Chemical Physics Letters 734 (2019) 136726

journal homepage: www.elsevier.com/locate/cplett

Contents lists available at ScienceDirect

Chemical Physics Letters

- CHEMIC;\L

Research paper

Substitution induced tunable emission of an airplane-like pyrene-based

fluorophore: First-principles study

Check for
updates

=

Tian Zhang™*, Sai Chu®, Lili Lin", Chuan-Zeng Wang”, Guangshuai Gong”, Xiaojuan Song?,

a, s

Jianzhong Fan”, Shuping Zhuo

#School of Chemistry and Chemical Engineering, Shandong University of Technology, Zibo 255049, PR China
Y Shandong Province Key Laboratory of Medical Physics and Image Processing Technology, School of Physics and Electronics, Shandong Normal University, Jinan 250014,

PR China

HIGHLIGHTS

® Substitution effect on emission property of TBP2DPA has been theoretically studied.
® Emission becomes bluer and brighter with increasing electron negativity of group.
® Correlation between Hammett constant o, and emission property is well established.
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The substitution effect on the optical emission properties of an airplane-like pyrene-based fluorophore is sys-
tematically investigated based on first-principles calculations. It is found that functional modification at the para
position to the donor fragment allows for modulation of both the emission color and quantum efficiency. As the
electron negativity of the substituent is increased, the luminescence becomes blue-shifted and brighter. The
correlation between the Hammett substituent constant and emission properties has been well established, which

provides a predictive strategy for the rational design of efficient and full-color pyrene-based fluorescent emitters.

1. Introduction

Pyrene is a typical polycyclic aromatic hydrocarbon (PAH) with
four fused aromatic rings, which was initially used as the building block
for the dye industry [1]. Nowadays, pyrene-based derivatives have at-
tracted considerable interest for their tremendous utilities in the fields
of organic electronics [2-5], chemosensing [6] and bioimaging [7,8].
Great efforts have been made to tune their emission behaviors for the
development of new-generation organic optoelectronic devices [9]. The
efficient pyrene-based materials with full-color emission are highly
desired. The presence of donor-acceptor (D-A) moiety plays a crucial
role in the fine-tuning of the optical properties based on intramolecular
charge transfer (ICT) [10]. Recently, Yamato et al. have reported a D-A
type pyrene-based fluorophore (TBP2DPA, Fig. 1), with the linkage
between the donor of two diphenylamine (DPA) units and the acceptor
of one tert-butylpyrene (TBP) core [11]. Facile substitution at the para
position to its donor fragment allows for modification of the electronic
structure and thus the photophysical properties. With decreasing the
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electron-donating ability of the substituents, tunable emission color
from yellow to blue was achieved in dichloromethane solution. The
relationship between the electron negativity of functional groups and
the emission wavenumber has been established. Inspired by the ex-
perimental guidance, the unknown luminescence properties by ap-
pending electron-withdrawing substituents arouse our curiosity. Except
for the emission color, the substitution effect on the emission quantum
efficiency is still elusive. The primary purpose of this study is to elu-
cidate the influence of adding substituents to the donor fragment on
their respective optical emission properties.

In this work, we carried out theoretical studies on the excited-state
properties of the substituted derivatives in solution (Fig. 1). Structural
modification was made on the donor block with commonly used elec-
tron-donating substituents (NH,, OCH3, CH3) and electron-withdrawing
ones (F, CF3 and CN), respectively. Both the emission maxima and ex-
cited-state decay rate constants were computed at the first-principles
level. Our study gains deeper insights into the substitution induced
tunable emission of such an interesting airplane-like pyrene-based
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Fig. 1. Molecular structures of D-A type pyrene-based derivatives. The sub-
stituent naming with grading color shows its electron-donating/withdrawing
ability (in blue/red). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

fluorophore.

2. Theoretical method

Density functional theory (DFT) and time-dependent DFT (TD-DFT)
were used to perform electronic structure calculations in the ground
(So) and first singlet excited state (S;), respectively. The PBE0/6-31G(d)
level [12] was adopted for geometry optimizations since it has been
benchmarked to be reliable in dealing with singlet excited states of
organic fluorophores [13]. It is known that TD-DFT calculations em-
ploying conventional functionals such as PBEO usually underestimate
the transition energies of CT states [14], due to the low percentage of
Hartree-Fork exchange (HF%) in them. By contrast, the functionals with
high HF% would induce excess excitation energy. As the investigated
systems are typical D-A type molecules, we then tested different func-
tionals and recomputed the vertical emission energies based on the
optimized structures. Results for the case of OCHjs-substituent were
presented in Table S1. It is found that the value obtained by the
MPW1B95 [15] functional best matches the experimental emission
maximum. Therefore, we adopted MPW1B95/6-31G(d) level to calcu-
late the following transition properties of all investigated derivatives.
The dichloromethane solvent was mimicked through the polarizable
continuum model (PCM) with the help of Gaussian 16 package [16].
The equilibrium solvation approach was employed in both geometry
optimizations and frequency calculations, and the non-equilibrium one
was applied to compute vertical transition properties [17]. The emis-
sion quantum efficiency (@) is determined by both the radiative and
non-radiative decay rate constants (k, and k). k;, includes the internal
conversion and intersystem crossing rate constants (k;. and k;s.). Since
the spin-orbit coupling (SOC) constants between the S; and T; states are
quite small (0.12-0.34 cm ™ 1) for these derivatives (Table S2), as cal-
culated in the BDF program [18], we ignore ks and only consider k;. in
the non-radiative decay process.

k; can be computed through the Einstein spontaneous emission
equation:

- fAE\%er[
1.499 s-cm™2 (@]

T

where f is the dimensionless oscillator strength, AE,.. is the vertical
emission energy with the dimension of cm ™.
The analytical formalism [19,20] we applied to obtain k;. is written

as:
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Fig. 2. Geometric comparisons between S, (in black) and S; (in blue) states for
NH,- (a) and OCH3z-substituted (b) derivatives in solution. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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where p; (¢, T) is the correlation function and Z; is the partition
function. Ry represents the non-adiabatic electronic coupling matrix
element that can be evaluated based on the first-order perturbation
theory following Lin [21]. k;. can be calculated in the MOMAP program
[22]. The Lorentz broadening width (FWHM) of 10.62 cm~ ! was
adopted in all k;. calculations following Niu [20], to ensure con-
vergence of the correlation function.

3. Results and discussion

As shown in the previous study [23], geometric difference between
the optimized S, and S; states plays an important role in the excited-
state properties. Therefore, we plotted the intuitive geometric com-
parisons for these derivatives in Fig. 2 and Fig. S1. The root mean
square displacement (RMSD) with the expression
RMSD = \/ﬁ Zi"awm [G =X/ + @ — )+ (2 —z/)?], was used to
quantitatively characterize the geometric modification between two
states, as can be calculated in the VMD program [24]. It is easily found
that geometric changes are mainly located in the DPA donor part
(1,2,3,4-positions in Fig. 1). The locations between donor and acceptor
(5,6-positions) are also specifically noted because they can significantly
affect the ICT property. Detailed geometric parameters related to above
torsional motions are listed in Table S3. The RMSD values of NH,- and
OCH;-substituents are 0.767 A and 0.726 A respectively, which are
much greater than those of the others (0.096-0.340 A). Torsional angles
at 5,6-positions of the NH,-substituent show biggest variations of ~14°
and ~18° from S, to S, state, even more than those of the OCHjz-sub-
stituent (~9° and ~6°). Those at 1,2,3,4-positions of both NH,- and
OCH3-substituents experience large changes with an average of ~10°.
However, all dihedral angles exhibit minor modifications (most < 5°)
in the other substituents, which implies less geometry relaxations in the
non-radiative energy dissipation process.

Calculated transition properties for each substituted derivative are
presented in Table 1, as well as the Hammett substituent constant o,
[25]. o, has a positive correlation with the electron negativity of the
functional group para on the phenyl. Electron-donating groups possess
negative o, values. And likewise, positive o, values imply electron-
withdrawing groups. The calculated vertical emission energies (AEye,)
reproduce well the available experimental band maxima, and the lar-
gest deviation is only 0.05 eV. As the o, value or the electron negativity
of the substituent is increased, the predicted AE,, rises swiftly at first
and then goes up slowly (Fig. 3). A minor exchange was found for the
H- and F-substituent, with quite close o, values. The lone pairs of the F-
substituent may partially compensate its electron negativity. That ex-
change also exists in the following parameters. However, they are all
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Table 1
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Hammett constant for the substituent para on the phenyl o, calculated adiabatic excitation energy AE,q and vertical emission energy AE,e for S; — S, as well as the
available experimental (exp.) emission peak value (in eV and nm), HOMO (H) — LUMO (L) component, overlap integral S of norm of HOMO and LUMO, electric

transition dipole moment y (in Debye) and oscillator strength f for the substituted derivatives in solution.

a

Substituent S AE.q AEert exp.’ H—-L S n f

NH, —0.66 2.37 (523) 1.96 (633) N. A. 98.4% 0.3392 3.55 0.09
OCH3 -0.27 2.61 (475) 2.39 (519) 2.36 (525) 97.1% 0.6094 5.74 0.30
CHj3 -0.17 2.71 (458) 2.56 (484) 2.54 (489) 97.2% 0.7280 6.93 0.47
H 0.00 2.78 (446) 2.64 (470) 2.65 (467) 96.9% 0.7714 7.29 0.53
F 0.06 2.77 (448) 2.62 (473) 2.67 (465) 97.0% 0.7607 7.15 0.51
CF3 0.54 2.90 (428) 2.74 (453) N. A. 97.0% 0.8244 8.01 0.67
CN 0.66 2.92 (425) 2.74 (453) N. A. 97.3% 0.8269 8.39 0.73

2 Measured in dichloromethane, Ref. [11].
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Fig. 3. Vertical emission energy AE, . versus Hammett substituent constant o,
for the substituted derivatives in solution. Colored star displays their respective
emission color. (For interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this article.)

trivial and hardly affect the main conclusion. Based on the analysis of
excitation components, the S; states are dominated by the HOMO —
LUMO transitions. The contours of HOMOs and LUMOs, as well as their
energy gaps are shown in Fig. 4. The NH,-substituent exhibits obvious
ICT from the para-substituted DPA donor to the TBP acceptor. The ICT
induces severe orbital separation and the reddest emission. The HOMO-
LUMO energy gap is remarkably enlarged and then gradually reaches a
plateau with increasing the electron negativity of the substituent, in

accord with AE,. The electron-donating group (NH,, OCHs, CH3) at-
tached to the donor fragment can strengthen the D nature of the D-A
architecture and promote ICT, resulting in the fast modification of en-
ergy gap and AE,.. On the contrary, the electron-withdrawing group
(F, CF3 and CN) attenuates the ICT in part, leading to somewhat local
excitation (LE) feature. The overlap between HOMO and LUMO can be
quantified by their norm integral S, as can be calculated in the Multiwfn
program [26]. It can be seen that the S value of the NH,-substituent is
smallest (~0.34) and tends to be greater with the increased o, value.
The electric transition dipole moment u and oscillator strength f keep
pace with S because 4 = [J ¢; )¢ (2) 1z ¢ (2 (Ddrdr, and f ~ p>.

Calculated room-temperature k., and k;. values were listed in
Table 2. The k, value of the substituted derivative is progressively
elevated with the rising o, value due to the enhanced f and blue-shifted
AE o according to Eq. (1), whereas the k;. value falls suddenly then
gradually decreases. An exception is the alternate sequence of the H-
and F-substituent, as also stated previously. Either increasing k, or de-
creasing k;. could give rise to high emission efficiency because
O ~ k/(k; + kic). As a result, @ ascends in the order of
NH,<«<OCH3 < CH; < F < H < CF3 < CN, as determined from
both calculated and available experimental results. The correlation
between o, and @y is shown in Fig. 5, quite similar to the relationship
between o, and AE,.. Bluer and brighter emission can be obtained
with increasing the electron negativity of the substituent. Although the
calculated ®; values are slightly underestimated compared to the ex-
isting experimental measurements, the tunable and predictable optical
emission properties are expected. To fully address this issue, an explicit
solvent model deserves future investigation [27].

To gain deeper insight into the non-radiative decay process, we
plotted the log (k;.) parabola versus the energy gap AE in Fig. S2. The k;.
value corresponds to the vertical coordinate when AE locates at the
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Fig. 4. Energy levels and electron density distributions of HOMOs and LUMOs for the substituted derivatives at their S;-optimized geometries in solution.
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Table 2
Calculated k, (s™1), k. (s™1) and @, values for the substituted derivatives in
solution. Available experimental ®¢ values are given in parentheses.

Substituent g, k. kic ¢
NH, —0.66 1.5 x 107 1.0 x 10" 0.015% (N.A.)
OCHj; -0.27 7.4 x 107 7.8 x 107 48.7% (60.0%)
CH; -0.17 1.3 x 108 4.9 x 107 72.6% (78.0%)
H 0.00 1.6 x 10°® 4.1 x 107 79.6% (82.0%)
F 0.06 1.5 x 108 4.4 x 107 77.3% (79.0%)
CF3 0.54 2.2 x 108 3.5 x 107 86.3% (N.A.)
CN 0.66 2.4 x 10° 2.8 x 107 89.6% (N.A.)
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Fig. 5. Emission quantum efficiency ®; versus Hammett substituent constant o,
for the substituted derivatives in solution.

adiabatic excitation energy AE,4 (Table 1). According to the k;. formula
in Eq. (2), the pre-factor Ry; can accelerate k;. and the breadth of the log
(ki) parabola increases with the total relaxation energy A [21,28].
Energy gap law tells us small AE,4 favors large k;. as log (k;.) decreases
nearly linearly with AE, when AE is large enough. The diagonal parts
Ry of Ry for each substituted derivative are shown in Fig. S3. It is found
that Ry hardly varies upon substitution, leading to almost unaffected
k. via electronic coupling. We can see from Fig. S2 that the log (k;.)
parabola of the NH,-substituent is much broader than the others with
similar breadth. The total A values for all substituted derivatives are
listed in Table S4. The largest A of the NH,-substituent can greatly
broaden the parabola and enlarge its k;. value to 11 orders of magni-
tude, leading to the non-luminescent emission. For the others with re-
latively small A, the energy gap law governs. It can be seen AE.4

(a)

80

Total = 554 meV

0
0 200 400 600 800 1000 1200 1400 1600 1800
Mode Frequency o, (cm™)
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increases in the order of OCH3 < CH3; < F < H < CF3 < CN, which
is consistent with the decreasing sequence of the k;. values.

A quantifies the vibrations’ ability to accept the excited-state elec-
tronic energy [29]. Under the harmonic oscillator approximation, A; of
each normal mode can be defined as 4; = hSjw; = %Djzcojz. S; is the
Huang-Rhys factor for the j-th mode and D; is the mode displacement
between two electronic states. The sum of all modes is the total A. The
above normal mode analyses can be realized in the EVC module of the
MOMAP program. A; versus the mode frequency «; are shown in Fig. 6
and Fig. S4, taking NH,-, OCH3-, H- and CF3-substituents for examples.
It can be seen that the two vibration regions, ie., low-frequency
(LF, <200cm™ ") and high-frequency (HF, 1400-1800cm™!), are
major contributions in the vibrational relaxation process. The relaxa-
tion energies of LF and HF modes for all derivatives are presented in
Table S4. The LF contribution is quite outstanding (234 meV) for the
NH,-substituent, minor (86 meV) for the OCHj-substituent and tiny
(14-41 meV) for the others. These LF modes are mainly assigned to the
out-of-plane twisting motions. However, the HF contribution exhibits
minor change with modification of the substituent, and the HF modes
belong to the mixed vibrations of CC stretching and CH in-plane
bending.

4. Conclusions

In conclusion, we have conducted a theoretical study on the optical
emission properties of a D-A type pyrene-based derivative in solution.
The effect of para-substitution in the donor fragment on the excited-
state properties is systematically investigated. It is found that the
emission becomes blue-shifted and brighter with increasing the electron
negativity of the substituent. The calculated emission wavelength and
quantum efficiency of OCHs-, CH3-, H- and F-substituents agree well
with the available experiments. The NH,-substituent is predicted to be
non-emissive. The CF3- and CN-substituents are theoretically designed
to be blue emitters with high efficiency. The correlation between the
Hammett substituent constant and emission properties provides a pre-
dictive strategy for modulation of the photophysical properties in the D-
A type pyrene-based fluorophores. Through analysis of the non-radia-
tive relaxation energy projected onto vibrational modes, the torsional
motions involved in the low-frequency modes are significant dissipation
channels for the NH,-substituent, resulting in the largest k;. value with
11 orders of magnitude. For the other substituents, the energy gap law
governs the luminescence order. Our study provides instructive in-
formation for the molecular design of efficient organic fluorescent
molecules with full-color emission.

Finally, we note that although the adopted methodology has shown
successful in predicting the excited-state properties for a series of or-
ganic luminophores, including the pyrene-based derivatives in this
work, quantitative prediction of the optical emission properties in

(b)
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Fig. 6. Relaxation energy A, versus mode frequency w; for NH,- (a) and OCHj3-substituted (b) derivatives in solution.
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organic light-emitting materials is still challenging [30,31].
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