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A hexakis(pyrenyloxy)cyclotriphosphazene is synthesized gy
the reaction of N3P;Clg with 2-hydroxypyrene and its excimgp
emission through intramolecular interactions in solution arg}
in the solid state has been investigateyh
by the fluorescence spectroscopy and X-ray crystallographyg
Thermal and electrochemical properties were investigated. 2g
DFT benchmark study has been performed to evaluate tRe
intramolecular interactions and molecular orbital levels k3g
comparing with the experimental results. 39

Abstract

Excimer emissions through z-stacking interactions basgcg
on conformationally rigid aromatic systems have been attractig&
interest in the field of organic molecular electronics. For exampl%g
excimer emission arising from intra- or intermolecular L)
stacking interactions have been widely studied for organic Iig|2$5
emitting devices (OLEDs).! Pyrene excimer formation is a WEH
known concentration-dependent phenomenon in organic solutiongﬁ
and its excimer emission has been successfully employed 4@
solutions for many applications such as chemical sensors, biologi
probes, etc. * However, the use of pyrene in solid-state media )
light emitting materials in electroluminescent devices has begri
limited due to two main drawbacks; the first one is the pyreRs
molecules have a high propensity towards strong intermoleculgg
interactions in the solid state, which leads to an additional emissngl
band in long wavelength and the quenching of fluorescen
resulting in low solid-state fluorescence quantum yields. * The otf@é
is that pyrene exhibits the absorption and emission wavelengths 9f7
approximately 310 and 380 nm, respectively, so as not to cover tg%
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desired light emitting region. ° These problem are mainly solved by
the development of various synthetic strategies, which are mostly
included in the extended m- conjugation systems by introducing poly
aromatic hydrocarbons  (e.g, phenylene, naphthalene, pyrene,
thiophene, fluorene, carbazole, etc).6 However, designing and
synthesis of the conformationally rigid pyrenyl systems have
attracted considerable attention in recent years due to their strong 7-
-t stacking interactions which could suppress the undesirable
additional emission and/ or aggregation in the solid state. For
examples, there have been reported the highly sterically hindered
tetrasubstituted pyrene derivatives * which can emit blue light in
solution as well in the solid state and with high quantum yield. There
have also been recent reports on excimer emission from
intramolecular strong m---7 interactions in pyrene-naphthalene *¢ and
pyrene-calixarene 9 derivatives and their application in OLEDSs.
However, most of light-emitting conformationally rigid systems are
generally synthesized by more complicated processes involving
sequential reactions with low yields. Therefore, it is still important to
consider the synthesis of the n-stacked molecules by using
simple, rapid and inexpensive methods. Moreover, synthesised
rigid systems are mostly small molecules in nature, whereas
dendrimers have more advantages which include the properties of
both small molecules and polymers for application in OLEDs.®¢2"d

In this contribution a conformationally rigid molecule is
synthesized from commercially available starting materials
(hexachlorocyclotriphosphazene and 2-hydroxpyrene) in only one-
step reaction with high yield.
Hexakis(pyrenyloxy)cyclotriphosphazene (HPCT) exhibited an
intramolecular excimer emission arising from the non-covalent n---n
and CH---m stacking interactions among the pyrenyloxy moieties
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which were investigated by the fluorescence spectroscopy,

&7
ray crystallography, and as well as theoretical simulation. 58

59

Commercially available hexachlorocyclotriphosphazene, N3chg;2
was selected as the core, due to its fascinating properties, such &5
high thermal stability and extremely susceptible to nucleophig%
reactions under basic conditions, thus allowing to prepare a varieé)&
of cyclotriphosphazene-based dendrimers.? Besides, when trimerég
fully substituted with identical aryloxy substituents, the structu
rigidity of cyclotriphosphazene ring leads to a preferr%d]
conformation in which the three aryloxy substituents on either si
of the cylic core are approximate reciprocally equidistant. Trg
conformational property is crucial in this work because it may all
the intramolecular n---m interactions among the attached arylo;y)i
groups, if the appropriate aryloxy units are chosen. For examplg&;2
when fully substituted hexakis(aryloxy)cyclotriphosphazene was
derived from simple phenol %, it was seen that there was no ahy
intramolecular intraction between phenol rings. Fﬁg
naphthyloxy derivative, it was found * that the distance between tl?%
naphthol rings is 4.5 A which is almost limit value for an id
distance for intramolecular n---x interaction. Hence, hydroxpyre%
was chosen as a large chromophore group, al
hexakis(pyrenyloxy)cyclotriphosphazene (HPCT) easily obtain%
from a nucleophilic displacement reaction of hydroxypyrene w§i1
trimer ,N3P5Clg, under argon atmosphere with cesium carbonate
base in 83% vyield (Fig.1 a). HPCT was characterized by tg%
standard spectroscopic techniques such as *H and 3P NMR, m
spectrometry (MALDI-TOF), and elemental analysis. All the resugg
were consistent with the predicted structure as shown in
supplementary information (see experimental section and Fig. Sé7

S3). 88

89
90

---T

Fig. 1.

Chlorophosphazenes (NsPsClg, or N4P,Clg) are photochemica@%
inactive and do not interfere with the photophysical properties of t@%
attached chromophores. Hence, it would be expected that absorptngl
and emission spectra of HPCT could be similar compared to
attached pyrenyloxy groups. The absorption spectra of HPCT a
hydroxypyrene in dilute dichloromethane solutions were display@d]
in Fig. 2a. Apart from intensity differences reflecting the number
pyrenyloxy groups, the both spectra are almost identical with rela

to absorption spectrum of hydroxypyrene. The similarity of liMO
spectra indicates that there is no effective ground state interaciiari
among the pyrenyloxy groups. In contrast, the fluorescence emisii
spectra of HPCT and hydroxypyrene are significantly different. IB%
hydroxypyrene exhibited common pyrene-like florescence emissi
with a maximum wavelength at 386 nm in dichloromethane wyj
dilute solutions of 2x107 mol.dm® (Fig 2b). Whereas 8%
fluorescence emission of HPCT appeared at 459 nm .4
dichloromethane with same concentration, and displayed red-shiit&%
emission wavelengths of up to 73 nm when compared to 1t6@
hydroxypyrene emission. Although this red-shifted emission is VEDY
similar to the characteristic intermolecular pyrene exci[PfEl
emission in high concentration solution, it is well known that pyrﬂ;
itself does not exhibit excimer emission at concentrations of 10°

2| J. Name., 2012, 00, 1-3

and below. *° Therefore, we conclude that significant intramolecular
excimer emission occurs among the attached pyrenyloxy groups.
The observed excimer emission was consistent with previous other
hexakis aryloxy phosphazene research papers.5¢1! The
fluorescence emission spectra of the HPCT was recorded in the
solvents of different polarity such as cyclohexane, 1,4-dioxane,
tetrahydrofuran (THF), toluene, dichloromethane, acetonitrile,
methanol and water with dilute solutions of 5x10” mol.dm™ (Fig.
S4). The spectrum obtained in cyclohexane was very similar to the
that in dichloromethane. The spectra obtained in THF, 1,4-dioxane
and toluene showed excimer emission bands consisting of maxima
at around 440 nm and 460 nm, together with two shoulders at 383
nm and 405 nm which are belong to monomer pyrene emission. On
the contrary, the spectra obtained in more polar solvents (water,
methanol and acetonitrile) showed only monomer pyrene emission
and disappeared the excimer emission. This negative
solvatochromism has been observed in previously reported pyrenyl
systems, and probably due to the disruption of the =-stacking
interactions in more polar solvents. 2 |n addition, HPCT showed
fluorescence emission in the solid state as well (Fig.2b). The
spectrum is very similar to dilute solutions spectrum, and exhibits a
small red shift (approximately 7 nm) at the maximum wavelength,
suggesting that there is little change in molecular conformation from
the solution to the solid state for HPCT. This result, showing very
similar emission spectra both in dilute solution and solid state is
evidence that the intermolecular aggregation is almost suppressed
due to the molecular arrangement of the pyrenyloxy unitson
cyclotriphosphazene ring. Furthermore, Fig. S5 showed the identical
emission spectra obtained for a HPCT before and after annealing at
200 °C for 24 h under argon atmosphere, resulting that the molecular
conformation was stable at high temperature.

Fig.2.

The thermal stability of HPCT was evaluated using
thermogravimetric analysis (TGA) and differential scanning
calorimetry  (DSC). HPCT exhibited high  thermal
decomposition temperature (T4) at 443°C  (corresponding to 5%
weight loss, see Fig. S6) and  morphologically stable
amorphous material with glass transition temperature (T) at 137 °C
(Fig. S7), all of which are desired properties for the application in
light emitting electroluminescence devices.

Electrochemical properties of HPCT were investigated by
cyclic voltammetry. The electrochemical data are obtained from the
oxidation and reduction cyclic voltammograms as shown in Fig. S8.
The HOMO energy level of HPCT was calculated using the
equation: HOMO = -[Eox - E1/2(ferrocene) + 4.8] V, where Eox is
the onset oxidation potential of and E1/2(ferrocene) is the onset
oxidation potential of ferrocene vs. Ag/Ag++. The band gap (Eg)
was calculated from the onset absorptionedge in the UV-
vis spectrum of HPCT and found to be 3.45 eV, and then the LUMO
can be estimated to be -3.03 eV. The obtained electrochemical
values, which are very similar to previously, reported studies **
could be acceptable to fabricate an electroluminescent device.

HPCT is largely amorphous. After trying several solvents
and solvent combinations, only poorly diffracting crystal was

This journal is © The Royal Society of Chemistry 2012
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obtained from dichloromethane. Crystallographic data abd
refinement details of the data collection for HPCT are given 58
Table S1.Single crystal X-ray analysis of HPCT showed that th&
six-pyrenyloxy groups lie almost perpendicularly above and beld&®
the nearly planar cyclotriphosphazene core (Fig. 1b). Fig. 3 showéd
the selected intramolecular m—n interactions among pyrenylof
units as well as a number of CH— interactions. The distance 08
intramolecular n—r interaction between two face-to-face prenylofog
groups is in the range of 3.399(9) to 3.607(9) A, which is within tb&
range of the typical distance for n-r interaction (3.5 A). The distan6&
for intramolecular CH—xn interactions among the pyrenylofy
moieties is in the range of 2.74 [with D—A distance of 3.367(16)]6&
2.88(with D—A distance of 3.708(16)] A and all data summarized &9
Table S2 and S3. In addition, crystal structure analysis of HPC7I0
allowed seeing the intermolecular =-stacking interactions betwedid
the molecules (see Fig S9), which may be attributed to a small ré@

shift of its emission spectrum in solid state (Fig 2b). 73
74
Fig.3. 75

To gain further information about molecular interactigﬁ
and energy levels of HPCT, we have performed theoreti(Zi_l’
computations using density functional theory (DFT). We fi7s
performed a benchmark study on the noncovalent intramolecu
interaction and determination of energy levels of molecular orbit
because of two reasons: One of the reasons is that many function§§l
are generally far from the targeted chemical accuracy due to th
inherent methodological problems.** The other one is t
experimentally computed HOMO-LUMO gap shows discrepan
with respect to the measurement techniques used (3.45
determined from the onset of UV-Vis absorption spectra and 2.59
from the cyclic voltammetry). Geometry optimizations w
performed using the most popular DFT method, B3LYP aﬁ@
Truhlar’s functional MPW1B95 with 6-31G(d) basis set, which
recommended computing band gap and describing noncoval
interactions, respectively '°, and also using Grimme’s functio
including dispersion, B97D with 6-31G(d) basis set and recenl?)z
developed functionals which account for long-range correction su
as CAM-B3LYP, LC-wPBE, and wB97XD using cc-pVDZ baaél
set. HOMO-LUMO gap and the first vertical excitation energy w
computed by performing single point time-dependent DFT (TB§
DFT) calculations at the same levels and using TD-B97D/TZ
level due to that Huenerbein and Grimme’s study *© indicates that {8
combination of TD-DFT method with high- exchange hybﬁc?
functionals and the dispersion corrected DFT (DFT-D) can descgigp
interacting systems with adequate accuracy.There have been s
reports of the computational studies of the aryloxy c
phosphazenes, which were mostly derived from phenol or
derivatives.!” To our best knowledge, our DFT calculations arethe
first detailed study on chemistry
hexakis(aryloxy)cyclotriphosphazene using a large group.

Noncovalent intramolecular interactions in the HF’%QI7
structure are demonstrated in Figure S10 and tabulated in Tablel
and S3. According to single crystal X-ray analysis of HPéQ9
interacting pyrene rings shows a parallel-displaced structure. @
DFT methods studied, except from CAM-B3LYP and BSL]‘wr]'F1
methods, find the same parallelism. Nevertheless, CAM-BSLYP;C1C-2

This journal is © The Royal Society of Chemistry 2012
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pVDZ and B3LYP/6-31G(d) levels fail to describe intramolecular
interactions by producing geometries in which two prenyloxy groups
bound to same phosphorus atom are almost perpendicular (Fig. S11).
Failure of B3LYP can be attributed to the lack of range separated
exchange-correlation functionals, but intriguing point is that long-
range corrected CAM-B3LYP functional also exhibited poor
performance.

n---1 interaction distances obtained from X-ray analysis
varies in the range of 3.399(9)-3.607(9)A (Table S2 and Figure S3).
The distances calculated with wB97XD/cc-pVDZ, B97D/6-31G(d)
and MPW1B95/6-31G(d) agree well with the experimental results
and the findings obtained from theoretical investigations on pyrene
dimer performed by Huenerbein and Grimme * and Kolaski and
coworkers '8 whereas LC-wPBE/cc-pVDZ  overpredicts the m---
interaction distances. For C-H---x interactions, wB97XD/cc-pVDZ
and B97D/6-31G(d) underestimate interaction distances while LC-
wPBE/cc-pVDZ and MPW1B95/6-31G(d) overestimate. Fig.4
shows mean unsigned errors (MUEs) of DFT methods studied
(except for B3LYP and CAM-B3LYP) in the estimation of
interaction distances. Although LC-wPBE/cc-pVDZ optimization
leads to a consistent geometry with experimental one, the calculated
MUEs are 0.656 and 0.360 A for n-—-n and C-H---xt interactions,
respectively. The wB97XD/cc-pVDZ level exhibits the best
performance (MUE is 0.100 A for n---t and 0.065 A for C-H---=n
interactions). On the other hand, this level requires very high
computing effort for large systems such HPCT. B97D and
MPW1B95 with 6-31G(d) provide adequate accuracy for the
estimation of noncovalent intramolecular interactions. MPW1B95
(MUE of 0.135 A) is even slightly better than B97D (MUE of 0.165
A) for m---m interactions. Many studies in literature verify that
MPW1B95 exhibits excellent performance for nonbonded
interactions .*>19 2

Fig. 4.

Table S4 shows the experimental and calculated molecular orbital
energies. Functionals including long-range correction such as CAM-
B3LYP, LC-wPBE and wB97XD with cc-pVVDZ basis set highly
overestimated the HOMO-LUMO gaps. Single point TD-DFT
computations on the X-ray geometry show that B3LYP functional
agree well with the optical band gap (with an error of 0.08-0.09 eV)
and improving basis set does not dramatically alter the energies. On
the other hand, HOMO-LUMO gap computed with TD-B97D/TZVP
level is consisted with the result obtained from cyclic voltammetry
experiment. E; value obtained from MPW1B95/6-31G(d)
optimization is 0.47 eV higher than the optical band gap whereas
single point TD-B3LYP/6-31G(d) computation on the MPW1B95/6-
31G(d) geometry produces lower energy by 0.12 eV. Besides, TD-
B97D/TZVP// MPW1B95/6-31G(d) underestimates the Eq by 0.39
eV relative to the result of cyclic voltammetry experiment. HOMO-
LUMO gap computed from B97D/6-31G(d) optimization is 1.98 eV,
which is lower than the result of cyclic voltammetry experiment by
0.61 eV. Single point TD-B97D/TZVP computation on the B97D/6-
31G(d) geometry increases this value by only 0.02 eV.

From the molecular orbital computations, the conclusion
that can be drawn is that single point B97D/TZVP computations on

J. Name., 2012, 00, 1-3 | 3
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either experimental or optimized geometry produce similar resuiy
(2.00 - 2.38 eV) to cyclic voltammetry experiment result (2.59 eY8
but B3LYP/6-31G(d) gives resemble values (3.33 — 3.53 eV) to th®
optical band gap (3.45 eV). However, there is difference between the
experimental gaps by 0.86 eV. The selection of which DFT methgg)
gives the most accurate energy should be based on the differendgd
between experiments of UV-vis and CV in the determination ®2
HOMO-LUMO gap. The optical band gap calculated from UV-vis
experiment is considered an approximation noting the differen6od
between HOMO and LUMO levels but providing no description of
their actual levels. Furthermore, during the UV-vis operation al
measurement, maximum absorbance wavelength can be affected Q
several factors such as solvent, temperature and concentration of the
observed sample, which can vary the optical band gap. * Howev
cyclic voltammetry consisting of cycling a controlled potent
across two electrodes and measuring resulting current provides tHe
determination of oxidation and reduction potentials of the samp 1
which allows the computations of HOMO and LUMO energiesg
Therefore, based on the CV experiment, B97D/TZV/P level performg
best among the DFT methods used in the estimation of HOM®5
LUMO gap. ;9
The first vertical excitation energies computed from singjg
point TD-DFT calculations are also tabulated in Table S4. T29
CAM-B3LYP and TD-wB97XD with cc-pVDZ basis set sligh
overestimates excitation energy by 0.43 and 0.27 eV, respective )
with respect to optical band gap but the energy calculated with LE3
WPBE is still considerably high. Comparing the computed excitati&4
energies with the calculated HOMO-LUMO gap, TD-B3L
method with 6-31G(d) and 6-31G+(d) basis sets shows a decrease gg
0.44 eV whereas TD-B97D/TZVP level finds the same energy wii@
E;, which agrees well with the energy computed from
experiment. This supports that single point TD-B97D/TZ
computation on experimental or optimized geometry produces vehy
accurate results in the determination of molecular orbital and
excitation energies. HOMO-LUMO orbitals of HPCT are shown Ga}
Fig.5. HOMO orbital consists of only n-electron clouds of parall&@5
displaced pyrene dimer and shows similarity with that of Huenerbéd®

and Grimme. 97
98

99
100
101
To summarize, a conformationally rigid molecule was presedt®@
with many advantages for light emitting materials 1603
electroluminescent devices including one- step-high yield react?cﬁ)t‘,l
high thermal stability, high glass-transition temperatures (Tj),
high solubility in common organic solvents. Furthermore, its thi =
dimensional scaffold structure suppressed the pyrene aggregatiomrg
solid state due to intramolecular forces among pyreneoxy Wig
as confirmed by experimental and theoretical studies. According 1@
the preliminary results, this material appears to be promididd

Fig. 5.

candidate for blue-emitting OLEDs. 112
113
114
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Figure Captions

Fig. 1. a) Synthetic pathway of HPCT and b) molecular structure of HPCT (hydrogens are omitted for clarity).

Fig.2. a) UV-vis spectra of HPCT and 1-hydroxypyrene in dichloromethane b) Fluorescence emission spectra of (A)
hydroxypyrene (B) HPCT in solution (C) HPCT in solid state.

Fig.3. Intramolecular n-n and C-H—m interactions in the structure of HPCT.

Fig. 4. Mean Unsigned Errors (MUEs) of DFT methods studied in the estimation of interaction distances.

Fig. 5. HOMO-LUMO orbitals of HPCT computed with TD-B97D/TZVP//MPW1B95/6-31G(d) level.
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