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The highly excited vibrational levels of HCP exhibit a regular energy level and intensity pattern
characteristic of 2:1 bend-CP stretch polyads. Stimulated by the experimental observation of
vibrational levels with rotational constantB-values 5%-10% larger than other observed levels,
Schinke and co-workers noticed that these ldBgkevels were characterized by atypical nodal
structures indicative of large amplitude motion along the minimum energy <HCPH
isomerization pattfJ. Chem. Phys107, 9818 (1997]. In this paper, we show that the transition
from “normal-mode-type” to “isomerization” vibrational states arises naturally out of a traditional
spectroscopi¢algebraig¢ effective Hamiltonian polyad model. A global least squares fit, based on
this polyadH®™ model, shows that all of the observed “isomerization” states belong to polyads and
that the eigenvectors of thi$®" model have the qualitatively distinct nodal structure first noticed by
Schinke and co-workers. The “isomerization” states are not indicative of a breakdown of the
polyad model; rather they are a natural consequence of this traditional spectroscopic model.
© 1998 American Institute of Physids$0021-960808)03026-§

I. INTRODUCTION isomerization path from HCN to CNH. One can readily refer
to such a vibrational state as a “transition state” of the
In the last two years, experimental and theoretical studisomerization.
ies on highly excited vibrational levels of small polyatomic On the other hand, many spectroscopic techniques, such
molecules have progressed rapidlin the high energy re- as dispersed fluorescen(@F), stimulated emission pumping
gion, how to recognize a qualitative change in the characte{SEP, and so on, have been developed to obtain information
of vibrational levels, such as a transition from a normal- to adbout the highly excited vibrational levels. Since the wave
local-mode picture or the onset of bond rearrangement in aﬂJnCtion itself is not an eXperimental Observable, identifica-
isomerization reaction, is one of the central issues in thidion of qualitative structure/dynamics changes in a spectrum
field. In order to elucidate the spectroscopic signature ofs less o_bvious or dire(_:t than_in a thepretical galculation. _In
such dynamics in the high energy region, many theoreticaﬁ?e”era' in spectroscopic studies, the first step is a determina-

studies have been carried out. These studies include: dif" of the molecular constants, such as vibrational energies,
analysis of bifurcation/continuation diagrams of the periodicroratlonal constants, and so on, so that the rotation-vibration

L ) e energies observed can be reproduced by these constants on
orbits in the classical phase spdca, classification of the the basis of a simple spectroscogidgebraig Hamiltonian
phase space sphet@nd inspection of wave functions ob- Ple sp 9

. . o . ) model. The spectroscopic or effective Hamiltoniatf™, is
tained by solving the Schdinger equation using a global P P

) S1h : based on the harmonic terms and sospecificanharmonic
potential energy surfacdPES.” These are examples of SUC- o1 of the potential function. The eigenvaluesH5f are

cessful methods that document the change in the character prically expressed in a Dunham expansion form. In many
the vibrational modes. In the case of theoretical studiesgases, although the energies and rotational constants of vi-
qualitative changes in structure and dynamics are easily regyational levels in the high energy region can be reproduced
ognized by qualitative changes in the character of wave funco measurement accuracy by adding higher order anharmo-
tions. In the case of the HGNCNH isomerization system, nijcities and off-diagonal interactions among different vibra-
for example, Bowman and co-workers calculated vibrationational modes, it seems difficult with such a flexikdd hoc
energies and wave functions in the high energy regibhey  model to extract any of the qualitative changes in the dynam-
reported that in addition to the HCN and CNH type statesjcs or wave functions which are encoded in the spectra.
there appears another type of the vibrational state having a Recently, both experimental and theoretical investiga-
delocalized wave function along the minimum energytions on highly excited vibrational levels of the'S * state

of HCP have progressed. Although HCP is a homolog of
3Author to whom correspondence should be addressed. Electronic mailiCN. the linear CPH configuration corresponds to a saddle
haruki@qclhp.chem.tohoku.ac.jp point rather than a local minimum of the PES.However,
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one can consider the HEPCPH system as a prototype of levels are much different from those of the “normal-mode-
isomerization, especially with respect to the profound changéype” ones, Schinke and co-workers formally assigned the
in the nature of the HC vs HP chemical bond. In order to“isomerization” levels as members of bend-CP stretch
investigate highly excited vibrational levels, DF and SEPpolyads'* However, it was not clear to Schinke and co-
spectroscopies are very powerful techniques. In principleworkers whether the “isomerization” levels were generated
DF and SEP spectra provide the same information. Howeveffom the polyads or symptomatic of the breakdown of the
the former provides a global picture whereas the latter propolyads.

vides more precise information. Thus, the complementary In order to identify experimentally the “isomerization”
use of both the low resolution DF and high resolution SEPstates and then to explain how they were generated, we have
techniques is quite valuable. The first study on the highlycarried out new DF and SEP experiments on this system. In
excited vibrational levels of HCP was carried out by Leh-our previous Communicatioti,we have briefly reported that

mann and co-workers on tHe*A”—X'3* DF spectrunf. the “isomerization” levels were experimentally identified

They observed 94 vibrational levels having vibrational enerPased on the agreement with theoretical predictions of their

gies, Eys . Up to 16917 cm® in the X state. Al of the spectroscopic features, such as large rotational constants,

) S specific onset energy, and strong anharmonicity. Our present
levels observed were assigned as combination levels of th(% 9y g y P

bend and CP-stretch modes. Thev found <inalv h jective is to demonstrate whether the “isomerization”
end an stretch modes. They Tound a surprisingly Nalgiqq can pe generated from the bend-CP stretch polyad
monic behavior of a series of vibrational levels which they

. . 7 structure derived from experimental observations. For this
asc”*?ed FO overtone§ of th.e benc'ilr.Ig mode. They also fltteaurpose, we have carried out a global least-squares fit of the
th_e vibrational energies using a rigid be_nder mod_el a”d_Obbbserved vibrational energies of the polyads on the basis of a
tained a good fit. Later, in order to elucidate the isomerizay,jitional spectroscopic Hamiltonian model. We have also
tion of the HCP system, Field and co-workers investigated,, a mined the eigenvectors obtained as a result of the diago-
the highly e>1<(c);|ted vibrational levels of HCP by SEP nji7ation of the zero-order Hamiltonian matrix. This eigen-
s_pectroscops?z _They found abrupt changes of the rota- yecior analysis provides a very clear interpretation of the
tional, B, and vibrational fine structure constants in the Vi- 5t,re of the “isomerization” states and how these states are
cinity of vpen= 36. They claimed that these features are duegenerated by the polyad model. In this paper, we report a
to a change in the resonance structure of the BEBiey  getajled description of the new DF and SEP spectra of the
also observe@'A’ —X'3* SEP spectra which sampled vi- highly excited vibrational levels of HCP and an interpreta-
brational levels in the 18 300-18 800 and 22 500—-23 20Qion expressed in terms of the bend-CP polyads.
cm ! energy regions. In the former case, bend-CP stretch
polyads, (0,30—2m,m) and (0,38-2m,m), were clearly | EXPERIMENT
observed. In the latter case, several levels were observed
having much largeB-values relative to that of the vibra-
tional ground state. These lar@elevels were considered to
be members of another bend-CP stretch polyad with
#0. They considered that the origin of such laBealues
was a Iwcy:3wpeng Coriolis interaction and that the appear-
ance of this type of resonance was indicative of a qualitativ
change in the vibrational structure.

An extensive theoretical study on this HERZPH sys-

Two dye lasergLumonics HD-500 were pumped by the
second or third harmonic of the output of a Nd:YAG laser
(Continuum Powerlite 9020 One of the outputs of the dye
lasers was frequency doubled byBaBBO crystal and used
as the PUMP pulse. Depending on the necessary DUMP
éransition frequency, the fundamental or frequency doubled
output of the other dye laser was used as the DUMP pulse. In
order to avoid saturation effects, laser intensities were re-
tem was carried out by Schinke and co-workets They duced t_o 50 and 3.OQLJ for the PUMP and DUMP pulses,

respectively. The time delay between two laser pulses was

analyzed b|fur.cat|on/cont|nuat|on dlagrams of clas§|caI.POTeSS than 10 ns. The PUMP laser pulse was divided into two
and also obtained quantum mechanically all the vibrationa

level d functi o — 23 000 crm ! portions by a beamsplitter and then introduced into two iden-
;anergy et\)”? s_t_anPEVéavTeh un;: |onds tLr:ptqt)lB_d' " tfcm'l' tical signal and reference fluorescence cells filled with about
rom anab intio - they found that two distinct amilies 4 7o of HCP. The DUMP laser pulse was introduced
of bending states exist in the higher energy region. One o

AR . L2 . nly to the signal cell. The fluorescence signals from these
these families is associated with vibrational levels where thg, = .oils were differentially amplified, in order to compen-

wave funct|o_n IS confl_ned t(?, range of rather srpall bendinGsate for the fluctuations of the PUMP laser pulse intensity.
angles, that is, near linear “normal-mode-type” states. ONrg record the DF spectra, a 25 cm monochromatikon

the other hand, the wave functions of the other family, i.€.p550 was used. Typical resolution of the DF spectra was 0.8
the large amplitude bending states, are closely related to t

isomerization path from H-CP to CP-H. Therefore, the latter .HCP was synthesized by the method described
type of bending states is referred to as “isomerization” or g|sewherd.

SN state$:*2 Schinke and co-workers assigned the vibra-

tional quantum numbers of each level by the number anﬁi”_ BEND-CP STRETCH POLYAD

locations of the nodes of its wave function. In addition, for

each “isomerization” level that appears, a corresponding  The equilibrium structure of th&'S, electronic ground
member of the bend-CP stretch polyad was found to be misstate of HCP is linear. Thus, each vibrational level can be
ing. Although the wave functions of the “isomerization” specified by using four quantum numbers a@,zﬁ'z,vg,),
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FIG. 1. Dispersed fluorescence spectra of@ha’ — XIS ™ transition of HCP. The intermediate levels used are indicated on the figure. Vibrational bands that
were investigated by SEP spectroscopy are also indicated.

wherev,, vy, vs, andl are the quantum numbers for CH mediate levels used are indicated in the figure. The abscissa
stretch, degenerate bend, CP stretch, and vibrational angulegpresents the internal energy in the electronic ground state.
momentum, respectively. In the case of HCP, it is wellAs can be seen, a long even-progression was clearly rec-
known that there is an anharmon{Eermij resonance be- ognized in each spectrum. The selection rules for the
tween the ¢1,v5,03) and @1, (v2—2) ,v3+1) levels. Win- B’ —X1s * transition aredJ=+1 and|K.—I|=0, where
newisser and co-workers analyzed this bend-CP stretch resR- is a projection of the total angular momentuinpnto the
nance and obtained interaction energies between the zerg-ayis in the upper state. Sin¢€,=0 levels are chosen for
order(unperturbegllevels, W, to be 11.905 and 16.340 Cth e intermediate states, only the 0 levels, that is, evens

for the (0,2,0-(0,0,1) and (0,30)-(0,1,1) pairs, levels, can be observed in this study. Several weak bands,
respectively:* This anha'rmonic resonance creates the polyagh, ¢ appeared between the intense bands, can be assigned as
structure. Here, we define a polyad quantum numBems  «orpigden” transitions to thel =1 levels due to the axis-
P=v,+2v5. Then, the vibrational levels having the saRe g itching effect. As the internal energy increases, the spec-
and | values interact with each other: B0) 4 patterns become more complicated. For instance, Fig.

~(0,P—-2,1)«(0,P—4,2)~---—(0,0P/2). When the in- . . L=
. i ; b) shows a DF spectrum whose intermediate is @e
teractions among the zero-order states in a polyad beco 1.1 level. In a lower energy regiofEy <10 000 ¢,

sufficiently strong, labeling the vibrational levels by and b band patt . lar. In th iddl
v3 loses its meaning. Thus, hereafter, we will refer to th each band patlern 1S very regutar. In the middie energy re-

=1 ~1 ;

zero-order basis states as;(v,,v3), while the eigenstates glonc'i 10000 thSEV'ng' 800 (cj;m , two r'?mdsh of

are referred to asuf;,P,i] wherei represents the energy ands appear, sharper and broader ones. T.e sharper DF
rank in each polyad and runs from@e highestto P/2 (the bands can be assigned as members of a_contlnuatlon_ of the
lowes). For instance, the highest energy member of theregular pattern from the lower energy region. In the higher

polyad withu ;=0 andP=m is represented 40,m,0]. This  €Nergy region,Ey;g=15 000 cm?, the band pattern be-
bend-CP stretch polyad is the most fundamental vibrationafOMes very complicated. However, the evegnprogression

structure of the HCP system and plays the central role in ouf@n Still be recognized even in the high energy region. Note
investigation of the generation of the “isomerization” lev- that several bands, denoteet, have relatively large inten-

els. as described below. sities yet they seem not to be members of the avepro-
gression. In order to obtain more detailed information, we
IV. RESULTS AND DISCUSSION have recorded SEP spectra. The energy regions where SEP

spectra were recorded are specified in Fig. 1 for each inter-
~ ~ mediate state.
Figure 1 shows HCRCA’ XS " DF spectra. Inter- Figure 2 shows a typical SEP spectrum observed in this

A. C*'A’> X' * DF and SEP spectra of HCP
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FIG. 2. Stimulated emission pumping spectrum of HCP. The PUMP transition wa~31m/e(o,3,0)e5<12+(0,0,0) P(2) line. Vibrational assignments are

indicated on the figure.

study. TheC(0,3,0)—X(0,0,0), the R2) rotational line was

used as a PUMP transition. Since t62A’ —X!>* transi-

tion is of parallel type, onlyP and R rotational lines are
allowed. Eight vibronic bands are resolved in the SEP specspectra as mentioned above are well resolved in the SEP
trum, whereas they appear as a single broad band in the Dépectra. Moreoverall levels that correspond tooth broad

spectrum, Fig. @). All of the vibrational levels sampled in and sharp bands in the DF spectra may be assigned as mem-

this spectrum are assigned as members oPtkd 8 polyad.

same P=18 polyad using other intermediate levels. As
shown Fig. 3, the Franck-Condd¢RC) patterns are different
from each other. The broad bands that appeared in the DF

bers of a bend-CP stretch polyad, as described later.

We also observed additional SEP spectra which sampled the The FC pattern conveys one useful form of information
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FIG. 3. Relative Franck-Condon intensity patterns of fh’ek’(o,vz,%)
—X13*P=18 polyad.

about the wave function. Assuming the case that only one of
the zero-order states in each polyad is FC active in the elec-
tronic transition, the relative intensity distribution within the

polyad should be same for all the spectra recorded via dif-

ferent intermediate levels. This is the case forAheX tran-

sition of acetylené® In that case, a complicated spectrum
can be decomposed to each FC bright state component based
on the FC pattern. On the contrary, the FC patterns in our
SEP spectra of HCP indicate that at least two zero-order
levels have nonzero FC intensities and that the observed dif-
ferences in the relative intensity distribution are due to inter-
ference between the FC intensities. Thus, it seems difficult to
obtain information about the wave function from the FC pat-
terns alone.

The vibrational term values and rotational constants ob-
served in this study are listed in Table I. Note that the
B-values of the levels corresponding dee are much larger
than those obtained from the analysis of the vibrational lev-
els in the lower energy region. Based on the theoretical pre-
dictions by Schinke and co-workers, the “isomerization”
levels have much largeB-values than that of the (F®)
level. Since it had been predicted that the onset energy of the
“isomerization” levels occurs at 15000 cm, it seemed
significant to us that the onset energy of the laBy&evels
observed in this study is found to be very close to this en-
ergy. Thus, we assigned these laijdevels as “isomeriza-
tion” levels. As will be described below, an eigenvector
analysis of the bend-CP stretch polyad also supports this
assignment, based on qualitative changes in their wave func-
tions.
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TABLE |. Molecular constants of highly excited vibrational levels of HCP observed in this study.

[Ul,P,i] Gua Bvb Dvb ‘]obsf: [Ul,P,i] Gva Bvb Dvb Jobs?
[0,14,0 9045.05 0.68 set A [0,26,3 16063.93 0.66 set A
[0,14,1 8976.96 0.65 set A [0,26,4 15998.77 0.68 set A
[0,26,5 15943.52 0.67 set A
[0,16,0 10286.96 0.659 -25 set B [0,26,4 15896.35 0.63 set A
[0,16,1] 10214.69 0.660 2 set B [0,26,7 15858.29 0.65 set A
[0,16,3 10095.84 0.661 -19 set B [0,26,8 15790.35 0.67 set A
[0,16,5 10010.61 0.661 5 set B
[0,28,2 17298.96 0.652 34 set C
[0,18,0 11516.74 0.660 3 set B [0,28,4 17151.59 0.650 32 set C
[0,18,1] 11440.73 0.660 13 set B [0,28,5 17093.35 0.64 set A
[0,18,2 11373.44 0.662 29 set B [0,28,4 17043.93 0.64 set A
[0,18,3 11314.89 652 -32 set B [0,28,13 16412.60 0.710 31 set B band
[0,18,4 11264.08 0.663 47 set B
[0,18,9 11221.40 0.660 22 set B [0,30,19 17172.40 0.721 -3 set C bamrd
[0,18,4 11187.83 0.654 -17 set B
[0,18,7 11161.20 0.664 -28 set B [0,34,1 20811.19 0.65 set A
[0,34,3 20707.71 0.64 set A
[0,20,9 12734.71 0.662 30 set B [0,34,3 20619.28 0.63 set A
[0,20,1] 12655.05 0.654 22 set B [0,34,4 20532.60 0.67 set A
[0,20,2 12583.30 0.659 8 set B [0,34,5 20470.87 0.65 set A
[0,20,3 12520.44 0.655 -15 set B
[0,20,4 12466.22 0.650 -50 set B unassigned vibrational levels
[0,20,9 12420.18 0.653 -25 set B 13165.17 0.653 27 set C
[0,20,9 12381.86 0.654 -1 set B 13505.47 0.668 22 set C
[0,20,7 12355.83 0.654 -19 set B 15505.28 0.700 26 set C leand
[0,20,9 12311.46 0.679 3 set B 17271.01 0.695 41 set C
[0,22,0 13942.04 0.67 set A
[0,22,1] 13857.49 0.64 set A
[0,22,2 13781.95 0.66 set A
[0,22,3 13715.52 0.66 set A
[0,22,4 13657.43 0.65 set A
[0,22,5 13607.82 0.65 set A
[0,22,4 13566.45 0.66 set A
[0,22,7 13534.89 0.68 set A
[0,22,9 13426.86 0.690 52 set C baad
[0,22,14 13338.77 0.67 set A
[0,24,10 14496.60 0.692 23 set C bahd

&/alues ofG, were obtained as the term valueslef 0 levels when)=0 levels were observed. In the case of data set D, the valuBs wfere extrapolated
using the term values af=1 and 3 levels.

®In the case of data sets B and C, the valueB,pandD, were obtained from the least squares fit using the equatiets, +B,J(J+1)—D,[J(J+1)]%.
Uncertainties for the values &, andD, are 0.017 and 0.000153 crhfor set B, and 0.011 and 0.000084 chor set C, respectively. In the case of sets
A and D, the values oB, were obtained aB,=[T(v,J=2)—T(v,J=0)]/6 andB,=[T(v,J=3)—T(v,J=1)]/10, respectively.

‘Rotational levels observed in each vibrational level were grouped into 4 sets as follows.Jeb&, set B:.J=0,2,4,6,8,10, set C1=0—11, and set D:
J=1,3.

B. The global fit of all bend-CP stretch polyads Thus, the Hamiltonian matrix was block-diagonalized for
each polyad quantum numbelP. The zero-ordernunper-

The next concern is how the “isomerization” levels aret b brational . . the di | trix_ el
prepared: are the “isomerization” levels generated by the ' eg vibrational energies, i.e., the diagonal matrix ele-

polyad He" or are they produced by a breakdown of thements, are expressed using a Dunham expansion as
polyad model. In order to investigate this matter, we have
started with a global fit of all bend-CP stretch polyads.

The procedure for the global fit of the bend-CP stretch (! 4o |H v, v)05) =2 0lvi+ >, Xﬂviv,—
polyad structure of HCP is described here. Due to the [ =]
bend-CP stretch Fermi resonance, vibrational term values

can be rep_rod_uced not by a s_imple Dynhqm expansion but by + E yﬂkvivjkar o2,
a diagonalization of an effective Hamiltonian matrix. In each ==k
step of the nonlinear-least squares fit, a diagonalization of (1)

the zero-order vibrational Hamiltonian matrix was carried
out. In our treatment, interpolyad interactions were ignored,
since those would correspond to a higher-order perturbatiowhile the off-diagonal matrix elements for each block'&re
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TABLE II. Observed and calculated vibrational term values. All the term values are in units df afalues in parentheses aBg (ob9— G, (calc). Values
only calculated and not observed are listed in square brackets.

[ 2 2 6 8° 10° 12
0 1335.40.0) 2654.4—0.3) 3960.41.5 5249.40.5) 6522.4-3.5) [7790.5
1 1278.30.0 2598.4—3.3) 3902.4-4.9) [5195.4 6464.0—5.3 7728.4—-1.9)
2 2545.2-3.2) 3853.4-5.2) 5141.q-7.5 6411.0-9.3 [7676.9
3 3804.0-5.9) 5097.4—8.1) 6367.4—11.0 [7631.4
4 [5062.3 6328.4—12.9 [7593.7
5 [6305.1 [7563.4
6 [7537.3
i 14 16 18 20 22 24
0 9045.01.2) 10287.01.9 11516.70.6) 12734.1-0.3) 13942.0-0.1) [15137.3
1 8977.4-1.5 10214.1-0.8) 11440.7-0.3) 12655.90.0) 13857.50.2) [15047.8
2 [8920.7 [10153.4 11373.4-0.3) 12583.30.3 13782.01.2) [14966.6
3 [8870.7 10095.§—2.3) 11314.90.6) 12520.4(1.3) 13715.53.0) [14894.9
4 [8828.9 [10013.4 11264.11.0 12466.72.5) 13657.44.3 [14830.9
5 [8794.4 10010.6-2.3) 11221.40.7) 12420.72.5) 13607.84.2) [14778.3
6 [8769.4 [9984.4 11187.§-0.9) 12381.9-1.0 13566.50.3 [14738.3
7 [8755.9 [9964.5 11161.2-2.6) 12355.82.9) 13534.93.6) [14698.9
8 [9937.4 [11129.9 12311.5-0.2) [13484.2 [14945.7
9 [11076.9 [12255.3 13426.93.9) [14579.4
10 [12182.] 13338.-7.6) 14496.6—2.5)
11 [13253.9 [14402.9
12 [14288.9
[ 26 28 30 3% 34 36
0 16318.7-1.6 17489.3-1.6) 18648.2—0.7) 19794.30.6) 20928.3(2.9) 22048.14.6)
1 16224.1-1.9 17389.6-2.4) 18542.7-2.6) [19685.4 20811.2—1.5) [21926.3
2 [16140.9 17299.0—3.0 18448.9-2.0) [19586.9 20707.7-2.1) [21819.]
3 16063.90.1) [17221.3 18366.60.3 [19498.4 20619.31.9 [21722.9
4 15998.81.9) 17151.60.9) 18292.30.1) [19420.9 20532.6—4.0) [21638.9
5 15943.52.2) 17093.31.0 [18231.9 [19357.4 20470.90.2 [21570.7
6 15896.4—2.3 17043.9-3.1) [18183.9 [19306.4 [20416.4 [21513.9
7 15858.84.3) [16997.4 [18128.7 [19247.2 [20352.9 [21444.4
8 15790.4-5.5 [16934.9 [18059.9 [19173.4 [20273.1 [21359.7
9 [15724.7 [16857.1 [17978.3 [19086.1 [20180.7 [21261.§
10 [15639.7 [16768.0 [17883.7 [18986.3 [20075.4 [21151.3
11 [15539.9 [16663.7 [17774.9 [18872.7 [19956.9 [21027.3
12 [15422.9 [16543.4 [17650.4 [18744.Q [19823.9 [20888.9
13 [15288.1 16412.66.5) [17509.7 [18599.2 [19674.4 [20734.9
14 [16251.] [17351.4 [18437.3 [19508.4 [20564.9
15 17172.4-2.5) [18257.3 [19324.7 [20376.9
16 [18058.7 [19122.4 [20170.9
17 [18901.3 [19945.9
18 [19701.4

4R data; Ref. 14.

DF data; Ref. 6.

°SEP data; Ref. 10.

(v1,05,03H v, (v,—2) vg+1) hereafter we will concentrate on polyads wigh=0 and

I =0. In this analysis, the vibrational term values of 81 levels

B i[ Y ( N 1 of v,=0 andl =0 were used in the fit. The vibrational term
o2 vit 3 values used in the fit are listed in Table Il. Vibrational as-
signments were carried out as follows. In the case of the

XN(W5=1?)(va+1), (2)  lowerP polyads, since the energy regions of each polyad do
where\ | represents the interaction through the next to lowesflot overlap with each other, vibrational assignments of the
term ki 24920205 in the potential function. The resonance l€vels observed were readily carried out. First, we performed
term, kii223’ch2q§q3! has the same selection rules as the pri.the |eaSt-SquareS fit USing the term values of the lowver-
mary oneKk,,4503, among the quasidegenerate basis statedevels. Then, term values for the high@rpolyads were es-
In the present SEP experiment, only the0 levels were timated using the molecular constants obtained. Second, we
observed. Moreover, there are no experimental observatiorempared between the term values observed and those esti-
yet of highly excited vibrational levels witlk;#0. Thus, mated for the next several highBrpolyads, and made the

+)\21)2+ )\3(03+ 1)
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TABLE lll. The fit parameters and their standard deviationobtained in
the global fit of the bend-CP stretch polyad of HCP. All values are in unit of
cm™ . Values in parentheses are statistical effar).

Parameter Observéd Calculatefl
w3 671.36027) 635.8213)
w3 1284.62935) 1241.6326)
x3, —2.50310) 1.09315)
X9, —2.95340) —6.10950)
X% —3.81414) —4.76256)
Y920 —0.0262331) —-0.1131738)
o —-0.113215) 0.043417)
Y323 —0.109430) 0.130335)
¥333 —0.052610) 0.012430)

Kaogt A 1/2 17.1G15) 15.3919)
Ao —0.48412) —0.107G91)
A3 0.275686) 0.144278)
o 6.19 3.35

gt of all observed vibrational term values.
bFit of the vibrational term values calculated in the theoretical st{Rf.

Ishikawa et al.

additional vibrational assignments. Third, we repeated the
least squares fit of all previously and newly assigned vibra-
tional levels. We repeated the above iterative procedure for
vibrational level assignments. Several levels observed in this
study could not be assigned as members of a bend-CP stretch
polyad withv,=0. They might eventually be assignable as
levels withv,#0 or levels withv,;=0 which are acciden-
tally perturbed by the levels with,#0. In addition to the
vibrational term values observed in this study, all term val-
ues observed in the IR absorptithDF ? and previous SEP
(Refs. 10 and 1Bstudies were included. Appropriate uncer-
tainties for each measurement were taken into account in the
least-squares fit. Fit parameters obtained are listed in Table
lll. The calculated vibrational energies are also listed in
Table Il. The agreement between the observed and calculated
vibrational energies is satisfactory.

C. Intrapolyad level spacings

11).

) Kellman and co-workers analyzed the classical phase
space structures of bend-stretdfermi resonance systems
and showed that a “dip” or minimum in the intrapolyad
level spacings corresponds to a qualitative change in the
character of the vibrational levetéin Fig. 4, the intrapolyad
level spacings of HCIX'S © were plotted, where the calcu-

200 lated vibrational term values were used. It is clearly seen that
100 P =30 a minimum in the intrapolyad level spacings first appears
aboveP =16 in our analysis. Based on Kellman’s interpre-
0 P =28 tation, the existence of a minimum in the intrapolyad level
-~ spacings is evidence for the existence of two distinct families
of bending states: the ‘“normal-mode-type” and the
P =26 “isomerization” states. Moreover, we consider this feature
7] W to be direct evidence for the generation of the “isomeriza-
200 tion” levels by the bend-CP polyad model. In their theoret-
P=24 ical study, Schinke and co-workers have also found similar
100 W minima in the intrapolyad level spacings.
~ 0
'8 P=22 D. Eigenvector analysis of the bend-CP stretch
) W polyads
"z P=20 Since our treatment is entirely based on traditional spec-
<5) 7] W troscopic procedures, where a diagonalization of the zero-
< 200 order Hamiltonian matrix is carried out for each valueRf
P=18 the global fit provides us with eigenvectors as well as eigen-
100 7 w values. In order to extract information about a qualitative
0 change in the character of the vibrational levels, we exam-
| P=16 ined the eigenvectors as described below. The wave function
M of an eigenstate can be expressed as a linear combination of
zero-order basis functiong0,v,,v3). Here, within each
. P=14 polyad, the zero-order basis sta@v,=P,0) corresponds
M to a pure bend excitation level, whil®,0,v;=P/2) is a
200 pure CP stretch overtone level. As mentioned above, inter-
100 A P=12 polyad interactions are ignored in our treatment, thus the
0 ?‘?‘?‘?-?—? S wave function of thdth eigenstate in each polyaw,”, can
0 5 T 15 be expressed as
: wP=2 al|0,P—2n,n). 3
FIG. 4. Plot of the intrapolyad level spacings. The diagnostically significant n

minimum in the adjacent level spacings first appears inRkel6 polyad,

and its location matches the onset of “isomerization” levels as identifiedSINCE the zero-order wave functions are strongly mixed due

from both the nodal structure and the mode purity of the eigenvectors.

to the bend-CP stretch resonance, the bend and CP-stretch
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FIG. 5. Plot of the squared eigenvector components for several polyads, based on fits of the observed vibrational (eh€tgid2, (b) P=16, (¢
P=20, (d) P=24, and(e) P=30. See text for details.

guantum numbers are not useful to specify a vibrationakxpected that zero-order wave functions in the polyad are
level, while the polyad quantum numbd®, is still a good mixed with each other in a complicated manner for each
guantum number. Therefore, hereafter, we will refer to thesigenstate in the high energy region. This is certainly true
vibrational levels byP andi, wherei indicates just the en- even for the loweP polyads[see Figs. &) and 5b)], in
ergy rank in each polyad. which there is no zero-order basis state having a weight of
The parameters in thid®" obtained by the global fit of more than 0.5 for any eigenstate. Rincreases, the trend of
the bend-CP stretch polyad provide all the components of ththe mixing of the zero-order wave functions changes charac-
elgenvectoran An eigenvector component squaréd,|?,  ter drastically neaP=20. The mixing patterns for the top
corresponds to the weight of threh zero-order wave func- members of each polyad, from=0 to 10 or so, do not
tion in theith eigenstate. Figure 5 exhibits the results of thechange so much and are similar to each other. On the other
eigenvector analysis of the bend-CP polyad. In general, it ifand, the bottom member of the=20 polyad is composed
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FIG. 6. Plot of the calculated wave functions of the zero-order basis state§'G: 7. Plot of the calculated wave functions of the eigenstates of the
for the P=10 polyad. P=10 polyad.

the zero-order basis are not significantly distorted from those
of only three zero-order basis states. And in this case, thef the Harmonic oscillator basis. A wave function of the
weight of the pure bend overtone levéd, 20,0, becomes zero-order basis@vlzyvs(qz,%), is represented as a direct
larger than 0.5. A® increases, the bottom member of eaChprOdUCt of wave functions for the degenerate bend,

polyad more closely approaches being a pure bend overtoqgv 1(g,), and CP—stretch modes, ().,
level, |0,P,0). In the case of thé®=30 polyad, the bottom 2 3
member of this polyad becomes an almost pure bend over- ®,! , (02,03) = ¢,,,1(d2) b, (ds3), 4
tone level(97%). Moreover, the next-to-bottom level also is
very close to a pure zero-order state. The form of the wavd/nere
function of the “isomerization” levels are shown to be very b0, 1(A2)=N,_ i exp(—q§/2>Q‘2"L'<'J2+|||>/2(Q§> (5)
similar to those of the pure bend overtone levels of DCP,
where the bend-CP stretch interaction is shown to blﬁa vergnd
weak, in the theoretical study by Schinke and co-workers. _ A2

An inspection of the wave functions provides us with a Pua(e) =N, X~ 5/2)H,(Gs). ©)
clear description of the qualitative change of the vibrationalrespectivelyL andH are the associated Laguerre and Her-
character as mentioned above. Thus, we calculatethite polynomials, respectively. In Fig. 6, the wave functions
2D(qg,,q3) wave functions of the members of the bend-CPof the zero-order basis states for tRe= 10 polyad are ex-
stretch polyad, wherg, and g; represent the normal coor- hibited, whereas those of the eigenstates are shown in Fig. 7.
dinates for the bend and the CP—stretch modes, respectivelyhe mixing of the two vibrational modes, the bend and the
In general, it is difficult to draw pictures of wave functions in CP—stretch, is well represented by the picture of the wave
terms of internal coordinates, such as bond length or bendinfyinction of the[0,10,0 level. Figures 8, 9, and 10 show the
angle, from experimental observations. In the case of HCRyave functions of the members of the=14, 16, and 20
however, the transformation matrices for the diagonalizatiorpolyads, respectively. The wave functions of the top few
of the zero-order basis are known as a result of the global fimembers, with =0-3 or 4, exhibit quite similar behaviors
of the bend-CP stretch polyad. Therefore, if we knew thewithin each polyad. The only difference is the number of
wave functions of the zero-order basis, we could obtain thosaodes. In the case d¢¥= 14, the wave functions are similar
of the eigenstates. Strictly speaking, our zero-order basit those of theP=10 polyad. On the contrary, the wave
states are not the Harmonic oscillator basis, because the diinction for the bottom member of tHe=16 polyad, which
agonal energies contain some anharmonic terms. However,isithe[0,16,§ level, suddenly exhibits a qualitatively differ-
crude assumption was made here that the wave functions et structure from the other members of this polyad. The
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FIG. 8. Plot of the calculated wave functions of the eigenstates of therIG. 9. Plot of the calculated wave functions of the eigenstates of the
P=14 polyad. P =16 polyad.

structure of the wave function of th®,16,d level is close The values of fit pgrameters obtaingd are also listed in Table
to that of a pure zero-order pure be;wd ,state Thus. we aII_I. All of the vibrational level energies of the polyads with
signed this[0,16,8 level as the lowest energy. “isom'eriza- —2 1o 30, except for the levels tha}t are predlcteq to be
tion” level In’the, case of th&® =20 polyad, the bottom three per.turbed by1 70 I.evels, were used in the fit. The fit was
levels ha\;e wave functions similar to t'hat of th& 16,3 satisfactory, and. E|g. 11 ShOW.S the result. The q“?""a""?
level, that is the “isomerization” one. As described in’ Sec change of the mixing pa}tterns in the zero—orgler basis set is
Y C, the intrapolyad level spacing p.|GﬂSO indicated that 'the same as those obtained k_)ased on e>_<per|mental observa-
' tions. This eigenvector analysis also confirmed that the low-

Ephe IO\évetSht (:r:ﬁrgy tlsome'rltzatl?n' Ie\{[il '.‘Q’tthm’lmfi Iest energy or first “isomerization” level is the bottom one of
us, Doth ot these o points of view, the intrapolyad levely,, p_ g polyad. This onset of “isomerization” levels

spacings and inspection of the nodal structure of the Wavggrees well with Schinke’s theoretical prediction. Thus, the

funct|on_s, provide conS|sten'F mte_rpretatlons. _Although Oureigenvector analysis shows clearly that the “isomerization”
calculation of the wave functions is a very naive one, thes

fevels are generated from the bend-CP stretch polyad and are

pictures of the wave functions clearly exhibit the qualitative | .. . .
change of the vibrational structure that is predicted by thedeﬁmteIy not symptomatic of a breakdown of the polyad

theoretical studyt structure.
Finally, in order to further confirm that the qualitative
change of the vibrational character found in our eigenvecto
analysis corresponds to that predicted by the theoretical In the case of the HAB-ABH isomerization, the reac-
study, we applied the same eigenvector analysis to the vibrdaion coordinate must be represented by a combination be-
tional energies obtained from the Schinke’s theoreticatween the distance of H from the CP center of mass and the
calculation'® The same Hamiltonian matrix model was used.bending angle. Therefore, in order to completely describe the

F. Interaction with the CH stretch mode
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FIG. 11. Plot of the squared eigenvector components for several polyads
q, 5 based on fits of the theoretical vibrational energies:P=16, (b) P=20,
(c) P=24,(d) P=26, (¢) P=28, and(f) P=34.
FIG. 10. Plot of the calculated wave functions of the eigenstates of the
P=20 polyad.
potential well, might correspond to the onset of the interac-
tion with CH stretch. In order to investigate the onset of
“isomerization” of HCP, it is necessary to include in the interaction with CH stretch, new experiments on highly ex-
He™ an interaction between the CH stretch and the bendingited vibrational levels withy; #0 are being performed.
modes. However, as shown in Fig. 12, one can see that the
CH bond length does not change significantly along the |OV\{:
energy region of the minimum energy isomerization path. -
The CH bond length begins to change rapidly when the bond  In a previous analysis of the results of SEP speime
angle decreases to 70° and the energy is about 18 008 cm performed a partial analysis of the bend-CP stretch polyad in
above the minimum of the potential energy surface. Thighe high energy region. At that time, there was an inconsis-
indicates that the interaction between the CH stretch antency between our analysis and Winnewisser’'s analysis.
bending modes only becomes significant at higher energ¥his inconsistency came from an inappropriate assumption
than most of our SEP spectra. Thus, although our analysigbout vibrational assignments within each polyad. In
has not yet taken such an interaction into account, the analyhe former DF(Ref. 6 and SEP(Refs. 9 and 1P spectra,
sis must be valid at least in the energy region ofthe highest energy level in each polyad was assigned
Eyg=<15000 cm!. In other words, the generation of the to be (OP,0), the next level is (®—2,1), and so on.
“isomerization” states of HCP is exclusively due to the These assignments were based on the observation of
bend-CP stretch polyad. In their PO analysis, Schinke and very smooth vibrational level spacing,
co-workers reported that there are three saddle-node type kG, (v,)=G(0pv,+1,0)—G(0p,—1,0) (see Fig. 11 in Ref.
furcations of the POs. The first bifurcatiofGN1], corre- 10). In contrast, the highest energy level in the high-
sponds to the generation of the “isomerization” states thafpolyad is predictedhot to be the pure bend overtone level,
we have analyzed here. The second bifurcatiggiN2], (0,P,0), using the molecular constants obtained by Win-
which emerges at 21 000 crh above the minimum of the newisser and co-workef.In the present study, however,

Comparison with the previous SEP study
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0 class of “isomerization” levels is generated directly by the

. bend-CP stretch polyad structure. Moreover, the eigenvector
. analysis reveals the change in the character of the vibrational
45 — levels, as the polyad quantum number increases. Although
. this eigenvector analysis is a traditional method, it can be a
. powerful tool in investigating strongly coupled systems at
90 high excitation energy. This is a very clear demonstration
N that one can extract information about the change in the
. character of the vibrational modes directly from #neeri-

135 — mentallyobserved spectra.

£ HCP (degree)

7 ACKNOWLEDGMENTS

The authors are very grateful to Professor R. Schinke for
1 2 3 4 providing a copy of Ref. 11 prior to publication and also the
Rcy (A results of the vibrational level energy calculation. R.W.F.

FIG. 12. 2D potential surface of HCP. The CP bond distance was fixed totha'nkS the AFOSR for continuing support of this research

1.588 A. The computer program cited as Ref. 10 in Ref. 8 was used idGrant No. F49620-97-1-0040
plotting this figure.

Molecular Dynamics and Spectroscopy by Stimulated Emission Pumping
edited by H.-L Dai and R. W. Fiel@World Scientific, Singapore, 1995
our new analysis of the bend-CP stretch polyad removed thigsS. C. Farantos, Int. Rev. Phys. Chebs, 345(1996.

3 : .
inconsistency and revealed that the highest energy levels jnFor reviews, see M. E. Kellmamolecular Dynamics and Spectroscopy
y 9 9y by Stimulated Emission Pumpingdited by H.-L Dai and R. W. Field

p_C"yaFi are not the (93’0) Ieve_ls' The SmOOth_ Change n t_he (World Scientific, Singapore, 1995Chap. 25; M. E. Kellman, Annu.
vibrational level spacing, which led us to this inappropriate Rev. Phys. Chen6, 395(1995.
assignment, may come from the fact that all of the highest'For recent examples, see H.-J. Werner, C. Bauer, P. Rosmus, H.-M.

; ; i _ Keller, M. Stumpf, and R. Schinke, J. Chem. Ph$82 3593 (1995;
energy levels in the polyad have quite similar wave func H.-M. Keller, H. Floethmann, A. J. Dobbyn, R. Schinke, H.-J. Werner, C.

tions. In their analysis of the Fermi interaction of HCP, Win-  gayer, and P. Rosmuiid. 105 4983(1996: H.-M. Keller, M. Stumpf,
newisser and co-workers treated the off-diagonal matrix ele- T. Schraler, C. Stek, F. Temps, R. Schinke, H.-J. Werner, C. Bauer, and

ment for the Fermi interaction as P. Rosmusibid. 106, 5359(1997.
5J. M. Bowman, B. Gazdy, J. A. Bentley, T. J. Lee, and C. E. Dateo, J.
(v1,0h,03HMv 1, (v,—2) vg+1) _Chem. Phys99, 308 (1993.
K. K. Lehmann, S. C. Ross, and L. L. Lohr, J. Chem. PI83. 4460
k (1985.
_ 23 (U§_|2)(U3+ 1). (7) ’N. L. Ma, S. S. Wong, M. N. Paddon-Row, and W.-K. Li, Chem. Phys.
2\2 Lett. 213 189(1993.

) . ) 83. C. Farantos, H.-M. Keller, R. Schinke, K. Yamashita, and K. Moro-
They obtained slightly different values &$,3, 16.8782 and kuma, J. Chem. Phy4.04, 10055(1996.

16.345 cm'!, from deperturbations for the (¢,2)-(0,8,1) ggé,_Tz'ligﬂéngM' Watt, R. W. Field, and K. K. Lehmann, J. Chem. Phys.

1 . . . . y
and the (0,80)-(0,2,1) pairs, respectlvely.l Winnewisser's 104, Ishikawa, Y.-T. Chen, Y. Ohshima, J. Wang, and R. W. Field, J. Chem.
Kooz corresponds  to our Kypzt A (vt 3) T Avt g Phys.105, 7383(1996.
(vs+1). Although our global fit of the bend-CP stretch *C. Beck, H.-M. Keller, S. Y. Grebenshchikov, R. Schinke, S. C. Farantos,

polyad did not include thé#0 levels, the values corre- K. Yamashita, and K. Morokuma, J. Chem. Phy87, 9818 (1997.
Since the generation of “isomerization” states corresponds to a saddle

sponding to Wiqnewis;erbzw for the (0’?’0)'(0'(5)'1) and node bifurcation of the bending periodic orbit diagram, Schinke and co-
the (0,31,0)'(0,1 ,1) pairs are well reproduced to be 16.407 workers refer to them as SN states in their paper.
and 15.923 cm?, respectively. Thus, this supports the valid- **H. Ishikawa, C. Nagao, N. Mikami, and R. W. Field, J. Chem. Phg,

ity of our global fit of the bend-CP stretch polyad. 14§/I?8\]0u(r}g9,92.' P. Winnewisser, and M. Winnewisgsubmitted.

155, A. B. Solina, J. P. O'Brien, R. W. Field, and W. F. Polik, Ber. Bun-
V. CONCLUSION senges. Phys. Cher@9, 555(1995; S. A. B. Solina, J. P. O'Brien, R. W.
Field, and W. F. Polik, J. Phys. Chert00, 7797(1996.

We have carried out a global fit of the bend-CP stretchlG(P- F-])Bemath, M. Dulick, and R. W. Field, J. Mol. Spectro86, 275
; . ; ; 198).

polygd of HCP using a trad|t|onal spectroscopic effegtlveul Svitak, Z. Li, J. Rose, and M. E. Kellman, J. Chem. P2, 4340
Hamiltonian matrix model. The intrapolyad level spacings (1995,

and the eigenvector analysis indicate that a qualitatively neWR. Schinke(private communication

Downloaded 19 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



