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The structure of thallium dicyanoargentate(l) has been determined crystallographically. The crystal structure
shows an Ag-Ag distance of 3.11 A. This is the shortest Agg distance reported for any silver dicyanide salt
whose crystal structure has been determined. Raman spectra of the compound shawjqueaks that are
well-resolved in the 1680 K temperature range. This result agrees well with group theory analysis. Extended
Huckel calculations using relativistic wave functions have been carried out for two models which describe the
interactions between the Ag(CN)ions within the crystal structure of TI[Ag(CB]) The results of these calculations
indicate the formation of potential wells at short-Agg distances. The data in this study suggest the significance
of ligand-unsupported silversilver interactions (argentophilicity) in TI[Ag(CM) TI—Ag interactions are
determined to be insignificant in the compound. TI[Ag(GN\rystallizes in the monoclinic space groig,/c

(No. 14), witha = 7.798(1) A,b = 14.685(3) A,c = 8.566(2) A, = 91.66(2), Z = 8, R= 0.0643, anR, =
0.0899.

tigated for their structural and spectral properfied? Most

of these studies have been for tetranuclear clusters of the type
CwX4L 4 (X = halogen; L= amine or phosphine) due to their
rich luminescence properties. Surprisingly, silver is by far the
least investigated coinage metal despite being in the same group
as copper and gold. Very few spectroscopic investigations have
been reported for Ag(l) molecular coordination compout§d&:

Introduction

Coordination compounds of thé%monovalent ions of group
11 have received tremendous attention in the last twenty five
years. A central issue in the chemistry of these complexes is
the study of closed-shell metaietal interactions. Molecular
and electronic structure studies of gold(l) complexes are under

ongoing investigation by several research grotids. Recent o
work includes simple monomeric complekes as well as A study of lanthanide ion complexes of Ag(CN)and

dinuclear and polynuclear clusters of Autii2 Similarly, Au(CN),"~ has been carried out in our laboratéfy Also, we
coordination complexes of Cu(l) have been thoroughly inves- Nave recently reported the first example of Ag(@Numines-

(8) (a) Assefa, Z.; McBurnett, B. G.; Staples, R. J.; Fackler, J. P., Jr.;
Assmann, B.; Angermaier, K.; Schmidbaur, lHorg. Chem.1995
34, 75. (b) Forward, J. M.; Assefa, Z.; Staples, R. J.; Fackler, J. P.,
Jr.Inorg. Chem1996 35, 16. (c) Assefa, Z.; Staples, R. J.; Fackler,
J. P., Jrlnorg. Chem.1994 33, 2790. (d) Fackler, J. P., Jr.; Staples,
R. J.; Assefa, ZJ. Chem. Soc., Chem. Commaf94 431. (e) King,
C.; Wang, J. C.; Khan, M. N. |.; Fackler, J. P., Jnorg. Chem1989

T University of Maine.
* Auburn University.
S ORNL.
' Angelo State University.
(1) Larson, L. J.; McCauley, E. M.; Weissbart, B.; Tinti, D. 5.Phys.
Chem.1995 99, 7218.
(2) Striplin, D. R.; Crosby, G. AJ. Phys. Chem1995 99, 11041.

(3) (a) Fischer, P.; Ludi, A.; Patterson, H. H.; Hewat, A. Mbrg. Chem.
1994 33, 62. (b) Nagle, J. K.; LaCasce, J. H., Jr.; Dolan, P. J., Jr.;
Corson, M. R.; Assefa, Z.; Patterson, H. Mol. Cryst. Lig. Cryst.

199Q 181, 359. (c) Nagasundaram, N.; Roper, G.; Biscoe, J.; Chai, J.

W.; Patterson, H. H.; Blom, N.; Ludi, Anorg. Chem1986 25, 2947.
(d) Patterson, H. H.; Roper, G.; Biscoe, J.; Ludi, A.; BlomJNLumin.
1984 31/32 555. (e) Markert, J. T.; Blom, N.; Roper, G.; Perregaux,
A. D.; Nagasundaram, N.; Corson, M. R.; Ludi, A.; Nagle, J. K;
Patterson, H. HChem. Phys. Lett1985 118 258.

(4) (a) Koutek, M. E.; Mason; W. Rinorg. Chem.198Q 19, 648. (b)
Mason, W. RJ. Am. Chem. S0d.976 98, 5182. (c) Savas, M. M.;
Mason; W. R.Inorg. Chem1987, 26, 301. (d) Jaw, H. R.; Savas, M.
M.; Rogers, R. D.; Mason; W. Rnorg. Chem.1989 28, 1028. (e)
Chastain, S. K.; Mason, W. Rnorg. Chem.1982 21, 3717.

(5) (a) McClesky, T. M.; Gray, H. Blnorg. Chem.1992 31, 1733. (b)
McClesky, T. M.; Mizoguchi, T. J.; Richards, J. H.; Gray, H.IBorg.
Chem.1996 35, 3434.

(6) Pathaneni, S. S.; Desiraju, G. R.Chem. Soc., Dalton Tran$993
319.

(7) (a) Cerrada, E.; Jones, P. G.; Laguna, A.; Lagunalndrg. Chem.

1996 35, 2995. (b) Cerrada, E.; Laguna, A.; Laguna, M.; Jones, P.

G. J. Chem. Soc., Dalton Tran$994 1325.

28, 2145. (f) Khan, M. N. I, King, C.; Heinrich, D. D.; Fackler, J. P.,
Jr.; Porter, L. Clnorg. Chem1989 28, 2150. (g) Daila, R., Elduque,
A.; Grant, T.; Staples, R. J.; Fackler, J. P.,ldorg. Chem1993 32,
1749. (h) King, C.; Khan, M. N. |.; Staples, R. J.; Fackler, J. P., Jr.
Inorg. Chem.1992 31, 3236.

(9) (a) Toronto, D. V.; Weissbart, B.; Tinti, D. S.; Balch, A. Lnorg.

Chem.1996 35, 2484. (b) Weissbart, B.; Toronto, D. V.; Balch, A.
L.; Tinti, D. S.Inorg. Chem1996 35, 2490. (c) Toronto, D. V.; Balch,
A. L.; Tinti, D. S. Inorg. Chem.1994 33, 2507. (d) Balch, A. L.;
Catalano, V. J.; Olmstead, M. Mnorg. Chem.199Q 29, 585. (e)
Balch, A. L.; Fung, E. Y.; Olmstead, M. Mnorg. Chem.199Q 29,
3203.

(10) Jones, W. B.; Yuan, J.; Narayanaswamy, R.; Young, M. A.; Elder, R.

C.; Bruce, A. E.; Bruce, M. R. MInorg. Chem.1995 34, 1996.

(11) (a) Li, D.; Hong, X.; Che, C. M.; Lo, W. C.; Peng, S. NI. Chem.

Soc., Dalton Trans1993 2929. (b) Li, D.; Che, C. M.; Peng, S. M;
Liu, S. T.; Zhou, Z. Y.; Mak, T. C. WJ. Chem. Soc., Dalton Trans.
1993 189. (c) Shieh, S. J.; Li, D.; Peng, S. M.; Che, C. MChem.
Soc., Dalton Trans1993 195. (d) Lee, C. F.; Chin, K. F.; Peng, S.
M.; Che, C. M.J. Chem. Soc., Dalton Tran%993 467. (e) Che, C.
M.; Kwong, H. L.; Yam, V. W. W.; Cho, K. CJ. Chem. Soc., Chem.
Commun.1989 885.

S0020-1669(97)00694-0 CCC: $15.00 © 1998 American Chemical Society
Published on Web 03/04/1998



Ag—Ag Interactions in TI[Ag(CN)]

cence in TI[Ag(CN}].25 Electronic structure calculations based
on the extended Hikel method suggest the importance of
metal-metal interactions in the compouft. To study the
relative importance of AgAg versus T+Ag interactions, we
report herein the crystal structure of TI[Ag(GN) Raman
spectra as a function of temperature as well as further electronic
structure calculations are also presented and discussed in term
of their relation to the crystal structure. A comparison can be
made with TI[Au(CN}] in which we reported earlier that both
TI—Au and Au-Au interactions are significaRf2

Experimental Section

TI[Ag(CN)] crystals were grown by mixing a 1:1 mole ratio of TICN
and AgCN followed by slow evaporation of the aqueous solution. TICN
was prepared by passing HCN gas into an ether solution of thallium
ethoxide (Aldrich), while AgCN was prepared by adding agueous
AgNO; to an ammoniacal solution of KCN (Sigma).

The structure of TI[Ag(CN) was determined with data collected
on a Nicolet R3m/V diffractometer by employing Maokradiation ¢
= 0.710 73 A). All computations were performed with SHELXTL-
PLUS VMX, Release 4.13% A colorless blade-shaped crystal with
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dimensions 0.14x 0.18 x 0.35 mm was mounted on a glass fiber
with epoxy cement at room temperature. The unit cell constants were
determined by centering 24 reflections in thé Bange 14-29°.
Intensity data of the compound were collected for 1744 unique
reflections ¢-h, +k, £l) in the 4 < 20 < 50° range by using thé
scanning technique. Two reflections established as standards were
checked routinely for deviations of positions and intensities after every
00 reflections. Systematic absences$ sf2n + 1 in the 00 andhOl

andk = 2n + 1 for kO zones uniquely identified the space group as
P2,/c (No. 14). Thallium and silver atoms were located by direct
methods. Carbon and nitrogen atoms were located from difference
maps calculated after least-squares refinement of the heavy atom
positions. The data were corrected for Lorentz and polarization effects
and for absorption by empirical methods on azimuthg) §écans of
reflections. The structure was refined using full-matrix least-squares
methods orf; anomalous scattering contributions were included. No
extinction correction was performed. A final difference map showed
significant electron density around the Tl atom. All the atoms were
ultimately refined anisotropically.

Raman spectra were recorded with a holographic double monochro-
mator (Ramanor 2000 M) equipped with a Pelletier cooled quantum
photometer (model 1140, Princeton Applied Research). The 514.5 nm
green line of an argon ion laser (Coherent, Innova 90-2A) was used as
the light source. Raman spectra were recorded as a function of
temperature between 10 K and room temperature. Liquid helium was
used as the coolant in a model Lt-3-110 Heli-Tran cryogenic liquid
transfer system equipped with a temperature controller. In all spectra
single crystals of high optical quality were selected using a microscope.
Care was taken in the Raman experiment to ensure that the crystal did
not decompose. The laser power was adjusted between 3 and 20 mW
depending on the Raman signal. Fourier transform infrared (FTIR)
spectra were obtained using a Bio-Rad Digilab FTS-60 spectrometer
equipped with a microscope accessory and a liquid nitrogen-cooled
detector. This setup allows measurement of the infrared spectra for
single crystals using the reflectance mode.

The computational method was of the extendeahéli type using
FORTICONS program (QCMPO011). Relativistic parameters were used
for all atoms, and the details are described elsewfferEhe atom
separations were according to the crystal structure of TI[Ag¢CaY
discussed below. The AgAg distance was varied, and the resulting
total energy was determined in a trimer, [Ag(GN}, and a pentamer,
[Ag(CN)2]s, model which describe silvessilver interactions in TI-
[Ag(CN).]. Approximations were made that all Ag(CN)ions were
linear in both models, the terminal ions are perpendicular to the central
ion in the trimer (dihedral angles 90°) and parallel in the pentamer
(dihedral angle= 0°), and the pentamer has a square planar (undistorted)
geometry. Therefore, the point groupDss for the trimer model and
D4, for the pentamer model.

Results

(1) Crystal Structure. Crystallographic data for the title
compound are shown in Table 1. Atomic positional and thermal
parameters are given in Table 2. Significant interatomic
distances and bond angles are given in Table 3. The thermal
ellipsoid drawing of the unit cell is shown in Figure 1. The
structure displays a layered arrangement in which layersof Tl
ions alternate with silver layers along thexis. The packing
diagram in Figure 2 shows this arrangement.

There are three crystallographically inequivalent Ag sites in
the unit cell. Two of these sites, Ag(1) and Ag(2), appear on
inversion centers while the third one, Ag(3), lies on a general
position. The Ag(CNy~ ions are stacked in two patterns
throughout the crystal structure of the title compound, one
pattern in the environment of each Ag site on an inversion
center, namely, Ag(1) and Ag(2). The stacking in the Ag(1)
environment appears as a trimer of interacting Ag(CNyns
with a linear arrangement for the three Ag atoms. The Ag(1)
atom is surrounded by two opposite images of Ag(3) in this
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Table 1. Crystallographical Data for TI[Ag(CN)

empirical formula
fw

cryst syst

space group

a A

b, A

c, A

B, deg

Vv, A3

z

dcalcd g/Cm?

abs coeff, cm?

cryst size (mm)

no. of reflcns collctd

no. of unique (merging)
no. of obsd o > 40Fg)
26 range, deg
data:params

abs correction

transm factor: max, min

GAgN_TI
364.3
monoclinic
P2i/c (No. 14)
7.798(1)
14.685(3)
8.566(2)
91.66(2)
980.5(3)

8

4.935
369.7
0.1x 0.18x 0.35
1964
1744 (0.0548)
1240
4650
11:1
semiempirical
0.0284, 0.0113

largest peak and hole, e A 2.22 and 1.96
R2R," 0.0643, 0.0899
goodness-of-fit 0.89

AR = J||Fol — [Fcll/X|Fol. ® Ry = [W(|Fo| — |Fc N¥Tw Fo2]*?2
(International Tables for X-ray CrystallographyKynoch Press:
Birmingham, England, 1974; Vol. IV).

Table 2. Atomic Coordinates % 10*) and Equivalent Isotropic
Displacement Coefficients @Ax 10%)

X y z Ueq)

TI(1) 3026(2) 7610(1) 5268(1) 42(1)
TI(2) 2263(2) 10480(1) 4689(2) 54(1)
Ag(1) 0 10000 0 56(1)
c@) -1120(38)  10683(20) 1814(34)  42(9)
N(1) —1658(43)  11003(27) 2880(38)  79(13)
Ag(2) 5000 10000 0 64(1)
c@) 4739(50)  9353(22) 2171(38)  57(13)
N(2) 4718(25)  9122(16) 3356(35)  44(8)
Ag(3)  —2029(3) 8201(2) 451(3) 53(1)
c@3) —3528(34)  8168(17)  —1627(34)  37(8)
N(3) —4128(35)  8212(18)  —2772(29)  50(9)
C(4) —346(35) 8360(19) 2354(42)  49(11)
N(4) 549(37) 8544(21) 3445(39)  62(11)

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedJ; tensor.

Table 3. Selected Interatomic Distances (A) and Angles (deg) for
TI[Ag(CN)2]

Ag(1)-C(1) 2.06(3)  C(1}Ag(1)-C(1A) 180
Ag(2)-C(2) 2.10(3)  Ag(LFC(1)-N(1) 174.1(29)
Ag(3)-C(3) 2.10(3)  C(2rAg(2)-C(2A) 180
C(1)-N(1) 1.12(4)  Ag(2C(2)-N(2) 170.3(32)
C(2)-N(2) 1.07(4)  C(3)Ag(3)-C(4) 172.3(11)
C(3)-N(3) 1.08(4)  Ag(3-C(3)-N(3) 170.7(26)
Ag(1) —-Ag(3)  3.1103)  Ag(3)-C(4)-N(4) 172.9(26)
Ag(2)-Ag(3)  3.528(3)

Ag(1)-Ag(2)  3.899(1)

TI(1)=N(2) 3.08(2)

TIL)-N(1A)  2.81(4)

TI(1)—N4 2.81(3)

TI(2)-N(2) 3.01(2)

TI(2)—N(4) 3.30(3)

environment (Figure 1) with an Ag(3)Ag(3) contact of
3.110(3) A. The Ag(CNy ions are oriented in a nearly
perpendicular geometry with a AgAg(3)—C(3) angle of 98.

Omary et al.

c
N Agll)

Figure 1. Thermal ellipsoid plot of TI[Ag(CNy] showing the three
crystallographically distinct sites for the Ag atoms.

Figure 2. Packing diagram along tha axis showing the layered
arrangements of the TI[Ag(CR)structure. Notice that silver layers
alternate with thallium layers.

terminal atoms, respectively. The Ag(GN)ons of the Ag(1)
and Ag(2) sites are required to be linear with aAy—C angle
of 18%°. The coordination of the Ag(CN) ion at the Ag(3)
site slightly deviates from linearity; the C(3pAg(3)—C(4) angle
is 172.3(1). The Ag(CN})~ ions at the Ag(2) sites are oriented
parallel to theb axis while the other two ions lie parallel to the
ab plane.

The crystal structure of the compound indicates the presence
of two crystallographically distinct Tl sites each of which is on
a general position. Figure 3 shows the environments surround-
ing both Tl sites. The coordination around thallium is irregular,
where four N atoms surround TI(1) in a distorted square
pyramidal arrangement with the Tl atom out of the plane. The
TI—N distance ranges between 2.81(3) and 3.07(2) A in that
site. Meanwhile, TI(2) is surrounded by six neighboring N
atoms in a distorted octahedral arrangement. TheNT¢ontact
at the TI(2) site is longer than that observed at the TI(1) site
and ranges between 2.94 and 3.31 A (Table 3). The shortest
contact between the Tl and Ag atoms is about 4 A.

(2) Vibrational Spectra. The high- and low-energy regions
of the Raman spectra for TI[Ag(CB)are shown in Figures 4

The other stacking pattern is observed in the Ag(2) environment and 5, respectively, at 10 K, 80 K, and room-temperature.

and can be described as a pentamer of AgEChins with a
distorted square planar geometry. Silvsilver contacts of

Assignments of the Raman bands are given in Table 4. The
room-temperature Raman spectra are not well-resolved, but

3.528(3) and 3.899(1) A are present between the central Ag(2) better resolution was obtained in the spectra recorded at 10 and
atom with each of the opposite images of the Ag(3) and Ag(1) 80 K. Infrared spectra at room temperature show two peaks in



Ag—Ag Interactions in TI[Ag(CN)] Inorganic Chemistry, Vol. 37, No. 6, 1998383

Nl4al
10 K
.‘é’
=
z
£
3
bl
T 80 K
Z
=
RT
Figure 3. Environment of the two thallium sites in the crystal structure
of TI[Ag(CN)2]. T t —— T
-400 -300 -200 -100 0

Raman Shift, em’’

Figure 5. Raman spectrum of TI[Ag(CN) in the 0-400 cnt?
frequency range recorded at 10 K (top), 80 K (middle), and room

10K temperature (bottom).
.‘2 Table 4. Assignment of the Raman Bands for TI[Ag(GIN)
> cm? assignment
B
£ <50 lattice bands
S 75—-125 Ag—Ag stretcht
< 80 K 230-255 N-CAgC—N bend
z 300-400 Ag—C stretch
£ 2110-2125 C-N stretch
=

2 There is overlap between the lattice bands and this band. However,
the temperature dependence shown in Figure 5 suggests that this band
RT is due to an Ag-Ag stretching mode. See text for further detafl3his
assignment is in agreement with the one reported by Chadwick and
Frankiss’

—— the crystal structure of TI[Ag(CN). Although only three
22150 2130 2110 unique Ag atoms are present in the crystal structure, there are
four unigue cyanide groups. The cyanides on each of the two
Ag atoms which appear on inversion centers, Ag(1) and Ag(2),
are equivalent. In contrast, the Ag(3) atom lies on a general
position, therefore giving rise to two structurally inequivalent
cyanide groups in that position. Group-theoretical analysis was
performed in order to calculate the numberngfy peaks for
TI[Ag(CN),] according to the crystal structure. Since all-Ag
Ag distances are relatively long in the Ag(2) environment, an
isolated Ag(CN)~ ion can be assumed at that site. Therefore,
a D« site symmetry is given for Ag(2). This gives rise to one
Raman peak forc—n. The much smaller AgAg distance of
3.11 Ain the Ag(1) environment suggests that the site symmetry
should be taken for the whole trimer arrangement of the three
interacting Ag(CN)~ ions in this environment. The point group
is, consequentlyD,n. This gives rise to three Raman peaks in
thevc_n region. Therefore, the total number of peaks according
to this analysis is four, in agreement with the experimental data
which showsvc_y peaks at 2137, 2127, 2123, 2113 ¢nat
low temperature. The large splitting of the two outer peaks
(24 cn?) is too large for a correlation field effect and thus
suggests the presence of [Ag(GN)ions in more than one
(1) Raman Data. Four peaks have been resolved within the site?” in agreement with the crystal structure data.
strongest Raman bands at ca. 2120 and 250'@=s shown in The temperature dependence of the very low energy part of
Figures 4 and 5, respectively. This result is in agreement with the Raman spectra provides more direct evidence for the
significance of Ag-Ag interactions in TI[Ag(CN)]. A careful
(27) Chadwick, B. M.; Frankiss, S. G. Mol. Struct 196§ 2, 281. inspection of Figure 5 reveals two different temperature-

Raman Shift, em™

Figure 4. Raman spectrum of TI[Ag(CN)in the vc_n region recorded
at 10 K (top), 80 K (middle), and room temperature (bottom).

the ve—n region at 2107 and 2115 cth Raman and infrared
data for polycrystalline TI[Ag(CNJ at room temperature were
reported previously by Chadwick and Frankiss, but no spectra
were showr?! Our room-temperature Raman and infrared data
are similar to the data in that study.

(3) Electronic Structure Calculations. The trimer and
pentamer arrangements of the Ag(GNjons according to the
crystal structure have been modeled by extendeatkelu
calculations in order to gain better insight into the -Afg
bonding in TI[Ag(CN}]. Figure 6 shows that a potential well
forms at an Ag-Ag distance of 2.79 and 3.44 A in the trimer
and pentamer model, respectively. Table 5 summarizes the
results of the calculations for the minimized structures of the
two models.

Discussion
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Figure 6. (a) Potential energy curve of the [Ag(CN)s trimer model describing the Ag(1) environment in the crystal structure of TI[Ag{Chs)
obtained from relativistic extended kel calculations. The AgAg distance is the distance between the central and the terminal silver atoms of
the trimer. (b) Potential energy curve of the [Ag(GN} pentamer model describing the Ag(2) environment in the crystal structure of TI[Ag[CN)
as obtained from relativistic extended ¢kel calculations. The AgAg distance is the distance between the central and the terminal silver atoms
of the pentamer.

Table 5. Summary of Extended kel Calculations for the Trimer shift for salts of the same complex ion which differ only in the
and the Pentamer Models (Details of the Calculations Setup Are counter cation. A similar trend was noticed previously in the

Given in the Text) Raman data for TI[Au(CN) versus other M[Au(CNj salts
model (M =K, Na, Li).?® A possible explanation for the lowee_y
trimer, pentamer, frequer]cies in the th.allium compqunds is the ellectron density
[Ag(CN)2 ]z [Ag(CN)2]s of thallium surrounding the cyanide groups (Figure 3). The
Ag—Ag equilibrium distance, A 279 3.44 don_ation of the 6s _elect_rons inTko the empty antibonding
total energy, eV —1491.95 —2491.63 orbitals of the cyanide ligands of appropriate symmetry (e.g.,
energy per [Ag(CNy ] ion,? eV —497.32 —498.33 o*) should lower thevc_y value.
g‘lndl'zg ener|9)"’:°eV i 8-8g4 8-07023 (2) Metal—Metal Interactions. The shortest AgAg dis-
g—Ag overlap populatio . -0. ; ;
Ag—C overlap populatioh 0.237 0.244 tance of 3.11 A observed in TI[Ag(CH)is shorter than any

reported Ag-Ag distance among the silver dicyanide salts
2The corresponding values for the [Ag(GN) mqnomet[ and whose crystal structures have been determined. For example,

[AG(CN), "], dimer are—497.13 and—497.19, respectiveli. ®The  the shortest silversilver distance has been reported as 3.71

binding energy is calculated as the depth of the potential well relative and 3.52 A in Na[Ag(CNYJ® and KNaJAg(CN)y]s,3! respec-

to the energy at an AgAg distance of 6.00 A¢ The correspondin . .
value forthgs[/Ag(CN;(]gg d?mer is 0.13 e\® 4 The overlap po?)ulatio?] tively. Crystal structures have also been determined for K[Ag-

values are given for bonds with the central Ag atom in both models. (CN)2],%* M[Ag(CN)2]2>-2H;0 (M = Ca, Sr)?* and R Cd[Ag-
The Ag—C overlap population for an isolated Ag(CN)ion is 0.258. (CN);]3}.3* All of these compounds have AgAg distances
longer than 3.5 A.

~ Table 5 suggests that the silvesilver interactions are greater
dependence patterns for two low-energy Raman bands. It iSin the trimer than in the pentamer because of the shorter Ag
noted that the relative intensity of the broad band centered atag equilibrium distance and the greater Agg overlap
~100 cn* increases relative to the band-a50 cn* as the  population concomitant with a decreasing AQ overlap
temperature is cooled toward 10 K. Itis expected that phonon popylation for the trimer. In contrast, the pentamer arrangement
or lattice bands become less important at lower temperatures.gave rise to a greater Agg binding energy and a more
lattice vibrations but, instead, due to silvesilver bonding. In arrangement. Therefore the pentamer seems to have more
other words, the~100 cnt?! band is tentatively assigned to an
Ag—Ag stretching modeuag-ag). It is noted that this band  (28) (a) Wong, P. T. TJ. Chem. Phys1979 70, 456. (b) Bottger, G. L.
becomes more resolved at lower temperatures and three distinct ~ SPectrochim. Acta968 24A 1821. (c) Loehr, T. M.; Long, T. V., II.

; . ! J. Chem. Phys197Q 53, 4182.
peaks become apparent. More discussion of this Raman band(zg) (a) Chadwick, B. M.; Frankiss, S. G. Mol. Struct 1976 31, 1. (b)

will follow in the next section. Stammreich, H.; Chadwick, B. M.; Frankiss, S.JGMol. Struct 1967/
It is interesting to note that the-—y frequencies observed in 20 E%S 1,|%9J1-_Kh | S 7abel. MActa Crvstalloar 1989 C45. 1419

the Raman spectra of TI[Ag(Chjare significantly lower than (50} 28 i hes 52 T0e M2 EheRict cbe G o1

the corresponding frequencies for K[Ag(GNand Na[Ag(CN}] (32) (a) Hoard, J. LZ. Kristallogr. 1933 84, 231. (b) Staritzky, EAnal.

crystals reported elsewhet&?® The room temperaturec—y Chem.1956 28, 419. _

band appears at ca. 2120 cthin TI[Ag(CN),] which represents ~ (33) foaggseisK' J.; Zabel, M.; Meyer, H.; Fischer, 2 Naturforsch1985

a shift of 26-30 cn7! to lower frequency than the correspond- (34) Hoskins, B. F.; Robson, R.; Scarlett, N. V. ¥.Chem. Soc., Chem.
ing values in K[Ag(CN})] and Na[Ag(CN}]. This is a large Commun.1994 2025.
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Table 6. Charge Distribution in the Minimized Structufesr the crystal structuré® It should be pointed out that the ligand field
Trimer and the Pentamer Models for TI[Ag(GIN) f factor for the cyanide group is 1.7 according to Jargefd%en.
central AG(CN)~ ion terminal Ag(CN)~ ions This value is among the highest for common ligands.
model Ag C N Ag C N Our previous extended 'lkel calculations for an isolated
[Ag(CN), ]s +0.65 —0.01 —-0.78 +0.58 -+0.013 —0.82 TI[Ag(CN)] unit predict tha.lt the molecule has a net binding
[Ag(CN);"]s +0.60 —0.04 —0.76 +0.53 —0.025 —0.74 energy (depth of the potential well) of 0.26 eV at the calculated

aThe minimizati . , TI—Ag equilibrium distance of 3.13 & Similar calculations
e minimization was performed using extendettkl calcula- . .
tions by varying the Ag-Ag distance in each model. The equilibrium !N the same _StUdy have Peen carried out for the [Ag(?_CN)
distances are listed in Table 5. dimer in which the two ions are paralleD4,). The silver
. - o ) ) dicyanide dimer has a total energy-6497.19 eV per Ag(CNy

thermodynamic stability. This discrepancy is partially due t0 jon at its equilibrium distance. This energy is only 0.06 eV
the greater steric hindrance between the cyanide ligands in they,qre negative than the energy of an isolated Ag(CNdn
pentamer NI.B: the dihedral angle is<0in the pentamer and  5ccording to these calculatiods. Moreover, the equilibrium
90" in the trimer). Ag—Ag distance in the minimized structure was 3.59 A. These

The crystal structure of TI[AG(CN) shows that the shortest  oqits” actually suggest that the*Thonding to a monomeric
TI—Ag distance is about 4.0 A indicating the absence of Ag(CN),~ ion should be stronger than the Adg bonding
significant interaction between the two metals. This result is between two neighboring Ag(CH) ions. Therefore, the
in contrast with our theoretical predictions. We have recently metallophilic attraction is expected to be important for the Tl

v oo 0 sy A0 bonding a5 well 3s he Aghg borcing n TIASICNJL
E y However, as more Ag(CN) ions come close to each other,

in a T-shaped @,,) arrangemer® A plot of the potential - . ) .

energy versus the HAg distance has resulted in the formation ?h?l Atg;Alg tlrr]ltegactrlons befctohme m(ijlirlfri w::}portané.i tT:'S IS

of a potential well at a FtAg separation of 3.13 A. These etiected € decrease of the equ um-A8g distance
concomitant with a decreasing energy per Ag(£€Npn as one

theoretical results predict the significance of~Blg metallo- ds f th to the difSeand th ith
philic attractior®® in an isolated TI[Ag(CNy] molecule. How- proceeds from the monomer to he di nd then to ?" er
the trimer or the pentamer (Table 5). In the meantime, the

ever, the crystal structure does not show isolated molecules of h ; . : g
TI[Ag(CN),] so this prediction does not hold. We attribute this 299regation of the Ag(CMN) units results in an increasing
discrepancy to the crystal field effects of the cyanide groups. Negative charge concentrated on the nitrogen atoms of the
The results of our extended kel calculations herein indicate ~ Cyanide ligands while the positive charge is distributed between
that the negative charge is concentrated almost exclusively onPOth silver and thallium atoms. In fact, Table 6 indicates that
the nitrogen atoms of the cyanide ligands in the minimized the total charge on silver atoms is oniyl.81 on the three Ag
structure of both the trimer and the pentamer models describedatoms of the trimer ane-2.71 in the pentamer. Meanwhile,
above. Table 6 summarizes the net charge distribution in boththe corresponding total charge on the N atoms-a4eB4 and
models. The highly negative charges on the nitrogen atoms —7.42, respectively. The redundant negative charge has to be
are, therefore, predicted to attract the positivet Tons balanced by the Tlions. We conclude that the absence of
electrostatically in both models (Table 6). This prediction is significant T=Ag metallophilic attraction is due to a combined
confirmed by the crystal structure which shows that the thallium effect of increasing silversilver interactions and increasing
ions are surrounded by the nitrogen atoms of the cyanide ligand.crystal field of the negatively charged cyanide ligands. These
There are two unique Tlions in the crystal structure of TI-  effects become more important with the increasing aggregation
[Ag(CN),] one of which is coordinated to four N atoms while of the Ag(CN)~ ions.

the other has six nearest-neighbor N atoms (Figure 3). This |t is important to note that gotdgold interactions have been
TI—N electrostatic attraction thus diminishes the expected weak emphasized in several recent articles in the literature, and the
TI—Ag metallophilic attraction. o termaurophilic attractionhas been commonly uséd.Silver—

A similar situation to the TN bonding in TI[Ag(CN}] was silver interactions, on the other hand, have received little
found in TE[PY(CN)]. The crystal structure of FIPt(CN)]  attention due to the absence of enough experimental evidence
|no!|cates. that'the two thallium atoms are syrrounded py five ¢or ligand-unsupported AgAg interactions. Most examples
neighboring nitrogen atoms of the cyanide ligaftisDensity reported to have short AgAg separations were primarily
functiona_l (DFT) calculations on that compom_md revealed that i clear or polynuclear compounds of Ag(l) in which Ag
the bonding qf T1 to [PY(CN)J® has.an fonic natur®, f‘g Ag interactions are assisted by the presence of bridging
recent theoretical study has been carried out fgPT{CN)4]. ligands?%5 Ligand-unsupported AgAg interactions in the

-[I)-rr:g Ctﬁg;rl:l?rtlzd;fplzgrisrizig'%;%:’fs'sgﬂfgagﬁy ?lzrrt]e;ﬁi?e.? upper van der Waals limit have been suggested recently in the

Hartree-Fock level. Electron correlation effects were found ) @ . KOxidation Namb 4 Oxidation St

to enhance the shortening of the-Rt bond length. The authors a) Jergensen, ©. kwxidation INumpers and Oxidation States
i X . S| : New York, 1969; pp 8485. (b) J , C. Kbsorpt

attributed the longer experimental-iPt distance to the crystal 53223‘;’ angwcﬁémicm Bﬁﬁding ir(1 >C§,?§g§§;,gamoi°rgr'§23:

field effects of the cyanide ligands. These effects were found Oxford, 1962. N _ _

to overcompensate for the TPt meta”oph"lc attraction and (40) For a review of aurophilic attraction, see: SchmidbauCkem. Soc.

thus explain the relatively long HPt distance observed in the (41) ,Ff,g’b;;%giosgéz |- Raston. C. L.- White. A.H.Chem. Soc.. Chem.

Commun.1984 612.

(35) For arecent review of metallophilic attraction, see: Pyylkk&hem. (42) Gambarotta, S.; Floriani, C.; Chiesi-Villa, A.; Guastini, C.Chem.
Rev. 1997 97, 599. Soc., ChemCommun.1983 1087.
(36) Nagle, J. K.; Balch, A. L.; Olmstead, M. M. Am. Chem. S0d.988 (43) Karsch, H. H.; Schubert, \Z. Naturforsch.1982 37B, 186.
110, 319. (44) Tsuda, T.; Ohba, S.; Takahashi, M.; Ito, Kcta Crystallogr.1989
(37) Ziegler, T.; Nagle, J. K.; Snijders, J. G.; Baerends, B. Am. Chem. C45, 887.
Soc.1989 111, 5631. (45) Kappenstein, C.; Ouali, A.; Guerin, M.; Cékad.; Chomic, Jinorg.

(38) Dolg, M.; PyykKg P.; Runeberg, Nlnorg. Chem.1996 35, 7450. Chim. Actal988 147, 189.
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[Ag3(2-(3(5)-pz)py)]2:2py cluster*® Clusters of uncoordinated  with dimeric Ag(l) complexes of bridging phosphine ligands.
silver(l) ions have also been reported. An example is the Harvey et al. assigned Raman bands appearing at 78 ton
octahedral Ag cluster which has been detected in zeolffes. Ag—Ag bonding in these compounds which have -A&g
The importance of significant AgAg interactions in the title distances in the 3.043.10 A rangé® Given the different
compound lies in the fact that such interactions occur in a geometry and the slight differences in the -Afyg distances
mononuclear coordination compound (not justtAgns) with between TI[Ag(CN;] and these dimeric compounds, the Raman
no bridging ligands. The short AgAg experimental distance  data in the two cases are in good agreement.

of 3.11 A observed in the Ag(1) environment is well below the Our results, hence, provide strong evidencediyentophi-
3.40 A van der Waals’ limit and close to the Aég distance licity in TI[Ag(CN)] based on both experiment and theory. The
in metallic silver (2.90 A). To the best of our knowledge, [Ag- fact that silver-silver interactions in TI[Ag(CNy are ligand-
(imid),][ClO4] (imid = imidazole) is the only other example unsupported suggests that argentophilicity is likely important
reported for a coordination compound of Ag(l) with a shorter in coordination compounds of Ag(l), in a similar way to
ligand-unassisted AgAg distance than the title compouf#. aurophilicity in Au(l) compounds.

A silver—silver distance of 3.05 A was reported in that example.

Besides the experimental evidence based on the short Ag
Ag distance in the crystal structure, the presence of significant  The significance of silversilver interactions in TI[Ag(CN]
Ag—Ag interactions in TI[Ag(CN}] is also supported theoreti-  has been demonstrated both experimentally and theoretically
cally. Our extended Hikel calculations indicate a thermody- in this study. The fact that these interactions occur in a
namically favorable tendency of the Ag(CN)units to aggre- mononuclear compound having nonbridging ligands provides
gate. This is concluded from the decreasing total energy andstrong evidence for the importance of ligand-unsupported
increasing binding energy as one proceeds from the monomerargentophilicity in Ag(l) coordination compounds in general.
to the dimer® and then to the trimer and the pentamer (Table
5). The formation of potential wells for dimét,trimer, and
pentamer units of AG(CNJ at relatively short Ag-Ag distances
(Figure 6) provides further support for AgAg bonding.

Since both the crystal structure and the theoretical calculations
suggest that significant silvessilver interactions are present in
TI[Ag(CN)3], the tentative assignment of the Raman band at
~100 cnt?! as due to Ag-Ag bonding gains additional strength.
The position of the band (peak a88 cnT! at room temper-
ature) is in the range where bands assigned to metatal

Conclusions
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