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Foreword

This is the second Quarterly Technical Summary Report of the
third year's investigation of complexes based on chlorine fluovides.
It c..ers the period from May 1, 1965 to July 31, 1965. The work
was conducted at the Western Rescarch Center, Richmond, California,
Stauffer Chemical Company, under the sponsorship of the Advanced
Research Projects Agency. This work was administerz=d by the Depart-
ment of the Navy, Office of Naval Research, with Mr. R. L. Hanson
serving as Scientific Officer, under ARPA No. 399-62.

This report includes (i) the first craft of a paper on the
structure of the ClFa- anion, which will be submitted for publica-
tion, (ii) a cescription of our new setup for glow-cischarge reac-
tions, and (iii) additional results and a correction of the X-ray

cata obtained for KCIFZ, RbCle, and CsCle.
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Abstract

Infrared and conductivity measurements show that MClF4 (where

i is NO, Rb, or Cs} is ionic in the solid state and in solution,

L

respectively. A square-planar structure (point group D&h) is

- - +
assigned to the ClF4 anion in Rb+C1F4 and Cs ClF4 . For the

3

7T - L L + - ' g
ClF¥, anion in NO ClF4 the low-tempercture infrared measurement

-

indicates a lower symmetry (at least as low as point group D2h)'

Fx

A vacuum line, which wili enable us to run glow-discharge
rcactions at lew temperatures <¢nd reduced pressures, was designed
and built.

Dz2nsity measurements on the alkali metal diZluorochlorates(I)
indicate that the X-ray patterns given in Ihe preceding Quarterly
Repert are probably due to small amounts of alkali metal bifluorides,

present as impurities.




I. Introduction

Cne of the objectives cf this contract is to prepare and
charactevrize new complexes based on chlorine fluorides and to
resolve the ionic character and structure of these and those
already known. The following ions, based on chlorine fluorides,

are theoretically possible™:

N -F +F )
(' «—— CIF ——> CIF,

+ «F +F
Cle < ClF3 —_— ClF4

* The chemistry of (CIFS) is classified.

The complex formation of ClF3 with strong Lewis acids and bases
has been repurted in the literature; however, nothing was known
about the nature and struccure of these complexes. In the course
cf our coniract we successfully proved the ionic character and

~ e + - - - o » . - A
structure of the CiF, cation. 1in addition to this, we succeeded

in preparing the previously unknown ClF2 anion in form of its

+ o+ .+ + . ,
NO', X', Rb', and Cs salts. These compounds were siown to be

ionic and their structures were resolved, During the past quarter

struccure of the ClF4 anion was investigated. In this way

ot
o)
w

structure of all unclassified ionic chlorine Ifiuoride complexes

ct
&)
©

«t

3
o
(4]

detcriined. We showed that they are ionic and that the Cle‘

and 2°T  anions are isostructural with the icoelectronic noble gas
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Tiluorides and the ClF2 anion isostructural with the isoclectronic

*
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bondd
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Another object of this contract has been to combine the chlor-
ine fluoride based ions with other ions of high energy content
in order to cbtain potential solid oxidizers. However, all
attempts have failed. Therefore, experiments will be undertaken
to prepare other ijonic moieties, resulting in potential high-
energy oxidizers. For this purpose a ccmplex vacuum system was
designed and built to include a glow-discharge unit, Our first
experiments will consist of low-tamperature glow-discharge reac-

tions between NF3 - F2 + AsF5 in an attempt to prepare NF4+ASF6-.
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7o be submitted in slightly modiiicd form for publication.

M

Contribution from the Western Research Cencer

Stauffer Chemical Company, Richmoend, Caiifornia

by Xarl O. Christe and Jacgquas P. Guertin

2

[ 4
fu)

Abstract

.

Infrared and cenductivity measurements show that MC1F4 (where

s

.L 1is N3, Rb, or Cs) is ionic in the solid state and in solution,

respectively. A square-planar structure olat groun D is
& ¢ ° 4h

assigned to the CiF,

-

4_

aniocn in NO'C1F4 , the low-temperature infrared measurement

. . + - +
anion in Rb ClF¥, and Cs ClF, . For the
-r

indicates a lower symmetry {(at least as low as point group DZH)'
L

- o i J 3
nEroaucLion

e the existence of -.\’;ClF4 (where M 1is XC, X, Rb, ox Cs) is

Pl

Vo n -, £ =0 Y B
aaracter of tae NoOT-CLT

3

v~11 kaowa~ , no reports on the ionic ¢

(L) L. Z. Asprey, J. L. Margrave, and M. E. Silverchorn, J. 4n.
Chem. Soc., 83, 2955 (1961).

\Z; D. Z. Relly, B. Post, and R. W. Mason, ibid., 85, 307 (19&3).

{3, Z. liitney, R. Maclaren, C. Fogle, and T. Hurley, ibid., 86,

2

'...I

964) .

[ ¥%)

=
e

(

%, Z. uWhitney, R. MacLaren, T. Hurley, and C. Fogle, ibid., 83,

7N

L350 {1964).




BV N = o R - - = 1, o ° 1 1 el st 1
neluce and on the structure of the CLY, anion have deen published.
L
4
A s eae . ~" N A o) g ~ o AR e ¢
Asgrey @t ai. obtained the infraved spectrum of IO ¥, aowever,
:

che aocsorptions reported by them occur at much higher frequencics
ccted for the fu ndarmental vibrations of the CIFA anion.

snherefore, they could have obtained only overtones and combination

The structure of the C F, anion can be expected to be similar
a - — (= 5 = Q o -, 2 > -y 5 . L)
o that of the BrF4 anion, siace both nul:4 ana hBrr4 crystallize

dimensions.

b
F
-t
D
t.{
5}
tie
rt
0
®
H
r.

in the tetragonal system and hav~ s

Siegel interpreted the X-ray difiraction pattern of KBrF4 in temm

Ci @ tetranhedral coniiguration of the BrF4 enion. However, the
e . ; . - ¢ n o = e 6,7
sattarn can be interpreted in terms of a planax 3vT, aalon 25
wall., The tetrafluorciodates(III)} of potassium, rubidium, and

. 8 . ,
cesium have been prepared , but the structure

th

the aaiocn aas no:

O

(o0}

y L Sed 3 A Q C A tn o " S
ogen investlgated. However, 1t was repocrted taac the X-ray powde

ilagrems are complex and that the IF4 compounds are probaply noc

T

v

- EEN g E K % - P
soscrucouaral wita the corresponging

02

che cvidence reported previously in the literature is insufficient

[

el, Acta Cryst., 9, &93 (1936).

PN
LN
~

() W. G. Sily and R. E. Marsh, ibid., 10, 378 (1957;.
(7, 8. Siegel, ibid., 10, 380 (1957).

PRI

(l, G. B. Hargreaves, and R. D. Peacock, J..Chem. Soc., 2373 (1980).
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o prove the structure of any of the tetrafluorohalogenate(Ill)

ever, based on the known square-planar structure of the

"J
9]
'J
O
9]
423
pa
(@)
=

—pe = .9 . . 10

CL anion” and of the iscelectronic XeF4 'the square=-planar
structure scems most likely.

The knowledge of the structure of interhalogen complexes swuch

the tetrafluorochlorates(III) 1s important for theorectical

el

(w3

]

3

oncing considerations, since a certain symmetry of a compound

o’

could rule out certain theoretical bond models. I1If, for example,

the tetrafluorochlorate(IIl) anion would be tetrahedral, the semi-

) . - 10 -
ionic bond model would be incorrect.

The compounds examined were prepared as cescribed in the

o
o]
(aR

.. 3 . . . s - .
Literature . The infrarea specktra of ROCLD CsCl? a NOCiT
Fy 2 /, 4

» with 2 Beckman IR-~9 spectrophotfometer in the range

oy

Te
ta‘

( 0
3

r

fedl
(D
s
L

’.—I

was also recoxrced on a

~
o
b

0 = 400 em,”. The spectrum of RbL1
vix

Seckman Ix-11 spectrophotometer in the range 800 = 33 em.”. Nujol

JC LYY e o L

mulls or cdry powder between AgCl or polyethylene disks were em-

PEINGS

nloyed. The low-temperature specirum ol NCClFA was TAaken using

. L. Kooﬁey, Z. Krist. 98, 377 (1938).

~
Na)
h g
s,
(@}

8) J. G. ¥alm, H. Selig, J. Jortner, and S. A, Rice, Chem. Rev.,

€5, 199 (1965).
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L C152+ASF,- .
o}

2cninique described earlier fox NC C1F,

e haale
saall :Jaui\: tQ

The conductivity measurements were done using the method reported

Lesults

Conductivity. - The solvbility of NOClF4 in liquid ClF3 at

-23° was very low. Table I shows the results obtained for a satur-

ated solution of NOCIF4 in liquid ClFS.

+3
1
{

~
v 9
o (<] . o -
Compound Temp., C Specific conductauce, G-
b - ! _"
cum” -~ cmn+
CENEIN =23 9.2 x 10
-l
v - =/ -2
NS -/y o o T x 10
Satureted soiluvtion ol 7
NCCLF, in iiquid lFS -23 2.. % 10
=
Assuming complete solubility ¢f tie IIOClFér in CLF, (not cctually
~

[&N
.
(O]
<
0]
’s
S
[OF
S\

& molarity of 0.079 mole 1. 7,

3 ., -1 2
oL cno.

o S 1 - o -
Co.e CAasg, The soLution woul

minimum equivalent conductance, A = 3.69 x 10

L
¢
¢
é
‘\

po o ) - memd o 3 a5 oy -~ -

=7 K. G. Cariste and J. P. Guertin, Inorg. Chem., &, 905 (1965).
s N - LI S - I~ - . - . - R

(=2, K. C. Christe and A. E. Pav.ath, Z. anorg. allgem. Chem., 335,




J &0
o) V] o] Q 4
@] 3 3 o o Q (@]
oA et H 0 Q M %
Q < o] o) 3 o) .
o 0 (o9 Q) t9 . <
] u Q = 19 or{ N < . 0wown .
3 ¥ 0 £ [ - 2] i {3
o) Q o) 0 r—d QD
o H o o} 4 (S ) (7] No BN (5o ]
] 3 o o . (@] A o ~ < o
G . U} 2 8 ) i o~ Mo JiVe <t
L0 o I8 N ™~
3 Q i U] oed ' frq
(o] L3 > QO -4 r— 4 T
orf 8] 4 to o - 4 O
D] ) < ) 19 (o} PSR
[ VO 3 > d )] X
LA (o] (0] e 19 — vy - “F
(o] wd —d (> Q ¥ QO i £
mn (&) > (o] Q > (o) 3
A3 U] 0 Q . ~ 0.
« i “ © “ 3 -4 .0 <id
¢) ja ¥ 3 H U] 3 I -] [~ O
U o Q 1) H 3 -l
o8BS Q) ) 3 = o 43 O Ry QO L) L~
13 3 g o] o) 9] . o) <5 0o 0 e PN ~~
2 o 'g el Q YoM U4 Q1 ‘3 51
"y ) Ko ) £ & D, 0 ] 1 frl
o ¥ e 3 ()} ) 0 N, 135 w4 4- 7 ~
O 4 -~ 1 O 0 TR IS o
L ol 9] U4 1 “ "3 _.“ ) m,w Mu mc WO (5] .MO ™~
1 ] L Q o D] v [ <) bR} i
& ™ (7)) L ¢ ien 3 Ga R o L
© b £ fr4 -d « Q o} i\ 3 ) AT
+4 4 'J = 12 1Y -4 (VAR IS | wl e )
t © Uy A € 4 [ v Q
) . T 1) V] [ <3 x| (O | (1) I T
A < 9 W 4 3 “d i u 0w 0 [ |
A £F) o 3 £o o N
(& ot o3 o ] g
£ D o, © o~ P 4 “.n
2 2 o 3 T BN B |
! [ 4 74 Tzq 19 13 03
=, (ol 4 | o3 O, © ~F
. g Q () Q) 1 X BT B A
3 S i W ») Q) O 13 e <F 0
P « ] 19 a 8V ) o Q) frq > 9}]
4 ~ 2 2 3 O a0 4
Q & ) o = Q o a0 O <) o~ Pe)
Y] <P e ) 0] O s} o4 192} <F o~
i 2 o 1 " H ] wo> %) ~ <
w i o} . (] Yq = ]
Q o] 5 (o) uoorag
3 L0 O S L8 - vt ] 3
¢ 4 1) ) Q <O Moo
+H < “ ) y.4
¢ z i <P P e 3
b3 <t I (@) e 4 +4
Gty s &N 4 *a Y]
5 14 £ Q 1 w ~J = "
11 ) o '®) ) ¢) = fa tH > )
(] 1) 0z 0 8] O red
A e W - 0) L1 J (| 1y ¥
(9] o) J 44 0n 0 ~r i <)
X 3 2 “ 13 3 ol Fg <5

=
ban}
"
L
(Y
-
s
-
-—

g« ——

sae

-~
U




50+

e ssdomed

prostd edbef erepored

§ S
i

600

FEPN doivfrrie

e
E04 SECS0 SRS 08 000 L0NNE Spe st

4+ as

ertidiee
3 i

fead

1400

]

[

-
]

X0

1809

WAVENUMBER IN CM'!

Ladpelis

ey

WS MO

WAVELENGTH IN MICRONS

S H
. ""'i"“‘ [

caafi ut“...-

2000

vempaeaa

2400

.ve ...'q
hiaddeg
Phvadiiey

[EESS s

2800

B
1

searbbons

el
i

3200

IR IEATE B
FRERE (e

ﬂ"fo—ff

ssiatipiy

il

} +
PSS A S
58841

NVYL IN33¥3d

-

Tt
I

NOISSIWS

4000




- 9

- Discussion

RN Jonic Character. - Three reasonable structures for

. . Fone =
Che complex are: coordination complex, C1F3-NOF(I); ClF, NOZ, (11);

0
-
)

RO Cl?é (IZI). Structure I should show no significant conductivity
increas2 in C1F3 solution and would require an infrared spectrum
sinilar to that of ClF3 superimposea on NOTF with erhaps some
shifting of absorption bands. The NO bond in structures I and II

. o tem ; -1

has double bond character and should absorb at 2000-1800 cm. .

In structure III the NO bond has triple bond character and should
C o n . oam -1 13 s s . -
&bsorb at 2350-2100 cm. . The solution containing the complex

has an increased conductivity and the infrared spectrum shows the

-~ - - [ L * ”~ + J [
NG zbsoxption at 22938 cm.1 indicative of the NO cation. In addi-

. tion, considering unly symmetry, structure II would have :required

2 higher number of infrarec-active vibrations, the position of
waich would have to have been quite different. Thus, structure
III is assigned to the complex.

Structure of the CIF, anion. - Table III shows the point groups

o

zaxen into consideratien as structural possibilities for the ClF4
anion znd the infrared-active fundamental vibrations expected for

e ash

cach group.

155 J. 2. Geichman, E. A. Smith, 8. S. Trond, and P. R. Ogle,

Inorg. Chem. 1, 661 (1962).
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ALCIF, and CsClF,. = Since NO'CIF4 and the alkali metal

“r

tctrafivorochlorates(III) do not show the same number of asborp-
tion bonds and do not have similar frequency positions, these

compounds will be treated separately. The spectra of the alkali-
metal tetrafluorochlorates(IIIl) show only three iufrared-active
fundamental vibrations. The abscrption at 118 cm-,'1 in RbClF4 is

to0 low to be a fundamental vioration, and therefore, is assigned

ct

o a lattice vibration, in agreement with values found for KZPtCI4

£

v es 14 . -1 .
iné similar compounds™ . The band at 1242 cm.” occurs at too high
a frequency to be a CIT fundamental and consequently,is assigned
to a combination vibration. Therefore, since only three infrared

active-fundamentals were found, a square-planar structure can be

ne nine normal modes of vibration axe classified as (Aln + AZu +
o

2. =+ 3, + B, “+2E). Of these, only the E_and A, modes will
: u u 2u
be infraved active in the isolated molecule, assuming that the

seiection rules in the solid are the same as they would be for the

{14y A. Sebatini, L. Sacconi, and V. Schettino, Inorg. Chem 3,

1775 (15964).
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{ne bands within the range of possible fundamentals in the
sgectrum of RbClFé, occur -at 745, 486, and 430 cm?l. The band at

745 cm, ” 1s undoubtedly the Cl-F Eu stretching mode. Qut of the

cwo expected infrared-active deformation vibrations the in-the-plane
viopration likely has a higher frequency than the out-of-plane vibra-
tion. Therefore, the bands at 486 cm:1 and 430 cm:'l are assigned

to the vibration of the Eu species and the.Azu species, respectiveiy.

S_ightly lower frequencies were obtained for these modes in CsClF4.

ble II contains the vibrational assignments of the observed

i

[$h)
@)

Zrequencies in the point group D4h for both compounds.

NO CIF, . - The low-temperature infrared spectrum of NO+ClF4

—p

shows one more band in the observed range than that of the alkali-
metal tetrafluorochlorates(IIl).. In addition, the positions of the
"haigher frequency bands differ considerably. The number of observed
pands rules out the tetrahedral (Td point group) and the square-

. point group) structure. The planar trans-"Y222 structure

Lo

-1 -
appears to be most likely. 1In this case, the band at 498 cm.” would

-y b=

e i . . . - -1 .
a ceformation vibration. However, the band at 541 cm.” 1is asymmetric

a~aes

-

5 - -
and most spectra of NO ClF4 showed a very weak shoulder at 570 cm, .
:d on tais, and the fact that the position of the band at 498 cm.
coces not exclude its interp etation as a stretching vibration, the

Sl - . s - . . T - .
sossidilicy of assigning the ClF4 anion in NO ClF4 to the point
zoup C,  can not be eliminated. 1In any case, the symmetry of the
. . , -+ -

o.z, anion in NO ClF4 at low temperature appears to be lower than

, Found for RbClF4 and CsClFQ.
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-
r -—

e -~ ] - o 3 - +f\
Tae lower symmetry of the C.'.z4 anion in NO ulFA at low

cemperature might be explained by either of the following two

thcories, again assuming that the selcetion rules in the solid

are the same as for the free gaseous ion.
(1) If the fluoride ion approaches the acceptor molecule,
C1F3, the attack might take place axially to the fluorine
atom, right angled to the other two fluorine atoms, coaxial
wit :he chlorine atom. The bond strength and F-CL-F distance
of the newly formed linear F-Cl~F group would be different
from the one already existing in the unreacted ClF3 molecule.
A planar trans-XY222 molecule (point group DZh) might exist at
low temperature, assuming that the newly formed F-Cl-F group
has identical F-Cl bonds (reasonable if based on the semi-ionic
boné theory, where the singly occupied orbitals of the two

fluorine atoms are overlapped by only one delocalized p orbical

¥

the chlorine atom), which differ from those of the other ncn-

Hh

C

’

d T=-Cl-F group and that a certain activation energy is

W3]
'Al
1
©
(§)
i
®

cguired for the transition into four identical bonds.
/7i) The fiuoxide ion can attack the CIF3 molecule nonaxially

xisting Cl-T axis. This might occur if the fluoride

1 ]
<
cr
»

’
w
0]

oi. »crongly repelled by the two free electron-pairs

}J
O
3!
p
2]
g

than by the fluorine atoms. The result would be a C1F4 anion
0L symmetry sz, which could rearxange at elevated temperature
to an energetically more favored ion of higaer symmetrv, a square=

planiar Cl;4 anicn.
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(i) The tetrafluorochlorate(III) anion in RbClF4 and CsClF4 is
square-planar (symmetry D&h)'

(i1) The tetrafluorochlorate(III) anicn in NOClF4 at low temperature
has lower symmetry than Dah'

The square=-planar structure found for the ClF4 anion in RbClF4

'_l

'—J

b
N

and CsClI-‘4 is in agreement with cither the semi-empirical

molecular orbital model, assuming semi-ionic bonds, or the

2

3. . 3 .
sp d - hvbridization model.

(iv) The lower symmetxry of the ClF4 anion in NOClF4 may be due to
the existence of stereo icomers at low temperature.

{(v) Since KCIFQ and KBrF4 are isostructural according to their

x-ray data, the interpretation of KBrF4 in terms of a planar

B

rather than a tetrahedral BrF4 anion seems more likely.
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.21, Glow~discharge anparatus

S has been slightly modified.

The apparatus of Schreiner et al.t
Ve have eliminater the mecal spring attached to the piston to avoid
possible failure in pumping operation due to corrosion of this
spring. Figure 1 illustrates the glow-discharge apparatus. The
circulation pump A, B, and C, the discharge zone and following traps
L, F, and 0, the mercury diffusion pump P,‘and the McLeod gauge Q
are all made from Pyrex glass. Copper tubing and Monel fittings are
used wherever possible to minimize corrosion. A second mechanical
pump is used solely for the purpose of eliminating any elemental
fluorine (which can not be completely condensed at -196°) that had
not been completely flushed out by dry helium. Exact volumes of
each significant part of the vacuum line were obtained by expanding
air at known volume and pressure into the system and recording the
resultant pressure. The following symbols in Figure 1 are defined:

4 - uni-directional ground-glass valves,

5 = ground=glass tube,

C - iron (powder)-filled piston, also ground glass,

D - copper coils for ease in disassembling,

discharge zone with copper electrodes,

t1
]

(x£.) F. Schreiner, J. G. Malm, and J. C. Hindman, J. Am. Chem.

Soc., 87, 25 (1965).
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F - traps for volatile material,
G -~ lonel Ho e bellows-seal valves (Kel-F stem, (G-200 p.s.i.,
No. M482M),

H - Monel Whitey valves No. M6TS6,

I - Monel high-pressure cylinders (~ 300 ml.),

J - Monel Helicoid gauges (~30 in. to 0 and 0 to 300 p.s.i.),

K -~ Monel Wallace and Tiernan gauge (0-30 in. To.02 in., Médel

No. FAl45),

L - vacuum side,

M - sample side,

.N = dry helium cylinder,

0 - pump traps (liquid Nz),

P -~ mercury diffusion pump,

Q - McLeod gauge (0-0.001 mm),

R - mechanical pumps (Halocarbon cil),

S - direction of gas flow.

Figure 2 shows the solenoid system.

Two air-cooled solenoids, S, externally surround tube B and move
the piston, C, back and forth at controlled intervals. They are
~4 cm. long, ~1.5 cm. thick (including insuletion), and have a
hollow core ~ 2.3 cm. in diameter; the design (Western Electro-
Mechanical Co., Oakland, Calif.) allows coniinuous operation on a
120 v. A.C. line without uverheating. A selenium rectifier, RC,

(single ph. Bridgze, No. J116Bl) changes A.C. to D.C. A timer, t,
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{Flerxc. "se 0-120 sec., Eagle Signal Co., Molinc, Ill.) coupled with
a relay RY (Mercury column type, 1 ma. at 115 v., Kerman Electric,
Brooklyn, N. Y.) provides the means of operating one solenoid at
a time for a certain period of time, i.e., when one solenoid is
“on'"' the other is "off'". We are presently operating the timer at
5 seconds "on'" ‘and 5 seconds "off".

Figure 3 shows the electrode system.

An A.C. voltmeter KV, {0-150 v., Simpson type) and an A.C. ammeter,
A, (0-100 ma., Simpson type) are usc<G to monitor the setup protected
by a fuse (Lit.lefuse, 4 amp. and 125 V.). The transformer, TR,
(Jefferson luminous tube outdoor type, primary 120 v. 60 cycles,
secondary 15,000 v. 30 ma. with midpoint of secondary grounded;
Jefferson Electronic Co., Bellwood, Ill.) provi . the necessary
voitage for the discharge. Ignition wire (Packard 440) is used
throughout the high-voltage circuit.

IV. Coriection of X-ray data on KClFZ. RbCle, and CsClF2

in our last Quarterly Report we had assigned X-ray powder dif-
fraction patterns for these compounds and on this basis had calculated
unit cell dimensions for the alkali metal difluorochlorates(I). These
unit cell dimensions were very similar to that of the corresponding
bifluorices. Density measurements were carried out on the difluoro-
ci..orates(I) in order to decide whether these patterns arise from
the Jifluorochlorates(T) or from small amounts of the corresponding

bililuoriles -resent as impurities. The large deviations between
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the found and calculated densities indicate that the observed
patterns ace probably due to the presence of small amounts of the
corresponding bifluorides. Consequently, th~ previcusly reported

RbC1F

X-ray data for KC1F and CsClF2 should be dehased.

2° 2°
The density measurements were carried out by the displacement
method using a perfluorinated cyclic ether to fill the pycnometer,

" [ Ld T ° 3
28 described in the litcrature”.

In addition, the statements, concerning the interaction between

NCTF and CsF were rephrased, since presently nothirg can be said about

the exact nature of the interaction between the two compounds.

August 25, 1965




