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Effects of Alkyl Chain Substitution on Crystal
Structure of Benzothiazole-derived Squarylium
Dyes

Kan Ueji*, Shuhei Ichimura, Yoshinori Tamaki, and Kazuo Miyamura* ,

Crystal  structures of ten 4-[(3-alkylbenzothiazol-3-ium-2-yl)methylidene]-2-[(3-alkyl-3H-
benzothiazol-2-ylidene)methyl]-3-oxocyclobut-1-en-1-olate derivatives bearing alkyl chains of
different length were determined by single crystal X-ray crystallography. Single crystals were
categorized into four types based on their structural characteristics. Hirshfeld surface analysis
showed that, in each type of structure, the alkyl chains interacted with different parts of the
molecule, affecting thermal property, -1 configuration and planarity of the 1-conjugated moiety.
In some cases, alkyl chain adopted a gauche conformation, which led to closer contact of

squarylium moieties.

Introduction

Organic field effect transistors (OFETs) are expected to play an
important role in the development of flexible optoelectronic
applications. In order to obtain sufficient performance, carrier
mobility and material stability are particularly important.
However, low carrier mobility and limited stability of OFETs
under ambient conditions have hampered their industrial use.'
Implementation of planar n-conjugated materials, such as
pentacene and oligothiophene®, in OFETs have been attracting
the interest of the researchers, but still, these problems remain
as key problem. Therefore, designing molecules with m-
electrons that form single crystals exhibiting strong
intermolecular interactions is crucial for achieving high carrier
mobility and stability.> Functional dyes are molecules with
large m-conjugated system, and are the leading candidates for
such materials. Actually, some organic electronic devices
involve functional dyes, and substantial research efforts have
been devoted to dyes.*

Squarylium dyes are 1,3-disubstituted squaric acid (3.4-
dihydroxy-1,2-dioxocyclobut-3-ene) derived  from  the
condensation of squaric acid with two molar equivalents of an
electron-donating hetero- or carbocyclic molecule. These dyes
display enhanced n—m interactions because of their zwitterionic
nature and strong electrostatic interactions stemming from a
highly polarized donor—acceptor—donor (D—-A-D) structure
(Fig. 1).** These m—m interactions may further increase on
introduction of alkyl chains containing various carbon numbers
(n) because of intermolecular hydrophobic effects, such as the
fastener effect.’ Furthermore, the single crystal structure of
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benzoselenazole-derived and aza-substituted squarylium dyes
containing n-hexyl chains (n = 6) suggested the existence of
weak hydrophobic interaction between molecules.®

This study focused on the effects of alkyl chain substitution
on crystal structure of benzothiazole-derived squarylium dye.
Effect of the alkyl chain elongation (n > 6) on thermal
properties and also the geometry of the m-conjugated moiety,
including its planarity and stacking, were also investigated.

Experimental

Synthesis

Squarylium dyes were prepared as previously reported.” A
mixture of 2-methylbenzothiazole (19.0 ml, 150 mmol) and 1-
bromoalkane (450-500 mmol) in dehydrated acetonitrile (500
mL) was heated under reflux for one week. After removal of
acetonitrile by evaporation, diethyl ether was added to the
residue. N-alkyl-2-methylbenzothiazolium bromide formed was
collected by filtration, washed several times with diethyl ether
and dried under Next, N-alkyl-2-
methylbenzothiazolium bromide (60 mmol), 3,4-dihydroxy-3-
cyclobutene-1,2-dione (3.42 g, 30 mmol) and quinoline (7.75 g,
60 mmol) were mixed in benzene (90 mL) and 1-butanol (36
mL). The mixture was heated to reflux for a few days and the
water formed during the reaction was distilled off
azeotropically. After cooling, the mixture was filtered and the
residue was washed with diethyl ether. Further purification by
column chromatography on silica gel (spherical, particle size:
63-210 pm) using 1:10 methanol/chloroform (v/v) as eluent
produced 4-[(3-alkylbenzothiazol-3-ium-2-yl)methylidene]-2-

vacuum.
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[(3-alkyl-3H-benzothiazol-2-ylidene)methyl]-3-oxocyclobut-1-
en-1-olate (SQn). The recrystallization of squarylium dyes in
4:1 dichloromethane/ethanol (v/v) over diethyl ether gave
single crystals suitable for X-ray crystallographic analysis.
Each yield given is calculated on the single crystal base.

Measurements

Elemental analyses were performed using a PerkinElmer 2400
II CHN analyzer. 'H NMR spectra were recorded on a JEOL
JNM-AL300 spectrometer and chemical shifts (3y’s) in ppm
were obtained relative to SiMe,. Thermal properties, such as
melting (7},,) and solid—solid transition (7)) temperatures, were
measured under nitrogen gas at a scanning rate of 5 °C min™'
using a SII DSC 220 apparatus. UV-Vis absorption spectra in
dichloromethane were recorded after nitrogen gas bubbling
using a JASCO V-570 UV/VIS/NIR spectrophotometer at a

concentration ca. 1.0 x 107 mol L™". Oxygen gas was removed

by nitrogen gas bubbling so as to suppress possible
photooxidation.®
SQ06; Yield: 0.65 g (3.98%). Ty: 228 °C (dec.). Apax

(CH,CL)/nm 672 (¢/L mol™' em™' 270000). Anal. found: C,
70.25; H, 6.84; N, 5.14. Calc. for C3,H;3¢N,0,S,: C, 70.55; H,
6.66; N, 5.14%. &y (300 MHz, CDCl;) 0.81-1.85 (22H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.08-7.53
(8H, m, aromatic).

SQ07; Yield: 0.62 g (3.61%). T,: 201 °C (dec.). Amax
(CH,CL)/nm 672 (¢/L mol™' cm™' 247000). Anal. found: C,
71.00; H, 7.09; N, 4.71. Calc. for C3,H,0N,0,S,: C, 71.29; H,
7.04; N, 4.89%. &y (300 MHz, CDCl;) 0.87-1.81 (26H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.54
(8H, m, aromatic).

SQO8; Yield: 0.71 g (3.94%). T,: 202 °C (dec.). Amax
(CH,CL)/nm 672 (¢/L mol™' cm™' 249000). Anal. found: C,
72.08; H, 7.67; N, 4.58. Calc. for C3¢H,yN,0,S,: C, 71.96; H,
7.38; N, 4.66%. &y (300 MHz, CDCl;) 0.86-1.81 (30H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQO09; Yield: 0.80 g (4.24%). T,: 119 °C. T,: 172 °C (dec.).
Amax (CH>CL)/nm 672 (¢/L mol™! cm™ 251000). Anal. found: C,
72.77; H, 7.86; N, 4.15. Calc. for C33H,sN,0,S,: C, 72.57; H,
7.69; N, 4.45%. &y (300 MHz, CDCl;) 0.86-1.80 (34H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQ10; Yield: 0.81 g (4.11%). T,: 139 °C. T,: 183 °C (dec.).
Amax (CH>CL)/nm 672 (¢/L mol™! cm™ 267000). Anal. found: C,
73.01; H, 8.23; N, 4.27. Calc. for C4Hs,N,0,S,: C, 73.13; H,
7.98; N, 4.26%. 8y (300 MHz, CDCl;) 0.86-1.80 (38H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.86 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQ11; Yield: 0.75 g (3.65%). T,: 118 °C. T,: 174 °C (dec.).
Amax (CH>CL)/nm 672 (¢/L mol™! cm™ 248000). Anal. found: C,
73.34; H, 8.52; N, 3.98. Calc. for C4,Hs¢N,0,S,: C, 73.64; H,
8.24; N, 4.09%. 8y (300 MHz, CDCl;) 0.86-1.81 (42H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.54
(8H, m, aromatic).
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SQ12; Yield: 0.80 g (3.74%). T,: 132 °C. T,: 172 °C (dec.).
Amax (CH>CL)/nm 672 (¢/L mol™! cm™ 261000). Anal. found: C,
74.07; H, 8.52; N, 3.94. Calc. for C,yHeN,0,S,: C, 74.11; H,
8.48; N, 3.93%. &, (300 MHz, CDCl;) 0.86-1.80 (46H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQ14; Yield: 0.91 g (3.94%). T,: 93.4 °C. T,,: 167 °C (dec.).
Amax (CH>CL)/nm 672 (¢/L mol™! cm™ 259000). Anal. found: C,
74.82; H, 8.90; N, 3.72. Calc. for C,;3H¢N,0,S,: C, 74.95; H,
8.91; N, 3.64%. &y (300 MHz, CDCl;) 0.85-1.80 (54H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQ16; Yield: 0.95 g (3.84%). T,: 106 °C. Ty: 158 °C. Apax
(CH,CLy)/nm 672 (¢/L mol™' ecm™ 258000). Anal. found: C,
75.70; H, 9.36; N, 3.46. Calc. for Cs,H76N,0,S,: C, 75.68; H,
9.28; N, 3.39%. &y (300 MHz, CDCl;) 0.85-1.80 (62H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

SQ18; Yield: 1.15 g (4.35%). Ty 112 °C. Tp: 152 °C. Apax
(CH,CLy)/nm 672 (¢/L mol™' ecm™ 248000). Anal. found: C,
76.49; H, 9.85; N, 3.30. Calc. for Cs¢HgyN,0,S,: C, 76.31; H,
9.61; N, 3.18%. &y (300 MHz, CDCl;) 0.85-1.80 (70H, m,
aliphatic), 4.05 (4H, t, 2 NCH,), 5.87 (2H, s, 2 CH), 7.09-7.53
(8H, m, aromatic).

X-ray Crystallography

A single crystal was mounted on a glass capillary, transferred to
a Bruker AXS SMART APEX diffractometer equipped with a
CCD area detector and Mo Ka (A = 0.71073 A) radiation, and
centred in the beam at 173 K under nitrogen gas flow. The
space group was determined using PLATON® and the structure
was solved and refined with SHELX-97'° by the direct method
before being expanded by Fourier techniques. A least-squares
refinement was initially conducted with all non-hydrogen atoms
refined isotropically and was then continued by assigning
anisotropic thermal parameters to these atoms to achieve
convergence. Hydrogen atoms were located at geometrically
calculated positions and were included in the least-squares
calculation using the riding model. Crystallographic data have
been deposited with the Cambridge Crystallographic Data
Centre (CCDC); the deposition numbers are CCDC-896152
(8SQ06), 876216-876219 (SQ07-SQ10), 896153 (SQI11),
876220 (SQ12), 876221 (SQ14), 876222 (SQ16) and 876223
(SQ18). Copies of the data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the
CCDC (12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44
1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Hirshfeld Surface Analysis

A Hirshfeld surface analysis was performed to estimate the
main intermolecular interactions of the respective polar and
nonpolar fragments of one molecule with its neighbours.''
Hirshfeld surfaces were calculated using Crystal Explorer 2.1."2
In particular, this analysis provides a clear visualization of
potential van der Waals interactions between the long aliphatic

chains of neighbouring molecules that lead to an interdigitation

This journal is © The Royal Society of Chemistry 2012
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of these chains within the crystal packing (H...H contacts'?).
The asymmetric unit of a given crystal structure has a unique
Hirshfeld surface. The contact distances d, and d; correspond to
the distances between the Hirshfeld surface and the nearest
atoms outside and inside the surface, respectively. The

normalized contact distance dyppy ' is defined as

(di — ™)

riv dw

(de —12%™)

revdw

dno‘rm -

where r,”" and r;""" are the van der Waals radii of these atoms.
A plot of d, against d; provides a fingerprint that summarizes
the different types of intermolecular interactions. Therefore, all
closest contacts within the same ranges as d, and d; are binned
together in this plot regardless of the nature of the atoms
involved.'* The breakdown of this 2D fingerprint plot provides
a convenient means to quantify intermolecular interactions
within the crystal structure.

Results and Discussion

The crude yield nearly reached 24% (n = 18) as reported in ref.
7(c), in spite of high yield 80% (n = 2) reported in 7(b). The
crude product did not have sufficient purity for crystallization
because alkylated compounds are essentially very difficult to
crystallize. Thus, the products were purified by recrystallization
processes several times. Accordingly, the yields calculated on
the single crystal base became low.

Crystal structures

Crystal data of squarylium dyes are shown in Table 1, and

ORTEP" views and atom-numbering scheme are shown in Figs.

S1-S10. Table 1 reveals the difference in crystal colour and
structural character (space group and Z’), permitting to
categorize crystals into four types (I-IV): SQO06 (type I), SQ07—
08 (type II), SQ09-11 (type III), and SQ12, SQ14, SQ16 and
SQ18 (type IV): Type I crystal exhibited green colour. Type II
exhibited
monoclinic. Type III and IV were distinguished by Z’ value.

crystals characteristic red colour, and were
Figs. 2 and 3 illustrate the representative difference in packing
structures and m—m stacking for each type, despite that all
squarylium dyes aggregated by hydrophobic interaction and
formed layered structure. (All other packing diagrams are given
in Figs. S11-S16) In the previous report on SQO03'C, the
molecules formed m—m stacking and adopted all-trans
conformation. However, the crystal structure of SQO03 had no
hydrophobic interaction presented in type I-IV. Table 2
summarizes the difference in structural character of type I-IV
for clarity. Dye molecules in type I formed distorted n—mn
stacking (Fig. 3a) and alkyl chains did not completely
interdigitate (Fig. 2a) due to the weak hydrophobic interaction.
This led to the gauche conformation at y-d position so as to fill
the space. Alkyl chains in type II interdigitated with all frans
conformation (Figs. 2b) and dye molecules did not form n—mn
stacking (Fig. 3b). No n—n stacking resulted in exhibiting red

colour. Dye molecules in type III formed distorted n—n stacking

This journal is © The Royal Society of Chemistry 2012
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(Fig. 3c) and alkyl chains also interdigitated with all trans
conformation (Fig. 2¢) except for SQ10, whose one alkyl chain
adopted two gauche conformation at y-d and {-# position (Fig.
S5). However, both alkyl chains of SQ10 were still
interdigitated (Fig. S12). Both alkyl chains in type IV adopted

gauche conformation at y-6 position (Fig. 2d). This
conformation led to closer contact of alkyl chains and thus
stronger interdigitation in monolayer than all trans

conformation as can be recognized by comparing Figs. 2¢ and
2d. Additionally, dye molecules in type IV formed planar n—n
stacked structures (Fig. 3d) between the layers. Therefore we
have categorized crystals into four types by crystal parameters,
and shown that the types are of different molecular packing.

To estimate the planarity of m-conjugated moieties, the root-
mean-square deviations (RMSs) of the least-squares planes
defined by their 26 atoms were calculated using the MPLA
command (SHELXL-97). Table 3 lists the RMS values and
interplanar distances. Sun et al., reported that m-conjugated
moieties of squarylium dye molecules become distorted
originated from the mismatch of charge centres based on D-A-
D structures.*® In all 7 -stacking structure shown in Fig.3, the
positive centre of squarylium moiety did not face the negative
centre. This structure could explain the high RMS value (> 0.21
A) in type I and 1II. However, type II and IV dyes displayed the
small RMS values (< 0.13 A). As mentioned above, dye
molecules in type II were not stacked, and the lack of n-m
interaction probably did not change the planar structure of
squarylium moiety. Type IV dye molecules presented m—m
geometries similar to type I and III, which formed slip-stacked
(Fig. 3a,c.d)
aggregates.**!” The distinct characteristics of type IV is the

charge-transfer columns® recognized as J-
stronger interdigitation in monolayer brought about by the
gauche conformation. This structure should be the reason of
low RMS value. In other words, the planarity of squarylium
moiety originates from the electrostatic interactions as well as
the hydrophobic interaction in the monolayer. These results
that
outweighed electrostatic interaction by alkyl chain elongation,

suggest hydrophobic interaction in the monolayer
and consequently led to low RMS value.

The n—mn stacking distances tend to shorten in the order of
type I > III > IV (Table 3), and thus the interaction between
adjacent layers is estimated to increase in the same order.
However, in SQ06 and SQ10, one long and one short m—n
stacking distances were present. This fact indicates that the
phenomenon is not caused by mere hydrophobic interaction
such as fastener effect. Type II dyes did not exhibit n—n stacked
structures (Fig. 3b). Torsion angles between least-square planes
amounted to 5.20(6)° and 6.15(4)° for SQO7 and SQO8,
respectively, and distances between atoms in the m-conjugated
moiety and phenyl ring centroids were smaller than ca. 3.8 A.'®
The

squarylium dye bearing n-hexyl chains reported that the

comparative  structure of benzoselenazole-derived
distance of phenyl rings are more than ca. 3.9 A apart.®® These
observations suggested that weak hydrophobic interaction
exists between adjacent layers in type II. The described

differences in m—m geometry, and thus in the crystal systems,
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between squarylium dyes affect their exhibiting colours."

However, optical waveguide spectrometry” could not detect
the differences in solid-state absorption spectra because single
crystals broke during the measurements (Fig. S17).

Except for type II, SQ09 and SQ11, alkyl chains adopted a
gauche conformation although it was thought to be more
unstable than all frans conformation. In type IV, gauche
conformation of both alkyl chains contributed to stronger
interdigitation in monolayer than all trans conformation, which
led to the planar m-conjugated moieties (RMS was ca. 0.02 A).
In SQO06 and SQI10,
conformation stemming from weak hydrophobic interaction and

one alkyl chain adopted gauche

similar to alkyl chains of type IV (Fig. S18), respectively. This
gauche conformation resulted in two types of m-m stacking
distances, one long and one short as mentioned previously. In
particular, the distance involving the gauche conformation was
short (ca. 3.4 A) regardless of the alkyl chain length. As a
conclusion, although the gauche conformation is energetically
unfavourable, increased interaction of m-conjugated moiety led
to stabilise the crystal structure.

Crystal structures showed two other interactions between
squarylium dyes consisting of a weak C-H...O hydrogen bond
of ca. 3.2 A% and S...O interaction of ca. 3.0 A (below the sum
of the van der Waals radii’!). In agreement with previous
reports, the C-H...O hydrogen bond formed a stepped ribbon
array while the S...O interaction generated geometric isomers
with an inversion centre. The distances of the hydrogen bond
and the S...O interaction are summarized in Table S1.

Hirshfeld surface analysis

A Hirshfeld surface analysis was conducted to clarify and
quantify the hydrophobic interactions. Fig. 4 shows Hirshfeld
surfaces for each type of squarylium dye with d,., colour
mapping at C-H...H-C interactions. Figs. 4a-d depict the
hydrophobic interaction resulting from adjacent alkyl chains
through nonpolar C-H...H-C contacts. The arrow in the figure
2D
fingerprint plots displayed high intensities for ¢; and d, values

indicates the position where the interaction occurs.

ranging from 12 to 1.8 A, indicating that the chain
hydrophobicity grew with increasing n (Fig. S19).'* These
results implied that hydrophobic interaction increased as alkyl
chain elongated. Fig. 4e shows the hydrogen atom elemental
analysis and the Hirshfeld surface ratios of the C-H...H-C
contact as a function of alkyl carbon number. The former
exhibited a logarithmic tendency but the latter showed
discontinuity. Here again, the molecular contacts within the
crystal are categorized into four types distinguished by the
discontinuity. This categorization was in good agreement with
the structural character (type I-IV), implying that Hirshfeld
surface analysis proved to be useful to elucidate the structural
difference and thus to categorise a series of single crystal of a
molecule substituted by alkyl chains.

Thermal analysis

To investigate the influence of alkyl substitution on thermal
properties, all dye single crystals were analyzed by differential

4| J. Name., 2012, 00, 1-3

scanning calorimetry (DSC). Fig. 5a correlates melting (7,,) and
transition (7)) temperatures with the alkyl carbon number. In
addition, Table 4 shows the corresponding enthalpies obtained
for virgin samples. Except for SQ16 and SQ18, the melting
the shifted or
disappeared within three consecutive DSC cycles. These
observations indicate that the decompositions occur at the same

temperatures  of squarylium derivatives

time as they melt. Therefore, melting enthalpies could be
evaluated accurately only for SQ16 and SQ18. The enthalpy of
solidification at cooling process for SQ16 nearly equals the two
transitions near melting point as shown in Fig. S21 at heating
process, implying that the transition in cooling process is
recrystallization. Fig. 5a revealed a clear odd—even effect in T},
for SQ06-SQ11, which decreased steadily on alkyl chain
elongation. These facts suggested that determining factor of T,
gradually convert from interaction between squarylium
moieties to hydrophobic interaction between the alkyl chains
upon elongation.”” The T, in Fig. 5b is observed only for the
virgin sample and disappeared after subsequent DSC cycle.
Therefore, aggregation morphologies after the recrystallization
are not the same as the virgin sample. However, the transition
in SQ16 indicated by the open-circle did not disappear (Figs. 5a
and S21). Additionally, all enthalpies of 7, were small
compared with 7,,. Squarylium dyes based on 2,4-bis[4-(N,N-
di-n-alkylamino)-2-hydroxyphenyl], where the alkyl groups are
butyl and heptyl, were reported to exhibit solid-liquid crystal
transition and melting points, and their transition enthalpies
were almost the same as observed.?® This fact implies that the
transitions at 7, of SQn are not the solid-liquid crystal
transition but solid-solid transitions because the transition is

small.

Conclusions

To summarize, the effects of alkyl chain substitution on the
crystal structure of benzothiazole-derived squarylium dyes were
investigated. The dye single crystals were categorised into four
types, which differed in packing structures around the n—n
geometry. Planarity of m-conjugated moiety was dependent on
the balance between electrostatic interaction and hydrophobic
interaction. Additionally, gauche conformation was found to
affect
investigation is suggestive in deciding the sufficient length of

n—n stacking and its distance apparently. This

the alkyl chain to introduce.
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SQn ;R = CrHang

Figure 1. Chemical structure of squarylium dyes (SQn).
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Table 1. Crystal data of squarylium dyes
Type 1 Type II Type 11T Type IV
Compounds
SQ06 SQ07 SQO8 SQ09 SQ10 SQI11 SQ12 SQ14 SQ16 SQ18
Chemical formula C3oH3eN205S; | C3gHyoN205S;  CsHaaNoOsS; | CisHygNyO0,S;  CyoHsoN205S;  CpHseN205S; 1 CagHeoN202S:  CasHesN202S: CsoHgN20,S; - CseHiaN20,S,
Formula weight 544.75 572.80 600.85 628.90 656.96 685.01 713.06 769.16 825.27 881.37
T/K 173 173 173 173 173 173 173 173 173 173
Crystal colour Green Red Red Blue green Blue Blue green Blue Blue Blue Blue
Crystal system Triclinic Monoclinic Monoclinic Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P-1 P2//c P2//c P-1 P-1 P-1 P-1 P-1 P-1 P-1
Unit cell alA 9.3677(15) 10.636(3) 11.1000(14) 9.3276(14) 9.3051(6) 9.366(3) 7.8143(5) 7.7725(7) 7.772(2) 7.7947(10)
b/A 11.2409(17) 9.486(3) 9.2665(11) 13.1420(19) 14.0599(9) 14.783(5) 9.4382(6) 9.4508(9) 9.476(3) 9.4518(12)
c/A 14.585(2) 15.273(4) 16.096(2) 15.226(2) 14.9553(9) 15.276(5) 15.2024(10) 16.2932(16) 17.514(5) 18.843(3)
a/degree | 72.567(2) 90 90 108.135(3) 80.646(1) 113.609(5) 77.742(1) 90.218(2) 89.954(5) 90.701(2)
B /degree | 73.543(2) 104.878(5) 108.132(2) 100.865(3) 75.132(1) 100.615(6) 76.215(1) 97.616(2) 89.316(6) 94.869(3)
y/degree . 78.799(2) 90 90 98.281(2) 72.905(1) 92.180(5) 66.063(1) 113.987(2) 66.055(6) 113.934(2)
Volume/ A’ 1395.2(4) 1489.2(7) 1573.4(3) 1700.4(4) 1799.5(2) 1890.0(11) 986.79(11) 1081.63(18) 1178.7(6) 1262.6(3)
77 2,1 2,05 2,05 2,1 2,1 2,1 1,05 1,0.5 1,05 1,0.5
Seale. / g cm” 1.297 1.277 1.268 1.228 1.212 1.204 1.200 1.181 1.163 1.159
No. of measured, independent reflections 86006, 6115 8734, 3368 9407, 3595 10355, 7278 11015, 7674 11866, 8322 6047, 4195 6592, 4626 6988, 4961 7714, 5437
F (000) 580 612 644 676 708 740 386 418 450 482
Tininy Tomax 0.957,0.983 | 0.941, 0.992 0.964, 0.976 0.946, 0.979 0.937, 0.989 0.960, 0.989 0.956, 0.978 0.959, 0.994 0.965, 0.995 0.961, 0.998
Goodness-of-fit on F* 0.803 0.705 0.956 0.0690 0.982 0.867 0.916 1.021 0.861 0.749
Final R R 0.0495 0.0510 0.0404 0.0515 0.0534 0.0583 0.0448 0.0476 0.0801 0.0491
indices [I> 26(/)] WR> 0.1026 0.0614 0.0832 0.0827 0.1254 0.0987 0.0899 0.1011 0.1493 0.0907
R indices R 0.0873 0.1477 0.0563 0.1371 0.0779 0.1171 0.0711 0.0680 0.2059 0.126
(all data) WR> 0.1186 0.0805 0.0892 0.1129 0.1424 0.1192 0.1209 0.1255 0.2262 0.1467
(AP)maxs (Ap)min €A 0.359,-0.300 : 0.207,-0.242 0.351,-0.214 0.295,-0.267 0.909, -0.352 0.394,-0.369 0.350,-0.314 0.364, -0.324 0.334,-0.338 0.246, -0.262
CCDC 896152 876216 876217 876218 876219 896153 876220 876221 876222 876223
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Figure 2. Monolayer and side view of packing structure in each type of squarylium dye (H atoms
were omitted for clarity). (a) SQ06 (type I). The nearest Miller index is (044) for the monolayer. (b)
SQO8 (type II). The nearest Miller index is (101) for the monolayer. (c) SQ09 (type III). The nearest
Miller index is (044) for the monolayer. (d) SQ12 (type IV). The nearest Miller index is (—206) for

the monolayer.
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Figure 3. Top and side views of three m—m stacked molecules (alkyl chains and H atoms were

omitted for clarity). Green, blue and red planes represent least-square planes. (a) SQO06 (type I); (b)
SQO8 (type II); (c) SQO9 (type III) and (d) SQ12 (type IV).
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Table 2. Difference in structural character of all single crystals.

Compounds type Interdigitate 7-n° Gauche  Planarity
SQO06 I - A 1 distorted
SQO07 exsits - planar
SQO08 ! exsits - - planar
SQ09 exsits A - distorted
SQ10 111 exsits A 1 distorted
SQ11 exsits A - distorted
SQ12 exsits o 2 planar
SQ14 exsits o 2 planar
SQ16 v exsits o 2 planar
SQ18 exsits o 2 planar

#: o...close contact, A...

moderate distance, -...no interactions.
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Table 3. RMS values of squarylium moiety and n—n

stacking distances of SQn.

n RMS /A n— stack distance /A
6 0.3459 3.768 3.474
7 0.1264 -+ -

8 0.0956 - -

9 0.2266 3.513 3.506
10 0.2999 3.626 3.368
11 0.2185 3.522 3.515
12 0.0251 3.379 n/a
14 0.0232 3.389 n/a
16 0.0247 3.404 n/a
18 0.0215 3.391 n/a

#: -...no interactions, n/a = not available
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Hirshfeld surface analysis
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Figure 4. (a)-(d) Hirshfeld surfaces of each type with the regions of intermolecular C-H...H-C
interactions between adjacent alkyl chains highlighted in colour including atoms within a radius of
4.0 A. The colour of the surfaces mapped duom values. (The red colour indicated strong
intermolecular interaction) (a) SQ06 (type I) (b) SQOS8 (type II) (c) SQO9 (type III) (d) SQ12 (type
IV). Solid and dotted red arrows indicate alkyl chain interactions between single or adjacent layers,
respectively. (e) Hydrogen atom elemental analysis (solid squares) and Hirshfeld surface ratios of the

C-H...H-C contact (solid triangles) as a function of alkyl carbon number.
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Thermal properties
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Figure 5. (a) Melting (71,) and solid—solid transition (7%) temperatures of squarylium dyes as a
function of alkyl carbon number. Solid phase I is below transition temperature marked by solid
triangles (A ) and also solid phase II exists between the melting marked by solid diamonds (m) and
transition temperatures. Two other weak transition observed are marked by open circles (o). (b) DSC

curves of SQ18. Arrow indicates the T; observed only in virgin sample.
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Table 4. Thermal properties of virgin SQn samples

# 1 o* ., heating ., cooling 1
AH, / k] mol AH, / k] mol AH,, / k] mol AH,, / k] mol
T/ °C T m/°C Tw/°C
6 n/a n/a* n/a n/a 228 n/a n/a n/a
7 185 11.3 n/a n/a 202 n/a n/a n/a
8 158 9.16 n/a n/a 202 n/a n/a n/a
9 119 7.72 n/a n/a 172 n/a n/a n/a
10 139 10.4 n/a n/a 183 n/a n/a n/a
11 118 9.81 n/a n/a 174 n/a n/a n/a
12 81.7 13.9 132 3.87 172 n/a n/a n/a
14 934 15.5 n/a n/a 167 n/a n/a n/a
16 106 15.6 149 7.81 158 513 151 -59.2
18 112 19.9 n/a n/a 152 80.3 147 -80.4

#: Solid triangle ( A ) and open circle (©) correspond to the mark in Figure 5a. : n/a = not available
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A graphical and textual abstract for the contents pages.

Various carbon number — Type I-IV

Single crystals of squarylium dye substituted alkyl chain were categorized into four types based on

their structural characteristics.



