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The X(*A") and A(PA"") electronic states of CFI have been investigated using the CASPT2(18,12) method.
Results for the ground-state equilibrium geometry of CFI are in excellent agreement with previous studies.
The equilibrium geometry of the excited state shows significant variations in-thda@nhd length as a function

of basis set in part due to the flatness of the potential energy surface in the region of the minimum. The
A(*A") — X(*A") adiabatic transition energy for CFl is estimated to be in the range 17D0B00 cnTt. A

barrier in the exit channel for dissociation to @H was located on the excited-state surface, and the barrier
height is predicted to be greater than 1525 &m

1. Introduction using CASSCF and CASPT2 methddBhe calculations utilized
effective core potentials along with a valence-only basis set of
double£ quality augmented with d-type polarization functions.
On the basis of comparisons with available experimental data,
it was found that the CASPT2 method including 18 electrons
in 12 active orbitals, denoted CASPT2(18,12), was successful
in accurately predicting equilibrium geometries for the ground

Dihalocarbenes, in particular those containing fluorine, have
received recent attention due to their importance as possible
photoproducts from the atmospheric degradation of chloro-
fluorocarbons and hydroclorofluorocarbons. For example, a
number of recent experimental and theoretical studies have

5
focused on the carbenes CFCland CFBr* and first excited electronic singlet states of bromo- and

While the parent carbene, GHlong has been known 10 joq5carbenes as well as adiabatic transition energieh(iar’)
possess a triplet ground state, halocarbenes such as CFCl and_ X(*A") transitions. In particular, at the CASPT2(18,12) level,

CFBr have been predicted from molecular orbital arguments to 4,4 singlet-singlet gap for CHBr was calculated to be 11712
possess singlet ground st&tesmd experimental studies have cm compared to the experimental result of 11972 &nfor

verified this predictiort.2#5 Electronic transitions from the  ~Eg; the calculated value was 21369 cntompared to the
ground X(*A’) state to the first excited singlet stai('A"), experimental result of 20906 crh and for CBp, the calculated

have been observed experimentally in the visible region, and singlet-singlet gap was 15192 crh relative to experimental
spectroscopic information including vibrational constants have \,5ies of 14885 and 15093 ci®

been obtained for both CFEP and CFBrt®

To date, little experimental or computational data is available
for the next carbene in the series, fluoroiodocarbene, CFI.
Hajgato et af. and Schwartz and Marshélhave reported ab
initio results for the equilibrium geometry of the singlet ground
electronic state of CFl and other halocarbenes, and in addition
they have carried out extensive studies of tripleinglet gaps
of halocarbenes. The geometry optimizations were carried out
at the CCSD(T)/6-31++G(d,pyY and QCISD/6-311G(d,p)
levels® respectively. Both these studies accounted for any
relativistic effects on the geometry of CFl by using effective
core potentials to represent the core electrons of iodine. The
studies also focused on the triptetinglet gaps of halocarbenes
including CFI. The calculated tripletsinglet gap of CFl was
determined to be relatively large, ranging from 95 to 123 kJ/
mol (7940-10280 cn1?) depending on the level of theory and
basis set. Hajgato and co-workereport that the CASPT2 .
method slightly underestimates the energy of the triplet state, detected exp_erlmentally. For_ haloca_rbe_nes su_ch as A
leading to a somewhat lower triptesinglet gap by about 5 CBr,, the excited-state inversion barrier is predicted to be less

20 kJ/mol (or about 15%) than that calculated by other methods. than IFhe SifSOCiatiﬁn ene_tr@z-Th(ijS Ieadsdtot Tenne;r]Ter:Ier .
Recently, the ground and first excited singlet states of a seriesCOUPIING between Ihe excited and ground states, which greatly
of bromine- and iodine-containing carbenes were investigated enhances the odds of a nonradiative transition back to the ground

state. This effect explains the weak emission seen by Clouthier
* Corresponding authors and co-workers in studies of CFCIl and G&1 For these cases,
TE_ma”:pstandgard@”stu'_edu_ a dirt_ect absorption measurement is prefe_rabl_e, but often not
*E-mail: quandt@xenon.che.ilstu.edu. practical, due to low sensitivity. One solution is the use of a
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In the previous stud§,some unusual convergence behavior
was observed for the fluorocarbenes CFBr and CFl. An
equilibrium geometry corresponding to a minimum on the
excited state potential energy surface could be located only at
the highest level of theory employed, CASPT2(18,12), for both
CFBr and CFI. Other recent computational work on CFBr at
the CASPT2(18,12) levélcarried out using the all-electron cc-
pVTZ basis set, indicates that the potential well on AfgA")
surface is rather shallow and is very sensitive to the level of
electron correlation employed in the calculations. A barrier
height for dissociation to CF Br of 3455 cnt! was determined
at the CASPT2 level. The situation for the first excited singlet
state of CFCl is similar to that for CFBr; however, the barrier
height is larger, determined by the CASPT2 method to be 5699
cm i3

The ACA") — X(*A") transition of CFl has not yet been
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TABLE 1: Equilibrium Geometry of the Ground X(*A') State of CFI Calculated at the CASPT2(18,12) Level Using Various
Basis Set3

CASPT2(18,12)/ CASPT2(18,12)/ CASPT2(18,12)/ ccsD(T)/ QCISD/
SBKJC(3d} SBKJC(3df¥ Basis3 6-311+G(d,py 6-311G(d,p)
C—F distance g&) 1.313 1.306 1.306 1.296 1.290
C—1 distance (A) 2.217 2.208 2.218 2.193 2.189
F—C—I angle (deg) 107.6 107.0 106.9 107.4 107.4

a Previous literature results are included for compari$ddrake, Standard, and Quarfdt This work. 9 Hajgato and co-workers.® Schwartz
and Marshalf

novel multipass absorption method termed cavity ringdown laser CASPT2(18,12) method with the three different basis sets. A
absorption spectroscopy, CRDLA3.The effectiveness of  transition state in the exit channel for dissociation to €F
CRDLAS in detecting low concentration transient species has was also located on th&(*A"") potential energy surface. The
been recently demonstrat€dlThe main advantage of CRDLAS  convergence criteria for the equilibrium geometry and transition
is that in addition to being highly sensitive it is an absorption state optimizations were 8 10~ for the RMS gradient and 5
technique, so it is applicable to systems with poorly behaved x 10~ for the maximum component of the gradient. Because
upper states such as some halocarbenes. However, since thef its interesting features, potential surface scans of\ha")
highly reflective dielectric mirrors used for CRDLAS are state of CFl were carried out in order to further characterize
expensive and have a limited spectral width50 nm), they the potential energy surface.
must be chosen carefully for the particular system under study.

To further understand the unusual convergence behavior of 3 Results and Discussion
the first excited singlet state of CFl and to make predictions
for experimental detection of th&(*A") — X(*A") transition A. Ground-State Results. Results for the equilibrium
of CFl, ab initio calculations of the ground and first excited geometry of the groun#i(*A’) state of CFl are reported in Table
singlet states of CFI employing the CASPT2 method with a 1. While no experimental data exists for the ground state of
variety of basis sets have been performed. Results are reportedcFl, previous computational results are included for com-
for equilibrium geometries of the ground and excited states, parison’—°
along with a more detailed investigation of the excited-state  The present results for the ground-state equilibrium geometry
potential energy surface. In addition, adiabatic transition energiesof CFI are in good agreement with previous ab initio results.

for the ACA"") — X(*A") transition are reported. The calculated €F bond distance is 1.306 A from the SBKJC-
(3df) and Basis3 basis sets compared to the literature values of
2. Methods 1.296 and 1.290 A8 In addition, the present results obtain

In our previous study of CFjt was found that the CASSCF ~ F~C—1bond angles of 107.0 and 108.8om the SBKJC(3df)
method was not adequate for determining the equilibrium and Basis3 basis sets, respectively, compared to the literature

geometry of the first excited singlet state. Using the CASSCF esults of 107.478 Values of the C-1 bond distance calculated
method, no minimum was located on the potential energy N this study are 2.208 and 2.218 A from the SBKJC(3df) and

surface. Therefore, in this work calculations on the ground and Basi§3 basis sets, respectively, while previous literature studies
first excited singlet states of CFI were performed using the Obtained 2.198and 2.189 A Overall, the results from the
CASPT2 method. A full valence active space was utilized which SBKJC(3df) basis set are in the best agreement with the previous
included 18 valence electrons and 12 active orbitals; these litérature studies. Deviations of oniy 0.010 A for the-E bond,
calculations are referred to as CASPT2(18,12). The software 0-015 A for the G- bond, and—0.4° for the F-C—I angle are
package MOLPR® was employed for all the studies. Com- obtained when the present results are compared with the results
putations were carried out using an SGI Origin2000 computer ©f Hajgato et af. When the present results from the SBKJC-

at the National Center for Supercomputing Applications in (3df) basis set are compared with those of Schwartz €t al,,
Urbana, IL, along with SGI 02 and Linux workstations at deviations of 0.016 A for the €F bond, 0.019 A for the €I

llinois State University. bond, and—0.4° for the F—C—I angle are obtained.

To study basis set effects on the geometries and energies of The effects of the addition of f-type polarization functions
CFl, three basis sets were utilized. The calculations employedto the basis set can be observed by comparison of the present
the Stevens, Basch, Krauss, Jasien, and Cundari (SBKJC)I’ESU“S with the SBKJC(Bdf) basis to the pI'EViOUS work carried
relativistic effective core potentials along with the corresponding out with the SBKJC(3d) baskThe C-F and C-1 bonds are
valence-only basis sets of doulileguality15-17 The first basis ~ shortened by 0.007 and 0.009 A, respectively, while th€F |
set was constructed by augmenting the SBKJC basis with threebond angle decreases by Ovéhen f-type polarization functions
sets of d-type polarization functions on each atom. This basis are added to the basis set. The use of f-type polarization
set, henceforth referred to as SBKJC(3d), was employed in ourfunctions brings the bond lengths into closer agreement with
previous study. The second basis set was constructed by further the previous literature studié$.
augmenting the SBKJC(3d) basis with a set of f-type polariza- The use of all-electron basis sets on carbon and fluorine in
tion functions on each atom, and will be referred to as SBKJC- Basis3 has only a small effect on the equilibrium geometry of
(3df). Finally, a third basis set was constructed by using the the ground state of CFl. Results from calculations with the all-
SBKJC effective core potential and the SBKJC(3df) basis for electron DZ(3df) basis set for carbon and fluorine in Basis3
iodine along with an all-electron doublebasis for carbon and  produces a €F bond with the same length, a slightly longer
fluorine augmented with three sets of d-type and one set of C—I bond by 0.010 A, and a slightly smallerfe—I angle by
f-type polarization functions, DZ(3df); this basis set will be 0.1° compared to the results obtained with the SBKJC(3df) basis
referred to as Basis3. set. The similar results obtained for the SBKJC(3df) and Basis3

Full optimizations of the geometries of the grouKA’) basis sets are not surprising since the only significant difference
and excitedA(*A"") states of CFI were carried out using the between the basis sets is the use of a dogbmsis set to
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TABLE 2: Equilibrium Geometry of the First Singlet Excited A(*A") State of CFl Calculated at the CASPT2(18,12) Level
Using Various Basis Sets

CASPT2(18,12)/SBKJC(3d) CASPT2(18,12)/SBKJC(3df) CASPT2(18,12)/Basi$3
C—F distance (A) 1.308 1.310 1.303
C—I distance (A) 2.426 2.165 2.130
F—C—1l angle (deg) 121.7 124.8 125.8

2 Previous literature results are included for comparigddrake, Standard, and Quarfdt This work.

TABLE 3: Electronic Energies of the X(*A’) and A(!A") States and Adiabatic Transition Energies () for the ACA") — X(*A")
Transition of CFI Calculated at the CASPT2(18,12) Level Using Various Basis Sets

CASPT2(18,12)/SBKJIC(3d) CASPT2(18,12)/SBKJIC(3df) CASPT2(18,12)/Basi¢3
X(*A") energy (au) —40.915530 —40.984123 —148.958016
A(*A") energy (au) —40.835759 —40.906850 —148.884037
T (cm™Y) 17 508 16 959 16 237

a Previous literature results are included for compari$ddrake, Standard, and Quarfdt This work.

represent the core 1s electrons of carbon and fluorine in Basis3excited state. In contrast, for calculations of CFI using the
compared to an effective core potential in the SBKJC(3df) basis SBKJC(3d) basi§, the equilibrium excited-state -@ bond

set. distance exhibits a large increase of 0.21 A relative to the
B. Excited-State ResultsResults obtained for the equilib- ~ ground-state equilibrium bond distance. On the other hand, for
rium geometry of the first excited singlet state of CR(A"), calculations performed in this work employing the SBKJC(3df)

obtained using the CASPT2(18,12) method are reported in Tablebasis and Basis3, contractions of 0.04 and 0.09 A are obtained
2. The only previous computational resBifisr the excited state ~ for the excited-state €I bond distance relative to the ground-
are also presented. No experimental data is available for state values, respectively. On the basis of the contraction of
comparison. the C—X bond observed in the excited-state geometries of CFCI
As was discussed previouslylo minimum could be located ~ @nd CFBr, our present results suggest that basis sets SBKJC-
on the A(!tA") surface using lower levels of theory such as (3df) and Basis3 better describe some aspects of thg first excited
CASSCF(18,12) or CASPT2(2,2). In addition, even at the singlet state of CFI than does the SBKJC(3d) basis set.
CASPT2(18,12) level, the equilibrium geometry of the CFI As was observed for the ground state, results obtained for
excited state exhibits extreme sensitivity to the basis sets the equilibrium geometry of the CA(*A") excited state using
employed in this study and in previous wdrRhe C-1 bond the all-electron DZ(3df) basis set for carbon and fluorine in
distance is particularly sensitive to the basis set; the equilibrium Basis3 are very similar to those obtained using the SBKJC-
value varies by 0.3 A, ranging from 2.13 to 2.43 A. This large (3df) basis set. Using Basis3, the equilibrium-E bond is
variation in the equilibrium €1 bond distance is in part due to ~ Slightly shorter by 0.007 A, the €I bond is shorter by 0.035
the flat nature of the excited-state potential energy surface in A, and the F-C—1 angle is larger by 1.0than the results
the region of the minimum. For example, using the SBKJC- obtained using SBKJC(3df) basis set.
(3d) basis set, varying the-@ distance from 2.15 to 2.45 A C. Adiabatic Transition Energies. Electronic energies of
with the C-F distance and +C—I angle fixed at their the groundX(*A") and excitedA(*A") states of CFI are listed
equilibrium values leads to a change in energy of only 350'cm  in Table 3, along with adiabatic transition energieg) f@r the
For the SBKJC(3df) basis set, a similar variation in thelC ~ A(*A") < X(*A") transition. Results from a previous literature
distance leads to an energy change of only 250%crfihese study’ are also included. The calculated adiabatic transition
results show that on the excited-state surface, a slight changeenergies for CFI range from 16237 to 17508 ém
in the shape of the potential in the region of the minimum due  While no experimental value of thé(lA") — X(*A")
to basis set effects may lead to a large shift in the equilibrium transition energy is available for CFI, comparisons can be made
C—I bond distance. with experiment for other halocarbenes such as CFBr. At the
Fluorocarbenes such as CFCl and CFBr show a small CASPT2(18,12)/SBKJC(3d) level, the calculated value of T
contraction of the equilibrium €CI or C—Br bond distance in ~ for CFBr was 21369 cm.? slightly higher but in excellent
the excited state relative to the ground-state equilibrium value. agreement with the experimental value of 20955 tfNote
This is a well-known feature of halocarbenes and has beenthat the experimental value Gbo (20906 cnT!) was adjusted
discussed in detail previousyThe contraction of the €CI or using experimental vibrational zero-point energias obtain
C—Br bond distance in the excited-state arises because in thethe experimental value of ¢Tfor comparison. When f-type
groundX(*A'") state the nonbonding electrons on the carbon atom polarization functions are included in the SBKJC(3df) basis set
are located in an orbital that is coplanar with thef€and G-X for CFBr, the transition energy is determined to be 19293
(X = ClI or Br) bonds. Excitation to thé(!A"") state places  cm %®slightly lower than the experimental result but again in
one of the nonbonding electrons in an orbital that is in a reasonable agreement. Finally, when Basis3 is employed, the
perpendicular orientation to the plane of the-E and G-X calculated transition energy for CFBr is 18031 &g consider-
bonds, allowing the FC—X angle to increase relative to the ably lower than the experimental result. On the basis of the
ground-state value. The opening of the E-X angle leads to CFBr results, our best estimate for CFl is that the adiabatic
a slight reduction in the €X bond length in the excited state.  transition energy lies between the values calculated using the
For example, in CFCI, calculations at the CASPT2(18,12)/cc- SBKJIC(3d) and SBKJC(3df) basis sets, or in the range 16960
pVTZ level by Sendt et alindicate that the excited-state-Cl 17510 cntl. The result of 16240 cnt calculated using Basis3
bond contracts by 0.06 A relative to the ground-state value. For probably underestimates the transition energy.
CFBr, CASPT2(18,12)/cc-pVTZ calculations by Kable and co-  D. Details of the Excited-State Potential SurfaceBecause
workerg find a contraction of the €Br bond of 0.03 A in the of the sensitivity of the equilibrium geometry of the CRLA")
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TABLE 4: Equilibrium Geometry and Electronic Energy of the Transition State on the Excited A(!A") Potential Energy
Surface of CFIR

CASPT2(18,12)/SBKJC(3d) CASPT2(18,12)/SBKJC(3df) CASPT2(18,12)/Basis3
C—F distance (A) 1.300 1.292 1.283
C—I distance (A) 2.557 2.531 2.522
F—C—l angle (deg.) 121.4 120.7 120.5
electronic energy (au) —40.833597 —40.902097 —148.877087
barrier height (cm?) 475 1043 1525

@ Also reported is the height of the barrier to dissociation to-€F measured from the bottom of the potential well to the top of the barrier.
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Figure 1. Contours of the CFA(*A"") excited-state potential energy 5000 |
surface calculated at the CASPT2(18,12)/SBKJC(3df) level. The
F—C~I angle was fixed at its equilibrium value of 124.8he energy
contours in wavenumbers are measured from the bottom of the potential
well. ‘ ‘
1.5 25 35 45 55

excited state to the level of theory and basis set, the potential cH diStance_(A) _
energy surface (PES) was mapped out at the CASPT2(18,12)Figure 2. Cut through the CFA(*A") excited-state potential energy
level for selected basis sets. Figure 1 shows the dependence o?“rface along the €1 bond calculated at the CASPT2(18,12)/SBKJC-

; . 3df) level. The C-F bond distance and thef€—1 bond angle were
the CFl excited-state PES on the-€ and C-1 distances. In fixed at their equilibrium values. Also shown for comparison is a similar

these calculations, single point energies were computed for ¢t through the CFK(*A) ground-state surface, with the-& bond
selected €& F and C-I distances with the FC—I bond angle distance and £C—I bond angle fixed at the equilibrium values for

fixed at its equilibrium value. The CASPT2(18,12)/SBKJC(3df) the excited state. Energies in wavenumbers are measured from the
method was used to to determine 231 points on the CFI excited-minimum on the ground-state potential energy surface.

state PES in the range shown in Figure 1. . . .
. . ) excited-state potential well to the top of the barrier, ranges from
The most interesting features on the excited state PES arey75 14 1525 cmt depending on the basis set.

the shallow well followed by a gradual slope down to the  the pasis set dependence of the dissociation barrier can be
dissociation products CF- |, producing a barrier due to an  gyphiored by examining results from similar calculations for
avoided crossing in the exit channel to dissociation. The barrier cEgr. The dissociation barrier of CFBr was determined using
to dissociation can be characterized qualitatively by viewing a ¢ CASPT2(18,12) method to be 953, 2150, and 2776'cm
cut of the PES for fixed €F distance in which the €I bond for the basis sets SBKJC(3d), SBKIC(3df), and Basis3, respec-

distance is varied. Shown in Figure 2 are cuts along the CFl jyely 18 The CFBr dissociation barrier results show a pattern
excited-state surface at the CASPT2(18,12)/SBKJIC(3df) level gimjjar to the results reported in this work for CFl. The

of theory (a cut of the ground electronic state surface is also experimental barrier to dissociation for CFBr is 338050
shown for comparison). In Figure 2, the-€ bond distance cmL5 about 580 cm! larger than the result obtained using
and the F-C—1 bond angle are fixed at their equilibrium values pgzsis3 and significantly larger than the other two values
for the excited state, while the-@ distance is varied from 1.7  §etermined using the SBKJC(3d) and SBKJC(3df) basis sets.
to 6.0 A. The cut along the excited-state potential in Figure 2 aAssuming a similar basis set dependence, the experimental
indicates that a barrier to dissociation occurs at-d @istance dissociation barrier of CFI probably lies above our largest
of about 2.5 A. calculated value of 1525 crh

Starting with the approximate geometry for the barrier found  The structure of the CFA(*A") PES is similar to those
in Figure 2, we carried out a transition state optimization. The previously determined for CFBr and CFCI. For CFBr, a barrier
optimized geometry of the transition state was determined using height of 3455 cm! was calculated at the CASPT2(18,12)/cc-
the CASPT2(18,12) method, and the results are summarized inpVTZ level* compared to an experimental value of 336®0
Table 4. The optimized geometrical parameters of the transition cm=1.5 For CFClI, the barrier to dissociation was determined to
state are similar when computed using the three different basisbe 5699 cm? at the CASPT2(18,12)/cc-pVTZ levéLompared
sets. The equilibrium €1 bond distance for the transition state  to the experimental result of 4073 ci? Note that the literature
is more elongated when computed with the SBKJC(3d) basis, results give vibrational zero-point corrected barrier heights while
2.56 A compared to 2.522.53 A for the other basis sets. The the results reported in this work have not been corrected for
calculated barrier height, measured from the bottom of the vibrational zero-point energies. On the basis of the results for
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