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Nucleophilic reactions of hexafluorobenzene and related polyfiuorobenzenes were studied 
in detail. R eaction of hexafluorobenzcnc with hydroxides, alcoholates, aqueous amines, and 
organolithium co mpounds led to the substitution of one 01' more fluorine atoms. The struc
tures of the products were determined, using near infra red and nuclear magnetic resonance 
spectra. Fluorine is replaced more readi ly than chlorine, bromine, iodine, or other groups. 
I n the majority of the products in which two of the fluorin es in hexafluorobenzene were 
replaced, t he substituting groups were pa ra to each other. However, depe nding on the 
reagents other orientation effects were noted . The reaction mechanisms were a fun ction of 
reagents and co nditions. The mo t prcvalent mechani sm is presumably the displace ment 
of a fluoride anion by another anion, probably via the fo rmation of transition co mplexes of 
difl'erent lifetimes. However, simple ionization 0 1' attack by neutral species may occ ur 
under some co nditions. The diazotization and oxidation of pentafluoroan il ine were also 
inv estigated. 

1. Introduction 

H exafluoroberrz ene [1 , 2, 3, 4] 2 and oth er highly 
fluorinated benzene derivatives [5] hn,ve b een syn
thesized in recent years by several methods. These 
s ubstances are very inert chemically and extremely 
stable to heat and radiation [6 , 7, 81. H exafluoro
benzene has not, to date, b een reported to r eact with 
electrophilic reagents. Exceedingly drastic acidic 
conditions have been required to halogenate further 
tetrafluoro- and pentafluoro benzene 19, la, 11 , ]2] . 
Hexafluorobenzene will add chlorine [1, 2, 4] and is 
readily attacked by free radicals [13]. 

Like hexachlorobenzene [141, h exafluorob enzene 
would be expected to r eact with bases. Strong nu
cleophilic reagents will displace fluorine from the 
aromatic ring. The strong inductive effect of the 
electroneg-ative fluorin e atoms should produce highly 
positive ring-carbon atoms. Unlike hexachloroben
zene, which is a high-melting solid poorly soluble in 
organic solvents, hexafluorobenzene is a liquid and 
is soluble in many solvents. Hence, the latter com
pound readily r eacts with many bases in appropriate 
solvents. Under pressure at elevated temperatures, 
aq ueous systems have also been used successfully 
with hexafluorobenzene. 

The reactions of hexafluorobenzene and many of 
its monosubstituted derivatives with various nucleo
philic reagents will be described in this paper. '1' he 
ch.ief reagents u tilized were alkali-metal hydroxides, 
alcoholates, amines, and organolithiwn compounds. 
In general, these reagents replace fluorine in prefer 
ence to bromine or iodine, for example, in reactions 

1 Based on researcll supported by the Bureau of Naval Weapons, Department 
of the Navy, 

2 Figures in brackets ind icate the literature reference., at the end of this paper 

with bromo- and iodo-pentafluorobenzene. This is 
in accord with previously observed results on nucleo
philic r eactions [15, 16]. With 1-chloro-3,4,5,6-
tetrafluorobenzene, the chlorine atom can, however, 
b e r eplaced prefer entially by a hy drogen atom [17] . 
The reaction is carried out with hy drogen over a 
palladium catalyst a~ 280 °e. . . . 

Many of the reactIOns studied ar e mformatlve of 
th e directional effects created by groups other than a 
fluorine atom in an othenvi e completely fluorinated 
benzene ring. Very m eager information of t his 
nature has been available previous to this work. 
N uclear mao'netic-resonance spectroscopy was used 
as the pTim~ry method for detern~ining m~lecular 
structure. Infrared spectra, partlC~larly m. ~he 
near-infrared, were also of assistance m determmmg 
structure, especially in the case of the oTtho hydroxyl 
compounds. 

2 . Reactions of Hexafluorobenzene 

2 .1. Reactions With Hyd roxides 

It has been found that polyfluoroaromatic phenols 
can b e prepared r eadily by the following type of 
r eaction: 

F F F F O MO II 0 X F ---> X Oll 
sol vent 

¥ F F F 

where M is any alkal~ metal and X iSr~ fluorine atOl?
or some other substituent group. Ihe product is 
often the para isomer, but mixtures of isomers may 
occur. 
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In our earlier work [18], penta£luorophenol was 
prepared by re£luxing hexafluorobenzene with potas
sium hydroxide in pyridine, which was found to be 
an effective solvent for this reaction. In similar 
reactions with h exachlorobenzene, it has been sug
gested [14] that pyridine has a specific, catalytic 
effect . With ethanolic pyridine as solvent, the 
reaction gave penta£luorophenol and tetm£luorodi
hydroxybenzene together with small proportions of 
penta£luorophenetole ancl diethoxytetra£luoroben
zen e. Since the phenol reacts further only with 
difficulty due presUlnably to the repulsion of the 
negative ion by the phenoxy ion, it is lik.ely that the 
disubstituted products result via reaction of the base 
with the phenetole and that many substitu ted ethoxy 
groups are then split by the basic medium to give 
the hydroxy derivatives. With tcrt-butyl alcohol as 
diluent, other workers have prepared pentafluoro
phenol from hexa£luorobenzene [19] . 

In t he present work, it was found that simple, 
aqueous systems are adequate for these nucleophilic 
reactions. Thus, we have prepared pentafluoro
phenol in high yield (85%) by using aqu eous potas
sium hydroxide at 175 °0 in a closed pressure-vessel. 
For the phenol preparation, our experience suggests 
water to be the preferred diluent, followed by tert
butyl alcohol. Tetra£luoro-p-cresol was prepared, 
using tert-butyl alcohol as diluent. With pyridine as 
solvent, black tars are undesired by-products; using 
pyridine, the compounds 2,3,5 ,6- tetr a£luorophenol, 
2-brom.0-3,4,5,6-tetra£luorophenol, 4-bromo-2,3,5 ,6-
tetra£luorophenol, and 2,3 ,5,6-tetrafluoro-4-iodo
phenol have been prepared. 

2.2. Reactions With Alkoxides 

Another reaction of polyfluoroaromatics investi
gated was that with such alcoholates as sodium 
methoxide. 

F F F F x< ~F j\f~ XC __ >OR _f" solvent 
F F F F 

The reactio ll is usually carried out at reflux tempera
tmes, t o give good yields of ethers of the general 
type shown. "Vith sodium methoxide in methanol , 
pentafluoroanisole was produced [4, 20], together with 
some of the tetrafluoro-p-dimetboxybenzene. With 
pyridine- methanol as the solvent [18], rapid reaction 
occurred to produce high y ields (70 %) of penta
fluoroanisole. The tetrafluoro-p-dimethoxybenzene 
has also been produced by other methods [2 1, 22], 
e.g., from the reaction of di fLzomethane with 2,3,5,6-
tetrafluorohydroquinone. Syn thesis by this route 
established that the second methoxyl group is in the 
para position to the first. 

The pentafluoroanisole may be demcthylated, with 
difficulty, by re£luxing with 47-percent hydriodic 
acid [3], to give a 20-percen t yield of pentafluoro
phenol. D emethylation is also relatively poor with 
hydrobromic acid [20]. However, when the penta
fluoroanisole is heated with anhydrous aluminum 
chloride and the mixture is poured onto ice, a 58 
percent yield of penta£luorophenol [20] is obtained. 

P entafluorophenol is extremely resistant to further 
substitution by nucleophilic reagents, probably 
because these reactions would require the attack of 
a negative species on the negative phenoxide ion. 
Ammonium 2,3,4,5,6-penta£luorophenoxide was the 
only product obtained from treatment of (a) penta
fluorophenol, (b) sodium penta£luorophenoxide, or 
(c) ammonium pentafluorophenoxide with sodamide 
in liquid am monia. Thus, the tetr afluorodihydroxy
benzene [18] produced in the reaction with ethanolic 
potassium hydToxide in pyridine probably arises 
form the attack of a nucleophilic species on the 
phenetolc. In another study [19], only the phenetole 
was produced in 48 percent yield, and 45 percent of 
the hexafluorobenzene was recovered after reaction 
with ethanolic potassium hydroxide for 30 min at 
120 00. In accord with t his result is the observation 
made in this work that the treatmen t of penta£luoro
anisole with aqueous ammonia results in the isolation 
or ammonium pentafluorophenoxide. With hyclra
zine hydrate in ethanol , hydrazinium penta£luoro
phenoxide is obtained [20]. However, benzyl penta
£luorophenyl ether is not readily spli t by nitrogen 
bases, and a fair yield (13 %) of benzyloxytetra
fluoroanilin e w~s obtained by t reating it with 
aqueous anunoma. 

In this work, bromo- and iodo-pentafluorobenzene 
were conver ted to the corresponding anisoles in 
which a fluorine atom is replaced by a methoxyl 
group . R eaction of sodium benzyloxide (in excess 
benzyl alcohol or in tert-butyl alcohol) with hexa
£luorobenzene gave benzyl pen tafluorophenyl ether. 
A higher yield of purer material was obtained when 
the latter solvent was used, since benzyl alcohol is 
difficult to remove from t he product. 

Anhydrous sodium phenoxide was found to react 
rapidly with hexafiuorobenzene at room temperature 
in N,N-dimethylformamide, giving 2,3,4,5,6-pen ta
fluorophenyl phenyl ether . This compound was also 
prepared by treating potassiWll pentafluorophenoxide 
with bromobenzene, using activated copper as a 
catalyst . This reaction failed to give the perfluoro
phenyl ether when bromopentafluorobenzene was 
used instead of bromobenzene; the starting materials 
were recovered. 

P erfluorophenyl ether was, however, prepared, 
although in r elatively low yield, by reacting potas
sium pen ta£luorophenoxide with hexafluorobenzene 
in N ,N -dimethylformamide. This reaction was more 
sluggish than that involved in the preparation of the 
pentafluorophenyl phenyl ether and required reflux
ing. This difference may be partially explained by 
the poorer nucleophilic nature of the potassium 
pentafluorophenoxide as compared to the sodium 
phenoxide. 

By the r eaction of sodium ethoxide in ethan ol with 
pentafluoro-N ,N-dimethylaniline, 4-ethoxy-2 ,3,5,6-
tetrafluoro-N,N-dimethylaniline was synthesized. 
No pyridine was used in this reaction, since pheno 1 
formation is likely to occur under these conditions. 

2 .3. Reactions With Amines 
Hexa£luorobenzene has been shown to undergo 

reaction with sodamide at - 70 °0 in liquid ammonia, 
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to give 2,3,4,5,6-pentaJ{uoroaniJin e [23] . Tn ether , 
reaction with sodamide didn oL p rodu ce pentaIluoro
aniline; ft solid which slowl.v sublim ed at 85°C was 
obtained [24]. The preferred reaction for r eplacing 
fluorine atoms with amino groups is t reatment with 
n,q ueous amines [14J. 

I n th is investigation , the l'cftction of aqueous 
amines wit h polyfiuoroaromftt ic compounds has b een 
extensi vely explored. 

F F 

x< IF 
F F 

-------> 
aqueous 

F F 

XO NR' 
F F 

o 1I1' r esult differed in certain resp ects from those 
obtained when aqueous ethanolic amine solutions 
were used [25]. The r eactions were carried out at 
160 to 230°C in a steel pressure-vessel. Control of 
temperature and t ime of the reaction is critical since, 
at low temperature, t he rea,ction does not occur and, 
at Il igher temperatures, unidentified tars ar c 
produced. 

In this inves tigation, bromo- and iodo-tetra
flu oroanilines, pentafluoroaniline, and various poly
fiuorometh.danilines were prepared by the aqueous 
amine proceS::l. Although (benzyloxy) tetmfluoro
aniline was for111 ed by the reaction of benzyl penta
fluorophenyl ether wi th aqueo us ammonia, only 
ammonium pentaHuorophenoxide was produced from 
2,3,4,5,6-pentaiJuoroanisole. It was found, how
ever , t ha,t, in the l'eftction of pentafl uoroa,nisole with 
sodamicle in liq uid ammonia, normal replacement of 
a fluorine atom occurred (instead of cleftvage of the 
methox,V group) to give 2,3,5,6-tetrafluoroanisidine. 
Since t he fluoroanisidine formed is am photeric, such 
products as the di- and tri-anisyla,mines were also 
formed. 

a. Diazotization of Pentafluoroaniline 

compound is obtained when concentrated hydro
bromic acid (48%) is used as the reaction medium; 
its formation may be at,tl'ibutable to the slow 
diazo tization of the fLmine (rftther t hftn to ft too low 
concentration of acid , "'hich is so metimes the cause 
for this coupl i ng reaction l28] ). The rcaction also 
appeal'S to be temperat ure-depende nt, becftuse tbe 
rate of formation of the di azolull inobenze ne is much 
faster at 10 cC than at - 10 °C. Allowing the 
latter reaction mixture to warm to 5 °C causes the 
com pound to be precipitated. 

Decafluorodiazoaminobenzene can be decomposed 
in warm hydrobromic acid solu tion in the presence 
of cuprous bromide. The produ cts obtained are 
bromopentafluorobenzene (5.4%) and a mixture of 
dibromo tetrafl uoro benzenes (1 1.7 %) , prcsumfLbly 
the 0- and p-isomers. The isola tion of the latter 
compounds suggests tbat the diazo group exerts a 
co nsiderable influence on the ortlw and lJara fluorine 
atoms, making possible the replacemen t with bro
mide anion. This replacement reaction apparently 
occurs prior to the decomposi tion or the diazo group, 
because bromopentaflu orobell;t,ene is stable to con
centrated mineral acids [12, 29]. Similar replace
ment reactions have been observed [23] when the 
diazotizations were performed under neutral or 
alkaline conditions. 

In such nonaqueous solvents as concentrated 
sulfuric acid, the diazotization of pentafiuoroaniline 
is extremely slow, even at 25 DC. The add it ion of 
glacial acetic acid tends to hasten the reaction 
slightly. The deep-red color appears only alter 24 
hI'S. D ealninat ion with hypophosp bOl'oUS acid yields 
a product believed to be a mix ture or pen tafluoro
benzene and tetrafluorobenzene. These compounds 
are difficult to separate, even by vapor-phase 
chromatography . Dilution of the diazo solution 
with water reprecipiLates the yellow diazoamino-

The versatility of the "diazo reactions," i .e., the benzene, as men tioned previously. 
Sandll1eyer reactions, is well known in aromatic The use of anhydrous liquidhydl'ogen Iluoride as 
chemistry as they provide a means of preparing a the solvent and reaction medium resulted in a 
variet~T of compounds not obtainable by other decided improvement in the y ield or product. 
methods. It was of interest, therefore, to determine Li.quid hydrogen fluoride has found moderate usc in 
t he useful ness of the Sandm eyer reaction for prepar- diazonium reactions, even though Iluorobenzene can 
ing pcntafluoroiodobenzene and bromopentafluoro- be prepared in 86 percent yield from an ilin e in this 
benzene. medium [30] . "Ve have found that th e diazotiza-

Pentafluoroaniline is weakly basic, rcaets slowly tion of pen tafluoroaniline is fairly rapid, even at 
with nitrous acid, and dissolves only in concentrated - 25 DC. Pentafiuoroidobenzene and bromopen ta
strong acids [23]. On dilution with water, however , fluorobenzen e can be prepared in 50 percent and 35 
the free base is regenerated ; this demonstrates that per cent yield, respectively, by normal Sandmeyer 
the salt. of the amine hydrolyzes readily, which is an reagents (potassium iodide- or potassium b l'omide
important factor in the diazotization process in cuprous bromide mixture). No oLher replacement 
aqueous solutions. Diazotization of pentafluoro- products were observed dming tbese reactions. 
aniline in anhydrous hydrogen fluoride and concen- Another syn thesis involving diazoLizaLioll was the 
trftted sulfuric acid has been studied by us. It can attempted preparation of t he fluorin ated diazo ether 
be o'\idized to give a variety of products; penta- C6Fs-N= N- O- C6F5. Thermal decompositi on of 
fluoronitrobenzene r26], pentafiuOl'onitl'osobenzene this material could possibly lead Lo th e hi t herto 
[27], and decafluoroazoxybenzene arc described unknown pCl'flu orophenyl ethel' . The product 
herci n. islo ted from the reaction of Ii t hium pen Lafluoro-

The diazotization of pentafluoroaniline to yield deca- phenoxide and the diazoti.zed amin e could be ex-
H tracted into meLhylene chlor ide. However, after 

fiuorodiazoaminobenzene, C6F5- N= N- N- C6F5, par tial removal of the solvent, the material detonated 
has been reported previously [23], but no experi- violently. The instability of so me substitu ted aroyl 
mental details were given. We have found that this diazo ethers is well known [28], and our resul ts 
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indicate that this fluorodiazo ether may also be 
unstable. 

tafiuoroaniline and an additional compound (which 
may be the decafiuorohydroazobenzene) were also 
obtained . 

2.4. Reactions With Organolithium Compounds ( 

. Th.e Sandmeyer nitr.ile sY~lthe~is failed to give any 
l~entlfied products WIth dlazotlzed pentafiuoroani
hne .. It ~las been previously observed [12, 29] that 
cyamde lOn has an adverse effect on aromatic 
il':lorine compounds, causing multiple replacement 
Wlt~l subsequent decomposition, followed by carboni
zatlOn. These results indicate that the diazonium 
reaction may have only limited usefulness 111 aro
matic fiuorocarbon chemistry. 

b . O xidation of Pentafluoroaniline 

In some earlier ~vorl( from this laboratory, it was '
foun~ that the Gr~gnard reagent, methylm agnesium 
br0l11lde, reacts WIth hexafiuorobenzene to produce 
2,3,4,5,6-pentafiuorotoluene. Under the conditions 
described [18], th~ ~ield was low (3%). Alkyl-, 
alkenyl-, al:d al'yl-h t,l1lUm reacted readily to give the 
correspondmg substltuted pentafiuorobenzenes. 

The oxidation of arom atic amines to nitro deriva
tives has. been accomplished .previously by using: 
peroxy ~Clds [31, 32, 33]. ThIS procedure can also 
be applIed t? pentafluoroaniline [26, 27], and both 
pentafiuoromtrobenzene [26] and pentafluoronitroso
benzene [27] have been synthesized. For oxidation 
of pentafiuoroaniline, we used the conditions des
cribed by Hobnes [34]. However, instead of the 
expected pentafluoro~itrosobenzene, only decafluo
roazoxybenzene was Isolated as the final product, 
regardless of whether the reaction was allowed to 
proceed at room temperature or if heat was applied; 
'when heat (60 to 75 °C) was used, the reaction pro
ceeded mush faster . Presumably, from the color 
changes observed during the course of the reaction 
it should be feasible to isolate the pentafiuoronitroso~ 
benzene by quenching the reaction at the green-color 
stage. Pentafluoronitrosobenzene has been shown 
[27] to ~xist as a mono~TIer. I-I~wever , one attempt 
to termll1ate the reactlOn at thIS stage led only to 
tarry products. 

The formation of the clecafiuoroazm.-ybenzene as 
t he 11l ain product seems to indicate the relative ease 
of the oxidation of decafiuoroazobenzene (orallO'e 
stage) with excess hydrogen peroxide. This reacti3n 
also occurs in the hydrocarbon series. The fact that. 
no pentafiouronitrobenzene was obtained indicates 
that oxidation is not the sole reaction. In view of 
the l~apid oxidation o:curring when 90 percent 
p~roxlde was u~ed [26], It would appear that, at the 
mtroso stage m our wor1;::, coupling with unused 
pentafluoroaniline predominates ovo1:- further oxida
tion of the nitroso derivative. These reactions arc 
illustrated as follows: 

~ LiR ~ 
F~F ~ F~R 

F F F F 

Methyl- and butyl-lithium reacted readily [35], as 
well as phenyl-, Vlnyl-, and isopropenyl-lithium [36]. 

The reactio.ns are rapid, and. some di- [35, 36, 37], 
as well as tn- [26, 35], substItuted products were 
obtained. The preferred method of reaction is 
usually the addition of a solution of the lithium 
reagent to a solution of the aromatic fiuorocarbon. 
Even so, disubstitution readily occurs. In the 
~l1ethyllithium r~ac~ion., 2,3,5 ,6-tetrafiuoroxylene was 
ldentlfi~d [3~], l.ndlcatmg that the second displace
ment of fiuonne IS para to the first. The yields of the 
pentafiuorotoluene and 2,3,4 ,5,6-pentafiuorobiphenyl 
reach 70 percent or higher. Butyllithium has so 
far ~iven lo,,:er yiel~ls, but this reagent has been 
stu~led relatryely lIttle. The alkenyllithium re
actlOns. g~ve YIelds of tI:e order of 30 to 59 percent, 
but thIs IS the result of the further reactlOn of the 
products to give polymeric solids [38]. The lithium 
reagents themselves are good catalysts for the anionic 
polymerization of olefins. 

2,3,4,5,6-Pentafiuorotoluene can be halogenated to 
th~ corresp.ond~ng benzyl chloride and bromide [37]. 
yVlth. chlor~latmg reagents, ring addition of halogen 
ll1terferes WIth the production of the benzotrichloride 
[39]. The benzyl halides are versatile reagents for 
further synthesis of fiuoroaryl compounds [37, 39]. 

In the course of our investigations of the reactions 
?f hexafiu~robenzene with organolithium compounds, 
It was decIded to study the reaction of the simplest 
nucleophile, the hydride ion, with hexafiuorobenzene . 
It was found that hexafiuorobenzene does indeed 

OF of of of of u!ldergo nucleophilic attack by the hydride ion to 
F INH'30% IIzOZ F INo F I NIl, F IN=N IF gIve pentfLJ:luol'obenzene as the major product 

-----> + -> (together WIth traces of tetrafiuorobenzene). The 
F F F F F F F FF Ii' f e:xtent o. co,nversion ~eel11s to depend on the propor-

F F F F F hon of hthlUm alumll1um hydride used. 

l ~;o, 130% Tll.e reaction .app~rently occurs only when lithium 
II, O, alummum hydnde IS the source of the hydride ions. 

When lithium hydride was employed, no formation OF ~ of of pentafiuorobenzene or other products was ob-
F IN=N IF served. H.owever , if the lithium hydride was used 

.toget.her WIth a small quantitv of lithium aluminum 
F F Ii' J 

F 

FO NO' 
F F hydnde. fLS a hydrogen carrier [40], a 25-percent 

F F F converSlOn to pentafluorobenzene was observed. 
The decafiuoroazobenzene can be readily prepared Again, a very small pl'oportion of disubstitution 

from the azoxy compound by reduction with zinc and product was formed; this product was presumably 
ammonium chloride in methanol. Traces of pen- 1,2,4,5-tetrafiuorobenzene, since this compound has 
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been reported to be formed [40] when pentafluol'o
benzene is treated with lithium aluminum hydride. 
In the latter case, in addit ion to t lte tetrafluoro
benzene, a high-boiling liquid is obtained in about 
5-pereent yield ; the r es idue distils in the range of 80 
to 20°C at 5 mm. (Direct replace ment of fluorine 
atoms by hydrogen atoms on the aromatic nucleus 
can also be accomplished by the use of hydrogen 
over pla tinum-on-carbon at 300 °C [17].) 

2.5. Mechanism of Reaction 

In this work, the reactivity of hexafluorobenzene 
to ward a great variety of nucleophilic reagents has 
been explored . No specific investiga tions of the 
mechanistic features of the reactions involved were 
carried out, and the details of the various mechan
isms must be left for future studies. No single 
mechanism is likely to be adequate for all of tbe 
reactions reported. In fact , t he yariety of conditions 
a nd reagen ts exami ned render it extremely likely 
that a variety of mechanisms is involved in the 
reactions repor ted . 

The mech anisms of the nucleophilic reactions of 
aromat ic sys tems have been reviewed [42 , 43, 44]. 
The efrects of solvents on these reactions JutS, ap
parently, not yet been iJ1Yest igated in grea t detail. 
However , review [45] of the ell'ects of solvation Oil 

t he properties of anions in clipolaJ', aprotic solvents 
discusses Jnany aspects of nucleophilic mechanisms 
a nd the role of the sol vent in them. In om work: 
a variety of solvents, pro tic a nd aprotic, were 
utili7.BrL 

Although no specific kinetic work was carried ou t, 
the large amoun t and vftriety of results obtained 
allow certain m echanistic cOll cepts to be developed. 
It seems eviden t, for DI stance, tln.1t a benzyne inter
mediate is not invol l-ed in Ou!' reported reactions of 
h exafluorob enzene in which a monosubstituted penta
fiuorobenzene is produced (even wilen it is treated 
with sodamide in liquid ammoni n,). This reaction 
of hexafluorobenzene is relati yely efficient and is 
encumbered chiefly by the r eact i I-i ty of t he aniline 
product, which ca n react (I-if I, t he anilide ion) to 
a iI'ord such products as pel'Huorodiphenylamine [25]. 
Tetrafluorobenzyne has, however , been reported [46] 
as a decomposition product of lithium pentafluoro
phenyl prepared from lithium amalgam and bromo
pentafluorobenzene. It is apparently stable but 
q uite reactive . It would seem that benzyne forma
t ion in alkali-Inetal amide reactions in liquid am
monia is a secondary aspect of these nucleophilic 
reac tio ll s, although it explains various isomeriza tiolls 
ob en ed ill systems containing aromatic hydrogen 
a,toms. 

The reactions or hexafluorobenzene with alkali
metal hydroxides a,nd alkoxides, sodamide, and 01'

ganoli thium compounds presumably in volve attack 
on the hexafluorobenzene by negative ions, a,nd it 
seems evident that, as a l'ule, unimolecular ionization 
of the hexafluorobenzene does not occur . The prep
aration of pentafluorophenol by treating potassium 
hydroxide in teTt-butyl alco hol with hexafluorobell
zene, and the preparation of benzyloxypentafluOl'o-
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benzene using sodium benzylate in teFt-butyl alcohol, 
indicate this; otherwise, it would be expected that 
tert-butyl pentaflu orop henyl ether would have been 
produced_ The usc of alcoholic and aqueous amine 
solu tions to prod uce various anilin es in which moi
eties from the solvents flre noL par t of the final 
products also indica tes absence or a llY appreciable 
ionization. Fur t hermore, no reaction occurs be
tween hexafluorobenzene and pure water up to 300 
°C, the highest temperature studi ed . At t he higher 
temperature, addition oC a drop of pyrid in e led to the 
rapid formation of tarry material , which gave a 
phenolic odor on acidification; the quan tiLies of tar 
or char were approximately propor tional to the 
pyridine added. The effect of aqueous potassium 
cyanide on hexafluorobenzene was also studied in 
t he temperature range of 150 to 250 °C. Only at 
250 °C did a reaction occur. However , no identified 
p roducts were obtained, but only intractable chars . 
The reaction was violent and was essen tially a con
tained explosion. Extensive damage to the pressure 
vesscl occUl'l'ed in one instance, although without 
violent fragmen tation of the vessel. A similar study 
of the effect oC aqueo us sodium carbonate showed no 
reaction up to 250 °C, at which te mperature, there 
wel'e formed extensive tars which again gave a phe
nolic odor on acidification. 

Specific eomplexe probably play an imp or tan t 
role in t he reported reactions of hexa fluorobenzene. 
It has been observed that a 1: 1 molar mixture of 
benzene, mp 5.4 °C, and hexaflu oroben zene, mp 5.0 
°C, forms a solid melting at 23.7 °C [47], which 
demonstrates the formation of a molecular complex 
between the t wo species. Freezing-po int data indi
cate com plex-formation between hexafluoroben7.8ne 
and ([uorobenzene also, but not between pentaflu oro
benzene aud benzene [47]. Th ese co mplexes are 
p resumably similar to the charge-transfer co mplexes 
k nown to forll1 between picric acid and certain aro
matic compo llnds. Benzene a nd 1,3 ,5-trini troben
zene, for instance, form a complex [48] which is 
certainly of a similar character. ' Vith more clectl'on
releasing substituents on a benzene nucleus, a more 
sLable complex should form , as wi th hexartuoroben
zene. In the case of mesitylene and hexafluoroben
zene, a complex melting at 24 °C has been observed ; 
one melting at 56 °C is formed between hexaflu o]'o
benzene and 2-methylnaphthalene [47] . These ob
servations point to a specific complex-formation as 
an explanation of the role of pyridine in enh ancing 
the reactivity of hexaflu orobenzene in t he reactions 
repor ted here. In aqueous systems, pyridine may be 
effecting simple ionization of the hexaflllorobenzene. 

In the reactions of hexafluorob enzene with am
monia or primary and secondary amines, th e 
mechanism is probably one in which the un-ionized 
amine directly attacks the fluoroal'omatic molecule: 

0- 8+ 
F F N JI,-- IlN H 3 

F< 8+ '\.~, -> F 
~u aq 

1-" - j<' 

-Whether the seco nd ammonia molecule is nearby or 

1 
I 

I 



not appears to be unimportant; a transitory hy
dronium ion would be equally effective. 

The action of neutral water species, although 
obviously much less effective than nitrogen com
pounds, is likely to be involved to some extent in the 
formation, for instance, of pentafluoropl1enol by 
the reaction of aqueous alkali hydroxides with 
hexafluorobenzene. 

By analogy with the formation of such complexes 
as that [42] formed by the addition of a methoxide 
ion to 2,4,6-trinitrophenetole, it is likely that 
hexafluorobenzene in its reactions with the amide, 
hydroxy, alkoxy, and alkyl anions forms a relatively 
stable, transition state. 

A somewhat startling and puzzling facet of the 
reactions of fluorob enzene derivatives is the splitting 
of the alkoxypentafluorobenzenes by aqueous am
monia or hydrazine [20] and, presumably, by alcoholic 
potassium hydroxide [18]. In the hydrazine reac
tion, the hydrazine salt of pentafluorophenol is 
obtained. This reaction has been postulated to 
occur via a splitting of the methyl- oxygen link 
[20J, presumably, as shown in the following series 
of reactions. 

F F 0 + F O - CII3:N- N H, 
II, 

F F 

F F 

F( -)O +[C II3NII,NJIzl+ 

F F 

F F F F 

FC':>O +[:-,rH,-NH zl -----> FO O- NH3K II, 

F F F F 

This spli tting has only been observed in the presence 
of water, and is not necessarily related to the basicity 
of the medium; it does not occur in the liquid 
ammonia- sodamide reaction, where a fluorine 
atom is replaced without splitting of the ether link . 
However, sodamide in liquid ammonia does split 
anisole. Thus, it is possible that the split occurs 
at the pentafluorophenyl- oxygen link, and that 
water is the key reagent. For the reaction to occur 
at the phenyl- oxygen link, one can logically 
postulate either an attack by the hydroxide ion, 
which implies that the ring carbon atom at this site 
is highly positive, or some direct reaction at this 
carbon atom with a neutral water molecule. The 
former implies easier ionization of the phenyl
oxygen link, and not necessarily an enhancement 
of the positive character of the ring carbon atom 
linked to the oxygen atom. It is conceivable that 
the methyl- oxygen link is quite covalent. Since 
water was present in all of the reactions in which 
cleavage of the ether moiety was observed, it seems 
feasible that simple hydrolysis may have occurred. 
However, distilled water failed to react witll penta
fluoroanisole under conditions identical with those 
under which aqueous amine bases produced cleavage. 
Thus, the role played by the water molecules may 
simply be as a co-catalyst with the base, to aid 
polarization of the ether linkage, in much the manner 
suggested previously for pyridine. Determination 
of the bond actually rup tured would require ex
periments with H 2018. 

3 . Identification of Isomers 

The orientation of the isomers of most of the ,
difunctional derivatives of hexafluorobenzene of the 
general formula , C6F4XY, where X and Y Inay be 
similar or dissimilar groups (but not a fluorine , .' 
atom), has been determined by nuclear magnetic
resonance spectroscopy. Direct syntheses of these 
derivatives for comparison and identification pur
poses by alternative routes has been difficult, Ie 
although this has b een accomplished in several 
cases [22, 25]. Infrared and ultraviolet spectros
copy have so far not found extensive use in identi
fying structural isomers of aromatic fluorocarbons. '" 
In a series of articles, Baker [49, 50] has described 
the vibrational spectra of o-halophenols in the near
infrared region; these compounds show a doubling~\ 
of the hydroxyl stretching frequencies at low con- I 
centrations. This doubling of the hydroxyl band is 
absent for para-substituted halophenols and pre
sumably for meta-substituted halophenols, although J 
slight shifts of hydroxyl frequency do occur. There
fore, this method appeared to be a useful supplelnent .\ 
to nuclear magnetic-resonance in distinguishing " . 
between the isomeric phenols obtained from the 
reaction of various pentafluorohalobenzenes with 
alkali hydroxides. The procedure appears to be 
specific for o-halophenols, in par ticular when the " 
halogen atoms differ, because of the two types of 
hydrogen bonding that can occur. For example, 

,J 

I the structures applied in our case to the 2-bromo-3, 
4,5,6-tetrafluorophenol are: 

]-[ n 
/. : '-. 

o· . 0 FOEr--> FOBr 
F~ F _ F ~)F 

F F 

In figure 1- A , this compound exhibits the split 
hydroxyl band indicative of different halogen atoms, 
surrounding the hydroxy l group at the ortho posi
tions. In this case, the D.v OH for fluorine is at 
2.80 }J. , and the D. v OH for bromine at 2.84 JL is in 
agreement with values shown by Baker [50]. This 
doublet is absent from, and only a lone hydroxy 
band appears in , the spectrwn of 4-bromo-2,3,5,6-
tetrafluorophenol at 2.80 JL. However, since the 
3-bromo-2,4,5,6-tetrafluorophenol is unknown at 
present, it is imposssible to ascertain whetheror not 
the (large) bromine atom at this position would 
cause some steric effect on the ortho fluorine atom 
so as to change the electron environment whereby 
a doublet may be obtained instead of the single 
band. However, as expected, various tetrafluoro
phenols having substituents in the para posi tion 
show the single hydroxyl band at 2.80 to 2.81 Il , 
similar to those shown in figure 1- B. Some of 
these phenols are: 2,3,5,6-tetrafluorophenol, 2,3,4,5,6-
pen tafluorophenol, 2,3,5, 6-tetrafluoro-p-cresol, and 
2,3,5 ,6-tetrafluoro-4-iodophenol. By reverse reason
ing, therefore, the absence of the split hydroxyl 
band in the near-infrared region in these simple 
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FIGURE 1. The OH spectm of halophenols in carbon ttlm- FJGUHE 2. The ~II2 and NIl spectra of haloanilines in carbon 
chloride. tetmchLoride. 

A. 2-Bromo-3,4 ,5,6-tctraOuorophenol; 
B. 2-Cbloro-trifluoro-a,a,a-trifluoro-p-crcso]; 
C. 2·Chlol'o-tritluoro-a,a,a-trifluoro-Q-crcsol. 

A. 2,3, 4,5,6-Pcntufiuol'oanii inc: 
n. 2,3,5,6-T ctrafl uol'o-1,4-biS(lV-lllcihyh"L1nino)bcnzcnc; 
C. 2-C h loro-irifiuoro-a.a.a-tri fi lloro-D-iolujdinc. 

halophenols is indicative that groups other than bridge (II), as shown below: 
fluorine atoms ar e not ortho to each other. These 
compounds were further confirmed by nuclear 
magnetic-resonance spectroscopy to be pam isomers. C I~ , 

/°0 0> H" ' F F 

F 

11· .. 1' 

b 0, 

Om 
F IF 

F 

II 

C F , 

FO O> II 
F 0/ 

F 

III 

An attempt to extend this method of distinguishing 
isomeric phenols to a more complex molecule has met 
with partial success. For example, in figures I- B 
and 1-0 are shown the spectr a of two phenolic 
products obtained from the reaction of 2-chloro-3,4,5, 
6-tetrafluoro-a,cx,a-trifluorotoluene with potassium 
hych'oxide in pyridine. Since, in figure I- B, only 
the single hydroxyl band appears, it is obvious that It could be argued that this band may be attributable 
the hydroxyl group is located in either the 4 or the 5 to a free (trans) hych·o}'.'y l group , such as occms with 
position. From other considerations, the trifluoro- other ortho-monohalogenated (01, Br, I ) phenols, but 
methyl group would be expected to exert a greater this doubling has not been observed in o-fiuoro
directive effect than the chlorine atom. In this phenol [49]. Similarly, the vapor infrared spectrum 
case, then, the hydroxyl group is probably located of pentafluorophenol has a strong band ftt 2.75 J..L 

pam to the trifiuoromethyl group . However, in attributed to a free hydro}'.'yl group [19], but, in a 
figure 1-0, the hydroxyl group would appear to nonpolar solvent such as carbon tetrachloride, the 
be ortho to the trifiuoromethyl group, since the band is shifted to a higher wavelength (at 2.80 J..L ). 

/::"v OH for chlmine would be expected to be at a Therefore , the band observed in figme 1-0 at 2.76 J..L 

higher wavelength (at 2. 2 J..L ). The band at 2.76 J..L is probably associated with the o-trifluoromethyl 
may in this instance again arise from the change in group, and not with a free hydroxyl group or an 
frequency of the hydrm;yl group because of the two o-chlorine atom. On this basis, t hen, tentative 
types of hych'ogen bonding possible, for example, a identification of 3-chloro-4,5,6-trifluoro-2-(a,a,a-tri. 
five-membered bridge (I ) versus a six-membered fluoromethyl) phenol has been made, and the COlU-
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pound has been assigned the structures shown in 
I and II. 

Attempts to apply this "ortho effect" to other 
derivatives of hexafluorobenzene, particularly to the 
aniline compounds, has been fruitless. For example, 
in the near-infrared region , 2,3 ,4,5,6-pentafluoroan
iline shows two distinct peaks, at 2.86 jJ. and 2.93 jJ. 

(fig. 2-A). This is also true of 3-chloro-2,5,6-
trifluoro-4-(a,a,a-trifluoromethyl) aniline, figure 2- C. 
In these aniline derivatives, the bands appear to be 
associated with the number of hydrogen atoms on 
the nitrogen atom. Replacing one of the hydrogen 
atoms by a methyl group merely eliminates one of the 
bands. This is also evident in figure 2- B, even 
though the compound contains two methylamino 
groups. Further evidence is obtained from the fact 
that 2,3,4,5,6-pentafluoro-N,N-dimethylaniline does 
not have an absorption band in this region. How
ever, this near-infrared region does offer the possibil
ity of distinguishing between primary, secondary, 
and tertiary fluoroanilines . 

4. Directional Effects 

A considerable number of disubstituted (non
fluorine groups) derivatives of tetrafluorobenzene 
have been prepared and their structures confirmed 
by unequivocal means. The directional effects 
determining the site of the second substitution in the 
electrophilic reaction of benzene has been the subject 
of much investigation. These effects are directly 
related to the charge distribution in the monosub
stituted benzene and can be estimated from dipole
moment data [51]. Dipole moments of some fluoro
benzenes have been reported [52] . The compounds 
studied do not, however, include any pentafluoro
benzenes. The present work affords an insight into 
the character of the directional effects in polyfluoro
benzenes. In table 1 are summarized these effects 
as observed from the reactions of various bases with 
a variety of monosubstituted pentafluorobenzenes. 
For example, the reaction of pentafluorobenzene, 
where R = H, with potassium hydroxide yields the 
2,3,5,6-tetrafluorophenol. On further examination 
of table 1, it is apparant that, from the three pos
sible isomers, the para product was obtained in most 
cases. This was true even though a great variety of 
conditions was used. It seems, therefore, that the 

isomer finally obtained depends on a number of 
involved parameters rather than on any single con
dition. From tabl 3 1, it is also evident that, in those 
cases where very reactive nucleophiles (such as the 
amide ion, lithium reagents, or alkoxides) were used, 
the para product was always isolated. These bases 
react to form salts with such functional groups as 
amines or hydroxyl groups, and no displacement of 
fluorine occurs. 

With less reactive nucleophiles, such as aqueous 
hydroxides, ammonia, or alkylamines, isomers other 
than the para were also isolated. However, in these 
reactions, the isomer obtained probably depends to a 
large degree on the group (R) already present in the 
molecule, as well as on the nucleophile used. For 
example, the nitro group in pentafluoronitrobenzene 
exerts a powerful influence on the ortho positions, and, 
on reaction with ammonia, gives almost theoretical 
yields of 0- and p -nitroamines in 7:3 ratio. Con
versely, the amino group in pentafluoroaniline ex
hibits a strong influence in nucleophilic r eactions at 
the meta position; as a result, the m-diamine is, with 
ammonia, the primary reaction-product. But the 
reaction of methylamine with pentafluoro-N-methyl
aniline yields only the para isomer, whereas the 
reaction of pentafluoro-N,N-dimethylaniline with 
dimethylamine yields the para, meta, and ortho 
isomers in a 10:4:1 ratio. Although the reactions of 
these amines appear to be" anomalous," a point could 
be made of the fact that the methyl- and dimethyl
amines are stronger nucleophiles than ammonia. 
In this case, then, the para structure would be the 
expected predominant isomer, which, indeed, it was. 
Similarly, it has been observed that the reaction of 
pentafluoro-N,N-dimethylaniline with ethoxide ion 
results in only the para product. It is likely that 
not only the attacking nucleophile but also the 
resonance effects (due to nonfluorine groups) deter
mine the isomer(s) that are obtained. The ease of 
fluorine displacement is probably increased by the 
ability of the solvent molecules to localize the electron 
density around this fluorine atom. Consideration' 
must also be given to the possibility that resonance 
effects in the ground state may be altered in the 
transition state by the relative reactivity of the at
tacking nucleophile, thcTeby making possible the 
attack at a position other than the preferred site. 
For example, consider the following two structmes 

T A BLE 1. Orientational effects of C6F ,R with nucleophiles • 

~ R 
Bas~ 
CH 30 Na ______ _ 
C,H ,ONa _____ _ 
C,H,ONa ___ __ _ 
KOH _________ _ 
NaSII __ _______ _ 
CII3LL _______ _ 
C,U ,LL ______ _ 
C,H ,LL _______ _ 
Na :-J II, __ _____ _ 
N H3 __________ _ 
CH3N H , ______ _ 
(CH3),NIL ___ _ 
N T-I 2NTI2 ___ ~ __ _ 
LiAIII, ________ _ 

• o=ortho; m=meta; p =para; S= salt formation; C=cleayage of etller moiety; E= excll angc (- 78 °e). 
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from simple charge [2] effects: 

(1) (2) 

In (1), the incoming anion, - R l' would b e exp ec ted 
to attack at the electron-deficient ortho and para 
po itions, giving rise to either ortho or para products. 
]n (1), if R = NO z, the ground state could be visual
ized as shown, and the transition state as eith er (3) 
or (4). 

n R ]'01

: F' o-

F ." i? 

[: R , 

J<'Ci~. · F PVF 
F 

F Il, 

(3) (4) 

The 0- and p-nitroamines obLained indicate occur
rence of this mode oJ reaction Jor pentafiuoronitro
benzene, and it is doubtful whether use 01' a stron ger 
nucleophile would alter the outcome. In (2), if 
R = NH2 (an electron-donating group), the m eta 
position r elative to R appears to be the preferred 
site, and meta produ cts would be expected . With 
a base such as ammonia, this is indeed the case, 
From consideration of the possible reso n1:tll (;e truc
tures (5) to (7a), i t would appear that (7) is th e 
predominant reactin g species with a weak bnse, 
s in ce the meta positions 

I :f +H 

FlY 
II 

F~F 
f----* FV F f-F I' 

I F 
F 

+ R R 
[I I 

F(y :0: Fil iF 
V 

I II '\ l' Fj 
(5) (6) (i) (8) 

l' 
I 
t 

l' t 
I I 
t t 

+H 

FO~' 
)[ P 

F 

+ R R 

FuA[" 1[1' Fol [F 
F F It" l' 

.j. F if 
F F 

(Ga) (ia) (8a) 

appear least negative. An alternative explanation 
could be offered in that a resonance stru cture, as 
in (Sa), could be the reacting species. The induced 
charge would "prefer" to reside closer to the fluorine 
atom than to the carbon atom, and this effect would 
favor separation of a fluor'ide ion. R eaction would 

--- ----- -- --

then be expected to occur at this site, glvmg r ise 
to meta product, EfIects simoilar to th ese have 
been used to explain the decTease in acidity of 
p -fluorophenol [53]. On the other hand, followin g 
similar r easo ning, th e r esonan ce for m (7a) would be 
expected to afford para products. This structure 
(7a) again appears to b e Lhe reactin g species in the 
r eaction of pentafluoro-N-methylaniline with m eth
ylamine, because only the lJara isomer was isolated . 
All three isomers were obtained wi th dimethylamille 
and pentafluoro-N,N-dimethylaniline. This indi
cates much less selectivity in structures (6a), (7a), 
and (Sa), al though the para isomer wa s ob tained 
in greater proportions (somewhat surprisin gly, siD ce 
methylamine and dimethylamine have about equal 
basicity). In several other reactions also, all three 
isomers have been detected. Refluxing 01' pen ta
flu orobenzene with li thium aluminum hydride in 
ether produces o:m:p isomers of tetrafluorobenzeJl() 
in 7: 1: 92 ratio , the orientational prefixes r ef erring (,0 

the relative positions of the hydrogen atoms [54]. 
On treating pentafluorobenzene wi th ethanolic 11 y
drazine, an o:m:p distribution of 6:1:93 is obtained 
[52], Sodium hydrogen sulfide r eacts with pen tn.
Huorobenzen e in a glycol- pyridin e mixture to yield 
only 2,3,5, 6-tetrafluorothiophenol [55]. 

The reactions of pentafluoro anisole with bases 
y ield additional information r egardin g direc tioLlal 
effects of the anilin es, since thB amino a nd methoxyl 
groups have n early equivalent influence on electl"O
philic substitution. However , the reaction of pen tn.
fluoro anisole with aqueous ammonia causes cleavage 
of the eth el' moiety. R eson a nce struct ures, such li S 

(9), probably aid in the deavage rCil.ction. 

(9) ( 10) 

Other factors (such as solvent, and the ability of 
various groups to coordinate with the oxygen atom) 
also play an important role. The reaction with 
aqueous bases, therefore, simply b ecomes a competi
tion between cleavage and replacem ent. vVith 
strong nucleophiles, such as amide ion or methoxide 
ion, only substitution occurs, presumably through 
a resonance form (10) , In fact, such structures as 
(6a), (7a), and (10) appear to explain the majority of 
the products observed in nucleophilic reactions of 
aromatic fluorocarbons. For, if such forms as (Sa), 
(6), and (7) were major contributing resonance 
forms , it should be possible to isolate meta products 
from most of th e r eactions encountered, which has 
not b een the case. The effects, in general, do not 
show any specific difference qualitatively incompat
ible with the usual interpretations of direc tional 
effects in electrophilic Bactions of monosubstituted 
benzenes. The predominance of para substi tution 
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suggests that the most important effect is simply an 
inductive one, since few of the monosubstituents can 
compete in electron withdrawability with fluorine. 
A much greater knowledge of the mechanisms of these 
reactions is needed before the directional effects can 
be satisfactorily classified. 

5 . Experimental Procedure 

5 .1. Reaction With Hydroxides 

a. 2,3,4,5,6-Pentafluorophenol 

In a 188-ml bomb w~re placed 40 g (0.207 mole) of 
h exafluorobenzene, 26.5 g (0.39 mole) of 85 percent 
potassium hydroxide, and 75 ml of distill ~d water. 
The bomb was sealed and heated at 175°C for 5 hr 
with agitation. It was then cooled and opened, and 
the contents were filtered. The white salt of potas
sium pentafluorophenoxide hydrate was acidified 
with dilute hydrochloric acid, and the pentafluoro
phenol was separated from the aqueous phase. The 
aqueous solution was extracted several times with 
50-ml portions of dichloromethane. The organic 
layers were combined, dried (sodium sulfate), 
evaporated, and distilled. After removal of the 
solvent, there was obtained 33.1 g (83.5%) of 
pentafluorophenol, bp 144 to 145°C. 

h. 2,3,5,6-Tetrafluorophenol 

In a 500-ml, three-necked flask were placed 67 g 
(0.4 11101e) of pentafluorobenzene, 21.6 g (0.4 mole) 
of potassium hydroxide, 150 ml of pyridine, and 2 
ml of water. The contents were heated to reflux 
with vigorous stirring, and reflux was continued for 
1 hI' after the hydroxide had dissolved. Then , 21.6 
g (0.4 mole) of potassium hydroxide was added 
through the condenser, and heating and stirring 
were continued for 24 hr. The pyridine was removed 
by distillation under reduced pressure, and the resi
due was recrystallized twice from water, yielding 
70 g of potassium tetrafluorophenoxide dihydrate. 
The salt was acidified with dilute hydrochloric acid, 
the phenol was separated and dissolved in dichloro
methane, and the solu tion was dried (sodium sulfate), 
evaporated, and distilled under reduced pressure, 
bp 47 °C/20 mm. Yield: 21 g (32% b ased on 
pentafluorobenzen e). The structure of the com
pound was verified by nuclear magnetic-resonance 
spectra due to fluorine atoms. 

Analysis: Calculated for C6H 2F 40: C, 43.3; H , 
1.2. Found: C, 43.5; H , 1.5. 

c. 2,3,5,6-Tetrafluoro-p-cresol 

In a 500-ml, three-necked flask, a mixture of 36 g 
(0.2 mole) of pentafluorotoluene, 28 g (0.5 mole) of 
potassimn hydroxide, and 300 ml of tert-butyl 
alcohol was refluxed, with stirring, for 2 hr. The 
flask was cooled and 100 ml of water was added, 
after which 100 ml of the alcohol was distilled off. 
This process was repeated until all of the alcohol had 
been removed, the temperature of the takeoff rising 
from 73 to 100 °C. The distillation was continued 

until 6 g of pentafluorotoluene had been recovered. 
The residue was made acid with dilute hydrochloric 
acid, cooled, extracted with three 100-ml portions of 
ether, and the extracts were dried (sodium sulfate) 
overnight. After evaporation of the ether, the black, 
oily residue was sublimed twice, yielding 12 g (32%) 
of white crystals; mp 52 °C. Fluorine and proton 
absorption in the nuclear magnetic-resonance spectra 
confirmed the structure. 

Analysis: Calculated for C7F 4H 40: C, 46 .6; H , 2.2 . 
Found: C, 46.3; H, 2.4. 

d. 2,3,5,6-Tetrafluoro-4-iodophenol 

To 20 g (0.068 mole) of pentafluoroiodobenzene 
in 100 ml of pyridine were added 2 g (0.136 mole) of 
potassium hydroxide and 1 ml of water, and the 
mixture was refluxed for 4 hr. At the end of this 
period, an additional 2 g of potassium hydroxide 
was added and the mixture was refluxed for an 
additional 8 hr. After being cooled, 300 ml of 10% 
aqueous hydrochloric acid was added, and the crude, 
yellow tetrafluoroiodophenol (10.1 g) was removed 
by filtration. Extraction of the aqueous layers 
with two 100-ml portions of dichloromethane gave 
an additional 2 g of the phenol. Net yield (based 
on pentafluoroiodobenzene, 1.5 g of which was 
r ecovered): 66 percent. 

The tetrafluoroiodophenol was recrystallized from 
ether-petroleum ether as white plates, mp 79 to 
81°C. Nuclear magnetic l'esonance showed this to 
be the para isomer ; no other isomer was isolated. 
The near-infrared absorption spectrum showrd only 
one hydroxyl peak, at 2.81 )1 . 

The benzoate was prepared in the usual way. 
Recrystallization from ether- petroleum ether, fol
lowed by vacuum sublimation (60 °C/ 1 mm), gave 
white microcrystals, mp 59 to 60.2 °C. 

Analysis: Calculated for C13H5F4I02: C, 39.41; 
H , 1.26 ; F , 19.1; 1,32.04 . Found: C, 40.0; H , 1.35; 
F , 18.8 ; 1,31.9. 

e. Bromotetrafluorophenols 

The preparation of the bromotetrafluorophenols is 
essentially the same as that for the tetrafluoroiodo
phenol, except that the following quantities were 
used: 66 g (0.26 mole) of bromopentafluorobenzene, 
150 ml of pyridine, 1 ml of water, and 28.5 g (0.53 
mole) of potassium hydroxide. After acidification 
of the reaction mixture, t h e products wer e extracted 
with three 100-ml portions of dichlOl'omethane. 
The combined extracts were dried (sodium sulfate) 
and the solvent was evaporated. Vacuum distilla
tion of the residual liquid gave 10.5 g (16%) of un
reacted bromopentafluorobenzene and two phenolic 
fractions. 

Fraction 1: 31 g (56.3%); bp 73 to 75 °C/2 mm; 
mp 19 to 21°C; was shown by analytical, vapor
phase chromatography (Viton A column at 175°C) 
to be a mixtUl'e of two components in a 3: 1 ratio. 

One componen t was 2-bromo-3,4,5,6-tetrafluoro
phenol, 3.5 g (6.3%), mp 41 to 43°C. Nuclear 
magnetic-resonance spectra showed this compound 
to be the ortho isomer. This is also evident from 
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the ncar-infrared specll'll , which howed a split 
hydroxyl peak a t 2.81 /J. and 2.84 /J. , presumably due 
to Lhe two types of hydrogen bondin g Llli\,L can occur . 

The 3,5-dinitrob enzof\, te hn,d Illp 104 to 105 °C. 
Analysis: Calcula ted for C 31T3Brli\N20 6: C, 35.6; 

H , 0.69 ; Br, 18.1. F ound : C, :35.7 ; [1 , 0.7 ; Br, 18.7. 
Th e second (and m ain) CO lllponen t of fraction 1 

wa 4-bromo-2 ,3,5,6- letraflu orop henol, 11.5 g 
(20.9%) . The 3,5-dinitrobenzoate h ad mp 131 
to 133 °C. 

Analysis: Calculated for C13H 3BrF4N20 6: C, 35.6 ; 
H , 0.69 ; Br, 18.1. Found : C, 35.4 ; H , 0.6 ; Br, 20.3 . 

Fraction 2: 4 g (7.2 %) ; bp 90 to 92 °C/2 mm ; 
mp 58 to 60 °C; was shown by nuclear m agnetic 
r esonance to be 4-bromo-2,3,5,6-tetrafiuorophenol. 
Also, tb e near-infrared absorption spectrum showed 
only one peak in the 2.8-p. region. The 3,5-dinitro
b enzoate had 111p 133 to 134 °C. Ther e was no 
depression of melting point on mixing the 3,5-
dini trobenzoate of this fraction wi t h tha t of the 
second componen t of fraction 1. 

f. 2-Chlorotrifl uoro-a , a , a -trifluoro-o-( and- ])-)Cresols 

To 100 g (0.4 mole) of 2-chlorotetrafluoro-a,a ,a
trifiuoro toluen e in 100 1111 of pyridin e were add ed 
45.6 g (0.8 mole) of pot,\'ssiunl hydroxide and 1 ml 
of water. The mixtm e Wi\,S slowly hea ted to 90 
°C for 2 In' with stilTing, cooled, pOUl'ed into 1 liter 
of 20 percent sulfuric acid , a nd allowed to settle 
o\-ernight. It wa s fil tered , and Lhe bo t tom. (fluoro
carbon ) layer was separated from the aqueous 
filtra te. The aqu eous layer was fur ther extracted 
with se \-eral 100-llll portion of eLher. The CO I11.
biued orgl-t llic layers wer e dried (sodium sulfate ) 
and t he solven t r emo \-ecl , y ieldin g 31:; g (38 .6%) of I-t 
mixtm e of two i orneri e cresols, bp 97 Lo l 03 °C/15 
mill . The compon ents were sepam Led by prepara
tive vapor-phase chromaLogmph y lIsin g a Viton A 
column at 190 °C. The fu'st cOlllpound elu ted was 
2-chlorotrifluoro-a ,a,a-LrifluOl'0-o-cresol: 0.5 g ; bp 92 
to 93 °C/15 mm ; n14 1.4510 ; infrared absorpLion 
showed a spli t hy droxyl band , at 2.76 /J. and 2. 1 p. . 
Th e second compound was 2-chloroLrifluoro-a,a ,a
tl'ifluoro-p-cresol: 15 g; bp 102 to 103 °C/15 mm ; 
n14 1.4510 ; infrared absorpLion showed only one 
(stron g) hydroxyl brmd, a t 2.81 /J. . 

5.2 _ Reactions With Alkoxides 

a_ 4-Bromo-2,3,5,6-tetrafluoroanisole 

A solu tion of 11 .5 g (0.5 g-a tom) of sodium in 150 
ml of anhydrou s methanol was added dropwise to a 
sLirred solu tion of 123.5 g (0.5 mole) of bromopenta
fluOl'obenzene in 70 ml of dry pyridine a t refiux 
ternperatm e. Th e addi tion r equired 1.5 hI' ; I'eflux
in g was con tinued for an addi tional 15 hr . The 
mi xture was cooled a nd poured in to 1 liter of 10 
percent aqueous hydrochloric acid . The usual iso
lation, as described abO\Te, gave 89 g (68.8%) of 
bromote trafluoroanisole, bp 76 to 79 °C/5 mm. 
Analytical vapor -pJlase chromatography (Vi ton A 
column a t 175 °C ) showed slight contamina tion of 
the product wi th ano t her compound . Separation 

was accomplished by prepamti ve scale vapor-phase 
chromatography, using 10-g samples (Viton A 
column at 175 °C). The fore-cut , 8 g, still ga ve 
two peaks. The (main ) second fraction, 66 g, 
showed only one peak in analy Lical vapor-phase 
chromatography; bp 79 to 81 °C/5 mm.; ni;' 1.4812 . 
N ucl~ar magnetic resonance showed this to be the 
para ISO mel'. 

A nalysi s: Calcula ted for C7H 3BrJJ\ O: C, :32 .4 ; H , 
1.2 ; Br, 30.9. Found: C, 32 .7 ; H , ]. :3 ; Br, 3l.9. 

A higher-boiling fraction (2 g), 72 Lo 76 °C/2 mm, 
had three components ; these were !lo t in vestiga Led 
fur ther. 

b. 2,3,5,6-Te!rafluoro-4-iodoanisole 

,To a stirred solution of 10 g (0.034 mole) of 
pentafluoroiodobenzene and 50 ml of dry pyridine, 
heated to reftux temperature, was added a solut ion 
of 0.8 g (0.034 g-atom) of sodium in 15 ml of anhy
drous methanol. After being refluxed for 3 hr , the 
cooled solu t ion was poured into 100 ml of 6 N 
aqueous hydrochloric acid . The orange (rtuorocar 
bon ) layer was separated , and the aqueous layer 
extracted twice with 50-ml portions of ether. The 
combined organic layers were dried (sodium sulf<t te ), 
e\'apomted, a nd dis tilled . After r emo lfal of the 
unren.cted pentafluoroiodobenzen e (1.5 g), there was 
ob tain ed 5.5 g (63% based on rel-tcted penLafiuol'oio
dobenzene) of 2,3,5,6-tetnl.fluoI'0-4-iodo11.nisole ; bp 
113 Lo 11 5 °C /20 mm ; n~ 1.5229 ; Lhe sLruct ure was 
con firmed by nuclear magneLi c resona nce. Analyti
cal, \'<tpor-pha e ehl'om<tLogmpily (at ] 90 °C ) 
showed a. 3-percent contll.mina tion wiliI st ll.l' Ling 
maLeri al. The sample was r edi st illecl before cle
men tar.)' analysis. 

Analysi8 : Calcula ted for C i H 3 1i'4 [O : C, 27.41:;; H , 
0.98; F , 24. ;3; 1, 41.48 . Found : C , 27.8 ; H , 1.0 ; 
F , 24.4 ; 1, 41.0 . 

c. Octafluoro-4, 4 ' -dime thoxy biphenyl 

A mixL ure of 1 g of 2,3,5,6-tetmfluoro-4- iodoanisole 
and 1 g of cLC li,'a ted copper powder WItS gently 
rertuxed for 12 min, cooled , and ext mctecl firsL with 
10 ml of acetone a nd then wi t il 10 ml of benze ne. 
The combined extracts were filtered and the sohTents 
evaporated. The yellow solid ob tained was de
colorized with charcoal, a nd recrystallized from 
petroleum ether. There was obtained 0.2 g (1. 7% ) 
of octafluol'o-4 ,4' -dimethoxybiphenyl as white plates ; 
mp 90 to 91.2 °C . 

A nalysis : Calcula ted fol' C14H ,F s0 2: C, 46.94; H, 
1.69 ; F , 42 .44. Found: C , 47.5; H , l.88; F , 42 .8. 

d . Benzyl Pen!afluorophenyl Ether 

j\1ethod A _ In a 500-rnl flask equipped with 
stirrer and 1'8flux condenser, 9 g (0.4 g-atom) of 
sodium was treated wi th 250 m1 of benzyl alcohol, 
and the solution cooled o lfel'l1ight . Then, 75 g 
(0.41 mole) of hexa fiuorob enzene was added , stilTing 
was resumed , and the mixture slowly heated to the 
reflux tempera t LU'e of hexafluorobenzene _ Hea ting 
and stirrin g were continued for 24 hI', and then the 
mixture was cooled overnight with stirring. The 
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precipitate was filtered off with suction, the filtrate 
was concentrated , ethanol was added, and the 
resulting solution was refrigerated. The resulting 
precipitate was recrystallized until a constant 
melting point (44°C) was obtained; yield, 30 g 
(28%) of white crystals. 

Method B. In a 500-ml flask, 4.6 g (0.2 mole) of 
sodium was added to a solution of 22 g of benzyl 
alcohol in 250 ml of tcrt-butyl alcohol. The solution 
was cooled overnight and 40 g of hexafluorobenzene 
(0.22 mole) was added. The solution was stirred 
and refluxed for 40 hI', after which the alcohols were 
distilled off. The product was r ecrystallized twice 
from ethanol; ~Tield , 33 g (60%)' lllp 44 °C. 

Analysis : Calculated for CI3FSH70: 0, 56.9; H, 
2.6. Found: C, 56.8; H , 2.6. 

e. 2,3,4,5,6·Pentafluorophenyl Ether and 2,3,5,6·Tetrafluoro-
1 ,4-diphenoxy benzene 

iVlethod A. T o 8 g (0 .043 mole) of hexafluoro
benzene in 30 ml of N,N-dimethylformamide was 
added 5.28 g (0 .04 mole) of potassium phenoxide in 
one portion at room temperatme. After the initial 
reaction had ceased, the mixture was heated at 
120 °C for 0.5 hr, cooled, and diluted with 100 ml of 
water. The bottom (fluorocarbon) layer eventually 
solidified, and the white solid was separated by fil
tration. After drying, and fractional sublimation 
at 70 °C/1 mm , there was obtained 3.5 g (3 1.3%) 
of 2,3,4,5,6-pentafluorophenyl phenyl ether , mp 28 
to 29 °C. This com pound was identical with that 
described under Method B . 

There was also obtained 1 g (7%) of 2,3,5,6-
tetrafluoro-1,4-diphenoxybenzene as white crystals, 
mp 147 to 14;) °C. 

Analysis : Calculated for Cl SH IOF40 2: C, 64.6; H , 
2.99; F, 22.7. Found: C, 64.75; H, 2.98; F , 23.1. 

l11ethod B. In a 43-ml bomb were placed 11 g 
(0.0.') mole) of potassium pentafluorophenoxide, 15 g 
(0.10 mole) of bromobenzene, and 1 g of copper 
which had been activftted by Vogel's method [56]. 
The bomb was heated to 210 °C with rocking, 
maintained at this temperature for 6 hr, and rocked 
overnight as it cooled to room temperature. The 
mixture WftS filtered and the filtrate distilled through 
a short column. After the excess bromobenzene 
had been removed, 2 g (15 . .5%, based on the potas
siwn salt of 2,3,4,5,6-pentafluorophenol) of 2,3,4,5,6-
pentafluorophenyl phenyl ether was obtained, which 
boiled at 240°C and solidified slightly helow room 
temperature. 

Analysis: Calculated for C12HsF50 : 0, 55.4; H, 
1.9. Found: C, 55.7 ; H , 2.1. 

f. Perfluorophenyl Ethers 

To 30 ml of N,N-dimethylformamide was added 
6 g (0.027 mole) of potassium pentafluorophenoxide 
and 12.8 g (0.069 mole) of hexafluorobenzene; heat 
was not evolved. After being refluxed for 14 hr, the 
black solution was poured into 100 ml of water, and the 
mixture was extracted with several 50-ml portions 
of ether. The organic layer ",-as separated, dried 
(sodium sulfate), and evaporated . After the removal 
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of 4.5 g of unreacted hexafiuorobenzene, the residual 
solid '" as sublimed at 50°C/50 mm to give 1.5 g O' 
(16%) of perfiuorophenyl ether; white crystals, mp 
67 to 69 °C. Con6rmation of the structure was ... 
obtained from mass-spectrometer analysis, which -' 
showed the parent peak at 350 111 ass units. 

Analysis: Calculated for C12F IOO : C, 41.15; F , 
54.3. Found: C, 41.53; F , 53.0; H , 0.0. 

A second product was obtained from the sublim a- <: 
tion; mp 145 to 148°C. Although its structure has 
not been con6rmed, it may be p-bis (pentafiuoro- 1 

phenoxy) 2,3 ,5, 6-tetrafluorobenzene. 

g. 4-Ethoxy-2,3,5,6.tetrafluoro-N,N-dimethylamine 

In a 100-ml flask, 0.6 g of sodium was dissolved in 
50 ml of absolute ethanol and the solution was re
fluxed for 1 hr. T o this solution was added 5.3 g 
(0.025 mole) of 2,3,4,5,6-pentafluoro-N,N-dimethyl
aniline, and the mixtme was refluxed for 2 hI' and 
poured into an excess of water. The organic layer 
was separated, washed with water. dried, and 
distilled. Yield: 5.1 g (85%) of a clear, colorless 
liquid boiling at 34 °el l mm. 

Analysis: Calculated for C tOH llF 4NO : C, 50.6; H, 
4.7; N, 5.9 ; F , 3'2. 1. Found: C, 50.8; H , 5.0; N, 5.9. 

5.3. Reactions With Amines 

a. 2 .3,4,5,6-Pentafluoroaniline 

The reactions using ammonia or amines were car
ried out in a stainless-steel, silver-lined bomb. A 
mixt ure of 280 g (1.5 mole) of hexafluorobenzene 
and 400 ml of 28-percent aqueous ammonia was 
sealed in an 800-ml bomb, which was placed in a 
heater-rocker mechanism previously heated to 
235 °C. The bomb was rocked for 2 hI' at 235 °C, 
removed, and r apidly cooled to room temperature 
in running water. The contents were poured into a 
large beaker, and the aqueous layer was separated 
and extracted three t.imes with ether. The ether 
extracts were dried (sodium sulfate), and evaporated. 
The substitu ted aniline obtained in this way was 
added to the oily layer from the bomb, and the mix
ture was evacuated in a vacuum desiccator for 8 hr, 
the volatile materials, mostly hexafluorobenzene and 
ammonia, being collected in a dry ice- acetone trap. 
The residual 111ass of brown crystals was partially 
sublimed at atmospheric pressure onto ft cold-finger 
condenser, to yield 236 g (86%) of white crystals 
of pentafluoroaniline; mp 34°C. 

The remainder of residue was heated to about 75 
DC at less than 1 mm. pressure. White crystals 
lacking a definite melting point sublimed onto the 
cold finger. Yield: 28 g (10%). Elementary analysis 
indicated it to be tetrafluorophenylenediamine, and 
nuclear mao'netic resonance indicated it to be the 
meta isomeI~ contaminated with a small proportion 
of the para isomer. 

Analysis: Calculated for C6H4F 4N 2 : C, 40.0; H , 
2.2; N, 15.5. Found: C, 40.2; H , 2.4; N, 15.2. 

.~ 
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b. 2,3,4,5, 6-Penlafluoro-N-melhylaniline 

1n a 200-ml bomb, 56 g o[ bexnJlu orobenzene and 
110 ml of 30-per cent aqueous methylam.ine were 
llCated at 220 °C for 3 hr wi Lh conLinuous rockin o·. 

The products wer e dissolved in ethel' and the et b ~r 
was evaported . The pentanuoro-N-methylaniline 
was distilled at atmospheric pressure, and redis till ed 
under reduced pressure. Yield ; 59 percen t; bp 170 to 
172 °C a t 760 mm. 

Analysis: Calculated for C7H4F5N: C, 42.6 ; H , 
2.1 ; N, 7.1. Found: C, 42.7 ; H , 2.2 ; N, 7.0. 

The residue was crystallized from absolute alcohol, 
yielding 2,3, 5,6- tetrafluoro-N,N'-dimethy 1 ph eny 1-
cnediamine, which was purified by sublimation and 
recrystallization. Yield : 25 percent ; mp 94 °C. 

Analysis: Calculated for CsHsF4N 2: C, 46.2; H , 
3.8; N, 13.5. Found: C, 46.1 ; H , 3.9 ; N , 13.6. 

c. 2,3,4,5,6-Pentafluoro-N,N-dimelhylaniline 

A mixture of 110 1111 of 25-per cen t aqueo us di
methylamine and 50 g of hexafiuorobenzene was 
heated at 235 °C for 2 hI'. The r eaction products 
were purified as described [or pen tafiuoroaniline. 
A colorless liquid which dis tilled at 88 °C/1 mm was 
pentafluoro-N,N-dimethylaniline (65% of t he oily 
layer). Fo LU' addi tional fractions were collected. 

Analysis: Calculated for CsH 6F 5N: C, 45 .6 ; H , 
2.6; N, 6.6. F ound : C, 45 .7 ; H , 2.8; N, 6.5. 

Fraction 2, bp 88 to 126 °C/1 mm, was iden tifi ed by 
vapor-phase chromatography to be a m.L\:ture of 
dilllethylaniline wi th three other co mpounds. Frac
tion 3, bp 126 to 134 °C/1 mm, con tained the three 
isomers of bis( climethylamino) teLrafluorobenzene, 
wi LlI the meta isomer predominan t. Fraction 4, bp 
134 to 140 °C/1 Hun, con tain ed equ al amoun ts of m
and p-isomer. Fraction 5, bp 140 to 148 °C/1 mm , 
was almost pure p-isom er. Analys is for C, H , and 
N indicated the same elementary composition for all 
fractions. . 

Analysis: CalculaLed for ClOHI2F4N 2: C, 50.9; H , 
5.1; N, 11.8. Fo und : C, 50.9 ; H , 5.1 ; N . 11.7. 

N uclear m agn etic r esonance analysis showed tha t 
the predominant isomer in Fraction 3 had three 
difi'erent fluorine-bond peaks, one twi ce as large as 
th~ .oth~l' two, indica.ting the meta isomer ; the high
bOIlIng Isomer (FractIon 5) showed only one fluorine 
bond and was, th erefore, the para compound. The 
meta and para isomers wer e obtained relatively pure 
by vapor-phn,se chromatography; the ortho isomer 
was presen t in such small proportion as to walTan t 
no fur ther purification. 

d . p-Bromoletrafluoroaniline 

Thir ty grams of bromopen tafluorob enzene and 70 
ml of 28-percent ammonium hydroxide were placed 
in n, 110-ml bomb, hea ted to 200 °C, and shaken at 
Lhis temp0rature for 2 hI'. The product was purified 
as pl'eyiously described for pen tafl.uoroaniline. The 
yield of crys talline product, mp 61 °C, was 22 g 
(77 %). N uclear magn etic resonance indicated tha t 
Lhe compound was the para isomer . 

Analysis : Calcula ted for C6H 2BrF4N: C, 29.5 ; H , 
0.8; N, 5.7 ; Bl', 32.7. Found : C, 29 .4 ; H , 0.8; N, 
5.8; Br, 32.S. 

e. Telrafluoro-p -iodoaniline 

Sixteen gmms of pell tn,fi uOl'oiocl obell zene ancl 30 ml 
of 8-percent aq ueous amlHOIl i urn hydroxide were 
heated to 165 °C in a 43-ml bomb alld shaken n,t this 
temperature for 2 hr. The product was purified as 
described previously, except t h ~1,t, ,1,[Ler sublima tion , 
the compound was r ecrystalli zed (rom petroleum 
ether, yielding 7.6 g (46 .7%) of slighLly yellow crys
tals ; mp 77 °C . Nuclear magnetic-resona nce spectm 
indicated it to be the para isomer. 

Analysis : Calculated for C6H 2F4I N: C, 24.7 ; H , 
0.7 ; N , 4.8; 1, 43.6. Found: C, 24 .7 ; H , O. ; N, 4 .6 ; 
1, 42 .9. 

f. p-(Benzyloxy)lelrafluoroaniline 

Twenty grams of benzyl pentafluorophenyl ether 
n,nd a In,rge excess of 28-percen t aq ueous 1'\,l11moniul11 
hydroxide were heated ill n, 110-ml bomb Lo 160 °C 
and shaken at this tempem ture for 2 hI'. A sillall 
amoun t of whi te crystals was obsen Ted clinging to 
the inside of t he bomb. This ma teri al was remo ved 
n,nd recrys tallized three times from etilfLl1ol. Yi eld : 
3 g (13%) of slightly yellow needle, mp 97 °C; it 
lVas s.hown by nuclear mn,gnetic resona nce to be the 
para ISOl11er. 

Analysis: Calcula ted (or CI3H pF4N O: C, 53.1 ; H , 
3.3; N, 5.1. Found : C, 53.0 ; H , 3.4 ; N, 4 .9. 

g. 2-Chlorolrifluoro-a, a , a-trifluoro-p-lol uidine 

A mix ture of 50 g o( 2-chloro tetmA.uoro-a, a, a 
tri fluoro-tolucne a nd 120 ml o( 28-per ce ll t a III III 0 Ili um 
hydroxide was heated to 210 °C in n, 200-ml bomb 
n,nd shaken at t his tempera ture for 2 hI' ; the crude 
ubsti tuted toluidine was purified by sublimaLion, 

gilTing 22 g (43%) o( whi te crystals which readily 
decomposed at room temperature ill the presence 
of air (accounting for discrepancies in the n,nn,lys is) . 

Analysis: Cn,lculn,ted for C7H 2CIF6N: C, 33 .7 ; H , 
0.8; N, 5.6 ; Cl, 14 .2. Found : C, 32 .6 ;H , 1.1 ; N, 6.2; 
Cl, 14 .9 . 

h. 2,3,5,6-Telrafluoro-p.anisidine 

To 100 ml of anhydrous liquid ammoni~1, n, nd 0.1 g 
of ferric nitrate at - 70 °C was added , in small 
pieces, 2.99 g (0.13 g-a tom) of sodium. 'When the 
blue color had permanently disappen,red , 25 g (0.13 
mole ) of pentafluoroanisole was added slowly dming 
45 min. The mixture was stirred for 5 hr n, t - 70 °C, 
and the ammonia was allowed to elTaporate over
night at room temperature. After the addition of 
100 m1 of water , the fluoro carbon layer was separated, 
and the aqueous layer was extracted with t hree 
50-ml portions of di chloromethan e. The unreacted 
pen tafluoroanisole, 7 g (28 %) , was 1'el11O veel by 
distillation ; bp 137 to 138°C. By vacuum. sub
limation (80 °C/ l mm) of the resid ne, te tI'fLfluoro-p
anisidin e, 2.8 g (14% based on reacted pen ta-
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fluor oanisole), was obtained as white needles, mp 
75 to 76.5 °C; the structure was identified by 
nuclear magnetic resonance. 

Analysis : Calculated for C7H;F4NO: C, 43.05 ; 
H , 2.56 ; N, 7.19 . Found : C , 43.10 ; H , 2.7 ; N, 7.l. 

After removal of the above compound, the residue 
liquefied , and l.2 g (6.7%) of solid 4,4'-dimethoxy
octafluorodiphenylamine was obtained by distillation, 
bp 80 to 82 °C/ l mm. S ublimation at 80 °C/1 
mm, and recrystallization from petroleum ether gave 
white needles, mp 78 to 79 °C. The melting point 
of a mixture of the fluoroanisidi.ne fLn d the diphenyl
amin e compound was depressed. Nuclear ma.gnetic 
resonance showed that fL substituted anisyl group 
was linked to the nitrogen atom at the para posi tion . 

Analysis : Calculated for C]4H7FsNOz: C, 45.0 ; 
H , l.88; N, 3.75 . Found: C , 45.4 ; H , 2.0 ; N, 3.5 . 

The residue gave 4,4' ,4/1-trimethoxydod ecafluoro
triphenylamine as a yellow oil ; 2.2 g; bp 157 to 
159 °C/1 mm ; nf{ l.5005. 

Analysis: Calculated for C21 HgFl zNOa: C, 46.4; 
H , 1.66 ; N, 2.57. Found C, 46.7; H , 2.1; N , 2.50 . 

5 .4. Diazotization of Pentafluoroaniline 

a . Penlafluoroiodobenzene 

In a 250-ml , 3-necked , Monel flask (fitted with a 
metal inlet tube, Monel reflux condenser, and T eflon
covered , magnetic stirring-b fLl" ) was placed 20 g 
(0.1 08 mole ) of pentafluoroaniline. Approximately 
75 ml of anhydrous hydrogen fluoride was condensed 
into the flask at - 20 °C and 7.27 g (0.105 mole) 
of sodium nitrite was added during 30 min . The 
flask was allowed to warm t o - 10 °C, stirring was 
continued for an additional 1 hr, 17.6 g (0.106 
mole ) of granular potassium iodide was added durin g 
30 min , and the mixture WfLS allowed to warm to 
25 °C in 1 hr. The residual hydrogen fluoride was 
remo l'ed by warmin g the flask at 50 °C and the 
mixture was poured in to 100 ml of water in a Monel 
beaker. The organic layer was separated , washed 
with three 50-ml por tions of satura ted sodium 
bicarbonate solution and water, and dried (sodium 
sulfate). On dist illation , 16 .5 g (50%) of penta
fluoroiodobenzene, bp 77 t o 79 °C/35 mm, was 
obtained. Analytical, vapor-phase chromatography 
(Vi ton A column at 150 °C) showed only one product , 
with a retention time identical with that of penta
fluoroiodobenzene. 

Bromopentafluorob enzene (3 5% yield ) was pre
pared by the same procedure, excep t that 12 g of 
potassium bromide and 15 g of cuprous bromide 
was used in place of the potftssium iodide. 

5 .5. Oxidation of Pentafluoroaniline 

a . Decafluoroazoxy benzene 

In a 250-ml flask were placed 10 g (0.055 mole) of 
pentafluoroaniline, 100 ml of glacial acetic acid, and 
25 ml (0.22 mole) of 30-percen t hydrogen peroxide. 
At 25 °C, the solution turned blue, green, dark 
brown, yellow, r ed , and finally orange wi thin 24 hr. 
During an additional 24 hI', an orange liquid sepa
rated on the bottom. The r eaction was stopped by 

dilution with 300 ml of water . The orange liquid 
was separated and, when chilled in ice, solidified . 
Yield : 4 .5 g (22 %) . On sublimation at 80 °C/1 mm, 
followed by recrystallization (decolorization wi th 
charcoal ) from petroleum ether , white plates of 
decafluoroazoxybenzene, mp 53 to 54 °C, formed. 
On standing, the material acquired a green tint. 
Confirmation of the stru ctm e was obtained from 
mass-spectrometer analysis, which showed the par
ent mass peak at 378. The ultraviolet a bsorption 
spectrum showed two maxima, one at 230 mM and 
the other at 296 111M . 

b. Decafluoroazobenzene 

A mixture of 5 g (0.013 mole) of decafluoroazox~T
b enzene, 15 g of zinc powder, 5 g of ammonium 
chloride, 10 ml of water, and 75 ml of 95-percen t 
eth anol was stirred under reflux for 30 min. The 
mixture was filtered ho t, and the zinc was extracted 
with two 50-ml portions of hot alcohol. The fLlco
holic filtr ates were poured onto 100 g of ice, and the 
tan precipitate was filter ed off and dried. Sublima
t ion at 60 °C/1 mm gave 2 g (4 1.5%) of orange 
decafluorofl,zobenzene, mp 57 to 59°C. Confirma
tion of the structure was ob tained from mass-spec
trometer analysis, which showed the parent mass peak 
at 362. The ultr aviolet absorp tion spectrum showed 
one peak at 230 mM, but this had two slight inflec
tions, one at 280 mM and the other 326 mil. Solu
tions of decafluoroazoxyb enzene are yellow and show 
one absorp tion p efl,k at 370 m.M in the visible range, 
whereas the solutions of decafluoro azobenzene are 
omnge fl, nd absorb at 465 roM. 

5 .6 . Reactions With O rganolithium Compounds 

a. 2,3,4,5,6-Penlafluorololuene 

Methyllithium was prepared in fl, 500-ml, three
necked flask equipped with a dropping funnel , mag
netic stirrer , and a fitting for in troducing fl, continu
ous flow of argon. Clean lithium, 4.5 g (0.61 mole) 
cu t in to small pieces, and 200 rol of sodium-dried 
ether were placed in the flask. A solu tion of 43 g of 
iodometllane in 50 ml of absolu te ether was added 
dropwise to the mixture wbile vigorous stirring and 
a constant atmosphere of argon were main tained. 
After the reaction of the iodomethane with t he lith
ium had begun (as eyidenced by a clouding of the 
ether ), the mixture was cooled to - 10 °C with dry 
ice-acetone. The temperature was maintained be
t ween - 10 °C and - 20 °C during t he en tire 
prepamtion of the methyllithium. 

The ether solu tion of methyllithium was tr ans
ferred to a dropping funnel while under an argon 
atmosph ere, and was added dropwise to a solution of 
60 g of hexfl,fluorobenzene in 250 ml of dry pentane 
initially at room temperature, slight refluxing from 
the heat of r eaction being m aintained. Continuous 
stirring under an argon atmosphere was maintained 
throughout the addi tion and for an additional 17 hr ; 
during the final 2 hI', the solution was r efluxed gently. 
Af ter being cooled to room temperature, the suspen
sion was filtered and th e fil tr ate was washed with 
water and dried (sodium sulfate). The liquid was 
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di tilled through a packed column . Yield : 34 g 
(70%), bp 115°C. 

Analysis : Calculated for C7Fl 3F5: C, 46.2 ; H , 1.6 . 
Fo und : C, 46 .4 ; H , 1.8. 

b. Butyl-2,3,4,5,6-pentafluorobenzene 

1 n a 250-ml, three-n ecked flask (fi tted with a 
dropping funnel , stirrer, and reflu x condenser , and 
co ntailling a helium atmosphere) were placed 1.86 g 
(0.268 g-atom) of %-in . lithium wire and 30 ml of 
anhydrous ether . To this mix ture was added 5 ml 
of a solution of 18.3 g (0.134 mole) of 1-bromobutane 
in 25 ml of anhydrous ether at 25 °C. Gentle 
refluxin g initiated the reaction, and the remainder 
of the solu tion of 1-bromobutane was added dropwise 
at - 10 °C. After the addition was completed, the 
reaction mixture was stirred for an additional 1 hr at 
this temperature and finally allowed to warm to room 
temperature. Th e mix ture was filtered , under 
helium, directly in to a dropping funnel, and was 
slowly added to a solu tion of 25.3 g (0.134 mole) of 
hexafluorobenzene in 25 1111 of anhydrous ethel' at 
- ] 0 °C. Th e mixture wa allowed to warm slowly 
to roo m temperature, reflu xed for 90 min, and cooled 
in ice, and 100 ml of ice water added. 1t was t hen 
filtered and the ethereal layer was separated, dried 
(sodium sulfate), evaporated , and distilled . After 
removal of 10.5 g (30%) of unreacted hexafluoroben
zene, ther e was obtained 7 g (33 .2% b ased on reacted 
hexaflu orobenzene) of bu tyl-2,3,4,5,6-pentafluoroben
zene; bp 86 to 87 °C/25 111m ; ni? 1.4229. 

Analysis: Calculated for C1oHgF5 : C, 53 .31; H , 
4.02. F ound: C, 54.0; H , 4.2. Th ere W itS also ob
tained 2.5 g (11 %) of a compound , bp 230 °C/1 mm , 
ni? 1.46 3, wJ lich , from its chemical a nal:vsis, 
n,ppeared to b e impure tributyldifluorobenzene. This 
product was not investigated fur t her . 

Analysis : Calculated for ClsH zsF2: C, 76.9; H , 
10.2. Fo und : C, 76.5 ; H , ]1.9. 

c. 2,3,4,5,6-Pentafluorobiphenyl 

In a I -liter , three-neck ed flask (equipped witlt a 
stirrer having a polytetrafluoroethylene blade, a 
FriedricJ ls condenser carryin g a drying tube, and a 
pressure-equalizing droppin g-funnel fitted with a 
nitrogen inlet) was placed 32 .7 g (0.18 mole) of 
hexafluorob enzene in 150 ml of anhydrous ether. 
A solu tion of 0.18 mole of phenylli thium in 250 ml 
of ether was added dropwise under a ni trogen atmos
phere, with constant stirring. After the first 25 ml 
had been added, heat was applied to initiate a 
vigorous exo th ermic reaction marked by the forma
t ion of a Jl eavy, white precipi tate. The r emainder of 
the ph enyllithium was added carefully so that the 
refluxing was vigorous bu t not violen t. Th e mixture 
wa stirred for 24 il1" at roo m temperature and then 
t rea ted wi th abou t 200 ml of 10 percen 1, aqueo us 
hydrochloric acid to destro~' excess phenyllithium 
and to dissolve the precipi tated lithium fluoride. 

The aqueous layer was separated an d extracted 
with several por tions of ether. The ether solutions 
were co mbin ed, washed wiLli small por tions 00 ml) 
of saturated sodium bicHrbonate solution until the 

washing remained basic and with saturated sodium 
chloride solu tion un til neu tral, and dried (sodium 
sulfate). Most of the ether was removed by evapora
tion at atmospheric pressure th rough a 16-in. 
Vigreux eolwl1n ; on cooling the co ncen trated solution, 
a white precipitate formed. This was removed by 
filtr ation and wa shown by n uclem' magnetic 
resonance to be 2,3,5,6-tetrafluoro-1J-terph enyl, mp 
220 °C. Y ield: 8.5 g (17 %) . 

Analysis : Calculated for Cl sH IOF'l: C, 71. 5; H , 
3.3; F , 25. 1. Found: C, 68.3; H , 3.2; F , 24.7. 

The filtrate was evaporated under Vigreux colurnn 
to remove the residual ether. Sublimation of t he 
residue gave white crystals which appeared to be 
impure 2,3,4,5,6-pen tafluorobiphenyl. Yield : 33 g 
(70%) ; mp 69 °C. 

Analysis : Calculated for C12H5F5: C, 59.0 H , 2.1; 
F , 38.9. Found: C, 59.5; H , 2.4; F , 37.5. 

d. 2,3,4,5,6-Pentafluoro-a -methylstyrene 

Tn a l-li ter , three-necked vessel (equipped similarly 
to the flask used in the addition of ph enyllit hium) was 
placed a solution of 18.6 g (0.1 mole) of hexafluoro
benzene in ] 00 ml of anhydrous ether. A solu t ion of 
isopropenyllithiuLU in 250 ml of ether (prepared from 
12.1 g of purified 2-bromopropene by the method of 
Braude and E,Tans [571) was transferred un der helium 
to t he dropping funn el and added dropwise to t he 
hexafluorobenzene solu tion. Af Ler 25 1111 of r eagent 
had b een added, h eat was applied to initiate r efluxin g; 
the solu t ion became cloudy at once. On co mpleting 
the addition of Lll e isopropenyllithium, the III ixture 
was re[luxed for 1 hr and then kep t overnigli t at roo m 
temperature. After addi t ion of abou t 50 1111 of 5-
percent sulfLU"ic acid, the solid was r emoved by 
fil tration throu gh ~1, sin tered-glass funn el. The 
ether layer of the filtrate was separated from the 
aq ueous layer, washed wi th small portions of water 
unti] neutral, and dried (sodium sulfate) overnigh t. 
Fractional distillation through a 16-in . Vigreux 
column gave, after r emoval of the ether, 9 g of h exa
fiuorob enzene and 5 g of 2,3,4,5,6-pentafluoro-a
methylstyrene; bp 72 to 74 °C/52 mm . Yield : 24 per
cent (50% based on unrecovered hexafluorobenzene). 

Analysis: Calculated for CgH 5F 5: C, 5l.9; H , 2.4 ; 
F , 45.9. F ound: C, 51.8; H, 2.6; F , 44 .6. 

About 0.1 g of a higher-boiling liquid was isolated. 
Vapor-phase, chromatographic analysis (Vi ton A 
column at 125° C) of this fraction r evealed the pres
ence of two main components. The first component 
had the same retention time as 2,3,4,5,6-pentaflu oro
a-meth~Tlstyren e . The second co mponent (~l,bout 
50% of the fraction) had a considerably lon ger re
tention time and may possibly have been a disubsti
tuted derivative of hexafluorobe ll zene. No fur ther 
attemp t was made to identify the higher-boiling 
product. 

A considerable amoun t or a cr~'stallin e produc t, not 
readily soluble and apparently poly meric in naLure, 
was found in Lhe fil tered solid . H ence, it appears that 
anionic pol~-m erization of t he olefinic products occurs 
quite readily under the conditio ns of t he r eaction. 
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e. 2,3,4,5,6·Pentafluorostyrene 

Using essentially the same type of apparatus and 
technique as previously described, a solution of 
vinyllithium (prepared from 0.1 mole of phenyl
lithium and 0.025 mole of tetravinyltin according to 
the method of Seyferth and \tV einer [58]) in abou t 
150 ml of ether was added dropwise to 18.6 g (0.1 
mole) of hexafluorobenzene in 50 ml of anhydrous 
ether. The reaction at room temperature was 
accompanied by precipitation of a white solid and 
vigorous refluxing of the solu tion. The flask was 
cooled to 0 °C about halfway through the addition, 
to moderate the vigorous refluxing. On completion 
of the addi tion, the mixture was kept at room 
temperature overnight and then refluxed for 30 min. 
After being cooled, the mixture was filtered, and the 
filtrate was flash vacuum-distilled into a trap at 
- 78°C. Some polymeric solid was left in the flask. 
The distillate was fractionated through a 12-in . 
column packed with glass helices. After rcmoval of 
the ether, about 4 g of hexafluorobenzene was 
recovered. The higher-boiling residue was distilled 
under vacuum. A considerable quantity of solid 
was left in the distilling flask; it may have been 
polymeric vinyl derivatiye (s) of hexafluorobenzene. 
The colorless, liquid distillate, bp 34 °C/25 mm, was 
shown to be identical with 2,3,4,5,6-pentafluoro
styrene obtained by dehydration of 2,3,4,5,6-penta
fluoro-a-methylbenzyl alcohol (prepared by the 
reaction of pentafluorophenyl GrignaI'd reagent with 
acetaldehyde [12]) . Vapor-phase, chromatographic 
analysis showed the monomer to be of high purity. 
Yield: 20 percent (based on unrecovered hexafluoro
benzene ). 
5.7. Reaction of Hexafluorobenzene With Lithium 

Aluminum Hydride and lithium Hydride 
In R 300-ml, three-necked flask equipped as 

described previously was placed 21 g (0.11 mole) of 
hexafluorobenzene in 50 ml of an hydrous ether. 
A slurry of 3 g (0.08 mole) of lithium aluminum 
hydride in 200 ml of anhydrous ether was filtered 
into a dropping funnel, and the filtrate was added 
clropwise, under a slO\v stream of nitrogen, to the 
stirred, refluxing solu tion of hexafluoro benzeue. 
After all of the lithium aluminum hydride solu tion 
had been added, the mixture (containing a white 
precipitate) was refluxed for 8 hr. Aliquots of the 
mixture were periodically analyzed by vapor-phase 
chromatography, in order to determine the conver
sion of hexafluorobenzene to pentafluorobenzene as 
a function of time. After 1 hI', an aliquot of the 
ethereal solution contained two components (in 
addition to the ether ). The component llaving the 
shorter retention time was the starting material. 
The other component, after isolation by preparative, 
vapor-phase chromatography , was shown by mass
spectrometric analysis to have a parent mass of 168, 
corresponciing to pentafluorobenzene. The con
version of hexafluorobenzene to pentafluorobenzene 
was estimated to be about 30 percent. After 6 hr, 
the conversion was about 50 percent, and, after 8 hr, 
60 percent. Further refluxing did not increase the 
percent conversion appreciably. 

The reaction mixture was cooled to - 78°C and 
the excess hydrides were destroyed by adding wet 
ether, water, and 20-pereent aqueous hydrochloric 
acid until the mixture was acid . The ether layer 
was separated, combined with the ether extracts of 
the water layer, and dried (sodium sulfate). The 
ether was removed by evaporation through a 24-in. 
column packed with glass-helices. The higher-boil
ing residue was fractionated, to gi lee 17 g of a mixture 
of hexafluorobenzene and pentafluorobenzene, bp 78 
to 84°C. Some of the hexafluorobenzene (about 
3 g) was apparently lost during the reaction or 
distillation, or both. The products were separated 
by preparative, vapor-phase chromatography, using 
a column 8 ft by % in. packed with acid-washed 
firebrick coated with 20 percent (by weight) of 
silicone oil (SE 30). The final reco very of unreacted 
hexafluorobenzene was 8 g; the yield of pentafluoro
benzene was 7.5 g (61 %, based on unrecovered 
hexafluorobenzene). Less than 0.5 g of disubstitu
tion product (pres umably 1,2,4,5-tetrafluorobenzene) 
was also isolated. About 1 g of a higher-boiling, 
uniden tified product remained in the pot. 

Several other experiments were tried, using equi
molar proportions of hexafluorobenzene and lithium 
hydride in ether. Very little, if any, pentafluoro
benzene was formed, e\ren after long periods of re
flux. The same materials were sealed in a dry, 
evacuated bomb, which was then heated at various 
temperatures (80 to 200°C) for various times (up to 
24 111'). Again, no pentafluorobenzene or other 
product was detected by vapor-phase, chromato
graphic analysis [24 by 0.25-in. column, with a 
pack:ing of 30 percent (by weight ) of silicone oil 
(Dow Corning 550) on 40- 60-mesh, acid-washed fire
brick] of the ether solution. However, the use of 
lithium aluminum hydride in 10-percent molar pro
portion together with equimolar proportions of lith
ium hydride and hexafluorobenzene in ether resulted 
in a 25-percent conversion to pentafluorobenzene 
after 48 hI' of reflux . 

The authors express their appreciation and thanks 
to R. A. Paulson for elementary analysis , James 
Brown for mass-spectrometric analysis, NIax Tryon 
for infrared spectra, and Harold Finegold for nuclear 
magnetic-resonance spectra. 
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Selected Abstracts 

Standard X-ray diffraction powder patterns, H. E. Swanson, 
M. C. Morris, R P. Stinchfield, and E. H. Evans, NBS 
Mono. 25, S ection 2 (May 3, 1963), 35 cents . 
Sta ndard X-ray d iffraction powder patterns are presented 
for t he followin g th irty-seven substances: Al (P03h SbF3*, 
Baa( AsO,h *, Ba(CI04)2·3H ,O, Cd(CN),*, CdW04, Cs,OsBr6*, 
Cs,OsCI6*, a -CrP04, Co[Hg(CNS)41*, i3-CoS04, Dy3Ga 2 
(Ga04h *, ErMn03*, Eu 3Ga, (Ga04h*, Gd 3Ga 2( Ga04h *, 
Li 3Asn,*, Li3P 30 o· 3H ,O*, Li 2WO..)izH ,O*, Lu 3Ga ,(GaO,h *, 
LuMnO a*, MnWO, (huebneri te), HgF,*, NiS04, N iWO,*, 
IC2R eCI6, IC2RuCIsNO*, RbCIO,*, RbIO,*, Ag 2SeO,*, 
NaC:-;rO*, N a 2 WO,.2H 20 , i3-N a, P,0I2·4H,O, Sra(AsO,),*, 
Tl aAs04*, TIC I0 4*, YAsO." Zn W04* E leven are to replace 
patterns already given in the X-ray Powder Data File iss ued 
by the American Society for T est in g and Materials, and 
twcnty-s ix patterns ind icated by asterisks are for substances 
not p revio usly included . The X-ray Powder Data Fil e is 
a co mpilat ion of diffraction patte rns from many sources and 
is used for the id entification of unknown crysta lline materi a ls 
by matching spacing and intensity measurements. The pat
terns werc made with a Gei ge r cou nter X-ray diffracto meter 
using samples of high purity. vVh en possibl e, t he d-valu es 
,,"ere ass igned Miller indices determined by comparison with 
calc ulated inte rplanar spacings and from space group extinc
tions. The dens ities a nd latt ice constants ,,'C'rC' calculatC'd, 
and th e refract ive ind ices \\"ere measured wh enever possibl e. 

Mec hani cal behavior of crystallin e solids (Proceedings oj an 
li merican Ceramic Societ y Symposiuln, N ew York City, A7JTil 
1962), NBS Mono. 59 (MaJ'. 25, 1963), $1.75. 
This Monograph represents the Proceed ings of a Symposium 
on The jlfechan'ical B ehavior oj Crystalline Solids, hcld under 
thc auspi ces of the Cerami c Educational Coun cil of th e 
Ame ri can Ceramic Soc iety , \\"ith the cooperation of the ;-\ a
t ional Bureau of Standards, and under the sponsorship of th c 
Edward Or ton Junior Ccr'am ic Foundation , alld t hC' Offi ce 
of Naval Research. The Sy mposium took p lac C' at the 64th 
Annual Meeting of th e American Ceramic Society, in Ne,,· 
York, on April 28 and 29, 1962. 

Testing of metal volumetric standard s, J . C. Hu ghes and B . C. 
Keysar, N BS Mono. 62 (Apr. 1, 1963), 15 cents. 
The National Bur'ea u of Standards has for' many yean; 
calibrated and cer t ifi ed rllC'tal measures which a rc used as 
standa rds by wei ghts and meas urcs offic ials and othcrs in the 
cali bration of instruments for mcasuring the vo lum es of fluid s. 
No complete spec ifi cations or tolerances for th ese standards 
havc ever been publi sh ed , however, nor have standardized 
procedures for the cali bration and use of the liquid meas ures 
becn avai labl e. 
The information conta ined in th is Monograph should assist 
in the purchasc of quality instruments and the proper usc of 
the standards in calibrating other measures for liquids and 
gases. 

Radiobiological dosi metry, R ecommendations oj the I nter
nati onal Commission on j' adiological units and measurements, 
N BS TTanclb. 88 (Jlpril 30, 1963) , Supersedes parts oj Handb. 
78. Ilandbooks 84 through 8.9 will completely j'e place 1-178, 25 
rents. 
This publication deals primar il y with radiob iological dosim
rtr.v, and considers methods of improv ing the accuracy and 
interco mparability of absorbed dose m eas urements in radio
biology. It is in eft'cct a ha ndbook for til(' experimental radio
biologist s. It em phasizes t hr grc'at i mportance of planning 
t he ex perimental \\"ork in a way \\"hieh makes the dosimetry 
eas ier and more acc urate and it illus trates how th is can bc 
donc. 

The publi cation was prepared by a committee of the Inter
national Commission on Rad iological Units and Measure-
111.en ts. 

Transistorized building blocks for data instru mentation , R. L. 
Hill, NBS T ech. Note 168 (Apr. 1, 1963),55 cents . 
The National Bureau of Standards has developed a number 
of modular transistorized digital circuits that have bec n used 
in a utomatizing many data recording and preli mi nary process
ing tasks encountered in its scientific operations. These 
ver'sat il e bui lding blocks can be connected toget her system
at icall y to form digita l circu its that accept raw data from 
exper imental equipment and transpose these data into a form 
suitabl e for input to a high-speed eleetronic comp uter. 
Each assembly of packages can be ta ilored to fit the special 
r equ irements of th e p roj ec t a nd ca n be used at the site of th e 
experiment. The output from the system can be: 1) fed 
directly to a computer, 2) r ecord ed on a med ium (paper tape, 
magnetic tape , etc.) suitable for co mputer input at a later date, 
or 3) used to dr ive display equipment that keeps the scientist 
in formed of thc progress of his experime nt. 
As a r es ult of experi ence in the appl ication of these units, some 
of the o rig inal packages ha,·c been modified and add it ional 
types developed . In add it ion to desc ribing the modified and 
new package types, t his repor·t a lso includes a description of 
a ncw seri cs of packages co nsisting of id enti cal circuitry , but 
uti lizing a difrerent type of mating co nnector and a sma ll cr 
c ircuit-board. 

Practical method s for calibration of potentiometers,1 .I). 
llarnaley, NBS T ech. ,Vote 172 (!liar . 25, 19fJ3), 30 rent .. . 
Po tentiom ete r circuitr.v, particularly as rdated to calibration , 
is discuss('(l with the primary co ns iclPration g iven to the 
required circuit mC'as urcments . The more fC'as ible nlC'a ns of 
calibrat ing potcntiornetC'rs arc described in co ns id erable 
detai l. J~ mphas i s is p"'ced upon thr usc of the Un iversal 
H.atio Set as the basic implcment for acco mplishin g the 
major portion of potentiometer calibra tion s. 

Tables to faci li tate the determination of the fe rrim agnetic 
resonance linewidth of non-m etallic mag netic mate rials, C.C. 
Preston and W. K Case, N BS T ech. Note 173 (Apr. 15, 1963), 
25 cents. 
A co mm on test procC'dure for meas uring fe rrim agnetic reso
nan ce line \\' iclth, 6.H, and gYl'omagn etic ratio, ,)" of mi cro
\\'ave ferrites is based upon a perturbat ion a nalys is of th e 
complex frequency shift obtained when a small sa mple is 
placed in a resonant cavity and an appli ed doc magnetic fi eld . 
However, this mC'thocl necessitates the plotting of a ferri
magnetic resonance loss curve. To fin d 6. H it is possib le to 
derive an equation us in g lumped circuit theOl·.v \\'h ich reduces 
the number of needed measurements to four a ttenuator 
readi ngs. 
This paper provides a table which gives va lues of atknuation 
accord in g to the fo llowing formu la which facili tates the rletpr
mination of li ncwidth: 

A = 20 log 2- 20 log (10 ' \0- , 1,+ 1) for .. Io- A , 
20 

= 0.'1·1 (0.01) 32.4 0. 

Calibration of volt-ampere converte rs, E. R. " 'illiams, N BS 
T ech. Not e 188 (Apr. 25, 1D63), 20 cent8. 
These notes have bC'c n prepared to desc ribC' the X a tion al 
Bureau of Standards cali bration sen 'ices for , 'olt-am pC'rc 
co m 'erters (or transfer vo lt-amm eters), to s ll ggC'st procedures 
for d-c stamh, rdi zation in the user's la borato ry, and to de-
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scribe a voltage comparator " 'hich can be used to make such 
calibrations quickly and easily. 

Degradation of polymers, L. A. Wall and J . H. Flynn , R 1,bber 
Chem. T echnol. XXV, No.5, 1157-1221 (December 1962). 
Recent literature pertaining to both t he t heoretical aspects 
and experimental results of the degradation of polymers by 
heat and radiation is revie" 'ed a nd crit ically evaluated. 
Theories of random and chain thermal degradation of vinyl 
poly mers and copolymers are reviewed . The degradation of 
polymethacrylates, polyacr ylates, poly-a -methylstyrene, poly
oleflns, polystyrene, other vinyl polymers, cellulose, polyeste:-s, 
polyamides, dienes, natural rubber, and copoly mers are d;s
cussed in the light of these t lleories. The thermodynamIcs 
and energetics of t he degradation of these polymers is a lso 
revie" ·ed. 
Chain scission crosslinking, and gel formation and t he 
kin etic mecha~ i sms of thcse processes which take place 
during degradation of polymers by ioni zil! g radiation and 
ultraviolet light are included. Degradatlve, rather than 
synthetic, effects arc emphasized in the discussion. 

Che mical and magnetic enhancement of per turbed lines in 
the violet spectrum of CN, H. E. R adford an d H . P. Broida, 
J. Chem. Ph ys . 38, No.3, 644- 657 (Feb. 1, 1963). . 
A ch emical kinetic theory based on the quantum mechafllcal 
propert ies of perturbed molecular states is devel o~ed to 
expla in t he rotation al iJ?tensity anomali.es ob.served III the 
CN band spectrum emItted by. an active mtroger,t flam e. 
Relat ive intensities of perturbed Im es are calculated In terms 
of pa ra meters which specify the r ates of chemical formation , 
collisional relaxation , and radi ative decay of CN molecules 
in t he excited electronic states where t he perturbed lines 
originate. N um er ical values of these parametel~s are found 
which, inserted in t he intensity expreSSIOns, p redICt correctly 
t he observed pressure-dependent enhancement of each per
t urbed line. From this analys is t he approxi mate value 
6X 10- 7 sec is found for the r adiative lifetime of the A2II i , 

v'= l0 state of CN. It is also found that n early every gas 
kinetic colliso n changes t he rotational state of an excited CN 
molecule, but t hat only about 1 collision in 1.00 can cause the 
exchange of vibration al energy for electromc energy r epre
sented by t he t rans ition A2II ., v'=10-->Bz~+, v'=O. .The 
theory also pred icts, in agreement with recent observatJ?ns, 
an a dditional selective enhanceme nt of certam perturbed Im es 
by a strong magnetic field. 

Profiles of Stark-broadened Balmer lines in a hydrogen 
plas ma, 'V. L. Wiese, D . R. P aquette, and J . E. Solarski , 
Phys. R ev. 129, No.3, 1225-1232 (Feb. 1, 1 9~3) .. 
A stationary hydrogen plasma was generated In a hIgh current 
stabi li zed a rc a nd its temperature was determin ed spectro
sco pically from the diagnostics of the line and cont inuum 
radiation. Extensive measurements of the profiles of the 
Balmer lin es H 6 a nd H~ where made and sh ow that r ecent 
improvements in the theory of Stark broad.el?in g descr!bed 
the observed line shapes well. Electron denSIt ies detenmned 
from line wid th measurements are slightly hi gh er than those 
der ived from te mperature measurements. In the covered 
range of electron densit ies from 10 1L 1017 cm- 3 and tempera
t ures a rond 10' OK the difference a mounts to 25 % for H~ and 
12 % for Hp, for 1V1~i?h it refin ~d Stayk br?ad~nin.g th~ory is 
available. In adclit lOn, t he IIl tenslty dIstrIbutIOn 111 the 
d istant linewings of H a and Htl was measured and compared 
with asymptotic formulae. Satisfactory agreement is 
obtain ed. 

Magnetic susceptibilities and dilu tion effect in low-spin d' 
complexes: Osmium (IV) . R. B. J ohannesen and G. A. Can-
dela, Inorg. Chem. 2, 67-72 (1963). . 
::\1agnetic susceptibility measurements were made on a seu es 
of hexachloro- and hexabromoosmates, M ZOsX6, and on po
tassium hexachlororuthen ate, KzRu CI6 . The paramagnetism 
of the Os (IV) complexes is independent of temperature and 
increases as the osmium ions are separated. It is sho\\'n that 
t he effect of dil ution is described by t h e equation 

where Xro is the susceptibili ty at infinite d ilution, d is the aver
age distance between th e osmium ions, A is a constant, and 
11 is approximately 2. 
An intermediate coupling scheme is necessary to explain the 
experim ental results for the 5d' co nfigurat ion. In this schem e 
th e only p arameters are the spin-orbit couplin g co nstant an d 
the orbital r eduction factor. The valu es of 2300 ± 300 cm I 

for the spin-orbit coupling constant and 3500 ± 200 cm- 1 for 
the Coul omb interaction coefficient were calcul a ted. 

New absolute null method for the measurement of magnetic 
s usceptibilities in weak low-frequency fi eld s, C. T . Zahn, R ev. 
Sci. I nstr. 34, No.3, 285-291 (Mar. 1963) . 
Use is made of the magnetic equivalence of a uniformly 
polarized volume of paramagnetic material an d a solepoid 
carrying electric current, to design a permanent van able 
standard of m agnetic susceptibili t y. Such a standard IS 
incorporated into a magnetic susceptibility bridge in a simple 
manner surrounding the specimen; and the brIdge IS thereby 
transfol~med in to an absolute null instrument of high accuracy 
and sensit ivity, and of great ease and low cost of. construction 
and operation. By this method numerous par tICular advan
tages of other methods are combined ; .a nd some o~ their 
notable limitations are overcome. A prehmm ary apphcatlOll 
was made showing that the br idge performs as expected. 
Important features in the design of t his bridge ate discussed. 
A detailed co nsideration of sources of error suggests that It 
may eventu ally be possible b y this method to obtain greater 
absolute accuracy than by other known methods. 

A method for measuring the instability of resistance strain 
gages at elevated temperatures. R. L. Bloss and J . T. Trumbo, 
ISA Tmns. 2, N o. 2, 11 2- 116 (A pr. 1963) . 
The usefulness of resist ance strain gages at elevated tem
peratures is frequently limited by the. instabili ty of gage re
s istance wi th t ime. Methods and equIpment that have been 
developed to measure this effect ate described . 

Intercomparison of national roe ntgen and gamma ray ex
posure-dose standards, H. O. Wyckoff , A. Al lisy, G. H. Aston, 
G. P . Barn ard, VV. Hubner, T. Loftus, and G. Taupin , Acta 
Radiol. 1, No.1, 57-78 (Feb. 1963) . 
Indirect intercomparisons of calibtations of ioni zation cham
bers for exposure dose meas urements in toentgens have been 
completed between the national standards of Fr~nce, Ger
many, U.K., and U.S.A., WIth a n estImated maxImum un
certa inty of about 0.5 percent. This is somewhat larger than 
that assigned to direct comparisons (Aston and Attl.X, ~957) . 
Several revisions in the cali bration procedme are 111dlCated 
which may reduce the uncertainty in t he indirect inter
comparisons. 
The prese nt calibrations agree with those obtained earlier 
between three of the laborator ies to within t he expected un
certainty, 0.5 percent; also the calibrations at PTB agree 
with those at NBS to wit hin 0.6 percent. However the l"es ults 
from N PL and PTB disagree by sli ght ly more t han one per
cent for n early the same quali ty of the harder r adiations. 
A detail ed redetermination of some of the correctIOn factors 
may be needed to remove this discrepan cy. 

Wavelengths, energy levels, and pressure shifts in mercury 
198, V. K aufman, J. Opt. Soc. Am. 52, No.8, 866-870 (Au g. 
1962) . . 
The vacuum wavelengths of 27 lines of Hg198 and 6 1111es of 
Kr86 h ave been measured relative to the international stand
ard of length, the Kr86 line at 6057.802111, by photographic 
Fabry-P ero t interferometr y. These measl!r~mcnts were 
made with H g198 electrodeless lamps contallllng argon at 
pressures of 0 3 and 10 mm H g an d a K1'86 hot-cathode 
lamp operated' ac~o"rding to the ?o nditions prescribed by the 
International Co nferen ce on vVelghts and Measures III 1960. 
E nergy-level values have been derived from the wavelengths 
of each of t he H.,.198 so urces and on the bas is of t hese values, 
t he ener !Yy levet and waveiength shifts per unit pressure of 
argon h;ve been calculated. The suitability of the H g198 
electrodeless lamp as a source of wavelength standards f~r 
interferometl" ic measurement of length and wavelength IS 
discussed. 

500 

\ 
1 

" , 

f l 

""I 

1 

.4 , 

.1, ' 

.t l 
><.1 

1 

"'" 

i 
>, 



:" 
I 

u 
( 
I 
I 

V 
:r 
I 

( 

I.J. 
I 

I 

( 
i> 
I 

Audio-frequency compliances of pres tressed quartz, fu sed 
s ilica, and aluminum, M. Greenspa n and C. T schiegg, P l·OC. 

!"ow·th I ntern. Congl· . on Acoustics, Pm-t I , P aper P 12 (Copen
hagen, Denmw'/c, Aug. 21-28, 1962). 
An at tempt was m ade to find the excess co mplianccs asso
ciated \\' ith dispersions found by Fitzgcrald. Complia nces 
were obtained from reso nant fr l'q uencies of fi xed-free co m
posite reeds. P)'estress was ei ther pil':;Ol'lect ri caJl y or ther
mall y indu ced . No excess compli ances wcrc obseryed. 

X-ray microscopy of polymers by point projection, S. B. 
Newman, ilIad. Plastics 40, No. 7, 165- 179 (Mar. 1963). 
A two-lens electromagnetic microfocus X-r ay tubc has been 
used for studyin g the microstru cture of a number of poly meric 
mater ials. Long wavelength r ad iat ion from alu minum tar
gets was used in most of the \York, though copper tar gets were 
used in a few experimcnts. Results obta ined fro m foams, 
lam inates, fibers, an d fabrics arc prcse nted. The potential 
of avai lablc in strumentat ion fo r appl icat ion to this general 
matcrial a rca is considered . 

M icrowave spectrum and s tructure of difluoramine, D. R. 
Lid c, J r., J. Chem. Phys . 3S, No . 2, 456- 460 (Jan. 15, 1963) . 
Thc m icron'ave spectra of NF2I-I and N F ,D have been 
analyzcd . R otational constants arc 53017. 12, 10895.43, 
9307 .22 M c for NF2H and 44884.92, 10740.38, 9126.26 M c 
for N F 2D. The s tructure obtained from these co nst a nts is: 
rNF= 1.400 ± 0.002 A, rN H= 1.026 ± 0.002 A, L FNF= 102.0 ° 
± 0. 2°, and L IINF = 90.8° ± 0.2 °. Quadrupole couplin g 
co nstants have been mcasured for both isotopic species a nd 
the compl ete fi cld-g)'ad ient te nscr has been de term in cd. 
The dipole moment has a magni tude of 1. 93 ± 0.02 D a nd 
ma kes a n angle of 19° w ith thc N H bond. An upper li mit 
of 0.2 :vT c may be set on the in version spl ittin g in the gro und 
state. 

Des ign of low voltage electron guns, J . A. Simpso n and C. K 
Euyatt, R ev. Sci. i nstr. 34, No . 3, 265-268 (lYr m·. 1963). 
It is shown t hat by usc of a mu lt istage technique in which 
electrons al'e drawn from a cathode by a high potential a nd 
decelerated to the r equired fin a l energy, guns can be des igned 
capHble of form ing beams in which the cunent is limi ted onl y 
by space chatge in the beam itself. The design principles 
a nd ptocedures arc given and ill ustl'ated by two examplcs of 
electron guns givin g hi ghl y colli mated beams and operatin g 
at energies of 30 a nd 500 eV. The meas ured cunents ob
tained arc somewhat gl'eater t han the space charge limited 
beam m!1x imum because of ion neutralization. 

Determination of source self-absorption in the s tandardiza
tion of electron-capturing radionu clid es, S. B. Garfinkel and 
J . !\T. R . Hu tchin son, I ntern. J . Appl. Radiation and I sotopes 
13, 629-639 (1962) . 
A method is described fot meas min g source self-absorpti on 
in the standardizat ion of radi on uclides which decay by elec
t ron capture d irectly to the gtoun d statc. Augm' electron s 
a rc used as a ttacer in Q)"dm' to determine t he X-ray a bsorption. 
D ata are pl'esented which indicate that X-tay absorpt ion in 
a certa in type o[ electropl ated source is less than 0.2% . A 
method for determination of ejected photoelectrons from 
absorbing foils in 471" X-ray counting is desctibed. 

Mean first-passage times and the dissociation of diatomic 
mol ecules, K. E. Shul er and G. H . Weiss, J . Chem. Phys. 
3S, No. 2, 505-509 (J an. 15, 1963) . 
The collisional activat ion of diatomic molecules to dissocia
tion ca n be co nsidel'ed as a random walk with an absQ)"bing 
balTier in the enel'gy sp ace of t he molecules. In su ch a 
m odel, the rate of act ivat ion to dissociation is related to t he 
mcan first passage t ime of the molecul es across the absQ)"bin g 
banier. \Ve have compu ted here the mean first passage 
t ime fOl' an ensembl e of oscill ators in a n ini t ial Boltz ma nn 
d istribution with transit ions li mited to nearest neighbor 
statcs ( lL'lv l= 1) and for a n ense mble of oscill ators ini t iall y 
in the gl'ou nd state (v= O) which undel'go transit ions be
twecn non-nearest neighbor st a tes (I.c,vl ;::: 1) . It is show n 
that the magnitude of the mean first passage t ime is ver~' 
se nsit ive to the height (in energy space) of the absorb in g 
barrier and to the " jump distance", I.c, vl> l , for non-nearest 
neighbor transit ions. The impli cations of these res ults on 

the m echani sm of the act ivat ion and dissociation of diatoms 
are discussed briefly. 

Infrared absorption s pectra of carbon s uboxid e and malono
titril e in solid argon matrices, L. L. Ames, D. White, an d D . 
E. Mann, J. Chem. PhY8 . :IS, No.4, 910- 917 ( Feb, 15, 1963) . 
The infrared spectra of carbon su boxide a nd malonon itrile 
isolated in soli d argon mat ri ces at loll' temper!1tures have 
been measured in thc spectl"lLI l' gion 4-10- 4-100 cm- [. A 
deta iled comp ariso n with prior spcetro~copic dat" is made. 
It is shown that the matrix spcctl'a of C 30 2 support the 
lineat sy mmetric model. A co mpari son of the n1.atr ix ~pectra 
a nd vibrat ional ass ignme nts of thl' three isoclectronic mole
cul es C30 2, CH , (CH ) 2, and B 20 3 is shown to [a\'o1" !1 large 
apex !1ngle in B 20 3. 

Interaction matrix ele ment in a s hell mod el, U. Fano,Y F. 
Prats, and Z. Goldsmit h, P hys. Rev. 129, No.9, 2643-2652 
( Mar . 16, 1963) . 
The matrix elements of two-particle interactions betwel'n 
states of many-particle configurat ions ar c expresscd as prod
u cts of one-patticle reduced matrix clements and of a s ingle 
reco up lin g coe ffici ent. Appli cations arc given to the Cou lomb 
in temction of 1"1' co nfigurations and to a ll three-electl'on 
confi gurations. 

Electro n impact ionization of atomic hydrogen, S. Geltman, 
iVI. R II. Rudge, a nd M. J. Seaton, PTO C. Ph ys . Soc. 'Sl, 
Pt . 2, No. 520, 375-378 (1963) . 
The cross section [or ion izat ion of a tomic hydrogen is calcll
lated bv severa l methods, i nclu ding t he Born-Oppenh eimer 
and Bo rn-Exch a nge Approximation, a nd the r es ul t ing curves 
co mparcd with experim ent. 

E ffective di Ifu s ion co ns tant in a pol yelectrolyte sol utio n 
J. L. J ackso n and S. R Cor iell , J. Chem. Phys. 3S, No.4, 
.959- 968 (Feb. 15, 1962) . 
A general theor y of th e effect ive difrusion co nstant of ions 
in a periodic electr ic fi eld is presented . The prcdictions of 
t he theol'Y arc co mpared w ith the results of experiments on 
t he diffu sion of labeled sodium in a sod ium hyd rox idc
polyacryli c aci d sol u tion. 

Electron attachment coeffici ents of some hydrocarbon flam e 
inhibi tors, T. C. Lee, J. P hys. Chem. 67, 360-366 (1963) . 
T he electron attac hment coe ffi cients of a number of ha loge
nated hydrocarbons, pa rt icul a rl y fl ame inhi bitors, were de
termin cd as a fUBction of the average agitat ion energy of 
electrons between 0.1 and 1.2 ev at atmospheric prl'ss u['e a nd 
roo m t emperature. A se ns it ive electron swarm tec hnique 
was used for the measuremcnt. T he gas undcr study was 
introduced, at low co nce ntrati ons, by means of a nitrogen 
carrier into an ionization chamber. 
The elcctron attac h ment coe ffi cients for t he compou nds 
examined ra nge from 1 X 10- 5 to 10 for CF4 a nd CF2Br2, 
respectively. All inhibitors s t udi ed were found to have a 
higher electron attach ment coeffi cient than 0 , . I t was 
found, with some exce pt ions, t hat gases repo rted as effl'ct ive 
hydrocarbon flame inhi bito rs exhi bited high electron attac h
ment coeffici ents. 

The measure me nt of moisture boundary layers and leaf 
transpiration with a microwave refractometer , D. M . Cates, 
M . J . Vetter, a nd M . C. Thompson, J r. , Nature 197, 1070-
1072 (Mm'. 16, 1963). 
A mi crowave refractometer has been used as a hygrometer 
to meas ure the moisture grad ient fou nd ncar a free water 
surface a nd near t he surface of a leaf. Intere ,t ing transpira
t ion effects were obser ved for begonia and bean leaves when 
t he leaves were stimulated with l ight. The instrument 
sa mples t he air t hrough a smail orifi ce a nd t hereby produces 
very li tt le d ist ur bance to t he moisture bounda ry layer under 
in vest igat ion. 

The history of Pt 27, E. Wi chers, Boole, T empel'atw'e, Its 
illeas1tl'ement and Controt in Science and I ndustry, 3, Pt . 1, 
259- 262 (Reinhold Pubt. Corp, New Y01'/c, N. Y. , 1962). 
This is a brief account of work done at the National Bureau 
of Standards in t he period 1919- 22 on t he preparation of 
plat inum of h igh purity and the condi t ions required to melt 
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t he purified metal with ml111mum contamination by the 
crucible material. Contamination with calcium was corre
lated with a posit ive thermal emf toward purer specimens. 
Negative thermal emf was also found to correlate with an 
increasing temperature coefficient of electrical resistivity. 
Trial melts were identified by numbers referring to notebook 
descriptions of the experimental methods used. The melt 
numbered 27 turned out to be thermoelectricall y negative 
to all other specim cns prepared up to that t ime, as well as 
to all specimens from commercial sources. It thus came into 
use as a standard for further comparisons in the NBS labora
tory and later in to similar use in the platinum industry. 

Some causes of resonant frequency shifts in atomic beam 
machines. I. Shifts due to other frequencies of excitation, 
J. H. Shirley, J. Appl. Phys. 34, 783- 788 (A pI'. 1963). 
The quantum theory of an atomic beam machine is set up in 
matrix form. A new method is then used to deri ve the Bloeh
Siegert shift in r eso nance. The results are extended to the 
case of Ram sey type excitation. Finally the Bloch-Siegert 
shift is computed for the present atomic bea m frequency 
standards and found to be well below the accuracy of measure
ment. 

Some causes of resonant frequency shifts in atomic beam 
machines. II. The effect of slow frequency modulation on 
the Ramsey line shape, J. H. Shirley . J. Appl. Phys. 34, 789-
791 (Apr. 1963) . 
The effect of slow fr equen cy modula t ion of the exciting radia
tion on t he Ramsey line shape observed in an atomic beam 
experiment is formu lated theoret ically. It is shown that the 
presence of second harmonic in the modulation can introduce 
meas urable frequency shifts, whether observed direet ly or 
with a sCl'\'o-system. 

The specific heat at constant volume of parahydrogen at 
temperatures from 15 to 90 ° K and pressures to 340 atm, 
B. A. Younglove and D. E. Diller , Cryogenics 2, No.6, 1- 5 
(Dec. 1962). 
The specifi c heats at consta nt volume of parah y drogen have 
been measured at temperatures from 15 to 90 0 K and at 
densities from 0.7 to 2.6 times t he criti cal density . This 
paper describes the exp erimental method, t he anal ys is and 
reduction of the data, and presents the resu I ts in the form of 
tables and graphs. 

Electron spin resonance of gamma-irradiated cellulose, R. E. 
Florin and L. A. Wall, J. Polymer Sci. 1, Pt. A, 1163- 1173 
(1963). 
Irradiation of purified cellulose with cobalt-60 gamma rays, 
in vacuo , produced moderate yields of radicals detectable by 
electron spin resonance. The ESR spectrum is asymmetric, 
with five partially resolyed peaks occupying a total region 
about 50 gauss wide, for spectroscopic splittin g factor near 
g= 2. The peaks show differing saturation behavior with 
in creasing microwave power. Differences of crystallini ty 
have no obvious effect on t he yield or nature of t he radical 
ESR spectrum. The presence of about 8% water during 
irradiation decreases the yield greatly and modifies the 
hyperfin e structure. Fo r dry cellulose th e initial G-value 
for rad icals is near 2.8 rad icals per 100 e .\'. absorbed, but the 
conce ntration levels off at doses a li ttle over 6 X 1020 ev/g. 
Despi te the early falling-off in yield, the raclicals in stored 
irradiated specimens do not decay appreciably in se \'eral days. 
Even upon opening to the air the decay is quite slo\\'. Thermal 
decay is imperfectly second-order, fa irly rapirl above 120 ° C, 
and indicatcs several radicals of differing lifetime. 

The speed of light, A. G. McNish, IRE. 'Trans. Ins/I'. 1-11, 
Nos. 3 & 4, 138-148 (Dec. 1962). 
Numerous measurements of t he speed of li ght published 
duri ng t hc last 30 years lead to " 'iclely d ivergent r esults as 
compared with the assigned experimenta l uncertainties. 
Because of wide diversity in the methods employed in the 
measurements, a ll of the data may not be comb ined effec
t ively ill a grand ave rage. Suffi cient data had been obtained 
by th(' geodimeter method to gro up them and derive a 
statistical estimate of the uncertainty in the speed of light by 

this method. This result, and conclusions reached from 
careful examination of several experiments, leads to the con· 
clusion that the value 299,792.5 km p er sec which has been 
internation ally adopted for use in radio propagation and 
geodetic work is very close to the best value rtnd not likely to 
be in error by as much as one part in one million . 

Optimum estimators of the parameters of negative exponential 
distributions from one or two order statistics, M. iVI. Siddiqui, 
linn. Math . Stat. 34,117-121 (Mar. 1963). 
Optimnm estimators for the parameters of negative ex
pon ential populations from one or two order statistics are 
obtained analytically, thus providing solu tions for a ll sample 
siz es to the problems solved by H arter (Ann . Mat h. Stat. 32, 
pp. 1078- 1090) numerically for sa mples of sizes up to 100. 

Crystallographic changes with the substitution of aluminum 
for iron in dicalcium ferrite, D . K. Smith, Acta Cryst. 15, 
1146- 1152 (Jan . 1962). 
Single-crystal X-ray precessio n pattern s of several composi
tiolls in the solid so lution series 

Cas (Fel- pAl v )s02o (0'::; p '::;0·69 ) 

show that the scries is not completely isost ru ctural. Syste
matic extinctions of X-ray refl ections indicte that t he space 
group for compositons with t he ratio p = AI/(AI + Fe) less 
tha n 0·30 is P nma, whereas the space group for p greater 
than 0·33 is I mma. The cell constants var y continuously 
throughout t he symmetry change. 

The crystal structure determin ed by Bertaut, Blum & 
Sagnieres (1957, 1959) for the iron end-m ember has the 8 Fe 
in two 'I-fold sites, Olle site oetahedrally coordin ated with 
oxygen an d one t etrahedrally coord inated with oxygen . 
The layers of octahedra correspond to the space group Imma, 
but the layers of tetrahedra red uce the symmetry to P nma. 
The substitution of Al for Fe in this st ru cture causes the 
tetrahedral layer to adjust graduall y to the I mma symm etry. 
Steri c considerations and relative intensities of OkO refl ect ions 
for various co mpos it ions suggest that the Al ato ms substitute 
preferentially fo r tetrahedrally-coord inated Fe atoms until 
about half thc tetrahedral cations a re AI. Then add itional 
Al distributes itself nearly equally bet\\'een the tetrahedral 
and octahedral sites until it saturates the tetrahedral sites 
at approximately p= 0·69, t he co mposition limit fo r c l-,vstalJi
zat ion of this phase from CaO - Fe,0 3- AI203 melts. 

Other NBS Publications 

J. Research NBS 67B (Math. and Math. Phys.) , No.3 
(July- Sept. 1963) , 75 cents. 
Remarks on hypo-elasticity. C . Truesdell. 
Error bounds in the pointwise a pproximation of solutions of 

elastic p late problems. .J. I-I. Bramble and L. E. P ayne. 
E ffect of error in measurement of clastic constants on the 

solutions of problems in class ical elasticity. J. H . Bramble 
a nd L. E. P ayne . 

E igcnfun ctions of the J3 con fi guration. J. C. Eisenstein. 
Zeros of first derivati\'es of Bessel fun ctions of the first kind, 

J,1(x) , 21 '::;n'::;51, 0'::;x'::;100. G. W. Morgenthaler and 
H . Reismann. 

J. Research NBS 67C (Eng. and Instr.) , No.3 (July- Sept. 
1963) , 75 ce nts. 
Apparatus for the detection of piC'zoelect ri c coupling. L . 

Frenkel. 
Large aperture interferometers with small beam divid ers. 

.J. B. Saunde rs. 
A far-infrared vacuum grat ing spectrometer. L. R . Blain e. 
Relation of emittance to other optical properti es. J . C. 

Ri chmond. 
Minimi7,at ion of the arrestment erro r in one-pan two-knife 

ball1nce systems. H . A. Bowman and H. E. Almer. 
Determination of resid ual thiosulfate in processed film. C . I. 

Pope. 
Drag compensation and meas urement \yith manned satellites: 

feasibility stud y. R. M. Langer and J. P. Vinti. 
Surface flame propagation on cellulosic materials exposed to 

thermal radiation. D . Gross and J. J . Loftus. 
P arall el reversible p erm eab ility measurement techniques from 

50 kc/s to 3 Gc/s. C. A. H oer a nd R. D. H arrington. 
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J. Research NBS 67D (Radio Prop.) , No.5 (Sept.- Oct. 1963 ) 
70 ce nts . 
Iones pheric VHF scatteri ng nea l' the m" gnet ie equator during 

the I nternational Geophysica l Yea r. R. Coh en and K . L. 
BOlI"les. 

Rad io pu lse p ropagation by a reflect ion process at the lower 
io nosphere. J . R. Johlr r. 

Field of a hori zontal magnetic dipole in the presence of a 
mag netoplasma halfspace. G. Tyras, A. I sh im aru, and 
H . M. SI\"arm. 

R eflection of VLF radio waves from an inhomogen eous iono
sphere. Par t II . Pert urbed exponent ial model. J . R. Wait 
and L. C. Walters. 

Coll isional detachment and the fo rmation of an ionospheric 
C region. E. T. Picrce . 

:'Ifagnetic to rques and Coriolis effects on a magnetically sus
pend cd rotatin g sphere. J . C. Keith. 

Rad iation fi eld characteristics of lightning discha rges in the 
band 1 kc/s to 100 kc/s . W. L . T aylor. 

Low-frequency radio propagation in to a moderately rough 
sea. D. F . "Vinter. 

VLF su perdirect ive loop a rrays. E. W. Seeley. 
Cun'es of ground prox imity loss for dipo le antennas (a d igest). 

I ,. E. Vogler a nd J . L . Koble. 
Observations and results from the "hiss record er, " an instru

ment to co ntinuo usly obsen'e the VLF emiss ions. J . M. 
Watts, J. A. Koch, and R. M. Gall et. 

Influence of a sector grou nd screen on t he fi eld of a vertica l 
Hntenna, J. R. '\Va it and L. C. Walters, ~BS Mono , 60 
(Apr. 15, ]963), 25 cents. 

Qwute rly rad io noise data, Jun e, J uly, August ]962, \Y. Q. 
Crich low, R. T. Disne~' , and M. A. J enkins, NBS Tech. 
" Tote 18- 15 (1\1ar. 1, J 963), 45 cen ts. 

j\d can elrctro n density yariations of iliu quiet ionosphere, 
Kovember 1950, .J. W. Wrigh t, L. R. \Yescott, and D. J. 
BJ"OII"J1 , NBS T ech. Kote 40- 9 (Apr il 22, 1963), 35 cents . 

J\lean elrctro n densit~, yariat ions o f the quiet ionosphere, 
December 1950, J. W. \ Vright, L. R . " Tescott, and D. J . 
Bron'n, NBS Tech. Kote 40- 10 (:'I1arch 24, 196:~), 35 cents. 

The errol' rates in mu lt iple FSK system s and the signal-to
noise characteri sLics of F:\1 a nd PC;\I-l"S systelll s, H. 
Akima, KBS Tech. Note 167 (:'IfnI'. 25,1(63),40 cents . 

Bibliography on atmospheric aspect s of rarlio il sLro nom y, 
inrillding selected refere nces to re lated fielrl s, \V. Nu pen, 
X BS Tech. Note 171 (Ma~' 1, l!.J6:3) , $2 .00. 

Curves of g rou nd proximi ty loss for d ipole antennas, L. E. 
Vogler ::md J. L. Noble, N BS Tech . :1\'ote 175 (May 20, 
HJ6;3), :30 crnLs. 

An interpolat ion p rocedure for calcu lating atmOf; pheric band 
abso rpLions from l aboraLor~' data, L. Dropplrman, L. R. 
Megi ll , fLlld R F. Calfee, KBS T ech. No te J78 (J une 3, 
1 (63), 20 ceni s. 

RelaLi\'e power t ransmission characterist ics of the car a nd 
skull from hearing t hreshold data, K L. Sm ith, Proc. 
Fourth Intern. Congl'. on Acoustics, Part I , Paper 1-148 
(Cope n hagen, Denmark, Au g. 21- 28, J 962). 

Polymcr research at t he U .S. National Bureau of Standards, 
Part I , G. ]\'f . Klin e, SPE J . 19 , No.3, 278-283 (:vJ.ar. 
1063) . 

Poly mer research at the U .S. K ational Bureau of Standards, 
Part 2, G. :'11. E line, SPE J . 19, No.4, 403-408 (Apr . 
1963) . 

Radiat ion an d the world we live in, L. S. Taylor, Radiology 
80, No .3, 3,58- 368 (Mar. 1963). 

Tatural an d synth etic rubbers, E. .T. P arks and F. J. Linnig, 
An al. Chem. 35, No.5, 160R-178R (Apr. 1963) . 

Low-temperature thermometry, K. D. Timmerhaus, Book, 
Appli ed Cryogenic Engineering, Ed . R . W. Vance, Chapt . 
4, 60- 103 (John vViley & Sons, Inc., New York, N. Y. , 
1062) . 

On t he isomerizat ion of isobutyl radicals, .T. R McNesby 
and W. 1\1. J ackson , J . Chern. Phys. 38, No. 3, 692- 693 
(Fcb. 1, 1963). 

The elect rophoretic mobili ty of asph altenes in nitromethane, 
J . R . Wright and R . R. Minesinger, J. Colloid Sci. 18, 
223- 236 (Mar. 1!J63). 

A suggestion for improl'ing forecasts of geomagnetic storm s. 
Y. Hakura and .T. V. Lincoln, J. Geophys. Res. 68 , No.5, 
1563- 1564 (Ma r. 1, 1(63). 

Observat ion of a 6300 A arc in France, America, and Au s
t ra li a, F. E . Roa.ch, D. Barb ier, and R . A. Duncan, Ann. 
Geophys. 18, 300- 391 (Oct .- Dec. J 962) . 

~'l a.ximum cffic i enc~' of a t wo-arm II"f\\"eguide junction , 
R. W. BeaUy, IEEE TmIl R. :vJ.icroll'avc Theory a nd 
Tec h. MTT- 11, 04 (J a n. J06:3). 

Applications of a se micondu ctor-surface-state chargr-s Lo rage 
device, L. J. Swar tzend ruber, Solid-StaLe E lee. 6, 50- 61 
(Pergamon Press, Inc. , Xew York, N. Y. , 1963) . 

Electric fi elds in the ionosphere and t he cxc iLaLion of Lhe red 
lines of atom ic oxygen, L. R. Mcgill , 1'11. n . Hees, an d 
L. K. Dropp leman, Planetary Space Sci. 11, 45- 56 (J an. 
1963) . 

Ten-kilocycle pou nd-type klystron stabilizer, H. E. Ha d ford, 
Rev. Sci. I nstr . 34-, No.3, 304-305 (Mar. 196:3) . 

Internationa l geophysical calendar for 1963, A. H. Shapley 
and .T. V. Lincoln , J . Geophys. Res. 68, No.4, 1157- J .1 50 
(F eb. 15, 1963). 

K ihara paramctcrs ami second v ir ial coefficients fo r cryogenic 
flu ids and their mixtures, J . M. Prausnitz and A. L. Myers, 
A. I. Ch. E . .ToUl"na I9 , No.1, 5- 11 (J an. 1963) . 

Standards a nd thc mi cro wave profession , J . M . Ri cha rr! son, 
IRE T rans . Mi crowavc Theory a nd Tech . MTT- 10, 
No.6, 4 13- 415 (Xov. 1962). 

Transpa rent r igid mount for vac uum s to pcock, 1'1'1. M.. 
Anderson, Rev. Sc i. I nsLr. 34, No.2, 178 (F cb . 106:3) . 

Dclay t im e of polar-cap blacko ut and its re lat ion to decay 
t ime of geomagnetic disturbance, C. S. \ Varw ick, J . 
Geop hys. Res. 68, No . 5, 1561 - 1562 (\lfar. J , 196:3) . 

E lect rol ytic co ndu cta nce of a mlll onium d ih,'drogl'n phosphat" 
so lut ions in t he saturat ion region, J . L. Torgesen and A. T . 
H orton , J. Ph ys. Chem. 67 , ;H6- 38 1 ( I 06:~) . 

T lwrmom eLry, low te lllpemt u]"e, R . P. Hudson, Encyclopaedic 
Dictiona ry of Physics 7, Cl 2 :3-:~ 2.5 ( I !l62). 

Standards for t he 70s, \Y. A. Wi ldhack, Ind . Hes. 5, ~o. 3, 
15- 20 (l\ la r. ]963) . 

Effect of ou Ldoo r expos lIl'C on some properLics of chromc
retan ned ll'aLher, T. J . Ca rLe I', J. Am. Lea.Lher Chcm is ts 
Assoc. LVIII , No.3, ],55- 160 (Mar. J06:3) . 

:\u<;]l"ar oric'n taLion , E. Ambl r J", Book, l\ feth ods of Experi 
mentnl Ph~'s i cs 5, Sl'c t . 2.4.2.:~, 162- 2 14 (Acadl'm ic Press 
Inc., Nl'1I' York, X.Y. , 1!l6:3) . 

APPA - TAPPI rdcrence material progmm II. Effectiveness 
of a rdpl"cnce material ill redu cing the Iwtll'c(' n-I abora to ry 
varia. bi lity of TAPPI standard T 4 14 m - 40 fo r inLernal 
tear in g n:sistancr of paper, T. \Y . Lashof, Tappi 46, Ko . Cl, 
U5- 150 (:.\'Ial'. 106:3) . 

Some characte rist ics of a simple eryopump, L. O. :Vlullen and 
R. B. J acobs, 1962 Trans. ~inth Nat!. Vacuum Symp., 
Am. Vacuum Soc ., pp . 220- 226 (196:3) . 

The ionosphere over An tarctica, "V. R . PiggoLt a nd A. n. 
Shaplf'Y, An tarctic R escarch , Geo ph ysical 1\ l ono. 7, pp. 
111- 126 (1962) . 

The personal side of a research project, A. T. ~lcPherson, 
J. ·Wash. Acad. Sci. 53, No.3, 63- 66 (J\ Ja r. 1963). 

Indication li mit, E. L. R. Co rliss, Proc. Fourth In tcrn. 
Congl'. Acoustics, Pt. I , Paper :1\'22 (Co penhagen, Dcnmark, 
Aug. 21- 28, 1(62). 

Nuclear resonance and t he hyperfine fi cld in di lute alloys of 
nickel in iron, R. L. Stree\'er, L. n . Bennett, R . C. La 
Force, and G. F . Day, J. App!. Phys. 34, No.4, Pt. 2, 
1050- 1051 (Apr. 1963). 

Th e h istory of P t 27, E. Wichers Book, Temperature, Its 
Measurement and Control in Science and Industry 3 , Pt. 1, 
250- 262 (Reinhold Pub!. Corp., New York, X.Y., 1962). 

Some causes of r esona nt frequency sh ifts in atomic beam 
mach ines . I. Shift.s due to othcr frequcncies of excitation, 
J . H. Shirley, J. AppJ. Phys. 34, 783- 788 (Apr. 1963) . 

Some causes of resonan t frequ ency shifts in atomic beam 
machi nes . II. The e ffect of slow frequency modulat ion 
on the Ram scy line s hape, J. H . Shirley, J. Appl. Phys. 
34, 789- 79 1 (Apr. 1963). 

On the dcpendence of absorp tion coeffici ents upon the area 
of t hc absorbent materi a l, E. D. Daniel, J . Acoust. Soc . 
Am. 35, No.4, 571- 573 (Apr. 1963). 
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The ro le of the In ternational Union of Pure and Applied 
Chemistry, E. vVichers, J. Chern. Doc. 3, No.7, 7- 11 (1963) . 

New scale of nuclidic masses and atomic weights, E. Wichers, 
Nature 194, No. 4829,621- 624 (May 19, 1962) . 

Note on a subgroup of t he modular group, !\L Newman and 
J . R . Smart, Proc. Am. Math. Soc. 14, No.1, 102- 104 
(Feb . 1963) . 

Calibration of photogrammetric lenses and cameras at t he 
National Bureau of Standards, F. E . ",Tasher, Patho
gram metric Eng. XXIX, No.1 , 113- 119 (J an. 1963) . 

The orthobaric densit ies of para hydrogen, derived heats of 
vaporization and critical constants, H . M. Roder, D. E. 
Diller, L . A. 'Weber , and R. D . Good\\-in, Cryogenics 3, 
16- 22 (Mar. 1963) . 

Melt ing pressure equ ation for the hydrogens, R. D. Goodwin, 
Cryogenics 2, No.6, 1-3 (Dec. 1962) . 

Isotopic fractionation of uranium in sandstone, J. N. Rosholt , 
W. R. Sh ields, an d E. L. Garner, Science 139, 224-226 
(J a n. 18, ]963). 

The total electron content of the ionosphere at middle lati
tudes near t he peak of the solar cycle, R . S. Lawrence, D. J. 
Posakony, O. K. Garriott, and S. C. Hall, J. Geophys. 
Res. 68, 1889-1898 (Apr. 1, 1963) . 

Present status of our knowledge of atomic transition probabili
t ies, vV. L. \~Tiese, Proc. Tenth Colloquium Spectroscopic 
Intern., pp. 37- 56 (Univ. of Maryland, College Park, Md. , 
1962) . 

Rubber and rubber products, W. P. Ty ler a nd M. Tryon , 
Book , Industri al and Natural Products and Noninstru
mental Methods, 6t h Ed., Standard Methods of Chemical 
Analys is IIB, Chapt. 4:3 , 2146- 2226 (D. Van Nostrand 
Co., Inc., New York, N .Y., 1963) . 

The form ation and oxidation of high-area carbon film s, V. R. 
Deitz and E. F. McFarlane, Proc. Fifth Carbon Con ference 
II, 2] 9- 232 (Pergamon Press, Inc. , London, England, 1963) . 

Pure substance and mesaurement, E. Wichers, Mater. R es . 
Stds. I, No.4, 314- 315 (Apr. 1961) . 

The specific heat at constant vo lum e of parahydrogen at 
t emperatures from 15 to 90 OK and pressures to 340 atm , 
B. A. Younglove and D . E. Diller, Cryogenics 2, No.6, 
1- 5 (Dec. 1962) . 

R adiation detectors, L . Costrell , Science 139, No . 3558, 899 
(Mar. 8, 1963). 

Intercomparisons of laboratory test resul ts, J. Mandel, ISA 
Proc . 17, 44.3.62- 1 to 44.3.62- 5 (1962). 

E lectron sp in reso nance of gamm a-irradiated cellulose, R. E. 
F lorin and L. A. Wall, J. Polymer Sci. I, Pt. A, 1163-1173 
(1963) . 

The speed of light , A. G. McNish, IRE Trans. Instr. I - H, 
Nos. 3 & 4, 138-148 (D ec. 1962) . 

Fundamentals of meas urement, A. G. McNish, E lectro
Techno!. 53, 113-128 (May 1963) . 

Optimum estimators of t h e paramcters of negative exponential 
distributions from one or two order statistics, M. ]Vf. 
Siddiqui, Ann. Math. Stat. 34, 117- 121 (Mar. 1(63). 

Building a simple t ransistor tester, G. F. Montgo mery, 
Electronics 36, No. 16, 56 (Apr. 19, 1963) . 

Electron microscopy studies of t he surfaces of magnetic 
recording media, F. N esh and D. B. Ball a rd, IEEE Trans. 
Audio AU- H, No.1 , 15- 18 (Jan . 2, 1963) . 

Two-stream plasma instabili ty as a source of irregul arities in 
t he ionosphere, D . T. Farley, Jr. , Phys. Rev. Letters 10, 
279- 282 (Apr. 1, 1963). 

A magnetic amolifier for usc with diode logic, E. W. Hogue, 
Proc. IEEE 1963 Intern. Conf. Non linear Magnetics ~o . 
'1'- 149,8.6- 1 to 8.6- 6 (Apr. 1963). 

Kinetics of t he acid-catalyzed h ydrolysis of acetal in water
a~eto n e so lvents at 15, 25, and 3.5°, R . K . Wolford, J. 
l'hys . Chem. 67, 632- 636 (1963). 

P erformance characteristics of split-type residentia l air-to-air 
heat pumps, J. C. Davis and P. R. Achenbach, Supp!. Bull. 
Inst. Intern. R efrigeration, pp. 1- 7 (1961- 1962) . 

Crystallographic changes wi t h t he substitu t ion of a luminum 
for iron in dicalcium ferrite, D. K. Smith, Acta Cryst . 15, 
1146- 1152 (Jan. 1963) . 

·Methods for the a nalysis of rubber and related products, M. 
Tryon a nd E. H orowit.z, Handb. An alytica l Chemistry, 
Sect. 13, pp. 233- 256 (McGraw-Hill Book Co ., Inc., New 
York, N .Y., 1963). 

Pressure-density-temperature relat.ions of free7.ing liquid para
h ydrogen t o 350 atmospheres, R. D. Good\Yin, Cryogenics 
3,12- 15 (Mar. 1963) . 

N uclear magnetic resonance in metal powders at low tempera
tures, R. J. Snodgrass and L. H . Bennett, J. App!. Spectry. 
17, No.2, 53-54 (1963) . 

Millimeter wavelength resonant structures, R. VV. %immerer, 
M. V. Anderson, G. L. Strine, and Y. Beers, IEEE Trans. 
Microwave Theory T ech. MTT- H, 1'12- 1'19 (Ma r. 1963) . 

Lunar point-to-point communication, L . E . Vogler, Book, 
T echnology of Lunar Explorat ion, Progress in Astro
nautics and Aeronautics 9, 533- 559 (Academic Press Inc. , 
New York, N .Y. , 1963). 

Comment on "Parametric behavior of an ideal two-frequ ency 
varactor," G. F. Montgomery, Proc . IEEE 51, No.3, 491 
(Mar. 1963) . 

Distribu t ion of latitude of red arcs, E. Maro vich a nd F. E. 
Roach, J. Geophys. R es. 68, No.7, 1885-1888 (Apr. 1, 
1963) . 

U.S. part icipation in international standardizat ion, A. T . 
M cPherso n, ASTM Mater. R es . Stds. 3, No.4, 310- 311 
(April 1963). 

Experimental invest igation of Fabry-Perot interferometer, 
R. W. Zimmerer, Proc. IEEE 51, 475- 576 (Mar. 1963). 

The following papers were published in t he Proc. Intern. 
ConI. Ionosphere, London, 1962 (The Institute of Physics 
and The Physical Society, London, England) : 

A model of the atmosphere and t h e ionosphere in t he E and 
F1 regions, R. B. Norton , T. E. Va nZandt, an d J. S. 
D enison, pp. 26- 34. 

Doppler studies of t he ionospheric effects of solar flares, K. 
D avies, pp. 76- 83. 

Ionospheric variations during geomagnetic storms, S. 
Matsushita, pp. 120-127. 

The Location of the irregularities responsible for ionospheric 
scintillation of a radio source, H. J. A. Chivers, pp. 2.58- 266. 

Equatorial spread-F motions, W. Calver t, K. Davies, E . 
Sti ltner, and J . T. Brown, pp . 316- 322. 

Evidence for field-a li gned ionization irregulari t ies betwee n 
400 and 1000 km above t he earth 's surface, VV. Calver t, 
T . K VanZandt, R. W. Knecht, an d G. B . Goe, pp. 324-329. 

Experimental observations and t heoretical calculations 
leading to a model for t he lower ionosphere, R. H. Doherty, 
pp. 428- 434. 

Radio wave reflections at a continuously stratified plasm a 
with electron collision frequency proport ional t o energy and 
arbitrary magnetic induction, J. R. J ohler, pp. 436- 445. 

Very low frequency propagation in t he earth-ionosphere 
waveguide of non-uniform width , J . R. Wait, pp. 446-451. 

* P ublications f or which a price is indicated are available by 
purchase from the S1tperintendent of Documents, U.S . Govern
ment P rinting Office, Washington D. C., 20,402 (foreign postage, 
one-fourth additional). Reprints from outside journals and the 
N BS Journal of R esearch may often be obtained directly fr'om 
the authors. 
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