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The Nature of the Ag'--Ag' Interaction in Different Ag(NH;), Dimers
Embedded in Supramolecular Solids

Shao-Liang Zheng,* Anatoliy Volkov, Cara L. Nygren, and Philip Coppens*!*!

Abstract: An isolated silver(I) ammo-
nia monomer, a dimer, and a novel
dimer containing an intercalated water
molecule have been embedded as
guests in supramolecular frameworks,
[Ag(NH;),][(H,thpe)(Hsthpe)]-MeCN

(1), [{Ag(NH;),}][(H,thpe),]-4.25 H,O
(2), and [{Ag(NH,),}-H,O-{Ag(NHs;),}]-
[(Hythpe),]-benzene (3) (H;THPE=
tris(hydroxyphenyl)ethane). The [{Ag-
(NH,;),},]** dimer is not stable as an
isolated entity, but is stabilized by hy-
drogen bonding in the supramolecular

ver(I) ammonia dimer, which consti-
tutes a novel species, is also subject by
hydrogen bonding in concentrated sol-
utions. The destabilization energy of
the dimer relative to isolated mono-
mers is calculated to be ~300 kJmol™
by both perturbation methods and
DFT theory. For the water-intercalated
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dimer it is calculated to be
~200 kJmol ™ according to the BSSE-
corrected MP2 calculation. The differ-
ent aggregate states show a dramatic
variation of absorption and emission
properties, in accordance with the con-
centration dependent red-shift ob-
served in solutions. Natural-bond-orbi-
tal analysis shows that the disilver-am-
monium-aquo “sandwich” cation in 3 is
stabilized by interaction between the &
lone pair orbital on the oxygen atom of
the water molecule and Ag'—N o anti-

framework. The water-intercalated sil-

Introduction

The dilution of a photoactive guest in a periodic host envi-
ronment is of importance in the study of photophysical
properties and photoreactions in the solid state."® Unlike
solutions or rigid glasses, which traditionally have been used
to dilute photoactive species, the supramolecular solid state
allows dilution without the loss of three-dimensional perio-
dicity, and therefore, allows the application of diffraction
methods to molecules embedded in cavities. The different
aggregate states of entrapped molecules may result in a dra-
matic variation of the spectral properties, which can be re-
lated to the precisely determined molecular structure. We
have shown that the xanthone molecule occurs as a mono-
mer and as a dimer, respectively, in two crystalline resorcin-
arene-based frameworks,” the analyses of these showed a
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bonding molecular orbital.

pronounced change in the spectral properties of the embed-
ded molecules. Unlike the monomer, the dimer in the latter
phase forms a phosphorescing triplet excimer on exposure
to 366 nm light!”! that has a red-shifted emission compared
with the monomer and a much longer emission lifetime
(5.56 vs. 0.22 ps). The geometric differences in both the
ground state and the excited state, accompanying the differ-
ence in luminescence behavior, may be studied by both con-
ventional and time-resolved diffraction methods."** Time-
resolved diffraction methods allow the identification of the
excited species, and thus, interpretation of the photophysical
properties at the atomic level.

Extensive attention has been focused on the attractive in-
teractions existing between d'° closed-shell ions of group
11191 The term “aurophilicity” has been coined to de-
scribe gold(T)-gold(I) bonding interactions evident in many
molecular and solid state structures. It has been attributed
to correlation and relativistic effects."”'] The strength of
aurophilicity (20-50 kJ mol™") is comparable to that of a typ-
ical hydrogen bond. It can be experimentally measured, and
is large enough to affect the supramolecular structure; on
the other hand, argentophilicity and cuprophilicity corre-
spond to weaker interactions.'>'*! Similar to Cu'--Cu' inter-
actions, the existence of ligand-bridged Ag'--Ag' interac-
tions is supported by spectral evidence!' and has been ex-
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amined by a series of theoretical calculations, which have
sometimes reached different conclusions.!™>) Most of the the-
oretical analysis of the Ag'--Ag' interactions are for neu-
tral--neutral Ag' dimers,">'%" such as [Ag(C¢Fs){N(H)=
CPh,}],,! or anion--anion dimers, such as [[Ag(CN),},J>~,I®
in which the coordinating ligands are anionic. A recent com-
prehensive analysis' of Cu'-Cu' interactions has shown
that in the ground state, often only a small part of the inter-
molecular interaction energy results from the Cu"--Cu' inter-
action, whereas even in the case of ligand-unsupported
Cu'-Cu' species a large component is contributed by
Cu'-ligand interactions.

In our preceding work we showed that an otherwise un-
stable ligand-unsupported Cu' dimer can be stabilized in a
supramolecular framework,” and a study of the geometry of
unsupported Au'-Au’ chains was carried out.” The current
study concerns the structural and theoretical analysis of two
Ag' dimers that have neutral ligands, and their comparison
with the monomeric structure. The solids synthesized con-
tain an isolated silver(I) ammonia monomer, the corre-
sponding dimer, and a solvent-separated dimer, all embed-
ded in supramolecular frameworks, namely [Ag(NH;),]-
[(H,thpe)(Hsthpe)-MeCN (1),  [{Ag(NH;),}][(Hathpe),]
4.25H,0 (2), and [{Ag(NH,;),}-H,O-{Ag(NHs;),}]-
[(H,thpe),]-benzene (3), (H;THPE =tris(hydroxyphenyl)-
ethane), respectively. Their syntheses, structures and photo-
physical properties are described below.

OH

CH,

HO ’ OH

H,THPE

Results and Discussion

Syntheses: [Ag(NH;),][(H,thpe)(Hsthpe)]-MeCN (1) was
prepared by evaporation of an acetonitrile solution. No
dimer phase could be obtained by this method, even though
the composition of the corresponding reaction mixture and
the solution were varied in a series of experiments.”") How-
ever, [{Ag(NH,),L][(Hsthpe),]-425H,0 (2) that has a
ligand-unsupported silver(I) dimer was occasionally ob-
tained by hydrothermal synthesis,”"! similar to the process
previously used to prepare isomorphous crystalline Cu' com-
pounds.’! The crystallization conditions are highly influ-
enced by the solvents used, the template, the pH value of
the solution, and the steric requirements of the counter-
ion.[*??] Addition of salicylic acid to an aqueous solution sta-
bilizes a dimeric configuration, as observed previously, and
led to the desired product.”® When a 1:1 aqueous ammonia/
benzene mixture is used in the hydrothermal synthesis, a
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novel isolated solvent-bridged silver(I) dimer, [{Ag(NH,),}-
H,0-{Ag(NH,),}][(H,thpe),]-benzene (3) is consistently pro-
duced.

Crystal Structures: Crystals of 1 contain two crystallographi-
cally independent H;THPE molecules sharing one hydrogen
(O(1)--O(6) 2.477(2) A, Table S2 and Figure S1 in the Sup-
porting Information). Adjacent [(H,thpe)(Hsthpe)] moieties
are connected by intermolecular hydrogen bonds (O--O
2.654(2)-2.740(2) A) to form a double layer parallel to the
(101) plane (Figure 1). Adjacent hydrogen-bonded layers

R
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a

Figure 1. Three-dimensional supramolecular architecture of 1, containing
monomer [Ag(NH;),]* viewed along the c-axis direction. The aromatic
rings of H,THPE are simplified by replacing the central part of the mole-
cule by a line. The MeCN molecules are omitted for clarity.

are juxtaposed along the b-axis such as to leave a space par-
allel to the a-axis, accounting for 20.8 % of the overall crys-
tal volume.” A fully isolated [Ag(NH;),]* monomer
(Ag-N 2.124(2) and 2.133(2) A; N-Ag—N 178.06(7)°,
Table S3) is entrapped within the space in each unit cell and
hydrogen-bonded to the hydroxyl oxygen atom of the host
network (N--O 3.058(2)-3.218(2) A). One MeCN molecule
per unit cell is clathrated to fill the remaining space.

There are two crystallographically independent H,THPE
anions in 2, connected by hydrogen bonding (O--O
2.480(6) A, Figures2 and S2). The dimeric unit is further
linked by hydrogen bonding to its symmetry related equiva-
lent (symmetry code: —x+2, —y, —z+1) to form a two-di-
mensional wavy hydrogen-bonded layer (O--O 2.534(5)-
2.572(5) A) parallel to the (011) plane (Figure 2, top). Adja-
cent hydrogen-bonded layers are juxtaposed along the b-
axis such as to leave smaller square-shaped channels (effec-
tive cross-section 2.1 x2.1 A) constituting 4.9 % of the crys-
tal volume, as well as larger channels that have a 5.90 A ef-
fective cross section accounting for 18% of the crystal
volume, both oriented parallel to the a axis.

Each of the larger channels contain two crystallographi-
cally independent Ag' atoms per unit cell, each ligated by
two ammonia nitrogen atoms (Ag—N 2.097(4)-2.110(3) A;
N—-Ag—N 175.6(2) and 176.8(1)°, and separated by only
3.1417(4) A, Figure 2, bottom). As this is significantly small-
er than sum of the vander Waals radii (3.44 A), they consti-
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Figure 2. Three-dimensional supramolecular architecture of 2 (top)
viewed along the a-axis direction (the water molecules included in the
lattice are omitted for clarity). Shown at the bottom is the discrete dimer-
ic [[Ag(NH;),},]** species (surfaces shown are defined by the atomic van
der Waals radii).

tute a dimeric [Ag(NH,),],>* species. It is of interest that
the N(3)—Ag(2)—N(4) angle of 175.6(2)° is such that the
Ag(2) is displaced away from the other Ag atom, whereas
Ag(1) is displaced in a direction perpendicular to the
N(1)-+Ag(2)-+N(2) plane. Unlike the reported eclipsed [Ag-
(NH;),],** species, in which the Ag'Ag' distance is larger
(3.211(2) A),”! the N-Ag--Ag-N torsion angles are 72.9(2)°
and 79.1(2)° for N(2)-Ag(1)-Ag(2)-N(3) and N(1)-
Ag(1)--Ag(2)-N(4), respectively. The ammonia ligands act
as donors in hydrogen bonds to the hydroxyl oxygen atoms
of adjacent H,THPE anions (N--O 2.855(5)-3.344(5) A).
One fully ordered water molecule is clathrated in each
larger channel to fill the gap left between the Ag' dimers.
The water molecules are hydrogen bonded to the hydroxyl-
oxygen atom of the host network (O(1W)--O 2.774(1) A).
The smaller square-shaped channels are occupied by disor-
dered water molecules.

There is only one crystallographically independent
H,THPE anion in 3. It is linked by hydrogen bonding to its
related equivalents (O-+O 2.527(5)-2.531(5) A, Table S1 and
Figure S3) to form a three-dimensional hydrogen-bonded
ionic framework that has large channels parallel to the c-
axis (effective dimensions 5.1x5.1 A) constituting 43.8% of
the crystal volume. The isolated solvent-separated dimer 3
(Figure 3), quite different from the silver(I) ammonia mono-
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Figure 3. Three-dimensional supramolecular architecture of 3 (top)
viewed along the c-axis direction, the benzene molecules are omitted for
clarity. Shown at the bottom is the discrete dimeric [{Ag(NHs;),}-H,O-
{Ag(NH;),}]** species (surfaces shown are defined by the atomic van der
Waals radii).

mer in 1 or the dimer in 2, is entrapped within each channel
and is hydrogen bonded to the hydroxyl-oxygen atom of the
host network (N--O 2.984(8)-3.114(7) A). The Ag' is ligated
by two ammonia nitrogen atoms (Ag—N 2.110(6)—
2.142(7) A; N—Ag—N 172.2(2)°). The [Ag(NH;),]* and its
center-of-symmetry related equivalents (symmetry code:
—x+2; y; —z+1/2) are connected by a solvent water mole-
cule through weak Ag--O contacts (Ag-O--Ag 157.2(2)°,
Ag(1)-~O(1W) 2.776(1) A), well beyond the values reported
for other silver(I) complexes (2.33-2.62 A).’ The Ag'
atoms are separated by 5.442(1) A and have N-Ag-Ag-N
torsion angles of 32.5(2)°. In each channel, one disordered
benzene molecule is clathrated to fill the remaining gap.

Molecular dilution: The most significant distinction amongst
the three phases is that [Ag(NH;),]* occurs as monomer in
1, whereas it is a dimer in 2, and it is a solvent-separated
dimer in 3. The molecular dilution of [Ag(NH;),]" trapped
in the supramolecular framework is pronounced. Its concen-
tration in 1-3 is 1.781, 3.448, and 1.367 mol L, respectively,
compared with 12.597 molL ™" for [Ag(NH;),]* ions in neat
[{Ag(NH;),JNO;]."

Argentophilicity: Although 2 and its Cu' analogue® are iso-
morphous, the [{Ag(NHs;),},]** inclusion compound is much
more difficult to obtain, even under hydrothermal condi-
tions. Compared with the Cu' analogue (Cu'--Cu' distance
3.0248(5) A, Table S4), a slightly longer Ag'-Ag' contact
(3.1417(4) A) is observed in 2, in contrast with earlier stud-
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ies on the ligand-unsupported homologous Cu“Ag' com-
plexes, such as the dimer of dimers with a substituted phe-
nanthroline/bipyridyl ligand,"® and the dimer of trimers
based on the substituted pyrazolates'”* in which Ag-Ag
contacts are shorter than the Cu--Cu distances. Notably, the
neutral molecule-based silver(I) aggregates'®!'”l are in fact
large conjugate compounds that have strong intermolecular
attractive dispersive Ag—m interactions.””

Calculations by Carvajal et al. have shown that bimolecu-
lar Cu'-Cu' aggregates that have like charges are not
stable.™ In the ground state often only a small part of the
intermolecular interaction energy gained results from the
direct Cu'-Cu' interaction, although a large component is
contributed by Cu"-ligand interactions. The intermolecular
perturbation theory (IMPT)"” results show that in the [{Cu-
(NH;),},]** analogue, the electrostatic repulsion is dominant
(E4=297.4 kJmol™).”) To gain insight into the Ag'-Ag' in-
teractions, molecular orbital calculations were performed on
the X-ray geometry of the [{Ag(NH,),},]** dimer. An IMPT
calculation indicates that the Ag' dimer in the geometry
found in the crystals of 2 is less stable by 305.5 kJmol™' than
that in the isolated monomers (Table 2). The results are con-
firmed by BSSE-corrected MP2 calculations with Gaus-
sion03, which give an E,=291.8 kimol™' and DFT calcula-
tions with ADF, which give E,=292.5kJmol™" (for details
on the calculations see the Experimental Section). As in the
Cu' dimer studied by Carvajal et al., variation of the metal—
metal distance shows no local minimum (Figure 4), this sug-
gests that the observed dimer is unlikely to occur in diluted
solution. Nevertheless, it can be stabilized in the supra-
molecular environment, as is evident from the crystal struc-
ture of 2. As for the Cu' dimer (E,=297.4kJmol ",
Table 2), the electrostatic term in the Ag' dimer is strongly
repulsive (E,;=292.7 kJmol™'). Therefore, it is important to
take into account the electrostatic term when analyzing the
nature of the interaction energy between the coinage metal

Table 1. Crystal data and structure refinement of 1-3.
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Figure 4. Variation of the IMPT total interaction energy (Eqapin:) Of [{Ag-
(NH;),},]** with Ag-Ag distance and its decomposition into Electrostat-
ic (E,), Exchange repulsion (E,;), Induction (E;,), Charge transfer (E,),
and Dispersion (Eg;,) interactions.

atoms. An additional calculation of the electrostatic energy
by means of the SPDFG program, which evaluates the elec-
trostatic repulsion in terms of the monomer charge distribu-
tions,”! confirms that in both cases the electrostatic repul-
sion is very large (E,=293.63 and 278.23 kJmol ' for the
Cu' and the Ag' dimer, respectively). Nevertheless, the
Mayer bond order of Ag'--Ag' is calculated as 0.246
(Table 3), in agreement with the argentophilicity interac-
tions investigated by spectroscopy that show the orbital in-
teractions to be weakly attractive. The slightly longer
Agl-Ag' contact (3.1417(4) A), relative to that of the Cu'
analogue (3.0248(5) A), does not conflict with the result that
Mayer bond order of Ag"-Ag' (0.246) is significantly larger
than for the Cu®-Cu' interaction (0.181), as Ag' is consider-
ably larger than Cu' (sum of the van der Waals radii for Cu
2.80 and Ag 3.44 A).

As in the Cu' dimer, results of the DFT calculations,
shown in Figure 5, indicate the HOMO-1 to be a Ag"-Ag' o
bonding-molecular orbital, the
HOMO an Ag'-Ag' ¢ anti-
bonding molecular orbital, and

Compound 1 2

3 the LUMO to have Ag'-Ag'

empirical formula C,H, AgN;O CyoHsy sAZN,O4 55 C,H;,Ag,N,0, bonding character with 5d, 6s
formula weight 794.67 971.12 990.67 and 6p AgI contributions. Optl_
crystal system monoclinic triclinic monoclinic mization of the excited triplet
space group P2,/n (No.14) P1 (No.2) C2/c (No.15) . I I
a[A] 13.1482(9) 6.9279(4) 16.0679(8) state gives a reduced Ag--Ag
b[A] 19.7092(14) 12.0530(8) 18.2997(9) distance of 2.86 A (Figure S4),
c[A] 14.4503(11) 23.9865(15) 17.4233(8) indicating a much stronger
51 04 8540(18) 91508013 Wsasoy  Tetal-metal bonding interac
v ] 90 79.3950(13) % t10111 on I‘[he populatlon of tl?e
VA7 3731.2(5) 1926.7(2) 4859.6(4) Ag--Ag bonding LUMO, in
zZ 4 2 4 accordance with the electronic
H(Moy,) [mm™'] 1415 1.674 1.354 structure of [Ag(CN), ],, for
reflections collected 25713 24398 20373 which  much stronger 4o
independent reflections 8992 7527 4721 1 1 bondi d
Ry, 0.0344 0.0190 0.0330 metal-metal bonding and a
goodness-of-fit on F2 1.038 1.073 1.073 possible formal metal-metal
R\[I>20(1)] 0.0305 0.0452 0.0725 single bond has been predicted
wR,(all data) 0.0766 0.1219 02129 to exist in the electronically ex-
AP Apminle A7 1.191/-0.785 2.822/-1.374 3.173/-0.924 s]
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Table 2. Interaction energy (Euun) between two M' monomers from
IMPT, decomposed into five components: Electrostatic (E,), Exchange
repulsion (E,), Induction (E;), Charge transfer (E.), and Dispersion
(Edisp)~[a]

Dimer Ey E E E

[Ag(NH,),[>* 2927 363 -105 —-18 —113 3055
[Cu(NH,),],>* ™ 2974 354 —102 -21 —11.8 3088

er in ct Eip E otateint

[a] Energy in kJmol™'. [b] The IMPT calculations with all-electron basis
set consisted for Cu of the pVDZ basis set of Ahlrichs were reported in
ref. [3]. To allow comparison of the silver, the parallel of IMPT calcula-
tions with all-electron basis set consisted for Cu of the DZVP basis set
were re-performed here.

]
b

Figure 5. Contour plots (isosurfaces at +£0.04 au) of the frontier molecu-
lar orbitals of [{Ag(NH;),),]** in 2: HOMO-1 (top), HOMO (middle),
LUMO (bottom).

As the [{Ag(NH;),},]** dimer is unstable, it is not surpris-
ing that the solvent-separated dimer of 3, [{Ag(NH;),}-H,O-
{Ag(NH,),}]**, can be obtained under different crystalliza-
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tion conditions. BSSE-corrected MP2 calculations show the
total interaction energy between H,O and [{Ag-
(NH,),}-{Ag(NH;),}]** to be E,gurin=—9.90 kImol~'. Anal-
ysis of the natural bond orbitals shows an interaction be-
tween the m lone pair orbital on the oxygen atom of the
water molecule and Ag'-N ¢ anti-bonding molecular orbital
(Figure 6). However, the total interaction energy [AE=

Figure 6. Contour plots (isosurfaces at £0.04 au) of the natural bond or-
bital showing bonding between H,O and [[Ag(NH;),}-{Ag(NH;),}]** in
3.

ExpcAPO—E\APO—EAPO—ELAPO]in [{Ag(NH;),)-H,O-
{Ag(NH,),}] is calculated as E,oy.in =206.4 kI mol ™' (BSSE-
corrected MP2), again indicating the importance of electro-
static repulsions. Thus, this dimer must also be stabilized
through interactions with the framework. The results of the
DFT calculations, shown in Figure 7, indicate the canonical
HOMO to be an Ag'-Ag' o anti-bonding orbital, and the

Figure 7. Contour plots (isosurfaces at +0.04 au) of the frontier molecu-
lar orbitals of [{Ag(NH;),}-H,O-{Ag(NH;),}]** in 3: HOMO (top),
LUMO (bottom).
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LUMO to have Ag"- Ag' bonding character with 5d, 6s and
6p Ag' contributions. This suggests that the bonding for this
ion may also be stronger in the excited state, as calculated
for both [{Ag(NH,),},]** and [{Cu(NH;),},]**, and observed
for the latter.""!

Spectroscopic Properties: As shown by Patterson, Omary
et al, the concentration-dependent red shift of the absorp-
tion edge of [Ag(CN), ], in solution is consistent with the
orbital perturbation brought about by the Ag'-Ag' con-
tacts."®! The spectroscopic properties of the [Ag(NH;),]* in
the solid state similarly changes when the ions are in close
contact. The strongest absorption bands of all three crystal-
line samples occur at 295 nm (Figure 8) and are attributed

Intensity

0.0 1 =l = P Py
300 400 500 600
‘Wavelength/nm

Figure 8. Solid state UV-Vis reflectance spectra of 1 (dashed line), 2
(solid line), and 3 (dashed/dotted line).

to the absorption of the THPE-based framework. Whereas
1 shows little absorption beyond this region, absorption
bands centered at 430-450 nm are observed for 2 and 3.

Individual analysis of neat crystals of 1 and H;THPE
show no significant emission on excitation even at 17 K.’
However, the dimer in the crystals of 2 exhibits an intense
emission at ~530 nm that has a lifetime of 1.6 ps at 90 K,
whereas the solvent-separated dimer in 3 exhibits a weak
emission at ~560 nm that has a lifetime of 1.2 ps at 90 K.
The solid state is unique in that differences in absorption
and emission behavior can be directly related to the unam-
biguously determined molecular aggregation. The dimers in
2 and 3 may equally occur in aqueous solutions, but may not
be distinguishable from the solution spectra alone.”

Conclusion

We conclude that the aggregation of the silver(I) ammonia
cation in the supramolecular solid state is strongly depen-
dent on the method of preparation. As for Cu', the [{Ag-
(NH;),},]** dimer, which is not stable as an isolated entity,
can be stabilized by hydrogen bonding in the supramolec-
ular framework. The same is true for the water-intercalated
silver(I) ammonia dimer, which constitutes a novel species,
that likely will also occur in concentrated aqueous solutions.

www.chemeurj.org
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The destabilization of the dimer relative to isolated mono-
mers is calculated at =300 kJmol™ by both perturbation
methods and DFT theory, and ~200 kJ mol™! for the water-
intercalated dimer according to the BSSE-corrected MP2
calculation. The different aggregate states show a dramatic
variation of absorption and emission properties, in accord-
ance with the concentration dependent red-shift observed in
solutions.!"™!

Molecular-dilution in supramolecular frameworks can be
exploited not only in the study of weak interactions*3 in
the ground state and in time-resolved diffraction studies of
the excited state,l'! but also for the systematic analyses the
dependence of spectroscopic properties on molecular aggre-
gation.”

Experimental Section

Synthesis of [Ag(NH;),][(H,thpe)(Hsthpe)]-'MeCN (1): A solution
(5 mL) of H;THPE (1.0 mmol) was added dropwise to a stirred MeCN
solution (5 mL) of AgNOj; (0.5 mmol) at 50°C for 30 min. The mixture
was dissolved by dropwise addition of an aqueous NHj solution. The re-
sulting colorless solution was allowed to stand in air at room temperature
for two weeks, yielding colorless crystals.

Synthesis of [{Ag(NH;),}),1[(H,thpe),]-4.25H,0 (2): AgNO; (0.5 mmol),
salicylic acid (0.5 mmol), H;THPE (0.5 mmol), aqueous ammonia (25 %,
2.0 mL), and water (2 mL) were sealed in a 6 mL Pyrex glass tube. The
tube was allowed to stay at 120°C for 1 hour, followed by cooling to
room temperature over 40 h. Yellow needle-shaped crystals appeared
during the cooling period.

Synthesis of [{Ag(NH,),}-H,0-{Ag(NH;),}1[(H,thpe),]-benzene (3):
AgNO; (0.5mmol), H;THPE (0.5 mmol), aqueous ammonia (25%,
2.0mL), and benzene (2mL) were sealed in a 6 mL Pyrex glass tube.
The tube was allowed to stay at 120°C for 1 hour, followed by cooling to
room temperature over 40 h. Orange needle-shaped crystals appeared
during the cooling period.

X-Ray crystallography: Diffraction intensities for 1-3 were collected at
90K by using a Bruker APEXII CCD diffractometer (Mo,,; A=
0.71073 A). The data were integrated, scaled, sorted, and averaged by
using the SMART software package.™ The structures were solved by
direct methods and refined by means of full-matrix least-squares by using
SHELXTL program package.® Anisotropic thermal parameters were
applied to all nonhydrogen atoms. The hydroxyl and ammonia H atoms
were located in difference maps, after which the riding model was ap-
plied (O—H: 0.84 A; N—H: 0.91 A). Aromatic hydrogen atoms and hydro-
gen atoms of the CH; group were positioned at idealized positions and
refined in the same way. Crystal data as well as details of data collection
and refinement for the complexes are summarized in Table 1, whereas
hydrogen bond parameters, selected bond lengths and bond angles are
listed in Table S2 and S3. Drawings were produced with Weblab Viewer
Pro. 4.0.77

CCDC-604733-604735 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Theoretical calculations: Starting with the X-ray geometries, the X—H

bond lengths were extended to the standard neutron diffraction distance
(Opaien—H 0.96 A, N-H 1.009 A).1*!

Table 3. Mayer bond orders in the [Ag(NH;),]** dimer.

Ag(1)--Ag(2) 0.246
AgN 0.516-0.528
N-H 0.826-0.849
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Silver Complexes in Frameworks

All electron basis sets consisting of the DZVP basis set for Ag and the
3-21G basis set for the remaining atoms, were used in the IMPT analy-
sis.*]

The orbital analysis of the dimeric silver(I) species were based on calcu-
lations at the B88P86 level with TZP/O,N,H and TZ4P+/Ag basis sets,
employing the ADF 2004 suite of programs.*’)

The BSSE-correlated MP2 calculations (AE=E,;“P—E, AB—E AB)
were performed, employing the Gaussian 03 suite of programs.*!) The
basis set used for light atoms was 6-317+G**, whereas effective core po-
tentials with a LanL.2DZ basis set were employed for the Ag atom.

The new SPDFG program based on the numerical Rys quadrature
method* has been discussed in ref. [31]. The molecular wave functions
for Gaussian-type calculations were obtained with the Gaussian 03 suite
of programs by using MP2 methods with DFT Dunning/H and WTBS/
Ag,Cu,N basis sets.

Bond orders and valences!®! were obtained based on Gaussian 03 MP2
calculation results.

The contour plots of MOs were obtained with the Gabedit (Version
1.2.8) graphic program.“!

UV-Vis reflectance and photoluminescence spectroscopy: UV-Vis ab-
sorption experiments were performed on a Perkin-Elmer Lambda 35
UV-Vis spectrometer equipped with an integrating sphere for diffuse re-
flectance spectroscopy. The spectra were collected in the 210-800 nm
range at room temperature. Powdered crystals that were homogeneously
diluted with a nonabsorbing matrix (MgO) and gently tapped into a
sample holder were used as samples.

Photoluminescence measurements were carried out by using a home-as-
sembled emission detection system. A single crystal sample was mounted
on a copper pin attached to a DISPLEX cryorefrigerator. A metallic
vacuum chamber with quartz windows is attached to the cryostat. The
chamber was evacuated to approximately 1077 bar by means of a turbo-
molecular pump, which allows cooling down to ~17 K. The crystals were
irradiated with 366 nm light from a pulsed N,-dye laser. The emitted light
was collected by an Oriel 77348 PMT device, positioned at 90° to the in-
cident laser beam, and processed by a LeCroy Digital Oscilloscope that
has a 1-4 GHz sampling rate.
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