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Ab initio calculations were carried out for critical point regions of the acetylene dimer potential surface with
different basis sets, with and without the inclusion of counterpoise correction, and at two different electron
correlation levels. The results were used to determine parameters for model interaction potentials with different
forms for their electrostatic terms. Vibrational quantum Monte Carlo calculations for rigid monomers were
performed using each of the model potentials, and refinements of the few parameters in the model potentials
were obtained, such that the calculated rotational constant for the ground vibrational state matched the
experimentally determined value. Comparison of features of the resulting surfaces showed that similar surfaces
could be obtained from the different ab initio starting points, an indication of the suitability of the potentials’
forms and of the nature of lingering errors in the ab initio treatments. This provides a very useful basis for
more general model development. Specific information obtained about the acetylene dimer is that the changes
in the rotational constant due to vibrational averaging are about 2% and that the dissociation energy from the

ground vibrational state is about 400 tin

Introduction represent key surface features, and their simplicity makes them

One reason for interest in the weak interaction of acetylene attractive for dynamical analysis and mixed quantum mechan-

with rare gas atoms and with other molecular partners is that ical—molecular mechanics approaches. More features can be

although acetylene has no net dipole, it has hydrogens that mayepresented andfor accuracy improved with increasing the

participate in hydrogen bonding. Generally, the interaction cororllﬁlexny of th_e ftli_ncu;)r:al form of gn !mcirr]a(:ttlog p?ftgn:\lsl,
strength of acetylene for partner molecules or molecular clusters2Nd NENCE, one Is ulimately concerned wi € fradeoll between

is small relative to those of molecules with permanent dipoles th? qu_al_ity of the _repre_sentat_ion and the _c_omputat_ional cost of
(e.g., water), and hence, acetylene provides a special probe O]usmg'lt in dynamical simulations. In addition to this concern,

the complicated juxtaposition of effects that comprise non- we wish t(.).understandz and exploit as much as possible, the
covalent and hydrogen bonding interactions. transferability of potential parameters, such as the values for

The acetylene dimer has been the subject of a number 0felec'[rical moments and p_olaringilities of t_he constituer_lt
key experimental studiés! and it is known to have a T-shaped monomers. These two considerations often guide the selection
equilibrium structure, a result verified by ab initio studi@st8 of potential forms used for the study of weakly bound clusters.
Although the T-shaped structure is consistent with the attractive
interaction of the acetylenes’ quadrupoles, the interaction is more Theoretical Approach
complicated in that the quadrupelguadrupole interaction is L . .
only a share of the total interaction strength at equilibrium. In AP initio calculations were performed for (HCCHyith the
an effort to understand the contributing effects of the acetytene  M°NOMET bond lengths fixed at values obtained by Assfeld et
acetylene interaction at a detailed level suited to deriving &~ Rec = 1.2143 A andRew = 1.0649 A. The cc-pVTZ basis
elements for transferable potential parameters, a series of abs€t Of Dunning* was used in most of the calculations, and it
initio calculations were carried out for the acetylene dimer. consisted of 176 basis functions for (HCGHertain test
These were used to locate three symmetry-constrained minimat@lculations were performed with this set, augmented with
and map out limited regions of the potential surface in their a_ddmonal eve_n-tempered uncontracted functions, one set of
vicinity. The three structures test different features of a diffuse s functions on each center (exponent8.0324 [H] and
representation (e.g., model) of the interaction surface. A further 0-0453 [C]), one set of diffuse p functions (expone#t§.107
assessment of the model potentials was accomplished througtH] and 0.0382 [C]), and two sets of diffuse d functions on the
the calculation of ground vibrational state properties. carbon centers (exponents0.0922 and 0.0267 [C]) for a total

There have been a number of studies wherein the acetylene of 2_48 functions. Cpunterpmse correction for basis set super-
acetylene interaction potential has been modeled, fitted, or Position error (designated herein with “/cc”) was made with
otherwise representéd:2? In many cases, this was done in the the Boys-Bernardi schemé:
course of performing a partial dynamical analysis, sometimes Correlation energies were evaluated at the MP2 level of
for the interesting interconversion process in the acetylene dimertreatment, with selected tests done with the double substitution
and/or for vibrational energies. Our primary interest in perform- coupled cluster treatment ACCD (approximate double substitu-
ing new ab initio calculations on the acetylene dimer was in tion coupled clustef a treatment first developed as ACP-D45
model potential development. Relatively simple forms for the by Jankowski and Paldd$ ACCD or ACP-D45 exploits a near
potentials of weakly interacting species can often serve to cancellation in certain small Hamiltonian matrix elements in
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TABLE 1: Comparison of (HCCH) ; Energies at a near
Equilibrium Structure 2

level of electronic interaction
treatmertt energy (au) energy (cm?)
176-function basis
SCF —153.696 72 184
SCFl/cc —153.696 59 157
MP2 —154.379 86 622
MP2 (SCF/cc) —154.379 74 595
MP2/cc —154.379 24 487
ACCD —154.392 85 518
ACCD (SCF/cc) —154.392 73 491
ACCD/cc —154.392 27 391
248-function basis
SCF —153.697 66 160
SCFl/cc —153.697 59 146
MP2 —154.385 20 687
MP2 (SCF/cc) —154.385 13 673
MP2/cc —154.384 43 519

aT-shaped structure wittRem = 4.3246 A.b“/cc” designates
counterpoise correctiofi.

[1.0 au (time) or 1.0 h/(2E,) = 2.418 88 x 10717 s]. The
number of QMC-psips was 8000, and the energy and property
evaluations were performed through 126 000 time steps each.
These were carried out following an equilibration sequence of
at least 10 000 time steps of decreasing size and an overall
@A duration of 6x 10° au.

Figure 1. The three structures of the acetylene dimer characterized 1he RBDQMC simulation yielded weights that reflect, but
by ab initio calculations. The planar T-shaped structure (upper left) is are not strictly, those of the vibrational state probability
the global minimum. The slipped parallel structure (bottom) is a planar densities’® The true probability density may be obtained by
structure constrained in the geometry optimization to h&e descendant weightirt};*2 and thus, rotational constants were
symmetry, and the crossed structure (upper right) has the monomersqq|cjated by averaging the inverses of the principal moments
perpendicular, constrained By, symmetry. of inertia with these probability densities. More direct connection
with spectroscopic measurement is obtainable from calculations
that yield rotational excited-state energies and sets of transition
The model potentials used to represent the dimer surface €nergies such that rotational constants can be obtained following

followed the molecular mechanics for clusters (MMC) sch#®me the same analysis applied to ;pectroscopic teteve expect

in expressing the interaction as a sum of the classically evaluategN® errors from the_ averaging approach to be small and
electrical interaction energy plus Lennatdbnes or 612 terms qomparable to other lingering Error Sources, such as the a}ssumed
among different monomer sites. The electrical interaction is the 119idity of HCCH. Finally, a readjustment of parameters in the
sum of the permanent moment interaction and polarization Model potentials was performed to bring the RBDQMC values

energy based on the dipole and quadrupole polarizabilities of of the rotational constants in Iing With spectroscopic values. The
the monomers. whereas the-82 terms are treated with changes inthe surfaces from this refinement serve to characterize

adjustable parameters. Here, the adjustment of these parametef&€ lingering errors in the ab initio information and the suitability
was done first to match the ab initio description of the surface ©f the form of the model potential in ways discussed below.
in the vicinity of the T-shaped global equilibrium structure and Results and Discussion
the lowest energy crossed and slipped parallel structures (Figure
1). Different parameter sets were determined for different sets  Ab Initio Calculations. For the different levels of calculation
of ab initio data and with three representations of acetylene’s that were performed, Table 1 gives the calculated electronic
permanent charge field. energies of a near equilibrium (T-shaped) structure, one of the
Using each of the model potentials, vibrational analysis was surface points evaluated at all levels. Also given are the
carried out for (HCCHyvia rigid body diffusion quantum Monte  interaction energies, which are expressed here as energies at a
Carlo (RBDQMC) calculation. This treatment follows Ander- given structure subtracted from the corresponding energies of
son’s diffusion quantum Monte Carlo (DQMC) appro#dbut two noninteracting monomers. Positive values correspond to
with the complication that the diffusion steps must include the attractive interaction.
rotation of the rigid molecule about its principal axes in addition ~ The values in Table 1 reveal first that the counterpoise
to the translation of the mass centers. The advantage is that forcorrection with the cc-pVTZ (176 function) basis at the SCF
a given precision in the simulation, longer time steps can be level is small, 27 cm?. Of course, SCF is insufficient to decsribe
used because the high frequency intramolecular vibrational the interaction fully, and correlation effects deepen the well in
motions are excluded via the imposition of monomer rigidity. this region by at least 300 cth The MP2 interaction energy
A number of RBDQMC calculations have been reported for for the specific T-shaped structure of Table 1 is 622 &rithe
weakly bound cluster®3°and in particular, Gregory and Clary  counterpoise correction to the correlation energy of 108cm
have shown good agreement of DQMC and RBDQMC for zero- is also more than the corresponding SCF correction. The
point energies and rotational constafft$zor the RBDQMC enlargement of the basis with diffuse functions (248-function
calculational results given here, the time step was 4.0 au (time) set) reduces the interaction energy at the SCF level by 24.cm

the CCD treatment and produces property values and potential
surfaces very similar to CCE:2°
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TABLE 2: Minimum Energy T-Shaped Structures of TABLE 3: Summary of ab Initio Calculations of the
(HCCH), from ab Initio Calculations Equilibrium Interaction Energy and Separation Distance
Reom (BegtCeq)/2 interaction Reom interaction energy
A (MHz) energyDe (cm™2) calculation A De (cm™)
176-function basis this work (MP2/cc 248 fcns.) 4.358 530
MP2 4.285 1941 595 Alberts et al*® 4.311 577
MP2 (SCF/cc) 4.293 1934 596 Bone and Handy 4.344 551
MP2/cc 4.381 1863 490 Hobza et al® 4.493 441
ACCDl/cc 4,472 1794 410 Karpfen (Basis II)*’ 4.31 507
248-function basis TABLE 4: Symmetry-Constrained Optimum Structures?@ of
MP2 4.285 1941 677 (HCCH), from ab Initio Calculations
MP2 (SCF/cc) 4.303 1927 678 2
MP2/cc 4.358 1882 530 D2, (cross) Con (slipped parallel)
Mostly, this corresponds to diminishing the lingering basis set Reom interaction - Reom interaction
superposition error, and consequently, the SCF interaction (A) energy (cm?) (A) 0 energy (cm’)
energy after counterpoise correction changes only slightly, from MP2 3.922 63 4.220 138.1 512

1 i ; MP2 (SCF/cc) 3.995 64 4242 138.1 513
157 to 146 cm™. In contrast, the basis set enlargement increases .5 * 4.096 5o 4988 138.0 439

both the correlation contribution to the well depth and the sccpjee ., 0 4.477 1383 349

counterpoise correction to the correlation effect. These are ) ) ) ) o

offsetting changes, and hence, the MP2 interaction energy after a Obtained with the 176-function basfsCounterpoise correction is
: e ’ that of the SCF level treatment only.

counterpoise correction changes only 32énfrom 487 to 519

cml. The description of the polarization and dispersion

elements of the interaction are surely improved by the addition

of diffuse polarization functions, and the 32 chincrease in . . )
P from 490 to 410 cm'. Table 3 provides a comparison with

the interaction energy is in line with this description. The " . - o

increase in counterpoise correction to the correlation energy is prior studies of the acetyleng dimer for the equilibrium structure,
attributed to the added diffuse functions helping the correlation .ar.'tq therelz(gr?hn? uansua}l ‘;']{E’erﬁ”‘;]es- The_(rjnodst recent prior ab
description of each partner, partly because of their extensiveness! 0 WOTKIS that oT Rarplen, who has provided comparisons

Diminishment of basis set superposition effects calls for of MP2 results with eight different baS|§ Sets. .
improvement of the core and valence sets of the monomers Other areas of the surface were considered to obtain a fuller

though that does not add the flexibility for improving the comparison of the different electronic structure treatments. We
description of intermolecular polarization. Thus, basis set €xamined three other structures optimized with symmetry

enlargement in the diffuse regions has largely an orthogonal constraints. For the first, a collinear constraint, there was no

effect from basis set enlargement in the core and valence regionsm'.n'mum' The quadrupq+equ§drupole repulsion appears suf-
For our purposes, it is useful to see that the 40% increase inf|C|ent to overcome the dispersion effects and preclude a shallow

the number of basis functions in the larger set relative to the Well: atleastat the levels of treatment employed here. Symmetry

cc-pVTZ set affected the counterpoise corrected MP2 interaction constrained optimum structures were found By and C.ZZ"
energy by only about 6%. We do not expect a significant change structures, the. former having the acetylenes perpendicular to
from further augmentation with diffuse functions, and we rely each other asin a cross and the latter having them pa_raIIeI but
on the counterpoise correction for estimating the errors due to offsgt ?; slipped (F'gur? 1. Theﬁe ;urfacel WE'.IS (r\lNltp con-f
lingering deficiencies in the core and valence parts of the basis. Straine symmet(y) are features that in part lock in the form o
Results of the ACCD calculations. included in Table 1. show the noncovalent !nteractlon potent|al between two gcetylenes.
the possibility of an overshoot in the correlation effects at the They were used in constructing surface representations. Table

MP2 level. ACCD yields an interaction energyd diminished 4 gives the ab initio values obtained for these structures. The
by 96 cnT after counterpoise correction. In the approach to interaction energy of the slipped parallel structure is slightly

an exact treatment, this difference from the MP2 value could less than the interaction energy at the glqbal minimum (.T'
be modified somewhat, including being partly offset by shaped). In contrast, the qrossed structure is associated with a
improvements in the basis such as with the 248-function set. m_uch smaller c_;llp or weII_ln the surface. .At the ACCD Ie\_/el_

A more complete comparison of the different electronic with counterpoise correction, the sma!l dip feature was elimi-
structure treatments comes from looking at other areas of thenated by Fh_e more complete incorporation of correlation e_ff_ects,
surface, not simply a single surface point. The first task to be and no minimum was found for Fhe c_rossed structure. A_ddmonal
completed was to find the global equilibrium structure with the F:alculatlons were performed with single sqbstltutlons included
different levels of treatment, and Table 2 presents the results'” the coupleq cluster treatment, but their effectg were very
obtained, including results for the equilibrium on the counter- small, amounting to a less than 0.01 A change In optimum
poise corrected surfaces. Because the correlation effects andeparation distances and less than 10%rhanges in stabilities.
counterpoise corrections do not simply move a surface (or a
surface slice) upward or downward but instead slightly change
the shape of the surface, there are differences in the optimum We constructed representations of the potential surfaces with
separation distances. The counterpoise correction alone lengtha small number of adjustable parameters and choices of the form
ens the equilibrium separation distance by 0.09 A. A further of the representation. In all of the cases, the potential for the
lengthening may arise through more complete treatment of therigid acetylenes, designating them as A and B, was the following
electron correlation, as found in the ACCD results in Table 2.

The sensitivity of the well-depths (stabilities at global equilib- (steson 4 p{sitesong[Gid  CC
rium structures) are less than that found for the single structural V= Eectricart j; !/J) =i - @
point in Table 1. Thus, enlargement of the basis from 176 to i

248 functions changeB, from 490 to 530 cm?, and using
ACCD instead of MP2 for the correlation treatment changes it

Representations of the Potential Surface

i Ti
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TABLE 5: Types of Permanent Charge Field TABLE 6: Model Potential Parameters (in au)
Representations Used in the Model Potentials :
to match experimental
designation description selection to match ab initio minima  rotational constaft
CQ fixed central quadrupol€X, = 1.808 au) center carbon hydrogen carbon hydrogen
BD C—H bond dipoles with adjustable placement along arameter d c d d d
the bond; size fixed to reproduce the molecule’s P
quadrupole used in scheme CQ electrical scheme CQ
DQ fixed central quadrupole 10% of the size of the MP2 7.70 3490 0.80 16.0 3703 16.98
quadrupole used in scheme CQ andibond ACCD 8.00 3950 0.80 15.0 3812 14.48
dipoles with adjustable placement and size chosen MP2/cc 7.80 3800 0.80 20.0 3671 19.32
so that the total molecular quadrupole momentisthe ACCD/cc  6.40 4050 0.80 13.0 3560 11.43
same as in scheme CQ electrical scheme BD
. . MP2 6.98 2690 0.68 42.0 2932 45.78
The adjustable parameters were treeandd’s in the 6-12 or ACCD 6.68 3000 068 42.0 2943 41.20
Lennard-Jones term of eq 1, and the carbon and hydrogen atomsvip2/cc 598 2800 0.78 50.0 2744 49.00
are the sites. Because of the symmetry of the acetylene ACCD/cc 6.10 3350 0.50 36.0 2931 31.50
monomer, this potential has only four adjustable parameters, a electrical scheme DQ
c- and d-parameter for carbon and for hydrogen centers. The MP2 6.48 2490 0.78 52.0 2699 56.37
6—12 term is intended to represent everything apart from the 'I?/ICI:DCZ:/D %%% 22653% %%Eé %25-% 223273 %%261
; inal i ; ) cc . . . .
classically evaluated electrical interaction between the mono ACCD/cc 500 3025 080 520 2632 4524

mers, i.e., the energy includedBecricat The electrical energy
was the polarization of each monomer by the permanent charge ° Thec parameters were kept at the values selected from matching
field of the partner molecule via the dipole and quadrupole MNIMa.
polarizabilities, the values of these obtained from prior ab initio weighting the match for the global equilibrium as the most
calculation?® plus the interaction of the permanent moments. important and the crossed structure as the least important. After
The back polarization or mutual polarization contributions were selecting an initial set of tolerances and optimizing the
neglected after determining that in the vicinities of the three parameters, attempts were made to reduce the largest tolerances.
optimized structures, their contribution is not more than 9&m  The search stopped when no further improvement could be
This small value is not representative of all weakly bound achieved. The values that remained with large tolerances help
clusters; for instance, dipolar species will often exhibit greater identify limitations of the form of the potential. Table 6 gives
mutual polarization energetics. the values of the 4 parameters for the 12 model potentials, and
The permanent charge field of acetylene cctrical Was Table 7 gives the surface features of these 12 potentials that
represented first by two limiting forms labeled CQ and BD, as correspond to those obtained by ab initio calculation (Table 4).
summarized in Table 5. CQ was simply a central quadrupole, The disagreement of the model potentials in reproducing Table
it being the first nonvanishing moment of acetylene. The other 4 values is itemized in Table 8. Note that the crossed structure’s
limiting description, BD, was that of two €H bond dipoles. ~ energy and separation distance are problematic for the CQ
Their magnitude was 0.7638 au, and their positions were €lectrical representation with the MP2 or MP2/cc ab initio data.
4+0.9396 A from the molecule center. This arrangement yields This problem is directly related to the attractiveness of the
an overall quadrupole moment identical to the central quadrupole crossed structure at the MP2 level, an attractiveness that is
moment used for the first representation. By suitable adjustmentmostly lost at the more complete ACCD level. At the higher
of the size of the dipoles, their placement can be essentially correlation level, the CQ representation works about as well as
anywhere along the molecular axis and yield the same quad-the others.
rupole. The particular placement we used was from treating the _ .
position as an additional adjustable parameter in the first set of R_eflnement of the Parameters for the Potential Surfaces
searches fot andd parameters. Sensitivity to small changes Vi2 PQMC
in the position was so slight that we did not readjust the position  Rotational constants were evaluated for each representation
in subsequent searches. of the potential, both the equilibrium value and the ground
A whole spectrum of representations involving moments vibrational state value were obtained from RBDQMC. A
through the quadrupole are possible, as well as other representacomparison with the experimental value of 1856.6 NMbtzowed
tions, and we elected to consider one specific form intermediate that the model potentials were consistently yielding ground
between CQ and BD. This form, DQ in Table 5, was chosen to vibrational state rotational constants that were larger than the
be close to that of the bond dipoles, but included a central spectroscopic value. This corresponds to the molecules being
qguadrupole whose size was set at 10% of the overall molecularfound, on average, slightly too close in the DQMC simulations
qguadrupole. The bond dipoles were then dimished in size sowith the model potentials. The consistency of this difference
that the composite molecular quadrupole matched that of the suggests that it results from the small, lingering deficiencies in
CQ representation. the ab initio surface data. As a means of examining this, we
For each electrical representation, CQ, BD, and DQ, a seriesadjusted the nonelectrical parameters in a series of RBDQMC
of calculations was performed to search the parameter space otalculations with each representation. The adjustment or refine-
the four adjustable parameters. In each calculation with a modelment was to bring the ground vibrational state rotational constant
potential, the optimum T-shaped, crossé&.j, and slipped in line with the spectroscopic value. We found that the smallest
parallel Cy,) structures were found. The adjustment of the four change in the parameters needed for this refinement was in
parameters was to match ab initio values in Table 4 to within changing only thel parameters of carbon and hydrogen. These
certain tolerances. The ab initio results were those from the 176-are the parameters used in the repulsive atatomR~12 term,
function basis at the MP2 and ACCD levels, with and without and a small increase (Table 6), mostly in the carbon parameter,
counterpoise correction. Hence, there were 12 model potentialswas sufficient to bring about a match with the spectroscopic
and 12 sets of parameters. The tolerances corresponded twalues for all representations.
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TABLE 7: Model Potential Surface Featurest

ab initio level interaction energies (cm) separation distances (A) rotational constant (MHz)
and el scheme T Con Don T Con Don (B+ C)eq2 <B+ C>/2
MP2 CQ 600 500 2 4.284 4.193 5.253 1942 1910
DQ 606 513 75 4.288 4.221 4.063 1939 1917
BD 606 520 125 4.286 4.197 3.991 1940 1922
ACCD CQ 531 439 2 4.381 4.322 5.432 1864 1824
DQ 508 419 38 4.370 4.326 4.352 1872 1843
BD 521 431 84 4.373 4.320 4.218 1870 1841
MP2/cc CQ 524 445 2 4.387 4.290 5.397 1858 1826
DQ 506 443 49 4.389 4.286 4.220 1857 1837
BD 504 430 70 4.381 4.292 4.230 1864 1841
ACCD/cc CQ 414 334 0 4.478 4.444 o0 1790 1739
DQ 422 330 12 4.472 4.476 4.889 1795 1753
BD 421 334 44 4.473 4.470 4.566 1793 1751

aModel potentials were those in which tieeandd parameters were selected to match ab initio minima.

TABLE 8: Disagreement between ab Initio and Model was a change in the mod&parameters, the differences between
Values for Potential Surface Feature$ surfaces using the same electrical representation are mostly in
error in interaction error in separation the “size” of the molecules, with the different sizes associated
energies (cmt) distances (A) with different deficiencies in the ab initio treatments. However,
model T Cxn D T Con Don among electrical representations, there is an important difference

cO  MmP2 5 12 61 0002 0027 1331 n the interaction energy of the crossed form. The use of bond

CQ ACCD 11 8 18 0007 0005 0949 dipoles (BD) instead of a central quadrupole (CQ) yields
CQ MP2cc 34 6 50 0.006 0.002 1.303 significantly more attractiveness for the crossed structure. This

CQ ACCD/lcc 4 15 0.006  0.033 can be offset, in part, by the parameter selection for the
BD  MP2 11 8 62 0.001 0023 0.069 nonelectrical part of the potential, and so, the differences among
BD  ACCD 113 62 0.001  0.007 0.155  he potentials with different electrical representations are not
BD MP2/cc 14 9 18 0.002 0.0004 0.134 L . . _

BD ACCD/cc 25 2 0.0 0.002 striking. The simplest representation, CQ, proves sufficient,
DQ MP2 11 1 12  0.002 0001 0141 particularly by not exaggerating attractiveness in the crossed
DQ ACCD 12 25 16 0.004 0.001 0.021 structure.

DQ  MP2/cc 16 4 3 0.008 0002 0.124 Table 10 compares the electrical and nonelectrical interactions
DQ ACCDlcc 12 19 0.00020.0009 with the various models for the T-shaped structure. It should

2 The differences are the absolute differences between values obtainede noted that the nonelectrical term in eq 1 consists of two sums,
from the model and values obtain_ed from the ab initio level of treatment gne attractive and one repulsive. The entire term ends up making
on which the model was determined. a small contribution in the vicinity of the equilibrium, but the

o ) individual sums are comparable in size to the electrical

Certain interesting features are revealed by the values of thejpteraction energy. The electrical interaction is important but
parameters in Table 6. First, there is a significant change inthe 15 more dominant in the model than the URr 1/R2
hydrogen parameters with all representations on going from the nonelectrical terms. The different permanent charge field
selection based on ab initio data without counterpoise correction representations result in only small differences in the net
to the corresponding one with counterpoise correction. There gjectrical interaction. It is not surprising that these differences
is probably a greater basis set superposition effect in the vicinity 51 10 a large extent, offset by the nonelectrical terms.
of the hydrogen centers because of proximity and possibly v a150 note that the T-equilibrium interaction energies from
greater basis de_f|C|ency for hydrogen centers tha_n for carbons.the refined model potentials (Table 9) range from 517 to 552
Another feature is that theéparameter for hydrogen is increased cm-* for models using the MP2/cc ab initio data and from 501
for cases in which the electrical representation uses bond dipoles; £n3 cnrt using ACCD/cc ab initio data. A good portion
instead of the central quadrupole. From examining the individual although not all, of the energy difference of .MP2 Versus ACC£D
pieces in the interaction energy in eq 1 at equilibrium, we find 5 o 5564 through the parameter refinement. At the same time,
that the totall nqnelectncal contribution to the energy changes the remaining difference highlights to what extent reproducing
from 21 enm W,'th the CQ scheme to 7,5 crh with the BD the vibrationally averaged rotational constants with a model
scheme. To this extent, the nonelectrical representation CaNg ,rface ensures an accurate value for the well depth. Clearly,
compensate for deficiencies and/or different choices in the well-depth variation of around 50 crhmay go along with little

electrical pgrt. o . difference in the rotational constants.
The rotational constants at equilibrium with the 12 model

potentials after refinement via the DQMC calculations (Table
9) are very similar. Their average differs from the DQMC value
(i.e., the experimental value) by 1.6%. This difference is likely ~ The refinement of the model surfaces and their near “con-
a good evaluation of the overall extent of the effect of vibrational vergence” from different starting points makes it meaningful
averaging on<B + C>/2 in the acetylene dimer. to examine the vibrational averaging effects on the rotational
Table 9 gives surface features obtained with the various setsconstants and the zero point energy. As already indicated,
of model potentials. A key result is that upon refinement via vibrational averaging affects the value 8f¢ C)/2 for (HCCH),
RBDQMC, the surface features are very similar, regardless of by about 1.6%. Table 11 gives the values for the individual
the level of ab initio treatment used to construct the surface constantsA, B, andC. The averaging effects on the components
and only slightly more dependent on the electrical representation.amount to about 2% fd8 andC and slightly more than 2% for
Because the DQMC refinement that brings about this similarity A. The values in Table 11 also show that the final calculated

Vibrational Effects
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TABLE 9: Model Potential Surface Features after RBDQMC Parameter Refinement

interaction energies (cm) separation distances (A) rotational constant (MHz)

T Con Dan T Con Dan (B+ C)ed2 <B+C>/2
electrical scheme CQ
MP2 548 457 1 4.347 4.264 5.426 1890 1856
ACCD 561 459 4 4.341 4.279 5.230 1895 1857
MP2/cc 552 469 2 4.351 4.249 5.299 1888 1857
ACCD/cc 503 404 0 4.333 4.289 00 1901 1856
electrical scheme BD
MP2 542 462 103 4.363 4.284 4.128 1878 1856
ACCD 534 442 88 4.356 4.300 4.187 1883 1856
MP2/cc 517 442 73 4.363 4.271 4.196 1878 1856
ACCDlcc 501 399 61 4.345 4.330 4.312 1892 1856
electrical scheme DQ
MP2 547 460 61 4.358 4.299 4.207 1882 1856
ACCD 521 430 41 4.352 4.306 4.314 1886 1856
MP2/cc 520 457 52 4.367 4.261 4.179 1875 1856
ACCD/cc 503 395 18 4.344 4.338 4.596 1893 1856

@ Model d parameters adjusted to match experimertBH-C>/2:

TABLE 10: Contributions to the Interaction Energy with the Model Potentials?

model: energetic contributions (ci) [eq 1] to the interaction energy
elect scheme at a common structure at the optimum structurés
ab initio basis electrical non-electrical electrical non-electrical
original DQMC-refined DQMC-refined
CQ MP2 589 8 —42 573 —25
ACCD 589 —63 -29 577 —16
MP2/cc 589 —70 —38 570 -18
ACCD/cc 589 —202 —87 583 —80
BD MP2 619 —15 —79 589 —47
ACCD 619 —101 —86 595 —61
MP2/cc 619 —99 —103 589 —72
ACCD/cc 619 —225 —-119 593 -92
DQ MP2 630 —26 -85 603 —56
ACCD 630 —125 —110 608 —87
MP2/cc 630 —131 —-111 598 —76
ACCD/cc 630 —237 —128 615 -112

aT-shaped structure witReom = 4.3246 A.b T-shaped structure witRem at the optimum value for the given model potential.

values are about 10 MHz below experimefur B and about was observedand in our DQMC calculations, those that were
10 MHz greater forC. biased with different initial starting structures yielded indistin-
The zero point energy is remarkably uniform, and its average guishable sets of rotational constants and energies. That is, the
for the 12 model potentials (Table 11) is 130 ¢imWe expect calculations yielded one state that we associate with the structure
this to be a particularly accurate determination because of its observed. It has the single deuterium in the “bonding” position,
insensitivity to the model potential. Combining this with the which would be the position expected to exhibit the most sizable
large basis ab initio result fdD. (Table 3) yields a value of  diminishment in zero point energy from deuteration and, thus,
400 cnrt for Do. This happens to match an experimental the most stable structure. Comparison with the calculated values
determination based on infrared intensity measurenfeiso, (Table 12) shows that the<B + C>/2 values agree with
it is within 4 cnm! of an ab initio value, although in that case, experimental to 2.7 MHz, or about 0.1%. Furthermore, the small
De was more sizable and offset by a larger zero point energy of gifferences for the individual values & B, andC are in the

173 cmr.** Of course, our evaluation of the zero point and  same direction and of roughly the same sizes as the differences
dissociation energies is for the intermolecular or weak vibra- ¢4,,nq for (HCCH).

tional modes only because HCCH is rigid in the DQMC

treatment. Laboratory measuremenbgfwill include the effects With two deuteriums in the dim.er, Spectroscopic measure-
of changes in intramolecular modes and will tend to be slightly Ment has found two forms, one with each monomer having a
different. deuterium and the other being the DCEBCCH complex. Our

As a further assessment of the potential and of vibrational PQMC calculations yielded only two distinguishable forms, and
features, DQMC calculations were performed for all deuterated their = B +- C>/2 rotational constants (Table 12) are within 2
forms of the dimer, i.e., those with one, two, three, or four MHZz of the measured values. With three deuteriums, we obtain
deuterium atoms in place of hydrogens. The potential was the otational constants that match one of the two structures
CQ-ACCD/cc model potential, and for these calculations, the reported” We do not obtain rotational constants consistent with
number of psips was increased from 8000 to 10 000. The resultsany other structure. Thus, we do not obtain the one designated
are given in Table 12. For (HCCH)the change in the number  D1,” which has HCCD pointing to the middle of DCCD.
of psips affected the value ofB + C>/2 by less than 1 MHz. However, the DQMC treatment normally selects the vibrational
The rotational constants for the deuterated species have beemground state, making excited vibrational states inaccessible. A
obtained spectroscopicallywith one deuterium, one structure  second conformer of the same molecules, HCCD and DCCD,
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TABLE 11: Vibrational Ground State Features

model: rotational constants (MHz) interaction energy zero point energyfcm
elect scheme/ ab initio basis efd Beq Ceq De (cm™3)
AQ B0 [cO Do (cm™})
CQ MP2 34 895 1941 1839 548
33720 1905 1807 417 131
ACCD 34 895 1946 1844 561
33820 1906 1808 427 134
MP2/cc 34 895 1939 1837 552
33660 1906 1807 423 129
ACCDl/cc 34 895 1953 1850 503
33810 1905 1807 372 131
BD MP2 34 896 1928 1827 542
34 140 1904 1807 415 127
ACCD 34 896 1934 1833 534
34190 1904 1807 405 129
MP2/cc 34 896 1928 1827 517
34 140 1904 1807 391 126
ACCDl/cc 34 896 1943 1840 501
34 240 1906 1807 372 126
DQ MP2 34 896 1937 1836 521
34 340 1904 1807 416 131
ACCD 34 896 1937 1836 521
34 370 1891 1796 391 130
MP2/cc 34 896 1925 1824 520
34 320 1904 1808 396 124
ACCD/cc 34 896 1944 1842 503
34 430 1904 1808 370 133
Expt 3 35188 1914.3 1798.8
TABLE 12: Vibrational Ground State Features of Deuterated Dimers
rotational constants (MHz) interaction zero point
clustef AQ B0 [cO <B+C>/2 energyDo (cm™?) energy (cn?)
HCCH—-HCCH
DQMCP 33820 1904 1806 1855 372 131
Expt 35188 1914.3 1798.8 1856.6
HCCD—HCCH
DQMCP 33590 1901 1803 1852 377 126
Expt-A2’ 35768 1911.3 1798.0 1854.7
DCCD—HCCH
DQMCP 32500 1809 1716 1762 379 124
Expt-B2 35631 1811.1 1709.1 1760.1
HCCD—HCCD
DQMCP 28530 1870 1758 1814 380 123
Expt-C2 30 326 1879.6 1752.0 1815.8
DCCD-DCCH
DQMCP 24 600 1839 1714 1776 383 120
Expt-DF 26 007 1849.4 1707.9 1778.7
DCCD—-DCCD
DQMCP 24 500 1745 1632 1689 386 117
Expt-E 26 026 1752.0 1624.3 1688.2

aThe clusters are specified such that the left monomer points into the middle right monomer and the D or H to the left of the hyphen is the center
hydrogen bonding center (Figure 1). The experimental results from ref 7 are given with the identifiers used in that report to the different forms (e.g.
A2, D3, etc.).’ The model potential was that of the CQ representation derived from ACCD/cc ab initio results with DQMC refinement of parameters.

corresponds to an excited state on the whole of the global equivalence of the monomers). The model and ab initio results
interaction potential. are not sharply different, and both show a very shallow potential
The results in Table 12 demonstrate that the reliability of surface slice. There is good agreement in the shaping of the
the model potential for ground vibrational state rotational surfaces in this nonequilibrium region. There is, however, a
constants shows little sensitivity to substitution of one to four difference in theirCy, energies, which serve to reference the
deuterium atoms. That is a good indication of the accuracy of energies in Figure 2. Th€,, energies are the interconversion
the potential for the regions of the surface sampled in the coursebarrier heights, and the ab initio ACCD/cc value is 61¢ém
of ground vibrational state excursions. The accuracy of the (Tables 2 and 4), whereas the model value after DQMC
potential in other regions may be worse, but one interesting refinement is 99 cmt (Table 9, CQ:ACCD/cc). Whether the
assessment of that is shown in Figure 2. Model and ab initio lingering error in the ab initio calculations or model error is
calculations were performed to follow the minimum energy path responsible for the difference cannot be determined on the basis
away from theCy, interconversion transition state (a planar of the calculations alone.
structure) as the monomers were twisted out of plane in a Experimental information on the interconversion tunneling
concerted fashion that preserv€s symmetry (i.e., preserves frequency is availablé}” and low-dimensional dynamical
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Figure 2. Minimum energy path for the concerted out-of-plane twisting
of the acetylenes from they, (slipped parallel) transition state structure
for the interconversion. The horizontal axis gives the magnitude of the
out-of-plane angle for each acetylene, the two molecules being twisted
in an opposed sense wi€y symmetry preserved. The energy incm
relative to the optimunCy, structure’s energy is the vertical axis. The
broken line is that obtained using the model potential of the CQ
representation derived from ACCD/cc ab initio results with DQMC
refinement of parameters. The solid line is from ab initio MP2/cc
calculations with the 176-function basis.

analyses with that information imply barriers of 33.2cnand
35.6 cm .37 These are less than our ab initio ACCD/cc value
of 61 cnm ! and less than other large basis ab initio values such
as 59 cm! and 76 cm1.1311 This may suggest that the true
barrier is overvalued even with fairly extensive levels of ab initio
treatment, and also, that our model with its still higher barrier
is worse. On the other hand, the surface slice in Figure 2
suggests the likelihood for very complicated interconversion

dynamics in a way that could make a one-dimensional analysis

J. Phys. Chem. A, Vol. 104, No. 19, 2006669

This is a sort of convergence in models that points to the
suitability of the form of the functions in the model potential
for describing the system in its ground vibrational state. That
this form is simple and designed for transferability is important
for a larger class of possible applications of the model. It also
shows that at the threshold of a large basis set with correlation
included, the small lingering errors in ab initio calculations tend
to be in the effective sizes of the monomers, a feature we have
seen for Ar-H,S and Ne-H,S 6 Hence, calculations at simple
levels such as MP2 might prove more reliable for similar weakly
bound clusters with small, rather easily made adjustments of
this sort.

The convergence in the models makes it likely that particu-
larly accurate values for the zero point energy and the zero point
dissociation energies have been obtained. These are 130 cm
and 400 cm?, respectively. We find the vibrational averaging
effect on B + C)/2 to be about 1.6%.
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