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ABSTRACT: Pyrene derivatives substituted at the 2- and 2,7-
positions are shown to display a set of photophysical properties
different from those of derivatives substituted at the 1-position.
It was found that, in the 2- and 2,7-derivatives, there was little
influence on the S, < S, excitation, which is described as
“pyrene-like”, and a strong influence on the S; <— Sy excitation,
which is described as “substituent-influenced”. In contrast, the
1-substituted derivatives display a strong influence on both the
S; — Sp and the S, < S, excitations. These observations are
rationalized by considering the nature of the orbitals involved in
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the transitions. The existence of a nodal plane passing through the 2- and 7-positions, perpendicular to the molecular plane in the
HOMO and LUMO of pyrene, largely accounts for the different behavior of derivatives substituted at the 2- and 2,7-positions.
Herein, we report the photophysical properties of a series of 2-R-pyrenes {R = C;HsCO,H (1), Bpin (2; pin = OCMe,CMe,0),
OC3;H4CO,H (3), O(CH,) ,Br (4), C=CPh (5), C¢H4-4-CO,Me (6), C¢H,-4-B(Mes), (7), B(Mes), (8)} and 2,7-R,-pyrenes
{R = Bpin (9), OH (10), C=C(TMS) (11), C=CPh (12), C=C-C¢H,;-4-B(Mes), (13), C=C-C4H,-4-NMe, (14), C¢H,-4-
CO,CgH;; (15), N(Ph)-C¢H,-4-OMe (16) } whose syntheses are reported elsewhere. Furthermore, we compare their properties to
those of several related 1-R-pyrene derivatives {R = C;H4sCO,H (17), Bpin (18), C=CPh (19), C¢H,-4-B(Mes), (20), B(Mes),
(21)}. For all derivatives, modest (0.19) to high (0.93) fluorescence quantum yields were observed. For the 2- and 2,7-derivatives,
fluorescence lifetimes exceeding 16 ns were measured, with most being ca. 50—80 ns. The 4-(pyren-2-yl)butyric acid derivative (1)
has along fluorescence lifetime of 622 ns, significantly longer than that of the commerecially available 4-(pyren-1-yl)butyric acid (17).
In addition to measurements of absorption and emission spectra and fluorescence quantum yields and lifetimes, time-dependent
density functional theory calculations using the B3LYP and CAM-B3LYP functionals were also performed. A comparison of
experimental and theoretically calculated wavelengths shows that both functionals were able to reproduce the trend in wavelengths
observed experimentally.

B INTRODUCTION

Pyrene is an important and well-studied chromophore; its
long-lived fluorescence and propensity to form fluorescent
excimers via T—JT interactions both in solution and in the solid
state have led to its use in a wide variety of applications. For
example, pyrene- -labeled nucleotide bases are used to study DNA
charge transfer,” hybridization of DNA and RNA,* > and non-
covalent interactions between nucleotldes, for polyfluorophore
labehng, and for defect detection.*” The high sensitivity of the
vibronic fine structure of pyrene fluorescence to changes in
environment (Ham effect), and the long fluorescence lifetime
of pyrene derivatives, allows them to be used as a fluorescent
probe.'® In particular, 4-(pyren-1-yl)butyric acid (17) is used to
determine oxygen concentrations in biological systems'" and in
biological labeling applications'* and to investigate intracellular
delivery of bioactive molecules."® Excimer fluorescence between
two or more pyrene molecules is used to detect various substrates,'*
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such as toxic metals in water,'* glucose,15 and even explosives.lé In
pyrene-based organic light-emitting diode (OLED) devices,"
bulky substituents are required to hinder excimer emission and
7— stacking interactions, which have a quenching effect.'®
Specific examples of OLEDs in which pyrene derivatives have been
tuned to emit over the full visible color range incorporate 1,6-bis[ N-
phenyl-N-(p-R-phenyl)amino]pyrenes (R = CN, F, H, Me, ‘Bu,
OMe, NPh,, NMePh),'”® tetrasubstituted pyrenes with bithio-
phene, phenylene, thienothiophene, or benzothiadiazole—thio-
phene units,""” and the compounds pyrene-1 B(Mes)2 (21) and
1,6-{B(Mes),} pyrene (Mes = 2,4,6-Me3CgHs)."”* Substitution of
pyrene at the 1l-position with strong donor/acceptor-containing
arylethynyl groups shows that it can behave as both an acceptor and
a donor,"” whereas tetrasubstitution at the 1-, 3-, 6-, and 8-positions
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with various arylethynyl groups*® and the formation of pyrene
ethynylene oligomers®' leads to emission across the visible region.
Mono-, bis-, tris-, and tetrakis(arylethynyl)-substituted pyrenes
have also been investigated for two-photon absorption (TPA),”
with the compound 1,3,6,8-tetrakis[[4-(N,N-dimethylamino)-
phenyl]ethynyl]pyrene having a sizable TPA cross section of
1150 GM, much larger than those of the mono, bis, or tris
derivatives.

All of the above pyrene derivatives involve substitution at the
1- or 1-, 3-, 6-, and 8-carbon atoms, the sites of maximum
contributions of the HOMO and hence electrophilic aromatic
substitution. Substituting pyrene at the 2- and 2,7-positions is
synthetically challenging because of the presence of the nodal
plane in the HOMO and LUMO (Figure 1), which lies perpen-
dicular to the molecule and passes through the 2- and 7-positions.

As a result, very few photophysical and computational studies
have been carried out on 2- and 2,7-substituted pyrenes. How-
ever, a few examples do exist. We reported that the iridium-
catalyzed borylation of pyrene takes place exclusively at the
2- and 7-positions, yielding 2-(Bpin)pyrene (2) or 2,7-bis-
(Bpin)pyrene (9) depending on the reaction conditions.'* The
cross coupling between 2 and a uridine base under harsh
conditions and with long reaction times was subsequently
reported to give a pyrene-modified nucleotide.”® Calculations
and photophysical studies showed that this derivative retained
the optical properties of pyrene (weak electronic interaction
between pyrene and the nucleotide). In contrast, the isomeric
1-pyrenyluridine was found to exhibit a strong electronic inter-
action between the pyrene moiety and the uridine 77-system.>* In
the study of electron transfer in DNA, the absence of spectral
signals due to s orbital conjugation with the uridine in the
2-substituted system leads to more straightforward spectra, from
which it is easier to assign the electron transfer dynamics. A
comparison of the effects of substitution of 1-, 2-, and 4-ethy-
nylpyrenes (synthesized from tetrahydropyrene) onto uridine**
or DNA modified by (2- or 4-iodophenyl)methylglycerol*** has
shown that the position of substitution has an effect on the
photophysical properties of the compounds. For example, an
absorption maximum of 357 nm for the 1-substituted compound
is observed and compares to 336 nm for the 2-substituted
compound. However, detailed studies of the effects of different
substituents on the excited states or a comparison with pyrene for
2- and 2,7-derivatives are lacking. After this paper was submitted,
the synthesis (from 9) and crystal structures of four 2,7-
bis(aryl)pyrenes (aryl = Ph, 2-thienyl, 2-(5-hexylthienyl),
2-thiazolyl) were reported, and their photophysical properties
(vide infra) and behavior as p-type semiconductors in organic
field-effect transistors (OFETs) were described.*®

In our companion paper,'® we describe the facile synthesis of a
library of 2- and 2,7-substituted pyrene compounds derived from
2 and 9. In the current paper, we report the effects of the nature
and position of substituents upon the photophysical properties of
the compounds. We also report time-dependent density func-
tional theory (TD-DFT)?® calculations, through which a com-
parison of the B3LYP?” ** and CAM-B3LYP’' functionals is
addressed. Indeed, it is known to be a challenge to obtain the
correct ordering of states via TD-DFT calculations on pyrene
itself.>

We originally chose to investigate these compounds (Table 1)
because they have potential for further application. The dimesi-
tylboron (B(Mes),) moiety (7, 8, 13, 20, 21) behaves as
an efficient 77-acceptor™>>® and is of interest in work involving

LUMO

HOMO

Figure 1. HOMO (bottom) and LUMO (top) of pyrene (B3LYP).

JT-conjugated organic compounds containing 3-coordinate bor-
on centers which have found a;)plications in OLEDs, sensors,
solar cells, and other materials.*> Also, 16 (R = N(Ph)-C¢H,-4-
OMe)' is related to N,N,N',N'-tetraaryl-1,1’-biphenyl-4,4'-dia-
mines (TPDs), in which there is a biphenyl moiety instead of a
pyrene. These compounds are an important class of hole
transporters in OLED devices.*® Investigation into the effects
of extending the conjugation length of pyrene by substitution at
the 2- and 2,7-positions with arylethynyl moieties will be of
interest, as it is known that conjugated systems involving sub-
stitution of various arylethynyl moieties onto a central core
molecule, such as benzene,® anthracene,®® and heterocyclo-
pentadienes,39 show interesting structural, electronic, and lumi-
nescent properties. Borylated arene compounds synthesized by
iridium-catalyzed C—H borylation are important precursors to a
range of derivatives.*” To help understand the electronic influ-
ence of the Bpin moiety on aromatic systems, we investigated the
photophysical properties of 2, 9, and 18. The fluorescence
lifetimes of 1 (R = C;H¢CO,H) and 3 (R = OC3H4CO,H)
are compared to that of the aforementioned fluorescence probe
4-(pyren-1-yl)butyric acid (17), which is used because of its long
fluorescence lifetime (7; = 460 ns in MeOH).

B RESULTS AND DISCUSSION

Unsubstituted Pyrene. Before discussing the effects of sub-
stitution on pyrene, we first consider the photophysical proper-
ties of unsubstituted pyrene. As a monomer in cyclohexane
solution, the absorption spectrum of pyrene consists of four
bands (Figure 2): a weak band (S; < S;) at 372 nm (¢ =
510 mol " em ™' L) with vibrational fine structure, two bands
(Sy == Sp and S5 <— Sp) at 334 and 272 nm, respectively, with
regular vibrational structure (& = $5000 and 54000 mol 'cem 'L,
respectively), and a strongly allowed band (S, — So) at 243 nm
(e = 88000 mol ' cm ™' L).*' These transitions (Table 2) are
referred to by a number of different nomenclatures, including
those introduced by Clar** and Platt* as well as those derived
from the symmetry of the orbitals involved in the transitions.

Theory and linear dichroism studies'®*** show that the
S; <= Sp and S3 <= S, transitions are polarized along the short
y-axis of pyrene while the S, < Sy and S, <— Sy transitions are
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Table 1. 2-, 2,7-, and 1-Substituted Pyrene Derivatives Studied in This Investigation

1

G
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“The methyl groups were replaced with hydrogens for TD-DFT calculations. ? Calculations not performed on compound 4. “ The CgH,, group was

replaced with CHj; for TD-DFT calculations.

polarized along the long z-axis (for the coordinate system, see
Figure 3).

After excitation to higher excited states, transient absorption
spectroscopy has shown the buildup of the S; population to be
complete within 2 ps, with a wavelength-dependent time con-
stant of 300—400 fs.** Fluorescence from the S, state is observed
in the emission spectrum at 372 nm (in toluene) displaying
resolved vibronic fine structure. The excited singlet state is
exceptionally long-lived, with a fluorescence lifetime of 354 ns
in degassed solution.*'! Low rate constants of fluorescence, kg =
10%s % and intersystem crossing, kst = 10° s_l,41b along with an
uncompetitive rate of internal conversion, typical of rigid aro-
matic molecules, give rise to a significant fluorescence quantum
yield of 0.64, with the remainder of excited singlet states under-
going intersystem crossing to a triplet state. Pyrene is widely
known for its ability to form excimers in solution at concentrations
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above ca. 10> mol dm 3, giving rise to a broad, structureless
emission band centered at 480 nm, while the intensity of emission
due to the monomer decreases with increasing concentration.*'
The energies of the S, <— S, excitations in pyrene have also
been the subject of many theoretical studies,”” ranging from early
Pariser—Parr—Pople®” calculations (where the importance of
substituent position was recognized; molecules S, 12, and 19
were explicitly considered) to TD-DFT and sophisticated wave
function approaches.’™ Vertical excitation energies of pyrene
obtained from TD-DFT calculations using the commonplace
B3LYP exchange-correlation functional were reported by Parac
and Grimme.** Comparison of these values with experimental
band maxima (recorded in nonpolar solvents) shows that B3LYP
accurately reproduces the S, < S; excitation energy, but over-
estimates the S; <— Sy energy, such that the order of the two states
is incorrect. The approach used by Parac and Grimme, in which
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they compare theoretically determined vertical excitation ener-
gies to band maxima in the absorption spectrum, is routinely used
but is an approximation. The vertical excitation energy is the
difference between the ground- and excited-state potential en-
ergy surfaces at the same geometry. For absorption energies, the
appropriate geometry is the ground-state minimum. The error in
this approximation was quantified by Dierksen and Grimme>* by
explicitly calculating the vibronic structure in the absorption
spectrum using B3LYP with the Franck-Condon—Herzberg-
Teller approximation. For the S, <— Sy excitation, they noted
that the B3LYP vertical excitation energy is 0.26 eV above the
calculated S,° < S,° (0, 0) transition energy. However, the value
of the calculated (0, 0) transition energy was found to be 0.42 eV
below the corresponding experimental (0, 0) value; this was
attributed to a systematic underestimation of the excitation
energies for states with ionic comdponents in the wave function
(in the valence bond picture)*** when usin§ TD-DFT with
B3LYP. Therefore, the accurate reproduction3 “of the S, < S,
excitation energy using B3LYP is largely a result of the cancella-
tion of these two factors; i.e., the excited-state curve is too low in
energy, but this is offset by calculating the vertical energy rather
than the (0, 0) transition energy. For the weakly allowed S; <— S,
excitation, the vertical excitation energy was found to be 0.19 eV
above the calculated S,° < S,° (0, 0) transition energy. Unlike
the S, <— S, excitation, the (0, 0) transition energy for the S; “— S,
excitation was found to be 0.2 eV above the corresponding
experimental (0, 0) value. As a result, there is no cancellation of
the errors in this calculation and the S; ~— S, excitation with
B3LYP lies well above the (0, 0) transition energy observed
experimentally. These B3LYP results suggest that an accurate
DFT functional should yield vertical excitation energies that
are higher in energy than the experimental (0, 0) values by
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g 0.8 1 r_l_‘
\'\\xm
04 -
0 T T T V

200 250 300 350 400
Wavelength/nm

Figure 2. Absorption spectrum of pyrene (recorded in cyclohexane)
with transitions labeled.

approximately 0.26 and 0.19 eV, thus giving wavelengths of
316 and 343 nm for the S, <— Sy and S; < S, excitations,
respectively.*

We have calculated vertical excitation energies for pyrene
using both B3LYP and CAM-B3LYP Coulomb-attenuated
functionals.>"** The former contains 20% exact exchange at all
interelectron distances, while the latter includes 19% exact
exchange at short interelectron distances, increasing smoothly
to a limiting value of 65% as the interelectron distance increases.
Coulomb-attenuated exchange-correlation functionals,*® such as
CAM-B3LYP,*" have recently been shown to improve the
accuracy of ionic states in TD-DFT calculations on polycyclic
aromatic hydrocarbons*” and are attracting significant interest in
the chemical literature. Our B3LYP vertical excitation energies
for pyrene are consistent with those of Grimme and Parac.>** The
S, <= S excitation is predicted to be at 340 nm with an oscillator
strength of 0.25; the S; < S, excitation is at 333 nm, with an
oscillator strength of only 3 X 10~ *. These wavelengths can be
compared with our aforementioned estimates of 316 and
343 nm, highlighting the incorrect order of states obtained using
B3LYP. Using CAM-B3LYP, the order of the first and second
excited states is the reverse of that found with B3LYP, so the
experimental order is recovered. A similar observation was made
for the ordering of states in naphthalene.47 The S, — S,
excitation is now predicted to lie at 315 nm, with an oscillator
strength of 0.31, which is in good agreement with our estimated
theoretical value of 316 nm. However, the S; <— S excitation is at
316 nm, with an oscillator strength of 2 x 10~ * which is notably
higher in energy than our estimated theoretical value of 343 nm,
meaning the splitting is much too small. We note that the double-
hybrid B2-PLYP functional also recovers the experimental order
with a more accurate splitting.>” These findings are fully consistent
with previous studies using CAM-B3LYP, which illustrate that this
functional often overestimates the energy of local excitations.*®
For both of these functionals, the S, <= S, excitation is primarily
described by a HOMO — LUMO transition and the S; <= S,
excitation has approximately equal contributions of HOMO —
1— LUMO and HOMO — LUMO + 1 (Figure 4). It should be
noted that, in TD-DFT, the vertical excitation energy is not, in
general, equal to an orbital energy difference.

Figure 3. Principle Cartesian coordinate system used for pyrene.

Table 2. Summary of Terminology Used To Describe Optical Transitions in Pyrene*

transition wavelength, nm (¢, mol ' cm ' L))* symmetry
S, — So 372(510) B,
S, — So 334 (55000) By,
S;—So 272 (54000) B,
S, S, 243 (88000) By,

“Recorded in cyclohexane.

le

dominant configuration polarization Clar Platt
bs, — blg — T b2g ) « Ly
ay blg z P La
bSqulg*’ a, by y B By
bs, — b2g z B B,
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Substituted Pyrenes. To compare the effects of substitution
at the 1-, 2-, and 2,7-positions of pyrene, absorption, excitation,
and emission spectra were recorded, and photoluminescence
quantum yields and lifetimes were measured, for a series of
derivatives. Spectroscopic data are given in Tables 3—S5, selected
spectra are presented in Figures 5—9, and absorption, emission, and
excitation spectra for all compounds can be found in the Supporting
Information. To avoid excimer formation, spectra were measured at
low sample concentrations (10>—10® mol dm ~>); therefore, our
discussion refers to the behavior of pyrene monomers in solution.
Tables listing the first five calculated singlet excitations for the

B30 8558

LUMO+1 LUMO
o _ :
g &=

HOMO HOMO HOMO-1

Figure 4. Dominant orbital contributions to the S, ~— S, (left) and
S, — So (right) excitations in pyrene (B3LYP).

molecules described are presented in the Supporting Information,
and selected plots of key molecular orbitals contributing to the
dominant transitions, along with a comparison of experimental and
theoretical wavelengths, are shown in Figures 10—15.

Optical Properties. Donor and Acceptor Systems. First, the
effects of attaching a series of donor and acceptor substituents
to pyrene are discussed. The absorption spectra of 2-R-pyrenes
{R =0C;HCO,H (3), O(CH,) ,Br (4), CsH4-4-CO,Me (6),
CgH4-4-B(Mes), (7), B(Mes), (8)} and 2,7-R,-pyrenes {R =
OH (10), C¢H,-4-CO,CsH,, (15), N(Ph)-C¢H,-4-OMe (16)}
are similar to that of unsubstituted pyrene (Figure 2), and the
S, <— S, excitation in these derivatives can be described as
“pyrene-like”.* Despite the addition of strong acceptors 7 and 8
and donors 10 and 16 and increasing the conjugation length
through phenyl substituents 6, 7, and 15, there is only a negligible
bathochromic shift (0—7 nm) in the absorption maxima for the
S, < Sy excitation (Figure S). The vibrational progression is
well resolved for compounds 3, 4, and 10 with a spacing of
1400 cm ™. In the remaining compounds, the same vibrational
progression is often observed, highlighting the pyrene-like nature
of this excitation; however, the presence of overlapping higher
energy electronic transitions often obscured some of the vibra-
tional bands. Measured extinction coefficients for the “pyrene-
like” S, < S, excitation in 2- and 2,7-derivatives (¢ = 54000—
143000 mol ' em ™' L) are, in most cases, larger than that for
pyrene (& = 69000 mol ' cm ™' L), with exceptionally high
apparent values for R = C4H4-4-B(Mes), (7), OH (10), and
N(Ph)-C4H,-4-OMe (16) (& = 143000, 103000, and 112000
mol ' cm ™" L, respectively). Closer examination of the spectra,
especially for 7 and 16, clearly shows that another absorption
overlaps with the pyrene-like one, contributing intensity and thus

Table 3. Spectroscopic Data for 2-Monosubstituted Pyrene Derivatives in Toluene Unless Otherwise Stated

R A(s,—s,ynm &, mol 'em 'L A(s,—s,) nm
pyrene 362 600 338
14 C;H4CO,H 374 600 336
2 Bpin 385 1900 338
34 OC;H(CO,H 382 5000 336
4 O(CH,);,Br 384 3800 340
5 CCPh 390 1200 340
6 C¢H,-4-CO,Me 364 1100 341
7 CgH,-4-B(Mes), 378 2700 339
8 B(Mes), 413 2000 340

gmol 'em 'L A, nm ¢%  Stokes shift, cm ! be ns 7o, ns
69000 372 0.64 740 354 583
80000 374 0.52 0 622 1200
66000 386 0.72 70 82 114
73000 382 0.77 0 59 77
54000 384 0.59 0 60 102
68000 399 0.44 600 71 161
66000 406 043 2800 74 172
143000° 414 0.47 2300 65 138
67000 434 0.68 1200 49 72

“ Fluorescence quantum yield measured in degassed solvent. * Fluorescence lifetime measured in degassed solvent. © Calculated from ‘L’bf/ % 4 Measured
in MeOH. *Value enhanced due to the superposition with a broad low-energy absorption band (see the text).

Table 4. Spectroscopic Data for 2,7-Disubstituted Pyrene Derivatives in Toluene Unless Otherwise Stated

R As,—s,y DM &, mol 'em 'L A(s,—s,) nm
pyrene 362 600 338
9 Bpin 398 5000 339
10? OH 381 7000 338
11 C=C(TMS) 407 1600 337
12 C=CPh 410 3900 332
13 C=C-C¢H,-4-B(Mes), 414 2800 344
14 C=C-C4H4-4-NMe, 421 3300 343
15 C¢H,4-4-CO,CsH 404 1500 340
16 N(Ph)-CgH,-4-OMe 453 2600 345

gmol 'em 'L A, nm ¢%  Stokes shift, cm ! rhf ns T, ns

69000 372 0.64 740 354 583
85000 400 0.88 250 36 41
103000° 405 0.93 430 29 31
51000 407 0.19 0 99 521
117000° 418 0.29 460 16 SS
120000° 426 0.46 680 58 126
136000° 436 0.39 800 60 154
69000 421 0.33 1000 49 148
112000° 482 0.30 1300 18 60

“ Fluorescence quantum yield measured in degassed solvent. ” Fluorescence lifetime measured in degassed solvent. © Calculated from 7%/ ¢bﬁ 4 Measured
in MeOH. ‘Value enhanced due to the superposition with a broad low-energy absorption band (see the text).
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Table 5. Spectroscopic Data for 1-Monosubstituted Pyrene Derivatives in Toluene Unless Otherwise Stated

R A(s,—s,ynm & mol 'em 'L A(s,—s,)y nm
pyrene 362 600 338
17¢ C;H4CO,H 375 1700 342
18 Bpin 378 7000 352
19 C=CPh 362° 59000
20 CgH,-4-B(Mes), 355° 54000
21 B(Mes), 399° 54000

gmol 'em 'L A, nm ¢

Stokes shift, cm " ‘L’bf ns T, ns

69000 372 0.64 740 354 553
68000 375 0.68 0 460 680
81000 379 0.81 70 35 43
391 0.61 2000 3 S
431 0.61 5000 2 3
423 0.71 1400 3 4

“ Fluorescence quantum yield measured in degassed solvent. ” Fluorescence lifetime measured in degassed solvent. “ Calculated from be/ ¢ ! Measured
in MeOH. “Not possible to assign separate S, < Sg and S; < S, absorptions.

14']’. Pyrene
\ -=-=2
Tl 4
1 --6
—

— —38

Abs.

285 335 385 435

Wavelength/nm

Figure S. Absorption spectra of selected 2-monosubstituted pyrene
systems showing the negligible bathochromic shift in the S, < S,
transition compared to that of pyrene.

leading to the anomalously large apparent € values. In contrast,
the S; <= S, excitation in pyrene is shown to be strongly affected
by substitution at the 2- and 2,7-positions; hence, this excitation
is “substituent-influenced”.>® Bathochromic shifts of up to 90 nm
in the S; < S, excitation maxima are observed, and the excitation
becomes much more allowed: their extinction coefficients gen-
erally increase in magnitude. The most allowed S; < S, excita-
tions occur for the oxygen-substituted compounds 3,4, and 10 (¢ =
3800—7000 mol ' em ' L, compared to € = 600 mol 'ecm 'L
for pyrene).

The absorption spectra of 1-R-pyrenes (R = C4H,-4-B(Mes),
(20), B(Mes), (21)) display large differences when compared to
those of pyrene and the 2- and 2,7-derivatives. Instead of clearly
defined excitations, a broad absorption band with no vibrational
progression is observed (Figure 6). Straightforward assignment
of the separate S, < Sy and S; <= S excitations is no longer
possible. There is only one discernible maximum in this band, which
is bathochromically shifted from the S, <— S; excitation maximum
in pyrene and is strongly allowed with & = 54000 mol ' cm ™' L.
In the 1-substituted derivatives, substitution has a strong influence
on both the S, <= Sy and S; < S, excitations.

Evidence for a substituent influence on the §; <— S, excitation
is further observed in the emission spectra, which involve the
reverse, i.e,, S *— S, transition (Figures 7 and 8). All compounds
(regardless of substitution position) display a bathochromic shift
from pyrene in their emission maxima, ranging from 10 to 110 nm.

14 - Pyrene

--=17

285 335 385 435

Wavelength /nm

Figure 6. Absorption spectra of selected 1-monosubstituted pyrene
systems showing the large bathochromic shift in the absorption maxima
compared to that of pyrene.

The structure of the emission band of 3 (R = OC;H4CO,H) and 4
(R = O(CH,)1,Br) is similar to that of pyrene, displaying fine
vibrational structure, whereas on moving to strong donors 10 and
16 or acceptors 7, 8, 20, and 21 the band broadens and all fine
structure is lost. Stokes shifts are sizable for the esters 6 and 18,
B(Mes), derivatives 7, 8, 20, and 21, and N(Ph)-C¢H,-4-OMe
derivative 16, ranging from 1000 to S000 cm L suggesting that the
excited-state electronic structure and geometry are somewhat
different from those of the ground state. Fluorescence lifetimes
were found to be much shorter for all of the above compounds
than that of pyrene (7 = 354 ns), consistent with the larger
extinction coefficients observed and oscillator strengths (vide
infra) for the S; ~— S, excitation. Upon substitution at the 2-
and 2,7-positions, the lifetimes are in the range of 18 —74 ns, which
are ca. 1—2 orders of magnitude longer than for the 1-substituted
derivatives, for which 7¢ = 2—3 ns. It would appear that the effects
on the allowedness of the S;—S, transition are much more
pronounced for 1-substituted derivatives than those substituted
at the 2- and 2,7-positions, as evidenced by their shorter emission
lifetimes. This observation is supported by comparing 16 with the
known 1,6-isomer 1,6-bis[ N-phenyl-N-(4-methoxyphenyl)amino]-
pyrene,'’8 the latter having a shorter fluorescence lifetime (7; =
9 ns) compared to 16 (7¢= 18 ns). Quantum yields for the above
compounds are in the range of 0.3—0.93 and are generally
smaller when the substituent is a phenyl derivative (6, 7, 15,
20). Thus, values of 0.33 and 0.30 were measured for 15 and 16,
respectively. It is worth comparing these with the value of 0.006
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Figure 7. Emission spectra of selected 2-monosubstituted pyrene systems.
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Figure 8. Emission spectra of selected 1-monosubstituted pyrene
systems, with loss of vibrational resolution for compounds 20 (R =
C¢H4-4-B(Mes),) and 21 (R = B(Mes),).

reported”® for 2,7-bis(phenyl)pyrene, perhaps reflecting the
importance of thoroughly degassing samples to remove oxygen
which can quench the emission due to the unusually long excited-
state lifetimes of the 2- and 2,7-derviatives. Our ¢ value for 21 in
toluene (0.71) differs from that recorded previously17f in CH,Cl,
(~1.0). However, our absorption and emission spectra in
toluene were in good agreement with those of Wang et al'”
Ethynyl Systems. Next we consider the effects of extending the
conjugation length of pyrene with ethynyl substitutents. Analo-
gous to the donor and acceptor derivatives, a pyrene-like S, <—S,
excitation is observed in the absorption spectra. Despite the
extended conjugation in compounds 2-(C=CPh)pyrene (§) and
2,7-bis(C=CPh)pyrene (12), the S, <— S, absorption maxima
undergo negligible shifts compared to that of unsubstituted
pyrene. As well as these maxima, the absorption spectra also
display a series of higher energy bands that are not well resolved.
Similar behavior is observed in the related 1,4-bis(phenyl-
ethynyl)benzene, where broadening at high energies due to the
rotation of the phenyl rings with respect to one another is
observed.”" The increase in conjugation length has an influence
on the S; < S, excitation, which undergoes a 30—50 nm

bathochromic shift and becomes significantly more allowed
(e = 1200 (5) and 3900 (12) mol " cm™' L, compared to & =
600 mol " em ™' L for pyrene), again highlighting the substi-
tuent-influenced nature of this transition. Consistent with the
strong influence on both the S, < Sy and S; ~— S; excitations
observed for the aforementioned 1-substituted derivatives,
the absorption spectrum of the related 1-(C=CPh)pyrene (19)
shows a broad band with no clearly defined S, <= Spand S; < S,
excitations; however, unlike 20 and 21, vibrational progression is
observed with a spacing of 1400 cm ™~ . This band has a maximum
that is bathochromically shifted by 24 nm from the S, ~— S,
excitation in pyrene and is strongly allowed (¢ = 59000
mol ' cm™!' L). Emission spectra of the three phenylethynyl
derivatives S, 12, and 19 are almost identical. The Stokes shift for
19 (2000 cm ™ ') is much larger than those for § and 12 (600 and
460 cm ™!, respectively). Quantum yields are somewhat lower for
the 2- and 2,7-derivatives, with the lowest value of ¢¢=0.29 for 12
presumably due to the extra deactivation pathways from the
excited state, caused by the additional phenylethynyl moiety.
Analogous to the above donor/acceptor compounds, which
showed that the influence on the allowedness of the S; ~— S,
transition is greatest when substitution is at the 1-position, the
fluorescence lifetime of the 1-substituted derivative 19 (7¢= 3 ns)
is much shorter than those of 5 and 12 (z; = 71 and 16 ns,
respectively).

The effects of altering the nature of the arylethynyl moiety on
2,7-bis(C=CPh)pyrene (12) with a strong acceptor (B(Mes),, 13)
or a strong donor (NMe,, 14) in the para-position are now
considered. Similar to other 2- and 2,7-pyrene derivatives,
pyrene-like S, <— S excitation maxima are observed which are
similar in energy to that of pyrene. Unlike 12, the vibrational
progression is better resolved and it is possible to measure a
vibrational level spacing of 1500—1600 cm ™' (cf. 1500 cm ™! for
pyrene; see the Supporting Information for vibrational level
spacing values). However, the absorption spectra of these
compounds are dominated by a broad, featureless band at lower
energy than the pyrene-like transition (Figure 9). In 12, the band
appears as a small shoulder, but in 13 and 14, the band broadens
significantly, presumably due to essentially free rotation of the
acceptor or donor arylethynyl moieties with respect to that of
the pyrene core>' and indicative of extensive delocalization over
the entire molecule. The apparent extinction coeflicients for the
pyrene-like S, <= Sy absorption for all three compounds are
exceptionally large (¢ = 117000 (12), 120000 (13), and 136000
(14) mol ' em™' L), highlighting a strongly allowed process.
However, these values likely represent the superposition of the
pyrene-like absorption with that of at least one other broad lower-
lying charge transfer type absorption (vide infra). In line with the
other 2- and 2,7-derivatives, the S; < S, excitation is substituent-
influenced and, compared to pyrene, undergoes a bathochromic
shift of 48—59 nm. All three compounds have similar S; < S,
extinction coefficients (2800—3900 mol ' ecm™' L), which are
much larger than that for pyrene. Despite the similarity of these
extinction coefficients, the pure radiative lifetimes differ; the addi-
tion of a strong acceptor, 13 (7, = 126 ns), or donor, 14 (7, =
154 ns), increases the lifetime by a factor of 3 (12, 7, = S5 ns).

However, the fluorescence lifetime can be further increased
when the aryl group is replaced with a trimethylsilyl (TMS)
group. The compound 2,7-bis(C=C(TMS))pyrene (11) has a
lifetime of 99 ns and a quantum yield of 0.19; hence, its pure
radiative lifetime is 521 ns, almost equivalent to that of pyrene,
T, = 553 ns. The effect of the TMS group is to reduce the
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Figure 10. Pyrene-like transitions of compounds 8 and 11 (B3LYP).

conjugation length of the system and remove any rotational con-
formations associated with the phenyl group.z'Sf This appears to have
the effect of increasing the fluorescence lifetime, despite its extinc-
tion coefficient for the S; ~— S, transition (& = 1600 mol ' cm™ ' L)
being similar to those of the arylethynyl systems.

Bpin Derivatives. Substitution of pyrene with the Bpin moiety
is now considered. The Bpin moiety is expected to be a modest
7-acceptor and an inductive o-donor. For 1-(Bpin)pyrene (18),
separate S, “— Sy and S; “— S, absorptions can now be resolved (cf.
19—21, for which it was not possible to assign separate S, < Sg
and S; “— S, excitations). Absorption spectra of 2-(Bpin)pyrene
(2), 2,7-bis(Bpin)pyrene (9), and 1-(Bpin)pyrene (18) are very
similar in overall appearance to that of pyrene; hence, the term
pyrene-like for the S, <— S excitation is very applicable. However,
in the 1-substituted derivative 18, there is a bathochromic shift in
the absorption maximum of 14 nm, compared to negligible shifts
for 2 and 9. Furthermore, despite all three compounds showing
well-resolved vibrational progressions of 1400 cm™ ', there is a
slight broadening in the structure of the S, <= Sy bands for 18.
Clearly, substitution at the 1-position exerts a greater influence on

the S, <— S, excitation than substitution at the 2- and 2,7-positions.
Analogous to the above donor/acceptor/ethynyl compounds,
the S; < Sy transition is substituent-influenced. The absorption
has become more allowed, as reflected in the higher extinction
coefficients (& = 1900—7000 mol ' cm™' L, compared to & =
600 mol " cm™ ' L for pyrene). Interestingly, the bathochromic
shifts for the S; <— Sy absorption are significantly larger for 2 and
especially 9 than for 18. Further effects are seen in the emission
maxima, which undergo bathochromic shifts from pyrene (2,
14 nm; 9, 28 nm; 18, 7 nm), again being much larger for 2 and
9 than for 18. The Stokes shifts are small, being 70—250 cm™ L
suggesting little change in the geometry between the ground and
excited states. Quantum yields range from 0.72 to 0.88, all being
higher than that of pyrene (¢¢= 0.64), and fluorescence lifetimes
are 4—10 times shorter than for pyrene, i.e., 35—82 ns compared
to 354 ns. Interestingly, despite their different substitution posi-
tions, compounds 9 and 18 have almost identical lifetimes and
quantum yields. Thus, Bpin derivatives show behavior similar to
that of other pyrene derivatives (vide supra): substitution at the 2-
and 2,7-positions has little influence on the S, <= S, absorption but
alarge influence on the S; <= Sy absorption, whereas 1-substitution
influences both the S, <= Sp and S; <= S, absorptions. It is interesting
to compare the monosubstituted derivatives 2-(Bpin)pyrene (2)
and 2-(B(Mes),)pyrene (8). As expected from the fact that
B(Mes), is a stronger sT-acceptor than Bpin,** the bathochromic
shifts of the §; <= S, absorption and emission maxima are much
greater for 8 than for 2, whereas again the S, <— Sy absorptions for
both are essentially invariant from that of pyrene. For the analogous
1-substituted derivatives 1-(Bpin)pyrene (18) and 1-(B(Mes),)-
pyrene (21), while it was not possible to assign separate S, <— S
and the S; <= Sy absorptions for 21, its emission maximum
(423 nm) is considerably red-shifted from that of 18 (379 nm).

Butyric Acid Derivatives. Finally, we compare 4-(pyren-2-yl)-
butyric acid (1) with commercially available 4-(pyren-1-yl)-
butyric acid (17). For the purposes of this discussion, we classify
the butyric acid moiety as a “noninteracting” substituent due
to the absence of substantial conjugation, charge transfer, or
inductive effects between the substituent and pyrene moiety.
Absorption spectra of 1, 17, and pyrene are almost identical, with
extinction coefficients for the S, <— S, excitation in the range of
& = 68000—80000 mol ' cm ™' L. Hence, unlike other substit-
uents at the 1-position (vide supra), the butyric acid group has a
negligible influence on the S, <— S, excitation. The influence of
substitution with butyric acid on the S§; <= S excitation is small,
and both 1 and 17 have a negligible bathochromic shift in their
emission maxima compared to that of pyrene. Stokes shifts for 1
and 17 are 0 cm ™' compared to 740 cm™ ' for pyrene, suggesting
almost no difference between the excited- and ground-state
geometries. Quantum yields of 0.52—0.68 are again similar.
However, the extinction coefficient for the S; ~— S, excitation
almost triples to &€ = 1700 mol ' cm™ ' L for 17 from & =
600 mol ' cm ™' L for 1 and pyrene. This observation is further
reflected in the fluorescence lifetimes, where 7¢is even longer for
1 (622 ns in MeOH) than for 17 (460 ns in MeOH), both being
longer than that of pyrene (354 ns in toluene). Thus, we propose
that 1 may be an even more efficient oxygen sensor in bio-
logical systems than 17 (vide supra),'’ and its unusually long
fluorescence lifetime should make it amenable to use in time-
resolved imaging applications.'> Analogous to the other
compounds investigated in this study, it is apparent that even
when a noninteracting substituent is attached to pyrene, there is
still an influence on the S; < S, excitation regardless of the
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substitution position. However, even in 1 and 17, the influence
on the S; < S, absorption is much more pronounced when
substitution occurs at the 1-position of pyrene, as seen by larger
extinction coefficients and shorter fluorescence lifetimes,
whereas when substituted at the 2-position, the influence on
the S; < Sp excitation is much less and the molecule displays
properties similar to those of unsubstituted pyrene.

TD-DFT Calculations. In relation to the above experimental
observations, we now discuss the results of our TD-DEFT
calculations of vertical excitation energies. Initially, we focus on
results obtained with the B3LYP functional, which has very
recently been used to examine electronic transitions in four
2,7-bis(aryl)pyrenes.*®

Given the similarities in their behavior, we first consider the
2- and 2,7-substituted pyrene derivatives. As noted above
(Figure 4), there is a nodal plane in the HOMO and LUMO
of pyrene which lies perpendicular to the molecule and passes
through the 2- and 7-positions. It is therefore unlikely that these
orbitals will be significantly affected by substitution at these
positions. However, the HOMO — 1 and LUMO + 1 orbitals
have nonzero contributions at the 2- and 7-positions; therefore,
substitution here is likely to influence the orbitals. The extent of
this influence is dependent upon the nature of the substituent. An
inspection of the calculated results for each 2- and 2,7-substituted
compound shows that the majority do have an electronic
transition which is directly comparable to the S, <= S,
(HOMO — LUMO) transition in pyrene; representative exam-
ples from compounds 8 and 11 are shown in Figure 10. It is
important to stress that although the ordering of the orbitals
might not be the same as seen in pyrene, it is the nature of the
orbitals involved in the relevant transition that is of interest. For
the majority of compounds, the S, <— Sy transition involves the
same orbitals as in the S, <= Sy transition of unsubstituted pyrene.
However, for compounds 1, 7, 12, and 13 the analogous
transition is the first, fourth, fourth, and fourteenth excitation,
respectively (compounds 14, 15, and 16 had no identifiable
transition which was comparable to the S, < S, transition of
pyrene in the low-lying excitations considered here). As the
orbitals involved in this transition are unaffected by substitution,
the energy of the transition should closely match that of the same
transition in pyrene. All of the transitions are within 10 nm of the
pyrene value, reproducing the small bathochromic shifts in the
S, < Sp excitation maxima observed experimentally. As expected,
the noninteracting effect of the butyric acid substituent in
compound 1 is small enough that the results are virtually identical
to those for pyrene (i.e,, 341 nm for 1 vs 340 nm for pyrene),
including the incorrect ordering of the first two states such that
the strongly allowed HOMO — LUMO transition is computed
to be the lowest energy excitation.

The experimentally observed bathochromic shift for the S; <= Sy
transition upon substitution at the 2- and 2,7-positions is
reproduced; the origin of this shift lies in the nature of the orbitals
involved in the transition. The delocalization of the orbitals over
the substituent for the HOMO — 1 and LUMO + 1 is shown for
compound 11 in Figure 11 wherein they can be seen to extend
over both the pyrene moiety and the (trimethylsilyl)ethynyl
moiety. The effect of substitution can be seen by comparing these
orbitals with those of unsubstituted pyrene in Figure 4. The DFT
calculations have therefore successfully reproduced the experi-
mental observation of the S; <— S, excitation being substituent-
influenced. For some of the large substituents, the assignment of
a transition which resembles the S; <— S, transition in pyrene is

LUMO LUMO+1
HOMO-1 HOMO

Figure 11. Dominant transitions of the S; <— S excitation of compound
11 (B3LYP).

difficult as the orbitals delocalize to a much larger extent and the
contribution from each orbital pair to the transition is no longer
equal. This is seen in compounds such as 13 and 14 and may be
the reason that the bathochromic shift is much larger here than in
the other compounds.

We now consider DFT results for the 1-substituted pyrene
derivatives. All four orbitals involved in the S, ~— Syand S; — S,
excitations of pyrene have nonzero orbital contributions at the
1-position. Therefore, consistent with the shifts in wavelength,
substitution at this position is expected to influence the orbitals.
For all five 1-substituted compounds, the lowest energy state
arises from a transition resembling the S, ~— Sy excitation of
pyrene. The experimental results suggest that the S; < Sy
transition becomes increasingly allowed when pyrene is substi-
tuted at the 1-position (cf. 17 and 18). The theoretical results
predict the first excitation to have a high oscillator strength;
however, this transition is actually of the S, < Sy type seen in
unsubstituted pyrene. In 18, the bathochromic shift that was
observed experimentally for this S, < S excitation maximum
was reproduced, thus highlighting the greater influence of the
Bpin substituent on the S, <— S, excitation when substituted at
the 1-position. Given that it was difficult to distinguish separate
S, <= Sp and S; < Sy excitations experimentally for compounds
19, 20, and 21, it is also difficult to draw any firm conclusions
about the agreement between experimental and theoretical data
for these compounds. As expected, our calculations on 19 show
that the optimized geometry is planar, contrary to that reported
elsewhere."

The results obtained for the pyrene derivatives using CAM-
B3LYP largely reflect the trends seen using B3LYP. Using CAM-
B3LYP, transitions analogous to the S; <— S excitation in pyrene
are predicted to be the lowest energy ones for the 2- and 2,7-
substituted compounds. All of the states that were unidentifiable
or difficult to assign with B3LYP were more easily assigned with
CAM-B3LYP. The results obtained using CAM-B3LYP for the
1-substituted derivatives also reflect those obtained using B3LYP,
and the lowest energy transition for these derivatives was
computed to be equivalent to the S, <= Sy transition in pyrene.
The plots in Figures 12 and 13 show a comparison of the
wavelengths of those transitions which are directly comparable
to the S; < Sp and S, <— Sy transitions of pyrene in terms of
orbitals involved, calculated using B3LYP and CAM-B3LYP,
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Figure 12. Comparison of theoretical and experimental wavelengths for
the S; <= S, excitation in pyrene derivatives: squares, experiment;
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Figure 13. Comparison of theoretical and experimental wavelengths for
the S, <= S, excitation in pyrene derivatives: squares, experiment;
triangles, B3LYP; circles, CAM-B3LYP.

with those measured experimentally. It is clear that, for both
transitions, theory is able to reproduce the general trend in
wavelengths observed experimentally. To quantify this, wave-
lengths were uniformly shifted to the experimental value of
pyrene and mean absolute errors were determined. For S; < S,
the B3LYP and CAM-B3LYP errors are 19 and 13 nm, respec-
tively. For S, <— S, the errors are notably smaller, at just 4 nm for
both functionals.

It is clear from the results that certain substituents have a much
more significant effect than others. Compounds with the Bpin
substituent show modest variation from the energies of the S; <— Sy
transition seen in unsubstituted pyrene. However, the effect of
B(Mes), (compounds 8 and 21), C4H,-4-B(Mes), (compounds
7 and 20), and C=C-C¢H,-4-B(Mes), (compound 13) is much
larger. Given this, identification of the pyrene-like S; <= Sg
transition was difficult for these compounds. The roles of boron
in these two types of substituents (Bpin/B(Mes),) are signifi-
cantly different (vide supra). When bonded to the mesityl group,
the empty p-orbital of boron facilitates extensive delocalization
over the substituent. However, this effect is moderated by
7r-bonding with the oxygen atoms in the Bpin groups, and there
is much less delocalization between boron and the pyrene
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Figure 14. S, — S, excitation for 2-R-pyrene derivatives 2 (R = Bpin,
top) and 8 (R = B(Mes),, bottom) highlighting the difference between
the two boryl moieties (B3LYP).

m-system (Figure 14). Depending upon the nature of the
substituent, pyrene is shown to behave as either an acceptor or
a donor. Experimentally, donor substituents appear to have a
greater influence on the S; <— Sy transition. In 14 and 16, the
bathochromic shift in the absorption maxima and extinction
coeflicients for the S; <= Sy transition are generally greater than
for the acceptor-substituted derivatives 8, 13, and 15. Hence,
pyrene behaves more efficiently as an acceptor than as a donor in
these compounds. These observations of bathochromic shifts are
reproduced by our calculations. The HOMOs of 14 and 16 have
notable contributions from the nitrogen atom, indicating that
the low-lying transitions involve redistribution of charge from the
nitrogen lone pair to the pyrene moiety. Conversely, the LUMOs
of 8 and 13 involve the boron atom, and the S; < S, transition
for these compounds involves electron density moving from
pyrene into the empty p-orbital of boron. As noted previously, for
compounds 13 and 14 in particular, broad peaks observed in the
absorption spectra overlap with the pyrene-like S, <— S, transi-
tion on the low-energy side. For 13, the TD-DFT calculations
(CAM-B3LYP) show a strongly allowed transition (f = 3.39)
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involving HOMO — LUMO and HOMO — 2 — LUMO + 1,
only slightly higher in energy than the lowest energy transition
for which f= 0.003 (see Table S3, Supporting Information). The
intense absorption results from a delocalized state which gen-
erally involves charge transfer from the core toward the empty
p-orbitals on the B(Mes), groups. For compound 14, a related
situation arises. This time, a strongly allowed transition (f=2.35)
involving HOMO — LUMO + 1 and HOMO — 1—LUMO +2
results in charge transfer from the nitrogen lone pairs toward the
core of the molecule. Thus, for both the extended 7r-acceptor and
m-donor conjugated systems, these charge transfer absorptions
lie between the S; < Sy and pyrene-like S, <— S, absorptions.
We have previously demonstrated that B3LYP excitation
energies are significantly underestimated when there is negligible
overlap between the occupied and unoccupied orbitals involved
in the excitation; we proposed a simple diagnostic quantity, A,
to measure the overlap and predict such breakdown. Two of the
substituted pyrenes exhibited low-A, charge transfer excitations,
namely, compounds 13 and 14. When calculated using B3LYP,

these excitations are the sixth (13) and third (14) excitations and
should be expected to be significantly too low in energy. Using
CAM-B3LYP, both excitations increase in energy to become at
least the sixth excitation and have essentially zero oscillator
strength, consistent with a low A value. Figure 15 illustrates
the nature of these excitations for compounds 13 and 14.

B CONCLUSIONS

The photophysical properties of a range of 2- and 2,7-
substituted pyrene derivatives and 1-substituted pyrenes were
investigated using both experimental and TD-DFT studies. The
TD-DFT calculations employed both the B3LYP and CAM-
B3LYP functionals. Using CAM-B3LYP, the ordering of states in
pyrene was correctly predicted. Both functionals were able to
reproduce the general trends in wavelengths observed experi-
mentally for the pyrene derivatives and provide insight into the
experimental results through an analysis of orbital transitions.

It was shown that, upon changing the substitution position
and the nature of the substituent on pyrene, stark differences
were observed in the photophysical properties of the com-
pounds. Generally, for the 2- and 2,7-derivatives, the S, < Sy
excitation can be considered to be pyrene-like, as indicated by a
very small bathochromic shift in its energy and retention of the
vibrational progression. However, the S; <— S, excitation in these
derivatives is found to be substituent-influenced, as indicated by
large bathochromic shifts in its energy and an increase in
allowedness reflected by higher extinction coefficients and shorter
lifetimes. The S, <— S, excitation generally involves the HOMO
and LUMO orbitals, which have nodes at the 2- and 7-positions.
However, the S; < S, excitation involves the HOMO — 1 and
LUMO + 1 orbitals, which have nonzero contributions at the
2- and 7-positions; hence, the substituent influences this transi-
tion and the resulting emission considerably.

In contrast, substitution at the 1-position has a strong influ-
ence on both the S; =S, and S, < S, excitations. In the case of
highly conjugated 1-substituted systems, it is not possible to
distinguish between the two excitations in the experimental
spectra. However, from the very short fluorescence lifetimes, it
is apparent that the influence on the allowedness of the S; < Sy
excitation is much stronger in the 1-substituted derivatives than
in the 2- and 2,7-pyrenes. All of the orbitals involved in the S; < S,
and S, <— S, excitations have nonzero contributions at the
1-position, hence the significant influence on both transitions in
the 1-substituted pyrene derivatives.

For all derivatives, modest (0.19) to high (0.93) fluorescence
quantum yields were observed. For the 2- and 2,7-derivatives,
fluorescence lifetimes exceeding 16 ns were measured, with most
being ca. S0—80 ns. The 4-(pyren-2-yl)butyric acid derivative
(1) has an exceptionally long fluorescence lifetime, 622 ns,
significantly longer than that of the commercially available and
widely employed 4-(pyren-1-yl)butyric acid (17), suggesting
that it should be even more effective for measuring cellular
oxygen concentrations or as a probe for time-resolved imaging of
biosystems.

Overall, the results reported herein and in our forthcoming
paper'® show that 2- and 2,7-pyrene derivatives have a unique
range of photophysical and structural properties that differ from
those of the more “traditional” 1-substituted pyrene derivatives.
These new derivatives, now available via straightforward, high-
yielding synthetic routes, will be of interest in a wide range of
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both existing and new applications, such as fluorescence probes
and labels, OLED devices, and molecular sensors.

B EXPERIMENTAL SECTION

General Information. The syntheses of the compounds are
reported elsewhere,' except for 17, which was purchased from Alfa
Aesar. All photophysical measurements were carried out in HPLC-grade
solvent. UV—vis absorption spectra and extinction coefficients were
obtained on a Hewlett-Packard 8453 diode array spectrophotometer
using standard 1 cm width quartz cells. Fluorescence spectra were
recorded on a Horiba Jobin-Yvon Fluorolog FL 3-22 Tau spectro-
photometer. For luminescence quantum yield and lifetime measure-
ments, dilute solutions (107°—10"° M) of the compounds were
frozen—thawed—degassed to remove any dissolved oxygen. Photolu-
minescence quantum yields were measured using an integrating sphere
(Horiba Jobin-Yvon) following reported methods.®® Luminescence
lifetimes of less than 50 ns were recorded on a home-built time-
correlated single-photon-counting (TCSPC) spectrometer. Samples
were excited using either a pulsed laser diode (IBH NanoLED,
373 nm, 1 MHz pulse train, fwhm 100 ps) or the third harmonic of a
cavity-dumped, mode-locked Ti—sapphire laser (Coherent MIRA-D,
300 nm, 4.5 MHz pulse train, fwhm <150 fs). Fluorescence from the
sample was collected at 90° to the incident beam, and the emission
wavelength was selected by a monochromator (Horiba Jobin-Yvon
Triax-190) before detection using a single-photon avalanche diode
(idQuantique id100-50). The signal derived from the detector was used
as the start pulse for a time-to-amplitude converter, TAC (Ortec 567),
operating in reverse-TAC mode. The stop pulse was derived from the
cavity-dumper synchronization pulse or diode driver. The output of the
TAC was measured using a pulse-height analyzer (Ortec Trump-8K)
held in a PC. Instrument response functions for the two excitation
sources, obtained using a Ludox scatterer, were 180 and 110 ps fwhm.
Decays were analyzed by iterative reconvolution of the instrument
response function with a sum of exponentials and nonlinear least-
squares regression.”” Goodness of fit was assessed by minimizing the
reduced %> function and a visual inspection of the weighted residuals.
Each trace contained at least 10000 counts in the peak channel. When
the lifetimes exceeded S0 ns, they were recorded by the determination of
the decay in fluorescence intensity as a function of time following
excitation. The samples were excited by the output of either a nitrogen
laser (337 nm, fwhm < S ns) or the third harmonic of a Q-switched Nd:
YAG laser (355 nm, fwhm < 5 ns). Fluorescence was collected at 90° to
the incident beam, the emission wavelength was selected by a mono-
chromator (Horiba Jobin-Yvon Triax-320), and the emission intensity
was detected by a photomultiplier (Hamamatsu R928). Using 25 Q
termination, an instrument response function of <15 ns fwhm was
obtained. The output of the photomultiplier tube was acquired using a
digital storage oscilloscope (LeCroy WaveJet 324) and averaged over
265 laser shots before transfer to a PC and analysis (Excel).

TD-DFT Calculations. All calculations in the present study were
carried out at B3LYP/6-31G*-optimized ground-state geometries. All
excitation energies are singlet vertical excitations for isolated molecules,
determined using the cc-pVTZ basis set, except for excitations of the
largest compound 13, which were performed using 6-31G*. Calculations
were performed using both the B3LYP and CAM-B3LYP Coulomb-
attenuated approximations. To assess the influence of solvent, additional
B3LYP/6-31G* calculations on pyrene and molecules 13 and 14 were
performed using a toluene solvent polarizable continuum model with
dielectric constant & = 2.379. It is expected that these two molecules
would experience the largest solvatochromic effects. The excitation
energies decrease by no more than 0.1 eV. All calculations were carried
out using the Gaussian 03°° or Dalton®® packages.
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