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A platinum complex bearing a tetraethyleneglycol chain has been designed and its self-assembly
properties investigated. In solution, only a yellow phosphorescence of the aggregated species is observed.
The complex gives luminescent gels of different colourswith DCM and DMF, reaching up to 60%
photoluminescence quantum yield.

at room
Introduction temperature, however, no emission was observed from the
monomeric units. In frozen matrices at 77K, and due to the strong
so tendency of the molecular species to formluminescent aggregates,
we were not able to see the emission of the monomers.”> Herein
we report a strategy to design and synthesize platinum complexes
that enabled us to control the degree of aggregation in polar
solvents by theinsertion of a tetraethyleneglycol (PEG) chain
ss (Scheme 1). The resulting complex 4 showed the characteristic
yellow phosphorescence of the aggregated species, in solution
and also the emission of the monomeric species at low
temperature. Furthermore complex 4 is able to form reversible

Square planar Pt(Il) complexes are known for their
phosphorescence and long-lived excited states, as well as for their
tendency to stack and form aggregates in which metal-metal
interactions influence their photophysical properties.' The
switching of metal-metal interactions by external stimuli such as
15 solvent, anions and heating has been explored, for instance, by
Yam et al., employing cationic terpyridinechelates.®® These
interactions can lead to the gelation of organic solvents or water.
There has been considerable interest in polymer gelsas potential
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cz.lrriersfor (‘lr‘ug deliver‘y.g’mHowevep‘ issues related to their DCM and DMF luminescent gels (Figure 1).

20 biodegradability, chemical composition and uncontrollable
disassembly limit their applications.''Low molecular weight o/l/\/olr
gelators (LMWG), on the otherhand, use non-covalent
assembling processes based on H-bonding and n- © stacking, as \[o/\/KOH—a> \’[o/\/I;OTS—b> @
well asmetallophilic,’” van der Waals, hydrophobic and 1 N

»s hydrophilic interactions.'*Their switchable sol-gel transition 2 N | NN
triggered by external stimuli such as temperature, pH, *anions," A Ni\ /N_Fl‘_N\ />N
metal ions'®and ultrasound'” facilitate theirapplication in | o — = N | N J Y E N ,!, N
sensors'® and biomedical research.'” Moreover, it is possible to Ne” N7 en N<\ NH HN— />N 2 | h
chemically modifythe properties of the gelator, and to have a N 3 N &

30 defined control of the composition and the morphology.''Indeed No
assembliesvs single chromophores can have several advantages. Complex 4

For examples new emerging properties for organometallic soft ~®

assemblies as enhanced luminescence, energy change of the
emissive excited state, resulting by electronic interactions, or
energy hopping between the chromophores can be observed. The
extent of aggregation and therefore of the properties rising from
the interactions can be controlled by the chelating chromophoric
or by the ancillary ligand(s)leading to secondary interactions such
as m-m or metal-metal interactions upon formation of the

Scheme 1Synthesis of complex 4. a) KOH, TsCl, DCM, 5h, below 5 °C

(94% yield); b) 4-hydroxypyridine, K,COs, ACN, reflux, 48 h (75%

yield); ¢) NaNs;, AcOH, n-butanol, reflux d) Pt(DMSO),Cl,, DIPEA,
65 ACN, reflux overnight (67% yield)

3

&

Experimental section

w0 assembly.'** Furthermore, such aggregates, when luminescent Materials: All reagents were used without further purification, as
can be potentially employed for OLED devices™** and supplied by Fluka or Sigma Aldrich.
sensors.”We have recently shown that neutral Pt(II) complexes Tetraethyleneglycolmonomethyl ether and tosyl chloride were
bearing a tridentate, dianionic chelate and a substituted pyridine 5 purchased from Acros Organics, and 4-hydroxypyridine from
ligand can assemble into filaments and gels displaying a bright Alfa Aesar. Spectroscopic grade solvents were purchased from
ss yellow luminescence, which can be monitored with high Merck.
sensitivity along the aggregation process. In dilute fluid solutions Instrumentation:NMR spectra were recorded with a Bruker
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s Fig. 1:a) Absorption spectra of complex 4 in DCM at room temperature (solid line: 5x10°°M; dashed line: 5x10”° M; dotted line: 5x10"*M). b) Excitation
(solid line, Aem = 590 nm) and emission (dashed line, Ax = 430 nm) of complex 4 in DCM at room temperature (5x10'4 M). c¢) Emission spectra of complex
4 at 77 K in frozen 2-MTHEF glass (solid line: A = 330 nm; circle line: Aex = 385 nm; dashed line: Aex = 430 nm).d) Excitation spectra of complex 4 at 77
K in frozen 2-MTHF glass (solid line: Aeyn = 420 nm; circle line: Aen = 450 nm; dashed line: Ae, = 540 nm).

AMX400 and a Bruker ARX300 spectrometers. Chemical shifts
10 were referred to the peak of the residual protic solvent existing in
the deuterated solvent. The UV-Vis absorption spectra were
recorded on a Cary 5000 UV-Vis-NIR spectrophotometer and
were baseline and solvent corrected. Steady-state luminescence
experiments were performed with a Spex FluoroLog-3
15 spectrofluorometer (Horiba-Jobin-Yvon Inc.)equipped with a
TBX detector and double-grating excitation and emission
monochromators (2.1 nm/mm dispersion; 1200 grooves/mm).
The emission spectra were corrected for monochromator and
detector efficiency and for the light source intensity (450W xenon
20 lamp), employing standard correction files and recording the
reference signal. Time resolved measurements were performed
using the time-correlated single-photon counting (TCSPC) option
on the Spex FluoroLog-3. NanoLED (431 nm; FWHM < 200 ps)
with repetition rates between 10 kHz and 1 MHz was used to
25 excite the samples. The excitation sources were mounted directly
on the sample chamber at 90° to the detector.The photons
collected are correlated by a time-to-amplitude converter (TAC)
to the S3 excitation pulse. Signals were collected using an IBH
DataStation Hub photon counting module, and data analysis was
0 performed using the commercially available DAS6 software

(HORIBA JobinYvon IBH). The goodness of fit was assessed by
minimizing the reduced chi squared function (x?) and visual
inspection of the weighted residuals. Luminescence quantum
yields were measured with a Hamamatsu Photonics absolute PL

35 quantum yield measurement system (C9920-02) equipped with a
L9799-01 CW xenon light source (150 W), monochromator,
C7473 photonic multichannel analyzer, and integrating sphere,
and employing U6039-05 photoluminescence quantum
yield(PLQY) measurement software (Hamamatsu Photonics,

40 Ltd., Shizuoka, Japan). For the acquisition of SEM images, the
sol of the respective gels samples was drop-casted on the glass
slide. After gelation and evaporation of the solvent, the samples
were covered by a 5 nm thick silver layer, and finally investigated
using a Zeiss 1540 EsB dual beam focused ion beam/field

45 emission scanning electron microscope. Fluorescence microscope
images were recorded on an Olympus BX51 using a 100x oil
immersion objective (Planapochromat, NA 1.4) and an Olympus
U-MWBV2 excitation cube; images were recorded on a XC-10
colour camera (Olympus).

50
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Table 1. Photophysical properties of complex 4

Sample Aem[nm] D #x100] 9 1 [ps] M CGC [mg/mL]
DCM, RT 590 - 0.19 (53.09%), 0.49 (46.91%) -
DCM, RT 590 - 0.21 (53.93%), 0.49 (46.06%) -

©2-MTHF, 77K 540 - 2.71(86.91%), 10.19 (13.09%) -
92.MTHF, 77K 420 - 5.34 (13.05%), 15.05 (86.95%) -
2-MTHF, 77K 540 - 3.15 (84.19%), 13.43(15.81%) -

DCM gel 550 7.5 0.506 8

DMEF gel 515 60 0.22(54.79%), 0.57(45.21%) 7.8

Fibers 550 7.4 0.25 -
Neat film 550 7.1 0.28 -

Ydeaerated;aerated; © glassy matrix, Aex = 431 nm, Aey =540 nm; D hex = 337 nm, Ao =420 nm; “hex = 337 nm, Ao = 540 nm; f>average value between Ay
=365 and Ao = 425 nm; Prelative amplitudes are given in brackets; Weritical gelation concentration(CGC, minimum amount of gelator required for ImL

of solvent; ” Aex = 455 nm.

s General synthetic procedure

Compounds Pt(DMSO),Cl,,*® 2,6 bis-tetrazole-5-yl-pyridine,”’
4(2,5,8,1l-tetraoxatridecan-13»-y10xy)pyridine28 and 2,5,8,11-
tetraoxatridecan-13-yl ~ 4-methyl sulfonate®
synthesized and purified according to literature procedures.
10 2,5,8,11-tetraoxatridecan-13-yl-14-methyl- benzenesulfonate (1),
4-(2,5,8,11-tetraoxatridecan-13-yl-oxy)pyridine (2) and complex
4 were synthesized as described below.
Synthesis of 2,5,8,11-tetraoxatridecan-13-yl-14-methyl-
benzenesulfonate (1):Tetraethylene glycol mono-methyl ether
15 (1041 mg,1 eq.) and p-toluenesulfonyl chloride(1001mg,1.05eq.)
were dissolved in DCM and powdered KOH (1122mg, 2 eq.) was
added slowly to this mixture at 0° C.  After stirring for 5 h
(below 5° C), the reaction mixture was quenched with water. The
product was extracted into DCM, which was washed with brine
20 and dried over MgSO,. The product was used without further
purification. Yield: 1702 mg, 94%. 'H NMR (300 MHz, CDCl;)
8 7.76 — 7.66 (m, 2H), 7.32 — 7.23 (m, 2H), 4.15 — 4.01 (m, 2H),
3.61 (dd, J = 5.4, 4.2 Hz, 2H), 3.58 — 3.43 (m, 12H), 3.29 (s, 3H),
2.37 (s, 3H);"°C NMR (75 MHz,CDCly) § 151.42 , 139.55 ,
25 136.44 |, 134.54 , 84.04 (d, J = 32.1 Hz), 83.40, 78.49 , 75.90 ,
75.23,65.59 , 28.23; HRMS (ESI) m/z: calculated, 385.1291 [M
+ Na]"; found, 385.1289[M + Na]*
Synthesis of 4-(2,5,8,11-tetraoxatridecan-13-yl-oxy)pyridine
(2):2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzenesulfonate
30 (1631mg, 1 eq.), K,CO;(684mg, 1.1 eq.) and 4-hydroxy pyridine
(428mg, leq.) were taken in dry acetonitrile (ACN) and the
reaction mixture was refluxed for 48 h under N,. The ACN was
removed under reduced pressure. To this crude reaction mixture,
water and DCM were added and the product was extracted into

benzene- were

3s DCM, which was washed with brine and dried over MgSO,. The
product was further purified by silica gel column chromatography
using 5% MeOH in DCM as eluent. Yield: 963 mg, 75%.'H
NMR (300 MHz, CDCl;) 6 8.38 (d, J = 5.3 Hz, 2H), 6.79 (dd, J =
4.8, 1.5 Hz, 2H), 4.14 (dd, /= 5.4, 4.1 Hz, 2H), 3.84 (dd, J = 5.4,
4.1 Hz, 2H), 3.71 — 3.58 (m, 11H), 3.53 — 3.48 (m, 2H), 3.34 (d, J
= 2.1 Hz, 3H);"*C NMR (75 MHz,CDCl;) & 171.36 , 157.58 ,
116.90 , 83.88 (d, J = 32.0 Hz), 83.24 , 78.48 , 75.86 , 73.78 ,
65.58; HRMS (ESI) m/z: calculated, 286.1649 [M + H]*; found,
286.1650 [M + HJ*, 308.1471 [M + Na]*
4s Synthesis of complex 4: 4-(2,5,8,11-tetraoxatridecan-13-
yloxy)pyridine (285mg,1 eq.), 2,6-di(1H-tetrazol-5-yl)pyridine
(215mg, 1 eq.) and diisopropylethylamine(418 pL,2.4 eq.) were
added into an ACN solution containing Pt(DMSO),Cl,(422 mg,
1 eq.). Initially the reaction mixture was sonicated to dissolve the
solids and then refluxed under N, for 12 hours. The product was
filtered off, washed with water, and purified by running a column
using silica gel and 5% MeOH in DCM as eluent. Yield: 465 mg,
67%."H NMR (300 MHz, CD,CL,) § 9.47 (d, J = 7.2 Hz, 2H),
8.23 (dd, J = 8.4, 7.2 Hz, 1H), 8.06 (d, J=7.6 Hz, 2H), 7.12 (d, J
ss = 7.2 Hz, 2H), 4.45 — 4.34 (m, 2H), 4.01 — 3.89 (m, 2H), 3.76 —
3.69 (m, 2H), 3.68 — 3.55 (m, 8H), 3.50 (ddd, J =9.1, 4.7, 3.2 Hz,
2H), 3.33 (s, 3H); HRMS (ESI) m/z: calculated, 716.1628 [M +
Na]*; Found, 716.1614[M + Na]*, 694.1793[M + H]*, CHN
Analysis: Calculated (4 + CH;CN), C, 37.60 %; H, 3.98 %; N,
6 20.97 %; Found, C, 37.54 %; H, 3.94 %; N, 18.74 %

4

2

Results and discussion

The room temperature absorption spectra of complex 4 in DCM
display a pyridine- and a tridentate-ligand-centred ('LC) n-m*

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00—00 |3
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Fig. 2: a)Excitation (left solid line, A.»=550 nm) and emission (right solid line, Ax=340 nm) spectra of a neat film of complex 4. Excitation (left dashed
line, Aem=550) and emission (right dashed line, Ax=340 nm) of fibers of complex 4. Inset: Fluorescence microscopy image of a single fiber. Scale bar: 20
pum.b) Luminescence of gels of complex 4. DCM gel: excitation (left solid line, Ae,= 550 nm) and emission (right solid line, A=425 nm)spectra. DMF

s gel: excitation (left dotted line, Aen= 510 nm) and emission (right dotted line, A= 425 nm) spectra.

transition (310 nm and 340 nm, respectively), as well as a
characteristic metal to ligand charge transfer ( 'MLCT) band (360
nm - 400 nm, Figure 1a). Above 10 M, the solutions also show
an incipient band around 420 nm. This observation points

10 towards ground state aggregation and electronic coupling (Figure

la), giving rise to a metal-metal to ligand charge transfer band
("MMLCT). Indeed, plotting the absorption spectra at different
concentrations reveals that Lambert-Beer’s law is not followed
(see supplementary information FigureS1).In dilute DCM

15 solutions of complex 4 (below 10 M), no emission is observed at

any excitation wavelength. Above 10 M, however, complex 4
displays a weak yellow luminescence (Table 1 and Figure 1b),
which can be assigned to the metal-metal to ligand charge
transfer state MMLCT) of aggregated speciesIn DMF, no

2 measurable emission can be traced, even above 107> M, thus

indicating that the solvation capacity of the polar solvent
overcomes the aggregation tendency. The concentration and
solvent dependences of the absorption and emission spectra
areindicative of aggregation equilibria leading to metal-metal

»s interactions between the stacking complexes.”® The excitation

spectrum Figure 1b confirms this assignment, since the band
around 430 nm appears relatively stronger, if compared with the
absorption spectra (Figure 1a). Concentration-dependent 'HNMR
experiments confirm the aggregation process, which shifts the

30 aromatic signals to higher fields (see supplementary information

FigureS2).At room temperature, the emission and excitation
spectra do not depend on the excitation or emission wavelengths,
respectively. At 77K, however, in 2-MTHF glassy matrices, a
dual luminescence is observed (Figure 1c). Excitation in the UV

35 (330 nm) originates a predominant deep-blue emission (420 nm)

with a clear vibrational progression, which can be assigned to the
phosphorescence from the metal-perturbed ligand-centred excited

triplet state ("LC) of the monomeric species, as well as a weaker,
unstructured luminescence CMMLCT, 540 nm) resembling the

4 room temperature spectra of the aggregates. Indeed, the excited

state lifetimes confirm these assignments (Table 1). Monitoring
the emission at 420 nm, the long-lived *LC state (~ 15 ps) is
obtained. At 540 nm, the emission decay shows a shorter-lived
SMMLCT state (~ 3 us). If compared with analogous Pt(II)

ss complexes bearing  1,2,4-triazoles,”the greenligand centred

s0 increasing

luminescence appears shifted into the deep blue region of the
electromagnetic spectrum. This is due to the lower HOMO level
related to the tetrazole rings, as compared to the 1,2.,4-triazoles,
thus leading to a wider HOMO-LUMO gap. On the other hand,
the excitation wavelength
intensities of the emission bands (Figure 1c), since the absorption
of the aggregates becomes predominant, as can be observed in the
excitation spectra monitoring at different emission wavelengths
(Figure 1d).

inverts the relative

ss In order to further confirm that the yellow emission is originated

by aggregated species, we prepared fibers of complex 4 by
pouring a DCM solution into cyclohexane. The resulting
suspension of bundled filaments was deposited onto a microscope
cover slip and analyzed on the fluorescence spectrometer and

o under the fluorescence microscope.For comparison, a DCM

solution of complex 4 was directly drop-casted onto a glass slide
and analyzed. Excitation and emission spectra of the fibers
(Figure 2a), which are essentially self-assembled filaments
composed of aggregates, show the same type of unstructured

65 yellow emission profile as the drop-casted film. The excited state

lifetimes of the filaments and the film present monoexponential
decays and comparable PLQYs(Table 1). The fact that the excited
state lifetimes are monoexponential, as opposed to the
biexponential decays in solution, is due to the inherent rigidity

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 |4
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ofthe solid state, and also accounts for the blue shifted emission solution for 15 minutes at room temperature. The gel collapses
Table 1). A similar rigido-solvatochromic effect is observed at 15 into sol by shaking or sonication (Figure 3a). The DMF gel was

obtained by dissolving the complex 4in DMF at 60°C, and
allowing the solution to cool down to room temperature. The

Shaking or stable gel can be reverted to the sol phase (Figure 3b) by gently
sonication heating to 60°C. Both gels are photoluminescentunder UV light

20 excitation, whereas the sols are not emissive at all in the same
Standing conditions. All the gels present the characteristic 'MMLCT
15-20 min excitation bands around 430 nm (Figure 2b). The DCM gel shows

a broad emission maximum at 550 nm (Figure 2b), displaying
monoexponential lifetimes and a PLQY that resemble the drop
25 casted film (Table 1). Contrastingly, the DMF gel emits with a
broad band centred at 515 nm (Figure 2b and Table 1) showing a
biexponential lifetime, and reaches the highest PLQY (60%).The
surface morphology of DCM and DMF gels point towards an
entanglement of the fibres, leading to a 3D-network
encapsulating the solvent. The SEM and fluorescence microscopy
images of the DCM gel show bundles of fibres with micrometer
length and 50 nm — 100 nm width. The DMF gel displays
particularly straight fibres (Figure 3). As previously mentioned,
complex 4 is strongly solvated by DMF and therefore we assume
35 that the corresponding gel involves a less pronounced Pt-Pt
interaction. The weaker d-d orbital coupling originates a blue
shift, showing that several parameters can be adjusted to tune the
emission properties. Interestingly, a high PLQY accompanies the
gelation of the most polar solvent, namely DMF.The different
40 emission quantum yields could rise from theparticular solvation
of the polar PEG tail and the apolarchromophoric part. Indeed,

w
=]

Heating we expect the Pt(I) centre to interact stronger with the
= apolarDCM,whereas the polar chainsentanglein order to reduce
Cooling to RT their exposureto the solvent, thus bundling on the same side. On
10-15 min ss the other hand, in DMF, the Pt-Pt interactions are less

pronounced due to the solvation of the polar PEG chains, thus

preventing a closer approach of the metal centres. Consequently,

the PEG chains could adopt an alternating configuration that

favoursa longer range order and increases the emission quantum
s0 yield.

Downloaded by Duke University on 08 July 2012
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Conclusions

In conclusion, we have tuned the packing properties of a
tridentate Pt(II) complex by inserting a polar PEG chain on
theancillary pyridine ligand. It enabled us to simultaneously
monitor the spectroscopic properties of the monomeric (deep-
blue luminescence) and aggregated (yellow phosphorescence)
species. In particular, we have shown that the polarity of the
solvent determines the extent of interaction within the aggregates
and the gels, thus tuning the color and the PLQY of the
assemblies.
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6
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5 Fig. 3. a) DCM and b) DMF gels of complex 4. Reversible gelation
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