A Theoretical Investigation of FC() and FCO*

headgroup and differing only slightly in alkyl chain length®.
When head groups are different, mixing is not ideal. It is
clear that the mixing properties of lipid depend on the factors
that determine packing of the chains as well as the interac-
tion between the po’ar groups. Mixing in the gel phase is par-
ticularly constrained because of a close packed organization.

Biological membranes are a complex mixture of phospho-
lipid species which very with respect to both their lipid head-
groups and to their associated acyl chains. As a result they
do not exhibit a single well defined lipid phase transition
where all of the lipid progresses from a solid to a fluid state at
a well-defined temperature.

The organizational change in a bilayer that accompant a
gel-to-liquid crystalline phase change is reflected in heat
capacity. Heat capacity {C) was calculated employing equa-
tion (7). The change of heat capacity for different mole frac-
tions of DSPC in mixed lipids at main transition temperature
was shown in Figure 5. The larger C, was, the sharper the en-
dothermic peak became. DPPC:DSPC (60:40 mol% and
50:50 mole%) liposomes have the lower C, than those of the
others. These mixed phospholipids in gel state contain
defects responsible for the formation of large angle grain
boundaries of disordered region between two lipids differing
in orientation or spacial arrangement. DPPC:DSPC (50:50
mol%) liposomes, of which the transition rate is the slowest
of the mixed liposomes, had pronouncely reduced coopera-
tive unit by 0.5 mM phenothiazine derivatives {not shown at
this paper). Cooperative unit is the number of molecules forc-
ed to cooperate in the transition. The sharpness of a phase
transition depends upon the cooperative unit.
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Ab initio caleulations with MP3 and CISD method were performed for the FCO and FCO*. The equilibrium geometry of
FCO shows the reasonable agreement with experimental values. FCO* has a linear geometry with Rc.p=1.213 and
Rcp=1.118 A. The quadratic force constants of FCO* are 23.21 md A-! for CO stretch and 12.38 md A-1for CF stretch. The
cubic force constants and the other molecular constants are also calculated.

Introduction

The fluoroformyl radical. FCO has been the subject of
many theoretical and experimental works. Because of its
large reactivity the experimental works has been done main-
ly in low-temperature matrices. Milligan ef al.! observed the
three fundamentat bands of FCO in both a CO and an Ar
matrix. The three vibrational fundamentals appear at 1835,
1018. 616 cm™). Later, Jacox® extended the work and studied

in more detail the vibrational and electronic spectra of FCO
in Ar matrix. The three fundamental absorptions of FCO
were found at 1857, 1023, 627.5 cmt™". Adrian ef «/.>* observ-
ed the ESR spectrum of FCO in a CO matrix and concluded
that FCO is a o radical with the large fluorine hyperfine split-
tings.

The FCO radical in the gas phase was detected by Jona-
than ef al.’ using photoelectron spectroscopy. They observed
the ionization potential of FCO and the deformation vibra-
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tional band of FCO* at 650 cm™’. The first spectroscopic
investigation on the molecular structure of FCO in the gas
phase have been performed by Hirota e al.®

The infrared diode laser spectra of FCO were analyzed to de-
termine the rotational constants, the centrifugal distortion
constants and spin-rotation interaction constants. With
these molecular constants the molecular structure was found
tobe K p= 1. 334A Re=1 169 A, £ZFCO = 127.3°, Late-
ly Dornhéfer and Hack’ have observed the laser induced
fluorescence spectra of FCO and have found the collision
lifetime of the emitting state to be ~40 ns.

A few guantum-mechanical calculations on FCO have
been reported. Gordon and Pople® have calculated the
equilibrium geometry using INDO method. Also Peterson’
has calculated the spin densities with the same method. The
ab initio SCF calculationn of FCO by McCain and Palke'®
gave rather unrealistic geometry. (K, =R, =1.197 A,
£LFCO=134.25° The calculation of Bleicher and Botsch-
wina!! gave Jhe force constants and the geometry of FCO,
Rep =135 A, Ry = 1,168 A, LFCO = 128.47° which was
determined by force relaxation method of Pulay.'® Another
ab inttio SCF calculations were performed by Hinchliffe!® to
give geometry and population indices of FCO. Some low-1y-
ing electronic states of FCO have been studied by ab initio
calculation of So,'

Therefore the ground state geometry of FCO has been
well determined experimentally and theoretically. Compared
to FCO, the moleculare ion FCO* has not been studied at all.
Recently astrophysical work has shown that the molecular
tons are widely distributed in the interstellar medium and has
provided a great deal of information on their chemistry and
dynamical condition. Many of the unstable molecular ions
have been studied to give the properties and geometries,>!7
For FCO*, however, no experimental search has been tried
and the only data are available from the Botschwina's cal-
culation.” That shows the eguilibrium geometry of FCO* to
be linear with Ry, = 1.105 A, K. = 1.233 A.

In this paper we investigate the geometry and the proper-
ties of FCO* more precisely with Moller-Plesset (MP) per-
turbation method'® and the configuration interaction (CI)
method. The same methods of calculations are also tried on
FCO to compare the results with the known values and to get
some idea for the empirical corrections.

Calculation and Results

1. FCO. All calculations were performed with the GAUS
SIAN 82 and 86 program. The ground state of FCO is %A’
with an electronic configuration ....... (9a9%(2a*)2(10a"". For
the initial guess structure the optimization was carried out
with unrestricted Hatree-Fock wavefunction and 3-21G
basis set. The optimized geometries are R .= 1.342 A,
Ryn= 1.168 A and ZFCO = 128.6°. Around this geometry
the single point calculations were performed with the third-
order Moller-Plesset perturbation (MP3) method using
6-31G'** basis set. To obtain the potential energy function
more than 25 single point energies were calculated in the
range - 0.4 A<kR<4+05 A where the R is the optimized
bond length by HF/3-21G.

The dependence of the potential on the two stretching co-
ordinates was evaluated by fitting these single point energies
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Table 1. The Coefficients of Potential Energy Function {Stretching
Coordinates Only) of FCO

. G’ UHF/6-31G*  MP3/6-31G*
(C-F) (C-0)
0 2 0.486579 0.598200
0 3 —0.626282  ~0.629950
0 4 0.437779 1.246099
0 3 -0.394032 0.419039
] s 0.147128 0.319108
! t H111706 0. 115800
1 2 0.096572 (1.139638
2 1 0.503392 2.103455
2 2 2.024383 10,029430
2 (1} 0.183563 0. 189403
3 (0 -1.261831 =-{h.242462
4 0 0.146771 1,223150
] 0 0.149987 -0.145465
6 0 0.045163 0.02726)

“Units are given in atomic units.

Table 2. The Coefficients of Potential Energy Function (Angle On-
ly) of FCO

[ MP3/6-31G* UHF/G-31G*

(y 0.218774 0. 206769

{y =0.(55422 0.085613

Cy -0.048449 ~0.147292

5 0.012559 =0 14634

Cy 0.028387 ~U. 167090
7Units are given in atomic units and radians.
to the following polynomial.

V-V.=X2C, AR} AR} (1)
13

The internal coordinates 4 R, and A R, refer to CF stretch
and CO stretch respectively. The FCO angle is fixed at 127°
while the stretching coordinates are varied. The parameters
of the polynomial function are given in Table 1. The
unrestricted Hatree-Fock energies are also calculated and
the potential function was obtained. The polynomial function
is 6th order in both 7, / and 2nd order in cross-terms. All the

coefficients seem to be reasonable but C,, and C,, terms are
very large. Probabley the number of data points which cor-

relate two stretching coordinates were not encugh. and the
cross terms could not be determined very accurately.

Then we have calculated 12 more single point MP3 and
UHF energies by varying the angle of FCO. The C-F and
C-Obond lengths are fixed at 1.33 A and 1.18 A respectively
while the angle is varied. The dependence of potential on the
angle was studied by fitting these points to 6th order poly-
nomial function. The coefficient of the potential function are
given in Table 2. The equilibrium geometry was obtained
from the both potential functions and those data are listed in
Table 3 with the total energy of FCO. The geometries of this
work are compared with the experimental data and the pre-
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Table 3. The Equilibrium Geometry and the Total Energy of FCO
from UHF and MP3 Calculation

UHE/6-31G*2 MP3 SCF SCF exp
t-31G*2 ref. 11 ref. 13  ref. 6
Rep (A 1.303 1,332 1350 134 1334
Beo (A) 1.155 1.164 1168 L16  1.169
ZFCO(%) 12853 127.85 12847 127 1273

V,(a.u) -212.1048108 -212.557619%

aBond lengths and angles are obtained from the separate fit of po-
tential function. *The V, values are from the fit of stretching coor-
dinates.

Table 4. The Force Constants from the Potential Fundation of FCO

resffl UHF/6-31G* MP3#6-31G*
Fp (CO stretch)? 14.73 15.151 18.627
£, (CF stretch)? 5.079 5716 5.898
F, (CO, CF stretch- 1.437 1.739 1.803
stretch)”
Fpup (cublic CO stretch)®  =19.207  -18.426 -18.534
F., {cubic CF stretch)® -7.87 -7.704 -7.134
F 2a {ZFCO bend)* 1.827 1.803 1.908
Fagelcubic ZFCO bend¥®  ~0.224 0.373 -0.242

aUnits are md A-1, Units are md A-2, <Units are md A rad-2,
4Units are md A rad-3, Cubic force constants are defined as Fjj;=L/3!
9’E
de}

vious SCF calculation values. In their calculations Botsch-
wina!! used an uncontracted (7, 3) gaussian basis set and
Hinchliffe!® used Dunning’s sp set (11, 6) Contracted to {5,
4).

The force constants were calculated from the coefficients
of potential function and compared with the values of Bot-
schwina ef «l.1' in table 4. Most of the force constants agree
well with previous calculated values, but the quadratic force
constant of CO stretch from MP3 calculation is high, which is
much higher than the experimental value,”® 14.3 md A%
The fit of two stretching coordinates of FCO was very sen-
sitive with energy points. Not enough data points might
cause a small deviation in the potential function and this
could influence the force constants.

After MP3 calculation we tried CI calculation on FCO us-
ing 6-31G* and 6-311G*?"' basis set. The orbitals used in
CISD calculation are 45 & —orbitals (12 occupied, 33 virtual)
and 45 g-orbitals (11 occupied and 34 virtual) obtained from
SCF calculation. Since the Cl method takes long computa-
tion time, the calculations were carried out at the point near
the equilibrium geometry obtained in MP3 calculation. In the
calculation the ZFCQ is fixed at 127.0 while the C-F and
C-O distances are varied. The results of calculation are
given in Tabie 5. This CI energies are corrected by size-con-
sistency factor. From the minimum energy point the op-
timum geometry can be estimated. For the CISD/ 6-31G* cal-
culations the minimum energy is reached at K =134 A,
R¢,=1.18 A, On the other hand the CISD/6-311G* calcula-
tions indicate the minimum energy at R = 1.33 A, R = 1.17
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Table 5. The Total Energies of FCO by CISD Calculation

Rer Reo CISD/6-31G* CISD/6-311G*
(A) (A) (a.u} (a.w)
1.30 1.18 -212.681992
1.31 1.18 -212.571890 -212.682296
1.32 1.18 -212.572274 -212.682456
1.33 1.16 -212.571707

1.33 1.17 -212.572305 -212.682747
1.33 1.18 -212.5725i0 -212.682481
1.33 i.19 -212.681870
1.34 1.18 =-212.572611 -212.682384
1.35 1.18 -212.682172
1.38 1.18 -212.571840

143 1.18 -212.568864

Table 6. The Rotational Constants and Dipole Moments of FCO.

A B C 8

(MHz2) )]
MP3/6-31G* 191359.9 1147545 10826.67 1.243
CISD/6-31G* 181915.2 11346.20 10680.07 1.338
CISD/6-311G* 184875.0 11527.62 10851.02 1219
SCF (ref. 11) 192636 11209 10593 1.08
SCF (ref. 14) 1.33
exp. (ref. 11} 191200 11466.15 10795.23

A, which is more closest to the experimental value, the geo-
metry optimization is more desirable for the better structure,
if the number of data points are enough to get potential ener-
gy function.

The other molecular constants, rotational constants and
dipole moments of optimized structure, were valculated and
are listed in Table 6 with the reference values.

2. FCO*. The ground state of FCO* is ' Z* with an
electronic configuration ....... B0 (1x) (7o) (2n)'. This
singlet state of FCO* makes the calculation much easier
than FCO molecule. The first optimization for the geometry
of FCO* was performed with HF/3-21G level. The geometry
was converged at Rop= 1.228 A, R ,=1.103A and
2 FCO=180.8°. Therefore the FCO* is linear molecule as
predicted by Botschwina.'! The linearity was confirmed by
checking with higher level of calculation. And throughout all
calculations the ZFCO was fixed at 180°. From the resuits of
calculation it can be realized that the bond lengths are
shortened considerably by ionization of the molecule.

For the potential energy function of FCO™ the single
point energy was calculated with MP3/6-31* method. More
than 30 points of energies were obtained in the range -0.3 A
<R < +0.3 A, where X is the optimized bond lergth by
HF/3-21G. The potential dependence on the two stretching
coordinates was evaluated by fitting the previous polynomial
function (1) to those energy points.

The results of fitting are given in Table 7. The coeffi-
cients of the potential function are increased in both C-F and
C-O stretching internal coordinates. Since the bond lengths
decrease considerably upon ionization, it seems reasonable.
The force constants calculated from those coefficients of
sotential function are listed in Table 8 with the Botschwina's
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Table 7. The Coefficients of the Potential Energy Function of
FCO* (Stretching Coordinates Only)
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Table 10. The Energies Calculated with CISD/3-31G*, CISDY
6-311G" and MP3/Dunning’s

Cf
7 MP3/6-31G*

F) (C-0)

[\V]

0.745218
-0.886874
0.707553
-0.503099
0.110542
0.036176
0.003869
-0.049319
0.015570
0.397710
-0.502334
0.387397
-0.269420
0.159832

—_
d&m-thNN—l'—OOOOOTJW-

L= I = — I — I I U= PR T B N

%Units are given in atomic units

Table 8. The Force Constants from the Potential Function of
FCO*

MP3/6-31G* SCF
ref. 11
Fpg(CO stretch)® 23.206 23.36
F,, (CF stretchy’ 12.384 10.96
Fg, (CO. CF stretch- 0.781 0579
streich)®
Frpg (cubic CO stretch)® -26.093
F,,, (cubic CF stretch)? -14.780

Units are md A-), ®Units are md A-2

Table 9. The Equilibrium Geometry and the Total Energy of
FCO*

SCF

3 - .

MP3/6-31G et 11
Rep () 1.213 1.233
Reo(A) 1.118 1.105
ZFCO (%) 180.0 180.0

V, @au) -212.226757 -211.44045

values The quadratic force constant of C-O stretch of
HCO* is 24.74 md A", which also agrees with out value.
The equilibrium geometry obtained from fitting is shown in
Table 9. The C-F bond length is shorter and the C-O bond
length is longer than the values of Botschwina. The R, of
HCO*% is 1.101 A, which is also shorter than our value.
For more accurate data of equilibrium geometry and other
properties, the CISD/6-31G* and CISD/6-311G* calcuiations
were performed. Also MP3 calculation with the larger basis
set have been tried. In this basis set Huzinaga’s (10s, 6p, 2d)
primitive basis functions® are contracted to (5s, 3p, 2d) by
Dunning’s contraction scheme.?* The exponent of d polariza-

Rer  Keo CISD/6-311G*

& & CiSb/6-31G* () MP3/Dunning’s
1.18 112 -212.354637

1.1 1.11 -212.355052

1.i19 1.12 -212.355130 -212.389472
1.20 1.10 -212.354674 -212.389929
1.20 1.11 -212.355256 -212.390067
120 1.12 -212.241794 -212,355319 -212.389679
1.20 1.13 -212.354900 -212.388800
1.21 1.11 -212.241500

1.21 112 -212.242182 -212.355228 -212.389606
L.21  1.13 -212.242352

1.21 1.14 -212.242045

1.22  1.12 -212.242287 -212.354875 -212.389272
1.23  1.12 -212.388696

Table 11. The Rotational Constants, Vibrational Frequencies and
Dipole Moments of FCO*

MP2/6~31G* MP36-31G* CISD/6-31G* CISDV6-311G*

B(MHz) 10429.2 10662.3 10589.3 107724

# (D) 0.7111 0.5645 0.7059 0.6367
wy {em?) 2546

wz (em~} 1191

w3zlemly 545

wy fem™l) 545

tion functions are chosen 1.5, 0.5 for F, 1.0, 0.5 for C% and
1.5, 0.5 for O*#_ All these single point energies are listed in
Table 10. From these values the optimum geometry can be
estimated at the minimum energy point. In the CISD/6-31G*
calculations R .p=1.21 A, Reop=1.13 A and in the
CISD/6-311G* calculations R p= 1.20 A, R.,= 1.12 A.
The MP3/Dunning’s calculation show shortest bond lengths
of Rp= 1.20, R, = 1.11 A. Since there is no experimental
data to compare, it is hard to predict which values are the op-
timum geometry for FCO™,

It is interesting to note that the calculation with the larger
basis set gives shorter bond length in MP3 calculation.

In the case of FCO™* the ground electronic state is singlet,
and it was possible to carry out the optimization with MP3/6~
31G*. The optimized structure was R p= 1.213 A,
R.y=1.118 A, which agree very well with our value from
the potential function. The quadratic force constants
calculated from the optlmtzatxon were F ge= 23.493md A,
F,_= 12.101 md A-? ., which also give good agreement w1th
our value. The total atomjc charge of FCO™ are appeared to
be -0.0lonF, +1.120n Cand -0.11 on O.

The calculation of vibrational frequencies have been tried
with MP2/6-31G*. These fundamental frequencies are listed
in Table 11 along with dipole moments and the rotational
constants. The values shown in Table 11 were calculated
with the optimized geometry for MP2 and MP3, and with the
geometry of minimum energy for CISD.



A Theoretical Investigation of FCO and FCO+
Discussion

As mentioned previously, in the case of FCO fitting with
the potential function to the energy points is very sensitive to
the energy. The energy points are in the range of -0.4 A=
R<+0. ")A If we narrow down ta the range of ~02A <k
< +0.2 A, the fit gives closer value of force constants and
the equilibrium geometry to the experimental value. But the
fit is not converged to the stationary point and the higher
order coefficients of potential function are diverged. This
situation might be improved with enough data points around
the equilibrium geometry. Particulary the quadratic force
constant of MP3 is too high, compared to the experimental
value.?’ 14.3 md A-'. As we noticed in the previous paper,?
the MP3 calculations give the steeper curve in the potential
function than the CI calculations. Even the MP3 method
gives lower energy in single point clacnlation the shape of
whole potential function is very different rom that of Cl method
This effect may be one of the serious reasons that give the
big force constant. In this point of view. the potential func-
tion of CI calculation will improve the situation.

Compared to FCO, the FCO* is much more favorable
motecule in the calculation. Since its simplicity of calculation,
it is possible to carry out the calculation with the advanced
method and bigger basis set. Therefore the data obtained for
FCO* are believed to be reliahle for the experimental search.
The vibrational frequencies were not obtained with the upper
level of method and those values could be improved further.
The quadratic and cubic force constants of FCO* are much
larger than those of FCO, and this fact can be expected from
the shorter bond lengths of FCO*. The (,-0 bond length is
little longer than the value of Botschwina'' and also longer
than the value of HCO. *#2 Considering the value from the CI
methad, the longer value of R, seems favorable. Further
calculations for the other molecular parameters are possible
for FCO*, which may be helpful for the search of the
molecule.
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