
k2 = G 00 X 10' c 1 * I I I O ~ C  2 i i ~ . -  1 

The AE of reaction 3a is 25.4 - R T  or 24.0 kcal. 
The activation energy for reaction 3a is 24.3 kcal. 
Therefore the conclusion is warranted that the 
reaction proceeds, as expected for atomic reactions 
of this type, with little or no positive energy of 
activation. It is in fact possiblex6 that a small 
negative activation energy is actually in\-olved 
in this energy transfer reaction. 

Small deviations (on the high side) of the ex- 
perimental rate obtained by Glissman and Schu- 
macher16 have been attributed by Benson and 
Axworthy16 to  the presence of thermal gradients 
in the reactor. No evidence for this hypothesis 
exists in the pressure range of the prescnt ozone 
systems operating between 1 13 to 130". 

tion i n  the Gbserved rate constant over the first 
33c/& decomposition. 

The data obtained in this research are in excel- 
lent agreement with the data previously reported 
by Glissman and Schun~acher '~ and Benson and 
.kmorthy. l6 IVhen concentrated ozone decom- 
posts, a steady state concentration of oxygen atonis 
rather than an equilibriuni concentration is present. 

Support is given for a modified Jahn mechanism 
of ozone decomposition suggested by Benson and 
hxuwrthy,lG SchumacherZ2 and 

From the best available thermodynamic data 
I alues for k 2  have been calculated. 

The authors wish to thank the Western Dcvelop- 
ment Division of Air Research and Development 
Command for their financial support. 
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Nuclear Magnetic Resonance Line Shifts of Fluorine in AgF and Ag,F's2 
BY Q. WON CHOP 

RECEIVED XOVEMBER 12, 1959 

A new method of preparing silver fluoride solution without any contamination is described and a procedure for preparing 
Nuclear magnetic resonance absorption lines are shifted by +0,01470 and 

The positive 
Possible interpretations for these data are 

very finely divided silver subfluoride is given. 
-O.OOUc/, for AgF and Ag?F, respectively, with respect to the fluorine resonance line in KF aqueous solution. 
shift corresponds to the higher magnetic resoiiant field a t  constant frequency. 
provided. 

Introduction 
The magnetic resonance frequency of a given 

nucleus varies with its electronic environment. 
This arises because, as an external magnetic field 
HO is applied to an atom or molecule, its electrons 
acquire an induced diamagnetic circulation which 
produces a magnetic field - UHO a t  the position of 
nucleus, partly cancelling the applied field. As 
pointed out by Ramsey,* the second-order para- 
niagnetism partly cancels the diamagnetic shield- 
ing effect. Saika and Slichters and Yosida and 
lIoriya6 correlated the contribution of the second 
order paramagnetism in an ionic compound with 
its degree of covalency of the binding. Gutowsky 
and hlcGarvey7 have studied the resonance ab- 
sorption spectra of RblSi and Cs133 nuclei in various 
halides and have confirmed the parallel relation 
between the values of the relative line shift and the 
electronegativity differences of the metal and 
halogen involved. Posida and hforiya6 have found 

(1)  Based upon a thesis submitted by the  author in  partial fulfill- 
ment of the  requirements fo r  t h e  degree of Doctor of Philosophy. 

(2) This  work war, supported by a grant  f rom the  Research Corpora- 
t ion.  

f3) Department  uf Chenii>try, Cornell University, I thaca,  pi. I.. 
(4) K. Ramsey,  I ' h y s .  R m ,  7 8 ,  699 (1950). 
( .5)  A .  Saika and C. P. Slichter, J .  Chem. P h y r . ,  22, 28 (1964). 
(1;) Kci Vodda  and Toru Moriya, J .  Phys .  SOC. Japan,  11, 33 

(1956). 
(7)  H .  S.  Gutowsky and B. R SfcGarvey,  J .  C h i i n  P h y s . ,  21, l-I?X 

(1963). 

good agreement between their calculated values of 
shifts for halogen nuclei in alkali halides and 
the experimental results of Kanda.8 In metallic 
conductors, however, there is another type of 
paramagnetic effect caused by the contact inter- 
action of the conduction electron and the magnetic 
nuclei, known as the Knight shift.g 

The F19 resonance shifts reported here appear to 
be the first provided for AgF and AgzF crystals. 
The n.m.r. study of the F19 nucleus in Ag2F crystals 
is of particular interest since the compound is 
quite metallic in character, judging from measure- 
nients of the electrical resistivity'O and of magnetic 
susceptibility. l1  

Experimental 
Preparation of Pure AgF Solution.-The procedure 

adopted here is a modification of the one developed by Tapi- 
lov and Abdulaev'z which consists of dissolving silver oxide, 
obtained by the oxidation of metallic silver with hydrogen 
peroxide, in hydrofluoric acid. Since hydrogen peroxide 
decomposes very readily in the presence of silver oxide, i t  is 
difficult to adjust the conditions so as to  assure complete 
oxidation. In  order to avoid such a difficulty, the silver 

(8) Teinosuke Kanda ,  J .  Phys. SOC. Japan, 10, 85 (1955). 
(9) W. D. Knight, P h y s .  Rev. ,  '76, 1251) (1949). 
(10) R. Hilsch, G. v. hlinnegerode and H. v. Wartenberg, S O ~ I ! Y -  

wissewschuflen, 44, 463 (195i) .  
(11) S. Freed. N. Sugarman and R.  P. Metcalf, J .  Chent. P h y s . ,  8, 

225 (1940). 
(12) Sh. T. Tapilov and D A.  Abdulaev, Chrm. A b r l r . ,  49, F73? 

(1955) .  
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tnetal was dissolved in hydrofluoric acid by adding hydro- 
gen peroxide; i.e., the two-step procedure of Tapilov and 
Abdulaev was combined into one step. This modification 
makes the reactinn very smooth and easily controllable. 

Procedure.-Silver was prepared in a powdered state by 
reducing a concentrated solution of silver nitrate with ammo- 
nium formate.I3 I n  order to obtain the silver in a very finely 
divided state, ammonium formate solution was added very 
rapidly to the silver nitrate solution kept a t  60'; the solu- 
tion was then heated on a steam-bath. 
.I weighed portion of dry silver powder was moistened 

with o m  and one-half times the quantity of 25y0 hydro- 
fluoric acid needed to convert the silver t o  silver fluoride. 
To this mixture, a 6y0 hydrogen peroxide solution was 
added dropwise over a period of at least 1 hr. The mixture 
was constantly agitated to avoid violent evolution of oxygen 
which might be caused by a local concentration of hydrogen 
peroxide. In order to dissolve the silver completely, about 
one and one-half the theoretically needed quantity of hy- 
drogen peroxide was required. I n  the last stage of the reac- 
tion, there remained some brownish precipitate which could 
not be dissolved readily. Similar residues were obtained 
when a commercially available silver oxide was treated with 
an excess of hydrofluoric acid. Thus, it is not necessary t i )  

add more hydrogen peroxide if the resultant solution fails to 
become clearer. In  order to expel the excess H F  and to de- 
compose the unreacted Hp02, the resultant solution mas 
heated on a steam-bath for approximately 1 hr. until the gas 
evolution ceased. The brown precipitate was separated by 
filtration and the filtrate was concentrated on a steam-bath 
until a thin scum covered the solution. 

Since the small quantity of free hydrofluoric acid in silver 
fluoride solution did not affect the further preparation uf 
AgpF, the solution obtained above was ready for use after 
dissolving the scum with the least amount of water. How- 
ever, if anhydrous silver fluoride is to be prepared from the 
solution, the excess HF must be expelled by continued 
evaporation, until the residue is virtually dry.  In this 
case, silver fluoride can be obtained following the procedure 
developed by -4nderson and BakI4: namely, by addition of 
methanol and ether in succession to the saturated solution of 
XgF. 

Preparation of A g F  in a Finely Divided State.-In order 
to obtain AgpF crystals in a very finely divided state, the 
usual procedure10,15 was modified as follows : 

-4bout one-third of the amount of silver used in the above- 
mentioned preparation was added to the silver fluoride solu- 
tion prepared as described above. The mixture then was 
heated at about 50" overnight. It was necessary to  break 
the scum formed on the liquid surface from time to time, to 
facilitate the evaporation of the solution so that  the conceri- 
tration of AgF could be kept as high as possible. Most of 
the silver metal added was converted to fairly coarse Ag2F 
crystals. The supernatant solution was decanted and kept 
aside, while the residue was treated with the least possible 
amount of water necessary to decompose the silver subfluo- 
ride. The decomposition of AgpF by the action of water 
took place instantaneously and the silver formed was found to 
be in an extremely fine state of division. To this suspension 
of metallic silver in silver fluoride solution, the mother liquor 
that had previously been decanted was added, and the ma- 
terial then was warmed to about 40' in the dark for a t  least 5 
hr.  The silver fluoride solution now was decanted and 
the AgpF crystals were washed with absolute methanol six 
times. The Ag?F was freed from methanol by keeping it in a 
desiccator in the presence of BaO, CaClp and NaF  under a 
moderate vacuum for about three days. Anhydrous AgF can 
be recovered from the mother liquor of the AgpF crop by 
use of methanol and ether, as nieiitioned before. 

More than one-third of the Ag2F crystals obtained passed 
the No. 200 sieve. It is noteworthy that .4g2F thus ob- 
tained is not affected by light when kept in a sealed ani- 
poule. 

Determination of the N.m.r. Shifts.-The fine crystals of 
AgzF that  passed the No. 200 sieve were embedded in solid 
paraffin in a Pyrex container so that  the individual particles 
are electrically insulated. Any coarser AgpF particles low- 

- 
(13) €r. S. UiJotIi ,  "lnurgnnic Syiithcses," Vat, I ,  hIcGraw -Hili 

( 1 4 )  F. Anderson, B@rge Bak and Anny Hillbeit, Aclu Chim.  S ~ o i i d ,  

(15) >I Hettisch, Z.  aimre.  aligetrb. Cherrr.. 167, 71 (1927). 

I3ook Co , Inc  , S e w  York, N. Y , 1939, p 4. 

7 ,  230: 139531. 

ered Q of the tank circuit of the radiofrequency oscillator 
to the extent that  oscillation could not be sustained. 

The magnet used is a twelve inch electromagnet, 1.arian 
niodel V-4012A-HR. The electronic equipment used to 
detect the nuclear resonance absorption was essentially the 
same as that developed by Pound, Knight and Watkins.'e 
I t  employs a radio-frequency oscillator, amplifier and de- 
tector; the audio output of this unit was viewed directly on 
a cathode-ray oscilloscope or sent to a lock-in amplifier and 
a recorder. The coil of the radio-frequency oscillator was 
kept in the magnet air gap a t  a certain position and only the 
samples were exchanged. Since the time variation of the 
magnetic field was found to be smaller than the over-all 
experimental error of the present measurement, 25 p.p.m., 
the intensity of the applied magnetic field can be considered 
to be the same for different substances studied in a set of 
experiments. A Sational receiver model HRO-60 with Na- 
tional XCU-50-2 Crystal Calibrator Unit was used to deter- 
mine the 100 kcps. marker positions. Since only the rela- 
tive shifts were of interest, the crystal calibrator was cali- 
brated only occasionally with WWV broadcasting. 

The nuclear resonance frequency was determined by in- 
terpolation on the recorder strip chart, assuming the rates 
of chart drive and the frequency change of the oscillator were 
both linear. In  order to minimize error, the external mag- 
netic field was adjusted so that the nuclear resonance sig- 
nals were located very closely to one of the 100 kcps. 
markers. Figure 1 shows an example of the recordings. 
Some of the measurements were carried out by obtaining 
the resonance signals with only one 100 kcps. marker, in or- 
der to minimize the time interval required for determining 
the relative shifts of two samples. Then the maximum nu- 
clear absorption frequencies were calculated by using the pre- 
determined distance between the two adjacent 100 kcps. 
markers. This type of experiment confirmed the negligible 
time drift of the external magnetic field. Figure 2 shows an 
example of such an experiment. The time constant used 
frir detector output was kept smaller than 16 sec., since the 
time required to traverse the region between the maximum 
and minimum slopes of the signal was about 100 sec. 

The resonance frequency of AgpF crystals was measured 
relative to that of .lgF crystals and the measurement for the 
latter was made relative to the resonance frequency of 35y0 
aqueous K F  solution. The results are shown in Table I,  
together with the data for other fluorine compounds re- 
ported by Dickiiisoii'i and Gutowsky and Hoffman.'* 

TABLE I 
RELATIVE SHIFT OF XUCLEAR MAGSETIC RESOXANCE OF F'9 

I N  VARIOUS COMPOUNDS 

Relative shift  
Compounds F? as reference 

.IgF 6 88" 
HF (anhydrous) 6 . 2 5  
H F  (aqueous solction) and 

BFI.O(C&)~ 5,85' 
R F  (aqueous solution) 5 .48  

c F I  4 .91 

CIFB 3.43 
F2 0.00 

CpFjCla 5.03h 

;ZgpF 4.  58'' 

x 104 
K F  aqueous 
as reference 

1 .40 
0 . 7 7  

.43b 

. 00 
- .45b 
- .57 
- .go" 
-2.05 
-5 .48  

This work; (' Dickinsmi.17 Others, Gutowsky and 
Hoffman .18 

T h e  line widths are measured between the rnauimuni and 
minimum of the derivative curve and found to be 3.3 and 
4.3 gauss for AgF and AgZF, respectively. Since the reso- 
nance signal from AgzF crystals was obtained by operating a t  
higher radiofrequency oscillation levels, the line width for 
that  compound may be in error. 

(11;) K .  V .  I'uiinil ai111 W. Kiiiglit, X?z' .S , i .  I i i $ f v . ,  21, 219 (lQ5Cl). 

(17) W. C.  Dirkinson, P h y r  R n  , 81, 717 (1931). 
(18) H S. Gutuwbkg and C J Holfman, J .  Chctn I 'hjr , 19, l l j l j  

G Watt-ins,  Thesis, I larvard University (1952). 

( l$I51) ,  
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A 

?2 4 Y l l  c 

('1) .IgF, 23 4u4,51c (b)  .lg,F, 22 409,R.I~ 
Pig 1 -Fly rewiiance signals from .IgF and Ag2F with two 

100 kc markers 

Discussion 
The of the approximation applied to 

Iianisey's theory is 

where Au is the relative size of the second-order 
paramagnetism with respect to an isolated fluorine 
ion as the reference state, AE is the average excitation - 
energy of the molecule and ( (~i>a,>~,is the average 

of for the valence electron of a free fluorine atom, 1 
7 

and X is the degree of covalency of the bond as- 
sociated with the 2p electron. In the case of 
XgF crystals, where the shift of n.ni.r. line is found 
to be the largest reported so far, the assumptions 
introduced in deriving equation 1 appear to be 
reasonable. Hence, the present result can be con- 
sidered as the evidence for the high degree of 
ionicity in the binding of ilgF. 

However, in the case of ADF, the situation is 
more complicated. According to X-ray measure- 
~ i i en t s , ' ~  the silver atoms in Ag2F crystals are in the 
position of iodine atoms in a CdI2 lattice and are at 
the same distance from each other as prevails for 
the silver atonis in metallic silver. The fluorine 
atom occupies the Cd position in the lattice and the 
distance between the silver and fluorine atoms is 
the same as the interionic distance in normal silver 
fluoride. Thus, there must occur a reduction of 
the symmetry of the wave functions of fluorine in 
AgzF compared to that in AgF crystals, which is 
not taken into account in equation 1. If this equa- 
tion were to be utilized as i t  stands, one would have 
to conclude from the resonance line shift of fluorine 
nucleus that  -Ig,F is as covalent as CF4 and 
ClFa. 

, I ! # )  S t i  i i! . t i ir l~rrirl i~c licl I ;<'I l i r l  1 I ,  2 i l <  

(a) XgF, 22 184, M c .  (b)  AglF,  22.188, hIc. 
Fig. 2.-F1Q resoiiance signals from AgF and .lgaI: w i t h  siiiglc 

100 kc. markers. 

There are three possible points of view with 
respect to this problem. First, the situation might 
be such that  the excitation energy AE for AgzF 
is comparatively small, thus making the cor- 
responding value of A U  less negative than the values 
of ACT for compounds with the same degree of ionic 
character in binding. Unfortunately, no informa- 
tion concerning the excitation energies of AgsF 
is available a t  present. Xlternatively, the ap- 
proximation used by Saika and Slichter in deriv- 
ing equation 1 may be inapplicable to the present 
case, because of the modification of the meaning 
of the coefficient X. As mentioned above, the 

value of in the XgsF lattice cannot be 
21, 

expressed correctly as the product X (.:;:3>,, 1 :: ,, 
as in the case of AgF. It can be expected that  the 
effect of the reduction of symmetry of the electro- 
static potential around the fluorine atom will make 

the value of (<;:+>av) smaller when the value of 

X is the same. Hence, this effect does not seem 
to account for the greater paramagnetism in 
fluorine resonance of .IgjF. 

The third reason for the observed result may be 
found in the hyperfine interaction tha t  is respon- 
sible for the Knight shift. Since Xg2F is metallic 
in nature, such an effect can reasonably be antici- 
pated. However, i t  will be smaller than the 
normally observed Knight shifts in metals, since 
the negative charge of the fluoride ion will make the 
probability of finding the conduction electrons a t  
a t  the fluorine nucleus very small. The resonance 
line shift of Xg?F, of 0 . 0 2 3 ~ c  relative to AgF, is 
comparable to the smallest Knight shift observed 
in metals. This shift may well consist of both 
contributions, i .e. ,  the second order paramagne- 
tism and the Knight shift. 

The n.m.r. absorption signals shown in Figs. 1 and 
2 are obtained by using about the same quantities of 
fluorides in the radiofrequency coil; thus, in the ex- 
perinleiits with Ag2F, the nulnber of F'!' nuclei 
in the coil was about half of that in the experi- 
ttients with .\gF. .\s iiientioiied previously, .-Zgr17 
crystals tIissi1)ate a i l  apprwia1)le aiiiount of the ri. 

21, 
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energy in the coil. Hence, it is expected that the 
Q value of the oscillator coil will be much smaller 
with Ag2F samples than with AgF samples. Fur- 
thermore, the resonance signal from AgzF was ob- 
tained only at higher oscillation levels, because 
oscillation could not be sustained at lower levels. 
Nevertheless, the resonance signals from AgzF 
are of almost the same size as those from AgF. 
Consequently, the thermal relaxation time TI 
is expected to be much smaller in AgzF than in 
AgF. The decrease of TI values in AgzF could be 
attributed to  the presence of defects. Actually, 
Hilsch, et al.,1° suggested that the relatively large 
value of the residual resistivity of Ag2F may be 
attributed to the presence of defects. The AgF 
sample used was extremely sensitive to the radia- 
tion in the visible region of the spectrum. In ad- 
dition, i t  was prepared by a rapid precipitation 
process. As a consequence, the -4gF sample 
must have had a large quantity of defects as well. 
In view of these facts, i t  seems natural to seek some 
other mechanisms that will explain the smaller 
TI value in *IgzF. An explanation in terms of ef- 
fects due to conduction electrons seems most 
plausible. Xs shown by Korringa,20 the relaxa- 
tion time T, is inversely proportional to the size of 

the Knight shift; i.e., i t  is inversely proportional 
to the probability of finding conduction electrons 
at the nucleus. As mentioned above, this probabil- 
ity is expected to be rather small. Hence, the 
relaxation by the conduction electrons may not be 
the overwhelming contribution to  TI, even if the 
conduction electrons are really effective in reducing 
the 7'1 value. 

In  the explanation of the result for AgzF, equa- 
tion l cannot be utilized as such, because the simpli- 
fying assumptions on which equation 1 is based do 
not apply to this case. To obtain the appropriate 
theroretical expressions a study of Overhauser 
effect13 and of the electrical resistivity perpendicu- 
lar to the layers of AgzF as well as further TI meas- 
urements a t  different temperatures may be help- 
ful. 
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The Three Melting Points and Heats of Fusion of Phosgene. Entropy of Solids I and 
11, and Atomic Exchange Disorder in Solid 11' 

BY W. F. GIAUQUE ASD J. B. OTT 
RECEIVED ~ O V E M B E R  10, 1959 

Carbonyl chloride has been found to have three melting points a t  145.37, 142.09 and 139.1S°K. for solids I ,  I1 and I l l ,  
respectively. The calorimetric heats of fusion of the three forms at their 
respective melting points are (I)  1371.5 i 1, (11) 1335.4 =k 1.5 and ( I J J )  1131 i 5 cal. mole-'. The heat capacity data of 
solid I were combined with calorimetric measurements of Giauque and Jones on the liquid and the heat of fusion and vaporiza- 
tion to obtain the entropy of the ideal gas a t  the boiling point, 28C.71°K., as 66.99 gibbs mole-' (the value a t  298.15OK. = 
67.81 gbs. mole-'). These are in complete agreement with the values 66.99 and 67.81 gbs. mo1e-I calculated from quantum 
statistics and molecular data for the above two temperatures. I t  has been shown that the previous heat capacity measure- 
ments on COCls by Giauque and Jones apply to  solid II rather than to solid I. The entropy of solid IJ a t  its melting point 
is shown to he 20.24 gbs. mole-': however, the J:C, d In T gives only 20.04. The discrepancy uf 0.20 gbs. mole-' is well 
beyond experimental error and is attributed to atomic exchange disorder frozen into the crystal. This amount of entropy 
corresponds to  1.75T0 of the molecules with oxygen and chlorine atoms in exchanged positions. The energy change ac- 
companying this dislocation is calculated to be 1330 cal. mole-' for the case of a small fraction of exchanged atoms. The 
thermodynamic properties of solid I1 are corrected for the effect of frozen in disorder and tables of thermodynamic proper- 
ties are given for solids I, 11, liquid and gaseous COCl?. For a pressure of one atmosphere it may be calculated that solid 
I11 has no  equilibrium transition to solid I.  Calculation 
indicates that  solid I1 becomes the stable form below about 10°K. but there is a considerable margin of possible error in this 
result due to the very small difference in heat content betlveen solids I and 11. 

Solid I is the form with the stable melting point. 

Similarly there is no transition point between solids I1 and 111. 

The purpose of this paper is to clear up smie 
discrepancies in the thermodynamics of carbonyl 
chloride, COClr. Giauque and Jonesa carried out  
a low temperature calorimetric investigation which 
was used to calculate the entropy of carbonyl 
chloride gas a t  the boiling point. The value was 
found3 to be 1.63 gbs. mole-' less than the entropy 
calculated by utilizing fundamental frequencies of 

(1) This work was supported in par t  by the  National Science 

( 2 )  W. 1). Giauqiie and W, hl.  Junes, Tms JucKxAi., IO, 1 3 )  

(3) 1 gbs. (gibbs) = 1 defined cal./defined deg. K.  See \\', I:. 
Giauque, E. W. Hornung, J .  E. Kunzler and 1'. I t .  Ruhin, ihid., 82, 
G2 ( l 9 G O ) .  

Foundation. 

( 19483. 

the ~iiolecule as given by T h o n ~ p s o n . ~  Xssuming the 
correctness of Thompson's values the entropy 
shortage in J C ,  d In Twas explainable as unexpected 
residual disorder in the solid a t  limiting low tem- 
peratures. 

The experimental work of Giauque and Jones was 
rushed to completion in 1942 after they were en- 
gaged in war work and the haste left some un- 
explained occurrences which would normally have 
called for additional investigation. They comment 
o i l  at1 expansion in the calorimeter, which strained 
the resistance thexnometer over a region below the 
melting point and made i t  necessary to observe 

(-1) I hom1)sun I i n i i s  I nio l iay  Juc , 31 ,  251 (1911) 


