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411. Relation between Molecular Orientation Polarisation of
Substances in the Liquid, Dissolved, and Gaseous States.

By (MRs.) CATHERINE G. LE FivRE and RAYMOND J. W. LE FEVRE.

ONE of us recently suggested (this vol, p. 773) that the relation oP;/oP, = K(e; +
2)/(e; + 2) held between the orientation polarisations (,P; and oP,) developed by a mole-
cule when surrounded by media of dielectric constants ¢; and e, respectively. With the
aid of some new measurements now recorded and data collected from the literature we have
examined its application to (a) 30 pairs of solutions, (b) 38 solutions and the solutes in the
vapour state, (¢) 58 solutions and the (liquid) solutes in bulk, and (d) 27 substances in the
pure liquid and gaseous conditions. Only for class (a) is K found to be ca. unity; it is
larger than 1-5 in 10 cases in class (b), in 24 cases in class (c), and in 15 cases in class (d).
It is thus obvious that the rule as stated above has no general applicability.

Discussion.—Throughout comparisons (), (c), and (d) the most striking of the substances
for which K is large are water, phenol, chloroform, ether, hydrogen cyanide, and certain
alcohols, esters, and amines (see tables, p. 1750). In some of the instances the results
may be attributed to association in the liquid state, for it is evident that a large K will
result when the orientation polarisation in the medium of higher dielectric constant is not
reduced sufficiently relatively to the value which this factor has in the medium of lower ¢;
as pointed out by Bury and Jenkins (J., 1934, 688), an increase of total polarisation—and
therefore, if the distortion polarisation is independent of the state (liquid, dissolved, or
gaseous), a parallel exaltation of o P—could be caused by association. Water, the alcohols,
and phenol are strongly associated (Sidgwick, ‘“ Electronic Theory of Valency,” Oxford,
1927, p. 134; Martin and Collie, J., 1932, 2658; Martin, Trans. Faraday Soc., 1934, 30,
759, Bernal and Fowler, J. Chem. Physics, 1933, 1, 515; Hennings, Z. physikal. Chem.,
1935, B, 28, 267), and accordingly an explanation is available for these compounds. It
is also possible that the high value of K for certain esters is due to the use of calculated
values of oP_.., which, owing to the intramolecular rotation of dipolar groups, may be
smaller than the true figures for the temperature at which comparison is made.

There remain several substances for which the orientation polarisation in the liquid or
the dissolved state is of the same order as, or even greater than, that in the vapour, in
contradiction to the general belief that polarisation and moment of a compound are always
higher in the gaseous form than in solution. Such behaviour can be qualitatively under-
stood when the mutual influences of the molecules involved are considered in conjunction
with their shapes. Molecules may be roughly divided into two classes: A, where the
principle moment lies along, and B, where it is at 90° to, the axis of maximum polarisability,
which is in general the longest axis. Such molecules are taken broadly as prolate and
oblate spheroids respectively. In the liquid state, under the influence of intermolecular
attractive forces, the molecules may tend to form aggregates having a certain structure
(phenomenon of cybotaxis; Stewart, Physical Rev., 1930, 85, 291, 726). Because, in the
formation of these complexes, dipolar are outweighed by van der Waals forces (as in 7so-
pentane and ethyl ether; idem, 1bid.), such cybotactic units will in the first case contain
either or both of the arrangements shown in A; or A,—the more stable disposition being
that in which the maximum number of atoms are in contact. Type B cannot be imagined
as aggregating except in the manner shown. A unit such as A, will be effectively almost
non-polar; in addition, as we proceed from a gas at low pressure to a pure liquid, intermole-
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cular distance diminishes and mutual induction of dipoles therefore becomes stronger. Thus

the net effect should be, since u oc 4/, P, that molecules of type A should show a diminished,
and molecules of type B an increased, orientation polar-

isation in the liquid state compared with the gaseous.
D (By similar reasoning, the different effects of solvent
@ molecules of type A or B on a solute of either kind at

infinite dilution can be predicted : a solvent of type A

will be more effective in apparently reducing the orient-

ation polarisation of a solute of its own type than in
apparently increasing the corresponding polarisation of one of type B; again, a solvent of
type B will cause smaller diminution of polarisation of an A-type solute than it will an
increase of polarisation of a.solute of the second kind.)

It is therefore evident that the correct expression for the ratio Py, /OP will not be
51mp1y 1 — (e — 1)/(¢ + 2), as required by the formula previously given, but rather
1 — (¢ — 1)/(e + 2)f, where f may be positive or negative and will relate to the geometry
and polarisability of the molecules under consideration.

The following is an attempt to evaluate f. On the assumptions that the molecules of a
fluid are optically and electrically anisotropic, and that the polarisation field acting on a
molecule in a dense fluid varies with its orientation relatively to the external field, Raman
and Krishnan (Proc. Roy. Soc., 1927, 4, 117, 589) have deduced the volume polarisation of
a substance as

e—l_v[4noc1+oz2—{—ot3+ —1 }_{_31:1‘ 41':;/. _{_s—l@]

et+2 3 3 + 2 e+ 2
Rewriting this to apply to the total molecular polarlsatlon of a liquid, we have

e—1 M 4mp2 e —1
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in which M is the molecular weight, d the den51ty, and N Avogadro’s number. Now
Miiller’s experiments (Phystkal. Z., 1933, 34, 689) have shown that for a given substance in
solution the orientation polarisation alone appears to be measurably affected by the nature
of the medium; changes in the total polarisation consequent upon changes in the state of
aggregation can therefore be related to changes in the P factor; if this be taken as the
difference between the total polarisation and the molecular refractivity, we have

_s—-l_'n_Dz—-l%_N 4np? e —1
OP—I:€+2 nD2+2'dJ_.‘—37T[T+s+2'®]

Division throughout by the true P (i.c., the o Pga = 4nNy2/9%T) gives the desired relation
Opliq./OPgas =1+ 36(3 — 1)/(€ + 2)47‘:[.1‘2

For solutions, where f; and f, are the mol.-fractions of the solute and solvent respectively
and other symbols are as before

1 -1 M, f; + M
oP1f1 + oPefe = [€+2 n§2+2] lfld th

dnpy?2 e —1 :I
s (S R A e T
but at infinite dilution (when f; = 0) (P, is given by an expression similar to that for the
pure liquid except that ¢ is now the D.C . of the solvent. The ratio of the two P values is
therefore of the same form.

Two points of interest arise from this result.

(1) The sign of ® is opposite to that of the Kerr constant, which for the majority
(class A) of compounds is positive (Briegleb and Wolf, Foréschr. Chem., 1931, 21, Pt. 3).
As a consequence, ® is negative and the ratio Py /oPg,s therefore fractlonal For such
cases the observed polarisations for solution or for liquid are less than those for vapour—
a relative order of magnitude which has been realised experimentally by several workers
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who have thus been led to conclude that it is general. On the basis of the expression now
proposed, there should exist a minority of compounds which should exhibit larger polaris-
ations in the dissolved or liquid than in the gaseous condition ; such substances should be those
having negative Kerr constants (i.e., shape of type B) and therefore positive ® values.
Relevant evidence is sparse, but it is significant that, among the available results, chloro-
form, ether, and certain amines display the predicted variations of polarisation. The first
is a particularly satisfactory example in this connexion because, not only has its dielectric
constant in the liquid state been carefully determined at the ordinary temperature (Ball,
J., 1930, 570), so that its apparent orientation polarisation at this temperature can be
calculated with certainty, but also its Kerr constant B (ca. — 3 x 1077) is one of the largest
negative values listed by Briegleb and Wolf (Joc. ci¢.). It will be noted that its 4P in the
liquid (bulk) state is 23-7 c.c., in contrast to the kighest recorded value in the vapour state
(from the measurements of Sircar, Indian J. Physics, 1928, 8, 197) which is only 22:8 c.c.
The results of Singer (Physikal. Z., 1926, 27, 556) would indicate an even greater disparity
in the same direction. The contrast with substances of class A, e.g., ethyl bromide or
chlorobenzene (oPy [oPy,p = 37/91 and 31/59 respectively) is unmistakable. Bromo-
form also has a negative Kerr constant and should, in the present respect, duplicate the
behaviour of chloroform, but the one (unconfirmed) determination in the gas phase (Braun-
miihl, ¢b:d., 1927, 28, 141) is much too high for this to be true. We note, however, (@) that
in the dipole-moment measurements made on solutions of chloroform, bromoform, and
iodoform (see Trans. Faraday Soc., 1934, Appendix, for references) the results for the second
compound lie befween those for the first and the third, so that by analogy there should not be
the great difference reported in the vapour data; and (b) that the total polarisation of
bromoform as a pure liqguid (ca. 47 c.c., see p. 1750) is of the same order as the polarisation
(48—51 c.c.) found by other workers for infinitely dilute solutions in carbon disulphide,
benzene, etc.

(2) In many cases ® can be considered as of the order — 4mu2/3; substitution for ® in
the above equation then gives Py /oPgs = 14 (1 — ¢)/(e + 2) = 3/(e + 2), which
is identical with the purely empirical result discussed and illustrated previously, and from
which (by relation through the ,Pp,) the expression set out at the beginning of this paper
is at once derivable. The degree of correctness of this simplification for some of the applic-
ations made in the present inquiry can vary from case to case; calculations from the
collected data have shown that by no means in all instances does the ratio between the
experimental values of @ and 4mu?/3 approach — 1. Goss (J., 1934, 697) states that this
equality *‘ is unlikely, and has not so far been found to exist except where p = 0; indeed it is
evident that at the critical point ® vanishes, while p retains its usual value.” Thus, one
obvious deficiency underlying the empirical rule is evident.

Data.—In the following tables are given the data for the compounds discussed above,
figures for a few other cases having been included for comparison. Because the empirical
rule was under test, we have shown values for 4P, but since these have been taken through-
out as the difference between total polarisation and the molecular refractivity for sodium
light, the data now collected serve to illustrate how two definite types of molecules exist,
in one of which the total polarisation in the pure state is of the same order as, and in the
other of which it is considerably less than, the total polarisation in the infinitely dilute
(non-polar solvents) and/or gaseous states.

In the preparation of the tables, a difficulty lay in the fact that most dielectric-constant
measurements on substances as vapours have been carried out at temperatures considerably
above those at which the available related observations for the liquid or dissolved states
have been made. In the previous paper P data for four substances were extrapolated
graphically back to room temperature for comparison with results on solutions. These
extrapolations were inaccurate, and we have therefore thought it better to calculate the P
at the lower temperatures from the recorded dipole moment—deduced in most cases from
the temperature dependence of the polarisation over the higher temperature range. We
have P = 4nNp2/9%T = p2/0-012732T c.c. Such a treatment is justifiable for those
molecules in which no rotation of dipolar groups occurs and for which, therefore, the
moment should be temperature-invariant.

5x
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The dielectric constants and densities marked with an asterisk were obtained experi-
mentally by use of methods detailed in our previous papers. The headings in the tables

have their usual significance.

Comparison of Molecular Orientation Polarisation Values for the Dissolved and the

Vapour State.

T. Sl' €. TP1' [Iel]]_). 0P1' Mvap.- 0P2. K.
25° CcHg 2-2725 72 19-3 527 166 571 1-32
25 ¢He 2-2725 86 24-3 61-7 2:0 82'8 1-06
25 CgHg 22725 475 21-4 26°1 1-05 228 163
25 CCl, 2:227 49-8 214 284 1-05 228 176
20 CeH;, T 1912 51-0 214 296 1-05 232 166
PhCl .o 25 C¢Hg 2:2725 82 31'1 50'9 169 59-1 123
PhMe ..covvvvieiiiniiinns 25 CCl, 2:227 237 311 26 035 25 1-44
Me-:CO,Me .............. 25 CeHyg 2:2725 84 181 659 1-67 578 1-6:
H:COEt .ovviviniinns 256 CeHg 2:2725 96'3 180 783 1-92 76-3 146
Me'COEt .ovvvvninnnnnn. 25 CCl, 2-227 870 223 64-7 1-76 641 1-42
Me-CO,CH,;  wuvnnnns 25 CgH, 22725 109-0 362 72'8 170 598 173
COMe, cevvevevenininnnns 25 CCl, 2227 170 16-2 1538 2-84 1670 1-30
COCl,  eeieiiriiinnnns 0 CCl, 2:2748 44-5*% 171 274 * 1'18 316 1-23
Et,O oo 25 CcCl, 2-227 560 222 338 1-14 269 1-77
25 CeHg 2:2725 545 22-2 32°3 1-14 269 1-71
1S 1 LN 25 CH O, 2306 82:0 37 783 1-79 664 169
MeOH .....ccvvvvnennn 20 Ce¢H, 2-280 652 82 570 168 594 1-37
EtOH ... ... 25 CCl, 2:227 735 12-8 607 1-69 589 1-45
HCN .ot 20 CeHyg 2-280 154 65 147-5 2:88 1747 1-20
PhCN  .iiviiiiiiinnns 20 CcHg 2-280 340 31-6 3084 4-39 4059 1-08
NHEt, ..covivviiiinnnn. 25 CeHg 2:2725 54 24-2 298 0-94 183 2:32
NEt; covviiniiiniiinnns 25 CgHg 22725 51 337 17-3 082 139 177
MeNO, .ovvveveiininnnns 25 CeHg 2:2725 219 12'5 2065 3-78 2959 099
EtNO, ..ccovviviinnnn. 20 CeHg 2280 232 17-0 2150 403 342-1 0-90
T Hexane. 1 Dioxan.

Comparison of Molecular Orientation Polarisation Values for the Solute in

Bulk and tn Solution.

€. d,. 7P,  [Rglp. oP;. S, €. 7Py, oP,. K.

6:533* 2-2463* 4099 193 21'7 CgH, 2:2725 72 527 0-82

7-244* 1-9187% 549 243 306 CeHgy 22725 86 61-7 1-07

4:724 14681 4508 21'4 237 C,Hy 2:2725 475 26°1 1-43

5610 11010 619 311 308 CgHy 22725 82:0 509 1-08

5:397* 1-4879* 62-7 340 287 CgHg 2:2725 82-0 480 1-04

7-50 1-3048 77°1 360 41I'l CgHy 2280 1455 1095 0-83

2:378 0'8543 339 311 2:8 CCl, 2:227 337 26 1-12

7-16%  0-9161* 54'3 180 363 CgHy; 22725 96-3 783 0-99

4-73*  0'8664* 74-2 362 380 CgH, 22725 109 728 0-82

6:680* 0°9255% 523 181 342 CgHy 22725 84 659 1-05

6-030* 0-8938* 617 22:3 394 CCl,  2-227 87°0  64-7 1-16

17-39 1-0237 991 363 628 CgHy 22725 2145 1782 1-60

4:724 1414 384 17-1 213 CCl, 2:2748 48-7%  27-4* 1-23

4:362 07079 552 222 330 CgH, 22725 545 323 1:52

7945 09971 174 37 137 C,H O, 2:306 82 783 3-31

312 07915 368 82 286 CgH, 2-280 652 570 3:86

EtOH ......... 25 2469 0-7852 520 128 392 CCly 2-227 735 60-7 4-08
#n-PrOH ......... 20 222 0-8035 654 1756 479 CgH, 2:280 827 652 4:15
sec.-BuOH 25 ca. 14 0-7987 753 222 531 CgHy 22725 . 89 668 ca. 3
1s0-AmOH 25 140 0-8110 882 268 614 CCl, 2227 86 59-2 3:93
tert.-AmOH ... 18 11-58 0'8136 84-27 268 575 CgHg 2241 852 584 315
CH;-OH®* ... 70 9-161 1-0307 66-7 310 357 CegHy 2-188 70°1 391 243
CH,Ph-OH 20 130 1:0420 829 324 505 C,H;s 216 103:0 706 258
CeH,;,08§ ...... 25 150 09435 873 289 584 CgHy 22725 105 46-6 499
PhCN  ......... 25 2519 10006 916 316 60 CeH, 2:2725 3385 3069 1-24
25 4169 07007 535 242 293 CgH, 22725 54 29-8 142

25 ca. 31 07236 575 337 238 CgH, 22725 51 17-3 1-64

20 54 1-0061 6961 19 506 CeH, 2-280 3556 336 1-97

20 2775 1-1362 483 125 358 CgH, 2280 205 192-5 1-29

EtNO, ......... 20 ca. 30 10430 652 170 482 C,Hy; 2280 232 2150 1-67
m-NO,-C¢dH Me 20 238 11575 1046 374 672 CgH; 2-280 406 3686 1-10
CHBr; ......... 25 4:398*% 2:8750* 467 302 165 CgHy; 2-273 51 20-8 1-19
CS, 264 48 178 ca. 1'3

§ cycloHexanol.
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Comparison of P Values for Substances tn the Liquid and the Gaseous State.

T. € die. [Rp. ol Hvap.- 0P, K.
25° 6-533% 2-2463* 193 217 166 571 1:08
25 9-06%  14283* 191 365 209 905 149
25 7-244% 1-9187* 243 306 20 82:8 114

18 2:347  0-8657 31°1 18 035 26 10
25 4724 14681 214 237 105 29-8 233
20 4-368 07135 22:2 327 114 274 253
0 4724 1414 174 214 1-18 31'5 152
25 20-87 0-7863 162 479 284 1670 219
20 148 0-7799 116 305 2:69 1524  1-12
20 159 1-1051 169 42-2 2-68 1513 1:66
25 56121 1-1011 31:11 308 169 2 591 1-32
145 91 0-9189 180 228 1-92 79-1 1-07
25 6-49%  0-8721* 316 231 190 763 086
25 6-680* 0:9255% 181 342 167 578 171
20 611 0-9005 223 393 1-76 652 163
25 473%  0-8664* 362 380 1-70 59-8 143
25 79:45 0-9971 37 137 179 66-35 561
20 31-2 0-7915 82 284 1:68 594 529
.. 25 24-69 07952 128 392 1-686 589 592
. —33 22 0675 56 143 148 563 203
0 96 0-7115 65 303 2:88 1875 528
25 25:191  1-0006 316 600 4:392 3991 136
4 2:95 067 197 150 082 150 165
21 358 0-7050 242 237 094 185 238
21 315 0-7280 337 242 0-82 141 238
20 2775 11362 12:5 358 378 3009 118

20 ca. 30 10430 170 482 403 3421 15

Refevences.—The above data are collected from the following sources : Trans. Faraday Soc., 1934,
Appendix; Landolt-Bornstein—-Roth, ‘“ Tabellen ’’; International Critical Tables; Beilstein; Sugden,
J., 1933, 7721; Sugden and Groves, J., 1934, 1094 2; Martin, Naiure, 1935, 135, 909 2.
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