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Highly excited vibrational states of HOR 1= * were investigated by stimulated emission pumping
spectroscopy. Two distinct families of vibrational states were observed in the 13400-17500
cm ! energy region. One of them is “normal-mode-type” states, well characterized by polyads
involving the bending ¢,) and CP stretching «3) vibrations. The other is delocalized
“isomerization states” whose existence has been predicted by a recent theoreticdlJstGthgm.
Phys.104, 10055(1996]. The present spectroscopic observations agree well with the theoretical
predictions. ©1997 American Institute of Physids$S0021-960607)03207-9

Molecular isomerization processes occur often at highexample, theB-value first increases slightly with, for v,
levels of vibrational excitation in the electronic ground state.= 0 — 2.” At some point, it turns around and then decreases
On the basis of a time-independent picture, the isomerizatioslowly. TheB-value observed by SEP first slowly decreases
process can be characterized by analysis of rotation-vibratiowith v, for v, = 26 to 34 and then increases rapidly above
eigenstates in the high energy region. Therefore, investigay,=36. They claimed that this feature is caused by a change
tions of highly excited vibrational levels are very important in the curvature of the potential energy surface sampled in-
for gaining fundamental insights into isomerization. Amongirectly (via second order Coriolis interactions of the form
various kinds of isomerization reactions, the isomerization ofAU2 = —3Auv,) by the highw, vibrational states. They also
a triatomi_c mo_nohydrid_e, HAB, is the simplest one: the hy-gpserveds 1A —X IS+ SEP spectra which sampled vibra-
drogen migration reaction, HABABH. This system is most 45| eyels in the 22500-23200 crhenergy regior. They
fundamental for bOth expenmental- anf theqreUcaI StUdlesround 22 vibrational levels in this energy region. Some of
Recent spectroscopic’ and theoretical” studies of HCP these vibrational levels were found to exhibit anomalously

have reveal_ed many clues to an understanding of th?argeB—valuesBz 0.7 cm . TheseB-values are more than
HC?P(_’CPH |sqmer|zat|on. In t.he case of HCP, many f[heo-S% larger than that of th€D,0,0 level. They suggested that
retical calculations have predicted that the CPH configura: T

tion corresponds to a saddle point rather than a local miniEhese largeB-values are due to a Coriolis coupling effect

mum on the potential surfa¢é® unlike the case of the between the H-X stretctX is the CP center of masand

homologue, HCN. However, one can consider the HCP—the be;d agnéj that this Coriolis coupling “turns on” when
wy."’

CPH system as a prototype of isomerization, especially iff’Hx"

respect of the change in the nature of the HC vs HP chemical yery recently Schinke a“‘?' co-workers galculated a po-
bond. tential energy surface of HCP in the electronic ground $tate.

Stimulated emission pumpin@EP and dispersed fluo- Their calculation showed that the CPH saddle point occurs at

rescence(DF) spectroscopies are very useful techniques to3-342 €V above the bottom of the HCP well. They obtained
investigate highly excited vibrational levels in the electronic™ore than 700 vibrational levels located at energies up to 3
ground staté. These methods have already been applied t&V above the bottom of the HCP well by exact quantum
the HCP system. Lehmaret al.observed 94 vibrational lev- Mechanical bound-state calculations. They also computed
els having a vibrational energyE(,s) in the X state, up to  that the zero-point energy is 0.37 €2984 cm ). In addi-
Eys=16917 cm?, in A A" X 1S* DF spectra[The tion, they analyzed periodic orbit®®O9 and bifurcation—
zero of energy,Eys=0, is chosen al=0 in the (0,0,  continuation diagrams in classical phase space. They found
level]* They assigned all of the levels observed as combinathat the quantum wave functions are clearly localized along
tion levels of the bend and the CP stretching modes, as débe projections of the POs onto the potential surface. Their
noted by (Qy,,v3), Wherev, andv; refer to the quantum theoretical study predicted several points of great interest
numbers of the bendingr§) and CP stretchingyz) modes.  With respect to HCP isomerization: the existance of two dis-
They also fitted the vibrational energies using a rigid bendetinct families of bending states. One of these families is as-
model and obtained a good fit. Later, Field and co-workersociated with vibrational levels having the wave function
observed HCPA— X SEP spectra that sampled pure bendconfined to rather small bending angles, that is, normal-
overtone levels, (@,,0) with v,=26—42, in theX state>®>  mode-type states. On the other hand, the wave functions of
They found an abrupt change of the rotatioialand vibra-  the other family of bending states are closely related to the
tional fine structure constants in the vicinity ®=36. For  minimum energy isomerization path from H-CP to CP—H.
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Therefore the latter type of vibrational levels can be referred -
to as “isomerization states.” In their paper, Schinke and 1o

10 20 30
co-workeré denoted these states ESN] levels, since the N
appearance of this family corresponds to a saddle node bi- g
furcation in the bifurcation—continuation diagram of the 2
POs. The lowest enerd$N] level is located at 2.08 e\{PO E ] iy
£ 4 c

analysis of 2.26 eV (quantum calculationabove the bottom
of the HCP well. Since their calculation was restricted to .
J=0 states, they estimated tlevalue of each vibrational : ) / . :
level from the expectation value of the reciprocal moment of 0 5°°‘|’memal“|’s°,?§rgy oo 20000

inertia. The calculatedB-values of all[SN] levels were

found to be about 5% largeb.685 cm*) than that of the FIG. 1. Dispersed fluorescence spectrum from €A’ (0,1,1) level of
vibrational ground stat€0.652 cm ). It is evident that the HCP. A P(9) rotational line was used as the PUMP transition.
signature of al[SN] levels is largeB-values. In this respect,

the largeB levels that were observed in tiie— X SEP spec-

tra recorded by Field and co-work®fsseem to be closely arerestrictedte’ =v,,v,— 2,0, -4, ..., and0or 1foeven
related to thg SN] levels. However, the energy region that O ©dd v, respectively. The total angular momentud,
the SEP spectra sampled, 3 eV above the bottom of the wellnust be larger than or equal 1o_that is,J=/". Due to the

is much higher than where the lowest energy comp[&d rotational selection rule fo.r'thé:—X Fran.smqn, which is
level is located. In order to identify tH&N] levels in an SEP AlKy = 77 = 0, only transitions terminating irf =0 levels
spectrum, it would be necessary to find levels with large?r® allowed in th&€—X DF and SEP spectra. The value of
B-values in the lowerEyz energy region where the first /is easily recogr_nze_d by fqllowmg the spectrum to the low-
[SN] levels are expected to appear. est value ofJ, which isJ=/"

_ In this communication, we report new SEP spectra of Figure 1 shows a dispersed fluoresce(D€) spectrum

C—X transitions which have sampled highly excited vibra-TomM the HCPC (0,1, level, in which theP(9) line was
tional levels of HCPX 1S+ and the experimental identifica- used as the PUMP transition. The abscissa represents the

tion of two families of vibrational levels, “normal-mode- internal energy of the electronic ground staxe, As indi-

type” and Schinke’s[SN] levels. In the 13400—17500 gztfr?emb?r? df;gil::ea,l tggnrgicr’ft prrgmr'gsesnigﬁe?;ls)C%\rllht:eall}s&gned
cm ! energy region, we found five vibrational levels that can 9 prog v ' 2

. = 0,2,4,...,34Weak bands located between the prominent
be assigned 4$SN] levels. The agreement between the theo-, Vo . . .
. . : band the | tentativel d
retically predicted and our experimentally obser&N] ands in e Jower energy region are entatively assigned as

. oo nominally “forbidden” transitions to”’=1 levels that appear
states, such as a large rotational constant, vibrational ener

4 hiahl H ic vibrational . "dle to the “axis-switching” effec?. As Ey g increases, the
ggzzt’ and highly anharmonic vibrational spacing, was qultespectral pattern becomes increasingly complicated. As men-

) . ) . tioned above, all vibrational levels observed in the: X DF
The experimental conditions are only briefly described

X spectra reported by Lehmaret al. could be assigned as
here. Two dye laserd.umonics HD-500 were pumped by a bend—CP stretch (0,v5) combination leveld. Many vi-

Nd:YAG laser (Continuum Powerlite 9030 The output of = pyatignal levels observed in ti@— X DF spectrum were also
one of the dye lasers was frequency doubled and used as tggjgned as bend—CP stretch combination levels in the same
PUMP pulse. Several vibrational levels of tRe'A’ state  \as as for theA— X transition. However, other levels, which
were used as intermediates. Depending on the DUMP trancannot be assigned as (3,v3) combination levels, appear
sition frequency, the fundamental or frequency-doubled outin the DF spectrum via transitions with relatively large
put of the other dye laser was used as the DUMP pulse. Igranck—Condon intensities. For example, three transitions
order to avoid saturation effects, laser intensities were redenoted as, b, andc in Fig. 1 have relatively large inten-
duced to 50 and 30QJ for the PUMP and the DUMP pulses, sities compared with those terminating in theyy3) lev-
respectively. The time delay between the PUMP and DUMRls in the same energy region. In order to obtain more de-
pulses was less than 10 nsec. The resolution of both lasetailed information, SEP spectra in the vicinity of thagb,
was typically about 0.1 cm'. Laser wavelengths were cali- andc bands were recorded. A typical SEP spectrum is shown
brated using a wavemetéBurleigh WA-4500 or a 75 cm  in Fig. 2. This spectrum sampled th@26,0 andc levels in
monochromator. The absolute accuracy of line positions waghe X state. SinceC 1A’ — X 137 is a parallel transition,
1 cm™ %, but the relative accuracy was 0.1 ¢t When DF only R(J"—2) andP(J") lines appear in thé(J") PUMP
spectra were recorded, a 25 cm monochromdiikon  C—X SEP spectrum. If theR(0) line is observed in the
P-250 was placed in front of a photomultiplier. HCP was P(2) PUMP SEP spectrum, the vibrational level must con-
synthesized by the method described elsewﬁe_[e. tain aJ=0 level, that is, the vibrational angular momentum
Since the equilibrium structure of the HCR state is  quantum number;’, must be zero. For all levels observed in
linear, the bending vibration is doubly degenerate. Thereforethis study,/ is equal to zero. The theoretical calculation by
a vibrational angular momentum quantum numberis nec-  Schinke and co-workers was restricted to the casé=o,
essary to characterize each vibrational level. The values of which necessarily belongs t6=0. Therefore, the levels ob-
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2w,:1lwz anharmonic resonance. Consequently, the vibra-
1 0260 tional structure of all (Qy,,v3) levels of HCP is well char-
R PO . acterized by a @,:1w; polyad effective Hamiltonian.
RE) PE) Schinke and co-workers also reported strong anharmonic in-
7 teractions between the bend and CP stretch among the
normal-model-type states. Thus, all vibrational levels that
belong to (OP—2m,m) polyads can be referred to as
“normal-mode-type” states. This polyad structure remains
ML ML S Al valid and plays a central role in assigning the vibrational
16360I 16400 16440 16480 structure observed in the higher energy region near the
nternal Energy / cm ) . X ) 2 _ )
isomerization barriet'!* A detailed analysis of this anhar-
monic resonance will be described in a future publication.

Intensity (arb.)

FIG. 2. Stimulated emission pumping spectrum of HCP. The PUMP transi

tion was theC 1A’(0,1,1) — X 15 %(0,0,0) P(8) line. Vibrational assign- In contrast, théB-values of the levels associated with the
ments are indicated on the figure. The lewelis the same as that indicated @, b, andc bands are 410% larger than that of th,0,0
in Fig. 1. level. As mentioned above, the computBevalues of the

theoretical[SN] levels are about 5% larger than that of the

served in this work can be directly compared to those in thd0:0.0 level” Thus, we assigned these larBdevels as the
theoretical study. “isomerization” state or Schinke’sSN] levels. By selecting

In Table | the molecular constants of the vibrational lev-theé C (0,1,9 level as the intermediate, two additional
els observed in this study are listed. It is clear that thesé2rgeB levels were observed. Note that it is important to
levels can be classified into two families with respect to theirdistinguish between large-values computed frord=0 ex-
B-value. The levels with ordinarB-values, which are very Pectation values of the reciprocal moment of inertia and
close to that of the0,0,0 level, are assigned as bend—Cpthese measured from rotational intervals involving at least
stretch combinations, (0,,v3). The normal-mode-type ley- ©oneJ#0 rotational energy level. The latter type Bfvalue
els analyzed in the theoretical study exhibit the same rotadetermination is often susceptible to second-order perturba-
tional behavior(see Fig. 3 of Ref. i As mentioned above, tion theoretic contributions frorh- or c-type (A/=+1) Co-
all of the vibrational levels observed in te—X DF spectra  0lis perturbations. Of course, short of a global deperturba-
by Lehmanret al. and many of those observed in tBe-X  tion, experimentally determlm_ad effegtlvB—vaIu_es gould
DF and SEP spectra in this study were well characterized secome anomalously large owing to either the inertial effect
bending and CP stretching combination levels. It is wellPresent in Schinke’s calculations or incompletely deper-
known that the bending and CP stretching vibrations interaciurbed Coriolis effects. Among many types of Coriolis ef-

with each other by 2:1 anharmoni&ermj resonance be- fects, the strongest ones are expected td\bg = —Av,
tween the (Oy,, vs) and the (Op, — 2,05 + 1) levels>® = 1. Matrix elements for the Coriolis perturbations should

Due to this anharmonic resonance, allR®,2m,m) levels be large for highly excited bending levels because of the
with m=0,1, ...,P/2 are grouped into one polyad, where €xpected;” scaling ofAv, = + 1 off diagonal matrix ele-
P = v, + 2v3. The vibrational energies of the normal-mode Ments. Since all of the “isomerization” states presumably
like levels can be well reproduced by a calculation based oRavevux#0, there will beb,c-type Coriolis perturbers sym-

Dunham expansion for modes 2 and 3 combined with gnetrically both above and below the main state. Perturber
levels which are located above and below the level con-

cerned provide opposite effects, decreasing and increasing

TABLE I. The molecular constants of highly vibrationally excited levels of . .
X =% HCP observed in the present study. All constants are in units ofthe B-value, respeciively. Thus, the net effect might not be

cm-la so large. The net Coriolis effect on the effectBevalue for

our highly excited bending levels was estimated to cause a
Vibrational level G, B DX 10° —0.01 cm! decrease in thé@-value. In this respect, our
0.0,0° 0.0 0.6663274@6) 0.702517) experimentally observed largB-values are considered to
(VnxUb U e sy 13424.2 0.698) 54(19) arise mainly from a change in the moment of inetfiqre-
(Vux Vbt 20cp)sy  14496.6 0.688) —-15(19) aband cisely the effect predicted by Schinlet al* Moreover, two
(vux vp+4vcp)sy  15505.1 0.72®) 7219 bband other types of evidence also support our assignment, the on-
(vkx 0ot Boce)sy  16412.6 0.70@) 2118 cband  get energy and the large anharmonicity, and these also sup-
ESHZXG’S“S'”CP)SN iégg'g 8;?,(% _5&% port our assignment, as described below. In the theoretical
(0.20.4 17151.6 0.656) 46(19) calculation, the lowest enerd®N] level is predicted to oc-
(0,24,2 17299.0 0.65@) 20(19) cur at 2.26 eV above the bottom of the HCP well. Subtract-

_ _ ing the zero-point energy, this level is located at 15244
G, va_lues have_ bee_n obtained from the term value ofth® ro_tat_|ona_| cm™ ! above the(0,0,Q level. The energy of the lowest vi-
level in each vibrational levelB and D constants(lo uncertainties in brati Ll | with | B | b d in thi Ki
parenthesgshave been obtained from least-squares fits to the following rational level with largeB-value observed in this work Is

equations 13424 cm'!, which is slightly lower than that of the theo-
Avpump(P(J)—R(J—2))=B(4J—2)—D(8J3— 1212+ 12— 4). retical prediction. Taking the accuracy of the theoretical cal-
PFrom A. Cabaa et al, J. Mol. Spectrosc96, 342 (1982. culation into account, the experimental onset energy agrees
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satisfactorily with that of the theoretical prediction. The In conclusion, we have observed two distinct families of
other feature of the theoretic@SN] levels is their strong vibrational levels in theX state of HCP. The observed spec-
anharmonicity. Schinke and co-workénsredicted that the troscopic features of the two familes are in good agreement
energy difference between the first two members of 8¢]  with theoretical predictions. ThESN]-type or “isomeriza-
series (0,26,Q)y and (0,28,04y was of the order of 850 tion” levels, have been experimentally identified here for the
cm 1, and that the difference rapidly decreases wijhbe- first time for any molecule.

cause of strong anharmonic effects that occur at larger bend-

ing angles. They assigned the value of thequantum num-
ber of the[SN] level by counting the nodes of its wave ﬁggs"ehman”’ S. C. Ross, and L. L. Lohr, J. Chem. P84, 4460

function along the[SN]-type trajectory. In contrast, it iS 2y_T chen, D. M. Watt, R. W. Field, and K. K. Lehmann, J. Chem. Phys.
difficult to determineexperimentallythe bending quantum 93, 2149(1990.

. 3 H . .
number of our observefiSN] levels. We have tentatively H. Ishikawa, Y.-T. Chen, Y. Ohshima, J. Wang, and R. W. Field, J. Chem.

. Phys.105 7383(1996.
assigned these levels as v ,Up,Ucp)sN; 4S. C. Farantos, H.-M. Keller, R. Schinke, K. Yamashita, and K. Moro-

(Vhx: Vb T 2,0cP) SNy -5 @Hx Vb T 8,ucp)snin €nergy or-  kuma, J. Chem. Phyd.04, 10055(1996.
der. The observed energy differenceG(v,) = G(vq, va °N. L. Ma, S. S. Wong, M. N. Paddon-Row, and W.-K. Li, Chem. Phys.
+ 1,v3) — (vy,v2 — 1,v3), rapidly decreases with, as Lett. 213 189(1993.

_ . . 8Molecular Dynamics and Spectroscopy by Stimulated Emission Pumping
1072.4, 1008.5, 907.5, and 759.8 ch If the vibrational edited by Hai-Lung Dai and Robert W. Figl@/orld Scientific, Singapore,

energy can be well fitted by Dunham expansion through sec- 1995.
ond order (}g), as is generally possible at lot,,g, the "A. Cabam, Y. Doucet, J.-M. Garneau, C. e, and P. Puget, J. Mol.

; - ; Spectrosc96, 342 (1982.
energy difference should decrease Imearly thh ln. the 8H. Ishikawa, R. W. Field, M. Stumpf, and R. Schinka preparatioh
case of the pure bend overtonésG(v,) exh|b|t§d alinear 93 1 hougen and J. K. G. Watson, Can. J. PH.298 (1965.
dependence omw,, AG(v,)=1336.9-6.26 v,.° The ob- M. Jung, B. Winnewisser, and M. P. Winnewisser, J. Mol. Spectrosc.
servedAG(v,) for the [SN] levels shows a higher than lin- _ (submitted.

. 11H. Ishikawa, C. Nagao, N. Mikami, and R. W. Figldnpublished
ear order dependence 8. Thus, the predlcted strong an 2An anharmonic resonance assisted Coriolis perturbation could be the

harmonicity of the[SN] levels is clearly evident in our  cayse of a large effectivB-value. One possible mechanism for this type
spectra. of perturbation will be evaluated in Ref. 8.
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