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Treatment of [Pt{4'-(Ph)trpy} C1]SbFs with AgSCN in a metathesis reaction in refluxing acetonitrile
affords, after work-up, single crystals of [Pt{4'-(Ph)trpy } (NCS)]SbF¢ CH3;CN, where trpy is 2,2":6",2"'-
terpyridine. These crystals lose solvent to give single crystals of [Pt{4’-(Ph)trpy } (NCS)]SbFg (1). An
X-ray crystal structure determination of 1 shows that the SCN™ ion is N-bound and that the cation as a
whole is approximately planar. Compound 1 is porous with “empty” channels that corkscrew through the
crystal: this crystal structure is stabilised by extended m—r interactions between the planar cations. When a
single crystal of 1 is exposed to vapours of acetonitrile the vapours are sorbed without loss of single
crystallinity, as confirmed by crystal structure determinations of 1 and 1-CH3CN using the same single
crystal. Similarly, single crystals of 1 sorb vapours of methanol without loss of single crystallinity, as
confirmed by a crystal structure determination of 1-CH3OH. We also report the crystal structure of
1:(CH3),CO:; however, in this case the single crystal was grown directly from acetone. Compound 1 and
its solvates are all yellow. Nevertheless, there are differences between the emission spectra recorded for

1 and its solvates in the solid state. Thus, whereas 1 exhibits very weak multiple emission from *MLCT
(MLCT = metal-to-ligand charge transfer) and excimeric *n—n* excited states, 1-CH3CN and
1-(CHs3),CO both exhibit more intense >MLCT emission; and the emission by 1-CH3;OH is complicated
by the presence of metallophilic interactions in the crystal. We discuss the role of the solvent in causing

these differences.

Introduction

Porous metal-organic framework (MOF) materials are con-
structed on the principle that metal ions linked by bridging
organic ligands provide a reticular framework that encapsulates
pores (or voids) in the solid." A host of materials of this type has
been investigated because of their potential applications in cata-
lysis,” hydrogen (and other gas) storage,’ luminescent sensor
devices,* magnetic materials,” and non-linear optical materials.®
There are examples of materials of this type where the reticular
framework of covalent bonds is supported by (weaker) intermo-
lecular interactions such as hydrogen bonding,” and extended
aromatic interactions;® the latter are usually labeled as “n—m inter-
actions”.”'® A second group of molecular materials relies on the
principles of self-assembly of organic or coordination com-
pounds to construct supramolecular systems that are porous.11
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+ Electronic supplementary information (ESI) available: X-ray structures
of 1_1st, 1_2nd, 1_3rd, 1-CH;CN, 1-CH;0H and 1-(CH3),CO. CCDC
857048-857053. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: 10.1039/c2dt12398¢

Many of these exhibit a spectroscopic response to the inclusion
of small gaseous molecules, a recent example being the supra-
molecular luminescent system based on 2-cyano-3 {4-(diphenyla-
mino)phenyl} acryclic acid, which acts as a selective acetonitrile
sensor. ~ The system that we describe here is also molecular and
porous with sensing properties, but it has a crystal structure that
does not fit into any of the above categories. Instead, the com-
pound [Pt{4'-(Ph)trpy}(NCS)]SbF¢ (1) where trpy is 2,2":6",2"-
terpyridine, has an open microporous structure containing
2-dimensional stacks of planar [Pt{4’-(Ph)trpy}Cl]" cations that
are stabilised solely by extended n—r interactions.

To test the availability of the microporous space in 1 for guest
molecule inclusion, we have exposed single crystals of the com-
pound to vapours of acetonitrile, methanol and acetone. Aceto-
nitrile and methanol are sorbed without loss of the single
crystallinity but the larger acetone molecule, though sorbed,
does disrupt the long range order in the crystal. We also report
the photoluminescent properties of 1 and its acetonitrile, metha-
nol and acetone solvates. These materials are all yellow in
colour, yet there are differences in their emission spectra,
an observation that is relevant to studies of the solid state
photophysical properties of terpyridyl ligand complexes of
platinum(u).'%*
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Experimental
Materials and methods

The acetonitrile for the syntheses, crystal growth and for generat-
ing vapours was of the Chromosolv™ HPLC grade from Aldrich
and used as received. The diethyl ether was from Saarchem and
of the uniLAB™ grade and also used as received. The acetone
and methanol used for generating vapours were of ACS grade
from Aldrich and used as received. The [Pt{4'-(Ph)trpy} C1]SbFg
precursor was synthesised by the method described in ref. 22.
The AgSCN was obtained from Aldrich and used as received.

[Pt{4’-(Ph)trpy}(NCS)]SbF¢ (1). To a suspension of [Pt{4'-
(Ph)trpy } C1]SbF¢ (100 mg, 0.129 mmol) in acetonitrile (10 mL)
was added a suspension of a 10% molar excess of AgSCN
(24 mg) in acetonitrile (40 mL). The mixture was heated to
reflux for 24 h. After cooling to room temperature the resulting
AgCl precipitate was removed by cannular filtration, and the
volume of the solvent was reduced in vacuo. The concentrated
acetonitrile solution was transferred to the lower compartment of
a dual chamber purpose-built apparatus; diethyl ether was added
to the upper compartment. Slow vapour diffusion of diethyl
ether into the concentrated acetonitrile solution resulted in the
formation of yellow crystals over a period of ~7 d. These are
crystals of the acetonitrile solvate, [Pt{4'-(Ph)trpy}(NCS)]
SbF4'CH;CN. The yellow crystals were isolated by decantation
of the mother liquor, and then washed with small amounts of
cold acetonitrile followed by diethyl ether. Allowing the crystal-
line material to stand in air affords the de-solvated compound,
which is also yellow. In order to ensure that all the acetonitrile
solvent is lost from the crystals, they were exposed to air for a
full week: however, the de-solvation process can be speeded-up
by the application of a vacuum. Analytical and spectroscopic
data are as follows. [Pt{4’-(Ph)trpy}(NCS)]SbF¢: Yield 71 mg
(69%). Colour, yellow. Anal. caled for Cy,H;sN4F¢PtSSb-H,O
(FW =816.30 g mol_l): C, 32.37; H, 2.10; N, 6.86. Found: C,
32.21; H, 1.95; N, 6.57%. IR (KBr, cm™"): V[SC=N]: 2095s;
V[S—CN]: 866m; v[4'-(Ph)trpy]: 1610s, 1557ms, 1479ms, 1418s,
881m; V[SbF4]: 656vs. ESI MS: m/z (relative intensity, ion):
562.0670 (100, M*"). 'H NMR (CD;CN):} & 8.51 (4H, m,
Heser, 3157); 8.42 (4H, m, Hyj3v 2me); 8.05 (1H, m, Hyw); 7.83
(2H, q, Hyu); 7.71 (4H, m, Hysv 3057). °C NMR (CD3CN):}
0 157.8 (2C, s, quat.Cyr); 155.5 (2C, s, quat.Cyye); 154.7 (1C,
s, quat.Cym); 152.2 (2C, s, Cger); 142.9 (2C, s, Corgm); 142.4
(1C, s, quat.Cy); 131.7 (2C, s, C3mysm); 129.7 (4C, s, Cs/sr.a/a7);
128.0 (1C, s, Cym); 125.8 (2C, s, Cy3v); 122.1 (2C, s, Csys0).
UV-vis (1 uM in MeCN): Ana/nm (g, M~! ecm™"): 409 (20 563);
387 (17 055); 333 (46 4006); 319 (49 463); 304 (49 888); 290
(75511); 282 (68 701); 273 (63 785); 259 (64 492).

Characterisation. Elemental analyses were determined by
Galbraith Laboratories of Knoxville, Tennessee, USA. The
powder XRD spectrum of 1 was recorded at 295 K with a
Philips PW1050 diffractometer using monochromated CoKo
radiation (A = 1.7902 A) from 3 to 40° in 260 with a scanning

i The chemical shifts listed are for the N-bound isomer that dominates in
CD;CN solution:?*?° further details are available from the authors on
request.

step of 0.02° at a 1° per minute counting interval. Fourier trans-
form infrared (FTIR) spectra were measured using a Perkin
Elmer Spectrum One spectrometer, and the samples prepared as
KBr pellets. UV-vis absorption spectra were recorded at 22 °C
using a Perkin-Elmer Lambda 45 UV-vis spectrometer. 'H
(500 MHz) and *C (125 MHz) NMR spectra were recorded at
30 °C in CD5;CN on a Bruker Avance III 500 MHz spectrometer
with chemical shifts referenced to the solvent.

Emission measurements

The instrument used for the measurement of emission spectra
was a Photon Technologies Int. (PTI) fluorescence spectrometer
controlled by PTI’s Felix32© Version 1.1 software.”® Steady
state emission spectra were recorded using PTI’s XenoFlash™
300 Hz pulsed light source and gated emission scans with a
delay of 95 ms, an integration window time of 100 ms and 50
pulses per channel (shots). Detection was by means of PTI’s
Model 814 Analog/Photon-Counting Photomultiplier Detector.
The excitation wavelength was 420 nm for all the solid state
samples; with the scattered light being removed by means of a
suitable wavelength band-pass filter. The spectra are uncorrected
for instrument response. For the lifetime measurements, the exci-
tation source was again the Xenon flash lamp (set at 420 nm)
with the emission decay captured by the Photomultiplier Detec-
tor at a wavelength corresponding to the peak of interest, and
analysed by the FeliX32™ software.”® For the measurements at
77 K a PTI-supplied quartz cold finger filled with liquid nitrogen
was used to hold the sample tube.

The sample of 1 used for the emission measurements was
obtained by crushing single crystals of the compound and
thoroughly mixing the powder with finely divided anhydrous
KBr to give a 10% (w/w) solid solution. To ensure that any
vestiges of water in the sample were removed, the sample was
subjected to a high vacuum for several days. The sample was
transferred under dry argon to a quartz NMR tube with its top
half widened to fit a B14 joint, into which a stopcock was
inserted thus allowing for both purging of the sample with argon
and the introduction into the sample space of the organic
vapours via cannulae inserted through a septum. Solvent vapours
were generated by vigorously bubbling argon through a sealed
100 mL Erlenmeyer flask containing the anhydrous solvent, and
transferred to the sample tube via cannulae. Total exposure time
of the sample to the stream of solvent vapours was ~60 min.
The stopcock was then closed and the sample kept in contact
with solvent vapours for a further 3 h. The envelope of solvent
vapours was then removed by gently purging with argon and the
emission spectrum of the solvated material recorded, at 77 K so
as to increase the intensity of the spectrum and to minimise any
loss of solvent. For the monitoring experiment the acetonitrile
solvate sample was warmed to room temperature and exposed to
ambient conditions: emission spectra were then recorded at
regular intervals, at 77 K, so ensuring that each spectrum is a
“freeze-frame” of the de-solvation process. The emission spec-
trum of 1 shown in Fig. 10 was obtained in this way, in particu-
lar by ensuring that the acetonitrile solvate had de-solvated fully
through application of a vacuum.

This journal is © The Royal Society of Chemistry 2012
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Single crystal preparations and structure determinations

The first batch of single crystals was isolated by slow vapour
diffusion of diethyl ether into an acetonitrile solution of [Pt{4'-
(Ph)trpy } (NCS)]SbF¢ (1): these were of the acetonitrile solvate,
1:CH;CN. Single crystals of 1 itself were obtained by allowing
the solvated crystals to lose solvent over a period of about 6 d
under ambient conditions: a single crystal was selected from this
batch and its structure determined at 200 K. This same crystal
(glued to a fibre attached to a brass pin) was transferred to a
glass platform by fixing the pin to the platform with Prestik™.
The platform was constructed by extending a B24 glass stopper,
designed such that when it is inserted through the mouth of a
two-necked round bottomed flask, the platform is positioned
roughly halfway between the bottom of the flask and the stopper.
The flask contained about 20 mL of pure acetonitrile. A gentle
vacuum was then applied to the flask and switched off as
soon as the solvent began to boil. In this way the crystal was
enveloped in vapours of acetonitrile at its vapour pressure at
room temperature; in this case the laboratory temperature was
~20 °C and, therefore, the vapour pressure of the acetonitrile
was ~43 Torr. The crystal was left exposed to the solvent’s
vapours for 48 h. After this period, the pin and mounted crystal
were removed from the flask and transferred immediately to the
diffractometer where it was cooled to 200 K. The temperature of
200 K is a compromise: a low temperature was chosen to mini-
mise solvent loss but dropping the temperature to below 200 K
caused the crystal to crack. The data collection for 1:CH3CN
was done with this crystal. After the data collection was com-
plete, the crystal was warmed to room temperature thus allowing
the acetonitrile to evaporate to afford a single crystal of 1. A
second intensity data set, again at 200 K, was collected and the
crystal structure of 1 re-determined: see CCDC 857049 in the
ESI.+ With methanol the same procedure was followed in order
to obtain a single crystal and hence an intensity data set for the
solvate, 1-CH3OH. However, a different starting single crystal of
1 was used and, of course, the vapour pressure of the methanol
is different i.e. ~125 Torr (with the methanol solvate a tempera-
ture of 180 K was used for the data collection). The same pro-
cedure was also used for the acetone solvate, using a different
starting single crystal of 1 that was exposed to acetone vapours
at a pressure of ~230 Torr. Intensity data collected on this crystal
gave a structure solution that showed the inclusion of the acetone
molecule in the crystal of 1, see the CheckCIF report in the
ESI.+ However, with a high final R factor of 10% and problems
with thermal motion, the structure determination is not suffi-
ciently accurate to allow for a detailed comparison of geometric
parameters between the three solvates and 1. For this reason we
grew a good quality crystal of 1-(CHj3),CO by slow vapour dif-
fusion of diethyl ether into an acetone solution of 1. This is the
structure, determined at 200 K, discussed in the text below. As a
final experiment, this same single crystal of 1-(CHj3),CO was
warmed to room temperature thus allowing the acetone to evap-
orate to afford a single crystal of 1: see CCDC 857050 in the
ESI+ for details of the structure determination.

Intensity data were collected on an Oxford Diffraction
Xcalibur 2 CCD diffractometer in the range 2 < 6 < 25° using
graphite-monochromated Mo-Ka radiation (A = 0.71073 A).
Intensities were corrected semi-empirically for absorption, based

on symmetry-equivalent and repeated reflections. The structures
were solved by Patterson methods and refined on F* values for
all unique data; Table 1 gives further details. All non-hydrogen
atoms were refined anisotropically, and H atoms were con-
strained with a riding model; U(H) was set at 1.2 times (1.5
times in the case of a methyl group) U, for the parent carbon
atom. The programs used were Oxford Diffraction CrysalisRED
v. 170 (control and data reduction),”” SHELXS-97 and
SHELXL-97 (structure solution and refinement);*® for the mol-
ecular graphics the programs ORTEP3%’ and X-SEED** were
used.

Results and discussion

Treatment of a solution of [Pt{4’-(Ph)trpy}Cl]SbFy in refluxing
acetonitrile, with one equivalent of silver thiocyanate, afforded
via a metathesis reaction a precipitate of silver chloride and a
solution of [Pt{4'-(Ph)trpy}(NCS)]SbF¢ (1). After removal of
the AgCl by filtration, the acetonitrile filtrate was concentrated,
cooled and transferred to a two compartment vapour diffusion
apparatus. Slow diffusion of diethyl ether into the concentrated
solution led to the precipitation of a mass of yellow, and mostly
single, crystals of the acetonitrile solvate, 1:CH3CN. Application
of a vacuum to the crystals extricates the solvent, finally afford-
ing compound 1, also as a mass of yellow, and mostly single,
crystals. The infrared spectrum recorded as a KBr pellet exhibits
a strong sharp peak at 2102 cm™' assigned to the V(SC=N)
stretching mode and a weaker, somewhat broader peak at
866 cm ™", due to the v(S—CN) stretching mode. These stretching
frequencies are consistent with a SCN™ ion bound to the Pt atom
through the N atom in the solid state i.e. as the isothiocyanate
ligand.’'3

Crystal structure of [Pt{4’-(Ph)trpy}(NCS)|SbF¢ (1)

The single crystal of 1 was obtained by exposing crystals of
the acetonitrile solvate to ambient conditions for a period of
6 d. Note that the de-solvation process can be speeded up to 1 d
by application of a vacuum, again without loss of single crystalli-
nity. A temperature of 200 K was used for the data collection so
as to correlate with the temperatures used for the crystal structure
determinations of the solvates. Fig. 1 gives a perspective view of
the cation in 1. Selected geometric parameters for the cation are
given in Table 2.

The bond distances and angles associated with the Pt(trpy)
unit agree well with those obtained from crystal structure deter-
minations of other platinum terpyridine complexes reported in

Fig. 1

ORTEP diagram (50% ellipsoids) of the cation in 1.
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Table 1 Crystal structure and refinement data

Compound 1¢

1-CH;CN®

1-CH;0H¢ 1-(CH;),CO“

Empirical formula C,oH;sFsN4PtSSb

Ca4H gFsN5PtSSh

Ca3H,0FsN4OPtSSh CasHa FsNLOPtSSb

M, 798.28 839.33 830.32 856.36
Crystal size/mm 0.15 x 0.25 x 0.60 0.15 x 0.25 x 0.60 0.15 x 0.22 x 0.55 0.10 x 0.20 x 0.30
T/K 200 200 180 200

MA 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/n P2,/n P2,/n P2y/n

alA 9.6158(2) 9.9301(2) 9.7239(3) 9.7859(3)
b/A 25.6118(7) 25.7960(9) 25.4860(7) 25.3897(8)
c/A 10.3103(3) 10.347(3) 10.4632(3) 10.9182(4)
a(°) 90 90 90 90

B(°) 96.392(2) 100.060(2) 98.004(2) 98.355(3)
7 (©) 90 90 90 90

VIA3 2523.4(1) 2609.7(8) 2567.8(1) 2684.0(2)
Z 4 4 4 4

Dg/g cm™> 2.101 2.136 2.148 2.119
w/mm™' 6.753 6.537 6.644 6.360
F(000) 1496 1568 1624

6 Range (°) 2-25 2-25 2-25 2-25
Reflections collected (independent) 40442 (9037) 38184 (8961) 41513 (9434) 28462 (5291)
Observed [I > 20(1)] 6857 5626 6588 5224

Rine 0.0317 0.0423 0.0395 0.0338

No. refined parameters (restraints) 316 (0) 344 (0) 339 (2) 352 (0)
Final R, [I > 20(])] 0.0369 0.0803 0.0373 0.0865
Final wR, (all datag 0.0821 0.2107 0.0862 0.1643
Max, min Ap/e A~ 1.86, —1.51 5.66, —4.63 3.02, —2.30 3.36, =3.30

“ Crystal selected from the batch of crystals obtained after allowing acetonitrile to evaporate from the crystals of 1:CH3CN that originally formed in
the crystal growth chamber: see 1_1st: CCDC 857048. ° Crystal obtained by exposing 1_1st to vapours of acetonitrile. ¢ Crystal obtained by exposing

a different single crystal of 1 to vapours of methanol.

Crystal grown directly from acetone.

Table 2 Selected geometric parameters for the cations in 1 and its
solvates (A/°)

Compound 1 1-CH;CN  1-CH;0H  1+(CH3),CO
Temperature/K 200 200 180 200
Pt-NI1 2.022(4)  2.00(1) 20103)  2.02(1)
Pt-N2 1.9253)  1.9208)  1.923(3) 1.93(1)
Pt-N3 2.019(4)  2.01(1) 2016(3)  2.02(1)
Pt-N4 2.023(4)  1.996(9)  2.0143)  2.01(1)
N4-C22 1.098(6)  1.13(1) 1.120(5) 1.11(2)
C22-S 1.629(5)  1.63(1) 1.623(5) 1.64(2)
N1-Pt-N2 80.7(1)  81.0(4) 81.5(1) 81.6(5)
N1-Pt-N3 162.1(1)  162.8(4)  162.4(1) 162.6(5)
N1-Pt-N4 98.9(1)  98.8(4) 98.5(1) 98.6(5)
N2-Pt-N3 81.3(1)  81.9(4) 80.9(1) 81.0(5)
N2-Pt-N4 179.622)  179.74)  179.2(1) 179.1(5)
N3-Pt-N4 99.02)  98.4(4) 99.1(1) 98.8(5)
Pt-N4-C22 173.14)  175209)  175.7(4) 175.1(1)
N4-C22-S 179.5(5)  177(1) 179.2(5) 180(2)

the literature.'*** For example, the irregular square-planar
geometry about the platinum atom is reflected in a N1-Pt—N3
‘trans’ angle of 162.1(1)°, and a platinum to central nitrogen dis-
tance that is significantly shorter than the distances of the plati-
num to the two outer pyridine nitrogen atoms. The SCN™ ion is
bound to the platinum through the N atom with a Pt-N4-C22
angle of 173.1(4)° and a N4-C22-S angle of 179.5(5)°. These
angles, as well as the N4—-C22 and C22-S distances of 1.098(6)
and 1.629(5) A, respectively, are typical of a SCN™ ion bound to
a metal through the N atom.>* Of particular interest is that the
phenyl ring is very nearly coplanar with the mean plane through

the trpy moiety, as is reflected in a dihedral angle between the
phenyl ring and the central pyridine ring of only 3.1(1)°; in fact,
the cation as a whole is essentially planar. This is not an
expected result in view of a consequent very short intramolecular
H7---H17 non-bonded contact of 2.00 A, a value that is ~0.4 A
less than the sum of the van der Waals radii for two hydrogen
atoms.>® Indeed, a crystal structure determination of the free 4'-
(Ph)trpy ligand shows that the phenyl group twists out of the
plane of the trpy moiety by 10.9°.° On the other hand, two pre-
vious reports of crystal structure determinations of complexes
containing the 4'-(Ph)trpy ligand show that the out-of-plane
twist of the phenyl group is variable; thus whereas the relevant
torsion angle is 33.4° in [Pt{4'-(Ph)trpy}CI1]BF;CH;CN,** it
is only 1.9° in [Pt{4-(Ph)trpy}(CN)]BF4;CH;CN.>’ Clearly,
crystal packing forces play a key role in determining the exact
extent to which the phenyl group twists out of the plane of the
trpy moiety.

A view down the [c]-axis of the unit cell contents in 1 is given
in Fig. 2; note that this view is chosen since it is approximately
perpendicular to the mean plane through the non-H atoms of the
cation, henceforth labeled the “cation plane”. This view shows
that the [Pt{4’-(Ph)trpy} (NCS]" cations stack separately from the
SbF¢~ anions, but not in one-dimensional columns parallel to
the [c]-axis. Instead, the cations slot together to give a stack of
constant thickness, but which extends along the [a]- and
[c]-axes; as shown in Fig. 2 these stacks repeat at half-intervals
along the [b]-axis and are separated by the anions. To discuss the
nature of the interactions between the cations within a stack
we refer to Fig. 3; in this view the cations within one stack
are viewed side-on, specifically along the longer [b]-axis. By

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 View down the [c]-axis of the unit cell contents in 1. The [a]-
axis points down the page and the [b]-axis across the page.

| ' | |
|~ I
i [
[— —1=
—_— e,
| . |
Fig. 3 Side view along the [b]-axis of the “brick-in-wall” packing
arrangement of the cations in 1. Hydrogen atoms have been omitted for

clarity. The “bricks” are coloured according the nature of the interaction
of a cation with the central “pink” cation, see text.

focusing on one cation within the stack (colour coded pink) we
arrive at the following description of the various cation—cation
interactions. This cation is attracted to four nearest neighbour
cations, two above (colour coded green and blue) and two below
(colour coded blue and orange) with three unique pair-wise inter-
actions: pink-to-green, pink-to-blue and pink-to-orange. These
unique interactions are highlighted in Fig. 4, using the same
colour coding but applied to the borders and taking a view per-
pendicular to the cation planes. In Fig. 4(A) (pink-to-orange) the
two cations are laterally offset such that m—m overlap occurs at
the edges of both outer pyridine rings for the two adjacent trpy
moieties; as noted by Hunter and Sanders’ and by Janiak'® this
has as a result that n—c attractive forces dominate between the
two aromatic rings. Consistent with this is that the perpendicular
distance between the cation planes (the interplanar spacing) is
3.38 A, a value that has been calculated to be optimal for a stabi-
lising interaction between adjacent aromatic species.”'® On the
other hand, the Pt---Pt distance of 3.553(1) A is too long to
support a metallophilic d,»(Pt)-d,»(Pt) orbital interaction.*® In
Fig. 4(B) (pink-to-green) the cations are laterally and longitudin-
ally offset such that overlap now occurs (twice) between the
phenyl and central pyridine rings of the two cations. Again, this
overlap geometry favours a stabilising m—n interaction.”'® The
Pt.--Pt distance is now much longer at 11.757(1) A, but the

Fig. 4 Views perpendicular to the cation planes for each of the three
different types of cation—cation interaction in 1, see text. In (A) the
Pt.--Pt distance is 3.553 A, in (B) 11.757 A, and in (C) 9.616 A.

interplanar spacing of 3.34 A is short enough to support a stabi-
lising m—7 interaction: usually 3.8 A is taken as the upper dis-
tance limit for this kind interaction between planar aromatic
species.”'? Finally, in Fig. 4(C) (pink-to-blue) the cations are
displaced with respect to each other to such an extent that the
only overlap is one between the leading edges of the phenyl ring
of one cation and the outer pyridine ring of the adjacent cation.
This overlap geometry also supports a stabilising 7—r interaction
as does the interplanar spacing of 3.27 A:>° the Pt---Pt distance
is now 9.616(1) A, clearly too long to support a metallophilic
d,»(Pt)-d(Pt) orbital interaction.’® In summary, the cations
within a stack are held together by extended stabilising m—m inter-
actions, while the crystal as a whole is stabilised by attractive
electrostatic forces between the positively charged stacks and the
SbF¢™ anions that are interspersed between them.

As already noted, de-solvation of a single crystal of the aceto-
nitrile solvate, 1*-CH3CN, proceeds without loss of the single
crystallinity to give the single crystal of 1 with the structure
described above. The net result is that the crystal structure of 1
contains solvent accessible voids. Using the MSROLL interface
of the program X-SEED,** we estimate that the voids occupy a
volume of 320 A® in the unit cell, i.e. ca. 13% of the total unit
cell volume of 2523 A* measured at 200 K. In order to show the
location of the voids we have plotted the Connolly surface for 1
using a probe radius of 1.2 A;*° three different views of the
surface are shown in Fig. 5. In views (A) and (B) the corkscrew
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Fig. 5 Three different views of the solvent accessible voids in 1 shown
as green Connolly surfaces drawn with a probe radius of 1.2 A.*° In (A)
and (B) the “corkscrew” motif for the Connolly surface is emphasised
while view (C) shows the bulges that are connected by narrower
channels.

shape of the channels that extend through the crystal is apparent,
while view (C) shows that the channels are not of uniform cross-
section, but rather comprise narrow sections that connect larger
bulges. It is these larger bulges that accommodate molecules of
acetonitrile, methanol and acetone in the corresponding solvates,
1-CH;CN, 1-:CH;0H and 1-(CH3)CO. We now discuss the
uptake of vapours of these solvents by single crystals of 1.

Crystal structures of 1:CH;CN, 1:CH;0H and 1-(CH;),CO

The intensity data for the crystal structure determinations of the
three solvates were collected at low temperatures in order to
slow down the loss of solvent that occurs quite rapidly at room
temperature. The actual temperatures used were a compromise:
dropping the temperature too low caused the crystals to crack.
The single crystal used for the determination of the structure of
the acetonitrile solvate that we describe here was the same one
used for the crystal structure determination of 1, described
above.

CH,OH

(ii)

(i)

(ii)

Fig. 6 Plots showing two different views of the location of the solvent
molecules in 1:-CH3CN, 1-CH3;0H, and 1-(CH3),CO in relation to the
Connolly surface (shown in green) obtained from the crystal structure
of 1.

This crystal was exposed to vapours of acetonitrile at its
vapour pressure in a closed container for a period of 48 h during
which time the solvent was sorbed by the crystal to afford
1-CH;CN, without loss of the single crystallinity. During the
sorption process the cation m-stacks remain intact with only very
small changes to their dimensions; also the SbFs~ anion
positions determined for 1 hardly change. As a result, the
packing of the cations and anions in 1*CH3CN (see Fig. S1 in
the ESI{) appears very similar to the crystal packing illustrated
in Fig. 2 for the de-solvated compound, 1. With regard to the
location of the solvent molecules in 1:-CH3CN, we show in
Fig. 6 their positions in relation to the Connolly surface drawn
for 1; as expected, the acetonitrile molecules fit neatly into the
bulges of the Connolly surface implying little disruption of the
porous crystal structure of 1. As a result, the internal dimensions
and geometry of the cation are much the same as those deter-
mined from the crystal structure determination of 1, see Table 2.
More interesting is that there are no unusually short intermolecu-
lar contacts between atoms of the acetonitrile molecule and
atoms of the cation and anion, i.e. there is no evidence from the
crystal structure of 1*CH3CN for strong binding of the solvent in
the lattice, consistent with the ease with which acetonitrile mol-
ecules escape the crystal. Indeed, we have shown that this same
crystal can undergo loss of solvent for a second time without
loss of single crystallinity: see CCDC 857049.7
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Fig. 7 ORTEP diagram (50% ellipsoids) showing the O—H---S inter-
molecular contact between the methanol and S atom of the isothiocya-
nate ligand: O-H = 1.00 A, O---S = 3.31, S---H = 2.38 A, O-H---S =
157°.

Turning to the sorption of methanol by single crystals of 1 we
find that, though single crystals of 1 can sorb methanol mol-
ecules from the vapour phase without loss of single crystallinity,
extrication of methanol from the crystal is much more difficult;
in fact, the application of a vacuum is required with a concomi-
tant loss of single crystallinity. We are not sure why this is the
case, especially as methanol has a higher vapour pressure than
acetonitrile, and is a smaller molecule (two non-hydrogen atoms
rather than three). Of course, the possibility of hydrogen
bonding exists between the methanol and the sulfur atom of the
isothiocyanate ligand; and such a bond would make the metha-
nol more difficult to extricate. To investigate this possibility we
have checked the shortest intermolecular contacts between the
methanol and the sulfur atom, see Fig. 7 and its caption, which
gives these parameters. In fact, the dimensions given do not
suggest the presence of an O-H---S hydrogen bond,** for
example the O---S distance simply fits with the sum of the
van der Waals radii for the two atoms concerned.>> However,
the methanol is oriented with respect to the sulfur atom such
that even a very small shift of atom positions could lead to the
formation of a hydrogen bond — perhaps this happens when
attempts are made to remove the methanol. Turning to the
overall packing in this solvate we first note that there are no
obvious differences in the positions of the cation and anions as
compared to those in 1 and in the acetonitrile solvate; compare
Fig. S21 with Fig. 2 and Fig. S1.¥ Consistent with this ob-
servation is that the methanol molecules fit neatly into the bulges
in the Connolly surface drawn for 1, see Fig. 6. However, exam-
ination of the Pt---Pt distances shows that there is a small but sig-
nificant effect on these distances (Table 3) the most relevant
being on the Pt---Pt distance associated with the cation—cation
interaction labeled “A” in Fig. 4. The Pt---Pt(A) distance drops
from a value above 3.5 A for 1 and 1-CH;CN to a value of
3.395(1) A for 1:CH3O0H, which is below the upper distance
limit of ~3.5 A usually taken to indicate a finite d,*(Pt)—d,*(Pt)
orbital interaction.*® As expected, the presence of the metallophi-
lic interaction influences the photophysical properties of the
methanol solvate in the solid state, see below.

Table 3 Comparison of the three unique Pt---Pt distances (A)
measured for 1 and its solvates

Compound 1 1-CH3CN 1-CH3;0H 1-(CH3),CO
Temp (K) 200 200 180 200
Pt---Pt(A)” 3.553(1) 3.519(1) 3.395(1) 3.443(1)
Pt---Pt(B)* 11.757(1) 11.562(1) 11.754(1) 11.980(1)
Pt---Pt(C)* 9.616(1) 9.930(1) 9.724(1) 9.786(1)

“A, B and C label the distances according to the nature of the cation—
cation interaction: see Fig. 4.

Single crystals of 1 have also been exposed to vapours of
acetone, which is the largest of the three solvent molecules
studied, containing four non-hydrogen atoms. We find that
acetone is sorbed, but not without some disruption of long range
order in the crystal. Evidence for this comes from a crystal struc-
ture determination of the solvate at 200 K. A better crystal of
1:(CH3),CO was obtained by direct crystallization of the solvate
from a solution of 1 in acetone and a more reliable crystal struc-
ture determination made. As with the acetonitrile and methanol
solvates, a visual comparison of the relevant crystal packing dia-
grams (Fig. 2 with Fig. S3t1) shows no obvious differences in the
positions of the cation and anions between the two crystal struc-
tures. Consistent with this observation is that the acetone mol-
ecules fit neatly into the bulges in the Connolly surface drawn
for 1, see Fig. 6. Noteworthy is that there is no evidence for
hydrogen bonding (potential or actual) of the O atom of the
acetone to the S atom of the isothiocyanate ligand; in fact, there
are no unusually short intermolecular contacts involving the
acetone molecules. However, because of the increased size of the
acetone molecule, its inclusion in the crystal does have a small
effect on the dimensions of the cation stack, in particular on the
Pt---Pt distances, see Table 3. The shortest (A) distance of 3.443
(1) A is now just below the upper distance limit of ~3.5 A
usually taken to indicate a finite d,.(Pt)—d,(Pt) orbital inter-
action,>® but is not short enough to have any discernable effect
on the emission measured for 1:(CHj3),CO in the solid state, see
below. In so far as the loss of acetone from a single crystal of
1:(CH3),CO is concerned, this occurs relatively slowly under
ambient conditions (~2 weeks) and there is no concomitant loss
of single crystallinity, as confirmed by a crystal structure deter-
mination: see CCDC 857050.1 The longer de-solvation time is
unexpected in view of the high vapor pressure for acetone,
certainly higher than that for acetonitrile, which escapes more
quickly. We suggest that this has to do with the larger size of the
acetone molecule and that because it is larger, it becomes
more difficult for the acetone molecules to escape through the
narrow channels that link the larger bulges, see Fig. 5.

Emission spectroscopy of solid 1, 1:CH;CN, 1-:CH;0H
and 1-(CH3),CO

Emission measurements and gas sorption studies were made
using a dry powder sample of 1. An XRD spectrum was
recorded on the powder and is compared in Fig. S4 in the ESIT
with the powder XRD spectrum calculated using the single
crystal data: the excellent agreement suggests that there is no
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phase change brought about by crushing the single crystals to
give the powder. This powder sample was then mixed with an-
hydrous KBr to give a 10% (w/w) solid solution — in order to
increase the surface area of the sample and so as to speed up gas
sorption and de-sorption. The emission spectrum recorded for 1
was found to be extremely weak with no observable signal at
room temperature — it was only by lowering the temperature to
77 K that a measurable spectrum could be obtained. In contrast,
the emission spectra recorded for the solvates were found to be
more intense, in particular those of the acetonitrile and acetone
solvates. These observations informed the following sequence in
which the gas sorption and emission measurements were done.
Dry samples of 1 were first exposed to vapours of acetonitrile
and acetone and the emission spectra of the corresponding sol-
vates recorded, at 77 K, in order to minimise any potential loss
of solvent and to maximise the intensity of the emission, see
Fig. 8 for the emission spectra of 1-CH3CN and 1:(CHj3),CO.
These are very similar, both comprising three bands at 550, 587
and 632 nm whose intensities decrease monotonically with an
increase in wavelength. This envelope of vibronic structure as
well as the vibrational spacing of ~1200 cm™' are a signature
for monomeric *MLCT emission by a platinum terpyridine
complex.*”*"™ Similar emission lifetimes of ~12 us at 77 K
have been recorded for the emission by both solvates, but the
intensity of the emission by the acetonitrile solvate is higher
than that for the acetone solvate. In commenting on the *MLCT
emission exhibited by 1*CH3CN and 1+(CHj;),CO, we first note
that the crystal structures of the two solvates show very similar
arrangements for the cations and, therefore, similar emission
properties are to be expected. The enhanced intensity of the
emission by the acetonitrile solvate as compared to the acetone
solvate is presumably to do with slower non-radiative decay of
the excited state for the former as compared to the latter i.e. ky,
for 1:CH;CN is <k, for 1:(CHj3),CO. The magnitude of a k,,
value for a solid is usually linked to the extent of thermal
vibration by the atoms in the solid.** On this basis, the atoms in
the acetone solvate vibrate on average more than the atoms in the
acetonitrile solvate, as might be expected since the larger
acetone molecules disrupt the efficiency of packing more than
the acetonitrile molecules.

i — 1-CH;CN

— 1-(CH3),CO

Intensi

500 600 700
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800

Fig. 8 Emission spectra recorded at 77 K on solid samples of
1:CH;CN (red) and 1:(CH3),CO (blue). Aex =420 nm.

The following approach was used in order to obtain a reliable
emission spectrum of the de-solvated material, 1. The emission
spectrum of the acetonitrile solvate, 1-CH3CN, was recorded fol-
lowing which the sample was exposed to ambient conditions.
The loss of solvent was monitored by recording the emission
spectrum at regular intervals — at 77 K, so ensuring that each
spectrum is a “freeze-frame” of the de-solvation process. The
results are shown in Fig. 9. Initially, solvent loss causes the
*MLCT emission to gradually and systematically drop in inten-
sity, i.e. the relative intensities of the vibrational components
stay the same but the overall (integrated) intensity of the emis-
sion drops. However, when the de-solvation process is well-
advanced (see the insert spectra) it becomes apparent that while
the vibrational components at 550 and ~590 nm continue to
drop in intensity, the component at ~650 nm stays much the
same in intensity. Eventually, a very weak emission spectrum is
obtained that does not change even if the sample is pumped with
a high vacuum to remove any vestiges of solvent: this is the
77 K spectrum for the de-solvated compound, 1, and is shown
separately in Fig. 10. As the figure shows, the spectrum consists
of a broad band that maximises at 650 nm, with higher energy
shoulders at ~550 and ~590 nm. To aid in its interpretation we
have determined the emission lifetimes by monitoring the decay
in intensity with time of each of the three component peaks. The
decay curves determined at 550 and 590 nm are biphasic afford-
ing best fit lifetimes of 2.0 and 9.3 us for the 500 nm peak, and
2.5 and 12.4 us for the 590 nm peak. In contrast, the decay
curve for the dominant 650 nm peak is monophasic with a life-
time of 1.9 ps. These lifetime data suggest that 1 exhibits simul-
taneous emission from two different excited states, one with 7 ~
10 ps and the other with 7 ~ 2 us. Since the bands at 550 and
590 nm coincide with the higher energy *MLCT bands recorded
for the two solvates (as shown clearly by the monitoring exper-
iment, see Fig. 9) we assign one emitting state as “MLCT in
origin. Consistent with this assignment is that the lifetime
measured independently for the *MLCT emission by the aceto-
nitrile solvate (~12 ps, vide supra) fits with the lifetimes of

1-CH;CN

Intensi

500 600 700 800

800

500 600 700

Wavelength (nm)

Fig. 9 Emission spectra of various levels of solvation of 1 by aceto-
nitrile, starting with 1-CH3CN (red line on main plots) and ending at 1
(purple line on insert plots). The intensities of the spectra are such that
the least intense spectrum on the main plots is slightly more intense than
the most intense spectrum on the insert plots.
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Fig. 10 Emission spectrum of a crystalline powder sample of 1
recorded at 77 K. A, = 420 nm.

~10 us measured for the 550 and 590 nm bands in the emission
spectrum of 1. We assign the band at 650 nm to emission from
an excimeric *n—* excited state. Consistent with this assignment
is that the emission is broad, at lower energy, weak and poorly
resolved.'>1417:18:2045 1 symmary, irradiation of compound 1
leads to emission from two distinct excited states, one *MLCT in
origin and other excimeric *n—* in origin, with the latter more
intense than the former.

To conclude the discussion of the emission spectra of the
acetonitrile and acetone solvates and of 1, we make the following
observations. As shown in Fig. 9, the MLCT emission that
characterises the acetonitrile and acetone solvates systematically
drops in intensity as solvent molecules are lost from the solid.
The reverse is also true: when a sample of 1 is exposed to
vapours of acetonitrile or acetone the >MLCT component of the
emission systematically intensifies. Note, this does not apply to
the excimeric *n—m* component of the emission, which remains
very weak whether solvent molecules are present or not. We do
not have an explanation for the different responses by the
*MLCT and excimeric *n—n* emission to small molecule sorp-
tion and de-sorption. However, the geometries of the two excited
states must be different, and on this basis also the mechanisms
of their de-activation: clearly the *MLCT state is stabilised to de-
activation by the presence of solvent molecules whereas the exci-
meric *n—m* emission is not. Whatever the precise mechanisms,
the result is that the sorption—de-sorption of acetonitrile and
acetone by 1 can be easily monitored by emission spectroscopy.
In fact, using this approach we have shown that the uptake and
loss of these two solvent vapours by a powder sample of 1 can
be cycled through indefinitely, specifically at least 10 times.
Whether this is in general true, i.e. whether sorption—de-sorption
of other small molecules will induce the same response, will
have to be the subject of further investigations.

The emission spectrum recorded at 77 K for the methanol
solvate, 1-CH3;OH, is shown in Fig. 11; at room temperature the
emission is barely detectable. The emission is characterised by
two distinct peaks, one at 550 nm and another somewhat more
intense and rather broad peak at 607 nm. Clearly, the spectrum is
very different to the well-defined spectra measured for the aceto-
nitrile and acetone solvates, see Fig. 8. Also different is that the
peak separation is ~1800 cm™", a value which falls outside the

Intensi

500 600 700
Wavelength (nm)

800

Fig. 11 Emission spectrum recorded at 77 K on a solid sample of
1-CH;0H. A = 420 nm.

normal range of 1200-1400 cm™' for the relevant stretching
vibrations of a terpyridyl ligand.*”*'~** These observations lead
to the inevitable conclusion that the methanol solvate, unlike the
acetonitrile and acetone solvates, does not exhibit vibronically
structured >MLCT emission in the solid state, at least not solely
*MLCT emission. Yet, the peak at 550 nm does coincide with
the 550 nm band assigned to the 0-0 component of the *MLCT
emission by 1:CH;CN and 1:(CH3),CO, see Fig. 8. To aid in
the interpretation of the emission by the methanol solvate we
have determined the emission lifetimes by monitoring the decay
in intensity with time of each of the two bands. The decay
curves determined for the 550 and 607 nm bands are biphasic
affording best fit lifetimes of 3.3 and 14.2 ms for the 550 nm
band, and 2.3 and 15.5 ms for the 607 nm band, respectively.
The longer lifetimes fit approximately with the lifetimes of
~12 ms measured for the "MLCT emission by the acetonitrile
and acetone solvates, further suggesting that there is a *MLCT
contribution to the emission by the methanol solvate. We now
turn our attention to the peak at 607 nm. This peak is signifi-
cantly blue-shifted and narrower than the peak at 650 nm that
was assigned to excimeric *m—n* emission for the de-solvated
compound, 1, see Fig. 10. Therefore, it is highly unlikely that
excimeric emission *m—n* is solely responsible for the peak at
607 nm. Thus, the relatively intense peak at 607 nm is new and,
being new, leads one to conclude that the peaks at 550 and
607 nm have different origins, i.e. 1:CH30H exhibits simul-
taneous emission from (at least) two separate excited states in the
solid state.

We now address the question of the origin of the multiple
emission by 1:CH3OH. The crystal structure determination of
1-CH30H at 180 K is helpful in this regard, vide supra. This
structure determination shows that there is a short Pt---Pt dis-
tance of 3.395(1) A linking the two platinum atoms of the pair
labeled “A” in Fig. 5, a distance well within the limit of ~3.5 A
for a finite d,.(Pt)—d,=(Pt) orbital interaction.>® On this basis, we
would anticipate that a *"MMLCT excited state would contribute
to the emission by 1-CH3;OH and that, therefore, the “new” peak
at 607 nm in Fig. 10 has its origins in *"MMLCT emission. As
already implied, the peak at 550 nm is associated with the mono-
meric *MLCT emission that typifies emission by 1-CH3CN and
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1:(CH3),CO. To test this assumption we have de-convoluted the
spectrum in Fig. 11 into constituent Gaussian bands using
standard non-linear regression methods; the results are shown in
Fig. S5.1 A total of five bands are mandatory in order to provide
a suitable fit of the experimental emission spectrum of the
sample. The Gaussian bands coloured blue, light blue and pink
are centred at 550, 585 and 631 nm and, moreover, decrease
monotonically in intensity as the wavelength increases. This
profile, as well as the band energies, match that of the >MLCT
emission exhibited by 1*CH3CN and 1:(CH3),CO, see Fig. 8.
The fourth band of interest, coloured green, is centred at 609 nm
with a fwhm value of 1590 cm™", i.e. it is relatively narrow. This
band is, both in terms of energy and profile, typical of the kind
of emission exhibited by planar complexes of platinum(ir)
that have crystal structures containing Pt, dimers: see for
example [Pt(trpy)C1]CF3S05 (Aey™™ = 625 nm at 77 K),"
[(2,6-di-(2"-naphthyl)-4-pyridine)Pt, {u-bis(diphenylphosphino)-
methane}] (Aem™ = 602 nm) and its solvates.*® We therefore
assign it as "MMLCT in origin. Finally, the fifth band, coloured
red, is very broad and centered at 652 nm. Of course, this band
is reminiscent of the 650 nm band observed in the emission
spectrum of the de-solvated compound, 1, see Fig. 10. We con-
clude that the emission spectrum of 1-CH3;OH, though compli-
cated, is understandable in terms of the simultaneous emission
from *MLCT, *MMLCT and excimeric >n—n* excited states.

Conclusions

The crystal structure of 1 is unusual in that it is porous with an
open framework that is constructed from repeating 2-dimensional
ni-stacks of planar [Pt{4’-(Ph)trpy}(NCS)]" cations interspersed
with SbF~ anions; far more common are coordination com-
pounds that are porous but where the open structure comprises a
reticular framework of metal ions linked by bridging organic
ligands." The m-stacks are stabilised by extended m—m inter-
actions. These involve relatively weak electrostatic forces,”'® yet
compound 1 reversibly sorbs and de-sorbs small molecules
without disruption of the open framework structure — provided,
of course, that the intermolecular forces between the molecules
and the cations (or anions) are of the weak van der Waals type.
Note that this is not true of the closely-related (parent) com-
pound, [Pt(trpy) (NCS)]SbF¢, for which there is no substituent
in the 4'-position of the terpyridyl ligand. This compound is red
(not yellow) and also sorbs and de-sorbs small molecules, in par-
ticular acetonitrile, pyridine and dimethylformamide.>* However,
the sorption—de-sorption process is accompanied by a reversible
red-to-yellow colour change. This colour change can be attribu-
ted to the breaking and making of metallophilic Pt---Pt inter-
actions in the solid state.* The point is that [Pt(trpy)(NCS)]
SbF¢ has a space-filling crystal structure that is disrupted on
small molecule sorption: to be precise, the planar [Pt(trpy)
(NCS)]" cations slide into new positions when molecules are
sorbed or desorbed.** Clearly this does not apply to the planar
[Pt{4'-(Ph)trpy}(NCS)]" cations in compound 1 — they hardly
move when molecules such as acetonitrile are reversibly sorbed.
The reason has to do with the 4’-phenyl substituent, in particular
that it participates in a stabilising m—r interaction with the outer
pyridine ring of an adjacent cation, see Fig. 4(C). This inter-
action, not possible for the [Pt(trpy)(NCS)]* cation, makes all

the difference — the cations stay in position and do not move
when the material is exposed to vapours of small molecules such
as acetonitrile. Or, to put it in another way, if acetonitrile is lost
from the solvate, 1-CH;CN, the cations stay fixed in position
and an open porous crystal structure is obtained.
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