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Supramolecular orientational memory (SOM) provides a route to otherwise inaccessible nanoscale
architectures for certain molecules. In these privileged cases, columnar domains organized from
self-assembling dendrons undergo reorientation during heating to, and subsequent cooling from, a
3D phase composed of “spheres”, such as a body-centered cubic phase or a Pm3n cubic phase,
known also as Frank-Kasper A1S5. The directions of the reoriented columns preserve key
interactions from the preceding cubic phase. However, SOM was observed so far in a very limited
number of assemblies. The molecular determinants enabling SOM, and its generality, remain
poorly understood. Here we report the synthesis and structural and retrostructural analysis of a
perylene bisimide (PBI) with two self-assembling benzyl ether dendrons, 3,5-G2-PBI, and compare
its assemblies with those of a previously reported PBI, 3,4,5-G2-PBI, which exhibits SOM and has
an additional minidendritic building block in its dendrons. The removal of this minidendron in
3,5-G2-PBI eliminates its ability to self-assemble into supramolecular spheres and organize into a
cubic phase, thereby precluding 3,5-G2-PBI from exhibiting SOM. This finding demonstrates
hierarchical transfer of structural information from primary structure to material function,
analogous to the misfolding of proteins into toxic structures such as those implicated in
Alzheimer’s and Prion diseases. The concepts exemplified here provide new insights into the
hierarchical basis for SOM and will aid in the translation of the SOM concept to a broader

diversity of soft matter such as block copolymers and surfactants.
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Introduction
Memory — a sustained response to a transient stimulus' — is a fundamental biological phenomenon with
applications in chemistry, materials science, and beyond. Its application in materials systems have
realized a diverse range of functions, including shape memory polyrners,z_5 liquid crystal displays,6’7

10-12

thermally responsive alloys™ and ceramics. In all of these examples, a transient stimulus, such as

temperature or electric field, induces macroscopic changes with an associated function.
A memory effect on a supramolecular lengthscale was recently reported in two self-assembling
dendrimers, one based on cyclotriveratrylene (CTV)" and another based on perylene bisimide (PBI)."*

13,15

Both of these dendrimers adopt crown conformations, or secondary structures, which mediate the

transition of their assemblies from supramolecular columns organized in a columnar hexagonal array, to
supramolecular spheres organized in a cubic phase. Heating an oriented array of supramolecular
columns into the cubic phase and subsequently cooling back into the columnar hexagonal phase
provides otherwise inaccessible nanoscale architectures in which columnar domains are reoriented
according to key directions in the preceding cubic phase. The directions of the cubic phase (the transient
stimulus) are effectively impressed upon the orientations of the columnar domains (the sustained
response). This memory effect, termed supramolecular orientaional memory (SOM)," has been

13,14

observed for only a limited number of molecules and relies on the preservation of structural

information on the supramolecular level from the cubic phase to the columnar hexagonal phase.

SOM requires supramolecular assemblies which transition between a columnar phase and a 3D phase,
organized from supramolecular spheres. Although this memory effect has so far been observed only in
body-centered cubic (BCC, Im3m)'* and Pm3n cubic'*'® (known also as Frank-Kasper A15'"" or
Q23") phases organized from self-assembling dendrimers, SOM is expected to be transplanted to other

3D phases generated from spheres,” such as tetragonal (P4,/mnm, known also as Frank-Kasper ¢)*' and

24-28

12-fold liquid quasicrystalline (LQC)*** phases, comprising self-assembling dendrimers and other

29,30 31-39 40-42

soft matter, including block copolymers and surfactants. These phases were originally
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described for metallurgic systems and alloys,” ™ but are also observed even in small molecules such as

N, %' €0, and 0,,”* raising the question of how generally SOM can be applied.

SOM is a function mediated by hierarchical organization from primary to quaternary structure.’®>’
Organization into relevant quaternary structures (both columnar and 3D sphere-based phases) relies on
formation of appropriate tertiary structures (supramolecular columns and spheres, respectively),
mediated by secondary structure (crown conformation), which is dictated by primary structure
(molecular constitution). This clear hierarchical dependence on primary structure mirrors the generation

58,59

of function in biological systems. For example, Alzheimer’s disease and Prion diseases associated

with erroneous formation of p-sheets and their aggregation into toxic fibrils and prions.*®**

The driving
force for neither disease has been fully elucidated.

In this study we report the synthesis and structural analysis of a perylene bisimide (PBI) functionalized
with two self-assembling dendrons, (3,4Pr-3,5)12G2-0-PBI (hereafter “3,5-G2-PBI”, 1), and compare
its self-assembly with that of (3,4Pr-3,4,5)12G2-0-PBI (hereafter “3,4,5-G2-PBI”, 2), which was
previously shown to exhibit SOM.'* 3,5-G2-PBI (1), which is related to 3,4,5-G2-PBI (2) by removal of
a single minidendritic branch from each dendron of 3,4,5-G2-PBI (2). This modest change to the
primary structure of the self-assembling PBI prevents formation of a supramolecular sphere, thus
precluding 3,5-G2-PBI (1) from exhibiting SOM. The elimination of function because of a structural
change parallels the formation of disease-causing objects in Alzheimer’s and Prion diseases, thus
providing a synthetic model for protein misfolding.

Results and discussion

Fundamental crystallographic principles for SOM

SOM causes the reorientation of columnar hexagonal domains via heating to and subsequent cooling
from a cubic phase for some molecules exhibiting both a columnar hexagonal and a cubic phase.'>'* The
orientation of the columnar domains, and therefore the nanoscale architecture that results from SOM, is

dictated by directions of continuous columnar character in the preceding cubic phase. Fig. 1a—c depicts

key directions in a columnar hexagonal, BCC, and Pm3n cubic lattice. In a hexagonal array of oriented
3
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columns, the (001)-direction, denoted [001]hex, runs alongs the column axis (Fig. 1a). The BCC lattice
comprises one sphere at the corner of each cubic unit cell and a second sphere at the center of the cube
(Fig. 1b). The (100)-direction runs along the edges of the cubic unit cell. Due to the symmetry of the
cube, the (100)-direction is equivalent to the (010)- and (001)-directions, collectively denoted [100]cyp.
Similarly, there are four equivalent body diagonals, denoted [111]¢w», which are arranged at 109.5°
angles to each other,®® akin to the tetrahedral arrangement of C—H bonds in methane. The sphere at the
center of the BCC cell is in contact with the eight nearest neighbor spheres at the vertices, and hence
there is continuous contact of supramolecular spheres along [111]y. This continuous contact leads to a

67:%8 The Pm3n cubic lattice not only contains the center and corner spheres of

distorted spherical shape.
the BCC phase (compare yellow spheres in Fig. 1b and 1c), albeit no longer in close contact,’” but also

includes six spheres which lie on the faces of the cubic cell (Fig. lc: red, orange, and blue distorted

spheres). Each pair of face spheres has continuous columnar character along the (200)-direction, such

69,70

that the “spheres” are substantially elongated along the (200)-direction, which is parallel to the

(100)-direction but bisects the face of the cubic unit cell.

|

_ | | as molecules move, crown inversion

(b) body-centered cubic (c) cubic (Pm3n) < 7 produces distinct supramolecular objects
(BCC, Im3m) NS

(002) = (200) g s Z
5
= O 7
the supramolecular objects are
orientationally disordered spheres

(111)

(111) (111)

(020) = (200) P P P . » (100)
AN AR AR AN > (1)

> o0 S v = =y v > (1

»(200) = N = N P (200)

supramolecular spheres

Figure 1. Summary of crystallographic concepts underpinning SOM. (a—c) Crystal structures and
crystallographic directions in the (a) columnar hexagonal (P6mm) phase, (b) body-centered cubic (BCC,
Im3m) phase, and (c) cubic (Pm3n) phase. (d) Schematic depiction of the “pinching off” model of sphere
formation from supramolecular columns, adapted from ref. 71.

The transition between a columnar phase and a cubic phase requires a transition from supramolecular

columns to supramolecular spheres. One possible mechanism for this process requires “pinching oft”

4
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columns to form spheres,”' which involves movement of the self-assembling building blocks into
regions of higher and lower density within the supramolecular column (Fig. 1d). This movement of
molecules is mediated by their crown conformation and their ability to flip and form spherical objects."?
> When the supramolecular columns along [001];ex transform into supramolecular spheres, the direction

in the cubic unit cell along which these spheres lie could be any direction, such as [100]cyp, [111]cup, OF

[200]cyp.
a
(a) m CoatasO
Q & c,zﬂzso-@ (3,4,5)12G1-CTV
d d b b Ci12Hz50
, \ (200)
| i | .“ formation of Pm3n A /Srn\t formation of columnar sadiiSsiite.
cubic phase s hexagonal ®, phase 3
upon heating H upon cooling
columns “pinch off” columns form along
to generate all three equivalent
supramolecular (200) directions
' ' spheres el
columnar hexagonal domains oriented Pm3n cubic phase; each unit cell contains orthogonal arrangement
along a single direction 2 corner/center spheres (yellow) and of columnar hexagonal domains
(macroscopic fiber direction) 6 face spheres (red, orange, blue) oriented along (200) directions
(b) C12H250, OC12Hz5
cuH,,;oQ/¥ J\roﬂuzs
Cy2H250. 0 = 0 0 0OC12H;
T )4 SO (3,4Pr-3,4,5)12G2-0-PBI
Cquso/\/\/\’ov b"_{\N—\_(—O\/\/\/\OCuHZS
Cﬂ"zso o OC12Hzs
C,;HZSO OC12Hzs5
formation of Im3m formation of columnar
cubic phase w hexagonal ®, phase p
upon heating upon cooling \\§ \\
Lot \-—-‘,......, ; e =
columns “pinch off” columns form along & R
to generate all four equivalent N ;“ 5‘
supramolecular (111) directions
spheres 4
columnar hexagonal domains oriented Im3m body-centered cubic (BCC) phase; tetrahedral arrangement
along a single direction each unit cell contains 2 corner/center of columnar hexagonal domains
(macroscopic fiber direction) spheres (yellow) oriented along (111) directions

Figure 2. Summary of reported molecules exhibiting SOM. (a) (3,4,5)12G1-CTV and (b) (3,4Pr-
3,4,5)12G2-0-PBI (2). Both molecules initially self-assemble into columnar hexagonal domains.
Heating generates (a) a Pm3n or (b) an Im3m cubic phase in which there is continuous columnar
character between spheres along the (a) (200) or (b) (111) directions. Cooling regenerates columnar
hexagonal domains, oriented along the (a) three equivalent (200) directions or (b) four equivalent (111)
directions of the preceding cubic phase, to give (a) an orthogonal or (b) a tetrahedral arrangement of
supramolecular columns.

SOM was previously observed in two self-assembling dendrimers: one based on CTV, denoted
(3,4,5)12G1-CTV" (Fig. 2a), and 3,4,5-G2-PBI (2) (Fig. 2b).'*"” (3,4,5)12G1-CTV self-assembled
into a columnar hexagonal phase and, upon heating, a Pm3n cubic phase (Fig. 2a). Upon transition from
the oriented columnar phase to the Pm3n cubic phase, the spheres which formed along [001],ex became

the face spheres of the cubic unit cell, likely due to the continuous columnar character inherent in those

5
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970 Upon cooling, this character was preserved along [200]ew, and hence columnar

face spheres.
domains were formed along all three (200)-directions to give an orthogonal arrangement of columnar
domains (Fig. 2a, right). In contrast, 3,4,5-G2-PBI (2) self-assembled into columnar hexagonal phases
and a BCC phase.15 The BCC phase is a special case of the hexagonal lattice' in which [111]eyp is
equivalent to [001]nex (Fig. 1b). Therefore the body diagonal of the BCC unit cell of 3,4,5-G2-PBI (2)
was oriented along the former column axis of the preceding columnar hexagonal phase. Upon cooling,
all four [111]. directions direct the formation of supramolecular columns to produce a tetrahedral
arrangement of columnar hexagonal domains (Fig. 2b). Hence the arrangement of columnar domains in
the hexagonal phase after cooling “remembers” — or, more accurately, preserves — directions of
continuous columnar character in the cubic phase, such that different cubic phases give rise to different
nanoscale architectures after cooling, driven by the directions of close contact between spheres in the
cubic phase. A similar preservation of contact between notionally distinct supramolecular objects was

recently invoked by Bates and coworkers to rationalize a form of “structural memory” in poly(isoprene)-

b-poly(lactide) block copolymers.*

C11H2501 . ) OC12Hyps
Ci2Hp507y \ _/70Cy3Hy5
\/\,o_ o O O o o~/\/

CizHps0 (7 \/\/0 ° o o \)~0C1zHy5
CigHysO (3,4Pr-3,5)12G2-0-PBI TN0C,Has
"3,5-G2-PBI" (1)

Ci2Hps0 _OCqaHys
C1oHs0\ )7/ 70Cq;Hys
C12Hp50 \/\—0 [} O O o OJ\/ P
IS A\ R\ | _1
CioHps0” o0 — N Q'Q N =/ O A OC,Hys5
C1Hps0~7 \/\/0 o o o\/\/ W)~0CqzHas
CioHps0” (3,4Pr-3,4,5)12G2-0-PBI T 0CHys

Scheme 1. Structures of (top) (3,4Pr-3,5)12G;f’(5)-flz;§li:2)referred to as “3,5-G2-PBI” (1), and (bottom)
(3,4Pr-3,4,5)12G2-0-PBI, referred to as “3,4,5-G2-PBI” (2).

Synthesis of perylene bisimides with second-generation self-assembling dendrons

To investigate the effect of primary structure on SOM, an analog of the SOM-exhibiting compound
3,4,5-G2-PBI (2) was designed. 3,5-G2-PBI (1) is also a PBI with two self-assembling dendrons, but

lacks a minidendritic building block at the 4-position of both dendrons (Scheme 1). This structural
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defect is analogous to biological molecules which may be damaged by oxidative cleavage or other

degradation processes.

C12H250

C12H250 )/\/\Br C1ZHZ5O’Q/\/
c12H250/\ e
N
HO o 66% >_/
)} C1zH250f»\/\,° 5 X = NPhth
7 \ ~J 0,
N Ias/
>— ::@ 4 CyzHp50 6 X=NH,
HO 0
AN
o 4 | i

. 82%
C12H250, o \YaY o ’ OCyzHy5

— 7
Ci1oHs0~ 7\/» fQOC1ZH25

T piBBid

CyoH50~7 \\ /\ OC1Hys

C12H250 3,5-G2-PBI (1) 001sz5
Scheme 2. Synthesis of 3,5-G2-PBI (1). Reagents and conditions: (i) K,COs3;, DMF, 75 °C, 16 h; (ii)
N,H4-H,O, EtOH/THF, reflux, 3 h; (iii) 7, Zn(OAc),-H,0, quinoline, 180 °C, 8 h.
Scheme 2 outlines the synthesis of 3,5-G2-PBI (1). First generation propyl dendron bromide 3,
synthesized as reported, ” was reacted with dihydroxyphthalimide 4, also prepared according to reported
procedures,73 under Williamson esterification conditions with K,COs3 in DMF at 75 °C for 16 h, to give
dendron phthalmide 5 in 66% yield after recrystallization from acetone. Deprotection of 5 with
hydrazine hydrate in a refluxing mixture of EtOH and THF for 3 h gave unmasked dendron amine 6 in
88% yield after recrystallization (acetone). Imidization of commercially available perylene

tetracarboxylic dianhydride (7) with the dendron amine 6 in quinoline at 180 °C for 8 h gave 3,5-G2-

PBI (1) as a red solid after chromatographic purification.

(a)[10 °C/min, 1st heating (b)[10 °C/min, 1t cooling (c)|10 °C/min, 2 heating
3,5-G2-PBI (1) 3,5-G2-PBI (1) 3,5-G2-PBI (1)
2 (12.35) .03 262 (4.00) 8 (15.53) . 262 (4.14) :
o,k h B,k o
W tho wj
T T 2 (-15.06) 258 (~3.95) T
3:4,5-G2-PBI (2 . 4,5-G2-PBI (2 3,4,5-G2-PBI (2
ol>* (2) 125 (0.54) 158 (1.19) ° 3 (2) ° ®)) 157 (131)
2 211 (0.76) a a 18 (16.10)
S| 7(13.05 4 ior ®,°2Y BCC )i z z 124 (1.45) 211 (0.77)
. io
hk oh :_-’ Qhk ¢hi°1 \Q io2 BCC i

|o1 -~ ”

/ ¢ io2 BCC ('_0.75)
150 (-1. 71)

115 (-0.56)

11 (-14.20)

0 50 _ 100 150 200 250 0 50 _ 100 150 200 250 0 5 _ 100 150 200 250
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3. DSC traces of (top) 3,5-G2-PBI (1) and (bottom) 3,4,5-G2-PBI (2) recorded upon (a) first
heating, (b) first cooling, and (c) second heating at a rate of 10 °C/min. Phases determined in XRD
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(defined in main text), transition temperatures (in °C), and associated enthalpy changes (in parentheses,
in kcal/mol) are indicated.

Thermal analysis by differential scanning calorimetry

The presence of first order phase transitions for 3,5-G2-PBI (1) was analyzed by differential scanning
calorimetry (DSC) at 10 °C/min (Fig. 3), and the identities of phases were identified by X-ray diffraction
(XRD) experiments to be discussed later. A low temperature transition is observed at 2 °C on first
heating and at 8 °C on second heating, corresponding to a transition between a columnar hexagonal
crystalline (@) phase and a 2D columnar hexagonal phase with intracolumnar order (®"°). The ®}"°
phase exhibits a remarkably broad temperature range of thermal stability, ranging from 8 °C to 262 °C
on second heating (Fig. 3¢). At 262 °C there is a first order transition to the isotropic melt.

The existence of a single @, phase between 8 °C and the isotropization temperaure contrast the
multiple phases exhibited by 3,4,5-G2-PBI (2)." 3,4,5-G2-PBI (2) self-assembles into two distinct @,
phases, denoted (I)hi"1 and (I)hi"z, with a phase transition between them at 124 °C on second heating.
Further heating above 157 °C generates a BCC phase, completely absent in 3,5-G2-PBI (1), which
transitions to an isotropic melt at 211 °C. The elimination of the cubic phase from 3,5-G2-PBI (1) and
concomitant stabilization of the ®, phase are substantial changes resulting from the moderate
structural defect of the missing minidendron at the 4-position.

Structural analysis of 3,5-G2-PBI (1) by X-ray diffraction and molecular modeling

The phases introduced in Fig. 3 were determined by XRD experiments coupled with iterative cycles of
molecular modeling and simulation of the XRD arising from the proposed model. Experimental and
simulated XRD of the ®,* phase of 3,5-G2-PBI (1) are presented in Fig. 4 with a model consistent with
the experimental XRD data. Diffraction features along the L = 0 layer line (Fig. 4a) indicate a hexagonal
packing of supramolecular columns with diameter, D, of 42.1 A, and the broad meridional feature on
L = 4 suggests an intermolecular displacement, ¢, of 4.6 A along the column axis, with the unit cell
comprising four layers. The assignment of this phase as a crystalline phase is supported by the large

enthalpy change associated with the transition between the @}, and ®,* phases observed by DSC (Fig.
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3a). The lack of off-axis Akl diffractions, which would be expected from a crystalline phase, is most

likely attributable to a quenching in of the disorder of the ®," phase upon cooling, as seen previously
for 3,4,5-G2-PBI (2)."”

Asvmmetric tetramer

AT R
AR Tl

= W

e, 8 A

x0T o s A i

o 4214 A N

Pl >
(e) Asymmetric tetramer (f) Supramolecuiar coiumn (a) Unit celi (h)  Supramoiecuiar coiumn
Side view Side view Top view Schematic representation

a=4214

Figure 4. XRD patterns and molecular models of the 3D crystalline columnar hexagonal (@) phase of
3,5-G2-PBI (1) generated from asymmetric tetrameric crowns. (a) Experimental X-ray diffraction
pattern (left) compared with XRD pattern simulated from the model in (b—g) (right). Temperature,
phase, lattice parameters, layer lines and fiber axis are indicated. (b—g) Molecular models of the ®;*
phase: (b) single molecule, top and side view; (c) dimer, top view; (d, €) asymmetric tetrameric crown,
(d) top and (e) side view; (f) column, side view; (g) unit cell, top view. Color code: O, red; N, blue; C
atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the peripheral alkyl chains, gray;
H, white. (h) Schematic representation of columns with molecules indicated as green bars.

d

The lattice parameters (Deo = 42.1 A and 7 = 4.6 A), taken with the measured density (p = 1.02 g/cm’ at
23 °C) and molecular weight (M, = 2553.9 g/mol) can be used to calculate that there are ~1.7 molecules
in each stratum of the supramolecular column (Table 1). Due to experimental uncertainty in both the
density and XRD measurements, it can be concluded that there are about 2 dendronized PBI molecules
per column stratum in the supramolecular columns of 3,5-G2-PBI (1). Therefore, 3,5-G2-PBI (1) (Fig.
4b) must form a dimeric column stratum (Fig. 4c). These dimers stack with an intermolecular distance of
4.6 A to form an asymmetric tetramer (Fig. 4d, e), in which the two dimers are rotated by 90° but the

center of the two constituent dimers is not colinear; that is, the dimers are offset. Stacking two
9
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asymmetric tetramers (equivalently, four dimers) provides a single unit cell of the columnar hexagonal
unit cell (Fig. 4f, g), with 8 molecules stacked as slightly offset dimers. A schematic representation for
this packing is depicted in Fig. 4h.

; . W, (b) Single molecule (c) Dimer (d) Symmetric tetramer
Experimental Simulated Top view Top view Top view

2

x

L

A~

tho g

a=bh=43.0A,c=95A =
(e) Symmetric tetramer (f) Supramolecular column (9) Unit cell (h)  Supramolecular column
Side view Side view Top view Schematic representation

no height-height
correlation
between columns

-l * © a=43.0A
Figure 5. XRD patterns and molecular models of the 2D liquid crystalline columnar hexagonal phase
with intracolumnar order (®y"°) of 3,5-G2-PBI (1) generated from symmetric tetrameric crowns. (a)
Experimental X-ray diffraction pattern (left) compared with XRD pattern simulated from the model in
(b—g) (right). Temperature, phase, lattice parameters, layer lines and fiber axis are indicated. (b-g)
Molecular models of the ®y" phase: (b) single molecule, top and side view; (c) dimer, top view; (d, €)
asymmetric tetrameric crown, (d) top and (e) side view; (f) column, side view; (g) unit cell, top view.
Color code: O, red; N, blue; C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the
peripheral alkyl chains, gray; H, white. (h) Schematic representation of columns with molecules
indicated as green bars.

®,° phase

The XRD pattern of 3,5-G2-PBI (1) at 100 °C (Fig. 5a) and the large enthalpy change observed by DSC
(Fig. 3a) is consistent with a columnar hexagonal phase with intracolumnar order, denoted ®;,"°. In this
phase, there is a regular arrangement of molecules within a supramolecular column, but there are no
height-height correlations between the positions of molecules in adjacent columns. Dy of @ is
slightly larger than that of ®* (43.0 A versus 42.1 A), as is the intermolecular stacking along the
column axis (¢ of ®,° = 4.6 A versus 4.75 A for ®,). Calculation of the number of molecules per

stratum yields a value of 1.9, and therefore it is again concluded that there are 2 molecules per column

10
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stratum of the ®," phase. However, the presence of a broad meridional feature on L = 2 (Fig. 5a)
suggests that there are only two layers per unit cell in the supramolecular column. Therefore, dimers of
3,5-G2-PBI (1) (Fig. 5c) must assemble into symmetric tetramers (Fig. 5d, €). One symmetric tetramer
constitutes the repeat unit of the supramolecular column, and therefore stacking of multiple tetramers
describes the columns in the @, phase (Fig. 5f-h).

Table 1. Structural Analysis of 3,5-G2-PBI (1) by XRD

T (°C) Phase * a,b,c (A) g t (A) Cop (g/cm3) ? M, (g/mol)® uf Do) (A) £ digo, di10, daoos dion (A)
-7 (Dh" 42.1,42.1,184 4.6 1.02 2553.9 1.7 42.1 36.6,21.1,18.2,16.4
100 (Dhi" 43.0,43.0,9.5 4.75 1.9 43.0 37.2,21.5,18.6,—

“ Phase notation: ®,* — 3D crystalline columnar hexagonal phase; ®,"° —2D liquid crystalline columnar hexagonal phase with
intracolumnar order. ” Lattice parameters calculated using dj; = (N3a2)-(h* + I* + hk) . ¢ Average column stratum thickness
calculated from the meridional axis features of WAXS fiber patterns. 4 Experimental density measured at 23 °C. ¢ Molecular
weight. / Average number of dendrimers forming the supramolecular column stratum with thickness #, calculated using p =
(Na-A-tp) (M) where Ny = 6.022 x 10* mol ' = Avogadro’s number and A is the area of the column cross-section
calculated from the lattice parameters. ¢ Column diameter for ®y, phases (Do = a).

Self-assembly of 3,4,5-G2-PBI (2)

The self-assembly of 3,4,5-G2-PBI (2) is reviewed in Fig. 6. The two lowest temperature phases formed
by 3,4,5-G2-PBI (2) are a ®,* phase (below 18 °C, second heating) and ®,""' phase (18 °C to 125 °C),
which are very similar to the ®,* and @, phases exhibited by 3,5-G2-PBI (1). The ®,* phase of both
PBIs comprises asymmetric tetramers stacked with a similar intermolecular distance (4.8 A versus 4.6
A). For both compounds, this ®,* phase transforms upon heating into a ®,"° phase, at 8 °C for 3,5-G2-
PBI (1) and at 18 °C for 3,4,5-G2-PBI (2) (Fig. 3c). The ®,* phase of 3,5-G2-PBI (1) (Fig. 5) and
@, phase of 3,4,5-G2-PBI (2) (Fig. 6) are constructed from symmetric tetramers stacked to form
supramolecular columns with intracolumnar order but no height-height correlation between neighboring
columns.

In contrast to 3,5-G2-PBI (1), which forms only the isotropic melt upon heating from the ®," phase,
3,4,5-G2-PBI (2) generates two additional phases. The first, observed from 124 °C to 157 °C (Fig. 3c),

92 some molecules of 3,4,5-G2-

is another ®,° phase, denoted ®;°%. Upon transition from ®,°" to @y
PBI (2) undergo crown inversion and form supramolecular spheres. However, these spheres maintain

some orientational order along the column axis and therefore cannot rotate freely. The intrinsic
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symmetry of 3,4,5-G2-PBI (2) means that these molecules cannot form a perfectly isotropic sphere only
by packing, and so the spheres in the columns of the ®,"°* phase are imperfect. Therefore, the structure
is best conceived as a supramolecular column constructed from quasi-spherical supramolecular objects,
similar to one of the intermediate structures depicted in Fig. 1d. Further heating of the ®,"°* phase
provides, at 157 °C, a BCC phase. The quasi-spheres from the ®,,°* phase have complete orientational
disorder, such that they appear, on average, spherical. Hence the oriented supramolecular columns of
®,* pinch off to form discrete supramolecular spheres in the BCC phase. The column direction of
(I)hi"z, [100]4ex, defines the body diagonal direction, [111]qw, of the BCC phase, due to the hexagonal

symmetry of the BCC phase (Fig. 1b).

k io1 io2
Asymmetric tetramer (su:le view) Symmetrlc tetramers (S|de view) Supramolecular sphere of BCC unit cell

symmetric and inverted (molecular model, top view)
tetramers (side view)
anmEEEa,,

Column section of asymmetric Column section of symmetric
tetramers (snde view) tetramers (side v1ew)

& ¢ S,
© . R "
Ol - 00 0. o : :
o ROOL O o 4 P = e :
v AR R0 . g o Y
i SRR . B > e
- Ry . e
. ?
.
X - - -
R -y . : a2 - v, AN .e s
(L AR ... “. ¥ k 4 k
Supramolecular columns Supramolecular columns Columns of supramolecular spheres BCC unit cell
(schematic representation) (schematic representation) (schematic representation) (schematic representation)
— —
]

[N —1

=[5

no height-height
correlation

between columns,

TTTRITIN

Figure 6. Schematic models of the four phases of 3,4,5-G2-PBI (2). Phase notation: ®;*, 3D crystalline
columnar hexagonal phase; @, low-temperature 2D liquid crystalline columnar hexagonal phase with
intracolumnar order; ®,%, high-temperature 2D liquid crystalline columnar hexagonal phase with
intracolumnar order, comprising columns of supramolecular; BCC, body-centered cubic periodic array
generated from supramolecular spheres. Adapted from ref. °.

Upon cooling the BCC phase of 3,4,5-G2-PBI (2) below 150 °C (Fig. 3b), the supramolecular spheres
lose their orientational freedom and generate supramolecular columns in @, along a body diagonal of
the cubic unit cell, [111]cy. All four (111)-directions are equivalent in the cubic unit cell, giving the

supramolecualr columns of the @, phase an equal chance of being oriented along any one of these

12
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four directions. Therefore, supramolecular columns orient along all four [111].,, directions, generating a
tetrahedral arrangement of columnar hexagonal domains in the resultant @, phase (Fig. 2b). This

iol

arrangement persists upon cooling to the @' and ®;* phases.

Losing SOM in assemblies of 3,5-G2-PBI (1)

The modest difference in the primary structures of 3,5-G2-PBI (1) and 3,4,5-G2-PBI (2) — the absence
or presence of a minidendron at the 4-position of the second generation dendron — eliminates the ability
of 3,5-G2-PBI (1) to exhibit a material function, SOM. Molecular modeling was used to investigate the
mechanism through which SOM is lost in assemblies of 3,5-G2-PBI (1) (Fig. 7).

Both 3,4,5-G2-PBI (2) and 3,5-G2-PBI (1) self-assemble into supramolecular columns in which the
dendrons are tilted towards the exterior of the column in a tapered conformation (Fig. 4b, 5b, and 6). As
the assemblies are heated, the degree of motion and disorder increases in the self-assembling dendrons.
For 3,4,5-G2-PBI (2), this motion cannot be accommodated while maintaining the tapered
conformation. Instead, the 3,4,5-dendron must adopt a conical conformation to reduce steric strain. This
ability of a single building block to adopt multiple conformations during self-assembly is known as

475 . . Cy .
75 The conical conformation cannot be accommodated within the column, and

quasi-equivalence.
drives formation of supramolecular spheres, first in the ®,°? phase and subsequently in the BCC phase

(Fig. 7a).

(a) 3,4,5-G2-PBI (2)

", self-assembly

spheres

Hit
3838
heating
generation of
supramolecular

dendron occupies 4-position

at high temperature, 3,4,5-dendron
occupies all available space and
enables sphere formation

(b) 3,5-G2-PBI (1)

even at high temperature,
3,5-dendron does not
occupy sufficient space

to enable sphere formation

self-assembly

L vacant 4-position
Figure 7. Comparison of supramolecular sphere formation by 3,4,5-G2-PBI (2) and 3,5-G2-PBI (1). (a)
3,4,5-G2-PBI (2) self-assembles into supramolecular columns. However, at high temperature the
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volume occupied by the 3,4,5-dendron increases and drives formation of a supramolecular sphere. (b) In
contrast, the vacant 4-position in 3,5-G2-PBI (1) accommodates the increased occupied volume of the

dendrons at high temperature within the supramolecular column. A supramolecular sphere would have
vacant space and thus its formation is disfavored.

In contrast, the vacant 4-position in the dendrons of 3,5-G2-PBI (1) has two effects: it reduces the
number of atoms which must be accommodated at the exterior of the column and also increases the
available volume which the rest of the dendron can occupy. As the ®, phase of 3,5-G2-PBI (1), the
periphery of the column will undergo increased motion, but there remains sufficient space (Fig. 7a, b,
broken blue ellipses) to accommodate the more disordered chains. Transition from a tapered
conformation to a conical conformation is unnecessary. This effect has previously been observed for

dendrons functionalized only in the 3- and 5-positions.””’

Molecular modeling (Fig. 7b, right) shows
that even at high temperature, the 3,5-dendrons of 3,5-G2-PBI (1) would be unable to sufficiently
occupy the volume required to form a supramolecular sphere. Therefore, the columnar ®,,"° phase of 3,5-
G2-PBI (1) persists until melting at 262 °C, which is not only beyond the transition temperature
between @42 and the BCC phase in 3,4,5-G2-PBI (1) (157 °C), but also beyond the isotropization
temperature of 3,4,5-G2-PBI (2) (211 °C).

Conclusions

Modifying the primary structure of a self-assembling PBI, which displays SOM, 3,4,5-G2-PBI (2),
provides an analogous PBI, 3,5-G2-PBI (1), which is unable to exhibit SOM in its assemblies. This
elimination of the SOM function is mediated by a transfer of structural information through hierarchical
self-assembly. With its modified primary structure, 3,5-G2-PBI (1) adopts only a tapered conformation
(secondary structure), without forming the conical conformation adopted by 3,4,5-G2-PBI (2). The lack
of a conical conformation precludes formation of a supramolecular sphere (tertiary structure) and
eliminates subsequent organization into a BCC phase (quaternary structure). SOM requires a transition

between a columnar phase and a 3D phase generated from spheres, and therefore SOM is not observed

in assemblies of 3,5-G2-PBI (1).

14
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The mechanism by which SOM is eliminated in 3,5-G2-PBI (1) is analogous to the elimination of
healthy biological function in Alzheimer’s and Prion diseases. The missing minidendritic building block
at the 4-position of the dendrons in 3,5-G2-PBI (1) compared to 3,4,5-G2-PBI (2) can be viewed as a
structural defect which alters its secondary structure. Defects or other changes to the secondary structure
of a protein (or PBI) are transferred via hierarchical assembly to give misfolded tertiary and quaternary
structures, and ultimately eliminate the desirable biological function or even generate additional
detrimental function. In Prion diseases, the misfolded protein can disrupt the self-assembly of other,
defect-free proteins. Investigations are ongoing to ascertain whether non-SOM molecules can disrupt the
memory effect of SOM molecules, or, conversely, whether molecules capable of exhibiting SOM can
induce a structurally defective molecule to exhibit desirable function.

The PBIs reported here provide a clear demonstration of the effect of changes to the primary structure
on the generation of function via hierarchical self-assembly. This work also further enhances our
understanding of SOM, but also raises some additional questions. Both (3,4,5)12G1-CTV"® (Fig. 2a)
and 3,4,5-G2-PBI (2) adopt crown conformations in their supramolecular columns and spheres. Is a
crown conformation sufficient to exhibit SOM? Will other crown-like CTV derivatives’® exhibit SOM?
How about other self-assembling dendrimers which adopt crown conformations, such as
triphenylenes?’’ Of relevance to other soft matter, such as block copolymers and surfactants, is whether
a crown conformation is required, or whether conical molecules’® or micellar structures can also exhibit
SOM? How about spheres made from a single dendron or polymer chain?” These questions are under
active investigation and are expected to provide additional hints at how this concept can be generalized
to the diverse range of building blocks, including block copolymers and surfactants, which self-organize
into 3D phases comprising supramolecular spheres.

Experimental

Materials

Hydrazine hydrate (N;H4-H,O), zinc acetate dihydrate (Zn(OAc),:2H,0), and quinoline (all from
Acros), Potassium carbonate (K,COs3) (from Alfa Aesar), and DMF, EtOH, and THF (all from Fisher,

ACS reagent) were used as received. 3-[(3,4-Bis(dodecyl-1-oxy)phenyl]propyl bromide’ (3) and 2-(3,5-
15
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dihydroxyphenyl)isoindole-1,3-dione” (4) were synthesized according to previously reported
procedures.

Techniques

The purity, and the structural identity of the intermediary and final products were assessed by a
combination of techniques that includes thin-layer chromatography (TLC), high pressure liquid
chromatography (HPLC), 'H and "*C NMR, and matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry.

High Pressure Liquid Chromatography (HPLC). High pressure liquid chromatography (HPLC) was
carried out using Shimadzu LC-20AD high-performance liquid chromatograph pump, a PE Nelson
Analytical 900 Series integration data station, a Shimadzu RID-10A refractive index (RI) detector, and
three AM gel columns (a guard column, 500 A, 10 pm, and 104 A, 10 pm). THF was used as solvent at
an oven temperature of 40 °C. UV absorbance at 254 nm was used as detector.

Solution NMR. "H NMR (500 MHz), and *C NMR (126 MHz) spectra were recorded on a Bruker DRX

500 instrument using the solvent indicated at 300 K.

Matrix-Assisted Laser Desorption/lonization Time of Flight (MALDI-TOF). MALDI-TOF mass
spectrometry was performed on PerSeptive Biosystems-Voyager-DE (Framingham, MA) mass
spectrometer equipped with a nitrogen laser (337 um), and operating in linear mode. Internal calibration
was performed using Angiotensin I, and Bombesin as standards. The analytical samples were obtained
by mixing THF solution of the sample (5—-10 mg/mL), and the matrix (3,5-dihydroxybenzoic acid) (10
mg/mL) in a 1:1 to 1:5 v/v ratio. The prepared solution (0.5 uL) was loaded on the MALDI plate, and
allowed to dry at 25 °C before the plate was inserted into the vacuum chamber of the MALDI
instrument. The laser steps, and voltages were adjusted depending on the molecular weight, and the
nature of each analyte.

Differential Scanning Calorimetry (DSC). Thermal transitions were measured on TA Q100 differential
scanning calorimeter integrated with a refrigerated cooling system (RCS). The transition temperatures
were measured as the maxima and minima of their endothermic and exothermic peaks, respectively.
Indium and sapphire were used as calibration standards.

X-ray Diffraction (XRD). XRD measurements were performed using Cu-K,; radiation (1 = 1.542 A)
from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a 0.2 x 0.2 mm? filament and
operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole collimation were used to obtain a highly
collimated beam with a 0.3 x 0.3 mm?” spot on a Bruker-AXS Hi-Star multiwire area detector. To
minimize attenuation, and background scattering, an integral vacuum was maintained along the length of
the flight tube, and within the sample chamber. Samples were held in glass capillaries (1.0 mm in

diameter), mounted in a temperature-controlled oven (temperature precision: = 0.1 °C, temperature
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range from —10 °C to 210 °C). Aligned samples for fiber XRD experiments were prepared using a
custom-made extrusion device.*” The powdered sample (~10 mg) was extruded in the liquid crystal
phase. Typically, the aligned samples have a thickness of 0.3—0.7 mm, and a length of 3—7 mm. All
XRD measurements were done with the aligned sample axis perpendicular to the beam direction.
Primary XRD analysis was performed using Datasqueeze (version 3.0.5).
Molecular Modelling and Simulation. Molecular modeling, and simulation experiments were performed
using Materials Studio (version 5) software from Accelrys. The Forcite module was used to perform the
energy minimizations on the supramolecular structures.
Density Measurements. For density measurements, a small mass of sample (~0.4 mg) was placed in a
vial filled with water followed by ultrasonication to remove the air bubbles embedded within the sample.
The sample sank to the bottom of the vial due to its high density compared with water. A saturated
aqueous solution of potassium iodide (KI) was then added into the solution at ~0.1 g per aliquot to
gradually increase the solution density. KI was added at an interval of at least 20 min to ensure
equilibrium within the solution. When the sample was suspended in the middle of the solution, the
density of the sample was identical to that of the solution, which was measured by a 10 mL volumetric
flask.
Synthesis of 3,5-G2-PBI (1)
2-{3,5-Bis-[3-(3,4-bis(dodecyl- 1-oxy)phenyl)propoxy] phenyl}isoindole-1,3-dione (5). In a 100 mL
three-necked flask equipped with a condenser were placed N,N-dimethylformamide (DMF, 30 mL)
together with dry K,CO; (0.5 g, 3.5 mmol). The resulting suspension was degassed with a stream of Ar
for 15 min. 2-(3,5-Dihydroxyphenyl)isoindole-1,3-dione (4) (0.20 g, 0.78 mmol) and 3-[(3.,4-
bis(dodecyl-1-oxy)phenyl]propylbromide (3) (0.90 g, 1.59 mmol) were added, and the mixture was
stirred and heated at 75 °C for 1 6h. The reaction mixture was poured into cold water (50 mL) and the
resulting precipitate was filtered, washed with water and methanol and dried. Recrystallization from
acetone produced 0.6 g (66 %) of white crystals. Purity (HPLC): 99%+, TLC (S10,, CH,Cl,): Rr= 0.65.
'H NMR (CDCl;, 8, ppm, TMS): 0.89 (t, J = 6.4 Hz, 12H, 4CHs), 1.28 (m, 64H, 4CH3(CH>)g), 1.46 (m,
8H, 4AlkCH,CH,CH,0Ar), 1.79 (m, 8H, 4AlkCH,CH,CH,OAr), 1.95 (m, 4H, 2ArCH,CH,CH,0Ar),
2.65 (t, J = 5.7 Hz, 4H, 2ArCH,CH,CH;0Ar), 3.94-4.02 (overlapped m, 12H, 4AlkCH,CH,CH,OAr
and 2ArCH,CH,CH,0Ar), 6.12 (s, 1H, ArH, para to N(C=0),), 6.72—6.81 (overlapped m, ArH, ortho
and meta to OAIlk), 6.91 (s, 2H, ArH ortho to N(C=0),), 7.73 (dd, J = 8.3, 2.1 Hz, 2H, ArH meta to
C=0), 8.20 (dd, J = 8.3, 2.1 Hz, 2H, ArH ortho to C=0). *C NMR (CDCls, 8, ppm, TMS): 14.5 (CH3),
23.1 (CHyCHi), 26.5 (CH,CH,CH,OAr), 29.7 (CH3(CH3),CHy), 30.0-30.1 (overlapped
CH;3(CHy)3(CHy)s), 30.7 (CH,CH,OAr), 324 (ArCH,CH,CH,OAr, 3,5 positions), 32.8
(ArCH,CH,CH;,0Ar, 3,5 positions), 71.7 (ArCH,CH,CH,0OAr, 3,5 positions), 73.7 (AlkCH,OAr), 97.8
17
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(ArC para to N(C=0),), 98.9 (ArC ortho to N(C=0),), 114.6 (ArC (2’) ortho to CH,CH,CH,OAr, 3,5
positions), 114.9 (ArC (3’) meta to CH,CH,CH,OAr, 3,5 positions), 120.7 (ArC (6’) ortho to
CH,CH,CH,OAr, 3,5 positions), 127.4 (ArC ortho to (C=0),), 132.1 (ArC meta to C=0), 132.7 (ArC
ipso to C=0), 140.1 (ArC ipso to N(C=0),), 159.6 (ArC ipso to ArCH,CH,CH,0), 164.5 (C=0).
3,5-Bis-[3-(3,4-bis(dodecyl- 1-oxy)phenyl)propoxy]phenylamine (6). To a solution of dendron
phthalimide 5 (0.53 g, 0.43 mmol) in a mixture of EtOH (5 mL) and THF (15 mL) was added hydrazine
monohydrate (N,H4.H,O) (0.11 g, 2.2 mmol). The reaction mixture was refluxed under Ar atmosphere
for 3 h. The solvents were removed under reduced pressure and the resulting residue was dissolved in
minimal volume of CH,Cl, and passed through a short column of silica gel using CH,Cl,/acetone (10:1
v/v) as eluent. The solvents were fully evaporated and the remaining product was recrystallized from
acetone to produce 0.42 g (88 %) of pure product as white crystals. Purity (HPLC): 99%+, TLC (SiO,,
CH,Cly/acetone 10:1): Ry= 0.45. 'H NMR (CDCls, o, ppm, TMS): 0.89 (t, J = 6.4 Hz, 12H, 4CH3), 1.28
(m, 64H, 4CH3(CH,)3), 1.46 (m, 8H, 4AlkCH,CH,CH,0Ar), 1.79 (m, 8H, 4AlkCH,CH,CH,OAr), 1.95
(m, 4H, 2ArCH,CH,CH,0Ar), 2.65 (t, J = 5.7 Hz, 4H, 2ArCH,CH,CH,0Ar), 3.94-4.02 (overlapped m,
12H, 4AlkCH,CH,CH,0OAr and ArCH,CH,CH,OAr), 5.85 (s, 2H, ArH ortho to NHy), 5.90 (s, 1H, ArH,
para to NH,), 6.72-6.81 (overlapped m, 6H, ArH, ortho and meta to OAIk). *C NMR (CDCls, 8, ppm,
TMS): 14.5 (CHs), 23.1 (CH,CHj), 26.5 (CH,CH,CH,OAr), 29.7 (CHs3(CHj3),CH,), 30.0-30.1
(overlapped CH3(CH;)3(CHy)s), 30.6 (CH,CH,OAr), 32.5 (ArCH,CH,CH,0Ar, 3,5 positions), 32.9
(ArCH,CH,CH,0A, 3,5 positions), 71.5 (ArCH,CH,CH,0Ar, 3,5 positions), 73.2 (AlkCH,OAr), 92.5
(ArC para to NHy), 95.9 (ArC ortho to NH,), 114.6 (ArC (2’) ortho to CH,CH,CH,OAr, 3,5 positions),
114.9 (ArC (3’) meta to CH,CH,CH,OAr, 3,5 positions), 120.7 (ArC (6’) ortho to CH,CH,CH,OAr, 3,5
positions), 147.1 (ArC ipso to NH»), 159.9 (ArC ipso to ArCH,CH,CH,0).

(3,4Pr-3,5)12G1-0-PBI (3,5-G2-PBI, 2). A suspension of perylene tetracarboxylic dianhydride (7) (71
mg, 0.18 mmol), dendron amine 6 (0.4 g, 0.37 mmol) and Zn(OAc),-2H,0 (40 mg, 0.18 mmol) in
quinoline (7 mL) was stirred at 180 °C under Ar atmosphere for 8 h. The reaction mixture was allowed
to cool to 23 °C whereupon it was poured into HCI (1 M, 20 mL). The resulting precipitate was filtered,
washed with water (20 mL) and methanol (20 mL), and dried. The crude product was purified by silica
gel column chromatography using CH,Cly/acetone (20:1, v/v). The resulting red powder was dissolved
in CH,Cl, and precipitated by the addition of methanol to produce 0.38 g (82 %) as a red solid. TLC
(SiO,, CH,Cly/acetone 20:1): Ry = 0.42. Purity (HPLC): 99%+. 'H NMR (CDCls, 8, ppm, TMS): 0.89
(t, J = 6.4 Hz, 24H, 8CHs;), 1.28 (m, 128H, 8CH;3(CH,)s), 1.47 (m, 16H, 8AlkCH,CH,CH,0Ar), 1.79
(m, 16H, 8AIkCH,CH,CH,OAr), 2.08 (m, 8H, 4ArCH,CH,CH,OAr), 2.73 (t, J = 5.7 Hz, 8H,
4ArCH,CH,CH,0Ar), 3.96-4.00 (overlapped m, 24H, 8AlkCH,CH,CH,OAr and
4ArCH,CH,CH,0Ar), 6.54 (s, 2H, ArH ortho to ArCH,CH,CH,0), 6.62—6.81 (overlapped m, 12H,
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ArH, ortho and meta to OAIlk), 6.82 (s, 4H, ArH, ortho to N(C=0),), 8.63 (d, J = 8.1 Hz, 4H,
H2,5,8,11), 8.74 (d, J = 8.1 Hz, 4H, H1,6,7,12). *C NMR (CDCls, 8, ppm, TMS): 14.5 (CH3), 23.2
(CH,CH3), 26.5 (CH,CH,CH;OAr), 29.9 (CHs3(CHs).CH»), 30.1-30.3 (CH3(CH»)3;(CHy)s), 30.7
(CH,CH;,0Ar), 32.8 (ArCH,CH,CH,0A, 3,5 positions), 32.9 (ArCH,CH,CH,OAr, 3,5 positions), 71.5
(ArCH,CH,CH,OAr, 3,5 positions), 73.2 (AIkCH,0Ar), 101.2 (ArC para to N(C=0),), 106.5 (ArC
ortho to N(CO),), 114.5 (ArC (2’) ortho to CH,CH,CH,O0Ar, 3,5 positions), 114.7 (ArC (3°) meta to
CH,CH,CH,0Ar, 3,5 positions), 120.9 (ArC (6°) ortho to CH,CH,CH,OAr, 3,5 positions), the signals at
122.4, 123.1, 125.7, 128.7, 130.9 and 131.2, correspond to perylene carbons; 141.2 (ArC ipso to
N(C=0),), 159.9 (ArC ipso to ArCH,CH,CH,0), 162.3 (C=0).
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Comparing the self-organization of two dendronized perylene bisimides reveals how structurally

defective primary structure eliminates memory function via hierarchical self-organization.
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