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Photodissociative spectroscopy of the hydroxymethyl radical
(CH,OH) in the 3 s and 3 p, states
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The absorption spectrum and photodissociation dynamics of the hydroxymethyl radical via its two
lowest excited electronic statess 8nd 3, , are investigated in a supersonic molecular beam by the
depletion, resonance enhanced multiphoton ionization, and photofragment yield spectroscopy
methods. The measured origins of the electronic transitions todlan@ 3, states agree with the

most recenab initio calculations. The vibronic bands of thé&’ (3p,) < 1 2A” transition are much
broader than those of the transition terminating in tH&AX3p,) state, while the transition to the
12A’(3s) state appears structureless. The investigation of the deuterated anglo® Ghows that

near the onset of the transition to the 8tate, only the O—D bond fission pathway is important,
while both H and D products are detected following excitation to the &ate. The progressive
broadening of the absorption features from the uppermpstt8 the lowest 3 excited state is
explained based on recent calculations of surface couplings to lower electronic states. These
couplings also control the photodissociation dynamics and the reaction outcome20020
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I. INTRODUCTION was initially assigned as the origin band of thé4 (3p,)
_ —12A" systenf" Aristov et al. revised this assignment to
The hydroxymethyl radicalCH,OH) has attracted con- 22A"(3p,)— 12A", based on spectroscopic simulations of

;iderable att.ention in recent years. Itis a significggt prOducFotational contours for selected vibronic bands obtained by
in the reaction of @D) with methane and ethari€,and resonance enhanced multiphoton ionizati®EMPI) in the

rgacnons of .Cl atoms and395H rqdlcals with methanol alsomolecular beam and in a flow céfl.Ab initio calculations
yield predominantly CKHOH.®™> Owing to the low and com- . . . 1

: ‘ o . L carried out by Bruna and Grein supported this revisiout
parable barriers to isomerization and dissociation, thea later computation by Chen and Davidson favored the initial
isomerization CHOH« CH3;O has commanded much theo- P y

. 4
retical interesf 1% According toab initio calculations* the assignment of the upper state _qsg(31 Later on, Bruna and
lowest excited electronic states of gBH have a predomi- G_rem recalculated the adiabatic an(_:l vertical t_ransmon ener-
nant Rydberg character; specifically, th 33p,, 3p,, and gies to the four Rydberg stat&swhich reconfirmed their

3p, states. Of these four states, only thg, State does not ]?”g';‘al asmgnm;}ants., arr:d resulted |r;] a muphl Iow}e;(r energy
carry oscillator strength, while the transitions tp,3and 3p,  [©' the 35 state than in the previous theoretical works.

are the strongest. The ground state of the hydroxymethyl M OUr prévious publications, the molecular beam spec-
radical is described by the configuration, troscopy and photodissociation dynamics of the hydroxy-
methyl radical in the origin band of thep3 Rydberg state

""" (060 (o) *(No) *(ge) were reported?!®1”We estimated the lifetime of thepd

The Rydberg states are obtained by promoting the electron iftate at 0.5:0.1 ps, and established thatH€H,0(1"A;)

the half-occupiedr?, antibonding molecular orbital to a Was a major dissociation cha.mnel following origin band ex-
Rydberg orbital localized on the carbon atom. Johnson angitation. The two lowest excited statess and 3, have
Hudgens carried owb initio calculations of the neutral radi- Never been identified in molecular beam spectroscopy. Their
cal and its catioff. Their results show that the ground state of 0rigins were tentatively assigned based on the UV absorption
the CHOH radical is nonplanar, belonging to ti® sym-  Spectrum obtained at 298 Kthe same spectrum for which
metry point group. However, because of the shallowness ohe bands assigned to the@3state were later reassigned to
the CH, wag angular potential, the electronic wave function3p, . Knowledge of the spectroscopy and the photophysics
complies withC4 A” symmetry when taking into consider- related to these two lowest states should provide valuable
ation the rapid interconversion of the mirror structures. Thensights into the UV photodissociation dynamics of the radi-
Rydberg states have a planar geometry, similar to that of theal.

bound CHOH™ cation? Therefore, the 8 and 3, states are In this paper, we report the first spectroscopic study of
denoted in this paper by?A’(3p,) and 1?A’(3s), and the the UV excitation of CHOH and CHOD to the 3 and 3,
electronic transitions are labeled B¢ symmetry. states in the molecular beam. We assign the origins of the

The assignments of the transitions to these Rydberglectronic transitions to these two states, estimate their life-
states have been the subject of some controVéréyThe times, and identify the channels responsible for H/D prod-
experimentally observed absorption band at 41062 cm ucts. The experimentally determined band origins are in ex-
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ion signal UV pump radiation from a Nd:YAG laser-pumped OPO
(Continuum, PL8000/Sunlite FX-1; 0.5 mJ; 40 cm f.l. Igns
accesses either the3 or the 3 state by one-photon exci-
tation. A Nd:YAG laser pumped dye laséContinuum,
PL8010/ND6000, Coumarin 480; 2 mJ, 15 cm f.l. lens
serves as the probe laser whose frequency is fixed at 487.07
nm (20531 cm?) to accesgby 2+1 REMP)) the peak of the
22A"(3p,)«—12A" origin band of CHOH.'>1® The pump
laser is scanned from 26 000 to 42 000 ¢mcovering the
A range of the anticipated transitions to thp,3and 3 states.
v The population of the ground state is depleted whenever pho-
Pump Probe ton absorption to an excited state takes place thereby attenu-
Excitation CILOH _ 2+1 REMPI ating the CI—QOH_+ ion signal. The relative absorptlon to. the
3s or 3p, state is calculated as the percent reduction in the

V£

Ho

3sor3p,

uo

aduBuoOSal soueuosal

2Ar1 . .
(17A™) CH,OH™ ion signal:
FIG. 1. Schematic representation of the depletion method. When the pump I oumo of— ! oump on
frequency matches an absorption band in the transition to ther Bp, Pabsorptiov€33 or 3py)= _Pump oF PP O 100%. (1)
states, the population of the ground state is reduced. Consequently; the 2 | pump off

REMPI probe signal(CH,OH") centered on the origin band of the . . " ot .
22A"(3p,)«12A" transition is depleted compared to the off-resonanceThe signal intensitied, on the right-hand side of E¢l) are

signal. obtained by using gated integrators to average theGEH

ion signal for several laser shots. “Pump off” and “pump

on” conditions are accomplished by reversing the order of
cellent agreement with the receab initio calculations of firings of the pump and probe lasers. The time delay is regu-
Bruna and Greirt>!® With the aid of the calculations per- lated by digital pulse/delay generatof®G 535, Stanford
formed by Hoffman and Yarkon{HY) on conical intersec- Research Systems, 10 ns resolutidn the case of “pump
tions between the ground and low-lying Rydberg states obff,” the probe laser precedes the pump laser by 100 ns,
CH,OH,* we are also able to identify the pathways that leadwhile with “pump-on,” the probe laser is fired 20 ns after the
from the initially excited electronic states to(B) products pump. The observed signals are normalized to suppress the

of CH,OD. probe power fluctuations. The pump laser power is optimized
to achieve a good signal-to-noise ratio, while maintaining a
Il. EXPERIMENT linear dependence of the depletion signal on intensity. Each

data point reflects the average of 20 measurements.

The experimental arrangement and procedures have been H and D photofragments from GBD are detected by
reported elsewher€;*® and only aspects specific to this 141’ two-color REMPI via the Le transition at 121.6 nm.
study are described in detail. Reactant mixtures of, Cl The doubled output~365 nm, 3 my of a Nd:YAG laser
CH,OH, or CHOD (Aldrich, used without further purifica- pumped dye laser systertContinuum, PL8010/ND6000,
tion), and He are prepared in a glass bulb at 300 K and ps 751 is focused into a mixture of Kr:Af120:490 Tory
transported into the vacuum chamber through a piezoelectrin a tripling cell. A MgF; lens(75 mm f.1) then refocuses the
Ca”y controlled pulsed nozzle. The hydrOXymethyl radical |Str|p|ed 121.6 nm radiation into the chamber.

produced at the end of a quartz-nozzle attachment by the |n the one-color 22 REMPI method, the laser radiation

reactions: (560-580 nm, 8 mJis focused by a 15 cm f.l. lens. Simul-
ho taneous absorption of two photons excites the radical reso-
Cl,—2Cl; nantly to the %, Rydberg state, while additional two pho-
tons of the same wavelength are required to ionize the
CHzOH+Cl—CH,OH+HCI. excited molecules.
Photodissociation of Glis accomplished by pulsed 355 nm In all three methods, the generated ions are accelerated

radiation from a Nd:YAG lase(Spectra Physics, GCR-11; 8 toward a 25 mm diameter multi-channel pl&héCP) detec-
mJ, focused by a 30 cm f.I. cylindrical lensy controlling  tor (Galileo, 25 mm through a vertically mounted Wiley—
the position of the laser beam along the quartz tube, the rapitficlaren time-of-flight(TOF) mass spectrometer. The MCP
consecutive reaction @CH,0OH—CH,O+HCI can be sup- ©utput is amplified by a wide-band amplifigcOTA micro-
pressed. Hydroxymethyl radicals with densities ofCircuits, KE104, and the signal is digitized by a 500 MHz
10210 cm2 are produced with a rotational temperature oscilloscope(Tektronix, TDS640A controlled with LabView
of about 10 K. No vibrational “hot bands” are observed. ~ Programs. Typically, 2050 laser firings are averaged.
Three types of spectra are recordés): depletion spec-
tra, (b) H and D photofragment yield spectra of @D, (c)  Ill. RESULTS AND DISCUSSIONS
2+2 REMPI spectra. Two-laser experiments are carried ouL
with the laser beams counterpropagating, and crossing the
molecular beam at the center of the reaction chamber at 90°. In the depletion spectrum shown in Fig. 2, the pump
In the depletion method, shown schematically in Fig. 1, thefrequency is scanned over the range 32 000—42 000'cm

Excitation to the 3 p, state of CH ,OH(D)
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FIG. 2. Depletion spectrum of GI@H. The sharp peak at 41 062 chis

the origin band of the 3A”(3p,) —1 2A” transition. The peaks at 35 063

and 326 ?70 cm? cozm?,spond_ to the origin band and the C-O stretc) (6 FIG. 3. Photofragment yield andt2 REMPI spectra of CkOD. In (a) and

the 2°A"(3p,) <1 “A” transition. For comparison, the REMPI spectrum of (b) signals from D and H products from GED are recorded for the

the 22A"(3p,) —1 2A” transition is reproduced in the inset at the bottom 22A’(3p)—12A" origin band. In(c) the 2+2 REMPI spectrum of
» .

(Ref. 12. CH,OD in the same region is shown.

Excitation energy (cm'1)

with the probe laser frequency fixed at 20 531 ¢pi.e., half at 298 K, where all the vibrational bands exhibit similar
the frequency necessary to reach the band origin of th@/idths?’ In the supersonic beam the spectral broadening due
22A"(3p,)—12A" transition. The first observed vibronic 0 rotational structure is effectively eliminated, and it be-
band, at 35063 ciit, is assigned as the origin of the cOmes obvioy_s that the vibronic bands of théA2(3p,)
22A’(3p,)«12A” transition. This assignment is based on <1 ZA” transition are much broader tharj those of the corre-
the most recent theoretical calculatio€® and the fact that SPonding transition to thef8 state. Also, in both the deple-
it is the first in a series of distinct bands. The second peakion and the UV absorption spectra, an underlying continuum
which is 1607 cm? higher in energy than the first, is as- is apparent. The spectral simulations of Arisei\al. confirm
signed as the C—O stretchi.6This transition frequency is thaF thg preadths of the vibronic banc!s are proportional to
consistent with the C—O stretch vibrational frequency oftheir lifetimes:? The broad peaks in the “2A'(3p,)
1643 cm* calculatedab initio for the ground state Cj0H* <1 °A” system indicate that thep3 state is predissociating
ion4 The origin band of the 3A”(3p,)«—12A" system is rapidly, with a lifetime much shorter than that of the
also observed in the depletion spectrum using the same dé-A"(3p,) state. Since both states are predissociative, the
tection scheme, as the much narrower spectral feature QPServed depletion fractions can be higtg. 2), approach-
~41000 cnt. Note that the 2A’(3p,)—12A” systemisa N9 50%. o -
perpendicular(out-of-plang transition, while the transition In order to identify the dissociation pathways, we mea-
moment of the 2A”(3p,)— 1 2A” system is parallel to the sured photofragment yield spectra of the isotopic analog
CO bond™315 This can cause detection difficulies in CH2OD, and detected both H and D fragments. The band
depletion experiments when excitation and detection are aghapes and widths of the D and H photofragments measured
complished via one-photon transitions. However, the probin the region of the origin band and shown in Figé)3and
lem is circumvented in our experiments in which the 2 ~ 3(b) match those observed in thet2 REMPI spectrum of
REMPI excitation scheme is exploited for the probe transi-CH20D [Fig. 3()], and in the depletion spectrum of GBH
tion. In this protocol, the two upper states are monitored witHFig- 2. The coincident appearance of these peaks confirms
comparable efficiencies. For comparison, displayed as thiat the 3, Rydberg state is the source of both H and D
inset in Fig. 2 is a portion of the assigned-2 REMP|  Products from CHOD.
spectrum of CHOH in the region 41000—45000 crh
which shows the vibronic bands belonging to the
22A"(3p,)«—12A" system? This spectrum exhibits a pro- Since the 3 state is the lowest excited state of GBH,
gression in the C-O stretch, reflecting the large C—O bondhe interpretation of its photodissociation dynamics should
length difference between the ground and the upper stafes. be simplified, as it would involve fewer possible electronic
The vibrational progressions in the two transitions terminatstates. We searched for the origin of the transition to the 3
ing in the 3, and 3, states are expected to be quite similar, state near the energy predicted by #ieinitio calculations;
as indeed observed, because both involve excitation to Ryd-e., 3.31 e\!®> We were unable to observe a REMPI spec-
berg states that converge to the ground state of the core iotrum in this region, but using the depletion method, we de-
CH,OH". tected a broad absorption feature starting at 26 000'cm
To date, the only available spectral information for this (3.21 eV} [Fig. 4a)]. The absorption does not cease above
energy region has been the absorption spectrum measurg8 500 cm?, but extends to shorter wavelengths, and con-

B. The 3 s state of CH ,OH(D)
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cores(the ground state of C}DH"), our observation of a
featureless transition to thes&tate is intriguing. It is note-
worthy that a similar behavior has been observed in other
hydrocarbon radicals, such as ¢lnd GHs.2*2* C,Hs in
particular provides a good analog to the isoelectronic
CH,OH. Its UV absorption spectrum in the region of excita-
tion to the 3 Rydberg stat€230—265 nmis also broad and
structureless, while absorption to the 3tates exhibit char-
acteristic vibronic structur®. There is no apparent local
minimum on the 3 state of GH;, and the absence of struc-
tural features in the spectrum was interpreted based on fast
FIG. 4. (a) Depletion spectrum of C}DH at the onset of the 3a’(3s)  dissociation via both internal conversion to a low-lying sur-
—12A" transition.(b) The corresponding D photofragment yield spectrum face, and prompt dissociation on the excited state proceeding
of CH,0D. via a C,, pathway?! There are, undoubtedly, many differ-
ences between f; and CHOH, but nevertheless some
stitutes the underlying continuum near the band origins ofimilarities in the Rydberg-valence and Rydberg-continuum
the transitions to the 3, and 3, states, as described above. Intéractions of these two radicals are expected.
The dissociative nature of thes3tate explains the absence 1€ conical intersection calculations of HY pinpoint
of a REMPI spectrum in this region. Our assignment of thePathways for radiationless decay, which are expected to play
depletion spectrum to the 2A’(3s)«12A” transition is an essential role in the photodissociation dynamics on ¢he 3
based on the proximity of its onset to the theoreticaland 3y states:® An efficient seam of conical intersections
prediction’*'°and the absence of any detectable absorptionfetween 3 and the ground state has been revealed in these
at lower excitation energies. This band edge is also concalculations. A low-energy crossing seam was found at 2.9
firmed in the D photofragment yield spectrum of 3D eV, at an O-H distance of about 1.48 A, which is extended
[Fig. 4b)]. Similar to the depletion spectrum of GBIH, the by about 0.5 A from the equilibrium O—H distance in the
D photofragment yield spectrum of GED also appears ground state. The vertical cone greatly promotes radiation-
structureless. In contrast to the excitation in the region of théess transitions from € to the ground state. After the
3py origin band, we could not detect H products in this re-3s/ground state coupling, CIOH(D) dissociates directly to
gion within our sensitivity. This is the first time that absorp- H,CO(1'A,) +H(D), as a result of the low dissociation en-
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tion in this region is recorded. ergy for this channe(~1.3 eV), and the large value of
. R(O-H) accessed on the ground state. Our observation of

C. Spectroscopy and photochemistry abundant D production in C}D excited near the onset of

Table | summarizes the energy positions of tise 3p,,  the transition to the 8 state is consistent with this mecha-

and 3, states of CHOH determined experimentally in our Nhism. The conical intersection energy is about 1.2 eV lower
work, and compares them with the most recent theoreticalhan the vertical energy of excitation to thestate, which is
results. Our results agree very well with the calculation of~4.1 eV in HY’s calculation. No local energy minimum is
Bruna and Greid®®® but not with that of Chen and found along this route, and HY predict that the State
Davidson®* Although both calculations use similab initio  would be structureless, as confirmed in our experiments.
methods, Bruna and Grein explain that Chen and Davidson In the absorption and depletion spectra in the energy
overestimate the energies of the upper states, because theynge 30 000—40 000 cr, the distinct vibronic transitions
use directly diagonalized energy eigenvalues in their MRClo the P, state are superimposed on a weak continuum,
calculations, which are higher than those obtained using th@hich is attributed to the structureless absorption to tee 3
extrapolated or estimated full Cl results by 0.5-0.8'8V.  state. Because thes3state is essentially repulsive with a
Considering the fact that thes3 3p,, and 3, states  cgculated vertical transition energy of about 4.1 eV
are predominantly Rydberg in character with identical ionic(~33 000 cnl), the extension of the 3A’ (3s)« 1 2A” ab-
sorption to energies up to about 40 000 ¢nis reasonable.

TABLE |. Theoretically calculated and experimentally determined origin The photochemistry following 8, excitation is more

bands for the transitions terminating in the 8nd 3, states of CHOH. complicated due to the multiple couplings and pathways in-
= @) s _—— volved in the photodissociation. This state is bound but pre-
State T‘;]eor}? T‘r’]e(((x éxpt.c dissocigtive, as indicated_ by its broadened_ vibrational bands.
. 1 a1 222 According to the calculation$ after the radical reaches the
S . . . s
3p, 5 20 adl 434 3p, state, it first couples to thes3state, and subsequently to

3p, 5.80 5.06 5.09 the ground state as described above. Because of the proxim-
ity of the 3p, to the 3 state, Franck—Condon considerations
‘Reference 14. . would favor initial coupling between these two states.
Reference 15; calculated at the geometry of,OH™. . . . .
“This work. The conical intersection betweem,3and 3 is located
9References 12 and 16. at 4.7 eV with one of the C—H bonds elongated by 0.3 A
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