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Magnesium Dicyanide: Three Isomers or Seven?
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We present a detailed study of the singlet potential energy surface for Mg(BShy a variety of ab initio
computational techniques. When second-order MglRdesset perturbation theory is employed in conjunction

with basis sets of various sizes, seven structures for Mg{@ identified as local minima: the linear
isomers NCMgCN, NCMgNC, and CNMgNC and thecomplex species NCMg-(CN), CNMg-r-(CN),

and Mg[+z-(CN)]. (two enantiomers). These isomers are connected by eight transition states to isomerization.
However, while the linear structures are also found to be minima at all of the levels of theory employed here,
the existence of ther-complexes (and, consequently, of many of the transition states) is strongly level-
dependent: at B3-LYP/6-31G*, B3-LYP/6-31HG(2df), and with Hartree Fock calculations with a variety

of basis sets, none of the-complexes correspond to stationary points upon the potential energy surface.
Furthermore, calculations employing methods designed to deliver highly accurate molecular energies (such
as G2 and CBS-Q) reveal that thecomplexes located on the MP2/6-31G* surface are higher in energy than
some of the putative transition states leading to linear isomers. While a more detailed examination of partially
optimized structures upon the potential energy surface (using various levels of theory including QCISD/6-
311G(2df), G2, and CBS-Q, with B3-LYP/6-31G(2df) geometries) suggests that thecomplexes are,
technically, local minima, we conclude that theseomplexes are, at best, highly reactive intermediates on

the isomerization pathways NCMgCi+ NCMgNC and NCMgNC< CNMgNC and that only the linear
minima (NCMgCN, NCMgNC, and CNMgNC) correspond to meaningful and isolable chemical entities.
According to both the G2 and CBS-Q techniques, the difference between the highest transition state and the
global minimum (CNMgNC) is only~30 kJ mot™.

Introduction alkali metal, lithium¥ while the alkaline earth monocyanides
] o are more prone to form a linear isocyanide MREIn some
One of the fundamental differences between strong ionic and jnstances, notably the cation Mg(CN¥~" all three geometries,

covalent bonds of comparable strength is that an ionic bond jinear MCN, linear MNC, andr-complex, are seen to be local
between a metal cation and a molecular anion may be almostyinima according to high-level ab initio calculations, with

completely lacking in the directional dependence expected for comparatively small barriers to interconversion.
a covalent interaction. A striking example of this phenomenon
is that, whereas covalent HCN is separated from its considerably |

higher energy isomer HNC by a barrier 6f180 kJ mof* and Schleye?,who have located, using ab initio calculations,
(corresponding t0~35% of the energy required for the g giscrete isomers of the compound magnesium dicyanide,
dissociation HCN— H + CN),! the isomerization pathway upon Mg(CN),. Kapp and Schleyer's studywhich addressed the
the Na(CN) potential energy surface_is confined within arelative jc5,e of isomerism in alkaline earth dicyanides generally,
energy range of only-15 kJ mof™ (i.e., only~3.5% of the  gp\50ved geometry optimizations at the MP2/6+&* level
Na—CN dissociation gnerg)?)Furthe(mor?, the 9|°b","| MINIMUM — 5nd single-point total-energy calculations at MP4SDTQ(fc)/6-
for the sodium cyanide molecule is a “T-shapedtomplex, 311+G(2d). Given the virtually flat potential energy surfaces
with both linear forms NaCN and NaNC constituting shallow  nicaly associated with alkali metal and alkaline earth mono-
local minima or second-order saddle points, depending upon ¢yanides, which require fairly high levels of theory to character-
the level of theory employed to study this potential energy jze correctly, it is unclear that the study of Kapp and Schieyer
surface?? provides a definitive examination of the Mg(CNpotential
The characterization of species such as Na(CN), which areenergy surface. The present study attempts to redress this,
variously described as “floppy”, nonrigid, or polytopic mol-  through the location of all feasible transition states between Mg-
ecules} is important with regard to the insights offered by such (CN), isomers, through the use of high-level ab initio techniques
studies into the largely electrostatic interaction between a metalfor calculations on the various stationary points, and through
atom and its ligand(s). The isomerism (or polytopism) of many detailed explorations of the potential energy surface in the
metal cyanides, including the lithiuth?c¢35 sodium?3 vicinity of certain putative minima and transition states.
magnesiunt?® potassiunt?e4c57and calciuri®® monocya-
nides, has been investigated both experimentally and by ab initioTheoretical Methods
methods. A general trend evident in these studies has been that
alkali metal monocyanides preferentially adoptra&complex The present study uses a variety of computational techniques,
structur@?7 (although this does not hold true for the smallest all of which have been implemented using the Gaussian94
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An even more extreme example of multiple isomerism for a
etal cyanide compound has been provided recently by Kapp
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Figure 1. Optimized geometries of Mg(CRMtationary points, obtained at the MP2(full)/6-31G* level of theory.

TS #1

programming packag¥. Calculations at the Gaussian-2 (G2)
level of theory have been undertaken in accordance with the
established method as previously descridédusing either HF/
6-31G*1 or MP2(full)/6-31G*2 (corrected) zero-point energies.
Calculations using the CBS-Q technique have been executed
either in the prescribed man#égor, alternatively, using the same
optimized geometries and ZPE corrections as implemented in
the G2 calculations. The G2 and CBS-Q methods are complex
“model chemistry” techniques that use a combination of single-
point total-energy calculations to yield highly accurate thermo-
chemical values; both methods typically perform to an accuracy
of well within £10 kJ mot1.111415Fyrther geometry optimiza-
tions and some single-point calculations were performed using
various treatments for electron correlation, namely, second- and
fourth-order Mgller-Plesset perturbation theory, coupled-cluster
(CC) and quadratic cofiguration interaction (QCI) techniques,
both including single, double, and perturbative triple excitations;
and the widely used hybrid density functional method B3-LYP.
Basis sets employed in these calculations ranged from 6-31G-
(d) to 6-31H-G(3df), although the calculations involving the
highest level of electron correlation (QCISD(T) and CCSD(T)) HF/6-31G*
were not attempted using the largest of these basis sets.

NCMgCN

NCMgNC

CNMgCN

Results and Discussion CNMgNC

i At At Figure 2. Schematic diagram of isomerization pathways located for
Initial Geometry Optimizations. Geometry optimizations, Mg(CN), at the HF/6-31G* level of theory. Relative energies are given

at the HF/6-31G* and MP2(full)/6-31G* levels of theory, were %y mort.

performed as a component of the G2 calculations upon the Mg-

(CN), potential energy surface (PES), since both of these levelsby Kapp and Schleyér.However, the earlier study did not

of theory are required to provide zero-point energy values and include the structure CNMg-(CN)!® and excluded also all

gometries for the subsequent single-point total-energy calcula-transition states other than those between the twadM@N),

tions of the standard G2 method. The results of the HF/6-31G* enantiomers.

and MP2(full)/6-31G* calculations are, qualitatively, in very We may enumerate several significant differences between

serious conflict; at both levels of theory, the PES is found to our HF and MP2 results. First, as noted above, the MP2 surface

be rather flat, but the surface is apparently much more complex possesses many more minima and transition states than does

at MP2/6-31G* than is the case at HF/6-31G*. We detail the the HF surface, with only linear species found to be minima at

MP2 geometries in Figure 1, while the disparity between the HF/6-31G*. Second, the diisocyanide CNMgNC is the global

HF and MP2 surfaces is well illustrated by the diagrams in minimum at HF/6-31G*, whereas NCMgCN is the lowest-

Figures 2 and 3. energy isomer according to the MP2/6-31G* calculations. Third,
The MP2(full)/6-31G* structures parallel rather closely the the transition state that corresponds to XMg&NXMgNC

geometries obtained with MP2/6-8G*, as reported previously  isomerization according to the HartreBock calculations is very
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Figure 3. Schematic diagram of isomerization pathways located for Mgg@Nthe MP2(full)/6-31G* level of theory. Relative energies are given
in kJ mol 2.

TABLE 1: Total Energies, Enthalpies of Formation, and Relative Energies of Mg(CN) Isomers, Obtained at the G2 and
CBS-Q Levels of Theory

G2 CBS-Q
specied PP n(i)° Ed AH% ¢ Erof Eqd9 AH®%® Erelf
NCMgCN (1) (Dwn) 14.63 0 —385.110 00 251.9 7.8 -385.113 66 252.8 15.2
TS#1 (1<2) (Cy) 13.74 1 —385.102 69 271.1 27.0 -385.106 16 272.5 34.9
NCMg-(CN) @) (CJ 12.80 (0) —385.109 85 252.3 8.2 -385.113 41 253.5 15.9
TS#2 p<3) (Cy 12.82 (1) —385.11091 249.5 5.4 -385.115 56 247.8 10.2
NCMgNC 3) (Cwy) 14.11 0 —385.111 64 247.6 3.5 -385.116 63 245.0 7.4
TS#3B<4) (Cy) 13.17 1 —385.104 19 267.1 23.1 -385.108 97 265.1 27.5
CNMg=-(CN) @) (Co 12.58 (0) —385.110 93 249.4 5.4 -385.116 41 245.6 8.0
TS #4 4<5) (Cy) 12.46 (1) —385.112 08 246.4 2.4 -385.118 44 240.3 2.7
CNMgNC ()  (Den) 13.56 0 —385.112 98 244.1 0.0 -385.119 44 237.6 0.0
TS#52<6) (Cy) 12.13 (1) —385.109 26 253.8 9.7 -385.114 71 250.1 12.5
TS #6 4<6) (Cy) 12.12 (1) —385.101 96 273.0 28.9 -385.105 99 273.0 35.4
Mg[-7-(CN)]> (6)  (Cav) 12.29 (0) —385.107 94 257.3 13.2 -385.112 38 256.2 18.6
TS #7 6<6) (D) 12.02 (1) —385.107 45 258.6 145 -385.111 99 257.2 19.6
TS#8 6<6') (Cu) 12.07 (1) —385.11974 258.0 13.9 -385.112 24 256.5 18.9

a Species shown in italics are not stationary points on the HF/6-31G* potential energy surface. For such species, zero-point vibrational energy
has been calculated at the MP2(full)/6-31G* level of theory (and adjusted by a scale factor of 3’aé2x)energies for species in italics are thus
obtained at the G2(ZPE MP2)'2 or CBS-Q(ZPE= MP2) level of theory. All transition states are designated as, for exangpte,J), according
to the neighboring minima at MP2(full)/6-31G® Zero-point vibrational energy in mhartrees (1 mHartree?.6255 kJ mol'), obtained at the
HF/6-31G* level of theory (corrected by a factor of 0.8929) unless otherwise indicdteanber of imaginary frequencies obtained in the HF/
6-31G* frequency calculation used to determine ZPE. Values in brackets are for the MP2(full)/6-31G* frequency calculation, where this yields a
qualitatively different result! Calculated total energy (in hartrees), including ZPEalculated (0 K) enthalpy of formation, in kJ maél f Relative
energy according to the indicated level of theory, in kJThdl The version of CBS-Q employed for these calculations differs from the standard
version® See text for details.

similar to the XMgCN< XMg-z-(CN) transition state at MP2;  relative energies on the MP2(full)/6-31G* surface. A more subtle
with the correlated method, direct interconversion of XMgCN feature of the G2 results is that the relative energies of these
and XMgNC is not possible. geometries are dependent on the level of theory; while,
Given the comparatively small basis set employed in these according to G2, the transition state to formation of XMgNC
calculations and the apparent “low-contrast” nature of the possesses a lower total energy than XWEN), the reverse
potential energy surface at both levels of theory, the disagree-is true at virtually all of the lower levels of theory employéd
ment between these methods is not too surprising. In the absencé constucting the G2 total energy. This odd result, which holds
of other information, we would most likely anticipate that the largely true also for the relative energies of species XMgCN
MP2 results, which include electron correlation, are inherently possessing a linear MgCN moiety and the corresponding
more reliable than the “single-electron” Hartrgléock calcula- isocyanides XMgNC, is illustrated by the relative energy values
tions. This expectation can usefully be assessed by furthergiven in Table 2.
calculations at higher levels of theory, as discussed in the Given the apparent discrepancies in relative energy noted
following sections. above, can G2 be relied upon to yield an accurate description
G2 Calculations. The G2 total energies, obtained from the of the potential energy surface? This is not a straightforward
MP2/6-31G* geometries, are detailed in Table 1. The tabulated question to answer. G2 theory is normally held to be accurate
values include some anomalous results. Most obviously, the G2to within £8 kJ mofl? for most specie!-*4 and the energy
total energies obtained for the variomscomplexes XMgr- differences being examined here are generally much smaller;
(CN) arehigherthan those for the respective transition states however, the potential energy surface is rather “flat”, with the
leading to the isocyanides XMgNC, a clear reversal of the cyanide ligands’ orientation able to affect the CNMEN)



2110 J. Phys. Chem. A, Vol. 103, No. 13, 1999 Petrie

TABLE 2: Relative Energies, between XMgCN and XMgNC Isomers and between XMge-(CN) and Neighboring Transition
States, at Various Levels of Theory

AEe (A — B)?
A: NCMgNC CNMgNC (CN)-7-MgNC NCMg-7-(CN) CNMg-7-(CN)

level B: NCMgCN CNMgCN (CN)-7-MgCN TS2 TS4
MP2/6-311G(ch +5.45 +5.73 +5.29 +3.35 +3.68
MP2/6-311+G(d) +5.38 +5.47 +5.49 +2.63 +2.65
MP2/6-311G(2df) +2.66 +2.79 +2.64 +1.33 +1.43
MP2/6-311G(3dfy +3.17 +3.25 +3.18 +1.00 +1.04
MP4/6-311G(d) +2.05 +2.36 +1.95 +1.66 +1.95
MP4/6-311-G(d) +1.96 +2.08 +2.15 +0.94 +0.90
MP4/6-311G(2df) +0.10 +0.25 -0.21 —0.07 ~0.02
QCISD(T)/6-311G(d) +0.68 +1.24 +0.76 +0.98 +1.35
G2(MP2) -1.60 —-1.24 -1.35 ~1.37 -1.29
G2 -1.13 -0.79 -0.86 ~1.08 -1.03

aEnergy difference between the stationary points A and B at the indicated level of theory, in mhartrees. Relative energies at all levels of theory
are for the MP2(full)/6-31G* optimized geometries and do not include 2PHis level of theory is also employed in calculating a G2(MP2) total
energy.

bond strength by less than 6%. Under these circumstances, wesatisfactorily reproduce the results of a QCISD(T)/6-8GE
might expect the G2 relative energies for Mg(Ghomers to (3df) calculation) are very likely to hold well for the Mg(CHN)
be rather more accurate than (for example) theA®B2; o value potential energy surface.
for NCMgCN, and it is the latter property to which the expected  Two further methodological questions arise from our exami-
accuracy of+£8 kJ moi® is more properly attached. Further- nation of the performance of G2 for this surface. First, is
more, while there is an evident conflict in Table 2 between the QCISD(T)/6-311-G(3df) a sufficiently high level of theory to
G2 relative energies and the relative energies obtained at G2'scharacterize the Mg(CNurface to high accuracy if we wish
various “constituent” levels of theory, the conflict is, in all cases, to correctly assign relative energies for all of these low-lying
by far the greatest when G2 is being contrasted with the lowestisomers? Second, is MP2(full)/6-31G* an adequate level of
level of electron correlation (MP2, second-order MgtiPlesset theory with which to perform geometry optimizations if we wish
perturbation theory) or with the smallest basis sets (6-311G(d) to infer from subsequent single-point calculations whether the
and 6-31#G(d)); the use of more sophisticated methods for sw-complexes are genuine minima or whether the isocyanide
electron correlation (full fourth-order MglleiPlesset perturba-  geometries are preferred over the corresponding cyanides? We
tion theory (MP4) or quadratic configuration interaction with shall address these questions in subsequent sections.
singles, doubles, and perturbative triples (QCISD(T)) or of a  CBS Calculations.As one of several checks upon the validity
larger basis set (6-311G(2df) or 6-3ttG(3df)) always reduces  of the G2 results, we have performed total-energy calculations
the disagreement with G2. This tendency provides some supportusing one of the “complete basis set” (CBS) methods of Peterson
to the reliability of the G2 relative energies. and co-workerd3® Our CBS-Q values for Mg(CN)isomers,

In Table 2, we have also shown the relative energies, for pairslisted in Table 1, differ from the standard CBS-Q technigue
of stationary points, at the G2(MP2) level of theory. G2(MP2) in that they employ MP2(full)/6-31G* geometries and HF/6-
is a less computationally expensive technique that attempts t0o31G* (or MP2/6-31G*) zero-point energies rather than the MP2-
emulate the same level of theory (QCISD@E)fc/6-311+G- (fc)/6-31G geometries and HF/6-311G** ZPE values normally
(3df,2p)) as does G2, using a “subset” of the single-point implemented in this technique; nevertheless, we do not expect
calculations that comprise the G2 technique. Note that, in that these modifications will affect the total energies thus
keeping with the trend for G2, G2(MP2) finds that the XMgNC obtained in any significant way. In any event, most of the
geometry is preferred over the corresponding XMgCN isomer stationary points that we report here cannot be located on the
in all instances, while the opposite is true at each constituent HF/6-311G** potential energy surface so that only a very
level of theory. Similarly, ther-complex XMg+z-(CN) is not a restricted set of stationary points (effectively, those shown in
“true” minimum according to G2(MP2) since it lies above the Figure 2) can be treated by standard CBS-Q thédrjhe
energy of the associated transition state to isomerization to thepurpose of using the same methods for geometry optimization
corresponding isocyanide XMgNC, although again this is not and for zero-point energy in both our G2 and CBS-Q calcula-
reflected in the relative energies obtained at the various tions is to assist in a more transparent comparison of the two
constituent levels of theory. The good agreement between G2methods of basis set extrapolation with regard to the MggCN)
and G2(MP2) is encouraging and suggests that the two methodgotential energy surface.
are of comparable reliability. The agreement between our G2 and CBS-Q values is

A further useful test of the G2 and G2(MP2) relative energies excellent; all of the findings of our G2 investigation are
would be to calculate relative energies at the QCISD(T)/6- supported by the CBS-Q results. Thus, for both methods, the
311+G(3df) level of theory [which is the “goal” of both G2  ordering of linear isomers (from most to least stable) is found
and G2(MP2)]; however, with our present computational to be CNMgNC, NCMgNC, NCMgCN; the-complex geom-
resources, such calculations on these species are prohibitivelyetries NCMgs-(CN), CNMg+t-(CN), and Mgst-(CN), are also
demanding in CPU time and memory requirements. We have found to be unstable with respect to the geometries of the
performed QCISD(T)/6-31tG(3df) calculations upon chemi-  putative transition states TS 2, TS 4, and TS 5, respectively.
cally similar, smaller systems such as Na(CN) and FMg(CN), There are, nevertheless, small quantitative differences between
and for all stationary points upon these “model” potential energy the two techniques; the stabilization of the isocyanide geometry
surfaces the agreement between G2 and the QCISD(T)/6-XMgNC relative to XMgCN is greater for CBS-Q-(7.6 kJ
311+G(3df) calculations is excellent. Therefore, we can infer mol™1) than for G2 ¢3.9 kJ mot™?).
that the additivity assumptions (which imply that G2 can Because both G2 and CBS-Q are composite computational
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TABLE 3: Relative Energies of Mg(CN), Isomers as a Function of Level of Theory

correlation MP2 MP3 B3-LYP
basis 6-31G* 6-3tG* 6-311G* 6-31HG* 6-31G* 6-31+G* 6-311G* 6-31G* 6-3%HG* 6-311G* 6-31H-G(2df)

CNMgNC 37.2 17.5 30.8 29.2 7.0 0 1.3 5.2 0 0 0
NCMgCN 0 0 0 0 0 13.4 0 0 9.2 3.2 9.8
NCMgNC 17.9 8.2 15.0 14.4 2.6 6.0 0.1 2.2 4.4 0.9 4.4
NCMg-(CN) 80 125 85 10.8 1.0 17.2 1.0 56 11.1

CNMg--(CN) 25.5 20.2 23.0 25.5 3.7 10.2 1.0 8.3 9.2

Mg-7-(CN), 15.0 23.2 15.8 20.9 1.5 20.1 1.3 11.8 19.4

aEnergies shown are in kJ mé) do not include ZPE, and are expressed relative to the global minimum (CNMgNC or NCMgCN) at each level
of theory. A space indicates that the species indicated is not a minimum at the relevant level of theory.

techniques, neither method is strictly variational. Thus, although tions is arguably less significant, since these bonds are always
the results presented in Table 1 suggest rather strongly that thecharacterized by lower force constants than theNCbonds.).
global minimum is CNMgNC and that none of thecomplexes The most variable parameters in these very floppy structures
are genuine minima, these inferences are not conclusive. Asare thes-complex bond angles. A trend, consistent across all
noted above, it is questionable whether the MP2(full)/6-31G* |evels of theory surveyed, is for the optimizefXMgN) and
basis set is sufficiently large to deliver highly accurate geom- [J(MgNC) angles to increase (for the same basis set) from MP2
etries for the various stationary points, and we address thisto MP3 to B3-LYP; this includes also the tendency for
matter more specifically in the next section. O(MgNC) angles to collapse to 18t the B3-LYP calculations
Further Geometry Optimizations on Local Minima. In when diffuse functions are included. Again, these results suggest
Table 3, we display relative energies for the various minima at (but do not prove) that the-complex geometries are not true
different levels of theory; these results show that the precise minima.
shape of the potential energy surface is markedly level- partial Optimizations on NCMg-7-(CN). To study the
dependent. Given the G2 and CBS-Q results discussed in thepotential energy surface around NCMg(CN) in greater detail,
previous sections, this is not particularly surprising; nevertheless, we have relied most heavily on B3-LYP calculations to explore
there are some further points to note. First, at all levels of theory the effect of basis set size. This method was chosen in preference
used here, the global minimum is one of two linear isomers, to any purely ab initio technique, both for reasons of reduced
NCMgCN or CNMgNC; NCMgCN is favored in all of the MP2  computational expense (MP2 optimizations using a large basis
optimizations and at MP3 and B3-LYP when diffuse functions set become prohibitively expensive for a species such as Mg-
are not included in the basis set. (The relative ordering of other (CN),, featuring five heavy atoms) and for the presumed high
isomers varies considerably, although the asymmetric linear accuracy of B3-LYP geometries obtained using a large basis
isomer, NCMgNC, is always intermediate in energy between set520 For example, a recent study on Mg(CN) isomerism has
NCMgCN and CNMgNC.) Second, thecomplex geometries  found near-perfect agreement between the experimental rota-
are found not to be stationary points in the B3-LYP calculations tional constanBy and the same parameter calculated at the B3-
involving diffuse functions (6-3tG* and 6-311G(2df)), LYP/6-311+G(3df) level for the MgNC isomet® Agreement
although they can be located as local minima in all of the other between the corresponding parameters for the other isomer,
MP2, MP3, and B3-LYP calculations included in Table 3;in  MgCN, is less striking; nevertheless, the calculations at B3-
the other B3-LYP calculations (using the 6-31G* and 6-311G* LYP/6-3114-G(3df) are able, in each case, to yield rotational
bases), the threg-complex geometries are higher in energy constants to within 1% of the experimental values, and the B3-
than any of the linear isomers. Third, the difference in energy LYP and experimental bond lengths for MgCN are also in
between the highest and lowest energy isomers, at any level ofagreement to within 1% While we have not attempted any
theory, ranges from-37 kJ mot (14 mhartree) for MP2(full)/ geometry optimizations using a basis set as large as 6-G11
6-31G* to only ~1.3 kJ mof? (0.5 mhartree) for MP3(full)/ (3df), we have employed the 6-3t5(2df) basis in our B3-
6-311G*. The MP2 calculations display consistently larger LYP calculations. As a check on the relative performance of
energy ranges, between lowest and highest energy isomers, thathese two basis sets, we have executed B3-LYP/6+&(2df)
do the MP3 or B3-LYP results. optimizations on MgCN and MgNC. The optimized geometries
Table 4 details the geometric parameters and low-frequency for these species feature-Gl bond lengths that agree to within
vibrational modes for each of these minima. There is little visible +0.0002 A of the B3-LYP/6-31+G(3df) parameter® while
effect of basis set size upon bond length; considerably greaterthe Mg—C and Mg-N bond lengths are increased by only 0.004
variation in bond length is seen for different correlation methods A when the smaller 6-31#G(2df) basis set is used. Further-
than for different basis sets, with MP2 optimizations yielding more, as discussed in the previous section, generally good
consistently longer EN bonds than either MP3 or B3-LYP, agreement is seen between MP3 and B3-LYP geometry
while optimizations at B3-LYP furnish MgC and Mg-N optimizations on the Mg(CN)stationary points. We are thus
bonds that are somewhat shorter than the MP2 or MP3 values.confident that our best B3-LYP partially optimized geometries
Good agreement is seen between MP2 and MP3 mkigind for the various bent conformations of NCMg(CN) provide a
bond lengths and between MP3 and B3-LYPIC distances. very accurate description of this portion of the minimum-energy
Previous studies have suggested that MP3 is generally superioipathway to isomerization between NCMgCN and NCMgNC.
to MP2 in predicting equilibrium geometrié$while B3-LYP (This is not to say, however, that the presence or absence of a
also yields much better bond lengths for several metal cyanidelocal minimum in the vicinity of NCMgr-(CN) should be
molecules than does MPE0 In this context, the agreement regarded as definitive; the best assessment of this matter will
seen between MP3 and B3-LYP regarding T bond lengths be by calculations involving a high level of correlation and a
is very encouraging. (The comparatively poor agreement large basis set.)
between MP3 and B3-LYP values for the methfjand separa- As noted in the previous section, the B3-LYP calculations
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TABLE 4: Structural Parameters for Mg(CN) , Isomers as a Function of Level of Theory

Petrie

correlation MP2 MP3 B3-LYP
basis 6-31G* 6-34G* 6-311G* 6-31HG* 6-31G* 6-314+G* 6-311G* 6-31G* 6-3#G* 6-311G* 6-31H-G(2df)
CNMgNC
r(N—Mg)  1.9209  1.9263  1.9218  1.9252 1.9134  1.9180 1.9134 1.9079  1.9154  1.9095 1.8992
r(C—N) 1.1952  1.1946  1.1900  1.1910 1.1816  1.1808 1.1762 1.1849  1.1839  1.1778 1.1736
V1, V2 65.7 (1,) 86.3 (1) 57.4 (1) 69.1 (1) 62.4 ([1,) 83.4(1, 66.8 (L,
NCMgCN
r(C—Mg)  2.0407  2.0438  2.0392  2.0432 2.0401  2.0424 2.0389 2.0346  2.0391  2.0329 2.0292
r(N—C) 1.1870  1.1880  1.1814  1.1823 1.1654 1.1661 1.1596 1.1667 1.1674  1.1591 1.1559
V1, V2 75.6 (1) 91.7 1) 75.8 (L) 76.3 (1) 72.7 (1) 82.6(1,) 77.3(L)
NCMgNC
r(C—Mg)  2.0368 2.0386  2.0357  2.0391 2.0372  2.0383  2.0366 2.0324  2.0358  2.0306 2.0270
r(Mg—N’)  1.9224  1.9280  1.9242  1.9285 1.9133  1.9179  1.9142 1.9099  1.9177  1.9107 1.9008
r(N—C) 1.1868  1.1879  1.1812  1.1821 1.1654  1.1662 1.1595 1.1666  1.1674  1.1590 1.1558
r(N—C') 1.1952  1.1948  1.1899  1.1908 1.1818  1.1811  1.1762 1.1852  1.1843  1.1779 1.1737
V1, V2 70.0 (@) 85.9(I) 63.7() 72.0 () 65.0 (1) 80.3(I) 71.2()
NCMg-7-(CN)
r(C—Mg)  2.0389  2.0428  2.0361  2.0404 2.0381  2.0409 2.0362 2.0328 " NM 2.0309 NM
r(N—C) 1.1868  1.1882  1.1812  1.1821 1.1653  1.1663  1.1595 1.1665 1.1590
r(Mg—C') 21790 2.2191  2.1871  2.1999 2.2540  2.3755 2.2541 2.3151 2.3130
r(Mg—N')  2.0712  2.0511  2.0506  2.0478 2.0199  1.9802 2.0088 1.9914 1.9894
r(N'—C) 1.2020 1.2030 1.1960  1.1967 1.1853  1.1869  1.1791 1.1874 1.1792
O(MgN'C) 78.6 81.5 80.C° 80.8 85.2 93.8 85.8 89.8 90.¢°
O(CMgN) 1625 1640 1627  163.3 166.*  169.3 1659 168.2 168.3
” 89.4 (A) 90.9 (A) 94.2 (A) 90.0 (A) 86.6 (A) 86.7 (A)
V2 94.4 (A') 99.9 (A') 98.5(A") 96.1 (A") 94.4 (A" 101.2 (A")
CNMg-7-(CN)
r(N—Mg)  1.9205  1.9281  1.9220  1.9281 1.9124 1.9181  1.9125 1.9083 b NM 1.9097 NM
r(C—N) 1.1953  1.1947  1.1899  1.1907 1.1817  1.1810 1.1761  1.1849 1.1777
r(Mg—C') 2.1681 21989  2.1822  2.1941 2.2275  2.2970  2.2434  2.2902 2.2889
r(Mg—N')  2.0719  2.0580  2.0495  2.0478 2.0287  2.0012  2.0107 1.9955 1.9947
r(N'—X") 1.2022  1.2031  1.1963  1.1970 1.1852  1.1863  1.1790 1.1871 1.1791
O(MgN'C) 78.00 80.1° 79.8 80.5° 83.3 88.4 85.2 88.2 88.3
O(NMgN) 1615  162.7 1625  163.F 164.3  166.3 1653 166.7 166.8
”n 78.2(A) 95.6 (A) 71.2(A") 81.3 (A) 73.2 (A) 78.4 (A)
V2 78.6 (A') 98.2 (A') 72.0 (A) 82.1 (A") 75.4 (A") 83.3 (A")
Mg-zz-(CN),
r(N—C) 1.2022  1.2032 11962  1.1969 1.1853  1.1864  1.1790 1.1872 b NM 1.1792 NM
r(C—Mg)  2.1768  2.2100 2.1828  2.1940 2.2381  2.3127  2.2379  2.3040 2.3114
r(N—Mg)  2.0676  2.0505  2.0493  2.0473 2.0228  1.9957 2.0112 1.9924 1.9869
O(MgN'C) 78.6 81.0° 79.8 80.5° 84.2 89.5 84.8 89.1° 90.1
O(NMgN') 1538 1567 1553  156.3 1586  161.3 159.2 162.0 162.24
O(CNMgN) 1355 1342  133.6 134.1 1342 1364 131.9 133.7 133.8
v1 61.5(A) 57.8(A) 59.7 (A) 57.4 (A) 45.0 (A) 39.8 (A)
V2 120.1 (B) 120.8 (B) 137.1(B) 118.2 (B) 109.4 (B) 100.8 (A)

aBond lengths in angstroms, bond angles in degrees, and vibrational frequencies (uncorrected) @ngnthe lowest one or two fundamental
vibrational frequencies are givehThis species is not a minimum at the indicated level of theory.

employing diffuse functions do not locate amgcomplex
minima. Consequently, the B3-LYP potential energy curves for
the 6-3H-G* and 6-311G(2df) basis sets do not feature any
barrier to isomerization between NCMg{CN) and NCMgNC,
while the corresponding curves for 6-31G* and 6-311G* do
indicate a small barrier. Nevertheless, all the B3-LYP calcula-
tions show that the potential energy surface in the vicinity of
the putative minimum is very flat. A depiction of the B3-LYP
results, for NCMg(CN), is given in Figure 4; it is apparent from
this graph that the existence of thecomplex NCMgsz-(CN)
is precarious at all of these levels of theory.

Further Single-Point Calculations. We have employed the

combination of level-dependent and basis-set-dependent features
emerges from an analysis of the results.

(1) All methods show a tendency, in keeping with the trend
noted above for B3-LYP calculations, for the isomerization
barrier to diminish with inclusion of diffuse functions. This
effect is most prominent for the 6-31G(d) basis, for which the
addition of diffuse functions is seen to lower the barrier by
between 50% and 95%; in contrast, diffuse functions are seen
to reduce the barrier at 6-311G(d) or 6-311G(2df) by only about
20%. The barrier at 6-3H1G(d) is somewhat larger than that
at 6-3H-G(d) for all methods.

(2) Increasing the number of polarization functions, from d
B3-LYP/6-31H-G(2df) partially optimized geometries detailed to 2df for a 6-311G basis, reduces the barrier by between 50%
above, for points neighboring the putative minimum at NCMg- and 85% for all methods. Further augmentation, from 2df to
m-(CN), to investigate the curvature of the PES through various 3df, increases the barrier by a small amount (determined only
high-level single-point calculations. Levels of theory used in for MP2).
this analysis encompass MP2, MP4SDTQ, QCISD, QCISD- (3) For all basis sets surveyed, the barrier height is largest at
(T), CCSD, and CCSD(T), using 6-31G and 6-311G basis sets MP2 and smallest at QCISD and CCSD; this effect can be seen
with various polarization and diffuse functions. Figures7 in Figure 7, which shows the potential energy curves generated
are indicative of the potential energy curves obtained. A using the 6-31+G(d) basis.
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Figure 4. Potential energy curve depicting the minimum energy -1 T T ! T
pathway connecting the isomerization processes NCMgENCMg- 9% . 100 . 11_0 120 130 140
7-(CN) and NCMgm-(CN) < NCMgNC, calculated using the B3- Cyanide Orientation Parameter / Degrees

LYP hybrid density functional theory and employing basis sets ranging p; ; ; i

. . gure 5. Potential energy curve, in the vicinity of the NCMg{(CN)
from_ 6-31G* to 6-313-G(2df). All energies depicted are express_ed putative minimum, obtained using single-point MP2(fc) total energies
relative to NCMgNC at the same level of theory. The cyanide (yith a4 variety of basis sets) from B3-LYP/6-3tG(2df) partially
orientation parameter, which we have used to describe the partially timized geometries. Energies are expressed relative to t@tally
optimized geometries, is defined as the angle subtended by the C atomy, yimized structure; the cyanide orientation parameter is as described

(of the CN ligand undergoing rearrangement), theNcbond midpoint, in the caption to Figure 4. Note that the total range of ykexis is
and the Mg atom; a value of @or this parameter therefore represents approximately 13 kJ mot.

a linear MgCN moiety (and 180ndicates a linear MgNC fragment), . . .
while a value of 98 describes a structure in which the Mg is equidistant COUNterpoise correctiofisfor the G2 calculations act to reduce

from the C and N atoms. the isomerization barrier to only 0.02 mhartrees, in excellent
agreement with the CBS-Q value (for which we have not

Barrier heights obtained using the largest basis sets, for eachattempted a counterpoise correction).
correlation method, are as summarized in Table 5. All methods __ )
find that a barrier to NCMgz-(CN) isomerization does exist ~ DISCUssion
and yield a barrier height of less than 5 kJ moNevertheless, The accord evident between B3-LYP/6-31G(2df) calcula-
the range in barrier heights found in Table 5 is of 1 order of tions and G2 and CBS-Q calculations employing B3-LYP/6-
magnitude; further calculations, with larger basis sets than those311+G(2df) partially optimized geometries allows us to infer
employed here, would help to determine whether NC@=N) that the barrier to NCMgNC formation from NCMgHCN) is
has any real claim to stability. While such calculations are exceedingly small and is almost certainly below 1 kJ Thol
currently prohibitively demanding of our computational re- with such a small barrier, the lifetime of NCMg{CN) would
sources, they can satisfactorily be emulated in a number of ways.be negligible even within an argon matrix at a temperature of
We have used the B3-LYP/6-3%15(2df) partially optimized 20 K. While we have not attempted any such detailed analysis
geometries and the appropriate sequence of single-point totalfor the otherz-complex structures, the G2 and CBS-Q values
energy calculations to obtain G2 and CBS-Q values for various reported in Table 1 suggest that all of thecomplexes are of
single points along the minimum energy pathway on the comparable stability; this supposition is supported by G2
potential energy surface in the vicinity of NCMg{CN). These explorations of the potential energy surface in the vicinities of
results are depicted in Figure 8. NCMg-7-(CN), CNMg-t-CN, and Mgs-(CN), (employing

The NCMgs-(CN) isomerization barrier, according to the partially optimized MP2/6-31G* geometries), indicating that all
“composite” methods of G2 and CBS-Q with B3-LYP/6- of these species have isomerization barriers of less than 1 kJ
311+G(2df) partially optimized geometries, is only 0.12 mhar- mol™L. It therefore appears most unlikely that any Mg(@N)
trees (0.32 kJ mol, G2) or 0.04 mhartrees (0.11 kJ md| m-complex geometries correspond to species of any real stability
CBS-Q). The good agreement between these two techniquesagainst isomerization. In contrast, the cyanide/isocyanide in-
which correspond to significantly higher levels of theory than terconversion barriers (which are typicath20 kJ mot?! above
any of the single-point total-energy calculations used to obtain the higher energy isomer, according to both G2 and CBS-Q
the barrier heights in Table 5, is very gratifying. It should be calculations) are sufficiently robust to ensure that each of the
noted, however, that none of these barrier heights have beeninear isomers NCMgCN, NCMgNC, and CNMgNC can exist
adjusted for basis set superposition effects. We find that the independently at low (but conveniently accessible) temperatures.
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Figure 6. Potential energy curve, in the vicinity of the NCMg{CN) Figure 7. Potential energy curve, in the vicinity of the NCMg{CN)

putative minimum, obtained using single-point QCISD(fc) total energies putative minimum, obtained using single-point total energies (with a
(with a variety of basis sets) from B3-LYP/6-3tG(2df) partially 6-311+G(d) basis set, and a variety of levels of correlation) for B3-

optimized geometries. Energies are expressed relative to tpaéally LYP/6-311+G(2df) partially optimized geometries. Energies are ex-
optimized structure; the cyanide orientation parameter is as describedpressed relative to the 9(artially optimized structure; the cyanide

in the caption to Figure 4. Note that the total range of yrexis is orientation parameter is as described in the caption to Figure 4. Note
approximately 8 kJ mof. that the total range of thg-axis is approximately 10.5 kJ mdl

TABLE 5: Barrier Heights to Isomerization of

Why are thesr-complexes not stable? Recall that Na(CN) NCMg-2-(CN) as a Function of Level of Theory

possesses a-complex global minimum, which is consistent

with an essentially electrostatic NiCN~ interaction. Further- method® Ere’
more, the global minimum for Mg(CN) a species that is MP2/6-31H-G(3df) 1.65 (4.3)
isoelectronic with Na(CN), is alsoa-complex. If addition of MP4SDTQ/6-311G(2df) 0.54 (1.4)
a cyanide ligand to Mg thus produces a-complex, why is Qg:gg’?%ﬁggﬂd 10-1115 5094)
this r-bonding not preserved when a second cyanide ligand is 8CSD/((S-%13-+G(d) @ 0.79 22:1;
added? The most reasonable explanation is that the-rigihd CCSD(T)/6-31#G(d) 1.14 (3.0)

bonding in Mg(CN} s less perfectly ionic and. Cor.]tair.ls a greater a Level of theory employed in single-point total energy calculations
degree of covalent character than the bc.mdmg n either Na(C.N) upon a series of partially optimized geometries (obtained using B3-
or Mg(CN)". Some covalent character is certainly present in | yp/g_311+G(2df)) in the vicinity of the putative minimum NCMg-
the Mg—CN configuration (within both NCMgCN and CN-  z-(CN). ® Energy of isomerization barrier, relative to the potential well
MgCN), which displays rather more resistance to bending than corresponding to NCMge-(CN), in mhartrees (and kJ md}| in
is evident for the Mg-NC moiety; this can be appreciated upon brackets). Relative energies reported here do not include ZPE and have
examination of the shapes of the potential energy curves shownnot been corrected for basis set superposition error (BSSE) effects.
in Figure 4. There may well be a synergistic effect of sorts in to be slightly less polarized than is the case in Na(CN). In this
which the coordination of two cyanide ligands to Mgserves context, it would appear valuable to reassess the larger alkaline
to reduce the effective positive charge upon the magnesium atomearth dicyanides, which are found also to possess several
just sufficiently to destabilize the (more ionicy-complex m-complex minima at the levels of theory employed in Kapp
geometries relative to the (partially covalent) linear geometries and Schleyer’s studyDo the potential energy surfaces for these
NCMgCN, NCMgNC, and CNMgNC. species retain all of the-coordinated geometries when exam-
An interesting parallel may also be drawn with lithium ined at higher levels of theory?
cyanide, with which magnesium dicyanide shares a diagonal It is useful also to reexamine the potential energy surfaces
relationship. Az-complex local minimum for Li(CN) is also  obtained for Mg(CN) at HF/6-31G* and at MP2/6-31G*.
found at some levels of theokyhut only the isocyanide LINC Clearly (from the data in Table 1), both surfaces substantially
has been observed spectroscopically. Both lithium and magne-overestimate the relative energy differences between isomers,
sium have electronegativities marginally above that of sodium yet it is Hartree-Fock and not second-order MgltePlesset
so that the metal/cyanide interaction for Li and Mg is expected that gets the ordering of isomers correct. The HF/6-31G*
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(2df) partially optimized geometries. Energies are expressed relative

to the 90 partially optimized structure; the cyanide orientation
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the lowest energy isomer), while calculations at these levels
also overturn the findings, at lower levels, thatcomplex
geometries exist as stable minima. We find that the only discrete
magnesium dicyanide species are the three linear isomers
CNMgNC, CNMgCN, and NCMgCN.
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