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A new method for the determination of activities of both components in binary mixtures of volatile solvents is described. 
The method involves the transfer of vapor from a generator flask through an intermittent bleeder valve to a reservoir flask, 
measuremént of total pressure in the reservoir flask, condensation and analysis of vapors in the flask. The intermittent 
bleeder valve appears essential to the transfer of vapor of equilibrium concentration to the reservoir in a reasonable period 
of time. Activities of both components at. 25° in water-ethanol and water-propanol-1 systems determined by this method 
are given and compared with best literature values. It is concluded that the method described is comparable in accuracy 
to the gas saturation method, and is approximately eight times as rapid.

The activities of com ponents in binary solution 
have fundamental therm odynam ic im portance. 
Several m ethods for evaluating these quantities are 
in fairly com m on use. Of these, the most im port
ant types of m ethod suitable for non-electrolvtes 
are as follows.

1. D irect measurement of the activity of one 
com ponent and inference of the activity  o f the other 
com ponent bv  use o f the G ibbs-D uhem  equation. 
M ethods involving measurement of the freezing 
point depression to evaluate the activity of the 
com ponent freezing out are the most accurate of 
this type, and Jones and B ury2 have published what 
appears to be excellent work on activities o f com 
ponents o f aqueous fa tty  acid solutions obtained in 
this manner The freezing point depression method 
suffers from  the disadvantage that the activities 
are determined directly at the freezing tempera
ture, and in order to obtain activities at arbitrary 
temperatures the partial molai enthalpies of the 
com ponents must be known as functions of tem 
perature between the freezing point and the tem
perature of interest.

2. M easurement o f partial pressures of both 
components in the vapor in equilibrium with the 
solution of interest, establishing the activity  o f a 
com ponent at the ratio of partial pressure to satu
rated vapor pressure (strictly speaking the corre
sponding fugacity ratio should be used; the error

(1 ) W o r k  p e r fo r m e d  in  th e  A m e s  L a b o r a t o r y  o f  th e  A t o m ic  E n e rg y  
C o m m is s io n .

(2 ) E . R .  J o n e s  a n d  C . R .  B u ry ,  Phil. Mag., [7 ]  4, 481 (1 9 2 7 ).

involved in using pressure ratios is negligible for 
the systems studied in this w ork). Such methods 
have an im portant advantage over those of the 
first type in that activities of both  com ponents are 
obtained independently, and the G ibbs-D uhem  
equation permits data to be checked for self-con
sistency.

A  com m on method of this type is one in which the 
equilibrium vapor is transferred from  the vicinity 
of the generating liquid by  an inert gas, and sub
sequently trapped out, weighed and analyzed. 
Butler, Thom son and M acLennan3 have used this 
method extensively with aqueous-aliphatic alco
hol systems, and a countercurrent flow apparatus 
on this principle has been described b y  Randall and 
W eber.4 A  practical disadvantage exists in that a 
period of approxim ately eight hours is required for 
each experimental point. As in the parallel deter
mination of vapor pressure of a single com ponent, 
considerable care must be taken to ensure equili
bration between inert gas and solution, and, in our 
experience, to avoid mechanical transport o f spray.

The method herein presented is of the second 
general type, involving measurement of partial 
pressures of both  components o f the binary solu
tion. Total pressure is measured directly; the 
vapor phase is then condensed and analyzed. N o 
third com ponent is introduced. A lthough the 
principles o f measurement are obvious, im portant

(3 )  J . A . V . B u tle r , D . W . T h o m s o n  a n d  W . H . M a c L e n n a n , J. 
Chem. Soc., 6 7 4  (1 9 3 3 ).

(4 ) M .  R a n d a l l  a n d  H . W e b e r , T h is J o u r n a l , 44, 9 1 7  (1 9 4 0 ).
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precautions must be taken in apparatus design to 
secure equilibration and hence to obtain accurate 
results. A  period o f about one hour is required 
for com plete determination of activities of both  
com ponents at a given solution concentration.

Apparatus.—The apparatus designed and used in this work 
is illustrated by Fig. 1 (front view) and Fig. 2 (a portion of 
the apparatus from side view). In these illustrations, A 
is a 1-liter Pyrex flask with f  29/42 top joint. Flask A 
contains a Teflon covered magnet H activated by a magnetic 
stirrer H ', and is immersed in a water-bath B thermostated 
to 25.00 ± 0 .0 2 ° . D is a 20-liter Pyrex flask with T  71/60 
joint, connected to the generator flask A directly through 
stopcock S2 (10-mm. bore) and also through the intermit
tent bleeder C and stopcock S6 (2-mrn. bore). Flask D is 
also connected to a mercury manometer E and through stop
cock S4 to a liquid nitrogen cooled trap (F,G). Stopcock 
SI provides connection to the atmosphere and stopcocks 
S3 and S5 (three way) provide connection to atmosphere 
and vacuum line.

Fig. 1.—Apparatus for 
determination of activities 
of components of volatile 
binary solutions (front 
view).

Fig. 2.—Portion of appa
ratus for determination of 
activities of components of 
volatile binary solutions (side 
view).

The intermittent bleeder, C, consists of a solenoid- 
operated valve in the form of a glass cartridge containing an 
iron core floating in a mercury pool. The solenoid was 
operated through an Eagle Signal Corp. Flexopulse timer 
in a y 2 second on, 15 second off cycle. When the solenoid 
was off, the mercury floated the cartridge into its female 
joint (male and female joints were approximately hemi
spherical and were lapped into each other with carborundum 
grinding powder prior to inclusion in the apparatus). When 
the solenoid was on, the cartridge was pulled from its joint 
and the connection thus opened.

Under operating conditions, the initial pressure increment 
in the reservoir flask per opening was about 1.0 mm. in the 
case of ethanol (vapor pressure = 58.7 mm.) and 0.5 mm. 
in the case of water.

The whole apparatus was enclosed in an air-bath thermo
stated to 27.0 ±  0.1° to prevent condensation in the reser
voir flask D.

Procedure.—Approximately 300 ml. of the binary solu
tion of interest is introduced into the generator flask A 
through SI. SI, S2, S4 and S6 are closed and the reservoir 
flask D evacuated through S3. S3 is now closed and S2 
opened slightly (to avoid spray transport) while the solution 
is vigorously stirred by the magnetic stirrer H '. S2 is 
closed and the reservoir flask D evacuated through S3. 
In our experience, one such degassing operation, with the 
solution boiling under reduced pressure, sufficed to outgas 
the generator flask and the solution therein. Trap F is 
evacuated through S5.

All stopcocks are now closed except S6; the intermittent 
bleeder C is turned on until the change in pressure per open

ing of the shut-off valve is small (0.1 mm. or less, usually 
about 20 minutes). S2 is now opened for 10 minutes to 
permit final equilibration. The total pressure is read from 
the manometer by means of a cathetometer (in our case, a 
Gaertner M-901 cathetometer permitting reading of total 
pressure to 0.05 mm.).

S2 and S6 are now closed and S4 opened, the vapors con
densing in trap F (this process is accelerated without loss 
of material by opening So to the vacuum line very slightly). 
A period of about 3 minutes is required for this operation 
and the total pressure in the reservoir flask D drops to zero 
on its completion. Closing S4, dry, C02-free air is admitted 
through S5, trap F allowed to warm to room temperature, 
removed, agitated mildly to ensure homogeneity of the con
densate, and an aliquot of the condensate removed and 
analyzed. >

Knowing the mole fraction of each component in the con
densate and the total pressure of the gas phase prior to con
densation, the partial pressure of each component is calcu
lated and the activity of each component obtained as the 
ratio of its partial pressure to the vapor pressure of the pure 
component. The corresponding solution concentration is 
obtained by analysis prior to the degassing operation and on 
completion of the experiment. The measured activity 
corresponds in good approximation to the average of the 
solution concentrations preceding and on completion of the 
vapor collection run.

The crucial feature of this apparatus and procedure is the 
intermittent bleeder valve. Even if the tube connecting 
the generator A and reservoir D has 1 cm.2 cross-section at 
its smallest part, times of the order of magnitude of 10 days 
would be required to attain diffusional equilibrium across 
it if the vapors initially transported to the reservoir flask 
are not equilibrium vapors. Pressure equalization, on the 
other hand, is almost immediate. It is therefore essential 
that vapor enter flask D in equilibrium concentration, i.e., 
that the vapor in flask A be in equilibrium at all times 
during collection, and that there be no effusional fractiona
tion between A and D . WTiile in principle a small bore stop- 
cock might be expected to perform the function of the inter
mittent bleeder, in practice we failed to obtain equilibrium 
vapor concentrations by its use in reasonable periods of time 
(high partial pressures were always obtained for water as 
compared to best literature values probably reflecting effu
sional fractionation). It is, of course, obvious that any con
nection will lead to equilibrium concentrations in flask D 
eventually; it is also obvious that the time required for 
attainment of such equilibrium concentration will be a cri
terion of practicality of the method.

Experimental.—Activities of all components of water- 
ethanol and water-propanol-1 solutions were determined at 
25.00° using the procedures and apparatus given. Water 
was redistilled from alkaline permanganate solution. One 
thousand five hundred ml. of Commercial Solvents Corp. ab
solute ethanol, 15 g. of silver nitrate and 5 g. of sodium hy
droxide were refluxed overnight to remove impurities such 
as aldehydes, and filtered. The ethanol was then further 
purified by the method of Lund and Bjerrum.5 Fisher 
Scientific Co. C.p . propanol-1 was treated with bromine to 
persistence of bromine coloration to aid in the removal of 
allyl alcohol. The excess bromine was reduced by a slight 
excess of sodium sulfite, and the propanol further purified by 
the method of Lund and Bjerrum. Both alcohols were 
finally distilled through a 30-plate Oldershaw distilling 
column at a 10/1 reflux ratio. Boiling ranges of the central 
fractions collected, corrected to 760 mm., were 78.50-78.52° 
for ethanol and 97.43-97.51° for propanol-1.

Analyses ■were made by means of a Hilger liquid inter
ferometer using Teflon cell covers sealed with mercury.

Treatment of Data.— A reasonable treatm ent o f 
binary solution activity data obtained b y  m ethods 
o f the present type is represented b y  the treatment 
of the butanol-1-w ater system followed b y  Randall 
and W eber.4 In this treatment, activ ity -con cen 
tration curves are established b y  raw activ ity  data, 
and slopes o f the curves o f the tw o com ponents com 
pared with those predicted b y  the G ibbs-D uhem  
equation. T he deviations permit an estimate of 
the reliability o f the data.

(5) H. Lund and J. Bjerrum, Ber., 64, 210 (1931).
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A  treatment which is preferred b y  the authors is 
one in which each activity-concentration  curve 
reflects not only raw activity data for the particular 
component, but also raw data for the second com 
ponent in the binary solution as required by the 
G ibbs-D uhem  equation. The deviation of experi
mental points from  the activity-concentration  
curves permit an estimate o f the reliability o f the 
data, but the curves themselves are the best repre
sentation of activity  data consistent with all ex
perimental and theoretical inform ation available 
for the system o f interest. The treatment used in 
the present work is based on the follow ing argu
ment.

The logarithm of the activity  coefficient for a 
given com ponent in binary solution can be ex
panded in power series in m ole fraction of the sec
ond com ponent; if the activity  coefficient is based 
on pure liquid com ponent as standard state the 
leading term in this expansion will be the square 
term .6 The coefficients in the corresponding ex
pansion of the activity  coefficient o f the second com 
ponent are then established b y  the G ibbs-D uhem  
equation.

Let $ (z ) =  In t a / (1  — x)2, f(x ) =  In y^/x2, in 
which x is the m ole fraction o f com ponent A . The 
G ibbs-D uhem  equation requires

^ d h L2A = _  d j n ^
dz a x

A pplying equation 2 to equation 1 there is obtained

L {xH) ■ 2x* - x(i - x) 2  (2)
If 4> can be represented b y  a polynom ial

n
$1 = E  diX7 

¿ = 0
then b y  substitution of this polynom ial in equation 
2, integrating, and requiring that f (0) be finite there 
results

L(x) = E  (-L -  j-J -5 du>) a* +  Anxn (3)

It is, o f  course, not necessary to limit functions 
chosen to  polynom ial form . B y  proceeding as in 
the polynom ial case it is readily shown that 
4>2(x) = ae~0x implies f2(x) =  ae~Px +

¿ 5  [1 -  «-f*  (1 +  fte)]
and
$s(x) = yxe~te implies f3(x) =  yxe~Sx +

[1 — e~*{l +  Sx +  (5x)2J]

A  function $(ir) obtained b y  addition o f several of 
the functions $ i(x) listed above leads to  a function 
f(x) which is the sum of the corresponding func
tions U{x). It is desirable, but not essential, to 
represent $ ( 2 ) using a function with compara
tively few terms and constants.

Figure 3 illustrates this treatment for the ethanol- 
water system ; curves are the self-consistent func
tions 'hfx) and f(x ) used to com pute activities, and

(6) J. H. Hildebrand and R. L. Scott, “ The Solubility of Non
electrolytes,”  3rd Ed., Reinhold Publ. Corp., New York, N. Y., 1950,
pp. 34-35.

points are experimental points with hatchings cor
responding to 1%  uncertainty (note that a small 
relative error in 7a leads to a large absolute error 
in 4>(:r) as x approaches 1, and f(x) behaves similarly 
as x approaches 0).

MOLE FR A CTION E T H A N O L .
Fig. 3.—Method of establishing self-consistent activity- 

concentration diagrams, system ethanol-water at 25°.

Results.— Results are shown graphically in Fig. 
4 in which our data are compared with best avail
able literature data for these systems. Compari
son data are from Butler, Thomson and Mac- 
Lennan3 for water-propanol-1, and from Dobson7 
for water-ethanol. Tabular experimental data 
will be furnished by one of us (R.S.H.) on request. 
Where x is the mole fraction of the alcohol, 7a and 
7W the activity coefficients of alcohol and water, 
respectively, the following self-consistent functions 
were found to represent the data with indicated 
average absolute deviations.

System ethanol-water:
log y.\ = (1 — x)2j0.665 — 0.560x — 0.090e_11;t) ±0.0055

log = x2 10.945 — O.0 6 O1  — 0.090e_Ul —

0 -°°f- 1 8  [1 -  e - llR l +  llx)] [ ±  0.0040

System propanol-l-water: 
og ta =

(I -  x)2{ 1.105e_2-20x +  0.26x +  4.5xe~2« }  ±  0.0055
log y, =  x2 j l.lOoe- 2 - 201 +  0.26x +  4.5xe“ 2«  -  0.13 +

O *
-  e 2-2ac(l +  2 .2 0 x)] +

° 0 0 ,9 4 5  [1 -  e_2II(476x2 +  24x +  1)] f ±  0.0059
XL )

Logarithms are to the base 10; and uncertainty of 
0.0043 in the logarithm corresponds to a 1% un
certainty in the activity coefficient.

Discussion.— Activity data obtained by the 
method described are in good agreement with best 
literature values for all systems investigated. 
Deviations of experimental points from self-con
sistent activity curves established by use of the

(7 ) H . J . E .  D o b s o n , J. Chem. S o c 1 2 7 , 2 8 6 6  (1 9 2 5 ) .
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M O L E  F R A C T I O N  A L C O H O L .
Fig. 4.—Self-consistent activity-concentration diagrams, systems water-ethanol and water-propanol at 25°. •, ■, pres

ent work; □ , Dobson; O, Butler, Thomson and Maclennan.

G ibbs-D uhem  equation are low, reflecting excellent m ethod described is a rapid and accurate m ethod
self-consistency of data. for the determination o f activities of both  com -

On the basis of these results, we believe the ponents in binary mixtures of volatile solutes.
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KINETICS OF THE PRE-STEADY STATE SYSTEM OF CATALASE WITH
HYDROGEN PEROXIDE

By Roland F. Beers, Jr.1
Division of Physical Biochemistry, Naval Medical Research Institute, Bethesda 14, Maryland

Received June 11, 1953

_ The transient phase of the kinetics of the catalase-hydrogen peroxide system has been examined analytically. For the 
simple case, where the two consecutive reactions between catalase and the substrate are assumed to be irreversible and no 
hydrogen donor other than hydrogen peroxide reacts with the primary complex, an analytical solution of the differential 
equation for the rate of formation of the primary complex, p, has been found. This was accomplished by substituting into 
the differential equation for the variable s (substrate concentration) a function correlating s with p. From arguments de
veloped for two limiting cases, this equation reduces to the empirical equation of Chance, et al.2 The empirical correction 
factor of Chance’s equation has been found from comparison of the two equations to vary directly with p, so/e and 1/Rk 
(s0 is initial substrate concentration; Rk is the ratio of the two consecutive specific reaction rates of catalase with hydrogen 
peroxide: k.,/k,). The ki values calculated from the differential analyzer data of Chance, et al.,* by this equation and the 
h values put into the differential analyzer are found to agree within 3.2% with a standard deviation of ±2.1% . .

Introduction.—Solutions of the kinetics of the 
catalase-hydrogen peroxide system have been de
rived for the special case in which the concentration 
of the enzyme-substrate complex is constant and 
independent of the substrate concentration or 
time.2’3 In an earlier paper3 Beers and Sizer 
mention some of the difficulties encountered in 
attempting to solve the kinetics for the case when 
the enzyme-substrate is not constant but in
creases with time. They suggested that a rigorous 
solution would not be possible unless one had 
simultaneous rate curves for both the formation of 
the intermediate complex and for the decomposi
tion of the substrate, hydrogen peroxide. 
Recently, Chance, et al.,2 derived an equation 
describing the rate of formation of the intermedi
ate complex. By making the approximation that 
the substrate was constant during the time the 
intermediate complex was increasing, and taking 
advantage of the steady state solution and the 
empirical approximations provided from analog 
computation studies,4 they arrived at an inte
grated expression which described quite satis
factorily the kinetics of this system.

A further development of the mathematical 
analysis of this system would be justified, there
fore, only if one could by more rigorous methods 
arrive at a solution which could at least duplicate 
the accuracy of Chance’s equation. In partic
ular, one would like to find a method for solving 
simultaneously the rate of formation of the en
zyme-substrate complex and the rate of decomposi
tion of the substrate. With this objective in 
mind, we have attempted to solve the transient 
state solution for the reacting system

e — p s 
E +  S •h v

ES

p s 
ES +  S ■

ki e — p
E -j- products

(1)

(2)

instantaneous concentrations of the substrate and 
primary complex, respectively. On the basis of 
schemes 1 and 2, an irreversible pair of consecu
tive reactions in which the only donor species is 
hydrogen peroxide, one can obtain a differential 
equation, f(p', p, t) =  0, in which by means of one 
well defined approximation, whose error can be 
ascertained from theory, one may separate the 
variables. When the integral of this equation is 
solved for kiet, the right-hand member consists of 
two terms. Under specific limiting conditions one 
or the other of these terms vanishes. The result
ing equations are found to have close similarities 
to that of Chance, et al.2

Theory.—The rate expressions for the schemes 1 
and 2 are

àp/àt = (&ie/PM)[so -  (x +  p )](Pm -  p) (3)
ds/di = — [so — (x +  p)][k\e — p(k i — h)] (4)

where
pM =  kie/{h +  h)

where e is the total enzyme concentration (moles 
of active centers per liter) and s and p are the

(1) TKs o p in io n s  e x p re sse d  in  th is  a r t ic le  a re  t h e  p r iv a t e  o n e s  o f  t h e  
a u th o r , a n d  d o  n o t  n e c e s s a r ily  r e fle c t  t h e  o p in io n s  o f  t h e  N a v y  D e p a r t 
m e n t  o r  th e  N a v a l  S e r v ic e  a t  la rg e .

(2 ) B . C h a n c e , D . S . G re e n s te in  a n d  F . J . W .  R o u g h t o n ,  Arch. 
Biochem. B io p h y s37, 301 (1 9 5 2 ) .

(3 ) R .  F . B e e rs , J r ., a n d  I .  W .  S ize r , T h is  J o u r n a l , 57, 2 9 0  (1 9 5 3 ).
(4 ) B . C h a n c e , D .  S . G re e n s te in , J . H ig g in s  a n d  C . C . Y a n g , Arch. 

Biochem. Biophys., 37, 3 2 2  (1 9 5 2 ).

and x is the total amount of substrate decomposed 
(in the fcrstep) up to time t. In an earlier paper3 
Pm (Chance’s terminology2) was introduced as the 
value which p obtains whenever the time decay of 
s is first order, and it was shown incidentally that 
under these conditions p was in the steady state, 
i.e., dp/df =  0. From this one may infer that pm 
is some sort of a maximum. The precise nature of 
this maximum is readily discovered. Dividing (3) 
by (4) and integrating we obtain (cf. ref. 2)
s = So — [pu/(h + ki)] [(fci — ki)p/pM — 2ki In (1 — p/pm)]

(6)
Physical requirements stipulate that the initial 
value of p be 0, and that s never be negative or 
complex. From these restrictions and (6) it 
follows that the absolutely maximum value at
tainable by p is pm and that p =  pm is reached 
only under the special conditions that s0 =  »  
(for practical purposes, s0 need only be a few times 
greater than e) in which case s =  0. Because of 
(4), s =  So — {% +  p) =  0 means that dp/At =  0. 
In other words, under these several conditions, p 
is at a true absolute maximum. It has its greatest 
physically attainable value, and its time derivative 
vanishes. Under other conditions (s0 of the order 
of e or less), p can also reach values at which 
dp/di =  0 ; i.e., maxima; however, these are
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always less than pu, and to emphasize the distinc
tion Chance, et al.,2 have denoted these by pm. 
Referring again to (3) we see that for p to reach 
one of these “ lesser”  maxima, i.e., dp/dt =  0 
but pm <  pm , it is, as in the case of the absolute 
maximum, still required that s =  0.5

In order to faciliate the search for a solution of 
the transient phase kinetics of the catalase-hydro
gen peroxide system it is desirable to find a rela
tion which will correlate the change of s with p. 
In particular, we wish to find p as a function of t 
only. Consider

(7)

where Rk is k jk i  and f(p) is to be found. Sub
stituting x and x +  p from (6) into (7) it can be 
shown analytically (appendix i) that

lim B = Rt, i.e., f(p) =  0 (8)

lim B = Rk +  1, i.e., f(p) =  1 (9)
p —>PM

For the approximation B(p) =  Rt ,  the per cent, 
error is 100 X i(p)/Rk and depends on the value 
of p/pM (Fig. 1). For all known catalases the 
error is ,5% or less when 0 <  p/pu < 0 . 5 .  It 
should be noted that the condition p/pu =  0.5 
does not (except in the case pm =  pm) define the 
experimental “ half-time.”  The latter is always 
shorter than the time required to reach p/pu =  
0.5, and consequently the error at the “ half-time”  
will be considerably less than 5%.

Fig. 1.-—Per cent, error of the equation: xe/p(x +  p) = 
Ri, as a function of p/pu for three values of kjk\ (see 
text for details).

Rearranging (7) and solving for x +  p, we ob
tain

x +  v = ep
e  -  ( R i  +  i(p))p 

Substituting (10) into (3)

dp/dt =  M l -  V/P«)(so -  e _ (B °p+f(p))p)

(10)

( i i )

(5) This, of course, does not hold for the case where any competing
reaction is taking place, since under these conditions p can reach a
maximum before s =  0. Cf. Chance, et al.2

Treating f (p) as small and rearranging (11) we may 
evaluate the error in (11) made in assuming that 
f (p) is zero.

dp/dt =  M l -  p/Pm)(so -  ^ - p [l -
(11a)

We observe that the error is the term: f (p)p/
(e — R,k.p) and is always less the f(p), inasmuch 
as the term p/(e — Rip) is always less than unity 
(except when p =  pm) and, in fact, decreases to 
zero for very small p. With this limitation of error 
in mind we will make the approximation that f(p) 
is zero. Integration of (11) between the limits of t 
and collection of terms yields (see appendix ii)
kiet =

( — V - ) i n  ( l  -  e- ± R ^ p)\e -f RkSo )  \_______ s0e / y  In (1  -  p / p m )

(12)
where Rk may be determined experimentally from 
the rearrangement of (5).

Ri =  (e — pu)/pu (5a)

Equation 12, a general solution of (3), contains 
only one approximation, viz., f (p) =  0, which is 
significant as a source of error only when p/RkPM 
is large. With the exception of this limiting case, 
(12) should describe the kinetics of the rate of 
formation of p on the basis of scheme 1 and 2 for 
all values of s0 and p. Let us first consider two 
limiting cases.

Case I. Large s0/e.— The first term of the right 
hand side of (12) vanishes

het = (pm/ so) In Pm/(P m -  p) (13)

Equation 13 is formally identical with a reversible 
first-order equation. Chance, et al.,2 derived this 
equation directly from (3) by assuming that s is 
constant. However, they found this assumption 
did not always hold true. This is so because (13) 
assumes that i(p) is zero and also because, as 
was shown above, when p approaches pu  or pm s 
approaches zero (see, however, footnote 5).

Case II. Small s0/e.—With decreasing values of 
p the second term of the right hand side of (12) 
vanishes before the first, and we obtain

kiet = (e/s0) +  R k In (14)

or, on rearranging

* = ( iA o T + X , (14a)

From (14a) it is clear that p reaches a maximum 
value which is less than pu, since by hypothesis, 
e >  So) in other words, p reaches what we have 
called a “ lesser”  maximum, a plateau value since 
according to (14a) p does not decrease with time 
once it has attained pm

_  e
(e/so) +  Ri

Accordingly, we may rewrite (14) as
kiet = (Pm/so) In Pm/(Pm -  p) (16)
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Compare this equation with the empirical equa
tion of Chance, et al.2

het = (l.lpm/so) In Pm/Om -  p) (17)

The arguments leading to eq. 16 provide a theoreti
cal basis for the empirical substitution of pm 
for pm in eq. 13. Equations 13 and 16 represent 
the limiting conditions under which but for the 
correction factor of 1.1 Chance’s equation 17 is 
identical with 12. The value of pm given by 15 
has been obtained under the approximation e/s0 <  
1; however, the exact value of p is given implicitly 
by (6) on setting s =  0 (it will be recalled that s = 
0 implies that dp/di is zero for the scheme 1 and 2.6

Discussion.—This reasonably rigorous solution 
of the simple system represented by scheme 1 and 2 
now permits us to make some direct comparisons 
with the solutions published for the complete 
system2 in which are found also the reverse reac
tion, fc2p, and the competing reaction, k\aa, or the 
reaction of p with a donor other than hydrogen 
peroxide. In this manner we will ascertain 
whether the proposed analytical solution makes 
any significant contribution to the general theory 
of catalase kinetics.

A comparison of (12) and (17) over a wide range 
of s0/e values and under the assumption that the 
correction factor, 1.1, is a variable, Z, will show 
graphically that Z varies directly with p, l /s 0, 
and l/72k. Of particular interest, however, is the 
variation of Z with s0/e at the “ half-time”  of the 
reaction, i.e., at pm/2. Figure 2 illustrates the rise 
and fall of Z with a maximum at approximately 
s0/e = 1 .  It is smaller for larger R&. The actual 
maxima and per cent, errors are 1.08 ( — 9.95%) 
and 1.077 ( — 7.5%) for Rk =  1 and 3, respectively. 
These values are to be compared with the empirical 
value calculated by Chance, et al.,i from their 
differential analyzer data: 1.1 ( — 10% ) for the
case when Rk =  1. Included in the figure are 
four empirical values of Z calculated from the 
differential analyzer data.

From the differential analyzer data we may also 
compute fci values by means of eq. 12. The values 
put into the machine are kh fc4, s3, e and fcta0; 
from the resulting differentiation are obtained 
p{U) and pm values. Table I contains the data 
published by Chance, et al., in the first four columns. 
The average value of fci calculated by means of 
(12) is 2.9 X 107 mole-1 sec.-1 (theory 3.0 X 107) 
or a per cent, error of —3.2% and a standard devia
tion of ±2.1% . Because of the potentially large 
error in (12) with large p, the calculated values of 
fci at p =  0.49 and 0.497 have been omitted from 
the averages. The average value of fci determined 
by Chance’s equation on the basis of a correction 
factor of 1.11 is 3.0 X 107 mole-1 sec.-1 with a 
standard deviation of ±3.85% . The larger stand
ard deviation probably reflects the variation of Z 
previously noted.

Because of the close agreement given by eq. 
12 it is useful to estimate what the approximation,

(6 ) A  th ir d  l im it in g  c o n d i t io n  o f  in te re s t  is  C a se  I I I :  s o /e  =  1. 
A f t e r  s im p lific a t io n , in te g r a t io n  o f  (3 ) y ie ld s  (see  a p p e n d ix  ii)

kiei P m2P
62(Pm -  v) Btln (18)

f (p) =  0, contributes to the error. For the p{t) 
values quoted in the first 14 rows the average value 
of f (p) is 0.07 or smaller than Rk by one order of 
magnitude. Therefore, we may use the approxima
tion of eq. (11a) for an estimation of the error. 
The average error is approximately 1.5%. It is 
also of interest to note that the pm values com
puted by the differential analyzer agree with those 
predicted by eq. 6 (based on scheme 1 and 2) to 
within 1%.

Fig. 2.—Variation of the correction factor, Z, of Chance's 
equation at pm/ 2 with so/e (see text for details).

From these observations we may conclude that 
although eq. 12 is based on a simple scheme it is 
an excellent approximation of the solution repre
senting the complete scheme of Chance, et al. 
This suggests that possibly the parameters, fc2p 
and kta0, are making no significant contribution 
to the transient phase kinetics prior to the time p 
reaches pm. Of course, once the substrate is 
exhausted or very small, then these parameters 
become important. This has been observed ex
perimentally and with differential analyzer studies.4

Acknowledgment.—The author wishes to ac 
knowledge his indebtedness to Dr. M. F. Morales 
for his continued interest and help in the prepara
tion of this paper and in several of the analytical 
solutions.

Appendix i
From eq. 6 is obtained

x = —(2fc4pM2/fcie)(r +  In (1 — r)) 
where r = p/pm■ Let 2Rk =  a and 2RkPM./e =  b. 
Then

xe/p{x +  p) — (a/r)(r +  ln (1 — r)) 
r — b(r +  ln (1 — r))

a(r/ 2 +  r2/3
Expanding yields

xe/pix + p) = f +  6 ( r l /2 + r 3/ 3 + .

The limits of this equation are
lim xe/p{x +  p) = ar/2r =  Rk 

r—► o

lim xe/p{x + p) 
r—»-1

a(l/2  +  1/3 + ..........)
6(1/2 +  1/3 +  ..........) Rk T  1

Appendix ii
From eq. 11 is obtained

— (1 /kie) dp/dl = (1 — r) (S o / p u ) — (1 +  R k S p )r  

(1/Pm) -  (Rkr/e)
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T able  I
D etermination  of ki by M eans of E quations 12 and 17 (Z — 1) from C omputation D ata of D ifferential  A n alyzer4

Initial conditions: e = 10“ 4M, k i  = k i  = 3 X 104 mole-1 sec. *, k*a0 = 0.02 sec. *.
Si/« pm“ V

Time,
sec. k x 1 0 -»

(eq. 17)6
Error,

%
fci X 10- ’ 

(eq. 12)
Error,

% Z '
0.2 0.164 0.0175 3.33 2.769 7.70 2.796 6.80 1.083

.2 .164 .073 16.7 2.892 3.60 2.914 2.87 1.037

.2 .164 .082* 20.3 2.800 6.67 2.925 2.50 1.071

.2 .164 .093 25.0 2.745 8.47 2.940 2.00 1.092

.5 .314 .0425 3.33 2.716 9.47 2.787 7.00 1.104

.5 .314 .157" 16.0 2.721 9.30 2.948 1.73 1.103

.5 .314 .160 16.7 2.680 10.67 2.924 2.60 1.119

.5 .314 .203 25.0 2.612 12.93 2.922 2.60 1.149
1 .0 .430 .0825 3.33 2.680 10.67 2.850' 5.00 1.119
1 .0 .430 .215* 11.0 2.71 9.67 2.991e 0.30 1.107
1 .0 .430 .272 16.7 2.578 14.07 3.001' 0.00 1.164
1 .0 .430 .325 25.0 2.424 19.20 2.906' 3.13 1.238
5.0 .499 .250* ' 2.5 2.767 7.77 2.872 4.21 1.084
5.0 .499 .300 3.33 2.756 8.13 2.882 3.93 1.089
5.0 .499 MOO7 16.7 2.400 20.00 2.707 9.77 1.250
5.0 .499 ,497/ 25.0 2.117 29.43 2.331 22.30 1.417
A v / 2.704 -  9.9% 2.904 -  3.2 1.111
Standard deviations ±3 .85% ±2.07%

“ The corresponding pm values from eq. 6 are 0.1645, 0.316, 0.4325 and 0.49998. b Recalculated by the author from the 
data of Chance, first four columns. c Based on the theoretical value of ki: 3 X 107. d Half time of the reaction: p /pra = 
0.5. e Calculated by eq. 18. / Data omitted from the averages for reasons given in the text.

where r is p/pu- Let s0/ pm  be a and 1 +  
RkSo/e be /?. Since e/pu =  R± +  1, then

- [1 /(K  +  l)fci] dr/dt =

Separating fractions, we have 
dr

( 1 — r) («  — fir) 
(1/Pm) -  (fltr/e)

kiedt = Rijdr

or

kie di

Pm (1 -  r)(a -  ß r )  

dr

e (1 — r)(a — ßr)

Pm (1 — r){a — ßr)
Rk rdr

(1 +  Rk) (1 — r)(a — fir) 
I f  s0 ^  e, then a ^  13 and integration yields

(“  — fi)het =  1 — ln (1 — fir/a) —
Rk

1 + 'C1 1 +  Rk) ln ^  ^

W ith appropriate substitutions this equation be
comes (12).

If So =  e, then a — ¡3 and

akie di = dr
(1 -  r)2

/  Ut \ r dr
Vl +  R J  (1 -  rÿ

Integration yields

akiet T,

W ith appropriate substitutions this equation be
comes eq. 18.
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THE PHYSICAL-CHEMICAL BEHAVIOR OF OIL-DISPERSIBLE SOAP 
SOLUTIONS. I. SODIUM PHENYL STEARATE LN BENZENE111

B y J. G. H onig and  C. R. Singleterry

Surface Chemistry Branch, Chemistry Division, Naval Research Laboratory, Washington 25, D. C.
R ece iv ed  A u g u s t  12 , 1 95 3

The rheological behavior of dilute solutions of sodium phenyl stearate in benzene is profoundly affected by the addition of 
small amounts of certain polar additives. The anhydrous system has a viscosity too high for convenient measurement in a 
capillary viscometer; this viscosity is reduced to a value only slightly above that of the solvent by the addition of water, 
organic acids, alcohols or phenols to the extent of 0.1 to approximately 1.0 mole per mole of soap. Further additions of 
water or of glycol lead to very high but non-Newtonian viscosities and pronounced elastic properties. The viscosity effects 
resulting from additions of water, alcohols and phenol are reversed on heating to 70°; the effect produced by addition of 
phenylstearic acid is virtually irreversible. The rheological phenomena are believed to indicate that the dispersed soap is 
organized into three types of structure: (1) long polymeric chains of anhydrous soap held together by ionic forces, (2) a 
small and relatively compact micelle which exists in the presence of a fraction of a mole of additive per mole of soap, and (3), 
for water and glycol additions, an extensive but loosely bonded structure formed through a bridging between small micelles 
by the excess of bifunctional additive present. Additives containing an acidic hydroxyl-group are believed to break down the 
original polymer chain by the direct introduction of slightly ionic carboxyl groups or by the production of such groups in situ 
through hydrolysis.

Introduction.— A previous communication115 has 
reported the high viscosity of dilute anhydrous 
solutions of calcium xenyl stearate in benzene and 
the extraordinary sensitivity of these systems to 
traces of water. The phenomenon is general for oil- 
soluble carboxylate soaps of a wide range of metal 
ions and provides an important approach to the 
study of states of aggregation of the solute in these 
systems. It throws light also on the forces re
sponsible for micelle formation and on the extent of 
interaction between the soap micelle and polar sub
stances which are molecularly soluble in the sol
vent. These systems furnish, in addition, models for 
the study of rheological phenomena hitherto fa
miliar only for the aluminum soaps, and permit such 
study in the presence of a better controlled and 
wider range of variables than was before possible.

Experimental Procedure
Materials Used.—The sodium phenyl stearate used was 

prepared from phenylstearic acid and was dried and stored 
as previously described.* 2 It contained about 10% of a 
lower molecular weight acid. Sodium soap prepared later 
from molecularly distilled phenylstearic acid gave results 
essentially similar to those obtained with soaps prepared 
from the original acid stock.

The alkaline sample of sodium phenyl stearate used con
tained 0.1 mole excess sodium hydroxide per mole of soap. 
It dispersed in dry benzene to give an optically clear system.

Benzene (A.C.S. specification) was percolated through 
silica gel and stored over metallic sodium until'used. Phen
ylstearic acid was dried at elevated temperatures in vacuo over 
phosphorus pentoxide. Absolute ethanol was dried with 
sodium metal and diethyl phthalate.3'4

n-Amylamine (The Mathieson Co.) was stored over fused 
sodium hydroxide. Di-n-amyl ketone (Eastman Kodak 
Co.) was percolated through alumina and silica gel in a dry 
atmosphere before use. Phenol (Baker’s Analyzed) was 
dried at elevated temperatures at reduced pressure and re- 
crystallized.

Ethylene glycol was redistilled and then percolated 
through silica gel and charcoal. Pinic acid, prepared at 
this Laboratory,5 was dried over phosphorus pentoxide and 
used as a solid.

( l a )  P re s e n te d  a t  th e  1 2 4 th  M e e t in g  o f  t h e  A m e r ic a n  C h e m ic a l  
S o c ie t y ,  C h ic a g o ,  111., S e p te m b e r  6 -1 1 ,  1953 ,

( l b )  L o rra in e  S. A r k in a n d C .  R .  S in g le te rry , J . C oll. S c i ., 4 ,5 3 7  (1 9 4 9 ) .
(2 )  C . R .  S in g le te rr y  a n d  L o r r a in e  A .  W e in b e r g e r , J . A m . C h em . S oc ., 

7 3 , 4 5 7 4  (1 9 5 1 ).
(3 )  R . H . M a n s k e , ib id .. 5 3 , 1106  (1 9 3 1 ).
(4 )  E . L . S m ith , J . C h em . S oc ., 1 28 8  (1 9 2 7 ) .
(5 ) C . M .  M u r p h y ,  J . G . O ’ R e a r  a n d  W . A . Z ism a n , h id .  E n g .

C h em .. 4 5 , 119 (1 9 5 3 ).

All non-aqueous reagents were stored and handled in a dry
atmosphere.

Methods Used.—The viscometers used in this study were 
of the capillary type with three measuring bulbs placed one 
above the other to permit detection of non-Newtonian flow.6 
Viscosities could be measured at three average hydrostatic 
pressures in the ratio 4:2:1. Determinations could be re
peated at will, and gave reproducible results for a given 
system. The viscometers were calibrated with National 
Bureau of Standards viscosity standards No. D-8 and 1-9 
and with benzene. All viscosities were determined at 25.0° 
(unless otherwise specified) in a constant temperature bath 
controlled to ±0.003°.

The data obtained from a non-Newtonian liquid with such 
a viscometer are conveniently discussed in terms of the ex
ponential viscosity equation. In logarithmic form this is

log 7 w = £log +  n log r (1)

where y „  is the actual shearing rate at the capillary wall, t 
is the corresponding shearing stress and f  is the viscosity 
counterpart7 specifying the viscosity of the non-Newtonian 
system at unit shearing stress. The exponent, n, is the in
dex of departure from Newtonian flow. Procedures for the 
graphic or analytical derivation of the constants s' and n 
from rheological data are described elsewhere.6 The ex
perimental results in this paper are expressed as relative 
nominal viscosities, obtained by treating each bulb as a 
separate viscometer. The nominal viscosity is the viscosity 
of a Newtonian liquid which has the same flow-time under 
the same shearing stress as the solution measured.

All non-aqueous additions were made in a dry-box in which 
dried air under positive pressure was recirculated through 
a column of anhydrous calcium chloride by a turbine-type 
blower. The glass-stoppered viscometers were kept sealed 
with fused wax for additional protection. The highly vis
cous solutions approached equilibrium extremely slowly 
(up to 20 days). The system was assumed to be at equilib
rium if no change in flow time was recorded over a 24-hour 
period. The rate of equilibration was roughly proportional 
to the viscosity of the solution.

Experimental Results
The Effect of Added Water.— To two soap solu

tions, c =  1.76 g./lOO ml. of solution and c =  0.68 
g. soap/100 ml. solution, small portions of distilled 
water were added. The changes in relative nominal 
viscosity, (tinom/vo), are summarized in Fig. 1. The 
concentrated soap was redried at the end of the 
run and the determinations were repeated with es
sentially the same results as before. A small

(6 ) J . G . H o n ig  a n d  C . R .  S in g le te rry , N R L  R e p o r t  N o .  4 1 3 3 , A p r il,  
1953.

(7 )  J . G . K r ie b le  a n d  J, C . W h itw e ll,  T ex tile  R esea rch  J., 1 9 , 253  
(1 9 4 9 ) .
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amount of water reduces the relative viscosity of 
the system to a minimum while further additions 
of water produce a highly non-Newtonian viscous- 
elastic system. Observation of the birefringence of 
these latter systems shows relaxation times of the 
order of several minutes for the highly elastic sys
tems. Precipitation occurred after 3.6 sru8 of wa
ter had been added to the more concentrated solu
tion and 5.0 sru to the more dilute solution.

Fig. 1.—Effect of adding water to two soap solutions of 
different concentrations: curves A, B and C are for c =  1.76 
at high medium and low shearing stresses; D, E and F are 
the corresponding curves for c =  0.68.

With an alkaline soap solution (c =  2.22; 0.1 
mole of excess sodium hydroxide per mole of soap) 
the effect of added water was almost negligible 
The variation of viscosity with water content fol
lowed a pattern similar to that for the neutral soap, 
but the minimum relative viscosity (G of Fig. 1) 
was 59.6; all other compositions were too viscous 
for accurate measurement. The soap precipitated 
after the addition of 3.8 sru of water.

Sodium xenyl stearate solutions in benzene 
yielded results similar to those for sodium phenyl 
stearate although more water was required to pro
duce equivalent effects.

When 0.6 sru of water was added to a sodium 
phenyl stearate solution (c =  1.52) its relative vis
cosity was 1.67. This solution was examined by 
the fluorescence depolarization method2 to deter
mine the volume of a sphere hydrodynamically 
equivalent to the micelle. The volume of a gram- 
micelle so found was 168,000 cc.

The Effect of Added Acid.— Successive portions 
of dried phenylstearic acid were added to a soap

(8) sru =  solute ratio units =  moles of solute added per equivalent
dissolved soap.

solution (c =  1.59). The resulting relative nominal 
viscosities are shown in Fig. 2. The effects of add
ing water to sodium phenyl stearate solutions con
taining 0.15 and 1.0 sru of phenylstearic acid, re
spectively, are shown in Fig. 3, curves IV to VII. 
The thickening usually produced in neutral soap 
solutions by water contents in excess of 1 sru was 
almost completely suppressed by the acid. Fluo
rescence depolarization measurements were made 
on a solution containing 0.2 sru of acid and no wa
ter. The volume of a gram micelle was found to be
105,000 cc.

Fig. 2.—Effect of adding phenylstearic acid ( O), alcohol (A) 
or phenol (□ )  to soap solutions.

An attempt to treat a soap solution (c =  1.48) 
with the benzene-soluble dibasic pinic acid was un
successful because a metathesis occurred to give an 
insoluble pinate soap.9

The Effect of Added Alcohol, Phenol and Gly
col.—-The monotonic decrease in viscosity produced 
by the addition of dried ethanol to a soap solution 
(c =  2.04) is recorded in Fig. 2. The effects of two 
additions of phenol to a soap solution (c = 1.92) 
are also shown in Fig. 2. The dotted arrows indi
cate the viscosities resulting from the addition of
2.5 sru of water to the phenol-containing solution. 
The viscosity rise and the increase in non-Newto
nian behavior were much more pronounced than 
when water was added to the acid-containing soap 
systems of Fig. 3.

The very different effect produced by adding an 
excess of the bifunctional glycol instead of ethanol 
to a soap solution is shown in Fig. 3. In this case

(9 )  (a )  G . H .  S m ith , L . B . R o g e rs  a n d  K .  J . M y s e ls ,  J. Am , Oil 
Chem. Soc., 2 6 , 135 (1 9 4 9 ) ;  (b )  V . D . T u g h a n  a n d  R .  C . P in k , J . Chem. 
Soc., 1 80 4  (1 9 5 1 ).
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0.8 sru of ethanol was first added to a soap solution 
(c =  1.84) to produce a low viscosity (point B of 
Figs. 2 and 3), after which glycol additions were 
made which carried the viscosity through a maxi
mum qualitatively similar to that produced by wa 
ter. This system did not precipitate a separate 
soap phase, but after the addition of sufficient gly
col separated into two clear liquid phases. (The 
moderate increase in viscosity just before phase 
separation has been noted in other mixtures of a 
polar and a non-polar liquid.10)

The Effect of Added Amine or Ketone.— Neither 
dry n-amylamine nor dry di-n-amyl ketone produced 
detectable changes in the viscosity of dry soap 
solutions (c =  2.10 and 2.17, respectively) when 
added in the ratio of 4.8 moles of reagent per mole of 
soap. The amine did not prevent a subsequent 
addition of 0.1 sru of phenylstearic acid from ex
erting its full effect; this amount of acid, even in 
the presence of a 48-fold excess of amine, reduced 
the relative viscosity to 1.24.

The Effect of Temperature.— The effect of an 
increase in temperature depends strongly on the 
kind and amount of additive present (Fig. 4). The 
relative nominal viscosities of solutions containing a 
moderate amount of water (1.05 sru) or of ethanol 
(0.8 sru) increased sharply toward values charac
teristic of the original dry soap solution. The vis
cous system containing a large excess (4.0 sru) of

(10) V. K. Semenehenko and E. L. Zorina, Doklady Ahad. Nauk.
S.S .S.R . 80. 903 (1951).

water retraced only a part of the path followed dur
ing the addition of water, becoming thin and losing 
its non-Newtonian behavior with increasing tem
perature. Solutions containing even a small 
amount of acid, as well as those containing a large 
excess of ethanol (4.9 sr-u), increased in relative 
viscosity only slightly on heating.

Fig. 4a.—Effect of temperature on soap solutions con
taining 1.05 sru of water (I, II, III) and 4.0 sru of water 
(IV, V, VI).

Discussion
The rheological properties of these systems are 

more easily discussed if the curves of Figs. 1 to 3 
are considered to extend through three regions A, 
B and C in which characteristically different phe
nomena appear.

Fig. 4b.—Effect of temperature on soap solutions con
taining 0.8 sru of ethanol (VII, VIII), 4.9 sru of ethanol 
(IX ) and 0.15 sru of phenylstearic acid (X).
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Region A.— Region A is characterized by a rapid 
decrease in relative viscosity with increase in the 
amount of polar additive present. The index, n, of 
non-Newtonian behavior is approximately 1.6 and 
decreases rapidly as the relative viscosity falls. 
Such relatively small departure of n from unity 
(Newtonian flow) is characteristic of dilute solu
tions of very large linear macromolecules such as 
cuprammonium cellulose11 and polystyrene.12 The 
non-Newtonian character of the flow arises chiefly 
as a result of orientation and deformation of the 
very long polymer molecules under shear. Highly 
viscous soap systems in region A also exhibit strong 
birefringence. Taken together, this evidence indi
cates that in the initial anhydrous system the soap 
is present in polymer-like chains of very great 
length. The chain is conceived to consist of soap 
molecules whose polar ends are joined and whose 
hydrocarbon portions extend radially from the 
long axis (Fig. 5a). The polar ends are held together 
in part by charge effects and possibly in part by 
weak coordination bonds between the sodium ion 
and the two carboxylate ion oxygens. The two
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Fig. 5.—Proposed configurations for soap micelles.

oxygens, as Duval, et al.,n have pointed out on the 
basis of infrared spectra of solid soaps, should be 
equivalent in charge and in coordinating power be
cause of the resonance of the carboxylate ion. 
Such a chain, if fully extended, would have a back-o
bone length of the order of 7 A. per monomer unit. 
In this extended configuration the hydrocarbon 
tails of the acid are unlikely to furnish complete 
shielding of the polar backbone from interaction 
with the solvent or with the exposed backbone of 
other micelles. The soap molecules in such a struc
ture would occupy only one-fifth of the volume of a 
cylinder of radius equal to the length of the fully 
extended 18 carbon chain of the phenyl stearate 
molecule. It is to be expected that in stable sys
tems a more effective shielding will be achieved 
either by parallel alignment of two or more back
bones, as indicated in Fig. 5b, or by a short range 
kinking or coiling of the backbone in such a way as 
to give an analogous electrical interaction between

(1 1 )  C .  M .  C o n ra d , Ind. Eng. Chem., Anal. Ed., 1 3 , 5 2 6  (1 9 4 1 ) .
(1 2 )  L .  J . S h a rm a n , R . H . S o n e s  a n d  L . H . C ra g g , J. Appl. Phys., 

2 4 , 703  (1 9 5 3 ) .
(1 3 )  C . L . D u v a l ,  J . L e c o m t e  a n d  E . D o u v il lg ,  Ann. phys., 1 7 , 5 

(1 9 4 2 ) .

adjacent turns of the helix. At the same time the 
over-all length per soap monomer unit will be de
creased to a point where the core is shielded from 
interaction with the polar portion of other polymer 
units. The coiled arrangement seems more prob
able. Halsey,14 considering primarily aqueous 
systems, has discussed the theory of linear aggrega
tion in soap micelles which are free to grow indefi
nitely in one direction only.

A carboxylic acid is several times as effective, 
mole for mole, as water, alcohol or phenol in reduc
ing the viscosity of the dry soap solution. The 
acid must act as a chain stopper which, by associa
tion with a soap molecule of the chain, saturates the 
forces that would otherwise hold the units of the 
chain together. The less effective viscosity reduc- 
tion by water may be understood if it is assumed 
that acid is essential to the process, and that water 
is effective only to the extent that it hydrolyzes the 
soap to give weakly ionic carboxylic acid groups at 
intervals along the chain. The reversion of the 
water-containing systems to higher viscosities on 
warming could result from a displacement of the hy
drolytic equilibrium as the water shifts from the 
soap micelles toward solution in benzene. Such a 
shift would be promoted both by the weakening of 
the hydrogen bonding between the soap and water 
and by the increased solubility of water in benzene 
at higher temperatures. In accord with the experi
mental results the presence of a large excess of wa
ter would favor hydrolysis and minimize the viscos
ity increase upon warming. The part played by 
hydrolysis is further confirmed by the inability of 
water to produce the usual decrease in viscosity 
when it was added to a soap system containing 0.1 
sru of excess sodium hydroxide (Fig. 1, point G). 
The reductions in viscosity produced by additions 
of ethanol and of phenol are attributed to a simi
lar mechanism. The effects of ethanol or phenol 
are temperature reversible for the same reasons as 
in the case of water. Polar molecules, such as n- 
amylamine and di-n-amyl ketone, which cannot 
hydrolyze the soap, have no detectable effect on 
the viscosity of the original system, even after 30 
days of contact.

Region B.—The flow in region B is strictly New
tonian, but the minimum viscosities reached are 
larger than the values calculated from the Einstein 
or Guth-Simha equations for suspended spheres. 
The discrepancy suggests that the micelles are still 
strongly anisometric or that an appreciable amount 
of solvent is associated with them in the flow proc
ess. Consider a typical acid-soap solution (c =  
1.73; phenylstearic acid = 0.2 sru; dry solute 
volume fraction 4> =  0.08; relative viscosity =  
1.08). The application of the Guth-Simha equa
tion ( i / s p /^ s o l v a t e d  —  2.5 -j- 14.1 S o l v a t e d )  leads to 
an estimated solvation amounting to 36.7% of the 
dry solute volume. Applying the Kuhn equation 
(Vsp/</> =  2.5 +  / y i 6 ) ,  which attributes all excess 
viscosity effects to dissymmetry, one gets an axial 
ratio, J, of 4.8 for a prolate ellipsoid hvdrodynami- 
cally equivalent to the micelle. Fluorescence de
polarization measurements indicate that the volume 
of a sphere hydrodynamically equivalent to the

(1 4 ) G . D . H a ls e y , J r ., T h is  J o u r n a l , 5 7 , 8 7  (1 9 5 3 ).
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m icelle  is 105,000 cc. per gram  m icelle . A ssum ing 
3 6 .7 %  so lvation , th is vo lu m e w ou ld  correspon d  to  
a m icelle con ta in ing  a p prox im ately  200 m on om er 
units. F or  a structure o f  this size, either so lva tion  
or d issym m etry  furnishes a ph ysica lly  possible expla
nation  o f the departure o f  the v iscos ity  from  sim ple 
E instein beh avior. A ssum ing 200 m on om er units 
per m icelle  it  w ill b e  seen th at 0.2 sru o f acid  corre
sponds to  a possib le  40 m olecules o f  acid  per m i
celle. T h is  is an order o f m agn itude greater than 
the an ticipated  acid  requirem ent fo r  a sim ple 
ch a in -stoppering  m echanism  to  g ive  m icelles con 
sisting o f single con tin u ou s chains, or o f fou r or 
few er o f  such chains in parallel orientation  w ith  
their polar b ack bon es in close association . I t  is n ot 
clear from  the data  availab le w hether the m a jor 
p ortion  o f the acid  is associated  w ith  the m icelle, 
bu t n o t e ffective  fo r  chain -breaking, or w hether 
there is a substantial fraction  o f the acid  present in 
true m olecu lar solu tion  in  the benzene phase.

T h e m inim um  relative v iscosities o f  solutions 
con ta in ing  a lcoh ol or phenol are sim ilar to  those 
o f the acid  system s. T h e  w ater system , how ever, 
fails to  reach this m in im um  va lu e  because another 
aggregative process sets in w hich  leads to  the 
unusual con sisten cy  phenom ena fou n d  in reg ion  C . 
T h e  solu tion  conta in ing  1.5153 g . o f  soap per 100 
m l. solu tion  and 0.6 sru o f w ater show ed a relative 
v iscos ity  o f  1.67 and fluoresence depolarization  
data  show ed th e  vo lu m e o f a gram -m icelle  to  be  
168.0G0 cc. (assum ing spherical sym m etry ). T h e 
v iscosity  excess in  this so lu tion  is relatively  large 
and it is n o t con v in cin g  to  in terpret the e ffect as 
caused entirely  b y  so lva tion  (the G u th -S im h a  
equ ation  w ou ld  require 9.6 volu m es o f so lven t per 
solute v o lu m e ). D issym m etry  ( /  =  19.2 from  the 
K u h n  equ ation ) is m ore accep tab le  as an explana
tion  o f the departure from  the sim ple E instein  
v iscosity . O n heating a solu tion  con ta in ing  an 
excess (4 .0  sru) o f w ater the region  C  phenom ena 
are reversed w hile th e  large excess o f  w ater pre
ven ts further reversion  to  th e  h igh  v iscosities of 
region A . A  m inim u m  value (po in t A , F ig . 4a) 
is th ereby  reached  w h ich  indicates th at in  the 
absence o f  reaggregation  processes w ater-bearing 
m icelles can  exist w h ich  are Theologically sim ilar 
to  those fou n d  in  acid -, a lcoh o l- and  ph enol- 
con ta in ing  system s.

Region C.— In  region  C  the beh av ior o f  a solu tion  
to  w h ich  w ater or  g ly co l is added  d iverges sharply  
from  th at ch aracteristic o f  ph enylstearic a c id - , 
e th a n o l-  and  p h e n o l-so a p  system s. F igu re 6 sum 
m arizes, fo r  a typ ica l system , the effects o f w ater 
on the relative v isco s ity  at u n it shearing stress 
(f/ijo), and on  the index, n, o f  departure from  
N ew ton ian  flow . T h e  h igh  valu es o f  n  in this 
region  are correlated  w ith  pron ou n ced  v iscoelastic  
beh avior, and  w ith  a strong flow  birefringence 
having  a relaxation  tim e o f  several m inutes, as 
com pared  w ith  several seconds fo r  the v iscou s 
solu tions in reg ion  A .

I t  is con clu ded  th at in  th is reg ion  the m icelles 
present in reg ion  B  are jo in ed  in to  an extensive 
structure th rou gh  som e bridg ing  action  o f the w ater 
m olecules, w h ich  at this stage ou tn um ber th e  soap 
m on om er units in  the m icelles. T h e  in teraction

is n o t a coagu lation  or p recip ita tion , since the 
solu tions rem ain brilliantly  clear, in d icatin g  th at 
the diam eter o f  th e  linear elem ent o f  the structure 
is o f  the sam e sm all m agn itude as th at o f the 
m icelles or po lym er chains o f  regions A  or B . 
T h e  elastic effects suggest th at th e  structure is 
som ew hat branched , an d  th e  rapid  red u ction  in 
nom inal v isco s ity  as the shearing stress is increased 
(a m u ch  larger e ffect than  w ou ld  be expected  as a 
result o f  orientation  and deform ation  a lone) im plies 
th at the bon ds hold in g  the structure togeth er are 
b rok en  b y  the forces app lied  during  shear, so that 
the units present during rapid  shear are sm aller 
than  those in the sta tion ary  liqu id .

Fig. 6.—Effect of water additions on the relative viscosity 
at unit shearing stress (f/jjo) and the index, n, of deviation 
from Newtonian flow of a soap solution c = 1.76. (Dotted 
lines indicate a much greater degree of experimental un
certainty than in the region of solid lines.)

W ater differs from  acid , ethanol and  phenol in 
h avin g  tw o  p oten tia lly  a ctiv e  h ydrogens, an d  in 
h av in g  n o  h yd rocarbon  p ortion  w hich  m igh t offer 
steric in terference to  bridg ing  a ction . E th ylen e  g ly 
col, w ith  sim ilar characteristics, w as at least as e ffec
tiv e  as w ater in  raising the v isco s ity  o f  a soap solu tion  
con ta in ing  ethanol. I f  one a ccep ts the m ore  or 
less coiled  con figuration  suggested  fo r  th e  anhydrous 
soap chains, the adsorption  o f w ater or g ly co l b y  the 
polar back bon e o f the chain  w ou ld  b e  exp ected  to  
increase the d istance betw een  a d ja cen t turns o f the 
coil. T h is w ou ld  decrease the screening e ffective 
ness o f the h y d roca rb on  p ortion  o f the soap ; 
at the sam e tim e the polar b a ck b on e  w ou ld  be 
loaded  w ith  m olecules capab le  o f  h ydrogen -bridg in g  
to  exposed  polar areas o f  oth er chains. A lco h o l or 
phenol, on  the other hand, a lthou gh  th ey  m ight 
expand the turns in  the p o lym er coil, w ou ld  th em 
selves shield the b a ck b on e  w ith  their ow n  h y d ro 
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carbon  portion s  so th at in term icellar in teractions 
w ou ld  b e  n o  m ore p robab le  than  before.

I t  is o f  in terest th a t the characteristic reg ion  C 
th icken in g  has been  observed  on ly  w hen  sod ium  
h yd rox id e  was postu lated  to  be  present as a result 
o f hydrolysis, or h ad  been  deliberately  added . 
T h e  p ow erfu lly  basic h y d rox y l ion  m a y  w ell be  the 
p o in t o f  anchorage o f the w ater or g ly co l m olecules 
responsible fo r  the bridg ing  betw een  m icelles. 
N o  ev iden ce  o f  extensive m icellar in teraction  was 
obta ined  w hen  w ater was added  to  the a c id -so a p  
system , in  w h ich  h yd rolysis  t o  form  h y d rox y l ions 
w ou ld  b e  suppressed b y  the free acid.

D esp ite  som e general resem blance betw een  the 
beh av ior o f  d ilute solutions o f  sod ium  ph enyl 
stearate and o f a lum inum  dilaurate in  h yd roca rb on  
so lv en ts ,16-18 it  should be  n oted  th at the system s

(15) A. E. Alexander and V. R. Gray, T h is J o u r n a l , 53, 9 (1949); 
Proc. Roy. Soc. {London), A20Q, 162 (1950).

(16) J. McBain and E. Working, T h is  J o u r n a l , 51, 974 (1947).

differ in  im p ortan t aspects. N o  ph enom enon  
corresponding  to  the th icken ing e ffect o f  w ater in 
region  C  has been  reported  for  alum inum  dilaurate, 
and  the order o f  effectiveness o f  am ines, a lcohols, 
phenols an d  acids in reducing the v is co s ity  is 
exa ctly  op posite  in the tw o  cases. I t  appears th at 
acid ic h yd rogen  is an  im portan t fa cto r  in  the 
in teraction  o f add itives w ith  sod ium  phenyl stear
a te ; on  the other hand A lexander an d  G r a y ,1 
M cR o b e r ts  and  S ch u lm an 11 and S ch effer14 correlate 
pep tization  o f a lum inum  soaps w ith  the ten d en cy  
o f th e  a dd itive  to  be  coord in ate ly  b ou n d  b y  alum i
num .
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THE INFRARED ABSORPTION SPECTRA OF SOME AMINO ACIDS IN 
ANTIMONY TRICHLORIDE SOLUTION1
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It is shown that liquid antimony trichloride is an infrared transmitting solvent for amino acids. A method of purification 
of the solvent is described. The spectra of phenol, benzoic acid and acetamide when measured as solution in antimony tri
chloride demonstrate that the solvent produces very little to no shifts in the position of the O-H, N-H and C-H fundamental 
vibration. The spectra of DL-alanine, l ( — )-leucine, DL-isoleucine, DL-valine and dl-threonine are shown for the LiF and NaCl 
regions.

T h e  infrared absorp tion  spectra  o f  am ino acids 
h ave been  the su b ject o f  a  large num ber o f in vesti
ga tion s .2-13 O ne o f th e  difficulties w ith  these 
studies has been  the la ck  o f  a su itable so lven t fo r  
th e  am ino acids. S om e m easurem ents h ave  been 
carried  o u t in  h ea v y  w ater, b u t m ost sam ples were 
prepared  as N u jo l  pastes or as a th in  film  on  a salt 
p late. T h e  spectra  are characteristic o f  the solid  
sta te  in  w h ich  the m olecules are stron g ly  h ydrogen  
bon d ed . R e ce n t ly 14 w e  show ed th at m olten  anti
m o n y  trich loride is a g o o d  solven t fo r  pyrim idines. 
T h is so lven t is a iso suitable fo r  th e  sim ple am ino 
acids. T h e  present paper describes th e  results o b -
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(2) E. Heintz, Compt. rend., 201, 1478 (1935).
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(5) H. M . Randall, et dl., “Infrared Determination of Organic Struc
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(7) S. E. Darmon, G. B. B. M. Sutherland and G. R. Tristam, Bio- 
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(8) H. W . Thompson, D. L. Nicholson and L. M . Short, Faraday 
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tained using solutions of DL-alanine, l ( — )leucine, 
DL-isoleucine, DL-valine and DL-threonine.

Experimental Details
A Perkin-Elmer model 12B spectrometer was used. Two 

monochromators were employed. One was fitted with a 
lithium fluoride prism for use in the region 1-4 n and the 
other a sodium chloride prism which was used out to 12 y. 
The instruments were calibrated in the usual way.

The antimony trichloride was purified by vacuum subli
mation. A 500-ml. distilling flask was used to hold the 
crude material and several 250-ml. flasks as receivers. The 
procedure consisted in melting the material under a pressure 
of 10-15 mm. Then the heat was reduced and the vacuum 
increased while the entire train was flamed. The material 
could then be sublimed into the several traps by chilling 
them in an ice-bath. After they were filled, the heat was 
turned off and dry air was admitted slowly through drying 
towers. The receivers were then sealed from the system 
leaving a side arm on each which could later be used in trans
ferring the antimony trichloride to an absorption cell. All 
transfers were carried out in a dry-box. If care is used in 
the preparation and handling of the fused salt, material can 
be produced which is transparent in the region 1 to 4 y  when 
measured in a 1-cm. quartz cell. Ordinarily, if a 5-cm. cell 
with silver chloride windows is used, one obtains some ab
sorption at 2.75 and about 6 y . u  This is apparently due to 
traces of water and hydrolysis products.16 Wide absorption 
bands occur at about 10 and 13 y  with the latter being con
siderably more intense. These are thought to be the first 
and second overtones of some of the fundamental frequencies

(15) D. Emery, Master’s Thesis, University of Colorado, 1952.
(16) J. Lecomte and C. Duval, Bull. soc. chim., 12, 91 (1945).
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of antimony trichloride.17 As a result of this the practical 
long wave length limit of this solvent is 12.5 /¿. For the 
region 1 to 3.5 m commercial quartz absorption cells were 
used. They were furnished with ground stoppers and had 
a diameter of 3.4 cm. Cells of 1 and 5 cm. length were used. 
For use at longer wave lengths metal cells having silver 
chloride windows were used. Teflon gaskets were placed 
on both sides of the windows in order to make a tight seal 
and to prevent contact between the silver chloride and the 
metal portions of the cell. If this is not done, the silver 
chloride will be reduced to metallic silver. It is desirable, 
particularly if brass is used as material of construction, to 
coat the inside of the cell with Teflon suspension. Cells of 
1 and 5 cm. length were used. The greatest difficulty en
countered in the use of the silver chloride cell was the loss in 
transmission of infrared radiation due, we believe, to the 
crystallization of the silver chloride. The opaqueness was 
not caused by the continual contact between the silver chlo
ride and the molten antimony trichloride, but to a partial 
solidification on the surface during a run or while cleaning 
the cell. If care is taken, a set of windows can be used for 
several runs. Since antimony trichloride melts at about 
73°, the cells were heated to 85°. This was accomplished 
using removable jackets constructed of sheet copper; the 
jackets were heated electrically.

The compounds were thoroughly dried either in an oven 
or a vacuum desiccator before using, d l -valine and d l - 
threonine were obtained from the General Biochemicals Inc., 
DL-alanine and DL-isoleucine were from Eastman Kodak, 
Co., while l( —) leucine was obtained from Merck, Inc.

Results
T h e  spectra  ob ta in ed  in  th e  region  from  1.0 to

4 .0  ¡x are illustrated  in  F ig . 1 and  th e  reg ion  from
2.0  to  12.0 ¡x in  F ig . 2. T ab les I and I I  g ive  the 
w ave length  o f th e  absorp tion  bands. I t  is appar
ent th at, if  th e  am ino acids are d issolved  in  liqu id  
an tim on y  trich loride, the resulting solu tion  will 
g ive  a spectrum  show ing a considerable am ou n t o f  
structure. In  order to  determ ine the e ffect o f  the 
solven t on  som e fundam ental h ydrogen  stretching 
vibrations, the spectra  o f  pure phenol, b en zo ic  acid  
and  acetam ide w ere run in  th e  lith iu m  fluoride re
gion . T h e  results are g iven  in  F ig . 3. T h e  a b 
sorp tion  at 3 .28 fx fo r  ph enol and  3.26 n fo r  ben zoic  
acid  is close to  th e  va lu e o f  3 .27 ¡x reported  fo r  the 
arom atic C -H  stretch ing fre q u e n cy .18 T h e  C H 3 
group  in  acetam ide show s a bsorp tion  at 3 .25, 3.38 
and 3.42 ¡x w h ich  is close  to  the rep orted 18 values o f
3.38 and 3.48 ¡x fo r  this grou p . A ll the am ino acids 
studied sh ow  an aliphatic C - H  stretching v ib ra tion  
at 3.36 to  3.39 ¡x and a first o v erton e  at 1.66 to  1.77
fX.

T h e  O -H  b o n d  h avin g  m ore  ion ic  character than  
th e  C -H  b o n d  m igh t be  expected  to  in teract m ore  
w ith  th e  a n tim on y  trich loride. B en zo ic  a cid  show s 
a stron g  a bsorp tion  at 2 .86 n due to  the O -H  fu n d a 
m ental w hen 0.001 M  in  an tim on y  trich loride. 
D av ies  and Su th erlan d19 report th a t this acid  a b 
sorbs at 2 .835 fx w hen d issolved  in  carbon  te trach lo 
ride to  g ive  a  0.0167 m olar solu tion  at 7 1 °. T h e  
absorp tion  shifts 0 .025 ¡x t o  longer w ave length  w hen 
the a n tim on y  trich loride  is used  as a solven t. 
In  case o f  ph enol a sim ilar s ituation  obta ins. In  
an tim on y  trich loride it absorbs at 2 .80  ¡x w hereas 
in  carbon  tetrach loride, it  absorbs at 2 .769 ¿i.19 
T h is  represents a shift o f  0 .031 ¡x again  to  longer

(17) G. Herzberg, “ Infrared and Raman Spectra of Polyatomic 
Molecules,”  D. Van Nostrand Co., Inc., New York, N. Y ., 1945.

(18) J. J. Fox and A. E. Martin, Proc. Roy. Soc. (London), 175A, 208 
(1941).

(19) M . M . Davies and G. B. B. M . Sutherland, J. Gen. Phys., 6, 755 
(1938).

T able I
Observed F requencies a n d  A ssignments 1 t o  4 M icrons

Alanine

Wave length 
Iso-

Leucine leucine Valine
Threo

nine Assignment

1.16
1.26

1.48 1.48 1.44
1.58 1.60 1.59 1.57 1.61 N-H first overtone
1.66 1.70 1.63 '
1.71 1.70 1.72 1.74 > C-H first overtone

1.77 j
1.96

2.08 2.10 2.10 2.11 2.11
2.12 2.14 2.14 2.15 2.20
2.24 2.30 2.26 2.28
2.27 2.35 2.30 2.34
2.37 2.34 2.36
2.43 2.42 2.44 2.44 2.46

2.80 O-H fundamental
2.92 2.92 2.92 2.92 2.92 C = 0  first overtone
3.08 3.12 3.11 3.14 3.15 N-H fundamental

3.33
3.39 3.38 3.36 3.38 3.38 C-H fundamental

3.48 3.41
3.65 3.48
3.72

3.76 3.81 3.81
3.89 3.98 3.92

T able II
Observed F requencies and A ssignments 4 to 12 M icrons

Wave length
Ala Iso Threo
nine Leucine leucine Valine nine Assignment

5.75 5.70 5.78 5.97 5.75 C = 0  fundamental
6.05 6.05 6.05 6.08 6.00 N—H bending
6.50 6.50 6.37 6.37
6.80 6.90 6.91 6.90 6.87 C—H bending

7.10
7.27 7.22
7.60 7.74 7.84 7.75 7.87
7.94 7.90

8.15 8.05 8.22
8.60 8.68 8.60 8.70 8.60

8.90
9.15 9.05 8.97 9.20 9.22

9.55 9.65 9.57
9.80 10.00 9.95 9.90

10.35 10.40 10.05
11.00 10.79 10.80
11.18 11.16 11.02 11.40 11.25
11.40
11.90 11.24 11.75

11.58

w a v e  le n g t h . A c c o r d in g  t o  M e c k e 20 t h e  f r e q u e n c y  
o f  t h e  O H  b a n d  i n  p h e n o l  d e p e n d s  o n  t h e  s o lv e n t  
u s e d . S o lv e n t s  h a v in g  a  s t r o n g  p r o t o n  a t t r a c t i n g  
p o w e r  w i l l  p r o d u c e  a  s h if t  t o  lo n g e r  w a v e  le n g t h . 
A ls o  t h e  b a n d  te n d s  t o  b e c o m e  b r o a d  a n d  d e cre a se s 
i n  in t e n s it y .  U s i n g  t h e  s e c o n d  o v e r t o n e  i n  p h e n o l 
as a n  e x a m p le , M e c k e  s h o w s  t h a t  c h a n g in g  t h e  
s o lv e n t  f r o m  c y c lo h e x a n e  t o  b e n z e n e  ca u se s a  s h if t  
o f  0 .0 1 5 7  ix. A c e t o n e  p r o d u c e s  o n e  o f  0 .0 7 5  fx. W e  
in f e r  t h a t  in  a n t im o n y  t r ic h lo r id e ,  t h is  e ffe ct is  r e la -

(20) R. Mecke, Faraday Soc., Disc., 9, 161 (1951).
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t iv e ly  sm all. In  d ilute solutions, a b o u t 0.001 M ,  
in term olecu lar h yd rogen  bon d in g  is also small and 
w e  shou ld  b e  ab le  to  loca te  th e  p osition  o f  the O H  
fundam ental and its overton es. N o n e  o f  the am ino 
acids studied, excep t threon ine, sh ow  a bsorp tion  
due to  th e  O -H  stretching v ibra tion . In  case o f  
threonine, there is present an O H  grou p  in  the 0 - 
p osition , and  a bsorp tion  occu rs at 2 .80 p. T h e  
la ck  o f  absorp tion  b y  th e  u nsubstitu ted  am ino 
acids in th is region  indicates either th at th ey  exist 
m ain ly  in  th e  zw itterion  form  in  an tim on y  trich lo 
ride so lu tion  or  th at th e  in ten sity  o f  the O -H  fu n d a 
m en tal in  th e  u n -ion ized  ca rb ox y l group  is w eak.

S ince th e  N - H  b o n d  has less ion ic  character than 
th e  O -H , w e exp ect th e  an tim on y  trich loride to  
h ave v ery  little  e ffect on  the position  o f  th e  N - H  
fundam ental ban d . In  case o f  acetam ide on e o b 

tains v e ry  intense absorp tion  at a b o u t 3 p. T h e  
b an d  has three peaks loca ted  at 2 .94, 3 .03  and  3 .08 
fi. T h e  am ino acids all sh ow  sharp peaks w h ich  
are single and  fall in th e  range o f  3 .08 to  3 .15  p. 
T h is a bsorp tion  w e ascribe to  th e  N - H  stretch in g  
fundam ental. T h e  first ov erton e  occu rs at 1.57 to  
1.61 p. A ccord in g  to  C oh n  and E dsa ll21 u n -ion ized  
prim ary  am ines sh ow  tw o  intense R a m a n  lines in  
the reg ion  o f  the N - H  stretching fu n dam en ta l. 
W h en  the am ino grou p  becom es ion ized  and  is s tu d 
ied  in aqueous solu tion , these lines are rep laced  b y  
b roa d  w eaker bands o f  longer w ave length . T h o m p 
so n ,22 et al., report N - H  stretch ing frequ en cies ly -

(21) E. J. Cohn and J. T. Edsall, “ Proteins, Amino Acids and 
Peptides,” Reinhold Publ. Corp., New York, N. Y ., 1943.

(22) H. W. Thompson, D. L. Michalson and L. M . Short, Faraday 
Soc. Disc.. 9, 22 (1951).
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Wave length, in microns.
Fig. 2.—The absorption spectra of some amino acids in the rock salt region.

in g  betw een  3 .125 and  3.33 ¡x fo r  som e am ino acids. 
A pp aren tly  solid  sam ples w ere used fo r  their stu d 
ies.

T h e  spectra  ob ta in ed  in  th e  reg ion  from  5 to  12 n 
are n o t d irectly  com parab le  w ith  those obta in ed  b y  
other investigations. T h e  reason is th a t the pres
ent studies refer to  m olecu les in a dilute solu tion  
w ith  a so lven t th at in teracts v e ry  little  w ith  the 
am ino acids. T h e  spectra  run on  solid  sam ples 
w ill b e  characteristic o f  h igh ly  h yd rogen  b on d ed  
m aterials w ith  resulting shifts in  fundam ental 
group  v ibration s. A lso  com b in a tion  ban ds m a y  
appear in v o lv in g  frequencies characteristic o f  the 
lattice  v ibra tion s  o f  th e  so lid .23

(23) E. L. Wagner and D. F. Hornig, J . C h em . P h y s . , 1 8, 296
(1950).

A ll the com p ou n d s studied  sh ow  stron g  absorp 
tion  in  th e  reg ion  5 .75 -5 .97  ¡x. T h is  is apparently  
the C = 0  fu n dam en tal o f  th e  u n -ion ized  carboxy l 
g ro u p .21-24'26 T h e  first ov erton e  occurs at 2 .92 ¡x, 
T a b le  I . T h e  absorp tion  near 6.90 n cou ld  b e  due 
to  the ion ized  ca rb o x y l21 or  to  a  C -H  ben d in g  v i 
b ra tio n .21'6 T h e  a bsorp tion  at 6 .00  to  6.08 m a y  be 
due to  an N - H  ben d in g  v ib ra t io n 26 and com m on  
absorp tion  ban d  near 8 .60 is n o t  assigned. T h e  
present studies d o  n o t perm it on e  to  say w hether 
the am ino acids exist in a n tim on y  trich loride  as the 
zw itterion  or  as th e  un-ion ized  form . T h e  absence

(24) R. C. Herman and R. H. Hofstadter, ibid., 6, 534 (1938).
(25) J. W . Ellis, J. Am. Ckem. Soc., 51, 1384 (1929).
(26) H. M . Randall, R. G. Fowler and N. Fuson, “Infrared Deter

mination of Organic Structures,”  D. Van Nostrand Co., Inc., New 
York, N. Y ., 1949.
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Wave length in microns.
Fig. 3.—The absorption spectra of acetamide, benzoic acid and phenol in the lithium fluoride region.

o f  O H  a bsorp tion  in the L iF  region  cou ld  be  due to  5.75 and 6.90 y  suggests th at appreciable  a m ou n ts o f  
a w eak in tensity  relative t o  the oth er grou ps w h ich  each  form  m a y  b e  present in an equ ilibriu m  m ixture, 
absorb  in  th is region . T h e  stron g  a bsorp tion  at W e  are stu dy in g  th is p rob lem  further.
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THE ADSORPTION OF ALIPHATIC ALCOHOLS AND ACIDS FROAI AQUEOUS 
SOLUTIONS BY NON-POROUS CARBONS23

B y  R obert S. H ansen  and  R oy P. C ra ig 4
Contribution No. 283 from the Institute for Atomic Research and Department of Chemistry,

Iowa State College, Ames, Iowa1
Received August 21, 1968

Isothsrms have been determined for the adsorption at 25° of the homologous primary normal aliphatic alcohols from 
ethanol to heptanol-1 and the homologous normal aliphatic acids from acetic acid to heptanoic acid from aqueous solution 
by the bhree non-porous carbons Spheron-6, Graphon and Acheson Graphite DAG-1. The marked progression of amounts 
adsorbed at a given concentration on ascending a homologous series becomes almost non-existent if amounts adsorbed are 
compared at given absolute activity of the organic solute, and at low absolute activities (less than 0.1) of solute the amounts 
adsorbed at a given solute activity appear to be independent of position in the homologous series. With non-porous adsorb
ents, relative adsorption of members in a homologous series is therefore determined primarily by solute activity; this prin
ciple furnishes not only a rational basis for Traube’s rule but also for inversion of Traube’s rule.

Introduction
T h e  regular increase in  adsorption  o f a liphatic 

acids, at g iven  con centration , on  ascending the 
h om ologou s series, has long  been  know n, b o th  as 
regards adsorption  at so lu tio n -a ir5 and s o lu t io n - 
solid6 interfaces. M o re  recently , H ansen , F u  and 
B artell,7 investigating  the adsorp tion  o f  slightly  
soluble organic com pou n ds from  their b in ary  aque
ous solutions b y  a carbon  b lack  and several graph
ites, fou n d  th at the adsorptions o f  valeric and 
caproic acids were congruent fu n ction s o f  reduced 
con cen tration  o f acid  (con cen tra tion  d iv ided  b y  
saturation  con cen tration ) on  each  o f the a b ove  
adsorbents. A dsorption s o f  n -b u ty l and  n -am yl 
a lcohols were nearly  congruent fu n ction s o f  reduced 
concentrations on  the sam e adsorbents. A d sorp 
tions c f  aniline and  ph enol were congruent fu n ction s 
o f reduced con cen tration  on  the carbon  b lack , but 
differed m ark ed ly  on ly  the graphites. H ansen, F u 
and B artell po in ted  ou t th at the w ork  required to  
rem ove solute from  a solu tion  as pure solute de
pended  on ly  on  the absolu te a c t iv ity  o f the solute, 
and  that, if the adsorben t acted  on  the sam e fu n c
tiona l group, con gru en cy  o f adsorption  isotherm s in 
a h om ologou s series w hen p lo tted  as fu n ction s o f 
reduced con cen tration  (closely  paralleling absolute 
activities) w as n o t surprising.

T h e purpose o f the present w ork  was to  in vesti
gate the dependence o f adsorption  on  a ctiv ity  over 
m ore extensive h om ologou s series ranges, including 
b o th  com p lete ly  and  slightly  m iscible liqu id  pairs. 
A dsorben ts w ere lim ited  to  n on -porou s carbons so 
that results w ou ld  n ot be  affected  b y  steric factors.

Experimental
The adsorbents Spheron-6, Graphon and DAG-1 were 

selected for use. Spheron-6 is a pellatized medium-process
ing channel carbon black, produced by Godfrey L. Cabot, 
Inc. Graphon is made by partially graphitizing Spheron-6 
in an induction furnace at 3200°. These two adsorbents

(1) Work was performed in the Ames Laboratory of the Atomic 
Energy Commission.

(2) Based in part on a dissertation submitted by Roy Phillip Craig 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, Iowa State College, Ames, Iowa, December, 1952.

(3) Presented at the 123rd National Meeting of the American Cherni
es 1 Society, Los Angeles, California, March 18, 1953.

(4) Dow Chemical Company, Rocky Flats Plant, Boulder, Colo
rado.

(5) J. Traube, Ann., 265, 27 (1891).
(6) H. Freundlich, Z. physik. Chem., 57, 385 (1907).
(7) R. S. Hansen, Y. Fu and F. E. Bartell, T h is  J o u r n a l , 53, 769 

(1949).

have been described by Beebe, Biscoe, Smith and Wendell 
and surface oxygen complexes on Spheron-6 have been dis
cussed very recently in papers by Anderson and Emmett.9 
DAG-1 is a deflocculated artificial graphite produced by the 
Acheson Colloids Company. All adsorbents were heated 
in a vacuum (10—5 mm.) for 24 hours at 1000° to eliminate 
volatile impurities; the adsorbents were then stored in Ma
son jars until used, so that the probability of surface oxide 
formation9 must be acknowledged. Surface areas of the 
adsorbents were determined by the Brunauer-Emmett- 
Teller technique to be 114.0 meters2/g- for Spheron-6,
78.7 meters2/g. for Graphon, and 102.4 meters2/g . for DAG-
1.

All water was redistilled from alkaline permanganate 
solution. All alcohols and acids used were central fractions 
from distillation through a 30-plate vacuum jacketed Older- 
shaw column at reflux ratio 10:1, except for heptanol-1, 
caproic acid and heptylic acid where a reflux ratio of 20:1 
was used. Except for butanol-1 (commercial grade), hex- 
anol-1 and caproic acid (Eastman Kodak Co. practical 
grade), all starting materials were reagent grade. Prior to 
distillation the ethanol was purified by the method of Lund 
and Bjerrum10 and a water insoluble impurity of the butanol- 
1 was removed tediously by dissolving the butanol in water, 
heating to separate a butanol-rich phase, and drying this 
phase with anhydrous magnesium sulfate. Boiling ranges 
of fractions used did not exceed 0.02° for ethanol, butanol-1 
and pentanol-1. Other boiling ranges were: propanol-1, 
hexanol-1, heptanol-1 and propionic acid, 0.1°; acetic and 
ra-butyric acids, 0.3°; n-valeric and n-heptylic acids, 0.5°; 
ra-caproic acid, 2°.

Adsorption isotherms were determined according to the 
techniques described by Hansen, Fu and Bartell7 with minor 
modifications as described by Hansen, Hansen and Craig.11

Experimental mole fractions of organic solute in com
pletely miscible systems were converted to absolute activi
ties using activity data obtained in this Laboratory12; the 
activity data for the systems ethanol-water and propanol- 
water were in substantial agreement with data published 
by Dobson13 and Butler, Thomson and MacLennan,14 re
spectively.

R esu lts

R esults are presented graph ica lly  in  F igs. 1 -6 , in 
w h ich  the q u an tity  V A C /m  ( V  is the n um ber o f 
m l. o f  solution  added  to  to gram s o f  adsorbent, A C  is 
the solute con cen tration  decrease due to  adsorption  
in  m m o le s /m l.; the q u a n tity  V A C /m  is equ iva len t

(8) R. A. Beebe, J. Biscoe, W . R. Smith and C. B. Wendell, J. Am. 
Chem. Soc., 69, 95 (1947).

(9) R. B. Anderson and P. H. Emmett, T h is  Jo u r n a l , 56, 753, 
756 (1952).

(10) H. Lund and J. Bjerrum, Ber., 64B, 210 (1931).
(11) R. S. Hansen, R. D. Hansen and R . P. Craig, T h is J o u r n a l , 

57, 215 (1953).
(12) R. S. Hansen and F. A. Miller, to be submitted for publica

tion.
(13) H. J. E . Dobson, J. Chem. Soc., 127, 2871 (1925).
(14) J. A. V. Butler, D. W. Thomson and W. H. MacLennan, ibid., 

674 (1933).
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Fig. 1.—Adsorption of fatty acids from aqueous solution on Spheron-6.

Fig. 2.—Adsorption of fatty acids from aqueous solution on Graphon.

to  the p rod u ct o f the specific surface area and the 
surface excess o f solute in the G uggenheim  and 
A d a m  (V )  con v en tion 16-16) is p lo tted  against 
absolu te solute a ctiv ity , in the case o f  com p lete ly  
soluble solutes, or reduced  con cen tration  (con cen 
tration  d iv ided  b y  saturation  con centration ) in the 
case o f  slightly  soluble solutes. T abu lar experi
m ental data  can be obta ined  from  one o f us (R S H ) 
on  request. E xcep t as otherw ise in d icated  b y  
elon gated  sym bols the experim ental reprodu cib ility  
w as from  0.01 to  0.02 m m o le /g .

( 1 5 )  E .  A .  G u g g e n h e i m  a n d  N .  K .  A d a m ,  Proc. Roy. Soc. (London), 
A139, 2 1 8  ( 1 9 3 3 ) .

( 1 6 )  R .  S .  H a n s e n ,  T h is  J o u r n a l , 55, 1 1 9 5  ( 1 9 5 1 ) .

Discussion
T h e  sim ilarity  o f adsorption  isotherm s in  th e  

h om ologou s series w hen considered as fu n ction s o f 
absolu te solute a c t iv ity  is m arked, especia lly  a t low  
activities. T h is  sim ilarity is em phasized fu rth er in 
F ig . 7, in w hich  the adsorptions o f a liphatic acids 
on  Spheron-6  are com pared  at low  con cen tration s 
(7A ) and at low  activ ities (7B ) ; the latter figure 
indicates th at con gruen cy  o f adsorption  isotherm s 
fo r  m em bers in a h om ologou s series (expressed as 
fu n ction s o f a ctiv ity ) is at least a  lim iting law  a t low  
activ ities. A  sim ilar conclusion  can be  reached  for  
adsorption  at the w ater-a ir  interface, and hence fo r
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Fig. 4.—Adsorption of normal alcohols from aqueous solution on Spheron-6.

surface tensions o f  aqueous solutions o f a liphatic 
a lcohols and  acid s; th is has been  stron g ly  im plied  
b y W a r d .17

Inversions o f  T ra u b e 's  rule in  aqueous solution  
m ay  well occu r w ith  porou s adsorben ts; this 
p rob a b ility  has been  dem onstrated  w ith  especial 
clarity  b y  K ise lev  and  co -w ork ers18 w h o fou n d  that 
th e  m axim um  adsorption  volume was nearly con 
stant over the h om ologou s series o f fa tty  acids and

( 1 7 )  A .  W a r d ,  Trans. Faraday Soc., 4 2 ,  3 9 9  ( 1 9 4 6 ) .
( 1 8 )  A .  K i s e l e v ,  Zhur. Fiz. Khim., 2 3 ,  4 5 2  ( 1 9 4 9 ) .  T r a n s l a t i o n  b y

E .  R a b k i n  a v a i l a b l e  a s  T T - 2 3 7 ,  N a t i o n a l  R e s e a r c h  C o u n c i l  o f  C a n a d a ,  

O t t a w a ,  1 9 5 1 .

aliphatic a lcohols in their adsorption  from  C C h  solu
tion  b y  porous alu m in a-silica  gel. E ven  in  these 
cases, the in itial slopes w ou ld  be  expected  to  be 
substantially  constant w hen adsorption  isotherm s 
are p lo tted  as fu n ction s o f a ctiv ity .

T here appears to  be n o  defin itive w ork  on  ad
sorption  o f a liphatic a lcohols and  acids from  h y d ro 
carbon  solutions b y  n on -porou s adsorbents, bu t an 
inversion  o f T ra u b e ’s rule w ou ld  clearly  be  ex
pected  in such cases, fo r  the absolute a c t iv ity  coeffi
cient at low  solute con centrations w ou ld  decrease 
m on oton ica lly  on  ascending the h om ologou s series.
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Fig. 5.—Adsorption of normal alcohols from aqueous solution on Graphon.

Fig. 6.—Adsorption of normal alcohols from aqueous solution on DAG-1.

T h e  qu an tity  V A C /m  is a surface excess and  n ot 
the to ta l q u a n tity  o f adsorbed  solute in  the adsorp 
tion  region  (this latter reg ion  being ad m itted ly  a 
rather ill-defined b u t n one the less suggestive con 
cep t). E ven  if the con cen tration  o f solute as a 
fu n ction  o f d istance from  surface depended  on ly  
on  a c tiv ity  fo r  all m em bers in  the series, isotherm s 
fo r  com p le te ly  m iscible h om ologs  w ou ld  necessarily 
d ev ia te  n egative ly  from  those o f  the sligh tly  soluble 
h om ologs  at h igher activ ities, and  indeed w ou ld  be 
exp ected  to  d o  so in  a m arked  w ay  at activ ities 
w h ich  w ere low er th e  low er the position  o f the solute 
in  th e  series. T h e  general beh av ior o f b o th  a lcoh ol

and  acid  adsorp tion  isotherm s is in a ccord  w ith  this 
observation .

T h e  rather m arked  d ev ia tion  o f the b u ty r ic  acid  
adsorp tion  isotherm  from  the other fa t ty  acid  
adsorption  isotherm s shou ld  be  n o te d ; it  pre
su m ably  arises from  an in con sisten cy  in  p lo ttin g  
w hich  is d ifficu lt t o  rem ed y  q u a n tita tiv e ly  bu t 
w hich  is read ily  expla ined  qu a lita tive ly . T h e  
higher fa t ty  acids are o f  lim ited  so lu b ility ; the 
abscissa in  these cases is the redu ced  con cen tration , 
and — R T  In c/co is v e ry  nearly  th e  free en ergy  re
qu ired  to  con cen trate  the solu te  to  saturation , 
hence also to  solu te  saturated w ith  w ater, rather
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than to  pure liqu id  solute. T h e  con cen tration s o f 
organic solute in  the tw o  cases w ou ld  be  qu ite  
sim ilar (this is because th e  organ ic com p on en t 
generally  has a m u ch  larger m olar vo lu m e  than 
w ater) bu t th e  organ ic solu te  saturated  w ith  w ater 
is th erm odyn am ica lly  m ore  easily  obta ined , and 
can therefore be  obta in ed  a t greater d istance from  
the surface and  b y  w eaker ad sorp tive  forces. In  
the com p lete ly  m iscib le  system s, especia lly  such 
system s as b u ty r ic  a c id -w a te r  in  w hich  the next 
m em ber o f  the series is in com p lete ly  m iscible, the 
a ct iv ity -co n ce n tra t io n  diagram  show s an in itial 
rapid  rise in a c t iv ity  w ith  con cen tration  (H e n ry ’s 
law ), reaches a  p lateau  in  w h ich  a c tiv ity  changes 
little  w ith  con cen tration , an d  finally  increases 
again w ith  con cen tration  approach in g  R a o u lt ’s 
law  as a lim it. I t  is m ost p robab le  th at substances 
such as b u ty ric  acid  are con cen trated  b y  ad
sorp tion  t o  a part o f  the p lateau  region  o f the 
a ctiv ity -co n ce n tra tio n  diagram s, rather than  to  
pure acid . S ince the u psw eep  o f a c t iv ity  w ith  
con cen tration  is n ot sharp it  is d ifficu lt to  select 
this part u n am bigu ou sly ; a va lu e o f 0.73 for  the 
plateau  p o in t w ou ld  cause the b u ty ric  acid  ad
sorption  values to  agree w ell w ith  the other fa tty  
acids up  to  a reduced  a c tiv ity  o f 0.90 an d  w ou ld  
n ot be  in con sistent w ith  the a c t iv ity -co n ce n tra 
tion  diagram . S im ilar com m ents a p p ly  to  p ro 
panol, and, t o  a lesser exten t (because plateau  
regions in  the a c t iv ity -co n ce n tra t io n  diagram  
are less p ron ou n ced ) t o  p rop ion ic  acid , acetic  acid  
and ethanol.

FROM AQUEOUS SOLUTION ON SPHERON-6
Fig. 7a.—Adsorption of fatty acids from aqueous solution 

on Spheron-6.

ACTIVITY OR REDUCED CONCENTRATION.
Fig. 7b.—Activity or reduced concentration.

PYROLYSIS OF GRAPHITIC ACID
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Thermal decomposition of graphitic acid (prepared by the mixture of graphite with sulfuric acid, nitric acid and potassium 
chlorate) was studied with a thermo-balance and by the X-ray powder method. Observation of weight decrease with a 
constant rate of heating, revealed several rather sharp changes in the decomposition rate, which correspond to the rapid 
decrease of inter-layer spacing observed with X-rays. Under condition of constant temperature, the decomposition pro
ceeded without any discontinuity, proportionally to the log of time. A series of microphotometer curves of the diffraction 
patterns at various stages of decomposition up to 1800° are shown. These figures illustrate the process of graphitization of 
the lamellar compound, i.e., the decrease of inter-layer spacings and the reorientation of mutual layer planes. With a 
specially designed Debye-Scherrer camera which permits direct comparison of the compound with Ceylon graphite, slight 
expansions or contractions of the layer planes of the order of 0.5% were observed; these changes are due to variation in the 
length of carbon-carbon bond and to the displacement of carbon atoms from the layer planes in the formation of the lamellar 
compound and in the intermediate stages of the decomposition. Results obtained with other lamellar compounds are de
scribed briefly.

Introduction
C onsiderable w o rk  has been  d on e on  th e  ca rb on 

ization  o f ca rb on  com p ou n d s and the graph itization  
o f  carbon s such  as ca rb on  blacks, charcoals and 
cokes. A ll these carbon s are in  in term ediate  
stages betw een  th e  so -ca lled  am orph ou s state and 
the perfect graph ite  crystal. S om e carbon s are 
in a state w h ich  is read ily  tran sform ed  to  graph ite 
at elevated  tem peratures, w hile others d o  n ot 
easily u n dergo  th is change t o  a  regular crysta lline 
form . T h e  stru ctu re o f  carbon s an d  th e  different 
rates o f  crysta l grow th  h ave  been  studied  b y

H o fm a n n ,1 R ile y ,2 W arren ,3 B a co n ,4 F ran k lin 5 
and oth ers; h ow ever, all their starting m aterials 
w ere in  rather com plica ted  states to  begin  w ith . 
O n the other hand, a series o f  com p ou n d s, the 
graph itic acids or  oxides, is k n ow n  in  w hich  carbon  
atom s are linked  a rom atica lly  in  planes as in 
graphite, and betw een  th em  atom s or  m olecules

U )  U . H o f m a n n  a n d  D .  W i l m ,  Z. Elektrochem., 42, 5 0 4  ( 1 9 3 6 ) .
(2 )  H .  F .  B l a y d e n ,  H .  L .  R i l e y  a n d  A .  T a y l o r ,  J. Am. Chem. Soc., 

62, 1 8 0  ( 1 9 4 0 ) .
( 3 )  J .  B i s c o e  a n d  B .  E .  W a r r e n ,  J. Appl. Phys., 1 3 ,  3 6 4  ( 1 9 4 2 ) .
( 4 )  G .  E .  B a c o n ,  Acta Cryst., 3 ,  1 3 7  0 9 5 0 ) .
( 5 )  R .  E .  F r a n k l i n ,  ibid., 4, 2 5 3  ( 1 9 5 1 ) .
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are in terleaved  form in g lam ellar com pou n ds. M o s t  
o f  these com p ou n d s are unstable in w ater or in  
m oist air, d ecom posin g  gradually  to  the original 
graph ite structure. On heating th ey  decom pose  
exp losive ly  w ith  a sm all flash o f  light in to  soo t 
w h ich  exhibits the X -r a y  d iffraction  pattern  o f 
ord in ary  carbon  b la ck ; or on  slow er heating th ey  
gradually  regain the graphite structure b y  loosing  
step b y  step  the interleaved m olecu les. A  som e
w h at detailed  stu d y  o f  the therm al d ecom position  
o f  B ro d ie ’s com p ou n d  was m ade b y  K oh lsch ü tter 
and H aen n i6; m ore  recen tly  the stepw ise therm al 
d ecom position  o f  g raph ite -potassiu m  com p ou n d  
w as observed  b y  H e ro ld .7 In  som e respects these 
d ecom position s seem  to  represent the sim plest 
case o f  carbon ization  and graph itization  o f  carbon  
com pou n ds. T h e  ob ject iv es  o f  this paper w ere a 
m ore  detailed  s tu d y  o f  the d ecom p osition  process 
b y  using a th erm o-ba lan ce  and the X -r a y  pow der 
cam era designed especially  fo r  this purpose, and  a 
further exam ination  o f  the sm all changes o f  c o 
va len t ca rb o n -ca rb o n  b on d  length  w hich  occu r  in 
the form ation  o f  lam ellar com p ou n d s and  in  the 
in term ediate stages o f  pyrolysis. O n ly  recently  
B eck ett and  C r o ft8 reported  a slight expansion  o f  
th e  layer planes (based  on  observation s w ith  the 
electron  m icroscop e ) t o  occu r  in th e  ox ides pre
pared  w ith  Staudenm aier’s and B ro d ie ’s reagents.

Experimental
A . Graphite.—Ceylon graphite grains mixed with a small 

quantity of rock salt were crushed in an agate mortar, 
washed with boiling water and dried. As the grain size de
creased the action of the oxidation agents was accelerated, 
but the effect on pyrolysis and on the X-ray patterns was 
small. Also graphites from cast iron were used which have 
a crystal structure slightly inferior to that of the natural 
graphite.

B . Oxidation Treatments.—Relatively few compounds 
were suitable for both X-ray and pyrolysis investigation, 
but results have been obtained with samples prepared by the 
following procedures.

(1) Green and Brown Graphitic Acids.—As described by 
Hofmann and König,9 110 g. of potassium chlorate was 
added slowly to a mixture of 175 cc. of concentrated sulfuric 
acid, 90 cc. of 63% nitric acid and 10 g. of graphite. After 
two days the mixture turned green. It was difficult to sepa
rate by centrifuging at 4000 r.p.m. and was therefore filtered 
through sintered Pyrex glass. The greenish paste obtained 
was transferred promptly to a glass specimen tube. When 
water was added, the paste turned black indicating decom
position to graphite. When graphite which had been 
treated with a two- or threefold excess of potassium chlorate 
was poured into water, a brown precipitate formed which 
settled less and less readily upon repeated washing. The 
gelatinous brown precipitate was centrifuged and dried at 
80°. Then the compound was peeled off the evaporating 
dish as a brown semi-transparent film—0.1-0.01 mm. 
thick—which was very stable; no noticeable changes were 
observed even after a year’s exposure to air at room tem
perature .

(2) Blue Graphitic Acid.10— Graphite treated with a 2:1 
mixture of concentrated sulfuric acid and 66% nitric acid 
showed a bluish color after one day; the treatment was con
tinued for 14 days. After it had been filtered through sin
tered Pyrex glass, the bluish paste was rapidly transferred 
to a glass specimen tube which was then sealed. The com
pound was unstable in air and turned black beginning at the 
surface due to absorption of moisture. When it was dried 
at 190°, black powder resulted.

( 6 )  V .  K o h l s c h ü t t e r  a n d  P .  H a e n n i ,  Z. anorg. Chem., 1 0 5 ,  1 2 1  ( 1 9 1 9 ) ,
( 7 )  A .  H a r o l d ,  Compt. rend., 232, 1 4 8 4  ( 1 9 5 J ) .
( 8 )  R .  J .  B e c k e t t  a n d  R .  C .  C r o f t ,  T h is  J o u r n a l , 5 6 ,  9 2 9  ( 1 9 5 2 ) .
( 9 )  U .  H o f m a n n  a n d  E .  K ö n i g ,  Z. anorg. Chem., 234 , 3 1 1  ( 1 9 3 7 ) ,
(1 0 )  U .  H o f m a n n  a n d  A .  F r e n z e l .  Tier., 6 3 ,  1 2 6 2  ( 1 9 3 0 ) .

(3) Ferric Chloride Compound.11— When graphite and 
anhydrous ferric chloride were heated in a sealed glass tube 
for three days at 200-205°, the ferric chloride wras slowly ab
sorbed (presumably from the vapor state), by the graphite 
powder, giving a hygroscopic powder with a greenish luster; 
it was stored in a sealed tube.

C. Pyrolysis.—The sample was placed in a fused-silica 
crucible which was suspended from one arm of the balance 
into a tubular furnace and balanced by the tension of a heli
cal spring attached to the other arm and by weights added 
to the pan. The deflection was about 1 mm. per 1 mg. 
weight. The balance was installed in a constant tempera
ture room controlled within 0.5°. A heating rate of 42° per 
hour was used throughout, because this is the maximum rate 
of heating by which brown graphitic acid is decomposed 
without explosion. The scale readings were taken at inter
vals of five minutes; the temperature was measured by a 
thermocouple placed just under the sample holder. The 
gases evolved were not analyzed chemically, since this had 
been done by Hofmann and his collaborators10 and by others. 
The highest temperature attained in the thermo-balance ex
periment was about 400 ° . At temperatures higher than this, 
the rate of decomposition was low and oxidation of the re
sidual graphite by air began. Up to 1000°, samples for X - 
ray examination were prepared by heating in an evacuated 
fused-silica tube; from 1000 to 1800°, a vacuum carbon re
sistance furnace was used. The carbon tube, 8 mm. in di
ameter and 2 mm. bore with water-cooled electrodes, was 
supported vertically in a water-cooled iron tube of 9 cm. 
bore. It was evacuated with an oil diffusion pump, but a 
very good vacuum was not attained because of the given 
off gases by the carbon. Prior to use, the carbon tube wras 
heated for several hours at 1800°.

D. Debye-Scherrer Camera.—A specially designed De- 
bye-Scherrer camera 200 mm. in diameter was used which 
was equipped to photograph on the same film diffraction 
patterns of Ceylon graphite and of the treated samples. 
The surface of the film is covered by a concentric cylinder 
provided with a slit 5 mm. in width. When a shaft attached 
at the center of the cylinder is pushed, the slit is shifted by 
5 mm.; therefore, two diffraction patterns may be photo
graphed on one film side by side. The specimen tube holder 
is attached to the shaft bearing the conical cylinder; thus 
it is possible to exchange the specimen and reset the specimen 
tube exactly at the center of the camera with an error of less 
than 3/ioo mm. With this device it was possible to detect 
small line shifts by direct comparison. CuKa radiation was 
used unless otherwise stated.

Results
A  detailed  s tu d y  was m ade largely  w ith  brow n  

film s, prepared b y  S taudenm aier’s m eth od , w h ich  
w as fou n d  to  be  m ost su itable fo r  ou r  purpose. 
T y p ica l pyrolysis  curves are sh ow n  in  F ig . 1. T o  
exam ine the e ffect o f  grain size, crysta l im p erfec
tions, tim e o f  treatm ent, extent o f  w ashing and  
heating rate, ten  series o f  m easurem ents w ere m ade 
w ith  different sam ples, an d  th e  curves ob ta in ed  
show ed  nearly  th e  sam e trends. T h e  cu rve  B  
w as obta in ed  b y  raising the tem perature at a  c o n 
stant rate o f  4 2 ° /h r . A t  first th e  w eigh t decrease 
w as rapid , b u t it becam e slow er as th e  tem perature 
approached  1 0 0 ° ; b e low  this tem perature the 
greater part o f  the absorbed  w ater w as expelled. 
A n oth er  period  o f  rapid  decrease in  w eigh t began  
arou nd  15 0 °; this d iscon tin u ity  w as qu ite  sharp 
in  som e sam ples as in  cu rve  B , b u t m ore  gradual 
in others as in  curve A . A t  a b o u t 190°, at th e  
m id -p o in t o f  the secon d  ascending p o rtio n  o f  th e  
curve, the d ecom p osition  was further acce lerated . 
W ith  a greater rate o f  heating it has b een  fo u n d  
th at exp losion  occu rs at th is tem perature. E ven  
w ith  a heating rate o f  4 2 ° /h r ., w hen 450 m g. w as 
used instead  o f  the usual 300 -m g. sam ple (w h ich

(11) W . RiidorfF and H. Schulz, Z . anorg. allgem. Chem., 245, 121
(1940).
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had been  prepared from  flake graph ite from  gray 
cast iron ), exp losion  occu rred  at this tem perature 
presum ably because o f  a ccu m u la tion  o f  heat o f  
decom position . A t  220° the rate o f  d ecom p osition  
slow ed dow n  again, and at 28 0 ° the decom p osition  
was nearly com p lete , as is sh ow n  b y  the flattening 
ou t o f  the cu rv e ; how ever, the w eight con tin u ed  
to  decrease v e ry  s low ly  b ey on d  this tem perature. 
T h a t the d iscontinu ities in  d ecom p osition  rate are 
n o t true tran sform ation  p o in ts as stated  b y  pre
v iou s au th ors,6 is apparent from  cu rve  A . in  this 
case the tem perature was raised at the rate o f  4 2 ° /  
hr. to  156°, at w h ich  the second  period  o f  rapid 
w eigh t loss began , and from  then on  m aintained 
con sta n t; this experim ent is represented b y  the 
broken  line. A s m a y  be  seen, the d ecom p osition  
proceeded  w ith ou t d iscon tin u ity . R eadin gs were 
continued  fo r  36 hours. I t  was fou n d  th at this 
p ortion  o f  the curve fo llow s the em pirical form ula  
v ery  close ly ; w eight loss was p rop ortion a l to  the 
logarithm  o f the tim e.

Fig. 1.—Pyrolysis curve: Curve B represents the thermal 
decomposition of the lamellar compound of graphite (pre
pared bv the treatment of graphite with a mixture of sulfuric 
acid, nitric acid and potassium chlorate), at a heating rate 
of 42°/hr. The broken line (curve A) is the decomposition 
which occurred when temperature was maintained at 156°.

A  p ron ou n ced  feature o f  this com p ou n d , as 
revealed b y  X -ra y s , is the appearance o f v ery  few  
d iffraction  lines, viz., 0002, 1010 and 1120, w h ich  
appear as lon g  as the carbon  atom s are arranged 
in  planes as in graph ite  and these planes are stacked  
parallel to  each oth er w ith  som e d isorientation  o f 
m utual layer planes. T h e  0002  line is sh ifted  
m ark ed ly  tow a rd  sm aller angles b y  the in terleaved  
m olecules, while the oth er tw o  lines rem ain a lm ost 
u naffected .

T h e  m icrop h otom eter  curves o f  the d iffraction  
patterns obta in ed  w ith  th e  sam ples at various 
stages o f  p yro lysis  are show n  in F ig. 2 in w hich  
peaks correspon d in g  to  the 0002, 1010 and  1120 
lines o f  graphite are sh ow n  w ith  their respective 

s h eights; th e  fou r  vertica l lines g ive  the position  
o f the lines o f  natural graph ite  as in d icated  at the 
top . T o  prepare th e  X -r a y  specim ens, narrow  
pieces o f  cu t browm film  w ere lightly  pressed in to  
glass specim en tubes (8 m m . length  and 0.6 m m . 
b o re ). A  bundle  o f  the tubes and  a th erm o
cou p le  were p laced  in  a furnace, and the tem pera 
ture was raised at th e  sam e rate as in the p yrolysis  
experim ents. T u bes  w ere rem oved  at intervals 
o f  30 m inutes, sealed as rapid  as possible w ith  a 
vacu u m  w ax o f low  m elting p o in t to  a v o id  excess

heating, and stored  in  a desiccator. Sam ples 
heated in  vacuo at 600, 1400 and 1800° were trans
ferred  to  specim en tubes a fter heating. A t  the 
low est stage o f therm al decom p osition  (b o t to m  o f 
F ig . 2 ), a peak  pertaining to  the 0002 line appears 
in the le ft corner and shifts gradually  to  right as the 
tem perature rises, until a ju m p  to  the right occu rs 
betw een  215 and  2 3 5 ° ; then  th e  line broadens 
m ark ed ly  as seen in the curve fo r  23 5 °, ow in g  to

Fig. 2.—Microphotometer curves of diffraction patterns 
at various stages of the thermal decomposition shown in 
Fig. 1.

the n on -u n iform ity  o f  the in ter-layer space after 
partial decom p osition . T h e  appearance o f  the 
tw o  peaks in the curves fo r  235 and 275° suggests 
th at tw o  interm ediate states occu r  sim ultaneously  
in  the inter-layer space; h ow ever, w ith  som e other 
sam ples the secon d  peak  did  n o t appear so clearly. 
A s the tem perature continues to  increase, the peak  
gradually  approaches the 0002 line for  norm al 
graphite, bu t even  fo r  the sam ple heated at 1400° 
fo r  10 m inutes, the peak  still appears slightly  to  
the left o f  the norm al line. F inally , the sam ples 
heated at 1800° fo r  10 m inutes sh ow  nearly perfect 
recov ery  to  the norm al graph ite stru ctu re; th is is 
also in d icated  b y  the d ou b le  peak  o f  the 0002 line 
w h ich  is usually  observed  in  w ell-crysta llized  graph 
ite  p ow der and results from  the preferential orien ta 
tion  o f  crystals in  the specim en tube. C on se 
qu ently  the line p rodu ced  in this w ay  is rather 
b road  and its apparent slight d isp lacem ent to  the 
left seem s d ou btfu l. A s m an y  w orkers h ave o b 
served, 1800° is the tem perature at w h ich  the 
graph itization  o f carbon s is accelerated . T h e  
secon d  peak, w h ich  appears at a b o u t 10° at the 
b o tto m  o f  F ig . 2, soon  disappears at a b ou t 110° 
w ith ou t m u ch  shift to  the r igh t; com parison  w ith 
the p yrolysis  cu rve  in F ig . 1 ind icates th at it is due 
to  absorbed  water.

In  F ig . 2 at the earlier stages o f  pyro lysis , the 
lOfO and 1120 lines appear to  the le ft o f  the corres
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p on d in g  graph ite lines. In  th e  stages betw een  
193 and 215° an abru pt sh ift to  the op p osite  side 
takes p lace w h ich  ceases at th e  next stage (2 3 5 °), 
b u t the peaks persist to  the right o f  the graphite 
lines over a w ide  range o f  tem perature. A c c o m 
pan yin g  this d iscontinuous change is an  abru pt 
decrease o f  the in ter-layer spacings. A t  the sam e 
tim e the breadth  o f  the 1010 line increases, due to  
the appearance o f the overlapp in g  1011 line; 
this ind icates th at an orderly  rearrangem ent o f  the 
orien tation  o f  the successive layers occu rs at this 
stage. T h e  line continues to  b roaden  as the 
tem perature increases, and  finally  at 1800° it 
separates in to  tw o  d istinct peaks, th e  left one c o 
in ciding exa ctly  w ith  th e  1010 line while the right 
on e is slightly  to  the le ft o f  th e  1011 line. C urves 
having  nearly  the sam e form  w ere ob ta in ed  w ith  
graphite from  b lack -heart m alleable cast iro n .12 
T h e  successive changes o f  th e  1120 line are sim ple, 
since there is n o  overlapp in g  lin e ; th e  sh ift par
allels th at o f  the 1010 line as w ou ld  be expected .

Fig. 3.—Inter-layer spacing and expansion or contrac
tion of the layer planes calculated from the diffraction 
patterns shown in Fig. 2.

T h e  relationships betw een  th e  in ter-layer spacing 
and  th e  percentage expansion  o f  the layer plane 
are show n  m ore  clearly  in  F ig . 3. T h e  values fo r  
th e  percentage expansion  ca lcu lated  from  th e  1 0 l0  
and  1120 lines agree w ith in  th e  experim ental error. 
T h e  values ca lcu lated  from  th e  latter line were 
p lo tte d  becau se th is line is alw ays sharp an d  th e  
sh ift is tw ice  as large as th at o f  th e  form er. A  
com parison  o f  F ig . 3 w ith  F ig . 1 reveals th at the 
first and th e  secon d  rap id  decrease o f  in ter-layer 
spacing occu r, respectively , a t th e  tem peratures at 
w h ich  th e  first and the secon d  stages o f  d e co m 
p osition  are com p le ted ; th e  in ter-layer spacing 
finally  reaches 3.35 A ., the va lu e  fo r  perfect graph
ite. T h e  expansion  o f  th e  layer p lane changes 
a b ru p tly  to  con tra ction  b y  n early  th e  sam e am ou n t

(12) E. Matuyama, Nature, 170, 1123 (1952).

at a com p a ra tive ly  low  tem perature, an d  this 
con tra ction  persists at higher tem peratures. C o n 
sideration  o f  these fa cts  has led  to  th e  assu m ption  
th at the expansion  is close ly  related to  th e  in ter
leaved  m olecules, b u t th e  con tra ction  is du e to  
other cau ses; w a v y  or  uneven  planes o f  th e  layers 
were form ed  as a result o f  the rem ova l o f  th e  
m olecules betw een  th em  at a tem perature t o o  low  
to  a llow  regular rearrangem ent. In  th e  case o f  
expansion , the ca rb o n -ca rb o n  b o n d  len gth  (1.42 
A .) , w h ich  is_2 /3  and 2 / \ /'3  o f  the spacin g  o f  the
1010 and  1120 reflection , respectively , sh ou ld  also 
be  exp an ded ; b u t in  the case o f  con tra ction  w e 
can not state  the effect on  the ca rb o n -ca rb o n  
b on d  length  w ith  certa inty , if w e  assum e th at 
the carbon  atom s are d isp laced  from  th e  layer 
planes.

N o  results w ere ob ta in ed  w ith  a sam ple o f  green 
acid  prepared  b y  the sam e ox id izin g  agent.

W ith  the b lu e graph itic a c id  as w ith  th e  b ro w n  
film , the characteristic lines o f  th e  lam ellar c o m 
pou n d  w ere observed . In  th is case all th e  lines 
were as sharp as th ose  o f  the orig inal graphite. 
T w o  sharp lines correspon d in g  to  0002 appeared  
w h ich  were d isp laced  b y  1° 4 7 ' and  2 °  2 2 ', re
sp ective ly , to  th e  left, i.e ., tow a rd  sm aller angles, 
o f  th e  graph ite line. O n the basis o f  these values, 
the in ter-layer spacing w as estim ated  to  b e  3.86 
A . fo r  the stronger line and  4.07 A . fo r  th e  other. 
T h e  1010 and  1120 lines were b o th  sligh tly  dis
p laced  tow ard  greater angles. T h e  con tra ction  o f 
the layer p lane ca lcu lated  from  th e  sh ift o f  either 
line was 0 .2 6 %  and the varia tion  w as in  th e  o p 
posite  d irection  to  th at o f  th e  b row n  film . T h e
1011 line appeared som ew hat broaden ed  and dis
p laced  b y  17 ' tow ard  shorter angles. T h e  dis
p lacem ent m a y  b e  explained b y  the en largem ent o f  
in ter-layer spacing. T h e  shift, ca lcu lated  from  the 
va lu e  3 .86 A ., agreed exa ctly  w ith  th e  observed  
value. W h en  the sulfuric and  n itric acids were 
evap ora ted  at 190°, th e  residual graph ite  exh ib ited  
a  d iffraction  pattern  w h ich  was iden tica l t o  th e  
orig inal graph ite in  in tensity , in  sharpness an d  in  
scattering angles. R esidu a l graph ite w as a lso  o b 
ta ined  b y  w ashing w ith  w ater. In  this case the 
lines co in cided  w ith  th ose  o f  th e  orig inal graphite, 
b u t th e y  w ere less sharp an d  their in ten sity  w as 
generally  m odified .

In  F ig . 4 the pyrolysis  curve o f  th e  ferric ch loride

Fig. 4.-—Pyrolysis curve: thermal decomposition of
ferric chloride-graphite compound at a heating rate of 
42°/hr.
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com p ou n d  is show n. In  order to  reduce the a b 
sorption  o f m oisture, th e  tem perature was raised to  
170° in  the first h ou r an d  from  then  on  at th e  usual 
rate. W h en  th e  usual rate w as used from  th e  b egin 
ning, the over-a ll aspect o f  th e  cu rve  w as sim ilar, 
bu t the tran sform ation  was less sharp. T h e  bends

in the cu rve  at 200 and  at 470° correspon d , respec
tiv e ly , to  the first and  th e  th ird  stage o f R u d orff 
and  S ch u lz ’s 11 cu rve, w h ich  w as ob ta in ed  b y  w eigh
ing sam ples w h ich  had  been  k ep t in  the saturated 
v a p o r  fo r  a lon g  tim e at variou s tem peratures. 
N o  X -r a y  data  are available.

ELECTRON MICROGRAPHIC STUDIES IN THE SYSTEM Be0-In20 31

B y  C . R . A dams and  W . 0 .  M illigan

The Rice Institute, Houston, Texas 
Received August 26, 1958

Comprehensive electron microscopic studies have been made on a series of eleven heat-treated (500° for 2-hour periods) 
gels selected at every 10 mole per cent, in the system Be0 -In 20 3 . The samples, dispersed in dilute HC1 at a pH value of 
6.0, were deposited on a collodion membrane and examined at a magnification of approximately 16,000 diameters, using 
100 kv. electrons. Particle size and pore size distributions were made from photographic prints at a final magnification 
of about 200,000 diameters, counting 700-1000 particles or pores. The most frequent particle radii for pure BeO and pure 
ln20 3 were 60 and 84 A., respectively. The most frequent particle radii for the dual gel series are a linear function of com
position within the precision of the data. From the particle radii distributions, calculated “ surface areas” have been 
obtained, which are approximately linear with composition. This result demonstrates that the dual composition zones of 
mutual protection, known to exist in this system from X-ray diffraction studies and water vapor adsorption data, do not 
result from variations in secondary particle size as viewed in the electron microscope. “Roughness factors,”  defined here 
as the ratio of “ water surface area”  to the electron microscope “ surface area,” show two pronounced maxima when plotted 
against composition. The “roughness factor” maxima correspond to the previously observed dual zones of mutual protec
tion. The most frequent pore radii for pure BeO and pure ln20 3 were 25 and 125 A., respectively. As the BeO content is 
increased the pore radii decrease in size uniformly, the largest changes occurring at 10 and 90 mole per cent. BeO. The 
electron microscope pore size distributions are in close quantitative agreement with Kelvin pore size distributions pre
viously reported.

In trodu ction
In  previou s reports from  this L a b ora tory  syste

m atic X -r a y  d iffra ction 2 an d  sorp tio n -d e so rp tio n 3 
studies o f  th e  dual h ydrous ox ide system  B e O - 
ln 20 3 dem on strated  the existence o f  tw o  com p osi
tion  zones o f  m utual p ro te ctio n 4 5 against crysta lliza 
tion , and  con firm ed an earlier p red iction 6 th at such 
zones o f  p ro tection  m a y  correspond to  regions o f  
m axim um  surface, and  w hich , therefore, m ay  
exh ib it enhanced  ad sorp tive  properties. In  the 
tw o  com position  zones o f  m u tu al p rotection  in the 
system  B e 0 - I n 20 3, the gels exh ib it enhanced  sur
fa ce  areas, an d  h igher in tegral and  differential 
heats o f ad sorp tion .3 T h e  K e lv in  pore  radii distri
bu tion s com p u ted  from  the desorp tion  branches o f 
th e  w ater isotherm s exh ib it m ost frequ en t pore 
radii v a ry in g  from  a b ou t 125 A . fo r  pure indium  
triox ide to  a b ou t 25 A . fo r  pure bery lliu m  oxide. 
I t  is th e  purpose o f th is paper to  present the results 
o f an extensive electron  m icrograph ic stu dy  o f the 
pore and secon d ary  particle  sizes in this system .

E xperim ental
The dual hydrous oxide gels employed in these studies 

were the identical samples used in the previous adsorption 
studies.3 Briefly, measured amounts of ammonium hy
droxide were added rapidly to solutions of indium nitrate 
and beryllium nitrate and the resulting gels were washed 
free of nitrate ion. These gels, after drying in air, were then 
heated at 500° for a period of 2 hours. Dilute suspensions

(1) Presented before the Division of Colloid Chemistry at the 124th 
Meeting of the American Chemical Society, Chicago, 111., September 
6-11, 1953.

(2) L. M. Watt and W . O. Milligan, T his Jouenal, 57, 883 (1953).
(3) W. O. Milligan and C. R. Adams, ibid., 57, 885 (1953).
(4) W . O. Milligan and J. Holmes, J. Am. Chem. Soc., 63, 149

(1941).
(5) H. B. Weiser, W. O. Milligan and G. A. Mills, T h is  J o u b n a l

52, 942 (1948).

of the samples dispersed in hydrochloric acid at a pH value 
of 6.0 were allowed to dry on thin collodion films mounted 
on metal grids. It is not considered likely that the use of 
such a dilute peptizing agent will result in significant modi
fication of the oxide gels. Most of the photographs were 
taken on Process Ortho film with an exposure time of 4 
seconds or less, using 100 kv. electrons, and a calibrated 
magnification of about 16,000 diameters. Optical enlarge
ments of 13 diameters were made from the center portion of 
the negative, where the rotational distortion was less than 
2%. Statistical counts and measurements were made di
rectly on the positive prints, approximately 700-1000 pores 
or particles being counted for each sample.

Results and Conclusions
In  F ig . 1 are show n portions o f  electron  m icro 

graphs (200,000 diam eters) o f  th e  gels in the sys
tem  B e 0 - I n 20 3, h eat-treated  at 500° fo r  tw o-h ou r 
periods. T h e  gels consist o f sm all, spheroidal parti
cles pack ed  in  a random , n on -close -pack in g  m anner. 
O ccasional cu b ic  pseu dom orphs w ere fou n d  in  the 
gel form ed  from  heating the pure in d iu m  h ydroxide, 
k n ow n  to  crystallize in  the cu b ic  system s,6 b u t no 
pseudom orphs were fou n d  in  the h eat-treated  
produ cts o f the other gels w h ich  are essentially 
am orphous to  X -r a y s .2 T h e  absence o f m any 
m ono-d isperse particles ind icates strong cohesion  
betw een  the secon dary  particles. T h e  strength  o f 
the aggregates is show n b y  the fa ct  th at the degree 
o f dispersion o f the secon dary  particles varies bu t 
little  upon  suspension in w ater and  subsequent 
evaporation  to  dryness, as show n  below  b y  a co m 
parison o f pore sizes m easured in  the electron  m icro
scope w ith  those m easured b y  adsorp tion  m ethods.

In  F ig . 2 are p lo tted  the area d istributions o f  the 
secon dary  particles fou n d  in th is system , assum ing 
the particles to  be sm ooth  spheres. T h e  m ost fre-

(6) W . O. Milligan and H. B. Weiser, J. Am. Chem. Soc., 59, 1670 
(1937).
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60 mole % BeO. 70 mole % BeO. 80 mole % BeO.

0.1
I-------------------- 1

25 50 100o 200
Radius, A.

90 mole %  BeO. 100 mole % BeO.
Big. 1.—Electron micrographs of heat-treated gels in the system Be0-In20 3 (200,000 diameters).
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Fig. 2.—Pore volume and particle area distributions of heat-treated gels in the system Be0-In20 3.

qu ent particle  radii fo r  pure B eO  and pure ln 20 3 qu ent particle  radii fo r  the dual gel series are a 
w ere 60 and  84 A ., respectively . T h e  m ost fre - linear fu n ction  o f com position  w ith in  th e  precision
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3

2

Roughness
factor;

1
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Fig. 3.—Electron microscopic (A) and water adsorption (B) surface areas, and roughness factors (C) of heat-treated gels

in the system BeO-In2C>3.

o f the data. In  F ig . 3 is g iven  the electron  m icro 
scope “ surface area”  per m ole  and  B E T  w ater 
adsorption  “ area”  per m ole  as a fu n ction  o f com 
position . T h e  m icroscope  surface area is a linear 
fu n ction  o f com position , in d icatin g  th e  absence o f  
in teraction  as the secon dary  particle  size increases. 
A lso  in F ig . 3 is p lo tted  a “ roughness fa c to r ,”  
here defined as the ratio  o f the B E T  w ater “ surface 
area”  to  the electron  m icroscope  “ surface area,”  as 
a fu n ction  o f com position . T w o  p ron ou n ced  m ax
im a exist at the sam e com position s w h ich  had 
prev iou sly  show n p rotection  against crystalliza
t io n ,2 enhanced  surface area ,3 and  enhanced  integral 
and  d ifferential heats o f adsorp tion .8 N otin g  the 
m agn itude o f th e  “ roughness fa ctor  m axim a,”  it  is 
apparent th at the aggregates as v iew ed  in the elec
tron  m icroscope  m ust be  com p osed  o f still sm aller 
particles w hose area is in  part accessible to  w ater 
m olecules. I t  is h oped  th at studies o f crystallite 
size b y  m eans o f X -r a y  and electron  d iffraction , 
and o f inhom ogeneities b y  sm all angle X -r a y  scat
tering w ill y ie ld  m ore  in form ation  abou t the struc
ture o f  the sm aller units com posin g  these secondary  
particles.

In  F ig . 2 are also g iven  th e  pore  v o lu m e size 
d istributions ca lcu lated  from  th e  desorp tion  iso
therm s b y  m eans o f the K e lv in  equ ation  (points) 
and  from  electron  m icroscop ic  cou n t (bars). T h e  
desorp tion  radii h ave been  corrected  fo r  tw o  m on o- 
layers o f  adsorbed  w ater. T h e  to ta l pore vo lu m e

obta in ed  from  electron  m icroscop ic  m easurem ents 
has been  equ ated  to  the p ore  v o lu m e obta in ed  from  
th e  desorp tion  bran ch  o f  the w ater v a p o r  isotherm , 
th ereby  p lacing  b o th  pore  d istribu tion s on  the sam e 
q u an tita tive  basis. T h e  vo lu m e  o f th e  pores was 
ca lcu lated  assum ing righ t circular cylinders o f 
h eigh t p rop ortion a l t o  the radius.

T h e  m ost frequ en t pore  radii fo r  pureo B eO  an d  
pure I 112O 3 are fo u n d  to  be  25 and  125 A ., respec
tive ly . A s  the B eO  con ten t is increased  th e  pore 
radii decrease in  size u n iform ly , the largest changes 
occurring at com position s o f  10 and  90 m ole  per 
cent. B eO . E xcellen t q u an tita tive  agreem en t is 
obta ined  betw een  the tw o  com p le te ly  in depen den t 
m easurem ents. T h is  is taken  to  be  a stron g  ju s ti
fication  o f the K e lv in  equ ation  fo r  ca lcu latin g  pore  
radii from  desorp tion  isotherm s o f th is ty p e . 
F oster7 has show n th at the K e lv in  equ ation  g ives 
correctly  the relative dependence u p on  th e  ph ysica l 
properties o f the condensed  liqu id . T h e  adsorption  
w o rk 3 has show n the tem perature coefficien t to  be 
correct. F inally , the present electron  m icroscop ic  
studies h ave show n the absolu te m agn itu de o f  th e  
radii o f the pores as g iven  b y  the K e lv in  equ ation  
to  b e  satisfactory . In  v iew  o f these d a ta  it  is diffi
cu lt to  question  the v a lid ity  o f  the K e lv in  eq u ation  
w hen it is applied  to  pores in  the size range stu d ied  
here.

(7) A. G. Foster, Disc. Faraday Soc., No. 3, 41, 106 (1948).
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THE VAPOR PRESSURE OF BERYLLIUM FLUORIDE1 2 3 4 5

By I v . A .  Sense, M .  J .  Snyder and J .  W .  Clegg

Ba.ttelle M em o r ia l Institu te,
C olum bus, O hio

Received August 31, 1953

Vapor pressures of BeF2 were measured over the temperature range of 746-968° by use of the transpiration method. The 
extrapolated boiling point is shown to be 1159°. The melting point is about 803°.

Introduction
S in c e  n o  e x p e r im e n t a l  d a ta  o n  th e  v a p o r  p re s s u re  

o f b e r y l l i u m  f lu o r id e  a re  a v a ila b le  in  n o n -c la s s if ie d  
l i t e r a t u r e , i t  is c o n s id e re d  o f in te r e s t  t o  r e p o r t  o u r  
f in d in g s . B e c a u s e  t h e  p re s s u re  r a n g e  w a s  a p p r o x i 
m a t e ly  0 . 5 -5 0  m m . ,  th e  s o -c a lle d  “ d iffic u lt.”  ra n g e , 
th e  s t r e a m in g  (o r  t r a n s p ir a t io n )  m e t h o d  o f m e a s u r 
in g  v a p o r  d e n s it y  w a s  e m p lo y e d .2 -4

Outline of the Method.— A n  in e r t  ga s is p a s s e d  
o v e r  th e  s a lt  t o  b e  in v e s t ig a t e d , b e c o m e s  s a tu ra te d  
w i t h  it  (o r  n e a r ly  s o ), passes t h r o u g h  a  c o n d e n s e r 
w h e r e  th e  s a lt  is d e p o s ite d , a n d  f in a l ly  passes in t o  
a g a s -m e a s u r in g  d e v ic e . A s s u m in g  t h a t  th e  id e a l 
ga s la w s  h o ld , a n d  th a t, D a l t o n ’s la w  o f  p a r t ia l  
p re s s u re  is a p p lic a b le , t h e  f o l lo w in g  r e la t io n  h o ld s

where

p =  vapor pressure of salt
P = total pressure of salt and carrier gas
nh = total moles salt collected in condenser
m2 = moles salt collected in condenser due to diffusion
M  = moles carrier gas collected

Salt is deposited  in the condenser as the result o f 
tw o effects, transpiration  and  diffusion . F rom  
equation  1, it is ev iden t th at neglect o f  the diffusion  
fa ctor w ou ld  lead to  erroneous results, fo r  then, p -*■ 
P  as M  —► 0. H ence, the am ou n t deposited  in the 
condenser due to  d iffusion  m ust be  su btracted  from  
the tota l am ount. A  m athem atica l analysis o f  this 
problem  has been  m a d e .6

Description of Apparatus.—The carrier gas used in these 
runs was highly purified nitrogen which was passed for fur
ther purification over heated copper oxide for hydrogen re
moval, Ascarite6 for carbon dioxide, magnesium perchlorate 
for water and heated metallic copper for oxygen removal. 
This highly purified nitrogen was then passed into a Mc- 
Danel7 tube, which, because of the corrosive properties of 
BeF2, contained a nickel liner, within which was placed a 
nickel boat. The condensers were nickel, about 18 inches 
long with a Vs-mch i.d. The condenser and the nickel ther
mocouple shield were inserted the same distance from oppo
site ends of the McDanel tube, each being V l 6 inch from the 
exact center. Figure 1 shows the details.

After passing through the condenser, which collected the 
salt, the nitrogen passed through a drying tube (to prevent 
water vapor from diffusing into the McDanel tube) into a 
Mariotte flask, where the nitrogen was collected over water.

(1) Work performed under A.E.C. Contract W-7405-eng-92.
(2) H. Von Wartenberg, Z. Elektrochem., 19, 485 (1913).
(3) E. Thiele, Ann. Physik, 14, 937 (1932).
(4) K. Jellinek and G. A. Rosner, Z .  physik. Chem., A143, 51 

(1929).
(5) J. V. Lepore and J. R. Van Wazer, “ A Discussion of the Trans

piration Method for Determining Vapor Pressure,” MDDC-1188, 
U. S. Atomic Energy Commission.

(6) An absorbent of asbestos impregnated with sodium hydroxide 
manufactured by the A. H. Thomas Company.

(7) An unglazed, vitreous refractory porcelain tube manufactured
by the MeDanel Refractory Porcelain Company.

The hottest region of the furnace turned out to be exactly 
in the center. At 866°, the temperature was found to be Vi° 
lower Vs inch from the exact center. Only calibrated 
Chrome 1-Alumel thermocouples were used. The tempera
ture gradients across the nickel shield or a quartz shield were 
established over the temperature range by inserting into the 
hot zone a couple without a shield and one with a shield. 
The voltages generated by the thermocouples were measured 
by a potentiometer. Temperature was controlled by the 
use of a Brown Electronic controller-recorder in conjunc
tion with a resistance coil which cut the power to 90% of its 
full value with the recorder relay in the off position. Tem
perature stabilization was further aided by the use of a Tem- 
cometer.8 The result was that the temperature fluctuated 
by ±1.4° or less about a mean temperature.

The quantity of BeF2 deposited in the condenser was de
termined by difference weighings on an analytical balance, 
and by chemical analysis.

The rate of diffusion of the salt into the condenser at 
various temperatures was determined by simply clamping 
off the exit end of the condenser while in the McDanel tube 
for a given length of time. For each run, then, the amount 
of BeF2 deposited by diffusion alone could be determined 
and subtracted from the total deposited.

Material.—The BeF2 used was supplied by the Brush 
Beryllium Company and reportedly had the following com
position: a minimum of 99.0% BeF2, with about 0.02% 
iron, 0.02% aluminum and 0.01%, magnesium. The re
mainder was made up primarily of BeO and moisture.

Experimental Procedure.—After a charge of about 20 g. 
of BeF2 was placed in the boat and the apparatus was as
sembled, the system was purged by passing a rapid stream 
of nitrogen through the system. Then the temperature 
was raised to about 200° for approximately 4 hours while 
nitrogen was passed through fairly rapidly. This served to 
drive moisture out of the BeF2, which is hygroscopic. Then, 
using a moderate nitrogen flow rate, the temperature was 
raised for several hours to that at which the run was to be 
made. This served to purify the charge further by driving 
off any low boiling components which might be present. 
During this procedure, a “ dummy”  condenser with the 
exit end sealed off from the atmosphere by dibutyl phthalate, 
was inserted into the McDanel tube. When the run was 
started, the dummy condenser was removed and the regular 
condenser inserted. Immediately upon insertion of the con
denser, the clamped-off rubber tubing leading to the Mari
otte flask was attached. This procedure permitted the air 
in the condenser to be flushed out. Generally, about 10 
minutes were allowed to let the condenser get up to tem
perature. Then, the clamp on the rubber tubing to the 
Mariotte flask was released, and the run was started. Read
ings were taken at regular intervals throughout the runs to 
ensure proper control. At the end of the runs, the regular 
condenser was removed and replaced by a dummy conden
ser. From the regular condenser, the amount of BeF. de
posited was determined.

Results
T h e  s t a b i l i t y  o f B e F 2 w a s  e s ta b lis h e d  b y  B r e w e r ,9 

w h o  c a lc u la te d , f r o m  H e r z b e r g ’s 10 d a t a , th a t, w i t h  a 
t o t a l  p re s s u re  o f 2 X  1 0 -6  a t m . ,  B e F 2 is  n o t  5 0 %

(8) A voltage regulator manufactured by the Thermo Electric 
Mfg. Co., Dubuque, Iowa.

(9) L. L. Quill, “ The Chemistry and Metallurgy of Miscellaneous 
Materials. Thermodynamics,” McGraw-Hill Book Co., Inc., New 
York, N. Y ., 1950, p. 215.

(10) G. Herzberg, “ Molecular Spectra and Molecular Structure,” 
Prentice-Hall, Inc., New York, N. Y ., 1939.
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dissociated  until abou t 3 0 0 0 °K . Since B e F 2 does 
n ot d issociate ap preciab ly  at the tem peratures

Temp.,
°C.

T a b l e  I

Vapor pressure, 
Obsd.

mm.
Calcd.

Flow rate 
of nitrogen, 
cm,3/min.

7 4 5 .9 0 .4 84 0 .4 6 7 4 .8 9
745 .9 .493 .467 2 .8 4
7 4 6 .4 .519 .473 7 .6 4
746 .5 .453 .474 8 .7 5
7 6 2 .9 .656 .740 2 .8 4
7 6 2 .9 .704 .740 8 .4 6
763.1 .698 . 743 4 .6 2
7 7 6 .4 1 .04 1.05 4.41
7 7 7 .2 1 .12 1 .0 8 2 .8 4
778 .9 1 .28 1.12 7 .1 2
781.1 1 .15 1.19 7 24
7 8 1 .4 1 .12 1 .2 0 2 .8 2
7 8 1 .6 1 .25 1 .2 0 4 .5 5
8 2 0 .5 2 .9 6 3 .0 1 8 .3 8
8 2 0 .5 3 .1 1 3.01 2 .8 3
8 2 0 .6 2 .8 7 3 .0 2 4 .6 2
83 3 .5 4 .3 8 3 .9 7 2 .5 8
83 3 .7 4 .4 6 3 .9 8 7 .5 5
8 3 4 .0 3 .8 0 4.01 4 .0 4
8 7 9 .2 10 .46 9 .9 3 4 .3 9
8 7 9 .2 10 .60 9 .9 3 2 .2 6
8 7 9 .7 10 .12 10.01 2 .8 5
8 8 0 .6 11 .37 10.21 8 .1 7
9 1 6 .8 2 0 .0 2 0 .0 2 .2 6
9 1 7 .0 20 .1 20 .1 4 .6 0
9 1 7 .0 17 .4 20 .1 7 .1 3
9 4 0 .5 3 0 .7 3 0 .6 7 .1 2
941.1 3 4 .3 3 0 .8 7 .2 7
9 4 1 .4 3 0 .9 31 0 2 80
9 4 1 .7 3 2 .4 3 1 .2 4 07
9 6 7 .4 50 .1 4 8 .3 2 .7 3
968.1 4 8 .2 4 8 .9 7 .1 3
968.1 4 8 .4 4 8 .9 4 .0 9

studied, the vap or pressure o f B e F 2 can be ca lcu 
lated d irectly  from  the data  obta ined  in the runs. 
D a ta  on the results o f  runs con du cted  in  this w ork  
are given  in T a b le  I.

W ith in  the lim its o f  experim ental error, it  is 
apparent from  these data  that extrapolation  to  zero 
flow  rate is unnecessary, since saturation  o f the 
carrier gas was ach ieved  at the fastest flow  rate. 
H ence, the data  w ere p lo tted  w ith ou t regard to  the 
flow  rate. T h e  fo llow in g  relations were derived .

From  7 4 0 -8 0 3 °

log p (mm.) = 11.822 -  12385/2’, °K. (2)
A223ubiimation — 56.64 kctil./mole (3)

From  8 0 3 -9 6 8 °

log p (mm.) = 10.651 — 11125/2’, °K. (4)
Affirmation = 50.88 kcal./mole (5)

Extrapolated boiling point = 1159° (6)

E qu ation  2 was obta ined  b y  a pp lica tion  o f the 
least squares m ethod . F rom  2 and  4, th e  m elting  
p o in t is fou n d  to  be 803°.

In  a recent p a p er ,11 the m elting p o in t o f B e F 2 w as 
determ ined  to  be  543°. H ow ever, v is ib le  ev iden ce 
from  our w ork  indicates that B eF 2 is still in the 
solid  state at a tem perature o f 754°. M ore o v e r , 
N ov ose lov a , et a l.,12 determ ined the m elting  poin t 
o f B e F 2 to  be close to  800°.

T h e  reliability  o f this v a p o r  pressure apparatus 
was checked  b y  m aking runs w ith  KC'l. T h e  on ly  
change in  the apparatus w hen KC1 determ inations 
were m ade was the use o f quartz instead o f n ickel. 
T h e  results in d icated  g ood  agreem ent w ith  current 
literature.

(11) D. Roy, R. Roy and E. F. Osborn, J. Am. Ceram. Soc., 33, 85 
(1950).

(12) A. V. Novoselova, M. E. Levina. Y . P. Siraanov and A. G. 
Zhasmin, J. Gen. Chem. ( U.S.S.R .), 14, 385 (1944).
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BINARY FREEZING-POINT STUDIES FOR BORON BROMIDE WITH
INORGANIC HALIDES1

By Robert F . Adamsky and Charles M . W heeler, Jr.
Department, of Chemistry, University of New Hampshire, Durham, N. II.

Received September 2, 1953

Freezing point and solubility data are presented for the binary systems boron bromide-aluminum bromide, boron bromide- 
arsenic bromide, boron bromide-stannic bromide and boron bromide-stannic iodide. All systems had simple eutectic points 
and there was no evidence of compound formation. Comparisons of ideal and experimental solubilities have been made and 
are interpreted with the aid of the internal pressure concept.

T h e  num ber o f m olecu lar coord in ation  co m 
pou nds w ith  boron  brom ide  is far less than that 
reported  fo r  boron  fluoride and  boron  ch loride. 
M a rtin 2 has reported  com p ou n d s w ith  B B r3 in 
w hich  the d on or  atom s belon g  to  G rou p  V  (n itro 
gen, arsenic, ph osph oru s), G rou p  V I  (oxygen  and 
sulfur) and G rou p  V II  (ch lorine and brom ine). 
N o  elem ent o f  G rou ps I, I I , I I I  or IV  has been 
fou n d  to  a ct as a d on or  to  boron  brom ide.

T his paper reports the results o f  cry oscop ic  and 
so lu b ility  studies o f  system s o f  boron  brom ide  w ith 
som e halides o f  G rou p  I I I  (a lum inum  b rom id e), 
G rou p  IV  (stannic brom ide  and stannic iod ide) 
and G rou p  V  (arsenic b rom id e).

Experimental
Materials.—Boron bromide was prepared by metathesis 

of boron fluoride and anhydrous aluminum bromide.3 The 
boron bromide was shaken with mercury, distilled and 
stored in all glass containers. The boron bromide was re
distilled immediately prior to its use, b.p. 90.6-91°.

The aluminum bromide (Matheson, Coleman and Bell) 
was twice distilled yielding a pure white crystalline product 
which froze at 97.0°.

Stannic bromide was synthesized from the elements and 
purified by two successive distillations, freezing point 30.2°.

Stannic iodide was prepared by reaction of granular tin 
with iodine dissolved in carbon disulfide, the solvent being 
evaporated after the reaction. The compound was purified 
by crystallization from benzene, freezing point 143.5 to 
144.0°.

Arsenic bromide was prepared from the elements and 
purified by distillation, freezing point 30.8°.

Procedure.—The freezing points of the stannic iodide- 
boron bromide systems, at stannic iodide concentrations of 
30 mole per cent, or greater, were obtained by the sealed 
tube (static) method of Collett and Johnston.4 Stannic 
iodide solutions less than 30 mole per cent, and all other 
systems were studied by the freezing point method. The 
freezing points were determined by means of cooling curves 
using a copper-constantan thermocouple to determine tem
peratures. The thermocouple was calibrated against an 
electronic resistance thermometer.

The freezing point cell was 20 cm. long X 2 cm. diameter 
fitted with a 24/40 joint. The cell cap carried a thermo
couple well, a mercury seal with a glass coil vortical motion 
stirrer and a glass stoppered addition tube. All determina
tions were made with 10 to 15 cc. of solution. All additions 
were made in a “ dry”  box. The cooling curves were ob
tained over the entire composition range for each system 
studied with the exception of the part of the stannic iodide 
system noted above.

Results and Discussion
T h e  freezing p o in t-co m p o s it io n  diagram s fo r  the 

fou r system s reported  in  this paper are g iven  in 
Figs. 1, 2, 3 and 4. T h e  solubilities o f  alum inum

(1) Taken in part from the M.S. thesis of Robert F. Adamsky.
(2) D. R. Martin, Chem. Revs., 42, 581 (1948).
(3) L. F. Audrietb, ed., “ Inorganic Syntheses,“  Vol. I l l , McGraw- 

Hill Book Co., Inc., New York, N. Y., 1950, p. 27.
(4) A. R. Collett and J. Johnston, T his Journal, 30, 70 (1926).

Mole % aluminum bromide.
Fig. 1.—The aluminum bromide-boron bromide system.

Mole % stannic bromide.
Fig. 2.—The stannic bromide-boron bromide system.

Mole % stannic iodide.
Fig. 3.—The stannic iodide-boron bromide system.

brom ide , stannic brom ide , stannic iod id e  and ar
senic brom ide  in b o ro n  brom id e  are show n in Figs. 
5 -8  inclusive, p lo tted  as the logarithm  o f the m ole 
fraction  o f the halide vs. the reciprocal o f  the 
absolu te  tem perature. T hese p lots w ere m ade to
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Mole % arsenic bromide.
Fig. 4.—The arsenic bromide-boron bromide system.

determ ine th e  d ev ia tion  fro m  ideal so lu b ility  after 
th e  m eth od  used b y  H ild eb ra n d .6 T h e  ideal so lu 
bilities w ere ca lcu lated  from  th e  heats o f  fu sion  and 
heat capacities, w here available, o f  th e  solutes.

Fig. 5.—The solubility of stannic iodide in boron bromide: 
------ , ideal; O—O, experimental.

T h e  alum inum  b ro m id e -b o ro n  brom ide  system  
has a  eu tectic  at — 46.1 ±  0 .5 ° and 5.24 m ole  per 
cent, alum inum  brom ide  as A l2B r6, w ith  n o  ev idence 
o f  com p ou n d  form ation . A lu m in u m  brom id e  has 
been considered to  be  A l2B r6 th rou gh ou t this 
present w ork  in  v iew  o f  the k n ow ledge o f  its m o lec
ular state w hen n o  chem ical reaction  has occurred . 
T h e  coo lin g  curves o f  pure alum inum  brom ide  
show ed  n o  phase tran sform ation  dow n  to  room  
tem peratures. T h is observation  is in  a cco rd  w ith  
and  su pports th e  reports o f  B u rbage  an d  G arrett6

(5) J. H. Hildebrand and R. L. Scott, “ The Solubility of Non- 
Electrolytes,”  3rd ed., Reinhold Publ. Corp., New York, N. Y ., 1950, 
Chap. XVII.

(6) J. J. Burbage and A. B. Garrett, This Journal, 5 6 , 730 (1952).

Fig. 6.—The solubility of arsenic bromide in boron bromide: 
------ , ideal; O— O, experimental.

and oth ers7 w hose con clu sion s w ere n o t in  agree
m en t w ith  K en dall, C ritten den  and M ille r .8 T h e  
latter w orkers reported  a phase tran sform ation  
near 70° fo r  solid  alum inum  brom ide.

T h e  stannic b ro m id e -b o ro n  b rom id e  system  has a 
eu tectic  at — 52.5 ±  0 .5 ° an d  18.3 m o le  per cent, 
stannic brom ide. T here is n o  com p ou n d  form ed  
in  th is system .

T h e  stannic io d id e -b o ro n  b rom ide  system  form s 
n o  com p ou n d  and has a  eu tectic  at — 51.1 ±  0 .5 ° 
and 0 .94 m ole  per cent, stannic iod ide.

T h e  system  arsenic b ro m id e -b o ro n  brom id e  has a 
eu tectic  at 5.8 m ole  per cent, arsenic b rom ide , freez
in g  at — 54.1 ±  0 .5 ° . T here  was n o  ev id en ce  o f  
com p ou n d  form a tion  in  th is system . In  a  p rev iou s  
s tu d y  o f  b o ro n  b rom id e  reactions, T a r ib le9 o b 
served th at arsenic b rom id e  w as solu ble  in  b o ro n  
brom ide, b u t th at n o  reaction  occu rred  a t 18°. 
O ur findings are con sistent w ith  th ose  o f  T arib le , 
and his observation  m a y  thus be  exten ded  to  the 
entire con cen tra tion  range.

I t  is apparent from  the present phase studies 
th at b rom in e in  alum inum , stann ic and arsenic 
brom ides and iod in e  in  stannic iod id e  sh ow  n o  
ten den cy  to  coord in ate  w ith  boron  in  b o ro n  b r o 
m ide. O n ly  on e instance is rep orted  in  w h ich  b r o 
m ine is considered  the d on or  a tom , in  th e  case o f  the 
com p ou n d  P B r6 B B r3.10 In  con trast, C u eilleron ,11 
in a s tu d y  o f  the system  B r2-B B r 3, fo u n d  th at n o  
m axim um  occu rred , the system  h av in g  a sim ple 
eu tectic  at 80 m ole  per cent. B B r3 and  — 60.4. 
H is w ork  in d icated  th at free  b rom in e  ap p aren tly

(7) J. D. Heldman and C. D. Thurmond, J. Am. Chem. Soc., 66, 
427 (1944).

(8) J. Kendall, E. D. Crittenden and H. K. Miller, ibid., 4 5 , 963 
(1923).

(9) J. Tarible, Compt. rend., 132 , 204 (1901).
(10) J. Tarible, ibid., 116, 1521 (1893).
(11) J. Cueilleron, ibid., 2 1 7 , 112 (1943).
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Fig. 7.—The solubility of stannic bromide in boron bromide: 
------ , ideal; O— O, experimental.

has n o  ten d en cy  to  don ate  electrons to  b o ro n  
brom ide  to  fo rm  a m olecu lar com p ou n d . T h e 
data  obta in ed  in  the present research indicates the 
sam e con clu sion  w ith  respect to  b rom in e as brom ide.

O f the three m eta l com p on en ts  used  in  th is re
search, o n ly  arsenic has p rev iou sly  been  considered  
to  be  a d on or  a tom  w ith  boron  in b o ro n  brom ide. 
A n  in vestiga tion 12 o f th e  system  b o ro n  b r o m id e - 
arsine gave  ev id en ce  o f  a  1 ; 1 com p lex  betw een  
arsine and  b o ro n  brom ide. In the com p lex  w hich  
was form ed  arsenic was considered  to  be  the d o n o r  
a tom . In  con trast, n o  ten d en cy  fo r  coord in ation  
w as show n  b y  arsenic in  arsenic b rom id e  in  this 
research.

H ild ebran d 5 has sh ow n  th at in  n on -p o la r  system s 
th e  relative va lues o f  the internal pressures o f  the 
tw o com p on en ts  are im p ortan t fa ctors  in  determ in 
ing the solubilities (or  freezing p o in t  depressions) 
in  the system s. T h erefore  a com parison  o f  the 
dev iation  from  ideal so lu b ility  show n  in  Figs. 5 -8  
and the internal pressures o f  th e  a dded  halides 
seem ed desirable.

Stann ic io d id e  and  arsenic b rom id e  exh ibited  
p ositive  dev iation s from  ideal so lu b ility . T heir 
ca lcu lated  internal pressure va lues are 135.8 and
120.5 c a l . /c c . ,  resp ective ly , com p ared  to  80.5 c a l . /

(12) A. Stock, Ber., 34, 949 (1901).

Fig. 8.—The solubility of aluminum bromide in boron 
bromide: •, ideal; O, experimental.

cc. fo r  boron  brom id e . T h is  p os it iv e  dev ia tion  
is consistent w ith  H ild eb ra n d ’s ob serva tion  that 
large differences in  internal pressures, betw een  
solu te  and solven t, are generally  reflected  in  d e 
creased solubilities. T h e  p lo t o f  the experim ental 
data  fo r  these tw o  solutes in  F igs. 5 and 6 form s an 
S shaped curve, ty p ica l o f  solu tion s w hich  h ave been 
classified as regular b y  H ildebran d . Sufficient 
data  are n o t availab le to  a llow  ca lcu lations over  a 
w ide tem perature range to  test th is classification .

A  com parison  o f  th e  experim en tally  determ ined  
so lu b ility  w ith  th e  ca lcu lated  ideal so lu b ility  for  
stannic b rom ide  show s a n egative  dev iation . T h e  
internal pressure was ca lcu lated  to  be  77.5 c a l . /c c . ,  
som ew hat low er than  the sim ilar q u a n tity  fo r  boron  
brom ide.

T h e  experim ental data  fo r  alum inum  b rom id e  
correspon ded  close ly  to  the ca lcu lated  ideal so lu 
b ility  curve. T h e  latter cu rve  w as p lo tted  b y  
ca lcu latin g  the heat o f  fu sion  fo r  alum inum  brom id e  
at a  num ber o f  different tem peratures using ava il
able heat ca p a c ity  data. T h e  internal pressure 
va lu e  fo r  alum inum  b rom id e  w as fo u n d  to  be
78 .6  c a l . /c c .

F rom  the a b ov e  com parisons, large differences 
in  internal pressures appear to  be  sign ificant in 
determ in ing so lu b ility  relationships in these sys
tem s. H ow ever, add ition a l th erm od yn am ic data, 
such as heat ca p a city  o f  liqu id  b o ro n  b rom ide , are 
needed  fo r  a m ore  rigorou s treatm en t o f  the solu 
b ility  curves.
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STUDIES ON IONIZED SURFACE LAYERS USING a-RECOIL ATOMS. THE 
COADSORPTION OE Bi-212 IONS AT SODIUM DODECYLSULEATE SURFACE

LAYERS
By Naftali H . Steiger1 and Gunnar Aniansson

Division of Physical Chemistry, Royal Institute of Technology,
Stockholm 70, Sweden
Received September A, 1953

A new radioactive method for measuring the adsorption of solutes at the surface of a solution has been developed. Utiliz
ing the a-recoil mechanism the eoadsorption of Bi-212 ions at the surface layer of aqueous solutions containing nitric acid 
(10-1-10-1 M) and sodium dodeeylsulfate in various concentrations has been studied. Upon the «-decay of Bi-212 the 
beta and gamma active Tl-208 atoms recoiled from the surface of the solutions and were collected on a negatively charged 
metal plate placed over the solutions. When the activity of the recoil atoms on the plate had reached saturation the plate 
was removed and its activity followed with a GM-eounter thus giving a relative measure of the coadsorption of the Bi ions. 
The range of the recoiling Tl-208 atoms in water is about 1000 A. and should thus be of suitable magnitude for the investi
gation of surface layers. The surface tension of the solutions as well as the amounts of radiocolloidal Bi-212 and Pb-212 
in the solutions were determined. Optimum conditions for the above mentioned method are obtained in solutions contain
ing 0.1-0.5 mmole of sodium doderylsulfate/1. and 10~2-10-3 mole of HNOj/l- In these concentration intervals relatively 
high recoil activities, resulting in good precision, are obtained and further the amount of radiocolloids is not important. 
The ratio of polyvalent ions such as Pb-212, Pb-208, Bi-212, etc., to dodeeylsulfate ions in the surface layer was estimated 
to be less than 1:100. The coadsorption of polyvalent ions should thus not change the general character of the surface 
layer to any important extent.

1. Introduction.— M a n y  different m ethods have 
been developed  for  the m easurem ent o f the adsorp
tion  o f solutes at the surface o f solutions. R ecen tly  
rad ioactive  m eth ods have been in trodu ced  b y  
H u tch in son 2 D ixon , W eith , A rgy le  and S a lley3-7 
and A niansson and L a m m .8-11 In  these m ethods 
the am ount o f coadsorbed  rad ioactive  ions or 
rad ioactive ly  tagged  soap m olecules in the surface 
layer was m easured w ith  a G M -tu b e . N on e o f the
90 Th
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88 Ra

87 Fr 
86 Rn

85 At
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81 T1
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Fig. 1.—The decay scheme of Th-228.
Cl) On leave from the Division of Physical Chemistry, Hebrew 

Institute of Technology, Haifa, Israel.
(2) E. Hutchinson, J. Colloid Sci., 4, ”>99 (1949).
(3) J. K. Dixon, A. J. Weith, A. A. Argyle and D. J. Salley, Nature, 

163, 845 (1949).
(4) D. J. Salley, A. .T. Weith, A. A. Argyle and J. K. Dixon, Proc. 

Roy. Soc. (London), A203, 42 (1950).
(5) C. J. Judson, A. A. Argyle, D. J. Salley and J. K. Dixon, J. 

Chem. Phys., 18, 1302 (1950).
(6) C. M . Judson, A. A. Argyle, J. K. Dixon and D. J. Salley, ibid.,

19, 378 (1951).
(7) C. M . Judson, A. A. Lerew, J, K. Dixon and D. J. Salley ibid.,

20, 519 (1952).
(8) G. Aniansson, Arkir Fysik, 2, No. 22, 229 (1949).
(9) G. Aniansson and O. Lamm, Nature, 165, 357 (1950).
(1 0 ) G. A n ia n s so n , T h is  Journal, 5 5 , 1286  (1 9 5 1 ).
(11) G. Nilsson and O. Lamm, Acta Chem. Scand., 6, 1175 (1952;.

m ethods perm itted  a d irect m easurem ent o f the 
th ickness o f  or the con cen tration  gradient in  the 
surface layer o f the soap solution .

Such d irect m easurem ents, how ever, m ay  be  pos
sible using the a -reco il m echan ism .9’ 10' 12 A  p re 
lim inary report on  experim ents based on these 
ideas has been published re ce n tly .13 It  seems 
plausible to  suppose that the layer th ickness as far 
as it is possible to  define the low er bou n d in g  sur
fa ce  is betw een  som e ten  and som e hundred  
A .14-16 T h e  range o f the T l-208  (T h C ") atom s re
sulting from  the a -d eca y  o f B i-212 (T h C ) is abou t 
1000 A . in  w ater and should thus be o f  a suitable 
m agn itude fo r  such m easurem ents. T h e  m easure
m ents reported  here were undertaken  to  find suit
able con d itions for  a detailed  in vestigation  o f the 
surface layer. T h e  surface active  substance chosen 
was sod ium  dodeeylsu lfa te  in the fo llow in g  abbre 
v ia ted  to  SD S.

V arious fa ctors  have been investigated , e.g., the 
tota l am ou n t o f  coadsorbed  B i ions w ith  v a ry in g  
S D S  con cen tration , the influence o f the con cen tra 
tion  o f n itric acid  necessary to  suppress the h y 
drolysis o f  B i ions and the form ation  o f rad io
colloids, the am ou n t o f these rad ioco llo ids and  
finally  the so lu b ility  o f  lead and b ism uth  ions in  
the solutions.

2. The Principles of the Measurements and the 
Recoil Atom Mechanism.— A ll m easurem ents were 
m ade on  n itric acid  solutions, o f  d iffering p H  
values, w hich  had been a ctiva ted  w ith  P b -2 1 2 /B i-  
212 (T h B /T h C )  from  a p latin um  w ire. T hese  
isotopes, d eca y  produ cts from  R n-220  (T n ), w ere 
co llected  in an electrical field on  the w ire in the 
R n -220  con ta in ing  air a b ov e  a T h -2 2 8  (R d T h ) 
source (see F ig . 1). A fter  rem oval o f the w ire the 
activa ted  solu tion  w as a llow ed to  stand  overn igh t.

(12) G. Aniansson, to be published.
(13) G. Aniansson and N. H. Steiger, J. Chem. Phys., 21, 1299 

(1953).
(14) E. Hutchinson, Trans. N. Y. Acad. Sci., 11, 266 (1949).
(15) J. C. Hcnniker, Revs. Mod. Phys., 21, 322 (1949).
(16) C. Bacon, Thesis, Stanford University (1933).
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T h e transient equilibrium  betw een  the m other sub
stance, in this case P b -212  (2h /s =  10.6 h r .), and its 
d ecay  produ cts, B i-212  { T ■/, =  60.5 m in .), P o-212 
( T ,/, =  3 .1 0 - 7 sec.) and T l-2 0 8  (75/, =  3.1 m in .), 
is p ractica lly  reached in a few  hours. W h en  the 
solution  w as used the next d ay  it therefore had  an 
apparent half life o f 10.6 hours.

One can assum e that a large part o f the p o ly v a 
lent m etal ions in these n itric acid  and S D S  solu
tions are coadsorbed  at the surface togeth er w ith  
the soap ions. T h e y  presum ably  replace an equ iva 
lent num ber o f norm al gegenions, in this case 
sod ium  and h yd rogen  ions. T h e  po lyva len t m etal 
ions are the rad ioactive  elem ents, P b -212  and 
B i-212, and the stable d eca y  produ ct, P b-208 .

T h e  recoil a tom  m echanism  used in the m easure
m ents o f  these adsorptions w ill n ow  be  exam ined. 
Figure 2 g ives a schem atic p icture o f the surface 
layer o f the rad ioactive  solu tion . E v e ry  « -p a rtic le  
em itted  leaves a recoiling nucleus, in  this case T l- 
208, w h ich  m a y  recoil d ow n  in to  the solu tion  or 
leave the surface layer depend ing  on  the d irection  
o f the correspon d in g  a -particle .

In  the /3-decay o f P b -212  the resulting B i-212 
a tom  is a lso g iven  a certain  recoil energy. T h e  
m axim um  recoil en ergy  o f these B i ions is h ow ever 
on ly  a b o u t 3 ev . T h is  energy will m ost p rob a b ly  
n ot be en ough  to  take the B i-212  a tom  ou t o f  the 
solution . A lth ou gh  n o  m easurem ents seem  to  have 
been m ade on  the pen etrating  pow er o f atom s in 
this en ergy  in terval, experim en ts17' 18 w ith  recoil 
a tom s from  ¡3- an d  y -d e ca y s  in d icate  th at even  a 
m on oatom ic layer w ou ld  be sufficient to  stop  atom s 
o f this energy. A ccord in g  to  th e  com m on  con cep t 
o f  the surface o f  soap  solutions, the coad sorbed  
P b-212  ions should  have several “ a tom  layers”  
betw een  their p osition  and the air space. I t  there-

(17) C. W. Sherwin, Phys. Rev., 75, 1798 (1949).
(18) H. Frauenfelder, Ilelv. Phys. Acta, 23, 347 (1949).

fore  seem s m ost unlikely  th at a n y  recoiling B i-212 
ion  should  reach the air over  the solu tion  and  be 
co llected  on  the plate. In  add ition  the results d o  
n ot indicate an y  influence due to  a 60-m inutes half 
life (B i-212 ).

T h e  energy o f m ost o f the « -p a rtic les  em itted  
due to  the d ecay  o f B i-212 can w ith  g ood  approx i
m ation  be pu t equal to  6.1 m ev. A ccord in g  to  
C hang and C o o r 19 20 the energies o f the lines « 4 and 
«5 were fou n d  to  be 6.07 and 6.113 m ev., respec
tive ly , and b o th  lines togeth er con stitu te  approx i
m ately  10 0 %  o f the em itted  «-p a rtic les . W ith  this 
value the energy, fo r  the recoiling T l-208  a tom . E m  
=  0.117 m ev., is obtained . F or  the fo llow in g  in 
vestigations it is o f  interest to  k n ow  the range o f the 
recoil a tom s in the solutions. E x ce p t  fo r  the sur
fa ce  layer, the con cen tration  o f n itric acid  and SD S 
is so  sm all that it is possible to  p u t this range equal 
t o  th at in  pure water. D irect m easurem ents o f the 
range o f « -re co il a tom s in w ater have n ot been 
m ade bu t it is possible to  estim ate this range from  
the m easured ranges o f  T l-208  in H 2 (0 .54 m m .)2(1 
and o f P o-215  (127 k e v .)21 and  P b -212  (112 k e v .)22 
in air (0.092 and 0.099 m m ., resp ective ly ). T h e  
range o f T l-208  in air can be in terpolated  from  the 
last tw o  m easurem ents; the result 0 .095 m m ., can 
be assum ed t o  b e  p ractica lly  equal to  the range in 0  >.

U sing the B ragg  law concern ing  the a d d itiv ity  
o f a tom ic stopp in g  pow ers, the range in  w ater has 
been  com pu ted , resulting in the va lu e  1050 A .

T h e  num ber o f recoil atom s dA7 w hich  reach the 
surface o f a solution  and leave it, is (n eglectin g  the 
“ stragglin g” )

nAdx(R -  x) ,
2 R 1

(19) W . Y . Chang and T. Coor, Phys. Rev., 74, 1196 (1948).
(20) W . Kolhörster, Z. Physik, 2, 257 (1920).
(21) L. W. MoKeehan, Phys. Rev., 10, 473 (1917).
(22) L. Werthenstein, Ann. JJhysik, [9] 1, 347 (1914).
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w here A  =  the surface area, n  =  th e  num ber of 
B i-212  decays per unit volu m e, x =  the d ep th  under 
the surface. I f  n  does n ot change w ith  the depth , 
1 can be in tegrated  g iv ing

N =  nAR! 4 (2)
T h u s y 4 o f the recoil atom s em itted  w ith in  a depth  
R  reach the surface in a h om ogen eous surface layer. _

W h en  the stopp in g  process in the air space is 
com p leted  the recoil a tom  carries a p ositive  charge. 
A  n egative ly  charged brass 
p la te  w as p laced  a b o v e  the 
surface o f the liqu id  in 
order to  co llect th e  posi
tiv e ly  charged  recoil atom s.
D epen d in g  on  the stopp in g  
m edium , th e  recoil a tom  
can  also b e  n egatively  
ch arged .23 B y  reversing 
th e  p o la rity  on  the co llect
in g  p la te  to  positive , so as 
to  co lle ct  n egative  ions, the 
co llected  a c t iv ity  decreased 
to  less th an  0 .2 %  (experi
m ental s e n s it iv ity ). T h is 
show s th at under the pres
en t con d ition s  n egative ly  
charged  recoil a tom s are 
p ra ctica lly  non-existent.
I t  has also been  rep orted 23 
th at a co llectin g  efficiency 
o f 10 0 %  can  on ly  be 
ach ieved  in v a cu u m  and 
th at it  is p ro b a b ly  som e
w hat sm aller in air. I t  m a y  
safely  be  assum ed h ow ever 
th at the co llectin g  effi
c ien cy  is in dependent o f  the 
com p osition  o f the solution  
and  thus w ith ou t im portan ce  in  relative m easure
m ents.

A s is show n in F ig . 1, the T l-208  atom s w h ich  are 
co llected  on  the p late are beta  and gam m a active  
and  can  thus in the con ven tion a l w ay  be  m easured 
using a G M -tu b e .

3. The Purity of the Solutions.—A commercial sample 
of SDS was dissolved in ethyl alcohol, filtered, three times

re crystallized and finally extracted with diethyl ether in a 
Soxhlet apparatus. The surface tension of an aqueous 
solution of SDS was measured as a function of the concen
tration with a du Noiiy tensiometer at three occasions, be
fore the purification (Fig. 3, curve A), after 24 hours extrac
tion with ether (curve B) and after 8 hours further extrac
tion (curve C). These curves show the same tendency as 
those reported by Miles and Shedlovsky.24 Although the 
minimum was not removed by this purification, it is most 
probable that higher homologs and not lauryl alcohol are 
the cause of the remaining minimum.

The nitric acid used was prepared from very pure concen-

Fig. 4 - Experimental arrangement: 
ring; D,

A, Lucite cell; B, circular platinum wire; C, 
brass plate; E, solution.

A
brass

Sodium dodecylsulfate concn., 10-3 mole/1.
Fig. 3.—Surface tension of aqueous solutions of sodium 

dodecylsulfate at varying concentrations at 18°: A,
before purification; B, after 24-hr. extraction; C, after 
32-hr. extraction.

(23) Rutherford, Chadwick and Ellis, ‘ 'Radiations from Radio
active Substances,”  Cambridge University Press, New York, N. Y.,
1930.

trated HN03 diluted with conductivity water. The conduc
tivity water was made from ordinary distilled water which 
was passed through a column of mixed cation and anion ex
changers (Amberlite IR-120 and IRA-400, resp.).25 The spe
cific conductivity of this water was 8 X 10 ~7 ohm-1 cm.-1.26

The diluted nitric acid was always activated with Pb- 
212/Bi-212 for one hour on the afternoon before the day of 
the measurements.

4. The Experimental Arrangement.—Figure 4 shows the 
experimental arrangement. A is a 5-mm. deep Lucite cell 
on the bottom of which is a circular platinum wire B with a 
connection to the outside of the cell. B is connected to the 
positive pole of a d.c. voltage source. One mm. above the 
liquid surface and the top of the cell, a brass ring C is placed 
to which a negative potential of 100 v. is applied. In this 
way edge effects could be neglected and a precise definition 
of the surface area obtained. Thus only those recoil atoms 
which leave the surface within the inner edge of the brass 
ring reach the brass plate D. This consisted of a thin brass 
sheet fixed to a thick Lucite plate. D is connected to the 
negative pole of the 300-v., d.c. supply. The whole ar
rangement was placed in a so-called “ gloved box”  where 
all experiments were performed. The use of the gloved 
box involved several advantages; dust could be fairly well 
excluded, the temperature held at a desired value and the 
relative humidity kept high thus minimizing surface evapora
tion . The evaporation was furthermore kept low by the rela
tively small gas space over the surface in the apparatus (about 
2.4 cm.3). The temperature of the box was 24.0 ±  0.5°.

(24) G. D. Miles and L. Shedlovsky, T his Journal, 48, 57 (1944).
(25) R. Kunin and R. J. Myers,“ Ion Exchange Resins,’ ’ John Wiley 

& Sons, Inc., New York, N. Y ., 1950, p. 109.
(26) This measurement was made by Mr. G. Nilsson in this 

Institute.
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5. Preparatory Measurements.— T o  determ ine 
w hen th e  e fficien cy  in  co llectin g  th e  reco il a tom s 
h ad  reached  its fu ll va lu e, th e  reco il a c t iv ity  was 
m easured ov e r  an  in terval o f  400 v . F igu re 5 
show s th at a  m axim u m  in th e  co llectin g  efficiency 
is ob ta in ed  even  a t re la tive ly  low  voltages, i.e ., 
a b ou t 50 v . A ll th e  fo llow in g  m easurem ents w ere 
m ade at a  v o lta g e  o f  300 v .

Voltage, v.
Fig. 5.—Recoil activity as a function of collecting voltage.

T h e  transient equ ilibriu m  betw een  P b -212  and  
B i-212, obta in ed  b y  th e  a ctiv a tion  o f th e  p latin um  
w ire over th e  em an ating  source, is destroyed  during 
the a ctiv a tion  o f th e  n itric  a c id  solu tions in  th at 
b ism uth  is d isso lved  to  a low er degree th an  lead. 
E ven  if  n o  B i-212  w ere d isso lved  fro m  th e  p latin um  
wire, equ ilibriu m  sh ou ld  be  reached  to  w ith in  
0 .0 3 %  if  the solu tion s h ave  been  standing  over
n ight (15 h r .).

In  the first p re lim in ary  m easurem ents w ith  this 
m eth od  it  w as fo u n d  th at a  com p on en t w ith  long  
half life  becam e s low ly  enriched  on  th e  p late during 
repeated  activa tion s  an d  m easurem ents. I ts  h a lf 
life p roved  to  b e  a b ou t 10.6 hr. and is therefore 
th ou ght t o  h ave been  P b-212 . A s  th e P b -2 1 2 /B i-2 1 2  
p roved  t o  con ta in  sm all am ou n ts o f  R a -2 2 4  (T h X ) 
it is m ost p robab le  th at the P b -212  obta in ed  on  the 
plate orig inated  from  R n -2 2 0  (rad ioactive  daughter 
o f R a -224 ) w h ich  h ad  d iffused  in to  th e  air over  the 
solution. A p p rox im a te  com p u tation s  show ed  also 
that the am ou n t o f  R a -2 2 4  present w as sufficient 
for  th is explanation .

T h e  T h -228  source w ith  w h ich  these results w ere 
obta in ed  w as rep laced  b y  a  n ew  on e w h ich  em itted  
m uch  less R a -224 . T h e  com p on en t o f  lon g  life 
cou ld  th en  n o  lon ger be  d e tected  on  the plate.

C urious varia tion s in  the surface tension  w ith  
tim e h ave  been  rev iew ed  b y  Sutherland and  it  was 
show n th at th e  results o f  d ifferent research w orkers 
were v e ry  co n tra d ic to ry .27 D iffu sion  o f the surface 
active  agent can n ot a lon e explain  m a n y  o f th e  re
sults and  thus i t  is necessary to  assum e h indering 
effects on  the pen etration  o f th e  surface layer or the 
presence o f  sm all am ou n ts o f  surface a ctiv e  im 
purities. Such  changes in  th e  surface layer w ou ld  
result in  a ch angin g  coad sorp tion  o f B i-212  ions. 
H ow ever still stronger in fluences on  the varia tion  o f 
the recoil a ctiv ity  w ith  tim e m a y  result fro m  a slow  
transport o f B i-212  ion s to  the surface layer. In  
the extrem e case th at all B i-212  and P b -212  ions 
are adsorbed  at th e  surface layer a fter equ ilibration ,

(27) K . L. Sutherland, Revs. Pure and Appl. Chem. (Australia), 1, 
35 (1951).

it is possible to  com p u te  h ow  fast these ions diffuse 
to  th e  surface layer during th e  in itia l u nequ ilibrated  
sta te .28 T h e  to ta l fraction , / ,  adsorbed  is

/  =  1 -  Q.Se-t/r (3)

w here t =  tim e an d  r  ~  5.6 hr. I f  d iffusion  alone 
determ ined  th e  rate o f  adsorp tion  o f the p o ly 
va len t ions the recoil a c t iv ity  w ou ld  certa in ly  v a ry  
greatly  fo r  several hours even  th ou gh  at m ost on ly  
1 5 %  o f  th e  B i-212  ions is coad sorbed  a t the surface 
layer. H ow ever  tu rbu len ce m u st result w hen the 
solutions are pou red  in to  the cell from  a p ipet. 
T h is  w ill p ro b a b ly  continue fo r  an  appreciab le  tim e 
a fter th e  rap id ly  occurring fo rm a tion  o f the surface 
layer o f  d odecy lsu lfa te  ions and thus greatly  en
h ance the transport o f  the B i-212  ions to  th is layer. 
W h en  turbu lence has stop p ed  therm al con v ection  
currents w ill a ct  in  the sam e d irection . E xperi
m ental m easurem ents on  the change o f recoil a ctiv 
it y  can not be  expected  to  be  v e ry  reprodu cib le  be
cause o f these factors. M easu rem en ts w ere m ade 
on  fou r  10 3 M  H N 0 3 solu tions con ta in ing  SD S 
in th e  concentrations (m ole /1 .), 0 .5  X  JO“ 3, 1.0 X  
l O - 3, 1.5 X  10~8 and 3.0 X  10~ 3, an d  P b -2 1 2 /B i-  
212 in  transient equ ilibrium  w ere pou red  in to  the 
m easuring cells from  a p ip et and their reco il a ctiv i
ties w ere fo llow ed  fo r  several hours after the form a
tion  o f the liqu id  surface (com pare  section  6 ). T h e  
results corrected  fo r  the rad ioactive  d eca y  using the
10.6 hr. va lu e  fo r  the half life  o f  P b -212 , are g iven  
in  F ig . 6. In  three o f  the m easurem ents equ ilib 
rium  is reached w ith in  the 20 m inutes used fo r  reach
ing saturation  in recoil a c t iv ity  b u t in  the fou rth  
equ ilibrium  is reached on ly  after several hours. 
C urves A , B  and  D  show  th at the slow  d iffusion  is 
m ostly  su fficiently enhanced  b y  tu rbu len ce or sim i
lar influences to  g ive  a rapid  atta in m en t o f equ ilib 
rium . T h e  greatly  d ifferent appearance o f curve C 
is natu rally  explainable in  term s o f the slow  d iffu 
sion  in  a n on -tu rbu len t so lu tion  b u t th e  difference 
betw een  th is cu rve  and the oth er ones is so large 
th at som e other, acciden ta l in fluence is p rob a b ly  
responsible.

Time, min.
Fig. 6.—-The recoil activity of the solution as a function 

of the time elapsing since the formation of the surface (cor. 
for the 10.6-hr. decay); all the solutions are 10-3 M with 
respect to HN03: A, 0.5 X 10~3 mole/1. sodium dodecyl
sulfate; B, 1.0 X 10“ 3; C, 1.5 X 10~5; D, 3.0 X 10~3.

(28) W . Jost, “ Diffusion in Solids, Liquids, Gases,” Academic Press, 
Inc., New York, N. Y ., 1952, p. 35.
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T h e  cu n ’ e C  w as obta ined  during som e auxiliary 
experim ents m ade after the m easurem ents reported  
in section  7 and thus in this section , n o  precautions 
were taken  against the appearance o f such slow  
attainm ents o f  equilibrium  as in cu rve  C .

6. Computations.— E ach  series o f m easurem ents 
u sually  lasted one d a y  and was m ade using S D S  
d issolved  at various con cen tration s in a n itric acid  
solu tion  o f specified  p H  value and con ta in ing  
P b-212 , B i-212 , etc., in transient rad ioactive  
equilibrium . T o  correct fo r  the 10.6-hr. d ecay  
in the a ctiv ity  o f the solution , a reference tim e was 
chosen fo r  every  series. T h is was usually chosen  to  
be the tim e w hen the p late  was first rem oved  from  
the field over the solution , n . T h e  tim e o f rem oval 
o f the p late was fo r  all the fo llow in g  m easurem ents 
determ ined  w ith  a stop -w atch . T hese p o in ts are 
ca lled  Tn. T o  correct fo r  the varia tion  in a ctiv ity  
o f the solu tion  from  one series o f m easurem ents to  
another the a ctiv ity  o f  2 m l. o f the solu tion  was 
m easured and  the corresponding  va lu e  fo r  the tim e 
n  ca lcu lated . F rom  th is a correction  fa ctor , f>, 
was com p u ted  w ith  w hich  all the results were m ulti
plied.

Since the half life o f T l-208  is v ery  short (3.1 
m in .), the in tegrated  a c tiv ity  o f  the p late A t  was 
m easured over a w ell defined interval, (2 — fi, 
(usually  10 m in .) from  w hich  the a c t iv ity  at the 
tim e o f rem ova l from  the liqu id  (r )  w as ca lcu lated  
(see F ig . 7 ).

C o llectin g  all these fa ctors  in to  the one form ula  
4, the recoil a c t iv ity  A d  in c .p .m ., w hich  is a d irect 
m easure o f the adsorp tion  o f the B i-212 ions at the 
surface layer, is obta ined .

A t, - ( A t -  TN)fi  X X  } t X / ,

w here
[ I T  ( A t  — 7W )\ [5 ]  [e Nifi Xihj

•'l =  2  [e —Xiij _  (0>

and sym bols
A t =  total activity (background included) of the plate 

measured over the interval, T = (b — U)
N — background in c.p.m.
T = interval, t, — h, min. 
f,  = correction for coincidence losses 
& = dead time of the counting circuit, min.
ft = factor correcting for the variation in total activity 

(total amount of Pb-212, Bi-212, etc.) between 
different series of measurements 

f 3 — factor correcting for the variation in counting 
efficiency of tube and scaler

t = time difference, r „  — n ,  between the zero time for 
the 10.6-hr. decay of the solutions and the time, 
T n , of the recoil measurement (i.e., the moment 
when the plate is removed from the solution—- 
corresponding to ton)

Ai = decay constant of Tl-208, min.“ 1 
A» = decay constant of Pb-212, min.“ 1

7. Results of the Recoil Activity Measurements.
— T h e  recoil m easurem ents w ere m ade on  P b-212 , 
B i-212, etc., a ctive  solu tions o f  n itric  acid  in the 
concentrations, 10“ 1, 1 0 “ 2, 1 0 “ 3 and  10“ 3 m ole /1 ., 
using a series o f S D S  con cen tration s from  0 to  15 
X  10“ 3 and  the recoil a c t iv ity  va lues defined b y  
form ula  4 calcu lated . A ltogeth er 15 series o f 
m easurem ents were m ade each com prisin g  10 differ
ent con cen tration s o f S D S . F igure 8 g ives a m ean 
value representation  o f part o f  these m easure
m ents, i.e., those w hich  were m ade under the m ost

favorab le  con d ition s w hich  
were on ly  reached a fter a 
series o f in trod u ctory  m eas
urem ents. G o o d  repro
du cib ility  required a th or
ough  exclusion  o f dust and 
other im purities, th erm o- 
stating, redu ction  o f ev a p o 
ration  and  con stan cy  in the 
general experim ental con 
ditions. A t  low  S D S  con 
centrations, i.e ., be low  1 
X  1 0 “ 3 m ole /1 ., g o o d  re
p rodu cib ility  was especia lly  
d ifficu lt to  a ch ieve, bu t 
cou ld  a fter p ractice  be 
obta in ed  rather w ell even  
in th at range. I t  should  be  
m entioned , how ever, th at 
the general ten d en cy  in  the 
results w as com p lete ly  
clear and reprodu cib le  even  
in the first prelim inary 
m easurem ents.

W ith  all con cen tration s 
of n itric acid, the m axim um  
is located  betw een  0.1 and 
0.05 X  10 -3  m ole  S D S /1 . 

T h e  expected  standard  
dev ia tion  in  th e  ra d ioa ctiv ity  m easurem ents lies be
tw een  ± 0 .5 %  fo r  the highest activ ities  and  ca. 
± 2 .5 %  fo r  the low est activ ities.

T w o  series o f m easurem ents w ere m ade w ith  the 
a dd ition  o f 5 m g. o f sod ium  h ex a m eta p h osp h a te / 
ml. A s cou ld  b e  expected  fro m  the com plex  
form in g ab ility  o f the phosphate, the adsorp tion  o f

Fig. 7.—-Illustration of the method of calculation of the recoil activity, Ad.

(4)
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Sodium dodecylsulfate concn., 10 3 mole/1.
Fig. 8.—The recoil activity of the solutions A d as function of the sodium dodecylsulfate concentration at 24°: I, in 10_1 

M HN03; II, in 10-2 M; i l l ,  in 10-3 M; IV, in 10-4 M; V, in 10-2 M plus sodium hexametaphosphate to a concentra
tion of 5 g./l.

B i-212 was suppressed. T h e  result is represented 
b y  the cu rve  V  in F ig . 8. T h e  recoil a c t iv ity  is 
a lm ost con stan t betw een  0 and 10 c .p .m . over all 
the con cen tration s o f S D S . T h e  ordinate on  the 
right-hand side in F ig . 8 g ives in the first a p prox i
m ation  the surface con cen tra tion  o f B i-212 w hich  
w as estim ated  in the fo llow in g  w ay

in w hich
4 d =  recoil activity according to 4 and Fig. 8, c.p.m.
F = area of the liquid in the cell A, i.e., the area of the 

opening in the brass ring C (Fig. 4), cm.2
rim = fraction of the Tl-208 disintegrations which are 

registered by the GM-tube in the standard 
measuring position ~  0.20

AT° = Avogadro’s number
>U)i-2i2 = decay constant for Bi-212, min.-1

T h e  fa ctor , ‘ / 2, is p laced  in the den om in ator because 
on ly  5 0 %  o f the recoil a tom s are d irected  upw ards 
(all o f  w h ich  are supposed  to  reach the air space). 
T h e  fa cto r  1/ t w h ich  also appears in the d en om in a
tor  is in trod u ced  because on ly  y 3 o f the B i-212  
d isintegrations in vo lve  the em ission o f an a -particle  
(see F ig . 1).

ft = fraction of recoil atoms emitted within the measuring 
area that are collected on the plate, the value 
chosen being 0.9

Figure 9 show s the variation  o f the recoil a c t iv ity  
w ith  the p H  va lu e  o f the solu tion  at a low  S D S  con 
centration  (0.1 m ole /1 .).

8. Supplementary Measurements, a. Surface 
Tension.— T h e  surface tensions o f  th e  solutions 
w ere m easured as a fu n ction  o f  the S D S  con cen 
tration  w ith  a du N o iiy  tensiom eter at 22 ±  1°.

F igure 10 show s the resulting curves fo r  the con cen 
trations, 10 -2 and  10 -3 m ole H N 0 3/1., fo r  b oth  
rad ioactive  and n on -rad ioactive  solutions. T h e  
higher ion ic strength  in these solu tions com pared  
w ith  solutions o f pure S D S  results in a m arked 
m ovem en t o f the critical con cen tra tion  to  low er 
values.

b. Radiocolloids.— I t  is a w ell-kn ow n  fa ct  that 
P b -2 1 2  and B i-212  tend to  form  rad ioco llo id s in 
neutral or w eak ly  acid  so lu tion s .29 I t  w as neces
sary to  determ ine to  w hat exten t such rad ioco llo id  
form ation  occu rred  in these experim ents since 
rad ioco llo ids m ust be  supposed  to  b eh ave  quite 
d ifferen tly  to  sim ple p o ly v a len t ion s in the e lectri
cal d ou b le  layer w hich  is form ed  in the surface o f 
the solution .

pH of the solution.
Fig. 9.—The dependence of the recoil activity Ad on 

the pH value of the solutions for a sodium dodecylsulfate 
concentration of 0.1 X 10-3 mole/1.

(29) l'\ I’aneth, Kolloid. 13, 297 (1913).
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Sodium dodeoylsulfate concn., 10 3 mole/1.
Fig. 10.—The surface tension of the solution as a function 

of the sodium dodecylsulfate concentration at 22°: A,
inactive solution, 10"2 M HN03; B, active solution, 10~2 
M HN03; C, inactive solution, 10-3 M HN03; D, active 
solution, 10 _3 M HN03.

F o r  th is purpose a series o f cen trifugation  experi
m ents w ere carried  ou t w hich  were sim ilar to  those 
m ade b y  W ern er ,30 H aissin sk y31 and  C ham id and 
H aissin sk y .32

T h e  m ean  values o f  du plica te  cen trifugation s at 
5000 r.p .m . and a radius o f 7 .0  cm . and  lasting 70 
m in. are g iven  in F ig. 11. T h e  sensitiv ity  o f the 
m easurem ents w as n ot sufficient to  reveal an y  d if
ference betw een  lead and b ism uth  in the colloidal 
form ation  tendency .

c. Solubility of Lead and Bismuth in the Solu
tions.— In  order to  m ake sure th at p recip ita tion  o f 
insoluble com pou n ds o f lead and b ism uth  d id  n ot 
occu r  the solubilities o f lead and b ism uth  in 
d odecy lsu lfa te  w ere determ ined. T h e  rad ioactive  
m eth od  in trodu ced  b y  H evesy  and P a n eth 33 was 
used from  w h ich  the so lu b ility  o f  lead and  bism uth  
ions in  th e  presence o f  10 -3  M  S D S  and 10 -2  M  
nitric acid  was obta ined

for lead 2.8 X 10-6 mole/1. 
and for bismuth 8 X 10-6 mole/1.

A ssum ing th at the precip itates form ed  are o f the 
types P b D 2 and B iD 3, the correspon d in g  so lu b ility  
p rod u cts  cou ld  be com pu ted

Spbm = 2 . 8  x  1 0 “ 11
<SBiDa = 8 X lO“ 16

T h e  highest con cen tration  o f S D S  used w as 1.5 
X  10 ~ 2 m ole/1 . E ven  w ith ou t considering th at at 
this con cen tration  o f S D S  the con cen tration  o f 
single d odecy lsu lfa te  ions is m u ch  smaller, one ob 
tains solubilities fo r  lead  ions

Cpbimax) = 1.3 X 10-7 mole/1. 
and b ism uth  ions

CBKm»r) = 0.36 X 1 0 - 7 mole/1.
w hich, as w ill be  show n, are m u ch  larger than  the 
con cen tration s o f lead and  bism uth  a ctu a lly  used.

T h e  to ta l am ou n t o f lead (P b -212  and  P b-208) 
and  b ism uth  (B i-212) in trodu ced  in to  the solution  
w as com p u ted  from  the activ ities and P b -208  con 
ten t o f the w ire before  a ctiva tion  a llow ing fo r  the

(30) O. Werner, Z. physik. Chem., A156, 89 (1931).
(31) M . Haissinsky, Compt. rend., 198, 580 (1934).
(32) C. Chami6 and M . Haissinsky, ibid,, 198, 1229 (1934).
(33) G. Hevesy and F. Paneth, Z. anorg. Chem., 82, 322 (1913).

Sodium dodecylsulfate concn., 10 3 mole/1.
Fig. 11.—The radiocolloidal fraction of the solution as a 

function of the sodium dodecylsulfate concentration: II, 
in 10“ 2 M HN03; III, in 10~3 M HN03; IV, in 10~4 M 
HN03.

fraction  o f lead and b ism uth  d issolved  from  the 
wire.

T h e  con cen tration s o f b ism uth  ions 0.8 X  10 - u  
m ole/1 ., and lead ions 4 X  10 -10 m ole /1 ., thus o b 
tained  are far b e low  the lim its o f so lu b ility . In  
add ition  the solu b ility  m easurem ents were m ade at 
18° w hile all o f the recoil m easurem ents w ere m ade 
at 24 °.

F in a lly  the con cen tration s o f the other tw o  d eca y  
produ cts o f B i-212 are g iven  fo r  the m axim al P b -212  
a c tiv ity  o f  25 m e ./I . used in  the solutions.

Cti-208 = 1.5 X 10-13 mole/1. and,
Cpo-212 = 0.5 X 10-21 mole/1. (ca. 10 atoms/1.!)

T hese concentrations are far to o  low  to  be  o f 
chem ical im portance.

9. Electrolysis and Radiation-Chemical Effects.
— It  is necessary to  m ak e clear to  w h at extent inter
fering reactions cou ld  be  im portan t. A n  estim a
tion  o f the ion ization  current appearing in the air 
space betw een  the liqu id  surface and  th e  collectin g  
p late D  gave abou t 10 -10 am pere. F or  a usual 
experim ent (a b ou t 6 hr.) 10 “ 11 equ iva len t o f elec
tro lyzed  substance should result. A n  ox id a tion  or 
redu ction  o f the S D S  o f th is m agn itude sh ou ld  n o t 
n oticea b ly  interfere w ith  the results.

T h e  prim ary  chem ical effect o f the rad iation  is 
presu m ably  the disintegration  o f w ater in to  H  and 
O H . T h is  effect o f the a - and  /3-rays over a tota l 
period  o f 6 hr. w as estim ated accord in g  to  A lle n 34 
to  be  10~ 10 m ole  w a ter /m l.

N o  decom p osition  yield  fo r  aqueous solu tions 
con ta in ing  H N 0 3 and dodecy lsu lfa te  h ave been 
fou n d , b u t it is possible that th e  presence o f H N 0 3 
w ou ld  som ew hat increase the decom p osition  y ield .

T hus, in  the extrem e case o f in teraction  betw een  
all the disintegration  produ cts w ith  dodecy lsu lfa te , 
the rad ioch em ical action  cou ld  p ossib ly  lead  to  
som e changes in the character o f  th e  surface.

B u t it  should  be  safe to  assum e th at such  an 
extrem e case does n ot actu a lly  exist and  th a t in  
m ost cases recom bination  results and  on ly  in  the 
few  rem aining ones m ay  a redu ction  or ox id a tion  
o f S D S  occu r.

T herefore  it  should  be possible to  assum e th at 
th is in fluence should  n ot interfere w ith  the in vesti
gations.

(34) A. O. Allen, T his Journal, 52, 479 (1948).
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10. The Relative Amounts of Bi-212 and 
Sodium Dodecylsulfate in the Surface Layer.— It
is o f  p rim ary  im p ortan ce  to  k n ow  to  w h at exten t 
the surface layer is changed  b y  th e  coadsorp tion  
o f B i-212  and  the o th er p o ly v a len t ions. T h e  
tota l am ou n t o f  p o ly v a len t ions in the bu lk  o f the 
cell (3 .5  m l.) is a ccord in g  to  section  8 : 1.4 X  10 -12 
m ole. E v e n  if  all o f the p o ly v a len t ions were 
coadsorbed  at the surface layer the to ta l con cen tra 
tion  on  th e  surface (6 .6  cm .2) w ou ld  h ave been  2 X  
10 -13 m o le /c m .2.

A n  accu rate determ in ation  o f the surface con 
cen tration  o f S D S  is, how ever, on ly  ob ta in ab le  from  
a large series o f  exact surface tension  m easurem ents 
or  w ith  the ra d ioa ctive  m e th o d .3-9' 10 S ince the 
prim ary o b je c t  here is to  set an u pper lim it fo r  the 
con cen tration s o f  p o ly v a len t ions and  d od ecy lsu l
fa te  in  the surface, it  is possib le  to  use th e  values 
g iven  b y  H u tch in son .36 T hese values, m easured 
fo r  pure S D S  solu tions are n o  d o u b t low er than 
those in  w h ich  n itric a c id  w as added  to  the solu tion . 
F or  an  S D S  con cen tra tion  o f 0.1 X  1 0 -3 m ole/1 ., 
H u tch in son  g ives

Tsds = 2 X 10~n mole/cm.2
A n  u pper lim it t o  th e  ratio o f  Tp.i. (P .I . =  p o ly 
va len t ion s) to  Tsds should  thus b e

rp .i./rSD8 ~  io~2

T h is ca lcu lated  lim it is p ro b a b ly  m u ch  larger than 
the actual one and  show s th at the character o f  the 
surface layer can n ot be  ap p reciab ly  changed  b y  the 
p o ly v a len t ions.

I t  w ou ld  seem  reasonable to  suppose th at the 
adsorption  o f S D S  on  the L u cite  w alls o f the cell 
is o f  the sam e m agn itude as th at on  the free sur
face. (C om p a re  prelim inary m easurem ents b y  
A niansson  on  p o ly s ty re n e .10) I f  it is further as
sum ed th at the coad sorp tion  o f p o ly v a len t ions on 
the w alls occu rs a ccord in g  to  the sam e m echanism  
and thus is equal to  th e  coad sorp tion  at the free 
surface, the to ta l low ering o f the bu lk  con cen tration  
in the extrem e case (1 0 -3  M  H N 0 3 and Csds =  
0.1 X  10~8 m ole /1 .) w ou ld  be a b ou t 3 5 % .

11. Results and Discussion.— F o r further closer 
investigations on  the exten t o f  the diffuse dou b le  
layer and o f th e  con cen tra tion  gradients in the 
layer c f  in h om ogen eity  betw een  the gas phase and 
the bu lk  o f the solu tion , a high recoil a c t iv ity  will 
b e  v e ry  desirable.

F igure 8 show s th at the highest values fo r  the 
recoil a c t iv ity  A d  are obta ined  at concentrations 
o f  S D S  betw een  0.1 X  10 -3  and  0 .5  X  1 0 -3  M  and 
for  n itric acid  con cen tration s betw een  10 ~2 and 
1 0 - 3 M .

T h e  general appearance o f the adsorp tion  iso
therm s in  F ig . 8 is p rin cipa lly  th e  sam e as th at o b -

(35) E. Hutchinson, J. Colloid Sci., 3, 413 (1948).

ta ined  b y  A niansson  fo r  ca lciu m  w ith  th e  rad io 
a ctiv e  m e th o d .10 T h a t the p o ly v a len t ion s dis
appear from  the surface in  the con cen tra tion  range 
w here the soap begins to  fo rm  m icelles is explain 
able if  one assum es th at the m icelles fo rm  an inner 
surface o f  the sam e general k in d  as th e  surface 
layer. A s  th is inner surface increases w ith  con cen 
tration , a decreasing n um ber o f p o ly v a len t ions will 
be le ft fo r  adsorp tion  at the free surface. In  the 
investigations on  ca lciu m  it w as show n, how ever, 
th a t the decrease began  at m ark ed ly  low er con 
centrations than  the C M C  (critica l m icelle  con cen 
tra tion ). A  k ind  o f pre-m icelle  in  extrem ely  sm all 
am ou n ts in itiated  b y  the p o ly v a len t ions or som e 
other k in d  o f soluble com p lex  cou ld  explain  this 
phenom enon . T h a t the m axim u m  in  coadsorp tion  
o f b ism uth  ions occurs at a still low er con cen tration  
than  th at fo r  ca lciu m  is in a n y  case partly  explain
able b y  the fa c t  th at the h igher ion ic  strength 
caused b y  the presence o f  n itric a cid  shou ld  depress 
th e  C M C  considerably . T h e  h igher charge o f the 
b ism uth  ion  com pared  w ith  th at o f  the ca lciu m  ion  
m ight also h ave som e in fluence a lth ou gh  th is ques
tion  can not be decided  w ith ou t a  precise determ ina
tion  o f the C M C  in the n itric acid  solu tions used.

T h e  precision  o f the in vestigation s w as, h ow ever, 
n o t sufficient to  perm it a precise determ in ation  o f 
the S D S  con cen tration  at w h ich  the m axim u m  o f 
the recoil a c t iv ity  fo r  d ifferent p H  values occurred . 
T h e  reason fo r  this is th at at such lo w  con cen tra 
tions o f  the surface active  substance it is h ardly  
possible to  obta in  su fficiently  reprodu cib le  results 
to  define the a c t iv ity  m axim um . I t  is therefore  
useless to  try  to  find a relation  betw een  the S D S  
con cen tration  a t w h ich  m axim u m  recoil a c t iv ity  is 
obta ined  and  the p H  values o f  the solutions.

A s m en tioned  a b ove , th e  stron g  co llo id  form ation  
ten d en cy  o f th e  rad ioactive  b ism uth  ions cou ld  
greatly  change the m echanism  o f coadsorp tion . 
F rom  F ig . 11 one can in fer th a t in  th is respect it is 
better to  w ork  w ith  n itric acid  con cen tration s 
arou nd  10 ~2 M  because in  th is case the ra d ioco llo id  
form ation  is small.

In  section  10 it  w as show n th at the character of 
the surface layer cou ld  n ot be changed  appreciab ly  
b y  the coad sorp tion  o f lead and  b ism uth  ions. 
T h is  w as also con firm ed b y  the agreem ent betw een  
the surface tension  curves fo r  in active  an d  active 
S D S  solutions (F ig . 10).
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Monomolecular films of perfluorinated butyric, valeric, caproic, caprvlic, capric and lauric acids were prepared by physical 
adsorption on platinum from their solutions in organic solvents. Their wetting properties for a number of selected liquids 
were then characterized by contact angle measurements. Regular but small increments in the contact angles were observed 
with increasing acid chain length. Thus, although perfluorolauric acid monolayers provided the lowest energy surface yet 
reported, films of even the very short acids were significantly more non-wettable than other types of surfaces, including the 
Huorinated polymers studied earlier. For the shorter chain acids, monolayer formation was rapid; the two longest chain 
acids, however, required progressively longer periods of contact between the adsorbing surface and the acid solution for com
pletion of a monolayer exhibiting maximum contact angle. The remarkable liquid-repellency of the perfluoroacid monolayers 
is caused by the presence of an exposed plane rich in perfluoromethyl groups. Electron diffraction examination of the 
longer chain acids reveals a molecular orientation consistent with this explanation. Included are surface tension data for 
several new API hydrocarbons of exceptional purity.

In  a  recent report we described  the rem arkably  
large con ta ct angles o f nearly all liqu ids on  the 
surface form ed  b y  a c lose-packed  adsorbed  m on o- 
layer o f  perfluorodecan oic a c id .2 T h e  recent avail
a b ility  o f perfluorolauric acid  and fou r low er 
h om ologs m ade possible the in vestigation  o f the 
e ffect o f acid  chain  length  on  these liqu id -repellent 
properties. A  higher m em ber o f this series o f  acids 
should  adsorb  as a m ore closely  packed  m on olayer 
and hence exh ib it greater liqu id  repellency  (or 
larger con ta ct a n g les). S ince the low er m em bers are 
m ore available, how ever, it was interesting to  learn 
h ow  m u ch  loss o f liquid repellency w ou ld  result 
from  their use. In  addition , electron  d iffraction  
exam ination  o f film s o f perfluorolauric acid  was 
expected  to  p rov id e  su pp lem en tary  in form ation  on  
the structure and orientation  o f the adsorbed  m ole
cules.

Experimental Methods.—The various perfluorinated 
acids (hereafter designated as ¿-acids) were made available 
through the cooperation of the Minnesota Mining and Manu
facturing Company. The ¿-butyric and ¿-valeric acids 
were water-white liquids with reported boiling points of 
120° (at 735 mm.) and 139° (at 749 mm.), respectively. 
The ¿-caproic, ¿-eaprylic, ¿-capric and ¿-lauric acids had

SURFACE TENSION (20°C)DYNES/CM.
Fig. 1.—Comparison of t l v ° vs. cos Be relationships for a 

series of rt-alkanes on several different low-energy sur
faces.

(1) Presented at the Symposium on Fluorine Chemistry under the 
auspices of the Division of Industrial and Engineering Chemistry, 
American Chemical Society, at the Fall Meeting in Chicago, Illinois, 
September 6-11, 1953.

(2) F. Schulruan and W. A. Zisman, J . Colloid Sci., 7, 465 (1952).

melting points of 14.2-16.5°, 43.3-44.4°, 79-85° and 101— 
106°, respectively, as received; in addition, each com
pound showed a tendency to change from a white, crystal
line powder to a translucent “ wet”  material over a several 
degree range of temperature about 10 to 20° below the true 
melting points. Successive recrystallizations from carbon 
tetrachloride and toluene eliminated these changes and re
sulted in melting points of 11.2-13.4°, 54.9-55.6°, 87.4- 
88.2° and 112.6-114.7°, respectively, for these four acids.

Oleophobic films of the acids were prepared in the usual 
manner2’3 by immersing freshly-flamed rolled platinum foil 
in 10“ 5 to 10 “6 mole per cent, solutions of the ¿-acids in 
decane. After a suitable period of contact, the dipper sur
faces emerged unwetted by the generating solution. The 
use of a standard immersion period of 60 minutes ensured 
the formation of films exhibiting the greatest liquid repel
lency obtained.

The source, purity and surface tension of many of the 
test liquids have been reported previously.4 In addition, 
several hydrocarbons prepared for the American Petroleum 
Institute Project 42 (designated as PSC compounds) were 
received in a highly purified state from Prof. R. Schiessler 
of Pennsylvania State College. Surface tension measure
ments were made at this Laboratory using the ring method 
for all the PSC compounds listed, as well as for the 1,3-di- 
cyelopentylcyclopentane received from the Sun Oil Co.

The equilibrium contact angle data (0e ) reported here 
are the results of goniometric measurements of the slowly 
advancing contact angles measured on at least three sepa
rately prepared surface films. The reproducibility was 
± 2 ° . When solvent attack of the monolayer was ob
served, measurements were made using a sessile drop of the 
liquid which had first been saturated with the appropriate 
¿-acid.

Experimental Wettability Results.— S trik ing
regularities in con ta ct angles resulted from  the 
effects o f  h om olog y  in either th e  adsorbed  acid  
m on olayers or in the liquids w ettin g  them . In d i
v idual p lots o f  surface tension  (7lv°) against the 
cosine o f the co n ta ct angle (0e ) fo r  the rt-alkanes on 
each o f the acid  m on olayers (F ig . 1) em phasize 
these regularities fo r  h om ologou s liqu ids on  a 
g iven  substrate. A s an ticipated  from  previou s 
studies2’4a’6 straight-line relationships w ere o b 
tained in  each  case. In  add ition , the several lines 
fo r  the fa m ily  o f  (¿-acids were parallel and arranged 
in  a regular sequence correspon d in g  to  the n um ber 
o f carbon  atom s (N ) in the acid  m olecu le . E x tra 
p ola tion  o f the 7  vs. cos 0 lines fo r  th e  n -a lkan e 
series to  the 0 =  0 ° axis leads to  extrem ely  low  
values o f the in tercepts or “ critica l surface ten 
sions” 43; these decrease in the order o f  9 .2 . 9.0,

(3) W. C. Bigelow, D. L. Pickett and W. A. Zisman, ibid., 1, 
513 (1946).

(4) (a) H. W . Fox and W . A. Zisman, ibid., 5, 514 (1950); (b)
E. O. Shafrin and W . A. Zisman, ibid., 7, 166 (1952).

(5) H. W. Fox and W. A. Zisman, ibid., 7, 428 (1952).
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8.6, 7.9, 6.1, and 5.6 dynes/'cm. as the length of the 
fluorocarbon chain increases through 4, 5, 6, 8, 10 
and 12 carbon atoms. Comparable values for bulk 
polytetrafluoroethylene43 and for adsorbed octa- 
decylamine monolayers415 are 18.4 and 22 dynes/ 
cm., respectively.

The effects of homology in the acid monolayer 
are even more evident in Fig. 2 where cosine 6% 
for each of the n-alkanes has been plotted as a func
tion of the number of carbon atoms in the molecule 
of the adsorbed film. These data fall along parallel 
straight lines whose displacements are roughly 
proportional to the differences in the surface ten
sions of the alkanes. Similar data (Fig. 3) for the 
miscellaneous liquids fall on a series of curves. 
Greater curvature is noted for the lower surface 
tension liquids on the shorter-chain acid films where 
solubility effects become more significant.

Fig. 2.— The effect of homology in the fluorinated acid 
monolayers on the contact angles observed for the n-alkane 
liquids.

Attempts to determine the contact angle for 
water on these films were relatively unsuccessful as 
erratic results were obtained, particularly on films 
of the acids shorter than 0-capric. Extreme solvent 
attack of the monolayers could not be forestalled 
by the use of acid-saturated water drops since the 
shorter chain acids are miscible with water in all 
proportions and even the intermediate acids show 
appreciable solubility.6

Data for the adsorbed monolayers of the <£-acids 
prior to recrystallization were, for the most part, 
comparable to those reported here. The important 
exceptions occurred in the case of the two longest 
chain acids. Whereas the acids as received had 
adsorbed from solution instantly, the recrystallized 
<£-capr:c and especially the <f>-lauric acids now re
quired up to 60 minutes in contact with the solu
tions to form the most liquid-repellent films. A 
slight increase in maximum contact angle was also 
noted for the films from the recrystallized acids. 
Thus, the n-alkane data described lines slightly 
shifted from their positions in Fig. 1, but still show
ing approximately the same slope. The immersion 
time dependency of these long chain acids is shown 
by the fact that 0e for cetane on ^lauric acid 
ranged from 65-70° for a one-minute immersion to 
a highly reproducible 78° for immersion times of 60 
minutes or longer at the concentrations used.

Experiments on the adsorption of é-lauric acid 
from decane and hexadecane solutions of com
parable concentrations indicated that the critical 
induction period is a function of the solute concen

(6) E. A. Kauck and A. R. Diesslin, I n d . E n g . C h em ., 43, 2332
(1951).

tration and is roughly proportional to the viscosity 
of the solvent. No evidence was obtained to indi
cate that the acid molecules underwent any re
arrangement phenomena, subsequent to the initial 
adsorption. For the shorter chain acids, neither 
time of immersion effects nor changes in 6e were 
noted as a result of recrystallization.

Fig. 3.— The effect of homology in the fluorinated acid 
monolayers on the contact angles observed for some miscel
laneous fluids.

Since the <£-lauric acid monolayers on platinum 
provided the lowest energy surfaces ever reported, 
a more extensive survey of their wettability proper
ties was undertaken. The results of measurements 
on a variety of liquids are listed in Table I along 
with values of the final spreading coefficient 
(<Sl v ° /sv °) calculated on the assumption that 
/sv° =  0 for these highly repellent surfaces. A 
plot of the y vs. cos #e data for all of the liquids 
indicates that the same general relationships found 
in previous studies2’4a'4b obtain in the present 
instance: linear relations hold for individual series 
of homologous liquids; the higher surface tension 
liquids exhibit larger contact angles; and, those 
liquids which are good solvents for the films or 
which are capable of hydrogen-bonding7 with the 
surface exhibit lower contact angles than would be 
predicted from surface tension considerations alone. 
The latter liquids, therefore, show the greatest 
deviation from the extrapolated line for the n-alkane 
data, which represents a case of normal behavior.

E lectron  D iffraction  R esu lts .—An electron dif
fraction examination was made of some of the 
fluorinated acids using a General Electric unit 
(Type G-2) at 30,000 volts accelerating potential 
and 50 cm. specimen-to-plate distance. Only the 
two longest chain acids proved capable of with
standing exposure to the high vacuum (10"6 mm.) 
and the electron beam.

Perfluorolauric acid was handled most success
fully since crystals of the bulk acid remained 
virtually intact throughout the experiment; <f>- 
capric acid crystals, however, diminished rapidly 
in size during examination. Both acids gave diffrac
tion patterns characteristic of highly crystalline 
material.

(7) A. H . Ellison, H. W . Fox and W . A. Zisinan, T h is  J o u r n a l , 57, 
622 (1953 ).
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T a b l e  I

S u r f a c e  E n e r g y  D a t a  fo r  S o m e  L iq u id s  o n  a n  A d so r b e d  M o n o l a y e r  o f  P e r f l u o r o l a u r ic  A cid  a t  20 00

Liquid

Surface
tension,

"Ylvo, dyne/cm .

Contact
angle,

0E
&LV°/SV0
erg /cm .2

n- Alkanes

Hexadecane 2 7 .6 78 - 2 1 . 9
Tetradecane 2 6 .7 76 - 2 0 . 2
Dodecane 2 5 .4 74 - 1 8 . 4
Decane 2 3 .9 70i - 1 5 . 7
Octane 2 1 .8 ô ô 6 - 1 2 . 6

Miscellaneous Hydrocarbons

l,l-Di-(«-decalyl)-hendecane PSC 122 3 5 .1 88 - 3 3 . 9
1,3-D icy clopentyl cyclopentane 3 4 .6 85 - 3 1 . 5
l,7-Dicyclopentyl-4-(3-cyclopentylpropyl)-heptane PSC 113 3 4 .6 86 - 3 2 . 1
9-»-Dodeeylperhydrophenanthrene PSC 141 3 4 .2 86 - 3 1 . 8
1-a-Decalylhendecane PSC 544 3 2 .7 84 - 2 9 . 2
l-Cyclohexyl-2-(cyclohexylmethyl)-pentadecane PSC 65 3 2 .7 84 - 2 9 . 2
4-Cyclohexyleicosane PSC 104 3 1 .6 83 - 2 7 . 8
9-(a-(m -0,3,3-Bicyclooctyl)-m ethyl)-heptadecane PSC 178 3 1 .2 • 84 - 2 7 . 9
Polyethylene SS903 3 0 .4 81 - 2 5 . 7
Polyethylene V-120 2 7 .8 78 - 2 2 . 0
¿-Butylnaphthalene 3 3 .7 86 - 3 1 . 3
n-Decylbenzene 3 1 .2 83 - 2 7 . 4
8-p-Tolylnonadecane PSC 161 3 0 .7 83 - 2 7 . 0
Benzene 2 8 .9 75° - 2 1 . 4

Esters

Tricresyl phosphate 4 0 .9 83 - 3 5 . 9
Benzylphenyl hendecanoate 3 7 .7 92 - 3 9 . 0
Bis-(2-ethylhexyl) phthalate 3 1 .2 78 - 2 4 . 7
Bis-(2-ethylhexyl) sebacate 3 1 .1 79 - 2 5 . 2
Pentaerythritol tetracaproate 3 0 .4 80 - 2 5 . 1
1,6-Hexamethylene glycol bis-2-ethylhexanoate 3 0 .2 77 - 2 3 . 4

Fluorine-containing Liquids

CFC12-C F 2-CC 13 2 7 .8 66 - 1 6 . 5
H (C F 2)2C H 2OH 2 7 .6 68 - 1 7 . 2
p-Difluorobenzene 2 7 .0 66d - 1 6 . 0
H (C F 2)4C H 2OH 2 4 .5 65 - 1 4 . 1
H (C F 2)6C H 2OH 2 3 .8 62 - 1 2 . 6
C F2C1-CC12-C F 2C1 2 2 .8 49 - 1 6 . 5
Perfluoroalkane (FC D -330) 2 0 .2 48 -  6 .7

Non-fluoro Halocarbons

Methylene iodide 5 0 .8 103 - 6 2 . 2
Trichlorobiphenyl (Arador 1242) 4 5 .3 94 - 4 8 . 5
a-Bromonaphthalene 4 4 .6 92 - 4 6 . 2
Tetrachlorobiphenyl (Arador 1248) 4 4 .2 96 - 4 8 . 8
Hexachloropropylene 3 8 .1 81 - 3 4 . 1
Hexachlorobutadiene 3 6 .0 81 - 3 0 . 4
Carbon tetrachloride 2 6 .7 69' - 1 7 . 1

Miscellaneous Liquids

Water 7 2 .8 105 (erratic) - 9 1 . 7
Glycerol 6 3 .4 102 - 7 6 . 6
n-Caprylic acid 2 9 .2 69 - 1 8 . 7
Di-(n-decyl) ether 2 8 .4 79 - 2 3 . 0
ra-Capryl alcohol 2 7 .6 70 - 1 8 . 2
Di-(ii-am yl) ether 2 4 .9 68 - 1 5 . 6
Linear pol ymethyl siloxane (pentamer) 18.1 60 -  9 .1

^  Films adsorbed on platinum foil during 60-minute immersion. b Liquid saturated with perfluorolauric acid. '  Volatile. 
d Liquid attacks film.

Monolayers of <£-lauric acid adsorbed on platinum 
foil surfaces gave patterns similar to those obtained 
from films of considerably longer chain hydrocarbon 
derivatives adsorbed as oleophobic monolayers.8

(8) L. O. Brockway and J. Karle, J .  C o llo id  S c u , 2, 277 (1947).

A study of them showed some two to four diffuse 
bands indicating a repeated interatomic distance 
oriented within 15° of normal to the surface as a 
whole, i.e., the carbon skeleton of the molecule is 
extended away from the adsorbing surface at angles
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ranging from 75 to 90°. The position of the diffrac
tion bands indicates a chain repeat distance of 2.6-
2.7 A., somewhat larger than that found for the 
hydrocarbons. This compares with a reported 
chain repeat distance of 2.62 A. for polytetrafluoro- 
ethylene9 as against 2.54 A. for the alternate car- 
bon-to-carbon distance in hydrocarbons and poly- 
ethylenes.10

Continued exposures of the acid monolayers to 
the camera vacuum resulted in photographs with 
considerably more diffuse features, but still indica
tive of the presence of some adsorbed material. 
This decrease in film population was reflected in 
wettability measurements, for the cetane contact 
angles dropped slightly to 65-70° after an exposure 
of some 20-minutes duration and to 45° after re
peated exposures totalling some 60 minutes of 
evacuation.

D iscu ss ion

Perfluorinated acid monolayers are noteworthy 
for their pronounced non-wettability as reflected by 
the extremely large contact angles observed for all 
members of the series. While the longest chain acid 
available (<f>-lauric acid) provided a surface with 
the lowest free surface energy yet reported, the 
effect of each perfluoromethylene increment was 
relatively small. For example, increasing the chain 
length from <f>-butyric to <£-lauric acid increased 
the cetane contact angle but 8° (from 70 to 78°). 
This is in contrast with the results reported .for 
hydrocarbon-type monolayers, in which the wetta
bility is strongly influenced by chain length.11'12 
Although directly comparable data for the hydro
carbon acids are not available, cetane contact angles 
of 0 and 21° have been reported12 for butylamine 
and laurylamine monolayers, respectively. The 
disparity in the contact angle increases is due to the 
differences in the contribution of the van der Waals 
forces to each system, the lateral attractive forces 
being considerably weaker in the case of the fluoro
carbons than in the analogous hydrocarbons.

The large contact angles observed for the fluori
nated acid monolayers further attest to the inherent 
inertness of the fluorine-containing surfaces. Wet
tability studies on even the shortest chain homolog 
(<f>-bucyric acid) indicate a free surface energy con
siderably below that reported for a surface com
posed essentially of — CF2— groups (polytetra- 
fluoroethylene).4“ The remarkable non-wettability 
of the <f>-acid monolayers is caused by the presence 
of the extremely inert — CF3 groups in the surface. 
Confirmation of this is obtained from the electron 
diffraction results reported here for 0-lauric acid 
monolayers in which the adsorbed molecules are 
shown to be oriented so as to expose a surface com
posed primarily of — CF3 groups.

Further illumination is afforded by a comparison 
of the free surface energies of the fluorinated acid 
monolayers with those of the other low-energy 
fluorine-containing surfaces. It has been estab
lished that the degree to which a surface can be

(9) H. A . R igby  and C. W . Bunn, Nature, 164, 583 (1949).
(10) C. W . Bunn, Trans. Faraday Soc., 35, 482 (1939).
(11) H . R . Baker, E. G. Shafrin and  W . A . Zisman, T h is  J o u b n a l , 

56, 405 (1952).
(12) E. G. Shafrin and W . A. Zisman, J. Colloid Sci., 4, 571 (1949).

wetted is determined by the constitution and con
figuration of the atomic groups comprising the 
surface. Thus, in the case of hydrocarbon surfaces, 
the surface energy decreases in the order: — CH2— 
(bulk polyethylene)6; a mixture of — CH2—  and 
— CH3 groups (thin films of hexadecane)13; — CH8 
groups in a monolayer (octadecylamine mono- 
layer)*; — CH3 groups in a crystal plane (hexa- 
triacontane cleavage surface).6 A similar ordering 
is observed (see Fig. 1) for fluorocarbon surfaces in 
that the surface energy decreases in proceeding from 
bulk polytetrafluoroethylene (—CF2— groups),43 
to a thin film of perfluoroalkane (a mixture of 
— CF2— and — CF3 groups),13 and finally to per- 
fluoroalkanoic acid monolayers. This would indi
cate at least a very high ratio of — CF3 groups to 
exposed — CF2—  groups. On this same basis it 
would appear that a plane of — CF3 groups in 
crystalline array (as in a surface of a crystal of 
«.-perfluoroalkane) should result in a surface of even 
lower energy.

As noted previously, a standard time of immer
sion of 60 minutes was employed for all of the acids 
for the sake of internal consistency, although only 
the 0-capric and 4>-lauric acids required extended 
contact betwen dipper and solution to complete 
monolayer formation. The <f>-capric acid required 
some 20 minutes and the <£-lauric acid roughly 60 
minutes in the concentrations used. The absence 
of any immersion-time effect prior to recrystalliza
tion of the acids is accounted for by the presence 
of lower-chain acid contaminants. Since it was 
shown experimentally that the time effect is related 
to the ability of the acid molecules to diffuse 
through the solution, the shorter chain components 
would be expected to adsorb most rapidly. Further 
confirmation lies in the fact that purification, while 
increasing Umm for (j>-capric and 0-lauric acids, does 
result in a slightly larger dmax toward a given liquid. 
Further, an extension of the time of immersion 
beyond the critical induction period characteristic 
of an acid caused no further increase in The
quantitative differences between the results of this 
study and the previous investigation of (f)-capric 
acid2 are due to these considerations and do not 
significantly alter the earlier conclusions.

The extreme non-wettability of films of adsorbed 
perfluorinated acids is significant for the many 
applications in which it is desirable to impart 
liquid-repellent characteristics without appreciably 
increasing the bulk of the system. The present 
study indicates that for many such purposes the 
shorter chain acids, which are cheaper and more 
readily available, may be just as serviceable as the 
rarer long-chain acids. This could not have been 
predicted from previous knowledge which was 
necessarily based on considerations of hydrocarbon 
type materials. Extremely short chain perfluori
nated acids, although providing remarkable non
wetting behavior, may prove unsatisfactory because 
of solubility problems, particularly in systems in
volving the presence of water. Further, the high 
volatility of the shortest members of the acid series 
increases the possibility of danger from compounds 
of high corrosivity and unknown toxicity.

(13) H. W. Fox, E. F. Hare and W. A. Zisman, ib id .,  8 , 194 (1953).
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PHOTOSENSITIVE AND PHOTOTROPIG PRODUCTS OF SOLID STATE 
REACTION BETWEEN SILVER SULFIDE AND MERCURIC IODIDE

By Lawrence Suchow and G eorge R. Pond

Signal Corps Engineering Laboratories, Fort M onm outh, N ew  Jersey  
Received September 8, 1953

Solid state reactions have been carried out between silver sulfide and mercuric iodide in various proportions, and the 
products studied for structure and optical properties. Several different phases have been found at different compositional 
ratios. X -R a y  diffraction work has led to the identification of phases with zinc blende and wurtzite structures having cationic 
vacancies, as well as a phase with a body-centered cubic lattice which is probably structurally related to a-A g2S and a -A gl. 
All products have colors directly related to those of the parent compounds, except for the golden-yellow product of formula 
Ag2H gI2S, which appears to be a new compound. The diffuse reflectance spectra are given. All products, except those which 
are black, darken rapidly when exposed to ultraviolet or visible light at wave lengths up to the respective reflectance edges. 
Those with 30 mole %  Ag2S or less are phototropic at room temperature. Rapid reversal at room temperature appears to 
be associated with the modified zinc blende structure.

In trodu ction .— Exploratory experiments indi
cated the likelihood that the system Ag2S-HgI2 
would be quite fruitful in its yield of interesting 
and useful products exhibiting phototropic and 
“ print-out”  characteristics. It was therefore de
cided to make a more comprehensive investigation 
of the system by carrying out solid state reactions 
between silver sulfide and mercuric iodide in various 
proportions over the composition range, and by 
characterizing the products with respect to their 
structures and optical properties. This paper 
reports the results of the investigation.

P reparation .— All preparations were made by 
thoroughly grinding together weighed quantities 
of Ag2S and H gl2, and then heating the mixtures for 
16 hours at 200° in sealed evacuated tubes. The 
reactions were comparatively rapid at this tem
perature, so that the 16-hour period was consider
ably more than sufficient to achieve complete 
reaction. Materials prepared were those contain
ing molar percentages of Ag2S at 10% intervals 
starting at 10%, as well as those with 2, 3, 4 and 
5 mole %  Ag2S.

WAVE LENGTH-M ILLIM ICRONS.

Fig. 1.— Diffuse reflectance spectra: numbers at right 
indicate mole %  Ag2S; 6 0 %  curve plotted as dotted line 
only to avoid confusion.

C olor and S pectra l R e fle cta n ce .— With the ex
ception of the preparation containing 50 mole %  
Ag2S, the colors of the products appeared to be 
close to averages of the colors of the black and red 
parent compounds. The 50% preparation, whose 
composition is Ag2HgI2S, is golden-yellow. The 
reflectance spectra of all the 10% interval prepara
tions as well as of Ag2S and Hgl2 were determined 
with a Beckman DU spectrophotometer, using the 
diffuse reflectance attachment. Sample surfaces 
of photosensitive materials were renewed when 
necessary. The results ofo measurements made 
over the range 3500-10,000 A. are plotted in Fig. 1. 
It will be seen that addition of 10 mole %  Ag2S 
to ’ Hgl2 shifts the reflectance edge to a higher 
wave length, and that this reflectance edge is fairly 
constant throughout the series except for the 50% 
product and those which are too black to reflect at 
all. The reflectance spectra of the 2-5 mole %  
preparations were not determined, but these 
products were also red.

P h otosen sitiv ity .— All the products which reflect 
in the visible have been found to darken very rap
idly upon exposure to light. This includes the 
preparations with 2-5 mole %  Ag2S, which are 
very much more sensitive than Hgl2, though not as 
much so as other preparations containing 10% or 
more Ag2S. The most sensitive are those con
taining 60 and 70 mole %  Ag2S, exposure to sun
light for less than one second being sufficient to 
blacken them. To get approximately equal darken
ing of the other preparations, an exposure period of 
about 3-5 seconds is required. Of the two most 
sensitive preparations, the 60% material yields 
the greater contrast since it is fairly bright red 
prior to exposure whereas the 70% product is quite 
dark red-purple.

The darkening brought about by light may be 
reversed very rapidly by heating at 200°. In 
addition, those preparations containing 30 mole %  
Ag2S or less are phototropic at room temperature. 
Those containing 20% or less will revert after only 
about 8 hours of storage in the dark, while the 
30% preparation requires about 30 hours for re
versal.

In general, the products have been found to be 
sensitive to ultraviolet light as well as to visible 
light up to the respective reflectance edges. The 
limits of sensitivity were determined by exposing 
samples for ten-minute periods to monochromatic
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T a b l e  I

Mole %
AgaS Phases observed

2 Red H g l2

3, 4, 5 Red H g l2

+  Small amount of phase I

R e s u l t s  of  X - R a y  I n v e s t ig a t io n s

Symmetry Structure type
Tetragonal ............

Tetragonal ............

Face-centered cubic Zinc blende with cationic 
vacancies

10, 20 Phase I Face-centered cubic Zinc blende with cationic 
vacancies

30, 40 Phase II Hexagonal Wurtzite with cationic 
vacancies

50 Phase III— complex pattern, not 
indexed. See Table II

Lattice parameters,
A.

Usual values 
Usual values 
3 % , a =  6 .30  
4 % , a =  6 .2 9  
5 % , a =  6 .2 8  
10% , a =  6 .23  
2 0 % , a =  6 .2 4  

3 0 % , c =  7 .2 0 , a =  
4 .4 4 , c/a =  1 .62 . 

4 0 % , c =  7 .30 , a =  
4 .4 6 , c/a =  1 .64 .

60 Phase IV  Body-centered cubic Probably related to
CT-Ag2S and a- A gl

+  small amount of phase V ............  ............

70 Phase V — complex pattern, not ............  ............
indexed. See Table III

80, 90 Phase V  ............  ............
+  Monoclinic A g2S (small amount ............  ............
in 8 0 % ; larger amount in 9 0% )

a =  4 .9 5

Usual values

radiation emanating from a Beckman DU spectro
photometer at intervals of 25 m,u. The Beckman 
tungsten lamp in its housing (which includes a 
focusing mirror) was used as the source in the 
visible, and a 125-watt Hanovia mercury vapor 
lamp (Type 16200) as the source in the ultraviolet.

X -R a y  D iffraction  In vestiga tion s .—Since all the 
reaction products were powders, the X-ray diffrac
tion work was of course carried out by the powder 
method. A North American Philips powder cam
era of 57.3 mm. radius and Cu Ka radiation were 
employed. None of the patterns displayed back re
flections so that methods for precision determination 
of lattice constants could not be applied. However, 
the values were calculated as accurately as possible.

Various structures were observed to occur at 
different compositions. Some patterns could be 
indexed with Hull-Davey charts or by comparison 
with patterns of compounds with known structures, 
but others were more complex and could not. be 
thus interpreted from the powder data. Table I 
summarizes the results of these X-ray investiga
tions. The various phases observed, whether their 
patterns were indexed or not, are referred to in this 
table as phases I-Y . Tables II and III are listings 
of the interplanar spacings of the preparations 
whose patterns could not be indexed.

X-Ray diffraction patterns of the darkened 
materials also were obtained. In each case, con
version of a sufficient quantity of sample was 
accomplished by long, gentle grinding in sunlight. 
New lines were observed in the preparations con
taining 10-40 and also 60 mole %  Ag2S. The 
additional lines in the 10 and 20% products are 
due to red H gl2, but the light-induced phases in 
the others are all different and have not been 
identified.

D iscu ss ion .—The X-ray diffraction investiga
tions indicate that the cubic and hexagonal phases

formed in the system at 40 mole %  Ag2S or less are 
built up from a combined sulfide-iodide anion 
lattice with the cations in tetrahedral holes. Varia
tions in the lattice constants of these phases with

T a b l e  I I

X - R a y  D iffr a c tio n  P o w d e r  P a t t e r n  o f  A g 2H g I 2S  

(P h a s e  I I I )

S, strong; M , medium strength; W , weak; V , ver}’.
d, Á. d, A. d, A. d, A.

6.55 (M) 2.54 (M) 1.894 (VVW) 1.494 (VW)
4.81 (VW) 2.49 (M) 1.870 (M + ) 1.471 (VVW)
3.93 (S) 2.46 (M — ) 1.810 (W W ) 1.460 (VW)
3.73 (W) 2.42 (VVW) 1.779 (VVW) 1.442 (VVW  )
3.56 (M) 2.31 ( S - ) 1.754 (VVW) 1.425 (VW)
3.44 (M) 2.24 (VW) 1.721 (M +  ) 1.412 (VVW)
3.29 (M + ) 2.20 (VW) 1.688 (VW) 1.340 (VW)
3.14 (S —, broad) 2.10 (M) 1.647 (VVW) 1.302 (VVW)
2.98 (VVW  — ) 2.03 (M) 1.615 (VW , broad) 1.292 (VW)
2.82 (VVW  — ) 2.00 (VVW) 1.565 (VVW) 1.274 (VVW)
2.64 (VW) 1.967 (VW) 1.553 (VW) 1.243 (VVW)
2.58 (vS-) 1.940 (VW) 1.514 (VW) 1.233 (VW)

T a b l e  III
X - R a y  D iffr a c tio n  P o w d e r  P a t t e r n  o f  P h a s e  V

S, strong; M , medium strength; W , weak; V, very
d, k.

7.10 (W) 
3.90 (M) 
3.37 (W W )  
3.30 (W)
3.10 (VW) 
2.83 (S) 
2.62 (W)

d, k .
2.59 (VVW) 
2.43 (M — ) 
2.38 (VW)
2.34 (W)
2.07 (VW)
2.00 (VVW  — ) 
1.955 (VVW  — )

d, k .
1.906 (VVW) 
1 .879 (VW)
1.784 (VW)
1.746 (VVW) 
1.688 (VW)
1.666 (VVW) 
1.602 (VVW)

d, Â.
1.553 (VVW) 
1.522 (VVW) 
1.472 (VW) 
1.420 (VW)
1.365 (VVW) 
1.293 (VVW)

composition indicate solid solution formation. 
The unique color and X-ray pattern of the 50% 
preparation appear to establish it as a new com
pound, Ag2HgI2S. This compound is very similar 
in appearance and somewhat similar in photo
chemical behavior to the phototropic compound, 
Hg3S2I2, and also may be prepared by solid state
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reaction between silver iodide and mercuric sulfide 
in a 2:1 molar ratio. The primary phase in the 60 
mole %  preparation must be taken to be body- 
centered cubic, for a smaller primitive unit cell is 
ruled out by the presence of a plane with h2 +  
k 2 +  l2 =  7. The proximity of the lattice constant 
of the phase with pattern thus indexed to those of 
the body-centered cubic phases, <*-Ag2S and a -  
Agl, suggests that the product has a structure 
similar to those found in these compounds.

The phototropic behavior at room temperature 
appears to be associated primarily with the modified 
zinc blende structure. The observed formation 
of Hgl2 upon exposure to light of products con
taining this face-centered cubic phase indicates 
that the ultimate effect of light is to decompose the 
phase. The darkening may be due either to Ag2S 
itself or to metallic silver produced upon photo
reduction of Ag+ and simultaneous oxidation of 
equivalent amounts of sulfide or iodide.

ADSORPTION STUDIES ON METALS. III. THE SORPTION OF WATER 
VAPOR ON NICKEL, STEEL AND MOLYBDENUM

By A. C. Zettlemoyer and J. J. Chessick

Contribution from  the Surface Chem istry Laboratory,
Lehigh University, Bethlehem, Penna.

Received September 11, 1953

A  study of the oxide films present on the surface of nickel, steel and molybdenum was made using both gas adsorption 
and calorimetric techniques. Nickel and steel powders degassed at 2 5 ° were found to exhibit only physical adsorption of 
water vapor, and the heat of emersion in water was about 550 ergs/cm .2 for both. Water diffused through the polymolec
ular film present on molybdenum degassed at 2 5 ° ; the heat of emersion was 9,500 ergs/cm .2. Degassing the nickel powder 
at 300° removed a strongly bound layer of water and raised the heat of emersion to 950 ergs/cm .2. After activation of 
steel at 400 °, the equivalent of 10-13 layers of water could be adsorbed indicating the presence of a polymolecular hydrous 
oxide film. Activation of molybdenum at 400° caused a surprising decrease in the amount of water sorbed per unit area, 
due probably to the transformation of the porous oxide film to a chemically different, non-porous oxide. Extraction of 
molybdenum powder with ethyl alcohol removed most of the polymolecular film of oxide from the surface; a hydrous oxide 
layer, apparently monomolecular, remained.

In trodu ction
The importance of oxide films on metals in such 

fields as corrosion, lubrication and adhesion has 
long been recognized. For this reason, a detailed 
knowledge of the physical and chemical properties 
of such films is important. To this end, the tech
niques of adsorption and calorimetric measurements 
were utilized to provide information concerning the 
hydrous nature, molecular thickness, porosity and 
stability of oxide films on a variety of metals.

E xperim ental
Materials.— The molybdenum powder1 was prepared by  

the Westinghouse Electric Company, Bloomfield, New 
Jersey, by high temperature reduction of the oxide. The 
purity of the freshly prepared sample was reported to be 
greater than 9 9 .9 % . The nickel powder was prepared by 
the International Nickel Company, Inc., New York, by  
high temperature reduction of the carbonyl and was of very 
high purity. The SAE 1020 steel powders were furnished 
by the Exomet Corp., Conneaut, Ohio. The steel had been 
atomized at a maximum temperature of 1620° and annealed 
at a temperature of about 1000° under hydrogen cover with 
a small amount of propane present to prevent carboniza
tion. Since the droplets formed during atomization were 
molten the resultant particles had a relatively smooth sur
face and the metal in this form should possess properties 
characteristic of some practical steel surfaces. The steel 
had the following per cent, composition: C , 0 .25 ; Si, 0 .15 ; 
M n, 0 .34 ; S, 0 .007; and P , 0.012.

High purity tank argon and helium were used in the ad
sorption measurements. The argon was further purified 
by passage through fine copper gauze heated to 500° and 
dried with anhydrous calcium sulfate. The helium used 
in dead space determinations was purified by passing it 
slowly through a charcoal trap immersed in liquid nitrogen. 
Distilled water was evacuated for long periods of time be
fore use to remove dissolved gases.

(1) All samples were furnished by Dr. Norman Hackerman of the
University of Texas.

Pretreatment of Surfaces.— Adsorption and heat of wet
ting measurements were determined on all the unreduced 
samples. These powders had been subjected to no treat
ment after manufacture except storage under normal atmos
pheric conditions long enough for an oxide film to have 
developed on their surfaces. Before use these samples were 
degreased with benzene and degassed under high vacuum  
either at 25° for 24.0  hours or at 400° for 3.0 hours.

Since the molybdenum metal was known2 to possess a 
polymolecular surface film of the complex oxide molyb
denum blue, M o0 2-4M o03-x H 20 , additional samples of this 
metal were further pretreated by extracting with ethyl al
cohol in a Soxhlet apparatus. The oxide is soluble in alcohol 
and the treatment was continued until no further blue colora
tion was imparted to the liquid. The molybdenum powder 
was then transferred to a suitable bulb while still wet and 
evacuated at 400° to remove adsorbed alcohol. This treat
ment removes most of the oxide film from the metal— prob
ably all except the monomolecular film in contact with sur
face metal atoms. Molybdenum samples treated in this 
manner were used in the adsorption and heat of wetting 
measurements in addition to molybdenum which had only 
been degreased with benzene.

The difficulties generally encountered in the preparation 
of metal powders with large surface areas are well known. 
Therefore, it is interesting to note that alternate soxhleting 
of molybdenum powder with alcohol and reoxidation with 
moist oxygen can be utilized as a method for the preparation 
of high area samples of molybdenum.Apparatus and Procedure.— The adsorption measure
ments were determined in an apparatus described by O rr.3 
However, in this work absolute pressures were measured 
rather than differential pressures. An oil manometer al
lowed adsorption pressures in the range 0 .10 to 50.0  m m . of 
mercury to be measured. Apiezon “ B ”  was used in the 
manometer. This oil has a very low vapor pressure and 
did not dissolve any of the gases used. Blank determina
tions showed that the volume of water vapor adsorbed on 
the walls of the glass sample system at 25° was negligible in 
comparison to that volume absorbed by the sample in the 
relative pressure region from zero to 0 .4 .

(2) F .  H .  Healey, J. J. Chessick and A. C. Zettlemoyer, T his 
Journal, 57, 178 (1953).

(3) W. J. C. Orr, Proc. Roy. Soc. (London), 173A, 349 (1939).
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Argon was adsorbed on the samples at — 195°; water 
vapor at 2 0 ° . Specific areas of the samples were calculated 
using the usual B E T  method.

The calorimeter used in the heats of wetting measure
ments has been fully described.4 A  thermistor was used to 
measure temperature changes.

R esu lts  an d  D iscu ssion
T h e  results o f  th e  adsorp tion  an d  h eat o f  w ettin g  

m easurem ents on  th e  u nredu ced  m eta l pow ders 
are sum m arized in T a b le  I . T h e  specific surface 
areas in co lu m n  fou r  w ere obta in ed  from  argon  
adsorption  data . T o  illustrate the d ifferences in 
the w ater v a p o r  sorp tion  b y  th e  variou s pow ders 
a ctiva ted  at d ifferent tem peratures the F m values 
w hich  generally  represent th e  S T P  volu m es o f 
gas required to  cov er  th e  surface o f  one gram  o f 
pow der w ith  one layer, w ere obta in ed  from  w ater 
adsorption  data  b y  the B E T  m e th o d .5 T hese  cal
cu lated  Fm values, h ow ever, m a y  include n o t on ly  
th is m on om olecu lar v o lu m e o f  gas, b u t also w ater 
sorbed  in to  th e  porou s ox ide layer, a n d /o r  w ater 
irreversibly  sorbed  on  th e  surface, i.e., w ater w hich  
can not be  rem oved  b y  evacu ation  a t 2 0 °, the tem 
perature o f  the adsorption  run. T hese  F m values 
were arbitrarily  con v erted  fo r  the purpose o f  co m 
parison in to  an a m ou n t equ iva len t to  th e  n um ber 
o f layers o f  w ater m olecules w h ich  cou ld  be  a ccom 
m od a ted  on  the external surface o f  the pow ders as 
m easured b y  th e  argon  adsorption  d a ta .6 A  typ ica l 
set o f  isotherm s fo r  the adsorption  o f argon  and 
w ater v a p o r  on  an u nredu ced  m etal p ow d er is show n 
in  F ig . 1.

T a b l e  I

T h e  A d so r p tio n  a n d  H e a t  op  E m e r s io n  o f  W a t e r  o n  
U n r e d u c e d  M e t a l  P o w d e r s

Activation Surface Caled, no. Heat of
Time, Tem p., area, of water emersion,

Powder hr. °C . m .V g. layers ergs/cm .2
Nickel 2 4 .0 25 0 .6 8 1 .1 590

3 .0 300 0 .7 4 1 .9 953
Steel 2 4 .0 25 0 .1 6 0 .9 500

3 .0 400 0 .0 8 10 to 13
Molybdenum 2 4 .0 25 0 .5 5 7 .9 9 ,51 0

3 .0 400 0 .91 0 .9
Molybdenum** 2 4 .0 25 0 .3 8 5 .1 4 ,750

(sintered) 3 .0 400 0 .6 9 1 .0
Samples Soxhleted with Alcohol

Molybdenum 3 .0 400 0 .9 7 4 .4 5 ,50 2
Molybdenum** 3 .0 400 0 .4 9 4 .1 5 ,050

“ Sintered samples had been reduced repeatedly at ele
vated temperatures. They were then stored for long pe
riods of time (in the presence of air) before use at 2 5 °.

T h e  area occu p ied  b y  a single adsorbate m olecu le  
was ca lcu lated  on  the basis o f  hexagonal close p ack 
ing. oT h e  cross-sectional areas used were 13.9 and
10.8 A  2 fo r  argon  and  w ater, respectively .

S tud ies on  M e ta l P ow d ers  A ctivated  at R o o m  
T em peratu re.— I t  is ev id en t from  T a b le  I  that 
the adsorption  o f  w ater v a p o r  b y  nickel and steel

(4) A. C. Zettlemoyer, G. J. Young, J. J. Chessick and F . H. 
Healey, T h is  J o u r n a l , 57, 649 (1953).

(5) S. Brunauer, P. H. Emmett and E. Teller, J . A m .  C h e m . S o c . ,  
60, 309 (1938).

(6) The F'm values for both argon and water vapor were converted 
into specific areas b y  use o f the proper factors. The equivalent num
ber o f water layers was then obtained b y  dividing the water surface 
area by  the argon surface area.

Fig. 1.— Adsorption of water and argon on molybdenum.

pow ders degassed at 25° differs m ark ed ly  from  
th at b y  m olyb den u m  stud ied  under sim ilar con d i
tions. G o o d  agreem ent w as fou n d  betw een  areas 
ca lcu lated  from  b o th  argon  an d  w ater v a p or  
adsorp tion  data  fo r  the first tw o  p ow d ers ; w ater 
v a p o r  w as on ly  ph ysica lly  adsorbed  on  their ex
ternal surfaces. On the oth er h and  the original 
m olybden u m  sorbed  a b ou t e igh t tim es m ore  w ater 
than  cou ld  be accou n ted  fo r  on  th e  basis o f  external 
area alone. D iffu sion  o f w ater m olecu les th rou gh  
th e  polym olecu lar, porou s-ox id e  film  o f m o ly b 
denum  blue present on  the surface o f  the p ow d er 
accou nts fo r  the h igh  sorp tion  o f w ater. E v id en tly  
th is w ater o f  h ydra tion  form s a w eak enough  b on d  
w ith  ox ide m olecu les so  th at it  can  b e  readily  re
m o v e d  b y  evacu ation  at room  tem perature.

T h e  heat o f  em ersion  o f n ickel degassed at 25° 
w as determ ined  to  be  590 e r g s /c m .2; th is is a 
reasonable va lu e  fo r  the w ettin g  o f a n on -porou s 
ox ide w h ich  ph ysica lly  adsorbs w ater on  its sur
fa ce .7 T h e  h eat o f  em ersion  va lu e determ ined  fo r  
steel degassed at 2 5 ° , abou t 500 e r g s /c m .2, w as the 
sam e order o f  m agn itude as th at fo r  n ick e l.8 F or 
the original sam ple o f  m olybden u m , how ever, the 
heat va lu e w as fou n d  to  be  9,510 e r g s /c m .2, or 
a b ou t 1,200 e r g s /c m .2 per w ater layer. T h is  h igh 
value suggests th at w ater diffuses in to  the surface 
ox ide layer on  m olyb den u m  an d  form s a h ydrogen  
b on d  w ith  an  ox ide m olecule.

T h e  am ou n t o f com plex  ox ide rem oved  fro m  the 
surface o f m olybden u m  p ow der b y  extraction  w ith  
a lcoh o l am ou n ted  to  1 .0 3 %  o f the to ta l w eigh t o f  
pow der. I f  it is assum ed th at one layer o f w ater is 
ph ysica lly  adsorbed  on  th e  surface o f  the ox ide, and 
fu rth er th at the stoich iom etric form ula  o f the oxide 
is g iven  b y  M oC h A M oO sA IF O , then  the ratio  o f 
th e  m oles o f  w ater o f  h yd ra tion  per m ole oxide 
am ou n ts to  4 .2. T h e  average h eat o f  h yd ra tion  
has been  ca lcu lated  to  be  19,800 calories per m ole 
o f w ater.

M e ta l P ow d ers  A ctivated  at 40 0 °.— A fter  activa 
tion  at 400°, th e  ca lcu lated  num ber o f w ater layers

(7) W . D . Harkins, “ The Physical Chemistry o f Surface Films,”  
Reinhold Publ. Corp., New York, N. Y ., 1952, p. 264.

(8) Unfortunately, the surface area of steel powder activated at 
room temperature was too small to allow the accurate determination 
o f heat o f emersion values with the present calorimeter.
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sorbed  on  a n ickel surface w as fou n d  to  be  ap
prox im ate ly  tw o , an am ount a lm ost dou b le  that 
fo r  a sam ple o f  n ickel a ctiva ted  at 25°. T h e  heat 
o f  em ersion  increased from  590 to  953 e r g s /c m .2. 
T hese results su pport the statem ent o f  T in g le9 that 
the surface o f  n ickel is covered  w ith  a tough , co m 
p a ct film  o f oxide im pervious to  w ater. T h is  film, 
how ever, adsorbs a m on om olecu lar film  o f w ater 
stron g ly  en ough  so th at it  resists rem oval b y  room  
tem perature evacu ation  at 10 ~ 5 m m .

T h e  steel sam ples a ctiva ted  a t 400° sorbed  large 
quantities o f w ater vapor, an a m ou n t equivalent 
to  10 -12  surface layers o f w ater. E v id en tly , these 
pow ders also have a  polym olecu lar, h ydrou s oxide 
on  their surface. H ow ever, unlike m olybden u m , 
the w ater sorbed  in to  the interior o f  the ox ide layer 
is bou n d  stron g ly  enough  to  the m etal ox ide sites 
to  resist rem oval b y  evacu ation  at low  tem pera
tures.

B ecause o f the polym olecu lar, h ydrou s ox ide film  
on  the surface o f  m olybden u m , it was presum ed 
th at high tem perature activa tion  o f these pow ders 
w ou ld  lead to  an increased sorp tion  o f w ater vapor. 
Surprisingly, the u ptak e o f w ater was fou n d  to  de
crease w ith  increasing activa tion  tem perature. I t  
is ev iden t from  an in spection  o f T a b le  I I  th at the

T a b l e  II

E f f e c t  o f  A c t iv a t io n  T e m p e r a t u r e  o n  t h e  S o r p tio n  
o f  W a t e r  V a p o r  b y  M o l y b d e n u m  P o w d e r  (O r ig in a l

Sa m p l e )
Argon
area,

mg. Vs.

Water
area,

m.Vg.
Caled, no. 

water 
layers

Activation 
Time, Temp., 

hr. °C.
0.55 4.35 7 .9 24 25

.68 1.33 2 .0 1 .0 350

.91 0.87 0 .9 3 .0 400

specific area o f the pow der, as ca lcu lated  from  argon 
adsorption  data, a b ou t dou b led  as the activa tion  
tem perature increased from  25 to  4 0 0 °, w hereas 
the ca lcu lated  n um ber o f w ater layers decreased 
eigh tfold . F urther, g ood  agreem ent was fou n d  b e 
tw een  areas ca lcu lated  from  b o th  argon  and  w ater 
adsorption  data  after the 400° a ctiva tion . A pp ar
en tly  w ater w as on ly  ph ysica lly  adsorbed  on  the 
exposed  surface o f  the m olybden u m . T here  is no 
d o u b t th at h igh tem perature activa tion  o f m o ly b 
denum  causes p rofou n d  changes in the ox ide stru c
ture present on its surface. T ran sform ation  o f the 
com plex  ox ide “ m olybden u m  b lu e”  in itia lly  present 
in to  a m ore  dense, n on -porou s b u t rougher oxide 
layer w ou ld  a ccou n t fo r  the increase in specific area 
as w ell as the decrease in w ater uptake.

W et 0 2
M olyb- 25° 
denum >
metal

Polymo
lecular 

hydrous 
oxide II

400° 
------->

Non-hy- 
drous 

oxide IV

Soxhlet 
, ,  alcohol

Monomolecular non- Monomolecular hydrous 
hydrous oxide I oxide III

Fig. 2 .— Oxide films on molybdenum.

dry 0 2A 
25°

(9) E. T . Tingle, T r a n s .  F a r a d a y  S o c . .  46, 43 (1950).

T o  ch eck  the belief th a t the surface ox ide  was 
changed chem ically  b y  a ctiva tion  at e levated  tem 
perature, a pure sam ple o f the com plex  ox ide 
“ m olyb den u m  b lu e ,”  w hich  had been d issolved  
from  a large sam ple o f m olybden u m  p ow d er b y  
soxhleting w ith  eth y l a lcohol, was heated to  3 5 0 °. 
T h e  blue ox ide changed  to  a m ore dense, grayish  
m ass w hich  n o  longer d issolved  in w ater or a lcoh ol. 
T h e  com position  o f the new  oxide was n o t deter
m ined.

T h e  results fo r  the adsorption  o f w ater on  tw o  
sam ples o f  m olybden u m , w hich  were soxh leted  w ith  
a lcoh ol before  use, are tabu lated  in the last tw o  
row s o f T a b le  I. T h ou gh  the sam ples d iffered  
ap preciab ly  in  area, b oth  sorbed the equ iva len t o f 
fou r layers o f  w ater w ith  an average heat o f  w ettin g  
o f 1,300 e r g s /c m .2 per layer o f water. T hese values 
seem  h igh  since, presum ably, the bu lk  o f the surface 
ox ide  film  was rem oved . T h e  w eight loss o f  a 
sam ple o f  the larger area m aterial a fter soxh leting 
to  rem ove the oxide layer was determ in ed  to  be  
1 .0 3 %  o f the tota l w eight o f p ow der used. T h e 
ca lcu lated  w eight loss due to  the rem oval o f  oxygen  
and  w ater from  this oxide film  b y  redu ction  was 
ca lcu lated  to  be 0 .6 4 %  assum ing the ox ide  form ula  
to  be  M o O 2 - 4 M  oO 3 - 4 II2O . T h e  w eigh t loss fou n d  
experim entally  after redu ction  o f a second  sam ple 
o f  this m aterial am ou n ted  to  0 .6 2 % . T h is d irect 
ev iden ce  supports the con ten tion  that m ost o f  the 
ox ide film  was rem oved  b y  soxhleting. H ow ever, 
the reduced  sam ple on ly  ph ysica lly  adsorbed  w ater 
on  its surface, w hereas the soxhleted pow der sorbed  
the equ iva len t o f  fou r layers o f w ater, and  so 
stron gly  th at it cou ld  on ly  be  rem oved  b y  high 
tem perature activa tion . I t  appears, then, th a t all 
the surface oxide on  m olybden u m  is rem oved  b y  
treatm ent w ith  a lcoh ol w ith  the excep tion  o f a thin, 
perhaps m on om olecu lar, h ydrous ox ide film . T h e 
average heat o f  h ydra tion  per m ole  o f w ater sorbed 
on  this film  was fou n d  to  be  24,900 calories.

O x id e  F ilm s on  M oly b d en u m .— T h e  d ata  con 
cerning ox ide  film s on  m olybden u m  reported  here 
and in previous p u b lica tion s210 are show n d iagram - 
m atica lly  in F ig. 2.

T h e  ox ida tion  o f m olybden u m  m etal w ith  d ry  
oxygen  at 25° produces a non -hydrou s, m on om olec
ular oxide film  I  w ith the p robab le  form ula  
M o 0 2.10

T h e  ox ida tion  o f m olybden u m  m etal w ith  m oist 
oxygen  at 25° y ields a polym olecu lar, h ydrou s oxide 
film  I I  o f  m olybden u m  blue M o 0 2-4M o 03-4H 20 . 
T h is film form s naturally  on m olybden u m  pow ders 
stored  at room  tem peratures in the presence o f  
m oist air.

E xtra ction  w ith  a lcoh ol o f  m olyb den u m  con ta in 
ing a surface film  o f “ m olyb den u m  b lu e ”  rem oves 
all the oxide excep t the h ydrous layer a d ja cen t to  
surface m olybden u m  atom s.

A  “ m olybden u m  b lu e”  film  is tran sform ed  in to  a 
n on -porous, ch em ically  d ifferent ox ide  b y  h igh 
tem perature activation . T h e  com p osition  o f  this 
ox ide is n o t as y e t  know n.

(10) A. C. Zettlemoyer, J. J. Chessick and F. H. Healey, “ Hetero
geneity of Surfaces, Adsorption of Gases on Metals,”  Technical Report 
N o. 4, Office of Naval Research, June 1952. On file at the Library 
of Congress, Washington, D. C.
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HARTREE-FOCK-SLATER SELF-CONSISTENT FIELD AND THE 
CALCULATION OF SOME PROPERTIES OF THE Cu+ ION1

By  J. C . M orrow

Contribution from the Department of Chemistry, University of North Carolina,
Chapel Hill, N . C.

R e c e i v e d  S e p t e m b e r  1 8 , 1 9 5 3

Recent modification of the Hartree—Fock self-consistent field method by J. C. Slater has simplified the problem of obtain
ing approximate wave functions corrected for exchange effects. The utility of Slater’s approximation is demonstrated by 
calculation of diamagnetic susceptibility, polarizability and refractivity, Lamb diamagnetic shielding at the nucleus, and 
structure factors for X -ray and fast electron scattering. The calculations are carried out for the C u + ion, for which Hartree- 
Fock, Hartree, and Hartree—Fock—Slater wave functions are available. The results show that the Slater modification is an 
excellent approximation to the Hartree-Fock method in the calculation of atomic properties; this conclusion is of special 
moment in investigations ol heavy systems for which the Slater method offers great reduction in labor of obtaining wave 
functions.

In trodu ction .—Slater recently has developed2 a modification of the Hartree-Fock self-consistent field method, the importance of which lies in the fact that it is a good approximation and that numerical solution is much easier than in either the Hartree- Fock or Hartree method. Slater's free electron approximation for the exchange potential, with the assumption of spherical symmetry for the distribution of charge in an atom or ion, results in the following radial Schrôdinger equation 
d2P „i/d r2 +  [P„i +  2-Zp/V -  1(1 +  l ) / r 2 +

6r -1 (3-jr2/3 2 r )1/ 3( d2Z p/dr2) V »] P n\ =  0

This equation has recently been solved3 numerically by Pratt, the atomic system chosen being the Cu + ion.The direct result of such calculations is a comparison of the Hartree, Hartree-Fock, and Hartree- Fock-Slater wave functions and energy parameters. Comparison of other properties of the Cu+ ion is very important in that it shows the error to be expected when one uses a scheme simpler than the Hartree-Fock method. Such knowledge is important because the coupling of accuracy and simplicity which characterizes the Slater procedure makes it a most likely tool to be used in obtaining the much needed exchange corrected self-consistent field wave functions of heavy atoms and ions.
D iam agn etic S u sceptib ility  an d  P olarizab ility .—  By far the largest part of the difference between the Hartree-Fock and Slater wave functions arises from the improper behavior of the free-electron exchange potential energy approximation at large 

r. In the evaluation of average quantities by means of the expression
Q = f  t * Q M r / f t *  d r

the relative magnitudes of \p*Q4r at large and at small values of r  will control the error. An interesting property to use for testing the Slater functions is the diamagnetic susceptibility, since dependence
(1) Presented before the 124th Meeting of the American Chemical 

Society, Chicago, Illinois, September, 1953.
(2) J. C. Slater, Phys. Rev., 81, 385 (1951).
(3) G W. Pratt, Jr., ibid., 88, 1217 (1952).

on r is such th at the effects at large r are consider
a b ly  m agnified.

I t  is well k n ow n  th at the d iam agn etic su scepti
b ility  per gram  a tom ic w eigh t is related to  electron  
position  throu gh  the expression4

Xa =  — ( N e 2/ 6m c 2) ^  n s 
i

w here N  is A v o g a d ro ’s num ber, e is the electron ic 
charge, m  is the electron ic m ass, c is the v e lo c ity  o f 
light and n  is the e lectron -n u cleu s  separation  for  
the ith electron. T h e  average o f n 2 is sum m ed over 
all electrons in  the system . U sing H artree a tom ic 
units fo r  r and expressing the a b ov e  average in 
term s o f the radial w ave fu n ction s  o f the a tom , one 
has

xa =  —0.7923(10-6) I "  £  Pi2r2dr i s : ç  P i2dr 

F or the C u + ion, the su scep tib ility  is

xa =  -0 .7 9 2 3 (1 0 "8) \ a>Y j 2 ( 2 l  +  l)P „ i2r2dr (1) 
J o

if th e  fu n ction s P n 1 (r) are the norm alized  radial 
w ave fu n ction s. T h e  fa ctor  r2 increases the rela
tive  im portan ce  o f term s at large r. S ince the vari
ous electron  groups have d ifferent extensions, it is 
o f  interest to  com pare their in d iv idu a l con tribu 
tions to  the su sceptib ility . T h e  term s in  the 
integrand o f equ ation  1 h ave been  com p u ted  from  
the H artree5 and H a r tre e -F o ck -S la te r3 w ave fu n c
tions b y  num erical in tegration . T h e y  are com pared  
in T a b le  I w ith  the values obta ined  b y  H artree and 
H artree from  the H a rtre e -F o ck  solu tion s6 o f the 
one-electron  w ave equations fo r  C u +.

T h e  close agreem ent o f the H a rtre e -F o ck  and 
H a rtre e -F o ck -S la te r  results is clearly  show n in 
T a b le  I and in T a b le  I I  w h ich  com pares properties 
ca lcu lated  from  the w ave fu n ction s.

E rror in trodu ced  b y  the free electron  exchange 
term  is seen to  be sm all com pared  w ith  the im prove
m ent gained b y  including exchange effects. T h e

(4) J. H. Van Vleck, i b id . ,  SI, S99 (1928).
(5) D . Hartree, P r o c .  R o y .  S o c .  ( L o n d o n ) ,  A 1 41 , 282 (1933).
(6) D . Hartree and W . Hartree, i b i d . ,  A 157 , 490 (1936).
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T able I
V alues of 2(21 +  l )r 2 in  A tomic Units

Group Hartree
Hartree-

Fock Slater
Is 0 .01 0 .01 0 .01
2s .14 .13 .13
2p .32 .32 .32
3s 1 .25 1.21 1 .23
3p 4 .23 4 .0 7 3 .9 3
3d 17.55 12.85 10.96

T able II

P roperties Obtained from D ifferent Sets of W ave
F unctions

Property Hartree
Hartree-

Fock Slater

X  rd 2 3 .47 18.58 16 .58

— x a (10+6) 18.59 14.72 13.14
- a ,  A .3 1 .296 0 .8119 0 .6468
— (4 /3 )ttN a, cm .3 3 .268 2 .048 1 .632
-Z m c2H '(0 )/ eH  133.5° 135.1° 136.5
“ W . C . Dickinson, Phys. Rev., 80, 563 (1950).

largest part of the error comes from the ten 3d 
electrons, the extension of which is greater than that 
of any other group. Pratt has shown3 that, even 
though this extension is relatively large, 92% of the 
time the value of r for these 3d electrons lies between 
zero and 1.68 atomic units. In spite of this fact, the 
extension of electrons past r =  1.68 makes a very 
important contribution to the diamagnetic sus
ceptibility by virtue of the r2 factor and the large 
number of 3d electrons. In order to show these
effects, the definite integrals f  2(21 +  l)P ni2r2

%J 1.6
dr must be evaluated. Calculations for n =  3 have 
been carried out; the values of Pu2 and P212 are so 
small for r greater than 1.68 that the corresponding 
integrals are almost zero. Table III shows the 
values obtained from the three schemes; in the last 
row, the per cent, contribution to the susceptibility 
of extension greater than r =  1.6 is presented. 
These considerations and results emphasize the 
fact that comparison of the Slater field and the 
Hartree-Fock field on the basis of corresponding 
diamagnetic susceptibilities is a stringent test of the 
exchange approximation. Gratifying agreement 
indicates the success of the Slater method.

T able III

V alues of the D efinite  Integral

l

T "  2(21
J  1.6

Hartree
+  l )P 3isr2 dr 

Hartree- Slater

8 0.05704
Fock

0.04799 0.04983
P 0.4004 0.3425 0.2861
d 10.89 6.053 4.408

%  contr. 48.30 34.68 28.61

In addition to the diamagneticsusceptibility one 
can obtain from the quantity X) 'G2 the values of the

t

polarizability and ionic refractivity. Kirkwood has 
found7 that the polarizability of a spherical atom 
or ion is given approximately by a =  — (4a03/

(7) J. G. Kirkwood, Physik. Z „  33, 57 (1932).

9ne) ( X n 2) 2 where o0 is the first Bohr radius and n„

is the number of electrons in the system. The radial 
distance is to be expressed in terms of atomic units, 
so that a has the units of a03. The ionic refractivity 
is (47r/3)iVce where N is Avogadro’s number. The 
values of these properties appear in Table II for 
each of the three sets of wave functions. Squaring 
the sum which appears in the polarizability expres
sion accentuates in a differences which come from 
differences in the sets of wave functions, but the 
Slater approximation still gives a satisfactory result.

In ternal D iam agn etic F ie ld .— In the determina
tion of nuclear magnetic moments by the resonance 
method, correction for the shielding field at the 
nucleus is important. The magnitude of this 
diamagnetic field set up by moving electrons in the 
atom has been found by Lamb8 to be (eli/3mc2)y(0) 
at the nucleus; e and m are charge and mass of the 
electron, c is the velocity of light, H is the external 
magnetic field with which the electrons interact, 
and v(0) is given by

[p(r)/r]dr

(0), which represents the electrostatic effects at the 
nucleus, is evaluated from the self-consistent field, 
since the radial wave functions and the density are 
simply related. The expression

f ° ’ y ' 2 ( 2 l  +  l )P ni2r~1dr 
JO nl

has been evaluated for Cu+ by numerical integra
tion with the Hartree-Fock-Slater wave functions. 
Multiplication of this integral by eH/3mc2 gives 
H'{0), the magnitude of the internal diamagnetic 
field at r =  0. For comparison, values of —3mc2H f-
(0)/eH obtained from the three sets of wave func
tions appear in Table II. The close agreement of 
Hartree-Fock and Slater results is again in evi
dence.

Scattering F actors.— Of the atomic properties 
which can be obtained from self-consistent field 
wave functions, one of the most important is the 
scattering power for X-rays. The coherent and 
incoherent scattering depend on the wave functions 
through the same fundamental quadratures but in 
different combinations. As showed by James and 
Brindley,9 the contribution of ith electron to the 
X-ray scattering is connected with the quantity f\ 
given by

Pi2(r)(sin kr/kr) dr

where Pi is the radial wave function for the electron 
and k s= (4ir/\) sin (<p/2). The atomic structure 
factor, F, is given by X  /i for coherent scattering.

i
The scattering power depends on F2. In contrast,
the incoherent scattering depends on Z — X / i 2> that

i
is, on the square of the individual f, rather than on 
the square of their sum. In order to examine the 
applicability of the Slater functions in the calcula
tion of structure factors, the fi for the electrons in

(8) W. E. Lamb, Jr., Phys. Rev., 60, 817 (1941).
(9) R. W . James and G. W . Brindley, Phil. Mag., 12, 81 (1931).
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T a b l e  IV

St r u c t u r e  F a c t o r s  fo r  Cu+
X 1 sin (p/2) 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

F  (Hartree)“ 28 .0 0 2 6 .5 8 2 3 .35 19.80 16.49 13.80 11.75 10 .20 9 .0 2
F  (H .-Fock)“ 2 8 .0 0 2 6 .8 4 2 3 .9 5 2 0 .4 8 17.16 14.40 12 .12 10.35 9 .0 8
F  (Slater) 2 8 .00 26 .89 24.31 2 0 .9 8 17.69 14.67 12.45 10.42 9 .0 8
“ G . W . Brindley and P. Ridley, Proc. Phys. Soc. (London), 50, 9 6(1938).

Cu+ have been calculated for values of fc/4x be
tween 0 and 0.40 atomic unit in steps of 0.05. 
Table IV contains the atomic structure factors 
obtained from the three sets of wave functions.

For calculation of the atomic structure factors, 
the individual f i  were evaluated for each k  by 
numerical integration and were summed. The na
ture of the function sin k r/ kr  made it desirable to 
obtain the quantity

Since the radial wave functions are normalized, it 
is an easy matter to obtain the f, once the above 
definite integrals are calculated. This procedure 
decreases the truncation error except for the case 
of 3d electrons at relatively large values of k.

Explicit calculation of each/; followed by summa
tion appears to be more accurate in practice than 
commuting the integration and sum operations, 
which is clearly equivalent in principle. Use of 
the total charge density functions and a single 
quadrature means that the integrands are large 
and that the corresponding truncation errors may

be troublesome. The calculation of individual f  is, 
of course, necessary for evaluation of the incoherent 
scattering function.

For scattering of fast electrons, differential elastic 
cross sections can be obtained10 in terms of the 
atomic scattering factors by means of the Born 
approximation. The cross section depends on the 
quantity (Z — F)2, which is easily obtained from 
the tabulated values of F.

C onclusion .—Examination of the preceding sec
tions shows the excellence of the Slater wave equa
tion solution for calculation of atomic properties. 
Its value for treatment of heavy systems has already 
been stressed. Interesting in this connection is 
the fact that the Thomas-Fermi field cannot always 
be relied upon even for heavy systems, for which it 
is known to be better than for light ones ; straightfor
ward use of the Thomas-Fermi field for calculation 
o f E / i 2 is not satisfactory. The utility and applica-

X
bility of the Slater method thus recommends it as 
an important tool in the solution of problems in 
atomic and molecular structure.

(10) N . F. Mott and H . S. W . Massey, “ The Theory of Atomic 
Collisions,” Oxford University Press, London, 1933, p. 123.

THE INHIBITION OF FOAMING. VI. THE TRANSMISSION OF LIGHT BY
UNSTABLE FOAMS1

By Sydney R oss, B ruce Barth and J. F. T erenzi

Department o f Chemistry, Rensselaer Polytechnic Institute, Troy, N . Y.
Received September 23, 1953

surfaop^ptwppn t0 th®.emfg c n t  light (loss factor) passed through a foam is directly proportional to the specific
o f  the ■ain-fano film aSefS’ aoCOrdm5  i°.Clark and Blackman. This relation is used to obtain a measurement of the stability 
obtaineH h v  + L ° fmS containing different compositions of two antifoaming agents. The results parallel those
o f  nprmpnKJli+ir pf + i ? ^ r ® * * k i l i t y ,  Li, from observations of the decrease in total volume of the foam. The increase 
andplixrHm'+ir L  +l ni 1ffuid ^ m s  to the passage of air is shown to be a concomitant effect with the decrease of cohesion 
polorimpfpT* effected by the antifoaming agent. This work provides a simple method, using the Lumetron
;n„  ’ „<• 1 0 raPld evaluation of the effectiveness of different antifoams, their optimum concentrations, and the
investigation of synergistic antifoammg mixtures.

It is a common observation that a coarse foam is 
less opaque than one composed of fine bubbles, 
which would provide greater opportunities for the 
scattering of incident light by multiple reflections 
and refractions. The opacity of a foam is also 
commonly observed to diminish as the foam ages, 
because of the increase in bubble size with time. 
This phenomenon can, under controlled conditions, 
be used to measure the relative stability of foams.

The loss of light on transmission through a layer
(1) Presented before the Division of Colloid Chemistry of the

American Chemical Society at the McBain Memorial Program,
Chicago, 111., Sept. 6-11, 1953. See Abstracts, p. 14-1.

of foam was first explored by Clark and Blackman2 
as a function of the degree of dispersion of air in 
the foam. The loss of light was defined as the “ loss 
factor,”  the ratio of the incident to the emergent 
light, or I0/I. These authors found experimentally 
that the loss factor varied linearly with the specific 
surface of the liquid/air interface. Consideration 
of a simplified theoretical model led them to a 
mathematical description that was in accord with 
the experimental observations. The present con
tribution uses this relation to measure the variation

(2) N. O. Clark and M. Blackman, Trans, Faraday Soc. 44, 7 (1948).
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of the specific surface as a foam ages, which is a 
significant process for the ultimate stability of the 
system. A convenient and rapid method for the 
evaluation of both foam-stabilizing and foam-in
hibiting agents is a practical outcome of such a 
study.

Materials and Methods.— The solutions examined are 
similar to those described in the previous paper of this 
series,3 where the trade-names, chemical descriptions and 
sources are already listed. A  foaming solution containing
0 .1 0 %  Aerosol O T was tested in the presence of mixtures of 
Ucon 50-H B-660 and 2-ethylhexanol. This differs slightly 
from the previous experiments by the substitution of a lower 
viscosity Ucon for the Ucon 50-H B -3520. A  second foam
ing solution contained 0 .5 0 %  Nacconol N R SF and was de- 
foamed by mixtures of tributyl phosphate and methyliso- 
butylcarbinol. This differs from the previous solution by 
the absence of 0 .7 5 %  sodium silicate.

The transmission of light was measured with a Lumetron 
colorimeter (M odel 402-E ), manufactured by the Photo volt 
Corporation. The instrument was mounted on its side, 
with the collimated light beam vertical and the measuring 
photocell at the base, on an adjustable platform equipped 
with a spirit-level. In this way it is possible to introduce 
the foam-cell so that it sits directly above the measuring 
photocell. It was found to be greatly more convenient 
with these relatively unstable foams to operate the instru
ment as a direct-reading colorimeter. This is done by 
blocking out the light to the balance cell and taking direct 
readings on the galvanometer scale rather than using the 
slide-wire. The output of the lamp is stabilized with a con
stant voltage transformer.

W ith some mixtures the addition of the agent caused tur
bidity and it is necessary to correct for the absorbence of

Fig. 1.— The variation with time of the loss factor, J0/7 , 
for foams produced from 0 .1 0 %  Aerosol O T plus 0 .5 0 %  by  
volume of synergistic antifoams: upper curve, antifoam
8 0 %  2-ethylhexanol, 2 0 %  Ucon 50-H B -660; lower curve, 
antifoam 9 0 %  2-ethylhexanol, 1 0%  Ucon 50-H B-660.

(3) S. Rosa, A. F. Hughes, M. L. Kennedy and A. R. Mardoian,
T his  J o u r n a l , 57, 681 (1953).

the liquid. The light intensity of the lamp is adjusted with 
a rheostat to give a full-scale deflection of the galvanometer 
when the foam-cell containing the appropriate volume of 
liquid is in place. Since the galvanometer has a linear re
sponse to the photocell, the ratio of the full-scale deflection 
(100) to the reading with the foam in position gives the loss 
factor directly.

The cell containing the foam must be air tight, so that the 
foam completely fills the volume of the container throughout 
the readings. A  convenient container can be made by pour
ing the foam into a small cylinder and capping it with a 
second cylinder of slightly larger diameter and smaller 
length. On inverting the whole container, the liquid 
drained from the foam fills the space between the two cylin
ders, making the upper cylinder completely air tight.

The foam is produced from 100 ml. of foaming solution 
plus a measured volume of the antifoaming additive by the 
action of a Hamilton-Beach mixer for one minute. The 
timing begins when the mixer is turned off. The transfer 
of the foam to the foam-cell and the setting-up of the appara
tus prevent any earlier reading than about one or two 
minutes after the foam is formed. Although unavoidable 
this is unfortunate as the rate of change of the loss factor is 
greatest during the early stages of the existence of the foam.

R esu lts .—The 0.10% solution of Aerosol OT was 
tested with a series of mixtures of Ucon 50-HB-660 
and 2-ethylhexanol in different proportions. The 
total concentration of each combination of the 
two agents was 0.50% by volume. The 0.50% 
solution of Nacconol NRSF was tested with a 
series of mixtures of tributyl phosphate and methyl- 
isobutylcarbinol in different proportions, at a total 
concentration of 0.10% by volume. The previous 
experiments had been performed with much higher 
concentrations of antifoam, namely, 2.0% for the 
first system and 0.50% for the second. It was 
found that such high concentrations made the foam 
too unstable for the present type of measurement, 
as was made evident by a rupture of the films and 
a diminution of the volume of the foam. The effect 
sought is the influence of the antifoams on the 
permeability of the films to the enclosed gas, as 
shown by the increase in bubble size with time, due 
to the decrease in size of the small bubbles. It is 
the higher gas pressure in the smaller bubbles that 
causes a more rapid diffusion of air from them 
through the bubble walls, and it is the rate of this 
diffusion, related to the permeability of the liquid 
film, that is investigated by this method. Any 
concomitant rupture of the films complicates the 
observations by increasing the light transmission 
for a second cause. It is reduced as much as pos
sible by reducing the total concentration of anti
foam.

Figure 1 illustrated the form of the loss-factor vs. 
time curves, for two antifoams differing only slightly 
in composition. The one that shows the more rapid 
reduction of the loss-factor represents the more 
effective antifoaming action. Since, for a non
absorbent solution, there is a proportionality be
tween specific surface and (loss factor — 1)

S  =  k { h / l  -  l )  ( l )

these curves represent the variation of the specific 
surface of the foam with time. Clark4 has made 
direct measurements by photomicrography of the 
specific surface of stable foams as a function of time,

(4) N. O. Clark, “ A Study of Mechanically Produced Foam for 
Combating Petrol Fires,” D. S. I. R., Chemistry Research, Special 

• Report No. 6, H. M. S. O., London, 1947, p. 106; N. O. Clark and 
M . Blackman, Trans. Faraday Soc., 44, 1 (1948).
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and found that his results could be described by 
the equation

S  =  specific surface at time t
So =  specific surface at time of preparation
a =  a constant

The unstable foams of the present study are not 
described by this equation nor could a simple 
mathematical function be obtained for their de
scription.

It is nevertheless desirable to characterize each 
of these curves by a number that gives a relative 
measurement of the stability of the interface. The 
most fundamental unit is the average time of exist
ence of unit area of interface between two arbitrary 
limits that span most of the time during which 
measurements are taken. It is defined by the equa
tion

,av = /TfeubôT) X  Kt) At (3)
This unit can be evaluated by plotting (Ia/l — 1) 
vs. t and integrating graphically5 between arbitrary 
limits. Equally useful as a relative measure of 
stability, and more readily obtained, is the time 
elapsed between two arbitrary values of the spe
cific surface, as measured by the function (I0/I — 
1). Figure 2 shows values obtained in this way for 
At between values of I0/I =  10.0 and 3.00, that is 
the time lapsed from 10% transmission of light by 
the foam until it reaches 33.3% transmission of 
light. Figure 3, for consistently less stable foams, 
has values of At between I0/I =  10.0 and 2.00.

IN ANTIFOAMING ADDITIVE.
Fig. 2.— Comparison of relative foam stabilities, 0 .028L /, 

© ,  and film stabilities, At from h/I = 10.0 to / » / /  =  3 .00, 
O, for various mixtures of 2-ethylhexanol and Ucon 50-H B - 
660 on a foam produced from 0 .1 0 %  Aerosol O T solution.

In both Figs. 2 and 3 the values of At, which 
provide a relative measure of the stability of the 
interfacial film, are compared with relative foam 
stabilities, L( multiplied by a factor to bring the 
two units on the same scale, obtained by direct- 
measurement of the changing volume of foam with 
time. The values of Lt are derived from reference

(5) A rapid method of graphical integration is described by W. C.
Johnson, "Mathematical and Physical Principles of Engineering
Analysis, ’ McGraw-Hill Book Co., New York., N. Y., 1944, pp. 80 82.

3, where the method of measurement is described. 
Although the two units are derived from different 
sources and actually refer to different total concen
trations of the antifoam, they agree in describing 
the behavior of varying compositions of the two 
synergistic mixtures that they were used to investi
gate. A major discrepancy occurs at only one 
point. The 100% methylisobutylcarbinol shows a 
high foam stability but a low film stability (Fig. 3). 
The absence of sodium silicate from the solution 
where the film stability was measured may account 
for the difference. Why the absence of sodium 
silicate should affect only this agent and not the 
other compositions, which differ from it by the 
inclusion of varying amounts of tributyl phosphate, 
is the subject of a future project.

D iscu ss ion .— Figures 2 and 3 illustrate one 
thesis of this paper, that antifoaming agents and 
synergistic mixtures of antifoams can be explored 
more rapidly, conveniently and equally effectively 
by means of light transmission than by the direct 
measurement of the collapse of foam. Extremely 
stable foams emphasize even more the convenience 
of the light transmission method, as direct observa
tion of their collapse may require days or weeks, 
whereas changes in light transmission are observed 
immediately.

% CONCENTRATION OF METHYLISOBUTYL CARBINOL 
IN ANTIEOAMING ADDITIVE.

Fig. 3.— Comparison of relative foam stabilities, 0 .067A/, 
© ,  and film stabilities, At from h/I = 10.0 to h/I = 2.00, 
O , for various mixtures of methylisobutylcarbinol and 
tributyl phosphate on a foam produced from 0 .5 0 %  Nac- 
conol N R SF solution.

The general agreement between foam stability, 
which includes rupture of the films, and film sta
bility as measured by light transmission, also is of 
interest in the consideration of mechanism of anti
foaming action. The two synergistic systems inves
tigated here have been shown previously3 to act as 
antifoams by different mechanisms, one of them act
ing by virtue of the net hydrophilic-lipophilic balance 
of the mixture and the other by combining the two 
specific film-weakening effects of each of its compo
nents. The result achieved is the same. The foam 
is destabilized by a reduction in the cohesion and 
elasticity of the surface film, making it more likely 
to rupture under stress. The unit of foam stability, 
Li, measures the last process of this chain of events.
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as it describes the variation of the total volume of 
foam with time. The present method of light trans
mission measures the stability of the liquid films 
under conditions where rupture is precluded. The 
change of film area is due to the diffusion of air from 
the smaller bubbles at higher pressures, and the 
measured effects of the antifoaming agents is caused 
by their alteration of the permeability of the films 
to the passage of gas. The general agreement be
tween L{ and At means therefore that the increased 
permeability of the film is concomitant with and re
lated to its reduction in cohesion and elasticity by 
the antifoaming agent.

A similar conclusion, though without reference to 
antifoaming agents, has already been stated by 
Brown, Thuman and McBain.6 These authors

(6) A. G. Brown, W . C. Thuman and J. W . McBain, “ Transfer of 
Air through Adsorbed Surface Films as a Factor in Foam Stability,”

measured the variation with time of the size of a 
single bubble on the surface of a solution, and com
pared the permeability coefficient thus obtained 
with the unit of foam stability, Lf. They write: 
“ Foams of highest stability appear to be produced 
from solutions yielding lowest permeability values; 
solutions giving foams of very poor stability have 
the highest values for the permeability of the bubble 
film to air. Detailed correlation in the intermediate 
ranges is not, however, perfect.”

The mechanism of antifoaming action is still 
obscure, but results such as those reported here 
focus attention on alterations of the adsorbed 
surface films as the origin of the effect.
Contract No. N7-onr-321-T.O. II. Stanford Research Institute, 
1949: A. G. Brown, W. C. Thuman and J. W . McBain, J. Colloid 
Sci., 8, 508 (1953).

METHODS FOR ESTIMATING THERMODYNAMIC QUANTITIES OF
SPECIES IN LIQUID AMMONIA

B y W illiam L. Jolly

Radiation Laboratory, University of California, Berkeley, Calif.
Received October IS, 1953

Equations are given which permit estimation of heats, free energies and entropies for species in liquid ammonia. A  
method for estimating the differences in heats, free energies and entropies between ammonation processes and hydration 
processes for ions is discussed. It is shown that ions which are known to form stable ammonia complexes in aqueous solu
tion, e.g., H + and A g +, are “ anomalously”  very stable in liquid ammonia. The “ anomalous”  increased stability of hy
droxide ion in water is explained by water complexing of the hydroxide ion.

It is possible to relate the usual relative entropies 
(S° =  0 for H+) for ions in ammonia and water by 
the empirical expression

<Snhj — S b io  =  23 Z  — 23 (1)

where Z is the charge (taking account of sign) 
on the ion. For an ion X*, the quantity *SnHj — 
iShsO is related to the solvation1 entropies for X z- 
(ASfm and AS£yd) and for H+ (ASfm and A5hyd) 
by the expression
Silm -  Si,o = (ASaxm -  ASx d) -  Z(ASfm -  AflgJ

(2)
Hence

ASfm -  A S x d -  (23 +  ASSn -  AS*A)Z -  23 (3)

In a recent paper2 it was implied that the quantity 
AS^m — A<Ŝ yd is equal to —23 because when this 
value is used, a plot of “ absolute”  entropies in 
ammonia versus absolute entropies in water yields a 
straight line. This procedure simply eliminates 
the term involving Z in equation 33:

(1) “ Solvation”  here refers to the transfer of an ion from a fixed 
standard state (e.g., the gaseous phase) to the solvent. Hence am
monation entropies and hydration entropies are comparable because 
the same initial states are involved.

(2) W . M . Latimer and W . L. Jolly, J. Am. Chem. Soc., 75, 4147 
1953).

(3) The coefficient of Z in equation 3 might be expected to have a 
small finite value. In the Powell-Latimer equation for the entropies 
of aqueous ions (cf. R. E. Powell and W . M . Latimer, J. Chem. Phys., 
19, 1139 (1951)), the “ effective radius”  of the ion appears as an im
portant term. The effective radii for positive ions are larger than the 
crystal radii by a constant different from that used for negative ions. 
The difference is ascribed to the opposite orientation of water mole-

A S f m -  A S i ,  =  -2 3  (4)

It was therefore concluded that absolute entropies 
for ions are 23 e.u. higher in water than in liquid 
ammonia. This rule may not be valid for multiply- 
charged ions; insufficient experimental data exist 
for a test of the generalized rule.

Similar calculations may be made for heats of 
formation. Figure 1 is a plot of heats of formation 
for species in ammonia versus a simple function of 
heats of formation in water. The relation may be 
expressed by

AfffNHj = Aff°H2o +  23Z — 5 (5)
where AH? =  0 for H +,Z  refers to the actual charge 
on ions, and the units are kilocalories per mole. 
Figure 1 merely serves to show the agreement of 
equation 5 with the experimental data. By 
assuming that the ammonation energy of the 
hydrogen ion is 23 kcal./mole more negative than 
the hydration energy of the hydrogen ion,4 we find 
that, in general, ammonation energies are 5 kcal./ 
mole more negative than hydration energies.

From equations 1 and 5 one calculates
AF?nhi =  AFfHjo +  16Z +  2 (6)

cules around positive and negative ions. This orientation effect might
be expected to be entirely different from ammonia; hence equation
3 might retain the term involving Z, which differentiates between 
positive and negative ions.

(4) A value of 26 kcal./mole has been calculated by an entirely 
different means, i . e . ,  by assuming that the rubidium ion and bromide 
ion have identical ammonation energies. (Cf. W . L. Joliy Chem 
Revs., 50, 351 (1952).) The good agreement is taken as further 
justification of the present method.
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for 298 3K. Figure 2 is a plot of the left side of energies of ammonation are 2 kcal./mole more 
equation 6 versus the right side of equation 6. positive than free energies of hydration.
By making an assumption similar to those already It will be noted that heats and free energies for 
made for entropies and heats, we find that free certain non-electrolytes have been included in the
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plots. Generally, these species fall on the straight 
lines.5 By using these empirical relationships, 
one can roughly estimate the thermodynamic 
function for a species in ammonia when the same 
function is known for the species in water. Certain 
“ irregularities,'’ however, should be pointed out.

It will be noted that the hydrogen ion is abnor
mally stable in ammonia and the hydroxide ion is 
abnormally stable in water. The hydrogen ion un
doubtedly obtains its stability through reaction to 
form the ammonium ion. The NH4+ configuration

r n  H 1 +
is much more stable than the H30  + or OHO

H  H
configuration. (The free energies of NH4+ in 
water and in ammonia are in close agreement with 
the empirical rule.) Conversely, the hydroxide 
ion may exist as a stable hydrogen-bonded species 
of the type HOHOH-  in water. No such stabiliza
tion is possible in anhydrous liquid ammonia, but it is 
possible in liquid ammonia containing water. It 
has been found that the presence of water in am
monia profoundly increases the solubility of so
dium hydroxide.6 Of course, the above phenomena 
may be explained by the acid-base character of the 
solvents. One would expect the H+ ion, an acidic 
species, to be much more stable in a basic solvent 
like ammonia than in water, and vice versa for the 
OH-  ion. Certain other ions, e.g., Ag+, Pb++ 
and Hg++, appear to be abnormally stable in 
ammonia. The data for the dipositive ions may be 
in error because of heat or free energy of dilution 
effects which are difficult to detect experimentally. 
In view of the strong tendency of Ag+ to co
ordinate ammonia in aqueous solution, it might 
have been anticipated that the silver ion would 
be exceptionally stable in ammonia. By compar
ing the free energy of aqueous Ag(NH3)2+ with 
(Ag+ +  2NH3) in ammonia, one finds good agree
ment with equation 6. Apparently when an ion 
forms a stable ammonia complex in water, the free 
energy of this complex must be used in estimating 
the free energy of the corresponding ion in am
monia. On the other hand, when an ion forms a 
stable water complex in ammonia, it is this hydrated 
species that must be compared in the two solvents.

Equation G may be used to predict ionization 
constants for weak acids in ammonia. For an 
acid ionizing thus

we write7
H A  =  H +  +  A - (7)

AC NHj =  A F h20 +  (AFfNHTs — AF?h2o) a  —
(A F% H ,

=  AFJho -  16
A^IhsoIha

(5) The free energies for NHa in ammonia and for H2O in water 
have been corrected to those for hypothetical 1 molal solutions.

(6) M . Skossareswky and N. Tchitehinadze, J . chim. phys., 14, 153
(1916).

Hence
pKtiru =  pK a io  — 12 (8)

Equation 8 is a quantitative expression of the acid
levelling effect of ammonia. If we define a strong 
acid as one with pK <  0, then acids with ionization 
constants larger than 10~12 in water are predicted 
to be strong acids in ammonia.

C alcu lations.—The thermodynamic functions for 
species in water were taken from the Bureau of 
Standards compilation8 and from Latimer.9 Most 
of the thermodynamic functions for species in 
liquid ammonia have been tabulated elsewhere,2 
but the free energies for water and hydroxide ion 
have not previously been tabulated, and the cal
culations are presented here.

The vapor pressure of water over a 1 molal 
solution in ammonia at 25° is 0.4 mm.,10 whereas 
the vapor pressure of pure water is 23.7 mm. at the 
same temperature. By neglecting gas imperfec
tions and by using AF? = —56.7 kcal./mole for 
pure water,8 we calculate A FI =  —59.1 kcal./mole 
for water in liquid ammonia.

It is difficult to interpret many of the data in the 
literature on the solubility of hydroxides in am
monia. One of the more careful studies is that of 
Skossareswky and Tchitehinadze.6 These investi
gators found the solubility of NaOH to be ca. 
6 X 10“ 5 molal at —40 to —45°. By estimating 
the entropy of solution as —46 e.u.,8’11 we calculate 
AF° = 12 kcal./mole for the solution of NaOH 
at 25°. Using the known free energies for NaOH 
and Na+, we calculate AF,1 = —34.5 for OH“ 
in ammonia. The solubility of RbOH in ammonia 
has been reported12 as 0.09 molar at —40°. By 
estimating a mean activity coefficient of 0.2 for the 
saturated solution at —40° and by estimating11 
the entropy of solution as —37 e.u., we calculate 
AF° =  6.1 kcal./mole for the solution of RbOH 
at 25°. We then obtain AF° =  —32.5 kcal./mole 
for OH-  in ammonia. We shall use an average 
value, AF°, =  — 34 kcal./mole.

A ck n ow led gm en t.—The author wishes to thank 
Professors W. M. Latimer and R. E. Connick for 
their careful reading of the manuscript.

(7 ) Remembering that, by definition, A F °f =  0 for H + in both 
solvents, we consider only the free energy changes for HA and 
A~.

(8) National Bureau of Standards Circular 500, “ Selected Values 
of Chemical Thermodynamic Properties,”  Washington, D. C., 
1952.

(9) W . M . Latimer, “ Oxidation Potentials,”  Prentice-Hall, Inc., 
New York, N. Y ., 1952.

(10) J. H. Perry, editor, “ Chemical Engineer’s Handbook,”  Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1950, p. 171.

(11) Through use of equation 1.
(12) G. P. Nikol’skii, Z. A. Bagdassar’yan and I. A. Kazarnovskii, 

Doklady AJcad. Nauk S.S.S.R., 77, 69 (1951); C.A  , 45, 55540 
(1951).
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The equilibria of the quaternary system C aC b-S rC U -K C l-II20  between 18 and 114° have been examined. The system  
has the same general character as the ternary system CaCh-SrCh-HoO. The temperature area, at which the existence region 
of the strontium chloride dihydrate overlaps that of the solid solution of the calcium and strontium chloride hexahvdrates, 
has been investigated systematically. The solid solution of the hexahydrates, the «-calcium chloride tetrahydrate and the 
strontium chloride dihydrate can co-exist at 27.8 ±  0 .2°, but the boundary surface between the existence region of the stron
tium chloride dihvdrate and that of the solid solution of the hexahydrates has a temperature minimum at 26.6 ±  0.2 °. The 
presence of strontium chloride influences only slightly the lowest formation temperature of the double salt CaClj-KCl (36 .5°). 
The presence of potassium chloride has a similar effect on the lowest formation temperature of strontium chloride mono
hydrate (75 .5°). In the quinary system the presence of sodium chloride lowers the invariant temperatures only some tenths 
of a degree. New compounds do not occur within the temperature range investigated.

In some earlier papers1-2 the authors have shown cium, strontium, sodium and potassium. To
the conditions for equilibria in the binary and complete these investigations further determina-

Fig. 1.— The system SrCl2-C a C l2 -K C l-H 20 .  The isotherms are projected on the SrCHr-CaCh-HO plane; in the distribu
tion diagrams the mole fraction 1 =  1 00%  CaCh.

ternary systems containing the chlorides of cal- tions were required on the connected quaternary
(1) G. c. Assarsson, j . Am. chem. Soc., 72 , 1433 (1950), and Tms a n (j  quinary systems. Equilibria in these systems

Journal, B7, 207 (1953). . . n , i i
(2) g . o. Assarsson and a . Balder, ibid., 57 , 717  (1953). will be briefly treated here.
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T a b l e  I
T h e  Q u a t e r n a r y  S y s t e m  SrCl2-C a C l2- -K C 1-H 20  I so t h e r m s  b e t w e e n  18 and 100°

Solid phases: b, SrCl2-2H20 ;  d, o:-CaCl2-4H20 ;  e, CaCl2-2H20 ;  f, solid solution (CaSr)Cls-6H20 ;  g, SrCl2-H 20 ;  h ,K C l;
i, KCl-CaCl2; k, NaCl.

Solution Wet residue Solid Solution Wet residue
KCl

Solid
SrCl2 CaCh KCl SrCls CaCla KC1 phase SrClj CaClj KC1 SrCls Cada phase

18° 37.0°

0 .8 39.6 2.6 3 .8 42.7 0 .8 f +  h 1.4 50.4 7.0 1.5 55.2 6.3 b +  d
1.2 38.4 2 .6 10.8 36.7 1.2 i +  h 1.8 50.0 7 .3 0 .5  18.4 66.0 b +  h
6 .7 25.4 4.2 40.4 9.9 2 .0 f +  h 37.5°

23.4 7.2 6.3 49.0 2.1 1.6 f +  h
1.4 50.7 7.0 1.3  56.9 31.2 b +  i

26. 4° 1.3 50.4 7.4 0 .5  22.9 65.4 b +  h
0.3 45.8 4.0 1.3 48.4 1.0 f +  h 42.6°
0 .8 44.4 3.6 4.1 45.0 1.0 f +  h
1.6 42.7 3.5 6.9 41.7 1.3 f +  h 1.7 53.5 4.3 1.2 55.0 2.3 b +  d

1.6 41.2 3.5 24.5 27.6 1.1 f +  h 1.4 52.5 6.5 1.3 54.8 33.6 b +  i

2 .0 40.5 3 .5 24.8 24.8 1.1 f +  h 42.8°
26. 9° 1.2 53.2 4.2 1.3 62.8 2.1 b +  e

0.3
0 .9
1.2

46.2
45.0
43.9

3 .8
3 .7
3.2

2.4
3.4
5.9

47.0  
46.2
45.0

1.0
1.5
1.0

f +  h 
f +  h 
f +  h

1.2 52.5 5.2 0 .6  52.9  

74.0°
1.4 64.7

33.4

3.0

b +  i

2.2 55.8 3.6 e +  i
1.6 42.9 3.4 53.6 15.5 1.2 b +  h 3 .6 37.9 31.8 1.9 b +  i1.9 56.01.5 42.4 3.3 52.7 15.3 1.2 b +  h
2.1 40.6 3.3 56.6 12.8 1.0 b +  h 75.0°
2 .0 40.2 3.4 18.2 31.3 1.0 f +  h 2 .0 56.0 3 .8 26.5 41.0 2.5 g +  i

27.,4° 3.1 54.5 4.6 50.7 22.4 1.6 b +  i

0 .9 48.0 4.4 0.5 51.8 1.6 d +  h 100°
0 .9 47.1 4.2 1.9 47.7 1.3 f +  h 3 .0 58.3 3.1 1.5 63.6 2.6 e +  i
0 .8 46.2 4.2 2.5 46.9 2.1 f +  h 3.2 57.5 3.1 33.7 38.3 2.1 g +  i
1.3 45.3 4.2 10.5 41.4 1.6 b +  f +  h
1.2 43.9 3.6 50.9 17.4 1.3 b +  h The invariant points
1.7 41.9 3.6 48.7 17.7 1.3 b +  h

26.6°2 .0 41.1 3.6 51.8 16.2 1.3 b +  h b +  f +  h2.2 40.5 3 .6 25.0 25.0 1.3 f +  h 1.8 41.8 3.5

4 .0 36.0 3.6 24.4 22.5 1.2 f +  h 27.8°

28 .0° 1.0 48.0 4 .7 b +  d +  f +  h

1.1 47.4 4.7 1.3 57.7 1.7 b + d + h 37.2°
1.1 47.1 4.7 46.2 21.7 2 .0 b + h 1.5 50.4 7.2 b + d +  h + i
1.1 44.6 2.7 58.2 13.1 0 .8 b +  h
1.7 42.2 3 .0 57.2 13.0 0.9 b +  h 42.7°
1.9 41.1 3.0 59.9 11.5 0 .8 b + h 1.4 53.0 5.2 b + d + e + i
2.9
3.3

39.1
35.7

3.0
3.3

33.1
35.7

22.9
16.7

1.2
1.3

b + f + h 
f + h 74.5°

13.0 20.0 5.2 44.2 6.4 1.4 f + h 2.0 56.0 3.5 b -f  e + g + i

All the figures in the tables are given as weight 
per cent.

T h e  Q uaternary A qu eou s S ystem  C a2+, S r2+, 
K +, C l- .— In this system are retained the main 
features of the ternary systems embraced by it. 
As it is a quaternary system of rather simple char
acter, the composition of the solutions at the equilib
ria can best be represented by using a tetrahedral 
diagram with the composition of the equilibria 
solutions projected on one side.

The hexahydrates of strontium and calcium chlo
ride crystallize at lower temperature(18,26.4°, Table 
I, Fig. 1) as solid solution, in a similar manner to that 
earlier described,2 but there are some features of 
special interest concerning the crystallization of the 
solid phases between the temperatures 26.9^28.0°. 
The isotherm at 26.9° shows a gap in the crys
tallization curve of the hexahydrates, the solutions 
corresponding to this gap being in equilibrium with 
strontium chloride dihydrate. At 27.4°, however, 
the equilibrium solutions very rich in calcium 
chloride, deposit crystals of a-calcium chloride 
tetrahydrate as first phase and when the concentra
tion of calcium chloride is slightly lowered the solid 
phase is composed of crystals of the solid solution 
rich in calcium chloride. On further lowering the 
calcium chloride concentration the gap corre

sponding to the formation of strontium chloride 
dihydrate follows, and thereafter the solid solution 
of the hexahydrates rich in strontium chloride. 
At 28.0°, on the other hand, the strontium chloride 
dihydrate and a-calcium chloride tetrahydrate 
co-exist in equilibrium with saturated solutions. 
The distribution diagram (Fig. 1), according to 
Roozeboom, shows that the crystallization at 26.4° 
yields crystals of solid solution with complete 
miscibility of the hexahydrates, and that the gap 
in the 26.9° isotherm is bounded on both sides by 
areas corresponding to the solid solution of the 
hexahydrates. The 27.4° isotherm, however, has a 
part corresponding to crystallization of pure cal
cium chloride tetrahydrate and connected with the 
part of the curve corresponding to the solid solution 
crystallization.

The lowest formation temperatures in the quater
nary system are found by interpolation to be at
26.6 ±  0.2° for the strontium chloride dihydrate 
and 27.8 ±  0.2° for the calcium chloride tetra
hydrate. Thus the boundary surface between the 
existence area of the a-calcium chloride tetra
hydrate and that of the solid solutions of the hexa
hydrates has a temperature minimum at 26.6°.

Other transformation temperatures of the system
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are given in Table I. They are slightly lower than 
those of the integrant ternary systems.

No new compound occurs in the quaternary 
system.

A correction of the lowest formation temperature 
of the a-calcium chloride tetrahydrate in the ter
nary system potassium chloride-calcium chloride- 
water must be made! In the ternary system men
tioned the new determinations gave 43.0°.

T h e  Q u in ary  A q u eou s S ystem  C a2+, S r2+, K +, 
N a + , C l- .—This system shows no features worthy 
of special note. The general observation can be 
made that sodium chloride is only very slightly 
soluble in solutions saturated with respect of the

other three chlorides within the temperature area 
in question. Results from three determinations in 
saturated solutions are given in Table II.

T a b l e  II

T h e  Q u in a r y  S y s t e m  S rC h -C aC h -K C l-N aC l-IR O  S o l u 
tio n s  S a t u r a t e d  a t  t h e  T e m p e r a t u r e s

Temp., Solution Solid
°c. SrCla CaCh KCl NaCl phase
18.0 0 .5 3 9 .6 2 .7 0 .3 f +  h +  k
3 6 .5 1 .0 5 0 .2 6 .7 0 .3 b +  d +  h +  k

100.0 2 .5 5 7 .2 3 .0 1 .0 e +  g +  h +  k

No new compound occurs in the quinary system 
mentioned.

VAPOR PRESSURES OF AQUEOUS POTASSIUM CHLORIDE SOLUTIONS 
AT 25° BY MEANS OF A NEW TYPE OF DIFFERENTIAL MANOMETER

By  Oliver L. I. B row n1 and C. M acGregor D elaney2

Department of Chemistry, Syracuse University, Syracuse, N . F.
Received October 7, 195S

A  new type of differential manometer is described, which utilizes a flexible brass bellows and a Statham Strain Gage. 
The manometer may be made sensitive to a differential pressure of 10“ 6 mm. of mercury. This instrument was used as a 
null point indicator in comparing the temperatures of equal vapor pressure of potassium chloride solutions and pure water. 
The results indicate that high precision is possible, with temperature measurement and control the limiting factors.

In trodu ction
The investigation reported here was concerned 

with developing an extremely sensitive method for 
determining when the pressures on opposite sides of 
a barrier are equal, so that the lowering of the vapor 
pressure of a solvent by the addition of a non
volatile solute may be determined by measuring the 
difference in temperature required to establish 
equal vapor pressures over the solution and the 
pure solvent. It was felt that such a method might 
be useful in dealing with solutes whose high molec
ular weights limit the applicability of other vapor 
pressure methods. For this purpose, a differential 
manometer was constructed in which a pressure 
difference of 10-6 mm. of mercury would cause a 
deflection of about 0.5 mm. on the galvanometer 
scale. This sensitivity was far greater than could 
be used for our purposes in view of the limitations 
in temperature measurement. The sensitivity 
was therefore reduced by the substitution of a 
Statham model G-l-4.5-225 Strain Gage for the 
more sensitive model G-l-1.5-315, and by shunting 
the galvanometer.

The development of the Isopiestic Method3'4 
has made the vapor pressures of potassium chloride 
solutions at 25° of particular importance as a 
standard of reference for other solutions. Since 
the various indirect means of determining the 
vapor pressure lowering as a function of concentra-

(1) Department of Chemistry, Connecticut College, New London, 
Conn.

(2) Based on the Dissertation submitted to the Graduate School of 
Syracuse University in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy by C. MacGregor Delaney, Research 
Department, Shell Oil Co., Houston Refinery, Houston, Texas.

(3) D. A. Sinclair, T his Journal, 37, 495 (1933).
(4) R. A. Robinson and D. A. Sinclair, J . Am. Chem. Soc., 56, 1830 

(1934).

tion lead to important differences in the result, it 
was felt that a direct determination would be of 
value in itself, as well as providing information as 
to the precision of the apparatus.

E xperim ental
Materials.— The potassium chloride was of the highest 

commercially obtainable purity, and before use was recrys
tallized three times from conductance water and dried at 
500° for 48 hours. The water used for recrystallization as 
well as in making up the solutions for study had a specific 
conductance of not more than 1.05 X  10“ 6 ohm -1 cm .-1

Apparatus.— The null point manometer consisted of a 
very flexible brass bellows about four inches deep and two 
inches in diameter, to the closed end of which was attached 
the feeler arm of a Statham Strain Gage, model G -l-4 .5-225. 
The strain gage is a Wheatstone bridge in which the re
sistance wires making up the arms of the bridge undergo 
changes in tension with motion of the feeler arm. This 
unit was soldered inside a heavy brass can in such a way that 
two chambers were formed, one on either side of the bellows. 
These chambers were connected through Pyrex tubes to a 
system of stopcocks, and through these to a vacuum pump 
and to two specially designed Pyrex vessels, one of which 
held a sample of pure water and the other the potassium 
chloride solution under investigation. The vessels were 
two inches in diameter and one inch deep and were each 
equipped with a Pyrex-sealed bar magnet and a ground 
glass ball joint for attachment to the manometer system.

Two small water-baths were insulated with glass wool and 
placed inside a larger copper container, which in turn was 
placed in a larger constant temperature water-bath, whose 
temperature was controlled with a cooling coil and an on- 
off Thyratron heating circuit. One of the small baths con
tained the vessel with the potassium chloride solution. A  
stirrer with a bar magnet at the lower end of the shaft was 
mounted over the vessel, and coupled with the magnet in
side the vessel to stir the solution. A thermistor was 
mounted as close as possible to the outside wall of the vessel. 
This bath was allowed to reach a steady state at or close to 
2 5 ° . The second small bath contained the vessel with the 
pure water, and was nearly the same as the solution bath, 
except that it had a small cooling coil and a phase-shifting 
Thyratron circuit for temperature control. The phase- 
shifting Thyratron operated from the unbalance of the
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strain gage bridge through a galvanometer and photo
cell. The manometer was housed in an air-bath which 
was insulated and immersed in the large water-bath. An 
insulated protective cover was built over the large water- 
bath, and the air space above the water was kept warmer 
than the water, to prevent condensation in the glass lines 
and stopcocks which were located in this air space. The 
manometer had a small steady heat supplied to it for the 
same reason.

The temperature of the solution was determined with a 
platinum resistance thermometer of the calorimetric type 
which had been calibrated in terms of a National Bureau of 
Standards certified platinum resistance thermometer. The 
temperature difference between the solution and the pine 
water for the condition of equal vapor pressures was meas
ured by a Wheatstone bridge consisting of two thermistors, 
a fixed resistance and an approximately equal fixed re
sistance with a higher resistance variable shunt which was 
adjusted to balance the bridge. The thermistors were 
Western Electric model 14-B which had been aged for 30 
days at 150°. The thermistors were calibrated separately 
against the platinum resistance thermometer, about 25 
points being taken for each in the range from 23 to 2 6 °. 
The ratio of the resistances of the two thermistors when at the 
same temperature was determined as a function of tempera
ture. The results of these three series of calibrations were 
combined in an equation relating the reading of the variable 
shunt to the temperature difference measured by the ther
mistors. The fixed resistances of the Wheatstone bridge 
were calibrated in terms of National Bureau of Standards 
certified standard resistors. Great care was taken to elim
inate thermals in the bridge circuit.

Procedure.— Prior to making an observation of the vapor 
pressure lowering, a solution of potassium chloride and a 
sample of conductance water were placed in the two vessels, 
leaving an air space above the liquids. The vessels were 
then placed in their respective thermostats, connected to 
the stopcock system, and degassed. The degassing was a 
time-consuming operation since it had to be accomplished 
stepwise to avoid bumping or undue loss of solvent from the 
solution.

The manometer was evacuated, flushed out with vapor 
from one vessel, and this process repeated several times. 
The ultimate test for complete degassing lay in the instan
taneous response of the manometer to very small tempera
ture differences between solvent and solution. The tem
perature of the solvent was then adjusted so that its vapor 
pressure was less than that of the solution, which was kept 
as close as possible to 2 5 °. The solvent vapor was allowed 
to enter both chambers of the manometer to establish the 
zero point of the instrument, then the two chambers were 
isolated and the solution vapor was allowed to enter one 
while the solvent vapor remained in the other. Both 
vapors, of course, were in contact with their respective 
liquids. The inequality of the two vapor pressures caused 
a motion of the bellows which was picked up by the strain

Fig. 1.— Plot of molal vapor pressure lowering vs. 
(molality)1/».

gage, whose degree of unbalance was indicated by the gal
vanometer. The galvanometer mirror reflected a beam of 
light to the phototube of the phase-shifting Thyratron 
heater, which allowed ever decreasing amounts of heat to 
flow into the solvent-bath until the vapor pressure of the 
solvent just equalled that of the solution. A t this point 
the temperature of the solution was measured, and also the 
temperature difference between solvent and solution. The 
average of five observations was taken as a run. The zero 
point of the manometer was then rechecked, and the con
nections of solvent and solution to the manometer were re
versed for the next run. From six to eight runs were taken 
for each concentration of solution. The temperature of the 
solvent-bath was constant within 0 .0005° during each run.

Analysis of Solutions.— The potassium chloride solution 
was removed from its vessel with a special transfer tube de
signed to prevent change in concentration by solvent loss. 
The solution was first analyzed by titration with silver ni
trate solution using dichlorofluorescein as the indicator. 
The final analysis was made with a Rayleigh Interferometer, 
using as a comparison standard a solution made up by direct 
weighing to correspond as closely as possible to the approxi
mate concentration as determined by the titration. All 
weighings were made with weights recently calibrated 
against National Bureau of Standards certified weights, and 
were corrected to vacuum. The accuracy of the inter
ferometric method is about ± 4  parts per million.

R esu lts  an d  D iscu ss ion
The experimental results are given in Table I, 

and in more detail in Table II. The temperature 
of the solution bath is th and that of the solvent 
bath is ¿i —  At. The osmotic coefficient <j>, which is 
defined by equation 2 below, has been calculated 
from the observations by methods I and II, as 
described in the next paragraph, and is tabulated 
as <f>, method I and method II. Figure 1 is a plot of 
At/m versus m1/!, with vertical lines used to mark 
the limits for extreme values of A t as listed for each 
point in Table II. The point for zero concentra
tion was obtained from equation 3 below and the 
relation

(At/rn)m„o =  (2 /5 5 .5 0 6 2 ) (dT/d In P )!6. =  0 .6049  (1)

T a b l e  I

(i At
m 'f2

Method Method
Series (av.) (av.) ma I II

1 25.042 0.0147 0.02515 0.1586 0.9588 0.9659
2 25.001 .0257 .04445 .2108 .9472 .9558
3 25.003 .0323 .05621 .2371 .9402 .9500
4 25.000 .0454 .08020 .2832 .9280 .9359
5 25.000 .0676 . 1210 .3479 .9150 .9237
6 25.000 .1045 .1901 .4360 .9015 .9091
7 25.005 .1738 .3180 .5639 .8978 .9040
8 25.011 .2309 .4254 .6522 .8924 .8980
9 25.001 .3265 .6025 .7762 .8924 .8969

10 25.001 .4179 .7741 .8798 . 8903 .8938
11 25.001 1.0211 1.8631 1.3650 .9096 .9095
12 25.001 1.3176 2.3783 1.5422 .9205 .9204
° m is the number of moles of K C l/k g . H 20 .

The conformity to a smooth curve extrapolating to 
the theoretical limit indicates a precision of better 
than 0.0005° for all points. Table II shows no 
systematic trend in Af for runs taken with pure 
solvent vapor inside or outside the bellows. This 
indicates a precision of about 0.0001 mm. of mer
cury in reaching zero pressure differential.

The reduction of the measured temperature 
differences to the corresponding lowering of the 
vapor pressure of water required a precise vapor 
pressure-temperature relationship for water in the
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T a b l e  I I

D e v ia t io n s  o f  I n d iv id u a l  R u n s  fr o m  A v e r a g e s  in  T a b l e  I 
(The numbers 3 and —68 for series 1, run A , for example, mean that for this particular observation the value of At was 
3 X  10 “ 4 degrees greater, and the value of ti was 68 X  1 0 "3 degrees less than the averages for Series 1 listed in Table I .

Other entries have corresponding meanings.)
Series
Runs

i 2 3 4 O

A 3 0 - 1 0 2
-6 8 0 -1 0 - 2

B 0 5 -1 0 3
-2 5 1 0 0 -1

C - 3 - 2 - 4 3 - 9
22 3 1 0 1

D — 5 1 2 - 3 0
100 6 2 1 1

K - 1 -1 - 5 - 4 - 2
112 - 7 4 0 1

F 2 1 8 0 3
-7 2 - 3 10 2 0

G 2 - 2 - 1 3
-7 0 0 - 9 - 1

H 1 4
- 7 - 1

neighborhood of 25°. In method I, the values for 
the vapor pressure of water were taken from the 
“ International Critical Tables.” 6 To aid in smooth 
interpolation, an equation was derived which re
produced exactly the thirteen table entries from 
24 to 25.2°. P° was interpolated to the value of 
¿i for each run, and P  to the value of — At. The 
osmotic coefficient was then calculated from the 
relation

<t> =  -  (55.5062/2m) In P / P °  (2)

No correction was made for the very small change 
in P/Pn with temperature over the 0.04° range by 
which U departed from 25°. In method II it was 
assumed that the vapor pressure of water in the 
range from 15 to 25° could be expressed by the 
following equation6

Pmm -  « [ « - » / r  +  e/r»'*! (3)

Differentiating and using the Clapeyron equation, 
we obtain

dP/dT =  e l«  -  b/T +  c/TV*]

= AH , / T ( V f  -  Fi) (4)
Using the precisely known values of All.- and (Pg — 
Pi) from the tabulation of Osborne, Stimson and 
Cunnings7 it was found that equation 4 reproduced 
exactly the five values of AHv/T(Vg — Pi) for 
temperatures of 15, 20, 25, 30 and 35° when a = 
14.779367, b =  10,794.0544, c = 1764.4607 and 
T = i +  273.1600. Therefore equation 3 with 
these same constants should reproduce the vapor 
pressure of water from 15 to 25°. It was found 
that the vapor pressures calculated from equation 3 
for temperatures of 15, 20, 25, 30 and 35° were 
higher than the corresponding values for reference 
7 by 0.013, 0.013, 0.012, 0.012 and 0.011 mm.,

(5) “ International Critical Tables," Vol. I l l , McGraw-Hill Book 
Co., Inc., New York, N . Y ., 1928, pp. 211-212.

(6) A paper in preparation by O. L. I. Brown will present the 
evidence supporting this new type of equation.

(7) N. S. Osborne, TI. F. Stimson and D. C. Ginnings, J. Research 
Natl. Bur. Standards, 23, 261 (1939).

6 7 8 s 10 il 12

3 2 - I 1 0 1 1
0 - 5 -1 1 - 1 0 0 - 1
1 1 - 3 - 4 4 - 2 - 4
0 — 5 15 ,1 0 0 1

- 3 - 2 1 - 3 6 — 5 - 9
2 - 5 20 2 1 - 1 - 1

- 2 - 2 1 4 - 1 7 5
0 14 23 - 2 2 0 0
5 - 1 - 1 2 - 4 7 3
0 7 - 1 1 0 - 1 0 - 1

- 5 - 1 - 1 - 3 - 3 - 1 5
- 1 — 5 - 9 0 - 1 - 1 0

2 - 4 - 3
- 1 1 0 1

3
- 1 2

respectively, and were higher than those of reference 
5 by 0.007, 0.006, 0.005, 0.004 and 0.003 mm., re
spectively. Substituting values of 7\ and — 
At into equation 3 gave values of In P/P° from 
which the $ values listed in Table I under method 
II were obtained. An Antoine equation was 
assumed using method II and while it fitted the 
five values of AHv/T(Vs — Pi) exactly, it produced 
calculated pressures less than reference 5 by 0.025,

Fig. 2 .— Osmotic coefficient vs. (molality)’/! .

Fig. 3 .— Osmotic coefficient vs. (molality)1/!.
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0.026, 0.026, 0.038 and 0.029 mm., respectively, 
and was therefore considered less accurate than 
equation 3.

Figure 2 presents our calculated values of <p 
from the above two methods, and Fig. 3 shows a 
comparison of these with the “ best values” of 
Robinson, quoted by Harned and Owen8 and with 
direct measurements by Lovelace, Frazer and 
Sease as recalculated to 25° from 20° by Robinson

(8) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolytic Solutions,”  2nd Edition, Reinhold Publ. Corp., New York, 
N. Y ., 1950.

and Sinclair.9 The present authors calculated the 
values of $ from the smoothed values of AP/P°m, 
the molal vapor pressure lowering, tabulated by 
Robinson and Sinclair.

A ck n ow led gm en t.— The authors wish to express 
their appreciation to Mr. C. L. Wilder of the 
Taylor Instrument Companies, Rochester, N. Y., 
for the gift of the bellows used in the manometer 
and to Mr. A. C. Hogge of the Shell Oil Company 
for the loan of the Rayleigh Interferometer.

(9) R. A. Robinson and D. A. Sinclair, J. Am. Chem. Soc., 56, 1830 
(1934).

BINDING ENERGIES OF GASEOUS DIATOMIC HYDRIDES AND 
HALIDES OF GROUP II AND GROUP III METALS1

B y  J o h n  L. M a r g r a v e

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 
Received October IS, 1953

The available data relating to binding energies of gaseous diatomic hydrides and halides of Group II (Be, M g, Ca, Sr and 
Ba) and Group III (B , A1 ,Ga, In and T l) metals have been correlated on the basis of an ionic model similar to that used 
previously for the alkali halides and hydrides. Experimental values for the binding energies are calculated through thermo
chemical cycles. In the cases studied the binding energies calculated on the basis of pure ionic attraction (e2/r) and neglect
ing repulsion and polarization effects compared well with the experimental values with an average deviation of ± 1 2  kcal./ 
mole. The use of estimated polarizabilities in a series of refined calculations gave values for the binding energies about 
the same as those given by e2/r. This correlation has been used for critically evaluating the experimental data on molecules 
and for determining a series of gaseous cationic radii.

There are available in the literature spectroscopic 
data for nearly all of the diatomic gaseous hydrides 
and halides of the Group II (Be, Mg, Ca, Sr and 
Ba) and Group III (B, Al, Ga, In and Tl) metals. 
In addition a number of the halides have been 
studied by electron diffraction and microwave spec
troscopy. In this work an attempt is made to corre
late the experimental observations with a satisfac
tory model for these gaseous molecules.

The gaseous alkali metal halides and hydrides 
have been treated successfully on the basis of an 
ionic model by Brewer and Mastick,2 Rittner,3 and 
Klemperer and Margrave.4 These compounds are 
definitely ionic and consist of metals and non-met
als having electronegativity differences ranging 
from about 3.2 for CsF to about 1.3 for LiH. Bind
ing in the alkali halides may be fairly well described 
by using only e-/r for the ionic binding energy since 
detailed calculations taking into account polariza
tion and repulsion effects show that they almost, 
exactly counterbalance each other. In the alkali 
hydrides, however, these two effects make quite 
different contributions and must be considered sepa
rately to get proper values for ionic binding ener
gies. The success of the ionic model in these cases 
indicates its possible application to Group II and 
III metal halides and hydrides.

The idea lying behind use of the ionic model for 
molecules of this type may be most easily under
stood by considering that in a molecule for which

(1) Presented before the Physical and Inorganic Division of the 
American Chemical Society in Chicago, September, 1953.

(2) L, Brewer and D. F. Mastick, J. Am. Chem. Soc., 73, 2045 
1951).

(3) E. S. Rittner, J. Chem. Phys., 19, 1030 (1951).
(4) W. A. Klemperer and J. L. Margrave, ibid., 20, 527 (1952).

the difference between the ionization potential of 
the metal and the electron affinity of the non-metal 
is small, the ground state potential energy curve 
will be primarily determined by coulombic attrac
tion of the ions. Herzberg5 and others have con
sidered this problem in detail and suggested rules 
for deciding when ionic character will be most im
portant and when atomic character will predomi
nate. One such rule is

R — r./re =  [14.43/(7 — E )]/re >  1.5

where rs is the internuclear distance at which elec
trostatic attraction between ions has just compen
sated for the energy (I — E), re is the observed in
ternuclear equilibrium distance, ( /  — E) is the dif
ference in ionization potential and electron affinity 
as previously defined, and 14.43 is the constant nec
essary when (I  — E) is expressed in electron volts 
and re is expressed in A. Herzberg states that in 
the range R =  1.5-2 the decision between ionic 
and atomic molecules is often difficult, but for R >  
2, a molecule usually shows ionic character in its 
ground state.

Values of R have been calculated for all the mole
cules involved and range from near 1.0 for some of 
the alkaline earth hydrides to nearly 4.0 for some 
Group III halides. Thus, a relatively wide range of 
R values is being considered, some actually outside 
the range suggested by Herzberg for ionic mole
cules.

In order to make a comparison of experimental 
and calculated ionic binding energies, one may use

(5) G. Herzberg, “ Spectra of Diatomic Molecules,”  D. Van Nostrand 
Co., Inc., New York, N. Y ., 1950.
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the quantity U\onic defined through the thermo- 
chemical cycle shown

M +(g) +  X " ( g >

M (g) +  X (g >

From this cycle I/fomc =  / m — Ex +  h (M X ). 
One needs thermal or spectroscopic data to com
plete the thermochemical cycle except for Uion\c 
or else sufficient information about the molecule to 
allow direct calculation of C/ionio by use of the meth
ods previously mentioned.

D ata  an d  R esu lts
There are data available from the compilations of 

Herzberg5 and Gaydon6 for forty-three of the fifty 
possible halides and hydrides of Group II and III 
metals, and in forty-two cases dissociation energies 
have been estimated, usually from Birge-Sponer 
extrapolations. Unfortunately, in only twenty-two 
cases are the data complete enough to give values 
for internuclear distances; some other internuclear 
distances have been determined in electron diffrac
tion and microwave studies.

Since any theoretical approach to the calculation 
of binding energies requires knowledge of the inter
nuclear distances, it is first necessary to have a 
method for calculation of these values for all the 
molecules of interest. Rittner3 has evaluated a 
series of gaseous ionic radii for the alkali metal ions 
and the halide ions. From his values one may eval-

ÌUY/Wl

further study. Generally speaking when a range 
of values is given the lower limit is set by the dis
sociation energy proposed by Gaydon6 who pointed

T a b l e  II
Tj. . caled _  u ionic —Gaseous êxp,a radd, rr. . expOiome , Uionic — 

eVr,
molecule Á. 1 . kcal./mole kcal./mole
BeH 1.343 1.36 250 247
M gH 1.7306 1.75 205-216 191
CaH 2.002 2.01 163 166
SrH 2.145 2.14 158 155
BaH 2.232 2.23 144 149
BeF 1.3614 1.35 224-256 244
M gF (1.752) 1.74 167-190 189
CaF (2.02) 2.00 141 164
SrF 2.13 110-128 1556
BaF 2.22 106-124 149
BeCl (1.7) 1.90 197-227 195
M gCl 2.29 151-163 1441
CaCl (1.86) 2.55 118 178
SrCI 2.68 102-113 123‘
BaCl 2.77 79- 95 1201
BeBr 2.05 leT
M gBr 2.44 153-172 135&
CaBr 2.70 127 1226
SrBr 2.83 114 1176
BaBr 2.92 103 IIS 6
B el 2.33 1426
M gl 2.72 122"
Cal 2.98 126-132 1116
Sri 3.11 104-108 1066
B al 3.20 103

“  (  ) enclose values for r exp which are uncertain. b Values
of UiOnicoalcd computed using ra¿a; all other values were 
computed using r exp.

uate a radius for H ~ of 1.05 ±  0.03 A. from the 
available spectroscopic data, and also radii for the 
Group II and Group III ions as shown in Table 1.

T a b l e  I
Gaseous

r, A.
Gaseous

r, A.ion ion
Be + 0 .31  ±  0 .02 B + 0 .1 7  ±  0 .0 4
Mg + .70  ± .02 A1 + .57  ±  .03
Ca+ .96 ± .02 Ga + .61 ±  .10'
Sr + 1 .09  ± .10“ In + .80 ±  .04
Ba + 1 .18  ±  ..10° T1 + .89 ±  .04

“ Experimental data available for only one gaseous mole
cule.

In Tables II and III are summarized the results 
of the calculations performed. Values for internu
clear distances obtained by addition of gaseous 
ionic radii were checked in many cases by calcula
tion using the formulas of Guggenheimer7 and 
found "0 be generally consistent. Agreement be
tween fobsd and radd values is good in most cases 
where experimental data are available. From the 
binding energy viewpoint, the quantities to be 
compared are the last columns, t/i0nicexp and
77. . ealedU  ion ic

C on clu sion s
It is evident from a consideration of values for 

Uj0nicexp that many of these molecules deserve

T a b l e  III

Gaseous rexp>° radd, 77- ■ exp bionic ,
rr. . calod _  Giomc

e2/r,
kcal./molemolecule Á. Â. kcal./mole

B H 1.233 1.22 243-254 269
A1H 1.646 1.62 188 201
GaH 1.66 199°
InH 1.838 1.85 175 180
T1H 1.870 1.94 170-174 177
B F 1.262 1.21 304 263
A1F 1.61 203 205°
GaF 1.65 201 200°
InF 1.84 182 i s o 6
T1F 1.93 167 1716
BC1 1.7157 1.76 185-229 193
A1C1 2.138 2.16 161 155
GaCl 2.20 2.20 167 150
InCl 2.318 2.39 154 142
T1C1 2.541 2.48 142 130
BBr 1.887 1.91 214 175
AlBr 2.295 2.31 147 144
GaBr 2.35 120-138 1406
InBr 2.57(e) 2.54 127 129
TIBr 2 .68(e) 2.63 134 123
BI 2.17 1526
A ll 2.59 132 1286
G al 2.63 132 1266
Ini 2 .86(e) 2.82 123 116
T il 2.87(e) 2.91 128 115

(6) A. G. Gaydon, “ Dissociation Energies," John Wiley and Sons, 
Inc., New York, N. Y., 1947.

(7) K. Guggenheimer, Proc. Phys. Soc., 58, 450 (1946).

° (e) internuclear distance from electron diffraction 
studies. 6 Values of Ui<micoalod computed using radd; all 
other values were computed using rexp.
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out that the linear Birge-Sponer extrapolations 
for molecules containing alkaline earth atoms (using 
data on the hydrides) are often much too high; 
Herzberg5 has usually listed dissociation energies 
obtained by linear extrapolations.

In certain cases more recent data have been used 
for obtaining I /i0mcexp. Most important is that of 
the aluminum halides which have recently been 
studied extensively.8 The new data agree very 
nicely with the calculated binding energies while 
older data are completely unacceptable. Chretien9 
has presented new work on gaseous boron halides; 
Levin and Winans10 have studied gallium chloride; 
and Welti and Barrow11 have studied GaF and InF.

Values of e2/r correlate fairly well with f7i0nicexp 
and it appears that, with a probable error of less 
than ±12 kcal./mole, one may approximate the 
binding energy of any of the molecules of these 
groups. In view of the generally good correlation, 
it is interesting to examine the situation where max
imum deviation between i7ionioexp and C/i0niccalcd 
occurs, namely, CaCl. The value for the internu- 
clear distance estimated by Herzberg is 1.86 A. 
but this distance is inconsistent with that calculated 
by additivity from ionic radii. The additivity value 
is 2.55 A. and this gives an e2/r  value of 130 kcal./ 
mole, about 12 kcal./mole higher than C/ionicexp but

(8) (a) P. Gross, C. Campbell, P. Kent and D. Levi, Disc. Faraday 
Soc., (No. 4) 206 (1948); (b) L. M . Foster, A. S. Russel and C. N. 
Cochran, J. Am. Chem. Soc., 72, 2850 (1950); (c) F. Irmann, Hdv. 
Chim. Acta, 33, 1449 (1950); (d) M. Heise and K. Wieland, ibid., 34, 
2182 (1951).

(9) M. Chretien, Hein. Phys. Acta, 23, 259 (1950).
(10) F. Levin and J. G. Winans, Phys. Rev., 77, 741 (1949); ibid., 84, 

431 (1951).
(11) D. Welti and R. F. Barrow, Nature, 168, 161 (1951); Proc. 

Phys. Soc., 65A, 629 (1952).

quite reasonable. Other large deviations, as yet 
unexplained, are observed for SrF, BaF, BaCl, 
MgBr, BF, BC1 and BBr although polarization ef
fects and uncertainties in D (M X) values are large 
in these cases. The internuclear distance suggested 
for BeCl from spectroscopic data is also lower than 
that calculated from addition of ionic radii.

An attempt was made to refine the calculation of 
C o n iccaIcd by consideration of polarization and re
pulsion effects as was done for the alkali halides 
and hydrides but the large uncertainties in calcu
lated values for the polarizabilities of the plus-one 
Group II and Group III ions made such a refinement 
of little value.

One important use of this correlation, besides its 
application in critical evaluation of available ex
perimental data, is to allow prediction of ionic 
binding energies and dissociation energies for mole
cules which are incompletely characterized or as 
yet unobserved. In Table IV are presented esti
mates for internuclear distances, ionic binding ener
gies, (e2/r), and dissociation energies into atoms for 
BeBr, Bel, Mgl, Bal, BI and GaH. It is apparent 
that certain of these molecules should be easily ob
tained in high concentration by use of well known 
experimental techniques.

T a b l e  I V

radei, Tj. . ealed »-7 10010 * D(M X) — ato
Molecule Â. kcal./mole kcal./mole

BeBr 2 .05 161 27
Bel 2 .33 142 0
M gl 2 .72 122 19
Bai 3 .2 0 103 56
BI 2 .19 151 34
G a ll 1 .6 6 199 78

WETTABILITY OF HALOGENATED ORGANIC SOLID SURFACES
By A. H. Ellison and W. A. Zisman

Surface Chemistry Branch, Chemistry Division, Naval Research Laboratory, Washington, 1). C.
Received October 15, 195S

Wettability of solid surfaces containing covalent chlorine increases greatly with the chlorine content. There is no indica
tion of hydrogen-bonding at the solid/liquid interface for surfaces containing carbon, hydrogen and chlorine. A close- 
packed monolayer of perchloro-2,4-pentadienoic acid adsorbed on a polished metal is shown to behave with respect to wetting 
like an organic surface comprising 100 atom per cent, of chlorine substitution. Increased wettability of fluorine-containing 
surfaces bv hydrogen-bonding liquids is reported for a number of new, partially fluorinated plastic surfaces. The wettability 
of fluorinated surfaces varies with the type of spreading liquid. For non-polar liquids the wettability decreases with in
creasing fluorine substitution. For hydrogen-bonding liquids, the wettability increases in the order: polvtetrafluoro-
ethylene, polvtrifluoroethylene, polyethylene, polyvinvlidene fluoride and polyvinyl fluoride. The corresponding order for 
the halogenated liquids is polytetrafluoroethylene, polytrifluoroethvlene, polyvinylideno fluoride, polyethylene and poly
vinyl fluoride. Explanations are offered for the relation between wettability and*the atom per cent, fluorine substitution 
in the surface based on the electronegativity of the fluorine atoms in the surface and the molecular structure of the spreading 
liquid.

In trodu ction
It has been shown in previous studies1” 6 that the 

wettability of a smooth solid surface is determined 
by the atomic composition of the surface and that

(1) H. W. Fox and W . A. Zisman, J. Colloid Sci., 5, 514 (1950).
(2) Ibid., 7, 109 (1952).
(3) Ibid., 7, 428 (1952).
(4) E. G. Shafrin and W A. Zisman, ibid., 7, 166 (1952).
(5) F. Pohulman and W. A. Zisman, ibid., 7, 465 (1952).
(6) H. W. Fox, E. F. Ilare and W. A. Zisman, ibid., 8, 194 (1953).

the equilibrium contact angle (0 e ) for a given liquid 
is a reproducible and valuable measure of the wetta
bility of a wide variety of surfaces. It has also been 
shown that the cosine of 0e for a homologous series 
of liquids on a given surface increases linearly with 
decreasing liquid surface tension (Y l v ° ) ,  while a 
linear relation holds approximately for most non- 
homologous liquids. But marked deviations from 
linearity have been observed with fluorinated sur-
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T a b l e  I

W e t t a b il it y  V a l u e s  for  C h l o r in a t e d  S u r f ac e s  (2 0 °)
'-------------------—■—  -------------------------------------------Surfaces---------------

Perchioropentadienoic 
acid monolayer

----------------------- Liquids—
tlv°,

dynes/cm.
0E,

degrees

7LV°(1 +  
COS 0E), 

ergs/cm.2
Water 7 2 .8 66 103.0
Glveerol 6 3 .4 56 9 8 .8
Formamide 5 8 .2 326
Methylene iodide 5 0 .8 34 9 2 .9
a-Bromonaphthalene 4 4 .6 < 5 > 8 9 .0
Tricresyl phosphate 4 0 .9 < 5 > 8 1 .6

“ Data from reference 3. 6 Attacks layer.

faces when the conditions for hydrogen-bonding 
existed at the solid/liquid interface.7 In the in
vestigation reported here, these conditions have 
been studied further. Also of interest in their own 
right are the data presented on: (a) the wettabil
ity of surfaces containing chlorine and hydrogen 
atoms in which the atom per cent, of chlorine sub
stitution is systematically varied from 0 to 100%, 
and (b) the wettability of some new plastic sur
faces containing only fluorine and hydrogen in 
which the atom per cent, of fluorine substitution is 
systematically varied.

Materials and Procedures.— Plane surfaces of solid poly
ethylene, unplasticized polyvinyl chloride and polyvinyl- 
idene chloride contain 0 , 25 and 50 atom per cent, of chlo
rine. A  100%  chlorinated surface would be that of poly- 
tetrachlcroethylene, but that polymer has never been pre
pared (presumably because of steric hindrances). However, 
we were successful in preparing on platinum foil a close- 
packed monolayer of perchloro-2,4-pentadienoic acid (sub
sequently referred to as perchioropentadienoic acid) with 
each molecule adsorbed via the carboxylic acid group. Evi
dently, the -C C b  terminal groups of the molecules in this 
film form a surface comprising only chlorine atoms. Since 
our previous work had shown repeatedly that the wetting 
properties were not significantly affected by atoms beneath 
the surface layer, it was inferred that this monolayer would 
act like an organic solid containing 100 atom per cent, of co
valent substituted chlorine. The series of fluorinated sur
faces studied comprised the following unplasticized poly
mers: polyethylene, polyvinyl fluoride, polyvinylidene
fluoride, polytrifluoroethylene and polytetrafluoroethylene.

Polyvinyl chloride, polyvinylidene chloride, polyvinyli
dene fluoride and polytrifluoroethylene in the powdered 
form were molded into discs approximately 1 " in diameter 
and V /  thick using minimum molding temperatures to pre
vent charring. Smooth, grease-free surfaces of these plas
tics were obtained as previously described8 by abrasion 
under water followed by heat-polishing against the smooth, 
clean surface of a 3/ 4"  thick acid-cleaned glass block. Poly
vinyl fluoride, which was obtainable only as a thin translu
cent sheet (0 .0025" thick), could not be abraded satisfac
torily. Therefore, it was heat-polished and cleaned with a 
concentrated solution of the detergent “ T id e.”  This pro
cedure had been shown to give clean surfaces in boundary- 
friction studies8'9; in the present study this method resulted 
in surfaces which were identical in wettability with those 
prepared by abrasion and casting. The perchioropenta
dienoic acid used was recrystallized as a white flaky solid 
having a melting point of 123 .5 -124 .0° which is in good 
agreement with a previously reported value.10 Close- 
packed monolayers of this strong acid were formed (using 
previously described methods) on a freshly flamed plati

(7 ) A. H. Ellison, H. W . Fox, and W. A. Zisman, T h is  J o u r n a l , 67, 
622 (1953b

(8) R. C. Bowers, W . C. Clinton and W. A. Zisman, J. Appl. Phys., 
24, 1066 (1953).

(9) R. C. Bowers, W . C. Clinton and W . A. Zisman, Lubrication 
Engineering, 9, 204 (1953).

(10) J. S. Newcomer and E. T. McBee, J. Am. Chem. Soc., 71,
946 (1949;.

Polyvinylidene
chloride

7 L V ° ( 1  +
Polyvinyl chloride 

T L V ° ( 1  +
Polyethylene“

7LV° (1 +
0E, COS 0E), 0E, COS 0 E ) , b e , cos 0e),

degrees ergs/cm.2 degrees ergs/em.2 degrees ergs/cm. 2
80 8 5 .4 87 7 6 .6 94 6 7 .7
61 9 4 .2 67 8 8 .2 79 7 5 .5
61 8 6 .4 66 8 1 .8 77 7 1 .3
29 9 5 .2 36 9 1 .9 52 82.1

9 8 8 .6 11 8 8 .4 35 81.1
10 8 1 .2 14 8 0 .6 34 7 4 .8

num foil by adsorption from a saturated aqueous solution.11
The spreading liquids used and the methods of measuring 

0e have been described earlier.1 The contact angle reported 
in each case is the average of at least four independent meas
urements made on two separately prepared surfaces; the 
average deviation from the mean was ± 2 ° .

R esu lts  fo r  C hlorin ated  S u rfa ces .—From earlier 
studies of the boundary frictional properties of 
these plastic surfaces,8'9 it was concluded that the 
chlorinated surfaces had fnuch higher adhesional 
energies than analogous hydrocarbon surfaces. 
Also, the surface energies of the chlorinated sur
faces reported would be much higher than those of 
the hydrocarbon surfaces reported earlier.3 Most 
liquids would be expected to spread readily on these 
chlorinated surfaces because one would expect that 
Wa >  Wc- These conjectures were found correct, 
for only liquids having surface tensions greater than 
40 dynes/cm. exhibited non-zero contact angles on 
these surfaces.

The results for the chlorinated surfaces are given 
in Table I. Some of the data for polyethylene sur
faces reported earlier3 are included for reference and 
comparison. The liquids are arranged in order of 
decreasing surface tension; for each liquid the value 
of 7 l v ° is tabulated as well as the experimental 
value of 0e and the approximate work of adhesion 
calculated from the Young-Dupre equation, W a = 
/sv° +  7 l v ° (1 +  cos (?e), assuming that /sv° is 
negligible1' 2 for each surface. Only six liquids 
were used due to the scarcity of pure stable liquids 
in the required high surface tension range. For a 
given liquid on the various chlorinated surfaces, 
0e increases as the atom per cent, chlorine substi
tution in the surface decreases, showing the in
creased affinity of the solid for the liquid as the 
chlorine content of the surface increases. Consist
ent with the findings reported in prior studies,1-7 
0e decreases with decreasing liquid surface tension 
for each solid surface.

Figure 1 shows the relationship between yLv° 
and cos 0e for the several liquids on the three chlo
rinated surfaces. The relationship is best repre
sented by a narrow rectilinear band. In Fig. 2 the 
relation between cos 0e and the atom per cent, 
chlorine substitution in the surface is shown for 
each of the liquids. The fact that smooth curves 
fit all the graphical points including the 100% point 
obtained from contact angle measurements on 
the perchioropentadienoic acid monolayer, justi
fied our inclusion of the latter surface in the series

(11) H. E. Baker, E. G. Shafrin and W. A. Zisrnan, T his Journal, 
56, 405 (1052).



262 A . H . Ellison and W . A . Zisman V o l. 58

15° 
30° 
45° 

60° a

75°

90°
40 50 60 70 40 50 60 70 40 50 60 70 

Surface tension (dynes/cm. at 20°).
Fig. 1.— Cos &e vs. t l v ° for various liquids on surfaces of: 

A, polyvinyl chloride; B, polyvinylidene chloride; C, a 
close-packed monolayer of perchloropentadienoic acid.

of chlorinated surfaces. In general, the initial 
slope of each curve in Fig. 2 decreases with in
creasing surface tension.

greater on polytetrafluoroethylene than on poly- 
trifluoroethylene. .

The relation between cosine 0e and y L V °  is 
graphed in Fig. 3 for the three fluorinated surfaces 
not previously investigated. Again, the relation
ships are best represented by narrow rectilinear 
bands. The width of each band is believed related 
to the variation of the solid/liquid interfacial ten
sions of the several liquids plotted in the band.

When the cosine of the contact angle for each 
liquid is plotted against the atom per cent, fluorine 
substitution in the surface, several distinct types of 
curves result (Figs. 4 and 5). The position of the 
curve with respect to the axis of ordinates is deter
mined by the surface tension of the liquid and fol-

Fig. 2.— Cos 9e for various liquids vs. atom per cent, chlorine substitution in the solid surface.

R esu lts  fo r  F luorinated  S u rfa ces .—Although the 
replacement of covalent hydrogen atoms by 
chlorine atoms in the surface leads to increased 
friction8’9 and greater wettability, the reverse is 
true for fluorinated surfaces not only for the fric
tion,8’9 but also for the wettability. Thus the 
number of non-spreading liquids should be greater 
for these surfaces than for the chlorinated surfaces.

In Table II the results for the fluorinated sur
faces have been summarized in the same manner 
as in Table I for the chlorinated surfaces. With 
few exceptions, the contact angle on a given sur
face increases with increasing surface tension of the 
liquid. Several features of Table II are note
worthy. In going from 0 to 25 atom per cent, 
fluorine substitution, the contact angle for a given 
hydrocarbon liquid always increases. This is 
exemplified by the results obtained with benzene 
and ¿-butylnaphthalene. In the same region the 
contact angle for a given polar liquid decreases as 
the per cent, fluorination increases as shown by 
water, formamide and glycerol. But in going from 
25 to 100 atom per cent, fluorine substitution, the 
contact angles increase for all liquids studied. 
Finally, it should be noted that the contact angles 
for the two diesters, bis-(2-ethylhexyl) phthalate 
and bis-(2-ethylhexyl) sebacate, are considerably

lows the general rule shown in Fig. 3 that high 
surface tension liquids display the highest contact 
angles. Figure 4A is typical of such strongly hy
drogen-bonding liquids as water, formamide and 
glycerol. The curve in Fig. 4B for a-bromonaph- 
thalene is similar to that for methylene iodide and 
presumably is typical of non-hydrogen-bonding 
polar liquids. The curve for benzyl phenylundec- 
anoate in Fig. 5A is similar to that for tricresyl 
phosphate. These liquids are alike in that each 
has only one oxygen atom sterically available for 
hydrogen-bonding with a suitable surface. Bis-(2- 
ethylhexyl) sebacate exhibits a curve almost iden
tical with the one shown for bis-(2-ethylhexyl) 
phthalate in Fig. 5B. These liquids have in com-

1.0
a 0.8 
«0 .6  

•¡0 .4  
£ 0 .2  

0

; \  a J | * \  bJ 1 %  c "
%

\  ■1

\  i- % \
- wuvmi rumor , .. mrvmitMiiE rumor .. mr*jfiuMO£T>m.Eiff 'tfju -

0 °
30°

60 ‘
£

20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70
Surface tension (dynes/cm. at 20°).

Fig. 3.— Cos 0e vs. 7 lv° for various liquids on surfaces of: 
A, polyvinyl fluoride; B, polyvinylidene fluoride; C, poly- 
trifluoroethylene.
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T a b l e  I I

W e t t a b il it y  V a l u e s  fo r  F l u o r in a t e d  S u r f a c e s  (2 0 °)
--------------------------------------------;-------------------------- Surfaces---------------------------------------------------------------------
Polytetrafluoro- Polytrifluoro- Polyvinylidene Polyvinyl

ethylene® ethylene fluoride fluoride Polyethylene &
/•----------------------- Liquids------------ TLV°(1 + tlv°(1 + tlv°(1 + T'LV°(I + TLVofl +

Uvo, 0E, cos 0e), Ô E , COS 0E), 0E, cos 0 e ) , 0E, COS 0È), 0E, COS 0E),
dynes/cm. degrees ergs/cm.2 degrees ergs/cm.2 degrees ergs/cm.2 degrees ergs/cm.2 degrees ergs/cm.2

Water 7 2 .8 108 5 0 .3 92 7 0 .3 82 8 2 .9 80 8 5 .4 94 6 7 .7
Glycerol 6 3 .4 100 5 2 .4 82 7 2 .2 75 7 9 .8 66 8 9 .2 79 7 5 .5
Formamide 5 8 .2 92 5 6 .2 76 7 2 .2 59 8 8 .2 54 9 2 .4 77 7 1 .3
Methylene iodide 5 0 .8 88 5 1 .6 71 6 7 .4 63 7 3 .9 49 84 .2 52 82.1
a-Bromonaphthalene 4 4 .6 73 5 7 .6 61 6 6 .2 42 77 .7 33 8 2 .0 35 81. 1
Tricresyl phosphate 4 0 .9 75 5 1 .5 49 6 7 .7 28 7 7 .0 28 7 7 .0 34 7 4 .8
Benzyl phenylundecanoate 3 7 .7 67 5 2 .6 44 6 4 .8 26 7 1 .6 17 7 3 .8 28 71. 0
i-Butylnaphthalene 33 .7 65 4 8 .0 42 58 .7 18 6 5 .8 10 6 6 .9 7 6 7 .2
Bis-( 2-ethylhexyl ) 3 1 .2 63 4 5 .4 22 60 .1 17 6 1 .0 9 6 2 .0 5 6 2 .3

phthalate
Bis-(2-ethylhexyl ) 31.1 62 4 5 .7 18 6 0 .7 13 6 1 .4 10 6 1 .7

sebacate
Benzene 2 8 .9 46 4 9 .0 25 55.1 11 5 7 .3 7 5 7 .6 < 5
n-Hexadecane 2 7 .6 46 4 6 .8 37 4 9 .7 24 5 2 .8 Sprc Spr
n-Tetradecane 2 6 .7 44 4 5 .9 35 4 8 .6 22 5 1 .5 Spr Spr
n-Dodecane 2 5 .4 42 4 4 .3 30 4 7 .4 Spr Spr
n-Decane 2 3 .9 35 4 3 .5 18 4 6 .6 Spr Spr
<* Data from reference 1. 6 Data from reference 3. ° Spr =  liquid spreads {9 =  0 ° ) .

mon two oxygen atoms accessible for hydrogen
bonding with a suitable surface. The curve for t- 
butylnaphthalene in Fig. 5C is much like that for 
benzene, and presumably this is characteristic of 
aromatic hydrocarbon liquids. The behavior of 
non-polar liquids like the n-alkanes is exemplified 
by the straight line graph for n-hexadecane of Fig. 
5(E)).

It is interesting to compare the wettability data 
given here for the surface of polyvinylidene fluoride 
with corresponding data given earlier2 for a 50-50 
copolymer of ethylene and tetrafluoroethylene.

ATOM PERCENT FLUORINE SUBSTITUTION.
Fig. 4,— Cos 0e of water and a-bromonaphthalene vs. atom  

per cent, fluorine substitution in the solid surface.

For polar liquids the contact angles are higher on 
the 50-50 copolymer, while the reverse is true for 
the non-polar n-alkanes. Unpublished friction 
data for polyvinylidene fluoride also differ from 
those reported for the 50-50 copolymer.8’9

D iscu ssion
It has been demonstrated that the wettability 

of a smooth solid surface containing covalent hy
drogen and chlorine atoms is increased as the 
atom per cent, of chlorine substitution is increased.

ATOM PERCENT FLUORINE SUBSTITUTION
Fig. 5.— Cos 0e of various liquids vs. atom per cent, fluorine 

substitution in the solid surface.
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Ample evidence has been given for treating the sur
face of a perchloropentadienoic acid monolayer on 
platinum as a 100% chlorinated organic solid which 
behaves with respect to wetting properties entirely 
analogously to the series polyethylene, polyvinyl 
chloride and polyvinylidene chloride.

No marked difference was observed in the behav
ior of hydrogen-bonding liquids and non-hydrogen
bonding liquids on the chlorinated surfaces. This 
is shown clearly in Fig. 2 where the shapes of the 
curves for glycerol and methylene iodide are very 
similar. Also, the graphs in Fig. 1 do not curve in 
the high surface tension region as has been observed7 
when hydrogen-bonding occurs. According to 
Pauling,12 the hydrogen-bonding ability of chlorine 
is weak, probably because the chlorine atom is signifi
cantly larger than the other atoms having equal or 
larger electronegativity values. It is concluded 
that hydrogen-bonding is not significant at the 
solid/liquid interface when the solid surface con
tains only covalent chlorine and hydrogen atoms.

The wettability data for the fluorinated plastics 
not previously reported are consistent with earlier 
data relating to other homologous fluorinated sur
faces. The measurements recorded in Table II fill 
in gaps in our knowledge so that it is now possible 
to study the effect of varying the atom per cent, 
fluorine substitution for values of 0, 25, 50, 75 and 
1 0 0 % .

The first striking feature evident in Table II is 
that the contact angle for a polar liquid is less on 
polyvinyl fluoride than it is on polyethylene while 
the reverse is true for the non-polar liquids. This 
may be caused by an abnormally low solid/liquid 
interfacial tension (7sl) in the case of the polar 
liquids on polyvinyl fluoride. Table II shows that 
the replacement of hydrogen atoms by fluorine 
atoms renders the surfaces more non-wettable by 
non-polar liquids. As in the previous paper,7 the 
contact angle differences which are to be explained 
are far greater than the experimental error.

Although ysl cannot be measured at present, we 
know from a consideration of liquid /liquid interfa
cial tensions that it decreases as the solubility or 
attraction of the two phases increases. This at
traction varies considerably from one type of liq
uid to another. For example, ysl decreases when 
the two phases are of like molecular species3 or 
when hydrogen-bonding exists between the two 
phases.7 Reasons are given below for concluding 
that the latter mechanism is involved in the case of 
the hydrogen-bonding liquids on the fluorinated 
surfaces.

In the special case of the n-alkanes the relation 
between cos 6e  and F, the atom per cent, fluorine 
substitution, is linear (Fig. 5D). The Young 
equation for the liquid L, forming equilibrium con
tact angle 9e , with the solid S, all in equilibrium 
with the saturated vapor of the liquid Y°, is

Ysv<> _  -ysL =  1 LV° cos Be (1)
where y is the surface free energy of the interface 
indicated by the subscripts. Now 7lv° =  con
stant =  K  for the systems to be compared. As
suming that 7sv° for a non-spreading liquid is

(12) L. Pauling, “ The Nature of the Chemical Bond,”  Cornell 
University Press, Ithaca, New York, 1945.

nearly the same as 7s° (the surface free energy of 
the solid in a vacuum) and rearranging equation 1, 
there results

7 S° =  K  cos e +  t sl (2)

If we make the reasonable assumptions that 7s° 
and 7sl are each linear functions of the atom per 
cent, of fluorine in the surface, i.e., 7s° =  a +  bF 
and 7sl =  a +  pF where b is negative and d is 
small and positive, equation 2 reduces to

F  =  K ” cos 9 +  A  (3)

where K" and A are constants. Equation 3 predicts 
the experimentally observed straight line (see Fig. 
5D).

The linear relationship for water on the chlori
nated surfaces (see Fig. 2) may be treated in the 
same fashion. The experimentally observed posi
tive slope can be rationalized in this case on the 
basis of the reasonable assumption that 7s ° is a 
linear increasing function of the atom per cent, of 
chlorine in the surface. In the case of the liquids 
which do not give linear relationships in Figs. 2, 4 
and 5, one or more of the above assumptions are 
not valid. It is believed that the third assumption 
(7sl =  a. +  /3F), contains the greatest error and 
the second (7s ° is a linear function of the atom per 
cent, halogen in the surface) contains the smallest 
error.

The other extreme of behavior is that of the 
highly polar hydrogen-bonding liquids and it is 
exemplified by the results for water in Fig. 4A. 
In the range F =  0 to F — 25 there is an increase in 
wettability with increased substitution of F atoms 
for H atoms. Here the conditions are suitable for 
hydrogen-bonding to occur at the solid/liquid inter
face for the appropriate liquids as we have pointed 
out earlier.7 Briefly, for the hydrogen bond, 
A -H . .. .B, to form, A and B must be electronega
tive atoms one of which is more electronegative and 
the other less electronegative than their normal 
values. In the studies reported here B is a fluorine 
atom in the plastic surface and A-H is the hydro
gen-donating group of the spreading liquid.

However, the relative electronegative character 
of a fluorine atom attached to a carbon atom de
pends upon the other substitutions made on the 
same carbon atom. It is reasonable from qualita
tive consideration of the electron displacements to 
conclude that the relative electronegativity of a 
fluorine atom attached to a carbon atom should de
crease with increasing fluorine substitution even 
though the electronegativity of the entire group 
increases. Since the strength of a hydrogen bond 
depends on the relative electronegativity of each 
fluorine atom, a decrease in wettability by the hy
drogen-bonding liquids is to be expected with fur
ther fluorine substitution. It should be noted 
that the decrease in wettability above 50 atom per 
cent, fluorine substitution is at a different rate for 
the hydrogen-bonding liquids than for the n-al
kanes.

As for the esters, B of the above scheme would be 
an oxygen atom of the ester linkage and A a carbon 
atom attached to a hydrogen atom in the surface of 
the polymer. Such a carbon atom would be less 
electronegative than normally as a result of the
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very electronegative fluorine atoms attached to it 
or to the adjacent carbon atom and the hydrogen 
atom somewhat acidic.

We are concerned here with the inductive effect 
of the fluorine atoms on the appropriate carbon 
atom of the plastic. Henne has proposed a work
ing hypothesis to explain the directing effect of the 
CF3 and CF2 groups in the vapor chlorination of 
polyfluorides.13 He postulated that the CF3 group 
and to a lesser extent the CF2 group cause the hy
drogen atoms on a carbon atom alpha to the CF3 or 
CF2 group to be acidic. It is not unreasonable, 
therefore, that the esters behave nearly like non
hydrogen-bonding liquids on the 0 to 25% fluori- 
nated surfaces and like hydrogen-bonding liquids 
on the 75% fluorinated surface. The curves for 
the esters containing only one sterically available 
oxygen atom (Fig. 5A) resemble the curve for 
water in the region of F — 75%. The dif
ference in Fig. 5B for diesters and Fig. 5A for the 
monoesters is presumably caused by the existence 
of two hydrogen bonds per molecule of diester. 
An aromatic group in the molecule of ester has 
minor effect on the wettability here, for the results 
for the aliphatic diester bis-(2-ethylhexyl) sebacate 
are nearly identical with those of Fig. 5B for the 
phthalate diester.

The curves typified by a-bromonaphthalene 
(Fig. 4B) and f-butylnaphthalene (Fig. 5C) repre
sent intermediate strengths of interaction between 
fluorinated solids and the spreading liquids. For 
the former we suggest a dipole-dipole interaction 
and for the latter the proton-donating ability of the 
aromatic nucleus.14 An interesting result is ob
tained by drawing a straight line between the 0% 
point and the 100% point of the curves in Figs. 4B, 
5A, 5B and 5C. The resulting straight line has 
nearly the same slope as the experimental straight 
line for the n-alkanes shown in Fig. 5D and would, 
therefore, appear to indicate what the relationship 
would be for these liquids in the absence of the in
teractions at the solid/liquid interface. The curve 
for the strong hydrogen-bonding liquids does not 
give the same result since these liquids interact

(13) A. L. Henne, J. B. Hinkamp and W . J. Zimmerschied, J. Am. 
Chem. Soc., 67, 1906 (1945).

(14) M . Tamres, ibid., 74, 3375 (1952).

with the fully fluorinated surface as well as the par
tially fluorinated surfaces.

It is clear from the data that the polyvinylidene 
fluoride and the 50-50 copolymer of ethylene and 
tetrafluoroethylene behave very differently. The 
average structure of the copolymer is an aliphatic 
chain of alternating C2F4 and C2H4 groups. Vinyli- 
dene fluoride may polymerize head-to-head, tail- 
to-tail, head-to-tail, or randomly. The first leads 
to the same structure as the average structure for 
the copolymer, the second results in an aliphatic 
chain of alternating CF2 and CH2 groups, and the 
last a mixture of the first two. The difference be
tween the average structure of the copolymer and 
either the head to tail or random structure of vinyli- 
dene fluoride do not seem sufficient to account for 
the rather large differences in behavior that have 
been observed. However, without knowledge of 
the precise structure of these polymers further dis
cussion is unwarranted.

The marked dependence of the wetting and frictional 
properties upon the halogen content of the surface8'9 is good 
evidence that the halogen atoms of these polymers are ex
posed at the surface, for if they were buried these surfaces 
would have frictional and wetting properties closely ap
proximating those of polyethylene.

In the fluorinated polymers the fluorine atoms must be 
located as much as possible in the surface because thereby 
the surface energy is reduced to a minimum. Earlier 
studies2’6 have demonstrated that a surface containing co
valent fluorine atoms has a lower surface energy than the 
corresponding hydrocarbon surfaces. The results pre
sented here agree fully with these conclusions. But this 
reasoning does not hold for the chlorinated polymers be
cause the substitution of covalent chlorine atoms for hy
drogen atoms would increase the surface energy. How
ever, chlorine atoms are much larger than hydrogen atoms, 
and they will be squeezed into positions in the surface 
whenever the cohesive forces between the polymer chains 
can thereby reduce the volume density and so make the 
total energy of the plastic a minimum.
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the polyvinylidene chloride, Dr. Gouchenour of 
the Hooker Electrochemicals Company for the 
perchloropentadienoic acid, and the M. W. Kellog 
Company for the polyvinylidene fluoride and the 
polytrifluoroethylene; their cooperation is sin
cerely appreciated. Suggestions of H. W. Fox in 
the preparation of the plastic surfaces, and in dis
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An analysis has been made of the kinetics of an enzymatic system of two reactants to determine the dependence of the 
Michaelis constant on the concentrations of the reactants. Two previously suggested types of mechanism were examined. 
One type involves the familiar binary complex of the enzyme with one of the reactants; the other involves a ternary complex 
with both reactants. For the ternary complex type of mechanism consideration was given to four cases: (a) two mech
anisms of formation of the ternary complex wherein the reactants combine with the enzyme in an ordered or in a random 
sequence; and to (b) two reaction conditions, equilibrium or steady-state. It was shown that for each of the above four 
cases there are four distinct experimental conditions under which the reaction kinetics can be studied according to the M i- 
chaelis-Menten analysis for maximal rates and that these four conditions give rise to three different expressions for maximal 
velocities and four different expressions for Michaelis constants. The four experimental conditions arise from the variation 
of the concentration of either reactant, while the other reactant’s concentration is kept constant and is either at, or below, 
the concentration required for maximal rate. From the derived rate laws for the different experimental conditions, it was 
found that in only two out of the four conditions (one of the reactants present in large excess) is the expression for the 
Michaelis constant analogous in form and meaning to that for the binary enzyme-substrate complex, frequently described. 
Under the other two conditions (both reactants at limited concentrations), both the maximal velocity and the Michaelis 
constant for one reactant, vary with the concentration of the other reactant. This kind of variation (with the other reactant) 
is also expected for reactant concentrations required to give any fraction of the maximal velocity. This means that, in 
practice, such a variation may also be found in the experimental concentration of a given reactant required to produce a rate 
approximately independent of that reactant. Recently published data on the kinetics of lipoxidase and glucose oxidase 
are offered as examples of some of these predicted variations. Furthermore, the previously proposed binary-complex type 
of mechanism for glucose oxidase is ruled out and a ternary-complex type is offered as a reasonable possibility. It is also 
shown that the concept of a ternary complex is not essential for the explanation of the kinetics of two reactants. A  more 
generalized formulation involving a modified form of the enzyme might be applicable instead.

Our recently published3 and continuing investiga
tions on the enzymatic browning of fruits have led 
us to a consideration of the significance of the ex
perimentally determined Michaelis constants in 
enzyme systems which involve two reactants (sub
strates) at limited concentrations. As already 
pointed out by LuValle and Goddard4 most enzyme 
systems involve at least two reactants, but one of 
them frequently is present in large excess (as might 
be the case when water is one of the reactants in a 
hydrolytic reaction) and the systems can then be 
analyzed by the familiar Briggs and Haldane6 
treatment in terms of a binary enzyme-substrate 
complex.

When both reactants are present at relatively 
low concentration, the above treatment has been 
reported to give anomalous variations, as large as 
seven to tenfold, in the measured Michaelis con
stant, with the concentration of one of the react
ants.6

No satisfactory explanation has yet been offered 
to account for these variations in terms of the 
kinetics that might hold for such systems.

It is the purpose of this paper to present such an 
explanation. The variations noted above will be 
accounted for in terms of a reaction mechanism 
which involves the formation of a ternary complex 
of the enzyme with the two reactants. It will also 
be shown that the meaning of the measured Mi-

(1) Presented at A.C.S. meeting, Chicago, Sept. 6-11, 1953.
(2) Bureau of Agricultural and Industrial Chemistry, Agricultural 

Research Administration, U. S. Department of Agriculture.
(3) L. L. Ingraham, J. Corse and B. Makower, J. Am. Chem. Soc., 

74, 2623 (1952).
(4) J. E, LuValle and D. R. Goddard, Quart. Rev. Biol., 23, 197 

(1948).
(5) G. E. Briggs and J. B. S. Haldane, Biochem. J., 19, 338 (1925).
(6) (a) H. Laser, Proc. R oy. Soc. {London), 140B, 230 (1952); 

(b) A. L. Tappel, P. D. Boyer and W. O. Lundberg, J. Biol. Chem., 
199, 267 (1952).

chaelis constant is analogous to that for a binary 
enzyme-substrate complex only under certain 
limited experimental conditions.

R a te  L aw s an d  T h e ir  S ign ifican ce, fo r  a  T w o  
R eactan t S ystem  In volv in g  a T ern ary  C om plex .—  
Several investigators previously have postulated 
the existence of ternary complexes of enzymes with 
two reactants,4'7’8 with one reactant and an 
activator or coenzyme,9'10'11 and with one reactant 
and an inhibitor.12

The kinetics for two reactants have been deduced 
for the equilibrium condition by Laidler and 
Socquet,13 and were extended to the steady-state 
conditions by Segal, Kachmar and Boyer.14

Some of the rate laws derived by these authors 
will serve as a basis for the discussions which are to 
follow. These laws were therefore collected, 
together with some new derivations, in Table I. 
The previously derived expressions, have been 
appropriately revised so as to present all the results 
in terms of uniform symbols and definitions. Two 
mechanisms of formation of a ternary complex of 
reactants A and B with enzyme E have been 
considered. Mechanism I requires that reactant A 
combines with the enzyme before reactant B. 
Mechanism II is a generalized form of I to include

(7) L. Michaelis, “ Currents in Biochemical Research,”  (D. E. 
Green ed.), Interscience Publishers, Inc., New York, N. Y ., 1946, p. 
225.

(8) R. A. Alberty, J. Am. Chem. Soc., 75, 1928 (1953).
(9) J. F. Kachmar and P. D. Boyer, J . Biol. Chem., 200, 669 (1953).
(10) G. W . Schwert and M . T. Hakala, Arch. Biochem. Biophys., 

38, 55 (1952).
(11) J. Botts and M . Morales, Trans. Faraday Soc., 49, 696 (1953).
(12) H. T. Huang and C. Niemann, J. Am. Chem. Soc., 75, 1395 

(1953).
(13) K. J. Laidler and I. M . Socquet, T his Journal, 54, 530 

(1950).
(14) H. L. Segal, J. F. Kachmar and P. D. Boyer, Enzymologia, 15, 

187 (1952).
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T a b l e  I
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m“ A ~  1 +  A',A

T-r hE oE iA
h A  -p Aß -p A9 I -p V 4A

= hEoVmaxXB — A'ß£/o
V iV 2 =  v 3v ,

El +  a :
fcl

A2

As
E 2 -p B  
K  =  ki/h

E , +  a :

h

h

: e 2

•p  +  e 2

, e 2

III . Two substrates, binary complex 

hEo h A BV =
kiA  -p A2 -p koB 

— hEoB

V  =  h  E,
A B E

r mail 
VmaXQ “  hEoA
VroaxXg — 03

IV . One substrate, binary complex 

h AV  — koEo

Pm,

h A  -p h  V  As

hEo

V  =

P  max

1 +  V A  

— hEoB

hE oE iA
1 +  EiA

— rC$EoE 2 — V  P -p Ei 
V i  — k i/ h

“ PmaxA an(T PmaiB are the maximum rates reached as a limit upon increasing the concentration of substrates A  and B, 
respectively. PmaxAB =  hEo  is the maximum limiting rate for both substrates, A  and B. Eo is the total enzyme concen
tration, complexed or uncomplexed.

5 fi(A , B ) =  E3/Eo =

c fn (A , B ) — Ez/Eo = 

Socquet.1

h h A B
h h A B  -f- (A4 -f- h )h A  -p h h B  -p h { h  -p Ag)

_______E iE zA B _______  This waa the expression previously derived by K . J. Laidler and I. M .
1 +  V iA  +  E iE zA B ■

cqi
d fm (A , B ) =  Ez/Eo =  A B (A1A3A7 +  h h h A  -p h h h  +  h h h B ’)/ A ‘i (h k lh  -p h h h )  -p A 2B (h k zh )  +  B 2( h h h  -p 

k zh h )  -p A B 2( h h h )  -p A B {h h h  +  h h h  +  h h h  +  h h h  +  h h h )  +  A (,h h h  +  h h h  + h h h  +  h h h  +  h h h )  +  
B ( h h h  +  h h h  +  h h h  +  h h h  +  h h h )  -p h h h  +  h h h  +  h h h .

• f (A m  — F I F __________________ E iE zE jA B _______________fIV(A, B ) -  Ez/Eo ~  K t +  K lK f A  +  KlK%B +  K iK zK iA B ’
t  These rate laws were previously derived by H. J. Segal, J. F. Kachmar and P. D . Boyer. 14

cases where enzyme E combines with substrates 
A and B in a stepwise manner but in a random 
sequence to yield the complex E3. Mechanism 
III involves the two reactants A and B again but 
they do not form a ternary complex.15

Mechanism IV, the familar one5 for a single 
substrate system, has been included for comparison 
and to aid in the later discussion. For each mech
anism, the results are given for both steady-state 
and equilibrium treatments.

The rate V, of the formation of product P, was
(15) The transition state in the second step could be called the 

ternary complex but it differs from the ternary complexes in mech
anisms I and II in that the potential energy of the system in III 
is a maximum whereas in the former cases (I and II) it is a minimum.

calculated in a conventional manner by setting up 
steady-state or equilibrium equations for all the 
enzyme forms (Ei to E4), calculating the concen
tration of E3 in terms of the concentrations of the 
substrates A and B and of total enzyme, E0, and 
finally, evaluating the function V = kf,E3.

The calculated expressions for V are shown in 
Table I as the first equations for each of the four 
mechanisms. It is seen that a very complicated 
expression, containing 24 terms in the denominator, 
is obtained for the general steady-state case of two 
substrates. The other three general equations for 
V, for mechanisms I and II, are essentially those 
of Segal, Kachmar and Boyer.14
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C O N C E N T R A T IO N  O F  A (OR B ) — -

Fig. 1.— Curves of the velocity versus the concentration of the reactant A  (or B), showing the three maximum velocities 
F  max a* FmaxB and F maxAB and the four Michaelis constants, K i, K n , K m  and K iv  corresponding to the four experimental 
conditions, V  -*■ F maXA, V  —  FmaxB, F maxA -► F ma*AB and F maxB F ma*AB, respectively. The left-hand half of the graph 
has been expanded greatly to show the initial part of the concentration range in greater detail.

The equations for steady state conditions are 
expressed in terms of rate constants; equations for 
equilibrium conditions, in terms of equilibrium 
constants.

When these equations are analyzed according to 
the Michaelis-Menten16 method for the evaluation 
of maximum rates it becomes apparent at once 
that the two substrate systems have three possible 
maximum rates as compared with one for the 
single substrate. Thus, by increasing the concen
trations of A, or of B, or of both A and B, 
different limiting maximum rates will be ob
tained which will be designated here by the sym
bols FmaxAi FmaxB and FmaXAB, respectively. The 
equations for each of these, for the different 
mechanisms, are also shown in Table I. They were 
calculated from the general equations (for F) by 
dropping out those terms which approach zero with 
increasing concentration of the substrate involved. 
Some of these terms were of the type, const./AB, 
so that at low concentrations of A (or B) it may 
require a high concentration of B (or A) to allow 
this term to be neglected.

The consequence of this relationship is that the 
maximum rate, FmaXA, for example, will be at
tained only at very high concentrations of reactant 
A, when the concentration of reactant B is held very 
low (and vice versa).

A further important consequence relates to 
experiments where it is desired to study the rate 
as a function of the concentration of one reactant 
while the concentration of the other reactant is 
high enough to yield a maximum rate. An ex-

(16) L. Michaelis and M . L. Menten, Biochem. Z., 49, 333 (1913).

ample of such a study would be the dependence 
on oxygen pressure of the rate of enzymatic oxida
tion of a reducing substrate. In that case it is 
necessary to assure oneself that the maximum 
rate with respect to the reducing substrate is 
actually being maintained over the whole range of 
oxygen pressures under investigation. Obviously, 
concentration of the reducing substrate satis
factory for the lowest oxygen pressure studied, 
will also be satisfactory for the highest pressures 
(but not vice versa).

It is of interest to note that the equations for 
FmasA and FmaaB are, in general, analogous in 
form to the general equation for F in the single 
substrate system (mechanism IV). This is to be 
expected inasmuch as Fma*A (or B) rate is only a 
function of the other substrate B (or A). The 
dependence on the other substrate leads in turn to 
an important observation that FmaxA (or B) is not a 
unique value but represents a series of values, 
depending on the concentration of substrate B 
(or A). For example, a plot of F vs. A could be 
shown as a family of curves, each curve representing 
a different concentration of B, and each curve 
levelling off at a different value of FmaXA.

The last equations for each mechanism in Table I 
represent a condition where all of the enzyme exists 
essentially in the form of the complex E3. The 
corresponding rate, FmaXAB, is therefore a unique, 
single valued quantity.

D eriva tion  o f the M ich a e lis  C onstant.— The
Michaelis constant is obtained experimentally from 
a study of the variation of the rate (toward a
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T a b l e  II

M ic h a e l is  C o n s t a n t s11 fo r  V a r io u s  M e c h a n is m s  a n d  for  D if f e r e n t  E x p e r im e n t a l  C o n ijit io n s '’
— Experimental conditions

Mechanism6 V —> V' r max A V  > IF* r max0
V  _^’  max \ —►
vr max.\B FmaxAB

I. Two substrates, ternary k2k4 -f- k2kb -j- k^k^B
Steady state

k2k4 ~\~ k\k4A k2k§ -f-  kikbA k4 +  kb fa
complex, ordered k\(k4 -f- kf, -j- k$B) fafa +  kik3A k3 k\
sequence

Equilibrium
i 1 +  K iA 1 Zero

K\ -f- K iK 2B KxKtA k 2

Steady state
II. Two substrates, ternary w f (A)*1 k4 -f~ kb kb +  &9

complex, random sequence fa kg

1 +  K ,B
Equilibrium

1 +  K iA i i
K\K2B  -f- Ki K s +  K 3K 3A K 2 i u

III . Two substrates, binary k2 -f- k$ B
Steady state 

kiA -j- k2 CO CO
complex fa ks

1/K.i =  k2/k\
Equilibrium

CO CO CO

IV. One substrate, binary

+ Steady state

complex fa
Equilibrium

0 The first constant listed is that calculated from steady state conditions and the second is calculated from equilibrium 
conditions. 4 The experimental conditions designated as V  -*■ F majcAi means that in these experiments concentration of 
B is constant and that of A is varied so that the velocity F  approaches F maxA as a limit; F maxA —*• F maXAB means that 
concentration of A is constant and high enough to yield maximum rate (F maxA) and concentration of B  is varied to FmaxAB, 
The other two conditions are similar to above with A and B  interchanged. c Mechanisms are the same as in Table I. d f (B, 
and f(A) are functions of B  and A, respectively, which could not be reduced to simple expressions and are therefore not 
presented here. In these cases, the Lineweaver-Burk17 method does not give the same constants as those obtained from 
the substrate concentrations at half maximal velocity.

m axim u m ) w ith  increasing con cen tration  o f the 
substrate.

W ith  a single-substrate en zym e system  on ly  one 
set o f  such experim ents is possible (all other fa ctors 
being con stan t), whereas w ith  the tw o-su bstrate  
system s, fou r d ifferent sets o f  experim ental con d i
tions can exist. T hus, the con cen tra tion  o f each  su b 
strate, A  (or  B ), can  be  varied  w hile the con cen tra 
tion  o f the other substrate B  (or A ) is held  constant, 
to  obta in  F maXA (or  F maXB). O nce these m axim a 
have been  reached, th e  oth er correspon d in g  sub
strates can  be  varied  in each  case to  determ ine 
F maXAB (see F ig . 1).

F or  each ty p e  o f experim ent it is possible to  
calcu late a M ich aelis  “ con stan t.”  T a b le  II  show s 
the results o f such ca lcu lations fo r  the fou r sets o f co n 
ditions. In  an a logy  w ith  the single substrate system , 
the M ichaelis  “ con stan t”  ca lcu lated  here is the value 
th at w ou ld  be fou n d  b y  treating the data  b y  the 
L in ew ea v er -B u rk 17 m ethod , that is, from  a p lot o f 
1 /F  vs. 1/iS, o f  the expression F / F max =  S /( S  +  
A m) where is the v a ry in g  reactant, and K m 
is the M ichaelis  constant. T h e  results show n in 
T a b le  I I  h ave been  ca lcu lated  from  the ratios o f 
F /  V max  ̂ and  F m a x B /FmaxAB, e tc ., using the equa
tions from  T a b le  I. I f  the “ con stan ts”  in T ab le  
II  were ca lcu lated  as equal t o  the con cen tration

(17) H. Lineweaver and D. Bur.-c, J. Am. Chem. Soc., 56, 658
(1934).

o f the vary in g  substrate w hen  the rate is on e-h a lf 
o f the m axim um  rate, the sam e results w ou ld  h ave  
been obta ined  in m ost cases. A n  excep tion  is 
fou n d  for  the tw o  instances F  — F maxA (cr B), 
fo r  the general case (m echan ism  I I )  o f  the tw o 
substrate system s. In  these tw o  instances linear 
L in ew ea ver-B u rk  p lots are n ot obta in ed  (as noted  
prev iou sly8' 14) and th e  expressions eva lu ated  from  
half m axim al rates are to o  com p lica ted  and  are n ot 
cited .

Significance of the Derived Expressions for 
Michaelis Constant.— I t  is to  be  n oted  from  T a b le  
I I  th at on ly  under con d ition s  F maXA (or B) —> 
F maXAB are the constants generally  analogous to  
those usually eva lu ated  for  a on e-reactan t system  
(m echanism  IV ). U nder all other con d ition s there 
is no such sim ilarity.

A  coro llary  is th at a linear L in ew ea v er-B u rk  p lo t 
is n o  assurance that a one-substrate  system  is be in g  
dealt w ith  or th at the evalu ated  M ich ae lis  con stan t 
is analogous to  the usual M ich ae lis  con stan t fo r  a 
on e-su bstrate  system .

It  is to  be  n oted  also th at in  all three o f  the tw o 
reactant cases (m echanism s I, I I  and  I I I )  under 
experim ental con d ition s w here V -*- F maxA foi B, (see 
T a b le  I I )  the experim ental M ich aelis  con stan t is 
not a single valued q u a n tity  b u t its m agn itu de is a 
fu n ction  o f the con cen tra tion  o f th at substrate
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w h ich  is bein g  h eld  con stan t in  the g iven  series o f 
experim ents.

T h e  results fou n d  fo r  m echanism  I I I  are o f  spe
cial interest, since this m echanism  has been  p ostu 
lated  in order to  explain  the anom alous varia tion  
o f M ich aelis  con stan t w ith  substrate in  the g lucose 
ox id a se -g lu co se -o x y g e n  system .63 A lth ou gh  this 
m echanism  accou nts fo r  th e  observed  7 -fo ld  varia 
tion  in  th e  M ich ae lis  con stan t w ith  2 0 -fo ld  varia 
tion  in  oxygen  pressure, it also p red icts  that 
VmaxA (or B) is linear w ith  the substrate con cen tra 
tion  B  (o r  A ), w h ich  is con trary  to  experim ental 
facts . E xperim en ts sh ow 63 th at b o th  F maxglucoae 

dependen ce  on  oxygen  pressure and  F maxoxygen d e
pen den ce  on  glucose con cen tra tion  are n ot linear 
relationships b u t appear to  o b ey  the usual M ich a e lis - 
M en ten  law .

A n  explanation  fo r , b o th , th e  varia tion s o f  the 
M ich aelis  con stan t and  o f VmasA (0f B), can  be  o f
fered in  term s o f m echanism  I  or I I  in v o lv in g  ter
nary com plexes. U nder the con d itions, V  -*■ 
VmaxA (or B)> w h ich  prevailed  during  th e  experi
m ents, th e  M ich aelis  constants w ou ld  be  ex
p ected  to  v a ry  w ith  con cen tration s o f  the react
ants as show n in T a b le  I I  and th e  m axim um  
velocities, UmaXA (or B), w ou ld  also v a ry  as show n  in 
T a b le  I.

A  sim ilar explanation  m ay  be offered  fo r  the re
sults o f T appel, B o y e r  and L u n dberg ,6b w h o fou n d  
a 10-fold  increase in the M ich aelis  con stan t fo r  o x y 
gen as the reducing substrate (linoleate) was in 
creased 20 -fo ld  in a stu dy  o f th e  reaction  k inetics 
o f  soybean  lipoxidase.

W e  see n ow  th at a  varia tion  in the M ich aelis  
con stan t is to  b e  expected  if it is m easured under

con d itions V  -*■ U maxA (or B) instead o f th e  con d i
tions y maXA (or B) -*■ V maxAB- P erhaps th e  term  
M ich aelis  con stan t sh ou ld  b e  reserved  fo r  th e  la tter 
con d itions, w h ich  y ie ld  a con stan t an alogou s to  
th at derived  fo r  th e  classical on e-reactan t sy stem .6

T here  are certa in ly  m an y  other m echanism s or 
variations o f  these m echanism s th at cou ld  be  dis
cussed. W e  h ave  p o in ted  ou t one co m m o n ly  pos
tu la ted  m echan ism  I I I  th at can  usually  b e  elim i
nated  b y  the a b ov e  analysis and h ave discussed tw o  
m echanism s (I  and  I I )  th at dem on strate  th e  p it - 
falls in v o lv ed  in m easuring M ich aelis  constants.

I t  is im portan t to  n ote  at this tim e th at m ech an 
ism s I  and  I I  are special and sim pler cases o f  a m ore 
general form u la tion  w h ich  y ields essentially  the 
sam e kinetics. T h is  form ulation , p rev iou sly  m en 
tion ed  b y  L aid ler and S o cq u e t,13 is

E j  +  A  E 2 +  w  

E2 -{- jB  ̂  ̂ E3 -f- X 
E 3 — P  -(- E

w here E 2 and E 3 are m od ified  form s o f  the enzym e, 
and  W , X  and  P  are p rod u cts  o f  the reactions. I f  
W  and X  are non-existent, the a b ov e  m echan ism  
reduces to  m echanism  I or I I  an d  E 3 becom es  a 
ternary  en zym e-su bstra te  com plex . T h u s, the 
con cep t o f  a tern ary  com plex  is n ot essential fo r  the 
conclusions draw n  concern in g  m echanism s I  and
II . H ow ever, th e  m ore general form u la tion  a b o v e  
w ou ld  require th at the rate o f the reaction  w ou ld  
also be  a fu n ction  o f the con cen tration s o f  the p ro d 
u cts W  and X .
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PURIFICATION AND PROPERTIES OF TEN ORGANIC SULFUR
COMPOUNDS1

B y  W i l l i a m  E . H a i n e s , R . V e r n o n  H e l m , C . W .  B a i l e y  a n d  J o h n  S. B a l l

Contribution from  the Petroleum and Oil-Shale Experiment Station, Bureau of M ines, Laramie, Wyoming
Received October 26, 1953

Ten organic sulfur compounds, ethanethiol, 2-methyl-2-propanethiol, 1-pentanethiol, 2-thiabutane, 3-thiapentane, thia- 
cyclobutane, thiac.yclopentane, 2,3-dithiabutane, 3,4-dithiahexane and thiophene, were purified to at least 99.9 mole %  pur
ity. The stability of the compounds under storage and distillation conditions was investigated. In addition to the boiling 
point and freezing point, the following properties were measured at 20, 25 and 3 0 ° : density, viscosity, surface tension and 
refractive index for the r, C, D , e, v, F and g lines. Derived functions including refractivity intercept, specific dispersion, 
molecular refraction, parachor and molar volume were calculated and are discussed briefly. Mass, infrared and ultraviolet 
spectra were determined permitting some correlation of the effect of sulfur groupings on spectra.

L iterature su rveys2 h ave show n  th at data  on  the 
ph ysica l properties o f  th iols, sulfides, disulfides and 
th iophenes are m eager. M a n y  o f  the d a ta  ava il
able are unreliable because th ey  were determ ined  
on  com p ou n d s o f  d ou b tfu l pu rity . B ecause these 
typ es  o f  com p ou n d s o ccu r  in petroleum  produ cts,

(1) This investigation was performed as part of the work of American 
Petroleum Institute Research Project 48A on “ The Production, Isola
tion, and Purification of Sulfur Compounds and Measurement of their 
Properties,” which the Bureau of Mines conducts at Bartlesville, Okia., 
and Laramie, Wyo.

(2) W . E. Haines, W . J. Wenger, R. V. Helm and J. S. Ball, U. S. 
Bur, M inee, Rept. Invest., 4060 (1946); R. V. Helm, W . E. Haines and 
J. S. Ball, ibid., 4566 (1949).

the B ureau  o f  M in es and  the A m erican  P etro leu m  
In stitu te  h ave coop era tive ly  spon sored  R esearch  
P ro je ct 48. T h is  P ro je c t  has am on g  its pu rposes 
the p rod u ction  o f  sulfur com p ou n d s in  h igh  pu rity  
an d  the accu rate determ ination  o f their p h y sica l 
properties. T h e  atta inm ent an d  m easurem ent o f  
the h igh purities are facilita ted  b y  th e  pu rifica tion  
o f  a large q u a n tity  o f  each  com p ou n d  fro m  w h ich  
sam ples are availab le fo r  sale b y  th e  A m erican  
P etroleu m  In stitu te  as ca libration  standards. B e 
cause o f  this latter a ctiv ity , th e  s ta b ility  o f  the 
com p ou n d s has been  investigated .
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T h ree  groups o f  ph ysica l properties are deter
m ined : (1) co m m o n  ph ysica l properties such as 
re fractive  index, density , v iscos ity , surface tension , 
m elting  p o in t and boilin g  p o in t ; (2 ) th erm od y 
nam ic p roperties ; and  (3) sp ectroscop ic  patterns. 
T h is paper reports properties in th e  first and th ird  
groups fo r  ten  sulfur com p ou n d s. T h e  th erm o
d yn am ic properties are reported  in  separate p ap ers .3

T h e  first ten  sulfur com p ou n d s  selected  for  
purification  w ere representative o f  th e  fou r  types 
expected  in p etro leu m : T h ree  th io ls  (ethaneth iol,
2 -m eth y l-2 -p rop a n eth io l and  1 -p en ta n eth io l); fou r  
sulfides (2 -th iabu tan e, 3-th iapentane, th ia cy c lo - 
butane an d  th ia cy c lo p e n ta n e ); tw o  disulfides (2 ,3 - 
d ith iabutane and  3 ,4 -d ith ia h exa n e); and th io 
phene.

Purification
To meet the needs of the program, a minimum of 1.5 liters 

of material with a purity of at least 99.9 mole %  was re
quired. Whenever possible, the compounds for purification 
were obtained from commercial sources; however, it was 
necessary to synthesize two of the compounds. The purifi
cation procedure was similar to that used for hydrocarbons 
by the National Bureau of Standards.4 5 After preliminary 
purification by chemical procedures, a distillation was made, 
taking 30-m l. fractions. From density or refractive index 
determinations, certain fractions were selected for deter
mination of purity by the freezing point method.6 High 
purity fractions were combined, and the composite was 
tested for impurity by determining freezing point and mass 
spectra before it was sealed “ in vacuum .” 6 Variations in 
the procedure were made for individual compounds as de
scribed below. All distillations were made at atmospheric 
pressure (585 m m .) unless otherwise noted.

E thanethiol.— A distillation of 2.5 1. of Eastman Kodak  
Co. “ blue label”  ethanethiol yielded insufficient material 
(0 .6  1.). Therefore, 3 1. of “ white-label”  ethanethiol was 
added and was passed through silica gel to remove the water. 
Distillation was through a column 1 inch in diameter, hav
ing a 9-foot section packed with stainless-steel helices (here
after designated as column 1). Yield of high-purity (99.95  
mole % )  material was 1.95 1.

2-M ethyl-2-propanethiol.— Approximately 7 1. of 2- 
methyl-2-propanethiol donated by Phillips Petroleum Co. 
was distilled through a 1-inch by 8-foot glass Oldershaw 
column having 80 perforated plates (column 2). Yield of 
high-purity (99.92 mole % )  material was 2 .11 .

1- Pen tanethiol.— This compound was prepared by treat
ing »-pentyl bromide with sodium hydrosulfide in alcoholic 
solution according to the general procedure of Ellis and 
Reid.7 Several batches were prepared, the largest of which 
was 7 moles. Yields were 8 5 -9 0 %  of theoretical. Oil- 
soluble impurities were removed from the crude thiol by 
ether extraction of the water-soluble sodium mercaptide. 
The thiol was regenerated, dried and 2 .6  1. was distilled 
through column 1. Yield of high-purity (99.92 mole % )  
material was 2 .4  liters.

2 - T hiabu tan e.— Approximately 3 1. of 2-thiabutane (East
man Kodak Co.) was distilled through a high-temperature 
Podbielniak heligrid column with a 5-foot packed section 
(column 3). Yield of high-purity (99.96 mole % )  material 
was 1.53 1.

3- T hiapentane.— Approximately 3 1. of 3-thiapentane 
(Eastman Kodak C o.) was distilled through column 1. 
This distillation was made before freezing-point equipment 
was available, so that fractions were chosen on the basis of

(3) G. Waddington, H. M. Huffman and co-workers, ■/. Am. Chem. 
Soc., Tl, 797 (1949); 72, 2424 (1950): 73, 261 (1951); 74, 2801, 2804, 
2478, 4656, 6025 (1952); 75, 2795, 1818 (1953).

(4) A. J. Streiff, E. T. Murphy, V. A. Sedlak, C. B. Willingham and
F. D. Rossini, J. Research Natl. Bur. Standards, 37, 331 (1946).

(5) A. R. Glasgow, Jr., A. J. Streiff and F. D. Rossini, ibid., 35, 355 
(1945).

(6) B. J. Mair, D. J. Termini, C. B. Willingham and F. D. Rossini,
ibid.. 37 229 (1946).

(7) L. M. Ellis, Jr., and E. E. Reid, J. Am. Chem. Soc., 54, 1674
(1932).

refractive index. Purity was measured on the composite at 
a later date. Yield of high-purity (99.94 mole % )  material 
was 1.68 1.

Thiacyclobutane.— The method of synthesis was supplied 
by Bordwell and P itt.8 A  mixture of 304 g. (4 moles) of 
thiourea, 819 g. of l-bromo-3-chloropropane and 1.5 1. of 
ethanol was refluxed for 5 hours. The solvent -was removed 
from the reaction mixture by distillation at atmospheric 
pressure up to a flask temperature of 90 ° . Excess halide was 
removed by heating the flask at 6 0 -7 0 ° , for 2 hours under 
vacuum (20 m m .). The thiouronium salt wras dissolved in 
350 m l. of water and was added over a period of 2 hours to a 
solution of 513 g. of potassium hydroxide in 1.2 1. of water. 
The mixture was held at 6 0 -8 0 °  during the addition and for 
1 hour afterward. The reaction mixture was cooled by 
adding ice and the sulfide layer separated. The water layer 
was extracted with ether. Thirty-seven separate 4-mole 
batches were made, with an average yield of 5 3 .5 % .

The crude thiacyclobutane (5 .8  1.) thus prepared was 
dried over anhydrous potassium carbonate and charged to 
column 3 for distillation. The composite was dried by low- 
temperature filtration and over anhydrous calcium sulfate 
before it was sealed “ in vacuum .”  Yield of high-purity 
(99.95 mole % )  material was 2 .0  1.

Thiacyclopentane.— Nearly 10 1. of thiacjTlopentane con
tributed by Oronite Chemical Co. was distilled through 
column 3. The high-purity composite was dried by a low- 
temperature filtration and then over anhydrous calcium sul
fate and silica gel just before it was sealed “ in vacuum .”  
Yield of high-purity (99.95 mole % )  material was 1.86 liters.

2 .3 - Dithiabutane.— Nearly 3 1. of 2,3-dithiabutane (East
man Kodak C o.) was distilled through a column 1 inch in 
diameter having a 6-foot section packed with Stedman 
packing (column 4 ). Yield of high-purity (99.97 mole % )  
material was 1.6 1.

3 .4 - Dithiahexane.— Five liters of 3,4-dithiahexane (East
man Kodak Co.) was distilled through column 4 at a pres
sure of 50 m m . Two separate distillations were made, and 
the high-purit-y fractions were combined. The yield of high- 
purity (99.90 mole % )  material was 2.15 1.

Thiophene.— Nearly 4.51. of thiophene (Socony— Vacuum  
Oil C o.) was distilled through column 1. The high-purity 
(99.99 mole % )  material (1 .9  1.) was shown to be benzene 
free by means of the mass spectrometer. A  benzene im
purity would not be shown by the freezing-point method, 
because benzene and thiophene form a solid solution.9

Stability
Inasmuch as a portion of each of these compounds has 

been set aside as a standard sample, the storage stability 
was tested in the following manner. Samples of the purified 
compounds were sealed “ in vacuum”  in clear glass ampoules 
and exposed to sunlight for 1 year. Control samples were 
kept in the dark during the same period. Determinations of 
purity by the freezing-point method were then made on both 
the exposed and the control samples. The greatest varia
tion in purity shown by the dark storage samples was 0.03  
mole % , which is within experimental error.

Six of the compounds showed no decrease in purity after 
1 year in strong sunlight. Of those affected by sunlight, 
two were easily separated from the impurity by a simple 
room-temperature vacuum transfer. Thiacyclobutane 
forms polymer upon exposure to light. Polymerization was 
evident after 2 weeks’ exposure, and at the end of a year this 
sample was a thick white slurry. However, when the un
polymerized liquid was vacuum-transferred from the am
poule and analyzed by the mass spectrometer (there was 
insufficient volume for freezing-point determination) the 
pattern obtained was identical to that of the original sample. 
Polymerization may occur in 2-methyl-2-propanethiol to a 
very minor extent, as evidenced by a reduction in purity too 
small to be conclusive. Vacuum transfer again yielded 
material of the original purity.

Only the two disulfides showed significant deterioration, 
because some of the impurities formed are volatile so that 
they cannot be separated by a vacuum transfer. 2 ,3-D i- 
thiabutane that had an original purity of 99.97 mole %  
was only 91.8 mole %  after exposure to sunlight for a year.

(8) F. G. Bordwell and B. M . Pitt, private communication from 
API Project 48B at Northwestern University.

(9) F. S. Fawcett and H. E. Rasmussen, J. Am. Chem. Soc., 67, 1705 
(1945).
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T a b l e  I
P r o p e r t ie s  o f  T e n  O r g a n ic  S u l f u r  C om pou n ds

Cpd.
no. Compound

Impurity, 
mole %

F.p. 
for zero 

impurity, 
°C.

Cryo
scopic

constant
A,

deg.~l

B.p. at 
760 min., 

°C.

Temp, of 
measure
ment, t, 

°C.

Density 
at t°, 

g./m l.

Viscosity 
at t° C., 

centi- 
poises

Surface 
tension 

at t°  C., 
dynes 

per cm.

1 Ethanethiol 0 .0 5  ± 0 . 0 4 - 1 4 7 .8 9 0 .03 6 3 5 .0
(ethyl mercaptan) 20 0 .83914 0 .29 3 2 3 .5

25 .83316 .279 2 2 .8
30 a ° a

2 2-M ethyl-2-propanethiol .08  ±  .04 +  1 .1 1 .005 6 4 .2
(¿-butyl mercaptan) 20 .80020 .638 20 .8

25 .79472 .588 20 .2
30 .78929 .544 1 9 .6

3 1-Pentanethiol .08  ±  .05 -  75 .7 0 .048 126 .5
(»-pentyl mercaptan) 20 .84209 .639 2 6 .8

25 .83763 .601 2 6 .3
30 .83317 .568 2 5 .7

4 2-Thiabutane ,04  ±  .04 -1 0 5 .9 1 .04 6 6 .7
(methyl ethyl sulfide) 20 .84221 .373 2 4 .9

25 .83679 .354 2 4 .2
30 .83145 .337 2 3 .4

5 3-Thiapentane .06  ±  .04 - 1 0 3 .9 3 .04 92.1
(ethyl sulfide) 20 .83623 .440 2 5 .2

25 .83120 .417 2 4 .5
30 .82625 .396 2 3 .9

6 Thiacyclobutane .05  ±  .05 -  73 .2 5 .023 9 5 .0
(trimethylene sulfide) 20 1.02000 .638 3 6 .3

25 1.01472 .607 3 5 .6
30 1.00957 .576 3 5 .0

7 Thiacyclopentane .05  ±  ,05 -  96 .1 6 .028 120.9
(tetrahydrothiophene) 20 0 .99869 1.042 3 5 .8

25 .99379 0 .971 3 5 .0
30 .98928 .914 3 4 .6

8 2,3-Dithiabutane .03 ±  .02 -  84 .7 2 .030 109.6
(dimethyl disulfide) 20 1.06250 .619 33 6

25 1.05690 .585 3 2 ,8
30 1.05138 .555 3 2 .2

9 3 ,4-D i thiahexane .10  ±  .08 - 101.52 .038 152.6
(diethyl disulfide) 20 0.99311 .860 3 1 .3

25 .98818 .805 3 0 .7
30 .98332 .757 3 0 .2

10 Thiophene .013 ±  .011 -  3 8 .24 .0114 84.1
20 1.06485 .654 3 2 .8
25 1.05887 .613 3 2 .0
30 1.05309 .576 3 1 .1

° This compound has a boiling point of 27 .8 ° at 585 mm.

Vacuum transfer improved the purity to 96.3 mole % .
3,4-Dithiahexane deteriorated from 99.92 to 96.3 mole % .  
After vacuum transfer the purity was 98.1 mole % .  Thus 
these two samples should be stored in the dark in order to 
maintain high purity.

A  test of stability under distillation conditions was made 
by refluxing each of the pure sulfur compounds in an all
glass system at atmospheric pressure for 240 hours. The 
system was vented through a sodium hydroxide absorber and 
a D ry Ice trap to retain any decomposition products. After 
the reflux period, the sample was tested for purity, and the 
absorbers were examined for decomposition products.

The two disulfides were the only compounds that showed 
evidence of decomposition under these conditions. Both re
leased traces of hydrogen sulfide and/or thiol and darkened. 
However, in contrast to the storage stability results, 3 ,4-di- 
thiahexane showed the greater decomposition, its purity 
being reduced 0 .6  mole %  while the 2,3-dithiabutane showed 
a reduction of less than 0.1 mole % .  This may be due to the 
higher reflux temperature of the 3,4-dithiahexane.

Physical Properties
Physical property data for the tern organic sulfur com

pounds are shown in Tables I and I I . No comparison with

literature values has been made in this paper, but excellent 
agreement may be noted for those values reported in recent 
papers on thiophene,9 2-thiabutane, 3-thiapentane, 2,3-di
thiabutane, 3,4-dithiahexane10 and thiacyclopentane.11 D e 
scriptions of apparatus, procedures and estimates of accuracy 
arc included in the experimental section.

Experimental
Freezing Point, Purity and Cryoscopic Constants.— The

freezing points were determined and the purities calculated 
from the time-temperature freezing and melting curves, 
according to the method of Glasgow, Streiff and Rossini.6 
Three different “ impurities”  were used in determining the 
cryoscopic constant, A .  Accuracy of freezing points is esti
mated to be ±  0 .0 10.

Boiling Point.— The boiling points were measured in a 
Cottrell ebulliometer, using a platinum resistance thermohm. 
The pressure was maintained by a Cartesian manostat (Emil 
Greiner), using an atmosphere of dry nitrogen. The pres-

(10) D. T. McAIlan, T. V. Cullum, R. A. Dean and F. A. Fidler, 
J. Am. Chem. Soc., 73, 3627 (1951).

(11) E. V, Whitehead, R. A. Dean and F. A, Fidler, ibid., 73, 3632 
(1951).
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T a b l e  II

R.EFRACTIVE INDICES OF T e n  ORGANIC SULFUR COMPOUNDS

Cpd.
no. Compound

Temp, of 
measure
ment, t ,

°C.

Helium 
r line 

n*

Hydrogen 
C line 

n l

Sodium 
D line

7l{

-Refractive indices 
Mercury 

e line 
n‘

Helium 
V line 

n l

Hydrogen 
F line 

n l

Mercury 
g line

7l{
i c 2h 5s h 20 1 .42763 1 .42810 1 .43105 1.43356 1 .43695 1 .43836 1 .44428

25 1 .42442 1 .42486 1 .42779 1 .43027 1 .43363 1 .43505 1 .44085
30 O a a a a a »

2 í-C 4H„SH 20 1 .41992 1 .42046 1 .4 232 0 1.42550 1 .42852 1.42991 1 .43534
25 1 .41699 1 .41739 1 .42007 1.42230 1 .42545 1 .42677 1 .43214
30 1 .41392 1.41431 1 .41697 1 .41930 1.42231 1 .42362 1 .42894

3 CsH uSH 20 1 .44374 1 .44420 1 .44692 1 .44922 1 .45224 1 .45360 1 .45902
25 1.44121 1.44170 1 .44439 1 .44666 1 .44974 1 .45104 1 45639
30 1 .43872 1 .43912 1 .44180 1 .44410 1 .44707 1.44841 1.45371

4 C H aSC jH i 20 1 .43703 1 .43747 1 .44035 1 .44278 1 .44616 1 .44759 1 .4 533 4
25 1.43410 1.43450 1.43737 1.43984 1.44302 1.44455 1.45028
30 1.43115 1.43153 1.43437 1.43678 1.44005 1.44146 1.44715

5 (C2H*)2S 20 1.43971 1.44015 1.44298 1.44539 1.44858 1.44998 1.45568
25 1.43695 1.43736 1.44017 1.44256 1.44577 1.44716 1.45280
30 1.43408 1.43453 1.43734 1.43972 1.44290 1.44428 1.44988

6 C H 2C H 2C H 2 20 1.50603 1.50660 1.51020 1.51330 1.51737 1.51922 1.52648

!___ g J 25 1.50318 1.50379 1.50738 1.51050 1.51453 1.51635 1.52362
30 1.50035 1.50093 1.50448 1.50755 1.51154 1.51337 1.52059

7 C H 2(C H 2)2C H 2 20 1.50101 1.50154 1.50483 1.50764 1.51132 1.51295 1.51945
1 11 q 1 25 1.49840 1.49891 1.50217 1.50495 1.50864 1.51021 1.51676

30 1.49583 1.49634 1.49962 1.50237 1.50600 1.50761 1.51408

8 C H 3SSC H 3 20 1.52103 1.52163 1.52592 1.52970 1.53473 1.53683 1.54577
25 1.51803 1.51871 1.52298 1.52669 1.53174 1.53387 1.54270
30 1.51512 1.51575 1.51998 1 . 52366 1.52860 1.53075 1.53958

9 c ä s s c ä 20 1.50299 1.50354 1.50731 1.51055 1.51491 1.51680 1.52453
25 1.50035 1.50097 1.50470 1 . 50793 1.51230 1.51411 1.52179
30 1.49771 1.49826 1.50198 1.50524 1.50947 1.51140 1.51899

10 H C CH 20 1.52339 1.52403 1.52890 1.53317 1.53888 1.54135 1.55174
Il II 25 1.52019 1.52087 1.52572 1.52991 1.53566 1.53814 1.54838

H(\ a / C H 30 1.51708 1.51778 1.52257 1.52674 1.53245 1 . 53484 1.54507

° This compound has a boiling point of 2 7 .8 0 at 585 mm.

sure was measured with a barometer, which had been cali
brated using the vapor pressure of water as a standard. The 
accuracy of the boiling point data is estimated to be 0 .1 °.Refractive Index.— Refractive indices were measured with 
a Bausch and Lomb Precision Oil Refractometer, Abbe type, 
enclosed in a specially built housing to eliminate convection 
currents. Data were obtained at 20, 25 and 30° for seven 
different wave lengths of light. The temperatures were 
maintained by circulating water, ihermostated to a maximum 
variation of ±  0.005 ° as measured by a platinum resistance 
thermohm positioned in the refractometer. The room tem
perature was maintained within 1 ° of the temperature of 
measurement. The refractometer was calibrated with sam
ples of toluene, 2,2,4-trimethylpentane and methylcyclohex- 
ane, which had been certified with respect to refractive index 
by the National Bureau of Standards. Duplicate determina
tions indicate a precision of ± 0 .0 0 0 0 3 . Accuracy of re
ported values is estimated at ± 0 .0 0 0 0 6 .

T a b l e  III
C o r n in g  F il t e r s  U sed  fo r  V a r io u s  W a v e  L e n g t h s

Wave length, Corning filter
Line Â. Color no.

Helium r 6678.1 Red 2424
Hydrogen C 6562.8 Red None required
Sodium D 5892 .6° Yellow None required
Mercury e 5460.7 Green 3484, 5120, 4303
Helium V 5015.7 Green 5031, 3387, 5120
Hydrogen F 4861.3 Green 5031,3387
Mercury g 4358.3 Blue 3389,5113

“ Intensity weighted mean of the doublet-, Di, D 2.

The seven wave lengths of light were obtained from four 
different light sources: The standard “ Sodium Lab Arc”  
furnished with the refractometer, the H -4 type capillary 
mercury arc available as an accessory to the instrument, a 
hydrogen-discharge lamp manufactured by Rankin Glass 
Blowing C o ., and a helium spectrum tube with a narrow 
capillary for brilliant discharge. The Corning filters shown 
in Table III  were used to isolate the specific wave lengths. 
These filters were checked for t-ransmittancy over the visible 
range by means of a spectrophotometer and found satisfac
tory.Density.— Densities were determined at 20, 25 and 30° 
with a Christian Becker ehainomatic 5-place specific gravity 
balance with a 5-gram displacement plummet. The sample 
was placed in a vacuum-jacketed bath through which water, 
thermostat-ed to ± 0 .0 0 5 ° ,  was passed during the determina
tion. The balance was calibrated with a set of standard 
weights and with toluene, methylcyclohexane and 2,2,4-tri
methylpentane as described by Forziat.i, et al.1* Duplicate 
determinat ions show a precision of ±  0.00003. The accuracy 
is estimated to be ± 0 .0 0 0 0 5  g ./m l.Viscosity.— Viscosities were determined using two G eist- 
Cannon viscometers designed for non-viscous fluids.12 13 A 
4.0-m l. charge was pipetted at the temperature of measure
ment and the viscometer was made vertical in a bath thermo- 
stated to ± 0 .0 0 5 ° . At least two consecutive efflux times, 
agreeing within 0.1 second, were obtained. The viscome
ters ■were calibrated with conductance water and had efflux 
times of 315.0 and 415.4 seconds at 2 0 °. Corrections were

(12) A. F. Forziati, B. J. Mair and F. D. Rossini, J .  R e s e a r c h  N a t l .  

B u r .  S t a n d a r d s ,  35, 513 (1945).
(13) J. M. Geist and M. R. Cannon, I n d .  E n g .  C h e m . ,  A n a l .  E d . ,  18, 

61] (1946).
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T a b l e  IV
D e r iv e d  F u n ctio n s

Molecular
Specific refraction Molar volume

Refractivity dispersion 
(ti20f — n20c)104 M/d i“ * -  ?  nD’  +  2)

M y i/«/(£> -  d) 
Caled.

M/db.p.
Caled.

Compound 7l20D — d20 4 d* * Obad. Caled. Obsd. Sugden M . & P. Obsd. Kopp LeBas

Ethanethiol
2-M ethyl-2-

1 .01148 122.27 19.13 19 .24 163.0 160 .4 160.8 7 5 .5 7 7 .6 7 4 .4

propanethiol 1.02310 118.09 28 .6 5 2 8 .4 7 240 .5 2 38 .4 2 4 0 .8 119.7 121 .6 118.8
1-Pentanethiol 1.02588 111.63 32 .9 9 3 3 .0 9 2 8 1 .0 277 4 2 80 .8 139 .2 143 .6 141 .0

2-Thiabutane 1.01925 120.16 23 .8 0 2 4 .0 5 2 01 .7 199.4 200 .8 9 6 .0 9 9 .6 9 6 .6
3-Thiapentane 1.02487 117.55 28 .5 3 2 8 .6 7 241 .3 238 .4 2 40 .8 117.8 121 .6 118 .8
Thiacyclobutane 1.00020 123.72 21 .71 21 .8 5 178.1 176.8 176.0 7 8 .6 8 8 .6 8 9 .2
Thiacyclopentane 1.00549 114.25 26 .1 3 26 .4 7 2 15 .6 212 .7 213 .0 9 7 .4 110.6 111 .4

2,3-Dithiabutane 0 .99467 143.06 2 7 .15 2 7 .4 4 2 13 .0 208 .6 2 1 0 .8 9 7 .6 100 .2 9 7 .0
3,4-Dithiahexane 1.01076 133.52 3 6 .5 8 3 6 .6 7 290 .6 286 .6 2 90 .8 141.3 144 .2 141 .4

Thiophene 0 .99648 162.65 2 4 .32 24 .8 0 1 88 .8 190.7 189.4 8 4 .9 8 8 .6 9 6 .6

made for kinetic energy losses. A  calibration value of 1.002: rections as described in the literature.17 Pure benzene,
centipoise for water at 20° was used.14 This value: which was assumed to have a surface tension of 28.88 dynes/
has recently been adopted by the National Bureau of cm. at 2 0 ° ,18 was used for calibration. Precision of the
Standards for use in certifying the viscosity of standard oils. 
The precision of the measurements was ± 0 .0 3 % ,  and the 
accuracy is estimated to be ± 0 .0 0 1  centipoise.Surface Tension.— Surface tensions were measured in 
Pyrex capillarimeters of U-tube design similar to those de
scribed in the literature.14 15 16 One arm was constructed of pre
cision-bore capillary tubing 0.05 cm. in diameter. The 
other arm was of large enough bore (4 cm .) to give a flat 
meniscus.16 Surface tension was measured by adjusting the 
liquid level to a fine calibration mark on the capillary tube; 
the instrument was made vertical in a bath thermostated to 
± 0 .0 0 5 °  and the capillary rise was measured by means of a 
cathetometer. Duplicate determinations were made for 
each compound, using two capillarimeters and making cor-

method is ± 0 .0 5  dyne/cm . with an estimated accuracy of 
± 0 .1  dyne/cm .

Derived Functions.— T w o  typ es  o f  derived  fu n c
tions w ere ca lcu lated  using the determ ined  co n 
stants. Specific dispersion  and  re fra ctiv ity  in ter
cep t, used a n a lytica lly  to  d istinguish  different 
classes o f  h yd rocarbon s, are fu n ction s  o f  the n on 
a dd itive  typ e . T h e  add itive  fu n ction s  are m o le c 
ular refraction , parach or and m olar v o lu m e . A ll 
fu n ction s show n in T a b le  IV  w ere ca lcu lated  a t 2 0 ° 
excep t m olar vo lu m e.

WAVE LENGTH, MILLIMICRONS.
Fig. 1.— Ultraviolet spectra of thiols and disulfides.

(14) J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey, J. Research 
Natl. Bur. Standards, 48, 1 (1952).

(15) G. Jones and W . A. Ray, J. Am. Chem. Soc., 59, 187 (1937).
(16) T. W. Richards and L. B. Coombs, ibid., 37, 1657

(1915)

WAVE LENGTH, MILLIMICRONS.

Fig. 2 .— Ultraviolet spectra of sulfides and thiophene.

(17) A. Weissberger, “ Technique of Organic Chemistry, Volume I, 
Physical Methods of Organic Chemistry," Interscience Publishers, 
Inc., New York, N. Y ., 1949, p. 366.

(18) “ International Critical Tables," Vol. IV, McGraw-Hill Book 
Co., Inc., New York, N. Y ., 1928, p. 454.
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T a b l e  V 
M ass  Sp e c t r a

■Relative intensity-

Mass no., 
m/e

'Ethane-
thiol

M .W . = 62

2-Methyl-2- 
propanethiol 
M .W . =  90

l-Pentane-
thiol

M .W . =  104

2-Thia- 
butane 

M .W . =  76

3-Thia- 
pentane 

M .W . =  90

Thiacyclo- 
butane 

M .W . =  74

Thiacyclo- 
pentane 

M .W . =  88

2,3-Dithia- 
butane 

M .W . =  94

3,4-Dithia- Thio- 
hexane phene 

M .W . =  122 M .W . =  84
122 7 6 .5
104 3 2 .4

94 100.0 5 3 .0
90 4 3 .8 7 0 .4 2 .3 3 0 .1 0
88 0 .01 0 .01 5 2 .0 0 .0 2
84 0 .01 0 .1 6 100.0
79 5 9 .4 8 .99
76 0 .8 4 0 .4 0 64.0 3 .8 5 1 .86 0 .0 3 0 .4 7 0 .1 5
75 2 0 .0 0 .5 3 3 .81 100.0 1.71 0 .1 8 0 .3 7
74 0 .7 0 0 .4 8 0 .0 9 0 .0 2 4 2 .0 0 .1 6
70 0 .1 0 3 6 .7 0 .0 5 0 .1 7 0 .0 9 0 .31 0 .3 4
66 0 .1 2 0 .9 7 9 0 .3
65 0 .11 0 .2 2 0 .4 6 4 .0 0
64 4 .2 4 0 .0 9 0 .11 2 .20 0 .01 1 1 .2 9 .9 2
62 9 6 .5 0 .0 6 1 .50 3 .0 9 5 0 .8 4 .46 0 .6 8 3 .73
61 15.3 0 .9 3 13 .7 100.0 5 8 .1 0 .0 9 4 .1 0 12.2 8 .3 6 0 .1 0
60 1 .38 0 .4 5 2 .3 3 2 .8 6 11.6 0 .1 7 100.0 0 .2 5 12.1 2 .83
58 10 .3 6 .8 2 2 .1 3 4 .73 9 .36 1 .89 8 .00 0 .21 6 .99 6 4 .8
57 8 .0 3 8 4 .4 3 .7 9 2 .3 7 4 .3 6 0 .9 6 2 .52 0 .1 3 2 .91 12.9
55 5 .91 4 6 .7 0 .4 8 12 .3 0 .1 2
48 2 .13 0 .3 9 4 .0 7 5 6 .0 2 .69 4 .5 7 2 .1 8 14.3 0 .3 7 0 .6 7
47 8 0 .4 10 .4 2 7 .8 4 3 .3 9 3 .4 7 .23 2 8 .1 2 6 .4 4 .8 9 2 .5 5
46 15.2 1 .07 5 .6 6 13.7 17 .7 100.0 33 .1 3 7 .6 5 .7 2 1 .41
45 2 4 .4 6 .43 10 .6 2 7 .9 2 3 .2 2 4 .6 3 8 .1 6 2 .6 17.7 5 7 .8
42 4 .21 100 0 0 .4 4 0 .2 4 0 .4 2 4 .21 0 .0 7 4 .4 3
41 100.0 41 .1 4 .83 6 .3 8 8 .3 5 1 0 .4 0 .4 2 2 .1 0
39 3 0 .5 18 .7 0 .7 5 0 .7 5 9 .5 9 13 .3 0 .2 4 2 8 .6
35 15.3 0 .91 4 .31 2 1 .9 1 9 .4 0 .7 9 0 .9 4 0 .9 2 9 .9 2
34 2 5 .9 2 .1 0 1 .87 0 .8 7 6 .87 0 .4 0 1 .52 0 .4 3 2 .6 8 0 .3 9
33 9 .50 4 .7 4 1.71 1 .15 1 .78 0 .81 1 .28 1 .28 2 .0 8 0 .8 7
32 5 .80 1 .85 0 .8 2 1 .26 1 .12 1 .85 1 .56 3 .5 8 2 .21 3 .6 5
29 100.0 65 .1 3 3 .9 2 1 .6 5 6 .3 0 .6 4 3 .2 4 0 .1 4 100.0 0 .1 2
27 8 1 .2 2 2 .0 3 4 .3 41 .1 7 3 .3 8 .0 8 2 3 .6 0 .9 2 7 0 .2 1 .64

R efra ctiv ity -in tercep t values o f  all the co m 
pounds are low  com pared  w ith  correspon d in g  values 
for  h yd rocarbon s. T h e  cy clic  sulfur com pou n ds 
and the disulfides sh ow  low er values th an  th e  rest o f  
the com pou n d s. O n the basis o f  specific dispersion, 
the com p ou n d s are d iv ided  in to  three g ro u p s : the
th iols and sulfides h ave values in  th e  range 110 -125 ; 
the disulfides, in  the range 1 3 0 -1 4 5 ; an d  th iophene,
162.6. T hese  values correspon d  to  th ose  fo r  olefins, 
d iolefins and  arom atics in  the h y d roca rb on  series, 
as m igh t be  expected  fro m  th e  equ ivalence o f  the 
sulfur a tom  and the eth ylen ic g rou p .19

T h e  observed  m olecu lar refractions agree w ith  the 
ca lcu lated  values w ith in  2 % ;  bu t all are low , ex
cep t fo r  2 -m eth yl-2 -propan eth io l, the on ly  co m 
p ou n d  studied  w ith  a tertiary  linkage. C a lcu la 
tion s are based  on  th e  increm ents o f  E isen loh r20 
fo r  carbon  and  h yd rogen  and  B o u d e t and R a m - 
b a u d 21 fo r  sulfur. T h e  latter w orkers suggest 
different increm ents fo r  sulfur in  d ifferent ty p es  o f  
linkages. A  va lu e  o f  7.81 has been  assigned 
to  sulfur in aliphatic th io ls ; 8 .00 , in a lk yl sulfides; 
and 7.26, in  su bstitu ted  th iophenes. I f  sulfur

(19) F. C. Whitmore, “ Organic Chemistry,”  D. Van Nostrand Co., 
Inc., New York, N. Y „  1937, p. 884.

(20) A. Weissberger, ref. 17, p. 1163.
(21) R Boudet and R. Rambaud, Bull. soc. chim. France, 793 

(1948); C. A., 43, 13 (1949).

increm ents are ca lcu lated  from  th e  reported  data , 
assum ing the carbon  and  h yd rogen  increm ents to  b e  
correct, values o f  7 .8  ±  0.2 fo r  sulfur in  aliphatic 
th iols, 7.7 ±  0.1 in  sulfides, 7.9 ±  0.1 in disulfides, 
and  6.8 in th ioph en e are ob ta in ed . T h u s, excep t 
fo r  th ioph en e, th e  values d iffer so m u ch  w ith in  the 
variou s typ es  th at assignm ent o f  d ifferent in cre
m ents seem s unw arranted.

P arach or values w ere ca lcu lated  using in cre
m ents from  th e  w o rk  o f  S u gden 22 and  also from  
M u m fo rd  and P h illip s.23 A lth ou g h  th e  agreem ent 
w ith  th e  observed  values is g o o d  using th e  in cre
m ents o f  the latter w orkers, b o th  ca lcu lation s y ie ld  
parachors th at are low er than  th e  observed , excep t 
fo r  th ioph en e and 2 -m eth yl-2 -p rop an eth io l. M u m - 
fo rd  and  Phillips use h igher va lues fo r  b o th  C H 2
(40.0) and  sulfur (50.0) th an  S ugden  (39.0  and 
48.2 , respective ly ). S lightly  higher va lues w ou ld  
bring th e  results in to  better agreem ent. O bserved  
m olar vo lu m es w ere based on  densities at the 
boilin g  p o in t obta in ed  b y  stra ight-line extrapolation  
o f  th e  reported  data. C a lcu lated  values were 
obta in ed  b y  using th e  increm ents o f  K o p p 24 and 
also b y  using th e  carbon  and  h yd rogen  increm ents

(22) A. Weissberger, ref. 17, p. 418.
(23) Ibid., p. 416.
(24) S. Glasstone, “ Textbook of Physical Chemistry,”  D. Van 

Nostrand Co., Inc., New York, N. Y ., 1946, p. 525.
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W A V E  N U M B E R S  IN cm : '.
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Fig. ;i.— ¿Infrared spectra (2 -1 5  m) of ten sulfur compounds.

o f  L eB a s24 togeth er w ith  the sulfur increm ent o f 
K o p p . (L eB as does n ot report an increm ent for  
su lfur.) V alues ob ta in ed  from  the latter calcu la
tion  fit the data  m u ch  b etter than those based on  
th e  K o p p  increm ents. T h e  three cy clic  com p ou n ds

show  extrem e deviations becau se n o  a llow an ce 
has been  m ade fo r  the decrease in  m olar v o lu m e  
caused b y  cyclization .

Spectra.— M ass, u ltrav io let an d  in frared spectra  
were determ ined  on  each o f the ten com p ou n d s
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and com plete  spectra  are in cluded  in the C ata logs 
o f  S pectra l D a ta .26 A  th orou g h  d iscussion  o f the 
spectra  w ill h ave to  aw ait the d eterm in ation  o f  
d a ta  on  m ore  m em bers o f  the variou s h om olog ou s  
series, bu t som e observation s can  be  m ade especia lly  
w ith  regard t o  th e  effect o f  the su lfur a tom .

M a ss S p ectra .— Spectra were obtained with a Consoli
dated mass spectrometer, model 2 1 -1 0 2 .86 Recommended 
procedures were followed in obtaining the spectra at an ioniz
ing potential of 70 volts. Automatic controls maintained 
the catcher current (electron current to the collector) at 8.0  
microamperes, and the temperature of the ionization cham
ber at 300 °.

U ltraviolet Sp ectra .— The ultraviolet absorption spectra 
were determined with a Beckman quartz spectrophotome
ter, model D U , using matched silica sample cells 1.00 cm. 
in thiokness. The solvent used for obtaining all of the 
spectra was 2,2,4-trimethylpentane, prepared by distilling 
“ pure grade isooctane”  and then passing it through silica gel. 
The purified solvent was transparent down to 208 m^t. 
Data were taken at 1-m/t intervals except at inflection points, 
where readings were taken at 0 .5-m n intervals.

Infrared S p ectra .— The infrared spectra were determined 
with a Perkin-Elmer spectrometer, model 12B. Spectra in 
the 2 -1 5  m region were obtained using a sodium chloride 
prism, and sample cells having sodium chloride windows. 
Spectra in the 14-25  p region were obtained using a potas
sium bromide prism, and sample cells having potassium 
bromide windows. The spectra were calculated from point- 
by-point per cent, transmission measurements on the re
corder tracing.

Discussion
Mass Spectra.— A b rid ged  m ass spectra  o f  the 

com p ou n d s are presented  in T a b le  Y . T hese  spec
tra differ from  those o f  h yd rocarbon s b y  the large 
num ber o f peaks th a t ca n n ot be  explained  b y  
sim ple sp litting  o f  the m olecu le . O ne exam ple o f  
this is the m ass 35 peak  th at was observed  on  
several o f  the spectra  and m u st result from  a H 3S + 
particle . T h is  suggests th at, under the h igh - 
en ergy  con d ition s  in the m ass spectrom eter, the 
com p ou n d s rearrange so th at three h yd rogen  
atom s are associated  w ith  th e  sulfur a tom  at the 
tim e o f  sp litting. S om ew h at sim ilar in show ing 
the affin ity o f  th e  sulfur a tom  fo r  h ydrogen  are the 
rearrangem ent peaks o f  the disulfides. 3 ,4 -D ith ia - 
hexane gives peaks correspon d in g  to  m ass 66 
(H S S H + ) and to  mass 94 (C 2H 6SSH  + or C H 3- 
S S C H 3+). 2 ,3 -D ith ia b u ta n e  has a peak at m ass 
48 (C H 3S H + ). O ther rearrangem ent peaks include 
the mass 29 peak  (C 2H 5+) o f  2 -m eth y l-2 -p rop an e- 
th io l; the m ass 47 peaks (C H 2S H  + or C H 3S +) 
o f  2 -m eth yl-2 -p rop an eth io l, 3 -th iapentane and th ia - 
cy c lo p e n ta n e ; th e  m ass 48 peak  (C H 3S H + ) o f 2 - 
th iabu tan e; th e  m ass 61 peak  (C H 3S C H 2+) o f
2 ,3 -d ith iabu tan e ; and the m ass 62 peak (C 2H 5S H + ) 
o f 3 -thiapentane. A ll b u t one o f  these fragm ents 
include sulfur.

T h e  m ost stable  com p ou n d s  to  mass sp ectro - 
m etric b reak d ow n  are 2 ,3 -d ith iabu tan e and  th io 
phene. B o th  com p ou n d s have, as their highest 
peak, the ion  form ed  from  th e  entire m olecule. 
N on e  o f the o th er com p ou n d s h ave parent peaks o f 
this m agnitude. T h e  su lfu r-ca rb on  b on d  appears 
to  be  particu larly  susceptible to  cleavage, and large 
peaks o ften  result from  such splitting.

(25) American Petroleum Institute Research Project 44. Carnegie 
Institute of Technology. Catalog of Mass Spectral Data. Catalog of 
Ultraviolet Spectral Data. Catalog of Infrared Spectral Data.

(26) H. W. Washburn, H. F. W'ley, S. M . Rock and C. E. Berry, 
Ind. Eng. Chem., Anal. Ed., 15, 541 (1943)

WAVE NUMBERS IN cm.’.

Fig. 4 .— Infrared spectra (14 -25  m) of ten sulfur compounds.

Ultraviolet Spectra.— T h e  u ltra v io le t absorption  
spectra  o f  three th iols an d  tw o  disulfides are show n 
in F ig . 1. T h e  bands show n  seem  to  be  shoulders 
on  m ore  intense a bsorp tion  m axim a b e y o n d  the 
range o f  th e  instrum ent. T h e  shou lder for  ethane- 
th io l and 2 -m eth yl-2 -p rop an eth io l appears at 
230 m /i, w hile fo r  1-pentaneth iol it  is d isp laced  
slightly  tow ard  shorter w ave lengths (224 myu). 
T h e  tw o  disulfides sh ow  sim ilar ban ds b u t o f
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greater in ten sity  and  at longer w ave lengths (2 5 0 -  
256 m p).

T h e  u ltrav io let absorp tion  spectra  o f  fo u r  sulfides 
and  th ioph en e are show n in  F ig . 2. T h e  sulfides 
h ave narrow  absorp tion  ban ds o f  rather h igh  in 
in ten sity  at a b ou t 215 m^. T h e  ban ds fo r  the 
cy clic  sulfides are d isp laced  a b ou t 5 mju tow ard  
longer w ave lengths, are broader and reduced  in 
in ten sity  com p ared  to  th e  stra ight-chain  sulfides. 
F ehnel and  C arm ack 27 observed  shoulders in the 
reg ion  o f  2 2 5 -2 3 5  m/x in  th e  spectra  o f  som e ali
p h atic  sulfides and  th iacycloh exan e an d  n oted  that, 
in the spectru m  o f th iacyclopen tan e, th is shoulder 
w as sh ifted  10 m /i tow a rd  longer w ave lengths. 
T h e  curves in  F ig . 2  con firm  these observations 
and show , in  addition , th at th e  shoulder fo r  th ia - 
cy c lob u ta n e  is resolved  in to  a  b roa d  ban d  w hose 
m axim u m  is sh ifted  still farther tow a rd  longer 
w a ve  lengths (275 m jx).

T h e  e ffect o f  th e  d ou b le  b on d s in  th e  five-m em - 
bered  ring m a y  be  seen b y  com paring  the spectrum  o f 
th ioph en e w ith  th at o f  th iacyclopen tan e. F or  
th iophene, th e  b an d  has been  broaden ed , greatly  
intensified, and  sh ifted  tow a rd  longer w ave lengths. 
T h e  m axim um  fo r  th ioph en e occu rs at 231 mix, 
w ith  slight shoulders at 240 and 235 m

Infrared Spectra.— T h e  in frared spectra  o f all o f 
the com pou n ds are show n  in F igs. 3 and  4. T h e  cell 
lengths used are n oted  on  each  o f  the curves.

T h e  three th iols exh ib it characteristic absorption  
ban ds at 3 .90  ¡x. T hese bands, due to  an  S -H  
stretch ing v ib ra tion , sh ou ld  be  useful fo r  detectin g  
th e  presence o f  th iols in  m ixtures o f  sulfur co m 
p ou n ds. T h e  th iols also exh ib it a bsorp tion  bands 
betw een  11 .0 -12 .2  ¡x w h ich  are p ro b a b ly  due to  a 
C - S - H  ben d in g  v ib ra tion .3

A ll o f  the com p ou n d s excep t th ioph en e have 
rather intense bands a ttribu ted  to  C -S  stretching 
v ibra tion s in  the region  13 .0 -15 .5  ¡x. A lth ou gh

(27) E. A. Fehnel and M. Carmack, J. Am. Chem. Soc., 71, 84 
(1949).

th ioph en e exhibits an  extrem ely  intense absorp tion  
ban d  in this region  (14.03 n) th is has been  a ttribu ted  
to  a sym m etrica l h yd rogen  ben d in g  m od e  wherein 
th e  h ydrogen  atom s v ib ra te  in  u nison  o u t  o f  the 
p lane o f th e  nucleu s.28

T h e  tw o  disulfides h ave m edium  bands at 19.6 /x 
w h ich  are p ro b a b ly  attribu tab le  to  S -S  stretch ing  
v ibration s. T hese ban ds are n o t v e ry  u sefu l for  
detectin g  th e  presence o f  disulfides in  m ixtu res o f  
sulfur com p ou n d s because the three cy c lic  sulfur 
com p ou n d s also exhibit ban ds in  th is reg ion  (1 9 .0 -
22 .0  /t). T hese  v ibra tion s are p ro b a b ly  due to  a 
ring deform ation .

T h e  rem aining ban ds in  the spectra  are caused 
b y  v ibra tion s in v o lv in g  the C -H  and C -C  linkages 
in  the h y d roca rb on  part o f  the m olecules. B en d in g  
and rock in g  v ibra tion s due to  C H 3 and tw istin g  
and w agging  v ibra tion s o f  C H 2 are fo u n d  in  their 
usual regions, 7 .2 -1 3 .6  ¡x. T h e  b an d  at a b o u t 
3.40 ix in  all o f  the com p ou n d s excep t th ioph en e is 
attribu ted  to  C -H  stretching v ibra tion s. T h is  
b an d  in  th ioph en e falls at 3.23 ¡x w h ich  is sim ilar in  
lo ca tion  to  th at o f  term inal olefin  groups.

M o re  com p lete  v ibra tion a l assignm ents h ave  been 
m ade on  several o f  these com p ou n d s  in  a  series o f  
papers presenting th erm od yn am ic p roperties o f  the 
sulfur com p ou n d s .8
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Mar., 1954 Heats of Hydration of T ricalcium and /8-Dicalcium Silicates 279

THE HEATS OF HYDRATION OF TRICALCIUM SILICATE AND
/3-DICALCIUM SILICATE

By Stephen Brunauer, J. C . Hayes and W . E . Hass 
Portland Cement Association Research and Development Laboratories, Chicago, Illinois

Received October 29, 1953

Tricalcium silicate, Ca3S i0 6, hydrates at 2 3 0 by reacting with three moles of water per mole, and /3-dicalcium silicate, 
/3-Ca2S i0 4, reacts with two moles of water per mole. When the hydration reactions take place in the form of hardened pastes 
at room temperature, with a water-to-solid ratio of 0.7 by weight, A Hue =  -2 2 ,0 0 0  ±  300 cal. for the first reaction and 
AH296 =  —4100 ±  600 cal. for the second reaction. Evidence is presented that in the hydration of the two substances the 
same calcium silicate hydrate is produced. For the reaction Ca3S i05(c, 23°) =  /S-Ca-Si04(c, 2 3 °) +  CaO(c 23°) a i7296 =

Introduction
T rica lciu m  silicate, C a3S i0 5, and 8 -d ica lciu m  sili

cate or  ca lciu m  orth osilica te , /3-C a 2Si04, are the tw o  
m ost im p ortan t com pon en ts o f  port!an d  cem en t; 
togeth er th ey  con stitu te  at least 7 0 %  o f  portland  
cem ent b y  w eight, and  occasion a lly  m ore  than  8 5 % . 
T h e  h yd ra tion  o f  the com p on en ts  o f  p ortlan d  ce
m ent and  o f  p ortlan d  cem ent, itself, is exotherm ic. 
Values fo r  the heats o f  h yd ra tion  o f  trica lciu m  sili
cate  and /3 -d ic a lc iu m  silicate w ere first ob ta in ed  b y  
W ood s, S teinour an d  S tark e .1 T h e y  determ ined  
the heat ev o lv e d  in  th e  h yd ration  o f  p ortlan d  ce 
m ents o f  d ifferent chem ical com position s, and  ca l
cu lated , b y  least squares analysis, th e  heats assign
able to  th e  in d iv idu a l com pon en ts. F o r  the tw o  
silicates th e  values thus determ ined  w ere: trica l
cium  silicate, 136 c a l . /g . ; d ica lciu m  silicate, 62 
c a l . /g . T h e  cem ents were h ydrated  fo r  one 
year.

L erch  and B o g u e 2 determ ined  th e  heats o f  
h ydration  o f trica lcium  silicate an d  d ica lcium  
silicate, h yd ra tin g  the com p ou n d s them selves, 
and  obta in ed  the values 120 and 62 c a l. /g . ,  re
sp ective ly . R ecen tly , V erb eck  and  F o ste r ,3 us
ing th e  m eth od s o f  W o o d s , S tein ou r and Starke, 
ob ta in ed  117 and  53 ca l. /g . fo r  the heats o f  h ydra 
tion  o f  trica lciu m  an d  d ica lciu m  silicate, respec
tively . T h e ir  d a ta  w ere obta in ed  from  14 cem ents, 
h ydrating  fo r  six and a half years. I t  w ill b e  n oted  
that the three sets o f  results are in reason ably  g ood  
agreem ent, suggesting th at th e  heats o f  h yd ra tion  
o f  the tw o  silicates in  p ortlan d  cem en t d o  n o t d if
fer greatly  from  the heats o f  h yd ra tion  o f  the pure 
com pounds.

P ow ers and B ro w n y a rd 4 p o in ted  ou t th at the 
ca lorim etrica lly  determ ined  heat o f  h yd ra tion  o f  a 
p ortlan d  cem en t is a com p osite  qu an tity . In  the 
h yd ration  process a finely  d iv ided  substance form s, 
called th e  “ cem en t g e l,”  and this gel adsorbs large 
am ounts o f  w ater. T h e  over-a ll heat o f  h ydra tion  
is th e  sum  o f  th e  chem ical heat o f  h yd ra tion  and  the 
heat o f  adsorp tion  o f  w ater on  the h ydrated  m ate
rial. P ow ers and  B row n yard  determ ined th e  heat 
o f  adsorption  o f  w ater on  tw o  h ydrated  portland  
cem ents, and cam e to  the con clu sion  th at the heat

(1) H. Woods, H. H. Steinour and H. R. Starke, Ind. Eng. Chem., 24, 
1207 (1932); Eng. News-Record, 110, 431 (1933).

(2) W. Lerch and R. H. Bogue, Bur. Standards J. Research, 12, 645 
d934).

(3) G. J. Verbeck and C. W . Foster, Proc. Am. Soc. Testing Mate
rials, 50, 1235 Q950).

(4) T. C. Powers and T. L. Brownyard, J. Am. Concrete Inst., 18, 
549 (1947).

o f  adsorption  was a b ou t y 4 o f  the over-a ll heat o f  
h ydration .

T h e  p o in t raised b y  P ow ers and  B row n yard  is 
va lid  fo r  all three sets o f  determ inations o f  the 
heats o f  h yd ra tion  o f  trica lciu m  silicate and  d ica l
cium  silicate cited  a b ove . T h e  heat values o b 
ta ined  w ere com p osite  quantities. A lth ou g h  for  
practica l purposes these com p osite  heats are o f  
prim e im portan ce, from  the p o in t  o f  v iew  o f  basic 
in form ation  the break dow n  o f  th e  over-a ll heats o f  
h yd ra tion  in to  their com pon en ts is o f  considerable 
interest. T h e  pu rpose o f  the present in vestiga 
tions was to  determ ine the chemical heats o f  h yd ra 
tion  o f  the tw o  ca lciu m  silicates, i.e ., th e  changes 
in  heat con ten t (or  en th a lpy ) occu rrin g  in  the 
chem ical reactions betw een  the silicates an d  water. 
T h e  experim ental m eth od  used was th at p rop osed  
b y  W o o d s  and S te in ou r5 and used  b y  all o f  th e  in 
vestigators cited  before . T h e  heats o f  so lu tion  o f  
the u nh ydrated  and h yd rated  m aterials w ere d e 
term ined  ca lorim etrica lly  and the heat o f  h yd ra tion  
was obta in ed  as th e  difference. T h e  chem ical 
heat o f  h ydra tion  was ob ta in ed  d irectly  b y  rem ov 
in g  the adsorbed  w ater from  the h ydrated  m aterial 
prior  to  determ ining its heat o f  solu tion .

Experimental
Preparation of Ca3S i0 3 and Ca2S i04.— The tricalcium sili

cate used in these investigations was prepared by D r. L . E . 
Copeland of this Laboratory, by burning a mixture of cal
cium carbonate and powdered quartz having a mole ratio 
of C a C 0 3 to S i02 of 3 .0 . A  two-burner gas-fired kiln with 
an approximately one cubic foot burning zone was used. 
Temperature readings were taken with an optical pyrometer 
through an opening in the kiln lining. Uniformity in burn
ing was obtained by preparing the initial charge in the form 
of y 2" X  s/ 4"  X  10" sticks that could be stacked (cross-hatch 
style) on the 12" X  12" hearth. The sticks were prepared 
by adding to the dry CaCOs and S i0 2 1 %  sugar and sufficient 
water to moisten the mix, troweling out the mixture on 
sheets of wax paper until the resulting slabs were about 
y 2"  thick, drying, and cutting the slabs into the desired 
sticks.

Two burnings, with an intermediate cooling, grinding and 
second stick fabrication, were found to be necessary to ob
tain completeness of reaction. During each burn the charge 
was fired between 1500 and 1700° for about three hours. 
After the first burn the mixture dusted on cooling and was 
found, by microscopical examination, to contain about 7 0 %  
7-C a2S i0 4. In the second burn reasonably pure Ca3S i05 was 
obtained. The sticks were ground in a laboratory ball mill 
to a Blaine surface (A S T M  Designation C-204-51) of 
about 4500 cm .2/g .

Two preparations of /3-dicalcium silicate were used. These 
preparations, referred to as Ca2S i0 4 (I) and (I I ) , were made 
in 1938 at the Portland Cement Association Fellowship in

(5) H. Woods and II. H. Steinour, ibid., 3, 195 (1931).
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Washington, D . C . The procedure was that described by 
Lerch and Bogue.6

Hydration Procedure.— The compounds were hydrated 
by Copeland. The original mixing with water was per
formed under reduced pressure (approx. 20 m m .) in order 
to obtain pastes free of air voids. The word “ paste”  as 
used by cement chemists, and as used here, means a mixture 
of a hydraulic material, such as portland cement, Ca3S i0 5 or 
Ca2SiC>4, with water. The proportion of water used is such 
as to make the mixture initially plastic, but after a few hours 
the mixture “ sets”  and then hardens. The dicalcium and 
tricalcium silicate pastes used in these experiments were 
hardened pastes.

The pastes were prepared with a water-to-solid ratio of 
0.70 by weight. After mixing, they were poured into paraf
fin-lined molds, which were 1 " X  10" soft glass tubes, closed 
at the bottom with a tight-fitting rubber stopper. The 
molds contained a V /  X  10" rubber-tubing core in the cen
ter, which could later be extracted to produce tubular speci
mens with ' / 2" inside diameter. Precooled mixing water 
was used to keep the paste temperature at the time of cast
ing at 23 ±  3 ° .  Immediately after casting, sufficient water 
was added to cover the paste surface completely. The 
opening of the glass tube at the top was then closed with a 
rubber stopper to prevent loss of water by evaporation. 
When the pastes were about 24 hr. old, the core was re
moved, and the hole was filled with water. The purpose of 
the water-filled hole was to maintain the paste in a saturated 
condition throughout the hydration process. The hydration 
was conducted in a room kept at 23 ±  0 .5 ° .

The Ca3SiOs paste was removed from the glass tube after 
approximately five months, during which time the hole was 
kept full of water. From this time on the specimen was 
stored in a humidifier where it was not in direct contact with 
water but was surrounded by a water-vapor-saturated atmos
phere. At the time samples were taken for the present in
vestigations the paste was approximately 21 months old, 
and crystals of Ca(O H )2 lined the inside wall. In preparing 
samples for analysis care was taken to prevent loss of these 
crystals, inasmuch as they formed a part of the products of 
hydration.

The Ca2SiOi paste sample was hydrated continuously 
under water in the stoppered tube from the time the central 
plug was removed at an age of 24 hr. until samples were 
taken for the present investigations at a paste age of ap
proximately 21 months. Crystals of Ca(O H )2 were likewise 
found lining the inside wall of this specimen.

Removal of Adsorbed Water.— The hydrated paste 
samples were ground to pass a U . S. Standard N o . 100 sieve 
to hasten the establishment of the drying equilibrium and to 
aid the dissolution in the acids used in the calorimeter and 
in chemical analysis. The grinding, sieving and transfers of 
the materials were conducted in a controlled atmosphere 
manipulation cabinet equipped with Ascarite filters, to re
duce contamination of the samples by carbon dioxide.

The adsorbed water was removed by reducing the partial 
pressure of water vapor in the system containing the hy
drated sample to the vapor pressure of ice at D ry Ice-alcohol 
temperature, about —7 9°. (The vapor pressure was about 
0.5  ¡i of H g .) The samples were considered at equilibrium 
when the loss of water was less than 1 m g ./g . of sample in 
two days. It usually took from one to two weeks to reach 
equilibrium. Details of the drying procedure will be pub
lished shortly by Copeland and Hayes.7

It is realized that the drying procedure adopted by us may 
not remove all of the adsorbed water, and it may remove 
some of the water of hydration. The calcium silicate hy
drate formed is a colloidal substance, without any definite 
decomposition pressure at a given temperature. Because 
the gel particles are not all the same size, the amount of 
water of hydration given off varies continuously with pres
sure in the low pressure range; some of it may possibly come 
off even at a vapor pressure higher than 0.5 n of H g. Never
theless, the uncertainty introduced by this factor is small. 
Copeland has obtained evidence (to be published later) that 
the uncertainty in the amount of the water of hydration 
under the drying conditions of the present experiments is 
less than 5 % . Since the heat of hydration of the calcium 
silicate hydrate is not very different from the heat of ad

(6) W . Lerch and R. H. Bogue, T h is  J o u b n a l , SI, 1627 (1927).
(7) L. E, Coneland and J. C- Hayes, to be published in ASTM Bull.

sorption of water, as will be seen later, the possible error duo 
to this factor is less than 1 ca l./g . of calcium silicate.

After establishment, of the drying equilibrium, the pastes 
were kept, in glass stoppered weighing bottles placed in desic
cators containing a 1 :1  mixture of Ascarite and Anhydrone. 
When the samples had to be kept in storage, the weighing 
bottles were sealed with paraffin. In all subsequent, opera
tions great, care was taken to avoid contact of the hydrated 
samples with atmospheric carbon dioxide and water vapor. 
To the extent possible, operations were carried out, in the 
controlled-atmosphere cabinet.

Loss on Ignition, Carbon Dioxide Content, Heat of Solu
tion.— Because of possible inhomogeneity of the materials, 
and still more because of possible contamination by carbon 
dioxide and water vapor during handling, ignition loss, car
bon dioxide and heat of solution determinations were made 
on 4 to 8 samples of each material. Determinations of each 
of the three quantities were made simultaneously, using 
samples taken from the same weighing bottles.

The ignition loss was determined on 0 .5-g . samples, by 
heating them in a globar furnace kept, at 1050°. An initial 
ignition period of 40 minutes was followed by successive re
heat periods of 10 minutes each. The ignition was consid
ered complete when the additional loss of weight was less 
than 0.2 m g. Usually only one reheat period was found 
necessary. A t 1050° both the carbonates and the hydrates 
in the materials decompose completely. The carbon dioxide 
content was determined separately on samples of 0 .5  to 1 
g ., using a modification of the A S T M  procedure for the de
termination of the carbon dioxide content of limestone 
(Designation C -25-47). The water of hydration was taken 
as the difference between the ignition loss and the carbon 
dioxide content.

The heat of solution was determined on 1- to 2-g . samples 
of the materials, using the same calorimeter and essentially 
the same procedure that was described by Verbeck and Fos
ter.3 The solvent used was 8 ml. of 4 8 %  H 2F 2, with suffi
cient 2 N  H N 0 3 added to make the total weight 420 g. 
For about half of the samples we used a somewhat modified 
procedure. Samples were introduced after a 2 0 -30  minute 
initial rating period, and temperature readings were re
corded at the end of each successive 5-minute period during 
the following 80 minutes. Solution periods of 20, 25, 30, 
35 and 40 minutes were assumed, with equally long final 
rating periods. This procedure made it possible to calculate 
five values of the calorimeter temperature rise for each 
sample. The average of the five values was taken as the 
temperature rise in these “ long”  runs. There was no sys
tematic difference between the results obtained frem the 
long and short runs.

Analysis and Composition of the Materials.— Since the 
materials used in these experiments contained some impuri
ties, we attempted to make corrections for them. Careful 
and complete chemical analyses were performed on all of the 
substances by the Analytical Section of the Portland Cement, 
Association Laboratories, and the composition of each sub
stance was calculated on the basis of the analysis. The 
guiding principle in the calculation of the compounds present, 
in the materials was the method developed by Bogue8 for the 
calculation of the compounds present, in portland cement,. 
The heat of solution of each substance was corrected on the 
basis of the assumption that the heats of solution of the 
impurities were additive. The chemical analyses and the 
computed compositions of the substances are given in Table

Each analysis was performed on at least duplicate samples. 
A S T M  procedures, described under A ST M  Designations 
C -l 14-47 and C -228-49T , were used for all oxide analyses 
with the exception of B 20 3, which was determined using a 
modification of the procedure recommended by Scott,.9

Results
T h e  experim ental ca lorim etric results a re  listed  

in T a b le  I I .
T h e  results are reported  in calories per g ra m  o f  

m aterial fo r  the u nh ydrated  substances and in  ca l
ories per gram  o f ign ited  m aterial fo r  th e  h y d ra te d

(8) R. H. Bogue, Ind. Eng. Chem., Anal. Ed., 1, 192 (1929).
(9) N. H. Furman, “ Scott’s Standard Methods of Chemical Analy

sis,”  5th edition. Vol. I, D. Van Nostrand Co., Inc., New York, N. Y ,, 
1939, p. 174.
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T a b l e  I

Analysis
Substance

Total C aO 1 
Total S i0 22
AI2O3
MgO
SO,
11.0
CO.
Xa.O
lv.0

Total3

C hemical A nalysis and C omposition of M aterials
----------- (

%

:a 3Si04--------------- -----------
Composi tion Analysis

--------P- CatSiO . (I)--------------- --------------
Substance % Substance % Substance %

72.74 Ca,SiO, 9 5 . 1 2 Total CaO4 64.57 ( ÌÌ3SÌO5 0.58
20.30 j3-Ca2Si04 1.92 Total Si026 34.32 (3-Ca2Si04 97.42
0.02 Ca2Si04-2H20 1.79 A120, 0.19 Ca(OH), 0.03
0.10 Ca(OH)2 0.55 MgO 0.12 CaCOj 0.60
0.03 CaCO, 0.25 SO, 0.01 Ca^A^Og 0.50
0.46 CaaAliOeOH.O 0.07 II20 0.15 CaS()4 0.02
0.11 OaS04 0.05 CO., 0.29 -MgO 0.12
Nil MgO 0 10 X a >( ) 0.03 Si( )2 0 20
Nil SiOj 0.15 K>( ) Nil B2O3 0.05

09.70 Total 100 00 B2<),

Total6
0 30 

99.98
H,BO,
Na2B4()7

Total

0.32 
0 10 

100.00
1 Free CaO 0.42. 2 Free S i0 2 0.15. 3 Missing 0 .2 4 %  was assumed to be C a,Si05. 4 Free CaO 0.02. 6 Free S i02 0.20.

6 Missing 0 .0 2 %  was assumed to be Ca2S i04.

-----------------------------------i3-Ca2Si04 (II)-------------------------------------
Analysis Composition

Substance %  Substance %

Total CaO7 62 .4 2 (3-Ca2S i0 4 88 .83
Total Si()28 3 4 .3 2 a -t ’aSiO, 0 42
A120 , 0 .4 8 CaCO, 1.91
MgO 0 .1 2 CasAl2Oe 1.05
SO, 0 .01 ( !a,Al206-6II20 0 31
11,0 0 47 C a S 0 4 0 02
C 0 2 0 .9 9 M gO 0 .1 2
N a20 0 32 S i0 2 0 24
K 20 Nil N a2C 0 ,-H 20 0 .4 2
b 2o , 0 .2 5 N a2B4O7-10H2O 0 .6 8

Total9 9 9 .38 Total 100.00

----- —  CaaSiOs Paste (I)------------------------- ------------,
Analysis Composition

Substance % Substance %
Ignited analysis Ca,Al2fV 6 H 20 0 .0 7

was the same C a S 0 4 0 .0 5
as that of CaCO, 2 .3 4
( ’a ,S i05. 11. M g(O H ), 0 .1 4
was taken as 100.00 S i0 2 0 .1 5

H 20 19 .44 CajSiOi Ì 9 2 .63
C 0 2 1 .0 3 Ca2S i0 4 [ >« 5 .71

Total 120.47 h 2o  j 19 .38
Total 120.47

7 Free CaO nil. 8 Free S i02 0.24. 9 Missing 0 .6 2 %  was assumed to be Ca2Si()4. 10 The extent of hydration of CasSiOs
and Ca2S i0 4 was calculated in different ways. See Discussion.

----------- ------CasSiOò Paste (II)--------------------------
Analysis Composition

Substance % Substance %
Ignited analysis 0 a 3Al2(V 6 H 2O 0 .0 7

was the same ( laS04 0 .0 5
as that of CaCO, 0 .7 7
C a,S i05. It M g(O H ), 0 14
was taken as 10 0 .00 S i0 2 0 . 1 5

II20 2 0 .1 9 Ca,SiO, ) 96 .2 2
COo 0 .3 4 Ca2S i0 4 ]> 16 3 .0 0

Total 120 .53 II20  j 2 0 .1 3
Total 120.53

Analysis
Substance

--------CaaSiC

%

Ji Paste-------------------------
Composition

Substance %
Ignited analysis Ca,Al2O6-0H2O 1 .78

was the same CaS()4 0 .0 2
as that of CaCO , 1 32
0-C a2SiO4(II). M g(O H )j 0 .1 7
It was taken S i0 2 0 24
as 100.00 X a 2C 0 ,-H 20 0 .4 2

II20 7 .9 1 N a2B40 7TOH20 0 .6 8
c o 2 0 .7 3 Ca2S i0 4 ] 9 0 .7 4

Total 108.64 CaSiO, I 11 6 .3 0
IDO J 6 .9 7

Total 108.64

”  The extent of hydration of Ca2S i0 4 and CnSiO:i was calculated in different ways. See Discussion.

T a b l e  I I

H e a t s  of S o lu tio n  o f  U n h y d r a t e d  an d  H y d r a t e d  M a t e r ia l s  (c a l . / g .)
CaîSiOs CaaSiOs CaaSiO*

CaaSiOi P - Ca2Si()4 (I) 0-CasSiO« (II) Paste (I) Paste (II) Paste
6 3 0 .4 5 6 0 .5 5 4 5 .4 5 5 3 .5 5 5 2 .3 5 5 0 .5
6 2 9 .9 5 6 2 .7 5 4 9 .6 5 5 0 .5 5 5 0 .9 547 .1
6 3 1 .4 5 5 8 .1 5 4 7 .2 5 5 0 .4 5 5 2 .7 5 4 6 .5
6 3 2 .9 5 6 1 .8 [541 .0 ] 5 5 3 .0 5 5 3 .3 [556 .0 ]
6 3 0 .6 (D ) 5 6 1 .4 5 4 7 .5 (D ) 5 5 2 .3 (D ) 5 4 8 .8(D
6 3 0 .7 (D ) 5 6 2 .7 5 4 8 .2 (D ) 5 5 4 .2 (D ) 5 5 1 .3(D

5 5 8 .7 (D ) 5 4 8 .3 (D ) 5 4 4 .3 (D
5 5 8 .5 (D ) 5 4 7 .8(D ) 5 4 1 .8(D

A v. 6 3 1 .0 5 6 0 .6 5 4 7 .7 5 5 1 .9 5 5 2 .6 547 2
M ean dev. 0 .8 1 .6 0 .9 1 .4 0 .8 2 .6
Std. d ev. 1 .1 1 .9 1 .3 1 .6 1 .1 3 .3
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substances. T h e  tw o  values in brack ets w ere dis
carded . T h e  letter (L ) after th e  heat o f  solu tion  
va lu e  signifies a lon g  run.

T h e  scatter in  the experim ental results is a ttr ib 
u ted  to  la ck  o f  com plete  h om ogen eity  o f  th e  su b 
stances, in  ad d ition  to  errors in th e  m easurem ents. 
T h e  standard  dev ia tion  was betw een  1 and  2 cal. 
fo r  five  o f  the six m aterials; the large standard  d e
v ia tion  ob ta in ed  fo r  h ydrated  d ica lciu m  silicate was, 
dou btless, caused largely  b y  in h om og en eity  o f  the 
m aterial.

T h e  heat o f  so lu tion  values show ed  n o  trend  w ith  
the w eigh t o f  solu te  used, fo r  a n y  o f  th e  six m ateri
als. A  tw o fo ld  change in  w eigh t gave  n o  d etectab le  
d ifference in  the heat o f  so lu tion , in d icatin g  that 
the con cen tra tion  effects were negligible w ith in  our 
experim ental error.

T h e  experim ental heats o f  so lu tion  w ere co r 
rected  fo r  th e  heats o f  so lu tion  o f  the im purities, b y  
using th e  va lues given  in T a b le  I I I .

T a b l e  III
H e a t s  o f  S o l u t io n  o f  I m p u r it ie s  ( c a l . / g .)

Substance
Heat of 

soin. Substance
Heat of 

soin.

S i0 2 570 .8 ° CaO 825 .9 °
M gO 5 6 2 .06 Ca(O H )2 4 1 4 .5d
M g(O H )2 4 5 5 .5b CaCOs 8 6 .0 e
B 20 3 6 4 2 .1 e C aS04 3 1 .2 “
h3bo3 2 27 .8 e Ca3Al206 7 33 .0 e
N a2C 0 3-H20 7 3 .2 “ Ca3Al20 6-6H ,0 4 1 2 .8'
N a2B 40 7 8 7 .1 ° <*-CaSi03 525.1“
N a2B 4O7T0H2O - 5 0 . 0 “ C aSi03-H20 4 3 5 .5h

° Calculated from the National Bureau of Standards
Thermodynamic Tables.10 The value for S i0 2 was checked 
by us. 1 Roth and Chall.11 c Determined experimentally 
by us. d Calculated from the heat of solution of CaO, and 
the heat of hydration of CaO, determined by Thorvaldson, 
Brown and Peaker.12 * Lerch and Bogue.2 f  Calculated 
from Lerch and Bogue’s heat of hydration of tricalcium 
aluminate, with the assumption that one-fourth of the heat 
of hydration is attributable to heat of adsorption. a Calcu
lated from (1) the heats of solution of CaO and f!-Ca2S i0 4 
(determined by us); (2) the heat of decomposition of /S- 
Ca2S i0 4 into /3-CaSi03 and CaO (K ing13), and (3) the heat 
of transformation of wollastonite to pseudowollastonite 
(Wagner14). h Calculated from the data of Cirilli.15

Discussion
The Stoichiometry of the Hydration of Trical

cium and /3-Dicalcium Silicate.— T h e  sto ich iom etry  
o f the h ydration  o f the tw o  ca lciu m  silicates is n ot 
fu lly  settled . I t  is k n ow n  th at the p rod u cts  o f  the 
h yd ra tion  are ca lciu m  h ydrox id e  and  a ca lcium  
silicate hydrate. T h e  form er appears as a crysta l
line substance, th e  latter as a finely d iv ided  “ ge l,”  
w h ich  look s  structureless in an ord in ary  m icroscope . 
T h e  electron  m icroscope , h ow ever, show s th at the 
gel consists o f  rou gh ly  spherical particles, 50 to  200 
A . in d iam eter.16 T h is  is in g o o d  agreem ent w ith  
the results o f  P ow ers, B row n yard , C opelan d , and

(10) Bur. Standards Circular 500 (1952).
(11) W . A. Roth and P. Chall, Z. Elektrochem., 34, 185 (1928).
(12) T. Thorvaldson, W . G. Brown and C. R. Peaker, J. Am. Chem. 

Soc,, 51, 2678 (1929); 52, 80, 910 (1930).
(13) E. G . King, ibid., 73, 656 (1951).
(14) H. Wagner, Z. anorg. allgem. Chem., 208, 1 (1932).
(15) V. Cirilli, Ann. chim. appl., 28, 151, 239 (1938).
(16) To be published in the Proceedings of the Third International 

Symposium on the Chemistry of Cement, as a discussion by R. H. 
Bogue of J. D. Bernal’s paper.

Hayes, obtained in this Laboratory, who deter
mined the specific surface areas of various hydrated 
Portland cements and of hydrated tricalcium sili
cate by the B E T  method17 and obtained an aver
age particle diameter of 100 to 150 Â .

In vestigators in th e  field  have generally  assum ed, 
b u t there is n o  published  p ro o f in the literature, th at 
in  the h yd ra tion  o f  CasSiOs and  C a2S i0 4 th e  sam e 
gel form s. I t  w ill be  seen later th at th e  present 
w ork  furnishes stron g  ev iden ce  th at th e  tw o  ca l
cium  silicates, h ydratin g  in  th e  fo rm  o f  hardened  
pastes, a ctu a lly  fo rm  the sam e gel.

T h e  assum ption  th at th e  tw o  gels are iden tica l 
m a y  be  expressed in the form  o f  the equations

Ca2S i0 4 +  toH 20  =  Gel +  n.Ca(OH)2 +  X  cal. (1)

Ca3SiOs +  (m +  1)H 20  =
Gel +  (n  +  l)C a (O H )2 +  Y  cal. (2)

X  and  Y  are the heats o f  h yd ra tion  o f  d ica lciu m  
and trica lciu m  silicate, respectively .

G runw ald , C ope lan d  an d  H ayes  h yd ra ted  th e  
tw o calcium  silicates in  this L a b o ra to ry  b y  grinding 
in  a sm all steel ball m ill, in excess w ater at 2 3 ° . 
T h e  w ater-to -silica te  ratio varied  from  4 to  9. 
C om p lete  h yd ra tion  o f  C a3S i0 5 occu rred  in  a b o u t a 
w eek, and th e  w ater o f  h yd ra tion  correspon ded  al
m ost exactly  to  three m olecu les per m olecu le  o f  
C a3S i0 8. T h e  h yd ra tion  o f  C a2S i0 4 progressed 
m u ch  m ore s low ly ; com plete  h yd ration  d id  n o t o c 
cur even  in  six w eeks o f grinding in  the ball m ill. 
I f  it is assum ed th at com plete  h yd ra tion  o f  C a2S i0 4 
w ou ld  correspon d  to  an u ptak e o f tw o  m olecu les o f  
w ater, the m axim um  h yd ra tion  o f C a2S i0 4 ob ta in ed  
was a b ou t 9 0 % . Jacqu em in ,18 h ydratin g  C a3S i0 6 
an d  C a2S i0 4 in a ball m ill, a lso cam e to  the co n c lu 
sion th at the w ater o f  com p lete  h yd ra tion  corre
sponded  to  three and  tw o  m olecules, respectively .

G runw ald  devised  a  m eth od  to  find o u t  w hether 
ba ll-m ill-h ydra ted  C a3S i0 5 and  C a2S i0 4 form ed  the 
sam e gel. H e  p lo tted  the to ta l w ater con ten ts 
(w ater o f  h yd ra tion  plus adsorbed  w ater) o f  co m 
p lete ly  h ydrated  C a3S i0 8 and C a2S i0 4 sam ples at 
the sam e relative pressures against each  oth er. I f  
the tw o  silicates p rodu ce  th e  sam e gel and  if ca l
cium  h yd rox id e  has a negligible adsorbing  surface 
com pared  to  th e  gel, the adsorbed  w ater held  b y  1 
m ole  o f  com p lete ly  h ydrated  C a3S i0 8 sh ou ld  be  the 
sam e as th at held  b y  1 m ole  o f  h ydra ted  C a2S i0 4 at 
an y  relative pressure, b u t the w ater o f  h y d ra tion  o f  
the form er sh ou ld  exceed  th at o f  th e  la tter b y  1 
m ole , as equations 1 and 2 show . G ru n w ald 's  
p lot, therefore, sh ou ld  g ive  a straight line, th e  in 
tercep t o f  w h ich  on  the C a3S i0 5 axis w ou ld  corre
sp on d  to  the excess w ater held  b y  C a3S i0 8 ov er  
C a2S i0 4 at zero adsorption . T h e  p lo t d id  g ive  a 
g o o d  straight line, and the va lu e o f  th e  in tercep t 
was approx im ately  1 m ole  o f  w ater per m o le  o f  
C a3S i0 8. S ince the results o f  P ow ers an d  B ro w n - 
y a rd 19 in d ica ted  earlier th at th e  surface o f  ca lciu m  
h yd rox id e  w as negligible com pared  to  th e  surface o f  
the gel, th e  results o f  G runw ald  are con sisten t w ith

(17) S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 
60, 309 (1938).

(18) R. Jacquemin, “ Recherches sur l’hydratation des liants 
hydrauliques,”  Dissertation, University of Liège, Desoer, Liège, 1944.

(19) T. C. Powers and T. L Brownyard, J. Am. Concrete Inst., 18, 
469 <'1946).
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the conclusions th at (a) ba ll-m ill-h ydra ted  C a3Si(>6 
takes u p  on e m ore  m olecu le  o f  w ater th an  C a2S i0 4, 
and  (b ) b o th  substances fo rm  the sam e gel.

F urther ev iden ce  as to  th e  id en tity  o f  the tw o 
gels ir_ hardened  portland  cem en t paste can  be 
fou n d  in  th e  w ork  o f  P ow ers an d  B row n yard . T h e y  
determ ined  the surface area and the w ater o f  h ydra 
tion  fo r  a large n um ber o f  h ydra ted  portland  ce 
m ents and  eva lu ated  the con tribu tion s  o f  the in d i
v idu a l com p on en ts  b y  least squares analysis. I f  in 
equ ation s 1 an d  2  m  =  2 , th e  surface area con tr i
b u tion  per gram  o f  w ater o f  h yd ra tion  fo r  C a2S i0 4 
shou ld  b e  1.5 tim es as great as fo r  C a3S i0 5, p ro 
v id ed  (a) th a t th e  tw o  substances form  th e  sam e 
gel and (b ) th a t ca lciu m  h y d rox id e  d oes n o t con tr ib 
u te ap p reciab ly  to  th e  surface. T h e  ratio was a c 
tu a lly  fo u n d  to  b e  close  t o  1.5. T h e  sam e ratio  was 
obta ined  later b y  C opelan d  and H ayes from  another 
series o f  p ortlan d  cem ents.

A lth ou g h  it  appears q u ite  certain  th at in  equ a
tions 1 and  2 m  =  2, n oth in g  definite can  be stated  
a b o u t the va lu e  o f  n  and  a b o u t th e  chem ical co m 
p osition  o f  the g e l. T h e  reason fo r  this is th a t there 
exists n o  com p le te ly  reliable m eth od  fo r  the deter
m ination  o f  free lim e in  h ydrated  system s like these. 
T h e  m eth od  o f  L erch  and  B o g u e 20 w orks v ery  well 
fo r  u nh ydrated  cem ents, b u t the g ly ce ro l-a lco h o l 
solven t used b y  them , and oth er solven ts p roposed  
b y  others, d issolve n o t  o n ly  th e  free C a (O H )2, b u t 
rem ove part o f  th e  lim e from  the ca lcium  silicate 
h yd rate  as well. W e  are in vestigating the sto ich iom 
etry  o f  the h yd ra tion  o f  the tw o  ca lciu m  silicates 
further. F o r  th e  tim e being w e can  on ly  say  th at 
the m ost p rob a b le  va lu e  o f  n  is either 0 or  0.5, 
w h ich  w ou ld  m ake the com p osition  o f  the gel either 
2 C a 0 -S i0 2-2H 20  or  1 .5 C a 0 -S i0 2 1.5H 20 .

Relation between the Heats of Hydration of 
Ca3S i08 and Ca2S i04.— C on sid er  th e  eq u ation s

CasS i0 5 =  Ca2S i0 4 +  CaO +  Z  cal. (3)
Ca^SiOi +  toH20  =  Gel +  nC a(O H )2 +  X  cal. (1) 
CaO +  H 20  =  C a(O H )2 +  V  cal. (4)

CasSiOs -{- (m — I)H 20  =  Gel -|-
(n  +  l)C a(O H '/2 +  Y  cal. (2)

I t  is ev id en t th at
Y  =  X  +  V  +  Z  (5)

I f  C a3SiC>5 and C a2S i0 4 fo rm  th e  sam e gel, their 
heats o f  h yd ra tion  can  be  ob ta in ed  from  each other, 
p rov id ed  th at V  and  Z  are k n ow n . T h e  heat o f  
h yd ra tion  o f  C aO  w as accu ra te ly  determ ined  b y  
T h orva ld son , B row n  and P ea k er ,12 and it w as fou n d  
to  be  15,600 ca l./m o le . H ow ever, fo r  th e  heat o f  
d ecom p osition  o f  C a3S i0 5 in to  C a2S i0 4 and C aO  w e 
fou n d  "two w id e ly  d iffering values in the literature : 
Johansson  and  T h orv a ld son 21 ob ta in ed  th e  va lue 
470 ca l./m o le , and  K in g 13 ob ta in ed  3200 ca l./m o le . 
B ecause o f  this, w e decided  to  redeterm ine th e  heat 
o f  d ecom p osition  o f  C a3S i0 6. I t  was ob ta in ed  as 
the difference betw een  th e  heat o f  so lu tion  o f  Cas
SiOs and the sum  o f  the heats o f  so lu tion  o f  C a2S i0 4 
and  CaO.

T h e  estim ated com p osition s  o f  ou r substances,
(20) W . Lerch and R. Bogue, Ind. Eng. Chem., Anal. E d 2 , 296 

(1930).
(21) O. K. Johansson and T. Thorvaldson, J. Am. Chem. Soc., 56, 

2327 (1934).

th e  experim ental heats o f  so lu tion  an d  the heats o f  
so lu tion  o f the im purities h ave  been  g iven  be fore . 
A side  fro m  th e  experim ental errors, th e  m ain  u n 
certa in ty  is in trod u ced  in the estim ation  o f  th e  c o m 
p ou n d  com p osition  o f  our m aterials. F o r  exam ple, 
in  the ca lcu la tion  o f  the com p o sitio n  o f  C a3S i0 5 it 
was assum ed th at the 0 .2 4 %  m issing fro m  th e  to ta l 
chem ical analysis w as C a 3S i0 5. T h is  assum ption  
in trodu ces an u n certa in ty  o f  a b o u t 1 c a l . /g .  in  the 
heat o f  solu tion . In  som e cases w e h ave  been 
fo rced  to  assum e im purities w h ich  w ere n o t  the 
m ost lik ely  ones t o  occu r  in th e  system , becau se o f 
la ck  o f  data. In  such cases w e selected  c o m 
pou n ds th at w ere closest in  com p osition  to  th e  m ost 
lik ely  im purities. W e  believe  th at th e  errors in 
trod u ced  b y  uncertainties in  the com p osition  were 
n o  greater th an  the varia tion  from  sam ple to  sam ple 
in the experim entally  determ ined  heats o f  solu tion . 
In  add ition , it  sh ou ld  be  n oted  th at th e  heats o f  
h yd ra tion  o f C a3S i0 5 and  C a2S i0 4 w ere obta in ed  as 
d ifferences betw een  th e  heats o f  so lu tion  o f  the 
sam e m aterial in  the h ydrated  an d  u nh ydrated  
state. S ince in  the ca lcu la tion  o f  their com p osi
tions sim ilar assum ptions w ere m ade, th e  u ncerta in 
ties w ere reduced  to  a m in im um .

T h e  ca lcu lated  heat o f  so lu tion  o f  C a3S i0 5 was 
fo u n d  to  be  639.0 ±  1.5 c a l . /g . ,  and  that o f  C a2S i0 4-
(I ) w as 564.0 ±  2  c a l . /g . T h e  heat o f  d ecom p osi
tion  o f  C a3S i0 5, Z  in equ ation  3, is 2400 ±  500 c a l . /  
m ole . T h e  results w ere rou n ded  o ff t o  the nearest 
0 .5  ca l. /g . and  100 ca l./m o le .

K in g  a ttribu ted  th e  difference betw een  his va lu e 
o f 3200 c a l./m o le  and Joh ansson  an d  T h o rv a ld so n ’s 
470 ca l. /m o le  to  the fa ct  th a t the la tter used silica 
gel in  the preparation  o f  th e  ca lciu m  silicates, 
w hereas he used quartz. T h e  ca lciu m  silicates we 
used  w ere prepared  from  quartz and  ca lciu m  car
b o n a te ; con sequ ently , ou r va lu e is com p arab le  
w ith  K in g ’s.

K in g  did  n o t m ake correction s fo r  th e  im purities 
in his CasSiOs and C a2S i0 4. O n th e  basis o f  his 
published chem ical analyses on e can  estim ate that 
his C a2S i0 4 was a b o u t 9 7 %  and his C a3S i0 6 p er
haps b etter th an  9 8 %  pure, b u t th e  an a lytica l data  
are n o t su fficiently com plete  to  enable  on e  to  c o r 
rect fo r  the im purities.

T h e  experim ental u n certa in ty  in  K in g ’s va lu e is 
a b o u t 320 ca l./m o le . T hu s, th e  difference o f  800 
c a l./m o le  betw een  K in g ’s va lu e  and  ours is som e
w h at greater th an  the com b in ed  u ncerta in ties o f  the 
tw o  sets o f  experim ents. W e  believe th at ou r result 
is closer to  the tru e  va lu e o f  the heat o f  d ecom p osi
tion  o f  C a3S i0 6, partly  because w e h ave m ade an 
a ttem pt to  correct fo r  the im purities in ou r  silicates, 
and  partly  because w e believe th at K in g  d id  n ot 
correct com p lete ly  fo r  the con cen tra tion  effects in 
his solutions.

It  fo llow s from  eq u ation  5 th at

Y =  X  +  18,000 cal./m ole (6)

The Heat of Hydration of /3-Ca2S i04.— T h e
h yd ra ted  d ica lciu m  silicate paste  was prepared 
fro m  the m aterial designated  C a2S i0 4(I I ) ,  w h ich , 
as th e  ca lcu lated  com p osition  show s, w as con sider
a b ly  less pure than  C a2S i0 4(I ) . T h e  heat o f  so lu 
t io n  o f  C a2S i0 4( I I ) ,  corrected  fo r  im purities, was
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564.0 ±  2 ca l. /g . T h is  m aterial sh ou ld  h ave given  
a heat o f  so lu tion  a b o u t 0.5 ca l./g . low er th an  C a2- 
S i()4(I ) ,  because it con ta in ed  a b ou t 10%  7 -C a 2S i()4, 
w hereas C a2S i0 4(I ) d id  n o t con ta in  any. 'I'he 
agreem ent w ith in  0.5 cal. is v e ry  g ra tify in g  in 
v iew  o f the experim ental and th eoretica l u ncerta in 
ties in v o lv ed .

I t  w as assum ed th at in the hardened  C a2S i0 4 
paste all o f  the h ydratab le  com p ou n d s w ere fu lly  
h yd ra ted  excep t the tw o  principal com pon en ts, 
C a S i0 3 and  C a2S i0 4. T h e  heat o f  h yd ra tion  o f 
C a2S i0 4 w as then ca lcu lated  in  tw o  w a y s : (1 ) b y  
assum ing th at C a S i0 3 w as n o t h ydrated  at all, and
(2) b y  assum ing th at C a S i0 3 was h ydrated  to  the 
sam e exten t as C a2S i0 4. I f  the first assum ption  is 
m ade, th e  extent o f  h yd ra tion  o f  C a2S i0 4 was 
3 6 .5 % , and the heat o f  h yd ra tion  w as 24.5 c a l . /g . o f  
C a2S i0 4; if  th e  secon d  assum ption  is m ade, the ex
ten t o f  h yd ra tion  o f  C a2S i0 4 w as 3 5 % , and  th e  heat 
o f  h yd ra tion  was 24.5 ca l. /g . o f  C a2S i0 4. T h e  tw o 
values d o  n ot differ w ith in  ou r a p prox im ation  o f  0.5 
c a l. /g . ,  because the heats o f  h ydra tion  o f  the m eta
silicate and the orthosilicate o f  ca lciu m  per m ole  o f 
w ater are close  to  each  other.

T h e  heat o f  h yd ra tion  o f /3-Ca2S i0 4 at 2 3 ° , X  in 
equ ation  1, was

X  =  4200 ±  600 cal./mole  
or 24.5 ±  3.5 cal./g . of Ca2S i0 4

T h e  large u ncerta in ty  is p rob a b ly  a ttribu tab le  to  
lack  o f  h om ogen eity  o f  the m aterial, as w e stated b e 
fore.

T h e  H e a t o f  H yd ration  o f  C a3S i 0 6.— T h e  heats of 
solu tion  o f h ydrated  C a3S i0 5 paste were determ ined  
on  tw o  sets o f  sam ples, designated  (I )  and (I I ) .  
T h e y  differed prim arily  in the exten t o f  the car- 
bon ation  o f the p aste : (I ) con ta in ed  1 .0 3 %  C 0 2, 
(I I )  on ly  0 .3 4 %  C 0 2. I t  was assum ed in  b o th  cases 
th at all h ydra tab le  com p ou n d s in th e  sam ples were 
fu lly  h ydrated , excep t the tw o  ca lciu m  silicates, 
C a2S i0 4 and  C a3SiC>5. T h e  heat o f  h yd ra tion  o f 
C a3S i0 5 was th en  ca lcu lated  in tw o  w a y s : (1) b y  
assum ing th at the tw o  silicates w ere h ydrated  to  
the sam e extent, and  (2) b y  assum ing th at C a2S i0 4 
was h yd rated  to  the extent it was h yd rated  in its 
ow n  paste. A lth ou gh  C a2S i0 4 h ydrates m ore 
s low ly  than  C a3S i0 5, especia lly  in the in itial stages, 
there is som e ev id en ce  to  sh ow  th at it hydrates 
faster in  the presence o f  certain  o th er  substances 
than  w hen  it hydrates alone. T hu s, assum ptions
(1) and (2) set an  u pper and  a low er lim it to  the 
heat o f  h yd ra tion  o f  C a3S i0 6.

I f  th e  first assum ption  is m ade, C a3S i0 6 P aste 
(I ) w as 8 4 %  hydrated , and the heat o f  h ydra tion  o f 
C a3S i0 5 w as 96.5 ca l. /g . I f  the secon d  assum ption  
is m ade, the C a2S i0 4 in C a3S i0 6 P aste (I ) w as 3 6 %  
h ydrated  and the C a3S i0 6 w as 8 6 %  h ydrated . 
T h e  ca lcu lated  heat o f  h ydration  o f  C a3S i0 5 for  
th is case is 94.5 c a l . /g . F o r  C a3S i0 6 P aste  (I I )  the 
extent o f  h yd ra tion  on  the basis o f  th e  first assum p
tion  w as 8 6 % , and  the heat o f  h yd ra tion  w as 97.5 
c a l . /g . ;  on  th e  basis o f  th e  secon d  assum ption  
C a2S i0 4 w as 3 6 %  and C a3S i0 6 was 8 7 %  h yd rated , 
and the heat o f  h yd ra tion  o f  C a3S i0 6 was 96.5 c a l . /
O’rv

T a k in g  the average o f  the fou r values as the heat

o f  h yd ra tion  o f C a3S i0 5 at 2 3 ° , w e find Y  in equ a
tion  2 to  be

Y  =  22,000 ±  300 cal./mole  
or 96.5 ±  1.5 ca,l./g. of Ca3S i0 5

I f  in the h yd ra tion  o f  C a3S i0 5 and C a2S i0 4 the 
sam e ca lciu m  silicate h ydrate or  “ g e l”  is p rod u ced , 
eq u ation  6 holds, and X  can be ob ta in ed  b y  su b 
tractin g  18,000 cal. from  Y . T h e  result is 4000  
ca l./m o le , w h ich  is 200 c a l./m o le  less than  the heat 
o f  h yd ra tion  obta in ed  from  th e  C a2S i0 4 paste. 
A ctu a lly , the va lu e o f  X  ob ta in ed  from  C a3S i0 5 
P aste (I I )  is 4200 c a l. /m o le ; and we con sider th e  
results from  this paste m ore  reliable th an  th at o b 
ta ined  from  C a3S i0 4 P aste (I ) . T h e  agreem ent in 
dicates stron g ly  th at C a3SiC>5 and C a2S i0 4 h ydratin g  
in the form  o f  hardened pastes (in the sam e fo rm  in 
w hich  p ortlan d  cem ent hydrates in con crete ) p r o 
du ce identical gels.

C on clu sion s .— F or the reaction  C a 3S i0 6 (c, 2 3 °) 
=  d -C a2S i0 4(c, 2 3 °) +  C aO (c, 2 3 ° ) , AH 2K =  
— 2400 ±  500 cal. F o r  the reaction  o f  C a3S i0 6(c, 
2 3 °) w ith  3 H 20  (l, 2 3 ° ) , A / i 296 =  - 2 2 ,0 0 0  ±  300 
cal. F or  the reaction  o f  /I-Ca2S i0 4(c, 2 3 °) w ith  
2 H ,0  (J, 2 3 ° ) , A H 296 =  - 4 1 0 0  ±  600 cal. 
T h e  s to ich iom etry  o f the produ cts form ed  in the 
h ydration  reactions is n o t defin itely  k n ow n , b u t it 
appears safe to  con clu d e  th at in the h yd ration  o f  
C a3S i0 6 and C a2S i0 4 the sam e ca lciu m  silicate h y 
drate is p rodu ced , w hen the h ydration  takes p lace 
in the form  o f hardened paste at room  tem perature, 
w ith  a w ater-to -so lid  ratio o f  0.7 b y  w eight.

I t  is o f  interest to  com pare  the chem ical heats o f  
hydration , obta in ed  in the present experim ents, 
w ith  the over-a ll heats o f  h ydration  o f  V erbeck  and 
F oster .3 T h e  value th ey  obta in ed  fo r  C a 3S i0 6, 
from  portland  cem ents h ydratin g  fo r  six an d  a half 
years, was 117 c a l. /g . ,  w hich  is 21 cal. h igher than 
ou r value. T h e  difference m ay  be  considered  the 
heat o f  adsorption  o f w ater on  the gel. S ince on e 
m ole  o f  C a3S i0 5 produ ces the sam e am ou n t o f gel 
as on e m ole  o f  C a2S i0 4, the adsorbing  surface p r o 
du ced  b y  1 g. o f  C a2S i0 4 after com p lete  h yd ra tion  
sh ou ld  be  3 2 .5 %  larger than  th at p rodu ced  b y  C a 3- 
S i0 6. T hu s, the heat o f  adsorp tion  fo r  1 g. o f  h y 
drated  C a2S i0 4 shou ld  be 28 cal., w hich, added  to  
the chem ical heat o f  h ydration , 24 c a l. /g . ,  shou ld  
g ive  an over-a ll heat o f  h ydra tion  o f  52 ca l. /g . 
V erbeck  and F oster obta in ed  53 c a l. /g . ,  in g ood  
agreem ent w ith  the ca lcu lated  value.

T h e  agreem ent betw een  ou r results and th ose  o f  
W ood s , S tein ou r and S tarke1 and L erch  and B o g u e 2 
is n o t qu ite  so  g ood . T h e first nam ed investigators 
used cem ents h ydrated  o n ly  for  on e  year, w hich  
doubtless accou n ts fo r  the fa ct th at th e  agreem ent 
is on ly  qualitative. L erch  and  B ogu e  used a  d if
ferent m eth od  o f  h ydration , and their heats o f  so lu 
tion  were n ot corrected  fo r  the im purities present 
in  their C a3S i0 5 and C a2S i0 4 sam ples.

T h e  heat o f  h yd ra tion  o f  CasSiCL, on  equal w eigh t 
basis, is a b o u t fou r  tim es as large as th at o f  C a 2S i0 4. 
T h e  heat o f  h yd ra tion  o f C a2S i0 4, indeed , is rem ark 
a b ly  sm all; it is a b ou t 2000  c a l. /m o le  o f  w ater. 
P ow ers and  B row n y a rd 4 fou n d  th at the average net 
heat o f  adsorp tion  o f  w ater o n  h yd ra ted  p ortlan d  
cem ent gel was a b ou t 2000  c a l. /m o le  o f  w ater, and 
th at the heat o f  adsorption  in  the first a dsorbed
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layer was m ore th an  tw ice  as large. F o r  com p a ri
son , w e m a y  also m en tion  th at th e  heat o f  h ydra 
tion  o f  anhydrite, C a S 0 4, to  gypsu m , C a S 0 4-2H 20  
is 2000 c a l. /m o le  o f  w ater10; the heat o f  h yd ra tion  
o f  pseu dow ollaston ite , a -C a S i0 3, to  the m o n o h y 
drate is 2600 c a l. /m o le ; and  the heat o f  h yd ra tion  
o f w ollaston ite , (3-CaSi03, to  th e  m on oh yd ra te  is 
1300 c a l. /m o le .15
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T h e  so lu b ility  o f  an im pure sam ple o f  d iborane 
gas is ca lcu lated  from  pressure m easurem ents o f  
the gas in equ ilibriu m  w ith  norm al pentane solu 
tions at various tem peratures. A  num ber o f as
sum ptions have to  be  m ade fo r  la ck  o f  a detailed  
kn ow ledge o f  this system . R a o u lt ’s law  is applied  
to  the solutions, and all vap ors  are treated  as ideal 
gases. T h e  m olar vo lu m e o f d iborane in solu tion  is 
ignored  in the ca lcu lations, b u t this shou ld  n ot 
cause an error o f  m ore than  3 %  in  the con cen tration  
o f d iborane in th e  liqu id  phase at the highest con 
centrations. T h e  coefficient o f  expansion  o f norm al 
p en tan e2 is used  up  to  5 5 ° even  th ou gh  it is g iven 
for th e  0 -3 0 °  tem perature range on ly . T h e  v a p or  
pressure o f  n -pen tan e is taken  from  S tu ll’s ta b les .3 
T h e  data  recorded  in the table under “ B 2H 6 pressure”  
are obta in ed  b y  su btracting  the v a p or  pressure o f 
n -pentane from  th e  “ observed  pressure.”

T h e  equ ilibriu m  con stan ts fo r  the system  
B 2H 6(g) =  B 2H 6 (in pentane solution), K  =  S/P

are recorded  in  T a b le  I . S  is the so lu b ility  ex
pressed as m ole  per cen t, d iboran e in  solu tion , and 
P  is the partial pressure o f  d iboran e in atm ospheres.

T h e  so lu b ility  o f d iboran e in n -pentane is som e
w hat less th an  observed  fo r  e th y l eth er.4 C a lcu 
lations based on the d iborane v a p o r  pressure equa
tion  o f H . L . J oh n ston ,6 et al., in d icate  that R a 
o u lt ’s law  applies v e ry  w ell to  the system  d ib o ra n e - 
ra-pentane. T h e  observed  partial pressures o f d i
borane in equ ilibriu m  w ith  a n -pen tan e solu tion  in 
the tem perature range 0 -5 5  ° are reprodu ced  b y  the 
equation

(1) This work was done for Army Ordnance Contract TUT-2000A.
(2) M. ? .  Doss, “ Physical Constants of the Principal Hydrocar

bons,”  The Texas Company, 1943.
(3) D. R. Stull, Ind. Eng. Chem, 39, 517 (1947).
(4) J. R, Elliott, W. L. Roth, G. F. Roedel and E. M . Boldebuck, 

J. Am. Chem. Soc., 74, 5211 (1952).
(5) “ Condensed Gas Calorimetry,”  E. B. Rifkin, E. C. Kerr and 

H. L. Johnston, Tech. Report No. 5, Project RF-309, The Ohio State 
Univ. Research Foundation.

logio P  — — -jj— f- 1.46 +  logio S

T h e  heat o f solu tion  is — 2500 c a l. /m o le  w h ich  is 
som ew hat less than observed  fo r  e th y l ether as the 
so lv e n t.3

T a b l e  I

E q u il ib r iu m  P r e s s u r e s  f o r  D ib o r a n e  in  P e n t a n e

Mmoles B2H 6 3 .2 6 5 .84 9 .81 12.68 2 4 .0
Mmoles C5H I2 8 5 .4 8 5 .4 8 5 .4 8 5 .4 8 5 .4
Cylinder voi., 100 .8 101.8 104.7 7 3 .5 101.0

CO.

Observed pressure, p.s.i. abs.
7',

°c .

0 .0 10.4 2 3 .7 3 4 .2 5 0 .2
10 .2 13 .2 18 .4 2 7 .8 3 9 .5 5 6 .5
19.6 15.8 2 2 .0 3 2 .2 4 5 .2 6 3 .7
3 0 .7 2 0 .5 27 .1 3 8 .2 5 3 .2 7 2 .2
3 9 .0 2 4 .6 32.1 4 3 .9 6 0 .2 8 0 .2
5 4 .8 3 5 .6 4 4 .7 5 7 .0 7 5 .4 9 8 .2

B 2H 6 pressure, atm.

0 .0 0 .466 1 .37 2 .0 9 3 .20
10.2 .507 0 .86 2 1.51 2 .31 3 .45
19.6 .532 0 .95 8 1 .66 2 .5 6 3 .8 4
3 0 .7 .588 1.041 1 .81 2 .8 5 4 .17
3 9 .0 .653 1.103 1.91 3 .0 5 4 .45
5 4 .8 .693 1.245 2 .0 9 3 .4 2 5 .03

Mole %  B ,II6 in liquid

0 .0 1.59 4 .50 7 .3 2 J1.25
10.2 1 .49 2 .83 4 .1 2 6 .9 6 11.04
19.6 1.47 2 .53 3 .7 4 6 .56 9 .9 5
3 0 .7 1.31 2 .3 7 3 .4 2 6 .07 9 .6 5
3 9 .0 1 .15 2 .2 8 3 .2 7 5 .85 9 .2 4
5 4 .8 1 .15 1 .98 2 .9 8 5 .32 8 .10

K  = S/P  (mole %  B2H 6/atm . of B 2H 6)

(Av. K )
0 .0 (3 .4 ) 3 .4 3 .3 3 .5 3 .5

10 .2 (3 .0 ) 2 .9 3 .3 2 .7 3 .0 3 .2
19 .6 (2 .6 ) 2 .8 2 .0 2 .3 2 .6 2 .6
3 0 .7 (2 .2 ) 2 .2 2 .3 1 .9 2 .1 2 .3
3 9 .0 (1 .9 ) 1 .8 2 .1 1 .7 1 .9 2 .1
5 4 .8 ( 1 . 0 ) 1 .7 1.0 1 .4 1 .6 1 .5
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Experimental
Materials.— The «-pentane was Phillips Pure Grade 99 +  

per cent. pure. The diborane was analyzed by infrared 
absorption, and it contained 2.1 mole per cent, ether, 3 .5  
mole per cent, ethane and 94.4  mole per cent, diborane.

Procedure.— The stainless steel cylinders were attached 
to a vacuum system and 10.00 cc. of ra-pentane was distilled 
into each one. The number of moles of diborane added to 
each cylinder was measured by filling a vacuum system of 
known volume to a given pressure and condensing the di
borane in the cylinder with a liquid nitrogen bath. The 
cylinders were then warmed to 0 .0 ° and thoroughly agitated 
to ensure equilibrium, and this process was repeated for 
each succeeding higher temperature. Pressures were read 
on ordinary gages as received with no special calibration.

S IL V E R  E T H Y L A M I N E  C O M P L E X E S  IN  
A L C O H O L IC  S O L U T IO N S

B y  H a n s  B . Jo n a s s e n , T h o m a s  F . F a g l e y , C . C . R o l l a n d  
a n d  P . C . Y a t e s

Richardson Chemistry Laboratory of Tulane University,
New Orleans, La.

Received October 23, 1953

Introduction,— S ilv er(I) occu p ies a  rela tive ly  
unique p osition  am on g the transition  elem ents. 
A lth ou gh  it is com m on ly  supposed  th at it exh ibits 
a stable coord in ation  n um ber o f tw o  in  its com plex  
ions, there are num erous cases1 in  w h ich  observed  
data  can  best be  explained  in term s o f a coord in a 
tion  n um ber o f three or fou r or even  six. T h eoreti
ca lly , there shou ld  be  little  difference in  the relative 
stabilities o f th e  tw o  and  fou r coord in ated  sta tes.2

T h is in vestigation  w as undertaken  in  order to  ex
am ine som e o f th e  factors w hich  w ou ld  influence 
th e  form ation  o f s ilver(I) com plexes w ith  a coord in 
ation  num ber higher th an  tw o . I t  has been  n oted  
elsew here3 th at one o f the principal con tribu tion s 
to  the stab ility  o f  com plex  ions lies in the d ielectric 
con stan t o f  the solven t m edium . T hu s, on  the 
basis o f  e lectrostatics, a low er d ielectric  con stan t o f 
the solven t sh ou ld  serve to  increase the e ffective  
p olarizing  pow er o f th e  cation  in question , and  so 
enhance th e  s ta b ility  o f  th e  h igher coord in ated  
state.

Theoretical.— T h e  m eth od  em p loyed  to  deter
m ine th e  d issociation  constants o f  th e  com plexes 
stud ied  is a m od ifica tion  o f th e  poten tiom etric  
m eth od  o f  B od la n d er4 5 and  K o ch .6 In  this, the 
N ernst expression  fo r  the cell

Ag, A g + +  ligand 1| Ag +

A g  is related to  th e  m ass action  expression  fo r  the 
d issociation  o f  th e  com plex  ion  form ed  in the left 
hand half-cell. F or  a on e-e lectron  change at 3 0 °, 
the resulting equ ation  is

p K  =  - l o g  K , =  -  log Agr+ -

N  log Li +  log AgLN+ (1)

(1) AgCU-8, W . Erber and A. Schuhly, / .  prakt. Chem., 158, 176 
(1941); Ag2Br6-4, W . Erber, Z . anorg. Chem., 248, 32, 36 (1941); 
Ag(OAc)3-2, I. Leden, Svensk. Kem . Tid., 58, 129 (1946).

(2) L. Pauling, “ The Nature of the Chemical Bond,”  2nd Edition, 
Cornell University Press, Ithaca, N. Y ., 1948, pp. 81-89.

(3) H. B. Jonassen, Record o f  Chemical Progress, 13, 135 (1952).
(4) G. Bodlander, as cited in S. Glasstone, “ Textbook of Physical 

Chemistry,”  2nd Ed., D. Van Nostrand Co., Inc., New York, N. Y ., 
1946, pp. 972-974.

(5) F K. V. Koch, J. Chem. Soc., 2053 (1930).

w here K\ is the d issocia tion  con stan t o f  th e  co m 
plex, E  is the poten tia l d ifference betw een  th e  e lec
trodes, A g r+ is the con cen tration  o f th e  reference 
silver solu tion , N  is the n um ber o f ligand m olecu les 
per silver ion  in  the com plex , L f is th e  con cen tra 
tion  o f free  ligand, an d  A gL N + is th e  con cen tra tion  
o f the com p lex  ion  form ed . In  th e  reg ion  o f  am ine 
con cen tra tion  w here the m axim al coord in a tion  
n um ber attains equ ation  1 can  b e  recast in  th e  fo rm

pKi =  o o f o  "  log y  Agr+ ~  N  log yl(-Lt ~
N  Agt+) +  log y"  Agt+ (2)

w here L t is th e  to ta l ligand con cen tration , A g t+ is 
th e  to ta l silver ion  con cen tra tion  in  th e  am ine so lu 
tion , and  y , y '  and  y "  are the respective m ola r a ct iv 
ity  coefficients.

V alues o f  N  were assum ed and con sta n cy  o f p K ,  
as ca lcu lated  from  equ ation  2 n oted . A  p lo t o f 
— E /0 .0 6 0 1 6  versus — N  log  y '  (Lt ~  N  A g t+) +  lo g  
y "  A g t+ gave  a straight line w ith  a  slope  o f 1.0 fo r  
N  =  2.

In  add ition , con d u cta n ce  titrations run  over the 
con cen tration  range em p loyed  in th e  e .m .f. studies 
p o in t to  th e  v a lid ity  o f the ch o ice  o f  2 fo r  N .

A fter  the m eth od  o f B jerru m ,6 silver n itrate 
and the com p lex  com p ou n d  in  th e  a lcoh o lic  m ed ia  
w ere considered  as w eak electro ly tes. B jerru m ’s 
th eory  allow s the ca lcu lation  o f th e  association  
con stan t o f such  ion -pairs, b u t th e  so lu tion  o f  the 
equations depends on  th e  va lu e  assigned to  the 
param eter w hich  in  turn  depends on  th e  e f
fe ct iv e  radii o f  the ions in  solu tion . C ry sta llo 
graphic radii were used fo r  th e  ion s in v o lv e d . In  
the case o f  the com p lex  ion  A g (C 2H 5N H 2)x+ , w here 
x  is an y  integer, F isch er-H irsch fe ld er m od els  w ere 
used to  d ecide  th e  sta tistica lly  m ost p rob a b le  shape 
o f th e  eth ylam in e m olecu le  and its e ffective  length  
ca lcu lated  from  cova len t radii. W h en  added  too
the va lue fo r  A g+ , this y ie ld ed  4 .48 A . fo r  th e  effec
tiv e  radius o f  the com p lex  ion . T h is  va lu e  sh ou ld  
be  in depen den t o f  th e  n um ber o f eth y lam in e m ole 
cules a ttach ed  to  th e  silver ion , since th e  ion  form ed  
cou ld  be  v iew ed  as spherical in  a n y  such  case.

T h e  values o f  th e  association  constants R ~ l ca l
cu la ted  fo r  isop rop y l a lcoh o l solu tions at 3 0 °  were
489.3 fo r  A g N 0 3 and 116.3 fo r  the com p lex  A g - 
(C 2H 6N H 2)* N 0 3. F or  ethanol solu tion  at 3 0 ° , the 
va lu es are 142.4 fo r  A g N 0 3 an d  39.73 fo r  th e  co m 
p lex.

T h e  m ean m olar a ctiv ity  coefficient o f  th e  ion - 
pairs, y ± i  w as expressed as a  fu n ction  o f a  th e  d e
gree o f  d issociation , b y  use o f  th e  “ ex ten d ed ”  D e - 
b y e -H u ck e l equ ation  and th e  resu lting eq u ation  
used to  evalu ate a  b y  successive approx im ation s. 
T h e  m olar a c t iv ity  coefficient fo r  th e  u n ch arged  io n - 
pair, 2/12, was assum ed to  b e  u n ity . T h is  is n o t 
w ith ou t p receden t.7

F urtherm ore, in the actu al ca lcu la tion  o f  pK-, 
values, it w as necessary to  assign a va lu e  o f  u n ity  
fo r  th e  a c t iv ity  coefficient o f  eth ylam in e in  th e  al
coh ols. T h is  procedu re  was prim arily  du e to  the

(6) N. Bjerrum, as cited in H. S. Harned and B. B. Owen, “ The 
Physical Chemistry of Electrolytic Solutions,”  2nd Ed., Reinhold 
Publ. Corp., New York, N. Y ., pp. 42-45.

(7) D. A. Maelnnes, “ The Principles of Electrochemistry,”  Rein
hold Publ. Corp., New York, N . Y ., 1939, p. 372.
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lack  o f available data, and w hile n ot en tirely  ju sti
fiable, the error in trod u ced  shou ld  certa in ly  lie 
w ithin  the lim its o f  oth er necessary approxim ation s.

Experimental.— All chemicals employed were of C .p . 
grade.

^Ethanol was dried according to the method of Lund and 
Bjerrum8 and suitable precautions were employed through
out the measurements to prevent its exposure to moisture. 
The isopropyl alcohol contained 0 .5 0 %  water. The dielec
tric constant of the ethanol was taken as 24.2 at 3 0 °, from 
the data of “ International Critical Tables.” 9 The dielec
tric constant of the isopropyl alcohol was determined by a 
resonance circuit method10 and found to be 19.2 at 30°.

The alcoholic A g N 0 3 solutions were standardized against 
N aCl. The ethylamine solutions were standardized po- 
tentiometrically against aqueous hydrochloric acid.

The silver electrodes were prepared after the method of 
MacDougall and Peterson.11 The measurements were 
made using two half-cells containing silver nitrate solutions 
of the same concentration, connected through an agar salt 
bridge (saturated with K N 0 3) to a standard potentiometer 
set-up.

The e .m .f. values were measured for concentration in
crements of amine reagent, and pK i’s were calculated for 
each as shown by a few representative calculations for the 
two solvents in the Table I (ethanol) and Table II  (isopro
pyl alcohol). The average pK\ value for the complex in 
ethanol was 8.22 and in isopropyl alcohol as a solvent was 
8.50.

T a b l e  I

M a r., 1954

E t h y l  A lc o h ol  
log y Agr+ =  -1 .9 2

Amine, mu 7.00 8.02 8.98 10.00 12.00
E /0 .06016 6.757 6.862 6.953 7.028 7.183
Agt+ 0.04599 0.04556 0.04515 0.04474 0.04394
At 0.3088 0.3363 0.3617 0.3882 0.4388
2 log Lf 1.328 1.221 1.133 1.050 0.910
«-Complex 0.759 0.760 0.760 0.761 0.763
— log (ca) 1.457 1.461 1.465 1.468 1.475
-lo g  2/ " ± 0.320 0.319 0.318 0.317 0.316
pKi 8.23 8.22 8.22 8.21 8.22

(8) H. Lund and J. Bjerrum, Ber„ 64B, 210 (1931).
(9) "International Critical Tables," Vol. VI, McGraw-Hill Book 

Co., Inc., New York, N. Y ., 1929, p. 85.
(10) The authors wish to thank Dr. F. Boylan (formerly of these 

laboratories) who determined this value for us.
(11) P. H. MacDougall and S. Peterson, T h is J o u r n a l , 51, 1346 

(1947).

T a b l e  II

I so p r o p yl  A lc o h o l

log y Agt+ =  - 2 .0 5
Amine, ml. 20.00 22.00 24.00 26.02 28.02
E /0.06016 8.125 8.215 8.285 8.339 9.391
Agt + 0.03616 0.03515 0.03420 0.03329 0.03243
At 0.7656 0.8187 0.8689 0.9170 0.9642
— 2 log Lf 0.3182 0.2517 0.1933 0.1408 0.0942
«-Complex 0.678 0.681 0.683 0.685 0.687
— log (ca) 1.611 1.622 1.632 1.642 1.652
-lo g  y 0.389 0.386 0.384 0.381 0.378
pK\ 8.49 8.50 8.51 8.50 8.50

D iscu ss ion .— E ven  th ou gh  in a strict sense d irect 
com parison  is in va lidated  b y  the fa c t  th a t each 
com p lex  ion  is referred to  a d ifferent so lva ted  ion, 
one m u st n ote  the increase in  s ta b ility  o f  the A g - 
(E tN H 2)2+ com plex  w ith  a decrease o f  d ielectric 
con stan t o f the solven t. T h e  in clusion  o f the va lue 
fo r  the aqueous system  as determ in ed  b y  Carlson, 
et a h ,12 y ields the fo llow in g  table  fo r  this com plex .

Solvent
Dielectric
constant pKi

Water 7 6 .7 7 .1 4
Ethanol 2 4 .2 8 .2 2
Isopropyl alcohol 19.2 8 .50

A t h igh  concentrations o f  am ine, i .e . ,  at m ole  ratio 
o f  am ine to  A g +  o f 30, the assum ption  o f a coord in 
ation  num ber o f 3 gives a con stan t p K i  va lu e  o f  8.42 
for  ethanol solution . T h is con sta n cy  m a y  be  illu 
sory  since at such h igh  am ine con cen tration s the 
qu an tity  (L t — ArA g  +) is p ra ctica lly  con stan t and 
relatively  insensitive to  the va lu e  o f N  chosen. 
F urtherm ore, the con stan cy  o f th e  pK\ va lu es at 
these h igh con cen tration s m ay  be  a reflection  o f 
significant departures o f the a c t iv ity  coefficien t o f 
the free am ine from  un ity .

A ck n ow led gm en t.— T h e  authors are in debted  to  
the Office o f N a va l R esearch  fo r  the sponsorsh ip  o f 
this and  con tin u in g  in vestigation s.

(12) C. A. Carlson, J. P. McReynolds and F. R. Verhoek, J. Am. 
Chem. Soc., 67, 1334 (1945).
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C O M M U N I C A T I O N  T O  T H E  E D I T O R

I I O M O T A T T I C  S U R F A C E — A  S U G G E S T E D  
N E W  W O R D

S ir:
T h e  purpose o f  this letter is to  suggest precise 

term s fo r  discussion  o f certain surface phenom ena.
T a y lo r  and oth ers1 have dem on strated  that solid  

surfaces are irregular in con stru ction . M o re  re
cent w ork , n o ta b ly  on  surface ad sorp tion ,2-3'4'6'6 
has in d icated  th at a solid  surface som etim es in
cludes, or m ay  consist of, su b m icroscop ic  patches 
or regions o f  regular and u n iform  con stru ction .

T hese  regular and un iform  patches are generally  
described  in the literature as togeth er form in g a 
relatively homogeneous su rface: the relatively som e
tim es bein g  used in the sense o f “ som ew h at”  or 
“ rather,”  som etim es in d icatin g  a com parison  w ith 
the n on-hom ogeneou s portions o f  the sam e surface.

T h e  term  relatively  hom ogeneous is bad . F irstly , 
it m a y  offend  the precisian to  w h om  the idea of 
homogeneity does n ot adm it o f  qualification . S ec
on d ly , it  con veys  no n otion  o f the scale o f  the 
phenom ena to  w h ich  it is a p p lie d : the surface o f a 
sheet o f paper, or o f a m acadam  road, m ight in 
som e con texts be  reasonably  described  as “ rela-

(1) H. S. Taylor and S. C. Liang, J. Am. Chem. Soc., 69, 1306, 2980
(1947) .

(2) W . D. Harkins, G. Jura and E. H. Loeser, ibid., 68, 554 (1946).
(3) Sydney Ross and G. E. Boyd, "New  Observations on Two- 

Dimensional Condensation Phenomena,” M DDC Report No. 864, 
1947.

(4) L. G. Joyner and P. H. Emmett, J. Am. Chem. Soc., 70, 2353
(1948) .

(5) C. Pierce and R. N. Smith, T his Jo u r n a l , 54, 354 (1950).
(6) M . H. Policy, W. D. Schaeffer and W. R. Smith, ibid., 57, 469 

(1953).

tiv e lv  h om ogen eou s.”  Som e m ore precise term  is 
needed, specific to  the aspects o f  surface h om ogen e
ity  studied  b y  the ph ysica l chem ist.

W e  a ccord in g ly  suggest the term  ho mot attic 
(G r. t.attein, to  draw  u p  in orderly  a rra y ). A  
homotattic surface is the surface o f  a su b -m icroscop ic  
pa tch  or region, part o f  a larger surface, w h ich  acts 
as if its structure w ere un iform  and h om ogen eous.

A  crysta l surface of, say, sod ium  ch loride m a y  
conta in  (or m a y  perhaps consist o f) a single h o m o 
ta ttic  surface, w h ich  w ou ld  n orm ally  be the { 100 j  
surface planes. A n oth er sam ple, prepared  under 
special con d itions, m ay  con ta in  tw o  h om ota ttic  sur
faces, the { 100}  surface planes and the {111}  surface 
planes. W e  d o  n ot exclude b y  this term  the inter
pretation  th at h om ota ttic  surfaces m a y  be  ev iden t 
b y  v irtue o f regularities in  the surface energies, as 
well as b y  crysta llograph ic regularities. T w o  or 
m ore crysta llograph ic h om ota ttic  surfaces m a y  b e 
have as one energetica lly  h om ota ttic  surface 
tow ard  certain  adsorbates.7 A ltern ative ly , a single 
crysta llograph ic h om ota ttic  surface m a y  b eh ave 
as tw o  or m ore  en ergetica lly  h om ota ttic  surfaces 
tow ard  certain  adsorbates.8

T h e  term  homotattic has n ot h ith erto  been  a p 
plied, as far as w e know , in an y  other con n ection .
D epartments op E nglish a n d  op Chemistry 
R ensselaer Polytechnic Institute Chris Sanford 
T roy, N. Y. Sydney R oss

R eceived January 20, 1954

(7) For example, asbestos: see A. C. Zettlemoyer, G. J. Young, J. J. 
Chessick and F. H. Healey, ibid., 57, 649 (1953).

(8) For example, graphite: see G. Jura and D. Griddle, ibid., 55, 
163 (1951).
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