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Abstract

Density functional calculations with simulated annealing have been performed for a range of small hydrocarbon molecules
(CH, CHa, C2H,, C2Hy4, C3Hg, CaHs). In addition to the geometries and relative energies of low-lying states, we focus on
the barriers for internal rotation about both single and double bonds. There is satisfactory overall agreement with experiment
using both local spin density and gradient-corrected non-local energy functionals, so that energy surfaces provided by DF
calculations on structural units should then provide a useful database for parameterizing the forces in extended systems,

such as organic polymers.

1. Introduction

Density functional (DF) calculations have gained
acceptance in recent years as providing a reliable and
economical method for calculating structural and bind-
ing properties of molecules and clusters. The pos-
sibility of coupling DF calculations with molecular
dynamics (MD) has meant that calculations can be
performed for many geometrical configurations, with
some unexpected results, and the use of non-local
modifications of the widespread local spin density
(LSD) approximation to the exchange-correlation en-
ergy has improved greatly the agreement with mea-
sured formation energies.

The combined MD/DF calculations are usually im-
plemented with a pseudopotential description of the
electron—ion interaction and a plane wave basis set.
This causes problems for the compact elements of the
first row, since converged results for pseudopotentials
with rapid spatial variations require very many ba-
sis functions. This problem has been reduced by the

development of “soft” pseudopotentials [1], but re-
liable calculations in first-row elements still require
more extensive basis sets than in heavier main-group
elements. In the present work, we apply the MD/DF
method to study structures and energy differences in
small molecules containing carbon and hydrogen.
Carbon plays a central role in biology and organic
chemistry. Unlike its group 14 neighbour silicon, it
forms readily single and multiple bonds and is the ba-
sis of countless molecules with rings and chains, both
straight and branched. Hydrocarbon molecules, par-
ticularly alkanes and alkenes, are prototypes for the
whole of organic chemistry, and polyethylene is just
one example of the vast numbers of polymers that they
form. Density functional calculations for complicated
polymer structures are beyond present computing ca-
pabilities. In view of the importance of the micro-
scopic structure in determining the macroscopic prop-
erties, it is natural to ask whether DF calculations for
the structural units (e.g., monomers) can provide in-
formation for parameterizing the classical force fields
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in larger systems or allowing “coarse grained” models
to be developed. In the latter, the results of microscopic
calculations for small units could be combined into an
effective bond, thereby allowing large systems to be
investigated efficiently using methods such as classi-
cal MD. The present work on the energy surfaces of
small hydrocarbon molecules can then also be viewed
as a pilot study of the value of DF calculations for
studying systems presently outside the capabilities of
the method. A related study of n-butane (C4H,q), fo-
cusing on the rotation about the central (single) C-C
bond, was given recently by Rothlisberger and Klein
{2], who found that the LSD approximation provided
an excellent description of the potential energy sur-
face. The underestimate of the very small (less than 1
kcal/mol) gauche-trans energy difference was com-
pensated by the inclusion of non-local, gradient cor-
rections to the energy functional.

In Section 2 we provide essential details of the cal-
culations, and in Section 3 discuss the structures of
CH, CH,, CH,, C,Hy4, C3H6, and C3Hg. Since the
structures of these molecules are described well by
Hartree-Fock, configuration interaction, and density
functional methods, we compare our structures with
experiment alone. A detailed comparison with other
theoretical work is obtainable from the authors (Inter-
net: rjones @kfa-juelich.de). We have also calculated
the barriers for internal rotation around the double
bond in C;H4 and C3Hg and around the single bond
to the methyl group in C3Hs and C3Hg. Energy differ-
ences, including singlet-triplet splittings, have been
computed for CHy, C,H,, and C,Hy4. The results are
compared with available experimental and theoretical
work., We summarize and discuss our findings in Sec-
tion 4.

2. Method of calculation

Details of the numerical method used are given in
earlier work [3]. The present calculations were per-
formed with periodic boundary conditions and sim-
ple cubic unit cells, with lattice constants 9 au (CH),
12 au (CH;), 15 au (C,H,, CoHy), and 18 au (C3Hs,
C3Hg). The pseudopotentials chosen for C and H have
the (non-local) form suggested by Troullier and Mar-
tins [1]. Tests of the convergence of the plane wave
expansion for CH and CH, using kinetic energy cut-
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offs in the range 25 to 40 au showed that reliable en-
ergy differences can be obtained using a cutoff of 30
au with a single point (k = 0) in the Brillouin zone
{~ 13300 plane waves for C;H, and CyH4, ~ 22900
plane waves for CiHg, C3Hg, with the density ex-
panded in ~ 55500 planc waves for CoH, and CoH4
and ~ 95900 plane waves for C3Hg and C3Hg).

The choice of energy functional is an important con-
sideration. In addition to the local spin density (LSD)
approximation, which is based on accurate calcula-
tions of the exchange-correlation energy density in
a homogeneous, spin-polarized electron gas, we have
used a non-local, gradient-corrected functional with
the exchange part due to Becke [4] and the correla-
tion part due to Perdew [ 5] (the “BP” functional ). We
have implemented the gradient-corrected (GC) poten-
tial using the scheme of White and Bird [6]. In addi-
tion, we have performed for each structure found all-
electron DF calculations [7] using the LSD and BP
approximations, as well as the “BLYP” parameteriza-
tion, which adopts the exchange part of Becke and the
correlation energy expression of Lee, Yang, and Parr
[8]. These calculations provide independent checks of
the use in our MD/DF calculations of the pseudopo-
tential approximation and the plane-wave basis set. In
the figures, numbers inside the larger spheres label the
C atoms, and the smaller spheres represent H atoms.

3. Results
3.1. Structures

In Table 1 we compare the bond length and disso-
ciation energy for the ground state of CH with exper-
iment [9]. Our calculated bond lengths are slightly

Table 1
Bond length (A) and well depth D, (eV) for ground state (*I7)
of CH

Method rcy Dy

exp. ? 1.120 3.64

LSD b 1.124 (1.146) 3.67 (3.97)
LSD-GC P 1.115 (1.141) 3.59 (3.76)
4 Ref. [9].

® Present work. Values in parentheses from all-electron calculations
(Ref. 171.)
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greater than the measured value, a finding that is con-
sistent with other studies. The calculated vibration fre-
quency (2846 cm~!, LSD) is in excellent agreement
with experiment (2858 cm~! [9]). The well depths
are the differences between the lowest molecular en-
ergy and the energies of the separated atoms, calcu-
lated with the same basis sets and energy cutoff val-
ues. The LSD calculations overestimate the well-depth
in CH by a small amount, with gradient corrections
reducing the binding energy. While the energy dif-
ferences calculated using the pseudopotential and all-
electron methods are not large, the agreement is less
satisfactory than in the other molecules studied here
(see below). We return to this point in Section 4. The
structures found for 3B; and 'A; states of CH, are
compared with experimental values [10,11] in Table
2, and we discuss the relative energies of these states
in Section 3.2,

The structures of the two lowest triplet states of
acetylene (C,H;) are compared with experiment [ 12]
in Table 3, and those of the ground and lowest triplet
states of CoHy (one =CH» group is turned 90° in the
latter) are compared with experimental values [13]
in Table 4.

Fig. 1 shows three conformers of C3Hg, and Table 5
compares the calculated and experimental [ 14] struc-
tures for the eclipsed (Fig. la) and staggered (Fig.
1b) forms, which differ by a rotation of the methyl
group by 60°. Fig. 2 shows the most stable (staggered-
staggered, Fig. 2a) and two other conformers of C3Hg
that arise upon turning one (staggered-eclipsed form,
Fig. 2b) or two (Fig. eclipsed-eclipsed, 2c) methyl
groups by 60°. The calculated structural parame-
ters of the first (r¢,c, = 1.518 A, ren, = 1.103 A,

Table 2
Structures of ground state (3B1) and lowest singlet state -
of CH; (lengths in A, angles in deg)

Method 3B, YA,

FCcH QHCH rCcH aYHCH
exp. 1.08 ¢ 134 @ Lith 1020
LSD ¢ 1.09 (1.09) 135 (138) [.12 (1.13) 102 (101)

LSD-GC ¢ 1.08 (1.08) 135 (136) 1.12 (1.12) 101 (101)

® Ref. |10]. P Ref. [11].

¢ Present work. Values in parentheses are from all-electron calcu-

lations (Ref. |71]).

(c)

Fig. 1. Structures of CiHe: (a) eclipsed [ground state], (b)
staggered, (c) eclipsed (with =CH; turned by 90%).

rem, = 1.106 A, ren, = 1.107 A, ac,e,c, = 110.9°,
QC,CH, 112.60, aXC,C,H, = 110.70, aH,CiH, =
107.80, H,CH; = 107.00, H,CoHs = 105.70) are in
good agreement with experimental values [15], and
those for the other isomers are very similar. Apart
from the overestimates of the C-H bond lengths,
the overall description of the structures of all these
molecules is very satisfactory, the scatter in bond
lengths and angles seldom exceeding 0.01 A and 2°,
respectively.
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Table 3

Structures of ground state (!X} ) and two excited states {3B (cis, Cay), By (trans, Con) | of C2Ha (bond lengths in A, bond angles in deg)

Method rcu @HCC

lzg 3B2 RBU EBZ SBU 3B2 3Bu
exp. ® 1.061
LSD ® 1.073 1.108 1.100 1.314 1.324 127.63 131.44

2 Ref. |12]. P Present work.

Table 4

Structures of CyHy4: ground (‘Ag, Dan) and lowest triplet (?Aj, Dag) states (bond lengths in A, bond angles in deg)

Symmetry Method rcH rce aHCH

Doy exp. 2 1.081 1.334 117.3
LSD b 1.097 (1.095) 1.319 (1.326) 116.5 (116.8)
LSD-GC ® 1.087 (1.093) 1.324 (1.336) 116.7 (116.5)

Dy LSD b LD (1.101) 1431 (1.421) 1157 (F15.2)
LSD-GC P 1.094 (1.096) 1.433 (1.446) 115.8 (116.2)

2 Ref. [13]. ® Present work. Values in parentheses from all-electron calculations (Ref. [7])

Table 5
Structures of eclipsed and staggered forms of C3Hg (bond lengths
in A, bond angles in deg)

Parameter Eclipsed Staggered
exp. ? LSD b LSD®
rciCa 1.336 1.322 1.320
e 1.501 1.479 1.487
FCH, 1.091 1.099 1.098
FCiH, 1.081 1.095 1.093
FCaHg 1.090 1.100 1.098
H,C\ H) 118.0 117.1 1173
aH|C,Cs 120.5 120.2 1202
AH,C 0 1215 122.6 122.5
aC;C2Cy 124.3 121.6 122.4
AHLCaCy 116.7 118.1 118.1
QHGCHCy 119.0 1203 1194
FCyHy 1.085 1.104 1.102
ICyHy 1.098 1.106 1.104
QH,C4C, 111.2 109.8 113.1
QH;CqH, 109.0 108.3 107.5
QH4C3Hs 106.2 106.8 106.7

2 Ref. [14]. P Present work.

3.2. Energy differences in CH,, C2H», and CyH,

The energy surfaces of methylene (CH;), acetylene
(C2H,), and ethylene (CyHy) provide challenges for

any method for calculating molecular structures. In
the case of methylene, the energy difference between
the triplet ground state and the lowest singlet state
is experimentally well-established (0.39 ¢V [10]).
Hartree-Fock (HF) calculations, however, lead to a
large overestimate of the splitting (1.13 eV [16]), so
that correlation effects are quite different in the two
states. In acetylene, the nature of the low-lying triplet
states has given rise to some controversy, and, although
the qualitative features of the energy surfaces in ethy-
lene are well-known, estimates of the rotation barriers
differ significantly. We focus here on singlet-triplet
splittings and bond energies and return to rotation bar-
riers in Section 3.3.

In Table 6 we compare our results for the singlet-
triplet splitting in methylene with those found using
other methods [10,16-18]. While all LSD calcula-
tions give results that are much closer to the mea-
sured splitting than the HF estimate, there are interest-
ing differences. The present MD/DF pseudopotential
and all-electron calculations give a reasonably consis-
tent description of the geometries (Table 2) and the
singlet—triplet splittings. The LSD and LSD-GC split-
tings are, however, larger than those found in experi-
ment [10] and in configuration interaction (CI) cal-
culations [17], while the resuits reported by Handy
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Table 6
Adiabatic singlet-triplet splittings AEsT (eV) in CH; and C;Hy

Molecule Method AEgy Molecule Method AEst(®By) AEsT(3B3)
CH> Expt * 0.39 C;H, HF b 3.00 2.62
HF ¢ 1.13 MP3 b 3.98 3.63
Cl¢ 0.39
LSD-GC ¢ 0.39
LsDf 0.61 (0.73) LSD f 4.58 (4.52) 4.19 (4.14)
LSD-GC 0.72 (0.77) LSD-GC f 4.00 (4.06) 3.64 (3.69)

4 Ref. }10]. P Ref. [31]. € Ref [16]. 9 Ref. [17]. °© Ref. [18].

! Present work. Values in parentheses give the results of all-electron calculations (Ref. [7]).

()

Fig. 2. Structures of CiHg: (a) staggered-staggered [ground
state |, (b) eclipsed-staggered, (c) eclipsed-eclipsed.

et al. [13] using the gradient-corrected functional of
BLYP [5] agree very well with experiment. This dif-
ference can be traced to the different gradient approx-
imations, since all-electron calculations show that the
BP singlet-triplet splitting (0.77 eV, Table 6) is re-
duced to 0.52 eV on using the BLYP approximation.
This is one example where two non-local approxima-
tions for the correlation energy give distinctly differ-
ent results.

The relative energies of the low-lying states of
acetylene have been the subject of considerable atten-
tion during the past 20 years. In particular, molecular
beam measurements [ 19] indicated the presence of a
metastable, nonpolar trans- (Cjy,) triplet state with
energy ~ 4.5 eV above that of the ground state. In
Table 6 we show that density functional and other
calculations show consistently that the cis-form is
0.3-0.4 ¢V more stable than the trans-form. The in-
clusion of gradient corrections lowers the energies
of both triplets relative to the ground state singlet by
~0.5eV.

The ground state of ethylene is a singlet state ( 1Ag)
with planar (D) symmetry. The first excited state
with this geometry is a triplet (3B, )., and we show the
vertical energy separation of these two states in Table
7. The lowest lying triplet state, however, occurs for
the twisted structure (Dag). This state (*A;) corre-
sponds to half occupancy of a degenerate (e) orbital,
but is stable against Jahn-Teller distortion because of
its spin degeneracy. The energy differences between
the lAg and 3A, states (Table 7) show that the use
of gradient corrections improves the agreement with
CI estimates of the splitting. Experimental values are
from Refs. [20,21]. All-electron and MD/DF calcu-
lations are in very good agreement.
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Table 7

Vertical ('Ay — *By,) and adiabatic ('A; — YAz) singlet-
triplet splittings in CoHs (eV). LSD and LSD-GC refer to the
present work, values in parentheses to all-electron calculations
(Ref. {7])

Method AEgt (vert) AEsT (adiab.)
exp. 436 ¢ 2.85°

HF 3.56 ¢ 205 ¢

LSD 495 (4.88) 3.10 (3.08)
LSD-GC 446 (441) 2.68 (2.75)

4 Ref. 120]. P Ref. [21]. ¢ Ref. [32]. Y Ref. [33].

The final energy difference studied in this section
is that required to break the C-C bond in ethylene,
i.e., the difference between the energy of CyHy at its
equilibrium separation and the energy of two CH;
molecules. Such energy differences are often overes-
timated by the LSD approximation, which gives 8.61
eV in the present case, compared with a gradient-
corrected value of 7.39 eV.

3.3, Internal rotational barriers

The energy required to rotate an olefin, such as
ethylene, around its double bond is a quantity of fun-
damental importance and of continuing interest, since
the experimental estimates vary widely. While ther-
mal studies have established that the energy barriers
are ~ 65 kcal/mol [21], spectroscopic measurements
indicate a much higher value. Ultraviolet resonance
Raman spectroscopy of ethylene [22], for example,
shows transitions to many excited states, including a
long progression related to the torsional mode of the
C-C double bond. A fit to this progression gave a bar-
rier of 95.5 kcal/mol. Giroux et al. [23] have sug-
gested that the 30 kcal/mol difference could be ex-
plained by a modest (11%) increase in the C-C bond
length as the molecule is twisted through 90°. We dis-
cuss this point below, but note here that the spectro-
scopic data involve transitions that involve small struc-
tural changes, and the barrier estimates involve an ex-
trapolation to larger rotation angles. The longer time
scale of thermal measurements, on the other hand, al-
lows the molecule to retax and the adiabatic barrier to
be measured.

We have calculated the energy change on rotating
the C,H4 molecule in a singlet state rigidly around the

double bond, i.e., from the Dy, configuration [ ground
state] to the D,y form [rotation through 90°]. Us-
ing the LSD and LSD-GC approximations, we find
values of 94 and 95 kcal/mol, respectively. Compa-
rable HF calculations lead to an energy difference
of 67 kcal/mol [24], and CI calculations to ~ 90
kcal/mol [25]. A rigorous treatment of the rotation
barrier would require, of course, a study of the multi-
dimensional energy surface with relaxation of all coor-
dinates that couple to the torsional motion. To examine
the suggestion [23] that the discrepancy between the
measured barriers could be attributed to relaxation of
the length of the C-C bond, we have studied the energy
variation for different C-C bond lengths. The largest
decrease in the rotational barrier (3.7 kcal/mol) was
found for an 8% increase in the C-C bond length (i.e.,
from 1.32 to 1.43 A). This is much smaller than the
~ 30 kcal/mol difference noted above.

The CI [25], LSD, and LSD-GC calculations are
then consistent with the measured spectroscopic bar-
rier (96 kcal/mol {22]), if the latter corresponds to
the rotation of the molecule in its singlet ground state.
The LSD and LSD-GC values of the adiabatic singlet-
triplet difference (72 and 62 kcal/mol., respectively,
Table 7) are in reasonable agreement with the ther-
mal activation energy (63 kcal/mol [21]). The triplet
state is then more stable than the lowest-lying singlet
for the D»y structure.

Calculations were also done for propylene {C3Hsg)
in order to find the barrier for rotation of 90° about
the double bond, i.e., the energy change from Fig. la
to Fig. 1¢. LSD and LSD-GC calculations gave 92 and
93 kcal/mol, respectively, for this barrier, compared
with an earlier HF value of ~ 100 kcal/mol [26].
The LSD and LSD-GC approximations lead to very
similar estimates (~ 90 kcal/mol) for the barriers
to rotation about the double bonds in ethylene and
propylene. This is consistent with our expectations for
two simple olefins.

Rotation about single bonds requires much less
energy than rotation about double bonds, and the
methyl groups in propylene and propane provide two
examples. In Table 8 we show barriers for rotat-
ing the methyl group in C3Hg from its minimum at
the eclipsed conformer la to the conformer 1b. The
LSD-GC calculation was done for the geometries op-
timized in the LSD calculations. The agreement with
experiment [27] and other theoretical results |[28]
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Table 8

Methyl torsional barriers for C3Hg (energy difference between equilibrated eclipsed and staggered conformers) and C3Hgy (energy difference
between staggered-staggered (SS) and staggered-eclipsed (SE) forms, and between eclipsed-eclipsed (EE) and SE forms) in kcal/mol

Molecule

Method AEra Molecule Method AE1(SS-SE) AE(EE-SE)
CiHe exp. ? 1.99 CiHs exp. b 3.7

HF ¢ 2.07 HF ¢ 337

LSD © 2.1 (2.0) LSD ¢ 3.1 (3.1) 3.7 (3.8)

LSD-GC * 1.8 (1.9) LSD-GC ¢ 3.1 (3.2) 3.8 (3.8)

4 Ref. {27]. P Ref. [29]. ¢ Ref. [28]. ¢ Ref. [34].

¢ Present work, in parentheses all-electron results (Ref. [7]) for the MD/DF geometries.

is remarkably good. We also show (Table 8) the
methyl torsional barriers for C3Hg: (a) between the
staggered-staggered (Fig. 2a) and staggered-eclipsed
(Fig. 2b) forms, (b) between the eclipsed—eclipsed
(Fig. 2c) and staggered—eclipsed forms. Structure 2a
is the most stable of the three, followed by 2b and
then 2c. In this case there is very good agreement
with experiment [29].

4. Discussion and concluding remarks

We have performed density functional (DF) calcu-
lations with simulated annealing for a series of small
hydrocarbon molecules (CH, CH;, C;H, C,Hy,
C3Hg, C3Hg), using a pseudopotential description of
the electron—ion interaction, a plane-wave basis, and
both LSD and gradient-corrected approximations for
the exchange-correlation energy. The energy surfaces
in the neighbourhood of all structures found have
been studied further with calculations including all
electrons, i.e., also those in the core, using a local-
ized, Gaussian-type basis. The structures found are
generally in very good agreement with experimental
findings and the results of wave function-based calcu-
lations, although the tendency of Hartree-Fock calcu-
lations to favour triplet states over singlets is clearly
evident. As found in earlier DF studies, calculations
using the LSD approximation lead to small, but regu-
lar overestimates of C—H bond lengths. We have also
studied energy differences, particularly singlet-triplet
splittings and rotational barriers (about both single
and double bonds).

Rotational barriers have been the subjects of many
experimental and theoretical studies. The barriers for
internal rotation about the double bonds in C,H4 and

C3Hg are very similar, in line with our expectations
for simple olefins with closely related structures. Rota-
tions about single bonds involve much smaller energy
changes, as shown for the methy! groups in C3He and
C;Hg. The values found are in good agreement with
experiment and other calculations. It is reassuring that
DF calculations (with both LSD and LSD-GC func-
tional forms) give satisfactory results even for small
barriers of the order of 3 kcal/mol. This is consistent
with the findings of Rothlisberger and Klein [2], who
found similar results for the energy change on rotation
about the central bond in n-butane.

In a study of the sources of error in LSD calcula-
tions, Gunnarsson and Jones [ 30] noted that exchange
energy differences could be unreliable if the states in-
volved had different numbers of nodal planes. An ex-
ample is C,, where the occupied molecular orbitals
have more nodal planes than the constituent atoms,
and the LSD approximation overestimates the bind-
ing energy by ~ 1 eV. In cases such as Ha, where
there is no change in the nodal structure on forming
the bond, the error is much smaller and arises princi-
pally from the imperfect cancellation of the unphys-
ical self-interaction. These trends are reflected in the
present results for CH and CyHy. In the former, forma-
tion of the C~H bond is not accompanied by a change
in the nodal structure of the constituent orbitals, and
the LSD approximation leads to a small overestimate
in the binding energy. The change in the number of
nodal planes on forming the C-C bond in ethylene,
by contrast, leads in LSD calculations to an overes-
timate of the binding energy similar to that found in
C,. The gradient-corrected functionals give improved
results in both cases. These non-local modifications
also lead to good agreement with measured singlet-
triplet energy splittings in all cases except methylene






