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Abstract: We consider here small-length-scale crystal structures with two clearly different molecular
components (e.g., hydrophobic and hydrophilic). Using a perspective developed by studies on large-length-
scale block copolymers and liquid crystals, we focus on the crystalline interface between the two components.
We examine four types of two-component crystals: aromatic ammonium carboxylates, aromatic oligo-
(ethylene oxides), cyclohexylammonium carboxylates, and ether—thioether compounds. Of the 111 crystal
structures found in the Cambridge Structure Database (CSD), 108 adopt one of the five generic topologies
found in diblock copolymers: spheres, columns, perforated layers, layers, and bicontinuous structures. As
in diblock copolymers, a key factor controlling the interfacial topology is shown to be the volume ratio of
the two components. When the volume fraction of one component is less than 30% of the whole, more
than five-sixths of the examined crystal structures are of columnar or spherical type. For volume fractions
between 40 and 50% more than three-quarters are of lamellar or bicontinuous type. We use this model to
predict the topologies of small-length-scale two-component crystals. We predict the crystal topolgies of six
new crystal structures: three are predicted to be columnar, and the other three, lamellar or bicontinuous.
The crystal structures of these systems were then determined by single-crystal X-ray methods. Five of the
structures form in topologies consistent with the predictions: three in columns and two in layers. The
remaining one forms as a perforated layer instead of the predicted columnar structure. Such predictive
accuracy is consistent with the statistics of the CSD investigation.

Introduction

There has recently been a renewed interest in controlling theP

crystalline structures of organic-based solid-state matériéds.

This effort has been driven, in part, by the physical properties

of such materials, properties which include pordSity?
otentially useful in separation, catalysis and sensing, mag-
netism?’3~77electronié277-83 and optical propertie%; 88 and
even moderately highi. superconductivit$?—9! and in part by
the promise of accessing the full panoply of organic molecular
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One of the chief impediments in this undertaking is that the
actual physical properties depend to a great extent not just on
the molecular shape but the global crystal structure and that it
is in general difficult to envision the global crystal structure
from a knowledge of the shape and stoichiometry of the
molecular building blocks alone.

The development of methods for relating organic molecular
shapes to organic crystal structure is therefore important and is
actively being pursued. By far, the most common approach is
one based on building up (or Aufbau). In this viewpoint, one
takes the molecular stoichiometry and structure as a given, and
from this molecular data one then deduces the local bonding
interactions which govern packing and thence the final crystal
structure. The use of the Cambridge Structure Database (CSD)
to determine common local motifd; % the idea of supramo-
lecular chemistry in general where one concentrates on inter-
molecular interaction®-1°°and the use of theoretical methods
to derive crystal structures from their molecular constituents
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either by ab initio quantum mechanical methods or empirically  In a recent papét® we proposed an alternate method of
derived atom-atom potential®1-1%7 all belong to this category  crystal design based on this crystal-to-molecule approach. In
of research. particular, we considered molecules which contain two com-
Much less traveled is the opposite approach where one looksponents (e.g., hydrophobic and hydrophilic fractions). Using a
at the outset at the final crystal topology and then derives the perspective developed by the block copolymer and liquid crystal
molecular pieces needed to coexist within such a crystalline communities*4-117 we focused on the long-range ordered
structure. Such an approach is particularly difficult for chemists, crystalline interface between these two components. Working
as our concern naturally gravitates to the chemical bond, which with aromatic oligo(ethylene oxides), we found, both in the
even in the case of an ionic bonding is primarily local. A few crystal structures we prepared and those we examined in the
examples of this latter approach can be found in the literature, literature, that such interfaces were generally well-defined. Over
for example the work of Robson, co-workers and otféts!2 90% of the structures examined had crystal topologies remi-
These authors have postulated that certain extended net topolonjscent of the five known topologies in diblock copolymers,
gies are generally more stable than others, topologies such ashat is, the spherical, columnar, lamellar, perforated lamellar,
the diamond net, rutile, and PtS, and they have shown that rigid, and bicontinuous structures. In addition, we found that a strong
highly symmetrical molecules and ions can be chosen to form predictor for crystalline topology is the ratio of the volume of

into these same structure types.
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the hydrophobic portion to that of the overall molecule.

The following open questions remain. Can this approach be
generalized, that is, do other two-component systems adopt
crystal topologies such as those found for aromatic oligo-
(ethylene oxides)? If so, can one use this approach not just to
rationalize crystal topology but also poedictcrystal topology?

In this paper, we try to answer these questions. First, using
the CSD we examined three other two-component crystal
types: aromatic ammonium carboxylates where there are
hydrophobic aromatic groups and hydrophilic ammonium car-
boxylate units, cyclohexylammonium carboxylates where now
the hydrophobic portion is the aliphatic group, and finally
molecules composed of thioether and ether groups where the
thioether groups are considered soft and the ether moiety hard.
We show that these three classes of molecules formed crystal
topologies strongly reminiscent of those we had found earlier
in aromatic oligo(ethylene oxides). The volume ratio of the two
components is again a strong determinant of the structural
topology. In two-thirds of the cases where the volume fraction
of the minor portion was 2030% of the total volume, the
columnar topology is observed. In over three-quarters of the
cases where the volume ratio was—BD%, the lamellar or
bicontinuous structures are observed.

In this paper we further report on the predictive accuracy of
the above interfacial model. We considered six molecular
systems whose crystal structures were unknown. We preéigted
that three of these systems would form in columns while the
remaining three would be either layers or bicontinuous. In this
paper we use the actual crystal structures from X-ray studies to
assess the accuracy of our earlier predictiéf#n two of three
cases where the column is predicted, the columnar structure was
indeed found. In all three cases where a layer or bicontinuous
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structure is predicted, the layer structure was found. These
results are compatible with the statistics based on the CSD.

Experimental Section

General Procedure.Unless otherwise indicated, all commercially
available reagents were purchased from Aldrich and used without further
purification. Analytical grade solvents were obtained from commercial
suppliers (Aldrich, Fisher Scientific, and Mallinckrodt). Powder X-ray
diffraction data were recorded on an INEL MPD diffractometer (XRG
3000, CPS 120 detector) at 25 mA and 35 KV for CulKA = 1.54056
A, with a silver behenate and elemental silicon standard. Lattice
constants were fitted to powder data by a least-squares method.
Electrospray ionization mass spectra were collected on a Micromass
QUATTRO spectrometetH NMR and*3C NMR were performed on
a Bruker AF-300 spectrometer at 26.

Single-crystal X-ray data were collected on a Bruker SMART
diffractometer equipped with a CCD area detector using Mo K
radiation. Single-crystal diffraction data were collected at 173 K. All
structure solutions were obtained by direct method and refined using
full-matrix least-squares with SHELXL 97. Tables of bond distances,
bond angles, anisotropic thermal factors, observed and calculated
structure factors, and powder data appear in the Supporting Information.
Hydrophobic and hydrophilic cell volume and molecular closest contacts
were calculated using the Cerfusuite of programs from MSR®

1,4-Bis@3-p-glucopyranosyl)benzene (2c)l,4-Bis(2,3,4,6-tetr&®-
acetyl$-p-glucopyranosyl)benzene (synthesized from known pro-
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ceduré?)) (0.50 g, 1.15 mmol) was dissolved in anhydrous methanol
(30 mL) in a Schlenk tube, to which a sodium hydride sample (10 mg,
0.25 mmol, 60% dispersion in mineral oil) was then added. After the
hydrogen bubbles stopped forming, the tube was sealed with a septum,
and the reaction mixture was stirred at room temperature for 24 h.
Acidic ion-exchange resin (Dowex 50WX4-400) was then added to
neutralize the base. The resin was then filtered out and the filtrate
evaporated on a rotary evaporator. The resultant viscous liquid was
mixed with ethyl acetate (20 mL), upon which the liquid solidified
into white solid. After the ethyl acetate was decanted, methanol (30
mL) was added to recrystallize the product (0.25 g, yield 90%, white
solid). *H NMR (300 MHz, 20:1 DMSQds/D;0) 6 6.93 (s, 4H, Ar-

H), 4.69 (d,J = 7.5 Hz, 2H, H-1), 3.42 (dd, 2H, H-2), 3.28.07 (m,

10H, H-3,4,5,6)C NMR (300 MHz, 20:1 DMSQd¢/D,0) 6 152.3,
117.2,101.1, 76.7, 76.2, 73.0, 69.6, 60.5. ESMS (acetonitrile}52

(M + NHj)*.

X-ray Quality Single Crystal of 1,4-Bis(#-p-glucopyranosyl)-
benzene (2c). 2¢1.0 mg) was dissolved iN,N-dimethylformamide
(DMF) (50 mg), and the solution was placed in a glass tube (5.0 mm
diameter). Acetonitrile (500 mg) was then added to the tube and swiftly
mixed with the DMF solution. The tube was then covered by laboratory
film (Parafilm) and left on the benchtop undisturbed. Needlelike crystals
suitable for single-crystal X-ray analysis formed withir2 h. X-ray
powder diffraction of the bulk sample showed only one crystal phase
which corresponds to the single-crystal structure (see Supporting
Information).

X-ray Quality Single Crystal of Dicholine Terephthalate (1a).
Terephthalic acid (0.082 g, 0.49 mmol) and a choline hydroxidater
mixture (50 wt %, 0.24 g, 0.98 mmol) were dissolved in ethanol (30
mL) and stirred for 5 min. The solution was then evaporated on a rotary
evaporator. The resultant viscous liquid was transferred to a Schlenk
tube and evacuated on a vacuum manifoldZd at 90°C. The liquid
solidified in this process. Anhydrous tetrahydrofuran (THF) (20 mL)
was then introduced into the Schlenk tube which was subsequently
sealed by a septum and heated td@dor 1 h. A small portion (about
2%) of the solid was thus dissolved. The tube was allowed to cool to
50°C, and the mixture was filtered in nitrogen atmosphere. The filtrate
was left on the benchtop sealed in a Schlenk tube with nitrogen
protection. Blocklike, X-ray quality single crystals formed in the course
of one week. X-ray powder diffraction of the bulk sample (precipitated
from THF) showed only one crystal phase which corresponds to the
single-crystal structure. (see Supporting Information).

X-ray Quality Single Crystal of Choline 2-Naphthoate (1c).The
same method was applied as that far The corresponding reagents
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used were as follows: 2-naphthoic acid (0.084 g, 0.49 mmol), cheline =
water mixture (50 wt %, 0.12 g, 0.49 mmol). Crystallization over one =
week yielded block-shaped single crystals suitable for X-ray dataset
collection. X-ray powder diffraction of the bulk sample showed only
one crystal phase which corresponds to the single-crystal structure (see
Supporting Information).

X-ray Quality Single Crystal of Choline Cyclohexanepropionate
(3a). Cyclohexanepropionic acid (0.38 g, 2.4 mmol) and a choline
hydroxide-water mixture (50 wt %, 0.59 g, 2.4 mmol) were dissolved
in ethanol (30 mL) and stirred for 5 min. The solution was then
evaporated on a rotary evaporator. The resultant viscous liquid was
transferred to a Schlenk tube and evacuated on a vacuum manifold for
2 h at 90°C. The liquid solidified in this process. Anhydrous THF (20
mL) was then introduced into the Schlenk tube which was subsequently 20k
sealed by a septum and heated to°80 The raw product of choline
cyclohexanepropionate dissolved completely. Upon cooling to room , p .
temperature, needlelike crystals suitable for X-ray dataset collection 0.25 0.60 frac. Pl
were obtained. X-ray powder diffraction of the bulk sample (precipitated /
from THF) showed only one crystal phase which corresponds to the
single-crystal structure (see Supporting Information).

X-ray Quality Single Crystal of Choline (+)-2-trans-1,2-Cyclo-
hexanedicarboxylate (3c).Cyclohexanepropionic acid (0.50 g, 2.9
mmol) and a choline hydroxidewater mixture (50 wt %, 1.40 g, 5.8
mmol) were dissolved in ethanol (30 mL) and stirred for 5 min. The
solution was then evaporated on a rotary evaporator. The resultant
viscous liquid was transferred to a Schlenk tube and evacuated on a
vacuum manifold fo2 h at 90°C. The liquid solidified in this process.
Anhydrous acetonitrile (20 mL) was introduced into the Schlenk tube
which was subsequently sealed by a septum and heated’to &0 1
h. A small portion (about 5%) of the solid was thus dissolved. The
mixture was filtered in nitrogen atmosphere and the filtrate was left
on the benchtop in a sealed Schlenk tube under nitrogen protection. g
Blocklike, X-ray quality single crystals formed within=3 h. X-ray Figure 1. Experimentally determined phase diagram for-PS(polystyrene-
powder diffraction of the bulk sample (precipitated from acetonitrile) polyisoprene) diblock copolymet® s: spherec: column,l: layer, bi:
showed only one crystal phase which corresponds to the single-crystalbicontinuouspl: perforated layeripl: inverse perforated layeic: inverse
structure (see Supporting Information). column.

40F

Results The principal driving force for this structure map is the
minimization of the interfacial area between the two chemical
components or, alternatively, the curvature requirements of this
interface. As Figure 1 shows, the volume ratio of the two
components is of overarching importance.

To date very little has been done to see if this overall phase
diagram is useful in the prediction and rationalization of
molecular organic crystals, although significant efforts have been
made to apply the concepts of minimal surfaces to solid-state
crystal chemistry?5-130 Nor at the outset is it clear that this
generic framework will be useful for molecular organic crystals.
The type of systems studied to date have been at nanometer
scales ranging up to 1000 A in unit cell a¥@313+135 At such
large distances, the fluctuations caused by individual anisotropic
chemical bonds will be minimized. As we approach® A,
the typical unit cell lengths of molecular crystals, even the

Our work is based on ideas from the diblock copolymer
literature. In this field an almost universal phase diagram has
been derived??-124 Key variables in this phase diagram are
the volume ratio of the two blocks in the polymer and the driving
force of segregation between the two blocks. This latter variable
is usually characterized by the paramefit A typical example
for polystyrene-polyisoprene diblock copolymers is shown in
Figure 1. At low volume ratios, spheresy f one component
form inside the bulk of the other component. At slightly higher
volume ratios, the spheres turn into column} (vhile at the
volume ratio of 1:1 lamellarl) structures are found. Between
the columnar and lamellar regions, more complex structures
appear, involving either a bicontinuous)(form or a perforated
layer (pl) structure. Finally, at the highest volume ratios, one
reverses the role of the two components, where the former minor
cpmpon_ent becomes the major componenF and vice versa. To125) von Schnering, H. G.; Nesper, Ragew. Chem., Int. Ed. Engl987, 26,
distinguish thgse. structures frqm the previous ones, we term(126) ;On5dgérson’ SAngew. Chem., Int. Ed., Engl983 22, 69,
these topologies inverse spherisy, (nverse columnsi¢), and (127) Hyde, S. T.; Anderson, &. Kristallogr. 1986 174, 225.
inverse perforated layersp(). Such distinctions, however, - Eggg Egﬂg‘?@?ﬁ’}gﬁgé,%ﬁ?”;u,"}t;; %dﬁoi?gﬁ?éi?aﬁfﬁe. . Mater
cannot be made for layers or bicontinuous systems, since in 200Q 12, 767.
these latter cases the two domains are topologically equivalent.(139) go%eln'zgi Eddaoudi, M.; Hyde, S. T.; O'Keeffe, M.; Yaghi, O.3tience

(131) Luzzati, V.; Spegt, P. ANature 1967, 215, 701.
(122) Thomas, E. L.; Lescanec, R. L. Phase Morphology in Block Copolymer (132) Hajduk, D. A.; Harper, P. E.; Gruner, S. M.; Kim, C. C. H. G.; Thomas,

Systems. InSelf-order and Form in Polymeric Materigl¥eller, A., E. L.; Fetters, L. JMacromoleculesl994 27, 4063.

Warner, M., Eds.; Chapman & Hall: London, 1995; Chapter 10. (133) Mogi, Y.; Nomura, M.; Kotsuji, H.; Ohnishi, K.; Matsushita, Y.; Noda,
(123) Hamley, I. W.The Physics of Block Copolymer§xford University I. Macromolecules994 27, 6755.

Press: New York, 1998. (134) Longley, W.; Mcintosh, T. Nature 1983 303, 612.
(124) Diele, S.; Brand, P.; Sackmann,Mol. Cryst. Liqg. Cryst1972 17,163. (135) Larsson, KNature 1983 304, 664.
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0 one another. We then consider the hydrophobic groups by
HO | NH" themselves. Hydrophobic groups which are in contact with one
o O another can form isolated fragments, one-dimensional columns,
two-dimensional sheets, or fully three-dimensional networks.
In just the same way we can classify the hydrophilic portion of
the crystal. We then identify if the structure belongs to the five
topologies commonly observed in block copolymers. In the
lamellar structure both the hydrophobic and hydrophilic portions

””3*_\_ each separately form two-dimensional sheets. In the columnar

e NH structure, one portion forms in parallel one-dimensional col-

HOOC =0 o umns, while the other portion forms a single three-dimensional

o o network; in spherical structures, one portion forms in isolated

H H fragments, while the other is purely three-dimensional; in a

2H0 OO perforated layer structure, one portion is in two-dimensional

sheets, while the other is three-dimensional. Finally in the

Figure 2. Representative compounds from CSD search for aromatic bicontinuous structure, both portions form three-dimensional

ammonium carboxylates. Togivbax bottom: ligxee Shown in bold are networks.

the core units: the benzenoid ring, the-8*, COO™ ion pair and the €O While such definitions are formally rigorous, they are

or C—N bond. All nonaromatic carbon atoms are bonded to nitrogen or

dependent on the definition of a contact. We base our definition
oxygen atoms or carbonyl groups.

of contacts on atomic van der Waals radfiEven here some
further thought is required. If one defines a contact as being
between two atoms whose interatomic distance is less than the
sum of the respective van der Waals radii, then on the whole,
To test the usefulness of the interfacial model in molecular relatively few neighboring groups are in c_ontact \.N'th one
another, too few for any meaningful topological assignments.

crystalline systems, we have retrieved from CSD four types of . .
o . o Conversely, if we define contacts to be between atoms whose
compounds containing two chemically distinct components. The .

four systems studied are aromatic ammonium Carboxylates’:?;ﬁrg‘;?r\?\;zslss:zgﬁeofeltésnélgntis ttartlz SLrJ;tc:utrZﬁ)lerzrrgfs Ec?r?tt;;s
aromatic oligo(ethylene oxides), aliphatic ammonium carboxy- ’ logetag

; 7 and most networks are three-dimensional. However, for contacts
lates, and finally molecules composed of both ether and thio-

. . - defined to be 1.151.30 times the sum of the atomic van der
ether groups. In each system, in keeping with the general phas - . -
. . o aals radii, one arrives at very reasonable structural assign-
diagram of Figure 1, two distinct components are present. - o . .
Aromatic Ammonium Carboxylates. We examined the ments. First, as is illustrated in Figure 3, such structural
. ’ assignments correspond to the overall appearance of the
CSD for ammonium carboxylate salts. We searched for struc- 9 b bp

. . g . structure. Second, choosing the value 130 has little impact
tures which contain a benzenoid ring, an ammonium carboxylate o !
. . . . on the topology type: in only 15% of the cases does this range
ion pair, and an additional nitrogen or oxygen atom. Such

fragments are shown in the two compounds of Figure 2. We of cutoffs lead to differing assignments. Such definitions are

) - . stable.
considered crystals containing only carbon, oxygen, nitrogen,

and hvdrogen atoms. We have excluded anv structure that Using the above method, we have classified the topologies
lydrogen ’ . y of the crystal structures. Overall, we found that all 16 structures
contains multiple-bonded nitrogen atoms. Also excluded are

. . o uncovered by the CSD search break down into the columnar,
aliphatic carbon atoms bonded to none of the following: an . .
. . lamellar, and perforated lamellar types. As just mentioned, the
oxygen atom, a nitrogen atom, or a carbonyl group. This search e -
overall classification is only slightly affected by the closest
uncovered a total of 16 crystal structures. L
. ) . . contact cutoff limit between 1.15 and 1.30. We present here
We divide these ammonium carboxylate salts into their

. . s the results based on a closest contact cutoff limit of 1.30. Five
hydrophobic and hydrophilic comp(_)nents. The aromatic rings of the structures form into the columnar type, one has a
are hydrophobic; th_e_ oxygen and nitrogen atoms and carbonyl perforated lamellar structure, and the remaining 11 belong to
groups are hydrophilic. All other atoms are bondeFi to the above the lamellar family. Shown in Figure 3 are representative views
hyq.rophmc fragments. .T.hgy qre therefore conS|dered. hydro- of two of the columnar and four of the lamellar structures; the
philic. In short, the division is between the aromatic and remainder are included in the Supporting Information.
nonaromatic groups. Furthermore, in the actual structure, the

hvdrophobi . d ith h oth We now study the relation between these interfacial topolo-
ydrophobic aromatic groups ten _to_aggregatg wit eac ot er’gies and the hydrophobic-to-total volume ratios. Specifically,
and likewise the hydrophilic moieties associate with other

e . . we wish to see if the topologies are controlled by volume ratios
hydrophilic moieties. As a consequence, the unit cell of the

tal struct tes into two distinct regi ith I in ways similar to those of block copolymers. We first need to
crystal Sucture separates into two distinct regions with a Well- g tain the hydrophobic-to-total volume ratio for each structure.
defined interface between them.

; ) . . We use atomic van der Waals radii to define atomic size. To
We now wish to classify the topologies of these different .50 ate the volume ratio, we separate the crystals into the
hydrophobie-hydrophilic interfaces. One expedient classifica- hydrophobic and hydrophilic portions (see above) and calculate

tion is based on interatomic distances between neighboring e \olumes for these two parts. With the volume ratios at hand,
hydrophobic or hydrophilic groups. In particular, we define a \ye tyrn to correlating the topologies with the volume ratios.
cutoff distance: neighboring groups whose shortest interatomic

distance is less than this cutoff are said to be in contact with (136) Bondi, A.J. Phys. Cheml964 68, 441.

concept of the interface is less well-defined. Nevertheless, as
we previously noticed!® many molecular crystals continue to
adopt structures reminiscent of those of Figure 1.
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\ 0 Sy
pivbax A
59%, | b {‘ "

Figure 3. Structures from CSD search for aromatic ammonium carboxylates. Col@nrisKsa, ribluj; layers (): pexbid neylej pivbax nebgacHydrophobic
portion: gray, hydrophilic portion: black. Unlabeled spheres are oxygen atoms, vertexes without spheres are carbon atoms. For clarity, trwwdragen at
omitted. Percentages refer to the hydrophobic-to-total volume ratios.

Table 1. Structure Types and Hydrophobic-to-Hydrophilic Volume hydrophobic portions in gray and the hydrophilic in black. The
Ratios? in Aromatic Ammonium Carboxylates interface is therefore between the gray and black regions. Three
hydrophobic-to-hydrophilic of these smooth interfacepdxbid pizbax, and nebgag are
volume raiios (%) s ¢ ¢ LB shown in Figure 3, the rest are in the Supporting Information.
%8:58 - - 5, - - = Only in one case, that afeylej also shown in Figure 3, is the
30-40 _ _ _ 3 _ _ _ interface corrugated. That most of the interfaces are smooth
40-50 - - 1 4 - - - implies that the interfacial area tends to be minimized in the
50-60 - - - 3 - - - crystal structure.
?8:;8 - - - - - - Finally, we mention some additional features of these crystal

structures. In terms of local structure, the aromatic rings

@ Structural classification is based on closest contacts defined as lessaggregate through the typical face-to-face or face-to-edge inter-
than 1.30 times the sum of the van der Waals radispheregc: column,

pl: perforated layer]: layer, ipl: inverse perforated layei¢: inverse actions, \_Nh'_le cationic ammonium grOUpS_ n gengral stay 0'959
column,is: inverse sphere. to the anionic carboxylate groups. Also of interest is the ordering

. . of the columns in the columnar structures. Unlike in diblock
As seen in Table 1, the columnar structures are concentrated in

) . copolymers where such columns are in general hexagonall
the volume ratio region of 20630%, whereas the lamellar poly 9 g Y

. . . . ordered, in the crystal structures discussed here columnar
structures formed predominantly in the higher region from30 .
60%. ordering ranges from the pseudohexagonal pattetekst to

As the number of structures is rather small, based on statisticsa nearly r_e_ctangular array oibluj, see Figure 3. We do no_t
. . . - have sufficient crystal data to analyze the factors controlling
alone, we cannot at this point conclude with certainty that the
) S ) . the hexagonal versus the rectangular arrays.

hydrophobie-hydrophilic interface is a dominant structural o : .
feature. More can be learned if we look at the actual crystal _ Structure Topology Prediction for Aromatic Ammonium
structures. We consider the 11 lamellar phases. If the lamellar Carboxylates. The above analysis shows that one can rationalize
classification is pertinent, not only should they meet our defined heterogeneous crystal topologies by examining the interface
criterion for lamellar structures, but the actual shape of the Petween the different crystal components. Even of more interest
interface between the hydrophobic and hydrophilic portions IS t0 use such mterfaces in@edictive sense. We consider
should be well-defined. If interfacial energy is an important aromatic ammonium carboxylates.
factor in small molecular crystal structures, we expect to see In the above section we found that the main division was
relatively smooth interfaces. In 10 out of the 11 lamellar phases, between columns and layers. In particular, columnar structures
the interface is indeed smooth. In Figure 3, we portray the were found for volume ratios between 20% and 30%. Therefore,
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for a columnar structure, we should choose a volume ratio close c b
to 25%; to access the lamellar structure, we would prefer vqume
ratios around 45%.

With this in mind we examined two compounds whose crystal
structures have hitherto not been determined. They are dicholine
terephthalatel@ and choline 2-naphthoatéd). Both systems

o~y '°> < >_<°' \J/
YA/ N /

%

OH
1a
HO, OH
H Ke) O
NHz+ \ HgN"

/_/ (o) / [o] H
HO OH
1b
o
HO\/\ N"‘/ oY

JAN

Figure 4. Crystal structures of dicholine terephthalase(top) and choline
2-naphthoate.c (bottom). Nitrogen atoms: large spheres, oxygen atoms:
small spheres; hydrophilic portion: black, hydrophobic portion: gray. As
predicted,1a forms in a columnar structurdc a layer.

The other aspects of the structure are reasonable. The crystal
forms in the space group &2;/c. The terephthalate group is
located at the inversion center of the lattice, and the asymmetric
contain hydrophobic aromatic and hydrophilic ammonium unit contains one-half of this group and one choline cation. The
carboxylate groups. The volume ratio in dicholine terephthalate terephthalate groups are lined up in columns with the aromatic
is 25%; it is therefore predicted to form in the columnar type. planes parallel one to another (interplanar distance, 3.6 A).
The ratio in choline 2-naphthoate is 45%; it is predicted to be Viewed along the column, the terephthalate moieties are
lamellar. By contrast, the shapes of the molecules are compatiblesurrounded by six choline groups, a common packing pattern
with both columnar and lamellar topologies. For example, in seen in molecular crystals. Efficient packing of the molecular
the case of dicholine terephthalate, although the volume ratio  species is thus achieved. At the same time, such packing
suggests a columnar structure, one can envision a hypotheticacompletes the columnar interface. As for the other interactions,
layer structure in which the aromatic rings lie parallel to one the carboxylate groups stay close to the ammonium ions (closest
another, sandwiched between a hydrophilic layer composed of O—N distance 3.6 A), apparently due to electrostatic interac-
carboxylate groups and ammonium counterions. The determi-tions. The carboxylate is also hydrogen-bonded to the hydroxyl
nation of the actual crystal structures therefore constitutes agroup on the choline fragment (6D distance 2.62 A).
reasonable test as to whether we can predict interfacial topology The crystal structure of choline naphthoate also conforms to
by examining volume ratios. the predicted topology: it is of the lamellar type, see Figure 4

In an earlier communication, we published predictions for and Table 2. The hydrophobic naphthalyl groups separate from
such aromatic ammonium carboxylaté%.The compounds  the hydrophilic carboxylates and choline fragments, forming two
reported here were synthesized after we had submitted the earlietypes of lamellar domains alternating with each other. The
report. It should be noted, however, that, due to the problem of interface between the two domains is flat as is expected of an
obtaining single crystals, we substituted the choline group for optimized interfacial interaction.

the initially proposed groups of diethylamine and triethylamine.

Thus, we report here the crystal structurelafinstead oflb
andlcinstead ofld. This substitution made no change in the
volume ratio forlc and slightly shifted the volume ratio dfa
from 26 to 21%. Thus, the actual prediction for structure
topology remains unchanged.

The space group of the crystal is ag&#/c. The unit cell
contains four crystallographically equivalent chotimephthoate
ion pairs. The planar naphthoate fragment stacks to form the
above-mentioned layers parallel to theplane. The aromatic
rings therein are associated through face-to-edge interactions
(closest G-C distance 3.8 A) as well as face-to-face interactions

The X-ray single-crystal structure of dicholine terephthalate (interplanar distance 3.6 A). The carboxylate groups sit on both
is shown in Figure 4 (see also Table 2). The aromatic rings sides of the aromatic layer and form part of the hydrophilic

form columns running in the direction. Surrounding these

layer. As in dicholine terephthalate, the carboxylate group is

aromatic groups are the hydrophilic carboxylate groups and close to the ammonium cation (N distance 3.8 A). It also
choline ions. The crystal structure clearly conforms to the earlier forms a hydrogen bond with the hydroxyl portion of the choline

prediction of a columnar topology.

group (O-O distance 2.6 A).
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Table 2. Crystal Data and Structure Refinements for Compounds 1a—3c
la lc 2c 3a 3c
formula GgH32N206 Ci16H21NO3 Ci1gH26013 C14H29NO3 Ci1gH38N206
mol wt 372.46 275.34 452.40 259.38 378.50
T (K) 173(2) 173(2) 173(2) 173(2) 173(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2i/c P2; P2; P2:/c
a(h) 6.0656(5) 14.39(1) 4.605(1) 8.830(3) 13.01(1)
b (R) 12.173(1) 8.450(6) 23.757(4) 6.403(2) 10.22(1)
c(A) 12.992(1) 13.259(6) 9.146(3) 13.395(7) 15.47(1)
p (deg) 91.654(2) 113.65(8) 95.037(8) 92.93(2) 102.61(5)
V (A3) 958.9(1) 1476(2) 996.7(4) 756.3(5) 2006(4)
Z 2 4 2 2 4
pealc (9/cn®) 1.290 1.239 1.507 1.139 1.253
absp coeff (mm?) 0.096 0.085 0.130 0.078 0.093
6 range (deg) 3.1430.59 2.86-23.36 2.39-23.33 2.3+23.30 1.66-20.81
limiting indices —-8=<h=<8 —14<h=<16 —4<h=<5 —-9=<h=<9 —13<h=<13
—16=< k=17 —-9=<k=9 —19<k=26 —7=<k=7 —7=<k=10
—-18<1<16 -14<1<14 -10<1=<3 -1l1<1<14 -15<1<14
data/restraints/parameters 2699/0/182 2136/0/265 2564/1/288 2124/1/279 2094/0/235
measd reflns 11802 8265 3181 3996 6664
unique reflns 2699 2136 2564 2124 2094
absp correction SADABS SADABS SADABS SADABS SADABS
GOF onF2 1111 0.976 0.959 0.973 1.042
Rint 0.0293 0.0448 0.0422 0.0561 0.0900
R1 (1 > 20(1))2 0.0539 0.0343 0.0543 0.0471 0.0699
WR2 (I > 20(1))b 0.1272 0.0757 0.1067 0.0794 0.1335

2 R1=3|[|Fe| = [Foll/XIFol. ® WR2 = [3[W((Fo? — FAIY X [W(Fe?)] V>

Table 3. Structure Types and Hydrophobic-to-Hydrophilic Volume

le 3. e Tyf ) consisting of such aromatic and ethylene oxide units. Again we
Ratios? in Aromatic Oligo(ethylene oxides)

have chosen the columnar and the lamellar or bicontinuous
topologies: a compound with a volume ratio around 25% is

hydrophobic-to

hydrophiic volume ratios (%) s ¢ pl bl bl e s predicted to form the columnar type; one with 45% is predicted
0-10 -1 - - - - - to be lamellar or bicontinuous. With these values in mind, we
10-20 Sy - - - - - initially designed molecule®a and2b. Both molecules consist
20-30 2 8 1 - - - - - y desig :
30-40 - 9 4 2 3 - - -
50-60 - - - - 1 3 1 - o o
60-70 e noX~~% ~Fon
70-80 - - - - - - 1 -
80-90 - - - - - - - 1 2a

aStructural classification is based on closest contacts defined as less
than 1.3 times the sum of the van der Waals ragliispherec: column,
pl: perforated layeri: bicontinuous|: layer,ipl: inverse perforated layer,
ic: inverse columnis: inverse sphere.

Aromatic Oligo(ethylene oxides).To determine the general-
ity of this methodology, we examined other classes of molecules
containing both hydrophobic and hydrophilic portions. We turn
first to aromatic oligo(ethylene oxides). Here, the hydrophobic
groups are aromatic groups, the hydrophilic ones are oligo-

) o
2b
HO
HO,
o OH
HO OH
(ethylene oxides) units. As before, we focus on the topology of 2¢ HO
the interface between these two portions. Here, we briefly review

a previously published CSD investigation to provide the of the hydrophobic aromatic groups covalently attached to
necessary context for the predictions for specific molecules. hydrophilic oligo(ethylene oxide) chains. Ba, the molecular

In our earlier search.® we looked for structures containing components give a hydrophobic-to-hydrophilic volume ratio of
the core units of the hydrophobic benzenoid and the hydrophilic 45%. In our earlier work we predicted this crystal would pack
di(ethylene oxide) fragments. The search yielded 49 structures.in either a lamellar or bicontinuous fashion.2b, as the ratio
The classification of the interfacial topology, as well as the is 25%, we predicted a column. In the course of experiment,
calculation of the volume ratio was based on the methods in while 2a readily yielded an X-ray quality single crystal, the
the above section. The interface topology showed stability crystals of2b turned out to be overly thin and irregular in
similar to that of the previous set as to the definition of closest morphology. As after repeated tries we were unable to obtain
contact. Among the 49 structures, all but three were found to an X-ray single-crystal dataset, we examined another compound,
be of the spherical, columnar, perforated lamellar, lamellar, and 1,4-bis3-p-glucopyranosyl)benzend). It has a volume ratio
bicontinuous topologies. Shown in Table 3 is the correlation of 22%, similar to that found foRb. The prediction for the
between structure type and volume ratio. columnar structure therefore stays the same. It should be

We now wish to predict crystal topologies for molecules mentioned that the volume ratio was calculated before the
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NHg* 2H,0 H0 OO

*HaN

o OH
Figure 6. Representative compounds from CSD search for cyclohexylam-
monium carboxylates. Leftzavyaw, right: abcocx Shown in bold are the

core units: the cyclohexyl group, the carboxylate group, and the nitrogen
atom.

Table 4. Structure Types and Hydrophobic-to-Hydrophilic Volume
Ratios? in Cyclohexyl Ammonium Carboxylates

hydrophobic-to-hydrophilic
volume ratios (%) s c pl bi ipl ic is

10-20 - - - - - - - -
20-30 1 2 - -
30-40 |
40-50 - - 1 -
50-60 - - - -
60-70 - - - -
70-80 - - - - - - - -

| DR
|
I

a Structural classification is based on closest contacts defined as less
than 1.15 times the sum of the van der Waals radii.

needed, as it is well-known that linear alkyl chains tend to
Figure 5. Crystal structures o2a (top) and2c (bottom). oxygen atoms: interdigitate and form layers irrespective of the actual hydro-
small spheres; hydrophilic portion: black, hydrophobic portion: gray. phobic-to-hydrophilic volume ratio (we comment on this later).

synthesis of the molecule. With compouddwe succeeded in To avoid such effects, we need to exclude such alkyl chains in

obtaining X-ray quality single crystals. both the CSD study and structure prediction. Here, we have
As previously published, the crystal structure2afbears out restricted the aliphatic groups to be the cyclohexyl moiety.
the above prediction, forming a lamellar topoldg§ As seen In the CSD search, we required the essential fragments to

at the top of Figure 5, the aromatic unit and the oligo(ethylene be: a hexagon of Srarbon atoms, a carboxylate group and a
oxide) groups segregrate from each other, leading to distinct nitrogen atom. We considered crystals containing only carbon,
and regular lamellar regions. The newly solved crystal structure hydrogen, oxygen, and nitrogen atoms. We excluded multiple
of 2c (see Table 2) also conforms to our prediction. As shown bonds between carbon atoms and further required that the alkyl
at the bottom of Figure 5, the aromatic rings are stacked parallel portion of the crystal be a continuous fragment (i.e., not split
one to another (shortest interplanar-C distance 3.55 A), by the hydrophilic groups). Such a search yielded 15 structures,
forming columns running along tha axis. Surrounding the  most of which are nonnatural amino acids containing the
columns are the hydrophilic glucopyranosyl groups and an cyclohexyl group. Figure 6 shows two representative com-
adventitious water molecule. The columns are arranged in apounds.
nearly hexagonal pattern. The adventitious water molecule
slightly lowers the volume ratio from 22 to 20%, a value still
within the columnar region.

The chiral molecule&c are packed into the space groep;
with two crystallographically equivalent molecules in each unit
cell. Also included in the unit cell are two water molecules
related by the 2axis. Four hydrogen bonds are formed between
each water molecule and the neighboring hydroxyl groups@O
distances being 2.66, 2.67, 2.70, and 2.95 A). The glucopyra-

nosyl group adopts the usual chair conformation. Extensive i ional- i the hvdroohobi tion b
hydrogen-bonding networks are formed among the hydroxyl Imensional; ircaxup the nydrophobic portion becomes one-
dimensional while the hydrophilic portion remains two-

groups. We note that although such hydrogen bonding enforcesd, ional h % limits of 1.30 and
an association of the hydrophilic groups it does not distort the imensional. Betwgen the ,CUtO |.rr.1|ts.o 1.30 and 1.15, two
shape of the interface between the hydrophilic and hydrophobic other structures switch the!r classifications, one from Iz.jlyer to
groups. Down the axis, one sees six nearest neighbors in the column and another from inverse perforated layer to inverse
plane around each organic molecule, a common packing motif Column. As Tables 4 shows, for a cutoff of 1.15 one finds a
in molecular crystals. correlation between volume ratios and crystal topology statisti-

Aliphatic Ammonium Carboxylates. We now consider a cally compatible with the phase diagram of Figure 1, and those
system in which the separation is between alkyl groups Of Tables 2 and 3. The correlation for a cutoff of 1.30 becomes

(hydrophobic) and groups such as ammonium carboxylates, slightly less good, see Table 5.
amines, and alcohols (hydrophilic). Some caution is however Shown in Figure 7 are six of the layer structures reported in

The oxygen and nitrogen atoms and carbon atoms bonded to
them are considered hydrophilic. The remaining atoms constitute
the alkyl portion and are hydrophobic. On the basis of the closest
contacts mentioned earlier, 13 of the 15 structures were classified
into the five generic topologies. For the two remaining
structures, while at the cutoff limit of 1.30, they are respectively
of layer avxup) and bicontinuous topologyatmchcl] at a
cutoff of 1.15; however, their topologies changeammchc10
both the hydrophilic and hydrophobic parts become one-

J. AM. CHEM. SOC. = VOL. 124, NO. 1, 2002 129



ARTICLES

Xu et al.

Table 5. Structure Types and Hydrophobic-to-Hydrophilic Volume
Ratios? in Cyclohexyl Ammonium Carboxylates

hydrophobic-to-hydrophilic
volume ratios (%) s c pl pl

10-20
20-30 1 1
30—40
40-50
50-60
60—70
70—-80

[ TS|

and thereby predict the crystal structure type. 3a the
hydrophobic volume fraction is 46%, and the crystal structure
is predicted to be lamellar or bicontinuous;3b, the volume
fraction is 25%, and the structure is predicted to be columnar.
Again only after reporting our predictions did we proceed to
the experiments. Compour8h readily yielded X-ray quality
crystals, but compoungb proved difficult even to solidify at
room temperature. We therefore turned to a related compound,
3c, which has a similar volume fraction (23%). Prior to
synthesis, we predicted it to form a columnar crystal structure.

a Structural classification is based on closest contacts defined as lessFortunately, we were able to crystallide well enough to afford

than 1.3 times the sum of the van der Waals raliispherec: column,
pl: perforated layemi: bicontinuous|: layer,ipl: inverse perforated layer,
ic: inverse columnis: inverse sphere.

an X-ray single-crystal dataset.

We show the crystal structure 8&in Figure 8. As predicted,
it is of lamellar type. A clear boundary is formed between the

Table 4. As can be seen in this figure, the layer topologies are hydrophobic cyclohexyl groups and the hydrophilic choline and

generally smooth and regular, conforming well to the interfacial
model.

In predicting crystal topologies we again target the columnar
and lamellar structure types. In particular, we first considered
compoundgaand3b. As before, we calculate the hydrophobic

\/ K
S, _:)I%
3a
3 i
0 o .
\/ N/
(/N‘ 0H>2 (/N °“>2
3b 3¢

hydrophilic volume fraction from the molecular composition

5%, |

Figure 7. Six lamellar structures from CSD search for cyclohexylammonium carboxylates (see Table 4). Also included are the CSD entry codes, hydrophobic

acyhxa01
5

carboxylate groups. The compound crystallized in the noncen-
trosymmetric space group &2;. The asymmetric unit of each
cell consists of one cyclohexylpropionate group and one choline
group. The cyclohexyl groups adopt the usual boat conformation,
and the propionate groups take the equatorial position. The
cyclohexyl groups are packed to form the hydrophobic layers,
which are parallel to theab plane. Within the layer, the
cyclohexyl groups are related by the &rew axis, and each
cyclohexyl group has six nearest neighboring cyclohexyl groups.
The propionate groups are located on both sides of the layer.
Between layers of the cyclohexyl groups are the choline units,
which together with the carboxylate groups form the hydrophilic
layer. The carboxylate is hydrogen-bonded to the choline unit
via the OH group (G-O distance 2.61 A).

The crystal structure &cis shown in Figure 8. At a volume
ratio of 23%, it was predicted to be a columnar structure. Instead
the structure o8c proved to be of the perforated lamellar type.
We recall that in our CSD analysis, within the volume ratio
range of 26-30%, while columns are the major phase, other

N

&

N

volume fractions, and the molecular structures. Unlabeled spheres are oxygen atoms, vertexes without spheres are carbon atoms. For darétigrhgdrog

are omitted. Hydrophobic portion: gray, hydrophilic portion: black.
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Figure 10. Representative compounds from CSD search for compounds
containing thioether and ether groups. (Lefpjew (right) mtribplQ
Shown in bold are the core units: the-O bond and the €S bond.

the cell volume. The choline groups are hydrogen-bonded to
the carboxylate groups (€0 distances: 2.65, 2.59 A).

Ether—Thioethers, Segregation between Hard and Soft.
We have thus far examined the interfacial model where the
division is between strongly hydrophilic and hydrophobic
components. We now wish to see if the interfacial model holds
in other two-component systems. We turn to the interfacial
division between chemically hard and soft components. As a
specific test, we study the system consisting of the relatively
: A ] soft thioether fragment and the harder ether or amine units. Here

2 T we report our findings based on the CSD search and predict
Figure 8. Crystal structures o8a (top) and3c (bottom). nitrogen atoms: the crystal topologies of a few members of this family.
Ir?rg:eosEhgres| ot>_<yg_en atoms: small spheres; hydrophilic portion: black, In our CSD search, we looked for thioether compounds
ydrophobic porfion: gray. containing an ether or amine unit. These core units (thioether,
ether, and amine groups) are highlighted in Figure 10. We
considered crystals containing only carbon, sulfur, and hydrogen
atoms and an additional oxygen or nitrogen atom. We have
excluded structures that contain either any multiple bond or any
bond between a sulfur atom and an oxygen or nitrogen atom.
Also excluded are carbon atoms bonded to none of the
following: an oxygen, a nitrogen, or a sulfur atom. This search
uncovered 27 crystal structures. Most of them are crown ether
or sugar compounds modified by thioether groups, as illustrated
in Figure 10.

We divide each crystal structure into the hard and soft
portions. Sulfur atoms are soft; nitrogen and oxygen atoms are
hard. A carbon atom is considered soft if bonded to sulfur atoms
Figure 9. Perforated layer formed by the hydrophobic portion in crystal and not to n.ltrOgen or oxygen atoms; it is considered hard if
3cand the resultant interfacial surfata. bonded to nitrogen or oxygen and not to sulfur atoms. In the

relatively rare case where a carbon atom is simultaneously
phases are also found, albeit at a smaller probability. Somebonded to sulfur and nitrogen or oxygen atoms, we examined
overlap of structures is therefore expected. The perforated layerP0th the case where the carbon atom was considered hard and
is more clearly illustrated in Figure 9. lllustrated in this figure Where it was considered soft.
are the hydrophobic aliphatic portions of the crystal. Each Th'e. strgcture; are clgssmed by the method of closest contacts
aliphatic moiety has three neighboring aliphatic groups in van specified in earlier sections. Again we define the closes__t copta}ct
der Waals contact. The three neighbors are arranged roughlyt© P€ between 1.15 and 1.30 of the van der Waals radii. Within
120° from one another. Such packing generates a honeycombth's range, all but one of the 27 stryctur_es form into spherical,
sheet. The voids in the honeycomb sheet as well as the spacémlumn‘?"‘ perforatgd lamellar, b|cqnt|nuous, aqd lamellar
between the honeycomb layers are filled by the choline groups.tOpOIOg'es and the inverse ones. This one exception does not
The regular and smooth appearance of the hydrophobic conform to the general structure type for cutoffs between 1.15

hydrophilic interface shown in Figure 9 suggests the interface and 1.25 as the hard portion forms into both columnar and
yarop . . 9 99 lamellar domains. At a cutoff of 1.30, however, these discrete
factor is playing an active role in the structure.

domains merge to form a perforated layer structure.

The crystal formed in the space gro#ai/c (see Table 2) In classifying the structures, we note that the interfacial
and the asymmetric unit of the cell consists of one cyclohexane- topologies are more dependent on the cutoff limit of the closest
dicarboxylate and two choline groups. The cyclohexanedicar- contacts: seven out of the 26 structures change their classifica-
boxylate group adopts the boat conformation, and the carboxy-tions when one changes the cutoff from 1.15 to 1.30. In
lates occupy the equatorial positions. As mentioned earlier, Theparticular, three change from the columnar into the bicontinuous
cyclohexanedicarboxylate groups are organized into distinct type, two from perforated layer to bicontinuous, one from layer
layers parallel to thévc plane. The overall packing is dense to inverse perforated layer, and one switches from inverse sphere
the van der Waals volume of the molecules takes up 77% of to inverse perforated layer. An examination of the 1.15 vs the
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Table 6.  Structure Types and Hydrophobic-to-Hydrophilic Volume the interfacial boundary. Thus at 9184ttcdis an inverse sphere,

Ratios*? in Ether-thioether Systems while at 70% it is an inverse column.

hydrophobic-to-hydrophilic Overall the interfacial features in the current set resemble

volume ratios (%) s ¢ o b LI the previous ones. As an illustration, we show in Figure 11 the

10-20 - 1r - - - - - = four-layer structures found in this search. As can be seen, in
38:4318 E 11 1 3 - - - _ keeping with the interfacial model, the boundary between the
40-50 - - 2 2 1 - - _ hard and soft is generally smooth and regular.
50-60 - - - 1 3 1 - - Again, it is possible to predict the crystal topologies for some
%’:;g - - - = P members of this group. As one can see from the above data,
80-90 - - - - - 5 columns and spheres occur at low volume ratio of the soft

portion (16-30%), while bicontinuous and lamellar structures
aStructural classification is based on closest contacts defined as lessform at intermediate region (4060%). We therefore consider
than 1.3 times the sum of the van der Waals rdd@arbon atoms moleculesda and4b: the soft portion of4a accounts for 22%

simultaneously bonded to sulfur and oxygen atoms are considered soft.
Table 7. Structure Types and Hydrophobic-to-Hydrophilic Volume HO

Ratios#? in Ether-thioether Systems o, HO,
sv\ OH
hydrophobic-to-hydrophilic HO S OH
) ) ) HO OH (o]

volume ratios (%)

[

C
10-20 - 1 4a HO
20-30 2 1
30-40 - 2
40-50 - 2
50—60 - -

60—70 - -
70-80 - - - - - - 3
80-90 - - - -
90-100 - - - - - - -

NN
[uy

|
P
| e
e
Lol
|
3
I
]
(o]
w
Sm
w
w
I
OO
o]
oT
=
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I
I
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4b
a Structural classification is based on closest contacts defined as less

than 1.15 times the sum of the van der Waals rddllarbon atoms  of the total volume, and it is predicted to form in the spherical
simultaneously bonded to sulfur and oxygen atoms are considered soft. . .
or columnar topology; the soft portion b is 52% of the total

Table 8. Structure Types and Hydrophobic-to-Hydrophilic Volume volume and is predicted to form in the lamellar or bicontinuous
Ratios#? in Ether—Thioether Systems structure type.

hydrophabic-to-hydrophilic Aromatic Oxo—Metal Complexes.In our final CSD search

volume ratios (%) s ¢ p b pl e s we considered structures containing a benzenoid ring, an
10-20 T - - - - = = = ethylene oxide fragment, and a bond between a metal and an
e 2z - ;- - -z oxygen atom. These core units are illustrated in Figure 12. We
40-50 - - 2 3 1 - - - considered structures containing only carbon, oxygen, hydrogen,
50—60 - - - 1 3 1 - - and metal ions. In addition, we excluded structures containing
60-70 - - - 1 - 4 - aliphatic carbon atoms not bonded to oxygen atoms.
;g_gg - - - - - - -1 This search was therefore quite different from our earlier

searches. For, while in previous CSD studies we considered
a Structural classification is based on closest contacts defined as lessmolecules decomposable into two and only two chemical
than 1.3 times the sum of the van der Waals ralarbon atoms  components, here it is possible to have three chemically distinct
simultaneously bonded to sulfur and oxygen atoms are considered hard. . . . L -
regions: to wit, the region of ionic metal atoms, the hydrophilic
1.30 cutoff data shows, however, surprisingly little variation in  region filled with oxygen atoms bound to carbon but not to the
the overall appearance of the structure type as a function of metal, and the hydrophobic aromatic portion of the molecule.
volume ratios, see Tables 6 and 7. These results suggest, and &hus, as we shall see, the proper block copolymer analogue
detailed examination of the crystal structures supports this for these phases need not be diblock copolymers but rather the
suggestion, that there is in fact an almost continuous evolution triblock copolymers.
from columns to perforated layers to bicontinuous or lamellar ~ This search uncovered 51 structures, most of which are
structures. Changing the cutoff simply shifts the boundaries aromatic crown ethers or caboxylic acid molecules coordinated
between these regions. to metal ions. As a first attempt to analyze these structures, we
In Tables 6 and 8 we contrast the two different definitions divided the crystal structures into just two regions: the
of hard and soft. In Table 6, carbon atoms simultaneously hydrophobic region consisting of the ethylene oxide and the
bonded to sulfur and oxygen or nitrogen atoms are consideredmetal-oxo groups and the hydrophobic region derived solely
soft; in Table 8, such carbon atoms are considered hard. Severfrom the aromatic rings. The topology of the interface between
structures contain such carbon atoms. The change in volumethese two portions is determined by the method of closest
ratios can be rather dramatic. For examplexttcd this change contacts outlined in earlier sections.
of definition causes the volume ratio to decrease from 91 to  Shown in Tables 9 and 10 are the structural breakdowns with
70%. Nevertheless, as a comparison of Tables 6 and 8 showsthe closest contact respectively defined as 1.15 and 1.30 times
the general correlation between structure type and volume ratiothe van der Waals radii. In the former case, 50 of the 51
is maintained. As one changes the volume ratio, one changesstructures belong to the five general structural topologies:
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dthdol ’—[

56%, | Yl

Figure 11. Four lamellar structures of Table 6 for thioeth@ther compounds. Also included are the CSD entry codes, soft volume fractions, and the
molecular structures. Soft portion: gray, hard portion: black. Gray spheres: sulfur atoms, black spheres: oxygen atoms.

Table 10. Structure Types and Hydrophobic-to-Hydrophilic
O Volume Ratios? in Aromatic Oxometal Complexes

hydrophobic-to-hydrophilic
O gy — O c 7 \ volume ratios (%)
10-20
K/o\) 20—-30
30—40
40-50
50-60

60—-70
70—-80

80-90 - - - -
o}

a Structural classification is based on closest contacts defined as less

o
O~ H20 / 0 ) -
©i \\ / :@ than 1.15 times the sum of the van der Waals radii.
\\O . .

— / \ As one shifts the cutoff distance of closest contact from 1.15

\\Fo 07J ot 1o to 1.30 times the van der Waals radii, nine out of the 51
e structures change classifications. As can be seen from Tables 9
and 10, the general shift in increasing the cutoff distance is that

Figure 12. Representative compounds from CSD search for aromatic columnar phases become perforated layer topologies and

ammonium carboxylates. Topwipxey botiom: abxala Shown in bold perforated layer phases turn into bicontinuous structures.
are the core units: the benzenoid ring, the ethylene oxide unit, and the

oxygen metal bond. Overall, the relation between structure types and volume ratios

. . is somewhat maintained. It may be seen, however, that there
Table 9. Structure Types and Hydrophobic-to-Hydrophilic Volume . . .
Ratios? in Aromatic Oxometal Complexes are a number of differences between the results given in Tables
9 and 10 and those discussed earlier. First, while in the earlier
CSD searches there were three times more columnar structures

w
o
k=3
=
5
3)
)

[
[ Rl N
I NP |
I N AW
|
|

I
N
I NN

hydrophobic-to-hydrophilic

volume ratios (%) S c pl bi | ipl ic is
10-20 — than perforated layer structures (28 to 8), here we see many
20—-30 1 2 3 - 3 - - - more perforated layer structures. For example, at a closest
30-40 - - 7 3 4 - - = contact defined as 1.3 times the van der Waals radii, there are
ég_gg _ i g % Z - 12 perforated layer structures and only two columnar structures.
60-70 - - - - - - 1 2 Perhaps even more interesting are the layer structures. In
;8:88 - - - - - - = 2_ Figure 13 we show seven of the 10 layer structures reported in

Table 9 (the others are given in the Supporting Information).
a Structural classification is based on closest contacts defined as lessThe following convention is used. The aromatic region is shown
than 1.30 times the sum of the van der Waals radii. in green, the metal, the oxygen atoms coordinated to it, and the

included water molecule are shown in red, and the oxygen atoms
spheres, columns, perforated layers, bicontinuous structures, anahot bonded to the metal atom together with the aliphatic carbon
layers. In the latter case all 51 can be so classified. These fiveatoms are shown in brown. fegpegthe structures with volume
crystal topologies are clearly energetically preferred. ratios of 25%, the lowest of the entire group, one sees clearly
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100 nm

Figure 14. Transmission electron micrograph of the lamellar phase in the
isoprene(l)-styrene(Sy-2-vinylpyridine(P) triblock copolymers. The black,
white, and gray images correspond to the I, S, and P domains, respec-
tively.133

‘{'5? ._ in the previous sections. We therefore turn to the triblock
RN N I I topologies as opposed to diblock topologies. There has recently
dobyuo, 37% been much work on triblock copolymet&:138-140 |t has been
found that triblock systems form in much more complex
topologies than diblock systems. For example, columnar struc-
tures are known to further subdivide into at least six separable
columnar topologies. However, certain principal features of
triblock copolymers are well-established. One of the principal
triblock topologies is the ABC lamellar structure in which the
three different components separate in layers one from another.
One such ABC lamellar structure is shown in Figure 14. The
similarity between this structure and the trilayer systems in
: Figure 13 is clear. It is possible that the remaining structures in
T ] Tables 9 and 10 correspond to some other triblock topologies.
A0 eSS There are, however, so many triblock topologies and the field
zegpik, 38% is still so comparatively new that it is a rather daunting task to
correlate the structures in Table 7 more fully with such triblock
PP structure types.

Conclusions

In the preceding section we considered four different types
jahvet, 39% of two-gomponent crystals: gromatlc ammonium carl?oxylates,
aromatic oligo(ethylene oxides), cyclohexylammonium car-

U U ‘ boxylates, and ethetthioethers. In each of these four classes
«% Ve Y () h our CSD study showed that five crystalline topologies are
A‘p ; dominant: spheres, columns, perforated layers, layers, and
(R UYWL s W SR bicontinuous structures. Of the 111 structures examined, 108

poaccu10, 47% belonged to one of these five types, see Table 11. A key
Figure 13. Seven lamellar structures from the CSD search of aromatic predictor for the crystalline topology i-S the volume fraction of
ox%—metai complexes. lonic portion: red, hydrophilic portion: brown, one _Chosen component. AS shown in Tab_le 11, for volume
aromatic portion: green. Large sphere: metal ion, small sphere: oxygen fractions of 26-30% four-fifths are of spherical or columnar
atom. For clarity, hydrogen atoms are omitted. type, and for fractions of 4850% four-fifths have lamellar or

bicontinuous topologies.
the layer topology. However, this is not a layer topology e have shown that this analysis can be used to predict
composed of just two fractions. Rather, the ionic portion (red), crystalline topologies. On the basis of the volume ratios of the

the hydrophilic portion (brown), and the hydrophobic portion 0 components, we have predicted that three molecules should
shown (green) each form a separate layer. This same separation

into three layer types is clear in other lamellar phases as well. (137) This is the dot display of the Connolly surface of the hydrophobic

i i ilei fragments. It is generated by rolling a spherical probe of a specific radius
It IS_ most clee_lr |rmpxacd geczetzegplkjahvel; andpoaCCU1O (1.4 A) over the van der Waals surface of the hydrophobic fragments.
as is shown in Figure 13. (138) Bates, F. S.; Fredrickson, G. Rhys. Todayl999 52, 32.

; ~ 139) Matsen, M. WJ. Chem. Phys1998 108, 785.
Here we see concrete evidence that a three Componenl((140) Stadler, R.; Auschra, C.; Beckmann, J.; Krappe, U.; Voigt-Martin, I.; Leib-

analysis is more appropriate than the two-component analysis lerl, L. Macromolecules1995 28, 3080.
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Table 11. Overall Correlation between Structure Types and An example of such a combined approach can be found in

Hydrophobic-to-Total Volume Ratios the porous organic crystal literatufe?6.72113.143n this work,
volume the synthetic target is generally a hexagonal or pseudohexagonal
ratios (%) sandc pl biand| il fcandis structure in which the crystal forms a honeycomb matrix and
0-10 1 - - - - the solvent lies in the interior hexagonal columns. This
%8:%8 1% _1 _4 B B architecture is therefore the columnar architecture discussed in
30-40 11 5 13 - - this paper, where the major component is the crystalline
40-50 - 4 18 - - framework and the minor component is the solvent. While such
28:?8 - - 1i’ g 3 an architecture is a natural one, its formation is abetted by the
70-80 _ _ _ _ 6 choice of molecular building blocks which are predisposed to
80-90 - - - - 3 form honeycomb channetg?

Itis also possible to unite top-down and bottom-up approaches
by joining the ideas of this paper with those of Kitai-
gorodsky*** For example, Kitaigorodsky has enumerated the
adopt a columnar topology and that another three should adoptways by which molecules can pack to form columns. Most
a layer or bicontinuous structure. Five of these six predictions commonly the molecular fragments of the column are related
Werde. lzo(rjne OIUt by subtseqijent exhpenmental Work(.j C:nebof th? by one of the crystallographic symmetry elements, namely, the
predicted columnar structures, nowever, proved 1o be O 4 fold screw, the inversion center, the glide plane, or the

pe_llr_fr(])rated Iayerr] tyge't din thi that of trati translational operation. Among the two dozen or so columnar
€ approach adopted In this paper, that of concentraling on gyt yres studied in this paper, 14 of the individual columns

the ||r);erfqge t;)e'ivr\]/eent.the tl\{vo t(;ompogentz!ntf[he c][ystalt, Slﬁemsare based on the two-fold screw, six are based on inversion
a valid guide to the rationalization and prediction ot crystaline - .o yier and four on glide planes, while the remaining six consist
topologies. It also appears to be reasonably general: it can be

. . 20 of basic translational units containing only one molecular
applied equally well to etherthioethers, aromatic olio(ethylene fragment. One can thus envision that one could first use the
oxides), and cyclohexylammonium carboxylates.

H | t dsto b led. First inth volume ratio to determine the basic interface type and then use
owever several caveats needs 1o be recalled. First, as IN g, o) a1om-atom potentials or ab initio quantum theory, together

caset %f arotmatlc oxemeta[[corgple?es,t;he system in ql:estlct)n with these simple symmetry operations, to accurately predict
must be a two-component and not a three-component systeme, crystal structures.

Three-component systems have much more complex structural
topologies than diblock systems. Second, there must be no local
interaction which enforces a certain type of global architecture
independent of the two-component volume ratio. One well-
known example of such overriding local interactions is the
interdigitation of the parallel alkyl chaif4l142 Such alkyl
chains pack into layers and impose the lamellar topology on
the resultant crystal structure, irrespective of the two-component
volume ratio. Supporting Information Available: Figures of the molecules
The approach described in this paper can be considered afrom CSD search and their corresponding crystal structures;
top-down approach. We concentrated on a global feature of thetables of crystal refinement data, bond distances, bond angles,
crystal structure, that is, the two-component interface, and thenanisotropic thermal factors for compountig, 1c, 2c, 3a and
sought to find molecules which comfortably fit within this 3c, experimental and calculated powder diffraction data for the
interface. But such a top-down approach could, in principle, be above compounds (PDF). This material is available free of
most effective when coupled with a complementary bottom-up charge via the Internet at http://pubs.acs.org.
approach, that is, an analysis where one concentrates first ony,11551g
local interactions and then envisions how such local interactions

a Structural classification is based on closest contacts defined as less
than 1.30 times the sum of the van der Waals radii.
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