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Crystals of three 4-alkoxy~€arboxytransstilbene (ACS) derivatives and a crystal of 4-methokynéthanoate
trans-stilbene have been shown to have structures in which the amphiphilic aromatics are arranged in layers
remarkably similar to deposited LangmuiBlodgett multilayer assemblies. Within each layer there is either

a glide or pseudoglide (or herringbone) arrangement of the chromophores very similar to that deduced from
physical properties and simulations for structurally related stilbene, azobenzene, and tolan amphiphiles in
microheterogeneous media, solution, and LangmBlodgett (LB) films. The fluorescence of the crystals

is very similar to that associated with LB films of a water-insoluble amphiphilic ACS that is associated with
the aggregate. An analysis of the crystal structure indicates that energetically favorable aranoatiatic
(edge-face) interaction determines the packing within a layer.

Introduction ties between the photophysical propertiedef3 in the crystal
and4 in microheterogeneous media provide additional evidence

The formation of small aggregates as relatively stable i, proyide a link between the supramolecular unit aggregate in
“supramolecular” entities in microheterogeneous media and in solution and the extended structure in the solid state.

some cases even in solution in arrested crystallization processes
has been observed for a wide variety of dyes and aromatic
moleculesi™ Relatively small aggregation numbettypically

3 or 4 or a multiple thereefare indicated for several of these

Synthesis. All glassware was dried overnight in the oven,
except for that used in the saponification reaction. All solvents
are reagent grade. Methylene chloride and tetrahydrofuran were
species, and it is indicated that in several cases the aggregatg'St'”ed. over calcium hydride and sodlu_m with benzop_henone,
respectively. The progress of the reaction and the purity of the

may be a chiral structure. Monte Carlo simulations on mono- final duct tored by thin | h i h
layer clusters suggest that the stable structure may be a cyclic'na products were monitoreéd by thin layer chromatography

array or “pinwheel”, which when extended results in a glide or (TLC) using chromatogram sheets made of silica gel adsorbent
herringbone Iattice’ From the physical properties of these with a fluorescent indicator. The compounds were characterized

aggregates it appears that favorable nonbonding interactionsby nuclear magnetic resonance (NMR) spectra obtained on a

betweenrt systems may be important forces favoring aggrega- GE QE-300 instrument at 300 Mhz for proton.

tion and controlling the structure, although other factors such ~ Synthesis of 4-Ethox§/-carboxylic Acid trans-Stilbene

as hydrophobic or solvophobic interactions may also play key Methyl 4-methylbenzoate (5.0 g, 33.3 mmol), dry carbon
roles. Very similar structures have been indicated thus far for tetrachloride (200 mL), and recrystallizébromosuccinimide
aggregates of chromophores as diverszas stilbenes trans- (6.5 g, 36.7 mmol) were placed in a 500 mL two-neck round
azobenzenessquaraineg diphenylacetylenesand biphenyl$. bottom flask fitted with a reflux condenser. The reaction
For Langmuir-Blodgett (LB) films and phospholipid bilayers ~ mixture was refluxed under a nitrogen atmosphere for 5 min,
we have obtained indications that the most important nonco- and then a sunlamp (visible light excitation) was used to initiate
valent interactions occur within a tetramer cluster and thus that the reaction. After completion of the reaction (the solution
extended arrays of these chromophores may be reasonabljpecame clear) the mixture was cooled to room temperature, the
described as mosaics of the “unit” aggregafesAn important succinimide was filtered, and the solvent was removed from
question is whether these “unit” aggregates may also be thethe filtrate. The crude product was purified by recrystallization
key intermediates in crystal formation. To address this question, with tetrahydrofuran/hexane. The white crystals obtained were
we have recently synthesized and studied crystals of thedried under a vacuum desiccator. The yield was 70%, 5.3 g.
amphiphilic stilbened—3 and5 (see Scheme 1). We report The Wittig reaction was accomplished by dissolving the dry
here a study of these stilbenes and a water-insoluble amphiphilicoromoester (1.0 g, 4.4 mmol) and triphenylphosphine (1.95 g,
derivative of closely related structurd)(in the solid state, 7.4 mmol) in dry xylene (110 mL). The flask was purged with
solution, and LB films. The results indicate that these stilbenes nitrogen, and the reaction mixture was refluxed overnight. The
form crystals that are indeed extensions of the unit aggregatewittig salt formed was filtered, and after recrystallization with
structure proposed for similar compounds in microheterogeneouschloroform/benzene 1.92 g (90% yield) of product was obtained.
media. The crystal structure &f (the methyl ester ofl), a One gram (2 mmol) of Wittig salt was dissolved in 30 mL of
similar amphiphile that cannot form intermolecular hydrogen dry, freshly distilled tetrahydrofuran and 20 mL of methylene
bonds, was also determined and found to be similar to the chloride. KCOs, 1.4 g (10 mmol), was added followed by10
structures ofl—3. An evaluation of these crystal structures mg of 18-crown-6. After stirring this mixture for a few minutes,
indicates that edge-to-face nonbonding interactions play a majorg.46 g (3 mmol) of 4-ethoxybenzaldehyde was added slowly.
role in stabilizing the crystals of all four compounds. Similari- The reaction mixture was refluxed overnight, and the progress
was monitored by TLC, using hexane/acetone (4:1) as eluent.
® Abstract published ifAdvance ACS Abstractf)ecember 15, 1996. Unreacted KCO; was removed by filtration, and the solvent
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was removed from the filtrate by rotary evaporation. The crude allowing an evaporation period of8L0 min prior to compres-

product was purified by silica gel column chromatography using

sion. The monolayer was then compressed at a speed of 10

hexane/chloroform (1:1) as eluent. The solid obtained was mm/min. Deposition was at a surface pressure of 20 mN/m

recrystallized with THF/hexane. White crystals, 0.367 g (64%
yield), were obtained.

onto quartz slides.
Fluorescence and Absorption Spectra.Fluorescence ex-

The stilbene keto ester (0.240 g, 0.85 mmol) was dissolved citation and emission spectra were recorded on a SPEX 111

in 40 mL of ethanol. KOH, 0.190 g (3.4 mmol), was dissolved
in 10 mL of water and added to the ethanolic solution. The
reaction mixture was refluxed and its progress followed by TLC.
After completion of the reaction, about 1 h, 10% hydrochloric

CM spectrofluorimeter, with a Xe light source. Absorption
spectra were recorded on a Hewlett-Packard diode array
spectrophotometer.

Crystal Growing, Data Collection, Structure Solution, and

acid was added until the solution was acidic to pH paper. The Refinement. Colorless crystals o2 were grown from a

precipitate formed was filtered and recrystallized twice with
ethanol/water, affording 0.192 g, 84% yield of acid: m270—
275°C; 1H NMR (DMSO) ¢ 1.32-1.38 (3H, t,CH3-CH,-O-
Ar), 4.02—4.10 (2H, quartet, CHCH,-O-Ar), 6.98 (2H, d, Ar-
H), 7.12-7.22 (1H, d, vinylic proton), 7.37.4 (1H, d, vinylic
proton), 7.68 (2H, d, Ar-H), 7.92 (2H, d, Ar-H). Elemental
analysis: calculated for £H;603, C 76.09, H 6.01; found, C
75.53, H 5.39.

The procedures used for the synthesis of MeOST)Aafd
PrOS1A @) were similar to that described above for the
preparation of EtOS1AZ).

MeOS1A mp = 250-255 °C; '"H NMR (DMSO) ¢ 3.80
(3H, s, CHO-), 6.95 (2H, d, Ar-H), 7.087.18 (1H, d, vinylic
proton), 7.24-7.34 (1H, d, vinylic proton), 7.56 (4H, dd, Ar-
H), 7.86 (2H, d, Ar-H). Elemental analysis: calculated for
Ci16H1403, C 75.56, H 5.55; found, C 75.27, H 5.05.

PrOS1A mp = 290-295 °C; 'H NMR (DMSO) 6 0.92—
1.02 (3H, t,CHs-CH,-CH,-0), 1.66-1.78 (2H, m, CH-CH,-
CH,-0), 3.90-3.98 (2H, t, CH-CH,-CH,-0O), 6.93 (2H, d, Ar-
H), 7.10-7.20 (1H, d, vinylic proton), 7.297.39 (1H, d, vinylic
proton), 7.60 (2H, d, Ar-H), 7.90 (2H, d, Ar-H). Elemental
analysis: calculated for gH1503, C 76.56, H 6.43; found, C
76.08, H 6.23.

Monolayer Experiments. A typical procedure for recording

saturated solution in methylene chloride/methanol, powd2red
was placed in a vial, and 1 mL of methylene chloride was added
to the vial. The solution was heated gently, methanol was added
until no solid was seen, and the vial was left at ambient
temperature in a cupped vial. Similar conditions were used to
grow crystals ofl, 3, and5. Diffraction measurements f&
and3 were made on an Enraf-Nonius CAD4 diffractometer with
graphite-monochromated Modkradiation operating in the/26

scan mode. The cell constants and orientation matrix for data
collection were obtained from a least-squares refinement using
the setting angles of 25 carefully centered reflections. Diffrac-
tion measurements fdrand5 were made on a Siemen SMART
area detector. The structures of all the crystals were solved by
direct methods (SAPI 90, SAPI 91) and expanded using Fourier
techniques. Structures were refined by the full-matrix least-
squares method. All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were located from difference maps
or placed in calculated positions wiBx, equivalent to 1.Biso

of the bonded non-hydrogen atom. Fband3 an empirical
absorption correction, using the program DIFABS, was ap-
pliedl For 1 and 5 Psi-scan absorption was used using
SHELXA program. Neutral atom scattering factors were taken
from Cromer and Wabéé Anomalous dispersion effects were
included in F¢qg the values forAf' and Af" were those of

isotherms and deposition of monolayers was as follows. Stock Cromer!® All calculations were performed using TEXSAN

solution concentrations of surfactants were typically 1.4 mg/
mL in chloroform (HPLC grade). The subphase used in all
studies consisted of Milli-Q water (obtained by passing deion-
ized water through a milli-RO 10 Reverse Osmosis/Milli-Q UF
Plus System, specific resistivity 18.2¢®) containing 3x 104
MCdCl, and 5 x 107> M NaHCQO; (pH 6.6-6.8). A stock
solution of surfactant (20@L) was spread on the subphase
surface in a KSV 5000 trough and the chloroform removed by

softwaret*

Data collection for2 was initiated at-30 °C. Of the 5233
data collected, 4813 were unique. Representative reflections
showed no decay during acquisition, indicating crystal stability.
The final cycle of full-marix least-squares refinement was based
on 1626 observed reflections £ 3.0Qx(1)) and 379 variable
parameters and converged with unweighted and weighted
agreement factors @®& = Y ||Fo| — |Fc|l/Y |Fo| = 0.054 andR,
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TABLE 1: Summary of Crystallographic Data for C 1603H14
(1), C1703H16 (2), and Cig03H 15 (3)

empirical formula
crystal size, mm

GeOsH14

C1703H16
0.04 0.11x 0.08x 0.34x 0.15x 0.60x

ClBOSH 18

g 0.16 0.45 0.60
£ crystal system orthorhombic triclinic monoclinic
_§ space group Pbca(no. 61) P1(no.2) P21/a (no. 14)
< A 8 4 4
3 a A 56.956(5) 7.082(4) 8.126(5)
3 b, A 7.335(2) 7.660(4) 7.467(2)
E c A 6.183(2) 25.657(5) 24.260(7)
Z o, deg 92.34(3)
B, deg 95.74(3) 97.60(4)
y, deg 98.90(4)
Vv, A3 2583.3(9) 1365.8(9) 1459.0(9)
deair glc® 1.31 1.30 1.29
T,°C —50 -30 -20
e . . LT ) melting point,°’C 250 270 280
250 300 350 400 450 500 550 600 Amo ko (graphite  0.710 69 0.71069 0.710 69
Wavelength (nm) monochromated)
R 0.057 0.054 0.044
Figure 1. Absorption and emission spectra 4f(80S1A) in dilute Ry 0.055 0.056 0.044

solution of cyclohexane and one-layer LB-film. AR = SIFol — [FllSFol. Ru = [(SW(IFo| — [Fo)IWF]Y2
= [(SW(|Fo| — |Fe|)@WFA)]¥2 = 0.056 with a maximum shift/

esd of 0.007. The maximum and minimum peaks on the final
difference Fourier map corresponded to 0.24 afd22 e /A3, 1
respectively. Data collection f@ was started at-20 °C. Of

the 2972 data collected, 2774 were unique. Representative
reflections showed no decay during acquisition, indicating
crystal stability. The final cycle of full-matrix least-squares
refinement was based on 1424 observed reflectibrs3.00r-

(1)) and 282 variable parameters and converged with unweighted
and weighted agreement factorsRf= 0.044 andR, = 0.044

with a maximum shift/esd of 0.00. The maximum and minimum
peaks on the final difference Fourier map corresponded to 0.24
and —0.22 e/A3, respectively. Data collection fat was at
—50 °C. Of the 10279 data collected, 2233 were unique. 2 ™molecule!
Representative reflections showed no decay during acquisition,
thus indicating crystal stability. The final cycle of full-matrix
least-squares refinement was based on 1272 observed reflections

(I > 3.00(1)) and 211 variable parameters and converged with
unweighted and weighted agreement factorRef 0.057 and

Ry = 0.055 with a maximum shift/esd of 0.04. The maximum

and minimum peaks on the finaIAdifference Fourier map 3
corresponded to 0.22 and0.32 e/A% respectively. Data Figure 2. Asymmetric unit of1—3 showing the atom numbering of
collection fors was at—50 °C. ,Of the 84,46 data FOIIECted’ thg atoms. 1 gndB both have one moIect?Ie in the asymmetricgunit,
1943 were unique. Representative reflections again showed nQypije 2 has two molecules in the asymmetric unit.

decay during acquisition, indicating crystal stability. The final

cycle of full-matrix least-squares refinement was based on 1255Figure 1 compares absorption and fluorescence spectanof
observed reflectiond ¢ 3.0(1)) and 224 variable parameters  dilute solution and in a supported LB film. While neither the
and converged with unweighted and weighted agreement factorsSFAs or long-chain ACS amphiphiles such&a®rm crystals

of R = 0.050 andR, = 0.056 with a maximum shift/esd of  suitable for X-ray diffraction studies, the shorter chain ACS
0.06. The maximum and minimum peaks on the final difference amphiphiles1—3 were found to grow suitable crystals from
Fourier map corresponded to 0.17 an@.31 e /A3, respec- mixtures of solvents such as methanol/methylene chloride. The
tively. Atomic coordinates for all atoms, bond lengths and crystals of2 grown from a methanol/methylene chloride mixture
angles, anisotropic displacement parameters, torsion angles, anfbrmed thin plates, resulting from fast growth in two dimensions
least-squares planes are included as Supporting Information. and slow growth in the third. Examination under a microscope
indicated a line through the diagonal of the plate characteristic
of “twinning”. Each crystal appeared to be two triangular
crystals attached together along one side, the twin plane. For
X-ray diffraction studies of the crystals @& a corner of the
twinned crystal was removed and cut into a small segment,
Blodgett (LB) films similar to that observed with the more making sure that the segment was not twinned. Crystals of
widely studiedrans-stilbene fatty acids (SFA3}. Most notably and 3 were single crystals with no indication of twinning.

the absorption spectra of supported multilayers prepared from Crystal data forl—3 are summarized in Table 1 (a more
pure ACS or mixtures of ACSs with saturated fatty acids show detailed table is included as supporting information). Although
similar blue shifts, while the fluorescence spectra are red-shifted some individual differences exist for the three compounds, there
and characterized by relatively long fluorescence lifetimes. is a general similarity both in terms of the structures of the

Results

Amphiphilic trans-4-alkoxy-4-carboxystilbenes (ACSs) have
been found to exhibit aggregation behavior in Langmuir
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Figure 3. Crystal structure 08, a layered structure, with heatiead and taittail arrangement. The tilt angle of the stilbenes with respect to the
layer normal is 48.22

individual molecules and the relationships between neighboring (Figure 3). Although small differences exist for the structures
molecules in the crystals of all three compounds. Thus the of 1—3, in each case, within a single “monolayer” in the crystal
individual molecules show some deviation from planarity with the individual molecules are arranged in a “glide” or herringbone
the phenyls twisted at an angle of-32°. Similar deviations lattice, as shown in Figure 4. To further examine the role of
have been found for crystals dfansstilbene in earlier aromatic-aromatic interaction in determining the crystal struc-
investigationg® The structures of the individual molecules are ture, the methyl ester derivative &f 5, was examined. The
shown in Figure 2.1 and 3 both have one molecule in the crystal structure 0% is similar to that oflL except for the layer
asymmetric unit, whil& crystallized with two molecules inthe layer interaction.
asymmetric unit. The two molecules have a pseudoglide The crystals ofi—3 all show fluorescence ranging from 427
symmetry relationship; that is, the two molecules are packed to 447 nm, strongly red-shifted from the solution spectrum in
in an edge-to-face orientation having a T-shape, or herringbonemethylcyclohexane, but very similar in both wavelength and
pattern, with an angle of 8(between the planes of the rings structure to that observed frod and 3 in LB multilayers.
(we further explore this in the Discussion section). Although3 forms “transient” LB films at the airwater interface
When solving the structure o2, one molecule in the  both pure and in mixtures with stearic acid, these are unstable
asymmetric unit showed an orientational disorder. The relative over periods of minutes under compression (ca. 20 mN/m),
population was determined to be 40:60%. After accounting for presumably due to the slight solubility of the ACS in water.
the disorder thé&k value decreased significantly, which further 'When a mixed film of3 with stearic acid is prepared with a
supports a disordered structure. large excess of stearic acid (1:5), a film stable enough to be
The most striking feature to emerge from the structures transferred onto a quartz slide is obtained. The photophysical
obtained for the three ACSs is that the molecules exist in the properties of the transferred film are similar to thosd.of The
crystals in layers essentially identical to the structures anticipated organic solution spectra af-5 are also nearly identical to those
for Y-deposited LB multilayers. That is, the moleculeslef3 shown in Figure 1.) Thus itis reasonable to use water-insoluble
exist as layers, in each case, in which the molecules have a4 as a probe of the likely behavior df~3 in LB films and
head-head arrangement such that one face of the layer is supported assemblies. Comparison3oin solution LB-film
characterized by the carboxyl groups of individual ACS and solid shows a clear trend in fluorescence from the blue
molecules, while the other face consists of the corresponding spectrum in the dilute monomeric solution to the red-shifted
alkoxy groups. This structure is essentially what one would spectrum of the two-dimensional LB-film and to the further red
expect for an LB film at the airwater interface. In the  shifted three-dimensional crystal—3 have virtually identical
extended structure there is contact alternating between theabsorption, excitation, and emission spectra in solution, yet the
carboxy faces of adjacent layers and between the alkoxy facescrystals all have distinct fluorescence (Figure 5).
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Figure 4. KAP stage 2 analysis showing the layer structure @nd 3 each with two repeat vectors. Oxygen atoms in red. (a) The layered
stucture of2 consists of a stage 1 chain of stage 0 dimers repeatedly translated every 7.66 A to produce the layer. The layer is shown<ilted 41.18
with respect to the surface normal. (b) The true glide layeB.ofThe layer is constructed by repeatedly translating a stage 1 glide chain every
7.467 A. The layer is shown tilted 48.2%ith respect to the surface normal.

Fluorescence of Solid TABLE 2: Analysis of Translation Distances and Emission
— — Maxima for 1—4
ok 427 443 467 ] compound translation iX2 translation inY? Anaemission (nm)
' ——3POSIA crystal ofl 6.18 7.34 467
ooy T 2ZEOSIA - 4 crystal of3 8.13 7.47 443
0s b 7T IMEOSIA ] crystal of2 7.08 7.66 427
LB-film of 4 432
aX is equivalent to the repeat distance along &henit axis for2
- 06 . and3 and toc for 1. P Y is equivalent to the repeat distance along the
5 b unit axis for all three.
=
§ o4 b ] TABLE 3. KAP Analysis for 3 Using the CFF91 Force Field
Z ’ (Energy in kcal/mol)
VDW- total
02 L stage VDW (H-bondf Couloml§ energy description
0 only 1 molecule
1 —-16.01 0 —2.05 —18.06 glide chain; no H-bond
0oL \ 2 —26.83 0 —2.98 —29.81 glide layer; no H-bond
: 7 3 —33.78 +4.96 —12.91 —41.73 P21l/a; H-bond present
) 1 . 1 1 1 . 1 A(B—2¢ —6.95 +4.96 —9.93 —-11.92
350 400 450 500 550 600 I
2 Nonbonded van der Waals energy contribution to egiGarboxyl
Wavelength (nm) H atom nonbonded energy contribution to ed Blectrostatic energy
Figure 5. Fluorescence spectra of solitis 3 showing the differences  contribution to eq 3¢ Sum of energy terms (columns 2, 3, and 4).
in Amax for the three crystals. ¢ Energy difference between stage 3 and stage 2.
Discussion

structure oftransstilbene is examined, it may be seen that an
The crystal structures determined fbr3 show remarkable essentially identical arrangement of the stilbene chromophores
congruence with the previously determined simulated structuresexists, and the overall crystal structure is similar to those of
for monolayer clusters of SFAS. Figure 4 compares an 1-3. As will be shown below, this is in agreement with the
“overhead” view of one layer oR with that of 3. The likelihood that aromatie aromatic interactions play a major role
“pinwheel” tetramer proposed for the “unit aggregate” of several in determining the crystal structure.
stilbenes and related molecules is easily identifiable in both  Molecular interactions in the crystal structures2fnd 3
structures. Interestingly, when the earlier determined crystal have been analyzed in terms of Kitaigorodskii's Aufbau
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... weglide plane

8.126 A
e

glide
plane

CEETT

(b)

Figure 6. KAP stage 1 lowest energy chain structuresZand3. View is looking down the long axis of the molecules with oxygen atoms in
red. (a) The chain structure @fconsists of a translation of dimers that have pseudoglide symmetry aloggttie of the unit cell. (b) The true
glide chain structure fo8. Note the structural similarity between these two chains even though they are derived from different space groups.

principle (KAP)8 using the CFF91 force field from Biosym/  TABLE 4: KAP Analysis for 2 Using the CFF91 Force
MSI.2® While the two crystal structures have different space Field (Energy in kcal/mol)

groups P1 for 2 and P2;/a for 3) and differing numbers of VDW- total

molecules in the asymmetric units (2 farand 1 for3), the stage VDW (H-bondp Couloml§ energy

analysis using KAP indicates considerable similarity between o -9.18 0 —1.74 —10.92 dimer; no H-bond
the molecular interactions in the two structures. In the KAP 1 —-1556 0 —2.78 —18.34 tfa&}ﬁﬁtrig_nn%hﬁi%grf] g
analysis we evaluate a crysta_l structure as composeq _of a serieg _26.37 0 388 -3025 translation layer of
of substructures, each of which is a local energy minimum of dimers; no H-bond
the molecular interaction potential, as evaluated by the force 3 —-3229 +6.02 —13.46 —39.74 PL H-bond present
field.2%2 There are four stages in KAP. Stage 0 is represented A(3-2)° —5.92 +6.02 ~ —9.58 —9.49

by the asymmetric units that make up the crystal structure, 2aFor stage 0 energy computed from eq 3 without dividing by 2.
typically one molecule as f@& but two molecules foR. Stage For other stages nonbonded van der Waals energy contribution to eq
1 is the one-domensional chain obtained by the infinite repetition 3. * Carboxyl H atom nonbonded energy contribution to e€ Blec-

of the stage 0 structure and is thus characterized by a singlelfostatic energy contribution to eq 8Sum of energy terms (columns
repeat vectof® For 2 this is a translation chain of the 2, 3, and 4)*Energy difference between stage 3 and stage 2.
asymmetric unit (Figure 6), whereas f@this is a glide chain. glide layer. Finally stage 3 of KAP is the infinite repetition of
Stage 2 is a monolayer obtained by the infinite repetition of stage 2 layers characterized by three repeat vectors. This yields
stage 1 chains characterized by two repeat vectors, as shown irthe P1 crystal structure o2 and theP2,/a structure of3. (For
Figure 4. For2 this is a translation layer, whereas @it is a further details about the energy calculations see the Appendix.)-
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Lowest Energy Tetramer

Lowest Energy Trimer Lowest Energy Dimer

Figure 7. Lowest energy dimer, trimer, and tetramer structure®.ofThe molecular numbering corresponds to that shown for the heptamer in
Figure 4. The dimer is a herringbone structure, whereas the trimer and tetramer are pinwheel-like structures.

Tables 3 and 4 show the results of these simulations for eachcolumn 3, is 0 for this stage)2, on the other hand, has a stage
crystal. For3 the lowest energy stage 1 chain has glide O dimer structure, as seen in Figure 7. The two molecules are
symmetry with a repeat vector of 8.126 A along the unit cell unrelated by any symmetry element, and there is no H-bond
a-axis as shown in Figure 6b. The carboxyl hydrogens do not between them. This dimer was then used to find the lowest
hydrogen bond in this stage (the H-bond energy in Table 3, energy chain, a translation chain of dimers shown in Figure 6a
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son of the energies for stage 2 and stage 3 shows that the crystal
lattice energy is very anisotropic with 76% of the energyZor
and 71% of that fol3 already appearing within the lattice of
the “monolayer” (for an isotropic lattice this would be 50%).
The last row of the tables indicates that most of the energy for
binding the layers together is electrostatic in nature, resulting
from the hydrogen bonding, whereas most of the energy for
binding the chains together to make the individual layers is
nonbonded van der Waals coupling. The similarity of the two
layer structures is thus not surprising; they differ by only the
nonbonded interaction of one methylene group.

The crystal structure o2 has also been analyzed for the
packing energy and geometry of small clusters. The lowest
energy dimer, trimer, tetramer, and heptamer were determined
by evaluating eqs 1 and 2 for various clusters of differing
geometry. The average energy of a molecule (in kcal/mol) in
the cluster was computed by dividing the total cluster energy
by the number of molecules. The results are shown in Figures
7 and 8 and in Table 5. As the cluster grows, the energy
approaches the layer lattice energy. The dimer has the typical
herringbone or T-shape pattern so often seen in aromatic ring
systems such as the benzene dimer. The trimer, tetramer, and
heptamer have the pinwheel-like geometry previously suggested
to occur in phospholipid vesicles of the SFAs and related
phospholipids and other aromatics and dyes such as the
squaraines. These chiral structures can account for the observed
induced circular dichroism spectra when the unit aggregates are
generated in the presence of a chiral K81 The intriguing

Lowest Energy Heptamer differences in fluorescence (Figure 5) for the crystals appear to

be correlatedimaxincreases with decrease in the repeat distance
Figure 8. The lowest energy heptamer structure extracted from the @long theb unit axis, Table 2) with the “tightness” of the unit

layer of 2. Oxygen atoms in red. tetramer, although more structures would be needed to establish
any clear trends or conclusions. The structures of the layers in
TABLE 5: Lowest Energy Clusters in 2 1 and 5 are almost identical; this together with energy
cluster type average enefgy calculations and similarities in structure tmans-stilbene
dimer 546 indicates that the main interaction in the crystal is indeed the
trimer —957 aromatie-aromatic interaction and that the carboxylic hydrogen
tetramer —11.90 bonding plays no role in the structure of a single layer.
heptamer —16.08 In summary, the crystal structures obtained fer3 and 5
layer —30.25 provide remarkable support for the structure of the “unit
a Average energy per molecule in kcal/mol evaluated for the cluster aggregates” deduced and simulated for stilbene, azobenzene,
using eqs 1 and 2.Stage 2 energy from Table 4. and tolan derivatives and suggest that these species may be the
key intermediates in the formation of crystals and microcrystals.
with a repeat vector of 7.082 A along the unit ceHaxis. The close agreement between spectroscopic properties of the

Comparison of parts a and b of Figure 6 of the two chains shows “extended arrays” of LB films and the crystals and the isolated

their strong structural similarity. The chain in Figure 6b is a “unit aggregates” in solution, considered together with the

true glide chain, while that in Figure 6a is a pseudoglide chain. calculated interaction energies from the crystal structures,
Stage 2 structures for each molecule are shown in Figure 4.reinforces the idea that the strongest intermolecular interactions

The structure foR (Figure 4a) is a translation layer of dimers, occur within these clusters and that these are true supramolecular

whereas that foB is a true glide layer. As indicated by Tables species.

3 and 4 for this stage, there is still no hydrogen bond present.

Again, as for the chains, the two layers look structurally very ~ Acknowledgment. We are grateful to the National Science

similar. The repeat vectors for the pseudoglide laye? Gé Foundation (Grant CH-86-16361) for support of this research.

along thea andb unit cell axis (7.082 and 7.660 A, respectively) We also thank Prof. W. D. Jones for his help in operating the

with an angle of 98.90between them. The stilbene units are X-ray diffractometer and the Center for Photoinduced Charge

tilted 41.18 with respect to the layer normal. The repeat vectors Transfer for supporting J.P.

for the true glide layer 08 also lie along the andb unit axes .

(8.126 and 7.467 A, respectively) with an angle of 96.0the Appendix

tilt angle of the stilbenes in this layer is 48°2&ith respect to Energetic Analysis of the Crystal Structure. To carry out

the layer normal, similar to the layer f@ the analysis, each molecule was packed in its respective space
The vector nature of the hydrogen bond first occurs in the group with sufficient unit cell repetitions so that at least one

stage 3 interlayer through the inversion coupling of the layers asymmetric unit (the packing unit) was completely surrounded

from stage 2. This is indicated in Tables 3 and 4 by the large by other molecules. CHEMX was found extremely useful for

positive repulsive values of the H-bond van der Waals energy this purpose, as the molecules of different symmetry could be

(+4.96 kcal for3 and+6.02 kcal for2) as the donor H atoms  distinguished by coloring them. In addition the software for

approach the acceptor O atoms across the inversion. Comparicomputing the interaction potential could be easily interfaced
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to CHEMX using the CHEMLIB software development toéfs. Supporting Information Available: Atomic coordinates for

The interaction potential between the packing unit and all the all atoms, bond lengths, and angles, anisotropic displacement
other molecules was then computed using the nonbonded andparameters, torsion angles, and least-squares planes (39 pages).
electrostatic terms of the CFF91 force field given by eqs 1 and Ordering information is given on any current masthead page.

2. The lattice energy for each stage was then computed USingReferences and Notes

eq 3.
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In eq 1E™ is the nonbonded van der Waals dispersive and
repulsive term with parameter§; and By given by the force
field, andrj is the atom-atom distance. In eq £ is the
Coulomb electrostatic term with a dielectric constegy= 1.0.
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unit interacting with all atomsg, in all the other molecules of
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following assertion about the presence of H-bonding.
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