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ABSTRACT
The role of C–H%O hydrogen-bonding interactions in the solid-state pack-
ing networks of squaraine dyes has been investigated by re-examining the
nine previously published X-ray crystal structures of these materials. In
addition, two new compounds, 2,4-bis(1-hexyl-3,3-dimethyl-2-
indolinylidenemethyl)cyclobutenebis(ylium)-1,3-diolate and 2,4-bis(1-
(ethan-2-ol)-3,3-dimethyl-2-indolinylidenemethyl)cyclobutenebis(ylium)-1,
3-diolate, have had their structures determined and lattice packings dis-
cussed with respect to their hydrogen-bonding networks. Analysis of the
eleven structures shows, in seven cases, two emergent packing motifs. All
structures exhibit molecules in stacked columns, but the two differing pat-
terns arise from specific intermolecular C–H%O associations which are
directed at the molecules of either an adjacent parallel column or a column
of opposing direction. In the four structures which do not exhibit either of
these two packing arrangements, hydrogen-bonding associations are still
important in the analysis of the overall lattice network. 2000 Elsevier Science Ltd
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INTRODUCTION

Squaraines are a group of organic dyes, similar to mercyanines, which exhibit narrow
absorption bands and strong absorptivities at high optical wavelengths. These dyes possess
a range of interesting photo–physical effects [1] and have found commercial use in areas
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related to optical recording and for xerographic applications [2]. Elucidation of their sin-
gle-crystal X-ray structures [3–9] has been important, therefore, in relating the structural
aspects of these dyes to their physical properties. Prior to 1996 (structures1–7, Figure 1)
the principle emphasis of the structural studies on squaraine dyes was the detailed analysis
of the resonant behavior of these dyes as displayed by the bond lengths throughout the
conjugated regions: for pictorial clarity, structures3, 4, 10, and 11 are drawn in one
resonant form whereas the others are drawn showing a delocalized 2+ charge across the
central squarate ring. Emphasis was also placed on discussing the stacking characteristics
of these dyes with respect to the regions of overlap and whether or not formal charge-
transfer (CT) interactions existed within these regions. C–H%O hydrogen-bonding associ-
ations were left unmentioned in the analysis of the solid-state packing of the known
squaraine structures at that time, probably because they were not widely accepted to exist.
However, in the light of recent attention to C–H%O interactions, plus the fact that squa-
raine dyes exhibit two strong hydrogen-bond accepting oxygen atoms and no strong hydro-
gen-bond donor groups, the authors decided to re-examine each squaraine structure with
special consideration to such inter-molecular associations and to determine their role in
the solid-state packing arrangements of squaraine dyes. For each description of C–H%O
interaction the atom names are taken directly from their original publication. Furthermore,

FIG. 1
Molecular diagrams for the squaraine dyes whose crystal structures have been previously
reported (1–9) and the two whose structures are presented in this paper (10 and11).
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attempts to prepare additional analogues suitable for X-ray analysis led to the structure
determination of 2,4-bis(1-hexyl-3,3-dimethyl-2-indolinylidenemethyl)cyclobutenebis
(ylium)-1,3-diolate 10 and 2,4-bis(1-(ethan-2-ol)-3,3-dimethyl-2-indolinylidenemethyl)
cyclobutenebis(ylium)-1,3-diolate11.

EXPERIMENTAL

Preparations

N-hexyl-2,3,3-trimethylindolenine iodide and 1-(ethan-2-ol)-2,3,3-trimethylindolenine iod-
ide were prepared by refluxing 2,3,3-trimethylindolenine with respectively 1-iodohexane
and 2-iodoethanol in toluene. For both, the product was collected in vaccuo upon cooling
of the reactant mixture followed by washing with small portions of toluene.

Compounds10 and 11 were prepared by established techniques for the synthesis of
squaraine dyes of this type [10] by refluxing 2:1 molar ratios of eitherN-hexyl-2,3,3-
trimethylindolenine iodide or 1-(ethan-2-ol)-2,3,3-trimethylindolenine iodide and squaric
acid with a 1 molar equiv. of quinoline in 50/50 toluene/butan-1-ol using a Dean and
Stark apparatus for the removal of water. Upon cooling the resultant solids were collected
in vaccuo and washed with small portions of toluene. In both cases, green prismatic crys-
tals were grown from chloroform solutions.

Crystallography

Crystallographic details for compounds10and11are listed in Table 1. Data were collected
on an Enraf-Nonius CAD-4 diffractometer monochromatized Mo Kα X-radiation (λ

TABLE 1
Crystallographic Data

Squaraine number 10 11
Structural formula C38H48N2O2 C30H32N2O4

CCDC deposit no. CCDC-1294/125 CCDC-1294/126
Chemical formula C16H24NO C15H16NO2

Formula weight 564.78 484.58
Crystal system triclinic monoclinic
Space group P1̄ C 2/c
T,°C 25 25
a, Å 8.7300(8) 26.281(6)
b, Å 9.3779(6) 8.581(1)
c, Å 11.1933(8) 11.958(3)
α, deg 102.317(5)
β, deg 107.484(7) 112.127(9)
γ, deg 102.638(7)
V, Å3 813.6(1) 2498.2(8)
Z 2 4
ρcalcd, g cm-3 1.153 1.288
µ, mm-1 0.070 0.086
Ra 0.0506/0.1091 0.0388/0.0635
Rwa 0.1462/0.1869 0.0999/0.1137

ausing observed data [F.4σ(Fo)]/all data.
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0.71073 Å). Empiricalψ-scan absorption corrections were applied to both10 (Tmin=0.966,
Tmax=0.987) and11 (Tmin=0.992, Tmax=0.992). Structures were both solved by direct
methods and refined using the SHELX-97 package [11]. Hydrogen atoms were located
by difference methods and both positional and thermal parameters were refined.

RESULTS

Crystal Structure of 1

The crystal structure of1 [3] (1974: triclinic P1̄) revealed columnar stacks of parallel
molecules (inter-planar spacingca. 3.46 Å) with the inter-planar packing and alignment
of molecules resembling that of graphite. Although not stated in the original paper, the
major inter–molecular interactions arose from the C-O dipoles and not CT interactions,
as later assigned by Law [12]. In the unit cell each molecule is located on an inversion
center (in the middle of the squarate ring) so only half of1 is located in the asymmetric
unit. Furthermore, for this molecule to function as a delocalized system the phenoxy
oxygens are required to donate an electron pair, thus holding a delocalized positive charge,
and so hydrogen-bonding interactions are unlikely to occur to the phenoxy oxygens. How-
ever, the squarate oxygens are sufficientlyδ-negative and upon analysis of the hydrogen-
bonding network two C–H%O associations are observed per squarate oxygen. One interac-
tion comes from a methoxy proton (C9–HM2%O1 3.449 Å; x, y, 1+z; /C–H%O 146.6°)
and the other from an aromatic proton (C7–H7%O1 3.326 Å; 21+x, y, 1+z; /C–H%O
159.1°) but these associations are not to the same squarate oxygen. Due to the out-of-
plane twist the methoxy group makes with the squaraine rings one interaction associates
with a molecule in an adjacent stack that is slightly higher than the originating squaraine
and the other interaction goes to the molecule below in the same adjacent stack. The
resultant network, which can be described as latticed polymeric hydrogen-bonded ribbon
arrays, is given in Figure 2.

Crystal Structure of 2

The only information available in the original paper of the structure of2 [4] (1982) is a
brief description of the molecular packing and a single unit cell diagram which appears
to be only one side of a stereo diagram. The planar squaraine molecules exist in two
stacked columns (inter-planar spacing <3.5 A˚ ) with the amino groups aligned to the adjac-
ent squarate rings. These two stacks form a chevron pattern with an angle of 75°. Taking
this into account, the unit cell appears to be monoclinic with the most probable space
group being eitherP21/c or P21/n. Molecules of2 appear to be bridging an inversion
center located in the middle of the squarate ring, suggesting that only half of the molecule
is contained in the asymmetric unit. However, considering that there also appears to be
one chloroform molecule per asymmetric unit then there must be two solvent molecules
per squaraine. The occurrence of a lattice solvent molecule is not observed in any other
structure in this series. The chloroform molecules appear to be so aligned that there is
possibly a C–H%O association from the chloroform C–H to each squarate oxygen, as
shown in Figure 3, which would certainly explain the 2:1 solvent:squaraine ratio. The
position of the toluidine methyl group suggests intra-molecular hydrogen bonding to both
squarate oxygens while the presence of the chloroform would most certainly curtail any
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FIG. 2
Molecular packing of1 showing the C–H%O interactions.

FIG. 3
Suspected C–H%O interactions in the structure of2.
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further inter-molecular interactions. Unfortunately, without any additional structural infor-
mation the above analysis is only supposition and may be proved incorrect when a detailed
X-ray structure is obtained.

Crystal Structure of 3

The structure of3 [5] (1986: monoclinicP21/c) is unique amongst the molecules in this
series in that the asymmetric unit in3 consists of the full molecule. The reason for this
is that one indolenine ring twistsca. 25° away from the plane of the squarate ring whereas
the other similar ring is onlyca. 8° inclined to the central ring. This difference in ring
inclination removes the customary inversion center observed in all the other squaraine
structures. The structure of3 has been used in several papers as an additional comment
to explain the photophysical behavior of processable analogues (i.e., longer alkyl chain
analogues) of this dye and its closely related benzothiazole moiety. In the packing arrange-
ment of 3 some close contacts (i.e.,$3.5 Å) were observed but it was noted that the
molecules are held together by van der Waals forces and not CT interactions. On further
investigation, one of these listed short contacts can be identified as a C–H%O interaction
from an aromatic C–H to one of the squarate oxygens (C(24)–H(241)–O(2) 3.273 A˚ ;
2x, 21/2+y, 21/22 z; /C–H%O 160.3°). This instigates a one-dimensional polymeric
hydrogen-bonded array as shown in Figure 4. The equivalent distance to the other squarate
oxygen from the corresponding aromatic proton alone (H(101)%O(1)) is 2.605 Åmaking
the C%O distance to long to be considered as an inter-molecular association. Interestingly,
O(1) has two intra-molecular C–H%O associations from the indolenine methyl groups
(C(27)–H(273)%O(1) 3.303 Å; /C–H%O 139.5°. C(28)–H(282)%O(1) 3.192 Å; /C–
H%O 122.4°) whereas O(2) has only one association from an adjacent methyl group
(C(13)–H(133)%O(2) 3.208 Å; /C–H%O 128.1°).1

FIG. 4
Molecular packing of3 showing the C–H%O interactions.

1Although listed in the original paper the second methyl C–H--O interaction to O(2) does not display
the correct goemetry to be considered a formal C–H hydrogen bond.
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Crystal Structure of 4

The structure of4 [6] (1986: monoclinicP21/n) consisted of a symmetry generated mol-
ecule with, for the first time, an attached alkyl chain (as opposed to just methyl groups).
The three aromatic systems were all found to be co-planar with theN-butyl groups inclined
to the plane of the rings. In contrast to the previous structures no stacking arrangement
was observed, instead individual molecules adopt a herringbone configuration. Analysis of
the C–H%O hydrogen-bonding interactions revealed that there is a single inter-molecular
interaction from a proton on theα-N-butyl carbon to the squarate oxygen (C(10)–
H(10B)%O 3.328 Å; 1/2-x, 21/2+y, 1/22z; /C–H%O 155.3°) (Figure 5). One intra-
molecular interaction also exists between the quinoline 3-position C–H and the squarate
oxygen (C(2)–H(2)%O 3.080 Å; /C–H%O 162.8°).

FIG. 5
Molecular packing of4 showing the C–H%O interactions.
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Crystal Structures of 5 and 6

Structures5 (1988: triclinic P1̄) and 6 (1988: monoclinicP21/a) [7] relate to the two
crystal polymorphs of the same squaraine molecule (designated as compound5). In the
syntheses of the many short chainN,N-dialkylanilino squaraine analogues, of which5 is
a member, the compound can be isolated chemically pure yet is noted as being a mixture
of both dark purple and metallic blue–green crystals, with the latter generally being more
abundant [13]. In the case of compound5 the crystal structures of both of these poly-
morphs have been determined. Between the two there is a high degree of similarity; i.e.,
both squaraines lie across inversion centers so that only half is contained in the asymmetric
unit, both exhibit disordered hydroxy groups (and in6 the diethylamino group is also
disordered), and both display similar stacked columns in their solid-state packing. How-
ever, the significant difference between the two polymorphs relates to the inter-planar
spacing between the parallel stacked molecules. In both the amino groups are essentially
aligned over the squarate rings but for5 the inter-planar spacing is 3.40 A˚ whereas for
6 the same spacing is 3.86 A˚ . In both cases CT interactions are ruled out in favour of
interactions between the negatively charged nitrogens and the positively charged squarate
rings. No specific note is made in the original paper about the intra-molecular hydrogen
bond between the hydroxy group and the squarate oxygen (for5: O(7)–OH(O)%O(12)
2.658 Å; /C–H%O 174.9° and for6: O(7)–H(O) %O(12) 2.643 Å; /C–H%O 146.0°]
while investigation of the C–H%O interactions shows a significant difference which mir-
rors that of the different crystal systems of5 and 6. For 5, a single interaction occurs
between a proton on one of the carbonsα to the amino nitrogen and the squarate oxygen
(C(4)–H(4B) %O(12) 3.290 Å; x, 21+y, 21+z; /C–H%O 140.8°) which, due to the
placement of the molecule in relation to other inversion centers, produces a linear poly-
meric hydrogen-bonded ribbon array, as shown in Figure 6. However, in6 a single C–
H%O interaction occurs between a proton on one of the end methyl carbons and the
hydroxyl oxygen (C(1)–H(1B)%O(7) 3.479 Å; 1/2+x, 1/22y, z; /C–H%O 165.3°). This
interaction produces the hydrogen-bonded network shown in Figure 7. For Figures 6 and
7 the exact conformations of the ethyl groups are different to the actual structures but for
purposes of clarity have been represented as shown; this is also the case for the following
butyl analogues.

Crystal Structure of 7

Similar to 2, very little information on the solid-state packing of7 (1995: triclinic P1̄)
[8] was presented in the original publication. On analysis of the structure it was found
that the molecules form close-packed parallel stacks (inter-planar spacingca. 3.48 Å)
similar to the triclinic form of the previous compound. However, the CCDC file for7
(ref: YOXJIE) notes that the compound is green and not purple, as indicated for the
similarly triclinic structure5. For 7, the squarate oxygens are bound from both sides by
intra-molecular interactions from the ortho-hydroxy groups (O(2)–H(1)%O(1) 2.642 Å,
/C–H%O 177.0°; O(3)–H(2)%O(1) 2.646 Å, /C–H%O 176.8°) which potentially hin-
der any further C–H%O associations because none were detected. Compound7 is the
only structure in this series which does not exhibit any inter-molecular hydrogen bonding
to either the squarate oxygens or the hydroxy oxygens. Several C%O distances$3.4 Å are
noted but none show hydrogens in the right geometry to be considered an interaction [14].
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FIG. 6
Molecular packing of5 showing the C–H%O interactions.

Crystal Structures of 8 and 9

An in-depth discussion of the structures of both8 (1996: monoclinicP21/c) and9 (1996:
monoclinic P21/a) [9] has been previously reported, including a discussion of their C–
H%O associations. Both structures are isomorphous and their packing is, in essence,
identical to that of structure5 with squaraine molecules both stacked and co-planar, thus
forming linear polymeric hydrogen-bonded ribbon arrays. There is some slight variation
in the exact C–H%O interactions (Figure 8) but in both cases the alkyl C–Hα to the
amino nitrogen is involved. Being both monoclinic and similar to6, as opposed to triclinic
for 5, the inter-planar spacings are.3.8 Å and the compounds are both green in appear-
ance.

Crystal Structure of 10

The structure of10 (triclinic P1̄) (Figure 9) is very unlike that of3 because, in10, the
conjugated aromatics are essentially co-planar (dihedral angle between the squarate and
indole rings is 5.7(2)°), the molecule is symmetric (lying across an inversion center) and
the hydrogen-bonding network is similar to that in the structures of5, 8, and 9. The
molecules exist in a close-packed array with adjacent columns of stacked squaraine moi-
eties; the closest perpendicular inter-planar spacing between indole rings is 3.376(4) A˚ .
The planarity of the molecules also allows for two intra-molecular C–H%O interactions
per squarate oxygen from both adjacent methyl groups (C(18)–H(183)%O(1) 3.277(4) Å;
/C–H%O 151.3(2)°. C(19)–H(192)%O(1) 3.269(4) Å; /C–H%O 147.0(2)°). In 3, only
one squarate oxygen was involved in a C–H%O inter-molecular association whereas in10
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FIG. 7
Molecular packing of6 showing the C–H%O interactions.

FIG. 8
Comparative molecular packings of8 and9 showing the C–H%O interactions.

each squarate oxygen exhibits an inter-molecular C–H%O association (C(7)–H(7)%O(1)
3.417(4) Å; x, 21+y, z; /C–H%O 168.8(2)°) which proceeds from the aromatic C–H
adjacent to the methyl groups (Figure 10). Due to the positioning of the molecules in
relation to other inversion centers the resultant network is a linear polymeric hydrogen-
bonded ribbon array.
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FIG. 9
Molecular conformation and atom numbering scheme for10. Unless otherwise indicated,
atoms are carbon. Displacement ellipsoids are drawn at the 30% probability level. Symmetry
operation:2x+1, 2y+1, 2z+2.

Crystal Structure of 11

The structure of11 (monoclinic C2/c) (Figure 11), although being very similar to10 in
that 11 is essentially planar (dihedral angle between the squarate and indole rings is
13.0(2)°) and positioned across an inversion center, is different to the other structures in
this series because11 packs in a C centered unit cell (as opposed to a primitive cell for
all the others). The different packing mode may be the result of the inclusion of two
strong hydrogen-bond donor elements per squaraine molecule which as expected dominate
the packing network, although the molecules still exist in stacked columns (shortest per-
pendicular distance between squarate rings is 3.508(3) A˚ ). The short alkyl chains are
appropriately spaced such that the hydroxyl groups bind to the squarate oxygens of the
adjacent molecules of the same stack (O(2)–H(2)%O(1) 2.758(3) Å; x, y, 1/22z; /O–
H%O 170.4(2)°). In this way the packing is different to the previous structure and that
of 5, 8, and9. Furthermore, the three aromatic rings in the molecule are not as aligned
with each layer as for10; in 11 the squarate rings are positioned more over the five-
membered indole rings. Again, being essentially planar, there are two C–H%O associ-
ations from the indolenine methyl carbons to the squarate oxygen (C(14)–H(142)%O(1)
3.227(3) Å; /C–H%O 147.4(2)°. C(15)–H(151)%O(1) 3.239(3) Å; /C–H%O
142.2(2)°). (Figure 12)

DISCUSSION

An analysis of the solid-state of the eleven structurally characterized squaraine dyes
presented in this study has shown that there are two emergent packing motifs which,
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FIG. 10
Molecular packing of10 showing the C-H%O interactions.

across several examples, have shown to be similar within minimal variations. Of these
eleven structures, five (structures1, 5, 8, 9, and10) exhibit stacked columns which associ-
ate via C-H%O interactions to form polymeric hydrogen-bonded ribbon networks perpen-
dicular to the direction of the columns. Although this pattern may appear to better fit a
triclinic P1̄ unit cell, structures8 and 9 are monoclinicP21/c(a), respectively. In these
two structures the occurrence of the 21 screw axis is accounted for in the herringbone
arrangement of the stacked columns. This also carries for the other two monoclinic
examples (structures4 and6) where there are stacked columns arranged in a herringbone
pattern but the main difference between the first group and structures4 and 6 is that in
the former the molecules of each stack associate through C–H%O interactions with an
adjacent parallel stack; in the latter the hydrogen-bonding network involves molecules
from stacks of opposing directions. Thus a second dominant packing motif is observed
which gives preference to monoclinicP21/c(a) type space groups (due to the required
presence of the 21 screw axis). Furthermore, to make allowances for these non-parallel
columns there is a significant increase in the inter-planar distance between stacked mol-
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FIG. 11
Molecular conformation and atom numbering scheme for11. Unless otherwise indicated,
atoms are carbon. Displacement ellipsoids are drawn at the 30% probability level. Symmetry
operation:2x+1, 2y, 2z.

ecules without any decrease in the overall molecular density. This difference in inter-
molecular distance has a marked effect on the photophysical properties of these dyes, as
observed in the color difference.

The four other structures which do not comply with either of the two above mentioned
packing arrangements have their own unique reasons for not doing so. The crystal lattice
of 2 incorporates competing hydrogen-bond donor molecules in a stoichiometric amount
so as to satisfy the number of hydrogen-bond accepting squarate oxygens per squaraine.
The actual squaraine molecules are still arranged in columns but no inter-column associ-
ations are evident. This is also the case for7 where an abundance of intra-molecular
interactions hinders any inter-molecular associations. The molecules still exist in stacked
columns but are arranged such that there are no short contacts to either the squarate
oxygens or the hydroxyl groups. Alternatively, in the solid-state packing of3 the twist
in the molecule limits any inter-molecular associations to only one squarate oxygen, thus
a zig-zag arrangement is observed.

In contrast to squaraines1 to 10, molecule11 does contain an equal number of hydro-
gen-bond donor and acceptor moieties and (as expected) these groups associate. The mol-
ecule is essentially planar and is arranged in parallel stacks and, for the first time, the
inter-molecular associations are confined to the molecules of the same stack. Whether this
feature is due solely to the length of theN-substituted ethan-2-ol side arm or whether it
is unique to this structure is yet to be determined. Moreover, structure2 remains the only
adduct complex, attempts to co-crystallize squaraines with other molecules have thus far
been unsuccessful. Other interesting features of this series include the role of the C–H
group α to the electron-donor atom (structures1, 4, 5, 8, and9), and in a lesser sense
the involvement in two cases (6 and9) of the β C–H group, and similarly (in3 and10)
the role of the aromatic C–H’s as opposed to the more prominent indolenine CH3 groups.
Interactions from such groups were certainly not expected before this study was under-
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FIG. 12
Molecular packing of11 showing the O–H%O interactions.

taken and in many ways this is probably the reason as to why they were over-looked in
their original papers.

Alternatively, it is also interesting to note the7 does not exhibit any hydrogen-bonding
interactions, not even to the abundant hydroxyl oxygens. To summarize, it is obvious
from these studies that squaraines prefer to form stacked columns, yet how these columns
associate is still dependant on the exact nature of the C–H%O hydrogen-bonding interac-
tions. Whether or not these associations effect the overall unit cell packing is also yet to
be determined.
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