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FOREWORD

The research reported herein was supported by the Office of Naval Research, Power
Branch, Code 429, with Dr. Ralph Roberts as Scientific Cfficer. This report covers
the period 1 April 1972 through 31 March 1973. The program has been directed by
Dr. 0. Pilipovich, Manager, Exploratory Chemistry. Staff members responsible for
the scientific effort were Dr., K. 0. Christe, Dr. C, J. Schack, Mr., R. D. Wilson,
and Dr. E. C. Curtis. The Program Manager was Ur. B. Tuffly.
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- 3 ABSTRACT
g The synthesis of the ncvei heptavalent chlorine oxyfluoride, C1F,0,, was scaled
: ! up and its physical properties were detecremined, ({ts structure w;s“establibhed by
. 19F nonr and vibrational spectroscopy and both force constants and thermodynamic
. ; properties were computed. Its complex formation with strong Lewis acids was
{ studied and two new salts, C1F202+BF4‘ and C1F202+A5F T, were synthesized., With

Lewis bases, such as CsF, FNO, or FNO,, Cleoo does not form adducts., The struc-

T

. . + . : . .
ture of the CiF_ 0, cation was determined by nmr and vibrational spectroscopy and
a force field was computed.

I

AR

A thorough study of the CIFS—OFz photolysis yielded no evidence at all of the

existence of CIFSO. It appears that the claim by Zuechner and Glemser for 1ts

e

formation is invalid., Photolysi of the BrFq-O?2 system did not produce any

5 e > ARG

evidence of new compounds such as BrFxo or BrF. 0. The .interaction hetween CIFSO
and SF4 in the presence of CsF did not yield FC1O, but all the secondary reaction
products expected for its disproportionation to FC10, and C1F, Reaction param-

QE eters for the synthesis of C1F from Cl, and Cliy were determined.

et I Ao 12
& S E E

We have :ontinued to study the reaction chemistry of PtFé‘ Its reactions with

OF,, Oy, Brf,, CIF.0, cs'c1F,07, CF,NO, and (cpsjgwo were investigated in an
attempt to synthesize the novel species, OF +, O3 y BrF6¢, CleO‘, and (CFSJZNO*,
respectively. The synthesis of (CF3),N0*, a potential precursor for the synthe-

. . . -
sis of a CFSJ group substituted ONF3 molecule, was also studied by using 02 AsF6
as the active oxidizing agent.

A systematic studyv of low-temperature ozonization reactions was carried out, in-

3 Br0C10,, 6102, BrOSOZF,
CIONO,, and C10S0,F. iIn all cases, the starting materials were successfully

voilving the following starting materials: C1QCl10

oxygenated. interestingly, the high yield product from the ClONO2 ozonization

Y + b -
is N()2 CJLO4 .

The reaction chemistry of chlorine verchlorate, ClOClOE, was furthe; investi-

gated. Attempts were made to synthesize members of the so-far unknown class of

PRy
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perfluoraryiperchlorates from CﬁFSI or C6F58r and ClOClOs. In both cases, novel

compounds, i.e., CGFSI(OC103)2 and(03C10)2C6F Cl, respectively, were obtained.

5

Efforts were made to synthesize the as-yet unknown halogen heptoxides, Er207 and
1207, by reaction of perhalate salts with SOS‘ In the case of Cs+C104", the
known C1,0, was indeed obtained in high yield, but for the Br0,” and 104' salts

the isclation of Brzo7 and 1207 was not pnssible owing to complexing with the

starting materials,

Cevalent fluorosulfates have significant usefulness for chemical synthesis and

a number of reaction systems were studied involving iodine, sulfur, and selenium
fluorides, Ir addition, a new and more convenient synthesis of 5205F2 was found
by reacting COC!2 with ClOSOzF.

A novel synthesis of NF4+ salts was discovered employing uv photolysis. The
PtF6 . AsF6 » and BF, salts were preparad+in this way. A plausibie mechanism
for the formation and decomposition of &F4 salts 1s presented which does not

require the assumption of NF. as an intesrmediata. Moreover, this study suggests

5 Mli
that F2 in the presence of a strong Lewis acid has an c¢<idizing power comparable

to that of PtF6= This anhanrement of oxidizing power by a Lewls acid was also
demonstrated for C1F which, in the presence c¢f AsFS, can oxidize xenon to the

+I1 oxidation s:ats,

As in the past, a number of structural stuvies were conducted. Among the compounds
studied were ClFﬁ*, BrF!*, IF_,+ and SF,O" sults, trifluoroacetates of iodine.

SFa, SF4O, and Ci206, éur coilaborati;n with other scientists (Professors Sawodny,
Edwards, and Neumann) in some of these arews continues, and a nev connection was
established with Dr., F. Lovas from the Nztional Bureau of Standards, who will

carry out a structive determination of C]PSO Ly microwave spectroscopy.

During the past contract year 17 papers wers published and an sdditional 7
menuscripts wers submitted and have already bean accopted for publication on the
work done under this contract.

we
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INTRODUCTION

This report describes the activities during the past year at Rocketdyne in the
area of halogen oxidizer chemistry, As in the past, the research areas were di-

verse and were both technique and new cempound oriented. A large number of com-

pound types were investigated including halegen perchlorate chemistry, halogen
oxyfluoride svnthesis, PtF6 chemistry, new fluorination catalysts, novel energetic
cation synthesis, halogen oxide chemistry and halogen fluoride reuctions. In

addition, pertinent structural data for a number of species were generated. As

ETET RN AT T LYY . T e
AR AN D R A .G L N
S in et S R S P R, Rty o

in the past {(Ref. 1 - 4), most of the data have been summarized in manuscripe
forn.

A number of papers also were published or presented which arose from work supperted
on this progrum. These are listed below.

PUBLICATIONS DURING PAST CONTRACT YEAR

Pape:s Published

1. "Chlorine Trifluoride Oxide. I. Preparation and Properties." by . Pilipovich,
C. B. Lindahl, C., J. Schack, R. D. Wilson, and K. 0. Christe, lnorg. Chem., 11,
2183 (1972).

2. "Chlorine Trifluoride Oxide I.. Photochemical Synthesis," by . Pilipovich,
. H. Rogers, and %. %, Wilfon, Inorg, Chem., 11, 2192 (1972).
%2 "Chlorine Trifluoride Oxide, ITI, Vibracionzl Spectrum, Yorce Constants, and

Thermodynamic Properties,” by K. 0. Christe and E. C. Curtis, Inorg. Chem., 11,
2186 (1972).

4, "“Chlorine Trifluvride Oxide. 1V. Reaction Chemistry," by C, J. Schack, C. B,
Lindahl, D. Pilipovich, and K. Q. Christe, Inorg. Chem., 11, 2201 (1%72).

5. “YChlorine Trifluoride Oxide. V. Complex Formation with Lewis Acius and Bases,”

by K. 0. Christe, C. J. Schack, and D. Pilipovich, Inorg. Chem,, 11, 2.u5 (19872).

R-9762
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. 6.  "Chlorine Trif.ucride Oxide. VI. The CIF 0" Anion. Vibrational Spectra and
Force Constants,” by K. 0. Christe and E. C. Curtis, Inorg. Chem., 11, 2209
Y

(1972).

7. “Chlorine srifluoride Oxide, VII. The CIF.,O+ Cation. Vibrational Spectrum
and Force Constants,'" by K. O. Christe, E. C. Curtis, and C. J. Schack,

TR

Inorg. Chem., 11, 2212 (1972).

8. "The CIOQFZ‘Cation," by K. 0. Christe, Inorg. Nucl. Chem. Letters, 8, 453
(1872).

9.  ‘Chlorine Trifluoride Dioxide, CI1F
Letters, 8, 457 (1972).

3 2," by K. 0. Christe, Inorg. Nucl. Chem.

10. "The CIFé* Cation," by K. O, Christe, Inorg. Nucl. Chem. Letters, 8, 741 (1972).

- 11. "On the Reaction: of Chlorine Fluorides with Hydroxyl Compour ds," by K. O.

Christe, Inorg. Chem., 11, 1220 (1872).

12. "lodine Trisperchlcrate and Cesium Tetraperchlorato lodate (i1I)," by K. O.
Christe and C. J. Schack, Inorg. Chem., 11, 1682 (1972).

13. "0On Alkali Metal Fluoride - IFS Adducts," by K. 0. Christe, Inorg. Chem., 11,
1215 (1972).

14, '"Vibrational Spectra anu Force Constants of the Square Pyramidal Anions,
SFS', SeFS“, and TeFS",” by K. 0. Christe, E. C. Curtis, C. J. Schack, and
D. Pilipovich, Inorg. Chem., 11, 1678 (1972),

4 15. "The Tetrafluoroiodate {IXI) Anion, IF4°," by K. 0. Christe and D. Naumann,
4 Inorg. Chem., 12, 59 (1973).

ny 19

16. Fumr Study of Chlorine Fluoride Cations,” by K. O. Christe, J. F. Hon,

and D. Pilipovich, Inorg. Chem., 12, 84 (1973).

17. "Vibrational Spectrum and Force Constants of the SFSO' Anion," by K. 0. Christe,
C. J. 5chack, E. €. Curcis, D. Pilipovich, and W. Sawodny, Inorg. Chem., 12,
620 (1373).

R-9262
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Papers in Pres» (Submitted snd Accepted)

18,

19,

20.

21.

22'

23.

24,

25.

26.

&

"Halogen Perchiorates: Additions to Perhaloolefins,” by C. J. Schack, D.
Pilipovich, and J. F. Hon, Inorg. Chem., 12, 897 (1973).

"Cn the Reaction of C12F+AsF6' with Xenon, by K. 0. Christe and R. D, Wilson,

Inorg. Nucl. Chem, Letters.

"The Diflucroperchlciyl Cation, C10 2*,” by K. 0. Christe, R. D. Wilson,
and E. C. Curtis, norg. Chem.

""Chlorine Trifluoride Dioxide, C.F3 2," hy K. 0. Christe »nd R. D, Wilson,
Inorg. Chem.

"The Hexafluorochlorine (VII) Cation, CIFG*. Synthesis and Vibrational

Spectrum,'" by X. 0. Christe, Inorg. Chem.

"Vibrational Spectra of Trifluoroacetates,'" by K. 0. Christe and D. Naumann,
Cpectrochim, Acta.

"Chlorine Trifluoride Dioxide Vibraticnal Spectrum Force Constants, and
Thermodynamic Properiies,”" by K. U. Christe and E. C. Curtis, Inorg. Chem,

Paprrs Presented at Meetings

"Chlorine (VII) Fluorides: Preparation, Characterization, and Properties,"
by K. 0. Christe, D. Pilipovich, and R. D, Wilson, 4th Eurcpean Symposium
on Fluorine Chemistry, Ljubljana, Yugoslavia (August 1972).

"Inorganic Halogen Ovidi:are " b

ar ¥ n
~ . » Wy e W

. Christe, lnviied jectures at the Uni-

versities of California, Los Angeles, Riverside, and Berkeley (1972-1973),
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DISCUSSION

CHLORINE TRIFLUORIDE DIOXIDE

The syntnesis of C1F302 from FCIO2 and PtF . was successfully scaled up and the
reaction parameters were studied. In spite of enormous haniling and purification
problems, .ufficient amounts of material were prepaied to dllow the determination
of its physical, chemical, spectroscopic, and thermodynamic proverties, The resuits
from these studies were summarized in two manuscripts and are presented as
Appeniixas A and B.

THE c15202* CATION

Two novel CIF202+ salits, C1F202+A5F6' and C1F702¢BF4‘ were prepared and charucterized

by vibrational and " “Fumr spectroscopy. A modified valence force field was com-
puted for C1F202+. Attempts to synthesize the C1F402' cation from ClF,SO2 and strong
Lewis bases such as CsF, FNO, or FNO2 were unsuccessful, Ths results from this

study are given in manuscript form in Appendix C.

THE cwé+ CATION

The investigation of the CIF " cation was completed and a detailed manuscript was

)
written (see Appendix D) summarizing Rocketdyne's work. In this manuscript we have

alsc included a vibraticnal analysis and ferce consiant computations for the PtF6

and IF6' anions.

ON THE EXISTENCE OF CIFSO AND RELATED PHOTOLYSIS REACTIONS

Rscently, Zuechner and Glemser (Ref. 5) claimed the synthesis of C1F_0 by photolysis

5
of ClF,—OF2 mixtures. However, Rocketdyne studies on this system show quite con-
clusively that no detectable awounts of CIFSO are Jormed in this system, Data on
this system are summarized .n Appendix E., Because C1F30 15 the main product of

the CIF -0F2 photolysis, RrF5~OF2 photolysis also has been studied in more detail.

5

R-9262
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Contrary to CIFS, the BrFS
unchanged, Similarly, the FC10,-OF, system, when exposed at -78° to filtered uv-

starting material did not react and was recovered
irradiation, did not produce any novel compound,
SYNTHESIS OF FC10

The C1F3O~SF
to:

4 reaction system was studied in an attempt to synthscize FCI0 according

et M
SF4 + CIFSO SF6 + FC10
When no catalyst was used, the starting material did not interact at -50 and
28 C. In the presence of CsF, however, the foilowing products were obtained:
SF6, SFSCI, SF4O, and FCIOZ.
may have initially occurred, but was followed by:

These results indicate that the desired reaction

2FCIO“"~“—~~—-"FC102 + CIF

CIF + SF4 e SFSCI

In addition, a competing reaction, i.e., oxygenation of 5P4 to SF4O. must have
occurred to a lesser extent. This finding, i.e., the ready disproportionation of
FC10 to FCIO2 and CiF, was recently confirmea by Cooper et al. (Ref. 6}, They
studied the hydrolysis of ClF, in a flow reactor and obtained infrared spectros-
copic evidence for an unstable intermediate which rapidly decomposed to FC10, and

C1F.
SYNTHESIS OF CI1¥

The roaction parameters wers studied for the synthesis of CiF from ClF3 and Clz.
It wes found that CIF can be prepaized in alinost quantitative yield at temperatures

as low & 150 C. The results are summarized in manuscript form in Appendix F.

R-4262
10




i ST R,

&

o

i

A} .5’4’

PtF0 REACTION CHEMISTRY

Becsuse PtF6 has proved to be such a useful fluerinating oxidizer for the synthesis

of C1F302, C1F202+, and CIF +, its reaction chemistry has been under continuing
study, A logicsl extension of the ClFﬁ* synthasis was the attempt to prepare
BrF6+ salts. However, in the Brk_-PtF

5 6
BrF5 and PtFé. Using unfiltered uv irradiatiorn, Pt.F6 decomposes to lower platinum

system at 25 C, no reaction occurs between
fluorides and Fz, but no BrF6+ salt is formed. The ternary system, FC102—BrFS~PtFé,
was also investigated. Upon melting of the halogen fluorides, a rapid reaction

*peF.” and F2’ tut no BrF ’. The third system,

2 6 ¢
* PtFé, was kept at 25C for 93 days. Analysis of the products

oceurs, producing exclusively C10
+* -

y F

Cs BrF6 +Br 5

showei no evidence for the desired BrF6+ cation, but indicated the formation of

some Cs*PtFﬁ' and PtF. as cnly new products.

Much effort was concentrated on the synthesis of C1F o* salts, which would allow

4
the syntnesis of the new and very desirable compound ClFSO. Because the reaction

of PtF6 with ClF30 in the sbsence of a solvent hed to be czarried out above -42 C

{m.p. of C1F30) and yielded only C1F2

in a low melting solvant. An ideal inert solvent was found with FClO3 which melts

at about -150 C, has a high solubility for PtF6, and is completely inert to PtF6.

0+Pth- and F,, this system has been studied

Two s:actionsof(nfso with PtF6 were carried out in FClO3 solution, differing in
é'and F2’ but no C1F40*,
were obtained. Because previous attempts to prepare either CIF 0" or C1F.0 directly

4 5
from C1F30 and PtF6 were unsuccessful (see Appendix D), the reaction of Cs+C1F4O
with PtF_ was studied in the presence and absence of a solvent. Witheut any sol-
vent and using ultrasonic mixing, solid Cs+C1F40' interacted with PtF, at 25 C

within 48 hours quantitatively, according to:

the warm-up conditions. In both cases, again only CIFZO‘PtF

+ €58 CIF, 00 ———(Gs'PtF.” + CIF

2PLFy 4 6 2

-
“

o*ptFe' + F

Using FCIO3 as a solvent, the reaction of PtF, was much faster and ~.oceeded at a

6
lower temperature., However, the reaction products were identical to those given

above. The possibility of us'ng BrF5 as a ,olvent wus alsc examined. It was

R-9262
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found to be incompatible with .s'C1F 07, owing to the following quantitative

4
displacement reaction:

Cs'CIF Q™ + Brf, ————sCs"BrF, + CIF,0

4 . C .
Arother desirable, energetic species would be tche 0F3 cation, It is isocelectronic
with NF3 and, hence, might possess a reasonable stability. In its attempted

synthesis, a mixture of OF, and PtF_, was kept for 100 days in a sapphire reactor

6
at 25 C. while a'l of the PtF6 was consumed, all of the OF2 was recovered
unreacted, Based on the observed weight changes and the infrared spectrum of the
50lid residue, the following interaction between the reactor and PtF6 occurred:

Metal + PtF6-————~—-Metal fluoride + Pth

The reaction of ozone and PtF, has also been investigated for the possible forma-
tion of Os*Pthﬁ. The 03+ cation might exist, being isoelectronic with NOZ' Dur-
ing several weeks reaction at temperatures of -80 to -45 C, it was found that very
little 0, reacted and nearly all was recoverable. Thus, it appears that the PtF6

3

has a stablizing effect on 0,5 under these conditions., At ambient temperature, 03

and PtF6 gave a nearly quantitative yield of 0,+PtF6". This was based both on
g Thus,

03+PtF6' does not appear to be preparable in this manner, :

the amount of excess 02 recovered and the weight increase of the PtF

Since PtF. can oxidize ClF5 to C1F6+ and since XeOF4 is pseudo-isoelectronic with
CIFS, it might be possible to prepare XeOﬁ; according to:

-

4 XeGF, + 2PtF6~"¢“X00F 6

+ - +
4 PtF_  + XeOF3 PtF

5 6
The first attempt to synthesizo the XQOF4 starting material according to a
literature report by hydrolysis of XeF6 came to an explesive halt. In the mean-

time, several grams of Xe0OF, ware prepared by the alternate precedure based on

4
the slow interaction betwsen XeF6 and quartz. 1In addition, 1 PtF6 preparation,

which in the past has successfully bLeen carried out many times, failed owing to

R-9262
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burn eut. As soon as new platinum wire is received, this study will be resumed.

Reactions of PtF6 with free nitroxide radicals such as (CF3)2N0 were investigated

with the intent of achieving the synthesis of a novel CF, substituted NF30 mole-

3
cule, according to:

(CF,J,NO + PtF6“~—~——‘*w(CF

+ -
377 NO PtF6

3)?

(CFy) NO'PLE,™ + FNO —m—mem NO'PLE,™ + (CF,) NFO

3)2
The nitroxide starting ms .erials were synthesized and allowed to interact with
PtF6 at the lowest poss. le temperature. However, in all cases the reaction
was so viclent (confined explosions) that the only products obtained were

+ - . .
NO PtF, , CF,, CUFZ, CFSNOA, (CFS)Z
to repeat these reactions in the future using the milder oxidizers ReF, or M0F6

NOCFS, and small emounts of N?S, It is planned

in place of PtFé.

The reaction of 0 +AsF6' with (CFS)QNO at low temperature was alsc studied us an

2
alternar~ route to (CF NO* salts:

3)2

0 6

+ - +
ASE™ + (CF,), N0~ (CF;) NO"ASF .~ + 0,

2

However, the solid was shown to be NO*AsF.” and COFZ and CF, ware obtained as

6 4
velatile products.,  This indicaies ihai (CFS)QNO may nave initially tormed, but
[y

L2

is unstable. This experiment will be repeated at a iower temperature, substituting
-+

02 kst

synthesized from 0, + F

" with the more stable salt 02¢SbF6"‘ The latter starting matbrial was

5 + SbFS.
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OZONE OXIDATIONS

Compounds containing the terminul haloxy group, X0-, are uniformly reactive and
utilitarian reagents., However, nearly all of the known chemistry of these materials
centers on their reaction through cleavage of the haloxy tonc, e.g., the use of
CL?SQZF to produce ClOClO3 from Ag¢C104' (Ref. 3} and the use of CIOCIO3 to prepare
Clg»QOCIO3 compounds {Ref.3), To change the nature of these X0- moieties and thus
perhaps to change their types of reactivity and stability, studies were aimed at

the oxidative oxygenation of the terminal halogen.

The only report of such an oxidation was given by Schmeisser and Tagiinger {Ref.7).
They reported the <zonization of Br0N02 at -78 C as shown in the equation:

)
BrONO2 + 203 e i Br02N03 + .02

The good results realized in that system offered promisc of equally useful reactions
with other XC- species. Of immediato interest were the halogen perchlorates,

(.‘10(:103 and BrOClO$.
zation ccaurred under a variety of conditions according to the equation:

In the case of ClOClO% it was found that oxidation via vzoni-

6106103 4+ 203-w~—"—~¢> 01206 + 203

At -80 C the reaction was slow, providing only a 35-percent yield of C1206 after

mere them 2 24-hour reaction, At .45 O the rasction was stndied with and without
CF3C1 as 8 solvent. In the former case, and using excess C10C103, an B(G-percent
yieid of C1.0
rieid of 276

Thus, an even higher conversion of the reacted CIOCIO3 was realized. Without the

based on 03, was obtained with the unreacted ClOClO3 bein recovered,

solvent, but with a slight excess of 03 over the required 2:1 ratio, a vircually

guantitztive formation of Cl206 wag achieved,

R~-9262
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To prove the identity of the chlorine oxide produced by this reaction and that

reported for C1206. alternative syntheses were carried out. One of these invelved

the slow degradation of ClOCle in the dark (Ref. 83

2C10C10 15 C

5 1 06 + 0, + (]

2 2 2

Another employed the usual ozonization of chlorine dioxide (Ref. 9):

~ <~ D ————————
2.102 203 - CIZOb + 202

When this ozonization was run at -45 C, it was found that C1206 was formed a2t a

faster rate than with ClOClO3 as a substrate. In all respects -- appearance, vagor

pressure, comprsition, and mass spectra -- the C1206 from each of these sources

was the same and no indication of isomeric forms of C1206 was noted.

Some disagreement regarding the mass spectrum of C1706 exists. Cordes and Smith

(Ref., 10) observed a weak Ci0 ¥ ion as the highest m/e from C1.0_ . However, Fisher
3 276

(Ref. 11) found no c1ox* ions above c:oz‘,

HC}.O4 immurity. In Rocketdyne's work, samples without HClO4 gave a small (5-per-

but his samples showed appreciable

cent of bhase) peak for C103+, Even samples with some HClO4 exhibited a modest but
+

reproducible CIOS peak when the spectrum was corrected for that impurity.

The novel process for ozonizing the terminal chlorine of (10C16, was applied to
and PrOC10, in the temperature

3 3
range of -80 to -45 { reacted to cause tiieir complete degradaticn vo the elements,

BrOClOS. Surprisingly, 1t was found that neat O

An effort was therefore made to moderate the reaction through the use of CFSCl
as a solvent., This was successful and the reaction observed at -45 C was:

%, BrOClO3 + 20, ~~e——w 870 ,C10, + 20

3 4 2

Cxcallent cxygen balunce for this stoichiometry was realized and confirmed by
analysis of the product. This showed that 302 was present for each Br(l in the

molecule,

3

k-9262
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. new composition, Br0,Cl0,, is a bright orange solid that does not melt up to
P 2+

at least -40 C. Decomposition at room temperature occurs slowly in well-passivated
% metal. Efforts to further characterize and utilize tie compound are in progress.

s An attempt to displace FBrO2 using FNO2 was unsuccessful since only a small amount
of FNO, reacted.

¢ 2

¢ In view of the failure to secure a controlled reaction cf 03 and BrOCiO3 in the

4 absence of a sclvent, it was not unexpectad that Br0SO,F vould behave similarly.

f Thus, it wus determined that neat 03 gnd BrOSOzF did n;t produce an ozonization
product. Instead, all the 03 was decomposed to 02 and most of the BrOSOzF degraded

1 to ﬁrz. SOZF2 and Szost. Resulis of solution ozonization of BrOSOZF are not 1in
hand a¢ yet,

Bromine nitrate was also sought for use in the ozone oxidation studies. Its syn-
3 thesis from Br2 and CINOs (Ref. 7) at -45 C was extremely sluggish, Also, long
reaction times were ineffective because of an apparent degrading reaction which
2 C102, and NZOS' Tue formatior of these products probably occurs
through a competitive and previously unsuspected interaction of BrNO3 and CINO

produced Br

3)
as shown by the equations:

2CIN0, + Br, ————2BTNO, + (1,
CINO, + BrNO, ————= N,0. + BrOCl(or Br + + C10 )
2 Br * m——————Br

£2

: 2 Cl0 » === (10, + 1/2 C1

2 2

Alternate routss to ﬁrNO3 are being investigated.

R-8262
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An initiel attempt to sffect the ozonization of C1ONO, at -80 C without a solvent

&
-

indicated no reaction occurred. with CF3C1 as a solvent, at esther -80 or -45 C,

a success{ul oxidation was achieved as shown:

N -* -
CIONO2 + 303~*~~~--~--~"N02 ClO4 + 302

Yields of NUZ‘C104' on the order of #J- to 80-percent are routinely obtainable.
This reaction rapresents a new process for preparing nitronium perchlorate and
avoids the use of the troublesome ClO2 which is commonly employad as part of that

synthesis fRef, 9).

Chlorine fluorosulfate was sxpected to underge oxidative ozonizaticn since a
predicted product, C1ﬂ2503F, is krown from other synthetic schemes (Ref. § and 12).
It was found that no solvent was required to produce the reaction:

C1030,F « 203—~—~“-4"C10

2 SOSF + 20

2 2
A A moderate reaction occurred even at 0 C furnishing 70- to 90-percent yields of
chloryl fluorosulfate. Further oxygen up-take beyond this composition was

not observed.
CHLORINE PERCHLORATE REACTIONS

Several examples of the synthesis of the previously unknown class of compounds,
perhalsalkylperchlorates, were discovered on this program (Ref. 3) through the
use of chlerine perchiorate. More examples were obtained recently under another
program (Ref. 13), However, no examples of aromatic perchlorates have been
reported and it was of interest to ascertain whether C:zo4 would be useful in
thiv regard. Iodopentafluorobenzene was selected as a test vehicle, Reacticn

at <45 C produced excellent volumetric and gvavimetric data in accordance with

the equation:

C.F.I + 2C1,0, —~remetw-C

6's 24 gFs1(C9,), + C

2

R-9262
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The perchlorate product is a shiny, pale yellow solid completely stable at ambient
4)3 {(Ref., 2) or
(CF3)2CFI(C104}2 (Ref. 13), although this stoichiometry does not rule out a
composition such as (C6F5)21+I(CIO4)4~ as was found for the compound {C/Fy),
(Ref. 14). Retention of the aromatic charvacter of the ring was shown by the

temperature and nonvolatile. It is probably similar to {(Cl0

+_ -
I Ikﬁ
infraied spectrum which also showed the presenca of perchlorate groups.

E Although thermally stable, the solid is either friction or impact sensitive.

AT AT IR TR T LA = A TRASATT TR e W W TRy TR R, T T T A T TR RN T ek T

ﬁ Thus, while attempting tc break up a lump of th.s solid with a metal spatula, it
exploded. While insoluble in water, the solid is slowly hydrolyzed, piroducing
& pale ysllow powder.

¥

C6F I(C104)2 + H,0 e C F_1=u0 + ZHCIO4

5 2 6 5

The identity of the iodoso derivative wes confirmed by comparison of its infrared
and melting point to that given in the literature (Ref. 15). Investigation and

i

characterization of this new perchlorate is continuing,

When the reaction of CGFSBr and C1204 was examined at -45 C, a different resultwas

obtained. Again, two moles of C1204 reacted for each n-le of the aryl compound.

However, displacement of the bromine was accomplished as evidenced by the evolution

of BrCl. Nevertheless, the product was not a simple Rfcm4 moiety. After pumping
for several hours at 0 C to room temperature, there remanined a colorless, slightly
viscous liquid. The by-pioducts cbserved and the weight of the product indicated
a composition for this liquid of (C104)2C&F3C1. The infrared spectrum of the neat
liquid revealed very strong covalent CIO4 group bands but no 1500 c:m"1 aromatic
ring band. These results indicate the probable reaction to be:

Br C‘OA c10b




The mass spectrum ot the liquid confirms the iack of aromatic character for the

liquid. Moreuver, ion peaks for fragments such as CdF.C120+, C3F C120+, 63F2C1O+,
and C.F.c10" tend to support the above formulation. However, there appears to be

22
an abnormnally high number of peaks tentatively assigned to saturated molecular

fragments such as CFCI,* and CF2C1+. Also, the infrered spectrum shows a strong
band near 1870 cm'l. %ypically, such a band is due to the C=0 stretching made of
un RfC(O)F species, If such were the case bors, then it would mean §ge aromatic
ring had been opened. Additional spectral investigations including ““F nmr are

planned to resolve these points.
HALOGEN HEPTOXIDES

New apprecaches for the synthesis cf C1,0, from perchlorate salts were studied.
These will be applied to the syntheses of the as-yet unknown heptavalent halogen

oxides Br207 and 120?. We found that C1207 can be prepared from C5+C104' and 303

in high vield. Extension of this reaction to Cs+Br04° and K*IO4" resulted in

.nteraction of the starting materials; however, the products appeared to form
adducts and could not be isolated and characterized without decomposition to the
elements. Further experiments are planned in which 505 will be substituted by the
more volatile FSOZ«O-SOZF. This should facilitate the product workup. The new

Brzo7 and 1207 species would be excellent candidates for high detonation pressure

explosives,
COVALENT FLUCROSULFATE STURIES

The covalent inorganic fluorosulfates have significant synthetic usefulness and a
number of reaction systems were studied involving iodine, sulfur, and selenium

fluorides. Fluorine fluorosulfate and CsSF. were reacted to determine which of

5
tv¢ pessible reaction paths would be foliowed.

,rLsscsF + Sr6
C$5F5 + P503F

CsF + SF.S0,F

573

R-92¢2
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As has often been noted with the other halogen fluorosulfates, the tendency to

form the fluorosulfate ion predominates and, accordingly, the upper path was foi-
lowed exclusively., While all the FSOSF that reacted liberated SF6, not all the
F503F or CsSFs reacted. A S55-percent conversion of the available sFS' was achieved.
Chlorine fluorosulfate has repeatedly demonstrated an ability to serve as a source
of positively polarized chlovine in converting anions to covalent species. An
attempt to utilize this property was made with the goal of forming IF4CI as indi-
cated by the equation

CsIF, + ClSGSF - C$S0,F + IF,C1
Despite the use of a maximum reaction temperature of -80 C, it was found that Cl,
was quantitatively released at that temperature. At higher temperatures the co-
products IFs and I2 were found leaving a residue of CsS0,F. The indicated stoichi-

3
ometry is:

CsIF, + C1S0,F ~——h-CsSOSF + 1/2 Cl2 + 4/5 IFS + 1/10 12

4 3

Perhaps IF ,C1 was formed, but it was certainly unstable even at -80 C,

In a similar manner, NF2503F was reacted with CsIF4 in an effort to make the sub-
stituted IFS derivative, IF4NF2. With excess CsIF4, a prolonged reaction at -45 C
did not consume all the NF2503F° However, no TF4NF2 was detected, but only IFS/I2

and SOZFZ Tha annarent reaction sequence is:

F ~—-~¢-C3503F + [IF4NF2]

CsIF4 * NF2803

[IF4NF2] ~w-~4»[IF3] + NF3

[IF3] Enmane IFS/I2

Nitrogen trifluoride was not observed but it would have besn pumped away in the
course of the work-up procedure used., The SOzF2 arose from the fluorination of

S0, which was an impurity in the NFZSOSF. It seems certain that IF4NF2 is incapable
of synthesis in this manner.

R-9262
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Peroxydisuifuryl difluoride was reacted with the salt, CsSer, with the expectation
thut a simple fluorosulfonation would occur.

CsSeF_. + S0 F, o Cs50,F + SeFSSO

5 ¥ 929%F 3 3F

Reaction at ambient temperature did not occur in this manner, however. Instead
the exclusive reaction was the fluorination process represented by the equation:

CSSPFS + 5206F2 ~w-—-«»C$5206F + Ser

The fluorodisulfate anior is not especially well known and only one other example

of 1ts formation from S,,OGF2 is known to Rocketdyne (Ref. 16), That synthesis

L3

entailed the fluorination of peroxydisulfate salts with SZOGFZ'

In contrast to this result, the interaction of 5,06F 2 and Seﬁt did proceed via
clsavage of the percxy bond but again flucrination was encountered. The chrerved

ambient temperature reaction was:

o -
35eF, + 5206F2 --~—-—SeF6 + 25eF; SO4F
This constitutes & new synthesis of this salt which was previously prepared (Ref.
17) from SeF, and 803. Compared to the SF4 - SZO6F2 reaction (Ref., 18) which
yields SF4(503F)2, the tendency of the . sium fluorides to undergo fluorination
is remarkable,

Among the useful properties of chlorine fluorosulfate is its ability to serve as
8 precursor for other covalent inorganic fluorsulfates. This has led to its use
(Ref. 19) in preparing SZOGFZ and BrSO3F, for example. Another such synthetic
application was found in the following reaction:

cocl, + ZCISOSF-—-——-»CO2 + 2C12 + SZOSFZ
Pyrosulfuryl fluoride can be obtsined in at least 90 percent yield and quickly by
this process. Purification ls simple sincs the hy-product o, and Ci, are apre-
clably more volatile,
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A new synthesis of NF4* salts has been discovered at Rocketdyne. When mixtures of
NFS, Fz, AsFS or NF3, Fz, BF3 at 200-psi pressure in a sapphire reactor were ex-
posed to uv radiatioa, the solids NF4+ AsFﬁ“ and NF4* BF4°, respectively, vere
formed., It was shown that in the absence of light, no resction occurs, and that
based on the observed rates, the NF4+ AsF6' formation must be a chain reaction.
Rationalization of the following reaction systems led to the conclusion that the
conmon reastive intermediate must be the AsF6 radical having an oxidizing power
comparable to that of PtF6 (>12 ev).

&> -
02 + Fz + Ast «-——-——*-02 AsF6

Xe + Fy + ASFg mmmmmmme XeF"Ast

+ -
NF:S + F2 + ASFS u----—-v-'NF4 A5P6
A plausible riechanism was written for both the formation and thermal decomposition
of NF4+ salts. Contrary to the mechanism suggested by I. Sclomon of IITRI, the
Rocketdyne mechanism does not roquire formation of the energetically unfavorable
NF. molecule as an intermediate, These results are summarized in Appendix G.

In addition, the photolysis of NFy - F, - SbF5 has been studied at a l-atmosphere
pressure in & quar:iz bulb. Within several days, all of the SbFs was converted to

a white solid, which was shown to be an equimolar mixture of NF4*Sb3F16' and

02+Sb3F16' in agreement with the following equations:

NFy + F, + 3SbF, MNF;&: r "

3 3716

2

2F2 + 8102 ——— i S:i.F4 + O2

*sp, 7

02 +1/2 F2 + SSbFS et ) 316

2
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OXIDATION OF XENON BY CIZF*A5F6-

5

The Xe, C1F, Ast sstem was studied as a mode} reaction for the heterolytic fission
of C1F according to:

Xe + CIF + Ast -———--XeC1*AsF6

However, the fcllowing competing reactions occurred:

F*AsE.”

2C1F + Ang -—-——a—C12 6

+ - + -
C12F AsF6 + K@ ~~eece—tp~ ¥ 0F AsF6 + Cl2

+ - +
2 XeF A5F6 --—~*-'X02F3 A3F6 + Ast

- -
le + C1F + Ast ---~--~~-----C13 A5F6

These results demonstrate that Cle+ is a stronger oxidizer than C.lF5 or C1F, both
of which do not oxidize Xe, and establish the following oruer of oxidizing power:

+ + +
C12F > XeF > BrF2

Results from this study were summarized in manuscript form (Appendix H).

STRUCTURAL STUDIES

The vibrational spectra of the following halogen pentafiuoride’lewis acid adducts
+,,.',‘ -0»_-‘+ - + -

4 SL.6 » CIF, Asi.  BiF, Sb2F11 » and IF, SbF6 .

force constant ellipses were computed for the ClF, cation. In addition, the

4
1ganrspectm of these adducts were studied in HF solution. Results are given

we e recorded: CIF Complete

in Ay endix I.

. + . . s

+ be able tu assign the Cle spectrum, it wr.s necessary to clarify the existirg
‘iscrepancies for iscelectronic 594 by force constant and mean square amplitudes
of vibratic. computat!-ns. The resuits are swmmarized in Appendix J.
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Because the vibrational spectra of chlorine fluorides or oxyfluorides were
found to closely resemble those of the isoelectronic sulfur compounds. we studied
the spectrum of SFSO'. This anion is isoelectronic with CIFSO, an as-yet
unprepared oxidizer in whizh we have much interest. The results from this

study are given in Appendix K. For the same reason, an investigation was begun on
the vibrational spectrum of 5F,0 which is isoelectronic with the as-yet unknown

C1F40* cation. This study is still in progress and the results will be presented
in & future report.

R i o a2l
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Rocketdyne has conducted studies on the structure of the CsI(OZCCF3)4 and Cssi*
(QZCCFS)G adducts by infrared and Raman spectroscopy and by X-ray powder diffraction
techniques., It was shown that the trifluoroacetate group forms a highly poiarized
covalent bond with iodine., The results from this study are summarized in Appsndix L.

A strong effcert was made to establish the structure of free dichlorine hexoxide by
both matrix isolation and mass spectroscopic techniques. Unfortunately, 61206 de-
composes in the gas phase oxtremely rapidly to 10, and oxygen. Consequently, no
clear-cut evidence for either covalent chloryl perchlorate present in its ionic

form in solid 01206 (Ref. 20) or for the C103 radical c¢ould be obtained., Two novel

species were observed, but could nnt be identified conclusively.

A sample of C1F,0 was prepared, purified, and shipped to Dr. F. Lovas of the National
Bureau c¢f Standards where a structure determinstion will be conducted using microwave
spectroscopy.

R-9262
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EXPERIMENTAL
PREPARATION OF QZONE *

Ozone was prepared by electric discharge of 0, in a Pyrex U-tube cooled with liquid
nitrogen. A 15-kv power supply through internal copper electrodes provided the
discharge., Upon conversion of a charge of O2 to 03 (which was easily followed man-
ometrically), the disclizrge was stopped and the 03 was transferred to the vacuum
line, After expanding and measuring the 03 in the line, it was immediately loaded
into & ptrecooled reactor. Somewhat mcre than one millimole of pure 0, was obtained
from each batch. Larger quantities could be easily prepared but would, of course,
not be as safe to handle,

OZONIZATION OF CHLORINE PERCHLORATE

Freshly prepared (Ref. 8) and purified chlorine perchlorate (1.35 millimole) was
condensed into a prepassivated, 30-milliliter stainless-steel cylinder cooled to
-196 C. To the sawe cylinder, freshly prepared 03 (2.86 millimoles) was subsequently
added. The reaction was allowed to proceed by warming and maintaining the reactor
et approximately -45 C for 2 days or longesr. At that time, recooling to -196 C
showed 02 was presant as indicated by its vapor pressure. The oxygen was pumped
from the reactor and measured (2.96 millimoles). Additional pumping on the reactor,
while warming to -45 C, produced less than 1 cc of condensable materials. Thus all
the C1,0, had reacted with sufficient 05, as indicated by the by-product 0,, pro-
ducing C1206. The identity of the C1,0

g ¥as estabiisiied by its elemental analysis
5T decomy 5ition 4t elevaied iemperature. Tnus from 1.35 miilimoie of LV,
there was obtained 1.33 millimole 1, and 3.95 millimole O?, Furthermore, trans-
ferring this product to a Teflon U-trap on the vacuum line showed it to have the

same physical appearance and properties described for C120 synthesized by other

processes (Ref. 9). It was a very dark red liquid or solig, melting near 0 C

and exhititing only several mm vapor pressure near ambient temperature. On stand-
ing at ambient temperature, slow bubbling within the sample was noted and the gas
vressure increased gradually. This was found to be caused by the formation of

C102, Clz. and 0,, resulting from the decomposition of the C1206‘
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OZONIZATION OF CHLORINE DIOXIDE

Chlorine dioxide was prepared from NaC10, and Cl, (Ref. 21) at -45 C and purified
by fractional condensation. The ozon.zation of C102 is the favored method for
synthesizing (31206 (Ref. 9). The procedure followed at Rocketdyne was identical
to that described previously for the C1204-03 reaction. After an 18-hour reaction
at -45 C, 1.26 millimole of ClO2 and 3.16 millimoles of Oy yielded 1.85 millimole
of unreacted 03 and 1.34 millimole of 0,. This indicated 1.30 millimole of atomic
oxygen had been taken up in good agreement with the reported stoichiometry for the
reaction., Essentially, a quantitative conversion to C1,0, was confirmed by the

276

failure to recover any C10, or other by-products. The product c1206 was as de-

scrived in the Izierature.
OZOWIZATION OF BROMINE PERCHLORATE

8romine perchlorate was prepared in reactors in which subsequent ozonization could
be performed without transfering the BrC10,. Thus decomposition of BrCl0, through
handling was evoided. The reaction of Brz and C1,0, was used to synthesize BrC10,
(Ref. 22). A 1.29-millimole sample of Brll0, and 3.06 millimoles of 0; were re-
acted at -45 C in the presence of 12 millimoles of CF;Cl solvent. After ceveral
days the mixture wis recoocled to -196 C and the by-product 0, (3.26 miilimoles)
was measured indicating one mole of O2 was taken up per mole of BrCl10, present.
The solvent was removed by warming and pumping, and finally the sample was pumped
on for an hour at -45 C. Only the solvent, CFSCI, was observed among the volatile
species. Analysis of the indicated Br0,C10, product was obtained by decomposition
of the sample at 90 C for several hours: Féom the 1,29 millimole of Br020104 was
obtained 1.28 millimole of a mixture of 012, BrCl, and Br2 which was identified by
its mass spectrum. In addition, 3,97 millimoles of O2 were obtained. Thus, the
product contained BrCl and 0, in the ratic 1.00:3.07. Bromyl perchlorate samples
prepared in sapphire reactors were observed to be bright orange solids that did
not melt to about -40 C. Decomposition to the clements also occurred at ambient

tempsrature over soveral days.
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OZONIZATION OF BROMINE FLUOROSULFATE

Bromine fluorcsulfate was prepared from Br, and C1803F in a 3¢-milliliter cylinder.
After purification by removal of by-product Cl2 and sxcess ClSOzF, vzone (3.37
millimoies) was added to the BrSOsP (1.2 millimole) at -196 C. The reactor was
allowed to warm very slowly to -45 C by placing it into a liquid N,-CQ, slush bath
that wus permitted to evaporate in a -45 C chamber, After 6 days, recocling to
-196 C revealed all the Oy had decomposed and part of the BrSO.F to give 5.14
millimoles of 0,. Further ovidence for partial decomposition of the Br3C,F was

the discovery of SOZFZ, SZOSFZ“ and some Br2 by fractional condensation of the

-45 C v. "atile preducts. Additional fractionation led to the recovery of BrSO,F
only end no other product.

OZONTZATION OF CHLORINE NITRATE

Chlorine nitrate (1.03 millimole) prepared from C1F and HNO3 (Ref, 23) was loaded
into a 30-milliliter cylinder at -196 C followed by CF,Cl1 solvent (21 millimoles)
and O; (4.04 millimoles). The reaction was then allowed to proceed at -45 C for
several days. At that time the 0, present was measured (4.73 millimoles) and re-
noved together with the solvent. The latter had a faint yeilow color but no infra-
ved absorbances other than those of CF301 itself, thus indicating some Cl2 as an
impurity. Fipally, the cylinder was pumped on at room temperature for 30 minutes
before weighing.

The nonvolatile residue, a white fluffy powder, weighed 135 milligrams and was
ified as N02*6104' by 1ts intrared spectrum (Ref. 24). This yield of 0.92
millimole was 85 percent of theory,

OZONIZATION OF CHLORINE FLUOROSULFATE

Chlorine fluorosulfate (1.06 millimole) prepared from C1F and SO3 {(Ref. 19 was
condensed into a 10-milliliter cylinder cooled with liquid N2, followed by 04
{2.30 millimoles). After rez.tion at -45 C for several days, the -196 C non-

condensable gas, 02, which had formed was measu-ed (2.44 millimoles) and removed.
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Warming to -45 C while pumping liberated about 1 cc of -i96 C condensable material.
Thus, nearly all the C150,F had reacted producing CIOZSOSF in 97 yield (1.03 milli-
mole). The product is a low-volatility dark red liquid (Ref. 12).

REACTION OF C1204 AND JODOPENTAFLUOROBENZENE

A passivaced 30 milliliter cylinder was charged with C6FSI (1.39 millimole) in the
dry btox. Upon evacuation, freshly purified C1204 (3.04 millimoles) was condensed
into the liquid N2~ccoled cylinder. Reaction was obtained by warming the reactor
very siowly (through evaporation of a liquid N2-C02 slush} to room temperature.
After & couple of days at ambient temperature, it was noted that a few millilitersof
-196 C noncondensables were present along with 1.72 millimole Cl, (contaminated

with a little FCIOS). No other volatile matesials were observed and the nonvolatile
shiny, slightly yellow solid product (U.681 grams) corresponded to 8 99.6-percent
yield of C6F51 (C104)2.

REACTION OF C1204 AND BROMOPENTAFLUQROBENZENE

Bromopentafluorobenzene (1.31 mi‘limole) was loadeZ into a 30-milliliter cylinder
in the dry box. Subsequently, C{ZO4 (3.17 millimoles) was added 8t -196 C from
the vacuum line and the reactor was then kept at -45 C for several days. Removal
at ambient temperature of all volatile species showed .hem to be mainly a mixture
of Br(l and Clz, which were identified mass spectromatrically togzther with some
unreacted C1,0, and lessor amounts of 5205F2 (impurity in the C1.0, originally
used) and C1,0,. Unreacted C FcBr or other volatile C-F mojeties were no* detectec.
After pumping on the cylindervut ambient temperature for several hours, the remain-
ing product {0.507 grams) was examined in the dry brx. An oily, colorless liquid,
its infrared spectrum showed C-F bands and very strong covalent -C].O4 group hands,
Based on the recovered BrCl,Cl,, and C1204, the composition of this liquid ap-
proaches (C104)2 C6F“C1. The theoretical weight for 1.31 millimole of this pro-
duct was 0,525 grams,
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REACTION OF Ci,04 AND SULFURYL CHLORIDE

Chlorine perchlorate (3,87 millimoles} and sulfuryl chloride (1.95 millimole) were
reacted at -23 C in a stainless-steel cylinder for several months. At that time
it was found that much 0, was present which was pumped away without measuring.

The -~190 . condensable products were Cl2 {3.79 millimoles), a trace of CIOZ, ard
unreacted S03C1,, which was identified by its infrared spsctrum. No C1,0, was
recovered.

FLUORINE PLUOROSULFATE»CSSFS REACTION

A sample of CsSFS/CsF (60:40 millimolo percent, 0.40 gram) was reacted with FSOSF
(1.77 millimole) in a 30-milliliter cylinder at ambient temperature for several
days, Only a trace of -196 C noncondensable material was observed and the other
products were subjected to fractional condensation in a series of cold U-traps.
These consisted of unreacted FSOSF (1.23 millimole) and SF6 (0.53 millimole), both
identified Ly their infrared spectra (Ref. 25). Pyrolysis of the solid left in
the reactor liberated SF4 (0.42 millimole). Thus, of the available SFS' (0.96
millimole), 55 percent had been converted to SF6. An infrared spectrum of the
solid showed only CsSOSF (Ref. 26).

CHLORINE FLUOROSULFATE-CsIF, REACTION

Solid CsIF4 (1.13 millimole) was placed into a 30-milliliter cylinder in the dry
box and freshly purified C1S0.F (1.02 millimole) was added from the vacuum line hy
condensing at -196 C. The reactants were maintained at -80 C for 48 hours. Re-
cooling to -196 C showed no noncondensables had formed. Gradual warming first to
-45 C then rcoom temperature while pumping any volatile materials through successive
U-traps cooled to -80, -112, and -196 C led tc the separation of 0.52 millimole of
€1, and trace amounts of S,0,F,. These were accompanied by a mixture of IZ/IFS

as shown by appearance and an infrared spectrum. The solid by-product weighed
0.236 gram, which compares well with that calculated (0.277 gram) for 1,02 milli-
mole of CsSO.F and 0.11 millimole of unreacted CsIF,.
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DIFLUORAMINO FLUOROSULFATE-CsIF, REACTION

Cesium tetraflucroiodine (0.69 millimele) was loaded into a 30-milliliter c¢ylinder
in the dry box. After evacustion anu cooling the cylinder to -196 C, a sample of
NF,50,F containing ~20 percent 50, (0.69 millimole) was condensed in. Several
weeks of reaction at -45 C was followed by workup via fractional condensation of
the volatile products at -80, -112, and -196 C. These were unreacted NFZSO3F
(0.23 millimole), SOzF2 (0.46 millimole), and a mixture of IZ/IFS'

PEROXYDISULFURYL DIFLUORIDE-CsSeFS REACTION

After loading CsSe!’5 (3.62 miilimoles) into a 30-milliliter cylinder, purified
SZOGFZ (3.22 millimoles) was condensed in at -196 C and the reaction was allowed
to proceed at ambient tempers*urs for a couple of weeks. No -196 C noncondensables
were formed and fractional condensation of the gases present was carried out at
-45, -95, and ~196 C. Unreacted 5206F2 (0.94 millimole) was recovered and SeF6
(2.30 millimoles). No cther volatile material was found. The weight of solid
product (1.10 grams) agreed well with that expected (1.12 grams) for a mixture

of 2.30 nillimoles of C38206F and 1.32 millimoles of CsSeFS.

PEROXYDISULFURYL DIFLUORIDE-SeF REACTION

A 10-milliliter cylinder was coolsd to -196 C and charged with SeF, (1.64 milli-
mole) followed by 52°6F° {(1.92 miilimole). The reactor was w.rmed slowly to room
temperature and left for 1 week,

Vacuum fractionation of the volatile species led to the recovery of unreacted
8206F2 (1.34 millimole) and product Qer {0.55 millimole) as the only gaseous
moterials. The cylinder contained a white solid (0.260 gram) which was identified
as SeF3+SOJF- by its infrared spectrum (Ref. 17). The yield (1.10 millimole) was

95 percent based on the reacted SZOGFZ'
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CHLORINE FLUOROSULFATE-PHOSGENE REACTION

Chlorine fluorosulfate (3,55 millimole) and phosgene (1.84 millimole) were sepa-
rately condensed into a 30-milliliter cylinder which was held at ~196 C. The
reactor was warmed to ambient temperature and then heated at S0 C for several hours,
The products were separated by fractional condensation at -65, -il12, and -196 C.
These consisted of COZ and Clz together with traces of COFCl and SOZFZ, all of
which were retained at -196 C. The -112 C fraction was SZOSF2 (1.60 millimole)

and the -65 C fraction was ClC(O)SOaF {0.20 millinole), both of which were identi-
fied by their infrared spectra and vapor pressure (Ref. 27 and 28), The yield of

82051-‘2 was 90 percent.
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Chiorine Trifluoride Dioxidae, C‘F3QQ° Synthesis and Properties

by Karl 0, Christe* and Richard D. Wilson
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Abstract

Chiorine trifluoride dioxlde was prepared from FNO2 and C1F202+PtF6-, the latter
being synthesized from FClO2 and PtF6. Physical properties and the l9F nmr
spectrum are reported. The nmr spectrum suggests the following trigonal bi-

pyramidal structure of symmetry C2v

o

[/ANS

..“
i

b B
[~

Chlorine trifluoride dioxide forms stable adducts with BF3 and AsFS but not

with FNO, FNO2 or CsF.

lntﬁpduction

A brief note on the existence of ClFBOQ has recently been published by Christe‘.
&

in this paper we report detalls on Its synthesis, purlfication, and properties,

The infrared spectrum of the gas, the solid, and of the matiix isolated species,

and the Raman spectrum of the gas and the ligquid together with a normal coordinace

analysis and computation of thermodynamic properties will be published elsewherez.
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é Exgerimenta!

Materials and Apparatus. The stainless steel~Teflon FEP vacuum system3, the glove

box, the ]9F nmr spectrometer and sampling techniqueh, and the syntheses and purifi-

cation of PtFe, FCl0 FNO,3 FNOZ, BF ,, and CIFZ();;E!F,‘}"5 have previously been

2'
described. Cesium fluoride was fused in a platinum crucible and powdered in a dry-~

box prior to use. All equipiwent was passivated with CIF, and BrF5 prior to Its use,

3

202+ BFA' (2.1 mole), prepared and purified

as previously reporteds, was placed in a passivated Teflon FEP ampoule. Nitryl

Purification of ClegQ. A sample of CIF

e L Rl E e A e ettt A

fluoride (6.83 mmoie) was added at -196° and the mixture was kept at =78° for 12

E hours with periodic agitation, Volatiie products were removed at -78° and separated
by fractional condensation through a series of traps kept at =95, ~126, and ~-196°,
The -95° trap contained only a very sma''! amtunt of material which was discarded,
The «126° trap contained 2.22 mmo/e of’CiF302 which according to lts infrared

3 Spectrum2 at 700 mm pressure showed as the only detectable Impurliy less than

0.) mole % of FCIOZ. This sample was used for the subsequent characterization
studies. The -196° trap contained the urreacted FNO,, (4.4 mmole) and a smalil

amount of CIF302 (6.2 mmole). The solid residue was shown by its we! ght and

Infrared spectrum to be N02+BFM“.

ine CiFSQQszF<§ystem. Two reactions beiween Clr302 (1.5 mmoie) and CsF (1.0 mmole)

were carried out in 10 ml stainless steel cylinders at 25° and 105°, respectively.

At the lower temperatur2 the cylinder was placed on a mechanical shaker for five

days. The volatile material consisted of F

FCIOz, and some CIF The solid

2° 3%

residue had gained 33 mg in weight and was [dentified by its infrared spectrum6 as
; + .- ~ .

a mixture of (s C!Oze and CsF. When the startirg materials were heated to 105°

3 for 68 hours, the CIF302 had quantitatively decompcsed to FCIO2 and FZ'

Results and Discussion

Synthesic. The synthesis of CIF302 is best described by the following reaction seouencc:
R-9262
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2FCI0, + 2PLF ~y CIF,0, PtF " + C10, PtFe (1)

Severa! slde reactions compete with (1) and the yield of C!onz+ varies greatly

with slight changes in the reaction cond!tions3. The CIF302 {s then displaced

from Its cuf202+ salt according to:

C1F.0. PeF

BN
20y 6 + 2N0, PtF, + CIF_ 0, + FCIO

- + -

+ €10, PtF.” + 2FNO, 5 PtFe 105 2 (2)
Chlory) fluoride is clightly less volatile than C’F302. Therefore, most of it
ran be removed from CIF302 by fractiona! condensation in a ~112° trap. The

remaining FCIOZ, however, has to be ~emoved by complexing with BF3:

CiF,0, + FC!07 + 2BF

toe = cn tpp "
30 * CIF,0,7BF,” + Ci0,"BF, (3)

5

3

Since CIF202+BFA- is stable” at 20° whe. 2as Cl02+BF4- Is not7, the tatter can be

pumoed away at 20°, The resulting pure CIF202+BFM- Is then treated with an

excess of FNO2 and the evolved CIF302 and unreacted FNO2 are readily separated

by fractional condensation through a series of -126 and -196° traps:
CIF,0,"BF,” + FNO
272 74

- N02+8F4' + CIF.0 %)

2 372

Whereas the overall yield of pure CIF302 based on the PtF6 used in step | was

found to be rather low (about 10 mole %), the method was satisfactory to provide

enough mateclal to characterize Cl * , Therefore, no effort was undertakeun to

-

search for alternate synthetic routes which might ~ive higher yields of CIF,0,.

o

Propertins, FPure ClF302 is colorless as a gas or liquid and white in the solid
state, It melts at -81.2°, Vapor precsures were measured over the range =96 to
-32° and the data for the range =64 to -32° were fitted by the methcd of least

squares to the equation

log Pmm = 7.719 -

l%%lﬁ% with an index of correlation of .99998.
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The extrapolated bolling point is -21.58°, Measured vapor pressures at the noted

é
:
i

temperatures are [T(°C), P(mm)}: -95.64, 7.3; -78.72, 25.5; «6L,34, 77.5;

~57.69, 117.5; ~b6.32, 226.5; -31.93, 470. The two lowest temperature points were
not used for the computation of the vapor pressure equation because the lowest
point was measured for solid CIF302 and the second lowest was too close to the

melting point of CIF While at =78.,3° the CIF_0, sample was all ligquid, the

3V2° 103

observed vapor pressure was reproducibly lower than expected from the above vapor

TR RO TEEEEER AT LT e w R O

pressure curve, This indicates that close to the melting point some ordering

effect occurs in the linuid causing a decrease of the vapor pressure. The latent
heat of vaporization of CIF302 is 5.57 kcal/mole and the derived Trouton constant
is 22,13, indicating little association in the liquid phase. This is in agreement

with the low Loiling point and the good agreement between the Raman spectra of

the gas and of the liquidz. The molecular weight was determined from the vapor

density and found to he 12°,} (calcd. for CIF302 124.5), The gocd agreement
indicates litile or no association in the gas phase a ‘the pressures used

(P . 1 atm).

Chlorine trifluoride dioxide resembles chlorine fluorides and oxyfluorides in its

corrosive and oxidlzing properties. |t appears to be marginally stable in a well
passivated system at ambient temperature, it Is a strong oxidative fluorinator

as evidenced by Its tendency to fluorinate metal surfaces to mezal f)uori&es with
FCIO2 formation. |t reacts explosively with organic ma‘erlials and care must be

1 taken to avoid such combinations, The hydrolysis r~f C1F302 was nol quantitatively
studied; however, on one occasion a slight leek in an infrared gas cell containing

CIF302 resulted in the formation of FCIO3 and HF Iindlcating the following reaction:

CIF3L2 + HZO + ch3 + 2HF (5)

R-8262
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I9F nmr Spectrum, The l9F nmr spectrum of liquid CIF_ 0, was measured in the

372
temperature range -20 to -80°., It showed at all temperatures one partially

resolved signal centered at -413 ppm below the external standard CFCI3. Figure
] shows the dJetails of the spectrum recorded at -77°, The observed signal is

in excellent agreement with an ABZ pattern8 with U%E = 1,0 {for the computed
pattern see Figure 1), From these data a value of Jeg * L43 Hz was calculated,
The low chemical shift of =413 ppm for C1F302 is In excellent agreement with a
heptavalent chlorine fluoride and compares favorably with those observedu for
FCIO2 (=315 ppm), CIF6+ (~388 ppm) and C!F202+ (=310 ppm). The fact that the
resonance of the CIFZOZ+ cation was observed upfleld from that of C1F3O2 Is
difficult to rationalize, but seems to be quite general for chlorine fluoridesh.

The fluorine-fluorine coupling constanrt of 43 Hz observed for CIFBO is similar

4
3 .

2
1> that of 421 Hz observed for the structurally related CIF

Since the chlorine atom in CIF302 does rot possess a free valence electron palr,
it is pentacoordinated and the ligands should form a trigonal bipyramide. To
account for an A82 pattern one has to assume two fluorine atoms in either the

axial or the equatorial posicions:

F 0
=150 0=C1
Ko =1
| F T F

Of these two models, | has to be preferred for the following four reasons.
(1) The B2 part of the ABZ pattern occurs downflield from the A part and In
trigoral bipyramidal species the resonance for the axial fluorines occurs at a

lower field than that »f the equatorial onesa’to. (11) In trigonai bipyramidal

39
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molecules the most electronegative ligands generally occupy the axial positions‘].

{(iii) The vibrational spectrum2 is consistent only with model 1. (iv) In the

structually related CIF30|2

and CIF;3 molecules (in which the oxygen ligands are
replaced by one and two sterically active free electron pairs, respectively) hoth

axial positions are occupied by fluorine atoms.

Adduct Formation. Chlorine trifluoride dioxide forms stab'e adducts with strong

Lewis acids, such as BF3, Ast, or PtFSS. These adducts have ionic structures
containing the C!FZOZ+ cation., A detailed discussion of the vibrational and nmr
spectra of this cation will be given elsewheres. The high stability of these

adducts cen be explained by the change from the energetically unfavorable trigonal

+
bipy-amidai sitructure of CIF,0, to the more favorable tetrahedral CIF, 0, con-

372 272
figuration‘“, Contrary ‘o C|F3ls but by analogy with CIF30‘“, 1t does not form
stable adducts with FNO or FNO2 at temperatures as low as -78°, This was demon-

strated by the various displacement reactins where CIF302 and unreacted FNO or
FNO2 could be readily removed from the reactor at -78°. With the stronger base,
CsF, it does not form a stable adduct but decomposes to FC!O2 and F, with CsF

nossibly catalyzing the decomposition,
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Diagram Caption

] Figure 1, 19F nmr Spectrum of Liquid CIF302 at ~77° Recorded at 56,4 MNZ,

The Chemlical Shift was Measured Relatlve to the I~fernal Standard
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Chlorine Trifluoride Dioxide, Vibrational Spectrum,
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Abstract

The infrared spectra of gaseous, solid, and matrix isolated ClF302 and the Raman

spectra of gaseous and liquid C1F302 are reported, Twelve fundamental vibrations

were observed, consistent with a structure of symmetry C A modified valence

2y’

force field and thermodynamic properties were computed for ClF302.

A brief note on the existence of ClF302 was recently published by Christel. In a
aubsequent paperz, nore details on its synthesis and physical properties were
given. Proof for a pseudo-trigonal bipyramidal structure of symmetry C2v was

19

obtained2 frcm its "°F rmr spectrum, which showed an ABZ pattern with strong

evidence for the two equivalent fluorine atoms occupying the apical positions. In

this paper, we report the complete vibrational spectrum, force constants, and

thermodynamic properties of ClF302.
R-9262 P44
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Experimental

The synthesia and purification of C1F302 haa previocualy heen deacribedl’z. The
sample used in this inveatigation showed no detectable impurities except for small
amounty of F0102 which easily forms during handling and cannot be separated from
ClF302 by fractional condennationz. The amc it of FClO2 formed, however, could

be minimized by thorough passivation of the stainleas steel-Jeflon FEP vacuum

system with BrF5 and C1F For example, the infrared spectrum of gaseous ClF302

3.
at 700 mm pressure ghowed the presence of less than 0.1 mole percent of F0102.

The infrared spectra were recorded on a Perkin Elmer Model 457 spectrophotometer
in the range of 40600 to 250 cm—l. The instrument wes calibrated by comparison
with standard gas calibration pointsa. The gas cell was made of Teflon and bad a
path length of 5 cm and AgCl windows. The apparatus, materials, and technique
used for the matrix isolation study have previously been deacribed4’5. Raman
spectra were recorded on a Cary Model 83 spectrophotometer using the 4880 ! 1line
of an Ar-ion laser as the exciting line. A stainless steel cell with Teflon
9-rings and sapphire windows was used for obtaining the spectrum of the gas. The
dasisom of thia cell was similar to that of a cell described previoualyﬁ. The
spectrum of the liquid was obtained using a Teflon FEP capillary as the sample

container in the transverse excitation traunsverse viewing mode.

egults and Placugsicn

Yibrational Spectra. Figure 1 shows th» infrared spectra of gaseocus, solid, and
Ny -matrix isolated 01P30Q and the Ramen gpectra of gaseous and liquid chao2 at
varicus concentrationa. The spectra of golid 019302 wore corrected for amall

amounts of Fcloa. The 10102 bands were verified by depositing pure FCIO2 on top

- R-9262
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of the ClF302 sample and obgerving the relative growth rates of the bands. Figure 2
shows the most intense infrared bands of gaseous and matrix isolated ClF302 at
higher resolution allowing some conclusions about the band contours and the
determination of the 35Cl--37Cl isotopic shifts. Table I lists the cobsgerved fre-

] quencies, Table II lists the fundamental vibrations of C1F302 and their assignment

s 7 8 -9 10

N compared to those of the related species, CIF,, CLF,0, CIF,0,”, cu«",‘*,

. 3 + U

i and (:JL()2 .

S

‘ ; The structure of C1F30? can be derived from a trigoual bipyramid, in which

1 : the two oxygen ligands could occupy either both apical (I}, or one apical

E % and one equatorial (II), or two equatorial (III) positions., These three

§
S models belong to different point groups and should differ markedly in their
F—~§1-—F F~»?1g\\F F—Cligg
F
L n i

. | int

1 Point Group L Cs Cop

kB Total Number of Fundamentals 8 12 12

Infrared Active 5 12 11

T: ; Raman Active 6 12 12

Polarized Raman Bands 2 8 5

ng‘ vibrational spectra. The observation of a total of 12 fundamentals Zor C1F,0,

1 %r! (see Figures 1 and 2 and Table I) with e minimum of ten ban's being active in the

! -

infrared and the Raman spectrum, together with the ocenrrence of four or five
R-9262
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TADLE I

Vibrational §ggctra of CLEB 2 snd their Assigrment in Point Group Q2v

r———-()baerved Freguenciea (cm ), Intensitiea”
[ - Inf rér e d l ! -Raman ]
Gas [ Selid ~  Ses Lianigd
Matrix
Igolated Neat
2055 vw
2420
2415 vw 240% 2405 vw
23856
2184 vw 2180 vw
ani2 vw 2012 vv 2010 vw
18680 vw 1350 vw
1776 vw
1625 vw
1815 vw 1610 vw
1579 vw
1409 vw 1495 vw
1375 vw 1375 vw
1058 <y 1365 vw
1341
1331.4 » 1327 »
1331
vi
1217 1318.8 me 1315 m, sh 1320
(001),bl‘
1306 | 1307.8 ma 1306 m, sh
1230 vw 1230 vw
1218 wvw 1218 vw
1207 vw 1200 vw
R-9262
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2 x 1327 = 2654

1093 + 1327 = 2420

2 x 1003 = 2188

683 + 1327

]

2010
520 + 1327 = 1847
1093 + 696 = 1788
1093 + 883 = 1776
1093 + 531 = 1624
1093 + 520 = 1813
286 + 1327 = 1813

1093 + 487 = 1580

2 x 487 + 520 = 1494

883 + 286 + B3l = 1860

683 + 8956 = 1378

2 x 883 = 1366

1003 + 222 = 1315

520 + 695 = 1218
683 + 531 = 1214
633 + 520 = 1203

Angignment

Vo (4y)
v+ vy (By)

(A;)
¥y *+ Yy (By)
Yy * Vg (By)
vy + \J7 (Bl)

v, o+ v2 (Al)

-2
<
[

v+ vy (By)

vy + Y, (Al)

Vg * Vig (By)

vy + v, {A))
2% 4oV (A])
vo kYt vn(nz)
vy *+ vy (B))

o (4)

35
Vig | ©1 (By)
v+ vy (By)

37
¢l (32)

Vg + Ve (Bl)

N {
y + vy (By)

Vo + vy (4)
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¥ O TABLE I (continued)
. ;f Vibrational Spectra of ClFaOR and their Apsiguwent in Foiut Group C,
Observed Frequencie_g_{cm”ll, Intensities®— ] ‘ Aspigoment e
f W r————-——-j.nfmred i i Baman ‘|
- & Gan [ Solid ] Gag iqui
E g Matrix
b § Igolated Neat
- &
g 1105 vw 1203 vw 2 x 592 = 1184 2 vy (4))
3 - v
¢ 1186 vw 1150 vw 487 + 69L = 1182 Wt Vq (Bl)
% 174 vw 1Y43 883 + 487 = 1170 v, + v, (Ay)
E lige ¥ 2 4 V1
% 417 + 693 = 1112 Vg * Vg (BQ)
|3
‘ 520 + 592 = 1112 vy + vy (B))
E v %1 (a))
: 1093(3.5) 1oso(§.1) a7 ‘
pol v Tel (a))
1070 vw,sh 695 + 372 = 1067 Vo Vg (Al)
2 x 531 = 1062 2 v, (4,)
286 + 695 = 981 Vg ¥ Vg (Bl)
968 vw 2 x 487 = 074 2 v, (a;)
286 + 592 = BT8 Vg + Vg {3,
487 + 372 = 859 v, *+ vy (B))
806 vw 520 + 286 = 806 V3t Ve (4))
417 + 372 = 189 vg * Vg (By)
760 ¢h, vv 487 + 286 = 773 Ve ¥ vy (Al)
531 + 222 = 7583 Vi1t Vig (Al‘
R-9262
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TABLE I (continued)

Yibrational Specira of ClFﬂO2 and their Appignment in Point Group sz

[ lafrered
Gar
Matrix
Isolated
702 )
6895 686.3 va
687 shive 682.8 m
683 674.7 »
679 sh/
593 a 591 ms
543 531 m
m
531 528 mw
6520 sh.mw 519 w
487 vw
417 vw
e w
287

L L I

49

]
] M Ramme l[
r‘“*‘"‘“§2lli“*““"“-1 Gas

Neat

656 vas, br

700 sh,s 683(10)
570 s

27T m 540 sh
520 sh,w  520(7.5)
473 mw 487(6.1)
417 vw

368 v

NON . naefn o\
- ” WV‘VII’,

675(6.5)
pol
586(0.1)

530 sh

518(10) pol
461(9.0) port

402 (0+)

R-9262
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Uncorrvoted Ransen intensitiss representing the relative peak heighty the relative peak
widthe, and hence, the relative peak heights change from gescous to liguid CIF302-

Only qualitative polarisation measurementis could be obtained, owing to the optical activity
of the aspphire windows of the gas cell and owing to the tendency of CIF
plasticizer for the Teflon FEP capillsries.
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polarized Raman bands rule out point group n3h and favor sz over Cs' Additional
strong evidence for symmetry sz ccnsists of the relative infrared and Raman inten-

sities and of the frequency separation of the Cl1F, stretching modes, indicating a

2
highly symmetric, i.e., approximately linear, FCIF arrangement. Comparison with

the vibrational spectra of a number of relaé:. species having geometries similar
to that of model III (see Table II) also supports model IIL. This conclusion in

favor of model III, reached exclusively on the basis of the observed vibrational

19

gpectrum, is in excellent agreement with the ohserved ""F nmr spectrum2 and the

12

general obse-vation™ that in trigonal bipyrumidal molecules, the most electro-

negative ligands always occupy the apical positions.

The 12 fundasmentals expected for an XY322 molecule of symmetry C, are classified

2v
as SA1 + A2 4+ 3B, + 33,. All of these should be active in both the infrared and

1 2
Raman spectrum except for the Az mode which should be only Raman active, The
strong bands at about 1327 and 1093 cmﬁl have frequencies too high for any
Cl~F atretching modes and, hence, must be assigned to the antisymmetric and
symmetric ClO2 stretching modes, respectively. The antisymmetric axial F-Cl-F
stretching 1..de should occur in the 600-800 r:t\f'l frequency range, be of very high
infrared and very low Raman intensity, and by comparison with C1F.0 8 and C1F !

3 3
35, 37

show a ""Cl~-""Cl isotopic shift of about 11 cm-l. Consequently, thic mode must be

assigned to the bands observed at 686.3 and 674.7 cmﬁl in the N2 matrix. The
symme.tric axial F-Cl-" . rretching mode should occur in the 450 - 570 cx\'f'1 frequency
range and be of high intensity in the Raman and of very low intensity in the
infrared spectrum, There are two intense polarized Raman bands at 520 and 487 cm-l,
respectively, which might be assigned to thia mode. Since the 487 cm-l band is

of much lower infrared intenaity (for an ideal linear, symmetric F-Cl-F group,

R-9262
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this mode should be infrured ‘usctive and indeed was not observed for gaseous
CIF302), it is assigned to the symmetric axial FCLF stretchiug mode. The fifth
stretching mode invulving the eguatorial fluorine is expected to occur between
650 and 800 cm‘l, to be of medium to atrong infrared inteneity, and to give riase
to an intense polarized Raman line. Clearly. this mode umast be assigned to the

! band in the matrix and the 683 cm™ Raman band. Comparison with C1F,0

36,87

682.8 em

and ClF3 7 indicatea a Cl isotopic shift of about 7 cmfl for this mode.

Its 3761 part could not directly be observed for the matrix isolated sample owing
to ita accidental coincidence with the mmch move intense 3701 antisymmetric FC1F

stretching mode.

The remaining seven bande must be assigned to the deformation modees. O0f these,

only the A2 torsion mode ideally should be infrared inactive. Since the Raman

band at about 410 cm"1 shows no counterpart in the infrared spectrum of the gas,

1

it is assigned to this torsion mode. The 520 cm ~ Ramau band is clearly polarized

and, hence, must Yelong to species Al' Based on its relatively high frequency, it

mist represent the ClO2 scissoring mode and not the axial F-C1-F deformation.

Rased on the ahearved Formi veannance (soe tolow) hetwaan the 1327 om ~ hand and

the 1003 + 222 combination band, the 222 and 1327 cm"1 bands must belong to the
seme symmetry speciesm. Consejuently, the 222 cm_l band must represent the B2
axial F-C1-F deformation. There are four bands occurring at about 590, 530, 370,
and 290 cm'l, resyectively, left for assignment. Two of these represent a rocking
and wagging motion, reaspectively, of the ClO2 group and, therefore, suculd have
higher frequencies than the two remeining FCIF deformations. Assigonment of the

1

591 cm = band to the €10, wag &od of the 531 cn~? band to the €10, rock can be

2

made based on the observed gas phase band contours and the observed 3501-3701

igotopic eplittinge (lee Figure 2, traces G to K). The 591 cm“l band showe a Q-R

R-9262
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branch splitting for 3“c1r302 of about 8 cm'l comparable to that observed for the
antisymmetric FCIF stretch, vy (Bl)' The 531 cm‘l band exhibits e misaing Q branch
and & P-R branch separation of ahout 11 cm’l comparable to that observed for the

antisymmetric C10, stretch, v o (B,). Furthermore, the 531 cu™> band shows a

3801371 isotopic splitting than the one at 591 em™) in agreement with the

larger
values (see Table IV) computes for the Clo2 rocking and w.~qing motions, reapectively.
The remaining two bands at 286 and 272 on! are assigned to the axial F-Cl.F
scissoring mode v, (Al) and the antisymmetric in plane CIF, deformation mode,

Vg (Bl), reapectively. This assigonment is hagped on the observed frequencies and
the relative infrared and Raman intensities. The assignment of the 286 ot
Raman band to an Al mode is further supported by the fact that it appears to be
weukly polarized. Toe excellent fit belween all the observed and computed
combina.ion bands and overtones (see Table I) without vielation of the selection

rules (B1 +By = Ay and A| +4, =4, combinations are infrared forbidden) also

suggeats the correctness of the above assignments.

The observation of three relatively intense bands in the N2 matrix fer the anti-

symmetric ClO2 stretching mode, Vo (52), requires further explanation. For this

comparison with that observed for related 0102+ 11. The ccmbination band,

3B

1093 + 222 = 131b cm—l, should ghow a considerably smaller Cl~3701 isotopic

splitting of about 8 nm"1 (see Table IV) and based on ite frequency fall hetween

3 37

the °%1 and °'c1 inotopic bands of v,,. As shown schematically in Figure 2,

Fermi resonance between Yo ead v + Vig will increase the frequency separation

3701 compenents of Y0 and decrease that between the twm

hetween th-. 3Z‘Cl and
isotopic combination bands. This assignmen* is gupported by the observed bandwidths
at hal? height which sre similar (~ 2.0 om ') for the 1331.4 and 1307.8 cm  bands,

53 . R-9262
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‘ ‘}-’ ¢} but larger {~3.0 cmmi) for the 1318.8 cm > band. The disturbance by Fermi

] resonance can also account for the atrongly increased intensgity of the combination
band. The fact that the frequency of the 1318.3 cm"1 band is closer to 1307.8
than to 1331.4 cm_l, agrees with the obaerved relative intensities. The 1307.8
cm'l band has lost relatively more of its original intengity as demonstrated by
the obgerved intenaity ratio of 1:4.4 for the 1307.8 and 1ibl.4 cmfl bands. For

3801-37¢1 imotopic species, this ratio should be 113.07.

undisgtvrbed

3561—3701

The observed gas pha-e infrared band contours are complicav 1 by’ the
isvtopic eplittings, Fermi reasocnance, and two double coincidences of V7 with Vo
and of V11 with va, respectively. However, for mos of the bands, the R branches
of the 36Cl isotope are well separated {see Figure 2). Since the geometry of
N CIF302 of symmetry 02 can be estimsted (see below), the three principal moments
L of inertia were computed resulting in A = 0.150, B = 0.106, end C = 0.005 nmﬁl.
Based on these values, the iufrared band contours weve estimated for ClFaﬂg,
according to the method of Ueda and Shim&uouchila. Veing No. 33 of Ueda's
Figure 3,13 one should expecr ior the B1 modes an A-type band conbour with a
-3 sharp Q breach and # P-R branch separation of about 16 cm—l. As can be seen from
| Figure 2, the 686 and 591 com™! bands show the predicted band chape and branch
separation and, therefore, may be assigned with confidence to g and Vb’
regpectively. The 1331 and 531 bands do not show & § branch as expected for B-
type bands of species B2- Consequently, the obgerved band contours are conusistent

with the proposed structure of aymmetry C2v and the asmiguments listed in Table I.

Comparisoy: between the vibrationa) spectrum of ClFso2 and those of related species

I %:% (Table II) shows good agreement and strongly supports the above assignments for

01F302. Two features in the ClF.,O2 spectrum, however, rcquire further comment.

The C10p scis.oring mode, V3 (A;), is unexpectedly intense in the Baman
+. 8 B-9262
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spectrum. Since the frequency of V3 is close to that of the iutense Vo (Al) mode

and since these motions could easily couple (as fudicated by the normal coordinate
transformation I."3 and %o some extent by the PFD), this represents a :lausible explana-
tion for its high intensity. Alternate explanatrions, such as Ferml resonance between
2 the symmetric axial FCLlF atretching wode N and 222 + 286 = 508 can be ru'ed out
because they belong to different symmetry species. Resgo.ance hetween v3 and va

can also be eliminated because the observed combination bands invelving either Vq

or v4 show a good frequency fit, indicating that the fundamentals are undisturbed.
Secondly, the frequencies of the two axial FCLF scissoring modes (in and out of the
ClF3 plane, respectively) are strongly influenced by the point group of the cor-
responding molecules and by the presence or absence of other modes in the same
symmetry species and, hence, are difficult to correlate. Furthermore, in ClFBO,
these two frequencies are not characteristic and are an almost equal wixture of the

corresponding symmetry coordinatess.

Force Constants. The potential and kinetic energy metrics for ClF302 were computed
by a mschine methodl4. The geometry assuwed for this computation was
p(€10) = 1.40 3, n(cu'eq) = 1.62 A, v(CIF, ) = 1.72 K, o ¥oc10) = 130°,

B(3F, CIF, ) = ¢(0CIF ) = 90°, and y( i;ocmeq) = 115", baged on the observed

geometries of ClF3 16 and FCl@a 18 and & correlution17 between C10 boud length
and stretching frequency. The deviation of the 0C10 band angle from the ideal
120° was estimated by comparison with the known geometries of 8F40 18 and
18

FClO3 .

] I [

1 11°0F 0 F C 136°

S
o’f'{y‘ﬂ P 125° 115°
118.19

R-9262
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The symsetry coordinates used for ClF302 are given in Table IJI. The bending
coordinates were weighted by umit (1 A) distance sc the stretching force constants
bhave units of mdyn/l, the deformation force congtents units of mdynﬂ/radian2, and
the stretch-bend interaction constants wdyn/radian. The G matrix and Z

transformation were found numerically by the computer and, hence, are nov given

here.

The ferce constants were adjusted by trial and error with the aid of a computer

to give an exact fit between the observed and computed frequencies. Owing to the
underdetermined nature (28 symmetry force constants and 12 frequencies) of the proble:
a diagonal force field was computed assuming all off-diagonal symmetry force
constants equal to zero. In the Al and Bl block, however, non-zere values were
required for several off diagonal congtants to be able to reprnduce the observed
frequencies. The quality of the resultirng force field was examined by comparing

35Cl-~37CI isotopic shifts with those cbaerved. The obgerved Cl

the computed
isotopic shifts were then used tc improve the force field by introducing off-

diagonal constants until the calculated isotopic shifts agreed with the observed

ones. Those interaction constants not significantly influencing the isotopic shift
were not changed while those intrecduced were required to achieve a fit between
observed and computed isotopic shifts. The force field 1s still not unique and other
golutions sre certainly possible. Specles Al contains 15 symmetry force constarcs.
0f these, three off diagonal terms, i.e. Flé’ F24’ and F34, may be neglected19 since
thelr corresponding G matrix elements are zero. Therefore, eight frequencies

% 35 37

Cl + 3 "'Cl) are available for obtaining 12 symmetry force constants., In

speciles 21 £na B, 5 frequency values are availa’ le for obtaining six symmetry force

constants. Numerical expeiiments indicated that plausible force fields and PED value

R-9262
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TABLE 111

Symmetry Coordimtu‘ for CH3g2

A 8, N2 () + 1)
8, AR
8, 176 (20~ Ay, - AY,)
8, 12 (Ax) + ar,)
Sy V12 (28 8, + 248, - 85, - Db, - Bgy - Bo,)
8.1 1//3 (Aaw by * AYp) ® O
8.9 1/vo (AB) + BB, + A8 + Db, + DA gyt Bb,) m
A, 8, 1/Me (88 - Do, - As, + Ag,)
B, 8, 1/v2 (Arl - 4r,)
8o 1V4 (B8, - By + Bbgy - B8 ,)
s 1/J2 (2g, - 22
B, 810 1/J2 (8D, - A D,)
81, IN2 (Byy - A Y,)
819 1/V4 (88 + bg, ~ bg, - B8,)

- R e e U W M AP R M W GY TR WP ME e M E BE G TR ma A e SR U S @A MR B e e v M e wm ae

(s) 8., and 8, are the redundsat coordinates and g = 3 0,CIF,,

R-9262
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could be achieved only with values reasonably close to thoge shown in Table IV.
The requirement of a large off-diagonal constant for Bl has previously also been

found for the structurally related pseudo-trigonal bipyramidal SF40 moleculezo.

The internal coordinate stretching force constants can be computed; however, the
bending valence force constants cannot be completely separacved from the interaction
constants without making additional simplifying aesumptions (see Table V). The
constants of greatest interest are the stretching force constants since they are

a measure of the strength of the various bonds. Uncertainty estimates are difficult
to make owing to the underdetermined nature of the force field. The value of the
Cl=0 stretching force constant should have the smallest uacertainty (0.1 mdyn/g

o or less) owing to the highly characteristic nature of the ClO2 stretching modes and
the use of isotopic shifts for its computation., Its value of 9,23 mdyn/& is in

0 8 and the General
Valence Force Field values of 9.07 and 8,96 mdyn/l reported for FC10 21

" 2 and
0102+ , regpectively. The values of the C1F stretching force constants are

excellent agre®i®ut with that of 9,3/ mdyn/x. found for ClF3

comparable to those previously reported for the related pseudo~trigonal bipyramidal
molecules, Clr‘3 22 and ClF30 8 (see Table Vi). In all three molecules, the stretching
force constant of the equatorial C1F bond is significantly higher than that of the

two axial bonds, although their relative difference decreases with increasing oxi-
dation state of the central atom. The difference in bond strength between equatorial
and axiasl bonds iwplies signif cant contributions from semi~-ionic three-center four-
electron bonds to the axial CiF bonda. This bonding scheme has previously been

23 -

discussed in detail for the related pseudo~trigonal bipyramidal Cle anion

and, hence, will not be repeated.

R-9262
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Internal Force Congtants of CIF.0

= 9.23
= 3,38
= 2,70
= ]1.41
= 1.40
= 1,33
= 1.30

= -0.09
= 0,04

GRS ie e Bl N

R R YR T

TABLE V

=2

a,bh

= 0,09

b
L

"'Ou

1ty =

= 0»10

= 0.28

= -‘0016

= "“0034
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Stretching congtants in mdyn/}, deformation constants in mdyn A/radian2,
and stretch-bend jnteraction congtants in mdyn/radian.

Only the values of the stretching force conatants can be uniquely
determined from the symmetry force conatents; for the computation of the
remaining constants, the following assumptions were mades

f = -f
rg rg

Tay ™ Toy = Tay

' frg

=0y f

."f 1) f
s Bs

£
88’

w f

65“

24

=z ~f
8

8"’ and

are the interactions between

angles having & common oxygen, fluorine, and no ~ommon atom, respecitvely.
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TARLE VI

: ClF Stretching Force Congtants (mdyn/L) of Cl¥,0, Compered to Those of

2.7

2.3

2.7

2.4

1.8

2

Paeudc-Trigonal Bipiramidal g_gaoa. cl,z;e22 2 C1F,

Ir

0.36

0.26

~0.04

0.17
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Inspection of Table VI also reveals that the value of fr does not depend exclu-
sively on the oxidation astate of the central atom. Obviously, formel negatlve
charges (as in the anions) and increasing oxygen swbstitution facilitate9 the
formation of semi-jonic bonds and, hence, counteract the influence of the oxidation

state of the central atom. It is interesting to note that the relative contribution
£ ~f

R r) decreases from ClF, to

fR 3

CIF30 and C1F302 (seec Table VI), This can be attributed to the decreasing electron

from semi-icnic bonding to the axial ClF bonds (=

density around the central atom with increasing ox.dation state, thus making it
more difficult to release electron density to the axial fluorine ligands as required

for the formation of semi~ionic bonds,

In summary, the bonding in C1F302 might be described by the following approximation:2
The bonding of the thiree equatorial ligands, ignoring the second bond of the Cl=0
double bond, is mainly due to a spz hybrid, whereas the bonding of the twe axial

C1F bor.ds involves one delocalized p~electron pair of the chlorine atcm for the
forn .. ¢. of a semi-fonic three~center four-electron po hond.

25

Thr potential energy distribution™ for C1F, 0, was obtained from the internal force

372

constants of Table V using a least square force field computation code without
using least square refinement, With this code, we also verified that nc computational
witors had been made in the trial and error force field ceamputation., The computed
PED is given in Table VII, The results were normalized, but the sums do not In
all cases add up to 1.0 since the less important terms are not listed. As can
be seen from Table VII, most vibrations are reasonably characteristic, except for

vy and Vas which are mixtures of the symmetry coordinates S, and §,.

7 8
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TABLR VIT
Potentiel Xnergy Distribytiop for CIF.Q,
Frequepcy,
Assigoment cm Potontial Energv Distribution
A V1 1093 0.99 £, + 0,08 £, - 0.08 fD(x
V2 683 0071 fn + 0020 fﬂ — 0:13 fRa + 0010 fY
+ 0.05 £
A
V L] L] L] .
N 520 oaofa-»ozafv-»ozzfn-romzna
- 0006 f bad 0005 f
yv Do
Ve 487 1.02 £
v 288 0.61 ¢ +0.281 + 0,14 (£ -f
& 8 8 ( Bé ab')
+ 0,07 (£ ,~-f ) +0.081%
56" b8 o
A 417 1.18 £+ 0.30 (¢ ~f - 0.5 ¢
2 Ve f& ( 66 66') 6 n
B, Vq 895 0.86 £+ 0.39 £ - 0,22 (£ +f_ )
r 6 ry rh
+ 0,10 (£ +¢ + 0,05 £
( 66 66') 66“
v b9z Ge28 £ +0.30 5+ .30 {2 42 )
8 & r rg rg'
+ 0.07 (£ -+t + 0.06 £
( 80 55') B
B v a2 1,10 £ - 0.10 (£ +2 + 0.08 £
o 9 # ( g8 sa') 8
"4
4 - 0,07 ¢ .
i i
9
| B, V10 1327 0.93 £,
Y1 531 0.7% tY + 0.18 fw
{
1.58 £ - 0.4) (£ «+ +0.21 ¢ '
Y12 22 fs £+ 88"
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Agsociation in the Liquid an? Pure Solid. The relatively low boiling point

(-21.58%)% and Trouton constant (22.13)° of C1F,0, imply little association in the
liquid phase. This pred ~tion is confirmed by the vibrational spectra of the
liquid and the neat sol’ ™ whieh exhibit only minor frequency shifts when compared
to the spectra of the gar aiLl the matrix isolated solid. This finding is somewhat
surprising since both ClFazd and 01{§08 show a pronounced tendency to associate

in the liquid and aclid state through bridges involving the axial fluorine atoms.
For the pure solid, the infrared spectrum indicates the lowering of symmetry C2v
due to slight distortion or a lower aite symmetry in the crystal because the A2
torsion mode, ideally forbidden in the infrared spectrum and not observed for the
gas, becomes infrared active. Similarly, the symmetric axial FCLF stretching

mode, V@(Al)’ which was not obgerved in the infrared spectrum of gaseous C1lF, 0

3’2’
gained for golid ClF302 in relative intensity and was observed as a medium weak

band .

Thermodynamic Properties. The thermodynamic properties were computed with the
molecular geometry and vibiational frequenciea given above assuming an ideal gas
at 1 aim pressure and using the harmonic-ogcillator rigid-rotor approximation26.

These properties are given for the range 0 - 2000%K in Table VIIL.

Ackn:wle nt. The authors wish to express their gratitude to Mr. R. D. Wilson
for hie help in the experimental efforts, to Dra. D. Pilipovich and C. J. Schack
for helpful discussions, and to Dr. D. Lawaon of the Jet Propulsisn Laboratory
for the use of the Raman spectrophotometer. This work was supported by the 0ffice

of Naval Research, Power Branch.
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TABLE VIII

Thermodynamic Properties for 01F302

) 9 0 _(go - o
% :!_!_:E ca‘l:.Zu:’l ﬁca;:,_’g:l ' call/n(,mz{'réeg) (fwi ;::{
i 0 0 0 0 0
: 100 10.127 0.847 48.967 57.437
i 200 16.511 2.179 55.516 66,411
? 208.15 21.268 4.049 60.375 73.956
! 200 21.327 4.089 60.459 74.088
§ 400 24.384 6.386 64.711 80.675
E 500 2R.362 8.930 68.484 86 .344
g 600 27,685 11.636 71.881 91.275
% 700 28.£09 14,453 74.968 95.616
% 800 20.261 17.347 17.795 99.479
‘ 900 20,727 20.298 80.400 102.953
1000 30,085 23.289 82.816 108.105
1100 30.360 26,312 85.066 108.985
1200 20,574 29.354 37,171 111.637
' 30.748 32.426 89,148 114.001
1400 30,583 35,507 91.012 116.375
1600 30,995 38.601 92.775 118.509
1600 31.089 41,706 94.447 120,513
1700 31.167 44.818 96.036 122.400
1800 31.233 47.938 97.551 124.183
1900 31.289 51.064 08.997 125.873
31.337 84,196 100,382 127.480
R-9262
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DIAGRAM CAPTIONS

G

Pigure 1.  Infrared and Ramen Speotrs of CiF.0,.

Traces A and B rapregent the infrared :poctrﬁm of 22.3 and 230 j» mole,
respectively, of neat solid 011‘302 at 4°K; traces C and D, the infrared
spectrum of 0.890 snd 20.6 u mole, respectively, of Cl!‘a()2 in a N2 matrix
(mole ratio 131760) at 4°K; treces E to H, the infrered spectrum of
geseous c1r302 at the denoted pressures in a 8§ om pach-length cell;
vraces I and K, the Raman spectrum of gaseous 01!'302 at 4 atm pressure
in a stainless steel c2ll with sapphire windows; traces L and M, the
Raman spectrum at two different recorder voltages, respectively, of

liquid CIF302 in a Teflon FEP capillary at 25%; S indicates spectral

slit-widths and P indicates polarized bands.

Figure 2. Principal infrared bands of gaseoue and N2 matrix isolated 01F302
recorded at ten-fold scale expansion wnder higher resolution conditions.
The frequency denotations refer to the matrix isolation spectra. The
frequency scale of the gas bands has been slightly shifted to line up
the matrix band centers with the corresponding Q brancheg ol the gas band

contours.
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DIAGRAM CAPTIONS

e 1. e} ctra of 0,

Traces A and B represent the infrared spectrum of 22.3 and 230 p mole,
respectively, of neat solid 011"302 at 4°K; traces ¢ and D, the infrared
spectrum of 0.89 and 20.6 . mole, reapectively, of ClF302 in a Ny matrix
(mole ratio 1:1760) at 4°K; traces E to H, the infrared spectrwm of
gaseous CIFao2 at the denoted pressures in a 5 om path-length cell;
traces I and K, the Ramen sgpsctrum of gaseous c1r302 at 4 atm preasure
in a stainless steel cell with sapphire windowa; traces L and M, the
Ramen spectrum at two different recorder voliages, respectively, of
liguid ClFao2 in a Teflon FEP capillary at 26% 8 indicates spectral

plit-widths and P indicates polarized bands.

Figure 2. Principal infrared bands of geseous end N2 matrix isolated ClFaﬁ'2

recorded at ten-fold scale expanasion under higher resolution conditions.
The frequency denstations refer to the mairix isolation spectra. The
frequency scale of the gas bands has been slightly ghifted to line up
Ve waliiz band coenmters with the corre 0 oranches of the gaa hand

contours.
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The Difluoroperchlorvl Cation, CIOZEQ:

By Karl O, Christe*, Richard D, Wilson, and E, C, Curtis

Received , . . . . . 1972

Abstract

The reaction of FCIO2 with PtF6

ClOze*PtF6'. A synthetic method is described that convents this salt into

. .
() C10,F, BF,” or Cl0,F,

to their infrared, Raman, and

yields a product containing

+AsF()'. All three salts are stable at 25° C and according

lgF pmr spectra are ionic in both the solid state

and HF solution, The vibrational spectrum of ClOZFz+ closely resembles that of
isoelectronic SOZFZ’ suggesting a pseudo-tetrahedral structure of symmetry C2v'

A modified valence force field is reported for 0102F2+.

Introduction

- b
A preliminary note on the existence of C102F2+Ptr-’6 has recently been pubiished
by Christe, This salt was prepared from FClO2 and PtF6.1 A detailed report on

this interesting system, yielding under different reaction conditions C1F6*PtF6'

19

has been given elsewhcre.2 A "7F nmr chemical shift of -310 ppm relative to

R-9262
Cc-1

3




R 7

i o s

b

™ ae b ol sy aiadisy &Sl all i e L e A i

™ T TV T S YTV, 7T TSP e Jersy Py

O L A A e R

external CFCl3 has been tentatively assigned to C102F2+.3 A more complete
characterization of the 0102F24 cation in the original ?tF6' salt, however, was
pre-empied by interference from the PtFG' anioi. and from substantial amounts of
by-products such as CIOZ+PtF6'. Consequently, efforts were made to prepare
CIOZFZ' salts containing different anions and to eliminate the undesirable by-
F,"BF,” and C10,F *AsF,” and

22 74 272 6
in more fully characterizing the C102F2+ cation, These results are described below.

products., We have now succeeded in prepa:ring Cl0

Exgerimental

Apparatus and Materials, The stainless steel - Teflc.a-FEP vacuum system, the
19

glove box, the infrared, Ramun, and "“F nmr spectrometers and sampling techniques,

and the syntheses and purification of PtF6, Ast, and FClO2 have been described

elsewhere.2’3 Nitryl fluoride, prspared from N,0, and Fz, and BF3 (from The

274
Matheson Co.) were purified by fractional condensation. Debye-Scherrer x-ray

diffraction powder patterns were taken as previously described.4

Syntheses of Ci0, * Salts. The synthesis of C10,F,'PtF .~ has been described

_--Ez

22 6

L S . + -~
2F2 BF4 , 8 mixture of C102F2 PtF6

(4.8 mmole) and C102+PtF6' (12.2 mmole) was treated in a passivated (with

elsewhere.2 For the synthesis of Cl10

CiF, and BrF.) 75 ml stainless steel cylinder with FNO, (25.3 mmole) at -78°

for 48 hours., The reaction products volatile ut 25° consisted or FCl0,, CI1F. 0

2’ 372
and unreacted FNO2 and were separated by fractional condensation through a servies
of traps kept at ~112°, -126°, -142°, and -196°. The -126° fraction contained
most of the C1F302 and some FCIOZ. Attempts to further separate the C1F302

and PCIO2 mixture by fractional condensation were unsuccessful. Consequently,

R-9262
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2.76 mmole of this mixtu.e was combined with BFy (3.00 mmcle) at -196° in a
passivated Teflon-FEP ampoule and the temperature was cycled several times
between -196° and 25°, The product was kept at -78° for several hours and
unreacted BF3 (0,22 mmole) vas removed at this temperature in vacuo, Removal of
volatile material in vacuo was continued at 20°,  The volatile material (2.60
mmole) consisted according to its infrared spectrum of « 1:1 mixture of FCIO2
and BF3. The white, su 4, nonvolatile residue (280 mg = 1,46 mmole) was

19

identified by infrared, Raman, and "“F nmr spectrescopy as C102F2*8F4".

For the preparation of the AsFG” salt, CIOZFZ*BF4' (0.62 mmole) and AsF5

(1.43 mmole) were combined at -196° in a passivated Teflon-FEP ampoule. The
contents of the ampoule were kept at -78° for 30 minutes and at 25° for 1 hour.
Volatile products were removed at 25° and consisted of unreacted AsF5 (0.79 mmole)
and BF3 (0.59 mmole). The white, stable solid weighed 185 mg (weight calcd

,F, AsF,” = 183 mg) and was identified as C10,F, " AsF, " by

19

for 0.62 mmole of ClQ

R R S AR A R T WA (e o e

{“} infrared, Raman, and "“F nmr spectroscopy.

C & Results and Discussion

Syntheses and Properties of C107£p+ Salts. The syntlesis of ClozF,+PtF6' from

: FC10, and PtF, and its temperature dependence has been discussed elsewhere."z

Since the PtF6° anion interfered with the vibrational spectroscopic studies of

,F,+, the BF,” and AsF, salts were prepared according to the following scheme:

<10, 4 6

cxoz*PtF " + C10.F.'PtE.” + FNO, -+ FC10, + C1F,0, + 2N02*Ptﬁ6

6 2°2 6 2 2 372

{*% Unreacted FNO, and some of the FC10, could »e separated from C1F302 by fractional

2 2
condensation, The remaining FC102 was separated from C1F302 by complexing with

@ R-9262
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E BF3- Since the resulting CIOZ’BF4' has a dissociation pressure5 of 182 mm at
E 22,1° while C102F2‘8F4' is stable, the former salt could be readily removed by

22 74
accomplished through displacement of BF4' by the stronger Lewis acid AsFee

pumping at 20°, Conversion of C10,F,*BF,” to the corresponding AsFG" salt was

+* - + . . + -
All three salts, C102F2 PtF6 s CIOZF2 AsF6 , and LlOZFz BF4 , are solids, stable

at 25°, and react violently with water or organic materials, The PtFé' compound

is canary yellow, while those of A3F6' and BF4" are white, The salts dissolve

Rt i el 2 L

in anhydrous HF without decomposing. They are crystallinic in the solid state
%; and the x-ray powder diffraction pattems of C1F202+BF4' and C102F2+A5F6~ are
z listed in Table I, The powder pattern of CIOZFZ’BF4' is much simpler than that
of CIOZFZ*AeFa'. This is not surprising since the anion and cation in the former

E salt aro borh approximately tetrahedral and of similar size, The powder pattern

C of C102F2+BF4' can be indexed on the basis of an orthorhombic unit cell with
a=35,45, b = 7,23, and ¢ = 13.00A, Assuming four melecules per unit cell and
neglecting contributions from the highly charged central atoms to the vaiume,6'7

a plausible average volume of 1633 per F or 0 atom is obtained, However, the

agreement between the observed and calculated veflections is somewhat poor for

several lines and, hence, the above unit cell dimensions are tentative,

The thermal stability of C102F2+BF4" is higher than those of c1.o?_"13f14‘".s

CIF2+BF ",8 or other similar salts, This is in good agreement with the previously
made correlations9 between the stasility of an adduct and the structure of the
parent molecule and its ions., Thus, totrahedral C102F2* (see Delow) shnuld be
energetically much more favorable than trigonal bipyramidal C1F302.10

£ 19

F nmr Spectra. A broad singlet at -310 ppm relative to exteinal CFC11 has

previo''sly been observed for C102F2+Pt56~ at low concentration in anhydrous HF

R-9262
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Table I. X-Ray Powder Patterns for

+pp - + -
CIOZF2 BF4 and C102F2 A3P6

C10F, B, 10,7 AsF
413 intens d,x Intens d,l Intens
5,47 s 7.49 w 2,12
5.06 m 5,50 ms 2,01 w
4.37 s 4.98 W 1.94 mw
4.15 w 4,35 ns 1.90 nw
3.70 vs 4,02 w 1.86 w
3.56 s 3.86 3 1.80 W
3.00 m 3.70 w 1,76 nw
2,77 m 3.57 m 1.72 w
2,57 wW 3.40 W 1,70 W
2.41 m 3.02 ™ 1.65 W
2.18 s 2,77 m 1.62 W
2.08 s 2.69 m 1.59 w
1.86 ms 2.60 W 1,54 W
1.80 W 2,41 w 1.50 w

2.3 W 1.41 w

2,20 W 1,37 W

1,23 W
@ R-9262
C-5 :?:7
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and was tentatively assigned to ClOZFZ".3 This tentative assignment is confirmed

by the present study. The spectrum of CIFZO2 BF in HF shows a strong temperature
dependence, At 30° it consists of a single peak at 185 ppm relative to external
CFCl4. With decreasing temperature the peak at first becomes broader, then
separates at about 0° into three signals at -301 (Cloze*), 146 (BF4'),12 and

194 ppm (HF) which become narrcwer with further decrease in temperature. The

observed pcak area ratio of approximately 2:1 for the 146 and -301 ppm signals

confirms their assignment to BF " and CIOZF2 , vespectively, and proves the ionic

nature of the ClF302-8F3 adduct in HF solution.

The spectrum of CIFZO2 AsF6 in HF (which was acidified with Ast)3 consists of

two resonances at -307 (C102F2+) and 105 ppm (HF, AsFS, AsFﬁ')s, re. ectively,
Rapid exchange between HF, AsFS, and AsF6' preempted the measurement of the

» -
CIOZF2 to AsF6 n~qk area ratio,

Vibrational Spectra. Fig. 1 shows the infrared and Raman spectrum of solid i

CIOZF2 BF,” and the Raman spectrum of an HF solution of C102F2*8F4". Fig., 2

depicts the infrared and Raman spect um cf solid C102F2 A5F6 Fig. 3 shows the

infrared spectrum of a mixture of solid CIOZFZ*PtF6 and C102+PtF6'. T < observed

frequencies are listed in Table II and are compared with those reported for
17

ienolactyanic 80 P

----------- uvzl 2.

Inspection of Figures 1 to 3 and of Table II reveals that the spectra of

CIFSO2 BFs, ClF302-AsFS, and C1F302 PtF contain the bands chearacteristic for

BF4',13'16 A3F6',16'19 and PtF6 , 2,20 respectively. Furthermore, the Raman spectra

of P1F302 BF3 are practically identical for both the solid and its HF solution,

These observations together with the 1gF nmy spectrum of the BF, adduct in HF

solution, establish that these adducts are ionic and contain the 0102F2+ cation,

R-9262
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The assignments for the anions are well established and are summarized in Table II,
Consequently, only the assignments for C102F2+ will be discussed in more detail,

The C102F2+ cation is isoelectronic with SOzF2 which was shown by microwave

spectroscopy to possess symmetry CZV.21 The SOZF¢ structure car be derived from

a tetrahedron with two oxygen and two fluorine ligands occupying the corrers and

with the 0=8=0 angle increased to 123°58' and the F-S-F angle compressed to 96°7',

Comparison of the bands due to C102F2+ with those previously reportedlz’yz’23

for SOZF2 (see Table II) reveals a pronounced similarity indicating closely

related structures and bonding. Thercfore, assignments for Cl0,F * were made by

2°2
analogy with those of SOZF2 which were reliably estuablished by infrared,23
Raman,22 matrix isolation,12 and microwave12 studies., The analogy app-ars to

include the triple and double coincidences between V7(Bl), vS(Ai)’ anc \5(8?) at

1

about 530 cm = and between V4(A1) and VS[Az) at about 390 cm'l, respectively,

As for SOZFz,12 only tentative assignments to the individual modes can be made

for the bands observed in the 520 cu ! region,

The close analogy between the vibrational spectra of isoelectronic C10,F * and

272
SOZF2 parallels those found for the isoelectronic pairs C1F 0,16 C1F *-sF

2 2 6 6’
CIFS-SFS',24 and C1P4*-SF4.25 It demonstrates the usefulness of knowing the

0*-sF 2

vibrational spectra of the corresponding sulfur compounds for predicting and

assigning those of the isoelectronic chlorine fluorides,

Additional evidence for the pseudo-tetrahedral structure nf symmetry CZV of

6102F2+ consists of th» 35Cl - 37C1 isotopic splittings observed for the

stretching modes (see Table III and Force Constant section).

R~-9262
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Force Constants. Three sets of force constants were computed for ClO.,F2+ assuming
different geometries, Two additional sets were computed requiring agreement

35 37

between observed and computed ““Cl - “'Cl isotopic shifts (see Table III). The

potential and kinetic energy matrices were computed using a machine method.26
The three different geometries adopted for CIOZFZ+ differ only in the bond angles
but not in the bond lengths, The bond lengths were estimated to be D(Cl0) = 1,41
and R(C1F) = 1.531 by comparison with related molecules and based on the cor-
relation of Robinson27 between frequencies and bond lengths. The bond angles of
set I, a(¥ 0Cl0) = 124°, B(¥ CC1F) = 108° 15', and y(¥ FCIF) = 96°, werc chosen

21 For set III, tetrahedral bond

to be identical with those of isoelectronic SOZFZ'
angles were used and for set II a geometry was selected intermediate between those
of sets I and III., The redundant coordinate was found numericaily, and the

deformation symmetry coordinates S3 and S, were made orthogonal to it, To demon-

4
strate that the redundancy condition was correct, it was verified that the
frequercies of each block taken separately and the corresponding frequencies of

the direct sum of all symmetry coordinates w.r= the same,

The force constants were computed by trial and error with the aid of a computer,
requiring exact {it between the observed and computed frequencies. The results
are given in Table ITI where the force constants not shown were assumed to be
zero, The values shown for sets I to III were the simplest set that would give
an exact fit and, with the exception of F89’ r2present 2 diagonal symmetry force
field., By analogy with isoelectronic 802F2,28 4 nonzero vaiue was required for
F89 to fit the observed fraquencies, Its value was assumed to be 0.5 to obtain a
plausible value for Fgg. Table IIl demonstrates the dependence of the force

constants on the chosen bond angles and the impossibility to achieve a fit between

R-9262
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5a . ¢y isotopic shifts by simple variation

the observed and the computed
of the bond angles, Numerical experiments confirmed that nonzeroc off-o.agonal
sympetry force constants are required to fit the observed isotopic shifts. The
results for the more likely geometries I and II are listed as sets IV and V,
respectively, in Table III, In the A1 symmetry block, the only interaction

The

constant capable of sufficiently decreasing the v, isotopic shift is F

1 12°
experimental data do not permit to distinguish between sets IV and V. However,
the variation in the two force constants of greatest interest, fD and fR’ is
relatively small, Consequently, their values might be expected to approach those
of a General Valence Force Field, A statistically meaningful uncertainty
estimate cannot t made for the force constant values owing to their under-
determined nature and to the lack of exact structural data, However, the
numerical data of Table III allow some conclusions concerning the ranges of

35 37

possible solutions, It should also be mentioned that the observed ""Cl - "'Cl

isotopic shifts varied slightly depending on the nature of the anion. In
0102F2+BF4" for both the solid state and the HF solution, isotopic shifts of

7.5 and 15,9 cm"1 were observed for vl(Al) and vs(Bl), respectively, For

solid C102F2+PtF6' the corresponding values were 8,5 and 16.6 ent.

Of the internal force constants, the stretching force constants are of greatest
interest since they can bhe used as a measure for the relative covalent bond
strength., The stretching force constants of CIOZFZ' are listed in Table IV and
compared to those of related molecules and ions. Comparison of the Cl0 stretching
force constant of C102F2+ (12.1 mdyne /K) with those listed in Table IV shows

that it is the highest value known for a C10 bond. This i< not surprising, since
the central atom in Cl1O.F.* has a high oxidation state (+ VII), highly electro-

2°2

negative ligands, and a formal positive charge (cation). The influence of these

R-9262
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Stretching Force Constents (mdyne /K} of
C102F2’ Compared to Those of Related Compounds

Table IV,

£e10 forr forpr
0102F2; 12.1 C1F6*i 4.7
C1F,0* 11.2 C1F,* 4.7
FC103: 9.4 C1F4*1 4.5 , 3.2
C1F,0 9.4 C10,F," 4.46
chze 9.1 01F3m 4.2, 2.7
FC10,° 3.9
c1o,*f 9.0 c1F53 3.5, 2.7
ciF,0°8 8.9 C1F,0*° 3.4
C1F,0," 8.3 C1F,08 3.2, 2.3
pcmze 2.5
C1F,~° 2.4
01F4-P 2.1
c1F40-3h 1.9 i
______________________ C1F,0," 1.6

(a) CIF bonds for which strong contributions from semi-ionic 3 center-
4 electron bLonds can be invoked.

(b) Ref. 16.
(c) W. Sawodny, A, Fadini, and K. Ballein, Spectrochim. Acta, 21, 995 (1965).

(d) K. 0. Christe and E. C. Curtis, Inorg, Chem. 11, 2196 (1972).

(e) D. F. Smith, G. M. legur  and W. H. Flatcher Snectrachim Acta 20,
1763 (1964). -

(f) Ref, 19,

(g) K. 0. Cariste and E. Curtis, Inorg, Chem., 11, 2209 (1972).
(h) K. 0. Christe and E, C, Curtis, Inorg. Chem., 11, 35 (1972),
(i) K. O, Christe, Inorg, Chem., in press,

(k) K. O, Christe and C, J. Schack, Inorg. Chem., 9, 229¢ (1970).
(1) Ref. 25,

(m) R. A, Frey, R, L. Redington, and A.L.K, Aljibury, J, Chem. Phys¢. 54,
344 (1971)

{n) Ref., 24,
(0) K. 0, Christe, W. Sawodny, and J. P. Guertin, Inorg. Chem., 6, 1159 (1967). °
(p) K, 0. Christe and W. Sawodny, I. Ancrg. Allgem, Chem., 374, 306 (1970).
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factors on fc10 has proviously been discussed!® for CIFZO+ and, hence, will not
be reiterated, By analogy with CIFZO*, the only other known species exhibiting a
fc'o value of similar magnitude, contributions from the following resonance

structure
%(+)
) m
//cx {q —b //Ci
RN W

might be invokedl6

to explain the high fClO value, The value of the CIF
stretching force constant (4,46 mdyne /R) falls within the range expected for a
predominantly covalent C1F bond. The interpretation of relatively small dif-
ferences (~0.3 mdyne /K) in the C1F stretching force constant values listed in
Table IV should be done only with caution since most values were computed

from underdetermined systems and might be significantly influenced by the

chosen stretch-bend interaction constants.,
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Diagram Captions

r? Figure 1. Vibrational spectrum of C102F2*8F4'. Trace A, infrared spectrum of

| the solid as a AgCl disk; trace B Raman spectrum of the solid; traces D

and E Raman spectrum of the HF solution, incident polarization perpendicular
and parallel, respectively; exciting line 4880 R, C indicates spectral slit
width,

i SRl o b - 2t

3 3 - + ~ - ",
Figure 2, Vibrational spectrum of solid CIOZF2 A5F6 . Trace A, infrared spectrum

as AgCl disk; trace B, Raman spectrum; exciting line 4880 A.

. + - + -
Figure 3, Infrared spectrum of a mixture of solid VIOZFZ PtF6 and C102 PtF6
as a AgCl disk.
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Contribution from Roocketdyne, a Divigion of North American Rockwell,
Canoga Park, Celifomia 91304

The Hexafluorochlorime (VII) Catior, nggi;
fynthepiy and Vibrational Spectrum

By Karl 0. Christe

Beceived July 28, 1972

Abgtract

The ClFB+ cation was prepared in the form of its PtFG- salt from the reactions
of PtFg with either FC10, or ClFy. A displacement reaction between CIF,'Ptr,”
and FNO at -78° yielded only 01F5 and F2, indicating that ClF7 cannot eximt
wunder the given reaction conditions. Attempts were wusuccessful to prepare
elther 31F6+BF4- by low iemperature glow discharge of a ClFséFz—Bra mixture, or
CLFB* nults'from ClFa. Fz, and the Lewis acids SbFs, AoFb, or BFa at elevatad
temperatures and pressures, or 01F40+ salts either from CIF30 and PtF6 or from
01!30, F2. and SbFB. Iridium hezafluoride was found to be too weak an oxidizer

to produce any haptavelent ohlovine os

n
- - —— -

spectra were recorded for PtFG" salts of ClF8+, 01F4+, ClF2+,

and 0102+ and for 0102+Ir1?6 - Modified valence force fields were computed for

+ +
ClF2O2 y ClF20 '

the cmﬁ*, PR, and IrF,” ions.

Introduction

3

Twe prelimivary notes on the synthesis of ClF6+PtF6— {rom PtF, and chlorine

fluorides or oxyfluorides have recently heen pnblished1’2, and the identity of

R-9262 92
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ClP6+ wag established beyond doubt by 19? nmr apectroacopyz’a. The CJ.F6 cation

is of particular interest for two reasonss (1) except for the recently discovered
0102P2+ cation4, it is the only known heptavalent chlorine cation and (2) in
addition io the NF4+ aaltsbng, it is the only kanwn example of the synthesis of a
fluoro cation derived from hitierto unknowr compounds (i.e., NFb and 01F7.

respectively). 1In this paper, we give & full account of the synthesis, vibrational

spectrum, and force constants of the ClFe+ cation.

Experime: tal

Appsratus and Materials. - The materials used in this work were wanipulated in

a well-paselvated (with ClFa) 304 stainless steel vacuum line equipped with Teflon
FEP U-traps and 316 stainless steel bellow-seal valves (Hoke, Ine., 425 IF4Y).
Pressures were measured with a Heise, Bourdon Tube~type gauge (0-~1590 mn t 0.1%4).
Because of the rapid hydrolytic interaction with moisture, all materials were

handled outside of the vacuum system in the dry nitrogen atmosphere of a glove box.

The infrared wunoctra were wocardad on Paxl
uhertra waroe racardad o o

prhotometers in the range 4000 - 250 cmnlc The spectra of gases were obtained

BPEL VIO

using 304 stainless steel cells of G-cm path length fitted with AgCl windows.
The spectra of solids were obtained by pressing two emall single~crystal platelets
of either AgCl or AgBr to a disk in a Wilks mini pellet press. The powdered

sample was placed between the platelets before starting the pressing operation.

The Raman spectrs were recorded on elther Cary Models 82 or 83 spectrophotometers

using the 4880 and 6471 1 exciting lines, re-pectively. Glass imelting point
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capillaries or clear thin-walled Kel-F tubes were used as sample csntainere in

the transverse viewing-transverse excitation technique.

% Mags spectra were recorded on a Quad 300 {Electronic Associates Inc.) quadrupole
i { mass spectrometer using & pasasivated all stainless steel inlet aystem.
B Platinum hexafluoride was either purchased (from Ozark Mahoning Company) or freshly
E § prepared by burning Pt wire in an F2 ataosphere at ~196°, according to the method
: | of Weinstock and his coworkeralo. Iridium hexafluoride was obtained from Ozark

TR
ot

Mahoning Compeny. Prioxr to use, both IrF6 and PtF6 were purified by fractional

condensstion at ~78° in a dynamic vacuum. Arsenic pentafluoride (Ozark Mahoning

B

Company) was purified by fractional condenaation and ShF5 (0zark Mahoning Company)

by distillation. Chlorine pentafluoride (Rocketdyne) was atored over dry CsF

to remeve any ClF3 and purified by fractional condensation through t-aps kept at
-112 and -126° with the material retained st -126° being used. Fluorine (Rocketdyne)

wag pansed over MoF 'u remove HF. Chloryl fluoride was prepared from KClO3 and
2

R PN et Y %

Cngll, C1F30 by fluo-ination of ClOND2l , and FNO from NO and F2 at -196°. The

purity of the volatile starting materials was determined by measurements of their

sy

vapor pressures and infrared spectra.

The ¥0102~Ptra System. Platinum hexafluoride (17.0 mmole) and FC10, (46.1 wmole)
were combined at -186° in a pasgivated (with ClFs) 76-ml stainless asteel cyliuder.

The mixture was allowed to warm up slowly to 25° and was kept at thbis temperature

for three days. The cylinder wus cooled to -196° and 3.75 mmole of material volatile
at this temperature was removed and identified as F2 by its vapor pressure and mass
spectrum. The products volatile at 25° were separated by fractional condensation

- through trapas kept at -~78, ~126, and ~196°. The -126° fraction consisted of FCIO2

(28.7 mmole) and the -196° one of FC10, (0.2 wmole), CIF, (0.1 mmole), and u smal)

amount of FC10,. The cylinder contained a stable canary yellow molid (8.618 g),
R-9262/D-3 94
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which was identified by infrared spectrosceopy as & mixture of (.102 Pth and
0100F2+PtF6“. Hezce, PtFg (17.0 mmole) had reacted with FC10, (17.1 maole) in a 1:l

+ .
mole ratic ylelding F2 (3.75 mmole), 0102 PtF6 (12.2 mnole = 4.594 g), and
cmzr;mra‘ (4.8 muole = 2,000 g) as the main products.

Platinum hexafluoride (2.04 pmole) ama FC10, (3.08 muole) were combined at -196°
in s passivated sapphire reaction tube (Varian, Model CS-4250-3). The resctor
wvag rapidly warmed from -186° to -78° and kept at -78Y for 48 hours. At the engd
of this time period, the brown PtF6 color had completely disappeared aud 2 canary
yellow golid had formed. The reactor was cooled to -196° and nencondensible
waterial (0.33 mmole of 02) was removed. The product volatile at 25° consisted
of FC10, (1.03 mmole). The yellow, solid residue weighed 800 mg and was shown
by infrared, Baman, ana 19F amr spectroscopy to be a mixture of ClF6+PﬁF6- and
ClO2+PtF6- (weight calculated for a mixtucre of 1.70 mmole of 0102+PtF6" and 0.34
mmole of ClF6+PtF6— = 796 mg). Hence, PtF, (2.04 mmole) bad reected with FC10,,
(2.06 mmole) in a 13l mole ratic producing 02 (0.33 mmole) and a 115 mole ratio
mixture of CIF, PF,~ and C10,'PtF,".

The ClFE—-PtFﬂ System. Platinum hexafluoride (2.70 mmole) and ClF5 {3.90 mmole)
were combined at ~196" in a passivated gApphnire reactor. 1ae mixiure was hepi
at 25° for 24 hours. Since the brown PtF6 coler was still very intense, the
tube was exposed te unfiltered uv radiation from a Hensovia Model 616A high-
pressure quartz mercary-vapor arc. After 24 hours of uv irradiation, the dark
brown PtFa color bad disappeared and a yellow tv brown aolid nad formed. The
product was kept for 12 hours at -20° without irradiation and its color changed
to yellow-orange. The reactor was ccoled to -196” and noncondens bles (2.68
muole of Fz) were removed. The reactor was warmed up to 25° and the volatile

products were separated by fractional condensation. They consis‘ed of ClF5

(1.08 mmale) and cie, (0.12 muole). The yellow solid residue weighed 1.086 g
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(weight caiculated for a mixture of 0.84 mmole CIFG*PtF6~ and 1.86 mpole ClF2+PtF6“

= 1.087 g). The identity of ihis sclid as cu‘;mﬁ“ and cma*mpﬁ" wns verified
19

by " F nmr, infrared; and Raman spectroscopy. Hence, PtF6 (2.70 mnole) had
rencted with CIF, (2.70 muole) producing C1F,'PtF,” (0.84 mmole), CIF, PiFy~
(1.86 mnole), and Fy (2.48 mmole). In addition, some of the C1F, (0.12 mmole),

which had been used in excess, had decomposed to CIF3 and F2.

In a second experiment, PtF6 (6.26 mmole) and ClF5 (8.02 mmole) were combined at
-196°% in a sapphire reactor. The mixture was exposed at ambient temperature to
uv raciation from a Hunovia Model 618A high pressure Hg arc using a Pyrex-~water
filter. After 14 days cf irradiation, the PtFB color had disappeared and a
yellow to orange solid had formed. 'The volatile products consisted of F2 (0.23
menole), CIF, (3.23 maole), and a trace of ClF,. The solid residue weighed

2.245 g and was, according to its infrared spectrum- a mixture of ClF6+?tEB“ and
ClF4+PtF6_. It appears that owing to the long reaction time and uv irradiation,
some PtF6 (0.46 nmole as indicated by the F2 evolution and by the weight of the
solid reaction product) had reacted with the contaicer walls. Hence, PtF6
:PtFG" (2.40 mmole)

and CIF,'PtF,” (2.40 mmole). The observed weight of the solid product (2.245 g)

(4.80 mmole) hnd reacted with CIF {4.79 mmole) produciag CIF

agreed well with that calculated (2.252 g) for the above reactions.

+ -
Displacement Beacticn Between FNO and CIF. PtF. . To a mixtare (0.390 g) of

CIF,"PtF,” (0.30 muole) and CIF

2+ptF6' (0.66 muole) in .. passivated Teflon-FEP
empoule, FNO (6.75 mmole) was added at -196°. The contents of the ampoule were
kept at -78° for 12 houra. The ampoule was cooled t¢ -196° and F, (0.28 mmole)
vis removed. The products volatile at ambiert temperature were separated by

fractional condensation and consisted of FNO (5.76 mmole), CIF, (0.64 mmole),
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and CIF, (0.27 mmole). The yellow, solid residue weighed 0.329 g (calculated

weight for 0.96 mmole of N04f%?6“ = 0.326 g) and was identified by its infrared

spectrum an N0+PtF6

Reaction Between CIPBO and Pth. Platinum hexafluoride (1.87 mmole) and 01r30

(4.7 mmole) were combined at -196°% in a sapphire reaction tube. When the mixture
was &llowed to warm to 250, a rapid reaction with gas evolution occurred and the
ckaracteristic PtF6 color disappeared within a few minutes. The mixture was kept
at 25° for seversl hours and was then cooled to -196°. Fluerine (0.78 mmole)

was removed at -198° and CIF,0 (2.05 mmole), CIF, (0.14 nmole), and ¥C10,

(0.48 mmole) at 25°, The canary yellow residue weighed 0.748 g (weight calculated

-

6
its infrared, Raman, and 19F nmr apectrum.

for 1.87 mmole of ClF20+PtF = 0.746 g) and was identified as ClF20+PtF6— by

In enother experiment, PiF, (2.12 mmole) and CIF,0 (5.51 mmole) were allowed to
interact at —450 for 12 hours. The volatile products consisted of F2 (1.60 mmole),
C1F,0 (3.35 mmole), FC10, (0.07 mmole), and a amail amount of CIF, and PtF,. Tae
yvellow solid residue weighed 0.837 g (weight calcclated for 2.12 mmele of
CIF20+PtF6- = 0.845 g). The infrared spectrum of the solid showed it to be

mainly ClF20+PtF6-, but also revealed the presence of smaller amcunts of 0102F2+

and cxyﬁ* salts.

Reaction Between FC10, and IrF.. Chloryl fluoride (2.57 mwole) and IrFg (1.96

miole) were combined at ~196° in a sapphire reactor. The mixture was kept at
-78° for 48 bours, then cooled to -196°. ALl products were coudensed at this
temperature. At 250, a)most all of the starting materials were recovered

unchanged except for 0,011 g of & yellowish golid which was identified by itas

infrared spoctrun as c102*1rr6". The unreacted starting materinla were condenped
R-9262
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back into the xreactor and kept at 25° for 11 days. After this period, the product
still ghowed the original brown color but had partially solidified. The mixture
was cooled to -196° at which temperature J.03 mmoie of noncondensible material

was removed. The material volatile at 25° consisted of IrF, (1.12 mmsle),

FC10, (1.88 mmole), and C1F, (.21 mmole). Thue yellow cryatalline solid

weighed 0.147 g (0.3¢ mmole) and was identified by infrared and Raman spectroscopy
as €10, IrF, "

Attempted Syntieses of CIF,'SWF.”, CIF, “AeF,”, CIF,'BP ", (nd GiF,0'SbF..
Waen mixtures of ClFb. F2, and A:rb in different mole ratios were neated in

Monel cylinders for five to ten days at 125 to 145° under auto jenouns pressures
of 500 to 1000 psi, only unreacted starting waterials were recovered in addition

to very small amounts of metal AsF_, salts. Heating the mixture to 160°

6
1esulted 1n partial breakdown of ClF5 to ClFa and F

2

Heating & BF,, F,, and CIF, mixture (mole ratio 1:2.712) for eight days to 95°
under an autuvgenous pressure of 450 psi did not result in the formation of a
solid prodnct.

Mixtures of ClFB, F., and SbF5 (mole ratio 115:3) were heated for three to 40

Y
days in Mopel cylinders at 140 to 225° under autogencus preasures of ~ 1000 pai.
AL 140° and three days reaction time, no F2 consumption was observed. At 160°
and 25 days reaction time, 6.5% of the Fy used was consumed due to attack on the
cylinder. The solid product was a mixture of ClF2+, CIF4+, N1++, and Cu++ salte
of SbFG-.xShF5. Controlled vacuum pyr.lysis of this solid resulted in the
evolution of 01F6 at lower and of ClFa at higher temperatures. The composition
of the solid residues of this stepwise pyrolysis was monitored by infrared aud

Raman spectroscopy. It was shown that the wore wtable component having atrong

R B R T e P



absorptions in the infrared and Raman spectrum at 823 and 8360 cmn1 geuerated only

ClF, when heated in the preasence of CsF. When the reesction between ClFa, F2, and

3

SbF6 was carried out at 2250, CIF +SbF ~ was formed with F2 evolution.

2 6

Slow discharge of a BF, , F,, and C1F, mixture (mole ratio 1:1.42:1) at -78° in a
Pyrex apparatus at preasurea ranging from 20 to 50 mm produced only C1F2+BF4“

and no 01F6+ aalt.

Heating a mixture of CquO, F2, and SbF6 (mole ratio 1:10:5) in a Monei cylinder

to 135° for six days under an autogencus pressure of 600 psi produced exclusively
+ -

CIF20 8hF6 .beF5.

Results and Discussion

Synthesis of CIFE+ Salts. Complex fluoro caticns of the type XFy_1+ are
generally prepared through flueriue abstraction from the purent compound JCF)r
by means of a atrong Lewis acid. This was first demonstrated in 1949 by Woolf

and Emelenala for BrFBS

-+ -
BrF, + BbF —————P BrF, SLF, (1)

The synthesis of 4 fluoro cation from a lower fluoride, according tos

XF + F —— 1, (2)

is pre-empted by the fact that fluorine is the most electronegative element.
Hence, F+ should be extremely difficult if not imposuible to prepare by chemical

means. The first and only known synthesis of a fluoro cation derived from a

nonexi,ting parent compound was lcbievedb'g in 1966, according toi

R-9262
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] + - s
NF, 4 F, + AgFy————% NF, ~"AsF (3)

This synthesis involved wither glow—discharfze5 or elevated temperature and
pressureg. Since tetrabedral and octahedral species exhibit outstanding stability,

+

as demongtrated by CF4 and SFG’ the guccessful synthesis of NF4 suggeated the

feasibility of synthesizing CIF. ¥ salts.

6
The application of glow-discharge to the synthesis of ClF6+ salts is limited to
the ClF6—¥2~HF3 system. Stronger Lewis acids, such as AuFG, form adducta with
ClF514, thus preventing the use of the low-temperature glow-dismcharge technique.
In the case of HPy, ve did not successfully prepare CLF 'BF,”, owing to rapid
breakdown of ClFb to ClF3 ard F2, foilowed by removal of the ClF3 from the gas
pbase by complex formation with BFalb. The possible utility of the second
technique, invelving elevated temperature and pres ure, for the syntheuis of
ClFG+ galts was alrs examined with BFa, AsFB, or ShF5 as Lewip Acids. At lower
temperatures, no fluorination of 01F5 occurred, whereas at higher temperatures,
breakdown of ClF6 to ClFa and Fz wag observed. Since ClF2+ salts are thermally
more stable than the correaponding ClF4+ aalts, ClF3 was continuously removed
from the ClFbiE222225201F3 + F2 equilibrium by complexing until essentially all

the ClF5 was ccnverted to ClF,,+ and Fz.

Y

S8ince the techniques which had successfully been used for the synthesis of NF4

saltsy did not result in C1F6+, other fluorinating agents were inveatigated.
0f particular interest were the third transition geries hexafluorides which

exhibit an astouishing oxidizing powerla. It was foundl7 that PtF, and FCIOQ,

6
when combined at -198° and allowed to slowly warm up to 250, interacted

according tes
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+ - + -
2FC10, + 2PtF P CLOF, PtF, + C10, PtF, (4)

The yield of 0102F2+ was not 50% as expected from the sbove equation, but

gererally about 25% owing to t/e following competing reactiov

+

2FC10,, + wa--—--——-bz(:wQ PtF, +F, (5)

In some of the experiments, small amounts of CIlF +PtF6- {see below) or CIF5 and

6

F0103 were observed, depending on the exart reaction conditiona. The formation

cof aome FCI0, is not surprising since it is known that FClO2 readily interacts

18,190
3.

3
with nascent oxygen to yield FC10

Attempts to suppress the competing reaction (5) by changing the reaction conditions
(rapid warm up from -196 to -78° and completion of the reaction at -78°) regulted

in an entirely different courae for the reactioni

aFclo, + 6Pw6-—---->50102+m6" + chB*PtFG' +0, (8)

2
The observed material balance was in excellent agreement with equation (8) and
the identity of ClF5+ wag unequivocally established by 19F nmy spectroscopyzﬂ.
Further modification of the reaction conditions (rapid warm up of the FCIOQ-PtF6
mixture from -196 to either -78 or 26° and completion of the reaction at 26°)
did not produce detectable amounts of either 0102Fé+ or CIF6+PtF6_, but only

C10 +PtFa“ and ClFB, F2, and 02. This indicates that the nature of the reaction

2
products are more influenced by the warm up rate of the starting materials from

-126 to about -78° thau by the final reaction temperature. Slow warm up favors

+
ithe formation of 01021'2 s whereas rapid warm up yields C1F + or CH“5 and F

6 2°
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The above results for the FCIO2~PtF6

impertant intermediate in the formation of ClF6+. In order to prove the correctnes:

system indicated that ClF5 might be an

of this assupption and in order to possibly increase the yield of ClF6+, which
according to equation (6) cau be at best 1/6 based on PtF,, we have studied alac
the ClFE--Pt‘FG system. For the latter system, Roberio reportedl the formation of
a ClFB+ aalt. Owing to the slow remction rates in the ClFawptF6 asystem, we have
uged uv radiation. ™so reactions were carried out at 25°. When unfiltered uv

radiation was used, the reaction was complete in several hours, according to:

unfiltered
8 uv

+ - + -
2C1F, + 2PtF B CIF, PtF, + CIFg PtF, +F, (1)

and

201F, + 2PUFy ————P201F,'PF " + 9F, (8)

2

The relative contriimtion from (7) and (8) were 62 and 38%, respectively. In
addition, some of the ClFs, which had been used in excepsa, wma recovered in the
form of ClF3 and F2.

Using a Pyrex-water filter, a reaction time of two weeks was required with the

products being:

Pyrex filter
uv

201F, + 2PHF, P CIF,'Perg” + ClF, PHF,” (9)

6 6

L 21 e T
3 1'2 and gince blI"2

salts are more atable than CJ.F4+ ealtsl4, the digplacenent of CIF4+ by CIF

Since unfiltered uv light can decompogae ClF6 into C1F

3?
observed for (7), is not murprising. The identity of the ClFB+ salt obtained
from the EClOz-PtFB system with that from the ClFwatF6 system was establiphed
by infrared, Raman, and 19F nmr spectroscopy.

R-9262
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The unusual nature of these reactions and product~ ask for a posaible rational-
ization. Io apite of the complexity of the 53102-PtF6 system, the following
assuxptions appear plausihle:

(a) An initial el-ctron transfer from FCI(, to Pt¥,, according tos
2 f

FC10, + PtFg ———PFC10,° PtF,~ (10)
(v) The rusulting 301027 radical cation could either stabilize by

generating an active fluorine radical, according tos

Y

FC10,° PtF,~ ————P €10, PLF, " + F. (11)

or act itself as the active fluorinating agent, deperding upon the

relative life times of these iwo radicals.

(¢) In both cases (P. or ClO2F.+), the radical might react either with T
PtP6 with F2 evolutions

Fo + PtFy ———PF, + PtF, (12)
followed by:
PtFy + FCL0, ~————P C10, PtF, (13)
or with FCIOzz
Fclo, + F. --—-—-br20102 . (14)

(d) The resulting F20102~ radical could readily stabilize by transfer of

an electron to PtFes

toim — :
P 010, + PR, ————PCL0F, PiF, (15)
103 R-9262
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This sequence would account for the formation of 0102F2+ and for the compecitive

F2 evolution reaction. Similarly, the formation of ClF6+ from ClF5 and PtF6
mitht iwolve an intermediaste ClFa*l radical cation and suggests a search for
radical cations in these systema. The formation of ClF6+ from FClO2 might involve
either an intermediate CIF5 molecule or the direct fluorination of (31021?2+ te
CLF6+. A definitive answer to thes» interesting questions concerning the most

impertant intermediates is beyond the scope of the present study.

Properties of CLE,,+ Salts. The ClF +PtF6— salts are canary yellow solids. They
v

6
were stored at 26° in Teflon-FEP containers for several menths without noticeable
decomposition and formed stable HF solntlions. They are very powerful oxidizers
and react explosively with orgenic ratcrials or water. Contrary to a previous

~ . +
etatementl, pne evidence was found during our invesgtigation that the ClF6 salts

themselves can he explosive,

On the Existence of ClF7. A displacement reaction between ClF6+PtF6' and FNC

wes carried out under conditions similar to those which had successtully been
used for the synthesis of CF,0, from 0102F2+Pm6" and FN0Y.  Since CIF, "PtF”
can be cons.dered as a lLewis acid adduct between (HF..7 and PtFS, the products

from the IUNO displacement reaction allow some conclusions concerning the
stability of the hypothetical compound ClF7. The following results were obtained

for the displacement reactiong

-18°

CIF, 'PLF,~ + FNO 4 NOPLF,” + CIF, + F, (17)

6

This indicates that ClF7 under the given reaction conditiona (-780) cannot exist.

R-9262
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Iriginm Hexafluoride Reactions. Replacement of Pt!‘6 by IrF6 in the F0102
reaction did not result in an oxidavive fluorisation of C1(+V) to CI(4VII). At

256° and long reaction timea, only 0102+IrF6' and 01F5 were formed in moderate

yields. This demonstrates that IrF6 is & weaker fluorinating oxidiser than PtFe

as hag previously been demonstrated by Bartlettla.

1,2'

Attempted Synthesis of 01F|0+ Salts. The successful syntheses * of the

0102

cnuo" cation from C1F,0 and PtF,. At 25°, the main reaction wass

F2+ and the CIF6+ cation suggest d the possible synthesis of the intermediate

[+
201F,0 + 2PF, —2—, 2CIF,0" PR, + (18)

3 6 2

In addivion, small smounte of FC10, and CIF6 were observed among the volatile

2
reaction products. Wheu the reaction temperature was lowered to —450, the main

products were again CIF20+PtF6- and F2. However. small amounts of 0102F2+ and
CIFG*PtFS_ hac algo formed. No evidence for the presence of any ClF40* could be

ohtained. Thia suggests that tetrahedral CIF * and octahedral 611?6+ are more

22
tavorable products than the pseudo trigonal bipyramidal 01F40+. The formation of

emall amounts of C10,F," and C1Fy" (or FC10, and CIF,) might be due either to the

nio l\+ d b
vu4u y AdbV

+ [o bl ol +
3102F2 P CiFg

[ 4]

desomnosition of an unstéable i

or at least partially to the formaiion of some FCIO2 from the difficult to handle

12

Cl¥,0"”. Attempts to synthesize CLF40+8bF6- from CIF,0-F,-SbF, at elevated

3" "2
temperature snd pressure produced exclusively C1F20+8hP6—-x85F5.

Vit:ational Spectra. The infrarsd and Raman spectra of the solid reaction
products are shown by Figures 1 and 2, respectively. The spectrum of OIF2O+PtF3‘
was ideniical to that previoualy reportod22 and hence, is not depicted. Attempts

to record the Raman spectrum of the CIF4+Pt!6' - Cl!6+?tra' mixture were

R-9262
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unsuccessful owing to rapid sample decomposition by the laser beam. From a

large number of experimenta, those spectra end products were selected which
showed the least amounts of by-products. Depending upon the exact reaction
conditions, however, the products sometimes were mor. complex mixtures of Cl0 +,
C102F2+, and 01F6+, or of C1F2+, ClF4+, and CIF6+. The obaerved frequencies are

listed in Table I.

Since most products contain the PtF6" anion, its spectram will be discussed firast.

The simplest apectrum is that of N0+PtF6-. Our observed spectrum is inu good

16,23,24

agreement with that previously reported for this compound. In addition

to the reported bands, we have ohgerved an infrared band at 2¢8 cmnl. The crystal

structure of 02+PtF6_ (which is i-omorphous with N0+PtF6—)18 has been deternined“s.

It wes shown that PtFa- is approzimately octahedrale; however, its aite
symmetry26 is lower than Oh. This site symmetry lowering can cause splitting of
most ol the bands and violations of the selection rules expected for symmetry 0.
Since the crystal structures and, hence, the actual site symmetries of PtFS_ in
the other chlorine fluoride salts are unknown end since the observed splittinga

are relatively gmall, the assignmenis for PtPﬁ‘ in Table I were made based on the

16,23,24
1

group pymmetry Oh. In addition to the previously assigned bands the

antisymmetric deformation, V4 (Fl“), and the normally ipactive VO (F2u) mode were
observed at about 265 and 180 cm-l, respectively. The spectrum observed for

IrFB- is in goo:d agreement with that of PtFG-. In eddition to the previously

reported23 bandy, the v4 and Vﬁ modes were alac observed for IrF6 .

+ 27 + 4,28 o+ 20,30

2 2 ! 2
a
and CIF4+ 43 have been reported elsewaere. The ussignments given in Table I are

+ 22,31.32
’

The vibratiopal spectra of Cl0 ’ CIF2O ’ CIF20

in excellent agreement with those previuvusly giveaz for these ions and, hence,

require no further discussion. Assiguments for ClFe*, whose identity and
R-9262
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octahedral structure has been established beyoud doubt by 19F oy apﬂctroacopyay
were made on the basis of the following argumenta. For octahedral ClF6+, we
would expect ideally six normal modes of vibration which are classified as

A + ¥, » Of these, only the two F

lg 2g 2u
active, while only the Alg' Ep. and F28 modea will be Raman active, assuming no

+ Ez + 2F1“ + F lu modes will be infrared
other golid state effects such as site symmetry lowering or slight distertion of
the octahedron., Three different salts containing ClFG*PtFG— have heen atudied.
In addition to ClF6¢, they contain either the 0102+, ar the ClF2+, or the ClF4+
cation. All three salts show a strong infrared absorption at 880 cm"l. The
frequency of ' s band is higher than that of any knowa ClF fundamental vibration
and is assigned to the antisymmetric stretching vibration, v, (F, ) of CIFg .
This assignment is supported by the follewing obaervation. In all three silte; the
860 cm-1 band shows a pronounced shoulder at 677 cmﬁl. The observed frequency

3501 - 3701 isotopic

difference of about 13 cm'"1 is in good agreement with the
shift value of 12.5 cm"—1 computed for octahedral CIF6+, assuming 100-percent

characteristic modea. O0f the remmining unassigned bands, the second highest

frequency belongs to a relatively intense Raman lipe at 679 cmml. Clearly, thig
line must be due to the totally aymmetric stretching mode, Vl (Alg)u The Raman
spectrun of CIF,", CIF,"PtF,” (trace d, Figure 2) shows a band at 513 cm™'. It
has bthe same frequency as the 0102+ deformation mode but caunnot be due to 0102*

since there is no evidence for its more intense Y (Al) mode at about 10560 cmnl.

The 513 cm > band might be assigned to either V, (Eg) or v, (Fzg) of 01F6+.

It has previously been shown thet the vibrational spectra of 0102+ 27, ClF20+ 31,
ClF202+ 4’28, 01F534, and ClF4+ 33 clogzely resemble those of isoelectromic 502,
8F,0, 8F,0,, srb’, and 8F,, respectively. A similar relatiouship might be expected

for the isoelectronic pair Cl?6+—SF6 (see Table II). Comparison with the vibrationa
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35,36

spectrux of SFG suggests that the 512 cmﬂl band is due te V, (FQI)' This is

: further supported by the absence of another band below 513 cmwl, which might be
! assigned to this mode and by the observed combinatisrn bands in the infrared
spectrrm. Generally, octahedral species exhibit two relatively intcnse combination

bands in the infrared spectrum due to v, + v, and V, + V. For CIF6+, two bands
A were observed at about 1560 and 1516 cm'l, respectively. The 1560 t:m"1 band

represents V| + V, (computed frequency: 1669 cm’l). Assuming the 1515 cen) band

to Le due to vy + va, a value c1 62b cm-'l can be asaigned to V2. Inspection of

1 1

trace d of Figure 2 reveals a shoulder at 630 cm ~, which is assigned to Vo (Eg)

of Cqu+. Since there is no indication ir the infrared spectrum for a combination

g

band at about 1400 o™ (890 + 513 = 14903), the 513 cm"l Baman band is assigned to

Vb (F2g) ¢

An alternate, althongh less probable, assignment is possible for Vo (Eg) of CIF6+.
Trace d of Figure 2 exbhibits two bands at 582 and 576 cm-l, respectively. We
prefer, however, to attribute both of them to v, (Eg) of PtFﬂ‘ since the v, (F?g)

PtF_~ bands alsc show additional splitting and since again no evidence for the

6

corresponding vy + v3 combination band can be found in the infrared spectrum at

about 1470 cm'l. Thus all the expected active modes have been assigned for CIFQ+
except for the antisymmetric deformation, Vv, (Flu)' This mode should be infrared
active and by compsrison with Si y scceur in the rarge 550 ~ 610 cm_l. A frequency
of B82 cnwl is tentatively mssigned to V, baszed on traces c, d, and e of Figure 1

4
and by comparison with the infrared spectrum of 01F20+PtFB" 22

109 R-9262
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TABLE II
%Tn Fundamental Vibraticna of CIFG+ Compared to Those of Isoelectronic SFG
CIF M (a) Apsignment in Point Grou
CiF. 8Ky Assigom Group 0,
679 769.4 v, (Alg)
830 639.5 vy (Eg)
890 947.9 vy (Fy)
582 614.% vy (Flu)
513 522 Vg (Fgg)

B SR GA we W AR W WS RGBS e ML M M B me e M M TR W e W e M WE A me e W MmO e W e

(a) Data from Reference 35 and 36.

Force Constants. A modified valence force field was computed for CIFG+ in order

o to obtain a more quantitative uwnderstanding of itls relative bond strength. Except
for the Flu block, all the symmetry force constants are unique. The Flu bleck ia
underdetermined since only two frequency values are available for the determination
of three force constanis. A third frequency value for the Flu block might be

36Cl-—a?cl iaotopic shifts which would allow the computation of a

obtained from the
general valence force fieid. Unfortunately, the lasotopic shift for Va could not

be determined with sufficient accuracy. Consequeutly, the useiuivess of mstiematiice
constraints, such as minimizing or maximizing the value of one of the symmetry
force constants was teated for isvelectronic SFS, for which a general valence force

38

field has been reportedaT. It war found that the condition, F,, = minimum , is

14
the best approximation to the general valence force field, though it yields too
high a value for F34’ due to eppreciable coupling of the bondaag. It also results
in a rather large negative value (~0,269 mdyn/ﬂ) for the stretch-stretch interactio

iy constant, f ', which is difficuit to rationalize. Using the oame concition for

computing the force field of ClFa+, a comparable negative value (~ 0.297 mdyn/x)
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!
was obtained for f" of Cll‘e*. S8ince for SF; the GVFF value of I"’ is essentially

zero, we prefer for C]J?s'* the condition frr' = O, The resulting force field ias

317

ligted in Table III and compared to the GVFF values of SFG

N i

TABLR III
Symmetry and Internal Force Constants QQXEZM of ClFa+

Computed for a Modified Valence Force Field Assuming

_f_r '= 0 and Using the Frequency Values of Table II. For
Comparison the GVFF Values of Sf, are algo Listed.

i g

Sfg are algo Listed
CIFy” S,

¥, 5.161 6.628
: F,o 4.443 4.578
% Fgq 4.88¢ 5.256
E Faq 0.726 0.885
E | P, 0.955 1.035
§ Fyg 0.736 0.763

i
i 1, 4.882 5.258
§ t . 0.120 0.341

\

t 0 0.002
raffra" 0.363 0.443

The force constant of greatest interest is the stretching force cunstant, Ir.
Its value is 4.7 mdyn/A with & conservative uncertainty estimat~ of = 0.2 mdyn/}
considering the uncertainties in the frequency of \ (Fln) and in the approximating

method used for the force constant computation. This value is comparable to thoae

111 R-9262

D-20




A s Y Ly

R D R T VR T T o T

FERD iy T g g

T e W s S id e e o s v e v CW ST amugeEe ST D4 RIS Td eawn e AN PR AT o A

of CIF," (4.74 ndyn/R)*" and of the equatorial CL-F bonds in CIF," (4.59 mayn/})*?,
but significantly higher than those of the remaining known chlorine fluorides.

The high value o2 fr in CIFB+ can be explained to some extent by the formal

positive charge which generally increases the stretching force constant values.
It also suggests strong covalent contributions to the bonding. The high fr value

is entively conaistent with the high stability observed for the CIFB+ salts and

4+ aaltaﬁ-g. In both capes, comparison with the

isoelectronic molecules 8F8 and CF4, respectively, suggested unusual stability,

parallels the findings for the NF

although it proved difficult to actuully synthesize these salts. In particular,
it appears that the synthesis of ClF6+ requires an unusually powerful oxidative
fluorinating agent such as PtFe.
Since v, (Flu) and v, (F2u) have been observed for both PtF.™ and IrF, , a

modified valence force field was also computed for these two anions mssuming
octahedral symmetry and F,, = minimm. For Pth— and IrFB-, this extremal
condition is expected to give & force field close to that of a GVFF owing to the
large mass of the central atoms and the resulting weak coupling. The frequencies
used for the computation are listed in Table IV, together with the resulting force
consgtants. The value of fr of PGF“_ (3.89) is intermediate between those of

PtF, (4.46)41 and P%FG—— (3.42 mdyn/ﬁ.)41 as expected on the basis of the increasing

formal negative charge.

Summary. The guccessful synthesis of ClF6+ and the evidence for the nonexistence
of a atable Cll?7 molecule and CIFG- anion14 completes the geries of possible
binary chlorine fluoride molecules and ions. Table V summarizea the pregently
known species. The esistence of 01F8+ suggests the possibility of preparing

CIF,0 and efforts to synthesize this new oxyfluoride will be continued.
R-9262
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TABLE IV

(b) v, =870, v, = 560,

1 o = 640, V4 = 270,

per,” (®)

Iy, 4.613
Foo 3.573
Py, 3.870
Fa, 0.100
Fo. 0.308
. 0.161
Feo 0.181
2, 3.894
4 0.173

rr

1
1 0.024

Irr

1
-1 0.050
ra ra 1"t
£ -t ~2 '+1¢ 0.171
o o0 o0 o
2 g " " -0.010
a0 ga ow oo )
Frequencies Used:
(8) v =842, v, =865, v, =640, v, =270,

= 240,

Ll 2481

Symmetry and Internal Force Congtants !wll of Pga' and

IrF,_ Computed for s Modified Valence Force Field Assuming F,, = Minimum

lgge' (b)

5.026
3.510
3.861
0.101
0.307
0.172

0.192

3.940
0.255
0.079
0.051
0.182

~0.010

Vg = 180 em

v, = 185 cm

e o tadenatiad, el i
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TABLE V

Summary of Ex.sting Binary Chlorine Fluorides. Nonexisting

cie & Given in Parentheges.

| cl 2,+ (a) ey @) cir,” (c)
§ cuv; (a) 1, () ar,” (2)
3

g cm: (a) C1F, (b) (c17,") (e)
| tir, (i) (cIF.) (1) (c1ry)

(a) K. 0, Christe and W. S8awodny, Inorg. Chem., 8, 212 (1969).

(b) 0. Buff, B. Ascher, J. Fischer, and F. Laasa, Z. Anorg. Allgem. Chem., 178,
258 (1028).

(¢) K. 0. Christe and J., P. Guertin, Inorg. Chem., 4, 905 (1965).
(d) J. W, Dale and D. A. Macleod, (1950), private commmnication.
(e) 0. Ruff and H. Erug, Z. Anorg. Allgem. Chem., 190, 270 (1930).

(2) L. B. Asprey, J. L. Margrave, and M. E. S8ilverthorn, J. Am. Chem. Scc., 83,
2055 (1961).

(g) K. 0. Christe and D. Pilipovich, Inorg. Chem., 8, 391 (1969).
(h) W. Maya and H. F. Bauer, U, 8. Patent 3,354,648 (1867).

(1) ¥. Q. Roberto, Inorg, Nucl. Chem. Letters, 8, 737 (1972) and
X. 0, Christe, ibid., 8, 741 (1972).
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Diagrar Captions

Infrared apectra of the molid products cobtained from the following
reactions: trace a, displacement reaction between FNO and a mixture

of cur;m's' snd CLF *M‘B"; traces b and c, FO10, + PtF, av 20

6 2

and ~78°, respectively; traces d and e, ClF6 and PtF6 using
unfiltered and filtered uv radiation, reaspectively; tracc I,
FCIO2 + IrFe at 25%, All spectra were recorded as pressed Agbr

disks, except for trace c¢ for which a AgCl disk waa used.

Raoman spectra of some of the solid products shown in Figure 1 using
the same notations. All spectra were recorded for dry powders in
glass melting point capiilaries, using the 6471 i exciting line on

a Cary Model 82.
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0n The Bxistence of Chlorine Oxide Pentafluoride'™)

By Karl 0. Christe, Richard D. Wilson, and Donald Pilipovich[*]

Thke recent report by Zuechner and Glenaer[lj en the gynthesis of CIF50 from the
photolysis o2 01F5-0F2 uixtureulggonpted us to thorvughly study this system.
Cuntrary to the previous report ", no evidence for the existence of 01F50 could
be obtained in the *emperature range -18° to 30%, using both unfiltered and
Pyrex filtered uv -adiation. All reactions were carried out in & stainless steel
reactor equipped with & sapphire window. The progress of the reactions was
periodically monitored by gas chromatography. At the end of an experiment, the
products were algo separated by fractional condensation, in u Teflon-stainless
steel vacuum system and were characterized by vibrational spectroscopy. It was
shown that in the CIFG~QF2 system, when exposed to munfiltered uv radiation, ClF5
rapidly decomposea to Clla and F2 and, thorefore, ylelds only the same products
obtainable from the photolysis of 01r3-aib mixtures.

The following properties reported by Zuechner and Glemserill for C1F50 do not
agree with the general trends observed for the remaining chlorine fluorides and
oxyfluorides: 1) nonvelatility at -78°c, (ii) a 1% amr resonance between
-146 and -103 pom relative to CFCl,, and (1i1) exchange broadening in the nmr
spectrus even at -76°C. For CIF 0. we would expect (1) a volatility comparable
to those of CLF (2] or SFJ:S]. (11) an averaged 19“ nmr chemical shift of about
-390 ppu[4}, and (111) the absence of intramolecular e change owing to chlorire
having its maximum . oordination number and no free valence electren pair end

owiny ‘o the lack of a plausible exchange mechanism.

(1] for CLFBO is the preseace of
a8 low intenaity fragment due to 01F40" in the negative ion mans spectrum of the

crude reaction product. We prefer Yo attribute this fraguent to a recumbination

The only remaining piece of evidence presented

process in the mass spectrometer since a 52% peak was also reported for FZ“ which
can form only by recombination. Furthermore, negative ion epectra fiequently
show species of higher mass than that of the parent molecule due to attachment

of other atoms or ;rouputb].
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THE PREPARATION OF CHLORINE MONOFLUORIDE

C. J, Schack and R. D. wilﬂon
Rocketdyne, « Division of Rockwell International Corporation,
Canoga Park, California 91304

Cblorine wonofluoride is a very vigorous and useful reagent which exhibite a
diversity of reaction pethks. Thus fluorinating, chlorinating, and chloro-
flvorineting reactions are well Jmown (1) as well as amphoteric bebavior in
forming Lewis acid and base complexes (1, 2). Despite this brosd usility,
specific details regarding the synthesis of CIF are lacking. The experinents
reported herein describe a simple; laboratory scale, procedure for the prepa-

ration of ClF.

Although CIF can be prepared from the elements (3), it is generally preferable

to eaploy ClFa and 012 according to the equation:

ClF, + C1, —b e 301IF

This reaction was firet reported (4) by Schmitz and Sctumacher. In their work
and in later applicatiens (5, 6) the reactions were carrvied out at temperatures
in the range of 250 - 350°C aund at unspecified pressures &nd/or times. There-~
fore, it appeared desirable to belter define the most significent perameters,

i.e., temperature, pressure, and time. The following i3lle summarizes some of

our typical results.

R-9262 1273
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TABLE 1

Reacticn Data For 1.06 ClFa - 1.00 012
Run Ne. ToC Max. Pressure Time, br. ClFs % Yield
pai Recovered Purified CIF
1 120 160 65 Yes 65
2 180 200 18 Yes 79
3 150 820 . 18 No 95
4 180 315 b] No 02
5 180 870 ) Trace 82

From these experiments it is evident that a temperature of 120°C is too low for
obtaining a high yield in a reasonable time. However, a temperature of 180°C,
still much lower than those most often used, is quite szatisfactory Zor pro-

ducing complete reaction in a short time, over & broad pressure range. At 15009C

a slightly higher yield was achieved, perbaps due to reduced wall reactions.

The longer time required, 18 hr., is still a convenient overnight period. In &ll
cases a 5-7 mole percent excess of C}.F3 was used to ensure sufficient material for
the desired reaction since inevitably some fluorine is "lost" through formation of
metal fluorides. These conditinns bave been successfully tested on a reaction

scale of & few mmoles to about one mole of ClF.

Experimental

Commercial (The Mathegon Co.) C1F,(98%) and Cl, (99.5%) werc used without further
purification. Stainless steel (304), single cnded, bigh pregsure {1800 pai)
cylinder» (Hoke, Inc.) were used together with stainless steel (318) valves

(Hoke, Inc.) and bourdon tube guuges (The Matheson Cc.). Clean, assimbled
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reactors were pessivated with CIF3 at ambient temperature before use. Measured
amounts of ClF3 and 012 were condensed into the cylindér held at -1969C. After
warming to ambient tomperature, the loaded reactors were heated to the final
reaction temperature in an oven or with heating tape. Because the temperature-
Preasure maximums employed were well below ratings for the equipment, asmall
reactors could be placed completely (valve, gaug; and all) and safely in an
inexpensive drying oven set at the desired tempersture. The heating cycle wan.
conducted in an outdoor, pressure safe facility. On completion of the reaction,
the contents of the cooled cylindera were separated by fractional condensation
in & metal-Teflon vacuum line. A trap cooled to ~1420C (methylcyclopentane
slush) was uged +o retain impurities such as Cly, ClF,, and FCi0,, vhile the
ClP wvas condensed in & trap held at -198°C. The purity of the C1F was deter-

miced by gas chromatography (7) and its infra-red spectrum.

Acknowledgement

The authors are grateful to the 0ffice of Naval Research, Power Branch, for

support of this work and to Dr. K. u. Christe for helpful diacussion.

Reforoncea
A ———c oL

(1) L. Stein, "Halogen Chemistry"”, V. Gutmann, Ed., Vol. 1, Acadcmic Press,
New York, 1967, p. 134.

(2) K. 0. Christe and W. Sawodoy, Inorg. Chem., 8§, 212 (1969).

(3) 0. Ruff, E. Aacher, J. Fischer and F. Laass, Z. anorg. allg. Chem., 176,
258 (1928).

R-9262 125
-3




Fhc il St

(4)
(8)

(e)
(7)

H. Schmits and H. J. Schumacher, Z. Neturf., 2A, 359 (1647).

M. T. Rogers, J. G. Malik and J. L. Speirs, J. Amer. Chem. Soc., I&,
46(19056) .

0. D. Krogh and G. C. Pimentel, J. Chem. Pbys., 56, 969 (1872).

V. B. Dayan and B. C. Neale, "Advancee in Chemistry Series", No. B4,

1966, p. 223.

126
R-9262
F-4




WP D AR

Contribution from Rocketdyne, a Division of Rockwell International,
Canoga Park, Cslifornia 901304

0n A New Synthesig of NF,' Selte and its Mechanistic Interpretation
Inveiving A New and Exceptionally Powerful Oxidizing Species

*»
by Karl 0. Christe , Richard D, VWilason, end Arthur E. Axworthy

Beceived , 1973

Complex fluoro cations are generally prepared through flucrine abetraction from

the parent molecule by means of a strong Lewis acid. This was first demonatrated

in 1949 by Woolf and Emeleus1 for BrF3:
Br¥, + BUF ————tp BrF,"BUF g (1)

+
In the came of NF, e=lta. this approach was imposaible since the parent molecule

4
NF5 is unknown and unlikely to exist owing to the validity of the octet rule for

fitsl 10w @icmenis such 2z niiregmen and fluorine. The synthesia of NF4* from
NFa and F+ is preempted by the fact that fluorine is the most electronegative
elemont apd, bence, F+ should be extremely difficult, if not impossible, to
prepare by chemical means. In 19656, Christe and co-workers discovered2 that NF4+
salts can be prepared from NFa, F2, and a strong Lewie a.id in the przaence of an
activation energy source. Presently, three methods are kpown whicli are capable
of producing NF4+ galts. Thege are (1) glow discharge at low temperature3’4,

(2) heating under high preaﬂureb’ﬁ, and (3) bremsstrahlung at ~196° " In tiis

note, we deacribe a fourth method, i.e., uv photolysia, which is capablie of

+
rod“cin NF “hltﬂ- wt
P g NP, 1-9262 12+
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In addition to the great challeage which the preparation of NF4+ salts presented

to the synthetic chemiapt, the NF * formation in of unusual interest Irom s

4
mechaniatic point of view. In view of the second and fourth methods of formation
(wee above), the originally suggestedz mechanism cannot be corsidered satisfacitery
and a more plsusible mechanism is offered. Based on the revised mechanism, we

pestulate a new intermediate of unusual oxidizing power comparable to thnts of

PWFG.

Experimental Section
Materials and Avparatus. The mateiials umed in this work were manipulated in a

weil-parnivated (with ClFa) 304 pteinless steel vacuum line equipped with Teflon
FEP U-traps an’ 318 stainless ateel bellows-seal valves (Hoke Iuc., 425 IF4Y).
Pregsures were measured with & Heise-Pourdon tube-type gauge (0 ~ 1600 mm b 0.1%).
Nitrogen triflucride (Air Products), BF& (The Matheson Company), and A5F5 (0zaxk
Mahoning Company; were purified by fraciional condensation. Prior to its use,
fluorine (Bocketdyne) wag passed through u NaF trap to remove H¥ impurities.
Because of their hygroscopic zeture, materials were hundled outas’de of the vacuum
gystem iv the dry nitrogen atmeosphere of a glove bex. The infrared spectra were
recorded on & Parkin-Elmer Medel 457 spectropholometer as dry vowders between AgCl
windows in the form of pressed disks. The pressing operation wes carried out
uging a Wilks mini pellet press. All »eactiong were cerried out in a sapphive
reaction tube hraze? tu a 304 stainleas steel tube (Varien, Model C$-4250-3).
Thig reactor had a volume c¢f 23 mi. For the photolysen, unfiltered uv radiation
fror a Hanovia Model 616A high-pressure quartz mercury-~vapor arc was used., In

all reactions, NFa, ¥, and the correaponding Lewis acld were used in 1lils)l mole

2'
ratics (2 mmol of each) resulting in an antogenous pressure of about 6.5

atmonpheres.

R-9262
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- 222225&&322“9$~§!Q:§ﬂ§&:' A mix‘*ure of NF.,, Fy, and AsFy, when kept for three

doys at 25° in a sapphire reactor in the dark, showed no detectable trace of

solid formation. Upon exposing the sapphire section of the reactor to unfiltered
uv radiation, clouds of suapended sclid sppeared within seconds inside the reaclor
resulting in an instant coating on the reactor walls. Contibued exposure (for
several days) of the reactor te uv radiation did not significantly increase the
golid Zormation. After removal of the volatile reaction products, the weight
gain of the reactor varied from 2 to 8 mg in several experiments. The solid

realdue was identified by vibrational spectroscopy as NF4anF " and in all

8
cages did not show any detectable impurities.

Preparation of ggl*gzl'. The NFS-Fz—BFa reaction was carried out in the same
way as described for NF3~F2nAaF5. The reactunte bebaved similarly and the
L reaction rate decreased sharply with irncreasing solid deposition on the inside
o+
4 BF

infrared spectrum of the solid was in excellent agreement with that previouily

walls ol the reactor. The yield of N¥ 4" was between 1 and 2 mg. The

7 + -
reported Ior](F4 BF4 .
Resulty and Discusslion

When gaseous mixtures of NFS’ F2, and the strong Lewis acids An¥_ or BF3 are

5
exposed to unfiltered uv iiradiation, the following rapid and reproducible

reactionsa occurs

JEER —— + -
NF, + F, * AaFy —————®NF  "AeF, (2)

NF3 + F2 + BF

et sh R D ale e b



In all experimenty, the yield of the N?4+ selt was lemss than one perceni. This
low yleld, howsver, appears not to be caused by a low reacticn rate, buy by
deposition of the selid produet on the reactor walls, thus preventing further
irradiaticn of the reactacta. BSignificant improvement of the yields should be
possible by continuous removal of the deposits from the wall or the use of a more
sophisticated flow system. However, efforts in this direction were beyond the
scope of the present atudy. In view of the reiati~ely low intensity of the uv
lamp used in our experiments and the amall diemeter of the saypiire reactor,

the observed high initial reaction rate strong'y asuggests a quantum yield larger

than one, i.e., a chain reaction.

Taking all the presently available experimental data on the symthesis of NF4+
compounds into consideration, additional conclusious concerning & plausible
reaction mechanism can be reached. Based on the glow-discharge synthesis, we had
originally invoked the intermediate formation of a F+ or NF3+ cationz. Whereas
thege cations might indeed be produced under glow-discharge conditions, the high
ionization potentials of NF, (13.00 ev)ll, F, (15.69 eV)12, or F+(17.44 ev)13
przclude their formation in the uv photolysis, since the maximum enexrgy aveilable
from the uv source does not exceed 7 &V. Even atronger evidence for an alternate
mechaniam stems from the thermal synthesis (method 2). Heating to about 120°
cannot provide the activation emergies required for the formation of NF3+, F2+,

14,15

oy F+. However, it bas been found for the CIQ—F dark reaction that a

2
temperature of about 120° is sufficient to dissociate some of the F2 into P
radicals [D°(F2) in only 37.5 keal mol™> w 1.82 eV]'3. Inupite of the very low

F+« atom coscentrations expected at 1200, 8 chain reaction may result in relatively
fast reaction raves. Based on thewe considerations and the observed fasst init.al

reaction rate in the NFQ—P2<A175 photolysis, it seeuwn safr to postulate F2

dissociation as ihe first veaction step in the NF *AgF ~ synthesis:
R-9262 48
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F, w——ecp 2 F- (4)

aorAﬂb- Since the

hypothetical NF4- containing ouly first row elements would violate the octet

The next gtep could invelve the reaction of F+ with either NF

rule, its formaticn is very cnlikely. Therefore, the secoud step should be:
F* 4+ AgPy ot AsF, - (5)

This step appears plausible since A-l"6 generally acts as an excellent acceptor
molecule and charges from a trigonal bipyramidal to an euerge*ically more favorable
octahedral Aara configuration. The A-Pe- radical is pseudo-isoelectronic with

8F3+ and, hence, a rough estimate for the exothvmicity of the reaction

can be obtained from the knownl7 photoionization threshold of Srb (15.29 eV).
This bigh value strongly suggests that the AaFG- radical ip the only likely

intermrdiate capwble of oxidizing NF,, which has a first ionization potential

3!
of 12.00 eV.ll Consequently, the third reaction step in the NF4+ABF6- formation

shoula be;:
As¥g. + NF, -——-——bura*Aare“ (8)

In order to maintain a chain reaction, the NF fAsF ~ could react with FQ,

3 6
according tos

+* - + -
NP, ARy + F, ———PNF, AsF,” + I (7)

R-9262
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A crude estimate of the bond energy changes involved in this step can again be

obtained by comparison between the isoelectromic species:

o 2

+

~#NF ,

.»ma* + Fe

» CFy+ + Fr ———PCr,

Since the CF,-F bond energy (139.4 kcal m01—1)18 is considerebly higher than that

3
of the F-F bond (37.5 keal mol™1)2®, reaction (7) should also be excthermic. Chain

termination steps could occur by combination of any two of the radicals invelved

in this mechanism. The overall sequence, equations (4), (5), (6), and (7) appear
to be a very plausible mechanism requiring ounly a low activation energy for (4)

3 in excellent agreement with the experimental observations.

Solomon and co-workers have studiedlg the kinet.cs of the thermal decomposition

of NF4fAnF6- to NF F2, and Aan in the temperature range 175 ‘o 222° at low

3’
presgure. Since Tolberg et al have shown6 that NF4anF6" can be formed in this

temperature range from NFG’ FQ, and AsP6 undev high pressure, reversibility of

these reac*ions is indicated. Consequently, the NFA+ AaFR~ formation mechanism
should allow us 2lso to better understand the thermal decomposition. Solomon et

al. observed'® thet both NF. and AWF, inbibit the decomposition reaction and

3
suggest that the decomposition mechanism involves the reversible dissociation of
the solid to N?6 and AaFy;, followed by the irreverasible decomposition of NF5 as
the rate determining step. However, th¢ observed fracticnal-order kinetics could
not be explained by an elementary reaction mechanism. The mechanism, suggentedlg
by Solomon and co-workers has scveral shortcomings. In our opinion, the most

serious ones are (1) Nrb violates the octet rule which is strictly valid for

first row elements. Promotion of nitrogen electrons to the 3s level would result
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in a prohibitively large activation energy for the NF5 formation; (2) the NF4*A3F6—
formation and decomposition appear to be reversible; and (3) the inhibition of

the NFéfAsFB“ decomposition by NF3 addition suggests that the steps involving

NFa cannot be lrreversible. Feor these reasons and hy analogy with the mechaniem
discussed above for the NF4fAsF6~ formatinn, a more plaugible decomposition

wechaniasm would bes

NF, *AnF,” =B\, "AsF,” + F- (10)
NF, A, " =P NF, + AsF,* (11)
AsFg: @R F- + AsF, (12)
2 Fr ———PF, (13)

Because the steady-state F atom concentration would be deteirmined by a number

of reactions, including the reverse of reaction (7), a very complex raic expression
might be expected. The recombination of F atoms could occur either homogenously
via & three-body colligion or heterogenously. The inhibiting effects of NF3 and

A:Fb could result from the reduction of the steady-state ¥ atom concentration

(11 ana {10\ o
\a-l 'y \ON, ™

The postulate of an AsF6° radical intermediate which can act as a powerful
20-22

oxidiwzer; could aleo explain the following two previously reported and highly
unusual reactions.
20, +F +2A.r--—-1-9-9?——§20+ur“ (14)
2 2 ] or uv 2 6
end
Xe + F, + A, ———p XeF AsF, (18)
R-9262
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Both reactions proceed again under very mild conditions, resulting in the oxidatioun
of two species, 02 and Xe, with very high first ionization potentials of 12.08

and 12.13 eV, respectively. Reaction~ (14) and (15) are directly comparable to

the following knownD 23124 Pﬁ?s reactions:
+ -
0y + PtFg =m0, PLF, (16)
and
+ -
Xe + 2 PAFg~~———{fpXeF PtF (17)

Thig analogy suggests that the oxidizing power of a lLewis acid-F. radical, such as
AnFsv, is comparable to that of Ptre, which is one of the strongest oxidizing
fluorinatoraa known. The applicabiiity of the Lewis acid-activated F2 system,
however, scems to be limited to starting materials which themselves do not form
stable adducts wath the Lewis acid. The given examples demunstrate that the
oxidizing power of fluorine can be promoted significantly by the aimultaneous

use of & strong Lewis acid and an energy source promoting dissociation of F2 into
F: atoms. Consequently, many reactions previoualy requiring the use of the
prohibitively expensive Pt!e may movw be carried out at a reasonable expense by

the use of Lewis acid-promoted activated fluorine.
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0N THE REACTION OF clgr*ure" WITH XENON
Karl 0. Chrigte and Richard D. Wilson

Rocketdyne, A Division of Rockwell International,
Canoga Park, California 91304

In the presence of sirong Lewis acids, XeF2 can act as a powerful fluorinating
oxidizer (1,2). For example, it can fluorinate Br, or I, (3) resulting in the

formation of BrF

3 and IFS’ respectively, as shown by tbe following idealized

equations

3 xer*nF4“ + Br, ————P2 Bl-FQ*nF4’ + BF, + 3 Xe

fellowed by dissociation of the thermally unstable BrF2+hF4" complex to BrFa and
BFs (4). However, to our knowledge, no exanple has been reported for the
reverse reaction of this type, i.e., the oxidative fluorination of Xe by a

halogen fluoride under mild conditions. Furthermore, previous studies have shown

that both CIF (5) and CIF, (8) do not interact with Xe.

Ve bave now found that the addition of a Lewis acid to CIF, which causes CLF"
formation (7),&1.0 increases the oxidizing power of CIF significantly so that it

can fluorinate Xe according to:

clzr*nro" + Xo P xer"u?e' +cl,

followed by the known (8) rcactions

. - ' + -
2 Xe? Ad'6 ——-—-—-—FXezra Ad'e + AAF5
R-9262
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These results suggest that the oxidizing power of cations decrcases in the

following ecrder, Cl F+ > XeF+ or Xe2F3+ S BrF2+, and that the enhancement of

2
the oxidizing power of an amphoteric molecule by the addition of a straong Levis

acid ig not limited to XeF2 but is prebably quite general. Furthermore, the fact
that CIF is pseudo-iscelectronic with XeF+ but acts as a ratber mild fluorinating

oxidizer, indicates that a specific valence electron configuration is not the

main caugc for unusual oxidizing power. Bather, it appears that cation formation,

T g
¥

i.e., a formal positive charge, is more important.

RS oy

Experimental Section

Xenon, C1F, and AsF5 (2.09 mmol each) were combined at m196° in a pasaivated

Y I - . . . - . Lo - T
{with ““3) 20 wi sapphire~sioeinless stees reaction tube. The mixiure was

allowed to warm up to 25° and was kept at this temperature for ome hour. The
mixture was recooled to -186° and did not show ihe pregsence of any noncondengible
material. After removal of the products volatile at 25° by pumping, a white
solid residue (83 mg) was obtained. The volatile material was condensed back
into the reactor at -196°. The contents were kept at -80° for 1.5 hours. The
reactor was allowed to warm to 25° and the volatile products were separated by
! fractional condensation. They consisted of Xe (1.68 mmol) and a mixture of ClF,
Cl,, and AsF, {total of 3 mmol) which could not he separated completely by
fractional condensation owing to partial formation of the known 012F+AsF6“ (7)
;A-re' (9) adducts. The white solid residue (157 mg) showed the

vibrational spectrum and x-ray powler diff:action pattern characteristic (10)

and Cl

for monoclinic Xe2F3+A;r6". The latter probably formed from the original
x.rfA-rs“ (es indicated by.the material balunco)Aby loas of Aqu during sample ;o

preparaticy in the glove box (8). Previous reports (8,11) on the infrared

13,? ' R-92682
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spectram and x~ray powder pattern diverge. Our data are in excellent agreement
with the data of Bartlett et al. (8), but disagree with those reported by

Binenboym et al.(11).
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Abstract

Vibrationa! spectra have been recorded for the known adducts, CIFS°A3FS,

ClF 'beFs (x=1.08 and 1.36), BrF -ZSbFS, and IFs'SbF . Furthermore, the

5 5 5

new adduct, BrF5°A£F5, has been prepared. It is marginally stable at -95°,
The spectra of the ClFs adducts are consistent with predominantly ironic
structures containing the C1F4+ cation, The spectrum of C1F4+ is very
similar to that of isoelectronic SF4 thus indicating a pseudo-trigonal
bipyramidal structure of symmetry CZV' All fundamentals have been assigned
and a valence force field has been computed for C1F4+. The vibrational
spectra of IF5~SbFS and BrF5°ZSbFs are compatible with the predominantly

*SbF.~ and BrF

o -
ionic structures, IF4 6 4 S”2F11 , respectively, established by

x-ray diffraction data., Tentative assignments are given for BrF4 4

The 1anmr spectra of BrFS~ZSbFS and IFS-SbFs in HF solution are also

reported,

R~9262
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Introduction

Halogen fluorides exhibit amphoteric character. By combining with strong

] Lewis acids, they can form cations containing one F~ ion less than the

1 parent molecule, In recent years these salts have received much attention,
é and numerous papers dealing with their syntheses and structures have been
publishedz. Whereas the structures of the halogen mono~, tri-, and hepta-
fluoride adducts are reasonzbly well established, much less is known about

the complexes of the halogen pentafluorides.

Chlorine pentafluoride combines with Lewis acids such as A5F5.3 SbF 3,4 and

53
5,6 . s + . 3,5
Pth . Jlonic structures containing the ClF4 cation were suggested,

however, no supporting data were presented, Recently, the 19 nmr spectrum

of ClFs-l.Eé SbF5 in }F—ASFS solution was studied7. The observation of two
resonances of equal intensity at low field is strong evidence for the presence

of a C1F4+ cation having a pseudo-trigonal bipyramidal structure of symmetry

8,9 for isoelectronic SF,.,

C, , analogous to that found 4

2v

10
5 5 °

F nar spectrum of the solid and melt has been published11

Bromine pentafluoride forms with SbF5 the adduct, BrF_e+JSbF A brief

repoxrt on the 19

indicating the presence of two different kinds of fluorine ligands, however,
the observed area ratio was in poor agreement with that expected for the

postulated11 structure BrF4+Sb2F11'. Recently, the crystal structure of

BrF5°28bFs has been determined establishing12 its predominantly ionic nature,

After completion of our studyl, Surles and coworkers have reported13 the Raman

spectra of BrF4+Sb2F11' and of BrFg in SbF5 solution and propos:d a tentative
assignment fer BrF4+. Solutions of BrFS in SbFS were shown13 .0 be highly

conductive suggesting an ionic formulstion for the Brrs-SbF

140 k-9262
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Iodins pentafluoride forms 1:1 adducts _th SbFS14 and Pthls.

crystal structure of IFS°SbFS has independently been studioed by x-ray

diffraction by two groupsl6’l7. Unfortunately, IF

hecently, the

5°Squ tends to form twin
crystalsl7 thus rendering tne structural determination somewhac difficult,
Both groups suggest for IF5°SbFS a mainly ionic structure containing a

distorted trigonal bipyramidal IF4+ cation of symmetry C, and an SbF6° anion

2v
distorted from symnetry Oh‘ However, several interesting questions such as
the difference in bond length between the axial and equatorial IF bonds

remain unresolved. Shamir and Yaroslaysky have zeportedl8

in a preliminary
communication the Ramun spectra of a number of adducts including that of
IFS~SbF5. However, their experimentsl data are incomplete and, therefore,

their conclusions are little convincing,

Experimental

Apparatus - The materials used in this work were manipulated either in a
well passivated (with CIFS) 304 stainless steel vacuum system equipped with
Teflon FEP U-traps or in the dry nitrogen atmosphere of a glove box. Pressures

were measured with a Heise Bourdon tube-type gage (0-1500 mm + 0.1%).

The Raman spectra of the solids were recorded with a Spex Model 1400
spectrophotometer, The green (5145 R) or the blue (4880 K) line of a
Coherent Rediation Lsb. Model 52 Ar ion laser and the red (6328 A) line of
a Spectra-Physics Model 125 He-Ne laser were used as exciting lines. Pyrex-
glass tubes (7-mm o.d.) with a hollow inside giass cone for variable sample
thicknesses or clear Teflon FEP or Kel-F capillaries {1 to 4 mm i.d.) were
used as sample containers. For the capillaries the transverse viewing-

transverse excitation technique was applie!, The Raman spectra of the HF

solutions were recorded on a Cary Model 83 spectrophotometer using the 4880 A
R-9262
I-3
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exciting line, The samples were contained in Teflon FEP capillaries which

were also used for the 1QF nar spectra.

The infrared spectra of the solids were recorded on a Beckman Model IR-7
with Csl interchange and Perkin-Elmer Models 337 and 457 spectrophotometers
in the range 4000-250 cm'l as dry powders between AgCl or AgBr plates or
thin (2 mil) Teflon FEP sheet. Compensation for bands due to the Teflon FEP
window material was achieved by placing an empty cell in the reference

beam, Screw-cap metal cclls with Teflon FEP gaskets were used as window
holders. The low-temperature infrared spectrum of CIFS*ASFS was taken by
preparing the complex on the internal window (cooled with liquid nitrogen)
of an infrared cell., The body of this cell was made from Pyrex-glass, all
windows being AgCl. Temperature cycling of the internal window in vacuo was
essential te obtain spectra free of unreacted starting materials.

The lgF amr spectra were recorded at 56.4 MHZ on a Varian high-resolution
nmr spectrometer equipped with a variable-temperature probe. Chemical shifts
xere determined by the sideband technique with an accuracy of + 1 ppm

relative to the external standard CFC13.

Preparation of the ClFs Adducts ~ The purification of ClFS, SbFS, Ast, and

HF and the preparation of the ClFvaewis acid adducts has previously been
describeds. Since the melting point and the composition of the ClFS-SbF5
samples varied somewhat with the method of preparation, three different
samples were lnvestigated. Semple I had the composition C1Fc+1.08 SbF5

and showed first signs of melting at 88°, It was prepared by adding an SbFsu

HF solution to excess CiFg. Sampie II had the composition ClF5'1.36 SbFS and
R-9262
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wes prepared by combining SbFS dirsolved in HY with an excess of CIFS at

-196° followed by warm up to 25° and removel of volatile material in
vacuo, It showed first indications of partial melting at . 35, With
increasin, temperature, however, the -ample solidified again showing the
onset of a second melting at 88°, Sample III had the same composition as
sawple II and was prepared by treating a part of sample II with excess ClF5
in a Monel cylinder at $6°  : 48 hours with agitation, It melted at about
33° to form a milky, highly viscous liquid. The synthesis of the CIF4+PtF6'
6

and C1F6¢PtF6' mixture has previously bwzen de. :ribed”,

Preparaticn of Brf_s«2 SbE5 - Bromine pentaflucride (from The Matheson

e

Company) was treated with Fz at ambient temperature until the material was
coloriess. It was purified by fractional condensation through two traps
kept at -64 and -05%,  The material retained in the -95° trap showed no

detectahle impurities in the infrared spectrum,

Bromine pentafiuoride (112.3 mmole) was condensed at -196° into a passivated

100 ml} Monel cylinder containing 68.8 mmole of SbF The cylinder was heated

50

for three days to 120°. Subsequently, unreacted BrF_ (78,3 mmole) was

5
removed in vacue at ambient temperature leaving behind a white, crystallinic
solid, Consequently, BrF5 (34.0 mmole) had reacted with SbF5 (68.8 mmole)

in a mole ratio of 1:2,02 producing the complex BrFs-Z SbFsa

Preparation of BrﬁloAsF5 ~ Bromine pentafluoride (4.42 mmole) was combined

with AsF5 (13.15 mmole) at -196% in a Teflon FEP U-trap. The mixture was
allowed to warm up slowly until melting and reaction occurred. When the

pressure inside the trap reached 1200 mm, the mixture was cooled again

R-9262
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to -196°. This procadure was repeated several times until the reaction
was complete, Unreacted Ast (8.77 mmole) was removed in vacuo at -95°
leaving behind a white solid which melted at higher temperature to form an
almost co.orless liquid Prolonged pumping on the adduct at -95% resulted
in the removal of additional small amounts of AsF5 indicating that the
adduct has a slight dissociatjon pressure even at -95°, The infrared

spectrum of the gas obtzined by exhaustaive dissociation of the solid showed

BrF,. and AsF. in a 1:1 mole ratio, Based on the above given material balance,

5 )
BrFS (4,42 mmole) had combined with AsFS (4.38 mmole) in a mole ratio of

1:0,99 producing the complex BrFsaAst.

Preparation of IF.¢SbF. - This product was prepared as previously descrihed14

The material was a white, crystallinic solid, The material balance was as

expected for a 1:1 adduct, Anal. Calcd, for ISHF 0 1, 28.9; Sb, 27.5;

1
F, 43.3. Found: I, 29.4; Sb, 27.4; F, 43.0.

Liquid IF5 and gaseous Ast when combined at 20° with stirring did not form

a stable adduct,

Results and Discussiecn

Syatheses and Properties - The preparation ot the ClFs adducts has previously

been discu;seds. In the BrFs-SbF5

sven when employing a large excess of BrF5 and temperatures above 100° in

systam w* could not isolate a 1.1 adduct

the synthesis. The BrP5~2 SbFS complex is a white crystallinic sclid. It
can be stored in Teflon FEP containers without appreciable decomposition.

Exposure to small amounts of moisture or reactive surfaces produces a pink

to deep red golor due to the formation of Brz* saltsz, Single crystals of
: ' R-9262
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BrF502 SbF5 can be readily grown by siow sublimation at teaperatures
slightly higher than embient, The results of a single ciystal x-ray
diffraction study cn BrFs’Z SbFS have been reportedlz elsevhere., With
AsFS, howe-er, BrFS does form a 1:1 adduct, but its thermal instabil:ty
preemptad its use for structural studies. Upon melting,the complex forms a
colorless liquid, If impure BrFS is used in the synthesis, the color of
the liquid is an intense burgundy red indicating the presence of Brz* ions2
The fact that AsFS and SbFS combine with BrFS in different mole ratios,
might be explained by the pronounced tendency of SbFs to form polymeric

anions such as SbZFII .

Our data obtained for IFS'SbFS confirm Woolf's reportsl4. Single crystals
of IF,;'SbFs were grown by slow sublimation at 40%, A single crystal x-ray

diffractfon study in our laboratory was discontinued when we learned about
the workls of Baird and Giles. The fact that Ast, a weaker Lewis acid

than SbFS, does not form a stable adduct with IFs is not surprising. As

previously pointed outlg, halogen pentafluorides possess an energetically

favorable pseudo-octahedral structure and show little tendency to form the

energeticall; less favorable pseudo-trigonal bipyramidal XF ¥ cations.

4

19

F nmr Spectra - The lgF nmr spectrum of ClF_*1,36 SbFs in acidified HF

5
has previously been discussed7. The observation of two signals of equal

intensity at -«256 and -274 ppm, respectively, relative to CFCI3 velow -60°

is strong evidence for a Cle* cation having two nonequivalent sets of two

fluorine ligands7.

R-9262
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Th F nmr spectrum of BrF5°2 SbF5 in HF or HF-AsF_ solution showed between

5

20 and -80° for the BrF part of the spectrum, a single resonance at -197 ppm
relative to external CFCls. In the HF-SbF region at 20° a very broad
unresolved commen peak centered at about 130 ppm was observed indicating

fast exchange between the solvent and the anion, In more dilute solvtions
the HF-szFll' signal shifted to about 150 ppm and gained in relative
intensity whereas the chemical shift of the BrF4+ resonance remained constant,
At lower temperatures (-60 to -80°%) the peak in the SbF region started to
separate into sever.l peaks at about 76, 93, 120, and 127 ppm. Whereas

the identity of these peaks could not definitely be established, the

chemical shifts of some of them are similar to those (93, 120, and 142 ppm)
previously found for szFll' in HF solutionzo. The chemical shift of -197 ppm
found for BrF4* in HF differs significantly from that (-167 ppm) reported

by Meinert and Gross for the meltll. This discrepancy might be caused by 3“

the different environment,

A solution of IF5°SbF5 in HF exhibited between 20 and -80° only one signal

at 133 ppm indicating rapid exchange between all species present., Acidifi-

cation of the solvent with Ast did not infiuence the exchange rates

sufficiently to cause a separation into individual signals.

The fact that the inter- and intra-molecular exchange rates decrease in the

order IFS-SbF > BrP5°2 Sng > CIFS-SbF5 might be explained by the decreasing

5
size and polarizability of the corresponding halogen pentafluorides,

R-9262
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Vibrational Spectra - The vibrational spectra of the halogen pentafluoride-

éﬁg Lewis acid adducts are shown in Figures 1 to 10, The infrared spectrum of

the ClF4*PtF6' and CIFG’PtFG" mixture has previously been given6 and,

hence, is not shown here. °he deserved frequencies are listed in Tables I

and II,

Since the ienic nature and structure of the Lewis acid adducts of ClFst

BrF5 and IFS has been established by x-ray diffraction.u'm’l7 nmrz and
conductivity studies}3 the discussion of their vibrational spectra can be

kept relatively short. The main objective of this study is to demonstrate

™ x fia T ST R ITOC ¥ TR IR, PRIV NE S g 4 e -
— - T 3 g Ry AR - N T N4 Ty
3

: that the vibrational spectra are consistent with the known ionic structures,

to define the principal bands of the HalF ¥ cations, and to examine the

4
plausibility of the given assignments by comparison with the known spectra

k230 bt

of isoelectronic chalcoger tetrafluorides and by force field computations,

AN R KT ST T

Chlorine Pentafluoride Adducts - The infrared spectra of the ClFs-beFS

adducts are relatively Insensitive to changes in the C1F :SbFS combining

5
ratio owing to the relative broadness of the bands due to the Sb-F vibrations
(see Figure 3). 1In the corresponding Raman spectra (Figures 1 and 2),
however, slight changes in the composition of the adducts or in the procedures
used for their preparation may cause significant changes. As expected,
sample I, having the composition C1F5~1.08 SbFs, shows the simplest spectrum,
With increasing SbFS content and tempering features attributable to polymeric
anions such as szFll" become more pronounced. Similarly, the low-temperature
infrared spectrum of the ClFS-AsFS adduct (Figure 5) indicates the presence
21,22

of the Astll' anion . However, the Astll' anion is much less stable

R-9262
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than szFll' resulting in the facile removal of the second AsF

5 molecule

under the conditions3 used for the synthesis of the Raman sample (1:1

adduct).

The vibrational assignments for ClF4 in point group C (see Table I) were

made by analogy with isoelectronic SF423 -26 and by comparison with the known

spectra of compounds containing A5F6 ,21 »27-29 As,F - 21,22 SbF .~ and

2°11° 6
&szll' 20,28,30-33 anions, In solids, the deviation of the spectra of
these anions from those expected for the isolated octahedral ions is very
common, It can be caused by effects such as site symmetry lowering, slight
distortion of the octahedrons owing to crystal packing and anion-cation
interaction, and the tendency to form polymeric anions. Unfortunately, the
splittings, frequencies, and relative intensities of these bands strongly
vary from compound to compound, Therefore, reliable assignments for the
cations require the recording of spectra of adducts containing different anions
or of solution spectra which usually show the bands characteristic of the
unperturbed ions., Contrary to the highly symmetric octahedral XF6' anions,
the ClF4 cation of symmetry C should be very little influenced by solid
state effects because it possesses already its maximum number (3n-6=9) of

modes.

For the CIFS adducts sufficient experimental data (see Table I) are available

to distinguish the anion from the cation bends, As can be seen, the spectrum

of C1F4+ is very similar to that of isoelectronic SF423’24. This close

resemblance is comparable to that found for the isoelectronic pairs, SF ,0-
3 . + 35 36 - 37

CIF, 0%, 5F,0,~CIF,0,", SPG-cwé* sne SF."-CIF,,”" and, therefore,

is not surprising. For ClF4+, the assignment to the individual modes was

i R-9262
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25

made by analog; with SF,. For SF4, the assignment of Frey et al,” ™ was

4
used which was recently confirmed S by mean squure amplitudes of vibration

&

and force field computations,

In the spectra of the CIFS adducts, nine bands are found which might be

attributed to C1F4¢.

about 800 cm'1 obvicusly represents the symnetric equatorial ClF2 stretching

Of these, the intense infrared and Raman band at

mode 2% The woderately intense Raman and strong infrared band at about

1

825 cm™" then must be the antisymmetric oquatorisl stretch Vg. The symmetric

axial stretch, Voo fails within the range of the vz anion bands, but is

1

clearly identified by the strong Raman band at 574 cm™~ in the HF solution,

The antisymmetric axial stretching mode, V6. should be of very high intensity

in the infrared and of very low intensity in the Raman spectrum. By

38
3

Since there is no additional

comparison with other pseudo-trigonal bipyramidal molecules such as C1F

39 :
0,;

or CIF it should occur above 700 cm *.

‘,,-r.s}
L_—

3

yet unassigned strong infrared band above this frequency in all of the

observed spectra, a coincidence with v, must ve assumed. The assignment of

1
Va and vg to the bands at 237 and 385 cm'l, respectively, is clearcut and
needs no further comment. This leaves us with three frequencies, 537, 515,

- -1
and 475 cm *, for the assignment to V., Vv , and v Since the 475 cm = band
7

3 5°
appears to be inactive in the infrared spectrum, we ascribe it te Vg vwhich
ideally should be forbidden in the infrared spectrum. Based on their

relat .ve Raman intensities, when compared to those of SF4, we prefer to
assign Vg and v, to 515 and 537 cm'l, ritnectively, The assignments for Vs
Vo, and Ve are somewhat tentative, However, a reassignment of these three

deformational modes should owing to their similar frequencies, be of minor

influence on the principal force constants,

R-9262
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Force Constants - The method used for the computation of the C1F4+ force

field has previously been dascribedsg. The following geometry was assumed

+
for ClF4 ’ r(Cl-Feq) = 1,57, R(Cl-Fax) 8 1.66&, u(iFaxClFeq) = 90,

o
B8(¥ FeqC1Feq) = 97, and Y(¥ FaxC1Pax) = 180°. The symmetry coordinates were

identical to those previously given23’24 for isoelectronic SF4, except for

SS = AR and 554 = 0.276.5‘21&1i - 0,8332ywhich are different owing to y = 180°
in C1F4+ and were found numerically by a previously described40 machine
method,

A general valence force field for C1F4+ contains 17 symmetry force constants,
Since only nine frequency values are available for their computation, a
unique force field cannot be determined. Inspection of the G matrices of

*. [ -~
CIF4 shows that in the A1 block 612, Gyg0 and 624 are zero and, therefore,

41

F,., and F., can be neglected .,

FiaeFas 24

The influence of the remaining off-diagonal F terms on the diagonal F values
was determined by computing their values as & function of the off-diagonal
F terms., The resulting halves of the force constant ellipses are shown in
Figures 11 and 12 and represent the possible mathematical solutions of the

4\

force field, It has previously been shown = thrit the most probable range

for ny is limited by the extremal values Fyy and ny = minimum. Inspection
of Pigures 11 and 12 reveals that even with this constraint small variation
of certain off-diagonal force constants can strongly influence the vualues of
the diagonal force constants. Consequently, an uncertainty of about + 0.5
mdyn/x should be assumed for the stretching force constants Fll’ F66' and FBB'

However, in spite of these relatively larger uncertainties, Figures 11 and 12

R~9262
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clearly show that the symmetry force constants involving the equatorial
bonds (i.e. F11 and F88) are significantly larger than those involving the
axial bonds (i.e. F22 and Fﬁﬁ). The frequencies used for the force constant
computations of C1F4* are listed in Table III, together with our preferred
force field, obtained by assuming plausible interaction terms. The fact
that C1F4+ and isoelectronic SF4 show similar force fields is not surprising

in view of their similar frequencies anu G matrices.

The significant difference in covelent bond strength between equatorial (5.1)
and axial (3.3 mdyn/&) bonds in C1F4* is in excellent agreement with &
generalized bonding scheme previously discussed42 for a large number of

halogen fluorides. It suggests that the bonding in CI1F * might be expleined,

4
as previously described for the related pseudo-trigonal bipyramidal species
C1F3, CIFSO?O and C1F302§9 by the following approximation. The bonding of

the three equatorial ligands (including the free electron pair on Cl as a

ligand) is mainly due tov a sp2 hybrid, whereas the bonding of the two axial

C1F bonds involves mainly one delccalized p-electron pair of the chlorine

atom for the formation of a semi-ionic three-center four-electron ppOVbond43"4s.

Bromine FentafiuoridecZ SbisiAdduct - The predominantly ionic nature of
BrF5~2 Sb,"S has previously been established12 by a single crystal x~ray
diffraction study. Owing to the large number of fundamentals expected for
BrF4+Sb2F11' and to the inavailability of other salts containing the BrF4+
cation only tentative assignments can be made for BrF4+. These are listed

in Table II and are based on comparisons with those reported for iso-

electronic Sel=446'48 and those of other salts containing the SbZF”~
anion0228:31,33,49 4.0 Raman spactrum1 of solid BrP4+Sb2F11' has in the
R-9262
1-18 -
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meantime been confirmed by Surles et a1.13 and the proposed assignmentsl’ls

agree for most of the fundamentals, Since the crystal structure of BrF *szFll"

4
12 + .
are tentative, no force constant

is known"” and the assignments for BrF

4

. . +
computations were carried out for BrF4 .

Iodine Pentafluoride-SbF,. Adduct - Two independent single crystal x-ray
16,17

diffraction studies have shown that the IF-SbFs has the predominantly

ionic structure IF4+SbF6", although the bond lengths and angles found by

the two groups for 194* differ somewhat. The observed vibretional spectrum

of IPS-SbF5 (see Table IX) is consistent with such a predominantly lonic

structure, The bands were tentatively assigned by cdmparison with those of

448, which is isoelectronic with IF4+, and those repoited for similar

20,30 containing an SbF6' anion distorted from symmetry Ohso.

TeF

SbF6

Our Raran spectrum of [F

salts
S-SbF5 is in good agreement with that raported18 by
Shamir and Yaroslavski. However, their interpretation suffers from the
incorrect assumption of an ideal octahedral SbFé' aaion. As for BrF4+Sb2F11°,

the tentative nature of the IF4+ assignments does not warrant a force

constant treatment,

In summary, all the experimental data, i.e,, x-ray diffraction data,
vibrational and 1°F nmr spectra, and conductivity measurements, available
for the halogen pentafluoridesLewis acid adducts are consistent with pre-
dominantly ionic structures containing Hal F4+ cations. The structure of
these cations can be derived from a pseudo-trigonal bipyramide with a free
valence electron pair occupying one of the equatorial positions, Deviation
from this structure increases, as expected, with increasing size and

polarizability of the halogen cent-al atom, This results in a decrease of

R-9262
I-17
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the axial F-Hal-F angle and incresxsing F dbridging from the CIFS to the IFS
adducts. A comparison of the fun‘amentals assigned to the Hal Fd’ cations
with those of the iscelectronic chalcogen tetrafluoride series (see Table IV)

shows consistent trends and satisfactory agreement,
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force constant computations, to Drs, D, Pilipovich, C. J. Schack, and
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TABLE IV

Compsrison of the Fundamental Vibratioms of CIL*1 BrF‘*, and IF,*

With Those of Isoelectronic SF,, SeF,, and TeF,, Respectively

+

CIF4

ALV 800
vy 571

Vq 510

V4 237

Az Vg 475
B, Vv 738
vy 537

82 vs 829
Vg 385

(8) Computed values

BrF4
723
606
385
216
704
419
736

369

+

1"
704
609
341
151
655
385
720

316

R-9262
I-19

SF,
891
553
475
226
414
730
532
867

353

SeF4
749
574
356
162
62
400
723

250

457

TeF4
695
5§72
293

[151)%
587
333
682

[184.8]%
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Figure 1 -

Figure 2 -

Figure 3 -

Figure 4 -

Figure § -

Figure 7 -

Diagram Cugtions

Raman spectrum of solid C1F.*1,08 SbF5 (Sample I) contained in

5
Te€lon FEP capillary. Exciting line was 5145 A, C indicates

spectral slit width,

Raman spectrum of solid ClF¢*1.36 SbF Traces A and B show

Sl
Samples II and III, respectively. Kel-F capillaries were used

as containers with 5145 X excitation,

Infrared spectra of solid C1F5°beF as dry powder between AgBr

5
plates, Traceo A, Sample II; trace B, Sample I; trace C, Aglr

window background,

S-ASFS contained in Teflon FEP

capillary., Exciting wes line 5145 §. Bands marked by an !

Raman spectru.. of solid CIF

asterisk are due to the Teflon tube,

sAsF_., Window

Low-temperature infrared spectrum of solid CIFS g

material AgCl.

Raman enactrum of enlid Br?b'z S_FS containad in glace tuha with
hollow inside glass cone. Exciting was line 5145 & using the

axial viewing-transverse excitation technique,

Infrared spectrum of solid BrFS-Z SbPF as dry powier between
AgCl plates,

—~
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Figure 8 - Reman spectrum of solid IF_*SbF_ contained in glass tube with

5 5
0
hollow inside glass cone using 5145 A excitation,

Figure 9 - Infrared spectrum of solid IF_*SbF_ as dry powder between AgBr

Figure 10 - Raman spectra of HF solutions of IFS°SbF5 {trace A), BrF

5 5
plates,

5'2 SbF

*1.08 SbF (trace C), c:1F2*sm=6‘ (trace D, the

5
{(trace B), CIFS
numbers indicate Vi Vo and Vg of octahedral SbF6') in Teflon-
FEP capillaries using 4880 X excitation., Trace E shows the
spectrum of an empty capillary; Teflon bands are marked by and

asterisk. F indicates spectral slit width .

Figure 11 - Porce Constant Ellipses fcr C1F *. The solid and broken curves

Figure 12~ Force Constant Ellipses for ClF

represent the solutions for F 3 and F 4 858 function of

11° F3 4

24 i1 and F33 as a function of F13’ respecti.ely,

0
Dimensions are in mdyn/A.

F,, and for P

4+. The solid, broken, and
dotted curves represent the solutions for F

110 Faz0 and Fyy

as a function of F for F, . and F77 as a function of F67’ and

14° 66
for F88 and F99 as a function of Fsg’ respectively,
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VIBRATIONAL ASSIGNMENT OF SP4

Kerl O, Christe
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Canoga Park, California 91304

Wolfgang Sawodny "
Abteilung Fur Anorganische Chemie, Universitat Ulm, Germany

Pater Pulay
Hungarian Academy of Sciences, Budapest, Hungary

(Received ....1973)

In a previous paper1 we reported the Raman spectrum of gaseous SF4. The

Raman data and & reinterpretation of the infrared band contours suggested
the need of revising all assignments for the deformational modes except for

2-4
was

Vg (Bl)' For the four stretching modes, the previous assignment
adopted and force constants and mean amplitudes of vibration were c0mputed.1
In a recent paper,s Frey, Redington, and Aljibury proposed a reversed ussign-
ment for the two antisymmetric stretching modes, v6(81) and vs(BZ), bused on
a comparison with the srectra of the structurally reisted molecules, Brf-‘:5

and ClFs. More recently, Lovin6 proposed a reassignment of the deformational
modes on the basis of Raman and infraied spectra of solid S§F, and supported
his assignment with a CNDO/2 calculation of the infrared intensities. One of
Levin's main arguments for revising the assignment of the deformational modes
was the observation of two bands at 245 and 205 cm'l. respectively, in the
Raman spectrum of solid SF,. In a subsequent papery,however, Berney showed
that the 205 cm > Raman bend is due to residual a-SF,.

Another unsettled question involves the frequenciss of the axial and

§-12 for related

equatorial SF2 scissoring modes in speries Ay- It was shown
trigonal bipyramidal molecules such as PFS that these two deformational modes
are highly mixed,11 and thut a better agreement with the observed mean square

amplitudes of vibration can be achievedlo by assigning the lower frequsncy to

174
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the equatorial deformation. This frequency sequence was also proposed by

Levin6 for SF4. contrary to our assicnmentl and that of Frey et a1.” which
are more consistent with the fact that in SF, "the equatorial bonds are con-

siderably shorter and hence stronger than the equatorial ones.”‘14

In

view of these conflicting assignments, we have recomputed the force field

and mean square amplitudes of vibration for SF, hoping that these data might

allow us to distinguish between the different assignments 1,5,6 (see Table 1),
Since only nine frequency values are available for the computation of seven-

teen symmetry force constants, a General Valence Force Field cannot be

computed. However, it is known that mean square amplitudes of vibration

are only slightly influenced by moderate changes in the force field. This

was confirmed for SF, by calculating mean amplitudes of vibration based on

two force fields obtained by two different approximating methods. The first

method used was the eigenvector method,15’16

and the second one was a diagonal
MVFF for species A and B, combined with the F67 Z minimum solution for species
By since no real values can be obtained for F07EO, The results of these
computations are given in Tables 2,3, and 4, and in Figure 1. The mean square
amplitudes of vibration computed from the two force fields differed by less
than 0.00IX, excey : for <q2>1/2 Fs..;F4 using the assignment of Levin6 which
showed a differer ¢ of 0.004%, Therefore, only the data obtained by the
eigenvector methc are listed in Tables 2,3, and 4, except for the preferred

(see below) set I1. for which the MVFF values are alsc given for compariscn,

Table - ~gure 1 show thac the mean square emplitudes of vibration are
useful for ¢_scraminating between the different assignments of the deforma-
tisnal modes, but are of little help in finding the correct assignment for
the twg stretchiag modes VG(BI) and vB(Bz). However, the following force
field argumeats f: sor set II over set I: (1) Generaily, the stretch-stretch
interaction const t is reiatively small whenever two bonds form an angle
close to 90°. ¥ cet I, the equatorial interaction constant fr' exhibits
a value of 1.2l r vn/x which is unreasonably high for a F-S-F bond angle of
101°, The velue uf 0.49 mdyn/ﬂ cbtained for set Ii is much more plausible;

(2) The value of the second stretch-stretch interaction constant, fR', shows

175 R-9262
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only for set 1I a value sinilar to thuse observed for the related species,
éz% SF5'17, CIFSS. and BrF,s; (3) The bond length of the equatorial S-F bonds
in SF, (1.545% 0.003%) ! is similar to that in SF,(1.56* 0.028)'%. since
bond lengths are related to the rtretching force constants, one might expect
f. of SF, to approach the SF¢ value19 of 5,26 mdyne/R. This is true only
for set 1I; (4) The relatively large difference in the length of the
equatorial and the axial bonds of SF4(0.IOR)14 favers set II which shows the
larger difference beteen fr and fR; (5) Set II is in better agreement with
the values fbund17 for SFS' if the general decrease in the force constant
values owing to the formal negative charge is taken into account. Thus, the
proposods reassignment of vé(Bl) and vBCBZ) results in a more satisfactory
set of force constants for SP4. elthough it remeins difficult to rationalize

the observed infrared band contours.2’4

T TSN O R R I b

The question as to which A1 deformation mode should be assigned to the higher
frequency value, can readily be decided based on the computed mean square
amplitudes of vibration (see Table 4 and Figure 1). It should be noted that
the Fl”“FS values reported in our previous paper1 are incorrect due to a
computational error. The reviced values are listed as set Ia, It can be
seen from Figure 1 that all b set: (i.e.$ sciss ax> § sciss eq ) result in
unacceptably high values for <qz>1/2 F3...F4. Hence, 6 sciss eq > § sciss
ax appears to be a better description of the two A; deformational modes of
SF4‘ It should be kept in mind, however, that both Vg and v, are not highly
chrrasteristic. The potentiul energy distribution obtained for the diagonal
force field shows that Vq is made up of 65% equatoial and 35% axial bending
motion, and that Ve contains significant contributions from hoth the axial

TN Y

and equatorial bending motions. This high degree of mixing is not surprisingzo
since the G matrix elements 613, 614, and 634 of SF4 show large numerical
values. The two remaining modes in species A, are more characteristic: v,
is made up entirely of axial stretching and V, Tepresents 88% axial bending.
As can be seen from Figure 1, the fit between observed13 and computed

<q2>1/2F3..'F4 and Fl...F3 can be improved by increasing somewhat the mixing
between Vg and Vg However, this increase is too small to justify reversing

the assignment of Vs and v,, Additional support for v,>v, in the chalcogen

4 374
o tetrafiuorides was recentlv obtained21 by Adams and Downs in a matrix i.ola-
1 tion study of SeF4. The observed selenium isotopic shifts show that the

higher freguency value belongs to Vy

R-9262 176
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The high degree of mixing between the equatorial and axial bending

motions for vy can be retionalized. Inspection of the normal coordinates
of Vq shows that this mode is essentially an umbrella type deforma -

tion, i.e. & symmetric combination of the equatorial and axial bending
motions. The N deformation might be considersd as the corresponding anti-
symmetric combination of thess motions. It should be the mode mainly
invelved in an intramolecular exchange process as suggested by Berry,
cithough higher vibrational levels must be invoked since the normal coordi-
nates zhow only iittle motion of the equatorial fluorines in the fundamental.
The fact that the PED shows v, to be composed mainly of axial bending is due

22

Fep Fsa
| .
<——S/F" - ~F
\f? \P
\
For F¥
Vs symmetric combination Vs antisymmetric combination
of axial and equatorial bending of axial and equatorial bending

to the fact that the sulfur moves in the same direction as the equatorial
fluorines thus suppressing the equatorial scissoring motion.

Inspection of Figure 1 also reveals that the assignment proposed6 by Levin
(set IIIb) results in unsatisfactory values for <q2>1/2F3...F4 and Fl...F3
and, therefore, should be rejected. Furthermoye, it can be seen that retaining
Levin's frequencie56 for A, but reversing the assignment of Vg and v, (set IIIa)

results in too high a value for <qz>1/2

Fi...Fq This discrepancy cannot be
eliminated by increasing the mixing between Vi and Vs since a small decrease
in <q2>1/2F1...P3 results in a large increase in <q2>1/283...F4. A second
strung argument against set IIIa was recently put fbrward?by Berney. He showed
that the splitting of the 223 em!

due to the o, B, and y forms of SF4 and not due to two different fundamentals,

Raman 1ine in the spectrum of the solid is

thus eliminating the basis of Levin's reassignment. Furthsrmore, the observed
infrared band contours4 and Raman polarization measurements on gaseous SF41
and SeF423 favor set II over III,

R-9262
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Since the MVFF obtained by the eigenvector method is not too
different from the diagonal force field, numerical experiments were carried
out by varying the off diagonal constants within meaningful limits. Whereas

for set IIa, the fit between observed and computed <q2>1/2F1...F could be

3
improved, for set IIb the large discrepancy in <q2>1/2F3...F4 could not be

eliminated,

In summary, set Ila is the only assignmeat which can satisfy both the
observed13 mean square amplitudes of vibration and basic force field argu-
ments. Furthermore, the mean square amplitudes of vibration suggest that
for SF4 the higher frequency A1 deformational mode Vg should be assigned to
the equatorial scisscring motion. However, a normal coordinate description
of Vg and V, as symmetric and antisymmetric combinations, respectively, of
the squatorial and axial scissoring motions seems more appropriate.
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Assignment of Normal Modes of SF,

Species Approximate
Description
Al Vi Vv sym S!-‘2 eq
v, Vsym SFZ ax
Vg § sciss SF, eq
2 § sciss §F, ax in plane

A2 Vg SF2 twist
B1 Vg Vasym SF2 ax
7 SFZ rocking

82 Vg Vasym SF2 eq
Vg § sciss SF, ax out of plane

a vef, 1
b ref. 5

c rof. 6

Table 1

Christe and
Sawodnya

1

892
558
475
226

414

867
532

730
353

R-9262
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Assignment

II

Frey et al.

892
558
475
228

414

730
532

867
353

111
Levin

c
892

558

245 (233)
353

475

728
533

867
206 (228)




Table 2

Symmetry Force Constants a,b of SF4 Computed from the

Assignments Listed in Table 1 Assuming for Sets a
GSerq >6Sanx(A1) and for Sets b 68P2eq <68anx (Al)

la Ib 11a  Ila(MVFF) IIb Il1e ITIb
A Fpy 5.74 5.71 5.74 5.49 5.71 5,83 5.81
Fa) 3.48 3.48 3.48 3.48 3.48 3.48 3,48
Fy 1.97 0.57 1.97 2.10 0.57 1.10 0.63
Fag 0.37 1.30 0,37 0.38 1.30 0.41 0.7
Fl, 0 0.01 0 0 0.01 0 0
Fls 0.13 0.08 0.13 0 0.05 0.02 0.04
Fla 0.05 0.16 0.05 0 0.16 0.04 0.05
Fps 0.02 0.01 0.02 0 0.01 0 0
Faq 0.01 0.02 0.01 0 0.02 0.01 0.01
Fyg  -0.04  -0.03  -0.04 0 -0.03  -0.07  -0.06
AjFe. (VS-200cm'1) 0.35
(vs=400cm' ) 1.40
(vgm600cn™ ) 3.15
3, Peg 3.66 3.66 2.65 2,35 2.65 2.65 2.65
Fym 2.20 2.20 2.24 2,50 2.24 2.24 2,24
Fgr 0.45 0.45 0.60 0.54°  0.60 0.60 0.60
B, Feg 3.33 3,33 4.77 4.62 4.77 4.77 4.77
Fg 2.01 2.01 1.98 2.04 1.98 1.98 1.98
Fgo 0,20 0.20 0.17 0 0.17 6.17 0.17

a) Stretching force constants in mdyn/ﬁ, deformation constants in mdyn R, and
stretch-bend interaction constants in mdyn.

b) Unless otherwise indicated the listed force fields were computed by the
eigenvector method.

c) Minimum value of P67 required for obtaining a real solution.

R-9262 480
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Table 3

Stretching Force Constants (in mdyn/ﬂ) and Bond Lengths (in R)
of SF, Compared to Those of Related Molecules and Ions

SFy SF,® spg C1p,°
Ia IIa  IIa(MVFF) IIIb
£, (ax) 3.57 3.07 2.92 3.07 2.06  2.70
, £! -0.09 0.42 0.57 0.42 0.52 0,36
£, (eq) 4.54 5.25 5.05 5.3 5.26 412 4.19
£ 1.21 0.49 0.43 0.48 )
R 1.646£0.003%
r 1.545%0. 003% 1.56%0.02°
a 7ref, 19
b ref, 17
¢ 1ref. 5
d ref. 14
e ref, 18
{)
R-9262
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S-F1 (ax)
S~F3 (eq)

FIODIFZ

.F

3'7°74

F)

(
(
(

TR PR R .
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TR IR T,

=400
=600
=800

TRRR

- -1

)
)
)

Computed and Observed

Ia

0.050
0.044
0.061
0.063
0.091
0.074
0.070

0.068
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PR AR R Y

Table 4

13

(in R) of Vibration of SF4

Ila

0.045
0.041
0.061
0.063
0.091
0.073
0.069

0.068

<q2>calcl/2
ITa(MVFF) IIb

0.050 0,049
0.041 0.041
0.061 0.061
0.064 0.094
0.091 0.086
0.074 0.068
0.07% 0.064
0.068 0.063

R-9262
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111a

0.049
0.041
0.061
0.076
¢.096
0.080
0.076
6.075

ettty AR AR A s 1100 st A o 2 3

Mean Square Amplitudes

IIIb

0.049
0.041
0.061
0.091
0.094
0.077
0.073

0.072

182

<q2>ob51/2

0.047z0.005
0,0410,005
0.059+0.01
0.068+0.01
0.06710.005



TS TR X

e o

Epaci ot e pasEiacy

T Ty

gt

i e s i ER

o
AT SRR T P T I L

P e T I T AT R R TR T RO LT T T A A

AT e R T Ry

Diagram Caption

Figure 1. Mean amplitudes of vibration (R) of SF, for bonded and
nornbonded distances. Rectangles represent experimental electron
diffraction values tesd according to ref, 8. Crosses, squarcs,
diamonds, and circles represent amplitudes computed for the
different assignments.
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Vibrational Spectrum and Force Constants of the SFsO” Anion
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The CaF-SF,0 adduct has been prepured and characterized by infrared and Raman spectroscopy. All erwven fundamental
vibeations ¢pected for & pseudooctaiiedral anion of symmetsy C,,, have besn observed and are assigned. A modified
valence force fieid has been computed for SF,0° and suggeets an SO bond ardes of appzoximately 1.5.

Introduction

The existence of a CsF-SF40 adduct ks been reporied” in
1960 by Smith and Englehardt and in 1964 by Ruff and
Lustig.* However, no details were given regarding its prep-
aration or propertizs. In a subsequent paper Lustig and
Ruff descrited?® the synthesss of Cs*SF0™ from CsF and
SF40 in CH,CN solv+ion. The ionic formulation of this
adduct was substantiated® by its '°F nmr spectrum which
showed « charscteristic AB4 pattern. The vibrutional spec-
trum of this interesting compound is essentally unknown,
since only four infrared absozptions - ere published.® In
this paper we wish 1o report the complete vibrational spec-
trum of the SF;Q” anion and the results from a force con-
stant computation.

Experimental Section

Matesials and Apparatur.  Volatils materiale used in this work
were manipulated in a well-passivated (with CIF,) stainless sicel
vacuum line equipped with Teflon FEP U traps and 316 stainiess
steel bellows-seal valves (Hoke, Inc , 425 1F4Y). Pressures were
measured with & Heire Bourdon tubo-type gauge (0~1500 mm ¢
0.1%). Sulfur oxide tetrafluoride was propared by the methed? of
Ruff and Lustig from SF,0 and F, and wss purified by fractional
condensation. Csslvm fluoride was fused in a platinum crucible
and powdered in a drybox prior to uss. ‘The purity of the volacile
stasting materisls was delermined by measurements of their vapor
pressures and infrared spectra. Solid products were handled in the
dry nitrogen atmosp.cre of a glove box.

The infrared spectia were recorded on a Perkin-Elmer Model
457 spectrophotometer in the range 4000-250 cm ™! vath an ac-
curacy of £2 cm™t for shatp bands. The spectea of gases were ob-
tained usimg 304 stainiess steel cells of Scin parh length fitted with
AgCl windows. Screw-cap metal cells with AgCl e, AgBr windows
and Teflon FEP gaskets were used for obtaining the spcctra of solids
o8 dry powders at ambient temperaturs.  The quality of the infrased
spzoima sould be somswhat Improvedt by prossing twe small slngle
crystal plateiets of either AgCl or ZAgBr to a disk in a pellet press.
The powdered sample was placed betwoen the plaielets before start-
ing the pieasing operation.

The Raman spectra were recorded with an accuracy of 22 em™
using o Coherent Radiation Leboratories Model 52 Ar lascras 2
source of 1.3 W of sxciting Jight ut 5145 A. The scattered light was
analyzed with a Spex Model 1400 doudble monochromator, a photo-
multiplier cooled to ~~25°, and 2 dc ammeter.  Pyrex-glasi tubes
(7-mm o.d.) with & Yollow inside glass cone for variable sample
thickneases or meliing paint capillaries were used as saniple con-
tainsre, For the conical tubes the axfal viewing-transveree excita-
tion ‘echnique 2:ié for the capillaries the transvene viewing-trans
verge excltation technigues were used.

Prepasstion of CaSF,0. A arepassivated (with CiF,) 30-m) 316
stainless steel cylinder was touded with dry, powdered CsF (9.93
mol). Purified SF,0 (16 | mmol) was added to the cylinder at

196°  After warmng to ambient temperaitte overnight, the
cylinder ‘was beated at 90° for 5 days. Upon recooling to room
tesnparature, all volatiles were removed in vacuo and trapped at

* Address correspondence to this author st Rocketdyne.

(i) W. C. Smith and V¥ A. Englehardt, J Amer. Chem. Soc , 82,
3838 (1960).

{2) 1. K Ruff end M. Lustlg, Inorg. Chem., 3, 1422 (13064).

(2} M. Lustig and 1. K Ruff. Jnorg Chem., 6,2118 (1967}
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--196°. The recovered SF,0 (7.32 mmol) indicated that 88.5% of
the CsF had been converted to CsSF,C.  Conflimnation of this was
obtained by pyrolyzing a sample of the complex at approximately
250° for 10 min while pumping the evolved gas through a trap
covled to ~196°, The evolved gas was identified as SF,0 and the
amount found corresponded to an B2% conversion of CsF to
CsSF,0. A similar experiment expesing KF to SF,0 ar tempers
tures up to 125° for several days did not result in any complexing

Resulis and Discussion

Synthesis and Properties. In the absence of & solvent,
heating was required to achieve a significan: conversion of
CsF to CsSF;0. The conversion obtained in the present
stndy is comparable to that of 76% previously achieved® by
the use of Ci{3CN as a solvent. The reversibility of the for-
mation reaction was demonstrated by the pyrolysis experi-
ment which resulted in SFO as the only volatile product.
CsSF. O is a white, crystalline solid and does not show any
detectabie dissociation pressure at ambient te...perature;
atiempts to synthesize the anslogous potassium salt foiled
under similar reaction conditions. This is not surprising
since the stability of salts of this type gencrally decreases

with decreasing cation size.

Vibrational Spectra. Figures 1 and 2 show the Raman
and the infrared specira, respeciively, of CsSFO. The
absorption between 300 and 250 cm™" in the infrared spec-
trum s due to the AgBr window material. The observed
frequencies ars listed in Table 1.

Analogy with isoclectronic SF,CI** and the typical AB,
'SE nmr pattern previously reported® for SF{O™ suggests
the following square-bipyramidal structure of symmetry
Cyy for SFO~

or
[}
wgm=-ngF
b
-~

S U
FtI{. 1‘5.’;-
F

For this ion of symmetry Cs, 11 fundamentals are expected.
These are clussified as4 #, + 2B, + B, +4E. Allll
modes should be Raman active, whereas only the Ay and E
modes shouv.d be infrared active. The assignment of the
obs:rved bands to the indi«idual modes is given in Table 1
snd is supported by the following arguments. The veiy in
tense infrared band at 1154 cm™ must be due to the SO
streiching mode.  As expected for an A, mode it was also
observed in the Reman spectrum.  Its high frequency rules
out any alternate assighment. Comparisor. with the cor-

(4) L. H. Cross, H. L. Roberts, P Goggin, snd L A. Woodward,
Tvans Faraday Soc., 86, 945 (1960)
(5) 1. E Griffiths, Spectrocsim Acta, Purs A, 23, 2145 (1967).
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4 Tabiei. Vidbrational Spectrum of C3SF 0 Compared to Those of SF,C1 and IF,0
b —
i el Asssgnment in Approximate
é‘* Ubsd treq. cm ™, and inteas — . foInt groug descnption of
3 CsSE,0 SF,(1e IF,0% Co vibration
r 4 R I R Is R
i 1184 vy 1S3 402 403 (10) p 927 s 28 & p A, v, n XY)
RALRT 72200 855 vs 8330 Dp 680 s 680 (10) p v, W XF}
3 697 m 697 (1) 7075 704 3 0) p 640 w 640 (94 p vy Vaym{XF,)
i 506 506 (1) 602 603 (0 11 p 360s ¢ v, b gymioutuf-plane Xk
b 130 625(0 1) dp 6409+) p B, w, gy micutof-phase X{',)
¢ 47210.2) (2754 v, b g5y mivut-of-plane Xf,)
7 432¢09) 305 (¢ 2 dp 205 (1) dp B, v, b aymth-plane XE)
X T8Sve, be 780{0 D be 309 vs 927(0 Dy dp 710 vy 700 (0+) sh F oo, Yaayml XF))
6065 60742 ) 287 vw 271 (0.6) dp 69 N4l dp v, 5(YXF,)
530 sh $30(2) 379 mw S84 (0 1) dp M2 340 (&) dp Vi LEFXFE,
¢ 325 mw H4im 442(08) dp e 205 (0+) v, 8 agtin-plane XF,)
i 8L ¥ Cross, M L Roberts, ¥ Goggin, and L A, Woodward, Trans. Faraday Soc, 56, 945 (1969), 1 E. Guiffiths, Spectrochim Acta Part
3 A4 27, 214501967, K. O. Chinsie, C. J Schack, and b C. Curtis, Inovg Chem, §1, 383(1972) 2D F Smuthand G M Begun,J Chem
: Pk = 43.200) (1971) ¢ Band masked by », and v,, ¢ Not observed, value estimated from combination band € Below frequency range of
spectrometer used

quencies higher than Ut of ¥, (8F:) (A). Consequently.
for SF0° these two modes are assigned t¢ the two weak
Raman lir es at 780 and 722 em™', respectively. Of these
two, the 780-cm™ hine 15 attributed 10 v,,{SFs) owing to
ns width, lower Raman iatensity. and larger frequency
separation from vy, (SF {(A;) Both Raman bands sho
153 as expected a very intense infrared counterpart.  Owing to
\ the broadness of 1,,(SF,), these two bands are poorly re-
\ solved mn the infrared spectrum. The broadness of v,,
i was .50 observed for several other approximately square-
planar XFa groups. such as BrFy™,® CIF,"? or those in
N SF;™ and SeF¢™,'" and hence appears to be quite general.
The remaining, yet unassigned, stretching mode, vym(out-
of-phase SF,) (By), should be of medium Raman intensity,
Figute I. Raman specteum of solid Cs*SF,0 . A indizates spec- should ideally have no infrared counterpart, and should
tral slit wadth occur tn the range 500-600 cm™ . Since both the 506
and 607-cm™' Ramau: lines show very intense nfrared
counterparts, only the $30- or the 541-cm™ line might be-
long to ¥, m(SFe) (By). Based upon its higher Raman .

/ \ tensity and frequency, we prefer to assign 541 cm ™' to
{ql { ‘ Vayea(SF0) (By).
J
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There are six frequencies left for assignment to the six

| deformational modes. Of these. the O-SF, wagging mode
\J!' (E) should have the highe:* frequency since ii involves a

s motion of the oxygen aton. which has partial doubie-hond

1300 1O 900 700 300 30Nem wnaracter (s¢e below). FLrhenmore, this mc je s10uid re-
FREQUENCY sult in a selatively intense bang in both the infrared and

Pigure 2. Infrarcd spoctrum of solid Ce*S1 0" as an AgBr disk Raman spectra.  Consequently, this mode is ascribed to

607 cm™'. By comparison with SFsC1.*-5 §F,",'% and
responding mode in SFy0° (1538 cm™")® and SF40 (1380 SeFsCl'" one would expect 8ypymlin-plane SF4) (E) to have
cm™')” shows the expected frequency decrease with an

) //\\

TRANSM!TTANCE ~—e

the lowest frequency of the SF¢ group deformational modes

increasing formal negative charge. The SF40™ anion should and to be infrared active. Consequently, this mode is as
have forr additional stretching modes. Three of these be- tigned to the 325-cm™ infrared band.  Of the remaining

long \o ¢ approximately square-planar SF, part and one

nvolves the unique fluorine ligand. Of these, the totally
symmetric SFy stretching mode of species A, should result
in the most iatense Raman line and is ccnsequently assigned
10 the Raman band at 697 cm™ . As ex;ected fur species
Ay, this Raman band has an infrared counterpu:  The
antisymmetric SFq and the SF stretiring m-des in SFL{l
are both of very high intensity in the infrared ard of very
iow intensity in the Raman spectrum®:* 2nd Lecur at fre.

() M. Bromstsin, P. A. W Dean, and R. ]} Gillespie, Chem,
Commun., 9 (1970).

(NP L. Goggin, H. L. Roberts, and .. A Woodward, Trens
Faraday Soc., 37, 1877 (1961).

two yet unassigned infrared-active deformational modes,
the 8, m(out-of-plane SF) or umbrella mode (A;) should
resuit in a very intense infrared band of relatively high fre-
quency.**1%1 Consequently, this mode is assigned to
506 cm™', ieaving 530 cm™ for assign:.ient to the F-SF,
wagging mode (E). The two remaining, yet unassigned in-

(3) K. O. Christe and C. 1. Schack, Inorg Chem., 9. 1852
(1910).

(9) XK. O Christe and W. Sawodny, Z Anorg Allg Chem , 314
306 (1970).

{10) . O. Christe, E. C. Curtis, C. }. Schack, snd DD Pilipovich,
Inorg. Chem., 11, 1679 (1973).

(11) K. O. Christe, C. 1. Schack, and E C Curtis, Inocg Chem ,
51, 383 (1972).
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622 Inorganic Chemistry, Vol. 12, No. 3, 1973 Chinste, et al.
Table il Symmetey Force Constants of SF,0" ¢
A, v, 1154 F, = fp 6.46
vy 713 Fo=/r .78
vy 6917 Fn =ht Yoty 543
vy 206 = ‘I:(fa + 2 + {M. + [7 + 7»fn + fn - 2/{3-’, - 4ﬂT. - 21'5,") 252
- fep 06
B, v, 541 r,‘ s f- Zf,., Vi 128
¥, 472 = ‘/ o= 2+ fag + foy =2y + Iy = 2 + 43+ - U3y} 119
B, u: 45 n : gfsmfﬁmﬁd ki wtin (34 By 8y | 46
E v 788 F ;, 284
% 607 2
bra 530 Fae =7, 7 162
Yy Rk ,:“ = [g [35 :,i(l)
Fare = V"i(fm - fra) 050
Faio =feg - Irg” 028

2 Stretching constants in mdyn/A, deformation onstants 10 mdyn/A radan?®, and stzetch-bend mietactior Lonstants in mdyn/A radun

frared inactive modes of species B, and B,. respectively, be-
long to the Raman lines at 472 and 452 cev™  Since, for
numerous structurally related species, § 4y out-of-plane
SF,) (B,) cither has not been observed or wa. f very low
intensity.®®+!? this mode 1s assigned to the very weak Rsman
line at 472 ¢m™". Hence, the last yet unassigned Raman
line at 452 cm™ should represent 8y m(in-plane SF,) (By).

Comparison of the SF0” assignment with that made fot
SF;CI*** (it skould be noted that the assngnmem given in
ref 7 for vy, (E) is likely to be incoirect’') shows satisfactory
agreement (see Table ). The shght discrepancy m the
relative Raman intensities observed for vy (E} between the
two species might be ascribed to increased coupling between
vy and vyg in SFs0™ due 10 O being more similar in mass to
Fthan Cl  This might result in a symmetric and antisym
inetric rather than in a characteristic ¥-SF, and OSF,
wagging mation. This assumgtion appears to be supported
by the spectrum'? of isoelectronic IFsO (see Table 1) for
which the Raman inteasity of vyo is higher than that of v,.

Of the four infrared baads previously reported® for
CsSF:O only the two weaker ones agree with our observa.
tions Furthermovre, the previously suggested® assignment
of the S0 stretching mode to a broad Land centered at 718
em™ is obviously incorrect.

In surumary, all 11 fundamentals of SFO™ have been ob-
served and an assignment 1s offered  The observed vibra-
tionai spectrum definitely supports the proposed structural
model of symmetry Co,,.

Fo ¢ Constunte dinats analveic wae car-
ried out te aid the spectral assignment. The kinetic and po-
tential energy metrics were computed by a machine
method, ! assummg the following geometry and coordinate
definitions. Rgy' = = rgp = 1.60 A, Dso =147 A, a(FSF) =
{5 (K'SF) = v (OSF) = 90°, where F' rafers to the axial
(umque) fluorine ligand. The symmetry coordinates used
were identical with those reported* for IF0. The bond
lengths were csumatcd by comparison with similar molecules
using the correlation'® noted by Gillespie and Robinson
between stretching frequencies and bond lengthe, The
deformation coordinates were weighted by unit (1 A)
distznce.

The force constants were calculated by trial and error with
the aid of a time-sharing computer to get exact agreement
between the ohserved and computed frequencies using the
simplest possible modificd valence forze field. Unique

(12) G. M. Begun, W. 1\. Fletcher, and D. F. Smith, J Chem.
Fhys., 42,2236 (1965).

(13) D. F. Smith and G. M. Begun, J. Them. Phys., 43, 2001
(1965).

(14) E. C. Curlis, Spectrochim. Acta, Part A, 37, 1989 (1971).

(15) R. J. Glllespie and E. A Robinson, Can. J. Chem., 43.
2074 (1963).

A normaleod
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force constants could not be compuied sme the general
valence fleld has 36 constants and there are only 11 coserved
frequencies. 1t was found, that for the A block the values
of Fyy and F;3; were strongly influenced by the value of the
interaction constant £1;  Since in isoelectionic SFCI'®

and in IF0"* the equatorial and axial flworine atoms do

not significantly differ in thewr stretuhing force onstants and
since in SF,07 the equatorial SF stret hing for.e constant

f+ 15 about 3.6 mdyn/A. we prefer for SFQ™ a .orce field
with 7y = Fp ~f,. Surpnisingly, the interaction constant
Fia = X, p had little influence on the frequencies of », and
vs  Hence, its value might be compareble to hat of F,
although st is not required for obtaiung a fit be veen the
computed and observed frequencies. The coinputed sym-
metry forze constants are histed 1n Table Il he interac-
tion constants not listed were assumed te be 2210,

The following values wete obtained for the mure impor-
tant interal force constants: fp = 6.40,/p = 3.75, /. =
360, fzrp =0.66,f,,=0.54,and f;," =0.75 mdyn/A. Sig-
nificantly larger values of about 4.6 and 7.7 miyn/A are
possible for fr and fp, respectively, by assuming a much
smaller value for fpp. However, the resulting lurge dif-
ference between fg and f; renders such a force fiald less
likely. In spite of these uncertainties in the force constants,
certain conclusions can be reached. The value of the SQ
stretching force constant f, (6.5 mdyn/A) is much lower
than those of 10-12 mdyn/A generally found for 3=0
double bonds.!>:*¢  Its value is comdpatablc to uxat found

2y 2~ or M-
for the S‘J., anion (7 44 = uwn) T nn-n.uluvs fui St Y

a SO bond order of about 1.5. Furthermore, the values of
the SF stretching force constants, fp and £, are somewhat
lower than those generally found for covalent SF bonds
(4.5-6 mdyn/A*®) indicating significant ionic contributions
to the SF bonds in SF;0°.  These results are best interpre-
ted in terms of the resonance structures

107 00
) -F _— F\lsl Py e
F"T“F F7 N

F Fr

These structures together with orbital-following cffects
could also account for the unusually strong coupling be-
tween the 3G and SF stretching modes suggested by the
force constant computation.

Registcy No. CsF-SF,0. 37862-11-6.
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Abstract

e s e e

Infrared and Raman spectra of CsI(OZCCF3)4 and CsSI(CZCCF are reported and

J6
compared to those of the free trifluorcacetate anion and covalent trifluorocacetyl

S hahan B 2

compounds. The bonding of the trifluoroacetate group in E(OZCCFS)é}" is best

interpreted as being covalent with strong ionic contributions. The vibrational

[T PR

spectrum of the free trifluoroacerate ion is reassigned.

i ;ntroduction

The trifluoroacetate group is frequently used as a iigand in coordinatiocn chemistry.

s

In most cases, vibrational spectroscopy is used to postulate either ionic, covalent,
monodentate, or bidentate structures, However, these postulates are frequently
based exclusively on minor frequency changes or splittings and consequently are not
convincing. The recent synthesiec {1] of Cs*[?(OZCCFS)é]' presented an opportunity

to study the vibrational spectrum cf a trifluoroacetato ligand expected to be

considerabiv more covalent than metal trifluorcacetates, but more polar than
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organic trifluoroacetyl compounds. The covalent character of the trifluorcacetato
ligand in its iodine (III) compound is suggested by the nature of its analogous
perchlorato i2l and nitrato [3] salts, Cs+il(00103)4]~ and {N(CH3)4]+[I(N03)4]",
respectively. In additioen, tue skeleton of I(OECCF3)4_ might be expected to have
relatively high symmetry since the IF4_ anion was recently sihown {4} to be square
planar. When comparing the assigoments reported ‘5 - 8] for the free trifluore-
acetate anion with thoss more recently reported {9 - 12] for 4 number of simple

covalent trifluoroscetyl compounds, the need of revising the assigaments for the

free ion became obvions.

Experimental

The preparation of CsI(02CCF3)4 and 0531(02CCF‘3)6 has previcusly been described
[l]. Silver trifluoroacetate was prepared from AgQQ and CF3000H and vecuum dried
at 100°¢ {7], Sodium &nd cesium trifluorcacetate were purchaged from Peninsular
Chemicel R.:esearch° The infrared spectra of the solidas were recorded as dry powders
in pressed AgBr disks on a Perkin Elmer Model 457 spectrophotometer in the range
4000 ~ 240 cm-l. The instrument was calibrated by c¢crmparison with standard
anlibration points 513!. The Raman apectra wers recarded on a Cary Model R3
spectrophotometer using the 4880 l line of an Ar jon laser end melting point glass
capillaries as sample containers in the transverse excitation-transverse viewing

mode .,

Begulte and Discussion

Observed Spectra

The vibrational spectra of solid c.l(ogccra) 4 0331(02001*3)6, Na0,CCF,, and Ag0,CCF,,

and of an aqueous molution of Na0200F3 are gshown in Figur2s 1 and 2. The observed

P 4190 R-9262
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frequencies are listed in Tables I and II. The Raman spectrum of an agqueous
AgO2CCP3 solution was alse recorded. It closely resembled that of the sodium salt
solution and, hence, is not listed. The spectra observ.d for the metal trifluorc-

¢ .4
acetates arc in good agreement with thoame previously-reported [5 - 8]'

Assignments for the Trifiuoroacetate Ion

A comparison between the assignments reported [5 - 8] for CF3C02“ and those rade
for a peries of trifluoroacetyl compounds {9] revealed major discrepancies.
Congequently, the vibrational spectrum of fhe free trifluorocacetate ion wes

reageigned based on the results of the thorough studies of Berney {9} en trifluoro-

acetyl compounds. For the CF3002“ anion, a atructure of symmetry Cs was
1
assuwned based on the known [14] structure of isoelectrunic CF3N02. This structure
<
F._ . ,,F

has only one symmetry element, i.e., & symmetry plane perpendicular to the CO_ plane,

2
Our revised assignments are summirized in Table I and were made by analogy with
the well establisghed assignmenis of CFscOF (9]. The obgerved intensities and
Reaman polarization measurements are in good agreement with the prediciions for
symeetry C_. For species a', rne of the Razan bands (598 cm-l) appears to be
depolarized. However, the a' bands con be either polarized or depolarized, and
the corresponding Remen band in CF_COF alun showed a high depolarization ratio

3
of 0.78 [9].

Nature of the Iodire-Triflusroacetate Band in CsI(OECCF314

Conlent or Jonic? The next and most difficult question deals with the nature ox

the trifluoroacetate ligand in CsI(02CCF3)4. A review of the literature on

trifluoroacetate as a
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ligand reveals numerous atudies. However, the conclusions reached are often
conflicting. This is due to the fact that mest studies deal with trifluoroacetato
complexes of metals. 1In this type of adduct, the trifluoroacetate ligand is
essentially a free trifluorvacetate lon [15], which is only weakly bonded to the
metal atom. As a consequence, the vibrational frequemncies of the trifluoroascetato
group are very similar to “hose of the f-ee triflucroacetate ion and exhibit only
small relative changes. Without detniled siructural date, such as x~ray diffraction
gstudies, it is difficult to correlate these small frequency shifts with structural
parameters. For example, small changes in the 0-C-0 bord angle due tn the size

of the metal atom or crystal packing are difficult to separate from zffects

caused by mone or bidentate coordination.

In CsI(OBCCF3)4, the bands due to the C-CF3 part of the trifluoroacetaie group

are very characteristic and can readily be sezrigned (see Table II). Counscquently, -
we will discuss mainly the vibrations associated with the 002 group and the 104

skeleton. To better understand the nature of the trifluoroacetate group, let us

tirst consider the itwo exireme cases, i.e., the free trifluoroacetai: anion and

the highly covalent CFSC{O)OCE3 molecule [11]. Whereas the average of the two CO
stretching frequencies (1800 cm & for CFy€(0)0CH, and 1559 en™ for CFy(C0,”)

and, hence, the average CO bond order changes little, their frequency separation
1

(586 cat = for CF30(0)0053 and 242 cm™) for CF3002") is very different. Furthermore,

in the covalent trifluvoroacetates of the type XO2CCF3 bands due to the X0
vibrations will appear and show increasing frequencies with increasing covalent
character of the X-0 bond. Insgpection of the CnI(O2CCF3)4 spectrum reveala a CO
stretching frequency separation of about 366 cm'l and the prerence of skeletal IO

stretching modee as high aa 600 cnal. Since the frequencies of the latter almost

approach ‘he frequency renge expected 29r covalent I-0 single bonds, the bhonding '

192 R-9262
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of the vrifluorocacetate group in 031(02LCF3)4 is best deacribed as being covalent
with strong ionic contributions. The ionic nature eof an XaOQCCFa bond might be
expected to increase with decreasing electronegativity of the X atow. Experimental
evidence for this trend has been found [16] for the trifluorocacetates of C, 8i,

Ge, and Sn. Within '“is series, the C=0 stretching frequency decreases from

1852 cm™ in CF,0C(0)CF, {10] to 1750 cm™ in Su(0,0CF;), [16], a frequency
anpproaching these observed for CsI(02CCF3)4 (see Table II). Further proof for

the highly covalent pature of the trifiuorocacetates of the group IV elements
consigts of their high volatilities {16]. Unfortunately, only the cerbenyl
stretching frequencies have been reported for these trifluoroacetates {16], except
for (CH3)38n020CF3 which in CCl4 gsolution shows 002 stretching modes at 1720, 1660,
ang 1400 cxn"1 [17]. The fact that & decrease of the carbonyl frequency is generally
accompanied by an increase of the (-0 frequency has also been recognized by Veretti

o).

and Aymonine

Monodentate or Bidentate? The trifluorcacetate group could function as a

monodentate or as & bidentate ligand. In conmection with CaI(0200F3)4, we will
discuss mainly covalent ligands. Again, let us consider the two ideal cases, i.e.,
a monodentate and & symmeiric bidentate triflucroacetate group. A covalent
monodentate group stouid exhidlt & spectrum simiiar to tvhet observed ior
CH3DC(0)CF3 {11}, i.e., a high C=0 double bond and a lcw C-0 stretching frequency.
In addition, the trifluorcacetate group no longer possesses a symmetiry plane.
This removes the degeneracy between the FCF2 and the antisymmetric CF3 stretching
mode and allows the observation of a total of three CF3 stretching modes in the
1100 - 1300 cm-l frequency range. For a covalent symmetric bidentate, trifluoro-
acetate group, the two CO bonds skould be equivalent, causing a strong mixiag of
.heir streiching motions. Imsiwcad of a G=0 and a C-0 stretch, one oblains a

symmetric and an antisymnetric 002 stretch with a CO bund order about 1.5. The
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two 002 stretching frequencies and their diffevence should be comparable to those
of the free trifluoroacetate anion {19}. A minor decrease in the freguency difference
might be expected for the bidentste ligand when compared to the free ion, if one

assumes that Lue X0 » bond angle from

0

. -

, bonding in X' >c-» will decrease the CO,
.‘0

the 120 value in the free ion towards 90°. This decrease in the bond ungle would

decrease the coupling between the two CQ motions and meke their frequencies more

similar. In addition, one might expect the bidentate ligand tc have the same

symmetry (Cs) as the free ion and, therefore, to show only two CF, streiching modea

3

owing to the degeneracy between Vq and vll (see Table I). Consequently, distinctisa
bhetween a covalent symmetric bidenlate ligand and the free ion may be difficult
baged upon the 002 stretching frequencies alone. Yowever, the appearance of the
X02 modes in the lower frequency range of the spectram should clearly digtingmish

between the two possibilities.

Application of this reasoning to CsI(O2CCF3)4 clearly rules out the possibility of
8 gymmetric bidentate structure. 7o what extent back denation of electrons of

the carbonyl group {which is gemerally a good domor) to iodine in a monodentate
structare, such ae 1(02CCF3)4“ tekes place isg difficult to judge from the presently

available deta and might be & watter of sementics.

Skeletal Modes

It wes previously shown that the IF, anion is square planar having symmetry D4b (4]

4
For the IO4 skeleton iu I(OOCCF3)4~ such a planar configaration is unlikely.

R-9262
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Comparison with cther oxygen bridged species such as F5A30A3F5~- and

0
SN
Fqu\ /AsF4
0

suggests X-0-X bond angles of about 140 and 95° [20] for mono -~ and bidentate
bonding, respectively, of a trifluoroacetate group. The actual I-0~C bond

angle should be influenced by the degree of back donation of electrons of the
carbonyl oxygen to iodine and mutual repulsion between the atoms involved. In
any case distortion of the IO4 pert from symmetry D4h is expected and a puckered

arrangement of the oxygens around iodine is likely.

Comparison of the skeletal modes of I(0200F3)4- with those reported for the related
x(ocwa) 4“ (2] and 1{0s0,F) 4" (A ] anions shows relatively poor agreemert. This
indicates that the assumed structural models may be too simple and calls for
structural studies such as x-ray diffraction, which will yield more accurate

information. Similar datasre required for Cs, I(OQCCFS)G'
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DIAGRAM CAFTIONS

Figure 1. - Raman spectrum of solid Na+CF3002— (trace A), of an agqueous

Figure 2.

golution of N3+CF3002" (traces B and C, incident polarization
perpendicular and parallel, respectively, of solid CaI(0200F3)4
at three different recorder voltages (trasces D, E, and F), and
of molid CayT(0,CCFy), at three different recorder voltages
(traces G, H, and I). K indicates spectral slit width;
exciting line 4880 L.

Tnfrared spectrun of solid Na*‘cxasc%' (trace A), of solid
Ag'CF,80,” (trace B), of solid CsI(0,0CF,), {trace C), and of
solid 0331(02001‘3)6 (trace D) recorded as AgBr pellets.
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TABLE II

. . -1 . + . -
Vibrational Spectrum (cm ) of Solid Ca I(O,e(.Cl?’a)i4

Infrared Raman Agsignwent
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