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ABSTRACT

Four benzoxazole-substituted GFP chromophores that differ by the length of their alkyl chain
(from C1 to C12) were synthesized. In solution, the four compounds showed identical
spectroscopic behavior, emitting blue light with moderate quantum yield. In the solid state, the
butyl, pentyl and dodecyl derivatives strongly emitted orange light, while the methyl derivative
was only weakly emissive. Based on the X-ray data and DFT calculations, emission in the solid
state was explained by the formation of excimers. A very unusual “hot-dog”-type excimer was
found for the dodecyl derivative, in which two overlapping chromophores are separated by an

alkyl chain.

INTRODUCTION

The recent discovery of compounds that exhibit aggregation-induced emission (AIE) has opened
new avenues in the challenging field of fluorescent materials.' Considering the number of
potential applications, new varieties are in high demand. A popular strategy consists of bringing
modifications to basic chemical structures that have been reported to show AIE behavior in order
to optimize the spectroscopic properties.

The green fluorescent protein (GFP) is widely used in biology as a fluorescent marker.
Some synthetic derivatives of the GFP chromophore, p-hydroxybenzylideneimidazolinone
(HBDI), are known to be highly fluorescent when constrained, either covalently within the native

3 . . . .
[-barrel,” or by complexation in a protein host.* A very recent review from some of us
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summarized the utilization of synthetic GFP chromophores for fluorescence imaging.” It has also
been shown that GFP chromophore derivatives exhibit the AIE effect in the solid state,® and all
recent examples of AlE-active GFP chromophores were reported in this review. The AIE
behavior is dependent on, and can be controlled by, the reprecipitation conditions.” In most
cases, the GFP chromophores have a moderate photoluminescence quantum yield’ and emission
is often restricted to the blue-green part of the visible spectrum, although a few derivatives show
red emission due to the formation of excimers.’ In a continuing effort to understand the behavior
of AlE-active GFP chromophores and to expand this class of compounds, we have synthesized a
new set of GFP chromophore derivatives which incorporate a benzoxazole group on the phenyl

ring (Fig. 1).
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Fig. 1 Structures of p-hydroxybenzylideneimidazolinone (HBDI) and benzoxazole-containing

GFP chromophores (1-4).

The aim was to improve the spectroscopic properties of the GFP chromophores by
incorporating the 2-phenylbenzoxazole fragment widely employed as a key structure in many
fields, i.e. pH and metal cation indicators,g’9 electrooptics materials,10 excited-state

intramolecular proton transfer (ESIPT) dyes, and metal chelates'" '* that can be used for
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bioimaging applications. Dyes based on 2-phenylbenzoxazole are generally very stable. They
often exhibit excellent fluorescence efficiency in solution and/or in the solid state,"*”"* and AIE

% 1619 The introduction of the benzoxazole

behavior has already been reported for a few of them.
group into the molecular structure of the GFP chromophore was expected to redshift the
emission through efficient extension of electron conjugation, and possibly increase the emission
quantum yield. The effect on the AIE behavior was unpredictable.

These isoelectronic chromophores all share the same general structure, with each
derivative containing a different alkyl chain at the R' position (methyl, n-butyl, n-pentyl and n-
dodecyl for compounds 1, 2, 3, and 4, respectively). These small chemical modifications were
introduced since they are known to strongly affect the molecular packing mode and hence the
solid-state emission properties.

We show that these derivatives not only "turn on" fluorescence in the solid state,
exhibiting significant changes in excitation and emission properties compared to that in solution,
but they also display strong emission in the orange-red region. In addition, they exhibit formation
of a unique excimer, despite an unconventional stacking motif of the crystal structure. To our

knowledge, such changes in spectral properties and crystal structure packing have not been

reported for GFP-like chromophores.

EXPERIMENTAL SECTION

Synthesis, procedures, and characterization
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Chemicals. All the raw materials and analytical grade solvents were used without further
purification. 2-Aminophenol (99%), p-toluoyl chloride (99%), acetic anhydride (99.5%),
sulfuric acid (99%), pyridine (99%), chromium trioxide (98%), glycine methylester
hydrochloride (99%), ethylacetimidate hydrochloride (97%), potassium carbonate (99%), N-
methylpyrrolidinone, absolute ethanol, and dichloromethane were purchased from Sigma
Aldrich. Ethylacetate was obtained from Fisher Scientific. n-Methylamine (40% in methanol, ca.
9.8 mol/L), mn-butylamine (99%), n-pentylamine (98%) and n-dodecylamine (97%) were

purchased from TCI Europe.

Apparatus. The melting points were measured on a Stuart Automatic SMP40 apparatus.
Chemical characterizations were performed in the relevant “Service Commun de 1’Université de
Toulouse 3 - Paul Sabatier”. The microanalyses were obtained with a CE elemental analyzer
EA1112. The 'H and C NMR spectra were recorded on a Bruker AC300 spectrometer
operating at 300.13 and 75.48 MHz, respectively. Proton and carbon numbering is indicated in
Fig. S1 (Electronic Supplementary Information, ESI). Attributions of '*C signals were made
using 2D NMR data (HMBC and HSQC). High resolution mass spectra were recorded with a

Waters GCT Premier spectrometer using the chemical ionization technique with CHy.

Preparation of 2-(4’-formylphenyl)benzoxazole. 2-(4’-Tolyl)-benzoxazole was obtained by
stoichiometric condensation of 2-aminophenol with p-toluoyl chloride, according to a previously
reported procedure.”> An oxidation was performed in the presence of CrOs/acetic anhydride to
give 2-(4’-formylphenyl)benzoxazole.® The characteristics of the obtained compound were

identical to those given in the literature.' *!
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General procedure for synthesis of the imino derivatives of 2-phenylbenzoxazole.

An aliquot of 2-(4’-formylphenyl)benzoxazole (0.18 g, 0.78 mmol) and a stoichiometric amount
of alkylamine were placed in a vial, and solubilized with 10 mL methanol. Depending on the
alkylamine used, addition of several drops of dichloromethane was necessary to obtain a clear
solution. The yellow solution was stirred at room temperature for 15 h. The solvent was
evaporated, and the obtained yellow solid was dried under vacuum at 45°C. The yield was
between 90 and 95%. The 'H NMR data for N-[4-(1,3-benzoxazol-2-yl)phenyl]methylidene-

alkylamines was reported in the ESI section.

General procedure for synthesis of compounds 1 to 4. Methyl[(I-
ethoxyethylidene)amino]acetate was prepared as previously described.”” It was dissolved in
methanol to produce a solution at 0.70 mol/L. A small volume of this solution (1.26 mL, 0.86
mmol) was mixed with 0.78 mmol of N-[4-(1,3-benzoxazol-2-yl)phenyl]methylidene-
alkylamine. The obtained suspension was dissolved in 10 mL methanol, with a few drops of
dichloromethane to obtain a clear solution if necessary. The yellow solution was stirred at room
temperature for 18 h. The solvent was removed under vacuum; the colored solid was triturated
with 5 mL diethyl ether and isolated by filtration. It was recrystallized in methanol/THF (70:30

v/v) mixture and dried under vacuum. The yield was between 75 and 83 %.

5-14-(1,3-Benzoxazol-2-yl)benzylidene]-2,3-dimethyl-3,5-dihydro-4 H-imidazol-4-one (1)
Mp = ~170 °C (dec). Elemental analysis (%): calculated for C;9H;sN3O,: C, 71.91; H, 4.76; N,

13.24; found: C, 71.33; H, 4.44; N, 12.82. '"H NMR (300 MHz, CDCL3) & (ppm) 8.30 (m, 4H,
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H,, Hy, Hs and Hg'), 7.83-7.79 (m, 1H, H;), 7.63-7.60 (m, 1H, Hy), 7.40-7.37 (m, 2H, Hs and
He), 7.13 (s, 1H, H7), 3.22 (s, 3H, N-CH3), 2.43 (s, 3H, CH3). °C NMR (75 MHz, CDCls) 6
(ppm) 170.57 (Cq, Cy), 163.76 (Cq, C4~), 162.52 (Cq, Cy), 150.84 (Cq, Cs), 142.20 (Cq, Co),
139.95 (Cq, C;~), 137.19 (Cq, C4’), 132.44 (CH, C3 and Cs), 127.84 (Cq, Cy’), 127.75 (CH, Cy
and C¢), 125.58 (CH, C7), 125.43 (CH, C), 124.74 (CH, Cs), 120.16 (CH, C5), 110.69 (CH, Cy),
26.68 (N-CH3), 15.80 (CH3). HRMS (DCI-CHy): m/z: caled for Ci19H;¢N3O;: 318.1243; found:

318.1244 (M + HY).

5-[4-(1,3-Benzoxazol-2-yl)benzylidene]-3-butyl-2-methyl-3,5-dihydro-4 H-imidazol-4-one (2)
Mp = 147.1 °C. Elemental analysis (%): calculated for C»,H,1N30,: C, 73.52; H, 5.89; N, 11.69;
found: C, 73.10; H, 5.83; N, 11.57. "H NMR (300 MHz, CDCl;) d (ppm) 8.31 (m, 4H, H,, Hz,
Hs> and He), 7.84-7.80 (m, 1H, Hy), 7.64-7.61 (m, 1H, Hs), 7.43-7.38 (m, 2H, Hs and Hg), 7.13
(s, 1H, Hy), 3.64 (t, °J = 7.3 Hz, 2H, N-CH,), 2.46 (s, 3H, CH3), 1.64 (m, 2H, N-CH,-CH.,), 1.42
(m, 2H, CH,-CH;), 1.00 (t, °J = 7.4 Hz, 3H, CH,-CH;). °C NMR (75 MHz, CDCl) §
(ppm) 170.63 (Cq, C,»), 163.81 (Cq, Cs»), 162.55 (Cq, Cy), 150.85 (Cq, Cs), 142.22 (Cq, Cy),
139.92 (Cq, Cy~), 137.28 (Cq, Cs), 132.41 (CH, Cs> and Cs), 127.82 (Cq, Cy’), 127.77 (CH, C»-
and Cg¢), 125.43 (CH, C7), 125.39 (CH, Cy), 124.74 (CH, Cs), 120.17 (CH, C5), 110.69 (CH, C,),
40.53 (N-CH,), 31.44 (N-CH,-CH,), 20.03 (CH,-CH3), 15.90 (CH3), 13.70 (CH,-CH3). HRMS

(DCI-CHy): m/z: caled for Cy,H2,N30,: 360.1712; found: 360.1720 (M + H+).

5-[4-(1,3-Benzoxazol-2-yl)benzylidene]-3-pentyl-2-methyl-3,5-dihydro-4 H-imidazol-4-one

©))
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Mp = 145.1 °C. Elemental analysis (%): calculated for C3H,3N30,: C, 73.97; H, 6.21; N, 11.25;
found: C, 73.72; H, 6.25; N, 11.31. '"H NMR (300 MHz, CDCl3) 6 (ppm) 8.31 (m, 4H, H,, H3,,
Hs- and Hg'), 7.84-7.81 (m, 1H, Hy), 7.64-7.61 (m, 1H, Ha4), 7.43-7.38 (m, 2H, Hs and Hg), 7.13
(s, 1H, Hy), 3.63 (t, °J = 7.2 Hz, 2H, N-CH,), 2.46 (s, 3H, CH3), 1.67 (m, 2H, N-CH,-CH>), 1.36
(m, 4H, CH,-CH,-CH3), 0.94 (t, °J = 7.2 Hz, 2H, CH,-CH;). °C NMR (75 MHz, CDCl;) &
(ppm) 170.63 (Cq, C,»), 163.85 (Cq, Cs»), 162.55 (Cq, C,), 150.84 (Cq, Cs), 142.21 (Cq, Cy),
139.91 (Cq, Cy»), 137.28 (Cq, Cs), 132.42 (CH, Cs> and Cs), 127.81 (Cq, Cy’), 127.78 (CH, C»-
and Cg¢), 125.46 (CH, C7), 125.42 (CH, Cy), 124.76 (CH, Cs), 120.17 (CH, C5), 110.71 (CH, C,),
40.76 (N-CH,), 29.08 (N-CH,-CH,), 28.89 (CH,-CH,-CHj3), 22.34 (CH,-CHj3), 15.93 (CHs),
13.98 (CH,-CH3). HRMS (DCI-CHy): m/z: calcd for Cp3H24N30,: 374.1869; found: 374.1877

M +H.

5-[4-(1,3-Benzoxazol-2-yl)benzylidene]-3-dodecyl-2-methyl-3,5-dihydro-4 H-imidazol-4-one
(C))

Mp = 113.4 °C. Elemental analysis (%): calculated for C3oH37N30,: C, 76.40; H, 7.91; N, 8.91;
found: C, 76.06; H, 7.84; N, 8.89. '"H NMR (300 MHz, CDCls) ¢ (ppm) 8.35 (m, 4H, H,, H,
Hs- and Hg'), 7.84-7.81 (m, 1H, H5), 7.65-7.62 (m, 1H, Hy4), 7.42-7.39 (m, 2H, Hs and Hg), 7.13
(s, 1H, Hy), 3.67 (t, >J = 7.3 Hz, 2H, N-CH,), 2.45 (s, 3H, CH3), 1.67 (m, 2H, N-CH,-CH>), 1.34
(m, 18H, CH,), 0.91 (t, °J = 7.3 Hz, 3H, CH3). *C NMR (75 MHz, CDCls) J (ppm) 170.62 (Cq,
Cy»), 163.85 (Cq, Cs»), 162.56 (Cq, Cy), 150.85 (Cq, Cs), 142.21 (Cq, Cy), 139.92 (Cq, C;~),
137.28 (Cq, Cy), 132.42 (CH, Cs and Cs’), 127.84 (Cq, Cy), 127.78 (CH, C» and C¢), 125.44
(CH, C7), 125.41 (CH, C), 124.76 (CH, Cs), 120.17 (CH, C5), 110.70 (CH, Cy), 40.81 (N-CH»),

31.94 (N-CH,-CH,), 30.90 (CHa), 29.64 (CH,), 29.58 (CHa), 29.51 (CHs), 29.40 (CH,), 29.37
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(CH,), 29.26 (CH,), 26.81 (CH,-CH,-CH3), 22.72 (CH,-CHs), 15.94 (CH;), 14.17 (CH,-CH).

HRMS (DCI-CHy): m/z: caled for C30H3gN30,:472.2964; found: 472.2985 (M + H+).

Crystallographic data

Single crystals of compounds 1 and 3 were grown in methanol; crystals of 2 and 4 were
grown in tetrahydrofuran and ethanol, respectively. Crystal data were collected at a temperature
of 193 K on a Bruker-AXS kappa APEX II Quazar diffractometer using a 30 W air-cooled
microfocus source (ImS) with focusing multilayer optics using MoKa radiation (wavelength =
0.71073 A). Phi- and omega-scans were used. The structures were solved by direct methods and
all non-hydrogen atoms were refined anisotropically using the least-square method on F°.”
Molecular views and crystal data of compounds 1-4 are given in Fig. S2 and Table S1 (ESI).

These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or
for the CCDC, 12 Union Road, Cambridge CB21EZ, UK; fax: +441223 336033; e-mail:

deposit@ccdc.cam.ac.uk).

Spectroscopy

Spectroscopic measurements were conducted at 20°C in a temperature-controlled cell.
Ultraviolet-visible spectra were recorded on a Perkin Elmer Lambdal9 spectrophotometer.
Fluorescence work in solution was performed with a Xenius SAFAS spectrofluorometer using
cells of 1 cm optical pathway. All fluorescence spectra were corrected. The fluorescence

quantum yields (@r) were determined using the classical formula: @g, = (4, X Fy X nx2 X @ps)/(Ay
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x Fy X nsz) where A is the absorbance at the excitation wavelength, F' the area under the
fluorescence curve and n the refraction index. Subscripts s and x refer to the standard and to the
sample of unknown quantum yield, respectively. Coumarin 102 in ethanol (@ = 0.764) was used
as the standard.** The fluorescence quantum yields were measured by exciting the samples at
384 nm. The absorbance of the solutions was equal or below 0.055 at the excitation wavelength.
The error on the quantum yield values is estimated to be about 10 %. The measurement of the
photoluminescence quantum yields on powder compounds was performed with the same
apparatus. Solid samples were deposited on a metal support and introduced in a BaSO,
integrating sphere. The excitation source was scanned in order to evaluate the reflected light for
the empty sphere (L,), the samples facing the source light (L.) and the sample out of the
irradiation beam (Lp). The fluorescence spectra were recorded with the sample facing the source
light (E.) and out from the direct irradiation (£p). The PM voltage was adapted to the
measurement of reflected light and emission spectra, respectively, and proper correction was
applied to take into account the voltage difference. The absolute photoluminescence quantum
yield values (@p) were determined by a method based on the one developed by de Mello et al.,*
using the formula:
Pp=[E.—(1—0a)Ep]/ Lya

with a =1-L./L,

Solution spectra and measurements of solid-state photoluminescence were also carried out using
a Jobin-Yvon FluoroLog-3 spectrofluorimeter, especially for excitation-emission matrix
spectroscopy. For photoluminescence, the front face emission scan mode was used. The
entrance/exit slits of the monochromators were adjusted to the proper fluorescence intensity of

each sample. Crystalline powder samples were placed between quartz plates. Fluorescence

10
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lifetimes were measured using an Edinburgh Instruments time-correlated single photon counting
(TCSPC) system. In this measurement, two picosecond excitation pulse diode lasers (LDH-P-C-
375 and LDH-P-C-470) with different wavelengths (372 nm and 467 nm) were used as excitation
light sources. The detection system consisted of a high speed MicroChannel Plate

PhotoMultiplier Tube (MCP-PMT, Hamamatsu R3809U-50) and TCSPC electronics.

Computational methods

We performed calculations at B3LYP/6-311++G(d,p) and CAM-B3LYP/6-311++G(d,p) levels
of theory on HBDI chromophores as well as Chr 1-4 monomers to calculate their absorption and
emission peak positions in gas phase. The CAM-B3LYP and B3LYP calculations were in good
agreement with the previous theoretical results on gas phase HBDI and experimental results.”®
To estimate the effect of solvation on the absorption and emission peaks, the B3LYP/6-
31+G(d,p) level of theory with SMS8 solvation model was used. The estimates for solid state

structures were computed for dimer/trimer calculations from crystal structure.

RESULTS AND DISCUSSION

Synthesis

Chromophores for this work (1-4) were synthesized as follows (ESI, Fig. S3,): 2-(4’-
Formylphenyl)benzoxazole was condensed with a primary alkylamine (methylamine, »n-
butylamine, n-pentylamine, n-dodecylamine) to give the corresponding imino derivative. These
compounds were allowed to react with methyl[(1-ethoxyethylidene)amino]acetate using the

[2+3] cycloaddition reaction first reported in 1995 by Bazureau et al.?” and expanded in 2010 by

11
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the Tolbert lab*' to form the imidazolinone ring. The compounds were bright yellow powders.
They were characterized by 'H NMR and *C NMR spectrometry. HRMS and microanalysis data

for each synthesized derivative indicated a high level of purity.

Spectroscopy

The spectroscopic characteristics of chromophores 1-4 in solution were almost identical. In
ethanol, the four compounds exhibited an unstructured absorption band with maxima around 384
nm (ESI, Fig. S4). These spectra were therefore red-shifted by ~90 nm with respect to those of 2-

phenylbenzoxazole, and close to those recorded for GFP chromophores.”*®

The compounds
displayed a high magnitude of molar extinction coefficients (~38500 M'em™), supporting a
strong electron delocalization of their systems. A solvatochromic effect was investigated using
compound 2. It appeared that the shape of the absorption spectrum was almost unchanged in

other organic solvents, but the maximum was slightly shifted to a longer wavelength with

increasing solvent polarity (Table 1).

Solvent Aaps (NM) Aex (NM) Aem (NM) Dr

n-heptane 382 380 438 0.028
Ethyl acetate 385 380 446 0.070
Dimethylsulfoxide | 390 382 458 0.068
Ethanol 384 384 448 0.017

Table 1 Spectroscopic characteristics of compound 2 dissolved in various organic solvents.

Maximum

absorption wavelength (4a.ps), maximum excitation wavelength (1ex), maximum
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emission wavelength (Adem) and fluorescence quantum yields (@p). For emission spectra,
excitation was at 384 nm. For excitation spectra, emission was at 448 nm. Dye concentration

around 1.3 x 10 M for absorption and 1.3 x 10 M for emission measurements.

The four compounds emitted blue fluorescence in solution. In ethanol, the excitation
spectra of the four compounds were very close to the absorption spectra, and the emission
spectra showed a single band with an emission maximum at 448 nm (ESI, Fig. S5). The
fluorescence quantum yields were found to be 0.020, 0.017, 0.021 and 0.019 for compounds 1,
2, 3 and 4, respectively, meaning that they were almost identical considering the measurement
error.

The nature of the solvent had moderate effect on the fluorescence spectra, as exemplified
with 2 in Fig. 2. All the excitation spectra were very close as well. A small shift was noticed
between excitation and absorption spectra in dimethylsulfoxide (Table 1), suggesting the
involvement of various conformations in this medium. The emission spectra were shifted by 20
nm to the red with increasing polarity. The quantum yields were quite low in a non-polar solvent
like n-heptane, but they were increased in solvents of moderate and strong polarity such as
ethylacetate and dimethylsulfoxide, and were decreased again in a protic solvent like ethanol.
The quantum yields were in the 10 range, so they were lower by one order of magnitude than
that of 2-phenylbenzoxazole,” but much higher than those of GFP chromophore derivatives in
solution, which are in the 10 range.” > *° Simple 2-phenylbenzoxazole derivatives are usually
hardly affected by the medium proticity,' so the loss of fluorescence efficiency observed here in
ethanol can be attributed to the formation of hydrogen bonds between the solvent and the GFP

moiety. This implies that in solution the behavior of compounds 1-4 is intermediate between that

13
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of both moieties that constitute the molecules. It is interesting that the spectral shape of the
absorption and the emission spectra, as well as the corresponding spectral maxima were very
close to those of para-substituted BDI chromophores. This indicates a surprisingly weak degree

of conjugation between the BDI and phenylbenzoxazole moieties in solution.

100 1
80 -
60 -
40 1

20 1

Fluorescence Intensity (AU)

250 350 450 550 650
Wavelength (nm)

Fig. 2 Normalized excitation (A, = 446 nm) and emission (Aex = 384 nm) spectra of compound

2 in n-heptane (orange line), ethylacetate (red line), ethanol (blue line), and dimethylsulfoxide

(green line). Dye concentration around 1.5 x10° M.

Solid-state spectroscopic studies were performed on the microcrystalline powders that
had been obtained by organic solvent evaporation at the end of the recrystallization process. It
must be emphasized that, most probably, different values would have been found with single
crystals as well as with powders prepared from recrystallization in other solvents, sublimation or
by mechanical milling, since impurities and surface defect play an essential role in solid-state

emission properties.’!

14
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The powders of compounds 2-4 exhibited strong yellow to orange light emission under a
hand-held UV lamp. In contrast, the short chain derivative 1 was only weakly photoluminescent.
The solid-state emission properties were first studied with a fluorimeter equipped with an
integrating sphere. The emission spectra of compounds 2-4, recorded by exciting at 384 nm,
were similar. They showed a dual emission with a narrow, intense band centered around 612 nm,
and a very weak band at a shorter wavelength, around 490 nm (Fig. 3). The long-chain
derivatives thus showed a clear shift in emission towards long wavelengths, when comparing the
solid state spectrum to the solution spectrum. Under the same experimental conditions, the
emission spectra of 1 showed two very weak bands at 612 and between 450 and 490 nm. The
difference between the solution and solid state spectroscopic properties was therefore much
stronger for the long chain analogs than for the methyl derivative. The photoluminescence
quantum yields quantified the difference of behavior between the compounds. They were 0.16,
0.18 and 0.26 for 2, 3 and 4, respectively, and below 107 for 1. The solid-state spectroscopic data

are summarized in Table S2(ESI).

15
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Fig. 3 Normalized photoluminescence spectra (1x = 384 nm) of powder compounds 1 (purple

line), 2 (red line), 3 (blue line), and 4 (green line).

To reveal the possible complex nature of multispecies solid-state emission, we collected
fluorescence excitation-emission matrix spectra (Fig. 4). For compounds 2-4 the contour plots
were very similar, confirming two emitting centers with dominating emission in the orange.
Importantly, both long- and short-wavelength peaks exhibited the same excitation spectra, which
were very close to those observed in solutions but slightly red shifted (ESI, Fig. S7 to S9). The
very weak solid-state emission behavior of 1 is more complex than that of compounds 2-4 since
it includes a 470/600 ex/em spectral feature, which demonstrates a presence of totally different

ground-state absorbing species in the powder of 1 (ESI, Fig. S6).

16
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Fig. 4 Excitation-emission matrix spectra of the four compounds in the solid state.

The fluorescence kinetic measurements in the solid state indicated that the lifetimes of
the red-shifted species were far longer than those of the shorter-wavelength emitting species. The
trend of longer lifetime for the red-shifted emission was conserved throughout the series of
compounds. However, with shorter alkyl chains, the lifetimes also became shorter, as can be seen
by contrasting the decay profiles of the N-dodecyl chromophore with that of the N-methyl

chromophore (Fig. 5). For the kinetic spectra of all compounds, see the ESI section.
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Fig. 5 Left: Fluorescence decay surfaces of compounds 1 and 4 in the microcrystalline powder

state, taken with 372 nm laser excitation. Right: Selected kinetic traces.

At this stage, it can be hypothesized that this long-lived, red-shifted emission must be

caused by an excimer formed in the solid state, due to the aggregation of the molecules. In

contrast, the short-lived, short-wavelength emission apparently arises from molecules that
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behave like dissolved molecules, whether they belong to crystal defects or just behave as
monomers.

The clear and distinct appearance of well-separated emission centers in the solid-state
emission of the BDI derivatives is unique, since in two known cases of spectral broadening no
distinct new bands were detected.®** Also of note is that this phenomenon cannot be caused
simply by the presence of long alkyl chains on the imidazolidinone ring, because as reported by
Shen, et al.,33 introduction of long alkyl chains at the C-terminus does not result in drastic
changes in absorbance or emission, although an increase of fluorescent lifetime was observed.
Therefore, these dramatic changes in spectral properties must be caused by a combination of
both the presence of the benzoxazole moiety on the phenyl ring, perhaps in correlation to the
alkoxy derivatives reported by the Tolbert group in 2009,° and the long alkyl chain, which has
been demonstrated to increase the emission intensity.” It is also particularly noteworthy that all
four of the compounds discussed herein exhibit this excimeric behavior, but with different

efficiency according to the size of the alkyl chain.

Crystal structure

To understand the origin of the spectroscopic behavior of novel solid-state emitters, it was
necessary to investigate the molecular arrangement in the solid state, and more particularly the
stacking of the aromatic rings, which drastically influences the photoluminescence properties.
Fortunately, single crystals suitable for X-ray analysis were obtained for the four compounds.
The common feature was an almost planar aromatic moiety of each compound. Apart from this,
each compound exhibited a unique crystal structure. The methyl chromophore molecules (1)

were displayed in the crystal unit according to two distinct planes that formed between them at
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an angle of 54°. This “crossed dipole” arrangement was reminiscent of that already found for
many benzoxazole and naphthoxazole derivatives.'* ** However, this arrangement progressively
disappeared with increasing the chain length, the long-chained molecules tending to get aligned
according to the same axis (ESI, Fig. S10). Let us turn our attention towards the arrangement of
stacking molecules. Compound 1 seemed to be organized in head-to-tail dimers, with strong
overlap of the benzo ring of one molecule with the imidazolone ring of the other molecule (Fig.
6). Dimers were slipped with respect to each other, so that molecules belonging to two
superimposed dimers had very small overlap. The N-butyl chromophore (2) showed a head-to-
head stacking motif with very little overlap of the aromatic moieties, due to horizontal slippage.
The N-pentyl derivative (3), on the other hand, showed a head-to-tail stacking motif, with no
overlap of aromatic moieties. Upon closer look, however, by considering three stacked
molecules, it can be seen that there is some overlap of the aromatic moieties of the top and
bottom molecules. The N-dodecyl chromophore (4) also showed a head-to-tail stacking motif
and no overlap of aromatic moieties between adjacent molecules. However, there was again
significant overlap between the top and bottom molecules. This lack of interaction between
adjacent molecules, yet good overlap between every other molecule, is what has led us to term
this type of stacking as "hot dog stacking."

The overlap between the aromatic systems of stacked molecules could explain the very
low photoluminescence quantum yield of compound 1. In contrast, the reduced overlap observed
for compounds 2-4 agrees well with the good luminescence efficiency of these compounds. The
question is whether the unique aspect of the hot dog stacking is related to a particular

photophysical effect. In this precise case, this would mean that the excimer involves electronic
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interaction through the intervening alkyl chains, which to our knowledge has never previously

been observed.

Side view Top view

Fig. 6 Side views and top-down views of the crystal structures of compounds 1-4. Distances are
shown in angstroms. For 2, the overlap of aromatic moieties is highlighted in orange. For the

other compounds, depth is indicated by color saturation.
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Computational results

To evaluate this hypothesis, computations were undertaken. First of all, the levels of theory were
benchmarked for neutral HBDI. The vertical excitation energy (VEE) computed with B3LYP/6-
311++G(d,p) was found to be 328 nm, in quite good agreement with the experimental
observation of 340 nm in vacuum and the earlier theoretical estimate of 324-375 nm.*’
Calculations were then performed for compounds 1-4 in the gas phase and in aqueous solution.
For all these compounds, the B3LYP/6-311++G(d,p) absorption peaks (VEE) in the gas phase
were within the range of 378-384 nm and the emission maximum was around 413 nm. All these
excitations involved HOMO-LUMO type transitions. In solution (SM8 water), the B3LYP/6-
31+G(d,p) absorption peak was 373 nm, so very little change was noticed in absorption
compared to the gas phase value. However, the emission in water showed two peaks, i.e. a
HOMO-(LUMO+1) transition at 532 nm and a (HOMO-1)-LUMO transition at 417 nm, as

exemplified for the N-methyl compound 1 in Fig. 7.
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(a) HOMO-1 (b) HOMO
(c) LUMO (d) LUMO +1

Fig. 7 HOMO-1, HOMO, LUMO and LUMO+1 of compound 1 in solvent (water) calculated at

the B3LYP/6-31G* level of theory.

Calculations in the solid state were performed for the N-butyl and N-dodecyl derivatives, 2 and
4, respectively, on the basis of X-ray data. The dimer calculation for compound 2 showed
HOMO-LUMO absorption at 411 nm while the emission was shifted to 765 nm, which
corresponds to an excimer/charge transfer state (Fig. 8). Another emission peak was also

observed at 462 nm.
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(@)

(b)

Fig. 8 (a) Attachment-detachment density of the optimized S; state of compound 2 shows charge
transfer nature. The absorption from Sy minima is localized. (b) Orbitals from the trimer of

compound 4 that are involved in excitation (O1 — O2).
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For the large system of compound 4, the estimated absorption was at 442 nm by considering
nearest neighbor and next nearest neighbor interactions, i.e. a trimer. Emission was around 496
nm. Figure 8b shows some charge delocalization in the excited state.

Table 2 summarizes the computational absorption and emission peaks of the
chromophores in various media. Absorption did not show any dramatic change on going from
gas phase to solution, and then to solid state. The gradual red shift observed in solid state with
respect to aqueous solution may be due to more diffuse excitations. This calculated shift is in
good agreement with that observed experimentally in the excitation-emission matrix spectra (Fig.
4). Besides, calculated emission showed the appearance of a clear excimer peak at 765 nm for
compound 2 in the solid state. This value was quite far from the experimental one (612 nm). The
excimer peak of compound 4 in the solid state was less pronounced and situated at shorter
wavelengths than the experimental emission peak. This discrepancy is possibly due to the use of
a small basis set (absence of diffuse functions) in this trimer calculation.

The calculations also do not explain why the experimental emission peaks of compounds
2-4 were quite close while the crystal packing modes were different. Red shifts observed with
passing from solution to solid state are generally attributed to J-aggregates.’® In the present case,
it would be an over-simplification to say that the molecular arrangement of the three compounds
is a mere J-aggregate. This shows that the spectroscopic effect results from complex interactions
generated by the environment of the fluorophores in a three-dimensional network. The important
finding is that, although this type of computation is not very precise at the moment, it indeed
indicates the possibility of strong interactions between chromophores even when the aromatic

moieties are separated by an alkyl chain.
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Compounds | 1-4 (gas phase) 1-4 (aqueous) 2 (solid state) 4 (solid state)
Dimer Trimer

Absorption | 378-384 nm ~370 nm 411 nm 442 nm

Emission ~413 nm 532,417 nm 765, 480 nm 496 nm

Table 2 Calculated absorption and emission peaks in various media.

CONCLUSION

A new class of GFP chromophore derivatives based on incorporation of a benzoxazole group
was presented. These derivatives do not exhibit pure AIE effect, but rather aggregation
enhanced emission, because they are already weakly emissive in solution. They merge the
qualities of the C-terminus long-chain chromophores reported by Shen,* as they show increased
fluorescence intensity in the solid state and longer lifetimes, and those of the phenyl alkoxy
chromophores reported by the Tolbert group, as they show significant red-shifting of emission
and absorption in the solid state.® Above all, their good photoluminescence efficiency is
reminiscent of that of 2-phenylbenzoxazole derivatives.” In the literature, GFP-like
chromophores in which the p-hydroxyphenyl group is substituted by a large aromatic moiety do
not show any significant increase of fluorescence efficiency in solution, and only the naphthalene
derivatives have moderately high quantum yield in the solid state.’> The 2-phenylbenzoxazole
group is therefore of particular interest. Additionally, we observe a new stacking motif, “hot dog
stacking”, which results in a potential new class of excimers. This study confirms that linking the

benzoxazole and GFP chromophore moieties can result in valuable new optical materials.
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