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Properties of C—C Bonds in n-Alkanes: Relevance to Cracking Mechanisms
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The slight variations among the proton affinities and bond strengths of th& Bonds in straight-chain
n-alkanes have been determined to 1 kcal thalccuracy for the first time, using computational quantum
chemistry. Four computational methods (B3LYP, MP2, CCSD(T), and G2) were used tanstlicgnes (up

to CyoH42 with B3LYP), including computations on the related alkyl radicals, carbenium ions, and carbonium
ions. The proton affinities of the-€C bonds vary from 142 to over 166 kcal mélare highest for the center

C—C bond, and decrease monotonically toward the end bonds. Bond strength, unlike proton affinity, is very
constant (88 kcal mot), except for thea and 8 bonds (89 and 87 kcal mdi, respectively). For thermal
cracking, the results suggest that the most favored initiation step is the breakinggobdimel of the alkane

to create an ethyl radical. For Bronsted-acid-catalyzed cracking of straight-chain paraffins, if the initiation
mechanism is via carbonium ions, then the results indicate that the cent@lbBnds ofn-alkanes will be

most attractive to the Bronsted proton. However, for direct protolysis (Bronsted-mediated fissiomyalkane

via a carbonium intermediate, the net exothermicities do not strongly discern among@édhds. Trends

in molecular geometry and infrared spectra features are also presented, and a signature IR band is predicted
for carbonium ions that should aid in their identification.

Introduction radicals or carbenium ions and possible alternative steps for

- . C—C-bond fission that might be simultaneously occurring.
Petroleum refining and modification has featured strong L :
research activity throughout the 20th century. Two significant Ir!lt[a}thn Steps. In the case of thermal cracking of alkanes,
driving forces for current research are the search for economicalt_he Initiation step seems fairly We” understood to beCbond
ways to tap the difficult sources of petroleum, such as tar sands,f'ss'on_ to form two radicals, W'_th the prefgrred{: ruptures
and the efforts to provide more environmentally friendly ways occurring between the most highly substituted carbons. How-

of performing the refining. One example of current research is ever, fwe fl:ound all c_alt;ﬁulz;tlon oegkr)elatlt\j/e—((i-bond f'?'“a“of‘
the plethora of experiments that specifically test new catalysts rates for the pyrolysis al-hexane; based on heats of formation

for cracking of alkanes (paraffins, the largest component of and other assumptions, which curiously suggested that not all

petroleum) into smaller, more useful fragments. While current tC_C dbondsthbgtv%t.aefn seE[:ondIary c?rbclms gre equ? lly rgobable

industrial processes use zeolites as their catalysts of choice, gn ?_Irgo d'e "l" 1a |on§ ep. (rjut‘)ar Icu ar,lolst_soaa:conti ch

research is ongoing with other possibilities, including newer an C‘_ o radicals was derived 1o occur Imes Tastér than
dissociation to two gH radicals. We are unaware of any

zeolites, other molecular sieves, and ionic liquids. th tical lanation f hy this should b
Many of the steps in the chemical mechanisms for alkane eoretical explanation Tor why this should be So.

cracking are understood in a general sense, but some of the In the case of acid-catalyzed cracking of alkanes, the initiation
details are still unknown. For instance, in both thermal cracking StéPS have been the sources of a great deal of discussion for

and acid-catalyzed cracking, a monomolecyiascission rule ~ Many years. Four possible activation mechanisms for the
is well-known and generally accounts for most of the G generation of the active carbenium ions have been discussed.

bond cracking:2 In thermal cracking thg-scission occurs with The abstraction initiationidea features a Lewis-acid catalyst
alkyl radicals, while in acid-catalyzed cracking it occurs with  StriPPing & hydride (H) from an alkane to create a carbenium

alkyl cations (carbenium ions): ion_.4v5_The redox initiationidea features an oxidizing cataly_st
stripping an electron from an alkane, with the alkane radical
HH HH  HH HH cation further decomposing to create a carbeniumfibiihe
rA - s HH = e e . . .
A3 NG alkene initiationidea features the protonation by the catalyst
H e H —_— i, C3eH  + o H f - - f
< Ca H " g” % of trace amounts of alkene in the feed, creating carbenium
H HooHH H Ao HH ions>8 The carbonium initiationidea features the protonation
" by the catalyst of alkanes themselves, forming unstable car-
¥ ¢ ¥ }@ N 3 bonium entities which dissociate to form carbenium id#s.
H%@%Q g” — //,,,/03"” + @94_)3;/“ The formed carbenium ion may or may not be covalently bonded
A AR A H HH HH to another species (e.g. a zeolite surface); for sake of generality

we will ignore this complication here.

However, other aspects of the overall mechanisms that are The carbonium mechanism, in particular, is seeing increased
still under debate include the initiation steps that create the alkyl research interest, with new experiméftd’ but particularly with
computational chemistry metho#s3> Carbonium ions, or
* Corresponding author. E-mail: allan.east@uregina.ca. protonated alkanes, were first detected in mass spectrometry
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experiment® and have been spectroscopically detected only
in the gas phase. They are highly reactive ions that are difficult
to study experimentally due to their short chemical lifetime,
and theoretical chemistry has therefore become the most
valuable tool for their investigation. Computational studies of
these gas-phase ions have demonstrated stable minima featurin
3-centet-2-electron bonds. Two of the three general isomers
of CoH" ion have been detected in the gas phiagtroponium

and butonium ions have been recently studied computationally
by Mota and co-worker&38.3%demonstrating multiple possible
geometries for protonation, as well as providing useful energet-
ics. Calculations on larger carbonium ions have been limited
in accuracy and/or scop&20.294843 Several computational
studies have investigated the catalytic carbonium initiation
mechanism directly, by attempting to model actual catalytic
events involving carbonium ion formatidf19.21.2428,30-34 gng
although these models all suffer from incomplete treatment of
long-range effectd! they have resulted in one intriguing
suggestion-that carbonium ions in condensed phases are not
intermediates but transition statésThree of the outstanding
questions regarding the carbonium initiation mechanism are the
following: why does the proton attack some alkanes but not
others, where on an alkane does the catalytic proton attack, an
how exactly do these carbonium ions produce carbenium ions?

Alternative Steps for C—C-Bond Fission. Under certain
conditions for acid-catalyzed cracking, several experiments have
shown strong evidenég!>4445that C-C-bond cracking can
directly occur via carbonium ions (protonated alkanes):

HH H‘ﬁ iy
= C:\ =
H 3 C. H -
TR R £
HH  HH ps
- C.‘ H
H AN + @Cd)Y
= = =
H H HH HH

Gas-phase calculations have demonstrated ¢dgag-bond
protonation dramatically weakens the-C bond strength (from
approximately 88 to 8 kcal mot for secondary carbons; vide
supra). However, this carbonium decomposition route is in
competition with the alternate route afc—y protonation
followed by loss of H, and these rapid steps are difficult to
detect experimentally. For better evidence of this alternative
C—C bond fission hypothesis, predicted product distributions
for oc—c protonation might be of use, and this would require
more data and work from computational quantum chemists.

The mechanistic questions mentioned above are all funda-
mentally linked to the molecular properties of the alkanes
themselves. This paper is intended to foster this link. This
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Theoretical Methods

All calculations were performed with the software suite
Gaussian 98° Molecular geometries (opt tight) and harmonic
frequencies were computed using analytic 1st and 2nd derivative
formulas as is routine with Gaussian 98, and zero-point
Vibrational energies (ZPVE) and thermal energy corrections were
computed using the rigid-rotor/harmonic oscillator approxima-
tions, unscaled harmonic frequencies (except for the G2 method;
see below), and standard statistical thermodynamic fornttlas.
Open-shell species were calculated with the unrestricted (UHF)
orbital formalism throughout.

Four levels of electronic structure theory were employed. The
first, B3LYP, is a semiempirical density functional theory (DFT)
model parametrized by Beckein which the exchange func-
tional is a linear combination of the HartreBock exchange
with two functionals more traditional to DFT, and the correlation
functional is that of Lee, Yang, and P&Pfr.The B3LYP
calculations employed the 6-31G(d,p) basis*seind were
applied for molecules having up to 20 carbons. We note that
the use of the default numerical grid for the DFT integrals led
to bad numerical noise in the vibrational frequency calculations
or the long alkanes and, hence, the “ultrafine” grid of Gaussian

8 was used in all B3LYP calculations.

The second level of theory, MP2, is second-order Mgller
Plesset perturbation theory, an ab initio methddhe MP2
calculations also used the 6-31G(d,p) basis set and were applied
for molecules having up to 10 carbons. The vibrational
frequency noise was quite acceptable, since all integrals were
analytic. The frozen-core approximation was employed.

The third level of theory, called G2 or Gaussian2, is a high-
accuracy method which takes a large-basis-set MP2 result and
computes several energy corrections for electron correlation,
plus a zero-point energy correction and a semiempirical cor-
rection based on the number of odd electrefithe geometry
is optimized using MP2, and the vibrational frequencies are
scaled from HartreeFock-calculated values. The G2 method
was employed for molecules having up to 6 carbons.

The fourth level of theory, CCSD(T), is coupled-cluster theory
with single, double, and approximate triple excitations and is a
high-accuracy ab initio methdd>* The CCSD(T) calculations
used the cc-pVTZ basis $eand the frozen-core approximation
and were applied to molecules having up to 6 carbons. The
reported CCSD(T) energies were computed at MP2/6-31G(d,p)
geometries and used ZPVE and thermal corrections from the
B3LYP calculations.

Calculations were performed for alkanes, primary alkyl
radicals, carbonium ions, and “primary” carbenium ions. Only
the all-trans forms of the molecules and ions were examined,
so that the @Hznt2 alkanes had eithed,, (n even) orCy, (N
odd) symmetry. The primary radicals h@dsymmetry, despite
our occasional need to begin the optimization€irsymmetry

theoretical (computational) study addresses the properties of thefor convergence reasons. For the carbonium ion#§Gs*),

C—C bonds of a class of alkanes-élkanes) and connects them
to the discussions of the postulated initiation steps of petroleum
modification. Althoughn-alkanes may seem at first rather

protonation of the €C bonds was done from a direction
perpendicular to the plane of the carbon atoms. This resulted
in Con symmetry for protonation of the centraHC bond in

mundane, our examination of them appears to be the first seriousD2, alkanes an€; symmetry for protonation of off-center-€&C

attempt at detecting differences among their@Cbonds. We
examined two processes. The first, relevant to thermal cracking,
was C-C dissociation to form primary radicals. The second,
relevant to Bronsted-acid-catalyzed cracking, wasdJproto-
nation to form carbonium ions and ensuing dissociation to form
carbenium ions. As far as we are aware, this study is the first
to look at the trends in €C bond properties with position on
the alkane chain, and with length of chain.

bonds.

For the carbenium ions (Elan+1"), which under most
laboratory conditions normally rearrange to form secondary or
branched isomers, we were able to find a systematic set of local
minima thatmost closely represetihe hypothetical “primary
carbenium ions” which would first result from dissociation of
an all-transn-carbonium ion. This optimized structure was
labeled a “protonated alkylcyclopropane” by Sieber, Schleyer,
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Bond strength and found agreement to within 0.5 kcal mblThe CCSD(T)
AM)}{,‘({ > ;x\?jv,, W results are clearly the best theoretical results, while the other

levels of theory are up to 5 kcal mdlin error. We did explore
the use of the cc-pVTZ basis set to improve the MP2 and
Proton affinity %?LYP feslu:\t/ls (\k/]vh(;cr)l ebmpltilyed theI 6-5,1_G(d,p) balsis sit; see
v “ oy 4 eoretical Methods), but this resulted worseresults: the
i‘\“f‘\ngf"\f\gg‘ > H o+ f"‘{y‘/&{x‘g"*{' MP2 bond strengths rose by 0.6 kcal mgland the B3LYP
results fell a surprising 3.5 kcal ndl
The CCSD(T) calculations are expensive and could not be

Carbonium dissociation performed for the large alkanes, and therefore, the results were
p F o, y . . . .
- > & %, W extrapolated (dotted line) by taking the B3LYP points for octane
’i‘»ﬂ\f !’&ﬁi'f: -";‘\‘{i ﬂ(f(‘fj and larger and shifting them upward by 5.0 kcal mplthis

being the difference between the CCSD(T) and B3LYP values
for hexane. This extrapolation is expected to be very accurate
because the MP2 and B3LYP curves are extremely similar
v a4 w4 4 o , beyond ethane, other than the large constant shift. This
H + f‘\fj\g“({j\{“gg ”;’\Z’\J{‘J * ﬂf\{‘\g extrapolated CCSD(T) curve represents our preferred values for
these bond strengths. It agrees with experimental results to
gWithin 1 kcal mol?, except for ethane where the larger

Bronsted-mediated fission

Figure 1. Exemplary structures of molecules and reactions encountere

in this work. disagreement is puzzling and must await further research for
its explanation.
and co-worker?® in their detailed paper on £y* (see their Figure 3 plots the bond strength of eachC bond in GgHss

structure no. 10). One might also describe it as an extremely using B3LYP, to compare the bonds within a single alkane.
tight.r complex of a GH4 unit with a smaller primary carbenium  Hence, the leftmost point represents cracking of the alph& C
ion, since the three €C bond distances in the “cyclopropane bond (the endmost -€C bond), while the rightmost point
ring” are roughly 1.4, 1.7, and 1.8 A. We shall refer to this represents cracking of the centra+-C bond (the G-C bond
structure as a primary carbenium ion for simplicity. This furthest from the ends). The curve is quite similar to the B3LYP
minimum was chosen for the carbenium ion to focus only on curve of Figure 2, and we expect that the CCSD(T) curve in

the initial carbonium dissociation step, since we consider this case should look correspondingly similar to the CCSD(T)
carbenium ion isomerization to be a separate problem beyondcurve of Figure 2.

the scope of this paper. _ _ These two figures demonstrate that the € bond strength
Plotted energies correspond to the following reactions: in n-alkanes is relatively constant, at about 88 kcal Thalt
2 room temperature, except for the termina) &nd penultimate
bond strengthAHgs™"): (B) C—C bonds (89 and 87 kcal mdl, respectively). Our
CiHanio = CHy 1 + G iHpiy 1 analysis is apparently the first definitive theoretical demonstra-
tion that the weakest-€C bond in am-alkane is the5 bond,
proton affinity (AHPA298)3 CnH2n+3+_’ H + C.Honis regardless of alkane length. The explanation of this surprising

result awaits further research; at the moment we merely offer
) ] o 2 the hypothesis that the ethyl radical might have slightly more
carbonium dissociatiomYHcp, ): stability than other primary radicals.
CHopes — CHypy CriHamiys2 Trends in C—C Proton Affinity. Figure 4 plots the proton
affinity (AHpa?%9) of the central C-C bonds of a series of
} . o 298,. n-alkanes, again using B3LYP, MP2, G2, and CCSD(T) theory.
Bronsted-mediated fissiomty-"): The G2 and CCSD(T) values agree to within 1.3 kcal Thol
H* + CHopo— CHyy " + Cr-iHop-iy+2 and the CCSD(T) result for ethane (142.2 kcal Mplis in
excellent agreement with experiment (142.7 kcal Hdi° The
Figure 1 displays these reactions via 3D molecular images, for B3LYP results are particularly poor, being-9 kcal mol?
the case oh = 10 andi = 5. Note thatAHyr?%® = AHcp?%8 — higher than CCSD(T), although the trend with length of alkane
AHpa?%, i.e., we use the term Bronsted-mediated fission to is in agreement with CCSD(T) and MP2. The dotted line
represent the sum of the proton attachment and carboniumindicates the extrapolation of CCSD(T) results by using the
dissociation steps. These two individual steps of Bronsted- B3LYP results as a guide, in the same manner as in Figure 2,
mediated fission are each important in their own right, because to represent the best results.
they involve carbonium ion thermochemistry while the overall  Figure 5 plots the proton affinity of each-C bond in GoHz»
reaction enthalpy does not. using B3LYP and MP2, to compare the bonds within a single
alkane. We expect that the CCSD(T) curve for Figure 5 should
be shifted roughly 89 kcal moi* down from the B3LYP curve,
Trends in C—C Bond Strength. Figure 2 plots the bond ~ on the basis of the Figure 4 results.
strength AHg<?%9) of the central G-C bonds of a series of Optimizing the geometry of each protonated alkane was
n-alkanes from GHg to CygH42. The theoretical results were  reasonably straightforward, except that protonation otthend
computed using B3LYP, MP2, G2, and CCSD(T) levels of of CioH2, with B3LYP resulted in a monotonically repulsive
theory. The experimental results are derived from values for path to dissociated products rather than a stable carbonium ion.
heats of formation AH2%) from the National Institute of Hence, the B3LYP proton affinity of the bond that appears
Standards and Technolo§ywe contrasted th&H¢?*® values in Figure 5 was computed by assuming the dissociated products
for the radical products with those of Berkow#and CohefP to be the protonated “supermolecule”.

Results
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Figure 2. Bond strengths AHs2%) of the central G-C bonds of _ bond label _
n-alkanes from @Hg to CogHao. Figure 3. Bond strengthsAHgs?®®) of each C-C bond in GgHss (1
= end C-C bond; 9= central C-C bond).
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Figure 4. Proton affinities AHpa2%) of the central G-C bonds of bond label
n-alkanes from gHg to CisHzo. Figure 5. Proton affinities AHpa?%) of each C-C bond in GoH22 (1

= end G-C bond; 5= central C-C bond).

The C-C proton affinity is far more sensitive to long-range demonstrated to decrease monotonically with increasing chain
effects than the €C bond strength. The results demonstrate length but converging to 7.5 kcal mdlbeyond octonium.

that the C-C proton affinity gets monotonically higher for-GC Figure 7 plots these computed dissociation enthalpies for
bonds further away from the ends, with & —C bond having various isomers of protonated decanggHs", using B3LYP
the least proton affinity. and MP2. The solid curves represent the preferred dissociation

Trends in Carbonium Dissociation. Figure 6 plots the products, which are a short alkane and a long carbenium ion,
enthalpy of dissociation AHcp?%®) of centrally protonated  while the dashed lines represent dissociation to a long alkane
alkanes to a half-sized alkane and half-sized “primary” carbe- and a short carbenium ion. The negative value fordharo-
nium ion (see Methods), as a function of the length of the carbon tonated decane at the MP2 level indicates that the protonated
chain, again using B3LYP, MP2, G2, and CCSD(T) theory. The form is a hanging-well isomer, with a barrier to dissociation.
G2 and CCSD(T) results agree to within 0.3 kcal mplwith In Figure 7 the trend is rather different from in Figure 6 and
B3LYP and MP2 results in error by up to 2 and 4 kcal miol indicates that the centrally protonated isomer is actually the
respectively. The dissociation energy of a protonated alkane isisomer requiring the most energy to dissociate, with the
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Carbonium dissociation, Carbonium dissociation,
centrally protonated carbonium ions each C-C-protonated isomer of C10H23+

40 z 40 '\ \
——A—PB3LYP \ \ — - == B3LYP(long alkane)

35 —_— P2 = 35 \ \ — -8 — MP2(long alkane) H
—_— 02 v\ ——2&——B3LYP(short alkane)

30 —g—CSD(T) [ 30 0 ——8——MP2(short alkane)
= © = CCSD(T) 2

25

20 20

kcai/mol
@

15

kcal/mol

-10

protonated-carbon-bond label
number of carbons in carbonium

. ) _ . Figure 7. Dissociation energie 298 of each G-C-protonated
Figure 6. Dissociation energief\Hcp?*) of centrally C-C-protonated isc?mer of GoHzs™ (1 = end gC—Séa_t')%Dndé) 5= central CBC bond)

i v P ) e
carbonium ions from g47” to CiuHa:". This lowest dissociation channel representing two dissociation channels that both break th& Gond.
cracks the €&C bond, producing an alkane and a carbenium ion.

Bronsted-mediated fission,
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, . , . , 2 Figure 9. Energies of Bronsted-mediated fission reactiohbl-2%)
Figure 8. Energies of Bronsted-mediated fission reactiofiir 9 involving each C-C bond in GoHz» (1 = end C—C bond; 5= central
involving the central &C bonds ofn-alkanes from @Hg to Ci4Hso. C—C bond).

endothermicity falling monotonically as the extra proton is
located closer to the end of a carbon chain. this plot concerns the enthalpy for dissociating only to the
Trends in Bronsted-Mediated Fission.Figure 8 combines  “primary” carbenium ion and ignores further net exothermicity
the results of Figures 4 and 6 by plotting the net enthalpy of from ensuing isomerization or bonding to other species. The
fission (AHwr2%) of alkanes via central €C-bond attack by a  trend in this curve is dominated by the trend for proton affinity
proton, plotted as a function of the length of the carbon chain. and enhanced by the trend in carbonium dissociation.
The G2 and MP2 results agree with the CCSD(T) results to  Figure 9 correspondingly combines the results of Figures 5
within 1.1 kcal mot?, while B3LYP results are too exothermic  and 7 by plotting this net enthalpy for the fission of the various
by up to 7.5 kcal mol®. Figure 8 shows that the longer alkanes C—C bonds of decane. The trend in this curve is dominated by
tend to produce much more exothermic reactions than butanethe trend in the carbonium dissociations; i.e., the exothermicity
or ethane, with values below150 kcal motl. Remember that s largest for cracking the bonds toward the end of a long chain.
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TABLE 1: Best Values for Enthalpies of Reaction AH2%8 1 C-C bond lengths: Comparing C9H20, primary
atm Pressure) Involving the Central C—C Bonds of radical CO9H19
All-Trans n-Alkanes, Based on CCSD(T)/cc-pVTZ

Calculations with Corrections and Extrapolations?t and primary carbenium C9H19+

alkane bond proton carbonium mediated 1.72
length strength affinity dissn fission ﬁ —8—alkane MP2 C-C
C 88.3 142.2 38.2 —104.0 168 —¥—allyl MP2C-C H
Csy 86.9 157.9 16.5 —141.4 \ —8—carbenium MP2 C-C
Cs 88.5 160.7 9.4 —151.3 1.64 ~—A-—carbenium B3LYP C-C
Cs 88.1 163.4 8.1 —155.3 \\
Cuo 88.1 165.0 7.8 -157.1 16
Ci2 88.1 165.6 7.6 —158.0
Cisa 88.1 166.1 7.6 —158.5 156 \\
seeted : ANy |
T 152 oA

TABLE 2: Temperature Corrections (AH2% — AE’) for
Reaction Enthalpies, from B3LYP/6-31G(d,p) Calculations

1.48
alkane bond proton carbonium mediated /
length  strength affinity dissn fission 1.44

C 2.3 0.8 +1.3 +0.5 l

Cs 1.9 0.5 +0.2 -0.3 14

Cs 1.6 0.5 -0.0 -0.5

Cs 14 0.5 -0.2 -0.7 1.36 . , . , : r ‘ -

Cio 1.3(1.2y 05(.8% -0.3(-0.2¢ —0.8(-0.97 0 1 2 3 4 5 6 7 8 9

aValue is from MP2/6-31G(d,p) calculations, for comparison. bond label
Figure 10. Optimized C-C bond lengths (A). Bond 1 is the-&C

TABLE 3: Zero-point Vibrational Energy Corrections ( AE bond nearest the active end)( while bond 8 is the €C bond at the

— AE ) for Reaction Enthalpies, from B3LYP/6-31G(d,p)

Calculations other end of the molecule. ForK,,, both these bonds are equivalent.
?elﬁg?ﬁ st?gggth gfrf?rfnct)g ca[jt?gg]um ";izi'i?)fd radical, and the 6Hi9™ carbenium ion, with the numbering of
the bonds (1, 2, 3, ... ar, 3, y, ...) starting from the active end
gj :2'471 :g'g :‘11'% g'? of the molecule. The alkane bond lengths are fairly constant at
Ce -76 —37 —01 36 1.526 A, with slightly smallerx bonds. The bond lengths of
Cs -7.4 -3.6 +0.2 3.8 the radical are nearly identical except for {fi®ond (0.013 A
Co —73(7.1p -36(52¢ +03(1.0p 3.9(4.2} larger) and thex bond (0.035 A smaller). The bond lengths of
avalue is from MP2/6-31G(d,p) calculations, for comparison. the carbenium ions are more interesting, with the deviations
from the constant value being0.004,+0.142,—0.127 A for
Trends in the Corrections for ZPVE and Temperature. the y, B, and a bonds, respectively. The reason for these

Table 1 lists our best values for the four reaction enthalpies Particularly unusugb anda bond lengths is the preference of
involving the central G-C bonds of all-trans-alkanes. These  long primary carbenium ions to stabilize the charge by forming
are the CCSD(T)-based values from Figures 2, 4, 6, and 8. Thesdhe “protonated cyclopropane” structure (see Methods), with a
AH2%8 reaction enthalpies are computed by adding two correc- shorta bond and an elongatel bond. The B3LYP/6-31G-
tions to the raw electronic energy differences. The first is due (d.p) bond lengths are uniformly 0.008 A longer than the MP2
to zero-point vibrational energies (ZPVE), computed here for results, except for the carbenium ion results, so we added these
each molecule as half the sum of its unscaled B3LYP harmonic to Figure 10 for comparison.
vibrational frequencies. The second is due to temperature, Next we looked at the dependence of some of these bond
computed from usual statistical formulas using the rigid-rotor/ lengths upon molecular chain length. Table 4 presents the MP2/
harmonic oscillator approximation, together with B3LYP data. 6-31G(d,p) data for the,, 3, andy bonds of the alkanes, alkyl
The magnitude of these corrections for reaction energies is veryradicals, and carbenium ions. The sharbond is seen to be
consistent for reactions involving more than 4 carbons. Table even shorter for the small alkanes but on a very small scale.
2 lists the temperature corrections, for those who may be The longs bond of the carbenium ions is particularly long for
interested in converting our data to zero-Kelvin results for propenium, simply due to thg carbon being part of a CH
instance. Table 3 lists the ZPVE corrections. In Tables 2 and 3 unit which is somewhat equally drawn to thecarbon as to
we include a comparison to MP2/6-31G(d,p) results for 10- the 8 carbon.
carbon systems, and we see that the agreement with B3LYP Figure 11 is equivalent to Figure 10 except that it concerns
results is very good (within 0.3 kcal md) except for the the C-H bond lengths. For the alkanes and alkyl radicals, Figure
reactions involving carbonium ions, where the difference in zero- 11 concerns only the bonds to H atoms above and below the
point energies among methods is over 1 kcal ThoThis is carbon atom plane of symmetry. For alkanes, these CH bond
due to the disagreement over the nature of the 3-cefter  lengths are fairly constant at 1.094 A, except on fhand o
electron bond, which is loose according to B3LYP but stiffer carbons where they are up to 0.004 A smaller. On the radical
according to MP2. If the MP2 corrections turn out to be more molecule, the CH bonds on the radical carbon are 0.015 A
accurate, then our best proton affinities (listed in Table 1) would smaller than normal. For th&;-symmetry carbenium ions, there
be lowered by roughly 1.3 kcal mdl for butane and longer  are two MP2 curves in the figure because thearbon (on the
alkanes. C;H4 unit) is twisted 60 out-of-plane around th¢8 bond,
Trends in Geometrical Parameters.Figure 10 plots MP2/ creating a difference between the-8 bonds on either side of
6-31G(d,p) data for the €C bond lengths of gHao, the GH19 the usual carbon atom plane. The carbeniumHCbonds on
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TABLE 4: Optimized o-, 8-, and y-C—C-Bond Lengths (A) of n-Alkanes, Primary Radicals, and “Primary” Carbenium lons,
According to MP2/6-31G(d,p), and Displayed with Increasing Carbon Chain Length from Left to Right

C—C bond Cz C3 C4 C5 Ce C7 Cg Cg
alkanea 1.5234 1.5241 1.5243 1.5245 1.5246 1.5246 1.5246 1.5246
alkanes n/a n/a 1.5252 1.5253 1.5256 1.5256 1.5256 1.5256
alkaney n/a n/a n/a n/a 1.5254 1.5256 1.5257 1.5257
alkyl a 1.4890 1.4914 1.4907 1.4909 1.4909 1.4909 1.4909 1.4909
alkyl g n/a 1.5362 1.5382 1.5383 1.5387 1.5387 1.5387 1.5387
alkyl y n/a n/a 1.5243 1.5255 1.5255 1.5258 1.5258 1.5258
carbeniuno 1.3828 1.3941 1.3816 1.3842 1.3846 1.3846 1.3847 1.3848
carbeniunp n/a 1.7909 1.7417 1.7228 1.7222 1.7217 1.7210 1.7207
carbeniumy n/a n/a 1.5567 15721 15721 1.5728 15734 1.5736

C-H bond lengths: Comparing C9H20, primary CHC angle of the 3c2e bond,
radical C9H19 centrally protonated carbonium ions

and primary carbenium C9H19+ 180

1113 m
—HB—alkane MP2 170
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1.107 =—@—-carbenium MP2 |- 160
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ond fabe Figure 12. Optimized CHC angles for the 3-cente2-electron

Figure 11. Optimized G-H bond lengths (A) for the hydrogen atoms 54 in centrallyoc_c-protonated carbonium ions from 8" to
above and below the plane of the carbon atom chain. Bond 1 denotesC14H3l+.

the C-H bonds of thex-carbon, while bond 9 denotes the-8 bonds

of the carbon at the other end of the molecule. Fghi ", these CG-H . .
bonds at each carbon are not equivalent, and so two curves are presented€nSity. We suspect, on the basis of the results for proton
for this ion. affinity, that the true gas-phase geometrical structures of these

carboniums likely lie closer to the MP2 results than the B3LYP

the oo and 8 carbons (bonds 1 and 2, respectively) are short ones; i.e., a CHC angle of 13950° and a C-C bond length
(1.080-1.083 A) because they are part of theHg unit. The of 2.3-2.4 A,
great discrepancy between the-B bonds on the 3rd carbon Trends in Vibrational Frequencies. With regard to the
(1.088 and 1.111 A) is due to the effects of thalgunit, whose computed vibrational frequencies and the infrared (IR) intensi-
C—C bond eclipses one of these-8 bonds and makes it rather  ties, the result we would like to stress the most is the
long. following: free carbonium ions, if they live long enough in

Next we examined the geometrical structure aspects of the solution, can be clearly identified using IR spectroscopy due to
carbonium ions. For the CHC 3-cente?-electron bond, the  a very intense peak, in the 2160300 cnt?! range if gaseous
B3LYP and MP2 results differed dramatically and, hence, are and shifted to lower wavenumbers in condensed phases. We
both presented. Figure 12 plots the angdgc of the 3-center examined the predicted IR gas-phase spectra of several com-
2-electron bond in centrally protonatachlkanes, as a function ~ pounds using B3LYP and MP2 levels of theory and can provide
of chain length, and here we see that the MP2 angle is generallya rough summary of the spectra here.
near 130, while the B3LYP angle is generally above ®%hd Let the intensity of the allowed €H stretch modes in the
approaches linearity (above I’jJ(for carboniums having 10  3000-3100 range be considered to have magnitude of1.
carbons or more. Figure 13 plots the corresponding changes inThen the following holds: (i) The all-trans alkanes will have
the distanceRcc, and here the MP2 calculations predict 2.2 A no other IR peaks as bright as these. (ii) The primary radicals
while the B3LYP calculations predict 2.5 A, entirely concomi- have a peak at around 530 thhavingl = 1 for n-butyl, which
tant with the disagreement in the-G1—C angle. The trends of = gets weaker for the longeralkyl radicals; this absorption is
Ochc andRcc as a function of protonation position on a decane due to the inversion mode at the radical carbon center. (iii)
chain can be seen in the data displayed in Table 5. The trendsThe unstable primary carbenium ions show sevierall peaks
with chain length and location on chain suggest thaic and other than C-H stretches, in the ranges 36800, 1006-1100,
Rcc both get larger with increasing proton affinity of the original and 1306-1500 cntl. (iv) The centrally oc—c-protonated
C—C bond; i.e., the greater the proton affinity, the closer the carbonium ions, however, produce thnemssie peaks near
proton can tuck into the absolute center of the- @ bond 2150 cnt?! (with | > 100), 850 cm! (with | > 50), and 1110
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TABLE 5: CHC 3-Center —2-Electron Bond of Deconium lon: Variation of Geometrical Parameters with Choice ofec_c Bond

for Protonation

parameter 1(6Cp) 2(G-C) 3(C,-Cy) 4 (Cs-C)) 5(C.-C)
Ochc (deg), B3LYP dissociated 168.4 168.2 176.7 173.2
Ocrc (deg), MP2 124.2 130.3 130.6 131.3 131.6
Rec (A), B3LYP dissociated 2.531 2.526 2.538 2.534
Rec (A), MP2 2.197 2.243 2.245 2.252 2.255

C-C bond length of the 3c2e bond,
centrally protonated carbonium ions

/f/K
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Figure 13. Optimized G-C bond lengths (A) for the 3-centep-
electron bond in centrallyc—c-protonated carbonium ions fromld;*
to C14H31+.

16

cm™1 (with | > 20), due to modes involving motion of the
bridging proton.
Figure 14 plots the unscaled B3LYP harmonic frequencies
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Figure 14. Bubble plot of the most intense infrared bands of cen-
trally oc-c-protonated carbonium ions fromsld;,* to CisHai™. The

size of the points is proportional to the computed absolute inten-
sities (km mot?) of the bands. The 2150 crh band should be a
signature band that can be used to identify the presence of free
carbonium ions.

of the three brightest modes of these centrally protonated car-modes” for in-plane bending and another set for out-of-plane
boniums, as a function of length of the carbon chain, to display bending (where the plane is the carbon atom plane). This was
the subtle effects of chain length upon peak position. The size not always simple, due to vibrational coupling, but was fairly

of the points indicates the relative IR intensity of the peaks. straightforward for the first 7 harmonic frequencies of each set.

Note that the absorption band near 850 ¢ris actually two
overlapping bands for thegCCi0, and G4 carboniums.

We also examined the intense carbonium absorption fre-

The B3LYP frequencies are shown in Figure 15, as a function
of the string mode index n. We fit these data very well with the
following formulas: v, = 11.1In1-656for in-plane string modes;

quency for protonated decane as a function of protonation ¥n = 8.0n1-53¢for out-of-plane string modes. We remind the

position on the chaina(, 3, y, 0, ande bonds), but the results
appear fairly constant, within a 15 crhrange, except for the
hypotheticala-protonated isomer. Hence it would be difficult
to use this mode to identify which-&C site has been protonated
in an experiment.

Besides the €C-protonated carbonium ions, the only other

hydrocarbon species we could fathom which might give a peak

near 2200 cm! would be carbeniumions with a bridging
proton, such as £1s or (CHs),CHC(CH),*. However, the
B3LYP results for GHs" place the same along-the-bond mode
at a much lower frequency (540 c®), and although a
perpendicular motion of the bridging proton does give a
frequency near 2200 crh, it has a much lower intensity &

3) than the carbonium iorl & 100).

reader of the known results for the frequencies for a classical
string fixed at both ends (vary with) and frequencies for a
guantum particle-in-a-box (vary with?). Results for polyalkyne
chains in our laboratofy suggest that the observed powers of
n will tend toward 2 if the chain is infinitely lengthened and if
the ends are made infinitely heavy.

Discussion

The curious implication, based on radical heats of formation,
that the C—C bond is the weakest-GC bond inn-hexané
has been demonstrated with CCSD(T) computations to not only
be correct but to be a common featurenedlkanes. The B3LYP
and MP2 calculations were not sufficient to demonstrate this,
due to their 5 kcal moft inaccuracy which prevents them from

While checking some of the animations of the computed discerning between the 1 kcal mélvariations. Therefore, we
harmonic-frequency normal modes, we observed a set of alkaneexpect an enhancement of ethyl radicals over other radicals in
chain-bending frequencies that had the appearance of classicathe initial activation step in pyrolysis af-alkanes.
normal modes of a vibrating spring. We sorted the B3LYP  We have demonstrated that the proton affinity efCbonds
vibrational frequencies of £H4, and collected the set of “string  between secondary substituted carbons is a more sensitive
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Figure 15. Computed B3LYP/6-31G(d,p) harmonic frequencies for
chain-bending or “string modes” of all-transd4,. The mode index

n indicates that the mode has — 1 nodes in the middle of the
“string.”

Figure 16. Summary of CCSD(T) and extrapolated values of proton
affinities (AHpa2°® of all the CG-C bonds of even-length all-trans
n-alkanes up to decane. Most results arise from corrections to B3LYP
results, as justified by Figures-2.

quantity to long-range effects than the-C bond strength is.  torreq alkane product kinetically but that methane is the

For all-transn-alkanes, these proton affinites vary from 142 kcal preferred alkane product thermodynamically. We offer two

mol* (for ethane) to over 166 kcal md, with no apparent .5 ments. First, the relevance to condensed phases is rather
convergence of value even after 7 carbons are placed on eithefjyiteq hecause “solvent effects” or “catalytic effects” are likely
side of the target bond. to swamp the small (2 kcal moY) variations in net mediated
The lowest energy dissociation asymptote forog-c- fission exothermicity. Second, we suspect that the two steps of
protonated alkane is the fission of the-C bond. Our results  proton donation to the alkane and ensuing dissociation of the
demonstrate that th|S diSSOCiation preferS to make the Shortercarbonium ion are Sufﬁcient'y “nonconcerted” as to kinetic-
fragment an alkane and the larger fragment a carbenium ion, ally allow vibrational and even geometrical rearrangement of
with the ion appearing (at least initially) rather like a protonated the carbonium intermediate, including various-c and oc—n
alkylcyclopropane. The results also indicate thahaarbonium isomers, before dissociation occurs. This is certainly the case
ion protonated at thex C—C-bond position may dissociate  jth the reaction W + C,Hs* <= CH, + CHs* in the gas
without bound if the original alkane is long enough (perhaps phase, a case with which we are more famitfaAlthough a
for n-butane and longer). 1996 paper by Blaszkowski et #l.suggested that Bronsted-
Figure 8, the plot of exothermicity for Bronsted-mediated mediated fission of ethane over zeolite is a concerted one-step
fission of central G-C bonds inn-alkanes strongly suggests reaction, later work by Zygmunt et &1:34 shows less straight-
that longer alkanes are more susceptible to this kind of fission forward atomic motions. Our group is currently investigating
than shorter ones. This trend arises from the trends of the twothis matter.
components to this enthalpy, namely the proton affinity (Figure  We like to imagine the reactivity of alkanes in strong liquid
4) and carbonium dissociation energy (Figure 6). In a condensed-or solid Bronsted acids as an act of tug-of-war, as the activated
phase system, the exothermicity will be greatly reduced becauseH+ jon is weakly attracted to both the alkane and the very weak
the original “H"” unit will have its initial energy lowered by  conjugate base of the acid. When viewed in this way, the protons
solvation, and for many catalytic systems this would likely cause would only be likely to activate or crack the alkane in this
this fission process to be endothermic for the smallest alkanes.proposed manner if the alkane has a site of greater proton affinity
There is a smaller but also significant solvation effect for the than the original site on the catalyst. Taking results from Figures
product carbenium ion, particularly in cases where it bonds 4 and 5 and other data of ours, we created a new figure, Figure
covalently to a catalyst. 16, which summarizes our best set of results for the proton
Figure 9 gave an unexpected result. It suggests that the mosffinities of all C-C bonds in severat-alkanes. This figure
thermodynamically favored places for Bronsted fission of an could explain why a particular Bronsted catalyst might crack
n-alkane are not the bonds of greatest proton affinity (the cen- n-octane but noh-hexane, by arguing that the catalyst in this
tral bonds) but the bonds nearest the end of the alkane chaincase has a conjugate base site with an effective (gas-phase)
This implies that the direct cracking, via proton transfer from a proton affinity near 163 kcal mot. Solvent effects should shift
Bronsted acid, of an. C—C bond in am-alkane has the greatest the values in Figure 16 by a somewhat constant amount in most
exothermicity (compared to the other—C bonds) despite  cases.
apparently having the highest activation energy. This would  On the technical side, we stress that carbonium ions are more
result in the conclusion that a half-sized alkane is the pre- difficult to compute accurately than carbenium ions and alkanes.
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