CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200601074

Coordination of Triply Charged Lanthanum in the

Theory and Experiment

Tujin Shi, Alan C. Hopkinson, and K. W. Michael Siu**!

Abstract: Ion-molecule reactions be-
tween complexes [La(CH;CN),J** (n=
6-9) or [La(NC(CH,),CN),]’* (n=3-
4) and water were studied at low colli-
sion energies in the second quadrupole
of a tandem mass spectrometer. The
products [La(CH;CN),(H,0); ,I** (p=
6-8) and [La(NC(CH,),CN),-
(H,0)5 ,,I’* (¢=3-4) had the highest

gests that the preferred coordination
number of La®" is eight. Similarly, the
coordination number of Ca** was re-
examined both experimentally and the-
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Gas Phase:

oretically, and was found to be six, in
good agreement with previous observa-
tions. Density functional calculations
provide strong evidence that the pri-
mary solvation shell of [La(L),]’* con-
sists of eight ligands; additional ligands
reside in a second solvation shell and
are hydrogen bonded to one or two
water molecules in the first shell.

relative abundances. This strongly sug-

Introduction

Ton solvation has fascinated chemists for many years.!"" In-
vestigations of ion solvation have provided a wealth of infor-
mation on ion-solvent and ion-ligand interactions,*? both
of which are of importance not only to gas-phase ion
chemistry, but also to solution chemistry.*®! A combination
of ESI-MS and high-level quantum chemical theory can be
used to study ion solvation in the gas phase systematical-
ly."! Such studies can provide details of the first and
second solvation shells around metal ions and metal-ligand
binding in complexes, and also enhance our understanding
of the underlying structural chemistries in these metal-con-
taining systems.

The advent of ESI has broadened the study of metal-ion
solvation by facilitating the generation of doubly and even
triply charged ion-solvent complexes in the gas
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. This includes in-
formation on low-energy collisions between Ca®*—acetonitrile com-
plexes and water molecules; binding energies of [Ca(HCN),-
(H,0),,]** complexes; first-shell versus second-shell coordination in
[Ca(HCN),(H,0),,]** complexes.
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phase."%1%171 The solvation of alkaline-earth-metal ions has
been investigated extensively by both experiment® and
theory."""! For the dications of Mg, Ca, and Sr, the first six
ligands constitute the first solvation shell, and additional
molecules are accommodated in the second shell. The se-
quential binding energies, however, indicate crowding in the
first shell of Mg complexes.” This has been proven by ex-
periments on [Mg(H,O)]** that show six water molecules
located in the first solvation shell at low temperatures,
whereas, at higher temperatures, the most likely structure
has four water molecules in the first and two water mole-
cules in the second solvation shell.* There are no gas-phase
experimental data for Be available to confirm a preference
for tetrahedral geometry; however, theoretical data indicate
that the most stable configuration of the [Be(H,0)]** com-
plex corresponds to a 442 arrangement of the ligands.'
Studies on the fragmentations of [Mn(H,0),]** and [Mn-
(ROH),J** (in which ROH is methanol, ethanol, 1-propa-
nol, or 2-propanol), in combination with theoretical calcula-
tions, indicate that the preferred structures are [Mn-
(H,0),)**(n-4)H,0 and [Mn(ROH),**-(n—4)H,0; the
first solvation shells have tetrahedral geometries, with the
additional solvent molecules in the second shells hydrogen
bonded to those in the first shells.!"”

Solvent coordination of trivalent metal ions in the gas
phase has not yet been examined in detail; only the observa-
tions and fragmentations of solvated trivalent metal-ion
complexes have been reported. Most solvents examined to
date are aprotic: these include acetonitrile,'*>1% dimethyl
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sulfoxide (DMSOQ),#1301601 dimethyl formamide,* and
acetone,™®2! with the lone protic solvent being diacetone
alcohol (4-hydroxy-4-methyl-2-pentanone).'® Despite sus-
tained efforts with water and a number of alcohols, no M>*
complexes with any protic ligand (P) have been produced
until very recently.”"! Even in this work, the M** requires a
minimum of ~16 water molecules to preserve vitality.*!]
Typically, charge-reduced species are observed, produced by
interligand proton transfer within the complex and yielding
mainly [M(P-H)(P),]** and [MX(P),]**, in which X is the
counteranion of the metal salt.14¢13%17¢20 Thig tendency to
charge reduction is believed to be driven mainly by the
large third ionization energies (IEs) of M. Of all the triva-
lent metals, La has the smallest third IE at 19.2 eV.??! The
electronic configuration of lanthanum is [Xe]5d'6s*; conse-
quently, La** has a closed electronic shell.

In ESI-MS, the relative abundances of the solvated com-
plexes can be fine-tuned by changing the collision energy. In
MS scans, the extent of fragmentation and ion-molecule re-
actions is a function of the collision energy in the sampling
(lens) region. Under MS/MS conditions, this is also depen-
dent on the collision energy; a second variable is the pres-
sure of the neutral collision partner. (Depending on the re-
action, there may be conditions under which neither energy
nor pressure is a particularly sensitive parameter. These are
conditions best-suited to analytical purposes.) If the pressure
of the collision gas is kept constant, energy-resolved colli-
sion-induced dissociation (CID) curves, plots of relative ion
abundance versus collision energy, can be obtained.*%
Under single-collision conditions, threshold dissociation en-
ergies can be determined after kinetic shifts are taken into
account.’>?* These results, coupled with computed poten-
tial-energy diagrams, are frequently used to shed light on
the fragmentation chemistries of the precursor ions. A
second type of investigation involves examination of ion-
molecule equilibria attained in the ion source/lens region by
means of low-energy collisions, for example, those between
doubly charged metal ions and water.”

Under low-energy (“mild”) collision conditions, it is our
observation that the preferred coordination number of
metal ions can be determined. Here, we report the observa-
tion and examination of the [La(CH,;CN),(H,0),]’* com-
plexes in the gas phase. The water molecules bind to [La-
(CH;CN),J** complexes to preferentially complete the first
solvation shell. Acetonitrile is a polar molecule with a high
dipole moment (3.92 D), and, hence, forms tightly bound
complexes held together by a strong charge—dipole interac-
tion.”” Binding occurs through one site, the nitrogen atom.
Also, as a result of the linear arrangement of the heavy
atoms in acetonitrile (C;, symmetry), the steric hindrance
between ligated acetonitriles is small. Thus, acetonitrile is an
almost ideal small ligand for exploring the solvent coordina-
tion of trivalent metal ions. In this investigation, we have
studied systematically the solvation chemistry of La’* by
both experiment and theory, and have also attempted to de-
termine the preferred coordination number of La** in the
gas phase. To verify the validity of our method, we have
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also re-examined the coordination number of Ca?*, previ-
ously shown to be six, by means of the mixed complexes,
[Ca(CH:CN),(H,0),,J**.

Experimental Section

Mass spectrometry: Experiments were performed by using two proto-
types of the API3000 triple-quadrupole mass spectrometer and the
QSTAR, a hybrid quadrupole/time-of-flight (TOF) mass spectrometer
(both  Applied Biosystems/MDSSCIEX). Samples were 100 um
lanthanum(III) nitrate in acetonitrile or hexanedinitrile. Confirmatory
experiments were performed with solutions in [D;]acetonitrile. The sam-
ples were introduced into the pneumatically assisted ESI source at a flow
rate of 3 uLmin~'. The lens voltages were optimized to produce abundant
[La(CH;CN),’* (n=3-10) and [La(NC(CH,),CN),J’* (m=2-5) ions.
All chemicals and solvents were from Sigma-Aldrich (St. Louis, MO).
MS/MS experiments were performed by mass-selecting the precursor
ions with the first quadrupole, colliding them with a mixture of water and
nitrogen in the second quadrupole, and mass-analyzing the resulting
products with the third quadrupole or TOF analyzer. The water/nitrogen
mixture was boiled off from liquid nitrogen, which contained water as a
minor component.”? The pressure of the water/nitrogen mixture was
varied to adjust and probe the extent of hydration in the products.
Computational methods: Geometry optimizations and energy calcula-
tions were performed with Gaussian 98" by using the B3LYP exchange-
correlation functional.’' The sdd relativistic effective core potential
(ECP)*¥ and basis set was used for calcium. The Stuttgart-Dresden ECP
along with a (7s6p5d2£)/[Ss4p3d2f] basis set’®! for the valence and outer-
most core (5s5p) electrons was used for lanthanum. This latter basis set
was obtained by partially uncontracting the (7s6p5d)/[5s4p3d] basis asso-
ciated with the ECP and adding two uncontracted f functions (energy-op-
timized exponents a=0.85, 0.35).°! For convenience, we simply refer to
this ECP and basis set as sdd-f. The 6-31G(d) doubly split-valence basis
set augmented with the set of polarization functions on heavy atoms was
used for C, N, and O atoms and the 31G basis set was used for the H
atom. Because of the relatively large size of [La(CH;CN)y(H,0),,]’*
(m=1-4), for reasons of tractability, all calculations were performed on
[La(HCN)4(H,0),,]’* as a model of the former. All stationary points
were characterized by harmonic vibrational frequency calculations, and
all energies include zero-point vibrational-energy corrections. Inclusion
of diffuse and polarization functions on oxygen has been shown to im-
prove the binding energies!” and consequently, single-point energies
were calculated for the [La(HCN)y(H,0),]'* system at B3LYP/sdd-f/6-
31+ G(d,p)//B3LYP/sdd-f/6-31G(d) with zero-point energy corrections
(using a scaling factor of 0.98045). Relative enthalpies are reported at
0 K and relative free energies at 298 K.

Results and Discussion

[Ca(CH,CN),(H,0),,]’* and [Ca(HCN),(H,0),]** com-
plexes: Experimental examinations of [Ca(CH;CN),-
(H,0),,]** as well as calculations of [Ca(HCN),(H,0),,J**
complexes revealed that Ca®* binds up to six ligands in its
first solvation shell with additional ligands in a second shell,
in accordance with literature data.’*'?! This proves that our
methods for examining metal-ion solvation are effective and
should provide reliable information on the solvation of
La**. For the sake of brevity, details of the Ca’* results are
not detailed here, but are available as Supporting Information.

Low-energy collisions between La®*-acetonitrile complexes
and water molecules: The spectra of [La(CH;CN),]** were
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obtained with a variety of laboratory collision energies
(E\p) and collision gas pressures. In general, as the pressure
increases under low collision-energy conditions, [La-
(CH5CN),J’* tends to associate increasingly with water mol-
ecules. Figure 1 shows adducts with n=6, 7, and 8 and
Figure 2 shows the variation in abundance of some of these
products with respect to the collision gas pressure.

A careful examination of the collision-activated chemis-
tries reveals the following reaction channels:

a) Ligand loss

[La(CH,CN),]** — [La(CH;CN),,]*" + (n—m)CH,CN (1)
b) Water attachment

[La(CH;CN),]*" + mH,0 — [La(CH,;CN),(H,0),,*" (2
c¢) Ligand exchange and water attachment

[La(CH;CN),]*" + gH,0 —

3
[La(CH,CN), ,(H,0),]*" +gCH;CN G)

d) Ligand exchange, proton transfer, and water attach-
ment
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Notably, after ion-molecule reactions of ions [La-
(CH;CN),J’*, the most abundant complexes were invariably
[La(CH,CN),(H,0),]*" for which n4+m=8: [La(CH;CN),-
(H,0),]’* (Figure 1a), [La(CH,CN),(H,0)]** (Figure 1b),
and [La(CH;CN)g]** and [La(CH;CN),(H,O)]** (Figure 1c).
By contrast, reactions of [La(CD;CN)o]** resulted in only
low-abundance complexes containing nine ligands with high-
abundance complexes of [La(CD;CN)g]>* and [La-
(CD;CN),(H,O)]’* (Figure 1d). In the CID of [La-
(CH;CN)g]**, the abundance of the parent ion remains high,
there is very little addition of water, and exchange of one
CH;CN for H,O is the dominant reaction. Figure 2 supports
the conclusion that the most abundant [La(CH;CN),-
(H,0),,]’" complexes are those in which n+m=38. At g2
pressures below 6 mTorr, increasing the pressure (increasing
the abundance of water) leads to an almost linear decrease
in the relative abundances of [La(CH;CN),]’* and an
almost linear increase in those of [La(CH;CN),(H,0),]**.
At pressures above 6 mTorr, the changes are much less pro-

b)
[La(CH;CN),(HO)F"
148.1
3400 3.44x10°% cps
3000
2600
&
& 2200
=y
G 1800
3
£
1400 [La(CHCN), P
1000 142.1 [La(CH,CON)o(H, 0.2
[La(CH;CN)g(H,0),1>*
600 \ [La(CH,CN)7(H,0),1**
[La(CH,CN)g(H;O)1** 154.1
200 N . 1 ?453_.4_1}_ ‘ . ,
125 130 135 140 145 150 155 160
miz
d) [La(CD,CN), *
1633 8 ¢ 2.0x10¢ cps
200 :
La(CD,CN).(H,0)]**
£ 16.0
% 140 [La(CD,CN),J**
2 1492
S 120 [La(CD,CN),(H,0)**
N La(CD,CN).(H,0), >
%,10‘0[ (CD, )7(2)24
c Y -
£ 80 acD,oN) M0, . [La(CD.CN),F
6.0 3.2) ?‘ (50)
40 [La(CDLCN)(H,OK e 188.0
1 (CDCN)]“@"‘O“‘M 4N '(401750/ G (6.0
2.0 [La(CDLN). I A 161%1‘ 0| A78.4 : :
. 4784/ 197.0
1343 jo0) 26" IR 1AR%] (704 1970 2008

120 130 140 150 160 170 180 190 200
miz

210 220

Figure 1. Collisional activation of a) [La(CH;CN)¢]**, b) [La(CH;CN),]** recorded with the Centaur, a hybrid quadrupole/TOF mass spectrometer;
¢) [La(CH;CN)g]**, d) [La(CD;CN)oJ** recorded with the API3000 triple-quadrupole mass spectrometer: laboratory collision energy, 15 eV; collision gas
pressure, 8 mTorr. Peaks labeled with numbers (n,m) represent dications [LaOH(CH,;CN,CD;CN),(H,0),,]*".
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Figure 2. Relative abundance of product ions versus collision gas pres-

sure, E,,=6¢€eV. Precursor ion: a)[La(CH;CN),’* and b)[La-
(CH,CN)GJ**.

nounced and level off at 10 mTorr. On the basis of this evi-
dence, we conclude that La** binds preferentially and
strongly eight ligands, and binds a ninth one more weakly.
These results are consistent with the interpretation that
the first eight ligated solvent molecules reside in the first
solvation shell of La** with additional molecules being ac-
commodated in an outer shell. The facile elimination of ace-
tonitrile from [La(CH;CN),]** and [La(CD;CN),]** at rela-
tively low collision energies indicates that the ninth ligand is
only weakly bound and strongly suggests that adducts with
more than eight CH;CN are best described as [La-
(CH;CN)g**-mCH,CN. If 7 is 6 or 7, water molecules may
either add or replace the acetonitrile molecules to occupy
the primary solvation shell, until the eighth ligand is attach-
ed. Additional water molecules may reside only in an outer
solvation shell and bind to the solvent molecules in the
inner shell by means of hydrogen bonds to create the ions
[La(CH,CN);_,,(H,0),,I** +(n4+m—8)(H,0).

Low-energy collisions between La’*—hexanedinitrile com-
plexes and water molecules: Hexanedinitrile, NC(CH,),CN,
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is a bidentate aprotic ligand. Electrospraying hexanedinitrile
solutions of La’* produces complexes [La(NC-
(CH,),CN),J’*, in which n is typically 2-4. Figure 3a,b
shows products of the ion-molecule reactions for [La(NC-
(CH,),CN),J**, in which n=3 and 4. Whereas [La(NC-
(CH,),CN);]** tends to associate with two water molecules
to form [La(NC(CH,),CN);(H,0),]*" (Figure 3a), [La(NC-
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Figure 3. Spectra recorded by using the API3000 triple-quadrupole mass
spectrometer. Collisional activation of a) [La(NC(CH,),CN);]** (at E,,=
15eV), b)[La(NC(CH,),CN),’* (at E,,=15¢eV), and c)[La(NC-
(CH,),CN),J** (at E,,=30¢€V) by colliding with wet nitrogen gas (P=
1.0 mTorr). L represents a NC(CH,),CN ligand; peaks labeled with num-
bers (n,m) represent dications [LaOH(NC(CH,),CN),(H,0),,]**.
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Figure 4. Selected lower-energy structures of [La(HCN)¢(H,0),,]’* (m=1-4). Bond lengths and Mulliken charges (electron units), calculated at the
B3LYP/sdd-f/6-31G(d) level, are shown.

(CH,),CN),J** is quite unreactive. The latter appears to be (CH,),CN),J** remains the most abundant ion (Figure 3c).

able to accommodate only one additional water molecule, At this higher collision energy, the loss of one ligand is ob-
but in only low abundance (Figure 3b). Even after doubling served and the product, [La(NC(CH,),CN),]**, further asso-
the collision energy (from 15 to 30eV), [La(NC- ciates with up to three water molecules; again, the eight-co-
1146 www.chemeurj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 1142-1151
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[La(HCN)5(H;0)41,

[La(HCN)g(H0),***H,0 [La(HCN),(H,0),]**+2HCN

[La(HCN)5(H,0),F*",

[La(HCN)4(H,0),*+H,0,

[La(HCN)5(H,0),***HCN,,

Figure 4. Continued

ordinate complex, [La(NC(CH,),CN);(H,0),]’*, has the
highest abundance among the complexes of [La(NC-
(CH,),CN)(H,0),]**.

All the above experiments indicate that La** binds pref-
erentially eight ligands in the gas phase, that is, complexes
of the form [La(L)s]** appear to be more stable than com-
plexes with coordination numbers 6, 7, and 9. These results
were reproducible in many series of experiments spanning
several months and were obtained by using two different in-
struments (a triple-quadrupole and a hybrid quadrupole/
TOF mass spectrometer).

Theoretical studies: Geometry optimizations were per-
formed on complexes [La(HCN)¢(H,0),.J** (m=1-4). HCN
is a good model for CH;CN because the metal is bound to
the nitrile group. Replacement of CH; by H reduces the size
of the ligand and eliminates rotation of the methyl group,

Chem. Eur. J. 2007, 13, 11421151
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[La(HCN),(H,0),J**2HCN, [La(HCN)(H,0),]**2HCN,

thus facilitating geometric optimizations. Many possible iso-
mers were considered and calculated. The lower-energy
structures are shown in Figure 4. Total electronic energies,
including zero-point energies (E), total binding energies
(Egg), sequential binding energies (AHj), and sequential
free energies (AGS,) for the complexes [La(HCN)-
(H,0),,]’* (m=1-4) are given in Table 1. Ege, AH, and
AG3y are defined as follows:

Eyg = E(La™) + nE(L)—E[La(L),]* (5)
AHY, 1, = E[La(L), | J** + E(L)~E[La(L),]* (6)
AGSy 1 = GILa(L), 1] + G(L)=G[La(L),]** ()

in which L=HCN or H,O. The lowest-energy structures
identified by these calculations are used as the basis for the

1147
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Table 1. Total electronic energies

(Egg) [kealmol '],  sequential binding energies (AH{) [kcalmol™'],

(H,0), ]’ (n=1-6, m=1-4).

(E) [Hartree], including zero-point energy, total binding energies
and
(AG3y) [kcalmol '] according to Equations (5)—(7) calculated at the B3LYP level for complexes [La(HCN),-

A square antiprism is the
most common structure for [La-
(HCN)4(H,0),]**; this is a dis-

sequential free energies

torted cube with equivalent

C 1 Ell EDI En E...[ AHE AHObI AGe. Ll X .
[OTP o e 5E BE 0 0 28 donor sites, but with reduced
La(HCN)J —12349714  —123.50045 1123 1093 1123 1093 1055 . . .

ligand-ligand repulsions. Four
[La(HCN),J’+ —217.04430  —217.05141 2008 1949 885 85.7 813 gand-g P
[La(HCN),J** —310.56831  —310.57927 2747 2661 739 712 652  Possible S“““Pms can Pe
[La(HCN),J’* —404.07566  —404.09063 3382 3269  63.5 60.8 54.9 drawn by changing the relative
[La(HCN)J** —49755789  —497.57678 3859 3719 477 450 395 sites of the two water molecule
[La(HCN)J** —591.03024  —591.05292 4274 4106 415 387 34.0 (Scheme 1)
[La(HCN)4(H,0)** —667.47440  —667.51181 4628 4393 354 28.7 255 Durine the structure optimi-
[La(HCN),(HL,O),**, 74391178 —74396428 4939 4640  31.1 247 21.0 Juring ptimt
[La(HCN)o(H,0),]**. —74391172  —74396429 4939 4640  31.1 247 215 zations, isomers a and d col-
La(HCN)((H,0)F*-H,0 —743.90477 —743.96099  489.5  461.9 26.7 22.6 18.8 lapsed into isomers ¢ and b, re-

p
[La(HCN)S(HZO)Z]:tHCN 74390883  —743.96190 4920 4625 292 232 19.9 spectively, which have essential-
[La(HCN),(H,0),’*2HCN  —743.89610  —743.95178 4841 4562 213 16.8 14.1 v th .
€ Same ener; Figure 4

[La(HCN)4(H,0)]’*, —820.33974  —820.40786 5191 4831 252 19.1 152 y gy (Fig
[La(HCN)4(H,0),]**, —820.33891  —820.40747 5186 4829 247 18.9 145 and Table 1).
[La(HCN)4(H,0),**, —820.33906  —820.40776 5187 4831 2438 19.0 14.7 The common geometries of
[La(HCN)s(H,0);]**-HCN, —820.34384 —820.41228  521.6 485.9 27.8 21.9 19.0 nine-coordinate complexes are
[La(HCN);(H,O),*-HCN,  —82034409  —82041248 5218 4860  28.0 22.0 189 tricapped  trigonal  prismatic
[La(HCN)y(H,0),]+-H,0 —820.34623  —820.41551 5232 4879 293 239 19.0 (D,,) and d
[La(HCN),(H,O),*2HCN ~ —82033771  —82040748 5178 4829 240 189 160 3¢) and monocapped square-
[La(HCN)(H,0),J**, —896.75758  —896.84084 5380 4956 189 125 93 antiprismatic  (C,,); however,
[La(HCN)4(H,0),]**, —896.756244  —896.84036  537.1  495.3 18.0 122 7.6 interconversion between the
La(HCN)y(H,0),]*+-H,0, —896.76977  —896.85487 5456 5044 265 213 152 ; : 37)

two is relatively easy.”"! For
[La(HCN);(H,O),’*-HCN,  —896.76994  —896.85518 5457 5046  26.6 215 15.1 L 3+ .

a(HCN)(H,O startin,

[La(HCN),(H,0),*2HCN, ~ —896.77341  —896.85787 5479 5063 288 231 20.6 [, ( )l 2 )l arting
[La(HON),(H,0),'*2HCN, — —89677473  —896.85937 5487 5072 296 241 200  With the tricapped trigonal
[ prism structure, three water

a] Calculated at the B3LYP/sdd-f/6-31G(d) level. [b] Calculated at the B3LYP/sdd-t/6-31+ G(d,p)//B3LYP/

sdd-f/6-31G(d) level with scaled ZPE. The coordinates are available upon request.

discussion on ligand coordination. In Table 1, to indicate
complex structures, ligands placed within square brackets
are in the first solvation shell, and those preceded by a dot
(+) are in the second shell. In the text, the former is used to
indicate the general formula as well as structural informa-
tion. Ambiguity is avoided because, whenever structural in-
formation is intended, it will be clear from the adjacent text.

Structures of complexes [La(HCN)y(H,0).F+t (m=I1-4):
One difference between our calculations and experiment is
that we used HCN as a ligand in place of CH;CN for rea-
sons of computational economy. HCN has a slightly higher
binding energy than H,O and, because CH;CN is more
basic than HCN, we expect that in complexes [La(CH;CN),-
(H,0),,]**, for which m > 2, the CH;CN molecules will be in
the first solvation shell, and that water molecules in the
second shell will attach through hydrogen bonds to water
molecules in the first shell. That is to say, we do not expect
a change in the binding mode on substituting HCN for
CH;CN, and that the former will be a good and computa-
tionally less-expensive model for the latter ligand.

Firstly, we considered La** complexes in which HCN and
H,O molecules are directly attached to the metal ion, that
is, all reside in the first coordination shell. For the com-
plexes [La(HCN),J’* (n=1-6), only one structure was opti-
mized for each n value, whereas for [La(HCN)y(H,0),]**
(m=1-4), several structures per m value were considered.
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molecules are to be distributed
between the three layers, and

Ha Hy
HCN - - NCH HCN - = OH,
. f : {
HCN [ Y YoH, HeN [ @ ) NcH
N ] . ]
HCN = -~ NCH HCN » = NCH
NCH NCH
a b
Ho Hz
HCN - ~ NCH HCN - L \eH
y Ll
La
wen’| te Mnew HeN [ ) NCH
N ]
N []
HCN » = NCH
HCN ~ = OH;, o
NCH Ha
c d

Scheme 1.

six possible geometries can be drawn (Scheme 2). The three
digits in parentheses represent, respectively, the numbers of
water molecules in the three layers, starting from the top.
We first examined the geometries of isomers ¢ and d, in
which all three water molecules are located in the same
layer. Calculations show isomer ¢ to be only 0.1 kcalmol™!
higher in energy than isomer d. Next, we attempted to
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HCNg———— NCH H,O—— NCH

Scheme 2.

obtain an optimized structure for isomer f, which has one
molecule of water in each layer. We found that the water
molecule in the middle layer exchanges with an HCN in one
of the outer layers, leading to isomer a. Again, the energy
difference between isomers a and d is very small, only
0.1 kcalmol ™" at the B3LYP/sdd-/6-31 + G(d,p)//B3LYP/sdd-
/6-31G(d) level. These results indicate that the location of
the different ligands in the tricapped trigonal prismatic
structure has little effect on the energy.

If ten-fold coordination is assumed for complexes [La-
(HCN)4(H,0),]**, the bicapped square antiprism (D,,) is
expected to be the most stable.’”! Two isomers were opti-
mized on the basis of this structure: one has two HCN mole-
cules in the cap sites, [La(HCN)y(H,0),]**,, and the other
has two water molecules in the cap sites, [La(HCN),-
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(H,0),]**, (Figure 4). These structures have very similar en-
ergies: the one with the HCN molecules in the cap sites is
lower by 0.3 kcalmol ™ (Table 1).

Complexes [La(HCN)é,p(HZO)m]“-n(H20)p(HCN) (m+
n=1-4): Computational studies were carried out on a wide
range of complexes of the form [La(HCN), ,(H,0),]*"-
n(H,O)p(HCN), with (6—p)HCN and mH,0 molecules in
the first solvation shell, and »H,O and pHCN molecules in
the second shell and hydrogen bonded to molecules in the
first shell. Because the ligand-binding energy of La®* in [La-
(HCN)J** is 15.1 kcalmol™" higher than that in [La(H,O)]**,
the HCN molecules should occupy the first solvation shell.
However, as the number of ligands increases, the sequential
binding energy decreases monotonically and the difference
in AHY,, 1 between [La(L), (HCN)]** and [La(L), -
(H,0)]** (L=HCN or H,0) becomes smaller. Furthermore,
because the water molecules provide protons that are more
effective in hydrogen bonding, in some instances, a water
molecule can displace an HCN molecule that resides in the
first solvation shell. For example, [La(HCN)s(H,O),]**
-HCN was found to be 0.6 kcalmol™ lower in energy than
[La(HCN)4(H,0)]**-H,O at the B3LYP/sdd-f/6-31+G(d,p)//
B3LYP/sdd-f/6-31G(d) level. As can be seen from Figure 4,
the HCN molecule in the second solvation shell of [La-
(HCN)5(H,0),]**-HCN is bound to two water molecules in
the first shell, forming a six-membered ring. By comparison,
the water molecule in the second shell of [La(HCN),-
(H,0)]**-H,O can be hydrogen bonded to only one water
molecule in the first shell. In complexes in which the
number and strengths of hydrogen bonds to ligands in the
second shell are similar, the HCN molecule always occupies
the first solvation shell. At the B3LYP/sdd-f/6-31+ G(d,p)//
B3LYP/sdd-f/6-31G(d) level, the energy of [La(HCN)s-
(H,O);]**-HCN, is 1.9 kcalmol™" higher than that of [La-
(HCN),(H,0),]*H,0.

[La(HCN),(H,0),’*: Two possible structures were opti-
mized for [La(L),]’*-L (L=HCN or H,0). The energy of
[La(HCN)s(H,0),]’*-HCN is 0.6 kcalmol ™' lower than that
of [La(HCN)¢(H,0)]**-H,0O at the B3LYP/sdd-f/6-31+G-
(d,p)//B3LYP/sdd-f/6-31G(d)  level. —However, it is
1.5 kcalmol™' higher in energy than the eight-coordinate
structure in which all the ligands are directly coordinated to
La** (Figure 4 and Table 1). Only one optimized structure
was obtained for [La(L)¢]>*-2L: the two molecules in the
second solvation shell are both HCN molecules, and each is
hydrogen bonded to a water molecule located in the first
shell.

[La(HCN),(H,0);’*: Three stable structures were obtained
for [La(L)s]’*-L and these were all lower in energy (by
more than 2.8 kcalmol™!) than the structures in which all
nine ligands were attached directly to La**. [La(HCN),-
(H,0),]**-H,0 has the lowest energy: the water molecule in
the second solvation shell is hydrogen bonded to both water
molecules in the first shell, and all the HCN molecules are
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in the first shell. One stable structure was located for
[La(L),]**-2L. This has two HCN molecules in the second
solvation shell, one bound to two water molecules and the
other to the third water molecule in the first shell (see
Figure 4). This structure is higher in energy than the eight-
coordinate isomers by 3-5 kcalmol .

[La(HCN),(H,0),’*: Again, among the possible isomers,
the eight-coordinate complexes have the lowest energies
(Table 1). With respect to the lowest-energy isomer, [La-
(HCN),(H,0),**-2HCN,, isomers with all ten ligands at-
tached directly to the metal are ~12 kcalmol™' higher in
energy and the nine-coordinate isomers are =3 kcalmol™!
higher in energy (Figure 4).

Energetics: La®" first-shell binding energies: As the number
of ligands increases, a significant amount of charge is trans-
ferred from La®* to the ligands and the La-N(O) distances
increase. As the number of ligands increases from 1 to 10,
the Mulliken charge on La decreases monotonically from
+2.64 to +1.42, and the La-N distance increases from 2.354
to 2.788 A. This is accompanied by a decrease in the sequen-
tial binding energy for each successive ligand. The sequen-
tial binding energies and free energies in the first solvation
shell of [La(HCN)¢(H,0),’* (m=1-4) are shown in
Figure 5. As m increases from 0 to 1 (coordination number
from six to seven), the decrease in binding energy at the
B3LYP/sdd-f/6-31 4+ G(d,p)//B3LYP/sdd-{/6-31G(d) level, la-
beled as AHY(SG), is 10.0 kcalmol™; as it increases from 1
to 2 (coordination number from seven to eight), the de-
crease is 4.0 kcalmol '; as it increases from 2 to 3 (coordina-
tion number from eight to nine), the decrease is
5.6 kcalmol™'; and as it increases from 3 to 4 (coordination
number from nine to ten), the decrease is 6.6 kcalmol .
These results indicate that the sequential binding energy of
the eighth ligand to La’** is unusually large; similar trends
are also evident in the other two plots that use the lower

[La(HCN)s(Ho0)m " (m = 1-4)

Sequential energies / kcal mol™
)
(4]
L

5 T T T T T 1
5 6 7 8 9 10 1"

Coordination number

Figure 5. Sequential enthalpies AH;,, ,(0K) and free energies AG,,
(298 K) of stable [La(HCN),(H,0), ' (m=1-4). AH] andAG3, were
calculated at the B3LYP/sdd-f/6-31G(d) level, and AH(SG) was calculat-
ed at the B3LYP/sdd-1/6-31 + G(d,p)//B3LYP/sdd-f/6-31G(d) level with a

scaled zero-point energy (ZPE) correction.
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level of theory. These results support the conclusion drawn
from the experimental results that La®* prefers eight-coordi-
nation. Figure 6 summarizes the results for the various La
complexes containing from eight to ten ligands.

sl 7.8
(6,2)
6 —
4 —
5 2L 15
£
= 71
g 00 "1 0.0 2 ¢ g0
X
S (8,0) (9,0) (7,2) (10,0)
% L
(]
C
[
2 -4.8
i (8,1)
& -6
-8 ~9.0
9,1
_10 9.1)
-11.6
-12 (8,2)

Figure 6. Energies for [La(HCN);_,(H,0),, ,J**+q(H,O)p(HCN) (6+m=
8-10) relative to complexes in which all ligands are directly connected to
La’*. The two numbers in parentheses are the numbers of ligands in the
first and second solvation shells, respectively. Energies were calculated at
the B3LYP/sdd-f/6-31 + G(d,p)//B3LYP/sdd-/6-31G(d) level with a scaled
ZPE.

Comparison with solution results: How do our gas-phase re-
sults and conclusions compare to those obtained from solu-
tion studies? Wertz et al. used X-ray diffraction to obtain a
coordination number of eight in experiments with various
LaCl; solutions (0.6-2.7m).”®1 Habenschuss and Spedding
used the same technique to investigate concentrated (>3 M)
LaCl; solutions; they found a coordination number of
nine.”” Johansson etal. determined that a coordination
number of eight best simulated their X-ray data recorded
for 1-4.6M perchlorate and selenate solutions of La**; how-
ever, using a coordination number of seven or nine did not
decrease greatly the quality of their fits.*) The most
common coordination numbers for La®* in solutions are
eight and nine.”!! Examination of our calculated relative en-
ergies for [La(HCN), ,(H,0),]**-n(H,O)p(HCN) (m+n=
1-4, Figure 6) reveals that the nine- and ten-ligand com-
plexes with nine ligands in the primary solvation shell are
only 4.8 and 2.6 kcalmol™, respectively, higher in energy
than the complex with eight ligands in the primary shell and
the remaining water molecules in the secondary shell. In ad-
dition, the seven-coordinate complex [La(HCN)s(H,O),]**
-HCN is only 1.5 kcalmol™' higher in energy than the eight-
coordinate complex [La(HCN)q(H,0),]**.. Thus, the energy
differences among the complexes are sufficiently small for
seven-, eight-, and nine-coordination to be plausible, and,
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thus, they may exist in the gas phase. This flexibility is in ac-
cordance with lanthanum’s solution chemistry.

Conclusion

Literature data for Ca®" give a coordination number of six,
a fact confirmed by our experimental and computational
work. This verifies the utility and performance of our ap-
proach. The examination of a series of La complexes indi-
cates that the preferred direct coordination number of La’*
is eight, with the eight ligands arranged in a square-anti-
prism geometry. Additional ligands are accommodated in
the second solvation shell and are hydrogen bonded to one
or (better) two water molecules in the first solvation shell.
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