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The three-dimensional potential energy surfaces of A& and 2A’ states and the corresponding transition
dipole surfaces from the ground electroniéAl) state of HCN have been obtained from high-level ab initio
calculations. Using these surfaces, we investigate the predissociation dynamics of HCN and DCN with a
recursive quantum mechanical method. Whereas the perpendicular transitionta'thetalte leads to narrow
predissociative resonances, the absorption spectrum of the patféllet-21'A’ transition is dominated by
relatively broad peaks associated with rapid fragmentation. Detailed analysis suggests th&! ggettrum

of DCN is affected by a 1:2 Fermi resonance between th&lGtretching and bending modes. Both theoretical
and experimental evidence suggests that the so-galkethd should be reassigned to thA'L absorption. In

the ZA’ state, a strong isotopic effect is found in the fragment internal state distribution and attributed to a
Fermi resonance between the-8 and C-N vibrational modes.

. Introduction The assignment of thet band to the A" — 1IA'(1=)

The first th hi tioati f the ab i ; transition has since been confirmed by numerous ab initio
€ Tirst thorough Investigation of theé absorplion SPECruUM .o, |ationg-7 The LA" state derives from &=~ state in

?; HCN and %CTthas reported by Herége:;goand 'l““.ef] nearly linearity. Its equilibrium geometry and fundamental frequencies
lity years ago: The spectrum starts at cm™with @ from ap initio calculations are in good agreement with experi-
series of weak but well-resolved vibrational features that were mental observatiorfs®1° For example, Botschwina et &have
collectively labeled as the band. From rotational analysis, these  j\i-io 4 the equilib.rium geometry (')f theAL' state Rey =

authors attributed the. band to a transition from the linear 1 1,3 & Ren = 1.296 A,y = 125), which is very close to the
o0 e bant | om . , . , ,
ground electronic (X" or I'A) state to an excitetA” state. o b omental data. Recent dynamical calculations based on

The vibrational progressions were assigned to bending overtonesy ee-dimensional potential energy surfaces (PESs) also yielded

and cqmbtl)nag(_)ns with one qlquantlém in the CN mod_ed_The semiquantitative agreement with experiment concerning the
extensive bending excitation in the absorption spectrum indicates o cition and lifetime of the predissociative resonaricd.

a nonlinear excited state. The equilibrium geometry of #'1 Internal state distributions of the CN fragment from low-lying

state was determined to e = 1,'143 A, Ren = 1.296 A, predissociative resonances on thé\'L PES have also been
andy = 125°, on the basis of rotational analysis of the ground calculated by u&?

vibrational state. At higher energies, the absorption peaks .
become increasingly broad. The resolution of rotational structure Th? assignment of thg band, on th? other hand, has
remained a subject of controversy. The existence of ané#tier

is no longer possible above55 900 cm”. The diffuseness of state in the vicinity of 1A" was challenged by theoretical studies
the peaks stems from predissociation, which results in the of the excited-state PESS.These ab initio calculations found

cle_ﬁ\]/ag(:)of thtg HCth:OTjd' terated isof DCN) in th that the 2A"" (derived from alA state at linearity) state lies
e absorption of the deuterated isotopomer ( ) in the significantly above the onset of the band and has a linear

same speciral range is more complex. In addition tatband, minimum. Consequently, it could not possibly be responsible

! .
some features above56 800 cnt could not be fitted to the for the f band absorption. Some theoreticians speculated that

Dunham expression without producing some unreasonable the ZA’ state might serve as an alternative candidate fofthe
anharmonicity constants. Herzberg and Innes thus decided to_ ¢

label them as thed band! The er electronic state was X spectrum, on the basis of the positions and intensities of
) .33 . upp ! w vibrational features calculated from one-dimensional potentials
believed to be still of dA" character because of the absence

2,5-7
of AK = 0 features in the spectrum. Consequently, these authorsCUts' v . . . .
postulated that a second and high&t' state must exist in this Th? questions raised by the theoretical stydles prompted
spectral range. It is interesting to note that the peaks in the DCN additional isotopic measuremerllgs and a reassignment ¢f the
absorption are much sharper than those of HCN in the sameP@nd by Innes and co-workets.1 These authors argued that

. flecti | di iation. Abovs7 200 el the absence of thaK = 0 bands precludes a possibia'’
:ﬁglgg’afs Zglgg CS ome::g:ﬁpllzts;l;l?ji:‘?gse. ove em assignment and suggested thatfheand be fitted to a bending

progression associated with the firstD overtone in the 1A"

T University of New Mexico state. Unfortunately, the €D harmonic frequencydf;) ex-

* Sichuan University. ’ tracted from the fitting (2455 cm) is significantly larger than

8 Nanjing University. that obtained from a recent high-level ab initio study (1921
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cm~1),8 which led Botschwina et al. to reject the new vibrational wherer, R, and 6 are respectively the €N distance, the
assignment. This theoretical valuewf is supported by several  distance from the H atom to the center of mass of the CN
later ab initio studie$12So far, no consensus has been reached fragment, and the Jacobi angjés the CN angular momentum
regarding the nature of the upper electronic state responsibleoperator, andig andy, are the appropriate reduced masaés.
for the 5 band of DCN. is the excited-state PES.

In addition to the absorption spectra, there have been some In our previous work? we have used a Lanczos based
interesting fluorescence studies in ta@and!17It was found ~ method* to compute the partial and total photodissociation
that the lowest-lying ro-vibrational features in thdand have ~ Cross-sections in the!A” state of HCN and DCN. The Lanczos
uncharacteristically shorter lifetimes than some of their coun- method is ideally suited for such systems because their spectra

terparts at higher energies. The abnormality was attributed to are dominated by narrow resonances. However, the convergence
efficient predissociation via interstate crossing or internal Pecomes difficult if broad resonances are present. In this work,

conversion to the ground or low-lying triplet states. The We use an alternative recursive method based on the Chebyshev
fluorescence experiments agree with a later photodissociationPropagator, which is capable of handling both broad and narrow
study, which detected only CNEX™) fragments at a photon  résonances.

wavelength of 193 nm at the red wing of théband?8 At higher The Chebyshev method is based on the expansion of
energies, the predissociation is known to yield CRI and analytical functions using Chebyshev polynomials of the
H.19-23 This is consistent with the fact that both th&A1 and Hamiltonianz=31

21A! states of HCN correlate adiabatically to the CRIB and

H asymptote. The ro-vibrational distribution of the CN fragment N > .

has been measured at a number of photon wavelengths. F(H) = Z)aka(H) (2)
In this work, we address the controversy about the electronic =

character of thg band of DCN. We first note that the original  \yhere i is assumed to have been scaled tel] 1]. An

rationale for assigning th@ band to anothetA” state is not  jnteresting prospective of the above expansion is in order if one

quite convincing because djfficulties i.n.fitting the vibrational recognizes that the Chebyshev polynomial is a cosine function
levels to a Dunham expansion can originate from a number of ;, disguise: Ti(X) = cosk arccosx). As a result Ty(H) = cos

factors such as the unusually large anharmonicity near a barrierg@ with @ = arccosd can be thought of as a cosine-type
and/or Fermi resonances. On the other hand, it is hard to argueyropagator with the Chebyshev ordek) (as the effective
against the strong experimental evidence, namely the absencgjne 3233 The analogy with the time-energy conjugacy allows
of AK = 0 bands in the rotational fine structure that identified  gyraightforward transplant of existing methodologies based on
the!A" character of the upper state. The theoretical assignment;;yq propagatiod® A distinct advantage of the Chebyshev

of the § band to the 2A" -— XX transition fails to reconcile  hrophagator is that it can be evaluated exactly using a three-
with the experimentally observetK = 0 propensity. As shown  iarm recursion.

in this work, it was misled by the intensity calculations carried |4 particular, we note a special case of eq 2 for the spectral
out on one-dimensional cuts of the excited PES. To unequivo- gensity operator in the angle notation:

cally resolve the issue, one needs three-dimensional potential

energy and transition dipole surfaces of both th&'1and ZA' 1 ©
states. Although several detailed studies of th&"1state PES O(E — |2|) = (2 — 6, coskd cosk® (3)
have been publishéd!? neither global potential energy nor 7T Sin 6

transition dipole surfaces of the highetA2 state have been
reported. As one of the objectives of this work, we present three- wheref = arccosE. Reminiscent of Heller's expression in terms
dimensional potential energy and transition dipole surfaces basedf the time autocorrelation functiciithe total photodissociation

on high level ab initio calculations. We also characterize the cross-section can be expressed as a cosine Fourier transform of
nuclear dynamics on both excited electronic states using anthe autocorrelation function in the Chebyshev order domain
efficient recursive quantum mechanical method. This work is (Cx = [@g| Te(H)|Dg0):36

organized as follows: The next section (section Il) outlines the A

theoretical method used to calculate the total and partial cross- o(E) U wl®y|0(E — H)| D0

sections for the photodissociation. Section Ill discusses the ab
initio calculation of the potential energy and transition dipole
surfaces. Section IV presents the absorption spectra for both
excited states, obtained using the Chebyshev propagation. On
the basis of the spectra, we argue thatitend of DCN should

be reassigned to a series of vibrational features in tAg state.
The calculated internal state distribution of the CN fragment is
also presented in the section. Finally, the results are summarize

<)

w
=— (2 = 0,p) coskaC, 4)
7T Sin 0

Here,E = E} + o with o as the photon frequency, adel, is

the product of the transition dipole moment and a ground-state
figenfunction: @y = uegp? with Hgo? = E? ¢2. In practice, the
summation in eq 4 is truncated &g approaches zero.

in section V. . . L
The partial cross-section, or the fragment ro-vibrational
distribution, can also be expressed as the FourierAtransform of
Il. Theory Chebyshev cross-correlation functior®)(= ;I Ti(H) | Dol
The Hamiltonian with zero total angular momentuin< 0) 1
is given below in Jacobi coordinates € 1) ZUJ(E) 0 w|ﬁﬂiﬁ|G+(E _ |:|)|Cpgﬂ12
a..
v}
~ 1 9 1@ 1 1\ oo
f=-_t 9 19 +——|i + V(Rr,0) 1 Ko 2
2up oR 21y oy ( R 2) = ol > 269"l (3)
RO ror 2ugl 2u,r ) iauj(E) iy 4 ko. k
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where the outgoing wave packet associated with the internal
state quantaj () is placed at the dissociation asymptote
with a,; as its amplitude &E.37*8 Again, the similarity with the
time-dependent versidhis quite apparent.

The correlation functions are computed at every propagation
step as overlaps between the propagation state=(T(H)0)
and prespecified states§ andy,; ). In practice, a modified
Chebyshev recursion was used in the propag&féh:

wEﬂ: d(Zng - dl/)ﬁ,l) k=1 (6) | 20 30 40 S0 60 70 80 90
: N N |
with 1§ = @4 andy? = dH®,. The dampingd) is placed near 160 /
the edge of th& grid to effectively impose the outgoing wave — J ]
boundary condition. In this work, we useldR) = 2[1 + e*(R §’ 140 | &
— Ry)] ~ 1for R = Ryand=1 everywhere else. It is interesting = 120
to note that the Chebyshev propagation can be carried out in ]
real arithmetic. 100 I @
Although the Chebyshev and Lanczos methods are both based so| J/\ \
on the Krylov subspace, their convergence characteristics may 60 ///f 5 / |
differ. The Chebyshev method discussed above is essentially a U T
transform method that is inherently restricted by the uncertainty 2030 40 50 60 70 80 90
principle. In other words, the energy resolution is inversely R (ap)

proportional to the number of propagation steps. As a result, it gigyre 1. Contour plots of the ' PES of HCN in Jacobi coordinates.
is well suited for fast processes such as the photodissociationypper and lower panels are cuts of the PEB at 138 andr = 2.418

in the ZA’" state. We note in passing that spectral resolution a, respectively, which correspond to the HCN minimum. The contour

beyond the uncertainty principle can be achieved using the ideainterval is 0.01 hartree.

of filter-diagonalizatior?®#° On the other hand, the Lanczos

method used in our earlier wdfi@* relies on the complete ~ importance in our dynamical calculations, these values were
resolution of the eigenspectrum. For low-lying bound or narrow obtained via extrapolation. Finally, a three-dimensional spline
resonance levels, the Lanczos method typically converges fasteinterpolation provided values of the potential energy surface
than the Chebyshev method even when spectral estimators sucletween grid points. A similar strategy was used to generate

as low-storage filter-diagonalization are udéé? the transition dipole surfaces, but with a much denser grid.
Figure 1 displays the contour plots of th®A2 state PES in
IIl. Potential Energy and Transition Dipole Surfaces the Jacobi coordinates. The upper panel shows a barrier in the

dissociation coordinate, which is associated with the conical

The PES of the 3" state has been discussed in our earlier intersection between thélll and 2A states. The saddle point
work,1%12s0 we concentrate here on the PES of the' 3tate. of the barrier nearly coincides in the vibrational coordinate with
The adiabatic potential energies were generated by the MOL-the equilibrium C-N distance in the fragment, rendering
PRO suite of ab initio prograrfusing the internally contracted  negligible the final state interaction for the vibrational degree
multireference configuration method with the Davidson cor- of freedom. In fact, the entire potential exhibits rather weak
rection (icMRCH-Q).* The reference wave functions were taken coupling between the vibrational and dissociation coordinates.
to be the natural orbitals obtained from the state-averagedThe overall topology of the2’ PES in this plot is similar to
CASSCEF calculation for the equally weightetAl, 1'A"", and that of the 1A" state, although the latter has a much deeper
2IA’ states, including all valence molecular active orbitals (2548 minimum.
and 2744 CSFs for th#\"” and'A’ symmetries). The transition However, the behavior of thel® PES in the bending
dipoles are obtained at the CASSCF level. The aug-cc-pVTZ coordinate is quite different. As shown in the lower panel, the
basis set of Dunnirf§ was employed, resulting in a total of PES is dominated near linearity by thélll1!A conical
115 cGTO. Additional calculations with the aug-cc-pVQZ basis intersection. At bent configurations, there are two potential
set were performed to ascertain the accuracy of the calculationsminima. The first one is quite shallow and locatedRat; =
The total number of contracted configurations in the MRCI 1.130 A,Rcy = 1.286 A,y = 114.3, corresponding to a bent
calculations is about 0.9 million, which correspond to about 35 HCN isomer. Our equilibrium position is close to the previous
million uncontracted configurations. All calculations were theoretical resultRcy = 1.130 A Rey = 1.297 A,y = 112)
performed in theCs symmetry framework. obtained with a smaller basis $ethis minimum is 0.266 eV

A nonuniform direct product grid in the internal coordinate above the dissociation limit with a barrier height of 0.167 eV.
system was selected for potential energy surfaces: #HC  The depth of this well is significantly smaller than that of the
coordinate points from 1.23 to 11.5 (1.23, 1.53, 1.83, 2.03, 2.23, 1'A" state (0.625 eV}° As a result, it is not expected to support
2.43, 2.63, 2.83, 3.03, 3.23, 3.73, 4.23, 4.73, 5.23, 6.50, 8.50,any long-lived resonance states. It is also interesting to note
11.5)aq, 9 points for C-N coordinate varied from 1.58 to 3.38  that the saddle point is &y = 1.391 A Ren = 1.257 A,y =
(1.58, 1.98, 2.13, 2.28, 2.38, 2.48, 2.68, 2.88, 3&3pnd 12 89.£, about 28 away from the equilibrium angle.
points for HCN angle ranged from 2@ 180 (40°, 5¢°, 60°, The second well corresponds to an HNC isomer and is located
80°, 90, 100, 1107, 12C°, 13C, 140, 16C, 18C°) were used,  at Rcy = 2.477 A,Rey = 1.217 A,y = 60.74. Its existence
which give a total of 1836 points. In the interaction region, the has not been reported before by either ab initio or experimental
potentials at smaller angles are very high in energy and studies. Interestingly, the HNC minimum is quite deep, 0.771
sometimes difficult to converge. Because of their limited eV below the HCN minimum and 0.496 eV below the
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are more readily seen in Figure 2, in which the minimal energy
path along the dissociation coordinat®) (is plotted. For

comparison, the minimal energy path of the\T PES is also Figure 3. Contour plots of the- andz-components of the transition
given in the same figure. dipole in Jacobi coordinates at = 2.18 a;, which is the C-N

The transition from the ground 1A’) to 2!A’ state is of a equilibrium of the ground electronic state. The contour interval is 0.03

parallel nature. The transition dipole has two components in
the molecular ¥z plane. In the linear configuration, théA
state has A character at smaRcy. The electronic transition
from the ground & ) state is thus forbidden, as characterized
by zero transition dipole moments. However, the transition
becomes allowed at larg& where the 2A’ state assumes a
T character. For the dissociation at the red-wing of tha' 2
absorption band, excitation near the ground-state equilibrium
(Ren = 1.065 A) is nominally forbidden but facilitated by
nonzero transition dipole moments in bent configurations. The
situation is very similar to the'A" state, which is dominated
by a=~/*T conical intersection. The transition dipole moments
near the ground-state equilibrium are shown in Figure 3.
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IV. Photodissociation Dynamics 0 2000 4000 6000 8000 10000 12000

In the numerical calculations, the excited-state Hamiltonian
was discretized in a direct product discrete variable representa-
tion (DVR) grid46 Eighty and thirty sine-DVR points were
used to cover th& range [1.7, 9.5l and ther range [1.8,
3.3] ag, respectively. A seventy point Gaussian-Legendre DVR
grid in the range [0, 18Q was used in the angular coordinate.
Although a much smaller grid suffices for the absorption
spectrum, this large grid is needed for the final state projection.
In the Chebyshev propagation, the Hamiltonian is scaleet 19 [

1]: Hscae= (H — H ™ )/H ~ with H * = (Hmax & Hmin )/2. The
damping was switched on &; = 8.3 ay.

IVA. Absorption Spectra. For comparison, absorption
spectra for both the'A"” and ZA' states were calculated. The
initial state was determined using a real-symmetric Lanczos
method on an ab initio based PES of the ground electronicState.
Only transitions from the ground vibrational state were con-

11A" state
””””” 2'A" state

i

)
Q
pd
=g
P=9
P=10
12

Absorption spectrum (arb. unit)

2000 4000 6000 8000 10000 12000
E (cm™)
sidered. Because the overall rotation was ignored in our Figure 4. Calculated HCN and DCN absorption spectra for tha'L

calculations, the absorption spectrum for theA’2«— 1A’ — A" and ZA" — LA’ transitions.

transition was approximated by a simple sum of yhand z resonances at low energies, in quantitative agreement with our
contributions. earlier results obtained using a different numerical mefdd,

The upper panel of Figure 4 displays the absorption spectraand consistent with the experimental observation of Herzberg
for the A" and 2A’ states of HCN. The energy zero is chosen and Innes.Because of these narrow resonances, the Chebyshev
at the zero-point energy (ZPE) level in thE\l' state. As shown propagation was carried out for 60 000 steps. The resulting
in the figure, the 3A" spectrum is dominated by sharp spectral resolution is adequate for our discussion here, but still
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insufficient to resolve the widths of some low-lying resonances. 3.2

Assignments of low-lying resonances are given in terms of three - e HCN DCN autocorrelation

vibrational quantum numbersy( n,, nz), which correspond to 3r © DON ~5 function

the C—H stretch, H-C—N bend, and &N stretch, respectively. » 'ev oe

These assignments reveal the dominance of two bending —~ 2.8 - ¢ Ce

progressions (On,, 0) and (0,n,, 1), thanks to the linear-to- 5 i o OO.; o

bent nature of the transition. Above 6000 Tithe width of 2 26 - o é%o o

the vibrational features increases drastically due to strong A ° g0 .‘

predissociation. The spectrum in this spectral range was not V 2.4 - 5o T o ° °©o o000 O

reported in our earlier wotR because of convergence problems [ @80 ‘Z-'." 0o ® * ]

in the Lanczos propagation. 22 §8 ]
The 2ZA" spectrum of HCN, also shown in Figure 4, consists Fo ‘ L 1

of a progression of much broader peaks. The widths of these 3 3.5 4 4.5 5 55

peaks are typically on the order of a few hundred wavenumbers, <R> (bohr)

which qorresponds to a lifetime of a feyv tens of fer.ntoseconds.. Figure 5. Trajectories of the excited state wave packet immediately
Such diffuse peaks preclude any rotational resolution. Numeri- after the excitation. The DCN autocorrelation function is given in the
cally, a much shorter~8000) Chebyshev propagation was inset.

sufficient. The lack of sharp peaks in the spectrum is indicative )

of the fact that the shallow HCN minimum of thé&? PES is  that are separated by roughly 1500 ¢nand assignable to the

incapable of supporting any bound or long-lived resonance C—N stretch .excr['atlon. In addition to the initial recurrence due
states. to the C-N vibration, there are some subsequent recurrences,

The much more interesting case of DCN absorotion s ectraas shown in the DCN autocorrelation function displayed in
L . g ca P SP Figure 5. These recurrences occur at longer periods and
is given in the lower panel of Figure 4. As mentioned in our

. 10 A . . correspond to the bending vibration. In fact, many (but not all)
earlier work,” the TA" spectrum of DCN s domlngted by peaks in Figure 4 are assignable. For instance, the peak at 8623
regularly spaced clusters of spectral peaks, which is in sharp

! . “"Femtin the DCN spectrum can be assigned as (0, 10, 0) and
contrast with the HCN spectrum. The inter-cluster separation . .
is approximately 700 cfif, roughly the bending frequency. the next two peaks at higher energies (9064 and 9608)cm

Low-IVi h b ianed with the th are (0, 8, 1) and (0, 9, 1), respectively. The assignment of the
OW-lying résonances have been assigned wi e o "€ HeN spectrum is hindered by a strong Fermi resonance between
vibrational quantum numbersy( n, ng) in our previous work!

E th : ts it is clear that th tral pattern i the C-H and C-N stretching modes, as discussed below.
rom these assignments, 1 1S clear that the spectral pattern is /g Assignment of the # Band. It is clear from the DCN

. b
due to the fact that the bending frequeney £ 726 cm ) is spectra in Figure 4 that the!® state could not possibly be

nearly half of the G-N stret_chlng frequer\cwé — .1463 cnt). responsible for th¢g band of DCN, which was experimentally
Indee_d, we haye found e_wdence ofazl Ferm_l resonance fromknown to have well-resolved rotational structutéss.a previous
the eigenfunctions. In Figure 4, each cIustgr IS henge Iabeledtheoretical stud§,Peric et al. concluded on the basis of potential
by the polyad quantum numb@r= n, + 2ns™ Interestingly, cuts in the three vibrational coordinates that the HCN potential

the experimental spectrum of Herzberg and Innes also has Avell in the 2A’ state is quite stable. Although our potential

\éi;y similar cflut:;,]ter pa’ierh.As STlOW.n n Flgure'tﬁ, the cuts at the same coordinates are consistent with their lower-
iuseness of the peaks generaly Increases With €nergy. o q| ap intio results, the global PES paints a quite different
However, the peak width is substantially narrower than the HCN picture of its topology in three dimensions. As discussed in

ones at the nearby energy, signifying slower predissociation. section 1lI, the 2A’ state potential well corresponding to the

Th'.s Is consistent with expenmental o_bservati’oasd can be HCN isomer is extremely shallow. Its depth in our PES (0.167
attributed to the more massive deuterium. _ eV) is only about one-third of the value (0.434 eV) reported by
The 2A’ spectrum of DCN resembles that of HCN in that peric et af This difference could be explained by the fact that
no sharp peaks are present. Again, the broad resonances can e saddle point of the barrier is located at a bending angle (
attributed to the Sha"OW We” in thelﬂ' state PES. A|th0ugh ~ 90’3) that is quite far away from the equi”brium ang}ﬁf,
their widths are smaller than the corresponding HCN peaks, 11#) and was not considered by Peric ettalindeed, the
these resonances are still extremely short-lived with subpico- absorption spectra obtained with the three-dimensional PES
second lifetimes. clearly indicate strong predissociation for both the HCN and
The broad but well-defined peaks in th#\2 state absorption ~ DCN resonances associated with this well. This result led us to
spectra of HCN and DCN can be understood as the result of reject the notion that the'&' state is responsible for thband
partial recurrence of wave packet on the excited state PES. Inof DCN. Our conclusion is further supported by the experi-
Figure 5, trajectories of the excited state wave packets im- mentally observedK = 0 propensity of thes band features,
mediately after the transition are displayed in the two radial which points to &A", rather than dA’, excited staté.
Jacobi coordinates. Upon excitation, thé\2state PES exerts Having excluded the'2' state, let us now return to théAl"
forces in both coordinates that result in the elongation of the spectrum of DCN for a more thorough analysis. Figure 6
C—N and H/D—-C bonds. However, the initial motion of the compares the calculated spectrum of thiee=(6, 8, 10) polyads
wave packet does not immediately lead to dissociation evenwith the experimental spectrum of Herzberg and Innes in the
though the total energy is above the saddle point of the barrier. same energy ranges. Assignments of the peaks in both spectra
Instead, the wave packet is bounced back by the potential barrierare given with the three vibrational quantum numbers. We stress
and revisits the FranekCondon region. The recurrence in the that one should not expect a quantitative theoretieaberi-
DCN autocorrelation function ned&r= 250 is clearly seen in  mental agreement for two reasons. First, basis set errors and
the insert of Figure 5. Subsequently, energy gradually flows the neglect of higher order excitations in the ab initio calcula-
from the C-N mode to theR coordinate and the dissociation tions can easily cause energy differences on the order of a few
ensues. This initial recurrence results in a progression of featuregens of wavenumbers. Second, additional differences might exist
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TABLE 1: Fitting Parameters for the Fermi Resonance

DCN. The latter phenomenon is particularly conspicuous in this
system but received no mentioning in the original experimental

1

E 1 L L work. To illustrate our point, we have fitted the experimental
5400 5500 5600 5700 5800 5900 spectrum, including the features assigned by Herzberg and Innes

e e e e A

as thes band, to a spectroscopic Hamiltonian that contains the

. P=6 o ] Hamiltonian (cm~1) for the 1!A" State of DCN
: b I 1 wo 51281.33
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Figure 6. Comparison of the calculated (upper lines) and experimental S ] ]
(lower lines) TA" spectrum of DCN for threeR = 6, 8, 10) polyads. The fitting involved 23 levels up to 5000 cry including the
reassigne@ band features. The resulting parameters are listed

because the experimental peaks are for transitions Adth= in Table 1. A reasonable fit (rms 0.374 cnt?) was found for
1. Instead, we look for qualitative patterns shared by the two all the observed levels up to the 11th polyad. If only the diagonal
spectra. term in eq 7a is used, on the other hand, the fitting is much

A striking similarity between the theoretical and experimental worse (rms= 1.593 cn1Y). Interestingly, the harmonic frequen-
spectra is that they both have the same number of peaks withincies in our fitting are in good agreement with the original fitting
each polyad. There are, for example, four and five members of Herzberg and Innégw, = 735.0 cn?, w3 = 1505.8 cn1?)
for P = 6 and 8. In theP = 10 polyad, neither theory nor  and with previous theoretical results of Botschwina €t @b,
experiment identified the first member of the polyad, namely = 756 cnT?, wz = 1505 cntl).

(0, 10, 0), presumably due to strong predissociation. The (0, 0, The results presented above strongly suggest that the so-called
5) level in the theoretical spectrum is very weak and conceivably f band of DCN should be assigned to théAT — 1A'

not observed in the experiment. In addition, there is rather close absorption. Our conclusion is based on several pieces of
resemblance in the spectral pattern and relative intensity as well,evidence derived from either experimental or theoretical ob-
although it is more difficult to quantify. These observations are servations. First, the calculate#®2 — 1'A’" absorption spectrum
also found in other polyads that are not shown in Figure 6. consists of only broad peaks that are inconsistent with the narrow
Theoretically, the number of vibrational features in a polyad is /3 band features observed in the experiment. Second, the parallel
determined by the polyad quantum number. For instance? the 2'A’' < 1A’ transition should produce bothK = 0 and+1

= 6 polyad consists of the (0, 6, 0), (0, 4, 1), (0, 2, 2) and (0, transitions, but the former was not observed experimentally.
0, 3) levels, although some of them might be strongly mixed. Third, the calculated A" spectrum strongly resembles the
Interestingly, Herzberg and Innes made the same assignment&xperimental spectrum in each polyad labeled cluster ifsthe

of the first three members of this polyad as us, but assigned theband features are included. Finally, both theand g band

last peak to the (0, 3, 0) level of the so-calfgdand! Similarly, features in the experimental spectrum can be reasonably fitted
the last peaks in th® = 8 and 10 clusters were assigned by to a single spectroscopic Hamiltonian that contains the Fermi
these authors g8(0,5,0) ands(0,7,0)! The major motivation coupling. We believe our evidence is sufficiently strong to
for their assignment of th band was the failure in fitting these  warrant a reassignment of the so-calfethand of DCN.

spectral lines to a single Dunham expansion with “reasonable”  Although our reassignment agrees with Innes and co-
anharmonicity constants. workerg315in that the A" state is responsible for thtband,
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Figure 7. Vibrational distributions of the CN fragment from the HCN
photodissociation in the'A" state.

the vibrational assignments of these features are different. It is
quite certain that the assignment of these features to th€ D
overtone excitation by Bickel and Inriéss incorrect. In fact,
we have found no significant contribution to the DCN absorption
spectrum from an excited-BC mode. At this point, however,
an unambiguous assignment of fhdand features beyond the
polyad quantum number is still not possible due to the
inaccuracy of the PES.

IVC. Fragment Ro-vibrational Distributions. As discussed
in section Il, the internal state distribution of the CN[&
fragment is obtained in this work from Chebyshev cross-
correlation functions. The asymptotic wave packet is given as
a product of the internal eigenfunctiog,{) and a delta function
located atRy = 7.16 ap. In Figure 7, the CN vibrational
distribution from the photodissociation of HCN in thBAl' state

Xu et al.
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Figure 8. Vibrational distributions of the CN fragment from the HCN
and DCN photodissociation in thé& state.

fragment to retain the vibrational excitation in the parent
molecule. This argument is indeed borne out for the DCN

is plotted at several energies corresponding to the prominentdissociation. At 8623 crii, for example, the (0, 10, 0) resonance

absorption peaks above 7000 cin sharp contrast with the

produces predominantly= 0 CN fragments. On the other hand,

resonances at lower energies where only the vibrationless CNresonances with €N excitation, such as the one at 9064ém

are produced? the dissociation of these shorter-lived resonances
produces CN fragments with substantial vibrational excitation
with v up to 4. Particularly, we note that the CN vibrational
distribution at 11 373 cmt, which corresponds to the 157 nm
photon wavelength, is inverted with a peak:at= 1. The
variation of the vibrational distribution implies some extent of
mode specificity. Mode specificity was found in the CN
vibrational distribution from the DCN dissociation in the same
energy range (not shown here). For both molecules, the
vibrational excitation in the CN fragment can be attributed to
the excitation of the €N mode in the parent molecule, as the
final-state interaction outside the barrier is rather weak.

The CN vibrational distributions from the!&' state photo-
dissociation of both HCN and DCN are displayed in Figure 8

produce “hotter” CN vibrational distributions.

The uniformly “cold” CN vibrational distribution from the
HCN dissociation thus implies efficient dispersion of vibrational
energy in the dissociation. This “irregularity” can be attributed
the fact that the HC vibration in the 2A" state has approxi-
mately the same frequency as the i vibration (~1500 cnr?)
in the Franck-Condon region. As a result, the two local modes
are strongly mixed via a 1:1 Fermi resonance, which results in
extremely efficient energy transfer from the-@® vibration to
the dissociation coordinate. On the other hand, theCD
vibrational frequency is about 1300 cf which is detuned
significantly from the CN vibration and renders inefficient
energy transfer. Of course, one should be forewarned that the
above analysis is qualitative in nature because the PES R the

at energies corresponding to the absorption peaks. Thesecoordinate is unbound.

distributions reveal an unexpectedly strong isotopic effect. The
CN fragment in the HCN dissociation is dominated by the
vibrational ground state in the energy range up to 13 000'cm

One can identify the aforementioned Fermi resonance by
inspecting stationary wave functioms(E) = G*(E — H)®y,
which were obtained by accumulating the Chebyshev propaga-

and extensive CN excitation is present in the same energy rangeion states at energl. Examples of such2integrable wave

for the DCN fragmentation. In fact, the latter CN distribution
is inverted at several energies.

Like the !A" state, the &N vibrational mode in the parent
molecule can be excited because of the differertNCequi-
librium distances in the ground (1.154 A) and excited (1.279
A) electronic states. Wave packet motion in theoordinate,
as shown in Figure 5, clearly indicates a significant force in
this direction. Given the weak coupling between the vibration
and dissociation coordinates in th#d2PES shown in the upper
panel of Figure 1, it should not be surprising for the CN

functions are plotted in Figure 9. They resemble bound state
wave functions inside the barrier néar~ 3.5 ag but possess
long dissociation tails at larg®. For the DCN wave function,

the node in the coordinate inside the barrier is approximately
perpendicular to those in tHe coordinate. Thus, it is straight-
forward to assign this resonanceng = 1. The HCN wave
function, on the other hand, has an irregular nodal structure that
curves around in the two coordinates. Such a curved nodal
structure stems from the Fermi resonance between thN C
and H-C modes, which leads to strong mixing between the
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Figure 9. Representative stationary wave functions for HCN and DCN.

two modes and facilitates rapid energy flow to the dissociation
coordinate and efficient fragmentation. Indeed, the widths of

the HCN absorption peaks are substantially broader than the

corresponding DCN ones. In addition, the larger extent of
fragment vibrational excitation in the DCN wave function can
be clearly seen at largR. The pronounced isotopic effect in
the CN vibrational distribution is quite striking. It illustrates

J. Phys. Chem. A, Vol. 106, No. 43, 20000181

perpendicular transitions contribute. It is thus conceivable that
a vibrational distribution with a small peak at tlve= 0 can
result from combining the CN distributions in both Figures 7
and 8. Unfortunately, however, a quantitative comparison with
experiment requires calculations with nonzero total angular
momenta, which are yet to be carried out. We point out in
passing that the theoretical prediction of the electronic-state-
resolved CN vibrational distributions can be verified experi-
mentally using polarized lasers in both excitation and detection.

Rotational distributions of the CN fragment at its vibrational
ground state are given in Figure 10 for tHé\2state dissocia-
tion. They are all oscillatory and extend to rather large rotational
guantum numbers. The extensive rotational excitation in the CN
fragment is indicative of the large torque exerted on the CN
moiety upon the linear-to-bent transition. The oscillatory
structure can be rationalized by the “rotational reflection
principle”*® which attributes the final fragment rotational
distribution to the reflection of the bending wave function at
the transition state. For example, there are ten minima in the
CN rotational distribution from the DCN dissociation at 8623
cm1, which corresponds to the (0, 10, 0) resonance. Because
of the larger bending frequency of the HCN parent, the rotational
distribution has in general fewer nodes. Interestingly, the CN
rotational distributions from the HCN dissociation are cooler
than those from the DCN dissociation, which can presumably
be attributed to its faster predissociation rate. At higher
vibrational states of the CN fragment, the rotational distribution
is typically less excited.

Rotational distributions of the CN fragment at several
vibrational levels have been measured by Guo et al. for the 157

that Fermi resonances can not only manifest spectroscopicallyM photodissociation of HCRE. Our calculated distributions

but also affect dynamics.

Experimentally, Guo et al. have measured the vibrational
distribution of CN(ZII) upon the photodissociation of HCN
at 157 nnme3 which is~11 373 cmi! in our energy scale. The
CN fragment was found to have significant vibrational excita-
tion, but with a small peak at= 0. The theoretical data reported
in this work are not inconsistent with the experimental results,
if one realizes that at this energy both the parallel and

a HCN 8243 cm! b M DCN 8623 cm?
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agree with the experimental results in that both found significant
rotational excitation in the CN fragment up to 50 rotational
guanta. However, the experimental distributions have peaks
around N = 10-15 with little oscillation. We believe the
discrepancy could be due to the= 0 contributions, in addition

to the parallel/perpendicular mixing at this wavelength. This
speculation has to await further theoretical investigations that
include overall rotation of the molecule.
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Figure 10. Rotational distributions of the CN fragment in its ground vibrational level upon the HCN and DCN photodissociationlia'tea.
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V. Conclusion the two modes, resulting rapid dissociation, and vibrational
relaxation. The resulting CN fragment is uniformly dominated
by its ground vibrational state. The calculated vibrational
distribution of the CN fragment with contributions from the two
electronic states is consistent with the experimental measurement
at 157 nm.

The CN rotational distribution was found to be highly excited
both electronic states, reflecting the linear-to-bent nature of
the transitions. There exists significant mode specificity despite
the rapid predissociation in the energy range of interest. The
rotational distributions are highly oscillatory, which reflect the
highly excited bending wave function in the transition state. A
direct comparison with experimental data is not possible at this
stage because of the neglect of overall rotation of the parent

A major contribution of this work is the first three-
dimensional PES of the'&' state of HCN based on high level
ab initio calculations. This and the!A” state PESs reported
earlief%12allowed us to perform accurate dynamical calculations
of the HCN and DCN photodissociation in their first absorption
band. Useful information, such as absorption spectra, resonance,
positions and lifetimes, and fragment ro-vibrational state
distributions, has been obtained.

In the Franck-Condon region, theA" and 2A’ states arise
from the 2=~ and IA states in linearity, respectively. They
form conical intersections with the'Tll state, which correlates
to the H/D+ CN(AZIT) asymptotic limit. The remnant of the
conical intersection at bent configurations forms an adiabatic ,5jecule.

barrier in the H-CN coordinate for both the'A” and 2A’ The theoretical investigation of the excited-state dynamics

states, which is responsible for the predissociative resonancesy s simple triatomic system reveals many interesting features
in HCN and DCN. However, the detail topology of the two o redissociation process. Of particular importance is the

_PESS isl q,l,Jite different. The relatively degp HCN potential well ‘i ence of Fermi resonances in both spectra and dissociation
in the TA" state PES supports both (adiabatically) bound and 4y namics, as demonstrated by this study. Given the richness of
long-lived resonance states, whereas the corresponding well ofy e gissociation dynamics unraveled by theoretical studies such

the ZA' state is so shallow that only short-lived resonances are » s work, we hope more detailed experimental information
present. In addition, the!2' state possesses a genuinely bound on this system will be forthcoming.

HNC potential well that has never been identified before.
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