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ABSTRACT: Silver complexes with proteinogenic amino acid ligands are of
interest for biomedical and antimicrobial applications. In this work, we
obtained {[Ag7(L-his)4](NO3)3·3H2O}0.2{[Ag8(L-his)4(H2O)2](NO3)4·
3H2O}0.8 (1) and {[Ag7(D-his)4](NO3)3·3H2O}0.2{[Ag8(D-his)4(H2O)2]-
(NO3)4·3H2O}0.8 (2), which represent the first example of any Ag-exclusive
complex featuring a cluster-type core motif and with only proteinogenic
amino acid ligands. Upon immersion into acetonitrile, an interesting single-
crystal-to-single-crystal transformation occurred to produce a new cluster
complex of the formula [Ag8(L-his)4(NO3)(H2O)](NO3)3 (3). Using a
racemic mixture of histidine, the reaction under otherwise identical conditions
led to the production of the second example of a three-dimensional (3D)
network structured Ag-exclusive complex with only a proteinogenic amino
acid ligand. Compared with other Ag−histidine complexes in the literature,
the significance of reaction conditions, particularly the Ag/histidine ratio and pH of the reaction mixture, is revealed. Temperature-
dependent emission of 1 and 2 at 440 nm characteristic of silver−philophilic interactions was also observed.

1. INTRODUCTION
Scientific exploration is frequently met with serendipitous
discoveries. In our research of lanthanide clusters, which are a
family of polynuclear lanthanide-containing complexes with
aesthetically pleasing polyhedral core motifs and potential
biomedical applications, small-unit anions such as halides are
found to template their assembly from smaller and secondary
building units.1−8 For example, the cluster core of the wheel-
like pentadecanuclear Nd(III) complex with L-histidine of the
formula [Nd15(μ5-Cl)(μ3-OH)20(L-his)10(L-Hhis)5(H2O)10]·
(ClO4)14 (Figure 1a shows the cationic complex unit; Hhis,
histidine; his, mono-deprotonated histidine) features five
cubane-like [Nd4(μ3-OH)4] units centering around a μ5-Cl
(Figure 1b).9 We treated this compound with AgNO3 with the
aim of obtaining the corresponding halide-free species, which
would be an intriguing host for supramolecular chemistry of
electron-rich guests or a powerful catalyst with multiple Lewis
acidic sites.10 Instant precipitation, presumably that of AgCl,
was observed with the addition of AgNO3. However, instead of
the desirable halide-free wheel-like structure, we obtained a
polynuclear Ag(I) complex whose structure was subsequently
determined by single-crystal X-ray diffraction to be {[Ag7(L-
his)4](NO3)3·3H2O}0.2{[Ag8(L-his)4(H2O)2](NO3)4·3H2O}0.8
(1). Nevertheless, this result is not entirely surprising as the
wheel-like structure may not be adequately stable without the
coordination of the five inner Nd(III) ions with μ5-Cl. As such,
the original Nd(III) cluster disassembled, releasing the
histidine ligands that subsequently coordinate with AgNO3
to produce 1. This serendipitous polynuclear Ag−histidine

complex appears to be quite unusual as it is, to the best of our
knowledge, the first Ag-exclusive complex featuring a cluster-
type core motif and with only proteinogenic amino acid
ligands.
Many silver complexes display interesting photophysical

properties,11−21 and those of proteinogenic amino acid ligands
are of particular interest due to their applications as
antimicrobial agents22−26 and for biosensing and drug
delivery.27 Stimulated by such useful applications and
prompted by the unexpected production of 1, we set out to
prepare this new member of the Ag(I) complex family with the
hope of directly synthesizing it by the reaction of L-histidine
and AgNO3 instead of going through the indirect and
somewhat elusive procedure detailed above. Indeed, by
controlling the pH condition of the reaction, we succeeded
in the direct synthesis of 1 and its cognate {[Ag7(D-
his)4](NO3)3·3H2O}0.2{[Ag8(D-his)4(H2O)2] (NO3)4·
3H2O}0.8 (2) using L- and D-histidine, respectively. We note
that a number of differently structured Ag−histidine complexes
have already been reported,23,24,28,29 but they are either
discrete mononuclear complex or one-dimensional polymeric
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chains wherein the histidine ligands display coordination
modes that are quite different from in 1. In this work, we detail
the preparation and crystallographic structural analyses of 1
and 2. Interestingly, we observed the single-crystal-to-single-
crystal (SCSC) phase transition30,31 of 1 to a new Ag(I) cluster
complex of the formula [Ag8(L-his)4(NO3)(H2O)](NO3)3 (3)
upon immersion of 1 in acetonitrile. In addition, using a
racemic mixture of L- and D-histidine under otherwise identical
conditions, we obtained [Ag4(L-his)(D-his)(NO3)2]n (4),
which represents the very first Ag−histidine complex with a
three-dimensional network structure, and the second example
of a 3D network structure of any Ag-exclusive complex with
only a proteinogenic amino acid ligand.32

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. All reagents used through-
out the study were of analytical grade, commercially available
(from Macklin, Adamas, Shanghai Lingfeng, Aladdin), and
used without further purifications. Deionized water with 18.3
MΩ (Merck Millipore) was used where applicable.
2.2. General Synthetic Procedures. 2.2.1. Synthesis of

{[Ag7(L-his)4](NO3)3·3H2O}0.2{[Ag8(L-his)4(H2O)2](NO3)4·
3H2O}0.8 (1). AgNO3 (340 mg, 2 mmol) and L-histidine (78
mg, 0.5 mmol) were dissolved in 7.5 mL of deionized water
with stirring at 57 °C for about 5 min. To the above solution
was added dropwise 0.5 M NaOH (ca. 450 μL) till an incipient
but permanent precipitation was formed. The mixture was
stirred for 1 h at 57 °C and then filtered. The filtrate at pH 5.5
was degassed with argon for 5 min, sealed, and allowed to
stand at room temperature in the dark. Colorless plate-like
crystals were obtained after 2 days with a yield of 10%.
Elemental analysis calc.: C, 16.23; H, 2.34; N, 12.46%; found:
C, 16.30; H, 2.23; N, 12.38%. Selected IR peaks (cm−1):
3356br, 3305m, 3255m, 3134m, 1548s, 1300s, 1186m, 1080m,
818m, 634m.
2.2.2. Synthesis of {[Ag7(D-his)4](NO3)3·3H2O}0.2{[Ag8(D-

his)4(H2O)2](NO3)4·3H2O}0.8 (2). Using D-histidine in place of
L-histidine, compound 2 was obtained by adopting the same
procedure used for the preparation of 1. Colorless plate-like
crystals were obtained with a yield of 10%. Elemental analysis
calc.: C, 16.23; H, 2.34; N, 12.46%; found: C, 16.28; H, 2.20;
N, 12.36%. Selected IR peaks (cm−1): 3367br, 3321m, 3257m,
3136m, 1552s, 1304s, 1186m, 1076m, 823m, 633m.
2.2.3. Transformation of 1 to [Ag8(L-his)4(NO3)(H2O)]

(NO3)3 (3). Single crystals (5 mg) of 1 were placed in a 3

mL vial with 1 mL of CH3CN at room temperature. The
sample recovered after 15 days suffered from severe cracking,
but the uncracked fragments remained crystalline and were
suitable for single-crystal X-ray diffraction studies. Selected IR
peaks (cm−1): 3309m, 3259m, 3116m, 1550s, 1308s, 1192m,
1068m, 818m, 633m.

2.2.4. Synthesis of [Ag4(L-his)(D-his)(NO3)2]n (4). This
compound was prepared by adopting the same procedure
used for the synthesis of 1 with a racemic mixture of L- and D-
histidine in place of L-histidine. The product was obtained as
colorless plate-like crystals (yield of 10%). Elemental analysis
calc.: C, 16.69; H, 1.87; N, 12.97%; found: C, 16.76; H, 1.60;
N, 12.86%. Selected IR peaks (cm−1): 3319m, 3257m, 3128m,
1558s, 1327s, 1138m, 1157m, 937m, 818m, 768m, 625m.

2.3. X-ray Diffraction Analysis. 2.3.1. Single-Crystal X-
ray Diffraction. Single-crystal X-ray diffraction data were
collected on a Bruker D8 Venture diffractometer using graphite
monochromatized Mo Kα radiation (λ= 0.71073 Å) at 100 K.
Data collection and reduction were performed using the
program APEX3. Absorption corrections were applied using
the multiscan program SADABS. The structures were solved
by the intrinsic phasing method (SHELXT)33 and using
Olex234 as the graphical interface, and the nonhydrogen atoms
were refined anisotropically by a full-matrix least-squares
method on F2. All nonhydrogen atoms in the complexes are
corrected for anisotropy. The nonhydrogen atoms are
hydrogenated according to the theoretical background of
structural chemistry, and the hydrogen atoms are further fixed
on the carbon atoms. Crystal data, data collection parameters,
and details of the structure refinement are given in Table S1.
Selected bond lengths and bond angles are listed in Tables
S2−S7. More than 10 measurements were performed to
confirm the disorder ratio of 1.

2.3.2. Powder X-ray Diffraction. PXRD patterns were
obtained on a Rigaku Smartlab X-ray diffractometer using Cu
Kα radiation (λ = 1.54178 Å). The voltage and the current
were 40 kV and 100 mA, respectively. The samples were
measured in reflection mode in the 2θ range of 5−50° with a
scan speed of 10° min−1. All of the data were acquired at
ambient temperature.

2.4. Thermal Analysis. Thermogravimetric analyses of
samples were manipulated for thermal stability using a
METTLER TOLEDO TGA2 instrument. The measurements
were carried out with 2−5 mg samples at a rate of 10 °C min−1

from 30 to 800 °C under argon protection.

Figure 1. (a) Crystal structure of the cationic complex unit of [Nd15(μ5-Cl)(μ3-OH)20(L-his)10(L-Hhis)5(H2O)10]
14+ and (b) the structure of the

inorganic core motif.9
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2.5. FT-IR Spectroscopy. Fourier transform infrared (FT-
IR) spectra were collected on a Bruker Vertex80 FT-IR
spectrometer via the attenuated total reflection method (ATR)
in the range of 4000−600 cm−1.
2.6. pH Measurement. pH values in this work were

estimated using commercial special pH test strips (Shanghai
SSS, range: 6.4−8.0, 5.5−9.0, 3.8−5.4). For comparison with
the Ag−histidine complexes in the literature, we reproduced
the solution mixtures according to the reported procedure and
measured their pH values. The results are collected in Table 1.
2.7. Photophysical Measurements. Luminescence meas-

urements were performed on an Edinburgh Instruments
FLS1000 photoluminescence spectrometer. Absorption spectra
were recorded using an Agilent Technologies Cary 5000 UV−
vis−NIR spectrophotometer equipped with an integration
sphere.

3. RESULTS AND DISCUSSION

3.1. Synthesis. We conducted a thorough literature survey
to find the Ag−histidine complexes collected in Table 1. It is
clear that the identity of the complexes is sensitively dependent
on the Ag(I) source, the Ag/histidine ratio, the optical purity
(optical pure D- or L-histidine, or a racemic mixture) of the
ligand, and the pH of the reaction mixture. Quite different
from the literature work, our synthesis used a much higher Ag/
histidine ratio; the excess amount of Ag(I) served as an
indicator when the original reaction mixture was “titrated” with
a freshly prepared NaOH solution. The formation of incipient
but permanent precipitation indicated the complete coordina-
tion of any deprotonated histidine ligand with Ag(I); any
further addition of NaOH would lead to the precipitation of
AgOH. Our synthesis thus represents a distinct preparative
paradigm in that all of the potential coordinating atoms of the
histidine ligands are fully utilized because of the complete
ligand deprotonation of the carboxylic acid by NaOH.
The enantiomeric 2 was synthesized in the same manner as

1 with D-histidine. Interestingly, when 1 is immersed in
acetonitrile, compound 3 is obtained via SCSC transformation
with the loss of an axially bound aqua ligand. The 3D network
4 is obtained under the same reaction condition as 1 and 2
with the racemic histidine ligand.
3.2. Crystallographic Studies. 3.2.1. Structure of

{[Ag7(his)4](NO3)3·3H2O}0.2{[Ag8(his)4 (H2O)2](NO3)4·3H2O}0.8
(1, 2). The enantiomeric 1 and 2 are crystallized in the chiral
orthorhombic space group C2221 (no. 20) with negligible
Flack parameters of −0.012(9) and 0.022(15), respectively,
indicating their homochirality (Table S1). As 1 and 2 (Figure

S1) are enantiomeric, only the structure of 1 is discussed
below.
The asymmetric unit is composed of half of the molecule of

1 due to a C2 axis along the b-axis (Figure 2). Two disordered

complex units are found with a statistical overlaying of
[Ag7(his)4](NO3)3 (an Ag7 substructure) at 20% and
[Ag8(his)4(H2O)2](NO3)4 (an Ag8 substructure) at 80%.
This crystallographic disorder shows consistent reproducibility
in more than 10 different batches of samples. All Ag atoms and
the organic ligands are Ag(I) and mono-deprotonated as L-his,
respectively. Selected bond lengths and angles are collected in
Tables S2 and S3.
The cationic Ag7 substructure (Figure 3a) consists of an Ag5

core (Ag1B, Ag2, Ag2′, Ag3, Ag3′), two flanking Ag ions (Ag4,
Ag4′) with one on each side of the Ag5 core, and four L-his
ligands. The central Ag5 motif, featuring Ag···Ag interactions
between adjacent Ag atoms, can be viewed as two staggered
corner-sharing isosceles triangles with a dihedral angle of
58.078(6)° and a C2 axis passing through the central Ag1B and
bisecting the two triangles. The Ag···Ag separations ranging
from 2.9053(9) to 3.333(3) Å (Table S2) are less than twice
the van der Waals radius of Ag(I) at 3.44 Å but more than
twice the silver radius of 2.88 Å.35−37 Silver−philophilic
interactions are thus established. The Ag(I) ions are situated in
three different coordination environments. Specifically, in
addition to interacting Ag2, Ag2′, Ag3, and Ag3′, the central
Ag1B is coordinated with four carboxylate O atoms (O2, O2′,
O3, O3′) from four different L-his ligands, forming a
compressed tetrahedral coordination geometry with an average
Ag−O bond length of 2.5255 Å. For the other Ag atoms in the

Table 1. Silver−Histidine Coordination Compounds with Crystal Structures and Their Synthetic Conditions

formula Ag/La pH
silver
source chirality

histidine
type Ag/Lb structure ref

[({Ag(L-H2his)(NO3)2}2)H2O]n 1:1 3−4c AgNO3 chiral H2his
+ 1:1 1D chain 29

[Ag2(L-H2his)(D-H2his)(NO3)4]n 1:1 3−4c AgNO3 racemic H2his
+ 1:1 1D chain 29

[{Ag(D/L-Hhis)2NO3}2]·H2O 1:1 5.0−5.5d,f AgNO3 chiral Hhis0 1:2 mononuclear 29
[Ag2(D-his)(L-his)]n 1:2 ca. 7.5d,f Ag2O racemic his− 1:1 1D chain 24
[Ag(D/L-his)]n 1:2 ca. 8d,f Ag2O chiral his− 1:1 1D chain 23, 24
{[Ag7(L-his)4](NO3)3·3H2O}0.2 {[Ag8(L
-his)4(H2O)2](NO3)4·3H2O}0.8

4:1 ca. 5.5e AgNO3 chiral his− 7.8:4 multinuclear
clusters

this
work

[Ag4(L-his)(D-his)(NO3)2]n 4:1 ca. 5.5e AgNO3 racemic his− 2:1 3D network this
work

aReactant ratio. bComposition ratio. cHNO3 was added.
dNeither base nor acid was added, pH not mentioned. eNaOH was added. fpH value from

our reproduction of the literature experiments.

Figure 2. Ball-and-stick model of the “mixture” structure of 1 with
Ag7 and Ag8 substructures. Hydrogen atoms, counter anions, and free
solvent molecules of crystallization are omitted for clarity. Color code:
purple, Ag atoms in Ag7 substructure; pale blue, Ag atoms in Ag8
substructure; red, O; blue, N; and gray, C.
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core motif, namely, Ag2, Ag2′, Ag3, and Ag3′, a similar
coordination environment is observed: each of the Ag atoms is
coordinated linearly with one carboxylate O and one amino N
atom from two different L-his ligands with an average N−Ag−
O angle of 171.65° and average Ag−O and Ag−N bond
lengths of 2.1335 and 2.1185 Å, respectively. In comparison,
the two peripheral Ag atoms (Ag4, Ag4′), aligned linearly with
the central Ag1B, are each coordinated with two amino N
atoms from two different L-his ligands with an N−Ag−N angle
of 175.5(2)° and an average Ag−N bond length of 2.165 Å. All
L-his ligands display the same μ4:η

1,η1,η1,η1 coordination mode
with all four coordinating atoms utilized. The number of
occupied coordination sites of the ligands in 1 is higher than
that in the previously reported Ag−histidine complexes (Table
1); this higher degree of utilization of the coordinating atoms
is responsible for the formation of the more sophisticated
structures in the present work.
The cationic Ag8 substructure is shown in Figure 3b. The

most noticeable difference compared with the Ag7 substructure
is the replacement of the central Ag1B in Ag7 by two Ag(I)
ions (Ag1A and Ag1A′), resulting in a distorted “H”-shaped
arrangement of the central motif with torsion angles of
34.455(24) and 30.040(24)° for Ag2−Ag1A−Ag1A′−Ag2′
and Ag3′−Ag1A−Ag1A′−Ag3, respectively. The Ag···Ag
distances in this Ag6 arrangement, ranging from 2.9053(9) to
3.2843(13) Å, also fall in the expected range for silver−
philophilic interactions.35−37 A C2 axis also exists in the
structure, passing through the midpoint of the “H” rung
(Ag1A−Ag1A′). The two sides of “H” (Ag3−Ag1A′−Ag2′ and

Ag3′−Ag1A−Ag2) are essentially linear with an angle of
177.75 (3)°. They are almost perpendicular to the rung with
angles of 90.784 (19) and 89.67(2)° for Ag2−Ag1A−Ag1A′
and Ag3′−Ag1A−Ag1A′, respectively. In addition to the Ag···
Ag interactions, the central Ag1A is coordinated with three O
atoms, two carboxylato O atoms (O2, O3) from two different
L-his ligands with an average Ag−O bond length of 2.1255 Å,
and one aqua O atom (O13) with the Ag−O bond length at
2.466(14) Å.

3.2.2. SCSC Phase Transition from 1 to 3. Single crystals of
1 were transformed into single crystals of compound 3 with the
formula [Ag8(L-his)4 (NO3)(H2O)](NO3)3 after immersion in
acetonitrile for 15 days. The newly formed 3 crystallized in the
chiral monoclinic space group P21 (no. 4), and its structure is
shown in Figure 4.

The overlay of the structure of 3 and that of the Ag8
substructure of precursor 1 reveals a striking similarity between
their overall architectures (Figure 5). However, the following

significant differences could be noticed. The C2 axis in 1 is lost
in 3 as its rung Ag atoms (Ag5 and Ag6) are no longer
crystallographically equivalent, resulting from one of the aqua
ligands in 1 (O13′ coordinated to Ag1A′) being substituted by
a nitrato ligand (O18 and O19 of the nitrato coordinated to
Ag5) in a chelating η2 fashion (Figure 5). The remaining aqua

Figure 3. (a, b) Ag7 and Ag8 substructures of 1, respectively.
Hydrogen atoms, counter anions, and free solvent molecules of
crystallization are omitted for clarity. Color code: purple (a), pale blue
(b), Ag; red, O; blue, N; and gray, C.

Figure 4. Crystal structure of 3, with counter anions omitted for
clarity. Color code: mauve, Ag; red, O; blue, N; and gray, C;
turquoise, H.

Figure 5. Overlay of 3 and Ag8 substructure of 1: green, Ag8
substructure of 1; and pink, 3. All metal atoms are overlain.
Hydrogen atoms, counter anions, and free solvent molecules of
crystallization are omitted for clarity.
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ligand (O21 on Ag6) is slightly off position with respect to the
corresponding coordination (O13 on Ag1A) in 1. It is also of
note that there are no water molecules of crystallization like in
1, which may have induced the change in crystal packing in
three directions as illustrated in Figure 6. As such, sufficient
stress may have been built up, leading to the cracking of the
crystals of 3 during the SCSC transformation from 1. The loss
of water molecules, which might be caused by the acetonitrile,
is also verified by IR measurements; the O−H stretching
vibration of water around 3200 cm−1 in 1 diminishes in 3
(Figure S8). Selected bond lengths and angles of 3 are
summarized in Tables S4 and S5. Different solvents were also
tested for the SCSC transformation, with the resulting PXRD
patterns (Figure S6) showing that this SCSC transformation
might be solvent dependent.

3.2.3. Structure of [Ag4(L-his)(D-his)(NO3)2]n (4). The
racemic 3D coordination network 4 crystallized in the triclinic
space group P-1 (no. 2). An asymmetric unit consists of one
Ag(I) ion (Ag3), two half Ag(I) ions (Ag1 and Ag2), one his,
and one NO3

−. The crystallographic occupancies are 1 for Ag3
and 0.5 for Ag1 and Ag2. Two asymmetric units form a
repeating unit of Ag4(L-his)(D-his)(NO3)2 for the polymeric
structure (Figure 7a). Ag1 is coordinated linearly with two
carboxylato O (O1, O1B), one from an L-his and the other
from a D-his ligand as required by the inversion center located
at Ag1. Ag2 is coordinated linearly with two imidazolo N (N3,
N3A) from two different his ligands of opposite chiralities due
to the other inversion center located at Ag2. Ag3 is in a NO2

coordination environment with an O (O4) of a monodentate
nitrato ligand, one carboxylato O (O2), and one amino N

Figure 6. Comparison of the crystal packing of 3 (pink) and Ag8 substructure of 1 (green) along three different directions (a−c). Hydrogen atoms,
counter anions, and free solvent molecules are omitted for clarity.

Figure 7. (a) Repeating unit Ag4(L-his)(D-his)(NO3)2 in 4, extended atoms are translucent; (b) 2D network of 4, hydrogen and nitrate atoms are
omitted for clarity; (c) 3D network of 4, hydrogen and nitrate atoms are omitted for clarity; and (d−f) topology of the 3D structure, viewed from
different directions.
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(N1B) atoms from two different his ligands of the same
chirality. The Ag−O bond lengths range from 2.142(4) to
2.544(5) Å, while the Ag−N bond lengths range from
2.064(7) to 2.232(5) Å. Selected bond lengths and angles
are collected in Tables S6 and S7.
The Ag···Ag distance of Ag1−Ag3 (2.9076(7) Å) and that

between neighboring Ag3 ions (3.0411(10) Å) fall in the range
for silver−philophilic interactions.35−37 The inversion center at
Ag1 leads to a linear Ag3−Ag1−Ag3C arrangement. Moreover,
the inversion center between two adjacent Ag3 ions results in
an infinite stair-like silver−philophilic chain along b-axis with
the trimeric Ag units serving as secondary building units. These
chains are linked by his ligands whose carboxylate group
bridges two Ag(I) ions (Ag3, Ag1) on one chain, while its
amino group links one Ag(I) ion (Ag3G) on the other chain,
forming a 2D network (Figure 7b). The his imidazole groups
lie between the 2D networks are linked by Ag2, leading to the
formation of a 3D network (Figure 7c), which has a 3,4-
connected 2-nodal net topology (jeb, bbe-3,4-Cmmm) with
the point symbol of {63}{65.8} (Figure 7d−f).
3.3. Powder X-ray Diffraction Analyses and Thermal

Analyses. The phase purities of 1−4 are confirmed by PXRD
measurements (Figures S3−S7). From the TGA profile
(Figure S9), the weight loss at around 100 °C correspond to
the loss of the free water (1: obsd: 2.57%, calcd: 3.04%; 2:
obsd: 2.73%, calcd: 3.04%; 4: obsd: 0.17%, calcd: 0%). The
weight loss stages at ∼200 °C reveal the skeletons of four
complexes are stable until 200 °C.
3.4. Comparisons of Ag−Histidine Complexes. All

Ag−histidine complexes with a crystal structure are collected in
Table 1. As can be seen, the determining reaction variables for
synthesizing these complexes include pH (3−8), silver source
(AgNO3 or Ag2O), reactant ratio (Ag/histidine from 1:2 to
4:1), and optical purity of the ligand (chiral or racemic).
Different pH conditions can be achieved with the addition of
an acid, a base, or nothing at all to generate various forms of
histidine with different degrees of protonation or deprotona-
tion.
As shown in Figure 8, these forms of histidine offer two,

three, or four coordinating atoms. Accordingly, in the reported

Ag−H2his
+ 1D chains, two coordination sites of H2his

+ are
occupied by two Ag(I) ions (Figure S10a).29 However, in the
reported Ag−Hhis0 mononuclear complex29 and Ag−his 1D
chains,23,24 only one, two, and three coordination sites are
occupied, respectively (Figure S10b,c). In other words, the
available coordination sites are not completely used, probably
due to insufficient Ag because of the small Ag:histidine ratio
(1:2 to 1:1); only mononuclear complex and 1D chain
complex were obtained regardless of the optical purity of the
ligand used.

In addition to the number of coordination sites in histidine
ligand, flexibility plays a vital role in the diversity of the
structures. The rotation of the αβ-C−C bond offers two
patterns of histidine ligand: convergent (Figure 9a) and

divergent (Figure 9b). In the previously reported Ag−histidine
structures, the convergent modes are found in Ag−H2his

+ and
Ag−Hhis0 complexes (Figure S10a,b),29 while the divergent
mode are found in Ag−his complexes (Figure S10c).23,24

In stark contrast, we obtain the his ligand with four
coordination sites by deprotonating the ligand with NaOH.
Furthermore, the Ag:histidine ratio was increased to 4:1 to
ensure the complete utilization of all four coordinating atoms.
In Figure 9a, the his ligand shows a convergent coordination
configuration, which is propitious to the formation of a discrete
and closed cluster structure (1 and 2) by connecting a finite
number of Ag atoms. In stark contrast, acting as a bridge, the
his stretches out to link a number of Ag atoms in a divergent
fashion (Figure 9b), resulting in the formation of the three-
dimensional network structure.

3.5. Photoluminescence Properties. The photolumines-
cence properties of 1 and 2 were analyzed in the solid state
with both showing similar optical behaviors (Figures 10 and
S15−S19). Upon irradiation at 290 nm in the histidine-
centered absorption band (Figure S14), a blue emission of 1
with Commission Internationale de l’Éclairage (CIE) coor-
dinates of (0.19, 0.16) (Figure S12) centered at 440 nm was
observed at 78 K (Figure 10a). To investigate the relationship
between luminescence intensity and temperature, the emission
spectra of 1 and 2 in the solid state were monitored, showing
that the emission intensity is highly sensitive to temperatures
(Figure S10b) and excitation energies (Figure S11). As shown
in Figure 10b, when the temperature is increased from 78 to
198K, the emission intensity of 1 dramatically decreases, which
may be rationalized in terms of the shorter Ag−Ag contacts at
a lower temperature as a result of a more rigid cluster structure
and stronger silver−philophilic interactions.36,38 Lifetime decay
profile of 1 fitted by a biexponential function showed a lifetime
of 50 μs at 78 K, and this value at the microsecond scale
suggests phosphorescence.39 However, the three-dimensional
network 4 was found to be nonemissive. Despite the many
common structural features shared by 1, 2, and 4 (the same
ligand coordination mode and his/Ag ratio and similar Ag···Ag
distances), a more detailed structural comparison showed that
the Ag atoms in the chain of 4 are less engaged in silver−
philophilic interactions. Specifically, there are only two Ag···Ag
interactions involving Ag1 and Ag3 in 4, while four such
interactions are found in 1 and 2 between Ag1B and Ag2, Ag2′,
Ag3, and Ag3′ (Figure 3). Therefore, the luminescence of 1
and 2 might be attributed to their cluster structural
characteristics with more silver−philophilic interactions for

Figure 8. Potential coordination sites (in color) of three different
forms of histidine.

Figure 9. αβ-C−C bond rotation and coordination modes in 1 (a)
and 4 (b). Color code: mauve, Ag; red, O; blue, N; gray, C; and
turquoise, H.
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each Ag atom, while such interactions are not extensive enough
for the 3D network 4 to be emissive under the same excitation
conditions.

4. CONCLUSIONS
In this work, using either optically pure L- or D-histidine as
ligand and carefully controlling the Ag/histidine ratio as well as
the pH condition of the reaction mixture, we succeeded in
synthesizing three new Ag−histidine complexes, two of which
were enantiomeric and emissive, possessing a discrete cluster-
type of structure with an Ag7/Ag8 core motif linked and
encapsulated by histidine ligands (1, 2), which were the first
Ag-exclusive clusters with only proteinogenic amino acid
ligands. Upon immersion of one of these crystals in
acetonitrile, single-crystal-to-single-crystal transformation oc-
curred to produce yet another new Ag8 cluster complex with
histidine (3). Using a racemic mixture of histidine, the reaction
under otherwise identical conditions led to the production of
the very first Ag-exclusive histidine complex with a 3D network
structure (4), which was also only the second one of any Ag-
exclusive complexes with only a proteinogenic amino acid
ligand. It was the meticulous adjustment of the reaction
conditions that led to the unique coordination mode of the
ligands and the resulting uniquely structured complexes. The
new preparation methods and the diverse coordination modes
displayed by the new Ag−histidine complexes presented in this
work may stimulate more future research to further the
chemistry of Ag−amino acid complexes that is driven primarily
by their biomedical and antimicrobial applications.
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dependent luminescence spectra of 1 (λex = 290 nm) from 78 to 208 K.
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