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The thermally backward reaction involved in the mechanofluorochromism of
dibenzoylmethanatoboron difluoride (BF,DBM) derivatives, accompanied by an amorphous—
crystalline phase transition, was quantitatively evaluated based on kinetics and thermodynamics.
The kinetics was discussed by evaluation of the effect of temperature on the time-dependent
changes of the fluorescence intensity for amorphous samples obtained by mechanical grinding. The
thermodynamics was discussed based on data for the amorphous—crystalline phase transition
obtained by differential scanning calorimetry. The enthalpy of activation (AH*) of BF,DBM
derivatives with MeO groups (2aBF,) was larger than that of derivatives with alkyl groups (2b—
dBF,), whereas the entropy of activation (ASI) was smaller than that of derivatives with alkyl
groups. It is proposed that the reaction dynamics of 2aBF, will be governed by rotational motion
around the C(methyl)-O bond. Interestingly, the Gibbs energies of activation (AG*) were
comparable for the reactions of all members of the BF,DBM series, though AH* and AS* were
strongly dependent on the identity of the substituent. It is proposed that the substituent-dependent
AS* term is one of the key parameters for understanding the mechanofluorochromism of BF,DBM
derivatives associated with the amorphous—crystalline phase transition. These findings will also
provide important insights into the process of formation of crystal nuclei in moving from the

melted to crystalline state.

Introduction

Fluorescence switching in response to external stimuli,
namely mechanofluorochromism, is highly interesting as this
phenomenon can potentially be exploited for sensor, memory,
and security ink applications, etc. Furthermore, fundamental
information regarding intermolecular interactions can be
garnered from the fluorescence properties of the organic
molecular solids that exhibit this phenomenon." ? The
mechanochromic behavior is not a feature of monomeric
species, but emerges from assemblies such as crystals, liquid
crystals, or amorphous solids.>® Organic molecular solids
assembled by relatively weak intermolecular interactions
based on van der Waals interactions, such as m— interactions,
hydrogen bonding interactions’ and aurophilic interactions,® °
exhibit elasticity, which may be significant for modulation of
the molecular packing. From another point of view, it is
necessary to understand the cooperative interactions in
condensed media, where these interactions give rise to tunable
optoelectronic properties. The mechanofluorochromic effects
of organic solids have been evaluated based on the synthesis
of new molecules and their emission properties, emission
color changes, crystallography, and thermal properties. The
design of molecular structures that exhibit
mechanofluorochromism has to be achieved empirically,
because fundamental guidelines for judicious design of such
architectures have not yet been established.
Dibenzoylmethanatoboron difluoride (BF,DBM) derivative
exhibits mechanofluorochromism in response to perturbation
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by a mechanical force.'”!” BF,DBM derivatives are known

for their impressive optical properties, such as their two-
photon absorption cross-sections,'® ' high fluorescence

s quantum yield even in the solid state,”® and multi-fluorescence
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colors.'? Fraser et reported a reversible
mechanofluorochromic organic solid based on the 4-tert-
butyl-4'-methoxydibenzoylmethane (trade name: avobenzone)
boron difluoride complex, which exhibits different emission
depending on the crystal types.'® The emission wavelength is
significantly red-shifted upon rubbing/smearing the samples.
The samples then revert to the original emissive species over
time. This is the first finding of thermally backward type (t-
type) mechanofluorochromism. There are many substituted

s BF,DBM complexes with mechanofluorochromic properties

that influence their emission color and reaction speed.
However, the kinetic and thermodynamic properties of t-type
mechanochromic compounds have not been examined.
Information regarding the transition state in the thermally
backward reaction, associated with molecular arrangement, is
significant for understanding and for designing such reaction
systems. For example, Abe et al. recently reported the
thermodynamic parameters for the transition state of the
photochromic reaction of bridged imidazole dimers to clarify

s structural changes in the transition state.”* ?° In the classical

nucleation theory, the rate of the crystal formation is
considered to follow an Arrhenius-type reaction. Recently, we
reported thermodynamic analysis of the thermally backward
reaction of BF,DBM derivatives after mechanical
perturbation.”® We clarified the thermodynamic parameters
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and their values based on the temperature-dependence of the
thermally backward reaction for three types of BF,DBM
derivatives having fert-butyl (#-Bu) and methoxy (MeO)
groups, two fert-butyl groups, and dimethoxy groups. That
study revealed for the first time that the formation of the
transition state was governed by both enthalpic (AH*) and
entropic (AS*) terms and the activation energy of the reactions
is controlled by the substituents. The data suggested that the
mechanochromism could be controlled by AS* depending on
the substituents. Thermodynamically, AS* functions as an
indicator of the sterical state and order of species. However,
the entropy does not generally impact the overall chemical
reaction, especially solution. The kinetics of the
mechanofluorochromism of BF,DBM derivatives is governed
not only by intermolecular interactions assisted by substituent
groups, but also by the molecular order in the solid state, as
revealed by temperature-dependent fluorescence changes. It is
important to evaluate thermodynamic properties of the
materials based on the phase transformation to design the
smart molecules.

In this study, the thermally backward reaction associated
with the mechanofluorochromism of BF,DBM derivatives,
accompanied by an amorphous—crystalline phase transition, is
quantitatively evaluated by analysis of the kinetics and
thermodynamics of the transition state. The differences in the
amorphous—crystalline phase depending on the substituents
are also evaluated. The kinetics of the
mechanofluorochromism is discussed based on the reaction
coordinates, which are in turn discussed based on the
thermodynamic parameters [AH*, AS*, and Gibbs energy
(AGH)]. The thermodynamic parameters are determined by
evaluating the effects of temperature on the time-dependent
changes of the fluorescence intensity of the amorphous
samples induced by  mechanical grinding.  The
thermodynamics of the amorphous—crystalline phase
transition are discussed based on data obtained by differential
scanning calorimetry (DSC).

in

Experimental

The molecular structures of the BF,DBM derivatives are
shown in Chart 1. In this study, we used 1-(4-tert-
butylphenyl)-3-(4-methoxyphenyl)-1,3-propanedione (ab),
1,3-bis(4-methoxyphenyl)-1,3-propanedione (2a), 1,3-bis(4-
tert-butylphenyl)-1,3-propanedione (2b), 1,3-bis(4-
isopropylphenyl)-1,3-propanedione  (2¢), and 1,3-bis(4-
ethylphenyl)-1,3-propanedione (2d) as ligands. Ligands 2¢
and 2d were synthesized according to previous reports.** 2”28
Boronation was performed by addition of BF;-OEt, in CH,Cl,
according to a previous report.10 Purification was carried out
via column chromatography. A 2.0 x 10~ mol-dm~ CH,Cl,
solution of the BF,DBM complexes was dropped on paraffin-
coated weighing paper (2 X 2 cm) and the solvent-evaporated
sample was then used for spectroscopic studies, the samples
of which are uniformed fluorescence properties regardless of
annealing. Fluorescence spectra were recorded on a Shimadzu
RF-5300PC fluorescence spectrophotometer. In order to apply
a mechanical perturbation to the BF,DBM complexes, the

samples were rubbed with a spatula; because the smearing of
samples performed in inside a sample compartment of the

o fluorescence spectrometer due to determine the time origin

after smearing more precisely. In order to confirm the applied
smearing force by the spatula was measured by using a force
gauge (Imada ZTS-200N) with a cone-shaped attachment
(Imada S-3). The temperature around the sample was

es controlled with a home-made system using a rubber heater

(Hakko) and digital temperature controller (Omron ESCN-QT).
Differential Scanning Calorimetry (DSC) analysis was
performed by using either a SII Exstar6000 DSC6220 or a
RIGAKU DSC8230 instrument. Alumina (Al,O3) was used as

70 a standard material; the elevation velocity was set to 5 K-min~

!, The respective sample quantities were 3 mg for abBF,,
2¢BF,, and 2dBF, and 5 mg for 2aBF, and 2bBF,.

F. F
O/B\O
¢
X Y

abBF, : X = OMe, Y= t-Bu
2aBF,: X =Y = OMe
2bBF,: X =Y = tBu
2cBF,: X =Y =j-Pr
2dBF,: X =Y = Et

Chart. 1 Molecular structures of BF.DBM derivatives.
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Quantitative evaluation of mechanical smearing for the
fluorescence spectral changes of BF,DBM derivatives

We previously reported the mechanofluorochromic
properties of BF,DBM derivatives in a communication.”® The
drop-casted abBF, powder exhibited blue emission with a
maximum at 460 nm. The fluorescence spectrum originated
from the cyan crystal as previously observed.'® After rubbing
the sample with a spatula, a new fluorescence band appeared
around 500 nm with a shoulder at 550 nm, originating from
the amorphous state of abBF,. For semi-quantitative
evaluation of the mechanical perturbation, the applied force
(shear load) on the BF,DBM derivatives was checked by
using a force gauge.

Fig. la shows the fluorescence spectra of abBF, on
paraffin-coated weighing paper at 303 K as a function of
smearing time at constant shear load (0.58 N). The
fluorescence spectra were normalized to the maximum
intensity. The fluorescence intensity around 550 nm was
proportional to the smearing time, as shown in Fig. 1b. Fig. lc
shows changes in the fluorescence spectra of abBF, as a
function of perturbation for 25 s by applying various degrees
of force. The relative fluorescence intensity increased linearly
with increasing applied force, as shown in Fig. 1d. Using this
plot, the mechanical force applied by the spatula was
evaluated to be about 0.78 N for a constant time of 25 s. This
is the groundbreaking demonstration that the force-dependent
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fluorescence changes can be treated quantitatively.
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Fig. 1 Fluorescence spectra of abBF, as a function of time for application
of constant force (a, b) and applied force for a constant time of 25 s (c, d).
The closed circles indicate relative fluorescence intensity at 550 nm.

Effect of substituent on rate of thermally backward reaction
of BF,DBM derivatives

In a prior communication, we reported the thermally
backward reaction of abBF,, 2aBF,, and 2bBF,.*® After
rubbing, the samples exhibited yellow-green emission under
UV irradiation. The fluorescence intensity at wavelengths
below 530 nm decreased as time elapsed. After 1030 min, the
fluorescence spectrum showed peaks around 460 and 500 nm,
where the emission appeared green under UV irradiation.
These observations indicated that the yellow fluorescing
species changed to green emitting species at room temperature,
demonstrating that BF,DBM derivatives act as t-type
mechanochromic molecules.

The thermally backward reaction was strongly affected by
the substituent on the BF,DBM derivative, as reported
previously.”® We examined the substituent-dependence of the
rate constants of the thermally backward reaction subsequent
to mechanical perturbation. Changes in the fluorescence

s intensity were monitored in order to conduct a quantitative

kinetic analysis of the thermally backward reaction after
mechanical perturbation. Fig. 2 shows fluorescence spectra of
the BF,DBM derivative before and after the moment of
smearing. In the case of 2aBF, (Fig. 2a), a fluorescence peak
was observed around 490 nm. Build-up of a new broad
emission band around 550 nm was observed after smearing
the molecules. The intensity of the fluorescence peak around
550 nm decreased with the elapse of time. The fluorescence
peak shifted to the red region (around 550 nm) after smearing

s in the case of 2bBF, (Fig. 2b); this change is largely similar

to that observed for 2aBF,. Relatively small changes, such as
broadening of the spectra in the wavelength range of 520 to
600 nm, were observed in the case of 2¢BF, and 2dBF,, as
shown in Figs. 2c and 2d, respectively.

Fig. 3 shows the changes in the fluorescence intensity of
the samples at 550 nm as a function of time after mechanical
perturbation; the excitation wavelength was 370 nm. The

temperature was maintained constant during the measurement,
as indicated in each part of Fig. 3. The fluorescence intensity

4s decayed exponentially following the manual smearing process.
The fluorescence intensity at 550 nm decreased with elapsed
time; this behavior could be reproduced with a double-
exponential decay function obeying first-order kinetics.
Assuming first-order kinetics for the thermally backward

so reaction, the rate constants of the faster (k¢) and slower (ks)
components obtained by least-squares fitting are listed in
Table S1 in the ESI. Both sets of rate constants increased with
increasing temperature.
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ss  Fig. 2 Fluorescence spectra of 2aBF, (a), 2bBF, (b), 2¢BF; (c), and
2dBF, (d) at 303 K. Excitation wavelength: 370 nm.
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Fig. 3 Changes in fluorescence intensity of 2aBF, (a), 2bBF, (b), 2cBF,
(c), and 2dBF; (d) monitored at 550 nm as a function of time after
mechanical perturbation. The temperature is indicated in each profile. The
solid lines indicate the best-fit curves based on a double-exponential
decay function.

Thermodynamic parameters at transition state of thermally
backward reaction of BF,DBM derivatives

The thermodynamic parameters of the thermally backward
reaction were estimated by using Arrhenius and Eyring plots.
The temperature-dependence of the rate constants allowed us
to determine the thermodynamic for the
mechanofluorochromism of the BF,DBM derivatives. The
Arrhenius and Eyring plots can be use to determine the pre-
exponential factor (4), activation energy (£,), and the
enthalpy and entropy for activation (AH* and AS*) of the
thermally backward reaction. The left hand side of Fig. 4
shows the Arrhenius plot for the thermally backward reaction
of BF,DBM derivatives along with the straight line least-
squares fitting using the following equation:

parameters

E
Ink=InA-—
RT

where R and T are the gas constant (8.314 J-K "mol™"), and
temperature, respectively. The right hand side of Fig. 4 shows

ey

s the Eyring plot for the thermally backward reaction of

BF,DBM derivatives along with the straight line from least-
squares fitting using the following equation:
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where kg and h are the Boltzmann constant (1.380 x 1072* J-K"
') and Planck constant (6.626 x 10** J-s), respectively. Table
1 shows the thermodynamic parameters for the BF,DBM
derivative based on both kr and ks. Using abBF, as an
example, 4 and E, were estimated to be 1.05 x 10° s7! and
45.8 kJ-mol " for kg, and 3.00 x 10" s and 27.2 kJ-mol " for
ks. The resulting AH* values were 43.2 kJ-mol™' for the faster
component and 24.6 kJ-mol™' for the slower component, and
the AS* values were —104 J-K "mol ™ for the faster component
and =191 J-K "“mol™" for the slower component.

The compounds are divided into two groups based on the E,
values for kg [(i): abBF, and 2aBF, and (ii): 2bBF,, 2¢BF,,
and 2dBF,], where the kg values for group (i) compounds are
larger than those of group (ii). These observations suggest that
the MeO group in (i) affects the thermally backward reaction.
The A4 values for kr are much larger than of the corresponding
values for ks, meaning that the reaction probability or
frequency is low for ks. In addition, the possibility of
degradation of BF,DBM by thermal irradiation or
photoirradiation, especially 2¢BF, and 2dBF,, cannot be
excluded. Therefore, we focus on the thermodynamic
parameters obtained from kg.

The estimated AS* values are negative, suggesting that the
order parameter of the activated complex is higher than that of
the initial amorphous phase. The thermodynamic findings
confirmed that the thermally backward reaction of BF,DBM
derivatives originates from the amorphous—crystalline
transformation, which is described below.'’

Both AH* and AS* are influenced by the substituents. The
AH* values for kp (AHF') are comparable for all group (i)
species, and are identical to the E,; these values are twice as
large as those of group (ii) species. All AH* values were much
larger than the energy of formation for van der Waals
interactions (generally 1 kJ-mol™"), but were comparable to the
dipolar interaction as hydrogen bonding interaction energies
(about 17-63 kI-mol™'), suggesting that the intermolecular
interaction relies mainly on hydrogen-bonding to generate the
transition state (activated complex).”” The data indicate that
the AH: values of group (i) species are influenced by the
MeO group, which is most probably associated with the
excess energy from breaking of the C(arene)—H:--O(methoxy)
bond.'™ '* The AS* values for kg (AS*;) of group (i) were
around -110 J-K"mol™' compared with —190 J-K "mol™" for
group (ii). The AS¥;: of group (i) is larger than those of group
(ii) by ca. 80 J-K 'mol’, suggesting that the activation
complexes of (ii) are more ordered than those of (i). The
Gibbs energy barriers (AG*) of BF,DBM at 303 K are listed in
Table 2. All AG*; values were within the range of 74.8-80.8
kJ-mol™, and were comparable for all members of the
BF,DBM series, although AH* and AS* around room
temperature  depended strongly on the substituents.
Furthermore, no remarkable effect of AH* on AG* was
recognized in the room temperature range. These findings
indicate that the significant driving force for formation of the
activation complex is not only AH* but also AS*, leading to the
conclusion that the substituents exert entropic control in the

s solid-phase reaction. It is, therefore, proposed that the

substituent-dependent AS* term is one of the key parameters
influencing the mechanofluorochromism of BF,DBM
derivatives associated with the amorphous—crystalline phase
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Closed and open circles correspond to faster and slower components.

Table 1. Thermodynamic parameters at the transition state of BF,DBM
derivatives

Component E, / kJmol™ A/s™ kJégo{’l J'Kéfm/ol’]
abBF, Faster 45.8 1.05 x 10° 432 -104
Slower 27.2 3.00 x 10" 24.6 -191
2aBF, Faster 44.1 236 % 10° 41.6 -116
Slower 33.6 2.82 x 10? 31.1 -172
2bBF, Faster 23.1 2.65x 10" 20.5 -192
Slower 336 2.70x 107" 14.5 -230
2¢BF, Faster 25.8 3.44 x 10" 232 -190
Slower 235  8.62x107" 21.9 2221
2dBF, Faster 21.6 2.06 x 10" 19.0 -194
Slower 23.5 7.37 x 10° 20.9 -203
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Table 2. Gibbs energy at transition state for k¢ of BF,DBM derivatives

Temperature AG*: / kJ-mol™
/K abBF, 2aBF, 2bBF, 2¢BF, 2dBF,
273 71.7 73.3 72.9 75.1 72.0
283 72.7 74.4 74.8 77.0 74.0
293 73.8 75.6 76.8 78.9 75.9
303 74.8 76.7 78.7 80.8 77.9
313 75.8 77.9 80.6 82.7 79.8

Relationship between thermodynamic parameters of the
crystallization processes and the crystal packing of BF,DBM
derivatives

In the previous section, we investigated the thermodynamic
parameters for formation of the activated complex (transition
state). It is important to evaluate the thermal properties of the
solid state, including the phase transformation from
amorphous to crystal in the present type of
mechanofluorochromism. In order to clarify the effects of
substitution on the thermodynamic parameters for the
crystallization process, DSC curves were acquired. Fig. 5
shows the DSC curves of the BF,DBM derivatives. In the case
of abBF,, an exothermic peak around 433 K and endothermic
peak 513 K were observed in the heating cycle and an
exothermic peak around 441 K was observed in the cooling
cycle. The small exothermic peak observed around 433 K
most plausibly originated from phase transformation of a
small amount of the blue-emitting phase to the green-emitting
phase in abBF, due to polymorphism. The peaks around 513
and 433 K originated from the melting and crystallization of
abBF,, respectively. Endothermic peaks corresponding to the
melting points (7,,) were observed around 508, 545, 486, and
477 K for 2aBF,, 2bBF,, 2¢BF,, and 2dBF,, respectively.
Exothermic peaks corresponding to the crystallization
temperature (7.) were observed around 495, 519, 437, and
461K for 2aBF,, 2bBF,, 2¢BF,, and 2dBF,, respectively. We
estimated the enthalpy (AH,) and entropy (AS.) of
crystallization based on the peak area of the DSC curves and
by using the equation: AH. = TAS.; the resulting values are
listed in Table 3. The complexes could be arranged in the
following order based on both AH, and AS.: 2¢BF, = 2dBF, >
2bBF, > abBF, ~ 2aBF,. The value of AH, depends on the
intermolecular interaction. To evaluate this order, the position
of short contacts of less than the summation of the van der
Waals (vdW) radii of adjacent molecules in the BF,DBM
crystals were estimated based on X-ray crystallography.
Boron difluoride, as a coordinate, interacts with two phenyl

so rings of other molecules. In addition, in the case of abBF, and

2aBF,, short contact with the boron difluoride coordinate does
not only occur with the two phenyl-rings, but also with the
MeO group. Notably, AS. is strongly affected by the
intermolecular interaction with the MeO group. This leads to
the conclusion that this interaction preferentially promotes
crystal reformation and can contribute not only to the
C(arene)—H:---F interaction®®, but also to rotational motion
around the C—O group. Recently, Sket et al. reported that the
rotation around the C-O bond of a DBM-substituted

s dimethoxy group resulted in the formation of two polymorphs

because of the low energy barrier.’’ The degree of freedom of

This journal is © The Royal Society of Chemistry [year]
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the molecular motion in BF,DBM derivatives containing the
MeO group will be high; consequently, it can be considered
that the entropy values become large. These findings are
consistent with the substituent-dependence of the
s thermodynamic parameters of the BF,DBM complexes.
External stimuli may thus promote the activation of rotational
motion around the C—O bonds. Therefore, it is suggested that
the entropic term can control the crystal formation process
based on the substituents.
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Fig. 5 DSC curves of abBF,, 2aBF,, 2bBF,, 2¢BF,, and 2dBF,.

The Gibbs energy of crystallization (AG.) was then
estimated by AG, = AH~TAS., the values of which are
summarized in Table 4. The complexes can be arranged in the
following order based on their AG, values: 2¢BF, = 2dBF, >
2bBF, = abBF, ~ 2aBF,; this order differs from those based
on AH. and AS.. The stacking properties of the BF,DBM
derivatives depend on the substituent structure, as reported
previously.® ?® The overlap between adjacent molecules in
crystals with face-to-face orientation can be divided into two
groups: overlap between benzene (B) and
dihydrodioxaborinine (D) rings (termed B-on-D overlap) and
overlap between two benzene rings (B-on-B overlap) based on
2 X-ray crystallographic analyses.”> The molecules in crystals
of abBF,, 2aBF,, and 2bBF, are aligned in the B-on-D
overlap mode, while those in 2¢BF, and 2dBF, are aligned in

=3

the B-on-B overlap mode, as shown in the inset of Fig. 6.
These findings suggest that AG, is dependent on the molecular
packing mode in the crystal and is governed by a balance
between the AH, and AS, values. It is proposed that a higher
degree of overlap results in stronger intermolecular
interactions, such as m—m interaction, which helps to explain
the solid-state fluorescence properties of BF,DBM derivatives.

23,27,28
al

Table 3. Thermodynamic parameters for crystallization of BF,DBM
derivatives

=3

T./K AH,/kJmol' AS./JK 'mol’
abBF, 445 -33.8 -76.0
2aBF, 495 -33.5 -67.7
2bBF, 519 -25.8 —49.8
2¢BF, 437 ~13.6 -31.1
2dBF, 461 —11.6 -25.2

Table 4. Gibbs energy of crystallization of BF,DBM derivatives
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Temperature AGc / kJ'mol™
/K abBF, 2aBF, 2bBF, 2¢BF, 2dBF,
273 -13.1 -15.0 -12.2 5.1 4.7
283 -12.3 -14.3 -11.7 —4.8 4.5
293 -11.5 -13.7 -11.2 4.5 4.2
303 -10.8 -13.0 -10.7 4.2 4.0
313 -10.0 —12.3 —10.2 -39 -3.7

Reaction coordinates for mechanofluorochromism of

BF,DBM derivatives based on thermodynamic evaluation

Based on these findings, we present a schematic
representation of the reaction coordinates of the thermally
backward reaction of BF,DBM derivatives in Fig. 6. These
values are estimated at the temperature of 303 K. Both AH*
and AS* are strongly dependent on the substituents, although
the AG* values are comparable for all BE,DBM derivatives at
303 K, indicative of compensation between the enthalpy and
the entropy. These findings indicate that the substituent group
of the BF,DBM derivatives does not affect the energy barrier
for the system, but does affect the rate of the thermally
backward reaction. Comparison of these values with those of

ss abBF, shows that AG* is not dependent on the substituent

group. Formation of the activated complex (transition state) is
governed by the entropic term. The AH* value is much larger
than the energy of formation of van der Waals interactions
(generally 1 kJ'mol™"), but is comparable to the energy of
dipolar and hydrogen bonding interactions (10-150 kJ-mol”
1.2 Notably, the AH* values obtained with the MeO groups
are larger than obtained with the alkyl groups. It is proposed
that the MeO groups facilitate rotational motion around the
C-0 group.31

Fraser et al. suggested that multiple interactions, such as
strong dipolar interactions of the molecules, arene stacking,
and C(phenyl)-H---F hydrogen bonds, may be the driving
forces for aggregation of the BF,DBM derivatives upon
thermal treatment or recovery after smearing.'” Because the
kinetic mode related to the MeO groups preferentially
promotes crystal reformation, the driving force and formation
of a transition state during crystallization of BF,DBM
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derivatives will contribute not only to the C(phenyl)-H---F
interaction, but also to rotational motion around the
C(methyl)-O group.*? These findings strongly suggest that the
mechanofluorochromism of BF,DBM derivatives is governed
s by the substituent groups that influence the entropic-

dominated process (in terms of the kinetic and the
A abBF,
< AH'*=43.2
5]
_E) -TAS*=31.5
Ll\<.1| -TAS; = 23.0
AH;=-33.8
2bBF,
= = -TAS* =58.2
5
£
=z AH*=20.5
] —
< 4 - - -TAS; =151
/\\J AGH
AH-=-25.8
A
s
£
I
S|

10

thermodynamic parameters) for the thermally backward
reaction. It is proposed that the reaction dynamics of 2aBF, is
governed by either an electrostatic interaction between the
H[-C(phenyl)] and O(methoxy) groups or rotational motion
around the C(methyl)-O bond.

A 2aBF,
= =
o am=4167] 7| C\C
£ -TAS* = 35.1
4l =2 AG\  -TAS. =205
N

AHg=-33.5
A
“TAS* = 57.6
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AHg = -13.6
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Fig. 6 Schematic representation of thermally backward reaction coordinates of BF,DBM derivatives showing thermodynamic parameters at 303 K and
molecular packing obtained by X-ray crystallography.

Conclusions

The thermodynamic parameters for the thermally backward
reaction of BF,DBM derivatives after mechanical perturbation
were strongly dependent on the substituents. The substituent
groups affect not only the mode of molecular packing or
stacking the crystals, but also the thermodynamic
parameters in the transition states. The activation parameters
for the amorphous—crystalline phase transition suggested that
the energy of the transition state of the activated complex was
higher than that of the initial amorphous phase based on the
negative AS* values. Although the AH* values depend on the
substituents, the AG* values are comparable within the range
of ambient temperature. It is proposed that the AS* terms for
the thermally backward reaction are governed by the solid-
phase reaction, i.e., the amorphous—crystalline transformation
controlled by the substituent groups. It is, therefore, suggested
that the substituent-dependent AS* term is one of the key
parameters for understanding the mechanofluorochromism of
BF,DBM derivatives associated with the amorphous—crystal
phase transition. The substituent groups influence the rate of
the thermally backward reaction, where the reaction rate is
most plausibly controlled by intermolecular interactions such
as hydrogen bonding between the BF,DBM derivatives as
well as their rotational motion. On the other hand, AG¢ is
dependent on the molecular packing mode in the crystal,
meaning that a higher degree of overlap results in stronger
intermolecular interactions, such as m— interaction. These
findings should aid in the design of mechanofluorochromic
reactions through judicious selection of the substituent groups,
and also influence studies on the kinetics and thermodynamics
of the formation of crystal nuclei upon transition from a
melted state to a crystal state. Furthermore, these findings
open an avenue for fabrication of organic optoelectronic
materials based on the crystalline-to-amorphous transition.
Thermodynamic studies of the amorphous-crystalline
transformation will be useful for molecular design of organic
molecular solids. The surface and substrate effects are
important to develop the materials, which will be the subject
of further study.
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