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To further investigate th&F and'H nuclear hyperfine structure and Zeeman effect in the simplest
singlet carbene, HCF, we recorded polarization quantum beat sg&@9 of the pure bending
levels 2} with n=0—-7 and combination bandg2j with n=1-6 and 333 with n=0-3 in the

HCFA'A”—X!A’ system. The spectra were measured under jet-cooled conditions using a pulsed
discharge source, both at zero field and under application of a weak magneti¢<figid G).
Analysis yielded the nuclear spin-rotation constafitg, and weak field Landeg,, factors.
Consistent with a two-state model, the majority of observed vibrational levels exhibit a linear
correlation ofC,, andg,,, and our analysis yielded effectiv@) hyperfine constants for theéF

andH nuclei (in MHz) of 72823) and 552), respectively. The latter was determined here owing

to the high resolving power of QBS. The vibrational state selectivity of tRenyperfine constants

is discussed, and we suggest that the underlying Renner-Teller interaction may play an important
role. © 2004 American Institute of Physic§DOI: 10.1063/1.1803529

I. INTRODUCTION effect arising from interactions with levels &'A’, as the
two states correlate with A state in the linear con-

"Miguration?®?® The estimatedA'A” state Landeg,, factor
95 Jans’ : was~(5-10)x 103 ug .28 In addition, local singlet-triplet
_combusnonr’,' thermal degradatiofi,"® and atmospheric and ot rhations were also identified by their much larger Zee-
interstellar chemistri* A§ the smallest carbene_wnh a SiN- man effects, up to Lg, although a quantitative analysis was
glet ground state,.HCF is a prototypg for exploring the SPeChot achieved28 The 19F hyperfine constantsd,,) of both
troscopy,zci,)e/‘namlssi, anqlelectronlc struct_ure of smgletAlA,, [—7.71(20) MHz] and XA’ [4.1914) MHz] were de-
carbenes? > The A'A”—X*A’ system was first observed tgrmined within a two-state mod&l,while hyperfine struc-

in absorption by Merer and Travi§,who performed rota- e due to théH nucleus was not resolved.

tional analysis for the@aqu 0} bands and identified promi- In this paper, we report a study of the HGRA"
nent axis-switching transitions arising from the large change

. : o . — XA’ system using polarization quantum beat
in bond angle(opening by~25° in the excited staje The srectroscop?l?'“'?’SThe intrinsically high resolution of QBS
I

spectroscopy of this system has since been studied in det%{ ows us to resolve both theF andH hyperfine structure

by laser induced fluorescence, first by Hirota and; ~1 . , ,
co-workers*~2® and more recently by Kable and in the A*A"” state, which was probed as a function of vibra-

co-worker&3° and by our groug’-33We have shown that tional level. Zeeman quantum beat spectroscopy was used to

lifetime lengthening occurs for upper state levels with dgter(;n;]ne the We_zk(;'eo:d L_zimég-;_aaffactor_s. The dhata fo ob- .
=1 due to the Renner-TelléRT) interaction®® and we re- tained have provided detailed information on the electronic

cently reported a detailed spectroscopic study of this syster?ltrUCture of this prototypical carbene and the origin of the

which provided new estimates for the excited state barriers tgtrlkmg vibrational mo_de depend_erpe of #E spin-rotation
linearity and dissociatio®? constantC,, reported in our preliminary study.

Less is known about the hyperfine structure or Zeeman
effef:t in this system, yvhich are detailed probes qf thg ellec”_ EXPERIMENTAL SECTION
tronic structure and important observables for identifying
singlet-triplet perturbations. Hirota and co-workers were the ~ The apparatus, pulsed discharge nozzle, and data acqui-
first to examine thé®F hyperfine structure and Zeeman ef- sition 31Il)sfgcedures have previously been described in
fect in the AIA” state, using intermodulated fluorescencedet@il™ > HCF was generated by a pulsed electrical dis-
(IMF) combined with Zeeman tunirfg-?® Unperturbed lev- ~ charge through a-2% mixture of CHF, (Aldrich, 99.9%
els in the @ band were found to exhibit a small Zeeman in &rgon. The typical backing pressure was bar, and dis-
charge was initiated by &1 kV pulse of 10-5Qus duration,
ap o N ¢ Phvs o Endineering Technol “through a current limiting 10® ballast resistor. The timing
resent address: Department o YSICS an ngineering lecnnologie H He
Bloomsburg University, Bloomsburg, PA 17815, Gf laser, nozzle, and discharge firing was controlled by a

YAuthor to whom correspondence should be addressed. Electronic maif-}“g_ital delay generato(rStanforo! Resea_rch Systems DGj35
scott.reid@mu.edu which also generated the variable width gate pulse for our

Carbenes play a role in diverse areas of chemistry,
cluding organic and organometallic  reactidn$,
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high voltage pulse(Directed Energy GRX-1.5K-E The la- 300

ser system consisted of an etalon narrowed dye laser x5 - 710
(Lambda-Physik Scanmate REpumped by the second or 200 1 !
third harmonic of an injection seeded Nd:YAG lag&on- i 1
tinuum Powerlite 70100 where YAG represents yttrium alu- 100 A 2

minum garnet. For access to wavelengtt¥30 nm, the fun-
damental dye output was mixed with the Nd:YAG
fundamental in a BBO crystal. The laser beam was not fo-

Amplitude
o
e
-
D

cused, and typical pulse energies werg00 xJ in a~3 mm -100 -
diameter beam. The laser wavelength was calibrated using
optogalvanic spectroscopy in a Fe-Ne or Fe-Ar hollow cath- 200 4
ode lamp.
The measurements utilized a mutually orthogonal geom- -300 , , : ‘
etry of laser, molecular beam, and detector, where the laser 0 5 10 15 20 25
beam crossed the molecular beam at a distance-2® Frequency in MHz
nozzle diameters downstream. The laser propagated along o5
the space-fixedy axis, with the molecular beam oriented
along theZ axis, and detector aligned along tkeaxis. Fluo- 20 |
rescence was collected by &2.4 condenser lens assembly,
and filtered via an appropriate long-pass cutoff fili@éorion) 8 45
prior to striking a photomultiplier tube detect@riel) held .'3.
at typically —600 V. £ 10
In acquiring quantum beat spectra, the photomultiplier
tube (PMT) signal was terminated into 5Q, and digitized 5 -
by a fast oscilloscopéHP 54521A at a typical sampling rate A
of 10° s~ 1. Waveforms averaged over typically 2500 laser 0 ‘ ‘ ‘
shots were collected for parallel and perpendicular laser- 0 5 10 15 20 25
detector polarizations. The time-dependent degree of polar- Frequency in MHz
ization[ P(t) ] was then calculated at each time point follow- _ _ o
. . FIG. 1. Upper panel: Experimentéop) and simulated polarization quan-
ing Eq. (1): tum beat spectrum of thERy(0) transition of £ 23. An expanded(x5)

— _ view of the low frequency region of the experimental spectrum is shown to
PO =[h(O =L OVL® 1. D]. @) demonstrate the noise level, and the beat assignments are referenced to the

The P('[) thus obtained was Fourier transformed using a fasﬁnergy level diagram given in the upper panel, where the labels indicate the
quantum number. Lower panel: Simulated quantum beat spectrum for the

fourier transform routinePSI ploj to yield the quantum beat 5se \where théF andH nuclear spin-rotation hyperfine constan@,)
spectrum. For Zeeman experiments, Earth’s magnetic fieldre of opposite sign.

was nulled and a weak magnetic figld30 G) was gener-

ated along the space fixeflaxis using a triaxial Helmholtz

coil system(Walker Scientifig. In this configuration, the se-

lection rules for Zeeman quantum beats Afd = + 2. opposite sign. Note that the smaHl splittings, which were
not resolved in previous IMF studies, are identified here

through the high resolving power of QBS.
The dominant contribution to the hyperfine structure in
the A'A” state of HCF is the nuclear spin-rotation interac-
We first obtained zero-field quantum beat spectra fottion, with Hamiltonian given bS?
"Ry(J) lines of vibronic bands in th&*A” state. Consistent H o= Caal ada+t Copl pJp+ Cecl cJe - ®)
with theoretical expectatiori¥;3® the beats were strongest
for "Ry(0) lines and decreased in intensity with increasing HereC,z>Cpp, Ccc, and thereforeC,,, andC, were set to
As rotational perturbations were often observed at higher z€ro in our analysis, their expected magnitude being less
analysis was typically limited t6Ro(0) and'Ry(1) lines.  than our experimental uncertainty. Th& and'H C,, hy-
Figure 1 displays experimental and simulated quantum bederfine constants were obtained by fitting the observed zero-
spectra(QBS) for the "R,(0) transition of %28. The simu- field beat frequencies to values calculated by diagonalizing
lation was generated from the time dependent fluorescendfe Hamiltonian matrix in the basisF;=J+I1g, F=F;
intensities for parallel and perpendicular laser-detector polar® I+ .%® While quantum beat spectra were obtained for rota-
izations calculated within the density matrix formalism of tional lines in ~20 vibronic levels, only those levels that
Huber and co-worker§i.e., Eq.(3) of Ref. 38. Excellent ~were identified as unperturbed on the basis of spectroscopic
agreement is observed, and the relative intensities show u@nd lifetime analysi~**are included in Fig. 2, which dis-
ambiguously that thé%F and*H constants have the same Plays the derive€,, constants fof°F (upper paneland'H,
sign. For comparison, the lower panel of Fig. 1 displays aplotted as a function oA'A” state vibrational energy. Note
simulated spectrum for the case where these constants aretbht the error bars are smaller than the symbol size.

Ill. RESULTS AND DISCUSSION
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FIG. 3. Dependence of th€F (upper panéland'H nuclear spin-rotation
constants on quanta af,. B=2", A=2"31 O=1!2". Note that the
error bars are smaller than the symbol size.

FIG. 2. Energy dependence of the measut® (upper panél and *H
nuclear spin-rotation constanill.=2", A=2"3!, O=1'2". Note that the
error bars are smaller than the symbol size.

The hyperfine constants display a pronounced energy When Eq.(3) is valid, the excited state Landg, factor
and vibrational state specificity which can be largely tracectan be expressedA4°
to variations in theA rotational constant. Neglecting small
terms arising from closed shell electrons and other nuclei, I A, =,
and assuming that onli*A’ state levels contribute to the Uaa( V') =42, (ALl X v )X ALA Y >.
sum?® the nuclear spin/overall rotation constaly, can be V' Ev—Ey
expressed &40

4

_ _ _ ~ Combining Eqs(3) and(4), and assuming that tteeconstant
(A V' [aLy X, v")}(X,v"[ALA,v") is independentf vibrational level, we obtaif?

Cas(v)=—42 E—E, 3

In Eq. (3) A is thea-axis rotational constang is the nuclear —Caa(v')/gaa(v') =3, 6)

spin/electron orbital coupling constantjs a generic vibra- _

tional state label, and, is the orbital angular momentum Wherea'is the effective(averagghyperfine constant ok *A’
operator. To approximately separate out the dependence @md A'A”. Equation(5) shows that a plot ofC,, VS Jaa

A, we plot in Fig. 3 the hyperfine constants vs quanta ofshould be linear, with zero intercept and slope equat &
bending excitation, noting that levels containing equalWe derived they,,(v') via global fits of the Zeeman data for
quanta of bend display similaA constants® The upper each vibrational level, with the hyperfine constants fixed to
panel of this plot clearly shows the trend described in outthe values determined from analysis of the zero-field data. In
preliminary reporf? namely, largerC,,(*%F) constants for practice, letting the hyperfine parameters float as variables in
levels containing C-F stretching excitation. We suggestedhe Zeeman analysis returned values that were equal to those
previously that this trend may be due to an increase irathe determined from the zero-field spectra to within the uncer-
hyperfine constant for thEF nucleus’ That hypothesis was tainty of the fit. The observed frequencies were initially fit
tested here by combining hyperfine and Zeeman measureia a least-squares routine to values calculated by diagonal-
ments. izing the Zeeman matrix at each field strength value, which
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yielded Landegg factors for each level. These were consis-
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TABLE I. Hyperfine and Zeeman parameters for HBEA").

T A Caal™F) Caa('H)

Level (cm™h (cm™h (MHz) (MHz) Oaa

0° 17282.02716)% 25.6868) —8.0427) —-5.1933) 0.0956)
3t 18551.78463) 25.80112) —7.637) —0.558) 0.014(1)
22 19313.78837) 32.46269) —10.566) —-0.708) 0.0182)
2131 19567.05768) 29.0510) —13.3714) —0.965) 0.0192)
28 20305.73760) 38.91989) —26.552) -1.922) 0.0342)
223! 20562.33062) 35.549) —27.752) -7.1702) 0.0743)
112! 21051.10051) 26.44572) —10.026) —0.64(6) 0.0141)
283! 21545.3813) 41.1222) —37.159) —4.3412) 0.0703)
1122 22024.29832) 29.9412) —15.7417) —1.09198 0.0213)
1128 22981.39%77) 37.3214) —21.023) -2.123) 0.0302)

#Three standard errors given in parentheses.

Figure 4 displays plots o€,,(*°F) [upper pandl and

tent in all cases with the weak field vector coupling model inC,,(*H) vs g,,. Consistent with Eqs(3)—(5), the majority
the basis:F1=J;+1g, F=F;+Iy. Using a second least- of data in both plots fall on a straight line passing through
squares program, we then conducted a single-parameter fit tife origin. The exceptions are the higher members"6ft2
the data to determing,, for each vibrational level. The and we comment on this observation below. Linear fits of the
values derived for unperturbed levels are given together witldata for the rest of the vibrational levels are shown in Fig. 4,
the hyperfine constants in Table I. Note that, due to the higlthe slopes of which give constants of 72@3) and 5%2)
resolving power of QBS, even smaljl, factors on the order
of ~0.01 can be determined to within 10%.

Caa('°F) in MHz

Caa('H) in MHz

T A Y
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& aa
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FIG. 4. Dependence of th€F (upper pangland*H nuclear spin-rotation

constants on Landg,, factor. Linear fits(lines) are also shown, as de-

scribed in the textl=2", A=2"3, O=1!2". Note that the error bars
are smaller than the symbol size.

MHz for *°F and'H, respectively. The former is consistent
with the value of 737 MHz estimated by Suzuki and Hirota
for the ( band?® and may be compared with values of
758.0623) MHz for the A state of the isoelectronic NF
radical?* and 705.8%41) MHz for the Il state of the CF
radical*? Comparinga with the atomic value for fluorin&®
we derive a spin density 0f17% at the'®F nucleus. The
interpretation of the proton hyperfine constant is not as
straightforward** however, we note that the derived value is
similar to that(54.2 MH2) found for the?ll state of the CH
radical®®

The strong correlation observed in Fig. 4 indicates that
the a hyperfine constant in th&'A” state isindependenbf
vibrational level. Therefore, the observed vibrational selec-
tivity (Fig. 3 must have another origin. Using effective ro-
tational (A) and hyperfine §) constant$®324°Eq. (3) can
be rewritten as

N Y . /\2
Can(v')= —43AS, %

For comparison with our previous repdftiwe show in Fig. 5

a plot of theC,, constants versus effective rotational con-
stantA,*¢ incorporating new data for the'2" progression.
[Here we added the two constants observed forRenner-
Tellen split K,=1 subband of 2] The 1% constants clearly

fall on two different lines of essentially identical slope. With
the exception of 122, all combination states lie on one line,
with the pure bending states on another, suggesting that the
latter may be the unique set of levels. Although the observed
linear behavior appears to validate the use of &), this
treatment will break down in cases where near resonances
occur with high vibrational levels oK*A’, as the sign of
terms in the sum can be positive or negative depending on
the relative ordering of the levels. This explains wémall
hyperfine constants and Zeeman effects are observed for
strongly RT perturbed levef$ as we show in a detailed

(6)
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FIG. 5. Dependence of théF (upper panélnuclear spin-rotation constant
on effectiveA rotational constant. Linear fitdines) are shown to guide the
eye.M=2", A=2"3', O=1'2". Note that the error bars are smaller than
the symbol size.

Quantum beat spectroscopy of HCF. | 8873

6A. M. Dean and J. W. Bozzelli, irGas-phase Combustion Chemistry
edited by W. C. Gardiner, JiSpringer, New York, 2000 Chap. 2.

’G. B. Bacskay, M. Martoprawiro, and J. C. Mackie, Chem. Phys. Lett.
290, 391(1998.

8K. Sendt, E. lkeda, G. B. Bacskay, and J. C. Mackie, J. Phys. Chem. A
103 1054(1999.

9M. Martoprawiro, G. B. Bacskay, and J. C. Mackie, J. Phys. ChefD3
3923(1999.

10K, Sendt, G. B. Bacskay, and J. C. Mackie, J. Phys. Cherh04 1861
(2000.

HR. P. WayneChemistry of Atmospheré®xford University Press, Oxford,
1991, Chap. 8, and references therein.

12E. A. Carter and W. A. Goddard Ill, J. Chem. Ph@8, 1752(1988.

13C. W. Bauschlicher, Jr., H. F. Schaefer Ill, and P. S. Bagus, J. Am. Chem.
Soc.99, 7106(1977.

1G. E. Scseria, M. Durg R. G. A. R. Maclagan, and H. F. Schaefer I, J.
Am. Chem. Soc108 3248(1986.

15K, K. Irikura, W. A. Goddard Ill, and J. L. Beauchamp, J. Am. Chem. Soc.
114, 48(1992.

18E. A. Carter and W. A. Goddard Ill, J. Phys. Che®d, 4651(1987.

173, K. Shin, W. A. Goddard Ill, and J. L. Beauchamp, J. Chem. P9g;s.
4986 (1990.

18G. L. Gutsev and T. Ziegler, J. Phys. Cheds, 7220(1991).

analysis of 2 which forms the basis of the second paper inizN. Russo, E. Sicilia, and M. Toscano, J. Chem. PI8y5.5031(1992.
this series. Thus, the trend observed in Fig. 5 may reflect theB: Weis, P- Rosmus, K. Yamashita, and K. Morokuma, J. Chem. P4ys.

underlying RT interaction, although further work is needed.:

to clarify this issue.
We note that the 28! and 223! levels show alarger

6635(1990.

T. W. Schmidt, G. B. Bacskay, and S. H. Kable, Chem. Phys. 68, 80
(1998.

2R, 1. Patel, G. W. Stewart, K. Casleton, J. L. Gole, and J. R. Lombardi,

Zeeman effect than expected based upon the trend observghem- Phys52 461 (1980.

for the other levels(Fig. 4). Consistent with previous
work,2~28 we find, in addition to lifetime lengthenint};*®
large Zeeman(and hyperfing splittings associated with
singlet-triplet perturbations in this systéthHowever, the
levels probed in 23! and 23! were not identified as per-
turbed on the basis of our spectroscopic anafysislifetime
measurements, and th& hyperfine constants of these lev-

A. J. Merer and D. N. Travis, Can. J. Phygl, 1541(1966.
24M. Kakimoto, S. Saito, and E. Hirota, J. Mol. Spectro88, 300 (1981).
25T, Suzuki, S. Saito, and E. Hirota, J. Mol. Spectrc@@,. 447 (1981).
26R. J. Butcher, S. Saito, and E. Hirota, J. Chem. PB@s4000(1984.
27T, Suzuki, S. Saito, and E. Hirota, Can. J. PH§&.1328(1984.
28T, Suzuki and E. Hirota, J. Chem. Phyg5, 5541(1986.
297, W. Schmidt, G. B. Bacskay, and S. H. Kable, J. Chem. P14@.11277
(1999.
30K. Nauta, J. S. Guss, N. L. Owens, and S. H. Kable, J. Chem. R&gs.

els follow the trend of the other members of this progression 3517(2004.

(Fig. 5. Thus, at the present time this observation rema|nza548(2003‘

unexplained. We plan to address this question and probe

H. Fan, I. lonescu, C. Annesley, and S. A. Reid, Chem. Phys. B@é§.

I. lonescu, H. Fan, C. Annesley, J. Xin, and S. A. Reid, J. Chem. Phys.

further detail the vibrational state dependence of the hyper- 120 1164(2004.
fine parameters in this system by conducting similar experi§3H. Fan, I. lonescu, C. Annesley, J. Cummins, M. Bowers, J. Xin, and S. A.
ments on DCF. This will require a detailed spectroscopic,,X€id: J- Phys. Chem. 20§ 3732(2004.

study similar to that recently reported for H&¥Fwhich is
currently underway in our laboratory.

ACKNOWLEDGMENTS

J. Xin, I. lonescu, D. Kuffel, and S. A. Reid, Chem. Phg81, 61 (2003.

35J. Xin, 1. lonescu, H. Fan, and S. A. Reid, Rec. Res. Develop. Chem. Phys.
5, 211(2004).

36, Xin, H. Fan, I. lonescu, C. Annesley, and S. A. Reid, J. Mol. Spectrosc.
219 37(2003.

S"M. Dubs, J. Mihlbach, H. Bitto, P. Schmidt, and J. R. Huber, J. Chem.

We gratefully acknowledge the donors of the PetroleumssPhys.ss, 3755(1985.
Research Fund of the American Chemical Society and thgM- Dubs, P. Schmidt, and J. R. Huber, J. Chem. PB{56335(1986.

National Science FoundatiqiGrant No. CHE-0353596for
support of this research.

ICarbenesedited by R. A. Moss and M. Jones, Reactive Intermediates
in Organic Chemistry Series Vol.(Wiley-Interscience, New York, 1973
Reactive Intermediates in Organic Chemistry Series Vol.(Wiley-
Interscience, New York, 1975

2W. Kirmse, Carbene Chemistry2nd ed.(Academic, New York, 1971

3J. C. ScianoHandbook of Organic PhotochemistfCRC Press, Boca
Raton, FL, 1989 \ol. 2, Chap. 9.

4F. A. Carey and R. J. Sundbergdvanced Organic Chemistrrd ed.
(Plenum, New York, 1990 Pt. 3.

5U. E. Weirsum and L. W. Jenneskens Gas Phase Reactions in Organic
Synthesisedited by Y. Valle (Gordon and Breach, Australia, 1997

H. Bitto, M. P. Docker, P. Schmidt, and J. R. Huber, J. Chem. P8gs.
187(1990.

40C. H. Townes and A. L. Schawlowlicrowave SpectroscopfMcGraw-
Hill, New York, 1955, Chap. 8.

41p. B. Davies, P. A. Hamilton, and M. Okumura, J. Chem. Piis 4294
(198)).

423, saito, Y. Endo, M. Takami, and E. Hirota, J. Chem. PI#8. 116
(1983.

43J. S. M. Harvey, Proc. R. Soc. London, Ser285, 581 (1965.

“High Resolution Spectroscopy of Transient Molecuéetited by E. Hirota
(Springer, Berlin, 198f Chap. 4.

“M. Bogey, C. Demuynck, and J. L. Destombes, Chem. Phys. 1.6,
105 (1983.

4The effective rotational constant is defined[a§A'A”,v") +A(X'A’ v/
=0)]/2.

Downloaded 30 Oct 2004 to 140.114.44.43. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



