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RADIATION CHEMISTRY OF POLYETHYLENE. V. HYDROGEN
ISOTOPE EXCHANGE STUDIES

By Malcolm Dole and Francis Cracco

Chemical Laboratory of Northwestern University, Evanston, Illinois
Received May 12, 1961

After irradiation in vacuo with Co0-60 - -rays at liquid nitrogen temperature, Marlex-50 polyethylene was exposed to

deuterium gas at room temperature.

Considerable D-H exchange occurred, and the exchange was studied as a function
of deuterium pressure, exchange cell volume, irradiation dose, and time of |n|t|at|ng the exchange after irradiation.

Kinetic

eguations have been derived for three cases: constant free radical concentration, first-order free radical decay and second-
order free radical decay. The data agree best with the first-order decay equatlons the decay constant and duration of ex-

change agree to an order of magnitude with estimates from the e.s.r. work of Lawton, Bal>vit and Powell.

The L'L-free

radical reaction rate constant is about 1000-fold faster than calculated for a gas phase reaction between D. and RCHR',

but close to that for the D. and CHsSCHr reaction.

The exchange, as expected, does not continue until isotopic exchange

equilibrium has been established. The total observable number of D-H exchanges was estimated to be between 1 and 2-

fold the number of free radical sites initially present.

For reasons given in the paper the ».change probably involves hy-

drogen atoms close to the free radical or on the nearest neighbor sites, and provides a new mechanism for free radical migra-

tion in the solid polyethylene.

I. Introduction

The mechanism by which free redicals produced
by highenergy radiation insolid polyetihylene decay
is an interesting problem in radiation chemistry.
Not only do free radﬂsdsapearmstam:ng ?t
room tenperature, can spontaneously
drange fromare type to , such as alkyl free
redicals inﬁ‘epresemeofvirMer‘eobblemmls
dnaging into probably allyl free redicals as sug
gested by the work of Voevodskii, et al.,1 and dem
onstrated by Charlesby, Libby ad Ormerock in

their study of 17-pentatriacontere.  In the h|ghly
crystalllr‘e Marlex-50 polyetitylene ﬁeﬁ:llql

at roomtenperature in the presence

ofrl “for the nost part according to a first-

oter law8 On the other hand Charlesby, Libby

&asl of hyd e [ tfggi Iateig
presance n wed postu

that free radcalspr%d in solid polyethylere by

(1) A. T. Kaoiitskii, Yu. N. Molin, V. N. Shamshev, N. Ya. Bulen
and V. V. Voevodskii, Acad. NauJc S.S.S R. (High Molecular Com-
pounds), 1, 1182 (1959).

(2) A. Charlesby, D. Libby and M. G. Ormerod, Proc. Roy. Soc.
(London), 262A, 207 (1961).

(3) E. J. Lawton. J. S. Balwit and R. S. Powell, J. Chem. Phys., 33,
395 (1960).

(4) M. Dole, C. D. Keeling and D. G. Rose, J. Am. Chem. Soc., 76,
4304 (1954). This is the first paper of this series. Others are:
11, ibid., 80, 1580 (1958); HI, 81, 2919 (1959); 1V, J. Phys. Chem., 63,
837 (1959).

ionizing radiations by reaction folloning a
random walk migration cf the free radical centers.
A jumping of atmalorgoracrmsrmlec—

ular dhairs froma saturated -CH2 group to afree

radical ocenter -CH- wes lated Lawton,
Balwit and PonelI3explain two rates of decay of the
alkyl free radicals as being due to are group of free

cal pairs dose to each other and the other group
with the free radwls farther apart.  \oevodskil,

et al.,1 tentativel lP/drogenm on
oa‘mptobscnbed)!abwe The latte Lt
gestedthatfreevalen:ym%gnmbyﬂ‘mmpng

the only medhanism
of mlmratlon Free radical migration
may be dassified into two types ng to

whether the free radical center noves spatially ssa
whole or whether the free radical center noves by
virtue of a demcal medhanism in which the free

val migrates fromare cartoon atomto anotter.
It is the second type, free radical migration via a
chemical withwhichwe are concermed here.

Lanmton, Balwit ad Powell's e><p|amt|on of free
redical decay wes besed anthe first type, ie., Soa
tial free radical migration, although arnmechanismfor
such gpatial migration waes not given

In this peper wewish to present a nevwmrechanism
of free radical migration besed on evidence from
deuteriumhydrogen exchange exeriments.  Var-

193
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shavskii, et 1,6 irvadiated polyethylere in the pres-
ence of deuteriumges at 60° in a nudear reactor,
and foud 0.18 %Dlnlhepolymeraftera
dose of 400 Mrad. that the ex
dhange wes the result of the dnain reaction

ARD + D- (1)
D- + RH —~ R-+ HD 2

Hownever, dnrgﬂemajatlmtreremsthave
exlstedlmcspeaes elech‘mg-i!ly
ere groyos and excited free cals, aII ofv\hdw
might have been resporsible for the deuteriumex-
chance reection Furthermore, reaction 1 is endo-
ﬁ‘enﬂcammgwbe@@ectedtormearaﬁer
high activation erergy, ad y a low
rate. In oder to darify ﬁmeu”oertalntlesme
mvecamedwtdeutenun ngaﬂ
periments subsequent to the | onvxhenpne
surebly excited states and ionic gpecies would
m\,edgjwwt atl'%sémvwrmngto roomterrpera—
ture. post-irradiation i exdhange uncer
these conditions is aa&rred%ve only ther-
melized free radicals.
If reactiors 1 and 2 are correct, thenthe

chain reaction provices a medhanism by
which redical centers can migrate from site to
site in the solid polyetiylene, inesnuch as the prob-
ability of the free redical of (2) being at the sare
ISloTcgltllmastrefree recical
Voevodskii, et a1..6 concluded that D-H exdage

R -+ Do—

betmeenobutemmgasa‘deﬂ'ylfreeradmlspro
oeded via a ae step prooess, ad that the ex
dae involved only the hydrogen in the free

radical group, narely
CH3XHr + D2 — > CHaCHD- + HD (3)

If this were exclusively the caseg, then there would
temmgrgtlmgéfreeragf%stesdnrg
dae in cae vethylene,
dhange would be limited at the mexinum
exchange per free redical center except
dranges with radicals suchas RCH2, V\heretheex
change would be limited to two perfree recical.
Wijnen and Steacie 7 honaver, studied the kinetics
of the reaction of ethyl redicals with deuteriumand
fourd 13.3 kcal./mole for the activation erergy of
(. If the Voevodskii mechanism hed iled
to a significant extent, CH4D2 should have been
found as a reaction but Wijnen and Stea-
de Oetected o trace of it

Il.  Plan of the Bqeriment

In_brief the experimental involved
irradiating the polyettylenein vacuo at liquid nitro-
gen tenperature,  then V\B'”lnggg e o

to i

off the evolved
%p oblrgjtenun ges to Mmrrajanm ol  After
contact of the deuterium with the polyethylere
lasting from 5 to 100 or nore hours the ges wes

(5) Ya. M. Varshavskii, G. Ya. Vasil'ev, V. L. Karpov, Yu. S,
Lazurkin and |. Ya. Petrov, Doklady Ahad. Nauk S.S.S.R., 118,
315 (1958).

(6) V. V. Voevodskii, G. K. Lavrovskaya and R. E. Mardaleish-
vili, ibid., 81, 215 (1951).

(7) M. H. J. Wijnen and E. W. R. Steacie, J. Chem. Phys., 20, 205
(1952).
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ardl mess qwcﬂn‘remcall for the HD/D2
aﬂﬁ%ZMe ratios. 4

y 1+ HD/D2+ H2D2

If there is no change in the total ges aml
o significant change wes obsenved, W

where G is the concentration in noles/cc. of the
ness 3 nolecule (HD) in the ges after anir-
rediation of t hours, and &# is the initial concentra:
tion in noles/cc. of the mess 4 nolecule (D%_In
the gas phese. We now derive an expressi
as a function of time assuring (1) 1he validity of
Henry's lawfor the solubility of D2 HD and H2in
the polyethylene;  (2) that the solubility equilib-
rnum is established rapidly with to reec
tion1 (dehlltysnﬂ&sSohmstratedﬂ‘evalldlty
of this ; ad (3 that the reactios 5, 6
aml?arereglgl e Because of the corstancy of
D- + R---> RD 5)
D- + D- —> D2 (6)
RD + D------ >R- + D2 )

the total ® ad (6) were igible ad
E:ﬂﬁe ﬁefa#tdﬂnéfﬁ(l:elgno%fepd&eofmm

ops phese to noles H2 in yethylene
wes about 6 X 10~4 reaction 7 intially wes con
sidered to be negligible. We also assune steady-
state kinetics and a uniform distribution of free
redicals and dissolved ges in the solid  Let v ke
the free volue of the ges in the iradiation call, w
the weight of pol ene, @2 @and ¢t concentra
tions in noles/cc. H2 HD ad D2 in the gss
phase;, g 8 and M1 concentratiors in noles per
gramsdlid of dissolved H2 HD and D2in the poly-
ethylerne phase, trmbyl—lenrysla/v

= khc, ®

where /g, is the solubility of deuteriumin ac ness-
ued at oe am ad 20° per gram of
polyethylene. By naterial balance

moles D2reacted = —w f —z-di =

Jo di
F(cf — ¢j) + w(m& — mt) (9)

T mirapreser o e ool chorgR of i e aohd
represents the 2iNn i
dLe both to the reaction and to D2dissolving
into the solid phese fromthe gesphese.  If Afistie
reaction rate corstant of reaction 1, we have

am/ = —h [R-]m4

= - kikh[R]cA (10)
ad
da
i @)
Equation 9 now becones
v dxn

d + wkb”® = ~ wkkh[R-]c4 (12)

or
(8) M. Dole and M. Fall¢ratter, unpublished.
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rh-ibHa-i)
3mal = (-] (23)
where Unfortunately, failure of the free radical concentra:

(14)

Assuming [R], the concentration of the free radi-
cals in the solid state, to ke constant (treatments
are given below for different mechenisTs of R
decay), we have on integrating (13)
ci — G°exp(—at) (15)

For the nolecule HD in addition to (2) we assure
the resctios

R- + HD— =»RD + H- (16a)

R- + HD — > RH + D- (16b)
where /aand b are the reaction rate corstants of
(168) ad (16b). We now can write that the total
increase innoles of HD intime cE

Vv s + w &ing
is equal to noles of HD formred in reaction 2 less
noles of HD corsutred in reectios 16,  Hence
remenbering that d[D-)/dE equals zero because
of the steady-state gpproxineation
V di3 + wkhde3 = ir&htR-Kte — haC3dt  (17)

Assuming [R] to ke constant and equal to [R]g
we dotain

0(';3 a [k%‘ s & (18)
Letting
s = akd/h
and introducing (15) for a
(3;3+ be3 = aci® exp(—at) (19)
or
N+ by = a€exp(-at) (20)
Integrating (20), we find
y = r-l—l [exp(-ai) - exp(-bi)] (21)
If reections 16aand 16bwere equelly e ad

if ha. + hb equaled kh then 2b/a would be Lnlty
Any deviation of 2b/a fromunity denorstrates the
fractionation of D and H in the reaction
ad in the gas solution and diffusion in the poly-
ethylere. We define 25/a as the fractionation

Ofthemrdeﬁrcres
Fomeqg 21, y should be i of the ini-
tial D2 but should depend on the voluTe

to weight ratio, and should incresse with decresse
of volune at costant wel of pol dyelwl
Furthemore, by equation to a
mqnunatatlrrEtgl\/enbytheeqmlm

and at infinitetine decreese tozaro. The mexinum
value of y %dofbepr;l a?rfjthe \élolu[%a
pressure, Wel initi o
concentration but d depeml on the ratio b/a

tion [R] to remain corstant with tine

us from determini 1he fractionation factor 2b/a

through (23) fromtha: At very short tines

y —at (24)
Figxe Lillustrates the theoretical variation of y for
y ] ad for two different volunes as a
tine of the iradiation
odaffects a blR the initial concentra:
tlonoffree radcals experiment

without polyetiylere in heradatlon ol denon
strated no H-D exdnange, and, indeed, none would
have been unless water hed been present
Many esr. studies have shoan that o atomic
hydrogen exists in irradiated ene, so that
any D-H exchange initiated by 1t would not have
been possible  Deuterium in contact with unir-

rajatedﬁglyeﬂMmeslnAedm@da"geafter

The above treatnent assues that kh is the sare
forHD asfor D2 A nore nearly correct treatnment
would give for the b andc corstants of eq 21

~kb'k [R]o
b (25)
1F %kh
A (7]
a (eg. 18) = a (eq. 14)---—- (26)
1+ y kh

where kh is the kh corstant for HD.  Calculations
shaleat (V\/aQ was aoout 0.0086 at the sirallest

eerinents on the solubility of
D2|npol ereoblTDrstratedﬂatkhforDZV\es
twice h for H2 Hence within the exqeri

Lmertalrtles a(eq 19 oenbesete#e.lnléaTE (eq 14),
dae cased
;{3/ b in the fractionation

w can ke ind
fac:tor 2b/a.

It is interesting to corsider the ratio of the no-
lecular ges concentratios

. @)

where x, y and . are @G0 cichand e, respec
tively. At zerotine/ isgiven by the exoression
(28)

=1z

fo = 2alb

and decreases slonly with incressing tire (Hg D).
Equation 28 is becaLee it es an estinate
of the ratio of a/b to be made from the data as vl
as an estimate of the fractionation factor 2b/a.

1. Experimental Procedures and Results

Materials and Irradiation Procedures.—Linear poly-
ethylene, Marlex-6000, type 9, anti-oxidant free, in the form
of a rolled-up cylinder of 0.05 mm. thick filmwas used. The
irradiations were conducted m vacuo at liquid nitrogen tem-
perature in the Co-60 - -ray srurces for a long enough period,
about 50 hr., to produce usually a dose of 4.0 X 100
e.v.g.-1. In all of the experiments the weight of the poly-
ethy ene was kept constant at 3.6 g., but the free cell volume
was either 20 or 35 ml., apprOX|mater After each experi-
ment, the cell volume was determined to + 0.5 ml., but

(9) M. Dole, D. C. Milner and T. F. Williams, J. Am. Chem. Soc.,
80, 1580 (1958).



196

Fig. 1—Theoretical variation of y, z and / with time
assuming no free radical decay. Curves y, z and/ calcu-
lated for the 35 ml. volume case using a and b equal to
0.014 and 0.0112 hr.-1, respectively. Curve y* calculated
for the case of the volume equal to 20 ml. The ordinate
should be multiplied by 10 to give the scale.

because of the exponential relationship between y and v no
attempt was made to reduce y to a standard volume.

Isotope Ratio Determinations.—The deuterium gas which
initially contained 1.3 mole % HD and 0.6 mole % H2was
analyzed isotopically, both before and after exposure to the
irradiated polyethylene, in a Consolidated Electrodynamics
Nier-type mass spectrometer model 21-201. Standard mix-
tures of H2and D2were prepared and stored over a platinized
asbestos catalyst. After isotopic exchange equilibrium had
been attained, and the H2D 2and HD/D 2ratios calculated,
the mixtures were used to calibrate the mass spectrometer
readings. Correction factors amounted to 3%.

Experimental Procedure.—After the irradiation, the cell
was connected to a vacuum line, opened using a magnetic
hammer while still at liquid nitrogen temperature and
warmed to room temperature as quickly as possible with con-
tinual pumping to remove hydrogen as fast as it was evolved.
It was found necessary to admit D2gas to a pressure of about
5-8 cm. and re-evacuate in order to remove the last trace of
free hydrogen in the polyethylene. Deuterium then was ad-
mitted to a pressure of about 8 cm. and the cell placed in a
constant temperature bath at 20.3°. After a certain number
of hours a gas sample was removed and analyzed on the mass
spectrometer. Because the removal of this sample lowered
the deuterium pressure in the irradiation cell and so increased
slightly the extent of H-D exchange, only the isotope ratios
of the first sample withdrawn are considered to be significant,
and are given in this paper. Practically all of the gas was
taken and mixed in a reservoir of the mass spectrometer in-
let system. Thus, the gas analyzed was a representative
sample of the whole. During the exchange, however, we
have to assume that the gas mixed itself fast enough in the
exchange cell so that the composition of the gas in the cell
was uniform at all times.

It should be noted that on warming up the polyethylene to
room temperature, the dark color of the sample was bleached.
This indicated that any color centers disappeared rapidly at
room temperature and that presumably only trapped free
radicals remained. The period from the end of the irradia-
tion to the removal of the liquid nitrogen trap was usually
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about 45 minutes, and the period from the removal of the
liquid nitrogen trap to the final introduction of the D2 gas
at roomt emperature about 12-15 minutes.

In this work we have attempted to determine y as a func-
tion of radiation dose, cell volume, initial deuterium gas
pressure and time. The data plotted in Figs. 2 and 3 show
these relationships and indicate the order of accuracy of y.
Some experiments also were done in which the irradiated
Bolyethylene was held at 20° in vacuo for 89 and 264 hours

efore admitting the deuterium. Even after 264 hours some
exchange occurred. These results are discussed below.

The »/-values were calculated after subtracting the HD/D 2
and H2D 2 ratios at zero time from the observed ratios.
The scatter in the »/-values could have been due (1) to small
variations in the free gas volume in the cell from the 35 and
20 ml. standards selected, (2) to accidental contamination
of the gas with H2or by exchange with traces of water. The
irradiation cell containing the polyethylene was evacuated
for 24 hours or more before beginning the irradiation. The
greatest difficulty was that of removing completely the last
traces of H2 before introducing D2 into the cell. It was
found necessary as mentioned above to introduce D2to a
pressure of about 4 cm., and after about 30 seconds to pump
it out in order to sweep out traces of H2before the final in-
troduction of the D2 The ratios H2D 2were always small,
0.01 to 0.08, and were known much less accurately than the
HD/D2 ratios.

Another source of variation in the »/-values was the diffi-
culty of initiating the exchange with deuterium always at the
same initial free radical concentration. Inasmuch as the
free radical deca?/1 is most rapid during the heating of the
irradiated polyethylene to room temperature, there must
have, been variations in [R sodue to variations in the heating
rate and in the exact moment of final introduction of the
deuterium gas.

IV. Discussion of ResultsD
A conparison of the cunves of Hg. 2 with those of
g? 1 denonstrates inmrediately that the free redi-
concentration [R] did not remein corstant
with time, but decreased so0 that after about 100

hours o further ooud be detected  If
the free radicals with which the deuteriumn reacted
decayed by a secondorder prooess
= ~felR']2 (29)

as would nomally be exqpected, the theoretical
treatment given aliove should e nodified  Inte-
grating (29), we dbtain

r o Re, (@0

Substituting (30) for [R] ineq 12, the differential
equation for de,Vvdt becores
14 @
where
B = ©&Rjo
Integration of (31) yields
a 2

X ~ ~ (1 + Br)~B
On similarly nodifying (17) ad introducing (32
for c4in eq:’eﬂ tryor{#el('az)ud equation fo';gd;S/dZ
now hes to be written

(32

N+ b -u= £

Integration of (33) yields

(1U) A preliminary announcement of these results already has been
made, M. Dole and F. Cracco, J. Am. Chem. Soc., 83, 2584 (1961).

(33)
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y = jexpe- JIn(@ + £1)J -

a

exp NN+ 91

Equation 34 is to be conpared with (21).

If the free radicals acoording to a first-
ordter lawy then we find by similar procedures the
equation

(34

[R] = [Rloexp(—a) (35)
where k3 is the first-order decay corstant.  Letting
q = exp(—ht) (30)
the aralog of (15) and (32) beconres
*—eo@-i 1- @] S
the ardlog of (20) ad ()
Tt + bay = agexp [¢(2-1)] (38)
and the analog of (21) and (34)
N—pa—lled K¢ 7]
e 1 a~9] 1 @)
At infinite timre from (37)
hac = —2 (40)

At zerotine (24) is valid for all three medhanisns s
is (28). Eguations 24, 28 and 40 ergble an initial
estimate to be made of the corstants a, b ad €3
ﬂew‘stanlsﬁ’encaﬁbemmqeraoﬁwtedsliwﬂy
1o bring about a nore exact fit between the y-values
calculated and aosenved

Fom (24) it can be seen that at short tines ro
distinction exists between the three kinetic equa-
tios 21, 34 and 39 besed on the three postulates,
[R] mtartwmtmeorcbcreaslngm’dngto
a second or firstorder lav At long tines, how
ewer, there is a distinct difference betwween (21)
(7)) a’d]g39) ad the data indicate that eq 39
resuiting from the firstorcer free redical decay
mechanism is the best description of the exdange
process. 1IN Hg 2 the experinental values of y are
plotted for free volunes of approximately 20 and
3H m. inthe D-H cll. The sdid lires
were calculated by nears of eq 9. The con
stants, a, b and k3were chosen to bring about egree-
ment between the calaulated and doserved values
of y for the 35 ml. experiments, and then the a ad
b corstants were increased by the factor 1.744 for
the 20 ml. eqoerinents. The factor 1744 care

@ni. 35w 1+ (3.598/35X0.048)
s mi 20 X 1 . (3.598/20X0.048)

fromthe ratio where 3.598 g is the weight of poly-
ethylere used inall of the iments and 0.048 Is
thevalue of kh inml. g.-1. isfactory agreenent
exists betvwween the doserved values and calculated
aunes.  The scatter of points is due partly to the
fact that the call volune deviated some-
whet fromthe desired 20 ad 35 ml. - Table | lists
the constants of eq 39. The fractionation factor,
élLo‘a V\estdeﬁtobeeqalto222fa’dlofmeaal-
ations.
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Hours.

Fig. 2—Increase of the mole fraction of HD, y, m the
gas phase as a function of time of exposure of deuterium
to the irradiated polyethylene: open circles, 35-ml. cell
volume; solid circles, 20-ml. cell volume;

lume pressure 8 cm.;
solid lines, y-values calculated from eq. 39.

Hours.

Fig. 3.—Increase of y with time; open circles high
pressure (14 cm.) experiment; closed circles, experiment

with polyethylene irradiated to half the Y-ray dose; solid
lines, y-values calculated from eq. 39.
Tabite |
Constants op Equation 39
Experimental
conditions
Radiation o
: r, , , b, iz,
e.v.g.'l ml. cm cél% hlél. -1 hr.“4 hr.
3.98 X 10* ~35 —8 0.172 0.0120 0.0133 0.0555
3.98 X 10D ~20 ~8 .254 .0209 .0310 .0555
398 X 10D ~35 ~14 137 .0120 .0133 .0740
1.99 X 10D ~35 ~8 117 .0060 .0067 .0444
In Hg. 3 are plotted the data for the experiments
run at a higner and at one-half the radia
tiondose.  Acoording to (39), increese of deuterium

ges pressure should not the dosened y-
values although it would increese the rate of the

echange reaction in the sdlid  However, if in
Cmgse:;jglheratec;fHD exchange in the solid i

ﬂ”erateoffreerajcalmdgratlmmm
rate of free radical have increesed
Mmlm’easelnﬂ’lsratembetalenaareof
methenatically by an increese of k3.  Fom Table
| it can be seen that k3 had to be increased from
0.0555 to 0.0740 to bring about agreenent between
theory and dboservation  (Another ible reason
for a decrease in exchance rate at higher pres-
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sure might have been an inoreese in the rate of
reactions 7 and 42, see below)

An estinate of fScan be made from the electron
soin resomance studies of Lawton, Balwit and
i ene, alt the
conpletely

hours ad the fourth for an additional 90 or nore
hours. For the 10-hour period, k3, estimated from
the slope of the straight iresoflfi%rQOfLa/\tm
et al.,3 wes about 0.0%4 hr.-1 ad the 90 hour
iod 0.028 hr.“1 These values are in the rage
of theksvalues of Table I. It is interesting to note
that the relative esr. intersity of the al
wes not messurable after about 100 hours, from

g

the cunves of FHgs. 2 and 3 of the present peper it is
evident that D-H hed come toanend also
after about 100 hours. this good correlation

and Powell3indicates a Htg}'llgprobability
exdhange Was produced al
ewr, inthew\al\sorkof(}ar?y L

In a research based on esr. studies and as yet
inconplete we have determmined the first-order decay
g”stam of ﬁ;eﬁ m&%rt free ra%fcalkén I\/bﬂgx—SO

ethylene in the presence ges at 8 an
pressure over the period 2.5 to 60 hours and do-
tained the value 0.050 hr“1 This value agrees
well with those of Table | forka

Turming now to the series of experiments at half
the radiation dose, inthis case it would be
that the a andb corstants would be halved im@lobleea
without other corstants dangi
that the proolarly ction of free radcalswarspliwwm

dose 'I'helineaﬁ;t%of [R-]Owith dose hes been db-
sened ii, et al.,1 at these relatively low
doses. ly, it wes found that the best

agree-
ment with the data, Hg 3, wes datained not only
by halving a and b, but also by decressing k3 from
0.0555 to 0.0444, Table I. It is ressongble for k3
to ke sndller for a loner initial free radical conr
centration  Lawton, et al.,3 as nertioned above,
foud a loner rate corstart of free radical decay
with tine as the free radical concentration de-
creased (at corstartt initial total dose).  Alnost as
| an agreeent could have been dbtained by
ng k3 corstant ad lonering a ad b in the
ratio L6 to L0 instead of 20 to 10.

It is interesting to corsider the variation of the

gps concentration ratio, / of eq, 27, with tine.  Itis
difficuit to determire / mentally because of
2D 2 accurately.  The

1heneoeﬂsityofknwvirg]I
nost accurate data for this ratio were dotained In
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the series of exqeriments at the 20 ml. volune, Hg
2. Table 11 contairs these data along wath/-values
calculated wsing the corstants of Table 1. In
Table 1l eqots. 12, 15 17 and 25 were less relidde
than the athers because these experinents were car-
ried out before the technioue wes adopted of flush
ing the call with Dziﬁsbeforebegirrirgﬂeae
dange experinent low value of / would have
resulted froma too high neasured HZ2D 2ratio. At
25° the equilibrium constanttlfor the reaction
H.(9) + DZg) 2HD(g) (41)

iIS327.

Table Il

/-Values (/ = y2/xz2)

Expt. no. t, hr. /, obsd. /, ealed.
0 1.80
33 9.17

1.79 1.69

12 17.25 1.50 1.64

15 42.73 1.38 1.57

25 44.72 1.41 1.56

32 75.57 2.01 1.54

17 111.0 2.11 1.54

34 116.9 2.17 1.54

31 138.7 2.23

The data definitely prove that the equilibrium
value wes not dotained, but they do show thatt /
observedfortremlsgreaterﬁm/ cal-
culated This is ly the result of neglect
of reections of the type

RD + H-—> R- + HD (42)
RD + D-— R-+ D2 @)

Ihatmreaiigys42 m7%mm significarnt
WES a‘“reerse " eqoenment in
which H2wes introduced into the radiation call 77
hours after the first introduction of deuterium
At the erd of the first 75.6 hourswith deuteriumin
te odl (e 32, Table 1), the deuterium wes
out, the ol fl with H2 hyd in
troduced ad alloned to remaininthe call 47
At the end of this tinre the DZH 2ratio wes practi-
ml%rﬁgible 0.00025, but the HD/H2ratio wes
0.006, indicating a smell anount of reverse
exdae. The low DZH2ratio demorstrated the
eteness of the deuterium renoval before in
i Not nuch
would have been inrgrt}/ caxe, becase
after 75 hours nost of the free cals would have
F calculations indicate that, at the naxi-
e o ettt 5006 of the Poee o ongs
anest () 10le
involved deuterium rather 111anFms
If the nechanism of ii, et al.3 ex
clusively 1]Elre_\ra\iled, and if the free radicals did not
decay with tine, cessation of D-H exchange would

| |
have aocured when the ratio of DC- to HG- inthe

| |
solid wes such that the free energy of the exdnange
reectios

1.54

HO-(s) + DZg) —~ DC-(s) + HD(g)  (43)

(11) 1. Kirshenbaum, “Physical Properties and Analysis of Heavy
Water,” McGraw-Hill Book Co., New York, N. Y., 1951, p. 54.
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ad

HC(s) + HD(g) DC-(s) + H.(9) (49)
hed becore zero, or in other words when the geseaus
eqnllgfugnbﬁl hed baxégat?jlsmd But the
data of Table 11 prove lsotquced%
Furthremore,

equilibrium wes not attained
srall anount of reverse nmentioned above

mmaobservedo&smtimof@d*aﬁ
gs. 2 and 3, wes not due to a “saturation” of

allkyl free radical groups with deuterium By
“saturation” we mean an alnost conplete corver-

sion of the HC- grouss to DC- groups.

Unfortunately, it is not possible to derive explicit
equations for x, y and z as a function of tine for the
kiretic schere which indudes reectios 7 and 42
aswell as reactiors 1, 2, 16aand 16a

Itis |rstnx:t|vetooa‘s|derthetotal nuber of
oeened D-H exdanges. By “dssened ex
changes” we mean those calculated fromdnanges in
the composition  In noles per gram of pol

ere thisnunberis (y + 2)Pv/wRT. Table
111 contains the results estimated at infinite tine.

Tabte Il

Estimated Total Observed D-H Exchanges
Exptl.
cond. (YD +
Radiation era&P F/
dose, v \1\/ T,
ev.g. 1 s P, moles g. -1
X 1070 ml. cm. Yo= Zo X 10

-8
-8
— 14
-8

~35
~20
— 35

3.98 0.172 0.030 0.99

3.98 .254 .045 0.84

.140 .015

1.99 ° 8

Lanton, Balwit and Powell3found G (total radk-
cals) = 3.0 for adose of 40 At the
of 15 minutes at room the alkyl
redical concentration in the work of these authors
hed dropped to 04 of its initial value. The alkyl
redical concentration wes 0.73 of the total redical
dﬂgeoormntratlm Henoe( atﬁesﬂt%wv\lgﬁgee
experinent (zero time in this we
estimate on corsiceration of our total dose of 7.6
megarcentgen that the alkyl radical concentration
wes 06 X 10“6nole g.-1. There is some unt
certainty in this fi of the larger dose
used by Lawwton, Balwit and Powell, but if our esti-
mate is correct, then there were between 1and 2 ab-

3.98 1.27

~35 .118 0.61

senvable exchanges free radical center in aur
inents before oceed  In addi-
tion to the doservable exchanges there must have
been somre exchanges of the type
R- + HD —>s RH + D- (16a)
RH + D- —> R- + HD )
Rm+ h2— RH + H- (45)
RH + H--— R- + H2 (46)
which

produced no doservablle dange in the ges or
solid conposition: These nonrobservable
Frotnbl were less than 20% of the total, honever.
t d be pointed out that N, the initial conr
centration of D2dissolved mﬁ‘esolldwasonlyzo
X 107 nole g._.1 or about 1/30 &as large as the
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estimated initial free radical concentration  This
fact that many free m[c?law have
without exqerienci exdane.
If this is true, ﬁmﬂ‘erernrgtarkg/e been muitiple
involving the free redicals that did -
goD-H@dﬁ If the mechanismof Voevodskii,
et al . were exclusively and strictly valid, the num
ber of should have been less than the
nuber of alkyl free radicals initially present (unr
less the free radicals were predominantly RCH2
rather than RCHR').
Inthis we have assured the “B” radical of
Lawton, Balwit and Powell3to be the

—CHZXHCH2—

redical as they and othersi2have conduded. With
respect to the free radical that persists after the
cecay of the above redical, Lawton, Balwit ad
Powell suggest thett it is the RCH2 radical wheress
Charlesby, Libly and Omrerod2as well as Voevod-
skii, et al.,2 think that n is the allyl free radical,
-CHCH=CH-. Assuming that D2 would ex
dange with RCH2, but not with the allyl-free
redical, meattmptedtodsﬂrg;sl‘nbehmmﬁm

two ible types by carrying out ments in
whi themtroohctlmofDZrl?Itoﬁe o2
wes celayed until 89 or 264 hours had el after

renoving the H2and wanming the polyetiylere to
20°.  An exchange sequence of the type
-CHXH2 + D2— —CHZXHD + D- (47)
D- + —CH2------- —CH— + HD (48)

would eliminate the RCIR- radical and produce
oe of the -CHZHCH2 type. The latter could
then as hes been demorstrated Hrom eq
40 ad 14, v log xa should be proportional to the
ﬁeerajmlmmatﬁestartofdﬂ”eeé
dange ng ks is independent of initi
free cal concentration  Results dbtained are
given in Table IV.

Tabte IV

D-H Exchange after Room Temperature Detlay"

(R*]o (Total)
relative values

C.L.0.2

Delay-
Exp. time, —Vieg X» ,
no. hr. ml. L.B.P.3

34 0.25 3.14(1.00) 1.71(1.00) 49(1.00)

41 89 1.27(0.40) 0.68(0.40)
1.10 ( .35) 48
45 264 .49 ( .29) 9( .18)

“ The numbers in parentheses are the ratios of the value
Stlthe delay time indicated to the value at the 15 minute
elay.

ﬂecbtadTablcglIdemtte(}T%f\mau‘tera
in vacuo hours, sone
@mtarpgurﬁujem"eday (if there hed been Mo ex-
log xc would have been zero).  In the case
of the 89-hour delay experinents the decreese in v
log xm wes alnost exactly that on the
besis of Lawton, Balwit and Powell's results assum
ing that the persistent radical is the RCH2 radical.
However, from the 89-hour to the 264 hour delay,
the total decreased nore than would have
been either on the besis of Lanton, et al.’s,
results3or of those of Charlesby, et al.2  If a possi-
ble decrease of k3 ingoing to loner free redical
concentration also the di would
be even greater.  On the besis of the work reported

1110.22)
46 89 11 ( .22)

0.52( .17)
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here it is not possible to deduce unai ly the
type or types of free radicals with which the D-H

Tuming nowto the %mmdmmgmlmd
free radicals by mears of reactiorns 1and 2, it should
first be pointed out that the presernce of
oes Is not essential for free radical decay.  For ex
anple, Lawton, Balwit and Powell3 continually
swept nitrogen through thelr radiation cell dun
the es.r. messurenents and yet dosenved a corsi
erdde decay. Furthemore, the distance the free
radical migrates because of eeach D-H may
bea“lytomenextnearestmnéi?msite The
fact that reections 42 and 7 to ooour to sl
extent as indicated by higher/ values than calou
lated and by a detectable reverse exdange proves
that the free radical center produced in reactlon
2 must be dese to the -CHD- group produced in
reaction 1

Itis mter&tl%to compute h fromthe value of
a, seeeq 14. Takingkh to be 0.048 cc. g.-1, [R]Q
58 X 10-6 nole cc-1 ada, 0012 hr-1 or 333 X
10-6 sec-1wefird

h = 11 X 102cc. sec.-1 mole-1

Fom TrotmanDickenson's2table of thee and A
factors of the Arrhenius equation

k =aA ©Q-E/RT)
it is possible to calculate the rate constant of the
gese0Ls reection

CJL- + D2— > CH,D + D- (49)

With e equal to 133 kcal. nole-l and A equal to
10119 cc. sec.-1 nole-1, we fird

ki = 1 X 102cc. sec.-1 mole-1

The do=e of the rate costant of the
gaseoLs reaction at 20° with that calculated for the
reection ocourring in the sdlid is conpletely un
In this connection it should be pointed
out that the activation for reaction 1 is
probably about 3.8 kcal./nole than that of
rrEth;/Im49 ot C-(;_lmmred IEcgﬁ
ene is9B.1 as 10 96.9
nole for the C-H bod inethane. 3 Adding 3.8 to
133 kcal/mole and assuming the Afactor to ke
h iscalculated to e 0.16, about 1/1000
& large as the dosened This mekes the
high amened fgrelle een nore suprising
Probably inthe salid, the endothermicity of reection
1is corsiderably reduced becawse of the heat of adk
sorption of atomic deuterium on the salid poly-
ere.
The D-H fractionetion factor for the entire
defired here as 2b/a or 222, probably iIs
argelylhe result of twice the ratio of the rates of the

ku

h
R- + D2— ~RD + D- 1)

k%
R- + HD =— > RD + H- (16a)

naely, 2cH/d.  Trotman-DickensonR hes tabu-
lated reaction rate corstants at 182° for the resc-
tios

(12) A. F. Trotman-Dickenson,
New York, N. Y., 1955, p. 208.

(13) G. C. Fettisand A. F. Trotman-Dickenson, J, Am. Chem. Soc.,
81, 5261 (1959).
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CH3 + D2— CH® + D- (50)
CH3 + H2— > CH, + H- (51)

'(IT?raﬁo?_ofﬁ‘eratewstamaf(SO)ﬁ'ggMd
51) vary from3.33 to 7, depending on the authors
ad @qoerilmrrmtal o:réﬂdgorsﬂv]\gﬂﬁme Iattergfa#ge
probabl nmost reliable square root is
2.64, V\f%/dﬂ is not far fromthe dosenvedfractionation
factor 2.22. The difference in the solubility of D2
and HD in polyethylere would act to loner the
fractionation factor.

Hrally, the mechanism of free redical
should be disalssed  For an initially random dis-
tribution of free redicals, the decay should be
second arcer in the free radical concentration The
osened first-order dependence Is proably the
resuit of a nonrandom distribution of the free
radicals. If the free radicals were forred in pairs
with the pairs distributed randomly, and if a free
radical in ore pair reected only with the other free
radical of the pair, then the of the pairs
would e first order.  Lawton, Balwit and Powell3
sugpested that the free radicals were formed very
doseetoeach other.  The elimination of the RCH2
radical and production of -CHZZHCH2 according
to reactions 47 and 48 would be first order in the
RCH2 radical concentration

V. Applications and Conclusions

The higher rate of decay of the alkyl free radical
obsenved by Charlesby, Libby and Omrerod2 as
conpared to the rates estinated from the data of
Lalv\;ton,bI et al.,3 agfjdagedaw melnr.lbllshed results
possi yng ai
hgferd)sewedbyhﬂértna(l i and%f

s copared to aur oan

Vraiog\glcblm et al., 1mtedﬂ”edancmfacttg§tfrlee
decay Wes nore rapi masarrple poly-
ethylere that hed been before the i
diation under a pressure of 30 atm into a_ semi-
plastic mess than in a sanple In the

formof acurdy mess.  This difference may possibly
0 SLOND Pyt 1 o Tl STk 38 Coms
rogen in astic e as com
Faredtoﬁeflufﬁ/oremelatterha\n amuch

ions of Charrd

etal2 rateoffreerajcd

decayinl crystall
e><|ola|||”rnjdes?)yI a E&%b(ml LILHIy ;(y of 1he
VOOl ot a1 ! o At of tehwical

stabilizer in the polyetrM

er‘emrmu:lrgtf‘erate
of free radical

Cecay, part of the discrepandes in
the itative data mentioned above may ke due
todi anmounts ad of stabilizers

inthe sanples of pol ene used by the different

In conduwsion, it would gppear that the data

given in this paper indicate an exchange vmh free
radicals rather than initiated
active ies such as Ios. on V\hCh this

coclusion are besed are (1) ﬂ‘efalnygood oor-
relatlmbetv\eenﬁ’efreeraimld:@/

senved by Lawton, et al.,3 and
rates estimated above; (2) the order of megn
agreerrertbetmemﬂqemlajatedratemmtamd
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reaction 49 and the dosenved rate constant, and
3 the fact that the dosernved D-H fractionation
ﬂugmmsﬂe prapnsluiis Horsclan

we canot IgUOoLS ar
stLdesmetypeoffreerajwlwmvh)c/hme D2
nolecule reacts, the evidence indicates reactions
wm the (Ij?f%:Rdela’d RCH2 free radicals.

ts ayed-exchange experinents

definitely prove ahigher rate of free redical decay in
the presace of 8 cm of deuteriumthanin
vacuo. Thus, there are strong indicatiors that free
radical migration oocours as a result of the
reections lad2  Since the D-H did not
proocced until isotopic equilibrium becore
established, the ocessation of wes not the
result of saturation of the free radical centers with
deuterium (as would have oocourred without free
radical migration).

PHOTOCHEMICAL ISOMERIZATION

Photochemical Isomerization of Aqueous Cinnamic A cid 201
_ Arally, we coduce that the y
involved a rnearest rei H-atom or ae dose to

the initial free radical center.  In other words we
postulate that the D-atom of reaction 1 did not
migrate far through the sdlid polyethylene before
reecting Bvidence for this conoept of “rearest
neighbor migration” cones from the fact that - -
did not dedline continually with dose and that sone
reverse exchange wes detected in the spedial reverse

echange eparingt
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The photochemical isomerization of cis-trans organic acids in aqueous solutions is complicated by the ionization of the

acids.
lated by the ionization constants.

This gives rise to a number of absorbing species possessing different photochemical properties all of which are re-
A theoretical treatment of the process is presented and the particular case where the ions

do not isomerize is solved. The resulting equation is tested for cis-trans-cinnamic acid, and shows good agreement with

the experimental data.

Introduction

A nethod of conversion of sdlar to electrical
erergy enploying the geonetrical inversion of
stereoisarers recertly wes by this Labora:
tory.2 In this comnection, a study of the rate of
isorerization of various cis-trans organic  acids
ucer the influence of ultravidlet light In
solution wes undertaken  While Vaidya3and Ol-
sor investigated several of the photo-
cdhemical isorerization, a detailed aralysis of the
kinetics of this have not been reported pre-
viowsly, ad it is the purpose of this paper to pre-
sent a theoretical approach to the em
with sore exerinental data which may be used to
conpare to the theory.

Previous investigators have failed to take into
account that agueous organic add solutios are
ionized and indeed the anmount of ionization is
dhanged as the photochemical reactions proceed
This is equivalent to assuring that the ions and
mmate\,?hﬁcs r?ée identical photochemical

s, in gereral case gopears to
inalid When the irans-(HB) ad ras-(HA
foms of the sterecisorers of an arganic acid are
added to water, they dissociate to sone extent to
give the regpective trans-(B) and cfs-(A) ios.

(1) Spencer Chemical Company, Merriam, Kansas.

(2) B. H. Clampitt and D. E. German, S.A.E. Journal,
(1960).

(3) B. K. Vaidya, Proc. Roy. Soc. (London), 129A, 299 (1930).

(4) A. R. Olson and F. L. Hudson, J. Am. Chem. Soc., 55, 1410
(1933).
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When a call containing these gpedies is iradiated
with nmonochronatic light, the folloning photo-
dhemical reactiars are possible

HB + nr -  HA (D
HA + nv - HB )
B -f- hv+ a- A 3)
A+ hv—'>B (4)
The effidendies for each are de
ﬁmt;lasﬂemrberofiscrrerizgt}igt*\sof_agiﬁ
e aosorbed
% e insmmdglyﬁimbﬁ?@a,
b, <PA ively.  Under certain drourstanoces
the Indivi reactions be investigated, but
for a practical system dl of the reactions ooour in

the cal odl ad a ex librium
|sestablldﬁloltoCherTl ished as denoted in Hgogmvmﬁjahmm
to the various sterecisorer spedes, (H) represents
the hydrogen ion concentration, Fandy are the net
rates of conversion of the undissodiated trans acid
and trans ion, respectively, while R a is the et rate
of ionization of HA, and r » is the et rate of re-
conbination of hydrogen ad trans 1os. Initial
experimental investigation of this type of system
has been limited to cimamic acids; honever, the
discussion section should be gpplicable to a Iarge
number of cis-trans SysSters.

Experimental

Materials.—The irans-cinnamic acid was obtained from
Eastman Organic Chemical Company and was recrvstallized
from hot water prior to use. The ds-cinnamic acid was
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Fig. 1,—Flow diagram.

Fig. 2—Spectrophotometric measurements.

prepared by the hydrogenation of phenylpropiolic acid,
obtained from Aldrich Chemical Company, in a Parr hy-
drogenation apparatus using methanol as a solvent and a
palladium-asbestos catalysis as originally described by Taal
and Schwarz.6 The products had melting points of 132° for
the trans acid, and 68° for the cis acid.

Ultraviolet Spectra.—In order to determine the extinction
coefficients of the various species of interest, potassium
hydroxide and hydrochloric acid were added to solutions of
the organic acid in order that the absorbance of the organic
acid under various degrees of ionization could be measured.
The solutions were made so that the total concentration of
ion plus undissociated acid was 2.4 X 10-4 m in all cases.
The absorbances at 3130 A. were determined with a Beck-
man Model DU Spectrophotometer equipped with a 2960
Ultraviolet Accessory Set. The slit width was 0.02 mm. and
distilled water was the reference solution. Rectangular silica
absorbance cells were used with the reference cell having a
I)ath length of 0.999 cm. and the sample cell having a path
ength of 1.000 cm.

Photochemical.—The actual photochemical experiments
were carried out in a rectangular cell having quartz windows
with a 2.5-cm. square face and being 4.1 cm. deep. On the
sides, the cell was surrounded by water from a constant
temperature-bath in order to maintain a reaction tempera-
ture of 20°. The source of illumination was a Hanovia lamp
equipped with a number 7910 heat deflecting filter and used
in conjunction with a one-cm. quartz cell containing 0.001 N
potassium chromate in order to obtain monochromatic light
at 3130A.3 '

The flux of the incoming radiation was determined by
placing uranyl oxalate in the reaction cell and measuring
the decomposition at various times. The procedure is very
completely described by Leighton and Forbes,6 and the
results were identical for exposure times from 0.5 to 8 hr.,
with a value of 3.64 X 10Mphotons per cm.2 per sec. being
obtained.

pH measurements were made on a Beckman Model GS
pH meter. The general procedure followed in the Kinetic
experiments was to measure the pH of the solution after a

(5) C. Taal and A. Schwarz, Ber., 51, 640 (1918).
(6) W. G. Leighton and G. S. Forbes, J. Am. Chem. Soc., 52, 3139
(1930).
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given period of exposure, relative to the unexposed solution.
The experiments were run in duplicate and the reproduci-
bilig/ was 0.005 pH unit. The original solutions were meas-
ured relative to a pH 4 buffer and the results were: 3.500 for
0.003 N irares-cinnamic acid, 3-595 for 0.002 N fraras-cinnamic
acid, and 3.250 for 0.003 N _cis-cinnamic acid. This procedure
proved very satisfactory in the case where the starting acid
was in the trans configuration as the pH changes were large
(e.g., after one hr. exPosure the 0.003 N solution gave a pH
change of 0.038). If the starting acid was in the cis con-
figuration the pH changes relative to the original cis acid
were small and only after 24 hr. was a change of 0.040 ob-
served for a 0.003 N solution. Because of the small pH
changes and accuracy of the instrument, data obtained at
shorter times of exposure are not considered reliable and
therefore are not recorded. In addition to the pure acids,
potassium salts of both trans and cls-cinnamic acid were ir-
radiated, and after 48 hr. the 0.003 N solutions showed no
detectable pH change in either case.

Results

The results of the iC messure-
ments are shown inHg 2 The data of Oson ad
Hudsond showning the extent of ionization of thalr
solutiors are indicated on the figure ad they are in

agreenent with the neassured values. Hram

intercepts the various nolar extinction ooeffi-
cents are calaulated as;  inns-cinnamic acid 1560,
franscinnamate ion 92, ciscinmanic acid 655 ad
ciscamamsteion 33,  Because of the lovwextinction
ooeffidents of both of the ions, it is not surprising
that detectable pH were not dosened an
irr_fgatim of the potassium salts of the cinmamic
ad

The results of the messurenrents of the hydrogen
ion conoentration as afunction of tine startingwith
pure fraras-dmanic adid are shonn in Hgs. 3and 4,
with the firel values of the ion concent
tration measured after P hr. of imradiation being
shown at the extrenre right of the fi These
data are in good agreement with results of
Vai obtained by conductivity nmessurenents
which are shoan in the sanre figures with the tine
ﬁelergmm for differences in flux dersity ad

As the cinmarate ions do not undergp isoreriza
tion, the quantum effidency, <o, Of the trans-
cinamic add may be deterined from the initial
sloce of the rate cune starting with pure trans-
drmamic adid 1t should be pointed out, honever,
that the initial slope of a general acid will
not give a unigLe +no, but rather is a ion of
both $HB and +b. Sinilarly the quantum effi-
ciengy, 4ha, of cis-cinnarric acid could be detenmined
from the initial slope of a rate cune starting with

dscinnamic acid honaver, in the present
Investigation it wes not possible to dotain such
data FHom the theoretical rate cunve which is
cerived later, +na may be determined from the
middle portion of the exerimental cunves starting
with franscimmamic acid  The sersitivity of the
theoretical cune in this region to this parameter is
great to determmine Oha to an accu of
10%. As a result of the determinatiors,
quantum efficiendes were calculated

Normality 4>iA

0.002 0.21 0.61

0.003 0.30 0.70

The photostationary state values show a soe-
what higher anount of czscinnarric acid than pre-
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viausly reported values.  The reason for this is not
dlear but Vaidya's values have been taken be-
fore the prooess beginning with excess trans acid hed
reached conpletion, the results being indi t(;y
the cunve beginning with excess cis acid an whi
fhicult to dbtain

Discussion

Equilibrium State—\When a sanple containi
fixed anount of acid in solution is irradiated
concentrations of acid and ions will approech values
forwhich the rates are inequilibriumar, as depicted
iINAY L T=Ra=Rb = —y 1In these
rates will not e ét—?ro ad thus trlebn raﬂVg

a state of dynamic equilibrium

than a tne state. In fact, %

It gpopears in many casss that the
ios are only weakly affected by radiation so that
equation 5 Is approxinetely satisfied and a true
photostationary state exists 1N solution
Rates of Isomerization—IN a?gmng the time
of the photochemi process the
following assunptions are made: (1) The reaction
adl is Iorgerugwtod)su‘beﬁsentlallyall of the
incoming rediation  (2) The concentration of the
various spedies rerrains uniformover the volure of
the ol As only direct cal isomrer-
izations ae ocosideed to contribue to the
the rate of isomerization of a given
agg:l |seq.1al to its cpanllmefﬁaemy <£ tIITES
relative anount of radi

ofdasorptlmofllghtbytre
Spedies is proportional toiheprodx:tof |ts rmlar
extinction coefficient, a\ and Its concentration, x.
The net rates of isorerization are therefore

I000J <hb<hb[HB] — “haohalHA]
1" NL 2iXi “ W
_ 1000b Obeb[B] — 2edalA] ins
v = -NL @)
where In addition to the previously cefired sym:
bols, JOis the total c;.!ama per cm2per sec. entering
legthinaom, N |sAvogadros

teddl, . lsiheoel
rurber thelOOOmﬁennerator lons the
conoentration terms to be in noles per
liter. The total net rate of isorerization of the
trans form is
Jj(B+ HB) = - (r+,) (8)

Since the rates of conversion are slow copared to
the tine ired to establish ionizationrecom
bination equilibrium these restraining equations

apply to the system

(@ [HIAl = Ka[HA] () s = [Al+ [HA] +
(b) [HI[B] = Kb[HB] [B] + [HB]
(d) [H = I[Al + [B] (9

where s is the solute concentration It is con
venient to integrate equation 8 in terms of the

Photochemical Isomerization op Aqueous Cinnamic Acid
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TIME(HOLRS,
Fig. 3.—Hydrogen ion corcentration as a function of
exposure time for 0.002 cinnamic acids.

0 MZS RD\AWLES
JtASIN6 HIBH

Fig. 4—Hydrogen ion concentration as a function of
exposure time for 0.003 cinnamic acids.

hydrogen ion concentration, which when conmbined
with equations 6, 7 and 9 becomes

KaK bS1 AH
N2H + (Ka + Kb) +

KA - Kb H2 J At
JOlOOOX (10)
LN
(@>bbolbbH + <BaBK B){H2 + KaH —KaS) +
(GHAHAf + wA0aK a)(H2 + KbH — K bS)
(<"hbH + oK b)(H2 + KaH —
(olbeH + cKa)(H2+ KbH —K%)
which gives the integral
~ 1000J0 (Ka - Kb)
X j*"[2Er + (Ka+ Kb) + X (11)
f («hbH + «bKb)(H2+ KaH - KaS) -

(oibaH -J- oiaK a)[H2 T KbH —K bS) G
(4>hb« hbH + <tBaBK B)(H2 + KaH — KaS) +
(PbaocbaH + ™ oaXa)l + kbH — KbS)  _

whereH aisthe origirel ion concentration

The polynomial in the denominator hes only ae
zeyo In the region of realizable hydrogen ion conr
centration which gives the value of H &t the equi
libriumstate (H,,). ﬂ”egereraifa'mofﬂmrtegal
W is

[K#KK2+ EH + E, InH + IH + EhLH 2........... +

51 emin(n — fimlw  (12)
m -«0

where the Hmis are the iercs of the polynomial in
the denominator.
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In many systens, for exanple isoners containing
berzere rings, the ions aosorb wealdly
In this case

o b e

not gppear to isoerize
eguation 11 integrates in the form

LN
'7 JgKa — A BOHA 1000

Et UH + E51/A2+ E In~ +

+ E2H + E3]nH +

12, In (if - wiyn - ffco)d (@13)

where
i» =

~(qrkA + Kb) -~

\/(qrKA + Kb)~ +X?ar-|:l)l)(quA+ Kb)S 1

Hi =
~(qgrKA + Kb) -
V(qrKA + Kb)2+ 4@r + I)(grAA+ Kk B)S

2(ar + 1) (19)
r . d jiu 1 (16)
<PBA “ HA “ HA “ HA
and the ooeffidents are
f=9g-~1
El v o+ i
@- D(gA- ABI ~ an
ar + lL 1+ qgr
2 ((m- g)AA+ (1 - hgBl]
Et = ifpléraﬁbAB[cAa- wADb +
(- m)KAKB(I + qrH
K Aqgr + Ab
AT apgr+ ko IAB- 9AA
NG Z)(AVABLS)
T 2(?rifA- AB

Et =
vV A a+ AB?2+ 4(QrAA+ Kk B)ar + 1)5

[I(gAA- Ab)s + (m - OAaAblj(AA+ Ab) -

(KAgr+K p)y» + fm_ »
1+ gr

Aa+ Ab Aagr-- AbE£jAAIr + K]
2 1-f-or H i+ ar

(1 + ar)aka -
K Aqr + Ab

+ (1 _ ;)Zb)j2s -

+

AaAb K B)S

[1-») + Q- glsl + & ~ 9 X

j(Aa- Ab)L - ar)(s + v,

S(KAgr + Aa

AaAb [@+ gn(m- f)AAAB
2Aa> + AB L AAx + AB
ol |£f m)KAKB ,

m +

A? =

P
AL+

B. H. Clampitt and J W. carris
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sfr+ff. 1>
20+ 1) j25+ (Aa-

Equation 13 wes prograred for an IBM 610
ooeruter and a ane nmay be computed eesily
starting from either cis Or pure trans adid
solutios.  The folloning input inforration for the
is required the nolar exinction coeffi-
dents of the various gpedies; the quantum efficien
des of the undissodiated acids, the equilibrium
constants; the originial solute concentration, the
cell length; and the photon flux entering the cll.
Application to Cinnamic Acid. —Equatlon 13wes
aoplied specifically to the cimamic acid system
with the folloning data being determined ince-
pendertly of the photochemistry exeriments:
«HB = 1580, aHA = 655, a® = 92, aA= 33,Ka—
132 X 104Kb = 037 X 10~4L = 4.1275 am,
Jo - 364 X lO]élq.lanta Crnzmrw:. 43h b
could be computed eesﬂyfromlhe initial slope of
the ical rate cunes starting from pure
frarscmaic add solutios.  As explained pre-
viowsly, <+ . wes computed fromtihe middle portion
dﬂemmtogweﬁeb&tﬁtofﬁeeqoen
mental data. These values of the quantumefficien:
des then were wsed to the theoretical
aunes starting frompureccis acid solutions. These
results starting from both pure trans ad cis
solutiors are in FHgs. 3ad 4 & sdlid

OLINEsS.
While it is not suprising that the initial ad

L& A
AB) il

middle ios of the cunes starting with pure
trans acid agree dosdly, the otic values of
equation 13 and the experinental after 9 hr.

are aso In ressoreble agreenent &s is indicated

|nF|gs 3ad4 Asequilibriumstate data usueall
as the relative anount of cis adl

tredataa’esom,ertedardﬁerajtsa’e

% of cts-cinnamic

Amount of acid, Olson

solute, N Measured Vaidya and Hudson Eq. 13
0.002 89.5 75.2 89.5
0.003 80.5 71.8 77.0 90.3

The eqerinental ad theoretical values agree
perfectly for the 0.002 case; however, the calculated
value is somrewhat hi than the measured value
mlheOOOche resson for this is not, at

It alsosmjdbemtedtmtﬂnanesstartmg
from pure cfscinnamic acid and wsing the quantum
effiderdes detenmired from the trans data agree
with the initial points of Vaidya's results.  Corsi-
obrargdl ddmamﬂmmomamamc
acid, 1t woul appear theory adequately

eplairs the honever, it may have to be
rrodified gl ytoaooantforlmirect ISOEerize:
tion prooesses involving reactions by nolecules in
an excted state.

Acknowledgments.—The authors wish to exoress
their gratituce to Dr. A Meeller for ion of
the inriamic acid, and to Mr. Gl for

encourageTent in this investigation
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The adsorption isotherms of nitrogen at —195°, n-hexane at 20°, and the differential heats of adsorption of n-hexane on

graphitized channel black have been measured. The Shaﬁ
?dsorption on graphitized carbon blacks are dependent on t
ace

nitrogen and n-hexane change from concave to convex in the initial region.

e of the adsorption isotherms and the heats and entropies of
e dispersion, particle packing, and mosaic character of the sur-
When passing from graphitized thermal blacks to graphitized channel blacks, the adsorption isotherms of both

Heats of adsorption of helium (measured by

other authors) are sensitive indicators of surface inhomogeneity of graphite.

Introduction
In the strict serse of the word, an infinitely
large continuous surface with identical arrange-
ment of its constituent atos, nolecules or ios
should be regarded as a surface of a

s0lid b(?/ lire es, this is the
a plare

spedific index.  In practice,
we wstally encounter substances that are, to are
degree orc;'.‘frnmerotéial Tgfle t ion
properties unit t surface a dispersed
substance should differ from the adsorption proper-
ties of unit surface of a definite face of the crystal.
This differerce should Increese with incressing
degree of digpersion due to greater contribution
to the total surface of areas associated with
and angles of crystals, or of faces of other |
'(I:'rh;gtalrefersmm;cl only th the dispersion of c?;/rs?ale

s, o to gppearance of

faces on the surface of initially i
bwlesasarajtdkeattm.%ngam
of the latter arises in the heat treatnent of carbon
blads at res dose to 3000°. In this
cax, the initially spherical partides of carbon
blacks rearrage t;)JDthedra,lﬁefaJesof\/\hdﬁ
are formred by crystals of graphite groan

irsice the partlde In the case of thermal carbon
icles sore 5000 A In

blacks cormposed of |
diareter, such tre%Tg%Etarti_emls to the nEIn
sufaaeofmepoM’edral particles of carbon black
be| formed ) besal planes of
ite, and influence of i

S|tesat and agles of polyhedra becores
extrerely smell.23 In this way, it is possible
from the adsorption isothems and heats of ad
sorption obtained on such carton blacks, to dif-
ferentiate dearly the role of adsorbate-adsorbent
and adsorbate-adsorbate interactions.34

In the case of charel blacks treated at dose to
3000° ) with partides of corsiderably
sreller size, i.e., 300 A., that have partially groan

(1) W. D. Schaeffer, W. R. Smith and M. H. Polley, Ind. Eng, Chem
45, 1721 (1953); M. H. Polley, W. D. Schaeffer and W. R. Smith,
J. Phys. Chem., 57, 469 (1953); D. Graham and W. S. Kay, J. Colloid
Sci., 16, 182 (1961).

(2) R. A. Beebe, C. H. Amberg and W. B. Spencer, Can. J. Chem.,
33, 305 (1955).

(3) A. A. Isirikyan and A. V. Kiselev, J. Phys. Chem., 65, 601
(1961).

(4) N. N. Avgul, A. V. Kiselev and I. A. Lygina, Kolloid. Zhur.,
23, N5 (1961); A. V. Kiselev, zhur. Fiz. Khim., 35, 233 (1961).

together, the role of the i X suface is
gpprecidbly greater. Here, the Inhomogeneous
adsorbate-adsorbent  interactions  interfere In a
dearcut menifestation of adsorbate-adsorbate
interactios.  Thus, wheress for graphitized ther-
mal bladks of low suface area the adsorption
isotherm of nitrogen is at first convex to the pres-
agg@axes,%fsfor the qum graphitized dranrel
it is concave In SaTe pressure range.6
Characteristic differences likenise are dosened
in the cese of adsortates that strongly interact
with ore another.  Thus, the ion isothenrs
ofal(xidsa’dam“rmmmg itized dad
black are satisfactorily described by equatios
that take into account adsorbate-adsorbate inter-
actiors for localized ion78 However, In
the cae of graphitized el blacks which
possess the mexinum surface, the
adsorption isothermrs of al g9 and anmoniald
are better described by equations for nonlocalized
adsorption We aso have shoan that under
pressure an increese in the number of contacts of
particles of itized drarnel black increases the

inhonogeneity of its surface
The present paper describes the isotherm and
differential I“eatsofa:borptlmofr‘rr’@emvapor
as well as the adsorption isothenm of nitrogen on
P It also conares the adsorpti

ane and helium on both graphiti
thermal blacks. Possible causes of the Inhono-
gereity of the surface of graphitized chanrel black
also are corsidered

(5) S, Ross and W. Winkler, J. Colloid Sci.,
Ross and W. W. Pultz, ibid., 13, 397 (1958).

(6) A. V. Kiselev and E. V. Khrapova, Kolloid. Zhur., 23, 163
(1961).

(7) N. N. Avgul, G. I. Berezin, A. V. Kiselev and I|. A.
Izvest. Akad. Nauk S.S.S.R., Dept. Chem. Sci., 205 (1961).

(8) A. V. Kiselev, Kolloid. Zhur., 20, 338 (1958); A. V.
N. V. Kovaleva, V. A. Sinitzin and E. V, Khrapova, ibid.,
(1958).

(9) N. N. Avgul, A. V. Kiselev and |, A. Lygina, ibid.,
(1961).

(10) R. A. Beebe, J. M. Holmes, A. V. Kiselev and N. V. Kovaleva,
Zhur. Fiz. Khim., to be published.

(11) A. A.Isirikyan and A. V. Kiselev, Kolloid. Zhur., 23, 67 (1961).

(12) The adsorption isotherm of nitrogen on Graphon was published
earlier by L. G. Joyner and P. H. Emmett, J. Am. Chem. Soc., 70, 2353
(1948).

10, 319 (1955); S.

Lygina,

Kiselev,
20, 444

23, 369
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Fig. 1—Absolute adsorption isotherms of nitrogen at
—195° on Graphon (cwcles) and graphitized thermal carbon
black Sterling MT-1 (3100°)3(solid ling).

Fig. 2.—Absolute adsorption isotherms of re-hexane at 20°
on Graphon (circles), Spheron 6 (2800°?n ﬁdashed line), and
graphitized Sterling MT-1 (31000)3(solid line).

a, itmole/m2

Fig. 3.—The differential heats of adsorption of re-hexane
at 20° on Graphon (circles), Spheron 6 (2800°)n (dashed
line) and on Sterling MT-1 (3100°)3(solid line).

Experimental

A sample of Graphon obtained by heating of Spheron 6
channel black at 2700° for two lir. was obtained from the
Cabot Laboratory. The adsorption calorimetric apparatus
and adsorbates were the same as in references 3 and 13. The
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adsorption isotherms of re-hexane and nitrogen were meas-
ured only to a relative pressure of 0.4 since surface inhomo-
geneity Is more evident during filling of the first adsorbed
layers. The specific surface of this sample of Graphon car-
bon black (area 82.2 m.2g.) was determined from the ad-
sorption of nitrogen by the BET methodX4 UEng an area per
nitrogen molecule in the dense monolayer of 16.2 A.2
In ref. 3, 5and 6 it was shown that the adsorption isotherm of
nitrogen vapor on graphitized thermal blacks with highly
homogeneous surface is wave-shape and convex to the pres-
sure axes in the initial portion (approximately up to filling of
the surface 8 «0.3). This form of the adsorption isotherm
of nitrogen is associated with relatively strong adsorbate-
adsorbate interactions.8 For this reason, the BET equa-
tion, 11 which does not assume these interactions, does not
describe this isothermin the initial portion. In our preceding
paper,3it was shown that the BET equation is, with more
reason, applicable to the adsorption isotherm of benzene on
graphitized thermal black, for which the adsorbate-adsor-
bate interaction is very weak. This same paper3 shows,
however, that a formal application of the BET method to
the nitrogen isotherm on graphitized thermal blacks in the
interval 6 from 0.5 to 1.1 (that is, after the first point of
inflection) leads to values of surface area s that are close to
those obtained in a more acceptable application of the BET
method to the adsorption isotherm of benzene vapor. For
this reason, we also considered it possible to apply the stand-
ard BET method to the adsorption isotherm of nitrogen to
determine the specific surface of Graphon carbon black. In
this case, the BET equation is applicable froms ~ 0to 8 «
1.2, that is, over a broader interval of surface coverage.
However, this is associated only with the influence of the
greater inhomogeneity of Graphon which leads to such higher
adsorption in the region of low relative pressure that the
adsorption isotherm of nitrogen becomes concave to the
pressure axes.6

The results of measurements of isotherms and heats of
adsorption are given in Figs. 1-3. They are compared with
results obtained earlier for Graphon (Spheron 6-2800°),1
and with absolute isotherms and heats of adsorption ob-
tained in an earlier work3with graphitized thermal blacks.

Discussion of Results

The Effect of Residual Inhomogeneity of Graphi-
tized Channel Blacks—As we know11517 cal-
dration of a dael black such as Soheron 6 at
high teperature renoves oxygen ad
containing grous from the suliace ad to
elimnate surface roughress and partially reduces
the area  For different sanples of channel black
these features must be conmon, and the properties
of a unit surface of heat treated dhamel black
likenise should be similar.  As be seen from
A é%ﬁed merem“vapor bRl

on of on
r)éldosetotmseforaamlar e of
ackB mvestlgated earlierl The sonre

kge%tera&oaated '% (greaterem tlrre

0fﬁ1eaarbmbla:kat2700° 2 hr. The%nple
investigated earhervwsheatedforonl 10 min
at 2800°.8B In addition, the slight diffei'ence in

the adsorption isothei'n's to a difference
|nﬂ1eareaofﬂ1ese9[rr]§és & vs. 0 m.2g.),

(13) A. A. Isirikyan and A. V. Kiselev, Zhur. Fiz. Kkim., 32, 679
(1958).

(14) S. Brunauer, P. H. Emmett and E. Teller, 3. Am. Chem. Soc
60, 306 (1938).

(15) R. A. Beebe, J. Biscoe, W. R. Smith and C. B. Wendell, ibid.,
69, 95 (1947).

(16) R. B. Anderson and P. H. Emmett, J. Phys. Chem., 56, 753,
756 (1952).

(17) A. V. Kiselevand N. V. Kovaleva, lzvest. Alcad. Nauh S.S.S.R.,
Dept. Chem. Sci.. 989 (1959).

(18) N. N. Avgul, G. I. Berezin, A. V. Kiselev and A. I. Korolev,
Kolloid. Zhur., 20, 298 (1958).
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which likewise a possible greater inhono-
oereity of the e investigated inref. 11
Fom Hgs. 1 and 2 we dearly see the difference
mﬁesraoeofﬁerltrogenardnkexarelso
r&ponoi absol aoborpt Ofv#geﬂnoa’
ng ute ion Vapors
Onrt:jtf\eahareal the trogaixesrgtralerr% (\:r?::nﬁ3
in so the ni i on
tized drarel black at first rises nore steeply and
is cocae to the adas. In the case of
nhexare, the isotherm on Graphon at first also is
concave, wheress on graphitized thermrel bla:k
o The Hmngerﬂitgfbﬁritd -
convex. ty
black is dearly seen from the cunes of the dif-
ferential heats (g 3) as well as from entropies
(Hg 4)0facborpt|mofnhe>ene The inhono-
grﬂtyofﬂearfajeofmattreatedderml
acks, particularly when heated at a loner tem
perature of 1700°,10D) increeses the initial heats
of adsorption This hanpers dear-cut_manifes-
adsorbate-adsorbate

el Ao e Lo
ow onis

Near etion mnunl the meximum
in the heat of adsorption and of mini-
mum of adsorption both are diminished
cifirtal Peots - etpies of acborgtion of

es ion

berzere on 6 black calcinated at 900,

17000 and 2800018 and on thermrel blacks with
the nost surface3 In these figures
\Aealsose_e%fj&a%al brfadlgmgféufae in
homogeneity carbon on the adsorption
properties of berzere. The rature of the reduc-
tion of heat of ion in the initial region on
the darel blacks is dose to that reported by
Beete and YoungZL for adsorption of

Let s now exanire the e cases of this
inMuence These sanples differ first of al in
their dispersion Weqmﬁc&rfamofﬁe
thermal graphitized blacks, Sterling MT (3100°),2
Sterling MT-1 (3100C)Eard8ter1lnglfr (2800°),32a
ae 651, 765 ad 122 mZg. reqw:tl\,ely,
while the goecific surfaoes of
bladeareaqor@anatelymorderofnagmtde
greater. The isotherm and heat of adsorption
of raleae on thermal black T-1 (3000°)3D of

area 291 m2g. positions  intenrediate
betv\eentkeﬂemalbl of sreller area ad the
blacks with area. Thus, ho

greater
woga%i}a/ofﬂearfajelsﬁgerﬂesrraller
the spedific surfece; that is, the lower the degree of
their dispersion A smlagyeffect on surface
hom?neny is produced contacts  between
particles of cartoon black; the number of which per
unit weight of the sanrple increases with increesi
dispersion At points of contact, the energy
ion of the first portions of adsorbate is
elevated and the nonmel type of surface coverage
isdistorted 11 ) o
In addition, there is the effect of peculiarities in
(19) N. N. Avgul, G. I. Berezin, A. V. Kiselev and I. A. Lygina,

zhur. Fiz. Kliim., 30, 2100 (1950).

(20) A. A. Isirikyan and A. V. Kiselev, Kolloid. zhur., 23, 281
(1961).

(21) R. A. Beebe and D. M. Young, J. Phys. Chem., 58, 93 (1954).

(22) (@) W. B. Spencer, C. Il. Ambcrg and R. A. Beebe, ibid., 62,
719 (1958); (b) R. A. Beebe and J. M. Holmes, ibid., 61, 1684 (1957).

Adsorption Isotherms of Nitrogen on Channel Blacks

207

€.

Fig. 4—Differential entropies of adsorption of n- hexane
on Sgheron 6 (1700° RIS (1), Spheron 6 (2800°)u (2),
(3000°)D(3) and .Sterling MT-1 (31000)3(4).

the structure of the particles of graphitized blacks
thenmeelves.  These partidles cosist of sall
lites of graphite that exterd to the surface
ol o kol m‘ ”F‘e
aapear an iti i i 5
sociated with the nosaiclike P
suface of a graphltlzed pamcle) leading to stlll

oiswtegratlon the basal plare of graph
n’oleajes an
find aplace on

plares of a single crystallite on
the surface of a particle of carbon black the ad-
sorbateaoborbate interactiors  likenise becone

o tho,ertreertlrearfaoezedﬁrtrer
in cae i spersed graphitized carbon
UadeﬂEszegjﬂyeawtalllte%rermrssomall
thatlargemrbersofstepsfomedbypnsrmtlc
suface d el il bmoloxygencher?ifozallﬂlTa

Sel essi
ad |rtrooLoréHyd1am<¥al i ty. Th)e!
soother rature of the cunves of heat of adsorp-
mﬁwdn fgqggedwmg}w
y

blacks also is enhesized the nore gradual
(for different sites coourring at different relative

pressure)  superposition of polyrmlecuar adsorp
tion of loner heat and higher entropy.
Unlike the adsorption of loasnolecular wei

Emion. of ritrogen ot i ot dis

ion ni at ° SO n-
Mmaﬁbazeretmggtjzm on the nost

rneows surface of itized thermal Dbl 6
is predomnantly ocalized For this resson it

expected that on the black, at
Iré?gtforsrrall 6, localization of nolecules
will be increased Indeed, In accord with the

larger differential heats of adsorption of hexare

(23) The somewhat greater (as compared witli graphite) azimuthal
disorder of the carbon platelets in the case of graphitized thermal
blacks and the greater distances between these platelets do not, ap-
parently, lead to significant complications in adsorption properties,
since the adsorption potential is determined mainly by the outer carbon
atoms of the basal plane of the graphite.1924

(24) N. N. Avgul, A. A. Isirikyan, A. V. Kiselev, I. A. Lygina and
D. P. Poshkus, lzvest. Akad. Nauk S.S.S.R., Dept. Chem. Sci., 1314
(1957); 1196 (1959).
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Fig. 5—Isotherms (left), differential heats (top right) and differential entropies (lower right) of adsorption of benzene
on Spheron 6 jblacks heated at 900°B (1), 1700°0(2), and 2800018 (3), and on graphitized thermal carbon, Sterling

MT-1 (31000)3(4).

a, jumole/m.2

Flg 6—Differential heats of adsorption of helium at
15°K.. (1) on Sterling FT (2700008 (2) on Graphon
black.ZZ The crossed circles are isosteric heats of adsorption.

ad berzere (Hos. 3 ad theentrowofadsorp
tion in the (gofsnal?
MT1(3

black is Ierrtmn on thermal bl
(H%4and5)

wﬂuameofsufacmrinmgemltylﬂlallyls

on the effect of adsorbate-adsorbate

mtera:tlorsz For this resson, adsorbates with

low interaction are of interest These induce

berzene.38B However, the heat of condernsation of

(25) For example, see T. L. Hill, P. H. Emmett and L. G. Joyner,
J. Am. Chem. Soc., 73, 5102 (1951).

berzemrral@smdnﬁ%%oftheheatofad-

cia interest The limiting case is helium the
heat of ion of which on itized carbon
black is about 350 cal./mole, B2 while the heat of

onisonly 25 cal./mole. 'I'huslheenergy
ofa(borbateaoborgate interaction probably cannot

@@eelecal/n?Lljtlel Thus in the case plhelng;
adsorption on a fully besal plare
raphite, the heat of ion should not pess
a perceptible maxinum The heats of
of the étmejﬂOf helI—ll'mzzopom) t;gaeu%%dard Gﬂaﬂum
i
have been srt%dled FH
giftlomhps ottgrreg in studiies O(I;flhe heats
adsorption ium as a function of coverage
on Sterling FT (2700°)%8 black and Graphon.Z
We have reduced the values given in these pajpers
to aunit surface kesis from aress determined
gtylhe BET nmethod, using nitrogen as the adsorb-
eB

(26) J. G. Aston and J. Greyson, J. Phys. Chem., 61, 610, 613 (1957).

(27) E. L. Pace and A. R. Siebert, ibid., 63, 1398 (1959); 64, 961
(1960).

(28) Inref. 26 and 27 it was pointed out that application of the BET
methodX to adsorption isotherms of very low-boiling substances leads
to anomalously high values of the area of graphitized blacks. The
cross-sectional areas per molecule of adsorbate in a dense monolayer
were determined here in the conventional manner from the density of
the appropriate liquid. Thus, in the case of the adsorption of helium,
with the value of oiniie = 15.4 A.2 determined from the density of the
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Despite the rather large
pomtsmFigav\edeanyseeﬁE@%nra'rem
metremlofmematsof ion on these two
greﬁql g raphitized thermal cartbon black

(2700°), the heat of adsorption of
helle is anor@qrratelyoorstant; thereforg, its
surface already is sufficiently How
ever, the heat of adsorption of heliumon
ddires with inoresse in ion This is
definite indication of residual i tyof
the suface.  In the cese of adsorbates that
play a nore substantial acbor‘oateaoborbate
traction on grgphitized themral carbon bla:k
the heat of ion nmust pess a mexi-
01 I "?ﬂ' Mb?/?te
on is, at lesst partially,
effect of surface inhomogereity, which reduces

the heat of adsorption with |m'easrgowerage
In the case of adsorption of and deute-

rium such compensation results in of adsorp

liquid, the BET method yielded approximately an area three times
greater than from adsorption of nitrogen at am\2 ~ 16-2 A.2. De-
spite the fact that in the case of helium the heat of adsorption on
graphitized black exceeds the heat of condensation by more than an
order of magnitude, it is hard to expect a very large compacting of the
monolayer. In this case it is worth applying the method we suggested
earlier (Zhur. Fiz. Khim., 34, 2817 (1960)) for evaluating the capacity
of the monolayer from the mean portion of sharp decline in the curve
of differential heat of adsorption in the transition from preferential
filling of the first layer to preferential filling of the second. From
Fig. 6 it will be seen that this decline for helium on graphitized black
occurs at about am = 10-11 /itmole/m.2 which corresponds to whiHe —
16 A.2 which is a value close to that determined from the density
of the liquid. Thus, the sharp fall in the curve of differential heat
of adsorption in the case of helium yields a correct indication of the
magnitude of the capacity of the monolayer.

Of great interest in this case is to ascertain why thé BET method
does not apply. The reasons may be associated both with inaccuracy
in determination of the shape of the adsorption isotherm and, possibly,
with peculiarities in the state of the helium under these conditions,
which may radically affect the adsorption equilibrium.
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tion on Graphon black nearly independent of

coverage.Z
Thus, for adsorption studies on the surface of
%%hteq which |sofgreat

the besal plane of
theoretical interest, 24
blacks graphitized at about 3000° and of the
possible areas. However, with the exoep-
tion of the initial portion (LptoO«O 2), the adsorp-
tion %tles of dael blacks, graphitized at
(Graphon), a'erathersmlartome
es of grgphitized thenal

In cae of the ion of nhexare
andbemere(ﬁg5) cunes of the
frgeratl of adsorption, dose tos = 0.3,

various tized blacks are practically the sane.

n'a@dp}syble the solution of many problens
involving sos of adsorption properties
of different with theoretical computa:
tions and the utilization In work

?éoenrrental
of graphitized danel blacks
thus greatly sinplifying rreasuerrmts
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From experimental (t]uantitie§ for graphitized thermal carbon blacks we have obtained and compared the isotherms of the
0

absolute magnitudes

adsorption, and differential heats and entropies of adsorption of n-hexane and benzene on the “basal

plane of graphite,” and also the corres?londlng standard differential quantities of free and total energy, heat and entropy of

adsorption and the extremal values of

e differential heats and entropies of adsorption.

All these properties are determined

solely by the nature of the adsorbate-adsorbent system and practically are free from the influence of surface inhomogeneity
of the solid. During filling of a monolayer, the heat of adsorption of n-hexane increases by 2, and benzene by 0.3 kcal./mole.

The latter value s associated with the considerably weaker adsorbate-adsorbate attractions of benzene.
adsorption isotherm of benzene is at first concave, and of hexane, convex to the pressure axes.
sorption isotherms of benzene, hexane and nitrogen is discussed in terms of various equations.

first approximation.

: 4 Equations taking into account adsorbate-adsorbate attractions yield better agreement.
ship is established between the constants of these equations and the constant of the BET equation.

Accordingly, the
A description of the ad-
The BET equation is only a
A relation-
.The adsorption of

benzene and n-hexane at 20° and of nitrogen at —195° on the “basal plane of graphite” is predominantly localized.

Introduction

In our previous studies on the adsorption ad

heats of ion of berrere and nhexane on
graphitized blacks,1-6 as well as in a sexies
of researches on the adsorption of the vapors of

varios I(J/\/LbOlO(IjllgI substances5-10 induding
chloricgl. al s P acctore and ether,BB it
hes been shown that ion on carbon blacks
itized near 3000°, in particular on thenTdl
acks with sl goedlfic surface, ore is dedling
with ion on a fully sufaxe
i.e., on the basal plane of grephite.
tios of the ion isothems of nitrogen on
varios saples of graphitized thermal carbon
blads carmied on in a nunber of laboratories479
have shown good agreerrent of the albsolute values
of adsorption (referved to unit surface).4  Thus,
these alosolute quantities represent physico-chen-
cal ocostants that drarecterize the system ad-
sorbate-besal plane of ite.
these corstarnts, such as the of ion at
low surface coverage, it hes been possible to find
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Avaul, A. Y. Kiselev and I. A. Lygina, Kolloid. Zhur., 23, 369 (1961);
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Chem., 59, 746, 754

good agreenent between theoretically derived and

expenimental values. 01317

There dso is hope of ete theoretical
conputation of ilibrial38® A
reduction |n1he|rﬂuanoe0f
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A Comparison of the Thermodynamic Adsorption
Properties of the Systems: Benzene-Graphite and
rt}gexane Graphite—The results of studies of

ion

carton blacks penmit conrparison of the adsorption
“Ii Sggrgrer&s su‘f(’f;;ae@’?I of grad1mzeg

imiting ti
bla:kue the besal plarne of ite. Houre 1
ate isotherms of the adsorption
|tselfand 50 of the differential heats and entropies
of adsorption as a function of s. are con
structed from the data of Tables 11-V of a ous
publication4 To eliminate the effect of w%
reity on the isotherms at low coverage, we took
ad\/antage of equations (Which will be corsicered

below) of adsorption isothenTs for a
surface, which give a good description of exqoeri-
mental isotherms for higher coverage, and
lated the isothem®s to zero coverace.
In FHg. 1 the salid lines denote adsorption isothenTs
corstructed on the besis of the best inental
data fromreference 4. These calaul isotherms
coircice Well with the exerinental, with the ex
ogption of the initial portion indicated by the
deshed lire In this range, the experimental
values of adsorption, in accord with the enbhanced
values of the initial heats of adsorption, exoeed the
computed values for a homogeneous surface due to
the residual surface inhonogeneity of carbontblack
pgr.qrgocrlg s ial of m‘l‘he i

rng initial portios expen-
nmental heats of adsorptiordare dsrﬁdad in Hg.
1 In 1he field of sall coverace, conmputed

ions of the adsorption isothermns are

doserto valuaofammgerm
FomHg 1wesea difference in the form
Oftrmsolferrra differential heats and entropies of
adsorption for nthexane and berzere. This is due

both to the greater of adsorbate-adsorbent
interaction in the cae of raleae (a6 = 05
the net heat of 1on of nhexane exoseds by a
factor of 2.3 the net of ion of berzere)

ad, inparticular, to the corsi e (inthe case of
nkmere)ardsllqt(nﬂecwecf ) adk
sorbate-adsorbate  interaction  With  incressing
6, the heat of adsorption of nhexare increases by
about 2 keal./mole, and thet of berzere by only
03 cal/mole. This the ion isotherm of
nhexare at first is cornvex while berwere is con
cae to the ads.  Accordingly, the
nagnlwbsof ies of ion indicate
afar when conpared with liguid) locali-
zation of nhexane molecules

iven in Hg 1

areohwldertonlymﬁeraure the adsorbate-
adsortent system and are practically free from the
gearetrical and dremical Inhomogereity
of the adsorbent  For this resson, they quanti-
tatively exoress the physico-chemical properties of
the systens. besal plare of graphite-gppropriate
adsorbate.  Of interest in this comnection are the
values of these physicochemical dharacteristics

at definite surface Table 1 gives the
standard values (@t 6 = 05) of the folloning
dharacteristics of the “besal plane of

systerrs
graphite’—nhexane and berzene—the differential
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Fig. 1—Adsorption isotherms (left), differential heats
(tot:.)| rlght ) and differential entropies of adsorption (bottom
right) for n-hexane (1) anc benzene (2) on graphitized
thermal carbon black, MT-1 (3100 ). The dashed portions
of the curves in the region of 'jmall s are extrapolated on the
basis of equation 2. L is the heat of condensation.

anntltlesoffreeemrgwfacborptim the total

acborptl (dAU o r?tQafmatA?f
on, A7 /da)° ~ —

the heats of adsorption Qf and the entropies of

adsoption ASE = (dASH and also the extrenel
valu&soflhedfferé'u e itudes of heat Qena)

ad of the entropy of ion Aani) near
6=1, ardﬁerreanrmlarvall,lsofmeentrow

As full a theoretical interpretation of these
ies as possible is desirdble. Fom FAg. 1it
Is seen that the values of heats of adsorptionat 6 =
05 (for /i-hexarne 12.6 ad for barzere 10.3 keal./
nole) are dose to the theoretically conputed
values2l of the potertial energy of ion as
shoan by the aosses in Hg 1 On the besis of
these computations of the potentlal mﬁm
of statistical to carry
outaoomoletetkea’etml calculation of the
berzere isotherm  This calaulation likewise led
to satisfactory results.®
Application, to Experimental Adsorption Iso-
therms, of Equations Approximately Taking into
Account Adsorbate-Adsorbate Interaction.—IN

(24) A. V. Kiselev, Vestnik Akad. Nauk S.S.S.R., N.10, 43 (1957).
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Tabile |

T hermodynamic Characteristics of the Adsorption Systems Graphite- ii-Hexane and Graphite-B enzene at 20°

Ap, AU **, Cav,
Adsorbate kcal./mole kcal./mole kcal./mole
n-Hexane -3.90 -5.00 12.60
Benzene -2.59 -2.15 10.30

Fig. 2—Adsorptioni sotherms of benzene (a), n-hexane (b)
and nitrogen (c) on graphitized thermal carbon black, MT-1
(3100°) (points) in BET equation coordinates. The heavy
lines are regions in which the BET equation is fulfilled; the
fine lines represent extrapolation of these regions of fulfill-
ment of the BET equation; the dashed lines are isotherms
computed from equation 2 and constructed in BET co-
ordinates.

dition to the theoretical
pirical descriptios of ion equilibria are of
interest inwhich only the formof the equa
tion of the isotherm is theoretically derived 2023
Let us corsider soe of these equations.

The isotherm equations which take into acocount
adsortate-adsorbate interactions induck the degree
Ofsmme—a/am:alam, a
is the measured (relative) adsorption (per uni
weight) and a = a/s is the abosolute adsorption
quantity computed per unit areg, While am and am
are the corresponding quantities of a derse nono-
layer capacity. Since am= I/oim, to findOfroma
we nmust know the gpedific surface s and the area
um oocupied by an adsortate nolecule in a darse
monolayer.

Usuaé?[, to determmire the areq, s use is medke of
the B equation3 derived for polynolecular
localized adsorption on ahonogeneous surface

91 - hy
A C[L- 01 -/»)]

ion, semi-em

Z@1 - h) h 1 c-1
C(1-z)o0Tz C + C h
(1)
inwhichh = p/pPBis the relative vapor pressure
and c is a corstant of equilibrium for adsorbate-
adsorbent interactions.  To  sinplify notation z
derotes 0 (L — h).  Adsorbate-adsorbate  inter-
actions on the surface were disregarded in the
derivation of this equation
| Aqorfgdlréglgzae%wjtofjnteractiominﬁeﬁrst
r ized adsorption on a honogeneous
sla)ﬁaoelemlstotheeqatiormz

(25) A. V. Kiselev and D. P. Poshkus, lIzvest. Akad. Nauk S.S.S.R.,
Dept. Chem. Soc., 590 (1958).

AS&®, Qaimax), AiSa(min), AEm,
e.u. kcal./mole e.u. e.u.
-3.8 13.2 -8.7 -3.1
-1.5 10.4 -1.2 1.9
9(i - hy
A - 02 - AN+ A -n )] -
z(1l- n) z{1- n) + ik ()

X, (1- z)(1+ kbz)Orn(l- z) 1
in which k.. is the corstant of the equilibrium for
adsorbate-adsorbent  interaction, and kn dar-
acterizes the relative role of adsorbate-adsortate
interactions. Equation 2 converts to (1) at Kn
0. The gppropnate equation for localized nmono-
nolecular adsorption®

h=A(1l- 0@ + kwo)or/i(l - 0) = KI + KIKn6

®3)

at Kn = 0 converts to the L ir equation
Hence, strictly speaking, ication of the BET
nmethod for determination of arl and s is possible
only for very strong adsorption (largek h small K n)
ona suface. In a previous publi-
cation4 we shoned that these conditions, in the
case of graphitized thermal carbon black; are nost
closely satisfied by adsorption of berzere. In
addition, a very prooeble value for the aoss
section area of a berzere nolecule is40 A.2  This
value is deterrined both from the dersity of the
liquid with account taken of the van der Waals
thickness of the nolecule, ad from the van der
Waals atomic radii with acocount taken of flat
orientation of bervere at the surface 45

In Ag 2a the ion isotherm of
bervere vapor on itized thermal carbon
black (fromthe dataof Table 3 inref. 4) isshoanin

coordinates of the linear form of the BET equation
This equation desaribes this isotherm only in the
Lrntgrval from b2:0.8, fﬁ:O.E)r4‘e to 0=1.1, /i;fol.:llz;
as may be seen from upper part o}
2a, inthe region of srall h the exerinental points
deviate from the straight ling, as h diminishes,
ﬁI’St upward ad m downward. Tl‘E C(]‘Stant
of e 'Iigf‘i%me_tg; I_108 istg?tained frolmgg
position strai irconthisggph  In
saeway, FHg 2b gives the adsorption isotherm of
nhexare (from data of Table V of ref. 4). The
BET equation describes this isotherm which hes
a convex initial portion, from 0«0.7, /;=0.002 to
?T:ell’ A=012, a0 cb%r.glses from 0.7 to 0.1,
experinental nts ate sharply upward
ad then ob/\rmalEgl Frally, Hg Zc)g/;iv&sﬁ‘e
sare corstruction for the on isotherm of
nitro%ﬁ (from data of Table 11, reference 4).
The BET equation describes this isotherm which
hes a convex initial portion, from0=04, fi=0.0003
SXpriTENE] BTy CEVEREs Lpars Guen e
i ates even nore
sharply than inte other cases.
Dewviation of experinental points from the BET
straight lire in the region of 0> 11 is assodated
(26) A. A. Isirikyan and A. V. Kiselev, Kolloid. Zhur., 23, 281
(1961).
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with the aporoxinete nature of 0
in the BET theory3 associated with the equality
of the constants of eguilibrium during formation
of multiple polynolecular conplexes.  Deviations
donnward of exoerinental points in the field of
sall 6 aredie to the influence of residLal i
neity, which increeses the initial heats of adsorp-
tion This leads to enhanced values of adsorption
at sell h (as conpared with adsorption onasnooth
surface of a besal plane of graphite for the sare
values of h).  The reason for deviatiors of
eqerimental isotherms from the straignt BET
lire for diminishing 6 from 0.7-0.1 and below is
adsorbate-adsorbate interactios in the first |
which are not taken into account in the Bl
theory. These deviations increase as we pess from
an isotherm initially concave to the axes,
i.e., berrzere, to isothens initially corvex, as with
nhexane and nitrogen, and are to an inorease
in adsorbate-adsorate attraction

For this reason in the case of adsorption on

tized carbon bladks of less
such as graphitized dadl  blacks

(Graphon), an increase in9 (and 2) in a broader
range of sall h leads to a better coincidence of
eqeerinental points on the straight BET lire
The isotherm for nitrogen on blacks of
nore surface is at first concavel5
and for this reason is better described by the BET
eguation (from /i«0 to h~0.15). This eguation
gives an even better description of the adsorption
isotherm of nitrogen on even nore hetero-
gereos surface of itized blacks ad
active carbos.2lZ However, in thee casss, the
mechanism of formation of the ion |
still is different from the assunptions of the BET
theory, becaLee at the nost active sites (in arads,
fire pores, and at points of partide contact) a
derser layer is forred, wheress at less active sites
this layer is nore tenuows.  Therefore, to quan
tities amobtained by the BET method for inhomo-
geneous Surfaces we camot, strictly  speaking,
attribute values of monolayer capecities, and the
gpproach should be cautios to the gquantities
s, a and 6 determined in this maner.  The sig
nificance of this conclusion2EB incresses with i
cressing ity of the adsorbent surface
It follons from the foregoing that the various eque-
tions for adsorption isotherns derived for homoge-
neous surfaces that still are meaningful in the case
of carbon blacks are gplicable only for graphitized

thermal blacks with low specific surface.

We al have pointed out that the deviation,
which is evident from the in the ugper
part of Hg. 2, of exqeri isotherrs from the

BET plot is assodated with manifestation of
adkorbate-adsorbate attraction ad is in accord
with increase in differential heat of ion with
increesing 9 (sse FHg 1).  For this reason, the BET
equation should e regarded only as a first gpproxi-
metion  The next approxinetion is given by
taking account of adsorbate-adsortbate interactions

(27) A. V. Kiselevand E. V. Khrapova, lzvest. Akad. Nauk S.S.S.R.,
Dept. Chdm. Sci., 389 (1958).

(28) A. A. Isirikyan, A. V. Kiselev and V. V. Kulichenko, “Proc.
of the Second Intern. Congr. on Surface Activity," Vol. 2, London,
1957, p. 199.
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Fig. 3.—Adsorption isotherm of benzene on graphitized
thermal carbon black, MT-1 (3100°) in the coordinates of
equation 2 for various cross-section areas of benzene.

in the first Ilayer Ieih equation 2 for localized
on  Intum, this equation is mete,
foritdmmttaleintommﬁemin
the mutual coordination of adsortate nolecules. D
However, in the region of not too large 6, this as-
&Exlon issufficiently justified
gure 3 gives the results of corstruction of an
expen isotherm of berzere in coordiretes
of linear form of on 2 This corstruction
requires the dhoice of a value of @g-6ad a de
termination of the degree of coverage 6 = a/am
from the values of adsorption a.®@ In Hg 3, this
corstruction is dore for several values of an@t-6
Eguation 2 entoraces the largest interval of ex
perimental isotherm (from 0«O.2 to 1) at
untH = 30.5A.2i.e., forthe probable value of this

quantity. _ _

Deviations of the exqerimental isotherm from
lirearity for large z (large h) are comrected with
ineoouracies of assunptions, the adsorbate-adsorto-
ate interactions being i of the nulti-
plicity of ees both. cdar to the
suface (the Bl on) ad alog it (as
surption of the present theory). D For this rea
son, the lirear region of the isotherm is of spedal
interest  The values of the constants of ion
2 K\ = 57adkn — 088 (Koki = 0.0155) are
obtained from Hg 3 at aiB+& = 395 A2 In
this case, Kn < 1, which is due to the concave
beginning of the isotherm as a result of relatively
weak adsorbate attraction®d (Hg, 1).
Upward deviations of the experimental 1sotherm

(29) The quantities a — a/s are computed in terms of the values
of 8 determined by the BET method from the isotherm of benzene vapor
at 20° and wnCsH« — 40 A.2 which are close to the values of 8 deter-
mined by this method from the portion of the nitrogen isotherm
at —195° in the interval h, 0.0003 to 0.09 for = 162 A.2 We
consider more justified the determination of the magnitude s required
for computation of 9 by the BET method from the adsorption isotherm
of benz#ne vapor at wrCeHa — 40 A.2
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Fig. 4—The adsorption isotherm of n-hexane on graphi-
tized thermal carbon black, MT-1 (3100°) in coordinates of
equation 2 (left) and equation (61 (right) for various cross-
section areas of n-hexane.

e.
Fig. 5—The adsorBtion isotherm of nitrogen on graphi-
tized thermal carbon black, MT-1 (3100°) in coordinates of
equation 3 (left) and equation 5 (right) for various cross-
sectional areas of nitrogen.

in Hg. 3 for srell h (srEll 2) are due to the i
fluence of resioual inhomogereity that in
creases the quantities
d - m , e
Vi —2Jitaz0 | h

It is interesting to conpare equation 2 with the
BET 'on?%. In the upper part of Ag 23,
the initial portion of the adsorption isotherm of
berzere vapor fromeguation2 at K x =
57 ad kn = 0.88 (dashed cune) is constructed
in linear coordinates of the BET equation The
fire sdlid lire shons the continuation of linearity
of the isotherms in these coordinates in the region
of loner h (see the loner part of Hg 28). Hom
the ugper part of Hg. 2a it is seen that even awneak
adsorbate-adsorate  attraction in the cese of
bervere adsorption on a honogereous  surface
L Tt e asn 0 o

m rom strai ig
i.e., at srall h, in@ﬂ?i&re;tim of loner 6, which is
in good agreerrent wi experimental isotherm
Isotherm (2) in BET coordirates at h = 0O leads
to alimitingvalue
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0.0175, whence = h 57
the adsorbate-adsorbent constant of equilibrium
in accord with the linear graph of equation 2 in
Hg 3 (at i@ = 395 A2. FHom this, as we
have seen, it also followns that

DXL 23>0 240

© h-ro, 220
= Ki = 57
h-*0
Snce in the region of srall d equation 2 gives a
better dacnre%n of the eqoerinental isotherm

than the BET equation, 0Kt = 57, as

with cbet = 108, is a better imation to the
true adsorbate-adsorbent  equilibrium  constant
(the “Henry corstant”) in the system bernzene-
basal plane of graphite.

The relatiorship between the costant Goet
and the corstants of equation 2, K\ and K n, may ke
established by taking of the fact that
at large 6 ad h the differences in the adsorption
mechanism in the first layer are no longer of Im
portance.  Since inthe derivation of our ion 2
the sare mechanism of polymolecular ion
wes taken as in the BET . both the BET
Sher i 8 regdors of lreg 6 arei . - iocecl from

in jon of large 6 ho 1 rom
() itfollo/\s%
h 1+ (Ki —h —KJU1l- 2
z Ki {’
a linear onh, since at h —
1lad h/z —»1ﬂjlustasinmemofme
equation 1 For this reason, we can equate
eqressios for h from (1) ad (2) at the upper
limth = 1ladz = 1, whenceitfollons that
coet = th(l + kn) 4

In the case of adsorption of berzerne on graphite
Ki = 57, kn = 088, whernce from (4) coet =
107 in accorcance with the limiting value of the
quantity

1z
BET

iirwii " +
atz= landh = linHg 3
In ref. 22 an att wes nede to desaribe the

adsorption isotherms C02 and NHSat —79° on

such carbon blacks with the aid of approximeate

ions of nono- and pol ecular localized

ion 3 ad (2), ad the gppropriate Hill
equationsdfor nonHlocalized adsorption

=wrrT)ep[db - A ]Ja

rrj +Ilnul-e)=Inki + k2o (5

ad
h= 01 - nhy
AL - 91 - A exp
h-g(l(ﬁ.-h)h) Ke{i - /)] (6)
or
R N

(30) T. L. Hill, J. Chem. Phys., 14, 441 (1946).
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where the corstant K2 = 2a2bR T daracterizes
adsorbate-adsorbate interactions and a2 and
are costants of a two-dinersional equation of
state of the van der Waals' It wes fourd
that the isotherm of CO2is described by
equation 3 for localized adsorption, and the i1so-
therm of NH3 by ion 6 for nonlocalized
adsorption132 In the cae of adsomtim of
bervere, the fulfillment of equation 6 for non
localized adsorption isworse,

Haure 4 shows the application of approxinete
equations of the isothems of localized and non
localized adsorption for describing adsorption on
the graphitized thermal black MT-1 (3100°) of
nhexare at 20°. The adsorption isotherm of n-
hexare at 20° is described better by eguation 2
for polyrrolecular localized adsorption than by the

iate e%‘gtion of Hill (6 for norocalized

on over which ion 2
is fulfilled increases with a slight increese In ancH
Thus, at ot = 51 A.24equation 2 is fulfilled
in the interval 6 from0.2 to 0.7, and at ungHu =
S A2it is fulfilled in the interval 9 from 0.2 to
08 At ancdd], = 54 A.2 the constants of eque
tion2are Ki = 2I0adkn = 67. Here the
a(borbateaoborbent interaction constant K\ is
exceedingly large and the adsortate-adsorbate m
teraction corstant K n relatively small (Krvki =

0. 032), it still is than unity, V\hCth-
r‘es%gt ming of the adsorption
|soﬂ'mn0fn-h@<anem ite.
In ref. 4 and 21 it wes pointed out that the first
wave of the isotherm of nitrogen at —195° on
in good agreerent

g"%htlzed ﬁ’emal black is
by equation 3 for

rmmm)lecul Iocalzed adsorpt Thi
ar i on Is equa
tion takes into approxinate account the adsorbate-
adsorbate interactions.  In Hg 5 the first wave
of the adsorption isotherm of nitrogen on the besal
planeof%rachte is given in linear coordinates of
equation 3 for various values of the area oooupied
the ni nolecule in the derse nonolayer.
Hg. 5 1t is seen that this equation enraces
ﬁ‘eh’oadstisoﬁﬂ’mregim (up to h = 00025,
= 93 Yole/m2at an2= 18 A.2 Ki = 900,
8 (Kn/Ki = 0.0089). Inthe cae of aiN=
2 A2 the results are somewhat worse It is
ﬁgemmelam N2 cross-section conforns
to the form ad localization on the besal

5?

plare of graphite of the di-atomic ni nole-
ade (Seeadw ref 31 ad 32). ition, ae
must keep In mind the imate nature of

equation 3, which should reflect in the region of
large 9, where account is reguired of the neture of
the mutual coordination of adsorbate nolecules.
llfli’ﬁmﬁ SEE)?IansseenMﬁlJloglnzgatofme

ion rmonol nonHlocalized acsorp-
tlon%ftvmrse Allma?ersotrenﬂlnﬂemterval
up to 6~ 0.8 is dotained only at wilNe= 138 A.2
e., pparently at too srall avalue of wiiNg

(31) W. C. Walker and A. C. Zettlemoyer, J. Phys> Chem., 57, 182
(1953).

(32) A. A. Isirikyan and A. V. Kiselev, Zhur. Fiz. Khim 34, 2817
(1960).
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Thus, the adsorption of n-hexane and benzene
at 20° and nitrogen at - 195° on the “basal plane
of graphite” is predominantly localized.3 We
already have pointed out the approximate nature of
equations 2 and 3 in the region of large . In
the future, they must 1c refined by taking into
account the character of mutual coordination of
adsorbate molecules on the surface. However,
subsequent development apparently will proceed
by treating the problem of adsorption equilibrium,
taking account of adsorbate-adsorbate interaction
by the more general methods of statistical thermo-
dynamics.

For the given values of the constants, equations
2 and 3 are at any rate good interpolation formulas
for constructing appropriate adsorption isotherms.
The isotherms of n-hexane and benzene, which have
been computed from equation 2 for the above-
mentioned values of the constants um, ki and « a
over a broad region of s, coincide with the experi-
mental values, and only at small ¢ are they lower
(see Fig. 1). Since the residual surface inhomoge-
neity exerts practically r.o effect on the quantities
computed from (2), the quantities thus computed
in the region of small ¢ are closer to the true values
of adsorption on the basal plane of graphite. We
therefore list these values in Table Il up to the
values of ¢ at which there is no longer a perceptible
difference between the values of adsorption com-

puted from (2) and given in Tables II, 111 and V in
ref. 4.
Tabte |l
Data for Construction OS Adsorption Isotherms of
the Vapors of Nitrogen at — 195° and Benzene and N-
Hexane at 20° on the “Basal Plane of Graphite” for
Small 6
For higher 9, see these data in Tables II, 11l and V ref. 4

Nitrogen at —195° Benzene at 20° n-Hexane at 20°
= 18 A (n%s 05 A* (:m%_
KiUiNQD,Kn=28 Al =5/, kn = 088 Ki = ,Kr?4:A

jumole/ fimole/ ;umole/

P/Po m.2 P/Po m.* P/Po mu
0.0000444 0.50 0.00035 0.084 0.000183 0.15
.0000723 1.00 .00071 A7 .000319 31
.0000937 1.50 .00178 42 .000417 46
.0001124  2.00 .00272 .63 .000512 .62

Acknowledgment.—The authors wish to thank
Dr. W. R. Smith and Professor R. A. Beebe for
their interest in these studies and Dr. W. R. Smith
for his assistance in preparing our manuscript for
publication.

Correction—In paper | of this series (3. Phys. Chem,,
65, 601 (1961)) the first entry in column 4 of Table VI
should be 13.18 instead of 13.8.

(33) Localization of a molecule of n-hexane on the basal plane of
graphite is enhanced by the possibility of the CHU and CH2 groups
getting into the energetically most advantageous positions over the
centers of carbon hexagons in the basal plane of graphite.6 There is
no cuch possibility for the flat benzene molecule. In this case, energy
barriers along the surface (which contribute to localization) probably
arise from the very large energy of adsorption of the entire molecule.
The slight retardations of each OH group combine and apparently
cause a sufficient retardation of the entire benzene molecule.

umiflHaurijfl nunntnfntrft/

fHttII'U Il ««lun
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THE DISTRIBUTION OF SULFURIC ACID BETWEEN WATER AND
KEROSENE SOLUTIONS OF TRI-rc-OCTYLAMINE AND
TRI-n-HEXYLAMINE1

&J M P.J.VerstegenZand J.A.A.KetelaarS

Laboratory for General and Inorganic Chemistry of the University of Amsterdam, Amsterdam, Holland

Received M ay S, 1961

In this paper a description is given of the distribution of sulfuric acid between water and a kerosene solution with tri-r?--
octylamine or tri-n-hexylamine. Assuming ideality in the organic phase no evidence could be obtained that the law of
mass action underlies the fundamental processes. Assuming aggregatlon of the amine salt to a micelle of constant activity
a qualitative agreement is found and the empirical formula x . = amso,[amine]*seems to be of general interest, the power
n changing at inflection points in the titration curves of the weak base anion-exchanger. In the range of acidities where no
free amine exists a treatment based on mixed crystal equilibrium betweeen amine sulfate and amine bisulfate leads to re-

sults which are much the same for both amines.
mole fraction of the amine bisulfate describes the system.

Introduction

In a ios artidebit was shoan that the
distribution of sulfuric acid between water ad
bervere solutios of tn-nocgllamne (TOA) or
tri<chexylamicie (THA be besed on the
forrmtimofﬂ”esjfata (TOAHSCh or (THAH)2
S04
mlef it V\esmamned ﬂg;gl”e mmertme rationstrig

organic were to activities

law of ness action gave a satisfactory description
of the results, until a certain amire sulfate concen:
tration wes reached and deviations cooured The
results were in reesoreble agreenent with those
given by Allen6 who eqdaired the deviations as
being due to aggregation of the amire salt to
m?e"g}e% study it is shown that the

n it is

Lng‘elsat the distribution show rems\lkproC
abledfferemesmmeberzenels replaced by
kerosere.

Experimental

The commercial products TOA aod THA are distilled at
1-2 mm. The boiling points are 182-186° and 118-121°,
respectively. During the distillation of TOA the forerun
solidifies in the collector. This is probably di-n-octylamine.
The molecular weight of the main raction of TOA (boiling
range < 2°) is determined by means of potentiometric titra-
tion with standard perchloric acid in a benzene-water-alco-
hol medium. It is found to be 351.6. Assuming that the
impurity is di-n-octylamine, this value is in agreement with
a percentage of 98.6% TOA. The molecular weight of the
main fraction of THA is determined as being 278.5. No
attempts were made to investigate if the iso-derivatives were
present. In all distribution measurements once-distilled
amines were used.

Samples of both THA and TOA were exposed to the labora-
tory atmosphere for three days. No change in weight could
be observed and potentiometric titration with standard per-
chloric acid in a benzene-alcohol-water medium before and
after exposure did not show any significant difference.

Ten ml. of a0.098 m amine solution in kerosene,7modified

(1) The work, described in this article, forms part of the program of
RCN (Reactor Centrum Nederland), The Hague. The experimental
results have been obtained in the Laboratory for General and Inor-
ganic Chemistry of the University of Amsterdam.

(2) Institutt for A tomenergi, Postboks 175, Lillestrom, Norway.

(3) Laboratory for Electrochemistry, University of Amsterdam.

4 J. M.P. J. Verstegen and J. A. A. Ketelaar, Trans. Faraday
Soc., 57, 1527 (1961).

(5) K. A. Allen, J. Phys. Chern., 60, 239 (1956).

(6) K, A. Allen, ibid., 60, 943 (1956).

(7) The kerosene used in our experiments was furnished by the
Amsterdamsche Chininefabriek. *Some physical'and chemicarproper-
ties are: s.w.Mat 24°) = 0.778;" refractory index nZ&d 1431 b0|I|ng
range 195-240°, aromates <0.5'%. ’ 9 j* A*v* «

An empirical formula « » = (1/oheso)(V2(1 — X))nwith x as the

with 4 vol. % n-octyl alcohol to prevent third phase forma-
tion, were brought into contact with the same volume of
aqueous phases containing known amounts of sulfuric acid
(Ci)

We did not find the anomalous behavior which was re-
ported by Allen and McDowell8for the case of uranium ex-
traction. To the aqueous phases, which were brought into
contact with the kerosene solution of THA, 0.33 m NaXz04
was added to prevent dissolution of the formed (THAH)2
S04in the aqueous phase.

Equilibrium was achieved by means of centrifugal stirring
for 1 minute. Thirty minutes after equilibration the layers
were separated and the acid content of the water layer (Cf)
was determined by means of potentiometric titration using
either 0.1 m or 0.02 m NaOH. To verify the material
balance in some cases the organic loading cswas determined
by stripping the acid from the kerosene Fhases with sodium
hydroxide and titrating back the excess alkali

It was found that

C,=Ci- Cf

within 1%. From this it might be concluded that the change
in volumena is small (unless the changes in the volumena
during both extractions compensated each other). Indeed
no change in volumena could be detected by measurement
after equilibration. From the neutralization curves of the
aqueous phases no evidence could be obtained that amine
sulfate dissolves in the aqueous phases, if, in the THA case,
the salting out agent NaZS04was added. All experiments
were performed at 20 + 2°.

Results

If it is assured that the reaction between
amine and sulfuric acid taking place at the inter-
face is analogous to the reaction between -HS04
and NH3 we may write

2TOA '+ HB04  (TOAH)B04 @)
ad

2THA + HX304ZZZ (THAH)S04  (la)
At hi adidities the ilibria could be
et o e
(TOAH)B04 + HB04 yZ: 2(TOAH)HS04 (2)

(THAH)S04+ HB04yz!: 2(THAH)HS04 (2a)
If it is assured that the concentratiors in the

organic pheses are equal to the activities we could
wite for the equilibriumoorstants of eq. 1,1a
1(TOAH)S04
0 [TOApamso w

ad

(8) K. A. Allenand W. J. McDowell, J. Phys. Chem., 64, 877 (1960).
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with brackets denoting activities and anso, = 47+3
Ci\

The sulfuric acid activity which hes to be sub-
stituted in equation 3 is the activity of the add in
a pue solution  Values of the nean
ionic nolal activity ooefficient can be foud
in Harmed and Onen9 Mblarities Ci are dotained
from or eqerinents ad as nolarities ad
rrdalltlesobmtcifferverymm in our rage of

ae oorbired with  y=+.

all expressed
in (mo ie/l 3y mﬁﬁmmjm

v aHS 4= 159 ft ci mole/l.
The sulfuric add activity in equation 3a is the
activity in the presenoe of 0.33 M sodium sulfate.
Hamed and several othersio13 calculated from
emf. messurenents the activity ooeffidents of
sulfuric acid in the presence of several alkali
sulfates m2s04.

The reactiors (1, la) predominate at low acidi-
ties (¢{ < 003 m). Thus the formation of
(THAH)Z04 according to eq la coours at about
corstant ionic The nean ionic nolal
activity ccefficient is taken as y+ = 0.22. Reac
tion 2a predomiretes in a range of acicities where
the activity ooeffident danges from y+ = 0.21
to7+ = 0.12.

2TOA is introduced as the total tri-n-octyl-
amre content, erther in the sulfate, the bisulfate
or the free amire foom In or case 2T0A =
0.098 nole/l. Whenwe plot vdmso,  Co/STOA
advs. QJ 2THA, respectively, the Hgs. 1ad la
arefound

Allers shoned that the cune he dotained when
wsinga 01 m solution of TOA in berzere shoned
resenblance to the titration cunve of a weak bese

anionexchange resin In our case, the behavior
of TOA is somewhat nore corplicated él?g D,
shoning a second neutralization step,
at an activity “aiusoi ™ 14 X 10-1 nole/l
The first neutralization starts at an activity
o/rHsoa N 30 X 10-3 noie’ll. The THA ane
(FHg la) shons ae neutralization step starting
at VaLsi™ ~ 9 X 10~-4nole/l

From our results m evidence could be dotained
that K ¢ and K & given in equations (2,29) are cony
stants. Thus, the law of mess action is not fol-
loned and the processes oocurring must ke ex
plained onanother besis.  If it is assured that the
amire sulfates withdraw from the unckr
fomation of a micelle with corstant activity we
rrayrearrarge(ZZa)as

= [TOAj2ohisoi 4

A* = [THAbdHISOI (4a)
However, when log a’/'nmeo, is plotted vs. log [TOA]

(9) H. S. Harned and B. B. Owen, “The Physical Chemistry of
Electrolytic Solutions,” New York, N. Y., 1943.

(10) H. S. Harned and G. Akerlof, Physik. Z, 27, 411 (1926).

(11) H. S. Harned and R. D. Sturgis, J. Am, Chem. Soc., 47, 945
(1925).

(12) G. Akerlof, ibid.. 48, 1160 (1926).

£13) M. Randall and C. T. Langford, ibid., 49, 1447 (1927).
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Co/ZTOA.
Fig. 1L.—Anion-exchange nitration curve for TOA.

Co/STHA.

ig. la.—Anion-exchange titration curve for THA in the pres-

ence of a salting-out agent (Na.S. « ).

and Iog_HgleAl respectively, Hgs. 2 and 2a are

is a qualitative between
both these figures but the straight lines dotained
never correspord to aslope
which might be expected if ios 4 ad 4a
V\erefollc?/\ed In the range of low acidities the

slope dbtained inHg. 2|sfomdas
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Fig. 2a.—Free amine concentration [THA] vs. vV amsos
dlog [TOA] _
d log a'/sgys0,
corresponding to an empirical constant
K» = amso,[TOA]® )
with the numerical value
K; = 75 X 1072 (mole/1.)12
In the range of high acidities the slope is found to
be equal to —2/,, according to an empirical constant
K; = amsos [TOA]* = 24 X 10~ (mole/1.)" (8)
In Fig. 2a the slope at low acidities is difficult to
estimate and only can be given as

d log [THA]
d log a‘/tzso‘

-1/3 (6)

[1/12] < < |1/8] (6a)

or
Kéa = aHzSO([THA]n
with 24 < n < 36.

At high acidities it is found that the slope is equal
to —1/s, or

(7a)

Ks* = amso,[THA]S (8a)

with
K =15 X 1079 (mole/1.)?

The changes in 7 in the formula Ki = (1,50,
[amine]” take place at the activity at which the
neutralization step in the titration curves (Fig. 1,1a)
starts. The readers attention might be drawn to
the fact that the empirical formulas given in 7, 7a,
8 and 8a show a qualitative agreement with the
results obtained from the distribution of H,SO, be-
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Fig. 3.—X2/(1 — X) vs. \a/amsm for TOA.
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Fig. 3a.—X2%/(1 — X) vs. Vamso, for THA,

tween water and a 0.100 M solution of TOA in
benzene at 65°.4

The deviations from the Figs. 2 and 2a must be
ascribed to the first formation of bisulfate. These
deviations start at [THA] < 0.030 M/ and at [TOA]
< 0.020 M, in agreement with the greater basicity
of THA, which was found previously.4 In the
range of acidities where the equilibria mentioned
under 2 and 2a are predominant another treat-
ment must be chosen.
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Allen6 already pointed out that it might be as-
sured that the nonral amine sulfate and the amine
bisulfate form a conpletely miscible ideal solution,
which is aralogous to the i1deal solid solution of the

of a solid ion excanger. In that
caee the activities of the resin spedies can be repre-

sented by their nole fractionx .
The equilibrium corstants k. and K a of the equi-
libria2 and 2acanbe given as
. X ATOAHHI
AT LASOX (TS0 ©
with
o (TOAH)HSQ4
XTOAHHRY = X = (TOAH)HS04+ 2(TOAH)S04
(10)
ad
\/(TON’DZSM: 1 X G:)
and the sane relations exist for THA.
Qur K Xcanbewrittennowas
Ax = 1 V2
o X 1- x ©

Plotting a/iLsoi vs. X2(1 —A) for the TOA ad
the THA respectively, we fird the Hgs. 3
ad 3a Is again a qualitative agrearent,
but the form of the TOA Hg. 3 is somewhat nore
conplicated, in agreerent with the nore conpli-
cated titration cuwe (Fg 1. InHg 3 the part
at lowacidities corresponds to asloge

X2

_d log, _ vy

Hirsg 5Pison
inagrearent with an enirical corstant

(12
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Ki = “Fos\1 — X/ (23)
ad

Ki = 30.5 (mole/1.)-3
at highaciditieswe finrdaslgoe

d log 1- X 2X

d log a;Hso. = (14)
corresponding to

= rpa U - X (19)
with the nurerical value

Kb = 11.4 (mole/1.)-3
In the THA case (Hg. 3a) only the slope 6 is fourd
correspording to

(13a)

with the nunrerical value
X4 = 557C (mole/1-)-3

Discussion

From the exeriments and the results described
above o itative conclusions can be drann
ottty L 15 Grerd eroch s vehcity:
certai o c validi

The gnly codusion which might be daAnt¥s
that the trarsition points in Hg. 2, 2a and 3 aor-

to inflection points in titration cunes
o T greet AMorSs I 16 processes Lntr
more great in jprocesses
lying the distribution when berzere is replaced
by kerosere as the solvert

THE HEAT OF FUSION OF FERRIC

CHLORIDE

By Charles M. Cook, Jr.

Pigments Department, E. I. du Pont de Nemours & Co., Inc., Wilmington. Delaware
Received June 9, 1961

Pressures of Fe.Clfg) above solutions of FeCfi in FeZCI6(I) were measured in the range 300-470°.
= 4857 —1255log T — 63737, where Ai7507(Fe2CI6 vap.) =
=248+ 10 e.u/mole FeLls The boiling point is estimated to be 315°.

that above liquid ferric chloride log PAculmm.) =
0.5 kcal./mole FeiCfi, A&oVFeiCh vap.) =

These data indicate
146 +

The heat of fusion was measured by a drop calorlmeter and found to be Afl/soVFeCh fusion) = 9.0 + 0.4 kcal./mole FeCI3

Introduction

The currently acceptedlab value of the heat of
\m]’lzatlbc(n]”tl, 1204 é(fclal /rrgle F%Zﬁllla Ogt the
aooepted ing point of liquid ferric chloride, 319°,

rom nessurerents by Stimerman2 of
ﬁ‘e_total []_ES.I’E within a closed bulb containing
ferric dilorice at tenperatures up to 493°.  This
thermodynamic value wes calculated without cor-
recting the obsenved total pressures for the sig

(1) (a) “Selected Values of Chemical Thermodynamic Properties,’5
Circular 500, National Bureau of Standards (1952); (b) O. Kubaschew-
ski and E. Evans, “Metallurgical Thermochemistry,” 2nd Ed., John
Wiley and Sons, New York, N. Y., 1956.

(2) E. Stirnemann, Neues Jahrh. Mineral. Geol. u. Palaontol., 52A.
334 (1925).

nificant partial pressure of CI2 present along with
the FeZd inthe above the ferric
cHondaBG( Wﬁ dhlorire
correction to Stlrnermm’s data is discussed belowy
and the heat of vaporization of FeZIQ]) is re
calculated

Experimental

Vapor Pressure.—Ferric ehloride-ferrous chloride mix-
tures were contained in a ca. 13-cc. cylindrical Pyrex sample

(3 W. Kangro and E. Petersen, Z. anorg. Chem., 261, 157 (1950),
corrected Stirnemann’s pressures for PFeCla and for Pci>- The latter
calculation, however, contained the assumption that «eCig = 1,
which is invalid for Stirnemann’s experiments above the FeCh-FeCh
eutectic temperature because of the solubility of FeCls in molten FezCls.
See H. Schéfer, z. anorg. u. allgem. Chem., 266, 269 (1951).
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bulb sealed to a sickle gage. Bulb and gage were placed
within a close-fi'ting 3/4 in. i.d. X 12 in. L brass sleeve
closed at the bulb end by a brass plate. That end of the
sleeve containing the inlet tube to the outside shell of the
sickle gage was packed with Pyrex wool. The bulb-gage-
sleeve assembly was inside a vertical pressure tube of 1 in.
i.d., 1/4 in. wall stainless steel pipe heated with a uniform
external winding of resistance wire covered with 3/4 in. of
asbestos insulation. A Chromel-Alumel thermocouple was
bgough;c t;chrough the brass sleeve endplato to a thermowoll in
the bulb.

The sickle giage was used as a null-point pressure indi-
cator, external pressure to balance the bulb pressure being
supplied from an argon cylinder, and pressure balance being
signified by the closing of an electrical circuit through Pt
contacts at the pointers of the gage. The pressure within
the system was read, in the interval 0-2.4 atm., from a Hg
manometer attached to the pressure manifold. Pressures
beyond this range were read from a 0-100 p.s.i.g. Ashcroft

age.

gBefore sample preparation the bulb was baked in Cl2at
300°. Ferric chloride, prepared by reacting 1.5 g. of Fe
wire with Matheson “ oxygen-free” Cl2 was sublimed in CI2
into the bulb. A weighed amount of ferrous chloride, pre-
viously prepared_by distillation at 950° in HCL1 of crude Fe-
Cl2from Fe and HC1, was added to the ferric chloride. The
bulb was evacuated, heated to 200°, back-filled with approxi-
mately 1/2 atm. of argon, sealed off, and assembled In the
pressure tube.

Pressures measured during the first heat-up drifted slowly
with time, presumably because of reaction of FeCI3with HD
in the Pyrex.  This effect was limited to the initial few
measurements, after which the pressure measured for a
given temperature was stable over long periods of time and
independent of the direction of approach.

The observed pressures were taken to be the sum of PReOi,
PfQs pch and pirertt The PfQdj was considered to be
negligible.lb  Pen, calculated from equilibrium 2, was small
at the FeCl2 concentrations employed. The inert gas con-
tribution was evaluated from measurements at 200-250°
where the Pen and PFejci« contributions were small and ac-
curately known. The gas law was employed to estimate
Pirert at higher temperatures; for the run with initial
XGj = 0.26, Pinert = 1-37P mm.; for that with initial
Yfocii = 0.52, Pirert = 1.42Pmm.

Heat of Fusion.—A Vycor ampoule, 1.5cm. d. X ca. 7 cm.
1, was sealed to a vertical tube and dried at 300° under
vacuum. Ferric chloride, prepared by chlorination of Fe
wire (Baker Analyzed, Reagent), was sublimed in Cl2into
the vertical tube. When this tube was heated in an oven to
310°, the ferric chloride melted and ran into the ampoule.
The connection between ampoule and tube then was drawn
to about 1 mm. d., and the molten FeZCl6 cooled to room
temperature over a period of about 30 min. under 1 atm.
Cl2  Finally, tae system was closed, the CI2 pressure
reduced to ca. 90 mm., and the ampoule sealed off at the con-
striction.

The sample wa3 suspended by a fine wire within a chamber
in a 12 in. furnace constructed of 3/4 in. d. streamline Cu
tubing externally wound with Nichrome ribbon and insulated
with 3/4 in. of asbestos. The chamber was 5 in. X 5ain. d.
Cu tubing silver soldered in the middle of the furnace and
with removable brass top and bottom end plates. The
furnace ends were plugged with asbestos during sample heat-

p.

When the sample temperature, measured by a Chromel-
Alumel thermocouple in the central well of the ampoule, was
constant the lower asbestos plug and the bottom end plate
were removed. The furnace was swung over the calorim-
eter, and the sample dropped. The furnace was quickly
removed and the calorimeter closed.

The calorimeter was a one-liter Dewar flask containing
800 cc. of water. A Beckmann thermometer, a stirrer and a
test-tube extended through a cork into the water. The sam-
ple was caught in the test-tube, which was cushioned on the
bottom with Pyrex wool and which contained 20 cc. of sili-
cone oil to assist heat transfer. The water equivalent of this
calorimeter assembly was measured by observing the tem-
perature rise per watt-min. passed through a resistor inside
the calorimeter.

At the completion of the calorimetric measurements the
FeCh-containing ampoule was weighed, broken and dropped
under an inert atmosphere into previously-boiled water.

Cook, Jr.
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The ferric chloride was titrated for FeCl2with KMnCh, in
the presence of the Zimmermann-Reinhardt reagent. De-
spite the precaution of maintaining a Cl2atmosphere during
sample preparation the FeCl3samples contained 0.005-0.02
atoms Fe(Il) per atom Fe(l11). The broken ampoule was
reweighed to determine the total ferric chloride present.

To obtain 'he heat content/mole FeCl3 the observed total
heat content must be corrected for the heat contained by
(a) the Vycor ampoule, (b) the 0.5-2 mole % FeCl2in the
sample and (e) reversal of reaction 2. Correction (c) can be
shown to be negligible, while correction (b) comes to about
1%. Correction (a) comes to as much as 50% at the lower
temperatures. Five drops of an empty Vycor ampoule in
the range 230-380° were fitted to + 1% by

Cp(Vycor) = 0.10 + 2.39 X 104 T (°K.) cal./°C. g. Vycor

The experimentally observed heat contents on any one
sample scatter by about 3% . There is an approximately
5% difference between the heat content measured for Fe-
Cl3c) and the probably more accurate values of Todd and
Coughlin.8 This apparent systematic error may be due to
error in the large Vycor correction term; if so it will have
little effect upon the measured heat of fusion. The heat
contents of BI in Pyrex determined at two temperatures in
an apparatus similar to this were found to agree with the
published da'alb to 1%.

Discussion
Stimemann’s Pressure Temperature Data.—
Chlorine pressures by the equilibrium
2FeCl3c) = 2FeClZc) + ClZg) 1)
betvween 162 and 302°46 fit, with standard deviar
tions< 0.19, the eqoression

InFWatm.) = 22514 - 14327/7 - 0ACR1) dT -

TL L AG(,)iT/T] /BT

where ACR1) = -12.4 - 0.00432T + 920000/P2
cal/nole °C.7 This eqression indicates that
4472 eu,

AIfZBA1) = 2846 kcal, ASRBAD =
;Q:alagm with the values AHI\g\eS)fZ 217%
. ASAB = 461 eu, predi rom
km/\npg*eensz%f formation and entropies of the

reactants. 1810
Above solutios of FeCI2 in FeZf(l) Pen is
determined by
FeXlgl) = 2FeCIZl) + CIZg) @)
The free and thus the equilibrium
e a1 e
Tt es
ofﬁsimofmeimd*lorgcg
Between 297.5-405° the solubility of FeCl2 in
FeZCIgl) 1lobeys the relation
In XFech = 1-288 - 155277 3)
ison of this solubility with the ideal solu-
tion solubility calculated from APT(FeCI2 fusion)

(4) H. Schafer and E. Oehler, Z. anorg. u. allgem. Chem., 271, 206
(1953).

(5) O. E. Ringwald, Doctoral Dissertation, Princeton University,
1949.

(6) L. E. Wihon and N. W. Gregory, J. Phys. Chem., 62, 433 (1958).

(7) Cp values are from K. K. Kelley, ‘“Contributions to the Data
on Theoretical Metallurgy. XI111,” Bulletin 584, U. S. Bureau of
Mines, 1960.

(8) S. S. Todd and J. P. Coughlin, 3. Am. Chem. Soc., 73, 4184
(1951).

(9 M. F. Koehler and J. P. Coughlin, J. Phys. Chem., 63, 605
(1959).

(10) K. K. Kelley and G. E. Moore, J. Am. Chem. Soc., 65, 1264
(1943).

(11) H. Schafer and L. Bayer, Z. anorg. u. allgem. Chem., 271, 338
(1957).
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indicates that the activity cceffident of FeCI2 in
its saturated solution inliouid FeXJ6is

In 7FeCh = 3.297 - 2963T-1
with the standard state ed FeCIq]).

A sealed vessel initially dnarged with FeCl3wiill
cotain FeCl2 in anmount  proportional to Pd-

(4)

The ionality constart, r, degpends upon
vessl volure and initial FeCl3content; for Stime-
mann's experimental system r can be expected to

beintterange8 > r > 0.

Pci, correctios to the total pressure data of
Stimemann were calculated for arbitrary r's from
the K eq of reaction 2, the TreChexression (4), ad

E%glrg 7. = unity  The resulti a[)IEt
vapor equations, given in e
1, show that, al meaalajagedkeatofva-

porization varies with the value dsen for r,
Stimemam's data indicate AP  [15 keal/
nole FeXCI6

Table |

FeZXll6 Pressures Calculated from Stirnemann’s Data
and Expressed as In FFelcii(atm.)/A'FeC« = A + BT~1

Assumed Calcd.
r vnCl! A B Allvap, keal.
85 0.90- .. 12.14 -7386 14.7
75 .90-0.64 12.15 -7247 14.8
50 .91- .76 12.62 -7856 15.6
30 .93- .80 14.52 -9372 18.6

FeXCI3 Pressure above FeCl2 Solutions—Total
pressures were neasured above ferric dhlorice solu
tiors initially containing X fd, — 0-26 and above
solutions saturated with FeCl2  Equilibrium (2)
indicates Pci2above the formrer solution to ke only
ca. 6% of FFeede and AEQ. to be stabilized at
0.72-0.75; the determiration of preicu from the
total pressure data is correspondingly sinplified
Values of Inprescisixrescie ave been calculated for
the AER (initial) = 0.26 data and are presented
asthegpendrdesin Hg 1 These values, made
lirear in T~1 by correction for the ACP between
geseous and liquid ferric chloride 2 are fitted by

In PFRjCIVA FsCke + AM5807 ~ N~ —

- 25dT1/T7~/RT = 12519 - 7365.3/T

with standard deviation, s = 0.024.13

_Incressing atecn from 0.26-0.28 to the satura:

tion concentration brings about a relatively sall

cecrease in the messured py~cusnencys>-  This

%m\ntyto xFecn IMBKES it probeble }hat at
terperatures 7rezic IS Not strongly con

centration dependent and approximates  unity. 4

(12) For liquid ferric chloride Cp *= 32 cal./mole FeCla °C.8 For
FexCle(g) Kelley7 has estimated Cp = 34 cal./mole Fe:Cle °C. How-
ever, for many metal chloride vapors the heat capacity at 500°K.
approaches the theoretical limit expected with full excitation of the
vibrational modes. For FeaCle this Lmiting Cp — 22R 44 cal./
mole °C. A ACp between vapor and liquid ferric chloride of —25
cal./mole FezCle °C. was used in the heat capacity correction term of
Fig. 1 and equation 5.

(13) Those half-shaded data points for which
included in this least squares calculation.

(14) For example, at 435° the observed difference in in PFezCla/
AFe2CU between the data at -X>eCl- = 0.28 and at saturation is ~0.17.
Presuming this difference to result from a concentration dependence

T r

®

> 0.00168 were
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Fig. 1—Vapor pressures above FeZXlg(i) solutions of
FeCfi: O, -XFeCL = 0.25-C.28; ©, XfoCL = saturated
solution; < pure solid ferrie Floride.

In addition, at the FeCk nelting point the vapor
F&re calculated from the sublination equation6
og P@ecit(hm) = 15111 — 7142/t, fits dosely
the eﬁglmantal PFejci.xFescu cune.  This im
plies that at 580.7°K. and XreCh = 0.25, 7F€2i.
uni

— unity.
If Trede is assued unity over the experinental
tenperature range, equation 5 can be rearitten
In P°Fejcisatm.) = 12519 - 736537 + 25(T - 580.7 -
T in T/580.71//S77 (6)
or, altermatively,
log F°£,j4,(mm.) = 4857 - 12551log T -
For vaporization of FcZ«
= 146 + C5 kcal./mole FeXCl6
ASGor = 24.8 +1.0 kcal./mole FeZXCI6
with the estinate of error stenring largely from
uncertainty in the 7F&6 ion The indi-
cated boiling point is 315¢c b
ths Fert ooriert of fomc SO X
content c chlorice upon tenpera
ture is plotted in Hg 2. Partial melting of the
okservedg betnween the

63737  (7)

sarple is FeC~FeCU
eutectic 297.5° 11 ad the melting
point. The of fusion of FeCl3is found to be

9 + 04 kcal/nole FeCI3 The heat content
data above the nelting point indicate Go (1/2
Fe%;lg(l)) = D cal/nole °C.

of FeXI6
above sdlid ferric chlor.de36 indicates AHRY =
329 * 0.2 kcal./mole Fe2d6-  If the heat of fusion

of TFesCle in the familiar form In 7Fe2ClI6 = —ff(XFeCh)22, then,
since saturation XFeCk > 042, /S < —3.4 and 2016 — 0.9 for
weCb = 0.28.

(15)
the Common Metallic Chlorides and a Static Method for High Tem-
peratures," Technical Paper 360, U, S. Bureau of Mines, 1925.

This b.p. also was found by C. G. Maier, ‘‘Vapor Pressures of
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Fig. 2.—Relative enthalpies of ferric chloride: O, sample 1; O, sample 2
is9 £ 04 keal./mole FeCI3 the heat of vaporization  rived from Stimemanmn's data and with the en

shoid be Aingp

= 149 + 0.8 kcal/nole FeXd6 thalpy of veporization calculated from the vapor

This is in agreement with the Table | value de=  pressure equation 6.

A SEARCH FOR HYDROGEN-DEUTERIUM EXCHANGE ON CLEAN
GERMANIUM SURFACES1
ByD.Shooter and H.E.Farnsworth

Barus Physics Laboratory, Brown University, Providence, R. I.
Received June 9, 1961

An attempt has been made to measure hydrogen-deuterium exchange on (100) surfaces of a germanium crystal cleaned by
outgassing in vacuo and by argon ion bombardment. Tests for the reaction also were made on sputtered films. No activity
was found for either type of surface. The lower observable limits of the activity were 1013 molecules cm.-2 sec.-1 for the

crystal and5 X 10u molecules cm.-2 sec.-1 for the film.

It is concluded that the lack of activity cannot be due to contamina-

tion of the surface. A comparison is made between this result and other published results for hydrogen-deuterium exchange

on germanium.

Introduction
Several workersZ23have reported on the activity

of gemanium for the hyd rium ex
dae reaction This is of interest becase
nmolecular does not adsorb to any nessur-

adle extent, al atomic hydrogen hes been
found to adsorb on gemanium46  Since this re-

(1) This work was supported by the U. S. Army Signal Corps.

(2) (@ K. Tamara and M. Boudart, Advances in Catalysis, 9, 699
(1957); (b) G. K, Boreskov and V. L. Kuchaev, Doklady Akad. Nauk.
S.S.S.R., 119, 302 (1958).

(3) Y. L. Sandler and M. Gazith, J. Phys. Chem.., 63, 1095 (1959).

(4) P. Handler and W. Portnoy, Phys. Rev., 116, 516 (1959).

(5) M. Green and K. H, Maxwell, J. Phys. and Chem. Solids, 11,
195 (1959).

action oocurs via dhemisorption on the surface, it
suggests that the reaction may ooour on a Sirell
nuer of active centers, possibly defects in the
suface. The purpose of this work wes to messure
the reaction under carefully controlled conditions
onsurfaces deared in highvacuum
BExqperinmental

Apparatus.—A detailed description of the apparatus is

given elsewhere.® It consists of a reaction chamber isolated

(6) H. E. Farnsworth, R. E. Sehlier and J. A. Dillon, Jr., “Solid
State Physics in Electronics and Telecommunications, Academic Press,
New York, N. Y., 1960, p. 602.

(7) D. Shooter and H. E. Farnsworth, J. Phys. and Chem. Solids,
(in press).
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from the rest of the system by three metal vacuum valves
and liquid nitrogen traps. The three valves connect the
reaction chamber to the main pumping line, the gas storage
line and to the omegatron mass spectrometer8 which is
used for analysis of gas mixtures. A ground glass valve sepa-
rates the two compartments of the reaction chamber, as
shown in Fig. 1. The crystal is cleaned in the lower com-
partment, transferred to the upper compartment, and iso-
lated by closing the glass valve with externally operated
magnetic controls. The reaction rate then can be measured
in the absence of any other materials which might contribute
to the activity.

Preparation and Cleaning of the (100) Germanium Crystal.
—The single crystal catalyst, with its major surfaces cut
parallel to (100) planes, had a resistivity of 56 ohms cm. (p
type) at 296°K., and an impurity concentration of 3.3 X
102emu*. Itwascuttoa“T” shapeso thatit would hang
in the upper crystal support and had a surface area of 4
cm.2. Before placing it in the reaction chamber it was
mechanically polished and given a mild etch for 2 min. ina
modified CP-4 solution.9 Instead of initiating the etching
action by bromine, the solution was heated to 30°. The
crystal then was rinsed with distilled water, washed with
48% hydrofluoric acid and rinsed with distilled water again,
before allowing it to come into contact with the atmosphere.

After baking the reaction chamber and outgassing the
metal parts, pressures of about 10“9 mm. were obtained.
To remove contamination, the crystal was subjected to
alternate treatments of outgassing at red heat and argon
ion bombardment.D Standard conditions of ion bombard-
ment were 200 /»amp. at 500 volts, for 10 min, on each of
the two major faces of the crystal. At the conclusion of the
experiments, the crystal had received 170 hr. of outgassing
at red heat and 120 min. of ion bombardment.

Preparation of the Sputtered Germanium Film.—A film
of germanium was sputtered onto glass in a slightly modified
reaction chamber. The crystal, which was fixed in the
bottom compartment, was cleaned in the same manner as
before. It first was outgassed for 48 hr. at red heat, and
given preliminary ion bombardment for 1 hr. which sputtered
an extensive film on the walls of the cleaning compartment.
A small piece of Pyrex plate, magnetically controlled, then
was lowered from the top compartment. The crystal was
sputtered under the usual ion bombardment conditions, each
side of the glass plate being exposed for 10 min. This Pyrex
plate then was raised into the top compartment and the
glass valve was closed. A second film later was sputtered
on top of the first film. The geometrical area of the sput-
tered film was about 6 cm.2 and it was opaque.

Results and Discussion

The germanium crystal was examined periodically
for activity during the cleaning process. Two
experimental runs were carried out with the re-
action chamber at a temperature of 170°. Meas-
urements were attempted on the surface imme-
diately after ion bombardment and after annealing,
but no activity was found. A sputtered film was
prepared because the high activity previously re-
ported was observed on this type of surface. No
activity was observed at room temperature on the
sputtered film.

Because of the diffusion of the gas mixture
through the glass valve a lower limit is placed on
the observable activity.7 This result is given
in Table | together with the published results of
other workers. The value obtained for polycrystal-
line nickel in the same apparatus is included for
comparison.

Except for the results of Sandler and Gazith,
the activities quoted in Table | are too low to ob-
serve in the present apparatus and in this sense

(8) D. Alpertand R. S. Buritz, J. Awl. Phys., 26, 202 (1054).

(9) J. A. Dillon, Jr., and H. E. Farnsworth, ibid., 28, 174 (1957).

(10) H. E. Farnsworth, R. E. Sciilier, T. H. George and R. M. Bur-
ger, ibid., 29, 1150 (1958).
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Fig. 1.— Reaction chamber: M, magnetic controls; GV,
glass valve C, catalyst E, electron gun; A and B, upper
and lower catalyst supports, respectively. Inset shows
detail of catalyst support.

Table |

Activity Measurements of Hydrogen-D euterium Ex-

change
km, E,
nolecules, keal.
cn"2sec.~1 nole 1
Present work
(100) single crystal 293°K. <1 X 101
Sputtered film 293°K.° <5 X 101
Sandler and Gazith
Sputtered film 293°K.1 1.1 X 10D 1.6
Boreskov and Kuchaev®
Crushed sample 573°K. 1.8 X 104 17

Above result extrapolated to 293°K. 1.2 X 10s 17
Tamaru and Boudart2*

Film 575°K.C 4.7 X 101
Solid polycrystalline nickel7 8.8 X 10B

“ Calculated value, assuming a B.E.T. area of twenty times
the geometrical area as found by Sandler and Gazith.3
6 Calculated value, using B.E.T. area. cThis film was pre-
pared by decomposition of GeHj in reaction chamber filled
with glass wool; B.E.T. area was 2.65 X 104cm.2

confirm the negative result of our experiment.ll
It appears that the activity observed by Sandler
and Gazith is not an intrinsic property of germa-
nium, nor even of a sputtered germanium film.
They suggest that their activity is connected with
defects in the surface or possibly with metallic
impurities associated with defects such as disloca-
tions. Our Results show that suitable active
centers are not produced by ion bombardment of
germanium. This is in contrast to the results of

(11) It may be noted that Eley, si al., Trans. Faraday Soc., 54, 394
(1958) have observed an appreciable reaction on glass at 300° through

which we have no evidence to suggest that the results of Boreskov
and Kuchaev, Tamaru and Boudarv were influenced in this manner.
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ethylene hydrogenation on nickel,2where ion bom-
bardment of the surface produced large changes of
activity. If the activity is associated with im-
purity atoms, then it is difficult to decide whether
the impurities are producing active centers by
modification of the electronic properties of ger-
manium or simply because they are active materials
on an inert germanium substrate.

A further difficulty is the magnitude of the
activity observed by Sandler and Gazith as com-
pared to the activity of nickel. Experiments with
a piece of nickel, having the same dimensions as the
germanium, in this apparatus7 gave a very high
value for the activity, as was expected. The dif-
ference between the activities was at least four
orders of magnitude. Sandler and Gazith con-
clude by comparison with results of Singleton13
that the activities of germanium and nickel are
comparable in magnitude. There is good evi-
dence that for this reaction the number of active
centers on nickel is comparable with the number of
surface atoms.74 However, on germanium the
number of active centers must be much smaller.
Since the measured activation energies are about
the same one also would expect the rate of con-
version to be lower on germanium than on nickel.

In view of the lack of activity, tests were made
to check for possible contamination of the surface.
The findings are given below.

(@) Preparation of the Clean Surface.—The
cumulative treatments given to this crystal were
170 hr. of heating and 120 min. of ion bombardment
with 500 e.v. ions, at a current density of 100
Mamp. cm."2 Electron diffraction1016 and elec-
trical measurementsl67 have proved that such
treatments will produce a surface which remains
free of contamination in high vacuum for several
days. Much shorter cleaning treatments will
produce a clean surface initially, but this becomes
contaminated by diffusion from the interior of the
crystal. After initial ion bombardment, even
a surface exposed to oxygen can be regenerated
simply by heating to 500°.1517 This is ample
proof that a clean surface was obtained for the
crystal. The films were sputtered from a cleaned
crystal, exposing a large area of fresh germanium,
so that the amount of initial contamination must
have been small.

(b) Contamination from the Residual Ambient.
—-Possible contaminants in a high vacuum system
after baking and outgassing are 02 CO and N2
The average pressure between reaction runs was

(12) J. Tuul and Il. E. Farnsworth, J. Am. Chem S 0c83, 2247
(1961).

(13) J. H, Singleton, J. Phys, Chem, 60, 1606 (1956),

(14) O.Beeck, A. E. Smith and A. Wheeler, Proc. Roy. Soc. (London),
A177, 62 (1940).

(15) R. E. Schlier and H. E. Farnsworth, J. Chem Phys., 30, 917
(1959).

(16) J. A. Dillon, Jr., and H. E. Farnsworth, J. Appl. Phys., 28, 174
(1957).

(17) P. Handler, “ Semiconductor Surface Physics,” University of
Pennsylvania Press, Philadelphia, Pa., 1957, p. 23.
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10"8 mm., which was due mostly to argon gas.
Sputtered germanium on the walls of the reaction
chamber also would getter active contaminants
and had a much larger area than the crystal.
An investigation of the rate of adsorption on a
tungsten filament made by the flash filament
techniqueB indicated that the pressure of ad-
sorbable gases in the system (02+ CO + N2 was
below 10-10 mm. Mass 32 has not been observed
in the omegatron; this result is consistent with the
finding that residual oxygen is converted into CO
by the hot filament.18 The main constituent
in the residual ambient is mass 28. This indi-
cates that the partial pressure of oxygen is below
5 X 10-u mm.

The only one of these gases which adsorbs on
germanium to a measureable extent is oxygen.6
In agreement with the value calculated from kinetic
theory, Farnsworth, et al.,0 have found that an
exposure (pressure X time) of 2.4 X 10"6 mm.
min. is required to form a monolayer on german-
ium. Even if only a small fraction of the surface
is active and this part is covered first, it is not
possible to reconcile the lack of activity with con-
tamination from the residual ambient.

(c) Contamination from the Gases Used.—=
The absolute magnitude of impurities in the gases
used is higher than that to be found in the residual
vacuum. The hydrogen (99.99% H2 and argon
(99.999% A) used in these experiments were mass
spectrographically pure. Deuterium was less pure
(average 99.66% D2 and contained HD and DD.
Analysis of the hydrogen and deuterium in the
omegatron showed that both contained an impurity
of mass 28. It was concluded that this impurity
is nitrogen.7 No mass 32 was found. It also
was concluded in the earlier work7 that these gases
produced no contamination of a nickel surface.
Therefore contamination of germanium, which is
much less reactive, is extremely unlikely.

Conclusion

The lack of activity found in the present work
is not due to contamination, nor to the method of
surface preparation. It is concluded that the
activity of germanium for hydrogen-deuterium
exchange (if any) is too low to measure with the
present apparatus. The high activity reported
by Sandler and Gazith3 does not appear to be an
intrinsic property of germanium and may be a
consequence of the mode of preparation.

N ote Added in Proof.—Bennett and Tompkins recently
have reported results of hydrogen adsorption on germanium
films (paper presented at the 2nd International Vacuum
Congress, Washington, D.C., October 1961). They found
no measurable adsorption of molecular hydrogen below
195°K. and only about 2% coverage at 273°K., explainable
on the basis of activation energy (16.6 keal. mole-1) re-
quired for adsorption. Since hydrogen-deuterium exchange
proceeds via adsorption and desorption, these results sup-

port the work of Boreskov and Kuchaev2 and the findings
of this paper.

(18) R. E. Schlier, J. Appl. Phys., 29, 1162 (1958).
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DETERMINATION OF THE DISSOCIATION EQUILIBRIA
OF WATER BY A CONDUCTANCE METHOD

By H. C. Duecker and W. Haller

National Bureau of Standards, Washington, D. C.
Received June 21, 1961

Electrical conductivity measurements have been made at various temperatures on electrophoretically purified water

with varying impurity content.

The temperature coefficients of conduction are determined at 18 and 25° for each fraction.

An expression is derived for the activation energy of conduction of very dilute aqueous solutions as a function of electrical
conductivity. Upon substitution of the calculated activation energies of conduction into this expression, the theoretical
conductivity of pure water is calculated to be 0.0373 X 10~6 ohm-1 cm.-1 at 18°, a value 3% lower than predicted by

Kohlrausch 60 years ago.

The dissociation constants for water calculated from this value, the equivalent conductance of

the ions and the density, however, agree with those determined from the e.m.f. of galvanic cells.

Introduction

Since postulation of the theory of ionic dissocia-
tion by Arrheniuslin 1887, many workers have
been engaged in the quantitative description of the
dissociation equilibria of chemical compounds.
Very early efforts were devoted to the study of the
substance, water, because of its importance to the
physical sciences and its unique role as a mineral
and life-supporting liquid, rather than because of
experimental convenience.

It appeared rather tempting to exploit the most
apparent property of an ion, its capacity to carry
electrical charge, for the determination of ionic
concentration. Yet, in the case of water, the direct
determination of hydrogen and hydroxyl ion con-
centration by electrical conductivity measurements
is complicated by the very small degree of dissocia-
tion, which yields approximately one ion pair for
each 109water molecules. This means that a rea-
sonable degree of accuracy may be obtained only if
impurity ions are reduced to a comparably low
level. In 1894, Kohlrausch and Heydweiller2 re-
ported the electrical conductivity of water which
they had purified by 36 vacuum distillations in glass
equipment which had been leached with water for
ten years. From this data and known values of the
equivalent ionic conductances, they estimated the
concentration of the hydrogen and hydroxyl ions to
be 0.8 X 10-7 equivalent per liter at 18°. The
conductivity method for determination of the dis-
sociation constant has not since been used because
of the difficulty in preparing and maintaining water
of ultra-low-conductivity. Today’s best accepted
values are from methods which do not necessitate
the preparation of ultra pure water, such as the
measurement of the electrical potential of cells.
This method was used as early as 1893 by Ost-
wald3 and Arrhenius,4 contemporaries of Kohl-
rausch, but was not perfected until the 1930’s by
Harned and co-workers.6

In a previous publication,6 the authors of the
present paper described an electrophoretic purifica-
tion procedure capable of producing and maintaining

(1) S. Arrhenius, Z. physik. chem., 1, 631 (1887).

(2) F. Kohlrausch and A. Heydweiller, wied. ANn., 53, 209 (1894);
Z. physik. Chem., 14, 317 (1894).

(3) W. Ostwald, ibid., 11, 521 (1893).

(4) S. Arrhenius, ibid., 11, 805 (1893).

(5) For a review of this work see H. S. Harned and B. B. Owen,
Chem. Revs., 25, 31 (1939).

(6) W. Haller and H. c. Duecker, 3. Research Natl. Bur. Standards,
64A, 527 (1960).

ultra-low-conductivity water having a residual ionic
impurity content of only one-third of the minimum
previously reported in the literature. Because this
more closely approaches the ideal purity, and in
view of the fact that better supporting electrochem-
ical data with confirmed accuracy are available
today, the authors were convinced that a repetition
of the conductance method would help verify the
presently accepted values of the fundamental elec-
trochemical properties of the water-substance.

Kohlrausch and Heydweiller measured the elec-
trical conductivity of water fractions of varying
purity around 18° and presented their data by the
use of a linear equation of the form, dk/dT = a +
hk, where dk/dT is the temperature dependence of
the conductivity and a and b are constants. From
the temperature dependence of the equivalent con-
ductivities of the H+ and OH- ions and from the
heat of neutralization of strong acids and bases,
they further predicted a value for the temperature
dependence of conductivity for pure water. Sub-
stituting this value into the above empirical equa-
tion they arrived at a value for the theoretical con-
ductivity of pure water. In evaluating their data
the authors of this present paper did not use Kohl-
rausch and Heydweiller's empirical extrapolation
procedure but derived a different method on theo-
retical grounds.

Theoretical

The conductivity, k, of an ion may be expressed
as the product of its equivalent conductance, and
its concentration, x. Upon consideration of the
temperature coefficients of conductivity and the
thermodynamic law for the distribution of energies,
one can show that the activation energy for the
conduction of the ion, &, is given by the relation

KE ~ T xB @
where \E is the minimum thermal energy the ion
must have in order to participate in the conduc-
tivity process and XE the energy required for disso-
ciation per equivalent ion formed.

Now the total conductivity of the pure substance
water is equal to the sum of the conductivities of
the HY + and OH- ions. By use of similar ther-
modynamic considerations it can be shown that the
total activation energy of conduction for pure water,
KEw, is given by the weighted energies of conduction
of the ions, i.e.

IE, = Ay, Wb + & @
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where kEoh is the activation energy for the conduc-
tion of the OH- ion and is that for the H +
ion.

Upon adding n impurity ions to the water, the
relationship for the total activation energy of con-
duction is still of the same form, i.e.

kE = fcEoH + ~ rEn + KE, + jj kE; + - ®3)
In this general case, /q, fcj, etc., change with k since
(k—kw) = K + kj H--—--- thus making it difficult
to get a simple expressmn for KE in terms of k or
1/k.

It can, however, be shown that for a number of
special situations the relation of KE is linear with
respect to 1/Kk, viz., (a) water contaminated with one
neutral electrolyte; (b) water contaminated with
n ionic impurities where the ratio of the conductiv-
ities of the impurity ions remains constant through-
out the purification process, i.e., ki = ak, = ..
etc. (This relation might be expected to apply to
any of a series of water samples taken from different
stages of the purification of any solution if the
efficiency of the purification process is the same for
all ions present), (c) If the activation energy of
conductivity of each of the impurities is equal (or
nearly so) as would be expected with fully disso-
ciated substances.7 In this case the activation
energy -would increase linearly with 1/k regardless
of the relative concentrations of the impurities at a
given conductivity.

The data obtained in our experiments give a
linear relation between 1/k and the apparent acti-
vation energy of conduction. We do not know
which of the discussed situations (if any) exist in our
experiments but have treated the data on the merits
of its own indicated linearity by use of the relations
discussed here.

The derived equations for the above situations are
of the form

iE = j (KkEw- E') + E°' 4
where E' is the intercept of the activation energy
axis at 1/k = 0. The conductivity of pure water,
kw, can be evaluated from this equation if we have
data for KE as a linear function of 1/k, since avail-
able values fcr the equivalent conductance of the
H3+ and OH- ions and the temperature depend-
ence of the ionization constant of water can be
used to determine KEW and E' can be determined
from the experimental data.

Experimental

An apparatus capable of producing ultra-low-conductivity
water by means of electrophoretic ion exclusion has been
described by the authors in an earlier paper.6 In the ap-
paratus, an ion-containing solution is recirculated in a
closed system through an electric field of 1000 v./cm. main-
tained between two ion-selective membranes, the cations of
the liquid being attracted to the cathode and separated while
the anions are separated at the anode. Conductivity meas-
urements in a carefully calibrated conductivity cell at the
exit of the purification cell indicate that the ionic impurity
content can be reduced to about 0.001 parts per million,
considerably below the ionic content calculated for the best
conductivity previously reported. The reader is referred to
the earlier paper for details of the design and operation of the

@) S. Glasstone “An Introduction to Electrochemistry,”
Nostrand Co., Inc., New York, N. Y., 1942, p. 62.
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apparatus as well as for the calibration of the conductivity
cell.

The apparatus is equipped with a cooling jacket in order
to control the temperature of the circulating water and
measure the conductivity as a function of the temperature.
In practice, conductivity measurements are made at 0.5° in-
tervals in the range between 12 and 30°. The probable error
in the absolute conductivity values obtained at a given
temperature is +0.7%.

On the basis of equation 4, the theoretical conductivity
of purest water, k,, at a given temperature can be deter-
mined if we have values for the total apparent activation
energy of conduction as a function of conductivity (ionic
impurity content). Therefore, it was necessary to make
conductivity vs. temperature measurements on samples of
water with various constant impurity content.

In order to maintain a given impurity content long enough
for the conductivity measurements to be made at various
temperatures, it was necessary that the rate of ion removal be
identical with the small but measurable influx of impurity
ions into the water compartment. Since this contamina-
tion rate was not controlled or altered easily, we obtained
the impurity balance by varying the efficiency of the appara-
tus.

It has been pointed out in the earlier paper that the limit-
ing conductivity of the water obtained with the apparatus is
independent of the operating voltage above 1000 v./cm.
However, the minimum obtainable conductivity is depend-
ent on the operating voltage if less than 1000 v./cm. Thus,
by operating the apparatus at voltages less than this value,
we were able to produce and maintain water with stable con-
ductivities higher than the apparatus normally produces.
Starting with distilled water with a conductivity of about
1 0 ohm-1cm.-1, we were able to obtain water with stable
conductivities between 0.17 and 0.06 (10-6 ohm-1 cm.-1) at
25.0°, by applying voltages between 200 and 1000 v./cm.

In order to make sure the purity of the water did not
change during the conductivity measurements, the conduc-
tivities were measured during an increase in temperature as
well as during the drop to the initial temperature (or vice
versa). We accepted only those experiments in which the
initial and final conductivities agreed within 0.5%. Al-
though it generally was not difficult to get the required
agreement, the procedure always was used since it was in-
dicative of a constant ion content at a particular tempera-
ture of measurement.

Results and Discussion

Representative plots from which the inverse tem-
perature coefficients, d In kjd (1/T), were obtained
are shown in Fig. 1, along with a typical plot of the
same type from the data of Kohlrausch and Heyd-
weiller. It should be pointed out that our data
are not linear and that the inverse temperature co-
efficient is inversely related to the temperature.
This is expected since the calculated inverse tem-
perature coefficients for pure water have the same
property. The non-linearity of the curves is great
enough to be detected on reasonably large plots of
the data. Since the variability of the data is rea-
sonably small, and the difference in the slopes be-
tween 18 and 25° is almost 5%, the data merited a
treatment other than that assuming a linear rela-
tion. It was found that the curves fitted a quad-
ratic equation of the typelnk = A + BT + CT2
The values for A, B and C at each purity level are
given in Table I. The slopes of the curves were ob-
tained by differentiation of the quadratic equation
for each purity level since, d Ink/dT = (1/k) (dk/dT)
= B + 2CT. The activation energies of con-
duction for each purity level were obtained by
multiplying these slopes by RT2 These activation
energies then were plotted against 1/k at 18 and 25°
as suggested by equation 4 and shown in Fig. 2.
(A comparative plot of the calculated activation
energies from the data of Kohlrausch and Heyd-
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Table |
Analysis of Conductivity Data
-isG -25°
------- for equation,----------==------ kE, K, kE
nk=A+ BT+ CI2 19“60hm-1 cal,/  10-eohm"“l cal./
Experiment B cm.-1 17k equiv. cm.-1 17k equiv.
B4 —48.26141 25.35728 -3.392861 0.0410 24.39 9431 0.0597 16.75 9051
A2 —46.58938 24.26751 -3.214316 .0415 24.10 9346 .0603 16.58 9006
c2 -46.83571 24.46040 -3.250011 .0421 23.75 9321 .0610 16.39 8971
B5 -46.48676 24.23743 -3.214246 .0422 23.70 9296 .0611 16.37 8954
Al -45.07485 23.34557 -3.071331 .0433 23.09 9195 .0625 16.00 8883
A3 -44.97743 23.31544 -3.071642 .0437 22.88 9144 .0630 15.87 8830
A4 -41.00420 20.95585 -2.714301 .0498 20.08 8673 .0705 14.18 8424
A5 -36.96784 18.57394 -2.355102 .0577 17.33 8184 .0801 12.48 8000

Fig. 1.— Conductivity of water of various purities as a function of 1/T:

«. data of Kohlrausch and Heydweiller; O, data

from present study.

weiller at 18° also is given). Since the data were
linear over the conductivity range tested, the least
mean squares line was determined and extrapolated
to icE = kEw, the calculated apparent activation
energy of conduction for pure water.

The value of kEw can be calculated from equa-
tion 1if we have values for X and xFw. Because
the dissociation energy of water is a molal energy
and the concentration, X, isexpressed inequiv./cm.3
a correction must be applied for the expansion of
water. If & = p'm, where m is the molal concen-
tration and p' is the weight of 10~3 cm.3water, it
can be shown that

XE = RT2 + RT2-*Tm - ,-E + mE

The molal dissociation energy nE can be obtained
from measurements of the rr.olal heat of neutraliza-

tion of acids and bases. Harned and Owen, how-
ever, point out a number of uncertainties inherent
in the data on the heats of neutralization.8 In
view of these uncertainties and our above definition
of mE, we have chosen to use values calculated
from the temperature dependence of the dissocia-
tion constant, Kw, as given by Harned and Owen.9
Now Kv, = (mH+) (raoH-),
Vi»,andr 12(d INm/sdT) =

RT2(d INK,VizdT)

(imh+) = (?«oh-) =

Therefore, since the relation given by Harned and
Owen is

(8) H. S. Harned and B. B. Owen, “The Physical Chemistry of Elec-

trolytic Solutions,” Reinhold Publ. Corp., New York, N. Y., 1943, pp.
239-241.
19) Ref. 8, p. 492.
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Fig. 2.—Actual dependence of electrolyte concentration
(in terms of 1/k) on the activation energy of conductivity
of residual impurities in electrophoretieally purified water:
O, values calculated at 25°; O, values calculated at 18°
(0, values determined from the data of Kohlrausch and
Heydweiller at 18°).

logk , = 35.3944 - 0.0085302" -
5242.39

11.8261 log T T

E = RT2dIng'VA = 119942 - 11.7492' - 0.0195162'2
Using this expression we get nE = 6922 cal./
equiv. at 18° and 6755 cal./equiv. at 25°.

The values of PE are determined from tables of
density as a function of temperature to be —45
cal./equiv. at 25° and —31 cal./equiv. at 18°.
Thus, the resultant values of X used in this paper
are 6710 cal./equiv. at 25° and 6891 cal./equiv. at
18°.

In order to get the apparent activation energy of
mobility, we need accurate data for the equivalent
conductance and its temperature dependence since

d In Xw li'pi (Va
2~dT~ P ,1AwdT

Unfortunately, the values of Aoh (and hence of
Xw) are not known well enough over any sizable
temperature range to calculate dAWdT accurately.
Thus, the energy, \EW was determined in two dif-
ferent manners and the average of these values was
used to calculate kEw. In one approximation, it
was assumed that Xw is a linear function of tem-
perature between 18 and 25° and dXwdT was de-
termined from the difference of the equivalent con-
ductances at these two temperatures, since the
equivalent conductances are known more accurately
at these temperatures. Using this value of dAw/dT

XFw= RT

H. C. Duecker and W. Haller
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and the values of Xw given in Table Il, \EWwas
calculated to be 2935 and 2743 cal. equiv.-1 at 18
and 25,° respectively. In another approximation
of \EW an equation was found to fit the available
values of the equivalent conductances from the
literature® at 10, 18, 25 and 100° (even though
there is considerable disagreement on the values for
Aoh). The values used were 419, 488.5, 548.1 and
1080 ohm-1 cm.2 equiv.-1 at the respective tem-
peratures. Differentiation of the logarithmic form
of the equation gave d In Xwd T from which \EW
was calculated to be 2972 and 2706 cal. equiv.-1 at
18 and 25°, respectively. The average of the above
values for \EWat 18° is 2954 cal. equiv.-1 while at 25°
the average is 2725 cal. equiv.-1. The uncertainty
of these values is not known but is likely to be as
large as + 100 cal.

Table Il

Values Used in this Paper for the Various Properties
of Pure Water

Temperature, °C.
18 25

1 Kw 0.579 X IO"* 1.008 X 10"
2 XWA (= m) 0.761 X 101.004 X 10“ equiv.

I00u g. water
3 lov (= p) U. 998595 0.997044 g./cm.3
4 Xnh 315.5 349.8 ohm-1 cm.2equiv.-1
5 XoH 173 198.3 ohm-1 cm.2equiv.-1
6 Xw — Xh + XOH 488.5 548.1 ohm-1 cm.2equiv.-1
7 XEW 2954 2725 cal. equiv.-1
8 XE 6891 6710 cal. equiv.-1
9 KE* 9845 9435 cal. equiv.-1

The values of kwdetermined by the extrapolation
in Fig. 2 are subject to the error in the determina-
tion of icEwas indicated above, and thus make the
following determination of the theoretical conduc-
tivity subject to an error estimated to be + 2%.
At 25° the least mean squares line through our data
has a slope of 246.07 and an ordinate intercept of
4932, as shown in Fig. 2. Using equation 4 we
calculate /'wto be 0.0547 X 10-6 ohm-1 cm-1. At
18° the slope is 174.47 and the intercept is 5163 so
that fov = 0.0373 X 10-6 ohm-1 cm.-1. (On the
basis of their conductivity values, Kohlrausch and
Heydweiller2 predicted the conductivity of purest
water to be 0.0384 X 10-6 ohm-1 cm.-1 at 18° and
0.0569 X 10-6 ohm-1 cm.-1 at 25°, values which
are about 3% higher than those obtained in this
study.

Thus, we have been able to calculate the theo-
retical conductivity of pure water from the above
conductivity data, the temperature dependences of
the equivalent conductance of the ions, the density
and the dissociation constant. Another method of
calculating the conductivity of purest water is to
use the absolute values of the equivalent conduct-
ances of the H+ and OH- ions, the density and the
dissociation constant, since

k = (Ah + Aoei)p'm

where o', the weight of 10-3 cm.3water, is used to
convert the molal concentration, m, (in which the

(10) (a) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd Edition, Academic Press, Inc., New York, N. Y., 1959; (b) H. R.
Raikes, A. F. Yorke and F. K. Ewart, Chem. Soc., 630 (1926);
(c) L. S. Darken, H. F. Meier, J. Am. Chem soc., 64, 621 (1942);
(d) V. Sivertz, R. E. Reitmeier and H. V. Tartar, ibid., 62, 1379
(1940); (e) J. Johnston, ibid., 31, 1010 (1909); (f) F. Kohlrausch,
Wied. Ann., 66, 785 (1898).
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dissociation constant generally is given) to units of
equivalents/cm.3 Using the values of these pa-
rameters given in Table I, we calculate the conduc-
tivity of purest water to be 0.0371 X 10“6ohm*“1
cm.-1 at 18° and 0.0549 X 10“6ohm-1 cm.”1at
25°, subject to the error in the measurement of the
parameters used. These values agree very favor-
ably with the values we have obtained in this study.

In view of the above agreement (within the
range of experimental error), we conclude that the
dissociation equilibrium constant which could be
calculated from these conductivity data is not
significantly different from the values obtained from
e.m.f. measurements given in Table I.

Conclusion

The theoretical conductivity of the pure sub-
stance water has been determined from conduc-

THE RECOMBINATION OF ATOMIC HYDROGEN

Recombination of Atomic Hydrogen in Propane Flame Gases
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tivity data to be 0.0373 X 10“6ohm* 1cm.“ lat 18°
and 0.0547 X 10“6ohm“1cm.“1at 25°, with an
estimated accuracy of 2%  While the values are
about 3% lower than predicted by Kohlrausch and
Heydweiller 60 3'ears ago, they agree with the theo-
retical conductivity calculated from the equivalent
conductance of the ions, the density and the dis-
sociation constant of water determined by e.m.f.
measurements of galvanic cells. The dissociation
equilibrium constants calculated from the above
determined theoretical conductivities at 18 and
25° thus are in agreement with those determined
by e.m.f. measurements. Within the limits im-
posed by the lack of knowledge on the equivalent
conductivities of the OH" ion, this clears up a dis-
crepancy which has existed in the literature be-
tween the values obtained by the conductance and
e.m.f. methods.

IN PROPANE

FLAME GASES

By Robert McAndrew and Robert Wheeler

Department of Chemistry, Queen’s University, Kingston, Ontario
Received June 26, 1961

A technique has been devised to allow additions of C02 N2or S02to be made to a propane-air flame burning at 2080°K.

such that the partial pressure of the additive alone was changed in the burnt gases.
made, particular attention was cirected toward maintaining the temperature and also [OH] =

While small fuel-air adjustments were
[H] at final equilibrium.

Excessively high concentrations of atomic hydrogen were observed by a photometric method in the region just above the

hot boundary and the decay of these excesses was followed in the burnt gases.

This decay may be attributed to three-body

collisions and ternary rate constants were estimated at the single temperature 2080°K. as follows: Uh.o) = 4.1 X 10-31,

<03 =

Introduction

Recently, some measurements in this Labora-
tory have suggested that hydrogen atoms may be
generated in excess concentrations in the burning of
certain propane-air mixtures at atmospheric pres-
sure.l Bulewicz, James and Sugden2 and also
Kaskan3 have shown that a system of fast bi-
molecular exchange reactions between free radicals
and the molecules of the burnt gases will quickly
transform excesses of any one member of the group
OH, H and O into corresponding excesses of the

others. Two reactions
H+ HD H2+ OH (€D)]
H + CO02 CO + OH )

will be important in bringing OH and H to a state
of quasi-equilibrium where, at least by the time the
burnt gas region is reached

[H_ = [OH]

[H]e [OH]e (1
the subscript e denoting the final equilibrium value.
A similar ratio will exist for [OJA All that the
system of bimolecular reactions can do is to ex-
change unpaired electrons. None can bring an
abnormal, or for that matter a subnormal con-
centration in the free radical gas to its final equi-

(1) R. Reid and R. Wheeler, J, Phys. Chem, 65, 527 (1961).
(2) E. M. Bulewicz, C. G. James and T. M. Sugden, Proc. Roy. SOC.

(London), A235, 89 (1956).
(3) W. E. Kaskan, Combustion and Flame, 3, 49 (1959).

3.2 X 10-31, k(soi) = 1.1 X 10“Q Lnd ~6 X 10-32, all units in cm.6molecules“2sec.-1.

librium value. Furthermore, as recombination
processes at a surface are not available, only
infrequent three-body collisions in the thermal
zone of the flame can fully equilibrate the free
radical concentrations.

Fuel-rich flames tend to have [OH]e and [H]e
much larger than [0O]e and if equation 3 holds,
the decay of excesses on this side of stoichiometry
must obtain primarily by the direct removal of
OH or H. These reactions may be put down in
two forms, one involving an over-all physical
(p) and the other chemical (c) third-body activity.

H+ H+ X — >H2+ X (4p)
HfH+ ZOn—"™ HO -} Z0h 1 (4c)
H+ OH+ X —> HD + X (5p)
H OH -f ZO« — H2~ ZO«|i (5¢)
OH + OH + zon — > HD + ZOn+i (6c)

The efficiencies should be in the order 6>5>4,
owing to the increase in the collision diameters
involved. Hydrogen flames are perhaps the least
complex examples and rich mixtures will produce
mainly HD and H2 (and N2if air is the oxidant)
as the important third-bodies. Hydrocarbon-
air flames give fairly similar quantities of H2,
H2and N2 with the addition of moderately large
qguantities of C02and CO also likely to be impor-
tant in recombination.

This paper reports some detailed measurements
of [H] that have been made in propane-air mix-
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tures burning to a single temperature of 2080°K.
Abnormal [H] have been noted in the burnt gases
and our attention has been directed towards
following the decay of these excesses in an almost
purely thermal zone.

Experimental

The experimental technique was almost identical with
that reported by Reid and Wheeler. Here was used a
shielded, pre-mixed, propane-air flame on a rather smaller
Meker burner than previously, its diameter being 3.5 cm. To
the very central column of gases only, very small but equal
amounts of lithium and sodium salts were added by atomiza-
tion. The flames generally were designed to burn with as
little vertical temperature gradient as possible (one reason
for the shielding). Temperatures on the central axis of the
flame were measured visually by the sodium-D-line reversal
method using a tungsten strip filament background source.4
Comparisons were made at several points on the flame axis of
the intensity ratio, lithium red lines/sodium-D-lines, which is
sufficient to determine [H] at each point as first shown by
Sugden and co-workers.2 The intensity measurements were
made photometrically through a small glass-prismed mono-
chromator constructed in this Laboratory. Attention was
confined to the region some millimeters above the burner top
where the balance of the reaction

Li + HD LiOH + H @)

is assumed to be complete. Reaction 7 accounts for the ob-
served reduction in the line intensity ratio from unity.
Knowing the equilibrium constant for the reaction, then [H]
= (K7[HD] [Li] )/[LiOH]. The measured intensity ratio is
directly related to [Li]/[LIOH] through aninstrument factor,
and the partial pressure of steam may be calculated from the
flame composition. The distance above the burner top was
converted to a corresponding time scale by a calculation of
the vertical flow rate of the hot expanded gases. A knowl-
edge of the pre-burnt flow rate, initial temperature, final
flame temperature and the measured flame diameter gives
sufficiently accurate results for our purposes.1

Results and Discussion

If only reactions 4, 5 and 6 are important in
the removal of abnormal concentrations, then the
integrated expression for the final equilibration
of [H] with time is

in |

where the parameter a, constant in any one flame is
2{&bp+ o + (kip F kio)d + kird2}

i+e
OHJe_ . [HD] » - [HA[OH]
[H]e —K.u-E_/i)] . where Ki _[Hz)] [H]

The apparent second-order constants fa, fa and fa
include the concentrations of third-bodies.

Taking rich hydrogen-air flames as the simplest
case, only H2D need be considered an important
recombination center. In the combination of
iodine atoms, Russell and Simons6 estimate the
efficiency of H»0 to be 10 times greater than that
of either N2 or H2 Furthermore reaction 6 can
be ruled out if the over-all efficiency of H2is low
or if 8 is very small (as is the case in fuel-rich
flames, both hydrogen and hydrocarbon). Bulewicz
and Sugden6 successfully treated the termolecular
scheme by designing a set of hydrogen-air mixtures
which burned to the same temperature but dif-

(4) A. G. Gaydon and H. G. Wolfhard, “Flames, Their Structure,
Radiation and Temperature,” Chapman and Hall, London, 1960.

(5) K. E. Russell and J. Simons, Proc. Roy. Soc. (London), A217,
271 (1953).

(6) E. M. Bulewicz and T. M. Sugden, Trans. Faraday Soc., 54, 1855
(1958).

N i0]J'[ = 2af + a constant (8)

1m

and 6 = [ (10)
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ferent values of the ratio 6. By plotting the
numerator of a against 8 (neglecting reaction 6
and therefore any 62 term in a), they deduced
values of fa and fop attributed to steam as the
third-body.

In hydrocarbon flames, fa and fap also will
include terms involving C02 and perhaps CO.
C02 might be expected to act in much the same
manner and with similar efficiency as HD. CO,
although diatomic, might assist the recombination
significantly through chemical action in reactions
6 and 5c. H2 itself might be important (mainly
through 6¢) in flames more oxygen-rich where 8
is larger and can be greater than unity. This latter
effect might be detectable in H2 flames near
stoichiometry as a departure from linearity in the
above plot.

There are practical difficulties in making these
photometric measurements in the oxygen-rich
flames. These burn generally as short, sharply-
pointed cones with rather steep vertical tempera-
ture gradients. On our small burner, it was im-
possible to design a set of mixtures which could be
burned with the desired isothermicity over a fairly
wide range in 8 and yet at relatively high values of
8, say unity or greater. This precluded for the
present any tests of the influence of CO or H2
What was possible was to operate with a base
flame of mixture (propane/stoic.hiometric propane)
= 1.16 which burned at 2080°K. with the final
condition [OH]e = [H]eor 6 = 1. The parameter
a then reduces directly to

a —kip + kic + kip - [+ kic (11)

Each constant in equation 11 is itself composite
and depends on the concentrations of the various
third-bodies. Even making reasonable assump-
tions as to the importance of each (HD and C02
in reactions 4 and 5p, CO and H2in 5c, 6¢c and per-
haps 4c), the complete elucidation of the resulting
11 ternary velocity constants presents a formid-
able problem. However, in this particular base
flame with 8 = 1 it was feasible to make small
individual additions and hence changes in the
concentrations of the product gases while the others
remained essentially constant. Only minor fuel-
air adjustments were necessary to maintain the
composition of the other gases, the temperature and
the condition [OH]e = [H k. Some terms in
equation 11 therefore could be separated at this
particular temperature, 2080°K.

Flames with Added S02—Very small quantities
of S02 were metered into the very center of the
flame. This was primarily a test to confirm the
existence of abnormal [H]. At any one point on
the flame axis, it was evident that even the smallest
addition would lower the intensity of the lithium
red lines while having no effect on that of the a-
lines. Furthermore, the decay of [H] up the flame
axis was followed to the same constant steady state
value, [H]e found in the pure base flame. Exces-
sively high concentrations then must flow from the
hot boundary into the burnt gas region in these
mixtures.

The influence of S02in the subsequent recombi-
nation is of interest. For these small excesses in
[H], [H]ealso was measured and log {([H] + [H]e)/
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([H] — [H]e} plotted against time after leaving
the burner top. This should be a straight line of
slope 0.868a[H]e. Figure 1 shows the quite good
linearity observed for the base flame and 5 others,
each with a constant addition of SO2 The volume
additions are indicated as a per cent, on each line.
For the base flame, a = 3.2 X 10-13 cm.8molecule-1
sec.-1 and there is a progressive increase from this as
the S02 added is raised. Moreover, this increase
is quite linear with the quantities of SO2added here.
Although the measurements were made in the flame
gases well past the hot boundary and the S02
admixed had ample opportunity to form such
radicals as S, SO, etc., it is evident from the
linearity in the parameter increase that the accelera-
tion of the recombination rate in the burnt gases
is not overduly influenced by dimers such as S2
or polymeric forms. SO02 being large and quite
stable should be the most important form, acting
mainly through reaction 6¢c. In addition Dooley
and Whittingham7have shown that the percentage
oxidation of S02to S03is lowest in pure hydro-
carbon flames. On this basis, a ternary rate con-
stant fB83S02 = 11 X 10D cm.6 molecules-2
sec.-1 at 2080°K. is estimated from the increase
in a.  This is some 20 times larger than the con-
stant for 1120 measured in H2 flames at the same
temperature6-8 (also see later).

Flames with Added CO-.—A calculation of the
burnt gas composition of the base flame showed that
[co2] = 86 X 10-2, [co] = 4.3 X 10-2 atm.
expressed as partial pressures. Moreover, calcu-
lations showed that it was possible to nearly double
the c o 2 pressure by making additions to the burner
supply before the pressure of co increased sig-
nificantly. These additions were small (up to 4
volume %) and were made to the whole burner
area. Adjustments in mixture to maintain d and
the temperature were small, although if continued
additions of c o2 were made both 6 and the ratio
[co]l/[co02] began to rise rapidly (see the upward
curvature in Fig. 2). The recombination was
followed and a measured, an increase again being
noted but of much smaller magnitude. Figure 2
shows the rate of increase in a as the final partial
pressure of c o2 is raised. The elevation of a can
be expressed solely in terms of the increase in [c0 ]2
as

Aa = A[COZIM CO2 + #4(C02 + fep(C02) (12)

where the constants are now in ternary units. With
steam the major third-body in H2flames, Bulewicz
and Sugden6 measure a ratio (cép(H 20)//i;4(H 20)
~24 and in addition a value for rsp(H 20) of 5.3
X 10-31 cm.6 molecules-2 sec.-1 at 2085°K.
If the majority increase in a is attributed to re-
action 5, then fep(c02 = 3.2 X 10-S1 cm.6mole-
cules-2 sec.-1 from the slope in Fig. 2. This is
somewhat lower than Bulewicz's and Sugden’s
value for H20 but it is indeed larger than the
efficiency co2 shows in the low-temperature
combination of iodine atoms. For | + | + X—2T2
+ X at room temperatures, the ternary constants

(7) A. Dooley and G. Whittingham, Trans. Faraday Soc., 42, 354
(1946).

(8) P.J. Padley and T. M. Sugden, Proc. Roy. Soc. (London), A248,
248 (1958).
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Time after burner top (msec.).

Fig. 1.—The recombination rate in the burnt gases of the
base flame (propane/stoichiometric propane = 1.16) when
pure and also when additions of S02 (indicated as a volume
per cent.) have been made. T = 2080°K.

Fig. 2—The increase in the recombination parameter, a, as
the partial pressure of C02is raised, T = 2080°K.

measured89show a ratio CO02N 2 of only 3 while
HD:N2 = 10. However, in some studies of the
quenching of candoluminescence in H2 flames,
Arthur and Townend®have found C02to be more
effective. For the third-body removal of H in
these flames, they estimate an average volume
efficiency of the order CO2N2~6 while C02:CO~
2.5. These temperatures were of course similar
to ours and the results are roughly in agreement.

It is possible to make a rather less accurate
estimate of the ternary constant for HD in this
propane flame if the contribution due to CO02is
subtracted from the value of a measured in the
base flame (3.2 X 10-13 cm.8 molecules-1 sec.-1),
i.e., attributing all third-body activity to H2
and C02 Using the calculated values, [C02] =
8.6 X 10-2 atm., [HD] = 0.156 atm., this results
in &pHD) = 4.1 X 10-31 cm.6 molecule-2 sec.-1
at 2080°K., this being slightly less than the H2
flame value above.

Flames with Added N2—So far no direct meas-
urements of the ternary rate constants for any of
the diatomic gases have been made in these flames.
The partial pressure of N2 in the base flame was
high (~0.7 atm.), but using this additive technique
we were successful in raising this some 5 to 6%

(9) D. L. Bunker and N. Davidson, J. Am. Chem. soc., 80, 5090
(1958).

(10) J. R. Arthur and D. T. A. Townend, Natl. Bur. Standards
Circular 523. Energy Transfer in Hot Gases, p. 99, 1954.
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before it became difficult to compensate the falling
temperature and yet maintain a constant 8
When N2 was added, the base flame did show a
barely detectable increase in a. If this is due to
an increase in reaction 5 owing to the elevation of
[N2] in the flame, it is estimated /[(P(N2~6 X
10-32 cm.6molecule-2 sec.-1 and the ratio &pHD)/
Ap(n3 is approximately 7, which is of the same order
as that measured in the low-temperature iodine
atom studies.

E. L. Saier, L. R. Cousins and M. R. Basila
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This technique shows some promise of at least
partial separation of the many ternary constants
involved in hydrocarbon flames such as this and
more useful information will follow from a study
over a reasonable range of temperatures. Flames
near stoichiometry where 8>1 on a properly de-
signed burner are interesting as some measurements
might be made for H2and CO directly. We are
grateful to the National Research Council of
Canada for a grant in aid of this research.

THE DOUBLET NATURE OF THE ALDEHYDIC C-H STRETCHING
VIBRATION
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Gulf Research and Development Co., Pittsburgh, Penna.
Received June SO 1961

New evidence is reported in support of the hypothesis that the characteristic doublet which occurs in the 2700-2850 cm.-1
region for most aldehydes is the result of a Fermi resonance interaction between the aldehydic C-H stretching fundamental
and the first overtone of the aldehydic C-H bending vibrations. Part of this evidence was derived from a study of the spec-
tra of a series of chloroacetaldehydes. In this series, it is shown that the occurrence of the characteristic doublet is coinci-
dent with a value of the overtone of the aldehydic C-H bending frequency which is in the correct position for interaction
with the unperturbed aldehydic C-H stretching frequency. The other evidence is derived from the comparison of the ob-
served aldehydic C-H bending frequencies in a series of para-substituted benzaldehydes with values calculated using the

experimental frequencies and integrated intensities of the two doublet bands.

Introduction

It is well known that a large number of aldehydes,
both aromatic and aliphatic, have two prominent
infrared absorption bands in the 2700-2850 cm.-1
region. The assignment of these bands has been
the subject of several studies in recent years.1-4

A single aldehydic C-H stretching vibration is
expected, hence a problem exists in choosing one or
the other of these bands as this fundamental.
Fermi resonance6 involving the C-H stretching
vibration has been suggested as a source of this
doublet, presenting the additional problem of the
assignment of the proper resonance partner.

Pozefsky and Coggeshalll originally suggested
that the two infrared bands observed for aldehydes
in carbon tetrachloride solution were the result of a
Fermi resonance between the aldehydic C-H
stretching vibration and an overtone or combina-
tion band of the same symmetry. They tentatively
chose the overtone of the 1380 cm.-1 methyl sym-
metrical bending vibration as the partner in the
resonance. In making the choice, however, they
noted that benzaldehyde, which has no methyl
group, also exhibited these characteristic bands.
Subsequently, Pinchas2 published a study of
twenty-seven aldehydes, all of which exhibited this
characteristic doublet. He assigned the lower fre-
guency band, centered at approximately 2720 cm.-1,
to the aldehydic C-H stretching vibration, and the
higher band, at approximately 2820 cm.-1, to the
first overtone of the aldehydic in-plane C-H bend-
ing vibration.

(1) A. Pozefsky and N. D. Coggeshall, Anal. Chem., 23, 1611
0951).

(2) S. Pinchas, ibid., 27, 2 (1955).

(3) D, F. Eggers and W. E. Lingren, ibid., 28, 1328 (1956).

(4) S. Pinchas, ibid., 29, 334 (1957).

(5) E. Fermi, Z. Physik, 71, 250 (1931).

The work of Pinchas2was followed by the inter-
esting paper of Eggers and Lingren.3 They re-
ported a study of four monodeuterated aldehydes
with the deuterium atom replacing the aldehydic
hydrogen. Upon deuteration, both bands in the
2700-2850 cm.-1 region and one in the 1400 cm.-1
region disappeared. Two new bands appeared in
the C-D stretching region and one in the C-D bend-
ing region. Their interpretation was that the two
bands in the 2700-2850 cm.-1 region were produced
by a Fermi resonance between the fundamental
aldehydic C-H stretching vibration and the first
overtone of the aldehydic C-H bending vibration.
They pointed out that the Fermi resonance persists
in the monodeuterated aldehydes. These results
seem rather conclusive. However, Pinchas4 has
reiterated his view that the lower of the two bands
is the aldehydic C-H stretching vibration and has
changed his assignment of the higher frequency band
to that of a combination between the 1380-1390
and 1455-1470 cm.-1 bands.

All of the work cited above has been concerned
with the infrared spectra of aldehydes in solution,
with carbon tetrachloride the solvent in most cases.
Furthermore, these papers were essentially studies
of the aldehydic group frequencies in a variety of
molecules, rather than the vibrational assignment
of a specific molecule. During this period, the
vibrational assignment of acetaldehyde had been
the subject of several papers.6-9 These studies
were concerned with the infrared spectra in the

(6) H. W. Thompson and G. P. Harris, Trans. Faraday Soc., 38, 37
(1942).

(7) J. C. Morris, J. Chem Phys., 11, 230 (1943).

(8) K. S. Pitzer and W. Weltner, J. Am. Chem. Soc., 71, 2842
(1949).

(9) J. C. Evans and H. J. Bernstein, Can. J. Chem, 34, 1083
(1956).
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vapor and solid states and the Raman spectra in
the liquid state of acetaldehyde and its deuterium
analogs. The most recent of these studies, that of
Evans and Bernstein,9 contains the most complete
assignment of acetaldehyde, and also acetalde-
hyde-di. These authors have shown that both
compounds exhibit two strong bands in the respec-
tive aldehydic C-H or C-D stretching regions and
have interpreted these doublets as due to Fermi
resonance involving the fundamental stretching
vibration. Their assignment of the other partner
in the resonance is uncertain, although they point
out that in acetaldehyde the first overtone of the
aldehydic in-plane C-H bending vibration is a good
possibility. The methyl symmetrical bending
vibration also is suggested as a possibility. In
acetaldehyde-di, however, the situation is more
complicated due to the possibility of two alternate
assignments. The first would assign the resonance
partner as the first overtone of a combination band.
The alternate assignment suggests the first over-
tone of the in-plane aldehydic C-D bending vibra-
tion as the resonance partner.

In this Laboratory the problem has been ap-
proached from two standpoints. In the first, the
spectra of a series of substituted acetaldehydes with
the substituent, chlorine, replacing one or more of
the methyl hydrogens were obtained. The sub-
stitution of heavy, polar, chlorine atoms for the
methyl hydrogens produces small changes in the
aldehydic C-H stretching and bending force con-
stants through mass and/or inductive effects.
The effects of these force constant variations upon
the characteristic doublet were studied. In the
second approach, the frequencies and integrated
absorption coefficients of each of the bands in the
characteristic doublet were measured for a series of
substituted benzaldehydes. These data were used
to calculate the aldehydic C-H in-plane bending
frequency (assuming it to be the resonance partner).
The calculated values were compared with values
which had been assigned previously. The results of
these studies support the hypothesis that the char-
acteristic aldehydic doublet is produced by a Fermi
resonance involving the aldehydic C-H stretching
fundamental and the first overtone of the aldehydic
C-H bending vibration.

Experimental

The data were obtained with a Perkin-Elmer Model 21
spectrophotometer. Lithium fluoride and sodium chloride
prisms were used in the appropriate spectral regions. The
wave length scale was expanded from the normal 5 to 50
cm./V in order to provide a larger area for the integrated
absorption coefficient determinations. The spectral slit
widths were approximately 2.0 and 2.5 emulin the 2750 and
1400 cm.-1 regions, respectively.

The aldehydes were of the highest purity available and in
several cases were redistilled. All the intensity measure-
ments were made in solution. The solvent was Fisher
Certified Reagent grade carbon tetrachloride. The cell
used for the intensity measurements was fitted with sodium
chloride windows and had an optical path length of 14 mm.
The aldehyde concentrations varied between 2 X 10-3 and
8 X 10-3 moles/I.

The frequencies in the 1400 cm.-1 region were obtained,
where possible, from the pure liquid spectrum. Otherwise,
carbon tetrachloride solutions supplemented with mineral
oil mulls were used. The frequencies quoted are the solution
values. The uncertainty in the frequency measurements is
of the order of + 5 cm.-1.
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Frequency, cm.-1.

Fig. 1.—Spectra of acetaldehyde and the chloroacetalde-
hydes in the C-H stretching and bending regions.

The intensities of the characteristic aldehydic doublet
were expressed as a ratio of the integrated absorbance of the
higher frequency band to that of the lower frequency band.
In practically all of the spectra, weak bands due to overtones
and combinations also occurred in the region of interest.
These necessarily were included in the integration. How-
ever, their inclusion should not cause large errors in the esti-
mates of the ratios. In some cases it was necessary to arbi-
trarily decide where the divi ling line between bands should
be placed. Again, however we feel that the errors intro-
duced are not excessively large and that the estimates of the
relative intensities of the “two bands are of suitable accuracy
for our purposes.

Results and Discussion

Substituted Acetaldehydes.—The spectra in the
C-H stretching and bending regions cf acetalde-
hyde, monochloroacetaldehyde, dichloroacetal-
dehyde and chloral are given in Fig. 1. The fre-
quencies of the characteristic doublet and the as-
signed in-plane C-H bending frequencies are given
in Table 1. Values obtained for bromal, which has
essentially the same spectrum as chloral in the re-
gions of interest, also are included in Table I.

Inspection of Fig. 1 and Table 1 reveals that the
characteristic aldehydic doublet in the 2700-2850
cm.-1 region is missing in the spectra of chloral,
bromal and dichloroacetaldehyde, and is present in
the spectra of acetaldehyde and monochloroacet-
aldehyde. This is explained if one assumes that
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Table |

Aldehydic C-H Frequencies in Substituted Acetaldehydes'l

C-H stretching frequency C-H bending Overtone bending frequency (cm.
Aldehyde (cm.-1) frequency (cm.“J) Calcd. Obsd.
Chloral 2850(s) 1358(s) 2716 2681(w)
Bromal 2850(s) 1355(s) 2710 2670(w)
Dichloroacetaldehyde 2850(s) 1375(s) 2750 2706(w)
Monochloroacetaldehyde 2825(s) and 2710(m) 1385(m) 2770
Acetaldehyde 2839(s) and 2724(m) 1400(m) 2800

The letters in parentheses indicate the intensity of the band, viz., s = strong; m = medium; w = weak.

the doublet is produced by a Fermi resonance be-
tween the aldehydic C-H stretching and the over-
tone of the aldehydic C-H bending vibrations.

Looking at chloral and bromal first, it is obvious
that the separation between the bending overtone
and fundamental stretching vibrations (169 cm.-1
for chloral) is prohibitively large and no resonance
can occur. This is also the case for dichloroacet-
aldehyde. In monochloroacetaldehyde, on the
other hand, the band at 2710 cm.-1 is too strong to
be a simple overtone and in acetaldehyde the
doublet is very prominent, the bands being of al-
most equal intensity. The unperturbed stretching
frequency should fall near the center of the interval
defined by the two bands of the doublet, i.e., 2782
and 2768 cm.'-1 for acetaldehyde and monochloro-
acetaldehyde, respectively. From the assigned
bending fundamentals, the overtones are estimated
to appear slightly lower than 2800 and 2770 cm.-1,
respectively. The overtones of acetaldehyde
and monochloroacetaldehyde, therefore, are close
enough for the resonance interaction to take
place. Thus, in chloral, bromal and dichloroacet-
aldehyde, where there is apparently no resonance,
the bending overtone and stretching fundamental
are widely separated. However, in acetaldehyde
and monochloroacetaldehyde, where resonance does
occur, the bending overtone and unperturbed
stretching fundamental are close together. The
possibility that one of the other C-H bending modes
is the resonance partner in acetaldehyde or mono-
chloroacetaldehyde is ruled out because the over-
tone would not be close enough to the unperturbed
stretching frequency. The fact that the resonance
persists after the aldehydic hydrogen is replaced by
deuterium39also rules out other C-H modes and, in
addition, combination bands which might fall in
the proper frequency range.

Aromatic Aldehydes.—Evidence of a different
nature is provided by a study of the frequencies
and intensities of the characteristic aldehydic
doublet for a series of para-substituted benzalde-
hydes in carbon tetrachloride solution. The pur-
pose of this study was to calculate the aldehydic in-
plane C-H bending frequency from the experi-
mental doublet frequencies and intensities. This is
done by assuming that the overtone of this bending
vibration was the resonance partner which is inter-
acting with the aldehydic C-H stretching funda-
mental to produce the characteristic doublet.
These calculated bending frequencies then are com-
pared with the values assigned by inspection of the
spectra.

The frequencies and relative intensities of the
characteristic aldehydic doublet for a series of sub-

stituted benzaldehydes, measured in carbon tetra-
chloride solution, are given in Table I1.
Table Il

Frequencies and Relative Intensities of the Charac-

teristic Doublet in the Aldehydic Stretching Region

VH PL,

Aldehyde An/A1° cm.-1 cm.“1
Benzaldehyde 1.07 2805 2726
jo-Nitrobenzaldehyde 1.92 2817 2722
p-Bromobenzaldehyde 1.32 2828 2729
p-Chlorobenzaldehvde 1.35 2825 2723
p-Tolualdehyde 1.27 2817 2729
p-Hydroxybenzaldehyde 1.04 2804 2729
p-Methoxybenzaldehyde 1.21 2840 2732
p-Dimethylaminobenzaldehyde 1.27 2817 2732

“ The letter A denotes the integrated absorption coefficient
and the subscripts H and L denote the high frequency and
low frequency bands, respectively.

Spectra of these aldehydes also were obtained in
the 1300-1500 cm.-1 region. In most cases it was
possible to assign, with a fair degree of certainty,
the band due to the aldehydic C-H bending vibra-
tion. These frequencies are given in Table I11.
The assignments were made by comparison with
the assignments of substituted benzenes in the
literature. The principal guides were the work of
JakobsenD on the assignments of a series of para-
substituted phenols, and the work of Eggers and
Lingren.3

Table Il
Observed and Calculated Aldehydic C-H Bending
Frequencies
(Obsd.) (Calcd.)
Aldehyde (cm.-]) (cm. -i)
Benzaldehyde 1392 1382
p-Nitrobenzaldehyde 1419 1376
p-Bromobenzaldehyde 1411 1386
p-Chlorobenzaldehyde 1412 1383
p-Tolualdehyde 1417 1384
p-Hydroxybenzaldehyde 1400 1383
p-Methoxybenzaldehvde 1429(1393)° 1391
p-Dimethylaminobenzaldehyde 1417 1383
Average 1412 1384

“ Either of these bands could be assigned to the bending
frequency.

It can be shown1l that the zero-order separation,
8, of the two vibrational levels participating in a
Fermi resonance interaction can be calculated by
the equation

5= %h° — 0= (--q. Oh—*I) 0

(10) R. J. Jakobsen, WADD Technical Report 60-204 (1960).
(11) See, for example, R. N. Dixon, J. Chem. Phys., 31, 258 (1959),



Feb., 1962

where » and .., are the observed high and low
frequencies of the doublet, respectively, the fn° and

are the corresponding unperturbed vibrational
frequencies and y is the ratio of the integrated ab-
sorption coefficients of the two bands, viz.

7 AL

=In order to derive this equation, it is necessary to
make the simplifying assumption that the intensity
of the unperturbed overtone is negligible with re-
spect to that of the participating fundamental vi-
bration. Dixonll has demonstrated that this as-
sumption does not always hold. However, the
spectra of chloral, bromal and dichloroacetaldehyde
indicate that the bending overtone is very weak,
and we have used this as an indication that the
assumption will hold in the cases under considera-
tion. The values of S were calculated using the
data of Table Il. The 5 values which were cal-
culated subsequently were used to calculate the
unperturbed vibrational frequencies.

In order to calculate the fundamental bending
frequency, it is necessary to assign the bands of the
doublet. The relative intensities of these bands
can be used as a guide for this assignment. We
already have assumed that the unperturbed over-
tone intensity is negligible with respect to that of
the unperturbed fundamental. If this is the case,
the relative intensities of the perturbed bands can
be predicted2viz.

A, /Aa |

where the subscripts f and o designate the funda-
mental stretching and overtone bending vibrations,
respectively. The intensity ratios in Table Il indi-
cate that the high frequency band is the most in-
tense in all cases. However, the ratios for benzal-
dehyde and p-hydroxybenzaldehyde are not sig-
nificantly different from unity. Nevertheless, the
data strongly imply that the higher frequency band
is the perturbed fundamental and the lower the
perturbed bending overtone. We assume this
assignment for all of the aldehydes that we have
measured.

The fundamental bending frequencies were cal-
culated from the values of the unperturbed bending
overtone. These values are given in Table III.
Because of the anharmonicity and the means of

(12) G. Herzberg, “Infrared and Raman Spectra of Polyatomic

Molecules,” D. Van Nostrand Co. New York, N. Y., 1945 p. 266.
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calculation, the derived values are expected to be
low. Taking this into account, the observed and
calculated frequencies seem to be in quite good
agreement. Anharmonicity probably accounts for
most of the discrepancy between the observed and
calculated values. This can be demonstrated by
comparing these differences with the difference in
chloral, bromal or dichloroacetaldehyde between
the observed fundamental and the value calculated
by halving the observed overtone. The average of
these differences is 20 cm.-1. The average dif-
ference between the observed and calculated values
in Table 111 is 28 cm.-1.

Conclusions

Two different approaches have been applied to
the problem of establishing whether or not the
characteristic aldehydic doublet is the result of a
Fermi resonance and if so, which of the vibrations
are interacting. The first of these approaches has
shown that the characteristic doublet can be dis-
turbed by substitution of heavy, polar atoms in
place of the methyl hydrogens in acetaldehyde.
The presence or absence of the doublet apparently
depends upon the position of the aldehydic C-H
bending overtone relative to the aldehydic C-H
stretching fundamental. When these two vibra-
tional levels are close together, the doublet occurs;
when separated the doublet does not occur, in ac-
cordance with the Fermi resonance hypothesis.
On the other hand, it has been shown that the un-
perturbed frequency of the vibration interacting
with the stretching fundamental in substituted
benzaldehydes, as calculated from the frequencies
and intensities of the doublet bands, gives rise (on
the assumption that it is an overtone) to a value for
the fundamental frequency which is in agreement
with the values assigned to the in-plane aldehydic
bending vibration. These observations do not, in
themselves, prove the case conclusively. However,
when taken with the evidence already in the litera-
ture, they provide a strong argument supporting
the hypothesis that the characteristic aldehydic
doublet is due to a Fermi resonance interaction be-
tween the aldehydic C-H stretching and overtone
C-H bending vibrations.
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A study has been made of the effect of polar-non-polar solutes on the contact angles exhibited by water drops on poly-
tetrafluoroethylene, polyethylene and stainless steel surfaces submerged in decane, isopropylbiphenyl and bis-(2-ethyl-

hexyl)-sebacate.
sulfate.

The solutes investigated included the oil-soluble dinonylnaphthalene sulfonates and sodium dodecyl
A parabolic relation exists between the cosine of the contact angle, cos 6
tension, yow and this is consistent with the Young-Dupre equation for the oil-water-solid line of intersection.
perimental data also provide a measure of the work required for oils to displace water from the submerged surfaces.

and the oil-water interfacial
The ex-
This

work generally is greater for a polytetrafluoroethylene surface than that necessary to displace water from polyethylene, be-

cause the polytetrafluoroethylene has a greater interfacial energy against the oils than does polyethylene.
ment of the data gave a numerical indication of the various oil-polymer interfacial energies.

Analytic treat-
This treatment suggests that

the polar-non-polar solutes are adsorbed at both the water-polymer and oil-water interfaces, but are not significantly ad-

sorbed at the oil-polymer interfaces.

The work to displace water from clean steel surfaces submerged in the pure oils is

high because of the polar interaction between the water and the metal oxide surface, but in the oil-sulfonate solutions the
solute is adsorbed as a monolayer at the metal-oil boundary to expose a non-polar surface so that the work of water displace-

ment is low.

Introduction

The adhesion of a liquid to a solid surface sub-
merged in a second liquid is of technological im-
portance. Advances in this area of surface chem-
istry would contribute to the understanding of
problems such as the detergency process or the
recovery of oil from porous subterranean rock by
water displacement. The relative wettability of
solids is of critical significance to ice adhesion in
lubricated systems2and to the displacement of oil
or water from metal surfaces.3

The inherent difficulty in the study of these prob-
lems is that the interfacial energy between a solid
and a liquid cannot be measured directly. In-
stead, attention must be given to the directly
measurable quantities—the interfacial tension be-
tween the two liquids and the contact angle one
liquid exhibits on the solid surface submerged in the
second liquid.

Earlier investigations have been made of systems
of pure liquids on clean metal surfaces.4 Unfortu-
nately, the high interfacial energies involved favored
adsorption of small quantities of polar impurities
or the orientation of the liquids themselves at the
various interfaces, which makes interpretation of
the results difficult without further information
about the nature of the adsorbate. The present
investigation examines the effect of small changes
in the concentration and chemical composition of
amphipathic materials on oil-water interfacial
tensions and on contact angles at the oil-water-
solid intersection. The observed relation between
these two experimental quantities permits discus-
sion of the probable magnitude of the solid-liquid
interfacial energies and of the way in which they
are affected by adsorbed solute.

(1) This work was presented in part at the 136th National Meeting
of the American Chemical Society, Atlantic City. N. J., 1959.

(2) H. R. Baker, W. D. Bascom and C. R. Singleterry, accepted
for publication in J. Colloid Sci., 1962.

(3) H, R. Baker, P. B. Leach, C. R. Singleterry and W. A. Zisman,
“Surface Chemical Methods of Displacing Water and/or Oils and
Salvaging Flooded Equipment,” Naval Research Laboratory Report
No. 5606, February 23, 1961.

(4) (a) F. E. Bartell and P. H. Cardwell, J. Am. Chem, Soc., 64,
1530 (1942); (b) F. E. Bartell and C. W. Bjorklund, J. Phys. Chem.,, 66,
453 (1952).

Experimental Materials and Procedures

The polymer surfaces employed here have been described
elsewhere.6 The stainless steel cylinders used had one
face highly polished. Each specimen was cleaned between
experiments by washing with hot solvent and then abrading
all sides using an alumina-water slurry on a metallographic
wheel, followed by thorough rinsing with hot tap water and
then distilled water to remove adhering alumina particles.
This procedure gave a clean metal oxide surface free of ad-
sorbed organic contamination.

The organic solvents decane, isopropylbiphenyl and bis-
(2-ethyl-hexyl)-sebacate were obtained from commercial
sources. The decane was washed first with acid and then
with water, dried, and finally percolated through Florisil
adsorbent. The resulting material did not spread on a clean
surface of water made slightly acid or alkaline, which indi-
cated the absence of polar impurities. The isopropylbi-
phenyl was percolated repeatedly through adsorbent until
this liquid also showed no tendency to spread on acid or
alkaline water. The diester oil was molecularly distilled
and then percolated through Florisil to give a clear, colorless
liquid that had physical properties identical with those of a
specially synthesized sample of the same ester.6

The dinonylnaphthalene sulfonates were of high purity;
their properties in non-polar solvents7 and the methods used
for their preparation8 have been described. The sodium
dodecyl sulfate was that used by Bernett and Zisman.9
It showed no minimum in plots of surface tension or inter-
facial tension against concentration, indicating no detectable
lauryl alcohol contamination.D

Contact angle measurements were made on the solid sur-
faces submerged to a depth of about 2.5 cm. in oil or oil
solution in an optical cell. Water drops of approximately
0.03 ml. volume were formed in the oil from a micropipet
and allowed to settle under gravity to the surface. The
angle of contact through the water drop was measured using
a telescope goniometer.1l The oil and water used previously
were equilibrated by shaking with each other and centri-
fuging. Under these circumstances the initial advancing
contact angles, measured through the drop, were constant
after ten see. and were reproducible within less than two
degrees. Further advance of the drops on the submerged
surfaces by adding water from the micropipet was not found
to alter the contact angles. Receding angles were formed
by withdrawing water from the drop and were not signifi-
cantly different from the advancing angles provided that#

(5) W. D. Bascom and C. R. Singleterry, ibid., 65, 1683 (1961).

(6) E. M. Bried, H. F. Kidder, C. M. Murphy and W. A. Zisman,
Ind. Eng. Chem,, 39, 484 (1947).

(7) S. Kaufman and C. R. Singleterry, J. Colloid Sci., 12, 465
(1957).

(8) S. Kaufman and C. R. Singleterry, ibid., 10, 139 (1955).

(9) M. K. Bernett and W. A. Zisman, J. Phys. Chem, 63, 1241
(1959).

(10) G. D. Miles and L. Shedlovsky, ibid., 48, 57 (1944).

(11) H. W. Fox and W. A. Zisman, J. Colloid Sci., 5, 514 (1950).
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the surface was not deliberately roughed and that one min.
was allowed for re-equilibration. When the two liquid
phases had not been mutually saturated the contact angle
was observed to change with time as a result of delayed ad-
sorption of solute at the oil-water interface and of solu-
bilization effects that tended to diminish the drop size.
Steel specimens required equilibration with the additive-
containing oil for at least 15 hr. to obtain stable contact
angles, but the length of time the organic polymers were in
contact with the oil solutions had no effect on the contact
angle. This behavior suggests that the solutes were not ap-
preciably adsorbed at the oil-polymer interface. The un-
usual length of time required for the metal oxide surface
of the steel specimens to reach adsorption equilibrium with
the sulfonate soaps has been shown to be linked to the pres-
ence of water in the oil-soap solution.6 Water appears to
effect a slow enhancement of sulfonate adsorption over that
observed from anhydrous sulfonate soap solution.

The measurement of contact angles near 180° was ex-
tremely difficult. In general, the reproducibility of the contact
angles was found to be +2°, but for drops exhibiting angles
greater than 175° the distance of separation between water
and the solid surface near the contacting edge of the drop is
less than the resolving power of the telescope-goniometer.
This error amounts to about 3° for a contact angle measured-
as 175°, but becomes much less than the reproducibility for
angles smaller than this. There is, however, no question
that the water drops which exhibit very high contact angles
actually make contact with the solid. It is possible to focus
the telescope on the flattened area beneath the water drop
and observe the water displacing the oil from the solid sur-
face, even when the contact angle is near 180°. The hydro-
dynamic and surface chemical implications of this displace-
ment are discussed elsewhere.2 For oils which have densi-
ties very close to that of water, such as isopropylbiphenyl, it
was found that contact angles between 175 and 140° were
difficult to reproduce.

The interfacial tensions between water and the oil solu-
tions of the dinonylnaphthalene sulfonate soaps were deter-
mined by the pendent drop method .12 This technique, which
is useful in detecting changes of interfacial tension with
time, showed that for the sulfonates 95% of the aging proc-
ess at the interface took place within the first minute.
The interfacial tensions between isopropylbipheiryl and the
aqueous solutions of sodium dodecyl sulfate were determined
by the drop volume method. The water drops were delivered
from microburets as described by Gaddumi3 and the pre-
cautions and corrections suggested by Harkins¥4 were ap-
plied.

Results

The purpose of this study was to investigate the
variables that determine the contact angle, 0, a
water drop will exhibit on a solid surface submerged
in oil. These variables are the three condensed
phase interfacial tensions which act at the oil-
water—solid line of intersection. The explicit
relationship between these quantities and the con-
tact angle, measured through the drop, is given by
the Young-Dupre equation

cose = Ta~ 78 @
Of these quantities only yow and the contact angle
can be measured experimentally. In order to deter-
mine the degree to which changes in each of these
interfacial tensions affect the contact angle, each
should be altered independently but when yow and
7 os are specified 7 , e cannot be varied arbitrarily.

In this investigation, attention was focused on
the relation between yQ and cos d for water drops
on non-polar surfaces in oil solution. The term

(12) J. M. Andreas, E. A. Hauser and W. B. Tucker, J. Phys. Chem»
42, 1001 (1938).

(13) N. K. Adam, “The Physics and Chemistry of Surfaces,” 2nd
ed., Oxford Univ. Press, London, p. 379.

(14) W. D. Harkins and F. E. Brown, J. Am. Chem Soc., 41, 499
(1919).
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Fig. 1— Cos bas a function of yonfor water drops on solid
surfaces submerged in oil solutions of the dinonylnaphthalene
sulfonates.

“non-polar surface” includes stainless steel surfaces
in the oil solutions because the solutes present adsorb
on this metal oxide surface to give a monolayer
comparable in wetting properties with the non-
polar polymer surfaces.

The effect of changes in yovon the contact angle
for a given oil-polymer pair was determined by
using sulfonates having different cations to obtain
different oil-water interfacial tensions. These
values of yowwere plotted against the cosine of the
observed contact angle.

The effect of a change in the oil-solid interfacial
tension on the relationship between cos 6 and 7ow
was determined by employing different oil-polymer
combinations. The polymers chosen were poly-
tetrafluoroethylene and polyethylene; they were
studied under solutions cf the dinonylnaphthalene
sulfonates in decane, bis-(2-ethylhexyl)-sebacate
and isopropylbiphenyl.

The results on polytetrafluoroethylene (PTFE)
and on polyethylene are plotted in Fig. 1. For both
polymeric surfaces there is a systematic decrease in
the contact angle, i.e., cos 6 becomes less negative,
with decreasing oil-water interfacial tension. The
decrease in contact angle for a given change in
70Ngenerally is greater for polytetrafluoroethylene
than for polyethylene. That is, the perfluoropoly-
mer is the more readily wet by water when sub-
merged in these oil solutions, which is the reverse of
the relative wettability of these polymer surfaces in
air.9

All of the dinonylnaphthalene sulfonate soap
solutions were at a concentration of 1.0 wt. %.
It generally was found that greater water solubility
of the sulfonate was associated with lower inter-
facial tension. The values of 7ow were easily re-
producible because the soaps were present in
amounts well above their critical micelle concen-
tration7and small differences in concentration did
not produce significant differences in yow.

The data obtained for stainless steel surfaces in
the sulfonate solutions (Fig. 1) are in many ways
similar to data obtained for the polymer sur-
faces. This is consistent with the fact that the
dinonylnaphthalene sulfonates are adsorbed from
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I/Xow.

Fig. 2.—Surface chemical behavior of aqueous sodium
dodecyl sulfate solutions in iso_})ropylbiphenyllpolymer sys-
tems: A, cos 8as afunction of 7on B, work of displacement
as a function of 7on C, cos 8vs. I/lyow (O = PTFE, A =
polyethylene).

Fig. 3.— The work of displacement as a function of y o, for
water drops on solid surfaces submerged in oil solutions of
the dinonylnaphthalene sulfonate soaps.

oil solution on metal oxide surfaces to form close
packed monolayers that have surface properties
comparable with those of the surface of polyeth-
ylene.6 It should be noted that the contact angles
obtained for a given oil solution on the sulfonate
films fall between those obtained on polytetra-
fluoroethylene and those obtained on polyethylene
for the same solutions. That is, the soap monolayer
adsorbed at the oil-oxide interface has a water
wettability intermediate between that of the two
polymers in these oil solutions.
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In the absence of polar-non-polar solutes in the
liqguid phases the contact angles obtained on the
polymer surfaces in the three oils all were greater
than 175°. On a clean stainless steel surface sub-
merged in the oils, the water drops all gave contact
angles less than 10°; by making extraordinary
efforts to eliminate polar impurities it was possible
to obtain contact angles very near zero degrees.

The relationship between cos 0 and -yow at higher
values of tiie oil-water interfacial tension than can
be obtained with the dinonylnaphthalene sulfo-
nates was determined by measuring the contact
angles formed by water drops containing different
concentrations of sodium dodecyl sulfate (NaLS).
Observations were made on polytetrafluoroethylene
and polyethylene submerged in isopropylbiphenyl;
the data are indicated in Fig. 2A.

The experimental data also provide an index of
the relative adhesional tendency of water and oil
to these non-polar surfaces, the reversible work of
displacing unit area of water, Wd-15 This quantity
is defined as the work involved in the disappearance
of one cm.2of water-solid interface with simultane-
ous formation of one cm.2of oil-water interface and
one cm.2of oil-solid interface. A summation of the
energy changes gives an expression for the work of
displacement

Fd Ws+ \Wwv 7W )

The value of IFd for any system can be calculated
from the experimental data by substituting equa-
tion 1into the expression for Wd to obtain

FT = 70w (cos 9 + 1) (3)

In Fig. 2B and 3 the work of displacement calculated
from the experimental data is plotted as a function
of 7om+ The vertical lines extending from each
point represent the probable error in Wr> and were
calculated making a probable error of + 0.2 dyne/
cm. inyowand = 2°in6.  Generally, the work re-
quired to displace water from polytetrafluoro-
ethylene is larger than that required to displace
water from polyethylene.

Discussion

The Oil-Water-Polymer Systems.—In order to
interpret the observed relationship between cos
0and yow, consideration must be given to the rela-
tive orders of magnitude of the interfacial energies
acting at the oil-water-solid line of intersection and
to the effect that polar-non-polar solutes have on
these energies. It is assumed that, in the absence
of surface active solutes, the interfacial energy exist-
ing between water and the organic polymer surface
is comparable in magnitude to that existing at the
interface between water and the organic oil. It also
is assumed that both these energies are large in com-
parison with the interfacial energy at the organic
liguid-organic solid boundary. These assumptions
are reasonable because interaction between the rel-
atively polar water molecules and a non-polar or-
ganic liquid such as decane should not be greatly
different from that between water and an organic
solid such as polyethylene. The interfacial energy
between decane and polyethylene is much smaller

B_ Freundlich, “Colloid and Capillary Chemistry,” Methuen
5L, e Oty ey
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than the other two because methylene groups pre-
ponderate in both.

It is expected that the solutes employed will be
strongly adsorbed at both the oil-water and water-
solid boundaries but that litule adsorption of solute
will occur at the interface between the oil and the
organic solid. Adsorption at the oil-water interface
involves ionic interactions of the polar head of the
solute molecule with the aqueous phase. Similar
interactions are possible when the molecule is at
the water-organic polymer interface. Fowkes and
Harkins®Bhave measured the film pressure of solutes
adsorbed at the water-paraffin interface and Ber-
nett and Zisman9have demonstrated the adsorption
of polar-non-polar solutes at the water-polyethyl-
ene and water-polytetrafluoroethylene interfaces.
The interfacial energy at the boundary between a
non-polar organic liquid and a non-polar organic
polymer, however, is not likely to be of sufficient
magnitude to favor the specific adsorption of sur-
face active solute.

The contact angles of near 180° obtained on the
submerged polymer surfaces in the absence of sur-
face active solutes, and the parabolic relationship
observed between cos 9and yo#/, are consistent with
the preceding assumptions concerning the relative
magnitudes of the interfacial energies. In order to
obtain contact angles near 180°, i.e.,, cos 6 = —1,
the numerator of the Young-Dupre equation
(equation 1) must be negative and nearly equal to
the denominator. In other words, the water-
polymer interfacial tension, 7W8 must exceed the
oil-polymer interfacial tension, 7o0s, by an amount
nearly equal to the oil-water interfacial tension,
7ow A decrease in the contact angle as a result
of decreasing yow requires that in eq. 1 the nume-
rator must take less negative values, i.e., yws must
decrease. Thus the progressive decrease in the
contact angle with increased adsorption at the
oil-water interface must be the result of simul-
taneous adsorption of solute at the water-polymer
interface.

It is possible to examine the data more critically
by rewriting the Young-Dupre equation in the
form

This equation will be linear (in 1/y ow) if Tosand yws§/
7oware constant. Because the surface energies of the
oil and polymer are small and comparable, it is
unlikely that the solutes are adsorbed at the oil-
polymer interface, so that 705 may reasonably
be expected to be constant for a given oil-polymer
combination regardless o: the solute present.
The term 78 yOwn, on the other hand, can be con-
stant only if adsorption at the respective interfaces
changes the interfacial energies by proportional
amounts. In Fig. 2C and 4 the data are plotted as
cos 6 against I/yOw Of the eleven solvent-
solid systems investigated, only one shows un-
guestionable departures from linearity. For the
systems that do give a linear relation between
cos 9 and I/y Ow, the slope of the line represents an
estimate of the value of 70s, the oil-solid interfacial

( (](% F M F(]I\kESGI"dWD Fh'kir‘B,J.Am.ChemASocA, &,%77
1940);
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Fig. 4—Cos Ovs. 1/tow for water drops on solid surfaces
submerged in oil solutions of the dinonylnaphthalene
sulfonated soaps: O, polytetrafluoroethylene; A, poly-
ethylene; O, stainless steel.

tension. Therefore, to the extent the assumptions
can be justified, this analytic treatment provides
a novel means of obtaining numerical values of the
interfacial tension between non-polar solids and
liquids. In the oil-polymer systems, the data
obtained on polymer surfaces in the oil solutions
of the dinonylnaphthalene sulfonates (Fig. 4) either
are clearly linear when plotted as cos 9 against
I/7ow or are consistent with a linear plot but lack
enough points to confirm linearity. The slopes of
these lines are taken as estimates of 705 and are
listed in Table I. The interfacial tensions between
polytetrafluoroethylene and bis-(2-ethylhexyl)-
sebacate or isopropylbiphenyl are an order of
magnitude greater than the interfacial tensions
between polyethylene and these same liquids.
There is only a small difference in the value of 7cs
for the two polymers in decane. The data for the
polymers in isopropylbiphenyl using the aqueous
solutions of sodium dodecyl sulfate also give slopes
that indicate a much larger value of y® for poly-
tetrafluoroethylene than for polyethylene against
this aromatic liquid (Fig. 2C).

Tabte |

Estimated Oil-Solid Interfacial Tensions, 70s (from
Eqg. 4 and Fig. 4)

70s, dyne/cm.—
For
Solid isopiD i) F
1 SOpropyl- € S - or
surface 'bl&egx}lll Sél Xt¥e decane
PTFE 27 2.2 0.3
Polyethylene 04 0.4 2
Sulfonate monolayer
on stainless steel 12 4
IA3LE 11

Comparison of Tlv — 7¢ with Two Estimates of 70s 1

Various Oil-Polymer Pairs
Estimated value of 70s.

Oil-polymer 7LV — 7c. ILFIrOer From
interface dynes/cm. Fig. 4 eq. 5
Isopropylbiphenyl-poly-
tetrafluoroethylene 17 2.7 2.8
Isopropylbiphenyl-polyethy m
ene 3 0.4 0.2
Bis-(2-ethylhexy)-sebacate-
polytetrafluoroethylene 13 2.2 1.8
Bis-(2-ethylhexyl)-sebacate-
polyethylene 1 0.4 i
Decane-polytetrafluoro-
ethylene 6 3 A4
Decane-polyethylene -8 2 .6
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The interfaeial energy between a non-polar
liguid and a non-polar solid may be considered
the result of a difference in their chemical consti-
tution. More specifically, it is the result of dif-
ferences in the magnitude of the unsatisfied molecu-
lar dispersion forces at the surfaces of the two
phases. The best indices of the magnitude of
these unsatisfied forces are the surface tension of
the liquid (y1v) and the critical surface tensionI
of the solid (yc), and it may be expected that the
solid-liquid interfaeial tension will be greater as
the difference between these two quantities is
greater. Critical surface tensions of the solid
surfaces of interest here are: polytetrafluoro-
ethylene, 18 dynes/cm.,B dinonylnaphthalene sul-
fonate monolayer on stainless steel, 29 dynes/cm.,6
and polyethylene, 32 dynes/cm.88 The surface
tensions of the model oils employed are: decane,
24 dynes/cm., bis-(2-ethylhexyl)-sebacate, 31
dynes/cm., and isopropylbiphenyl, 35 dynes/cm.
The differences in the surface tension of the liquid
and the critical surface tension of the solid, yc, for
various oil-polymer pairs are listed in column 2 of
Table I1l. Reference to column 3 of this table
shows that the interfaeial tensions estimated from
Fig. 4 do fall into the general order to be expected
from column 2, although there is no simple pro-
portionality when the value of yos is less than 0.5
dyne/cm.

The estimated values of yos listed in Table |
for polyethylene against the various oils are small
quantities, a result of the similarity in chemical
constitution of these organic liquids and the surface
of the hydrocarbon polymer. There do not appear
to be any experimental data available for the inter-
facial tension between liquid polyethylene and other
hydrocarbon liquids with which to make compari-
sons since such pairs of liquids usually are miscible
inone another. This miscibility is evidence in itself
that they would have only a small interfaeial energy.
The values of yosfor polytetrafluoroethylene against
the hydrocarbon liquids (Table 1) are smaller by
a factor of three or four than the experimental
values reported in the literature for the interfaeial
tension between pairs of liquids having compar-
able differences in chemical composition. For
example, a value of 125 dynes/cm. has been
measured for the interfaeial tension between a-
methylnaphthalene and a high molecular weight
fluorocarbon as compared to 2.7 dynes/cm. for
isopropylbiphenyl against polytetrafluoroethylene.
Jarvis and Zismand have estimated the interfaeial
tension for a perfluoroalkane against a polyethylene
glycol fluid as 5.7 dynes/cm. and against hexa-
decane as 8.8 dynes/cm. These values are con-

(17) The critical surface tension, yC,is the surface tension of a liquid
that will just spread cn a non-polar solid surface (Pl. W. Fox and W. A.
Zisman, J. Colloid Sci.t 5, 514 (1950); E. G. Shafrin and W. A. Zisman,
J. Phys. Chem, 64, 519 (1960)). The value of yCis less than the actual
surface energy of. the solid by the quantity of ysi, the interfaeial energy
between the solid and the liquid that just spreads. With suitably
chosen spreading liquids, yB may be assumed to be very small so that
the critical surface tension may be taken as a reasonable approximation
of the surface energy of the solid. W. D. Bascom and C. Il. Single-
terry, ibid., 65, 1683 (1961).

(18) E. G. Shafrin and W. A. Zisman, ibid., 64, 519 (1960).

(19) F. M. Fowkes and W. M. Sawyer, « Chem Phys., 20, 1650
(1952).

(20) N. L. Jarvis and W. A. Zisman, J. Phys. Chem, 63, 727 (1959).
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siderably greater than the 2.2 dynes/cm. obtained
for polytetrafluoroethylene against the diester oil
and the 0.3 dynes/cm. obtained against decane.

The smaller values for the interfaeial tensions
at the oil-polymer boundaries compared to the
values for the interfaeial tension between liquids
having similar differences in chemical constitution
suggests that the overlying oil alters the apparent
surface energy of the polymer. This would be the
case if the molecules of the oil at the polymer
surface are less mobile than the oil molecules further
removed from the surface. For oil-polymer pairs
that are similar in chemical constitution, such as
polyethylene and decane, it is possible that there
is a penetration or solution of the oil into the
amorphous polymer surface. It also is conceiv-
able, since the solid surfaces are not smooth on an
atomic scale, that there is an entanglement of the
molecules of the organic liquid with the polymer.
A weak adsorption of oil or solute molecules,
particularly at the surface of polytetrafluoro-
ethylene, cannot be excluded. Studies of the heat
of immersion of this polymer2lindicate the presence
of a small number of relatively active adsorption
sites. In any event, oil displacement will be from
a surface that is comprised of polymer molecules
and a few relatively immobile molecules of the oil
itself. Because of the immobilized oil molecules,
the solid surface will have properties less unlike
the overlying organic liquid, and the apparent oil-
polymer interfaeial energy will be less than if all
the oil molecules could be displaced.

Girifalco and Good have proposed an equation2

Tab = Ta + 7b — 20(ya7b)'/s (5)

which expresses the interfaeial tension between
two liquids, Yab, in terms of their individual surface
tensions, ya and Yb- This expression was arrived
at by analogy from the Berthelot relation for the
interaction between like and unlike molecules.
The term 4> is an empirical factor which corrects
for systems that deviate from the simple Berthelot
relation. Computed values of Yab are particularly
sensitive to small alterations in < and this cor-
rection term approaches one (i.e., systems conform
to the Berthelot relation) only when the liquids
are mutually soluble. Listed in column 4 of Table
Il are values of yos for the oil-polymer pairs in-
vestigated here, calculated using equation 5 and
employing yc as the surface tension of the solid
phase and assuming § = 1 Considering the
uncertainties introduced by wusing the critical
surface tension, values of yGs calculated in this way
are in surprisingly good agreement with the values
estimated from Fig. 4 provided 4>is taken as unity.
If instead, a value of 0.95 is used for 45 as suggested
by Girifalco and Good2for non-polar but mutually
insoluble liquid pairs, the computed values of y®
are considerably greater than the values estimated
from Fig. 4. The results of these calculations are
a further indication that the value of y08estimated
here from relative wettability data expresses the
interfaeial tension between oil and a polymer sur-
face more or less modified by immobilized oil mole-
cules.

(21) A. C. Zetticmoyer, Chem Revs., 59, 937 (1959).
(22) L. A. Girifalco and R. J. Good, J. Phys. Chem, 61, 904 (1957).
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For the polymer surfaces studied here, some in-
ferences concerning the relative values of yw8 and
Yow may be derived from a consideration of eq.
1, 2 and 4. If the data give a linear plot of cos
6 vs. U yow, he., if Yos and yws'Yow are constant
in eq. 4, it follows from eq. 2 that a plot of w a vs.
Yow also must be linear. When the assumption
of a constant Yos for solutions of different soaps in
the same oil is justifiable, the departures of the
w a plot from linearity may be unambiguously as-
sociated with departures from constancy of YwdY o
Unfortunately, the value of Wd is extremely sensi-
tive to errors in the measurement of either cos 6
or Yow from which it is calculated. These un-
certainties for the present work are indicated for
each datum point in Figs. 2B and 3. More pre-
cise data obviously are necessary for a decisive
test of the assumption that the ratio Yws/7ow is
constant. Nevertheless, for all of the present data
involving polymer surfaces, a linear plot is possible
within the limits of error indicated. For stainless
steel the points for isopropylbiphenyl are easily
compatible with a linear plot and those for decane
are approximately so, but those for bis-(2-ethyl-
hexyl)-sebacate deviate well beyond the experi-
mental uncertainty. Since the solid surfaces in
this case are adsorbed monolayers of polar organic
compounds, the assumption of a constant Yos
is questionable. The diester is subject to hydroly-
sis in the presence of water and a catalyst; it is
possible that varying amounts of hydrolytic prod-
ucts adsorb to modify the surface energy of the
soap monolayer, and so Yos-

The measurements with sodium dodecyl sulfate
were taken for the specific purpose of extending
the wettability study into the range of higher oil-
water interfacial tensions. The plot of w a vs.
Yow (Fig. 2B) can be associated reasonably with
a straight line for all values of y Ow below 25 dynes/
cm., but the points for the more dilute solutions
and for pure water do not fall on this line. Since
Yos may be expected to be constant, the deviation
is attributed to a relatively slower increase in Yws
than in Yow as the soap concentration is decreased
in this range. Beyond Yow values of 25 dynes/
cm., Wd is close to zero and Yow and Yws change in
such a way that their difference rather than their
ratio is nearly constant and this difference ap-
proaches the value of Yos-

The Oil-Water-Metal Systems.—The conclu-
sions arrived at in considering the relative wetta-
bility of submerged polymer surfaces may be ap-
plied directly to the data obtained on stainless steel
surfaces submerged in oil solutions of the dinonyl-
naphthalene sulfonates. The sulfonate molecules
are adsorbed on stainless steel as monolayers with
their polar heads on the metal oxide surface and
their hydrocarbon portion oriented away from this
surface.6 Films adsorbed from isopropylbiphenyl
solutions that previously have been saturated with
water have surface properties that are independent
of the sulfonate cation. The critical surface tension
for these monolayers is 29 dynes/cm.; this is
lower than that of polyethylene and is presumed
to indicate that a substantial fraction of the surface
of the sulfonate film is occupied by methyl groups
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which give a lower polarizability of the surface
than is found for polyethylene. Thus, these films
have surface properties between those of poly-
tetrafluoroethylene and polyethylene.

In the absence of soluie, the low contact angles
observed on steel surfaces submerged in the oils
are consistent with the oil-metal interface being
a boundary between the highly polar metal oxide
and the non-polar oil; the value of Yos in the
Young-Dupre equation must be high. When the
surface of the metal specimen is coated with an
adsorbed soap film, the relationship between cos
8 and Yow is comparable with that obtained for the
polymer surfaces in these same oil solutions.

An analysis of the data according to eq. 4 pro-
vides some indication of the interfacial energy at
the boundary between the sulfonate monolayers
and the oils (Fig. 4, Table I). For the monolayers
against decane the estimated value of yos is 0.4
dyne/cm. A low value of yos for the decane-
sulfonate monolayer interface is consistent with the
similarity between the atomic groups in the mono-
layer surface and the characteristic atomic groups
of the oil molecule. On the other hand, the end
groups of the soap monolayers differ sufficiently
from the molecular configuration of isopropylbi-
phenyl to give a larger oil-solid interfacial energy.
The value of yos for the sulfonate monolayers in
isopropylbiphenyl is between the values of ym
for the polymer surfaces in this liquid, as would
be expected from a comparison of the values of
Yiv~Ypfor the three oil-solid pairs.

The results obtained on stainless steel surfaces
in the diester oil solutions of the sulfonate soaps
raise a question as to whether the monolayers
formed by the individual soaps are in this case
identical in surface energy. The relation between
cos 8 and yow is not parabolic, the work of dis-
placement goes through a pronounced maximum
when plotted as a function of yow, and there is
considerable curvature in the plot of cos 8 against
1/Yon As suggested in the foregoing discussion,
the diester oil may be hydrolyzed at the metal
surface and the resulting hydrolysis products
mixed with the adsorbed monolayer. The hy-
drolysis and the adsorption of hydrolyzed fragments
of diester oils on clean metal surfaces has been
demonstrated previously.Z Unfortunately, it has
not been possible to isolate films adsorbed from the
solutions of the sulfonates in this oil to study their
surface properties in air because diester-sulfonate
solutions do not retract cleanly from the films they
deposit on stainless steel.

Conclusions

(1) The work required to displace water from a
non-polar solid surface by a non-polar organic
liquid will be least when the surface tension of the
liquid and the critical surface tension of the solid
surface are as nearly the same as possible.

(2) Dinonylnaphthalene sulfonates present in
these systems are adsorbed onto polar solid surfaces
to form close packed films that are comparable
with the surfaces of non-polar solids. They also

(B) E F,, Hal’eal’dWA ng J. Phys. Chem., %, %(1%5)
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are adsorbed over the entire surface of the water
drop, although solute adsorption at the water-oil
interface may not exactly parallel that at the water-
solid interface.

(3) While tne analytic treatment of the data
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does not lead to an assumption-free determination
of 70s, there is good reason for believing that it
furnishes a useful relative index of the inter-
facial energy of a non-polar liquid against a non-
polar solid surface.
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The sharp-boundary model of Mageelfor diffusion and recombination of radicals and ions produced by ionizing radiation

is extended to the case of a spherically symmetrical spur.

The paper includes sample calculations and asymptotic solutions

for the high- and low-background regimes; the importance of the transition region between these is emphasized.

In the first paper of this series, Mageel con-
structed a simple, but general, model of geometrical
effects in radiation chemistry. Features of this
model were a definite volume of the expanding
track and a discontinuity in the value of the con-
centration at the track boundary. A closed-form
solution of the diffusion-recombination equations
was obtained, and a number of valuable relation-
ships were deduced. Chief among these was the
definition of “low-background” and *“high-back-
ground” regimes.

Since the appearance of that paper, the study of
track effects in radiation chemistry has been
devoted largely to specific systems, notably water.2
(A recent paper by lvanov3is based partially on
the Magee model.)

In this paper we re-examine the original model
for two reasons; (1) It applies to all states of aggre-
gation and to radicals as well as ions (provided
termination is second order). (2) It identifies
the irradiation conditions having background
ratios near unity as those most useful for determina-
tion of diffusion and recombination parameters.
In the low-background regime, yields do not de-
pend on dose rate; in the high-background regime,
they do not depend on track parameters; but in
the region of transition between the two regimes
they depend on dose rates and track parameters.

To develop the Magee model into one which can
be applied to physical systems, four steps appear to
be necessary.

1. The Magee model, which applies to cylindri-
cal tracks, must be extended to include tracks
made up of spherically symmetrical spurs, inde-
pendent of each other, and corresponding to individ-
ual primary ionizations or excitations. Such
tracks are typical of ionizing radiations of low
linear energy transfer.

2. The model must be extended to include

(1) 3. L. Magee, J. Am. Chem Soc.,, 73, 3270 (1951); Appendix:
ADI-3217 (see footnote 10 in Magee's paper; photocopy price now
$1.25 from Photoduplication Service, Library of Congress, Washington
25, D. C.).

(2) A very complete review is given by A. Kuppermann, in “Actions
Chimiques et Biologiques des Radiations,” M. Haissinsky, ed., Vol. 5,
Masson et Cie., Paris, 1961, pp. 85-166.

(3) V. I. Ilvanov, Atomnaya Energ., 7, 73 (1959); Reactor Set., 12,
128 (1960).

reactions of active species with a homogeneously
distributed substrate. These correspond to many
actual cases of radical and ion reactions.

3. The dependence of yields on dose rate must
be obtained as a function of the background ratio
(which we shall call /3 k as in ref. 1). We may
write G I n, where G is the yield of products per
unit dose (molecules/100 e.v.), | is the dose rate,
and n is 0 i:i the low-background region and —1/2
in the high-background region. To obtain track
parameters from studies of the transition region,
we must be able to find 3k from an experimental
determination of the change of n with I.

4. Since many of the experiments at high dose
rates are performed using pulsed radiation, the
model must be suitably adapted. This involves
making the background concentration, y0 a vari-
able which is zero at the beginning of a pulse and
increases toward its steady-state value. (yO is
taken as a constant in ref. 1and in this paper.)

This paper deals with the first of these four steps.
Diffusion and bimolecular recombination in spher-
ically symmetrical spurs are considered. The
model applies primarily to systems in which the
only reactions involve active species, e.g., H atoms
in pure hydrogen or ion pairs in rare gases, in any
state of aggregation. It also applies to other sys-
tems in which radical-substrate reactions are slow
compared to diffusion and recombination.

Spur Diffusion Model.—The notation of ref. 1
is followed as much as possible (k = recombination
rate constant, D = diffusion constant.) The spur
volume v is taken as

v = (v + Dty/t (i)
The background concentration of active species

is y. The number of particles initially formed in
the spur iswQ The initial number present is

NO = Wb + Wl 2
The time dependence of the number N of active
particles is

= — kN (N — \)/v + y di'/d; 3)

As in ref. 4, N(N-1) is substituted for N2 be-
@ A HSameladJ L Megee, 5. chem. phys., 21, 1080 (1953).
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cause wo is a small number and because a radical or
ion cannot recombine with itself.

The following approximate solution to this equa-
tion was found to be more useful than the exact
analytical solution which is given in the Appen-
dix. To render the equations tractable, we take
N' = N —1/2 and approximate N(N—I) = N'2
This introduces an error of 1/4. An average value
of wOis about 5 (Samuel and Magee4, so that the
over-all error will be between 1and 2%.

Dividing equation 3 by Av/At gives

dn  dn-
dv dv

2kN'2 ,
3Dv'h + v (€]

Outside the spur, the change iny is given by
dy _

Y= L 2
di Y )

which can be solved to give
1Jo

— - ©)
i+ <y/3 V&3

y:

Introducing this result in equation 4, and sub-
stituting

u = - ()]

the linear differential equation obtained is

du 4ky0 2 kK

dv + 3pv'/3 ®)
3Dvvr [I + N (»V» - »1A)

with the boundary condition v =
1/2).
The solution is

rQu = 1I/(w0-

N
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I3Axm- 1) + 431 - B)(xmv>- 1) + 2(1 - /91 -
, -.Jda _ 1+ BxmD - 1)]3
m ' o*xm (*mv>- 1) - K1 + B(xni» - 1)]/2wo
W
Kwo —*A)
(13)

This is a relation involving only /3 «. xm and wo.
It is easiest to assume values of {3 xmand w0 and to
calculate k.

In Figs. 1 and 2, solutions of equation 13 are
shown for w0 = 5, xm = 106 103 and 8, and O
ranging from 106to 10_s inclusive. Figure 1is a
logarithmic plot of O vs. k and Fig. 2 is a loga-
rithmic plot of O vs. 0/k, the background ratio. As
expected, lower values of xmand lower values of 0
are associated with higher values of o/«, as in the
cylindrical model. An unsteadiness of trend in the
xm = 10s and xm = 8 curves is believed to be a
mathematical artifact. The high- and low-back-
ground regimes show up clearly.

Fig. 1.—Plot of log kvs. log £2 The broken line represents
0 = K

[1 + falo(rd3—w0VQ/D]2

wO0—V2 1+ 2k3ozv

Substituting x = v/AV0Q k = kwo/Dvodp 0 =
w/¥D, w = N -vy, this reduces to

K —

kyG

W — 'A)-11l + fIVA - 1)]2— (W — Vs)"1
Isdz - 1)+ 431 - B)X/B- 1)+ 2(1 - AL - a—A)
(10)

In order to eliminate w, a termination condition
is required. Let us assume initially that wOis the
same for all spurs. Then the terminating condition
is the same as in ref. 1. Let the subscript m refer
to the situation at the end of the spur’'s lifetime.
At the termination time tm, when another spur is
formed in the volume v = vin, the concentration in
the spur is

AAIA id = yo (rn

and

~ s OAMXm”  O{xn2£4 1)
»1 = WO - Vm) = e X “TF /3(XVA . 1) (12)
Introducing this into equation 10, w can be
eliminated, giving

mvo0)73D3 + (dkd0/D2 — 4k3ovaZ¥ D 3J(v'/1 — VA) + (—2k/D -

awyovorr2  2KIOW/ASMBWAY> - \o-'l")
* 14 kudvl (0)
leg 3

Fig. 2—Plots of log B/kws log /3 solid lines, w0 = 5>
broken lines, distr bution of spur sizes.
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A second approach permits consideration of the
spur size distribution. Assume vm — const, VO =
w/wn = const. Thena:m = const = xmw6. For a
given set of physical constants, Nm and wm will
vary with wa and average values would be obtained
by averaging over the distribution of values of wn
Since this is not feasible, we shall instead pretend
that wm is constant, thus obtaining fictitious k
values for each spur size. The values of /S/k thus
obtained will be averaged and weighted in accord-
ance with the distribution of spur sizes. The values
of 3 and « are proportional to

For comparison with the values previously ob-
tained, the spur size distribution used was

wo =

2 Frequency = 0.43

4 .22

6 12

8 .10

14 13
1.00

This distribution is based on cloud chamber ob-
servations by Wilson.61t has been shown previously6
that this approximation to the actual spur size
distribution yields acceptable results. The mean
value of wo in this distribution is 5.08.

Values of kand /3/«x were calculated for these
values of waand for values of xmand /3 correspond-
ing to those used in the previous calculation, except
that no calculations paralleling the previous ones
for xm = 103were made. For each calculation, the
new xm was the previous xm multiplied by 5/wQ
and the new /3 was the previous /3 multiplied by
(w05)21. The values of /3/« were averaged and are
shown as broken lines in Fig. 2. It will be seen that
they are not very different from the solid lines ex-
cept in the transition region. It is apparent that
qualitative conclusions can be drawn from calcula-
tions using a single value of wQ.

Asymptotic expressions also were obtained for «
in the high-background and low-background re-
gions.

In the low-background region

k = 2/3znvo = 2/3zm (14)
In the high-background region
k = P*xm(xm2’ — 1) (15)

From the low-background asymptotic value, one
can obtain a rather remarkable conclusion. Sub-
stituting

&A = yaoo/wo (16)
we obtain
Hdxan“ 2 = 1 @a7)
and from (11)
Nm= ‘A

Thus, in the low-background limit, and in the
absence of scavengers, the average population of a
spur at the end of its expansion would be /2 radi-
cal. However, the obvious relation of this result to
the substitution N' = N - 1/2 casts doubt on its

(5) C. T. R. Wilson, Proc. Roy. Soc. (London), A104, 192 (1923);
D. E. Lea, “Actions of Radiations on Living Cells/’ Cambridge Uni-
versity Press, Cambridge, England, 2nd ed., 1955, p. 27.

(6) A. H. Samuel, Ph.D. Thesis, University of Notre Dame, 1952,
pp. 46-48.
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physical significance. A similar asymptotic de-
velopment of equation A15 (see Appendix) yields

(19)

It is interesting that the value for Nmin the low-
background regime is found to be independent of
track parameters and dose rate by two independent
methods.

The physical significance of the model has been
been treated before7and will be summarized briefly.

Under low-background conditions, the yield is
the sum of chemical changes in the individual
spurs, and is proportional to the dose. Under high-
background conditions, the kinetics are similar to
those of photochemistry, since the spurs have radi-
cal (or ion) concentrations similar to those of the
bulk medium. The transition between these re-
gimes is observed only under special conditions,
which it is our aim to identify. Figure 2 seems to
show that the transition region is not that at which
3/« = 1, but is rather that given by a line running
through the bends of the curves.

High-background conditions are favored by low
values of wo and k, and by high values of D and
the dose rate I; low-background conditions con-
versely. All of these quantities except | appear
explicitly in the equations. To point up the physical
meaning of the model, let us show how I is present
implicitly.

Let us suppose that the average value for the
energy lost by the primary particle in producing a
spur is 100 e.v. Then a dose rate of I rad/sec. is
equivalent to the formation of 6.25 X 10111 spurs/
g./sec., or 6.25 X 101 1p spurs/cc./sec., where pis
the density of the medium.

In our model, the volume of the spur at tmis the
same as the volume in which one new spur is created
in time im

Nm= 1

+ Dtmy/2 = (6.25 X 10* Iptm)-1  (20)

This equation relates | to the track parameters.
The equation can be simplified further for xm »

1, i.e., Dtm» Voh. Then
tm= 19 X 10-6(7P)"-4D-«-6 (21)
Xm = (Dtm)N/vo = 8.4 X 10~s{D/Ipf-s/v, (22)

Thus the parameter xmis substituted for I.

An application of these equations to an actual
case is possible for electron irradiation of water.
Rotblat and Sutton8have shown that the transition
from the low-background to the high-background
regime in water occurs at about 100 rad/sec. As-
suming D = 2 X 10_5cm.2sec., VO= 10-21 cm.3 we
obtain from (22) xm = 1.3 X 105 This high
value justifies the wuse of (22). Taking this
dose rate as corresponding to the center of the
bend in the plot of log 3/ vs. log @ we find
by interpolation in Fig. 2 that log 3 « —3.5, log
3/« « —5.7, therefore log k « 2.2. From the defi-
nition of k we then obtain for the radical recom-
bination rate constant €= 8 X 10-11 cm.3particle-
sec., which may be considered plausible in view of
the roughness of the calculation. Similar calcula-
tions can be carried out for other systems.

(7) A. H. Samuel, Trans. Am. Nuclear Soc., 2, 390 (1960).
(8) J. Rotblat and H. C. Sutton, Proc. Roy, Soc. (London), A255,
490 (1960).
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Further development of the Magee model is
planned, along the lines which have been mentioned.
The next step is to introduce a reaction with sub-
strate molecules. It is believed that analytical
solutions may not be attainable in this case; if so,
computer programs in ALGOL language will be
substituted.

Acknowledgments.— It is a pleasure to thank
Dr. Edwin M. Kinderman and Dr. Samuel I.
Taimuty for their encouragement, and Dr. Joel L.
Brenner for many helpful discussions and par-
ticularly for finding the solution given in the Ap-
pendix.

Appendix
Substituting equation 6 in equation 3 gives
dN  _ 2KkN(N — 1) Y,
dv 3 1V/» 1 + kyoivr - Y Kk 1
To solve this equation, we substitute
N =N - Vi (A2)
ob
M —~ §-V. (A3)
a = k3osD3 (A%)
and
6 = 1 —kytfdhzD

The equation then becomes

dN’ 24a + aM2+ bMi

dM  ~ 4aM2+ 4bMi (A6)
If a function f(M) can be found which satisfies
1 dz 24a + a¥! + bMi
f AM2~ 4aM 2+ 46444

then the solution9 of the Riccati equation A6 is

N' —1 EL ;( ----------- L. ---mmme-
f AM Ap{C - Z/AM/P)
where C is a constant of integration.
The function / is obtained as an infinite series.
There are two solutions

(AS)

) f(H) —  FANZR+ ... +
ZnMAT2+ (A9)
(9) E, Kamke, “Differentialgleichungen: Losungsmethoden und

Lésungen,” Chelsea Publishing Co., New York, N. Y., 3rd ed., 1948,
equation 1.33, p. 298.
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with the recurrence formula
_ —bzni £ zn, [46(2w — 4H)(@2ra —5) —q]

Za ~ 24a - 4a(2n - 2)(2n - 3)
i0=121ZzI=~-214 (A10)
and
(i) fM) = up + 9IMB+ giw + ... +
q,M 2n+3 + ... (All)
with the recurrence formula
_ —fogn2 + gn-i [86»(2n — 1) — ]
- 24a - 4a(2n + 3)(2n + 2) '
N=1T~=-Va+k (Al2

This solution has not been found useful for fur-
ther development. However, a low-background
limit can be obtained. If yOis very small, and
bM* >> 24a, (A6) reduces to

dN*

AM (A13)
which has the solution
i —4
M - MO= <:>o(*_*/» - 1) = Inl_%L (A14)
A0

where again
X = vivs>

Substituting equations 2 and 16, the number of
active particles at time tm is

1~tl- Mif/7+Ti] expE - 1}
(A15)

Since, from equations 11 and 16
,r _ R

this is another equation in the four parameters /3
«, wWa xm and is comparable to equation 13 for the
low-background region. For large «, the right-
hand side of equation A15 reduces to 1—just twice
the asymptotic value obtained in equation 18.
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The synthetic polyampholyte poly-N-ethyleneglycine demonstrated a weak binding for sodium and potassium” ions.
Spectrophotometric studies in the presence of Cu(ll) showed that complexes were formed with an absorption maxima in the

680-780 region.
6-fold coordination.

Continuous variations analysis showed that three glycine ligands were bound to a copper ion indicating
Potentiometric titrations of the polyampholyte in the presence of Cu(ll) showed the simultaneous

binding of two glycine units with a formation constant log kjci = 12.04, with a third glycine unit being weakly bound with a

formation constant log k3 = 2.88.

Introduction

The preparation and general properties of a new
synthetic polyampholyte poly-N-ethyleneglycine
(PEG) were described recently.B In contrast to
other synthetic polyampholytes reported by Alfrey,
et al,,s-8 Wagner and Long,6 Schloegl and Fabit-
schowitz,7 Katchalsky and Miller8 and Morris, et
al.,9this polymer was of a relatively low base molec-
ular weight (101) and was soluble in the region of
the isoelectric point. Previous papers in this series
have reported "he binding of alkali, alkaline earth
and transition metals with polyacids, 1011 and of
copper and silver with the polybase poly-N-vinyli-
midazole.2 This communication deals with a
study of the binding of sodium, potassium and cop-
per(l1) ions by poly-N-ethyleneglycine.

Experimental

The synthesis of P E G via the polymerization of the methyl
ester of N-ethyleneglyeine yielded a product free of salts and
other low molecular weight contaminants.2 As indicated by
diffusivity througn membranes and moving boundary ex-
periments, its estimated molecular weight was in the range
5,000-15,000. The polymer was soluble over the pH range
1-12 at polymer concentrations as high as 1 M (base moles);
more dilute (0.14/) polymer solutions were not salted out by
ordinary 1-1 electrolytes at concentrations as high as 1 m .
The isoelectric pcint determined viscometrically was 2.75
while from electrophoretic mobility measurements it was
2.9. The isoionic point or the pH of the pure ampholyte
(0.01 M ) in water was 3.45.

The neutral salts used were of reagent grade with in no
case a heavy metals content greater than 0.001%. Titra-
tions of PEG in the absence of copper were carried out as
follows: ldentical polymer solutions were titrated by adding
acid to one solution, base to the other and the two titration
curves joined. Titrations in the presence of an excess of
neutral salt were performed by adding acid to the polymer

(1) Taken in part from the Dissertation of Daniel H. Gold, sub-
mitted in partial fulfillment of the requirements for the degree of Doc-
tor of Philosophy in Chemistry, Polytechnic Institute of Brooklyn.
June, 1957.

(2) H. P. Gregor, D. H. Gold and G. K. Hoeschele, .7. Am. Chem.
Soc., 77, 4743 (1955).

(3) T. Alfrey, Jr,, H. M. Morawetz, E. B. Fitzgerald and R. M.
Fuoss, ibid., 72, 1864 (1950).

(4) T Alfrey, Jr., and H. M. Morawetz, ibid., 74, 436 (1952).

(5) T. Alfrey, Jr., R. M. Fuoss, H. Morawetz and PIl. Pinner, ibid.,
74, 438 (1952).

(6) IP. L. Wagner and F. A. Long, J. Phys. Colloid Chem., 55, 1512
(1951).

(7) K. Schloegl and PI. Fabitschowitz, Monatsh. Chem., 85, 1223
(1951).

(8) A. Katchalsky and I. R. Miller, J. Polymer Sci., 13, 57 (1954),

(9) L. R. Morris, R. A. Mock, C. A. Marshall and J. Pl. Howe,
J. Am. Chem. Soc., 81, 377 (1959).

(10) H. P. Gregor and M. Frederick, J. Polymer Sci., 23, 451 (1957).

(11) H. P. Gregor, L. B. Luttingcr and E. M. Loebl, J. Phys. Chem.,
59, 34, 366, 559, 990 (1955).

(12) D. H. Gold and H. P. Gregor, ibid., 64, 1461, 1464 (1960).

solution and back-titrating with base. Titrations were per-
formed at 25.0 £+ 0.1° under nitrogen; carbon dioxide-free
water was used throughout. A Beckman Model G pH meter
was employed. Because of possible gel formation during
titrations in the presence of Cu(ll), a stepwise procedure
similar to that previously reported2 was employed where
measurements were made after equilibration at 25 + 0.1°.

Absorption spectra were measured at room temperature
(25 £ 3°) with 1-cm. silica cells against water blanks; a
Beckman Moael DU spectrop hotometer was used.

Results and Discussion

Titrations of 0.01 M PEG in the presence of no
salt, 1 M sodium nitrate and 11f potassium nitrate
in the pH 2.5 range are shown in Fig. 1. The iso-
electric point of PEG can be calculated from its
titration behavior, using the method of Edsall,
et al.13 Letting B represent amino functional
groups and A the carboxyl groups, hydrolysis pro-
duces equal concentrations of BH+ and OH- with
the former and A*“ and H+ with the latter and

[BH#] + [H+] = [A}+ [OH-]

where the brackets represent concentrations. Since
the isoionic point is at pH 3.45, [H+] > [OH-] and
[A-] > [BH+] or the solution is above the iso-
electric pH where [A-] = [BH+], If a strong acid
is added then [A-] is lowered as [BH+] is raised,
and the pH when they are equal is the isoelectric
point. Analysis of the titration data of Fig. 1
taken in the absence of salt and assuming an activ-
ity coefficient of unity led to a calculated isoelec-
tric point of 2.84 in excellent agreement with the
point established by electrophoretic mobility and
viscosity.

The titration of polyelectrolytes generally can be
expressed in terms of a modified Henderson-Hassel-
bach relationshipl0#4

pH - pKa—nlog (1 — a)/a Q)

where a is the degree of neutralization by acid or
base and n and pAaare constants. With titration
data taken in the absence of added salt this plot
yielded a curved line at low pH levels (titration of
the RCOO- groups) with a pKavalue of 2.2 and a
slope n of unity; the titration of the amino group
gave a somewhat better line with pKa = 8.15 with
a slope of 7.45. This latter, extremely high slope
may result because protons are being extracted
from a positively charged backbone which is
shielded by negatively charged carboxyl groups, the
latter acting to repel the hydroxide ions added.

(13) J. T. Edsall, H. Edelhoch, R. Lontie and P. R. Morrison, J.

Am. Chem. Soc., 72, 4641 (1950).
(14) A. Katchalsky and P. Spitnik, J. Polymer Sci., 2, 432 (1947).
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As a increases the shielding effect similarly in-
creases, tending to make for particularly high
slopes.

Inspection of Fig. 1 discloses certain unusual
aspects. Considering the polyzwitterionic struc-
ture given below it is apparent that the addition of

CH,
|
COO-

neutral salt will cause the polyampholyte to act
like a stronger base when titrated with acid and a
stronger acid when titrated with base with the pH
of the isoelectric point remaining unchanged if
both acidic and basic dissociation constants are
affected in a like manner. As a consequence, poly-
ampholyte titration curves usually rotate about
their isoelectric points when neutral salt is added,
an effect observed by SorensonBwith natural poly-
ampholytes and applied by Alfrey and co-workers6
for the detection of the isoelectric point of a syn-
thetic polyampholyte.

When PEG was titrated in the presence of 1 M
sodium and potassium nitrates a rotation of the
titration curves about the isoelectric point was not
observed; rather, a downward shift of the titration
curves resulted. This behavior is consistent with a
binding of the sodium and potassium ions by the
polymer, with the release of hydrogen ions. This
view is supported by observations of Schwarzen-
bach and co-workers18T on the binding of sodium
and potassium by ethylenediaminetetraacetic acid,
which is structurally similar to PEG.

In order to separate this binding effect from a
pure salt effect, PEG was titrated in the presence of
tetramethylammonium bromide; the quaternary
ammonium cations are not bound by EDTA. Here
the normal salt effect with rotation is observed cor-
roborating the view that sodium and (to a lesser
extent) potassium ions are bound by this protein-
like structure.

The absorbancy (log P/1) of copper nitrate,
PEG and a mixture of PEG with copper in solutions
adjusted to pH 3.6 was measured in the 400-900
mp region, where PEG absorbs weakly. When the
two reactants were mixed a new species was formed
as shown by the formation of an extremely strong
absorption band at low wave lengths (< 400 mp)
and a new absorption peak in the 700 mp region.
An evaluation of the predominant moiety present
under these experimental conditions was made using
the method of continuous variations described by
Job.18 Mixtures of the reactants at different
ratios keeping the total concentration constant
at 0.02 M were prepared. Assuming Beer’s law,
the solution absorbancy was corrected for reactant
absorbancy assuming no reaction had taken place

(15) S. P. L. Sorenson, Compt. rend. trav. lab. Carlsberg, 12, 68

(1919).

(16) G. Schwarzenbaeh and H. Ackerman, Heh. Chim. Acta, 30,
1798 (1947).

(17) G. Schwarzenbaeh, E. Kampitsch and R. Steiner, ibid., 28, 828
(1945).

(18) P. Job, Ann. Chim. (Paris), [10], 9, 113 (1928); [11], 6, 97

)
(1936).
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Fig. 1L.—Titration of 0.01 m PEG (0.4 meq.) in the pres-
ence of no salt o, 1M sodium nitrate A, 1M potassium
nitrate 0 and 1M tétraméthylammonium bromide V.

Fig. 2.—Continuous variations analysis of the poly-N-
ethyleneglycine-Cu(ll) complex, adjusted to pH 3.60 and
measured at 700 (#) and 610 mp (m) using a0.02 m total
solution concentration.

and was plotted against the mole fraction of the
copper present. As the PEG-Cu ratio was in-
creased from 1:3 to 3:1 the absorbancy increased
and the peak shifted to shorter wave lengths.
Still further increases in the PEG-Cu ratio re-
sulted in a decreased absorbancy and a shift of the
peaks back to longer wave lengths.

A continuous variation analysis of the PEG—Cu
system at 610 and 700 nip. is shown in Fig. 2. At
both wave lengths sharp peaks were found at a cop-
per mole fraction of 0.25, corresponding to a com-
plex of 3 glycine-type ligands with one copper ion.
Since each glycine ligand has two coordinating posi-
tions, 6-fold copper-(11) coordination is indicated.
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Fig. 3.—Formation curve for the poly-N-ethyleneglycine-
copper(ll) nitrate complex at 25°.

It is of interest to compare this with the results
of Quintin®who investigated glycine-copper com-
plexes spectrophotometrically and found a 1:1
complex at low pH and a 2:1 complex at pH 7 and
above. From an analysis of his results, Quintin also
concluded that a 3:1 complex also might exist but
could not directly identify it. Bjerrum, Ballhausen
and Jorgensond® found that the Cu(ll)-ammine
complexes also show a coordination number of 6,
with 4 of the ligands in the planar positions and two
perpendicular to the plane and somewhat farther
from the central atom. The placement of the last
two ligands required a higher solution concentration
than for the others.

Assuming complete reaction, the molar absorptiv-
ity (1/be log P/1) of the PEG-Cu complex is 74
+2 at 690 nun Dean and Soonpaa2l found the
2:1 glycine-copper complex had an absorptivity of

The titration of PEG in the presence of several
concentrations of Cu(ll) was carried out. A
pronounced shift to lower pH values was observed
as the copper ion concentration was increased,
typical of complex-forming systems. The method
of Bjerrum2for the calculation of individual forma-
tion constants was employed. Here the average
number of ligands bound per metal ion present is

9 _ [At] - [A-] - [HA] - [HA+]
* [CUT++4] W

where [At] is she total base molar concentration of
PEG, [A-]the concentration of negatively charged
glycine units (RNCH2COO-), [HA] the concentra-
tion of zwitterionic glycine (RNH+CH2COO-),
[H2A+] the concentration of diacidic glycine
(RNH+CHZ2COOH) and [Cut++] the total molar
concentration of cupric ion. From the results of the
continuous variations analysis

[At] = [A-]+ [HA] + [H2A+] + StCuAr] (3)

(19) M. Quintin, Compt, rend., 231, 1226 (19.50); 232, 228 (1951).

(20) J. Bjerrum, C. J. Ballhausen and C. K. Jorgenson, Acta Chem
Scord,, 8, 1275 (1954).

(21) R. B. Dean and H. Soonpaa, J. Am. Chem Soc., 74, 6108
(1952).

(22) J. Bjerrum, ‘Metal Ammine Formation in Aqueous Solution,”
P. Haase and Son, Copenhagen, 1941.
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[CuT++] = [Cu++] + [CuA,-] 4)

From equations 3 and 4 and the solution electro-
neutrality requirement it readily may be shown
that
[HA] = [A¢] 1 - a) - [H+] + [OH-] - 2[H2A+]
(5)
Since only titration data below pH 5 were used in
the analysis, [OH- ] was negligible in comparison to
the other terms in equation 5 and was neglected.
Also, it easily may be demonstrated that [HA] >>
[H2A+] over the pH range treated if the second
polyampholyte acid dissociation constant is less
than 2.5 X 10-6; this will be demonstrated sub-
sequently.
» In some of the studies previously reported in this
series1011 the values of n and [A-] could be cal-
culated using the functional relationship between
the concentration of charged and uncharged ligand
groups as expressed by a suitably modified Hender-
son-Hasselbach equation. However, since the
titration of PEG in the absence of a coordinating
metal did not give a linear plot of pH against log
(I-a)/a, a different relationship was used.Z3 Here
the polyacid dissociation constant is taken as a
function of the degree of chain charging or a
., [H+][A-]
[HA]
where (Z) is [A-]/[At] and in the absence of a co-
ordinating metal is equal to a. Since when (Z) >
0.1, KJ is smaller than 2.5 X 10~5 and the previous
simplifying assumption is justified.
In the presence of copper

+iCuAr

[At]

=1(2) ©)

(Zz)~a «[At] +

3[Aq] ¢

[H+]+2[A-]13 (7)
On the basis that coordination does not alter the
dissociation relation 6 but changes only the degree
of charge on the polymeric chain, equations 6 and 7
will produce a consistent value for [A- ] by an itera-
tive procedure.

Table |

Formation Constants for Poly-N-ethyleneglycine,

Glycine and N-Substituted Glycines with Copper(ll)

at 25°
Ligand Log ki Log Ko
PEG 12.04
Glycine* 15.10
Glycine6 8.28 16.0
Glycine* 8.38 15.17
N-Methylglycine* 7.94 14.59
N-Ethylg]ycinec 7.34 13.55
N-Propylglycinec 7.25 13.31
N-Butylglvcinec 7.32 13.50
N,N-Dimethylglycine® 7.30 13.65
N,N-Diet,hylglycmec 6.88 12.86
“N. C. Li and E. Doody, J. Am. Chem. Soc., 76, 221
(1954). b R. M. Keefer, ibid., 70, 476 (1948). «Ref. 24.

The calculated formation function is shown in
Fig. 3. It is observed that the PEG-Cu system
forms a strong 2:1 complex and a considerably
weaker 3:1 complex. The 2:1 complex is appar-

(23) J. B. Andelman, G. K. Hoeschele and H. P. Gregor, J. Phys.

Chem, 63, 206 (1959).
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ently formed in a one-step process since the slope of
the formation curve is quite steep up to A = 2
The third step is displaced considerably from the
first two and is weaker. Formation constants for
PEG—Cu are listed in Table | together with values
for glycine and substituted glycines. The 2:1
PEG-Cu complex is weaker than the glycine-Cu
complex and comparable with the N,N-diethyl-
glycine-Cu complex. Basolo and Chen2concluded
that the progressive decline in stability between the
substituted glycines and copper as the alkyl sub-
stituents became larger was indicative of steric

(24) F. Basolo and Y. T. Chen, J, Am. Chem Soc., 76, 953 (1954).
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hindrance. Agreement between the log K2 values
for the PEG-Cu and N,N-diethylglycine-Cu sys-
tems is consistent with the planarity requirement
for the first four Cu(ll) coordination positions
where steric hindrance makes for a lowered stabil-
ity constant.

The observation of a 3-step reaction indicating
6-fold Cu(ll) coordination is in agreement with the
spectroscopic data presented earlier.

Acknowledgment.—This investigation was sup-
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The formation constants of the dioxalato euprate(ll) complex and the cadmium(ll)-oxalate complexes have been deter-

mined polarographically in light water (HD) and hea
cuprate(ll) complex in light water is 1.87 X 109 (log K

water (DD).
= 9.27) and in heavy water is 3.27 X 109(log k 2 = 9.51).

The over-all formation constant of the dioxalato
The

over-all formation constants for the c.admium(ll)-oxalate complexes in light water are 4.10 X 102for Kk, (log Kk, = 2.61),

1.29 X 104for (log Ki =
are 4.60 X 102for Ah (log Kk, =

light water is more strongly solvating than heavy water.

Introduction

Very few studies have been reported on the
polarography of solutions in heavy water, D9.
Studies have been made on the discharge of hy-
drogen and deuterium at the dropping mercury
electrode from mixtures of light and heavy water.1-2
The hydrogen overvoltages in light and heavy water
and <n their mixture are discussed in a paper by
Heyrovsky.3

As far as these authors know, there have been
no published reports on the determination of the
half-wave potentials of either simple or complexed
metal ions in heavy water. Nor have any type of
measurements been reported on the deuterium
solvent isotope effect on the formation of metal
coordination complexes.34 However, a considerable
amount has been done on acid dissociation effects.
Reference is made to three recent papers.4-6

This paper reports the results of the polarographic
determination of the over-all formation constant
of the dioxalato cuprate (I1) complex and the forma-
tion constants of the cadmium(ll)-oxalate com-

(1) J. Heyrovsky and O. H. Muller, Collection Czechoslov. Chem
Commune., 7, 281 (1935).

(2) J. Novak, ibid., 9, 207 (1937).

(3) J. Heyrovsky, ibid., 9, 273 (1937).

(3a) See also N. C. Li, P. Tang and R. Mathur, J. Phys. Chem,
65, 1074 (1961), on deuterium isotope effects on dissociation constants
and formation constants.

(4) C. A. Bunton and V. J. Shiner, Jr., J. Am. Chem. Soc., 83, 42
(1961).

(5) E. A. Halevi, F. A. Long and M. A. Paul, ibid., 83, 305 (1961).

(6) V. J. Shiner, Jr., and M. L. Smith, ibid., 83, 593 (1961).

4.11) and 1.15 X 106for k 3(log k% = 5.06).
2.66), 1.60 X 104for ki (log K2= 4.20) and 1.49 X 105for K3(log k 3 =
constants were determined at 25.0 + 0.05° and at an ionic strength of 1.00 with sodium nitrate.

In heavy water the over-all formation constants
5.17). All these
These results indicate that

plexes in light and heavy water. The formation
constant of the copper(ll) oxalate ion-pair was not
determined because of the difficulty in obtaining
the necessary low concentration of oxalate. In
the concentration range studied, no evidence was
obtained to indicate that the trioxalato cuprate-
(I1) complex would form.

The formation constant of the dioxalato cuprate-
(1) complex, K2 in light water has been reported
by several investigators. Their results are sum-
marized in Table 1.

Table |
Literature Values of Log K2 for the Dioxalato

Cuprate(ll) Complex

lonic
Log K2 strength Method Ref.
8.3 0.00) E.m.f.(Cu) 7
8.5 1 E.ra.f.(Cu) 8
10.3 3 Polarography 9
9.24 1.0 Polarography 10
9.36 1.1 pH titration 1
9.70 1.0 Polarography 12

The formation constants of the cadmium(ll)-
oxalate complexes have been investigated pre-

(7) H. T. S. Britton and M. E. D. Jarrett, J. Chem. Soc., 1489
(1936).

(8) H. S. Riley, ibid., 1307 (1929).

(9) L. Meites, J. Am. Chem. Soc., 72, 184 (1950).

(10) D. L. McMasters, Ph.D. Thesis, Indiana University, 1959.

(11) J. I. Watters, J. Am. Chem Soc., 81, 1560 (1951).

(12) R. DeWitt and J. |. Watters, ibid., 76, 3810 (1959).
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viously by the methods of solubility and conduc-
tivity. The experimental results are summarized
in Table 1. None of these papers lists a value for
the formation of the trioxalato-cadmiate(ll) com-
plex. Cadmium has a coordination number of
six and should be capable of coordinating three
oxalate ions. Polarographie evidence is reported
in this paper that indicates the presence of this
third complex.

Table Il
Literature Values of Log Ki and Log K, for the
Cadmium(I1)-O xalate Complexes
. . lonic
Log Ki Log Kd strength Method Ref.
3.52 0 Solubility 13
4.00 5.77 “m0 Conductivity 14
3.89 —0 Solubility 15
5.66 ~O0 Solubility 16

Experimental

Reagents and Chemicals.— Distilled water and 99.5+ %
pure heavy water, DD, were used as solvents. All other
chemicals were reagent grade and were used without further
purification. Anhydrous cadmium nitratellwas used in the
preparation of the heavy water stock solution. All the cop-
per nitrate and cadmium nitrate solutions were standardized
by electrodeposition. A 0.25 m stock solution of sodium
oxalate was made in light water and a 0.20 m stock solution
in heavy water; both were prepared from primary standard
sodium oxalate. A 5.00 m solution of sodium nitrate in
light water and a 2.50 m solution in heavy water were used
in the preparation of the supporting electrolyte. (The con-
centrations of the stock solutions are given because the
solubility of the salts varies considerably between the two
solvents.)) No maximum suppressor was required.

All solutions used in the polarographic measurements had,
in addition to a varying sodium oxalate concentration, a
copper ion concentration of 578 X 1 0 ™ in light water
and 5.56 X 10~4M in heavy water; a cadmium ion concen-
tration of 5.50 X 10_4 m in light water and 5.59 X 10“4
M in heavy water. The ionic strength of the working solu-
tions was adjusted to 1.00 by using the appropriate amounts
of sodium nitrate electrolyte. Just prior to usage, the work-
ing solutions were freed of oxygen by bubbling a stream of
prepurified nitrogen through them.

Apparatus.— The polarograms were recorded at 25.0 +*
0.05° with a Sargent Model X X1 polarograph. An H-type
cell, very similar to that described by Kolthoff and Lin-
gane,Bwas used in light water. The agar bridge was made
from 3% agar in 1.0 M potassium nitrate and a water-
jacketed, bulb-type saturated calomel reference electrode
was inserted into a 1.0 m potassium chloride solution in the
reference side of the cell.

In heavy water, a modified H-type cell was used for the
copper(ll) solution. One section was a demountable satu-
rated calomel reference electrode constructed with heavy
water. The horizontal part of the reference electrode was
filled with 3% agar containing saturated potassium chloride
in heavy water. The other two sections were filled with the
deaerated working solution and were separated by a medium
porosity sintered Pyrex disk to minimize the diffusion of
chloride ions from the S.C.E. to the working side of the cell.
For the cadmium(ll) solutions a two-compartment, de-
mountable H-cell was used in heavy water instead of the
more elaborate three-compartment cell.

The same dropping mercury electrode was used in all this
work. In light water the D.M.E. had a drop time of 4.07

(13) W. J. Clayton and W. C. Vosburgh, J. Am. Chem Soc., 59,
2414 (1937).

(14) W, C. Vosburgb and J. F. Beckman, ibid., 62, 1028 (1940).

(15) R. W. Money and C. W. Davies, Trans. Faraday Soc., 28, 609
(1923).

(16) J. E. Barney, W. J. Argersinger, Jr., and C. A. Reynolds,
J. Am. Chem. soc., 73, 3785 (1951).

(17) G. Malguori, Gazz. chim. ital., 58, 209 (1928).

(18) I. M. Kolthoff and J. J. Lingane, “ Polarography,” Interscience
Publishers, New York, N. Y., 1952, p. 354.
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sec. and a rate of flow of mercury of 1.57 mg./sec. at a height
of 62.50 cm. (open circuit). Similar figures in heavy water
are: drop time, 4.29 sec., a rate of flow of mercury of 1.56
mg./sec.

The span of the polarograph was set at 0.5 volt and the
initial and final potentials were measured to +0.01 mv. with
a Rubicon Model B potentiometer. The resistance of the cell
system was measured at 1000 cycles per sec. with a Model
RCM 15BL1 Serfass conductivity bridge.

Calculations.— Current measurements were made using
the maximum currents as suggested by Hume, el al.,19 for
the Sargent Model X X1 polarograph. Corrections were
made for the residual current and for the iR drop due to the
recorder sensitivity setting (446.5 ohms at 0.020 /xamp./
mm.) and the ceil system resistance (approximately 100
ohms). The half-wave potential calculations were made on
an IBM 650 electronic computer.2

Seven values of the half-wave potential were averaged for
the uncomplexed copper in light water, and eight values of
the half-wave potential were averaged for the uncomplexed
copper in heavy water. Four independent values of the
half-wave potential were averaged for each oxalate concen-
tration in both light and heavy water. The range of the
half-wave potentials used was well within 1.0 mv. in the
majority of cases but occasionally the difference between the
highest and lowest values for a given concentration slightly
exceeded 2 mv. For all polarograms the slope of the plot
log (Zd-£)/=£ vs. voltage indicated reversibility. The value
for the slope was +0.030 = 0.001 or less better than 80%
of the time and the maximum deviation did not exceed
+0.006.

For the cadmium(ll)-oxalate system from four to six
independent values of the half-wave potentials were aver-
aged for each solution. The range of the half-wave poten-
tials used was well within 1.0 mv. in the majority of in-
stances. The slope of the plot of log (id-i) vs. potential in-
dicated reversibility. The value of the slope was 0.030 +
0.001 or less better than 70% of the time and only two times
outside the limits of 0.030 + 0.002.

The half-wave potentials were not corrected for liquid
junction potentials, but it is assumed that no serious errors
would result from neglecting the probably-small junction
potentials.

The F i(X) terms are defined by DeFord and Hume2L for

Tabte Il

Experimental Results. Dioxalato Cufrate(ll) Com-

plex in Light W ater

Eili, \v&
[C20r], S.C.E,, id,
m V. mm. Fo(X) Fi(Xx) F.(X)
0.0000 + 0.02516 202.6
1017 - 1910 1944 2.11 X 107 2.075 X 108 2.04 X 10»
.08643 - .lses4 1916 150 X 10r 1.74 X 10» 2.01 X 10»
.07118 - 1811 1947 9.78 X 10s 1.37 X 108 1.93 X 10»
.05592 - 1739 1976 550 X 106 9.84 X 107 1.76 X 10»
.04067 - ,165g 190.5 3.06 X 106 7.53 X 107 1.85 X 10»
.02542 . 1536 1950 1.15 X IO« 4.52 X 107 1.78 X 10»
.01017 1299 1963 1.80 X 16 1.77 X 10 1.74 X 10»
Av. Fz(X) = 1.87 X 109 = Ki
Table IV
Experimental Results. Dioxalato Cuprate(ll) Com-
plex in Heavy Water
Eiliv
[C20r], S.C.3, id, . .
m V. mm. Fo(X) Fi(X) Fi{X)

0.000 +0.0319 177.4

.08037 - 1842 1727 2.79 X 10r 2.59 X 108 3.22 X 109

.06831 - .18Or 1734 154 X 10 2.26 X 10s 3.30 X 109

.05626 - 1758 170.1 1.10 X 107 1.95 X 108 3.47 X 109

.04420 - 1688 1742 6.22 X I0® 1.41 X 108 3.18 X 109

.03215 - ,1605 173.6 3.27 X 106 1.02 X 10s 3.16 X 109

Av. Fi(X) = 3.27 X 10»

(19) D. N. Hume, D. D. DeFord and G. C. B. Cave, J. Am. Chem
Soc., 73, 5323 (1951).

(20) D. L. McMasters and W. B. Schaap, Proc. Indiana Acad. Sci.,
67, 111 (1958).

(21) D. D. DeFord and D. N. Hume, J. Am. Chem Soc, 73, 5321
(1951).
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Table V
Experimental Results. Cadmium(Il)-O xalate Complexes in Light W ater
[CGO"], m Ew2 vs. S.C.E., V. id, mm. Fo(X) ft(X) F2(X) ft(X)
0.0000 -0.5754 180.0
.2010 - .6685 164.5 1542 7667 3.61 X 104 1.154 X 106
.1610 - .6609 165.1 850.5 5277 3.023 X 104 1.076 X 105
1416 - .6569 156.7 656.5 4628 2.979 X 104 1.193 X 105
1217 - .6532 162.2 475.4 3898 2.866 X 104 1.295 X 105
.1014 - .6468 166.2 282.0 2771 2.329 X 104 1.025 X 105
.06080 - .6331 166.7 96.76 1575
.04020 - .6221 174.7 39.22 950.7
.02062 - .6089 166.8 14.70 604.4
.01444 - .6022 161.4 9.018 555.3
.01238 - .6002 162.4 7.668 538.6
.00618 - .5920 178.9 3.915 476.4
Table VI
Experimental Results. Cadmium(ll;-O xalate Complexes in Heavy Water
[CSOrl, m Ei/zvs. S.C.E., V. id, mm. Fo(X) F.(X) F,(X) F.(X)
0.0000 -0.5963 165.5
.1807 - .6622 152.8 1507 8333 4.356 X 104 1.525 X 105
1622 - .6586 148.6 1171 7215 4.165 X 104 1.581 X 105
.1406 - .6537 156.1 760.7 5404 3.517 X 104 1.363 X 105
.1205 - .6495 154.8 552.8 4580 3.420 X 104 1.510 X 105
.1004 - .6440 156.1 357.3 3549 3.077 X 104 1.471 X 105
.08033 .6380 162.0 215.7 2673 2.755 X 104 1.438 X 106
.06024 .6300 156.4 119.8 1972 2.510 X 104 1.511 X 106
.04054 .6208 139.9 65.40
.02001 .6050 160.6 16.64
.01801 .6030 149.0 15.34 796.1 1.866 X 104 1.477 X 105
.01635 .6009 144.3 13.45 761.6 1.844 X 104 1.492 X 10s
.01401 .5990 157.6 10.64 687.8
.01201 .5962 147.9 9.102 674.7 1.788 X 104 1.565 X 106
.008005 .5899 141.8 5.811 600.9 1.760 X 104

the system as

Fox) = antilog <(n/0.05916)( [Ay.], — [Ay.]o +

log [(td)./(td).]>
Fax) = A, + A, [ox] + Asfox]2 + K3[oxV
Fi(x) = JA,(X) - A,)/[[ox] = Ah + X2[ox] + A[ox]*
F,(X) = [A(X) - A]ll[ox] = A, + A3[ox]
Fs(X) = [A(X) - A]/[ox] = A,

Since the values of the several activity coefficients which
appear in the fundamental equations are unknown at pres-
ent, the formation constants will be in terms of molarities
instead of activities, with reference to the ionic strength
used. Additional details may be secured from other papers
by Hume, et a/.192122

Results and Discussion

Copper(ll)-Oxalate Complex System.—The ex-
perimental results and calculations are summarized
in Table 11l for light water and in Table IV for
heavy water. A graph of log FO(X) vs. log [0X] in-
dicates that the dioxalato cuprate(ll) complex isthe
predominating species in the concentration range
studied. The slope of the lines is 2.05 instead of the
theoretical 2.00 for the number of ligands attached.

The results of an experiment of this type us-
ually are presented in graphical form. Because of
the large range of values, this is impossible for
the FO(X) and Fi(X) data. A graph of Ft(X) vs.
[ox] will produce a straight line, horizontal to the
[ox] axis. The intercept at zero concentration of
oxalate is theoretically the value of the formation
constant, K2 However, a graph is not usually
drawn for this last step and an average of the F2(X)

(22) R. E.Frank and D. N. Hume, J. Am. Chem Soc., 75,1736 (1953).

values is taken to be the best value of the formation
constant.

The over-all formation constant of the dioxalato
cuprate(ll) complex in light water is 1.87 + 0.12
X 109 where the range is the observed standard
deviation of the mean (log K2 = 9.27). The over-
all formation constant of the dioxalato cuprate(ll)
complex in heavy water is 3.27 + 0.13 X 109 (log
K2= 9.51).

These results indicate that light water is more
strongly solvating than heavy water.

Cadmium(ll)-Oxalate Complex System. Light
Water.—-The experimental results and calculations
are summarized in Table V for light water. A
graph of log FQX) vs. log [0x] indicates that, in
the concentration range covered, all three com-
plexes were present.

The graph of FO(X) vs. [ox] has an extrapolated
intercept equal to the theoretical value of 1
The graph of Fi(X) vs. [0ox] has an extrapolated
intercept equal to 4.10 + 0.15 X 102for K\ (log
Kx = 2.61). The plot of FXX) vs. [ox] has an
extrapolated intercept equal to 129 = 0.15 X
104 for Hi (log A2 = 4.11). The average of the
FZX) values is 1.15 + 0.15 X 105for K, (log Kz =
5.06).

Heavy Water.—The experimental and calcu-
lated results for heavy water are summarized in
Table VI. All three complexes again were present.

The graph of FO(X) vs. [0x] has an extrapolated
intercept equal to the theoretical value of 1. The
graph of Fi(X) vs. [ox] has an extrapolated inter-
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cept equal to 4.60 + 0.15 X 102for K\ (log K\ =
2.66). The plot of FZAX) vs. [ox] has an extrapo-
lated intercept equal to 1.60 + 0.15 X 104for K2
(log K2 = 4.20). The average of the F3X) values
is 1.49 + 0.15 X 106for K3(log K3= 5.17).

These results also indicate that light water is
more strongly solvating than heavy water.
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EFFECT OF SEVERAL PHOSPHATES ON THE CRYSTALLIZATION AND
CRYSTAL HABIT OF STRONTIUM SULFATE
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The crystallization of strontium sulfate was remarkably retarded when an extremely small amount of sodium pyro- or
triphosphate was added to the solution, the habit of the resultant crystals being modified to the spherulitic. The effect of
either sodium trimetaphosphate or the orthophosphate was insignificant. The effect of the phosphate on the crystallization
rate, estimated by conductometric measurements, was attributed to adsorption of the phosphate on the strontium sulfate
crystals. In the case of the pyro- and triphosphates, there was a rapid increase in the amount adsorbed with increasing
phosphate concentration. The large differences in adsorption were correlated with the solubilities of the strontium phos-
phate salts and with the ability of the phosphates to form complexes with strontium. The low values for the amount of
trimetaphosphate adsorbed were partially ascribed to the rigidity of its ionic structure, which might prevent its adaptation

to the crystal lattice of strontium sulfate.

Introduction

It was reported previously that the crystalliza-
tion of strontium sulfate is retarded by the presence
of an extremely small amount of sodium triphos-
phate, and that the habit of the crystals is modified
with the formation of spherulites.1 On the basis of
measurements of the crystallization rate, the adsorp-
tion of phosphate on the strontium sulfate crystals,
coprecipitation and observations on the growth
process of the crystals, the author ascribed the re-
tarding action of the triphosphate to its adsorption
on the crystal nuclei or the growing crystals. The
mechanism of the habit modification as well as of
the spherulite formation was explained in terms of
the adsorption.2

To find out whether other phosphates exert an
effect similar to that of the triphosphate, we in-
vestigated the crystallization rate of strontium sul-
fate in the presence of the ortho-, pyro-, tri- and
trimetaphosphates; measurements also were made
on the adsorption of these phosphates on strontium
sulfate crystals. A correlation was found between
the effect on crystallization and adsorption. The
dependence of the adsorption upon the ionic struc-
ture of the phosphate is discussed.

Experimental

Materials.— Strontium chloride and potassium sulfate
were purified by recrystallization as previously described.1
Analytical grade sulfuric acid was purified by distillation.
Strontium hydroxide was crystallized from a mixture con-
taining equivalent amounts of strontium chloride and
sodium hydroxide solutions which had been freed from car-
bonate by treatment with calcium hydroxide; the product
was recrystallized twice from carbon dioxide-free water.
To obtain sodium pyrophosphate, Na42)7, analytical grade
disodium orthophosphate was heated for 5 hr. at 550°, and

(1) S. Otani Bull. Chem Soc. Japan, 33, 1543 (1960).
(2) S. Otani, ibid., 33, 1549 (1960).

then cooled slowly; after three recrystallizations from water,
it was heated again for 5 hr. at 550°.3 Sodium triphosphate,
Naz3P30dm, was prepared by the procedure previously re-
ported.12 Sodium trimetaphosphate, (NaPOah, prepared
from monosodium orthophosphate,4 was recrystallized three
times from aqueous solution by adding ethanol. To obtain
the radioactive salts of the pyro-, tri- and. trimetaphos-
phates 3P-labeled orthophosphate was added to the starting

materials. Paper chromatographic tests showed that the
individual phosphates were not contaminated by each
other.

The strontium sulfate crystals used as the adsorbent were
precipitated by the addition of 0.025 M strontium hydroxide
solution to an equal volume of sulfuric acid of the equivalent
concentration. The precipitate was allowed to stand for 5
days with occasional stirring at room temperature, washed
thoroughly with carbon dioxide-free water by decantation,
and then dried at 150°.

Procedures.—The crystallization experiments were car-
ried out with solutions prepared by mixing equal volumes
of equivalent solutions of strontium chloride and potassium
sulfate. The phosphate always was added to the sulfate
solution prior to mixing. Procedures for the qualitative
tests are given in the previous paper.1

The amount of crystals precipitated within a given period
was determined by weighing. The effect of each phosphate
on the crystallization rate was estimated quantitatively by
conductometry .2

Phosphate adsorption was measured with the aid of
labeled phosphate as described in the previous paper.2 The
amount of adsorbent used in each run ranged from 0.05 to
2 g. according to the adsorbability of the phosphate.

Results

Effect on the Crystal Habit.—The influence of
each phosphate on the crystal habit of the stron-
tium sulfate precipitated was observed over a wide
range of phosphate concentration; Fig. 1 shows
the relation between the phosphate concentration

(3) “Inorganic Syntheses,” Vol. 3, McGraw-Hill Book Co., Inc.,
New York, N. Y., 1950, p. 100; “Jikken Kagaku Koza [Handbook
of Experimental Chemistry],” ed. by the Chemical Society of Japan,
Maruzen Co., Tokyo, Vol. 9, 1958, p. 74.

(4) L. T. Jones, Ind. Eng. Chem,, Anal. Ed., 14, 537 (1942).
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and the habit of the crystals formed for solutions
which initially were 0.02 M with respect to stron-
tium sulfate. The effect of sodium ortho- or tri-
metaphosphate was insignificant. Sodium pyro-
phosphate exhibited a marked effect similar to that
of sodium triphosphate, which has been described in
a previous paper.1l

Effect on the Rate of Crystallization.—The ef-
fect of the individual phosphates on the amount
of deposit is illustrated in Fig. 2. The influence of
the individual phosphates on the crystallization
rate is illustrated more quantitatively by the con-
ductometric data in Figs. 3-6 which give the de-
crease in specific conductivity during the crystalli-
zation in the presence of various amounts of the
phosphates.

Adsorption.—The adsorption of six kinds of
phosphates on the strontium sulfate was measured
with 3P, as shown in the adsorption isotherms in
Fig. 7. In the case of sodium pyrophosphate,
measurements were impossible if the phosphate
concentration exceeded 1 X 10~6M, at which stron-
tium pyrophosphate precipitated.

To determine the specific surface area of the ad-
sorbent used, the adsorption of stearic acid from
benzene solution was measured5 and recorded in
Fig. 8. The specific area evaluated from this
isotherm by the BET equation is 0.29 m.2g.; the
area occupied per molecule of stearic acid was as-
sumed to be 20 A.2 The value estimated from
microscopic inspection of the crystals was of the
same order of magnitude.

Discussion

It is obvious from Figs. 1 and 2 that the four
phosphates studied differ markedly in their effect
on the precipitation and crystal habit of strontium
sulfate. The conductometric data in Figs. 3-6
furnish quantitative information about the crystal-
lization rate. For convenience, we have expressed
the rate as the time required for the deposition of
one-half of the total precipitate (half-time). The
horizontal broken lines in Figs. 3-6 represent one-
half of the total decrease in conductivity, and the
points of intersection of these lines with the curves
give the half-times, since the decrease in conduc-
tivity practically was proportional to the decrease in
the concentration of strontium sulfate in all cases.
In Fig. 9 the half-times thus obtained are plotted
against the concentration of each phosphate; this
figure shows the striking difference between the
effect of the pyro- and triphosphates and that of the
ortho- and trimetaphosphates. In fact, the pres-
ence of only 5 X 10~6M triphosphate or 7 X 10-6
M pyrophosphate is sufficient to practically inhibit
precipitation from 0.01 M strontium sulfate solu-
tion, while approximately a hundred times as much
ortho- or trimetaphosphate is necessary merely to
retard precipitation. As is seen in Fig. 9, the effect
of the orthophosphate decreased after its concentra-
tion exceeded 5 X 10-4 M, at which strontium
phosphate precipitated. The retarding action of the
phosphate in this case may be offset by the preci-
pitation of strontium phosphate, which might ac-
celerate the nucleation of the strontium sulfate.

E ffect of Phosphates on Crystallization of Strontium Sulfate
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Fig. 1.—Effect of four phosphates on the habit of crystals
grown from 0.02 M SrS04 solution: A, slightly modified
single crystals; 0O, irregular crystalline aggregates; O,
spherulitic aggregates having ir-egular shapes; o, spherulites
having spherical shapes; X, np strontium sulfate deposits;

| . deposition of the phosphati is accompanied.

Fig. 2.—Relation between the phosphate concentration
and the amount of crystals deposited from 30 ml. solution
within 24 hr.: A, Na2HPO04 B, NaPd7, C, Na®3Djo;
D, (NaPOs),.

Fig. 3.—Decrease in specific conductivity of 0.01 m SrS04
solutions containing (A) no additive, (B) 1 X 10~5wm,
(C) 2 X 10-4m, (D) 3 X 10-4m, (E) 5 X 10"4m, (F)
1 X 10-3 M, and (G) 2 X 10-3 M NaZHPO04 respectively.

Fig. 4.—Decrease in specific conductivity of 0.01 m
SrS04 solutions containing (A) no additive, (B) 25 X

(5) E. Suito, M. Arakawa and T. Arakawa, J. Chem. Soc. Japan, 10-6 m, (C) 40 X 10“6m, (D) 5.0 X 10-6m, and (E)

Pare Chem, Sec. (Nippon Kagaku Zasshi), 75, 596 (1951).

1.0 X 10-5 M Na4 7, respectively.
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Fig. 5.— Decrease in specific conductivity of 0.01 m Srs04
solution containing (A) no additive, (B) 7 X 10-7 ™M,
(C) 1.25 X 10« ™M, (D) 2 X 10“8m™, (E) 3 X 10“8m,
(F)4 X 10"6M, and (G) 5 X 10-6 M Na@3:o, respectively.

Fig. 6.— Decrease in specific conductivity of 0.01 m SrSCO
solutions containing (A) no additive, (B) 25 X 10-6 ™M,
(C) 5 X 10“5m, (D) 1 X 10~4m, (E) 2 X 10“4m, and
(F) 3 X 10-4 m (NaPO033 respectively.

Equilibrium concn. of phosphates, m X 10~5
Fig. 7.—Adsorption isotherms of phosphates at 25.0°:

A, NaHP04 B, NaZHP04 C, NGP()4 D, XaVPAbi
E, Na®0i0, F, (NaP033
0 1 2 3 4 5

Equilibrium concn. of stearic acid, M X 10~3
Fig. 8.— Adsorption isotherm of stearic acid at 25.0°.

For the same reason, sodium pyrophosphate cannot
prevent the precipitation of strontium sulfate if
the concentration of the latter is 0.02 M or higher,
and there is a break in the curve, pyrophosphate
concentration vs. weight of precipitate (B, Fig.

M. Miura, S. Otanx, M. Kodama and K. Shinagawa

Yol. 66

Phosphate concn., M .

Fig. 9.—Half-time of crystallization vs. phosphate con-
centration at 25°: A, NaZHP04; B, Na4,2D?; C, Nag3io;
D, (NaP033

2), at a pyrophosphate concentration of 1 X 10~4
M. On the other hand, the triphosphate, whose
strontium salt does not precipitate in the concentra-
tion investigated, inhibited crystallization almost
perfectly when its concentration exceeded 3 X 10-6
M; see curve C in Fig. 2

A comparison of Fig. 7 with Figs. 1 and 2 shows
that there is a close correlation between the ad-
sorption of the phosphates and their effects on the
precipitation rate and crystal habit. In the case of
the pyro- and triphosphate which exert a marked
effect on the crystallization rate and crystal habit,
the amount adsorbed increases rapidly with the
concentration, whereas in the case of the ortho- and
trimetaphosphate, the gradual increase in the
amount adsorbed corresponds to their small effect.

The pyrophosphate adsorption isotherm differs
in shape from those of the other phosphates (Fig.
7). Its form, which belongs to the Type III iso-
therm named by Brunauer and his co-workers,6
suggests that pyrophosphate ions have a stronger
affinity for the ions already adsorbed than for the
clean surface of the adsorbent. This view seems
reasonable in view of the low solubility of stron-
tium pyrophosphate.

In the case of sodium triphosphate, the amount
adsorbed tended to reach a saturation value at
about 1.3 X 10~6mole per gram adsorbent, within
the concentration range examined. From this
value we obtain 37 A.2 as the area occupied per
molecule of triphosphate, using 0.29 m.2g. as the
specific surface area of the adsorbent. This value
is in close agreement with the maximum cross-
sectional area of triphosphate ion, 33 A.2 which is
estimated from the data of Davies and Corbridge7
on the crystal structure of sodium triphosphate,
Phase 11; the radius of oxygen atom was assumed
to be 0.66 A.8 Thus, in the presence of a large
amount of the triphosphate, above 3 X 10~6 M,
the surface of the crystals or nuclei of strontium sul-
fate may be regarded as being covered with a
monomolecular adsorbed layer, and the deposition of
strontium sulfate onto such a surface may be
strongly inhibited.

In the case of the orthophosphate, which has a
far smaller ionic dimension than triphosphate, and

(6) S.Brunauer, L. S. Deming, W. E. Deming and E. Teller, J. Am.
Chem Soc., 62, 1723 (1940).

(7) D. R. Davies and D. E. C. Corbridge, Acta Cryst., 11, 315
(1958).

(8) L. Pauling, “The Nature of the Chemical Bond,” 3rd Ed.,
Cornell Univ. Press, Ithaca, N. Y., 1960, p. 246.
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of the trimetaphosphate, which shows very little
adsorption, the adsorbed phosphates must cover
merely a small fraction of the adsorbent surface
even at the highest concentration used.

These pronounced differences in adsorption may
be attributed primarily to the differences in the
affinity of strontium ion for the various phosphate
ions. This affinity may be related to the solubility
of the individual strontium phosphates and also to
the ability of the phosphates to form complexes
with strontium. As there are few data in the liter-
ature on the solubilities of these salts, we studied
the precipitation of strontium with each of the
phosphates by means of the Tyndall effect. The
minimum phosphate concentrations at which a 0.02
M strontium chloride solution became turbid were
2 X 10“4m, 1 X 10-61,4 X 10“6M, and above
1 X 10_1 m, for the ortho-,9 pyro-, tri-, and tri-
metaphosphates, respectively. These data suggest
the familiar relation that the smaller the solubility,
the greater is the adsorption.

The stability of the strontium complexes with
these phosphates are given in van Wazer and Callis’
comprehensive reviewl0 the pl~D-values (negative
logarithms of the dissociation constants) are 1.52 for
the ortho- and 3.35 for the trimetaphosphate.

(9) Disodium salt was used and the pH of the system was 7.1 at the

concentration just referred to.
(10) J. R. Van Wazer and C. F. Callis, Chem. Revs., 58, 1011 (1958).
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Values for the chain phosphates are lacking, but
we were able to estimate them from the relationship
between the relative pAn-values for alkaline earth
complexes and the number of phosphorus atoms per
chain; the values obtained are 4.8 and 6.1 for the
pyro- and triphosphates, respectively. These data
confirm qualitatively the expected relation between
the complexing ability and adsorption.

The very small adsorption of the trimetaphos-
phate may be attributed, in part, to the rigidity of
its ionic structure. As has been pointed out by
Raistrick, 11 the rigid cyclic structure may prevent
adaptation of the ions to the crystal lattice of
strontium sulfate.

The mechanism, which first was suggested to ex-
plain the inhibition of the crystallization of stron-
tium sulfate by triphosphate,2has been confirmed,
and it also serves to explain the effect of the other
condensed phosphates. This work also may afford
some insight into the relation between the behavior
of the condensed phosphates and their ionic struc-
ture. We now are working with tetra- and penta-
phosphates to find out the relationship between the
length of the ion and its effect on crystallization
rate.
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The steady-state concentrations of HD 2and 0 2produced by a 1.5 Mev. electron beam in pure water have been invest!-

gated.
2.4 X 10-16 M 2sec./rad.

radical-product reactions predicts a square root intensity dependence for all products.
OH + HD2
H02— HD + 02(7), OH 4- OH —mHD2(8), and H + H02—=aH2 2(9).
The electron beam then was pulsed and the H2 2steady state followed as a function of the pulse
The resulting curve is interpreted in terms of the lifetime of the OH radical, giving k2 = 4.5 X 107 AIT-1 sec.-1 and

of a mechanism including the following reactions:

kah/kik9is found to be 74.
rate.
fs = 4 X 109M ~1 sec.-1.

A considerable body of data on the radiation
chemistry of aqueous solutions has accumulated
inthe literature. These data have been interpreted
in terms of a free radical model in which it is as-
sumed that “spurs” of radicals are formed by the
radiation containing about three pairs ofdH and OH
in a volume of a few thousand cubic Angstroms.
The subsequent reactions of these radicals with each
other and the solutes yield the products that are
observed.

This model has been very successful in explain-
ing the observations. The high local concentration
of the radical favors radical recombination which
accounts for the production of the hydrogen and
hydrogen peroxide that are observed as well as

Q) Research performed under the auspices of the U. S. Atomic

Energy Commission.

Both steady states increase with the square root of the intensity, I.
It is shown that a general mechanism including any number of radical combination reactions and

The ratio (02)/(HD 2) is 0.8G; (H222/ =

The results are interpreted in terms
HD + HO. (2), H + HD2» HD + OH (3), OH +
AYA22is found to be 1.9 X 10“6M sec., and

the dependence of their yields on solute concentra-
tion and their independence of intensity. The oxi-
dation or reduction yields of the solutes generally
can be expressed in terms of the yields of the radi-
cals and the yield of hydrogen peroxide. Many
systems have been studied in which two solutes
compete for one radical species and the relative
rate constants for the reactions have been obtained.

There are several gaps in our knowledge which
reduce the utility of this wealth of data. There is
no firm demonstration that the active intermediates
produced by the radiation really are radical in
nature, and there is scant information on the
absolute rate constants of their reactions. In-
formation on both of these points can be ob-
tained by studying solutions with high intensity
radiation. If it could be shown that the active
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species undergo exclusively second-order disap-
pearance it would be strong evidence for their
radical character rather than excited-state char-
acter. The application of pulsed-beam techniques
to an intensity dependent system will yield infor-
mation on absolute rate constants.

In 1956, Ghormley?2 published his results on the
irradiation of pure water with an electron beam.
He observed a steady-state concentration of hy-
drogen peroxide which varied with the intensity.
Upon placing a rotating sector in front of the beam,
he determined that the lifetime of the rate-control-
ling species was of the order of a millisecond under
his conditions.

At that time, there was a plethora of data on the
low-intensity radiation chemistry of dilute solu-
tions of H2 H2 2and 0 2 which was not adequately
understood. Consequently the high intensity ex-
periments could not be interpreted. Quantitative
agreement between much of the low intensity
data and a simple six-step mechanism was reached
by Allen and Schwarz3 in 1958 and it appeared
that it was time to reconsider and extend the high
intensity work.

Experimental

Triply-distilled water was used in this work with and
without further purification by pre-irradiation with Co®
7-rays and subsequent photolysis by 2537 A. light to de-
stroy the hydrogen peroxide.4 Slightly different results
were obtained with the two different preparations, as will
be explained in the section on results.

The radiation cells were flat cylinders of Pyrex glass, 14
mm. i.d. and an average of 2.7 mm. inside length in the
direction of the beam. This is about half the range of the
electrons. The front face of the cell was about 0.2 mm.
thick. There was a single entrance to the cell from the edge
made of 0.5 mm. i.d. capillary, 1 cm. long, which was
left open and filled with water during the irradiation.

The water for irradiation was deaerated by bubbling
helium through it for about 1 hr. The helium first was
passed through a trap of activated charcoal at liquid nitro-
gen temperature, through a fritted disk into a tube con-
taining pure water and then through a capillary bubbler
into the water used for the irradiation. The deaerated
solution was forced into the cells through a fine capillary
with a slight helium pressure. There were no visible
bubbles in the cells before or after irradiation.

A deaerated solution standing in a cell for an hour exposed
to the atmosphere contained less than 0.3 fiMOt. This time
is long compared to the time between filling and irradiating
the cells. Each day the cells were filled with deaerated
wat ‘r and preirradiated with the electron beam for about
100 watt-seconds in order to clean the surface. They were
not exposed to the air until after they had been used.

During the irradiation, the cell was placed behind a
grounded 1" aluminum plate, 3" in diameter with a 15 mm.
hole directly in front of the cell. Behind the cell, a ¥.,"
aluminum plate collected the current that went through.
A 0.05 mm. platinum wire attached to the back plate was
inserted a few millimeters into the neck of the cell.

The cell was mounted with its window 9 cm. from the
window of the machine. At this distance the beam has
diverged considerably and only 14% of it passes through the
hole in the guard plate. The intensity distribution across
the cell was checked by irradiating blue cellophane in a
similar holder and was found to vary by about 4% from the
center of the cell to the outside edge. The maximum in-
tensity variation from front to back of the cell should not
exceed + 13% of the average.5

(@ J. A. Ghormley, Radiation Research, 5, 247 (1956).
() A, 0. Allen and H, A. Schwarz, Paper P/1403, “Proc. Intern.
Conf. Peaceful Uses Atomic Energy, 2nd Conf.,” Geneva (1958).

@ A, 0. Allen and R. A. Holroyd, J. Am. Chem. Soc., 77, 5852
(1955).
(®) J. G. Trump, R. J. Van de Graaff and R. W. Cloud, Am. J.

Roentgenol. Radium Therapy, 43, 728 (1940).
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Hydrogen peroxide was determined by the iodide method
of Ghormley.6 The sample was removed from the irradia-
tion cell with an eyedropper and a 0.200-cc. aliquot mixed
with 0.144 cc. of the reagent directly in a dry Beckman
microcell. The O.D. of known samples were reproducible
to 0.002 unitout 0of 0.15 O.D. unit.

The sum of peroxide concentration plus twice the oxygen
concentration was found by a modified Winkler analysis.7
The reagents are: A, 27 g. MnS04-H2/100 ml.; B, 18 g.
NaOH + 30 g. KI/100 ml.; C, 42 M HC1l. These rea-
gents are deaerated by bubbling N2through them. First 3.6
Ail- of A is added to the sample in the irradiation cell from a
capillary pipet and mixed by rotating the cell. Then 3.6
All. of B is added, mixed and the precipitate allowed to
settle. Next 4.6 /<L of C is added and after the precipitate is
completely dissolved the solution is removed with an eye-
dropper and the O.D. of the triiodide complex is read in the
Beckman microcell at 350 m/K.  Calibration of the method
with a peroxide solution gave the relation

(HD 2, =M = 41.3 X O.D.

This factor may be calculated from the extinction coefficient
of the iodide method for HD 2 at this | ~ concentration8and
the expected factor is also 41.3. A dilute oxygen sample
prepared by adding nitrogen-saturated water to air-satu-
rated water in a syringe indicated that the oxygen response
was twice the peroxide response within 5%, which was the
limit of precision in preparing the sample. In general,
it was found that the precision of the determination of
(HD2+2(02 was about +0.5 nM, not as precise as the
peroxide method.

The electron beam was produced by a Van de Graaff
accelerator operating at 1.5 Mev. The pulsing circuit for
the Van de Graaff was developed by S. Wagner and W-
Higginbotham of Brookhaven National Laboratory. This
circuit switches the beam on for a variable period of time
and then off for a longer period. The ratio of the off to on
time is kept constant and was 7.5 for most of the work.
The period for the whole cycle can be varied from 5 X
10~5to 5 sec. The rise time when the beam is turned on is
about 1 Aisec., so that the pulses are square shaped. There
is a 480 cycle wobble in the beam current due to the alter-
nator driving the filament, but this did not exceed + 5%.

Results

Pure helium-saturated water was irradiated
with no intentional impurities added. Hydrogen
peroxide came to a steady-state concentration with
a total dose of less than 101Se.v./cc., which was the
smallest used. The radiation doses given in the
experiments reported ranged between 1019 and
10De.v./cc.

Some of the data obtained are given in Fig. 1
The lower curve indicates that the steady-state
concentration of H2 2 increases with the square
root of the intensity (represented as the beam
current). The upper curve is the sum of (HD 2
+ 2(09 steady-states. This is the quantity
given by the Winkler analysis, and by material
balance should be equal to the hydrogen con-
centration which was not determined. This sum
also increases with the square root of the intensity.
The ratio of the slopes of the two curves, which
is believed to be the significant quantity, is 2.72
with a probable error of the mean of + 0.14.

In two other sets of experiments, larger inter-
cepts were observed for the (HD 2 + 2(02 and the
peroxide curves (~7 and 2nM). The ratio of the
slopes was 2.85, which agrees with Fig. 1 within
error. These runs and those of Fig. 1 were made on

(®) C. J. Hochanadel, J. Phys. Chem., 56, 587, ref. 6 (1952).
(7) “Scott"s Standard Methods of Chemical Analysis,” fifth edition,

N. H, Furman, Editor, D. Van Nostrand Co., Inc., New York, N. Y.,
1939, p. 2079.
@® H. A. Schwarz and A. J. Salzman, Radiation Research, 9, 502

(1958).
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water that had been pre-irradiated and photolyzed.
In some earlier experiments using triply distilled
water without further purification, the oxygen
steady-state concentration increased with 1112
but appeared to be zero below a beam current of
5 X 10~7 amp. while (HD 2 varied strictly with
1 12 with no intercept. The ratio of the slopes
between 5 X 10-7 and 3 X 10-6 amp. was 2.4.
The error on this ratio was larger, and it is likely
that it is a lower limit, as the current range is near
the threshold for oxygen production. The ratio
of the slopes of the curves in Fig. 1, 2.72, will be
used in the discussion.

The intercepts observed in various sets of curves
were not reproducible and probably are due to
impurities. On the basis of the mechanism pre-
sented later, it would appear that the positive in-
tercepts could be produced by either O2of the order
of 10-6 M or active impurities such as Br- at con-
centrations of the order of 10-7 M. The nega-
tive intercept observed for 02 in water not puri-
fied by pre-irradiation likely is due to traces of
organic matter being converted to H2 C02 and
H2, which would leave the solution in a net reduc-
ing atmosphere.

The radiation intensity was calibrated by the
Fricke ferrous sulfate dosimeter.9 The ratio of the
Fe(l11) concentration produced to the charge col-
lected was 3.04 X 103Mm / coulomb. The dosimeter
was irradiated in all cells used and the average
deviation of the determinations was *2%. The
average of the slopes of the (HDJ vs. intensity
curveswas 6.7 X 10-3 M ampr,/! with a probable
error of the slopes of + 0.3 X 10-3. Combining
this with intensity calibration gives the equationk

(HZIQz)Z = 140 X 1015(mo|eiules)23ec~
eV

M 2sec.

= 240 X 10 rad.

A different set of units will be used in the discus-
sion due to a personal preference for molar units
and a habit of expressing vyields in units of G.
Since G = molecules/100 e.v., it also is equal to
moles/100 volt-faraday. Expressing the intensity
in terms of 100 volt-faradays I.-1 sec.-1

(HIQZ)ZZ 2.31 X 10-7
In these units, G jil becomes the rate of production
of H in units of ili sec.-1. A 10-6 ampere beam
corresponds to 1.92 X 10-4 (100 volt-faradays)
l. -lsec._1.

Figure 2 shows the effect of pulsing the beam in
a manner analogous to the effect of a rotating sector.
In these experiments the beam was on for the first
11.8% of the cycle and off the rest. Thus the ef-
fective intensity varies from full intensity with slow
pulses at the upper right of the figure to 0.118
with very fast pulses at the lower left. In this
figure, the ratio of the observed steady-state per-
oxide concentration to the steady state that would
be observed if the beam were continuous is plotted
vs. the product of the length of time the beam is on
and the continuous-beam steady-state peroxide

(9) J. Weiss, A. O. Allen and H. A. Schwarz, Proc. Intern. Con/.
Peaceful Uses Atomic Energy, 14, 179 (1955).
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(BEAM CURRENT)Lomp.'x 103

Fig. 1.—Variation of steady-state concentrations with the
square root of the intensity: top curve, (HD2 + 2(02,
bottom curve, (HD 2.

T, FCR IG5 AW, BEAM sec.

Fig. 2.—Variation of HXD 2steady state with pulse period.
The beam is on for a time r and off for a time 7.5 t and the
cycle is repeated until steady state is obtained. Ordinate is
the ratio of the observed steady state, (HD 2), to the steady
state for a steady beam of the same intensity, (H2D 2o0. The
abscissa normalizes results obtained at various intensities.
t for a 10“6amp. beam is given at the top of the figure.

concentration. This plot is used to normalize
data obtained at various intensities. The currents
used in obtaining the data of Fig. 2 ranged from
2 to 17 /lamp-

Steady-beam irradiations were made at the same
time as the pulsed-beam experiments in order to
check for intercepts at low intensity, such as were
observed in Fig. 1. Such intercepts existed in
about half the runs, and in order to use the pulsed
beam data corrections had to be applied. The
intercept was subtracted from the observed per-
oxide concentration and only runs in which the
intercept was less than 15% of the observed per-
oxide concentration are reported in order to mini-
mize any possible effect of this correction.

Insofar as these data are comparable to Ghorm-
ley's, the agreement is good.2 His curve of per-
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oxide steady-state concentration as a function of
I'in curves slightly, the slope being smaller below
10~7amperes. He irradiated water in a flow system
at 0.1 ml./sec. in order to obtain larger samples for
analysis. It is likely that this small initial slope is
due to a penumbra effect, H202 being destroyed
as the solution entered a small region of low in-
tensity while leaving the beam. He measured the
hydrogen from several samples and found that the
hydrogen steady-state concentration was *“about
twice” the peroxide steady state. This is compar-
able to the ratio of the slopes of the two curves
in Fig. 1, which is 2.72. Ghormley used a rotating
sector to produce an intermittent beam and the
mid-point of his sector curve and the pulsed-beam
curve of Fig. 2 agree within 50%. His peroxide
steady-state concentration approached about one
half the steady-beam value at long pulse times,
however, whereas the peroxide steady-state con-
centration for the experiments reported herein
averaged about 0.95 of the full beam value with
pulse lengths of the order of 2 X 10-3 sec. [(HD 2
t ~ 4 X 10_8]. A rotating sector produces trap-
ezoidal pulses, and this discrepancy probably
results from the products tending to follow the
slow decrease in intensity as the sector edge passes
in front of the beam.

Discussion

A homogeneous distribution of the radicals is
assumed in the discussion and is justified by the
lifetime observed. In Fig. 2, the peroxide con-
centration is at the mid-point of its fast and slow
pulse extremes when (HD 20 r = 25 X 109 m
sec. For a 10~6amp. beam, this corresponds to a
lifetime of about 1.3 X 10~4 sec. for the radicals
involved in the rate-controlling step. Even though
the radicals presumably are formed in “spurs,”
the concentration of radicals in these spurs will
drop down to the background concentration (10~6
to 10~7M) in the order of 10~6sec.1D

Treatment of the Mechanism.—The reactions
that take place between the radicals produced in
water and the reaction products, H2 HD 2and 02
are well understood kinetically.3 They constitute
the first five reactions of the mechanism proposed,
the numbering system corresponding to that of
Allen and Schwarz. Three radical combination
reactions are added to complete the mechanism.
Ri, Ri, etc., are the rates at which the correspond-
ing reactions are occurring, | is the intensity and
Ga, Gmo2 Gn and Gob. are the “molecular” yields
and radical yields produced by the radiation in
units of molecules per 100 e.v. absorbed.

HD — ~ HQHD2 H, OH Rm = GaJd, RB =
Ghl, etc.
OH + H2— >aH,0 + H'Ll Ri = fci(OH)(H,)
OH + HD2— > HD + HO, Ri = fAOH)(HD2
H+ HD2— H,0 + OH Rz = fdH)(HD2
H+ 02— > HO02 Ra = TAH)(02
H'+ 02— > HO02 R, = WH')(OI)
OH H02 ~ HD -p02 Ri = fc,(OH)(H02
OH + OH > H, Rz = ks(OH)2
H+ H02— > H,02 R9 = fcigH)(HO02

(10) A. Kupperman, “Actions Cijimique et Biologique, des Radia-
tions, 5° serie,” (Edited by M. Haissinsky), Academic Press, Ltd.,
London, 1961, p. 122.
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Since all products are at a steady state, the rates
of formation and destruction are equal for each
species.

For [H]: Gnl = Rz + Ra+ R9
. [OH]: Qonl+ R3 = Ri + Ri+ R'F 2As
[HOZ: Ri Ra-- R3—Ri A Ri
[H]: Ra= Ri 1)
[HZ: GnJd = Ri
[HD2: Gmoid + As + Rs —Ri X-Ri
[0: Ri = RaF Ra

The equation of material balance in the system
(ignoring the contribution of the radicals) is

(H2 = (HD3 + 2(03 @

Equations 1 and equation 2 predict that the steady-
state concentrations of all the species will vary with
the square root of the intensity. This may be shown
by making the seven substitutions (119 = A n 112,
H = Ah/12 (HZ22 = iH,o0,l;/( etc. The
problem then reduces to demonstrating that the
A factors are independent of intensity. With
these substitutions, equations 1 become

[H]: Gh = h AbAb,ca + kiA-“Aot F fcA HAHo02

[OH]: Goh + k3ABAB,0i = kiAoBAB, + feAoH-IHIOz +
FA-ohA-hoj + 2fc8AoH2etc.

while equation 2 becomes Ah, = Aaoi + 2Ao02
Thus there are eight equations from which the
seven unknown A’s may be determined as a func-
tion of the rate constants and 6% Gob., Gh, and
GHOr (The extra equation is due to the set of
equations 1 not being independent of material
balance in the form 26nh, + Gh = 2Gh,02+ Goh-
Any six of the seven equations 1 are independent,
however.) The A’s are independent of the in-
tensity, as | has cancelled out in the new set of
equations. From the defining equations for the
A’s, the concentration of each species is seen to be
proportional to the square root of the intensity.

It is clear from the method of deriving the square-
root intensity dependence that the conclusion is
not peculiar to this mechanism. Any number of
radical combination reactions, such as H + OH,
H + H, etc, could be added, and square-root
intensity dependence still would be predicted.
It also is clear that the observation of a square-root
intensity dependence places a requirement on the
mechanism that all reactions be second order in
the reactants. Thus the production of a species
such as an excited water molecule that may react
with itself or another reactant or undergo first-
order decay is ruled out

HD — > X
X + HD2 H, etc. — > products
X — > H,0

Pseudo-first-order reactions such as H + 11D —
H' also are ruled out. If this reaction were in-
cluded, an Itto parameter would be defined by
(HD) = Auiolin and the assumption that

(11) There are two reducing agents present in the system which
have different kinetic behaviors called H and Ilidescribed by N.
Barr and A. 0. Allen, J. Phys. Chem., 63, 928 (1959). H reacts readily
with H20z2and H" does not. Recentwork inour Laboratory hasdemon-
strated that H is negatively charged, suggesting that it is the basic
form of the hydrogen atom, Ii", in water. However, thisdescription is
unnecessary for the present work.



Feb., 1962

4a0 is indgpendent of intensity would dearly
violate the correspond rmten% balance eque

tion The requirenment all reactions must be
second ordker is strong evidence in favor of the inter-
nediates being free radical ir_nature, as it is dar-
acteristic of free radicals to undergo secondrorder

recorrbination
The set of onslrmyberedmdtomefol-
loning foorm where v = 2(03/(H2)a HY =
(HD (1 + y) andbftilr2= 1.
Ro —Ri = Ghl
_kHoma n G¥
R, —Rs = ki(H2 RI =1+ »
Rs = ¥ + Rs @)
- : eGm \r n
R 22 1% 1 Rre

N e LT L I
Rs 2K3 A2 + Rs

The vields of nolecular products and radicals
eiCon = 3946 Eoation 4 Heegmrimori
oh on eqoeri
obeservation that v = 172 may be wsed to eval-
uate Rs, &s ki/k3 has been determinedPRto be 2.1
'I'I‘ler&stoftheyieldsfollcmsfromewaﬁors3

Rs = 0.221 Rt = 1.677

Ri = Rs = 0447 R7= 2127 (6)
Rs ' Rs” 0.167
Rs = 0.927

The intersity coefficients in the above oS
cnrr&qonrdtoﬂeylelcbofﬂereactlorsmmls

T\I\D rate-constant ratios may be derived from
thedata Fomthe definitions of the rates

kiks _ RiRs
ksU RsRs ~
and
Gs (HD22 _
k2 Gs2 1

(1.9 + 0.3) X 10"GTIT sec.

Choice of Mechanism.—In view of the gerneral
nature of the 712 relationship the decision albbout
which redical combination reactions to indlucde must
rest largely on exterral grounds.  The rate con-
stants k3 and /@&t are in the diffusioncontrolled
regionBB k\ ad 12 nmust be sreller than k3 ad
kt, as ki and /2 are saveral ordars of megnitude
svaller than the rate corstants for the reactions of
OH with NO2-#4 ad Br~56 HO02does not react
with the products at all. ~ This suggests that (HO.
> (C]—I?ge (H), ad that reactios 7, 8 ad

important reactions obcreearg in that
(12) G. Czapski, private communication. This value is higher than

the value 1.85 reported in reference 3. It was determined by the same
method but with increased precision.

(13) A. R. Anderson and E. J. Hart, 3 Phys. Chem., 65, 804 (1961).

(14) H. A. Schwarz and A. O. Allen, 3. Am. Chem. Soc., 77, 1324
(1955).

(15) E. R. Johnson and A. O. Allen, ibid., 74, 4147 (1952).
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oder. The or guestion is the elimination of
reaction 6 fromthe medhanism
HO02+ H02— HD2+ 02 R6= /b(H022

This reaction is carsidered to be of overwhelming
importance in the iradiation of H2 HD2 02
systerrs at loner intersities.3

If reaction 6 is induded the rate equations
for HO2and 0 2nould be

= Rs+ Rt+ Rs - 2R6- R7- Rs

471 = 0=Rs+ Rs- Rt- Rs
Addition of these two equations gives
Rs —Rs T
shoning that (6) and (9) are in conetition with
each for() smalf ;)JrqmrUmOfHOZrajcals
produced in reaction 2
R 6y be found by the equations
Rrl _ h2 1
RsR6 ferfcs (HD 22

Q

72 = kfks RS (H2Q22
7 kS Rs2 |

A value for the rate corstant ratio k~k~/kr may
orebren o by Srwerz, Ay and
Scholes®b in the hydrogen, axygen system when
iradiated with a cyclotron deuteron beam  They
found that the yield of HD?2 in a solution
containing 5 X 10°4m H2ad 4 X 10"4M 02
obcreeseg with increesing beam curent The

with a mechanism corsisti
ofreacmnsl 4 through7. AIIenJ?has
these data ad fincs that kxxek72 = 500 i1ff-1
sec.-1,

approximetely.

The rates, rR< and Rs, for a mechanism corsisting
of reactions 1 thre nga'e gnen bﬁ/ﬂ‘\e moqw%
pression &s in set of equatios Ro%b
somewhat on the ratio of Rg to Re, but this affects
Ri toat most 5%. Takingr2 = 0167 adR- =
2127, the above o give Re ~ 00157
adRr 2= 0.157, so reaction 6 may be neglected

This condusion is liar to the
of pure water i ated with an electron
The concentration of HO2is not negllglble conpared
o HD 2and 0 2since the state concentrations
of these ae 0 lon With deuteron
beglggs, 1h|e ratio dﬂn&wlar ylelrg'ls to radical
vi is larger, 0 a mlﬂ i.?gy
state of is these
tions mpmglqcésﬁﬁﬁxed inate. Some pre
limi resuits with a q,dotron deuteron beam
indicate thisto bethe case.

Pulsed Beam Experiments.—In rotating sector
étudles, |t|susuatlv\hlcigfollcwaraéremlofprocbctlthe on or

isappearance is to the average
concentration of the rate controlling intermediate. B

(16) H. A. Schwarz, J. M. Caffrey and G. Scholes, ibid., 81, 1801
(1959).

(17) A. O. Allen, “ The Radiation Chemistry of Water and Aqueous
Solutions,”* D. Van Nostrand Co., New York, N. Y., 1961, p. 97.

(18) G. M. Burnett and H. W. Melville, “Techniques of Organic
Chemistry,” Vol. 8, “Investigation of Rates and Mechanisms of Reac-
tions,” Interscience Publishers, Inc., New York, N. Y., 1953.
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In this work, the concentration of the neasurable

gpedies are at steady state and a different analysis
isneeded
At state, the concentration of ary spedies

at the beginning of ore cycle must be the sare &
it |satmebeg|m|§;ofmem)¢ Hence the

integral of the rate of production of any gpecies

over aconplete cycle must be zero,
$ HIT di = 0= bn2lt - j Ridt
j di = 0 = Gob.lt+ § R -
ibdi — PHi — fijdi —2 Rl etc.

v isthetime thebeamison  There are sevenequa
tions of this type, one for each pecies, analogous to
the set of equatios 1L _The rate of are
action, during the cydle A, isgiven by

$Rdt = R(r + 1)t

where r is the ratio of the tine the beam is off to
thetimeitison, 7.5 inthe present case.
These integral rate equations carbire iNto a set

analogous to equations (3
/?i(r + 1) = Rs,ir + 1) = <?h27
Rs(r + 1) = &i> + 1) = orv
Rs(r + 1) = GbiQl + Rs(r + 1) (6)
Ri{r + 1) = ~%h — GW2 — 7 —Rs(r + 1)
Ri{r + 1) + Rh,r + 1) =
{(hi + cCm22 — Giii — 1
At this point, some ions about the relative

assunpti
lifetimes §t of the three radicals, HO2 OH ad H
must be mads in order to dbtain rate corstants
from the pulsedbeam HD2 cune (FHg. 2). The
most reesonable assunptions are that ¢ha2»  joh
1>T1Zt ?r(wl-_logﬁis i.? g_l)nlogobﬁ) toﬂeeaﬂieﬂrgtatermnt
> > mece on grounds
1;Ilev]?\t/\een>> klarvgil?eﬂsgjateprmm o li %I?
HO2 e are negligi
slon  The experimental data here are
corsistent with these
g’f]athr Rs > Rotu:g e
similar megni IS
OH) > (H). Ifit is
tion of HO2 is large

change appreciably during the cycdle, then
Ri = fc(HO2(0H) and R, = ftqH 02(H)

where ad ﬂeaverﬁe
( HQSEI_P?SQ/CI soA2—/c2X

of OH
(HDI(OH), Ad= 140,)(H) ad = *,(H,0)(H),
gvrng

oraamtwasfcu‘d

" ks andk9are probably
n gives (HOJ >
that the concentra-

0 that it doss not

RiRi  hicd3 .Rt_ Kk
R,RS faktan E3- 2k38 ™
These are the sare equations that gpplied in the

steady-beam analysis, ad lead to the conclusion
that v and ASare | o r. 'Ihlsrr%hﬁ
seen by inserting the corresponding equiations
ﬂe%deqaﬂom&r&to? giving two equations
Nv Rsl

Harold A. Schwarz
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kik3 __
Kok
| Eh + (hd2 — Gsi — N N =Ny ~
\GmOIl + R*(r +1)1 (1 + vY
Ga *P
(Gh - Ghd2- I - £s(r + 1)

283 Gstod + Rs(r + 1)

Since v and Rs are fixed all the average rates are
fixed by equations 6. The yields assigned to the
various rates in equations 5 apply here to A(r+1);

e,, As(r+1) = 0.16, A§r+1) = 0.22, etc. While
it would seem to be instructive to follow (02 as a
function of r, the lower precision of the analysis
compared to HD 2 coupled with the other sources
of error in the pulsed beam work were not encourag-
ing enough to make the attempt attractive.

The relationship between the observed peroxide
steady state and the average radical concentration
during the pulse may be found from the relationship
A2r+1) = Ri°. (Superscript or subscript zero
refers to steady-beam conditions at the same in-

tensity.)

HR2 =
(H&2)o

JOH)o
(OH)(r + 1)

The ratio (OH)/(OH)0 may be found by inte-
grating the OH concentration over the cycle. The
rate equation for (OH) when the beam is on is

d(OH)/di = Goal + R3- Ri - Rs- Ri- 2R»

The assumption that sh << ¢oh is equivalent to
assuming that Rs is independent of time while the
beam is on and zero when it is off, giving As =
As(r-I-1). Since the H02concentration is assumed
to be constant throughout the cycle, we may write
Ri + A2+ Rj_= (Ax + A2+ A7 (OH)/(OH)
and finally, (OH) is obtained from the expression
hi(HDQOH)(r+ 1) = Gel/(1+»). The rate
equation for (OH) while the beam is on now be-
comes

- Goal + Rz(r + 1) - fe(H2D3(l + v) X

(Ai + A2+ Ri)(r + 1) (OH) _ 2WOH)s (8)

krar
When the beamis off
d(ziH) = JZHDIL + V) x
(Ri1& ~F R}t + 1 o1y - 2q0H)2 (9)
Gald
This of ecpatlon | firstorder ad
se(nﬂtvg?ier \ved by Burmett

ad I\/Iel\/llleB in G]’TH:I]G"I V\.ﬂh rotatlrg sector
treatments for the case where the ooefficent of
the firstorder term is a corstant. The fact that
|t is ional to (HD2J introduces a minor

catlmtoﬂ’esolunm eajlrgtomesq;anrg
of (HZ)@O/(HZ)Q in the equation belon The
solutionis®

(19) Some of the signs in the expression for P\ as a function of a, b
and c are printed wrong in the chapter by Burnett and Melville.
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jSSyf =(™1- ID-1j-1+ (ym) 1X

In no27T ~ (P> + 7) tanh m] cosh mj j

where
T sRaGonl + RAr+ 1, KH3,,m
L R+R+ RN+ D) rHD\I
70is 7 at steady-beam, i.e., when (HD2 = (H220
Tl — K X
f -1/1 1 \@# + R2+ Ri)(r + 1) (HZD A
L7 U ! 2G vl (HD2a)

p _ (a2+ 46¢)/2 —a 2y exp(2yrm)Pi
1 26 2~ il - exp(27n?i)} P, + 27
and a = —tanh m{1 — 372 — 27 + exp{2yrm) [1 + 72
tanh m + 27]
b— —1+ 7tanh m + exp{27rmj(l + 7 tanh m)
c =271 —y2 tanhm

In spite of its messy appearance, there is only
one variable parameter (m) in the equation, all
other quantities being fixed by the determination
of the ratio of (0«) to (H2 2 under steady-beam
conditions. That is, formally the equation may be
represented as (HD Jo/(HD D = f(m, v). 7 is an
intermediate function introduced as a convenience
in the solution and unfortunately depends on the
answer. Consequently, the solution was found
by trial and error, recalculating (HD24(HD 2
for various values of 7 until the input and output
7 agreed. Since the quantity in brackets in the
definition of m is known, the solution is readily
expressed as a curve relating (HD 2/(H2 2o and
fAHD 20 r. This is the curve given in Fig. 2
From this curve it is found that

ki — 4.5 X 107m ~1 sec.-1

The probable error of the mean, including the error
in determination of v, hjk%, and the fit to the curve,
is + 0.4 X 107 iff-1 sec.-1. Combining this with
the value of ®8fe2 found from the absolute slopes
of Fig. 1 gives

ka= 4.0 X 109M -1 sec.-1

with a probable error of £+ 25%.

Since k-iki/kjtt — 74, k’kzZks = 3.3 X 109M™ ~1
sec.-1. If it is assumed that ~ ks, k7 « 3 X
109M -1 sec.-1. By extension to /iG2/c72 = 500,
fee « 2 X 106M-1 sec.-1. Due to the presence of
a squared assumption here, this estimate may be
wrong by an order of magnitude in either direction.
It agrees well with the measurement reported by
Dainton and Rowbottom,Dhowever.

The calculated pulsed beam curve of Fig. 2 lies
consistently above the experimental points at the
upper end. There is probably a second step in the
curve representing the last 5%, due to the occur-
rence of reaction 6. In this region, r is long
compared to the lifetimes 0: H and OH, but short
compared to the lifetime of HO2 Reaction 6 will
be exaggerated in importance since it occurs during
the complete time cycle, while the other reactions
are complete shortly after the beam is off. For
this reason, only those points below (H2020 r
= 3 X 10-9were used in calculating/c2

Alternative Mechanisms, (a) Independent Yield

(20) F. S. Dainton and J. Rowbottom, Trans. Faraday Soc., 49, 1160
(1953).

R ate Constants for the Radical Processes in Irradiation of Water

261

of H'.— It has been suggested that both H and H'
are produced whenwater sirradiated.2l Estimates
of the relative contributions of these species vary,
but the yield of H' is probably small. The value
for (jh used in this discussion, 2.76, was determined
in the hydrogen, oxygen system6ll and represents
both forms. If it is assumed that 10% of the spe-
cies are H', which is believed to be a maximum, the
various rate constants become

h

K3 1.9; h —45 X 100 M 1sec.-1;
ka = 3.4 X 109Ai-1sec.-1
kih
hk,

(b) H -fHO02-> 20H (9").— It is possible that
reaction 9 does not occur, but that instead the
products are OH radicals. Under these conditions
the same parameters may be evaluated.

ki = 4.2 x 107M~lsec.-1; ks = 6.0 X 1094 f-1 sec.-1

Another possible set of products for this reaction is
H2 + 02 If this were the case, the mechanism
is incomplete without reaction 6, and we would
have Re = Rz. Using the value of fXwkp =
500, the mechanism predicts the peroxide steady
state to be about 10 times that observed. One
of the distinctions between H and H' seems to be
that H does not readily abstract hydrogens.2l

Effect of H Lifetime.— The only way in which the
lifetime of H can affect the sector curve is through
the rate R%. Even though the general solution is
difficult, an extreme case can be treated in which it
is assumed that the lifetimes of H and OH are
equal, that is (H) = /c(DIl). With this assump-
tion R 3 is no longer a constant in equation 8 but
enters the coefficient af (OH). The calculated
values of kz and k9 are then 6.4 X 107 and 8.2 X
109M -1 sec.-1. Since the average lifetime of H is
probably only a tenth cf OH, it is doubtful that
the assumption that it is zero will introduce more
than a few per cent, error.

Table |

Some Rate Constants for Reactions of OH Based on

k3 = 45 X 107M~lsec.-1

Reactant (Hp k, M~1sec. 1 Reference
no 2- Neutral 2.5 X 109 14
h2 Neutral 4.5 X 107 6
Fell 10-2 2.6 X 10s a
HCOOH 0.4 4.2 X 107 b
Celli 0.4 7.2 X 107 ¢
hXo4 0.4 1 X 105 c
T1+ 0.4 2.7 X 109 d

°W. G. Rothschild and A. O. Allen, Radiation Research,
8, 101 (1958). bE. J. Hart, J. Am. Chem. Soc., 74,
4174 (1952). c¢T. J. Swecrski, Radiation Research, 6,
645 (1957). “T. J. Sworski, ibid., 4, 483 (1956).

Derived Rate Constants.—-The absolute meas-
urement of the rate constant for reaction 2 allows
absolute values to be assigned to the rate constants
for many other reactions, as relative rate constants
have been accumulating for years. Some of these
are given in Table 1. No attempt has been made

(21) J. T. Allan and G. Scholes, Nature, 187, 218 (1960).
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for an exhaustive search of the literature in the table,
and only relative rate constants determined from
the irradiation of aqueous solutions are included.
Many other ratios have been observed for OH
radicals produced by Fenton’s reagent. Even
this short table includes one inconsistency. Hart2
has found that &oH+HcooH/fcoH+HjOj = 1® *n 10-3
M HZ04, which would give a value of 4.5 X 108
(22) E. J. Hart, J. Am. Chem. Soc., 73, 68(1951).

THE REDUCING RADICALS PRODUCED
SOLUTIONS OF OXYGEN-HYDROGEN PEROXIDE-HYDROGEN

Gideon Czapski and A. 0. Allen
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M -1 sec.-1 for & h+iicoon- It would appear that
this rate constant is a function of acid concentra-
tion.
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IN WATER RADIOLYSIS:
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The reducing radical “H” or “H2~" arising from the 7-radiolysis of water is shown to react competitively with dissolved

On and HD 2; the ratio of the respective rate constants is 2.0.

It also reacts in a simple competitive bimoleeular fashion

with hydrogen ion, H +, to give an acid form of the radical which reacts several thousand times as fast -with 0 2as with HD 2

The rate constants for reaction of “H” with 02and with H + are equal.
petition in neutral solution is 2.85, which is equal to the standard value of the total yield of reducing radicals.

The yield of “H” deduced from the 02-H202 com-
Thus es-

sentially none of the reducing radicals appear to be generated initially in the acid form, a conclusion which disagrees with
recently proposed interpretations of some other radiolytic reactions.

Introduction

It has been clear for some time that the reducing
free radicals, usually called H, formed in radiolysis
of water, can exist in two different forms. Barr and
Allen2 showed that the H atom formed by free
radical oxidation of H2 reacts preferentially
with oxygen rather than with hydrogen per-
oxide, whereas radicals produced in water
radiolysis react with these solutes at compar-
able rates. It was suggested that the product of
H?2oxidation was an acidic form of this radical, and
that the radical produced in water radiolysis might
in fact be a solvated electron. Hayon and Weiss3
showed that the acid form of H attacks chloroacetic
acid to form mainly H2 whereas the basic form
originally produced from water gives mainly chlo-
ride ion in this solution. Later Hayon and Allen4
showed that the reaction of the basic form with
chloroacetic acid appeared to stand in simple compe-
tition with its reaction with hydrogen ion to yield
the acid form. It seemed of interest to demonstrate
the direct competition between hydrogen peroxide
and hydrogen ion for the radical, which could be
shown by studying the variation of the yield of
peroxide formation or destruction in systems con-
taining various concentrations of oxygen, peroxide
and acid. This system also affords a means of de-
termining the amount of the two different forms
which may be produced in water radiolysis. Allan
and Scholes6 have evidence from radiolysis of solu-
tions of organic compounds that ayield G = 0.6 of
the acid form is produced in water radiolysis, the
balance ¢ = 2.2 of the total production of reducing

(1) Research performed under the auspices of the U. S. Atomic
Energy Commission.

(2) N. F. Barr and A. 0. Allen, J. Phys. Chem., 63, 928 (1959).

(3 E. Hayon and J. Weiss, Proc. Second Intern. Conf. Peaceful Uses
Atomic Energy, 29, 80 (1958).

(4) E. Hayon and A. O. Allen, J. Phys. Chem., 65, 2181 (1961).

(5) J. T. Allan and G. Scholes, Nature, 187, 218 (1960).

species being in a basic form, and Kelly and
Smith6have quoted similar results.

Experimental

Materials and Methods.—The purification of water was
as described by Allen and Holroyd,7 except that after the
distillation apparatus had been cleaned thoroughly it was
not found necessary to purify the water further by radiolysis
and photolysis. Most of the solutions were air-saturated;
oxygen concentration was varied in some cases by bubbling
purified tank oxygen through the water in the irradiation
tubes, or by using nitrogen-oxygen mixtures obtained from
the Matheson Co., Inc. and stated to contain 50.6 and 5.16%
oxygen. Acidities were determined with a Beckman pH
meter. Peroxide was determined by the Ghormley method.

Treatment of the Data.—In solutions initially not con-
taining any hydrogen peroxide, the peroxide concentration
increased linearly with dose and (7-values were obtained with-
out difficulty. In some runs in which hydrogen peroxide was
added initially, however, the yield of peroxide changed so
rapidly with increasing dose that an accurate determination
of the initial yield was difficult. An example of high curva-
ture is shown in Fig. 1. To extrapolate to the initial yield in
such cases an algebraic method of correction was used. The
rate of change of peroxide concentration in these systems is
fixed by the ratio of oxygen concentration to peroxide con-
centration present at any time in the solution. By material
balance, the change in oxygen concentration must be related
to the changes in hydrogen and hydrogen peroxide concen-
trations by the relation 2A02 = AH2 — AHD«. In solutions
containing bromide, hydrogen -will be produced with a yield
G = 0.45, so that for AH2we may write simply 0.45D, where
D is the dose given the solution (in units of e.v. 1.-1 (6.02 X
1020 -1 if the concentrations are in moles per liter). For
each experimental point the concentration of oxygen was
calculated and it always was found that the ratio of oxygen
to peroxide could be represented within experimental error
as a linear function of the dose

(02/(HD2 = (02d(HD 2, + bD =

According to the results of Allen and Schwarz8(confirmed by
the present work) the yield of peroxide then will be given by

p, + bD

(6) P. Kelly and M. Smith, J. Chem. Soc.t 1479 (1961).

(7) A. O. Allen and- R. A. Holroyd, J. Am. Chem. Soc., 77, 5852
(1955).

@B A. 0. Allen and H. A. Schwarz, Proc. Second Intern. Conf,
Peaceful Uses Atomic Energy, 29, 30 (1958).
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G —d(HD2/dZ) —Go — 2Gh/(1 + &po + bD))

This equation integrates into a logarithmic form which after
expansion and neglect of higher-order terms becomes

2Gh \ ,
1+ KpJd

KGgbD2

(HD?2) -
+ (1 + A"po)2

(HD2, = (g,

The coefficient of D in the first term is the value of the initial
yield being sought. The final term shows the deviation of
the peroxide concentration from what it would be if the ini-
tial yield were maintained throughout the irradiation. The
value of the final term was determined for each point, using
reasonable values of K and Gh, and the resulting numbers
were subtracted from the observed concentrations. The
corrected values for the run of Fig. 1 are shown on the figure
and were found to fall on a straight line. The difficulty with
this method was that the values of K and Gh were precisely
the quantities to be found. It was necessary, after this pre-
liminary correction of all the runs had been made and better
values of these constants determined as described below, to
repeat the entire procedure on all the runs using the im-
proved values of K and Gh in order to obtain the final best
values of these constants. Since the corrected initial yield
values are not very sensitive to the assumed values of these
constants, a third approximation was not necessary.

Results

All solutions used contained 10~4M KBr to pro-
tect the hydrogen from radical attack. After some
difficulty with water purification, reproducible
yields of peroxide were obtained in the irradiation
of neutral air-saturated water. The results agree
closely with those of Allen and Holroyd.7 The
line representing peroxide concentration as a func-
tion of dose has an intercept of about 0.25 pM,
which is of about the same magnitude as that found
by Allen and Holroyd, and presumably arises from
impurities. The yield of peroxide C?(HD?2) obtained
from the slope of the line is 0.87, in good agreement
with their value, 0.85. In acid solutions the repro-
ducibility seemed a little better than in neutral
solutions. Values of the peroxide yield in air-
saturated water are shown in Fig. 2 as a function of
(H+)Y3 where (H+) is defined as 10~pH These
values for each pH are hereinafter called Go.

Solutions in which peroxide as well as oxygen
was added initially gave peroxide yields which
could be either positive or negative, depending on
the amount of peroxide present. The results ob-
tained Iin neutral solution are shown graphically in
Fig. 3.fin which the quantity 1/(Go — 6(H22) is
plotted against the ratio of the oxygen to peroxide
concentration. Similar results have been presented
by Allen and Schwarz.8 The present data are
much more extensive and precise. The initial
yields obtained for acid solutions with peroxide and
oxygen initially present are shown in Table T.

Discussion

Neutral Solutions.—The mechanism of the reac-
tion in neutral solutions has been discussed by
Sworski9and by Allen and Schwarz.8 If we denote
the reducing radical produced in water radiolysis as
H and the oxidizing radical as OH, the equations
representing the mechanism appear as

HD — > H, OH, H2 HD 2

OH + Bf = Br + OH- (1)
Br + HD2= H02+ H+ + Br- (2)
H+ HD2= OH + HD 3)
H+ 02= HO02 (4)
2H02= H2D2+ 02 (6)

(9) T. J. Sworski, 3. Am. Chem. Soc., 76, 4687 (1954).
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TIME OF IRRADIATION (MIN).

Fig. 1.—Peroxide destruction in a solution containing
initially 120 pM (H2 2) and 270 pM (02). Dose rate (Fricke
dosimetry) 99 pM Fenl/min.: e, observed values; O,
corrected values.

Table |

Peroxide Yields in 10-4M KBr Solutions Containing
Peroxide, Oxygen and Acid

(H202), (02, 1 )
M X 104 M X 104 pH DCH0?) Go- G(HD2Y Acid
1.19 2.7 3.8 0.168 1.40 hXo04
1.58 2.7 3.8 - .019 1.11 hXo04
2.38 2.7 3.8 - .30 0.84 hXo4d
3.96 2.7 3.8 - .84 .58 hXxo4
6.44 2.7 343 - 93 54 hXo04
4.30 2.7 3.43 - 405 .76 hXo04
2.15 2.7 3.43 .093 1.23 hXo04
1.29 2.7 3.43 .38 1.93 hXo04
3.43 2.7 343 - 226 0.88 hXo04
3.90 2.7 3.12 .045 1.14 hXo04
10.33 2.7 312 -1.13 0.49 hXo04
6.62 2.7 312 -0.44 73 hXo04
7.78 2.7 312 - .760 59 hXo04
5.24 2.7 312 - 235 .87 hXo04
7.77 2.7 285 - 17 .90 hXo04
5.02 2.7 2.85 .16 1.28 hXo04
10.33 2.7 2.85 - .37 0.76 hXo04
6.20 2.7 2.85 079 1.16 h,sod
4.14 2.7 2.85 335 1.64 hZo4d
4.54 2.7 3.05 0 1.09 HC1
7.76 2.7 3.05 -0.40 0.76 HC1
3.88 2.7 3.05 117 1.25 HC1
11.6 2.7 3.05 - .83 0.57 HC1
15.5 2.7 3.05 -1.24 46 HC1
18.7 13.0 312 -0.84 .56 HZS04
14.9 13.0 312 - 55 67 hZo,
11.2 13.0 3.12 - .39 .76 hXod
7.46 13.0 3.12 - .13 .95 hXo04
3.74 13.0  3.12 38 1.84 hXo04
4.95 6.56 3.12 097 1.21 hXo4d
7.47 6.56 3.12 - .29 0.82 hZo4d
3.70 6.56 3.12 29 1.58 hZo4d
12.37 6.56 3.12 - .77 0.59 hXo04
9.91 6.56 3.12 - .67 0.62 hXo04
5.26 2.7 3.03 - .143 0.95 hciod
4.20 2.7 3.03 .025 1.13 hciod
6.29 2.7 3.03 - .34 0.80 hciod
7.34 2.7 3.03 - .46 0.73 hciod
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Fig. 2.—-Peroxide yields in air-saturated solutions of 10 4 M
KBr at different acidities: =, HX04 O, HCIO4

(02) /' (HiCn).

Fig. 3.—Initial peroxide yields in neutral 10_4M KBr
solutions containing 0 2and added HD 2. =, saturated with
air; A, with 100% 02 O, with 50.6% 02, X, with 5.15% 02
The solubility of oxygen at 1 atm. total pressure and room
temperature (22.5°) was taken as 1.29 mM.

This mechanism predicts that the initial peroxide
yield in dilute bromide solution containing oxygen
but no peroxide is given by 1

Go = Gaos + g (Gh — Gok) (A)
and that the yield in the presence of added hydrogen
peroxide is

CHO) - a - , + B>
The data of Fig. 3 show that equation B is accu-
rately borne out by experiment. The slope and inter-
cept of the line of Fig. 3 were determined by a
number of separate least mean square calculations,
using different methods of weighting the individual
points. The statistical probable error in the inter-
cept is only about + 6%, and in the slope much
less; but the different weighting schemes gave
“best” intercepts corresponding to values of Gr
ranging from 2.73 to 3.01. We believe, therefore,
the data indicate that Gr probably lies between 2.7
and 3.0, and write Gr = 2.85 + 0.15, where the
limits represent “probable error.” From the ratio
of slope to intercept, kt/k3 = 2.0 + 0.1.

If some of the reducing radicals are produced in
an acid form which reacts preferentially with oxy-
gen then the peroxide yield, with no peroxide added
initially, will be governed by the total yield of both

(10
by <tHo* (?n, etc.
denoted by GdhiOi).

The net observed yield of hydrogen peroxide is

Gideon Czapski and A. 0. Allen

The initial yields of the water radiolysis produets are denoted
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species. When peroxide is added initially, how-
ever, the difference o — G'(HD 2 produced by the
presence of the peroxide will depend only on the
yield of radicals produced in the basic form, which
does react with hydrogen peroxide. Thus the in-
tercept in Fig. 3 is a measure of the quantity of radi-
cals produced in the more reactive basic form.
This may be shown formally if we introduce an-
other radical, H', into the scheme which is assumed
always to react with oxygen in the solutions. To
the above scheme we formally write as the initial
equation

HD — > H2 H22 OH, H, H'
and add the equation
H' + 04 HOs (5)
Including (5) in the scheme we find for ¢ and Go

Go = (thjO« +

B iy e

Thus the intercept of Fig. 3 refers only to s
L (O

A word may be said here about the notation to
be used in equations such as the above, which
tends to become very confusing. There is a growing
belief that the basic form called H in the above
equations really is to be thought of as a solvated
electron, which for purposes of balancing chemical
equations is most conveniently represented as HD ~.
Oxidation-reduction equations such as the above
can be written in equivalent forms for either for-
mulation of the reducing radical without changing
the significance of the reactions in any way, since
the postulated forms differ only by the presence or
absence of a proton in the formulas of the reac-
tants and products. Thus equations 3 and 4 above
could be wrjtten

i —4- iZZ—iH -j- OH- -p HD 3)
HA4- 40 = HOZ-OH-0r02~-4- HD (4)
without affecting any conclusions to be drawn from
the reaction mechanism.

The value of the total yield of reducing radicals
has been determined at neutral pH from the'yield
of peroxide in solutions containing’ hydrogen and
oxygen, 211 formate ion and oxygen,Wand ethanol
and oxygen.13 The best value, 2.8, is obtained
from the hydrogen-oxygen solutions. A slightly
higher value appears from the ethanol solutions,
but here the concentration of ethanol as well as
oxygen was somewhat higher and the value of . -
may have been somewhat elevated due to scaveng-
ing of radicals from the spurs. If we accept the
value 2.8 for the total yield of the reducing radical,
the results of Fig. 3 show that essentially all of
these radicals are produced in the basic form, which
is reactive with hydrogen peroxide, and little or
none in the acid form. This conclusion is in direct
conflict with the proposal by the Durham workers66
of an independent yield of the acid form, arising
from their interpretation of the hydrogen yields

2 (Ga + £?h' — Goh)

- . hot

(11) C. J. Hochanadel, J. Phys. Chem., 56, 587 (1952).

(12) E. J. Hart, J. Am. Chem. Soc., 76, 4198 (1954).

(13) G. G. Jayson, G. Scholes and J. Weiss, J. Chem. soc., 1358
(1957).
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found in neutral solutions of organic compounds.
Since the chemistry of the peroxide-oxygen system
seems clean and simple compared to that of most
organic systems, we believe that the present con-
clusion should be given more weight, and that some
other interpretation of the hydrogen yields obtained
in solutions of organic compounds should be looked
for.

Acid Solutions.—-The discussions of Barr and
AllenZ*and of Allen and Schwarz8 show that the
form of hydrogen atom produced by free radical
oxidation of H2 reacts preferentially with oxygen
and much more slowly with hydrogen peroxide.
The work of Havon3#appears to show that the
form produced in water radiolysis is converted to an
acid form by simple bimolecular reaction with hy-
drogen ion. If the form resulting from oxidation of
H2is the same as that produced on reaction of|the
water radiolysis product with acid, then the kinetics
of peroxide formation in acid solution should give
evidence of simple competition for the radical be-
tween HD 2 02and H+. The expected mechanism
then would consist of reactions 1, 2, 3, 4, 5, 6 and

H+ H+ = H' (7)
if we denote the form produced in the radiolysis of
water as H and that produced by reaction with acid
as H'. A more reasonable-looking form of (7) is

HD - HD + H

In the above mechanismwith its double competition
the following expression is obtained for the peroxide
yield as a function of the initial concentration of
H202 02and H+

+ H+ =

1+ [WO2/fc(EDI] + [fc(H+)/fe(HA)]

The results of Table | consist of a number of ex-
perimental series, the initial oxygen and acid con-
centration in each series being held constant while
the peroxide concentration was varied. For each of
these series a plot was made of the same quantity
shown in Fig. 3, but with only five points to each
plot. Because of the scatter of the points and their
small number, the least-squares value of the inter-
cept in these plots was quite uncertain and the best
lines were drawn by assuming an appropriate value
of Gn to fix the intercept. Since the total Gn is
known to increase with increasing acidity, and since
it is not known whether the additional H formed in
acid solutions is produced in the acid or the basic
form, two calculations were made for each plot:
one assuming Gh in all cases equal to 2.85, the other
taking On at each acidity from the graph of Gh vs.
pH given by Rothschild and Allen.}4 If the assumed
mechanism is correct the slopes of these lines, di-
vided by their intercepts, should be given by the ex-
pression (fc/((H+) + 7462))As. This quantity for
all the runs in acidified air-saturated water is plotted
against the concentration of H+ in Fig. 4. The
points fall on a good straight line with a slope giving
Tic3= 2.2, while the intercept givesk jk 3 = 1.9, in
good agreement with the value obtained from the
data of Fig. 3. This plot is obtained from points
calculated using for Gh the total H atom yield of

(14) W. G. Rothschild and A. O. Allen, Radiation Research, 8, 101
(1958).
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[h+ m *io3 .

Fig. 4.—Results of the peroxide yield determinations in
acid solutions, plotted as described in the text: =, HZ04
O, HC1; O, HCIO4

Fig. 5.—Results of the peroxide yield determinations at pH
3.1 for different oxygen concentrations.

Rothschild. If constant Gh of 2.85 is assumed the
points are displaced slightly and the constants of
the line are fdifc3 = 2.0 and kt/k3 = 2.05. It isseen
that the results depend only on the pH of the solu-
tion used and not on the nature of the acid used to
obtain the pH.

Figure 5 shows results obtained at pH 3.12 for
different concentrations of oxygen plotted against
the oxygen concentration. If the mechanism is
correct the points should lie on a line having an in-
tercept of 2.0 times the H+ concentration and a
slope of 2.0 (= ki/k3. The expected line is
shown on the figure and the points agree within ex-
perimental error.

The system thus behaves In every way as ex-
pected from a simple competition for the initial
water radiolysis product between the three react-
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ants HXO2 O2and H+. The rates of reaction with
02 and H+ are seen to be equal within a few per
cent.

To obtain some idea of the preference of the acid
form for reaction with oxygen over hydrogen per-
oxide, we determined the yield of oxygen produced
in the irradiation of deaerated solutions of 10~4m
KBr at pH 2.85. According to Hochanadel, 11 con-
siderable oxygen is produced in the irradiation of
neutral bromide solutions, but in acid solutions
practically none is formed and the peroxide yield
equals that of the hydrogen. In three experiments

T. Rubin, H. L. Johnston and Howard W. Altman
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we found G(H2 = 0.46, 0.45 and 0.43, and the
ratios of oxygen to hydrogen were, respectively,
0.004, 0.004 and 0.0012. In this solution the H is
all converted to the acid form. From the very low
yield of 0 2found here we calculate that the ratio of
specific rates for the acid form to react, respectively,
with 0 2and HD 2is greater than 3000. Hochana-
dell6has obtained a value for this ratio of the order
of 1000.

(15) C. J. Hochanadel, in “Comparative Effects of Radiation,” ed.

by M. Burton, J. S. Kirby-Smith and J. L. Magee, John Wiley and
Sons, Inc., New York, N. Y., 1960, p. 167.

THE THERMAL EXPANSION OF LEAD1

By Thor Rubin, H. L. Johnston and Howard W. Altman

Cryogenic Laboratory of The Ohio State University, Columbus 10, Ohio
Received July 26, 1961

Measurements of the expansion coefficients of lead from 20 to 300°K. have been made by use of a Fizeau Interferometer.
A correlating function of heat capacity and expansion coefficients has been derived by means of which it has been shown that
lead obeys Gruneisen’s law between 25 and 300°K. A method for calculating the compressibility of lead as a function of

temperature between 25 and 300"K. has been suggested.
those for copper and rock salt has been given.

Introduction

The apparatus and experimental technique for
determination of the expansion coefficient of lead
were the same as those described for synthetic
rock salt3 and single crystal copper.2

The lead, obtained from the National Bureau of
Standards, was melting point purity material con-
taining 99.99% lead. It was used without further
purification. The sample was cut to three pillars
filed to the same length within Vs wave length of
sodium-D radiation. These pillars served to sepa-
rate the interference plates.

Results

The absolute values for the expansion coefficients
aregiven in Table I. vfi and yZare the squares of the
apparent fringe diameter measured at temperature
equilibrium by means of a filar micrometer eye
piece. The optical constant, 0, is a measure of the
change in the square of the fringe diameter on in-
creasing the fringes by one order. The values for 0
are those which result from smoothing according
to the method already outfined.3 F is the number
of fringes passing a fiduciary mark when the tem-
perature changed by AT degree, 10 = 0.49670 cm.
is the length of the sample measured at 25°, 2\°K.)
is the mean of the initial and final temperature of a
determination and a is the expansion coefficient.
Runs 24 to 28 inclusive are determined by use of the
standard thermocouple alone. The rest of the
measurements were obtained by using a resistance
thermometer wound on the cell in conjunction with
the thermocouple. The data from this resistance
thermometer were smoothed and tabulated at

(1) This work was supported in part by the Air Material Command,
Wright Field.

(2) T. Rubin, H. W. Altman and H. L. Johnston, J. Am. Chem. Soc.,
76, 5289 (1954).

(3) T. Rubin, H. L. Johnston and H. W. Altman, J. Pkys. Chem.,
65f 65 (1961).

A correlation of the expansion coefficient data for lead with

equal temperature intervals between 30 and 300°K.
This resistance data table was used to calculate
the temperatures of the cell above 30°K. All tem-
peratures were based on The Ohio State Univer-
sity Cryogenic Laboratory temperature scale.4
All fringe measurements were referred to length
measurements in terms of the mean wave length of
sodium-D radiation.

Seven sets of length (arbitrary) temperature
measurements are exhibited in Table I. They begin
at runs 1, 9, 13, 24, 33, 36 and 40 where f aver-
age in most cases is given three significant figures
to the right of the decimal. In each of these series
the «values were computed by the method of
divided differences.56 Only third divided differ-
ences and first divided differences were used to
calculate the derivative of length with respect to
temperature.

Errors—The absolute temperature values are
known to about 0.03°K. Temperature intervals
measured by the thermocouple are precise to about
0.02°K. Intervals measured by means of the resist-
ance thermometer are precise to a few thousandths
of adegree. The error in the length measurement is
about 0.008 fringe order. However, because of
the rather large heat capacity of the sample, ther-
mal equilibrium was much more difficult to obtain
for these measurements than in the case of the rock
salt. A smooth curve was drawn within 0.2% of all
data above 40°K., except for runs 36 and 37 which
could not be reconciled with the rest of the data.

Nix and MacNair7 have determined integral ex-
pansions for lead at a number of temperatures

(4) T.Rubin, H. L. Johnston and H. Altman, J. Am. Chem. Soc., 73,
3401 (1951).

(5) F. A. Willers, “Practical Analysis,” Dover Publications, 1947,

. 77.
P (6) J. B. Scarborough, “Numerical Mathematical Analysis,” Johns

Hopkins Press, Baltimore, Maryland, 1930, p. 115.
(7) F. C. Nix and D. MacNair, Phys. Rev., 61, 74 (1942).
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Table |
Lead D = 0.49670 cm.

T avg.f (o] a X
Run AT °K. smoothed  Vi2 =2 F 106
1 7.492 82.817 14.80 20.521 22.801  3.1541 2.497
2 8121 90.62 14.80  22.801 29.485 3.4516 2.521
3 10.369  99.87 14.80 29.485 21.064 4.4312 2.536
4 9.868 109.99 14.81  21.064 25.000 4.2658 2,564
5 11.917 120.88 14.82  25.000 27.931 5.1978 2.594
6 13.564 133.62 14.84  27.931 28.729 6.0538 2.646
7 14.430 147.03 14.83  28.729 20.931  6.4735 2.682
8 15.537 162.62 14.80  20.931 22.515 7.1071 2.717
9 19.603 213.157 14.88 37.39  38.50 9.0874 2.750
10 22.224 234.07 14.83 38.50 45.02  10.439g 2.787
11 21012 255.73 14.79  45.02  45.56  10.0364 2.822
12 24.063 278.32 14.80 45.56 39.00 11.5566 2.849
13 5.973  61.091 14,84  13.141 18.275 2.3457 2.327
14 8.133 68.14 14.82  18.275 22.231  3.2710 2.385
15  7.684  76.05 14.82  22.231 25.100 3.1939 2.466
16  7.553  83.67 14.80  25.100 27.615 3.1699 2.489
17 10.039  92.47 14.80 27.615 16.605 4.256t 2.515
18 10.592 102.78 14.81  16.605 29.750 4.5496 2.547
19 13.875 115.02 14.83  24.750 25.050 6.0202 2.575
20 11.991 127.95 14.83  25.050 29.214 5.2810 2.613
21 13.660 140.77 14.83 29.214 15.563 6.078g 2.640
2 14.148 154.68 14.81  15.563 21.114 6.375i 2.673
23 4.072  16.873  14.96  16.646 25.250 0.575j 0.840
24 4.097 20.96 14.95 25.250 22.091 0.788R 1.144
25  3.808 24.91 14.94  22.091 20.521  0.8949 1.396
26 3.539  28.59 14.92  20.521 19.669  0.9429 1.580
27 3.350 32.04 14.92  19.669 19.428  0.9839 1.725
28 3.169 35.30 14.92  19.428 19.009 0.9719 1.841
29  4.225 38.98 14.91  19.009 25.250  1.4187 1.991
30  4.807 43.50 14.90 25.250 20.295 1.6675 2.058
31 5.978  48.89 14.88  20.295 22.848 2.1716 1.155
32 6.872 55.32 14.86  22.848 17.015 2.6075 2.252
33 23.739 173.413 14.76 31.81  29.00  10.8096 2.702
34 24.471 197.52 14.72  29.00 33.29  11.201g 2.737
35 24.691 22210 14.71  33.29  41.35  11.5476 2.774
36 12.172 125.442  15.18 37.64  42.38 5.3147
37 13.998 138.53 15.11  42.38  30.31 6.1987
38 12.622 151.84 15.08 30.31  40.45 5.6723 2.666
39 12.185 164.24 15.05  40.45  33.12 5.5129 2.684
40 29.538 184.895  14.52 30.14 38.32  13.5631 2.724
41 30.918 215.12 14.46  38.32  44.36  14.4176 2.766
42 29.394 247.90 14.52  44.36  43.30  13.927i 2.811
43 19.757 269.86 14.66  43.30 35.58 9.4737 2.845
44 24.769 292.12 14.78 35.58 35.17  11.971g 2.868

above that for liquid air and have compared their
results with the data of numerous authors. These
were determined at various restricted tempera-
tures. The comparison of Nix and MacNair’s
results at a few temperatures with those of the
present research are shown in Table Il. The devia-
tions of their values from those of the present work
are never more than about 0.3%. Dorsey8 has
determined a between 113 and 273°K. His results
are about 2% higher at room temperature than
those of the present work. The deviations de-
crease steadily at lower temperatures, become nega-
tive, then finally reach values within 2% of the
values of the present research at 113°K.

Table Il
4:bX 10% o 10%
t, °C. Nix and MacNair present work
-188 -50 398 -50.719
-143.5 -39 423 -39.323
-103.0 -28 775 -28.567
- 795 -22 155 -22.234
- 48.1 -13 520 -13.524
- 17.4 - 4916 - 4.928

0 0 0

(@ M. G. Dorsey, Phys. Rev. 27, 1 (1908)
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Theory.— Since the compressibility of lead is not
known reliably as a function of temperature, a
discussion of these results directly in terms of
Gruneisen’s theory is not possible.

Instead of the quotient cv/aT was computed
for not only lead but also for copper and rock salt
where reliable heat capacity and thermal expansion
are known. This function has the dimensions
of PVv /T which suggests that c-p/aT can be con-
sidered as a type of corresponding state function, so
that the data of the three solids can be plotted as a
function of a reduced temperature and compared.

Two types of deviations from the corresponding
state curve will be discussed, the effect of anhar-
monicity, if any, and the effect of variations of the
Gruneisen parameter at lower temperatures which
has been presented at length by Barron.910 By
thermodynamics

for a crystal containing one kind of particle the

pressurell is
p_ _ dp_ ]_- hvj7:
dF V%~1 eWisr - 1

hnyi + kv ~ (2)
¢=1

where E qis the zero point energy, W is the frequency,
F the volume, T the temperature, y, = d Inv,/
£In F)t, V0is the number of states of lowest en-
ergy, the other symbols have their usual meaning.
Since (dF/dT)s = -v/yT and d(v,/F/dT). = 0
wherey = aV/CvK, the Gruneisen2function, where
a Is the expansion coefficient and K is the isothermal
compressibility.

V2

3aT  OF2 yT

V* hWy-\ WTib In g
fr12kf)+ W -W - (3)
ye (E — Eo) , 61In<0 tis
BR2 yT T + *6InF (4)
where
ByT = i/*». ®)
and E — E 0 is the denominator of (5). In re-

lation 2 (6) dZ7?o/dr2=l/ifoFo at the absolute zero,
assuming central forces.
K 0 is the isothermal compressibility, FO is the
molar volume, both at the absolute zero.
Inserting 6 in 4 yields after approximating FOfor
F

(9 T. H. K. Barron, Phil. Mag.. [7] 46, 720 (1955).

(10) T. H. K. Barron, Ann. Pkys., 1, 77 (1957).

(11) R. G. Tolman, “Statistical Mechanics/*0xford Press, 1938, p.
589.

(12) E. Gruneisen, “Handbuch der Physik,” Vol.
Berlin, 1926, p. 1.

10, Julius Springer,
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elT.
Fig. I.
Cp Vo ye(ll7 — Et)
3aT K,yT T ()

Except for the last term on the right-hand side, this
relation resembles Gruneisen’'s relation for vy.
However, (7) involves the compressibility as a
constant and the more easily measured Cp rather
than cv. Still, with this relation deviations from
Gruneisen’s law can be discussed. We will retain
the temperature terms in relation 7 only so that the
entire relation is a function of 6/ T,

The best way of using relation 7 as a correspond-
ing state function seems to be by comparing the
results of this research for lead with previous work
for copper and rock salt. The heat capacity of
copper taken fiom the work of Giauque and
Meads, 13 the values for lead from that of Meads,
Forsythe and Giauque,4 and the values for rock

(13) W. F, Giauque and P. F. Meads, J, Am. Chem. Soc., 63, 1897
(1941).

(14) P. F. Meads, W. R. Forsythe, and W. F. Giauque, ibid., 63,
1902 (1941).

Robert Il. Dinius and Gregory R. Choppin

Vol. 66

salt of Clusius, Goldman and Perlick,55 together
with the expansion coefficients of lead, copper2and
rock salt3 were used to give numerical values of
Cp/aT. 6 was taken as 8816 for lead, 312.813 for
copper and 2805 for rock salt. The graph of
Cv/aT vs. 6/T is shown in Fig. 1, where all of the
results for copper and rock salt have been super-
imposed on the results for lead. This has been
done by multiplying the copper values by 2.30 and
the rock salt values by 4.62. The straight line
portion of the curve of Fig. 1 extrapolates to a nega-
tive value of about 3000 cc. atm./deg. mole. Thus,
the value corresponds roughly to the second term
of (7). Anharmonic effects are absent.

The large deviations from the straight line occur
at low temperatures where 9/T is greater than 5.
This is expected, as at low temperatures, y should
decrease.l0 Using Barron's relation9 for y corre-
sponding to the nearest neighbor model for both
lead and copper, the deviations from the straight
line function are shown for these two substances
as the dotted curves. The agreement is satisfac-
tory.

The deviations of the rock salt points do not
agree with Barron’s relation3 for that substance.
The experimental points deviate by over a factor
of three from a curve demanded by the theory.

From the results shown in Fig. 1, the heat ca-
pacity and thermal expansion data for lead, copper
and rock salt are quite self consistent. Lead obeys
Gruneisen’s law between 25 and 300°K. Satis-
factory values (within a few per cent.) for the com-
pressibility of lead as a function of temperature to
about 25°K. can be computed, assuming that y
is independent of temperature. Using Barron’s
deviation function for y, the compressibility of
both lead and copper can be computed for tem-
peratures from 300 to about 11°K. for lead and to
about 39°K. for copper.

(15) K. Clusius, J. Goldman and A. Perlick, Z. Naturforsckung, 4,
424 (1949).

(16) R. H. Fowler, "Statistical Mechanics,” Cambridge University
Press, 2nd Edition, 1936, p. 126.

N.M.R. STUDY OF THE IONIZATION OF ARYL SULFONIC ACIDS

By Robert H. Dinius and Gregory R. Choppin

Department of Chemistry, Florida State University, Tallahassee, Florida
Received July 81, 1961

Nuclear magnetic resonance spectra of p-toluenesulfonic acid, 2-naphthalenesulfonie acid and 2,7-naphthalenedisulfonic

acid were measured as a function of concentration.
from the chemical shifts is 22 + 3.

The acid ionization constant for p-toluenesulfonic acid calculated
A comparison of the chemical shifts for these sulfonic acids and Dowex-50 cation ex-

change resin of 4 and 16% divinylbenzene content indicates that the cation exchanger resin is the stronger acid.

Aryl sulfonic acids such as p-toluenesulfonic acid
have been used in a number of investigationsl'?2 as
model compounds for the elucidation of the com-
plex physical chemistry of polystyrene-divinyl-
benzene sulfonic acid ion exchange resins such as
Dowex-50. In conjunction with an investigation of

(1) G. E. Meyers and G. E. Boyd, J. Phys. Chem., 60, 521 (1956).

(2) O. D. Bonner, V. F, Holland and L. L. Smith, ibid., 60, 1102
(1956).

hydrated Dowex-50 resin by nuclear magnetic res-
onance techniques, 3 it has seemed feasible to study
these model compounds by the same techniques.
Several previous reports45 have demonstrated the
(3) R. H. Dinius, G. R. Choppin and M. T. Emerson, to be sub-
mitted for publication.
(4) H. S. Gutowsky and H. Saika, J. Chem. Phys., 21, 1688 (1953).
(5) G. C. Hood, O. Redlich and C. A. Reilly, ibid., 22, 2067 (1954);

also G. C. Hood, A. C. Jones and C. A. Reilly, J. Phys. Chem., 63,
101 (1959).
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value of the study of strong acids by nuclear mag-
netic resonance and recently the results of such
an investigation of polystyrene sulfonic acid have
been reported.6

Experimental

Reagents.— C.p. p-toluenesulfonic acid was used as ob-
tained from Eastman Chemical Co. with no further purifica-
tion. 2-Naphthalenesulfonic acid and 2,7-naphthalenedi-
sulfonic acid were purified from technical grade material by
recrystallization from concentrated hydrochloric acid solu-
tions. Saturated aqueous solutions were prepared from the
purified crystals and the desired concentrations obtained by
dilution with distilled water. The molarities of all solutions
were determined by titration with standard sodium hy-
droxide solution.

N.M.R. Spectra.—The proton magnetic resonance spectra
of these three acids were measured as a function of the acid
solution concentration using a Varian Associates high res-
olution N.M.R. spectrometer operating at 60 megacycles per
sec. The side band technique utilizing external standards
was used to obtain reference signals. The room and magnet
gap were thermostated to 25°.

Cyclohexane was used as the external reference and from a
knowledge of the difference in resonance frequencies of cy-
clohexane and water, the chemical shifts of the acid solutions
were calculated with respect to the frequency of pure water.
All the shifts, expressed in cycles per second, were toward
lower field strengths. The observed chemical shifts were
corrected for changes in the bulk magnetic susceptibility of
the solutions. The magnetic susceptibilities were obtained
by observing the splitting of the resonance lines induced by
shaping the sample container from a cylinder to a sphere
and placing the transition zone in the magnetic~field.7 The
susceptibilities obtained in this way have been compared
with the values obtained from Pascal’s constants and found
to agree within 3-5%. The results of the n.m.r. measure-
ments are presented in Table I.

Table |

Chemical Shifts
Resonance shift (S),

Mo- Frequency, p.-p-m.
larity Density c.p.s. Obsd. Cor. P
v-Toluenesulfonic acid
0.064 1.002 214.0 0.020 0.024 0.0017
.300 1.017 219.1 .105 115 .0084
.590 1.034 224.6 197 221 .017
1.181 1.063 236.8 401 439 .036
2.373 1.115 267.2 .908 .964 .087
2.885 1.135 286.0 1.221 1.282 117
3.787 1.170 326.8 1.901 1.989 .186
4.733 1.208 383.6 2.847 2.929 291
5.075 1.229 415.4 3.377 3.469 .342
2-Naphthalenesulfonic acid
0.232 1.014 217.6 0.081 0.087 0.0065
462 1.040 221.2 141 174 .0132
.940 1.053 231.4 311 .346 .0294
1.880 1.119 257.2 741 .808 .069
2,7-Naphthalenedisulfonic acid
0.1631 1.009 220.3 0.126 0.120 0.0096
4570 1.042 230.9 .302 312 .0310
9125 1.115 251.5 .646 .704 .0517
1.368 1.175 276.3 1.059 1.163 .0918
1.825 1.251 300.8 1.467 1.632 .1302

The n.m.r. spectra of the undissociated acids were meas-
ured in non-ionizing solvents (CHCb and CiH«) and the
shifts with respect to water within experimental error were

found to be 6.51 p.p.m.

This compares with the reported

value of 6.7 + 0.3 p.p.m. for the alkyl and benzene sulfonic

acids.8

® L.

(1961).

@ w.

Kotin and M.

Nagasawa,

J. Am.

Chem. Soc.,

Stewart and R. Glick, private communication.

83, 1026
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Pig. 1.—The chemical shift plotted as a function of the mole
fraction of protons on hydronium ions.

Fig. 2—The ratio of chemical shift to mole fraction of
protons on hydronium ions as a function of the mole frac-
tion of protons on hydron um ions for p-toluenesulfonic
acid.

Fig. 3.—Log of the chemical shift plotted as a function
of the log of the mole fraction of protons on hydronium
ions.

During the course of this investigation, it was observed
that solutions of p-toluenesulfonic acid underwent photo-
chemical decomposition in the presence of ultraviolet radia-
tion, resulting in the development of a yellow color with
evolution of S02. Prolongée heating on a steam-bath in the
dark'failed to provide any visible evidence of this decomposi-
tion.

(8) L. H. Meyer, A. Saika and H. S. Gutowsky, J. Am. Chem. Soc.,
75, 4567 (1953).
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Discussion

Figure 1 indicates that p-toluenesulfonic acid
and 2-naphthalenesulfonic acid have a very similar
curve for the chemical shift plotted as a function of
P, the mole fraction of protons on hydronium ions.
In calculating P, only the acid group and water
protons are considered and not the aromatic
hydrogens. Assuming complete dissociation, if x
is the stoichiometric mole fraction of the acid, P
equals zx/ (2-x) for the monobasic acids and 3x for
the dibasic acid. The greater slope for 2,7-naph-
thalenedisulfonic acid possibly could be interpreted
as meaning that it is a stronger acid than the p-
toluenesulfonic or 2-naphthalenesulfonic acid (see
equation). However, the two sulfonic acid groups
of this dibasic acid are not completely independent
and the effect of the ionization of one group upon
the ionization of the second group is uncertain.
Consequently, the suggested interpretation of rela-
tive acid strength must be regarded as only tenta-
tive.

Only for p-toluenesulfonic acid is the solubility
sufficiently large to allow high enough values of P
to be investigated so that analysis of the data to
calculate the acid constant is possible. The de-
grees of dissociation were calculated from the shifts
by the equation

S/P = aSi +

(1 —a)s2 1)

where s is the total chemical shift in p.p.m., Si is
the shift of the hydronium ion and s 2 is the shift of
the undissociated acid. For s2 the value of 6.51
p-p-m. was used. Although the value of si would
be expected to be the same in all acids, it has been
found that in fact the anion influences the observed
hydronium ion shift. The value of si is obtained
by plotting the values of the slope s/p as a func-
tion of P as in Fig. 2 and extrapolating top = 0.
A value of 14.5 p.p.m. is obtained for the p-tolu-
enesulfonic acid as compared to previously reported
valves of 11.8, 9.2 and 131 p.p.m. for HNOs,
HCIO4 and H2S04.69 The calculation of a, the
degree of dissociation, is more sensitive to the value
of si than of s2 as can be seen from the revision of
thes /P equation to the form
= S/P - Si
Si —s2 2

The equation for the acid dissociation constant
is
_ a
T oa- a) @)

(@ G. C. Hood and C. A. Reilly, J. Chem. Phys., 27, 1126 (1967).
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where d is the acitivity coefficient of the undisso-
ciated molecule, c is the concentration of the acid in
moles per liter and a is the activity of p-toluene-
sulfonic acid. In the insert in Fig. 2, log K/3 is
plotted vs. molarity. The values of a were calcu-
lated using data of Bonner, et al.10 The value of K

calculated in this fashionis22 + 3, which is compar-
able to that of nitric acid. Bonner and Rogersll
report that mesitylenesulfonic acid has an ionization
constant of the same order of magnitude but lower
than nitric acid.

In Fig. 3, the chemical shifts are shown on a log-
log plot as a function of P for p-toluenesulfonic
acid, polystyrenesulfonic acid6 and Dowex-50
cation exchange resin of 4 and of 16% divinylben-
zene content.3 Both this curve and an analysis of
the polystyrenesulfonic acid for the acid dissocia-
tion constant indicate that the latter is quite similar
to p-toluenesulfonic acid in its acid strength. Al-
though the resin is too concentrated even in the
most hydrated state to allow reliable calculation of
an acid constant, the indications are that the 4%
DVB resin is stronger than the p-toluenesulfonic
acid. Also the indication that the 4% DVB resin
is stronger than the 16% DVB is reasonable, since
the more extensive organic crosslinking would result
in a lower effective dielectric constant in the vicinity
of the sulfonate group, lowering the acid constant.
It must be understood that this analysis of the rela-
tive acid strengths of the resins and p-toluenesul-
fonic acid is based on equation 2, assuming st is the
same for all these sulfonic acids and that si for the
resin is equal to or greater than 14.5 p.p.m., which
does not seem unreasonable.

The observed line widths for dilute solutions of
the p-toluenesulfonic, the 2-naphthalenesulfonic
and the 2,7-naphthalenedisulfonic acids were ap-
proximately 0.9 cycle. As the concentrations of the
solutions approached saturation and increased in
viscosity, the absorption line width increased to
I. 5-2 cycles. This broadening is consistent with
reported viscosity effects.12

The authors wish to thank Drs. E. Grunwald and
M. Emerson for their assistance in this research.
The Atomic Energy Commission has supported
this research under Contract AT-(40-1)-1797.

(10) 0. D. Bonner, G. D. Easterling, D. L. West and V. F. Holland,
J, Am. Chem. Soc., 77, 242 (1955).

(11) 0. D. Bonner and 0. C.

(1960).
(12) J. N.

Rogers, J. Phys. Chem., 64, 1499

Shoolery and B. Alder, J. Chem. Phys., 23, 805 (1955).
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RADIOLYTIC AND PHOTOCHEMICAL DECOMPOSITION AND EXCHANGE
IN LIQUID AND GASEOUS CCUBrl1
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This paper reports studies of the radiolysis of liquid and gaseous CChBr, of the photolysis of gaseous CCLBr and of the
radiation induced exchange of bromine between Br2and CCI3r in the liquid and the gaseous phases. Co® 7-rays and 2537
A. light were the activating radiations. Typical product yields in units of molecules/100 e,v. absorbed are

el?\(/).slg’. ccl4 CClsBrj CCIBr, cjcu Bra CiCUBr
Radiolysis (lig., 20°) 1X 102 3.5 2.9 0.1 0.5 1 0.15
Rad. (gas, 108°) 1 X 102 7.5 6.1 .82 1.2 1.2 0
Rad. (gas, 108°, 1 mole % Br2 1 X 102 5.1 5.7 .3 0 0 0
Photolysis (gas, 108°) 1X 102 0.5 0.5 .01 0.9 0.7 0

The apparent activation energies for the formation of the products are about 3 kcal./mole, which is lower than required for
thermal radical and atom abstraction reactions in this system. This may result from a small sontribution from thermal proc-
esses superimposed on a major contribution from temperature insensitive reactions of vibrationally excited species or ions.
The reaction cross sections for these hot processes must be significantly lower than the collision cross sections since the yields
are reduced by 1 mole % added Br2 The (7-values for the exchange caused by 7-rays in the gas and in the liquid at 108°
are both of the order of 600 atoms/100 e.v. absorbed while that in the liquid at 20° is about 150. These values indicate
chain reactions with an over-all activation energy which appears to be too low to be explained on the basis of the known

thermal chemistry of the system, and so may include a contribution from ion molecule reactions.

G(exchange) is sensitive

to some unknown variable but is not affected significantly by 2 mole % 0 2in the presence of 1 mole % Br>.

Introduction

This work was initiated to compare the radiolysis
of CCI3Br in the gas phase with that in condensed
phases.2 It was designed to determine to what
extent the yields, the temperature effects and the
scavenger effects in the condensed phases are de-
pendent upon diffusion controlled and caging
processes. Characteristics of the gas phase radioly-
sis, in which ions are formed, have been compared
with the photolysis, in which no ions are formed.
Previous work on the radiolysis of the liquid has
been extended by gas chromatographic analysis
of the organic products. The exchange of gaseous
CCI®Br with Br2 induced by 7-rays has been in-
vestigated and found to occur by a chain reaction.

Experimentallb

The purification and sample preparation procedures used
were, with some variations, similar to those described
earlier.2 Irradiation of samples to be analyzed spectrophoto-
metrically was carried out in an annular vessel8into the cen-
ter of which a 400 curie Co@®source about 1.6 cm. diam. and
2 cm. long could be inserted to give a dosage rate of about 1
X 10De.v. hr.-1 (g. of CCLBr)-1. A Beckman-type cell of
square Pyrex tubing attached to the annular vessel by sev-
eral inches of glass tubing was used for spectrophotometric
analysis of the liquid or gas after each of successive periods
of irradiation. For analysis of gaseous samples steam heated
“thermospacers” were used on the Beckman DU spectro-
photometer cell compartment, which was provided with an
electrically heated cover box to accommodate the protruding
annular vessel. Care was taken to mix thoroughly the ir-
radiated and unirradiated portions of the sample before
analysis. The absorbancy index of Br2in gaseous CCI3Br at
4160 A. was determined to be 166 1 mole-1 cm.“1 Gas
phase 7-irradiations were carried out in a thermostated
mineral oil-bath in which was mounted a lead shield to re-
duce the exposure of the spectrophotometer cell to irradia-

(1) (@ Presented at the International Congress of Radiation Re-
search, Burlington, Vt., Aug. 1958; (b) Additional details of work
are given in the Ph.D. thesis of A. H. Young filed with the Univer-
sity of Wisconsin Library in 1958 and available from University Micro-
films, Ann Arbor, Mich.

(2) R. F. Firestone and J. E. Willard, J. Am. Chem. Soc., 83, 3551
(1961).

(3) R. F. Firestone and J. E. Willard, Rev. Sei. Instr., 24, 904
(1953).

tion while the gas in the annular vessel was being exposed.
Br& for exchange studies was prepared by irradiation of
small ampoules of liquid Br2at a flux of 1012 neutrons sec.-1
cm.-2 in the CP-5 reactor of the Argonne National Labora-
tory. Mixtures of CCI3Br and radiobromine which had
undergone exchange were partitioned between CC1, and
aqueous sulfite solution to determine by counting methods
the extent of exchange.

The 0.3-ml. liquid samples to be analyzed by gas chroma-
tography were sealed in 6 cm. long 4 mm. i.d. Pyrex tubes
following degassing, and during irradiation were positioned
so that they received the same dose rate as samples irradiated
in the annular vessel. Detection of the components in the
effluent from the silicone-cil-on-firebrick chromatographic
columns was done with a Gow Mac thermal conductivity
detector. When radiobromine had been used in the sample
a scintillation counter also was used.4

The photochemical experiments were carried out in a 10
cm. long, 2.5 cm. diam. quartz cell with flat end windows,
mounted in an aluminum block furnace. The radiation
source was a Hanovia SC 2537 low pressure mercury arc,
filtered byra Vycor plate to exclude wave lengths below 2100
A. Allof the incident 2537 A. radiation was adsorbed by the
CCLBr at the pressures used. The intensity was assumed to
be the same as that previously found5 for the same type of
lamp at the same current and used at the same geometry
with respect to the reaction jell.

Results

G (Br2 of Liquid Phase Radiolysis.— It has been
reported?2 that G(Br2 for the radiolysis of liquid
CCI-Br at 20° decreases with increasing bromine
concentration up to about 0.02 M and then re-
mains constant, the value at 10~3M Br2being 1.5
and the “terminal” value being 0.94. These
observations were made at a dose rate of 1 X 109
e.v. g.-1 hr.-1 and total doses up to 2 X 10De.v.
g.-1. The present work has shown that the same
trend occurs with a 10-fold higher intensity (1 X
10D e.v. g.-1 hr.*) and for 10-fold higher doses
(2 X 102le.v. g._1). The absolute G -values at the
lower bromine concentrations show evidence of
being slightly higher at the higher intensity but
the terminal G-values appear to be indistinguish-

(4) J. B. Evans, J. E. Quinlan and J. E. Willard, Ind. Eng. Chem.,
50, 192 (1958).

(5) 6. M. Harris and J. E. Willard, J. Am. Chem. Soc.., 76, 4678
(1954).
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able at the two intensities and different total doses.

Organic Products of Liquid Phase Radiolysis.—
CCh and CCIZBr2 are the predominant products
of the radiolysis of liquid CCIBr at 20°. They
are formed with constant 67-values of 3.5 and 2.9,
respectively, up to doses of at least 2 X 102 e.v.
g.-1. Other organic products, produced with
much lower 67-values, are CZCI6 (0.5), CXI@Br
(0.15) and CCIBr3 (0.1). The accuracy of the low
(7-value measurements is not adequate to indicate
whether the rate of formation of these is independ-
ent of bromine concentration.

B~-CCIJBr Exchange during Liquid Phase Radi-
olysis.—Some thirty determinations of the ex-
change reaction CCIBr + Brz2 -> CCIBr* +
Br2 were made using Br2 labeled with Br& 67
(exch.) is about 650 at 108° and 150 at 28°,
apparently independent of radiation intensity
over a 50-fold range from 0.03 X 108to 15 X
1088e.v. g.-1 min.-1, and independent of Br2 con-
centration over the twenty-fold range from 5 X
10-3 to 1 X 10-1 m. Rather large unexplained
fluctuations in individual (7-values were observed
between certain supposedly duplicate runs, the
extreme values at 28° being 30 and 350. Control
runs in which the samples were prepared, heated
and analyzed in the standard manner but not
subjected to radiation showed negligible exchange.

Gas Phase Radiolysis.—Typical 67-values for
the products of radiolysis of CCI®Br in the gas
phase at 108° both with and without added Br2
are tabulated in the Abstract. The values with-
out added Br2are slightly higher than those in the
liquid at 20°, except for CZI@Br which is not
observed in the gaseous products. The presence
of 1 mole % added Br2 reduces all of the yields
slightly and seems to completely eliminate C216and
Br2production.

A comparison of the solid lines of Fig. 1 illus-
trates the increase in (7(Br)d with temperature
in the radiolysis of gaseous CCI3Br. The (?-values
calculated from the slopes at 0.2 mole % Br2
concentration on the 108 and 177° radiolysis curves
are 1.2 and 2.2. A value of 1.5 was obtained for
a similar determination at 141°. Other experi-
ments in which the bromine concentration was
followed as a function of dose at various tempera-
tures up to 177° and at doses up to 18 X 102 e.v.
g.-1 showed that (?(Br2 approaches zero for pro-
longed irradiations at 108 and 141°. At 177° the
data also show this trend, but at a dose as high as
17 X 102 e.v. g.-1 (?(Br2 is still 0.9 for an average
bromine concentration of 3.2 mole %. The Br2
concentrations at which (7(Brd becomes zero
increase with increasing temperature, being about
1.5 mole % at 108°, 2.5 mole % at 141° and higher
than 35 mole % at 177°. When a sample of
CCI®Br vapor in which 1.5 mole % Br2 had been
produced by irradiation was allowed to stand for
18 hr. at 177° without irradiation no increase in
the Br2 concentration occurred, showing thermal
decomposition to be negligible. Likewise an un-
irradiated sample showed negligible bromine pro-
duction when held for 37 hours at 180°.

When the radiolysis was carried out at 182°
with an absorbed dose of 1.5 X 102l e.v. g.-1 the
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67-values of the organic products shown for 108°
all increased by a factor of 1.4 to 1.5 except for
CCIBr3which increased fromG = 0.82toG = 1.8.

Br2CCIBr Exchange during Gas Phase Radi-
olysis—When gaseous CCI,,Br at 108° was radi-
olyzed in the presence of 1-11 mole % Br2 labeled
with Br@well over 90% of the Br& in organic com-
bination appeared as CCIBr (Table I). In 15
experiments in which 67(exchange) was deter-
mined the average value for atoms exchanged per
100 e.v. was 497 + 225 in the absence of oxygen
and 266 + 95 in the presence of 0.04 to 2 mole
% oxygen (Table Il1). From the data it may be
said that the exchange must be a chain reaction,
and that it is not highly sensitive to Br2 concentra-
tion, radiation dose or oxygen concentration within
the ranges tested but is sensitive to some unknown
variable, as in the case of the liquid phase exchange
reported above.

Table |
Distribution of Br& among Organic Products of the
Radiolysis of Gaseous CCIBr-Br2M ixtures Containing
BraBr-S2)
(108°, 1.64 X 102l e.v. absorbed per g.)

n%?ig]d/ [Oi]b —B-Fraction of organic Br&in-----'
o mole” % CClsBr CCLBn CCIBn
1 0 0.97 0.032 Trace
5.3 1.2 .92 .077 Trace
10 0 .94 .048 0.01
10 1.2 .97 .027 None
Tabte Il

G{Exchange) during Radiolysis of Gaseous CCIBr-Br2
M ixtures Containing Br2Br-82)
(108°, 7.7 X 10Be.v. g.“1hr.* 2

Energy
absorbed, G(cxchangel,
[Bn], [Oi], (ev. g-' atoms/100
mole % mole” % X I%i’) F/Fa» ev.
1 1.96 0.90 680
1 0.78 .54 590
1 .13 .26 1400
1.4 .78 43 620
1.3 .78 42 540
1.2 .78 .13 140
0.5 .78 74 500
0.5 .78 .58 330
0.2 .39 42 170
1 .76 .27 250
1 .76 43 460
1 .76 .31 280
1 2 .76 .21 190
1 0.4 .76 .23 200
1 0.04 .76 A1 410

» F/F,, is the fraction of equilibrium exchange achieved.

Gas Phase Photolysis—Gaseous CCIBr il-

luminated with 2537 A. radiation produces Br2 at
a rate which decreases with increasing bromine
concentration and increases with increasing tem-
perature, as shown by the broken hues of Fig. 1
The initial yield of Br2per unit of energy absorbed
is somewhat higher for the photolysis than the radi-
olysis. The initial 68 of photolysis decreases more
rapidly with increasing Br2 concentration than
that of radiolysis but, in contrast to the radiolysis,
is not reduced to zero at 108° at the bromine con-
centrations achieved in Fig. 1. Following the
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determination of bromine production as a function
of time of photolysis shown in Fig. 1 the two
samples used to define the curve at 108° each were
analyzed by gas chromatography. The yields of
organic products for these samples which had each
been exposed to 102 e.v. g.-1 of 2537 A. radiation
are given in Table 111 both as (7-values and as
quantumyields.

Tabie Il

Yields of Products Produced by the Photolysis of
Gaseous CCIBr at 108° with 102 e.v. g._l of 2537 A.

R adiation

»»»»»»»»» Sample 1 — -Sample 2---------
Quantum Quantum
Compound G-value yield (7-value yield
CC14 0.33 0.016 0.47 0.023
CChBr -2.48 - 121 -2.77 - .136
CCIBr2 0.56 .027 0.52 .026
CCIBrs . .01 .0005
CZX16 ISH .039 .90 .044
Br2 (spectrophoto-
metrically) .69 .034 .70 .034

From the curves of Fig. 1 it is apparent that the
average quantum yields of Br2 for the complete
experiment are much smaller than the initial
yields. This presumably is true also for C2C16
one molecule of which is produced for each molecule
of Br2formed.

Discussion

Mechanism of Br2 Production in Radiolysis.—
G(Br2 as estimated from the slope of the 108°
curve of Fig. 1 at 0.2 mole % Br2is 1.2, which is
similar to the value of 1.7 obtained2at this bromine
concentration in the liquid at 98°. The absence
of a sharp discontinuity inyield at the liquid n vapor
transition probably is fortuitous. Caging effects
in the liquid undoubtedly cause some primary
recombination with no net product yield, while
reactions of adjacent radicals in the spurs must
lead to Br2 production which could not occur
in the gas phase, where the radicals must react with
Br2in the bulk of the gas because the high localized
radical concentration of the spurs does not exist.
It has been noted earlier? that there is no discon-
tinuity in <7(Brd at the solid phase transitions at
—33.5 and —13.5° or at the melting point at —5.6°.
These transitions are not, however, accompanied
by a density change of the magnitude involved
in the change from liquid to vapor.

An immediately apparent difference between
the liquid and gas phase radiolysis is that in the
latter (7(Brd decreases with increasing Br2 con-
centration,. approaching zero at a concentration
which is dependent on temperature. This was
observed in the range of 0.1 to 3 mole % Br2
while in the overlapping range of 0.01 to 0.3 mole
% in the liquid constant (7-values were observed
above 0.1 mole % at all temperatures.

Three types of available evidence are helpful in
considering the mechanism of bromine production
in the gas phase radiolysis, i.e., the temperature
dependence, the dependence on bromine concentra-
tion, and comparison with the photolysis. A com-
parison of the rates of the gas phase radiolysis at
0.2 mole % Br2at 108, 140 and 177° shows an
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Energy absorbed, e.v. g.-1 X 10~2L

Fig. 1.—Production of bromine by the radiolysis (solid
lines) and photolysis (dashed lines) of gaseous CCIsBr.

apparent activation energy of only 3 kcal./mole.
The similar apparent activation energy in the
liquid phase radiolysis seemed to be ascribed best
to the increasing probability of CC13 and Br atoms
escaping primary or secondary recombination.2
Such recombination does not occur in the gas so the
temperature coefficient in this phase must be as-
sociated with a chemical process. Three kcal./mole
is, however, much lower than the activation energy
(8-10 kcal./mole)6of reaction 6 listed below, or the
activation energy of reaction 7, which appears to
be about 24 kcal./mole.7 Reactions 5 and 7, uti-

CChBr CC13+ Br (1)
CChBr----—-- CChBr+ + e~ 2)
CChBr---- > C713+ + Br + e- 3)
CC13+ M — > CC13+ M (4)
CC13+ CCI3— C2X16 (5)
CCI®Br + Br — > CC13+ Br, 0)
CCh + CChBr — CZX16+ Br ]

CC13+ CCIsBr — > CZX16+ Br (7"
CC13+ Br2----> CChBr + Br (8)

lizing CCI3 radicals formed by (1) and (4) or (0)
appear to be the only plausible thermal reactions
of neutral species which can lead to net bromine
production in the system. lon-molecule reactions
cannot be excluded, but the photochemical produc-
tion of Br2 with similar low activation energy
(Fig. 1)
yields of the magnitude observed. The fact that
Br2and C2C16 production can be eliminated by the
presence of a few mole % of Br2and that the Br2
concentration required tc accomplish this increases
with increasing temperature indicates that the re-
active species must undergo on the average many

®) (@ A. A. Miller and J. E. Willard, /. Chem. Pkys., 17, 168

(1949); (b) N. Davidson and J. II. Sullivan, ibid., 17, 176 (1949).
() E. N. Becker, Ph.D. thesis, University of Wisconsin, 1953.

indicates that neutral species cangive
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log [Br2].

Fig. 2.—Evaluation of dependence of <7(Br2) on bromine
concentration. (7(Br2 is in units of molecules produced/
100 e.v. absorbed during the particular interval of irradia-
tion; bromine concentration is in units of mole % of original
CCI®Br and is the average concentration during the interval

for which G is calculated.

collisions with CCI3Br before consummating the
bromine producing reaction, and that the prob-
ability of reaction on collision is increased by in-
creasing the temperature. The most plausible
explanation of the observed results seems to be
that the major portion of bromine production is
the result of the temperature independent reaction
of vibrationally excited CCI3 radicals by (7',
combined with a small yield of the temperature de-
pendent reaction 7. Vibrationally excited CC13
radicals which undergo many collisions before
reacting and which can be scavenged by Br2before
reacting likewise have seemed to offer the best
explanation of the bromine dependence of (7(BrJ
in the liquid phase radiolysis. Clear evidence for
the role of vibrationally excited CH3radicals in the
gas phase radiolysis of CH3 has been observed.8
The hot CCI3 radicals from the gas phase radiolysis
of CCIBr must be vibrationally rather than ki-
netically hot because kinetic energy would be lost
in a very few collisions with CCI8Br molecules
and so the reaction of the radicals would not be
subject to the scavenger action of bromine at the
concentrations used.

The question of whether C2CI6 production (and
hence Br2 production) occurs predominantly by
reaction 5 or reactions 7 and 7' also can be examined
by estimating the relative probability of these
reactions from, estimated steady-state concentra-
tions and rate constants. Such estimates are highly
uncertain, with the greatest uncertainties arising
from lack of information on the relative frequency
factors of the radical reactions. Assuming equal
frequency factors, a Br2 concentration of 0.1 mole
%, and activation energies for reactions 7 and 8
which are 24 and 4 kcal./mole, respectively, higher
than that of (5) the calculated rates of (7) and (5)
are 6 X 10~9and 3 X 10-6 of that of (8). Since
the rate of (5) is second order with respect to [CC13],
it increases rapidly with decreasing concentration
of Br2 Fragmentary evidence that such increase
is observable experimentally at concentrations in
the range below 0.2 mole % Br2was given by the
fact that (?(CZC19 for an exposure of gaseous CC13
Brto 15 X 102 ewv. g. 1 (maximum [BrZ] = 0.2
mole %) was 1.2 while it was 5.2 for an exposure
0f0.13 X 102le.v. g.-1 (max. [BrZ] = 0.02 mole %).

® (@ G. M. Harris and J. E. Willard, J. Am. Chem. Soc., 76,

4678 (1954); (b) F. P. Hudson, R, R. Williams, Jr., and W. H. Hamill,
J. Chem. Phys., 21, 1894 (1953).
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(Studies at doses below about 2 X 102l e.v. g.-1
required the combination of separately irradiated
samples in order to obtain enough product for
analysis.)

If the steady-state concentration of CC13 radicals
is controlled by reaction 8, as appears to be the
case at most of the Br2concentrations used in this
work, their concentration will be inversely pro-
portional to the Br2 concentration. In this case
the rate of production of Br2would be proportional
to I/[Br2] if reaction 7 is responsible and to 1/
[BrZ)2 if reaction 5 is responsible. Reaction 7'
also would give a I/[BrZ] dependence if it involves
long lived vibrationally excited radicals which
may be deactivated, and so prevented from reacting,
by collision with Br2 The bromine dependence
for a run at 108° with a total dose of 4.9 X 102
e.v. g.~xand a final Br2 concentration of 0.8 mole
% has been determined by evaluating b in the re-
lation G(Br) = a [Br2f from the slope of the plot
of log (7(BrJd vs. log [Br2] shown in Fig. 2. The
slope of the line which has been drawn is —0.75.
Within the experimental accuracy (diameters of
circles indicate error of + 0.001 absorbance unit)
the slope of the correct line could be —1 but
not —2.

Mechanism of Br2 Production in the Photoly-
sis.— Absorption of a photon of 2537 A. radiation
gives a CCI3Br molecule sufficient energy to break
the C-Br bond (49 kcal./mole)

CClaBr — ~ CC13+ Br 9)

plus 64 kcal. which must appear as vibrational
energy of the CC13 radical or kinetic energy of the
CC13 and of the Br atom. If the energy in excess
of the bond energy all appears as kinetic energy
conservation of momentum requires that it be
divided, 26 kcal. to the CC13 and 38 kcal. to the
Br. Comparison of the curves for bromine produc-
tion as a function of dose for the radiolysis and
photolysis (Fig. 1) indicates that 0(Br2 decreases
with increasing [BrZ] concentration at low [Br2] con-
centrations for both methods of activation. Above
about 1 mole % Br2the ¢ of bromine production by
the photolysis at 108° is constant at 0.5 to at least 2.3
mole % (lower dashed line); whereas G(Br2 for the
radiolysis is zero at 1.5 mole %, as seen from the
horizontal portion of the upper solid fine plot of
Fig. 1. The linear portion of the 108° photolysis
curve indicates that Br2is being formed by a hot
process which is not susceptible to scavenging by
Br2 molecules in this concentration range. The
vibrationally or kinetically excited CC13 radicals
involved in this process must have a high prob-
ability of reacting with CCI3r or being deactivated
by it before reacting with or being deactivated
by Br2present at 2 mole %. If CC13 radicals are
formed with 26 kcal./mole of kinetic energy they
might meet this criterion, some of them producing
1/2 Br2 by reaction 7' and others being reduced
to energies below the necessary activation energy
on the first few collisions. The slope of the
straight line portion of the 108° curve (lower dashed
line) indicates a quantum yield of about 0.025.

If the rate of the hot photolysis reaction shown
by the straight portion of the 108° curve is sub-
tracted from the rates of the reaction below 1 mole
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% Br2at both 108 and 180° the rates of the bro-
mine sensitive reaction are given. Comparison
of these yields gives an apparent activation energy
of about 5 kcal./mole. This is lower than the
activation energy of either reaction 6 or 7 and sug-
gests that, as in the radiolysis discussed above,
there may be both a thermal and a hot reaction
contributing to the bromine sensitive yield, proc-
esses 7 and 7' being possible reactions.

Organic Products of the Radiolysis and Photoly-
sis.—The presence of CCL, CCIBr2and CCIBr3as
products of both the radiolysis and photolysis of
gaseous CCIBr and of CZIBr as a product of the
radiolysis in the liquid phase indicates that some
or all of the following reactions must be occurring

CC13+ CClaBr — ~ CC1, + CCkBr (10)
CC13+ CCIBr — > CCl4+ CChBr (109
CC13+ CCIBr2— > CCh + CCIBr, (11)
CC13+ CCIBr2— > CC14+ CCIBr2 (11

CCLBr — ~ CCIBr + CI (12)
CCIxBr3.i + Br2— > CChBr~x + Br (13)

CCl13+ CCIBr-—>=aCXIBr (14)

(omitting consideration of possible ion-molecule
reactions). One mole % of initially added Br2
reduces the yields of CCL, CCIBr2and CCIBr3in
the gas phase radiolysis slightly (see table in Ab-
stract for comparison of typical runs), but does not
eliminate them. That portion of the products
not eliminated by the added Br2must be produced
as a result of the hot processes 10' and 11' or 12.
If reaction 12 does not occur stoichiometry requires
that G(CCb) = (?(CCIBr) + 2G(CCIBr3.
Within the precision of the data the results are in
agreement with this requirement indicating that
C-Cl bond rupture in the radiolysis occurs as a
very minor process if at all. The material balance
observed in the photolysis suggests that 1% or so
of the photons absorbed may cause primary rupture
of a C-CI bond rather than a C-Br bond.

The yields of CCL and CCIBr2from the radioly-
sis exceed the yields of CZC16and Br2 but the re-
verse is true for the photolysis under the condi-
tions of the table given in the Abstract. In view
of the great differences in both kinetic energy and
vibrational energy which may exist between the
CCradicals formed by the absorption of 2537 A.
radiation and those formed by excitation by elec-
trons or by neutralization of ions in the radiolysis
system it is plausible that the relative probability
of reactions 7' and 10' would be distinctly different
for the photolysis and radiolysis.

The yields of organic products from the radiolysis
at 180° are somewhat higher than at 108°, indica-
ting some contribution from the thermal reactions
10 and 11. This might be expected from the find-
ing of Becker7 (using CCl3radicals labeled with CI1H
that the analogous chlorine abstraction reaction

CCh* + CCfi — > CCh* + CClI,

has an activation energy of about 10 kcal./mole.
The presence of ChCLBr among the products of
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the liquid phase radiolysis but not those of the gas
phase presumably is the result of reaction 14 occur-
ring in the spurs. Similar reactions of CC13 and
CCIBr radicals to form CXIBr are indicated by
earlier studies of solutions of Br2in CCh activated
by the Br8l(n,7)Br&process.9

Br2CCI8r Exchange during Radiolysis.—Sig-
nificant characteristics cf the exchange reaction
induced by Cof radiation include: (1) the G-
values in the range of several hundred indicate that
it is a chain reaction; (2) comparison of the G-
values at 108 and 28° in the liquid phase indicates
that the activation energy probably lies between 4
and 6 kcal./mole; (3) the (7-values in the gas and
liquid phases at the same temperature are indis-
tinguishable; (4) the yield is not markedly af-
fected by the presence of 02 at a concentration
equal to that of the Br2present.

The only possible mechanism for a chain re-
action for the exchange seems to be a repeating
sequence of reactions 6 and 8 or an ion-molecule
sequence. 0
If the observed temperature dependence, suggest-
ing an apparent activation energy of 4-6, is correct
the sequence 6 and 8 cannot be responsible for the
total exchange since the activation energy of (6) is
8 kcal./mole or more6 The evidence at present
available suggests that the chain is the result of
the (6)-(8) sequence cccurring simultaneously
with an ion-molecule reaction of lower activation
energy.

Schultell has found (7(CZ2C1§ = 0.86 for the Co®
irradiation of liquid CCl4at 21°, a value similar to
those we have observed in both liquid CCIBr
at 20° and in gaseous CO13r at 108°. He finds
a value of G for the exchange of Cl2with CCL of
3.5, much lower than our observation for the Br2
CCIBr exchange. The comparisons suggest that
the CZ16 may be formed in the two systems by
analogous hot processes of the type of (7')- The
fact that the activation energy for CI + CCL —=a
CC13+ ClI2is at least 14 kcal./molel2 may account
in part for the lower yield of the exchange reaction.
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The electron paramagnetic resonance absorption of chromia supported on alumina has been investigated at X-band (9.5

kMcps.) and K-band (23.9 kMcps.).

Spectra of chromia-alumina reduced in hydrogen at 500° show two distinct phases:

a dispersed (S) phase which predominates at low concentrations of chromium and a bulk (/3) phase which is prevalent at the

higher concentrations.

The temperature dependence of the intensity of these phases indicates the 5-phase consists of rather

isolated Cr+Sions not coupled electronically and the /3-phase consists of clusters of Cr+8ions with strong exchange coupling of

3d electrons.
duced catalysts to be in the trivalent state.

Introduction

Chromia supported on alumina is an active
catalyst in many diverse chemical reactions and
has been studied by measurements of magnetic
susceptibility,1.3 oxygen chemisorption,%electrical
conductivity6 and thermoelectric power.68 Pure
chromia has been studied by paramagnetic reso-
nance absorption&& and by antiferromagnetic
resonance absorptiond More recently, the tech-
nique of electron paramagnetic resonance (e.p.r.)
absorption has been applied to the chromia-alu-
mina system.19.10 In the present work, e.p.r. data
at various temperatures from 77 to 425°K. of chro-
mia supported on alumina reduced and oxidized at
500° are reported. An interpretation of this data is
given in terms of the crystal field theoryll of Cr+3
and spin-Hamiltonians2 for Cr+3 and Cr+6. The
data so obtained provide detailed information on
the nature of the chromia-alumina system not
readily obtained by other techniques. A model for
this system is proposed and compared with other
modelsand activity data.

Experimental

In this investigation microwave bridges operating in the
X-band (9.39,4.47 kMcps.) and K-band (23.9 kMcps.) were
used. The e.p.r. spectrometer consisted of Yarian Associ-
ates’ automatic frequency control unit, klystron power
supply, klystrons (VA6312, VA98), output control unit,

(1) Presented at the Symposium on Instrumental Techniques in
Study of Catalysis Mechanism, Division of Petroleum Chemistry,
American Chemical Society Meeting, April 5-10, 1359, Boston, Mass.

(2) R. P. Eischens and P. W. Selwood, J. Am. chem. Soc., 69,
1590, 2698 (1947).

(3) Y. Matsunaga, Bull. Chem. Soc. Japan. 30, 868 (1957).

(4) S. W. Weller and S. E. Voltz, 3. Am. Chem. Soc., 76, 4695
(1954).

(5) S.E. Voltz and S. W. Weller, ibid., 76, 5227 (1953).

(6) P. R. Chapman, R. H. Griffith and J. D. F. Marsh, Proc. Roy.
soc. (London), A224, 419 (1954).

(7) P. B. Weisz, C. D. Prater and K. D. Rittenhouse, 3. chem.
Phys., 21, 2236 (1953).

(8 (@ E. P. Trounson, D. F. Bleil, R. K. Wangsness and L. R.
Maxwell, Phye. Rev., 79, 542 (1950); (b) L. R. Maxwell and T. R.
McGuire, Rev. Mod. Phye., 26, 279 (1953); (c) E. S. Dayhoff, phye.
Rev., 107, 84 (1957).

(9) D. E. O'Reilly, Advanceein Calalysie, 12, 31 (1960).

(10) (a) P. Cossee and L. L. Van Reijen, Preprints, Second Inter-
national Congress on Catalysis, Paris, France, 1960, Paper No. 82;
(b) Y. I. Pecherskaya, V. B. Kozansky and V. V. Voevodsky, ibid.,
Paper No. 108.

(11) C. F. Davis and M. W. P. Strandberg, Phye. Rev., 105, 447
(1957).

(12) A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London),
A205, 135 (1951).

Intensity calibrations of e.p.r. spectra have been made and these indicate all the chromium present in the re-
Absolute amounts of S- and /3-phase chromium also are given.
sharp resonance absorption appears upon oxidation of reduced chromia-alumina with oxygen.
of the observed types of resonances is proposed and discussed.

A relatively
A spin-Hamiltonian for each

sweep generator, amplifier, 12-inch electromagnet, electro-
magnet power supply, field scanning unit, X-band micro-
wave bridge, and rectangular cavity. The K-band micro-
wave system consisted of a cylindrical TEon mode cavity and
K-band bridge components. Microwave power measure-
ments were made with a Hewlett-Packard Model 430C
power meter; frequencies were measured with Hewlett-
Packard X530A and Douglas 450K frequency meters.
The klystrons were operated at constant frequencies stabil-
ized to one part in 106 by the above-mentioned AFC unit.
Magnetic fields were measured with a Numar Model M-2
gaussmeter. Peak to peak modulation amplitudes from
5 to 20 gauss were used in recording paramagnetic reson-
ance spectra. A cylindrical microwave cavity and cavity
arm, described elsewhere,9was used in X-band e.p.r. meas-
urements at temperatures ranging from —196 to 100°.
Measurements at temperatures above 100° were performed
Using a microwave cavity and oven described in the litera-
ture.’8

I,I-Diphenyl-2-picrylhydrazyl obtained from the Aldrich
Chemical Company was employed as a standard in 3-factor
measurements. Pure, synthetic vanadyl etioporphyrin 114
obtained from Dr. J. Gordon Erdman of Mellon Institute
was used in intensity calibrations.

All samples were sealed in 5 mm. o0.d. quartz tubes since
Pyrex glass was unsatisfactory due to e.p.r. absorption by
ferric ion in the glass. Very pure 7-alumina was impreg-
nated with chromic nitrate, calcined and reduced at 500°,
as described elsewhere.5 Oxidized samples were prepared
by calcination of reduced chromia-alumina in air at 500°
for five hr. Samples were analyzed both gravimetrically
and photometrically for Cr; the results of both methods
agreed well. The BET surface areas of all samples were
within 10% of 160 m.2g. Sample | of chromia was pre-
pared by precipitation of the gel from a solution of Cr-
(N0339HD; this gel then was dried at 250° and reduced at
500° with hydrogen. Sample Il (Fig. 5) was obtained from
Baker Chemical Company and the ruby sample from Linde
Air Products Company.

Blank e.p.r. runs of the empty cavity and alumina sup-
port were made periodically; a weak, broad resonance gen-
erally appeared from the empty cavity and this signal was
subtracted from the chromia-alumina spectra when neces-
sary.

Results

Reduced Chromia-Alumina.—Samples of chro-
mia-alumina containing 0.078, 0.55, 1.2, 2.0, 3.6
and 10.1 wt. % chromium were examined in both
the reduced and oxidized states. The reduced
samples at the lower concentrations -were blue in
color, the more concentrated samples were green.
X-Band e.p.r. spectra of the reduced 1.2, 3.6 and
58 wt. % samples at —196° are shown in Fig. 1

(13) C. P. Poole, Jr., and D. E. O'Reilly, Rev, ScL Instr., 32, 460
(1961).

(14) (@ D. E. O'Reilly, J. Chem. Phys., 29, 1188 (1958); (b) R. H.
Sands, Phys. Rev., 99, 1222 (1955).

(15) J. M. Bridges, D. S. Maclver and H. H. Tobin, Second Inter-
national Congress on Catalysis, Paris, France, 1960, Paper No. 110.
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These spectra are the first derivatives of the reson-
ance absorptions. The spectra consist of two
principal resonances as shown by the changes in the
spectra with increasing concentration of chro-
mium and by examination of the samples at 23.9
kMcps. The first of these is characterized by a
maximum in the first derivative in the vicinity of
1500 gauss at X-band; this resonance has been
referred to as the 5-phase resonance. The second
resonance yields a symmetrical derivative centered
near 3400 gauss; this resonance has been referred
to as the /3-phase resonance.

The 5-phase resonance dominates in intensity
in the low concentration chromium samples, while
the /l-phase resonance dominates in intensity at the
higher concentrations. This effect is illustrated
by the spectra of Fig. 1. A third type of resonance
was observed at —196° but not at higher tempera-
tures in the reduced samples. This resonance,
referred to as the 7-phase resonance, is described in
detail below.

At 23.9 kMcps. only symmetrical /3-phase type
resonances were observed, unchanged in shape and
width from the corresponding /3-phase resonances
at 9.5 kMcps. The shape of the /3-phase resonance
was represented quite well by a Lorentzian shape
function for all samples examined. Sample 1-128-1
(5.8 wt. % Cr) was calibrated at 25° with a stand-
ard solution of vanadyl etioporphyrin | in benzene
by means of the equation
IAGA 3iy\a
\Avs/ <QOxScr()Ser + 1) @

where Ac? and AVs are the areas under the reso-
nance absorption curves of the chromia-alumina
sample and the vanadyl standard, respectively;
Ncr and Alys are the number of Cr atoms and
vanadyl units in the chromia-alumina sample and
vanadyl standard, respectively; scTis the spin of
the Cr which may be 0, 1/2, 1, 3/2 or 2 depending
on the valence state of the chromium and gcv
is the //-factor of the Cr. Placingg = 20, 6'0 =
3/2, oneobtainsN gr = 5.2 X 10Dcm.-3 for sample
1-128-1 (reduced in hydrogen at 500°), in good
agreement with the chemical value of 5.0 X 10D
cm.-3. Thus the valence state of chromium in this
reduced sample is three. Integration of spectra of
samples of reduced chromia-alumina at 9.5 and
23.9 kMcps. permits evaluation of the relative
amounts of chromium in the 5- and 8-phases. The
results of these calculations are given in Table |

Na =

Table |

Concentrations of Chromia in 8- and /3-Phase Reson-

ance Absorptions
Concn.

wt. % Cr <v <V Cty»
Sample no. gﬁgfcslics)l Xgio(-)Z» xgib->>>> ng.O- «
1-30-3 0.07 0.060 0.015 0.075
1-30-2 0.55 .40 .13 .53
1-30-1 1.2 .73 21 .94
1-138-1 2.0 .81 .62 1.43
1-90-1 3.6 .64 2.67 3.31
1-128-1 5.8 .34 6.38 6.72
1-105-1 10.1 .20 11.75 11.95
“ Cs is the chromium concentration of the 8-phase. bCe
is the chromium concentration of the /3-phase. c¢ Ctis the

total chromium concentration.
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Fig. 1—Paramagnetic resonance absorption derivatives
of (a) 1.2 wt. %, (b) 3.6 wt. % and (c) 5.8 wt. % reduced
chromia-alumina samples at 77°K. Dashed lines separate
(3, 8& and 7-phase resonances. A very weak 7-phase type
resonance appears in each sample.

Fig. 2.—Calibrated intensity of 8- and /3-phase chromia
versus total Cr concentration.

and Fig. 2. The sum of the amounts of chromium
in the 5 and /3-phases is in good agreement with the
total amount of Cr determined by chemical anal-
yses, except in the range from 1 to 4% Cr wherein
the Cr content determined by e.p.r. is somewhat
less than the Cr content by chemical analysis.

The Cr+3 content of the /3-phase resonance was
measured for the 3.6, 5.8 and 10.1 wt. % Cr samples
at various temperatures and the results of these
measurements are given in Fig. 3. The amount of
Cr contributing to the 5-phase resonance was found
to be independent of temperature for the 1.2, 3.6
and 5.8 wt. % Cr samples from —195 to 162°.
The width between points of maximum slope,
AHma, of the /3-phase resonance was found to vary
with temperature, as given in Fig. 4. At all tem-
peratures, the shape of the /3-phase resonance was
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Fig. 3.—Temperature dependence of the number of Cr con-
tributing to /3-phase resonance.

Fig. 4.—Temperature dependence of the line width of the
/3-phase resonance.

Lorentzian. The width between points of maxi-
mum slope of the symmetrical /3-phase resonance
ranges from about 700 gauss at the lower (0.55 and
12 wt. %) concentrations to about 1300 gauss at
the higher concentrations (5.8 and 10.1%) at 25°.
Oxidized Chromia-Alumina.—Upon oxidation
of chromia-alumina samples an additional, sharp
resonance was obtained. The intensity width and
spectroscopic splitting factor of this resonance as
well as its temperature dependence has been given
previouslyl9and will not be repeated here.
Chromia.— Several samples of bulk chromia were
examined at X- and K-bands. a-Crd 3is known to
be antiferromagnetic with a Curie point near 30° by
magnetic susceptibility and electron resonance
measurements.8 Spectra of two samples of chromia
were obtained. The first shows no absorption 15°
below the Curie point. However, in sample Il an
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unsymmetrical resonance persists to temperatures
well below the Curie point, as shown in Fig. 5.
AH ma is equal to 600 gauss for sample | and 700
gauss for sample 11 above the Curie point.

Discussion

Spin-Hamiltonian.—Paramagnetic resonance
spectra are most conveniently discussed in terms of
a spin-Hamiltonian operator. The spin-Hamilton-
ian appropriate to Cr+8 (3d3 in tetragonal or tri-
gonal symmetry isll

3C = gpfi-S + D(Sz'2 -
S = 3/2 2)

Equation 2 is the magnetic energy operator for
the Cr+3ion and is written relative to a coordinate
system having the z'-axis along the symmetry axis
of the crystal field; this axis is a fourfold rotation
axis in tetragonal symmetry and a threefold axis
in trigonal symmetry. It is assumed that the
octahedral crystal field splitting is large compared
to the trigonal or tetragonal splitting so that the g-
factor (g) may be taken as isotropic. The first
term in eq. 2 represents the energy of interaction

of the electronic magnetic moment g8s with the
externally applied magnetic field H, where /3 is the

Bohr magneton and s is the total spin operator.
The second term is the energy of the splitting in
zero magnetic field due to the crystal field and to
spin-orbit coupling. Here D is the crystal field
splitting energy, while sz is the component of s

along the X-axis and s is the total electronic spin
of the ion.
The eigenvalues 1? of eg. 2 satisfy the equation

= Et 3)

where the ™ are spin wave functions for Cr+3
Since2s + 1= 4, eq. 2givesriseto a4 X 4 matrix.
This matrix has been solved by perturbation theory
for the following situations: | >> g@H and
g(5H » \D\ ; as described in the Appendix. For
values of D intermediate to these, the eigenvalues
of eq. 3 have been obtained by diagonalization of
the 4 X 4 matrix on an IBM 704 computer. All
possible values of 8, the angle between z' and the
applied magnetic field, occur in a sample of chromia
on y-alumina and in order to obtain a powder pat-
tern spectrum from the results of the solution of
eg. 3, an appropriate average must be made over
all angles. In the case of axial symmetry, the
intensity of resonance absorption is readily shownib
to be proportional to the product of d cos 8/dH
and the transition probability at the angle s.
From plots of the field H necessary for resonance vs.
cos 8 and the transition probabilityll for the transi-
tion considered vs. H, the powder pattern line shape
may be obtained.

Another term involving an exchange integral
must be added to eq. 2 in order to account for the
effects of the exchange interactions between chro-
mium ions which become important at higher chro-
mium concentrations. The effect of this inter-
action when the exchange integral is fairly large
and there are a large number of ion neighbors is an
exchange narrowing of the resonance absorption
line. 4This effect has been described quantita-

5/4)
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tively by Anderson and Weiss.’6 For a-Crd 3 the
line widthX/ resulting from the local fields produced
by the electron magnetic moments is approximately
6,000 gauss; the exchange interaction reduces this
width to about 600 gauss.

With this background in mind, each of the ob-
served types of resonance absorption will be dis-
cussed below.

5-Phase.— Through the use of plots of g@ H/D vs.
cos 9, a range of zero field splittings which possibly
may account for the main features of the 5-phase
spectrum can be obtained. The approximate line
shape is obtained by subtraction of the symmetrical
B-phase resonance; the width and shape of the fi-
phase resonance are known from the K-band spec-
tra The intense peaks near 1000 and 1500 gauss
in the derivative curves of the X-band 5-phase
resonance spectra are expected from the G/D
vs. cos 9 plots for/) > 0.2 cm.-1; the positions of
these two peaks are rather insensitive to D for
larger values of D, as shown in the Appendix.
Dipole-dipole broadening or a range of b values
can account for the broadness of the resonance;
the breadth in regions where sharp maxima are
expected appears to be about 200 gauss. In order
to account for the broad maximum in the 5-phase
absorption curve corresponding to the derivative of
Fig. la, it appears to be necessary to invoke lower
symmetry, that is, to introduce an additional
E(SX2 —Sy'd terml2in eq. 2 where E is an addi-
tional crystal field splitting energy and s x>and Sy>

are the components of s along the axis perpendicu-
lar to the 2'-axis (see above). An upper limit for
D or E appears to be about 1 cm.-1 from considera-
tion of the optical spectral8 of chromia-alumina at
low concentrations of chromia. With D sufficiently
large the peak intensity at K-band of the first de-
rivative of the 5-phase resonance will diminish by
about a factor of six over the peak intensity at X-
band, due to the greater range of field strength
spanned by the resonance. This effect is sufficient
to explain the apparent absence of the 5-phase
from the K-band derivative spectrum.

The range of D values (0.2 cm.-1 < D < 1cm.-1)
which can account for the 5-phase resonance repre-
sents rather strong axial distortions. For ruby®
(Cr3+doped a-AlD3 D = 0.193 cm.-1; the pow-
der pattern of ruby containing about 1 wt. %
chromia is shown in Fig. 6. The positions of the
crossover points of this spectrum are in excellent
agreement with those expected from the plot of
G/D vs. cos 9 corresponding to D = 0.193 cm.-1.
As can be seen from the spectrum, many of the
peaks in the derivative curve are relatively sharp
since the dipole-dipole broadening is small and a
unique D value accounts for the spectrum.

In summary, the 5-phase resonance can be inter-
preted as due to Ga+3ions in relatively strong axial
crystal fields with distortions of lower symmetry.

8-Phase.—The B-phase resonance is similar to

(16) P. W. Anderson and P. R. Weiss, Rev. Mod. Phys., 25, 269
(1953).

(17) J. H. Van Vleck, Phys. Rev., 74, 1168 (1948).

(18) J. R. Tomlinson and D. E. O’'Reilly, Preprints, Division of
Petroleum Chemistry, American Chemical Society Meeting, Boston,
Mass., 4, No. 2, C-51 (1959).

(19) J. E. Geusic, Phys. Rev., 102, 1252 (1956).
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Fig. 5.—Paramagnetic resonaice of sample Il of chromia at
various temperatures.

Fig. 6.—Powder pattern of standard ruby (~1 wt. % Cr)
at 9.47 kMc./s. A very weak hump not shown in this scan
occurs at about 7800 gauss.

that observed from a-chromia, except that it is
broader and does not exhibit a distinct antiferro-
magnetic Curie point near room temperature.
This resonance is interpreted as due to Cr+3 ions
clustered in such a way that there is sufficient
exchange coupling of spins to cause exchange nar-
rowing of the resonance and partially “wash out”
line broadening effects cue to the dipolar inter-
action and the D term of the crystal field The
8-phase, however, is diffirent from large crystal-
lites of a-chromia and corresponds more closely
to the chromia gels wh-ch are paramagnetic at
room temperature.

Anderson and Weissl have shown that the width
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5H (at half the maximum absorption) to be given
by

where Il is the mean square magnetic field pro-
duced by the dipolar interaction between electron
spins and He is the average exchange field pro-
duced by the exchange interaction. As is pointed
out by Anderson and Weiss, a given spin (chro-
mium ion) should have several neighbors to which
it is coupled by the exchange interaction so that
the narrowing effect may occur. The line shape
under such circumstances is Lorentzian.6 To
first approximation H p2 may be considered to be
proportional to z, the number of Cr+3 nearest
neighbors of a Cr+3ion and He to be proportional
toJ, the exchange integral between Cr+3ions.

m "'

~ 2ZS(S + 1) ©)
where 6' is the Weiss constant of the material.
Hence
N Z 6
6H a 3 (6)

The data of Fig. 3 indicate that with a decrease in
temperature below 300°K., only a portion of the
/3-phase chromia is observed by electron resonance,
presumably due to the onset of anti-ferromagnetism
in the /3-phase. Clusters of chromia which are
antiferromagnetic will not, of course, be observed
by paramagnetic resonance. The Curie point of
a given type of /3-phase cluster will vary with both
J and z. Since the line widths given in Fig. 4
increase with decrease in temperature, the chromia
which comprises the B-phase resonance at the lower
temperatures has lower average values of J than
the values of 1 at room temperature. An increase
of 54 with concentration may be interpreted as
due to an increase in the average value of z with
concentration. The data of Fig. 3 indicate that
the average Curie point of the B-phase increases
with concentration and that there is no a-Crd3
present in the samples.

7-Phase.—This relatively sharp resonance which
results upon the oxidation of chromia-alumina may
conceivably be due to Cr+3 Cr+4 Cr+5 or color
centers in the oxidized chromia. Since the reso-
nance line shape and width are independent of
concentration of the chromia-alumina, this reso-
nance appears to be characteristic of a distinct
phase. Magnetic susceptibility3 and optical spec-
tralB8data show that a considerable amount of Cr+6
is formed upon oxidation at 500°. Several of the
characteristics of the 7-phase resonance indicate
that this resonance is due to single electrons trapped
on Cr+6 ions, that is, Cr+5 ions. Since the 5-
phase resonance is changed only slightly in in-
tensity by oxidation, while the /3-phase changes
considerably, the 7-phase resonance is at least
partially associated with the /3-phase (i.e., clusters
of Cr+3ions.) This conclusion is corroborated by
the fact that the specific number of electrons in the
7-phase (i.e., electrons per chromium atom) is
a maximum near 1 wt. % chromium and decreases
with decrease in concentration below 1 wt. %
chromium.
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In pon-cubic symmetry isolated Cr+3 and Cr+4
will not give rise to a sharp, symmetrical powder
pattern resonance due to the D terms in the spin-
Hamiltonian. Also at K-band a small b term will
not produce broadening and slight asymmetry
as observed. On the other hand, the spin-Hamil-
tonian corresponding to a single 3d electron does
not contain a D term. Anisotropy of the g-
factor, however, often is present,4 as is illustrated
by the following spin-Hamiltonian for a single 3d
electron in axial symmetry

3C = guPH/SZ + 313 (Hx-Sx' + Hy'SYy’) 7)

The powder pattern resonance corresponding to
eqg. 7 will be asymmetricl4 however, sufficient
width of the individual resonance lines may make
it appear symmetrical. At K-band the anisotropy
will be enhanced by a factor of approximately
2.5 so that asymmetry and broadening of the reso-
nance may appear.

The spin-Hamiltonian of eq. 7 could describe
the resonance of an F-center with no nuclear hyper-
fine interaction terms from Cr33 However, I-
factors for F-centers usually are close to 2.0023
as for alkali halides?and MgO,2 so that the hypo-
thesis of F-centers as the source of the 7-phase
resonance appears unlikely since the observed g-
factor is 1.967.

Chromia—As had been reported previously,8
the e.p.r. of a-Cr20s disappears rather abruptly
near the antiferromagnetic Curie point, as shown
in Fig. 5. A change in the resonance condition
is caused by the intense local magnetic fields
resulting from the antiferromagnetic alignment.
In sample Il a strong resonance signal persists
well below the Curie temperature which is as-
sociated with a paramagnetic portion of the sample.

Relation of E.P.R. Results to Other Data.—
In summary, the e.p.r. spectrum reveals three
distinct chemical species in the chromia-alumina
system: Cr+3 ions which are electronically de-
coupled (5-phase), Cr+3 ions which are coupled
electronically (/3-phase), and electrons trapped
in the oxidized chromia (7-phase).

Cossee and Van Reijenla have proposed a very
similar model for this system on the basis of e.p.r.
and magnetic susceptibility data obtained on
samples of chromia-alumina with varying degrees
of reduction. In addition, these authors suggested
that at intermediate degrees of reduction, and also
for the silica-chromia system, chromium is present
inthe +4 oxidation state. No appreciable amount
of Cr+4 was detected in samples reduced in hy-
drogen at 500° in the present work as illustrated
by the intensity calibration of the resonance given
under Results. Thus the fully reduced samples
consist exclusively of Cr+3 although it is possible
that Cr+4in tetrahedral interstices will contribute
to the resonance of partially oxidized samples as
proposed by Cossee and Van Reijen.

Pecherskaya, Kozansky and Voevodsky,1b on
the other hand, propose that the 7-phase consists
of isolated Cr+3 ions. This assignment is unlikely

(20) A. F.kip, C. Kittel,R. A. Levy and A. M. Portis, Phys. Rev., 91,
1066 (1953).

(21) J. E. Wertz, p. Auzins, R. A. Weeks and R. H.
107, 1535 (1957).

Silsbee, ibid.,
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since the symmetry of the environment of such
isolated Cr+3 ions must be nearly perfectly octa-
hedral cubic to produce such a sharp resonance line
as is observed, and the mechanism of formation of
such ions upon oxidation is difficult to envision.
A more serious objection to this assignment is
afforded by the increase in asymmetry in the 7-
phase resonance line observed at K-band which
cannot be accounted for by a small b term in the
spin-Hamiltonian of Cr+3 since the asymmetry
due to this term will decrease with increase in
resonance frequency rather than increase with
increase in frequency. A similar statement is
true for any small e term present in the spin-Hamil-
tonian of Cr+3 However, as discussed above,
this effect is readily explained by the spin-Hamil-
tonian for Cr+5. Pecherskaya, et al., also find that
the width of the 7-phase resonance at X-band is
dependent on the partial pressure of oxygen over
the sample, which indicates the paramagnetic
species are in the surface phase of the solid and
hence not likely to be situated in an environment
of cubic symmetry.

The e.p.r. data are of course intimately related
to magnetic susceptibility data. The Weiss con-
stant of the 5-phase chromia is proportional to
D, which will amount to only a few degrees Kelvin
at most, while the Weiss constant of the /3-phase
chromia is due largely to the large exchange effects
in this phase. The Weiss constant obtained from
a magnetic susceptibility measurement thus is due
predominantly to the /3-phase.

The relation of e.p.r. data to other susceptibility,
conductivity and catalytic data for the chromia-
alumina system already has been discussed.s
It is of interest to note that the 5- and /3-phase
behavior appears to occur in other transition metal
oxide-alumina systems.2  From the point of view
of e.p.r. the division between the two classes of
chromium is rather sharp but not completely
inclusive of all the chromium present, as indicated
by the intensity data of Fig. 2. Intermediate
types of Cr may involve small clusters of Cr+3
ions which, due to dipolar and, in particular,
exchange interactions, do not contribute to either
the 5- or /3-phase type resonance.

Appendix

For certain situations the Hamiltonian of eq.
2 can readily be solved by the application of per-
turbation theory. First we consider the case Z2) >
geH = G. It then is convenient to write eq. 2 in
a coordinate system whose ¢-axis is along the static
laboratory magnetic field. In this reference frame
eq. 2 becomes

3 = GSZ+ 1Z>|&2- 5/4) (cos* 0 - 1/3) +

i2D sin 6 cos 6 [($z$+ -} S+Sz)e~" + ($5_ +

(22) J. R. Tomlinson, R. O. Keeling, G. T. Rymer and J. M. Bridges,
Preprints, Second International Congress on Catalysis, Paris, France,
1960, Paper No. 90.
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S-SJe'*] + \d sin26 (,S+2e~ + S_22v)

St = Sx + iSy (8)

6 and < are the polar and azimuthal coordinates of
the symmetry axis of the Cr+3ion relative to the
laboratory coordinate system. To first order
one finds, taking diagonal matrix elements of
eq. 8

ExR = £ j ~fl (cos29 — 1/3)

Etm = + \G - | D (cos20 - 1/3) 9)

Ems denotes the energy of the state with the
quantum number ma The positions of main
peaks of the powder pattern spectra of potassium
ammonium sulfate at X-band and K-band and of
ruby at K-band are represented fairly well by the
differences between the levels of eq. 10 with 6 =
ir2 (d///d cos0 = 0).

When D » G, eq. 2 may be used to obtain the
levels; to first order of perturbation theory the
levels are

E#n= -D = \G (4 - 3c0s20)/*
Etiz = D + —G cos 0 (20)
Powder pattern maxima occur at
i(3/2— -3/2. + £(l/2<— -1/2)

in this case; these correspond to fields of 1137,
1705 and 3410 gauss for v = 9.47 kMcps. and g =
198. Powder patterns from the 5-phase of the
chromia-alumina system correspond approximately
to this case, although a term E (s X2 — S yr) must be
added to eq. 2 to fully account for the shape
of the 5-phase resonance. The absorption curve
corresponding to the (1/2 &% —1/ 2) transition is
drawnin Fig. 7.

FIELO STRENGTH, H.

Fig. 7.—Line shape corresponding to the (‘A s—m —*/*)
transition in the event that D » g&H. Dashed curve
represents powder pattern for zero width of the individual
resonance lines.
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KINETICS OF THE PRODUCTION OF C2 DURING THE PYROLYSIS OF
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The rate of production of C2in the lowest vibrational level of the X ,sn ustate has been measured via absorption spectrome-
try at X5165 (0,0 Swan band) in back reflected shocks propagated in 8% C2H492% Ar. The temperature range covered
was 2600-3600°K., with shock densities one-third to two atm., NTP. The initial rate was found to be of the first order in
the ethylene concentration; the rate constant has an activation energy of 50 kcal. These data can be explained by assuming
that the ethylene was decomposed to acetylene and hydrogen by the incident shock, either in whole or in part, depending
on the shock strength. The acetylene thus generated then was converted to a large variety of C/H fragments by decomposi-
tion, abstractions, polymerization, etc. One of the products of this complex chain was C2 A steady-state concentration
of C2was reached, which was essentially at equilibrium with various C/H species (excluding solid carbon), prior to the ap-
pearance of a continuum absorption. The latter presumably was due to high molecular weight conjugated ring or chain

polymers.

Introduction

The thermal decomposition of simple hydro-
carbons (CHi, C2H6, C2H4 C2H2, etc.) has been
studied extensively. As yet, there is no general
agreement on specific mechanisms for the progres-
sive degradation of any of these to the elements.
The key to unraveling these complex Kinetics is
the identification of intermediates. Unfortunately,
these are short lived and, hence, present in low
concentrations. Nevertheless, there have been
attempts to identify them directly. Greene and
co-workersl analyzed residues from acetylene
shocked to about 2000°K. and found that di-
acetylene (C4H2) was a prominent product.  Glick,2
in his studies with a single-pulse shock tube, iso-
lated small amounts of aliene, benzene and methyl-
acetylene, in addition to diacetylene, following the
pyrolysis of various hydrocarbons at about 2000 °K.
Bradley and Kistiakowsky3 coupled a rapid-scan
mass spectrometer into the reflecting wall of a
shock tube. They found that, in the reflected
shock region, acetylene was converted to a variety
of polymers (C8 C«, C4 of which C4H4 was quite
prominent. Many other studies have been re-
ported4*8 covering material which is related to our
problem.

The characteristic spectrum of C2 radicals,
the transition being A, g=-X,31u consisting of a
regular series of bands centered in the green and
degraded to the violet, has been found in emission
from many types of high temperature carbon-bear-
ing flames, in heavy current electrical discharges
through carbon-bearing vapors, in carbon furnaces
at high temperatures, in flash photolysis of hydro-
carbons, and in the wake of strong shock waves
through carbon compounds. In the last three

(1) E. Greene, R. Taylor and W. Patterson, J. Phys. Chem., 62, 238
(1958).

(2) H. S. Glick, “Seventh Symposium (International) on Combus-
tion,” Butterworths, London, 1959, p. 98.

(3) J. Bradley and G. B. Kistiakowsky, Symposium on Experimen-
tal and Theoretical Advances in Elementary Gas Reactions, 139th
National Meeting, A.C.S., Div. Phys. Chem., St. Louis (March, 1961);
J. Chem. Phys., 35, 264 (1961).

(4) N. Milberg, J. Phys. Chem., 63, 578 (1959).

(5) R. Norrish, G. Porter and B. Thrush, Proc. Roy. Soc. (London),
A227, 432 (1955).

(6) G. Herzberg and J. Shoosmith, Can. J. Phys., 34, 523 (1956).

(7) J. Harshbarger, Ph.D. Thesis, California Institute of Tech-
nology, 1956.

(8) “Seventh Symposium (International) on Combustion,” Butter-
worths, London, 1959, pp. 150, 247, 264.

types of experiments, C2 also has been recorded
in absorption. Its ubiquitous presence naturally
has led to speculations on the mechanism of its
formation9 and on the reactions it undergoes.
Gaydon and WolfhardD have computed the
absolute concentration of C2 radicals in an acety-
lene-air flame and found this to be in excess of the
amount which would be present were the system
in equilibrium with carbon, but not enough to
satisfy any theory which assumes C2 polymeri-
zation as the main source of carbon formation.
The latter is confirmatory of other observations
regarding the relative positions of C2 emission
and the carbon zone in flat diffusion flames and in
some premixed flames (ethylene and benzene).
With regard to the source of C2 Gaydon favors
its formation from large unsaturated hydrocarbon
species. This appears to be at variance with
results of Ferguson,ll who used C13 as a tracer
inacetylene-air flames. From the relative intensity
of C2RC I C2CBand C13C 13 (1,0) Swan peaks,
he concluded that there is almost complete random-
ization of isotopic species. Hence, he favors a
mechanism which involves first the splitting of
the hydrocarbon into single atom units and then
reactions of the type

2CH— C, - He

Some investigators]2 favor oxygen as an interme-
diate in the generation of C2 according to the re-
action

CaH2 -fi O2 — >mC4H202— ~ C2 f- H, - 2CO

However, Gaydon and Fairbairnl3 observed C2
emission in acetylene-argon mixtures when sub-
jected to shock heating; this indicates that oxygen
is not essential.

Scope of the Present Study.—Our objective has
been to find conditions under which the pyrolysis of
ethylene might follow a relatively simple mecha-
nism. It was presumed that the higher the
temperature, the fewer and simpler are the species
which would be involved. In the investigation
described below, the pyrolysis of ethylene was

(9) E Smith, Proc. Roy. Soc. (London), A174, 110 (1940).

(10) A. G. Gaydon and H. G. Wolfhard, ibid.. A201, 570 (1950).

(11) R. E. Ferguson, J. Chem. Phys., 23, 2085 (1955).

(12) K. Laidler, “The Chemical Kinetics of Excited States,’’
Clarendon Press, Oxford, 1955, p. 168.

(13) A. R. Fairbairn and A. G. Gaydon, Proc. Roy. Soc. (London)
A239, 454 (1957).
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studied in back-reflected shocks by estimating
spectrophotometrically the concentration of C2
as it changed with time, for a variety of initial
conditions. Specifically, the characteristic absorp-
tion of C2at the (0,0) band head of the X ,hu—
A,hg transition was measured. Two postulates
were made in this experiment: (a) With regard to
translation, rotation and vibration of all the molec-
ular species involved, equilibrium is rapidly at-
tained in the shock front, in a time small compared
to the changes in concentration of C2 and (b)
equilibrium is not attained with regard to the
precipitation of carbon even at the end of an
observation time which is of the order of 1 milli-
second.

In all of our experiments, an 8% mixture of
ethylene in argon was used. The range of tempera-
tures covered was 2600 -3600°K, and the density
range was one-third to two atmospheres (NTP)
under shock conditions. These experimental con-
ditions were required to generate a sufficient con-
centration of absorbing molecules at a measurable
rate. However, an undesirable change in tempera-
tures thus is imposed on the shocked samples.
The initial reactions, preceding the reactions in
which we are interested, modify the sample temper-
ature due to their endothermicity. The effect is
present in both the incident and reflected shock
regions. With respect to the former, an exami-
nation of the possible equilibria and relevant rates
shows that at these temperatures (1500-2000°K.)
the predominant reaction is the dehydrogenation
of ethylene, which is endothermic to the extent of
about 40 kcal. per mole. Thus, a drop in tempera-
ture is introduced. Fortunately, the rate has been
measured recently by Skinner,4 who found the
unimolecular rate constant to be

log k = 8.87 - 10,130/T

over the temperature range 1300-1800°K. From
the known and/or calculated time between the
passage of the incident shock and the arrival of the
reflected shock at a given sample location, it was
possible to estimate the extent of the dehydrogena-
tion reaction by an iterative procedure. We found
that for the strongest shocks (u incident = 1.57
mm.//;sec.) about 60% of the ethylene was con-
verted, while for the weaker shocks there was
almost no conversion.

It thus appears that the reflected shock wave
entered a mixture of CH4 CH2 H2and Ar. The
rise in temperature due to shock reflection increased
the dehydrogenation rate. We estimated that
under these conditions the dehydrogenation proc-
ess was completed in a few microseconds. The
actual gas temperatures consequently were lower
than those we would have computed on the as-
sumption of “no reaction.” If this final value is
taken as the temperature of the test sample, it is
equivalent to making the assumption that all the
other reactions either have no thermal effect or
have not had sufficient time to occur. It is likely
that, for the region immediately after the passage
of the reflected shock (within 30-40 /;sec.), this is
valid. Some of the initial polymerization re-
actions are indeed thermally neutral; for example

(14) G. B. Skinner and E. Sokolski, J. Phys. Chem., 64, 1028 (1960).
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2<%H2— > C4H42+ Ho, AH« « 2.7 kcal.

has been considered by Greene to be one of the key
steps in the decomposition of acetylene. For the
remaining test time (200-500 /;sec.) the tempera-
ture probably was lowered again due to endothermic
dissociations which lead to the production of species
the relavent portions of such as CH, CH.

For this study, shock parameters were calcu-
lated5 on the assumption that equilibrium was
established behind both the incident and re-
flected shocks, with twelve species (CZH4 CZH2
H2 H, Ar, CH3 CH, C2 C3 C412 CH, CHJ
present. Of course, equilibrium was not fully
attained behind the incident shock. Unfortu-
nately, no programs were available which allowed
the calculation of shock parameters for kinetic
systems. As a result the computed temperatures
were somewhat higher than the actual ones for
weaker shocks. In any case, the temperatures
and densities computed probably are correct for
the last half of the testing time.

Experimental Details

The ethylene was dried by passing it over P 6and further
purified by pumping on it while it was frozen by liquid
nitrogen. Mass spectrometric analyses showed after a period
of several months a slight trace of acetylene and less than
0.1% of 02or other impurities. The argon was supplied by
Matheson, with a stated purity of 99.998%, and used with-
out further treatment.

To record the changes in the absorption spectrum of the
sample which had been subjected to a shock, two types of
experimental arrangements were used. In the first, a con-
tinuum of wave lengths was generated by discharging a
condenser (1.0 /:i., 10 kv.) through a small quartz tube
through which argon was flowing at a pressure of approxi-
mately 50 mm.¥%6 This produced an intense emission which
initially rose sharply and fell to half of the peak intensity in
about 10 /;sec. The light which passed through the shocked
gas was picked up by a mirror and sent to a grating spectro-
graph. By delaying the source trigger pulse, the argon con-
tinuum was generated at predetermined times after passage
of the reflected shock past the observation ports. The trans-

mission spectra then were photographed (at 16 A. per mm.
dispersion) over the range X3900 to X6000, thus providing a
record of the absorption intensity as a function of wave
length at specified intervals after initiation of the reaction.
The photographs show a general absorption which is fairly
uniform over the longer wave lengths but increases rapidly
below some critical wave length which depends on the time
interval. Upon this background there was clearly super-
posed a well developed Swan band system, the intensity of
which increased with temperature. Below 2500°K., it was
barely discernible. As far as we can tell, no measurable ab-
sorption due to C3was evident at X4050, although there are
indications from preliminary experiments that a small
amount of absorption by this species did appear during the
higher temperature runs. No CH absorption was observed.

To permit reduction of these data to semi-quantitative
absorptions, the lamp was flashed a number of times prior
to running the shock, with various gray filters of different
densities placed in front of the spectrograph slit. In this
manner, a series of calibration exposures were recorded on
the plate. For selected wave lengths, a sensitometric curve
was drawn and the per cent, transmitted at the “back-
ground” read from this curve. The ratio

erl
[log (/x»/Ix)]t = H

at 100, 200 and 300 /;sec. intervals after passage of the re-
flected shock was plotted against the wave length, Fig. 1.
Note the sudden increase in absorption which appears below

(15) Code set up for IBM-704 Computer by Russell E.
Alamos Scientific Laboratory.

(16) D. A. Ramsay, Ann. N. Y. Acad. Sci., 67, 485 (1957); J. H
Collomon and D. A. Ramsay, Can. J. Phys., 35, 129 (1957).

Duff, Los
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Fig. 1—Background continuous absorption reflected ~

3700°K.; Prefiected ~ 800 mm. (NTP).

Time (/isec)_

T=Incuction period
Dss=Steady state C2
cone.

Fig. 2—Typical features of reduced oscilloscope trace.

kj =Initial rate constant
for formation of C2

X4300 and the change with the passage of time, both in the
level of absorption and in the shift toward the red of the
wave length at which the increase occurs. In the visible,
this absorption shows an induction period which increases
with decreasing density of the shocked gas, as will be de-
monstrated below. However, we infer from qualitative ob-
servations that the length of this induction period decreases
with decreasing wave length, and in the ultraviolet the
background absorption can be detected even in the incident
shock.

The Kinetics of Production of C2 from [1(f)/
/ 0 itb—To study the rate of appearance of
C2 a characteristic source was positioned in place
of the continuum source. The light was split with
a half-silvered mirror, so that a JAco monochroma-
tor phototube monitored the intensity over a
small wave length interval near X5165, while the
small grating spectrograph with a phototube at-
tachment monitored the intensity of the mercury
line at X5460. The characteristic source was
generated by discharge of a 2 M. condenser at
about 12 kv. through a tube filled with butane,
helium and mercury. The outputs of the two
1P28 photocells were led to a 100 kc. electronic
switch, so that the relative absorption by the
shock sample of the two characteristic emission
regions was displayed on one oscilloscope record.
The optical window was 0.5 A. wide and set at
the band head of the (0,0) band of the ng»3u
transition for a C2(/ = 11 toJ = 18 in the P
branch). The per cent, absorption recorded in
this manner is thus a measure of the population

W. Tsang, S. H. Bauer and F. Waelbroeck
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of the C2species present in the zero vibration level
of the NUstate. Because a continuum absorption
is superposed on the characteristic absorption,
a correction for the former should be made. It
was convenient to monitor the background absorp-
tion at the X5460 mercury line. The error intro-
duced by the 300 A. displacement is of secondary
significance, since the essential kinetic data were
derived during the induction period, when the
background absorption was negligible. Since the
populations of the lower states for these lines
change with the temperature, a correction was
made in reducing the per cent, absorption to
relative concentration.

An idealized reduced oscilloscope record of the
measured quantities (C2absorption and continuum
absorption) is shown in Fig. 2. The solid line is
the intensity recorded at the C2 band head, and
the dashed line is that recorded at X5460 Hg line.
It is characteristic that the C2 absorption reached
a plateau and that there was an induction time for
the absorption at X5460, as indicated in the pre-
liminary discussion. The measurements of slope
and steady-state concentration are subject to some
uncertainties. An examination of our data indi-
cates this to be about * 30% for the rate determi-
nation and + 50% for the equilibrium measurements.
Since the relevant quantities here are In 101,
these errors should not be too important. The
temperature uncertainties due to the endothermic-
ity of the reactions are probably more important,
especially in the steady-state studies; here the un-
certainties may well be of the order of 50°K.

Consider first the steady-state concentration of
C2 radicals. Following the nomenclature and
treatment of Penner,I7 one may write (concentra-
tions of C2are expressed in partial pressures)

A f In0?” dw = Paw dw

w is in wave numbers; Aw is the band width
p is the partial pressure of C2

i’wis the spectral absorption coefficient

I is the path length

AwPNdw =

A is Avogadro’'s number
Qr is a term expressing the fact that only the molecules
in a few levels are being obsd.

Since at the band head there is such a profusion
of overlapping lines that the entire wave number
interval passed by the monochromator (ATT.) is
fully covered, one may use an average effective

absorption coefficient. Then
_ 1 In(ZoMavAta _ + 1.2 X 10~10, .1 IT,
ABm) Qt 6.5 X HW/i-u Qe /i u Co/Cav

for I — 3.81 cm. and Aw, corresponds to 3 cm.-1.
For the temperature, we used the values estimated
under conditions of total equilibrium for the
twelve species listed above. This is not critical
since the temperature dependence is rather weak.
With regard to the /-number, the value available
is of dubious accuracy since numbers ranging from

an
Emissivities,” Addison-Wesley, London, 1959, p. 17.

S. S. Penner, “Quantitative Molecular Spectroscopy and Gaa
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0.02 to 0.58 have been reported. However,
an error in the /-value selected will affect the abso-
lute concentration but not the relative concentra-
tions.

For a system in which there is such a plethora of
products generated in the forward zone of the
shock, the final density ratio, temperature ratio,
and mole fractions of the different species depend
not only on the shock velocity but also on the initial
pressure of the test gas. To reduce the data ob-
tained in these experiments, for which a wide
variety of initial pressures was used, it is necessary
to determine the relationship between initial
pressure and C2 steady state concentrations at a
given shock velocity. Figure 3 is a plot of In
(Ninitial) vs. In (C2ss at a velocity of approximately
1485 mmJi¢sec. The scatter is rather large, but
the best fit is close to a line with unit slope. With
this relation, the partial pressures of C2 radicals
were reduced to a common initial pressure (0.1
atm.). Figure 4 is a plot of the Inpc, vs. the shock
velocity, normalized to 0.1 atm. initial pressure.
For the purposes of this calculation, an/-number of
0.034 (the value reported by Hicks) Bwas selected.
(The/-value pertinent to our calculationsis  0.01,
since account must be taken of transitions to the Q
and R branches and in the 1,0 sequence. For
the latter, we arbitrarily assigned a relative prob-
ability of 16% with respect to the 0,0 sequence, as
in the case of CN.) The partial pressure of C2
so estimated can be corrected when a new /-value
is established. If/ = 0.02 were used, the calcu-
lated partial pressures would be about twice those
given. The point of interest here is that, if one
plots the C2 partial pressure at equilibrium with
the twelve species mentioned above against the
temperature (using shock speed as the actual
variable), the curve is nearly the same as that ob-
tained experimentally. (See Fig. 4, dotted line.)

The rate of formation of C2is measured by the
initial slope (Fig. 2). In reducing these data,
one is faced with the uncertainty in sample tem-
perature. The use of either of the two possibilities
outlined above implies certain assumptions with
regard to the mechanism. If one uses the tempera-
ture velocity relationships obtained from the
steady-state measurements, he assumes that sub-
stantially all the other species, especially the CH,
CH and H radicals, were in equilibrium concen-
tration previous to C2formation. This is a ques-
tionable postulate; since C2 formation was ob-
served almost immediately upon the passage of
the shock, the rates of formation of C4H, CH,
etc.,, would have to be extremely fast. For this
reason, the temperature-velocity relations derived
for partial dehydrogenation in the incident shock
and complete dehydrogenation in the reflected
shock were used.

The gross rate law for the initial formation of C2
was established as follows. The quantity measured

is (/,,/1)i. For experiments performed at the same
M an 1 fd(n/./0),-1
L di J: <n>i L d; Ji

(18) W. Benedict and E. K. Plyler, Natl. Bur. Standards Circular
523, 1954, p. 57.
(19) W. Hicks, Ph.D, Thesis, Univ. of California, 1957.
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Fig. 3.—Dependence of absorption intensity on initial
pressure of test gas, at constant shock velocity, 1.485
mm./usee.; pressure in mm.

Fig. 4.—Concentration of C2 as a function of incident
shock velocity :--------- , caled. (EQ, no C solid allowed);
---------- , exptl. (/ = 0.034).

Fig. 5.—Initial rate of production of C2vs. shock density;
density in mm.; /in sec.

k is the rate constant

Pis the density (total)

n is the order of reaction

<p> absorption coefficient (av.)

| path length

(/0/)o is the cor. ratio fer energy level population de-
pendence on T

temperature, a plot of log [d(In J0/) ddf]i vs. log
p vields n as the slope. This is shown in Fig. 5;
n = lisagood fit.
For the determination of the activation energy,
write
k = Aeen/RT = — 1 — [d~7/— 1

Thus, a plot of log l/p[d(In 707 €)/df]i versus I/T



286

Fig. 6.—Determination of the activation energy for C2
production.

Incident Shock Velocity (mm//isec).

Fig. 7.—Calculated equilibrium composition in reflected
shock; CH4(8%) + Ar (92%); EQ; no C solid.

gives the gross activation energy for the initial
production of C2 This is shown in Fig. 6; a
value of approximately 50 + 10 kcal. was obtained.

Discussion of Data

The results reported above agree in general with
previous work. The continuum absorption re-
corded has almost the same characteristics as that
obtained from samples subjected to flash photoly-
sis, in diffusion flames, and from hydrocarbon
systems flowing through hot tubes. The shift
toward the red of the wave length, at which the
sudden rise in absorption coefficient appears, is
explainable in terms of the growth of ringed carbon
compounds. A comparison of the well-known
polynuclear substances and our data suggests that
several hundred microseconds after passage of the
shock, four-membered ring compounds appeared
in appreciable concentrations. The substances
used as models need not have been present, but
similar substances (with some of the hydrogen
atoms ripped off) probably were. This supports
the surmise of Norrish and co-workers6 and the
work of those investigators who found multi-ringed
compounds in soot.

The detection of appreciable concentrations of
CZ2radicals in absorption was not unexpected. The
absence of oxygen in these shock tube experiments
is definite proof that an oxidation step need not

W. Tsang, S. H. Bauer and F. Waelbroeck

Vol. 66

play a role in the mechanism of C2 formation.
The measured steady-state concentration of C2
is also of interest. Figure 4 strongly suggests
that, at a given temperature, the steady-state
partial pressure is dependent on the total pressure.
Note that under the assumption of equilibrium
among twelve selected species the final tempera-
ture also is dependent on density. The spread
in temperature, due to changes in the latter, is
nevertheless small (« 100°K.), and the distri-
bution of the points is random about the line drawn.
Were the steady-state set by an equilibrium between
solid carbon and C2 at any temperature, one would
have found

Kp = pc2 = const.

The estimated partial pressure of C2in these ex-
periments was somewhat higher than that computed
for equilibrium with the solid. For example,
at 3000°K, pet(Cd « 2 X 10~4 atm., while
pQ@i(eg. with C solid) « 2 X 10-6 atm. However,
were a higher /-value assumed, a lower p mt would
have been deduced. Finally, if the continuum
is regarded as a manifestation of the carbon forming
process, the fact that C2 reaches a steady state
very rapidly, in some cases within ~ 60 /;sec.,
means that carbon solid has not yet had time to be
formed. These arguments are in line with the
results of Gaydon and Wolfhard. 0 They assumed
an /-value of 0.5 and that a Boltzmann distribu-
tion was attained among electronic levels and esti-
mated from spectroscopic data the partial pressure
of C2in a 5.5 mm. (pressure) flame consisting of a
stoichiometric mixture of CH202 At 2700°K.,
p(C2 ~ 11 X 10“7 atm., which is appreciably
higher than that expected assuming equilibrium
with solid carbon. They assumed Af7f°(C2 =
233 kcal. instead of 198 kcal., the currently ac-
cepted value. The latter figure raises the calcu-
lated equilibrium partial pressure at 2700°K. to
approximately 2 X 10-7 from the 9 X 10“10 atm.
given by Gaydon and Wolfhard. Their conclu-
sions still hold.

In spite of the uncertainties in the /-value, the
close correlation between the measured C2 partial
pressure and that calculated assuming equilibria
involving eleven low molecular weight hydrocarbon
fragments is intriguing. During the course of the
pyrolytic reaction, especially at the beginning, one
would expect a large number of relatively low
molecular weight fragments, and these may
attain “local” equilibria. Figure 7 is a plot of the
equilibrium concentrations of the different species
vs. the shock velocity, for an initial pressure of 0.1
atm. and where no solid carbon is formed. The
species present in relatively large concentrations
are CH2 CH, CH, H2and H; C4H42and C3 are
intermediate, with CH3 C43 and C2 several
orders of magnitude less. A particular point of
interest is the large amounts of C3 It is rather
disappointing not to have observed its well known
spectrum at approximately 4050 A. This may
have been due to its low absorption coefficient or
the obscuring effect of the continuum absorption.
There is also the possibility that C3 and other
species with odd numbers of C atoms are present
in substantially less than their equilibrium amounts.
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For C4H2C2H4C2AH2C2 etc, the besic bulding

blodks are two carton atons joined by a multiple
bond; the formation of C3at any wm
would ire the saission of a

aosece CBV\ajdmtcisthme oereral equi-

librium situation very much sinee its total contn-
bution is no nore than ~ 10~3innole fraction

The kiretic data, which follow a firstorder
dersity for the rate of C2 formration
ad an activation ernergy of imately 50
keal., effectively rue out two possible sources for
C2formatiorn: e.g., the direct formation from acet-
Viere

CH2+ X — NCH2+ X
+ > C2+ H2

ad ion fromsdlid carbon  In both cases
the activation erergies would have to ke much
higrer, 140 and 200 keal., respectively. The con
dL&mlsﬁ‘attreczraijsareformaddnrg
the course of a complex dain reection  If ae
aocepts the postulate that C2is formred in an early
part of the polymrerization process ad thet its
oorglertr?tlm |srearﬂ1aéateqxhbnun agﬁ
at Hg 7 sugogests e reaction paths.

sdermlyﬂnsevhpg?mve lowa -s, sinoe these
place loner limits on the activation energy.  Esti-
mates show that those reactions which involve the
direct scission of either a C-C or a C-H bod in

volve enthal of ~ 100 kcal. or ower.
To et a relatively low activation ' a conbi-
rnation of abstraction reactios must wed s

indicated iByTabIe . The AHSSJffwgrddare those
estimated Conperthwaite, BavLer.D
Clearly these kiretic data are irsufficient to permit
development of a detailed mechenism It also is
worth noting that a large variety of other spedies
may be formed the reaction con
ditios. At tre hi
merization is less likely, the low rmleajar V\e|g¥t
es domirate, but the loger dairs (CdH2
metc) naybemmtant intermrediates mthe
forming process. Indeed, the formretion
ngZand C3may be conpetitive with polyreriza:
on
In the reactios listed above the lire (Table
di-carbon units remain intact  For these
trarsition states are readily vistelized Re
actions which ts with odd nuroers

eneingganefarﬂalrmst
isotopic mixing in products.  How
ever, ﬁefa:tﬁatlnﬁr%ﬁnd(ube@@enrrmts
Iess@mesfarﬁﬁanlnﬂmasrqmrtedw
Gaﬁcknx)leadstoﬂesmamﬁntczfom*atlm
i

n flares be influenced by factors not present
in shodks. ifically, reaction with 02 and OH
reanetreforrratlmofl dhaired or ringed

ecules whichare Gar‘oonforrratlm
Fairtaim2 m CBlabeled acetylere

(20) M. Cowperthwaite, R. E. Duff and S. H. Bauer, "Estimation
of Molecular Parameters of C/H Fragments” and "The Equilibrium
Composition of the C/H System at Elevated Temperatures,” sub-
mitted for publication in J. Chem. Phys.

(21) A. R. Fairbairn, “Eighth Symposium (International) on Com-
bustion,” Butterworths, to appear.
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approximetely two-thirds of the carbonatonrs inthe
spectrosoopically  recorded 2 were  scrarbled
treﬁg/t the odd nunber gpedes
ci in H shuffling reactios soon
afterpamslmpatemt:anm o

kcal. mole-1
X —aCH4L* + X — CH2+ H2 39.8
CH2+ CH2— > C4H2+ H2 2.7
CH2+ CH.— > CH3* CH 74
C4H2-)- CH2 n CHsl C2H 54
CH2+ CH2— > CHS> CH 58
CH3+ CH2— > CHX CH3 21
ch3+ ch2— Nché ch 10
CH2+ CH — > CH3 (k 72.5

CH4 +

CH+ CH — "CH2Z2 Ca 19
CH + CH — CH2+ C, 35
CH+ CH — >CHAC4 22
CH+ CH —"~CH2A C4 42
CH+ CH » CeH2 -102
ckh ch2— > chi3+ ¢ 76
CH -CH2—>ch + ch2 23

+

]
cdh + ch2— ch + ch?2 35.5
ch + ch2 2~ CH3-bC3 58

Conclusions
Inﬁ‘ewrolyasofeﬁMene C2|sprod.|oed by a

an actlvatlon
energyofEOkcal A stateCZ conoent
tration soon is reeced its megni is com
ible with the assunption that C2 is in equi-
bmmvuthanrrberof low nolecular weight
C/H fragrents. C2 formration gopears to be a
consequerce of abstraction reectios.  The print
cipal prablem encountered in these studiies wes the
uncertainty in the estimation of the tenperature.
In future work; it will prove advisable to use loner
ethylene concentrations and to make measurenents
mﬂewuobr(tjrsgaewregm Ofbé?rgaﬁ%dm
messurenent shock
V\a\,ev\ajdbecmrdglegpemre
Further ytic studies must be carried out
before sufficiernt data will be available to penmit
qmﬁwtlonofarredmsm The we of iso-
y labeled nolecules hes been rrentlored
ailnterestlsﬂepowbleroleofﬁea
S in attaining the equilibrium condition
C2 To determire whether the singlet levels are
populated via cdllisias, we propose to record the
sinultaneity of absorption by the Snan ad the
Deslandres systers.
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HEATS OF FORMATION OF BROMINE FLUORIDES1
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Heats of reaction of F2with Br2were measured with an adiabatic calorimeter in the vicinity of 25 and 105°.
excess F2was used, BrF3and BrFs were formed in the 25° region, and BrF6alone was formed in the 105° region.

When
The stand-

ard heats of formation [A/PK] of BrF,,, BrFs and BrF calculated from t.hc measurements and data in the literature are —10G.2,

—64.8 and —17.7 kcal./mole, respectively (reactants and products in the gaseous state at 25°).

The standard free energies

of formation [AFK] are —84.1, —55.2 and —18.0 kcal./mole, respectively.

'Ih(elslmats of mgngd% Bri=3 ad BriF6
previ have from gpectrosoopic
and equilibrium data, and from estinates of bond
eraergies, rather than fromthermochemical neasure-
ments.  The dissodation limit of Bri- wes foud
to be 21,370 cm-1 by Broderson and Schumecher2
fmmd:sorptlon and 21,190 cm-1 by Durie3
from emission m:tra Cole and BElverumv
lished tables of thermmodynamic properties which
listed two possible values for aitrere at 25°
—9044 or —1959 kcal/nole, sine it wes not
knonwn whether the dissociation of Bri- left the
bromire or the fluorine atom in an excited state.
Bvans, Munson and Wagmans corsidered excited
fluorire to e nmore probable and dotained —18.36
kcal/mole for aitesrr. Both calculations de-
pended ypon the authors' selected values for the
dissociation ies of Brzand F2 A new dis-
sociation limit of 22915 cm-1 for BrF wes re-
ported recently by Broderson ad Sicre6 and bro-
mine wes assuned to be the excited atom  This
would lead to still a different value of —13.9 kcal./
nole for A/Cmuf-

Vogel ad Hsder? studied the
equilibrium between Br2 Bri=3 ad BrfF, and ob-
tained —75 kcal./nole for AH{. nF, wsing |I%:d
Br2 ad Bri3 ad F2 for the
states. Since then, Infrared studies3 have shoan
that low concentrations of Bri-s also are present in
the mixtures, but the effect on the equilibrium con
stants is srall.  The heat of formation of BriFs hes
not been nmeasured previously but hes been esti-
mateosasam124 kcal/n#gfrunba‘derergesof

Slutsky Baver.9 modynamic  functions
derived from nolecular corstants  have

been
for BriFanand BriFe6u .12 Al BriF3
y wes thought to have a struc-

tue it |sk|n/\nm/vtomvea anar “T” struc
ture, a‘dﬂefmctlorsmvebeenommtedmmls
besis in reference 10.

(1) Based on work performed under the auspices of the U. S. Atomic
Energy Commission.

(2) P. H. Broderson and H. J. Schumacher, z. Nalurforsch., 2a,
358 (1947).

(3) R. A. Durie, Proc. Roy. Soc. (London), A207, 388 (1951).

(4) L. G. Cole and G. W. Elverum, Jr., 3. Chem. Phys., 20, 1543
(1952).

(5) W. H. Evans, T. R. Munson and D. D. Wagman. J. Research
Natl. Bur. Standards, 55, 147 (1955).

(6) P. H. Broderson and J. E. Sic e, z. Physik, 141, 515 (1955).

(7) R. K. Steunenberg, R. C. Vogel and J. Fischer, 3. Am. Chem.
soc., 79, 1320 (1957).

(8) L. Stein, ibid., 81, 1273 (1959).

(9) L. Slutsky and S. H. Bauer, ibid., 76, 270 (1954).

(10) H. H. Claassen, B. Weinstock and J. G. Malm, J. Chem. Phys.,
28, 285 (1958).

(11) C. V. Stephenson and E. A. Jones, ibid.,

(12) T. G. Burke and E. A. Jones, ibid.,

20.. 1830 (1952).
19, 1611 (1951).

In considering the reactions which might be used
to obtain heats of formation of BrF3and BrF§ it
was found that very few could be selected with cer-
tain knowledge of the products and the final states.
Heat-of-solution methods appeared to be out of
the question, since both compounds react explo-
sively with water, yielding complex mixtures of
HF, HBr, HBrO, HBr03 Br2and 02 When the
compounds are reduced by substances which are
fluorinated readily, such as silicon or sulfur, mix-
tures of Br2and BrF generally are produced. Al-
though Schmitz and Schumacherl3 were able to
use the reaction of C1F3with NaCl, the analogous
reaction of BrF3 with NaBr was considered un-
favorable due to the formation of NaBrF4and inter-
mediate products.i4 The direct combination of
Br2and F2appeared to be the simplest choice for a
reaction, particularly since the products were well-
known from earlier studies.85

Apparatus.— The calorimeter consisted of a nickel reaction
vessel surrounded by an adiabatic shield, both of which were
supported inside a brass submarine by a thin-walled gas inlet
tube. The reaction vessel, which will be referred to here-
after as the calorimeter, was a welded cylinder 10.0 cm. tall,
5.2 cm. in outer diameter, with a wall thickness of 0.060 cm.
A layer of copper approximately 0.013 cm. thick was elec-
troplated on the outside to improve the thermal conductiv-
ity. The Monel inlet tube, with an inner diameter of 0.157
cm. and a wall thickness of 0.022 cm., extended into the
middle of the calorimeter; it was hard-soldered to the lid
and to a Hoke 411 diaphragm valve on the top plate of the
submarine. Before assembly, the volume of the calorimeter
and inlet tube was found to be 212.88 ml. at 25° by calibra-
tion with degassed distilled water. The leg of the valve be-
low the needle point was filled with a nickel insert, so that
the tube and valve comprised less than 0.15% of the total
volume.

For electrical calibration, the top, bottom and sides of
the calorimeter were covered with a bifilarly-wound heater of
B & S gage No. 28 glass-covered Nichrome wire, with a
total series resistance of approximately 300 ohms. Leads
were of No. 36 glass-covered copper wire. One potential
lead to the heater terminated at the calorimeter and the
other at the shield to compensate for heat losses in the cur-
rent leads. A 28-ohm resistance thermometer of No. 36
glass-covered copper wire was bifilarly wound on the sides of
the calorimeter (superimposed on the heater). One junction
of a Chromel-P Alumel thermocouple was placed in the cen-
ter of the thermometer windings and the other was formed in
an ice-bath, where copper leads were attached. The ther-
mocouple was not calibrated directly, but e.m.f. corrections
of the same Chromel-P Alumel wire were determined else-
where with a platinum resistance thermometer. Copper-
constantan difference thermocouples were attached to adja-
cent positions of the calorimeter and shield, at the top and
at the side. When in place, all wires were varnished with
Formvar, which was air dried and baked in an oven at
170°. A layer of shiny aluminum foil was attached to the

(13) H. Schmitz and H. J. Schumacher, Z. Naturforsch., 2a, 362
(1947).

(14) A. G. Sharpe and H. J. Emeleus, J. Chem Soc., 2135 (1948).

(15) L. Stein, J. Am. Chem Soc., 81, 1269 (1959).
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surface of the calorimeter with Formvar to reduce radiation
losses.

The shield consisted of a gold-plated copper cylinder of
15.2 cm. height, 8.9 cm. outer diameter, and 0.080 cm. wall
thickness, which was assembled around the calorimeter
with 0-80 machine screws. No. 28 glass-covered Nichrome
wire was bifilarly wound on the sides in upper and lower
sections and on the top and bottom in flat coils. The wind-
ings were connected to form separate heaters for the upper
and lower halves of the shield, each with 400 ohms resistance.
All lead wires from the calorimeter and shield were combined
into a spiral cable, brought into good thermal contact with
with the shield and submarine lids, and sealed through a
vacuum pumping leg with Apiezon-W wax. An oil diffusion
pump was used to evacuate the submarine, which was sealed
with a Neoprene “O” ring at the top and was immersed in
a well-stirred water-bath, regulated to + 0.05°.

The valve on the top plate of the submarine was connected
through a manifold of nickel tubing to a fluorine storage pot
and pressure transducer (both immersed in the bath) and
lines for evacuating the calorimeter or introducing Br2or F2
Hoke 411 valves in the legs of the manifold were partly im-
mersed in the bath, with their handles above the surface.
The transducer, consisting of a bellows and differential
transformer, has been described previously.’6 Pressure
measurements were made by balancing fluorine or bromine
pressure on one side of the bellows with an equal helium pres-
sure on the other side, then reading the helium pressure to
+ 0.05 mm. with a mercury manometer and catheto-
meter. Pressures were corrected to 0° and standard gravity.
The total volume of the manifold, fluorine pot and trans-
ducer was obtained by measuring pressure changes on ex-
pansion of helium into the evacuated calorimeter, assuming
the helium to be an ideal gas.

Current and potential measurements were made with a
White double potentiometer and the circuits generally used
in this Laboratory for heat capacity measurements.’6 The
galvanometer used with the potentiometer had a working
sensitivity of 0.04 /;v./mm. Time intervals for electrical
calibration were measured with a synchronous clock and
controlled-frequency generator. The shield was manually
controlled by observing the deflections of two galvanometers
connected to the difference thermocouples and adjusting the
currents in the upper and lower shield heaters.

Reagents.—Baker and Adamson reagent grade bromine,
with a stated chlorine content of 0.3% or less, was dried over
phosphorus pentoxide and vacuum distilled. A middle frac-
tion was collected and stored in a Pyrex bulb attached to a
small Monel valve. Before each loading of the calorimeter,
the bromine was frozen and thawed under vacuum several
times to remove any dissolved air.

Fluorine was obtained from the General Chemical Com-
pany and purified by distillation at liquid nitrogen tempera-
ture in a metal still.I7 The fraction used in the present ex-
periments was of 99.84% purity, as determined by titration
with mercury. Mass spectrographic analyses indicated that
the impurities consisted chiefly of nitrogen, oxygen and ar-
gon.

Experimental

The heat capacity of the calorimeter (with 10 mm. of
helium added for exchange purposes) was determined in
calories per ohm resistance change of the thermometer by
electrical calibration. In the interval 25.0-43.1°, the heat
capacity increased from 158.34 to 161.01 cal./ohm; the
experimental points, plotted against resistance, were re-
presented by a linear equation (least squares) with a stand-
ard deviation of 0.15 cal./ohm. In each Brr-F2 reaction,
the appropriate value of the heat capacity then was obtained
from the equation, using the resistance at the midpoint of
the reaction interval. The heat capacity of the contents of
the calorimeter was computed separately from the molar
heat capacities.

Temperatures on the Centigrade scale were determined
initially with the Chromel-Alumel thermocouple. From the
measured resistance of the thermometer at each tempera-
ture, a table of resistance ratios at fixed intervals was pre-
pared, similar to that of Dauphinee and Preston-Thomas!8

(16) E. F. Westrum, Jr., J. B. Hatcher and D. W, Osborne, J. Chem.
Phys., 21, 419 (1953).

(17) L. Stein, E. Rudzitis and .1 L. Settle, Report ANL-C364,
Argonne National Laboratory, June 1961.

Heats of Formation of Bromine Fluorides

289

Fig. 1.— Copper resistance thermometer changes during a
typical Br2F 2 reaction; initial temperature was 25.0°.

Temperatures thereafter were obtained from the table by
interpolation.

Before each reaction, the calorimeter was prefluorinated
with F2 then highly evacuated. In the first experiments,
designated as Series A, Br2vapor was added to a measured
pressure with the calorimeter initially at the bath tempera-
ture of 25.0°. Due to the compressive work done by the in-
coming Br2 the temperature rise slightly and was remeas-
ured after several minutes, when it was again constant.
The number of moles of Br2ir the calorimeter was calcu-
lated from a virial equation o' state. The F2 at higher
pressure than the Br2 was added gradually in fractional
amounts, at about 15-minute intervals. The number of
moles of F2admitted each time was calculated from the pres-
sure change in the manifold and storage pot, assuming the
F2to be an ideal gas, since the second virial coefficient is
small at 25°.19 After each addition, the resistance increase
(temperature rise) was measured. The F2reacted rapidly
and quantitatively with Br2 and with the intermediate
product, BrF. After the last addition, when the Br2 and
BrF had been consumed, the sxcess F2reacted very slowly

with BrFs. The successive steps were
Br2-j- F2—> 2BrF (rapid) (1)
BrF + F* —->e BrF3 (rapid) (2)
BrFs *f F2— BrFo6 (slow) (3)

Reaction 3 was detected as an apparent “drift,” which was
extrapolated back to the time of the last F2addition to ob-
tain the final resistance or “end-point.” A typical curve of
“ Resistance” vs. “ Time” is shown in Fig. 1.

At the end-point, the calorimeter contained BrF3 excess
F2and BrF6 which had been formed by reaction 3 to a slight
extent during each F2 addition. In the last addition, the
amount of F2consumed was cetermined from the end of
the rapid heat evolution by making use of the ratio AR/
An+, the increase in resistance per mole of F2 reacting. The
ratio was known for each of the preceding steps, in which the
F2reacted quantitatively. When plotted as a function of the
total F2 added, aAr/ana increased very slowly, and the
value at the end-point was obtained by a short extrapola-
tion from the preceding points. The F2consumed in the
last step then was given by

(ARKinal

where the numerator is the last resistance increase (ARj in
Fig. 1) and the denominator is the ratio obtained in the ex-
trapolation. The amounts of 3rF3and BrF5then were cal-
culated from the amount of Br2present at the start and the
total amount of F2consumed. As a check on the present
method, the end-point also was determined by the pressure
minimum of the reaction, which has been described else-
where.’5 Although the pressure in the calorimeter was

(18) T. M. Preston-Thomas, Rev. Sci. Instr2s,
884 (1954)
(19) D. White, J. H. llu and If. L. Johnston, J. Chem. Phys., 21,

1149 (1953).

Dauphinee and 11
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Table |
Heats of Reaction of F2with Br2
nBn nk2 83 TBre R aH AHFEBIR3 APtBiFe
- a o
(millimoles) (ohms) (cal.) (kcal./mole)  (kcal./mole)
Series A, 25 to 44°
1.1752 3.759 2.237 0.113 1.13065 -0.43 23.42 -180.25 -64.94
1.9822 6.335 3.794 170 1.88454 - .70 39.82 -301.85 -64.49
0.6344 2.093 1.150 119 0.62193 - .18 11.66 - 98.85 -64.99
0.5490 1.970 1.037 .061 0.52640 - .29 10.42 - 83.80 -64.79
2.1622 7.362 4.128 .196 2.06167 - .46 43.28 -330.64 -64.68
Mean = -64.78
Std. dev. = 0.20
Series B, 105 to 128°
0.9611 6.845 0 1.9222 1.18837 2.44 0 -205.95 -106.01
.5244 5.620 0 1.0488 0.65131 2.85 0 -113.90 -106.01
.9827 6.869 0 1.9654 1.22255 2.38 0 -211.20 -106.39
4987 4.046 0 0.9974 0.61604 1.64 0 -107.16 -105.91
1.5290 9.386 0 3.0580 1.89324 2.78 0 -328.03 -106.48
Mean = —106.16
Std. dev. = 0.26

known only approximately after each F2addition, the pres-
sure end-point agreed with the resistance end-point within
+ 0.5% in each experiment.

Most of the BrF3 and a small fraction of the BrFs con-
densed into a liquid phase. The composition of the liquid
was calculated from the vapor pressures of BrF3D and Br-
F52 at the final calorimeter temperature and the approxi-
mate activity coefficients of 1.0 and 1.5, respectively.2l
The vapors were assumed to be ideal gases, and the excess F2
was assumed to be insoluble in the liquid phase.

In the second group of experiments, designated as Series
B, the bath was kept at 65.0°, and the shield and calorimeter
were heated initially to the vicinity of 105°. The shield
current was increased to compensate for the larger heat leak
of the shield, but the drift of the calorimeter remained very
small as before. In the electrical calibration, the heat ca-
pacity of the calorimeter increased approximately linearly
from 171.23 to 174.38 cal./ohm inthe interval 106.8to 125.1°,
with a standard deviation of 0.11 cal./ohm. The Br2and F2
added to the calorimeter both were assumed to be ideal
gases at these elevated temperatures. The experiments
were far less complicated than the preceding ones, since no
liquid phase appeared, and BrF3alone was obtained as the
final product. After the initial rapid reaction, which again
produced a mixture of BrF3and BrF6, the excess F2reacted
at a moderately fast rate with the BrF3. By adding a large
excess of F2, the reaction was made to go to completion in 30
to 50 minutes. It therefore was necessary to measure only
the initial and final thermometer resistance, rather than the
small resistance increments which were required in Series A.

Results and Discussion

The results dotained in Series A, between 25.0
and 43.8°, and Series B, between 1049 ard 128.2°,
aregiveninTable I.  The first four colunTs show
the anmounts of Brz and F2 added to the calorim
eter (F2 corrected for inpurities) and the total
amounts of BrF3and Brissproduced.  In the next
colum, AR is the total resistance of the
themoneter.  Since the F2wes added froman ex
termal source, work wes dorne on the contents of the
calorineter, which contributed to the tenperature
rise The conpressive work hes been described for
a nonrideal gas by Gillespie and Coe. 2

In the present experinents, correction wes

(20) G. D. Oliver and J. W. Grisard, J. Am. Chem. Soc., 74, 2705
(1952).

(21) R. D. Long, Report ANL-5405, Argonne National Laboratory,

March, 1955.
(22) L. J. Gillespie and J. R. Coe, J. Chcm. Phys., 1, 103 (1933).

mece for an ideal & 1/2 nFiRo{Ti + T2,
where T\ ad T2 are the initial and final calorineter
respectively, ad R g is the oon
stant.  (The subscript G is added to avoid confu
sionwith resistance)  The gas corstant wes taken
as 19872 cal/degreenole ad the ice point as
27315°K.  Since the total number of noles of
ges decreased in each reaction, due to the stoidhi-
oretry ad die to the condersation of liquid in
Sries A ap v oorrection to the enthalpy also wes
required This wes from the initial
anmounts of Br2and F2and firel anmounts of gaseous
%?edas assuring all oa‘r%'mts to be idedl
sum of the corrections compressive work
ad A(Pv) is given by AHXin colum 6.
The next term AH 2, is the heat of vaporization of

the liquid phese at the fird re, which
nust be added in Saries A to convert all to
thegesphese Itwes fromthe heats of

vaporization of BrFadand BriFs2 and the anounts
of these comporents in tre liguid  No correction
wes meck for the heat of mixing, which is believed
to be snell.  The enthalpy dhange for codling the
calorimeter and gaseous products ( resist-
ae interval AS) isgiven by Az  In es B,
AiPﬁﬁmaszthedfmmtngnofAHiard
AdHi the anount of BriF6formed. The resulits,
corrected t0 25°, aregivenin colum 10, In Series
A A7/dBRthen was dotaired by subtracting the
contribution of the BrFs in the mixture from the
total enthalpy dnange

Atff.BrF,

AH' + AHI + ~ "BrFAg<W 5

TbiVz
The results are given in colum 9 The tabu
lated values are the hests of formation of
Bri=3 and BriFBfrom the gaseaus elenments at 25°.
The erergy unit is the defined themmochemical
calorie, equal to 4.1840 absolute joules. Al
the standard deviatiors for A/FfBRB and A7rfBFs
are 0.20 ad 0.26 kcal./mole, vely, the un
%erdtaintieﬁ aeveélstmmeda%é Q.ng_‘%l,ii 0.5 keal./
e, respectively, wsing sinplifying assump-
tions which have been mede conceming heats of
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mixing of the liquids and ideality of the vapors.
At no correction is mecke for partial dineri-
zation of Bri=3 since the proportion of diner in the
vapor at 25° is not accurately knoann The equiilib-
rium corstant for dinerization hes been estimatedD
from approximete vepor dersities at 75 and 100°,
but the extrapolation to loner tenperatures prob-

ably is subject to very | o .
%:%"‘é:g Vgl an Fisher? found Aee =

r]é:ulggl AHO = 119 kecal. for the ges phese
Br2+ BrF3 3BrF (5)
at 25°. If AS is dotained from tables of en
tropy5D
AF°.+ TAS® = 11.8 kcal. (6)
whichisin W ir
A e T e tereire. cooiert of

the equilibrium corstant. It then is possible to
obtain AHEBF from AHQ.bvr, by the reverse of

the calaulation which they mede
Aff’f,Brr = Vs(AHO + AffOf.BrF,) 7)
= 7,(11.8 - 64.8)

= —17.7 kcal./mole at 25°

Since this agrees within 0.7 keal /mole with AUFBri-
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computed by Bvans, Munson and Wagmans from
the dissodiation limit of Bri, the ion of
these authors that the dissociation leaves fluorire in
an exited state y is correct

The free erergies of formation, Aeet., of Br
BrE3 and BrF6 at 25° are caloulated as —180,
—552 and —84.1 kcal/nole, respectively, from
the present heats of fonmation and tables of en
tropy.610 The entropy of BriR3is taken as 69.905
cal./degree nole, even though this is derived with

certain assunptions about the degree of dineriza
tion of BriF30 ad may be revised
The free erergies at elevated indicate

that BriF6 dissodiates into BriF3and F2 above 550°
and that Bri=3 dissodiates into Bri- and F2 above
800° (F2 also dissodiates into atorrs in the latter
region). The dissociation of BriF6hes been verified
by approxinete PvT messureents.  Above
1000°, BrFis to be the stable species over
a wice range of conposition, in equilibrium with
atomic bromire or fluorire.
Acknowledgment.—The author wishes to thank
Dr. D. W. Gsborre for advice regarding the calori-
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The rates of reaction of hydrogen atoms with a series of olefins in n-hexane solution have been measured at 23°.
For olefins within a given structural type, e.g, RCH=CHR, the rates of re-
action are the same, although these rates vary from one structural type to another.
place only from the olefinic hydrogens, although the individual factors affecting the rate have not been determined.

addition and abstraction of hydrogen occur.

netric technigues and both M. J L T ad
Mr. B. T. Cope, Jr,, for goerating the shield at
various tines during the experinents.
1.
Both

Hydrogen abstraction appears to take
The

reactivity of hydrogen atoms is similar to that of alkyl radicals, but different from that of oxygen atoms.

Introduction
The reactivity of hydrogen ators with defirs in
the gas phese hes been studied extersively.  Until

ten years ago, honever, experinents were confined
toa of ethylere, ene and the butenes,
such work hes been ertically reviened by Steeeie. 1
Addition of hydrogen wes the main doserved resc-
tion; evidence for hydrogen abstraction wes fourd
iNsoTe casss.

The nmost conprehersive work hes been carried
out by Melville, Robb and their coworkers.2+8
The rate corstants for atomreactionwith
tendefirswere determined at 18°.  Their nessure

(1) See "Atomic and Free Radical Reactions," E. W. R. Steaeie,
Reinhold Publ. Corp., New York, N. Y., 1954, Chap. V.

(2) H. W. Melville and J. C. Robb, Proc. Roy. Soc. (London), A196,
445 (1949).

3) H. w.

@ H. w.

Melville and J. C. Robb, ibid., A196, 460 (1949).
Melville and J. C. Robb, ibid., A196, 479 (1949).

(5) H. W. Melville and J. C. Robb, ibid., A196, 494 (1949).

(6) H. W. Melville and J. C. Robb, ibid., A202, 181 (1950).

(7) P. E. M. Allen, Il. W. Melville and J, C. Robb, ibid., A21S,
311 (1953).

(8) J. N. Bradley, Il. W. Melville and J. C. Robb, ibid., A236, 454
(1956).

ments rep! the sumof the addition and alstrac-
tion reactiors, but ina later found addi-
tion to be the nost e reaction In the case of
ethylene and propylene.  Absolute corstants were
nmeasured, varying invalue from 1.8-8.0 X 1011 ac
nmole“ 1sec”“1 Toby and Schiffofound the rates of
H and D addition to ethylere to be the sare, con
finming earlier work by MVelville.10
Sore very interesting studies have been mede of
the reaction of ators with ere in
the sdid state 1“4 Propylene nolecules form
part of asolid matrix (meintained near liquid nitro-
Torme by clSooptins of B corTEaporTiny 1o
dissociation of t aing nole-
ades onahot wire, diffuse into the natrix and form
redicals by addition An activation energy of 1.5
keal. wes for the formation of i redi-
cals. In contrast to propylene, both addition and

(9) S. Toby and H. I. Schiff, Can. J. Chem., 34, 1061 (1956).

(10) H. W. Melville. J. Chem. Soc., 1243 (1934).

(11) R. Klein and M. D. Scheer, J. Phys. Chem., 62, 1011 (1958).
(12) R. Klein, M. D. Scheer and J. G. Waller, ibid., 64, 1247 (1960).
(13) R. Klein and M. D. Scheer, ibid., 65, 324 (1961).

(14) M. D. Scheer and R. Klein, ibid., 65, 375 (1961).
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hydrogen abstraction were found for buterne-1 ad
|sqw1eremreactlmlnﬁesolldstate14
T StonTE Wit Qs In G lepict [Fess
atons W s in [
In the technique used, as desaribed G“ouslyle}ﬂ
t© repard bt e v b hqud o T
S use s

WMW&B carbonatorrs, the only workwith
vhdwdrectoorrmnsmrraybemadesﬂntof
Alllen, et all the of hyd

n messuring the reactivity rogen atons in
the liquid the atorrsaeformadby
the racid\y;lisofiajnqﬁfglOI solarvgt -
competiti W \vert ute
The klnetlcye><pre55|m derived from the stef(gy
state kiretics isl>6

1 w 1 1 RHvfa.
GWo) — (S AGh2 <2 [S] ki
k (E+>) ()

ad G are the radiolytic hydro-
gangasyl s without and with solute. (2
iIs the thermal hydrogen atomyield (= 3.16 for n-
hexare); ks, kt and {6 are the rate constants for the
reectio’s

h
H+ RH— > H2+ R
ki
H+ S— = HS

h
H+ S— >H2+ R

If the kinetics are fdlloned, a plot of Y/AGH2vs.
[RH]/%} gives a straight lirg, the slope of which is
(kz/h)(UGD, atitrc?mteroqot (I&c)/fa + 1) (JJGs)

Itisthe
tivity of atons on defirs in nhexane
solution, with particular attention to the effect of

defin structure on the rates of reaction

Experimental

Materials.—The following olefins were Phillips Pure
Grade: 2-methylbutene-l, pentene-1, pentene-2, hexene-1,

hexene-2, heptene-1, heptene-2, octene-1, cyclohexene.
Cyclopentene was Phillips Reagent Grade. Decene-1,
2,4, 4-trimethylpentene-l, 2-methylpentene-lI, 2-methyl-

heptene-1, 2-methylpentene-2, trimethylethylene, tetra-
methylethylene, 2-ethylbutene-l, 3-ethylpentene-2, and
vinylcyclohexane were obtained from K and K laboratories.
All olefins tested to 99-101% unsaturation. «-Hexane was
Phillips Pure Grade, and was further purified by sulfuric
acid to lower the unsaturation below a measured value of
0.15 mM/1.

Normal hexane was used as the solvent and source of
hydrogen atoms. The techniques of sample preparation,
irradiation and analysis have been described previously.1616
Corrections were made to the measured hydrogen gas yields
to allow for direct absorption of the radiation by the solute.7
In general the solute concentration ranged between 0.3 and
1.5 % by volume. Allirradiations were made at 23 + 10.

Results

As [-orﬁecfl equation 1, ;IpIIOt ?fbryéiAiGdhe%‘ivs
[hexane in astrai ine s
studied  Such pi%aisefor hexeres of five different
structural types are shonnin Hgs. 1and 2 The
relative rate corstants ootai from such plots
were converted mtoabsdutevak&e%etaklngm—
49 X 10 oc nolel sec-16 results are

(15) T. J. Hardwick, J. Phys. Chem., 64, 1623 (1960).

(16) T. J. Hardwick, ibid,, 65, 101 (1961).
(17) T. 3. Hardwick, ibid., 66, 117 (1962).
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shoan in Table 1, where the defirs are listed by
structural type.

Addition of H Atoms to Olefins.—For all defirs
of asimilar structure, e.g, RCH= CHR, the rates
of addition, of atons are the sane. A
minor varation is founddwth R = CHR. This
rale of addition varies, honever, from ae
structural group to another, R = CH2having the
fastest rate, R = CR2the slonest

Table |

Reactivity of Hydrogen Atoms with
Olefins in «-Hexane (T = 23 =1°)

fa(H
h (addition) abstraction)

Olefin cc. mole-1'sec. > X 101 fa/fa
RCH=CHR
Cyclopentene 5.3 1.33 0.25
Cyclohexene 4.9 1.12 .23
Pentene-2 55 1.23 .22
Hexene-2 5.2 1.27 .25
Heptene-2 5.1 1.35 .27
5 2 1.26 0.24
RCH=CH2
Pentene-1 7.8 2.3 0.30
Hexene-1 7.9 2.4 .31
Heptene-1 8.2 2.9 .35
Octene-1 7.6 2.0 .27
Decene-1 7.9 2.5 .32
7.9 2.4 0.30
rX=CH2
2,4,4-Trimethylpentene-I 10.8 3.4 0.32
2-Methylbutene-I 10.8 3.4 .32
2-Methylpentene-I 11.7 3.7 .32
2-Methylheptene-I 11.0 3.1 .28
2-Ethylbutene-I 11.5 3.7 .33
11.2 3.4 0.31
Vinylcyclohexane 7.6 2.1 0.28
RX=CHR
Trimethylethylene 7.5 0.6 0.085
2-Methylpentene-2 6.6 1.2 17
3-Ethylpentene-2 7.1 1.8 .26
rXx=cr2
Tetramethylethylene 5.5 <0.1 <0.03

Abstraction of H Atoms from Olefins—In a
manner paralld to the results for H atom addition,
the rate of abstraction is the sanre for dll
defirs of are structure, but varies between the dif-
ferent structure . It follons thet the ratio of
abstractionto tion {k&'ki) IS corstant for a par-
ticular structure

It is afeature of the kiretic developent that the
adllision dianeter of the solute is taken as that of
ﬂereactlvemtimdﬂerrdegje Thus for a

given type of defin the relative ﬁg.en.y of
oolllsmofmdrogenatomswﬂﬁﬁed nic graup
and with n-hexare, although not accurately knoan,
will remain corstant at a given concentration ad

tagmure regardess of the length and structure
dnairs onthe defin

V\M'hln all but ae of the defin groups it wes
found experimentally that the rates of reaction are
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the sane. It would therefore that within
each group the protability of reaction on cdllision is
the sare, the steric factors are equal and the acti-
\/atlm%re;ergesaemtkranﬂgl?lae Formemreammmg
it presured activated ex
rmy sae gereral structure, and that the entropy of
&&V&‘%‘&Sﬁg'em” S i oot within groups
S corsi is within
ﬂ“eratesofbothadjitimammmimre%aiom
vary from ore structural to aother.  Such a
vanationmay ke dleto a in effective cdlli-
sion dianeter, a different reaction probability, or a
difference in activation or a corbination of
these effects. Adlstlrt:tlmlsmtmblefmme
present data.
Within the
difference in
astraction
hyd

RZC=CPIR there is a distinct

rates, particularly for hyd

It would gppear that the lore d
is nmore reactive when etiyl rather than
grous are attached to the definic cartoon

Smjcmralé/ icyclohexare belogs to the
group RC=CH2 Inwview of the blocked rotation
of the adjacent nethylene groups, and possibly
LITLrsbis ok & Ioner B, of TRt
itis e that a loner rate of reection
souldexdst Astheratiokjki isthat for
type RZC=CH?2 it would gppear likely that a de-
caeee in the of ermoounters  between
hydrogen atons and the defin bord is the reeson
for the loner rate coincicentally, the
rates for vinylcyclohexare are typical of those for
RCH=CH21type defirs.

From the data in Table | it hes been condluded
that hydrogen abstraction takes place from definic
carbonatons only.  Within agiven structural type
of hydrogen aostraction is the sae ess of
length and structure of the alkyl sustituents.  In
the ca= of tetramethylethylene, with no definic

r?dogms t}gl rogen aostraction is not oosenved
the alkyl rs react in afashion similar to al-.

kanes, a rate of abstraction <1010 o
nole-1 sec-1(1I6>would be expected  Such arate is
below the limit of detection in the systens used
i G e G <o, s kb
in i C e.g., esters, ad
aldehydes ard zgflagl‘g% by
Abstraction nic hydrogers hydrogen
ators has been denorstrated in studies of nHhexare
rediolysis. 6 In this case about 25% of the nono-
defirs fomed inthe GOi» fraction were of the type
RX=CHR. These usaturated products were
}"iomedbyme abstraction of hydrogen froman de
N 1, -2 or- a atomto give
ot recical, Tolones by carbiretion o i
alkenyl radical with an al radmltoglveihe
product defin  If definic hydrogens were not ab-
SU'acted, the fomation of RZC=CHR oould not

Two mecheniss of hydrogen abstraction are
possible.  In the first, it is assuned that the acti-
vated ex break up iIntwoways—to form

may
analkyl radical, or to eliminate anolecule of hydro-
gen and formanalkeryl redical.  The relative proo-
adilities of these two everts will be the sare for
the sare type of activated conplex; i.e., fromreac
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Fig. 1.—Kinetic plot for the reaction of hydrogen atoms
on C6olefins in n-hexane solution at 23°: O, tetramethyl-
ethylene; X, hexene-2; ®, 2-methylpentene-2.

[n-HEXANEJ/[OLEFIN],

Fig. 2.—Kinetic plot for the reaction of hydrogen atoms
on Ce olefins in n-hexane at 23°: O, hexene-1; X, 2-methyl-
pentene-1.

tion with the sae of defin Each type of
defin honever, with 1ts individual structure of the
activated oorrplex, should give differing results,
a‘;lj-headj il andtm[t -
ition arei conpeting proc-
esxs, the extent of each ng on the
etry of the effective reaction center. It might ke
ﬂbrlattermml deﬁr}sdwmm;rlm'ereaj-
aocessible would have a
e P, e e G
ﬂ”EIFI’TI]’ehI shielded Thisissoin
gererdl, but edlanation Is needed to under-
stand why the rate of abstractionfronRZC=CH2is
higher than fronRCH=CH2
It is not possible tc dhoose betwween these two
Trred‘anlabl Ismsonﬂ”e besis of the data available in
e
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Comparison with Previous Results—The reac
tion of atons with four of the defirs in
Table 1 hes been studied inthe gas phase7  Two of
1hem cispentere2 ad ohexere, together

th berzere, were used previously to establish the
almalute\/aluecfmeratemqstamkslnﬂellqjd
phese. In Table 11 a conparison is meck between
the neasured rate of hydrogen atom attack in the
and the ratio of rate constarnts ks/(ki +
derived from Table I. The of thee
two values gives the rate of hydrogen atom reacti-
\s,tllt}/ievt\;%ﬁs( a”gst;t%m Iast)—
tri- ene
are In good agreerent with those previowsly oo
tained and further inoresse conficence in aur ab-
solute values.

Tabte Il
D ata fob Establishing Absolute Rate Constants
n k-Hexane
T = 23°
Rate
H + n-
Measured rate . hexane
H+ S Measured ratio in liquid
(fa -f fa) fa phase,
in gas phase,® fa + fa cc. mole“1
Solute cc. mole-1sec.“1 in liquid phase sec.-1

as-Pentene-2 6.7 X 101 7.3 X 10~-3 4.9 X 109
Cyclohexene6 9.2 8.1 7.4
Benzene 1.25 39 4.9
Trimethylethylene 8.5 6.0 5.1
Tetramethyleth-

ylene 5.6 8.9 5.0

Standard value kn + n-hexane 4.9 X 109cc. mole 1see. h

° Data of Allen, Melville and Robb, Proc. Roy. Soc.
(London), A218, 311 (1953). 6Values for cyclohexene have
been redetermined for this paper.

Comparison of Hydrogen Atom Reactivity with
that of Other Radicals. Methyl Radical—Buckley
and Sanarci8studied the reactivity of methyl radi-
cals on a series of adefins in isooctare solution
Wmi%r i ' butene- pentene! mgt‘;ge
rates itionto 1, 1, 1,
Cecere-l. hexadeoere-l and 3-nethylbutene-l were

Ethyl Radical.—Janmes and Steacield found the
|obntlmlmrat$ of ﬂtlm of %agmls t&kg
ene-l 1 octerel in
In other exqeerinentsd these authors %’d the
abstraction of hydrogen by ethyl radicals
at the sare rate for heptene-1 and octenel.  Ab-
straction from cyclohexene and octene4 took place
at the sare rate, which, honever, wes different from
thet of the adlefirs. Mbre detailed coTparison is
not justified nostly because of the differing tem
peratures at which the exqerinents were carmied
out

In any case, differences in steric factors are ex
pected as steric hindrance doviously will be nore

severe with alkyl radicals thenwith hydrogenatons.
The i resut is ﬂ‘at, ess of the
redical ad

rogen atom) and regard:
less of the ?aseascrll id), the rate of
reaectionfor that ithall %”rdt)iersdaglvm
defintype is the sane.
é%P. Buckley adwm. &V\HC, Proc. Roy. Soc. (Lﬂ'm]) A240,

D G L JaresadE W R Steedig, ibid., A244, 297
E DG L JnsadE W R Steade, ibid., A244, Zé]%)
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Oxygen Atoms—Cwetanovic, in a series of
papers, 21~ hes studied the rate of axygen atomat-
tack on defirs.  His results gpparently are not re-
lated to structure in the sae namer as we have
found, ad this differece nay be dug, as he suy
gests, to the € ilic dharacter of the
ators. Clearly a fferertsetcffa'c?ls’e?dr%ml
Wsing oxygen atonrs, conpared to S.

rogen atons dearly behave as alkyl redicals,
rather than as axygen atons.

Trichloromethyl Radicals.—IMnarasch and Sageb
studied the addition of GCl3to a sexies of defirs in
the liquid phese. A comparison hes been mecke in
Table 111 of the relative rates of reaction of various

of defirs with atorrs and with tni-

radicals. With the exogption of

RCH=CHR, the agreeert is striking It would

appear that trichl radicals reect as a true

free radical and not through any particular electro-
philic property of the group

The rate of addition of hydrogen atons to the
variows defins deareasss in the ader RZC=CH?2
rch= cl’&ZESrR:= chr, rch= i:hr rx=
CR2 It mtﬁrvmmetoommre
g;:lrﬁﬂa result with Slmmdbeﬁ{;tedbe(ase the

ete rate eqoression in com
parison, ad because the stenc?%:tors
which affect the extent of odllision of methyl and
ethyl radicals with the defin bond, may be much
Ic;eﬁ significant when corsicering hydrogen atom
isios.

The activation for the reactivity of hydro-
ators with ere has been determined in
solidgresee = 15kcal. 1t would e interest-

ing to apply such a value in the liquid phese data,
but for several reesors this Is udesirddle.  In the
gasrhaseﬂereactl\ntyldl“bygrogmatgmwm
propylere is ow by afactor of 4 when
olherdeﬁy 7 Secondly, wheress in
ﬂ”esdldrhaseprqwler’erea:tsby addi-
tion only, butere-1 and 3-nmethylbutene-l react by
both ition and abstracgrmm In view of the
somewhat unigLe behavior of propylene, quantita-
tive comparisors of the datawill not be attenrpted

Tabire Il
Comparison of Rates of Reaction of H and CC13 on
Otlefins in Solution
------------------------- Relative value----—-----mcmmemee —
Olefin type H atoms—over-all rate CCls radical addition
RCH=CHR 0.7 0.2
RZ=CHR 0.8 0.9
rch=ch?2 1.0 1.0
r2=ch?2 1.4 1.4
Results such as are imgsqﬁnﬁrsruld
fumish a besis for calculating the guratiors of
the varios tramsition state ees. For ex
anple, the transition state conplex formred on the
addition of a atomto should
vary from that radical only in

bod agles and interatomic distances.  All reac

(21) R. J. Cvetanovic, J. Chem. Phys., 30, 19 (1959).

(22) R. J. Cvetanovic, ibid., 33, 1063 (1960).

(23) R. J. Cvetanovic, Can. J. Chem., 38, 1678 (1960).

(24) R. J. Cvetanovic and L. C. Doyle, ibid., 38, 2187 (1960).
(25) M. S. Kharasch and M. Sage, J. Org. Chem., 14, 537 (1949).
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tanlsa'eelectmwllylntrargwdstate ad

reection takes place at a conveniently low tem

Although this study does nch ifi

S not indicate a spedfic

reaction, there isevidence the~ atons add

alnost excduwsively to the terminal carbon of a-
defirsBZ
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R(H,R)C=CH2+ H— R (H,R)C—CH3
giving a secondary or tertiary radical.  On the besis
of such informration the properties of the trarsition
state likewise can be calculated

(26) P. J. Bocldy and J. C. Robb Proc. Roy. Soc. (London), A249,
518 (1959).
(27) P. J. Boddy and J. C. Robb ibid., A249, 532 (1959).

NON-IONIC-CATIONIC MICELLAR PROPERTIES OF
DIMETHYLDODECYLAMINE OXIDE1l

By K W. Herrmann

Miami Valley Laboratories, The Procter & Gamble Company, Cincinnati, Ohio
Received September 1S, 1961

The micellar properties of a surfactant showing both non-ionic and cationic character in aqueous solution, depending on

pH, were determined using light scattering methods.

Differences in the critical micelle concentrations, micelle molecular

weights and interaction coefficients shown by the neutral and positively charged surfactant species in water and in 0.2 M

NacCl are noted and discussed.

Although the micellar results are consistent for each individue | species, a direct comparison

of the properties of the cationic and non-ionic modifications shows some inconsistencies when current concepts of micelle

formation are considered.

factant (dimetbylalkylamine oxide) chain length and as a function of temperature for the Ci2homolog.

In addition, changes in micellar properties have been determined es a function of non-ionic sur-

These results were

used to calculate thermodynamic quantities for micelle formation.

Much of the over the interpretation
of light scattering data dotained on solutions of
ionic surface active agertts is due to the electrical
darge caried by the micelles.  Sinoe first
by PG N St et (o CEtortent

swttenrg to

solljat%arlsZrmst of the work reported in the litera:
ture hes dealt with the micellar prqoertlesofanonc
and cationic Systenrs.3 Attenpts have
been madke to avoid dectrical interactions by wsing
norvionic  surfactant nolecules;, honever, these
substanoes have been polynreric condensates with
large polar heads which, al fractionated, may
corsist of a distribution of dain legtis46 It is
desirdble that well daracterized nonrionic sur-
factants be investigated if the theory of micellar
solutiors is to be developed further.

The work deals with the micellar molec-
ular weights and artical micelle concentratiors of a

e gpecies which can exist in both nonHionic and
cationic form ng ypon the pH of the solu
tion Thesetwoformsare di anine
adce (DDAO) CiHBI(CHy)2-» aﬂdlneﬂ'gl
dodecyl-N-hydroxyantronium dhlorice (DDHA ),
[GHEN(CHYZOH] A. They are related by the
equilibrium

C.HZN(CHIYDH + CIHEN(CH32-> O + H+

The micellar properties of each soedies have been

(1) Paper presented to the Division of Colloid and Surface Chemis-
try, at the 140th National Meeting of the American Chemical Society,
Chicago, 111, September 3, 1961.

(2) (a) P. Debye, J. Appl. Phys., 15, 338 (1944); (b) J. Colloid Sci.,
3, 407 (1948).

(3 M. M. Fishman,
Annotated Bibliography,” Tech. Service Labs.,
1958.

(4 L. M. Kushner and W. D. Hubbard, J. Phys. Chem., 58, 1163
(1954).

(5) A. M. Mankowieh, ibid., 58, 1027 (1954).

(6) L. M. Kushner and W. D. Hubbard, ibid., 61, 371 (1957).

“Light Scattering by Colloidal Systems, An
River Edge, N. J,

determined in the presence and albsence of added

electrolyte.
Since the steric ies of DDAO and DDHAC
aresimlar, the of onmicallar

canbeevalated  Variatiors in the critical nricelle
conoentrations, mcalle nolecular wel ad in
teraction coeffidients are discussed in light of our-
rent of micelle fonmation and possible ex-

limitatiors.
In addition, the effec* of rocarbon dain

Ienglh (CBClé) and temperature (DDAQO, 1-50°) an
cellar properties of the amire oxicks in HD

are preserted and compared with those of ionic
surfactants. The thel c ities

tinent to micelle MWM% for
DDAO uwsing these results.

Experimental

Turbidity Measurements.— Turbidities were determined
with a commercial apparatus (Phoenix Precision Instrument
Company, Philadelphia, Pa.) similar to that described by
Brice, etal? The narrow slits provided with this instrument
were employed along with a cylindrical cell (Cat. No. C-101)
which was painted black except for the window.8 The
apparatus was calibrated with a 0.5% solution of Debye’s
Dow Styron in reagent grade toluene which has a reported
excess turbidity at 90° of 3.51 ><10-scm.-1. After calibra-
tion, the Rayleigh ratios {RW" for freshly distilled benzene
and toluene were found to be 48.9 X 10~6and 56.1 X 10-6,
respectively, using light of wave length 4358 A. These
values agree well with those previously reported.9 In addi-
tion, the fluorescence from an sthanol solution of fluorescein
was found to be symmetrical within 1% over the angular
range 25 to 135°.

When the turbidity measurements were carried out at
room temperature, the temperature within the light scatter-
ing instrument was approximately 27°. For the deter-
mination of the temperature dependence of the micellar

(7) B. A. Brice, M. Halwer and F,, Speiser, J. Opt. Soc. Am., 40, 768
(1950).

(8) P. F. Onyon, J. Polymer Sci. 24, 493 (1957).

(9) K. A. Stacey, “Light Scattering in Physical Chemistry,”
Academic Press, Inc., New York, N. Y., 1956, p. 103.
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properties the heating unit described by Trementozzild and
purchased from the Phoenix Precision Instrument Company
Cat. No. (CCJ-2) was employed. The cell temperature was
determined by prior calibration with a constant temperature
bath (+ 0.2°) whose fluid was continuously pumped through
the cored cell heating jacket. The blue line of mercury (A =

4358 A.) was used throughout. Dissymmetry values were
calculated from the scattered intensities observed at 45 and
135° (248.

Refractive Index Increments.—The dn/dc values were
determined with a Brice-Phoenix differential refractometer
at 27° using light of A = 4358 A. The instrument was cali-
brated with sucrose solutions.

Materials.—Dimethyldodecylamine oxide (DDAQO) was
prepared by HZ2 oxidation of the dimethyldodecylamine.
Excess H2D2was catalytically decomposed by the addition of
platinum black. Unreacted amine was removed by repeated
extraction with petroleum ether; the residue from freeze dry-
ing was repeatedly recrystallized from acetone previously
dried over CaS04.

The starting dimethyldodecylamine was obtained by re-
peated fractional distillation of Armour’s Armeen DMC-D
(dimethylcoconutamine-distilled). The fraction used in the
preparation of the amine oxide was shown to be 99.8% pure
dimethyldodecylamine by vapor phase chromatography
methods. Conductivity measurements showed the DDAO
to be free of ionic impurities and the presence of free amine
in the amine oxide could not be detected by a non-aqueous
titration of a petroleum ether extract using brom cresol pur-
ple as the titrant for free amine.

The preparations of the other amine oxides were similar
except that the starting dimethylalkylamines were prepared
by reacting the alkyl bromides with dimethylamine. Vapor
phase chromatography methods showed the selected portions
of the fractionally distilled dimethylalkylamines to have
greater than 99.5% purity.

Preparation of Solutions.—Stock DDAO solutions were
prepared on a weight/volume basis and diluted volumetri-
cally. Double distilled water was used in preparing all
solutions. The non-ionic form (DDAO) was investigated at
the natural pH of the solutions (pH 7.2-8.5 depending on
concentration). The cationic form (DDHAC) was examined
at pH 2 and 3, the pH being adjusted with HC1 just before
the final volumes were reached in each dilution. The solu-
tions of other chain length amine oxides were prepared
similarly and examined at their natural pH's.

All solutions were clarified by nitrogen pressure filtration
through a 0.45 jj pore size Millipore filter at flow rates of 2-3
ml./min. Freedom from extraneous particles was deter-
mined by observing the fluctuation in scattered intensity at a
scattering angle of 25°. Solutions were repeatedly filtered
until their scattered intensity at 25° remained essentially
constant.

The cell and the bottles in which the solutions were kept
were made dust-free using the technique described by Thur-
mond.1l

Results

Cationic-Non-ionic Equilibrium.—Nylen hes re-
ported pk Vvalues for the dissociation

RSNOH + RANO + H+

of 4.|65 angdlia when %fis CH3ad c2Hs, _respec1h C\;
tively.2 aceent of ane cH3group Wi
stsl\ia.ld resultinapk betweenthesevalues. An
approxinete messurerent of the pk of DDHAC
supported an estimated value of 50, This wes con
sidered adequate since a precise knonledge of the
dissociation constant is unnecessary for | -
ing the light scattering results which follow
pH 7 the surfactant will virtually all be inthe non-
ionic form (DDAO) ard below pH 3 it will essenr
tially al be Inthe cationic form (DDHAC).

At pH 3 the electroiyte (HCD) in exosss of
DDHAC will be no greater than 10~-3m. Eardier

(10) Q. A. Trementozzi, J. Polymer Sci., 23, 887 (1957).

(11) C. D. Thurmond, ibid., 8, 607 (1952).
(12) P, Nylen, z. anorg. u. allgem. Chem., 246, 227 (1941).
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work inthe literature indicates that such a
sall amount of electrolyte will have very little
effect on cationic micelle properties, 13 particularly
when the critical micelle concentration (c.mc.) is
greater than the added electrolyte concentration
Also, it hes been previously that shonn it is dhiefly
the salt anions which affect the micelle properties of
cationic detergents. 4

Micelle Properties—Values for the critical
rriogllle mmerrg?jtlm (cmc) were detenmired

otting turbidity against concentra

%ﬂadmtingme wmmm ashampin
creeee in turbidity ooors.

Micelle nolecular weights (mmw.) were cal-
culated using Debye’'s equation

g{_c_~ Tgb) =M + 2B(c - ¢,)
where

H = a constant that includes the refractive index incre-
ment (dra/dc)
turbidity of the solution

turbidity at the c.m.c. (equal to the solvent tur-
bidity in almost all cases)

c detergent concn. in g./IOO ml.
@ = detergent concn. at the c.m.c.
M — micelle molecular weight
B

= interaction coefficient which is a measure of non-
ideality (interaction between micelles)

Although Debye's (ﬂ.ﬂtion is strictly valid only
for ucharged cdlloidal particles, Prirns and Her-
mars have that the mmw.’s of ionic de-
tergents determined wsing this relationship wll
e only about 10% too low if examired in ab
sence of added electrolyte 5 Since there is still
sore controversy over the quantitative w;leéget&
tion of the interaction coeffident (B) 1618 Si
A bye oo e i
pretation, Debye's equation in cal-
adating dl mmw’s The mmw.’s were ca-
culated from the | ad the slopss were
taken as an indication of the nonrideality of the

Dissynmetry values for the surfactant solutions
in the aosence of added electrolyte could not ke
determired accurately, however, in the preserce of
02 M NaCl al soutions shoned dissynmretries of
098 to 102 ower the entire concentration range
studied These values indicate that the micelles

gesrmllomparedtoﬂ”emavelergmofligtem

DDHAC-DDAO.—The experinental data from
which the micellar properties of DDHAC and
DDAO were ceterirned are shoaninHgs. 1and 2
The results are sumrarized in Table I.

In order to nore essily conare the micelle
erties of the cationic and nonvionic fonrs
by DDAO, the detergent concentrations, cmc.’s,

(13) L. M. Kushner, W. D. Hubbard and R. A. Parker, J. Research
Natl. Bur. Standards, 59, 113 (1957).

(14) M. L. Corrin and W. D. Harkins, J. Am. Chem. Soc., 69, 683
(1947).

(15) W. Prinsand J. J. Hermans, Proc. Koninkl. Ned. Akad. Wetens-
chap B59, 298 (1956).

(16) K. J. Mysels, J. Colloid Sci., 10, 507 (1955).

(17) W. Prins and J. J. Hermans, Proc. Koninkl,
Wetensckap., B59, 162 (1956).

(18) D. Stigter, J. Phys. Chem., 64, 842 (1960).

r =
n =

Ned. Akad.
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Table |

Summary of Micellar Properties (DDHAC-DDAO)
Added Mono-

Form of Cl~ concn. C.m.c.« mers/

detergent (M) (g/100 ml) M.mw.® micelle
DDAO 0 0.048 17,300 76
DDAO 0.2 0.034 17,800 78
DDHAC 1 X 10-» 0.19 20,400 89
DDHAC 1 X 10-2 .18 20,700 90
DDHAC 0.1 .048 26,000 114
DDHAC 0.2 .034 31,100 136

aDetermined from Figs. 1 and 2 wherein the cationic
properties have been expressed in terms of the non-ionic
formula weight (see text).

ad micelle nolecular wei mmw) of the
cationic form have been@getgaé interr)rsofﬂ”e
norHionic formula weight In Hgs. 1 ad 2 ad
Table 1, i.e., al of the above values of the cationic
gpedes have been reduced by the factorm .w .adao/
M .W .ddhac-

Chain Length Effects— The experimental data
for the C8and Gndinethylalkylamine axices were
similar to those of DDAO in a increase
in wrbidi%(eooaned at their respective cmc.
valuesandthe slgpes of thelirH (c—c/)/(r —Qvs. (c—
@ plots were zero.  In addition, the cmc. of Ci4
dimethylalkylamine axide wes determined by not-
ing the concentration at which a slope dange o
cured in the surface tension vs. log concentration
ge?ntdant ng%gs The micell oromc e ot

micellar properties at
27° forﬂgfglgnmlogas series of arire addes are
sunmrarized in Ags. 3 and 4

H 3 the cmc. variationwith dain
Ia‘g%‘gf norHonic di alkylamine axides with
those of cationic alkyltn anmonium bro-
m%b]QaEmMC 1heLrnal suforete®

conpares the aggregation nuer varia
tim%\{g’\ dain legth for the various surfactant

Temperature Effects—Light scattering data
againwvere used to determrine the cmce. and mmw.

values of DDAO at tenmperatures ranging from

(1t050r::§ Zeroslchsﬁv\ereou;imdinﬂemc —_Ic_%
F—rmvs. (c — ots at terFaaules
micellar r&ajlsa'egF\i,en inTable 1.

Table Il

Variation of DDAO Micellar Properties with Tem-

perature
C.m.c.
Temp., °C. (moles/l.) M.m.w.
1.0 0.00284 17,700
27.0 .00210 17,300
40.0 .00183 17,900
50.0 .00175 16,600
Discussion

DDHAC-DDAO. —If oe cosidars the micelle
ies by the cationic and norrionic
individuelly, ore finds that the cmc,

mmw., and interaction coeffident dange as ex-
pected when electrolyte is added

The nortionic form (DDAO) behaves ideally (o

(19) H. J. L. Trap and J. J. Hermans, Proc. Koninkl. Ned. Akad.

Wetenschap., B58, 97 (1955).
(20) H. V. Tartar and A. L. M. LeLong, J. Phys. Chem., 59, 1185

(1955).
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Surfactant concn. (as DDAO), g./I0OO ml.

1.—Turbidity measurements in the presence and
absence of lidded electrolyte.

Fig.

Surfactant concn. (as DDAO), (¢ — Co), g./IOO ml.

Fig. 2.—Light scattering results in the presence and absence
of added electrolyte.

interaction between micelles as indicated by the
zeyoslge intheHe/« is.  plots) inboth water and
ferten) by the preserts of deciobs. e cine
presanoe cmc.
is, however, gopreciably lonered when electrolyte is
adoed These data the use of the estimated
pK Vvalue for DDHAC since a zero slope in the ab-
sence of electrolyte indicates that there is no appre-
ciable concentration of the cationic form present
Results dotained with the cationic form (DD-
HAC) showy as exqpected, that both the cmc. and
interaction _coefficent. decrease while the mmw,
|mreasessl_q\tmﬂ‘1 incressi rgsoaéll'ﬁ concentration  The
very slight variation ir. micelle properties on going
frompH 3 to pH 2 again suggests that apk value
0f5.0i:i)sarea&g”djeac?lée )
A the results are as exected for the in
dividual surfectant spedies, soe anoralies are ob-
%/edv\r_en_ﬂe micellar properties of the cationic
norHionic are compared. These conparisons
are based on the fact that the only difference be-
tween the two solution spedies is that the cationic
form contairs a proton which gives it a positive

It can be seen from the results given in Table |
that the cmc. ratio of cationic to norHonic is about
4 in the abosence of gpreciable added electrolyte,
and essentially 1 in0.2 M NaCl solution  Qurrent

of mcelle formation which indlude a con
sideration of short range van der Waals foroameég
rance electrostatic forces, and the effect of inore
ionic strength on the latter forces, would indicate
that these conparative cmc. values are of reeson
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Hydrocarbon chain length.

Fig. 3.— Critical micelle concentration variation with hydro-
carbon chain length.

Hydrocarbon chain length.

Fig. 4.— Micelle molecular weight variation with hydro-
carbon chain length.

adle megnitudes and dange In the direction ex-
when electrolyte is added 21-24 More e

SMEtLyo of o I bt CHEryE Con bt reprospeten

structure of an ionic can

as an equilibrium between the attractive foroes

(&.9., van der Waals foroes) and the electrical

sive forces. The net tvullbereﬂeaedlnﬂe

(21) P. Debye, Ann. N. Y. Acad. Sci., 51, 575 (1949).
(22) K. Shinoda, Bull. Chem. Soc. Japan, 26, 101 (1953).
(23) D. Stigter, Rec. trav. chim., 73, 593 (1954).

(24) H. V. Tartar, J. Phys. Chem., 59, 1195 (1954).
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heat term (AHm for micdle formation It aso
hes been that the work dore in fonming
micdlles is directly related to the cmc. The cmc.
of a norrionic detergent should, therefore, e less
than that_ of an ionic since there is o zcta poten+
tial d% work to bﬁewerome w& the nonHionic
e in the presere of a ng
exess of added electrolyte, vvereﬂedﬂgglp%s
are minimized, it might be that the cat-
ionicformshould heve acmc. sinlar to that of the
rnonHonic. - Certainly the alsence of electrical in-
teraction betvween micelles in0.2 M NaCl is shown
by the zero slope dotaired inthe He/r plot for the
'I(?ﬁg]c Sm:leisheorywoud|0naoi mQ ﬂzq)e
exdsting ct in
cmc. similar to those dosenved experinentally.
Further conparison showns that the mmw. ratio
of cationic to nonHionic is about 1 in the alosence of
e?oreuaueele(:trolyteardalrmstmnOZM NaCl.
argurents similar to those wsed to explain the
cmc. results are valid ad sufficient, then these
mmw. ratics are Since the electrical
repulsive  foroes oped within the micelles
should ke greater for the micelles of the cationic
sgiea ((jlomon repulsion) ﬂnnl for the mmg
e-dipole sion), a mmw.
( ot r%jr‘non)loncarmrﬂnnforlhe cationic
formof'l'hls isnot dosenved ééflselome\m inthe pres-
axe of a swaping excess vte (0.2 M
NaCl) there is no satisfactory exl amtlongor
mmw, of the cationic formbeing
of the nonvionic form It isaqmrertfromihese
relative results that other factors are gperating in
the process of micellization  Different nodels for
the micdlles of the two detergent forms might be
wsed to exalain these results, honever, no valid
reeson for expecting a nodel difference hes been
presented to date.  Marked vaniations in the solva-
gon gfqe nmrersdaﬂn%/or moelgels, V\hg;ht V\%Jld
ter the entropy system also might aid in
aining the exoerinental dosenvations.  That
\ation Is a factor in micelle formation has been
recognized by several authors?s-27 but no quantita:
tive treatiment of its influence hes been presented as
yet

-S'Tte e @gﬂarglg’mmmlc mrlnw Erahos
might in part ained experimentally. Sernt
andpnsfererl]all ﬂ]ataromd elelac-
trolyte concentrates poly-
electrolytes in solution  If the added elec
trolyte In micellar solutions of fonic be-
I*avessmlaﬂ ae m cocduce that the ex
IE%’/HII increents (dn/de) for
1he ml]mc form are too low thereby causing the
mmwv. valuastobetoohgh However, errors in
mﬂar weight of mval y about 10% were oyed
i apparent dn/dc values were
with polyelectrolytes. A similar errorerq?l\ the
mmw.’'s of the cationic form would not greatly
dhange the cationicdnorrionic mmw. ratio.  Unr
(25) E. D. Goddard, C. A. J. Hoeve and G. C. Benson, ibid., 61, 593
(1957) .
(26) E. Matijevic and B. A. Pethica, Trans. Faraday Soc., 54, 587
(1958) .
(27) R. H. Aranow and L. Witten, 3. Phys. Chem., 64, 1643 (1960).
(28) H. Eisenberg and E. F. Casassa, presented at the 137th Na-

tional Meeting of the American Chemical Society, Cleveland, Ohio,
April 8, 1960.
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fortunately, the dialysis technique wsed to dotain
the nore correct dn/dc Values of polyelectrolytes
cannot ke used with micellar solutios because of
their nrononer-micelle equilibrium

Chain Length Effects—It can be seen from
Hgs. 3 ad 4 that the cmc. decreese with in
creesed dhain length and the aggregation nuroer
incresse with increesed dnaiin length are greater for
the nonvionic dinethylalkylamine axides than for
either the cationic or anionic surfactants.

The treatiments of Phillips® and Overteek® for
the thermodynarmics of micelle foration result in
the folloning exqoression for nonHionic surfectants of
relatively high aggregation nunber (>50 nono-
nmergmicelle),

AFnt = AHN? -

where A, Affnt and A are the standard state

thel ic d‘a% per nole of monomer an
rriog?e]%'ri'matim The above expression is valid
&6 long as the cmc. is sufficiently smell so that the
nmonoer activity ooefficient metes unity.
RomHg. 3 we also can determrire enpirically that
logcmc. = —0.477A + A where A = the nuber

dmAzm

AFnf = 2.3RT (-0A77N + A)
AFnf = -1.10RTN + 2.3RTA

or

TASn? = RT Inc.m.c.

A(AFm)
AN

-IAORT

This value for the standard free energy dnange per
CH2 group for nonHionic anine axides agrees Well
with Overbeeks® calculated value for anionic
sodium dodecyl sulfate gAﬁI(AFrﬁ)/AA = —10R]

and with that found INoda22 from the solubili-

tieso%f aliphatic OQOLB Series (A (AFnT)/ AN =
-1.08RT).

Temperature Effects—No significant dhange in
DDAO micelle aggregation ooours over the

tenperature range 1-50°.  The cmc, honewer,
decreases with incressing tenperature. A straight
lire "with slope equal to 410 degrees is dotained
when log cmc. is plotted agairst 1/T.

Fromthis slgpe and the relatiorship for nontionic
surfactants
dIncm.c. —AHmM
dT ~ RT*

where AHm is the partial nolal heat of micelle for-
nation, a AHmof +1.9 keal./nole is dotaired  In
l|%3Iist:;lsllden'vation_s of the above 0832

micellar phese s treated as a separate_phese
much as is a precipitate in eguilibrium with its
saturated solution  If this ogy is strictly ad-
hered to, the conmposition of the micellar phese
must remein corstant over the termperature range

(29) J. N. Phillips, Trans. Faraday Soc., 51, 561 (1955).

(30) J. Th. G. Overbeek, Chem. WeeJcblad54, 687 (1958).

(31) G. Stainsby and A. E. Alexander, Trans. Faraday Soc., 46, 587
(1950).

(32) E. Hutchinson, A. Inaba and L. G. Baley, Z. physik. Chem.
(Frankfurt), 5, 344 (1955).
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eamired Al ition data are not
available for DDAO micdlles, the calculated AHm
is likely to be valid since the aggregation nuner is
costant

Because of the equilibrium conditions, AFm =
AHm- TASm = 0

ASm = 63 cal./mole deg.

These Affm and ASmvalues are the partial nolal
quantities usually dotained from calorinetric heat
nMessureents.

Thermodynamics of Micelle Formation—It al-
ready hes been shonn that micelle formetion of
norHionic sufactants can be descritbed by

AFn? = AEmMQ— TA3n0= RT Inc.m.c.

The solvated nononer standard state nmay be
taken as the ical state dbotained by extrap-
olation of Henry's law to nole fraction unity;
the micdlle standard state conveniently can be talken
as the solvated micelle at nole fraction unity.

It also canbe shoawn that AHm = Adnt if the
systemunder corsideration behaves ideally.  Calor-
iNetric messurerents on the higher dain length
anmine oxidewater systerrs do indeed indicate that
ideality is goproaded 3 Therefore, for DDAO at
27°, wsing the above equation ad the cmc. of
377 X 10-5nole fraction, AFnf = —I10.2RT O
—61 kcal/mole. Since Adnt = Adm = +1.9
kcal./mole

Aff 0_ AffJ
= - R = + 26.6 cal./mole deg.

In addition, the themodynamic dnanges which
ooour ondiilutionof the nononer fromtie hypothet-
ical standard state to the cmc. uder isothenel
and isabaric conditios can be calaulated from

AFi = RT InXIAL
TiA I

where 71 and 7/ are the activity coeffidents of the
nmonaer in the hypotheti lal standard state and at
the cmc,, respectively, andx xandxd arethenole
fractios of the nonomer in the above states.
Since the nononer hypothetical standard state is
dotained by extrapolation of Henry's lawto x x =
1, 7! = 1by definition  Also, since the cmc. for
DDAO inwater is sell 7/ S 1 at the cmc.

(x1. Sne tins system does indeed goproach
ideality, than A/Xd = 0. Therefore

AFd = RT Inc.m.c. = —6.1 kcal./mole

AH,i = 0

ASd =

The above caladlatiors allow conpletion of the
ode

(33) L. Benjamin, private commnnieation.

—R Inc.m.c. = 20.c cal./mole deg.
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AFNt =

solvated
monomer

AHN? =
(X1 = 1) ASnf =
hypothetical -

G. E. Boyd, E. W. Graham and Q. V. Larson

+1-9 kcal./mole

Vol. 66

—6.1 kcal./mole

solvated
micelle

+26.6 cal./mole deg.

s dzr. (xra= i)

solvated
monomer

c.m.c.)

AHd = 0 (Xi =
= +

20.3 cal./mole deg.

This dl{';%raﬂ d shons the relatiamﬁ’ec"%%e
tween iC ties
cited for micelle formation I\%t%ri“fatﬂematarej/
enu terms for micelle WMm are positive
remain positive over tenperature range
1-50°. mm%ﬁmﬁemm
is e term is positive,
oLl e antrony doe that i p‘ﬁefor
the formation of amine axdde micelles. itive
ropy dhange indicates increesed

Itobesmtawrlllelyﬂntlmreaseddsombr
would result from the ion of surfactart
nononers into mcelles, oe looks to

solvation to explain the positive Asm
changs eql pos

oA Swfggmmsudm the vaniation of
umn cmc.’'sw over
the 10-55°ardfammatAt§rr:1perauje

sign
between 25730°.  An explanation of the posmve
A+ mand asm valueswas given by Goddard, Hoeve

(34)
(1957).

E. D. Goddard and G. C. Benson, Can. J. Chem 35, 986

AHmM = +1.9 kcal./mole
ASm = +6.3 cal./mole deg.

and Benson besed on nodification of the postur
lated water structure surrounding the monorer hy-
drocarbon d‘aln)sby'l'irwglor\olsln I ng of water (“ice-
berg” formation ati

hes been disoussed ousl)}/ an:'I};"ﬁ'“and
workers. 838

Although solverit modiification does seem likely
1o coour when micelles are formred, an exact descrip-
tion of the solvent's role in micelle formation still is
lacdking Information on the of association
of water with nmonorers and micelles and on the
heat of monorer solvation would ke helpful in
uncerstanding solvent participation in micelliza-
tion
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The radiolysis of the alkali metal bromates by Co®y-rays was effected to decompositions greater than three mole per cent.
The amounts o: bromate ion decomposed increased iinearly with dose at first, but subsequently the dependence became
non-linear for all salts except LiBr03 The initial 100 e.v. radiolytic yields or “ Go” values for bromate decomposition were:
0.31, 1.46, 1.71, 2.33, 3.4 and 5.1 for LiBr03 NaBr03 KBr03 RbBrOs, CsBr03and TIBr03 respectively. The yields in-
creased only slightly with temperature between —195 and 85°, and for CsBr03were almost independent of the dose rate from
8.8 X 10Mto 7.6 X 10%¥e.v. g.-1sec.-1. The radiolysis of bromate ion gave bromite, hypobromite, bromide and oxygen gas
in amounts which varied with the alkali metal cation in the salt and with the total dose absorbed. Virtually all the oxidizing
fragments produced in the crystalline salts by irradiation could be removed by thermal annealing. The radiolytic yields for
bromate decomposition could not be correlated either with the thermodynamic stability of the salts or with their isothermal
decomposition rates observed in the absence of radiation. However, an, exponential dependence of “Go” on the crystal
“free space” was found, and a mechanism for the decomposition of the molecular bromate ion could be proposed.

This study deals with the radiation chemistry of  netal brometes by and in deterining the
nmolecular |M& aditisanexdasionof details about the radrgﬁlc decorrposition ? the
our earlier 12 on the decomposition  bromate It wes of interest, also, to discover
of the bromete ion in crystalline potassiumbromete  if any of the other bronmates were nore radation
when this compound wes to various types  stable than the ium salt, if susceptibili
of energetic nudear radiation  The chief concem rajdysusvxere on the manrer in d1
hes been in determi nmmlgpa’tame_ of crystal  the crystals were oron the i ities
structure and binding to the radiolysis of the alkali  they contained, if condiitions during the iadia:

(1) (@ G. E. Boyd, J. W. Cobble and S. Wexler, J. Am. Chem. Soc., tld-s S'Ch o mrature Cﬂ.‘d m m to mink-
74, 237 (1952); (b) J. W. Cobble and G. E. Boyd, ibid., 74, 1282 mzemtlm

The deconosi produced
\Aeleneaajedbgggeltmeseqcectedﬂnt%

(1952).
(2 G. E. Boyd and J. W. Cobble, J. Phys. Chem., 63, 919 (1959).
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depencence of these on the absorbed dose, etc,
would afford a besis for comparison with the nore
@(rargdolytic be reported bgma],ai
resctor ations to ina
@Eﬂ In addition, Co® 7-radiatiors are preferred
fundamental studies, because the nethods for
radiation dose nmessurerent on them are wall
established in contrast to the situation with respect
to the dosiretry of pile radiations where gopre
ciadle uncertainty persists.

There are no publications which other
than the formation of bromice in the radiolysis of
the akali netal bromates, or which attenpt to
give anrechanismfor their radiation deconrposition
The ion of chloride, hypochlorite and dilo
rite been dosened in preliminary investiga:
tios of the decoposition of KC103 by X-rays,3
and recently Co® 7-rays have been to
?ive dhlonite, chloride and axygen gas.4 A radio-
ytic dhlorite yield of 1.2 nolecules per 100 ev.
wes dosenved, which could be reduced to 0.8 on
heatingthe iradiated salt at 20000 The conversion
of dhlorite to dnloride and oxygen wes reported to
be resporsible for the yield reduction The radk-
olysis of the nolecular chlorate ion wes interpreted
as proceeding through intermrediate C103free radk-
cals which deconposed either to chlorite or to
dnlorice

Experimental

Preparation of Anhydrous Compounds.—The lithium,
sodium and potassium bromates employed were either spec-
trochemically pure commercial products or reagent grade
chemicals. Rubidium and cesium bromate were synthe-
sized starting with the pure carbonates or with CsCl. Pro-
cedures described elsewhere6 were followed. Thallium
bromate was prepared by a double decomposition reaction
between TINO3and KBr03. The T1NO3was made by dis-
solving thallium metal (American Platinum Works) in con-
centrated nitric acid and recrystallizing once from water
containing HNO3 to minimize hydrolysis. The slightly
soluble TIBrOs formed was separated by filtration and washed
twice with cold water.

The bromide contents of the alkali metal salts were re-
duced to acceptably low levels (Table 1) by recrystalliza-
tions from water. All compounds were dried in air at 110°
and stored away from light in closed vessels. The formation
of LiBrO3H2D was prevented by storing the anhydrous
salt over a desiccant; further, the loading of samples into
paraffin-sealed glass-stoppered vials for irradiation was con-
ducted in a dry box. The crystals appeared to be stable
over many months, excepting TIBr03 which decomposed
slowly on standing in air. Both RbBr03and the CsBr03l
preparations were found to be quite free from the other
alkali metals by flame spectrophotometric analysis. The
CsBrC>2-2 preparation, however, was contaminated with
4.6% potassium and 0.73% rubidium by weight.

Characterization of the Alkali Metal Bromate Prepara-
tions.—Results from several measurements to characterize
the alkali metal bromate preparations described above are
summarized in Table I. The melting points listed in column
3 were determined by differential thermal analysis (DTA)
techniques using a heating rate of 9.5 degrees per minute.
Good agreement with literature values for RbBr03 and
CsBr03 was obtained, but not with NaBrOa (381°) and
KBr03(434°). No melting point temperature for LiBr03
has been reported hitherto. The DTA studies showed that
no phase transitions occurred in any of the alkali metal
bromates below their melting points. Above 200° the de-
composition of the compounds was accompanied by the

(3) H. G. Heal, Can. J. Chem,, 31, 91 (1953).
(4) A. S. Bakerkin, “The Action of lonizing Radiation on Inorganic
and Organic Systems,” Moscow, Acad. Sci. U.S.S.R. Press, 1958, p.

187.
(5) G. E. Boyd and F. Vaslow, J. Chem. Eng. Data, in press.'
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evolution of heat, and above their melting points the reaction
became strongly exothermic. This behavior is consistent
with the standard heats, AH@M for decomposition to alkali
bromide and oxygen gas.

The standard free energies of decomposition, AF°dec,
(Table 1, col. 5) were derived from estimations of the free
energies of formation, AF°t, based on calorimetric measure-
ments of the heats of solution of the crystalline bromates.5
The AA°dee. values reveal that all of the salts are thermo-
dynamically unstable at 298.1°K. Despite this instability
the crystals did not decompose at an appreciable rate until
they were heated well above their melting points. This be-
havior suggests that the thermal decomposition of bromate
must occur with an appreciable activation energy.

Columns 6 and 7, Table I, summarize published infor-
mation to be employed later in this paper on the crystal
symmetry and X-ray density of the alkali metal bromates.
Anhydrous LiBr03 whose structure previously was un-
known, was demonstrated as orthorhombic in a special
study. X-Ray diffraction powder patterns were taken on
all of the preparations, and an excellent agreement with the
N. B.S. Circular 539 crystal constants was obtained. The
structures of KBrCh, RbBr03, CsBrOa and TIBrCh were
hexagonal-(trigonal) and hence these compounds are iso-
morphous.

Irradiation of Samples.—The irradiations were conducted
in the 10.5" X 10.5" X 12" cavity of the ORNL Cobalt
Storage Facility where dose rates of 3.4 to 51 X 10IS
e.v. g.-1 sec.-1 in water were observed during the period
of our investigations. The temperature of the cham-
ber was uniform and varied between 80 and 105°. The
thermal decomposition of the crystalline bromates was
negligibly small at 105°. Approximately 5-g. amounts of
salt contained in glass-stoppered, 1.15-cm. diameter by
4.0 cm. high glass vials were irradiated at the center of the
floor of the chamber in a fixed geometry arrangement.
Dose rate measurements were made for almost every ir-
radiation. Irradiations at —195° were performed in 500-
ml. stoppered wide-mouth Dewars filled with liquid nitro-
gen. The samples were suspended in the center of the bath.

Three other Co® irradiation facilities were employed in
studies of the dose rate dependence of the radiolysis: nom-
inal 300,6 1100 and 10,0007 curie sources giving dose rates
in water of 1.22 X 1016 7.45 X 105 and 1.08 X 10T e.v.
g.-1 sec.-1, respectively.

Dosimetry.— Gamma-ray dose rate measurements were
made with approximately 0.025 M ceric sulfate solutions
O. 4 M in HXS048 This solution was prepared from care-
fully purified reagents and water and was “ aged” by heating
overnight at 90°. It was stored away from light and was
stable over many months.9 In the measurements 15 ml.
was placed in glass tubes (2.5 cm. diameter by 4.5 cm. deep)
which were closed-off with Bakelite screw-top caps. Dose
rates were computed from the equivalents of Ce(lIV) re-
duced, as determined by potentiometric titration with stand-
ardized FeS04solutions, and the yield values (eq. per 100e.v.)
given by the equation:10 C?(Celll) = 2.35 + 0.37(Ce(1V))V3,
which holds for concentrations from 10-4 to 10-1 M. The
reduction of the initial Ce(lY) concentration by radiation
varied from 20 to 60%.

The precision of the dose rate measurements (including
the reproducibility of the exposure geometry) appeared to
lie between one and three per cent, as indicated by results
obtained at frequent intervals.

The precision of the analytical determinations of the
amounts of Ce(lV) reduced was about 0.2%. The reli-
ability of the Ce(lV) dosimetry measurements was estab-
lished by periodic comparisons with the dose rate obtained
with the ferrous sulfate (Fricke) dosimeter.

Analysis for Radiolytic Products.—Weighed amounts
usually (ca. 1.0 g.) of irradiated crystals were analyzed for
bromide ion after dissolving them in distilled water con-
taining excess 0.1 N sodium arsenite and allowing the solu-
tion to stand for at least 30 min. After making up to 25.00-

(6) J. A. Ghormley and C. J. Hochanadel, Rev. Sci. Instr., 22, 473
(1951).

(7) W. Davis, Jr., “ The Chemical Technology Division Co®Source,"
ORNL-CF-60-3-82, March, 1960.

(8) S. I. Taimuty, L. H. Towle and D. L. Peterson, Nucleonics, 17,
103 (1959).

(9) J. T. Harlen and E. J. Hart, ibid., 17, 102 (1959).

(10) C. J. Hochanadel, private communication, June, 1959.
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Table |
Characterization op Alkali Metal Bromate Preparations
Residual

bromide content AH°dec, AF°dec. — e Crystal structure----—*-—-
Salt (p.p.m.) M.p., °C. kcal. mole' Symmetry X-Ray density
LiBrOr-I; -2 19; <5 254 + 1.5 -19.2 Orthorhombic* 3.766
NaBr03 40 355 -4.1 -22.7 Cubic6é 3.325
KBrOs1;-2 40; 9 396 -5.7 -23.7 Hexagonal” 3.256
RbBro3l1; -2 25; <6 426 -4.0 -22.3 Hexagonal* 3.919
CsBro3l1; -2 14; <5 420 -4 .7 -23.6 Hexagonal” 4.306
TIBrou 26 Hexagonal* 6.188

Ba(Br03?2 55 288

“J. H. Bums, private communication, October, 1960; Acta Cryst., in press (1961).
' lbid., 8, 18 (1958).

«1bid., 7, 38 (1957). dlbid., 8, 60 (1958).

ml. volume three (or more) aliquots were titrated micro-
potentiometrically with 0.01 N (or 0.1 N) AgNO03which had
been compared with a standardized NaBr solution. The
amounts of bromide ion found were expressed in p.p.m.
(i.e., ijg Br/g. MBr03). A small, usually negligible, cor-
rection was made for bromide in the crystals before irradia-
tion (Table 1). The foregoing procedure measures the total
non-bromate bromine produced by radiolysis. Bromite,
hypobromite and bromine which may have been formed
either in the crystal or on dissolution were reduced by ar-
senite to bromide before titration. The bromide analyses
therefore give the number of bromate ions decomposed,
and total yields were calculated on this basis. The precision
of the analyses usually was better than +0.2% as shown by
numerous determinations in triplicate. The method was
checked by standard addition techniques.

Titrations were conducted in a number of cases without
added arsenite to permit estimations of the yield for the direct
formation of bromide ion. The precision of these deter-
minations was less than when excess As02~ was present.

Total oxidizing fragments produced by radiolysis (bro-
mite, hypobromite, etc.) were determined by adding
weighed quantities of irradiated salt to an excess of 0.1000 N
sodium arsenite solution containing bicarbonate buffer and
back-titrating with standardized 0.1009 N iodine solution.

The amount of bromite formed was measured following a
procedure based on the work of Chapin.11 Here, ca. 0.5 g.
of irradiated bromate was dissolved in a solution containing
1 ml. of 5% phenol and sufficient NaOH to give an excess
of at least 0.1 N. Within 10 sec. standardized arsenious
oxide was added in an amount sufficient to give an excess
of at least 0.2 meq. After 5 min. 0.2 g. of NaHCO03 was
added, and then a 10% solution of acetic acid was added
slowly with constant agitation to the point of free efferves-
cence. [Excess arsenite was titrated immediately with
standardized iodine solution. The phenol in this procedure
acted preferentially to consume all hypobromite so that the
arsenite oxidized was equivalent, presumably, to the amount
of bromite present. The amount of hypobromite plus bro-
mine was estimated from the difference between the total
oxidizing power shown by the irradiated crystals and the
amount of bromite found.

Aqueous dissolution methods for the analysis of the
radiolysis products are limited in that the primary radiolytic
products may differ greatly from the species formed and
detected on dissolving irradiated crystals in water. Ac-
cordingly, infrared absorption and X-ray diffraction ex-
aminations were carried out, but, unfortunately, the sensi-
tivity of these techniques was too low; as much as 5% de-
composition of bromate was required to distinguish an ir-
radiated from an unirradiated crystal. Thus, CsBr03I
radiolyzed to 7.3 mole % decomposition showed char-
acteristic powder diffraction lines of CsBr; however, Li-
Br03and KBr03in which 0.3 and 2.1 mole % bromide had
been produced showed no diffraction lines attributable to
LiBr or KBr, respectively. In the infrared studies pellets con-
taining ca. 1% by weight radiolyzed KBr03mixed into “in-
frared” quality KBr were examined with a Beckman IR-7
spectrometer. The strong absorption band for Br03- ion at
795 cm.-1 was found to decrease with increased radiation
dose. Unidentified weaker bands at 875, 1025 (broad) and
1085 cm .-1 caused by irradiation were observed in addition.

(11) R, M. Chapin, J. Am. Chem. Soc., 56, 2211 (1934);
and M. Lewin, Anal. Chem., 19, 662, (1947).

L. Farkas

6N. B. S. Circular 539, 5, 65 (1955).
! Ibid., 8, 45 (1958).

Isothermal Decomposition of the Alkali Metal Bromates.
—A number of auxiliary experimental studies were con-
ducted to give a basis for an interpretation of the observed
radiolytic decompositions. One of these involved the
measurement of the isothermal decomposition rates in air
of LiBr03 KBr032 and CsBrOa-2 in experiments where ca.
5 g. of crystals in a porcelain boat were heated at various
temperatures between 150 and 350° in a tube furnace con-
trolled to £2°. The decomposition to form bromide at a
given temperature increased linearly with time and the rates,
k (p.p.m. hr.-1), when plotted as log k vs. 1/T gave parallel
straight lines whose slopes corresponded to an apparent
activation energy, f?a, of 40 + 2 kcal. mole-1.12 This value
is approximately the same as the dissociation energy for the
Br-0 bond. The thermal decomposition rates at constant
temperature were: LiBrOa > KBr03 > CsBr03. An ali-
quot of KBr03heated for 24 hr. at 325° was titrated for
oxidizing power and none was found; the thermal decom-
position appeared to go entirely to bromide and oxygen gas.

Role of Surface Area in Thermal and Radiolytic Decom-
position.— A possible dependence of radiolysis on surface
was investigated using the RbBr031 preparation which was
obtained in large crystals. An aliquot was pulverized and
irradiated together with some of the original preparation
to a dose of 0.478 X 1023e.v. mole-1: 668 + 4 and 671 + 1
p.p.m. Br- ion were produced, respectively, indicating that
the extent of surface was unimportant. In another experi-
ment KBr032 was irradiated to a dose of 551 X 102 e.v.
mole-1 to give a decomposition of 1.15 mole %. A measure-
ment of its specific surface by krypton gas adsorption at
—195° gave 0.022 m.2 g.-1; the same KBr03 before ir-
radiation showed an area of 0.0225 + 0.0005 m.2g.-1. A
surface area determination on an aliquot of KBr032 heated
at 322° for 16 hr. to give a 1.19 mole % decomposition gave
0.0364 + 0.0020 m.2g.-1 suggesting, in contrast to radioly-
sis, that pyrolysis occurred on external surfaces.

Determination of Oxygen Gas in Irradiated Salts.—The
irradiated salts were found to evolve gas in perceptible
guantities when they were dissolved in water. Accordingly,
several quantitative measurements (Table I11) were made
of the amounts of oxygen released using a gas chromato-
graphic method. Extensively irradiated crystals were
placed in a closed vessel connected with a vacuum line and
were dissolved in de-gassed water after the system had been
evacuated. The gases liberated were transferred under low
pressure (<5 mm.) to a Perkin-Elmer Model 154C chro-
matograph with which a separation and determination of
oxygen was performed using an 8-ft. column of Linde Type
5A Molecular Sieves at 100°. Blank determinations with
unirradiated samples gave 13 to 19 /A/g. (STP) of gas
which appeared to be occluded air because a nitrogen “ peak”
was noted also. The gas yields reported in Table Il may be
low; the salts measured were irradiated in air and some
oxygen may have escaped from the crystals.

Optical and Electron Microscope Examinations of Ir-
radiated CsBr031.—A series of eight samples of variously
irradiated CsBr031 showing decompositions from 0.3 to
7.34 mole % were examined under an optical microscope
at 1000X magnification using dark-field illumination.
Significant changes in appearance with increasing dose were
observed: (a) initially the crystals were translucent and of

(12) Recent observations on the rate of decomposition of bromate
in molten salts have given 42 kcal. mole“1for Fa: F. R. Duke and W.
W. Lawrence, J. Am. Chem. Soc., 83, 1269 (1961).
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Tabte Il

Gas Yields from Radiolyzed Alkali Metal Bromates

E.v. ab-
sorbed/ <02, (?(BrC>3-),
Mmoles O2 molecules molecules
Salt X 10"3 yl. 02/g. Mole Br03" 100 e.v. 100 e.v.
LiBrOs-1 9.84 453 + 10 2.725 0.17 0.32
KBrOs-2 11.99 3571 + 58 26.60 1.29 1.07
CsBrOs-1 16.22 6757 + 13 78.61 2.92 2.73

regular geometric shape, but, at 1.14% decomposition, they
became “milky” and the surfaces appeared “soft.” For
larger doses the crystals became opaque and appeared to be
filled with a large number of minute bubbles. The bubbles
(or light-scattering centers) were less than 0.1 min diameter;
(b) no shattering of the crystals to give smaller particles was
observed as reported for irradiated KC1043 except with the
most highly irradiated sample where an internal frag-
mentation seemed to occur. These observations appear to
be consistent with the lack of change in surface area with
irradiation noted above. Gas bubble formation has been
reported to occur in the radiolysis of alkali metal nitrates,13
and pressures of several hundreds of atmospheres in them
have been estimated.

Formation of Oxidizing Species in Radiolysis.—The
intermediate oxidation states of bromine appeared to be
formed in significant yields (Table I11). The value, “ G-
(Ox.),” for the yield1l of the oxidizing fragments may be
compared with the yield for bromate decomposition, G
(Br03-), and with the yield for the direct formation of
bromide, G(Br-). It may be noted that “(?(Ox.)” and the
average oxidation number decreased with the absorbed
dose and for approximately equal doses were dependent
on the alkali metal cation in the salt. The average oxida-
tion number for LiBr03 appeared to correspond closely
with that expected for an equimolar mixture of hypobromite
and bromite, but with the other salts the formation of
bromite seemed to be favored relatively.

Tabte Il

Formation of Oxidizing Species in Alkali Metal Bro-

mate Radiolysis

Dose “"Oxidizing "Av. Radiolytic yields
(e.v. power” oxida- (molec./100 e.v.)
mole-1 (meq. tion G-
Salt X 10-23) mole_1) no.” “(?(0x.)” (2(Br~) (Br03-)
LiBrOs-2 6.44 6.70 2.0 0.21 0.13 0.33
NaBrOa 0.491 2.69 2.8 .87 .65 1.52
NaBrOa 5.30 16.4 2.4 .55 98 1.52
NaBro03 6.06 20.8 2.3 .64 .88 1.48
KBrOa-2 0.547 3.01 2.8 .87 .83 1.61
KBro032 5.90 15.0 2.4 .46 1.07 1.53
KBrOs-2 6.56 15.5 2.5 41 97 1.35
RbBrOs-2 9.99 49.1 2.6 .82 1.02 1.85
CsBrOa-1 16.22 45.3 2.4 .49 2.23 2.73

The amount of bromite formed in the CsBr031 prepara-
tion (Table I11) was determined as 8.2 mmole mole-1 follow-
ing the Chapin procedure. The amount of hypobromite,
estimated from the difference between the total “ oxidizing
power” (45.3 meq. mole-1) and that by the bromite (32.6
meqg. mole-1) assuming no other oxidizing species were
present, was 6.4 mmole mole-1. The yield values, G(Br02-)
and (?(BrO-), were 0.30 and 0.24, respectively.

The color of the irradiated salts varied from light yellow
to gold with increasing dose absorbed. A gentle heating
virtually bleached the color and this change was accompan-
ied by a nearly complete reduction in the oxidizing power
of the crystals (Table 1V). Interestingly, the bromate de-
composition, measured as total bromide after the addition

(13) G. Hennig, R. Lees and M. S. Matheson, J. Chem. Phys., 21,
664 (1953).

(14) The difference in the titers of the radiolyzed salts for bromide ion
with and without added arsenite gave the number of mmoles bromine
per gram associated with the oxidizing fragments. The ratio of the
“oxidizing power” (meq./g.) to the mmoles Br/g. so determined will
give the change in the bromine oxidation number relative to bromide,
and hence the "average oxidation number” of the oxidizing fragments
in the crystal lattice.-
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of excess arsenite in the standard procedure, decreased
slightly suggesting that while most of the oxidizing fragments
decomposed to give bromide (and oxygen gas) a small frac-
tion must have re-formed brémate. The “direct” bromide
contents of the irradiated crystals (no arsenite) increased
after heating. A measurement of the infrared absorption by
the annealed crystals also showed that the weak, 7-ray
induced bands at 875 and ea. 1025 cm.-1 noted earlier had
been removed.

The pH of 0.14 M aqueous solutions formed by dissolving
unirradiated, irradiated and annealed CsBr032 in 25 ml.
of freshly boiled triple-distilled water were 7.2, 9.4 and 6.8,
respectively. Dissolution of equal weights of irradiated
and unirradiated LiBr032 in water gave solutions (0.74 M)
with pH’s of 5.3 and 9.3, respectively. The alkalinity in-
crease, however, may not be ascribed solely to the reaction
of trapped electrons with wa:er to give hydrogen gas and OH ~
ion as in experiments with irradiated Ba(N032&% Hypo-
bromite ion was formed in amounts easily sufficient to pro-
duce the observed alkalinity.

Experimental Results

Treatment of Data—The measured decom
positions detenmined as p.p.m Br- were converted
to a nmole Br~ per nole alkali metal bromeate to
place the varios salts on a conparable besis.
The absorbed doses were estimated as follons:
(@ The total dose (ev. g.-1) in ceric sulfate wes

fromthe neasured dose rate and the tine
of irmradiation which wes determined with good
accuracy, (b) the dose absorbed by a given salt

(ev. g.-1) wes found by multiplying “geric
sulfate dose” by the ratio of the electrons per gram
fortre sAlt to for tie dosinmeter solution (3.346

X 1033, and this resultwas multiplied by the nolec-
ular weight of the salt to give the dose as ewv.
mole-l. The of an “electron Per
gramratic”’ for the conversion factor may e less
aocurate then the use of the ratio of the respective
energy aosormption ness attenuation coefficients at
125 Mev. for the aeric sulfate dosineter and the
salt  The ratics of the latter conversion factor to
the formrer for CsBro3and for LiBrO3 for exanple,
are 1034 and 0.988, respectively. A nore senos
error in absorbed dose estimates with Cod) 7-rays
may arie if low energy scattered rediation is
present irsice the source 6 Becalee of the strag
ernergy of tie absorption of low energy
7- high Z elerents, much nore dose may
e them than will be estimated from
the average . The amsernce of significant
anmpunts of soft radiation in the source used in this
work wes denorstrated by eqeerinents wherein
duplicate es of dosimeter solution, LiBro32
and RbBro32, ware irradiated with and without
a 6mm lead sheath surounding the es.
;I'his tfid«essvmsfﬁcieg&poel renove rmst]c %
oW ernergy conmponent. ectrors from
leedwere absorbed in 3.2 mm of aluminumbetwneen
the sanple ad the leed  The dbsenved ratios of
ition yield in the shielded to the un
shielded sanple irradiated simultaneowsly were
0.5%, 0589 ad 0.593 for the Ce(lV) dosineter,
LiBrGs and RbBro3 respectively.
The yields for the radiolytic

ition of
bromete ion (G values In nolecules 100 ew.
in the varios alkali salts were

derived the initial slopes of the cunes in

(15) A. O. Allen and J. A. Ghormley, J. Chem. Phys., 15, 208 (1947).
(16) W. Bernstein and R. H. Schuler, Nucleonics, 13, fill, 110
(1955).
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Fig. 1.—Radiolysis of the alkali metal bromates by Co® 7-rays (symbols with “flags” for second preparations of salt).

Table IV

Thermal Annealing of Oxidizing Species in Radiolyzed Alkali Metal Bromates

“Oxidizing power” Total bromide content Direct bromide content

Dose (raeq. mole (mmole Br~ mole-1) (mmole Br- mole-1)

(e.v. mole-1 After After After
Salt X 10-23) Initial heating Initial heating Initial heating
NaBrOs 5.30 16.4 0.34* 13.4 11.8" 8.64 11.6°
KBr032 5.90 15.0 1.2 15.0 14.7¢ 10.5 14.8°
CsBr032 13.8 65.6 3.&b 60.5 54.66

0 Heated 20 min. at 300°. bHeated 1 hr. at 250°.

Hg ladareplotted inFHg 3. Nurerical values
for these slgpes were taken from least squares fits
which were mede to a linear equation for the data
on LiBro3and NaBr03 and on KBrO3 exoept at
large doses.  The dose depe of the decom
position of the other alkali netal salts were suf-
ficiently nonHinear that the data were better fitted
%meqationoftkefonﬂ y = kix/(1+ 2\/x),

y Is the deconposition and x is the absorbed

Qualitative Features of the Radiolytic Decom-
positions—AS be deenedin Hg 1and 2 the
reciation itions uniformly incressed with
dose, and there were o discontinuities in this
dependence in contrast to the behavior
with the alkali metal nitrates. 7B The i-
tion incresse with dose wes lirear initially;
ever, above about 1 nole % radiolysis the incresse

(17) J. Cunningham and H. G. Heal, Trans. Faraday Soc., 54, 1355
(1958).

(18) E. R. Johnson and J. Forten, J. Phys. and Chem. Solids, 15,
218 (1960).

wes less rapid with RbBros and CsBrO3and pos-
sibly with KBro3 A on the
nature of the cation may be noted, there beirng at
lesst a tenfold difference in yield between the
ossium ad lithium salts. In soe cases electron
structure may haeve been inportant TIBrO3 for
exanple, to be much nore
than RbBrO3 with which it is i ic. No
differee between 1iBrO3 and LiBrO3 wes
foud k

composition wes not large,

but the actual differece in isotopic
L Vs Kotk Sségdthat if a sl IS%I
effect in S ex it probably woul

tr%t?ehalve been detectg No 4

on the crystal ion wes oosened with the

lithium or rubidium bromates where two inde

syntheses were el The CsBroO3l

on differed significantly from CsBr032

(Tables 1V and V1) ; much of this can be attributed

to the inadvertent contamination of the latter with

potassium honever.
Temperature Dependence of Radiolysis.—Meas-
urenents of radiolytic yields at liquid nitrogen term-
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peratuea”dat@. 85° for the sane absorbed dose

in Table V. The ition
V\esgeateratﬂehlg‘er the in
creae gppeared the largest for LIBrO3  Corsicer-
wgﬂ*eaqcpreuakjetmmraturemterval (ca 280°),
honever, on wes quite I
STl terrperature coeffidents also have
sened over the sane rage
radiolysis of the alkali netal nitrates.I7 It wes of
particular interest, furthermore, to dosene that
the formation of axidizing products in the radioly-
sis of NaBrO3and KBr032 wes at —195°
thanat 85°. The ratics of the yield at the higher
to that for the loner tenperature were 0.87 and

0.73, respectively.

Table V

Temperature Dependence of Radiolysis of Alkali

Metal Bromates

Decomposition

Dose, M moles

Temp. m%;g-l Blgl_e/ Molec./ G(85°)/
Salt (°C.) X 10-M BrOa“ 100 e.v. G(—195°)
LiBrCVI 85 0.363 0.256 (0.42)
-195 .363 172 .29 137+ 014
LiBrOs-I 85 .753 408 .33 T
-195 .753 327 .26
NaBro03 85 .150 .361 1.45
-195 .150 251 1.01 135 + 0.09
NaBr03 85 491 1.235 1.52 e
-195 491 0.980 1.20
KBr032 85 167 AT76 1.72
-195 .167 .368 1.33
KBrOs-2 85 457 1.360 1.79
-195 457 1.064 1.40
KBrOa-2 85 547 1.465 1.61
-195 547 1.313 1.45 123 £0.13
KBrOa-2 85 615 1.628 1.59
-195 615 1.490 1.45
KBrOj-2 85 947 2.560 1.63
-195 947 1.883 1.20
RbBr032 85 762 2.700 2.14
-195 762 1.837 1.45 1.47
CsBro3IX 75 903 5.424 3.62 116
-195 903 4.678 3.12 ’
Ba(BjP32 95 373 1.188 1.92
195 373 1063 172 i2* 001

Dose Rate Dependence of Radiolysis.—I\Veasure-
ments were to determire if, for a con
stant total dosg, ﬂqerajolysismesc%?:rb'tm
1V} Iicats only & Svall Copancbros 2 fho cobe

indicate only a &
rate wes |mease()j/ by 85-fold

Table VI

Dose Rate Dependence of the Radiolysis of CsBr032

(Dose = 0.831 X 10Ze.v./mole CsBroO-,)
Decomposition
Dose rate (mmoles Br“/mole G(BroOi-)
(ewv. g.-1 sec. 1) ros* molecules/100 e.v.
8.86 X 1014 4.637 3.36
6.46 X 1015 4.436 3.21
3.21 X 106 4.672 3.38
7.51 X 106 4.903 3.55
Discussion

Correlations of Susceptibility to Radiolysis.—=
From the data presented in Table | and in Hg, 1
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Fig. 2.— Comparisons of radiolysis of crystalline bromates for
small doses.

Fig. 3.—Dependence of initial radiolytic yields on “crys-
tal free space.” (Data for nitrates from ref. 21, open circles;
and from ref. 22, filled circles.)

it may be conduded that no correlation exists be-
tween the radiolytic yield ad either the standard
free energy of formation of the alkali netal bronates
or the standard free for their ition

to bromice ad ges. The APdm values
for the salts differ y, Wheress thelr G values
for ition vary by an order of megnituce.

This lack of parallellsm is, of course, not surprising
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when it is rerenioered that rediolysis is a rate and
not an equilibriumproosss.

The lack of a similarity in the nechanisrs
goverming the rates of thenmal and rediation de-
conposition perhaps is more interesting The evi-
dernce for a difference may be sumarized  (a)
Theral aooreciable
ac_tlvatltlan energy (ca. 40 keal. rglole-l) while radiol-

IS, at least Up to ca. 100°, is almost tenperature
?rsldeperdml; (® The orcer for incressing the
thermmal deconposition rate at a given tenperature
wes LiBro3 > KBr03 > CsBr03 wheress the re-
verse order held for radiation deconposition, (0
Thermolysis produced an increese in the surface,
but no detectable dnange in area cocurred in the
rediolyzed crystals. Further, radiolytic yield did
not gopear to deperd on partide size,  (d) The
akali metal bronates are colored by exoosure to
Y-rays, and axdizing fragments are proouced in
them No ocoloration nor axidizing fragnents were
aosenved in the thermelly

The

that thermal deconposition takes
the crystal surfaoce, possibl the formation
of nudei of alkali netal ide folloned by an
interface reaction between this product and bro-
mate. Radiolysis, in contrast, must ocour mainly
at random in the crystal lattice or possibly in the

vicinity of defects.

Support for the hypothesis that the node of
rediolytic decomposition of the dkali netal
bromates must be dependent on crystal lattice
properties hes been found in the correla
Ugwysgl ﬁf&r initial y'%% I((3) ues) with the
“ Space.” atter quantityl3 may
be defined as the difference between the volume per
nole of crystal derived from the X-ray dersity and
the volue per nole of corstituent ios.  The “free
space” volures per nolecule of alkali metal brorete
plotted in Hg. 3 were estinmated using the dersities
inTable 1. The volune per bromate ionwes com
puted as 28.7 A.3from the Br-0 bond distance®
and the radiusDof Br+6  The volures of the alkali
radi. The “free speoe” in the alali metal
nitrate crystals wes estimated in a similar mermer
wsing a volume of 196 A3 for the nitrate ion
Initial radiolytic yield values at 25° for the de
conposition of the nitrates by Co® 7-rays were
taken from two indegpendent sources 22 The

al dgpendence (Fg 3) of Qon the “free
soece” over a tenfold rage the alkali nmetal
bromates and over nearly 100-fold for the nitrate
is of interest because it enahesizes the inportance
of crystal erviroment to rediolytic  processes.
Furthermore, the existerce of an epirical
relatiorship might be expected from an elenentary

ace largely at

nocdel for the Howaver, the correla
tion noted in Hg. 3r‘r\2?/be ject to limitations:
For exanple, the @ value for TIBrO3 which pos-

565 nearly the sane “free space” as RbBro3

(19) “Interatomic Distances,”
1958.

(20) L. H. Ahrens, Geochim. Cosmochim. Acta, 2, 155 (1952).

(21) C. J. Hochanadel and T. W. Davis, J. Chem. Phys., 27, 333
(1957).

(22) J. Cunningham, J. Phys. Chem., 65, 628 (1961).

The Chemical Society, London,

G. E. Boyd, E. W. Graham and Q. V. Larson
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wes much higner then fromHg 3 Addi-
tionally, the Q0 for AgNO3 hes been foundl to
fall below the smooth cune relating the alkali
metal nitrates, wheress the cunve for the alkaline
earth nitrates lies above the latter. On the other
hand, the high GQvalue doserved with TIBro3may
have been cased in part by the thermal decom

ition of this highly unstable ad it
been that the low value for AgNO3
results from the efficdent trapping and on
of erergy by siherios.
The gpparent exporential of on

crystal free soace is reminescent of the well-
knoan lal dependence of reaction rates in
solution on pressue3 The amalogy between
these processes and the case in hard is reenforced
by the doservation that the disruption of a brormeate
ion to yield bramide plus three axygen atons gives
a 37.3 A.3wvolure increese. Altermatively, decom
position to give nolecules d be ac
conpanied by a volure incresse of 586 A.3 per
ion The anount of activation erergy required
for the diffusion of radiolytic oxygen from the site
of decomposition should be oal to the
strain it cases in the orystal; this strain for a
gven volure inoresse, will be the greater the
srdller the interstitial space in the lattice and the
greater the crystal binding
State O;Tgisﬁs?sctiatjsg anl(ij’e Frzita(ja_dc;;t _Absorbed
Energy.— in jolytic process,
of course, is the absorption of which subse-
quently can be utilized ina dhemical process.  For
sall decorrpositions it seens ressoreble to as
surethat the break-up of excited orionized bromete
iors oocurs at Wickly separated lattice sites in the
crystal, otherwisg, it |(sjr dﬂflajttolmmfre& the
noted above.  Exciton migration to lattice
] preferred de-
bromate might oocour would afford

or spedial ng centers were a
coposition
an altermative nechanism  This altermative is
regarded as an unlikely ane, honever, because an
exceptionally large concentration would e
red to swstain the initial radiolytic rate,
which is estimated as 4.7 X 1016 bromate ions per
cm3 per sec in CsBro3l to a doese rate
of 32 X 106ev. g-1 sec-1.  If, for exanple, the
energy required to_produce a lattice vacancy at
room tenperature is taken as oe e, the con
oertratgxwof&:kotthdefedswll beonly4 X 106
percm

An idble fraction of the electronically
excited ions forred in the lattice must
decompose. Thus, for CsBrO31 it can be esti-
meated that roughly 30 ev. of is alsorbed
per Bro3 ion If the first excited electronic state
ofﬂe;%w Ilesatbj.%%v. dawelfecglrardstate
a5 is indicated strong optical absorption
band at 2700 A found with agueous solutions,
then at least 15% of the excited brometes de
conpose.

Mechanism of Decomposition of the Molecular
Bromate lon—Assuning that the 7-ray erergy

(23
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, pp.
470-474.

S. Glasstone, K. Laidler and H. Eyring, "The Theory of Rate
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absorbed divides approximetely equally into ex-
citingand ionizi brmateioraythe prin)qaryradio
Iytica:tnayber%:)ictedas

(1A)

Br03~-
hv
Bro3+ e (1B)
The decorposition reactions folloning excitation
are, then, fomally

.+ 0,or, Bro2+ 0 (2A)

Yo Jm—— > Bro~ + 02 (2B)

—A~"Br — O F02
Alstraction reactions
Bro3_ + O — > Br02 + 034g), 3)
recorbination resctions
0+0 — > 0%0g)
Br02- + 02— ~ BrOs- + O
and thermal deconposition reactions
Bro2- — > Br- + 02 (5)
'blberol ; obterlr%mt{g; 'eIctsOfoftheilr
possible roe in ning ret yi ges
and axidizing fragrents.
The @&rrertal evidence bearing on the occur-
renceof reactions may e examned
(1) The analytical determinations of oxidizing
of bromite and ite in radio-
lyzed CsBr03l and of bromice by argentioetric
titration and by X-ray diffraction suggest that
reactios 2A-C, inclusive, occur.  Bromite
and hypobromite, which were odoserved only in
solutions, may have been formed by the
reaction of trapped broate (or other) free radicals
with water on dissolving the radiolyzed crystals.
The formation of a relatively large number of free
radicals would have been required, however, ad
Dt In e el el ot S
in [ €,
the average oxidation nunber of the oxidizing
bromine gpecies in the S wes much loner
gf.g., 2.0 to 3.0 meg/mole) than that

(2C)

(4A)
(4B)

expected

e.g., 6.0 meg/mnole) if bromete free radicals or
it BrO2were present (Table 111). It wes assured
%2A—C) that negatively charged bromine gpedies
neutral oi&en ators were fomed The
electron affinities2l for atomic bromine (354 ev.)
ad (234 ev) are such as to favor the
formetion of Br- O rather than Br + 0".
Values for the other bromine axidation states are
unknoan, but, if their electron affinities are nearly
the sare as for C102 and CIO, respectively, then
Br02~ ad BrO- will be favored over Bro2ad

BrO,
(2 The astraction reaction 3 would ke ex
pected to be tenperature and dose rate dependent

(24) 11. O. Pritchard, Chem. Revs., 52, 529 (1953).
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The ower-all bromate deconposition, honever,
g}&ﬁred to be alnost i of these vari-

es (Tables V and VI), so that it must be con
duded that the formation of BrO2 via (3) wes
relatively minor.

(3¥ag['heooarreme0f reaction4Aiss by
the that axygen ges is released either on dis-
or heating the radiolyzed crystals,

P e i o Y
ion m C es
formed in the of the S. O()/genato;mga?
arewfﬁcierc‘iﬂyéi srall {ca. @é per atom) ﬁiat
they shoul filse crystal essily.
The concentration of 'nedatomssknjdt);e

extreely sell; reaction ishi exthermic,
()] Fe)f/actiors 1B a”d%/e%‘g] postulated
to eqlain the fact that radiolyticallgeproolmd
axidizing fragrents in the crystal can be renoved
by thermal aedling Reaction 4B nust have
occurred to a relatively minor extent as only asall
fraction of the fragments recorbired to give
bromate on heating  Reaction 5 may only repre-
sent the net of reaction 2A to give BrO2 + 0O~
folloned by
Bro2— > Br + 02 (5A)
Br + O- — >Br- + O (5B)
Bromine dioxdce is knonn to be quite urstable
and to exist only below —40°.

G 1t will assured that reaction 4B can
proceed by radiation excitation of the t 02
nolecules (exciton trarsfer) held under high pres-

sues within the crystals. This reaction would
aoocourtt, at least in part, for the norHinear de-
ﬁthteofbmmtelmradldyssmobse(ﬁﬁl)
large absorted doses.  Bvidence for this kind
of a radiation annealing reaction hes been pub
lished recentlysS a KBr pellet wes irrediated in
an of dry oxypgen with 15 Mev.
electrors to a dose of about 102 ev. g.-1 and ex
amined for its infrared ion In_addition
to an absorption band at 1440 c-1 (Which could
have been from KBrO) the principal band for
KBr():i at 795 cm-1 wes oosened  The potential
importance of exciton trapping by radiolytic
products in determining the kinetics of the radia-
tion aldecu‘rmsﬁm of solids Orfes ﬁg‘l pointed
out arg
GBIl et OIS TSt b Tl
Acknou —It is a plessure to acknowl-
the assistace given by several memers
of the ORNL Analytical Cremistry Division in
various pheses of our researdes. D. E Lavalle
for_the synthesis of the 1iBr03 RoBrCb ad
CsBro3 os and C. A Pritdhard for the
flare ric analysis of the latter two com
, C M for the DTA and TGA
eammatios ad R Semen for the X-ray
RS Mers and 1) R Tor e microoogen
rs . n MICro-oxygen
analyses onthe irradiated s; T. E Willnarth
for the optical and electron microsoope _studies
ad C A Horton for the preliminary infrared
messurenents.

(25) A. R. Jones, Science, 127, 234 (1958).
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DISSOCIATION CONSTANT OF 2-AMMONIUM-2-METH YL-1,3-
PROPANEDIOL IN WATER FROM OTO 50° AND RELATED
THERMODYNAMIC QUANTITIES

ByHannah B. Hetzer and Roger G. B ates

National Bureau of Standards, Washington %5, D. C.
Received September 15, 1961

The base 2-amino-2-methy1-1,3-propanediol,

like the closely related compound tris-(hydroxymethyl)-aminomethane,
is a solid substance of considerable use as a biological buffer material.

The acidic dissociation constant, Kbh, of the sub-

stituted ammonium ion conjugate to the free base now has been determined at 11 temperatures from 0 to 50° by measure-

ment of the electromotive force of hydrogen-silver chloride cells without liquid junction.
tion of the temperature (T) in °K. by the equation —log Kbh = 2952.00/21— 2.2652 + 0.00390927'.

The results are given as a func-
The standard changes

of free energy, enthalpy, entropy and heat capacity for the dissociation process have been calculated from the temperature

coefficient of the dissociation constant.

For the acidic dissociation of 2-ammonium-2-methyl-1,3-propanediol at 25°, the

following results were obtained: AG° = 50,238 j. mole-1, AHO = 49,860 j. mole-1, ASO= —1.3j. deg.-1 mole-1, and ACp° =

—45 j. deg.-1 mole-1.
are AG° = 29,656 j. mole-1, AH® =

Introduction
The dissodiation cornstant of the protonated acid
form of 2-amino-2-(hydroxymetiwl)-I-,3-propane-
did, knoan aso as_tris-(hydroxyethyl)-amino-
methane, from 0 to 50° wes deterined recently in
this Laborator¥615 This bese is dotainable inhighly
leen enployed extersively as an
acloinetne standard and in the on of buf-
fer solutions of particular use in bidlogical studies
intre pHrae 7109 The related compound, 2-
amerretJ‘le%— o, also a sdid at

is a water-soluble anrngu‘yf?
V\hdwhasfajﬂsmeweasabldogaal

ght be expected, it is a stronger bese
qw )aminonethane.  The nagac
tlve ithm of besic dissociation corstant of
hes been found from pH nessure-
rrmtswmﬁegasselec:t]mbtobe524at25°2
The adidic dissociation corstant of 2-anmmonium:

2- -1,3- iol ion inwater nowhes been
cmewnmwrmmectmi\efaoermﬁmw
the range O to 50°. ﬂedrargasof
free erergy, enthalpy, entropy and heat capec

for the dissodiation ﬂ‘eﬁeebaseardlts%
add have been denved from the drange of
sociation constant with tenrperature.

Method

The electromotive force method used315is essentially that
devised by Harned and Ehlersr for the study of acetic acid.
It has been modified as necessary to apply it to bases in
whose solutions the silver-silver chloride electrode has an
appreciable solubility. A cell without liquid junction was
employed

Pt; H,(g, 1atm.)(HOCH22ZC(CH3NHXI(inl), (HOCH2ZX
(CH3NHZAmM2), AgCl; Ag

where mi and m2represent the molalities of 2-ammonium-2-
methyl-1,3-propanediol chloride and that of the correspond-
ing free base, respectively.

The base reacts with the silver-silver chloride electrode (to
form the silver-amine complex) to such an extent that cell
vessels with large-bore stopcocks separating the electrode

(1) R. G. Bates and H. B. Hetzer, ./. Phys. Chem., 65, 667 (1961).

(2) S. Glasstone and A. E. Sehram, J, Am. Chem. Soc., 69, 1213
(1947).

(3) R. G. Bates and G. D. Pinching, J. Research Natl. Bur. Stand-
ards, 42, 419 (1949).

(4 R. G. Bates and G. D. Pinching, ibid., 46, 349 (1951).

(5) H. s. Harned and R. W. Ehlers, J. Am. Chem Soc.,
(1932).

54, 1350

For the basic dissociation of 2-amino-2-methyl-l,3-propanediol at 25°, the corresponding quantities
6720 j. mole-1, Aso = —76.9j. deg.-1 mole-1, and AcP =

—150 j. deg.-1 mole-1.

compartments were required.3 Since the stopcock was
opened only at the time of measurement, diffusion of silver
ion to the hydrogen electrodes was largely prevented, as
evidenced by the absence of a gray deposit of silver on the
hydrogen electrodes at the conclusion of the experiments.

The dissociation of 2-ammonium-2-methyl-I,3-propane-
diol ion may be formulated as

BH++ HD ~ 1B + HY+ 1)

The general equation for calculating the acidic dissociation
constant, Kbh, is obtained by combining the mass-law ex-
pression for equation 1 with the Nernst equation for the
cell and with the Debye-Hiickel expression for the activity
coefficients (T,) of the ions concerned. The resulting equa-

tions are
—log Kbb = —log Kbh — &1 = p(an Yci) +
lo g HP—I-;___________Z_A_‘_Y_'_I____ (2)
1+ Ba*Vv
where
P(uh Yci) = —log (7h Yci bih) =

E—FE°
2.30259K37F + log m°1 (3)

In these equations, E and E° are the e.m.f. and standard
potential of the cell, A and B are Debye-Hiickel constants,
| is the ionic strength, and a* and d are adjustable param-
eters of which the former is termed the “ion size param-
eter.” It is evident in equation 2 that Kbh' is an “ap-
parent” dissociation constant which becomes equal to the
true .Kbh at an ionic strength of zero.

In the application of these equations to the data obtained
for approximately equimolal buffer solutions of 2-amino-2-
methyl-1,3-propanediol and its hydrochloride, two correc-
tions were considered. First, the computation of p(as
Yci) by equation 3 may have to take into account the in-
crease in mci in the vicinity of the silver-silver chloride elec-
trode resulting from the formation of the amine-silver com-
plex ion, and second, allowance for the effect of hydrolysis
on the equilibrium concentrations of B and BH+ in the
second term on the right of equation 2 may have to be
made.

To derive tobn+/ wip from mi/m2 corrections for hydroly-
sis were made with the aid of hydroxyl ion concentrations
estimated directly from the e.m.f. and the dissociation con-
stant of water in the manner suggested in an earlier paper.6
In the extreme case, however, the correction amounted to
only 0.0005 in log .Kbh'.

The increase of mci in the immediate vicinity of the silver-
silver chloride electrode is equal to the molality of diammine-
silver complex formed in the reaction

AgCl + 2B AgB2+ + ClI- 4)

The true molality of chloride was calculated at 0, 25 and 50°

(6) R. G. Bates, G. L. Siegel and S. F. Acree, J. Research Natl. Bur.
Standards, 31, 205 (1943).
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from mi, the solubility product constants of silver chloride,7
and values of K; (the stability constant of the diammine-
silver complex ion) derived from measurements of the
solubility of silver chloride in 0.1 M solutions of the base.
The calculation has been described by Bates and Pinching.3
For mil = m2 = 0.1, the correction increases p(as Yd) by
only 0.0006 at 0°, 0.0010 at 25°, and 0.0014 at 50° above
the values calculated on the assumption that wici = to,.
For mi = mi = 0.15, the correction is 0.0011 at 50°. The
effect of solubility is therefore almost, but not quite, negli-
gible.

The following values of log Ki were found by solubility
measurements

0° log K, = 7.79
25° 6.90
50° 6.18

Datta and Grzybowski8assumed that the ammine complex
forms in two steps and, by a titration procedure, obtained
log Ki = 3.20 and log (2=3.6 7 for the successive stability
constants at 25°. The sum of these two figures (6.87) is in
good agreement with the value 6.90 found by us.

Experimental

Electromotive force measurements were made of 19 buffer
solutions in four series. Each series of solutions was pre-
pared by diluting a stock solution made by combining stand-
ard hydrochloric acid, the solid base and carbon dioxide-free
water. Before the cells were filled, the solutions in each
series were deaerated with purified hydrogen saturated with
water vapor. The preparation of the acid and the electrodes,
the sequence of the e.m.f. measurements, and other details
have been described previously.139

The free base, 2-amino-2-methyl-1,3-propanediol,10 was
recrystallized three times from reagent-grade methanol,
dried first in a stream of dry nitrogen at room temperature
and then in a vacuum oven at 55°, and stored over calcium
chloride. The melting point was 111° with a rate of heating
of approximately 1.5° min.-1. The material assayed 100.0
+0.1% when titrated with the standard solution of hydro-
chloric acid, precautions being taken to minimize access of
carbon dioxide. The end-point, calculated from the approx-
imately known strength of the base, was taken as pH 5.0
for a solution 0.05 M at the equivalence point. Adjustment
to the end-point was made with the aid of a pH meter with a
glass electrode.

Results
ﬂqgf%%lf. valu&(;lfsted in Table | alre ﬂ(‘je1 av(ge
reaedi two silver dhlori
S s e
as to aparti am ry hydro-
gen The average difference between the icate
readings at 25° wes 0.02 mw.

Valuesof —ogk v Were calculated by equation 2
for several values of a*. The value ax = 0 gave
a straight lire plot at all ad there-
fore waes used for the evaluation of —log kon-
The extrapolation lires for 0, 25 and 50° are shoan
in Hg. 1 The best rectilirear fit of the calau
lated values of —logx » n - Wes dotained with the aid

ofmeIBM704m_1PJter.
The values of —log kbh (the i a1 =
0), together with the deviatiors of the

integﬁots( and values of «\, are summarized
in T ell.q'l'hebasicdissaéiatimmr’stant,m,
wes dbtained from«un by the relation

Kb= KJKbh (5)
where « w is the ion product corstant for water. 11

(7) B. B. Owen and S. R. Brinkley, Jr., J. Am. Chem. Soc., 60, 2233
(1938).

(8) S. P. Datta and A. K. Grzybowski, J. Chem. SOC., 1091 (1959).

(9) R. G. Bates, “Electrometric pH Determinations,” John Wiley
and Sons, Inc., New York, N. Y., 1954, pp. 166, 167, 205, 206.

(10) Supplied through the courtesy of Dr. John A. Riddick of Com-
mercial Solvents Corp.
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Fig. 1.—Plots of —og K 'bhat 0, 25 and 50° as a function
of ionic strength. The value a* — 0 was used in equation
2

The value of —og libh at 25° (8.801) nmay be
with 876 frompkb = 524
obtained Gdasstone ad Schram?2 ad with
879 li by Datta ad 1.8 While
this work wes under way, the authors leamed that
Bverett and Timimi2 have recently conpleted
the measurenent of —bg kbh for this bese.  Their
valle at 25°, dotained an emf. nethod that
differs somewhat from that used in this work, is
8.790.

The optinum buffer range of 2-amino-2-methyl-
13 iol iIs approxdamately pH 7.8 to 98
Cortally. (BARizirg, AYBcLE SIS of th

i izing agqueas solutiors S
g w}{h oric acid are of ocarsiderabdle
e in iological studies, as they do not
S ER. . Thia et Syaim beo Dot Lot L6

is Suc-
ermo&ssﬁlly by London a%Stemejsm]él in studies of
the activity of uricase.

Thermodynamic Constants.—The values of —log
Kbh given in Table 11 were fitted to the Harned-
Robirson  equationb the corstants being de-
termined by the IBM 704 digital . The
falloning result, valid fromO to 50°, wes dbotained

-log Kbb = —y--- - 22652 + 0.0039092T (6)

(11) H. S. Harned and B. B. Owen, “The Physical Chemistry
of Electrolytic Solutions,” 3rd Ed., Reinhold Publ. Corp., New York,
N. Y., 1958, Chap. 15.

(12) B. A. Timimi, Thesis, Bristol, 1960; D. H. Everett, private
communication.

(13) G. Gomori, Proc. Soc. Exptl. Biol. Med., 62, 33 (1946).

(14) M. London and P. B. Hudson, Biockim. et Biophys. Acta, 21,
290 (1956).

(15) H. S. Harned and R. A. Robinson, Trans. Faraday Soc., 36, 973
(1940).
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Table |

Electromotive Force of the Cell: Pt;H,(g, 1 atm.),

(HOCH*)jC(CHa)NH*C1(>»i), (110CIIShCICH]INIIsfmj), AgCl;

Ag, from 0 to 50° (in v.)

mi W2 0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50°
0.10060 0.10149 0.82400 0.82256 0.82113 0.81958 0.81785 0.81623
.09558 .09561 .82490 .82350 .82207 .82055 .81888 .81711 0.81523 0.81324 0.81116 0.80903 0.80674
.09051 .08951 .82560 .82433 .82290 .82136 .81971 .81793 81611 .81415 .81210 .80994 .80769
.08503 .08760 .82779 .82644 .82505 .82352 .82190 .82023 .81829 .81639 .81432 .81219 .81000
.07998 .08069 .82854 .82717 .82583 .82432 .82273 .82110 .81907
.07502 .07505 .82965 .82833 .82695 .82551 .82393 .82223 .82042 .81850 .81655 .81220
.07031 .06954 .83059 .82935 .82796 .82653 .82495 .82329 .82155 .81964 .81767 .81560 .81340
.06490 .06686 .83298 .83189 .83059 .82914 .82763 .82597 .82430 .82247 .82044 .81848 .81642
.05982 .06035 .83416 .83288 .82719
.05477 .05479 .83576 .83458 .83333 .83198 .83053 .82891 .82728 .82548 .82356 .82159 .81945
.05033 .04978 .83712 .83599 .83476 .83342 .83197 .83041 .82875 .82696 .82512 .82316 .82105
.04491 .04627 .84036 .83922 .83805 .83672 .83538 .83388 .83224 .83050 .82864 .82677 .82477
.03987 .04022 .84233 .84120 .84000 .83869 .83599 .83429
.03958 .04077 .82499 .84195 .84085 .83954 .83820 .83669 .83515 .83347 .83168 .82978 .82787
.03460 .03461 .84380 .84275 .84155 .84024 .83885 .83729 .83562 .83388 .83203 .83005
.02999 .02966 .84746 .84653 .84550 .84437 .84309 .84164 .84020 .83862 .83695 .83517 .83324
.02458 .02532 .85259 .84709 .84574 .84421 .84255 .84085 .83905
.02093 .02112 .85540 .85435 .85349 .85023
.014602 .014607 .86267 .86193 .86115 .86028 .85929 .85800 .85696 .85561 .85418 .85268 .85096
Table Il cerived by combining these results with conparable
Summary of Values for Abh and Kb from 0 to 50° data for the dissociation of V\ﬂterB$ gm
r. °C. oy K —log Kb by equation5. Inthisway, orefincs
0 9.6116 O.CDJJ. 5.331 ,
-log Kb = 151y 33 - 3.8194 + 0.0131447' (7)
5 9.4328 .0013 5.301
10 92658 0010 5269 from which these quantities are dotained at 25°
15 9.1049 .0011 5.241
. + = + + -
20 6 9508 0010 s 216 Process: B HA) = BH OR
25 88013 0007 5.195 AlI?0 = 29,656 j. mole“1
AHO = 6,720 ). mole“1
30 0014 5.174 ' -
8.6588 ASO = —76.9]. deg.-1 mole"1
35 8.5193 0011 5.161 ACp® = —150 j. deg.-1 mole-1
40 8.3854 .0014 5.150 - -y - -
i o reeo voie e 1 The thermodyramic quantities at 25° given in
. o ieas vo1s e 10 Table 111 are inexcellent agreenent with the values
' found by Bverett and Timimi,2 as the falloning
where 1 is the absolute re The aer- corparison denorstrates

difference between “obsenved” —og filth values
those calculated by equation 6 was 0.0008

Byaqqolyl ic formulas
to eqntlonrg the charg& of free erergyy, Ace;

Ofmﬂ”aIWAch\)hc%fem ,A&éea’dlﬁoff‘eat
capecity, AQ0 acoompany ssociation
of 1 nole of the substituted anmronium ion (BHY)
in the standard state were caloulated  The results
are sunmrarized inTable 111.

el

Table Il
Thermodynamic Quantities for the Acidic Dissocia-
tion of 2-Ammonium-2-methyl-1,3-propanediol (BH+)
from 0 to 50°
AS», ACp»,
AG®, AHo, j. deg.-1 j. deg. -1
t °c. J. mole-1 j. mole-1 mole-1 mole 1
0 50,253 50,930 2.5 -41
5 50,243 50,720 1.7 -42
10 50,236 50,510 1.0 -42
15 50,233 50,300 0.2 -43
20 50,234 50,080 -0.5 -4 4
25 50,238 49,860 -1.3 -45
30 50,246 49,640 -2.0 -45
35 50,258 49,410 -2.8 -46
40 50,274 49,180 -3 .5 -4 7
45 50,293 48,940 -4.3 -48
50 50,317 48,700 -5.0 -48

The oorrespoding themodynamic  quantities
for the besic dissodiation of the amire B can be

AS,
AG, i j. deg. -1 j.deg. 1
j. mole-1 J. mole-1 mole 1 mole -i
Everett and
Timimi2 50,176 49,724 -1.5 -46
This investigation 50,238 49,860 -1.3 -45

Although the error in determining AG’ should not
exeed 10 ). nole-1 in either investigation, the dif-
ficulties in establishing accurate values of the first
and second derivatives of log kKnh wWith respect to

re endow the other themodynamic
quantities with larger  uncertainties, estimated
to be & folons. aHo + 150 j. nole-1; aso,
+1IO J. deg-1 nole-l; ad ACP, £5 j. degl
mole-1.

Discussion
The sixfold increase in besic strength resulting
from the replacement of one hydroxyetiyl group
of “tris” by methwyl is essily understood in tenrs
of the knoan electronattracting ies of the
hydroxyl group.2 This diminution of besic strength

with progressive substitution of OH groups perthegps
is best dosened in the saries of ethanolam

ines4L/B
Certain qualitative conclusiors also can be drann

(16) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd Ed., Academic Press, Inc., New York, N. Y., 1959, p. 363.

(17) V. E. Bower, R. A. Robinson and R. G. Bates, J. Research
Natl. Bur. Standards, to be published.

(18) R. G. Bates and G. F. Allen, ibid., 64A, 343 (1960).
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by comparing the danges of entropy ad heat
capecity for the dissociation process with the altera:
tion in gross structural features of the amine nole-
culel Bwerett ad his coworkers®Dand Bvans
ad HamannZl have corsidered these metters in
soe detail and have been able to identify several
factors that gppear to be of primary inportance
in determining the sign ad nmegnitude of the

(19) D. H. Everett and B. R. W. Pinsent, Proc. Roy. Soc. (London),
215A, 416 (1952).

(20) D. H. Everett, D. A. Landsman and B. R. W. Pinsent, ibid.,
215A, 403 (1952).

(21) A. G. Evans and S. D. Hamann, Trans<Faraday Soc., 47, 34
(1951).
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themodynamic  quartities  associated with  the
ionization process.
The nost illuminating conparisors, hownaver,

utilize the changes of these quantities upon
fruﬂmerrmt%ertomemlnamesm

pounds of similar structure. Ani ion of
thedifferencesbetweentris-(hyd )-amino-
methere ad  2-amino-2- -1,3 iol

until sinlar data for

therefore should e

Egsgwrm this saries are avallable. The
with ore roxyl 2-amino-2-

nmethyl-l-propanal, %!9 eo?/reoent]y by

Bwverett ad Tmm P and a similar study of the
last menber of the series (iHoutylamine) already
hes been undertaken in this Laboratory.

RARE EARTH CHELATE STABILITY CONSTANTS OF SOME
AMINOPOLYCARBOXYLIC ACIDS1

By J. L wm ackey,

M. A Hitter and J. E rPowen

Institute for Atomic Research and Department of Chemistry, lowa State University-, Ames, lowa
Received September £8, 1961

Stability constants of the complexes formed between the rare earths and |,2-bis-[2-di-(carboxymethyl)-aminoethoxy]-
ethane (EGTA) and 2,2'-bis-[di-(carboxymethyl)-amino]-diethyl ether (EEDTA) have been determined by the polaro-

graphic and mercury electrode methods at a temperature of 20° and an ionic strength of y = 0.1.

Some of the trends in

the stabilities of rare earth aminopolycarboxylate chelates have been discussed.

Introduction

The interaction of lanthanide ions with amino-
polycartoxylic acids is of practical interest because
the use of drelating agents in conjunction with ion-
exchange resirs has proved to be aneffective method
for sgparating rare earths.  Stability constants of

individual rare earth drelates indicate the gppli-
Eveion P O & o vl Sk
on a es
of delation have been mede for the of
relating metal-chelate stability to the structure of
the dhelating agent and to the reture of the metal
ion.2 Thetervalentrareearﬂﬂora having the

same electronic configuration in the outer orbitals,

provide a unique opportunity for study HOOCH,Ck

of the effects of ionic size and inner elec-
tronic structure on chelate formation.

Suﬂeﬁcfstabmtycxnstmtsofra'eearm

ycarboxylate chelates have been limited

to enediamnetetraacetic acid (EDTA),34

I, 2- diamino- cydohexarne- N, N, N', N' - tetraacetic

ethylenediamine-

adid (DCTA) 4 N-
tetraaoetlc acld H }ggTA;G nitrilotriacetic acid

(1) Contribution No. 955. Work was performed in the Ames
Laboratory of the U. S. Atomic Energy Commission.

(2) (@ S. Chaberek and A. E. Martell, “Organic Sequestering
Agents,” John Wiley and Sons, New York, N. Y., 1959, pp. 124-170;
(b) A. E. Martell and M. Calvin, “Chemistry of the Metal Chelate
Compounds,” Prentice-Hall, Inc., New York, N. Y., 1952.

(3) E. H. Wheelwright, F. H. Spedding and G. Schwarzenbach,
J. Am. Chem. Soc., 75; 4196 (1953).

(4) G. Schwarzenbach, R. Gut and G. Anderegg, Helv. Chim. Acta,
37, 937 (1954).

(5) F. H. Spedding, J. E. Powell and E. J. Wheelwright, J. Am.
Chem. Soc. , 78, 34 (1956).

HOOCHZZ/

gNTA) ,87 and diethylenetriami ic add
DTPA).8 ﬂep%twﬂmmveextemledﬁe
nmessurarent of rare earth drelate StEbIllti/
stants to two additional chelating 2- bIS-
[2-di-( )-ami -ethane

TA) ad 2,2/-bis|di-( )-amino d|-
ethyl ether (EEDTA) and have corsidered sone
of the trends in rare earth dhelate stabili
seguences. The structures of EEDTA and EGT,
are given belonw A disoussion of these chelating

HOOCH:G /CHsCOOH
b y-CFL-CFf.-O-CI B-Clr,-N<
HOOCEhC/ LCH2COOH
EEDTA

CH2COOH
y>N-CH2CH2-0-CH2CH20-CH2CH2-N
CH:COOH

EGTA

ggentsaselwtsforrareearﬁsmsbempraerted
Methods of Measurement—The rare earth

aminopolycartoxylate stability constants have been
determined ganerally either the nodified pH
method3®8 or by a pol ic method.35
Recently the been used to

detemmire stable d‘elate cornstarts. D In the

(6) G. Schwarzenbach and R. Gut, Helv. Chim. Acta, 39, 1589
(1956).

(7) G. Anderegg, ibid., 43, 825 (1960).

(8) R. Harder and S. Chaberek J. Inorg. & Nuclear Chem., 11, 197
(1959).

(9) J. E. Powell, “Separation of Rare Earths by lon Exchange”
in F. 1l. Spedding and A. H. Daane, “The Rare Earths,” Chap. 5,
John Wiley & Sons, New York, N. Y., 1961.
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present work the nercury electroce ) wes
wsed to detenmine rare earth delate ility con
stants for EEDTA and EGTA. These corstants

also have been messured incependently by the

arographic method

The pHg Method.—INn the pHg nmethod equi-
nolar anounts of rare earth and mereury(ll) ios
are mixed with an anount of chelating agent equel
to about helf the sum of the concentrations of the
two netal ios.  The besic reaction which takes
place isshonnby eq |

R+3 + Hgy - RY-+ Hg2+ n

R3+in this ion rare earth ion ad
Y4 is the anion of the am ic acid

H4Y, which canbe either EEDTA or EGTA. The
equilibrium constant for reaction 1 can be written
&

[RY~][Hg+2] Kry
1="[R+][HgY-] AHY
Ki is calculated fromtihe equilibriumoconcentratios

of the four ionic goecies In 1L The rercury(1)
concentration and pH are measured directly and the
other concentration tems are evaluated from
meterial balance equations which describe the con
centratiors of all gpedes in a solution of the two
netals and a drelating agent.  These equations are

[Rit = [R*+] + 2[R;Y2+] + [RHgY+] +
h

E @
h=0
[Hglt = [Hg2+] + 2[Hg2+] + [RHgY+] +
E [H.HgY»3 ()
p=0
[Ylt = E [H»RY*“]+ £ [HAHgY*-Z +
h=o0 p=0
E [H»Y] + [R)Y*+] + [RHgY+] (4)
n—o0 h
[HIt = [H+] - [OH-] + E MH*RY*>] +
h=0
E PtH.HgY»Z2+ E n[H,Y] (5)
p=0 n=20
In their gereral form these equiations are difficult to
solve; honever, for the ating ad dr

curstances studied here, sore of tems are
regligible and may be omitted.  The netal drelates
carsicered here are very stable (Ary > 108 and in
all casssZ ey > 103Ary. Dueto these conditions
the concentratiors of free nercury iors are so sall
that they dc not affect the naterial balance equa

n
tios to an gopreciable extenit The term E
n=0
HNY] is irsignificant due to the high stability of
lgfe delates and the presence of excess netal ios.
For chelating agents of the type studied, it is
necessary to consider only singly-protonated metal
chelates12 however, values for Ahmy = [HMY]/
(10) C. N. Reilley and R. W. Schmid, 3. Am. Ckem. Soc., 78, 5513
(1956) .
(11) G. Schwarzenbach and G. Anderegg, Helv. Chim. Acta, 40,
1773 (1957).

(12) G. Schwarzenbach, H. Senn and G. Anderegg, ibid., 40, 1886
(1957) .

J. L. Mackey, M. A. Hiller and J. E. Powell
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% [MY] were not available for the rare earth
studied here  Since delates
aegererallyfanystrongmdSJZBme pH race
for the measurenent of corstants wes maintained
sufficiently high that these protonated species could
be neglected  Soedies of the foom R2Y and RHgY
aso were neglected in our calculatiors. th
these sinplificatios the equatios essily were
solved for the concentration termrs required in ().
Itsmjdbemtedmmevahdlt%ofmeabo\/e

assmnptlmscmbedededemly
tios are corect, the cbtermned

eqerimental

values of A ry calculated from the smpllﬁed mete-
nal balg.l;aeeqmgssrgjl_ld beg%”stam in_spiteg
appreciable danges in or corposition
the solutiors on which the nmeasurerents were
mece.

Arymwbefamwrgd)nrgeql iced
Ahky hes been determi y. The
nmercu late corstants (Aney for EGTA ad
EEDTA) dso were nmessured with the nercury
electroce.  The details of the method have been
Bireet s the Freasnt GhEl, vt reportaclin Table 1
tai in the present study are inTable |
along with previously reported values.

Experimental Procedure

Two separate series of solutions were prepared in the case
of each chelating agent by mixing proper proportions of
standardized solutions of rare earth nitrate, chelating agent,
mercuric nitrate and enough potassium nitrate to adjust the
ionic strength of each preparation to ju = 0.1. A drop of
mercury was added to each solution and all were placed in a
constant temperature-bath at 20° for 24 hr. Each solution
then was placed in a titration cell and the pH and potential of
the mercury electrode were recorded periodically as the fH
was varied from 3.5 to 4.5 by addition of KOH. The pH
was measured by means of a Beckman G.S. meter using'the
regular scale. The potential of the mercury electrode was
measured with a Rubicon potentiometer and can be repre-
sented by the equation

E = Ea + S/2log [Hg2+] (6)
where
EO' = E° + Ei + E/ + S/2 log yHpR+ (7)

In the above equation EOQis a term that consists of the reduc-
tion potential of Hg2+ to Hg°® and the potential of a 0.1 M
calomel cell, E, and Ej" are liquid-liquid junction potentials,
and S = 2.3026fir/E. E,' was evaluated by measuring the
potential of a solution of known mercury(ll) ion concentra-
tion at an ionic strength of n =0.1 (KNO03). The equilib-
rium Hg + Hg2+ -*m Hg2+2 must be accounted for. For a
detailed description of how Ea is found, the paper by
Schwarzenbach and Anderegg should be consulted.1l

Polarographic Method.—In this method equimolar
amounts of cadmium chelate and rare earth nitrate are com-
bined. The rare earth ion and cadmium then compete for
the complexing agent as shown in eq. Il. The polarograph
is used to measure the concentration of

CdY2~ + Rs+ Cd2++ RY -

(m
uncomplexed cadmium ions in the equilibrated mixture.
When the rate of formation and dissociation of the metal
chelate is slow, both Cd2+and CdY - are reduced at the drop-
ping mercury electrode, and a distinct reduction wave is
observed for each species. The diffusion current, id, of the
first wave is proportional to the concentration of free cad-
mium ion in solution.
The equilibrium constant for eq. Il can be written as

T [CdY2+][R3.]
[Cd2][RY +]

Ary
AcdY w

(13) J, E. Powell, J. S. Fritz and D, B. James, Anal. Chem., 32, £54
(1960).
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Since the reactants are combined in equimolar quantities,
the following expressions hold at equilibrium

[RY-] = [Cd2+] 9)
and
[CdY2-] = [R24] = C - [Cd24] (10)
where C is the initial concentration of each reactant. Sub-
stituting these quantities into (3) gives
[Cd2+]2
Kno (c- [cd2#)2 (1)

The rare earth-chelate stability constant can bo calculated
from eq. 12

(% Cd2+)2
(100 - %Cd2+)2

Experimental Procedure.—The polarograms were ob-
tained from solutions prepared by mixing 10 ml. of 0.0100
M R(NO,)3 10 ml. of 0.0100 M Cd(N032 10 ml. of 0.0100
M tetrapotaasium salt of the chelating agent, 10 ml. of 0.1
M sodium acetate, 10 ml. of 0.1 M acetic acid and enough
potassium nitrate to adjust the ionic strength to y. = 0.1.
The mixtures then were diluted to a total volume of 100 ml.
The acetic acid-sodium acetate mixture buffered the solu-
tions at a pH of 4.65. After mixing, the solutions were al-
lowed to equilibrate for 24 hr. in a constant temperature
bath at 20°.

The measurements were made with a Sargent Model X X1
polarograph. The cell was fashioned from a 100-ml. beaker,
and a saturated calomel electrode was connected to the cell
by a potassium nitrate-agar bridge. Helium or argon was
bubbled through the cell prior to maldng measurements.
Reference id values were obtained from solutions with 100%
uncomplexed cadmium and 100% complexed cadmium.
The stability constants were calculated from td values by
use of eq. 12. The cadmium-EGTA and EEDTA stability
constants were determined by the pHg method. The values
are based on the mercury-chelate stability constants, and
are listed in Table I.

KrY = KcdY (12)

Table |
Stability Constants op the Cadmium and Mercury
Chelates at 20° and lonic Strength op h = 0.1 (KNO03J3

Metal chelate Ta)i(%rk ﬂ(ﬁ’z
Hg-EEDTA 22.88 + 0.10 23.09
Hg-EGTA 23.12 £ 12 23.20
Cd-EEDTA 16.64 + .06 16.27
Cd-EGTA 16.70 = .10 16.73

Preparation of Solutions.—The EGTA and EEDTA used
were obtained from Geigy Industrial Chemicals, Ardsley,
New York and were further purified by double recrvstalliza-
tion from ethanol. The solutions of chelating agents were
standardized by the following two methods: potentiometric
titration with standard potassium hydroxide; and complexo-
metric titration against standard mercuric nitrate solution
using the mercury indicator electrode.1416

The rare earths were supplied by the rare earth separation
group at the Ames Laboratory of the Atomic Energy Com-
mission and were 99.9% pure or better. Stock solutions of
nitrates were prepared by dissolving the respective oxides in
nitric acid. Aliquots of each solution were titrated potentio-
metrically to determine the pH of the neutral equivalence
point, and the solutions then were adjusted to that pH.
Standardization was done gravimetrically by precipitation
with oxalic acid followed by ignition to oxides. Carbonate-
free potassium hydroxide was prepared by the method of
Powell and Hiller®6and was standardized against potassium
acid phthalate.

Results

The results of the determiration of the rare
earth-chelate stability cornstants are listed in Table
1. The errors shonnfor the corstants detenmined

(14) C. N. Reilley and R. W. Schmid, Anal. Chem., 25, 1640 (1953)*

(15) J. S. Fritz, M. J. Richard and S. K. Karraker, ibid., 30, 1347
(1958).

(16) J. E. Powell and M. A. Hiller, J. Chem. Educ., 34, 330 (1957).
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by the pHg method are the mexinmum deviations
from the mean of sae ten detenminations an two
series of solutios inthe pH rage 3.57.5. Fortre
polarographic measureents the enrors mece inthe
determnation of the per cent, exed metal
ion amout to £2%. This would introduce unr
certainties of +0.08 to +0.17 in the log Ary

values in Table 1l.  The two nmethods give results
of comparable accuracy
Table Il

Stability Constants of the Rare Earth EGTA and
EEDTA Chetates at 20°

and lonic Strength ju = 0.1
(UNO,)
EGTA EEDTA

Rare pHg Polar, pHg Polar,
earth log Kry log K RY log Kry log ifry
La 15.55 + 0.20 15.84 16.00 £ 0.20 16.29
Ce 15.70 + 10 16.06 16.69 + 10 17.13
Pr 16.05 + .08 16.17 17.36 = 06 17.61
Nd 16.28 + 10 16.59 17.67 10 17.81
Sm 16.88 + 16 17.25 18.19 = .08 18.25
Eu 17.10 = 10 17.77* 18.31 + .10 18.38"
Gd 16.94 + 10 17.50 18.13 = 08 18.21
Tb 17.27 + 10 17.80 18.31 = 10 18.31
Dy 17.42 + .04 17.84 18.21 + .20 18.29
Ho 17.38 # .05 17.90 18.13 + 10 18.17
Er 17.40 = .05 18.00 17.99 = 15 18.18
Tm 17.48 + .05 17.96 17.83 + 11 18.01
Yb 17.78 + .05 18.22 17.85 = .20 18.086
Lu 17.81 # 10 18.48 17.75 = 23 17.92
Y 16.82 + .05 17.16 17.54 + 10 1779

° Europium could not be measured ws. cadmium because
the half-wave potentials of "he metals were too close. The
value given here was obtained by comparing europium to
neodymium, gadolinium and dysprosium.

Discussion
A comparison of the values dbtained by the two
methods shows that inboth cases the pol iC
values are hi than those of the pHg
In the case of EEDTA the two sets of values are
within the limits of error, if the uncertainty of the
cadmiumchelate stability constant is corsicered
ForEGTAgdtf;erermbet\Aeentri;et\msetsd
corstants is defini than inental
eor. M@Mmsymr%ﬁsdﬁam@@n in the
two sets of constants is not dear. A corsiceration
of ble nmetal acetate conmplexes of cadmium
the rare eartts in the case of the polarographic
messurenents would tend to inoreese rather than
decreese the difference It mi be noted that
Schwarzenbach and Ande also have
a difference between the calciumEDTA stability
constant neasured with the electroce ad
the equally accurate pH nmethod.  [n any case the
relative values of the corstants determined by the
two methods are in good Both sets of
corstants for both i show a “ inium
break’” and, in the case of EEDTA, an inflection is
in both sets at thulium  The wse of the
rare earth stability constants in dotaining separa:
tion factors in i separations depends
upoon relative values so that elther set of constants
vxoluo_la_fﬁoe i the stability?
t is interesting to copare ity# con
stants of the rargg earths with EEDTA a‘dt)I/EGTA
with the stability corstants of other rare earth
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ate chelates.  The stability se
DCTA ad EDTA delates of the rare
earlhssrn/vsmlar behavior.  These corstants in
aeee rather regularly with incressing atomic
number and decressing Ionic radits. The two sets
of corstants are nearly parallel with the DCTA cont
stants somewhat higner than those for EDTA
The trendwith EGTAreserbles that with HED TA.
Boﬂﬂlsetsofcxfstanlsra/ealmimreaseind’elate
stability from lanthanum to europiunt Whereupon
the values rerrain nearly constant up to erbiumad
then inoreese ag@in thulium to lutetium
Both the DTPA and EEDTA show an
uewal reersal in drelate stability.  The heavier
rare earth stability constants decline in megnitude
and a few becore loner than sone of the |Ig‘é
rare earth stability costants. For DTPA
reersal in delate stability ooours at dysprosium
while for EEDTA it ooours in the vicinity of euro-

pium

For almost ad chelating agents there is a notice-
able irregularity mﬁecmeofmegabllnunde
late ng,etalsrgtsdﬂ”lspr‘ermermm

the EDTA oorstants,

GutY called attertion to the “gaddlinium break”
inthe stability of both DCTA ad nitrilo-
triacetate (NTA) delates. other properties
of the rare eartts also showadiscontinuity at gado-
linum The i arity is marked in both the
EGTA ad EEDTA rare earthchelate stability

It is interesting to note the position of yttriumin
stability corstant series.  In every case it fals
el position it should cocupy froma corsicera:
tion of its ionic radits.  Furthemore, its position
relative to individual rare earths dhanges with the
dqe'aglrlgstahl the

In ity sequences corstants incresse
rather regularly up to europium but beyond euro-
pium increase iN some cases and decreese i
others. ing the regular portiors of the rare
earth sexies, mmrgaobrofstahlltyforﬂe
chelating %ﬂts is NTA < HEDTA < EDTA Z
EGTA< EEDTA Z DCTA< DTPA

lonic radii are believed to play an inportant rde
in determining differences in the dremical behavior
of individual rare earths, ad a correlation of in-

17
(1&556;.

T L. Mackey, M. A. Hiller and J. E. Powell

G. Schwarzenbach and R. Gut. Helv. Chim. Acta, 39, 1589

Vol. 66

delate stability with decressing ionic
radus been mecke for the rare earth series.13
A recent disoussion by DuncanB hes shoan the
theoretical significance of such a correlation He
I“estreatedﬂefa’rmtimdmﬂ@@intemof
Sl eelectrostaﬂcfomesaﬁmssrwmﬂntﬂ'e

in complex formration is linear with

ra;ﬁct to the redprocal of the netal ion radi
within the restricted range of ionic redii found in

If the entropy chance is negligible com
paredtoAH orlsallrearfuntlmcfAH the free
energy aso will bealinear function of the reaprocal
redi of the netal ioms. 1t was not possible to dheck
the requirenrents on As for linear behavior of the
free erergy, since precise data regarding entropies
of chelation were not available.  However, plots of
log K vs. Xr, wsing the radii valLescherrpI
and Dauben,Bshow that only DCTA ad EDTA
aoproaech lineer beravior. Ore of the
ressars for norinearity and even
trerd in chelate free with ionic radusrmy
be a dae In the nation requirerents of
the ios within the rare earth series33 Such a
change in coordination reguirenent would allow a
different nuber of donor sites of the drelating
agent to be used  The diifferent of behavior
osenved for the rare eartts eurgpium thus
might be onthe structure of the chelating
mforltvmldbemtietomhzeﬂ’ed”a’ged
coordination ireents in sore cases ad not
in others. r factor that may be significant
in the behavior of rare earth chelates is ligagndHield
stabilization It has been suggested that a cor-
relation of the stability corstants of rare earth
dhelates should take into acocount the effect of a
ligad field onthe inrer 4f electrons.®  Such ligand
fidd stabilization might explain the inium
irregularity and the low position of yttrium in the
stability sequerces.  Yttrium with no inner 4f
electrors ad gaddlinium with a half-filled shell
would not be stabilized by a ligad field More
studies will be required if these various trends in
rare earth delate stability are to be fully under-

(18) J. F. Duncan, Australian J. Chem., 12, 356 (1959).

(19) D. H. Templeton and C. H. Dauben, J. Am. Chem. Soc., 76,
5237 (1954).

(20) L. A. K. Staneley and T. Randall, Discussions Faraday Soc., 26,
157 (1958).
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SYSTEM CaO0-PD5HF-HD: THERMODYNAMIC PROPERTIES1

By Thad B. Farr and Kelly L. Eimore

Division of Chemical Development, Tennessee Valley Authority, Wilson Dam, Alabama
Received September 21, 1961

Thermodynamic data for solutions of the system CaO-PsOs-HF-ELO, saturated at 25° with both fluorapatite and cal-
cium fluoride, were used in estimating the activities of water and undissociated phosphoric acid, e activities of the dihydro-
gen phosphate and calcium ions, and the activity solubility product of fluorapatite.

CaO-PsOe-HF

Forthatﬁnrtion of the
ad calcium fluorice

H2O where fluorapetite (-
are the solidphese pair in equilibrium with the
solutions,2the activity relationships nay be written

A fa _ UCalo0 flPOi6 Uf2

AcaF2 Ckca &F2
The activity of the phosphate ion is represented by

E_i_lfiKsOv Ir),
where K X 2K 3 is the product of the three dissocia
tion corstants of orthophosphoric acid and auis the
activity of undissodiated orthophosphoric acid
Substitution yields
Ifa _ C&QaLﬁ{KiK_gKff AcaF!

Values for the activities of the undissociated phos-
phoric acid, the caldum ion ad the ion
were estimated fromthe experinental relative

W

to composition pressure and pH of the per-
\gﬁurasofﬁeqat%rmrywsgn

tinent saturated
O ‘prosphoric. aad Teve been, Pl TTe
c ad i

solubility of calcdum fluoride, 1612 X

10~ waes calculated from free energy values 4
imental values of the besic thermodynamic

variables and derived values for parareters of the

saveral functional relationships are given in Tables

I ad 11 and Hgs. 1 through 4.

Table |

Liquid Phases in Equilibrium with the Solid-phase
Pair Fluorapatite and Calcium Fluoride at 25°

Vapor
pres- Activity*
P20s, CaO, F, sure, of water,
% mp % mca % pH  mm. 01
5.73 0.8862 1.330 0.2604 0.002 1.76 23.60 0.9933
9.70 1.6080 2.159 .4530 .004 155 23.28 .9798
12.97 2.2856 2.860 .6379 .005 1.41 2297 .9667
16.00 2.9961 3.562 .8442 .035 1.28 2261 .9516
17.91 3.4883 3.917 9656  .019 1.20 2231 .9390
20.01 4.0804 4.377 1.1297 .027 1.11 22.03 .9272
23.01 5.0255 4.965 1.3725 .008 0.96 21.45 .9028
24.38 5.4973 5.144 1.4681 .012 .89 21.20 .8923
2578 6.0226 5.466 1.6162 .024 81 20.78 .8746

<a, = p/po, where pOis 23.76 mm., the vapor pressure of
pure water at 25° determined with the same null-point
mercury isoteniscope used for the saturated solutions (ref.

2).

(1) Presented before the Division of Physical and Inorganic Chem-
istry, 132nd National Meeting of the American Chemical Society,
New York, N. Y., September 1957.

(2) T. D. Farr, G. Tarbutton and H. T. Lewis, Jr., J. Phys. Chem.,
66, 318 (1962).

() -KnhsRQJ = 7.145 X 10-*; R. G. Bates, J. Research Natl. Bur.
Standards, 47, 127 (1951). 22nh2P04 = 6.339 X 10-*; R. G. Bates
and S. F. Acree, ibid., 30, 129 (1943). KnPO* = 473 X 10"*3
N. Bjerrum and A. Unmack, Kgl. Danske Videnskab. Selskabs, Mat.-
fys. Medd., 9, 5 (1929).

(4) National Bureau of Standards Circular 500, U. S. Govt. Printing
Office, Washington, D. C., 1952.

Table 11

T hermodynamic Properties of Solutions Saturated

with Fluorapatite and Calcium Fluoride at 25°

Kk
pKfa X 10i2>

a ot aHFM G pH

0.9933 0.209 0.506 0.061 1.76 120.859 1.4
.9798 .276 1.050 .097 1.55 120.908 1.2
.9667 321 1.755 .34 141 120815 1.5
.9516 .357 2.653 .185 1.28 120.831 1.5
.9390 374 3.391 222 1.20 120.905 1.2
9272 394  4.369 288 1.11 120.845 1.4
.9028 419 6.339 447 0.96 120.865 1.3
.8923 428  7.668 .545 .89 120.855 1.4
.8746 440  9.428 .764 .81 120.434 3.7

Activities of Undissociated Phosphoric Acid and
Dihydrogen Phosphate lon—According to the
Gibbs-Duhem equation as developed by Van Rys-
selberghe 6solutions of the system CaO-1AOs-HF
HD may be represented by the relatioship
—55.5062 d In aHb = dIn  + mHpo, d In bHpo, +

tnhpoi d In «hpo, + mpo, d In apo, + Tohf d In Onf +

mFdInof + msdInan + Ricad In«ca (4)

The three dissodation of orthophosphoric
add ad that for MMdyieId

d In ampin =d In aa —dInaH
diIn fIHFOt= d Inaa— 2d InaH
diIn apoi = d Inau— 3d InaH
din of =d Imohf —d In rh

Substitution in equetion 4 and rearrangenent gives
—B52dInass — jru+ Myn + o +

mpOi] d Inaa+ [mHF+ mF d In rhf + [MH — tohZo4 —

2mHPOI — 3topo4 — tof] d In an + wicad In aca

setting [mu + mHpo, + nHo, + npo], the

tBotyal d‘(rgo}nw omoggtra_ttim equal to rab, ad

[+ n], the total fluorine concentration, ecuel

to nr, and by wsing the electroneutrality equation
in the form

toh — RHPO4 — 2tohpoi — 3mpo4 — mF = —2mca
oereral equation 4 is reduced to

-5 dInad = nPding, + mFdIinrHF—
2aadinagh+ nexdinag, B

Fromequation 3, or its eguivalent

ARA= &GP (KA AN

is abtained
dinaa+ 35dlna,-f 1/5dind+=2dInaH
which, when nultiplied by calciumand substituted
inequation 5, gives
—55832 dInad = [nip —3/5 mca) dIN@i+
[ —1/5 nad dInahF

(5) P. Van Rysselberghe, J. phys. Chem., 39, 403 (1935).
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orthe quivalent
T -55550%2 d
\m¥ — l//g mcaj Inakd -
rmp . mcafl J
Leor =™ mna-c-aj d'Ineu = d 'In oHf ‘(Afli)
Fromthe relationship
KesR2 = OCaOrf2
or its equivalent
KcaFi _ gGaOnF2
Ahf2 «H2
is dbtained

dinaca+ 2dIngHF = 2d InaH

which, when multiplied by calciumand substituted
in equation 5, gives
—55.5062 d In asIo -
or the equivalent
T -55.5062 "1 ,,

U F -2rocd dlnagi® ~

mp dInou+ [mF— 2mcd d In oHf

[tof - 2mc] dIna*“ = dInaHF (7)
Equating expressiars 6 and 7, and sinplifying, ae
dbtairs

55.5062 [—9/5 mea d InaHib = [9/5mc,BP —
6/5 me»2+ 3/5 mcaWf] d In au

ar

—55.5062 d In aHb = (mp — 2/3 mca +
1/3 mp) d Inaa (8)

which the Gibbs-DuhemVVan Ryssel-
bergre relatioship for solutios of the
CaO-PjOs-HFFFO saturated with both fl

tite and calcium fluorice.  As the concentration of
fluonre (< 0.04%) in the saturated solution is
regligible, the function reduces to

diDa“ = ~ (W - 2/3 mca) d 11101180 9)

The vapor pressures and compositions of the
saturated solutiors are related by the eqoression

Thad D. Farr and Kelly L. Elmore

Vol. @

21.803x2+ 13.369x'A -
2.5857a:3 (10)

where % is the activity of water and the concentra-

tionvariadblex = «p—2/3mc& The paraeters of

eqmlmJDV\eredetennredbytrerrEﬂndofleast

. ?nartal\ZlJr 5 abl ardt;:cl

Les in Table | wi

el Cviton of 0.10%% arel o de.

vialt:iion of 0.08%. The activity of water is plotted
inHg 1

Sthstlwtlmofeq.atlmlOmto equation 9, ad

integration, yields

log ai X 103 = 5.541+A -

log au = —0.9227+A + 2.4204a: - 1.23682+2 +
0.2153.x2+ | (11)
The activity of the undissociated phosphoric acid
is alsoby
log ou = log oH + log ameoi - log Kx (12)

where K x is the first dissodation corstant for phos-
phoric acid  Equating expressios 11 and 12, ad
rearranging, ae dotains

log OHFA = -log oH+ 0 + / + log Ki
or its equivalent
log YHPOL = -log 7hZXoi + pH + 0 + | + log Ki

(13)
where

€= -0.9227x'A + 2.4204x - 1.2368x!A + 0.2153.x2

By use of the Debye-Hiickel relationship in the

log YHPO4 = —0.5091/al/2+ An + ...
equation 13 may be written
log MHP4 — pH — 0.5091 p/> — $+ pKi -
l+Anz ... (14
Since the saturated solutiors have negligibly sl
concentrations of fluorire and have pH's of less
than 1.8, the concentrration of the dilydrogen phos-
phattelm is
mHZPo4 = 2mca + bh

and the ionic strength is
n = 3mca+ ton
Vah&efortketerrrsmﬁeleftkandsdeofeq&
tion 14, as calculated for each of the nire saturated
solutions described in Table |, were wsed in the
lesst-squares conputation of the lirear relatiorship
y = -0.6069 - 0.0503 n

In the solutions saturated with fluorapetite and
calcdum fluoride, therefore, the activity of the un

dissodiated phospahoric acid is represented by

log au = —0.9227 (mp — 2/3 mej¥* + 2.4204 (mp —
2/3 mca) - 1.2368 (mP - 2/3 mca)A + 0.2153 (mP -
2/3 mca)2- 0.6069 (15)

whichis plotted inHg 2, andthe activity coefficient
of the dihydrogen phosphete ion is represented by

log 70HFOL — —0.5091 juA -] 0.0503 n  (16)

which is plotted in Fg. 3
Activity of Calaium lon—Equating the two ex
crsformeactlvltyofmeudls@oaatedpms-
caad 15 ad the logarithmic form of eq
), dividing 15 and rearranging, ore dotairs

-log aca = 2 pH + 2/3 4, - 1/9 log K?A = 15.9387
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or its equivalent
-log TCa = logmoa + 2pH + 2/3 ©- 1/9 log KFa -
15.9387 (17)
ion  Since the nodified Debye-Hiickel relationship
-2.0364 mA _

1+ 1.9512 j;Va + Bfj, h Ch2rb ...

where ionic x = 3nca + hes been
foundt y for many calciumphosphate systens,
equation 17 may be written

a=A=H= + Cm2t ...

log 70a =

where

2.0364
1+ 1.9512 M/t log TG

2 pH — 2/3 &+ 15.9387

A plot of aasafunction dﬂqeiaicsn'g_lm (Hg
4) shows a paraoolic cunve, which wes defired by

nmethod of least souares from eight of the nire
mn’ated_sduﬁlgssjcbsa’l_ -md'quT?Hee I. The point
representing ution Wi greatest ionic
strength wes discarded statistically.  The resultant
equation

a = 13.429 + 0.0436 m - (18)

hes aproable error of + 0.00026; it reproduces the
epennmental data with a nexinal deviation in a
of 0.04% and a mean deviation of 0.02%.
The activity coefficient of the calciumion there-
fore is represented by the function
—2.0364 mA
1+ 19512 ma © 0043610 -

0.00729 m2 + 0.00388
which is plotted in FHg 3
Bvaluation of kp A—ByYy carhining the exeri-
mental data in Table | Wiﬂ”ng.ﬂtions 15 ad 19
nire values of the activity solubility product of
fluorgpetite were caloculated through the  rela
tiorship
log Xfa = 9log aCa+ 6 log au- 18 log aH +
6 log (KiKiKs) + log AoaF2 (20)
which st exist anong the activities of calcium
and hydrogen ios and of the free ic acid
in solutions that are in equilibrium with mixtures
of fl ite ad calcdum fluoride  The oo
of eight of the nire values given in Table 11,
14 + 02 X 10~-12, shons a high degree of con+

Si of the exqperinental resuits ad
ﬂ%tat%lysioaj‘emml lans gererally goplied to
dilute electrolytic solutios can ke goplied in this
system to solutions of high concentratiors.
Itrmét%eofirtemm ﬂ”estbilcig
ite, pKk la = 12086 + 0.05,
e A i o n
system with soe of the values that may ke cal-
aulated from themochemical datas  For exanple,
values of pk-pA ranging from 114.25 to 120.08 were
calaulated from (8) the average heat of formration of
fl ite, —3267.2 + 04 kcal./nole, as ceter-

mined for the prooess

6H¥04 + 9Ca(OH)2 + CaFa = Ca”~PO,” + 18HD
from published datadfor the heats of formation of
Ca(OH)2, Caland HD, together with unpublished

0.00729 + 0.00388

log 7Ca
(19)
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Fig. 2.—Activity of undissociated phosphoric acid.

Fig. 3.—Activity coefficients of calcium and dihydrogen
phosphate ions.

Fig 4.—Variation of a as a function of ionic strength.
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TVA data for the heats of solution of the respective

TR et e 5 g o
ilution Cc adid; i

for the heats of fomatiod of Ca++, PO ad

F~, for the entropiesdof Ca+, F~, Ca(s), FAg) ad

T. D. Farr, Grady Tarbutton and H. T. Lewis, Jr.

Vol. 66

?) for the entropy6 of POP" (—52 +
for the entropy7 of fluorapetite.
(6) C. C. Stephenson, J. Am. Chem. Soc., 66, 1436 (1944).

(7) E. P. Egan, Jr., Z. T. Wakefield and K. L. Elmore, ibid., 73,
5581 (1951).

2 eu),

SYSTEM CaO-PD5HF-H2D: EQUILIBRIUM AT 25 AND 50

By Thad D. Farr, Grady Tarbutton and Harry T. Lewis, Jr.

Division of Chemical Development, Tennessee Valley Authority, Wilson Dam, Alabama
Received September &1, 1961

Phase equilibria in the system Ca0-P 25-HF-H 2 at 25 and 50° were determined for the region represented by liquid

phases containing 4 to 35% P205 0.7 to 5.5% CaO and less than 0.07% F.

The stable solid phases in equilibrium with the

saturated solutions were calcium fluoride and fluorapatite or calcium fluoride and monocalcium phosphate monohydrate.

The invariant points representing solutions saturated with all three compounds were located at both temperatures.

Meas-

urements on the saturated solutions included pH, density and vapor pressure.

The pesenoeofﬂwraoatlte CaiQPOY6R2, & a
nmejor conrponent in rock phosphate focuses inter-
Ca0-PD5-HF-HD inits relation
to the manufacture and use of phosphetic fertiliz-
ers. Phase equilibriumin a portion of the system
wes studied with three mgjor objectives. To deter-

mine whether dicaldum fertilizer can
e mede directly fromrock and the stoi-
chionetric proportion of ic add at tem

inthe 25 to 50°, to determire the

relative rates of equilibration fromthe directions of
on and of undersaturation, and to

Materials and Methods

Monocalcium phosphate monohydrate, dicalcium phos-
phate and phosphoric acid were crystallized twice from the
reagent materials. Hydrofluoric acid was redistilled in
platinum and the middle fraction was retained. Calcium
fluoride was prepared from twice-recrystallized calcium ni-
trate and the purified hydrofluoric acid. Tricalcium phos-
phate and fluorapatite were prepared by methods described
previously.2

About half the equilibration mixtures were prepared from
phosphoric acid and fluorapatite to approach equilibrium
from the direction of undersaturation. The other mixtures
were prepared from phosphoric acid and various combina-
tions of monccalcium phosphate monohydrate, dicalcium
phosphate, tricalcium phosphate, fluorapatite, calcium
fluoride and hydrofluoric acid.

The mixtures were equilibrated in 500-ml. hard rubber or
polyethylene screw-cap bottles that were rotated end over
end in water-baths at 25 + 0.08° or 50 + 0.04°. The wet
solids were identified petrographically, with some confirma-
tions by X-ray diffraction.

Slow settling of solids complicated sampling of the liquid
phases, which were analyzed in duplicate. The phosphorus
content generally was determined by double precipitation
as magnesium ammonium phosphate, with ignition to
magnesium pyrophosphate. A few phosphorus determina-
tions were made by a differential spectrophotometric
method.3 Calcium was determined by double precipitation
as the oxalate, generally with ignition to calcium oxide.
Some of the precipitates were ignited at 475 to 500° and
weighed as calcium carbonate. Fluorine was determined
by a method that has been described.4

(1) Presented before the Division of Physical and Inorganic Chemis-
try, 132nd National Meeting of the American Chemical Society, New
York, N. Y., September 1957.

(2 E. P. Egan, Jr., Z, T. Wakefield and K. L. Elmore, J. Am. Chem.
Soc., 73, 5581 (1951).

(B) A. Gee and V. R. Deitz, Anal. Chem., 25, 1320 (1953).

Densities of the solutions were measured in 25-ml.
nometers calibrated at 25 + 0.005° or 50 + 0.005°.

The pH’s of the solutions were measured by means of a
Beckman Model H-2 meter, with glass and saturated calomel
electrodes calibrated at 25 and 50°. A few check deter-
minations of pH were made with a hydrogen half-cell in a
different system.

In measuring the vapor pressure of a saturated solution,
a technique of alternate stirring and freezing was used for
removal of dissolved extraneous gases without changing the
composition of the solution. The solution was stirred in a
25-ml. bulb by means of a perforated platinum disk, lifted
magnetically 8 times per min. After 5 to 10 min. of stirring,
the liquid was frozen quickly at —78° and evacuated. The
solid was melted at room temperature with the bulb isolated
from the vacuum system and the cycle was repeated until the
pressure over the solid was 10~4 mm. on a McLeod gage
(usually 8 to 10 cycles).

The bulb with degassed test solution and stirring mecha-
nism, a mercury isoteniscope, and the critical connecting lines
were immersed in a water-bath at 25 + 0.005° or 50 *
0.005°. The nitrogen pressure needed to balance the iso-
teniscope, as indicated by an electronic relay system, was
measured with a manometer containing Monsanto Arochlor
No. 1242, which gave a magnification factor of 9.78. The
manometer was read with a cathetometer.

The apparatus was tested by measuring the vapor pressure
of conductivity water. The results of replicate determina-
tions, 23.76 + 0.01 mm. at 25° and 92.58 + 0.01 mm. at
50°, are compared with the value 0.032287 kg./cm.2(23.75
mm.) for 25° recommended by Osborne, Stimson and Gin-
nings5from their compilation of published vapor pressures
and the value 92.56 mm. for 50° given by Keyes.6
