Emission quenching of photoactive molecules embedded in
supramolecular solids: Synthesis, structure and photoluminescence
studies of benzil in a CMCR-based inclusion complex with a

saturated linker moleculet
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Using a fully saturated linker, DPP [DPP = 1,3-di-(4-piperidyl)propane], a new CMCR-based

(CMCR = C-methylcalix[4]resorcinarene) supramolecular complex incorporating benzil, CMCR-DPP-benzil-
EtOH-H,0, and a corresponding benzil-free analogue CMCR-DPP-3EtOH, have been synthesized. Comparison
of the TDDFT energy levels and the experimental host-absorption and guest-emission spectra, confirms that
the emission quenching of benzil in a series of CMCR-linker frameworks can be attributed to the energy
transfer from the guest to the host framework in the supramolecular solid and suggests strategies for increasing

the lifetime of luminescent materials.

Introduction

With the rapid development of crystal engineering, photoactive
species can be diluted in fully ordered host frameworks, and the
guest environment can be designed such that the effect of the
surrounding matrix on the photochemical properties can be
examined in a systematic manner.! This opens the possibility
for the design of solids in which host-guest energy transfer is
minimized and light-emission optimized, which is relevant in
the design of light-emitting diodes® and other optical devices.

Furthermore, we intend to apply time-resolved diffraction
techniques® to photoactive molecules embedded in supra-
molecular frameworks to study the dependence of excited
state geometry on the molecular environment. Information on
emission quenching or enhancement is a necessary prerequisite
for such studies.

It is well known that energy transfer from an excited species
to the molecular environment shortens emission lifetimes and
often leads to full quenching of the emission by non-radiative
decay of the excited species.*> The Forster mechanism® for
energy transfer plays a major role in the quenching of
fluorescence of proteins and excited species in solutions,” and
is Coulombic in origin. However, for deactivation of triplet
states Coulombic interactions that require triplet-triplet energy
transitions (ie. °D* + 'A — 'D + 3A*) are forbidden, and
thus do not play a role. Short range energy transfer can
occur through the Dexter exchange mechanism,® and also be
mediated via charge-transfer (CT) configurations.” In both
cases triplet energy transfer is allowed. Both short-range
mechanisms depend on the overlap of donor and acceptor
orbitals (in the supramolecular case the orbitals of the host
molecules lining the guest cavity with the orbitals of the guest
itself). In addition, both long and short range energy transfer
depend on the energy level spacings of the donor, which is
deactivated, and the acceptor.10

The physical properties and excited state conformation of

1 Electronic supplementary information (ESI) available: Hydrogen
bonds parameters in 1 and 2 (Table S1), 2-D wave CMCR-DPP
hydrogen bonded layer of 2 (Fig. S1), solid UV spectra of different
linkers (Fig. S2). See http://www.rsc.org/suppdata/ce/b5/b502562a/
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benzil have attracted extensive attention.!'!* Its excited triplet
state has a 1.5 ms lifetime at 77 K in the solid state,'' and a 4 ms
lifetime at 17 K.'* However, in a series of supramolecular solids
based on CMCR (CMCR = C-methylcalix[4]resorcinarene)
and bipyridyl-type conjugated linker molecules, the intense
phosphorescence of benzil was found to be completely quenched,
even at 17 K.'> The quenching is reduced when the non-
conjugated linker molecule BIMB [BIMB = 1,4-bis(imidazol-
1-yl-methyl)benzene], is used to connect the CMCR
molecules, ' although even in that case the 77 K lifetime of
580 ns is very much shorter than the corresponding 1.5 ms
lifetime reported for benzil at this temperature. To further
investigate the effect of energy level spacings on energy transfer
in solids we have synthesized a CMCR-based supramolecular
solid with the fully saturated linker molecule DPP [DPP = 1,3-
di-(4-piperidyl)propane] (Scheme 1), the use of which has been
reported in the literature.”> Both the benzil-free complex
CMCR-DPP-3EtOH (1) and the corresponding host-guest
system CMCR-DPP-benzil-EtOH-H,O (2) and their spectro-
scopic properties are described below.

Experimental
Syntheses

The solid 2 was prepared by hydrothermal synthesis, previously
used successfully to prepare novel resorcinarene-based supra-
molecular frameworks incorporating benzil.'*!'* In order to
verify the spectroscopic properties of an assembly of frame-
work-only components, complex 1 was prepared under the
same conditions.

HN NH

1,3-di-(4-piperidyl)propane

Scheme 1
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CMCR-DPP-3EtOH (1)

CMCR (0.05 mmol, 27.2 mg), DPP (0.05 mmol, 10.5 mg), and
4 mL of 95% ethanol solvent were sealed in a 6 mL Pyrex glass
tube. The tube was allowed to stay at 120 °C for 30 h, followed
by cooling to room temperature over 3 d. Yellow needle-shaped
crystals appeared during the cooling period.

CMCR-DPP-benzil-EtOH-H,O (2)

The procedure was identical to that for 1, except that benzil
(0.05 mmol, 10.5 mg) was added to the reaction mixture.
Yellow needle-shaped crystals appeared during the cooling
period.

X-Ray crystallography

Diffraction intensities for 1 and 2 were collected at 90 K on a
Bruker Smart 1000 CCD area-detector diffractometer (Mo Ka,
J = 0.71073 A), The data were integrated, scaled, sorted, and
averaged using the SMART software package.'® The structures
were solved with direct methods and refined with full-matrix
least-squares using SHELXTL program package.!” Anisotro-
pic thermal parameters were applied to all non-hydrogen
atoms. The hydrogen atoms bonded to the carbons were
generated at idealized positions at 0.95 A from the correspond-
ing C atom. The hydrogen atoms of the water molecules and
the piperidyl NH hydrogens were located at the positions
observed in the difference maps. Crystal data, as well as details
of data collection and refinement for the complexes, are
summarized in Table 1. Hydrogen bond parameters are listed
in Table 1S.¥ Drawings were produced with Weblab Viewer
Pro. 4.0."® CCDC reference numbers 26431 and 26432. See
http://www.rsc.org/suppdata/ce/b5/b502562a/ for crystallo-
graphic data in CIF or other electronic format. These crystal
data can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Center, 12 Union Road, Cambridge CB2 1EZ,
UK fax: (+44) 1223-336-033; or deposit@ccdc.cam.uk).

Theoretical calculations

Time-dependent density functional (TDDFT) -calculations
were performed at the B3LYP level with a 6-31G** basis set,
employing the Gaussian03 suite of programs.'® Starting with
the X-ray geometries, the structures were optimized by energy
minimization.

Table 1 Crystal data and structure refinement of 1 and 2

Compound 1 2

Empirical formula C5]H76N20|1 C61H76N2012
Formula weight 893.14 1029.24
Crystal system Monoclinic Monoclinic
Space group P2,/n (No. 14) P2,/n (No. 14)
alA 15.4119(3) 15.6070(3)
blA 20.5822(4) 21.9661(4)
clA 16.0959(3) 15.8832(3)
pI° 91.921(1) 94.787(1)
VIA3 5102.9(2) 5426.2(2)

VA 4 4

Peardlg cm 3 1.163 1.260

w/mm 0.081 0.087
Reflections collected 68164 54512
Independent reflections 9979 8505

Rin 0.0654 0.0609
Goodness-of-fit on F> 1.075 1.070

Ry [I > 20(1)] 0.0712 0.0508

WR, (all data) 0.2028 0.1450
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UV-Vis reflectance and photoluminescence spectroscopy

A Perkin-Elmer Lambda 35 UV-Vis spectrometer equipped
with an integrating sphere for diffuse reflectance spectroscopy
was used for the UV-vis absorption experiments. The spectra
were collected in the 210-800 nm range at room temperature.
Powdered crystals homogeneously diluted with a non-absorb-
ing matrix (MgO) and gently tapped into a sample holder were
used as samples.

Photoluminescence measurements were carried out on a
home-assembled emission detection system. Samples (several
small single crystals) were mounted on a copper pin attached to
a DISPLEX cryorefrigerator. A metallic vacuum chamber with
quartz windows is attached to the cryostat, the chamber was
evacuated to ca. 1077 bar with a turbo-molecular pump, which
allows cooling down to ca. 17 K. The crystals were irradiated
with 366 nm light from a pulsed N,-dye laser. The emitted light
was collected by an Oriel 77348 PMT device, positioned at 90°
to the incident laser beam, and processed by a LeCroy Digital
Oscilloscope with 1-4 GHz sampling rate.

Results and discussions
Crystal structures

As shown in Table I, both complexes crystallize in the
monoclinic space group P2,/n with similar unit cells. The
CMCR molecules in 1 adopt the bowl-shaped conformation
with four intramolecular hydrogen bonds along their upper rim
[0--O = 2.440(3)-2.729(3) A, Table S1].+ Adjacent CMCRs
are connected by intermolecular hydrogen bonds [O---O =
2.459(3) and 2.532(3) A], resulting in a 2-D wavy hydrogen-
bonded layer parallel to the (010) plane, in which the CMCR
molecules are oriented in an up-and-down fashion (Fig. 1).
Unlike the bipyridyl-type linker molecules,'>!* DPP does not
connect adjacent CMCR layers, but further stabilizes the
layer through the hydrogen bonds between one of its nitrogen
atoms and hydroxyl oxygen atoms of CMCR [N(1)-H:--O =
3.202(4) A, and O-H--*N(1) = 2.675(4) A]. These hydrogen-
bonded layers contain grooves parallel to the a-axis and are
juxtaposed along the b-axis with a 8.0 A (¢/2) translation
along the c-axis. Grooves of adjacent layers combine
into channels along the a-axis which account for 30.1%
of the crystal volume.?’ In each unit cell three ethanol
molecules are clathrated in each channel and are hydrogen-
bonded to the hydroxyl oxygen atoms or the second DPP
nitrogen atom [O-H:-O/N(2) = 2.734(3)-3.220(7) A] of the
2-D host network.

The structure of 2 also consists of 2-D wavy hydrogen-
bonded CMCR-DPP based layers (Figs. 2 and S1),T which are
very similar to those in 1. Adjacent hydrogen-bonded layers
similarly combine into channels along the ¢-axis which account
for 34.0% of the crystal volume. The channels are wider than in
1, the distance between adjacent hydrogen-bonded layers being
11.0 A, compared with 10.3 A in 1. The benzil molecules are
embedded in the channels as dimers (Fig. 2b), formed by n—n
interactions between two phenyl rings with an interplanar
distance of 3.34 A. The benzil molecules are fully ordered, the
O=C-C=0 torsion angles being 114.1(3)°, which is within the
range of 91.8-139.3° reported for neat benzil crystals and benzil
inclusion compounds.'#!3 In each unit cell one ethanol and one
water molecule are also incorporated within each channel to fill
the gap left by the benzil dimers, and are hydrogen-bonded to
the CMCR hydroxyl oxygen atoms or DPP nitrogen atoms of
the host network. As anticipated, 1 can be considered the
benzil-free analogue of 2.

Luminescence properties

In a series of supramolecular solids based on CMCR and
bipyridyl-type linker molecules, the intense phosphorescence of



Fig. 1 (a) Three-dimensional supramolecular architecture containing channels viewed along the a-axis direction (b-axis horizontal). Click here to
access a 3-D view of Fig. 1a; (b) 2-D wave CMCR-DPP hydrogen bonded layer viewed along the c-axis direction (b-axis horizontal) of 1. Click here

to access a 3-D view of Fig. 1b.

benzil was found to be completely'”> or very strongly'
quenched, even at low temperature. Even though a non-
aromatic saturated linker is used, the lifetime of benzil in 2 was
found to be only 360 ns at room temperature or 580 ns at 17 K,
which is similar to that of CMCR-BIMB-benzil."?

To explain the considerable reduction in lifetime we will
examine both the experimental spectroscopic data and the
theoretical energy levels of the components of the supra-
molecular solid. The spectroscopic data must be used with
care as the longest-wavelength absorption maxima in UV
spectra will correspond to Sy—S,, transitions with n > 1 when
the oscillator strength of the Sy-S, transition is small.”!
According to our TDDFT calculations, the results of which are
summarized in Tables 2 and 3, this is the case for CMCR and
several linker molecules. Furthermore, for triplet energy
transfer the singlet-singlet energy spacings may be misleading.

The energy levels from TDDFT calculations (Tables 2 and 3)
indicate that except for DPP the excited state-ground state (ES-
GS) separations of isolated CMCR and linker molecules are
only slightly larger than those of the benzil guest. As molecular
interactions in the solid state, such as hydrogen-bonding and
n—7 stacking, play an important role in decreasing the ES-GS

separations such small differences for the isolated component
levels are not signiﬁcant.22 Thus, if the intermolecular
interactions between the CMCR and the linker molecules are
taken into account, the energy gaps in the host framework may
be very similar to those of the benzil guest, allowing significant
energy transfer and corresponding luminescence quenching. In
the current case this hypothesis can be verified spectro-
scopically, as 1 can be regarded as the benzil-free analogue
of 2. Although the longest-wavelength absorption maxima in
the UV spectra of 1 also correspond to Sp—S,, transitions with
n > 1, the differences between the sum of the component
spectra and that of the molecular assembly are nevertheless
indicative of the effect of the interactions.

As shown in Fig. 3, neat benzil crystals emit at ca. 525 nm
upon 337 nm excitation at room temperature,!' and the
absorption bands of a powder prepared from clear CMCR
crystals® occur in the 210-400 nm region, whereas the absorp-
tion of the fully saturated linker, DPP ligand, lies further into
the ultraviolet (210-280 nm) than the other bipyridyl-type
conjugated or non-conjugated linker molecules (Fig. S27).!%13
However, in 1 the absorption bands have shoulders extending
as far as 475 nm. Thus, the emission spectrum of the benzil
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Fig.2 (a) Three-dimensional supramolecular architecture containing channels viewed along the a-axis direction (b-axis horizontal) of 2; (b) the
dimeric benzil molecules connected by n—= interactions. Click here to access a 3-D view of Fig. 2a.

guest overlaps with the absorption spectra of the assembled
framework components in 1 (Fig. 3). As the vibronic transi-
tions of the donor (guest) and acceptor (framework) mole-
cules overlap, significant energy transfer and corresponding
luminescence quenching even involving higher energy levels
with n > 1 is likely, in agreement with the spectroscopic
observations.

Conclusions

Using a fully saturated linker, a new CMCR-based supra-
molecular complex 2, and its framework-like analogue 1 have
been synthesized. Though examination of the TDDFT energy
levels by itself does not explain the energy transfer completely,
examination of the experimental host-absorption and guest-
emission spectra shows that the assembled framework com-
ponents absorb further into the visible than the individual
components, so that their spectrum overlaps that of benzil, in

Table 2 Calculated excited state energy separations and oscillator
strengths of benzil, CMCR, and DPP

Energy Benzil CMCR DPP
separation EleV (f) EleV (f) EleV (f)
So-T; 2.281 (0.000) 3.531 (0.000) 6.465 (0.000)
So—S1 2.785 (0.000) 3.888 (0.000) 6.863 (0.006)
So-S> 3.761 (0.001) 4.270 (0.008) 6.994 (0.018)
Sp-S; 4.183 (0.028) 4.434 (0.036) 7.400 (0.026)

agreement with the observed emission quenching of benzil in 2
and in other CMCR -unsaturated-linker framework solids, thus
providing an explanation for the relatively low lifetime of
benzil in this series of complexes.'>!* The observed quenching
contrasts the photophysical properties of ACA—benzil (ACA =
apocholic acid), in which the energy level separation of the
ACA host is significantly larger than that of the benzil guest
molecules, and the phosphorescence lifetime of benzil at 17 K
exceeds that of benzil in its neat crystal.'* The analysis
described here and those reported elsewhere'** serve as a
guide for strategies to be adopted in the synthesis of long-
lifetime luminescent materials.

Table 3 Calculated excited state energy separations and oscillator
strengths of various linker molecules

Energy BPE
separation E/eV (f)

BPEH BPY
EleV (f) EleV (f)

BIMB
EleV (f)

So-Ti 2.383 (0.000) 2.665 (0.000) 3.461 (0.000) 3.674 (0.000)
So-S 4.005 (0.001) 3.481 (0.000) 4.405 (0.005) 4.745 (0.000)
So-S> 4.016 (0.003) 3.934 (0.362) 4.447 (0.002) 4.750 (0.002)
So-S; 4.160 (0.899) 4.055 (0.002) 4.985 (0.005) 4.934 (0.003)
So-Sq 4.499 (0.045) 4.073 (0.028) 5.030 (0.037) 4.925 (0.002)
So-Ss 4.502 (0.000) 4.479 (0.321) 5.153 (0.000) 5.287 (0.000)
So-Se 4.499 (0.000) 4.516 (0.013) 5.162 (0.000) 5.656 (0.156)

“ Abbreviations: BPE = trans-1,4-bis(pyridyl)ethylene; BPEH = bis-(1-
pyridin-4-yl-ethylidene)-hydrazine; BPY = 4.,4"-bipyridine; BIMB =
1,4’-bis(imidazol-1-yl-methyl)benzene).
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Fig.3 The emission spectrum of the benzil guest molecules and the
absorption spectra of the CMCR, DPP and 1.
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