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Complexation by M (M = Li, Be, Na, Mg, Al, K, Ca) of the highly unsaturated linear molecules¥QX

=N, CH;n=0, 1, 2, 3) occurs exclusively by coordination to the terminal N atom, yielding linear molecular
cations that are here characterized using high-level, counterpoise-corrected ab initio calculations. We argue
that these complexes, with a total absence of steric hindrance through nonbonding interactions, form an excellent
“test set” for the purpose of investigating, in detail, the nature of the metal ion/ligand interaction. We analyze
the influence of ionic, covalent, and repulsive energy contributions to théigednd interaction for these
species, using two different energy-decomposition schemes, and present also a complementary interpretation
using the atoms-in-molecules (AIM) approach. Differences between theN\T,,X bond dissociation energies
(BDESs) of the highly polar cyanopolyynes KN versus the analogous nonpolar dicyanopolyynes,NC
diminish as the intervening carbon chain length increases, indicating that the local bond polarity of the
coordinating CN group dominates over the ligand’s overall polarity (or lack thereof) as an influencé of M
ligand bond strength. The cyanopolyyne and dicyanopolyyne adducts of alkaline earth foridd8e and

Ca" and of Al*, whereas largely ionic in character, also possess significant overlying covalent tendencies. In
contrast, the adducts of alkali metal ions’LNa", and K" can indeed be treated as essentially purely ionic.
Among the results reported here, one striking observation (for which an underlying physical basis remains
elusive) is that the M—NCx.X series featuring an alkali metal ion exhibits a remarkably close adherence to
ther—'? dependence of the empirically assigned repulsive potential energy term in the (12, 6) Lennard-Jones
potential.

1. Introduction ligand bond is minimized. The complete lack of steric hindrance,
within a structurally consistent family of ligands in which both
nonpolar and highly polar examples follow a regular size
distribution, greatly assists the exploration of several key factors

main-group metal ion complexes of this type that have been th[f'ﬂ impinge, in the most general sense, on metal ion complex-
recently studiedg coordination to the N atom’s lone pair is aton. ) ) ) )
found to augment or to outweigh the strength of possible ~Many previous experimental and theoretical studies have dealt
cationfr interactions—5.7-10.1214T¢ understand this biochemi-  With the coordination of main-group metal ions to.N32
cally important class of metal ion/nitrogenated ligand interac- Several studies have also featured theéCN complexes!*>-%
tions better, there is a clear need for a reliable measure of theA distinct preference for the end-on coordination of N&
metal ion/ligand bond dissociation energy (BDE) within a wide consistently seen for both of these ligands. Investigations of
range ofs-coordinated complex&st516as well as an exploration ~ Main-group metal ion coordination to the larger homologues
of the underlying factors that contribute to this mode of have been restricted to theoretical studies of the reactions of
complexation. Here, we suggest that the/MC,X complexes ~ Na*, Mg*, and Al with HCzq+1N,3773° processes implicated
(M = Li, Be, Na, Mg, Al, K, Ca;n =0, 1, 2, 3; X= N, CH) in the formation of several observed metal cyamees in
constitute an excellent system for investigating the metal ion/ outflowing circumstellar envelopes and protoplanetary nebulae.
nitrogen bond. Very recently, we have report&dthermochemical, structural,
The cyanopolyynes, NGCH, and dicyanopolyynes, NN, and spectroscopic parameters relevant to the complexation of
have no known biochemical relevance. Nevertheless, these linea€a" by HCn+1N, @ process potentially capable of producing a
compounds have several attractive features for researchers a8irther, as yet unseen, metal cyanide CaNC under conditions
well as for metal ions. The cyanopolyynes are highly polar appropriate to the astrophysical environments populated by those
molecules, but the dicyanopolyynes lack a permanent electric metal cyanides seen to date. No prior investigations of the other
dipole moment. In both sets of ligands,coordination to the ~ metal ions with the cyanopolyynes nor of any metal ions with
terminal N atoms occurs on the molecular axis along which any of the dicyanopolyynes N¢N (n = 1, 2, 3 ...) have yet
their permanent dipole moment (if nonzero) and polarizability been undertaken. In the present work, we use quantum chemical
are also maximized. Linear coordination to a metal ioh &lso techniques that have been specifically tailored to deliver high-
ensures that any steric influence on the strength of thé M quality thermochemical parameters for metal ion/ligand com-
plexeg®48to study the interactions between main-group metal
* E-mail: simon.petrie@anu.edu.au. ions and the identified series of polyynic N-terminated ligands.

10.1021/jp0361226 CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/11/2003

Several recent mass spectrometric and computational $tdlies
have highlighted the importance of metal ion/nitrogen-bearing
ligand interactions within biochemical systems. In many of the
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2. Theoretical Methods TABLE 1: Counterpoise-Corrected M*/Ligand
Bond-Dissociation Energy (BDE) Values for Dinitrogen,
Geometry optimization and vibrational frequency calculations picyanopolyynes, and Cyanopolyynes

used the hybrid density functional B3-LYP (featuring Becke’s BDE (kJ mol ¢
three-parameter nonlocal exchange functi¢hhahd the cor-

relation functional of Lee, Yang, and Pa&frwith the triple- dicyanopolyynes cyanopolyynes
split-valence 6-31+G** basis set. Single-point total energy  M* N2 NCCN NGN NCsN® HCN HGN HCsN® HC/N©
calculations employing the B3-LYP/6-33G** optimized Litd 47.2 102.8 127.3 142.2 140.7 155.3 165.4 174.5
geometries were performed to yield total energies according to e 47.8 102.8 126.4 1414 1551 163.8
various “model chemistry” approaches within the widely used gatt g14 1978 2458 261.6 246.6 2810 3055 320.6
Gaussian-2 (G2) famif}-52 of computational techniques. Al- ¢ 86.6 202.1 248.4 251.1 2857 306.9
though a detailed deSCI’iption of the G2 methodology has been Na™f 28.6 68.9 87.6 98.4 1019 112.4 1195 121.9
presented previousfh},an outline here may assist in delineating 289 68.8 8619 102.3 112.3 118i2
the variants employed in the present work. The standard \; .+t 259 882 1175 1191 1283 1474 1612 1658
prescription for total energy obtained using the G2 procedure n 265 887 1180 1294 1484 1606
is* A 194 688 97.9 117.3 1065 1280 143.6 1535
n 185 67.4 961 106.7 127.3 1412
Eo(G2) = [QCISD(T)/B1G+ MP2/B1G— MP4/B1C] K+ 185 485 636 729 766 853 913 94.4
+ [MP4/B2G — MP2/B2G] 9 | 17.9 471 619 75.7 837 89K
Cai 180 69.4 937 104.8" 120.8" 131.9" 137.3"
+ [MP4/B3G — MP2/B3G] g 17.7 681 918 104.1" 119.3" 128.%m
+ MP2/B4G+ ZPE+ HLC Q) aValues shown are obtained from the CP-MP2/6-8G(3df,2p)

level of theory (normal font) or from the identified G2-based level of

and the corresponding prescription for the less computat|onallythe°r¥ ((?Olld fo|r|1t) Correlation Spdaces used in the Icalcglanonshare
ecified. In all cases, optimized geometries employed are those
expensive G2(MP2) proceduréis obtalned at the B3-LYP/6-31G** level of theory.” Determined using

counterpoise correction terms obtained fot/MC,N, unless otherwise

Ey(G2(MP2))= [QCISD(T)/B1G— MP2/B1G] indicated.c Determined using counterpoise correction terms obtained
for MT/HC;3N. 9 All M * atomic orbitals (AOs) included in correlation
+ MP2/B4G+ ZPE+ HLC (2 space® CP-G2(thaw) calculatiof.M™ 1s AO excluded from correlation

spaced CP-G2 calculation, unless otherwise indicate@P-dG2thaw
where the constituent levels of theory are second- (MP2) and calculation, unless otherwise indicaté@P-dG2(MP2)thaw calculation.
fourth-order (MP4) MgllerPlesset perturbation theory and 'M* 1s, 2s, and 2p AOs excluded from correlation SpacER-
quadratic configuration interaction with the inclusion of single, sz(MP%) fcalcl\‘/‘r';"‘t'on Determined ‘IJS'”g Cou'gerpo'?e correction terms
double, and perturbative triplet excitations (QCISD(T)). The obtained for M/NCCN. ™ Previously reported in ref 66.
Gaussian basis sets@® (i = 1—4) are respectively 6-311G**,
6-311+G**, 6-311+G(2df,p), and 6-311G(3df,2p). ZPE
denotes the inclusion of the calculated zero-point vibrational
energy, and HLC (higher-level correction) seeks to remedy
various deficiencies associated with basis set incompleteness
with the failure of the “additivity approximatior?®>*or inherent
within the highest level of theory (QCISD(T)) employed within
the G2 or G2(MP2) method.

Throughout, we have used B3-LYP/6-3tG** optimized
geometries and zero-point vibrational energies in place of the
MP2/6-31G* and HF/6-31G* values for these parameters
prescribed in the standard Gaussian metfhb@slculations used
in the present work additionally differ from standard G2 or
G2(MP2) as follows. In all determinations of the™igand
bond dissociation energy (BDE), a counterpoise correction (CP)
for basis set superposition error (BSSE) has been applied
according to the method of Boys and Bernétdind using the
MP2/B4G level of theory. The inclusion of this CP term yields
significantly better agreement with high-precision laboratory
BDE values for complexes including N&”5¢ or other main-
group metal iong856 For species containing tj Na*, Mg,
or Al*, the “inner-valence” 1s (Li) or 2s, 2p (Na, Mg, Al) 3.1. Initial Overview of BDE Results.Our calculated BDE
orbitals are included within the correlation space in all single- values, from the Gaussian-variant calculations and from single-
point total-energy calculatiorf§:57-59 In keeping with usage in ~ point MP2 calculations, are summarized in Table 1. It is very
previous studie46-48.60 we denote such departures from the gratifying to note that the MP2- and the G2-based calculations,
standard frozen-core assignment as a ‘thawed’ correlation spacéoth of which are counterpoise-corrected, show consistently
(e.g., G2thaw or MP2thaw). The additional difference from good agreement, with BDE(Be-N,) the only instance where
standard Gaussian methods, in the calculations featuririg Na the much more economical MP2 approach yields a value for
Mg™, or AlT, is the use of “partially decontracted” B4G metal- which the variance from the Gaussian-based approach exceeds
atom basis sets that we have described in previous stffdiés. 45 kJ molL. Indeed, the calculations involving Béfor which
This use of a nonstandard metal ion basis set, justified by its MP2 consistently underestimates the supposedly more reliable

delivery of much lower metal ion terms in counterpoise
correction calculations for BSSE;*8is denoted ¥ a d prefix
as in dG2thaw.

For metal ion complexes of ligands N€ and HGN, full
G2- or G2(MP2)-based treatments were too unwieldy to pursue
on the available computational platforms. Consequently, for
these larger species, our ab initio exploration has been restricted
to CP-corrected MP2/B4G calculations (where the B4G basis
set and the correlation space employed are as defined above).
Calculations at this level of theory were also executed as a matter
of course as a component of the Gaussian-method variants for
the smaller complexes.

The ab initio calculations described above were performed
using the Gaussian 98 quantum chemistry program &lite.
supplementary calculations employing density functional theory
(DFT) method B-LYP:%-62the Amsterdam density functional
(ADF) packag€® was used for the exploration of bonding
parameters within a selection of the target complexes.

3.Results and Discussion
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TABLE 2: Calculated Electrostatic Parameters for Ligands Obtained at the B3-LYP/6-314%G** Level of Theory

Qb oS
ligand u? XX vy 7z XX vy zz
N2 0 —10.3182 —10.3182 —12.0196 7.829 7.829 15.325
NCCN 0 —21.1003 —21.1003 —30.5170 16.800 16.800 56.072
NC:N 0 —32.0862 —32.0862 —51.4361 24.467 24.467 128.765
NCsN 0 —43.0951 —43.0951 —74.5110 32.212 32.212 239.073
HCN 3.0568 —11.8392 —11.8392 —9.9550 10.441 10.441 22.577
HCsN 3.9211 —22.9215 —22.9215 —21.2923 18.989 18.845 72.228
HCsN 4.7026 —33.9643 —33.9643 —33.6208 26.778 26.773 153.918
HC/N 5.4111 —45.0097 —45.0097 —46.5634 34.581 34.583 275.846
aDipole moment (D)? Quadrupole moment (D AY.Polarizability (ad).
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Figure 1. Dependence of Mligand BDE on chain lengtin, normalized (for each metal ion) to BDE(M-NCzH).

G2-based value by a few kJ m@) are the only instances in

First, there is a reasonably close correspondence between (both

Table 1 where the discrepancy between the two methods exceedaxial and perpendicular components of) the polarizabilities of

+3 kJ mol™. This generally very close accord affords consider-
able confidence in the MNCsN and Mt/HC;N BDEs for which
calculation using MP2 theory is the only feasible option with
the computational platform used in this study. We have rféted
that CP-dG2thaw calculations on Naontaining adduct ions

HCun+1N and NGyN for a given value ofn, in keeping with
the apparent tendency forMligand BDEs (for a given M) to
converge as is increased (Figure 1). Second, attempts to
optimize MT/NC,N complexes havin,, symmetry, in which
the point of coordination is defined as the NGC,N bond

consistently yield BDE values that exceed the high-precision midpoint, have consistently revealed that these complexes show
laboratory gas-phase sodium cation affinity values of McMahon a major preference for end-ancoordination, suggesting that

and Ohanessi&f%® by an increment of 2.8 1.3 kJ mot™,

the influence of the (highly directional) polarizability of the

and we surmise that the accuracy of the present counterpoisedarger dicyanopolyynes substantially exceeds that of the (weakly
corrected, G2-based calculations should similarly be competitive directional) quadrupole moment. A more detailed discussion of
with the precision afforded by state-of-the-art laboratory practice the effects due to multipole moments and polarizabilities may

in metal ion thermochemistry.

be of limited value because it is arguably more appropriate to

There are several trends evident in these BDEs. For a givenconsider the influence of bond polarity (as explored through,

metal ion, the M/cyanopolyyne BDE value clearly increases

for example, a “distributed multipoles” approach) rather than

with increasing carbon chain length. This property, which has the influence of overall molecular properties. One possible

been previously noted in calculations on™Nag™, and Al
complexes of cyanopolyynégjs consistent with expectations

indication of the role of bond polarity is that BDEs for NCCN
(which is nonpolar overall but with highly polar-&€\N bonds)

regarding the increase in both ion/dipole attraction and ion/ always exceed those for,Nby more than 100%, whereas the
induced dipole attraction with increasing molecular size. For corresponding increase in BDE in going from HCN to 4iC
convenience, calculated electrostatic properties of the ligandsis never more than about 20%. This inferred influencéooél

are displayed in Table 2. In the absence of a permanent electricpolarity may also help to explain the general tendency toward
dipole moment, the dicyanopolyynes (among which we might the convergence of dicyanopolyyne versus cyanopolyyne BDE

also seek to include Nas the smallest member) also show an
increase in BDE for a given metal ion with increasing ligand

values as the chain length increases (Figure 1): the more remote
the ligand’s further terminus, the less significant its identity as

chain length. This can be understood in terms of ion/quadrupolea CCH versus a CN moiety.

and ion/induced dipole attractive interactions, of which the latter,

There is also a very obvious trend, for a given ligand, in BDE

dependent on the ligand’s polarizability, appears more useful values for the various metals. The BDE{MIligand) values in
in understanding the general trend in BDEs for two reasons. Table 1 diminish in the order Be> Li* > Mg*™ > (Na', Al*,
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Ca") > K¥, except that BDE(M—Ny) is larger for N& than with the repulsive Lennard-Jones term (for which the historical
for Mg™. Implicit within this overall ranking, and entirely  adoption of anr—12 dependence was predominantly a math-
consistent with many previous experimental and theoretical ematical convenience) is essentially fortuitous.
studies of BDE values for main-group metal ions with simple  The difference energy (Figure 2) depends less steeply on the
ligands, is the tendency for BDE values to decrease with metal ion/ligand separation for the alkaline earth monocations
increasing row number for both the alkali metal ion and alkaline Be" (slope= —4.5), Mg" (—5.6), and C& (—4.1) and for Al
earth ion groups. This is explicable in terms of the supposed (—6.1) than for the alkali metal ions. Two likely contributing
essentially ionic character of these complexes, with the lightest effects to this trend are that, first, metal ions with one or two
metal ions within a given group naturally exerting the greatest valence electrons are less well viewed as hard spheres and so
attraction for ligands by virtue of their small ionic radius. have greater compressibility, resulting in a “softeXEepuis
Nevertheless, a simple “hard-sphere” ion/neutral interaction component than is indicated by the approxintat® dependence
cannot explain all of the BDE values. For example,"Neas seen for the alkali metal ions; second, complexes of the alkaline
the third highest BDE for Blbut the second lowest BDE for  earth ions and Al are expected to have nonnegligible electron-
most of the other ligands. This degree of inconsistency in the sharing interactions AEomita) by virtue of the unsatisfied
BDE rankings is at odds with a purely electrostatic model in valences of these metal ions. Some measure of the separate
which the only features of the ion are its charge and its effective AEepuis and AEqmital terms can be obtained by assuming that
radius. A deeper analysis of the bonding properties within these the weakly bonded M/N, complexes remain purely electrostatic
complexes may improve our understanding of their internal (i.e, AEqmita = O) for all metal/ligand separations and that the
structure. MT/NX repulsive interaction is independent of the identity of
3.2. Extraction of Attractive and Repulsive Terms from ligand atoms beyond the coordinating N atom. The assumption
the BDE Values.Dunbaf® has described a decomposition of that M™/N, remains purely electrostatic even at close metal/
the metal ion/ligand bond dissociation energies into ionic, ligand separations is likely not strictly valid; nevertheless, this
orbital, and repulsive terms. We may express this deconstructionapproach offers at least a method of quantifying feasible lower
as limits to AErepuis and upper limits toAEomita. The values for
these parameters listed in Table 3 result from the assumptions
ionic T AEqritar T ABrepud  (3) indicated above and use the difference-energy curves far M
N, obtained from G2(MP2) calculations &Ejic and the
where the attractive termaEipnic and AEomitar denote the  counterpoise-corrected BDE as a functionr@f—N). It is
stabilization of the complex due, respectively, to the interaction striking that this method yields positive upper limits foEqmpital
of the metal ion’s charge with the ligand's electrostatic potential for all of the alkali metal ion complexes of the cyano- and
field augmented by ion-induced polarization of the ligand and dicyanopolyynes (implying thahEqmia for these species may
to the (nominally covalent) electronic orbital interactions be either positive or negative), whereas the upper limits for
associated with complexation, whek&epusis the short-range  AE, i for the other metal ions are consistently negative. We
repulsion energy that acknowledges the metal ion to be of finite interpret these results as indicating that the alkali metal ion
size rather than a point charge. Within our ab initio calculations complexes may or may not possess some covalent character
of BDE for the various complexes, these energy terms are not(chemical intuition would suggest that they do not), whereas
directly separable. However, we can acc&&s to tolerably the complexes of alkali metal ions and*Adio unambiguously
high accuracy by performing calculations on a given complex possess such character. Covalent interactions appear to con-
in which the metal ion is replaced by a point charge at the sametribute at least 10 kJ mot to the binding energies of most of
location. Such calculations, which neglect both the metal ion’s the nonalkali metal ion complexes of cyanopolyynes and
size and its (occupied and virtual) orbitals, effectively omit the dicyanopolyynes, rising to at least 30 kJ min the examples
AEomita and AEepuis terms and need no correction for BSSE  of Bet and At with HCsN.
because they involve no additional superposition of basis sets Although it is hazardous to interpret blithely the upper limits
upon complexation of the point charge. We have been able, into AE, i as a reliable representation of the covalency in each
this manner, to determin&Eion;c for all of the M*/NC5N and M+/ligand complex, it remains readily apparent that the chief
M*INCans1H (n = 0, 1, 2) complexes using the G2(MP2) distinguishing feature between the alkali metal ions and the other
approach for the ligand, and the resulting values are listed in jons is the remarkably consistent adherence of the former, but
Table 3. The difference between theSEionic values and the  not the latter, to an~12 dependence for the nonionic component
BDE determinations made using the corresponding G2(MP2)- of the bond dissociation energy as displayed in Figure 2. If we
based method for the true Migand complexes yields the  assume that, for the alkali metal ion complexasomital IS

BDE(M"—X) = — (AE,

difference energy (i.e., the sSuEomial + AErepuid effectively indeed zero, then the approach adopted here (incorporating an
at the same level of theory. Can we then isolat&mial and r~12 dependence foAEepud Might permit the computation of
AErepuis from within this difference energy? nonbonding repulsive (i.e., steric) energy terms in the BDEs

In Figure 2, we present a log/log graph of the difference for Nat and K" coordinated to 2D or 3D nitrogen-bearing
energy AEomia + AErepug versusr[M —N]. The dependence  ligands. In such ligands, those atoms not directly coordinated
of the difference energy upon the metal/ligand bond length is to M+ are not completely in the N atom’s “shadow,” so we
clearly steepest for the alkali metal ions that, lacking accessible may well expect to see an essentially steric component in the
valence electrons, are expected to exhibit negligible covalency BDE summation:
in their ligation. If we seek to interpret the observed difference-

energy slopes for the alkali metal ionki* (—10.9), N& BDE(M™—X) = —(AEnic T AE i + AE epuis T ABgerio
(—12.8), and K (—13.2)-as representative of the purely 4
repulsive termAEepyss it is rather remarkable that the general

form of the alkali metal ion data adheres so closely tortHé 3.3. Atoms-in-Molecules Appraisal of the Metal/Ligand

dependence of the standard Lennard-Jones potential. HoweverBonding. The atoms-in-molecules (AIM) approach offers
further calculations have led us to conclude that this close matchanother means of discerning electrostatic or covalent interactions
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TABLE 3: lonic, Repulsive, and Orbital Components of the M*/Ligand Bond-Dissociation Energy (BDE) Obtained from

G2(MP2) Calculations Using a Point-Charge Model

r(M—N) BDE components/kJ mot2

M+ |Igaﬂd A AEicmic AErepuIs+ AEorbital AErepuls AEorbital _AEtotaI
Li* NN 2.061 —90.9 42.6 >42.6 <0 48.3
Li* NCCN 1.944 —187.0 84.2 >61 <23 102.8
Lit NCCCCN 1.906 —229.7 103.2 >69 <34 126.6
Li* NCH 1.927 —227.1 85.5 >64 <22 141.6
Lit NCCCH 1.895 —261.7 106.5 >72 <35 155.2
Li* NCCCCCH 1.876 —281.7 1179 >77 <41 163.8
Be" NN 1.794 —140.0 52.4 >52.4 <0 87.6
Be" NCCN 1.654 —279.1 76.6 >91 <—14 202.5
Be" NCCCCN 1.617 —336.0 87.4 >106 <—18 248.6
Be" NCH 1.655 —317.1 65.3 >90 <-=25 251.8
Be" NCCCH 1.613 —367.6 81.6 >108 <—26 286.0
Be" NCCCCCH 1.592 —396.3 89.5 >120 <-—30 306.8
Na* NN 2.463 —50.1 21.0 >21.0 <0 29.1
Na* NCCN 2.334 —-112.1 43.5 >31 <13 68.6
Na* NCCCCN 2.295 —140.8 53.9 >36 <18 86.9
Na* NCH 2.308 —149.0 46.8 >34 <13 102.2
Na* NCCCH 2.275 —170.3 58.0 >38 <20 112.3
Na* NCCCCCH 2.256 —182.8 64.6 >41 <24 118.2
Mg* NN 2.477 —49.2 21.6 >21.6 <0 275
Mg+ NCCN 2.214 —130.4 41.0 >49 <-8 89.4
Mg* NCCCCN 2.151 —167.4 49.4 >58 <-9 118.0
Mg* NCH 2.188 —168.8 38.5 >52 <—13 130.3
Mg* NCCCH 2.134 —198.3 49.1 >62 <-—13 149.2
Mg+ NCCCCCH 2.104 —215.4 54.7 >69 <—14 160.6
Alt NN 2.855 —30.2 11.6 >11.6 <0 18.6
Al* NCCN 2.353 —109.5 42.2 >51 <-=9 67.3
Alt NCCCCN 2.207 —156.1 60.0 >80 <-20 96.1
Al* NCH 2.291 —151.5 44.6 >62 <-17 107.0
Alt NCCCH 2.172 —190.1 62.7 >88 <-—25 127.5
Alt NCCCCCH 2.107 —214.3 73.2 >106 <—33 141.2
K+ NN 2.946 —=27.1 8.9 >8.9 <0 18.2
K+ NCCN 2771 —67.8 20.5 >14 <7 47.3
K+ NCCCCN 2.715 —88.9 27.0 >19 <8 61.9
K+ NCH 2.722 —101.6 25.6 >18 <8 76.0
K+ NCCCH 2.684 —114.5 30.4 >21 <9 84.1
K+ NCCCCCH 2.662 —122.7 33.6 >24 <10 89.1
Cat NN 2.690 —37.0 19.0 >19.0 <0 18.0
Cat NCCN 2.475 —94.4 26.2 >34 <— 68.2
Ca" NCCCCN 2.419 —121.7 29.9 >43 <—13 91.8
Cat NCH 2.448 —129.7 25.3 >39 <—14 104.4
Ca" NCCCH 2.400 —149.4 29.9 >46 <—16 119.6
Cat NCCCCCH 2.373 —161.3 32.5 >51 <—18 128.9

a Component energy terms are defined as and obtained in the manner specified in the text.

between adjacent atoms. We have performed an AIM study, atare much lower than those of the complexes of the correspond-

the B3-LYP/6-313#-G** level of theory, of M™ with Ny, with
HCN, and with NCCN, with salient results summarized in Table
4. The AIM results of interest for each species inclodp(rc),

the Laplacian of the electron density at the bond critical point
re, gu+, the AIM formal charge on the metal atom, and
BOco(MT—N), the AIM covalent bond order for the identified
bond. It can be seen that tR&o(r.) value for each M is always
positive and is consistently larger for'Moordination to NCCN

or HCN than to N. A positive V 2o(r.) value indicates that the
M™*/ligand interaction is dominated by ionic rather than covalent
effects, although the magnitude fp(r) is dependent on the
intensity of the M/ligand interaction as well as on its (ionic or
covalent) character. A largely ionic interaction betweehdwd

the ligand is supported, in all cases, by the AIM metal-atom
formal charge valuegy+, which are invariably between 0.96

ing alkali metal ion N& despite comparatively larg#r.) values
for AIT/NCCN and AI/NCH. The Be/ligand and Af/NCR
(R = H, CN) AIM covalent bond orders are also notably the
largest seen among the complexes in Table 4, followed by the
bond-order values determined for Mgnd Cd with either
NCCN or HCN. Finally, we can note also that the alkaline earth
ion complexes invariably feature a significant excesea spin
over 3 spin contribution in the overall covalent bond order,
indicating that radical stabilization through delocalization of the
unpaired electron is an important factor in the drive toward par-
tial covalent bond character in these odd-electron complex ions.
The AIM results confirm our inference (based on BDE
decomposition) that the alkali metal ion complexes feature the
smallest degree of covalent character andi Bed Al exhibit
the largest. Furthermore, the covalent bond orders invariably

and 1.01. Nevertheless, indications of some covalent characteifall far short of unity (or even semiunity), thus supporting also

are evident for the Becomplexes, which exhibit substantially

our interpretation that even in the Band At complexes the

the highest bond-critical-point density values among the speciescontribution from electron sharing remains subservient to the

surveyed, and the Alcomplexes for which the Laplacian values

stronger electrostatic interaction betweer kind the ligand.
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Figure 2. Dependence of the summed nonionic contributions to the overdliddnd BDE, namelyAEqital + AErepuis ON the optimized M—N
internuclear separation. Plotted values, obtained from Table 3, were determined from total and ionic energies determined at the CP-dG2(MP2)thaw
or CP-G2(MP2) level of theory.

TABLE 4: Summary of Results of an Atoms-in-Molecules (AIM) Analysis at the B3-LYP/6-313%#G** Level of Theory of the N,
HCN, and NCCN Metal lon Adducts

M+ ligand  p(r)@  V2(rd®  r(M*—=NYAc  r(MF—r)/Ad  r(reNYAd gute BO(M*—N)'  BOyM*t—N)9

Li* NN 0.0222 0.1440 2.061 1.299 0.761 0.974 0.068

Li* NCCN 0.0315 0.2120 1.944 1.225 0.719 0.963 0.095

Li* NCH 0.0333 0.2239 1.927 1.214 0.713 0.962 0.101

Be* NN 0.0506 0.2673 1.794 1.189 0.605 0.988 0.291 0.205
Be" NCCN 0.0762 0.4183 1.654 1.087 0.567 0.966 0.352 0.240
Bet NCH 0.0768 0.4138 1.655 1.087 0.567 0.967 0.354 0.240
Nat NN 0.0153 0.0904 2.463 1.373 1.090 0.978 0.073

Nat NCCN 0.0219 0.1349 2.334 1.298 1.036 0.967 0.105

Nat NCH 0.0237 0.1464 2.308 1.283 1.024 0.964 0.114

Mg* NN 0.0170 0.0628 2.477 1431 1.045 1.006 0.191 0.136
Mgt NCCN 0.0292 0.1667 2.214 1.275 0.939 0.984 0.255 0.167
Mg* NCH 0.0310 0.1835 2.188 1.259 0.929 0.980 0.264 0.170
Al NN 0.0148 0.0206 2.855 1.478 1.377 0.987 0.161

Al+ NCCN 0.0314 0.0417 2.353 1.360 0.993 0.971 0.324

Al NCH 0.0344 0.0597 2.291 1.338 0.954 0.968 0.348

K+ NN 0.0107 0.0466 2.946 1.472 1.474 0.986

K+ NCCN 0.0164 0.0739 2.771 1.382 1.389 0.976 0.108

K* NCH 0.0186 0.0837 2.722 1.358 1.364 0.972 0.122

Ca* NN 0.0171 0.0801 2.690 1.381 1.309 0.997 0.172 0.117
Ca* NCCN 0.0297 0.1435 2.475 1.259 1.216 0.975 0.254 0.162
Ca+ NCH 0.0321 0.1536 2.448 1.245 1.204 0.970 0.270 0.170

aEnergy density at the M-N bond critical point? Laplacian of the energy density at the*MN bond critical point® M™—N internuclear
separation in the optimized metdlgand complex? Separation of the bond critical poirg from the indicated atonf. AIM formal charge on the
metal atom! Calculated covalent bond order of the"MN interaction.? Calculateda-spin contribution to the overall covalent bond order of the
M*—N interaction for the alkaline earth ion complexes.

3.4. Insights from the Morokuma/Ziegler Bond-Energy optimized complexAVeis, the classical electrostatic interaction
Decomposition SchemeWe have performed an alternative between the fragments’ intrinsic charge distributioA&paui;,
analysis of the M/ligand bond energy within these complexes the Pauli repulsion representing the destabilizing interactions
using a decomposition scheme originally advanced by Moro- between occupied orbitals; amiiE,;, the (attractive) orbital

kum&768 and Zieglel®7° This scheme, as implementéd? interaction energy summing covalent and electron-transfer
within the density functional theory program suite AP, interactions. For the species under discussion h&Eg; can
involves the partitioning of energy terms also be usefully subdivided asEqi(o) + AEq (). Results of
this energy-decomposition approach are shown in Table 5.
ABpong= AEpept AVgi t AEp,i 1+ AE,, (5) The BDE values obtained at the B-LYP/TZP level of theory,

shown in Table 5, systematically exceed the counterpoise-
where the component terms a&,e, the energy required to  corrected values in Table 1. The discrepancy between the DFT
deform the fragments (hereMand NG.X) from their separated ~ values and the Table 1 values exceeds 20% in some instances,
equilibrium structures to the geometries adopted within the and the largest absolute difference (35 kJ Tpls seen for
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TABLE 5: Components of the M*/Ligand Bond-Dissociation negligible for the Na and K" complexes, and we find for these
CE:nIergly (_BDE')A'n k~]d_m0|_l ﬁbtﬁl/'lnedkfmf;‘/ZB_'l—TP/TZP complexes (after considering the difference between the coun-
alculations According to the Morokuma/Ziegler terpoise-corrected ab initio and the density functional theory

Bond-Energy Decomposition Approachi f .
BDE values) that generally good agreement is obtained between

M* ligand AEpef AEpauf AVesf AEoi(0)* AEoi(m)? —AEot the AEonic term of eq 3 and the sumVes; + AE,; of eq 5.

'—?i NCCN ~ -0.5 437 -—79.2 —364 —464 1188 In contrast to N&, for Mg* the AEi(0) term (which generally

Lt NCCeH 07 562 -137.6 —381 556 1743 exceedsAEq(r) for these complexes) displays significant

Be® NCCN 11 4148 -2693 —-2453 -1230 2217 variability. For the alkaline earth ion complexes, the!

Be* NCCCH 28 4837 —357.9 —270.1 —1500 3114 occupation of the metal ion’s valence shell formally permits

Na® NN 00 138 -229 -175 -117 382 covalent bonding. The strength of this bonding contribution

mgi HE%N :g-g gi-g :3(7)'2 :g-g :g;-g 183-% might be crudely gauged if we assume that the nitrogen atom's

Na+ NC;N 05 382 -875 —182 —472 1142 teno_I(_ancy for lone-pair _electron donation toward the +Mg_

Na® NCH 02 346 -1060 -180 —19.2 108.3 positive charge center is comparable to the corresponding

Na* NCgH 09 389 —1116 -17.6 —332 1226 tendency in the Nacomplex, as encompassed by the consistent

Na" NCsH 04 418 -116.7 -17.8 —431 1355 Na" AEqi(o) values. However, because the optimized-Ni

Na® NC/H 06 445 -1206 -181 —51.2 1448 distance differs measurably for M Na versus Mg, it is not

Mg* NN 02 798 -543 —446 —159 349 ultimately feasible to assign separate covalent and ionic bond

Mg® NCCN  —-03 1640 —1375 -73.7 —49.0 965 strengths to the Mtyligand interaction because of the concerted

mgi NCN 00 1940 -170.5 -839 -708 1311 response of the Pauli repulsion and electrostatic and orbital
g™ NGsN 12 2108 -189.3 -89.9 -—87.1 154.3 ) . i :

Mg*® NCH 04 1764 —1921 -82.0 -354 1327 interaction terms to the metalligand separation. Overall,

Mg* NCaH 13 2037 —-2122 -883 —62.9 1584 although electrostatic terms dominate the bonding contributions

Mg* NCsH 1.3 2191 —2252 -93.0 —82.0 179.7 for the Mg complexes in the same manner as that seen for

Mg* NCH 19 2304 -2342 -966  -968 1953 Na, the inclusion of covalent interactions within tidE;(o)

At NN 0.1 409 -266 —27.4 -9.4 22.4 term renders invalid for Mg the relationAEipnic &~ AVest +

Al* NCCN  -03 1677 —-1158 -80.5 -43.2 722 AE,;, which is found to hold tolerably well for Na

AT NG 0.3 2029 ~1732 ~1128  —74.7 1080 Yet largerAEi(o) terms are seen in the Atomplexes, which

AlT  NGsN 14 3108 —211.4 —1340 -100.5 133.7 : '

Al* NCH 0.2 1982 -1752 -98.1 —33.3 108.2 for AI*/NC7H and AFINCxN (n = 0, 1, 2, 3) haveAE

At NCsH 1.2 280.0 —222.2 —-125.1 —69.8 135.8 exceedingAVeistin magnitude. It is evident that the change in

Al* NGCsH 16 3342 —2543 —143.6 —984 1605 AEi(0o) from Na“ to Mg™ to Al is substantially greater than

Al NGH 27 3717 —276.4 -1564 —1209 1793 the change iM\Eq;(7) for the same sequence of ions, indicating

K* NCCN -04 259 -446 -132 -176 498 that the opportunity for covalent bonding in the Mgnd A"

K* NCCCH 04 384 -891 -154 -225 882 complexes is a significant factor within the overall BDE of these

Ca”~ NCCN 0.1 167.6 —1349 -78.1 —405 858 complexes. The B-LYP calculations also reproduce the finding,

Ca" NCCCH 0.7 2041 -2027 -90.6 —529 1414 seen in Table 1, that the binding energies to cyanopolyynes
a Component energy terms are defined as and obtained in the mannedncrease distinctly more steeply with increasing cyanopolyyne

specified in the text. size for Al* than for Na. An increasing covalent interaction

Mg*/NCeN. The divergence of the DFT and ab initio values between At and the larger ligands may well account for this

arises, in part, through the lack of correction for either zero- difference in N& and Al* BDE trends. ] ]
point vibrational energy or basis set superposition error in the We have also performed Morokuma/Ziegler BDE decomposi-
DFT values but may well represent additional inaccuracy of tion calculations on the NCCN and HI complexes of L,

the DFT method used here. Note that because our primary intentB€”, K*, and Cd. These calculations, in concert with the values
with the DFT calculations is to explore trends in bonding for Na“ and Mg', allow us to observe that for both the alkali
influences and because the DFT calculations generally reproduceMétal and alkaline earth monocation&,(o) accounts for a
very well the BDE trends evident in Table 1, the apparent substantially larger fraction of the total BDE for the first-row
imprecision in individual B-LYP BDE values is not a cause Metal ions than for the second- and third-row ions. Although,
for great concern. ThAEep term is essentially negligible in ~ @s noted above, covalency is not the only factor influencing
all instances, exceeding only 1% of the DFT-determined bond AE,i(0), the trend described here is consistent with the generally

dissociation energy in the instance of ANC/H. better overlap afforded in covalent interactions involving first-
A comparison of the energy-term trends for the'N&Ig™, row metal atoms than for those of second- and third-row metal

and Al complexes is informative. The alkali metal jon atoms.

complexes are dominated WWeis; the N, complex is the only 3.5. General Discussion and SummaryThe metal ion/

example for Na where AE,; exceedsAVes; in magnitude. ligand complexes explored here all feature the coordination of

Separation of th E,; term intoo- andz--symmetry components ~ M™ to the lone pair of an sp-hybridized N atom. The ligand’s
reveals a remarkable consistency betwedty(o) values for further structure is effectively totally hidden from“Wy this

the eight Nd complexes, with all values lying betweerl7.4 eclipsing nitrogen. That the computed"fMgand BDE values
and—18.3 kJ mot?l. AEy(r), which here corresponds largely depend so greatly on the ligand’s concealed concatenation of
to the shift in ligandz-electron density toward the sodium ion, C, N, and/or H atoms thus demonstrates the dramatic influence
exceed\E,i(0) in magnitude in all N&a complexes except with  of the ligand’s electron distribution on the'Migand interaction.

N.. Similarly, AEqi(0) is dominated by the tendency for N-atom  This influence can readily be rationalized in a qualitative sense
lone pair electron donation toward Narhus both of the major by a perusal of the molecular multipole and polarizability tensors
orbital interactions in any given Ndigand complex are, in fact,  displayed in Table 2 or in a more quantitative fashion as
effects embodied within the\Ejonic term of our ab initio discussed in sections 3.2 to 3.4. Nevertheless, it remains notable
calculations as presented in Table 3. This observation strength-that for a given metal ion M the optimum distance foo

ens our assertion, in section 3.2, th&Eqmia from eq 3 is coordination to N can vary by as much as 0.74 A, as indicated
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in our B3-LYP/6-31H#G** optimizations on the At-containing than the corresponding,B values obtained through complete
complexes. Thus, although a simple electrostatic model for the basis set limit calculation¥:”>The calculations reported in the
M/ligand interaction is conceptually very useful in explaining present work demonstrate (so far as we can establish, for the
the trend in BDEs, it is clearly inappropriate to view the first time) thato coordination of a metal ion Mto a single
interaction as a hard-sphere phenomenon. It is also not possibldone pair on a nonpolar molecule can result in the formation of
to elucidate a set of effective ionic radii that are consistent with a metal ion/ligand bond of comparable strength to that ensuing
the observed variation in optimized™ N distances: whereas from o coordination to a highly polar molecule or from

for Al this distance contracts by 0.74 A when #iCsubstitutes coordination to the delocalized electron cloud of an aromatic
for N, the analogous contraction for Nas only 0.21 A. As molecule such as benzene.

noted in the preceding sections, the tendency for the more

strongly bound alkaline earth ion andAtomplexes to exhibit 4. Conclusions

much shorter M—N separations than are seen in the weakly  jigh jevel quantum chemical calculations reveal several

bound N complexes of these metal ions is symptomatic of & yens in the bond dissociation energies (BDEs) dfildand
significant covalent contribution to the bonding between these complexes where the ligand is an unsaturated, linear N-
metal ions and the highly polar cyanopolyyne or polarizable grminated molecule. Aside from the typical trends expected
dicyanopolyyne ligands. for such complexes, namely, that BDE values for a given ligand
How do these BDE values compare with those of other are higher for first- than for second- or third-row metal ions
ligands? In recent worké we have used the same levels of and are higher for alkaline earth monocations than for alkali
theory (CP-dG2thaw and CP-G2) as employed here to determinemetal ions and that BDE values for a given metal ion are
BDEs for second- and third-row metal ions with ByHH,0, uniformly lowest for nonpolar Band highest for the largest
HF, Ne, GH», and GH4. Our calculated BDEs fas-coordinated polar molecule explored here, HE, there are also more subtle
N2 are only approximately one-half (for alkali metal ions) or tendencies evident. We find that the influence of local bond
one-third (for alkaline earth ions andAlas large as the BDE  polarity on the magnitude of the calculated BDE values exceeds
values forr coordination to either &1, or C;Hs. Why then that of the molecule’s overall polarity (or nonpolarity) because
does not N, which is formally isoelectronic with HCCH,  binding energies for the nonpolar larger dicyanopolyynes are
preferentially adoptr coordination ovew coordination? The  seen to converge toward the values exhibited by the largest
quadrupole moment of €1, encourages coordination of this cyanopolyyne HEN. We also find that the alkali metal ion
ligand, and its polarizability is greatest along the HCCH axis complexes are almost purely ionic in character, whereas
where, however, the locally weak electron cloud in the vicinity significant (although still subservient) covalent character is
of the hydrogen nucleus is an impedimenttooordination. In evident in the alkaline earth ion complexes and in those of Al
contrast, N has a quadrupole moment that directs metal ions
towardo coordinatio? (without any intervening H atoms), and Acknowledgment. | thank Rob Dunbar and Eric Magnusson
the polarizability, again favoring coordination, is considerably  for their insightful perspectives on metal ion complexation and
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that this transition structure (to-complex N interchange) is ~ Supercomputing Facility, from the Australian Partnership of
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