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Multicolor Fluorescence Writing Based on Host—Guest Interactions
and Force-Induced Fluorescence-Color Memory**

Yuki Matsunaga and Jye-Shane Yang*

Abstract: A new strategy is reported for multicolor fluores-
cence writing on thin solid films with mechanical forces. This
concept is illustrated by the use of a green-fluorescent
pentiptycene derivative 1, which forms variably colored
fluorescent exciplexes: a change from yellow to red was
observed with anilines, and fluorescence quenching (a change
to black) occurred in the presence of benzoquinone. Mechan-
ical forces, such as grinding and shearing, induced a crystal-
line-to-amorphous phase transition in both the pristine and
guest-adsorbed solids that led to a change in the fluorescence
color (mechanofluorochromism) and a memory of the result-
ing color. Fluorescence drawings of five or more colors were
created on glass or paper and could be readily erased by
exposure to air and dichloromethane fumes. The structural and
mechanistic aspects of the observations are also discussed.

Smart materials undergo reversible changes in their proper-
ties in response to external stimuli. A new type of smart
materials that display mechano-, vapo-, and/or thermofluoro-
chromism in the solid or liquid-crystalline phase has recently
emerged: Their fluorescence color and intensity are altered
by mechanical forces, such as grinding, pressing, and shearing,
but the initial state can be recovered by annealing and/or
exposure to vapors of organic compounds or even water.!?!
The mechanofluorochromic (MFC) behavior has been attrib-
uted to force-induced changes in intermolecular interactions
as a result of either a (liquid-)crystalline-to-(liquid-)crystal-
line or crystalline-to-amorphous phase transition. As com-
pared to dichromic MFC systems, the multicolor counter-
partsP! have enhanced color contrast and patterning, which
is beneficial for applications in sensors, displays, security
printing, and data-storage devices. However, MFC systems
that enable multicolor fluorescence writing or drawing as well
as switching are rare; previous examples based on poly-
morphic” or bichromophoric® systems display up to three
colors but require the careful control of temperature or
mechanical forces. We report herein a new strategy toward
multicolor fluorescence writing, in which a single chromo-
phore is sufficient and the fluorescence color tuning is
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performed by guest molecules through host-guest interac-
tions and exciplex formation at ambient temperature. This
approach is demonstrated with the pentiptycene-derived 9,10-
bis(phenylethynyl)anthracene 1 by the drawing of an apple,
an orange, and a banana on a thin film of 1 on glass or paper
(Figure 1; see also Figures S1-S3 in the Supporting Informa-
tion). The important role of the pentiptycene scaffold in the

observed multicolor fluorescence writing is evidenced by
comparison with the pentiptycene-free planar analogue 2.
The design of 1 as a guest-responsive MFC material relies
on the prevention of compact intermolecular & stacking of the
n-conjugated systems by the rigid bulky H-shaped pentipty-
cene scaffold”® in the solid state, so that aggregation-induced
fluorescence quenching is minimized and pore volumes
accessible to guest molecules are created.* We also
expected that a loose crystalline packing might facilitate the
occurrence of force-induced phase transitions and thus the

Figure 1. Multicolor fluorescence drawing of an apple, an orange, and
a banana on a thin powder film of 1 on glass. The drawing was made
by sequential sketching with a spatula and by fuming with the vapors
of anilines DMA, DFDMA, and pMDMA and benzoquinone. The
drawing was erased by blowing with air, followed by DCM fuming. See
Figure S1 for detailed drawing procedures.
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MFC behavior. Indeed, the as-prepared solid 1 formed
fluorescent exciplexes with a series of aniline derivatives
with a fluorescence color ranging from greenish yellow to
reddish orange. A “black” color was also created by fuming
with benzoquinone because of fluorescence quenching. More
importantly, mechanical forces not only cause a crystalline-to-
amorphous phase transition in both the pristine and guest-
adsorbed solids, thus leading to the MFC properties, but also
impose a “memory” of the resulting color, which is the key for
multicolor fluorescence writing.

Compounds 1 and 2 were readily synthesized through
Sonogashira coupling reactions with commercially available
9,10-dibromoanthracene and the known building blocks
ethynylpentiptycene!® and ethynylbenzene! (see the Sup-
porting Information for detailed synthetic procedures and
compound characterization data). The pristine solid 1 showed
a grinding-induced change in the color of fluorescence from
green (G-form) to yellowish green (YG-form) with fluores-
cence maxima (4;) at 506 and 540 nm, respectively (Fig-
ure 2a). Reversion from the YG- to the G-form was possible

(PXRD) analysis indicated an amorphous structure for the
ground samples (see Figure S5). The system is robust and
showed no fatigue after several switching cycles between the
G- and YG-forms (see Figure S6).

The exciplex-based vapofluorochromic properties of
1 were investigated with electron-deficient benzoquinone
(BQ) and electron-rich anilines with different substituents,
including DMA, DEA, DIPA, DFDMA, and pMDMA
(Figure 3). Whereas the solid-state fluorescence was
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Figure 2. a) Photographs showing the reversible MFC behavior of

1 upon grinding and fuming with a solvent, and fluorescence spectra
of 1in the G- and YG-forms and as a solution in DCM. b) Schematic
illustration of possible molecular arrangements in the G- and YG-
forms.

by fuming with dichloromethane (DCM) vapors. The fluo-
rescence profile of the G-form resembles that in a dilute
solution in DCM, thus indicating weak chromophore—chro-
mophore interactions in the solid state. A redshift of 10 nm in
the 14 value of the G-form relative to that in a dilute solution
in DCM might result from the weak intermolecular inter-
actions or simply from reabsorption of the short-wavelength
emission under optically dense conditions.® In contrast, the
fluorescence profile of the YG-form differs from that of dilute
solutions in DCM to a significant extent, thus indicating
increased interactions between adjacent molecules. As the
formation of fully sandwiched excimers is ruled out by the
nonplanar bulky pentiptycene units, the YG-form is attrib-
uted to the formation of partially overlapped anthracene
dimers and excimers (Figure 2b). This hypothesis is in part
supported by the redshifted excitation spectrum (see Fig-
ure S4) and the longer fluorescence lifetime for the YG-
(3.8 ns) versus the G-form (1.2 ns). Powder X-ray diffraction
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quenched (black form) by BQ (see Figure S7), as attributed
to photoinduced electron transfer from the host to the guest,”!
new emission attributable to exciplex formation (aniline-1)
was observed with the aniline derivatives (Figure 3a). The
ability of 1 to form exciplexes with anilines was supported by
a titration experiment in solutions with DMA (see Figure S8).
A broad emission band located at approximately 650 nm with
along decay time of 40 ns appeared in toluene but not in more
polar solutions in THF and DCM: behavior typical of
intermolecular exciplexes.'” Interestingly, the color of the
exciplex emission depended on the aniline and was brownish
orange (BO-form), brownish yellow (BY-form), pale green
(PG-form), greenish yellow (GY-form), and brownish red
(BR-form) with DMA, DEA, DIPA, DFDMA, and
PMDMA, respectively. The Ag value of aniline-1 follows the
order pMDMA-1 (614 nm)>DMA-1 (603 nm)>DEA-1
(591 nm) > DIPA-1 (577 nm) > DFDMA-1 (572 nm), which
reveals that aniline serves as the electron donor and 1 as the
acceptor. The relatively smaller spectral shifts induced by
DFDMA and DIPA could be attributed to their lower
electron-donating ability as a result of the presence of
electron-withdrawing F atoms and bulky N-isopropyl
groups, respectively. The larger spectral shift induced by
pPMDMA relative to that observed with DMA is consistent
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with the presence of an additional electron-donating methyl
group. Therefore, 1 is a potential fluorescent probe for the
differentiation of structurally similar anilines. The overall
shift in Ay on going from the G-form to the BR-form was as
large as about 108 nm. Examples of solid-state exciplex
formation with organic vapors are extremely rare,'!! and no
example involving pentiptycene derivatives has been
reported previously. Furthermore, this vapofluorochromism
based on a host—guest interaction differs from the dichloro-
methane-vapor-induced YG-—G-form reversion, which is
essentially a “recrystallization” mechanism.

The aniline-1 complexes also displayed MFC behavior,
albeit to a smaller extent than 1. The grinding processes turned
the BO- and BY-forms a brighter orange (O;- and O,-forms,
respectively), the PG- and GY-forms yellow (Y;- and Y,-
forms, respectively), and the BR-form reddish orange (RO-
form; Figure 3a). The monomer emission nearly disappeared
and the exciplex fluorescence was redshifted by 6-18 nm upon
grinding (Figure 3b). Furthermore, except for the case of the
GY —Y, transition, which led to a 50% decrease in fluores-
cence, the ground samples generally displayed a larger
fluorescence quantum yield (up to 77% enhancement) than
the unground samples (see Table S1 in the Supporting
Information). Despite the changes in fluorescence intensity
and the solid phase (see Figure S5), there was no significant
variation in the exciplex fluorescence decay times for the
ground versus unground samples. Evidently, the grinding
process did not squeeze out the guest molecules but enhanced
the host—guest interactions and/or the energy-transfer effi-
ciency from the excited host molecule to the exciplex.

An unexpected but more important finding of this study is
the distinct responsivity of ground and unground samples to
vapor stimuli. For example, upon exposure to BQ vapors, the
fluorescence of the G-form was completely quenched in
2 min, but residual fluorescence of the YG-form remained
even after 10 min (Figure 4). A difference in responsivity
between the G- and YG-forms was also observed with aniline
vapors (Figure 4; see also Figure S9). This force-induced
resistance to new vapor stimuli was persistent in the aniline-1
complexes (Figure 4; see also Figure S10). For example, the
fluorescence of the BO-form was completely quenched by
BQ within 1 min, but the fluorescence quenching remained
incomplete for the O-form after 3 min. The phenomenon of
decreased fluorescence responsivity of ground samples to new
guest molecules resembles a memory process caused by
mechanical forces. We refer to this phenomenon of force-
induced fluorescence-color memory as “mechanofluorome-
mory” (MFM). The responsivity to BQ was enhanced for
aniline-1 exciplexes relative to that of the pristine solid form
of 1, thus revealing that the previous exposure of unground
samples to fumed guest molecules affects their responsivity to
subsequent vapor stimuli. According to PXRD, the crystal-
linity of 1 was retained after fuming with anilines, although
minor structural changes had occurred (see Figure S5). Such
minor structural changes might facilitate the diffusion of BQ.
Furthermore, the potential donor-acceptor (D-A) interac-
tions between anilines and BQ might hold volatile BQ more
effectively in 1 after fuming with an aniline derivative than in
the pristine solid.
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Figure 4. Comparison of fluorescence responsivity to guest molecules
for ground and unground samples of 1 (G- and YG-forms) and DMA-1
(BO- and O,-forms) along with the corresponding plots of fluorescence
intensity against the exposure time to the guest molecules. Fluores-
cence intensity was monitored at 506 nm for 1, and at 603 and 609 nm
for DMA-1.

The MFM properties of 1 provide a unique platform for
multicolor fluorescence drawings. An apple, an orange, and
a banana were sketched with a spatula on a thin powder film
of 1 spread on glass (Figure 1; see also Figure S1) or on a filter
paper containing 1 (see Figure S2). The drawing sequence
started with the “leaves” (G-—YG-form) followed by the
“orange” (BO-—O,-form), the “banana” (GY-—Y,-form),
and the “apple” (BR-—RO-form), and ended by turning the
background black by fuming with BQ. The fuming time for
each guest vapor was approximately 10 s, and the time used
for each element in the drawing was about 20-30s. The
drawing must be done soon after fuming with the guest, or the
extent of color change is diminished, thus indicating a fast
dissociation of the exciplex components in the open air. The
drawing on glass resembles an oil painting, and the one on
paper is more like a pastel painting. The drawings could be
readily erased by blowing air over them, followed by fuming
with DCM, and the recycled films behaved similarly (see
Figure S3).

To gain insight into the observed MFM of 1, we performed
HPLC and fluorescence spectroscopic analysis of the spots of
different colors in Figure 1. Whereas the emission color and
the corresponding fluorescence spectra (see Figure S12) of
the drawing spots closely resembled those of the pure forms
shown in Figure 3, the HPLC results showed that all spots
contained all three anilines used for fuming (DMA, DFDMA,
and pMDMA), although the writing process did enhance the
trapping of the aniline derivative that had been used in the
last fuming step (see Figure S11 and Table S2). Evidently, not
all host—guest interactions led to fluorescence signaling. We
propose that there are two distinct types of host-guest
interaction sites in the host: one could generate exciplex
emission (exciplex-active sites), but the other is exciplex silent
(exciplex-inactive sites) upon binding with anilines. The
former sites allow fast diffusion and exchange of guests, but
the latter sites are “stickier”, and guest exchange at these sites
is relatively slow.™” Consequently, the exciplex-active sites
are occupied mainly by the guests to which they have just
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been exposed, but the inactive sites would accumulate all the
guests in the fuming history. The grinding processes change
the phase from crystalline to amorphous. They therefore
diminish the exciplex-active sites for new guests, confine the
guests that previously occupied the exciplex-active sites (i.e.,
slow exchange with the new guests), and thus cause the
fluorescence color to be memorized. The molar ratio of
aniline molecules relative to 1, as estimated by HPLC, was
low (ca. 5-15%; see Table S2) for all spots in the drawing,
thus indicating that the exciplex concentration was rather low.
This result in turn indicates that energy transfer from the
intact host molecules or higher-lying exciplexes to lower-lying
exciplexes is very efficient. Figure 5 summarizes the concept
of MFM-based multicolor fluorescence writing schematically,
but more studies are required for a firm conclusion to be
reached on the MFM mechanism. In contrast, the amount of
anilines detected by HPLC of the recycled thin films was
negligible, thus indicating that the guest molecules were
effectively removed during the recrystallization processes of
DCM fuming.

The important role of the pentiptycene units in the MFC
and MFM behavior of 1 was evidenced by comparison with
the behavior of 2 under the same conditions. First, the size of
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Figure 5. Schematic representation of the MFM-based multicolor fluo-
rescence writing of 1 with guests 1-3. The crystalline phase contains
both exciplex-active and exciplex-inactive sites for host—guest interac-
tions. The diffusion of guest molecules into and out of the exciplex-
active sites is fast, and exciplex formation changes the fluorescence
color. In contrast, the diffusion of guest molecules into or out of the
exciplex-inactive sites is slow, and the guest molecules are readily
trapped in these sites. Nevertheless, these guests do not affect the
fluorescence color. The grinding processes on areas A-C cause

a crystalline-to-amorphous phase transition, which modifies the host—
guest electronic interactions, diminishes the exciplex-active sites, traps
the exciplex-forming guests, and causes retention of the fluorescence
color prior to grinding. Blowing with air readily removes the guests in
the unground area, and erasing of the writing is possible by solvent
fuming to remove the trapped guest molecules and recrystallize the
host.
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the redshift in A; on going from a dilute solution in DCM to
the as-prepared solid was much larger for 2 than for 1 (64
versus 10 nm; see Table S3). Second, unlike for 1, the change
in the fluorescence color, intensity, and spectrum was small or
negligible for the as-prepared solid 2 upon grinding or short-
term fuming with the vapors of BQ or anilines (see
Figures S13-S15). Both features indicate that 2 adopts
a relatively compact crystal-packing mode with significant
intermolecular m-stacking interactions and low pore volumes
as compared to 1. Another difference in the behavior of 1 and
2 is the opposite vapofluorochromicity of the ground versus
unground samples. More specifically, ground samples of 2
displayed noticeable vapofluorochromicity to BQ and
pPMDMA upon prolonged fuming (10 min): 90% of the
fluorescence was quenched by BQ, and the fluorescence color
was changed to orange by pMDMA; in contrast, only 15%
BQ-induced fluorescence quenching was observed and no
change in the fluorescence color was observed for unground
samples with pMDMA. It appears that grinding perturbs the
ordered compact crystal packing of 2 and creates some
disordered domains that correspond to nonideal active sites
for interaction with guest molecules that are strong electron
donors (i.e., pMDMA) or acceptors (i.e., BQ).

In summary, the features of mechanofluoromemory and
host—guest-interaction-based vapofluorochromism observed
for the pentiptycene—anthracene m system 1 in the solid state
demonstrate a new strategy toward multicolor fluorescence
writing and switching. Mechanistically, the nonplanar bulky
pentiptycene scaffold creates pores in the crystals with
suitable volumes for ground-state host-guest interactions
and excited-state exciplex formation or fluorescence quench-
ing; however, mechanical forces change the molecular pack-
ing mode such that guest molecules are trapped in the
exciplex-active sites and memorize the emission color. This
strategy opens an avenue for the design of novel MFC smart
materials for application in optical sensing and data storage.

Keywords: exciplexes - fluorescence - host—guest systems -
mechanofluorochromism - vapochromism
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