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Perchloryl fluoride, FClOs3, has been studied both experimentally and theoretically, using high-resolution Fourier
transform spectroscopy and high-level ab initio methods. The geometry, dipole moment, and anharmonic
force field of the molecule have been calculated ab initio, using the coupled-cluster with single, double, and
perturbative triple excitations [CCSD(T)] level of theory. The infrared spectra of monoisotopic species have
been recorded. The v, + v, bands of F¥CI'°Qs, F37C11°0;, F>C1!803, and F’C1!80;, the v, + v; and v, + v3
— 3 bands of F**ClI'°0; and F*’C1'°0s, and the 2v; — v3; band of F¥’CI'°0O; have been analyzed. The
spectroscopic parameters obtained from these and from previous analyses have been compared with the

theoretical results.

1. Introduction

Perchloryl fluoride is a chemically stable prolate symmetric
rotor with a very pronounced quasi-spherical character, which
has been extensively studied using high-resolution spectro-
scopic techniques.'™'* Conversely, theoretical studies are
essentially lacking, if one excludes the harmonic force field
of the molecule.®!5 This is quite surprising, because in general
experimental progress stimulates theoretical work (and vice
versa) as pointed out in a recent review on this topic.!6
Moreover, some challenging problems related to FC103 derive
essentially from the hypervalent character of the Cl atom,
the very small molecular dipole moment, and the unusual
isotopic dependence of few band intensities.®!7 All these
issues, together with the wealth of highly accurate spectro-
scopic parameters for several isotopically substituted species,
prompted us to perform the ab initio calculation of a quartic
anharmonic force field.

FCIOs3 is a molecule of C3, symmetry with six normal modes
of vibration, v;, v,, and v3 of a; symmetry and v, vs, and v¢ of
e symmetry. Four monoisotopic species, F?>C1'°03, F37C1'°0;,
F3C1'803, and F?’C1'803, have been synthesized’ to avoid the
spectral congestion due to the presence of 3Cl isotopes in
the natural abundance ratio 75/25 in the sample. The high-
resolution infrared spectra of the monoisotopic samples have
been recorded from 450 to 2000 cm™'.7 Up to now the ground
state and all fundamental bands of the four symmetric species
have been analyzed, so the molecular constants of the ground
and of the v; = 1, with i = 1, 2, ..., 6, excited states have been
obtained.!=>7~%11.13 All fundamentals do not show any perturba-
tion due to interactions with nearby vibration states except V4.
In fact the v4 = 1 state interacts significantly with the v, = vs
= | state through a Fermi-type resonance.*!!-!3 The vibration—
rotation interaction parameters aft and of withi =1, 2, ..., 6,
and the equilibrium molecular constants A, and B, have been
calculated from these spectroscopic data.'!'!3 The equilibrium
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Figure 1. Detail of the v; + v, band of F¥CI'®0s in the region of
9Py(J) branches. The J and K quantum number values are indicated.
The very strong line on the right of the figure is due to H,O.

geometry of the molecule has also been determined, r.(ClO) =
139.7(3) pm, r.(CIF) = 161.0(5) pm, and O(OCIO) =
115.7(4)°.13 In addition, the 2v1, 2v,, 2v3, 2vs, and 2vs overtone
bands,!%1214 the v, + v5 combination bands,*!!!3 and the v, +
v — v3 hot bands® have been rotationally analyzed. By
combining their band origins with those of the fundamentals,
the x;; and g; anharmonicity constants have been derived.

In this investigation we use high-level ab initio methods to
compute, for the first time, the full quartic anharmonic force
field of perchloryl fluoride. The theoretical force field is then
used to evaluate the anharmonicity and the vibration—rotation
interaction constants. The rotational analyses of the v, + v,
and v, + v3 combination bands are presented from high-
resolution spectra of monoisotopic samples. The weak v; + v,
parallel bands are observed in the range of 1680—1800 cm™!
for the four isotopologues. The v, + v3 parallel bands of medium
intensity are observed from 1220 to 1300 cm™!. They have been
analyzed only in the spectra of FC1'°0; and F?’CI1'°0; where
they are not overlapped by the strong v4 bands. In addition,
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Figure 2. Detail of the v; + v, band of FCI'®0; in the region of
9Rk(J) branches. The J and K quantum number values are indicated.

three parallel hot bands are presented: the v, + vz — v3 of
F33C1'%05; and F?’CI'°O3, observed at about 700 cm™! in the
region of the v, fundamental, and the 2v3 — v3 of F?7C1'°0;3, at
550 cm™!, in the region of v3. The x;, and x,3 anharmonicity
constants are derived for the first time from the band origins of
the combination and hot bands. All the experimental values of
the molecular parameters determined in this work or previously
reported in the literature are compared to those calculated from
the ab initio force field.

Hereafter, the four species F?*C1'°0s, F?7CI'°0;, F>C1'80;,
and F?’CI'80; will be indicated with the short notation (35,16),
(37,16), (35,18), and (37,18).

2. Computational Details

To our knowledge, only the theoretical harmonic force field
of FCIO; has been proposed.®!> In this work we applied state-
of-the-art ab initio methodologies to obtain its quartic force field.
All calculations have been performed with the Aces II suite of
quantum chemistry programs, Mainz—Austin—Budapest ver-
sion.!8

The ground-state equilibrium geometries and dipole moments
have been calculated at second-order Mgller—Plesset perturba-
tion (MP2)'? and at the coupled-cluster with single, double, and
perturbative triple excitations [CCSD(T)]? levels of theory with
the cc-pVTZ,?' cc-pVQZ,2! cc-pV(T+d)Z,?? cc-pV(Q+d)Z,??
and cc-pCVTZ?? basis sets. By comparison with the corre-
sponding experimental values, the CCSD(T) method and the
cc-pCVTZ basis have been chosen for the calculation of the
Hessian, as being the best compromise between accuracy and
computational speed.

The analytical Hessian?* has been then calculated with the
cc-pCVTZ basis, including core correlation at the corresponding
theoretical equilibrium geometry. The full cubic and quartic
force fields in Cartesian coordinates were subsequently com-
puted from the finite differences of the analytical Hessians
obtained at a lower level of theory, that is, MP2 with the cc-
pVTZ basis sets?! and within the frozen core approximation.
Such a hybrid approach relies on the smaller effects of basis
size and electron correlation on the cubic and quartic force
fields.?> The displaced Cartesian geometries, with a step size
of 0.006 bohr, have been generated starting from the CCSD(T)/
cc-pCVTZ equilibrium structure. The numerical stability of the
procedure against the step size was checked by comparing?®
the values of the Fj; and Fy; quartic force field elements in
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Figure 3. Detail of the v, + v; band of F¥CI'°O; in the region of
9Px(J) branches. The J and K quantum number values are indicated.

1.07 ﬂ MTM
0.5+ L (111 1 1 1]
® q E 21 g 1
Q
C
2 IR (5) IR (24)
£
o
ol
o
|_
0.04
_ 37 16
V,+V,-V, F’ClI 03
694.3 694 .4 694.5 694.6 694.7 694.8

Wavenumber / cm ™!

Figure 4. Detail of the v, + v3 — v3 hot band of F7CI'°O; in the
region of 9Py(J) branches. The J and K quantum number values are
indicated. The assigned lines have been evidenced with a star. The
stronger lines in the figure belong to the 9Px(J/) branches of v, band.
Their assignments are not indicated to avoid congestion.

Cartesian coordinates. The maximum absolute difference was
0.027 aJ-A~*.

The transformation of force constants from Cartesian to
normal coordinates and the computation of the spectroscopic
constants?” have been performed with the SPECTRO program,?
and the transformation to symmetry internal coordinates was
performed with the INTDER program.23-2%-30

3. Experimental Section

The syntheses of the monoisotopic samples have been already
reported.” In the same paper the experimental conditions for
the recording of Fourier transform infrared (FTIR) spectra are
also listed in Tables 1 and 2 for FC1'°0O3 and FCI'805 species,
respectively. The present analyses are based on the spectra
recorded at that time at room temperature. The spectra of
columns V and VI, in Table 1 have been used for both v; + v,
and v, + v3 of (37,16) and (35,16), respectively, spectra I and
I for v, + v3 — v3 and 2v3 — v3 of (37,16), respectively, and
spectrum XII for v, + v3 — v3 of (35,16). The v| + v, bands
of (35,18) and (37,18) are from spectra of columns M and L in
Table 2, respectively. The spectral resolution is 4.4 x 1073 cm™!
(spectra V, VI, L, and M), 2.8 x 1073 cm™! (spectrum I), 5.5
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TABLE 1: Ground-State Molecular Constants (cm™!) of FCIO3*
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parameter F3C1'°0, FYC1'°0, FACI180; FYC1'80;
Ao x 10! 1.871217(42) 1.871364(29) 1.66325417(100) 1.66331592(59)
By x 10! 1.7541085(8) 1.7532656(6) 1.6379784(5) 1.6374819(4)
Doy x 108 4.9979(9) 4.9939(9) 4.2716(7) 4.265 4(7)
Dok x 108 5.534(5) 5.591(6) 3.937(4) 3.977(4)
Dok x 108 —7.6 —7.6 —5.91599(142) —6.28844(104)
& x 10° —3.07(60) —3.20(64) —5.31(8) —5.4709)
% From Table 4 of ref 7. Standard uncertainties (10) in parentheses refer to the least significant digits.
TABLE 2: Molecular Constants (cm™!) of FCIO; in the »; = v, = 1 Excited States®
parameter F3CI'°0; F¥CI'°04 F3>C1'80; FCI'%0;
E) 1777.351013(76) 1764.767874(73) 1716.763290(42) 1704.351432(43)
A x 10! 1.8648697(15) 1.8650214(15) 1.65785444(88) 1.65791746(88)
B x 10! 1.7460073(13) 1.7454155(10) 1.63002047(47) 1.62968765(54)
D; x 103 4.8949(43) 4.9359(28) 4.2307(11) 4.2149(14)
Dy x 108 5.8189(98) 5.7807(74) 4.1086(38) 4.1540(44)
Dg x 108 —7.8124(78) —7.7621(78) —6.0454(41) —6.4005(38)
no. of assigned/fitted transitions 1102/1092 1255/1239 1427/1422 1357/1357
J max! K max 61/57 61/57 69/60 67/60
standard deviation of the fit 0.00069 0.00060 0.00047 0.00048

@ Standard uncertainties (10) in parentheses refer to the least significant digits.

TABLE 3: Molecular Constants (cm™1) of FCI'°O; in the v,
= v3 = 1 Excited States®

of the Q branch degrades to lower wavenumbers. The K-
structures of the 9Py(J) and 9Ry(J) subbranches are resolved

parameter F2CI%05 FCI%0; except for the K = 0 and 3 transitions and degrade to higher
E) 1262.833508(27) 1252.553653(31) wavenumbers with increasing K values (see Figures 1 and 2).
A x 101 1.87031559(68)  1.87047357(84) As it is evident by inspection of Figures 1 and 2 only the
g XXI?OX éggggg?gfza ;'ggggég;)(zg) transitions with K = 3p, with p = 0, 1, 2, ..., are observed. In
DjK « 108 5:5350(15) 5:6124(20) fact, the levels with K # 3p have statistical weight equal to
Dy x 108 —7.6359(33) —7.6326(51) zero as both the 1°0 and 30 atoms have nuclear spin quantum
no. of assigned/fitted transitions 1320/1313 1053/1035 number / = 0. The v; + v, bands are unperturbed in the four
I max/ K max 84/48 79/45 isotopologues.
standard deviation of the fit 0.00037 0.00037

@ Standard uncertainties (lo) in parentheses refer to the least
significant digits.

x 1073 em™! (spectrum III), and 3.3 x 1073 cm™! (spectrum
XII). The wavenumber precision has been estimated to be 1.5
x 107 cm™! for spectrum I, 2.0 x 10™* ¢cm™! for spectra XII,
L, and M, and 3.0 x 107* cm™! for spectra III, V, and VL.

4. Spectra Description

The shape of v; + v, parallel band is very similar in the four
isotopologues. It is a weak band with the quite dense absorption
maximum of the 9Q(J) branches that spread over about 3 cm™!
and is centered at 1777 cm™! in (35,16), 1765 cm™! in (37,16),
1717 ecm~!in (35,18), and 1704 cm ! in (37,18). The J structure

The unperturbed v, + v parallel bands of (35,16) and (37,16)
of medium intensity are centered at about 1263 and 1253 cm™!,
respectively. Since they are close to the strong perpendicular
bands of the v4 fundamentals, centered at about 1317 and 1302
cm~!in (35,16) and (37,16), the 9R(J) subbranches at higher
wavenumbers are overlapped by v4. The overall band shape is
almost the same in (35,16) and (37,16) and very similar to that
of vi + v, (see Figure 3).

The v, + v3 — v3 hot bands of (35,16) and (37,16) have been
observed in the region of the v, fundamentals, at about 713
and 703 cm™!, respectively. They are parallel bands of medium-
weak intensity. Thanks to a careful check of the observed
transitions it has been possible to distinguish those belonging
to the v, + v3 — v3 hot band from the stronger ones of v, (see
Figure 4).

TABLE 4: Molecular Constants (cm™1) for the v, + v3 — v3 and 2v; — v3 Hot Bands of FCI¢03*

FHC1°0; FC1'°0;

parameter v+ — 13 V3P Vo + 3 — 13 213 — V3 psP
E) 712.953772(40) 549.87956(8) 703.364251(40) 547.88188(20) 549.18943(8)
A x 10! 1.8703215(12) 1.870929(42) 1.8704746(17) 1.8700841(20) 1.871092(29)
B x 10! 1.74901126(64) 1.7538448(14) 1.74830833(65) 1.7525739(37) 1.7529569(11)
Dy x 108 5.0516(21) 5.1744(34) 5.0228(22) 5.3343(84) 5.1623(26)
Dy x 108 5.6340(72) 5.295(14) 5.6646(88) 5.2966¢ 5.2966(97)
Dg x 108 —7.7330(55) —7.51(10) —17.745(17) —7.48¢ —7.48(10)
no. of assigned/fitted transitions 940/921 709/709 71/70
J max/ K max 58/54 55/36 65/15
standard deviation of the fit 0.00034 0.00036 0.00051

“ Standard uncertainties (l1o) in parentheses refer to the least significant digits. » From Table 3 of ref 8. ¢Fixed to the value of the
corresponding constant in the v3 = 1 state.
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TABLE 5: Comparison between Theoretical and Experimental Geometries and Dipole Moments for FCIO;

7.(ClO0)/pm r.(CIF)/pm U(OClO)/deg U(FClO)/deg dipole moment/debye
MP2/cc-pVTZ 141.77 164.83 115.90 101.85 —0.1059
MP2/cc-pV(T+d)Z 140.35 162.64 115.84 101.94 —0.0605
MP2/cc-pCVTZ 140.19 162.41 115.83 101.95 —0.0578
CCSD(T)/cc-pVTZ 142.20 163.22 115.72 102.11 —0.0058
CCSD(T)/cc-pV(T+d)Z 140.59 161.28 115.68 102.16 +0.0244
CCSD(T)/cc-pCVTZ 140.38 161.06 115.68 102.17 +0.0254
MP2/cc-pVQZ 140.80 163.58 115.86 101.90 —0.0755
MP2/cc-pV(Q+d)Z 140.01 162.28 115.82 101.96 —0.0488
CCSD(T)/cc-pVQZ 141.05 161.93 115.69 102.16 +0.0179
CCSD(T)/cc-pV(Q+d)Z 140.17 160.79 115.66 102.20 +0.0356
experimental 139.7(3)“ 161.0(5)¢ 115.7(4)¢ 102.0(8)“ 0.02700%

@ From ref 13. Standard uncertainties (10) in parentheses refer to the least significant digits. » Absolute value from ref 2.

TABLE 6: Definition of Symmetry Coordinates for FC105*

definition?
S (Ary + Ary + Ar)IV3
Sza (A(Xl + A(lz + A(lg - Aﬂ] - Aﬂz - Aﬂ3)/\/6
Sop (Ao + A, + Aas + ABL + APy + AB)IVG
Sye PSz — OSx = —0.47609812(AB + AP + ABs)
+0.32659442(A0; + A, + Aai)
S3 AR
Sia QAr — Ary, — Ar)Iv/6
Sap (Ary — Ars)I/2
Ssa QAa; — Aay — Aaz)/V/6
Ssp (Aay — Aaz)//2
Sea QAL — A2 — AB3)IN6
Seb (AB> = ABIN2

@ According to ref 31. *r = rqo, R = rar, @ = O(OCIO) =
115.68°, f = O(FCIO) = 102.17°. <P = (1 + K)/(2 + 2K*»)2, Q =
(I = K)/(2 + 2K»'2, K = =3 sin f§ cos f/sin a.

The 2v3 — v3 hot band of (37,16) at about 548 cm ™! is evident
in the spectrum of v3 illustrated in Figure 1 of ref 8, where the
rotational analyses of v3 fundamentals of the four isotopologues
have been reported. As observed in v33 and 2v3,'2 the Q branch
is sharp and the K-structure of the Q, P, and R branches is not
resolved.

5. Analysis

5.1. The v{ + v, and v, + v3 Combination Bands. The
lines of the parallel bands have been assigned on the basis of
the very precise ground-state combination differences (GSCD),
calculated using the ground-state molecular constants’ listed in

Table 1 for completeness. Since the sets contain &, the
coefficient of the off-diagonal part of the effective Hamiltonian,
becoming important in quasi-spherical tops,’ the energies of the
ground states have been obtained as eigenvalues of the ap-
propriate energy matrices. The diagonal elements have been
calculated as

E(J,k)/hc=E'+B [JJ+1)— k] +A Kk —

D, [JJ + DT = D,y [JJ + DI = D, k* (1)
with v = 0, and the off-diagonal ones by
[, klH/held, k 4 30= ey(2k + 3)[J(J + 1) — k(k 4 1)]"* x

U+ 1) — (k£ Dk£ 21" x[JJ+ 1) — (k£ 2)(k £ 3)]"* (2)

Since no splitting of the K = 3 lines into A}, A, components
has been observed, the energies of the K" = 3 levels have been
averaged to calculate the transition wavenumbers. The assigned
transitions have been fitted to six parameters of the vibrationally
excited states, whose energies have been calculated using eq 1.
Weights equal to 1.0, 0.1, or 0.0, have been attributed to the
experimental wavenumbers, according to the purity of the
corresponding lines. The results for the v; + v, and v, + v3
bands are collected in Tables 2 and 3, respectively. The standard
deviations of the fits are very good, being almost equal, or about
two times the experimental precisions, for the v, + v3 and v,
+ v, analyses, respectively.

5.2. The v, + v3 — v3 and 2v3 — v3 Hot Bands. The
assignments have been done by means of the lower state

TABLE 7: Harmonic Force Field of FC1O;3 in Symmetry Coordinates and Potential Energy Distribution (PED) of F33CI1'°Q;¢

force constants f;; PED
ij this work ref 15 ref 6 Vv V3 V4 Vs Ve
11 10.329 9.90 10.246 4.4
12 0.180 0.13b¢ 0.1365¢
13 —0.025 0.07% —0.309"
22 2.480 2.58" 2.477° 334 64.8
23 —0.553 —0.58" —0.568¢
33 3.774 3.49° 3.628" 62.3 35.2
44 10.332 9.69 9.92 95.7 4.1
45 —0.367 —0.29 —0.362
46 0.173 0.33¢ 0.144¢
55 1.558 1.53 1.559 76.7 20.8
56 —0.300 —0.26¢ —0.307¢
66 1.553 1.49 1.538 19.2 79.0

@ Units are in aJ/A™", where n is the number of stretches in the definition of the force constant. Force constants independent or nonzero by
symmetry are reported (ref 32). ? The fi2, fi3, and fo, f33 constants in refs 6, 15 have been interchanged according to the different definition of
the symmetry coordinates. “ The sign of these force constants has been changed because of the sign differences in the definition of the

symmetry coordinates in refs 6, 15.
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TABLE 8: Cubic Anharmonic Force Field of FCIO;¢
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TABLE 9: Quartic Anharmonic Force Field of FC10;*

ijk Sik ijk fiik ijk ik ijk  fix ijkl Siwi ijkl Siwi ijkl i
111 —42.641 144 —42607 256 0.617 446 0.093 1111 185708 2245 —1349 2556 0.489
112 —1.155 145 1.100 266 1.634 455 0.649 1112 6425 2246 0930 2566 —0.388
113 —0274 146 —0.144 344 0406 456 —0.021 1113 6.113 2255 2316 2666 —1.960
122 —2317 155 —2.121 345 —-0.077 466 —0.403 1122 5556 2256 0356 3444 2.566
123 1294 156 0.161 346 —1.353 555 —1.154 1123 —188 2266 4404 3445 0.060
133 —2522 166 —1.149 355 —0.146 556 —0.290 1133 0683 2344 —0435 3446 1.039
222 4211 244 —0410 356 0219 566 0.297 1222 —1.722 2345 0209 3455 0.021
223 —=2.049 245 0430 366 —2521 666 —2.117 1223 2.611 2346 —2852 3456 0.009
233 1.698 246 1.494 444 —29.942 1233 —3799 2355 0.176 3466 2.384
333 —20806 255 —1562 445 —0.967 1333 6465 2356 —0.143 3555 —0.144
. . - . . 2222 21.619 2366 —4.038 3556 0.214
‘jl.Jljuts are in aJ/A™", where n is the number of stretches in the 2223 ~7188 3344 3042 3566 —0.111
definition of the force constant. 22133 4331 3345 —0074 3666 4.019
combination differences (LSCD), calculated from the mo- 2333 —1809 3346 4761 4444 230.443
lecular constants of the v3 = 1 excited states® listed in Table 3333 17197 3355 0.030 4445 —1L19
4 for complet The 1 dth ted-stat . 1144 162674 3356 0067 4446 3.600
pleteness. The lower and the excited-state energies 1145 —4530 3366 3767 4455 1910
have been calculated with eq 1, and the assigned transitions 1146 1120 1444 113528 4456 —0.043
have been fitted to six parameters of the excited state. The 1155 5521 1445 1482 4466 0.467
results are shown in Table 4. The standard deviations of the 1156 —0500 1446 1422 4555 —2.540
fits are very good, being about 2 times the spectral precisions. 1166 0372 1455 —1.830 4556 0.184
1244 1374 1456 0070 4566 0.004
6. Ab Initio Force Fields 1245 —1.502 1466 0.166 4666 2.769
1246 —0.647 1555 2207 5555 5.130
In Table 5 we compare with experiment>'3 the theoretical 1255 2222 1556 0227 5556 —1.440
geometries and dipole moments, for various combinations of 1256 —0545 1566 —0274 5566 0.795
methods and basis sets. The original cc-pVTZ and cc-pVQZ : %22 _2;?;‘ ;2 22 (1)533 é 2 g 2 _513132
bases for chlorme. are clearly . ngt adequate to. accu.rately 1345 0389 2445 1110 4adaSbsb IR
reproduce the experimental equilibrium geometry, in particular 1346 0977 2446 0273 4ada5b6b 0.060
the C1—F bond. Within the frozen core approximation, the 1355 _0:049 2455 _0:699 42a4a6b6b 0:450
inclusion of tight “d” functions on the chlorine set, as ac- 1356 —0.080 2456 0.047  4a5a6b6b 0.059
complished in the cc-pV(T+d)Z and cc-pV(q+d)Z sets,?* is 1366 3248 2466 —1.011 4a6a5b6b 0.004

required to shorten the Cl1—F bond toward the experimental
value. The MP2 method is unable to predict this bond length
accurately, even with large basis sets. Conversely, the values
of the CI—O internuclear distance and of the J(OCIO) angle
are closer to experiment and less sensitive to the combination
of basis and method.

The value of the dipole moment is always predicted to be
very small, and its sign is closely related to the J(OCIO) angle,
being positive, i.e., pointing to the fluorine atom, for smaller
value of the angle.

The definition of symmetry internal coordinates is reported
in Table 6 and strictly follows the prescriptions of King et
al.3! This choice requires a careful comparison with previ-
ously published harmonic force fields,®!> because the S, and
S3 symmetry coordinates are interchanged and the signs of
Saa, Sab, Ssa, Ssp are opposite. According to the analysis of
Watson,3? for an AX;Y molecule of C3, symmetry there are
12 harmonic, 38 cubic, and 102 quartic independent force
constants in a symmetry coordinate representation. In Tables
7—9 only the independent constants are listed. The dependent
ones can be obtained from these using the relationships
reported by Thiel et al.’* Ab initio spectroscopic constants
are reported in Table 10 and compared with the experimental
values. In the calculation of w;, v;, x5, and g;; constants, Fermi
resonances have not been considered since the experimental
parameters are all free from anharmonic perturbations,
including those of the v4 = 1 and v, = vs = 1 states which
have been derived taking explicitly into account the Fermi
resonance between them.*!113

7. Results and Discussion

The spectroscopic constants for all the analyzed bands have
been determined with good precision. The values of the

2244 0346 2555 0.579  5a5a6b6b 0.489

@ Units are in aJ//&’", where n is the number of stretches in the
definition of the force constant.

corresponding parameters of (35,16) and (37,16), in Tables 2—4,
and those of (35,18) and (37,18) in Table 2 are in very nice
agreement. Owing to the small number of assigned transitions
in 2v3 — v3 the Dk and Dy constants could not be determined
and have been kept fixed to the corresponding values in the v3
= 1 excited state. The D, constant resulted to be 94% correlated
with B in all fits. The v; + v, and v, + v3; bands of (35,16)
have been analyzed! from infrared spectra recorded at lower
resolution, 0.04 cm™!; the present results reproduce the previous
ones with higher precision. Also the results of the v, + v3 — v3
hot band of (35,16) from a high-resolution spectrum?® have been
improved in our analysis because twice as many transitions have
been assigned and more precise lower state parameters® have
been used.

The origins of the v; + v, and v, + v3 bands have been
combined with those of the fundamentals,3~581! to derive the
x12 and xp3 anharmonicity constants in Table 10, using the
classical formula for the energy of a vibration level for a
molecule with doubly degenerate vibrations3*

d;
G(Ul’ Uz; U3, ) = z wi(ui —+ El) +

d. d
z zxki(ui+ j)(”k—i_ Ek) + Z Z Sl + - (3)
=i =

In this equation d; = 1 or 2 depending whether i refers to a
nondegenerate or to a doubly degenerate vibration. The [;
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TABLE 10: Comparison between Calculated and Experimental Spectroscopic Parameters of FCIO3; (cm™1)
F3CI190; F¥CI150; F3CI180;4 F¥CI180;

parameter calcd exptl caled exptl caled exptl caled exptl

iz 1074.5 1063.2436(9)“ 1071.4 1060.19923(1)" 1021.7 1011.107141(8)¢ 1017.9 1007.487731(9)¢
123 730.3 716.809727(8)¢ 720.6 707.15971(1)" 721.7 708.235180(6)° 712.8 699.329799(8)°
V3 552.8 549.87956(8)° 552.0 549.18943(8)° 538.5 536.00058(7)° 537.4 534.96527(8)°
V4 1335.1 1317.25415(3)¢ 1319.4 1301.70739(3)" 1294.5 1277.3106(2) 1278.6 1260.8563(1)
Vs 590.7 590.31499(1)¢ 587.6 587.20959(1)8 565.6 565.10304(1)8 562.7 562.24628(1)¢
Ve 405.8 405.60551(5)" 405.8 405.50974(3)" 390.6 390.54063(3)" 390.6 390.49838(3)"
) 1089.8 1086.5 1035.7 1031.8

[on 740.9 731.2 732.4 723.5

w3 559.9 5589 545.0 543.7

on 1357.6 1341.4 1315.1 1298.1

s 595.8 592.6 570.3 567.3

We 410.8 410.6 395.3 395.2

X11 —1.73 —2.75025(8) —1.69 —2.73019(8)" —1.62 —2.48390(5)' —1.58 —2.46570(4)"
X12 —1.84 —2.70231(8) —-1.79 —2.59107(7) —1.69 —2.57903(4) —1.58 —2.46610(4)
X13 —145 —2.118¢ —1.42 —2.145¢ —1.43 —2.002¢ —1.39 —2.003¢

Xis —1.30 —2.461(2y —1.29 —1.18 —1.17

Xi6 —1.06 —1.559(2y —1.04 —1.01 —1.00 —1.401(5)
X0 —1.49 —1.45102(2) —1.52 —1.47035(2)" —1.59 —1.53561(3) —1.63 —1.56743(4)'
X3 —3.55 —3.85578(9) —3.48 —3.79549(9) —3.36 —3.29

Xo4 —0.05 —0.07 —0.50 —1.15

X25 —2.00 —1.50983(6) —2.02 —2.21516(7) —2.66 —1.58452) —3.19 —1.70372y
X26 —2.96 —2.785(2y —2.98 —2.87 —2.89

X33 —0.47 —0.6820(1)' —0.45 —0.6658(2) —0.36 —0.5620(1) —0.34 —0.5371(1)
X34 —245 —2.43 —2.40 —2.38

X35 —0.54 —0.52 —0.47 —0.45

X36 —0.64 —0.889(2y —0.62 —0.50 —0.47

Xaa —5.44 —5.29 —5.13 —4.99

X5 —2.50 —2.42 —2.01 —1.68

X6 —1.42 —2.03150(4)' —1.39 —1.40 —1.36

Xs5 —0.16 —0.26842(4)¢ —0.16 —0.26404(4) —0.15 —0.25744(4) —0.15 —0.25368(4)
Xs6 —0.24 —0.24 —0.21 —0.21

X6 —0.47 —0.4838' —0.47 —0.4867' —0.42 —0.4374! —0.43 —0.4439'

gua 2.86 275 275 2.65

845 —0.15 —0.10 0.13 0.43

846 0.36 0.36 0.32 0.33

8ss 0.09 0.11368(4)¢ 0.09 0.11334(4) 0.07 0.09651(4)¢ 0.07 0.09654(4)k
g56 —0.17 —0.17 —0.16 —0.16

866 0.50 0.4619' 0.50 0.4634! 0.45 0.4185 0.46 0.4241!

of x 10* 5.03 5.7380(3)" 5.01 5.731(3)" 4.24 4.79950(9) 4.23 4.79854(9)
of x 10* 2.59 3.2496(8)" 2.54 3.1848(6)" 2.48 3.07924(5) 2.41 3.00703(8Y
o4 x 10* 0.39 0.6038(1)” 0.42 0.61(3)" 0.43 0.60617(7) 0.45 0.6056(1)
of x 10* 5.15 4.82325(5)" 5.01 4.6424(6)" 5.06 4.87331(5) 4.98 4.77417(7Y
o4 x 10* —0.06 0.287(3)" —0.08 0.272(2)" —0.10 0.213(2y —0.13 0.196(8)
of x 10* —0.09 0.263(1)" —0.03 0.304(1)" —0.36 —0.046(1) —0.33 —0.034(1y
o4 x 10* 6.06 6.7419(7) 5.94 6.71(3) 5.29 4.772(4Y 5.18 4.836(4)
of x 10* 2.87 3.3792(3)" 2.83 3.3211(6)" 2.71 3.2554(9) 2.67 3.1147(1y
od x 10* 0.72 1.23(4)* 0.76 1.28(3)" 0.32 0.7421(1Y 0.35 0.7811(8)
of x 10* —0.06 0.3321(8)” —0.04 0.3803(6)” —0.17 0.13082(5) —0.15 0.16987(4)
od x 10* —0.18 —0.07(4)" —0.19 —0.08(3)" 0.13 0.212(1y 0.13 0.208(9)
of x 10* 4.54 4.848(1)" 4.54 4.8529(6)" 3.93 4.2117(7y 3.94 4.2180(6)

@ From ref 4. » From ref 11. ¢ From ref 5. ¢ From ref 3. ¢ From ref 8. From ref 13. ¢ From ref 7. " From ref 9. ! From ref 12. / From ref 1.
kFrom ref 14. ' From ref 10. Standard uncertainties (10) in parentheses refer to the least significant digits.

quantum number assumes the values [; = v;, v; — 2, v; — 4, ...,

The agreement between calculated and experimental

1 or 0 and for a nondegenerate vibration /; = 0 and g; = 0.

In addition, the x,3 values equal to —3.85595(4) and
—3.79546(4) cm™! for (35,16) and (37,16), respectively, have
been determined from the v, + v3 — v3 origins. They overlap
the corresponding values from the combination bands within
20. Contrary, the x33 value of (37,16), —0.6538(2) cm™!,
obtained from 2v3; — v3, differs by more than 30 from that
derived from the 2v; overtone,!2 —0.6777(1) cm™~!. The number
of transitions assigned to 2v3, 50, and the standard deviation of
the fit, 0.00030 cm™!, are very close to those of 2v; — v3, so it
is difficult to choose between the obtained values and their
average is reported in Table 10.

spectroscopic parameters is, in general, quite good. All
fundamentals are reproduced within 6%, with larger devia-
tions concentrated in the vy, v,, and v4 modes and with an
absolute maximum deviation of about 18 cm™! for the v4.
These deviations are somewhat larger than expected from
the application of the CCSD(T) level of theory to molecules
of similar size (see, e.g., SiF4 in ref 35) and originate from
the difficulties in describing electron correlation in the
hypervalent Cl atom. Most inaccuracies are probably con-
centrated in the harmonic force field, since anharmonicity
constants are calculated with a root-mean-square deviation,
rmsd, of 0.55 cm~!. On the other hand, rotation vibration
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TABLE 11: Comparison between Calculated and Experimental Isotopic Shifts of the Spectroscopic Parameters of FCIO;

(em™)

A(F¥C1'°05 — FYC1'°05) A(F¥CI1#¥0; — FCI'805) A(F3C1'°05 — F¥CI1'803) A(FYCI'*05 — FCI 1305;)
parameter calcd exptl caled exptl caled exptl caled exptl
2 3.1 3.0 3.8 3.6 52.8 52.1 53.5 52.7
Vs 9.7 9.7 8.9 8.9 8.6 8.6 7.8 7.8
V3 0.8 0.7 1.1 1.0 14.3 13.9 14.6 14.2
V4 15.7 15.5 15.9 16.5 40.6 39.9 40.8 40.9
Vs 3.1 3.1 29 29 25.1 252 24.9 25.0
Ve 0.0 0.1 0.0 0.0 15.2 15.1 15.2 15.0
Xi1 —0.04 —0.02 —0.04 —0.02 —0.11 —0.27 —0.11 —0.26
Xi2 —0.05 —0.11 —0.11 —0.11 —0.15 —0.12 —0.21 —0.12
X13 —0.03 0.03 —0.04 0.0 —0.02 —0.12 —0.03 —0.14
X2 0.03 0.02 0.04 0.03 0.10 0.08 0.11 0.10
X23 —0.07 —0.06
X25 0.02 0.7 0.5 0.12 0.7 0.07 1.17 —0.5
X33 —0.02 —0.02 —0.02 —0.02 —0.11 —0.12 —0.11 —0.13
Xss 0.0 0.0 0.0 0.0 —0.01 —0.01 —0.01 —0.01
Xe6 0.0 0.0 0.0 0.0 —0.05 —0.05 —0.04 —0.04
gss 0.0 0.0 0.0 0.0 0.02 0.02 0.02 0.02
866 0.0 0.0 —0.01 —0.01 0.05 0.04 0.04 0.04
of x 10* 0.02 0.0 0.01 0.0 0.79 0.94 0.78 0.93
of x 10* 0.05 0.06 0.07 0.07 0.03 0.17 0.13 0.18
o4 x 10* —0.03 0.0 —0.02 0.0 —0.04 0.0 —0.03 0.0
of x 10* 0.14 0.18 0.08 0.10 0.09 —0.05 0.03 —0.13
o4 x 10* 0.02 0.02 0.03 0.02 0.04 0.07 0.05 0.08
of x 10* —0.06 —0.04 0.03 —0.01 0.27 0.31 0.30 0.034
of x 10* 0.12 0.03 0.11 —0.06 0.77 1.97 0.76 1.87
of x 10* 0.04 0.06 0.04 0.14 0.16 0.12 0.16 0.21
od x 10* —0.04 —0.05 —0.03 —0.04 0.40 0.49 0.41 0.50
of x 10* —0.02 —0.05 —0.02 —0.04 0.11 0.20 0.11 0.21
od x 10* 0.01 0.01 0.0 0.0 —0.31 —0.28 —0.32 —0.29
of x 10* 0.0 0.0 —0.01 —0.01 0.61 0.64 0.60 0.63

interaction constants are well-reproduced, with an rmsd of
0.43 x 107* cm™!. Owing to residual errors in the theoretical
values, the comparison between experimental and theoretical
isotopic shifts of the spectroscopic parameters is more
significant. The values for the 3Cl — 3’CI and '°0 — 180
shifts are listed in Table 11, columns 2—5 and 6—9,
respectively. The agreement is very good except the differ-
ences for the x5 anharmonicity constants and 04 ro—vibration
parameters. As shown in Table 7, the harmonic force field
parameters of the degenerate modes are very close to those
previously determined.®!> Instead, significant differences have
been observed for the off-diagonal terms of the nondegenerate
modes. The Potential Energy Distribution (PED) analysis
reveals that the v, and v3 modes are due to strong mixing of
the “umbrella” bending and Cl1—F stretching, in agreement
with previous analyses.®!

8. Conclusions

The anharmonic ab initio force field for perchloryl fluoride,
together with additional band analyses, aimed to obtain a
complete experimental characterization of this molecule, are
presented. Though some improvements are appropriate for
the harmonic part, the agreement between calculated and
available spectroscopic data is in general good, giving support
to the overall accuracy of the force field and to its usefulness
for further experimental studies.
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