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Unusual intermolecular interactions of organic luminescent acid,
2-cyano-3(4-(diphenylamino)phenyl)acrylic acid (CDPA), with
amines lead to the formation of supramolecular luminescence
systems with switchable and tunable solid-state luminescence.

Organic solid-state luminescent materials have a potential role
in a wide range of high-technology applications such as
organic light emitting diodes (OLEDs),! semiconductor lasers?
and fluorescent sensors.’ In particular the switching and
tuning of organic solid-state luminescence is of current interest
to fundamental research and practical applications. In solution,
solvatochromism,*® the addition of metal ions,>*® and the
variation of substitution® or pH>*®7 lead to the tuning and
switching of the luminescence. However organic solid-state
luminescence, which is rare due to the aggregation quenching
effect, has mostly been tuned by the modification of substitutions
on single molecules® or the exploitation of polymorphism.”'°
The latter approach is effective as the optical properties in the
solid are controlled by molecular organization but it offers
little predictability, the former requires interactive synthetic
improvement.

Supramolecular chemistry provides a versatile approach to
tuning and switching solid-state luminescence by controlling
the molecular organization through weak interactions.!' For
example, solvent dependent solid-state luminescence has been
demonstrated by supramolecular host systems generated from
the mixing of luminescent organic acids and amines.'?> In
general, deprotonation and protonation provides a simple
strategy to tune or switch the emission of organic luminescent
acids across a wide wavelength range. Furthermore the amine
induced manipulation of the acid protons, via subtle variations
in H-bond formation and controlled deprotonation, creates an
opportunity to gradually tune the solid-state luminescence
and simultaneously provides a platform for amine sensing.
Herein, we report supramolecular luminescence systems based
on 2-cyano-3(4-(diphenylamino)phenyl)acrylic acid (CDPA)
and amines (pyridine (1), pyrrolidine (2), piperidine (3) and
morpholine (4)). These systems exhibit blue shifted luminescence
compared to the parent acid and in the case of 3 solvent
dependent solid-state luminescence was observed.

CDPA was synthesized following the reported procedure'?
and crystallized from CH3;CN by slow evaporation. The single
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crystal X-ray structure revealed the formation of a helical
network generated via intermolecular H-bond interactions
(O-H---NC) involving the carboxylic proton and cyano
nitrogen atom (Fig. la).I Crystals 1-4 were grown from 1 : 1
molar solutions of the appropriate amine and CDPA in CH;CN.
1:0.5and 1 : 1 CDPA-amine co-crystals were formed in 1 and
2-3, respectively. Fig. 1b—e show the selective H-bond inter-
actions of 1-4 in the crystal lattice. In 1, all five pyridine
(pK, = 5.14) protons are involved in intermolecular H-bond
interactions with different CDPA molecules. The disordered para
carbon of pyridine is involved in C—H- - -O interactions with the
carbonyl oxygens of CDPA. The other four pyridine C-H form
C-H---NC H-bond interactions with the cyano nitrogen of
different CDPA molecules (Fig. 1b). The multiple pyridine
interactions coupled with the carboxylic O-H---O-H inter-
molecular H-bond interactions lead to the formation of CDPA
dimers. Thermogravimetric studies reveal the loss of pyridine
molecules at high temperature, in support of the presence of
multiple H-bond interactions in the lattice (Fig. S3, ESI¥).

2 (pyrrolidine pK, = 11.27) and 3 (piperidine pK, = 11.22),
containing stronger bases, form only intermolecular H-bonding
interactions without deprotonating the carboxylic acid. In 2
the hydrogen atoms of the meta carbons on the pyrrolidine
form strong C—H- - -O interactions with the carboxyl oxygens
(Fig. 1c). The CDPA carboxylic proton is involved in an
intramolecular H-bond interaction with the cyano nitrogen
atom (O-H---NC). The pyrrolidine nitrogen atoms, usually
active in H-bonding, do not take part in any supramolecular
interactions. In 3, however, the piperidine nitrogen atoms do
take part in H-bond interactions with the carboxylic acid: the
resulting N—H- - -O and O-H- - -N intermolecular H-bond inter-
actions lead to the formation of CDPA dimers. Unexpectedly
morpholine (pK, = 8.36), the weakest base of the alicyclic
amines used, deprotonates CDPA in 4. The ionic NH---O
H-bond interactions between the morpholine nitrogen and the
carboxylate oxygens of CDPA lead to the formation of CDPA
dimers (Fig. 1d). These are further linked by C-H- - -O inter-
actions between morpholine CH and CDPA carboxylate
oxygens into tetramers. Clearly there is a complex balance of
forces at play in the solid-state structures which go beyond or
over-ride mere solution-based pK, considerations.

3 forms a supramolecular luminescent host system by
including two CH3CN molecule in the crystal lattice (Fig. 2);
one of which is disordered on single crystal X-ray analysis.
Attempts were made to crystallize 1-4 in various solvents to
check for the formation of other supramolecular luminescent
host systems. 2, 3 and 4 were found to produce crystals in
CH;CN and EtOAc; EtOAc producing very small crystals. 1,
however, formed a crystalline product only in CH3CN. The
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Fig. 1 Selected H-bond interactions in the crystal lattice of (a)
CDPA, (b) 1, (c) 2, (d) 3 and (e) 4. Only H atoms involved in H-bond
interactions are shown; C (grey), N (blue), O (red), H (white); H-bonds
(broken line). dyy...5 distances (A) are marked.

similar powder X-ray diffraction (PXRD) patterns of 2 and 4
obtained from CH3CN and EtOAc confirmed the same crystal
lattice for these systems irrespective of solvent (Fig. S1, ESI¥).
However in the case of 3 there were distinct differences (before
and after the removal of CH3CN and 3 obtained from EtOAc)
suggesting a difference in the crystal structures (Fig. S2, ESI¥).
This was anticipated given the host—guest inclusion of CH;CN
in the single crystal X-ray structure of 3 (Fig. 2) and was
implied by its solid-state luminescence properties (discussed
later, Fig. 3b). Thermogravimetric studies support the formation
of a supramolecular host system only in CH3;CN and reveal
the loss of CH3CN from 3 and the appropriate amine from 1
to 4 at higher temperatures (Fig. S3, ESI¥).

The normalized solid-state luminescence spectra of CDPA
and 1-4 are shown in Fig. 3a. The quantum yield (®;) of
CDPA, as determined by comparison with coumarin 6, was
0.165 in CH,Cl,. The intensity of this luminescence was
found to vary very little from that of the solid-state sample.
The presence of amines however enhanced the solid-state
luminescence intensity of CDPA, e.g. a 2-fold enhancement
was observed for 3 (Fig. S4, ESI). This might be due to the
deaggregation of CDPA in the solid matrix. Powdered CDPA
shows solid-state luminescence at 587 nm which undergoes a
gradual blue shift to 494 nm in the presence of amines. The
subtle change of carboxylic acid H-bond interactions from
O-H---NC in CDPA to O-H---O-H (Fig. 1a and b) in 1 blue

Fig. 2 Supramolecular luminescent host structure of 3 with CH3CN.
CH;CN are shown in space filling mode. Only H atoms having
H-bond interactions are shown; C (grey), N (blue), O (red), H (white);
H-bonds (broken line).

shifts the luminescence from 587 nm to 565 nm and the
formation of H-bond interactions with pyrrolidine and piperidine
further blue shifts the luminescence to 531 and 536 nm
(2 and 3). The complete deprotonation of CDPA carboxylic
acid in 4 results in solid-state luminescence at 494 nm.

The supramolecular luminescent host system 3 might be
expected to exhibit solvent dependent solid-state luminescence
properties. The CH;CN was removed from 3 by drying under
vacuum for 24 h. The strong H-bond formation of CH;CN
necessitates this long drying time. The solvent dependent
change of luminescence of 3 is shown in Fig. 3b. 3 with
CH;CN exhibit luminescence (4max) at 536 nm, whereas on
removing CH3CN luminescence (Ay.,) occurs at 507 nm.
Re-exposure to CH3CN switches the luminescence Ay, back
to 536 nm. 3 obtained from EtOAc exhibits luminescence
(Amax) at 510 nm. Exposure of EtOAc, CH,Cl,, CHCls,
MeOH, EtOH, toluene and H,O solvent vapor on powdered
3 for 3-5 min red shifts the luminescence to 518-522 nm
(Fig. S5, ESIt). This observation clearly supports the selective
inclusion of CH;CN in the crystal lattice of 3 as was confirmed
by single crystal investigation. No solvent dependence in the
solid-state luminescence of 2 or 4 was observed.

Importantly solid-state luminescent switching was demon-
strated by the cyclical exposure of powdered CDPA to amines
(pyrrolidine, morpholine) and then to immersion in 0.1 M HCl
solution for 2 h (Fig. 4). The amine exposure blue shifts the
CDPA solid-state luminescence from 587 nm to 531 nm
(pyrrolidine) and 494 nm (morpholine). These luminescence
/Amax closely match those of 2 and 4 obtained from CH;CN
solution. The PXRD studies also confirm the conversion of
CDPA to 2 and 4 by pyrrolidine and morpholine vapor
exposure, respectively (Fig. S6, ESIf). The conversion in
morpholine takes considerably longer (2 h) which might be
due to the low volatility of morpholine. For both samples,
submersion in HCI solution for 2 h results in the reversal of the
luminescence signals back to those of powdered CDPA. The
PXRD pattern of the HCI solution immersed samples also
closely matches that of the simulated PXRD pattern of single
crystal CDPA (Fig. S7, ESIY).

In conclusion we have used a supramolecular approach to
tune and switch the solid-state luminescence of CDPA. The
subtle variation in the H-bond interactions and deprotonation
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Fig. 3 Normalized solid-state luminescence of (a) CDPA, 14 and (b) solvent dependent luminescence of 3 (excitation A = 370 nm).
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Fig. 4 Switching of solid-state CDPA luminescence. Arrow indicates
the time required for the conversion (excitation 4 = 370 nm).

leads to the gradual blue shift of CDPA solid-state
luminescence from 587 nm to 494 nm. 3 gives a CH3;CN
selective supramolecular luminescent host system. Tuning
and indeed switching of the luminescence is demonstrated by
exposing powdered CDPA to amine vapor (pyrrolidine,
morpholine) and HCI solution. Developments of chiral supra-
molecular luminescent host systems based on CDPA are
underway.

This material is based upon works supported by EU FP6
[MKTD-CT-2004-014472] and Science Foundation Ireland
[0SPICAIS819].
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99.435(1), p = 102.219 (1), y = 99.471(2), V = 4514 0(6) A z=3,
T = 150 K, 49086 reflections measured, 15976 unique (R;,; = 0.0505),
final R values: 0.0580, wR: 0.1282.

1 (a) H. Yersin, Highly Efficient OLEDs with Phosphorescent Materials,
Wiley-VCH, Weinheim, 2008; (b) K. Miillen and U. Scherf, Organic
Light-Emitting  Devices, Synthesis Properties and Applications,
Wiley-VCH, Weinheim, 2006.

2 (a) I. D. W. Samuel and G. A. Turnbull, Chem. Rev., 2007, 107,

1272; (b) U. Scherf, S. Riechel, U. Lemmer and R. F. Mahrt, Curr.

Opin. Solid State Mater. Sci., 2001, 5, 143; (¢) M. D. McGehee and

A. J. Heeger, Adv. Mater., 2000, 12, 1655; (d) G. Kranzelbinder

and G. Leising, Rep. Prog. Phys., 2000, 63, 729; (e) N. Tessler,

Adv. Mater., 1999, 11, 363.

(a) S. W. Thomas Iii, G. D. Joly and T. M. Swager, Chem. Rev., 2007,

107, 1339; (b) L. Basabe-Desmonts, D. N. Reinhoudt and M. Crego-

Calama, Chem. Soc. Rev., 2007, 36, 993; (¢) O. S. Wolfbeis, J. Mater.

Chem., 2005, 15, 2657; (d) A. P. de Silva, H. Q. N. Gunaratne,

T. Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J. T. Rademacher

and T. E. Rice, Chem. Rev., 1997, 97, 1515.

4 W. Frank, A. Shahadat, T. Christoph and D. Tony, Chem.—Eur. J.,

2002, 8, 4742.

(a) H. S. Joshi, R. Jamshidi and Y. Tor, Angew. Chem., Int. Ed.,

1999, 38, 2722; (b) R. A. van Delden, N. P. M. Huck, J. J. Piet,

J. M. Warman, S. C. J. Meskers, H. P. J. M. Dekkers and

B. L. Feringa, J. Am. Chem. Soc., 2003, 125, 15659;

(¢) S. M. Draper, D. Gregg and R. Madathil, J. Am. Chem. Soc.,

2002, 124, 3486.

6 G. Nishimura, H. Machara, Y. Shiraishi and T. Hirai, Chem.—Eur.

J., 2008, 14, 259.

(a) H. Liu, Y. Hung, C. Chou and C. Su, Chem. Commun., 2007,

495; (b) A. Patra and T. P. Radhakrishnan, Chem.—Eur. J., 2009,

15, 2792.

(a) Q. Liu, M. S. Mudadu, R. Thummel, Y. Tao and S. Wang, Adv.

Funct. Mater., 2005, 15, 143; (b) A. Wakamiya, K. Mori and

S. Yamoguchi, Angew. Chem., Int. Ed., 2007, 46, 4273.

9 R. Davis, N. P. Rath and S. Das, Chem. Commun., 2004, 74.

10 (@) T. Mutai, H. Tomoda, T. Ohkawa, Y. Yabe and K. Araki,

Angew. Chem., Int. ed., 2008, 47, 9522; (b) T. Mutai, H. Satou and
K. Araki, Nat. Mater., 2005, 4, 685.

11 Y. Mizobe, M. Miyata, 1. Hisaki, Y. Hasegawa and N. Tohnai,
Org. Lett., 2006, 8, 4295.

12 (a) Y. Mizobe, N. Tohnai, M. Miyata and Y. Hasegawa, Chem.
Commun., 2005, 1839; (b) Y. Imai, K. Murata, K. Kawaguchi,
T. Sato, R. Kuroda and Y. Matsubara, Org. Lett., 2007, 9, 3457.

13 D. P. Hagberg, T. Marinado, K. M. Kalsson, K. Nonomura,
P. Qin, G. Boschloo, T. Brinck, A. Hadfeldt and L. Sun,
J. Org. Chem., 2007, 72, 9550.

W

w

~

oo

7502 | Chem. Commun., 2009, 7500-7502

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/b914027a

