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The structures and incremental binding enthalpies of cafigand complexes formed from a single coinage
metal cation (Ct, Ag™, and Au’) and as many as four dimethyl ether (DME) ligands are studied with second-
order perturbation theory (MP2) and coupled cluster theory (CCSD(T)). Basis sets of up to augmented quintuple
zeta quality were used in an effort to minimize basis set truncation error. The present results are compared
with recent collision-induced dissociation measurements for tH€MME),, complexes, as well as with related
complexes in which water either replaces dimethyl ether as the ligand or alkali metal cationN4Liand

K*) replace the coinage metals. Agreement between the theoretical and experimental incremental binding
enthalpies is good for the two larger copper complexasly(Cut(DME)s) = 13.9 (theory) vs 13.1 0.9
kcal/mol (expt) andAHq(Cu"(DME),) =11.5 (theory) vs 10.8 2.3 (expt), where values are expressed in
kcal/mol. For the two smaller, more tightly bound copper complexes, the level of agreement is somewhat
poorer: AHo(Cu"(DME)) = 48.4 (theory) vs 44.3- 2.7 kcal/mol (expt) andAHo(Cut(DME),) = 50.6 (theory)

vs 46.1+ 1.8 (expt). In general, DME binds copper, silver, and gold-25% more strongly than water

binds the same cations.

Introduction most sophisticated that could be performed at that time (2996
Following Pederson’s discovery of the class of compounds 1997) on systems as large as(BOME),. On the experimental

known as crown ethers in the 1960hese systems have played side, uncer_tainti(_es _arise from the need to correct the apparent
a key role in the field of separation science. Crown ethers are onset of dlssoc_latlon for the effects of multiple collisions .
known for their ability to selectively bind specific cations in Petween the cation/ether complex and the rare gas atoms. This
the presence of chemically similar species. Because crown ethergeads to e_xtra_polat|ons of long tails in the cross section vs
of practical importance are relatively large compounds by the cpmplex_klnetlc energy curve 1o thieue energetic onset_of
standards of ab initio electronic structure methods, theoretical dissociation (as opposed to thpparentthreshold). Uncertain-

approaches to their study often involve preliminary steps which ties may also arise fm".‘ yanagons in the internal temperature
focus on smaller, prototype systems that are computationally of the complex _and the finite ummoleculgr decay rate. The latter
more tractable. Such model systems provide an opportunity for effect_can ble important _becaus:e Fhel |ons move_tf(;roufgh the
calibrating less sophisticated levels of theory that are affordable expln(arrlznenta apparatus in a relatively short period of time
for large molecules against higher accuracy, and more expensive,( ] S)'. o i

levels of theory. In addition, calculations on prototype systems  Koizumi et al” have recently reported experimental CID and
can be essential in the development of molecular force fields theoretical AHine, values for the CU(DME), n = 1-4,
because of the absence of critical experimental #afrther- ~ complexes. The two sets of values were in good agreement with
more, gas phase experimental data, against which the results ofach other. The theoretical values were obtained from a mixture
electronic structure calculations can most easily be compared,of second and fourth order perturbation theory and density
is more likely to be available for smaller chemical systems which functional theory (DFT) methods, used in combination with a
are easier to vaporize in a controlled manner. variety of small-to-medium size basis sets. As an illustration

Consequently, we have previously studied complexes formed©f the level of agreement between theory and experiment,
from a single alkali metal cation (tj Na, and K*) and one Koizumi et al. reported theoretical values for the Mether
or more dimethyl ether (DME) ligands, O(GH4® The dissociation energy,AH(Cut(DME)), in the range of
interaction between M and DME serves as a simple model 43-4-48.4 kcal/mol vs 44.3+ 2.7 kcal/mol (CID/expt). For
for the constituent interactions between alkali cations and AHine(CU"(DME)y), the theoretical values ranged from 43.6 to
oxygen-bearing crown ethers. Our calculated values of the S0-7 kcal/mol vs 46.1 1.8 kcal/mol (CID/expt.). All of the
incremental binding enthalpyHinc:, fell generally within -2 MP2 and most of the DFT theoretical blndlng enthalpies were
kcal/mol of collision-induced dissociation (CID) measure- corrected for the undesirable effects of basis set superposition
ments’: Where larger discrepancies between theory and experi- 8Mor (BSSE). This effect, which arises from the use of
ment were observed, it was difficult to identify their cause. On incomplete basis sets, produces binding energies that are
the theoretical side, second-order Mgti&lesset perturbation artificially stronger than would be the case in the absence of

theory (MP2) calculations with the 6-31G* basis set were the ~ BSSE. Koizumi et al. note that restricted Hartrdeock
geometry optimizations led to highly symmetric global minimum

* To whom correspondence should be addressed. structures ofC;,, Dog, D3, andS, for the Cu"(DME),, n = 1—4,
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complexes, respectively. Optimizations at higher levels of theory TABLE 1:
found lower symmetry global minima o€, C, and C;

Basis Set Combinations and Cation Energies

Cut(H.0
symmetry for then = 1-3 complexes. Because of the (H2O)n T
computational expense, no search for a lower symmetry form label Cu Bipo(CU",'S) H.C.0
of Cu"(DME), was attempted. 6-31+G*  [8s,6p,4d,1f] —1638.97443 6-31G*

In the present work, we extend our earlier studies of cation/ :%'?% Eifggg'dlgf 14] :1228-8;‘5“;2 Zﬂgﬁgngz
dimethyl (_ather complfxes to ones formed from a smgl_e_comage avoz [133"12”317’(114’”12 g,1h] —1639.18014  aug-cc-pVQZ
metal cation (Ct, Ag", and Au’). We probe the sensitivity of  ays7z [16s,15p,8d,5f,3 g,2h] —1639.24640  aug-cc-pV5Z
the results to improvements in the one-particle (basis sets) and CvTz [10s,7p,5d,1f] —1793.94612 cc-pCVTZ
n-particle (correlation energy) spaces, the two leading causes Ag*(H:0)
of error in electronic structure methods. We take advantage of g7k —
the development of the correlation-consistent basis sets devel-____abel Ag BeAAg''S) HCO
oped in this laboratory. These basis sets provide a practical route6-31+G*RECP [6s,5p,3d,1f] —146.18688 6-3+G*
for approaching the complete basis set limit to within a tolerance a¥'|l?§//§|lzzgpp {Ss’ip’ggéﬂl | —iig-égggi aUQ-CC-p%l?%
dictated by the limitation of finite computational resources. & S, /poad.2llgl 146 aug-cc-p
Comparisons are made with the work of Koizumi ef aind aVQZ/RECP  [10s,9p,7d,41,2 g, 1n}-146.64905 aug-cc-pvQz
with our earlier findings for M(H20),, for M a coinage metal, Au*(H20)n
and M (DME),, wher_e M is an alkali m_etal._ To the pest of our label Au Bup2(Au™,1S) H.C,0
knowledge, no experimental or theoretical _mformatlon has been 6-311 GY/RECP [7s,3p.4d,11 13506768 6-31G*
reported for silver and gold Complexes with DME. aVDZ/RECP [7s,5p,4d,1f] —135.06768 aug-cc-pVDZ

aVTZ/RECP [9s,7p,6d,2f,1g] —135.25741 aug-cc-pVTZ
Methods aVQZ/RECP [11s,9p,7d,4f,2 g,1h}-135.36233 aug-cc-pvVQZ

a Silver core= 28e” (Ar + 3d'9). " Gold core= 60e™ (Kr + 4d'° +

The theoretical approach that was followed is similar to the 419

approach used in our previous study of (¥1,0),, M = Cu,

Ag, Au, complexes? Preliminary MP2 geometry optimizations
and normal mode calculations were performed with a combina-
tion of the diffuse function augmented 6-BG* basis set on
oxygen and the 6-31G* basis set on hydrogen and carbbn.
These were paired with an [8s,6p,4d,1f] all-electron basis set
for copper and similar quality relativistic effective core potential
(RECP) basis sets for silver and gold. This differs somewhat
from our approach for Ci(H,O), where copper was treated
with an RECP. The RECP for silver was taken from the work
of Andre et alt®and replaces a 28eore (Ar-3d). It is labeled
ECP28MWB, following the Stuttgart ECP naming convention.
The RECP for gold is from Schwerdtfegger etdand replaces

a 60e core (Kr +4d+4f). Within the Stuttgart collection of
ECPs, it is referred to as ECP60MDF. For the sake of brevity,

we will refer to these relatively simple, composite basis sets by basi Th . ber of i d 15
the label 6-3%-G*, as indicated in Table 1. asis sets. The maximum number of vectors eliminated was

Larger basis sets are necessary for probing the sensitivity of " the case of the aV5Z basis set on"(BME). Although the

the predicted structures and binding enthalpies to the degree ofg ir:rc:vgl tﬂfetzf;? ;Lr']récrtlonbs 'Zécgrgiggfgsdgf ;nra'ialtljhgrt')[?evs iﬁg
completeness in the one-particle expansion. For H, C, and O, 9 gy by ’

we used the diffuse function augmented correlation consistenteﬁeCt on energy differences will be even smaller_ becausg the
basis sets, aug-cc-pVxZ, % D — 51516 Because correlation same threshold was used on the complex and its constituent

consistent transition metal basis sets have not been reportedfrag.men.ts' .
Vibrational frequency calculations were performed at a

we used the metal basis sets developed for our study of . -
M*(H.0), complexes? The aV5Z basis sets for carbon and number of different levels of theory, as discussed below, to
2= | obtain zero-point energy corrections to the binding energies.

oxygen contain two sets dfi functions. Consequently, the
corresponding copper basis set should contain multiple
functions for the sake of consistency. However, these were not
included because of software limitations. The composition of  Copper ComplexesThe MP2/aVDZ optimized structure of
all of the metal basis sets is given in Table 1, where we again Cut(DME) possesseSs symmetry (see Figure 1), in agreement
abbreviate the aggregate basis set names to aVDZ, aVTZ, etcwith the calculations of Koizumi et &lAt this level of theory,
Only the spherical components of the Cartesian polarization the copper atom lies 13.6&ut of the plane formed by the oxygen
functions were used in all calculations. and two carbon atoms of DME. Forcing the copper atom back
Unless otherwise noted, the frozen core approximation was into plane results in a higher energy, higher symme@y,)(
used for all correlated calculations; that is, the carbon and structure that corresponds to a first-order transition state
oxygen 1s pairs of electrons were excluded from the correlation connecting the two equivale@s conformations. The potential
treatment, along with the Ar core of copper and, of course, the energy surface for out-of-plane bending is extremely flat, as
core electrons included in the RECP’s. Calculations were indicated by a vibrationlegss — C,, barrier height of just 0.01
performed with Gaussian ¥8and MOLPRO 2008 on an SGlI kcal/mol. As the quality of the basis set improves, the out-of-
Origin 2000. Large basis set 600 functions) MP2 calculations  plane bending angle decreases to less tiaisiggesting that
were performed with NWCheth on a 512 node IBM SP. in the CBS limit it might disappear altogether. In contrast,

Geometry optimizations used the equivalent of the “tight”
convergence criterion in Gaussian, which corresponds to a
threshold of 1.5x 107° Hartree/bohr. A complete list of
Cartesian coordinates for all complexes is available from the
authors upon request.

When large basis sets containing extra diffuse functions are
used in molecules such as the one examined in this study, linear
dependency can become a problem. In particularly severe cases,
it may be impossible to converge the Hartréeck calculations
if nothing is done to minimize the problem. Therefore, in the
present work, a threshold of 1®on the eigenvalues of the
overlap matrix was selected for the elimination of near linearly
dependent basis functions. In practice, this threshold resulted
in basis functions being removed for only the aVQZ and aVvV5Z

Results and Discussion
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Figure 1. MP2 and CCSD(T) optimized structures for the'(@ME),
complexes. The geometries for GOME),, n = 2—4 were obtained
at the MP2/aVDZ level of theory.

Cut(H.0), was predicted to haveG, structure with the same
basis sets and an MP2 level of theory. Alkali metal complexes
formed with DME are also found to hav&, symmetry. The
cause of the weak tendency for GDME) to adopt aCs
conformation is unknown. However, we note that the barrier is
so small that the complex can be considered to h@ye
symmetry for all practical purposes. The-€0 bond distance

in Cut(DME) is relatively insensitive to the quality of the basis
set, contracting by 0.039 A across the avDZ, avVTZ, avVQZ basis
set sequence (see Figure 2). At the best level of theory used in
geometry optimization (MP2/aVQZjc,o = 1.880 A, a value
that is slightly shorter than the corresponding distance in
Cut(H,0), wherercyo = 1.908 A. This reflects the stronger
metal-ligand attraction between copper and DME as discussed
below.

Besides the effect of the completeness of the basis set, w
have also investigated several other factors that could potentially
impact the accuracy of our results. Higher order correlation
contributions to the predicted €O distance were determined
by a series of coupled cluster theory calculations including
noniterative triple excitations, CCSD(T). As shown in Table 2,
CCSD(T) results in a~0.02 A lengthening ofcuo with the
aVDZ and aVTZ basis sets. Optimization at the CCSD(T)/avQZ
level of theory proved to be computationally too expensive.
Scalar relativistic effects, which are known to be important for
accurate bond lengths involving transition metals, were incor-
porated via the mass-velocity and one-electron Darwin (MVD)
corrections evaluated at the MP2/aVTZ level of theory. The
former property, in atomic units, is given by
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Figure 2. Convergence of the CtO distance and dissociation energy

for Cut(DME) as a function of the basis set size, along with the

relativistic and core/valence corrections to these properties. Counterpoise-
corrected values are denoted with the suffix (CP).

and the latter by

212 Z ZZAé(riA)-
C T

These are the leading terms in the Breit-Pauli Hamiltonian for
low Z elements. Incorporation of relativistic effects resulted in
a 0.032 A contraction afc,o, nearly canceling the lengthening
associated with the use of CCSD(T).

A third and much smaller effect in this system is due to core/
valence (CV) correlation. As previously noted, in conventional
frozen core calculations, the carbon and oxygen 1s pair of
electrons are excluded from the correlation treatment, along with
the Ar core of copper. To determine the magnitude of the CV
effect, we performed a series of calculations in which the carbon
and oxygen 1s and the copper (3s,3p) electrons were included
in the correlation treatment. The cc-pCVTZ basis set which
includes additional core functions was used for DME, and a
modified [13s,10p,6d,2f,1g] contracted basis set with additional
“tight” functions to better represent the core was used for copper.
The MP2(CV) calculations predicted a 0.005 A shortening of
the Cu-O distance. For the larger €¢(DME), complexes,
where geometry optimization with extended basis sets, higher
order correlation, scalar relativistic corrections, and CV cor-
relation was too expensive, we expect that the MP2/aVDZ level
of theory should yield copper-ligand distances thatafe05
A too long, based on our calculations for GDME).

Zero-point exclusive, electronic dissociation energigg for
Cuf(DME) at the MP2 and CCSD(T) levels of theory are listed
in Table 2 and are depicted graphically in Figure 2 as a function
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TABLE 2: Cu *(DME), Total Energies (), Optimized Cu—O Bond Lengths (&), and Vibrationless, Incremental Electronic

Dissociation EnergiesD¢(kcal/mol)

system basis # funct's method total energy rcuo fcuo De
Cu*(DME) (CJCy,)? avDZ 176 MP2 —1793.63716 1.919 44.6
CCSD(T) —1793.64675 1.939 43.8
avTz 362 MP2 —1793.90887 1.887 47.2
CCSD(T) —1793.91228 1.911 45.9
avQz 657 MP2 —1794.04046 1.880 48.5
avszb 1046 MP2 —1794.12063 1.880 47.1
Cu*(DME); (Cy) avDZ 299 MP2 —1948.30247 1.874 46.3
CCSD(T) —1948.36269 44.2
avTze 638 MP2 —1948.72284 48.8
avQz 1173 MP2 —1948.90006 49.4
Cu*(DME)3(Cy) avDZz 422 MP2 —2102.92203 2.191 1.929 17.5
avTze 914 MP2 —2103.48644 16.6
avQz 1689 MP2 —2103.70726 15.8
Cut(DME)4(S) avDZ 545 MP2 —2257.53795 2.083 15.3
avTze 1190 MP2 —2258.24559 13.8

a At the MP2/aVDZ level of theory, the optimized structure i@symmetry. At the MP2/aVTZ and MP2/aVQZ levels of theory, the structure
was within 5 of C,,. P Calculation performed at the optimal MP2/avQZ geometi@alculation performed at the optimal MP2/aVDZ geometry.

of the basis set size. The convergence pattern is similar to thatTABLE 3: Cu *(DME), Incremental Binding Enthalpies?

observed for Cti(H,0) with the same basis sets. After increas-
ing almost linearly from aVDZ through aVQZ, the binding
energy decreases by 1.4 kcal/mol to 47.1 kcal/mol with the large
aV5Z basis set. This failure to exhibit monotonic convergence
probably reflects some residual underlying irregularity in the
copper basis sets. Similar energetic effects with respect to the
complete basis set limit have been observed for other hydrogen

bonded systems as a function of the correlation consistent basis

sets??

Theoretical binding energies are often corrected for the
artificial effects of BSSE by applying the counterpoise correction
(CP) of Boys and Bernardt However, our experience with a
variety of cation/ligand complexes and the diffuse function

augmented correlation consistent basis sets indicates that CP-

corrected binding energies often differ more from the complete
basis set limit than the raw valug&?223As shown in Figure 2,

the situation with Ct(DME) is more complicated. For the
aVDZ and aVTZ basis sets, the CP corrections are substantial,
and their inclusion results in binding energies that seriously
underestimate the CBS limit, taken as the average of the avV5Z
and CP-corrected aV5Z values. However, for the aVQZ basis
sets, the CP corrected binding energy is closer to the CBS limit
than the raw, uncorrected value. Ultimately, of course, the raw

and CP-corrected results must converge to the same limit. Based

on these findings for CUDME), we adopt the CP-corrected
values as our best estimate of the CBS limit for"(MME),
and Cu(DME)s. For Cu"(DME)s, where the aVTZ basis set

result as our best binding energy.

The theoretical binding enthalpy of C(DME) at 0 K (AHg)
is listed in Table 3 along with the contributions to it from zero-
point energy AEzpg), scalar relativistic effectsAEsg), higher
order correlation AEccspr), and core/valence correlation

(evaluated at the MP2/aVFrel. geometryyc,o = 1.855 A)
and acts to increase the binding energ\Esr is relatively

0.2 kcal/mol at the longer MP2/aVTZ bond lengthrgf,o =

Cu*(DME)
best MP2(FCDe
AEzpe
AEsr
AEccspm
Ecv
total
expP

Cu*(DME),
best MP2(FCDe
AEzpe

AEsr

AEccspm)

AEcy

total

expf

Cu'(DME)s
best MP2(FCDe
AEzpe

AEsr

total

expt

Cu"(DME)4
best MP2(FCDe
AEzpe

AEsr

total

expt

11.5
10.8+2.3

comments
MP2(FC)/aV5Z
MP2(FC)/avDZ
MP2(FC)/avVTZ
CCSD(T)(FC)/aVTZ
MP2/CVTZ

comments
MP2(FC)/avQ¥?
MP2/6-31-G*
MP2/avDZ
CCSD(T)/avDZ
MP2/CVDZ

comments
MP2/aVQZ
MP2/6-31G*
RHF/avDZ

comments
MP2/avTZ
MP2/6-31-G*
RHF/avDZ

aZPE = zero point energy, C\+= core/valence correction, and SR
= scalar relativistic correction. Basis set definitions are given in Table
was the largest set that could be afforded, we adopt the raw1_ b Koizumi et al., ref 9 Average of the raw and counterpoise-
corrected aV5Z binding energigsAverage of the raw and counterpoise-
corrected aVQZ binding energies.

values!® The higher order correlation correction based on the

CCSD(T) energies is negative, leading to a decrease in the
(AEcy). The levels of theory at which the various terms were binding energy, whereas the core/valence correction is positive
calculated are given in the table. Of the latter three, the scalarand slightly smaller than thé\Eccsp(r) value, so that they
relativistic correction is seen to be the largest at 3.2 kcal/mol partially cancel each other.
The final theoretical value oAHo(Cut(DME)) is 48.4 kcal/
mol, which lies somewhat outside the CID/expt. range of 44.4
insensitive to the coppetoxygen distance, dropping by only 4+ 2.7 kcal/mol reported by Koizumi et &When the same

theoretical approach was applied in the case of(BrO),10 it

1.887 A. Some measure of the accuracy of the MP2/aVTZ produced a binding enthalpy of 39.0 kcal/mol, compared to
relativistic correction can be found in a small calibration study experimental measurements of 36324 and 38.4+ 1.4 kcal/

mol.25 The latter value is from the Armentrout group, the same
group responsible for the most recent experimental work on

on the Cd(H,0) complex, where four-component relativistic
MP2 and CCSD(T) fell within 0.3 kcal/mol of the MVD/aVTZ
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Cu"(DME),, complexe$. Our calculated value lies at the top predicts a change inHp that is in good agreement with the
end of the range of theoretical values (43.4 to 48.4 kcal/mol) present results.

given by Koizumi et al. We note that they used smaller basis  MP2/avDZz optimizations produced a T-shap€dsymmetry
sets than employed in this work, and as shown in Figure 2, the conformation for Cti(DME)3, in agreement with the MP2 and
binding energy does exhibit a dependence on the quality of the DFT calculations of Koizumi et al. (see Figure 1). The unique
basis set, with smaller basis sets giving smaller binding energies.Cu—0 bond at 2.191 A is more than 0.26 A longer than the
In addition, Koizumi et al. performed an MP4 calculation with  two Cu—0O bonds. Qualitatively, this means that the third DME
a basis set similar to the avVDZ basis set and obtalDge- binds much more weakly than the first or second ligand. The
48.8 kcal/mol, as compared to our CCSD(T)/aVDZ value of excellent agreement between the incremental binding enthalpies
43.8 kcal/mol and our CCSD(T)/aVTZ value of 45.9 kcal/mol. in Table 3, 13.9 kcal/mol (theory) vs 13410.9 kcal/mol (expt),
Koizumi et al. report an MP2 value &f = 45.1 kcal/mol using  may be partially fortuitous. Because of the prohibitive compu-
the same basis set as was used in their MP4 calculation. Thistational expense, it was not possible to determineBe, and
increase in binding energy for MP4 vs MP2 is exactly opposite AEccspmcorrections to the binding energy. Although we would
to the trend that we find with our MP2 and CCSD(T) expect them to approximately cancel, as found for @QME)
calculations. Koizumi et al. briefly discuss the potential and Cu(DME)s,, the net correction may still be on the order of
convergence problems in the MPn sequence. These result9.5 kcal/mol. One factor that suggests the net correction may
further show that the binding energy is sensitive to both the pe smaller than this is the small size dFH(Cut(DME)3) and
basis set and correlation treatment. The inclusion of scalar AEgg, which is now much smaller and of opposite sign to the
relativistic and core/valence corrections in the present work are two previous complexes. Compared to the third water ligand
also potential sources of difference between the preséft in Cut(H,0)s, the third DME ligand binds-20% less strongly.
and previously reported theoretical values. We also note that Only one Cd(DME), conformation was identified. It pos-
our AEzpe correction is smaller than the value of Koizumi et gegsed, symmetry, with a Cw-O distance of 2.083 A, slightly
al. by ~0.3 kcal/mol. longer than the average of the distances in"@ME)s. A

The Cu"(DME), complex exhibitsC, symmetry with two normal-mode analysis verified that the structure was a minimum
equivalent Ca-O bonds that are 0.045 ¢horterthan the Ce-O on the restricted Hartreg=ock (RHF)/6-3%G* potential energy
bond in Cu(DME). As suggested by this contraction in bond surface. Attempts to locate a structure of lower symmetry at
lengths, the Cti(DME), — Cu"(DME) + DME incremental the MP2/6-31-G* level of theory were unsuccessful. The
binding enthalpy listed in Table 3 representsraareaseof ~3 computed incremental binding enthalpy of the fourth ligand
kcal/mol over the Ct(DME) — Cu" + DME dissociation (11.5 kcal/mol) was 2.4 kcal/mol less than the binding enthalpy
energy. Contributing to this increase is an electronic binding of the third DME, in almost exact agreement with the 2.3 kcal/
energy that is 1.7 kcal/mol stronger af\&zpg, AEsr, AEccsp(m mol measured in the CID experiment. The range of the
and AEcy corrections that are all larger for ¢(DME); than experimental binding enthalpy (10£& 2.3 kcal/mol) easily
Cu*(DME). AEsg now represents almost 10% of the electronic encompasses the theoretical value. Unlike the smaller com-
binding energy. The increase in binding enthalpy observed for plexes, where basis sets as large as aVQZ could be used, for
Cu*(DME); stands in stark contrast to the binding pattern for Cu™(DME),, it proved prohibitively expensive to perform an
the corresponding alkali metal complexes, where a monotonic MP2/aVQZ calculation. In light of the aVDZ aVTZ trend in
decrease in binding strength is observed as each additional DMED, to smaller values for the trimer and tetramer, the avVQZ basis
ligand expands the complex. This anomalously large binding set would probably yield a somewhat smaller valueDgfby
enthalpy for the second ligand has been rationalized in the case0.5—1.0 kcal/mol based on the trimer results. For comparison
of Cut(H,O), by Bauschlicher and co-worke#%.2® Their purposes, the binding enthalpies of all four "QDME),
explanation is based on copper,st/bridization which, it is complexes are compared to experiment in Figure 3.

argued, can reduce the metdiband repulsion when two Koizumi et al® identified several alternative conformations
oxygens are situated collinearly across the cation from eachof Cut(DME); and Cu(DME), at the MP2/3-21G level of
other. theory that differed from the structures examined here in that
Compared with Cti(DME), the agreement between theory one or more ligands were bound to the complex via DME
and experiment is somewhat poorer for'QDME),. The CID/ hydrogen bonds, rather than directly to the metal cation. We
exptAHp value is smaller than the theoretical estimate by more have previously showfi for Cut(H;O)s and Cu (H20), that
than 5 kcal/mol, 50.6 kcal/mol (theory) vs 46£11.8 kcal/mol the lowest energy conformations were of the (2,1) and (2,2)

(expt). It is difficult to know how to interpret the difference Vvariety, where the notationn) indicates the presence of
between theory and experiment. Essentially the same theoreticadimethyl ethers bound to the metal anddimethyl ethers in
approach was used in our earlier copper/water study, where thethe second shell, bound by hydrogen bonds to the first shell.
Cut(H20), incremental binding enthalpy, 43.8 kcal/mol (theory), MP2/avVDZ calculations predict the (DME)Ximer to be a
was only slightly outside the error bars of the only available weakly bound complex witkCz, symmetry (see Figure 4). The
experimental values (4& 324 and 40.7+ 1.6% kcal/mol). computed binding energy of1.9 kcal/mol per GH---O
Additionally, the agreement for G¢H,0) was very good, 39.0  hydrogen bond compares with a value of 5.0 kcal/mol for a
(theory) vs 38.4+ 1.4 kcal/mol (exptf® The difference in the ~ OH--H hydrogen bond in (kD),*® and is consistent with the
binding energy of the first and second DME is 1.8 kcal/mol energies of other €H O hydrogen bond¥:?°Because this is
(expt) vs 2.9 kcal/mol (theory), with both approaches in significantly weaker than the incremental binding energies
agreement that the second binding energy is larger. A compari-already discussed, no attempt was made to pursue such higher
son with the theoretical results of Koizumi et%$hows that, energy conformations.

regardless of the basis set, the DFT methods failed to predict Silver and Gold ComplexesOptimized M—O distances and
an increase in binding energy for the second ligand. Only the D, values for the eight complexes formed with silver and gold
fourth order perturbation theory (MP4) value with the large are listed in Table 4. As was the case with™DME), the
hybrid basis set (similar to our aVDZ basis set as noted above) Ag™(DME) and Au"(DME) complexes possess symmetry,
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Cu*(DME),, - Cu*(DME),, 1 + DME trends observed for MH.0), M= Cu, Ag, and Au, where
Incremental Binding Enthalpies Aut(H.0) exhibits a shorter than expected metahter distance
60 ! e | and a binding energy that is larger than that for the silver
: 1 complex. Pyykké? coined the phrase “gold anomaly” to describe
I © Theory that element’s deviation from alkali cation-like behavior when
50+ ® o CID Expt. T forming complexes. In addition, it is well-established that the
I % & metal-metal binding energy in Ag clusters is less than the Cu
and Au values even for the diatomics and that the Cu and Au
40+ -+ values tend to be closer to each otffeThe electronic binding
[ energy of Au(DME) is 15.1 kcal/mol stronger than the binding
in Ag*(DME) and 7.1 kcal/mol more than in ¢(DME). By
30+ K comparison, the corresponding differences with water as the
ligand are 10.0 (Ativs Ag") and 1.1 kcal/mol (At vs Cu"),
with Aut(H2O) being the most strongly bound in all cases.
Binding enthalpies at 0 K, including corrections for higher
order correlation recovery via CCSD(T) and limited core/valence
45 [ 8 effects, are provided in Table 5. Although no experimental
4

AH, (kcal/mol)

N
o
I
—f—
I
1

@

measurements have been reported for(@ME), the same

1 2 I3 theoretical treatment in AgH-0) yielded good agreement, 31.9
n (# DME) kcal/mpl (theqry) Vs 33.3: 2.2 kcal/mol (expt)?.5 The second
Figure 3. Comparison of theoretical and experimental binding DME ligand binds slightly less strongly to silver, counter to
enthalpies for the CUDME), complexes. Optimized (DME)and what was f(_)und for copper a.nd gOI.d' For ADME),, the
(H20), structures and Mulliken partial charges. MP2/aVDZ optimized EXcess binding of the second Ilgand\t_ﬁ keal/mol more than
structure for At (DME),. the first, whereas for CUDME),, this difference was only 2.9
kcal/mol. For Ad, there is essentially no difference between
the first and second binding energies. The binding energy of
the third ligand is markedly smaller than that of the first or
second for all three metals. However, the difference is most
dramatic for gold, falling by a factor of more than five,
compared to the second binding energy.

Cu*(DME)4 and Ag"(DME), complexes adopted & high
symmetry conformation. However, ti& optimized geometry
of Aut(DME), possesses three small imaginary frequencies
(11.1i, 11.1i, and 6.2i cml) at the RHF/6-33+G* level of
theory. By following the directions associated with the imaginary
frequencies downhill, &C; structure was identified on the
potential energy surface that was 0.8 kcal/mol lower in energy.
Although it was prohibitively expensive to perform a normal-
mode analysis at the MP2 level of theory with any of the
correlation consistent basis sets, experience with thgHyD),
complexes suggests that the precise characterization of high
symmetry vs low symmetry structures on the potential surface
may be quite sensitive to the theoretical treatment.

The final Au"(DME), structure can be seen in Figure 5 to
resemble the A(DME), complex with two additional, loosely
bound ligands. This finding, together with the binding pattern
observed for the first and second ligand, suggests that, although
the electronic interactions are stronger for gold, the size effect
dominates for the additional two ligands, resulting in weaker
binding than was seen in the corresponding Ag or Cu complexes.
Figure 4. Optimized (DME) and (HO), structures and Mulliken For all three metals, the fourth ligand is bound nearly as strongly
partial charges. as the third. In the case of silver, the difference is just 0.4 kcal/
mol. Silver also showed very little difference between the first
and second ligands. The third and fourth binding energies are
strongest for Ag followed by Cu" and then Ad, exactly
opposite to the trends for the first two binding energies.

and the out-of-plane bend angle of the cation decreases
significantly as the geometry optimization is carried out with
larger and larger basis sets. For comparisont (AgO) and
AuT(H0) posses€,, andCs symmetry, respectively, with very
soft potentials for out-of-plane bending. Even the strongly bound

HsO™ ion, with a 0 Kbinding energy of 163.7 kcal/mé}has Conclusions

a very flat inversion potential with a low barrier to inversi&n. Second-order perturbation theory and coupled cluster theory
Unlike their alkali cation/DME counterparts, which display calculations were performed with large all-electron and RECP

monotonic trends inryo (which lengthen) andDe (which basis sets on the MDME), ionic complexes, M= Cu, Ag,

decrease) as a function of increasing atomic number, the trendsand Au andn = 1—4, to determine optimized structures and
across the Ct(DME), Ag"(DME) and Au"(DME) sequence incremental binding enthalpies. This is the first report, either
are less regular. In this regard, they more closely follow the experimental or theoretical, dealing with the silver and gold
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TABLE 4: Ag *(DME), and Aut(DME), Total Energies (), Optimized M—O Bond Lengths (A) and Vibrationless,
Incremental Dissociation EnergiesDe (kcal/mol)

system basis # funct's method total energy I'Ago I'ago’ De
Ag+(DME) (Cy) avDzZ 166 MP2 —300.83978 2.147 38.5
CCSD(T) —300.88776 2.164 37.5
avTz 349 MP2 —301.30564 2.125 38.6
CCSD(TY —301.30482 36.8
avQz 645 MP2 —301.49448 2.123 39.1
Ag*(DME), (Cy) avDZ 289 MP2 —455.49231 2.104 38.2
avTz?2 629 MP2 —456.10183 375
avQz 1161 MP2 —456.33592 37.8
AgT(DME)3(Cy) avDz 412 MP2 —610.11671 2.192 2.284 20.6
avTza 905 MP2 —610.86627 16.7
Ag*(DME)4(Sy) avDZ 535 MP2 —764.74111 2.281 20.6
avTza 1181 MP2 —765.62953 16.3
system basis # funct's method energy I Auo Iau0' De
Aut(DME) (Cy) avDzZ 172 MP2 —289.73866 2.055 49.8
CCSD(T) —289.77282 2.089 47.9
avTZz 359 MP2 —290.08073 2.019 53.6
CCSD(TY —290.12331 50.7
avQz 647 MP2 —290.23178 2.013 54.2
Aut(DME), (Cy) avDZ 295 MP2 —444.42569 2.009 59.9
avTz? 635 MP2 —444.91614 61.6
avQz 1163 MP2 —451.11190 62.3
AUt (DME)3(Cy) avDZz 418 MP2 —599.03949 2.016 2.829 13.9
avTza 911 MP2 —599.67273 12.2
AUt (DME)4(Cy) avDZ 541 MP2 —753.65038 2.027 2.789 12.1
avTza 1187 MP2 —754.42636 10.3

a Calculation performed at the optimal MP2/avDZ geomefr@alculation performed at the optimal MP2/aVTZ geometry.

TABLE 5: Ag "(DME), and Aut(DME), Incremental

Binding Enthalpies, AHq? 2 ]
system AHo system AHo
Ag*(DME) Au+(DME)
best MP2(FCDe 39.1 best MP2(FCP. 54.2
AEzpe —-0.7 AEzpe -1.0
AEccsp(m) -1.8 AEccsp(m —-2.9
total AHo 36.6 totalAHo 50.3
Ag*(DME), Aut(DME),
best MP2(FCDe 37.8 best MP2(FC. 62.2
AEzpe -1.1 AEzpe -1.8
AEccspm) —-0.6 AEccspm —5.0
total AHg 36.7 60.4
Ag*(DME)3 Au*(DME);
best MP2(FCDe 16.6 best MP2(FCIPe 12.2 . .
AE,pe 0.4 AE,pe 05 Figure 5. MP2/aVDZ optimized structure for AYDME)a.
total AHo 16.2 totalAH, 11.7 . . .
Ag"(DME), Au*(DME)4 perimental error bars for the= 1 case and was slightly higher
best MP2(FCPe 16.3 best MP2(FCP. 10.3 than experiment for the = 2 case. Thus, because basically
AEzpe —0.5 AEzpe —05 the same theoretical approach was used to study the copper/
total AHo 15.8 totalAHo 9.8

a ZPE = zero point energy. Basis set definitions are given in Table

1.

water complexes as was used here, the reason for the relatively
large difference between theory and experiment for (DME)
and Cu(DME), remains unclear.
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