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OPTICAL SENSITISATION AND ADSORPTION OF
DYES ON SILVER HALIDE : THE STATE OF
THE ADSORBED DYE.*

By E. P. Davey.

Received in original form 20tli July, 1939, and as amended
17th November, 1939.

Recently a considerable advance has been made in the study of the
theory of the optical sensitisation of silver halide by dyes. In particular
papers by Leermakers, Carroll and Staud,1’2>3 by Sheppard, Lambert
and Walker,4 by Sheppard,5 are of great interest, and will be referred
to often in this study.

Experimental.

The adsorbing medium was a photographic silver bromide emulsion
containing about 3 % of silver iodide, of moderate speed, and chosen
because it responded well to optical sensitisation. 5 c.c. of methyl
alcohol containing the required amount of dye was added from a pipette
to 50 c.c. of emulsion, with stirring, at 45° C., and left at this temperature
for half an hour with stirring. 25 c.c. of this sensitised emulsion was
diluted to 100 c.c. with warm water and centrifuged. The dilution of
the emulsion introduced no error under the conditions of experiment,
since no dye was found to redissolve during centrifuging. The dye was
extracted from the halide by taking the latter up in 100 c.c. of water,
fixing out with 50 c.c. of 40 % sodium thiosulphate, and extracting with
50 c.c. of »-butyl alcohol. In the presence of the thiosulphate, extraction
was very nearly complete. The alcohol layer was separated, made up to
50 c.c. (necessary because of the partial mutual solubility between butyl
alcohol and water), and the dye was estimated colorimetrically. For
alcohol solutions, Beer’s Law holds.

Certain sensitising cyanine dyes were used. The numbering adopted
here corresponds, as far as possible, to that used by Leermakers et al.
Dyes Il, IV and V IIl were thiacarbocyanines of the general formula :

R R X

* Communication No. H740 from the Kodak Research Laboratory, Weald-
stone, Harrow, Middlesex.

1J. A. Leermakers, B. H. Carroll, and C. J. Staud, /. Chem. Physics, 1937, 5>
878.

2J. A. Leermakers, ibid., 889.

3J. A. Leermakers, B. H. Carroll, andC.J. Staud, ibid., 893.

4s. E. Sheppard, R. H. Lambert, andR.D. Walker, ibid., 1939, 7, 265.

4s. E. Sheppard, Optical Sensitisingofthe Silver Halides, 8th Congress of
Chemistry, Rome, 1938, 1, 234-283. %

12



324 OPTICAL SENSITISATION AND ADSORPTION OF DYES

in which R is an alkyl group, R"' is alkyl or hydrogen, and X is a halide
ion. Dye IX was similar, but benzselenazole rings replaced the benz-
thiazole. Dye VIl was pinacyanol, having two quinoline rings, and dye V
a cyanine, with only one methine group in the conjugate chain. Details
are as follows —

Dye II. 2:2/-dimethyl-8-ethylthiacarbocyanine bromide.

Dye IV. 8-methyl-2 : 2'-diethylthiacarbocyanine bromide.

Dye V. i ii'-diethyl-2 : 2'-cyanine iodide.

Dye VII. i :i'-diethyl-2:2'-carbocyanine iodide.

Dye V 11l. 5 :5'-dichloro-2 : 2*: 8-triethylthiacarbocyanine iodide.
Dye IX. 2 :2': 8-triethylselenacarbocyanine iodide.

Dye X. 1:1'-dimethyl-2 : 2'-carbocyanine iodide.

Parallel with the adsorption measurements, photographic tests were
made on plates coated with the dyed emulsion. Spectrograms showing
spectral sensitivity were obtained by exposing the plate in a wedge spectro-
graph, in which an image of a spectrum is projected on the plate, and a
measure of relative spectral sensitivity is obtained by having a neutral
wedge over the slit. These spectrograms may be used as an estimate of
spectral absorption as well as of spectral sensitivity, since it has been
shown,l for some of the dyes used here, that the two properties are
parallel.

The adsorption curves obtained are shown in Figs. 1 and 2, and some
corresponding spectrograms in Figs. 3 and 4. (The divisions in the latter
figures represent an increase of ten times in the incident intensity and
hence in the sensitivity.)

Discussion.

According to Sheppard, on sensitising a silver halide emulsion with
a dye, equilibrium is not reached before 18 hours, using an emulsion
diluted by | :25. For the accurate study of adsorption such treatment
is necessary, but it is felt that though the results shown here will not
correspond to true equilibrium, they will have a closer relation to the
practical sensitising results.

The adsorption and sensitising curves of dye V are shown in Figs.
I and 4. The adsorption curve of this dye is smooth and follows
Langmuir’s adsorption isotherm, though this latter point is probably
fortuitous. The spectrogram shows two regions of sensitivity and
therefore light adsorption in addition to the original sensitivity region
of the silver halide, with maxima at 520 and 570 mp., called here, after
Sheppard et al.f the a and j8 bands respectively. With increasing
concentration the relative sensitivity of the two bands increases at
about the same rate. Dye IV (Figs. 1and 3) behaves in the same way,
having the a and jSbands at 520 and 580 m/r. The very similar dye II,
however, has an inflection in the adsorption curve (Fig. 1), dye IX
(Fig. 2) a more pronounced step, and dye VIII (Fig. 1) a still more
definite two-stage adsorption. Examination of the spectrograms
(Figs. 3 and 4) show that dye Il exhibits principally the « band at quite
low concentration, the jS band appearing at higher concentrations.
With dyes IX and VIII the /8 band appears later in the concentration
series, parallel with the increased clearness of the two steps in the
adsorption curve. It is concluded from these results that the dye is
adsorbed in two forms in all cases, but that, as with dyes Il, VIII and
IX, the a form is first adsorbed, and then the /? form,-with, however,
more or less overlapping.
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Residual dye concenirarion mg/liTre.-

Fig. 1— Absorption of dyes Il, IV, V and V I11.
© Dye V. x Dye V (/3Band depressed).
O - . PR AV A Dye VIII.

Residua! dye ccncenFraFlan myjH ire.
5 10 IS
Fig. 2—Absorption of dyes V11, IX and X.

© Dye IX. O Dye VII.
(Pband depressed). A
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The saturation level is in all cases of about the same order. Each
step may correspond to a unimolecular layer, as suggested by Sheppard
et al.,4 who are of the opinion that a first layer is adsorbed, by means
of the polar nitrogen atoms of the dye molecule, the rest of the molecule
projecting upwards from the surface ; a second layer may adsorb to
the first, in the reverse way, the polar groups projecting towards the
solution. They quote a step-wise curve for dye VII. The curve ob-
tained by the writer for this dye is quite normal (Fig. 2). High dye
concentrations led to precipitation of the dye. In this case they used
pure silver bromide in the absence of gelatin, but they have also obtained
such results in the presence of gelatin.  Their first level is approximately
half the adsorption level for total adsorption, whereas the first levels

\
it0
"\
400 480 640m/J 400 480 560 640mp
Flg. 3—Relative spectral sensitivity of dyes Il, IV and V1.

1. Dye V.4 mg./l. emulsion. 6. Dye Il. 20 mg./I. emulsion.
2oy o 20 y . . v 2

3. . h. i S, 4

4. 2 On . 10

4. 10 10. 20

shown here are at varying proportions of total adsorption. It is con-
cluded that the second sta%e of their adsorption curve for dye VII does
probably correspond to a bimolecular layer, but that this may happen
only on prolonged tumbling of the diluted emulsion and that the
inflections obtained here are in the nature of transition states, which
do, however, correspond to the photographic results.

There are substances which depress the /? band, more or less, of some
dyes, e.g., o-phenanthroline in high concentration. Dye V (Figs. 1
and 4), treated in this way, shows only a single level much lower than
the usual, and has very little 8 sensitivity. Dye 1X (Figs. 2 and 4)
also has a first level only in such circumstances, though higher, cor-
responding to the higher sensitivity of the a band, and there is no true
saturation level; instead, crystallisation of the dye took place, resulting
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in a spurious adsorption curve, for many of the micro-crystals were
centrifuged with the silver halide. Dye 1X is much less soluble than
dye V. Such crystallisation is an explanation of the poor sensitising
behaviour of dye X, the dimethyl analogue of the dye VII, as shown
in Figs. 2 and 4. The adsorption and sensitising appear weakly at low
concentrations, but quite soon crystallisation occurs, as was shown
by microscopic examination.

400 480 560 640m/J 400 480 560 640m/J
fig. 4- Relative spectral sensitivity of dyes V, VII, IX and X.
1. bye VII. 10 mg./I. emulsion 7- Dye IX. 4 mg/l. emulsion.
2. X e 8 ., ., 10 , »
3. Unsensitised emulsion. - . . 20 "
4. Dye V. 4 mg./l. emulsion. 10. 9 . "
[T 20, 1., ., 10 , . ‘:! g p bandd
6. 2. 7 7 20 epressed.

(/3band depressed).

The relation between the light absorption of the dye in different
states in solution, and the absorption of the dyed silver halide, has been
pointed out by Leermakers et al.}and by Sheppard et al. They suggest
that since the absorption of certain aqueous solutions, in which the
dye is most probably aggregated, resembles that of the /? form, the
latter also represents an aggregated state. Scheibe9 in a study of
the absorption spectra of various dye solutions, concludes that the
separate maxima are due to different states of aggregation. Adsorption
from alcoholic solution or from very dilute aqueous solution leads to
the a form only, and hence the latter is assumed to be a unimolecular
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form. It need not necessarily be assumed that the state in solution
determines the state of the adsorbed dye; the writer has found that
successive very small additions of dye Il give first the a form and then
the a + /Sforms, in precisely the same way as when the whole of the
dye is added at once. The dye can therefore be adsorbed in single units,
whatever the final state on the surface.

The optimum photographic dye concentration is always short of
the saturation adsorption level. Leermakers et al? and Heisenberg 7
have published data showing the variation of the original blue and of
the colour sensitivity with dye concentration, and such figures will
therefore not be given here. The amount of dye adsorbed at the photo-
graphic optimum is about 60 % of the saturation adsorption level, in
the cases of the dyes used here. Leermakers et al. found that the
amount of dye used/surface of halide ratio was constant for emulsions
of different types and varying average grain-size, for any one dye, and
concluded that the best explanation of this proportionality between
concentration and surface was that a uniform monomolecular layer was
formed at the photographic optimum. They calculated that the dye
molecules lie flat on the halide surface. However, if in each case the
photographic optimum was a constant ratio of the saturation level,
this relation would still hold good. Eggert and Biltz 8 also estimated
that the dye is approximately unimolecularly adsorbed at optimum
sensitisation.

Conclusions.

To summarise, it has been suggested that the a- and /3-dye forms
correspond to single and aggregated molecules respectively, but at the
same time, at the photographic optimum, a unimolecular layer has
been postulated, with the molecules arranged either flat, or edge-wise,
on the silver halide surface. However, at such concentrations, as has
been shown here, both forms exist. It is here suggested that the dye
molecules are first adsorbed as single molecules, possibly lying flat on
the surface, but with subsequent rearrangement at higher concentrations
to give an edge-on, closely-packed arrangement, as happens with long-
chain fatty acids in water. Scheibe 9 and Jelley 0have shown that the
dye V in certain salt solutions shows the characteristic /3-absorption,
and, according to Jelley, this may pass into a “ nematic ” form con-
sisting of thread-like particles oriented in one direction only (as in a
pack of cards),.and still possessing the /3-absorption. Hence the a form,
adsorbed singly, has a light absorption characteristic of the molecule,
while the /5 form, adsorbed edge-on, and packed in a parallel fashion,
has an adsorption characteristic of the aggregated or Jelley’s nematic
form. Cases of suppression of the /3form may be explained by assuming
that the interfering substance prevents close parallel packing.

Summary.

Adsorption and sensitising data have been obtained for certain sensitis-
ing dyes adsorbed to silver halide. These particular dyes are adsorbed
in two forms, each having a distinct absorption, and the two forms are
often shown up by two stages in the adsorption curve. From the avail-

OE. E. Jelley, Nature, 1937, 139, 631.

TE. Heisenberg, Vet-off. Agfa, 1933, 3, 1x5.

8J. Eggert and M. Biltz, Trans. Faraday Soc., 1938, 34, 892.
9scheibe, Roll. Z., 1938, 82, 1.
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able data it is suggested that these dyes are adsorbed partly as single
molecules attached by the nitrogen atoms to the surface, but possibly
#ymg flat, and partly"as molecules oriented as units packed in a parallel
ashion, adsorbed edge-on, again by the nitrogen atoms. The influence

of factors which may affect this oriéntation is discussed.

The author wishes to thank Dr. E. E. Jelley and Dr. S. E. Sheppard
for helpful criticisms.

Research Laboratories,
Kodak Limited,
Harroiv.

ZWITTERION-STRUCTURES IN UNSATURATED
CARBONYL COMPOUNDS.

By Miss A. Weizmann.

Received isl August, 1939.

In a previous paper,l attention has been drawn to the fact that the
unexpectedly high dipole-moment (4-290) of p-amino-acetophenone
may be accounted for by the assumption that an electron shift has taken
place towards a Zwitterion-structure (1 -> 11) :

H2N— ~ vV -C -> h2h = =/~ = c¢c-c¢ch 3

which naturally would exhibit an unusually high electric moment. It
is to be expected that analogous, perhaps even more pronounced effects
would appear in a, jS-unsaturated aldehydes and ketones in which the
conjugated system is terminated by an amino group.2 This expectation
has been verified by the investigation of the following compounds —

p-dimethylamido-benzalde-

hyde Me,N .C844.CHO 5'to
p-dimethylamido-cinnamic

aldehyde MeN .C8H4.CH=CH .CHO 54D
p-dimethylamido-benzyl-

idene-acetone Me2N .CH4.CH=CH .CO .CH3 5'3D

p-dimethylamido-cinnamyl-
idene-acetone m.p. 120° MeXN .C84.CH=CH .CH=CH .CO .CH3 6-7113
p-dimethylamido-benzal-

acetophenone MeN .C84.CH=CH .CO .CH®6 43D
p-dimethylamido-cmnamyl-
idene-acetophenone Me2N .C84.CH=CH .CH=CH .CO .C& 6 5'4D

The effect appears to be more marked with increasing number of double
bonds in the conjugated system of the ketones. The same seems to be
true for the pair

ethyl p-amino-benzoate H2N .c84.coocH8 403
ethyl p-dimethylamino-cinnamate Me2N .C84.CH=CH .COOCAH5 4-6;

1Bergmann and Weizmann, Trans. Faraday Soc., 1936, 32, 1318.

3Compare Burawoy, Ber., 1932, 65, 941, 947.

3Estermann (Z.physik. Chem. B., 1938, 1, 134) reported the dipole moment
3-3D for methyl p-amino-benzoate.
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in this case, too, the figures are higher than simple addition of the
moments of the amino and the carbethoxy groups would let us expect.
In this respect, the C=0 group of the carboxyl behaves like an aide-
hydic or ketonic carbonyl.

Of p-dimethylamido-cinnamylidene-acetone, we have been able to
isolate besides the substance listed in the above table a second of the
four possible geometric isomers; m.p. 2150. Its dipole moment is
distinctly lower (2-40). This is understood if the polar groups occupy

a ¢ «-position with regard to each other, e.g. 11l instead of IV.
H CO. CEL

H H H ' e=c®

! c=C H W \

< c=C X X

I—/| ' CO.CH3
\ /
NMe, I\IlMe,
Il. V.

In connection with these experiments, we have determined the electric
moment of jM-amino-acetophenone; its magnitude (5.44) seems to
indicate that a similar effect occurs as with the isomeric para-compound,
although no wzefiz-quinoidic formulation of this substance is possible.

The intense colour developed by the nitrogen-terminated conjugated
systems in, e.g., sulphuric acid, may well be ascribed to a stabilisation of
the quinoidic arrangement by addition of the elements of the acid to the
charged system.4 In this connection attention may be drawn to the
salt-formation of amino-azo-dyes; for these substances, we have
advanced previously the suggestion that they, too, undergo an electron
shift in accordance with the scheme V -> VI.

H,N—X N=N— X -> HN=<" ) =N—N—X X,

V. VI

On addition of HX, V would give the yellow salt, whereas VI, by
reaction on the terminal atoms of the charged system, gives the violet
isomer, discovered by Hantzsch.5

Experimental.

The figures in the tables have the following significance : ¢ molar frac-
tion, P density, €dielectric constant, N refractive index, P\ total polarisa-
tion (P” electronic polarisation) for the solution, P (PE) the same for the
solute, PA+O atomic and orientation polarisation, which is either graphically
extrapolated to infinite dilution or of which the average is taken.

lCompare, for a similar case, Wizinger, Z. angew. Chem., 1927, 40, 939.

S5Hantzsch, Ber., 1909, 42, 2129. It may, however, be noted that according
to Kehrmann (Ber., 1915, 48, 1933 ; Ber., 1917, 50, 856) the violet salts need not
necessarily be formulated as quinoidic substances.
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c p- e H. Pi- Py.i- P. Pe- Iat0

p-Dimethylamid o-benzaldehydeb (t = 17*5° Benzen«)_

0 0-8816  2-2830 2-2251  26-589

000345  0-8831 2-4815  2-2255  29-291 809 caled. 763
0x 0679  0-8846 2-5813 2-2258  30-624 621 46 575
0-00878  0-8855 2.7300 2-2261  32.479 69s 652

Pa+o0 (average) = 664. p = 5-6d.

p-Dimethylamido-cinnamic aldehyde7 (<= 21-3° Benzene).

0 0-8771  2-2813  2-2457 26-611 | 26-092 — —
0-00178  0-8788  5.3447 2-2494  27-530 126-153 543 60
0-00279  0-8798  2-3990 2-2503  28-295 1 26-172 630 55

0 0-8699 12-2691 | 2-2323  26-656 | 26-108  _
0-00316  0-8713  2-4123 | 2-2380 | 28-767 | 26-254 1 goa 72

P a+o (average) = 598. p = 5-4D-

p-Dimethylamido-benzylidene-acetone8 (i—24-2° Benzene).

0 0-8737  2-2754  2-2380 26-632  26-079 — —

0-002s0  0-8741  2-3861 — 28-313 — 627 (86)
000503 0-8744  2-5197  2-2471  30-210  26-382 738 87
0-00706  0-8747  2-5878  2-2500 31-169  26-492 669 85

Pa +o0 (average) = 592. p = 5-30.

p-Dimethylamido-clnnamylidene-acetone9; m.p. 120/2° (t—254° Benzene).

0 1-0273  2-2385  2-0116  25-031  21-601 — —
0-00136 1-0269  2-3294  2-0140 26-365 21-692 1006 89
0-00196 1-0268  2-3767  2-0150 27-034  21-727 1045 85

Pa+o (average) = 939. p = 6-70.

6Commercial sample ; recrystallised from light-petroleum (b.p. 80-100°) ;
m.p. 63°.

7Koenig and Schramek, Bey., 1928, 61, 2078. From alcohol, leaflets, m.p.
141-.

8In order to obtain p-climcthylamido-benzal-acctone, it is necessary to
change the conditions stated by Sachs and Le m [Bey., 1902, 35, 3576) : 3 g.
dimethylamido-benzaldehyde and 10 c.c. acetone were condensed in 6 c.c.
alcohol in presence of some drops of sodium hydroxide solution. From alcohol,
m.p. 135-136°. If the aldehyde is condensed with 1-5 g. acetone only, the con-
densation product, recrystallised from benzene-light petroleum, melts at 191-192°
and is bis-(p-dimethylamido-benzal)-acetone (Sachs and Lewin, l.e.).

9When to a mixture of dimethylamido-cinnamic aldehyde (1-3 g.), acetone
(0-3 g.) and alcohol (12 c.c.), a few drops of NaOH solution were added, crystals
separated on standing which after treatment with butyl alcohol and recrystal-
lisation from acetone, melted at 215°. The analytical figures concord with
the formula of dimethylamido-cinnamylidene-acetone (Found : C, 78-1; H, 6-5.
C~Hj-ON requires: C, 78-1; H, 7-9 %).

In an experiment, in which 2-5 g. of the aldehyde and 10 c.c. of acetone in
12 c.c. of alcohol were condensed, the reaction product, after «crystallisation
from benzene, had m.p. 120-122° and gave the same analytical figures (Found:
«C, 774 ; H, 76. CjjH~ON requires: C, 78-1; H, 79 %)-

12 *
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c. - i. n2. Pi- PH. P. Pf  Pa+to-

p-Dimethylamido-benzal-acetophenone 10 (I = 20-3° Benzene).

0 0-8783  2-2834  2-2440  26-609  26-061  — -
0-00276  0-8791  5.3536 2-25x5  27-799  26-279 457 105 352
0-00316  0-8794 23927 9.0533 28-358  5.355 491 104 357
0-00642  0-8801  2-5056  2-2596 gewegq  26-578 560  x06  4o4

Pa+o (average) = 398. y. = 440.

p-Dimethylamido-cinnamylidene-acetophenonell (t= 26 0° Dioxan).

0 10272  2-2301 2-0135 24-911  21-634  — - -

000x47 10279 2.29x7 2-0203 25-848 21796 660 132 528
0002x6  1-0282  5.3431 20224 26-590 oi.855 803 124 679
0-00324  1-0286 2-3806 2-0278  27-151 21983 716 129  s5g7

-Pa+0 (average) = 598. 1 54D>

Ethyl {3amino-benzoatel2 (i — 19-4° Benze

0 0-8794  2-2852  2-2500 26-603  26-08S - -

0-00386  0-8813  2-3962  2-2524  28-229  26-174 447 48 399
0-00620 0-8825 24311 2-2512  28-743  26-193 372 49 323
0-00848  0-8837  2-4659  2-2536  29-247  26-260 339 46 293

Pat+o (average) = 34°- p = 4‘OD.

Ethyl p-dimethylamino-cinnamatel3 (t — 18-8° Benzene).

0 0-880i 22964 2-2407 26-599 25-929 - -
0-00480  0-8828  p.4541  2-2545 29097 26-280 47 g9  4ds
0-00676  0-8838 25312  2-2563 30-188 26-368 856 o1 465

-Pa+o (average) = 457. y = 4-6d.

p-Dimethylamido-cinnamylidene-acetone (m.p. 215°) “(t  20-0° Dioxan).

o) I 1-0284 | 2-3141 1 2-0170 1 26-065 21-664
0-00040 1 1-0314 1 2-3239 1 2-0218 1 26-138  21-690 37 123
124D

m-Amino-acetophenonell (i = 18-2° Benzene).
0 0-8808  2-2876  2-25x5  26-995  26-069

38 503

0-00457  0-8827 54541 2-2530  28-945  26-122 54y
0-00747  0-8839  2-4999  2-2536  ,9.574 26-151 426 37 as9
0-01078  0-8852  ,.5435 2-2560  30-165 26-208 363 39 324

-Pa+o (average) = 635. p = 54d.

10sachs and Lewin, l.c.s From alcohol, m.p. 114°.

1l Dimethylamido-cinnamic aldehyde (1 g.) and acetophenone (1-5 g.) were
gently heated in alcohol (10 c.c.) in presence of a few drops of NaOH solution
for 5 minutes. On cooling, brown, shiny needles separated, which after recrystal-
lisation from methyl alcohol, had m.p. 155-1570; yield 0-6 g. (Found : C, 83-0 ;
H, 6-3. CjgHjsON requires: C, 82-3; H, 7-0 %).

12Ccommercial sample ; from alcohol, m.p. 91-920.

13Sodium wire (2-3 g.) is suspended in ethyl acetate (20 g.) and a solution
of p-dimethylamido-benzaldehyde (14-9 g.) in ethyl acetate (30 g.) is added.
The reaction is slow, but goes to complete solution of the sodium. Glacial
acetic acid (6 g.) is added, the product washed with water, dried with sodium
sulphate and evaporated. The residue is recrystallised from light-petroleum
(b.p. 80-100°) ; m.p. 70°. weil, Monatshefte, 1908, 29, 900.

11 Acetophenone was nitrated according to Elson, Gibson and Johnson
(J. Chem. Soc., 1930, 1130) and the m-nitro-compound reduced in the following
way : 10-5 g. were mixed with 24 g. granulated tin and gently heated. Then
concentrated hydrochloric acid was added in small quantities, ~until all the metal
had dissolved. Alkali was added and the amino-compound isolated by extrac-
tion with ether (yield, 5g.). Recrystallisation from benzene gave slightly yellow-
ish plates, m.p. 99°.
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Summary.

The occurrence of Zwitterion-structure is detected in compounds of the
p—dimethyl—amido—benzaldehyde, p—dimethylamido-benzal—acetophenone
and ethyl p-amino-benzoate type by means of dipole-moment measure-
ments. The difference in electric moment of two isomeric dimethyl-
amido-cinnamylidene-acetones obtained is discussed.

The Daniel Sieff Research Institute,
Rehovoth, Palestine.

AN INFRA-RED STUDY OF CHLORAL HYDRATE
AND RELATED COMPOUNDS.

By Hansel M Davies.
Received 14th August, 1939.

The inter- and intra-molecular interactions of polar groups have
recently been the subject of many spectroscopic investigations.l In
particular, the influence of both molecular association and of adjacent
substituents upon the valence vibration of the OH group has been
observed in infra-red absorption spectral The present paper is prin-
cipally concerned with the second mode of interaction. It may be
taken in three sections: the first presents some new experimental
observations on absorption spectra of this type ; the second is con-
cerned with the evaluation of bond-energy differences from frequency
changes; whilst the third discusses the probable origin of these energy
differences.

PART I

The clearest example of the effects studied is that of o-chlorophenol 2
where the interaction of the Cl and OH groups leads to two orientations
of the latter, the cis- form (I) being favoured
with respect to the trans- (II) by an amount
corresponding to an energy difference of about
1400 cal./g. mol. It is now to be established
that a similar interaction is responsible for
the peculiar stability of chloral hydrate, W/
QC13.CH(OH)2  This compound and its .
analogue bromal hydrate are the only two )
common stable derivatives in which two
hydroxyl groups are attached to the same carbon atom.

Experimental.

The methods were essentially those previously described.3 A Nernst
glower was throughout the source of radiation. Quartz, fluorite, and rock-
salt prisms have been employed in the present measurements and a rock-

1Sutherland, Ann. Rep. Chem. Soc., 1938, 35, 38.
2Pauling, J. Amer. Chem. Soc., 1936, 58, 94. Davies, Trans. Faraday Soc.i

193s. 34, 1427 .
S3Davies and Sutherland, J. Chem. Physics, 1938, o, 755.
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salt cell of similar construction to the fluorite ones has been used beyond
x0 p. Analar solvents were used without further purification. The solvent
corrections were repeatedly checked between the runs made with the
solutions, and all the absorption curves reproduced have been corrected
for the cell and solvent efiects. The chloral and bromal hydrates were
purchased from Messrs. Harringtons : careful recrystallisation from CS»
had no noticeable effect on their absorption spectra. The setting of the
prisms was done with the visible lines from a small Hg-discharge tube,
and subsequently checked on the sharp OH absorption band in dilute
CClj solutions of benzyl alcohol at 2-764 p : for the fluorite and rock-salt
prisms the 4-26 p atmospheric C02band was plotted for confirmation.

Results.

A determination of the absorption of chloral hydrate in the region
2-6 p to 3-0 p in CCl4shows the significant result that the OH band in
this molecule is centred at
2-82 p.. Fig. 1shows a typical
curve for a saturated solution
in CC1ll The main band is
located at 2-82 p, whilst
weaker peaks appear at 2-70 p
and 2-90 fx. Of these feebler
absorptions, that at 2-70 jx is
certainly an overtone or com-
bination band characteristic of
the CCI3 group, as it occurs in
all the compounds containing
this structure which have been
examined ;3 the shoulder at
2-90 fx is probably a combina-
tion band involving the C—0
frequencies.

The position and intensity
of the 2-82 p. band leave no
doubt as to its origin. The
concentration of the chloral
hydrate in the solution used
was estimated as about

3-0 0-0060 m. and the consider-

Fig. i.—Absorption of 5-0nmm. layer of able intensity of the band
0-006 m. chloral hydrate in cCc14. under these conditions is
typical of the OH group. The

only other common fundamentals occurring in this region are those of
the C—H bond which appears in the range 3-25 p (aromatic) to 3-45 p
(aliphatic), and of the NH group which is near 3-00 p. Attempts to
confirm the origin of the 2-82 p. absorption by observations on CCl4
solutions of chloral (CCI3.CHO) in the same region failed because
these solutions rapidly became saturated with the hydrate due to
absorption of atmospheric moisture during the filling of the cell. Only
by twice distilling the hydrate from concentrated H2S04 in an all-glass
apparatus protected by a stream of dry air could the chloral be satis-
factorily freed from the hydrate and exposure to moist air quickly led
to the formation of sufficient hydrate for this to crystallise out. Chloro-
form, HCClg, and ethyl ether, C,H5.0 . C2H5, which together contain
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all the groups and bonds present in chloral hydrate other than the
hydroxyl, show at concentrations 100 times greater than those of the
hydrate no signs of an absorption centred near 2-82 fx

It is now well established4 that simple alcohols in dilute CCHU
solution have a sharp absorption band arising from the valence OH
vibration the peak of which is within the range 2-750 fx to 2-770 jx On
the attachment of a carbonyl oxygen to the same carbon atom as the

yO
hydroxyl, i.e., in —C\ the interaction of the C= 0 and 0—H
— OH
groups shifts the fundamental band of the latter to 2-84 jx Compared

with a simple hydroxylic compound such as methyl alcohol, CH3—O/ H,

where the potential barrier restricting free rotation of the hydrogen
about the C—0 bond is small,5in the carboxyl structure the OH group
is now locked in the m-position.6 The same shift to longer wavelengths
of the OH fundamental is also apparent as betweentrans-and cis-
o-chlorophenol (from 2-775 fx t02-825 p)- It seems certain that the
location of the OH fundamental in chloral hydrate at 2-82 /x arises
from circumstances similar to those just mentioned. It suggests that
the OH groups are again clamped in a position corresponding to
maximum interaction with the adjacent dipoles, each OH group lying
in the plane defined by a C:L\XC—C group, with the hydrogens tled
towards the chlorines (I11). It can easily be seen that
if the hydrogens were free to rotate about the C—0 \
bonds they might approach one another very closely n ,
and the elimination of H2 would then be a simple ¢l C C H
process. Several careful plots of the band havef ailed / \
to show any indication of even a shoulder in the ab- 0
sorption curve near 2-76 /x so that the occurrence of h
structures, in which one of the OH groups is free, is not Jiili
detectable. The band does appear to be broader than
that for a monohydroxylic alcohol examined under the same conditions.
It may be that, the restoring force governing the vibrations of the
CI\ yQ

hydrogens perpendicular to the 'C—C"' -plane being small, the
amplitude of this vibration is responsible for a slight variability in the
force-constant of the wvalence 0—H
vibration.

Having established the distinctive
change in the OH frequency, it was

/ 'nterest t0 investigate whether the

interaction was also noticeable by its

* influence on the CCB group. A major

V, Yjs uncertainty in the interpretation of these
JiYi V) results lies in the assignment of the CC13

frequencies which, in the absence of a
complete vibrational analysis, has to be made largely by comparison

4Fox and Martin, Proc. Roy. Soc., A, 1937, 162, 419.

5Borden and Barker, J. Chem. Physics, 1938, 6, 553.

6Bauer and Badger, ibid., 1937, 5,852. Morino and Mizushima, Proc. Instil.
Phys. Chem. Research, Tokyo, 1937,32, 33. Davies and Sutherland,3p. 762. See,
however, Coop, Davidson and Sutton, J. Chem. Physics, 1938, 6, 905.
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with the simpler molecule, CHCIS. According to Kohlrausch 7 the two
valence vibrations for CHCIS (IV and V) (of which vZ3 is doubly de-
generate) are to be assigned as v3= 668 cm.-1, vZ3= 760 cm.,8 which
would correspond to absorption bands at 15-0 /x and 13-2 /a respectively.

A careful examination of the absorptions of chloral hydrate and
trichloracetic acid in the region 11 ix to 15 ix was made using a rock-salt
prism : trichloracetic acid was chosen for comparison as being the
molecule nearest in structure to chloral hydrate. Several measurements
of trichloracetic acid in CS2 (Fig. 2) show two distinct bands. One,
centred at 14-25 + o0-1ix seems to be the equivalent of v3 in CHCRB:
its contour suggests the appearance of the P-, Q-, and R- branches of
a parallel vibration. The second has its main peak at 12-2 /x with a
subsidiary at 12-7 /x: a doublet nature is to be expected for v23 in this
case, as the degeneracy is now removed. Absorption curves for chloral
hydrate in CS2 (Fig. 3) similarly showed peaks at 12-35 P and !2-75 /x

almost coinciding with those in the acid. The centre of what has been
taken as the v3band, however, is now located at 13-7 ix which is far re-
moved from its position in trichloracetic acid, amounting to a frequency
shift of 28 cm.-1. The higher frequency of v3 in chloral hydrate com-
pared with the acid is not what would have been expected if the inter-
action in the former merely led to the C—CI bond being stretched along
its length. The result may mean that the principal effect consists in
a lateral displacement of the CI atoms opposite the hydrogens, which
in itself would probably result in a steeper potential curve along the
C—CI direction. It is to be noted that the present interpretation of
these results does not conflict with the Raman data for these molecules.8

There is a further fundamental of the CCI3 group, which Kohlrausch
surprisingly assigns to a deformation vibration, at 1215 cm.-1, i.e.,

7Z. physik. Chem., B, 1935, 28, 340.

8Cabannes and Rousset, Ann. Physique, 1933, 19, 229 ; and ref. 7.

87Parthasarathy, Phil. Mag., 1934, 17,471. Kohlrausch, Koppl and Pongretz,
Z. physik. Chem., B, 1933, 21, 242.
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within the experimental infra-red range, at 8-2 p. The region 7-5 jl
to 8-5 [x was examined, using a fluorite prism. The absorption curve

12-0

Fig. 3.—Absorp-
tion of satur-
ated solution
chloralhydrate
in CS2

Cell thickness
= 1*5 mm.

14--0

for trichloracetic acid was found to have a strong band at 7-96 p with
shoulders at 7-87 p, 8-16 p, and 8-24 p, the central peak, from its in-
tensity, almost certainly corresponding to a fundamental. Plots made

of chloral hydrate showed the
main absorption at 8-21
+ 0-0i /x, but subsidiary
bands in the neighbourhood
are so numerous as to make
interpretation far too specu-
lative.

Bromal Hydrate. (Fig.
4). This compound has been
examined only in the short-
wave region of the OH funda-
mental. In both CS2and CCH4
solutions the main absorption
is at 2-81 i o0-0i p. In the
five plots of this absorption
which have been made there
are indications, although these
are admittedly slight, of an
irregularity corresponding to
an absorption at 276 p. The
latter might well arise from a
small proportion of “ free ”
OH groups, the presence of
which would coincide with the

Fig. 4---Absorption of bromal hydrate in
CcS2 Nearly saturated solutionin 25 mm.
cell.

lower stability of bromal hydrate relative to chloral hydrate. The
published measurements on water in these two solvents 9 show that in

9Borst, Buswell and Rodebush, /. Chem. Physics, 1938, 6, 61. Kinsey and

Ellis, Physic. Rev., 1937, 51, 1074.
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CCH4 it gives only a single absorption at 2-70 p, whilst in CS2 the ab-
sorption of a saturated solution is far too small to have been recorded

in the present measurements.

Benzoin. (Fig.5). Several measurements of CCHsolutions of benzoin,

Fig.5— Benzoin
in CCIlj solu-
tion saturated
at room tem-
perature.

3-05 mm. cell.

C6H5. CHOH . CO . CéH5, have been made and two broad but easily
separable absorptions were found near 2-78 p and 2-89 p ; these must
be attributed to the different orientations of the OH group with respect

2-70 2-80 2-90
Fig. 6.— 0-090 m. o-bromophenol in CClj at 17°C.
3-05 mm. cell.

to the C=0 group.
The abnormal
breadth of these OH
absorptions is also
apparent in the over-
tone region,10 and
the one at 2-89 p has
now been resolved
into a number of
peaks. So different
is this from the usual
appearance of these
bands that their
identification was
confirmed by exam-
ining benzophenone,
CeH5. CO . C6H5 in
the same region,
throughout which it
was found to have
no appreciable ab-
sorption. The pe-
culiar width of the
bands is presumably
due to the coupling
of the OH frequencies
with  other much

lower frequencies in the molecule, but why this should be so pronounced

10W ulf and Liddel, J. Amer. Chein. Soc., 1935, 57, 1464.
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in the present instance is not clear. Although the estimate of the band
intensities was not very reliable owing to their width, it sufficed to show
the increase of the 278 p. absorption relative to the 2-89 /x with rising
temperature.

Ortho-bromophenol. (Fig. 6). This solute was carefully examined
at both room temperature and at 75° C. in CC}4. The main absorption
consists of a symmetrical peak at 2-84 /x, whilst a small but less regular
absorption, centred at 2785 /x, was also shown. These correspond to
the cis- and trans- forms respectively. From the integrated absorp-

tions ~8 = Jlogl0 dX = kc\~, making allowance for the overlapping

of the bands, the relative concentrations were found to be 4-31 : 1 at
17° and 2-95 : 1 at 75°. Assuming an equilibrium determined by a
statistical factor eEIRT, the values of the energy difference of the isomers
would be 850 and 760 cal./g. mol., from which a mean value of 800
cal./g. mol. may be accepted.

PART L

In this section the relation of the frequency change in the OH group
between two structures and the corresponding energy difference will
be discussed on the basis of the results now available. The lowering
in frequency on association of the alcohols was linked by Fox and Martin 11
with the energy involved on the basis of the Morse potential function.
The latter gives for the energy of dissociation from the vibrationless

evel, D — where we is the vibration frequency for ideally

small displacements and % is the anharmonicity factor : ae is related
to the observed frequencies by vn= nwe[i — (n + i)x], where 1= 1
for the fundamental, n = 2 for the first overtone, etc. Clearly if * is
the same for the two forms of the molecule, 8DjD = Bwe/oje and their
energy difference 8D can be estimated directly from S&>e using a reason-
able value for D, the dissociation energy of the hydroxyl group (e.g.,
113 k. cal./g.mol.).

A direct test of the identity of x for the two forms of each molecule
is very desirable, but only for O-chlorophenol and o-bromophenol are
the locations of the origins of the relevant absorptions sufficiently
precise to give significant results. These are shown in Table I.

The figures in brackets involve a frequency observed in the pure
substance : the others refer to CCHY4 solutions. There seems little doubt
that x varies by about 10 per cent, between the two forms of the same
molecule. It has been confirmed that with the data at present avail-
able (e.g., for benzoin, monomeric and dimeric acetic acid, monomeric
and associated alcohols) the evaluation in this way of the energy
difference between two molecular configurations as the simple differ-
ence of their D values gives only such meaningless results as in Table I,
where these differences have the wrong sign. This general anomaly
partly results from the fact that the anharmonicity factor is found to
be larger for the form in which interaction occurs.

Returning to the simplified relation used by Fox and Martin,

Table 11 shows the values of 8o — .r— ~ — r x 113 k. cal./g. mol.
i(wi + w2

11 See ref. “
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The corresponding values to 8D from other methods are given in the
last column.

The spectroscopic estimates of the energy differences are obviously
only of the correct order of magnitude, although it must be emphasised
that, except in the case of the carboxylic dimer, more accurate values

are also desirable for the last column.

TABLE 1I*
Compound. Fr&%f?ffy X. 102
Cis-chlorophenol 354°") 2291 . A
69x0 "> R-ai T 2934
10086 uJy
(12993) 2-60
2'rans-chlorophenol 36031 2.081
7050 >
i°33iJ
(13328) 2'39
Cts-bromophenol 3520 N
10001 251
7>a«i-bromophenol . 3595 *
10317 2708

«V

3714

3760

3710
3760

D (k. cal./
g. mol.).

107-7

122*1

99-95

123-37

* (Data taken from Freymann, J. Physique et Radium, 1938, 9, 517 ; Dauvies,
Trans. Faraday Soc., 1938, 34, 1427)

A linear relation between 8D and

are about double the estimates otherwise made.

is also to be expected on

the basis of a simple potential function recently suggested by Sutherland 12
as a useful representation of the conditions in diatomic linkages. ~This
is partly borne out by the fact that the spectroscopic values in Table 11

This empirical cor-

respondence is probably the best which can be attained at present.

X X 10"

2%22
2*30
2*20
2*00

TABLE II.
Molecule. Structure. «'(lundamental) «

o-Chlorophenol cis- 3540
trans- 3603

o-Bromoplienol cis- 3520
trans- 3595

Benzoin cis- 3454
trans- 3604

Acetic acid monomer 3525
dimer 3030

Ethyl alcohol . monomer 3634
associated 3373

cerned.

2*20

PART III.

Perhaps the major interest in the molecular systems being discussed
lies in the determination of the origin of the interaction energies con-
It is the object of the present section to indicate that in many

15Proc. Indian Acad. Sei., 1938, 8, 341

we.

37°4
3772
3690
376s
3613
3770
3672
3155
3802

3529

SD.

2*06
2*31
4*80
17*%2
842

SE

i to i*7

0*8

7*8

40
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cases, at least, these may be accounted for by dipole interactions with
the addition of the induction and possibly dispersion effects. The
origin and magnitude of these forces have been clearly discussed in a
summarising paper b%/ London.13

In this respect the carboxylic acid dimer is the most instructive
example, as both its structure and the experimental value of SE are
accurately known. For the former the datal4 lead to the representation
shown (VI), where distances are in Angstrom units. In the subsequent
calculations, unless otherwise specified, interatomic distances and
dipole moments have been taken from Pauling’s book,15 and most of
the group polarisabilities (a) from Waters.16 In the present instance,
we have taken pc,0= 250D /.0-n = i-66a, pcC_ 0= 07D (the last

TABLE III.
jron 267 ’ —- __In(/IK
ao H~o, —H c—0 c==0
1]/ I'In (B>
{c*'5
%o H- c=0 5955 +883 — 1680
04 c-0 + 458 -144 + 883
O -H — 148 +455 -5955

from Sidgwick and Bowen 17) ; aCad = 1-35 a0_n = i-O, ac_0 = 2-0,
in units of 10-24 c.c. In calculating the interactions an accurate scale
model of the planar group has been drawn and the distances required
obtained from this. For the simple dipole interaction the moments
have been resolved into point charges located at the appropriate atomic
centres. Taking the separate interactions of each group in one half
(A) of the carboxylic dimer with those in the other half (B), a total
Coulombic contribution to SE of — 11,200 cal./g. mol. is obtained,
distributed as in Table I11:

The value — 5955 cal. for the C=0 and OH interaction is in agree-
ment with the similar values for this factor previously calculated by
a different method by Moelwyn-Hughes.18

The induction effect for a dipole ~ orientated at an angle 9t to the
line joining its centre to that of a group of polarisability au is given by

U— — + 3 c0s29j) : R is the distance between the centres

FRAR
of the interacting systems. This energy, being necessarily negative,
invariably corresponds to an attraction. For the total interaction
between two groups the contributions of and au, pn and sq must be
added. Thus, the total energy in the present instance will be the sum
of eighteen terms of the form above, and this total is found to be 2240
cal./g. mol.

It remains to evaluate the dispersion interaction for which London,
in the same circumstances as the above, has given the expression

U= —m~"/shR9. (1 + 3 cos29t) . \2 ¢ Here is the “ oscil-

15 Trans. Faraday Soc., 1937, 33, 8.

1l Pauling and Brockway, Proc. Nat. Acad. set., 1934, 20, 336.

15 The Nature of the Chemical Bond, Cornell Univ. Press, 1939, p. 146.
16J. Chem. Soc., 1933, 1551.

17 Ann. Rep. Chem. Soc., 1931, 28, 402. 18/. Chem. Soc., 1938, 1243.
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lator strength ” appearing in the simple dispersion formula which gives
the polarisability ax of the group, of which v2is the resonance electronic
frequency. To evaluate these terms, the approximate relation
%i2= 3hi'lal/2 is combined with the assumption that vt may be
identified with the frequency corresponding to the ionisation potential
(Fj) of the same group (hvt — eFj) : at the same time this involves
the replacement of the summation by a single term. It is obvious
from the appearance of the term (V2 — vj2) that the net interaction
of two groups will be the difference of two terms : e.g., the C=0 group
acting on the OH of the opposite molecule leads to U — —7380 cal. :
the OH acting on the C=0 gives U=+ 10,590 cal. This gives the
impossible result of a net repulsion of 3210 cal. between these two
groups: impossible, because the dispersion effect must necessarily
lead to an attraction. A great proportion of the error in this evaluation
is introduced in the substitution used for mxX2. This is avoided in the
case of two groups at random orientation with respect to one another,
for which the total dispersion interaction simplifies to

£/= - 3h/2R«.ak11.-"E -.

VT M1
At their distance apart, the groups mentioned (if at random orientation)
would yield an attractive energy of 1090 cal./g. mol. This is certainly
a better estimate of the true order of magnitude of the dispersion
energy. For the other groups, owing to the R~6 term, this contribu-
tion is bound to be much smaller, and for the present it is neglected.
It is noticeable in these circumstances that the dipole interaction
is certainly much greater than the dispersion effect. This order is
contrary to their contribution to the van der Waals forces in many
instances.19 But the reason is not far to seek. The interatomic

distances here dealt with are too small to make the condition RJ <CkT
necessitated in London’s comparison of these forces of any further
validity. Thus, for the C=0 and 0—H groups, = 26-5 x icru

ergs per molecule, compared with KT = 4-0 x 10~14 at room temperatures.
Further, the fixed orientation of the dipoles with respect to one another,
means that their interaction approaches the maximum possible

("J — — -~5-~ where the dependence is upon R~3, rather than R~6 as

occurs for the tandom orientation at large distances involved in the
van der Waals forces.

It has been found that the simple and induced dipole effects together
give an interaction energy of 13,440 cal./g. mol.,, compared with a
measured SE for formic and acetic acids in the gas phase 20 near 15500
cal./g. mol. In the first place, it may safely be suggested that the
difference, 2060 cal. or 13 per cent., may be attributed to the dispersion
forces. This proportion might well be used as a fair estimate of the
relative contribution of this effect as between orientated groups in
molecular structures : for the 13 per cent, in the present instance is
the mean over several groups at various distances. Further, the fact

18London, loc. cit. 13 p. 19.
MacDougall, J. Amer. Chem. Soc., 1936, 58, 2585. Coolidge, ibid., 1928,
50, 2166.
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that 87 per cent, of the observed interaction energy can be accounted
for on the simple basis of electrostatic forces makes the introduction
of any resonance effects connected with a “ hydrogen bond ” of small
import in this case. This conclusion agrees with the general sense of
the spectroscopic analysis of this structure.3

The Monomeric COOH Group. A simpler example of the opera-
tion of the foregoing effects is found in the
structure of the monomeric carboxyl group. 0 0
This might be expected to occur in the cis- / —
and trans- forms, (VII) and (VIII). Calculation \ g \
of the interaction of the two groups C=0 and 0 0
O—H in these cases, using the same data as H
for the dimer except that the 0 —H bond dis-
tance is 0-90A, and < COH = no° gives the (vin (v
following results (cal./g. mol.) :

Dipole interaction  Induction effect. Total.

(a) Cis-form . . —10,960 —3490 — 14,450
(b)y Trans-form . . — 4,100 —2930 — 7,030

The difference of 7420 cal. in these totals may be taken as a measure
of the stability of (VI1) relative to (VII1). Using afactor of esE/Kr, it may
be estimated that at room temperatures the relative frequency of occur-
rence of the two forms is 3-62 X i05:1 This conforms with the
complete absence of the structure (VIII) as indicated by spectroscopic
analysis.2L

Benzoin. Another molecule in which the same two groups interact
is benzoin, C6H5CHOH . CO . C6H5. Here, the interposition of the
C—C bond reduces the calculated energy difference to 3530 cal./g. mol.:

Dipole interaction. Induction effect. Total.
Cis-form . . . 3790 515 4305
Trans-form . . . 556 220 776
NO*Ct This value of 8E is of the same order as that (4800)
'PAS' t estimated in Part Il from the frequency shift between
tsg\/'"20 the two forms.
) W ’h o-Chlorophenol. In treating this molecule the

Vell ectron difaction value of the C—€l distance in
chlorobenzene has been used,2 and the moments

(1X) fci-c = I's6d, 710-11 = 1"73d ;
Dipole interaction. Induction effect. Total.
Cis-form . . . 2040 468 2508
Trans-form . . . 432 293 725

The estimated difference of 1780 cal./g. mol. is in reasonable agreement
with the value of 1400-1700 cal. deduced from estimates of the relative
intensities of the absorptions corresponding to the two forms of the
molecule.

o0-Bromophenol. The energy values are very near those in chloro-
phenol, and give an estimated energy difference of 1630 cal./g. mol. :

8l Bauer and Badger, J. Chem. Physics, 1937, 51, 852,
2Glasstone, Ann. Rep. Chem. Soc., 1936, 33, 76.
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Dipole interaction. Induction effect. Total.

Cis-iorm 1820 638 2458

Trans-iorm . 482 350 S32
Chloral Hydrate. It is very probable

that owing to the interaction of the 0 — H
and C— Cl groups the structure will be in or
near one plane. Accordingly, the form de-
picted has been assumed for this system.
Taking the cis- and trans- orientations as
corresponding to the clamped and free forms

(X) of the 0 — H group, and calculating the two
contributions as before :

pole interaction. Induction effect. Total.
Cis-iorm 3760 1080 4540
Trans-form . 90 430 520

It is seen that the «s-orientation of each OH group is stabilised by an
interaction energy of about 4300 cal. which would correspond to a
frequency distribution of 1700 : 1 in favour of the clamped position,
or of 2*9 X io6:1 as between the structure with the two hydroxyls
towards the chlorines and thatwith them both in the opposite orientation.

Summarising these results, it is clear that simple electrostatic forces
are sufficient to account for a considerable variety of interactions in-
volving the OH group. Provided the interactions are endowed with
the requisite energy their other characteristics follow, and these appear
in a continuous range from the simple cis-trans- distribution in o-chloro-
phenol to the formation of a new molecular species of considerable
stability in the case of the carboxyl dimer. There seems to be no strong
practical reason for the introduction of a special mechanism of a “ hydro-
gen bond ” to account for the observed energy effects, and although the
existence of a resonance contribution is an a priori likelihood in most
cases, its magnitude would often appear to be negligible.

Summary.

(i) Infra-red measurements on chloral hydrate in solution have shown
a considerable interaction between the OH groups and the adjacent CC13
radical. This interaction is related to the peculiar stability of the com-
pound and similar results for analogous structures are presented.

(ii) The relation of the frequency change in the OH group between
two structures and the corresponding energy difference is discussed. The
unsatisfactory nature of those estimates assuming identical anharmonicity
factors in the two structures is indicated.

(iii) Electrostatic energies are evaluated for interactions involving the
OH group. W ith reasonable assumptions, these are found to account
for the observed effects in a considerable variety of cases, and it is sug-
gested that the magnitude of the resonance contribution to the stability
of the “ hydrogen bond ” may often be negligible.

The author owes the suggestion of examining chloral hydrate in
the infra-red to a discussion with Dr. T. P. Hughes. He is also in-
debted to the Department of Scientific and Industrial Research for
a Senior Award, and to the Chemical Society for a grant.

The Department of Physical Chemistry,
Cambridge.



THE VAPOUR PRESSURE OF OLEUM.
By F. D. Miles, H. Niblock and G. L. Wilson.
Received 29th August, 1939.
In addition to the vapour pressure determinations of McDavid1l

for oleum containing up to 40 % of pure sulphur trioxide, at temperatures
between 10° and 50° two other series of data are to be found in the

literature. The first was published by Knietsch in his well-known
paper of 1902 2 and the second was contributed to the International
Critical Tables (Vol. Ill) by the Eastern Laboratory of Messrs. E. I.

duPont. Both series cover most of the temperature range 20°-100° C.
and of the concentration range 0-100% free trioxide, but in neither
case are the actual experimental results given, or the method by which
the figures in the tables are derived from them. Knietsch indeed has
stated that “ On this account ” (that mercury is attacked by pure
sulphur trioxide) “ the measurement was carried out in an iron apparatus
by means of a manometer, which was quite accurate enough for experi-
mental purposes.” Below the title is given “ (£ vol. Oleum -f- £ vol.
Air) ” from which it appears that the containing vessel was only £ filled
with acid, having air above the acid presumably at one atmosphere
pressure. The pressures recorded are evidently the excess over about
an atmosphere, but whether any deduction has been made for the in-
crease of the air-pressure at higher temperatures, or what the tem -
perature was at which the instrument was filled, or whether the pressure
of air was exactly one atmosphere when the filling was done (most
unlikely, in view of the high vapour pressure of the stronger oleum),
is quite impossible to find out. Other peculiarities of this set of figures
will be mentioned later.

The duPont figures cover the range of free sulphur trioxide 0-66 %
and are limited to temperatures which vary between 550 (for 66-9 %)
and 90° C. (for 33-3 % ). The divergence between this set and Knietsch’s
is very wide and is not always in the same sense. Oleum of 30 %, for
instance, shows 152 mm. pressure at 60° according to Knietsch ; accord-
ing to duPont the pressure of 31 % oleum at the same temperature is
74 mm. On the other hand, for 40 % at 750 the pressure recorded by
Knietsch is 360 mm .; that given by duPont is 539-5 mm. Again, the
two values are respectively, for 60 % acid at 550, 730 mm. and 512 mm.

Redetermination was clearly necessary. Choice of methods lay
between the dynamic method of boiling under various definite pressures
and the static method of measuring pressures at definite temperatures.
The latter was preferred, although the presence of air dissolved in the
liquid is a source of error and the most stringent precautions possible
must be taken on this account. It was decided therefore to synthesise
the oleum by distilling pure sulphur trioxide into the bulb of the vapour
pressure apparatus containing sulphuric acid (98-5 % H2S04) which
had been degassed by stirring and heating in vacuo. By adding further
portions of sulphuric acid to the oleum it was hoped to carry out several

1J).8.C.1., 1924, 43, 57T. 2Ber., 1902, 34, 4112.
345
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series of determinations in succession for several varieties of oleum,
but the manipulation required to adm it the sulphuric acid and to exclude
all air was found impracticable and each variety of oleum was made up
from its components, the apparatus being cut open and sealed up again
for each series of determinations.

The field of the measurements was limited on two sides. The tem -
perature could not safely be raised above 1750 C. because of the soldered
joints of the air-bath, and the maximum pressure which could be re-
corded on the mercury manometer was 950 mm. In this field, however,
lie all the data which are likely to be of any technical interest. Complete
series of determinations were made for the following concentrations
69 %, 127%, 21-1 %, 32-3 %, 48-2 % and 64-9 %, and since the
apparatus was very suitable for the redetermination of the vapour
pressure of pure sulphur trioxide, this was undertaken also, the mano-
meter being doubled for the purpose in order to record pressures of about
two metres.

Experimental.

General.— As S03 attacks Hg, it was not possible to measure the
vapour pressure of oleum directly on a Hg manometer. It was there-
fore decided to introduce a glass Bourdon gauge between the oleum and
the manometer, by passing air into, or withdrawing air from, the space
between the gauge and the manometer. When the needle of the gauge

was at zero position, the vapour pressure of the oleum was the same as
that indicated on the manometer.

The gauge as used for HNO3 vapour pressure determination could
not be used in this case as it is not possible to make one of this kind
which would withstand the very large pressure differences encountered,
and at the same time be sufficiently accurate for our purpose. A modified
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form of Bourdon gauge which was devised by B. S. Foord 3 proved to
be sensitive to o-i mm. of Hg, and yet able to bear more than an atmo-
sphere difference of pressure between the two sides.

A diagrammatic representation of the final set-up of the apparatns
is given on Fig. I.

The measurements were carried out in a large electrically heated air
oven, heated on all six sides so as to give an even temperature throughout.
A liquid bath would have given better temperature control, but no
common liquid except HjSO., can safely be used to withstand the risk of
mixing with hot SO ,; water was considered to be out of the question.

The temperature was measured by means of thermo-couples, one
in a tube which was passed under the surface of the oleum, and one fixed
to the wall of the bath. Two thermo-couples were used, because it was
found that there was considerable divergence between the temperature
of the oleum and the surrounding air, particularly after the apparatus
had been heated or cooled in order to take readings at another temperature.
Readings were taken only when the temperature of the bath wall and of
the oleum were the same. For greater accuracy in measurement the
" cold ” junctions of the thermo-couple were placed in an oil bath, the
temperature of which could be read on a thermometer, and could be

adjusted to give a “ null ” deflection on the galvanometer. Temperatures
could thus be determined to less than 0-2° C.
M ethod of Stirring.— It was important that the oleum be efficiently

stirred, because of the fact that trioxide tended to escape only from the
surface layers when the temperature was increased, and to condense only
on the surface layers when itwas lowered. Thusin the firstcase the surface
layer should have a lower concentration and therefore a lower vapour
pressure than that of the remainder of the oleum. In the second, the
effect should be reversed. The oleum was therefore stirred by a magnetic
stirring arrangement, with an automatic make and break, such that a
metal stirrer covered with platinum was pulled up by an electro magnet
when the circuit was completed, and allowed to fall gently when the circuit
was broken. The stirrer was not worked continuously because of the
heat which resulted from the passage of an electric current through the
coil of the magnet, and tended to overheat that part of the apparatus in
close proximity to the coil.

Preparation of Oleum.— In order to free the oleum and glass ap-
paratus from air and other adsorbed gases, the following procedure was
adopted.

Concentrated HjSO, of known strength was weighed into the tube A
(Fig. 1) and then sealed on to the rest of the apparatus, the air which
was used to expand the joints in glass blowing being dried by passing
through calcium chloride tubes. The glass bulb B was then weighed
and a known weight of 65 % oleum introduced. This bulb was now sealed
on to the apparatus, using dried air.

The oleum was then cooled down in a paste of solid C02and acetone,
in order to reduce its vapour pressure to a very low value, and both halves
of the apparatus, i.e. on both sides of the breakable glass seal C, were
evacuated by the mechanical and Hg vapour pumps. W hen the pressure
as shown on the McLeod gauge was fairly low (about ro~2), the stopcock
D was closed. The freezing mixture was now applied to the second bulb,
and the bulb B heated slightly (to 40° C. or less) using a bath of concen-
trated sulphuric acid. W hen sufficient S03 had distilled over, the bulb B
was sealed off at the constriction and the weight of residual oleum found.
Stopcock D was opened and any air which might now be present in the
apparatus was removed by pumping, using the high vacuum system.
Stopcock D wras then again closed, and sulphur trioxide distilled from the
second to the third bulb by cooling the third and heating the second bulb.
The latter was then sealed off.

3/. Sc. Instr., 1934, 11, 126.
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Meanwhile the concentrated Ha 04 in bulb A was being freed from air
by connection to the diffusion pump and heating to about 80° C., while
being stirred intermittently by means of the magnetic stirring arrange-
ment. The glass seal C was now broken by a metal plunger which was
pulled up by a magnet and then allowed to fall on to the seal. The
freezing mixture was removed from the third bulb, applied to the tube A,
and distillation of S03 carried on until sufficient was judged to have
passed over into the concentrated HjS0 4to give an oleum of the required
concentration. The third bulb was then sealed off as close to the wall
of the bath as possible, and after a thorough evacuation of the oleum at
low temperature the bulb A was detached from the pump by sealing off
close to the wall at the constriction. Much delay was caused and many
runs spoilt by the cracking of the oleum bulb when the S03, which had
been frozen in it, was melted. This could not always be prevented, but
happened much less often when the melting was carried out by surrounding
the bulb with H,S04 and manipulating in such a way that the S03 was
liquefied first at the upper surface, so that the enclosure of liquid by a
solid plug above was avoided.

Fixing the Zero of the Bourdon Gauge.— In order to have a fine end
on the moveable pointer of the gauge a short length of very fine wire was
fixed to it by means of cement, and its lateral movement was observed
against a similar wire attached to a rigid piece of glass rod. This move-
ment was observed through a small low power lens. Owing to the great
difficulty of fixing these wires so that they were exactly in line when the
pointer was in a zero position, it was found to be more practicable to fix
the wires fairly close together and then to find the pressure required to
bring them into line with each other. This was done for each set of
measurements by cooling the oleum to reduce its vapour pressure to as
low a value as possible (about io~3 mm.), completely evacuating the
apparatus on the other side of the gauge, and then admitting air slowly
through the stopcock E to the left hand limb, which was in direct contact
with one side of the Bourdon gauge, until the wires on the gauge coincided.
This pressure was read off on the manometer, and subtracted from all
subsequent readings.

M easurement of Vapour Pressure.

The bath was now raised to the required temperature, the oleum being
stirred now and then with the magnetic stirrer, particularly before each
pressure reading. W hen the temperature of the oleum and of the bath
walls was the same, the vapour pressure of the oleum was measured by
adm itting air to the left-hand limb of the manometer and one side of the
Bourdon gauge through the stopcock E wuntil the crosswires coincided,
As there was a high vacuum in the right-hand limb of the manometer,
the difference between the cathetometer reading of the mercury in the
two limbs, less the correction, was equal to the vapour pressure of the
oleum in millimetres of mercury at the measured temperature.

M easurement of Concentration.

To determine the concentration of S03, the acid was weighed in single-
stemmed “ oleum bulbs.” The weighed bulb was heated slightly in a
Bunsen flame, and the open end of the capillary inserted under the surface
of the oleum. W hen sufficient oleum had been sucked in, the end of the
capillary was sealed off in a flame. Thereafter the oleum was estimated
by breaking under water in a closed glass-stoppered bottle and titrating
with normal sodium hydroxide solution.

From the known weight of 65 % oleum which was .originally taken
for each series of measurements, from the total weight of oleum and S03
remaining in the bulbs which were removed after sealing off, and from the
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weight of H2504 put into the measurement bulb, the composition of the

oleum synthesised could be estimated fairly closely. In Table | are
given the final analytical figures,
together with the <compositions TABLE |I.

estimated from the weights.

Composition from Weights Composition by

Vapour. Pressure of Pure i .
pou Y Y taken. Atialysis.

Sulphur Trioxide.

Itwas found necessary to make
minor alterations in the apparatus 6%65 % free S03 f 6*91 free SO3

in order to obtain anhydrous S0 3. y . \ 26:22

Itisimportantthat the trioxide be 134 npwnto e r_1
Keot f f I titi f inaccurate \'i 2*96
ept free from small quantities .o 21%35 21%08
water, as the presence of water in / 32-34
extremely small amounts favours 3355 (32-29
the production of the “ asbestos ” (38-50) (38-98)
form of S03 which has a higher 48-50 48*20
melting-point, than the normal 65-50 r64-62
\ 64-78

form melting at i6-S° C. and boil-
ing at 44-5° C.

The concentrated oleum was
introduced as before into bulb A (Fig. 2), the system evacuated through
stopcock D, and S 03 distilled as before into bulb B. Both tube A and
tube B were now cooled simultaneously in carbon dioxide and acetone
and the whole system again evacuated, after which the first constriction
was closed. Thus, the portion of the apparatus which remained was glass-
sealed without stopcocks, and there was no risk of contamination of the
trioxide by any products of its action on stopcock grease.

The trioxide in bulb B was now distilled in the usual fashion over
P.Oj into the bulb C, and the tube B removed by sealing at the con-

striction. Some of the trioxide in bulb C was now redistilled into the
measurement bulb and the bulb C sealed off. In order to remove any
air or other gas which might have been given off during these distillations,
the measurement bulb and its contents were thoroughly frozen, the
breakable glass seal F was broken, and the apparatus thoroughly evacu-
ated through the stopcock E, after which the constriction close to the
wall of the bath was sealed off.

It was found that the trioxide tended to volatilise and condense on
the side tubes and Bourdon gauge, particularly when the temperature
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of the bath was being lowered. This seemed to be due to the fact that
the mass had a greater temperature-lag than the rest of the apparatus,
and this caused distillation on to the colder side tubes and gauge. The
latter were therefore wound with fine resistance wire held between layers
of asbestos paper. During vapour pressure measurements a small electric
current, sufficient to maintain the temperature slightly above that of
the SOa was passed through the wire. Care was taken to see that the
surface of the liquid was not overheated in this way.

TABLE 11 Vapour Pressure of Oleum.

6-89 % S03. 12*7 % S03.  21*08 % S03.  32%305 503, 48*2 % S03. 64-7 (,S03
t P t P t P t P t P t P
(ec.). (mm. (°C).  (mm.  (°c). (mm. (°C). (mm. (°c).  (mm. (°c). (mm.

Hg). Hg). Hg). (Hg). Hg). Hg).
20 2*1 28 25 17-5 2-3 18-5 37 14*5 15*3 i*5 25%4
28 29 34 37 20 29 20 5% 18 21*5 82 438
34*3 3-3 43 47 47 9*5 34 10-7 18*5 21*6 9-3 54*2
37 3*7 58 12*1 61 23*7 36 12*9 24*5 28*0 11*4 61*5
42 4*4 59-5 127 81*2 70*6 38 159 27-5 364 15 80*r
43 45 60 135 93-0  109*1 41 18*8 32 47%7 18 92-2
46 5 62 147 101*2  160*7 445 22*1 39 70%2 19*8  107*0
55 7-4 65 16*0 117 269*3 45 2450 g1 78*3 3% i$i’i
57 7-8 70 21*3  127.5 4100 49 29%8 44 96*1 25 150*8
60 88 7i-5 22%2 132 520*0 52 37-2 46 106*9 31*5  210*9
61 9*2 81*5 290 137 667*0 55 4359 47 118*9 34 241-5
64 10*0 87 44*7 1405 790%0 6i 54-8 51 136*5 35*3  263*1
66 io*8 9s 64-9 143 901-3 70 98*1 54 169*3 42%6  389*2
67 [l 99 7i*5 — — 77 138*1 58-5 204*0 46 445-2
80 16*3 100 73-8 — — 79 163*6 62 257%4 52 594-6
Si 17%i 104 84*7 — - 86 234*3 65 285-3 528 619*7
85 19*8  107-5 93*2 - — 9i 290*5 73 418*2 55%5  706*9
94 26*6  108*5 97*6 — — 92 3H*7 76 499*2 59*6  832-7
100 32%3  112%5 117%2 — — 92*5  318*1 82*3  663*6 60 862%4
105 39-2 120 153*2 — — 99 406*0 85 741*0 60*8  873*4
108 46*1 125 187-4 — — 102 474*7  85*5  760*0 6i*i  $90-7
109 47%0 126 199*0 — — 108 603*7 89 871*0 — —
118 6S*0 129 225*6 — — 112« 737%5 — — — _
131 114*0 137 286*8 — — ii3*5 8145 — — — -
144 179'1 140 319*6 — - 115 899*5 - - - -
149 217*3 141 336-0 — — 117 031*5 — — — _
164 375%3 142 346-9 - — — — - - - —
167 417%4 148 420*6
170 465-1  151*7  480*0
152 484*0
- 159*7 607*6
166 756-6
_ R 172 926*6

In order to get readings of pressures higher than one atmosphere, the
right-hand limb of the U-tubc manometer was filled with air at atmospheric
temperature and pressure before being closed instead of being evacuated.
The vapour pressure of the S03 was therefore equal to the pressure of
this air plus the difference of mercury levels. The pressure in the closed
limb was easily calculated from the change in volume as it was compressed.
A thermometer was strapped to the tube and read to make sure that no
significant change of temperature took place during this compression.
It was not considered advisable to go higher than about 2A atmospheres.
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Results.

All the readings of the vapour pressures of the six different concentra-
tions of oleum with the temperatures at which they were made are in-
cluded in Table II.

Table 111 giVGS the TABLE Ill.— Vapour Pressure of Sulphur
results for pure Trioxidf..
sulphur trioxide.

Readings with Ordinary Readings with Pressure
Graphical Treat- Manometer. Manometer.
ment.

t P % t p
The oleum data (°C). (mm. Hg). (°C). (ram. Hg).

were plotted on
squared paper (to 175 148 471 858
the scale of 1 cm. = 21 193 49%7 989
4°C. s 20mm ..Hg) 253 259 49*8 989
and a smooth curve 27%2 293 50-0 1007
was drawn through 28-1 307 50-5 1035
each set of points 32-4 398 5445 1241
with a flexible cellu- 36-8 504 55 1284
loid curve -tracer 75 526 576 1433

39-5 581 58-1 1486
held by stee.l clamps. 41%0 631 61-5 1703

These six curves 43'0 702 62-0 1743

gave the data ex- 435 719 —
actly as they were 45%1 77 - —
obtained (in  the 470 853 —
form of p —tcurves, 48*0 893 —

the com position

being constant for

practical purposes each curve), but for the curves must be spaced atregular
intervals and it is preferable to plot for fixed values of the temperature.

The complete series of isothermal (p—t) curves for intervals of io° C.
is reproduced in Fig. 3. They were obtained for the most part from the
original p —t curves, simply by reading off the pressures corresponding
to even decades of temperature, for each sulphur trioxide concentration,
and then replotting as curves of constant temperature. This wras not
sufficient, however, for the region of higher pressures, because the p —t
curves are there nearly vertical, and the ordinates of temperature on which
readings are required rarely intersect them. Two separate t—c curves
were therefore drawn again for pressures of 900 and 650 mm. From
these were taken the values used to complete the higher region of Fig. 3.
There is no reason to believe that the points obtained in this way are less
trustworthy than the original points.

To this procedure one exception had to be made. W hen the logarithmic
plots {\oglop —i/T ; see below) were inspected it was found that each
set lay close to a straight or simple curve, except that for 21 % free tri-
oxide which departed appreciably from the straight line of closest fit
without falling as a vffiole as any other curve of single inflection. The
result of this irregularity was that the final smoothed vapour pressures,
when tested by plotting as logarithmic curves, showed this defect not
only for 20 % but for other concentrations in that neighbourhood. It
was therefore considered best in deriving the smoothed values to sub-
stitute, for the actual experimental pressure values for 21 % (but only
in this case), those read from the logarithmic line of closest fit. This
rather arbitrary procedure is largely justified by the concordance it intro-
duces into the smoothed values at and near 20 % free trioxide.

There is a certain doubt about the lower parts of the isotherms for
160° and 170°. Neither curve can pass through the origin, on account
of the appreciable vapour pressure of 100 % sulphuric acid at these
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TABLE
("C).

5

20
30 -
40 —
50 -
60 -
70 —
So 12
go is
100 23
no 35
120 54
130 78
140 112
150 162
160 236
1/0 360
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Fig.3.—Smoothed values of vapour pressure of oleum.

Pressure op Oleum,
(Readings from p —c Curves (Fig. 3).)

IV.—Vapour
5 % Free S03
10 15 20
— — 12
— 15 20
X6 25 35
24 37 57
34 ey 89
52 g9  13S
76 12S 209
114 194 316
167 294 460
240 396 650
334 558
470 S24

655

25

16
28
50
84
140
225
334
459
752

30

15
25
46
1G]
135
220
351
530

at

% Free SO;j.

35

22
40
74
119
209
339
515
840

.40

17
35
63
115
192
313
504
794

Intervals ok

45

16
30

100
173
290
469
728

50

28
50
S9
153
257
426
68S

55

82
162
230
384
628

60

73
128
217
354
579
954

io° C.

65

iii
197
330

545
880

70

164
300
500
816
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temperatures. These pressures have not been directly measured, but
extrapolation of the results of Thomas and Barker 4 leads to the rough
values for the total pressures of 7-0, 12-5 and 21-0 mm. at 150° 160° and
170° C. respectively.

Heats of Vaporisation.

Fig. 4 shows the experimental data plotted as logl0op against 1/T.
They should fall on straight lines, the slopes of which are 0/2-303/2
(0 being the molecular heat of vaporisation) so that Q can be found in
calories, for each line, as
4573 X the determined
slope of the line.
These plots were made
to the largest practicable
scale on paper (40 x 70 cm.)
and the locations of the
best-fitting straight lines
were found by a conven-
ient approximate graphical
method of Least Squares.
On the whole the fit is
fairly good, but the two
weakest oleums show, for
the lower range of pressure,
a departure from the
straight line in the sense of
excessive pressure which is
difficult to account for. It
is found only when both
temperature and concen-
tration are at their lowest
and shows a certain grada-
tion rvith concentration.
There seems to be no source
of experimental error from
which a graded effect of
this kind could arise and it
seems more likely that the
two logarithmic lines for 6-9
and 12-8 % are actually
curved, in correspondence
with a decrease in the
latent heat of evaporation
which occurs in these two pIG_~" —y apOur pressures of oleum and sulphur

cases, to a greater or less trioxide ; logarithmic curves,
extent, as the temperature

falls. Since, however, the readings at higher pressures were more import-
ant as results and were also proportionately less liable to the effect of
some constant error— as, for instance, inaccuracy of the gauge— it was
decided that in fixing the positions of the straight lines all readings of
pressures below 12 mm. should be discarded.

The molar latent heats of vaporisation of the trioxide from the several
varieties of oleum, including the pure trioxide, are as follows : 6-4 % free
trioxide— 12,100 cal.; 12-7%— 11,300 cal. ; 21-1%— 12,190 cab; 32-3%
— 12,500 cal. ; 48-2 % — 11,190 cal. ; 64-7 %— 10,240 cab ; trioxide—
10,485 cal. There is a certain variation in the figures, visible in Fig. 4
as a slight lack of parallelism of the lines, which is by no means necessarily
due entirely to experimental error.

4J.C.S., 1925, 127, 2820.
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Discussion.

It has already been pointed out that the existing sets of data agree
very badly with each other. The new set agrees well with none of them.
The figures cover a wider field than any of the old.

The data of McDavid and Chadwick are only for pressures below
60 mm. On the whole they are lower, but the difference is not regular ;
at 40°, 50° and 90- they agree well with the new data but diverge widely
at the intermediate temperatures.

Knietsch’s results are higher than ours—sometimes more than
twice as high. In the Introduction we pointed out that he measured
his vapour pressures in presence of air and seems to have made no

allowance for the expansion of this air on heating. If we assume that
the air pressure was exactly one atmosphere when the manometer was
filled and the temperature 20°, allowance can be made. It thus appears

that although the correction cannot be more than a rough one, and
actually results in some instances in a negative vapour pressure, the
agreement between the values obtained in this way arid our own is
better than with any other set.

The duPont values agree with none of the others, least of all with
our own, which they exceed occasionally by more than 100 %. It
is difficult to account for such large differences without knowing how
the results were obtained or correlated. When plotted they give
regular p —tcurves. The logp — 1/T graphs are straight lines and nearly
all the points fall exactly on them. Indeed, points for the pressures
under 1 mm. which are recorded in the duPont table also coincide
exactly with the lines. This could hardly happen with such low pressures
determined by any method generally applicable over the whole range
of the measurements unless some smoothing had been carried out,
and it is possible that the logarithmic lines themselves have been used
to smooth all the results. From the slopes of these lines the latent
heats of vaporisation appear to increase in a regular way from about
10,000 cals. for 60 % to about 17,000 cals. for 10 % . Such values are
not impossible; the duPont data bear no evidence of inconsistency.

There is one way, however, in which vapour pressure measurements

may be tested against other experimental results. The boiling points
of certain oleums

TABLE V.—Boiling-Points of Oleum. were found directly
Directl by Knietsch. In
irec

% Free 503 Determin%d Frgrlgs\gapgur Extrapolated Table V the ex-
i by Knietsch Curves from duPont perimental and the
(°c). (Ardeer). :
deduced values are
compared. Those

g*g i%é derived from our

8 i75 137

26-2 125 128 15 own results were
42-8 92 94-5 75 read from the
63-2 60 60 53 curves of Fig. 3

directly, those

, , Co from duPont’s had

necessarily to be found by extra polation, since their measurements
were limited to 500 mm. For this purpose the log p— I/T curves of their
data were used— a legitimate procedure since the data fit them closely
Knietsch’s figures and our own agree very- well, but these derived
from the duPont data depart so widely that the method of derivation
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can account only for a small fraction of the difference. Our data,
therefore, withstand the few tests that can be put to them.

The latent heats of vaporisation are somewhat unexpected. For
sulphur trioxide the most trustworthy values are probably those ob-
tained from vapour pressure data by Berthoud,5 who found 10,580 cal.
for the whole interval 25-440 C., and by Smits,6 who found 10,100 cal.
between 170 and 90° C. W ith these our figure of 10,480 cal. is in fair
agreement, but those for the oleums tend to rise as the percentage of
free trioxide falls, and to reach a maximum at about 30 % of pure
trioxide. A rise is to be expected, because the latent heat of the pure
trioxide must be less than that of very dilute oleum by the heat of mixing
trioxide with great excess of sulphuric acid. It is doubtful how great
this heat of dilution actually is. From Knietsch’s investigation of the
heats of dilution of various oleums in large excess of water, Porter 7
obtains certain figures (k) representing the heat in calories liberated
when 1 g. of wrater is mixed with m g. of sulphur trioxide to form a
certain oleum. The differential heat of mixing— i.e. the heat evolved
when 1 g. of trioxide is mixed with a very large amount of oleum, must
be dk/dm and for the quantity the figures give approximately 1500 cal.
for 73 % and 3000 cal- for % oleum. There is, however, no sure
ground here for comparison, for Porter has pointed out that Knietsch’s
vapour pressure measurements are inconsistent with his calorimetric
data and indicate the heat of dilution of trioxide in any proportion of
sulphuric acid to be zero. A redetermination of these thermal values
by direct methods would be useful, and is being made.

The vapour pressures have one peculiarity which is not altogether
unexpected. If the isothermal curves of Fig. 3 representing change
of pressure with concentration are examined, it will be seen that they
cannot pass through the corresponding points for the pure trioxide
without undergoing a marked change of curvature in the region 70-100 %
free S03. The isothermals for 20°, 30°, 40° and 50° at least, must be
S-shaped. This fact is interesting, and is quite in accordance with
what we know of the associated nature of liquid sulphur trioxide; its
very high specific heat, for instance, or its highvalue of Trouton’sconstant.
On account of the association, the vapour pressure of the pure substance
is lower than if its molecular condition were simple. W hen sulphuric
acid is added the complex molecules are broken down, and the effect
of diluting the trioxide with a non-volatile liquid, which would normally
be to depress the vapour pressure sharply, is delayed by the increase
in the activity of the trioxide. As more acid is added simple molecules
of trioxide become more numerous and dilution causes the vapour
pressure to fall in the usual way.

Summary.

The vapour pressures of oleum have been determined over a field which
is limited generally by a concentration of 65 % free trioxide, and a pressure
of 950 mm. and at particular points by a temperature of 170° C. The
results agree with none of the published sets of oleum vapour pressures,
but nevertheless appear to be reliable, and are in agreement with indirect
estimates of the vapour pressure from certain other data. Some peculiar

5Helv. Chim. Acta. 1922, 5, 513. 6/- Chem. Soc., 1926, rioS.
7 Trans. Faraday Soc., 19x7-18, 13, 392.

13
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features of the vapour pressure curves are discussed. The vapour pres-
sures of sulphur trioxide have been redetermined from iy° to 62° C.

We are indebted to Messrs. Imperial Chemical Industries, Limited,
for permission to publish this paper.

The Nobel Laboratories,
Ardeer.

THE PARTIAL PRESSURES OF NITRIC ACID-
WATER MIXTURES FROM 0°- 20° C.

By G. L. Wilson and F. D. Miles.

Received 29th August, 1939.

These measurements were carried out because of two observations
made in the course of experiments on the nitration of cellulose in nitric
acid vapour.

The first was that the extensive series of vapour pressures collected
and recalculated by Taylorl for nitric acid-water mixtures were not
in agreement with two later series by Berl and Saenger 2 and Klemenc
and Rupp.3 The last two researches deal mainly only with 100 %
nitric acid and although they agree with one another, they disagree
with the older figures collected by Taylor. For instance, Klemenc and
Rupp give 31 mm. at 12-5° whereas Taylor’s value is 30 mm. at 15°.

For the total vapour pressure over nitric acid of 82 % by weight
Klemenc and Rupp give 6-9 mm. at 0° and 23-4 mm. at 25° compared
with 3-1 mm. and 15-5 mm. from Taylor’s figures for the same tem-
peratures ; and for 71 % acid— 2-2 mm. at 12-5° compared with 4-6 mm.
according to Taylor.

The second observation was that dew was formed in an apparatus
containing the vapours of nitric acid and water, at a pressure of about
5-9 mm. at 20° C., whereas the lowest total pressure of any nitric acid-
water mixture at 20° given in Taylor’s figures was 6-4 mm. (for a com -
position of about 60 % -65 % ). To have accurate figures for both the
composition and the pressure of the vapours is important in many
industrial problems.

A static method of measuring the vapour pressure was preferred to
a dynamic one as capable of greater accuracy. The total pressure of
the liqguid was found, some cf it was then distilled and the distillate
analysed. The two difficulties with nitric acid were its corrosive action
and its liability to decom position (colouring).

A special apparatus was devised for the measurements.

Experimental.

For purposes of our own work the pressures at 20° only were necessary,
From these, calculated pressures for the other temperatures were derived,
and a table constructed with a range of 0-20° and 50-100 % nitric acid.
A few experiments at 0° were carried out to compare the results with the
values calculated for that temperature.

1lind. Eng. Chem., 1925; 17, 633. 2Monatshefte, 1929, 53-54, 1042.
3Z. anorg. Chem-., 1930, 194, 59.
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M aterial.— The nitric acid was prepared from 70 % A.R. H NO03 by-
distillation with H 3504 under reduced pressure. An all-glass apparatus,
as shown in Fig. 1, was used and the one stopcock was moistened with
phosphoric acid lubricant. The ground-joint was sealed with H 3504.
Distillations were conducted at room temperature and the vapour con-
densed at — 80° ; in this way a colourless acid was obtained, the strength
of which was estimated by titration. Several distillations were necessary
to reach 100 % nitric acid. In the last distillation H sS04 was omitted in
case slight splashing occurred, but in any event the acid was tested for
sulphates. The nitrous acid content was practically nil.

Analysis.— W hen higher concentrations of acid were analysed some
acid was introduced into a bulb by warming and then cooling it. After
sealing off, the bulb was weighed and then broken under water and the
solution titrated with methyl orange as indicator.

W ith concentrations of 99-5-100 % the titration method is not likely
to be as sensitive as could be desired. The density was therefore deter-
mined. Now the density cannot well be used as an absolute measure of

the purity, but if the curve connecting this quantity with the concentra-
tion (by titration) is drawn for a range of compositions the density forms
a useful check on the concentration of any one acid. The average of all
the titrations is, however, in effect the absolute standard.

Apparatus.—The apparatus is illustrated diagrammatically in Fig. 2.
It embodied a Bourdon spoon gauge of the usual type which could be
read to o-io mm. The remainder of the diagram explains itself.

Procedure.

About 100 c.c. of acid of requisite strength was placed in A and frozen
by means of solid COa in acetone. The apparatus was then evacuated.
The gauge and the tube were connected during the evacuation because
the gauge would fracture with any pressure difference higher than about
10 cm. of Hg between the two sides, but when the vacuum was more
complete it was shut off.

The dissolved air present in the acid was withdrawn by repeated
freezing and melting until a good vacuum was registered by a McLeod
gauge, when the acid was frozen. It was also helpful to distil some acid
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into B and back again. The apparatus was then ready to seal off at E.
As a preliminary step the glass around the seals E and F was heated to
drive off gas absorbed on it. After the pump had dealt with this the seal
was made at E, the flexible rubber joint G allowing the necessary move-
ment. G was detached and the apparatus could be removed to a thermo-
stat. Firstly, however, the acid was poured over into B by tilting. (The
oil used in | to steady the pointer is of such viscosity that it does not flow
easily.)

The apparatus throughout the experiment was clamped to an iron
rod which ran at right angles to the plane of the sketch and when in the
thermostat was used as an axle about which to rock the tube so that the
acid could be well mixed. A and B were in the thermostat while C, D
and | hung over the front. No distillation into C, D or | took place, since
the room temperature was higher than that of the thermostat (20° C.)
in which a cooling-coil was fitted. In two instances when this may not
have been true the results, although given, have been ignored. Arranged
in this way, the apparatus was rocked for some time and then the bulb C
was cooled and about 1 c.c. of acid collected. This bulb was sealed off
at F and with it was removed the last trace of air or other gases. It was
important that the tubing surrounding F should have previously been
heated to remove absorbed gas.

The total pressure of nitric acid and water vapour was then read in the
following way: G was firstly connected to a mercury-filled manometer
of which the vacuum on one side was checked by a McLeod gauge. The
connection between G and the U-tube also contained a tap which could
be used to admit dry air or " vacuum ” at will. By opening this tap and
setting up a suitable pressure-the pointer of the Bourdon gauge, to which a
fine wire was fixed, was brought between the two fixed points also formed
by fine wires. The two fixed wires lay in the plane of movement of the
pointer and when observed through a microscope all three were therefore
in focus. The position of the pointer relative to the fixed points could
then be noted on the eyepiece scale and the difference in pressure between
the bulb and the manometer could be found by interpolation after a
preliminary calibration of the gauge. In each case several readings were
made and the mean accepted as the total pressure of the nitric acid and
water vapours. Although the readings were taken sometimes with an
interval of 16 hours between, they were always found to agree within
one, or at most two parts per hundred.

The next procedure was to estimate the fractional partial pressures.
Some of the mixed vapours were condensed by cooling D while the appar-
atus was shaking. About 1-2 c.c. of liquid was condensed over a period
of i-i hour and the degree of cooling just necessary for this was applied.
W hen the required amount of acid had collected H was scratched with a
glass-knife and connected to J by a rubber connection containing a T-piece
with a tap. After connecting up and opening J the tip of H was broken
off inside the connection, and air allowed to enter. The distillate was
forced up into the small tube attached to D.

The small bulb, really a miniature Regnault bottle, had been standard-
ised with water to the constriction before sealing on and the density of
the acid was determined in it. The bulb was afterwards broken under
water and the acid titrated. The weight of the empty bulb was obtained
from the fragments of glass collected in a fused glass filter. The weighings
of these small objects were all carried out on an assay balance to o-i mg.

Composition as shown by Density and Titration.

Mellor 4 quotes statements to the effect that 100 % nitric acid is un-
stable above — 40°. Ourexperience is in accordance with this. The acid.

| Treatise on Inorganic and Theoretical Chemistry, vol. S.
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however, could be kept for about a day at 0° and took an hour or two to
develop more than a faint colouration at 20°. Below 99-5 % the de-
composition is slower and 70 % acid is fairly stable if kept in the dark,
preferably in full bottles. Probably the decomposition, as Veley and
M anley suggested, takes place more readily in the vapour state. The
nitrogen peroxide formed is very soluble in concentrated nitric acid and
it was found better
to concentrate colour-
less 70 % acid in
several distillations at
low temperature than
to attempt to de-
colourise and use the
plant 96 % acid. In
our experience, to
decolourise acid satis-
factorily by blowing
air through it the
strength mustbe 88 %
or less, for at such
concentration the per-
oxide is appreciably
less soluble.
The distillates
from the more con-
centrated acids being
vapourised at 20°
were invariably more
or less coloured, the
colouration being at
the most about the
same as that of
n./iooo iodine solution. The effect of this decomposition on the results
must be considered. As previously stated, the density was measured in
the first place to check results by titration. W ith distillates above 9975 %,
however, it was found that the concentration by density read from our
own density-titration curve no longer checked with the concentration by

titration. This is shown in Fig. 3 where the figures available for the
density of the more
TABLE |.—Estimated Error in Analysis due to concentrated solu-
Decomposition of Nitric Acid in D istillates. tions of nitric acid
5 % NO, Formed. are compared with
the concentration
Decomposition according to by titration.

q No . Suppose that

ecomposition. e
Equation (a). Equation (b). the decomposition

occurred according
to equation (a)

Titration . 97%33 97-29 97-4° 2HNO, = H.O +
: NO + NO, + O,
Density 97-33 97-81 97-93 or (b) 4HNOS3=

4NO, + 2H,0 +

O;, and that it oc-
curred during the distillation so that the total pressure reading was
unaffected.

Then using the figures of Klemenc and Rupp 3 for the densities of
mixtures of pure nitric acid with nitrogen peroxide, calculations could be
made of the effect of decomposition on the titration and density. If
°'5 % by weight of peroxide were formed in a distillate by decom position
and this was not allowed for in the analytical calculations, the two methods



360 PRESSURES OF NITRIC ACID-WATER MIXTURES

of estimation would give different results. Table | shows the figures
which titration and density determinations would give and the results,
if there were no decomposition, for the distillate from Si-2 % acid.

Of the points in Fig. 3 which lie above 99-5 %, those marked by “ X ,”
and representing values obtained directly from a supply of acid distilled
at — 80°, are closer to the extrapolation of the curve obtained for pure
acid at lower concentrations than those represented by “ O.” The latter
points were distillates from determination of partial pressures and were
coloured. There is one point from a distillate formed at o° and it also
lies near the curve, because the acid in this case also was only slightly
coloured.

The graph shows that the density method gives a high result when
there has been some decomposition, while the titration method gives a

slightly too low result. Interpreting the discrepancy of 0-2 % as due to
dissolved NOj the concentration of NOa can be estimated from Table |
as 0-2 %, and hence the error in the titration method is only — 0-02 %
or — 0-03 % according to the equation.

Apart from providing this estimate of the possible error caused by
colour in the distillate the concentration by density was not used with
coloured solutions and the titration method alone provided the measure
of the nitric acid concentration.

Experimental Results.

The measurements at 20° are contained in Table Il, and when plotted
on squared paper satisfactory curves can be drawn through them without
much difficulty (Graph 1). The composition of the original acid was used

TABLE Il.—Vapour Pressure Measurements of Nitric Acid-Water
M ixtures at 20°.

Composition by Weight. Vapour Pressure (mm. Mercury).
Distillate
Original  Residual Distilled Moé%crzl_ar Remarks.

Mitric  MNitric  NIUIC  positions.  Total.  HNO3.  He.

%. %. %-
49*80 50*05 13*88 4*40 8-i 0-355 7*75

— 5053 40-70 16-40 7.7 — — Contained air
6000 60*24 40*91 16*51 58 095 4*85
69-64 69*60 77.76 49*96 5*8 2-90 2-90

69-68 77*54 49%65 58 2-88 2-92

69*80 5*05 Distilled at 0°
76-62 — 92-48 77*84 8-82 6-87 i*95
78-80 78-50 94*59 83*34 ii*5 9*58 1*92
79*60 — 97-10 90*55 10*81 9.79 1-02 Fractionation *
8i-60 — 97*5i 91*80 13*6 12*49 111
82*02 81-82 98-36 94*47 13*9 13*i3 0-77 Fractionation *
86-13 — 98*90 96-25 19*05 iS-34 0-71
89-85 89-58 99*45 98*07 26-2 25-70 0-50
9i*45 — 99-66 98-80 20%55 29-11 0-35
91-81 91-10 99*65 98-77 30-3 29*94 0-37
94*49 — 99-Si 99*33 36-32 36-08 0*24
96-58 96-37 99*92 99*73 41-7 41*59 0*11
97*43 97-00 99*75 99-17 41-7 — — Not reliable
99-7S 99*75 _ _ 47-S — —
99.90 99.90 — _ 479 — —
99*80 47*8

* These were done during cold weather and it is suspected that the room
temperature may have fallen below 20°.
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in plotting the results, since the change of composition was small. The
experiments which were carried out at o° are shown in Table Ill where
the pressures given in brackets are calculated, in the manner shown later,
from Graph 1.

TABLE Ill.—Vapour Pressure Measurements of Nitric Acid-W ater
Mixtures at o°.

Vapour pressures in brackets are read from curves calculated from the
20° readings (see Table V).

Composition by Weight. Distillate  apour Pressure (mm. Mercury).
Composi- Remarks.
Original - Residual  pyjgyjjare  tion. Total.  HNOj Ht0

Acid. cid. : J- :

69'So — 79*27 52*21 i*60 0-835 0-765
(i-39) (0-74) (0-65)

69*90 69*39 80*19 53-65 t-55 0-83 0*72
(i-37) (0-74) (0*63)

76*62 — — — 2*42 * Distilled at 20®
(2730)

79'6° _ _ 2*60 — - Distilled at 20®
(3-04)

8i*60 3-70 Distilled at 20°
(3-70)

S3M4 9S'74 98-7+ 4-50 4*31 0*19
(4-49) (4-30) (0-19)

91-45 99*93 99-76 8-39 8-37 0*02
(8-76) (8-70) (0°06)

99*80 14-5 Distilled at 20®

Calculation of Vapour Pressures at other Temperatures.

The vapour pressures were required over a range of 0-20°. The values
at other temperatures than 20° can be calculated by using Kirchhoff’s
equation—

xt' arO -i?).

where is the differential heat of mixing per mol. of a component.

Po the vapour pressure of a pure component at T° and
P = the partial pressure of the componentin the mixture at T°.

For the temperature difference — 20° to 0° it will be sufficient to take
dQ _ — 2-30 x 2 x (283)°1
div. — 20 -{ log = log

Of the terms contained in Kirchhoff’s equation the values of P 0 (nitric
acid) were calculated according to the equation

log P — A —
2-30RT
where L = latent heat of nitric acid, R = gas constant, A = an unknown
constant, T = absolute temperature, P = vapour pressureattemperature T.

The constant A and the latent heat were calculated from the measured
vapour pressures of 100 % nitric acid at 0° and 20° and the intermediate
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pressures at 50, 10° and 150 could be calculated from them. The latent
heat from the vapour pressure measurements, using the approximate
formula above, was 9450 cal. per mol. while Berthelot’s value (the only-
one in the literature) is 7250 cal. In view of this disagreement the latent

heat of nitric acid was redetermined by a method which it is hoped to de-
scribe in fullin connection with similar work in sulphur trioxide and oleum.
Electrical heating was used in such a way that the rates of supply or
electrical energy and of vaporisation could be balanced, so that the dis-
tillation was isothermal and the

TABLE IV.—Heat of Addition of i transference of heat between the
Mol. of Nitric Acid or Water to distillation bulb and the calori-
ACID0°I;tTI-éII=) ~meter was alm:ostunegalig,ib:le.: Th._el
heat of vaporisation of nitric acid

(999i %) at 200 was thus found

Stated Composition

Composition Nitric Acid Water to be 9415, and 9436 cal./g. mol.
% Cals. Cals. ) X ) : )
Nitric Acid. Per Mol. Per Mol. in two determinations, in good

agreement with the figure ob-
tained from the vapour pressure

0 10 3140
2365

70 1760 1550 The values for PO (water) are

60 2650 750 accuratel)./ knowr.1.

50 3670 ioo(?) The differential heats of solu-

tion of nitric acid and water in

nitric acids of various strengths
had been determined in the course of other work which will be reported
later. They are given in Table IV. The one result which is questioned is
obtained by a rather hazardous extrapolation, but the heat is known to be
small and the effect on the vapour pressure will be unimportant.
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In this way, all the other terms of Kirchhoff’s equation, PO (or P T,
P 10, P15 can be calculated. Table V shows the values of the partial

TABLE V.—Partial Vapour Pressures of Nitric Acid-Water
Mixtures.

Composition of Acid (by Weight).

Temper- :
ature. Constituent.
509%. 609%. 70 %. 809%. 9°0%p - 100 %.

®°  Water 1 i-97 1-19 0-617 0-266 0-0S3 —
Nitric acid J-mm. Hg 0-095 0-195 0-76 2-89 7-81 H-7

Total 2-06 i*39 1-38 3-16 7-89 14-7

5° Water \Y 2-80 i-73 0-92 0-409 0-132 —
Nitric acid J-mm. Hg 0-146 0-292 1-10 4-07 io-74 20-1

Total 2.95 2-02 2-02 4-48 10-87 20-1

10°  Water %05 2-49 1*36 0-619 0-203
Nitric acid J-mm. Hg 0-222 0-428 1-57 5-63 14-56 27-1

Total \] 4-17 2-92 2-93 6-25 14-76 27-1

15° Water 5*48 3*52 i-97 0-92 0-309 —
Nitric acid J-mm. Hg 0-332 0-62 2-20 7.72 19-54 36-2

Total 5*Bi 4-14 4-17 8-64 19-85 36-2

20° Water A 7*53 4*93 2-83 1-35 0-46 —
Nitric acid J-mm. Hg 0-49 0-89 38 10-49 26-03 48-0

Total 8-02 5-82 5-9j 11-84 26-49 48-0

pressures of nitric acid and water at 20° taken from the smoothed curve,
and the values at 0° 50, 10° and 15° calculated from them as described
.above. The agreement of the observed readings at o° and the calculated
ones is satisfactory (see Table I1l1) and reassures us thatno appreciable error
is introduced by the approximations of the Kirchhoff equation.

The difference between the new measurements and the older ones is
quite considerable. Thus the distillates from 60, 70, 80 and 90 % nitric
acid according to the older results have the respective compositions 34,
71-9, 92-1 and 98-95 %, while according to the new ones they are 38-9,
79-1, 96-5 and 99-5 %. This is no doubt due to the scarcity of experi-
mental results for compositions above 70 % at the time when the older
tables were constructed, which necessitated the use of extrapolation.

Summary.

The partial vapour pressures of nitric acid and water over nitric acid-
water mixtures have been determined in a special apparatus over the range
of compositions from 50 % to 100 % nitric acid, at 20° and o0°. The values
at intermediate temperatures have been calculated from these. The
heats of dilution of nitric acid (50-100 %) have been determined and a
new value (much higher than the only available one due to Berthelot)
has been obtained for the heat of vaporisation of pure nitric acid.

Our thanks are due to Messrs. Imperial Chemical Industries for per-
mission to publish this paper.

The Nobel Laboratories,
Ardeer.
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In recent years considerable interest has centred around the rate at
which polarisation potentials are built up, particularly in connection
with the problem of hydrogen overvoltage. The usual method of
studying these changes has been to carry out polarisation at a constant
current and to apply the voltage between the working electrode and a
reference electrode, either with or without valve amplification, to some
form of string galvanometer, the movement of which is photographed
on a film moving at a constant speed. After suitable calibration,
measurement of the track produced permits the construction of a graph
of the polarisation potential plotted against the quantity of electricity
passed.1 This method, while capable of considerable accuracy, is
attended by a number of difficulties which may be briefly summarised

(a) Only minute polarising currents can be used, since at high speeds
the inertia of the mechanical oscillograph becomes appreciable and
causes distortion of the track.

(b) Rigorous precautions are necessary to remove all traces of de-
polarisers from the electrolytic cell, e.g. oxygen in studying hydrogen
overvoltage, since these may change markedly the shape of the track
obtained.2

(cj Since a single polarisation process only is studied in each experi-
ment, it is necessary initially to have the electrode in a reproducible
virgin state if the result is to have any general significance.

(d) The quantity of electricity passed is not directly recorded, and
any fluctuation in the polarising current or the speed of the camera
film will lead to an error in computing this quantity.

(e) The method is extremely laborious and time consuming, and
requires a considerable quantity of rigidly mounted mechanical apparatus.
M oreover, the required graph can only be obtained by measurement and
calculation subsequent to each experiment, and direct visual observation
of the building up of the polarisation potential is precluded.

The present method was devised to eliminate these difficulties. It
utilises a cathode ray oscillograph as indicating instrument,3 and by a

1Bowden and Rideal, Proc. Roy. Soc. A, 192S, 120, 59 ; Baars, Sitzungsber.
Ges. Beford. Naturw. Marburg, 1928, 63, 213 ; Brandes, Z. physikal. Cixem.,
1929, 142,97 ; Erdey-Gruz and Volmer, ibid., 1930, 150, 203 ; Erdey-Gniz and
Kromrey, ibid., 1931, 157, 213. For early work on the oscillographic study of
polarisation processes, see Le Blanc, Abhdlg. d. Buns.-Ges., 1910, No. 3 ;
Reichinstein, Z. Elektrochem., 1909, 15, 734, 913 ; 1910, 16, 916.

3Cf. Bowden and Rideal, loc. cit.1

3Butler and Pearson, Trans. Faraday Soc., 193S, 34, 1163, made use of a
cathode ray oscillograph as indicating instrument for the study of the growth of
polarisation potentials at high currents. Their method is fundamentally different
from that to be described here, however, and in any general application is still
open to most of the disadvantages listed ; moreover, it involves the photography
of high speed transients.
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special electrical circuit, free from moving parts, it is arranged that the
polarisation process is repetitive, leading to a stationary image on the
oscillograph screen showing directly the variation of polarisation poten-
tial with quantity of electricity passed. The presence of small quantities
of depolarisers has no effect on the shape or slope of the section of the
graph portrayed, but affects only its extent; furthermore, since the
pattern obtained is the mean of a number of polarisations, it is largely
independent of the initial state of the electrode. Direct visual examina-
tion of the effect of variable factors on the polarisation process is possible,
and the results may be photographically recorded at leisure.

Experimental.

In the present method the polarising current is supplied from a high
voltage direct current source, transmitted through a saturated diode which
serves to maintain it substantially constant, and then passed into a con-
denser which is connected in series with the electrolytic cell. Connected
across the condenser-cell section of the circuit is a thyratron valve, the
trip voltage of which can be controlled by varying the grid potential.
W hile the condenser is being charged, a steady current, which can be
adjusted to any desired value, flows through the electrolytic cell, but when
the condenser voltage reaches that required to trip the thyratron, the
arrangement is short circuited and the condenser discharges, a quantity
of electricity exactly equal to that originally passed flowing rapidly through
the cell in the reverse direction ; the process then repeats itself indefinitely.
The voltage between the electrode of the cell which is being studied and
a suitable reference electrode is amplified by means of a valve amplifier,
and applied to the Y-deflecting plates of a cathode ray tube, while the
voltage developed across the condenser (which is exactly proportional to
the quantity of electricity passed at any time) is applied directly to the
X -deflecting plates of the tube. Under these conditions, the track on the
oscillograph screen represents directly the variation of potential of the
working electrode with the quantity of electricity passed through the cell,
and if the process is reproducible the track appears stationary. The
occurrence of a stationary image implies that exactly the same change of
potential is brought about on charging the electrode as on discharging it,
i.e. that there is no irreversible loss of electromotively active material
from the electrode. If the electrode is polarised and the pulsating current
then switched on, the oscillograph track is usually found at first to move
downwards, but in a few seconds becomes stationary ; thus automatically
only the reproducible portion of the polarisation curve is recorded. The
presence of a depolariser which reacts irreversibly with the electromotively
active material at the electrode, lowers the maximum polarisation potential
which is recorded but cannot affect the shape or slope of that section of the
polarisation curve which is portrayed, provided, of course, that the de-
polariser is not present in such large quantities as to prevent entirely the
formation of a stationary image.

In this way the method serves to isolate that part of the polarisation
curve which is unaffected by loss of electromotively active material and
by accidental variation in the state of the electrode, and the results may
therefore be presumed to be indicative of the true course of the polarisation
process. The quantity of electricity passed at each pulse can be varied by
changing the size of the series condenser, and hence any section, large or
small, of the polarisation curve can be studied in detail.

The electrical circuit of the apparatus, constructed for the study of
cathodic polarisation processes, is shown in Fig. 1. Current was supplied
from an 800 V. rectifier, passed through a milliammeter and bright em itter
valve Vj, the latter serving as a saturated diode, the current being adjust-
able by varying the filament current by means of the rheostat R1; and then
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passed into a condenser C connected in series with the electrolytic cell.
The value of C was varied according to the quantity of electricity it was
desired to pass in each pulse. Connected across the condenser and cell
was the thyratron circuit which included a resistance R, of 125 ohms to

limit the discharge current. The thyratron T was an Osram GTiA, the
heater being driven from a 4 V. transformer; by means of a grid bias
battery Bj the flashing over voltage of the thyratron was adjusted to
approximately 60 V., this giving a convenient sweep on the oscillograph
screen. The voltage developed between the
cathode of the cell and a saturated calomel
electrode S was applied between the grid
and cathode of a screen grid valve V 2| the
grid of which was kept negative under all
conditions by means of a small biassing
battery B3 V 3was an accumulator heated
Triotron valve S213. Anode current was
supplied to it from a 200 V. accumulator
battery through a variable resistance R 3of
125,000 Q, the scree
potential of 65 V. The amplification could
be varied by adjustment of R3 and had a
maximum value of about 60. The cathode
ray oscillograph tube O was a low voltage
gas-focussed tube (Standard Telephone and
Cables, 4050 BB) with a sensitivity of ap-
proximately 0-17 cm./V. Anode current
was supplied to it from a 360 V. dry
battery B3. One of each pair of deflecting
plates was connected to the anode which was
earthed through the main negative lead of the circuit. The remaining
X -plate was connected to the positive side of the condenser C, while the
Y -plate was connected to the anode of V, through a backing battery B,
which served to adjust the steady voltage on the plate. R 4 and R5were
leakage resistances of 4 ME? connected between each pair of deflecting
plates. By switching arrangements not shown in the figure, it was
arranged that a potentiometer-voltmeter could be connected to the
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amplifier so as to give suitable reference lines at fractions of a volt on the
oscillograph screen.

The form of the electrolytic cell is shown in Fig. 2. The anolyte was
contained in a tall beaker and in it was immersed the cathode chamber
which was stopped at its lower end with a tight filter paper plug to prevent
mixing of anolyte and catholyte. The cathode compartment was fitted
mwith a rubber bung carrying the cathode, the siphon connecting the cathode
to the calomel electrode, and a glass tap for introduction of gas ; a side
tube led to a washbottle containing water. The anode was in general a
piece of platinum foil, and the cathode was varied as described below.

Results.

Hydrogen Overvoltage.— In order to test the application of the
method, the building up of hydrogen overvoltage was studied, since in this
case the general nature of the process has been established by earlier
workers.

A freshly amalgamated copper cathode, of 1 sg. cm. area, was used
with n.-sulphuric acid as electrolyte. The acid solution was boiled out to
get rid of dissolved air prior to introduction into the cell, and then steady
electrolysis at 0-025 amp. was carried out for ten hours to displace the
bulk of air in the cathode chamber and to polarise the electrode. The
direct current was then stopped, the pulsating current switched on, and
observations of the oscillograph tracks recorded under various conditions.
The results arc shown in Fig. 3 (Plate V). In Fig. 34.is shown the polarisa-
tion graph with a 0-05 /cr. condenser in series with the cell and polarising
currentsof io-3 and io-4amp./sq.cm. respectively; the reference potentials
in this, and in all subsequentcases, are expressed on the hydrogen scale. Itis
to be noted thatthe potential varies linearly with the quantity of electricity
passed, and is practically independent of current density. To explore a
larger section of the polarisation curve, the capacity of the series condenser
was increased to o-i jjIF. and the tracks again recorded. The results are
shown in Fig. 3B and it is seen that the linearity of the polarisation process
is maintained. The quantity of electricity delivered at each pulse can
readily be worked out from a knowledge of the capacity of the series
condenser and the voltage to which it is charged ; this latter quantity is
directly determined by comparing the horizontal deflection on the oscillo-
graph with that produced by standard voltages. Hence the capacity of
the double layer at the electrode, which is supposed to be involved in the
building up of the hydrogen overvoltage, can be evaluated. Measurement
of Figs. 3A and 3B give a value of 10-11 ¢(¢(F./sq. cm. Bowden and Rideal2
obtained a value of 6 ¢if. for mercury and 7 jxF. for freshly amalgamated
silver under somewhat different conditions, while indirect measurements
of the capacity by various methods give a value of ca. 20 /.if. at a mercury
surface.4 Ithasbeen suggested 4that the low valuesobtained by the direct
methods of investigation arc due to contamination of the surface studied,
and this factor may be operative in the present experiments; it should
be noted, however, that the same value was obtained in numerous experi-
ments under a variety of conditions.

As has been previously stated, the shape and slope of the polarisation
graph, as determined by the present method, should be independent of
the presence of small quantities of air in the apparatus. To test this
point, the value of the capacity of the series condenser was reduced to
approximately 0-02 p.F.,, so that a small section only of the graph was
explored, and after the electrode had been polarised as above, air was
slowly admitted to the cell; the current density was io-4 amp./sq. cm.
The track on the oscillograph screen moved slowly downwards, indicating

4 See Froskurnin and Frumkin, Trans. Faraday Soc., 1935, 31, no.
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decreasing polarisation, and three successive photographs were taken.
These are reproduced in Fig. 3c. It is seen that although the maximum
overvoltage obtained is different in each of the three cases, the linearity
and slope of the graph is not appreciably affected by the presence of air.

Polarisation in the Deposition of Nickel.— Electrodeposition
of Fe, Co, and Ni from solutions of their simple salts does not commence
until the cathode potential is distinctly more negative than the reversible
values.5 This type of polarisation, which is apparently peculiar to

these metals, is most markedly shown by N i; thus, according to
Glasstone,6 the reversible potential of Ni in a n.-sulphate solution
is — 0-23 V., but on electrolysis at room temperature deposition of
metal does not commence until a cathode potential of about — 0-57 V.
is reached. Foerster and Georgi7 claim to have observed Ni deposition
from a chloride solution at a cathode potential of — 0-40 V. at 180, but

it is doubtful whether it takes place much closer to the reversible poten-
tial even at very low current densities. Numerous suggestions have
been made to account for this type of overvoltage,8and they fall generally
into two classes : on the one hand, it has been postulated that the metal
is deposited in some peculiarly active form which has a more negative
potential than that of the metal in the normal stable state, while on the
other hand, it has been suggested that the process of ionic discharge is
slow and requires a certain energy of activation, i.e. a view essentially
similar to that now adopted for the neutralisation of hydrogen ions.
The present method would seem to afford a means of distinguishing

between these two general views. If the overvoltage is due to some
active form of Ni, then it is to be expected that in the initial building up
of the polarisation the potential will either vary discontinuously with

the quantity of electricity passed or else logarithmically if the active
substance forms a solid solution in the cathode surface, while if the
process of ionic discharge is slow, leading to the charging up of a double
layer at the cathode surface, a linear variation of potential with quantity
of electricity passed is to be anticipated.

To test this, an electrode of Ni wire of area 1 sq. cm. was used as
cathode and solutions of Analar NiS04in a buffer mixture of 0-5 N.-sodium
acetate + o0-5X.-acetic acid (approx. pu 4-6) employed as catholyte. The
anode was of platinum foil and the anolyte was dilute sulphuric acid.
Prior to each observation, the air in the cathode chamber was displaced
by a current of hydrogen ; steady electrolysis was then carried out for
two minutes at the current density to be used subsequently, and finally
the pulsating current was switched on and the oscillograph track observed.
Some of the results obtained are shown in Fig. 4 (Plate V). In Fig. 4Ais
shown the polarisation graph using a current density of io-3 amp./sq. cm.
with a x.-NiSO ., solution, there being a 44F. condenser in series with the cell.
The track on the oscillograph screen was very steady and showed little
sign of decay even on admitting oxygen to the cell. It is to be noted that
the graph is accurately linear up to a potential of about — 0-4 V., where it
begins to round off, the potential then approaching asymptotically a

5Schweitzer, Z. Elektrochem., 1909, 15, 602 ; Schildbach, ibid., 1910, 16, 967 ;
Foerster, Abh. Bunsen-Ges., 1909, No. 2 ; Glasstone, J.C.S., 1926, 2887.

6 Glasstone, loc. cit.s

' Foerster and Georgi, Z. physikal. Chem., Bodenstein Festband, 1931, 543.

s See, for example, Le Blanc, Trans. Faraday Soc. Soc., 1914, 9, 251 ; Foerster,
Z. Elektrochem., 1916, 22, 85 ; Smits, Trans. Faraday Soc., 1924, 19, 772 ;
Kohlschiitter, Trans. Atner. Electrochem. Soc., 1924, 45, 229 ; Glasstone, loc. cit.5;
Thon, Cornptes rendus, 1933, 197, 1312.
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constant value of rather less than — 0-5 V. The effect of variation of
current density is shown in Fig. 413, which was obtained with currents of
2, 1and 0-5 x 10”3 amp. severally, other conditions being as before. The
general features of the graphs are the same, but with decreasing current
density the slope of the linear portion becomes rather less and the ultimate
potential attained is slightly lowered. Decrease of tire Ni ion concentra-
tion does not affect the general form of the graph, but the slope of the
linear portion is increased, as is shown in Fig. 4c, which was obtained with
a 0-ix.-N iS04 solution and a current density of 10-3amp./sq. cm.

The results indicate quite conclusively that the essential process
responsible for overvoltage in the deposition of Ni leads to a linear
variation of potential with quantity of electricity passed up to the point
at which metal commences to separate, and this is in conformity with
the view that the polarisation is due to a slowness of ionic discharge
leading to the charging up of a double layer at the cathode. The
capacity of this double layer can be readily evaluated from the oscillo-
grams, and is found to be 430-470 /aF. per sq. cm. for a N.-N iS04 solution
electrolysed at current densities of 2 X 10~3 to 0-5 X 10-3 amp./sq. cm.
The precise physical significance of a double layer of so high a capacity
cannot be assessed without accurate data on the accessible area of nickel
under the conditions of experiment.

Summary.

1. A new method of studying the rate of growth of polarisation poten-
tials is described which gives a stationary image on the screen of a cathode
ray oscillograph showing directly the variation of potential with quantity
of electricity passed.

2. The method has been tested by applying it to the study of the growth
of hydrogen overvoltage at a mercury surface, and results in general con-
formity with those of previous workers have been obtained.

3. The growth of overvoltage in the deposition of nickel has been
studied, and it is found that the potential varies linearly with quantity
of electricity passed, up to the point at which separation of metal begins.
The results support the view thatthis type of polarisation is due to slowness
of the discharge of the metallic ions.

The author’s best thanks are due to Mr. J. H. Bruce for many
helpful suggestions.

Chemical Department,
University College,
Leicester.



SYSTEMATICS OF BAND-SPECTRAL CONSTANTS.
PART V.* INTERRELATION OF DISSOCIATION
ENERGY AND EQUILIBRIUM INTERNUCLEAR
DISTANCE OF DI-ATOMS IN GROUND STATES.

By C. H. Douglas Clark.
{Received 25th September, 1939.)

1. Introduction.

Attem pts are made in the present communication to find reliable
means of calculating the dissociation energies of di-atoms in ground
states. In the present incomplete state of the quantum-mechanical
developments, the author has confined himself to empirical methods.
The argument is necessarily based upon a limited number of experi-
mental values, which appear, however, to be known with considerable
certainty. Knowledge of ground state dissociation energies in con-
junction with excitation energies may facilitate the calculation of
dissociation energies from excited states. The first part of the paper
deals with non-hydrides : in section 5 hydrides are considered.

Dissociation energy D is expressed in volts, no distinction being
made between De and DO(from the zero vibrational level).

Expressions for D previously suggested vary according to the form
chosen for the potential energy-nuclear distance function.

Morse,1 using his exponential function, obtained the relation

D — 1-23 X 10-4 cuc2/(4a>care), . . . (1)

where we, a>exe are in ¢cm.-1. It appears that the estimates of D using
this expression tend to be too high where comparison with experiment
is possible.

Huggins2 used a modified Morse potential energy function, and
obtained a partly empirical relation which may be written

D = 7-4 X i0o-W <u42/[(33 + 0-12m oexe)i - 7], . (2)

where M = AA'{j{A -f- A'), A and A' being the weights of the two
atoms concerned (0 = 16). This relation tends to give lower and gener-
ally more accurate values of D than (1), but it applies only to molecular
groups n = 8 to 14 in the KK period, where the average error in D is
0-7 volt.

Sutherland 3 has more recently used a potential function involving
inverse powers of Iy and has deduced a relation which may be written in
the form

D = 3-68 X 1 0 . . . (3)

where re is equilibrium internuclear distance in a, and p is the product
of the attraction and repulsion exponents of I' in the potential function.

* Parts I, Il and Ill are in these Transactions, 1937, 33, 1390, and Part IV,
1938, 34, 1324-

1P. M. Morse, Physic. Rev., 1929 (ii), 34, 57.

2M. L. Huggins, J. Chem. Physics, 1935, 3,473 ; 1936, 4, 308S.

3G. B. B. M. Sutherland, Proc. Ind. Aocad. Sci., 1938, 8, 341.
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The value of Sutherland’s product is approximately the same for di-
atoms of similar electron structure in ground states.
The present author, in a preliminary note,4 has suggested the

relation

D = klI(r*ni) (4)

where n is the group number of a non-hydride di-atom, and k is its period
or sub-period dissociation constant. This relation also applies only to
ground states.

Comparing (4) with the Morse-Clark formula (see Part IV), it appears
that proportionality between a>< and D is involved. If we calculate
D from the relation D = 017/313, however, an average error of 17 per
cent, is found for the test cases LiLi, NN and 00, whereas (4) gives
only 0-4 per cent. The constant in the Morse-Clark formula is slightly
different for LiLi (ss type) from that for NN and 00 [pp type), so that
constancy of oje/D will not be exact. Moreover, the Morse-Clark con-
stant takes a different value for di-atom ions in a given period. Out of
a considerable variety of relations which have been tried, (4) appears
to be the best, and it is also in conformity with the previous finding
that Dr 3is constant for carbon-carbon linkages.5” 6

2. Symmetrical (Elementary) Di-atoms of the KK Period.

Table I shows the results of calculation on three elementary di-atoms
of the KK period, whose D values appear to be accurately determined.

TABLE 1I.
Di- D Calculated Values.
M. Te. “e. oieXg. w,,/D. .
atom. (expt.). off). D (3. piEi- *@4). 0(4).
LiLi . 2 3% 2'%670 351.4 5-iS 114 308 0-7 9-9 30-7 I-14
NN . 10 7 1-094 2359-6 14-44 7.35 321 XI-9 8-7 23-4 30-4 739
00 . 12 8  1-204 1580-3 11-99 509 311 6-4 4-8 20-9 30-8 506

D calculated by (1) does not give satisfactory agreement with experi-

ment, whilst D (2) is closer for NN and 00. Sutherland’s p separates
the cases, p(LiLi) being different, whilst p(NN) > p{00). The function
k = D r3ni is sensibly constant, giving mean k = 30-6, which there-
fore gives very good values of D (4).

Fox and Martin 6 find p = 20-7 for CC links, close to p(00) = 20-9.
Table Il shows calculated values of D for FF and CC, assuming
p(FF) = 207.

TABLE 1I1I.
Calculated Values.
Di-atom. », M. r,. “t, k.
D(v. D(3). DU)-
CcC . 8 6 1-31 1641-6 — 30-6 — 4-9 4-8
FF. 14 9-5 1337 10818 9-9 30-6 3-6 35 35
4C. H. D. Clark, Nature, 1939, 144, 285. 51lbid., 143, 8o00.

6J. J. Fox and A. E. Martin, J. Chem. Soc., 1939. 884.

7C. H. D. Clark, Nature, 1934, 99> *34-
8C. H. D. Clark, Trans. Faraday Soc., 1935, 31, 585.
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The agreement between D (3) and £>(4) is satisfactory in the two

cases. The mean value £)(CC) = 4-85 is lower than Mulliken’s estim ate,9
5-5, which is uncertain. £>(FF) = 3-5 agrees fairly well with Desai’s
thermal value,10 3-3 ¢ 0 -i. The higher figure is supported by the value
from Morse’s equation £>(1) = 3-6. Morse’s equation gives a good
fit for C1C1, but gives errors increasing from BrBr to Il, so it may apply
to FF.

3. Sutherland’s Product as a Periodic Function.

The results of the preceding section suggest that Sutherland’s product
p, whilst closely alike for di-atoms of similar configuration, varies
somewhat for a given configurational type with group number. Amongst
the symmetrical di-atoms of KKpp type, it would appear that p reaches
a maximum for n — 10, in common with other spectroscopic functions
a>e and ke (bond constant).11 This view appears somewhat strengthened
when attention is paid to unsymmetrical KK di-atoms and to KK+
di-atom ions.

From equations (3) and (4) we have

pk — 3-68 X io-BMwel Bni, . . . (5)
which, since ke ccMcoe2, is essentially a function of ke, re and 11 values
of pk are: NN 711, CO 692, and CN 667. Ifp = 20-7 for CO and CN,
k — 33-4 and 32-3 respectively, values greater than the above KK

constant 30-6 ; but if p(CO) = p(NN) = 23-4, k(CO) = 29-6. (The re-
maining discrepancy may indicate a further variation of p with sub-
group, NN being in the 105 and CO in the 10b sub-group of the
classification,12 but this possible refinement is not at present taken into
account). We shall study the effect of a continuous variation of p
with n in the KK and KK+ periods for pp type di-atoms, taking p = 21-5
in groups 9 and Il on each side of the maximum, and so obtaining the
£1(3) values of Table IlIl. The values of £>(4) are obtained by keeping
k = 30-6 for all cases, and calculated values £>(1) and D (2) are included
for comparison. £>(J) and -D(S) refer to estimates quoted by Jevons 13
and Sponer 14 respectively, the values in brackets being generally less
reliable.
TABLE III.

Di-atom BeO BeF BO CO+ CN NN+ CO NO oo+
n S 9 9 9 9 9 10 11 11
Sub-group c c b b a a b a a
D(1) . 5.3 501 9.3 100 100 g'3  10-9 7.7 6-6
D (2) . 4'6 4'7 7-2 7'5 7-6 6-9 8-2 5.7 4-3
£>(3) = 4-0 31 5-7 21 6-5 7-2 6-5 6-1 6-3
-0(4) - 4-6 4-1 59 74 6 4 7'4 67 6-1 6-2
-DQ) . - (6-0) (6-6) 7-1 — 6-8  (i0-0) (6-1)  6-2
£>(s) . (5-3) 6-7 6-3 (9-6) 5°3 6-4

8R. S. Mulliken, Rev. Mod. Physics, 1932, 4, 1.

10 M. S. Dcsai, Proc. Roy. Soc., A, 1932, 136, 76.

11 C. H. D. Clark, Proc. Leeds Phil. Soc., 1935, 3, 26.

12C. H. D, Clark, Trans. Faraday Soc., 1935, 31, 1017.

13W. Jevons, Report cm Band-Spectra of Diatomic Molecules (Appendix 11.),
1932, Camb. Univ. Press.

14 H. Sponer, Molekilspektren und ihre Anwendung auf chemische Probleme.
|. Tabellen, 1935, Berlin, Julius Springer.
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As previously noticed, D (i) tends to give rather too high values,
and £>(2) is observed to be smaller than £>(i). D(2) involves an em -
pirical factor 2 of 0-8, which may not always be suitable, but the results
are probably nearer the truth than those of D (i). On the other hand,
the generally satisfactory agreement between ¢ (3) and £>(4) previously
found for CC and FF in this period is maintained. It is noteworthy
that BeO and BeF give poor agreement, but since these di-atoms are
of sp type, it appears that a different value of p should be used in
calculating £>(3).

Comparing the results with the estimates £>(J) and -D(S) based upon
experimental data, the mean of D (3) and D (4) agrees satisfactorily
for C0+, 00+ and CN, less well for NN+ and NO. There is striking
divergence in the case of CO, but here the dissociation energy is still
uncertain, in spite of extensive discussion of the data.15 It appears
well established that if the dissociation of both CN and CO is into
unexcited atoms, £>(CO) should be greater than £>(CN) by about 3-2
volts. AIll the four methods of calculation used in compiling Table III,
however, agree in making the difference much smaller than this. It
may be pointed out that a difference of 3-2 is incompatible with even
approximate equality of £(CN) and p{CO). The difficulty might be
resolved if CN does not dissociate from the ground state into normal
atoms.

Table 11l further suggests that the periodicity of dissociation energies
follows a plan similar to that previously found for fundamental vibration
frequencies,11 with maximum values in group X, and decreasing values
with increasing sub-group asymmetry : thus D(CN) > £>(B0) > £>(BeF)
in sub-groups IXa, IXb and IXc respectively. This would suggest
D (CO) < £>(NN), which has not been so far proved by experiment.
Apart from some uncertainty, the agreement between calculated and
the most reliable experimental estimates may be judged generally
satisfactory. The methods adopted afford considerable systemisation
of the data on the related di-atoms of the KK and KK+ periods, and
provide evidence of the suggested periodicity of Sutherland's product.

The above considerations appear largely upheld by similar calcula-
tion in the KL and LK periods on pp type di-atoms, where we have

the experimental result £>(S0) = 5-053. This with re — 1-489 gives
p{3) = 21-8, and £(4) = 57-8. If we keep k constant and assume a
similar periodic variation of p with n to that used in the KK period,
we obtain Tabic IV. We take p — 24-3 for n = 10, p = 22-4 for
n — 9 and 11, with the above p — 21-8 for n — 12.
TABLE 1IV.

Di-atom AlO CP SiN CS Sio PN PO
Group 9 9 9 10 10 X0 11
Sub-group . b a a b b s a
-0(3) 4-1 53 50 51 54 5-8 55
D<4) . 4-6 51 50 5-1 5-4 5-6 5-8

The agreement between D (3) and £>(4) is again satisfactory, except
in the case of A10, where perhaps the less symmetrical sub-group 9b
requires a lower p than 9a. Should the experimental D (SO) be cor-

15G. Herzberg, Chem. Rev., 1937, 20, 145.
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rected, this will affect the values of £>(3) and D (4), but since ratios only
are involved, it would appear that the measure of agreement between
them would remain.

The methods of derivation of £>(3) and £>(4) appear quite independent,
and the periodicity of p has not been suggested to cause them to agree,
but to conform with the experimental results of Table I. It appears,
however, that another relation of the form (5) is involved, connecting
bond constant and internuclear distance.4 Fox and M artiné have
reached similar conclusions for C— C links, where kcr€ is found to be
constant. This matter is receiving further consideration.

4. More Complex Non-hydride Di-atom s.

In Table V we have calculated as many values of p(3) and k(4) as
possible from £>(expt.) for di-atoms which contain no atom of the K
period. The value of £>(SS) is either 3-6 or 3-3 according to Olsson, 16»17

whilst re= 1-88. Other D values are taken from Sponer.14
TABLE V.

Di-atom NaNa PP SS CicC1 KK BrBr ICI I
Period LL LL LL LL MM MM NL NN
Group . 2 los 128 14 2 14 14 14
Type . SS pp pp pp SS pp PP pp

r. 3-07 i-88 i-88 1-983 3-9j 2-28 2-315 2-660
D (expt.) 0-76 5'00S 3-6 3-3 2-468 0-51 1-961 2-143 1-535
p{3) ¢+ 13-3 24-6 30-5 33-3 33-2 iS-5 40-9 32-0 49-4
*(4) ¢ 31% i°5-3 82-9 76-0 72-0 43-1 86-9 99-4 108-i

Table V indicates that for LL and higher periods k, like p, becomes
sensitive to configuration type, being different for the ss di-atoms NaNa,
K K from that for the pp cases C1Cl1l, BrBr respectively. Amongst the
LLpp cases, the £(3) values support £>(SS) = 3-3 rather than 3-6, and
p(PP) = 24-6 appearserroneous. Further, D(SS) = 3-3 gives £5(3)= 33-3,
which agrees with p(3) = 33-2 for C1Cl. Values of £>(4) which agree
with k — 72 are 3*4, 3*1 for PP, SS respectively. Similarly, taking
& (SeSe) = &(BrBr) = 86-9, re(SeSe) = 2-15,17 and ¢(TeTe) = ¢(11) =

108*1, re(TeTe) = 2-59,17 we obtain D (4) equal to 2*5 and 1*8 for SeSe
and TeTe respectively. Again, r,(PP) mlies near re(SS), so if we may
take r,(AsAs) = re(SeSe) = 2-15, with k = 86-9, we obtain D[4) for

AsAs as 2*8. The D values found here for SeSe and TeTe are about
0-5 volt smaller than earlier uncertain assignments for these cases,
whilst the value for AsAs agrees within 0'2 volt with the lower of the
two possible values 4-0 and 2-6 found by Almy and Kinzer.18

5. Hydride Di-atom s.

It is characteristic of hydride di-atoms X H that the reduced atomic
weight M — A/(A + 1), where A is the atomic weight of X, does not

16 E. Olsson, Nature, 1936, 137, 745.

15E. Olsson, The Band Spectra of Sulphur, Selenium and Tellurium, 193S,
Dissertation, Stockholm.

18G. M. Almy and G. D. Kinzer, Physic. Rev., 1935, (ii), 47, 721.
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vary greatly for small changes in A, and approaches unity as A increases,
whilst the reduced mass ix= 1-65M approaches the value 1-65.

If we eliminate a> between the Morse-Clark formula (see Part 1V)
and Sutherland’s relation (3), we obtain pDr/n = 3-68 X 10~ 6 K 2Qn
where K gr is the sub-period constant of the formula. It then follows
that for di-atoms whose values of p and M do not differ very greatly

D = 1llI(r*n),

where 1| is a sub-period constant. This formula may be expected to
hold for hydrides, in place of (4) applicable to non-hydrides.

Isotopic di-atoms have D and re closely alike, so we may expect
constancy of | in such cases, although M varies. Using Beutler’s D
values 19 for HH, HD, and DD, it is found that I = 2-7 fits the three
cases, a small increase in D from HH to DD being accompanied by a
small decrease in rc. Equation (4) should also be suitable for isotopic
forms of non-hydrides.

We next apply (6) to the KH and LH periods, using the D values
selected by Berriman and Clark,20 based on careful comparison of avail-
able spectroscopic and thermal evidence. Some of the numbers may
be subject to revision, but serve as a basis for discussion. In Table VI
values of p(3) and 1(6) are given.

TABLE VI.
Di-atom. Period. i Type. D. . tee 1(3)- m -
: .
LiH 1 1 7 247 1-453 1-593% 6-6 318
BeH 31 pa Jr3-22 1-495 1-340 78 3
BH 4] 113-45 1-521 1*226 7-4 312
CH Y KH S5 4-0 1-533 I-12 8-8 31-5
NH 6 GiT 4-47 1-55° 1-041 7-9 31-5
OH 7 15-°7 1-563 0-974 8-9 31-9
FH 8 6-36 1-578 0-915 7-9 35.7
NaH I 2 sa 2-28 1-581 i-88 7-5 57
MgH 341 pa Jri4c° 1-585 i-73 16-9 38
AlH 4 13-12 1-592 1-643 8-7 91
: LH i )
SiH 51 3-27 1-593 1-53 io-3 90
PH 6 pTT 2-74 1-599 1-429 15-1 69
ClH _ 8_ 4-4° 1-604 1-272 11-8 92

*Value for LiD.

From LiH to FH, D and re move in opposite directions, whilst p
appears sensitive to structural change, apparently increasing slightly
from sty to pir types. On the other hand, | is remarkably constant
throughout the whole period, except for FH, where perhaps D (FH )=6-36
is too high. The Morse formula (1) gives the following values of D
LiH 2-60, BeH 3-56, OH 5-26, FH 5-52. These numbers run within
0-3 volt of D for LiH, BeH and OH. If we take D(FH) = 5-52, we
have Z6) = 30-9, which is not far from the mean 31-5 of the KH period.
If /(FH) = 31-5, we have D (6) = 5*62, which in turn gives ¢(>@3) = 8-9,
in agreement with ji>(OH). A self-consistent scheme is thus obtained.

In the LH period, although re falls continuously from NaH to C1H,
D does not move continuously in the opposite direction as in the KH
period. This may suggest that some of the D values are wrong, which

19 H. Beutler, z. physih. Chem., B, 1934, 27, 287.
20R. W. Berriman and C. H. D. Clark, Proc. Leeds Phil. Soc., 1938, 3, 465.
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appears borne out by the general irregularity of p(f). The run of 1(6)
suggests it to be a sub-period function depending on electron con-
figuration. The I values for A1H, SiH and C1H lie near together, sug-
gesting Z= 91 for pa and pa types in this period, in which case MgH

and PH do not fit. If 1= 91 for MgH,D(6)— 3-4 and p(~) = 7, which
fits better than 16-9 into the sequence; similarly, 1= gi for PH gives
D{6) = 3-64, p(3)= 11-3, which lies near p(CIH) = 11-8. From NaH

to C1H, as from LiPlI to FH, p appears to increase with increasing n.

Results on the meagre data in higher hydride periods are not recorded
in detail, but they tend to confirm the variation of I with electron type
in a given period. _Further, in the case of the only pair (AgH and CdH +)
of a given type (NHscr) for which comparison is possible the | values
coincide. In these higher periods, the evidence suggests that p may
be periodic, in such a way that a maximum is reached in each period ;
thus, for example, p shows the following corresponding sequences :
CuPl 9-5, ZnH 217, BrH 13-4 ; AgH 12-2, CdH 32-6, IH 16-4.

The more certain period dissociation constants k and | are collected
in Table VII, which shows that in the KK and KH periods the numbers
are independent of sub-period type.

TABLE VII.
Values of Dre3i*« k. Values of Dre*n= 1.
Period KK KL LL HH KH LH
f SS 30-6 — 31-1 f Sa 2-7 3i-5 57
Sub-period type 4 SP 30-6 — — -ipa — 31-5 91
IPP 30-6 57« 72-0 y*p-n 3i-5 91

The views expressed in this communication may be capable of con-
siderable extension as the experimental data are augmented. The
work described in the present and preceding part of this series of papers
appears to emphasise the importance of group number in interrelating
spectroscopic constants.

Summary.

The applicability of the empirical relation k = Drc3ni, where D is
dissociation energy, rc equilibrium internuclear distance, n group number,
and k a period (or sub-period) constant, has been tested for non-hydride
di-atoms in ground states and compared with formule suggested by other
authors (Morse, Huggins, Sutherland). Consistent results are obtained
by Sutherland’s and the author’s formule, provided that the product
occurring in Sutherland’s expression has periodic character with group

number, attaining maximum values in group X in each period. The re-
sults also confirm recent work of Fox and Martin on CC linkages.
The corresponding relation for hydride di-atom s is found to be | —D rc*n.

Consistent results are obtained by Sutherland’s and the author’s methods.

The results indicate that k is sensibly constant in the KK period for
elementary di-atoms, and possibly for other cases, and that | is constant
in the KH period, but that in other periods k, | are sensitive to electron
configuration type.

Comparison with experimental data gives generally satisfactory results.
A method is hereby suggested for the rapid approximation of D from rc,
whereby certain unknown dissociation energies are calculated.

Department of Inorganic Chemistry,
The University of Leeds, 2.



INFLUENCE OF ACIDITY ON CATALYTIC
EXCHANGE OF HYDROGEN AND WATER.

By A. R. Bennett and M. Polanyi.

Received 4th October, 1939.

The following note is concerned with a factual detail of a complex

m atter. Immediately following on their first observationl of the

catalytic interchange of hydrogen and water on platinum black, Horiuti

and Polanyi noted 2 that the rate of this reaction was slower in alkali

than in acid. Hence they concluded that the rate was not determined
by the process

|[H2+ Pt= Pt- H . . . (1)

which wasat the timethought to be purely homopolar, but that it

consists in
Pt - H+ H2 = Pt-+ HOH2+ . . . (2)

which, involving the separation of charges is of a naturetobe influenced
by potential changes accompanying variations in acidity. The signifi-
cance of the acidity effect was contested by Butler 3 but maintained by
Horiuti and Polanyi.4 New evidence for the acid-alkali effect was
presented by Eley and Polanyi 5who, having found (similarly to Farkas
and Farkas 6) that there is little if any delay between the splitting up
of a hydrogen molecule and its exchange with water, now concluded
that it is not (2) but (1) which determined the rates, and that this is
influenced by the interface potential in virtue of the polar nature of
the Pt — H bond, as evidenced by the work of Slygin and Frumkin.7
This contention, however, was not accepted by Horiuti and Okamoto 8
who doubted whether poisoning of the metal by impurities of the alkali,
as observed in various electrolytes by Volmer and W ick,9 could not, in
conjunction with the activating effects of air, simulate a reversible effect
of acidity which does not exist in reality.

Consequently, further experiments have now been undertaken to
test the acidity effect using depoisoned alkali and removing the system
from contact with air. The results contained in the present paper
prove that this change of conditions has no influence : the acidity
effect is observed exactly as before. Our experiments were completed
when confirmation of the acidity effect also came from Horiutiand
Ikusimal10 who, using depoisoned alkali and strong shaking,claim a
100-fold reduction of rate between n./io HC1 and n./i KOH. Their
communication, which seems to be of a preliminary nature, does not

1Horiuti and Polanyi, Nature, 1933, 132, S19.

- lbid., 931. 3 Butler, ibid., 1934. *33.
4Horiuti and Polanyi, ibid., 1933, 132, 931.

5Eley and Polanyi, Trans. Faraday Soc., 1936, 32, 1388.

6A. Farkas and L. Farkas, ibid., 1937, 33, 678S.

7Slygin and Frumkin, Acta Physicochimica U.R.S.S., 1935.
8 Horiuti and Okamoto, Trans. Faraday Soc., 1936, 32, 1492.
8Volmer and W ick, z. physik. Chetn., 1935, 172, 429.

10 Horiuti and lkusima, Proc. Imp. Acad. Tokyo, 1939, 13, 39.
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mention what tests of reversibility were made and seems to imply that
air was not excluded from reaching the catalyst when the liquid was
changed ; reference is made to further explanations which will be given
in a later paper.

Experimental Method.
M aterials.

Catalyst consisted of platinum foil o-o0i in. thick cut into squares
of approximately 5 x 5 mm. and was cleaned by chromic acid and washed
with distilled water.

N. Hydrochloric Acid.—W oolley’s Pure Normal Hydrochloric acid
was used.

N ./10 Caustic Potash Solution.— Prepared by dissolving the requisite
weight of Merck’s pure KOH in distilled water. This was depoisoned
by allowing to stand in contact with platinum black for some weeks.

Deuterium, obtained by electrolysis of alkaline D.O from Norsk
Hydro-Elektrislc Co., was purified by passing it through a heated palladium

thimble. The D2concen-
tration was assumed to be
100 %. For experiments
inwhich 60 % D 2 40 % H 2
was used the 100 % D2
was diluted with pure H 2

The Reaction Vessel
before use was cleaned in
chromic acid and washed
thoroughly with distilled
water.

The platinum foil cut-
tings which were used as
the catalyst were placed
in the reaction vessel
shown in Fig. 1 and im-
mersed to start with either
inN./i HClor N./ioNaOH.
The vessel (connected by
a glass spiral with the
vacuum apparatus) was

Fig. 1. filled with deuterium and
shaken in horizontal direc-
tion at an amplitude of about f in., making 4-6 full turns per second.
At the end of a run the liguid was removed under hydrogen through the
capillary / and the two-way tap T ; a new liqguid which had been pre-
viously outgassed being then introduced through one of the breakable
joints Gi or G2. The liqguid was changed a second time under hydrogen
through the joint not used in the first instance. This complete cycle was
carried out twice ; but experiments were also registered in which only
one change could be made under hydrogen, because subsequently air
came in by leakage or mistake. Such experiments showed that the
presence of air has no appreciable effect on the phenomenon.

The deuterium used was 100 per cent, to start with, except in the
experiments where the observation of the reaction H2+ D2= aHD
was intended, in which case an initial concentration of 60 % D was taken.
Changes in concentration were observed by measuring the heat conduc-
tivity of the gas. For the H, + D 2 reaction the conductivity was read
twice : before and after equilibriation on a hot wire.
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Results.

In Table I one run is reproduced to show the details of the experimental
conditions and the extent to which the exchange velocity constants Ke,
calculated on the basis of a first order reaction, were reproducible. Table

TABLE 1I.
90 ¢cm.2 Platinum Foil. 10 c.c. n. HC1.
Initial Gas. 100 % D. Hydrogen Pressure103-113 mm.
Date. Temperature (°C.J. Time (t) (hr.). % D at Time t. m Kk, (hr.-1).
24 1 39 19-4 3-31 46*6 0-230
25 1 39 i8-i 4-29 3747 0-227
25 1 39 18-5 3-17 48-2 0-230
26 1 39 i8-0 3-37 44-8 0-240
27 1 39 0-0 5-03 46-0 0-155
27 1 39 0-0 3-93 52-4 0-165
28 1 39 0-0 2-67 66-0 0-156
3° i 39 0-0 3'67 344 0166
3° i 39 19-0 2-10 62-0 0-229
30 I 39 17-2 2*10 59-8 0-246
Il surveys the final results of a number of runs. It shows that the sub-
stitution of n./ioc NaOH for n./i HC1 reduces the rate of exchange by a

factor 4-12 at o° and to a lesser extent at room temperature. This is
accompanied by a marked increase in the temperature coefficient, resulting

TABLE 11I*

aand b gocm.2Platinum Foil (Experiments 12 to 57).
cand d 150 cm.2Platinum Foil (Experiments 72 to 144).
Hydrogen Pressure 100-127 mm -

Solution. *,(0° C), k, (20»C), i E k.cal./moi.
hr.-1. hr.“1 Logio B.

fn.lio KOH . 0-040 0-i34 6-3 9-8
n..HC1 0-119 0-182 i-8 3-4
blln .. HC1 0-159 0-240 1-6 3-0
N./lo KOH . 0-013 0-037 4-7 8-4

‘N ./1o KOH . 0-065 0-179 5-6 8-4
n..HC1 0-269 0-396 1-8 3-0
n.lic KOH . 0-056 0-146 4-8 7.7

N. . HC1 0-357 0-525 2-0 3-2

d\ n ./ioc KOH . 0-072 0-i8i 4-j 6-7
n. . HC1 0-271 0-449 2-6 4-1

* The value of k, at 0° C. and 20° C., of B the temperature independent
factor, and E the activation energy, were obtained graphically from the experi-
mental values of ke at various temperatures. The acid-alkali changes within
the groups a, b, c and d were all effected in an atmosphere of H2.

in an increase of the calculated activation energy on the average from
3-5 k.cal. in acid to 8-0 k.cal. in alkali. We cannot definitely conclude
from our experiments as to what extent the rate of exchange was lowered
by the physical factors limiting the rate of diffusion. This would reduce
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the apparent effect of changes in acidity while at the same time diminish-
ing the apparent activation energy of the faster reaction. Horiuti and
Ikusima 10 have published a single series of observations from which by
slight extrapolation a 22-fold reduction of rate in the range of n./HCI1 to
n.lio KOH is apparent. This may perhaps indicate that even our ratio
12 is still somewhat reduced by the physical factors; but a more detailed
consideration of our data, which need not be communicated here, does not
make this appear likely.

In Table 11l some experiments are listed in which the first order
TABLE 1I111.*
Experiments 12 to 15 and 22 to 25. Hydrogen Pressure 100 to 127 mm.
90 cm.! of Platinum Foil. Initial gas 62-0 % D2 38-0 % H,.
: Tempera- Timet %D - ~6
Date. Solution. N oL), .
ture °C. (hr.). timet.  WilWi (hr-1).  (hro»).
15 12 38 N./io KOH 21*3 3-23 36-8 0-84  0-162  0-055
16 12 38 " 21*3 5-08 334 0-71 0-122 0-066
16 12 38 21-0 4-71 34'8 0-76 0-ii8 0-059
17 12 38 . 19*2 4-5° 38-0 0-76 0-108 0-062
5 | 39 N. HC1 14-6 5-21 31-0 0-76 0-134 0-053
5 1 39 " 15-4 4-48 30-0 0-79 0-162 0-053
6 1 39 " 16-0 4-17 3°'5 0-82 0-171 0-047
6 1 39 16-9 5'20 27-0 0-83 0-160 0-036

* — 1it log w2lwx where wlis the resistance shift on equilibration of the

final gas— w%is the resistance shift on equilibrating a gas of the same total D
atom concentration with no HD present.

conversion constant kc referring to the Hs+ Da= 2HD reaction was
also observed. The resistance shifts from which these are derived are
of the order of 0-2 ohms only and the accuracy is correspondingly reduced.
Nevertheless, the results leave no doubt that in our experiments the
exchange was accompanied by a certain amount of conversion, its rate
being £ to £ of the rate of exchange.

D iscussion.

The communication of these experimental results seems no sufficient
occasion to develop all the wider problems of which they form part.
But a few remarks may be permitted concerning the new suggestion of
Horiuti and lkusima that the electrode processes on platinum proceed
by the “ electrochemical mechanism ” of Horiuti and Okamoto. This
mechanism would appear to be excluded for cathodically polarised
electrodes of the metal palladium which is closely similar to platinum.
Experiments quoted in this connection by Frumkin,11 show that the
overvoltage spreads by diffusion from one side of a thin palladium foil
to the other : this effect proves that the evolution of hydrogen is not,
or not principally, due to a lowering of an energy barrier caused by
polarisation as in the electrochemical mechanism; but to an accumula-
tion of hydrogen in the valley immediately preceding the significant
energy barrier, and that hydrogen in the state corresponding to this
valley is diffusible through palladium. To this may be added the ex-
periments of Calvin and Dyas 12 showing that on platinum cathodically

11 Frumkin, Ada Physicochimica U.R.S.S., 1937, 7, 475.
12 Calvin and Dyas, Trans. Faraday Soc., 1937, 33, 1492.
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polarised to not more than o-oi volt, the rate of exchange is reduced to
a fraction of the rate of H2+ D2 conversion— although according to
the electrochemical mechanism such conversion should be negligible.

The conversion which we observed ourselves shows that even on
unpolarised blank platinum a process of dissociation H2= 2H pre-
liminary to the formation of H+—ions does take part in determining
the rate of reaction.

The University,
M anchester.

THE SIMPLEST ULTRACENTRIFUGE WITH
PHOTOGRAPHIC RECORDING.1

By James W. McBain and Allen H. Lewis.

Received 13//1 October, 1939.

The directly air-driven transparent ultracentrifuges 2 require a highly
skilled mechanician for their construction. Consequently the cost is
more than that of the opaque analytical ultracentrifuges,3 although still
much less than that of the air-driven vacuum type of Beams and others.
Furthermore, all of these transparent ultracentrifuges require expensive
optical accessories. We have therefore simplified the directly air-driven
rotor and dispensed with a camera, producing an ultracentrifuge with
which useful results of fair accuracy can be attained in any laboratory
with the necessary supply of air.

Briefly, the rotor is a solid piece of duralumin with a cover, holding
slit non-conducting blocks each containing a capillary tube for the
solution and resting upon a piece of ordinary photographic film. A run
is made n dim light or under cover until the record is desired, where-
upon the light is flashed on for one or more seconds. The record is thus
obtained without stopping the rotor. The normal speed is 72,000 r.p.m .,
producing a force of 116,000 times gravity at the centre of the cell. A
smaller rotor can produce any desired greater force. The present rotor
may also be run as slowly as desired to measure sedimentation equili-
brium. In this respect it is especially valuable for the study of virus.

Design of the Rotor.

The design of the rotor is illustrated in Figs 1 (Plate VI), 2, and 3. The
rotor consists of a solid piece of duralumin, 7 cm. in diameter, with angle of
cone 1020. The top surface is flat, exceL for a rim 4 mm.wide and 1 mm.
high at the periphery. Two or more w'ells with perpendicular walls are
milled into the rotor, each the same distance from the centre of rotation.
These wells are 11-5 mm. wide, 10-5 mm. deep and 23 mm. long, with

1McBain and Lewis, Science, 1939, 89, 611.

2McBain and O Sullivan, /. Amer. Chem. Soc., 1933, 57, 780, 2631 ; McBain
and Lewis, presented at Colloid Symposium, 1939.

3McBain and Alvarez-Tostado, Nature, 1937, 139, 1066 ; J. Amer. Chem.
Soc., 1937, 59, 2489; McBain and Leyda, Nature, 1938, 141, 913; /. Amer,
Chem. Soc., 1938, 60, 2998 ; McBain, J. Physic. Chem., 1938, 42, 1063 ; Chem.
Rev., 1939, 24, 289.
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rounded ends. The cover is made of a single piece of duralumin, and is
held to the rotor by a central screw. It has a maximum thickness of
3 mm. near the centre and tapers to be flush with the rim at the edge of
the rotor. The under surface of the cover lies flush with the top surface
of the rotor. The top surface of the cover is turned as shown in profile
in Fig. 2, so that a ring uniformly 2 mm. in thickness is obtained just over
the wells in the rotor. In this a slightly tapered hole g mm. in diameter,
drilled from underneath, takes a glass or quartz -window held by Duco
cement. The threads of the central
screw are ground until when the cover
is tight the window is directly over
the capillary tube. The cover also
contains two small wrench holes for

tightening the cover.
Two blocks of hard rubber were
made to fit snugly into the wells.
These blocks are half round at one
end and cut off square at the other

end. Into each is drilled a hori-
Fig. 2.—Cross-section through zontal hole 7 mm. in diameter with a
assembled rotor. rounded bottom, leaving a wall of

3 mm. of hard rubber at the rounded
end of the block. These holes are made so that thick-walled capillary
tubes of 7 mm. external diameter fit snugly into them. The block which
is to hold the tube in which measurement is to be made is sawn nearly in
two lengthwise by a vertical cut to let a beam of light pass through. This
produces two slits 0-6 mm. wide which are directly opposite each other,
one in the centre of the top wall and the other in the centre of the bottom
wall. Ifasmallpiece of photographic film is placed under the hard rubber
block, the light beam places upon the film a shadow reproduction of the
capillary tube and its contents. A tiny hole 0-5 mm. in diameter is drilled

B

Fig. 3.—View from above, A, cover, and B, rotor containing cell and dummy.

through the cover just next to the window on the side toward the centre
of the rotor. Part of the vertical beam of light passes through this hole
and places a spot upon the film which is a known distance from the centre
of rotation and is used as a reference point for measurement.

The capillary tubes are of glass or quartz of outside diameter about
7 mm. and inside diameter r mm. They are sealed at one end, and the
open end is ground fiat. They are filled with a capillary pipette and then,
to prevent evaporation, sealed with a small piece of gummed label and
Duco cement. The tubes are about 12 mm. long, thus being about 2 mm.
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shorter than the hole in the rubber block into which they fit. A small
piece of cork 1 mm. thick is placed over the flat end of the tube after it is
placed in the rubber holder, to insulate it from any temperature changes.

A simple 7 cm. stator without central air inlet was used, with 15 air
holes of 0-033 in. diameter.

O peration Characteristics of Rotors.

The relation between speed and the size and number of air ports was
investigated by F. A.

Leyda and Joseph TABLE 1I.
Grebmeier, using a
5-8 cm. stator (Table Rotor Speed in Revolutions/Second.
1)- o Pressure
Raising the nur.n l?er (1bs./in.2). 12 Holes 24 Holes 12 Holes
of flutes on the driving 0-028 in. diam.  0-028 in. diam.  0-033 in- diam.

cone from 60 to 120
resulted in only a

slight increase in 50 675 780 840
speed. Nearly doubl- 75 725 855 980
ing the length of the 100 o 920 1060
flutes on the test 125 - . 1120

. 150 840 1005 1165
rotor had practically 200 860 1 1180
no effect on the speed. 225 885 _ 1200

W hen the ratio of 275 HIS

the number of flutes
to the number of air
ports is small, it must be an integer, such as 60/15 = 4, if smooth running
is to be obtained. W hen the ratio is large, such as 120/16, it does not

seem to matter.

Changing the angle of the rotor cone from 100° to 110° resulted in a
marked increase in speed (Table Il), and in the Bernoulli effect, but the
rotor was not as stable. The instability was due to the greater Bernoulli
effect and could be eliminated by use of a stator with adjustable central
air inlet.

The simplest 7 cm. stator could be used for the larger proteins, but

to eliminate vibration

TABLE Il.—Effect of Angle of Cone Using a visible in the micro-
go° Stator. scope, caused by tur-
bulence of the air,
Speed in Revolutions/Second. six vertical  baffles
Pressure were attached to the
{lbs./in.2). ) aluminum ring of the
ioo® Cone. 102° Cone, no- Cone.
stator, each approach-
ing to 1 mm. from
5o 840 870 980 the edge of the rotor.
75 980 1030 1160 In addition, six slant-
100 1060 1150 1290 ing pieces of metal

were placed around

the stator, alternating
with the vertical baffles. The strips of metal simply rested against the
stator at one end and against the top of the guard at the other.

Use of Capillary Tubes.

Sectorial cells 2 may equally well be employed and made longer and
thicker than those for the 37 mm. rotors, but they are much more com -
plicated than ordinary capillary tubes. Objection might be made to
these because they are cylindrical rather than radial and sectorial. How-
ever, they do in fact give almost perfect results. This must be due to
streaming being confined to a few particle diameters on the outside of the
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liguid, producing a very slow controlled and limited movement displacing
upwards from the bottom an equal bulk of the total liquid. Thus not
only are good boundaries formed and maintained, as observed by Elford,
Mclintosh and Selbie, and Ford, as well as ourselves, but they move at
very'- nearly the exact theoretical rate.

Experimental Procedure.

The capillary tube was filled by means of a capillary pipette to about
1 mm. from the top, giving a column of solution about 8 mm. long. Zero
time was taken when the air pressure to be used was reached, since the
rotor accelerates to speed in a fraction of a minute. The speed of the
rotor was measured in the dark by matching the note from an oscillator
with that heard directly from the rotor. The temperature was likewise
measured. After the run, the rotor was stopped in the dark, wrapped in
black cloth and taken to the darkroom, where the film was developed.

Instead of making only one exposure, a movable slit can be used of
sectorial shape with limited radius allowing only part of the tube to be
photographed at each successive exposure.

Experimental Results.

Erythrocruorin of Earthworm Blood.1— W ith sharp boundaries
such as those for so heavy a molecule (%, X io13 observed 59-6, Upsala
value 607), measurement of the film (Fig. 4, A, B, Plate VI) can be made
directly or with a travelling microscope with almost as great accuracy
as with the microphotometer.

Carboxyhemoglobin.— Onthe other hand, with thesmaller proteins,
and only 116,000 times gravity, the boundaries are necessarily diffuse,
in accordance with theory. Hence one must distinguish between the
point of half-blackening of the film and that of half-concentration, the
latter being a close approximation for the ideal for a sharp boundary.
The effects were studied as follows.

Horse red blood cells saturated with carbon monoxide were centri-
fuged with 1 % NaCl five times at 0°, before adding distilled water to
rupture the cells and centrifuging off the debris. After dialysis at 0°,
some of the crystalline hemoglobin obtained was dissolved in I % KC1
to study. Exposure was one second with blue light and the films were
microphotometered. The point of half-blackening in the first four runs
gave distinctly high values 4-8 to 5-6, mean 5-2 X JO-13, before the
illumination was improved by placing a sectorial opening in the optical
path to secure uniform illumination. The degree of blackening corre-
sponding to half-concentration is simply determined by photographing
in the same tube a solution of half concentration, the two films being
developed together (Fig. 4c, d). It was found that the film had to be
cut very carefully without exposure, either with a die, or most simply
by cutting round an opaque form.

After adopting this technique the values for half-blackening were
6-10 and 6-21, but for half-concentration the results then obtained by
L. H. Perry were 4-71 and 4-73 for 520 X i0o13 as compared with
Steinhardt’s Upsala value 4-63.

Summary.

Details of the construction and operation of the simplest air-driven
ultracentrifuge are given, and it is shown that the results are practically
as good as those hitherto attained with any of the standard ultracentrifuges.

Dept, of Chemistry,
Stanford University,
California, U.S.A.



NUCLEAR GOLD SOLS. I. MECHANISM OF
FORMATION.

By A. Baker and F. L. Usher.

Received igth October, 1939.

It is well known that the size of the particles in gold sols prepared
by chemical means depends partly on the reducing agents used in their
preparation. Hydrazine and hydroxylamine, for example, give large
particles of over 50 mix radius in the absence of nuclei, whereas alkali
thiocyanate or a solution of phosphorus in ether gives very small
particles in the size range 1-6 m/x, sols of this kind being known as
“ nuclear.” There are numerous experimental data relating to the
conditions under which the different kinds of sols are produced and to
their physical and chemical properties, but two questions of special
interest remain unanswered ; one relates to the cause of the dependence
of particle size on the nature of the reducing agent, the other to the
existence of a lower size limit. The present paper is concerned with
the first of these problems.

The formation of a gold sol by chemical reduction involves crystal-
lisation from a solution supersaturated with respect to gold, and there-
fore in experiments in which only the reducing agent is varied we should
expect the relative size of the crystals to be determined by the relative
speed of the reactions— the slower reaction giving fewer and larger
crystals. This simple and obvious inference apparently contradicts
what is observed when, for example, a dilute solution of a gold salt is
treated on the one hand with hydroxylamine hydrochloride, and on
the other with an ethereal solution of phosphorus ; in the first case we
get a coarse blue suspension by a reaction which is nearly instantaneous,
and in the second a red nuclear sol by a reaction which at the ordinary
temperature needs about a day for completion. It seems likely that
this apparently anomalous behaviour is due to the occurrence, in the
second case, of consecutive reactions differing greatly in velocity; we
must therefore start by looking for evidence that reactions leading to
the production of nuclear sols do in fact occur in at least two stages.

Faraday Sols.

W hen a solution of phosphorus in ether is added to a dilute and
slightly alkaline solution of a gold compound (usually chloroauric acid),
the liguid at once assumes a brown colour which, in about a day at room
temperature, more rapidly if heated, changes to the normal colour of
a Faraday sol. This colour change suggests the formation of some
intermediate product, though it does not prove it, for the brown liquid
may contain gold particles which afterwards undergo some structural
change associated with change of colour. This question has been
discussed 1 but not investigated. Attempts to find the composition
of a coagulum from the brown liqguid were inconclusive, because although

1 Galecki, Koll. Z., 1912, 11, 105; Zsigmondy and Thiessen, Das kolloide
Cold, Leipzig, 1925, 120.
33
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the coagula, after washing with ether, contained phosphorus, it is
possible that some or all of it was derived from phosphorus precipitated
along with the gold. The only way of removing this uncertainty is to
use a method which does not involve the formation of colloidal phos-
phorus, a condition which would be satisfied by substituting for phos-
phorus in ether an aqueous solution of phosphine.

The action of phosphine on gold compounds was first described by
Mrs. Fulhame 2 in 1794 as follows :—

“ A piece of silk, which was immersed in a solution of nitro-muriate
of gold in distilled water, and suspended in the air twelve hours to dry,
was divided into three parts. One of these was exposed to a stream of
phosphorated hydrogen gas ; the silk became brown . . . butno reduction
took place. Another of these parts was wetted with alcohol, and exposed
to the gas ; but no sign of reduction could be perceived. The remaining
part was wetted with water, and was no sooner exposed to the gas than
the reduction commenced over the whole silk, which was soon covered
with a bright coat of reduced gold."

In 1811 Oberkampf3 obtained from aqueous chloroauric acid a black
precipitate which he regarded as gold phosphide, but which R ose4
considered was metallic gold. The only other relevant observations
were made in 1885 by Cavazzi,5 who found that phosphine precipitated
from solutions of gold chloride in alcohol or ether a black gold phosphide
(AuP) which was decomposed by air, or by boiling with water or alkalis,
forming metallic gold. He also stated that in aqueous solutions gold
was obtained, owing to the action of cold water on the phosphide
initially formed. The published information thus leaves little doubt
that phosphine reduces gold compounds in aqueous solution to the metal,
and suggests that the latter may be derived from a previously formed
gold phosphide.

Experimental.

Phosphine was prepared (1) by boiling phosphorus with aqueous
potassium hydroxide, and washing successively with concentrated hydro-
chloric acid and with water, and {2) by the action of water on phosphonium

iodide and washing with water ; in each case the washed gas was passed
over soda-lime, filtered through glass wool, and absorbed in water in a
Pyrex flask. In the experiments to be described the results obtained

were the same irrespective of the method of preparation of the phosphine.

(@) Addition of 50 c.c. of phosphine solution to 60 c.c. of a solution
containing 15 mg. of gold as KAuCl4and 2-5 X xo~lequivalent of sodium
carbonate caused the instant formation of a red sol.

(b) W hen the above solutions were mixed in the reverse order a yellow
sol was first formed, and this changed to reddish-brown in a few seconds ;
the yellow colour was not regained on dilution. When the amount of
gold was reduced to xo mg. the duration of the yellow colour was increased
to about 5 minutes.

(¢) A more stable yellow sol (A) was made by adding a solution contain-
ing S5 mg. Au with a proportionate amount of alkali to a freshly prepared
phosphine solution, the resulting sol containing 0-063 mg- Au per c.c.
20 c.c. of A, kept for 2 days in a stoppered flask containing air, changed
into a red gold sol; 20 c.c. kept for the same time in a similar flask under
nitrogen remained yellow.

2Fulhame, Essay on Combustion, London, 1794, 63, X14.
30berkampf, Ann. Chim. Phys., 18x1, So, 140.
4Rose, Pogg. Ann., 182S, 14, 1S4. 6 Cavazzi; Gazzetta, 1SS5, 15, 40.
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{d) When heated, sol A remained yellow until the boiling point was
reached, and then quickly turned red.

(e) A mixture of sol A with a solution of KAuC14 turned red, whilst
the same quantity of A exposed to air for the same time remained yellow.

(/) The dispersed material in sol A was analysed after coagulating
with sodium chloride and washing the precipitate with water and finally
with alcohol. The sol was prepared and coagulated and the precipitate
dried in an atmosphere of nitrogen. After weighing, the precipitate was
oxidised with nitric acid, and phosphorus was determined by the lead
molybdate method,6 in which the weight of the final product (PbMo00O.))
is 142 times that of the phosphorus. Two analyses gave P 13-9 and
12-9 % ; calc, for AuP 13-6 %. It is therefore probable that the gold
in the yellow sol is present entirely as colloidal auric phosphide.

(g) A further analysis of the coagulum from a sol, originally yellow,
which had been allowed to stand over a week-end in contact with air
and had turned red, gave P 0-7 %. This coagulum was of the usual bluish-
black colour of gold precipitated from a normal gold sol, whereas coagula
from the yellow sols were brown. The black precipitates obtained by
Oberkampf and by Cavazzi may have owed their colour to admixed gold ;
in our own experiments the colour of the phosphide precipitates was always
brown when adequate precautions had been taken to prevent oxidation.

The experiments just described make it reasonably clear that the
primary reaction between phosphine and an auric compound in aqueous
solution gives auric phosphide, and that this may be converted into
gold under conditions permitting oxidation, e.g. by the action of air, boil-
ing water, or excess of gold salt. The reactions may be formulated thus :

(1) AuClI3+ PH3= AuP + 3HCI;
(2) gqAuP -j- 502 -f- 6H20 = qAu -f- 4H3P 04;
eor 3AUP -j- 5AuC13 12H20 = 8Au -T 3H3P 04 -f- 15HCI.
According to Cavazzi, in the reaction with water, phosphine and hydrogen
are formed in addition to phosphoric acid.

Gold sols made by the phosphine method are nuclear, and can in
fact be obtained more finely disperse than any hitherto described.
Chemically the reaction is of the kind expected, in that gold is formed
only in the last of a sequence of (in this case two) reactions. The
Faraday method, in the form described by Zsigmondy 7 is, however,
the standard method of preparing nuclear sols, and it still remains to
show what relations exist between Faraday sols and those made with
phosphine. The first question that arises is whether auric phosphide
is an intermediate product in the preparation of Faraday sols. Direct
evidence on this matter is not to be had, since the presence of even a
large proportion of phosphorus in the coagulum from a sol immediately
after mixing the reactants is capable of more than one interpretation.
A further difficulty is presented by the fact that auric phosphide sols
prepared with phosphine are considerably more stable than are the sols
made with a solution of posphorus in ether; the former arc more
slowly affected by air, and can be preserved under nitrogen unchanged
for more than two months. The experiments described below give
further information on these points.

(h) Auric phosphide sol was prepared and afterwards boiled in com-
plete absence of air. The sol turned red within 15 minutes. A similar
sol kept at 90° for 7 hours showed no change beyond a slight darkening
of colour to yellowish-brown.

6 Raper, Biochem. J., 1914, 8, 649.
5Zsigmondy and Thiessen, op. cit., 48

14
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(i) i c.c. of a saturated solution of phosphorus in dry ether rvas added
to 20 c.c. of an ether solution containing i mg. of Au as HAuC14. A yellow
sol showing a marked Tyndall effect was formed. Half of this sol was
shaken with an equal volume of water : the ether layer was decolorised
and the aqueous layer became red. The other half of the yellow sol,
when concentrated to one-third of its original volume, deposited a floc-
culent brown substance having the properties of auric phosphide.

(J) An ethersol of auric phosphide was prepared as in (i). Half of
it was shaken with water and gave a red aqueous layer. The other half
was shaken with an aqueous solution of phosphine : this gave a yellow
aqueous layer. The ether layer was decolorised in both.

The results of these experiments, together with the facts previously
established, enable a clear picture to be formed of the succession of
events in the formation of nuclear sols whether made with phosphine
or with ethereal phosphorus. Thus, when a dilute and slightly alkaline
solution of a gold compound is mixed with excess of phosphine a yellow
sol of auric phosphide is formed ; a yellow hydrosol similar in all respects
to the first is also formed by shaking with water the yellow ethersol
produced by mixing ether solutions of phosphorus and chloroauric
acid ; finally, when either of these yellow hydrosols is subjected to the
conditions normally prevailing during the preparation of a Faraday
sol it is converted into a nuclear gold sol. There is, therefore, a strong
probability that auric phosphide is formed as an intermediate product
in the Faraday reaction, whilst failure to isolate it from the reaction
mixture is adequately accounted for by the fact (cf. Experiment j)
that oxidation of auric phosphide, though inhibited by phosphine, is
not inhibited by phosphorus, and must, therefore, be proceeding at a
very early stage, an inference supported by the rapid darkening of the
mixture usually observed. The order of mixing (i.e. phosphorus is
added to the gold compound) would also favour oxidation of the phos-
phide by the local excess of gold salt during mixing.

Faraday sols have been discussed at some length because of their
historical interest and practical importance. The chemical mechanism
suggested for their formation is at least highly probable; but the
physical mechanism is obscure, owing to our ignorance of whether the
initial reaction takes place in solution or is restricted to the surface of
the phosphorus particles. This uncertainty, and the difficulty created
by the presence of colloidal phosphorus, makes Faraday sols unsuited
to further investigation. Sols made with phosphine are free from both
these objections, but even they cannot be used in experiments designed
to ascertain whether a definite physical connection exists between the
particles of the supposed intermediate product and the gold particles
finally produced. This question would be resolved if the number of
gold particles in the final sol could be shown to be the same as that of
the phosphide particles, and this could be done only if the amicroscopic
particles were grown to a size large enough to enable them to be counted.
The phosphide sols, however, are unstable in the absence of free phosphine,
the presence of even a small trace of which would lead to the formation
of fresh nuclei and thus nullify any attem pt to count the particles.

Nuclear Sols made with Hydrogen Sulphide.

W hen a dilute solution of potassium chloroaurate is mixed with
one of hydrogen sulphide in excess, a sol of gold .(mainly auric) sulphide
is formed; it is at first often turbid owing to the presence of some free
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sulphur, but gives a clear yellow sol when boiled. The degree of dis-
persion of these sols increases with dilution, and when sufficiently dilute
they are nuclear, i.e. they show only a very weak Tyndall effect, and
give rise to nuclear gold sols. The conversion of a sulphide sol into a
gold sol can be effected, as with the phosphide sols, by oxidation ; but
unlike the latter, sulphide sols are stable towards air and are unaffected
by boiling, even when free from hydrogen sulphide. They can, therefore,
be used for finding what relation exists between the number of sulphide
particles and the number of particles in gold sols formed from them.

Auric sulphide sols can be converted into gold sols by treatment
with potassium chloroaurate, ammonium persulphate, hydrogen per-
oxide, or ozone ; in these reactions the concentrations must be kept low,
since all the sulphur appears as sulphuric acid, the coagulating effect
of which is added to that of the electrolyte already present and of any
which may be derived from the oxidising agent used. The following
are examples of the preparation and properties of the sols. The initial
sulphide sol was in every case freed from hydrogen sulphide by boiling
and by subsequently bubbling filtered air through the liquid for 30
minutes.

Reaction with Chloroaurate.— 3 mg. of Au as KAuCl4 were added
to 50 c.c. of a Au,S,, sol containing 1 mg. Au and 3-5 x 10-4 equivalent
N a2c 03. After 15 minutes the solution became pink, and the colour
increased in depth for several days, gradually acquiring a smoky shade.
After 8 days slight surface coagulation was visible, and after 1 month
the gold was almost completely coagulated. More dilute sols were red,
not smoky, but even these coagulated spontaneously in a few weeks.
If alkali was omitted the sequence of changes was the same, but coagula-
tion set in earlier. Dilute red sols formed by this reaction are amicronic,
but owing to their instability are useless for the purpose in view.

Reaction with Ammonium Persulphate.— 20 c.c. of a Au2S3 sol to
which was added 1 mg. of (NH4),S,0, showed no change on standing
overnight at room temperature. The solwas then boiled ; it turned pink,
with a brown tinge, in 10 minutes. The colour was not changed by
further boiling. The sol showed only a very faint Tyndall effect.

Reaction with Hydrogen Peroxide—l c.c. of 6 % H,0a (Merck’s
Perhydrol diluted) was added to 25 c.c. of Au2S3sol containing o-x mg. Au.
No immediate reaction occurred in the cold, but on boiling the liquid
became red in 10 minutes. When Na2C 03was added in amount sufficient
to neutralise the acid formed oxidation occurred slightly less readily.
The reaction was not obviously affected by decreasing the concentration
of gold, but was greatly retarded by decreasing that of TI20 2. These
sols, when dilute, are amicronic and stable.

Reaction with Ozone.— Ozonised oxygen was passed at room tem -
perature through Au2S3 sol containing o-ox mg. Au per c.c. The sol
slowly (20 mins.) turned pink, and finally became bluish-purple. The
Tyndall effect, which was very faint, indicated that the blue colour was
due neither to the production of large particles nor to coagulation. W hen
boiled for 2 minutes the sol became pure red. Similar behaviour has
been noticed in sols prepared by reduction methods, when the reduction
has been incomplete, and in such cases the blue or purple colour is usually
attributed to a gold oxide. This explanation is supported by the observa-
tion that a red gold sol made by the phosphine method was turned purple
by passing ozonised oxygen through it; the red colour was regained on
boiling, and the Tyndall effect remained unchanged throughout.
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Particle Concentration in Sulphide Sols.

The particles in gold sulphide sols cannot be directly counted. Their
size decreases with increasing dilution of the parent solutions, the largest
“equivalent gold particle [i.,e. one containing the same amount of
gold as the sulphide particles) having a radius of 2-5 m/x. The particles

are, therefore, too small to count in the ultramicroscope, and must be
grown before their number or size can be determined. It has been
shown already that gold sulphide reacts rather slowly with potassium
chloroaurate; it seems probable that the slowness is due entirely to the
solid reaction, and that the surface of the particle is converted into gold
very quickly. This view is borne out by the observation that the
sulphide particles behave exactly like gold nuclei when an attempt
is made to grow them by reducing a chloroaurate solution in their
presence with hydroxylamine. Table | gives the results of determining
in this manner the number of sulphide particles per c.c. in five different
sols of concentration varying from 0-08 to 0-0008 mg. Au per c.c. The
measurements were made by the method described in Part | of this
series.8 The first column gives the relative dilution of the particular
sol used, and the second the calculated number of nuclei in the undiluted
sol. These numbers should not vary with dilution if the sulphide
particles do in fact act as the sole nuclei of condensation ; if, on the
other hand, the number of gold particles produced depends on some
other factor, the observed numbers would be constant, and the cal-
culated numbers would therefore be directly proportional to the dilutions.

TABLE 1I.

(c = Au per c.c. of undiluted Au2S3sol; v = relative dilution ; n = number
of particles per c.c. of undiluted sol.)

¢ — 0-0S mg./c.c. ¢ —0-02 mg./c.c. ¢ — 0-0x mg./c.c.
v n \% n v n
1-0 6-0 x i013 1-0 3'3 X 1013 1-0 2-6 X 1013
i-5 5-6 X io013 1-025 392 x 1013 1'33 2-6 X 1013
6-7 x i013 x-47 34 X 1013 1-67 2-5 X 1013
- 6-8 x 013 i-5 3-0 x 1013 2-0 2-4 X 1013
2-0 2-8 X 1013
2-2 2-9 X 1013
c = 0-004 mg./c.c. = 0-0008 mg./c.c.
n v n
1-0 1-3 x 013 -0 5-0 X io;
i-25 1-4 x 013 1-4 4-3 X 10
1-75 X-i X i013 20 4-5 X 1013
2.5 i-x x i0o13 3-0 4-5 X 1013

The tabulated figures show that the number of gold particles formed,
in each of the five sols, is proportional to the amount of sulphide sol used ;
it may therefore be assumed that this number is also that of the sulphide

8 Usher, Trans. Faraday Soc., 1938, 34, 1230.
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particles present. The average deviation from the mean, averaged for
the five sols, is 6-2 %, which is well within the permissible experimental
error.

Particle Concentration in Gold Sols derived from Sulphide Sols.

Theoretically any one of the four oxidising agents previously named
could be used to convert the sulphide sols into gold sols with a view to
comparing their particle concentrations. In practice only hydrogen
peroxide has been found satisfactory, since sols made with the others
show too great a tendency to coagulate spontaneously. The sulphide
sol containing 0-02 mg. Au per c.c. was converted into a gold sol by
boiling some of the

diluted sol with TABLE |II.

very dilute hydro-

gen peroxide. The Relative Particle Relative Particle
original sol had Dilution. Radius. Dilution. Radius.
particles of equiva-

lent radius 2-0 mlj.. 1*0 2-0 m/z 1-0 2*0 1Q.fi
W hen the conver- 1%43 2-0 1-5 2*1

sion into gold was 2-14 2*2 20 2-1
complete the result-

ing sol was suitably

diluted,the particles were grown, and the size of the nuclei determined in
the usual way. The results of two series of such measurements are in
Table II.

It is seen from these measurements that when a gold sulphide sol
is oxidised by hydrogen peroxide to form a gold sol, the amount of gold
in each particle, and consequently the number of particles, remains
unchanged. It is difficult to imagine that this could happen unless
each sulphide particle is converted into a gold particle by the removal
of sulphur ; and although no such proof is possible when the other
oxidising agents are used, there is no reason to assume a different
mechanism of conversion in their case.

Conclusion.

In all the methods of making nuclear sols examined, the chemical
reaction leading to the formation of gold has been found to occur in
at least two stages ; the first is the formation of nuclei containing
other elements besides gold ; the second stage consists in the removal
of these elements from the particles, leaving gold. Nothing definite
is known about the reactions of gold salts with reducing agents such as
hydrazine and hydroxylamine, which do not form nuclear sols; there
is no evidence at present that insoluble particles, other than gold, are
formed in them at any stage. W ith such non-nuclear reducing agents
the formation of colloidal gold is apparently more rapid than it is with
nuclear reducing agents [e.g. phosphorus, phosphine, hydrogen sulphide),
but it may be surmised that the reactions which produce the first in-
soluble particles (gold) in the former case are slower than those which
produce the first insoluble particles (auric phosphide, auric sulphide)
in the latter. In the one reaction that permits exact investigation the
number of the resulting gold particles has been shown to be determined
by that of the antecedent nuclei, and it is reasonable to suppose that
this will be true of all reactions of a similar kind in which the final gold-
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producing reaction is topochemical. This would imply that the number
and size of colloidal gold particles are independent of the velocity of
the final reaction by which the metal is produced, but are determined
rather by the velocity of that reaction which first produces an insoluble
substance. The reaction between a gold salt and hydrogen sulphide is
ionic, and instantaneous in the sense that every encounter between
the reacting molecules is effective; if this is true also of the reactions
with phosphorus and phosphine, the difference in size between the
particles produced by the nuclear and non-nuclear types of reducing
agent is seen to be in harmony with the generally recognised relation
between crystal size and degree of supersaturation.

Summary.

1. The reduction of gold salts by phosphine and by hydrogen sulphide
under certain conditions leads to the formation of nuclear gold sols.
Under other conditions these reactions may give rise to sols of auric
phosphide and auric sulphide, the properties of which are described.

2. The reactions of gold salts with phosphorus in ether (Faraday's
method), phosphine, and hydrogen sulphide occur in at least two stages,
one of which consists in the formation of an insoluble gold compound,
and the last of which consists in a topochemical conversion of this into
gold.

3. It is suggested that the difference in the size of gold particles
produced by nuclear and non-nuclear types of reducing agent is deter-
mined by the speed of the reaction which first produces an insoluble
substance, rather than by the overall speed of the complete process.

The University,
Leeds.

THE INFLUENCE OF INTERFACIAL CURVATURE
ON SOLUBILITY.

By R. Stevenson Bradley.
(Received 20th October, 1939))

If curvature occurs at the interface between
two liquids, then, as is well known, the solubility
is altered. It is of interest to consider the be-
haviour in the light of a change in energy due to
molecular interaction without referring explicitly to
the surface pressure due to curvature. The change
in energy arises owing to the difference in molecular
environment between a molecule at a plane and
curved surface, and the method has the advantage
that the enquiry can be pursued down to very
small droplets. W ith such droplets, e.g. those
which form on nuclei, there is considerable doubt
as to the applicability of Kelvin’s equation. The
results apply not only to the solubility of liquids in
liquids, but also to the condensation of vapours on
nucleating particles or in capillary systems.

Suppose that we have a sphere of liquid A
of radius r containing gA molecules per c.c., im-

mersed in a liquid B containing gqB molecules Fig. 1.
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per c.c. Let the law of force between two molecules of A be of the form

— )’(‘m.and between amolecule of A and one of B bexv — m Consider

XN Xu
a molecule of A at the surface of the sphere at P, Fig. 1. Then the
difference in energy of this molecule when the interface is plane and when
it is curved is given by EA — E B, where E A is the energy of a molecule
at P due to the shaded portion filled with A, and EB that due to the
shaded portion filled with B. The shaded region is supposed to extend
round the sphere to 00 except for the dotted boundary. This energy
can be accurately expressed.

The potential of a molecule distant ¢ from the centre of a sphere of

radius r is, in absolute value,1l
0{vl) 8{n) — ¢cm _ |_r)ym~5 (hi— 4)(c+ rym-~4

“ (hi- H{e- nms+ (mo— D - -4 ~

where 8(n) isobtained by replacing m by n in 6(m).
In ourproblem ¢ may be put equal to r + d, where dis the mole-
cular diameter, giving the energy, due to the sphere A,

p(m) - p(n) = ¢1-d){m~ NHm _ 3)[(w _ 5){d + 2r)yj_g

{r+ d) 1 . [et d)
(hi — 4)[d + 2r)m~4 (hi — 5)dm~5 + r(dhl—4)dm-4. @

where /3(n) is obtained by replacing hi by Nin j8(hi).
Now the energy of a molecule at the surface of an infinite plane with
liguid extending to infinity underneath is

S'w e - rto.

where y{n) is obtained by replacing hi by Nin y{nl) Hence

E ju -M Sl (») - A{r +

2 R S ) S 0
(hi- 5+ 2r«-52 (m -  d{d + 2r)"*-43  IK >

where/(w) is obtained by replacing Mby Nin f{m)
Similarly

£ B/?b = /(«)-/(») and EJqA-E BlgB=f(m ) -f(n) -/(«) +/(»). (4)
W hen r d,

where <Q(NI) —  —= e —
But the interfacial energy of A is given by 2

A= Maz (ni— i)(hi— 3)(hi— 4)(hi — 5)dm-~5
(n - i)(n — 3)(m — 4)(m- 5)"-J (s)

1Bradley, PAi7. Mag., 1932, 13, 853 : cf. equation above fig. 2.
- lcid., 1931, I, 846.
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where AT is Avogadro's number, pA is the density of A and M A its mole-
cular weight, i.e.

Hence EA — EB= -~(aAM AIpA — wM Jpx),

where W is the work of adhesion, i.e. W = GA + t'n — ctab, and the energy
difference per g. mol.

(6)

If the osmotic work of transference of a differential element from the
droplet to a plane surface be equated to the surface work we obtain
in the usual way an increase in solubility (S) given by 5 = SQEInT,
where 50is the solubility over a plane and S'that over a sphere of radius r.

Hence 7)

which is identical with Kelvin's result except for the second term,
which is usually small, e.g. for a liquid volatilising into a vacuum.

This derivation has the advantage that it is possible to estimate
exactly (if the premises are correct) the divergence from the formula
when r is small. For solid crystalline particles, however, for which it is
often applied there is no justification for the application, owing to the
existence of edges and corners, in fact strictly speaking the energy of
activation varies continuously over a crystalline face of a small solid
particle.

In order to estimate the extent of divergence for very small droplets
we may neglect the repulsive terms and putm = u = 7, the value given
by wave mechanics. Then when r — 10d formulae (6) gives a value
only 7-6 % in excess of the true result obtained from equation (3), and
when r = 5d the excess is only 12-9 % . The same remarks apply to the
vapour pressure of a droplet.

Department of Inorganic Chemistry,
University of Leeds.

THE MOLECULAR STATE OF INORGANIC
LIQUIDS.

By A. R. Morgan and S. T. Bowden.

Received 25th October, 1939.

Although the osmotic properties of inorganic substances in aqueous
solution have been the subject of extensive investigation, few measure-
ments have been made upon non-aqueous solutions of non-polar and
dipolar inorganic compounds. In connection with other investigations
in this laboratory we were led to examine the properties of arsenic
trichloride, phosphorus trichloride, sulphur monochloride, phosphorus
oxychloride, sulphuryl chloride and thionyl chloride for the purpose of
ascertaining the molecular condition of these substances in non-polar
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media. Inasmuch as the ebullioscopic measurements of previous
workers 1 led to erroneous results owing to the volatility of the solute,
the cryoscopic method was employed in the present determinations.

Experimental.

Since the liquids suiler ready hydrolysis on exposure to the atmosphere
they were allowed to stand for a short time over freshly activated silica
gel (in order to adsorb traces of free hydrogen chloride) prior to distillation
in an all-glass apparatus, which incorporated a long Dufton column and

TABLE I.
Weight of Depres- Molecular
Substance. Solute (g). sion. Weight.
Arsenic trichloride M = 181-3 . 0-583 0-96 180
1-214 1-97 182
0-445 0-72 182
0-986 1-58 184
Mean 182
Phosphorus trichloride M — 137-4 0-308 0-60 152
0-664 i-3i 150
1-175 2-31 150
1-006 2-01 148
1-389 2-73 150
Mean 150
Sulphur monochloride M = 135-0 0-730 i-55 139
0-983 2-07 140
0-369 0-80 136
0-885 1-90 137
i'434 3-06 138
Mean 138
Phosphorus oxychloride M — 153-4 « 0-223 0-39 169
0-623 1-09 169
0-958 1-70 167
0-481 0-89 160
1-187 2-15 163
Mean ioo
Sulphuryl chloride M — 135-1 . 1-079 2-26 141
1-367 2-82 143
0-442 0-95 137
0-702 1-49 139
Mean 140
Thionyl chloride M — 119-1 0-246 0-56 130
0-6i0 1-41 127
X-060 2-45 128
0-765 x-88 120
1-310 3-16 122
Mean 125

condensing unit provided with guard-tubes of anhydrous calcium chloride
and silica gel. Each liquid was subjected to at least three fractionations
under ordinary pressure, but sulphur monochloride was fractionated under
reduced pressure in order to avoid thermal decomposition. The boiling-
points and densities of the pure liquids were as follows : arsenic trichloride,
b.p. i29-0°/77i mm., d?$° 2-1497 ; phosphorus trichloride, b.p. 75'7°/758
mm ., 1-5659 ; sulphur monochloride, b.p. 42-0°/23 mm ., 1-6714 ;

phosphorus oxychloride, b.p. 1i05-¢g°/j62 mm. d\f 1-6676; thionyl

10ddo and Serra, Gazz. chim. Hal., 1899, 31 222-
14*
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chloride, b.p. 76—5°i766mm., 1-6290 ; sulphurylchloride, b.p. 69-2°1:54

mm., d%t 1-6570. Benzene (purified for molecular weight determinations)
was distilled over phosphorus pentoxide (free from trioxide) before use
as solvent.

The cryoscopic apparatus consisted of a Beckmann tube provided
with a three-holed rubber stopper carrying a calibrated thermometer,
a delivery tube for the admission of nitrogen, and a glass stirrer. The
stirrer was arranged to operate through an air-tight device, while a slow
stream of rigorously dried nitrogen was passed through the apparatus.
The gas was led out through the side-tube of the Beckmann vessel, which
was also fitted with a guard-tube of calcium chloride to prevent backward
diffusion of moisture. The measurements were carried out in accordance
with the orthodox procedure with due regard to the precautions adopted
in the case of highly reactive solutions.2 The final concentrations em -
ployed, however, were rather higher than is customary in cryoscopic work
in order to detect, if possible, the incidence of association. The cryoscopic
constant of benzene was determined from the depressions produced by
pure naphthalene under the same experimental conditions. The mean
value, K = 52-3,was employed in calculating the results shown in Table I.

Discussion.

The molecular state of the pure liquids has been studied by Vaubel,3

but as may be seen from Table Il, the values of the association factor
TABLE Il.—Association Factors.
Ramsay and . Present;
Vaubel. Shiel):js. Walden. Longinescu. Work.
AsCls . 1-50 — 0-83 0-83 1*00
PCI, . 1-48 1*02 0-97 x-17 1-09
S2C12 . i-37 0-95 1-27 1-44 1*02
POC1, . — 1*00 0-99 0-99 i*oS
SOCl2 . — i*o8 0-80 1*09 1-05
S02C12 . 0-97 1*09 0*80 X'°3

obtained by this investigator are higher than would be anticipated from
the general properties of the liquids. The association factors calculated
from the surface energy equations of Ramsay and Shields 4 and W alden 5
are in good agreement in the case of all the liqguids with the exception of
sulphur monochloride. The values computed from the empirical equa-
tion of Longinescu 6 correspond fairly well with those obtained by the
other methods.

The cryoscopic measurements show that the observed molecular
weight does not change appreciably with the concentration of the solu-
tion. Although the calculation of the association factors on this basis
depends on the premise that no interaction occurs between solvent
and solute, there is little doubt that these values are more reliable than
those calculated from the surface energy relations. In fact, we find
no discrepancy in the case of sulphur monochloride, which behaves
as a perfectly normal liquid. The depressions produced by phosphorus

2Bowden, J. Chem. Soc., 1939, 37.

2Vaubel, J. prak. Chem., 1904, 69, 13S.

4Ramsay and Shields, J. Chem. Soc., 1893, 63, 1087.
5Walden, Z. physik. Chem., 1909, 65, 129.
6Longinescu, J. Chim. physique, 1903, I, 289.
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trichloride and phosphorus oxychloride are slightly lower than the ideal,
and these deviations may be due to internal pressure differences between
solvent and solute or to slight association of the solute.

It has been found by Sugden and his co-workers 7 that the parachor
of several of the above substances is independent of the temperature
of measurement and that these liquids, therefore, are essentially normal.
Moreover, measurements in this laboratory reveal that the variation of
viscosity with temperature conforms to the Andrade exponential formula 8
in the case of arsenic trichloride, sulphur monochloride and phosphorus
oxychloride. Although such conformity does not in itself prove that
association is absent, it does imply that there is no change of association
with temperature. In the case of phosphorus trichloride, sulphuryl
chloride and thionyl chloride, however, there is appreciable departure
from the exponential relation, and this is doubtless to be referred to
the difference in the associative tendency of the molecules at different
temperatures.

Summary.

Molecular weight determinations on non-polar and dipolar inorganic
chlorides in benzene solution indicate that the liquids behave as normal
solutes with the exception of phosphorus trichloride and phosphorus
oxychloride which show slight deviations from ideality. The results are
briefly discussed in the light of the various formulae for calculating associ-
ation factors, and also from the standpoint of the exponential formula
for the variation of viscosity with temperature.

7Sugden, Reed and Wilkins, J. Chem. Soc., 1925, 127, 1525.
8 Andrade, Phil. Mag., 1934, *7> 497« 698.

THE THERMODYNAMICS OF INTERFACES IN
SYSTEMS OF SEVERAL COMPONENTS.

By E. A. Guggenheim, M.A., Sc.D.
Received gth November, 1939.
Part I. Plane Interfaces.

1. Introduction.

The thermodynamics of an interface separating a simple liquid from
its vapour offer little difficulty and are well known. The physical
chemist’s interest, however, is directed largely to variations of composi-
tion. The thermodynamical formulae for an interface separating a
solution from its vapour or for an interface separating two liquid phases
of at least two components are considerably more complicated. The
classical treatment is, of course, that of Gibbs,1 and it has the mathe-
m atical elegance characteristic of all Gibbs’work, butit must be adm itted
that this treatmentis not readily assimilated. The characteristic feature
of Gibbs’treatment is the introduction of a mathem atical surface. Each
extensive property of the system, such as its free energy, its entropy, its
content of each component, is then imagined to be composed of three

1Gibbs, Collected Works, vol. 1, pp. 219 seq. (Longmans, 1928).
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parts: the first is the contribution of the one bulk phase on the supposi-
tion that its properties remained homogeneous as far as the mathe-
m atical surface ; the second is the similar contribution of the other bulk
phase; the residual part of the extensive property is assigned to the
mathematical surface. Thus to the mathematical surface are assigned
a free energy, an entropy, a quantity of each component, but of course
no volume. Although this method of treatment is mathematically
accurate it has two features, closely related to each other, which make it
particularly difficult to visualise. The first is that the actual values of
the several extensive properties assigned to the mathematical surface
depend to a marked degree on the exact position of the mathematical
surface in the physical interfacial layer. In fact the mathem atical
surface can be so placed as to make a selected one of these extensive
properties have an arbitrarily chosen value, such as zero.2 The second
unnatural feature is that the mathematical surface having by definition
no volume, does not correspond to our physical picture of an interfacial
layer. Experience indicates that it is much less difficult to use Gibbs’
formulae than to understand them.

In contrast to Gibbs’ abstract treatment of surfaces, several Dutch
physicists, notably Van der W aals and Bakker,3 have made important
contributions to the theory of surfaces by treating the surface as a layer
of small but finite uniform thickness. Their treatment applies to a
system of a single component, that is to the surface separating a simple
liquid from its vapour. Verschaffelt4 has supplied a treatment of
surfaces between phases of several components, which explicitly recog-
nises the finite thickness of the surface layer. This treatment shares
the elegance of Gibbs” analysis, while avoiding the abstraction of his
m athem atical surface. The present treatment agrees in principle with
that of Verschaffelt, but differs from it particularly in my choice of a
set of independent variables, which | believe to be convenientin practice.
In Part I, following Verschaffelt, | shall suppose the interface to be
plane. In Part Il | shall discuss briefly the applicability of the formulae
to curved interfaces.

2. Definitions.

Fig. | represents two homogeneous bulk phases, a and /3, between
which lies the surface layer a. The boundary between a and a is the
plane AA"' that between a and /3 the

P parallel plane BB". All properties of cr

» g g are uniform in directions parallel to AA"',
but not in the direction normal to AA".

At and near AA' the properties are

identical with those of the phase a ; at

and near BB' they are identical with

a those of the phase /2. Subject to these
Fig. i. conditions there is freedom of choice in
placing the planes AA' and BB". It will

be possible andtherefore natural, though not essential,’so to place the
planes AA'andBB' that the uniform distance between them is sub-
microscopic and usually less than lo~6 cm.

2 See Guggenheim and Adam, Proc. Roy. Soc. A, 1933, 139, 21S.

3 See Handb. Experimentalpliysik, 1928, 6.

1Verschaffelt, A cad. roy. Belgique, Bull, classe sciences, 1936,22, No. 4, pp. 373,
390, 402.
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Since the surface layer a is a material system with a well-defined
volume and material content, its thermodynamic properties require no
special definition. We may speak of its temperature, free energy,
composition and so on just as for a homogeneous bulk phase. The only
functions that call for special comment are the pressure and the surface

tension. In any homogeneous bulk phase the force across any unit
area is equal in all directions and is called the pressure. But in < the
force across unit area is not the same in all directions. If, however, we

choose any plane of unit area parallel to AA' and BB', then the force
across it has the same value for all positions of the plane whether it lie
in a, j3or a; this value of the force across unit area is called the pressure
P. Suppose, on the other hand, we choose a plane perpendicular to
AA' and extending above AA"' and below B B *; let this plane have the
form of a rectangle of height h (parallel to AB) and of thickness | (per-
pendicular to the plane of the paper). Then the force across this plane

will be equal to Phi — yl, where P is the above-defined pressure and vy is
the interfacial tension. If the height of this plane is chosen to extend
exactly from AA'to BB', then the force across it will be equal to P tl — ylI,

if the height AB is denoted by r. Let the surface layer have an area A,
a perimeter s and a volume Va so that

V@ T TA e (2,1)

Suppose the area to be increased to A -j- dA, the perimeter to s -j- ds,
the thickness to r -f- dr and the volume to Va+ dVa, the material
content remaining unaltered. Then the work done on a consists of
—pAdr, by the forces across AA' and BB' and — (Prs — ys)dA/s
by the forces parallel to the planes AA' and BB'. The total work done
on cris therefore

— PAdr — (Pts — ys)dA/s

= — P(Adr rdA) -(- ydA

= -P d Vo oat YAA s (2,2)

This expression takes the place of — PdVa for a homogeneous bulk

phase a.
3. Free Energy of Surface Layer.

For the most general variation of the free energy Fa of a homogeneous
bulk phase we have the well-known formula

dFa —— Ss“dr — PdVa -j- PrfiTdnTa, . . (3,1

where S' denotes entropy, T temperature, P pressure, V volume, jxr
chemical potential of the component r, and nr number of moles of com -
ponent r. The first term on the right gives the dependence of F 011
temperature, the second its dependence on volume and the remaining
terms its dependence on composition. For a surface phase cr the de-
pendence of the free energy Fa on the temperature and the composition
will be exactly parallel to that for a bulk phase ; this may be taken as
practically the definition of entropy and chemical potentials. But for
the dependence of Fa on size and shape we must replace — PdV by the
expression (2, 2). We thus obtain the formula

dFa= - SMT - PdVa+ ydA + ErliTdnra. . (3, 2)

There is no need to add superscripts to T, P, /rr, because these must
have values uniform throughout a, and crin order that there may be
thermal, mechanical and physico-chemical equilibrium.
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4. Analogue of Gibbs-Duhem Relations.
In formula (3, 2) let us now set
clT = 0, dVa= - V°od\, dA = — AdX, d,nr° = - nradA, (4, 1)

and obtain
dF° = - dA(-PV°+ yA + SrWr¥*)- ] m (4,2)

This substitution corresponds physically to decreasing the extent of the
surface layer a by simply cutting off a portion at its edge, so that what
remains is exactly like the original system except that it is reduced in

extent in the ratio (1 — dA) : 1. It is thereforeobvious that Fawill also
be reduced in the same ratio. It is equally obvious that P, y, ixr remain
unaltered. (In mathematical terminology: at constant temperature

and thickness Fais homogeneous of first degree in Va, A and nra and of
zero degree in P, y, jxr.) Thus the conditions (4, 1) imply the simul-
taneous conditions

dFa — — F°dA, dP = 0, dy = 0, d\xr= 0. . (4, 3)
Substituting the value of dF° into (4, 2) we obtain
- FadA = - (- PVa+ yA + E~n~dX, .4, 4)
and equating coefficients of dA
p°= _ PV°+ yA + Erprnr® . . . (4,5)
or F°-j-PVa— yA — Erfjrnra. . . . (4, 6)

(Alternatively formula (4, 6) can be derived mathem atically from (3, 1)
by using Euler's theorem.) Formula (4, 6) is the analogue of

F“+ PVa= Zrtirn* . . . .4, 7)

for a homogeneous bulk phase.

If we define the Gibbs functions Ga and Ga by
G*= Fa+ PVa, . . . . (4, 8)
Ga— Fa PVC— yA, . . . (4,9)
then we deduce from (3, 1) and (4, 6)

dG° = - S°dF + VcdP - Ady + Erflrdnre, . (4, 10)

Ga = Erixrnra (4, 11)
These two formulae are the analogues of the formulae

dGa = — SadT + VadP -f- Erixrdnra, . .(4, 12)

G*= Zrnrn* ..

for a homogeneous bulk phase. Thus the partial molar derivatives of
Ga are the jur’’s and the partial molar derivatives of Ga are the ji/'s.
If we differentiate (4, 6) we obtain

dF° -f PdvVva+ VadP - ydA - Ady = Zrtxrdnr® + ErnradMr. (4, 14)
If we subtract (4, 14) from (3, 1) we obtain

SadT — VadP + Ady + Ernradfjir — o, . . (4, 15)
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which is the analogue of the Gibbs-Duhem formula
SadT — VadP -f- Srnradfir= 0. . . (4, 16)

If we divide (4, 16) throughout by A we obtain the more convenient form
S°dT — rdP + dy + ZrFrdpr = 0, . . (4, 17)

where sa is the entropy per unit area and Fr is the number of moles,
of the component r in unit area of surface layer, defined respectively
by

5° = S°/A, rr= n°lA. . . . (4, 18)

It will be remembered that r is the thickness of the surface layer, that
is to say the length AB in Fig. I.

5. Independent Variables.

We can rewrite (4, 17) in the form
— dy = s°dT — rdP + ZrT"n,.. . . (5, 1)

This tells us how the interfacial tension varies when the temperature,
pressure and chemical potentials vary, but these variables are not all
independently variable. It will be more useful if we can obtain a
formula for dy expressed in terms of independent variables.

The state of a single homogeneous bulk phase (apart from its quantity)
may be completely defined by its temperature T, its pressure P, and its
composition. If there are r components, the com position is conveniently
defined by the r mole fractions xr of which only r — 1 are independent
because of the identity

Ztxr= 1. . . . . (5, 2)

Alternatively the state of the single phase might be defined by ther + 2
quantities T, P, jxr of which only r + 1 are independent because of the
Gibbs-Duhem relation (4, 16).

If we have two homogeneous phases <«xand ySof r components, then
the state of each separately may be defined by the variables T, P, x2, x3,

.XT. If the two phases are in equilibrium there will be one condition
of thermal equilibrium (equality of T* and TP), one condition of me-
chanical equilibrium (equality of P* and PP), and r conditions of chemical
equilibrium (equality of /;ra and jx/), one for each component. Thus
the number of independent variables is reduced from 2(r -f- 1) to
2(r+ 1) — (r-f-2) or r. We may, for example, take these to be T,
XA, x3a, . . . xra, in which case P is not an independent variable.

Let us now return to our original system consisting of the two bulk
phases a and ySand the surface layer a. At equilibrium all the properties
of the surface layer a other than its extent are determined by the states
of the phases a and /2. Thus the number of independent variables for

the whole system is r, and these can be taken as T, *3%, . . . Xra.
Thus only r out of the r -f 2 differentials on the right of (5, 1} are in-
dependent. It must therefore be possible to eliminate dH and one
other.

We must remember that the present treatment is confined to plane
surface layers. If we allowed curved surfaces, there would no longer
be equality of Fa and FP, and so we should have an extra degree of
freedom.
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6. Special Notation.

At this stage it is convenient for the sake of brevity to introduce a
special notation. Suppose (j?ato be any intensive property of the phase
a. Then we may regard ®8as a function of T, P, X2a, X3, . .. Xra. We
shall now introduce the operator D defined as follows :

+ + '"me+ i?2 dv’ o {6,1}
so that dp = |~dT+ |~dP+ D<n, . . (6, 2)

In words B p is the part of the variation of p due to variation of com -
position when T, P are kept constant.
W hen we use this notation we have

dftr® = — s/dT + vradP + DlJj.ra, . . (6, 3)

where Sra, Vfa are the partial molar entropy and the partial molar volume
of I in the phase a. Similarly in the phase ¢(3we have

dil/ = - s/dT + vidP + Bnl/. . . (6, 4)

Using this same notation, we can write the Gibbs-Duhem relations in

the forms
Sjc/Bn* = 0, . . . . (6, 5)

ZANCIB N = 0 e 6, 6)

7. Transformation of Formulae.

The variation of the chemical potential of each component I in the
phases a and fi are determined by (6, 3) and (6, 4) respectively. The
conditions for physico-chemical equilibrium between the two phases are

of the form

Hence for variations at which equilibrium is maintained, we have

If we multiply (7, 2) by x/, substitute from (6, 3) and (6, 4) and add
for all ' we obtain, using (6, 6),

— Zrv/{sra- s/)dT + 2rx/{v* — v/)dP -f Zrx /Dix,«= 0. (7, 3)

If we substitute from (6, 3) into (5, 1) we obtain

—dy = (8° —ZrTrStfdT — (r —Srrwra)dP + Zrr rD/gA (7, 4)

If we now eliminate dP between (7, 3) and (7, 4) we obtain

{<o* - W -

+ + {7, 5)

This somewhat formidable looking formula can be considerably abbre-
viated by using a suitable notation. If we denote by hP the heat ab-
sorbed and by e& the volume expansion when one mole of the phase 3
is formed reversibly at constant temperature and at constant pressure
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by taking the required amounts of the various components from the
phase a, then clearly
ho = MEX /{s/ - s«), . . . (7,8)

eP = ZpcftyP - vr«). . . (7, 7)

Similarly, if we denote by hathe heat absorbed and by €Athe volume
expansion when unit area of the surface layer <7is formed reversibly at
constant temperature and at constant pressure by taking the required
amounts of the various components from the phase a, then clearly *

ha- - ZM ), . . . (1.8)

€° = T = E ,F VI (7, 9)

If we use these new symbols, (7, 5) reduces to
- dy= (k°- + £r(rr+ ~)d A~ (1,10

Finally, we can eliminate one of the Dju,“, say D/x"’s, by means of (6, 5).
We thus obtain

, /., hf>\dT
dy = [h - -jr)T
+ 4 "{(n - + 11V VvV _ _ £~ }DIXA (7> x

where ET denotes that r = 1is omitted from the-summation.
We have now obtained an exact formula expressing dy in terms of

the I'independent variables dT, Dix,*, DIx3*, . . . DIxr*. This formula
embraces all the information one can want regarding the variation of
the interfacial tension. It will have been noticed that the two bulk

phases a and jShave not been treated on a par; formula (7, 11) relates
dy to the DR, not to the D/x/. In applications to a liguid-vapour
interface it will be usual to take the liqguid phase as a, while in the
case of a liquid-liquid interface it is immaterial which of the two liquid
phases one takes as a. From here on it will then be assumed that the
phase a is liquid.

If we denote activity coefficients in the liquid phase a by then

we have
D/xre = RTDIogXHra, . . . (7,12)

from which we see that the D/xr“’s are experimentally measurable quan-
tities. If the vapour phase in equilibrium with the phase a (this may
or may not be the phase ﬂ)may be regarded as a perfect gas and we
denote partial vapour pressures over the phase a by p-awe also have

Dixr“ = .RFD log Pla . . . (7,13)

This formula will remain valid even if the vapour is not a perfect gas
provided we let Pladenote the fugacities rather than the partial vapour
pressures. On this understanding we substitute (7, 13) into (7, n) and
obtain finally

I, e’hP\dT
dy ~ \h ePjT
o Zr{(rr- + o * X IRTDogp*. (7.r4)

* The quantities which | have denoted by hP, eP, ha, eawould be more reason-
ably denoted by haP, e*P, haa, taa, or better still by h*-*P, e<*+P, ft«-», =]l My
choice of the shorter symbols has been made to facilitate printing.
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Either of formulae (7, 11) and (7, 14) may be regarded as the funda-
mental formula of the present treatment.

If both the phases a and /? are liquid it can happen that is zero.
The equilibrium between a and /8 is then independent of P, and so we
are obliged to retain P as an independent variable; the coefficient of
P in (7, 3) vanishes, and so we cannot eliminate P between (7, 3) and
(7, 4). However, the vanishing of e& implies that the tightness of
packing of the molecules is the same in phases a and 3 (i.e. equal partial
molar volumes in the two phases) and one may then with some con-

fidence expect the same tightness of packing in a. In this case, ea is
also zero, wherever one places the plane BB '; thus the coefficient of
dP in (7, 4) is zero. If then we eliminate D/P from (7, 4) by means of

(6,5), we now obtain in place of (7, 11) the simpler result

and correspondingly, in place of (7, 14),

8. Invariance of Fundamental Formula.

Although the quantities Pr, if and e” have simple physical meanings,
their values will depend on the positions assigned to the planes AA' and
BB' which bound the surface layer. It can be shown, however, that
formula (7, 11) remains invariant when either of the planes is shifted.

Let us first consider a shift of the plane AA' a distance St away from
BB'. Then Prbecomes increased by the number of moles in a cylinder
of a of height Sr, of unit cross-section, and consequently of volume Sr.
If, therefore, Ca denotes the total number of moles of any kind per unit
volume in a, then Pr becomes increased by xraCaSr. Similarly, Pa
becomes increased to xlaCaSr. Hence (Pr— rpc/'/x”) remains invariant.
Furthermore, it is clear from their definitions that h° and e° remain
invariant when the plane AA' is shifted. Hence formula (7, n) s
invariant with respect to a shift of the plane AA".

Let us now consider a shift of the plane BB' a distance St away from
AA". In this case, if C& denotes the total number of moles of any kind
per unit volume in the phase /3, Pr becomes increased by x/CPSr; at
the same timé ha becomes increased by h~"C~dr and ea becomes increased
by e~CASr. If we substitute into (7, 11) it becomes immediately evident
that the coefficients of dP and of each D/ara all remain invariant.

We see then that the coefficients of dP and each D/ar in (7, 11)
or (7, 14) have values independent of the positions assigned to AA’
and BB"'.

9. Temperature Coefficient of Interfacial Tension.

If we consider variations of temperature at constant composition of
the (liquid) phase a, the pressure and the composition of the (gaseous
or liquid) phase /3 being adjusted so as to maintain equilibrium, then all
the D/t,.“ are zero. Formula (7, 11) or (7, 14) now reduces to

[ ]
6.1)
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A formula equivalent to (9, 1) has been obtained by Verschaffelt4 for
the special case of a simple liquid-vapour interface. For the general
case of several components this formula is, so far as | know, new.

It has been verified in the previous section that the right side of (1)
is invariant with respect to displacement of the plane BB"', while each
term is separately invariant with respect to displacement of the plane
AA". If the plane BB"' can be so placed that € vanishes, then (9, 1)

reduces to

A = h*, (9.2)

but the physical significance of this arbitrary choice of the plane BB"
is far from obvious. Only in the special case referred to at the end of

section 7 is formula (9, 2) valid wherever BB be placed.

10 Dependence of Superficial Tension on Com position.

For variations of com position at constant temperature formula

(7, 14) reduces to

- dy = £ { (rr- + ea(Xiax[ e~ Xrax/)}RTDiogpr. (10,1

In the simple case of only two components this reduces further to
- dy = {(r2- stfi) + eXf-/*DPRTV 109 p2. (10, 2)

It has been verified in section 8 that the right side of (10, 1) is in-
variant with respect to displacements of the planes AA' and BB". I f

the plane BB ' can be so placed that €dvanishes, then (10, 1) reduces to
- dy = £ ‘'(rr- )q“)RTDlong. . (10,3)

If, moreover, the plane AA' can be so placed that Tx vanishes, then

(10, 3) reduces further to

— dy = "g,rr RTD iog pr. . . . (104)

However, | believe that these algebraic contractions are achieved only
at the cost of physical clarity (AnSChaU"Chkeit) with respect to the
meaning of the F'I'S. Only in the special case referred to at the end of

section 7 is formula (10, 3) valid wherever BB "' be placed.

11 Inert Components.

It is conceivable that certain components present in the phase {3
have a uniform <concentration throughout /2 down to a certain plane
where they fall abruptly to zero and remain zero across it and inside a.
It will then be natural to choose this plane as BB"' the boundary between
i3 and cr These components may be called inert components, and will
be denoted by the subscript | the remaining components will be
denoted by the subscript a. The number of components of the two
classes will also be denoted by i and by @ respectively. By using

this notation formula (7, 4) becomes

— dy == (s°— 2arasa)dT — (r — Tal> u9)dpr + (1B 1
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since all the iys are by supposition zero. Similarly, the Gibbs-Duhcm

relation (6, 5) becomes
2aXaaVpaa = 0, [] . . . (rr, 2)

since by supposition all the Xf's are zero. By means of (11, 2) we can

eliminate one of the D/a0“’s, say D/~ from (11, x). W e obtain

- dy= (s*- ~orAador - (r- zarav«)dP

+ M (ra--£p)n™ra (n.3)

or in terms of NBand €A defined in section 7,
dy = K& - edP+ z; (ra- -~ -1ndrxo. . (11, 4)

The number of differentials on the right of (11, 4) is (a+ 1), whereas

the number of degrees of freedom of the whole system s (a+ |) Hence,
as long as there is at least one inert component so that * > I, the dif-
ferentials on the right of (11, 4) are all independent. The physical
explanation is that (11, 4) is a relation involving only properties of the
phases a and of the interfaces &; no properties of the phase occur
explicitly in (11, 4). The inert components present only in jS are there-

fore available for adjusting the pressure P on the phase oc without any
need of altering its tem perature or its com position. It is easily verified
that each term on the right of (n, 4) is invariant with respect to dis-
placements of the plane AA". In the present case the plane BB"' is
naturally fixed.

The treatment just described is particularly applicable to the inter-
face between a liqguid solution and the gaseous phase above it, when
some of the gaseous constituents can be treated as inert components.
The applications of formula (11, 4) are obvious. For example, we have
for the temperature coefficient of y at constant pressure and com position

of the phase a

(& )* L. -7 . . .

Similarly, for the pressure coefficient of y at constant temperature and

com position of the phase a,

{EP)T X878 oo (n ’6)

Finally, for variations of com position at constant temperature and

pressure, we have
A (] - dy(ra ~)rtd vogrP+x (N,

The formulae of this section arc mostly familiar,* but the restrictive

conditions for their validity seem to be less widely recognised.

12 Relation to G ibbs” Formulae.

W e have already verified that our formulae remain invariant when
either or both the planes AA' and BB"' are shifted, as long as the in-

homogeneous layer is contained between AA' and BB"'. Let us now

* The expression (r? — Px”"Ix-f)occurring in (n, 3}, (11, 4) and (11, 7) is
equivalent to Guggenheim and Adam’s rall) or to Gibbs’ Pan).
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consider what happens if we move one of these planes towards the
other until part of the inhomogeneous layer is on the outer side of the
former plane. It is quite easy to see that all our formulae can be made
to remain unaltered, provided we alter our definitions of the symbols.
We must now define F*¥ not as the free energy of the actual phase cc
up to the plane AA"' but as equal to the free energy of a fictitious phase
a supposed to remain homogeneous right up to AA". Similarly, we
define FP not as the free energy of the actual phasef down to the plane
BB"', but as equal to the free energy of a fictitious phase f supposed to
remain homogeneous right down to BB"'. Finally, we define Faas the
excess of the free energy F of thewhole system over and above F*

as just defined. W e give analogous definitions to 5“,SP, s"; Va, VP, Va;
ll«, nrP, 11°.

As long as the planes AA' and BB"' enclose the inhomogeneous layer,
the new definitions of the thermodynamic functions relating to the
surface are exactly equivalent to the ones used initially. The latter
are certainly easier to visualise and are in this respect preferable. The
only advantage of the former is that they allow us to place the two planes
AA"and BB ' as near to each other as we please, regardless of the structure
of the surface layer, without affecting the validity of our formulae. In
particular we may, if we choose, make the planes AA' and BB "' coincide.
1f we do this VAand r become zero, some of the nf's and Fras may
become negative and our formulae reduce to those of Gibbs.

W e may therefore describe Gibbs’ formulae as formally included in
those of the present treatment. However, | believe that the mathe-
m atical elegance of Gibbs’ formulae is attained only at the cost of a
certain obscurity in the physical significance of the symbols used. In
the formulae of the present treatment all the symbols have a simple
physical definition with respect to an arbitrary pair of parallel planes
enclosing the inhomogeneous layer.

In conclusion, it is interesting to note that Gibbs himself realised the
existence of alternative formulations and recognised the possibility that
the formulation, which he himself developed, might for certain purposes
be less convenient than some alternative formulation.5 I therefore hope
the reader will regard the treatment, which | have described, as an
attem pt to follow the guidance of Gibbs without, however, following
blindly.

I am indebted to Professor N. K. Adam, F.R.S., for his helpful and

constructive criticism .

Part Il. Curved Interfaces.

l. Introduction.

The object of Part Il of this paper is to study the following question.
W hat conditions are sufficient to justify the application to curved inter-
faces of the formuks already derived for plane interfaces ? As answer
to this question we shall find that the formulae strictly derived for plane
interfaces may be applied to curved interfaces with an accuracy adequate
for experimental purposes, provided that thethicknessoftheinhomogeneous
layer is small compared with its radii of curvature.

4Gibbs, loc. cit.1 Footnote on p. 267.
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I shall first give a direct and sim ple derivation of this condition. W e
shall then see that this condition is in fact assumed im plicitly by every
experimenter when he measures a superficial tension and that when it is
not satisfied the superficial tension and related properties of the interface
become ill-defined. In conclusion, I shall discuss briefly Gibbs” treat-

ment of the same subject.

2. Interfacial Tension of Curved Interface.

For the sake of sim plicity let us first consider a system consisting of

two homogeneous bulk phases a and Bconnected by a surface layer cr

having the form of a circular

P cylindrical shell. Fig. 2 shows a

cross-section of the phases a and /?

separated by the surface layer @,

I bounded by the circular cylinders

AA'and BB'with common axis O

There is complete homogeneity in

the direction normal to the dia-

gram . The properties of the

surface layer cr are supposed

identical at all points the same

distance from the axis through 0.

Throughout the phase a and ex-

Fig. 2. tending up to AA' there is a

uniform pressure Pa; throughout

the phase j9, and extending down to BB, there is a uniform pressure PP.

Between AA'and BB ' the pressure PTparaIIeIlu the radii of the cylinders

AA' and BB' varies continuously, but not necessarily monotonically,
from the value Pato the value PP.

In the previous discussion of plane surfaces it was pointed out that
the geometrical planes AA* and BB could be placed an arbitrary distance
apart, provided that the inhomogeneous layer was contained between
them . For the present discussion of curved surfaces it is on the contrary
essential that the circular cylindrical surfaces AA' and BB should be
placed as near together as is consistent with the condition that the
inhomogeneous layer be contained between them. According to this
condition we may usually expect the distance AB to be about 10-7 or
io-6 cm. | shall denote by I distances measured radially from 0, and
in particular by Ildand ID, the distances OA and OB respectively.

W hereas the force per unit area across any element of surface inside
either homogeneous phase is independent of the orientation of the

element (Pascal’s Law), this is not the case in the inhomogeneous layer

a. It is convenient to denote the force per unit area in the direction
parallel to the surfaces AA' and BB' by Pr— Q. Both Prand Q are
functions of I. Qs zero at I = raand at ' — IP, but at least somewhere
between Q is greater than zero. [It is conceivable that Q might be
negative somewhere between I'—1Tdand I'= [IP, but its average value

in this range is unquestionably positive.]
According to elementary statics the mechanical equilibrium of the

m atter enclosed by AA'B'B requires that for all values of I
d(Pm) = (Pr- Qdr,
dPr= - Qdr/r.

or
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If we integrate (2, 2) from IPDto Mwe obtain
Pa- PIl,= \ Ir dr- " ] 23

W e now define quantities r, y, y by

2r= ra+ rp, (2, 4)

YEAIQE ieriiennnn (D)

y==P\ | gdr e (2°6)
According to (2, 6) we can rewrite (2, 3) in the form

P*- PP= yijr. (2.7)

Ifnow — la)<< ra, so that we may ignore the distinction between
ra, rA f, then we may also ignore the distinction between Y and y', and

instead of (2, 7) we may write

P«- PP= y\r (2, 8)

Under these conditions either y or y may be regarded as the interfacial

tension.

For the sake of simplicity we have confined our attention to an

interface in the form of a circular cylinder. For a spherical interface
we should have found by analogous reasoning, instead of (2, 8),
p* —pp — 2y/r. . . . .2, 9)

For an interface of arbitrary shape the geometry is somewhat more

complicated and the general formula obtained is

p« — pp .
('g' + Pl)' . . m (2-10)
where ph p2are the principal radii of curvature of the interface.

Formula (2, 10) is well known and, moreover, forms the basis of the
experimental determinations of superficial tension. The quantities ph
p2 and Pa— PP are measured, and then Y is calculated according to
(2, 10). The best known method, that of the capillary rise, has already
been discussed elsewhere 6 in relation to formula (2, 10). The point
which 1 wish to emphasise is that, since formula (2, 10), like formulas
(2, 8) and (2, 9), implies ignoring the difference between lengths such as
rai rp, it follows that the very measurement of interfacial tension implies
that the thickness of the surface layer be small compared with its radii of
curvature.

3 D iscussion of Pressure Difference.

Although the pressure difference Pa—PP is fundamental in the
measurement of y, and so also one may say in the definition of y, | shall
show that this pressure difference is in certain other respects insignificant
for the properties of the interface. I shall use the symbol r to denote
the thickness of the surface layer, hitherto denoted by IP—1TFa. Let us
consider a numerical exam ple. W e will suppose that r = 10~7 cm. and
thaty = 50 dynes/cm . Since the treatment requires that both principal

radii of curvature satisfy the inequality p/\> T, if we aim at an accuracy

8Guggenheim, Modern Thermodynamics, p. 169 (Methuen 1933).
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of the order I % , then Pmust not be less than 100 I' or 10~5 cm. Ac-
cording to formula (2, 10) we conclude that p« —PPis at most io7
dynes/cm .2 or 10 atmospheres. I have chosen a very unfavourable case
and usually Pa—PP will be only a small fraction of an atmosphere.
Thus the product (P* — PP) cannot be greater than 1 dyne/cm. or |
erg/cm .2.

According to formula (2, 2) of Part | the total work done on a plane

surface layer when its volume and area are altered is
- PdV°+ ydA (3,1)

W e could apply this formula also to a curved surface were it not for an

am biguity in the meaning of P. Since, however, we have verified that
(P* — PP)F or (P* — PP)VaIA is at most 2 % of Y and usually much
smaller, we may safely ignore this ambiguity. Thus (3, 1) is sufficiently
accurate if P denotes P~ or PP or any intermediate pressure. In virtue

of the validity of (3, 1) for curved as well as plane interfaces, any of the

formulae of Part | are equally valid to the same degree of accuracy.

4. Dependence of Interfacial Tension on Curvature.

Let us now turn to the question of how the interfacial tension depends
on the curvatures. W e shall see that when the question is precisely
defined it answers itself. In asking the question it is not sufficient to

state that we vary the curvatures; we require also to state what we

keep constant. For the question to be useful it should apply to the
actual conditions of the experimental measurement of interfacial
tension. For definiteness let us consider the capillary rise method.

The values of the temperature T and the potentials pr are uniform
throughout the system ,* and so, whatever be the size and shape of the
capillary, these variables have the same values at the curved surface
where the surface tension is measured, as in the bulk phases. Hence to
be useful the question should be worded : how does Y depend on PV p2
for given values of T and the p'S. According to equation (5, 1) of Part |

the variation of y under these restrictions is given by

dy = rdP. . . . (4, 1)

In its present application the am biguity in the exact meaning of P does
not matter, since we have already verified that P* — PP is negligible.
If now we consider a curved interface, say in a capillary, in equilibrium
with a plane interface and we integrate (4, 1) from the pressure at the
plane surface to the pressure at the curved interface (either side of it)
we again find that the integral of the right side is always negligible.
Consequently y has effectively the same value for the curved surface
as for the plane surface with which it is in equilibrium. This is a state-
ment of a principle usually assumed whenever an interfacial tension is
measured. It is experimentally verified by the fact that within the
experimental accuracy the same value is found for the interfacial tension
when capillaries of different size are used, but this verification can be
realised only for capillaries with diameters considerably greater than

the lower lim it io'Scm., allowed by the theory.

* For this statement to be true it is necessary that a gravitational term M rgli
be included in pT, where Mrdenotes molar mass, g gravitational accleration and
h height. Butitis physically obvious that the interfacial tension cannotdepend
on the height except through the pressure and composition.- Such gravitational
terms may therefore safely be omitted from the d/r/s in the formulas relating
dy to the d/x,’s.
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5. G ibbs’” Treatment.

The problem, which | have discussed, is treated by Gibbs 7 in a
manner which appears to be quite different and more rigid. I have
found G ibbs’ treatment difficult and the more carefully | have studied
it the more obscure it appears to me. The essence of Gibbs” treatment

is that he replaces the term
TAd A (5, 1)

for a plane interface by terms of the form
ydA + c.d (1) + M (i), . ... 52

and assumes im plicitly that, provided the radii of curvature are not
too small, we may assign to CXand C2the values appropriate to a plane
surface. It is then obvious from symmetry that Cl—cz,and so (5, 2)

can be written in the simpler form

ydA + Cd{i-fi), . . . . (5.,3)
Pl P2

where C is independent of pV p2. So far so good. Gibbs then sets out
to prove that his geometrical surface can be so placed that C vanishes.
The reasoning adduced is far from simple, and Gibbs’ meaning is not
even always clear. I am convinced that Gibbs was himself aware of
the difficulty of being precise in this particular piece of reasoning. on
page 226 he discusses the variation of a plane interface by bending it
and uses the sentence “ also at and about the surface let the state of
the matter SOfar as possible be the same as at and about the plane surface
in the initial state of the system .” The words which | have written in
italics are, I venture to say, in their vagueness unlike Gibbs” usual style.
The whole treatment of Gibbs, as well as that of the present paper,
postulates com plete equilibrium throughout the whole system. It is
therefore impossible to conceive of a variation of an interface apart
from a variation in at least one of the bulk phases. It is clear that
G ibbs realised this difficulty and tried to overcome it by flexible wording.

On the following page Gibbs claims to show that the position required
for his geometrical surface to make Cvanish will be either inside the
non-homogeneous layer or at most at a distance from it comparable to
the thickness of the layer. He here uses the words “ on account of the
thinness of the non-homogeneous film,” and | feel convinced that this
thinness is an essential assum ption common to Gibbs' treatment and
that outlined above. If then, as | believe, the assum ption I ra is

essential, it seems to me preferable to introduce it at the outset and so

considerably sim plify the whole argument.

Summary.
Part I.—

Following Verschaffelt the thermodynamic properties of a plane inter-
face are derived by treating the interface as having a finite thickness.
Formulae are derived for the dependence of the interfacial tension on the
temperature and the composition of one of the two bounding phases; the
pressure, not being an independent variable, iseliminated. Itisshown that
the formulae are invariantwith respectto the thickness arbitrarily assigned
to the interfacial layer. The treatment is correlated with that of Gibbs.

7Gibbs, Collected Works, vol. 1, pp. 225-228.
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Part Il.—

It isshown thatthe formulas derived in Part | for plane interfaces may
safely be applied to curved interfaces provided that the thickness of the
inhomogeneous layer is negligibly small compared with its radius of curva-
ture, a condition usually fulfilled in practice. W hen this condition is not
fulfilled, the formulae cease to be applicable and atthe same time the
normal methods of measuring interfacial tension break down and the very
meaning of interfacial tension becomes ill-defined.

Department of Chemical Technology,
Imperial College, London.

CONTACT A NG LES o F “BUILT-UP?”
M ULTILAYERS.

By J. J. Bikerman.
Received 13th November, 1939.

1. Introduction.

The formation of “ built-up ” X, Y, or Z multilayers was recently 1
correlated to the wettability of the solid surfaces concerned ; when this
increased the transition X —> Y -> Z took place. As a measure of

wettability the angle a of sliding of a water drop on the multilayer was
used. It was shown that in a first approxim ation the productWtan a,
Wbeing the weight of the sliding drop, was a constant for a given m ulti-
layer and could be taken as a measure of its hydrophilic character.

In the present work the wettability of a surface is determined by
measuring the wetting angles 8formed by the solid, a water drop on it,
and air. W hen 8 was over 940 X films were deposited. Y films were
observed when 8 was greater than 80° and less than 920. smaller 8

values favoured Z depositions.

2. Experimental Technique.

(a) W ater-line Corrosion of M ultilayers.

For measuring the contact angle 8a new method was devised which is
especially convenient for multilayers but may, with slight modification,
also be adapted to determination of contactangles
on other solid surfaces (see the last paragraph of

TABLE 1.

L . 2 (&)

Time in mins. Bindeg. If a water drop be put on a multilayer de-
0 90 posited on a chromium-plated slide it changes
5 76 form within a few seconds. A fraction of a
10 72 second after it has touched the surface the con-
15 51 tact angle viewed with a projection microscope
20 42 may be, say, 90°, but it diminishes rapidly. A
30 42 typical example is given in Table | referring to a

film of 38 monolayers of barium stearate.
The reason, or one of the reasons, for this decrease of 8 wras apparent
when the drop was thrown off the slide. It lefton the multilayera coloured
trace in the form of a narrow ring. As the thickness of a multilayer can be

13. 3. Bikerman, Proc. Roy. Soc. A, 1939, 170, 130.
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determined from its interference colour it was possible to estimate the
depth of the circular " groove ” ; it turned out to be about 3 molecules.
The width of the groove varied with the substance of the multilayer ;
it was less than o-o0i cm. for calcium stearate films, about O'002 cm. for
barium stearate, etc.

Obviously it was a case of " water-line corrosion.” 2 Soap films which
are practically insoluble in water are corroded along the water-film-air
boundary because soaps lower the surface tension of water and are drawn
into the water-air interface. The reduction of the surface tension thus
produced caused a reduction of the contact angle in agreement with the
well-known equation

cos 8= yso ~-~SL, . . . . 1)
Yio
where YEa, y3L, and ylQare the interfacial tensions between solid and gas,
solid and liquid, and liquid and gas respectively. A lowering of yLQ causes
a lowering of 8 The validity of equation (1) is discussed in 4 (c).

W ater droplets on multilayers having large contact angles (e.g.octadecyl
acetate) usually evaporated very slowly, whilst those on the multilayers
of hydrophilic octadecyl amine disappeared within a few minutes. Pre-
sumably water penetrates into hydrophilic films and spreads over the whole
area of the multilayer, thus increasing the area from which evaporation
takes place.

Droplets on mixed multilayers (forinstance of 6 molecules of octadecyl
amine + 2 molecules of calcium stearate + 6 amine + 2 stearate + 6
amine -j- 2 stearate -} 6 amine -j- 4 stearate) produced no rings.

(b) Computation of Contact Angles.

The diameter A of the circular groove left by a drop was found to agree
with the initial value 9of the wetting angle and notw ith the value observed
shortly before throwing off the drop.

The general relation between A and 9 is difficult to calculate, as the
fundamental equation of capillarity

- bpg + y(~ + = const. (2)
leads at once to elliptic integrals ; h is the vertical distance of a point on
the drop surface from the summitof the drop, pthe density of water minus
the density of air, g the acceleration due to gravity, y the surface tension,

and and li2the principal radii of curvature. |If, however, the drop may
be assumed to be a spherical segment, then
A0O= 2R sin 9, . . . . )]

where R denotes the radius of the sphere (or the radius of the curvature
of the drop) ; A, is A for drops having a spherical curvature. As it is
more difficult to determine the curvature of a drop than its volume v, R
may be expressed in terms of V. The volume of a spherical segment is

vV = wR3(f — cos 9 + £ cos3 9). (4)
From (3) and (4) the relation

A03 __ 24 sin39 ,
V ~ n(2 — 3cos 0+ cos3 9
is obtained. The numerical values of the right hand function were cal-

culated for several values of 9, and the table obtained was used for evalua-
tion of 9from AOand V.

2See e.g. b). R. Evans, Metallic Corrosion, 1937, pp. 178. 296 : M. Volmer and
Mahnert, Z. physik. Chemie, 1925, 115 239,
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It is obvious, and also follows from (2), that the deviation of the drop
shape from that of a spherical segment diminishes when the volume V is
reduced. To apply (5), the ratio A-'/Vv was therefore measured for several
drops of various sizes and then extrapolated to v — o.

For the case of 6 — 90° the graphical extrapolation to Vv = o can be
checked by calculation. Equations (3) and (4) neglect gravitation
altogether. Gravitation flattens the drops which, in the second ap-
proximation, may be considered to be (at 3 = 90°) halves of ellipsoids of
revolution ; introducing their radii of curvature (a and b being the half-
axes) (2) becomes

-y o« + (1 +2) -21. . . . ,6)
On the other hand,
Vo= [ ETd-De s ©)
Setting h = band A/2 = a we obtain at small values of v and after utrio-
ducing r3 = a-b = 31122it
A _ 2r = pgr’ - . . . . (S)
5 "pgr-
and
Al = 6/ ) s 9)

% v 6y — pgr-)

In deducing (9) it is assumed that the contact angle is independent of
the size of the drop. Asthe experimental curves of the function A3/i> = / (V)
were quite similar to the theoretical curve this assumption appears to be
justified.3

The method outlined above can be applied to other solid surfaces.
If the liquid contains non-volatile matter, A is the diameter of the circle
covered by residue. If the liquid evaporates without leaving marks it
may be sprayed over with ignited talc which slides down to the circum-
ference of the drop.

(c) Precision of the R esults.

The drops were driven out from a calibrated micro-syringe 1 and the
volume Vv of the drop wasread directly ; the error involved, except for the
very small drops,5 was negligible. The diameter A of the corrosion ring
was measured at a magnification of 20 with a scale and the precision de-
pended chiefly on the degree of deviation of the ring from the truly circular
shape. |Ifthe dropswerenottoo smalltwo apparently identical drops gave
on good surfaces values of Azjv, agreeing within 1 %, and as the error of
extrapolation is less than 0-5 %, the true value of AOQ03/v is known to
1"5 %> corresponding to an error of +15"'in the values of contact angles.

The differences between the contact angles on two different slides
coated with supposedly identical multilayers were much larger and often
exceeded 20.

The values of A used for calculations were those of external diameters
of the ring marks. If the internal diameters were taken all the values of 3
would be raised by 1 % or more ; indeed they would become greater than
the contact angles observed with a projection microscope directly after
deposition of drops.

3See F. E. Bartell and Merrill, J. physic. Chem., 1932, 36, 117S.

1In this case the difficulties which Bartell and Hatch (ibid., 1935, 39, 11)
encountered when placing drops on solids were insignificant.

5The range of volumes used was 0 001 to 0-020 c.c.
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3. R esults.

A selection of the results obtained is given in Table Il. The first
column indicates the number, the type, and the composition of the “ built-
up ” monolayers on chromium plated slides. The second and third

TABLE II.

Multilayer. Pa- Butler. e.
40 X octadecyl acetate 7'4 Phosphate 2-79 101-2°
38 X calcium stearate 9-1 Borate 3-12 97°5°
38 (X + Y) calcium stearate . Borate 3-5fi 92-6°
3S Y barium stearate 74 Phosphate 3-37 89-5°
3S Y barium stearate 7'4 Phosphate 3'93 89-10
38 Y barium stearate 7'4 Phosphate 4-00 88-2°
44 Y barium palmitate . 7'4 Phosphate 4'3° 85-5°
38 Y octadecyl amine 774 Phosphate 5 80°

columns refer to the underlying solution from the surface of which the
monolayers were taken up. The meaning of AO03i> and 9 is explained
in 2 (b).

The multilayer described as 38 (X + Y) calcium stearate was a mixture
of X and Y deposited films (see the previous paper 1) ; the slide was dipped
22 times, and the area of film consumed corresponded to a deposition of 38
monolayers. The three values for barium stearate illustrate the differences
between multilayers taken off the surfaces of apparently identical solutions.

4. D iscussion.

(a) W etting Angle and Deposition of M ultilayers.

Table 111 contains the rule based on the explanation recently ad-

vanced 1 for the three types of deposition of multilayers on solid slides.
TABLE 111.
Multilayers.

X. Y. Z

A monolayer is taken up in dipping only both dipping withdrawal

the course of and with- only
drawal
if the contact angle (measured always greater over 90° at always below
in the liquid) is than 90° dipping and 90°
below 90° at
withdrawal

It deals with receding and advancing contact angles, which may be
compared with the equilibrium contact angles listed in Table I1I. It is
seen thatyY layers are only deposited when the equilibrium wetting angle
is near 90°, so that the receding angle [i.e.during withdrawal) may easily
become < 90° and the advancing angle {|e at dipping) > 90°. At the

speeds used, in the multilayer technique the range of 9 values giving Y
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layers extends from about 80° * to 920. It is asym metrical about 90°
presumably because, in agreement with Blodgett’s advice,6 the dipping
is carried out swiftly (whereby the difference between the equilibrium
angle 6 and the advancing angle is large) and the withdrawal slowly

(thus diminishing the difference between 9 and the receding angle).

(6) W etting A ngles and Chemical Com position.

Langmuir 7 considers the wetting angles to be determined by the
most external radical of the molecule of the solid, |e for substances
treated here, by the CH3 group. As the wetting angles differ from
substance to substance, it issuggested that the outer layer of a “ built-up ”

film contains some “ overturned molecules so that some hydrophilic
groups also are exposed. Since it was shown in the previous paper 1
that the multilayers usually had no specific structure the hypothesis of
Langmuir cannot be accepted. Evidently the wetting angle of a substance
is related to its whole chemical structure in the same manner as are its

other physical properties.

(c) W etting Angles and Interfacial Tensions.

The following observation casts some doubt upon the general validity
of the usual theory of contact angles. A water drop placed on a hydro-
phobic surface f forms a wetting angle of, say, 100°. If a drop of ether
hanging on a glass rod is brought near, the shape of the water drop does
not change although, with a projection microscope, ether vapours can
be seen descending onto the water surface.

According to (1) constant 9 involves constant (ySG — ySh)lVLG-
Since diffusion of ether through the drop to the solid-liquid interface
would take some time, ySL may be assumed to be unaffected by ether.
Then the improbable result follows that the alterations of ySG and yLG
just compensate each other. It appears more likely that, in consequence
of the roughness of solid surfaces, an air-water surface continues under-
neath the drop so that ySL and yLG are interdependent.

It also follows from (1) that alteration of yLG alone cannot reverse
the sign of cos 9, |e cannot make obtuse a contact angle which is acute,
and Vice versa. In the course of “ water-line corrosion ” of multilayers
(see 2(a)) angles which im mediately after deposition of the drops were
€.0., ioi° decreased gradually to, €.0.,, 590 without any discontinuity at
900. From the point of view of equation (1) this behaviour would
suggest that the decay of 9 is not due to a lowering of yLG. It is, how -

ever, also possible that equation (1) is not always correct.

Summary.

(1) A new method of determining large wetting angles is described.
It is based on the measurementof the marks left by drops on solid surfaces.
(2) W etting angles between air, water, and “ built-up ” multilayers
are measured. They confirm the view that Y films are deposited when the

* Octadecyl amine tends to give Z multilayers.

6 K. Blodgett, /. Amer. Chem. Sac., 1935, 57, 1007.

71. Langmuir, Science, 193S, 87, 493.

t It may be the surface of a multilayer or of paraffin wax.
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angle is near 90°, whilst more hydrophobic surfaces give rise to X, and less
hydrophobic ones to Z deposition.

3) Langmuir’s hypothesis connecting wetting angles with molecular
orientation, and the usual theory of contact angles are briefly discussed.

The experiments here reported were carried out in the Department
of Colloid Science, The University, Cambridge. I thank Professor E. K.
Rideal and Dr. J. H. Schulm an for suggestions and encouragement, and

the Metal Box Co. Ltd. for financial assistance.

A N A CCURATE DIRECT R EADING M ANOMETER
F O R CORROSIVE A N D O THER G A SES.

By R. Spence.

Received 4th December, 1939.

The ordinary U-tube type of mercury manometer is still the most
convenient means of measuring gas pressures up to one atmosphere.
Extremely accurate results may be obtained if a cathetometer is used
and if the proper corrections for tem perature and variation of gravita-
tional constant are made. The simplicity, accuracy, and reliability
of such instruments fully meet with the requirements of modern gas
kinetics. There are, however, several limitations. Firstly, the gases
under investigation may react chemically with the manometrie liquid,
as for example in the case of the halogens. Secondly, the existence of
a free mercury surface introduces an additional variable into the re-
action system, frequently of major importance, namely, an indeter-
minate partial pressure of mercury vapour. Thirdly, there is generally
a considerable dead-space between the gas reservoir and the surface of
the manometrie liquid which normally varies with change of pressure.
In experiments on gas kinetics, this dead-space mustbe accurately known.

Various kinds of Bourdon gauge of glass or quartz which avoid
some of these difficulties have been in use for many years. The quartz
spiral manometer of Bodenstein and Dux 1 has a very small dead-space
and when used as a null-instrument is quite accurate. It is, however,
rather delicate and is somewhat expensive to make. M oreover, extra
time and labour are involved in adjusting the balancing-pressure and
reading the manometers. This is sometimes important in a fast re-
action. The same considerations apply in the case of the Bourdon

spoon gauge, which is, in general, more liable to collapse under sudden

changes in pressure. G lass “ click ” gauges have been used to a con-
siderable extent. They are easy to make but they are very delicate
and they require the usual balancing-pressure system. A number of

direct reading manometers of glass or quartz have been described, which

are in general elaborate and expensive and they do not equal the mercury

manometer in regard to range, accuracy, or reliability. As a rule, the
movement of a diaphragm or Bourdon coil is shown on a screen or
recorded on a photographic film by means of an optical lever.2 The

1Bodenstein and Dux, Z. physik. Chern., 1913, 85, 305.
2Lewis and Style, Nature, 1937, 139>631. Lockspeiser, J. Sci. Instr., 1930,
7. 145-
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ideal instrument would possess the range of scale, accuracy and de-
pendability of the mercury manometer whilst the gases under investiga-
tion would come into contact only with glass or quartz and there would
be a negligible or small, constant dead-space.

In the hope of constructing an instrument which would approach more
-closely to these requirements, some experiments were carried out with
glass bellows, and an attem pt was njade in the first instance to utilise the
electronic ultra-micrometer as an indicator. Changes in capacity due to
edisplacements of the order of io_0 cm. can be detected by the ultra-micro-
meter,3 and several such instruments have been described which are
comparatively stable and which show a linear relationship between voltage
or current and displacement.-1 Manometric readings to o-i mm. Hg over
a range of i atm., however, correspond to an accuracy of the order of
mo-0i % which unfortunately could not be attained in practice using the

ultra-micrometer. Moreover,
a scale of ioldivisions would
involve the use of a potentio-
meter rather than a galvano-
meter or ammeter and this
would greatly increase the
cost and complexity of the
apparatus. In the final
arrangement, therefore, the
glass bellows was filled with
mercury as shown in Fig. i.
The bellows was sealed into a
close-fitting glass tube and a
change of pressure of | atmo-
sphere in the annular space
produced a displacement of
the mercury meniscus in the
Xx mm. capillary side tube of
about one-fifth of the normal
barometricheight. Thedegree
of accuracy is therefore about
one-fifth of that attainable
with the U-tube manometer.

Construction.

A length (about 15 cm.)
of Pyrex glass tubing (ex-
ternal diameter 0-55 cm., in-
ternal diameter 0-35 cm.) was
heated in the middle, allowed

to thicken slightly, and then blown out to about 1 cm. diameter. By
repeating the process twice, about 1-5 cm. of 1 cm. tubing was produced
(Fig. ia). This was blown to form a larger bulb (Fig. 16), the wall of
which was practically uniform in thickness. Gentle pressure on the ends
of the tubing gave a disc (Fig. xc), which was now blown at the edge to a
“ pancake ” shape (Fig. id). A second pancake was produced in exactly
the same way (Fig. le) not more than 0-5 cm. from the first one, and by
directing a very sharp flame on to the short length of connecting tubing,
it was gradually thickened and shortened and the bellows were finally
pushed close together but without touching at any point. Five such

3Dowling, Phil. Mag., 1923, 4h> Sr. .
1Schmidt, Hochfrequenztechnick und Elektroakustic, 1933» 4 1» 96- Spencer-

Smith, J. Sci. Instr., 1935, 12, 316.
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bellows were completed, one side arm was sealed off, and the end walls
were blown out (Fig. if) so as to fitthe containing tube as closely as possible.
It is advisable to test the bellows thoroughly by repeated sudden evacuation
on either side. The remainder of the instrument was constructed as shown
in Fig. if, the interior of the imm. capillary tube being slightly ground to
prevent sticldng of the mercury. After having been thoroughly cleaned,
the instrument was evacuated and filled with highly purified mercury.
The level of the mercury column could be adjusted by means of the small
reservoir at the top.

Calibration.

A thermos flask filled with ice forms a convenient means of keeping
the bulb at constant temperature and the displacement of the mercury
meniscus can be read off on
a travelling microscope or Manometer r. Dead Space 875 c.c.
cathetometer. There is no

detectable hysteresis effect, Eauation :pem.Hg = 5-024 cm. — 16-71.
and exactly the same straight

line relationship between d 20bs. icalc.
pressure and meniscus dis-

placement was obtained

again after an interval of 16*329 65-26 65-21
four months. The constants 13_;1?4 39-8% gggg
of this equation were ob- 8-468 25.81 25-80
tained from the data by the 5-880 12-82 12-8i
method of least squares. 4-236 4-55 4-55

The travelling microscope
used gave readings accurate
to 0-05 mm. corresponding to 0-25 mm. Hg. Visual readings ofthe mercury
U-manometer have about the same degree of accuracy so that the agree-
ment between fobs, and £calc. can be regarded as satisfactory. A finer and
more uniform capillary and a good cathetometer would, of course, con-
siderably improve the accuracy.

If set up in the same way as an accurate thermometer, with enclosed
scale, calibrated at 0°, the manometer could be used as a direct-reading
instrument. Visual readings to 0-2 mm. would beaccurate to 1mm.
Hg. which is sufficient for manypurposes.The instrument possesses the
advantage of comparatively small size, the movement of the mercury
meniscus is practically instantaneous and free from oscillation, whilst
pressure measurement involves only a single scale reading. Although
designed primarily for work involving chemically reactive gases, it should
also find useful application in the case of inert gases.

Summ ary.

A glass manometer is described in which the relation between scale
reading and pressure is linear. The dead space is small and practically
constant (variation 1-25 % for 1 atm), and pressures up to 1 atmosphere
can be readily determined to within 0-25 mm. Hg. The instrument is
specially suited for the study of gas reactions.

Physical Chemistry Department,
The University, Leeds.
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THE PR OPERTIES OF DETERGENT SO LUTIONS.
PART X . SO M E FURTHER O BSERVATIONS
O N ELECTROPHUORETIC M O BILITIES I'N D E -
TERGENT SO LUTIONS.

By J. Powney and L. J. Wood.

Received 1stli December, 1939.

In a previous paper 1 we described some measurements of the electro-
phoretic mobility of mineral oil (Nujol) in alkalies and in solutions of
certain surface-active substances. This work has now been extended

to include the study of the influence of temperature, chain-length and

added electrolytes on the electrophoretic mobility. In addition to oil
drops, suspensions of wax, ilmenite and calcium laurate have been
investigated. The experimental techniqgue was the same as that used
in the previous investigation except that the electrophoresis cell and

microscope were placed in an air thermostat to enable measurements to

be made at higher tem peratures.

R esults and D iscussion.

Influence of Tem perature and C hain-Length.

In considering the influence of temperature upon electrophoretic
mobilities in solutions of paraffin chain salts the following factors have

to be taken into account:

(a) change of viscosity of the dispersion medium,
(b) change of state of aggregation of the solution,

(C) change of degree of adsorption of the long chain ions.

The second and third factors have also to be considered in connection
with the effect of chain-length on mobilities.

For particles suspended in water Freundlich 2 has pointed out that
the change of mobility with temperature should depend only on the
change of viscosity of the water according to the simple relationship
U]Ijlz U2I’j2, where U represents the mobility of the particle and 17 the
viscosity of the water. In the present work it has been confirmed that
this holds for suspensions of Nujol and paraffin wax in water over the
tem perature range 250 to 60°.

The abrupt transition from single ions to micelles which occurs in
solutions of paraffin chain salts at certain critical concentrations is
reflected in a sudden change of properties such as density, electrical
conductivity, surface and interfacial activities. The critical con -
centrations at which these changes occur are known to depend on
tem perature and chain-length.3 The preliminary data given in the
previous paperl showed that the aggregation to form ionic micelles is

also reflected in the electrophoretic behaviour of oil drops dispersed

1Powney and Wood, Trans. Faraday Soc., 1940, 36, 57*
1Freundlich, Colloid and Capillary Chemistry, London, p. 248.
8 Cf. Hartley, Aqueous Solutions of Paraffin-chain Salts, Paris, 1936.

420
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in such solutions. The additional mobility data now obtained confirm
that the critical concentration rises with decreasing chain-length and
increasing tem perature.

The mobilities of oil drops in sodium laurate solutions at 25° and
60° c. are shown in Fig. 1 together with data for ilmenite (FeO .TiOZ)
particles in similar solutions at 250 C. The commencement of aggrega-
tion of the laurate ions is indicated by minima which occur at a con-
centration of approximately 0-35 % at 25° C. and 0-6 % at 60°. The
view that these minima are related to a sudden change in constitution

of the sodium laurate solution is supported by the fact that the minima

Molar conctnrrafion.

for both Nwujol and ilmenite, two very different types of particles,
occur at similar concentrations. Inflections in the curves are also shown
by Nujol in sodium myristate and sodium palmitate solutions at 60° C.
(Fig. 2) at concentrations which decrease with increasing chain-length.
The minimum in the sodium palmitate curve is at a somewhat higher
concentration than might be anticipated from available data for the
critical concentrations of unhydrolysed paraffin chain salts of similar
chain-length. This is undoubtedly due to the fact that sodium palmitate

is considerably hydrolysed in solution 4 at 60°.

*Powney and Jordan, Trans. Faraday Soc., 1938, 34, 363.
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For an unhydrolysed long chain salt such as sodium tetradecyl sul-
phate (Fig. 3, @ and b) the inflections in the mobility curve also occur

very close to the critical concentration as determined from surface and

Sodium myr/sSafe.

Fig. 2.—Electro-
phoretic mob-
Sodium louroTa ilities of Nujol
in sodium
myristate and
sodium palmi-
tate solutions
at 60° C.

0-002 0-002 . 0-006 0-008
Mblar concendrafion.

000 00®2o 0-02 0-02-  0-06 012
Percentage  conoenTra-n

Fig. 3.—Electrophoretic mobilities in sodium tetradecyl sulphate solutions
at 60° C.

interfacial tension and conductivity data.5 As was found with sodium
laurate, the nature of the particle does not in any way determine the
position of the mobility minimum.

sPowney and Addison, Trans. Faraday Soc., 1937, 33, 1243, and 1938, 34, 372.
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Since it is highly probable that the increase in the mobility of oil
drops on the addition of paraffin chain salts is due to the adsorption of
long chain ions, increase of tem perature will indirectly affect the mobility
by decreasing the degree of adsorption. Thus, for Nujol in sodium
laurate solutions at 60° C. the observed mobilities are only about 75 %
of the values calculated from <corresponding data determined at 250
on the assumption that change of viscosity is the only factor. This
difference is probably due to a decrease in the adsorption of laurate
ions at the higher temperature, as check measurements show that the
viscosity of paraffin chain salts at the concentrations used in this in-
vestigation does not differ from that of water at the same temperature
by more than 1 % . A negative temperature coefficient of adsorption
of long chain ions is also indicated by surface and interfacial tension
measurements.5

The general effect of increase of chain-length is to give rise to somewhat
higher values of mobility, particularly in very dilute solutions. This is
shown by the data for sodium laurate, myristate, and palmitate given
in Fig. 2 and can be attributed to an increase in the degree of adsorption
of the long chain ions rather than to any specific influence of chain-
length upon the effective charge of the adsorbed ions. The mobility
of carbon particles in soap solutions has been found by Urbain and
Jensen 6 to increase with increasing chain-length, but their observations
have been confined to a single concentration (0-0036 molar) which in
some instances is above and in others below the critical concentrations

of the long chain salts.

Influence of Added E lectrolytes.

In our previous discussionl of the mobility of Nujol in solutions
of paraffin chain salts we described the sharp change in the region just

below the critical concentration and attributed it to a superimposed

sodium ion effect. It was thought of interest to determine whether
increasing the concentration of sodium ions in the solution by the
addition of NaCl would lead to a general decrease of mobility. A series

of experiments was made in which 0-02 % of NaCl was added to solu-
tions of sodium tetradecyl sulphate, C14H 29504Na (Fig. 3c¢). For con-
centrations of C14H 29504Na above 0-03 %, the addition of the NacCl
results in a decrease of mobility. Below 0-03 % , however, the mobility
is considerably increased by the addition of NaCl and at a concentration
of 0-0005 % C14H 29804Na has the remarkably high value of 14p./sec./
volt/icm . W ith 0-00002 % C14H 29804Na the mobility is 10, a figure
only attained at a concentration of O-OlI % in the absence of sodium
chloride. The values at low concentrations were obtained by successive
dilutions of the emulsions with the stock aqueous Nujol emulsion and
with NaCl so as to keep the concentrations of both of these constant.
The persistently high mobilities could not be due to any time factor in
attaining adsorption equilibrium since at each dilution at least an equal
amount of Nujol was added and therefore at least half the Nujol droplets
in the new mixture were freshly added to the surface active solution.
N o irregularities outside the usual experimental error were found in the
m obilities of the individual Nujol droplets.

These high values are all the more surprising since the addition of

8urbain and Jensen, /. Physic. Chem, 1936, 40, 821.
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NaCl to Nujol in pure water causes a considerable decrease in mobility.1
Neutral salts are known to increase the interfacial activity of paraffin
chain salt solutions,7 and it is possible that the high mobilities are due

to an increased adsorption of long chain ions at the surface of the oil

drops. The interfacial activities of the

TABLE I extremely dilute solutions of sodium tetra-
decyl sulphate used are, however, quite low

NaCl Mobility and would not appear to account entirely
(). (Misec./volticm.). for the very high electrophoretic mobilities
observed under similar conditions. In the

Zero 8-4%* first part of this investigation 1 it was also
8:83; |3'_§ shown that the high mobility of Nujol in
0*02 12-3 very dilute solutions of the cation-active
0*05 13-5 salt dodecyl pyridinium chloride could not
0*1 13'3 be correlated with the interfacial activity

of the solution.

* By interpolation from A further series of measurements was
Fig. 3a. carried out to determine the quantity of
sodium chlorid negessary to produce an

( % ) of C14H 29804Na.

These are given in Table | and indicate that 0-02 to 0-05 % sodium

optimum effect at a low concentration
chloride is necessary.

Influence of Nature of Particle.

(a) Liquid and Solid Paraffin.— Since the mobility of Iliquid
paraffin in surface active solutions is dependent upon the formation
of oriented interfacial films of long chain ions, it was thought of interest
to investigate whether a transition of the particle from the liquid to
the solid state would influence its mobility, possibly by effecting a change
in the degree or in the nature of the adsorption. For this purpose a
series of measurements on a sample of paraffin wax (congealing point
49°) in O'l % C14H 29504Na was made at increasing tem peratures from
37° to 60°. The

data obtained are TABLE II.
shown in Table 1
and it will be noted Temperature Mobilj
Ur,.
that no significant (°C). Or/sec'/VOI%m')' v

changes of mobility

occur at the melting- 37 115 0-69 To9

point ofthewax. The 42-1 12-2 0-63 T
i ' 12'3 0-59 7'3

product UF), whree 45'7

) ’ ) : " 50-5 13-2 0-54 7-2

is the viscosity of the 55'5 13-2 0-50 6-6

dispersion medium in 59'7 14-6 0-47 6-9

centipoises, shows a

small but definite de-

crease with increasing tem perature of the same order as was found with
Nujol in sodium laurate solutions described above.

(b) Calcium Laurate.— The mobility of another type of particle,
namely calcium laurate, has been studied and the value for a suspension
in water at 25° C. found to be 3-8 yn/sec./volt/cm . towards the anode,
which is approximately the same as that found for other hydrophobic

particles such as Nujol and paraffin wax.

7Robinson, Wetting and Detergency, London, 1937, p. 137, and Powney and
Addison, Trans Faraday Soc., 1937, 33, 1253.
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(c) Ilm exiite.— The behaviour of ilmenite particles in sodium laurate

and sodium tetradecyl sulphate solutions has been mentioned above
and is illustrated in Figs. 1 and 3. A stock suspension was prepared
in the following manner. A sample of “ Air-floated Ilmenite Black,”
supplied by Messrs. British Titan Products Co., Ltd., was first treated
with sodium hexametaphosphate to remove traces of divalent metal
salts which were found to be present. The ilmenite was then thoroughly
washed with conductivity water and dried. Two grams of the material

were shaken up with a litre of conductivity water and allowed to stand

for 4~ hours. About 700 c.c. were then carefully decanted and kept
as the stock suspension. For use it was diluted with an equal volume
of a solution of alkali or detergent. The particles had a diameter of
approximately 1-2 p.. The mobility of ilmenite particles suspended in

water is approximately half that of oil drops in water and this ratio

persists in sodium laurate and sodium tetradecyl sulphate solutions

. 0001 0-0/2
IVormoli/y.

at all the concentrations examined. It might have been expected that
at the higher concentrations where the surfaces are probably fairly well
covered with long chain ions the potential of the particles would be
dependent only on the charge of the ions and independent of the nature

of the “ core of the particle. At any given temperature, however,
the mobility of ilmenite in solutions of paraffin chain salts attains but
never rises above the water value for hydrophobic particles such as
Nujol. A tentative explanation is that in the case of ilmenite particles
the long chain ions are oriented in the opposite direction to those on
oil drops, i.e., the polar heads will be oriented towards the ilmenite
surface leaving the particles as a whole with a hydrophobic exterior
of hydrocarbon chains, the resulting mobility being that found for an
oil drop. It is not clear why the mobility is not further increased by
the adsorption of a second long chain ion film to give a value character-
istic of a normal oil drop in paraffin chain salts solutions. This may

possibly be due to some restriction in the form ation of a bimolecular film.



426 THE PROPERTIES OF DETERGENT SOLUTIONS

Some measurements have also been made of the mobility of ilmenite
in sodium chloride, sodium carbonate and sodium m etasilicate solu -
tions and the results are plotted in Fig. 4. These are qualitatively the
same as those obtained for Nujol in similar solutions and described in

our previous paper.1 The mobility rises rapidly with increasing hydroxyl

ion concentration but is lowered slightly by increasing sodium ion
concentration. A lthough there are slight divergences there is again a
tendency for the ilmenite particles to have one-half the mobility of

Nujol drops under the same conditions.

Summ ary.

Additional data concerning the electrophoretic mobility of oil drops
in solutions of paraffin chain salts are recorded. The maximum mobilities
in such solutions are obtained at concentrations which decrease with in-
creasing chain-length. The abrupt changes of mobility which occur in
the region of the critical concentration of the paraffin chain salt are
discussed.

The change of mobility with increasing temperature is dependent not
only upon change of viscosity of the dispersion medium but also upon
changes in the degree of adsorption of the long chain ions at the interfaces.

The mobility of Nujol in sodium tetradecyl sulphate solutions of con-
centration greater than 0-03 % is depressed by the addition of NaCl. At
lower concentrations of the paraffin chain salt, however, the added electro-
lyte produces a considerable increase of mobility. Thus, on the addition
of 0-02 % NaCl to 0-0005 % CuHjjSOjNa at 60° C. the mobility rises
from 8-3 to i4ft/sec./volt/cm ., a value only attained at two hundred times
this concentration in the absence of NaCl.

The mobilities of ilmenite, calcium laurate and paraffin wax have also
been determined and the results are discussed in connection with the
nfluence of nature of particle on mobility.

The authors wish to thank the Director of Research for his valuable
advice, and the Council of the British Launderers’ Research'Association

for permission to publish this work.

The British Launderers' Research Association,
The Laboratories,
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Hendon, N.w . 4.
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Chemical Spectroscopy. By W. R. Brode. (Chapman & Hall, 1939.)
Pp. xii + 494. Price 36s. net.

This should prove a useful book for students whose interests are in
spectroscopy as a " profession.” This activity exists in the United
States to a degree not always appreciated in this country.

Judged by these standards, the distribution of subjects—absorption,
emission, qualitative and quantitative analysis and so forth—is probably
correct. Much the same applies to the instrumental sections, where
apparatus is described in detail. Throughout, the aim seems to me to
give the reader information of considerable precision within a very limited
range of ideas.

As a laboratory guide, the volume can be recommended.

F. 1. G. R.
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PLATE VI.

Fig. i.— Photograph of rotor, showing cell and hard rubber block.
[See page 381.

Fig. 4.—A, 13, sedimentation of erythrocruorin of earthworm blood ; C,
carboxyhemoglobin, and 1), half-concentration, about 0-5 %, of carboxyhemo-
globin (boundary near top of liquid).

[See page 3S4.
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and all lines must be firmly and evenly drawn. Drawings should,generally,
be capable of reduction to about one-halfscale, depending on their nature
and complexity; all drawings relating to one paper should be so
made that they will all be reduced to the same extent. In the case of
curves the ordinates and abscissae must be drawn in ink and reliance
must not be placed on the printed lines of scale paper.

(b) W here possible, lettering should be outside the diagram. L
ing should be put in lightly with lead pencil.

(v) Rapidity of publication is facilitated if papers are subm itted in
duplicate with duplicate photographs or tracings of diagrams, so thateach
paper with its drawings and photographs will go into a foolscap envelope.

(vi) Authors must retain copies of their communications.

Correction of Proofs.— The address to which proofs are to be sent
should be written on every paper. Authors resident overseas may name
agents in Britain to whom may be referred mattersconcerning their papers,
including the correction of proofs, in order that delay in publication may
be avoided.

Two galley proofs are provided, one of which duly corrected should be
returned to the Editor. Authors are required to subm it their com munica-
tions in such form that corrections other than of printer’s errors will be un-
necessary. Authors making other corrections will be required to bear
the cost thereof.

Reprints.— Twenty-five reprints (without covers) are presented to
each author who is a member of the Society. O ther reprints may be

obtained by authors or co-authors at cost price.
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