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The mechanochromic luminescent (ML) properties of boron coordinated B-diketones (BF,bdks) have

been widely studied, however the stimuli responsive properties of uncoordinated B-diketones (bdks) are

less known. While bdk dyes show promising properties, including high contrast ML, rapid room

temperature self-erasure, solvatochromism, and aggregation induced emission (AIE), previously reported
20 dyes exhibit emission over a narrow range of wavelengths (~420-500 nm). To tune luminescence over 20
a broader color range, dimethylamino (DMA) substituted B-diketones were synthesized with a series of
electron donating and withdrawing substituents. Solvatochromism, aggregation induced emission (AIE),
ML, and thermochromism were investigated. Most dyes showed positive solvatochromic shifts and were
responsive to mechanical and thermal stimuli. The solid-state emission wavelengths correlated with the
electron withdrawing strength of the para substituent and ranged from blue to orange (488-578 nm).

” Structural and thermal characterization was performed by powder X-ray diffraction (XRD) and differential ”
scanning calorimetry (DSC) respectively. These data indicate that stimuli responsive properties are the
result of a crystalline to amorphous phase transition. Additionally, the aggregation induced emission (AIE)
Received 7th April 2017, properties of iodo and cyano substituted dyes were measured in THF/H,O solutions. Both showed
20 Accepted 27th April 2017 intense emission resulting from aggregation. The sensitivity of these dyes toward matrix polarity was
DOI: 10.1039/c7qm00157f further investigated by fabricating polystyrene films with increasing concentrations of dye and
camphoric anhydride, a non-emissive polar dopant. A red-shift in emission was observed in these films
rsc.li/frontiers-materials which demonstrated that matrix effects can be used to tune the emission of DMA-substituted diketones.
35 35
Introduction aggregation caused quenching (ACQ) and thus, are non-
emissive in the solid state.”” A strategy for designing materials
Stimuli responsive luminescent materials have garnered attention  with efficient solid state emission has been developed by Tang et al.
given their potential for optical memory storage, security inks, While emission can be quenched for fluorophores that rotate or
40  sensing materials, bioprobes and other applications."” Many vibrate in solution,>?® upon dye aggregation, these molecular 40
luminescent materials show emission changes when exposed to motions are restricted resulting in solid state emission.””*® Dyes
thermal,® *® mechanical,"""? chemical®*® and other stimuli. How-  utilizing aggregation induced emission (AIE) have been incorpo-
ever, their emissive properties (ie. wavelength, quantum yield, rated into materials ranging from bioprobes® to organic light
lifetime) must often be tailored for specific applications.®” Many  emitting diodes and chemical sensors.***!
45  different design strategies such as substitution with donor and While AIE dyes display efficient solid state emission, many 45
acceptor groups and heavy atom substitution have been employed applications also require a wide range of emission
to rationally modulate the properties of materials.'* > wavelengths.?*** Substitution of luminescent dyes with donor
Emissive solids are required for many applications however and acceptor groups is an effective strategy for tuning emission
dyes that are highly emissive in solution often suffer from colors of stimuli responsive fluorophores.***® Depending on
50 the position and strength of the electron donating or with- 50
“ Department of Chemistry, University of Virginia, McCormick Road, Charlottesville, ~ drawing substituent, the relative molecular orbital energies of a
, Virginia 22904, USA. E-mail: fraser@irginia.cdu o luminescent dye can be greatly affected.’” Often this strategy
Departme'mt of Materials Sczen'ce am? l?ngmeermg, University of Virginia, 395 leads to intramolecular charge transfer (ICT) that red shifts
McCormick Road, Charlottesville, Virginia, 22904, USA .. 38 . . . .
g i Electronic supplementary information (ESI) available. CCDC 1542425. For ESI emission.™ The electronic properties ofa siven substituent can
o and crystallographic data in CIF or other electronic format see DOI: 10.1039/ be parameterized USing their Hammett constants.* Compar ison 55
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can help to explain trends in the optical properties of donor and
acceptor substituted dyes.*’

Another byproduct of donor and acceptor substitution and
associated large molecular dipoles is solvent
emission.” Known as solvatochromism, the excited states of
these dyes can be stabilized by solvent molecules through
dipole-dipole interactions.*>*® Therefore, longer wavelength
emission is observed when solvatochromic dyes are dissolved
in more polar solvents. An analogous effect can be observed for
dyes emissive in the solid state.** The emission of polar dyes in
a polymer matrix can be modulated through the addition of
polar dopant molecules such as camphoric anhydride (CA) or
tris(8-hydroxyquinoline)aluminum (Alq;).*>"*® This strategy,
known as solid-state solvation, has been used to improve the
efficiency of luminescent solar concentrators.”” Additionally,
Bulovic et al., recently manipulated the emission of doped
organic thin films through the application of pressure, which
forced dyes and dopant molecules into closer proximity and
red-shifted emission.*®

Boron difluoride B-diketonate (BF,bdk) compounds are an
intensity studied family of dyes due to their diverse stimuli
responsive optical properties and facile synthesis from commercially
available starting materials.*®*® Their mechanochromic luminescent
(ML) properties have been tuned through a variety of different
methods,”*”" including alkyl chain substitution.”® Dyes substituted
with heavy atom groups exhibit quenching upon mechanical
stimulus®™® and heteroatom substituted BF,bdk derivatives show
thermochromic responses in addition to ML.*® Mechanistic studies
of BF,bdk ML by Zhang et al., suggest that the application of a shear
force to dye thin films forms low energy H-aggregates with red-
shifted emission.””

Recently, stimuli responsive behavior has been reported in
dinaphthoyl-substituted bdk ligands absent boron coordination.”®*
Compared to their boronated counterparts, bdks are even easier to
synthesize and exhibit both AIE and faster rates of recovery after
smearing. Additionally, bdks in the keto—enol form have hydrogen
bonds in the ground state; thus, excited state intramolecular proton
transfer (ESIPT) may be accessible for asymmetric bdks.®>** Dyes
with ESIPT show particularly large Stokes shifts, of interest for
bioprobes® and display technologies.®***

o
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While bdks possess many characteristics promising for
application, their stimuli responsive properties have been little
investigated. Previously reported ML active bdk dyes showed a
narrow (~420-500 nm) emission range, and their thermochro-
mic properties were not reported.’>®® To produce a broader
wavelength range of stimuli responses, in this study, a series of
dimethylamino (DMA) substituted diketones were prepared
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with different electron donating and withdrawing groups. The
effect of donor and acceptor substitution on optical properties
was tested in solution, and their mechanical and thermochro-
mic responses were measured in the solid state. In addition,
the AIE properties of DMA-I and DMA-CN were investigated in
THF/H,O0 solutions. Polystyrene (PS) thin films of these dyes
were used to examine dye loading and polar dopant effects.
Structural characterization was performed using powder X-ray
diffraction (XRD) and the crystal structure of DMA-I is reported.
Thermal properties were investigated using differential scan-
ning calorimetery (DSC).

Experimental details
Materials and methods

THF was dried over molecular sieves activated at 300 °C as
previously described. Reactions were monitored using silica
TLC plates. Compounds purchased from Sigma-Aldrich and
TCI were reagent grade and used without further purification.
The dimethylamino-substituted B-diketones were synthesized
via Claisen condensation using a previously described
method.*® Data for DMA-H,°"*® DMA-OMe,®” and DMA-CN,®®
are in accord with previous reports. Characterization data for
new derivatives are provided in the ESI.{

Methods

"H NMR (600 MHz) spectra were recorded on a Varian VRMS/
600 spectrometer in deuterated DMSO and CDCI;. Spectra were
referenced to the signals for residual protio-DMSO at 2.50 ppm
and protio-CDCl; at 7.27 ppm. Coupling constants were
reported in Hz. Mass spectra were recorded using a Micromass
Q-TOF Ultima spectrometer, using electrospray ionization (ESI)
MS/MS techniques. Absorption spectra were collected on a
Hewlett-Packard 8452A diode-array UV-vis spectrophotometer.
A Horiba Fluorolog-3 Model FL3-22 spectrofluorometer
(double-grating excitation and double-grating emission mono-
chromator) was used to measure steady-state emission spectra.
Time-correlated single-photon counting (TCSPC) fluorescence
lifetime measurements were performed with a NanoLED-370
(Zex = 369 nm) excitation source and a DataStation Hub as the
SPC controller. Lifetime analysis was done with DataStation
v2.4 software from Horiba Jobin Yvon. Fluorescence quantum
yields, ¢g, in CH,Cl, were calculated versus a standard of dilute
quinine sulfate solution in 0.1 M H,SO, using a previously
described method® and the following values: @g quinine
sulfate in 0.1 M H,SO, = 0.54,°° n;,’° 0.1 M H,SO, = 1.33, np"°
CH,Cl, = 1.424. Optically dilute CH,Cl, solutions of all samples
were prepared in 1 cm path length quartz cuvettes with absor-
bances <0.1 (a.u.). A F-3029 Quanta-® Integrating Sphere from
Horiba Scientific was used to measure solid state quantum
yields and data were analyzed using FluorEssence software. A
Laurel Technologies WS-650S spin-coater was used to fabricate
polystyrene (PS) films for dye loading and polarity studies.
Differential scanning calorimetry (DSC) was performed on the
pristine powders using a TA Instruments 2920 Modulated DSC.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Data were analyzed using Universal Analysis software V 2.3
from TA Instruments. Thermograms were recorded using the
standard mode and a constant heating rate of 5 °C min*. A
cooling rate of 10 °C min ' was used during the initial cycle
compared to a cooling rate of 1 °C min ™" for subsequent cycles.
Powder X-ray diffraction (XRD) patterns were obtained using a
Panalytical X’Pert Pro MPD diffractometer operating at 40 kv
and 40 mA using Cu Ko radiation.

Single crystal analysis. Single crystals of DMA-I for XRD
analysis were grown by slow evaporation from a concentrated
dichloromethane solution. Data sets were obtained using a
Bruker Kappa Duo CCD diffractometer at —120 °C using Mo
Ko radiation. Crystal data follow the orthorhombic space group
P212124, a=6.1493(13) A, b = 12.443(3) A, ¢ = 19.762(4) A, ff = 90°,
Z = 4, V = 1512.1(6) A’. The structure was solved using the
charge flipping method in Bruker SHELXTL program and
refined to R = 0.0165 using 7350 reflections with I > 2a(I).

Preparation of aggregates in solution. Stock solutions (0.03
M) of DMA-I and DMA-CN were prepared in dichloromethane
and aliquots of the stock solution were added to 20 mL sample
vials and evaporated in air. Each vial was diluted to a total
volume of 10 mL with THF and H,O in the indicated ratios and
the resulting solutions (3 x 10~* M) were sonicated for 10 min
prior to measurement of excitation and emission spectra.

Preparation of thin films. Films for powder XRD character-
ization were fabricated by preparing a 1 x 10> M stock
solution of each dye in dichloromethane. Ten drops of the
solution were added to 18 x 18 mm glass microscope coverslips
and evaporated in air. Stock solutions of the same concen-
tration were used to make thin films for solid-state quantum
yield measurements. In this case, five drops of the stock
solution were added to 12 mm diameter circular glass cover-
slips and evaporated under air. Films were dried in vacuo for 20
min prior to measurement.

Dye loading and dopant effects on emission properties were
investigated using spin cast polystyrene (PS) films. For dye
loading experiments (dye/PS films), films were comprised of
PS and increasing concentrations of a single dye (DMA-I, DMA-
CN). Films for dopant studies (CA/dye/PS) contained constant
amounts of PS and dye with increasing quantities of camphoric
anhydride (CA). Two sets of CA/dye/PS films were made for each
dye, both dilute (3 x 10”7 mol) and concentrated (4.5 x 10~ °
mol). Generally, PS films were fabricated by adding 10 drops of
dye/PS or CA/dye/PS dichloromethane solutions to 18 x 18 mm
glass microscope coverslips rotating at 3000 rpm. Solutions for
spin casting dye/PS films were prepared in sample vials by
mixing dichloromethane stock solutions of PS (0.01 M), DMA-I
(0.03 M), or DMA-CN (0.03 M) in the proper ratios to produce
dye/PS films ranging from 0.019 to 28.0 mol%. The resulting
solutions were evaporated in air before dilution with 1 mL of
dichloromethane for spin casting. Films for testing the effect of
matrix polarity on properties (i.e. CA/dye/PS films) were made
using an analogous procedure except that different volumes of a
CA stock solution (0.33 M) was added to each vial in order to
fabricate CA/dye/PS films ranging from 0 to 63.5 mol% CA. Films
were dried under vacuum for 20 min prior to measurement.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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To investigate the thermal and mechanical responses, nitrile
examination gloves were used to smear a small amount of dye
(~2 mg) onto 5 x 5 cm squares of weighing paper (WP). Films
were annealed at 110 °C for 10 min prior to measuring their
emission. Mechanochromic luminescence was measured after
gentle smearing of annealed films with a cotton swab. Thermo-
chromic properties were observed after melting with a heat gun
and cooling in air (i.e. melt quenching).

Computational details. Diketones were modeled using the
Gaussian 09 suite of programs with density functional theory
(DFT).”" A basis set of B3LYP/6-31+G(d) was utilized for ground
state optimization. For DMA-I, the basis set B3LYP/SDD was
used to model iodine. A Tomasi polarized continuum for
dichloromethane was used to simulate solvent interactions.
The vibrational frequencies for the optimized geometries were
all positive, which indicated that the geometries are at least a
local minimum. Molecular orbital diagrams were generated
using single point energy calculations with B3LYP/6-31G(d).
Time-dependent density functional theory, TD-B3LYP/6-
311+G(d), was employed for estimates of absorption spectra
and the first three excited states were calculated.

Results and discussion
Synthesis

In order to modulate the solution and solid state optical
properties of stimuli responsive B-diketonate dyes, a series of
4-dimethylamino (DMA) substituted derivatives was prepared
with various electron donating and withdrawing groups located
in the 4’-para position. Substituents were chosen based on their
para-substituted Hammett constants, o, in order to assess the
effect of donor/acceptor substitution on the optical properties
of bdk dyes (OMe = —0.27, H=0, F = 0.06,1=0.18, Br = 0.23, CF,
=0.42, COOMe = 0.45, CN = 0.66, Scheme S1, ESI{). Compounds
were synthesized via Claisen condensation with dimethylamino
substituted ketones and the corresponding para-substituted
ester in the presence of NaH. All derivatives in this set show
enol proton chemical shifts in their NMR spectra (~17.0 ppm)
which indicates that dyes occupy keto-enol configurations in
the ground state.

Solution and computational characterization

In order to gauge how these different donor/acceptor moieties
affect the optical properties of DMA substituted diketones in
solution, the absorption and emission spectra were measured
in dichloromethane (1 x 10> M) (Table 1 and Fig. 1). Two
distinct peaks were observed in the UV-vis spectra of each dye.
With the exception of DMA-H, where the most intense peak was
highest in energy, the peak absorbance (1,,s) of other dyes
corresponded to the most red-shifted band. Though bimodal
absorption spectra has been attributed to absorption from
different tautomeric species that exist in previous studies,®"%°
calculations indicate that that bimodal absorption profiles
could arise via transitions to the excited state from lower energy
orbitals (see computational details in ESIT). Comparison of the
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Table 1 Optical properties of DMA derivatives in dichloromethane solution

Materials Chemistry Frontiers

Jabs” (nm) eM tem ) Jem® (nm) &7 (%) ° (ns) Trad (S)
DMA-H 314 36000 482 30 1.32 4.4
DMA-OMe 403 44500 469 51 1.58 3.1
DMA-F 403 28000 482 37 1.42 4.0
DMA-Br 408 18000 495 16 1.00 6.3
DMA-1I 409 35000 494 18 0.99 5.5
DMA-CF; 411 34500 511 3 0.56 18.7
DMA-COOMe 414 38500 532 <1 0.30 N/A
DMA-CN 420 39500 541 1 0.59 59

@ Excited at 385 nm, room temperature, air. ° Absorbance maximum. €

weighted fluorescence lifetime.’ Radiative lifetime = t/®.
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Fig. 1 Absorption (a) and emission (b) spectra of diketonesin 1 x 107> M
dichloromethane solution.

peak absorbance (Z,,s) of each dye showed a general trend
toward longer wavelengths (i.e. lower energy) as the electron
withdrawing ability of the para substituent was increased.
Substituent effects were also observed on the molar absorptiv-
ity, as compounds showed extinction coefficients ranging from
18000 M~ ' em ™' (DMA-Br) to 44500 M~ " cm™ ' (DMA-OMe),
however no general trend could be established.

A clear substituent effect was observed in the emission
properties for dyes in dichloromethane solution. The highest
energy peak emission (le,) was observed for the methoxy
substituted derivative, DMA-OMe (Aem, = 469 nm), which glowed
blue under UV excitation. Upon substitution with stronger
electron withdrawing substituents (i.e. larger Hammett con-
stants), a gradual red-shift in A, was observed. The lowest
energy emission was detected for DMA-CN (Je, = 541 nm),
which exhibited faint yellow-green emission when exposed to
UV light. Additionally, a high-energy shoulder was present in
the emission spectrum of DMA-CN, which wasn’t observed in
the spectra of other dyes. As bimodal emission has often been
attributed to ESIPT in dyes with ground state intramolecular

4 | Mater. Chem. Front, 2017, 00, 1—14

Emission maximum. ¢ Fluorescence quantum yield. ¢ Pre-exponential

hydrogen bonds, this blue-shifted transition could be evidence
of a proton transfer process occurring for the cyano substituted
diketone.®> Comparison of the fluorescence lifetime (r) and
quantum yield (@) of each dye showed a similar trend. The
largest quantum yield and longest lifetime was measured for
DMA-OMe (t = 1.58 ns, ¢ = 51%), however both the fluores-
cence lifetime and quantum yield decreased considerably when
substituted with progressively stronger electron withdrawing
groups, such that emission is barely observable to the eye for
DMA-CF; (t = 0.56 ns, @ = 3%), DMA-COOMe (7 = 0.30 ns, ¢ =
1%), and DMA-CN (t = 0.59 ns, & < 1%). Since previously
reported diketones are non-emissive in dichloromethane
solution,®® these results demonstrate that donor and acceptor
substitution is an effective strategy for designing bdk dyes that
are emissive in solution.

According to the emission of DMA dyes in dichloromethane,
there is a strong correlation between the emission properties of
each dye and the electron withdrawing ability of the para
substituent. With the exception of DMA-OMe, all dyes exhibit
radiative lifetimes (t;.q > 4.0 ns) corresponding to ICT
emission.”” The radiative lifetime observed in DMA-OMe solu-
tions was borderline (3.1 ns). Furthermore, previous investiga-
tions show that a twisted intramolecular charge transfer
transition (TICT) may result from rotation of the DMA
substituent.®® In order to further investigate these trends,
density functional theory (DFT) calculations with a Tomasi
polarized continuum for dichloromethane solvent were per-
formed. The B3LYP/6-31G(d) basis set was used to produce
HOMO and LUMO molecular orbitals (MOs) and simulated UV-
vis spectra for all but the hydrogen substituted derivative (Fig. 2
and Fig. S1, ESIt), which has been investigated previously.®®
The experimental and computational UV-vis spectra are in close

DMA-OMe DMA-CN

LUMO ‘tq‘.:“’b. tﬂ“.‘% ‘..'. s.“o‘m %,

C @ . . e ® S
oo WWWTE WP,
‘® 0 . ¢

Fig.2 HOMO and LUMO molecular orbitals for methoxy (DMA-OMe),
iodo (DMA-I1) and cyano (DMA-CN) substituted diketones.

DMA-I
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agreement which indicates that computations reasonably
approximate optical properties in solution.

The ground state optimized geometries for the dyes are
mostly planar, however slight distortions in planarity were
observed. Additionally, calculations indicate that the lowest
energy conformation of each dye is a keto-enol with the
hydroxyl group positioned closest to the DMA substituted
phenyl ring. Examination of the HOMO for each dye indicates
that electron density is concentrated on the side of the mole-
cule containing the highly electron donating DMA substituent,
however a small amount of electron density can be found on
the methoxy substituted phenyl ring for DMA-OMe. In the
respective LUMOs, the electron density is delocalized through-
out the entire molecule for each dye. Close inspection of the
LUMO for DMA-CN shows a gradient in electron density
throughout the molecule, where the majority is located on
the cyano-substituted phenyl ring. A similar distribution in
electron density was observed in the LUMO for DMA-COOMe
which indicates that stronger electron withdrawing groups tend
to attract more electron density in the LUMO. The localized
electron density observed in the HOMOs of each dye and the
delocalized electron density in the LUMO, also point to ICT
transitions, as expected for donor acceptor systems and based
on radiative lifetime data.

Optical properties in different solvents

Relatively large Stokes shifts, long radiative lifetimes, and
asymmetric distribution of electron density in molecular orbi-
tals are observed in DMA dyes and are often associated with
changes in the excited state molecular geometry as a result of
TICT.*"”*7* However large Stokes shifts have also been
observed in systems that experience excited state intra-
molecular proton transfer (ESIPT). Since ESIPT has previously
been observed in asymmetric diketones, it is possible that these
DMA substituted derivatives also exhibit ESIPT.** Additionally,
solvatochromism is often present in dyes that undergo ICT
transitions. Solvatochromism and ESIPT emission can be
observed by measuring the optical properties of a given dye
in a variety of different solvents. A red-shift in emission with
increasing solvent polarity is often associated with solvatochro-
mic processes, whereas the nature of the solvent (e.g. polar,
protic) determines the emission of ESIPT dyes.

Generally, polar or protic solvents disrupt the proton trans-
fer process, which can result in a variety of spectroscopic
features depending on dye structure and conformation. It is
often difficult to decouple ESIPT from ICT processes since they
can occur in conjunction with one another in certain dye
systems. The solvent dependent emission of DMA-H was pre-
viously studied in great detail using computational and spectro-
scopic techniques including steady state and ultrafast transient
absorption and fluorescence techniques. These studies show
that solvent effects not only determine the ground state con-
formation of DMA-H but also govern the excited state dynamics
(i.e. ESIPT and/or ICT/TICT) affecting emission.®>*® While the
solvent dependent properties of DMA-H dyes are highly
complex (i.e. both ESIPT and/or ICT/TICT occur depending on

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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Fig. 3 Image under UV irradiation (from left to right: toluene, 1,4-dioxane,
chloroform, dichloromethane, ethyl acetate, acetone, methanol, acetoni-
trile, Zex = 365 nm) (a) and emission spectra of DMA-I (b) and DMA-CN (c)
dissolved in different solvents (1 x 107> M, o, = 369 nm). Insets of (b) and
(c) depict emission spectra normalized to their peak emission.

solvent polarity and ground state conformation) they offer
insight into the optical properties of this set of dyes in different
solvents.

Investigation of solvent effects on the emission of DMA
diketones was performed by measuring the absorption and
emission spectra of each dye dissolved in a series of organic
solvents at 1 x 10 > M concentration (Fig. 3 and Fig. $2-S6,
ESIT). With the exception of DMA-CN, all dyes showed a red-
shift in emission as the solvent polarity was increased, which is
consistent with solvatochromism. Comparison of solvatochro-
mic dyes indicates that the degree of red-shift is dependent on
the electron donating or withdrawing ability of the para sub-
stituent. To the eye, the emission of the electron donating
methoxy substituted derivative, DMA-OMe, changed from blue
when dissolved in toluene (/e = 437 nm) to green in acetone
(Zem = 478 nm). As the solvent polarity was further increased,
emission was not visible and could only be detected spectro-
scopically. For DMA-COOMe, which is substituted with an
electron withdrawing acetate group, the emission appeared
green in toluene solution (4en, = 483 nm), and shifted to yellow
(Zem = 513 nm) in chloroform, before becoming non-emissive in
more polar solvents. The quenching of emission in polar
solvents is typically observed and can be attributed to increased
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non-radiative decay as solvent stabilization results in a smaller
energy gap between ground and excited states, however it could
also be due to the formation of a non-radiative TICT state.”*”"

The slope observed in the Lippert-Mataga plots (Stokes
shift, Av, versus solvent polarity parameter, Af) describes the
sensitivity of a dye toward solvent polarity.*>** Aside from
DMA-CF; (1750), the slope is also correlated with the electro-
nics of the para substituent, however, deviations from this
trend could be the result of ESIPT (Fig. S7, ESIt). The slopes
of the most strongly donating and withdrawing dyes, DMA-OMe
(1150) and DMA-COOMe (2800), bracket those observed for
DMA-F (1500), DMA-I (2100), and DMA-Br (2200). This trend
indicates that dye sensitivity towards solvent polarity can be
effectively tuned through simple donor/acceptor substitutions,
consistent with related studies.”’ The anomalous behavior of
DMA-CF; may result from the dual emission profiles measured
in chloroform, THF, and acetone, which could be due to ESIPT
and/or TICT processes.®®’® Dual emission is often observed for
dyes with TICT as radiation can occur from locally excited (LE)
and TICT states. Additionally, emission from both tautomeric
excited state species of ESIPT dyes also produces multiple
emission peaks. As previously mentioned, these processes are
often intertwined so it is difficult to assign the origin of dual
emission, however the relatively shallow slope observed for
DMA-CF; is likely the result of dual emission.

The cyano substituted derivative, DMA-CN, shows red-
shifted emission when dissolved in dioxane (ley, = 519 nm)
compared to toluene (/e = 492 nm) but clear solvatochromic
trends were not observed in corresponding Lippert-Mataga
plots (Fig. S7, ESIT). Like DMA-CF3, dual emission profiles were
present when dissolved in certain solvents (toluene, chloro-
form, dichloromethane, THF, and acetonitrile). In acetonitrile
solution, the maximum emission of DMA-CN (Ze;, = 456 nm)
was blue-shifted relative to the peak emission in the non-polar
solvents, toluene (ien, = 492 nm), and dioxane (ley, = 519 nm).
Previously, these spectroscopic features have been ascribed to
the formation of a TICT state,’® however investigation of the
solvent mediated excited state dynamics of DMA-H indicate
that ESIPT could also occur for DMA-CN. Despite deviating
from Lippert-Mataga theory, the emission shifts observed in
toluene and dioxane solutions indicate that DMA-CN is also
sensitive to polarity.

Aggregation studies

Aggregation induced emission (AIE) was previously observed in
dinaphthyl and tetraphenyl ethylene substituted bdk
systems.>”®> While AIE/AIEE has been detected for certain
derivatives, these systems exhibit relatively small emission
enhancement factors and a narrow range of emission wave-
lengths. To investigate potential aggregation dependent emis-
sion properties and assess donor and acceptor effects on bdk
systems, the excitation and emission spectra were measured for
moderately (DMA-I) and strongly (DMA-CN) withdrawing dyes
(3 x 107* M) dissolved in THF/H,O solutions of varying THF
and H,O ratios (Fig. 4 and Fig. S8, S9, ESIT). These dyes were
chosen based on their relative difference in electron
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Fig. 4 Image under UV irradiation (lex = 365 nm) (a). Plots of peak
emission wavelength and intensity relative to emission in pure THF for
DMA-I (b) and DMA-CN (c) dissolved in different THF/H,O solutions with
increasing H,O concentrations (from left to right: 0%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 95%) (3 x 10™* M, ey = 369 nm).

withdrawing substituent as well as their high solubility in
THF. While H,O acts as a non-solvent that forces these organic
dyes closer together eventually forming aggregate species and
enabling visualization of AIE/AIEE, it also increases the polarity
of the system. Based on the positive solvatochromic shifts
observed for DMA-I and DMA-CN, longer emission wavelengths
should be expected as the water fraction is increased.

In pure THF, DMA-I displayed blue-green emission under
UV irradiation (Zem = 503 nm) that was more intense than the
dim orange emission observed for DMA-CN (Zep, = 563 nm).
These differences can be explained based on the increased
electron withdrawing ability of the cyano group relative to the
iodo substituent. The addition of H,O resulted in diminished
emission intensity and red-shifts in emission wavelengths for
both dyes. For water fractions between 10-60%, the emission
intensity remained relatively constant however a continual shift
towards longer wavelengths was detected before reaching a
maximum at 50% H,0 for DMA-CN (Z¢r, = 598 nm) and 60%
for DMA-I (Zem = 534 nm). At higher water concentrations (i.e.
>60%), both dyes exhibited sharp intensity increases along
with blue-shifted wavelengths relative to emission in pure THF,
which is indicative of AIEE. Furthermore, these solutions are
highly turbid which indicates that aggregate species are formed
in solutions with sufficiently large H,O concentrations.

For solutions between 70-95% H,O, DMA-I showed very
little deviation in wavelength (dey, = 488-490 nm) and a max-
imal 10x increase in emission intensity compared to pure THF.
Over the same concentration range, DMA-CN showed a further
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red-shift in emission (e, = 531-549 nm) and a maximal
intensity enhancement of 28x. The difference in emission
enhancement between iodo and cyano substituted diketones
can be explained by the greater initial intensity of DMA-I in
pure THF, however it is also possible that aggregate species of
DMA-CN exhibit larger quantum yields. This is expected given
iodo-substituted dyes show faster rates of intersystem crossing
to non-radiative triplet states via the heavy atom effect, which
leads to quenching under ambient conditions and therefore
lower quantum yields.>* Both dyes also exhibit trends toward
longer wavelengths upon the addition of H,O which is likely
due to stabilization of the polar excited states in more polar
THF/H,O mixtures.

One of the largest differences in AIEE behavior between the
iodo and cyano dyes is that the emission wavelength of DMA-
CN gradually red-shifted even after aggregation whereas the
wavelength of DMA-I was constant. Examination of the emis-
sion spectra for solutions that show evidence of aggregate
formation (70-95% H,O) reveals that both DMA-I and DMA-
CN initially exhibit highly structured emission. However, broad
emission profiles that were devoid of structure were detected
for the cyano substituted dye at 90 and 95% H,O (Fig. S8, ESIT).
Comparatively, structured emission was noted for DMA-I even
in solutions with the largest H,O concentrations. Previous
investigation of the phase and morphology of AIE dyes suggests
that this can be attributed to the formation of different emis-
sive species (i.e. multiple crystalline or amorphous phases)
depending on the THF/H,O ratio.>

To better understand AIE properties of DMA-CN and DMA-],
the excitation spectra, monitored at peak emission wavelength,
were measured for all THF/H,O solutions (Fig. S9, ESIt). Low
energy peaks attributed to ICT transitions were observed for
both DMA-I and DMA-CN when dissolved in pure THF. These
peaks were ascribed to ICT emission based on computational
evidence and literature precedent (i.e. TICT in DMA-H).%® As the
H,O0 fraction was increased, the ICT transitions were still clearly
visible but with decreased intensity. Upon dye aggregation, a
sharp decrease in intensity of ICT transitions was observed in
the excitation spectra. For both derivatives, a hypsochromic
shift in emission was observed in solutions with large H,O
fractions, which is correlated with dye aggregation. It is possi-
ble that this wavelength shift is due to the minimization of the
ICT transition for both dyes. Similar behavior was observed for
a-substituted BF, coordinated bdks dyes, which was attributed
to the prevention of TICT upon aggregation.’’ Despite the
absence of boron coordination, the trends in emission wave-
length of DMA-I and DMA-CN could be explained by an
analogous mechanism.

Polystyrene films

Solvatochromism and AIE measurements indicate that DMA
dyes are sensitive to the polarity of their surrounding environ-
ments. Furthermore, the degree of sensitivity appears to be
correlated with the electron donating/withdrawing ability of the
para substituent for a given derivative. Manipulation of the
surrounding environment and donor/acceptor substitution are

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2017
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general strategies to tune dye emission in solution, however the
roles that they play in determining the solid-state emission of
ML active diketones are less clear. For example, previously
reported luminescent bdk materials have a rather narrow color
palette compared to emissive boron complex materials.”® In
addition, the solid-state emission intensity of bdk materials is
relatively weak compared to similar boron systems. Therefore,
design strategies for tuning solid state emission color and
intensity are important to improve the performance of stimuli
responsive bdk materials.

The effect of matrix polarity on the solid-state emission of
DMA dyes was explored by fabricating polystyrene (PS) thin
films of iodo (moderately withdrawing) and cyano (strongly
withdrawing) substituents. Polystyrene was used for these
experiments, because it provides a non-polar medium in which
both diketones are soluble. Because these dyes have large
ground-state dipoles (>10 D), the polarity of the surrounding
medium increases at high dye loadings. However, increased
concentration can also lead to aggregation and in many cases,
red-shifted emission. Both aggregation and polarity effects were
explored by measuring the emission of DMA-I and DMA-CN
doped PS films with increasing dye concentration. In an
attempt to decouple the magnitude of these competing pro-
cesses, the excitation and emission properties were also mea-
sured for PS films containing dye and camphoric anhydride
(CA), a non-emissive polar molecule. For these studies, the dye
concentration was held constant while the concentration of CA
was increased. This experiment was conducted using dilute (3
x 1077 mol) and concentrated (4.5 x 10~°® mol) dye loadings.
Films were fabricated via spin coating from dichloromethane
solutions containing dye/PS or dye/CA/PS in varying ratios.

The emission of PS films was highly sensitive to dye loading
(Fig. 5 and Fig. S10, ESI{). At the lowest dye concentration
(0.019 mol% dye), films were faintly emissive to the eye,
however via fluorescence spectroscopy, blue emission was
detected for DMA-I/PS films (/em = 448 nm) compared to the
blue-green emission (Ae,, = 464 nm) observed in films

Increasing dye concentration

omal ' I
DMAXN] .["l,l ) TS
b) * DMA-|
560 * DMA-CN
E 540 A ® .
£ 520 g
2 o 2 ° .
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& ']
S 480 7 o
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!
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0 5 10 15 20 25 30
Mol % Dye
Fig. 5 Image under UV irradiation of dye/polystyrene (PS) films with

increasing dye concentration (Lex = 369) (a). Plots of peak emission (Amax)
versus mol% of DMA-I and DMA-CN in PS (lex = 369 nm) (b).
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containing DMA-CN. Both DMA-I and DMA-CN films exhibited
ared-shift in emission even after relatively small changes in dye
concentration (0.019-5.0 mol%). At higher dye loadings (>7.0
mol%), the emission wavelength was less sensitive to concen-
tration as only modest changes in emission were detected.
While maximally red-shifted emission (DMA-I: e, = 511 nm,
DMA-CN: A, = 543 nm) was observed for both sets of films at
the highest dye concentration measured (28 mol% dye), the
trend in emission wavelengths suggests that further increases
in concentration would have little effect on emission energy.

One potential explanation for the emission trends of dye/PS
films is that the polarity of the matrix is higher due to the
presence of dye molecules. Emission can be red-shifted due to
stabilization of localized excited states by surrounding dye
molecules which results in a phenomenon known as the
solid-state solvation effect (SSSE). Evidence for SSSE dye/PS
films can be seen in their red wavelength shifts (Aley,) with
increasing dye concentration. The wavelength shift was greater
for DMA-CN (Alem, = 79 nm, u = 12.6 D) compared to DMA-I
(Adem = 63, = 10.4 D), which may be attributable to variances
in matrix polarity given a larger dipole moment (u) for the
cyano substituted dye. (Estimates of u were obtained via DFT
calculations.) However, it is also possible that the red-shift is
due, in part, to aggregation of DMA-I and DMA-CN dyes at
higher concentrations.

In order to probe potential aggregation effects, the excitation
spectra monitored at peak emission wavelength were measured
for each film (Fig. S11, ESIf). The excitation spectra for all
DMA-CN films were similar, which indicated that emission was
produced by the same emissive species regardless of dye
concentration. Examination of the excitation spectra for DMA-
I films shows different behavior. Films with low dye concen-
tration show broad peaks in the excitation spectra, however a
blue shift in peak wavelength as well as the emergence of
structure was observed at higher dye concentrations. This
indicates that different emissive species formed as the concen-
tration of DMA-I was increased, and could be indicative of
aggregation. The difference in excitation spectra may be attrib-
uted to lower solubility of the iodo-substituted dye in the PS
matrix.

To decouple the wavelength trends induced by SSSE from
those produced by aggregation, dye/PS films were doped with
increasing amounts of camphoric anhydride (u ~ 6 D)* (Fig. 6
and Fig. S12, ESIt). When no CA dopant was added, films of
DMA-I (Lep = 454 nm) and DMA-CN (Ae, = 482 nm) glowed blue
and blue-green, respectively. Similar to the dye loading experi-
ments, a red-shift in emission was observed at low CA loadings
(<10 mol% CA) followed by a more gradual change as the
concentration of CA was increased. When the mole fraction of
CA was increased to 46%, green emission was observed for
DMA-I films (Len = 487 nm), that was significantly higher in
energy compared to films of DMA-CN (/ey, = 523 nm), which
glowed yellow. As the concentration of CA was further
increased, a hypsochromic shift in emission was observed,
which can be attributed to phase separation of CA molecules
within PS films. Phase separation was confirmed through
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Fig. 6 Image under UV irradiation of dye/camphoric anhydride/polystyr-

ene (dye/CA/PS) films with increasing camphoric anhydride (CA) concen-
tration and dilute (3 x 10~” mol) dye concentration (/e = 365 nm) (a). Plots
of peak emission (Amax) vs. mol% of CA in DMA-1 and DMA-CN dye/CA/PS
films (lex = 369 nm) (b).

examination of the XRD patterns for dye/PS/films, which
showed crystalline peaks at high CA loadings (63 mol% CA),
but were amorphous for maximally red-shifted dye/CA/PS films
(46 mol% CA) (Fig. S13, ESIT). Comparison of the wavelength
shifts in CA doped films showed that DMA-CN (A/em, = 41 nm)
was more sensitive to matrix polarity effects than DMA-I (AZem, =
33). This result is consistent with dye loading studies which
also showed larger wavelength shifts for DMA-CN.

To investigate dopant effects on films with initially red-
shifted emission, films with higher dye loadings and increasing
CA concentration were produced (Fig. 7). The emission without
the CA dopant was much more red shifted for both DMA-I (Aem
=502 nm) and DMA-CN (e, = 532 nm) compared to the results
discussed above, presumably due to increased dye-dye interac-
tions. Upon the addition of CA, a red shift in emission was

a) Increasing camphoric anhydride concentration
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Fig. 7 Image under UV irradiation of dye/camphoric anhydride/polystyr-

ene (dye/CA/PS) films with increasing CA concentration and concentrated
(4.5 x 10~° mol) amounts of dye (Jex = 369 nm) (a). Plots of peak emission
(Amax) vs. mol% of CA in DMA-I and DMA-CN dye/CA/PS films (lex =
369 nm) (b).
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observed for both dyes. The maximally red-shifted emissions
for DMA-I (Zemy = 510 nm) and DMA-CN (/e = 553 nm) were
observed at CA mole fractions of 12% and 6%, respectively.
Further increase of CA concentration resulted in a blue shift in
peak wavelength due to phase separation. Compared to dye
loading experiments, the maximally red shifted emission
observed for DMA-I/CA/PS films with high initial dye concen-
trations was nearly identical. However, the emission of corres-
ponding DMA-CN/CA/PS films was lower in energy than
maximally red-shifted DMA-CN/PS films. This indicates that
increasing matrix polarity with external dopants can further
reduce the energy of emission in films with high dye-dye
interactions.

Excitation spectra of dye/CA/PS films were measured in
order to monitor potential dopant effects on emissive species
in these films (Fig. S14, ESIt). Spectra showed almost no
change as the amount of CA was increased, which indicated
that additional ground-state species were not formed in dye/CA/
PS films with high CA concentration. Therefore, the shift in
emission as the matrix polarity of DMA-I and DMA-CN films
was increased may be attributable to stabilization of their
respective excited states by neighboring polar molecules.
Though emission can be modulated through the addition of
a non-polar dopant, the wavelength shift was much smaller
compared to the corresponding films with increased dye load-
ing. Additionally, greater concentrations of CA were required to
produce red-shifted emission in comparison to dye/PS films,
which required smaller amounts of dye to elicit a red-shifted
response. This can be explained by the relative polarity of the
dopant, as DMA-I and DMA-CN both have larger ground state
dipoles than CA.

Dye loading and CA doping experiments suggest that SSSE is
a contributing factor toward the red-shift emission observed for
these films. However, evidence of aggregation was also
observed in DMA-I/PS films; thus, it is impossible to decouple
aggregation from SSSE in these films. Yet, no evidence of
aggregation was observed for PS films with increasing DMA-
CN concentration, which indicates that the spectral shifts for
those films is likely due to higher matrix polarity as opposed to
aggregation effects. While it is clear that these dyes behave
differently in PS films, the emissions of these dyes are sensitive

Table 2 Optical properties of DMA dyes on weigh paper substrates®

Research Article

to polarity effects through the addition of external dopants as
well as the dyes themselves. Therefore, the relative polarity of
dye molecules could also impact the emission of their corres-
ponding stimuli-responsive solids.

Solid-state optical properties

In order to probe donor and acceptor effects on the response of
DMA substituted diketones to thermal and mechanical stimuli,
thin films were made by smearing a small amount of dye (~2
mg) across 5 cm x 5 cm squares of weigh paper. Films were
thermally annealed at 110 °C (TA), then were subsequently
smeared with a cotton swab to generate the smeared state
(SM). The effect of melt quenching was also investigated by
heating films above the melting point and cooling in air to
produce the melted (MT) state. After melt quenching, the TA
state could be regenerated via subsequent heating at 110 °C.
Emission spectra were measured for films in the TA, SM and
MT states (Table 2, Fig. 8 and Fig. S15, ESIt).

Since similar behavior was observed for all DMA dyes,
exemplary emission spectra for DMA-I and DMA-CN are shown
in Fig. 8. While all dyes show visible solid-state emission in the
TA state ranging from blue (DMA-H, DMA-OMe, DMA-F, DMA-
Br, DMA-I) to green (DMA-CF;, DMA-COOMe, DMA-CN), the
emission of DMA-H is only faintly visible to the eye and is
therefore not pictured. The emission of all films in the TA state
was red-shifted compared to their emission in dichloro-
methane solution, however a similar trend toward longer
emission wavelengths was observed as the electron withdraw-
ing ability of the para-substituent was increased (Table 2). For
example, the highest energy emission was observed in both
methoxy and fluoro substituted derivatives (Ae;, = 488 nm), and
DMA-COOMe, a strongly withdrawing dye, exhibited the most
red-shifted emission (Ars = 542 nm). In addition, both solution
and TA measurements indicated that the lowest quantum yield
and shortest lifetime was observed for iodo substituted deriva-
tives. This is likely due to increased intersystem crossing (ISC)
to a non-emissive triplet state via the heavy atom effect.

Though comparable trends were observed for emission in
dichloromethane solution and the annealed state, some aber-
rations were detected in TA emission trends. For example, only
a small deviation in TA emission (A/ra = 4 nm) was observed for

Annealed Smeared Melt
Compound Jora? (nm)  71,° (ns) FWHM ¢ (nm)  Ppy° Jsn® (nm) FWHMg,* (nm) o (nm)  Tyr° (ns) FWHM,, ¢ (nm)  Ppr®
DMA-H 519 1.47 114 18.8 518 109 538 — 112 14.8
DMA-OMe 488 0.91 82 53.4 496 90 514 1.74 100 51.2
DMA-F 488 0.69 57 33.5 497 93 522 1.57 101 26.4
DMA-Br 492 0.44 68 25.2 517 109 522 1.48 121 30.1
DMA-I 492 0.13 63 14.1 494 90 540 0.85 106 18.6
DMA-CF; 522 1.77 75 59.3 525 96 528 1.33 86 29.9
DMA-COOMe 542 1.23 103 29.9 550 111 576 1.96 117 21.7
DMA-CN 532 1.47 91 20.4 549 112 578 2.54 118 10.3

“ samples were annealed at 110 °C and /s = 385 nm. ? Peak emission wavelength in thermally annealed (TA) smeared (SM) and melted (MT) states.
¢ Pre-exponential weighted lifetime in TA and MT states. ¢ Full width at half maximum in TA, SM and MT states. ¢ Quantum yield in TA and MT

states.
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Fig. 8
DMA-1 (b) and DMA-CN (c) WP films in TA, smeared (SM), and MT states.

DMA-OMe, DMA-F, DMA-Br, and DMA-I despite large changes
in electron withdrawing strength. Also, the emission of DMA-
COOMe was more redshifted compared to DMA-CN (ipy =
532 nm) despite being substituted with a weaker withdrawing
substituent. The DMA-H dye was a further exception to this
trend because the emission of annealed DMA-H films (A =
514 nm) was significantly higher in energy when compared to
substituents with greater electron withdrawing ability (i.e. F, Br,
and I). While evidence of a trend between the electron donation
and withdrawing ability and the emission of TA thin films can
be established, there is much more deviation compared to
dichloromethane solution. This difference in behavior likely
results from the more complex optical properties of emissive
solids which are often determined by molecular packing effects
and often form multiple emissive species.>®””

With the exception of dim DMA-H, the emission of all DMA
substituted bdks were modulated via smearing. Despite visual
conformation of mechanically produced color changes, narrow
ML shifts (Aly, < 10 nm) were measured for several DMA
derivatives (DMA-OMe, DMA-F, DMA-I, DMA-CF;, DMA-
COOMe). The emission change for many of these analogues
can be attributed to spectral broadening as increases in full
width at half maximum (FWHM) were detected for each com-
pound. Larger mechanical responses were observed for cyano
(AZpr, = 17 nm) and bromo (AZyy, = 30 nm) derivatives, however
they were still significantly smaller when compared to other
previously studied bromo and methoxy substituted dinaphthoyl
diketones (AJy;, > 50 nm).>® The absence of a mechanical
response for DMA-H could indicate that thermal treatment of
films at 110 °C was insufficient to fully anneal weigh paper
films. However, no change in emission could be produced upon
subsequent heating, despite annealing at a variety of different
temperatures (80 °C, 90 °C, 100 °C, 120 °C, 130 °C). This may be
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Images under UV irradiation of diketones on weigh paper (WP) films in the thermally annealed (TA) and melted (MT) states (a). Emission spectra of

indicative of similar solid state morphologies before and after
annealing.

Although ML was detectable for all dyes, it was less vibrant
when compared to other bdk systems with dinaphthoyl
methane scaffolds.”® However, emission changes could be
detected for all DMA analogues after melting and cooling in
air (i.e. melt quenching). The degree of wavelength shift after
melt quenching (Adyr) varied depending on the electron with-
drawing substituent. Large shifts were observed for DMA-I
(AZyr = 48 nm) and DMA-CN (A/yr = 46 nm) whereas melt
quenching of DMA-CF; only resulted in a 6 nm shift. As
observed for samples in dichloromethane solution and the TA
state, a general trend toward longer wavelengths is observed
with greater electron withdrawing ability of the para substituted
groups. The emissions of dyes with strongly withdrawing sub-
stituents, such as DMA-COOMe (Ayr = 576 nm) and DMA-CN
(mr = 578 nm), were much lower in energy compared to the
other para-substituted dyes. The peak emission in the MT state
of the remaining derivatives fluctuated between a minimum for
DMA-OMe (Ayr = 515 nm) and maximum for DMA-I (Ayy =
540 nm). While melt quenching resulted in an increase in
fluorescence lifetimes (tpr) compared to T, quantum yields
(@amr) changed very little. An increase in lifetime has previously
been correlated with the formation of a longer lived amorphous
state upon smearing for other ML active bdk materials.>*>®
Because similar behavior was observed in MT films, it is
possible that the emission change is also due to the formation
of an amorphous state.

Comparison of the solid-state optical properties of DMA-I
and DMA-CN with the trends observed in their corresponding
PS thin films indicates that the emission of DMA-substituted
diketones could be due to changes in the matrix polarity in
addition to dye aggregation. To summarize, both the emission
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of DMA-I/PS and DMA-CN/PS films showed sensitivity toward
matrix polarity which was increased through increasing dye
loading as well as the addition of the polar, non-emissive
dopant, camphoric anhydride. As solid films, the emissions
of iodo and cyano substituted derivatives in the TA state were
blue-shifted compared to their maximally red shifted dye/PS
counterparts (DMA-L: ey = 511 nm; DMA-CN: e, = 543)
despite closer proximity to neighboring dyes. Since dyes are
typically crystalline after annealing, these results may indicate
that the packing arrangement of molecular dipoles leads to
diminished matrix polarity compared to the randomly oriented
dyes in amorphous dye/PS films. Yet melt quenched thin films
of pure dye exhibited more red-shifted emission compared to
dye/PS films. Because MT films are typically amorphous, dyes
are isotropic which could lead to larger matrix polarities.
Therefore, the longer wavelengths observed for these films
could be due, in part, to stabilization of localized excited states
by randomly oriented neighboring dye molecules.

While the emission wavelength of bdk dyes is likely a
combination of SSSE and aggregation effects, these data none-
theless indicate that designing solid-state emissive molecules
with large molecular dipoles is an effect strategy for modulating
the color of stimuli responsive bdk materials.

Thermal properties

Previously reported bdk and BF,bdk materials have shown
thermochromic properties. Specifically, some methoxy substi-
tuted ligands formed transparent supercooled liquid states
upon rapid cooling.”® Alternatively, certain furan substituted
BF,bdks formed opaque amorphous solids after melt
quenching.’® Differential scanning calorimetry (DSC) was used
to distinguish these distinct behaviors and here, to probe the
thermal properties of DMA diketones (Fig. S16, ESIf). All
compounds were subjected to two heating/cooling cycles. While
the heating rate was held constant between scans (5 °C min ™),
the rate of cooling was varied from Cycle 1 (10 °C min™") to
Cycle 2 (1 °C min™"). A fast cooling rate was used to simulate
the melt quenching process, whereas slower cooling scans were
utilized to promote crystallization.

The thermal properties of all dyes are described in Table 3.
All samples showed almost no change in melting temperature
(Ty,) from Cycle 1 to Cycle 2 and very little deviation in

Table 3 Differential scanning calorimetery data for pristine DMA dyes?

Compound T..b TS

DMA-H 140.4 80.1
DMA-OMe 132.1 99.4
DMA-F 131.5 89.2
DMA-Br 188.3 134.4
DMA-I 204.9 138.9
DMA-CF; 147.4 137.0
DMA-COOMe 198.0 170.0
DMA-CN 209.5 164.2

“ All data was taken from the 2nd cycle. * Melting point given in °C as
the peak of the major endothermic transition. ¢ Crystallization point
given in °C as the peak of the major exothermic transition.
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crystallization temperature (7.) despite the change in cooling
rate. The presence of T, transitions in both cycles indicates that
supercooled liquid phases are not formed even at faster cooling
rates. The melting temperatures of dyes can give insight into
the strength of the intermolecular interactions that determine
packing. The lowest melting temperatures were observed when
dyes were substituted with electron withdrawing fluoro (7, =
131.5 °C) and electron donating methoxy (7, = 132.1 °C)
substituents. Comparatively, the other halogenated derivatives
DMA-Br (T, = 188.3 °C) and DMA-I (T, = 204.9 °C) showed
relatively high melting points. Strongly withdrawing derivatives
DMA-CN (T, = 209.5 °C) and DMA-COOMe (T, = 198.0 °C)
exhibited high melting points, however the melting point of
DMA-CF; (Ty,, = 147.4 °C) was considerably lower. With the
exception of DMA-CF;, there is a trend toward higher melting
points as the electron withdrawing ability of the substituent
increases. Thus, the introduction of donor/acceptor effects can
be used to tune Ty, of DMA dyes. The anomalous behavior of
DMA-CF; can be rationalized by the increased steric interac-
tions of the CF; moiety which could disrupt crystal packing and
lead to weaker intermolecular associations.

Structural characterization

To gain insight into the different phases that determine the
stimuli responsive properties of DMA substituted dyes, powder
X-ray diffraction (XRD) patterns were measured for the bulk
dyes, and films on glass in TA and MT states. Due to sample
removal upon smearing, patterns were not obtained for glass
films in the SM state. Films for XRD were fabricated by drop
casting from a dye/DCM solution (1 x 10~> M) with evaporation
in air, followed by drying under vacuum, before annealing and
melting each film to access the TA and MT states, respectively.
Powder XRD patterns for DMA-I and DMA-CN are shown in
Fig. 9, and the data for the remaining diketones can be found in
the ESIf (Fig. S17). Single crystal XRD analysis of DMA-I was
also performed to investigate potential packing effects. Crystals
were grown via slow evaporation of a concentrated DMA-I/DCM
solution. Though we attempted to grow crystals of all previously
unexplored DMA dyes, only DMA-I formed crystals suitable for
diffraction.

The sharp diffraction peaks found in the powder XRD
patterns indicate that all compounds were crystalline as bulk
powders. Also, all samples showed diffraction peaks as films on
glass in the TA states which corresponded to peaks in the bulk
powder. Comparison of TA patterns for all dyes indicated that
the relative peak intensity and number of peaks was substituent
dependent, however the observation of peak patterns of TA
glass films indicated the emission was produced by crystalline
species. Data taken for melted films were largely devoid of
peaks suggesting that they were amorphous, however small
peaks were observed in bromo and iodo heavy atom substituted
MT films. For example, small diffraction peaks are evident for
DMA-I samples, indicating this dye has a greater propensity to
crystallize, similar to previously reported iodo substituted
BF,bdk derivatives.
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Fig. 9 Powder X-ray diffraction patterns of (a) DMA-I and (b) DMA-CN

bulk powders and films on glass in thermally annealed (TA) and melted
(MT) states.

Single crystal analysis of DMA-I revealed that dyes adopt a
nearly planar conformation with the DMA substituent and
phenyl rings in roughly the same plane (Fig. 10a). A slight
deviation from planarity is observed in the twisting of the
phenyl rings about the diketone core. Examination of the unit
cell shows that DMA-I packs in a herringbone motif with C-
H- -1, and C-H---arene interactions (Fig. 10b). Iodine-iodine
interactions, which were previously observed in crystal

Fig. 10 Crystal structure of DMA-| from two perspectives (a). Unit cell of
DMA-I showing packing interactions (b).
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structures of iodo-substituted BF,bdks, were not detected in
the crystal packing of DMA-1.>* Additionally, there is no evi-
dence of dimer formation, as neighboring dyes are stacked at
slight angles relative to each other. While DMA-I does show a
visible ML shift upon smearing, it is less dramatic compared to
previously studied dinapthoyl substituted bdks.>* The emission
spectrum of DMA-I shows that the color change is mostly due to
a broadening of the emission profile rather than a shift in peak
emission.

Conclusion

In summary, the electron withdrawing ability of dye substitu-
ents had a large effect on the solution and solid-state optical
properties of DMA dyes. According to DFT calculations, all dyes
showed evidence of ICT in their HOMO and LUMO molecular
orbitals which correlated with a positive solvatochromic shift.
Dye sensitivity toward solvent polarity depended on the elec-
tron withdrawing strength of the para substituent, however the
cyano substituted dye, DMA-CN, exhibited evidence of ESIPT.
The AIE properties of DMA-I and DMA-CN were tested in THF/
H,O0 solutions with increasing H,O fractions. Both dyes showed
AIE, however longer wavelength emission and a larger intensity
increase was observed for DMA-CN. Polystyrene thin films of
DMA-T and DMA-CN with increasing concentrations of dye and
camphoric anhydride, an external polar dopant exhibited red-
shifted emission, which indicated that they are sensitive to
matrix polarity in addition to exhibiting solvatochromism. Both
smearing and melting dye films on weigh paper resulted in
emission responses, however the maximally red-shifted emis-
sion was observed after melt quenching. Like other ML active
BF,bdk and bdk systems, powder XRD patterns indicate that
the change in emission is linked with a phase change from
crystalline in the TA state, to amorphous for SM and MT films.
As with their emission in solution, a strong correlation between
the strength of the electron withdrawing group and the wave-
length of solid-state emission, especially in the amorphous MT
phase. Based on the sensitivity of DMA-I and DMA-CN emission
toward matrix polarity in PS films, it is possible that neighbor-
ing dye molecules stabilize the excited state of homogenous dye
films as well, leading to red shifted emission. While there are
likely many effects that determine emission in stimuli respon-
sive materials (e.g. aggregation), engineering dyes with large
molecular dipoles in order to utilize matrix polarity effects is a
design strategy for future stimuli responsive luminescent mate-
rials. Furthermore, this work represents an important step
forward in the design of boron-free bdk materials as com-
pounds with wide ranging colors and thermochromic proper-
ties were achieved.
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