for any terminal bond. Suffi-
cient reliable data were not obtained to permit any evaluation of the bond in the
3,4-position. The average of the determinations made on the 3,4-position does,
however, indicate a somewhat lower value for the linkage in this position.®
Johnston’s (26) determinations are shown in table 10.

¢ The author believes that the use of the value 19.1 for the terminal linkage is valid and
that 17.3 is a sufficiently close approximation to the value of the bond in the 2,3-position,
so that its use with a recognized uncertainty is warranted. For bonds in the 3,4-position,
or further from the end of the chain. na reliable value has been obtained. If it were neces-
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D. Carbonyl linkages

The carbon-oxygen double bond was, as an unsaturated linkage, first given
the same value as the ethylenic linkage. It has since been shown to have values
of its own, which vary greatly with the group attached. It has been shown that
the decrease in the parachor attributed to the unsaturated portion of the mole-
cule parallels, in at least a qualitative manner, the decrease in chemical activity
as larger groups are attached to the carbonyl. Owen, Quayle, and Clegg (43)
determined the parachors for all of the ketones with normal chains and no more
than eleven carbon atoms. The parachor value of the carbonyl group was found

TABLE 11
Parachors of fifteen normal ketones
% CARBONYL 1 DOUBLE-BOND
KETONE P.* | Pt VALUE BASED , VALUE FROM
i UPON P, | P,
| |
Dimethyl... . ....... ... ... ... 162.1 i 161.6 ( 51.3 ; 22.3
Ethyl methyl. ... ... ... 199.8 199.5 49.0 ; 20.0
Methyl propyl........ ... 238.4 238.0 47.9 ‘ 18.9
Butyl methyl................... ... 277.8 277.5 46.9 i 17.9
Amyl methyl. ................. ... 318.1 319.5 47.3 | 18.3
Diethyl........................... 237.3 237.4 47.0 18.0
Ethyl propyl. . .....ooviiin 276.2 277.3 45.6 16.6
Butylethyl... ................ ... 315.0 44 .4 15.4
Amylethyl. ....................... 354.3 ! 43.8 14.8
Dipropyl. ..o 314.9 . 315.1 4.1 15.1
Butyl propyl.......................  354.6 44.3 15.3
Amyl propyl. . ... I 393.3 42.7 13.7
Dibutyl. ... i 394.0 43.4 : 14.4
Amyl butyl.. ..o 432.5 420 | 13.0
Diamyl................. ... 5 471.8 41.6 12.6
* P, = values of Owen, Quayle, and Clegg at 24.8°C. (43).

t P, = mean values of Cowan, Jeffery, and Vogel (9).

to be definitely constitutive and to decrease with regularity as the size of the
attached alkyl group increased. Their work is reported in terms of the complete

>C=O linkage, which showed a decrease from 51.3 for acetone to 41.6 for di-

amyl ketone. Expressed in terms of the double-bond value alone, the change is
from 22.3 to 12.6. The values for the parachor agree well with the incomplete
series reported by Cowan, Jeffery, and Vogel (9). Table 11 lists the parachors
as determined by Clegg and includes the independent values recorded by Vogel.
It will be seen by examination of this table that, in all possible series, the para-
chor for the carbonyl group decreases with an increase of the size of the alkyl

sary to make an estimate of the parachor for a compound containing such a linkage, the
author would use a value of 16-16.5 and realize that his calculated parachor was only an
approximation though probably somewhat better than using either of the older general
double-bond values of 23.2 or 19.0.
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group, within the experimental value of 0.1 per cent claimed by the authors.
There can hardly be any question but that the carbonyl value is highly constitu-
tive and that no average value should be used for all carbonyl groups.

E. Alcohols
1. Primary and secondary alcohols

Alcohols represent a class of compounds known to associate. To the extent
that association gives a more compact structure, with a smaller volume, it
should produce & lowering of the parachor. It is found that alcohols do give
lower parachor values than those calculated upon a simple additive basis. It is
also true that the anomaly decreases with increase in the temperature of measure-
ment. Association should, of course, be less at higher temperatures. Sugden

TABLE 12
Parachors of methyl and ethyl alcohols*
© METHANOL | ETHANOL

3 Observed pa.rachor} Anomaly ¢ Observed parachor Anomaly
°C. : “ °C.
—65 | 86.7 —4.3 —57 124.2 —6.8
—-35 \ 86.8 -—4.2 —30 125.4 —5.6

o | s7.9 -3.1 0 126.4 —4.6

20 ! 88.3 -2.7 20 126.9 —4.1

70 ‘ 89.3 -1.7 80 128.8 —2.2
130 ‘ 90.6 —-0.4 140 129.7 —-1.3
190 ‘ 91.9 +0.9 200 131.0 —0.0

*CH; = 40,C = 9.0, H = 15.5.

(57) has given data for a wide temperature range for methyl and ethyl alcohols
(table 12). An examination of the parachor given in the appendix for normal
primary alcohols up to 1-decanol would show a number of cases with no apparent
decrease in the anomaly with increase in temperature. The anomaly expressed
in terms of percentage appears to be as great for 1-nonanol, 1-decanol, and 1-
undecanol as for methanol, ethanol, and 1-propanocl. Mumford and Phillips gave
the value 10 for hydrogen in the aleoholic OH group, rather than 17.1 as given
by Sugden or 13.5 as used in table 12. Since the values for almost all simple
alcohols are higher than calculated, such a decrease in the value used for the
alcoholic hydrogen would result in an average improvement. It would not, how-
ever, in any way produce uniform values for the hydroxyl group. It appears as
if the alcohols are particularly susceptible to constitutive changes.

Considerable discrepancy exists among the several determinations upon single
compounds. The CH, increment as the chain increases is not constant; neither
does it appear to follow any regular pattern. In the opinion of the author, fur-
ther careful determinations should be made upon highly purified normal primary
and secondary alcohols.
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2. Tertiary alcohols

Certain regularities have been pointed out in a study of fifteen tertiary alco-
hols (42). Assuming the constancy of the hydrocarbon chain values, the effective

volume of the —C—OH linkage decreases with the size of the alkyl groups at-

tached. Among isomers the more symmetrical, more closely packed alcohol
shows the lowest parachor. For example, dimethylpentylearbinol has a parachor
of 357.1, diethylpropylcarbinol one of 351.2, dimethylhexylcarbinol one of 398.3,
and ethyldipropylearbinol one of 389.1.

From fifteen tertiary alcohols a table was devised for the calculation of para-
chors of tertiary alcohols (42). Nine additional alcohols were synthesized and
measured. Using this table with the new alcohols a deviation of 0.0 per cent was

TABLE 13
Caleulation of parachors of tertiary alcohols
(H---CH,);C—OH = 201.3; each additional CH, = 40.0

CORRECTIONS

GROUP Number of CH: units in group
2 { 3 1 s \‘ s >
' | |
R, longest alkyl group. ................ P—2.5 J -3.1 ‘ —4.3 ' —4.5 i —4.5
R/, second alkyl group. ................ | —3.4 ; —4.7 | -6.2 | =76 | -7.6
R”, shortest alkyl group................ 3 —4.1 ‘ —5.2 + —5.9 } —-5.9 ‘ —-5.9

Total corrections = sum of corrections R + R’ + R”

found between calculated and measured parachors in three cases, a 0.1 per cent
deviation in five cases, and a deviation of 0.3 per cent in a single case.

Assuming the measured parachor for fert-butyl alcohol of 201.3 as correct,
deviation or correction constants can be applied to calculate the parachor of
any other tertiary alcohol having unbranched alkyl groups. These corrections
are shown in table 13. The use of this table may be illustrated by the calculation
of the parachor of butylethylmethylcarbinol:

Parachor of teri-butyl alcohol = 201.3
Four additional CH: units, 4 X 40 = 160.0

Uncorrected P = 361.3
Correction for the longest group: 4 carbon atoms = —4.3
Correction for the second group: 2 carbon atoms = —3.4
Correction for the shortest group (included in tert-butyl) = 0.0

Total correction = —7.7
Corrected parachor = 353.6
Observed parachor = 353.6

The effect of tertiary branching and the change in this effect are also clearly
shown in a similar series of tertiary chlorides (46). A similar table of corrections
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may be derived from these compounds; calculated values and observed parachors
show an average deviation of 0.2 per cent and a maximum deviation of 0.5 per
cent. The average deviation using a uniform “‘strain constant’ is 1.8 per cent.
It should be pointed out that as precise values would not be expected with ter-
tiary chlorides as with alcohols because of the difficulty of obtaining pure samples
of the former (46).

TABLE 14

Comparison of experimental and caleulated parachors of ditertiary glycols and chlorides

] PARACHOR
COMPOUND i . Percent
E . Calcu- P ! deviati i Per cent
| mencal | Bteds | deviation | rflt%r;“ (i,
Four or more carbons between groups
3,11-Diethyl-3, 11-tridecanediol. .. ... D21 7089 | —04s | 39 | 3
2,11-Dimethyl-2,11-dodecanediol....... 615.9 603.0 —2.1 0.7 | =03
3,12-Diethyl-3,12-tetradecanediol.. ... ‘ 756.6 748.0 -1.1 3.1 | 2.3
4,13-Dipropyl-4,13-hexadecanediol. .. .. £ 906.1 903.2 | ~0.3 ‘ 3.7 3.1
2,7-Dichlorodecane....................: 505.2 502.8 -05 7 1.0 . -02
3,8-Dichlorododecane................. ;. 649.5 646.6 -0.5 | 3.1 2.4
4,9-Dichlorododecane . ................ | 802.4 802.8 0.1 l 3.4 | 2.7
2,10-Dichloroundecane................ [ 624.3 620.7 -06 | 09 | -0.1
3,11-Dichlorotridecane................ 1 770.0 . 764.5 -07 1 2.6 | 1.8
2,11-Dichlorododecane .. .............. 666.0 ’ 660.2 -0 06 | —03
3,12.Dichlorotetradecane.............. 811.7 ‘ 804.0 -1.0 ; 2.3 \ 1.5
4,13-Dichlorohexadecane.............. 964.9 061.6 —0.3 ) 2.6 l 2.0
Two carbons between groups

3,6-Dimethyl-3, 6-octanediol........... | s112 | 519.8 1.7 | 56 , 4.5
2,5-Dichlorohexane.................... 425.2 427.8 06 ! 1.1 | =0.3
3,6-Dichlorooctane.................... 566.2 575.2 1.6 4.2 3.1
4,7-Dichlorodecane.................... 720.6 731.4 1.5 4.0 3.2

* Based upon tables of references.
1 No correction for branching.
} Using the strain constant of Mumford and Phillips.

Further indication of the possibility of obtaining a correction for tertiary struc-
tures not limited to any one type of compound is shown by the application of
the corrections obtained for the alcohols to the chlorides. Deviations of 0.5
per cent or less were obtained, with one exception (54).

Unit values such as those just described are of value in showing a consistent
pattern within a series, for the calculation of missing members of a series, and
for other compounds of a similar type. If large groups, when once evaluated,
may be used in an additive or nearly additive manner, the value of such evalua-
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tion is increased. Johnston and Quayle (27) have reported upon a number of
ditertiary glycols and chlorides. Use of the previously reported values for tertiary
grouping reduces from one-half to one-third the error between calculated and
observed values when the two functional groups are separated by four or more
carbons. The error is also decreased when only two carbons separate the two
groups but, as might be expected, is still appreciable (table 14).

F. Esters

The parachors of well over 350 esters have been determined. It became ap-
parent relatively early that the value for oxygen as used in alcohols, ethers, ete.
was not correct for esters. A special average value for the two oxygen atoms in
esters was included in Sugden’s (57) list of structural constants, together with
values for the double bond, for the triple bond, and for rings containing from
three to six members. Sugden gave the general value for O as 20.0 and that for

0]
/7
O; in esters as 60.0 or 64.8 for the —C—O linkage. Vogel (68) found, upon the

0

V4
basis of more recent determinations, 63.4 as an average value for the —C—O
group and 54.8 (using a different value for carbon) as the parachor increment

0
V4

for O; in esters. Gibling calculated the reduced parachor of —C—O as 66.4.
Quayle, Owen, and Estes (47) determined the parachors of fifteen normal iso-
meric esters (C;sH3202) and found the parachor maxima of 695.3 and 699.1 at
the ends of the series and a minimum of 689.3 near the center of the series. This
corresponds to a maximum value of 59.1 for O, in esters, and a minimum of 49.3.

It appears that, while an average value of 54.8 for the two oxygen atoms in
esters is of use, the true value varies with the alkyl groups attached. It should
be capable of being evaluated, with separate constants for increasing the carbon
chain in the acid and the aleohol parts of the ester.

G. Alkylbenzene derivatives

The early recognition of the gross additive nature of atomic parachors and the
rather large experimental error considered then to be inherent in the earlier
measurements once more obscured small parachor effects that occur of a consti-
tutive nature. Sugden (57), in fact, states that “the first indication that the
parachor could be treated as an additive property was obtained by comparing
this constant for isomeric substances. For isomers which differ in structure
only by the position of groups or linkages in the molecule, it was found that the
parachors were identical, within the limits of experimental error.” He cited a num-

7 Ttalics by author.
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ber of examples, including the following parachors of disubstituted benzene
derivatives:

DERIVATIVES OF BENZENE | ORTHO ‘ META ‘ PARA
Xylenes. ... i ‘ 283.3 | 283.8 ; 283.8
Nitrotoluenes..................... L 3011 | 300.6 | 302.8
Chloronitrotoluenes............... 299.1 298.9 . 300.0
Bromonitrotoluenes............... 312.9 313.5 ; 313.5
Tolunitriles. . ..................... 290.6 | 295.6 ‘ 294.4

Sugden was quite correct that the difference between isomers is less than the
then considered experimental error. It should be pointed out, however, that in
every case the value observed for the para compound was larger than for the
ortho.

TABLE 15
Parachor differences in position isomers
ORTHO AND META ! META AND PARA I ORTHO AND PARA
COMPOUNDS |

Units ! Per cent ‘ Units Per cent ‘ Units @ Per cent
Xylenes. .. ....ooiiii 1.8 | 0.6 | 0.2¢4 | 0.1 | 2.04 ‘ 0.7
1,2,3-Trimethylbenzene and 1,3, 5- :’ !

trimethylbenzene................ 2.15 0.7 ‘ i

Ethylmethylbenzenes. ............. 2.95 \ 1.0 0.47 0.15 | 3.42 1.15
Diethylbenzenes................... | 3.37 | 0.9 0.38 0.10 3.75 ‘ 1.0

With increasingly purer compounds becoming available and with continued
improvements in techniques of measurement, it has become increasingly ap-
parent that these small differences are real and that they may be, at least ap-
proximately, evaluated.

Donaldson and Quayle (11) have reported the parachors of twenty-one Amer-
ican Petroleum Institute-National Bureau of Standards pure aromatic hydro-
carbons (benzene and homologs) ranging in purity from 99.98 4 0.02 mole
per cent to 99.68 =+ 0.20 mole per cent. Densities were available from the National
Bureau of Standards. A minimum of seven surface tension determinations was
made upon each compound at each of three temperatures. The average deviation
of the individual surface tension measurements from the value accepted is as
high as 0.010 in only three of the sixty-three determinations. It becomes quite
obvious that ortho, meta, and para isomers do not have the same parachor values.
In each case where comparisons are possible the ortho compounds have the least
value and the para the largest, The differences between the meta and para
isomers are of the same order of magnitude as the experimental error, but the
observed value in each case is greater for the para compound. A summary of
position differences is given in table 15.

The percentage differences between the values for ortho and meta isomers or
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between the values for ortho and para isomers, while not constant, are apparently
meaningful, as they are from six to ten times the estimated experimental error.

Donaldson (10) also calculated a number of positional corrections for the intro-
duction of groups into alkylbenzenes. These were tested upon alkyl-p-xylenes
from methyl to n-octyl. The average deviation between experimental and caleu-
lated values was 0.15 per cent and the mazimum was 0.31 per cent; without these
corrections the average deviation was 2.0 per cent and the minimum was 1.2
per cent.

TABLE 16
Influence of cyclization on the parachor
COMPOUND P STRAIGET-CHAIN ANALOG P i CYCLIZATION
Cyclopentane.................. 205.0 | n-Pentane 231.0f | 5.0
Methyleyclopentane. . ......... 244.2 | 2-Methylpentane 268.8t1 6.4
Ethyleyclopentane............. 283.3 | 3-Methylhexane 307.8 ! 6.5
n-Propyleyclopentane.......... 323.2 | 4-Methylheptane 347.2% | 7.0
Isopropyleyclopentane......... 321.2 | 2,3-Dimethylhexane 343 .48 8.8
n-Butyleyclopentane........... 362.9 | 4-Methyloctane 387.2% 6.7
Isobutyleyclopentane. . ........ 360.8 | 2,4-Dimethylheptane 385.0% . 6.8
1,1-Dimethylcyclopentane. . ... 281.2 | 2,2-Dimethylpentane 306.6 | 5.6
Cyclohexane. .................. | 241.7 | n-Hexane i 270.81 1.9
Methyleyclobexane. . .......... 281.7 | 2-Methylhexane 309.6 ! 2.1
Ethyleyclohexane.............. 320.5 | 3-Methylheptane 347.4§ | 4.1
n-Propyleyclohexane........... 360.4 | 4-Methyloctane 387.21 x 4.2
Isopropyleyelohexane.......... 357.0 | 2,3-Dimethylheptane 383.4% 4.6
n-Butyleyclohexane............ 400.3 | 5-Methylnonane 427.21 | 4.1
Isobutyleyclohexane. .......... ¢ 397.7 | 2,4-Dimethyloctane 425.01 | 3.7
sec-Butyleyclohexane. . ........ 397.6 | 3,4-Dimethyloctane 422.0% 6.6
tert-Butyleyclohexane.......... 394.7 ' 2,2,3-Trimethylheptane | 420.1% “ 5.6
1,1-Dimethyleyclohexane. . ....! 318.5 | 2,2-Dimethylhexane 345.98 | 3.6
1,1,3-Trimethylcyclohexane . . \ 356.9 | 2,2,4-Trimethylhexane 381.6 f 6.3

* To be reduced by 31.0 units, the value of two hydrogen atoms.
t Reference 45.

1 Calculated.

§ Reference 10.

H. Ring constants

In his first tables of atomic and structural parachors Sugden (57) recognized
structural constants or increments for unsaturated linkages and ring structures
(table 2). Mumford and Phillips, upon the basis of later values, arrived at smaller
increments for all rings from three to six carbon atoms. In view of the fact, later
shown, that there is no truly uniform “strain constant” for branching of the
chain, it is not surprising that various alkylcycloalkanes of the same size ring
do not give a constant ring increment.

As has been pointed out (table 8), Donaldson (10) has attempted to evaluate
group and position constants in straight-chain hydrocarbons. Robinson (50)
has calculated values for ring-closure for eight cyclopentanes and nine cyclo-
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hexanes, using these constants and comparing open-chain and cyelic compounds
containing the same alkyl groups. The cyclic compounds measured were American
Petroleum Institute-National Bureau of Standards pure hydrocarbons. The
values obtained are shown in table 16.

For the closure of a five-membered saturated ring, values from 5.0 to 8.8 were
obtained and for a six-membered ring values from 1.9 to 6.8. Obviously no con-
stant increment can be given for either structure. Since the corrections are posi-
tive in all cases, it is equally obvious that the use of an average correction value
will bring about closer correlation between experimental and calculated para-
chors “than would be obtained in the absence of any correction. The average
obtained by Robinson is 6.6 units for five-membered ring cyclization and 4.3
for six-membered ring cyclization. Sugden obtained 8.5 and 6.1, respectively,
while Vogel obtained 3.0 and 0.8.

TABLE 17
Influence of ring expansion on the parachor
FIVE-MEMBERED RING P SIX-MEMBERED RING P IN(I::_E;SE
Cyclopentane.................. 205.0 | Cyclohexane 241.7 36.7
Methyleyclopentane. . . ........ 244.2 | Methyleyelohexane 281.7 37.4
Ethyleyclopentane............. 283.3 | Ethyleyclohexane 320.5 37.2
n-Propyleyclopentane.......... i 323.2 | n-Propyleyclohexane 360.4 37.2
Isopropyleyclopentane......... . 321.2 | Isopropyleyclohexane 357.0 35.8
n-Butyleyelopentane........... 362.9 | n-Butylcyclohexane 400.3 37.4
Isobutyleyclopentane. ......... 360.8 | Isobutyleyclohexane L3977 36.9
1,1-Dimethyleyclopentane. . . .. - 281.2 1,1-Dimethylcyclohexane’ 318.5 . 373

Robinson does, however, obtain rather consistent values for ring expansions
from five- to six-membered rings. He compared the parachors of eight cyclopen-
tanes with those of eight cyclohexanes containing the same groups. An average
parachor increase of 37.0 units was found. Assuming the added CH, to have 40.0
units, the ring constant for six-membered rings is 3.0 less than for five-membered
rings. His results are shown in table 17. In only one case, the isopropyl com-
pounds, is the deviation from the average increment above 0.1 per cent of the
value of the parachors measured. In all other cases the deviations are well within
the limits of error of 0.1 per cent for each determination claimed by Robinson.

I. Semipolar double bonds

The semipolar bond or codrdinate linkage is, of course, well established at
present. The parachor, however, early supplied definite experimental evidence
for this bond, predicted by the octet rule. Sugden (58) calculated its value as
—1.6 units. He used, at this time, the parachor as evidence for the structure of
the nitro group. The suggested structures for the nitro group and the caleulated
parachors were:
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) @) ) @)
O 0

N N ]
AN AN AN N

P= 08.9 74.1 49.3 69.2

The parachor value for the group in the compounds measured varied from 71.6
to 75.9 with a mean of 73. This would eliminate structures 1 and 3 and favor
2 over 4.8

In a similar manner the structure of azoxy compounds was indicated as

—N=N—
I
0]
and that of the nitrogen ethers of oximes as
1
0
Good agreement between observed and calculated values was found for these
structures. If both double bonds were non-polar, the parachor would be 24.8
units higher; if both were semipolar, 24.8 units less. Such differences would be

approximately 10 per cent, far beyond any possible experimental error. The
azoxy structure —N N— has been eliminated, as the monosubstitution de-

0]
rivatives of azoxybenzene have been shown to exist in two isomers depending
upon which ring is substituted.

Sugden (57) somewhat later revised his semipolar bond value to 0, the same
as the value for the normal covalent single bond.

Buehler, Gardner, and Clemens (5) in 1938 reported determinations upon
seven semipolar compounds for which parachor values were established over a
relatively wide temperature range. They found that the value for this linkage is
not constant with change of temperature, and they reaffirmed the zero value
as the most suitable approximation. Typical of their results are the data for
ethyl sulfate, ethyl nitrate, and methyl p-toluenesulfonate (table 18). They
point out that since the covalent bond has little or no temperature coefficient,
the definite change with temperature of the value for the semipolar bond affords

8 In general, the parachor supplies confirmatory evidence rather than proof of strue-
ture. Since different observers calculate structural values in different manners, they do
not always agree. When alternate structures do not show a great difference in the para-
chor, one set of values has been known to indicate one structure and a second table of
values another structure.
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a means of distinguishing between the two, although both should be used with
a zero value.

TABLE 18
Parachors of compounds containing semipolar bonds
COMPOUND TEMPERATURE | P (OBSERVED) PLA(‘;';C)Y' Pobsd — Pealed
°C.
Ethyl nitrate............... ..ot 30.0 189.2 190.8 —1.6
40.0 189.5 -1.3
50.1 190.6 —-0.2
60.2 190.8 0.0
Ethyl sulfate. ............ ... ... et 40.0 315.9 318.4 -3.1
70.3 317.3 —-1.1
100.9 320.2 1.8
130.4 320.8 2.4
Methyl p-toluenesulfonate............... 40.0 | 389.9 393.3 —3.4
. 70.3 { 392.5 —-0.8
| 1009 | 393.5 0.2
} 130.4 | 395.8 2.5

* Not including any value for the semipolar bond.

TABLE 19
Parachors of chelate compounds and their isomers
COMPOUNDS ORTHO META PARA

Nitrophenols:

Observed. ..........covvviviiin s o 274.7 283.3 283.2

Calculated................ccviviii, 289.1 283.0 283.0

Deviation................. ... —14.4 0.3 0.2
Methy! hydroxybenzoates:

Observed. ..ot 322.1 331.8

Caleulated.................cciiiin. 337.0 330.9

Deviation..........cooiviiiiiiii e, —14.9 0.9
Hydroxybenzaldehydes:

Observed. .. oo vieii i 268.0 274.5 278.2

Caleulated............. ... .. ... 281.2 275.1 275.1

Deviation............oo i —13.2 —0.6 3.1

J. Chelated compounds

Sugden (57) also showed that parachor determinations are consistent with
calculated values for a number of metallic chelated compounds, assuming singlet
linkages for the “residual valencies.” He used as examples a number of beryl-
lium, thallium, and aluminum compounds. He also discussed a number of non-
metallic hydrogen-bridge compounds, pointing out the opportunity of using
the parachor to indicate the extent of hydrogen-bridge formation in diketones.
Sidgwick and Boyles (52) have determined the parachors of a number of chelate
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compounds and found the parachor value for the hydrogen bridge to be — 14.4
units. Typical examples of their data are given in table 19.

The values were considered as if independent of temperature and no allowance
was made for the differences between positional isomers found to exist some years
later in compounds where chelation is not possible. However, even if these
points had been considered and correction made for the decrease produced by
ortho-substitution, the value for the chelated compounds would deviate from
the calculated value by 10-11 units.

Buehler (5) has studied the effect of temperature upon the parachor of these
and other similar hydrogen-bridge compounds and their isomers. He finds in
general that with the ortho compounds an increase in temperature is accompanied
by no change in their parachor, that is, no change in the value to be attributed
to the bridge. For the meta and para compounds an increase in the parachor
results with increased temperature. Since the chelate compounds would be ex-
pected to have little or no association, in contrast to the meta and para isomers,
the effect of temperature is as might be expected.

IV. THE RELATIONSHIP OF THE PARACHOR TO OTHER PROPERTIES

If the parachor is, in fact, a means of measuring the volume of a molecule in
direct relation to its size and shape, it might be expected to have certain ascer-
tainable relationships to other physical constants,—certainly to the critical
volume and, in turn, to the other critical constants.

Sugden (56) in 1924 proposed the parachor from a consideration of Macleod’s
(38) empirical formula for surface tension

v/ (D —-d)=C

where v is the surface tension and D and d are the densities of the liquid and its
vapor, respectively. Almost simultaneously Ferguson (12) produced the same
equation by combining van der Waals’ (64) equation relating surface tension
and critical temperature:

v = vl = T/T)"

(where v is the surface tension, v, is a function of the critical constants, and
temperatures are in degrees Kelvin) with Katayama’s (28) modification of the
Eb6tvos equation to include vapor density:

v(M/D — dy*® = KT.(1 — T/T.)

(where M is the molecular weight, D and d are the densities of the liquid and
vapor, respectively, and K is the temperature coefficient which, for non-asso-
ciated liquids, is a constant and equal to 2.1). Fowler in 1937 (7) showed that
the relationship may be theoretically deduced.

Sugden (57) has rather fully discussed the fundamental background of the
liquid state and its relationship to the parachor as well as the mathematical
theory of surface tension measurements; hence no attempt will be made to re-
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peat this material. A modern critical analysis of the theoretical background has
been given by Reilly and Rae (49).

Sugden has discussed the empirical relations between surface tension, density,
and temperature, including his conclusion that the parachor is a true measure
of molecular volume. He based this conclusion primarily upon a comparison of
the parachor with the mean collision area and with the critical volume.

Sugden stated that ‘“‘the mean collision areas (a) for a number of substances
(eleven) are compared with the two-thirds root of the parachor, which, for
symmetrical molecules, should be proportional to the cross-sectional area of the
molecule. . . . The ratio [P]*/3/a is found to be roughly constant for all substances
quoted; better agreement could not be expected, since many of the molecules
are far from being symmetrical.” The theoretical ratios of the compounds listed
varied from 2.01 X 10 to 2.54 X 10%.

A. Critical volume

Sugden compared the parachor and eritical volume for fourteen substances
and arrived at the intriguingly simple relationship P/V. = 0.77. In the cases
cited the constant varied from 0.74 to 0.81. Unfortunately, this relationship was
later found to show deviations as high as 30 per cent. Numerous attempts have
been made to arrive at expressions which are more nearly valid.

Herzog (23) has reviewed these relationships, including particularly equations
by Lautie (33), Meissner and Redding (39), and Ferguson (13). He considered
the equation of Ferguson to be upon the most rational basis, & dimensional anal-
ysis of the parachor, although it is partially empirical.

Herzog rewrote Ferguson’s equation in the form

Ve = kPL2/T?
and empirically separated the data studied into two groups. Group 1 includes
compounds having a>C=O, —C=N, —COOH, or —OH group and from one
to three non-functional carbon atoms. Data from such compounds fit the equa-
tion
V. = 334P2/T"

with a reliability of a 10 per cent maximum deviation. Group 2 is composed of
all other compounds tested, and for these the constant K is 2.92. They fit the
equation

V.= 292pP12/T%®

with a reliability of & 6.5 per cent maximum deviation. He pointed out that cer-
tain other empirical equations when applied to a limited field, such as a single
homologous series, may give as great or greater reliability but are not capable of
being broadly used.

B. Critical temperature

Herzog (23) also reviewed the several relationships between parachors and
critical temperature which have been formulated. Lewis (35) derived two use-
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ful relationships between critical temperature, T ., normal boiling point, Ts, and
the parachor, P.
T.=aP + b; Ts =cP +d (1)

T.=c¢elog P+ f; Ts=glogP + h (2)

Equations 1 have been applied to various groups of chemically similar compounds
having the same number of atoms, and equations 2 to various homologous series.
The constants ¢ and h are different for each group or series, and the equations
are therefore limited to those cases where experimental data are available for
their evaluation.

Herzog suggested the equation

T./Ts =a — blog P

which appears to be more generally applicable. The constants a and b must be
evaluated, but 140 compounds fell into only six groups. He tested the reliability

TABLE 20
Relation between the critical temperature and the parachor
T/Tg =a—blogP

CLASS OF COMPOUND a ‘ b ! “@AL?:?I‘;I\};‘, %}i'

|
‘ ‘ per cent

1. Saturated hydrocarbons 2,501 | 0.4176 2.2

2. Aromatics and cyeclics 2.640 0.4634 5.4

3. Substituted aliphatics containing halogen or sulfur 2.602 | 0.4449 ‘ 4.7

4. Aliphatic esters, ethers, acetals, and oxides 2.544 0.4429 | 2.5

5. Aliphatic ketones, aldehydes, carboxylic acids, and 2.301 0.3548 4.4

nitrogen compounds \
6. Aliphatic aleohols and anhydrides 1.783 0.1479 ‘ 2.3

of this equation and compared it in reliability with those of Lewis and of Meiss-
ner and Redding (39). The equation of Herzog shows somewhat greater validity.
Since the groupings used by Meissner and Redding are different, it is possible to
use one as an independent check upon the other. Herzog’s groups, the constants
a and b, and the reliability of his calculated values expressed in terms of maxi-
mum per cent deviations for each class are given in table 20. Average deviations
were 40 per cent of the maximum.

C. Critical pressure

The critical pressure is usually estimated by equations involving 7. and V,
and consequently may also be estimated by using the parachor. The reliability
of estimates for the critical pressure is in general less than for the critical
temperature or the critical volume. They are, however, of some use because of
the limited amount of critical pressure data available.

Herzog has reviewed the equations of Lautie (33), Wohl (69), and Meissner
and Redding (39) and has compared their validity. Wohl suggested the relation-
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ship P, = 21.75T,/V ., and Meissner and Redding P, = 20.87./(V. — 8.00).
Herzog found the latter superior for hydrocarbons but no improvement over the
simpler equation of Wohl in general. Herzog derived the equation

log P, =a' — b log P

which is of the same form as his relationship between the parachor and the crit-
ical temperature. He studied approximately one hundred compounds and in
this case also divided them into six classes and evaluated ¢’ and b'. Herzog's
equation proved more reliable in five of the six classes than Wohl’s. The latter
is, however, broader and may be applied to types not included in Herzog’s
specific lists. These lists of classes for Herzog’s equation for critical pressure are
more limited than in the case of critical temperature.

D. Other properties

Relationships have been proposed between the parachor and several other
properties, including viscosity, molecular refraction, molal heat of combustion,
molecular sound velocity, etc.

The viscosity of gases depends upon the molecular weight and the molecular
cross-sectional area. From Andrew’s principle of the continuity of state, Lewis
(36) investigated the possibility of the same relationship holding with liquids.
He developed the equation:

log P°p = (Alog M — B)/T — C

where 7 = the viscosity, P = the parachor, M = the molecular weight, and
4, B, and C are constants. 4, B, and C are independent of temperature and are
probably configurational or cohesive functions characteristic of a particular
type of molecule. Calculated and observed values for 5 agree well (to within 1
per cent) for alkyl bromides and isoparaffins. The relationship has not been
broadly tested. Chen (7) suggested the equation:

10g1oP7]=AM+C

A and C are constants characteristic of a specific homologous series and a func-
tion of the absolute temperature. The equation has been applied to paraffins,
esters, alkyl bromides and icdides, and normal fatty acids. Calculated and ex-
perimental values correspond in general within the limits of experimental error.

Telang (59) related the heat of vaporization to the parachor by the equation:

M! = AH, = 0818P P

where AH,, = the molal heat of vaporization, P, = the critical pressure in
atmospheres, and M1/T, = Trouton’s constant. From the equation of Kistya-
kovskii (30) relating latent heat of vaporization and molal volume, and the
equations of Meissner and Redding (39), empirical equations for six groups of
types of compounds have been derived involving the parachor (8). The relation-
ship has been applied to a large number of paraffins with success.
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Telang (60) also related the parachor to molecular dimensions by the expres-
sion

o = 0.92P% X 10~% cm./TY"

which has a reliability of 2.2 per cent for all compounds except those having

>C=O, —C=N, —COOH, or —OH groups and one to three non-functional

carbon atoms. For these latter the constant 0.92 becomes 0.96.

The parachor has been employed chiefly as a comparative instrument, its
absolute value as a measure of volume being minimized. Bayliss (1), however,
assuming that the carbon atom is a sphere having a radius of 0.77 A., has calcu-
lated that one parachor unit is equivalent to 0.210 X. On this assumption, he
has calculated values which show reasonable agreement with experimental data.

The molar heat of combustion (44) has been related to the parachor by the
empirical equation P = a + bQ. The constants ¢ and b are characteristic of a
given homologous series. Values for a and b have been calculated for nine series.
Agreement between calculated and experimental values is satisfactory.

Samygin (51) has related molar refraction and parachor by the equation:

oo\
'y—-(KU-l‘—M)

where ¥ = the surface tension, d = the density, M = the molecular weight, and
U= (n—1)/n+ 2). K and C are constants. Good agreement is obtained
between calculated and observed data. K and C for (1) saturated hydrocarbons,
(2) aleohols, (3) carboxylic acids, (4) aldehydes, and (5) ketones are 8.49 and
16.52, 8.49 and 17.2, 8.49 and 20.9, 8.49 and 22.02, and 8.24 and 25.6, respec-
tively.

Gardner (18) has proposed a modification of the Samygin equation which is
reported to be more useful.

_ MAyM(nD? - 1)
PR = D(nD? + 2)

Lagemann and Dunbar (32) have shown that there is a linear relationship
between the parachor and molecular sound velocity, molecular refraction, Sou-
der’s viscosity constant, van der Waals’ b, and molecular magnetic rotation.
Lagemann, by the method of least squares, has derived numerical coefficients
for certain of these relationships.

Lima (37) has shown that since a number of properties do show straight-line
relationships, a broader generalization can be made. In a homologous series some
property F (e.g., the parachor) contributes n times the CH, contribution plus
the contribution of any special characteristic, such as double or triple bonds,
carbonyl groups, rings, etc., and the value for any remaining hydrogen of the
chain. This may be expressed as

F = nFcu, + F1
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where F, = the contribution of the structural characteristics of the series plus
the additional hydrogens not included in the CH; groups.
For another additive-constitutive property @ we have the similar relationship:

G = nlcg, + Gy
These two equations may be combined to yield the form:
F = GFcn,/Gon, — GiFen,/Gon, + F1
which is a linear relationship:
F=aG+5b

This shows why the slope Feu,/Gem, is the same for the components of any
series, as observed by Lagemann.

The equation was tested for the relationship between Souder’s viscosity con-
stant and the parachor, and for the parachor and the molecular refraction.
The divergence between experimental and calculated values was less than 1
per cent.

Because of the relationship observed between the parachor and several other
properties, other derived properties related to the parachor have been suggested.
Bogdan (4) has suggested the neoparachor or P, = T'*V3/% where T' = the
absolute boiling point and V = the molecular volume. Friend (16) and Har-
greaves (17) have derived an empirical viscosity function related to constitution,
named the rheochor, which shows promise of taking a place with the parachor.
It is expressed as:

R = My'A(D + 2d)

where » is the viscosity in centipoises and D and d are the densities of liquid and
vapor, measured at or extrapolated to the boiling point of the liquid. The rheo-
chor has been used additively, and a number of rheochor increments have been
determined. Agreements between the experimental and calculated values of
the function are of the order of magnitude of the earlier work with the parachor.

V. PARACHORS IN SOLUTION

Since the determination of the parachor depends upon the measurement of
surface tension, its direct evaluation is obviously limited to liquids or fused solids.
Its usefulness would be greatly extended if it were possible to measure solids at
room or relatively low temperatures. Various attempts have been made to ac-
complish this through the measurement of the surface tensions of solutions of
known concentration, using solvents of known surface tension.

Hammick and Andrew (22) calculated the parachors of a number of solutes
on the assumption that parachors obey the straight-line mixture law

P, =Pl —2z) 4+ P.X

where P,, is the parachor of the mixture, P that of the pure solvent, P. that of
the solute, and X the mole-fraction of the solute. They examined solutions of
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non-associated liquids in non-associated liquids, associated in associated, and
non-associated in associated. They also sought to vary the chemical nature and
surface tensions of the components of the solutions studied. Parachors of solutes
were calculated by first finding the parachor, P., of the solution containing a
mole-fraction X of solute in a solvent of known parachor P.

P, = M.yV(D — d)
where v and D are the surface tension and density of the solution and M, is the

mean molecular weight of the solution, again assuming the straight-line mixture

TABLE 21
Effect of concentration upon calculated parachors of solutes
A. Independent of concentration: carbon tetrachloride in benzene

X D L% Py, Py
\
0.3419 : 1.130 27.69 211.1 219.2
0.4512 1.208 27.74 213.3 220.8
0.7326 1.405 26.98 216.8 220.2
0.8527 ‘ 1.487 26.64 218.0 220.0
1.0000 1.585 26.20 — 219.5

Mean P, = 220.1; Pccl, = 219.5; Puea = 222.0; Po,u, = 207.1

B. Dependent upon concentration: nitrobenzene in benzene

b4 \ D ¥ Pm | Ps
|
0.2129 ? 0.9517 30.26 215.9 ‘ 249.0
0.3707 1.0070 31.99 223.8 ! 252.0
0.4822 : 1.0435 33.15 229.6 } 253.7
0.6109 1.0860 35.24 236.8 ! 255.7
0.7063 ‘ 1.1130 36.51 242.6 } 257 .4
1.0000 1.1988 42.87 — i 262.5

Peglea = 264.1; Pcym, = 207.1

law. The density of the vapor, d, is negligible within the overall accuracy of the
experiments and is eliminated. They found pairs in which the calculated parachors
of the solutes were independent of concentration, and also cases showing a
straight-line relationship, with the calculated parachor of the solute increasing
with increasing concentration. They also found anomalous results with water
as a solvent.

In the cases which they reported they found solute parachors independent of
concentration where the surface tensions of the pure components do not differ
by more than 5-6 dynes/cm. Nitrobenzene in benzene showed the greatest
slope of the parachor-mole-fraction curve. In this case the two components
show a difference in surface tension of 14.5 dynes/cm. They concluded that
‘“‘application of the mixture law to the mean parachor of a series of solutions will
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give either the parachor of the pure solute or a series of values from which a value
for the pure solute can be obtained by straight-line extrapolation.” An example
of each type is given in table 21 and a summary of their results in table 22.

TABLE 22
Ezxamples of determination of parachors of solutes
Independent of concentration
|

SOLUTION MEAN Pz* P,t Py (CALCULATED)}

A. Non-associated solutes in non-associated solvents

Carbon tetrachloride in benzene......... ‘ 220.1 219.5 222.0
m-Xylene in benzene....................] 285.3 285.1 285.1
Cyclohexane in benzene................. 241.1 240.1

Chloroform in benzene.................. 183.1 183.4 184.8
Ethyl acetate in carbon tetrachloride.... 215.7 216.1 216.0

B. Associated solutes in non-associated solvents

Ethyl aleohol in benzene................ 125.3 126.0 132.2
Acetic acid in benzene. ................. 132.5 132.2 141.2
Acetone in benzene...................... 160.5 161.1 160.2

C. Non-associated solute in associated solvent

Ethyl acetate in acetic acid............. 216.8 216.8 ‘ 216.0

D. Associated liquids in associated solvents

Acetic acid in ethyl aleohol............. 132.8 132.2 ‘ 141.2
Acetone in ethyl alcohol................. 161.6 160.2
Acetone in acetic acid................ ... 160.5 161.1 160.2

Dependent upon concentration

SOLUTION P, (EXTRAPOLATED)§ l Ps (CALCULATED)}
Nitrobenzene in benzene................ 262.5 264.1
Nitromethane in benzene............... 131.8 130.2
Acetophenone in benzene............... 292.4 204.1
Ethyl ether in benzene................. 211.0 210.2

* P, = parachor of solute as determined in golution.

t P, = parachor of solute determined directly.

1 P, (calculated) = parachor of solute calculated using Sugden’s constants.
§ P. (extrapolated) = parachor of solute determined by extrapolation.

In general it will be observed from table 22 that the parachors of the solute
calculated from the solution agree excellently with those obtained by direct
measurement and with those calculated from atomic values (Sugden’s constants).®

 The comparison with more recent determinations and with revised constants is £ome-
what less favorable but still very good.
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Unfortunately, correlations as excellent as these are by no means always obtained,
although Ray (48) and Bowden and Butler (3) agree with Hammick and Andrew
that the parachor of a solute in a non-ionizing solvent may be determined to an
accuracy of 1 per cent.

Bowden and Butler (3) discussed the surface tensions of several solutions in
the light of the formula

v = yrye/(viNs + v2N1)

deduced by Stakhorskii (55) in 1928, where v, ¥1, and v, are surface tensions
of the solution and components and N and N, are mole-fractions. Fairly good
results were obtained with ethyl acetate-benzene, ethyl acetate-carbon tetra-
chloride, nitrobenzene—benzene, nitrobenzene—ethyl acetate, and ethyl carbo-
nate—acetonitrile solutions. Less satisfactory results were obtained with an
ethyl carbonate-nitrobenzene solution and complete failure with methyl car-
bonate-benzene and ethyl carbonate—chloroform solutions. Table 23 gives three
examples typical of their results.

TABLE 23
Surface tensions of solutions
ETHVL CARBONATE IN BENZENE | ETHYL CARBONATE IN ACETONITRILE ; ETHYL CARBONATE IN NITROBENZENE
¥ v | [ v
N N —_— o M —_—
Calculated | Observed Calculated | Observed . Calculated : Observed

|

0.0497 ‘ 28.08 l 27.99 0.1601 28.03 | 27.84 0.0519 41.62 ' 41.05
0.2690 | 27.49 | 27.22 0.3017 ‘ 27.60  27.22 0.3010 ° 35.79 . 34.55
0.5186 ! 26.54 0.5035 |

0.6588 26.03 25.82 0.7927 26.24

27.03 | 26.74 0.5535 31.35 30.47
} 26.06 0.8519 27.47 | 27.16

They pointed out, from a consideration of Gibbs’ adsorption formula, that if
adding A to B lowers the surface tension, the surface concentration of A will be
greater than in the bulk of the solution. If B likewise produces a lowering of sur-
face tension when added to A, the concentration of B will be greater in the sur-
face. Therefore, there will be a solution with a minimum surface tension where
the concentrations of A and B in the surface will be the same as in the bulk of
the solution. In only such a solution should one expect reliable results, as in
only such a solution is the apparent concentration the actual concentration in
the surface which is measured. Methyl carbonate in benzene produces such a
minimum at 0.35 M, and ethyl carbonate in chloroform at 0.80 M.

The calculation of parachors of solutes, they state, fall into three classes:
(1) The parachor of the solute as calculated is independent of dilution. The curve
P.—C is a straight line. (2) The solute parachor is dependent upon concentration
and P.—C is a straight line rising with the mole-fraction of solute. (3) The solute
parachor is dependent upon concentration and P.~C is not a straight line.

They obtained type 1 curves when the surface tensions of the components
differed no more than 5 dynes/cm., type 2 curves when the difference was up to
14 dynes/cm., and type 3 curves when the difference was 17 or more dynes/cm.
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Parachors of types 1 and 2 are illustrated by the two classes in the results of
Hammick and Andrew given in table 20.

A number of other observers have also determined parachors in solution. Ap-
pendix II illustrates the nature of the results obtained. No attempt has been
made to make this a complete catalogue. The illustrations chosen are for the
more common compounds in simple solvents. The development of entirely satis-
factory techniques for the measurement of surface tensions of solutions and
methods of the calculation of the parachors of solids in solution would open up
many possibilities and warrants much additional most careful work. There are
certain inherent difficulties in the determination of the parachor of solutes. The
work is tedious at the present development of the art. To determine a single
compound determinations should be made in more than one solvent, at three or
more temperatures, and at three or more concentrations. The greatest accuracy
obtainable is necessary, since in using the simple mixture law the accuracy of
the calculated value for the solute is always less than the measurement upon the
solution.’® In the maximum bubble pressure method the passage of bubbles
through the solution would change the concentration of the solute in the solvent
during the course of the determinations, unless the air drawn through the bubbler
contained solute and solvent in the same concentration before and after passing
through the bubbler. There is no reason to believe, however, that these or other
difficulties are insurmountable, particularly in problems where an error of 0.5
per cent is not too great.

VI. EXPERIMENTAL METHODS

The experimentally determinable quantities required in the calculation of
parachors are surface tension, liquid density, and boiling point. The latter is
used to calculate vapor density.

A. Liquid densities

Densities may be determined by any approved method, such as the density
balance method employed by the National Bureau of Standards, or by the
method of weighing a precisely known volume of liquid in a calibrated pycnom-
eter. Densities should be determined to the fourth decimal place.

B. Vapor densities

For the determination of vapor densities boiling-point data obtained in the
process of obtaining pure samples are sufficiently accurate. The determinations
are made in the manner described by Sugden (57). Where this is impractical,
estimated values obtained as described by Kinney (29) will suffice.

16 The author experienced a number of cases where a mole-fraction of approximately
0.12 gave more satisfactory results than more concentrated or dilute solutions. In this
case the error for the solute would be approximately eight times the experimental error
in determining the parachors of the solution and the solvent.
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C. Surface tensions

Several methods have been applied to the experimental determination of sur-
face tension. Any may be used. There is no single best method.!! Sugden used
the maximum bubble pressure method and has discussed its theoretical back-
ground (57). This method has been used in parachor work more than any other.
It has been suggested that different surface tension values may be obtained by
different methods. Discrepancies which have been observed in independent ob-
servations using different methods are more probably the result of differences in
the purity of the samples used than of differences in the method. It should be
remembered that in very few cases did the experimenter record or know the ac-
tual purity of the samples used. An interesting comparison of parachor values

TABLE 24
Comparison of independent determinations of the parachors of ketones*
KETONE Pt Pyt i A PER CENT
: |
Dimethyl. . .........c.ooveiinn.. i 162.1 161.6 | 0.3
Ethyl methyl...................... ; 199.8 ‘ 199.5 | <0.1
Methyl propyl............. ... ... : 238.4 ; 238.0 0.2
Butyl methyl......................0 277.8 | 277.5 ; 0.1
Amyl methyl...................... i 318.1 ! 319.5 | 0.5
Diethyl. ... ‘ 237.3 j 237.4 ‘ <0.1
Ethyl propyl.................. | 276.2 277.3 0.3
Dipropyl.....coooeiii 314.9 315.1 <0.1

* No compounds measured by both experimenters have been omitted from the table.
t P., values of Owen, Quayle, and Clegg (43); P,, values of Cowan, Jeffery, and
Vogel (9).

for a number of ketones is available from the work of Owen, Quayle, and Clegg
(43) and that of Cowan, Jeffery, and Vogel (9). These ketones were made by
different methods and were purified differently, and the surface tension was meas-
ured by different methods in different laboratories.

The familiar method of capillary rise is capable of extreme accuracy. The maxi-
mum bubble pressure method is, however, both simple and convenient and as
developed is of comparable satisfactory accuracy. It has the advantage of being
readily used with a small sample and over a wide range of temperature.

The principle underlying the maximum bubble pressure method originated
with Simon (53) in 1851 and was developed by Jaeger (25) in 1891. Cantor (6)
furnished the first correct theory of the relation between surface tension and the
formation of bubbles in a liquid, but it remained for Sugden to develop the
method for the practical measurement of surface tension. The method has been

1 Physical Methods of Organic Chemistry, edited by A. Weissberger, 2nd edition, Part
I, Chap. IX, pp. 355-426, Interscience Publishers, Inc., New York (1949). An excellent
review by W. O. Harkins of the theory, methods, and apparatus for the determination
of surface tension.
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criticized by some because it is dynamic, but this is considered rather to be a
definite advantage in that a fresh surface is presented with each observation.

Sugden’s method involves the measurement of a pressure differential developed
within the system as bubbles of dry air are drawn alternately through two tubes
with different radii immersed to the same depth in a liquid. The pressure differ-
ential is developed by a mercury aspirator and is read on a xylene manometer
in parallel with the system.

As the system is aspirated a bubble, in the process of forming at a tip of in-
ternal radius 7 immersed in a liquid of density D to a depth 4, is subject to an
internal pressure equivalent to the sum of the hydrostatic pressure and a pres-
sure which is a function of the surface tension (y) of the liquid. The equation
for bubble pressure p is

p = hDg + 2v/x

where ¢ is gravitational acceleration and z is the momentary radius of curvature
of the growing bubble. As the bubble continues to grow, the radius of curvature
decreases until the bubble is hemispherical and of radius of curvature r, at which
instant the bubble pressure has attained a maximum corresponding to a mini-
mum radius of curvature. Further growth of the bubble produces an increase
in the radius of curvature, and the bubble then requires for maintenance a pres-
sure less than that already developed. The bubble consequently breaks from the
tip, rises to the surface, and explodes to restore the system to atmospheric pres-
sure. Maximum bubble pressure is reflected as a minimum pressure within the
system. The successive formation of bubbles causes the meniscus of the manom-
eter fluid to rise and fall rhythmically between atmospheric pressure and a mini-
mum pressure which occurs simultaneously with and is precisely equivalent to
the maximum bubble pressure. The equation for maximum bubble pressure is

Pmax = hDg + 2v/r

The maximum bubble pressure is approached slowly to permit accurate observa-
tion. The subsequent behavior of the bubble is of no consequence.
The differential maximum bubble pressure is

Pmax — px,nax = 27(1/7' - 1/7")

The radius 7 of the larger tip is measured accurately under magnification. The
radius 7’ of the smaller tip is not measured directly but is considered as it influ-
ences the function 4, introduced below, which is evaluated by calibration of the
bubbler using a liquid of known surface tension.

The handling of computations is facilitated by the introduction of the expres-
sion

Y= (pmax - p;nax)/z(l/r - 1/7',) = PA¢

where P is the differential pressure, 4 is a function of the radii of the tips, and

¢ is an empirical factor dependent upon the temperature and upon the liquid.
The factor ¢ is defined by the equation

¢ =14 0.69r¢D/P
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where all terms have been previously defined. The pressure differential P is
defined by the equation

P = Hygd

where H is the pressure differential in centimeters of manometer fluid of which
d’ is the density. The factor A is determined by calibration with a liquid of known
surface tension v, by the equation

A = v./Hged’

and is independent of both temperature and liquid. In practice A and g are
evaluated as a combined quantity. The equations in the forms employed in the
determination of surface tension are

¢ =14 0.69rD/Hd’
and
v = AgH¢d'

Sugden claimed an accuracy of 0.5 per cent when the diameter of the larger
tip is within the optimum range of 0.1-0.2 cm. The diameter of the smaller tip
is determined by practical considerations. The smaller the tip the greater will
be the pressure differential; however, it has been found impractical to use a tip
less than 0.005 cm. in diameter.

The original bubbler as described by Sugden (57) is simple in construction.
There are, however, several inherent difficulties in the use of such a design if
results of highest accuracy are desired. In many cases the simple bubbler is
adequate. However, if small differences in the parachor are essential for the pur-
pose of the measurement, several relatively simple modifications of the bubbler
and system may be made which will greatly improve the surface tension measure-
ments.

A most satisfactory assembly is shown schematically in figure 1, in which the
mercury aspirator is designated A, the calcium sulfate tubes B, the manometer
system C, the bubbler D, and the constant-temperature water bath E. The lat-
ter is maintained constant to within approximately 0.02°C. A detailed diagram
of the bubbler is shown in figure 2.

A number of practical suggestions are in order. The illumination of the man-
ometer and meniscus is of some importance and is conveniently accomplished
by indirect lighting from two parallel fluorescent lights. Such lighting will give
slight and uniform heating to the manometer reservoir. The temperature of
this reservoir is recorded after each measurement. Time spent in adjusting the
lighting to secure the best possible illumination with no reflections or other ir-
regularities in the meniscus is well spent.

The meniscus of the xylene gauge is much improved and will appear sharp and
black if the lower half of the glass manometer reservoir is wrapped with a sheet
of carbon paper and a second sheet is placed under the base.

1t is essential that the two capillary tubes of the bubbler be vertical and that
they be immersed to the same depth in the liquid being measured. This is con-
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veniently checked with each observation. After a reading is made, the head of
the bubbler is rotated 180° at the 29/42 (upper) ground-glass joint, reversing
the positions of the two bubbler tubes from right to left. If check readings are
obtained, the tubes are vertical and immersed equally.

Once the observer is assured that the tubes are vertical, the bubbler is clamped
in place by the large ground-glass collar. If this collar is securely clamped the
bubbler may be removed after a determination, cleaned, a new sample inserted,
and when placed again in the collar the tubes will again be vertical. This obviates
the period of 20~-30 min. frequently found necessary to secure verticality with
each new sample when using a simple bubbler.
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Fig.1 F1a.2

Fia. 1. Diagram of assembly used in determining surface tension by the maximum
bubble pressure method.
Fr1a. 2. Detailed diagram of the bubbler

It is desirable to keep the internal volume of the apparatus to a minimum. If
the volume is too great, the release of a single bubble will not equalize the pres-
sure and a series of several bubbles will be released almost simultaneously. The
maximum bubble pressure cannot be successfully measured in this case. Examina-
tion of figure 2 will show a glass envelope extending from the head of the bubbler
approximately four-fifths the length of the two bubble tubes. This envelope en-
closes a large portion of the internal space within the bubbler and keeps the
volume of the system to a minimum. The author has never had trouble with
multiple bubbles when using a bubbler of this design.

The size of the small tip governs the sensitivity of the bubbler. Several tips
are drawn out and, before sealing on to the bubbler, are tested until one is found
that gives a difference in pressure of approximately the magnitude desired. The
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capillary may then be adjusted by carefully contracting or expanding it as de-
sired, by blowing it while moderately heating it 4n a flame.

A drying tube is attached at the 10/30 joint at the top of the bubbler. A con-
striction in this tube will aid in preventing a ‘‘bouncing” of the meniscus after
the release of each bubble. The constriction, of course, should not be so great as
to interfere with complete recovery in the rise of the meniscus some several sec-
onds before the following bubble is released.

The interval between bubbles and consequently between observations is a
matter of choice of the observer and can be regulated by the flow of mercury in
the aspirator. Different observers will consistently read the height of the menis-
cus somewhat differently, using either the large or small capillary, depending
upon their judgment of when the image of the moving meniscus touches the
cross hair of the cathetometer. Since it is the difference between the heights of
the meniscus with the two tubes, no error is introduced provided the observers
are consistent in their observations.

The bubbler is calibrated against a liquid the surface tension of which has
previously been accurately determined. Benzene has most frequently been used.
Its surface tension has been repatedly determined and by more than one method.
Its value may be accepted as 28.23 dynes/cm. at 25°C. or 28.87 dynes/cm. at
20°C. Sugden (57) and others have described a standard method for obtaining
‘“pure” benzene.

In the opinion of workers in this laboratory, the calibration of a bubbler is
more readily accomplished by the use of a higher-boiling liquid. We have found
it most convenient to calibrate a bubbler against n-octane, using an American
Petroleum Institute-National Bureau of Standards pure hydrocarbon sample.
The calibration has been routinely checked against a similar sample of n-hep-
tane. Repeated checks against benzene give the same bubbler constant. The use
of such a standard of known purity removes any question of the purity of the
sample used as a primary standard. Less trouble is also experienced in the actual
determination, using any material whose boiling point is considerably above any
temperature used in the calibration. Any stable liquid, the surface tension of
which is accurately known, could be used.

VII. SUMMARY AND CONCLUSIONS

The parachor has proven to be one of the most fruitful of the many physical
properties whose correlation with the structure of organic compounds has been
attempted. It makes use of surface tension, as related to a summation of the
internal forces of a liquid, in an attempt to measure molecular volumes of liquids
in corresponding states.

It was first considered to be strictly an additive function, but it has been found
to be susceptible to minor as well as major changes in structure. Once these
structural variations have been evaluated, the parachor becomes of greater
rather than of less value. A number of such variations have been evaluated, such
as (7) chain branching, (2) the ethylenic and carbonyl linkages, (3) tertiary
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TABLE 25
Recommended parachor values®
GROUP INCREMENT GROUP INCREMENT
CH, in —(CHy)x Single bond.................... 0.0
n<12. .. 40.0 Semipolar bond................ 0.0
n>12. 40.3® Singlet linkage.................| —9.5
Co 9.0 Hydrogen bridge............... —14.4@
Hooooo 15.5 Chain branching, per branch...| =—3.7
inOH................ ... 10.0 Secondary-secondary adja- |
IMHN... P12.5 CONCY ... oeeirieenennn, . —1.8
O i 19.8 Secondary-tertiary adja-
Ozinesters..................... 54.8 CENCY . . oeeimeeannrnn. -2.0
N e 17.5 Tertiary-tertiary adjacency..| —4.5
1 P 49.1 Alkyl groups®.................
P . 40.5 1-Methylethyl............... 133.3
Fo 26.1 1-Methylpropyl. ............. 171.9
Clo. 55.2 1-Methylbutyl............ ... 211.7
Br. .. ! 68.0 2-Methylpropyl.............. - 173.3
| [ 90.3 1-Ethylpropyl................ | 209.5
BB 63 1,1-Dimethylethyl...........i 170.4
i 31 1,1-Dimethylpropyl.......... 207.5
Al 55 1,2-Dimethylpropyl..........| 207.9
1S3+ WP 64.5 1,1,2-Trimethylpropyl....... 243.5
AS. 54 Position differences in benzene:!
Ethylenic bond i Ortho-meta.................. I 1.8-3.4
Terminal..................... 19.1 Meta-para................... i 0.2-0.5
2,3-Position ................. 17.7 Ortho-para.................. 2.0-3.8
3,4-Position ................. ; 16.3 Ring-closure
Triple bond................. ... . 40.6 3-membered ring............. 12,5
Carbonyl bond in ketones®: . 4.membered ring............. | 6.0
R+R = 2................ 22.3 5-membered ring............. 3.0
S 20.0 6-membered ring............. 0.8@®
4o 18.5 7-membered ring............. 4.0
5. 17.3 Tertiary alcohols®
6. . 17.3
T 15.1
8 14.1
! 13.0
10, ‘ 12.6

®) Average values.

®) Somewhat greater beyond 20 —CH,—.
© See table 11.

@ Includes any ortho effect.

(&) Varies from —2.1 to —6.5.

() Complete group, including branching.
@ See also tables 16 and 17.

®) See table 13.

branching, (4) the semipolar bond, (5) the hydrogen bridge, (6) ring-closure,
and (7) position isomerism in alkylbenzenes. Others remain to be studied.
The parachor has been shown to be related to various other fundamental
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constants, such as critical temperature and pressure, molecular refraction, and
viscosity.

The parachor has been determined for solids in solution. This determination
presents several difficulties and warrants further study.

The technique of measurement is not difficult. Several relatively simple modifi-
cations have been made in the apparatus used in early work which increase the
ease of measurement as well as the overall precision and accuracy.

A catalogue of parachors of organic liquids and typical examples of determina-
tions in solution are given in Appendix I and Appendix II.

A compilation of parachor values is given in table 25.

The author wishes to acknowledge gratefully the contribution to the study of
the parachor in this laboratory by his associates and graduate students over the
past fifteen years. He particularly wishes to acknowledge that of Mrs. Katherine
Owen Smart, who was associated with all of the earlier work, and the more recent
work, some of it previously unpublished, of Dr. Thomas P. Johnston, Dr. Ray-
mond E. Donaldson, and Dr. A. Eugene Robinson. He also wishes to express
his appreciation to the University Center in Georgia and through them to the
Carnegie Foundation of New York for a grant-in-aid in support of the literature
search for compiling the catalogue of parachors. Finally, his thanks go to Profes-
sor Charles T. Lester and to Miss Mary Nancy Green, who was primarily
responsible for this search,
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APPENDIX I: A CATALOGUE OF PARACHORS OF ORGANIC COMPOUNDS

A. Table of contents

Hydroearbons......................... 490
Alkanes.................. 0 490
Cycloalkanes and bicyclic com-

pounds. ..o 495
Alkenes and alkadienes............. 497
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Alkynes. ............ ... 499
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Acids. . ... .. 505
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B. Preface

While no claim is made for the completeness of the catalogue, complete
coverage of the literature through 1950 was attempted. Where several observers
have reported upon the same compound, no attempt has been made to evaluate
the relative validity of the determinations; hence the catalogue is not a table
of selected values. Many experimenters report a series of determinations at
several temperatures for each compound. In such cases values for two tempera-
tures have been recorded in the tables. The values reported have been chosen,
when possible, to give a mean parachor approximately the mean of all the
values given in the reference cited.

No absolute rules can be given for choosing the most valid values beyond
those used in the evaluation of any group of data. The excellent correlations
obtained between observed and calculated values for many compounds present
the opportunity of a reasonable differentiation upon this basis in most cases.
While the parachor is not absolutely constant with temperature, the tempera-
ture coefficient for non-associated liquids is very small. Consequently, observed
values checking well with calculated values and with little or no temperature
coefficient may usually be considered superior.

Thomson (see reference 62 on page 585) points out that even the basic values
for the paraffins show what he considers to be considerable uncertainty. He uses
for an example the different values which have been recorded for n-octane
from different sources. In Appendix I ten independent parachor values are
given for n-octane ranging from 347.2 to 351.2, a spread over 1 per cent. How-
ever, five observers report values at more than one temperature and with a
temperature differential no greater than 0.1 parachor unit in 350. These would
appear to be good determinations. The average of these values is 351.86; rounded
off to 351.9 this may be considered a reliable value. The maximum deviation of
the five determinations from the average is 0.12 per cent. Parachor values for
compounds known to be of high purity are probably valid to about this degree
(0.1 per cent). Although a number of observers report data with a precision
apparently greater than this, a greater accuracy is not usually claimed.

Unfortunately, in many cases the purity of the sample used is not indicated.
Where such information is given it should carry considerable weight. If a series
of homologs is being considered, the values which give a consistent picture for
the whole series should be preferred; that is, values showing a constant increment
or a regular change in the increment as the series is extended.
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C. Values

Table 26 contains the values for the parachors of many organic compounds.
Whenever the temperature is not given in the column headed ‘“‘surface tension,”
the value in the first column under this heading was obtained at 20°C., while
the value in the second column under this heading was obtained at 30°C. The
temperature for which the value of the parachor was calculated is the same as
that given for the surface tension, unless otherwise noted. In those cases where
the value of the surface tension is given at two temperatures and only one
value is given for the parachor, the latter is an average value.
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