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Polarization quantum beat spectroscopy of HCF „Ã 1A 9….
II. Renner–Teller and spin–orbit mixing in the simplest singlet carbene

Ionela Ionescu, Haiyan Fan, Eduard Ionescu, and Scott A. Reida)

Department of Chemistry, Marquette University, Milwaukee, Wisconsin 53201

~Received 2 July 2004; accepted 13 August 2004!

To further investigate the Renner–Teller~RT! effect and spin–orbit mixing in theÃ1A9←X̃1A8
system of the simplest singlet carbene, HCF, we report a detailed analysis of theKa51←0 subband
of 20

4 using polarization quantum beat spectroscopy in combination with fluorescence excitation
spectroscopy and lifetime measurements. This subband is perturbed both by RT and spin–orbit
interactions, which are clearly differentiated due to the order-of-magnitude difference in matrix
elements. We show that RT induced mixing with a high vibrational level ofX̃1A8 leads to a splitting
of this subband, and while the higher energy member is rotationally unperturbed, every line in the
lower energy member is perturbed by spin–orbit mixing with background levels ofã3A9, as
evidenced by large19F and 1H hyperfine constants and Landeg factors. In contrast, the higher
energy subband exhibits verysmall Landeg factors and hyperfine constants, which is explained
within a model that incorporates only theÃ1A9-X̃1A8 interaction. We thus demonstrate that
polarization quantum beat spectra provides efficient discrimination between RT and spin–orbit
interactions. Analysis of the lower energy subband in concert withab initio electronic structure
calculations has yielded the first information on the19F and1H hyperfine structure of theã3A9 state
and the magnitude of the spin–orbit matrix elements. ©2004 American Institute of Physics.
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I. INTRODUCTION

Simple carbenes continue to attract significant inter
due to the important role they play in many areas
chemistry.1–11As the smallest carbene with a singlet grou
state, HCF is a prototype for understanding the electro
spectroscopy and structure of singlet carbenes.12–34 The

Ã1A9←X̃1A8 system has been studied in some detail, first
Merer and Travis,23 and subsequently by Hirota an
co-workers,24–28 Kable and co-workers,29,30 and by our
group.31–33A significant motivation for our studies is to ob
tain information on theã3A9 state, which is difficult to probe
directly but can be evidenced via perturbations. Inde
Hirota and co-workers identified local singlet-triplet pertu
bations in the 00

0 band by their large Zeeman effects, up
1mB , although a quantitative analysis was not achieved.27,28

In contrast, the Zeeman effect of unperturbed levels w
typically no greater than 0.05mB .27,28

In the preceding paper,34 as well as previous reports,32,33

we examined unperturbed levels theÃ1A9←X̃1A8 system
using polarization quantum beat spectroscopy. The intri
cally high resolution of quantum beat spectra~QBS! allowed
us to resolve both the19F and1H hyperfine structure in the

Ã1A9 state, which was probed as a function of vibration
level.32,34 In addition, Zeeman quantum beat spectrosco
was used to determine the weak field Landegaa factors,34

which for unperturbed levels range from 0.010 to 0.09

a!Author to whom correspondence should be addressed. Electronic
scott.reid@mu.edu
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Consistent with a model that incorporates only t
Ã1A9-X̃1A8 interaction, the majority of vibrational levels ex
hibit a linear correlation ofCaa and gaa , and our analysis
yielded effective (ã) hyperfine constants for the19F and1H
nuclei ~in MHz! of 728~23! and 55~2!, respectively.34

In this paper, we focus on perturbations in the HC
Ã1A9←X̃1A8 system. Specifically, we show via a detaile
analysis of theKa51←0 subband of 20

4, where both
Renner–Teller~RT! and spin–orbit interactions are oper
tive, that hyperfine and Zeeman spectroscopy are a sens
probe of perturbations in this system. Our analysis, in co
bination with ab initio electronic structure calculations, ha
provided the first glimpse into the spectroscopic properties
the triplet state and the magnitude of the spin–orbit ma
elements.

II. EXPERIMENTAL SECTION

The apparatus, pulsed discharge nozzle, and data ac
sition procedures have previously been described
detail.31–37Briefly, HCF was generated in a pulsed electric
discharge through a;2% mixture of CH2F2 ~Aldrich,
99.9%! in argon. The laser system consisted of an eta
narrowed dye laser~Lambda-Physik Scanmate 2E! operating
on Coumarin 307 dye, pumped by the second or third h
monic of an injection seeded Nd:YAG laser~Continuum
Powerlite 7010!, where YAG stands for yttrium aluminum
garnet. The laser wavelength was calibrated using opto
vanic spectroscopy in a Fe-Ne or Fe-Ar hollow catho
lamp. The experimental procedures for acquiring fluor
il:
4 © 2004 American Institute of Physics
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8875J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 Quantum beat spectroscopy of HCF. II
cence excitation and polarization quantum beat spectra,
fluorescence lifetime measurements, are the same as
described in previous work.

III. RESULTS AND DISCUSSION

Figure 1 displays a laser induced fluorescence spect
of the region of theKa51←0 subband of 20

4, together with
a simulated spectrum generated from the rotational const
determined by fitting unperturbed lines in theKa50←1 and
2←1 subbands.33 Two Ka51←0 subbands are clearly ob
served, a situation similar to that found for 20

1, where the
perturbation was assigned to the Renner–Teller interac
with a high vibrational level ofX̃1A8, and a coupling matrix
element̂ Ã1A9(21)uALauX̃1A8(y9)&51.4465(58) cm21 was
derived.27 While the higher energy subband is free of ro
tional perturbations, almost every line in the lower ene
subband is rotationally perturbed, as evidenced by the p
ence of many extra lines~Fig. 1!. For both subbands, a pro
nounced lengthening of the fluorescence lifetime is obser
compared to unperturbed rotational lines in theKa50←1
subband~Table I!. As we will show, the large splitting is
consistent with the Renner–Teller interaction, while the
tensive rotational perturbations in the lower energy subb
predominantly arise from spin–orbit interactions withã3A9.

We began our analysis by deriving the matrix elem
associated with the splitting of theKa851 level. The unper-
turbed position of this subband was determined from ou
~Fig. 1!, and as the higher energy subband~hereafter denoted
11) was not rotationally perturbed, a direct fit was pe
formed to determine the origin. A fit of the lower energ
subband~hereafter referred to as 12) was obviously not pos-
sible, and we derived the origin by fitting three apparen
unperturbed highJ lines in therR0 branch, using the rota
tional constant of the higher energy subband. The rela
band intensities were determined by summing over all

FIG. 1. Experimental~top! and simulated fluorescence excitation spectra
the Ka851←0 subband of 20

4. The two split subbands in the experiment
spectrum are labeled ‘‘12’’ and ‘‘1 1, ’’ and this notation is used throughou
the text. An arrow marks the position of therR0(0) transition of the higher
energy subband (11), the quantum beat spectrum of which is shown
Fig. 2.
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served lines and subtracting off the baseline, which yielde
ratio 11/1250.206(8). Using the formulas that result from
two-level perturbation theory,33 we derive a coupling matrix
element ^Ã1A9(24)uALauX̃1A8(y9)&56.1(11) cm21, ap-
proximately four times that found for 21.27 This is not sur-
prising, given that theA rotational constant of 24 is approxi-
mately twice that of 21.33

Supporting evidence in favor of the RT hypothesis f
the subband splitting comes from polarization quantum b
measurements. We have previously shown that the 21 band,
which is perturbed by a high lying vibrational level ofX̃1A8,
exhibits smaller19F ~and 1H) hyperfine constants than ex
pected from theory.33 The same is true here, as shown in t
upper panel of Fig. 2, which displays the spectrum obtain
for the rR0(0) line of 11 ~marked with an arrow in Fig. 1!.
Our analysis givesCaa(

19F)527.206(39) andCaa(
1H)

520.434(44), which are among the smallest values
served for any level in theÃ1A9 state.32,34 The former may
be compared with a value ofCaa(

19F)5250 MHz predicted
for the unperturbed24 level from the trend observed for th
22 and 23 levels.32,34

To understand the origin of the small hyperfine consta
for 11, we consider that, neglecting small terms arising fro
closed shell electrons and other nuclei, and assuming
only X̃1A8 state levels contribute to the sum,28 the nuclear
spin/overall rotation constantCaa in the Ã1A9 state is ex-
pressed as28,38

Caa~y8!524(
y9

^Ã,y8uaLauX̃,y9&^X̃,y9uALauÃ,y8&
Ey82Ey9

.

~1!

Using effective hyperfine and rotation constants, Eq.~1! is
rewritten as

Caa~y8!524āĀ(
y9

^Ã,y8uLauX̃,y9&2

Ey82Ey9
. ~2!

Barring any near resonance, the dominant terms in this s
will have Ey8.Ey9 , leading to a negativeCaa , as is indeed
observed for low-lying levels in theÃ1A9 state.28,32,34How-

f

TABLE I. Fluorescence lifetimes measured for the 24 band.

Transition Lifetime~ms!a

K50 pQ1 head 1.552~11!
pR1(1) 1.539~10!
pR1(2) 1.538~8!

K51 ~lower! rQ0(1)1 5.870~47!
rR0(1)2 5.228~43!
rR0(1)1 3.796~5!
rR0(2)2 6.75~19!
rR0(2)1 3.676~61!

K51 ~upper! rQ0 head 4.815~25!
rR0(0) 4.827~21!
rR0(1) 5.396~52!
rR0(2) 4.442~77!

aOne standard error in parentheses.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ever, when a near resonance occurs with ahigher lying level
of X̃1A8, that term will contributepositivelyto the sum, re-
sulting in a partial cancellation. To estimate the contribut
of this term for 24, we use the matrix element derived abov
an effective rotational constantĀ equal to the average of th
fit value for 24 (51.8 cm21) and the 00 level of
X̃1A8,23–25,33,34our previously derived value ofã for the 19F
nucleus,34 and the estimated separation~;24.8 cm21! of the
zeroth-order levels determined from the deperturbat
analysis. Inputting these into Eq.~2!, we calculate a contri-
bution of;156 MHz toCaa , which is clearly of the correc
magnitude to offset the expected contribution from low
lying X̃1A8 state levels.

A similar analysis may be applied to the Zeeman eff
of 11. Using the predicted value ofCaa(

19F)5250 MHz,
we estimate the Lande´ gaa factor of theunperturbed24 level
as34

gaa52Caa~
19F!/ã~19F!

52~250 MHz!/~728 MHz!50.07.

FIG. 2. Upper panel. Experimental zero-field polarization quantum b
spectrum of therR0(0) transition of the higher energy subband (11),
marked with an arrow in Fig. 1. Assignments of the quantum beats fol
the energy level diagram shown in terms of the F quantum number. Lo
panel. Zeeman quantum beat spectrum of the same transition taken at a
strength of 20.38 G.
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In contrast, as shown in the lower panel of Fig. 2, t
Zeeman splittings in the quantum beat spectrum of
rR0(0) line of 11 are not resolved even at a field of 20.38
and we can only place an upper limit ongaa of ;0.002.
When Eq.~1! is valid, the corresponding Lande´ gaa factor is
given by28

gaa~y8!54(
y9

^Ã,y8uLauX̃,y9&^X̃,y9uALauÃ,y8&
Ey82Ey9

, ~3!

which may be simplified in the manner used above to

gaa~y8!54Ā(
y9

^Ã,y8uLauX̃,y9&2

Ey82Ey9
. ~4!

Inputting the values derived above into Eq.~4!, we estimate
a contribution togaa of ;20.08, which again is of the cor
rect magnitude to produce the small observed Zeeman ef

We now turn to the lower energy subband 12. Figure 3
displays an expanded view of therR0 branch of this subband
showing the rotational assignments and perturbation patte
which were assigned wherever possible using combina
differences. The assignments forrR0(4)-rR0(5) are specula-
tive due to the low intensity of the corresponding lines in t
r P0 branch. All excited state levels withJ<5 are perturbed
by at least one background level, and therR0(0) line is split
into three lines, indicating a perturbation by more than o
background level. As a first step towards identifying the p
turbing level~s!, we employed hyperfine and Zeeman QB
Figure 3 displays the zero-field polarization QBS spectra
the threerR0(0) lines. Although the familiar four-line pattern
is reproduced in each case, the splittings are much la
than obtained for any otherÃ1A9 level.32,34Similar behavior
is found in the Zeeman effect. The three lines exhibit Lan´
gJ factors of 0.648~5!, 0.127~3!, and 0.137~3!, which are two
to five times larger than expected for the unperturbed4

level, andtwo orders of magnitudelarger than observed fo
the rR0(0) line in the 11 subband. These findings implicat
spin–orbit mixing with levels of theã3A9 state.

Previously, Hirota and co-workers identified spin–orb
mixing for isolated rotational levels in 21 via large Zeeman

t

er
eld

FIG. 3. Expanded view of therR0 lines in the lower energy subband (12),
showing the assigned perturbation patterns.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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effects, up to;1mB , although a quantitative analysis wa
not achieved.27,28 Of course, the goal of deperturbatio
analysis is to gain quantitative information on theã3A9 state
and the magnitude of the spin–orbit coupling matrix e
ments. This is complicated here by a lack of knowledge c
cerning the perturbing level~s!. For example, considering th
110 level accessed via therR0(0) transition, mixing is al-
lowed under aDJ50 selection rule withã3A9 levels having
N50, 1, or 2 andK50 –N. Moreover,K-type doubling must
be considered for levels withK>1, giving nine possibilities
for the quantum numbers of the perturbing state. To res
this range, we must assume that the observed hype
structure and Zeeman effect is due entirely to the triplet ch
acter of the perturbed levels. Given the very small hyperfi
splittings and Zeeman effect observed for 11, we expect this
approximation to be valid to within a few percent. For e
ample, the sum of the observed LandegJ factors for the three
rR0(0) lines is 0.911~7!, which may be compared to the ex

TABLE II. Calculated and experimental isotropic hyperfine constants~in

MHz! for CH2(X̃3A1).

Method Basis set aF (13C) aF (1H)

B3LYP 6-31G~d! 260.9 217.1
6-311G~d,p! 225.7 212.8

cc-pVTZ 200.3 211.0
EPR-III 236.5 212.6

QCISD 6-311G~d,p! 304.4 259.4
cc-pVTZ 267.0 256.8
EPR-III 309.6 259.1

CCSD~T! 6-31G~d! 333.6 268.4
6-311G~d,p! 304.4 258.5

cc-pVTZ 267.0 256.8
EPR-III 309.6 259.1

Experiment
Reference 42 247
Reference 43 245
Reference 44 249
Reference 45 238.7~555!
Reference 46 220.26~51!
Reference 47 212.48~90!
Reference 48 213.62~86!
Reference 49 216.81~28!
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pectedgJ factor of a pure triplet level of 2.002 (J51,N
50) or 1.001 (J51,N51,2). This suggests the presence
a single perturbingã3A9 level with N51 or 2.

To gain further insight, we turned to the measured h
perfine splittings, in concert withab initio calculations of the
triplet state hyperfine constants. A review of the literatu
revealed relatively few calculations of the hyperfine co
stants of triplet carbenes.39–41 Given that no experimenta
data exist for the hyperfine constants of HCF(ã3A9), we
used the simplest triplet carbene, methylene (CH2), as a
benchmark to assess the reliability of various methods
basis sets. The full results of these calculations will be
ported elsewhere; however, a selection of the calculated
tropic hyperfine constants are compared in Table II w
available experimental data.42–49 Good agreement is found
using B3LYP with large basis sets on the equilibrium geo
etry optimized at the B3LYP/6-3111G(3df) level, which
was in close agreement with experiment@RCH51.081 Å
~calc! versus, 1.08 Å~expt!, uHCH5134.7° ~calc! versus
135° ~expt!#.42 We note that the B3LYP functional has su
cessfully been used to reproduce hyperfine coupling c
stants of open shell species.50 In Table III, we compare with
experiment the results for the anisotropic constants, ca
lated at the B3LYP/EPR-III level, which again are in reaso
able agreement with experiment.

We subsequently computed the19F and 1H hyperfine
constants for theã3A9 level of HCF at the B3LYP/EPR-III
level using the optimized B3LYP/EPR-III geometry@r CH

51.089 Å,r CF51.313 Å,uHCF5121.8°#, which is similar to
that determined previously using coupled-cluster theory
the RCCSD~T!/cc-pVQZ level.51 The calculated hyperfine
constants are~in MHz!

aF~19F!5200.1, aF~1H!595.4,

Txx~
19F!52514.4, Txx~

1H!5252.8,

Tyy~
19F!5254.4, Tyy~

1H!5221.7,

Tzz~
19F!5260.1, Tzz~

1H!574.5.

Rather than attempting a direct fit of the experimental da
which would require at least six hyperfine parameters,
used the calculated constants to predict the expected hy
TABLE III. Calculated and experimental anisotropic hyperfine constants~in MHz! for CH2(X̃3A1). The theo-
retical results have been transformed to the inertial axis frame.

13C constants 1H constants

Taa Tbb Tcc Taa Tbb Tcc

Calculated 2119.7 59.3 60.4 48.5 219.5 232.0
B3LYP EPR-III

Experiment
Reference 42 ~2!70 34 35
Reference 43 ~2!63 34 30
Reference 44 ~2!53 31 25
Reference 45 265~22! 33~22! a
Reference 46 39.7~17! 220.2~19! a
Reference 47 42.09~98! 221.4 a
Reference 48 43.68~87! 221.9~12! a
Reference 49 32.32~21! 220.70~36! a

aTbb2Tcc50 ~assumed!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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fine level splittings for the pure triplet state, employing
standard triplet state Hamiltonian52,53 with matrix elements
evaluated in a casebbJ basis,52–56 where J5N1S, F15J
1IF , andF5F11IH .

We estimated the pure triplet hyperfine splittings fro
the experimental data using two approaches. The first
lowed that of Huber and co-workers, who used a two-le
model of singlet-triplet coupling in propynal to show that t
beat frequencies associated with the pure triplet level eq
the sum of beat frequencies of the eigenstates, whenF1 and
J remain good quantum numbers and the hyperfine split
comes solely from the triplet state.53 Accounting for the ex-
perimental response function, the beat patterns observe
Fig. 4 closely resemble those calculated in the caseb basis,34

suggesting thatF1 and J are good quantum numbers. I
method I then, we simply summed the beat frequencies
the components of eachrR0 line. In method II, the observed
Landéfactor of eachrR0 line was taken as a measure of t
triplet state character, with the sum of Lande´ factors used to
identify the likelyN value of the perturbing triplet level. We
then scaled the observed hyperfine splittings accordingly,
averaged the values for all components of eachrR0 line. We
compare in Table IV the calculated level splittings~beat fre-
quencies! of the pure triplet state withJ51 for different
values ofN, K with the results from these two approach
~denoted ‘‘sum’’ and ‘‘scaled’’! applied to the threerR0(0)

FIG. 4. Zero-field quantum beat spectra of the threerR0(0) lines in the
lower energy subband (12). The spectra are arranged~top to bottom! in
order of increasing energy of the corresponding transitions.
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lines. Reasonable agreement is observed with two levelsN
51, K51, andN52, K51.

To gain further insight, we extended this analysis to t
higher rR0 lines of the 12 subband, which provide a consis
tent picture of spin–orbit mixing withã3A9. For example,
the two rR0(2) lines exhibit Lande´ gJ factors of 0.0962~11!
and 0.0471~6!, respectively. The sum of the Lande´ factors,
0.1433~13!, is consistent with thegJ of 0.167 expected for a
pure triplet level withJ5N53. Moreover, the triplet char-
acter predicted from the Lande´ gJ factors@58% for the first
component, 28% for the second# is consistent with that in-
ferred from the fluorescence lifetimes~52% and 35%!. Un-
like the case ofrR0(0), only two of the four distinct beat
frequencies appear with appreciable intensity in the ze
field quantum beat spectrum. The sum of zero-field frequ
cies for the two split lines ofrR0(2) are, respectively, 10.2
and 25.6 MHz. Using the scaled approach, we derive val
of 9.6 and 25.8 MHz. These may be compared with predic
values of 9.0 and 35.8 MHz for a triplet level withJ5N
53 andK51. Thus, the general picture which emerges fro
our analysis is that the 12 subband is perturbed by a bac
groundã3A9 level under the selection ruleDN5DK50.

Information on the magnitude of the spin–orbit matr
elements may be gleaned from therR0(1)-rR0(3) lines, each
of which appear to be perturbed by a single backgrou
level. Using a two-level deperturbation analysis,33 we derive
matrix elements of, respectively, 0.51~16!, 0.41~13!, and
0.38~12! cm21 for these levels. We hesitate to infer a rot
tional state dependence from just three lines, but note tha
observed trend is certainly not inconsistent with the p
dicted @J(J11)#21/2 dependence under the selection ru
DN5DK50.57 A matrix element of similar magnitude
@WST50.651(7) cm21# was reported by Clouthier and co
workers for vibronic spin–orbit coupling in theÃ1A2 state of
H2CS.58 We cannot differentiate between a vibronic and
rect mechanism, given a lack of information on the pertu
ing triplet level and the similar rotational state dependence
the coupling matrix elements.57

Finally, we should point out that the perturbations in th
band are a clear example of a doorway-ty
interaction.33,59–62 The energy of the 24 band lies only
;16 000 cm21 above the predicted position of theã3A9 state

TABLE IV. Calculated and experimental beat frequencies~in MHz! for
CHF (ã3A9, J51).

Beat frequencies~MHz!a

v1 v2 v3 v4

Experiment
Sum 37.4 163.8 201.2 237.2

Scaled 33.1 231.4 264.6 293.7
Calculated

N50, K50 117.0 209.2 326.2 443.3
N51, K50 42.6 51.6 94.2 170.4
N51, K51 37.5 223.9 261.3 311.1
N52, K50 38.4 348.5 386.9 400.6
N52, K51 49.8 223.9 273.7 311.1
N52, K52 42.6 76.2 118.8 170.4

aBeat frequency assignments follow the notation used in Fig. 2.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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minimum,14,15,51,63–65ensuring that the triplet level density
sparse, and thus it is not surprising that only one of the
split subbands is perturbed by spin–orbit interactions. I
highly desirable to probe such interactions on the grou
state surface, and experiments toward that end are curre
planned.
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