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Abstract. Adiabatic and diabatic potential curves are obtained for linear HCNH. The electronic states of this molecule are
characterized by strong mixing of valence and Rydberg configurations. Molecular orbitals for these two classes of configurations
are determined separately and then combined. Large scale calculations at the level of single and double excitations from a
multi-configuration reference are performed. The calculations confirm the earlier results of Talbi & Ellinger (1998). Diabatic
potential curves are determined using the block diagonalization method and are used to estimate fhi@nétithtron capture

by HCNH?'. Rates for dissociative recombination through the CH bond and through the NH bond (which lead to H Qi

HCN + H, respectively) are calculated using a simple quasi-diatomic model. None of the calculated results suggests a strong
difference in the rates for production of HNC and HCN.
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1. Introduction of these dissociative states crosses the lowest series of HCNH
. . . . Rydberg states, but above the minima and between the first and
Thert_a has_bgen much m_tergst recently in the branching rat'c’soe)Fcond vibrational levels. On the basis of these crossings Talbi
the dissociative recombination (DR} process and Ellinger have suggested that if the total DR of HCN(i-
HCN + H cluding both the direct and the indirect mechanism) leads to
e+HCNH" — { HNC + H (1) equal amounts of HCN and HNC, the direct process would be
' more dficient than the indirect.
This process is important in the interstellar medium. Indeed, The diabatic potential energy curves calculated by Shiba
among the puzzles still unresolved in astrochemistry is the et-al. (1998) lead to a fierent conclusion. Shiba et al. (1998)
planation for the variation of the HNEICN abundance ratios found that the two lowest HCNHE dissociative states (lead-
observed in dferent locations in space. In dark cold cloud$hg to HCN and HNC) do not cross the potential energy curve
(TMC-1) HNC/HCN is 1.55 (Irvine & Schloerb 1984). In of the ion. However, they did not include Rydberg orbitals in
OMC-1, a region of high mass star formation, this same abuifieir atomic basis set. Rydberg orbitals are crucial to describe
dance ratio changes drastically fron8Q in the immediate the two lowestz valence dissociative states of HCNH. Indeed,
vicinity of Orion-KL to values in the range of/4 for adjacent from their analysis of the CI adiabatic wave functions, Talbi
ridge positions (Schilke et al. 1992). In order to reproduce th Ellinger (1998) showed that at the ion equilibrium geom-
abundances observed for HCN and HNC, astrochemical meiry the two lowestX states of HCNH are of Rydberg char-
els have hypothesized that the dissociative recombinationasfter and change to dissociative character as the CH or NH
HCNH" leads to an equal amount of HCN and HNC. bond is stretched, leading respectively to HNC or HCN. Such a
There have been several recent calculations of potentilange in character from Rydberg to valence dissociative can-
curves for this system (Talbi & Ellinger 1998; Shiba et alnot appear in the calculations of Shiba et al. due to the lack of
1998; Semaniak et al. 2001), and several groups have discus8y¢dberg basis functions. The neglect of Rydberg orbitals might
the dynamics of the process (Tachikawa 1999; Semaniak eteyplain why the diabatic dissociative states of Shiba et al. pass
2001). Talbi & Ellinger (1998) performed a quantum chemibelow the ionic curve of HCNH rather than crossing it.
cal ab initio study using a quasi-diabatic representation. They The theoretical and experimental study undertaken by
found that the two lowest HCNHE dissociative states, whichSemaniak et al. (2001) aimed at exploring CN formation
lead to HCN and HNC fragments, respectively, cross the pfsem the dissociative recombination of HCNHonfirmed the
tential energy surface of the HCNHon near its minimum easy formation of HCN and HNC from this process. Finally,
and below the first vibrational level. They also found that eacfachikawa (1999) has shown by means of digdctnitio dy-
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namics calculations that at low temperature the direct proces3é&& number of cao@icientsN in the sum in Eq. 3 may be quite
dominates in the DR of HCNHeven though he suggests folarge (of order 16). However, one can usually identify a small
the low temperature of the interstellar medium the dominaset of N, configurationsl{, ~ 2—10) that make the dominant
formation of HNC. contribution toN,, electronic states of interest. Théh, will

In this present study, we confirm the earlier calculations &fe the dimension of the diabatic Hamiltonian, and for the di-
Talbi & Ellinger (1998) of the adiabatic potential curves. Webatization one only needs tiN, x N, matrix of valuescy,
also determine diabatic potential curves with the block diagéer the codficients of theN, dominant configurations in the
nalisation method (Pacher et al. 1988) and use them to calcullitestates of interest. We denote this matrix®yThe diabatic
cross sections for the DR process. Hamiltonian matrixH giapatic can be expressed as a transforma-

tion of the diagonal matri¥e whose nonzero elements are the

2 Potential Curves adiabatic eigenvaluds,, . .., En,:

. . . N . B
This section describes tha initio electronic structure calcu- Hdiabatic=T'ET, (4)
lations that we performed to determine adiabatic and diabafifere ) denotes the adjoint (transpose for a real transforma-
potential curves. We first summarize briefly the block dmgonaﬁbn) and
ization method used to determine diabatic curves, since imple-

menting this method requires a few extra steps in the procedurex 5! (SST)“Z . (5)
] o This analysis of the adiabatic eigenvalues and eigenvectors
2.1. Block Diagonalization Method is straightforward and only involves matrices of ortler. Since

The block diagonalization method (Pacher et al. 1988) providEltiavaticis explicitly constructed by a unitary transformation of

an dfective technique for transforming the results of a standafge matrixE of adiabatic eigenvalues, the eigenvalues of the

electronic structure calculation into diabatic potential curve§Mall matrixH diabaicwill be exactly the same as the chogén

An advantage of the method is that one can perform a CO(g‘;,|genvalues of the large matrix determined by the CI calcula-

ventional calculation of the desired size and accuracy and thig-

obtain diabatic curves with comparable reliability. A second

advantage is that the numericdfat for the diabatization is 2 2 Electronic Structure Calculations

quite modest compared to the original calculation (which usu-

ally involves diagonalizing a very large, sparse matrix.) These calculations were performed with the GAMESS code
The method requires extrafert in the determination of (Schmidt et al. 1993). We used the Dunning-Hay double zeta

molecular orbitals (mo’s). Briefly, one must insure that the varRasis set (Dunning & Hay 1977), augmented with an additional

ation of the mo's{¢;} with molecular geometry is small. ThisPolarization function on each H, one additionatudsesp and

result can be achieved by setting up the calculation in suciPBe Polarization function (six cartesiarfunctions) on C and

way that the adiabatic energies are invariant under a rotationhbf and two additional Rydbergand p functions on the mid-

certain molecular orbitals, and then selecting an appropriate Rint of CN. The total number of basis functions was 56. The

tation at each geometry. For example, the MCSCF energies 8Ponents of the Rydberg functions were 0.026 and 0.016 for

invariant under an arbitary rotatids of the mo’s in the active the s functions and 0.023 and 0.015 for tipefunctions. The

space (Roos 1987; Schmidt & Gordon 1998). One can repla@¥dberg exponents are the same as those previously used by

a set of orbitalg optimized in an MCSCF with a new set  Talbi & Ellinger (1998).
Talbi & Ellinger (1998) originally discussed the special re-

¢i = Z Ui,-¢], (2) quirements for an electronic structure calculation of dissociat-
i ing potential curves for linear HCNH. It is important to treat
é;gth the CH bond and the NH bond equally and in a manner

pointed out that one can take advantage of this degree of srdat correctly describes the dissociation process. The valence
dom by choosindJ so that each mo in the sg;} resembles orbitals must therefore include both bonding and antibonding

as closely as possible a corresponding orbital in a set of «Gbitals for the CH and the NH bonds. It is also important to

erence” orbitals. The reference orbitals are defined in a wiflude difuse Rydberg orbitals. The coupling between config-

that makes them easy to interpret and ensures that they urations involving these types of orbitals controls the electron
slowly varying. We use the algorithm we previously imme_capture process, and the calculated adiabatic wave functions

mented (Spirko et al. 2000) based on a series of Jacobi rotati§igiPit considerable mixing of these types of configurations.
to maximize the overlap of eagh with the corresponding ref- Near the linear equilibrium geometry, the orbital occupancy

and the MCSCF energies will not change. Pacher et al. (19

erence orbital. of HCNH" is

The corlzlguratlgn interaction (Cl) electronic wave_funcu_on, (en)(0en) (o) 2(en), )
¥, for then™ state is represented as the sum of configurations
@, each constructed from the mefs where “ - " signifies the core §orbitals for C and N. The direct

N mechanism for DR involves capture of an electron incident on
yo— Z o 3) this molecular ion into a dissociating state of the corresponding
n— mn™~=%"ms . . . . H H .

o~ neutral (Bardsley 1968; Giusti 1990; Giusti-Suzor et al. 1983;
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Hickman 1987). Talbi & Ellinger (1998) identified the HCNHTable 1. Numbering convention used for the molecular orbitals.
orbitals involved asr¢,, andoy,,. These orbitals correspond
to antibonding orbitals localized on CH and NH, respectively. Number  Orbital Number  Orbital

There are two possible dissociating excited states of HCNH, 1 Isy 8 O\H
which are described by the orbital occupancies: 2 I 9 IcH
3 OCN 10 ORyd
cee (O'CN)Z(O'CH)Z(O’NH)Z(JTCN)4(O'ZH)1 (7) 4 men(X) 11 ORyd
5 nen(y) 12 men(®)
and 6 O CH 13 ﬂéN(y)
7 O NH
tre (O'CN)Z(O'CH)Z(O'NH)2(7TCN)4(0';§H)l 8)

Occupancy (7) leads to dissociation along the CH coordind&s us to develop a systematic procedure for obtaining opti-
Rch. As Rcy — o0, the bonding orbitad-cy and antibonding mized valence and Rydberg mo’s separately. The valence or-
orbital o¢,, smoothly change into @, orbital on C and a4 bitals were determined from a series of calculations on‘the
orbital on H. Similar behavior occurs in occupancy (8)dqyy  ground state of HCNH. We first performed an MCSCF using
andoy,, asRyn — co. This smooth and chemically sensiblea large active space,

behavior is exactly what is desired for the orbitals that will de- . e

scribe the diabatic states that describe dissociation to HNC'CN- 7CH: INH> ONH- TcH: Ten:

Horto HCN+ H. This MCSCF wave function correctly describes dissociation
We firSt describe the method we Used to determine “ref%rong either the CH or the NH bond_ Then we performed a C|
ence" Ol‘bitals that eXh|b|t th|S deSired behaVior. The method d%|ng a” Sing'e and doub|e excitations from th|S active Space_
a variation of methodology used by Talbi & Ellinger (1998)The number of CSF’'s was 710,748. We used the natural or-
We performed an MCSCF calculation for tR& state of pjtals from this calculation to construct the valence orbitals for
HCNH* at the equilibrium geometry of HCNH('E). The or- HCNH. First, we reordered the natural orbitals to correspond
bital occupancy of this state is to the numbering convention given in Table 1, and we also ro-
tated the four sigma orbitals correspondingrten, o, o3y,

2 4 1 1r o+ 1o+ 1
- (Ten) ren) (Ter) (onm) (o) (e ©) ando,, so that they matched the reference orbitals as closely
and we took as possible, using the method described earlier (Spirko et al.
2000).
O CHs ONH» O NH» T CH A second MCSCEF calculation was performed to determine

) . _ Rydberg orbitals for the HCNH. The Rydberg configurations
as the active space. We then applied the method of Edmistonyé2y, HCNH have the orbital occupancy

Ruedenberg (1963) to localize the orbitals. This procedure in-
volves finding an appropriate orbital rotation of the form Eq. 2: - (en)*(cr)(onH) (ren) *(orya) (10)

and is available as an option in GAMESS (Schmidt et al. 1993 . .
Examination of the rotated orbitals confirmed that near t\'?'hereo-Ryd Is a large, diuse Rydberg orbital centered on CN.

equilibrium geometry, the orbitals were localized on the CHO calculate these orbitals we consider the first fRctates of

or NH bonds and clearly exhibited bonding and antibondin'é'CNH' which have orbital occupancies of the form

character. Following Pacher et al. (1988), we tried defining the. (o-cn)?(ren)* (o cr) (o) (o) Mo e H(oryd) -

reference orbitals at other geometries using the same set of mo

codficients. These cdcients lead to “shifted mo's” that are We performed an MCSCF calculation for tRE states, using

no longer orthogonal, so they must be symetrically orthogondD active space with two Rydberg orbitals,

ized (Szabo & Ostlund 1982). This procedure has been shown x *

(Carlson & Keller 1957) to produce the set of orthonormal mo's O < NH* I NH: T ch: TRya(L). ryd(2).

closest to the original set. This method produced the desiradd averaging over the first two states. This calculation pro-

mo’s for geometries near the ion’s equilibrium, but in the limvides the six sigma orbitals that correspond to the four va-

its Rcn — oo or Ryy — oo, the dissociating orbital did not lence orbitalsocy, onH, 0Ny, 0gy, Plus two Rydberg or-

correctly approach the limit of an isolated Hydroges We  bitalsoryd(1) andoryd(2). However, the indeterminancy in the

were able to obtain the correct asymptotic behavior by addifglCSCF wave function means that the six orbitals in the active

another step to the method. We used the symmetrically orth@pace are mixed in an unpredictable way, and all may include

onalized mo's as the initial guess for another MCSCF calculbeth valence and Rydberg components. Using a variation of our

tion of the % state of HCNH at the new geometry, and therrotation method, we rotate the six MCSCF orbitals so that the

we applied the method of Edmiston & Ruedenberg (1963) first four of them are aligned as closely as possible with the ref-

localize just orbitalsry,, ando,,. This method reduces ex-erence orbitals-cy, onn, oy @andog,,. This rotation ensures

actly to the our original procedure near the equilibrium anthat the first four MCSCF orbitals have valence character and

also produced the correct behavior asymptotically. a form similar to the corresponding (rotated) natural orbitals
The fact that Rydberg and valence configurations may mof the ion. The last two MCSCF orbitals have predominantly

very strongly in the wave functions of HCNH excited stateRydberg character. We performed an independent rotation of
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these two orbitals so that one had primarilgharacter, and ~ ~5

the other primarilyp character. This rotation also preserves the x
relative sign of the Rydberg orbitals from one geometry to an- x
other. -3.3t ,

At this point we combine the mo’s from the& HCNH* CI =
and the®z HCNH MCSCF. Specifically, using the numbering>
in Table 1, we take orbitals 1-9 from tf& HCNH* calcula- & —s.af
tions to represent the core and valence space, and orbitals 1b-
11 from the®T HCNH calculations for the Rydberg space. Thes
remaining orbitals (the virtual space) come entirely from from _s 5| = ,
the®x HCNH calculations. The rotations we have performed on X
each set of orbitals ensures that each of the first #indCNH X x
MCSCEF orbitals is replaced by a similar (but not identical) or- a6 ‘ ‘ ‘
bital from the ion. The chemical interpretation of each orbital o 2 3 4 5
is maintained. The Gram-Schmidt orthogonalization automati- Ren(00)

cally performed by GAMESS ensures that an orthonormal S&fy 1. The four lowest adiabatic potential curves of linear HCNH as
of orbitals is used; note that the valence and Rydberg orbital$unction ofR. The dotted line is the ion curve. The tic marks on
will not be mixed since the valence orbitals are specified firsthe curves indicate the points at which calculations were performed.

We used the combined set of orbitals for the final Cl foFhe solid curve is a spline. (The calculated energies have been shifted
HCNH. The active space is uniformly by +90 au.) The symbolX) denotes the calculations of
Talbi & Ellinger (1998), shifted vertically to agree with the present
results at the ion equilibrium position.

TN, OCH» ONH» O NH» O ens ORyd(1), 0Ryd(2),

and we include all single and double excitations from this w32

space. The large active space provides a wave function that in-
cludes an even-handed description of the valence and Rydberg
states discussed by Talbi & Ellinger (1998). The total number —3-3f 1
of CSF’s in this calculation was 1,598,948. = :
The results of the final Cl are analyzed as described in seg-
tion 2.1. For the way we have set up the calculation, the valug —3.4r
of N, is four. There were four dominant configurations in the%
wave functions corresponding to the first four adiabatic ener=
gies. The two corresponding to occupancies (7) and (8) make -z s}
the dominant contribution to the lowest statefag — o and
Rcy — oo, respectively. Two more configurations correspond
to occupancy (10), one for each of the Rydberg orbitaig. _3g ‘ ‘ ‘
These configurations lead to diabatic Rydberg potentials paral- L 2 Re(0.)
lel to the HCNH curve. All four configurations are strongly CHA o
mixed for molecular geometries close to the ion equilibriumig, 2. The four diagonal elements of the diabatic Hamiltonian as a
geometry. function of Rcy. The dotted line is the ion curve. (The calculated ener-
We also performed structure calculations for lineddies have been shifted uniformly B0 au.) The = O level of the ion
HCNH*. We used the same set of orbitals and the same &8¢ @ harmonic oscillatavavefunction is shown Re motion only).
tive space used for the final Cl calculations for HCNH, and wEe symbols ©) and @) indicate the diabatic curves dominated by
included single and double excitations from the active spaég.e antibonding orbitarg,, anderyy,, respectively.
The total number of CSF’s was 734390.
Figures 1, 2, 3 and 4 show some of the results. Figure 1
shows the adiabatic potential curves and the comparision with
the results of Talbi & Ellinger (1998). Figure 2 shows the di3, Dynamics Calculations
agonal elements of the X 4 H giapatic Since the most impor-
tant coupling is between the Rydberg and valence configurBhe dynamics of DR has been considered by many au-
tions, we have separately diagonalized theZRydberg block thors (Mitchell & Guberman 1988; Giusti-Suzor et al. 1983;
and the 2x 2 dissociating block oH giapatic Figures 3 and 4 Hickman 1987). Since our present interest in the reaction
show the corresponding results as functions of the NH distaneet HCNH" is to assess the relative probability of producing
These results clearly show that there are two dissociating d€N and HNC, we adopt a model that treats each of these
batic curves. Comparison of the CH curves and the NH curvego channels as independent, quasi-diatomic processes. This
indicates that each surface has a saddle point near the equéipproach is supported by a normal mode analysis of linear
rium position of the ion. HCNH*, which indicates very weak coupling between the in-

(&)
>
(&)
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—3:2 the coupling terms. We solve the nuclear Schroedinger equa-
% tion
X
n? d?
—3.3F 4 e V£ —
- (ZM IRz V*(R) + E) F(R) = Ve(RF(R)

CinVa(Rvo(R) fo " RWVaR)FR) AR (13)

ENERGY(au)
&
==

whereM is the reduced masR is the dissociating coordinate
Rcy or Ryw; V*(R) is the dissociating potentie is the asymp-

—-3.5¢ 1 totic kinetic energy of nuclear motion on*(R), andyo(R) is
" the vibrational wave function for HCNHin Rcy or Ryy. We
X have assumed that the only vibrational channel opend<0,
-3.6. - - - : in other words, that.the energy of.the_ incident electron is below
Run(3,) the threshhold for vibrational excitation of the target HCNH

We determined o(R) for the Rcy coordinate by fitting the
Fig. 3. The four lowest adiabatic potential curves of linear HCNH agg|culated points for HCNHto a Morse potential (as a func-
a function ofRy. The dotted line is the ion curve. The tic marks ofion of Rey for fixed Ryy). A similar procedure was used to
the curves indicate the points at which calculations were perform%terminego(R) for the Ryy coordinate. We then used the an-
The solid curve is a spline. (The calculated energies have been shigmic wave functions for the Morse potential, which can be
uniformly by +90 au.) The symbolX) denotes the calculations of ritten using L " lvnomials (Mor 192'9 Wi dth
Talbi & Ellinger (1998), shifted vertically to agree with the presen\{v en using Laguerre polynomials (Morse . )-We used the
results at the ion equilibrium position. reduced masses for CH .and for NH, rgspect_wely.

The electronic coupling teri¢(R) is defined as the ma-

-3.2 trix element of the electronic Hamiltonian between the incident

electron wave function and the electronic resonance state that

dissociates to the desired products:

|
&
[

T

VeI(R) = (Wernennt [HelPaissoo - (14)

All of the necessary quantities can be directly obtained from
1 the diabatic potential curve¥.*(R) corresponds to the diago-
nal, dissociating elements of the diabatic Hamiltonian shown
in Figs. 2 and 4. The coupling ternvg(R) are related to the
{1 Rydberg-valence coupling. By considering the asymptotic nor-

ENERGY(au)
&
==

755 .
malization of the continuum scattering functions that would be
used to form¥e, ycnn+, @and comparing the Rydberg functions
36 that have a similar form near the molecular ion core, one finds

1 2 3 4 5 (Talbi et al. 1989) that
Ryn(ao)
~ +\1.5 .
Fig.4. The four diagonal elements of the diabatic Hamiltonian as%!(R) = (M) (YryaverdHelPdissoo-

function of Ryy. The dotted line is the ion curve. (The calculated e
ergies have been shifted uniformly |00 au.) Thev = O level of

(15)

"Heren is the dfective guantum number of the Rydberg state; it
the ion and a harmonic oscillataravefunction is shown Ry, motion is related to th&dependent binding energs of the Rydberg

. . . = > :
only). The symbols®) and €) indicate the diabatic curves dominateftate relative _to Its paren_t ion I = 1/_(2_n )- The_matr'x el?'

abatic matrix element determined by the block diagonalization.

_ o _ The cross section for dissociative recombination of electrons of
line vibrational motions of the two hydrogens. Therefore wenpergye is

will calculate and compare the rates for DR for the process

T Ahk .
e+ H(CNH)* - H + (CNH) = H + HNC, (1) o@="34 FLmo|F(R)|2 (16)
and for the competing process where is the ratio of the spin degeneracy of the dissociative
e+ (HCN)H* — (HCN)+ H = H + HCN, (12) State to that of the initial ion state and has the value 2

in the present case. The factid/M is the asymptotic relative
where the bond distances in (CNH) and (HCN) are held fixaelocity of the dissociating fragments.
for the purposes of each calculation. The general solution to Eq. (13) includes the possibility
The treatment adopted here follows the formulation dhat the electronis captured and then re-emitted before the neu-
Giusti-Suzor et al. (1983) and of Hickman (1987). We considéral products can be formed by dissociation. Re-emission cor-
only the direct process, but we include the nonlocal nature gfsponds to a “survival probability” of less than 1.00. In the
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limit that the survival probability is 1.00, Eq. (16) reduces t@d. Concluding Remarks

the simpler form )
P We have performed electronic structure calculatons for neutral

5 HCNH and the molecular ion HCNH including a diabatiza-
o(e) = n ATk |<)(0(R)|Ve|(R)IFo(R)>|2, (17) tion using the block diagonalization method. The results con-
€e2M firm the earlier calculations of Talbi & Ellinger (1998), who

concluded that the dissociating curves cross the ionic curves

whereFo(lR) Is the SOI#tion to Eq. ('13b) V;’]ith the right hand sid&, ¢ 5 he equilibrium position. We have also investigated the rel-
set equal to zero. [The asymptotic behaviolFg{R) must be 446 rates for dissociative recombination (DR) leading to the

normalized to (8/k) Sin(kR + ), wheres is th_e phase shift ] final channels H+ HNC and H+ HCN. Implementing the di-
Eq. (17) clearly shows that the DR cross section depends on A& mechanism of DR and a simple quasi-diatomic model, we

matrix element of the electronic coupling between the initigl_ | <imilar rates (of order % 10-7 cr?/s) for the production

vibrational state and the final scattering state. _ of HNC and HCN. Further investigation is needed to assess the
For the e+ HCNH" reaction at low electron energies, thgole of indirect processes.

values ofe are much smaller than the asymptotic nuclear ki-
netic energyE, and hence the energy dependence of the crodeknowledgements. APH was supported by NSF Grant No. PHY-
section for direct DR is dominated by thgeffactor in Eqs. (16) 0244767. RDM was supported by the USDE GAANN program. CH

or (17). In this casec(e) is nearly a constant, and the rate conWvas supported by the REU site grant at the Department of Physics at

stant for DR may be well approximated by Lehigh University. DT was supported by CNRS program PN-PCMI.
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