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The structure of Rby[Pd(Ses),]-Seg has been investigated using 8Rb magic angle spinning and static NMR and
7Se magic angle spinning NMR. The number and the integrated intensities of the 8’Rb and 7’Se resonances are
in full agreement with the crystallographic structure of the compound. The 8Rb and 7’Se nuclear spin interaction
parameters have been used to characterize the main structural units of the compound: infinite [Rb(Seg)]** columns
and polymeric [Pd(Ses),]®*~ sheet anions.

Introduction positest® Unfortunately, such coordination complexes cannot

Recently, Wachhold and Kanatzidis discovered a layered P& €asily detected within those materials employing con-
ternary polyselenide, RpPd(Sa).]-Se, that features an ventional crystallographic techniques. On the other hand,
intriguing structural motif: sandwichlike coordinated [Rb- high-resolution solid-state nuclear magnetic resonance (NMR)
(Se)]" columns intersecting stacked layers of infinite has proven to be a powerful tool for the investigation of

polymeric [Pd(S§]®~ sheet anions (Figure 1).This structure and local bonding in solids such as polyseleffiéies.
finding came on the heels of reports that revealed new binaryUsing this technique, valuable information can also be
cesium tellurium compounds, g% and CsTex,,® which obtained from disordered materials, in particular, when

hold homologous columnar [Cs(d)g™ polycations and  conventional methods of structural analysis fail. In this paper,
molecular [Cs(Tg)]" clusters, respectively. Apparently, we report high-resolution solid-statéSe and®’Rb NMR
chalcogen rings form very stable coordination complexes studies of the title compound, which can be viewed as a
with alkali metal ions in crystalline phases. Alkaline and model compound for this novel class of sandwichlike
alkaline earth ions may coordinate in a fashion similar to chalcogenidecation coordination complexes. In addition,
chalcogen species in disordered selenium/zeolite nanocomwe compare the solid-statéSe NMR spectrum of the
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(a)

Figure 1. (a) Structure of RPd(Se),]-Se viewed along the [110]
direction. (b, c) Coordination environment of the Rb(1) site (b) and the
Rb(2) site (c) as determined by X-ray crystallography.

Experimental Section

The synthesis of RfPd(Sa),]-Se has been described in detail
elsewheré.In short, stoichiometric amounts of R&O;, PdCh, Nap-

spectra) to obtain pure phase line shal¥eBhe rf field strength
was chosen to allow a selective excitation of HBb central
transition (/2 pulse duration of 4s). The recycle delay was set to
0.5 s. Thée’Rb chemical shifts were referenced relative to a 1.0 M
RbNG; aqueous solution.

The 77Se NMR experiments were carried out on the Bruker
DSX400 (9.4T) spectrometer operating at th®8e (nuclear spit
= 1,) Larmor frequency of 76.3 MHz, using 4 mm MAS
probeheads. Th&Se MAS NMR spectra were recorded using a
single pulse acquisition with small pulse angl€10) and recycle
delay d 5 s toensure no saturation. TH&e chemical shifts were
referenced relative to Se(GH at 0 ppm, using a saturated aqueous
H,SeQ solution as secondary reference € 1282 ppm vs Se-
(CHa)).1

All MAS spectra simulations were performed using the dmfit
softwaré? while the static8’Rb spectra were simulated using
SIMPSON? in combination with the MINUIT* minimization
utilities.> These simulations included effects from finite radio
frequency pulses.

Results and Discussion

First, we briefly relate the structure of fBd(Se),]-Se
as it was determined by X-ray crystallography in the initial
study* of Wachhold and Kanatzidis since it is essential for
the interpretation of the NMR spectra. A view of it down
the [110] direction is displayed in Figure 1a. The analysis
of the X-ray diffraction pattern yielded two different crystal-
lographic sites for Rb and four for Se, but only one for Pd.
The Pd atoms sit at the corners of 20-membere&&g¢rings
which constitute [Pd(Sg]«* sheet anions as each Pd is
coordinated by four S& chains in a distorted square-planar
environment as displayed in Figure 1b. The terminal and
the center atoms of the $e chains account for two of the
crystallographically distinct Se sites, which were labeled Se-
(1) and Se(2), respectively. The other two sites were labeled
Se(3) and Se(4) and belong to the crownlike I88ys which
are arranged in layers between the [P@($&< sheet anions.
The Rb(1) atoms are located within the center of the- Pd
See squares, and they are 4-fold coordinated in a sandwich-
like fashion by each of two Se&ings above and below at
distances of 3.851 and 3.870 A (Figure 1a,b). This coordina-

Se, and Se were mixed together in MeOH under dry atmospheretion scheme forms an infinite straight [RbgH " column
and then sealed in a Pyrex tube under vacuum. Then, the tube wagunning perpendicularly through layers of [Pd{g*~ sheet

heated for 48 h at 14%C to yield quantitatively RHPd(Sa).]-Se

anions (Figure 1a). Four additional, slightly longer contacts

as a black powder. Contingent impurity phases were not traceableto Se(1) at 3.989 A complete a coordination number of 12

by X-ray diffraction or solid-state NMR.
The®Rb NMR experiments were carried out on Bruker DSX400
(9.4 T) and DSX300 (7.0 T) spectrometers operatirfgrih Larmor

for Rb(1) (Figure 1b). The Rb(2) atoms are located within
the tetragonal plane of geings and in a perpendicular
direction directly between two Pd atoms with a short Rb-

frequencies of 130.9 and 98.2 MHz, respectively, using 4 mm MAS (2)—Pd distance of 3.463 A (Figure 1a,c). The Rb(2) atoms

probeheads. In the case of quadrupolar nuclei affected by the

second-order quadrupolar interaction, I/K&b (nuclear spin =
3/,), the use of different principal fields allows variation of contrast

(10) Massiot, D.; Farnan, l.; Gautier, N.; Trumeau, D.; Trokiner, A.;
Coutures, J. PSolid State Nucl. Magn. Resoi95 4, 241.

between the second-order quadrupolar interaction (proportional to (11) Rodger, C.; Sheppard, N.; McFarlane, C.; McFarlaneNWR and

1/Bg) and the chemical shift anisotropy (proportionaBg) in the

experimental spectra, leading to an improved accuracy in the 12)

measurement of the two nuclear spin interactions. éfRb static

and magic angle spinning (MAS) NMR spectra were recorded using 13
a Hahn echo sequence (rotor synchronized in the case of MAS( )

(9) McConnachie, J. M.; Ansari, M. A.; Ibers, J. korg. Chem.1993
32, 3250.
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Table 1. Experimental Values from Solid-StatéRb NMR
Experiments

(a) MAS 12kHz-9.4 T > Ocsd B

] Ois? Cq
site  (ppm) (MH2) n° (ppm) Tesd (deg)
Rb(1) —29+1 4.52+0.02 0.070.02 3445 0.00+£0.05 O

: t }t Rb(2) 18+1 7.43+0.02 0.00+£0.02 —115+5 0.00£0.05 O

— Cq=4.52 MHz @ 0iso = (Oxxt+ 6yy + 02913, Ocsa= Ozz — Oiso, ANAYcsa= (6yy — Ox)lOcsa

__M\,Lum MHz with the principal components of the chemical shift tensor defined in the
e~ following sequenceidz; — disol = [Oxx — isol = |Oyy — disol. ® Co = €QV,

/h andno = (Vyy — Vxd/Vzz with the principal components of the electric
field gradient tensor defined in the sequen@gl = |Vid = [Vyyl. €4 is
(b) MAS 14.5kHz - 7.0 T defined as the angle betwesh, andd,.
," k, zt environment of the nucleus and its deviation from spherical
symmetry. According to the crystal structure, the Rb atoms
. Cq=4.52 MHz are located in special positions 2c (Rb(1)) and 2b (Rb(2))

—M._L_,M\,’-JM”B MHz with local 222 and_ésymmetries, respectively. The 4-fold

rotation—inversion axis imposes axial symmetry of the
nuclear spin interactions for Rb(2) while the 222 symmetry
of Rb(1) implies that the principal elements of the quadrupole
and chemical shift anisotropy (CSA) tensors must be aligned
along these axes since the nuclear spin interactions must
— conform to the crystal symmet§.In addition, Rb(1) is

“ / Co=4.52 MHz coordinated to 12 Se while Rb(2) is coordinated to 2 Pd and

’w Co =743 MHz 12 Se causing a significant difference in their local electronic
- environments. On the basis of these considerations, we may
(d) Static - 7.0 T readily assign the Rb site with the larger quadrupole coupling
constant and chemical shift anisotrop@o(= 7.42 MHz,
Ocsa= —115 ppm,dis, = 18 ppm) to Rb(2) because of its
axially distorted environment caused by the two Pd ions,
which is expected to result in larger anisotropies of the
nuclear spin interactions. This assignment is further supported

(c) Static-94 T

Co=4.52 MHz

I

’ Co =743 MHz by the fact that the quadrupole coupling and CSA tensors
- . for this site show the expected axial symmetyy € 0, 7csa
600 400 200 0 200 -400  -600 (ppm) = 0). The remaining resonance with the smaller quadrupolar

Figure 2. Experimental and simulate#fRb solid-state NMR spectra coupling constant and chemical shift anisotrofy & 4.52

obtained at two different magnetic fields: (a) MAS spectrum at 9.4 T (12 _ o - :
kHz spinning rate), (b) MAS spectrum at 7.0 T (14.5 kHz spinning rate), MHZ, Ocsa = 34 ppm,dis, = —29 ppm) is thus assigned to

(c) static spectrum at 9.4 T, and (d) static spectrum at 7.0 T. Rb(1) which is only coordinated to Se atoms. For the two
Rb resonances, the principal axes of the electric field gradient

are 12-fold Se-coordinated as well, to one Se(3) and oneand CSA tensors were found collinear from the simulations

Se(4) atom, each of four surroundings8iegs (distances of  of the 3’Rb NMR spectra.

4.085 and 4.095 A, respectively), and to 'Fwo opposing Se-  The7’Se MAS NMR spectrum recorded at 9.4 T (10 kHz

(1) sites each of the [Pd(9¢],>~ sheet anions above and  gpinning rate) is reproduced in Figure 3. It clearly evidences

below (distance 4-0447A)- _ four distinct isotropic resonances located at 652, 648, 627,
Figure 2 shows thé’Rb MAS and static NMR spectra 54 551 ppm with integrated intensities in the ratio 1:1:1:1,

recorded at two different magnetic fields (7.0 and 9.4 T). copresponding to the four Se crystallographic sites in the
The MAS spectra exhibit well defined discontinuities that gi,cture. Thé’Se chemical shift anisotropy tensors of these
can be simulated by the-{/, !/;) central transitions of tWo ¢4+ resonance peaks were determined from the spinning
®’Rb resonances with overlapping spinning sidebands affectedsijenand intensities in the MAS spectirand are reported

by the second order quadrupolar interaction. These tWo iy Taple 2. Just one of the tabulatE8e resonances is clearly
distinct resonances with second order quadrupolar line shapeg;istinctive showing a significantly lowef’Se isotropic
are clearly resolved in the static spectra and show integrated-nhemical shift at 551 ppm. In the structure, Se(2), Se(3),

intensities in the ratio 1:1, in good agreement with the 5.4 Se(4) are chemically bonded only to other Se atoms
multiplicities of the two crystallographic Rb sites of the \ypile Se(1) is also bonded to the Pd atom. Hence, we
structure. The chemical shift and quadrupol_ar par:_imeters Of attribute the signal at 551 ppm to the Se(1) site. The other
the two®’Rb resonances rendered by the simulation of the ee isotropic chemical shifts are rather similar, and a

static and MAS spectra obtained at two different magnetic gyaightforward Se site assignment is not possible. We have
fields are reported in Table 1. The site assignment can be

made on the basis of th#Rb quadrupolar coupling and (16) Cohen, M. H.: Reif, FSolid State Physl957, 5, 321.

chemical shift tensors, which are sensitive to the electronic (17) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021.
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Figure 3. Experimental and simulatedSe MAS NMR spectra at (a) 14
and (b) 10 kHz spinning rate. The asterisks mark the isotropic lines.

Table 2. Experimental Values from Solid-StatéSe NMR Experiments

6isoa 605;?

(ppm) (ppm) Nesd
site Se(1) 5511 —260+ 10 0.65+ 0.05
site Se(2) 648 1 —210+ 10 0.70+ 0.05
sites Se(3), Se(4) 627 1 —3904+ 10 0.70+ 0.05

52+ 1 —450+ 10 0.65+ 0.05

3 Oiso = (5xx+ 5yy + 617)/31 Ocsa= 072z — Oisor andncsa: (6yy - 6xx)/6c:sa
with the principal components of the chemical shift tensor defined in the
following sequence:|dz; — disol = [0xx — Oisol = [Oyy — Oisal.

not been able to detedfSe—Se) couplings that would assist
with the assignment of resonances. The intensities of the
satellites at natural abundance are I0W8¢é ca. 7%), and
the expected coupling magnitudes of-2I20 Hz as mea-
sured or'’Se enriched sampl&sare less than the line widths

of the observed resonances (200 Hz). However, the two sites

of the Sgring are not expected to differ immensely in their

"Se chemical shift parameters. Therefore, we assign the

resonances at 627 and 652 ppm to Se(3) and Se(4) on accou
of the similar chemical shift tensors and, in particular, the
similar chemical shift anisotropy, although an exact site
assignment cannot be made. These two resonances are shift
slightly downfield with respect to th&Se NMR resonance

at 614.6 ppm of neutral genolecules dissolved in GS?
The chemical shift variations can arise both from differing
ring geometries in the REPd(Saq).]-Se crystal and in C5
solution, and from differing coordination by the solvent,CS
and the Rb ions, respectively. The shifts attributed togSe
are in good agreement with general trends of isotré{se
NMR shifts observed in different chemical bonding situa-
tions82° The remaining’’Se resonance at 648 ppm is
attributed to the Se(2) site then. This assignment could be
confirmed by through-bond correlation experiments using a
"'Se enriched sampfé.

The assignment of théSe resonances of the [Pd¢BE>
sheet anions requires careful consideration. The signals a
551 (terminal) and 648 ppm (central) attributed to thg?Se
chains differ clearly from those at 893 ppm (terminal’Se

(18) Laitinen, R. S.; Pakkanen, T. Anorg. Chem.1987, 26, 2598.

(19) Laitinen, R. S.; Pakkanen, T. A. Chem. Soc., Chem. Comm(886
1381.

(20) Cusick, J.; Dance, Polyhedron1991, 10, 2629.

(21) Fayon, F.; Le Saout, G.; Emsley, L.; MassiotJDChem. Soc., Chem.
Commun 2002 1702.

Figure 4. Molecular [Pd(Sg)]%" rotor anion in [NEj]s[2Pd(Se)2-0.5Pd-
(Se)2].?

chain atom) and 758 ppm (central,5echain atom) obtained
in DMF solution for molecular [Pd(Sg]>~ complexes,
which nominally have the same stoichiometfyNote that
the relative positions of the resonances of the terminal and
the center Se atoms in the tetraselenide chain are also
reversed when compared to those of the [Pgeh& sheet
anions. In [PEP][Pd(Se);]® and [NEL]s[2Pd(Se),-0.5Pd-
(Se)2],? isolated rotorlike [Pd(Sg]? units (Figure 4) exist
since both ends of the $e chains coordinate to the same
Pt ion. Thus, bond distances, bond angles, and torsion
angles, in particular, differ from the rotor complex to the
polymeric sheet anion. The large deviations between the
respectivé’Se NMR resonances cannot be related in a simple
fashion to differing structural parameters although the solid-
state structure of [NEs[2Pd(Se).-0.5Pd(Sg),] is known?
The rotor anions adopt a conformation in the crystal which
is likely to be different from its conformation in a DMF
solvation cage. Thus, their structural parameters could differ
notably from that of the distortédolid-state rotor anions.
Furthermore, the terminal $e chain atoms ofthe [Pd(9e],>~
sheet anions coordinate to both Rb ions. This additional
oordination will influence thé’Se chemical shift as well.
However, the electronic interaction between thé"Rdns
nd the S&~ chains has probably the strongest effect on Se
MR resonances. The uncomplexed tetraselenide carries
formal charges of-1 at the terminal (t) and of O at the central

) Se atoms. The t-Se atoms resonate upfield of the c-Se
atoms in the case of $e dissolved in DMF which shows
resonances a—se= 301 ppm and).—se = 591 ppm at 230
K.29 The upfield shift of the t-Se resonance is even stronger
when Sg?~ is bound to the closed shelt®metal ion Cd*
with di-se = 62 ppm andd.—se = 608 ppm ([Cd(Sg,]%
rotor complexes in DMF solutiorf).The reversal of this
situation for the corresponding [Pd($$°~ complexes has
been linked to the dopen shell configuration of the Pd
ion, and it was argued that electron density is transferred
from the tetraselenide ligands to the transition metal fons.
This effect shifts the resonance of the centraj?Sehain
atoms in the same direction, i.e., 758 ppm for [Pd($&
versus 608 ppm for [Cd($p]? .2 The assignment of th&-
Se resonance of the [Pd($$> sheet anions is in agree-
Tnent with these considerations (see Table 3). However, the
resonances of the central and terminal Se atoms of the sheet
anion are not reversed because electron transfer occurs to a
smaller extent than in the case of the molecular ions. This is
understood because electron exchange requires an overlap
of the respective Se 4p and Pd 4d orbitals. The conforma-
tional flexibility of molecules is certainly larger than that of
crystalline sheet anions, and a less than optimum configu-

c
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Table 3. 7’Se Isotropic Chemical Shifts of Tetraselenide lons in lenide, RB[Pd(Sa).]-S&, which consists of infinite sand-
Selected Metal Complexes wichlike coordinated [Rb(S§* columns intersecting layers
Ot-se Ot-se of infinite [Pd(Sa),®~ sheet anions. The [Rb(§k**
[Cd(Se;ZZp?n T (pg) (p;:;) 5 ref .column's are c.haract.erized by 8&Rb resonance with an
Se? . in DMF 301 501 20 isotropic chemical shift of~29 ppm and two’’Se NMR
[Pd(S@)2>~ 551 648 this work resonances with isotropic chemical shift values of 627 and
[Pd(Se)2]>", in DMF 893 758 8

652 ppm. The secon@Rb resonance with an isotropic

ration of the sheet anions impedes the orbital overlap, which chemical shift of 18 me IS t_hef signature of the’Rbns

in return results in a weaker downfield shift of the Se NMR located between the rings within the layers of Seowns.
signals as observed. It could be argued that the Se resonanceEWo ""Se NMR resonances with isotropic chemical shift
of the polymeric [Pd(S@.],> sheet anions are inversed as Values of 551 and 647 ppm are assigned to the metal bound
in the case of the molecular [Pd($£*  rotor anions. and the central S& chain atoms of the polymeric
However, this implies an improbable upfield shift of the c-Se [Pd(Se),]x?>~ sheet anions. Both resonances are significantly
resonance with respect to uncomplexedSwhile the t-Se  upfield shifted in comparison to those of isostoichiometric
signal would be strongly shifted in opposite directions at the molecular [Pd(S§,]2~ anions. These shift variations are
same time. This has only been observed for polyselenide aripyted to the general structural differences and the

Iigatnclis bourlld in higf}l;nilectron deficierﬁdm(ih& tran_sition ‘ concomitant modification of the electronic interaction be-
metal complexes so fétHence, we consider the assignment v 5ot and the Sé- ions.

of 7’Se resonances most plausible as given in Table 2. This

attribution could possibly be corroborated by NMR spec-
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High resolution’’Se and®Rb solid-state MAS NMR
spectra have been measured for the layered ternary polyseC030074M
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