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Abstract: The synthesis of dendritic dipeptides (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe and (4-3,
4-3,5-4)12G2-CH2-Boc-D-Tyr-D-Ala-OMe is described. These dendritic dipeptides self-assemble into porous
elliptical and circular columns that in turn self-organize into centered rectangular columnar and hexagonal
columnar periodic arrays. The transition from porous elliptical to porous circular columns is mediated in a
reversible or irreversible way by the thermal history of the sample. A method to determine the dimensions
of hollow elliptical and circular columns by the reconstruction of the small-angle powder X-ray diffractograms
of the centered rectangular or hexagonal columnar lattices was elaborated. This technique together with
wide-angle X-ray experiments performed on aligned fibers provided access to the structural and
retrostructural analysis of elliptical supramolecular pores. This procedure is general and can be adapted
for the determination of the dimensions of pores of any columnar shape.

Introduction

Natural pore-forming proteins and their remodeled structures
exhibit a diversity of biological and biologically inspired
functions such as transmembrane channels,1 viral helical coats,2

reversible encapsulation,3 stochastic sensing,4 and patogenic5

and antibiotic activity.6 Natural porous proteins are stable in
solution and in solid state. Various synthetic strategies to porous
and tubular supramolecular assemblies have been elaborated.7

However, with few exceptions,8 porous protein mimics do not
assemble into periodically ordered structures that are stable in

solution and in solid state. This behavior limits their structural
analysis by combinations of solution and solid state comple-
mentary techniques. Our laboratory reported the self-assembly
of amphiphilic dendritic dipeptides to produce helical pores that
are stable both in solution and in solid state.9 For the same
dendron and dipeptide, the internal structure and stability of
the pore are programmed by the stereochemistry10a and the
protective groups10b of the dipeptide and by the number of the
methylenic units in the alkyl groups attached to the periphery
of the dendron.10c This process is cooperative and involves
allosteric regulation.11 The same principles may apply to the
self-assembly of dendritic dipeptides based on different den-
drons12 and dipeptides.
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Porous structures self-assembled from dendritic dipeptides
reported up to now,9,10,12as well as porous structures assembled
from other architectures,7,8 have a circular shape of the pore.
Nonetheless, natural pore-forming proteins display also other
pore shapes. A representative example is the hourglass shape
of aquaporin.1b Currently we are searching through libraries of
supramolecular porous structures forming lattices that have the
potential to indicate strategies to noncircular pore shapes.
Preliminary reports10c,13 have indicated the possibility of
generating elliptical pores from several dendritic alcohols that
were used as precursors to dendritic dipeptides. However, their
c2mmcentered rectangular columnar (Φr-c) lattice exhibited a
small number of X-ray diffraction peaks resulting in low spatial
resolution. In addition, structural and retrostructural analysis
methods for supramolecular pores were available only for
structures with circular shape.9

We now report the synthesis of dendritic dipeptides that self-
assemble into circular pores which, depending on their kinetic
treatment and on the degree of order of the pore, undergo either
reversible or irreversible circular-to-elliptical shape changes. A
combination of electron density maps together with the recon-
struction of their small-angle and wide-angle X-ray diffraction
(XRD) experiments performed on powder and oriented fibers
combined with experimental densities was used to develop
methods for the structural and retrostructural analysis of elliptical
pores.

Results and Discussion

Synthesis of (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr- L-Ala-OMe
and (4-3,4-3,5-4)12G2-CH2-Boc-D-Tyr- D-Ala-OMe. The sec-
ond generation dendron (4-3,4-3,5)12G2-CH2OH (1) synthesized
as reported previously9,14was etherified with2 under Mitsunobu
reaction conditions15 to produce (4-3,4-3,5-4)12G2-CO2CH3 (3)

(60% yield) (Scheme 1). Reduction of3 with LiAlH 4 in THF
yielded (4-3,4-3,5-4)12G2-CH2OH (4) (95% yield). Mitsunobu
etherification of Boc-L-Tyr-L-Ala-OMe (5a)9 and Boc-D-Tyr-
D-Ala-OMe (5b)9 with 4 generated the enantiomeric dendritic
dipeptides (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe (6a)
(69%) and (4-3,4-3,5-4)12G2-CH2-Boc-D-Tyr-D-Ala-OMe (6b)
(60%). A combination of1H and 13C NMR, HPLC, and
MALDI-TOF techniques was used to demonstrate the structure
and purity (>99%) of all intermediary and final compounds.

Structural Analysis of the Supramolecular Assemblies.
The structural analysis of the supramolecular porous assemblies
generated from these dendritic dipeptides was carried out by a
combination of differential scanning calorimetry (DSC) and
small- and wide-angle powder and fiber XRD experiments. The
strategy employed is outlined below.

The porous structure of the columns was identified by the
enhanced intensity of the higher order XRD diffractions and
was visualized by the reconstructed electron density maps
calculated from the XRD data.9a,10The size of the elliptical pore
was determined by elaborating a method for the reconstruction
of the XRD peak positions and intensities using the electron
density of the dendritic dipeptide and considering a three-phase
intracolumnar model consisting of aliphatic, aromatic, and
dipeptide regions and a hollow center of the column, as
suggested by the electron density map. This strategy is similar
to that elaborated for circular porous columns.9a

Transition temperatures and their enthalpy changes were
obtained by DSC, and the phases associated with these transi-
tions were assigned by XRD. The DSC analysis of the as
prepared (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe and (4-
3,4-3,5-4)12G2-CH2-Boc-D-Tyr-D-Ala-OMe show that they are
already assembled into supramolecular columns (Figure 1).

On cooling from the isotropic state both dendritic dipeptides
are self-assembled into columns that self-organize into a
monotropic hexagonal columnar phase (Φh), followed by an
enatiotropicc2mm centered rectangular columnar lattice with
intracolumnar order (Φr-c

iï). On heating, at 83°C the Φr-c
iï

lattice undergoes a transition to ap6mm hexagonal columnar
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Scheme 1. Synthesis of the New Dendritic Dipeptides (4-3,4-3,5-4)12G2-CH2-X, X ) Boc-L-Tyr-L-Ala-OMe and Boc-D-Tyr-D-Ala-OMe.
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phase with intracolumnar order (Φh
iï).10b,c The short-range

intracolumnar order of theΦr-c
iï and Φh

iï phases was estab-
lished by using wide-angle XRD experiments carried out on
both powder and aligned fibers. These experiments will be
discussed later. At about 99°C theΦh

iï lattices of both dendritic
dipeptides transform into an isotropic liquid that is generated
from self-assembled columns as demonstrated by XRD (Sup-
porting Information, Figure SF1). The sequences of heating and
cooling illustrated in Figure 1 provide strategies for the
reversible and irreversible interconversion between the circular
columns that assemble in theΦh

iï phase and the elliptical
columns that assemble in theΦr-c

iï phase. The identification
of theΦr-c

iï andΦh
iï phases was accomplished by small-angle

powder XRD experiments (Figure 2 and Supporting Information,
Figure SF1). When the sample was heated from 20°C up to
the isotropic phase and back, the sequence of phases from Figure
1 was reproducible (Supporting Information, Figure SF1).
However, when the sample was heated only up to theΦh

iï phase
(95 °C) and cooled to 30°C, the Φr-c

iï phase was not
regenerated (Figure 2). The existence of intermediate range
intracolumnar order (io)10b,c in the supramolecular columns
forming theΦr-c

iï and Φh
iï phases was established by wide-

angle XRD experiments carried out on powder and on aligned
fibers (Figures 3 and 4). TheΦr-c

iï andΦh
iï phases exhibit a

5.0 Å stacking of the aromatic rings (Figure 4). TheΦh
iï phase

exhibits a correlation length of about 60 layers (k), and a 62°
tilt of the dendrons with respect to the column axis. The io of
the hexagonal phase was identified by the presence of short-
range helicity and tilt, and by the longer range registry features.
The helical structure of the columns was also supported by
circular dichroism experiments (Supporting Information Figure
SF9).

Mechanism of the Reversibility of the Elliptical to Circular
Shape Change.The reversibility vs irreversibility of the

transition from elliptic to circular columns was investigated by
a combination of DSC and XRD experiments. Figure 1 shows

Figure 1. Second heating and cooling DSC scans (10°C/min) of (4-3,4-
3,5-4)12G2-CH2-X; X ) Boc-L-Tyr-L-Ala-OMe, Boc-D-Tyr-D-Ala-OMe.
Transition temperatures (°C) and enthalpies changes (kcal/mol, in paren-
theses) are indicated.Φr-c

iï ) centered rectangular columnar phase with
intracolumnar order;Φh ) hexagonal columnar phase;Φh

iï ) hexagonal
columnar phase with intracolumnar order; g) glass; i) isotropic liquid.
First heating scans (not shown) are identical with the second heating scans.

Figure 2. Small-angle X-ray diffraction plots recorded at various temper-
atures in the supramolecular columnar structures self-assembled from
(4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe. Below the isotropisation
temperature, the freezing of the higher orderΦh

iï phase is observed (see
also Figure 3).Φr-c

iï ) centered rectangular columnar phase;Φh ) hex-
agonal columnar phase,Φh

iï ) hexagonal columnar phase with intraco-
lumnar order;q ) (4π/λ) sinθ ) momentum transfer; a.u.) arbitrary units.
The sequence of dark (on heating) and light (on cooling) green arrows shows
the reversibleΦr-c

iï-Φh
iï-isotropic-Φh-Φr-c

iï transition, while the
sequence of dark green up to 95°C and black arrows shows the irreversible
Φr-c

iï-Φh
iï transition.

Figure 3. Wide-angle X-ray diffraction patterns recorded at the temper-
atures indicated in the figure on aligned fibers of (4-3,4-3,5-4)-12G2-
CH2-X. (a and b) X) Boc-L-Tyr-L-Ala-OMe; (a) inΦr-c

iï, (b) in Φh
iï; (c

and d) X) Boc-D-Tyr-D-Ala-OMe; (c) inΦr-c
iï, (d) in Φh

iï; i, j ) short-
range features arising from helical intracolumnar order (4.6 Å fori and 5.0
Å for j); e) strong equatorial feature (4.8 Å);k ) diffraction pattern features
corresponding to 5.0 Å stacking of the aromatic rings along the column
axis (the estimated correlation length is∼60 layers);m ) dendron tilt (62
( 8°); n ) high order (hk0) reflections.

Dendritic Dipeptide Pores Undergoing Shape Change A R T I C L E S
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the second heating and cooling DSC scans of both dendritic
dipeptides. The first, second, and subsequent heating and cooling
DSC scans are identical. A DSC analysis of this sequence, which
consists of heating toΦh

iï, annealing in theΦh
iï phase for at

least 5 min, cooling to 20°C, and reheating to isotropic liquid
does not show theΦh

iï to Φr-c
iï transition on cooling and

reheating (Figure 2). The very small supercooling of all
transition temperatures and their associated enthalpy changes
demonstrate reversible and thermodynamically controlled transi-
tions to theΦr-c

iï, Φh
iï, andΦh phases when the sample was

heated from 20°C to isotropic and back with 20, 10, and 5
°C/min, with a higher isotropization enthalpy at the lowest
heating rate only. However, when the sample was heated to
the Φh

iï phase, maintained for 5 min in this phase, cooled to
20 °C, and then reheated, only theΦh

iï phase was observed.
An increase of 60% in the enthalpy change associated with the
Φh

iï to isotropic phase transition was observed under these
conditions. Without annealing, the isotropization enthalpy
change is 5.4 kcal/mol (Figure 1), and after annealing in the
Φh

iï phase, it is 8.7 kcal/mol. This substantial increase in the
Φh

iï to i enthalpy change demonstrates an enhancement in the
order of theΦh

iï phase that most probably approaches 3-D
hexagonal crystal order. Annealing for more than 5 min in the
Φh

iï phase results in a further increase in the enthalpy change
associated with theΦh

iï - i transition. Annealing in theΦr-c
iï

phase does not increase the order of the phase. This is due to a
very slow dynamic in theΦr-c

iï phase that is induced by its

close proximity to glass transition (Tg). Therefore, only the
transition fromΦh

iï to isotropic liquid is kinetically controlled.
This analysis explains the mechanism of the reversibleΦh to
Φr-c

iï andΦr-c
iï to Φh

iï and of the irreversible transition from
Φh

iï to Φr-c
iï phases. During the second and subsequent heating

and cooling scans from 20°C to isotropic liquid the order in
the Φr-c

iï phase is higher than that in the less orderedΦh and
of unannealedΦh

iï phases, and this provides a mechanism for
the reversibility of the process. However, upon annealing, the
order of theΦh

iï phase becomes higher than that of theΦr-c
iï

phase. Subsequently, the formation of theΦr-c
iï phase from

the higher orderΦh
iï on cooling becomes thermodynamically

inhibited. This trend is in agreement with thermodynamic
schemes reported previously.16 This thermal analysis clarifies
the sequence discovered by the XRD experiments that is
presented in Figure 2.

Reconstruction of Electron Density Maps of Columnar
Hexagonal and Columnar Rectangular Lattices.Electron
density maps9,17 were reconstructed from the peak amplitudes
from small-angle powder XRD of theΦh

iï (Figure 5a) and
Φr-c

iï (Figure 5b) lattices. TheΦh
iï phase exhibits seven

diffraction peaks, and theΦr-c
iï phase shows 10 diffraction

peaks. All of them were used in the calculation of the electron
density maps. All possible phase choices for the X-ray diffrac-
tion amplitudes of theΦr-c

iï phase were investigated. The
solution proposed here was based on the match of the electron

(16) Percec, V.; Keller, A.Macromolecules1990, 23, 4347-4350.
(17) Balagurusamy, V. S. K.; Ungar, G.; Percec, V.; Johansson, G.J. Am. Chem.

Soc.1997, 119, 1539-1555.

Figure 4. Chi plot of the X-ray diffraction fiber pattern shown in Figure
3b (a); (4-3,4-3,5-4)12G2CH2Boc-L-Tyr-L-Ala-OMe powder and fiber
q-plots at the indicated temperatures (b). Legend:i ) short-range features
arising from helical intracolumnar order (4.6 Å);e ) strong equatorial
feature (4.8 Å); m ) dendron tilt; k ) diffraction pattern features
corresponding to 5.0 Å stacking of the aromatic rings along the column
axis (the estimated correlation length is∼60 layers).

Figure 5. Reconstructed electron density maps for the lattices generated
from (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe: (a) hollowΦh

iï cal-
culated using experimental diffraction amplitudes; (b) hollowΦr-c

iï using
experimental diffraction amplitudes; (c) plot of the relative electron densities
profiles as a function of column radius for the two phases; (d) hollowΦr-c

iï

generated from calculated diffraction amplitudes given by the three-level
model.
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density distribution of theΦr-c
iï phase with that of theΦh

iï

phase. In both cases the electron-density maps show that the
dendrons self-assemble into hollow columns. These columns
are circular in the case ofΦh

iï and elliptical in the case ofΦr-c
iï.

As shown in Figure 5b, the elliptical columns are aligned with
the long axis of their cross-section along theb axis of theΦr-c

iï

lattice. The color code shows high electron density surrounding
the low electron density hollow center. The high electron density
(marked in red) is generated by the dipeptide and the aromatic
parts of the dendron which are considered to constitute a single
microphase. The periphery of the column has low electron
density that is generated by the aliphatic part of the dendron,
and is highlighted in green and blue. The sharp separation among
the pore, dipeptide plus aromatic, and aliphatic regions indicates
a three-phase microsegregated structure in the supramolecular
column (Figure 5a,b,c). The minimum of the electron density
in the center of the column is below the electron density from
the aliphatic part that is located at the periphery of the column.
This indicates that a pore penetrates through the center of the
column.

Calculation of the Elliptical Pore Size by the Reconstruc-
tion of the XRD. The calculation of the elliptical pore size was
accomplished by the reconstruction of the XRD via a least-
squares fit of the observed positions and amplitudes of the
diffraction peaks to those calculated based on a simplified model
consisting of cylindrical or elliptical shells of constant density.
The relative electron density in each shell is calculated from
the molecular structure of the dendritic dipeptide, and therefore,
the only fitting parameters are the shell radii. This approach
was used previously to reconstruct the lyotropic hexagonal phase
generated from lipids18 and the circular porous hexagonal phase
reported from our laboratory.9a Figure 7 outlines the three-level
model of the elliptical and of the circular columns derived from
the electron-density maps in Figure 5. The structure of the
dendritic dipeptide uses the same color code as that in the
supramolecular column shown in Figure 5d. The numbers of
electrons in the aromatic and dipeptide (Narom) and in the
aliphatic (Naliph) parts of the dendritic dipeptide molecule are
also shown in Figure 6d. The reconstruction of the powder XRD
that includes both the position and the amplitude of the XRD
of theΦr-c lattice follows the principle of multilevels of constant
electron density used previously.

The scattering amplitudeF(qb) for a structure with position-
dependent electron densityF(rb) has the general form:18

For the case of theΦr-c phase, the electron density of the
elliptical cylinder is

whereF0 is constant andRx, Ry are the semiminor and semi-

major axis radii, respectively (Figure 5b). Substituting eq 2 into
eq 1 and performing the Fourier transform we find

To reduce the number of fitted parameters, we assume that the
ellipticity ratio, defined byε ) Rx/Ry, is identical for all three
shells of the column. This is equivalent to a smooth and uniform
distortion of the circular columns into elliptical columns. The
complete scattering amplitude then becomes

where

Hereqx ) 2πh/a andqy ) 2πk/b are the Cartesian components
of the momentum transfer,a and b are the dimension of the
Φr-c lattice, andFaliph, Farom, andFpore are the charge densities
in the aliphatic, aromatic, and pore regions, respectively (units
e-/Å3), calculated from the number of electrons in each region
(Naliph, Narom, andNpore) and the radii of the different regions
(Raliph, Rarom, and Rpore). A is an overall amplitude prefactor.
Whenε ) 1, eq 4 reduces to the equation used previously to
calculate the pores size of circular porous columns9 assembled
in theΦh phase. The experimental XRD intensities are converted(18) Turner, D. C.; Gruner, S. M.Biochemistry1992, 31, 1340-1355.

F(qb) ) ∫F( rb)eiqb rb drb, i ) x- 1 (1)

F(x,y) ) {F0
x2

Rx
2

+ y2

Ry
2

e 1

0
x2

Rx
2

+ y2

Ry
2

> 1
(2)

Figure 6. Three-level models of the elliptical asymmetric and of the circular
symmetric columns derived from the electron density maps. (a)Raliph )
the aliphatic region of the column;Rarom ) the combined peptide and
aromatic region of the column;Rpore) the hollow region; (b)a, b ) c2mm
lattice vectors; their orientation in the (xy) plane is indicated; (c) the
distortion along a preferred direction of thep6mmphase generates thec2mm
phase; each of the two possible directions is highlighted by black and white
double arrows, respectively; (d) the structure of the dendritic dipeptide (4-
3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe that self-assembles into porous
columns;Narom ) number of electrons in the aromatic region;Naliph )
number of electrons in the aliphatic region.

F(qx,qy) ) F02πRxRy

J1(x(Rxqx)
2 + (Ryqy)

2)

x(Rxqx)
2 + (Ryqy)

2
(3)

Fmodel
(c2mm)(qx,qy) ) Fellipt(Raliph,Faliph) - Fellipt(Rarom,Faliph) +

Fellipt(Rarom,Farom) - Fellipt(Rpore,Farom) (4)

Fellipt(R,F) ) A2πεR2F
J1(x(εRqx)

2 + (Rqy)
2)

x(εRqx)
2 + (Rqy)

2
(5)
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into scaled amplitudes after applying the appropiate multiplicity
and Lorentz corrections:

whereIhk is the integrated intensity of the X-ray powder peak
with indicesh and k, mhk is the multiplicity of the peak, and
the sum in the denominator is performed over all observed
reflections. The experimental amplitudes were least-squares fit
to the amplitudes given by eq 4 by varying the five parameters
of the model: A, Raliph, Rarom, Rpore, and ε. The phase of the
amplitudes, (+- - -) for the Φh

iï and (++- - - - - - - -) for the
Φr-c phases from Figure 7b, were selected as described at the
beginning of the previous subchapter.

Figure 7a shows XRD powder intensities of (4-3,4-3,5-4)-
12G2-CH2-Boc-L-Tyr-L-Ala-OMe in theΦr-c

iï phase at 80°C
and in theΦh

iï phase at 90°C. A total of 7 diffraction peaks
were observed in theΦh

iï phase and 10 in theΦr-c
iï phase.

However, for the pore size calculation only the first 4 peaks of
the Φh

iï phase and all 10 of theΦr-c
iï phase were used in the

calculation. The higher order diffraction peaks of theΦh
iï have

a larger error in their peak area and, therefore, would introduce
a large error in the pore size calculation. For the case ofΦr-c

iï,
the diffraction peaks higher than 20 and, for the case ofΦh

iï,
higher than 10 exhibit enhanced amplitudes (Figure 7a). These
enhanced amplitudes provide a rapid method to screen libraries
of supramolecular columns and detect porous columns. The

experimental and calculated scaled amplitudes for these two
lattices are plotted in Figure 7b. Details of the calculation are
presented in the Supporting Information (Figures SF3 and SF5,
Tables ST1 and ST2). The values of the pore diameter (Dpore)
used to reconstruct the XRD from Figure 7b are summarized
in Table 1. Note that the same three-level least-squares fit
parameters were obtained whether the model was fitted to the
measured intensities or the extracted amplitudes (which depend
on phase), so that the final agreement does not depend on the
choice of phases.

Structural and Retrostructural Analysis of the Supramo-
lecular Pores.The reconstruction of the small-angle powder
XRD allows us to calculate the column (Dcol) and the pore
(Dpore) diameters. However, it does not allow us to determine
the 3-D arrangement of the dendrons in the porous structure.
This information is obtained by combining the results of small-
and wide-angle powder XRD measurements, the analysis of the
aligned fiber samples by wide-angle XRD, the experimental
densities, and molecular modeling.9a In the absence of single-
crystal XRD, fiber XRD experiments generate similar structural
information.19

Wide-angle fiber XRD patterns for the (4-3,4-3,5-4)12G2-
CH2-Boc-L-Tyr-L-Ala-OMe and (4-3,4-3,5-4)12G2-CH2-Boc-
D-Tyr-D-Ala-OMe are shown in Figures 3 and 4. They allow
us to calculate the tilt angle of the dendron, the helical pitch,
and the interaromatic stacking of the aromatic rings along the
column axis. Molecular simulation structures that incorporate
information both from the small-angle powder and wide-angle
fiber XRD results are shown in Figure 8.

Structural Analysis of Other Examples of Elliptical Pores.
We reported in several previous publications10c,13the discovery
of dendrons that self-assemble into elliptical columns that self-
organize inΦr-c

iï phases exhibiting the signature of a porous
elliptical column in their XRD. However, methods to calculate
their pore dimensionsDpore were not available at that time.
Therefore, we report here the structural analysis of some of these
structures by using the method elaborated in the previous
sections.

The precursors to dendritic dipeptides (4-3,4-3,5)12G2-
CH2OH with n ) 6 and 8 showΦh

iï andΦr-c
iï phases, during

their first heating scans, while, during their cooling and second
heating scans, they exhibitΦr-c

iï and Φr-c phases.10c The
reconstruction of the XRD data for theΦh

iï and Φr-c phases
of (4-3,4-3,5)6G2-CH2OH is detailed in the Supporting Infor-
mation (Table ST4, Figure SF7 and SF8). The electron-density
maps of these two structures are shown in Figure 9b,e. The
column diametersDcol andDpore along thea andb axis of the
Φr-c lattice are also shown in Figure 9. For comparison, Figure
9a,d show the same data for theΦh

iï andΦr-c assembled from
(4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe. As seen in Fig-
ure 9d,e, both the elliptical pores assembled from (4-3,4-3,5-
4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe and from (4-3,4-3,5)6G2-
CH2OH are deformed longitudinally along theb axis of the
Φr-c

iï lattice. Also, in both casesε has almost the same value,
i.e., 0.87 and 0.88, respectively.

The reconstruction of the XRD of theΦh
iï andΦr-c

iï phases
of (4Pr-3,4Pr-3,5Pr)12G2-CH2OH13 are reported in the Sup-

(19) (a) Watson, J. D.; Crick, F. H. C.Nature1953, 171, 737-738. (b) Wilkins,
M. H. F.; Stokes, A. R.; Wilson, H. R.Nature1953, 171, 738-740. (c)
Franklin, R. E.; Gosling, R. G.Nature1953, 171, 740-741.

Figure 7. X-ray diffraction patterns and plots of (4-3,4-3,5-4)12G2-
CH2-Boc-L-Tyr-L-Ala-OMe (a) in theΦr-c

iï (top) andΦh
iï (bottom) phases.

(b) Experimental and calculated diffraction amplitudes for theΦr-c
iï and

Φh
iï phases of the supramolecular columnar assemblies generated from (4-

3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe; a.u.) arbitrary units.

A(hk) )
xIhk/qhkmhk

∑
(h′k′)

xIh′k′/qh′k′mh′k′

(6)
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porting Information (Table ST3, Figure SF6). Their electron-
density maps are shown in Figure 9c (for theΦh

iï phase) and
9f (for the Φr-c

iï phase). TheDcol andDpore data for both the
symmetric and asymmetric pores are shown in Figure 9c,d.

Table 1. Structural and Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from (4-3,4-3,5-4)12G2-CH2-X

compound
X )

T
(°C) phase

d10
a (Å)

d11
c (Å)

d22
d (Å)

(Ab, a.u.)

d11
a (Å)

d20
c (Å)

d13
d (Å)

(Ab, a.u.)

d20
a (Å)

d02
c (Å)

d42
d (Å)

(Ab, a.u.)

d21
a (Å)

d31
c (Å)

d33
d (Å)

(Ab, a.u.)

lattice and
column

parameters
(Å)

Dpore

(Å)
F20

g

(g/cm3) µh

Boc -L-Tyr-L-AlaOMe 90 Φh
iï 71.4a

(47.51)
41.1a

(25.26)
35.6a

(18.49)
26.9a

(8.74)
a ) Dcol ) 82.3( 0.4 12.0( 1.5 1.03 11.5

65 Φr-c
iï 69.9c

(22.49)
68.8c

(21.81)
46.5c

(7.74)
41.3c

(14.38)
a ) 138.2( 0.4
b ) 93.7( 0.4

12

39.0d

(17.69)
31.1d

(7.41)
27.7d

(4.95)
26.1d

(3.52)
Dcol ) 81.6( 0.4e

Dcol ) 93.8( 0.4f
13.9( 1.6e

16.0( 1.9f

Boc -D-Tyr-D-AlaOMe 90 Φh
iï 71.7a

(49.32)
41.2a

(24.43)
35.7a

(17.71)
27.0a

(8.54)
a ) Dcol ) 82.6( 0.4 11.6( 1.5 1.03 11.5

60 Φr-c
iï 78.1c

(21.06)
66.5c

(20.71)
48.4c

(5.40)
40.4c

(14.59)
a ) 133.5( 0.4
b ) 96.5( 0.4

12

39.2d

(20.08)
31.3d

(6.15)
27.3d

(4.85)
25.69d

(4.56)
Dcol ) 78.9( 0.4e

Dcol ) 96.7( 0.4f
13.8( 1.6e

16.9( 2.0f

a d-Spacings of theΦh
iï phase.b Peak amplitude scaled to the sum of the observed diffraction peaks (a.u., arbitrary units).c,d d-Spacings of theΦr-c

iï

phase.e CalculatedDcol or Dpore along thea axis of theΦr-c
iï phase.f CalculatedDcol or Dpore along theb axis of theΦr-c

iï phase.g Experimental density
measured at 20°C. h Number of dendrons per column stratum,µ ) (x3NAD2tF)/2M, whereNA ) 6.0220455× 1023 mol-1 is Avogadro’s number,M is the
molecular weight of the dendron, andt ) 5 Å is the average height of the column stratum;Φh

iï ) columnar hexagonal phase with intracolumnar order;Φr-c
) centered rectangular columnar phase;Dcol ) column diameter;Dpore ) pore diameter.

Figure 8. Supramolecular columnar assemblies generated from (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-AlaOMe. (a) Top view of one layer of the circular
column, together with top and side views of the porous column in theΦh

iï phase (bottom); (b) top view of one layer of the elliptical column, together with
top and side views of the porous column in theΦr-c

iï phase (bottom); (c, d) cross-sections of the porous columns from (b) along the two axis (a andb,
respectively) of theΦr-c

iï phase; (e) H-bonding network (in Å) between the dipeptides forming the rigid part of the pore via the mechanism described
previously.9a,10,12Color code: -CH3 from Boc protective group of Tyr, blue;-CH3 of the methyl ester of Ala, white; C, gray; O, red; N-H, green. For
simplicity, in (a) and (b) only the aromatic part of the dendritic dipeptides (including a methoxy group) is shown, while in (c, d, and e) only the dipeptide
is shown; in (e) four dipeptides from two adjacent and interdigitated layers are illustrated with their C atoms colored differently: in the top layer the C atoms
are in light blue and dark blue, respectively, while in the bottom layer one of the two dipeptides has the C atoms in gray and the other one has them in gold.
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There is a striking difference between the elliptical pore reported
in Figure 9d,e and that from Figure 9f. While in the first two
cases the long axis of the pore is along theb axis of theΦr-c

lattice, in the third case it is along thea axis of the lattice. Even
more striking is the much larger deformation of the asymmetric
pore generated from (4Pr-3,4Pr-3,5Pr)12G2-CH2OH that hasε
) 1.7.

Conclusions

The synthesis of the dendritic dipeptides (4-3,4-3,5-4)12G2-
CH2-Boc-L-Tyr-L-Ala-OMe and (4-3,4-3,5-4)12G2-CH2-Boc-
D-Tyr-D-Ala-OMe was reported. Both dendritic dipeptides self-
assemble into porous columns which in turn self-organize into
Φr-c

iï andΦh
iï lattices. The columns forming theΦr-c

iï phase

have an elliptical pore shape, while those forming theΦh
iï phase

have a circular pore shape. Although elliptical columns forming
thermotropicΦr-c liquid crystal phases are known,10c,13,14b,20

the elliptical porous columns with intracolumnar order reported
here differ from them and represent the first examples of
noncircular synthetic porous structures that self-organize in
periodic arrays. Previous porous structures exhibited only a
circular pore shape.9,10,12

A strategy to provide a reversible or irreversible change from
elliptical to circular pore shape via different thermal treatment
was elaborated, and its mechanism was elucidated. The dimen-
sions of the elliptical pore were calculated by developing a
method for the reconstruction of the powder XRD patterns of
the Φr-c

iï lattice. Additional X-ray experiments performed on
aligned fibers together with experimental densities, molecular
modeling, and the dimensions of the pore were used to perform
the complete structural and retrostructural analysis of the
elliptical pore. The pore is assembled by a network of dipeptide
H-bonds that provides a rigid and ordered intracolumnar
structure.9,10,12This intracolumnar order resembles that encoun-
tered in related biological assemblies21 and in circular pores.10b,c

The experiments reported here may facilitate the design of
noncircular porous protein mimics and of membranes that are
externally regulated and mediate separation processes based on
the shape.
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Figure 9. Reconstructed 2-D electron-density maps of porous structures
assembled from (4-3,4-3,5-4)12G2-CH2-Boc-L-Tyr-L-Ala-OMe in theΦh

iï

(a) andΦr-c
iï (d) phases; from (4-3,4-3,5)6G2-CH2OH in theΦh

iï (b) and
Φr-c

iï (e) phases; and from (4Pr-3,4Pr-3,5Pr)12G2-CH2OH in theΦh
iï (c)

andΦr-c
iï (f) phases.
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