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ABSTRACT Dynamically adjusting the weights in state-averaged multiconfigura-
tional self-consistent field (SA-MCSCF) calculations using an energy-dependent
functional allows the electronic wave function to smoothly evolve across the
potential energy surface (PES) and correctly preserves differing asymptotic electro-
nic-state degeneracy patterns. We have developed a generalized dynamic weighting
(GDW) method to treat high-lying electronic states. To test the method, a global PES
was constructed for the S, (B) state of CHF (CDF), which lies nearly 31000 cm™ ' above
the minimum of the ground state. The GDW method was used to produce SA-MCSCF
reference states for subsequent multireference configuration interaction (MRCI)
calculations, whose Davidson-corrected energies were extrapolated to the complete
basis set limit. Quantum mechanical vibrational energy calculations for CDF were
performed using the fitted PES, and the predicted energy levels are in excellent
agreement with an extensive set of experimentally determined (optical—optical
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double resonance) levels, with a mean unsigned error of only 12 cm™ .

SECTION Dynamics, Clusters, Excited States

uantitative theoretical spectroscopy for small
O systems in ground electronic states is well-establish-
ed.'™* The errors associated with solving for the
N vibrational energy levels are typically small, and the
overall error in the computed energy levels is primarily
determined by the quality of the potential energy surface
(PES). High-quality PESs may be obtained by fitting high-level
ab initio data to analytic functional forms, with additional
refinements based on experimental data sometimes re-
quired.>® The interpolative moving least-squares (IMLS)
method accurately and efficiently interpolates a dynamically
grown set of ab initio data with a negligible fitting error, thus
allowing for a direct assessment of the dynamical accuracy of
the underlying electronic structure method.””” Previously,
vibrational energy-level calculations for ' CH, and HCN in their
ground electronic states were reported for several ab initio
methods using IMLS, where the fitting error was shown to be
lessthan 1 cm™".° The automated IMLS PES generator used in
the present study runs in parallel, interfaces with ab initio
electronic structure codes, and produces analytic fitted sur-
faces suitable for efficient use in spectroscopy and other
dynamics applications.
Calculating accurate global PESs for excited electronic
states is much more challenging.'® Multireference configuration
interaction (MRCI) calculations can be accurate, but they are
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not straightforward when the character and/or number of
energetically relevant electronic states changes throughout
the configuration range of interest.

The ab initio method of dynamically adjusting the relative
weights in a state-averaged multiconfigurational self-consis-
tent field calculation (DW-SA-MCSCF) was introduced re-
cently by Deskevich et al. and has been implemented in the
Molpro program suite.'""'* DW-SA-MCSCF produces a ba-
lanced description of the orbitals, smoothly evolving the
wave function with respect to varying coordinates (for
example, along a reaction path), thus correctly preserving
differing asymptotic electronic-state degeneracy patterns.
The DW scheme overcomes problems with convergence
and discontinuities that can plague fixed weight calculations
in certain regions of the PES, particularly when high-lying
valence and Rydberg states form avoided crossings with one
or more states of interest. For quantitative studies, post-
MCSCF methods such as MRCI are required, and DW-MRCI
denotes the use of DW-SA-MCSCF orbitals in a subsequent
MRCI calculation.
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Figure 1. Calculated bend pl)otential curves (GDW-MRCI+Q/aug-
cc-pVQZ) for the lowest five ' A’ (filled squares) and four 'A” (open
squares) singlet states (solid lines). The B state (2 'A’) of interest is
highlighted with a thicker line. The lowest five triplet states are
shown with dashed lines (1—2 A/, filled circles, and 1—3 °A”, open
circles). All 14 states were computed simultaneously using the
GDW scheme focused on the B state and an active space of 8
electrons in 8 a’ and 2 a”’ orbitals. The CH and CF bond lengths
were fixed at 1.07 and 1.40 A, respectively.

A state-averaged MCSCF calculation minimizes the
weighted average energy E of two or more electronic states
with respect to the molecular orbitals and the configuration
expansion, where

n
_ Wi
E= EOVT/lEi (1)
1=

E; and w; are the energy and weight of the ith state, and
n
W= Z Wi
i=0

In many applications, the weights are fixed (e.g., w; = 1).
In the DW scheme,'" the weights are determined self-
consistently using an energy-dependent functional

w; = cosh’(AEo/f) (2)
where AE;y = E; — Ey and f3 is a parameter (8 = 3.0 eV was
used in this study). The ground state always receives the
largest weight, excited states receive smaller weights that
depend on the difference between their energies and that of
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the ground state, and degenerate states receive equal weight-
ing. High-lying states may receive very little weight and may
not be well-described as most of the variational effort is
directed toward the ground and low-lying states.

We have generalized the DW scheme (denoting our meth-
od GDW) to place maximum weight on any particular state (f)
of interest, that is

w; = cosh®(AE;/B) (3)
where AE;; = |E;— Ej|. The other algorithmic details described
by Deskevich et al. were retained in our procedure."

There has been considerable interest in carbenes over the
years from both theorists and experimentalists, including
the well-known singlet—triplet gap in methylene as well as
the Renner—Teller (RT) pairing of the two lowest singlet
states.'”~'® RT and spin—orbit (SO) coupling complicate the
spectroscopy of the low-lying states in these systems, while
complete vibrational level progressions for high-lying states
have not been reported. We have recorded an extensive set of
rovibrational progressions for the S, (B 2 'A’) state of both the
CHF and CDF systems, and the present Letter focuses on the
CDF set of results. The B state is not RT-paired and is energe-
tically well-separated from any triplet states (see Figure 1).

All of the B state vibrational levels (including the zero-
point level) are predissociated (the origin of the B state lies
>6000 cm™' above the H + CF asymptote) and exhibit
lifetime broadening. For CDE the line widths range from
03 to 50 cm”' and are roughly energy-dependent
(increasing with energy). The spectrum for the CHF isotopo-
mer is complicated by a strong CF-stretch—bend resonance,
and the spectrum is further complicated by much stronger
line broadening (>35 cm™ ' for some levels) that does not
follow a simple energy dependence. For these reasons and for
the purpose of testing the GDW ab initio scheme, we confine
the present analysis to the spectrum of CDE where the
exclusive consideration of the B state is expected to provide
an accurate description. Elucidating the mechanism respon-
sible for line broadening and fully characterizing CHF is an
avenue for future research.

The present set of experimentally well-characterized vibra-
tional energy levels on a high-lying electronic state provides
an excellent test of the accuracy of the GDW-MRCI method.
The calculated vibrational energy levels are sensitive tests of
the accuracy of the PES, and this in turn is a direct measure of
the accuracy of the ab initio method when using the IMLS
approach.

We implemented the GDW scheme (eq 3), testing various
numbers of states and orbital active spaces, including as many
as 24 singlet states (12 A’ and 12 A”) with a full-valence active
space. A nine state (5 A" and 4 A”") GDW description with an
active space of eight electrons in eight a’ and two a” orbitals
was found to provide a good description of the B state and
other lower-energy states in the fitted coordinate ranges. This
choice of active space excludes dominant configurations from
some higher-energy states but produces robust convergence
in the electronic structure calculations and preserves numeri-
cally exact degeneracies for RT pairs at linear geometries (see
Figure 1). Use of a full-valence active space adds three
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Figure 2. Examples of 2D probability density plots used to assign
calculated levels (w1th the third Jacobi coordmate integrated out).
Plots are of the (0,8°,0) level (upper) and (0,4°,1) level (lower).

additional high-lying singlet states (two A" and one A" states)
within the energy range shown in Figure 1.

The IMLS code used to generate the PES was directly inter-
faced with the Molpro program package.'” In the ab initio
calculations, the GDW-SA-MCSCF method was used to produce
reference states for subsequent Davidson-corrected MRCI
calculations (the 2s orbitals were also correlated in the MRCI
calculation). Energies calculated with correlation-consistent
augmented triple- and quadruple-G basis sets (aug-cc-pVTZ,
aug-cc-pVQZ) were extrapolated to the complete basis set (CBS)
limit using the [~ formula.'® The IMLS code was run in parallel
(20 processes) and terminated once a total of 2157 automati-
cally generated ab initio energy data points were included in the
PES. This is more data than is necessary to obtain a good fit for a
three atom system,” but a generous number were computed
since the ab initio cost was not prohibitive.

Inspection of some of the ab initio calculations revealed
that some of the highest-energy states received negligible
weights over much of the configuration space, while the
ground state received small weights (w, = ~0.05) in some
regions. For comparison, two additional PESs (for a total of
three) were also generated using different ab initio weighting
strategies. The second was a nine state (5 A" and 4 A”)
calculation with fixed and equal weights. The third strategy
tested was a 24 state calculation with equal weights for the 1
A’,2 A',and 1 A” states, with the weights for the higher-energy
states determined by the GDW scheme. This third scheme
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Table 1. Calculated and Experimental Frequenc1es fortheJ = 0
Band Origins of the B State of CDF (cm™ ')*

level EXPT (width) GDW-MRCI/CBS error
(0,0°,0) 30782.4(0.3) -
(0,2°,0) 904.5 (0.3) 900.9 -3.6
(0,4°,0) 1944.1(1.1) 1930.5 —13.7
(0,6°,0) 3049.9(2.6) 3037.1 -12.8
(0,8°,0) 4172.0(3.7) 4155.2 -16.9
(0,10°,0) 5298.9 (4.3) 5313.2 143
(0,0°1) 1292.4(0.3) 12842 —8.2
0,2°1) 2182.7(0.5) 2197.8 15.1
(0,4°,1) 3250.5(1.6) 3243.9 —6.6
(0,6°,1) 4365.1(3.6) 4361.1 —4.0
(0,8°1) 5483.4 (5.0) 54941 10.7
(0,10°,1) 6605.7 (5.1) 6617.0 1.3
0,2°2) 3464.5(0.8) 3488.2 23.7
0,4°2) 4549.4(4.3) 45532 3.8
(1,2°,0) 3316.5(0.9) 3335.8 19.2
(1.4°,0) 43443 (3.1) 43475 3.2
(1,6°,0) 5430.1(5.5) 5406.3 —23.8
MUSE 11.9

“Compared levels are reported relative to Ty = 30782.4.

was motivated by concerns about possible convergence and
root-flipping issues since the ground state can receive small
weights using GDW in some regions.

The discrete variable representation (DVR) method'”'®
was used to solve the vibrational Hamiltonian for zero total
angular momentum in Jacobi coordinates. The potential was
represented on a direct-product grid of potential optimized
points' > including 70 points in each stretch coordinate and
60 for the bend (for a total of 294000 points). A potential ceiling
was applied to the fitted surface at 25000 cm™ ' Level assign-
ments were made by inspecting the structure of the calculated
probability densities via 2D surface plots (e.g., Figure 2).

Calculated and experimental / = O band origins are
compared in Table 1. The ground state of CDF is nearly
31000 cm™ ' above the ground electronic state (experimentally,

= 30782.42 cm™ ). Since this study was limited to the B
state to assess the GDW scheme, a value for Ty has not yet
been calculated as this will necessitate also fitting a ground-
state PES and performing corresponding ground-state vibra-
tional calculations. The barrier to linearity on the calculated B
state surface is only 473 cm™', which is lower than the
calculated zero-point energy (ZPE) of 2275 cm™'. The mini-
mum on the potential surface is at & = 6.1° in Jacobi
coordinates (the D—C—F bond angle is 169.4°), while the
maximum probability for the ground-state vibrational wave
function occurs at @ = 3.5°. Note that for CHE the increased
ZPE (2807 cm™ ') results in a maximum angular probability at
linear geometries (6 = 0.0°).

The vibrational levels computed for the GDW-MRCI PES
are in excellent agreement with experimental results. For the
16 ] = 0 band origins considered, including levels as high as
6606 cm™ ' above the ZPE and more than 37000 cm ™' above
the ground electronic state, the mean unsigned error (MUSE)
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is only 11.9 cm™'. Vibrational levels calculated using PESs

constructed with the other ab initio schemes tested (fixed
weights or equally weighted lower states) are in much poorer
agreement with experiment (MUSE > 40 cm™ ') and are not
reported in detail here. The fixed weight PES suffered dis-
continuities in the MCSCF calculations (which are damped out
somewhat by the subsequent MRCI calculations) that clearly
impacted the accuracy of the vibrational calculations.
Although these discontinuities only apparently impacted the
tails of the vibrational wave functions for the levels studied
here, calculations of certain other levels would be completely
unreliable. For a given number of states included in a MCSCF
calculation, the character of the highest state will tend to
switch abruptly at certain values of the coordinates
(corresponding to crossing an excluded state). If this state
carries large weighting (such as with a fixed equal weights
scheme), then discontinuities can occur in all of the states.
With the GDW scheme, the highest states tend to receive
negligible weight and thus can transition without significantly
disrupting the state of interest. We note that the smooth
evolution of the wave function produced by the GDW scheme
is even more advantageous for trajectory studies where
discontinuous gradients can be particularly problematic.

These results are very encouraging for the GDW scheme,
having achieved predictive ab initio spectroscopic accuracy
for a high-lying electronic state, without resorting to empirical
adjustments. These results may be compared with ongoing
spectroscopic calculations for other three atom systems with
multireference character (HCO and HO,), where we have
observed significant (~10 cm™ ") shifts in calculated frequen-
cies from effects such as core—valence and higher-order
correlation. These effects were found to be important in a
previous study as well.” Since these and other small correc-
tions were neglected in the present study, the level of agree-
ment recorded may be somewhat fortuitous. Nevertheless, it
is clear that the GDW scheme produces well-behaved and
continuous potential energy surfaces with smoothly varying
transitions between regions of differing electronic degenera-
cies and electronic structures and that the resulting potential
energy surfaces can be of spectroscopic accuracy. The success
of this method enables a possible future study, including
vibrational energy levels for CHF and CDF with J > 0 and
an exploration of the predissociation mechanism.

The experimental apparatus used in this work has been
previously described in detail.*' 2 Briefly, CHF (CDF) was
produced using a pulsed discharge nozzle through a ~1—2 %
mixture of CH,F, (CD,F,) in Ar. Specific rotational transitions
in various bands of the S; < Sy (A < X) systemm31 were
excited by a tunable Nd:YAG pumped dye laser (Continuum
P7010/Spectra Physics PDL-3). Approximately 300—400 ns
later, a pulse from a second Nd:YAG pumped dye laser
(Continuum NY-61/Lambda Physik Scanmate 2E), counter-
propagating with the first, either excited specific transitions in
the S, <=, (B<—A) system or stimulated emission from S;—S,.
Due to the very low fluorescence quantum yield of levels in the
S, state as a consequence of fast nonradiative decay, a
decrease in fluorescence was observed when the second laser
was resonant with transitions in either the S, <= S; or S; — S,
system. However, the former transitions were lifetime-broadened
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Figure 3. Rotationally resolved optical—optical double resonance
(OODR) spectroscopy in the region of the B (0,2,0) level of CHE
The narrower lines in this spectrum reflect downward (SEP)
transitions to known rovibrational levels of the X state.
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Figure 4. Rotationally resolved optical—optical double resonance
(OODR) spectrum of the B (0,4,1) level of CDE This spectrum was
obtained by pumping specific "Ry(J) lines (as noted in the figure)
in the (0,0,0) band of the A <— X system.

while the latter were not, affording easy discrimination.
Fluorescence depletions in excess of 50% were common
for strongly predissociated S, <= S; transitions. The decrease
in fluorescence caused by the second laser was measured
using a dual gate boxcar system (Stanford Research Systems),
where a portion of the fluorescence decay was integrated
before and after the second laser pulse. The ratio of signal
from each gate was recorded to remove the effect of signifi-
cant shot-to-shot fluctuations in the signal. Typically, 10 shots
were averaged at each step in wavelength. The wavelength of
the pump laser was calibrated using the well-known S; <= Sg
spectroscopic constants, recalibrated to vacuum wavenum-
bers.”>?* The second laser was calibrated using optogalvanic
spectroscopy in a Fe:Ne hollow cathode lamp.

Figures 3 and 4 display representative spectra of the S, < S
bands of CHF (Figure 3) and CDF (Figure 4) which illustrate
salient features of the spectroscopy of this system.

In Figures 3 and 4, the x-axis labels the energy above the
vibrationless level of the X state (two-photon energy). As
illustrated in Figures 3 and 4, the bands display the character-
istic rotational structure of a c-type, bent-to-linear transition,
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with rotational selection rules of A/ = 0, £1 and K, — [ = %1,
where [ is the vibrational angular momentum quantum
number for the bending mode in the linear S, state and K,
is the associated rotational quantum number of the bent
molecule in S;. Note that an additional selection rule governs
transitions between each asymmetry doublet in S; and states
of different parity in S,; however, we do not resolve the
asymmetry nor parity doublets in these experiments. By
pumping different intermediate S; levels with K, = 0, 1,
and 2 in the progressions 2§, 1520, and 2§30, many S, levels
with vibrational angular momentum, [ = 0—3, could be
accessed, with the restriction that even v contains only even [
components and vice versa for odd v. Typically, spectra for a
given S, level were obtained using several intermediate
rotational (J) levels, as illustrated in Figure 4, and the observed
rotational transitions were fit to a linear molecule rotational
Hamiltonian using a nonlinear least-squares routine to derive
the band origin and effective rotational constant.
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