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Solid-state fluorescent materials have attracted a surge of interest in recent years due to their wide
applications in the fields of photoelectric devices, memory storage and fluorescent probes. Compared
to the synthesis of new molecules, exploring new properties in known molecules is a facile approach to
obtain functionalized fluorescent materials. In this report, we systematically explored the solid-state
photoluminescence properties and applications of 7-(diethylamino)coumarin-3-aldehyde (DCA) and
7-(diethylamino)coumarin-3-carboxylic acid (DCCA). Both fluorophores exhibited a special concentration-
dependent emission effect. They displayed polymorphism dependent solid-state emission and single
crystal analysis revealed that enhanced overlap between neighbouring molecules resulted in a red-shifted
emission. Crystal-to-crystal transformation has also been achieved for both DCA and DCCA by employing
an external thermal treatment. In addition, the solid powder of DCA and DCCA displayed fluorescence
response to HCl and NHz gas with high sensitivity. Furthermore, 1D micromaterials were assembled for

rsc.li/frontiers-materials

Introduction

Organic solid-state fluorescent materials have received consider-
able attention due to their broad range of applications in the
fabrication of organic light-emitting diodes (OLEDs), laser dyes,
memory storage materials and fluorescent probes.'™ Appropriate
solid-state fluorescent materials could provide an optimal choice
and could be employed to increase the precision, sensitivity and
spatial resolution in diverse research areas.’ Since the photo-
luminescence properties of many solid-state fluorophores are
significantly influenced by their molecular arrangements, there is
an increasing interest in the development of functional materials
whose emission color can be efficiently tuned by external stimuli
through rearrangement of the molecular packing.®

Synthesis of fluorescent molecules with structure diversity is
the most creative activity in the field of fluorescent materials.
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both fluorophores and DCA exhibited outstanding optical waveguide behavior.

However, creativity in functionalized fluorescent materials
has often arisen from novel conceptual interpretations of
well-established molecules.” Compared to the development of
new molecules that may suffer from synthesis complexity and
property uncertainty, investigating known fluorophores to explore
their superior properties and versatile applications is undoubtedly
a shortcut strategy to obtain functionalized fluorescent materials.
Indeed, many outstanding properties of star fluorescent mole-
cules were dug out after the first report.®

Coumarin, one of the most noted organic fluorophores, has
been widely and extensively used in both material and biological
sciences due to its inherent physicochemical and photophysical
characteristics, such as reasonable stability and relative ease
of synthesis.” However, in comparison with abundant reports
about the photoluminescence research of coumarins in solution,
investigations of fluorescence properties as well as potential
utilization in the solid state are still rare.'

Herein, we report on the exploration of the solid-state optical
properties and applications of two fluorophores based on an
aminocoumarin scaffold, 7-(diethylamino)coumarin-3-aldehyde
(DCA) and 7-(diethylamino)coumarin-3-carboxylic acid (DCCA)
(Scheme 1)."* Both fluorophores displayed special concentration-
dependent emission behaviour. Importantly, two types of crystal
with varied emission color were obtained for DCA and DCCA.
Subsequent single crystal analysis revealed the origin of this
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Scheme 1 Chemical structures of DCA and DCCA.

polymorphism phenomenon. Upon thermal treatment, crystal-
to-crystal transformations were achieved for both fluorophores.
Meanwhile, the solid state of DCA and DCCA exhibited sensi-
tive fluorescence response to HCI and NH; gas with different
modes. Moreover, DCA and DCCA were able to assemble into
1D micromaterials, while DCA possessed remarkable optical
waveguide behaviour.

Results and discussion
Concentration-dependent emission

The photophysical properties of DCA and DCCA were studied in
different solvents (Table S1 and Fig. S1, S2, ESIt). The results
confirmed their ICT character'> and DCCA exhibited a more
pronounced solvatochromic effect due to the stronger electron
withdrawing ability of carboxylic acid than aldehyde in the
3-position of coumarin. Interestingly, both fluorophores pre-
sented a special concentration-dependent emission effect. As
displayed in Fig. 1A, with increasing concentration of DCA in
THF solution from 1 x 107® M to 5 x 10™> M, a significant
bathochromic shift of emission peak (from 470 nm to 520 nm)
was observed, while the emission color was changed from light
blue to green under 365 nm UV irradiation. Similarly, about
40 nm red-shifted emission was achieved for DCCA when
the concentration was gradually enhanced from 1 x 107° M
to 1 x 10~> M (Fig. 1B). Considering the n-conjugated structure
of the coumarin core, the degree of n-overlap could be enhanced
by increasing their concentration, which led to relatively
larger electronic delocalization and resulted in its red-shifted
emission color.™
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Normalized intensity (a.u.)
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Fig. 1 Normalized PL spectra of DCA (A) and DCCA (B) in THF at different
concentrations. Inset: Photograph of DCA (A) and DCCA (B) in THF with
varied concentrations under 365 nm UV irradiation.
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Polymorphism-dependent emission

Since both fluorophores were easy to crystallize, the crystals of
DCA and DCCA were then grown in different solvents. It is
worth noting that two plate-like crystals of DCA with distinct
emission colors were successfully obtained by slowly evaporating
their diethyl ether/ethyl acetate and hexane/acetone solution
(termed DCA-Y and DCA-R), respectively. As shown in Fig. 2A-D
and Table 1, DCA-Y displayed yellow emission at 564 nm with a
&r of 7.5% and an average fluorescence lifetime (7ayg) of 8.25
ns, whereas DCA-R exhibited red-shifted emission at 602 nm
(P =7.2%, Tayg = 16.77 ns). It was noted that the corresponding
as-prepared powder sample of DCA (termed DCA-P) gave an
orange emission color and the emission spectrum almost
overlapped with that of DCA-Y, while the @ and t,,, of DCA-P
were determined to be 7.9% and 5.73 ns, respectively.

Interestingly, two forms of crystals with a nod and plate shape
(called DCCA-G and DCCA-R) were obtained simultaneously by
slowly evaporating the dichloromethane/methanol solution of
DCCA (Fig. 2E-H). A green emission at 518 nm was observed for
DCCA-G with @5 of 9.6% and 14, 0f 3.77 ns. In contrast, DCCA-R
emitted red light at 584 nm (®p = 16.5%, Tae = 45.13 ns).
Different from DCCA-G and DCCA-R, the as-prepared powder
sample of DCCA (named DCCA-P) displayed the orange emission
color (Aem =573 nm, @p = 8.5%, Taye = 19.53 ns). It’s obvious that
both DCA and DCCA presented significantly polymorphism-
dependent emission.'* Their solid-state emission could be easily
tuned by altering the preparation precedures.

PXRD of DCA in different states was performed and the
results showed that the diffraction profile of DCA-P was almost
the same as that of DCA-Y (Fig. S3A, ESIt), suggesting their
similar packing arrangement and almost identical emission.
Additionally, the different diffraction pattern of DCCA in three
states indicated its distinct packing assignment (Fig. S3B,
ESIt), which resulted in the distinguishing emission.

To gain further insight into the mechanism of the above
pronounced polymorphism properties, single crystal X-ray
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Fig. 2 The photographs of DCA-Y (A), DCA-R (B) under fluorescence
microscopy and DCA-P (C) under 365 nm UV irradiation. (D) Normalized PL
spectra of DCA-Y, DCA-R and DCA-P. The photographs of DCCA-G (E),
DCCA-R (F) under fluorescence microscopy and DCCA-P (G) under 365 nm
UV irradiation. (H) Normalized PL spectra of DCCA-G, DCCA-R and DCCA-P.
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Table 1 Optical properties of different forms of DCA and DCCA at 298 K

Compd  Jem [nm] P (%) Tavg’ 8] ke [10°57Y]  Knr [10° 5]
DCA-Y 564 7.5 8.25 0.009 0.112
DCA-R 601 7.2 16.77 0.004 0.055
DCA-P 562 7.9 5.73 0.014 0.160
DCCA-G 518 9.6 3.77 0.025 0.240
DCCA-R 584 16.5 45.13 0.004 0.018
DCCA-P 573 8.5 19.53 0.004 0.047

% Absolute fluorescence quantum yield was measured by using the
calibrated integrating sphere system.  Average fluorescence lifetime.

structural analysis was carried out and the corresponding
crystal data are summarized in Table S2 (ESIT). X-ray diffraction
analysis revealed that the molecules in DCA-Y adopted a
coplanar conformation (Fig. 3A and B) and exhibited a head-
to-tail antiparallel packing mode with two types of overlap
arrangement (Fig. 3C and D), which resulted in the formation
of polymer columns along the b-axis direction (Fig. 3E). Within
each column, the distances between adjacent molecules were
3.668 A and 3.515 A, respectively, suggestive of the strong inter-
molecular n-n stacking (Fig. 3F). A modest molecular overlap
led to a negligible slip angle along the long molecular axis,
whereas the slip angle along the short molecular axis was 76.3°
(Fig. 3G). Meanwhile, multiple C-H- - -O (2.524 A, 2.613 A and
2.633 A) interactions existed within the crystal (Fig. S4A, ESIY),
which linked columns to form a 3D structure in the crystal.
Although the conformation of the DCA-R crystal was similar
to that of DCA-Y (Fig. 3H), the packing mode was entirely
different. In the DCA-R, molecules also adopted a head-to-tail

Fig. 3 (A) The molecular conformation of DCA-Y in top view. The
molecular conformation of DCA-Y (B) and DCA-R (H) in side view. The
molecular overlap between adjacent molecules in DCA-Y (C and D) and
DCA-R (I and J). Molecular stacking structures of DCA-Y (E) and DCA-R
(K) along the b-axis. Molecular stacking structures of DCA-Y (F) and DCA-R
(L) along the long molecular axis. Molecular stacking structures of DCA-Y
(G) and DCA-R (M) along the short molecular axis.
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antiparallel packing mode (Fig. 3I and ]) with two kinds of overlap
arrangement, which led to the formation of molecular columns
along the b-axis (Fig. 3K). The neighbouring molecules in the
column also displayed intermolecular n-n stacking (3.396 A and
3.285 A) (Fig. 3L). The different molecular overlap in DCA-R resulted
in a slip angle (59.7°) along the long molecular axis (Fig. 3L), while a
very small slip was observed along the short axis (Fig. 3M). Multiple
intermolecular C-H- - -O interactions (2.461 A, 2.505 A and 2.520 A)
have also been found throughout the crystal of DCA-R (Fig. S4B,
ESIY), which hold the columns together in a 3D structure. Compared
to the packing of DCA-Y, the degree of molecular overlap in DCA-R is
relatively larger. In addition, DCA-R exhibited stronger n—n stacking
due to the short distance between neighbouring molecules, which
indicated larger electronic excited-state delocalization of DCA-R and
resulted in its red-shifted emission.

X-ray diffraction analysis revealed that molecules in DCCA-G
exhibited a coplanar conformation (Fig. 4A and B). In the
DCCA-G, molecules were in a head-to-head parallel packing
mode (Fig. 4C), which resulted in polymer columns along the
a-axis direction (Fig. 4D). The distance between adjacent mole-
cules in the column was 3.404 A (Fig. 4E). Meanwhile, the small
molecular overlap gave a slip angle of 43.7° along the long
molecular axis (Fig. 4E), and the slip angle was 70.0° along the
short molecular axis (Fig. 4F). Multiple intermolecular C-H: - -O
interactions (2.659 A, 2.675 A and 2.680 A) have also been found
throughout the crystal of DCCA-G (Fig. S5A, ESIT), which helped
the columns to form a 3D structure.

The conformation of DCCA-R was also coplanar (Fig. 4G).
Nevertheless, the packing mode in the crystal was very different

Fig. 4 (A) The molecular conformation of DCCA-G in top view. The
molecular conformation of DCCA-G (B) and DCCA-R (G) in side view.
The molecular overlap between adjacent molecules in DCCA-G (C) and
DCCA-R (H and I). Molecular stacking structures of DCCA-G (D) and
DCCA-R (J) along the a-axis. Molecular stacking structures of DCCA-G
(E) and DCCA-R (K) along the long molecular axis. Molecular stacking
structures of DCCA-G (F) and DCCA-R (L) along the short molecular axis.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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from that of DCCA-G. When viewed along the g-axis, the
molecules in DCCA-R packed into a 1D chain along the c-axis
direction (Fig. 4]), which adopted a head-to-tail parallel packing
pattern (Fig. 4H and I) with two types of overlap arrangement.
The distances between adjacent molecules were 3.438 A and
3.420 A (Fig. 4K). The higher degree of molecular overlap led to a
larger slip angle (61.1°) along the long molecular axis (Fig. 4K),
while there was a very small slip along the short molecular axis
(Fig. 4L). Different from DCCA-G, multiple C-H- - -O interactions
(2.460 A, 2.515 A and 2.630 A) existed throughout the crystal
(Fig. S5B, ESIT), which held the chains in a 3D structure and
helped to rigidify the molecular conformation. Upon carefully
checking the crystal packing it was revealed that the distance of
n-7n stacking interactions in DCCA-G and DCCA-R was similar,
but the molecular overlap degree in DCCA-R was higher than
that in DCCA-G. This feature led to the relatively larger electronic
delocalization in DCCA-R and thus it achieved a bathochromic-
shift emission.

Tunable solid-state emission under external stimuli

Both DCA and DCCA presented intriguing crystal-to-crystal transfor-
mation under thermal stimuli. As shown in Fig. 5A, DCA-Y displayed
an attractive yellow emission color (e, = 564 nm). However, upon
heating at 90 °C for ~2 minutes, the yellow emissive crystal quickly
changed into a reddish emissive crystal. Meanwhile, the emission
peak of the heated crystal (/e = 600 nm) overlapped fairly well
with the emission profile of DCA-R (Fig. S6B, ESIt). A similar
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Fig. 5 The photographs of crystal-to-crystal transformation of (A) DCA-Y
into DCA-R and (D) DCCA-G into DCCA-R under fluorescence micro-
scopy. The XRD patterns of (B) DCA-Y, heat-treated DCA-Y, DCA-R and (E)
DCCA-G, heat-treated DCCA-G, DCCA-R. The DSC curves of (C) DCA-Y,
DCA-R and (F) DCCA-G, DCCA-R.
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phenomenon was achieved for DCCA-G. After heating at 110 °C
for ~2 minutes, the original green emissive crystal turned into
a red emissive one (ley, = 584 nm), and the emission spectrum
of the heated sample was almost the same as that of DCCA-R
(Fig. 5D and Fig. S6D, ESIY). It’s noteworthy that the emission
color of both heated crystals could not change back at the
ambient temperature, which fetched them a potential applica-
tion in the fabrication of thermographic recording materials.
As shown in Fig. 5B and E, the XRD analysis indicated that
thermally treated DCA-Y and DCCA-G possessed good crystallinity
and the profiles were similar to those of DCA-R and DCCA-R,
respectively. The above results confirmed the existence of a
crystal-to-crystal transformation."®

Such crystal-to-crystal conversion was also investigated using
differential scanning calorimetry (DSC). As seen in Fig. 5C, two
types of crystal (DCA-Y and DCA-R) gave consistent melting
points at 167 °C. During the process of heating, DCA-Y displayed
a distinct exothermic peak at approximately 87 °C, whereas no
peak was detected for DCA-R. Combining the emission change,
this exothermic peak could be attributed to the thermal phase
transition from DCA-Y to the thermodynamically stable state of
DCA-R. The same melting point at 230 °C was observed for
crystals of DCCA-G and DCCA-R (Fig. 5F). However, DCCA-G
exhibited an exothermic peak at about 105 °C but not DCCA-R,
suggesting that DCCA-G experienced a phase transition to the
relatively stable state of DCCA-R.

The solid-state emission of DCA and DCCA could also be
tuned by fuming with HCI and NH; gas. As shown in Fig. 6A
and B, the powder of DCA emitted an intense orange emission
at 560 nm. However, upon exposing to HCI gas for ~2 minutes,
the fluorescence was completely quenched. After being fumed
with NH; gas for a few minutes, the sample gave a red emission
color and the emission peak appeared at 600 nm, which red-
shifted by about 50 nm compared with the initial sample of
DCA. This “off-on” emission switch could be repeated by fuming
HCI-NH; gas. In sharp contrast, a different phenomenon was
found for DCCA under the same conditions (Fig. 6C and D). When
DCCA powder was fumed with HCI gas, the emission color was
converted from orange to blue, and the emission peak shifted
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Fig. 6 The fluorescence response of DCA and DCCA towards HCland NHz
gas. Photographs of DCA (A) and DCCA (B) before and after the treatment
with HCl and NHz gas under 365 nm UV irradiation. Corresponding PL
spectra of DCA (C) and DCCA (D).
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from 570 nm to 420 nm. Subsequently, treating the sample with
NH; gas brought about a green emission peaked at 500 nm. The
emission color between blue and green could be repeated by
using HCI-NH; gas. The above results confirmed that DCA and
DCCA can be employed as a fluorescent sensor for HCl and NH;
gas with high sensitivity.

In order to understand the mechanism of the above fluores-
cence response, "H NMR analysis of DCA and DCCA at different
states was performed. As shown in Fig. S7 (ESIt), DCA possessed a
typical aldehyde proton signal at 10 ppm. After the treatment with
HCI gas, however, the aldehyde proton disappeared and the signal
of aromatic proton shifted significantly. This suggested that both
amino and aldehyde groups of DCA could undergo a protonation
process in an acidic environment. The protonated structure
destroyed the ICT process and led to the quenching of fluores-
cence. The aldehyde proton signal was not recovered after the
treatment with NH; gas, which could be ascribed to the reaction
between NH; and the aldehyde group under acidic conditions to
give the imine species. The resulting product exhibited stronger
ICT character and gave a red-shifted emission compared to its
initial state. For DCCA, fuming with HCI gas shifted all proton
signals down field except for those of the methyl group, suggesting
that the protonation of the amino group occurred (Fig. S8, ESIt).
As a result, the ICT process was decreased and remarkable blue-
shifted emission was observed. After being treated with NH; gas,
the carboxylic acid group might be ionized due to the neutraliza-
tion which reduced the ICT effect. Consequently, the green emis-
sion was observed.

The above results confirmed that the solid-state emission of
DCA and DCCA could be efficiently tuned by various external
stimuli including heating and fuming with acidic or basic gas.
In particular for DCCA, a considerably wide range of emission
was achieved (from 420 nm to 584 nm), which is extremely rare
in previous reports about tunable organic solid-state emitters.

Self-assemblies and optical waveguides

Based on crystal analysis, the n-n stacking combined with
multiple non-covalent interactions made the two fluorophores
capable of self-assembling into ordered structures. Thus, the two
fluorophores were employed to fabricate organic micromaterials
by using the classic reprecipitation method.'® By rapidly injecting a
specific amount of DCA or DCCA in THF solution into an ultra-
sonic aqueous solution and aging the mixture for several hours,
floc aggregates were generated. As shown in Fig. 7, fluorescence
microscopy and scanning electron microscopy (SEM) images
indicated that ordered 1D microrods and microfibers were
assembled for DCA and DCCA, respectively, while the length of
these micromaterials was up to 100 pm. Different from the blue
light of the two fluorophores in diluted THF solution, yellow (DCA,
Zem = 555 nm) and orange (DCCA, e, = 570 nm) emission colors
were achieved for their micromaterials (Fig. S9, ESIT).

According to the fluorescence microscopy images, bright
emission spots at both ends of the micromaterials, while a
relatively weak emission from the body, implied that the micro-
materials might exhibit optical waveguide behaviour."” In order
to prove such properties, a distance-dependent fluorescence
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Fig. 7 Fluorescence microscopy and SEM images of DCA (A and C) and
DCCA (B and D) micromaterials. Scale bar in A and B: 20 pm.

image of a single microrod (DCA) was taken using a near-field
scanning optical microscope. As shown in Fig. 8A, the chosen
microrod was excited using a focused laser at six different
positions along its length. Obviously, a yellow emission was
observed at the end of the rod except for the excited sites. This
phenomenon indicated that the microrod propagated the light to
the end of the rod, indicative of the optical waveguide behaviour.
The emission spectra were collected in the fixed emitting ends
with varied excitation positions (labelled with 1-6) (Fig. 8B).
The results showed that the emission intensity was decreased
with increasing distance between the excited site and the
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Fig. 8 (A) Fluorescence micrographs obtained by exciting an identical
DCA microrod at different positions. Corresponding emission spectra of
the emitting ends labelled with numbers 1-6 in (B). (C) Fitted plot of
log(lend/lbody) versus the distance (x) between the excited site and the
emitting end. Scale bar: 10 um.
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emitted end, which originated from the optical loss during the
propagation process. The emission intensities (550 nm) at the
fixed end (Iena) and the excited site (Ipoqy) Were recorded, and
the optical loss coefficient (a) was calculated by using the
equation log(Iena/Ivoay) = —0X, where x is the distance between
the excited site and emitting end (Fig. 8C). The o value of DCA was
determined to be 58 dB cm ™', which was quite low compared
with previous reports.®“**»17%18 The well-ordered arrangement
of microrods as well as their smooth surface should be respon-
sible for such excellent optical waveguide behaviour.

Conclusions

In summary, multiple solid-state fluorescence properties
were explored in two fluorophores that were derived from
aminocoumarin (DCA and DCCA). Both fluorophores exhibited
typical solvent and concentration-dependent emission effects.
Importantly, they displayed a remarkable polymorphism pheno-
menon with tunable solid-state emission, which was attributed to
their diverse molecular packing mode. In addition, crystal-to-
crystal transformations were achieved for both fluorophores by
thermal treatment. Meanwhile, the emission of the solid powder
could be tuned efficiently by HCI and NH; gas. Moreover, both
DCA and DCCA assembled into ordered 1D micromaterials, and
DCA gave excellent optical waveguide properties. These unique
features endowed both fluorophores with broad potential applica-
tions in fields of optical recording, pH sensing and photoelectric
devices. The strategy of exploring new properties in known
molecular systems also provides an ideal way to construct multi-
functional organic solid fluorophores.
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