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An ab Initio Based Global Potential Energy Surface Describing CH"™ — CH3"™ + H'
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A full-dimensional, ab initio based potential energy surface (PES) foy"Cidhich can describe dissociation

is reported. The PES is a precise fit to 36173 coupled-cluster [CCSD(T)] calculations of electronic energies
done using an aug-cc-pVTZ basis. The fit uses a polynomial basis that is invariant with respect to permutation
of the five H atoms, and thus describes all 120 equivalent minima. The rms fitting error is 78 fazrthe

entire data set of energies up to 30 000 ¢mnd a normal-mode analysis of gHalso verifies the accuracy

of the fit. Two saddle points have been located on the surface as well and compared with previous theoretical
work. The PES dissociates correctly to the fragments"CHH, and the equilibrium geometry and normal-
mode analyses of these fragments are also presented. Diffusion Monte Carlo calculations are done for the
zero-point energies of G (and some isotopologs) as well as for the separated fragmentss0f CHs" +

H, and those of CkD", CH;™ + HD and CHD™ + H,. Values ofD, are reported for these dissociations. A
molecular dynamics calculation of GBI™ dissociation at one total energy is also performed to both validate
the applicability of the PES for dynamics studies as well as to test a simple classical statistical prediction of
the branching ratio of the dissociation products.

I. Introduction based on MP2/cc-pVTZ calculatioASA very similar finding
though directly of the IR spectrum via the dipole correlation
function using DFT-based direct dynamics was also reported
along with this new spectrudt.

Theoretically, in addition to the electronic structure calcula-
tions, several dynamics studies have been reported. The first
dynamical study showing the fluxional nature of €Hwas
reported by Marx and Parrinello based on €Rarrinello
dynamics calculations and path-integral simulati®h%More
recently, we reported the zero point properties ofsCldnd
isotopologs obtained with classical molecular dynamics and
quantum Diffusion Monte Carlo calculations by McGéwand
power spectrd of CHs"™ using our semi-global potential energy

The cation CH" plays an important role in astrochemistry/
and possibly in combustion chemistry. This cation is also of
great basic interest because it is known to be highly fluxional.
There have been numerous theoretical stddiésf CHs* since
its discovery in mass spectrometry experiments in 1950ke
first detailed insights into C§t obtained from these calculations
were that the minimum, denotegl(l), is a Cs structure that is
characterized as a “GHripod” with an “H," attached to the
carbon. This unusual structure was attributed to three-center two-
electron bonding. In addition two saddle points, dendg(tl)
and Cy,, have been characterized. The most accurate calcula-

tior\sll report electronic energies. of th@&(ll) and C, .sz_;\ddle surface. This PES is a fit to ab initio MP2/cc-pVTZ energies,
points of 33.9 and 286.1 c relative to the global minimum.  hieh is made explicitly invariant with respect to any permuta-
The nature of CH" causes it to be quite resistant to direct tjon of the five H atoms. It does describe excitation of££H
experimental characterization. Results from mass spectrometricyp to fairly high energies; however, it does not describe
experiments by Hiraoka and co-work€r& on CH" are dissociation. Very recently other semiglobal PES and DMC
compatible with the 3-center, 2-electron bonded structure of cajculations of the zero-point state were reported, based on
Cy(l) symmetry. However, this experiment is achieved by ccsp(T)/aug-cc-pVTZ calculatioris.
attaching methane molecules as the thermochemical sensors to £or g study of the important interstellar reaction
the CH* core. CH™ has complicated IR absorption spectrum.
Oka and co-workers recorded the high-resolution infrared
spectrum of CHg" in the range of 27503150 cnTl. There are
approximately 900 spectral lif¥swith considerable spectral
congestion and to date these lines have not been assigned. Ver{he PES of CH* must extend to the dissociation limit GH+
recently Asvany et al. reported a low-resolution IR spectrum Hz. The geometries used in the previous poterifald were
of CHs™ (at 110 K) in the range 63500 cnT'.2! Three broad focused in the configuration space around the global minimum
bands were observed at 1200, 2500, and 3000+ cwith nearly of CHs™ and so did not describe its dissociation. Motivated by
continuous absorption in the range 25@D00 cnl. The this, we have developed a new potential energy surface that
features were captured in a recent classical power spectrumdescribes dissociation to fragments £Hnd H and present
reported by us using a full-dimensional potential energy surface that surface and some calculations with it here.
The surface we describe here is constructed from 36173
* Corrrsponding author. E-mail address: jmbowma@emory.edu. CCSD(T) energies obtained with the aug-cc-pVTZ basis set
T Part of the special issue “William Hase Festschrift”. using MOLPRO 2002.62 Section Il discusses the details of

CH," + HD—CH,D" + H, (1)
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Finally, fits (described below) were done and redone based
on using those additional configurations obtained from doing
MD and quantum DMC calculations on preliminary fits.

B. Fitting the Potential Energy Surface.The earlier fitting
procedures for Ckt,1214 and an early version of the :8,~
PES? are closely related to the one we describe in this paper.
1500 CHs' has 12 vibrational degrees of freedom, however, to
facilitate a description of the PES that is invariant with respect
to a permutation of the five H atoms we use all 15 internuclear
1000 distances, as done previoushi*23The function describing the
PES has the forfd

V=p((x + quj(X)yi,j (2)

1<]

2500 +

;
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where x is a 15-dimensional vector with componenis =
exp(—rij), ri; is the distance between nucieandj, andy;; is
given by
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Figure 1. Energy distribution of geometries used in the fit.
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the ab initio calculations, the fitting methods as well as tests of Yij = (3)

the accuracy of the PES in representing the ab initio data and

a brief review of the Diffusion Monte Carlo calculations of the Here two functiong andq are used and they are seventh order
zero-point energy. In section Il properties of the PES, the and third-order multinomials of a4, respectively. In addition,
characteristic stationary point geometries, dissociation features,p and q are constructed to satisfy the permutation symmetry
and monomer properties beyond dissociation limit are presented.with respect to the five hydrogen atoffsHere we also
Diffusion Monte Carlo calculations are also presented as is aintroduce a “reaction coordinateR, which is the distance
short molecular dynamics calculation of the branching ratio of petween the carbon atom and the center of mass of the H

CH,4D* to the two sets of products, GH+ HD and CHD* + moiety. In the dissociation of G the complex dissociates to
H,. Finally, a summary and conclusions are given in section two fragments Cht" and H. And R is large. Ab initio
V. calculation of the super molecule, @H+ H,, with theR large
indicates that the potential of optimized €Hgeometry will
II. Methods and Calculation Details approach the dissociation enerBy as R goes to infinity. In

. . i the current fitx; = exp(—ri;) is used instead of;; = In(ri;),
A ’éeam't'o Calculations. The previous PES we pub-  \yhich was used previoush, because the former can better
lished*** was obtained by fitting to MP2/cc-pVTZ ab initio  gescribe the behavior of the potential in the dissociation region.
data. The current fit uses a higher level of theory and larger  gome of the CCSD(T) energies were obtained at smahC
basis set, CCSD(T)/aug-cc-pVTZ, for higher quality and amore o (i hond lengths where the potential is highly repulsive,
accurate PES. For extending the PES to dissociation, many mor&s Figure 1. Thus, the fit used a weighted least squares approach
ab initio points were obtained and they were created in severalgch that geometries with energies above 30 000'dmave a

ways. F.irst, geometries were directly taken from our 'previou.s weight of 0.2 while those below 30 000 crhave a weight of
calculations of the MP2-based PES. These were obtained using) The coefficients of the fit were computed using singular value

a combination of ab initio classical molecular dynamics (“direct- decompositior??
dynamics”), done at a lower level of ab initio theory and grids Finally, we extended the fit to properly describe the long-

in normal coordinate&:™!4 Here we continued with this direct-  ange electrostatic interaction, using a simple switching func-
dynamics approach but extended to higher total energies andjo2s and an equatici describing the long range electrostatic
supplemented those configurations with ones designed to focuSieraction as described next.

on dissociation. Several direct-dynamics trajectories were done ¢ | ong-Range Interaction. As mentioned previously, the

on very low theory/basis level which is MP2/cc-pVDZ but at importance of reaction of CH + H, motivated us to extend
higher given initial kinetic energy levels such as 10 500, 11 000, 4,r PES to its dissociation region; in other words,sCldhould
11500, and 12000 cni for obtaining part of additional e gpje to dissociate correctly to @H+ H, on our PES. We
geometries. Second, a dissociation coordinate, deiyetich a1 yse the PES for dynamics calculations of the reaction 1
is the distance between the, Benter of mass and the C atom ¢ yery |ow relative translational energies of relevance to
of the CH", was used to obtain many additional configurations. asirochemistry. Thus, we are also concerned about having the
Along this coordinate, which extended to 14.0 bohr, the potential qrrect long-range behavior of the interaction. Rather than
was relaxed with respect to the remaining internal coordinates gytend the ab initio calculations and fit to very long range, we
and the resulting path is our defined “dissociation minimum  gecided to smoothly join the current fit to the known long-range

energy path”. behavior of the interaction. This was done using the following
The energy distribution of the ab initio data used in the fit expression:
(relative to the global minimum energy) is shown in Figure 1.

As seen, most of the data set is at energies below 50 006, cm V=Vl -SR]+ SRV 11=<R=<15
with a large concentration of energies below the dissociation
energy of roughly 16 000 cm. Energies much above that value Vir = Vion-induced dipole™ Very T Vi, T De  (4)

come from repulsive configurations where bonds are com-
pressed. where Vi(R) is the potential energy obtained from the fit,
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Vion-induced dipoldS the analytically known long-range interaction,
Vcwst andVy, are the potentials of these two monomedgis
the dissociation energy an§(R) is a polynomial switching
function that varies smoothly between 0 and 1 in a finite r&tge.
Sis given by

S(x)=gx2+(10+g—%a)x3+(%a—b—15)x4—|—
(6+g—%)x5, 0<x<1 (5)

wherea = f"(0) andb = f""(1), and in the present case=a

b =0 andx = (R — Rmin)/(Rnax — Rmin). Vchst and Vy, were
obtained from the CHf fit itself but at a large separation where
the interaction is quite small (see below for more details). In
eq 4, the long-range teriion—induced dipoleiS given by the sum

of charge-induced dipole @i U, tern?s

U,=— %a + %(a” — a)P,(cosO)|/R ©)

and the charge-(§ quadrupoleU; tern?®
Us = Q. Py(cost)/R’ @)
P,(cos6) = %(3 co6 — 1) )

where@ is the angle between the vectBrand the H bond.
o,y and ag are the polarizabilities of the Hmolecule, and
Qu, is its quadrupole moment. is the mean polarizability and
given by’

o =30+ a) ©)

oy, ag, and Qu, were obtained using the cubic spltfie
interpolation based on the published polarizability &tand
guadrupole moment d&fa

Finally, we have

V,

ion—induced dipole™ U3 + U4 (10)
After some “experimentation”, the switching range was chosen
as 11< R < 15 bohr. Note that in this switching range the
fragments are quite far apart and very weakly interacting. Further
the fragments are semirigid molecules and thus it is not
necessary for the long-range potential to be permutationally
invariant.

D. Diffusion Monte Carlo calculations (DMC). The DMC
method is a statistical way to solve the time-dependent Schro
dinger equation in imaginary time. In the current calculation
we use the version originally developed by Andefdéhand
implemented by our collaborator McC8$The DMC calcula-
tions in this paper follow the approach described in detail
elsewher&13 for the MP2-based PES. Specifically in the
notation of those papers= 0.01 hartree, the total propagation
time = 10 000 time steps, with the time step10 au. Using

these parameters we determined the zero-point energies (ZPEs),

of CHs™ and selected isotopologs as well as the combined ZPEs
of CHz™ + H, and selected isopologs.

I1l. Results and Discussion

A. Properties of the PES. Fitting Accuracy. The RMS
fitting error vs Emax plot is presented in Figure 2 to show the
accuracy of the PES. The error is 78.1¢nfor energies up to
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Figure 3. Representation of the three lowest energy stationary
configurations of CH" from the PES.C() is the global minimum,
Cqll) is the lower energy saddle point, ai$}, is the higher energy
saddle point. Atom labels are given to aid in locating the movement of
atoms among these stationary points.

30 000 cn1t, which is roughly twice as the dissociation energy.

Therefore, we are very confident that the fit will be accurate
enough for both quantum and classical (or semiclassical)
vibrational and scattering calculations.

Stationary Point Analysis. The three stationary points of
CHs™ are the minimum and two saddle points, denazd),

Cq(Il), and Cy,, respectively. These were located on the PES
using Newton’s method. Considering the minimum as the
reference energy, the energies of @dl) and C,, saddle points

on the PES are 29.1 and 340.7 ©m respectively; the
corresponding ab initio values are 37.7 and 331.2%cat the
geometries of the PES saddle points. The molecular geometries
of these three stationary points are shown in Figure 3, using
the notation of Schreiner et &lThe internuclear distances of
these structures are given in Table 1 along with previous
benchmark results of Schreiner eb#s seen there is excellent
agreement between the present PES and these benchmark
calculations.

Next consider the normal-mode frequencies associated with
these stationary points. These are given in Table 1. Because of
the high computational cost, we carried out a direct ab initio
normal-mode analysis at the minimum only. As seen there is
very good agreement between the PES frequencies and the ab
itio ones. The current frequencies are also close to those
reported previously for the MP2-based PES.

Fragment Properties. The current PES dissociates correctly
to the fragments C§t and H. The minimum structure of Ct
is planar as it should be with-€H bond lengths equal to 1.093
A and the H equilibrium bond length is 0.744 A. These values
compare very well with CCSD(T)/aug-cc-pVTZ ab initio
calculations we did which give 1.091 and 0.743 A, respectively.
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TABLE 1: Geometry and Normal Mode Frequencies from

the CHs' Potential Energy Surface at the Minimum and 16380 385, = N RS
Two Saddle Points, DenotedCl), C4Il), and C,,, 1 %, o 12 o5
Respectively, with Comparisons with ab Initio Calculations 16360 4 ox - 13 R
Given ] ot o 14| WX
Cs) (A) cAll) (A) Ca (A) lé 16040, oo;* « 15 ,;J’ »
C-H,  1.108(1.106)  1.084(1.084)  1.163(1.162) 2 e, RO
C—Hp 1.197 (1.198) 1.200 (1.199) 1.087 (1.087) 5 16320 4
C—Hc 1.197 (1.197) 1.100 (1.098) 1.142 (1.140) 5 s, R
C—Hq 1.088 (1.088) F L %M, AR
Ha 0.952 (0.945) 0.945 (0.940) € 16300 1 RO
_,6 °°°Ooggo AA oooo oooo AA 000000000
mode  C{N) e C{l) cm™)  Ca(cmY L T YU
1 199.9 (227.4) 188.6i 698.5i ;
2 839.4 (831.3) 995.7 497.7 16260 - BRL LT L L
3 1296.7 (1284.3) 1151.2 1261.1
4 1303.5 (1291.2) 1340.3 1332.6 o 36 e0 8 120 150 180
5 1477.7 (1464.1) 1482.1 1393.2
6 1499.9 (1492.9) 1507.1 1452.1 0 /degree
7 1586.7 (1595.8) 1603.2 1476.3 Figure 4. Angular dependence of potential energy on current PES
8 2417.9 (2430.1) 2401.1 2639.9 within the switching region. The value in the legendRjsand the values
9 2707.7 (2714.9) 2728.8 2685.0 are in bohrs and the angteis defined in the text.
10 3001.0 (3011.0) 3037.8 2848.0
11 3132.9 (3130.2) 3090.5 3122.0 TABLE 3: Zero Point Energies of CHs* and Isotopologs
12 3224.4 (3224.4) 3236.1 3239.1 molecule ZPE (cm?)?
aValues in parentheses are CCSD(T)/TZZRalculations of ref 5. CHs*+ 10917 (3)
bValues in parentheses are from present CCSD(T)/aug-cc-pVTZ ab CH,'D 10300 (6)
initio calculations. CHs™D, 9694 (3)
+
TABLE 2: Normal Mode Frequencies of CHs™ and H, from gﬂiga gggg ggg
the CHs* PES CDet 8044
5 2

n
mode CH H. a Statistical uncertainty is in parentheses.
1 1390.2 (1421.6) 4377.0 (4400.2)
g ﬂigi gigg'gg long-range add-on to the PES and the PES itself. The dissocia-
4 3031.2 (3039.3) tion energyDe, obtained from the combined potential given by
5 3195.7 (3236.9) eq 4 obtained aR = 100 bohr is 16323 cmt. This compares
6 3195.7 (3236.9) very well with the value obtained form direct ab initio
aNumbers in parentheses are from present CCSD(T)/aug-cc-pVTZ Calcma.tlonsl at 100 bohr of 16321 cfn ) ]
calculations. B. Diffusion Monte Carlo (DMC) Zero-Point Energies

(ZPE) and Dy. To obtainD, for this floppy cation we calculated

A normal-mode analysis was done on these fragments at athe ZPE of CH*™ and the separated fragments and combined
separation distance & = 14 bohr and the results are given in  those numbers witDe in the usual way. Accurate ZPEs were
Table 2. The result for His in excellent agreement with the  obtained using DMC calculations described above and are given
benchmark value 4401 crh To compare the C§t frequencies in Table 3. The results compare well, i.e., differ by 61 ¢rar
with ab initio we computed the optimized structure and normal- less, with those reported on the previous MP2-basedPES
mode frequencies using CCSD(T)/aug-cc-pVTZ calculations. (which does not dissociate) for GH CH,Dz*, and CQy".
These are also given in Table 2. Very good agreement is seenSomewhat surprisingly the present ZPE for£Hs 177 cntt
with the results from the present PES. lower than ZPE reported by Thompson et%ivho reported a

Behavior in the Switching Region.As noted the present DMC calculation of the ZPE using an interpolated PES based
PES is not designed to describe the long-range electrostaticon the same ab initio method and basis (CCSD(T)/aug-cc-pVTZ)
interaction and thus the switching approach described aboveused in the present work.
was taken. The main purpose of this enhancement to the PES Since the present PES can correctly describe the dissociation
is to describe the long-range interaction for use in dynamics we also performed DMC calculations of the ZPE of the
calculations. The long-range electrostatic interaction (cf. eqs fragments CH"™ + H, and the two sets of fragments of the

4—10) depends on the orientation ob,H), R, and alsoryy. CH,D™* dissociation, CH" + HD and CHD™ + H,. These were
The angular dependence of the combined potential in the done by separating the fragments and propagating using the full
switching region is shown in Figure 4, wheggy = reand CH* PES, as was done recently for the dissociation productsof H

is also at equilibrium. AR = 11 bohr, the angular dependence Hs™ + H,.34 The energy is shown in Figure 5 vs the (imaginary)
is strictly from the PES, and & = 15 bohr, it is from the propagation time for Ckt" + H,. As seen there is a plateau
added long-range potential. Obviously these two cannot be region corresponding to the ZPE of the combined but nonin-
identical since they come from different sources; however, as teracting fragments (relative to the potential minimum agQH
seen the switch between the two is smooth even though therefollowed by a decline to another plateau corresponding to the
is larger angular dependence for the added potential than fromZPE of CH". From the ZPE calculations of the separated
the PES. The range of the angular variation is 20 tat 11 fragments and those of GH and CHD™ we obtain the
bohr, i.e., before the switching, and 80 chat 15 bohr, i.e., following values ofDo: 14316 cm! for CHs", 14650 cnt!
after the switching. These are small energies relative to the for CH4D* to fragment to CH" + HD, and 14367 cm! to
dissociation energy and they reflect the small differences in the fragment to CHD™* + H,. Thus, the exoergicity of reaction 1
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Figure 5. Energy vs (imaginary) time in DMC calculation of
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is predicted to be 283 cm which is (fortuitously) in nearly
perfect agreement with a calculated estimate (including an
empirical scaling factor) of 284 cm 3> and the measured value
of 260 cnT1.36 We estimate a conservative statistical uncertainty
of £40 cnt! in these values. The absolute uncertainty in the
Dos is certainly larger than the statistical uncertainly but is
probably less than 100 crh

C. Molecular Dynamics Calculations of CHD* Dissocia-
tion. Finally we report a preliminary classical molecular
dynamics simulation of the unimolecular @Bi" dissociation
to form the two possible products HB- CH;t and H +
CH,D*. Of course any of the four H atoms can be found in the
HD product, and the current potential does describe this
multiplicity of products. The calculations were initiated at the
global minimum with zero angular momentum and total energy
of 25 000 cn7?, which is roughlyDe plus the zero-point energies
of the fragments. This energy was randomly distributed as
kinetic energy among the internal modes and 1000 trajectories
were done for each single site substitution of the five H atoms
for a total of 5000 trajectories. Dissociation was reached when
the separation between fragmen®, reached 10 bohr. The
branching ratio from these trajectories is 0.65 for-HCH,D™"
and 0.35 for HB-CHz* in very good agreement with the
classical statistical prediction of 0.6 and 0.4. A more sophisti-
cated approach with a better assessment of the probability
distribution of the possible D atom sites will be done in the
future (here we assumed equal probability). Also, an attempt
to enforce the zero-point energies of the fragments should be
done in a future calculation.

IV. Summary and Conclusions

In this paper, we presented a full-dimensional potential energy
surface (PES) for C that dissociates to fragments gH+
H,. We extended an approach used previously, which incorpo-
rates permutational symmetry into the fitting basis functions,
by using a higher level of ab initio calculations, i.e., CCSD(T)/
aug-cc-pVTZ and including more configurations to describe
dissociation. Standard properties of the stationary configurations
of the PES were shown to be in excellent agreement with

previous benchmark calculations at these configurations. Proper-

ties of the CH" and H fragments were also shown to be
accurately obtained by the PES.

The analytical long-range ion-quadrupole and ion-induce
dipole long-range behavior was added to the potential fit by
means of a finite range switching function.

J. Phys. Chem. A, Vol. 110, No. 4, 2008573

The PES was used in Diffusion Monte Carlo calculations of
the zero-point energies of GH deuterated isotopologs, and
fragments. These together with the dissociation energy were
used to predicDg for CHs™ and CHD™. Finally a very brief
molecular dynamics calculation of the product branching ratio
of dissociation of CHD* at one energy and zero total angular
momentum showed very good agreement with a simple classical
statistical prediction.
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