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Rotation-vibration line lists for 22Na'°F, **K'°F, and 4'K"F in their ground electronic states
are presented. Experimental data previously collected for infrared transitions up to v=8
and v=9 for KF [1] and NaF [2], respectively, and for pure rotational transitions have been
used to construct potential energy curves to yield ro-vibrational energy levels. Dipole
moment functions were generated from ab initio calculations using the SA-CASSCF and
line lists and partition functions are made available as
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1. Introduction

There are now more than 1000 confirmed exoplanets,
i.e,, planets outside our solar system (see exoplanets.com).
Many of them are known to be hot rocky super-Earths,
with masses between 1 and 10 times that of Earth [3]. The
atmospheres of these exoplanets are predicted to contain
salt vapors such as NaF and KF [4]. In order to simulate the
atmospheric spectra of hot rocky super-Earths, line lists
containing line intensities and line positions are needed.

Many experimental and theoretical spectroscopic stu-
dies of KF and NaF have been carried out. Early experi-
mental studies from 1963 to 1967 determined ro-
vibrational constants, hyperfine constants, and equili-
brium dipole moments for NaF and KF [5-10]. An early
microwave study on NaF by Bauer and Lew reported
re=1.92595(6) A and dipole moments x for v=0, 1, and
2 as 8.19(4) D, 8.29(4) D, and 8.41(4) D, respectively [7,8].
Improved values for the NaF dipole moments were pro-
vided by a microwave and radio frequency (rf) study by
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Hollowell et al, as 8.15576(100) D, 8.22086(100) D, and
8.28670(100) D for v=0, 1, and 2, respectively [9]. A fit of
these dipole moments to a quadratic expression, Eq. (1),
yielded u.=8.12349(150) D, 4;=0.06436(80) D, and uy=
0.00037(30)D [9].
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A mm-wave study by Veazey and Gordy provided an
updated and expanded set of Dunham parameters for NaF
and KF [6]. Van Wachem, et al. calculated p. for KF based
on fitting u, v=0 through v=5 to Eq. (1), giving u.=
8.558320(800) D, ;4;=0.068411(40)D, and y;=0.000256
(7) D [10]. Additionally, zo=8.592478(800) D was reported
for 'KF [10]. Brumer and Karplus later carried out a the-
oretical study comparing the accuracy of predicted dipole
moments from various models of the electrostatic inter-
actions in alkali halide diatomic species, including KF and
NaF [11]. This theoretical study found that their preferred
model gave p. as 7.6563 D for NaF and 8.5042 D for KF [11].
The prediction of Brumer and Karplus for NaF is an order
of magnitude more accurate than that for KF, and our ab
initio results show a similar pattern.

More recent experimental and theoretical studies of KF
and NaF exist. An ab initio study of NaF by Swaminathan
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and Clementi using an MRCI method provided the poten-
tial energy curve and derived rovibrational constants from
a Dunham analysis [12]. An additional and similar study by
Garcia-Cuesta, et al.,, computing ab initio spectroscopic
constants for NaF and KF followed [13]. Spectroscopic
constants and a potential energy curve for NaF fitted with
existing experimental data were also calculated by Coxon
and Hajigeorgiou [14]. A diode-laser high resolution
spectroscopic study of NaF by Douay et al., measured the
Av=2 first overtone band and several hot bands [15]. A
global fit of previous microwave data and Douay’s mea-
surements using a Dunham analysis provided rovibra-
tional constants and a potential energy curve for NaF [15].
A similar study by Maki and Lovas provides Dunham
constants for KF from high resolution spectra of the Av=2
band [16].

More recently, improvements to the high-resolution
study of NaF were made by Muntianu et al., by recording
infrared emission spectra for Av=1 bands from v=0 to
v=9 [2]. The infrared study expanded the available Dun-
ham parameters and provides the main experimental data
used in our work on NaF [2]. A recent study by Cederberg
et al. exists for NaF which provides updated hyperfine
constants [17]. Additionally, a recent electron diffraction
study of NaF by Wann et al. provides experimental and
theoretical bond lengths [18]. Cederberg et al. also carried
out a similar study on KF, analogous to the recent NaF
hyperfine publication [19]. The most recent high resolu-
tion comprehensive infrared emission study of KF is from
Liu et al. and is the source of the experimental data used in
this study [1]. The KF spectrum was recorded for Av=1
bands from v=0 to v=8 and combined with existing
microwave data for a global fit via a Dunham analysis [1].
High quality CCSD(T) calculations of u. from Pluta provide
values for KF and NaF [20]. Recent comprehensive com-
putational studies of the potential energy curve and the
dipole moment function of NaF exist from Giese and York
[21]. Giese and York used SA-CASSCF, averaged over the
first two '=™* states, followed by MRCI calculations [21].
Complete basis set extrapolation values for u. and other
properties were calculated [21]. However, KF was not
present in their study, and so our work adds that species,
and conducts calculations for both NaF and KF using an
alternative post-SA-CASSCF method, ACPF [22,23]. Addi-
tionally, our study makes use of basis sets which are
adapted for core electron correlation [24-27], whereas
Giese and York [21] used basis sets that only correlated
valence electrons [28-30].

2. Method
2.1. Spectroscopic data

The most recent and comprehensive experimental high
resolution ro-vibrational transition measurements for KF
and NaF are from the infrared work of Liu et al. [1] and
Muntianu et al. [2] respectively. 3°KF infrared spectra [1]
were recorded at 900 °C for Av=1 bands from v=1-0 to
v=8—7, whereas NaF spectrum [2] was recorded at
1100 °C from v=1-0 to v=9-8. Additionally, for NaF

3 microwave [7] and 10 mm-wave [6] lines were used to
construct the global line list used for fitting. For 3°KF
6 microwave [31, 32] and 14 mm-wave [6] lines were used
to construct the global line list.

2.2. Dipole moments

The dipole moments of NaF and KF have been pre-
viously studied experimentally by molecular beam electric
resonance [7-10,32] as well as with increasingly sophis-
ticated theoretical methods [11,21]. This study contributes
new ab initio dipole moment functions (DMFs) for both
NaF and KF. Calculations were performed using MOLPRO
2012.1. In order to determine the best set of computational
parameters with which to calculate the DMFs, p. was
calculated at previously published r. values [7,27] for both
NaF and KF and compared with experimental p. values
[7,8,10]. Initially, CASSCF calculations were run with dif-
ferent active spaces, and both with and without state-
averaging. When state-averaging was employed, it was
over the first two X states (the first of which is the X's*
ground state) and used equal weighting. These CASSCF
calculations were followed by ACPF calculations. Two dif-
ferent methods for calculation of the dipole moment were
used. The first method is to calculate the expectation value
at a particular value of r. The second method is the finite
field method which calculates the dipole moment as a
derivative of the energy with respect to a change in an
applied electric field. The first term of the 2 point central
difference equation was used which requires calculations
at two equal magnitudes but opposite sign field values, Eq.
(2) [33,34],

E()—E(=2)
— 5, ()

Field values used were 0.0003 and —0.0003 a.u. Addi-
tionally, CCSD(T)-F12b [35,36] finite field calculations were
performed, but found to give u. values further from
experiment than SA-CASSCF/ACPF, and were not used in
the final DMF calculations. Calculated y. values from both
dipole moment determination methods were compared to
the best available experimentally determined .. The cal-
culation method that yielded p. closest to the reported
experimental value was used to calculate the DMF, Tables
S1 and S2. The range of r values for each calculation was
determined using the inner and outer turning points from
RKR [37] calculations so as to include all values relevant to
existing experimental data extrapolated to v=10. For both
NaF and KF, SA-CASSCF as described above was used for
the final DMF calculations. Details unique to the calcula-
tions for each molecule are discussed under results.

E'0)~

2.3. Potential energy curves

Potential energy curves (PECs) for NaF and KF were
determined by fitting experimental data to various models
using computer programs written by R.J. LeRoy. Initially,
the program RKR [37] yields potential energy function
turning points based on the Rydberg [38,39] -Klein [40]
-Rees [41] procedure using experimentally determined
Dunham band constants. These RKR [37] turning points up
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to v=10 and an ab initio dipole moment function (DMF)
are used as input for the program LEVEL [42]. LEVEL gen-
erates ro-vibrational levels by solving the one-dimensional
Schrédinger equation within the Born-Oppenheimer
approximation, and provides vibrational transition matrix
elements, (w,y|u(r)ly,), that depend on ] due to the Her-
man-Wallis effect [42,43]. BetaFIT [44] used RKR [37]
generated potential turning points (Tables S3 and S4) to
generate trial values of p; for the Expanded Morse Oscil-
lator (EMO) potential function, Egs. (3-5).

Vemo(r) = De[1—e A=) 2 )
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For both NaF and KF p was chosen as 2. Trial g; from
BetaFIT [44] and a fixed dissociation energy, D, are used as
input in DPOTFIT to fit the EMO potential function to
experimental data [1,2,6,7,31,32]. In addition, a small non-
adiabatic correction term, g(r), in the centrifugal potential
was included to account for the breakdown of the Born-
Oppenheimer approximation (e.g. [45]). The g(r) term is
expanded as two polynomials (one for each atom) in the
same y variable defined in Eq. (5) using t; coefficients
replacing the g;'s in Eq. (4) [45]. For both NaF and KEF, t; for
F was determined using y$? as the expansion variable.

2.4. Line Strength calculations

The line strengths are calculated as Einstein A values,
which can be obtained from the following equation [46]:

16733 SJAJ
Ay = m(lﬂv’j’ |/4(r)|ll/vj>
~3cA]

AN}
=3.13618894 x 10 7(2]le)<ll/wj'{ﬂ(r)|l//vj) (6)

where v and 7 are the frequency in Hz and wavenumber in
cm~! of the transition, respectively; (pryy lu(lyyy) is the
ro-vibrational transition matrix element (calculated by
LEVEL using the fitted potential energy function) in debye,
Ay ins™! and S]A] is the Hénl-London factor, calculated

as [47]
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for the '=-'% transitions considered in this work, where
the term on the right-hand side of the equation is a
Wigner-3j symbol. Western's PGOPHER [PGOPHER, a Program
for Simulating Rotational, Vibrational and Electronic
Structure, C.M. Western, University of Bristol, http://pgo
pher.chm.bris.ac.uk] program was used to calculate Ein-
stein A values and line positions, as it accepts vibrational
transition matrix elements as input, and automatically
calculates Honl-London factors and Einstein A values.

The Einstein A values are converted to oscillator

strengths (f-values) [46]:
MeeoC (2] +1)

fv’j’v] = 27:6'21/2 QJj+1) <Wv’]’ |/4(r)|'l/v]>Av']’vj
1 (2)+1)
= 1.49919385—2 WAWV] 8
that are present in the final line lists, along with line
positions, Einstein A values, and observed positions where
available. Transitions were calculated up to v=10 for both
NaF and KF. These line lists are available as supplemental
material.

2.5. Partition functions

In order to estimate accurate partition functions sui-
table for high temperatures, it is necessary to extrapolate
the line list up to high vibrational levels so that all levels
with significant contribution to the partition function are
included. This is done within LEVEL [42] by selecting
values for the limiting parameters which permit con-
vergence of the potential towards the dissociation energy.
A maximum ] and v must be determined. All levels/states
are adjusted to be relative to v=0, J=0. Quasibound levels
are not included. The Boltzmann factors for all levels/states
at a particular temperature are summed to provide the
partition function Q as

Vmax [ Jmax
Q=> (> [(21+1)e5w/”]> ©
v=0 =0

With Viex and Jimex NO greater than 400. Partition functions
were calculated for the following temperatures: 9.375,
18.75, 37.5, 75, 150, 225, 300, 500, 750, 1000, 1250, 1500,
1750, 2000, 2250, 2500, 2750, and 3000 K. The partition
functions were fitted by multiple linear regression using
the expression

X
log;,Q(T) = z an [log;oT]" (10)
n=0
from Vidler and Tennyson [49]. Resulting fits for NaF and
KF are given in their respective results sections.

3. Results and discussion
3.1. NaF

3.1.1. NaF dipole moment function

The NaF experimental x,=8.156(1) D [50] was in closest
agreement with the ACPF finite field calculation. The ACPF
calculation reference wavefunction came from SA-CASSCF
averaged over the ground and first excited '=™* states with
equal weights, using the aug-cc-pwCV5Z basis set and
including outer core correlation. The 1s orbitals of Na and F
and the 2s, 2p,, and 2p, orbitals of Na were correlated but
were Kkept as closed orbitals in both the SA-CASSCF and
ACPF calculations. In the ACPF calculation, the 1s of Na and
F are excluded from correlation. The active space used was
4220 (ay, by, bo, a3) in Cy, with NaF r. set to 1.9259 A
[2,7,51]. The expectation value method and finite field
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method of calculating the dipole moment yielded values of
1e=8.02999 D and 8.13697 D, respectively. A complete
basis set (CBS) extrapolation of the x, was estimated as
8.13695 D with the CBS extrapolated ACPF finite field total
energies calculated at aug-cc-pwCVQZ and aug-cc-
pwCV5Z from
E(x)—E(x—1)

1-(1-3"
with x=5 due to using the aug-cc-pwCV5Z basis set.

The close agreement between the CBS p. and value
calculated at aug-cc-pwCV5Z indicates convergence has
been achieved at this basis set. In comparison, the Giese
and York study find their u. in closest agreement with
experiment is the u.CBSgyp =8.029 D. Similarly, the best
value from Pluta for u. is 8.128 D. Relative to the experi-
mental p., the expectation value method and finite field
method in this study produce percent errors of approxi-
mately 1.5% and 0.2%, respectively. A dipole moment curve
was calculated for r values from 1.65 A to 2.40 A in incre-
ments of 0.01 A over 76 points, approximating the range of
turning points calculated via RKR [37] for v up to 10. While
the finite field method produces a theoretical p closer to
the experimental p. than that calculated from the expec-
tation value, the DMF exhibited inappropriate behavior at r
values from 1.75 A to 1.65 A. When the finite field DMF
was plotted, it did not maintain a linear shape in this lower
r value range. In contrast, the expectation value method
gave an almost linear plot through all r values of interest,
and so those values were used as input to LEVEL [42]. From
comparison with Giese and York, it appears our DMF will
be of similar quality based on the error in g, Table 1.

E(c0) = E(x—1)+

3.1.2. NaF potential energy curve

The NaF PEC was obtained by fitting 1131 lines using
DPOTFIT [47] with D, fixed to 39,855 cm™'[50] and N, in
Eq. (4) was 4 [2]. The resulting parameters from the fit are
presented in Table 2. All line positions were reproduced by
the fit within the experimental errors and the DRMSD
(dimensionless root mean standard deviation) is 0.4689.
The fit potential and the DMF is plotted showing turning
points for v=0 to v=10 in Fig. 1. The spectroscopic

Table 1
Comparison of calculated y, for NaF.

Reference Method He[D e calc-exptl® r, used”
(A)
This Study SA-ACPF/ 8.02999 -0.12601 1.9259
expectation
This Study SA-ACPF/finite  8.13697 —0.01903 1.9259
field
Pluta (2001)  CCSD(T) 8.128 —0.028 1.9259
[20]
Giese and SA-MRCI/ 8.029 -0.127 1.921
York (2004) expectation®
[21]

2 4,=8.156 D, Ref. [36].

b r,=1.9259 A, Refs. [37,7,15].

€ Value is from CBS extrapolation method that provided calculated .
closest to experimental value.

Table 2
Fitting parameters from DPOTFIT EMO potential fit of NaF and KF.

Parameter NaF KF

Defcm ™! [39,855.0] [40,797.0]

re/A 1.92594654(12) 2.17145967(23)
fo 1.053857615(290) 0.918439203(290)
b1 —0.5808885(140) —0.5152726(530)
P 0.101274(48) —0.113146(210)
B3 0.044970(50) 0.26488(93)

Ba —0.1077(15) —0.2508(52)

Ba - 0.041(20)

t,(F) —275(71)x 10~* —9.2(32) x 10

Note: Values in square brackets were fixed and 95% confidence interval
uncertainties are given in parentheses for the last digits shown.

v(r)/ 10%cm™ )

F9.9

L

5

- 9.4
- 8.9

- 8.4
- 7.9
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1 /( L 74
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1.2 1. 2.2 2.4 2.6 2.8
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Fig. 1. NaF Extended Morse Oscillator potential with RKR turning points
marked up to v=10 and the dipole moment function. The potential is
plotted in blue against the left axis and the DMF is plotted in green
against the right. Red triangles on the potential indicated RKR turning
points from v=0 to v=10. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

constants as calculated by LEVEL are provided as Supple-
mentary Table S5.

3.1.3. NaF partition functions

For NaF, the transitions calculated within LEVEL were
limited by Jnax=399 and v,;x=400. The resulting parti-
tion functions calculated up to T=3000 K are presented in
Table 3, with comparison where possible with CDMS
values [52,53]. The multiple linear regression fit para-
meters are in Table 4.

32. KF

3.2.1. KF dipole moment function

The KF experimental x.=8.558320(800) D [10] was in
close agreement with the ACPF finite field calculation. As
in the NaF calculations, the ACPF reference wavefunction
was supplied by a SA-CASSCF calculation equally averaged
over the ground and first excited sigma states. Unlike in
NaF, the aug-cc-pwCV5Z basis set has not yet been pub-
lished for K, although the results of calculations making
use of it have [27]. The aug-cc-pwCV5Z basis set for K as
existing in development was used in all KF calculations
with outer core correlation. Both the SA-CASSCF and ACPF
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Table 3

Comparison of NaF and KF partition functions from this study with available CDMS values.
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Temperature NaF KF
T/K Q(T) Q (T) CDMS Q(T) Q (T) CDMS
9.375 15.3311 15.331 23.7117 23.7118
18.75 30.3245 30.3244 47.0897 47.0898
375 60.3218 60.3216 93.8594 93.8594
75 120.3519 120.3516 187.5036 187.5034
150 242.052 242.0513 381.5644 381.5639
225 373.7171 373.7161 603.6254 603.6246
300 523.3633 523.3618 866.4708 866.4697
500 1032.7349 1032.7309 1793.6876 1793.6657
750 1915.3469 - 3440.8681 -
1000 3084.0342 - 5651.6902 -
1250 4549.1916 - 8446.7069 -
1500 6321.1512 - 11847.3587 -
1750 8410.7609 - 15876.5844 -
2000 10829.5663 - 20559.1258 -
2250 13589.9318 - 25921.8215 -
2500 16705.1643 - 31993.9548 -
2750 20189.6579 - 38807.6894 -
3000 24059.0776 - 46398.6188 -
3 -1
Table 4 V(r)/107cm u/D
Multiple linear regression coefficients for 4.5 1 \ // L 11
partition function fit using Eq. (10) 4,0 1 /
for NaF. 35 4 N Va L 10
- 3.0 4 P Vg
Parameter Coefficient * 1 a
2.5 4 T 7 9
ao 14051649 2.0 4 X va
a, —2.545376165 15 | '\ /' -8
a, 4.017892376 :
as —2.158286204 1.0 L7
ay 0.541912807 05 4
as —0.04964855 0.0 , ! 6
1.5 2.0 2.5 3.0
r/A
Table 5 ) X . . . .
Comparison of calculated s, for KE. Fig. 2. KF Extended Morse Osc1ll'ator potential with RKR turning pmes
marked up to v=10 and the dipole moment curve. The potential is
Reference Method 4o/ se calc-exptl® 1, used” plotted in blue against the left axis and the DMF is plotted in green
(A) against the right. Red triangles on the potential indicated RKR turning
points from v=0 to v=10. (For interpretation of the references to color in
This Study SA-ACPF/ 8.567087 0.008767 21782 this figure legend, the reader is referred to the web version of this article.)
expectation
This Study SA-ACPF/finite  8.574362 0.016042 2.1782 Table 6
field Multiple linear regression coefficients
Pluta (2001) CCSD(T) 8.705 0.147 21715 resulting from partition function fit using
[20]

? 4.=8.558320(800) D Ref. [10].
b 1,=2.1782 A from a recent high level ab initio value Ref. [22].

calculation restricted the 1s, 2s, and 2p orbitals for K and F,
and additionally the 3s, 3py, and 3p, orbitals in K, to be
closed. In the ACPF calculation, the 1s for K and F and the
2s and 2p for K were excluded from correlation. The active
space used was 3,2,2,0 in Cy,. An 1, value of 2.1782 A was
used for KF, which was previously calculated at the CCSD
(T)/aug-cc-pwCVQZ [27] level. The expectation value and
finite field value for u. are 8.567087 D and 8.574362 D,
respectively, which are both in close agreement to the
experimental value with percent errors of 0.1% and 0.2%.
These represent an order of magnitude or better agree-
ment with the experimentally determined p. than was

Eq. (10) for KF.

Parameter Coefficient

ao —2.765334442
a 14.1992452

a —22.67858329
as 20.78849835
a4 —10.95585648
as 3.310655956
ag —0.530343663
a; 0.034884854

obtained by Pluta [20], Table 5. The CBS estimate for KF is
1.=8.559133 D and indicates that the calculation using
aug-cc-pwCV5Z is approaching convergence. At present,
no basis sets of the type aug-cc-pwCVnZ with n>5 are
available, so it is not known how close to convergence the
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next basis set would be. In 3°KF the relevant range for r is
1.80 A-2.65 A, which approximately corresponds to RKR
turning points up to v=10. DMF calculations were per-
formed over this range in increments of 0.01 A over 85
points. Unlike the NaF finite field DMF, there were no
deviations from linearity for the finite field method. The
finite field method is considered appropriate for methods
with limited CI [33,54,55], and since it was without pro-
blems for KF, its DMF was used as input to LEVEL [42].

3.2.2. KF potential energy curve

The KF PEC was obtained by fitting to 865 lines using
DPOTFIT [48] with D, fixed to 40797 cm~![50,51] and N;
in Eq. (4) as 5 [2]. The resulting parameters from the final
fit are presented in Table 2. The lines were reproduced
within their experimental errors and the DRMSD was
0.9469. A section of the resulting fit potential is shown in
Fig. 2 along with the DMF and turning points for v=0 to
v=10 indicated. The spectroscopic constants as calculated
by LEVEL are provided as Supplementary Table S6.

3.2.3. KF partition functions

For KF, the transitions calculated within LEVEL were
limited by [nax=399 and v;;;x=400. The resulting parti-
tion functions calculated up to T=3000 K are presented in
Table 3, with comparison where possible with CDMS
values [52,53]. The multiple linear regression fit para-
meters are presented in Table 6.

4. Conclusions

Line lists for NaF and 3°KF and #'KF have been gener-
ated and are provided as Supplementary Tables S7, S8 and
S9. For NaF and 3°KF experimental data exists with which
to compare and illustrate the accuracy of the line lists. The
line lists reproduce experimental frequencies to within
experimental error. New ab initio dipole moments were
calculated for NaF and KF up to r corresponding to v=10.
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