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ABSTRACT: X-ray diffraction results for single crystals of
N,N-diarylanilinosquaraines (SQ-TAAs) 2,4-bis(4-bis(p-R-
phenyl)amino)-2,6-dihydroxyphenyl)cyclobuta-1,3-diene-1,3-
bis(olate) for R = F (SQ-TAA-F) and R = n-hexyl (SQ-TAA-
C6) are reported. SQ-TAA-F (an ambipolar charge transporter)
forms π-stacked dyads intercolated by cross-stacked molecules,
a unique motif among the systems studied. Its [C]−H···F
contacts induce this intermolecular packing and may account
for its ambipolar charge transport behavior. SQ-TAA-C6 (a hole
charge transporter) forms strongly slip-stacked 1-D chains
aligned along molecular long axes. SQ-TAA-C6 exhibits packing
of its conjugated core structure that is similar to those for SQ-
TAAs with R = H and R = OH, which also exhibit qualitative
hole transport properties. SQ-TAA-C6 has one n-hexyl group that is not fully extended, but all of its alkyl groups pack into alkyl
rich planes that alternate with SQ-TAA core rich planes to form the overall lattice.

Squaraine (SQ) dyes are promising building blocks for
organic electronic materials,1 due to their planarized, π-

conjugated structures and strong absorption spectra ranging
from the lower energy visible into the near-infrared region.
N,N-Diarylanilinosquaraines are particularly interesting, with a
strong donor−acceptor nature based on a central SQ dye
conjugated to peripheral amine units. (For convenience,
related structures will be abbreviated as SQ-TAA, squaraine
dyes with triarylamines.) Substitution not only influences the
molecular electronic properties of such compounds but can
affect their crystal packing, which in turn can strongly influence
solid state charge carrier mobility. Thompson and co-workers
have reported2 the crystal structure of 2,4-bis(4-(diphenyla-
mino)-2,6-dihydroxyphenyl)cyclobuta-1,3-diene-1,3-bis(olate)
(SQ-TAA-H, Chart 1) in organic photovoltaic studies, where

coplanarity of the innermost phenyl rings with the central ring
is constrained by intramolecular H-bonding by OH sub-
stituents. Thayumanavan and co-workers subsequently re-
ported3 crystallography for 2,4-bis(4-(bis(4-hydroxyphenyl)-
amino)-2,6-dihydroxyphenyl)cyclobuta-1,3-diene-1,3-bis-
(olate) (SQ-TAA-OH), but otherwise there is a relative dearth
of crystallographic information for diarylanilinosquaraines. A
search of the Cambridge Structural Database4 version 5.39
(November 2017) showed only these two SQ-TAA type
structures.
A recent study5 described tuning SQ-TAA charge mobility

behavior from hole transport through ambipolar to electron
transport by substituent variation. But, further crystallographic
results were lacking at that time to relate to the observed
mobilities. This article now reports single-crystal X-ray
diffraction results for two of these SQ-TAA-type compounds
with electronically different substitution, electron withdrawing
i n 2 , 4 - b i s ( 4 - ( b i s ( 4 - fl u o r o p h e n y l ) am i n o ) - 2 , 6 -
dihydroxyphenyl)cyclobuta-1,3-diene-1,3-bis(olate) (SQ-
TAA-F) and mildly electron donating in 2,4-bis(4-(bis(4-
hexylphenyl)amino)-2,6-dihydroxyphenyl)cyclobuta-1,3-diene-
1,3-bis(olate) (SQ-TAA-C6).
Both SQ-TAA-F and SQ-TAA-C6 were synthesized as

described by Della Pelle et al.5 They were allowed to crystallize
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from mixed solvent systems in lightly screw-capped dram vials
at ambient temperature, shielded from direct light. SQ-TAA-F
yielded small, very dark colored needles. SQ-TAA-C6
produced very thin, green blades (sometimes connected in
sheets from which individual blades readily detached): under
room lighting, SQ-TAA-C6 often showed highly reflective gold
flakes when recrystallized slowly in glass vials (see Supporting
Figure S1). For both compounds, single crystals were too thin
for diffraction analysis with a typical Mo Kα source, so they
were analyzed using the Advanced Photon Source at Argonne
National Laboratory.
Crystal data and structure refinement information for SQ-

TAA-F and SQ-TAA-C6 are given in the endnotes.6

Supporting Table S1 gives additional data with comparison
to previously reported results for SQ-TAA-H and SQ-TAA-
OH. All crystallize in monoclinic space groups except for
triclinic SQ-TAA-H. SQ-TAA-F has two crystallographically
inequivalent molecules per unit cell. The SQ-TAA-OH lattice
contains acetone solvate. Figures 1 and 2 show thermal

ellipsoid representations for SQ-TAA-F and SQ-TAA-C6, and
Supporting Figures S2 and S3 show thermal ellipsoid diagrams

for previously reported SQ-TAA-H2 and SQ-TAA-OH3

structures (for comparison).7 For discussion purposes, the
centrosymmetric molecules in the lattice of SQ-TAA-F are
denoted as form A and the others as form B.
All of these compounds are quite similar on the molecular

level, as shown by the comparison of select molecular structure
parameters in Table 1. All of the central four-atom ring units
are held planarized by intramolecular hydrogen bonding with
the 2,6-dihydroxyphenyl rings. All of the terminal aryl groups
have substantial torsion relative to the diaryl-SQ corefrom
just over 40° to nearly 80°. In SQ-TAA-C6, three of the hexyl
groups are in extended all-anti-staggered conformations, with
the fourth having a gauche twist in the middle of the chain
(lower left alkyl chain, C61 to C66 in Figure 2), but the
molecular structure is otherwise similar to the others. The
acetone solvate in the SQ-TAA-OH lattice does not
significantly influence the basic molecular conformation.
Given the similar core structures, the substituents (R in

Chart 1) terminating the molecular long axes should provide
the main influence on intermolecular packing. Figure 3 shows
π-stacking for the crystallographic lattices, and Chart 2
schematically shows the major stacking motifs. Figure S4 in
the Supporting Information shows analogous down-the-stack
pictorial comparisons using structure diagrams. Table 1 lists
stack-related packing distances for the SQ-TAA structures;
both closest atom-to-atom approaches between four-member
rings and plane-to-plane distances between four-member rings
are given, since there is substantial slip stacking in some of the
structures. The compounds crystallize with essentially parallel
molecular long axes, except for SQ-TAA-F in which crystallo-
graphic form B forms long-axis-aligned dyads, with form A
inserted between dyads but the long-axis rotated roughly 50°
to give crossed stacking (see Figure S4b) with a −B−A−B−
B−A−B− pattern. For SQ-TAA-F, each B−A−B cross-stacked
triad is generated by the inversion center in the A-form
molecule. Each B−B dyad is related by an inversion center and
has a modest staircase offset with limited slip stacking; the
plane-to-plane distance between B−B dyad central four-atom
rings is 2.95 Å (distance d in Chart 2). The centroid of the B-
form four-member ring is 3.38 Å above/below a plane formed
by the four-member ring carbons of the A-form (distance d′ in
Chart 2).
The notably different packing of SQ-TAA-F forms with an

extensive network of [C]−H···F H-bond type interactions. In
particular, the cross-stack A−B contact has a [C53]−H53 to
F18 donor−acceptor ([D]H···A) H-bond of length ∼2.6 Å,
with a D−H···A angle of 147.40°, plus a [C19]−H19 to F38
([D]H···A) length of ∼2.7 Å, with a D−H···A angle of
159.06°. The former contact has the A form as an acceptor; the
latter has the B form as an acceptor. Table S2 lists these and
other H-bond type contacts in the SQ-TAA-F crystal structure.
Figure 4 (and Supporting Figure S5) shows several other H···F
contacts. Substituents F12, F18 (A form), and F32 (B form)
are each involved in bifurcated H-bonding to aryl C−H bonds
of two other molecules (Figure 4), involving both A and B
form molecules in each case. Overall, although SQ-TAA-F for
geometric reasons would presumably favor stacks with all
molecular long axes parallel, the observed cross-stacking gives
numerous stabilizing [C]−H···F contacts.
The differences in the other three crystal lattices lie in

variable staircase and slip-stack offsets within π-stacks. SQ-
TAA-H has alternating intermolecular distances along a stack,
∼3.3 and ∼3.6 Å plane-to-plane between the central four-atom

Figure 1. Thermal ellipsoid diagram for SQ-TAA-F at 100 K. Most
hydrogen atoms are omitted for ease of viewing. Thermal ellipsoids
shown at 30% probability. Form A has inversion center symmetry;
form B does not.

Figure 2. Thermal ellipsoid diagram for SQ-TAA-C6 at 100 K. Most
hydrogen atoms are omitted for ease of viewing. Thermal ellipsoids
shown at 30% probability.
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rings (distances d and d′ in Chart 2, respectively). It has only a
small staircase offset but is slip-stacked by about 40° to place
the center of a four-member ring roughly above a
dihydroxyphenyl ring of the molecule below. SQ-TAA-OH
molecules have a small staircase offset along a 1-D stack that
has a plane-to-plane distance of about 3.57 Å using the central
four-member rings. These are much more stack slipped than
SQ-TAA-H (Figure 3 and Chart 2), by about 154°, placing
each central four-member ring roughly above the terminal 4-
hydroxyphenyl rings of the molecule below. SQ-TAA-C6
stacks quite similarly to SQ-TAA-OH, at about 3.66 Å plane-
to-plane between central four-member rings, with little

staircase offset but somewhat more slip stacked than SQ-
TAA-OH at about 159°, placing each four-member ring
roughly above the hexyl groups on the terminal aryl rings of
the molecule below it.
The substitution-induced changes in molecular stacking may

help explain differences observed in behavior of spin-coated
thin film samples of SQ-TAA’s, which Della Pelle et al.
reported previously.5 Of course, solution spin-coated films may
not have similar intermolecular packing or organization to
those of crystals made by slow evaporation. But, comparing the
crystal packing results to the thin film behaviors provides
permissive evidence and directions for future study. Overall,
SQ-TAA-F shows the biggest effect of terminal-aryl sub-
stitution on crystallographic packing. Table 1, from results
reported previously5 by Della Pelle et al., shows that SQ-TAA-
F also had qualitatively different charge transport behavior,
exhibiting (weakly) ambipolar charge transport properties of
∼10−6 cm2·V−1·s−1. The others exhibited hole carrier transport.
Della Pelle et al. previously noted5 that SQ-TAA-F did not

show a lowest unoccupied molecular orbital (LUMO) level
difference relative to the other SQ-TAA’s, as would
simplistically be expected if molecular structure alone causes
the difference. But, if the different intermolecular packing in

Table 1. Molecular Structure, Intermolecular Packing Parameters, and Charge Mobilities for SQ-TAA Compounds [A and B,
Two Crystallographically Inequivalent Molecules in the SQ-TAA-F Structure; Italicized Entries, Values for the
Crystallographic B Molecule As Described in the Text]

a−eSee diagram to identify bonds and torsions. fClosest intermolecular C···C contact between 4-member rings. gPlane-to-plane distance between
four-member ring cores, using all four carbons of the four-member ring for plane generation. hDistance d′ in Chart 2: long contact for SQ-TAA-H,
A···B contact for SQ-TAA-F. iAll charge mobilities given in units of cm2·V−1·s−1, for hole (h+) or electron (e−) transport measured using a field
effect transistor (FET) method for solution-coated thin film samples on glass, as reported in ref 5. jPristine film spin-coated on glass was annealed
at 100 °C for 60 min and mobility measurement repeated.

Chart 2. Qualitative Stacking Patterns of SQ-TAA
Compoundsa

a“A” form of SQ-TAA-F is centrosymmetric.
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SQ-TAA-F reflects similar intermolecular contacts in its spin-
coated thin filmswhich we emphasize is just a hypothesis
from the available datasuch packing differences could help
explain why only SQ-TAA-F is ambipolar. As a similar
example, a first report of ambipolar charge transport in
isoindigo-core conjugated polymers resulted from fluorine
substitution: the transport behavior was attributed to fluorine

substituent effects on molecular-level electronics and inter-

molecular packing effects (including higher crystalline

tendencies).8 Although SQ-TAA-F film morphologies are not

known here, the single crystal structure shows specific [C]-H···
F interactions that should uniquely influence SQ-TAA-F

intermolecular packing compared to the other SQ-TAA, even

Figure 3. Diagrammed π-stacking in (a) SQ-TAA-H, (b) SQ-TAA-F, (c) SQ-TAA-OH, (d) SQ-TAA-C6. Left and right views are the same crystal
structure. Broken arrows in b link the same molecular structures left and right. “A” in diagram b is the centrosymmetric form of SQ-TAA-F. Stick
structure in the left-hand part of c is acetone solvate.
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though molecular-level electronic properties are not much
changed.
Della Pelle et al. also noted that when the SQ-TAA thin

films were annealed at 80 °C for 30 min, SQ-TAA-C6 showed5

a 500-fold increase in hole transport, by far the largest
annealing-induced change in that study. The annealed SQ-
TAA-C6 films also develop a new, sharply distinct, low energy
spike in the UV−vis spectrum (Supporting Figure S6), at
12 700 cm−1 (787 nm, 1.58 eV) versus the broad pristine peak
maximum at 14 060 cm−1 (711 nm, 1.71 eV). Only SQ-TAA-
C6 showed these spectral changes, which suggest the
formation of n-extended electronic coupling from intermo-
lecular interaction. The changes resemble low energy spectral
bands formed in spin-coating and/or annealing of regioregular
poly(3-hexylthiophene-2,5-diyl) (P3HT) films.9 Such bands
are attributable10 to higher degrees of crystallinity induced by
organizing rigid aromatic core structures within a solid and are
associated with better electronic performance.11 The crystal
lattice of SQ-TAA-C6 reflects such organization, with
alternating zones running parallel to the ab plane that contain
the “soft” alkyl side chains and the rigid SQ-TAA cores (see
Supporting Figure S7).
But, annealing of single SQ-TAA-C6 crystals under nitrogen

at either 79 or 100 °C for 60 min, followed by cooling to
ambient temperature, did not yield significant changes to the
crystallography (see Supporting Information for CCDC
Deposition #1916005, Table S1). So, any annealed changes
in SQ-TAA-C6 films do not seem to arise from molecular
packing changes of putative crystal domains. It seems more
likely thatlike P3HT and other rigid-core materials with
sufficiently long alkyl side chains12,13spin-coating SQ-TAA-
C6 gives largely amorphous pristine films, which become more
organized and crystalline with annealing. Further study would
be needed to verify this hypothesis.
In summary, the new crystal structures reported herein for

SQ-TAA-F and SQ-TAA-C6 provide intermolecular packing
information for members of the electronically promising
diarylanilinosquaraines. SQ-TAA-F has quite different crystal-
lography by comparison to the other SQ-TAA compounds
discussed herein. SQ-TAA-F alone in this set has ambipolar
charge transport behavior, and its different crystal packing is
likely to be at least as important for determining charge
transport as the isolated-molecule electronic nature might be,

at least for substantially crystalline solid samples. The similarity
of SQ-TAA-C6 π-stacking to that of SQ-TAA-H and SQ-TAA-
OH indicates that such long-axis-aligned, 1-D stack organ-
ization should be strongly favored in similar compounds
without fluorine substitution, with modest variation in staircase
offsets and slip-stacking being the major substituent-induced
crystallographic changes that could influence electronic
behavior. The results for SQ-TAA-C6 strongly suggest testing
other extended chain substituents on the SQ-TAA core to get
high hole transport capability, with different annealing
strategies and lattice variation studies as part of the work.
Mixed crystal studies involving SQ-TAA-F and similar, partly
F-substituted terminal aryl groups in SQ-TAA systems could
also be interesting, given the potential influence of differing
patterns of H···F interaction in a crystal lattice. Further studies
of such molecules are desirable for better correlation and
prediction of charge transport properties as a function of their
molecular structures.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.cgd.8b01621.

Comparison table of crystallographic and structure
refinement data for SQ-TAA-H, SQ-TAA-OH, SQ-
TAA-F, and SQ-TAA-C6 (including the postannealed
data for SQ-TAA-C6); ellipsoid diagrams for SQ-TAA-
H and SQ-TAA-OH; selected diagrams of crystal
packing; pristine and postannealed thin film UV−vis
spectra for SQ-TAA-C6, details of FET charge transport
measurement results given in Table 1 (PDF)

Accession Codes
CCDC 1869227−1869228 and 1916005 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: jschluet@nsf.gov.

Figure 4. Select H···F contacts in SQ-TAA-F. “A” designates form A (green), centrosymmetric molecules in the lattice. Many atoms are omitted for
ease of viewing the contacts. See Supporting Information Table S2 for a listing of H···F contacts and symmetry operations that relate them.
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