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ABSTRACT: We have systematically synthesized 1-, 3-, 6-,
and 8-alkyl-substituted pyrene derivatives using the latest
synthesis methods and investigated the effects of alkyl
substitution on the photophysical properties of the pyrene
chromophore. Like the trimethylsilyl group, which is known to
enhance the fluorescence properties of some chromophores
through σ*−π* conjugation, alkyl groups (primary, secondary,
and tertiary) enhanced the fluorescence quantum yield of the
pyrene chromophore through σ−π conjugation in most cases.
While these enhancements in the fluorescence quantum yield
were beyond expectations, the results were supported by
absolute measurements. These results also indicate that
ubiquitous alkyl groups can be used to tune the photophysical
properties of the pyrene chromophore, as well as to improve
the solubility or prevent aggregation. In other words, they can be used to develop new photofunctional materials.

■ INTRODUCTION

Pyrene is a well-known chromophore and has been a typical
candidate organic fluorescent material, e.g., as a probe in
multimolecular systems1−18 or as a metal ion sensor,19−25

because of its environment-responsive vibrational fluorescence
structures, long excited singlet lifetime, and ability to form
excimers. In recent years, since pyrene and most of its
derivatives have high absorption coefficients and fluorescence
quantum yields, numerous investigations have been carried out
on their use as highly emitting materials for organic electronic
devices such as organic light-emitting diodes (OLEDs)26−33

and liquid crystal lasers,34,35 as well as solar cells.36,37

For these applications, the most general and important
strategy for designing fluorescent materials based on the pyrene
chromophore is to introduce substituents at the 1-, 3-, 6-, and
8-positions in the pyrene. For instance, it is widely known that
the introduction of phenyl38−46 and ethynyl groups47−53 or
trimethylsilyl (TMS)48,54−60 and trimethylsilylmethyl
(TMSM)61 groups at the 1-, 3-, 6-, and 8-positions in pyrene
expand the π-system and increase the oscillator strength,39

resulting in dramatic improvements in the photoluminescence
(PL) properties, especially in the fluorescence quantum yield.
In addition, various functional groups such as carbonyl groups
have been also used to modify the PL properties as well as the
mechanisms of the PL in pyrene.62−71 Furthermore, these
pyrene dyes have often been introduced into sophisticated

structures such as spiro skeletons,72 polymers,73−78 cyclo-
phanes,79,80 calix arenes,31,81 and inorganic matrixes82,83 to
obtain various desired functions.
However, the introduction of alkyl groups, which are the

most ubiquitous substituents, to pyrene at the 1-, 3-, 6-, and 8-
positions has not been performed in a systematic way.
Therefore, how alkyl groups affect the PL properties of pyrene
has not been discussed in detail, although alkylpyrene
derivatives are often prepared and some have been studied
individually.61,84−92 Thus, in the field of organic material
science in general, the introduction of alkyl groups was mostly
carried out not to tune photophysical properties but to enhance
the solubility and suppress π−π stacking.61,93−95 In other
words, it is often believed that alkyl groups do not significantly
affect the PL properties of chromophores. On the other hand, it
has been reported that in oligo-p-phenylene dyes and polycyclic
aromatic hydrocarbon dyes such as naphthalene and
anthracene, the introduction of a methyl group at an
appropriate position sometimes changes the chromophore’s
properties such as its fluorescence quantum yield and lasing
properties.95 These effects can be due to the influence of
hyperconjugation, steric hindrance, and/or changes in molec-
ular symmetry. These reports suggest that understanding the
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effect of alkyl substitutions on the photophysical properties of
the pyrene chromophore is very valuable for versatile material
design. In fact, recent developments in organic synthesis have
enabled us to synthesize multiple pyrene derivatives with the 1-,
3-, 6-, and 8-positions modified symmetrically or asymmetri-
cally with various substituents, including alkyl groups,96−98 even
though the introduction of bulky alkyl groups to pyrene at the
1-, 3-, 6-, and 8-positions had been difficult.89,90

To this end, we systematically synthesized mono-, di-, tri-,
and tetra-alkylated pyrene derivatives containing butyl groups
and, subsequently, investigated how the number of alkyl groups
affects the photophysical properties of the pyrene chromophore
(Figure 1). Next, pyrene derivatives functionalized by primary,
secondary, and tertiary alkyl groups at the 1-position or at the
1- and 6-positions were prepared, and the differences in their
photophysical properties due to the changes in the types of
alkyl groups were examined. For comparison, the TMS group
was also introduced to pyrene at the 1-position or at the 1- and
6-positions. While the TMS group does not possess a π-
electron similar to that of an alkyl group, it is well-known that
TMS groups affect the photophysical properties of chromo-
phores through σ*−π* conjugation.99,100 Since the TMS group
is known to be useful for the design of OLED and electron
transport materials,101−103 detailed comparisons between alkyl
and TMS groups may result in expanded utility of the alkyl
groups.
In this study, we used an absolute method for measuring the

fluorescence quantum yield. Furthermore, molecular orbital
calculations and an electrochemical method were also used to
obtain mechanistic insight into the PL properties of pyrene
derivatives. The absolute measurements revealed that in most
cases all alkyl groups enhance the fluorescence quantum yield
of pyrene, as does the TMS group. In addition, the calculations
and electrochemical measurements showed that alkyl groups
induced conjugation between C−H or C−C s orbitals and the
p orbitals of pyrene and, as a result, the destabilization of the
highest occupied molecular orbital (HOMO). The accompany-
ing bathochromic shifts were observed in the UV−vis spectra,
although the mechanism of these shifts is different from that
when the TMS group was used. That is, the role of the alkyl
groups in the tuning the photophysical properties of pyrene was
more significant than expected. Therefore, it can be said that
alkyl groups have significant but neglected effects on the
photophysical properties of pyrene. These results indicate that
alkyl groups serve to improve the PL properties of the pyrene

chromophore, as do other functional groups. Therefore, it can
be expected that new photofunctional pyrene materials can be
developed by strategically utilizing the substitution effects of
alkyl groups and these other groups as well as by introducing
such substituted chromophores into the sophisticated struc-
tures described above. We believe that the knowledge obtained
in this paper will help in the development of new principles for
more versatile material design based on pyrene with alkyl
groups.

■ RESULTS AND DISCUSSION

Synthesis. As discussed in detail in a previous report,54,55,84

P1b and P1e were synthesized as follows. 1-Bromopyrene was
lithiated by n-BuLi and then treated with the corresponding
electrophilic reagents, 1-bromobutane or chlorotrimethylsilane.
Disubstituted derivatives P2a, P2b, and P2e were also obtained
from 1,6-dibromopyrene in the same manner. Subsequently,
after P2b was mono- or dibrominated,96 P3b and P4b were
prepared from the corresponding brominated pyrene deriva-
tives (Scheme 1).
Both P1c and P2c were synthesized using the Negishi cross-

coupling reaction.104 P1d and P2d were prepared using the
Kumada cross-coupling reaction,105−107 which was recently
improved by Joshi-Pangu et al.,97 because the introduction of a
tertiary butyl group into pyrene using the Friedel−Crafts
reaction is mostly achieved at the 2- and 7-positions owing to
steric hindrance.89,90 In general, in Negishi or Kumada cross-
coupling reactions where secondary or tertiary alkyl nucleo-
philes are used, isomers of the desired products are generated
because of rapid β-hydride elimination. Similarly, in the
syntheses of P1c, P2c, P1d, and P2d, the corresponding
isomers were obtained, i.e., P1c and P2c substituted with an n-
propyl group instead of an isopropyl group and P1d and P2d
substituted with an isobutyl group instead of a tert-butyl group.
The target compounds were isolated from their isomers by
repeatedly performing high-performance liquid chromatogra-
phy (HPLC) and recrystallization. Finally, the abundance ratios
of the target compounds and their isomers were estimated by
calculating the integral ratios of the corresponding alkyl groups
in the 1H NMR spectra: P1c (i-Pr:n-Bu) = 15:1, P2c (i-Pr:n-
Bu) = 21:1, P1d (t-Bu:i-Bu) = 23:1, and P2d (t-Bu:i-Bu) =
62:1. Then, we decided to measure the photophysical and
electrochemical properties of the compounds obtained without
further purification, since the amounts of isomers that could not

Figure 1. Main subject investigated in this work.
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be removed appeared to be small enough to not significantly
affect the results described below.
Effects of Number of Alkyl Groups on the Photo-

physical Properties of Pyrene: Comparison between
Parent Pyrene P0 and P1b−P4b. First, the UV−vis and PL
spectra, absolute fluorescence quantum yields, and fluorescence
lifetime decay of P0 and P1b−P4b were measured in deaerated
hexane, dichloromethane, and methanol in order to understand
the effect of the number of alkyl substituents on the
photophysical properties of pyrene. Next, to study the changes
in the frontier orbitals, the HOMO and the lowest unoccupied
molecular orbital (LUMO) levels were estimated by measuring
the oxidation potentials obtained using square wave voltam-
metry. Furthermore, to examine the PL processes of the pyrene

derivatives in detail, their optimized structures in the ground
state under vacuum conditions were calculated using the
density functional theory (DFT) method at the ωB97X-D/6-
31G(d,p) level,108−112 which is suited to deal with the excited
states because this method includes both long-range correction
and dispersion correction.113,114 Subsequently, the oscillator
strengths and the singlet and triplet energies were obtained by
performing time-dependent DFT (TD-DFT) calculations.

Measurement of UV−vis and PL Spectra, Absolute
Fluorescence Quantum Yields, and Fluorescence Lifetime
Decay. As described in Figure 2, upon the introduction of butyl
groups, the UV−vis spectra of P0 and P1b−P4b showed a
stepwise bathochromic shift. The maximum absorption wave-
length, λabs,max, was shifted about 6−8 nm per butyl group

Scheme 1. Synthetic Routes and Chemical Structures of Alkylpyrene Derivatives Used in This Work
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(Table 1). This implies that the HOMO-LUMO band gaps of
P0 and the alkylated pyrenes (ΔE(HOMO-LUMO)) tend to
become narrower with increases in the number of butyl groups.
Such redshifts were also seen for the (0−0) band in the PL
spectra of P0 and P1b−P4b. While the highly structured
fluorescence of P0, which is widely known as the Ham effect,115

was not retained after monosubstitution, P1b−P4b also
showed clear vibrational structures in the UV−vis and PL
spectra.
As seen in Table 1, P1b−P4b showed higher fluorescence

quantum yields (ΦF) compared with that of P0. In addition,
except for the case of P1b and P2b in dichloromethane, the ΦF
values increased gradually with increasing number of butyl
groups. In particular, in fully substituted P4b, very high ΦF
values were observed: 0.55, 0.61, and 0.67 in hexane,
dichloromethane, and methanol, respectively. Because the
weak fluorescence of the parent pyrene is derived from the
forbidden S1→S0 (often called 1Lb→

1A) transition, it can be
deduced that such enhanced fluorescence of P1b−P4b might
be derived from the allowed S1→S0 (often called 1La→

1A)
transition, as is the case for 1,3,6,8-tetraphenylpyrene.39 In any
case, as described below, these values were much higher than
expected, which indicates that alkyl groups might be useful for
tuning the photophysical properties of pyrene derivatives.
Square Wave Voltammetry. Square wave voltammetry

measurements in oxygen-free dichloromethane solution were
carried out to examine the electrochemical properties of P0 and
P1b−P4b. As is evident from Figure S6 in Supporting

Information, the oxidation potentials EOX, which are the values
for the first peak top, shifted toward the negative side in a
stepwise manner upon the introduction of butyl groups. Here,
the HOMO and LUMO levels were estimated by combining
the UV−vis spectral data and electrochemical data; the values
are listed in Table 2.

Figure 2. UV−vis and fluorescence spectra of P0 and P1b−P4b (DCM, rt, λex = λabs,max).

Table 1. Spectroscopic Parameters of P0 and P1b−P4b

entry solvent log ε λabs,max [nm] λem,max [nm] τ [ns] ΦF kf*
a [107 s−1] knr

b [109 s−1]

P0 Hex 4.62 330 373 78.9 0.23 0.29 0.98
DCM 333 374 104.4 0.28 0.27 0.69
MeOH 330 373 110.0 0.17 0.15 0.75

P1b Hex 4.66 338 377 69.1 0.35 0.51 0.94
DCM 341 378 63.0 0.41 0.65 0.94
MeOH 338 377 152.4 0.31 0.20 0.45

P2b Hex 4.65 344 380 57.8 0.47 0.81 0.92
DCM 347 382 42.0 0.36 0.86 1.52
MeOH 344 381 70.6 0.60 0.85 0.57

P3b Hex 4.65 352 384 59.0 0.49 0.83 0.86
DCM 354 385 49.4 0.43 0.87 1.15
MeOH 351 384 78.1 0.60 0.77 0.51

P4b Hex 4.69 359 388 65.8 0.55 0.84 0.68
DCM 361 389 56.7 0.61 1.08 0.69
MeOH 358 388 75.0 0.67 0.89 0.44

akf = ΦF/τ.
bknr = (1− ΦF)/τ.

Table 2. Electrochemical Properties of P0 and P1b−P4b

entry
Eox

a

[V]
HOMOb

[eV]
λonset

c

[nm]
LUMOd

[eV]
ΔE(LUMO-
HOMO) [eV]

P0 1.12 −5.68 341 −2.05 3.64
P1b 1.03 −5.60 349 −2.04 3.55
P2b 0.93 −5.49 359 −2.04 3.45
P3b 0.83 −5.40 367 −2.02 3.38
P4b 0.74 −5.31 373 −1.98 3.32

aEOX is the value of the first peak top in square wave voltammetry
analysis. bThe HOMO was determined from the oxidation potential
using the relationship HOMO = −e[EOX − 0.234] − 4.8 eV, where
+0.234 V is the redox potential for the ferrocene/ferrocenium (Fc/
Fc+) couple, measured as an external standard for the system, versus a
nonaqueous Ag/Ag+ reference electrode; -e is a notation indicating the
acceleration of one electron through the adjusted potential; and −4.8
eV represents the work function of the Fc/Fc+ couple relative to the
vacuum level.116 cλonset are taken as the intersection of spectrum
baseline and a tangent line to edge of the absorption band.116 dLUMO
was deduced from the optical band gap using the expression LUMO =
HOMO + λonset.
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In these investigations, it was found that the HOMO and
LUMO levels were destabilized by about 0.08−0.11 and 0−0.04
eV per butyl group, respectively. While this trend is common
when a donor molecule is introduced into a π-system, this is the
first clear and systematic demonstration for alkylated pyrene
derivatives.
DFT/TD-DFT Calculations. The results of the DFT/TD-

DFT calculations agreed well with the experimental results.
Here, we note the following three important trends for
interpreting the fluorescence behaviors of P0 and P1b−P4b.
(1) Frontier orbital interaction between the C−H σ-orbital

of the alkyl groups and the π-orbitals of pyrene was observed
(Figure 3).
The HOMO of P1b described by the DFT calculation

indicates that the butyl groups interact with the pyrene unit. In
addition, this interaction was also observed in MOs of P2b−
P4b (see Figure S13 in Supporting Information). Because the
MOs are antibonding, it can be understood that σ−π

conjugation, i.e., hyperconjugation, occurred. Furthermore,
because of the σ−π conjugation, the HOMOs of P1b−P4b
were destabilized in a stepwise manner (see Figure S9 in
Supporting Information). On the other hand, the LUMOs were
destabilized to a smaller extent relative to the HOMOs. As a
result, the HOMO-LUMO band gaps became narrower after
the introduction of butyl groups. Such a reduction in the
HOMO-LUMO band gaps agreed well with the bathochromic
shifts observed in the UV−vis spectra. In addition, the
behaviors of the HOMO and LUMO levels were similar to
those observed in the square wave voltammetry analysis. Thus,
the bathochromic shifts observed upon the introduction of
butyl groups into the pyrene chromophore likely resulted from
σ−π conjugation between the butyl groups and pyrene.
(2) The oscillator strengths ( fe) of pyrene derivatives at the

HOMO→LUMO transition, i.e., 1A→1La, were gradually
increased upon the introduction of butyl groups (Figure 4).

Figure 3. Frontier orbital interaction diagram of P1b.

Figure 4. Singlet and triplet states and oscillator strengths of P0 and P1b−P4b simulated by TD-DFT (ωB97X-D/6-31G(d,p)).
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In general, a proportional relationship exists between the
oscillator strength and the absorption coefficient (ε). However,
such a relationship was not clear from the experimentally
obtained ε values of P0 and P1b−P4b, probably because the
changes were too small relative to the experimental errors
(Table 1). On the other hand, the radiative rate constants (kf)
increased with increasing number of butyl groups under almost
all conditions. Because kf is often correlated with the oscillator
strength,95 trend 2 can be considered to correspond with the
experimental results. Furthermore, it can be said that such an
increase in kf is one of the reasons for the enhancement of ΦF
after the introduction of butyl groups.
(3) The excited singlet states derived from the HOMO→

LUMO transitions (second singlet excited state S2 for P0 and
first singlet excited state S1 for P1b−P4b) were greatly
stabilized relative to the adjacent triplet states (T2−T5), and
as a result, the energy gaps between the S1 states and adjacent
triplet states became narrower or the potential levels between
S1 and the adjacent triplet states were inverted (Figure 4).
This is a very important trend related to the PL properties of

pyrene derivatives. First, as mentioned above, while the
fluorescence of parent pyrene is derived from forbidden S1→
S0 transition, the potentials of the S1 and S2 states of the parent
pyrene were inverted after the introduction of butyl groups.
Thus, the fluorescence of P1b−P4b was derived from allowed
transitions. This change is also a factor driving the enhance-
ment of ΦF. Next, intersystem crossing, one of the fluorescence
deactivation processes, depends on the energy gap between S1
and adjacent triplet states according to energy gap law.115

Usually, for polycyclic aromatic hydrocarbon dyes in deaerated
condition, ΦF is expressed as ΦF = kf/(kf + knr), knr = kIC + kISC
+ k[O2] = kISC, where kf, knr, kIC, kISC, and k[O2] represent the
rate constants for fluorescence radiation, nonradiative decay,
internal conversion, intersystem crossing, and quenching by
dioxygen, respectively.115 Therefore, ΦF is dependent on kISC,
i.e., the energy gap between S1 and its adjacent triplet states. As
an example, the introduction of alkyl groups into a
chromophore changes ΦF dramatically, as in the well-known
relationship between anthracene (ΦF = 0.24) and 9,10-
dimethylanthracene (ΦF = 0.68).95 This phenomenon is
explained as follows. According to first-order perturbation
theory, in anthracene, efficient intersystem crossing occurs
between S1(

1B1U) and the adjacent Tn(
3B2U). Introduction of

methyl groups at the 9,10-positions inverts the potential level
between S1(

1B1U) and Tn(
3B2U), which suppresses the

deactivation process and enhances ΦF. Here, we observe a
similar phenomenon for pyrene and its alkylated derivatives. In
other words, the change in ΦF upon the introduction of butyl
groups into pyrene is derived from the difference in the energy
gap between the S1(

1B1U) and Tn(
3B2U) states of pyrene. This

hypothesis can also be used to interpret some of the commonly
observed PL characteristics of pyrene derivatives, such as the
decrease in ΦF upon the introduction of butyl groups and the
changes in ΦF caused by solvent changes. In particular, when
the energy potentials of the S1(

1B1U) and Tn(
3B2U) states of

pyrene become close to each other because of the introduction
of butyl groups or because of solvent changes, ΦF is reduced.
On the other hand, when the energy levels of S1(

1B1U) and

Figure 5. UV−vis and fluorescence spectra of (top) P1a−e and (bottom) P2a−e (DCM, rt, λex = λabs,max).
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Tn(
3B2U) are inverted or are very different from each other, ΦF

is enhanced. From these trends, it can be concluded that P4b
showed the largest kf and the smallest knr under all conditions,
because trends (2) and (3) suggest that the oscillator strength
increased with a concurrent inversion of the energy potentials
between S1(

1B1U) and Tn(
3B2U) upon the introduction of four

butyl groups.
To summarize, butyl groups attached to the 1-, 3-, 6-, and 8-

positions of the pyrene chromophore give rise to an important
effect: σ−π conjugation. Both bathochromic shifts in the UV−
vis spectra reflecting destabilization of the HOMO and the
increase in kf upon the introduction of butyl groups are caused
by σ−π conjugation. Moreover, the expansion of the π-system
due to the butyl groups at the 1-, 3-, 6-, and 8-positions tends to
change the fluorescence mechanism from a forbidden to an
allowed transition and to suppress intersystem crossing,
because the S1 energy potentials are greatly stabilized relative
to the adjacent triplet states. As a result, the fluorescence
quantum yield is strongly enhanced. On the other hand, the
simple introduction of a butyl group does not always enhance
the ΦF of pyrene, as evidenced by the smaller ΦF of P2b
compared to that of P1b in dichloromethane.
Differences Caused by the Change in the Type of

Alkyl Group: Comparison of Photophysical Properties of
Primary, Secondary, and Tertiary Alkyl-Substituted
Pyrenes at 1- and 1,6-Positions (P1a−P1d and P2a−
P2d). To understand the changes in the PL properties caused
by the different alkyl groups, P1a, P1c, and P1d substituted
with primary, secondary, and tertiary alkyl groups, respectively

(Scheme 1), and their disubstituted derivatives, i.e., P2a, P2c,
and P2d, were investigated in the same manner as P1b−P4b.
As can be seen in Figure 5 and Table 3, the UV−vis and PL

spectra of the alkylated pyrenes showed very small changes in
their vibrational structures and wavelengths for the different
alkyl groups. Square wave voltammetry measurements also
revealed that the HOMO and LUMO levels of P1a−d and
P2a−d were almost identical (Table 4, Figures S7 and S8 in
Supporting Information). The results of the MO calculations,
which were performed in the same manner as those for P0 and
P1b−P4b, agreed with these results (see Figure S10 in
Supporting Information). It should be noted here that not
only the C−H σ-orbital but also the C−C σ-orbitals of
secondary and tertiary alkylated pyrene derivatives participated

Table 3. Spectroscopic Parameters of P1a−e and P2a−e

entry solvent log ε λabs [nm] λem [nm] τ [ns] ΦF kf [10
7 s−1] knr [10

9 s−1]

P1a Hex 4.66 338 377 67.8 0.34 0.50 0.97
DCM 341 378 79.1 0.45 0.57 0.70
MeOH 338 377 132.0 0.28 0.21 0.55

P1b Hex 4.66 338 377 76.8 0.37 0.48 0.82
DCM 341 378 63.0 0.41 0.65 0.94
MeOH 338 377 152.4 0.31 0.20 0.45

P1c Hex 4.65 338 376 50.6 0.21 0.42 1.56
DCM 340 377 77.8 0.41 0.53 0.76
MeOH 337 376 149.2 0.24 0.16 0.51

P1d Hex 4.66 338 376 67.4 0.26 0.39 1.10
DCM 341 377 86.0 0.38 0.44 0.72
MeOH 338 376 154.8 0.21 0.14 0.51

P1e Hex 4.66 340 346 66.9 0.23 0.34 1.15
DCM 343 377 94.2 0.36 0.38 0.68
MeOH 340 376 174.6 0.22 0.13 0.45

P2a Hex 4.64 344 380 54.7 0.52 0.95 0.88
DCM 346 382 37.6 0.40 1.06 1.60
MeOH 344 381 64.5 0.56 0.87 0.68

P2b Hex 4.65 344 380 57.8 0.47 0.81 0.92
DCM 347 382 42.0 0.36 0.86 1.52
MeOH 344 381 70.6 0.60 0.85 0.57

P2c Hex 4.65 345 380 52.9 0.45 0.85 1.04
DCM 346 381 40.3 0.39 0.97 1.51
MeOH 343 380 85.7 0.55 0.64 0.53

P2d Hex 4.70 346 379 60.9 0.43 0.71 0.94
DCM 348 380 43.1 0.34 0.79 1.53
MeOH 345 379 78.6 0.54 0.69 0.59

P2e Hex 4.72 350 380 53.7 0.42 0.78 1.08
DCM 352 381 65.5 0.50 0.76 0.76
MeOH 349 380 71.8 0.50 0.70 0.70

Table 4. Electrochemical Properties of P1a−e and P2a−e

entry
Eox
[V]

HOMO
[eV]

λonset
[nm]

LUMO
[eV]

E(LUMO-HOMO)
[eV]

P1a 1.02 −5.59 349 −2.04 3.55
P1b 1.03 −5.60 349 −2.04 3.55
P1c 1.02 −5.59 349 −2.03 3.55
P1d 1.03 −5.60 349 −2.04 3.55
P1e 1.06 −5.62 351 −2.09 3.53
P2a 0.93 −5.49 360 −2.05 3.44
P2b 0.93 −5.49 359 −2.04 3.45
P2c 0.93 −5.49 359 −2.04 3.45
P2d 0.94 −5.51 360 −2.07 3.43
P2e 1.03 −5.59 363 −2.18 3.42
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in the σ−π conjugation in the HOMOs (see Figure S13 in
Supporting Information). Next, while no notable changes were
observed in the fluorescence quantum yields, as a possible
trend, the ΦF values of the secondary and tertiary alkylated
pyrenes were slightly smaller than those of the primary
alkylated ones. This difference in ΦF might result from the
loose bolt effect,115 which is seen in the relationship between
toluene and tert-butylbenzene. In particular, the fluorescence
deactivation processes caused by internal conversion in the
secondary or tertiary alkylated pyrene derivatives were more
effective than those in the primary alkylated ones. In addition,
the differences in the fluorescence quantum yields, absorption/
fluorescence wavelengths, and HOMO/LUMO levels between
P1a−d and P2a−d were almost the same as those between P1b
and P2b (Tables 1 and 3).
Thus, these results show that substitution with primary,

secondary, and tertiary alkyl groups causes no significant
change in the photophysical properties. In other words, both
secondary and tertiary alkyl groups serve to enhance the
fluorescence quantum yield of pyrene by participating in the
σ−π conjugation, in a similar way to the primary alkylated
pyrenes. In the context of recent efforts devoted to the
development of dyes that show strong emission even in the
aggregated state,27,117−120 this knowledge is very important for
the molecular design of PL materials, since the introduction of
bulky substitutes is the most popular methodology for
preventing π−π stacking or improving solution processability.
In fact, in contrast to the parent pyrene, P2d did not show
excimer emission under concentrated conditions, which
demonstrates that the tertiary butyl group certainly served to
prevent the aggregation between pyrene chromophores (see
Figures S4 and S5 in Supporting Information). Moreover, very
recently it was demonstrated that the introduction of a bulky
isopropyl group at the 1-, 3-, 6-, and 8-positions of pyrene
suppressed excimer formation.91

Differences Caused by the Change in σ−π Con-
jugation: Comparison of Photophysical Properties
between Trimethylsilyl-Substituted Pyrenes and 1-
and 1,6-Alkylpyrenes. Finally, we reinvestigated the photo-
physical properties of P1e and P2e as typical compounds with
σ−π conjugation in order to understand the difference between
the σ−π conjugation caused by C−H or C−C σ-orbitals and
the conjugation caused by Si−C σ-orbitals.48,55−57 For this

purpose, we compared P1e and P2e with other alkylated
pyrene derivatives.
As described in Figure 5, P1e and P2e showed larger

bathochromic shifts than did P1a−d and P2a−d, respectively.
Furthermore, as mentioned by Matsumoto and Yamaguchi et
al.,99,100 square wave voltammetry analysis indicates that such
bathochromic shifts are caused by the greater stabilization of
the LUMO as compared to the HOMO (see Figures S7 and S8
in Supporting Information). In other words, while both the
TMS group and the alkyl group can cause bathochromic shifts
of the UV−vis spectra in pyrene, the corresponding
mechanisms underlying the reduction in the HOMO-LUMO
band gap are sharply different. The calculated MOs of P1e and
P2e also suggest that the stabilization of both the HOMO and
LUMO resulted from σ*−π* conjugation between the σ*-
orbitals of the weak Si−C bond and the π*-orbitals of pyrene
and that the contributions of this σ*−π* conjugation to the
LUMO levels are much larger than the contributions to the
HOMO levels (see Figures S10 and S13 in Supporting
Information).
Interesting results were obtained from the measurements of

the fluorescence quantum yields. The PL properties of dyes
that show σ*−π* conjugation between various Si−C σ-orbitals
and chromophores has been investigated previously. It has been
reported that Si−C substituents such as trimethylsilyl and
trimethylsilylmethyl can improve the fluorescence quantum
yields of the chromophores.48,55−59,61,99 However, in our
results, the enhancement of ΦF upon the introduction of a
TMS group was not much different from that caused by the
introduction of an alkyl group. Moreover, since the ΦF of
tetrakis(trimethylsilyl)pyrene is 0.57 in cyclohexane,57 it can be
said that the tetraalkylated P4b also fluoresces strongly.
To summarize, the main differences between the effect of

TMS and the effect of the alkyl groups on the photophysical
properties of pyrene are how they change the HOMO-LUMO
band gap and the degrees of those changes. Both TMS and the
alkyl groups enhance the ΦF of the pyrene chromophore to the
same extent (Figure 6). These results provide additional
insights into the previously reported photophysical properties
of pyrene.55,56

Importance of the Measurement of Absolute Fluo-
rescence Quantum Yield. We also want to comment on the
significance of the absolute fluorescence quantum yield of dyes
in this mechanistic discussion of PL properties. Hardly any

Figure 6. Comparison of the effects of substitution of alkyl and TMS groups.
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research has been carried out in which the changes in the PL
properties, especially those in the fluorescence quantum yields,
caused by Si−C σ*−π* and C−H or C−C σ−π conjugations
are compared. Furthermore, in-depth evaluation of the
fluorescence quantum yields could not be performed for Si−
C and C−H or C−C functionalized chromophores, especially
for pyrene, because of the lack of measurements based on
absolute methods and with uniform measurement conditions.
However, very recently, it is easier to measure the absolute
fluorescence quantum yield by using the integral sphere than
before, due to the development of the studies as organic
electronics devices such as OLEDs. In this study, while we
demonstrated that alkyl groups can enhance the PL properties
of the pyrene chromophore, as does the trimethylsilyl group,
these notable and unexpected results were mainly supported by
absolute fluorescence quantum yield measurements obtained
under uniform measurement conditions including argon
bubbling time. Thus, it is the absolute fluorescence quantum
yield measurements that may change the common opinion
regarding ubiquitous substitutions such as alkyl groups and
their effect on the PL properties.

■ CONCLUSIONS
We synthesized alkylpyrene derivativesmono-, di-, tri-, and
tetra-butyl pyrenes with substitution at the 1-, 3-, 6-, and 8-
positions (P1b−P4b) and primary, secondary, and tertiary
alkyl-substituted pyrenes at the 1- or 1- and 6-positions (P1a−
P1d and P2a−P2d)systematically using the latest synthesis
methods. In addition, the TMS group, which does not possess
π electrons, was also introduced into the pyrene chromophore
at the 1- or 1- and 6-positions (P1e and P2e). First, it was
found that UV−vis and PL spectra of P1b−P4b were red-
shifted with increases in the number of butyl groups. Moreover,
the butyl groups enhanced the fluorescence quantum yields of
the pyrene chromophore to a much greater extent than
expected. Square wave voltammetry and DFT/TD-DFT
calculations demonstrated that these substitution effects were
mainly caused by σ−π conjugation between the butyl groups
and pyrene, which destabilized the HOMO of pyrene.
Next, no significant differences due to changes in the type of

alkyl group were observed in the properties of P1a−P1d and
P2a−P2d. It should be noted that both C−H and C−C σ
bonds participated in the σ−π conjugation. Finally, in the
comparison of P1e and P2e with the alkylpyrene derivatives, it
was demonstrated that both TMS and alkyl groups caused
bathochromic shifts of the UV−vis spectra and enhanced the
ΦF value of the pyrene chromophore. Contrary to our
expectations, the degree of enhancement in the ΦF of P1e
and P2e was the same as that in the corresponding alkylpyrene
derivatives. On the other hand, the bathochromic shifts caused
by the TMS group were derived from σ*−π* conjugations,
which were different from the σ−π conjugations in the
alkylpyrene derivatives. Thus, these results indicate that
ubiquitous alkyl groups serve not only to improve the solubility
and suppress the aggregation of dyes but also to enhance the
PL properties, although alkyl groups do not always work in this
manner. Because pyrene has these advantages of versatility in
molecular design, including the introduction to multimolecular
systems and other sophisticated structures such as cyclophane
and calix arene, the above-mentioned information is expected
to contribute to the development of new photofunctional
materials. In the future, we plan to focus on the development of
unique fluorescent materials using the effects of alkyl groups as

the key factors. In addition, we will also investigate the effects of
alkyl group substitution on the PL properties of other
polyaromatic hydrocarbons such as perylene and conjugated
polymers.

■ EXPERIMENTAL SECTION
General Procedure A: Compounds Obtained from Mono-

lithiated Pyrene (P1b, P3b, and P1e). To a solution of 1-
bromopyrene derivative 1 or 3 (1.0 equiv) in tetrahydrofuran (THF)
was added a 2.6 M solution of n-butyllithium in hexane (1.5 equiv)
dropwise under an argon atmosphere at −78 °C. The reaction mixture
was stirred at this temperature for 30 min, and then the corresponding
electrophilic agent (1.5 equiv; P1b and P3b: 1-bromobuthane; P1e:
trimethylsilyl chloride) was added dropwise to the solution. The
mixture was allowed to gradually warm to room temperature and then
stirred for 3 h. After quenching the reaction with water, the organic
layer was extracted with diethyl ether and dried over MgSO4. The
solvent was removed in vacuo, and the residue was purified by short-
plug column chromatography on silica gel (hexane), high-performance
liquid chromatography, and subsequent recrystallization in ethanol to
give the target compounds.

Synthesis of 1-Butylpyrene (P1b). P1b was synthesized
according to Procedure A. Colorless solid; yield 75% (0.38 g); mp
62.1−64.0 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.29 (d, J = 9.3
Hz, 1H), 8.17−7.95 (m, 7H), 7.87 (d, J = 7.8 Hz, 1H), 3.35 (t, J = 7.8
Hz, 2H), 1.85 (tt, J = 7.6 Hz, 7.8 Hz, 2H), 1.52 (tq, J = 7.3 Hz, 7.6 Hz,
2H), 1.00 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3, ppm) δ
137.3, 131.4, 130.9, 129.7, 128.6, 127.5, 127.2, 127.0, 126.4, 125.7,
125.1, 125.0, 124.7, 124.6, 123.5, 34.1, 33.3, 22.9, 14.1; MS (DART)
calcd for C20H19 259.1, found 259.1 ([M + H]+). Anal. Calcd for
C20H18: C, 92.67; H, 7.02. Found: C, 92.67; H, 6.66.

Synthesis of 1-(Trimethylsilyl)pyrene (P1e). P1e was synthe-
sized according to Procedure A. Colorless solid; yield 74% (0.36 g);
mp 109.1−111.0 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.47 (d, J =
9.2 Hz, 1H), 8.29−8.03 (m, 8H), 0.70 (s, 9H); 13C NMR (100 MHz,
CDCl3, ppm) δ 135.2, 131.7, 131.6, 130.9, 130.2 127.4, 127.3, 127.1,
126.7, 125.4, 124.7, 124.6, 124.5, 124.2, 123.7, 0.3; MS (DART) calcd
for C19H18Si 274.1178, found 274.1195 ([M]+).

General Procedure B: Compounds Obtained from Dilithi-
ated Pyrene (P2a, P2b, P4b, and P2e). To a solution of 1,6-
dibromopyrene 2 or its derivative 4 (1.0 equiv) in THF was added
dropwise a 2.6 M solution of n-butyllithium in hexane (6.0 equiv)
under an argon atmosphere at 0 °C. The reaction mixture was stirred
at this temperature for 12 h, and then the corresponding electrophilic
agent (6.0 eq; P2a: iodomethane; P2b and P4b: 1-bromobuthane;
P2e: trimethylsilyl chloride) was added dropwise to the solution. The
mixture was allowed to gradually warm to room temperature and then
stirred for 3 h. After quenching the reaction with water, the organic
layer was extracted with diethyl ether and dried over MgSO4. The
solvent was removed in vacuo, and the residue was purified by short-
plug column chromatography on silica gel (hexane), high-performance
liquid chromatography, and subsequent recrystallization in ethanol to
give the target compounds.

Synthesis of 1,6-Dimethylpyrene (P2a). P2a was synthesized
according to Procedure B. Pale yellow solid; yield 82% (1.36 g); mp
167.6−169.4 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.17 (d, J = 9.2
Hz, 2H), 8.07 (d, J = 7.7 Hz, 2H), 8.06 (d, J = 9.2 Hz, 2H), 7.85 (d, J
= 7.7 Hz, 2H), 2.97 (s, 3H); 13C NMR (100 MHz, CDCl3, ppm) δ
131.9, 129.5, 129.4, 127.8, 127.2, 124.9, 124.4, 122.6, 19.9; MS
(DART) calcd for C18H14 230.1096, found 230.1091 ([M]+).

Synthesis of 1,6-Dibutylpyrene (P2b). P2b was synthesized
according to Procedure B. Pale yellow solid; yield 78% (2.05 g); mp
97.6−98.8 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.21 (d, J = 9.2
Hz, 2H), 8.07 (d, J = 7.7 Hz, 2H), 8.04 (d, J = 9.2 Hz, 2H), 7.84 (d, J
= 7.7 Hz, 1H), 3.32 (t, J = 7.8 Hz, 2H), 1.83 (tt, J = 7.4 Hz, 7.8 Hz,
4H), 1.51 (tq, J = 7.3 Hz, 7.4 Hz, 4H), 0.99 (t, J = 7.3 Hz, 6H); 13C
NMR (100 MHz, CDCl3, ppm) δ 137.0, 129.5, 128.9, 127.2, 125.5,
124.4, 122.5, 34.0, 33.4, 22.9, 14.1; MS (DART) calcd for C24H27
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314.2, found 314.2 ([M + H]+). Anal. Calcd for C24H26: C, 91.67; H,
8.33. Found: C, 91.79; H, 8.52.
Synthesis of 1,6-Bis(trimethylsilyl)pyrene (P2e). P2e was

synthesized according to Procedure B. Pale yellow solid; yield 61%
(1.52 g); mp 224.1−225.8 °C; 1H NMR (400 MHz, CDCl3, ppm) δ
8.36 (d, J = 9.1 Hz, 2H), 8.19 (d, J = 7.6 Hz, 2H), 8.16 (d, J = 7.6 Hz,
2H), 8.09 (d, J = 9.1 Hz, 2H), 0.59 (s, 12H); 13C NMR (100 MHz,
CDCl3, ppm) δ 135.8, 135.7, 131.9, 131.5, 128.1, 127.1, 124.9, 124.2,
0.6; MS (DART) calcd for C22H26Si2 346.1573, found 346.1611
([M]+).
General Procedure C: Negishi Cross-Coupling Reaction (P1c

and P2c). To a solution of zinc chloride (2.0 equiv) in THF was
slowly added dropwise a 1.0 M solution of isopropylmagnesium
chloride (2.0 equiv) in THF under an argon atmosphere at 0 °C, and
then 1 (1.0 equiv) and [1,1′-bis(diphenylphosphino)ferrocene]-
palladium(II) dichloride (5 mol %) were added. The reaction mixture
was then heated to reflux for 3 h. After quenching the reaction with
water, the organic layer was extracted with chloroform and dried over
Na2SO4. The solvent was removed in vacuo, and the residue was
purified by short-plug column chromatography on silica gel (hexane)
and high-performance liquid chromatography. The relevant isomer,
e.g., 1-propylpyrene, was isolated by repeated recrystallization in
ethanol.
Synthesis of 1-Isopropylpyrene (P1c). P1c was synthesized

according to Procedure C, and purified by the recrystallization in
ethanol. Colorless crystal; yield 25% (0.33 g); 1H NMR (400 MHz,
CDCl3, ppm) δ 8.39 (d, J = 9.3 Hz, 1H), 8.18−7.96 (m, 8H), 4.09
(septet, J = 6.4 Hz, 1H), 1.54 (d, J = 6.4 Hz, 6H); MS (DART) calcd
for C19H16 244.1, found 244.1 ([M]+). Anal. Calcd for C19H16: C,
93.40; H, 6.60. Found: C, 93.31; H, 6.48.
Synthesis of 1,6-Diisopropylpyrene (P2c). P2c was synthesized

according to Procedure C, using 2 (1.0 equiv), zinc chloride (4.0
equiv), isopropylmagnesium chloride (4.0 equiv), and [1,1′-bis-
(diphenylphosphino)ferrocene] (10 mol %). Recrystallization was
repeatedly carried out using toluene. Colorless crystal; yield 41% (0.85
g); 1H NMR (400 MHz, CDCl3, ppm) δ 8.32 (d, J = 9.5 Hz, 1H), 8.15
(d, J = 8.1 Hz, 1H), 8.06 (d, J = 9.5 Hz, 1H), 7.99 (d, J = 8.1 Hz, 1H),
4.08 (septet, J = 6.8 Hz, 2H), 1.53 (d, J = 6.8 Hz, 3H); MS (DART)
calcd for C22H22 286.1, found 286.1 ([M]+). Anal. Calcd for C22H22:
C, 92.26; H, 7.74. Found: C, 92.04; H, 7.75.
General Procedure D: Kumada Cross-Coupling Reaction

(P1d and P2d). A mixture of 1 (1.0 equiv), NiCl2(H2O)1.5−1.7 (10
mol %), and 1,3-dicyclohexylimidazolium tetrafluoroborate (NHC
ligand) (10 mol %) was cooled to −10 °C under an argon atmosphere,
and then a 1.0 M solution of tert-butylmagnesium chloride (2.0 equiv)
in THF was slowly added dropwise; the mixture was stirred for 90
min. The reaction mixture was quenched by addition of ice chips and
then poured into a separating funnel containing saturated aqueous
NH4Cl. The organic layer was extracted with chloroform and dried
over Na2SO4. The solvent was removed in vacuo, and the residue was
purified by short-plug column chromatography on silica gel (hexane)
and high-performance liquid chromatography. The relevant isomer,
e.g., 1-isobutylpyrene, was isolated by repeated recrystallization in
ethanol.
Synthesis of 1-tert-Butylpyrene (P1d). P1d was synthesized

according to Procedure D and purified by recrystallization in ethanol.
Colorless crystal; yield 7% (0.13 g); 1H NMR (400 MHz, CDCl3,
ppm) δ 8.75 (d, J = 9.5 Hz, 1H), 8.18−7.97 (m, 7H), 1.79 (s, 9H); MS
(DART) calcd for C20H18 258.1, found 258.1 ([M]+). Anal. Calcd for
C20H18: C, 92.98; H, 7.02. Found: C, 93.10; H, 7.07.
Synthesis of 1,6-Di(tert-butyl)pyrene (P2d). P2d was synthe-

sized according to Procedure D where 2 (1.0 equiv) as a starting
material, NiCl2(H2O)1.5−1.7 (20 mol %), 1,3-dicyclohexylimidazolium
tetrafluoroborate (20 mol %) and tert-butylmagnesium chloride (4.0
equiv) were used. Recrystallization was repeatedly carried out by using
toluene. Colorless crystal; yield 5% (0.11 g); 1H NMR (400 MHz,
CDCl3, ppm) δ 8.68 (d, J = 9.5 Hz, 1H), 1.78 (s, 4H), 8.02 (d, J = 9.5
Hz, 1H), 1.78 (s, 9H); MS (DART) calcd for C24H26 314.2, found
314.2 ([M]+). Anal. Calcd for C24H26: C, 91.67; H, 8.33. Found: C,
91.84; H, 8.42.

Synthesis of 3-Bromo-1,6-dibutylpyrene (3). To a stirred
solution of P2b (0.50 g, 1.6 mmol) and HBr (0.1 mL, 2.0 mmol) in
diethyl ether (25 mL) and methanol (10 mL) was added a solution of
hydrogen peroxide (0.18 mL, 2.0 mmol) in dichloromethane at 0 °C.
This mixture was allowed to gradually warm to room temperature and
was then stirred for 12 h. The reaction mixture was poured into a large
amount of ice−water and extracted with chloroform. The combined
organic layers were washed with NaHCO3 and brine and dried over
MgSO4. The solvent was removed in vacuo, and the residue was
purified by short-plug column chromatography on silica gel (hexane)
and high-performance liquid chromatography on polystyrene to give 3
as a colorless solid; 3 was used in the next step without further
purification. Yield 80% (0.50 g); 1H NMR (400 MHz, CDCl3, ppm) δ
8.44−8.05 (m, 6H), 7.87 (d, J = 7.8 Hz, 1H), 3.33 (t, J = 7.8 Hz, 2H),
3.27 (t, J = 7.8 Hz, 2H), 1.87−1.78 (m, 4H), 1.53−1.47 (m, 4H), 1.00
(t, J = 7.3 Hz, 3H), 0.99 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz,
CDCl3, ppm) δ 137.9, 137.7, 131.0, 129.6, 128.5, 127.9, 127.8, 127.5,
126.8, 125.7, 125.2, 124.9, 124.1, 122.3, 119.4, 34.1, 33.8, 33.4, 33.1,
22.8, 14.0; MS (DART) calcd for C24H26Br 393.1, found 393.1 ([M +
H]+).

Synthesis of 1,6-Dibromo-3,8-dibutylpyrene (4). To a stirred
solution of P2b (0.50 g, 1.6 mmol) in dichloromethane (10 mL) was
added dropwise a solution of bromine (0.2 mL, 4.0 mmol) in
dichloromethane over 1.5 min at 0 °C. After stirring at room
temperature for 30 min, the reaction mixture (an orange suspension)
was quenched with methanol. The precipitates were washed with
methanol and filtered to give the crude product. Subsequent
recrystallization in toluene afforded 4 as a pale yellow solid; 4 was
used in the next step without further purification. Yield 67% (2.01 g);
1H NMR (400 MHz, CDCl3, ppm) δ 8.45 (d, J = 9.4 Hz, 2H), 8.26 (d,
J = 9.4 Hz, 2H), 8.14 (s, 2H), 3.30 (t, J = 7.8 Hz, 4H), 1.83 (tt, J = 7.5
Hz, 7.8 Hz, 4H), 1.54 (tq, J = 7.3 Hz, 7.5 Hz, 4H), 1.00 (t, J = 7.3 Hz,
6H) ppm.

Synthesis of 1,3,6-Tributylpyrene (P3b). P3b was synthesized
according to Procedure A. Yellow solid; yield 66% (0.15 g); mp 44.3−
46.2 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.27 (d, J = 9.3 Hz,
1H), 8.23 (d, J = 9.5 Hz, 1H), 8.17 (d, J = 9.3 Hz, 1H), 8.03 (d, J = 7.9
Hz, 1H), 7.97 (d, J = 9.1 Hz, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.69 (s,
1H), 3.32−3.26 (m, 6H), 1.86−1.78 (m, 6H), 1.55−1.45 (m, 6H),
1.02−0.97 (m, 9H); 13C NMR (100 MHz, CDCl3, ppm) δ 136.6,
136.5, 136.4, 129.8, 128.8, 128.6, 127.4, 127.0, 126.9, 126.3, 126.0,
125.9, 124.2, 123.2, 122.6, 122.2, 34.1, 34.0, 33.5, 33.4, 33.3, 14.1; MS
(DART) calcd for C28H35 371.3, found 371.3 ([M + H]+). Anal. Calcd
for C28H34: C,90.75; H, 9.25. Found: C, 90.50; H, 9.51.

Synthesis of 1,3,6,8-Tetrabutylpyrene (P4b). P4b was
synthesized according to Procedure B. Pale yellow needle; yield 68%
(0.11 g); mp 97.6−98.8 °C; 1H NMR (400 MHz, CDCl3, ppm) δ 8.19
(s, 4H), 7.68 (s, 2H), 3.29 (t, J = 7.8 Hz, 8H), 1.83 (tt, J = 7.5 Hz, 7.8
Hz, 8H), 1.52 (tq, J = 7.4 Hz, 7.5 Hz, 8H), 1.00 (t, J = 7.4 Hz, 12H);
13C NMR (100 MHz, CDCl3, ppm) δ 136.1, 128.7, 127.1, 126.4,
122.2, 34.1, 33.5, 22.9, 14.1; MS (DART) calcd for C32H43 427.3,
found 427.3 ([M + H]+). Anal. Calcd for C32H42: C, 90.08; H, 9.92.
Found: C, 89.98; H, 9.52.
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