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ABSTRACT: The highly luminescent bimetallic cyanide materials, Gd- .
(terpy) (H,0)(NO;),M(CN), (M = Au, Ag; GdAu and GdAg, respectively) ﬁ

are quick and easy to synthesize under ambient conditions. A characteristic _ x a“;i_'___ .
feature exhibited by both solid-state compounds is an intense red emission

when excited with UV light. Additionally, GdAu exhibits a broad-band green -
emission upon excitation in the near UV region. A combination of structural : .
and spectroscopic results for the compounds helps explain the underlying
conditions responsible for their unique properties. Single-crystal X-ray
diffraction experiments expose their structural features, including the fact
that they are isostructural. Crystallographic data for the representative GdAu
compound (Mo K, 4 = 0.71073 A, T = 290 K): triclinic, space group P1I,
a = 7.5707(3) A, b = 10.0671(4) A, ¢ = 15.1260(4) A, a = 74.923(3)°,
p=78.151(3)° y = 88.401(3)°, V = 1089.04(7) A3, and Z = 2. Although the
compounds crystallize as dimers containing M---M distances smaller than the sum of their van der Waals radii, the Au---Au
(3.5054(4) A) and/or the Ag--Ag (3.6553(5) A) interactions are relatively weak and are not responsible for the low energy red
emission. Rather, the green emission in GdAu presumably originates from the [Au(CN), ], dimeric excimer, while the
[Ag(CN), ], dimers in GdAg do not display visible emission at either 290 or 77 K. The unusual red emission exhibited by both
compounds likely originates from the formation of an excited state exciplex that involves intermolecular z-stacking of 2,2":6',2"-
terpyridine ligands. The room-temperature and low-temperature steady-state photoluminescent properties, along with detailed
time-dependent, lifetime, and quantum yield spectroscopic data provide evidence regarding the sources of the multiple visible
emissions exhibited by these complexes.

E xcitation

B INTRODUCTION

The photophysics and photochemistry of gold(I) continue to
fascinate researchers, as evidenced by the large number of topics
being discussed recently.'”” Dicyanoaurate(I) complexes have
been known for a long time but continue to receive interest
because of their important scientific® '’ and industrial
applications in fields such as semiconductors,"" medicine,'>"
and gold extraction."* Of special note regarding these complexes
is their unique and interesting photoluminescence (PL)
properties.'® The d'%--d'® closed-shell interactions are ideal to

features of dicyanoargentates(I) and dicyanoaurates(I) and
entails the tuning of the luminescence spectra to distinct bands
characteristic of [Ag(CN),"], exciplexes."*™'®

Although formation of exciplexes is a well-known phe-
nomenon in organic compounds,” researchers reported in-
organic exciplexes more recently.”””>” Nagle and Brennan
were the first to describe exciplex formation involving a metal—
metal-bonded (Pt---T1) complex in aqueous solutions contain-
ing Pt,(P,OsH,),*” and TI* .2 Nagle et al®? presented the first
report of a luminescent exciplex formed between square-planar
d® and linear d' ions, as well as the first between like-charged

study in the dicyanoaurates because of the relatively small effect
of steric hindrance on the Au(I) centers, which can obscure the
extent of these interactions in other systems. A recent
development in this area includes the realization of the presence
of luminescent M--M bonded excimers and exciplexes in solid-
state systems of [Au(CN),7], and the related [Ag(CN),”],
systems.'®'” Experimental and theoretical evidence both
support the prevalence of excited-state interactions in noble-
metal systems that contain metal—metal bonds. The optical
phenomenon of “exciplex” tuning is one of the characteristic
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ions in solution, in a system consisting of Pt,(P,OsH,),*” and
Au(CN),".

Patterson et al. conducted extensive studies in the d'’ systems
of Ag(I) and Au(I) complexes.'”'®""®*°73* They showed that
it was possible to tune the emission energies of these systems
by a variety of physical parameters, including temperature,”"
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pressure,”” excitation wavelength,'” and dopant concentration."®
Systems containing Cu(I),**7® Ru(II),>* and Ir(Il1)** provide
additional examples of inorganic exciplex formation. Cadmium
and mercury are also known to form exciplexes with solvents
such as ethers and amines.”” The exciplex emission bands, a
result of the interaction between an excited mercury and the
solvent molecules in these compounds, shift to the red as the
solvent polarity increases. Systems consisting of an excited
mercury atom with a tert-butylamine molecule display similar
red shifts in some mixed solvents of the amine and alkanes,
alcohols, and ethers.”’

We recently embarked on rationally designing systems where
the weak lanthanide emissions can be enhanced through a
cooperative effect of multiple donor systems.>”** We have
ongoing interest in developing synthetic methodologies and
spectroscopic properties of systems that contain two or more
donor groups attached directly to lanthanide ions. One goal was
to target the synthesis of Gd** complexes containing both
2,2:6',2"terpyridine (terpy) and Au(CN),” donor ligands for
comparison purposes with other Ln** systems since Gd**, having
the largest f—f separation among the lanthanide ions, does not
readily act as an energy sink from potential donor groups, such
as terpy and Au(CN),”. However, adducts containing either
Au(CN),” or Ag(CN),”, Gd(terpy)(H,0)(NO;),M(CN),
(M = Au (GdAu), Ag (GdAg)), exhibit an unusual luminescence
behavior consisting of uncharacteristically bright red emissions.
This report describes the details of the synthetic, structural, and
photoluminescence studies of these novel complexes.

B EXPERIMENTAL SECTION

Materials and Methods. Gd,0; (Alfa-Aesar, 99.999%), 2,2":6',2"-
terpyridine (Alfa Aesar, 97%), KAu(CN), (Alfa Aesar, 99.99%), and
KAg(CN), (Strem Chemicals, 99.9%) were used for the syntheses as
received without further purification. Treating Gd,O; with concen-
trated HNOj; and then fuming away the excess acid resulted in the
isolation of Gd(NO;);-xH,0. The reaction conditions given below
produced the highest yields of the respective compounds. A Jasco
FT/IR-4100 with a diamond ATR attachment recorded the IR spectra
on neat crystalline samples at room temperature in the range 4000—
650 cm™'. Galbraith Laboratories, Inc. in Knoxville, Tennessee
conducted the CHN analyses.

Synthesis of Gd(C;sH;;N5)(H,O0)(NO;),Au(CN), (GdAu). The
first step in the synthesis of GdAu involves mixing a 0.10 M CH;CN
solution of Gd(NO;); (1 mL) and a 0.10 M 20% H,0:80% CH,CN
solution of KAu(CN), (1 mL). After 15 min, a 0.10 M CH,CN
solution of 2,2:6',2"terpyridine (1 mL) is then layered onto the
former mixture. Prismatic pale yellow crystals begin to form in less
than an hour, and after 24 h the crystals are removed from the mother
liquor and washed with methanol. The isolated yield is 80%. IR(solid,
cm™'): 3462 (m, br), 2181 (w), 2163 (w), 1662 (w), 1596 (w), 1576
(w), 1521 (m), 1482 (m), 1446 (s), 1431 (s), 1320 (s), 1271 (s), 1263
(s), 1231 (m), 1192 (m), 1169 (w), 1158 (w), 1039 (w), 1023 (m),
1014 (s), 1003 (w), 877 (w), 818 (m), 808 (w), 790 (w), 766 (s), 742
(s), 725 (m), 683 (m), 669 (m). Elemental Analysis Calculated for
Cp-H,3AuGdN,0.: C, 26.13; H, 1.68; N, 12.55. Found: C, 26.33; H,
1.90; N, 12.54.

SyntheSiS of Gd(C15H11N3)(H20)(N03)2Ag(CN)2 (GdAg). The
synthesis of GdAg is carried out in a similar manner as described for
GdAu, except that KAg(CN), is used in place of KAu(CN),. The
reaction produces pale yellow single crystals with a yield of 68%. IR
(solid, cm™): 3480 (m, br), 2166 (w), 2155 (w), 1598 (m), 1575 (m),
1507 (m), 1484 (m), 1448 (s), 1433 (s), 1400 (w), 1324 (s), 1277 (s),
1271 (m), 1234 (m), 1196 (w), 1171 (w), 1159 (w), 1041 (w), 1026
(m), 1015 (m), 1005 (w), 820 (w), 768 (s), 743 (m), 727 (w), 677
(w), 669 (w). Elemental Analysis Calculated for C,,H,;AgGdN-0O;: C,
29.49; H, 1.89; N, 14.16. Found: C, 29.21; H, 1.96; N, 14.06.
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Single-Crystal X-Ray Diffraction. Selected single crystals of
GdAu and GdAg with dimensions of 0.37 mm X 0.28 mm X 0.11 mm
and 020 mm X 0.11 mm X 0.05 mm, respectively, were selected,
mounted on quartz fibers, and aligned on a Varian Oxford Xcalibur E
single-crystal X-ray diffractometer with a digital camera. Intensity
measurements were performed using Mo Ko radiation, from a sealed-
tube Enhance X-ray source, and an Eos area detector. CrysAlis® was
used for preliminary determination of the cell constants, data collection
strategy, and data collection control. Following data collection, CrysAlis
was also used to integrate the reflection intensities, apply an absorption
correction to the data, and perform a global cell refinement.

All materials examined in these studies diffracted extremely well and
were nonproblematic in regard to data collection and structure analysis.
The program suite SHELX was used for structure solution (XS) and
least-squares refinement (XL).*® The initial structure solutions were
carried out using direct methods, and the remaining heavy-atom atomic
positions were located in difference maps. The final refinements
included anisotropic displacement parameters for all non-hydrogen
atoms and isotropic refinements for all H positions. Refinement was
performed against F* by weighted full-matrix least-squares, and semi-
empirical absorption corrections were applied. Crystal data for GdAu
and GdAg are included in Table 1, and select bond distances are

Table 1. Crystallographic Data for
Gd(C,5H;;N;)(H,0)(NO;),Au(CN), (GdAu) and
Gd(ClanNs)(Hzo)(N03)2Ag(CN)2 (GdAg)

compound GdAu GdAg
formula GdAuC,,H;;N,0, GdAgC;H,5N,0,
fw (amu) 781.56 692.46
space group PT (No. 2) PT (No. 2)
a (A) 7.5707(3) 7.5255(2)
b (A) 10.0671(4) 10.0389(3)
c(A) 15.1260(4) 15.2144(4)
a (deg) 74.923(3) 74.640(2)
B (deg) 78.151(3) 78.914(2)
7 (deg) 88.401(3) 88.880(2)
Vv (A%) 1089.04(7) 1087.08(5)
Z 2 2
T (K) 290 290
2 (A) 0.71073 0.71073
Peatea (g em™) 2.383 2.116
#(Mo Ka) (mm™) 9.801 3.979
R(F,) for F > > 26(F,2)" 0.0240 0.0153
R,(F2)* 0.0647 0.0367

“R(E,) = MIIE) — IEl/YIE). "RJE2) = [Xlw(E> — E2?/
ZWFD4]1/2

listed in Table 2. Additional crystallographic details are available in the
Supporting Information. Data can also be obtained free of charge in
CIF format by request from The Cambridge Crystallographic Data
Centre at www.ccdc.cam.ac.uk/data_request/cif with the CCDC
numbers 816045 and 816046 for GdAu and GdAg, respectively.
Photoluminescence Measurements. The luminescence spectra
were collected using a Photon Technology International (PTI) spectro-
meter (model QM-7/SE). The system uses a high intensity Xe source
for excitation. Selection of excitation and emission wavelengths are
conducted by means of computer controlled, autocalibrated “Quadra-
Scopic” monochromators which are equipped with aberration corrected
emission and excitation optics. Signal detection is accomplished with
a PMT detector (model 928 tube) that can work in either analog or
digital (photon counting) modes. All of the emission spectra presented
are corrected to compensate for wavelength dependent variation in the
system on the emission channel. The emission correction files which
were generated by comparison of the emission channel response to the
spectrum of a NIST traceable tungsten light were used as received from
Photon Technology International (PTT). The emission correction was
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Table 2. Selected Bond Distances (A) for GdAu and GdAg

GdAu GdAg

Gd1-01 2.518(3) Gd1-01 2.5192(17)
Gd1-02 2.483(3) Gd1-02 2.4820(17)
Gd1-04 2.412(3) Gd1-04 2.4145(17)
Gd1-05 2.465(3) Gd1-05 24748(19)
Gd1-07 2.386(3) Gd1-07 2.3854(16)
Gd1-N1 2.517(4) Gd1-N1 2.5280(19)
Gd1-N2 2.539(3) Gd1-N2 2.5465(17)
Gd1-N3 2.528(3) Gd1-N3 2.5268(19)
Gd1-N4 2.468(4) Gd1-N4 2.451(2)
Aul-C16 1.988(5) Agl-C16 2.047(3)
Aul-C17 1.979(5) Agl—Cl17 2.040(3)
C16—N4 1.128(6) C16—N4 1.137(4)
C17-NS§ 1.123(6) C17-NS§ 1.133(3)
Aul--Aul? 3.5054(4) Agl--Agl® 3.6553(5)

“Symmetry code: 1 — x, —y, —z.

conducted in real time using the PTI provided protocol. The neutral
density filter used in these studies contains an optical density of 1 with
10.0% transmission and a linear response in the 300—800 nm region
(series 22000a, Chroma Technology Corp.). The instrument operation,
data collection, and handling were all controlled using the advanced
FeliX32 fluorescence spectroscopic package. The steady state emission
and excitation spectra were collected upon continuous excitation
(without introducing any time delay). For the time dependent
measurements, various time delays were introduced ranging from
2 to 200 us. All of the spectroscopic experiments were conducted on
neat crystalline samples held in sealed quartz capillary tubes. The low
temperature measurements were conducted on samples inserted in a
coldfinger dewar filled with liquid nitrogen.

The absolute PL quantum yield (QY) measurements on the solids
were conducted using a PTI QM-40, PLQY ultrasensitive fluorimeter
system containing a 6-in. integrating sphere (K-Sphere B) redesigned
for enhanced measurement of quantum yields of solids, films, and
powders. The system includes dedicated quantum yield calculation
functions. Wavelength selection is conducted by software controlled
excitation and emission monochromators. The QY measurements
were conducted on finely ground solids uniformly spread onto the
sample holder and covered with a quartz disk.

B RESULTS AND DISCUSSION

Syntheses. The reactions of Gd** solutions with 2,2:6'2"-
terpyridine and either KAu(CN), or KAg(CN), in H,0/
acetonitrile mixtures at room temperature lead to the forma-
tion of GdAu or GdAg, respectively. However, we have noted
in our studies that the order of mixing of reactants can be
crucial to product formation and crystallization. For example,
the synthesis of GdAu involves the mixing of the Gd** and

dicyanoaurate solutions followed by layering of the 2,2:6’2"-
terpyridine solution. Crystals of [Gd(terpy)(H,0);(NO;),]-
NO;* begin to form within minutes if the Gd(NO,); and
2,2":6',2"-terpyridine solutions mix prior to the addition of the
dicyanoaurate(I) solution.

Structural Studies. In the quest to develop the concept of
dual-donor sensitization phenomena, our groups have been
involved in combining tetracyanoplatinates (TCP) with selected
organic donor ligands for enhancement of the lanthanide ion
sensitization.””*® In the current work, we have expanded to
include the group 11 dicyanometallates, Au(CN),” and
Ag(CN),”. Our initial aim was to investigate whether weak
lanthanide emissions could be enhanced through a cooperative
effect when one of the donor systems involves a group 11
cyanide directly bonded to the lanthanide ion. Synthetically, the
linear Au(CN),” or Ag(CN),” donors easily replace the TCP
unit, but drastic structural changes take place. A molecular
structure for GdAu and GdAg results, rather than the coordina-
tion polgrmeric features exhibited in several Ln**/terpy/TCP
systems. 738 In the former, the Gd** ion contains one terpy
ligand, two bidentate NO;™ anions, one H,0O molecule, and one
[M(CN),]™ (M = Ag, Au) anion, as seen in Figure 1, providing
a total coordination number of nine for Gd**. The environment
around Gd*" contains a geometry best described as a distorted
[GdO;N,] tricapped trigonal prism.

Table 2 displays a list of select bond distances for GdAu
and GdAg. The Gd—N and Gd—O bond distances range
from 2.451(2) to 2.546(2) A and 2.385(2) to 2.519(2) A,
respectively. The longest Gd—O bond distances are those to
the nitrate anions (average of 2.471 A), while the Gd—O
distances to the coordinated water molecules are considerably
shorter (2.386 A average). A distinction in the distances for the
Gd—N bonds to the dicyanometallate groups and the Gd—N
bonds to the terpyridine moiety is also evident; the Gd—N
bonds to the latter are longer by ~0.07 A on average. The
Au—C and Ag—C distances have averages of 1.984(5) and
2.044(3) A, consistent with past structural studies on
dicyanometallates.*® The C—N distances for the terminal
and bridging cyano groups are the same, within error.

The structural diagram of GdAu, shown in Figure 1, reveals
that two molecules related by an inversion center are held
together by a combination of hydrogen bonds and a metal-
lophilic, Au---Au or Ag--Ag, interaction. The H bonds are not
extraordinary, and their geometries are included in the CIF file of
the Supporting Information. The M---M interactions in GdAu
(3.5054(4) A) or GdAg (3.6553(5) A) are several tenths of
an angstrom longer than observed in Gd[Au(CN),];-3H,0
(3.3221 A) or Gd[Ag(CN),];3H,0 (3.3403 A Ag-Ag

Figure 1. A thermal ellipsoid plot (50%) of GdAu illustrating the coordination environment of the Gd** site and the dimers formed from the H-
bonds and Au---Au interaction. GdAg is isostructural with GdAu and therefore contains the same arrangement of atoms.
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(b)

Figure 2. (a) A packing diagram for GdAu viewed along the a axis highlighting the 7-stacking between the 2,2":6'2"-terpyridine ligands which are
located in the bc planes. The partially overlapping rings are highlighted for clarity, and the Au---Au interactions are showed with dashed lines. (b) A
packing diagram viewed perpendicular to the 7-stacking interactions. Intermolecular H bonds between O—H (H,0) donors and oxygen (NO;™)

acceptors are also shown.

distance).* These distances are also consistent with the widely
observed feature that Au--Au interactions are typically shorter
than Ag---Ag interactions in isostructural compounds, due to the
smaller size of Au® relative to Ag*.*"

Gd[Au(CN),]5-3H,0 and Gd[Ag(CN),];:3H,0 have two-
dimensional kagome sheets of metal atoms that form a long-
range network of M:-M interactions. This arrangement is
notably different from that observed in GdAu and GdAg, where
the dimeric units formed in the structures only contain one
isolated M---M interaction, a consequence of the disruption of
the formation of the higher dimensional M---M bonding by the
incorporation of the chelating ligands (terpyridine and nitrate)
into these structures. Several recently reported lanthanide
tetracyanoplatinate systems>** show a similar reduction in the
dimensionality of their Pt---Pt interactions. While many known
tetracyanoplatinates contain quasi-one-dimensional stacks
(also described as chains) of tetracyanoplatinate anions, the
incorporation of an ancillary ligand such as 2,2":6',2"-terpyridine
results in the disruption of these stacks and subsequent
isolation of Pt, dimers.

A characteristic feature observed in the packing arrangement
of GdAu and GdAg, shown in Figure 2, is the presence of
partial ring alignment of the terpy groups along the a axis with
an average interplanar distance of 3.522 A. The dimeric Au---Au
axis is canted 68.4° relative to the average plane of each terpy
ligand and not closely associated with the pyridine rings

3402

involved in 7-stacking. Both the z-stacking and aurophilic inter-
actions, and their uncoupled nature, prove to have an important
consequence on the spectroscopic properties of the com-
pounds, as described in detail below.

Photoluminescence (PL) Studies of GdAu at Room
Temperature. The emission properties of GdAu, shown in
Figure 3, display excitation dependent behavior. When excited at
364 nm, the compound exhibits a broad, intense band covering
the 500—750 nm region with an emission maximum at ~612 nm.

=364 nm Excitation|
=390 nm Excitation|
=400 nm Excitation|
|——420um Excitation|
g
3
.'E.
o
E
=
(=]
450 500 550 600 650 700
Wavelength (nm)

Figure 3. Room-temperature emission spectra of GdAu as a function
of excitation at 364, 390, 400, and 420 nm.
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Changing the excitation radiation to longer wavelengths provides
a distinct emission peak at ~525 nm, whose intensity maximizes
at an excitation wavelength of ~390 nm. A further shift to longer
wavelengths, however, provides a decrease in the intensity of
the 525 nm peak, which totally disappears when the excitation
wavelength reaches ~420 nm. The intensity of the red-orange
emission band increases concomitantly with the shift of the excita-
tion to longer wavelengths, with the maximum intensity obtained
at ~428 nm excitation.

The influence of the excitation wavelength on the emission
profile is more evident in Figure 4. When monitored at 612 nm,

=515 nm Emission
a
z
z
=
=
b
290 340 390 440 490 540
Wavelength (nm)

Figure 4. Room-temperature excitation spectra of GdAu monitored at
(a) the 612 nm (red) and (b) the 525 nm (green) emission band.

the excitation spectrum of GdAu (Figure 4a) shows a broad
band with maxima at 365 and ~425 nm and sharply falls on the
low energy side of the spectrum. Shifting the monitoring
wavelength to 525 nm, however, results in an entirely different
excitation profile, one in which a much sharper excitation band
maximizes at 387 nm (Figure 4b). The spectral profiles clearly
indicate that the two luminescent moieties are uncoupled and
behave as if they originate from two different chemical species
within the compound operating independently. Reproduction
of these spectral results on multiple X-ray-quality crystals, from
numerous preparations, indicates that an impurity mode is not
responsible for the behavior; rather, the system contains
multiple uncoupled excited states. Similarly, (TPA)AuBr (TPA
triaazaphosphaadamantane)** displays distinct emission
bands, resulting from two uncoupled excited states.

PL Studies of GdAu at Low Temperature. The overall
spectral features of GdAu exhibit a significant increase in
complexity, as shown in Figure 5, when measured at 77 K.
When the excitation wavelength is between 400 and 450 nm,
the broad low-energy emission maximizes at ~580 nm, a blue
shift by 900 cm™ when compared with the room temperature
data. In addition, as is the case with the room temperature
spectrum, a well-defined band is observed at 530 nm (a small
red shift when compared with the room temperature data).

However, when the excitation wavelength is below 400 nm a
drastic change in the emission profile takes place. For example,
with an excitation wavelength of 386 nm, the emission maximum
blue shifts to shorter wavelengths, and structured bands are
observed at 466.5, 502.5, 530, 561, and 610 nm (Figure Sb). The
average spacing is ~1300 cm™', suggesting vibronic coupling of
the terpy group involved in these transitions. A further shift of
the excitation wavelength to 300 nm provides an entirely dif-
ferent structured emission at much shorter wavelengths of 356,
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Figure 5. Low temperature (77 K) emission spectra of GdAu which
illustrate the wavelength dependence upon excitation at (a) 300 nm

(black), (b) 386 nm (green), (c) 428 nm (red).

375, and 390 nm with an average spacing of ~1220 cm L Again,
this spacing is similar to the emission profile obtained from the
386 nm excitation and indicates the terpy ligand involvement in
the transition.

Overall, as shown in Figure 5, the profile covers spectral
bands ranging from 350 to 700 nm, attributable to the presence
of multiple emitting states in this system. Observation of
emission bands tuned simply by changing the excitation wave-
length, over a broad range of wavelengths, is unusual and reported
in only a few instances thus far.'”>

The low-temperature excitation behavior of the GdAu system
is also quite complex, as shown in Figure 6. When monitored at
the 612 nm emission band, a poorly resolved broad excitation
profile is obtained as shown in Figure 6a, whereas a well
structured and relatively sharper band is observed when
monitored at the most intense band at S00 nm (Figure 6c).

=500 nm Emission
=536 nm Emission c
—612 nm Emission

Intensity (a.u.)

290 340 390 440 490

Wavelength (nm)

Figure 6. Low temperature (77 K) excitation spectra of GdAu
monitored at (a) 612 nm (red), (b) 536 nm (green), and (c) 500 nm
(blue). Ghost peaks are labeled with an asterisk.

The average spacing of ~590 cm™' is much smaller than the
spacing obtained in the emission profile, suggesting that the
excited state in this system involves vibronic coupling other than
the terpy ligand. The excitation spectrum monitored at 536 nm
(Figure 6b) consists of a combination of the two features
discussed above where the higher energy side displays the
structured feature prominent in Figure 6c, while the lower energy
side resembles the feature prevalent in Figure 6a.

PL Studies on the GdAg System. Figure 7a shows the PL
spectra of the GdAg system measured at room temperature.
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(a) ==Emission @ 612 nm
—Excited & 400 nm

Intensity (a.u.)

325 375 425 475 525 575 625 675 725
Wavelength (nm)
(b) ==Emission @ 570 nm
—Excited @ 427 nm
S
=
Z
<
-
=
—
325 375 425 475 525 575 625 675 725

Wavelength (nm)

Figure 7. Excitation and emission spectra for GdAg measured at (a)
room temperature and (b) 77 K.

The observance of a broad red-orange emission centered at
~615 nm covering the 530—750 nm region is the main feature
of this spectrum. At 77 K, the emission maximum blue shifts
by ~1200 cm™ and is observed at 570 nm, as can be seen in
Figure 7b. A well-defined broad shoulder is also evident at
535 nm. In contrast, the excitation spectrum at 77 K red shifts
only by ~540 cm™ and maximizes at 440 nm, as compared
with the 430 nm maximum observed in the room temperature
spectrum.

Comparison of the Low Energy Emission in GdAu vs
GdAg. As mentioned earlier, a common feature observed in the
GdAu and GdAg systems is that both compounds display a
broad orange-red emission under UV excitation. Observance of
a similar PL property in both Au and Ag based compounds has
been unusual and intriguing for several reasons. First, although
Gd*" is the common metal ion in both complexes, the broad
emission at ~600 nm cannot be related with an f—f transition.
Second, the band also cannot be assigned to gold-centered
(MC) emission of the cyanometallates, since the large M--M
distances in these systems are expected to provide relatively
higher energy emissions. Only short Au--Au distances of <3.1 A
are known™ * to result in metal-centered red emission. The
Ag--Ag separation in GdAg, which is slightly larger than the
summed van der Waals radii of two silver atoms (3.4 A), should
show weak ground state Ag--Ag interactions and, hence, is an
unlikely source of the low energy red-orange emission. It is
interesting to note that in the series of isostructural Ln*"/
dicyanometallate/terpyridine systems studied so far,” the red-
orange emission is unique for the Gd** systems, GdAu and
GdAg.

Assigning this low energy band to a ligand centered emission
(LC) has also been discounted initially, based on previous
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reports where the terpy ligand exhibited an intense violet
luminescence in acidic aqueous solution.*”™* However, this
assertion has been re-evaluated, as will be discussed in the next
section.

The Low Energy Band and Exciplex/Excimer Model.
Close analysis indicates that the overall spectral profile of the
low energy emission is consistent with the criteria needed for an
excimer/exciplex model common in planar aromatic compounds
such as pyrene.'”** In these systems, broad, structureless, and
long-lived emissions with large Stokes shifts are commonly
observed. These properties are typical of exciplex features, as
they indicate a very large displacement of the excited state
relative to the geometry of the ground state.

Known structural requirements for excimer formation in
solid-state organic compounds include the presence of stacking
or pairing of molecules with interplanar distances of less than
3.5 A®' The structural features exhibited in GdAu and GdAg
appear to support this assertion since the terpy groups,
although not perfectly stacked as shown in Figure 2, show
partial ring alignment along the a axis with average interplanar
distances between the rings of 3.522 A. The structural features
described earlier indicate that two molecules are held together
by a combination of two hydrogen bonds and one Au--Au
(or Ag---Ag) interaction. Although this is in fact the case, the
M, dimeric units are not closely associated with the 7-stacking
interactions of neighboring terpyridine units and are therefore
electronically isolated. Hence, the compound exhibits a unique
situation where, on one side, two molecules related by an
inversion center are held together through the metallophilic
and H-bonding interactions. On the other hand, intermolecular
m-stacking interactions persist, but the metallophilic and
m-stacking interactions are not structurally coupled.

Structural analysis of known terpy containing complexes
indicates that z-stacking is not unique for the GdAu and
GdAg systems. For example, the packing diagram of [terpyH]-
CF;50;*** contains planar terpy moieties aligned parallel to
each other and stacked with sets of parallel planes held together
by extensive hydrogen-bonding and strong dipole—dipole inter-
actions. The planar arrays have distances of 3.135 A. However,
in the structure of a related compound with an alternate
counteranion, [terpyH]PF,, the stacking feature is random with
a dihedral angle of 60.9°.*

These observations indicate that certain factors might be
essential in contributing to stacking features. One such factor was
found to be the position of protonation at either the terminal
pyridine N atoms or the central pyridine ring site. In [terpyH]-
CF;S0,,"%* for example, the terminal pyridine group is
protonated, leading to stacking, while in [terpyH]PF"™ the
central pyridine group is protonated. This latter observation
suggests that H-bonding interactions may also play an important
role in the formation of strong 7-stacking interactions in these
compounds.

The spectral profile in these systems is also dependent on the
position of ring protonation and by inference the mode of
coordination with metal ions. Accumulated data**** on the
terpy ligand indicates that protonation red shifts the absorption
bands due to the formation of a more planar geometry, leading
to extension of the 7 delocalization when compared with the
typically nonplanar unprotonated moiety. We have also
investigated the solution spectral properties on the doubly
recrystallized terpy ligand, where a significant red shift was
observed in aqueous acidic media relative to the spectral profile
in acetonitrile (550 vs 438 nm, respectively). Two absorption
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bands are also evident, centered at 280 nm with a shoulder
at 330 nm, consistent with a previous report.53

Additional support for the exciplex/excimer assignment in
GdAu and GdAg is presented in the emission spectrum of
[Gd(terpy) (H,0);(NO;),]NO;, Gd(terpy), shown in Figure 8.

=——Emission & 590 nm
—l'.lri}_!d"".!‘.'ﬁmn
2
z
o
E
325 375 425 475 525 575 625 675 725
Wavelength (nm)

Figure 8. Room temperature excitation and emission spectra for

Gd(terpy).

In some ways, this compound displays a quite similar profile to
that of the GdAu and GdAg systems, which would not be
expected if the dicyanometallates were playing a dominant role
in the spectroscopic properties of these compounds. The room
temperature spectrum of Gd(terpy) reveals a broad emission
band that maximizes at 606 nm with a shoulder at 556 nm.
When measured in liquid N, (Figure S1), the band maximum
slightly blue shifts to 593 nm. Similarly, the excitation band
maximizes at 370 nm at room temperature and red shifts by
1450 cm™ and maximizes at 390 nm at 77 K. The lifetime of
Gd(terpy) measured at 600 nm is 1.12 ms, with a similar value
also observed at 525 nm (1.1 ms, Table 3). Interestingly, similar

Table 3. Luminescence and Photophysical Data for GdAu,
GdAg, and Gd(terpy)

compound A (nm) by T, s k, st ko s
GdAu 600 0.027 1525 17.7 6.38 X 10?
GdAu” 52§ 130

GdAg 600 0.109 1290 84.4 6.85 X 10?
Gd(terpy) 600 1120

Gd(terpy) 525 1090

“The QY could not be measured accurately due to significant overlap
with the 600 nm emission band.

lifetimes of 1.5 and 1.3 ms were obtained for the GdAu and the
GdAg emission, respectively, measured at 600 nm. However,
the emission lifetime for GdAu measured at the 525 nm
shoulder is shorter by a factor of about 10 relative to the
comparable band in Gd(terpy), which shows a lifetime identical
to the lower energy 600 nm broad band.

The lifetime difference in the two bands is more pronounced
in the time dependent profiles shown in Figure 9 for the three
compounds. GdAu and GdAg have a common feature in that,
at shorter time delays, the higher energy band dominates, while
at longer delay times, only the low energy band is dominant.
Hence, at delay times of up to 20 s, only the 525 nm emission
emerges. In contrast, the band at 600 nm is dominant at delay
times of 100 us and above. In the Gd(terpy) system, however,
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Figure 9. Time dependent emission spectra, collected upon excitation
at 360 nm, for (A) GdAu, (B) GdAg, and (C) Gd(terpy) collected
after various time delays.

the spectral profile does not change with delay times other than
an overall variation in intensity. Hence, the band at 600 nm and
the shoulder at 550 nm are in a similar ratio at all delay times
(Figure 9C), as expected from the lifetime data. These results
are consistent with our interpretation that the low energy band
in all three compounds originates from the common feature of
m-stacking induced exciplexes involving the terpy ligand, similar
to those observed in pyrene.

A standard kinetic model of the intermolecular excited-state
complex (excimer) formation involves association of an excited
molecule with a ground state molecule followed by the breakup
of the excited complex and its return to the ground state
through radiative and nonradiative processes. The full under-
standing of the kinetic processes requires knowledge of the
radiative and nonradiative rate constants, the excimer dissocia-
tion rate, and the rate of excitation energy transfer to the
excimer sites, in addition to an estimate of the fraction of
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chromophores involved in excimer formation. Additional studies
in these areas are currently underway and are beyond the scope
of this report.

High Energy (HE) Emission Band Assignment. While
the low energy emission has been assigned to the formation of a
stable exciplex product in all three compounds, the spectra
shown in Figures 3 and 4 (as well as the lifetime differences of
the ~525 nm band) indicate the presence of a different type of
excited state, particularly in the GdAu system, where the two
emission bands at 612 and 525 nm show substantially different
excitation profiles (Figure 4). The low energy band displays
a rather broad excitation profile, while a much narrower band
maximizes at 387 nm (Figure 4b) when monitoring the emis-
sion at 525 nm. Also, the excitation band maximizes in the
region where the spectral profile in Figure 4a is minimal, clearly
suggesting the absence of coupling between the two profiles.
However, the optical dilution of GdAu in the excitation
wavelength region is not known. Hence, the reported excitation
profiles and maxima in Figure 4 are based on the assumption
that the optical density is low in this region.

Moreover, the lifetime values for the higher energy emission in
GdAu is shorter by a factor of 10 relative to Gd(terpy).
Therefore, the d'° transition metals appear to have a definite role
in influencing the overall PL properties. However, comparison of
the spectral profiles clearly shows that the manner in which the
two metals (Au vs Ag) influence the spectra is different. For
example, GdAu shows a structured emission at 77 K, which is
absent in GdAg. The lack of a similar profile in the GdAg system
both in terms of the time dependent profile (Figure 9) and/or
the excitation dependent steady state emission su‘ggests that the
Au--Au interaction is involved in the transition.’

Excitation spectra in the GdAu system are well structured,
indicating vibronic coupling to the electronic transition. The
emission and excitation behaviors suggest that the excited state
consists of a large contribution from the terpy ligand orbitals,
while the ground state responsible for the transition involves
contributions from gold-based metal orbitals. Reports on several
other d'° and terpyridine complexes make a similar assignment,
where a MLCT transition has been noted as the primary
transition in the visible region.55 As mentioned earlier,
(TPA)AuBr** displays similar spectral characteristics overall.
In that system, each of the two excited states (metal-centered
and LMCT) provide distinct excitation and emission profiles
and are distinguished on the basis of their spectral variations and
lifetime differences,** again similar to the situation for GdAu.
However, it is obvious that additional investigations might be
necessary on plausible model compounds, such as the
lanthanum or lutetium analogs, for definitive support of this
assignment. Finally, the assignment of the weak emission band
with vibronic coupling at ~385 nm (Figure Sa) is straightfor-
ward, as it is consistent with a ligand-centered 7—z* transition
usually observed in terpy systems.**~5%5556

Quantum Yield (QY) Studies. Quantum yield measure-
ments on these systems reveal the extent of the quantum
efficiency related to the excimer emission. Such evaluations are
important since strong red-light emitting materials have poten-
tial applications in many commercial, industrial, and medicinal
applications. For example, red emitting materials are widely
used in phototherapy because of the penetrating ability of
the long wavelength red light through the human body.*” The
fabrication of new PL materials with the capability to emit red-
light under proper conditions continues as a scientific pursuit®®
ever since the discovery of the first successful red-light-emitting
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diode (LED) in the early 1960s. Moreover, red emitting
fluorescent powders are one of the basic fluorescent additives in
preparing white LED fluorescent lamps.>®

The QY of the red excimer emission appears to depend on
the wavelength used to excite the sample. Excitation at 365 nm
yields a QY value of 1.4% for the GdAu compound, whereas
excitation at 420 nm almost doubles the yield to 2.7%.

On the basis of these values, the radiative and nonradiative
rate constants, k, and k,,, respectively, were calculated® using
eqs 1 and 2 and the results presented in Table 3:

_ (I)SP
- Tobs (1)
ol
" Tobs ' (2)

where, ¢, is the quantum yield and 7, is the measured
lifetime.

The radiative rate constants, k,, for GdAu and GdAg are 17.7
and 84.4 s7', respectively. As shown in Table 3, the
nonradiative components (k,.) are 638 and 685 s™* for GdAu
and GdAg, respectively. These values indicate that nonradiative
processes are dominant when compared with the radiative routes.
As a result, modification of the structural features is needed to
enhance the radiative component exhibited in these systems and
therefore increase the likelihood of any practical applications.

B SUMMARY AND CONCLUSIONS

Structural and spectroscopic features of isostructural Gd-
(terpy) (H,0)(NO;),M(CN), (M = Au, Ag) complexes are
reported. Both compounds luminesce with a characteristic red-
orange color upon excitation with UV light. Additionally,
GdAu, but not GdAg, displays a broad green emission when
excited in the near UV. Structural studies reveal the presence of
M:--M distances larger than the sum of van der Waals radii and
n-stacking of the terpy ligands. The Au---Au (3.5054(4) A) and
the Ag-+Ag (3.6553(S) A) interactions appear to be too weak
to provide the low energy red emission; however, the green
emission in GdAu presumably results from a LMCT transition
primarily from the aurophilic interaction. The combined
experimental evidence indicates that the unusual red-orange
emission exhibited in both compounds originates from an
excited state involving exciplexes formed from the intermo-
lecular z-stacking of the terpy ligands.
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