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Highly correlated ab initio calculations with large basis sets are reported for formyl fluoride, OCHF;
difluorocarbene, Ci monofluoromethylene, CHF, and difluoromethane ,;EfBased on CCSD(T)/cc-pvVQZ
results (including a correction for the effect of diffuse functions on fluorine and oxygen), equilibrium structures

are derived. These structures are compared to experimental results, when available, and to those of similar

molecules; and their accuracy is discussed.

Introduction rotational constants even though vibratiaotation effects are
expected to be large for a molecule with such large rotational
constants. Furthermore, no isotopic substitution is possible for
fluorine and the carbon and hydrogen atoms are close to the
b-principal axis. In conclusion, the coordinates of F, C, and H
are not expected to be accurate. However the high resolution
infrared spectra of all fundamental bands of OCHF were recently
studied. First, Wong et &l.measured the, band using a
combination of laser Stark and Fourier transform spectroscopies.
Later, the same group analyzed the five remaining fundamental
'bands which were recorded with a Fourier transform spectrom-
eter? Thus, in principle, the equilibrium rotational constants of
the parent species are available. But, as the molecule is planar,
the three moments of inertia are not independent, and these
experiments only give us two independent data points to
determine five structural parameters.

However it is now well established that the equilibrium
structure of a simple molecule can be accurately determined
with high-level coupled cluster methods and large basis'éfs.

The goal of the present paper is to determine an ab initio
structure for formyl fluoride and to try to estimate its accuracy.
Whereas our prime interest was the determination of an accurate
structure for formyl fluoride, we also calculated the structure
of a few other simple fluorocarbons whose equilibrium structure
is not yet firmly established: dicarbene, monofluoromethylene,
and difluoromethane.

The determination of the experimental structure of a fluorine
derivative is a difficult problem because there is only one stable
isotope for fluorine, making studies of isotopic species impos-
sible. In fact, very few accurate structures of such molecules
have been determined so far. Furthermore, in some cases, th
derived geometry is obviously inaccurate. The calculation of a
reliable ab initio structure is further complicated by the fact
that fluorine is a highly electronegative atom which requires
very large basis sets and highly correlated methods. However
this problem is now tractable, at least for small molecules.
Inconsistencies in the structure of formyl fluoride=CHF,
prompted us to try to determine an accurate structure for this
molecule. During the course of this work, we found it useful to
redetermine the structure of a few simple fluorocarbons in order
to check the accuracy and the capabability of the method used
and to extend our knowledge of the-€E bond.

Many studies, both experimental and theoretical, have already
been devoted to formyl fluoride because it is a small polyatomic
molecule (4 atoms belonging to the first row of the periodic
classification) and a fluorine substituted formaldehyde. Particu-
larly, its reactivity has been studied in great detail (see for
instance ref 1 and references therein). This prompted severa
theoretical studies of the potential energy surfaceThese
investigations pointed out a great uncertainty in the geometric
structure of this molecule. The structure of formyl fluoride has . . . .
indeed been determined by electron diffractibat the resulting The transient species dicarbene (or difluoromethylene}, CF
parameters are rather imprecise (for instance there is anh@s been the subject of many studies (see refs216 and
uncertainty of 4 for the J(OCH) angle and 0.020 A for the refer_ences the_reln) bec_ause Itis an |m_porta_nt_|ntermed|ate n
CH bond length); furthermore this structure is mrstructure fluorine cheml_st_ry (particularly in the dissociation of fluoro-
which is significantly different from the equilibrium structure.  Carbons) and it is one of Eh? most stable gas-phase carbenes.

The rotational spectrum of formyl fluoride has been studied 'tS €lectronic ground state K(*Aq). The effective () structure

in some detail leading to the determination of several effective V&S determined quite ee}?ﬂFyand an accurate average,)(
structures 1(,).57 But, again, these structures are inaccurate structure was calculated in 19¥3Since that time, accurate

because they are calculated from the uncorrected ground-stategrpynd's'[ate rotational constants have peen obtained from
millimeterwave spectroscopyand the rotational constants of
* Corresponding author. Fax:33 3 20 43 40 84 E-mail: jean.demaison@ the three excited fundamental vibrational states have been
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10.1021/jp991417y CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/04/1999



Equilibrium Bond Lengths of €EF Compounds J. Phys. Chem. A, Vol. 103, No. 38, 1998633

troscopy® or by infrared diode laser spectroscay.hus, there TABLE 1: Influence of Diffuse Functions on the ab initio

is enough experimental information available to determine an Structure: Comparison of the CCSD(T) and MP2 Methods
equilibrium () structure, but, surprisingly, this does not seem (Pistances in A'and Angles in Degrees)

to have been done. Many theoretical investigations have been CCSD(T) MP2

reported for Ck (ref 21 and references therein). A paper AUG N dif.  AUG N diff.
particularly relevant to our work is that of Cameron etlal. 5™ (cp) 11318 11314 00004 1.1352 11346 0.0006
where the geometry and harmonic force field have been Hr r(HF) 0.9177 0.9162 0.0015 0.9186 0.9174 0.0012
calculated ab initio using the complete active space SCF methodNHz r(NH) 1.0128 1.0124 0.0004 1.0101 1.0098 0.0003

and Dunning’s correlation-consistent polarized triples-pVTZ HO r(OH)  0.9589  0.9579 00011 09588 0.9577 0.0011
CHF r(CF) ~ 13855 1.3824 00031 13854 1.3820 0.0034

basis set. _ ~ CHF r(CF) 1.3067 1.3052 0.0015 1.3062 1.3042 0.0020

Monofluoromethyllene,'HCF, has also recellv'ed much attention NHs O(HNH) 10652 106.18 034 10687 106.47 0.40
from a spectroscopic point of view. But, as it is less stable and ;5 HoH) 104.36 10412 024 10426 10402 024
less symmetricQs instead ofCy,) than CFk, there is not enough ~ CHsF O(HCH) 110.22 110.03  0.19 110.22 110.03  0.19
experimental information to determine an equilibrium structure CHF O(CHF) 102.33  102.42 —0.09 102.24 102.32 —0.09
and only anr, structure was obtained from the ground state FNO D(FNO) 109.86  110.16 —0.30 11015 11043 —0.28
rotational constants of CHF and CB¥This structure, involving 2The cc-pVQZ basis set was used: AUGaug-cc-pVQZ; N=
the substitution of hydrogen by deuterium, is not expected to cc-pVQZ.
be accuraté® Many ab initio calculations have been carried out I
on HCF. One gf the most recent reports a CCSD(T)/ TABLE 2. Computed Equilibrium Geometry of OCHF
B 31 TG strcture?? P (Distances in A and Angles in Degrees)

— structure:

Many spectroscopic studies have also been devoted to r(C=0) r(C—H) r(C-F) DOCH) DOCH
difluoromethane, ChF,. Accurate ground-state rotational con- ggggggfﬂ’ﬁ% ((ae)) ﬂggé i-éggg i-gg?g g;i% ggé#g

. L cc-p ae . . . . .

stants have been determined by millimeterwave spectros€opy. CCSD(T)ice-pvQZ (ae) 11779 1.0890 1.3368 127.605 122.823

The microwave spectra of several excited states have beenypz/cc-pvDz (ae) 11903 1.1042 1.3494 127.800 123.228
analyzed by HirotZ who deduced a cubic force field and an MP2/pvDZ (aej-aug(F,0) 1.1931 1.1015 1.3706 128.578 122.763
approximatere structure?” The infrared spectrum has also been MEgC%—?\Z/TZ (ae) o iigig i-gggg 11323?3 %gg;? gg-gg
analyzed in great detail, particularly to assign submillimeter MPZ/EC—pVéa;)(;ZL;g( ©) 11789 1.0867 1.3392 127.846 122.943
emissions® Many ab initio calculations have also been dedi-  \yp2/cc-pvo7 (fc) 11811 1.0891 1.3425 127.926 122.920
cated to CHF,. Particularly relevant to this work, a MP2/6-  MP2/pvQz (fcjraug(F,0) 1.1816 1.0892 1.3445 128.049 122.815
31G** quartic force field was recently calculatéliThis study  pest estimate, see text 11773 1.0900 1.3385 127.719 122.710

showed a rather large discrepancy between the ab initio structure
and the experimental structure of Hirot&” 0.0067 A for the

CH lbondh, 0'01541&1‘.(” the CF bor;]d, anld Diér theD(H_CH) set. Furthermore, the cc-pVQZ basis set with all electrons
angle. These deviations are much too large and justify a new . yejated gives results which are closer to the equilibrium

aae= all electrons correlated, f& frozen core approximation.

study. values than does the frozen core approximatigtiFinally, the
) ) overestimation of the core-correlation is small and it is important
Computational Details to point out that the CCSD(T)/cc-pVQZ method with all

The calculations with all electrons correlated were performed €lectrons correlated gives bond lengths between first row atoms
with the ACES Il prograri® whereas for the frozen core that lie within 0.002 A of experimental values, the error being
approximation the Gaussian 94 progfawas used. almost systematic for a given boftf* _

To obtain good accuracy (i.e., about 0.001 A for bond lengths ~ AS the molecules investigated contain highly electronegative
and 0.2 for angles) it is sufficient to use the coupled-cluster &0ms, F and O, the aug-cc-pVnZ basis sets on F and O were

theory with single and double excitatidsaugmented by a also used? The combination of an aug-cc-pVnZ basis set on F

perturbational estimate of triple excitation effects: CCSD¥r).  and of a cc-pVnZ basis set on the other atoms is denoted as:
A higher level of theory in which the triple excitations are cc-pVnZ+ aug(F). To estimate the correction due to the diffuse

included exactly does not bring much gain in accut4shich functions, in most cases (i.e., when single reference methods
is fortunate because such a method is computationally demand&ré adequate) it is enough to use the second-order Mugller
ing. On the other hand, very large basis sets of at least Plesset pertl_erapon theory (MP®)This S|gn|f|cant!y reduces
quadrupleZ quality are required, particularly in the case of a the complexity (time and memory) of the calculations whereas

fluorine compound as was recently shown on methyl fluoride, it gives a corrrection nearly identical to the CCSD(T) method.
CHsF35 The well-known Dunning’s correlation-consistent 1able 1 shows the results for a few molecules for which the

polarized valence basis sets labeled cc-pVnZ (wits D, T, calculations were made with both_ the CCSD_(T) and M_P2
Q) were employed® methods. It appears that the correction due to diffuse functions
The calculations have been carried out with all electrons ¢@n e accurately calculated at the MP2 level for bond lengths
correlated. In principle, to correctly calculate the core correla- @S Well as bond angles. The quadruplpasis set results alone
tion, it is necessary to use a core-valence cc-pCVnZ badfsget ~ are given because the aug-ccpVTZ basis set is biased toward

because the valence cc-pVnZ basis sets overestimate the cordhe diffuse functions and the description of long-distance effects

correlation effect. This is important only for distances because whtzlreas the problem disappears with the aug-cc-pVQZ basis

the effect of core-correlation is almost negligible for angles. S€
Furthermore this effect of core-correlation is almost constant
for a given bond and can be corrected, if necessary, if it has
already been rigorously calculated on a structurally similar  Formyl Fluoride. Results.The results of the ab initio
molecule. This is lucky because the calculations are much easiercalculations are gathered in Table 2. Improvement of the basis
with the cc-pVQZ basis set than with the huge cc-pCVQZ basis set often leads to a decrease in the computed bond lengths. This

Results and Discussion
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trend is observed for the =60 and C-F bonds which are TABLE 3: Comparison of the Experimental and ab initio?
shortened by 0.0122 and 0.0118 A, respectively (going from "(C—F) Bond Lengths (in A)

= D to n = Q). The situation for the €H bond is different: CCSD(T)/cc-pVTZ CCSD(T)/cc-pvQZ
going fromn = D to n = T, there is indeed a shortening by

- ) molecule exp. ref calc. e:C. calc. e—C.
0.0207 A but, going froom = T to n = Q causes a lengthening CHE 13826 35 13816 00010 13824 00002
by 0.0025 A. The variation of th&](OCH) angle is erratic, CH?% 13284 52 13336 —0.0052 ) )
paralleling the variation of the CH bond length. This angle only jc=cr 1.2768 53 1.2818 —0.0050 1.2791 —0.0023
decreases by 0.09rom D to T but increases by 0.13rom T FC=N 1.2641 54 1.2701 —0.0060 1.2669 —0.0028
to Q. But taking into account the correction due to the diffuse FCO"  1.2014 55 1.2058 —0.0044
functions allows us to obtain a monotonic variation. An FCH  1.3050 22 1.3107 —0.0057
extrapolation to infinite basis size was made using the following EEECF 1132513535’ 55;3 11'3?;3982 _8'8821 1.2859 —0.0024
.. . . 4 . . —U.
empirical exponential function CR, 12975 thiswork 1.3024 —0.0050
— —cn median —0.0050 —0.0023
o(n) = 0., + be @D mean ~0.0044 ~0.0018
. . . . . 0.0023 0.0014
wheren is an index associated with each basis set, RZ, 3 ) ) o
= TZ, 4 = QZ. The parameter6., b, andc are determined ) aAIII calccgltatlcc)jnsdwdere_ T_ade with the frozen core approximation.
from a nonlinear least-squares fit. The fit givE§OCH) = o value.” Standard deviation.
127.719, to be compared with the CCSD(T)/cc-pV@zAug- TABLE 4: Comparison of the Experimental and ab initio

(O,F) value, 127.728 The difference is almost negligible, hence  CCSD(T)/cc-pVQZ? r(C—F) Bond Lengths (in A) with the
the proposed best estimate: 127.7Basis set enlargements  Effect of the Diffuse Functions on F Taken into Account
cause a monotonic decrease of Il@CF) angle. Going from exp. ref. calc. e—cP aug.corc e.—cd

T tq'Q! there is still a change of O.i5nd|cat|ng that the HC=CF 12768 53 12762 0.0006  0.0010 —0.0004
equilibrium0(OCF) angle is probably slightly smallerthanthe Fc=N 12641 54 1.2639 0.0002  0.0006 —0.0004
cc-pVQZ value, 122.823 If the effect of the diffuse functions FC=CF 1.2835 56 1.2831 0.0004  0.0005 —0.0001
on O and F is taken into account, the value is 122°7T8is is CHsF 1.3826 35 1.3792 0.0034  0.0031 0.0003

probably near the equilibrium value but it is difficult to estimate  HCF 1.3062 e 13052 0.0010 ~ 0.0011 —0.0001
the accuracy. This situation is paradoxical because there is a i%g;g 2 igg(ﬁ 8'88% 8'8818 0 8(')%0102
large documented evidence which shows that ab initio angles ScE 13385 e 13368 00017 00020 —0.0003
are quite close to the equilibrium values. Thus, in principle, no median 0.0011 0.0001
correction is necessary. But, in the case of OCHF, it is obvious mean 0:0013 _0:0001
that the basis set limit is not fully attained. However, when the yange 0.0032 0.0007
effect of diffuse functions is taken into account, the variation o 0.0010 0.0003

of LJ(OCF) is no longer monOt,On,iC with basis set enlargement. a All electrons correlatec? residuals: Exp— CCSD(T)/cc-p-VQZ.
On the other hand, the variation of tHe(HCF) angle is ¢ correction due to the diffuse functions: aug-cc-pV@Zc-pVQZ at
monotonic (taking into account the effect of diffuse functions) the MP2 leveld Residuals with the effect of the diffuse functions taken
and an extrapolation to infinite basis size gives 109.5Tus, into account® This work.
we find O(OCF) = 122.7F. This value is very close to the
CCSD(T)/cc-pvVQ2Zaug(O,F) value but the extrapolation is ized by using an aug-cc-pVQZ basis set on the highly elec-
purely empirical and there is no assurance that it will give the tronegative F atom (and the standard cc-pVQZ basis set on the
exact solution. If the difference between the extrapolated value remaining atoms). It is observed that the effect of diffuse
and the cc-pVQ#aug(O, F) value is used to estimate the functions on the &F bond length is about 0.001 A, at the
accuracy of the angles, it seems to be better thah .ive quadruple level for most of the molecules of Table 3 except
also take into account the small effect of the core correlation for CHsF where it is three times as large: 0.0031 A. When this
which was calculated at the MP2/cc-pVQZ level (Table 2), the effect is properly taken into account, the offset becomes
final accuracy is still better than 0.2 extremely small:—0.0001 A (mean value) and almost constant,
At the CCSD(T)/cc-pVQZ level (all electrons correlated), the the range of variation of residuals being four times smaller, see
discrepancy from experimental bond lengths is only 0.0011 A Table 4. This is particularly important for OCHF because the
on average although the basis set limit is not reached and theeffect of diffuse functions on the -€F bond is 0.002 A, i.e.,
core correlation is not properly taken into accofhit is still similar to that of CHF. Neglecting this correction would lead
possible to improve the accuracy of the calculated distances byto a systematic error of about 0.002 A. This negligible offset is
estimating the possible remaining errors with the help of an interesting example of compensation of errors. At the
structurally similar molecules whose equilibrium structures are quadruplet level, the basis set convergence is not yet fully
accurately known. It is enough to calculate the structure of theseachieved, the overestimation of the-€ bond length being
molecules at the same level of theory. It is indeed well slightly less than 0.001 A. We checked on §fHand HG=CF
established that the errabr(= r[exp.] — r[CCSD(T)/cc-pVnZ] that correlating all the electrons with the valence cc-pVQZ basis
with n = T, Q) is almost constant for a given bdficdind can set overestimates the (negative) core-correlation effect by 0.001
thus be used as an offset to correct the ab initio values. TheA. Thus, these two errors nearly compensate for each other.
C—F bond length is however a conspicuous exception to this This is not completely satisfactory but it is no more empirical
rule, at least at first sight. Table 3 reports the equilibrium and than the extrapolation to infinite basis size which is not always
ab initio CCSD(T)/cc-pVTZ bond lengths for a few molecules suitable.
whose structures are accurately known. If methyl fluoride were  The effect of diffuse functions on the=€D bond is not
not in the table, the offset would indeed be almost constant. negligible either but much smaller than in formaldehyde: 0.0005
Using the larger cc-pVQZ basis set reduces the discrepancy onlyA instead of 0.0012 A. The offset values for theO and G-H
slightly. But, the abnormal behavior of GHmay be rational- bonds are estimated from formaldehyde and are given in Table
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TABLE 5: Determination of the Offsets for the ab initio the v, state are very different from the ground state constants,
Structure (Distances in A and Angles in Degrees) indicating the possible existence of an interaction which is not
molecule ref. parameter exp.  abinfti@ug cor® total corr® taken into account. Nevertheless, it might be worth noting that
H,CO 58 r(C=0) 12030 12042 0.0012—0.0024 a slightly Ior)ger C=Q or C-F b_ond would give better
r(C—H) 1.1006  1.0996 —0.0002  0.0013 agreement with experimental rotational constants.
O(OCH) 121.648 121.778 —0.092 —0.038 There is another way to check the accuracy of some
CO, 62 r(C=0) 11600 1.1601  0.0006 —0.0007 parameters. There is an empirical correlation betweerrghe

Co 63 r(c=0) 11282 11289 0.0004-0.0011 (C—H) distance and the isolated-& bond stretching frequen-
CHGF 35 r(C—H) 1.0872  1.0863-0.0001  0.0010 cies?346 Using a value forv(C—H) of 2981.2408 cm!, we
'aCCSD(T)/cc-pVQZ, all electrons correlatédCorrection due to the obtain anr,(C—H) value of 1.087 AR This value is slightly
diffuse functions: aug-cc-pVQZ cc-pVQZ at the MP2 levef: Total lower than our derived equilibrium value but, as said above, it
correction: exp-— (ab initio + aug. corr.)= offset. is not obvious that the; state is well isolated. Furthermore, ab

: ; initio calculations using very different basis sets (from 6-31G*
5. Correcting the CCSD(T)/cc-pVQZaug(F, O) value gives M :
r(C=0) equal to 1.1760 A. However, if the offsets are derived to cc-pVQZ) and different methods (MP2 and CCSD(T)) all
from either CO or from CQ slightly different results are give the same value after offset correction, attesting the accuracy
obtained, the maximal difference however being smaller than °f the ¢-H bond length.

0.002 A and the derived distance always being smaller than 11€(C—F) value has been determined by Huisman €t al.
1.178 A. It may be argued that this small discrepancy is not by combining electron diffraction and rotational spectroscopy

surprising because bonding is extremely different in these three€Sults. This'z value can be converted into an approximate
molecules and this indicates that the method used is only Value either using an empirical correlatféor the well-known
approximate for the €0 bond. However, Botschwida  formula of Kuchitsd
performed a CCSD(T)/cc-pCVQZ calculation with all electrons 3
correlated and proposes 1.2043 A for the equilibrium value of r,=re+ Sau’ — K 3
r(C=0) instead of our value of 1.20296 R.If we adopt the 2
value of Botschwina, the discrepancy disappears and gives our
preferred value for(C=0) in OCHF, 1.1773 A, this last
solution being in much better agreement with the experimental
equilibrium moments of inertia, see below. This slight discrep-
ancy would justify a systematic study of the=O bond.
Discussion.To estimate the accuracy of the results, the
moments of inertia were calculated from the ab initio structure
with offset correction (last line of Table 2) and compared to
the experimental equilibrium values. The ground-state rotational
constants and the experimental rotatisfibration interaction eq 3, we should have — o ~ 0.003 A whereas we find 0.009

g _ . . :
constantsy, @=ab, qandl =1, ..., 6) are given in Table 6. A.50However, calculations with smaller basis sets and the MP2
The experimental rotational constants were also corrected for @ethod give results which are fully consistent with our CCSD-
small centrifugal distortion contributiéf and for electronic (T)lce-pVQZ calculatior Furthermore, if we compare in Table

gpr}:t.rli)bl:_tion. fTTistcorrectiotn_bist dute tLO the factt thfqt tr]f 7 the variation of the(C=0) bond length in the two series
istribution of electrons contributes to the moments of inertia -y (with X = F, Clandn = 0, 1, 2), we see tha(C—

because an atom in a molecule is not a mass point and the cente{)) in OCHF should be significantly lower than 1.182 A
of mass of the electrons in an atom generally does not coincideConfirming the validity of our calculated structure ' '

with the position of the nucleus. The electronic contribution is In conclusion our calculated structure should be fairly reliable

related to the moleculag-factor by the relatiof? although estimating its accuracy is extremely difficult.
Difluorocarbene and Monofluoromethylene.Another way

In this formulau? is the mean square amplitude for the bond
concerned, an& the mean square perpendicular amplitude
correction, both calculated from the harmonic force field, while
a is the Morse anharmonicity parameter. Thiparameter is
generally assumed to be equal to the corresponding parameter
for the diatomic molecule. The value affor the G-F bond is
2.357 A 149 Both methods givers(C—F) =1.339 (2) A in
extremely good agreement with our value. But it could be quite
by chance because, on the other hand, for t®®ond, using

o
BY Bexp ) to strengthen the reliability of our method is to apply it to other
cor 14 M molecules. CFis very favorable because it is possible to obtain
Mpg‘m an accurate structure using only experimental information.
The equilibrium rotational constants were determined using the
wheregq is expressed in units of the nuclear magnetons rotation—vibration interaction constants listed in Table 8. The
the electron massyl, the proton mass, and = a, b, c.The equilibrium inertial defectAe, is only —0.0048 u®& whereas

g-factor has been obtained experimentally from the analysis of the corresponding ground-state valag, is 0.1032 u&. This

the Zeeman effect on the rotational spectrdfihe comparison relatively small value forAe indicates that the equilibrium

of experimental and calculated moments of inertia shows that rotational constants are not far from their true value as was the
the ab initio structure is rather accurate. Furthermore, the case for OCHF. Usiné\. andBe to calculate the structure, we
equilibrium experimental inertial defed, is equal to—0.0043 find re(C—F) = 1.2975 A andJ(FCF) of 104.81. It is difficult

(2) uA? although much smaller than the ground-state inertial to estimate the accuracy of this structure precisely because the
defect,A, which equalst+0.09215 u&, andA. s significantly errors due to the method (neglecting anharmonic resonances,
different from zero indicating that there is still a small systematic neglecting magnetic correction, approximation of the Coriolis
error in the experimental vibratiefrotation interaction con- resonances, ...) are usually at least 1 order of magnitude larger
stants. This is not surprising because it is well established that,than the statistical standard deviations of the rotational constants.
for a polyatomic molecule, it is extremely difficult to obtain  However, it is possible to assess the accuracy of this structure
reliable equilibrium rotational constants from experimental data indirectly because a highly reliable structure is availablé’
alone® This is particularly true for OCHF where several excited For the bond angle, we should ha(FCF) ~ 0,(FCF) =
vibrational states interact. For instance, the sextic constants 0f104.78(2}. For the bond distance, it is necessary to use eq 3 to
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TABLE 6: Experimental Rotational Constants and Vibrational Corrections for Formyl Fluoride (in cm —1)

g A B C ref
By (v =0) 3.040 655 50(73) 0.392 280 004(88) 0.346 795 677(79) 8
o 0.016 954 6(59) 0.000 076 9(13) 0.000 343 88(76) 9
oz 0.013 109 6(20) 0.001 462 86(44) 0.001 257 01(46) 8
0 0.012 163 2(25) —0.001 671 46(56) 0.000 311 09(44) 9
o 0.008 084(39) 0.002 957 78(48) 0.002 471 29(13) 9
s —0.023 065 23(97) 0.000 441 94(14) 0.001 037 10(13) 9
o6 0.008 830(39) 0.001 123 12(53) —0.000 115 91(45) 9
magn? —0.000014 1 —0.000 002 6 —0.000 001 2
ccb —0.000001 7 —0.000 0055 0.000 006 3
By (v =€) 3.059 396(28) 0.394 486 7(12) 0.349 461 3(11)
l(expy 5.510 117(50) 42.733 08(13) 48.238 90(14)
l(calcy 5.4958 42.7203 48.2161
e—ct 0.0143 0.0128 0.0228
e—c (%) 0.26% 0.03% 0.05%

a Magnetic correction, see textCentrifugal distortion correction, see tekin uA2,

TABLE 7: Structures of OCHF and Related Molecules (Distances in A and Angles in Degrees)

molecule O=CH, O=CHF O—=CF, O=CHclI o—CcCl,

reference 58 7 4 this work 59 60 61

structure le I'o I, Ie le le le

r(C=0) 1.202 96 1.181 (5) 1.186 (1) 1.1773 1.170 (2) 1.182 1.176 (2)

r(C—H) 1.100 64 1.095 (8) 1.096 (4) 1.0900 1.090

r(C—F) 1.338 (5) 1.345 (1) 1.3385 1.311 (2)

r(C—Cl) 1.765 1.738 (2)

O(OCH) 121.648 127.3 (30) 130 (1) 127.72 126.49

0(OCF) 122.8 (5) 122.3 (1) 122.71 126.2 (4)

0(occl) 123.07 124.11(12)
TABLE 8: Experimental Rotational Constants and TABLE 10: Computed Equilibrium Geometry of CHF
Vibrational Corrections for CF , (in MHz) (Distances in A and Angles in Degrees)

g A B c ref. r(C—H) r(C—F) O(HCF)

By (v=0) 88355.0879(61) 12507.7303 (12) 10932.2216(12) 18 CCSD(T)/cc-pVDZ (ae) 1.1406  1.3210 101.867
oy —278.28 (19) 67.926 (90) 58.443(33) 19 CCSD(T)/cc-pVTZ (ae) 1.1153  1.3070 102.444
o —787.30 (24) 32.134 (18) 48.113(18) 20  CCSD(T)/cc-pVQZ (ae) 11175 1.3052 102.420
O3 1265.76 (16) 53.344 (90) 65.420 (15) 19 CCSD(T)/cc-pVDZ(ae)aug(C,F) 1.1364  1.3392 101.428
A 88 455.18 (35) 12584.43(13) 11 018.209 (40) CCSD(T)/cc-pVTZ(ae}aug(C,F) 1.1164 1.3081 102.378
le (exp.} 5.713391(22)  40.15906 (41)  45.867 62 (17) CCSD(T)/cc-pvQZ(ae)aug(C,F) 1.1176  1.3063  102.407
le (calc. b 5.705 52 40.1668 45,8723 i
I(e—c) % 0.14 —0.02 —0.01 best estimate, see text 1.116 1.306 102.41

a|n uA2. b Calculated with the best theoretical estimate from Table ~ *ae= all electrons correlated, fe frozen core approximation.

9.
functions on fluorine is taken into account. It may however be

TABLE 9: Computed Equilibrium Geometry of CF , noted that this effect is small in the particular case 0f.CF
(Distances in A and Angles in Degree3) It is also interesting to compare the experimental equilibrium
r(C—F) O(FCF) moments of inertia with those calculated from the ab initio
CCSD(T)/cc-pVDZ (ae) 1.3140 104.617 structure, see Table 8. It appears that the moments of inertia
CCSD(T)/cc-pVTZ (ae) 1.2985 105.032 are quite sensitive to small structural changes and that the
CCSD(T)/cc-pVQZ (ae) 1.2963 104.939 differencel (exp) — I(calc) is much greater than the uncertainty
MP2/cc-pVDZ (fc) 1.3101 104.708 of I(exp) as was also the case for OCHF. The main source of
mgg%‘g\z/_pzc)(‘f*ca)‘“g(':) %-gggg igﬁ-;gg’ error comes from the experimental determination of the
MP2/pVTZ(fc)+aug(F) 13022 104.708 vibrational correction because it is extrer_nely difficult to obtaln_
MP2/cc-pVQZ (fc) 1.2969 104.945 unperturbed rotational constants for excited states which are in
MP2/pVQZ (fcH-aug(F) 1.2979 104.854 interaction (which is rather common). Furthermore, in the case
best estimate, see text 1.2972 104.858 of CF, the magnetic correction could not be taken into account

because the moleculgrfactor is not known.
This success prompts us to try to calculate the structure of
correct ther, value. This gives a value of(C—F) of 1.297(2) the structurally similar molecule CHF for which mgstructure
A. These values are in perfect agreement with the experimentalis known. The results of the ab initio computations are in Table
re Structure. 10. One may note that the angle has almost the same value at
The results of the ab initio calculations on Cdte given in the cc-pVTZ and cc-pVQZ levels indicating that convergence
Table 9. The CCSD(T)/cc-pVQZ values corrected for the effect is almost achieved. Taking into account the small effect of the

aae= all electrons correlated, f& frozen core approximation.

of diffuse functions on F givese(C—F) = 1.2972 A and]e diffuse functions, one finds.(HCF) = 102.4%, to be
(FCF) = 104.85, in perfect agreement with the experimental compared with the effective valug,(HCF) = 104.1(5Y.22 Our
values. If we extrapolate the angles using eq 1, we gétCF) result is also in good agreement with the previous ab initio

= 104.858. This confirms the accuracy of the CCSD(T)/cc- calculation made at the CCSD(T)/6-3tG** level, 102.0°.24
pVQZ ab initio calculations, provided the effect of the diffuse Our calculation should be more accurate because a much larger
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TABLE 11: Equilibrium Geometry of CH ,F, (Distances in
A and Angles in Degrees)

r(C—H) r(C—F) 0O(HCH) 0O(FCF)
CCSD(T)/cc-pVDZ (ae) 1.1042  1.3603 112.264 108.886
CCSD(T)/cc-pVTZ (ae) 1.0854  1.3518 112.864 108.666
CCSD(T)/cc-pvVQZ (ae) 1.0861  1.3511 113.088 108.503
MP2/cc-pVDZ (fc) 1.1012 1.3598 112.392 108.960
MP2/pVDZ (fcyt+aug(F) 1.0985 1.3779 114.495 108.049
MP2/cc-pVTZ (fc) 1.0865 1.3454 113.028 108.713
MP2/pVTZ (fcy+aug(F) 1.0863 1.3592  113.722 108.337
MP2/cc-pVQZ (fc) 1.0853 1.3541 113.312 108.561
MP2/pVQZ (fcytaug(F) 1.0854  1.3560 113.577 108.408
best estimate, see text 1.0872 1.3529 113.283 108.364

experimental, sepl
experimental, set [fI°

1.087 (3) 1.3514 (5) 113.1(3) 108.43 (6)
1.084 (3) 1.3508 (5) 112.8 (3) 108.49 (6)

a2ae = all electrons correlated, fe= frozen core approximation.
b Reference 27¢ Preferred value, see reference 27.
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preferred experimental value, 1.084 (3), although the large
uncertainty does not allow us to draw any firm conclusion for
this bond length. In conclusion, it seems that the experimental
re structure calculated using the simple valence cubic force field
(set 1) is more accurate than the one obtained from the advanced
force field (set lll). To check that point, we have calculated the
equilibrium rotational constants using the experimental ground-
state constants and the rovibrational corrections calculated at
the MP2/6-31G** leveP® This gives (in MHz)A. = 49707,B,

= 10669, andC. = 9321, in excellent agreement with the values
obtained from the computed structufg:= 49709;B. = 10664;

and Ce. = 9319. This indicates that the ab initio force field is
likely to be more accurate than the experimental one which is
not surprising because it is known that ab initio methods are
able to furnish with good accuracy cubic and quartic force
constant$?! This is further strengthened by the fact that ourtC
bond length is in perfect agreement with the value estimated

basis set has been used. The extrapolation (with diffuse functionseither from the isolateat(C—H) stretching frequency or from

included) at infinite basis size gives 102°4ivhereas the value
is 102.42 when the diffuse functions are neglected.

For the C-F bond length, the CCSD(T)/cc-pV@zug(C,
F) value is 1.3063 A, slightly larger than the experimemtal
value, 1.305(2) A, although the difference lies within the
experimental uncertainty. It may be noted that, for the CF bond

the MP2/6-31G** calculatior?

Finally, it may be noted tha{C—F) is much smaller in Ch,
than in CHF, see Table 4. This supports the well-documented
observation that the-€F bond length decreases with increasing
substitution. On the other hand, the variation of thekCbond
length from CHF to CHF; is negligible.

length, basis set convergence is perhaps not fully achieved at

the cc-pVQZ level. At infinite basis size, the length should be
slightly smaller, assuming a monotonic variation. Furthermore,

since the influence of the diffuse functions decreases as the basis ? )
é)ounds (formyl fluoride, difluorocarbene, monofluoromethylene,

size increases, this should further decrease the bond length. T
solve this problem, we have calculated the structure of CHF at
the CCSD(T) level using the cc-pVAzaug(C,F) basis sets with
n=D, T, Q. The extrapolation to infinite basis size using eq 1
gives r(C—F) = 1.3061 A whereas the same extrapolation,
neglecting the diffuse functions, gives 1.3040 A. This is in rather
good agreement with our previous result and confirms the
importance of diffuse functions in this particular case. The
nonextrapolated value is preferred because the overestimatio
of the bond length at the quadrupidevel is 0.001 A, which

is fully compensated by the (negative) overestimation of the
core-correlation (see discussion on OCHF). The CCSD(T)/cc-
pVQZ r(C—H) bond length is about 0.001 A shorter than the
true equilibrium bond length, see Table 5. Thus, in principle,
the equilibrium C-H bond length, should be(C—H), 1.116

A. But, as the bonding in CHF is very different from the other
hydrocarbons, it is not possible to affirm that the offset is still
valid for CHF and the true equilibrium value could be slightly
different.

Difluoromethane. To complete the series of simple fluorine
compounds, the structure of difluoromethane was also calcu-
lated. The results are given in Table 11 together with the
previous experimental structure of Hirot&’ The variation of
angles with the size of the basis set is monotonic; thus it is
possible to extrapolate them to infinite basis size using eq 1.
This gives an anglél(HCH) of 113.28 and an anglél(FCF)
of 108.36 whereas, if the effect of the diffuse functions on F
is neglected, one finds th&i(HCH) equals 113.22and -
(FCF) equals 108.T0In conclusion, as expected, the effect of
the diffuse functions significantly broadens the angigCF)
but has almost no effect on the angli¢HCH). The computed
value forO(HCH) is slightly larger than the preferred experi-
mental value (set Ill), 112.8(3) The computed value of the
r(C—F) bond length, after correction (see Table 4), 1.3529 A
is also larger than the preferred experimental value, 1.3508 (5)
A. Likewise, the computed value of théC—H) bond length,
after correction (see Table 4), 1.0872 A, is also larger than the

n

Conclusions

The equilibrium geometries of a few simple fluorine com-

and difluoromethane) have been computed using the coupled
cluster correlation method with basis sets up to quadrgple-
quality. The effects of diffuse functions on the electronegative
atoms have been included. It is found that the CCSD(T)/cc-
pVQZ+aug(F) method with all electrons correlated nicely
reproduces the experimental equilibrium-E bond length with

a standard deviation of 0.0003 A. The ab initie-B bond bond
length, calculated at the same level of theory, is 0.001 A too
short. The lack of monotonic convergence which was observed
for some parameters with basis set enlargment might be due to
an artifact of the cc-pVnZ basis sets (this behavior is observed
with all electrons correlated as well as with the frozen core
approximation). The use of the appropriate cc-pCVnZ basis sets
might overcome this difficulty.

The theoretical predictions of bond lengths and bond angles
are in good agreement with the available experimental data.
However, a small discrepancy (0.0014 A) is found for the C
O bond length in formaldehyde. This would justify a similar
systematic study of the=€0 bond.
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