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Abstract. Stabilization energies for the I1-cyanovinyl
radical (CH,=C' CN) have been calculated using a
variety of conventional ab initio (Meller—Plesset, qua-
dratic configuration interaction and coupled-cluster) and
density functional theory (B-LYP, B3-LYP) procedures,
as well as with a range of compound methods. Com-
pared with a high-level benchmark value (that predicts
a stabilization energy of 17.1 kJ mol™"), UMP2 and
UMP4 give the wrong sign and magnitude of the
stabilization energy (both methods predicting desta-
bilization instead of stabilization), while B-LYP and
B3-LYP overestimate the degree of stabilization. The
RMP2, RMP4, QCISD(T) and CCSD(T) techniques,
and several, but not all, variants of G2 and CBS theories
give radical stabilization energies in good agreement
with the benchmark value.
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1 Introduction

The stabilities of radicals are often measured by the
enthalpy changes for reactions of the type

or
CH,=CX + CH,=CH, — CH,=CHX + CH,=CH .
(2)
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Such radical stabilization energies (RSEs) may be
derived using either experimental [1] or theoretical [2]
data. Although it is well known that there are difficulties
associated with the theoretical description of open-shell
systems such as radicals, it has commonly been assumed
[2] that there will be substantial cancellation of errors for
the energies of isodesmic reactions such as 1 or 2. Thus,
it has generally been assumed that the RSEs calculated
as the energy changes in such reactions should be
reliable.

In the present paper, we show that this is not neces-
sarily the case. We examine stabilization energies for
the highly spin-contaminated 1-cyanovinyl radical
[CH,=C'CN, (S8?) = 1.487 for the UHF/6-31G(d) wave
function] calculated at a variety of commonly used levels
of theory and find that several of these methods do not
perform well. Some of the poorer calculated RSE values
include —64.6 [UMP2/6-311 + G(3df,2p)], —36.9 [UMP4/
6-311+ G(3df,2p)], -12.3 [PMP2/6-311+ G(3df,2p)],
+42.0 (B-LYP/6-311 + G(3df,2p)] and +33.7 [B3-
LYP/6-311+ G(3df,2p)] kJ mol™', compared with our
best estimate of +17.1 kJ mol™".

2 Theoretical procedures and results

Standard ab initio molecular orbital theory [3] and
density functional theory (DFT) [4] calculations were
performed with the GAUSSIAN 94 [5], GAUSSIAN
98 [6], ACESII [7] and MOLPRO 96 [8] (with tripu
patch installed) computational packages.! Calculations
were carried out at the HF, MP2, MP4, B-LYP,
B3-LYP, QCISD, QCISD(T) and CCSD(T) levels of
theory with a variety of basis sets. The frozen-core

""The tripu patch is needed to correct an error that otherwise occurs

in MOLPRO 96 when calculating open-shell CCSD(T) energies for
species in which there is more than one doubly occupied orbital in
an irreducible representation (this was first found by C. Bau-
schlicher, NASA Ames Research Center)



approximation was employed at all levels of theory
unless otherwise indicated. Unrestricted open-shell,
restricted open-shell and projected calculations are
designated with U, R and P prefixes, respectively.’
Unless otherwise noted, the unrestricted (U) procedure
is implied. The (S?) value for the CH,=CH radical
in reaction 2 at the UHF/6-31G(d) level is 1.015
compared with 1.487 for CH,=C CN.

The calculated geometry of the 1-cyanovinyl radical
is sensitive to the level of theory. We have previously
reported [9] that B-LYP/6-31G(d) and B3-LYP/
6-31G(d) predict a C,, cumulenic-type structure
(CH,=C=C=N") with a linear CCC arrangement
whereas UHF, UMP2, RMP2, QCISD and QCISD(T)
with a variety of basis sets all predict Cs vinylic-type
structures (CH,=C—C=N), with CCC bond angles at
the radical carbon in the range 135-148°. We have
broadened the examination of geometries in the present
study to the levels of theory listed in Table 1. With the
exception of the larger basis set RMP2 calculations and
the smaller basis set B3-LYP calculations, all levels of
theory predict substantially bent structures. Important-
ly, our best calculations, corresponding to URCCSD(T)
with the cc-pVTZ basis set (but with f functions re-
stricted to the radical carbon atom), predict a CCC angle
of 149.1°.

RSEs have been calculated as energy changes at 0 K
for reaction 2. The theoretical procedure that we have
chosen to use in the present study as a benchmark for
RSEs is a variation of a Martin extrapolation scheme
[10] called the Martin-3 method [9]. Martin’s techniques
in their full implementation have previously been found
to yield thermochemical Properties of molecules to ap-
proximately 1-2 kJ mol™" accuracy [10]. The simplified
version represented by Martin-3 would be expected to
have slightly lower accuracy.

Stabilization energies for the 1-cyanovinyl radical
computed at the HF, MP2, MP4, B-LYP, B3-LYP,
QCISD, QCISD(T) and CCSD(T) levels with a variety
of basis sets are given in Table 2. Results are presented
both for the B3-LYP/6-31G(d) optimized C,, structure
and the QCISD/6-31G(d) optimized C, structure. Zero-
point vibrational energy (ZPVE) corrections included in
the RSEs were obtained through calculations at the B3-
LYP/6-31G(d) level using a scaling factor of 0.9806 [11].
The result obtained with the Martin-3 procedure is
included for comparison.

Table 3 lists RSE values that were calculated using
a variety of compound methods. Included in the table
are results for the G2 [12], G2(MP2) [13] and
G2(MP2,SVP) [14] procedures and G2-RAD modifi-
cations of these, as well as RSE values calculated with
three of Morokuma’s G2M techniques [15], the CBS-Q

2RMP2 calculations were performed using GAUSSIAN 94 and the
keyword ROMP2; RMP4 calculations were carried out with
ACESII; URCCSD(T) calculations were carried out using MOL-
PRO 96 with the UCCSD(T) keyword (which is the restricted open-
shell CCSD(T) calculation in MOLPRO 96 that is the same as
the restricted open-shell coupled-cluster method in ACESII);
RRCCSD(T) calculations were performed using MOLPRO 96
and the RCCSD(T) keyword
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Table 1. CCC bond angles for fully optimized structures of
CH,=C'CN for various correlation methods and basis sets®

Theory level <CCC (deg)
UHF:

6-31G(d) 146.4

6-311G(df,p) 147.1°
UMP2:

6-31G(d) 135.5

6-311G(d) 135.8

6-311G(d.p) 135.9

6-311 +G(d.p) 135.9

6-311+ G(df,p) 135.9

6-311+ G(2df,p) 137.3

6-311 + +G(3df,3pd) 136.5
UMP2(fu):

6-31G(d) 135.8
RMP2:

6-31G(d) 147.9¢

6-311+ G(2df,p) 180.0°

cc-pVTZ 180.0°

cc-pVTZ (f on radical C) 180.0°
B3-LYP:

6-31G(d) 180.0

6-311G(d) 180.0

6-311G(d,p) 164.9¢
QCISD:

6-31G(d) 143.6

6-311G(d.p) 144.2
QCISD(T):

6-31G(d) 143.9
URCCSD(T):

cc-pVTZ (no f) 152.1

cc-pVTZ (f on radical C) 149.1°

4 From Ref. [9] unless otherwise noted

Present work
©A second minimum occurs for CCC = 180.0°, lying 0.8 kJ mol™"
above the C, bent structure
9 A C,, structure is reported in Ref. [9] for the 1-cyanovinyl radical
at this level of theory but frequency calculations show such a
structure to be a saddle point

method [16] and three of its CBS-RAD modifications
[9], and CBS-APNO [16].> Results are reported for
both C, and C,, geometries of the 1-cyanovinyl radical,
as calculated by the particular procedure required for
the compound method [e.g. UMP2(fu)/6-31G(d) for
standard G2]. The ZPVEs used in each case are those
for minimum energy structures, i.e. for the C; structure
in those situations where the C,, structure is a saddle
point. Because the geometries of the other species in
reaction 2 do not display significant sensitivity to the
level of theory, the variation in RSE with geometry can
largely be taken to reflect the effects in the 1-cyanovinyl
radical. In the discussion that follows, we therefore

3G2-RAD differs from G2 in that RMP energies are used instead

of the standard UMP energies and the ultimate electron correlation
level is the URCCSD(T) method of MOLPRO 96 rather than
UQCISD(T). Geometries used include QCISD/6-31G(d), RMP2/
6-31G(d) or B3-LYP/6-31G(d) while ZPVEs are calculated from
scaled B3-LYP/6-31G(d) vibrational frequencies
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Table 2. Stabilization energies of the CH,=C CN radical calculated with a variety of correlation procedures and with several basis sets

(0 K, kJ mol™"y?

Basis set 6-31G(d) 6-311+G(d,p) 6-311+G(2df,p) 6-311+ G(3df,2p)
Geometry B3® QCI® B3® QCI® B3® QCI° B3® QCI®
UHF 30.5 36.4 29.6 34.4 30.0 34.6 29.0 34.3
UMP2 -76.5 —61.2 -80.0 —64.1 -77.0 —-64.0 -79.4 —-64.6
PMP2¢ 17.4 16.4 152 14.5 16.9 13.4 14.7 12.9
PMP2° -15.7 -10.2 -17.4 -11.6 -14.7 -11.7 -16.9 -12.3
RMP2 159 16.1 14.7 153 21.4 17.1 19.5 16.7
UMP4 45.9 -34.0 -50.2 -37.5 -45.5 -36.3 -48.0 -36.9
PMP4¢ 35.7 32.8 322 30.2 35.6 30.0 33.2 29.4
PMP4° 438 8.0 1.9 5.8 6.3 6.6 3.8 6.0
RMP4 14.7 16.6 13.6 16.1 20.0 18.0 18.4 17.7
B-LYP 47.0 39.3 41.8 35.5 42.7 36.4 42.0 36.2
B3-LYP 37.8 33.0 33.4 29.3 34.5 30.3 33.7 30.0
QCISD 3.1 11.5 2.4 11.1 6.9 12.3

QCISD(T) 5.1 12.4 3.9 11.7 9.6 13.7

CCSD(T) 5.1 12.1 3.5 11.1 9.0 12.8

URCCSD(T) 11.0 16.8 9.8 16.1 15.6 17.9

RRCCSD(T) 9.1 15.4 7.9 14.7 13.4 16.3

Martin-3" 17.1

# All radical stabilization energies (RSEs) were calculated as the energy change for reaction 2 and corrected with scaled (by 0.9806) B3-LYP/

6-31G(d) ZPVEs

®These calculations were performed on B3-LYP/6-31G(d) optimized geometries
“These RSEs were evaluated using QCISD/6-31G(d) optimized geometries
The energies used were those with the leading spin-contaminant annihilated
®The energies used were those with the first four spin-contaminants annihilated
'The Martin-3 energy for the 1-cyanovinyl radical was calculated on the CCSD(T)(fu)/cc-pVTZ geometry (optimized without f functions).

See Ref. [9]

Table 3. Stabilization energies
for the CH,=C'CN radical
calculated using a variety of
compound methods (0 K,

kJ mol™")

interpret the larger of the C, or C,, RSE values
as corresponding to the better description of the 1-cy-
anovinyl radical for the particular method (simple or

compound).

Method RSE (C,)* RSE (C,,)>
G2 6.1 3.9
G2(MP2) 5.5 2.7
G2(MP2,SVP) 4.4 1.5
G2-RAD(QCISD)* 17.7 14.1
GZ(MPZ)-RAD((%CISD)" 17.5 14.0
G2-RAD(RMP2) 18.5 12.2
G2(MP2)-RAD(RMP2)¢ 183 12.0
G2-RAD(B3-LYP)! 14.3 14.3
G2(MP2)-RAD(B3-LYP)? 14.2 14.2
G2(MP2,SVP)-RAD(B3-LYP)? 14.6 14.6
G2M(RCC) 11.6 9.7
G2M(RCC,MP2) 9.7 7.8
G2M(rce,MP2) 7.9 6.0
CBS-Q 10.7 21.4
CBS-RAD(QCISD,QCISD)® 18.9 20.4
CBS-RAD(RMP2,B3-LYP)® 23.0 19.2
CBS-RAD(B3-LYP,B3-LYP)® 255 25.5
CBS-APNO 18.7 15.3
Martin-3 17.1

4 Results for Cg-optimized structures of the 1-cyanovinyl radical

® Results for C,,-optimized structures of the 1-cyanovinyl radical

“In cases where the C,,-optimized geometry is a saddle point, the ZPVE was assumed to be the same as
that for the C; minimum energy structure

4The method used for optimizing geometries is shown in parentheses after RAD. See text

°The methods used for optimizing geometries and obtaining ZPVEs are shown in parentheses after

RAD. See text

3 Discussion

It can be seen from Table 2 that the effect of choice of
geometry [i.e. the B3-LYP/6-31G(d) C,, structure or the
QCISD/6-31G(d) Cj structure] on calculated RSE values



can be significant. The geometry effect ranges from
0.7 kI mol™" (for RMP4) to about 15 kJ mol™" (for
UMP2). With the largest basis sets, most levels of theory
prefer a C; structure, but notable exceptions include
PMP, RMP, B-LYP and B3-LYP.

When QCISD/6-31G(d) optimized geometries are
used, the calculated RSE values for the 1-cyanovinyl
radical have essentially converged with respect to the
basis set at the 6-311+ G(2df,p) stage. The changes
in stabilization energies upon going to the larger
6-311 +Gg3df,2p) basis set are invariably less than
1 kJ mol™". Even the smaller 6-311+ G(d,p) basis set
performs well, with results in all cases being within
2 kJ mol™" of the 6-311+G(3df,2p) values. However,
for the B3-LYP/6-31G(d) geometries, the changes from
6-311+ G (d,p) to 6-311+ G(3df,2p) can be as large as
5 kJ mol-1.

The Martin-3 method predicts a stabilization energy
for the 1-cyanovinyl radical of 17.1 kJ mol™', and we
have found this value to be stable with respect to various
modifications in the method to about 2 kJ mol™".
Comparison of this benchmark value with results
obtained using a variety of correlation levels (Table 2)
indicates that the UMP2 and UMP4 methods perform
particularly poorly, giving the wrong sign for the stabi-
lization energy of the 1-cyanovinyl radical, i.e. predicting
that the cyano substituent is destabilizing rather than
stabilizing. The RSEs are 50-80 kJ mol™' lower than the
Martin-3 value. The deviations in these cases may be
attributed to incomplete cancellation of errors for the
two sides of reaction 2, arising because of the poor UMP
description of the highly spin contaminated 1-cyanovinyl
radical. Projecting out the leading spin contaminant
from the UMP2 and UMP4 energies with the PMP
procedure results in a large increase in the stabilization
energy. More complete PMP annihilation of spin con-
tamination decreases the RSE values but the results
are not particularly good. RMP2, RMP4, QCISD,
QCISD(T) and the various CCSD(T) methods all give
stabilization energies that agree well with the benchmark
value. B-LYP and B3-LYP overestimate the stabilization
energies by 16-25 kJ mol™', with B3-LYP performing
slightly better than B-LYP.

Standard G2, G2(MP2) and G2(MP2,SVP) methods
predict RSE values that are 10-13 kJ mol™" below the
Martin-3 result (Table 3). The various G2-RAD,
G2(MP2)-RAD and G2(MP2,SVP)-RAD procedures on
the other hand give stabilization energies that are all
within 3 kJ mol-! of the Martin-3 value. A breakdown
of the difference of 11.6 kJ mol™! in the RSE calculated
by G2-RAD(QCISD) compared with that calculated by
G2 shows that this may be attributed mainly to a com-
bination of changes in geometry (-+11.3 kJ mol™"),
ZPVE (4.0 kI mol™") and correlation method
(+4.5kImol™"). The three G2M procedures of
Morokuma  predict stabilization energies that
are 5-9 kJ mol-! lower than the benchmark result, with
G2M(RCC)  performing  slightly  better  than
G2M(RCC,MP2) and G2M(rcc,MP2). CBS-Q strongly
prefers a C,, structure and the associated RSE value is
overestimated by about 4 kJ mol~!. The full CBS-RAD
method, i.e. CBS-RAD(QCISD,QCISD), gives an RSE
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that lies about 3 kJ mol™' above Martin-3. The two
modifications of CBS-RAD in Table 3 overestimate the
RSE by 6-9 kJ mol™!. The different results obtained
by the various CBS-Q and CBS-RAD procedures (for
C, 1-cyanovinyl geometries) are largely associated with
changes in the geometry of the 1-cyanovinyl radical used
in the calculations. In that sense, the good result ob-
tained with CBS-RAD(QCISD,QCISD) with a Cy ge-
ometry is partly fortuitous since CBS-RAD(B3-LYP,B3-
LYP) gives a lower energy for the 1-cyanovinyl radical.
CBS-APNO predicts a stabilization energy that is in
good agreement with the Martin-3 value.

4 Conclusions

The most important result to emerge from the present
study is that, for highly spin contaminated species such
as the 1-cyanovinyl radical, stabilization energies calcu-
lated using UMP energies may be significantly in error,
both quantitatively and qualitatively. This failure arises
because the assumption of cancellation of errors in the
isodesmic reaction that measures the stabilization energy
(reaction 2) is not valid in such cases. DFT procedures
are not subject to such substantial errors but they do
overestimate the stabilization energy. The RMP meth-
ods, on the other hand, predict RSE values that are close
to the benchmark result. All the compound theoretical
techniques investigated in the present study correctly
predict the 1-cyanovinyl radical to be stabilized. Of these
methods, G2-RAD and CBS-APNO predict the best
quantitative RSE values. In particular, the G2-RAD
procedures perform better than the standard G2 meth-
ods. The RSEs are found not to be very sensitive to the
particular G2 additivity scheme used. However, the
geometry employed for the 1-cyanovinyl radical has an
important influence on the calculated RSE.
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