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ABSTRACT: Atomization energies at 0 K and heats of formation at 0 .
and 298 K were predicted for the closed shell compounds XF, XF,",

| CIF;, CIOFg, CIOzF,, CIOF,", BrF;, BrOFg, BrOF,” |

XF,", XF,, XF,”, XF,", XF,, XF,", XF¢' (X = Cl and Br) and XO*
’ | 0=

XOF, XOF, , XOF,*, XOF,;, XOF,”, XOF,", XOF;, XOF,, XO,",
XO,F, XO,F,", XO,F,", XO,F,, XO,F,”, XO,", XO;F, XO:F,” (X =
Cl, Br, and I) using a composite electronic structure approach based on .
coupled cluster CCSD(T) calculations extrapolated to the complete

|CIOF;:- BrOF;, BrOF., BrOFs, BrOsF; }

basis set limit with additional corrections. The calculated heats of

formation are in good agreement with the available experimental data. The calculated heats of formation were used to predict
fluoride affinities, fluorine cation affinities, and F, binding energies. On the basis of our results, BrOF and BrO,F; are predicted
to be stable against spontaneous loss of F, and should be able to be synthesized, whereas BrF,, CIF,, BrOF4~, and CIOF¢ are
unstable by a very wide margin. The stability of CIOF; is a borderline case. Although its F, loss is predicted to be exothermic by
4.4 kcal/mol, it may have a sufficiently large barrier toward decomposition and be preparable. This situation would resemble
CIO,F; which was successfully synthesized in spite of being unstable toward F, loss by 3.3 kcal/mol. On the other hand, the
CIOF," and BrOF," cations are less likely to be preparable with F, loss exothermicities of —17.5 and —9.3 kcal/mol, respectively.
On the basis of the F~ affinities of CIOF (45.4 kcal/mol), BrOF (58.7 kcal/mol), and BrO,F; (65.7 kcal/mol) and their
predicted stabilities against loss of F,, the CIOF,”, BrOF,, and BrO,F,™ anions are excellent targets for synthesis. Our previous
failure to prepare the CIO,F,” anion can be rationalized by the predicted high exothermicity of —17.4 kcal/mol for the loss of F,.

B INTRODUCTION

Halogen fluorides and oxofluorides have been studied extensively
because they have a wide range of coordination numbers up to
8 and of formal oxidation states up to +VIL'~* They are strong
oxidizing agents and are amphoteric as they can act as both
fluoride ion donors and acceptors. Therefore, halogen fluorides
offer a unique opportunity to study a wide range of coordination
numbers and oxidation states and represent an ideal case for the
study of the relationship of structure and bonding in hypervalent
molecules. To this end, a better understanding of their structures
and thermochemical properties, including heats of formation and
fluoride affinities, is crucial.

There have been a number of experimental studies of
the structures,> > of XF, (X = Cl and Br; n = 1—6) and XO,F,,
(X =ClL Br, and I; n = 1-3, m = 0—6) compounds. The
structures of CIF, CIF;, and CIFs have been determined in the
gas-phase using microwave spectroscopy and electron diffrac-
tion.*”'1 The structures of CIF,",** CIE,*"” CIF,",* CIOF,"*
and CIF,* have been determined by X-ray diffraction. The

-4 ACS Publications  © 2012 American Chemical Society

molecular structures of CIOF; and CIO;F have been determined
by gas electron diffraction*** and those of CIOF,* CIOZF,36 and
CIO;F* from their rotational spectra. The structures of BrF,
BrF;, and BrFs in the gas-phase have been determined by
microwave spectroscopy and electron diffraction.”®'"'> The
structures of BrE,"*® BrE,"'” BrF¢"*° BrE,~,'° BrOF,"* and
BrF¢ " have been determined by X-ray diffraction. The crystal
structures of BrOF; and BrOF,” were obtained from
[NO,]*[BrF,]"-2BrOF; and [NOJ*[BrOF, ], respectively.”*
The gas-phase structure of BrO;F was determined using electron
diffraction.'® The structure of BrO;F,” was determined from an
X-ray crystallography study of [NOJ,[BrO,F,][F].** Solid-state
structures of IOF; and IO,F were determined by X-ray crystallo-
graphyzs’26 and the gas-phase structure of IOF; by a combined
microwave-electron diffraction study.** The structures of IOF,",
IOFq, and I0,F,™ have been determined by X-ray crystallography
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Figure 1. Calculated CCSD(T)/aVTZ geometries of the chlorine fluoride molecules and ions (bond lengths in A and bond angles in degrees).

of CsIOF,”” N(CH,),'TOF,~,* and N(CHj,),"TO,F,~,*® respec-
tively. Although a crystal structure has been reported for I0,F;,*
the structure is that of an oxygen-bridged dimer. Because these
compounds are difficult to synthesize and handle, they have often
been characterized only by vibrational spectroscopy.” ** For
example, the structure of ClO* was determined using spectro-
scopic techniques®™ ™ in combination with high-level computa-
tional methods.®® The ClO,* and BrO," structures have also been
determined by X-ray diffraction® "> and spectroscopic observa-
tions,”®”*~”* and have been studied theoretically.”"*’

There are a number of summaries of the heats of formation
of some of these compounds from experiment.*' ~** A number
of theoretical studies'’ ~>>**7'% for these compounds are also
available. The levels of theory used for these studies include
density functional theory (DFT), the Gaussian-3 (G3) and
Gaussian-3X (G3X) methods, and CCSD(T) (coupled-cluster
singles and doubles substitutions with perturbatively connected
triples) calculations extrapolated to the complete basis set (CBS)
limit.

The direct prediction of reliable heats of formation'
requires a high-level treatment of electron correlation using
methods such as CCSD(T)."* This approach has emerged as
the most accurate computationally affordable method that can
be applied to small to moderate sized systems and is considered
the “gold standard” for chemical accuracy,'®>'** though it is
unfortunately limited by its O(N”) complexity in its standard
form where N is the number of basis functions. In collaboration
with Washington State University, we have been developing a
composite approach'®"'® for the prediction of the thermody-
namic properties of molecules based on molecular orbital
theory using coupled cluster methods at the CCSD(T) or
higher levels with correlation-consistent basis sets.'® These
calculations have been extended to heavier elements using the
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new effective core potential/correlation consistent basis sets
developed by Peterson and co-workers.'”” The resulting total
energies are extrapolated to the CBS limit to minimize the basis
set truncation error. Smaller corrections for the core—valence
(CV) correlation, molecular scalar relativistic (SR) corrections,
and atomic spin—orbit corrections (SO) are also included in
the total atomization energy (TAE) calculations. A correction
for zero-point vibrational energies (ZPEs) is included to obtain
zero-point inclusive atomization energies (£D,). Given D, and
the heats of formation of the elements, the heat of formation
of a given compound can then be calculated. Our composite
approach (with no empirical parameters for the electronic
energies) assumes that the effects of the smaller corrections are
additive to the extrapolated CBS “valence” electronic energies.
In general, this composite CCSD(T) approach is capable of
achieving near chemical accuracy (ie, + 1 kcal/mol with
respect to experiment) in thermochemical calculations for
chemical systems composed of first and second row elements, as
documented for nearly 300 compounds in Feller's Computa-
tional Results Database.'*"'*®

We have used such a computational approach to calculate
heats of formation from total atomization energies for the
closed shell compounds XF, XF,”, XF,*, XF,, XF,”, XF,*, XF,,
XE,~, XF,*, XO*, XOF, XOF,", XOF,", XOF,, XOF,", XOF,?,
XOF,, XOF,", XO,", XO,F, XO,F,”, XO,F,", XO,F,, XO,F,,
X0;*, XO,F, XO,F,~ (X = Cl, Br, and I). A number of the
values for the iodine compounds have been reported previously
including IF, and IFg~.** These calculations enable the predic-
tion of F* detachment energies (a measure of the oxidizer
strength), fluoride affinities (a measure of Lewis acidity) with
the fluoride affinity (FA) defined as the negative of the enthalpy
of the reaction A + F~ — AF~, and F, binding energies.
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Figure 2. Calculated CCSD(T)/aVTZ geometries of the chlorine oxofluoride molecules and ions (bond lengths in A and bond angles in degrees).

B COMPUTATIONAL PROCEDURE

Equilibrium geometries for all of the halogen and oxo-halogen
compounds were optimized at the CCSD(T) level with the augmented
correlation-consistent polarized valence double-§ and triple-£ basis
sets.'” Single point energies were calculated with the quadruple-¢
and quintuple-£ basis sets at the triple-§ geometries. The augmented
correlation-consistent polarized weighted core—valence basis sets
with Stuttgart small-core relativistic effective-core potentials (RECP)
(aug-cc-pwCVnZ-PP) were used for ,''*° following our prior work on
iodine complexes.®® Augmented correlation-consistent polarized
valence basis sets with effective core potentials (aug-cc-pVnZ-PP)
and aug-cc-pwCVnZ-PP (CV calculations) were used for Br,''!
augmented correlation-consistence polarized valence basis sets with
tight-d functions (aug-cc-pV(n+d)Z) were used for CL">'" and
augmented correlation-consistent polarized valence basis sets (aug-cc-
pVnZ)'% were used for F and O. For Br, the RECP subsumes the (1,
2s%, 2p°) orbital space into the 10-electron core set, leaving the (3s%,
3p6, 4%, 3d°, 457, 4p5) space with 25 electron to be handled explicitly,
with the (4s% 4p*) electrons active in valence correlation space. The
RECP for I subsumes the (1s? 2s% 2p%, 3s 3p°, 3d'°) orbital space
into the 28-electron core set, leaving the (4s%, 4p°, 5s%, 4d', and 5p°)
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space with 25 electrons to be handled explicitly. All CCSD(T) valence
computations were performed with the core electrons frozen except
for the compounds with Br and 1. The calculations for the Br and I
compounds had all of the electrons correlated and were performed
with the aug-cc-pwCVnZ/aug-cc-pwCVnZ-PP basis sets. Additional
single point “valence” energy calculations for compounds with Br were
carried out with the aug-cc-pVnZ/aug-cc-pVnZ-PP basis set. The atomic
energies were calculated at the R/UCCSD(T) level starting with a
restricted open shell Hartree—Fock and an unrestricted CCSD(T)."**

The converged energies were extrapolated to the CBS limit using
two schemes. Feller et al. have discussed the different extrapolation
schemes and evaluated them.''® The aug-cc-pVnZ energies were
extrapolated using a mixed exponential/Gaussian function of the form

E(n) = Ecgs + A exp[—(n — 1)] + B exp[—(n — 1)%] (1)

as first proposed by Peterson et al.''® with n = 2(D), 3(T), and 4(Q).
In the second approach, the CBS limit was obtained by using a two-
point extrapolation scheme,

E(Zmax) = Ecpg + B/lmax3 (2)
with [, = Q, and S.
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Table 1. Calculated Geometry Parameters for Selected Compounds Compared to Experiment

molecule parameter” calculated? experiment

CIF (C.,) r(CI-F) 1.6396 1628313

CIF; (C,,) r(Cl-E,) 1.6052 1.598'51.584'¢
1(Cl-F,,) 1.7054 1.698, 1.703
ZF,—Cl-F, 87.1 87.5"

CIE,* (C,,) r(CI-F) 1.552 1.566(3)*
ZF—CI-F 101.7 96.4(3)

CIE,” (D) r(CI-F) 1.806 1.771-1.814(1)**

CIE,* (C,,) r(CI-F,) 1.602 1.618(2)"
r(Cl-F,y) 1.540 1.530(2)
£Fq—Cl—F,, 105.6 103.08(12)
ZF,—Cl-F,, 1739 173.92(13)

CIE, (C,,) r(Cl-E,) 1.6045 1.571°
r(Cl-F,y) 1.6660 1.669
£F,—Cl-F, 85.6 86.0

CIFs* (0,) r(CI-F) 1.5603 1.550(4)*°

BrF (Cy,) r(Br—F) 17713 1.7589877%

BrF," (C,,) r(Br—F) 1.6910 1.69(2)%
£F—Br—F 98.7 93.5(2.1)

BrF; (Cy,) r(Br—F,) 1.7295 1.721%
r(Br—F,y) 1.8167 1.810
ZF,—Br-F, 85.9 86.2

BrE,* (C,,) r(Br—F,) 1.7214 1.728(3)""
r(Br—F,y) 1.6704 1.664(3)
2£F—Br—F, 104.4 97.5(2)
ZF, —Br—F, 168.8 168.9(2)

BrE,” (D) r(Br—F) 1.8994 1.890,"° 1.890(4)*

BrFs (C,,) r(Br—F,) 1.7071 1.680,' 1.699(6)**
r(Br—F,y) 1.7713 1.780, 1.768(1)
ZF,—Br—F, 84.5 84.5, 85.05(43)

BrFs~ (0,) r(Br—F) 1.8707 1.854(1)*°

BrF¢" (0O,) r(Br—F) 1.6767 1.666(11)*°

CIOF (C,) r(CI-F)° 1.6961 1.6926(43)*
1(Cl=0)° 1.4950 1.4878(46)
£0—CI-F° 1103 110.56(8)

CIOE,*(C,) r(CI-F) 1.5665 1.522(2), 1.543(2)*°
r(Cl=0) 1.3921 1.455(2)
£0—CI-F 1089 105.5
ZF—CI-F 93.9 98.7

CIO,F (C,) r(CI-F) 1.6984 1.690(7)%
r(Cl=0) 1.4299 1.419(9)
£0-CIl-0 1149 115.0(3)
£0—CI-F 101.6 101.6(9)

Clo," (Cy,) r(Cl=0) 1.4227 1.385(5),”" 1.410(2)"®
20-Cl-0 121.4 117.8(4),*' 118(9)”®

CIOF, (C) r(CI-F,) 1.7210 1.713(3)**
r(Cl-F,,) 1.6159 1.603(4)
r(Cl=0) 1.4137 1.405(3)
20—Cl-F,, 109.2 108.9(0.9)
20—CI-F,, 96.2 94.7(2.0)
£F,—Cl-F, 86.0 87.9(1.2)

molecule parameter” calculated® experiment

ZF,—CI-F,, 166.8 170.5(4.1)

CIO;F (C,) r(Cl=0)* 1.4091 1.404(2)," 1.4014(6)%
r(CI-F)¢ 1.6205 1.619(4)," 1.6195(9)*’
£0-CI-F* 102.1 100.8(8)," 101.99(4)*”
20-Cl-0¢ 1157 116.6(5),"* 115.80(3)*

BrOF,*(C,) r(Br—F) 1.7069 1.736(4), 1.733(4)
r(Br=0) 1.5615 1.549(5)
£0—Br—F 106.5 102.8(3)
£F—Br—F 92.6 89.6(2)

BrOF; (C,) r(Br—F,,) 1.8108 1.820, 1.839%
r(Br—F,,) 1.7419 1.725
r(Br=0) 1.5784 1.569
20-Br—F,, 107.2 1033
ZF_—Br-F,_ 167.4 169.8

BrOF,” (C,,) r(Br—F) 1.8899 1.846(2), 1.912(2)*
r(Br=0) 1.5857 1.575(3)
£0—Br—F,, 94.2 93.4, 92.1

BrO," (C,,) r(Br=0) 1.6137 1.595(2),%' 1.61357®
£0-Br-0 1154 111.9(1),*! 117.57

BrO,F (C,) r(Br—0) 1.5913 1.582(1)*
r(Br—F) 1.7503 1.708(3)
£0—Br—F 101.8 103.3(3)
£0-Br-0 1159 114.9(3)

BrOsF,” (Dy,)  r(Br=0) 1.6150 1.602(6)*
r(Br—F) 1.8553 1.861(16)

I0F; (C) r(I=0) 1.7543 1.71(4)*
r(I-F,,) 1.9266 1.91(3)
r(1-F,,) 1.8701 1.84(3)
20-1-F 104.7 99.5(1.8)
£0-1-F,, 94.3 91.2(1.4)

I0F,” (Cy,) r(I-F) 1.9938 1.98/1.95(1)*
r(I=0) 1.7615 1.72(1)
£0-1-F 91.1 89.9/88.1(4)

10F; (C,,) r(I-F,) 1.8454 1.863(4)*°
r(I1-F,,) 1.8499 1.817(2)
r(I=0) 1.7539 1.715(4)
2£0-I-F,, 972 98.0(3)

I0F¢™ (Cy,) r(I=0) 1.8114 1.75-1.77"
r(I-F,,) 190137  1.82
r(I-F,,) 1.9654 1.88
20-I-F,, 95.9 94-96

IO,F (C,,) r(1I-F) 1.9196 1.903(5)%
r(I=0) 1.7794 1.773(6)
£0-1-F 99.9 94.6(2)

10,F,™ (Gy,) r(I=0) 1.7927 1.774(2)**
t(I-F) 2.0238 2.0025(2)
£20-1-0 1083 101.98(12)
£0-1-F 92.9 91.01(7)

10,F,” (Dy) r(I=0) 1.7775 1.771(1)¢
r(I-F,,) 1.9137 1.872(1)

“Bond lengths are given in angstroms (A) and bond angles are given in degrees (deg). bGeometries optimized using CCSD(T) with the aug-cc-
pVTZ/aug-cc-pVIZ-PP basis sets. “Experimental r, value from microwave spectroscopy. 9Second experimental is r, value from microwave

spectroscopy. “Haiges, R.; Christe, K., unpublished.

The following additional additive corrections to the TAE were
used: zero-point vibrational energies (AEpg), core—valence effects
(AEcy) for the Cl and Br compounds for the valence only cal-
culations, a correction for scalar relativistic effects (AEgg), and spin—
orbit corrections (AEgy). Zero-point vibrational energies were
computed using second-order Moller—Plesset perturbation theory,"'®

MP2/aug-cc-pVTZ. Core—valence (CV) corrections were calculated for
all compounds containing Cl at the CCSD(T)/aug-cc-pwCVTZ''*'*°
and at the CCSD(T)/aug-cc-prVTZ/aug—cc—prVTZ-PP121 level
for compounds containing Br. Scalar relativistic effects were evaluated
by using expectation values for the two dominant terms in the Breit—
Pauli Hamiltonian, the so-called mass-velocity and one-electron

dx.doi.org/10.1021/ic301438b | Inorg. Chem. 2012, 51, 10966—10982
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Table 2. Observed and Calculated Frequencies (cm™') at the MP2/aug-cc-PVTZ/aug-cc-pVTZ Level

molecular
molecule symmetry
CIF Cy,
CIE,* Cy,
CIF," Dy,
CIF, Cy
CIF,* G,
CIF,~ Dy,
CIF, C,,
CIF¢* 0,
ClIE~ 0,
BrF Cy,
BrF,” Dy
BrF, Cy,

mode
symmetry

Og

ap

£5)

b,

b,

b,

b,

b,

frequency

795.1 (785.5)°
885.8
364.4
891.6
483.8
459.0
285.5
782.7
547.1
322.9
739.1
437.7
3225
837.0
628.1
516.6
184.2
488.5
867.8
5462
879.2
373.3
507.6
425.8
418.6
262.5
182.5
635.0
2252
751.2
556.4
491.0
378.0
2787
514.1
767.1
504.7
299.7
729.9
658.9
934.6
598.0
518.8
348.0
526.8
377.8
7464
307.1
259.2
191.4
672.4 (664.5)°
456.1
426.4
224.7
690.9
557.8
239.7
625.7
356.8
250.7

molecule

BrF,*

experiment
783
810,%806**
406, 384
818, 821
476%

470

760,47 761*
538, 535
328, 332
702, 703
442, 434
328, 364
800,** 802%°
571, 574
510, S1S
237, 235
475, 475
795, 803
537, 534
829, 822
385, 386
5052

25

417

288 BrF,'
inactive

590

BrE,”

BrF;

709,53 722%*
541, 539
486, 493
375, 375

BrE4~

480, 487
732, 725
482, 484
302, 299
679, 688°"
630, 631
890, 890
582, 590
513, 517
353, 353
525%°

384

CIOF

CIOF,"

CIOF,
289

670%

460%

450

236

672,%7 6754
547, 552
235, 242
597, 614
347, 350
252, 242

CIOF,”

10970

molecular
symmetry
sz

Oy

Oy

C4v

mode
symmetry

ES

£5)

b,

b,
b,

ES

b,

frequency
762.1
638.7
383.8
151.4
403.7
748.6
432.9
764.3
276.8
520.8
322.6
233.5
446.6
173.6
516.5
181.5
699.2
587.5
373.5
314.9
5552
2339
658.6
420.2
240.0
692.8
682.0
793.2
442.4
408.7
272.1
564.5
442.9
575.9
211.3
235.0
166.7
1174.5 (1039.9)
585.6 (602.9)“
324.7 (307.4)¢
1443.3 (1371.6)¢
804.7 (801.0)%
523.7 (499.9)¢
380.5 (369.8)°
756.7 (780.6)¢
393.7 (369.1)¢
1315.2 (1233.3)¢
696.8 (681.1)*
490.6 (494.5)¢
480.4 (484.8)"
317.2 (324.1)°
225.1 (227.7)¢
696.7 (681.2)*
511.3 (505.5)°
419.1 (422.0)°
1281.7
466.0
368.6
364.2
192.8

experiment
723%
606
385
216

704
419
736
369
523%
317
246
449
ia
542
183
6827
587
369
312
535

644
415
237
658%°
668
775
427,433
405

565,%° 56157
450, 445

240,241

1038%8
597
310
1334, 1323%
734
s12
405
694
383
1222%
694
482
489
319
224
684
501
414
1203%°
456
339
356
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Table 2. continued

molecular mode
molecule symmetry symmetry frequency experiment
b, 257.0 278
e 640.2 600
444.6 414
201.8 194
CIO,F," C,, a, 1317.3 1241%°
7912 756
5452 S14
387.5 390
a, 3839 390
b, 1579.6 1479
534.0 530
b, 848.7 830
527.9 514
CIO,F,~ C,, a 1149.1 1191%°
564.6 510
363.8 363
1872 198
a, 3380 337
b, 1277.0 1225
241.5
b, 561.1
370.0 378
CIO;F G, a 1118.3 (1067.9)*  1063°%
705.2 (715.7)% 717
553.3 (549.1)° 549
e 1376.8 (1324.6)* 1314
587.4 (583.3)° 573
403.7 (402.4)% 414
Clo,* C,, a, 1065.7 1065*
4814 519
b, 1335.1 1308
BrOF, C, a’ 1102.3 (1009.5)*  995%°
628.8 (636.5)" 625
531.6 (538.9)° 531
367.1 (357.2)° 345
237.7 (243.7)° 236
185.8 (187.6)° 201
a” 617.7 (611.7)° 601
4144 (401.6)° 394
344.0 (345.5)° 330
BrOF,” Cy, a 1044.8 930,% 930%°
4922 500, 499

“Values in parentheses calculated at the CCSD(T)/aug-cc-pVTZ level.

molecular mode
molecule symmetry symmetry frequency experiment
285.5 302, 299
b, 417.6 417, 413
173.0 205, 178
b, 2284 235, 236
e 529.3 50S, 505
385.8 395, 395
170.9 179, 178
BrO," G, a 984.4 878>
3313 372
b, 1009.8 943
I0F,~ Cy, a 958.4 887%
518.7 537
256.9 279
b, 471.2 480
167.2
b, 199.4 219
e 513.0 482
335.1 374
132.9 140
IOF; Cs, a 985.7 927%
690.7 681
645.7 640
356.4 329
b, 646.5 647
292.3
b, 2352 307
e 717.5 712
3684 375
346.6 341
201.3 208
10,F,~ Dy, a, 863.4 824%*
560.3 569
Ay, 945.3 885
354.6 349
by, 544.7 555
b% 242.4 AN
by, 240.9
e 374.9 380
ey 608.1 590
380.4
166.0

Darwin (MVD)'?? corrections from configuration interaction singles
and doubles (CISD)"?* calculations. The CISD(MVD)/aug-cc-pVTZ
expectation values are generally in good agreement with spin-free one-
electron Douglass—Kroll-Hess computations, for most calculations.
Since we employed a RECP for Br and I atoms, there is a possibility of
“double counting” the relativistic effects when computing MVD
corrections to the energy which already includes most of the relativistic
effects. Because the MVD operators mainly sample the core region
where the pseudo-orbitals are small, it could be assumed that any
double counting is very small.'** Molecular spin orbit corrections
(second-order as the molecules are all closed shell singlets) for the I
containing molecules were carried out using density functional theory
(DFT)"** with the B3LYP exchange correlation functional****” and
the aug-cc-pVTZ-PP-SO basis set for I'** and the aug-cc-pVTZ
for F and O. The atomic spin—orbit corrections are AEg(O) = —0.22
kcal/mol, AEgo(F) = —0.39 kcal/mol, AEgo(Cl) = —0.84 kcal/mol,
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AE¢,(Br) = —3.50 kcal/mol, and AEsq(I) = —7.24 kcal/mol from
Moore.'”

The calculated XD, values are obtained from the following
expression

¥D, = AE,(CBS) — AE,p; + AEqy + AEg + AEs  (3)

elec

for the Cl compounds and with the valence only CBS extrapolation for
the Br compounds. Equation 4 was used to calculate XD, for the
compounds with Br and I when the core—valence corrections are
included in the CBS extrapolation,

D, = AE,,(CBS) — AE,p; + AEg + AEg, (4)

elec

By combining the XD, with the known heats of formation® AHY at
0 K for elements, AH% (O) = 58.99 + 0.02 kcal/mol, AH% (F) =
1847 + 0.07 kcal/mol, AH% (CI) = 28.59 + 0.01 kcal/mol,
AH® (Br) = 28.18 + 0.01 kcal/mol, AH% (I) = 25.61 + 0.01 kcal/mol,
gas-phase AH’ values can be derived for compounds in the current
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Table 3. Components for CCSD(T) Atomization Energies for XF, (X = Cl and Br; n = 1-6) in kcal/mol®

CBS

reaction DTQY Qs© DTQq? AEp°
CIF > Cl+F 62.54 62.67 —1.14
CIF," + e —» Cl + 2F —168.45 —167.98 —-3.06
CIF,” > Cl+2F +e 188.95 188.76 -2.16
CIF, - Cl + 3F 127.97 12825 —4.51
CIF,* + ¢ > Cl + 4F —111.57 —110.67 -7.61
CIF,” > Cl+4F + ¢ 265.15 264.82 —5.03
CIF, - Cl + SF 186.01 186.39 —-8.74
CIF¢' + e > Cl + 6F —46.17 —45.05 -1322
CIF,” — Cl+ 6F + ¢ 311.66 31095 —-828
BtF — Br + F 63.40 63.36 6323 —-0.96
BrE,* + ¢ — Br + 2F —14825 —148.43 —149.96 -2.57
BrF,” > Br+ 2F + ¢ 199.79 199.37 199.41 —-1.90
BrF; — Br + 3F 151.65 151.17 150.04 -3.89
BrF,* + e — Br + 4F —68.25 —68.84 —72.34 —6.52
BrF,” > Br+4F + ¢ 301.81 300.74 300.44 —4.42
BrF; — Br + SF 239.99 238.94 23620 -772
BrFs* + e — Br + 6F —148 -2.33 —9.26 —-11.16
BrFs — Br+ 6F + ¢ 383.05 380.86 380.90 -7.17

2D, (0 K)*
AE./ AEgS AEg" DTQ Qs DTQcy
0.12 —-025 —-123 60.17 60.05
0.61 —042 —-1.62 —172.47 —172.94
0.18 —-0.26 —-1.62 184.90 185.09
0.26 —0.72 —201 121.27 121.00
022 -158 —2.40 —122.48 —123.38
1.02 —024 —2.40 258.18 258.51
0.27 —1.80 -2.79 173.33 172.95
—-0.12 —4.03 —3.18 —65.61 —-66.73
0.58 0.03 —-3.18 300.10 300.81
-0.03 —0.04 —-3.89 58.48 58.44 58.35
—1.04 022 —428 —155.92 —~156.09 —156.56
0.02 —0.24 —428 193.39 192.98 192.99
-0.83 0.05 —4.67 142.30 141.83 141.53
—2.69 0.60 —5.06 —81.92 —82.52 —-83.33
025 028 —5.06 291.80 290.73 290.68
-223 0.29 —545 224.88 223.83 22332
—5.59 1.06 —5.84 —23.00 —-23.86 —25.20
0.02 —028 —-5.84 369.78 367.59 367.61

“The atomic asymptotes were calculated with R/ UCCSD(T) bExtrapolated by using eq 1 with aVDZ, aVTZ, and aVQZ (frozen core).

“Extrapolated by using eq 2 with aVQZ and aVSZ (frozen core). “Extrapolated by using eq 1 with awCVDZ, awCVTZ, and awCVQZ without frozen
core approximation. “The zero point energies for the polyatomics were taken as 0.5 of the sum of the CCSD(T) with aug-cc-pVTZ or aug-cc-pVTZ-
PP harmonic frequencies. JCore—valence correction calculated as the difference in energy between the valence electron correlation calculation and
that with the appropriate core electrons included at the CCSD(T) with aug-cc-pwCVTZ or aug-cc-pwCVTZ-PP. The scalar relativistic correction is
based on a CISD(FC)/VTZ MVD calculation and is expressed relative to the CISD result without the MVD correction, i.e., including the existing
relativistic effects resulting from the use of a relativistic effective core potential. "Correction due to the incorrect treatment of the atomic asymptotes
as an average of spin multiplets. Values are based on C. Moore’s Tables. Cf. ref 129. “The theoretical value of AD, (0 K) was computed with the CBS

estimates.

study. We obtain enthalpies of formation at 298 K by following the
procedures outlined by Curtiss et al.*® Heats of formation at 298 K
were obtained by combining the atomic thermal corrections (1.04 kcal/mol
(0), 1.0S kcal/mol (F), 1.10 kcal/mol (Cl), 2.93 kcal/mol (Br), and
1.58 kcal/mol (I)) with the molecular thermal corrections in the
appropriate statistical mechanical expressions."*

All calculations were performed with the MOLPR0O2010"*" package
of ab initio programs. Molecular spin orbit correction computations
were carried out with NWCHEM'* program. The DFT transition
state calculations for CIF, and BrF, were done with the Gaussian09
program system.'>

B RESULTS AND DISCUSSION

Geometries. The calculated geometries are summarized in
Figures 1 and 2 for compounds where the center atom is CL
The basic molecular shapes are the same for the XF, (X = C|,
Br, and [; n = 1-8) and XO,F,, (X = Cl, Br, and I; n = 1-3,

= 1—6) compounds with respect to their central atom, so
only the structures of the chlorine fluorides and oxofluorides
are illustrated. The only difference between the chlorine and
bromine couple and the iodine is the steric activity of the lone
valence electron pair on the central atom in the XF4~ anions.
In CIF4™ and BrF4™ it is sterically inactive, and the anions are
octahedral, whereas in IF(" it is sterically active and the anion is
distorted from O, symmetry.*® Detailed calculated geometry
parameters for all compounds are given in the Supporting
Information.

A comparison of the calculated geometries with those experi-
mentally observed is given in Table 1. CIF has a 'E* ground
state with an experimental bond distance of 1.628313 A.>%
The calculated bond length improves systematically from
1.6396 A to 1.6284 from CCSD(T)/aug-cc-pV(T+d)Z to
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CCSD(T)/ aug-cc-pV(6+d)Z, and the latter value is in
excellent agreement with experiment. The computed geometry
parameters for CIF; are in good agreement with the experi-
mental values, with the predicted bond lengths being within
0.007 A and the bond angle within 0.4°. The structure of the
CIE,* cation from the X-ray crystal structure'” of CIE,*SbF™ is
a pseudo trigonal bipyramid. The four fluorine atoms occupy
the two axial and two of the equatorial positions with a
sterically active lone valence electron pair occupying the third
equatorial position. The calculated geometry of the free ion is
in very good agreement with the experimental structure. For
CIF,, the predicted CI-F,, bond length is 0.033 A longer than
experiment and the CI-F,, bond length is 0.004 A shorter
than experiment;® the calculated bond angle is 0.4° smaller
than experiment. The calculated geometry of ClO," agrees
with the experimental values, with the bond length and bond
angle only differing by 0.01 A and 2.0°, respectively.”"”® For
CIFs" and BrFg', the experimental®' and predicted bond
lengths agree within 0.01 A. The calculated geometry of
CIOF," agrees with the X-ray crystallographic determination
with the bond length and angle differing by 0.05 A and 3.0°,
respectively.30 For CIOF, CIO,F, and CIO;F, the calculated
and experimental®> ™7 bond lengths and angles are in good
agreement with the experimental microwave structures within
0.01 A for the bond distances and better than 1° for the bond
angles.

The calculated geometry parameters for BrF and BrF; are in
good agreement with experiment within 0.01 A and 0.3°. 89,63
The calculated geometry of BrF," is in good agreement with
the experimental crystal structure values reported by Christe
et al,”"” except for the F.—Br—F,, bond angle which is
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Table 4. Components for CCSD(T) Atomization Energies for XO,F,, (X = Cl and Br; n = 1-3, m = 1— 6) in kcal/mol”®

CBS

reaction DTQ® Qs© DTQu?
CIOF > Cl+ O +F 103.78 104.61
CIOF," + ¢ > Cl + O + 2F —98.72 —97.26
CIOF,” > Cl+ O + 2F + ¢ 228.74 22929
CIOF; — Cl + O + 3F 182.45 183.61
CIOE," + ¢ = Cl + O + 4F —73.03 —71.29
CIOF,” - Cl + O + 4F + ¢ 316.49 317.04
CIOF; — Cl + O + SF 222.08 223.45
CIOF, - Cl+ O + 6F + ¢ 294.11
CIO,F > Cl+20 +F 179.05 181.06
CIO,F," + ¢ = Cl + 20 + 2F —51.50 48.51
CIO,F,” > Cl+20 +2F + ¢ 302.46 304.07
CIO,F, — Cl + 20 + 3F 21897 221.14
CIO,F,” - Cl+20 +4F + ¢ 328.14 329.71
CIOF - Cl+30 +F 235.71 238.70
CIOsF,” = Cl+30 +3F + ¢ 344.50 347.01
BtOF > Br+ O + F 103.44 103.77 102.54
BrOF," + ¢ — Br + O + 2F —88.69 —88.59 -91.72
BrOF,” —» Br + O + 2F + ¢ 241.39 24137 240.36
BrOF; — Br + O + 3F 205.13 204.93 20221
BrOF," + ¢ — Br + O + 4F —54.71 —55.06 —61.06
BrOF,” — Br + O + 4F + ¢ 355.41 354.57 352.82
BrOFs — Br + O + SF 261.14 260.67 254.62
BrOF,” — Br + O + 6F + ¢ 366.76 359.93
BrO,F — Br + 20 + F 168.77 169.43 166.4
BrO,F," + ¢ — Br + 20 + 2F —74.20 —73.83 —-79.33
BrO,F,” - Br+ 20 + 2F + ¢ 309.51 309.26 306.86
BrO,F; — Br + 20 + 3F 224.79 224.88 219.38
BrO,F,” — Br + 20 + 4F + ¢ 369.86 369.65 364.32
BrO,F — Br + 30 + F 201.40 202.30 196.95
BrO;F,” = Br+ 30 + 3F + ¢ 343.38 343.86 33848

AE;pg°

—2.98
—6.15
-3.96
—7.37
—11.05
-7.87
—12.52
-12.1§
—6.38
—9.89
-7.22
—11.05
—11.49
—10.17
—10.89
—2.60
=5.07
—3.48
—6.33
—9.23
—6.88
—10.85
—11.43
=S5.21
—7.69
—6.11
-9.21
—10.24
—7.85
-9.11

2D, (0 K)*
AE./  AEG®  AEy" DTQ Qs DTQey
031 —0.66 —1.45 99.00 99.83
022 -1.20 —1.84 —107.69 —-106.23
041 —0.72 —-1.84 22262 223.18
0.44 —1.61 —223 171.68 172.85
046 327 -2.62 -89.51 —87.77
0.60 -137 —262 30523 305.78
0.26 —414 =301 202.67 204.05
0.09 -4.18 —3.40 274.47
0.61 —1.64 -1.67 169.97 171.98
0.59 —2.84 -2.06 —65.69 —63.11
0.72 -1.74 —2.06 292.16 293.77
0.53 -3.57 —-2.45 202.42 204.59
047 -3.78 —2.84  310.50 312.07
0.88 329 —1.89 221.24 224.23
0.85 -3.59 228 328.58 331.09
—046 013 —4.11 96.40 96.72 95.96
-199 063 —4.50 -99.62 —99.52 —99.84
—-0.35 —0.14  —4.50 232.92 232.90 232.24
-1.75 0.37 —4.89 192.53 192.33 191.35
-4.56 1.05 -528 7272 —73.07 -73.25
-1.10 —-0.03 528 342.11 341.28 340.63
—-457 074 -5.67 240.79 240.32 238.84
—449 026 —6.06 345.05 342.70
-1.58 0.52 433 158.16 158.82 157.38
-3.76 1.10 —4.72 —89.27 —88.90 -89.98
-1.38 0.17 —472 29723 297.47 296.20
-382 080 —s.11 207.44 207.53 205.85
-370 038 -5.50 350.79 350.58 34895
-3.31 0.95 —4.55 186.64 187.54 185.49
-343 0.57 —-494 32649 326.96 325.01

“The atomic asymptotes were calculated with R/ UCCSD(T) bExtrapolated by using eq 1 with aVDZ, aVTZ, and aVQZ (frozen core).
“Extrapolated by using eq 2 with aVQZ and aV5Z (frozen core). “Extrapolated by using eq 1 with awCVDZ, awCVTZ, and awCVQZ without frozen
core approximation. “The zero point energies for the polyatomics were taken as 0.5 of the sum of the CCSD(T) with aug-cc-pVTZ or aug-cc-pVTZ-
PP harmonic frequencies. JCore—valence correction calculated as the difference in energy between the valence electron correlation calculation and
that with the appropriate core electrons included at the CCSD(T) with aug-cc-pwCVTZ or aug-cc-pwCVTZ-PP. The scalar relativistic correction is
based on a CISD(FC)/aug-cc-pVTZ or aug-cc-pVTZ-PP MVD calculation and is expressed relative to the CISD result without the MVD correction,
i.e., including the existing relativistic effects resulting from the use of a relativistic effective core potential. " Correction due to the incorrect treatment
of the atomic asymptotes as an average of spin multiplets. Values are based on C. Moore’s Tables. Cf. ref 129. “The theoretical value of AD, (0 K)

was computed with the CBS estimates.

compressed in the solid state by fluorine bridges to the anions.
For BrF,”, the calculated bond length is 0.009 A longer than
that from the X-ray crystal structure'® of KBrF,. For BrFs, the
calculated triple-{ geometry is in good agreement with the
X-ray crystal structure'' and the electron diffraction and micro-
wave gas-phase structure.'” The calculated structure for BrO;F
is in good agreement with the electron diffraction structure'*
within 0.01 A for the bond lengths and 1° for the bond
angles. The calculated geometry of BrOF," agrees with the
X-ray crystallography determination with the bond length
and angle differing by 0.02 A and 3.0° respectively.”® The
calculated geometry of BrO," agrees with experiment with
the bond length and angle differing by 0.01 A and 2.0°
respectively.”"”®

For IOF;, the calculated structure is in reasonable agreement
with the experimental one, considering the size of the experi-
mental error bars.*® The calculated bond lengths of IO,F and
IO,F,” are in excellent agreement with the experimental
values.”®*® The calculated structure for IOF, is in fair agreement
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with the average experimental values®” for the I-F bond
distance and the ZO—I-F bond angle, considering the large
experimental error bars. However, the calculated I-O bond
distance is somewhat surprisingly 0.04 A longer than experiment.
We only report the structure for trans-IO,F,” as the cis-isomer is
~10 kcal/mol higher in energy.

Vibrational Frequencies. The harmonic vibrational
frequencies for the molecules with experimental values
calculated at the MP2/AVTZ level are given in Table 2,
where they are compared with experiment. The harmonic
vibrational frequencies for all of the XF, and XO,F,
compounds are listed in the Supporting Information. The
overall agreement between the computed and the experimental
frequencies is very good, especially considering that the cal-
culated values are harmonic values and the experimental values
include an anharmonic component. Although the calculated
values for CIF,", CIF,", CIF,*, and BrF," show considerable
deviations from experiment, the experimental data are strongly
affected by fluorine bridging in the solid state.**~>"
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Table 5. Components for CCSD(T) Atomization Energies for IO,F,, (n = 1-3, m = 1— 6) in kcal/mol”

CBS AEq, =D, (0 K)¢
reaction DTQf’ Qs° AEZPEd AEg® atomic” molecular DTQ Qs

IOF>1+0+F 120.65 120.79 —2.46 —0.48 —-7.85 1.40 111.26 110.00
IOF,"* +e > 1+ O +2F —36.78 —35.63 —4.37 -0.39 —8.24 1.21 170.1

IOF,” > 1+0O +2F +e¢ 270.73 270.80 —-3.34 —0.60 —8.24 1.01 259.56 258.61
IOF; - I+ O + 3F 267.05 —-5.92 —0.69 —8.63 141 253.22

IOF,* + e > 1+ O + 4F 37.50 —8.45 —-0.72 -9.02 2.50 136.7

IOF,” -1+ O +4F + ¢ 428.82 —6.48 —1.04 —9.02 1.38 413.66

IOF; - 1+ O + SF 369.30 —10.18 —1.06 —9.41 2.81 351.46

IOF, - 1+ O+ 6F + e S511.85 —11.36 —1.5§ —9.80 2.53 491.66

I0,F - 1+20 +F 199.89 200.22 —4.75 —0.43 —8.07 1.20 187.83 186.96
I0,F,* + e > 1+ 20 + 2F -20.15 —6.87 —0.44 —8.46 1.58 214.9

I0F," - 1+20 +2F + e 357.73 -5.73 —-0.78 —8.46 1.32 344.08

I0,F; = I+ 20 + 3F 294.81 —8.00 -0.76 —8.85 2.09 279.30

I0,F,” - 1+20 +4F + ¢ 478.33 —-9.73 —-1.20 —9.24 2.62 460.78

IOsF - 1+30 +F 240.05 —7.00 —0.52 —8.29 1.65 225.89

IOsF,” - 1+30 +3F +e 412.63 —8.42 —-0.92 —8.68 2.08 396.69

“The atomic asymptotes were calculated with R/UCCSD(T). bExtrapolated by using eq 1 with awCVDZ, awCVTZ and awCVQZ without frozen
core approximation. “Extrapolated by using eq 2 with awCVQZ, and awCVS5Z without frozen core approximation. “The zero point energies for the
polyatomics were taken as 0.5 of the sum of the CCSD(T) with aug-cc-pVIZ or aug-cc-pVTZ-PP harmonic frequencies. “The scalar relativistic
correction is based on a CISD(FC)/ aug-cc-pVTZ or aug-cc-pVTZ-PP MVD calculation and is expressed relative to the CISD result without the
MVD correction, i.e., including the existing relativistic effects resulting from the use of a relativistic effective core potential. JCorrection due to the
incorrect treatment of the atomic asymptotes as an average of spin multiplets. Values are based on C. Moore’s Tables. Cf. ref 129. #The theoretical
value of AD, (0 K) was computed with the CBS estimates.

Table 6. Components for CCSD(T) Atomization Energies for XO," and XO,” (X = Cl, Br, I; n = 1-3) in kcal/mol”

CBS AE;, =D, (0 K)"
Reaction DTQ® Qs° AEZPEd AEcv® AESRf atomicS molecular DTQ Qs
ClO* +e— Cl+ O —211.97 —211.30 —147 -0.13 0.00 -1.06 —214.63 —213.96
ClO," +e— Cl+20  —113.13 —111.17 —4.12 0.33 —0.79 -1.28 —118.99 —117.03
ClO;" +e— Cl+30  —8491 —82.17 —-7.26 0.47 —-2.00 —-1.50 —95.19 —92.46
ClO" > Cl+0+e 117.64 118.10 —0.96 0.17 —0.50 -1.06 115.29 115.74
Clo,” » Cl+20+e 17517 176.43 -291 0.44 —0.96 -1.28 170.45 171.71
ClO;” > Cl+30 +e 26229 264.66 —643 0.75 —-1.89 —-1.50 253.22 255.59
BrO* +e¢— Br+ O —204.23 (—205.38)  —203.81 —-1.50 —0.74 0.20 -3.72 —209.99 —209.57
BrO," + ¢ —» Br + 20  —12642 (—128.35)  —125.57 -3.20 -123 0.64 -394 —134.15 —133.29
BrO;* + e — Br + 30  —119.87 (-123.50)  —118.71 —6.20 -2.61 1.04 —4.16 —131.80 —130.64
BrO” > Br+ O +e 114.02 (113.97) 11435 —-0.93 0.07 —0.09 -3.72 109.35 109.68
BrO,” > Br+20 +e¢  168.99 (168.19) 169.77 —2.61 —0.46 0.03 —3.94 162.01 162.79
BrO;” = Br+ 30 +e 24942 (247.10) 250.55 —-5.37 -1.63 0.39 —4.16 238.64 239.78
I0*+e—>1+0 —184.97 —184.80 —1.41 —-0.05 —7.46 1.05 —192.84 —193.72
10, + e = 1+20 —104.65 —104.17 -3.00 —-0.15 —7.68 1.07 —114.41 —115.00
10" + e = 1+ 30 —93.17 —92.42 —5.64 —-0.17 —-7.90 1.48 —-10541 -106.13
I0O=>1+0+e 117.14 117.46 —0.97 —0.16 —7.46 1.68 11024 108.87
10,” > 1+20 +e 18229 182.90 -2.61 —0.34 —7.68 1.98 173.64 17227
10,7 >1+30 +e¢ 278.75 279.53 —5.08 —0.54 —7.90 1.32 266.55 266.00

“The atomic asymptotes were calculated with R/UCCSD(T). “Extrapolated by using eq 1 with aV(D+d)Z, aV(T+d)Z, and aV(Q+d)Z for Cl and
aVDZ, aVTZ, and aVQZ for O in Cl compounds (frozen core); with aVDZ-PP, aVTZ-PP, and aVQZ-PP for Br and aVDZ, aVTZ, and aVQZ for O
in Br compounds (frozen core); with awCVDZ-PP, awCVTZ-PP, and awCVQZ-PP for Br and awCVDZ, awCVTZ, and awCVQZ for O in Br
compounds without frozen core approximation given in parentheses; with awCVDZ-PP, awCVTZ-PP, and awCVQZ-PP for I and awCVDZ,
awCVTZ, and awCVQZ for O in I compounds without frozen core approximation. “Extrapolated by using eq 2 with appropriate QZ and SZ type
basis as stated in footnote b. “The zero point energies for the polyatomics were taken as 0.5 of the sum of the CCSD(T) with aug-cc-pVTZ or aug-
cc-pVTZ-PP harmonic frequencies. “Core—valence correction calculated as the difference in energy between the valence electron correlation
calculation and that with the appropriate core electrons included at the CCSD(T) with aug-cc-pwCVTZ or aug-cc-pwCVTZ-PP. FThe scalar
relativistic correction is based on a CISD(FC)/ aug-cc-pVTZ or aug-cc-pVTZ-PP MVD calculation and is expressed relative to the CISD result
without the MVD correction, i.e., including the existing relativistic effects resulting from the use of a relativistic effective core potential. gCorrectlon
due to the incorrect treatment of the atomic asymptotes as an average of spin multiplets. Values are based on C. Moore’s Tables. Cf. ref 129. " The
theoretical value of AD, (0 K) was computed with the CBS estimates.

The fact that in many oxofluorides the observed X=O
stretching frequencies at MP2/AVTZ level tend to be about 50

to 100 cm™" lower than the calculated ones, appears to be quite
general. To determine if this is due to the computational

10974

dx.doi.org/10.1021/ic301438b | Inorg. Chem. 2012, 51, 10966—10982



Inorganic Chemistry

Table 7. Calculated Heats of Formation (kcal/mol) at 298 K

molecule

CIF
CIE,*
CIF,~
CIF;
CIE,*
CIF,~
CIF,
CIF4"
CIE,~
CIF,
BrF
BrF,*
BrF,”
BrF;
BrF,*
BrF,”
BrF;
BrF¢*
BrF4~
BrF,
IF®
IF,*®
IF, %
IF,®
IF,*®
IF, %
IF®
IF¢™®
IFs®
IF*
CIOF
CIOF,"
CIOF,~
CIOF;
CIOE,*
CIOE,~
CIOF;
CIOF4~
CIO,F
CIO,E,*
CIO,F,~
CIO,F;
CIO,F,~
CIOsF
CIO,F,~
clo*
ClO,*
Clos*
Clo™
ClO,~
ClO;™
BrOF
BrOF,"
BrOF,~
BrOF;
BrOF,*
BrOF,~
BrOF;
BrOFg~
BrO,F
BrO,F,"

DTQ®
-13.0
237.9
—-119.8
—-38.0
224.1
-157.0
—54.1
202.8
—-163.0
20.9
—13.7 (-13.5)
2182 (—218.8)
—130.2 (—129.8)
—61.3 (—60.5)
180.7 (182.1)
—192.2 (-191.1)
—107.9 (—106.4)
157.5 (159.6)
—233.7 (-23L.5)
—62.8(—60.3)
—19.7(-19.7)
176.3(177.2)
—143.6(—143.1)
—104.3(—102.9)
89.6(91.7)
—239.6(—238.5)
—205.0(—202.6)
22.5(27.8)
—326.1(—323.3)
—234.6(—229.0)
6.6
231.0
—98.7
-30.3
248.5
—145.3
-25.8
—-78.8
—6.2
2472
—110.0
-29
-92.6
0.7
—88.4
302.2
264.9
299.4
-27.7
—244
—49.0
7.0 (7.5)
221.0(221.2)
—111.1 (-110.5)
—53.1 (-51.9)
229.9(230.5)
—184.1 (—182.6)
—65.7 (—63.8)
—151.5 (—149.2)
3.7 (4.5)
269.0(269.8)

Qs
—13.1
237.5
—119.6
—38.3
223.2
—156.6
—54.5
201.7
—-162.2
20.7
—13.6
2184
—129.8
—60.8
181.3
—191.2
—106.9
158.3
—231.5
—61.2
—-194
176.7
—143.3
—103.7
90.6
—238.8
—203.7

5.8
229.5
—-99.3
=314
246.7
—145.8
=272
=79.5
—8.2
244.5
—111.6
=S.1
—94.2
-2.3
—90.9
301.5
263.0
296.7
—28.1
—25.6
=51.4
6.7
2209
—111.1
—=52.9
230.3
—183.3
—65.2

3.0
268.7

A(DTQQS)
0.1
0.4
—0.2
0.3
0.9
—0.4
0.4
1.1
-0.7
0.2
0.1
-0.2
—0.4
-0.5
—0.6
-1.0
-1.0
—0.8
=22
-1.6
-0.3
-0.4
-0.3
0.6
-1.0
-0.8
-13

0.8
1.5
0.6
12
22
0.5
14
0.7
2.0
2.7
1.6
22
1.6
3.0
2.5
0.7
1.9
2.7
0.4
12
2.4
0.3
0.9
0.0
—0.2
—0.4
-0.8
-0.5

0.7
0.3

10975

experiment

—133 + 0.1, —12.0 + 0.1,° —14.3 + 2.9%/

—39.3 + 12,7 =380 + 0.7°

—569 4+ 17,2 =599 + 3.9, =572 + 42,° =56 + 4.5/ —59.2 + 4.2/

—14.0 + 04°

—61.1 + 0.7°

—102.5 + 0.5°

—22.6 + 0.9°

—200.8 + 0.4°

—229.7 + 0.6°

—354 + 1.5%

—7.8 +2.5%F

—5.12 + 0.68,°" =53 + 4,5 —5.6 + 1.2
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Table 7. continued

molecule DTQ” Qs A(DTQ-QS)
BrO,F,~ —117.1 (-116.0) -117.3 0.2
BrO,F; -9.7 (-8.1) -9.8 0.1
BrO,F,” —134.9 (-133.1) —134.7 —02
BrO,F 33.5 (34.7) 326 0.9
BrO,F,” —88.2 (—86.8) —88.7 0.5
BrO* 295.3 (295.7) 294.9 0.4
BrO," 278.0 (278.7) 277.1 0.9
BrO;* 334.1 (335.1) 3329 12
BrO™ —24.0 (-23.9) —243 0.3
BrO,” —18.1 (=17.8) -18.9 0.8
BrO;” —36.4 (—35.8) 376 12
IOF -9.0 —-7.8 -13
IOF," 1689

I0F,~ -139.0

IOF, —114.8

IOF,* 134.6

IOF,~ 2567

IOF; -177.2

10F4” -299.3

10,F -27.1 —26.2 -0.9
10,F,* 2132

10,F,~ —~165.0

10,F, 824

10,F,~ —245.8

IO,F —6.6

105F,~ —-159.4

10* 276.9 277.8 -0.9
10," 257.1 257.7 —0.6
105" 306.7 307.4 -0.7
10™ —26.1 —24.7 —-1.4
10, -30.9 —29.6 —-14
10,” 663 —65.7 0.5

experiment

“Calculations from DTQcy extrapolated results are given in parentheses for compounds with Br. PReference 82. “Reference 81. “Reference 83.
“Reference 84a. /Reference 84b $Values obtained from reference 88a. "Reference 135. ‘Reference 136.

method, frequency calculations at the CCSD(T)/AVTZ level
were performed on CIOF, CIOF,", CIOF;, CIO;F, and BrOF;.
The agreement with experiment is substantially improved
showing that this high level method provides reliable predic-
tions of the frequencies. However, it is too computationally
expensive to apply this approach to all of the compounds that
have been studied.

Heats of Formation. The total energies used in this study
are given in the Supporting Information. The energy
components for computing TAEs for XF, (X = Cl and Br;
n = 1—6) are given in Table 3, and for XO,F,, (X = Cl, Br, and
I n=1,2and m = 1-6) are given in Tables 4 and S. The
results for XO,* are given in Table 6. The CBS extrapolated
values from both eq 1 (DTQ) and eq 2 (QS) are reported for
comparison.

We first describe some trends in the various components for
the TAE. For the CIF, and CIO,F, compounds, the AE.y
values are all positive with the highest value being 1.02 kcal/mol
for CIF,”. The only exceptions are CIF," and CIFs" which
have values of —0.22 and —0.12 kcal/mol, respectively. The
opposite trend is found for the BrF, and XO,F,, compounds.
All AEy values are negative, except for both BrF,™ and BrF4~
which are slightly positive with a value of 0.02 kcal/mol. The
AEgy corrections are generally larger than the AEy corrections.
There is a significant correlation between the AEgy correction and

the oxidation state of the central atom of the molecule, with the
corrections increasing with increasing oxidation state. The AEgy
corrections for Cl in the formal +VII oxidation state are in the
range of —3.3 to —4.2 kcal/mol.

For the CCSD calculations, an estimate of the potential for
significant multireference character in the wave function can be
obtained from the T, diagnostic.134 The values for the T,
diagnostics are small (<0.028) for all compounds showing that
the wave function is dominated by a single configuration.

The predicted heats of formation (both DTQ and QS
extrapolation values) at 298 K and the available experimental
values of XF, and XO,F,, are given in Table 7. For most cases,
the DTQ and QS extrapolated heats of formation agree within
~0.5 kcal/mol. We estimate that the error bars for the
computed heats of formation are +1.5 kcal/mol, considering
the errors in the CBS extrapolations, zero-point energies, and
other molecular electronic structure energetic components.
Quantities, such as the fluorides affinities, should be good to
+1.0 kcal/mol as the errors for adding F~ are smaller.

Experimental thermodynamic data are available only for the
following chlorine compounds: CIF, CIF;, CIF;, BrF, BrF;,
BrF;, CIOF;, CIO,F, and CIO;F. Three experimental heats of
formation that differ by 2 kcal/mol have been reported for
CIF.%Y®2 Feller and Peterson® reported a value of —13.2 kcal/
mol using a similar CCSD(T)/CBS approach as did Ricca”
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Table 8. Fluoride Affinities at 298 K (kcal/mol)

reaction DTQ” Qs
CIF + F~ - CIF,” 46.9 470
CIF, + F~ — CIF,” 59.0 589
CIFs + F~ — CIFg” 48.9 483
BrF + F~ — BrF,” 57.1 (56.8) 56.7
BiF, + F~ — BrF,” 71.0 (71.1) 70.9
BrF + F~ — BrF¢~ 65.8 (65.7) 64.7
IF + F~ - IF,~ 64.0°
IF, + F~ = IF,” 76.1°
IFs + F~ = IF, 61.2°
CIOF + F~ — CIOF,” 454 45.6
CIOF, + F~ — CIOF,~ 55.0 549
CIOF, + F~ — CIOF,~ -65
CIO,F + F~ — CIO,F,~ 43.9 440
CIO,F; + F~ — CIO,F,~ 29.7 29.6
CIOF + F~ — CIO;F,~ 29.1 292
BrOF + F~ — BrOF,” 587 (58.5) 58.4
BrOF, + F~ — BrOF,” 71.6 (71.3) 71.0
BrOF; + F~ — BrOF,~ 26.4 (26.0)
BrO,F + F~ — BrO,F,” 61.3 (61.0) 60.9
BrO,F; + F~ — BrO;F,~ 65.7 (65.7) 654
BrO;F + F~ — BrO,F,” 62.3 (62.0) 61.9
IOF + F~ — IOF,” 70.5 70.8
IOF, + F~ — IOF,~ 82.4
IOF, + F~ — IOF¢~ 62.6
IO,F + F~ = 10,F,~ 78.5
I0,F; + F~ — IO,F,~ 103.9
IOF + F~ = 10;F,” 933

“Calculations from DTQy extrapolated results are given in parentheses
for compounds with Br. “Values obtained from reference 88a.

Table 9. F* Affinities at 298 K in kcal/mol

reaction DTQ” Qs

CIF + F* - CIF," -169.8 -17022
CIF, + F*> CIF,* —158.7 -159.3
CIF, + F*— CIFg" -163.8 —164.6
CIOF + F* - CIOF," —196.4 -197.0
CIOF, + F*— CIOF,* —142.0 —142.6
CIO,F + F* — CIO,F," —167.4 —168.0
BrF + F'— BrF," —188.9 (—188.4) —18838
BrF; + F* — BrF,* —178.7 (—178.1) —-178.6
BrF + F* — BrFq' —155.4 (—154.1) —154.6
BrOF + F* — BrOF,* —206.8 (207.0) —206.6
BrOF, + F*'— BrOF," —137.7 (—1384) -137.6
BrO,F + F* — BrO,F," —1554 (—155.5) —155.1
IF + F* > IF,* —223.8°

IF, + F*— IR, —226.1°

IF, + F*— IF;" -190.3%

IOF + F* — IOF," -242.9

IOF; + F'— IOF," —1714

I0,F + F* - I0,F," —180.5

“Calculations from DTQgy extrapolated results are given in
parentheses for compounds with Br. “Values calculated using heat
of formations form reference 88a.

who found a value of —13.1 kcal/mol. Curtiss et al.*® reported a
value of —14.0 kcal/mol using the G2 method and Law et al.*’
reported values of —12.5 kcal/mol and —13.86 kcal/mol
using G3 and G3X methods, respectively. The present
values for AHZ*®(CIF) differ by only 0.1 kcal/mol for the

Table 10. Heterolytic Bond Energies Producing F~
(kcal/mol) at 298 K

reaction DTQ” Qs

CIF - CI' + F~ 280.7 281.3
CIF, — CIF," + F~ 215.9 21622
CIFs — CIF," + F~ 2183 2183
BrF — Br' + F~ 253.4 (253.2) 253.3
BrF; — BrF," + F~ 219.5 (219.9) 219.7
BrFg — BiF," + F~ 228.7 (229.0) 228.8
IF - I' + B~ 226.7°

IF, — IF," + F~ 220.6°

IF, — IF," + F~ 234.8°

IF, - IF¢" + F~ 197.3%

CIOF — CIO* + F~ 236.1 236.3
CIOF, — CIOF," + F~ 261.3 261.0
CIOF; — CIOF,* + F~ 274.3 274.0
CIO,F — ClO," + F~ 211.6 2117
CIO,F, — CIO,F," + F~ 250.1 249.7
CIOF — CIO;" + F~ 239.3 239.5
BrOF — BrO* + F~ 228.8 (228.8) 228.7
BrOF; — BrOF," + F~ 274.0 (273.0) 2737
BrOF; — BrOF,* + F~ 295.6 (294.2) 295.5
BrO,F — BrO," + F~ 214.0 (214.7) 217.6
BrO,F; — BrO,F," + F~ 278.8 (277.9) 278.5
BrO;F — BrO;" + F~ 241.1 (241.0) 240.8
IOF — IO* + F~ 226.5

IOF, — IOF," + F~ 283.7

IOF — IOF,* + F~ 311.8

IO,F — 10," + F~ 2247

I0,F; — IO,F," + F~ 295.7

IOF — 10, + F~ 2539

“Calculations from DTQy extrapolated results are given in parentheses
for compounds with Br. “Values obtained from reference 88a.

DTQ and QS extrapolations and are in very good agree-
ment with the experiments®*** and the above theoretical
results. The JANAF value®' is apparently too positive by
about 1 kcal/mol.

The computed values for AH?® (CIF,) from the DTQ and
QS CBS extrapolations, which differ by 0.3 kcal/mol, are
in good agreement with the experimental values®"*** and
theoretical values of —38.4(G2),°® —39.6(G2),%* —37.3-
(G3X),* —35.8(G3),” and —39.1(CCSD(T)/CBS)** keal/mol.
For CIF;, two experimental values, —59.9 + 3.9 and —59.2 +
4.2 kcal/mol have been reported.*>** Law et al*” reported
values of —50.4 and —53.2 kcal/mol using the G3 and G3X
methods, respectively, and Du et al.”® reported a value of —50.3
kcal/mol at the G3 level as well. Our calculated values for CIF,
differ by only 0.4 kcal/mol between the DTQ and QS CBS
extrapolations and are more negative than the G3 and G3X
values. The best calculated value (QS) is more positive than the
experimental values and just outside of the error bars. For
CIO;F, three experimental values have been reported for the
heat of formation.*"**!3'36 Qur best computed value for the
heat of formation is —2.3 kcal/mol from the QS CBS extrapola-
tion, which is too positive as compared to experiment by about
3 kcal/mol and just outside the error bars of the calculation and
experiment. Du et al.”” reported the heat of formation of CIO,F
as 1.5 kcal/mol at the G3 level, slightly more positive than our
DTQ_ extrapolated value of 0.7 kcal/mol. For CIOF;, the
experimental value is about 4 kcal/mol more negative than the
calculated value and again the calculated value is just outside
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Table 11. F, Elimination Reaction Energies (kcal/mol) at 298 K

reaction DTQ” Qs
CIF, — CIF, + F, —75.1 —752
CIF, — CIF, + F, 162 163
CIF; - CIF + F, 25.0 25.1
ClFe — CIF,” + F, 6.0 5.6
CIF,” - CIF,” + F, 37.1 37.0
CIF,” - CI" + F, 65.3 65.5
CIF, - CIF,* + F, 213 215
CIF,* - CIE," + F, 13.8 14.3
CIF," - CI" + F, 90.6 90.1
BiF, — BiF, + F, —45.1 —456
BiF, — BiF, + F, 46.6 (45.8) 46.1

BrF, — BrF + F, 47.6 (47.0) 472
BrFs” — BrF,” + F, 415 (40.4) 404
BrF,” — BrF,” + F, 62.0 (61.3) 614
BrF,” - Br™ + F, 79.0 (79.0) 79.4
BrF¢* — BrF," + F, 23.3 (22.5) 23.0
BrF," — BiF," + F, 374 (36.7) 37.0
BrF," —» Br* + F, 80.8 (80.3) 81.0
IF, — IF + F, 25.4°
IF; — IF, + F, 98.8"
IF, — IF + F, 82.6"
IF — IF,” + F, 84.8"
IF,” > I, + F, 94.9°
IF,” > I +F, 97.7°
IFs" — IF,* + F, 63.0°
IF," - IF," + F, 84.8"
IF,* > I' + F, 88.5°
CIOF; — CIOF, + F, —4.4 —42
CIOF,; — CIOF + F, 36.9 372
CIO,F, — CIO,F + F, -33 -3.1
CIOF," — CIO* + F, 712 72.0
CIO,F," — ClO," + F, 17.8 184

reaction DTQ” Qs
CIOF,* — CIOE," + F, -175 -172
CIOF,~ — CIOF,” + F, —664
CIOF,” — CIOF,” + F, 46.5 46.5
CIOF,” — ClO™ + F, 71.0 711
CIO,E,” — CIO,F,” + F, -174 ~174
CIO,F,” — ClO,™ + F, 85.6 859
CIO,F,” — ClO;™ + F, 394 39.5
BrOF, — BrOF, + F, 127 (11.9) 12.4

BrOF; — BrOF + F, 60.1 (59.3) 59.6
BrO,F; — BrO,F + F, 13.4 (12.6) 12.8
BrOF," — BrO* + F, 74.1 (74.5)

BrO,F," — BrO," + F, 82 (8.9)

BrOF," —» BrOF," + F, -9.3 (-9.3)

BrOF,~ — BrOF,” + F, —32.6 (=33.4)

BrOF,” — BrOF,” + F, 73.0 (72.2) 72.1
BrOF,” = BrO™ + F, 87.2 (86.6) 86.8
BrO,F,” — BrO,F,” + F, 17.9 (17.1) 17.4
BrO,F,” = BrO,” + F, 98.9 (98.3) 98.4
BrO;F,” — BrO;™ + F, 51.8 (51.0) 51.1
IOF; — IOF; + F, 62.4

IOF; — IOF + F, 123.8

I0,F; — IO,F + F, 55.4

IOF,* - I0* + F, 108.0

I0,F,* - 10," + F, 439

IOF," — IOF," + F, 343

IOF,” — IOF,” + F, 4.6

IOF,” — IOF,” + F, 117.7

IOF,” - 10™ + F, 112.8

10,F,~ —» 10,F,” + F, 80.8

10,F,” - 10,” + F, 134.1

I0,F,” —» 10;” + F, 93.1

“Calculations from DTQy extrapolated results are given in parentheses for compounds with Br. bValues obtained from reference 88a.

the sum of the error bars. In contrast, for CIO,F, the agreement
between the calculated and the experimental values is good.
It is useful to note that the largest differences with the
limited experimental data tend to be for the compounds
with central atoms having a higher formal oxidation number,
although this is not always the case. We have previously seen
such an effect in the prediction of the heat of formation of
H,SO, and note that large basis sets are needed to deal with
this issue."’

The calculated heats of formation for BrF and BrF;, are in
good agreement with the experimental values.*’ The DTQ
and QS extrapolated values differ by only 0.1 kcal/mol for BrF
and 0.5 kcal/mol for BrF;. In contrast to the case for CIF;
where the calculated value is too positive as compared to
experiment, the calculated heat of formation for BrFg is
4.5 kcal/mol more negative than experiment. We would expect
the calculated value to be more positive so we suggest that the
experimental value for BrF; may need to be reinvestigated. No
additional experimental or computational work has been cited
in the literature for the other bromine fluorides and bromine
oxofluorides.

The heats of formation of the iodine fluorides are included
for completeness. We have previously compared the heats of
formation of the iodine fluorides with experimental values®®
and note that we suggested that the heat of formation of IF
should be reinvestigated.

Fluoride lon and Fluorine Cation Affinities and
Heterolytic X*-F~ Bond Dissociation Energies. The
computed heats of formation can be utilized to predict the
fluoride (F~) affinities (FA) for the XF, and XO,F,,
compounds (Table 8). Of the neutral halogen fluorides, IF,
has the highest FA of 76.1 kcal/mol, about S kcal/mol higher
than that of BrF;, and 17 kcal/mol higher than that of CIF,.**
Thus, these compounds have fluoride affinities in the mid
to low range of the Lewis acidity scale."** CIOF; is predicted
not to bind an F~ ion because the maximum coordination
number of Cl(+VII) toward F is 6. This has previously been
demonstrated experimentally by the failure of CIFs" to form
CIE, when reacted with F~.°>"3” BrOF; is predicted to bind an
F~ ion, although the value is at the low end of the FA scale.
Increasing the size of the central atom to I leads to a much
larger FA so that IOF; has a significant FA, as demonstrated by
the existence of IOF,~.*

The F* affinities of XF, XF;, XFs, XOF, XOF;, and XO,F, are
given in Table 9. As expected, the F* affinities of the halogen
fluorides decrease with increasing coordination number and
formal oxidation state of the halogen central atom except for
the CIF;/CIF; couple. In this case, the F* affinity increases by
about 5 kcal/mol, in contrast to the corresponding Br and I
compounds where a decrease is observed. The F* affinities of
the halogen oxofluorides also decrease with the increasing the
coordination number and the formal oxidation state.
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The heterolytic X*-F~ bond dissociation energies (BDEs) are
given in Table 10. The heterolytic BDEs for XF, with X = C],
Br,Iand n =1, 3, S lie between 215 to 280 kcal/mol. Because
of steric crowding, IF, has the lowest heterolytic BDE, just
below 200 kcal/mol. Excluding the diatomics CIF and BrF
whose cations cannot readily stabilize a positive charge, the
largest heterolytic BDEs are for XOF; and XO,F; for X =T and
Br which have the halogen central atom in the +VII oxidation
state.

F, Binding Energies. The calculated heats of formations
can also be used to predict the enthalpies for the loss of a F,
molecule for both neutral and ionic fluorides and oxofluorides.
The F, elimination reaction energies are given in Table 11. The
enthalpies of reaction for the neutral and ionic fluorides are
endothermic showing that these species are thermodynamically
stable with respect to loss of F,, except for CIF, and BrF, which
are exothermic. The instabilities of the latter two compounds
are attributed to steric crowding. The F, elimination reaction
enthalpies increase from the chlorine fluorides to the bromine
fluorides and iodine fluorides in accord with the increasing
strength of their X-F bonds.*** Within each group of compounds
(same central atom and formal charge), the F, elimination
reaction enthalpies decrease with increasing number of fluorine
ligands because of increasing mutual ligand repulsion, so that loss
of F, becomes more favorable. The sterically most crowded
compound, CIFg~, is predicted to lose F, most readily with a
dissociation energy of less than 10 kcal/mol.

To better understand the stabilities of CIF, and BrF,, we
calculated the transition states for elimination of F, from two
equatorial fluorines. The high exothermicities of the reactions
suggests that the transition states should more closely resemble
the starting species XF, following Hammond’s postulate."*’
The transition states were found at the B3LYP level with the
DZVP2 basis sets for F and Cl and the DZVP basis set for
Br.'*" The DFT transition state is similar to the original CIF,
molecule with the CI-F bond distances for the departing F,
elongated by 0.22 A as compared to the minimum and a very
long F—F interaction of 2.12 A as compared to a value of 1.41 A
for the minimum of F,. At the DFT level, the transition state
for CIF, is 4.7 kcal/mol above the minimum for the electronic
energy difference and 2.9 kcal/mol above the minimum with
the zero point energy included; the imaginary frequency at
the transition state is $74i cm™". A single point CCSD(T)/aug-
cc-pVDZ calculation at the optimized DFT geometries gives
an electronic barrier height of 4.7 kcal/mol. For BrF;, the
exothermicity to lose F, is smaller so a larger barrier is ex-
pected. The DFT electronic barrier height is 15.4 kcal/mol and
the zero point energy corrected value is 13.4 kcal/mol. The
corresponding CCSD(T)/aug-cc-pVDZ-PP electronic barrier
height is 20.9 kcal/mol and the difference with respect to the
DFT value is somewhat larger for BrF, than for CIF,. The
geometry distortions are an elongation of 0.28 A for the Br—F
bonds and an F, distance of 2.03 A; the imaginary frequency at
the transition state is 481i cm™". Thus as expected from the
reaction energies, BrF, is more stable with respect to F, loss
than is CIF; in terms of the barrier heights (kinetics) for this
loss as well.

By analogy with the halogen +VII fluorides, CIF, and BrF,,
the following +VII oxofluorides are also thermodynamically not
stable with respect to loss of F,: CIOF,", CIOF,, CIOF,,
ClO,F;, CIO,F, , BrOF,", and BrOF,". The exothermicity of
the F, loss is largest for the sterically most crowded XOF,~
ions. As found for the XF, compounds, F, loss in the XO,F,,

compounds is facilitated by ligand crowding, and the stability
against F, loss increases from the chlorine to the bromine and
iodine compounds. In fact, all of the iodine compounds are
predicted to be stable with respect to loss of F,.

B CONCLUSIONS

A self-consistent set of the most reliable available thermody-
namic parameters has been calculated for the halogen fluorides
and oxofluorides using a composite electronic structure
approach based on CCSD(T) calculations extrapolated to the
complete basis set limit. Of greatest interest are our predictions
for the possible syntheses of hitherto unknown molecules and
ions. BrOFs and BrO,F; are predicted to be stable against
spontaneous loss of F, and should be preparable, whereas BrF,,
CIF,, BrOF4~, and CIOF4™ are unstable by a very wide margin.
The stability of CIOF; is a borderline case. Although its
predicted reaction enthalpy toward F, loss, —4.4 kcal/mol, is
slightly exothermic, this value is comparable to the value of
—3.3 kcal/mol calculated for ClO,F;, a compound which has
been successfully synthesized and characterized.”>"**'** (The
vibrational frequencies for CIOF; are given in the Supporting
Information.) On the basis of the F~ affinities of CIOF (45.4
kcal/mol), BrOF (58.7 kcal/mol), and BrO,F; (65.7 kcal/mol)
and their predicted stabilities against loss of F,, the CIOF,”,
BrOF,”, and BrO,F,™ anions are excellent targets for synthesis.
The main challenge for their synthesis is the preparation of the
parent compounds. Our previous failure to prepare the
CIO,F,” anion'** can be rationalized by the predicted high
exothermicity of —17.4 kcal/mol for the loss of F,. We note
that these stability arguments are based on thermodynamics,
not on kinetics. The fact that a molecule such as CIO,F; can be
synthesized shows that a kinetic barrier to loss of F, is present.
This barrier is expected to decrease as the exothermicity of the
reaction increases, hence our prediction that CIOF; might be
able to be synthesized but not reactions which are more
exothermic for loss of F,.
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