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Organic compounds exhibiting polymorphic and/or mechanochromic (MC) properties are promising for
applications in multiple areas. However, the design strategy for such compounds is not very clear. Herein,
several series of N-alkylated 1,4-dihydropyridine (DHP) derivatives incorporating different electron-withdrawing
end groups were synthesized and compared. The electron-withdrawing groups were responsible for their
polymorphic and MC properties. Additionally, a number of polymorphs of these DHP derivatives showed a
decreasing trend as length of the alkyl chain increased, indicating that a longer alkyl chain was not conducive
to formation of the polymorphs. Although differences in emissions of the polymorphs were mainly attributed
to their different intermolecular interactions and molecular packing patterns, a subtle difference in the
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Introduction

Solid-state organic compounds exhibiting switchable and vari-
able fluorescence have recently attracted considerable interest
owing to their potential applications in a wide range of fluor-
escent materials.' Two kinds of fluorescence characteristics,
namely, mechanochromic (MC) and polymorphic properties,
have been of particular interest in the development of these
materials. MC compounds are a class of smart fluorescent
materials with variable emission in response to pressure stimuli
and their fluorescence can often be recovered by vapor and/or
temperature stimuli based on the transformation between crystal-
line and amorphous states.'? Some compounds with polymorphic
properties have a variety of crystal structures and exhibit distinctly
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states, instead of the more common transformation between crystalline and amorphous states.

different solid-state fluorescence,” and the interconversion of the
emissions of these polymorphs can be ascribed to a transforma-
tion from one crystalline state to another. Recently, a number of
compounds have been found to possess MC and polymorphic
properties simultaneously,® however, the structural features that
influence the presence of both MC and polymorphic properties
and the design strategies for such compounds are not very clear;
this remains a challenge and deserves further study.

4H-Pyran® and 1,4-dihydropyridine (DHP)® have been demon-
strated to be good building units for the construction of donor-
n-acceptor fluorescent materials. In particular, the introduction
of an alkyl chain on the nitrogen atom is conducive to the for-
mation of a distorted molecular conformation, which results in
strong solid-state emission owing to restriction of intramolecular
rotation.® Recently, we reported that some aggregation-induced-
emission-active 4H-pyran and 1,4-dihydropyridine derivatives
exhibited MC properties, solvent-induced solid-state emission
changes, or acidochromic properties.” Unexpectedly, in the course
of investigating the photophysical properties of these compounds,
we found that an intermediate with a simple structure, 2-(1-ethyl-
2,6-dimethylpyridin-4(1H)-ylidene)malononitrile (MDHP-C,),
showed both MC and polymorphic properties (Scheme 1).
Considering that different electron-withdrawing end groups’”®
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Scheme 1 Chemical structures of DHP derivatives.

and alkyl chain lengths® often played functional roles in modu-
lating solid-state photophysical properties, we designed and
synthesized several series of DHP derivatives with different
alkyl chain lengths (ethyl, n-butyl, and n-octyl) on the nitrogen
atom, namely MDHP-C,,, TDHP-C,,, EDHP-C,, IDHP-C,, and
NDHP-C,, (n = 2, 4, 8), using malononitrile, 1,3-diethyl-2-thio-
xodihydropyrimidine-4,6(1H,5H)-dione, ethyl 2-cyanoacetate,
1H-indene-1,3(2H)-dione, and 2-(4-nitrophenyl)acetonitrile as
electron-withdrawing end groups, respectively (Scheme 1). The
electron-withdrawing end group had a significant impact on
the solid-state fluorescence properties of these compounds.
Compounds MDHP-C,,, TDHP-C,, (except TDHP-Cg), and EDHP-C,,
all showed polymorphic and MC properties; however, IDHP-C,, and
NDHP-C,, did not have these properties. Furthermore, the number
of polymorphs of MDHP-C,, and TDHP-C,, showed a decreasing
trend as the length of the alkyl chain increased. This difference
in emissions of the polymorphs was mainly attributed to their
different intermolecular interactions and molecular packing
patterns, but interestingly, a subtle difference in the distances
of the intermolecular interactions also played a crucial role in
formation of the polymorphs, as revealed by crystallographic
data. Different polymorphs of the DHP derivatives were inter-
converted by a simple recrystallization process with a specific
solvent, grinding, or fuming. Additionally, X-ray diffraction (XRD)
and differential scanning calorimetry (DSC) measurements
indicated that the MC properties of these DHP derivatives were
ascribed to the phase transition between different crystalline
states, rather than the common transformation between crystal-
line and amorphous states.

Results and discussion
Synthesis and features of 4H-pyran and DHP derivatives

The synthetic route of the 4H-pyran and DHP derivatives is outlined
in Scheme S1 (EST+). Compounds MP,*'® MDHP-C,,,**’*'** Ep,?
EDHP-Cg,"> IP,’* and IDHP-C,”° were synthesized according to
previous literature procedures. The intermediates TP and NP were
prepared from a Knoevenagel condensation of 2,6-dimethyl-4-
pyrone with 1,3-diethyl-2-thioxodihydro-pyrimidine-4,6(1H,5H)-
dione and 2-(4-nitrophenyl)acetonitrile, respectively. Reactions of
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TP, EP, and NP with corresponding aliphatic amines gave com-
pounds TDHP-C,, EDHP-C,, EDHP-C,, and NDHP-C,,, respec-
tively, in good yields. Chemical structures of these compounds
were characterized using nuclear magnetic resonance spectro-
scopy, element analysis, and mass spectrometry. Moreover,
the structures of MP, MDHP-C,, TP, TDHP-C,,, IP, IDHP-C,,
EDHP-C,, and NDHP-C, were further confirmed by single-crystal
X-ray diffraction analysis (Fig. 1). The resulting compounds were
easily soluble in common organic solvents such as tetrahydro-
furan, toluene, ethyl acetate (EA), chloroform, acetonitrile, and
acetone.

Fluorescence properties of 4H-pyran and DHP derivatives solids

Fluorescence spectra, excitation spectra, and fluorescence quantum
yields (@g) of the as-synthesized solids of various 4H-pyran
derivatives were measured (Fig. S1, Tables S1 and S2, ESIt). The
electron-withdrawing end groups had a significant impact on the
solid-state fluorescence spectra of the 4H-pyran derivatives. Among
these compounds, MP and NP showed the smallest and largest
maximum emission wavelength (/en) at 481 and 599 nm with a
low @ value of 0.6 and 2.0%, respectively. The @ values of TP, EP,
and IP were 2.0, 31.4, and 20.4%, respectively. For the sake of
discussion, herein, the solids of all the DHP derivatives obtained
by a recrystallization of their as-synthesized solids using a mixed
solvent of n-hexane and CHCI; (30:1, v:v) were regarded as their
original samples. Fluorescence spectra of the original samples of
MDHP-C,,, TDHP-C,,, and EDHP-C,, showed an obvious blue shift
compared with those of the corresponding 4H-pyran derivatives,
whereas the original samples of IDHP-C,, and NDHP-C,, exhibited
an obvious red shift (Fig. S2, ESIt). Although the introduction of an
N-alkyl chain is beneficial for enhancing the degree of distortion of
a molecular structure, and promoting a blue shift in the fluores-
cence spectra,’® emissions of the solid materials are also closely
related to their molecular packing patterns.

Polymorphic and MC properties of DHP derivatives

The synthetic route of 4H-pyran and DHP derivatives is outlined.
The original sample of MDHP-C, emitted strong blue fluores-
cence at 461 nm with a @y value of 48.8% (Fig. 2, 3 and Table S1,
ESIt). Moreover, two different types of single-crystal structures of
MDHP-C,, namely MDHP-C,-c and MDHP-C,-l, were cultured
by slow diffusion of n-hexane into the CHCl; solution of the
original sample and recrystallized using acetonitrile as a solvent,
respectively. MDHP-C,-c emitted cyan fluorescence at 470 nm with
a @p value of 79.7%, whereas, lawn green-emitting MDHP-C,-
exhibited a redder emission at 489 nm with a lower quantum yield
of 57.2%. According to their XRD measurements, diffraction curves
of the original samples, MDHP-C,-c, and MDHP-C,-I all revealed
sharp and intense reflection peaks (Fig. 4), which are characteristic
properties of microcrystalline structures. These results suggested
that MDHP-C, should be a polycrystalline fluorophore. The
difference in emissions between different crystal structures
could be mainly attributed to their different intermolecular
interactions and molecular packing patterns,®? which is dis-
cussed in the crystal structure analysis section below. The
three crystal polymorphs could be interconverted by a simple

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Single-crystal structures of some 4H-pyran and DHP derivatives: (a) MP; (b) MDHP-C,-c; (c) MDHP-C,-[; (d) MDHP-C,4-sb; (e) MDHP-C,;-lc;
(ff MDHP-Cg-c; (9) TP; (h) TDHP-C,-ly; (i) TDHP-C-0; (j) TDHP-C4-g; (k) TDHP-C4-0; () TDHP-Cg; (m) IP; (n) IDHP-C;; (o) IDHP-C,; (p) IDHP-Cg;
(q) EDHP-C4; and (r) NDHP-C,. Hydrogen atoms are omitted for clarity. Inset: Fluorescence image of the corresponding single crystal taken under

365 nm UV light.

recrystallization process with an appropriate solvent (Fig. 2).
A fluorescence color change from blue to yellow-green (Alyc =
41 nm, Table S1, ESIt) was clearly observed after the original
crystalline sample of MDHP-C, was ground with a pestle in a
mortar, suggesting that the original sample exhibited distinct MC
properties. If the ground sample was exposed to EA vapor, its
fluorescence returned to that of the original sample, suggesting a
reversible MC behavior. It is noteworthy that the reflection peaks
in the XRD curve of the ground sample were still sharp and
intense except that several peaks (20 = 17.4° 24.3° and 26.9°)
showed obvious changes (Fig. 4), indicating the ground sample
should also have a crystalline structure. Furthermore, according
to the DSC experiments, no cold-crystallization transition was
detected before the isotropic melt transition of the ground
sample (Fig. S3, ESIT), indicating that the ground sample should
not be amorphous but crystalline. These results indicated that

This journal is © The Royal Society of Chemistry 2017

the MC properties could be ascribed to a phase transition between
different crystalline states,””*? rather than the common transfor-
mation between crystalline and amorphous states. Moreover, we
investigated the stimulus response behaviors of MDHP-C,-¢ and
MDHP-C,-l upon grinding. Interestingly, by grinding these two
types of single crystals with a gentle pressure, a blue-emitting
solid (Zem = 459 nm, @ = 51.3%) in line with the original sample
was obtained, whereas a yellow-green-emitting solid (Zem, = 502 nm,
& = 40.3%) was obtained using a hard pressure, same as the
ground sample obtained from the original sample, indicating
MDHP-C,-¢ and MDHP-C,-I displayed multicolored MC behavior.
These results demonstrated that the emissions of MDHP-C, could
be switched between four colors in the solid state by a transfor-
mation between four crystalline forms.

MDHP-C, had three different crystal polymorphs (Fig. 5,
Fig. S4, S5 and Table S1, ESIt), including the original sample

J. Mater. Chem. C, 2017, 5, 5183-5192 | 5185
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Fig. 2 Fluorescence images of MDHP-C, solid samples taken under
UV irradiation at 365 nm: (a) original sample; (b) MDHP-C,-c sample;
(c) MDHP-C,-l sample; (d) strongly ground sample; and (e) gently ground
sample. Conditions: () hard grinding; (ll) fuming with EA vapor; (lll) a
recrystallization process using acetonitrile as a solvent; (V) a recrystallization
process using n-hexane/CHClz (30 : 1, v: v); (V) gentle grinding; and (VI) slow
diffusion of n-hexane/CHClz (6:1, v:v).
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Fig. 3 Normalized emission spectra of MDHP-C, solid samples under
different conditions.

(L™ = 447 nm, ®p = 30.1%), MDHP-C;-sb (Aex* = 456 nm,
@p = 38.9%), and MDHP-C-Ilc (L™ = 466 nm, @p = 18.1%).
Upon slow diffusion of n-hexane/CHCI; (6: 1, v:v), single crystals
of MDHP-C4-sb with a sky-blue emission were formed, whereas
single crystals of MDHP-C4-Ic with a light cyan emission were
obtained by a recrystallization with acetonitrile (Fig. 5). In con-
trast to MDHP-C,, after being ground, the original blue-emitting
sample of MDHP-C, did not show an obvious fluorescence color
change, whereas MDHP-C4-sh and MDHP-C,-Ic displayed a blue
shift of 9 and 19 nm and returned to their original crystal
samples (Fig. S3, ESIT), respectively, exhibiting MC properties.
In comparison to MDHP-C, and MDHP-C,, only two types of
crystals for MDHP-Cg, namely the original sample and cyan-
emitting MDHP-Cg-c, were obtained (Fig. S6-S8, ESIT), indicating
a longer alkyl chain was unfavorable for the formation of poly-
morphic crystals. Moreover, the grinding of MDHP-Cg-c altered
its emission from cyan to blue and the ground sample was almost
identical to the original sample.

Similarly, TDHP-C, and TDHP-C, also exhibited polymorphic
and MC properties, and showed three and five individual
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Fig. 4 XRD curves of MDHP-C, solid samples under different conditions.
The peaks of the original sample at 20 = 12.1° and 17.4° are truncated to
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Fig. 5 Fluorescence images of MDHP-C, solid samples taken under
UV irradiation at 365 nm: (a) original sample; (b) MDHP-C4-sb sample;
(c) MDHP-C4-lc sample; and (d) ground sample. Conditions: (I) grinding;
(I) slow diffusion of n-hexane/CHClz (6:1, v:v); (lll) a recrystallization
process using CH3zCN as a solvent; and (IV) a recrystallization process using
n-hexane/CHClsz (30:1, v:v).

emission colors in their crystalline states, respectively. The
original crystalline sample of TDHP-C, exhibited weak pale-
yellow fluorescence with a @ value of 7.5% (Fig. 6 and Table S1,
ESIt). The two crystalline polymorphs TDHP-C,-ly and TDHP-C,-0
obtained from a slow diffusion of n-hexane/CHCl; (6:1,v:v)and a
slow evaporation of CHCI;/EA (1:6, v:v) displayed light yellow
(Zem = 458, 596 nm) and orange (Zem = 456, 597 nm) fluorescence,
respectively, with quantum yields of 12.2% and 10.7%. After
grinding, the ground samples of these two crystals exhibited
similar XRD curves and fluorescence spectra as those of the
original samples (Fig. S9 and S10, ESI{). For TDHP-C, (Fig. 7,
Fig. S11 and S12, ESIY), interestingly, two kinds of original samples,

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Fluorescence images of TDHP-C, solid samples taken under UV
irradiation at 365 nm: (a) original sample; (b) TDHP-C,-ly; (c) TDHP-C;-0;
and (d) ground sample. Conditions: (I) grinding; (Il) slow diffusion of
n-hexane/CHClz (6:1, v:v); (lll) slow evaporation of CHCIz/EA (1:6, v:v);
and (IV) a recrystallization process using n-hexane/CHCls (30: 1, v:v).

Fig. 7 Fluorescence images of TDHP-C4 solid samples taken under UV
irradiation at 365 nm: (a) TDHP-C4-OSA; (b) TDHP-C4-OSB; (c) TDHP-C4-g;
(d) TDHP-C4-0; and (e) ground sample. Conditions: (I) slow evaporation of
CHCIs/EA (1:6, v:v); (ll) a recrystallization process using n-hexane/CHClz
(30:1, v:v); () a recrystallization process using n-hexane/CHCls (60:1, v: v);
(IV) slow diffusion of n-hexane/CHCls (6 : 1, v: v); and (V) grinding with a pestle
in a mortar.

namely yellow-emitting solids TDHP-C4-OSA (e, = 463, 542 nm,
@ = 14.7%) and dark sea-green-emitting solids TDHP-C,-OSB
(Aem =456, 533 nm, @y = 10.9%), were obtained by recrystallization
using n-hexane/CHCl; with different volume ratios (v:v=30:1
for the former and v:v = 60:1 for the latter). There was a slow
precipitation process for the former and a fast precipitation
process for the latter, indicating that these different recrystalli-
zation methods led to different morphologies.** Furthermore,
the green-emitting single crystal TDHP-C4-g (Zem = 508 nm,
&p = 15.9%) was generated by slow diffusion of n-hexane/CHCl;
(6:1, v:v) and another orange-emitting single crystal TDHP-C,-0
(Zem = 543, 581 nm, ®r = 20.1%) was obtained by slow evaporation
of CHCL/EA (1:6, v:v). After grinding, the two original samples
and the two crystalline polymorphs all converted to their solids
with a yellow-green emission (Len, = 467, 538 nm, @ = 11.2%). For
TDHP-Cg, only a green-emitting crystal sample was obtained, and
the fluorescent color and XRD curves did not show a clear change

This journal is © The Royal Society of Chemistry 2017
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after grinding, suggesting it was MC inactive (Fig. S13 and S14,
ESIt). Generally, TDHP-C,-ly, TDHP-C,-g, and TDHP-C,-OSB,
which exhibit blue-shifted emissions, should have higher fluores-
cence efficiencies than TDHP-C,-0, TDHP-C4-0, and TDHP-C4-OSA,
which exhibit red-shifted emissions, owing to a stronger inter-
molecular interaction (see below); however, the opposite results
were observed (Table S1, ESIT). To explain this abnormal phenom-
enon, we investigated time-resolved fluorescence decay parameters
of these TDHP derivatives in the solid state (Table S3, ESIf).
As shown in Table S3 (ESIt), compared with TDHP-C,-0 and
TDHP-C4-OSA, TDHP-C,-ly and TDHP-C,-OSB had a smaller
radiative rate constant (k) and a larger non-radiative rate con-
stant (k,), respectively. Additionally, although the k; value of
TDHP-C4-g was 5.4 x 107 s tand larger than that of TDHP-C,4-0
(3.7 x 107 s7Y), the ky, value (2.9 x 10® s™") of TDHP-C4-g was
nearly two times higher than that of TDHP-C4-0 (1.5 x 10% s ).
Herein, the larger non-radiative decay resulted in fluorescence
quenching, which might account for the lower fluorescence
efficiencies of the TDHP derivatives with bluer emissions.*?

After grinding, changes in the fluorescence color of the original
samples of EDHP-C,, were clearly observed (Fig. S15, ESIT). Inter-
estingly, although there was only a 4 and 5 nm red shift in the
maximum emission wavelengths for the original samples of
EDHP-C, and EDHP-C,, respectively, after they were ground
(Fig. S16 and Table S2, ESIY), their emission profiles displayed
obvious changes, namely, the intensity of the peak at approxi-
mately 424 nm showed a remarkable decrease, which could
explain changes in the fluorescence color. Although grinding
led to changes of some reflection peaks in the XRD curves of
EDHP-C, solids (Fig. S17, ESIY), their crystalline structures were
still maintained. Meanwhile, there was no cold-crystallization
phenomenon observed upon heating the ground samples accord-
ing to their DSC curves (Fig. S18, ESIt). These results indicated
that EDHP-C,, solids have two kinds of crystal polymorphs and
their MC properties were caused by a crystal-to-crystal transfor-
mation. After the ground samples were fumed with EA vapor,
their emission colors and fluorescent spectra were reversed
to those of the emissive original samples. For yellow-emitting
IDHP-C,, (Fig. S19-S21, ESIf) and red-emitting NDHP-C,
(Fig. S22-524, ESI), only one kind of crystal form was obtained
and grinding had no obvious influence on the fluorescence spectra
and XRD curves of their solid samples, and thus could not change
their fluorescence colors. Especially, solid-state NDHP-C, did not
emit fluorescence but the reason remained unclear because its
single crystal could not be obtained.

Crystal structures of DHP derivatives

To gain a better understanding of the underlying reason for the
photophysical behaviors of the DHP derivatives in different
aggregated states, crystal structure analysis was performed to
investigate their molecular conformations and packing patterns
in their crystalline states. For the two crystal polymorphs of
MDHP-C,, unit cells of MDHP-C,-c and MDHP-C,-l were both
triclinic with a P1 space group (Table S4, ESIt). In contrast to
that of MP, which had a planar structure, these two polymorphs
adopted a twisted conformation in which the torsion angles

J. Mater. Chem. C, 2017, 5, 5183-5192 | 5187
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Fig. 8 Schematic diagram of the intermolecular interactions in the crystals of MDHP-C,-c (a) and MDHP-C,-{ (b).

between the N-ethyl group and the DHP unit were 80.23° and
80.01°, respectively. Molecules of the crystals of MDHP-C,-c
were stabilized by n—rn stacking interactions and C-H- - -N bonds
(Fig. 8). The distances between the DHP unit and the olefinic
double bond in the upper and lower molecules were measured
to be 3.625 and 3.412 A, respectively, indicating the existence
of n-m stacking. Furthermore, two types of aliphatic C-H- - ‘N
bonds (2.677 and 2.653 A) between a H atom of the ethyl moiety
and the N atom in the cyano group were formed in the same
column, and another C-H---N bond (2.714 A) restricted the
adjacent molecules between the two columns. There was no n-n
stacking in the crystal of MDHP-C,-I and only three kinds of

aliphatic C-H- - -N bonds (2.707, 2.739, and 2.742 A) restricted
the adjacent molecules. These results indicated that crystals
of MDHP-C,-c¢ had stronger intermolecular interactions than
crystals of MDHP-C,-I. We further investigated the molecular
packing modes of MDHP-C,-¢c and MDHP-C,- in these crystals.
As shown in Fig. 9, although these two crystal polymorphs both
adopted a head-to-tail packing pattern, their packing arrange-
ments showed distinct differences. The molecules of MDHP-C,-1
and MDHP-C,-c along the b-axis were arranged in a single chain
and ribbons, respectively. Furthermore, for MDHP-C,-I, the
overlap between two pairs of head-to-tail molecules along the
c-axis was obviously poorer compared with that of MDHP-C,-c.

Fig. 9 Packing patterns in the crystal of MDHP-C,-c (left) and MDHP-C,-I[ (right): (a) viewed along the a-axis; (b) viewed along the b-axis; (c) viewed

along the c-axis. The hydrogen atoms have been omitted for clarity.
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These results indicated that packings of MDHP-C,-c in the
crystals were more compact compared to those of MDHP-C,-l.

Stronger intermolecular interactions and closer molecular
packing should inhibit the molecules of MDHP-C,-c¢ from having
some sort of motion and thus lead to a blue shifted emission and
higher @y value compared to those of MDHP-C,-L.¥ These results
also indicated that the different intermolecular interactions and
molecular packing arrangements were the main reasons for the
observed polymorphism of MDHP-C,. Because of the parallel
stacking patterns in these two crystals, it was relatively easy for
the crystal structure to change into other crystal forms upon
gentle or hard grinding, and thus result in MC properties.
However, their crystalline structures were not easily destroyed
by grinding because of strong intermolecular interactions.
Therefore, their MC properties could be ascribed to the trans-
formations between different crystalline states. Although the
original/gently ground sample emitting blue fluorescence was
obtained by recrystallization using a mixed solvent of n-hexane
and CHCI;, unfortunately, only the single crystal of cyan-emitting
MDHP-C,-c, instead of the original/gently ground sample, was
obtained by slow diffusion of n-hexane/CHCl;, even using a
variety of different volume ratios. Therefore, we were unable
to investigate the transformation between different crystalline
states.

In the case of the crystal polymorphs of TDHP-C,, the unit
cell of TDHP-C,-ly was monoclinic with a P2(1)/n space group
and that of TDHP-C,-0 was monoclinic with a P2(1)/n space
group (Table S5, ESI{). TDHP-C,-ly and TDHP-C,-0 both adopted
a head-to-tail packing pattern in pairs, in which the DHP ring
stacked with the 2-thioxodihydropyrimidine ring in a face-to-face
manner, and the dihedral angle between two pairs of molecules
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was 85.18° and 85.29°, respectively. These two crystal polymorphs
were stabilized by weak m-m stacking interactions (3.849 A for
TDHP-C,-ly and 3.857 A for TDHP-C,-0), aliphatic C-H- - -S bonds
(2.975 A for TDHP-C,-ly and 2.984 A for TDHP-C,-0), and aliphatic
C-H:- -7 bonds (3.275-3.698 A for TDHP-C,-ly and 3.281-3.756 A
for TDHP-C,-0) from adjacent molecules, whereas the interaction
distances of TDHP-C,-ly were obviously shorter than those of
TDHP-C,-0 (Fig. 10). Moreover, as depicted in Fig. 11, although
they exhibited the same packing arrangement along the g-axis, the
packing of TDHP-C,-0 along the b-axis and the c-axis was looser
compared with that of TDHP-C,-ly, which should be the reason that
the emission of the former showed obvious red shift compared to
that of the latter.

The crystals of MDHP-C,-sb and MDHP-C,-Ic were mainly
stabilized by C-H- - -N bonds, C-H- - -n bonds, and n-n stacking
interactions between the DHP rings (Fig. S25, ESIT). Interestingly,
these two polymorphs showed the same molecular packing pattern
in the crystals (Fig. S26, ESIT). There was a subtle difference in the
distances of the intermolecular interactions of MDHP-C,4-sh, which
were all shorter than the corresponding distances of MDHP-C,-Ic
(Fig. S25, ESIY), indicating more intense intermolecular forces
between the molecules in the former crystals. As a result, the
molecules in the crystal lattice of MDHP-C,-sb accumulated
more closely and thus had a smaller volume and a larger density
(655.05 A® and 1.152 Mg m ™) compared to those of MDHP-C4-Ic
(680.9 A* and 1.109 Mg m™?) (Table S4, ESIf). A similar pheno-
menon was observed in the two polymorphs of TDHP-C,4, namely
TDHP-C,-g and TDHP-C,-0, (Fig. S27, $28 and Table S4, ESIY).
Based on these results, a minor difference in the distances of
the intermolecular interactions can also play a crucial role in
formation of the polymorphs.

3.636,3.744 A
3615 A
3275 A
2975 A

384948

Fig. 10 Schematic diagram of the intermolecular interactions in the crystals of TDHP-C,-ly (a) and TDHP-C,-o (b).
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Fig. 11 Packing patterns in the crystals of TDHP-C,-ly (left) and TDHP-C,-o (right): (a) viewed along the a-axis; (b) viewed along the b-axis; and (c) viewed

along the c-axis. The hydrogen atoms have been omitted for clarity.

It should be noted that the number of polymorphs of TDHP-C,,
and MDHP-C,, generally decreased as the length of the alkyl chain
increased. Only two types of crystals were obtained for MDHP-Cg
and one type for TDHP-Cg. MDHP-Cg-c; they belong to the mono-
clinic crystal system and have a Pc space group (Table S4, ESIY).
There were six kinds of intermolecular C-H---N bonds
(2.516-2.735 A) and five kinds of C-H- - -n bonds (2.840-3.494 A)
in the crystals (Fig. S29, ESIt). Compared with the polymorphs of
MDHP-C, and MDHP-C,, the regularity and rigidity of the crystal
alignment of MDHP-Cg-c was clearly poorer as a result of introdu-
cing the long n-octyl chain, indicating that the n-octyl group was
not advantageous to the varied balances of weak intermolecular
interactions between molecules in the solid state and thereby the
formation of different polymorphs. Additionally, MDHP-Cg-c had
a larger volume (1664.7 A%) and a smaller density (1.131 Mg m ™)
in its crystal lattice (Table S5, ESIt). For TDHP-Cg, two kinds of
C-H---O bonds (2.519 and 2.520 A) and four kinds of m---n
interactions (3.351-3.723 A) stabilized its crystal structure
(Fig. S30, ESIt). Interestingly, TDHP-Cg, which was quite different
from the other MDHP and TDHP derivatives, did not show MC
properties, which might be attributed to its one kind of crystal
form and thus the transformation from one crystalline state to
another crystalline state could not be implemented.

As for EDHP-C,,, we just only obtained the blue-emitting single
crystal of EDHP-C, from a slow diffusion of n-hexane/CHCI;
(6:1, v:v). As revealed by the crystal structure of EDHP-C, (Fig. S31,
ESIT), molecules in the same layer were restricted by one kind of
aliphatic C-H- - -O bond (2.336 A), and those in the upper and lower
layers were stabilized by one kind of m-m stacking interaction
(3.513 A), one kind of aliphatic C-H---O bond (2.669 A), and one
kind of van der Waals force between aliphatic hydrogen atoms in the
N-butyl chains (with a distance of 2.383 A). As a result, the molecules
of EDHP-C, adopted a stair-like stacking mode, which allowed it to
be easily changed into another crystal mode upon grinding.

In the case of IDHP-C,, a yellow-emitting single crystal of
IDHP-C, was obtained from slow diffusion of n-hexane/CHCl;
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(6:1, v:v), and the crystal data of IDHP-C, and IDHP-Cg was
obtained from our previous report.”® The molecules of IDHP-C,,
IDHP-C,4, and IDHP-Cg in their crystals were stabilized by one
kind of n-r stacking interaction, two kinds of C-H- - -n bonds, and
two, six, and four kinds of C-H:--O bonds between adjacent
molecules, respectively (Fig. S32-S34, ESIt). IDHP-C, and IDHP-C,
both adopted a head-to-tail packing pattern in pairs and packed in
a tight zigzag shape. Herein, because of the strong intermolecular
interactions and tight packing mode, the crystal structures of
these compounds were not easy to change upon grinding, which
was also confirmed by results from the XRD experiments before
and after grinding (Fig. S21, ESIt). Although IDHP-Cg packed in a
reverse lamellar structure, strong intermolecular interactions still
guaranteed the stability of its crystal structure, avoiding being
affected by external pressure (Fig. S34, ESIT).

The unit cell of NDHP-C, was monoclinic with a P2(1)/c
space group (Table S6, ESIt). As revealed by the crystal structure
of NDHP-C, (Fig. S35, ESIT), the molecule exhibited a twisted
conformation due to introduction of steric hindrance from a
large 4-nitrophenyl group, and the dihedral angle between the
DHP ring and benzene ring was 35.29°. Interestingly, in com-
parison with the other DHP derivatives containing an N-ethyl
group, the original sample of NDHP-C, had a larger emission
wavelength (640 nm) and emitted red fluorescence, which was
ascribed to the stronger electron withdrawing ability and larger
conjugated system of the 4-nitrophenyl group. The distance
between the two phenyl rings in the upper and lower layers was
measured to be 4.066 A, which indicated the absence of n-n
stacking. The crystal structure was stabilized by three kinds of
C-H- - N bonds (2.689, 2.703, and 2.705 10%), two kinds of C-H: - -1t
bonds (2.793 and 2.811 A), and one kind of C-H- - -O bond (2.935 A)
from adjacent molecules, adopting an offset face-to-face arrange-
ment in the upper and lower layers and a head-to-tail arrangement
in the same layer. Similar to IDHP-Cg, strong interactions between
molecules ensured that the crystal structure of this compound was
not damaged by grinding.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

Several series of DHP derivatives were synthesized to investigate
the influence of different electron-withdrawing end groups and
alkyl chain lengths on their polymorphic and MC properties.
Most of MDHP-C,,, TDHP-C,,, and EDHP-C,, had a variety of crystals
emitting different fluorescence and showed obvious MC proper-
ties; however, compounds IDHP-C,, and NDHP-C,, only had one
type of crystal and were MC inactive. These results revealed that
the electron-withdrawing end group played a vital role in the gene-
ration of MC and polymorphic properties of the DHP derivatives.
A possible reason is that the electron-withdrawing end group, with
different steric and electronic effects, had a significant influence
on the generation of appropriate intermolecular interactions
between molecules and proper molecular packing patterns in
the crystals which could result in formation of specific polymorph
and MC properties. Furthermore, the alkyl chain length had an
obvious effect on the number of crystal polymorphs for MDHP-C,,
and TDHP-C,; specifically, an increase in the alkyl chain length
decreased the number of crystal polymorphs in a trend. Single
crystal analysis showed that the difference in emissions of the
polymorphs of the DHP derivatives mainly originated from their
different intermolecular interactions and molecular packing
patterns, whereas a subtle difference in the distances of the
intermolecular interactions could also play a crucial role in the
formation of specific polymorphs. Different crystal polymorphs
could be interconverted by a simple recrystallization process
with a specific solvent, grinding, or fuming. These DHP deriva-
tives had strong intermolecular interactions and/or n—n stacking
interactions in their crystal structures, which made it difficult
to transform them from a crystalline state to an amorphous
state upon grinding. The XRD and DSC experiments revealed
that their MC properties could be ascribed to a phase transition
between different crystalline states. The reason TDHP-Cg, IDHP-C,,,
and NDHP-C,, did not have MC properties might be that they had
only one type of crystal and thus could not realize the transforma-
tion from one crystalline state to another crystalline state. This
work provides new information to for the development of organic
fluorescent materials with MC and polymorphic properties.
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