J. Phys. Chem. A998,102,10869-10879 10869

UV and Photoelectron Spectrum of Carbonyl Fluoride, RLCO. Multireference Configuration
Interaction Studies in Cy, Symmetry
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Using multireference Cl methods fos@®O in C,, symmetry, with near triplé-basis sets and added polarization
and diffuse functions, CO, CF, and FCF potentials were calculated for four states édgh’&;, 'B,, and

1A, symmetry. Vertical excitation energies were obtained for six roots, both for singlet and triplet states.
Also, vertical and some adiabatic ionization potentials &® were calculated. System | of the UV absorption
spectrum is clearly y— z*. System II, ranging from 7.02 to 7.66 eV, can only be assigned to triplet

a*. System Il is most likely g— 3s/n, — o*. System IV, a continuum, is assignedso— z*, on the basis

of its large oscillator strength. Following calculated ionization potentials (IP), the 17.2 eV photoelectron
band is assigned to 8and the 16.6 eV one to 4bThis way, up to the eighth IP, calculated and experimental
values agree within 0.2 eV. The perfluoro effect has been reinvestigated. Calculated vibrational frequencies
of the three lowest states of O" are used for an understanding of the vibrational structure of the photoelectron
spectrum.

Introduction methods. They confirmed system | to Ha — z*), but found

no singlet state in the energy region of system Il. Instead, a
triplet w — 7* excitation was assigned. For systems Il and IV,
I(n — 3s) andi{(x — x*), respectively, could be confirmed.

In recent studies by this group, the UV and photoelectron
spectra of HCO'6 and ChCO’ were investigated theoretically.

It has been shown how thir,7*) state of BCO, not seen  prawer and Schug in 1980calculated CO potential curves for

directly, transfers its intensity to various Rydperg states. The {he Jowest singlet and triplet states by the PUHF method and
potential curve of{(rr*), calculated as a function of the CO looked at the photodissociation0 — CF, + O. Kapur et
distance, crosses all n- aneseries Rydberg states. On the other ;18 calculated out-of-plane bending potentials for several

hand, for C4CO the CO potential curve of(zz*) lies well carbonyl compounds. For tHén*) state of RCO, an out-of-
below the Rydberg poter_1tia|s, as confirmed b_y_ the observed B plane angle of 49°land a barrier of 0.72 eV was obtained.
— X system corresponding to the— s* transition. Compared to other carbonyl compounds XYCO, with XY
For carbonyl fluoride, FCO, experimental investigations up  H F, CI, R,CO has the largest out-of-plane angle and the highest
to 197813 are cited in the paper by Vasudevan and Gtin.  parrier.
Most significa_mt is the work by Workman and Duncawhich Geometry optimizations on the ground state (GS) 48,
was summarized by Robif. as well as the lowest3A,, 13A" (nz*), and 3A' (%) states,
Accordingly, the observed system | ranges from 5.22 to about were carried out by Francisco et8lusing UMP2, QCISD,
6.95 eV. It has a low oscillator strengthfof= 3 x 107% and a and CASSCF methods with 6-31G*, 6-311G*, and 6-3G-
complex vibrational structure and is assigned te- r*. System (2d) basis sets. Also, harmonic frequencies were obtained for
I, from 7.02 to 7.66 eV, has a structure similar to that of system the GS as well as thé3A, and A" states. The adiabatic
[, with a maximum at 7.34 eV anfi= 5 x 1074 Transitions excitation energyTe of nonplanarl(nz*) is 4.23-4.82 eV,
n— z*', a secondr* orbital resulting from the 2pAO’s on F, depending on the method. Including zero-point energies, the
and n— ¢* and — o* have been suggested. System lIl, from CASSCF estimate fof, is 4.76 eV, close to the value given
8.13t0 8.52 eV witlf = 1 x 103 and a maximum at 8.42 eV, by Judge and Moul&
shows a progression of five bands. Around 8.5 eV, a continuous  Francisco et &% 22 studied decomposition reactions of larger
absorption starts (system 1V), which has a maximum at 9.42 molecules that include)£0 among the products. Sumathi and
eV andf = 0.15. System Ill has tentatively been assigned to n' Chandra investigated the decomposition ofGO on its lowest

— ¢o* or n — 3s, and system IV tor — 7* or n — 3s. A triplet surface.
summary of the observed electronic spectrumGi® appears In the present paper, MRCI potential energy curves involving
in Table 1. CO and CF displacements, as well as changes of the FCF angle,

More recently, Judge and Modfereanalyzed system |. The  will be given. Also, the lower ionization potentials have been
origin was placed at 4.86 eV. The excited state labeled systemobtained. On the basis of these results, the observed UV and
I is found to be nonplanar, as in,BO, with an out-of-plane  photoelectron spectra of carbonyl fluoride are to be investigated.

angle of 31.8 and a barrier to planarity of 1.02 eV. The It is realized that for a polyatomic molecule like carbonyl
observed 170 bands were assigned to the frequengiess'. fluoride, potential energy curves only contain limited informa-

In 1978, Vasudevan and Gréfrpresented vertical excitation  tion on the structure and properties of excited states and that
energies for low-lying singlet and triplet states 0$CO, extensive potential surfaces are needed to better understand the

calculated by multireference (MR) configuration interaction (Cl) spectra. Nevertheless, from the results presented here, some
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TABLE 1: Observed Electronic Spectrum of R,CO?2

system range (eV) AE (max) oscillator strength vib bands tentative assignt VG assignt
| 4.86°to ~6.95 3x 10 17¢ n— m* n— )
Il 7.02—-7.66 7.34 5x 1074 20 n— 7*', n— o*, T — o* 3(r — n)*
1] 8.13—-8.52 8.42 1x 1073 5 n—o*n—3s Yn—3s)
v ~8.5— 9.42 0.15 cont m—a*,n—3s Y — %)

2 Experimental values from ref 9, unless otherwise indicated. VG: Vasudevan and Grein, ref 14, theoreticARetekence 16.

. - - TABLE 2: Orbital Energies € and MO Notation for F,CO,
useful conclusions about the interpretation of observed spectraCIZCO’ and H,CO at Respective Ground-State Equilibrium

can be drawn. Geometry
Methods and Molecular Orbitals FCO CkCO HCO
. . . . MO2 e(au) nott e(au) not e(au) not?
For all calculations on excited states, the multireference single ’
and double excitation method “MRD-CF*28 was used in the a MO’s

recent direct-Cl implementation by Pless, Suter, and Erf§els. :8'1 ((;;3 :8:?83 aal :8:;gg v :8:2;11 v

All configurations havingc? = M (main selection threshold, |y (9ay) 0.016 3s 0.018 3s 0.002 3s
usually 0.002) were included in the set of reference configura- LU+1 (10a) 0.049 3p 0.050 3p 0.010 3p

tions (from about 30 to 70). Out of-220 million generated b, MO’s
symmetry-adapted functions, about 200 000 were selected for HO-1  (1h) -0.819 n; —0.653 = —0.538 =«
diagonalization of the secular equations. The configuration HO (2b) —0579 =« —0.499 m 0.010 3p

selection threshold is usually 1 or :hartree. Four to six roots LU (3by) 8-843 gﬂ 8-851 gﬂ 8-0%’ 3d.
were calculated. In all cases, the core orbitals (1s of each atom) LU+1  (4by 05 *dz 054 *dz 1 &

. e LU+2 (5h) 0152 = 0.104 =
were frozen, and the complementary highest MO’s discarded.

; ; ; ; b, MO'’s
Either extrapolated, or weighted extrapolated energies with HO-1 (4b) —0.705 ns -0497 m —0.696 o,

Davidson correction, will be given. HO (5b) —0561 n 0477 n 0433 n

Basis set A uses the HuzinagBunning 10s6p/5s3p contrac- |y (6by) 0.049 3p 0.054 3p 0.010 3p
tion for C and F and the 12s8p/5s4p contraction foi®®or LU+L (7Th) 0.052 3¢, 0.062 3¢, 0.013 3g,
each atom, one d-polarization function (C, 0.75; F, 0.90; O, aMO’s

0.85) was added, and for C three Rydberg functions (s, 0.023; HO (la) —0.728 n, —0.502 n,

p, 0.021; d, 0.015) were added. In conjunction with basis set A LU (2=) 0.051 3¢y 0.054 3¢, 0.011 3d,

having 93 contracted functiongnz*) MO’s were used. aThe MO number given corresponds teC®. ® Notation of MO.
Basis set B consists of the 10s6p/5s3p contraction plus one

polarization function for each atom, and additional s,p,d Rydberg  For the GS and(x7*) states of KCO and for lower states

functions on C (as above). On O and F, p-negative ion functions of F,cO*, Gaussian 9% geometry optimizations and frequency
were placed! With 99 contracted functions in basis B, ground- gjculations were performed.

state MO'’s are used in the Cl wave function.

For all calculations presented in this papesCP is kept Results
planar, lying in theyz plane and havin@,, symmetry. For the o ) )
ground-state geometry, microwave values from Carpé&hteith (1) Optimized Geometries and Frequencies for O and

Reo = 1.1700 A (2.211Gy), Rer = 1.3166 A (2.488@&), and F,CO*. In Table 3, optimized geometries and harmonic
#(FCF) = 107.6, were chosen. They are very similar to frequencies are given, as obtained from Gaussian 90 calculations

microwave results from Nakata et 3. using the MP2/UMP2 method with a 6-311G* basis set, for
At equilibrium geometry, the GS configuration is—{&)- the GS of ECO, as well as the 38, (N, — ), 1?B1 (7 — o),
a?(1-2)b2(1-5)h?1a2. Occupied MO’s playing a significant ~ and ¥A; (o — ) states of ECO*.
role in the CI wave functions are Ga o', 7a, = nyy(F), 8a = For the GS of ECO, both optimized geometry and vibrational
o, 1o = npi(F), 2by = 7, 4y = np(F), 5 = no, and 1la = frequencies are in good to excellent agreement with experimental
n.AF), where the MO’s labeled n(F) are essentially fluorine lone- numbers;>%*%>as has also been found by oth&t&?
pair MO’s. In basis set A, gilies well above g(F) owing to For the GS of ECO" (ng—w), Rco increases andRcr
optimization for m* MO's. In basis set B, however,,malso decreases, indicating thatis CO bonding and CF antibonding.
has some F lone-pair character. Removal of ar-electron from RECO in its ground state, leading
Important virtual orbitals are (912)a, which are the Rydberg  to the ¥B; state of ECO", results in a lengthening of the CO
MO'’s 3s, 3p, 3d?, and 3¢k-2, 14a = o*, 3b; = 3p,, 4b, = bond by 0.14 A (0.2%g) and a shortening of the CF bond by
3d,,, 5y = 7%, 6b, = 3p,, 7b, = 3d,, 8k, = 0¥, and 2a = 0.08 A (0.15ay), the latter amount being almost the same as

3d,,. The Rydberg MO’s do not separate well into s, p, and d for X?B,. The PA; (0 — o) state has similar geometries and
components within the same symmetry species. The designatiorirequencies as 38,, so theo MO (really nyy) is not unlike n.
of Rydberg states is based mainly on the ordering of states inFor all ionic states, the FCF angle increases by abotit 10
the CI results. At larger CO and CF distances, the orbital The changes in the stretching frequencies éBX relative
character is changing, as will be outlined in the appropriate to the GS of RECO, reflect the changes in bond distances. A

sections. significant increase in frequency is noticed for the asymmetric
In Table 2, orbital energies and notations will be given for CF; stretch.
the MO’'s HOMO — 1 to LUMO + 1 or LUMO + 2, using Adiabatic ionization potentials (IP) obEO, calculated from

basis B, at the experimental GS geometry. For later comparison,the energies given in Table 3, are 12.79 eV fprfico, 13.93
corresponding orbital energies forb€0O and CJCO, obtained eV for 1 — o, and 16.99 eV foro — . Corresponding
from similar basis sets, are included. experimental values are 13.02, 14.09, and 16.2%3howing
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TABLE 3: MP2/6-311G* Optimized Geometries (Distances in A),
Ground State of F,CO, as Well as the XB,, 12B;, and 12A; States

J. Phys. Chem. A, Vol. 102, No. 52, 19980871

Harmonic Frequencies (in crmt), and Energies (in au) for the
of RCOT2

F.CO (XA,) F.CO* (X2B,) F,CO" (12By) F.CO* (12A1)
Reo 1.1760 (1.1700) 1.2697 1.3168 1.2610
Rer 1.3173 (1.3166) 1.2405 1.2346 1.2416
#(FCF) 107.55 (107.8) 120.88 118.18 120.26
Evip2/Eumpz —312.4288 —311.9588 —311.9169 —311.8043
CFrsb (a) 591.4 (5849 579.0 (5309 613.9 603.3
CF-ab () 627.6 (626) 499.0 557.2 655.3
OOoP (h) 789.9 (774) 788.4 743.7 828.9
CFy-ss (a) 978.2 (965) 1059.6 1023.9 1070.9
CFras (b) 1268.8 (1249) 1654.5 1681.1 1623.3
CO-ss @ 2000.5 (1942) 1694.6 (1550) 1569.6 1624.1

a Experimental values in parentheses. Calculated vibrational intensities, in km/m, are the following, in order of vibrational listibgyi,f@rog
8.0, 37.7, 64.8, 453.1, 427.9; for’B,, 14.9, 18.6, 52.1, 7.3, 456.3, 316"Reference 32 Reference 35¢ Reference 37.

TABLE 4: Vertical Excitation Energies AE and Oscillator
Strengthsf for Singlet States of FLCO, Using Basis Set B

TABLE 5: Vertical Excitation Energies AE for Triplet
States of RLCO, Using Basis Set B

AE AE
state (eV)  config f state (eV) config f
1'A;  0.00 GS 1B, 9.47 ng3s 0.039
2'A; 10.18 an* 0.254 2B, 11.20 n3p, 0.000
3'A; 1125 n3p, 0.074 3B, 11.82 n3dz 0.002
41A; 11.98 n3d, 0.001 4B, 11.88 n3dey 0.006
5'A; 12.19 #z3p, 5B, 13.96 no*
6'A; 13.25 73d,
1'B; 10.67 #3s 0.017 A, 7.35 na* 0
2'B; 11.31 oz 0.020 Z2A, 10.86 n3p 0
3By 12.41 x3p, 0.002 3A, 11.72 nur* 0
4'B; 12.84 n3dz 0.007 4A, 11.94 n3d, 0
5!B; 13.26 n3de-y 5'A, 13.90 na*' 0

good agreement for the first two IP's. The apparent lesser
agreement forr — oo will be discussed later.

(2) Vertical Excitation Energies for F,CO. Vertical excita-
tion energies were calculated for the six lowest states, using
basis set B. Weighted extrapolated energies including the
Davidson correction are given.

The results for singlet states are shown in Table 4. Except
for A; states, only five roots are given, since the sixth root

corresponds to a high valence state but should be a 4s or 4p

Rydberg state for which the basis set is insufficient. Also, the
leading configurations and oscillator strengths, calculated from
wave functions with a higher thresholdof 20 uhartree, are
given.

With regard to the!A; states, the GS is followed byr*,
No3py, No3dy, 73py, andx3d,,. For thelB; states, the ordering
is 23s,0m*, 3P, w302 andz3de-y2. For!B,, the four Rydberg
states §3s, N3P, NL3d2, Ne3de—y2 are followed by go*. For
1A,, as expected,gn* is the lowest followed by §8py, Nuat*,
N30k, and r*'. At energies lower than the valence statt#,5
and 5A,, n = 4 Rydberg states are expected.

The nxa* state has the highest oscillator strength, 0.25,
followed by n3py, (0.07), n3s (0.04), andz* (0.02). Both
no3p, and R3s mix heavily, at the GS geometry, with the valence
stateszr* and no*, respectively, as the potential curves will
show. This leads to intensity transfer from valence to Rydberg
states.

Vertical excitation energies of triplet states are given in Table
5. In almost all cases, the ordering of the triplet states is the
same as that of singlet states.

A comparison ofAE values for corresponding singlet and
triplet states, divided into categories suchrs/alence states,
is shown in Table 6. One sees that triplet valence-state
energies are 0.351 eV lower than their singlet counterparts,
with the exception ofrzr*, whose triplet energy is lowered by
2.8 eV. For the only* valence state listed, the energies are

state  AE(eV) config state  AE (eV) config
13A; 7.36 Tr* 1°B, 9.12 n3s
2°A, 11.05 R3p, 2°B, 11.01 R3p;
3FA; 11.88 rR3d,, 3B, 11.80 R3d2
43A, 11.98 3P« 4°B, 11.82 n3de-y2
5%A; 12.75 RO* b2 5°B, 11.94 nR4s
6°A; 13.19 730k,

1°B; 10.20 n3s BA, 7.01 nt*
2°B; 10.36 om* 23A, 10.90 R3p«
3B, 12.42 73p, 3FA, 10.97 rR3d,,
4°B,; 12.75 3d2 43A, 11.71 RaT*
5°B; 13.15 3de_ 2 5%A, 13.84 Rt

TABLE 6: Comparison of Vertical Excitation Energies AE
(in eV) for Singlet and Triplet States of F,CO

singlet triplet
configuration state AE state AE
m* Valence States
Not* 1A, 7.35 EA, 7.01
T* 21A; 10.18 BA, 7.36
om* 21B; 11.31 2B: 10.36
Npt* 3'A; 11.72 AA, 10.71
o* Valence States
Neo™® 51B, 13.96 6B, 13.82
n, Rydberg States
Ne3s 1B, 9.47 B, 9.12
No3Px 2'A; 10.86 2A; 10.90
No3py 3tA,; 11.25 2Aq 11.05
No3p; 2B, 11.20 2B, 11.01
No3d2 3'B, 11.82 3B, 11.82
Ne3d2-y2 4B, 11.88 4B, 11.80
N30k, 41, 11.94 3A; 11.97
ne3d,, 41A, 11.98 A, 11.88
m Rydberg States
3s 1B; 10.67 £B. 10.20
3P« 5'A, 12.19 3A, 11.98
3py
73p, 3'B; 12.41 3B: 12.42
m3d2 4B, 12.84 4B, 12.75
w3022 5B, 13.26 5B: 13.15
73d., 6'A4 13.25 5A1 13.19

about the same. For Rydberg states, the triplet energies are
virtually the same as the singlet energies, except for the lowest
ones, B3s andr3s, being 0.3-0.4 eV lower in the triplet case.
Please note that the state numbering for singlet and triplet states
having the same configuration is not necessarily the same. For
example, the ppr* configuration is present in'2d, and 4A,.

(3) C—0O Potential Curves for F,CO. Keeping the CF

distance and the FCF angle at GS equilibrium values, energies
were calculated for CO distances from 2.0 to 3.6 orad,8vith
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Figure 1. C—O potential curves for'2\; to 4*A; states of ECO. The
states are, in order*, n,3p, and n3d.. After the avoided crossing RICO) (o)
at 3.2 b, the ordering isz*, 73p,, and n3p. Figure 3. C—O potential curves for B, to 4'B; states of FCO. At
2.2 b, the states are, in ordeg3s, n3p, N3dz, and R3de-2. At 3.4
£ b, they are p*, ne*o*, Ne3s, and B3p..
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Figure 2. C—O potential curves forB; to 4'B; states of ECO. At
2.2 b, the states are, in order3s, or*, 73p, andz3d2. At 3.2 b, they RICO) oot
arezo*, on*, 73s, andz3p. Figure 4. C—O potential curves for*AA, to 4*A, states of ECO. The
four roots each, using basis set A. Extrapolated energies will ordering of states ison*, No3p, No3dz andz3p,.
be given.

In Figures -4, the CO potential curves are shown for singlet  The !By potentials show several avoided crossings. Around
A1, By, By, and A states, respectivelfRco, Te, andvco values, 2.2y, the ordering of states i83s, 07, 713p,, andz3dz, which
obtained for these restricted optimizations and therefore labeledis mixed withzzo*. At larger CO distances, say 32, the lowest
with a prime, are given in Table 7. state isto* followed by o* (bound),z3s, andr3p,. As seen,

In Figure 1, for!A; states, the GS potential has been omitted. 73s is strongly perturbed by its interaction wittr* and szo*
From about 3 on, theszr* configuration mixes with the GS  in the 2.3-2.6 A region. The repulsivao* state, the highest-
configuration 2. Correspondingly, 2\;, beingzz* at lower lying state at short distances, crosses throag,, oz*, and
R, starts mixing with g% At 3.8 a, X!A1 is 27% n?2 and 56% 73s to become the lowest state at large distances. It leads to
ar*, whereas 2A; is 44% n? and 30%rz*. So at this distance,  the dissociation £0 — CF, + O.
the two states have already interchanged their leading configura- The Rydberg MO which is mainly 3dat smallRco changes
tions. 3A; and 4A; are the g3p, and n3d,; Rydberg states,  gradually intoo* as Reo increases.
respectively. Thexz* potential crosses the lower of these The !B, potentials look complicated but are actually fairly
Rydberg states around 2ab. Starting at about 2.8y, 4'A; easy to understand. Around 2&, one sees, in order of
changes from ¢Bd,, to #3p,, andx3p crosses Bp, around increasing energy, the Rydberg statg8sn n3p,, n,3dz, and
3.2ap. no.3de-y2. These Rydberg potentials are crossed by two repulsive
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TABLE 7: Adiabatic (Restricted) Values T¢, Rco', and veo', ]
Derived from CO Potentials of F,CO, Using Basis Set A
state config Te (eV)? Reo (a0)*  veo (cm™h)P 1
1A, GS 0.00 2.20 1942
2'A; * 8.55 2.80 980 16
3A; No3py, 11.20 2.40 1460
41A, no3dy; 12.00 2.40 1465
1'B;  a3skio* repulsive W
2'B; or* ~10.4 ~2.55 1825
3B, 3P, 12.30 2.45 1445 131
4B, 302 12.45 2.50 1485
1B, No3s/no™ repulsive o
2B, No3pP; 11.15 2.40 1605
3B, No302 11.75 2.40 1730
4B,  ny3de_y 11.85 2.50 1285 ik
1A, Nort™ 6.05 2.60 1190
21A; No3P« 10.95 2.35 1630 R
3A; No30, 11.95 2.35 1565
4N, 73py 13.00 2.45 1170 0!

aValues rounded off to nearest 0.05/alues rounded off to nearest T
5. ¢Matched to experimental value. See text. 2

U 26 28 0 3 3
A) ot

Figure 5. C—F potential curves for*A; to 4'A; states of ECO. At
2.4 b, the states are, in ordetz*, n,3p,, and n3d,.. At 3.4 b, they are
oo*, r*, and nyr*.

potentials: between 2.5 and 2a8 by n,o* and at largemR by
the four-open-shell configuratiomn,z*o*. At 2.9 ag, for
example, the ordering of states igm, ny3s, P3P, and R3d2.
At 3.4 ay, no* is followed by wnyt* o*, ne3s, and B3p,. The
crossing of go*, a repulsive state leading again to dissociation

of F,CO into Ck, + O, prevents gBs from having a minimum Ee)
and greatly distorts the potential functions @8p, and n3d2.
At 3.6 ap, 4'B; shows the beginning of another repulsive state 1

with four open shells. As mentioned in the case'®f states,
the 3d2 MO changes from Rydberg character at snib to
o* character at largeRco.
Finally, the 1A, potentials are straightforward. At small L3
distances, gr* is followed by n3py, no3d,, andz3p,. Starting
at 3.4y, the Rydberg potentials are crossed by the repulsive
four-open-shell statenyz* o*. ™
For calculating the CO frequencies given in Table 7, the GS
frequency was matched to the experimental number, 1942,cm

thereby obtaining an effective reduced mass. The given frequen-

cies have to be taken with caution, since they all correspond to t

CF distances and FCF angles fixed at GS equilibrium values.

The notationvco should remind the reader of this limited

approach. H
(4) C—F Potential Curves for F,CO. While C,, symmetry

was retained, potential energies were calculated for CF distances Mo% W W n u

ranging from 2.2 to 3.4y. In all casesRco and the FCF angle

were kept at the experimental values of 2.2land 107.8, RICO) (bote

respectively. Basis set A was used. Extrapolated energies forgjgyre 6. c—F potential curves for B; to 4'B; states of ECO. At

four roots will be given. 2.4 b, the states are, in order3s mixed withzwo*, or*, 73p, and
In Figures 5-8, the CF potentials are shown fé&, 1B, n3d2. At 3.2 b, they arero*, npio*, omr*, and 73p;.

1B, and'A; states, respectively. In Table 8, restricted adiabatic g, The minima of 3A; and 4A,, around 3.2, are caused by

values T¢, RcF, and vcf are given. Thevcr frequencies avoided crossings.

COFI’eSpond to the Asymmetnc CF StretCh ijE:O and haVe For thelBl States’ the Ordering at 2@ |S 7T35,.7T3pz, n3d22|

been matched to the GS experimental value of 965'cth andoz*. The lowest state !B; changes intaro* and is mainly
The most striking feature about all CF potential curves is dissociative, but a shallow minimum is formed arouRg =

T T T T T

~>
~

the crossing by strongly repulsive potentials at laigerlues,
leading in many instances to a second minimum.

Around 2.4ag, thelA; potentials have the ordering GS (not
shown in Figure 5)r*, no3py, and R3d,. Thess* potential
crosses §8py at about 2.3. The repulsive potential that crosses

3.2 ap. The oxr* potential, having the highest energy R =
2.2 ag, crosses through3p, andsz3d2 and develops a minimum
at Reg = 2.55ap, with T = 11.45 eV. Between 2.4 and 228,
the sequence of statesis*, or*, 73p, andz3d2 At distances
above 2.8 the or* and 73p;, potentials are crossed byin*

all states, except for the GS, between 3.0 anda3.B oo*.
After the crossing, at 3.4o, the ordering of states is G8g*,

(or 7'o*, 7' being a lower-energyr-type MO), which again
appears to develop a long-range minimum. Therefore, at 3.2
wzr*, and nyyr*. The latter state, not seen at smaller distances, ap, ro* is followed by ny0*, o*, and 73p,. The only problem
mixes heavily withzz* and nyo*. The 2'A; state, which is with this interpretation of potential curves is the apparent
oo* at large distances, appears to have a minimum around 3.3disappearance of3s. Although clearly present at sm#itr,
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Figure 7. C—F potential curves for ‘B, to 4'B, states of FCO. At
2.4 b, the states are, in ordeg3s, n3p,, N3dz, and n3de-2. At 2.8
b, they are po*, ny3s, n3p, and n3d2 The strongly repulsive state at
arourd 3 b is no*.
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Figure 8. C—F potential curves for A, to 4'A, states of ECO. At
2.4 b, the states are, in ordeenft, No3py, N30k, andz3p,. At 3.4 b,
they are go™*, nor*, Npa*, and ny ™.

the Rydberg MO changes intg for larger distances, as seen
earlier, and the 3s Rydberg character gets mixed:i3@. On
the basis of orbital composition and mixing of configurations,
73p; at larger distances may be relabeled in8s and, in turn,
3dz2 into 73p,.

The 1B, potentials in Figure 7 have, at short distancg8sn
followed by n,3p,, N30z, and nRo*. The last state, gv*, crosses

position, say at 2.8y, where it is followed by g8s, n3p,, and
n.3dz. Between 2.9 and 3.&,, all potentials are crossed by the
repulsive Bo*, causing a minimum for B, around 3.33 due
to the avoided crossing.

Grein

TABLE 8: Adiabatic (Restricted) Values T¢, Rce', and ver?,
Derived from CF Potentials of F,CO, Using Basis Set A

state config Te(eV)? RcF (ag)? verz (cmri)b
1A, GS 0.0 2.50 965
21A; T* 10.35 2.55 745
3A; No3pPy 10.95 2.40 1140
41A, No30, 11.80 2.40 1100
1'B; n3skro* repulsive

2'B; om* 11.45 2.55 735
3'B; 3P, 11.90 2.40 1255
4B, m3d2 12.15 2.40 1200
1'B, Ne3s 9.50 2.45 880
2B, No3pP; 11.00 2.35 1025
3B, Ne30d2 11.70 2.45 850
4'B, No30h2—y2 11.90 2.40 980
1A, NoT* 7.20 2.55 950
2'A, No3P« 10.80 2.40 960
3A; No30k, 11.90 2.35 1090
4'A, 3py 12.70 2.45 790

aRounded off to the nearest 0.05Rounded off to the nearest 5.
¢ Matched to experimental value. See text.

Contrary to thé'B; potentials, the 3s Rydberg staiga (r3s
for 1B;) shows a minimum and can be followed at larger CF
distances.
At 3.3 ag, the ordering of states is®™*, nyo*, Ny o*, and
n.3s, where g’ is an orbital below g (3). The orbital
characters, especially of the ®O’s, are changing greatly as

one goes to larger CF distances.

The ordering of the'A; states at 2.4ag is ny*, N3Py,
No3dy,, andz3p,. Starting at 2.6, Ne3p, and nr* are crossed
by the (up to 3.4) repulsive po*. From about 2.8 on, the
No3Px, No30k,, andn3p, states are crossed byn* and nyy'7*,
both of which appear to be stable, with minima in the332 ay
region. At 3.4ay, the ordering of states is ™, NoT*, NpT*,
and nyy'*. Minima should be formed at 3.4, or higher for all
these states except the lowest one.

(5) FCF Potential Curves for R,CO. Again, while Cy,
symmetry is maintained, singlet potential curves were calculated
as a function of the FCF angle (at equilibriug(FCF) =
107.6). Rco andRcge were kept at GS equilibrium values. Basis
set A was used, and extrapolated energies are given.

Figures 9-12 show the FCF potential curves for the four

symmetry species.

The curves forA; are unremarkable, showing the minima
of wr* and ny3py in the 110 range, whereas the minimum of
Ne3dy; is shifted toward 120

The 1B; curves, Figure 10, show two special features. No
minimum is obtained for B;, which is z3sfto*. It may be
recalled thatro* is dissociative toward largeReo (Figure 2)
and Rcr (Figure 6) values. A move of the equilibrium (if it
exists) in the direction of larger FCF angles indicates dissocia-
tion of this state to the atomic productsi€O + 2F. The 2B,
state,onr*, has its minimum between 110 and F2@s is also
the case for the two Rydberg state3p, andz3d2. Somewhat
unexpected is the avoided crossingz#p, with 73d2 around

130, after which anglet3p, lies abover3da

The 1B, potentials show again the lowest state being
dissociative, moving toward larger FCF angles. Both ag
andRcr potentials showed this state, which i8a in the region
of GSRco andRcr values and becomegat toward largerRco
- andRcr, to be dissociative. Again, the preliminary indication,
through the Rydberg potentials to assume the lowest-statepased on the potential curves shown here, is dissociation to C
+ O + 2F. However, more extensive potential surfaces are
needed to settle this point. The three higher-lying statgp,n
n.3d2, and n3de—2, have avoided crossings around 1Hhd

13, again quite unexpectedly.
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Figure 9. FCF angle potential curves fot&; to 4'A; states of ECO.
The states are, in ordett*, no3p,, and R3d,.
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Figure 10. FCF angle potential curves fofB; to 4'B; states of &
CO. The states are, in ordet3stto*, on*, n3p, and 73dz. After
130, 73dz lies belowz3p,.

TheA; potentials, Figure 12, have well-established minima
between 120 and 125or nom*, no3py, N3tk and z3p,. At
angles around 106-11C°, npt*, not seen at angles above £10
crossest3py, Ne3dy,, and R3p, from above and settles as the
21A, state for angles below 100t may be noted thatgar* is
listed as state'd\, in Table 4, which gives the vertical excitation
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Figure 11. FCF angle potential curves fofB, to 4'B, states of &

CO. The states are, in order38/no*, Ne3p, N3dz, and n3de-2,

with avoided crossings and corresponding changes in ordering above
130°.
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Figure 12. FCF angle potential curves fofA, to 4'A, states of -
CO. At 120, the states are, in ordert, no3py, No3d, andz3p,. At
90°, they are wr*, Npt*, Ne3py, and PR30,

F,CO. Using basis set B, ClI calculations were performed for
the two lowestA, 2By, ?B,, and?A, states of FCO", at the
GS geometry of FCO. Additional CI calculations were done
for 2B, and?B; states at their respective optimized geometry as

energies. Apparently, the two basis sets, basis set A used in thegiven in Table 3.

present figures and basis set B used for the vertical excitation

Energy differences relative to the GS oLGO at its

energies, correspond to a small shift in the FCF angle. In Figure equilibrium geometry are given in Table AE values obtained

12, at 110, the ordering of!A; states is gr*, Ne3pk, No3Cky,
andnzz3py, identical to the ordering in thRco andRcr potentials,
all calculated with basis set A, whereas at 1€ ordering is
NoTT*, Ne3Px, Nb27t*, and nN3dy,, agreeing with that given in Table
4 for which basis set B was used. At®9@he second state is
npt* followed by n,3pc and R3d..

(6) Cl Results for F,CO™ and lonization Potentials of

for low-lying states of FCO" at the RCO GS geometry are
vertical ionization potentials (I of F,CO, whereas the lowest
AE' values, obtained for JEO' at their respective optimized
geometry (13.73 and 12.81 eV), are adiabatic IP’s)(IPhe
AE' values for higher’B, states relate to vertical excitation
energies of FCO".

In Table 10, calculated vertical and adiabatic ionization
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TABLE 9: Cl Energies of F,CO™, Calculated at the GS optimization, and at the CI level, using the MP2 optimized
Geometry of R,CO (AE Va_|Ue|S) and atl the Optimized £B, geometries. For 5ithe MP2 value is 12.79 eV, very close to
X2B, Geometries, RespectivelyAE' Values) the CI value of 12.81 eV. For 2bhowever, the MP2 value
state AE (eV) config AE' (eV) (13.93 eV) and the Cl value (13.73 eV) differ by 0.2 eV, causing
12A, 17.00 o — o0 a Cl deviation of 0.35 eV from the experimental result.
2§A1 19.19 0’”—' © In footnote a of Table 10, vertical excitation energies for the
nt e e lowest?B, states of ECO" are given, as calculated fromE'
1 . a2 = 77,
128, 1465 0 13.73 values of Table 9.
2?B, 19.92 T — 21.68
3B, 23.06 R, Nb2 — 7,00 22.83 Discussion
4B, 23.32 1, Np2 — 7T, 0 23.29
1232 13.45 n— o 12.81 (1) UV Spectrum of F,CO. Assignment of the first absorp-
5222 %?Ig ’12,:°:° %i'gg tion system of ECO, observed between 5.03 and 6.95 eV, to
4282 23.20 gfn e 0 2245 the sing_let p— * excitaﬁion is generally agcep_ted. Theoretical
127, 17.35 Ro— o calcula_ltlons placél'e_(non ) around 4.7 e\A® which compares
27, 24.30 1,0 — 7*,00 well with the experimental, of 4.86 eV16
2222 gg-gg A2 — ’E*;o” The calculations presented in this paper have been carried
2 ) G out for planar symmetry only. The vertical excitation energy
TABLE 10: Calculated Cl Values for Vertical (IP ,) and for 1'A; is 7.35 eV. CO potentials lead ' = 6.05 eV (Table
Adiabatic (IP ) lonization Potentials of F,CO (in eV) and 7), and fullCy,, geometry optimizations, as reported by Francisco
Comparison with Experimental Results' et al.l9 give 5.6-6 eV, depending on the method used.
P, P, 1P, P,  —0.92x Therefore, the 67 eV portion of system | is consistent with
config MO state calcd exptl caled exptl emo energies calculated for planagGO.
nn—o 5b, 1B, 13.45 13.6 1281 13.02 14.1 It might be mentioned here that the central barrier of 8200
m—o 2b 1°B; 1465 146 1373  14.09 145 cm~1 (about 1.02 eV), as derived by Judge and Mdfilegrees
N0 4, 2252 16.70 16.6 ¢ le.r 177 reasonably well with calculated values. SettiigCs) = 4.55
z2_>°°w ;32 izﬁ; ggg 172 169 16.9 117372 eV, Te(Cz,) should then be about 5.6 eV, as obtained above.
o —ow Ta 22A; 19.19 19.15 19.15 20.1 The second system, ranging from 7.02 to 7.66 eV with a
a—o 1b 22B; 19.92 19.8 205 maximum at 7.34 eV, shows 20 vibrational bands. Its structure
Ny e 3k, 3B, 2115 211 21.7 is similar to that of system |, and WD tentatively proposed as
o —ow b6a 4A; 2292 234 ~22.7 24.0

the upper state a secofd, state, resulting fromya — =%,

2 Vertical excitation energies of EO", relative to 12.81 eV, are ~ Where my is (as said earlier) the lone-pais MO localized on
5.78, 9.15, and 9.64 eV for?B, to 4B,. "Value from geometry  the F's. However, this orbital is at much lower energy than n
optimization; see Table 3.Reordered, following calculated results.  (see Table 2), and according to Table 4, thgrh state has a

potentials are compared with experimental values of Brundle Vertical excitation energy of 11.72 eV, about 4.5 eV higher than
etal¥ Itis seen that calculated vertical IP's agree closely (within Ne?"- The vibrational progressions in system Il can be correlated
0.2 eV) with their experimental counterpart, provided that the With frequencies of 500 cnt (v) and 719 cm* (v2), assuming
4b,/8a assignment is interchanged. Brundle et al. based their a forbidden electronic transition, or alternatively with frgquenmes
assignments on calculated orbital energies. Their values (factor0f about 1020 cm (v1) and 719 cm* (v7), assuming an
0.92) are 17.7 eV for §aand 18.0 eV for 4p Our orbital  allowed electronic transition.

energies (again multiplied by 0.92), given in the last column of ~ Since the calculated vertical excitation energy of the second
Table 10, are 17.7 eV for both 8and 4h, not allowing by lowest singlet state is 9.47 eV fotH, (n,3s), with an adiabatic
themselves a distinction. However, the Cl values clearly favor energy certainly not lower than 8.5 eV (see later), we have no
4hy, as having the lower vertical ionization potential, observed choice but to agree with VG in assigning system Il #.1 the

at 16.6 eV and calculated to be 16.7 eV, and favartBabe triplet zz* state. For this state, the vertical excitation energy is
higher, observed at 17.2 eV and calculated to be 17.0 eV. This 7.36 eV (Table 5) and. is 5.15 eV according to ref 19, with
way, all calculated vertical IP’s except for the last one in Table Rco = 2.650a, and Rcr = 2.513 8. As expectedRco has

10 lie within 0.2 eV of the experimental values. A further increased strongly (by 0.44c) relative to Rco of the GS,
confirmation of this reassignment comes from the calculated WhereasRcr has remained essentially constant.

adiabatic value for 8ataken from Table 3 and mentioned at MP2/6-311G* calculations performed by us oPAI(*)

the end of section 3.1. This value is 16.99 eV, in close agreementgive Rco = 2.640ay, Rcp = 2.4964a;, andTe = 5.22 eV. The
with 16.9 eV and not with 16.1 eV. No calculated adiabatic IP MP2/6-311G* frequencies foXzzz*) are 531.6 (A, 5.1), 541.5

is available for 4p, since it corresponds to the secongdBate (A", 0.8), 659.8 (A 19.7), 1082.4 (A 39.7), 1257.2 (A,

for which no SCF or MP2 geometry optimization can be 255.8), and 1271.5 (A 369.4), with IR intensities, in km/mol,
performed. For the last entry of Table 10, 6ealculated and given in parentheses. Excitation3grz*) would require spin-
experimental IPs differ by 0.5 eV. Although this deviation  orbit coupling of¥(zz*) with an appropriate singlet state. Since
may be due to lack of accuracy in the calculations, it is noted both3(zz*) and X(zr*) are nonplanar, the spirorbit operator
that according to Table 9 several ionization processes combinedcouples these two states@ symmetry (but not irCy,). Even
with excitation processes occur around 23 eV. For example, atsmall coupling of¥(zz*) with (zzz*) would greatly improve

23.06 eV, the combined process (fr o, ny, — %) is listed, the transition moment between the ground state ¥mat*)
and at 23.20 as well as 23.32 e\, (A «, 7 — 7*). More such because of the large oscillator strength associated ¥vitir*).
combination processes follow in the 24 eV region. In planar symmetry:B; and'B; states also couple wittfzz*),

Adiabatic ionization potentials for 3land 2i3 were calculated but according to Table 4, most have a small oscillator strength
both at the MP2 level, in conjunction with the geometry and thus are unable to improve that3fsz*) by much.
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System lll, observed between 8.13 and 8.52 eV, shows five
vibrational bands. The maximum lies at 8.42 eV. It had
previously been assigned tg+ o* or no — 3s. We tentatively
support the p— 3s assignment. Calculations presented earlier
give a vertical excitation energy of 9.47 eV fay -+ 3s. Owing
to an avoided crossing of,Bs with the repulsive go* in the
Rco potentials (Figure 3) that happens just around the minimum
Rco of ne3s, this state develops no potential well. Diabatically,
the minimum of B3s is estimated to lie at 9.4 eV. The&¢
potentials (Figure 7) show a small potential well fgBs, with
T¢ = 9.5 eV (no energy lowering relative thE). CF potential
curves (calculations in progress) f®o values greater than
Rco of the GS show an energy stabilization @Bs with a more
pronounced potential well. For example, fixifgo at 2.4 ap
gives an p3s minimum at arRcg value of about 2.4, with
an energy of 8.8 eV. This shift to larg&:o probably results
from mixing of n,3s with no*.

The frequency associated with the broad bands of system |l
isvy = 779 cntl, the symmetric bend. It was mentioned earlier
that the angular plots, Figure 11, show no minimum f&8,]
with the energy decreasing for larger FCF angles. The lowest
energy (8.6 eV) is obtained for FCE 14(, the limit of the
angular range calculated. Obviously, something interesting is
happening here, but unfortunately, not enough potential surface
data are available to understand this situation. Again, the FCF
potentials point to lower energies fop3ds/no*, bringing the
calculated values into the energy range observed for system Il.

System IV is a continuum, starting at 8.5 eV with a maximum
at 9.42 eV and extending beyond the limit of observation at
about 10 eV (82 000 cmi). Because of its high oscillator
strength, system IV can clearly be assigned(tatr*). Also,
the continuum can be explained by the avoided crossing o
(zz*) with the ground state, a feature seen in all carbonyl
compounds that have been investigated by theoretical methods
With increasingRco values, thesz* configuration moves
gradually from 2A; to XAy, allowing predissociation of'2;
into the ground state. A continuous spectrum for yer*)
state is expected for all carbonyl compounds and has been
confirmed for C}CO”

The vertical excitation energy fof&; is 10.18 eV, withf =
0.25. TheRco potentials give &, of 8.55 eV atRco = 2.80ag
(Table 7), whereas thBcr potentials do not lead to a lower
energy for 2A1, owing to the use oRco = 2.211ag, the GS
Rco value.

The Y(n7)* state is, according to calculations presently
performed in this laboratory, nonplanar, and preliminary ClI
geometry optimizations place its minimum at about 6.8 eV, with
Rco 2.8 ap and Rce 2.45 ap. Probably because of
unfavorable FranckCondon factors, the lower vibrational levels
of I(zzzr*) cannot be reached from the GS, confining the observed
range to energies above 8.5 eV.

(2) Perfluoro Effect. Brundle et af” observed from photo-
electron spectra and MO calculations that in perfluoro com-
pounds theo-MO’s are greatly stabilized (by 254 eV)
compared with corresponding hydrides. Stabilization-®flO’s,
however, is quite small.

In carbonyl fluoride, the first vertical IP,;n— o, is 2.7 eV
higher in RLCO than in HCO, or the g HOMO of RCO is
about 2.7 eV more stable than that ofCGO.

Since we propose for,EO a reordering of 4band 8a, with
IPy of 4b, at 16.6 eV and IPof 8 at 17.2 eV, the stabilization
of F,CO MO’s vs HCO MO's is somewhat changed compared
to the values given by Brundle et al. In Table 11, observed
vertical IP’s for RCO% (and ChCO®8) are compared with

f
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TABLE 11: Vertical lonization Potentials IP, (in eV) of
F,CO and CI,CO, Compared with Corresponding Values of
2COoa

CkCO

F,CO H,CO
MO®b 1Py AlPy 1P, AlIP, 1Py
5, 13.6 2.7 11.9 1.0 10.9
2by 14.6 0.1 13.1 -1.4 14.5
4b, 16.6¢ 12.5
8a 17.2 1.2 13.5 —-25 16.0
la 17.3% 12.7
Ta 19.15 16.7
1 19.8 16.1
3, 21.1 4.5 17.0 0.4 166
6a 23.4 1.6 21.8

a Energy differences/XIP,) relative to HCO. Experimental values
for F,CO and HCO from ref 37, for CICO from ref 38.° Orbital
numbering of ECO. ¢ Reordered; see text.Calculated values Com-
pared with 3b of F,CO, not with 4b, owing to MO character.
fCompared with 6aof F,CO, not with 7@, owing to MO character.

corresponding values for80 37 Following Brundle et al., the
second b IP of H,CO, 16.6 eV, is compared with the third b

of F,CO (and CJCO), assuming that the second-highest-
occupied b orbital in RLCO and CJCO is an F or Cl lone-pair
MO, which has no equivalent MO in 480. Similarly, the
second alP of H,CO, at 21.8 eV, is compared with the third
a; IP of R,CO. Under these assumptions, it is seen that relative
to H,CO b, MO’s of F,CO are stabilized by 2:74.5 eV and a
MO'’s by 1.2-1.6 eV, whereas () is hardly changed. The
large stabilization of 3) 4.5 eV, cannot be taken at face value,
since the F lone-pair character is not confined solely to the 4b
MO but instead is spread between,4tnd 5b. So the actual
stabilization of b MO’s is about 2.53.5 eV, and that of a
MO’s is 1-1.5 eV. Still, this “perfluoro effect” is remarkable
and can be nicely demonstrated when comparing the IP changes
of F,CO with those of GICO. Here, no trend in stabilization
can be detected except perhaps thé®, for the b MO’s is
positive.

Orbital energies for the HOMO(HO) and HO-1, listed in
Table 2 for RLCO, ChCO, and HCO, nicely reflect the trends
in IP’s.

(3) Vibrational Structure of Photoelectron Spectrum. In
the following, the vibrational structure of the photoelectron
spectrum of ECO, as given by Brundle et &, will be
discussed.

The 5 band shows a vibrational progression with 1550 and
530 cnt! spacings. The 1550 frequency has been assigned to
v1' (CO stretch) and 530 tes' (FCF bend) on,' (CF stretch).

Our results in Table 3 indicate that in?B, of F,.CO™ Reo
has increased by 0.095 Rcr has decreased by 0.076 A, and
¢(FCF) has increased by about°1$uch changes in geometry
should be accompanied by a rich vibrational structure involving
CO and CF stretches as well as FCF bendings. The calculated
frequencies of the jasymmetric stretch of CO and the; b
asymmetric stretch of CF are similar, with values of 1694 and
1654 cntl, respectively (unscaled). Both frequencies may
actually be present in the spectrum. The observed 530'cm
frequency compares best with the calculated 579 cior the
symmetric FCF bend, but the asymmetric FCF bend has only a
slightly lower frequency.

The 2k band of the photoelectron spectrum has, as expected,
long vibrational progressions, showing frequencies of 1450'cm
and 970 or~500 cnt?.

The geometry changes off, according to Table 3, relative
to the GS of FCO, areARco = 0.14 A, ARcr = —0.08 A, and
A¢(FCF)= 9.6°. TheRRco change is most pronounced. Again,
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calculated CO and CF frequencies are closeyH@O) is about (CF distance and FCF angle, for example) were held at GS
120 cn1! lower than for the XB, state, confirming that the  equilibrium values. The need for potentialirfacesin C,,
observed 1450 cmi frequency isv1(CO), compared to the  symmetry, where two or more parameters are changed simul-
observed value of 1550 crhfor v1(CO) in X?B,. taneously, was seen in the example of system Ill. The excitation
Since the 4f 8a, and laionizations lie close together, the likely to be involved here is ni— 3s, yet the repulsive CO
observed bands in this energy region could not be clearly potential of{(n,o*) crosses that of(n.3s) around its minimum.
assigned. From the calculations, the 1616.8 eV range is The problem of the stability of(n,3s) can only be solved by
probably 4h, the larger peaks starting around 16.9 eV arg 8a having multidimensional potential surfaces.
and 1a may be tagged on to the high-energy end of the strong  Also, out-of-plane potentials are required, whereby the

vibronic structure around 17.3 eV. symmetry of the molecule is lowered @, The }(7z*) state,
Table 3 contains data for the?A; state of RECO*. Its the most important intensity provider to the spectrum ££®,
geometry is remarkably similar to that of théBg state, with is nonplanar. System Il needs, in our interpretation, the

an increase ifRco and a decrease iRce relative to the GS of involvement ofY(zzzr*) to lend intensity to®(zzz*), which via a

F,CO. The CO stretch and CF asymmetric stretch frequencies spin—orbit mechanism can only occur in nonplanar symmetry.

are calculated to be virtually identical. Work on potential energy surfaces, both @, and Cs
The geometry of ionic states higher tha#\1, corresponding symmetry, is in progress.

to 8 — o, has not been optimized, and no frequencies were

calculated. Therefore, the calculations presented here do not

apply to the vibrational structure of higher photoelectron bands. providing literature on O, for his initial CI calculations, and

One might perhaps add that thezla o part of the 5144 for reading the manuscript and commenting on it. Bernd
photoelectron spectrum, if seen at all, is _expected to be Engels, University of Bonn, kindly provided the direct-Cl
strupturelesg, since das a perfectly nqnbondlng MO, only programs, without which the calculations presented here would
having contributions from the two fluorine atoms. not have been possible. Thanks are also extended to Melanie
Neil for help with the figures. Financial support by NSERC
(Canada) is much appreciated.
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