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Geometry and torsional energies of a C—C-protonated n-alkane
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The geometry and relative energies of torsional conformers of centrally protongited*Cwvere
studied withab initio methods, to(a) obtain the most accurate geometry of the three-center—
two-electron CHC bond to datég) evaluate the performance of lower levels of approximation upon
this challenging structure, an@) gain an understanding of the torsional dynamics gHG".
Twenty-nine combined levels of theory were used to optimize the geometry of Hsgr@metry
minimum for trans-C,H,;*, and the most accurate of€CSD(T)/cc-pVTZ] gave the following

CHC bond geometry: fcpyc=122.4°, Rec=2.177 A, Rey=1.2424 A. Molecular-orbital-based
methods generally perform better than density functional methods for describing the three-center—
two-electron bond. A smaller subset of levels of theory was used to optimize other torsional
conformers of centrally protonated,8,,", varying the CCCC dihedrdtrans, gauche, cjsand the
dihedral for the bridging prototvarious eclipsed and staggered positjoii$ie results show that all
conformers lie within a 4 kJ molt range, with the lowest-energy conformer being eittnans or
gauchewith a staggered dihedral for the bridging proton. The effect of core-valence correlation was
also investigated. Finally, the potential energy surface as a function of the CCCC and
bridging-proton dihedral angles was qualitatively estimated and drawn, based on our computed data,
to aid in understanding the fluxional character gHg,". © 2003 American Institute of Physics.
[DOI: 10.1063/1.1607959

I. INTRODUCTION ab initio methods than was seen for K&, ", with MP2
angles below 130°, B3LYP ones near 136°, and BLYP ones
Protonated alkangglkanium or carbonium ions, acyclic above 150°. They also reported results from semiempirical
CiHax+3") are gas-phase ions of very short lifetimes, origi- methods, and while their AM1 angles were 141°—154°, their
nally detected and studied via mass spectrometry’M3 angles were 174°-180°, notably inferior in quality and
experiments:*® Only two gas-phase infrared spectra havesimilar to older MINDO/3 resulté®3 In 1997, single iso-
been reported to daté® They have never been directly de- mers of larger systems were featured in two papers con-
tected in solution, although the idea has been greatly popteerned with hydride transfer from alkanes to carbenium ions:
larized by Olah, following his initial reactions of alkanes Frash, Solkan, and Kazansky published MP2 geometries of
with superacids$?~??and by Haag and Dessau, who incorpo-centrally protonated butane, 2,3-dimethylbutane and
rated them into catalytic cracking mechanisthé? 2,2,3,3-tetramethylbutarié, and Boronat, Viruela, and
There are now several published computational chemis€orma optimized centrally protonated di-, tri-, and tetram-
try studies of geometric parameters of protonated alkanesthylbutane with B3LYP, B3PW91, and MPB2Their struc-
and none from experiment. The minimum-energy structuresures indicate that the 3c2e CHC angle is greatly increased
in the gas phase contain a three-center—two-eled@oRe  with increasing methyl substitution, regardless of level of
bond, either CHC or CHH. For &1;", the lowest-energy theory employed. Also that year, Mota and co-workers re-
structure features a triangular CHC 3c2e bond; calculationported several MP2 and B3LYP structures of conformers of
at moderate levels of theoyIP2, BLYP, B3LYP) produce protonated isobutari€,and later published results from MP2
values for the 3c2e CHC angle of 106°—172°?®For larger  structures of GHg*,3* n-C,4H,,*,%® and protonated adaman-
protonated alkanes, the lowest-energy forms feature the exttane (GoH;7").3® Our group has reported some 3c2e-bond
H atom bridging two carbons of the highest substitutiongeometry parameters from MP2 and B3LYP optimizations of
(quaternary, tertiary, etg.and these forms are, paradoxically, protonated altrans nalkanes up to gHs,",*” and from 39
the least stable ones, leading to dissociation quite readilfP2-optimized isomers of §H,". %8
The literature reports of geometrical parameters for these While all of these authors, and others, have gone on to
larger systems will be summarized here. simulate these ions as possible intermediates in reactions of
In 1996 Collins and O’Malley reported a comparison of alkanes with acidic catalyst models, there are two holes in
semiempirical anéb initio methods for selected conformers the basic understanding of protonated alkanes that we would
of dissociated-complex and C-C-protonated forms oflike to fill in this report. First, despite a demonstrated dis-
CsHg™, C4Hyi™, and neo-GH;3™,2% which included their agreement between moderate levels of theory on the exact
initial data on GHg™ from 199427 Although not stressed, 3c2e-bond geometrié§: %% there is to date no published
the reported geometric parameters for the 3c2e bond of C—Gtructure for a C—C-protonated alkane using the coupled-
protonated forms demonstrate greater disagreement amofuster approximatiopCCSI(T)] or any other high-accuracy
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FIG. 1. Newman projections afis, gauche andtrans butane, with asterisks
to denote the dihedral positions chosen for the extra proton, iy C ge- FIG. 2. Atom numbering for thé&rans-123(180° configuration of GH;;*.
ometry optimizations.

thod. S d. althouah | h ‘ 4ninima or transition states on the potential energy surface by
method. >econd, ajthough Several papers have Presentequa gpsence of imaginary vibrational frequencies or the pres-
great number of optimized structures for these ions, implyin

. i B . ) %nce of a single one, respectively. Relative conformer ener-
a great deal of fluxionality, a good qualitative discussion of

the fluxionality of the 3c2e bond is lacki K i gies are not corrected for zero-point effects.
€ Tluxionality of fhe scse bond IS facking. ¥nowing an Ten levels of electronic structure theory were employed.
accurate geometrical structure for a protonateadkane will

be of t i ist qf tational model Two density functional theory(DFT) methods were
€ of use for spectroscopists and for computational mode€l€igq - the semiempirical B3LYRBecke-3 exchandé and

who wish to test less-extensive approximations for use O ee—Yang—Parr correlatibhfunctionalg and theab initio

modeling larger systems. . PW91 (both functionals from Perdew and W4rg Hartree—
This study addresses these two points for the case of g oo methods include Hartree—FaHIE). Maller—

protonated C—C bond _between two secondary-su_bs_tituteglesset perturbation theory to second and third oftE?2
carbon atoms. We+preV|oust computed a CCBOoptimi- 5 MP3,* configuration interaction(CISD),*>*® and
zation of a GHj;;" conformation, and noticed that the coupled-cluster method€CSD, CCSDT)].47-50 Effects of

lC—I-:—Cfatrr:gle at;hte d3_((j:29 :)ond_ Its very fzn?%!\n/_i to ?'ﬁeremthe DFT numerical integration grid were tested with B3LYP,
evels ot theory, but did hot go In o+g.rea. € Erelore, — and effects of the frozen-core approximation were tested
the centrally protonatettansC,H;;™ ion is chosen here as with MP2

the object molecule whose geometry is studied in depth. For Eleven basis sets were tested: the seven Pople basis

the fluxionality study, we have computed the structure and ..\ oo STO-3G 6-31G 6-310)( 6-31G@,p)
energy of other conformers that arise from variations in tWOG—BllG@) 6-31’1+G(2df’ D) and 6-311

particular dihedral angles: one for the carbon Skelet°n+G(3df,2p),39'51and the four Dunning basis sets were cc-

((I)CCC(;)_tang oge |:O|r :Ehe revolutitl)n Iofdthde _brit(:]gir;lg proton PVDZ, cc-pVTZ, ce-pvQZ, and cc-pCVTES
around its C—C skeletord{i,cc,. Included in the fuxion- A naming system is used to keep track of the various

ality stu_dy is an investiga}tion of the ef_fect of Core'Valenceconformers of centrally protonatedbutane. Theu23 desig-
correlation upon geometries and energies. nation indicates that the extra proton bridges the central
C,—C; bond of n-butane. Its conformers arise from varia-
Il. THEORETICAL METHODS tions in two particular dihedral angles: one for the carbon
All calculations were performed using the software suiteskeleton (P-ccQ and one for the revolution of the bridging
GAUssIAN 983 with the exception of the coupled-cluster cal- proton around its C—C skeleto{,ccy). Figure 1 demon-
culations for which we used theoLPRO 2002packagé’® Mo-  strates howb,ccy is measured; we take X to be the position
lecular electronic energies, optimized geometries, and vibrathat bisects the CCCC dihedral angle in the Newman projec-
tional frequencies for several ,8,," conformers were tion (straight down in the figude and the proton dihedral
calculated, and point-group symmetry was used where applangle is measured relative to it. This definition maximizes
cable. The optimized geometries were characterized athe use of symmetry, as will be seen in the surface plots of

TABLE I. Shorthand notation for basis sets and methods used.

Shorthand Basis set Basis set 8ize  Shorthand Method
B1 STO-3G 93/31 M1 HF
B2 6-31G 132/56 M2 B3LYP, fine grid
B3 6-31G(d) 156/82 M3 B3LYP, ultrafine grid
B4 6-311G() 183/105 M4 PW91, fine grid
B5 cc-pvDZz 209/111 M5 MP2
B6 6-31G@,p) 189/115 M6 MP2full)
B7 6-311+G(2df,p) 296/202 M7 MP3
B8 6-311+G(3df,2p) 353/255 M8 CISD
B9 cc-pVvTZ 399/274 M9 CCSD
B10 cc-pvQz 775/550 M10 CCaD)

aNumber of primitive Gaussians/number of contracted Gaussians.
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TABLE II. Optimized geometries of thgans 123(180° isomer of GH,;", C2-symmetrytrans,u23(180°) conformer of QH11+. Table |
from the four highest-accuracy levels of theory used in this \iork. . . .
lists the ten basis sets tested with the B3LYP and MP2 meth-
cc-pVTZ  cc-pvQZ  6-31G@d,p)  cc-pVTZ ods (M2 and M5, respectivelyand the ten methods tested

Parameter MP2 MP2 CCSDT)  CCSDT)  ith the 6-31G(,p) basis setB6). In addition to these 28
R(C,H;) 1.2340 1.2329 1.2393 1.2424  runs, we performed a long one with M10/BEGCSO(T)/cc-
Eggzgs; 1241;634 ff§f4 12-52354 fégs pVTZ], requiring 31 days on our fastest computer withi-

42 . . . . -
R(H.C.) 10916 1.0903 10949 Logug PRO MO provide thg rno;t accurate geometry to date as a
R(H,Cy) 1.0860 1.0850 1.0891 1.0892 benchmark. All optimizations were performed withy sym-
R(HgCy) 1.0861 1.0851 1.0884 1.0890  metry, but the optimizations with B&%6-31G and one with
EEEQ%)) 1832? 182?3 18322 1822% B3 [B3LYP/6-31G()] had to be finished ilC,;, due to the

10~2 . . . . mi H H
0(CaHCy) 1177 116.4 132.4 1224 lack of aCz. structure, and the optlmlzatlong with B$TO-
6(C,C,Cs) 108.9 108.9 108.6 108.6 3G) were discarded because they resulted gaachestruc-
6(HeC4Cs) 106.3 106.4 105.9 106.2 ture. Figure 2 shows the atom numbering we used for label-
0(H,C,Cy) 112.3 112.3 1122 1122 ing the internal coordinates.
0(HgCsCy) 112.2 112.2 112.1 112.1 ) . .
amicﬁci) 1136 113.9 111 1131 . Table 1l displays the rgsultlng geometries from our four
6(H1,C,Cs) 86.3 86.4 86.7 86.0 highest-accuracy calculation@5/B9, M5/B10, M10/B6,
P (C,C,C3Hy) 94.2 94.6 91.8 93.5 and M10/B9. The best level of theory, CCSD)/cc-pVTZ,
D (HC,C,Cs) 164.6 164.9 164.2 1644 produced a#(C3H;C,) angle of 122.4°, arR(C,Cj) of
®(H,C,C,Cs) 46.9 47.1 46.8 46.8 5 A and £1.2424 A which
®(HgC,C,Ca) 778 775 782 _780 A77 A, an .ar-R(CzHl) of 1. , which now serves as
@ (HgC,CsCs) 57.0 57.8 53.5 56.1 the best prediction of the 3c2e bond geometry for protonated
D (H;10C2C5Cs) —-54.0 —-53.1 —-58.9 —55.5 secondary—secondary carbon bonds. This geometry is not re-

*Bond lengthsR in A, anglesd and dihedral angled in degrees. produced well by the other three levels of theory shown in

this table.

Table 11l compares the effect of basis set upon a subset
the potential energy surfacBES. The asterisks indicate the of internal coordinate values, from MP2 optimizations. Basis
various initial positions chosen for the bridging proton; notset convergence does not begin to appear until the triple-zeta
all of these corresponded to stationary points on the PES. Tgasis sets with full polarizatiofB7-B9. Compared to the
designate particul_ar conformers, t@@cc_qpositio_ns 0°,60°% ideal B10(cc-pVQ2) result, the 6-31G basis séB2) gives
and 180° are designated with the familiar teros gauche  generally poor results, especially for t#C;H,C,) bridg-
and trans while the ®yccx position is indicated with the i, 5ngie which shows a basis set error of over 60°. Dihedral
appromeate angle in brackgts. For |n§tancgauche angles using B7—B10 seem improved by 2°-3° over those
#23(60°) refers to an asymmetric structure in whidfeccc from smaller basis sets. The coordinates most sensitive to

=60° anddcx =60°. Exact values of these angles are not,__ . .
used in the nomenclature since they are dependent upon {gsis set, however, aR{C,Cs) and 9(CsHCp), which are

level of theory employed in the geometry optimization involved in the 3c2e bond. Larger bases sets favor smaller
' values for both of these coordinates. Figure 3 plots the

0(C3H,C,) data for a clearer sense of scale and includes the
IIl. RESULTS AND DISCUSSION S .
_ results from B3LYP optimizations. Note that, while B3LYP
A. Effects of various levels of theory and MP2 results clearly disagree with each other, the trend in

upon the geometry basis set error with either method is generally the same, once

This first study investigated the effects of basis set angbolarization functions on hydrogen are in pladeom cc-
method upon the optimized geometrical structure of ongVDZ on). Also note that the generally reliable double-zeta
particular C—C-protonated-alkane conformer: namely, the basis sets with polarization functioriB3, B5, B6 are not

TABLE lIl. Selected parameters from the optimized geometries ofrttues-..23(180° isomer of GH4;", using the MP2 method and various basis 8ets.

Parameter B2 B3 B4 B5 B6 B7 B8 B9 B10
R(C,H,) 1.2510 1.2386 1.2357 1.2450 1.2317 1.2363 1.2337 1.2340 1.2329
R(C,C5) 2.502 2.250 2.158 2.186 2.204 2.129 2.113 2.113 2.096
R(C,C,) 1.5105 1.4978 1.5004 1.5036 1.4975 1.4950 1.4966 1.4964 1.4944
0(C3H,Cy) 180.0 130.5 121.7 122.8 127.0 118.9 117.8 117.7 116.4
0(C4C,Cy) 108.0 109.0 109.3 109.1 109.0 109.0 108.8 108.9 108.9
0(HyC,Cs) 98.9 111.7 113.3 112.4 111.9 113.5 113.7 113.6 113.9
0(H1,C,Cs3) 98.9 86.5 86.1 86.1 86.5 86.3 86.4 86.3 86.4
o (C,C,C5Hy) b 92.1 93.2 92.9 92.4 93.9 94.3 94.2 94.6
®(HgC,C5Cs) 57.7 53.6 54.9 54.9 54.0 56.4 57.4 57.0 57.8
D (H1oC,C5Cs5) -57.7 —58.3 -56.1 —-56.5 -57.8 —54.6 —-53.7 —54.0 -53.1

3Bond lengthsR in A, anglesd and dihedral angle® in degrees.
PThis coordinate is not defined for th@,,-symmetry structure.
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FIG. 4. Effect of the electron correlation method upon optimized

FIG. 3. Effect of basis set upon optimize@(C;H;C,) for the trans 6(C3H,Cy) for the trans23(1809) configuration.
123(1809 configuration.

o _ _ scale; note that the DFT methods produced angles over 20°
sufficient for basis set convergence of this 3c2e bondyreater than CCS@), and improvements to the level of so-

parameter. phistication among HF-based methods increased this angle
Table IV compares the effect of method upon a subset ofrom 127° (MP2) to 132°(CCSOT)).
several internal coordinate values, using the 6-31.6) ba- When comparing the geometries in Tables Il and Il to

sis set. Compared to the ideal CCSID (M10) result, the  the most accurate one, CCSD/cc-pVTZ of Table I, we find
Hartree—Fock metho@M1) gives surprisingly good results. that lower levels of theory can be used with excellent resullts,
The density functional methods employed héd2—M4)  pecause of a cancellation of basis set and method errors for
give results that are qualitative, but not quantitative, and nothe 3c2e bond. In particular, combining the MP2 method
just for the coordinates of the 3c2e bond. For instance, th@ith either the 6-311G{) or cc-pVDZ basis set§the B4

DFT methods gived(C,C,C3H,) dihedral angles of less and B5 columns in Table) Ican provide good accuracy in
than 90°, which puckers the carbon skeleton up towards thgeometrical structure and hence be used for the modeling of
bridging proton rather than away, in disagreement with thaarger systems.

higher-level methods. Variances between these DFT methods

and other methods for other coordinates such(as;,,C,Cs)
and ®(C,C,C3H;) are related to this puckering. Use of a
finer integration grid(M3 versus M2 produced very little
improvement, as expected. Variances among all methods can Several combined levels of theory[including

be seen in the sensitive 3c2e coordinates, with the DFTCCSO(T)/6-31G(d,p) and MP2/6-31Gq)] were selected
methods producing the worst description of the 3c2e bondand used to optimize other torsional structures of
Figure 4 plots thed(C;H,C,) data for a clearer sense of w23-CHy;,", varying the ®ccc dihedral (trans, gauche,

B. Effects of various levels of theory
upon torsional energies

TABLE IV. Selected parameters from the optimized geometries oftties 423(1809 isomer of GH,;*, using the 6-31Gd,p) basis set and various
electronic structure methods.

Parameter M1 M2 M3 M4 M5 M6 M7 M8 M9 M10
R(C,H,) 1.2512 1.2630 1.2629 1.2685 1.2317 1.2299 1.2330 1.2320 1.2362 1.2393
R(C,C5) 2.312 2.475 2.469 2.528 2.204 2.196 2.224 2.231 2.255 2.268
R(C,Cy) 1.5026 1.4903 1.4905 1.4846 1.4975 1.4960 1.5012 1.4980 1.5016 1.5024
0(C3H,Cy) 135.0 157.0 155.8 170.1 127.0 126.5 128.8 129.7 131.6 132.4
0(C4C,Cy) 108.7 109.3 109.2 109.0 109.0 109.1 108.7 108.8 108.7 108.6
0(HyC,Cs) 111.1 103.9 104.3 100.2 111.9 112.1 112.1 112.0 111.4 111.1
0(H4,C,Cs3) 86.9 91.4 91.1 94.8 86.5 86.5 86.5 86.6 86.7 86.7
d(C,C,C5Hy) 89.8 85.1 86.4 87.0 92.4 92.4 92.5 91.7 91.8 91.8
®(HgC,C5Cs) 50.0 44.1 46.5 50.1 54.0 54.1 54.4 52.9 53.4 53.5
D (HoC,C5Cs5) -62.9 -70.0 —67.6 —64.6 -57.8 -57.6 -57.7 -59.3 -58.9 -58.9

3Bond lengthsR in A, anglesd and dihedral angle® in degrees.
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cis) and thed ,cx dihedral for the bridging protofvarious  saddle point on the PBESThe twocis structures are transi-
eclipsed and staggered positipres described in the Meth- tion states for interconversion between tgauchestruc-
ods section. Of interest here are the relative energies, rath&ures. Thetransu23(90°) structure is a transition state for
than the optimized geometrical structures. Between four andevolution of the bridging H atom about the central C-C
seven of the ten tested conformers resulted in stationargond. Table V displays the optimized values for the torsional
points, depending on the level of theory employed, and sevangles obtained with two different levels of theory, to dem-
eral correspond to torsional transition states. onstrate(i) that the actual angles vary from the idealized

Figure 5 shows the images of the seven optimized geeescriptions(0°, 60°, 90°, etd.and (ii) that different levels
ometries obtained from MP2/cc-pVTZ, including point- of theory will greatly disagree with each other on actual tor-
group symmetry and the nature of the structuminimum or  sional angles for protonated alkanes.

TABLE V. Geometrical parameters of variough;* conformerst

MP2 ccsOT)
) ) cc-pVTZ 6-31G(d,p)
Point Imaginary

Conformer group frequencies Decee Dpcex Decee Dycex
cis-u23(0°)° C,, 1 (in ®eccod 0° 0° 0° 0°
Cis-u23(60°)° C, 1 (in ® o 0° 82° 0° 51°
gaucheu23(0°) C, 0 59° 0° 58° 0°
gaucheu23(60°) C, 0 50° 84° 51° 74°
gaucheu23(1809 C, 0 94° 180° 91° 180°
trans-u23(90°° Cs 1 (in ®yeex) 180° 90° 180° 90°
trans-u23(180°) C, 0 172° 180° 176° 180°

#The reported angles are dihedrals about the G bond.®,,ccx measures the dihedral angle of the bridging
hydrogen atom measured from a point X which bisects®hgc dihedral; therefore®ccx=0° or 180°
results in the molecule maintaining@, rotation axis.

PSaddle poininot a minimum on the potential energy surface.
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TABLE VI. Relative energiegkd mol %) of various of GHy;" conformers

B3LYP MP2 MP2(full) MP2 ccsOT)

Conformer 6-31G(d) 6-31G(d) 6-31G(d,p) cc-pVTZ 6-31G(d,p)
cis-u23(0°)° —-0.02 2.05 3.04 491 2.19
Cis-u23(60°)° Does not exist Does not exist Does not exist 5.35 2.45
gaucheu23(0°) —0.69 —0.66 —-0.01 1.80 —-0.22
gaucheu23(60°) Does not exist -0.56 -0.13 0.36 -0.29
gaucheu23(1809 Does not exist 3.70 4.32 4.30 3.21
transu23(909° 0.03 2.41 3.47 5.14 2.34
trans u23(180°) 0.00 0.00 0.00 0.00 0.00

#The absolute energies in atomic units for trens-23(180°9 conformer are-158.72317 B3LYP/6-31G()],
—158.07236[ MP2/6-31G()], —158.18186[ MP2(full)/6-31G(,p)], —158.32545(MP2/cc-pVT2, and
—158.241721 CCSD(T)/6-31G(,p)].

PSaddle poininot a minimum on the potential energy surface.

Table VI shows the relative energies of these torsionakffect of invoking core-valence correlation without supple-
structures, from our five different levels of theory tested.menting a basis set appropriately, and the effects are more
Note the disagreement as to which conformer is the lowestoticeable, but the deviations are less than 1 kJhahd
energy one: with CCS(O)/6-31G(d,p) it is gauche the energy ordering does not change.
123(60°), but with MP2/cc-pVTZ it istrans-u23(180°9), and
with MP2/6-31G¢) it is gaucheu23(0°). These three
minima do appear to be generally lower in energy than th .
other four structures, although B3LYP/6-31d}(appears to 'C. Plots of the torsional PES
have qualitative difficulties in this regard. The data suggest The data of Table VI indicate that the torsional PES
that the bridging H atom prefers staggered positions, but this more complicated than anticipated. We strove to further
question ofwhich staggered positions it prefers is a questionour understanding of the fluxionality ofu23-C4H;;"
without a simple answer. by plotting plausible two-dimensiongdkD) PES functions

Table VII presents a study of core-valence correlationE(®ccce, Prcex) that fit the data. We began with the gen-
effects, showing the relative energies of these seven stru@ral Fourier series expansion
tures reoptimized with three other relevant levels of theory. o
The difference; in geomgtry were quite' insignificant. The E(dg, D)= z E Amncos(
cc-pCVTZ basis set provides extra functions for core elec- m=0 n=0
tron regions to improve the reliability of correlation methods m
which include core-valence correlation, such as MED). +ansin<—<bc)sin(n<I)H)
Comparison of the first two columns of the table shows the 2

m

5 (I)C>cos{n<bH)

negligible effect of adding core functions to a procedure that m

does not include core-valence correlation. These columns +Cmncos<—<Dc)sir1(n<I>H)

also agree very weliwithin 0.3 kJmol'Y) with the fourth 2

column, which features core-valence correlation with the ap-

propriate basis set; this indicates that the incorporation of +Dmnsin

core-valence correlation has virtually no effect on these rela-

tive torsional energies. The third column demonstrates th&here @ and ®; are shorthand foPcccc and @ yecx,
respectively. The factor of 1/2 in thed . terms is due to the
fact that E(®¢,Py)=E(Pc+47,Py), but not E(Pc

TABLE VII. Relative energie_s(kJ mol?Y) of various GH,;," conformers, +2’7T,(I)H) in generaj, with our coordinate definitions. We

testing core-valence correlation. forced this function to obey the symmetry of the problem by

m
2

q’c>005(nq)H),

MP2 MP2  MP2(full) MP2(full) applying three symmetry rules, listed in Table VIII; these
Confomer cc-pVTZ cc-pCVTZ  cc-pVTZ  cc-pCVTZ reduce the expression to
cis-u23(0°)° 491 4.97 4.43 5.22
Cis-u23(60°)° 5.35 5.39 5.39 5.52
gaucheu23(0°) 1.80 1.86 1.15 2.07 .

TABLE VIII. S try effects on the PES function ®¢ccc, @ .
gaucheu2360°  0.36 0.38 0.16 0.44 ymmetry eftects on the unction ®ecce, Procx)
gauche,u23(18b0? 4.30 4.29 4.24 433 Symmetry rule Consequence
trans-u23(90°) 5.14 5.21 4.87 5.38
trans-u23(1809) 0.00 0.00 0.00 0.00 E(—®c, ) =E(Pc,Dy)

~(m
No sw(ECbc) terms

E(Pc,— D) =E(Pc,Pp) No sin(iby,) terms
(m+n) must be even

&The absolute energies in atomic units for tiens u23(180° conformer
are —158.32545 (MP2/cc-pVT2, —158.33001 (MP2/cc-pCVT2,
—158.38996 [MP2(full)/cc-pVTZ], and —158.52009 [MP2(full)/cc-
pCVTZ].

aw w
E(’ﬂ*‘bc y E*‘DH):E(W+CDC y E +(DH
bSaddle poininot a minimum on the potential energy surface.
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TABLE IX. Coefficients (kJmol!) from least-squares fitting for
E(Pc, D).

MP2 ccsoT)
Coefficient cc-pvVTZ 6-31G(d,p)
Ago 3.899 57 2.490 01
Aso —0.488 38 —0.449 30
Ass -0.916 01 —1.666 06
Ao -0.007 03 -0.239 37
Aso 0.26813 -0.117 46
Ags —-0.216 30 —-0.47208 360
Az 1.649 47 1.23126 /
Ass -0.184 68 -0.299 30 7.7 315
Ags —0.580 30 —0.296 87 6.6 .
Aso 1.778 09 1.53872 g-g
Asr —-0.778 49 —-0.148 76 33
Ass 0.21022 0.08353 2.2+
Ace ~0.32070 ~0.17246 L%
As: 0.399 22 0.33819
Ags 0.190 85 0.422 04
Ass —-0.07217 0.11700 g T
Mg —0.506 00 —0.509 85 Phi CCCC : 45 phi HCCX
Ase 0.186 50 -0.02370 o
Az 0.507 76 0.27141 o~ :{-: &
Az -0.11018 0.092 74 2

FIG. 6. 3D surface plot of the 2D torsional potential energy surface
E(®ccce:Prcex), using MP2/cc-pVTZ data.

m

2CDC

cogndy),

E(dc, @)= 2 2, Amncos(
geometry optimizations we observed coupling of a third co-

seven-point datasé¢energies in Table VI, coordinate values moyed into the C—C bond axis to avoid high-energy areas.
in Table V), to find optimized values for tha, coefficients.  Eina|ly, we should point out that the bridging proton reduces

double sum to produce an appropriate looking function. We

eventually settled on a function of 20 terms. Of course, we
found many successful fits to the limited dataset. One could
try to compute more points on the PES to obtain a better-
defined fit, but these would be nonstationary points requiring
restricted optimizations, and due to the approximate nature
of the data, we considered this extra work to be of very little E (kJ/mol)
benefit. Instead, a handful of the successful but underdeter
mined fitted functions were plotted graphically, and one
physically reasonable function was chosen for presentation
This provides a reasonable approximation to the shape of thi:
coupled PES, for the purposes of discussing fluxional dy-

namics of a protonated-alkane. =
Two such PES functions were generated, which repre- g-g 913

sent MP2/cc-pVTZ and CCSD)/6-31G(d,p) data, respec- 45

tively. These functions appear in Table IX, and surface plots g:‘é

of these functions appear in Figs. 6 and 7. One can see lon 6112

valleys for gauche and trans structures ®cccc 21

=60°,180°,300°), which indicates that revolution of the H

atom around the C—C bond is extremely facile. Interconver-

sion betweertrans and gaucheconformers can occur most "45 Phi HCCX

easily betweerrans-.23(1809 and gaucheu23(0°), which FoRGEee

can be visually seen in the plots as eith@80°,180% &
—(300°,180y, (180°,09—(60°,09, or (180°,360% ]

—(60°,3609, all identical by symmetry. This particular in-

terconversion channel is a visual indication that the two torig. 7. 3p surface plot of the 2D torsional potential energy surface
sional motions are significantly coupled. In fact, in SOMEE(®ccee, Prcex), Using CCSD(T)/6-31Gq,p) data.
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