
Inorganica Chimica Acta 375 (2011) 47–52
Contents lists available at ScienceDirect

Inorganica Chimica Acta

journal homepage: www.elsevier .com/locate / ica
Photoluminescence of silver(I) and gold(I) cyanide 1D coordination polymers

Craig A. Bayse a,⇑, Jasprina L. Ming a, Kayla M. Miller b, Shannon M. McCollough b, Robert D. Pike b

a Department of Chemistry and Biochemistry, Old Dominion University, Hampton Boulevard, Norfolk, VA 23529, United States
b Department of Chemistry, College of William and Mary, Williamsburg, VA 23187, United States
a r t i c l e i n f o

Article history:
Received 7 February 2011
Accepted 14 April 2011
Available online 28 April 2011

Keywords:
Time-dependent density functional theory
Photoluminescence
Coinage metal cyanides
0020-1693/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.ica.2011.04.020

⇑ Corresponding author. Tel.: +1 7576834097; fax:
E-mail address: cbayse@odu.edu (C.A. Bayse).
a b s t r a c t

Silver(I) and gold(I) cyanides exist as 1D coordination polymers and are photoluminescent on the edge of
the UV–Vis region. Time-dependent density-functional theory (TD-DFT) calculations on truncated models
of AgCN and AuCN show that the excitation spectra of these materials can be attributed to Laporte-
allowed transitions between p-type MOs consistent with previous studies of CuCN. The longest wave-
length excitation is due to excitation from the highest occupied p-type MO (HOpMO) to the lowest
unoccupied p-type MO (LUpMO). The emission spectrum of the bulk materials is consistent with the
DFT singlet–triplet gap calculated for the model chains. Trends in the molecular properties of MCN, to
include bond distances, vibrational frequencies and electronic transition energies, are attributed to
relativistic effects on Au.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The cyanides of the univalent coinage metals occur as 1-D poly-
meric chains of –M–C„N– units rather than as ionic salts (M = Cu,
Ag, Au) [1–5]. Given the unusually low 2-coordination of its metal
centers, MCN can reversibly adsorb nucleophiles, offering applica-
tions in separations and sensing technologies. Copper(I) cyanide
has been isolated in two polymorphic forms: a high-temperature
polymorph consisting of parallel linear 1-D chains [1] and a low-
temperature network of interwoven lightly undulating chains [2].
Neither polymorph shows Cu� � �Cu interactions shorter than the
sum of the van der Waals radii. In contrast, AgCN and AuCN are
only isolated as parallel chains due to stabilization by interchain
argentophilic and aurophilic interactions [3,4]. The bridging CN li-
gands are highly disordered in all MCN chains and theoretical
chemical shifts and 13C NMR spectroscopy suggest that the coordi-
nation of silver ions is 30% –CN–Ag–CN– and 70% –CN–Ag–NC– or
–NC–Ag–CN– [6]. Bonding within the chains is likely strong r
bonding with little to no p-back donation [7]. Theoretical analysis
and photoelectron spectroscopy of [M(CN)2]� suggest that the
bonding in the M = Au species is more covalent with multiple
bonding [8]. In contrast, theoretical studies of the MCN monomers
show potential multiple M–C bonding [9]. In addition to the linear
chain structure, Pyykko has suggested that these materials might
adopt a sheet-like form under certain conditions [10].

CuCN is photoluminescent, emitting at the border of the UV–Vis
region (kmax = 392 nm) [11]. Time-dependent density-functional
theory (TD-DFT) studies of truncated chains of CuCN show that
ll rights reserved.
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its absorption spectrum results from Laporte-allowed p–p transi-
tions (Fig. 1a) [12]. These excitations were identified as from
molecular orbitals (MOs) with anti-bonding character between
copper 3d atomic orbitals (AOs) and cyanide p MOs to virtual
MOs with bonding character between the copper 4p AOs and cya-
nide p⁄ MOs. Luminescence was attributed to a singlet–triplet
(S–T) transition from a non-linear excited state reached through
intersystem crossing (Fig. 1b) [12]. In the presence of coordinating
ligands, such as amines [11,13,14,15–20] and phosphines [22],
luminescence is often red-shifted, creating materials with brilliant
blue, green or orange emission.

Photoluminescence has also been observed for AgCN in the vis-
ible region in the presence of amines [21–27] and phosphines [28].
However, despite a significant number of papers have been dedi-
cated to the luminescence of [M(CN)2]� [29–32], experimental
studies of bulk AgCN and AuCN do not appear in the literature. In
order to explore the relationships between the luminescence prop-
erties of the coinage metal cyanides, we report an experimental
and theoretical analysis of AgCN and AuCN using TD-DFT analysis
of truncated model chains and luminescence spectroscopy. Exam-
ination of the underlying electronic structure of the unsubstituted
materials will help provide a framework for better understanding
the photophysics of these remarkably luminescent materials.

2. Experimental

2.1. Theoretical methods

Geometry optimizations and TD-DFT calculations were per-
formed using GAUSSIAN 03 [33] and the BLYP exchange–correlation
(xc) functional. Hybrid functionals are generally considered to be
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Fig. 1. (a) p–p transitions predicted by TD-DFT for the absorption spectrum of
CuCN and (b) relaxation from a non-linear triplet access by intersystem crossing
shifts emission to the visible region.
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superior to pure functionals for TD-DFT studies because charge-
transfer (CT) excitations are often localized on different parts of a
molecule [34]. Pure functionals have been shown to perform better
for extended p systems (without CT) than hybrid functional be-
cause the MOs occupied in the ground and excited states are gen-
erally delocalized over the entire molecule [35]. A comparison of
several functionals showed that the BLYP functional provided the
best overall results for models of CuCN [12]. For the model chains,
metal atoms were represented by the Ermler–Christiansen relativ-
istic effective core potential (RECP) basis set modified to include
the 4p contractions of Couty and Hall [36–39]. Dunning split-va-
lence triple-f basis sets with polarization functions (TZVP) were
used for carbon and nitrogen [40]. The potassium atoms were rep-
resented by the Hay–Wadt RECP basis set [41]. All structures were
confirmed by frequency analysis to be minima on the potential en-
ergy surface.

2.2. Spectroscopy

Samples of MCN were purchased from Aldrich and used as re-
ceived. Luminescence spectra were collected using well-ground so-
lid samples with a Perkin-Elmer LS55 fluorimeter.

3. Results and discussion

Geometries of {K2[Mn(CN)n+1]}+ (M = Ag, Au; n = 1 (1M), 3 (3M), 5
(5M)) linear chains were optimized using the BLYP xc functional
and compared to previous DFT results for analogous CuCN models.
Potassium was used as the counter-ion for Ag and Au chains for
consistency with the CuCN chains. Capping of the chains at each
end creates a symmetric environment for the chain and prevents
the underestimation of the electron binding energy, a known prob-
lem for DFT studies of anionic systems. Longer chains were not
considered because the transition wavelengths of the calculated
electronic excitations of 5Cu appeared to be close to the expected
asymptotic limit for the infinite chain. K-capped CuCN truncated
chain models preferred normal coordination of the terminal cya-
nides and for all of these ligands to be oriented toward one of
the metal centers. Thus, model AgCN and AuCN chains are sym-
metric about the central metal atom with the carbon end of all
CN ligands oriented toward the central metal center (equivalent
to 1RL, 3RRLL, and 5RRRLLL in Ref. [12] where R and L refer to the ori-
entation (right or left) of the CN carbon center). The symmetric
coordination of the central metal leads to longer central M–C
distances than those of the outer metal centers (Table 1). The
M–C and M–N bond distances for the asymmetrically-coordinated
sites are consistent with the distances obtained from powder neu-
tron diffraction data reported by Bowmaker et al. showing distinct
M–C/N distances for AgCN and AuCN [42]. A ‘solid-state’ DFT study
of MCN [10] also found M–C/N distances similar to those listed in
Table 1. Later studies by Hibble et al. found identical values for
these distances, roughly the average of the Bowmaker et al. and
DFT (BLYP) values; Hibble attributed Bowmaker’s bond lengths to
the method of refining the diffraction pattern [1,3,4]. Given the dis-
tinct values obtained by DFT, Hibble’s identical M–C and M–N val-
ues may be explained by an average of the inherently disordered
M–C/N distances, or that the high disorder of the material leads
to a large number of metal sites with symmetric coordination
(i.e., NC–M–CN or CN–M–NC). Calculation of 5M isomers with all
metal centers symmetric (5RLRLRL) revealed that the M–C/N
distances are similar (d(Ag–C/N) = 2.068–2.070 Å; d(Au–
C/N) = 1.997–2.012 Å), but that these isomers are 1.6 (Ag) and 7.9
(Au) kcal/mol higher than 5M (DE + ZPE). However, comparison of
all possible isomers for the CuCN models [12] showed than the
most stable chains were those that maximize the number of asym-
metrically coordinated copper centers, with each additional sym-
metric center destabilizing the chain by �1.5 kcal/mol over
5Cu

RRRLLL. In all cases, the trend in M–C and M–N bond distances
(Cu < Au < Ag) is in agreement with trends in other coinage metal
complexes in which Au–L distances are similar to or shorter than
Ag–L bonds due to the relativistic contraction of the Au AOs.

The DFT vibrational frequencies of 1M–5M (Table 2) are consis-
tent with IR data for the bulk material reported by Bowmaker
et al. [42]. One IR-active CN stretching mode is predicted for the
central pair of cyanide ligands, with an additional mode for each
pair of outer MCN units in 3M and 5M. DFT results predict the Ag
and Au chains to have similar values for these modes, �30 cm�1

longer than those of {K2[Cun(CN)n+1]}+. However, the experimental
values are similar for CuCN and AgCN, but the AuCN value is blue-
shifted by 60–70 cm�1 [42]. Surprisingly, the DFT frequencies are
only slightly longer than those calculated for the MCN monomers
by Frenking [43]. As discussed by Bowmaker et al., the M–C/N
stretches are not independent modes and may be better described
as oscillations of the CN between the metal centers. The DFT M–
CN–M frequencies for the inner CN groups are in agreement with
the experimentally observed frequencies in which the Ag–CN–Ag
stretches are found at shorter wavenumbers (by 80–100 cm�1) in
comparison to those of CuCN and AuCN. The trend in this mode
(Cu > Au > Ag) reflects the strength of the M–CN bond as calculated
for the MCN monomers [8,43] with silver forming the weakest
complex. The terminal M–C/N stretching modes, which include a
potassium-capped cyanide, are found at even shorter wavenum-
bers, being artifacts of the design of the truncated model, and do
not correspond to any peak in the experimental spectrum. The
IR-active MCN wagging modes are weak and the DFT frequencies
for the most intense modes of 3M and 5M are consistent with
Bowmaker’s reported spectra (Table 2) [42]. The trends in the
MCN and CMN wagging modes (Au > Cu > Ag) roughly correlate



Table 1
DFT (BP86) bond distances (Å) for the K-capped chains [Mn(CN)n+1]� (M = Cu, Ag, Au; n = 1, 3 and 5).

M M–C C–N N–K

1M Cua 1.878 1.174 2.648
Ag 2.069 1.170 2.645
Au 2.018 1.171 2.714

M–C C–N N–M M–C C–N N–K

3M Cua 1.875 1.173 1.856 1.857 1.174 2.642
Ag 2.069 1.167 2.090 2.042 1.170 2.641
Au 2.011 1.166 2.047 1.972 1.170 2.728

M–C C–N N–M M–C C–N N–M M–C C–N N–K

5M Cua 1.874 1.173 1.855 1.848 1.173 1.855 1.852 1.174 2.639
Ag 2.068 1.167 2.089 2.041 1.167 2.090 2.041 1.170 2.639
Au 2.010 1.166 2.038 1.965 1.166 2.073 1.969 1.171 2.642
Exp. M–C M–N C–N

Cu Ref. [1] 1.846 1.170
Ref. [5] 1.88 1.92

Ag Ref. [42]
Ref. [3]

2.06(2)
2.060

1.82(2) 1.160
1.160

Au Ref. [42]
Ref. [4]

2.15(6)
1.970

1.86(8) 1.150
1.150

Calc.b M–C C–N N–M
Cu 1.82 1.174 1.819
Ag 2.019 1.170 2.040
Au 1.943 1.168 1.983

a Ref. [12].
b Ref. [10].

Table 2
IR-active vibrational modes for 3M and 5M (M = Cu, Ag, Au).

n M mCN mM–CN–M mMCN
a mCMN

1 Cu 2137 368
Ag 2161 391
Au 2159 413

3 Cu 2153, 2161 573 339 175
Ag 2168, 2190 470 299 148
Au 2168, 2195 533 379 191

5 Cu 2153, 2161, 2169 564 331 194
Ag 2168, 2190, 2195 483 292 160
Au 2169, 2197, 2204 535, 576 370 213

Exp.b

Cu 2170 591 326 168
Ag 2164 480 272 112
Au 2236 598 358 224

Calc.c

Cu 2195 642
Ag 2221 529
Au 2180 571

a Only the most intense of these weak modes is listed, other IR-active modes have
calculated intensity of 10% of the listed value.

b Vibrational frequencies for bulk MCN Ref. [42].
c Ref. [10].
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with the stronger metal–ligand bonding inferred from the trend in
the M–CN–M stretches.

The UV–Vis absorption spectra of AgCN and AuCN were simu-
lated by TD-DFT (BLYP) calculations of the model chains 1M–5M

(Table 3). Analysis of the most intense transitions (oscillator
strength > 0.1) showed that, consistent with CuCN, the major exci-
tations are the Laporte-allowed transitions from p-type MOs with
antibonding character between the metal dp AOs and the pCN frag-
ment to unoccupied p-type MOs with bonding character between
the metal p AOs and the pCN

⁄ fragment (Fig. 1). The oscillator
strengths (a measure of the intensity of the line) for all other types
of transitions are generally at least one order of magnitude smaller
and assumed to make minimal contribution to the overall spec-
trum. The HOMO–LUMO + 2 excitation is symmetry-forbidden
(r ? p) and does not contribute to the computed spectrum. [Note:
LUMO and LUMO + 1 are the rg and ru combinations of the K 6s
MOs are artifacts of the capped models.] For 1M, only the excitation
from the 3pg to the 4pu MO was predicted to contribute to the
spectrum. The wavelengths associated with this excitation (Ag:
191 nm; Au: 198 nm) are blue-shifted relative to 1Cu (232 nm).
These values are consistent with the aqueous-phase absorption
spectra of K[M(CN)2] (M = Cu: 234 nm [29,30]; Ag: 196 nm [31];
Au: 240 nm [32]) as well as absorption bands around 210–
230 nm in neutral Au(CN)(CNR) in solution and crystalline samples
[44]. Lengthening the chain increases the number of p–p transi-
tions and decreases the band gaps for the chains such that addi-
tional transitions are calculated at longer wavelengths for the 3M

and 5M chains. The lowest energy transition for 3M (209.5 nm
(Ag); 233.0 nm (Au)) is the excitation from 6pg (highest occupied
p MO (HOpMO)) to 7pu, the lowest unoccupied p MO (LUpMO).
The next p–p transition (192.0 nm (Ag); 201.2 nm (Au)) is a com-
bination of the 5pg–7pu and 6pu–7pg transitions which have sim-
ilar differences in MO energies (i.e., for Ag: De = 6.38 and 6.35,
respectively). The longest wavelength transition for 5M (216.6
(Ag) and 224.4 (Au) nm) is the 9pg–10pu (HOpMO–LUpMO) excita-
tion. The next two significant transitions are combinations of near-
degenerate excitations (for Ag: 6.0 and 6.4 eV, respectively) of an
electron from 9pu to 11pg and 9pu to 11pg (Ag: 204.9 nm; Au:
210.2 nm) and 8pu to 11pg and 8pu to 11pg (Ag: 192.4 nm; Au:
202.9 nm).

Fig. 2 shows a comparison of the MO energies for the series of
n = 3 model chains. The stabilization of the occupied MOs in
AgCN and AuCN increases the band gap for the chains (e.g.,
DEHOMO–LUMO+2 = 4.09 (3Cu); 4.99 (3Ag); 4.78 (3Au) eV) and shifts
the p–p transitions to shorter wavelengths relative to CuCN. The
r-type MOs constructed of the M sd hybrid AOs (HOMO, HOMO-
1, HOMO-2) are the least affected by the change in metal. Below
these orbitals, the stabilization of the nonbonding d MOs which
is greater for Ag moves 6pu to HOMO-5, just below the HOpMO
(6pg). The HOpMO and LUpMO of 3Ag (7pu, LUMO + 2) are
0.54 eV lower and 0.01 eV higher than the analogous orbitals of
3Cu (calculated relative to the HOMO and LUMO). For 3Au, both
the HOpMO and LUpMO are only slightly stabilized relative to



Table 3
Wavelengths (nm) and oscillator strengths (f) for p–p transitions (TD-DFT) and adiabatic S0–T gaps (nm) for K-capped symmetric chains {K2[Mn(CN)n+1]}+ (M = Cu, Ag, Au; n = 1
and 3).

n M k, nm S0–T gap (bent) (nm)

1 Cua 232.2 330.5a

0.39
Ag 191.1 300.7

0.40
Au 198.6 320.2

0.39

3 Cua 275.6 240.6 238.6 328.1a

0.78 0.50 0.11
Ag 209.5 192.0

0.76 0.61
Au 233.0 201.2 316.2

1.13 1.17

5 Cua 292.6 268.9 265.5 249.5 242.7 328.1a

0.70 0.60 0.49 .014 0.30
Ag 216.6 204.9 192.4 296.3

0.74 0.75 0.49
Au 224.4 210.2 202.9 316.6

1.87 0.18 0.14

a Ref. [12].

Fig. 2. MO diagram for 3M (M = Cu, Ag, Au) with a representation of the relative
energies of the occupied and virtual MOs. The HOMO–LUMO gap is not to scale.

Fig. 3. Luminescence spectra for bulk (a) CuCN; (b) AgCN and (c) AuCN.
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3Cu (0.07 and <0.01) due to relativistic effects on the gold centers
[45]. Thus, the blue-shift in the predicted absorption spectra is
due to stabilization of the metal orbitals of the heavier metals
and the trend in kmax (Cu > Au > Ag) is attributed to the relativistic
destabilization of the Au AOs.

Solid state luminescence spectra were collected for the three
MCN powders. The results are shown in Fig. 3. Focusing first on
excitation spectra, it will be readily noted that CuCN exhibits mul-
tiple transitions above 260 nm. In contrast, AgCN and AuCN each



Fig. 4. Bond distances and angles for non-linear triplets of 1M, 3M, and 5M (M = Ag,
Au). Values for the gold chains are listed in parentheses.
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show only a single excitation band at around 240 nm. These results
are in general agreement with the computational data which sug-
gest a higher energy absorption event for the heavier MCN materi-
als. Photoexcitation of AgCN and AuCN lead to more complex
emission spectra which may be attributed to the metalophilic
interactions no present in CuCN.

The photoluminescence of AgCN and AuCN is assumed to result
from relaxation of an excited-state triplet to the ground state (So–
T). We previously showed that triplet-state CuCN model chains
optimize to a non-linear structure with a So–T gap of �330 nm
[12]. These non-linear structures result from a Jahn–Teller-type
distortion of the linear chain due to partial occupation of degener-
ate p MOs [12]. The DFT (BLYP) optimized structures for 1M–5M

(Fig. 4) show a significant bend at the central metal center due to
the significant contribution of its 4p AO to the LUpMO with a
slightly smaller angle for the Ag chains. From these structures,
the wavelength for the So–T gap was calculated as the difference
between the energies of these structures and the singlet, corrected
for zero-point energy (DE + ZPE). The calculated singlet–triplet
(So–T) gaps for 1M (300 nm (Ag) and 320 nm (Au)) are similar to
the low-concentration emission features of K[M(CN)2] in frozen
MeOH (�300 (Ag) [32] and �325 (Au) nm) [32] and the high-
energy band observed for solid K[Au(CN)2] (�390 nm) by
Nagasundaram et al. [46]. These results indicate that photolumi-
nescence at low concentration is due to (So–T) transitions in the
[M(CN)2]� monomer and that the shifts to longer wavelengths
and additional features observed with increased concentration is
due to oligomer formation and argentophilic and aurophilic
interactions [31,32].

For 3M and 5M, it is somewhat unexpected that the So–T gaps
(Table 3) are so similar to the CuCN models given the larger band
gaps for these species. However, these results are consistent with
emission spectroscopy for the MCN powders (Fig. 3) which reveal
very similar energies for the three materials (kmax = 393 nm for
Cu and Ag and 408 nm for Au). The overall shorter wavelengths ob-
tained for 3M and 5M can be attributed to the overall positive
charge due to K-capping and the lack of spatial restrictions found
within the solid state. The close proximity of the chains in bulk
phase would likely prevent large bends in an excited state to re-
duce the observable So–T gap. Metal–metal interactions within
the bulk material may also affect the emission wavelength. The
non-linear triplet state may have implications for the lumines-
cence properties of decorated AgCN and AuCN coordination poly-
mers in which the coordination of one or more Lewis bases to a
metal center introduces a bend in the MCN chain. For example,
the silver ions in networks of AgCN with 1,3-bis(imidazole-1-yl-
methyl)benzene have X–Ag–X angles of 116–126� within the AgCN
chains and emit at 420–440 nm [23]. A 3D coordination polymer of
AgCN with 2,4,6-tri(2-pyridyl)-1,3,5-triazin emits at 431 nm [24].
The 2:1 AgCN:PCy3 1D material with linear NC–Ag–CN units
separating phosphine-substituted silver centers emits between
350 and 400 nm depending upon the experimental conditions
[28]. These results suggest that the photoluminescence of AgCN
is not as affected by decoration as for CuCN which displays a wide
variation in colors when combined with amines and phosphines.

4. Conclusions

DFT and TD-DFT calculations on truncated model chains have
been used to examine the electronic structure of AgCN and AuCN
1D coordination polymers. As previously reported to CuCN, elec-
tronic transitions predicted by TD-DFT are attributed to Laporte-al-
lowed p–p excitations rather than HOMO–LUMO excitations.
Stabilization of the Ag and Au AOs results in an increase in the
band gap and shifts the excitations to shorter wavelengths relative
to CuCN, a result supported by experimental luminescence data.
The trend in the band gap (Ag > Au > Cu) and the underlying effect
on the calculated absorption spectra can be attributed to relativis-
tic effects [45] which destabilize the gold AOs and shift its transi-
tions to slightly lower energy than that of AgCN. S0–T transitions
from the predicted non-linear triplet states are calculated to occur
at similar wavelengths as those for CuCN, in agreement with
experimental emission spectroscopy. As for CuCN, the effect of
complexation of amines and other Lewis bases to AgCN and AuCN
is expected to reduce the S–T gap due to reduction in geometric
reorganization energy of the non-linear triplet.
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