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Abstract: Structural analysis of three libraries of up to five generations of self-assembling dendrons based
on ABs, AB;, and combinations of ABz with AB; building blocks (Percec et al. J. Am. Chem. Soc. 2001,
123, 1302) facilitated the discovery of several nanoscale lattices previously unknown for organic compounds
(3-D Pm3n cubic, 3-D P4,/mnm tetragonal, and a crystallographically forbidden 12-fold symmetry liquid
quasicrystal) and provided fundamental correlations between the molecular structure of the dendron and
the shape and the diameter of the supramolecular dendrimers which, in these experiments, were limited
to less than 75 A. That study concluded that alternative design principles should be elaborated for the
assembly of supramolecular dendrimers of larger dimensions. Here we report design principles, synthesis
and analysis of first and higher generations AB3; and AB; self-assembling dendrons, based on various
primary structures, and combinations of (AB),—AB3 and (AB),—AB: (i.e., from nondendritic AB where y =
1 to 11 and dendritic ABs and AB;) building blocks that produced the largest structural (including six new
lattices) and dimensional (100 to 217 A diameter) diversity of supramolecular dendrimers.

Introduction dendrons based on more than one repeat unit are rewarding,

Dendrimers and dendrons are architectural motifs that have SINce they have provided access to supramolecular dendrimers
provided powerful entries for the synthesis of complex func- that self-organize in lattices that were not previously encountered

tional nanostructures including biological mimic8iological

for organic compound¥.P-9However, the investigation of three

macromolecules create an immense diversity of 3-D structureslibraries of self-assembling dendrons varying in generation

and functions from few monomers and their corresponding

secondary structures that are determined by their primary (3

structurez Amphiphilic self-assembling dendrons provide a
simple strategy to access the correlation between primary and
3-D structures with functions, in nonbiological macromolecgiiés.
Both the divergeritand convergefiterative methods employed

in the synthesis of dendritic molecules provide access to
monodisperse dendrimers and dendrons with predetermined
primary structures generated from combinations of different
building blocks. Nevertheless, most self-assembling dendrons
reported to date are based on a single repeafufivery few
examples have been constructed from combinations of different
AB, and AB; building blocks3™P The results obtained with
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For selected examples from our laboratory ofsABd AB, dendrons that
self-assemble in supramolecular dendrimers that self-organize in lattices,
see: (a) Percec, V.; Chu, P.; Ungar, G.; Zhou. Am. Chem. S0d.995
117,11441. (b) Percec, V.; Johansson, G.; Ungar, G.; ZhaduAm. Chem.
Soc.1996 118 9855. (c) Balagurusamy, V. S. K.; Ungar, G.; Percec, V.;
Johansson, Gl. Am. Chem. So4997, 119, 1539. (d) Hudson, S. D.; Jung,
H.-T.; Percec, V.; Cho, W.-D.; Johansson, G.; Ungar, G.; Balagurusamy,
V. S. K. Science1997 278 449. (e) Dukeson, D. R.; Ungar, G
Balagurusamy, V. S. K.; Percec, V.; Johansson, G. A.; Glodde]. m.
Chem. Soc2003 125, 15974. (f) Percec, V.; Cho, W.-D.; Mosier, P. E.;
Ungar, G.; Yeardley, D. J. Rl. Am. Chem. Sod 998 120, 11061. (g)
Percec, V.; Cho, W.-D.; Mter, M.; Prokhorova, S. A.; Ungar, G.; Yeardley,
D. J. P.J. Am. Chem. So@00Q 122 4249. (h) Percec, V.; Cho, W.-D.;
Ungar, G.; Yeardley, D. J. Angew. Chem., Int. ER00Q 39, 1598. (i)
Percec, V.; Cho, W.-D.; Ungar, G. Am. Chem. So@00Q 122, 10273.

() Yeardley, D. J. P.; Ungar, G.; Percec, V.; Holerca, M. N.; Johansson,
G.J. Am. Chem. So200Q 122, 1684. (k) Duan, H.; Hudson, S. D.; Ungar,
G.; Holerca, M. N.; Percec, \Chem—Eur. J.2001, 7, 4134. (I) Percec,

V.; Cho, W.-D.; Ungar, G.; Yeardley, D. J. B. Am. Chem. So001,

123 1302. (m) Percec, V.; Cho, W-.D.; Ungar, G.; Yeardley, D. J. P.
Chem—Eur. J. 2002 8, 2011. (n) Percec, V.; Glodde, M.; Bera, T. K.;
Miura, Y.; Shiyanovskaya, I.; Singer, K. D.; Balagurusamy, V. S. K.;
Heiney, P. A.; Schnell, I.; Rapp, A.; Spiess, H.-W.; Hudson, S. D.; Duan,
H. Nature 2002 419, 384. (0) Percec. V.; Glodde, M.; Johansson, G.;
Balagurusamy, V. S. K.; Heiney, P. Angew. Chem., Int. EQ003 42,
4338. (p) Ungar, G.; Liu, Y.; Zeng, X.; Percec, V.; Cho, W.-8cience
2003 299, 1208. (q) Zeng, X.; Liu, Y.; Ungar, G.; Percec, V.; Dulcey, A,;
Hobbs, J. K.Nature 2004 428 157.
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Scheme 1. Synthesis of (4"-3,4,5-4™)12G1-X Dendrons (X = CO,CH3, CH,OH, and CH,Cl, n = 1-3 and m = 0—3)2
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a Reagents and conditions: (i) SQOCH,Cl», 20 °C; (ii) K2COs, DMF, THF, 70°C; (iii) LIAIH 4, THF; (iv) SOCh, DTBMP, CH.Cly, 20°C; (v) KoCO;s,
DMF, THF, 70°C.

number from one to fiv¥! demonstrated an unexpected size dendror® These three libraries provided only two examples of

limitation for the supramolecular dendrimers designed by this first generation dendrons that self-assemble in columnar su-
strategy. The dimension of the supramolecular dendrimer was pramolecular dendrimers without the requirement of strong
shown to be determined by the solid angle of the self-assembling

(6) For selected examples of self-organizable dendronized polymers, see: (a)
(4) For examples of self-assembling dendrons that self-assemble and coassemble ~ Percec, V.; Ahn, C.-H.; Ungar, G.; Yeardley D. J. PiIdg M.; Sheiko,

in supramolecular superlattices, see: (a) Percec, V.; Ahn, C.-H.; Bera, T. S. S. Nature 1998 39], 161. (b) Percec : Ahn, C -H.; Cho W. D
K.; Ungar, G.; Yerardley, D. J. Ehem—Eur. J.1999 5, 1070. (b) Percec, Jamieson, A. M.; Kim, J.; Leman, T.; Schmidt, M.; Gerle, M.';'Ileo, M.;
V.; Bera, T. K.; Glodde, M.; Fu, Q.; Balagurusamy, V. S. K.; Heiney, P. Prokhorova, S. A.; Sheiko, S. S.; Cheng, S. Z. D.; Zhang, A.; Ungar, G.;
A. Chem—Eur. J.2003 9, 921. Yeardley, D. J. PJ. Am. Chem. So&998 120, 8619. (c) Rapp, A.; Schnell,

(5) For selected examples from other laboratories on supramolecular dendrimers I.; Sebastiani, D.; Brown, S. P.; Percec, V.; Spiess, HJWAm. Chem.
self-organizable in lattices, see: (a) Pesak, D. J.; Moore Ahg@w. Chem., So0c.2003 125, 13284.
Int. Ed. Engl.1997, 36, 1636. (b) Meier, H.; Lehmann, MAngew. Chem., (7) For selected brief recent reviews on supramolecular dendrimers self-
Int. Ed. 1998 37, 643. (c) Barbe, J.; Marcos, M.; Serrano, J. Chem— organizable in lattices, see: (a) Matheus, O. A.; Shipway, A. N.; Stoddart,
Eur. J.1999 5, 643. (d) Marcos, M.; Gireez, R.; Serrano, J. L.; Donnio, J. F.Prog. Polym. Sci1998 23, 1. (b) Fischer, M.; Vgtle, F. Angew.
B.; Heinrich, B.; Guillon, D.Chem—Eur. J. 2001, 7, 1006. (e) Suez, Chem., Int. Ed1999 38, 884. (c) Emrick, T.; Frehet, J. M. JCurr. Opin.
M.; Lehn, J.-M.; Zimmerman, S. C.; Skoulios, A.; Heinrich, BAm. Chem. Colloid Interface Sci1999 4, 15. (d) Moore, J. SCurr. Opin. Colloid
S0c.1998 120, 9526. (f) Deschenaux, R.; Serrano, E.; Levelut, AGHem. Interface Sci1999 4, 108. (e) Schlenk, C.; Frey, Wlonatsh. Chenll999
Communl1997 1577. (g) Baars, M. W. P. L.;"®tjes, S. H. M.; Fischer, 130, 3. (f) Smith, D. K.; Diederich, FTop. Curr. Chem200Q 210, 183.
H. M.; Peerlings, H. W. I.; Meijer, E. WChem—Eur. J. 1998 4, 2456. (g) Ponomarenco, S. A Boiko, N. I.; Shibaev, V.FRlym. Sci. Ser. C
(h) Cameron, J. H.; Facher, A.; Latterman, G.; DieleA8u. Mater.1997, 2001, 43, 1. (h) Guillon, D Deschenaux Rurr. Opin. Solid State Mater.
9, 398. (i) Kim, C.; Kim, K. T. I.; Chang, Y.; Song, H. H.; Cho, T.-Y; Sci.2002 6, 515. (i) Tschierske, CCurr. Opin. Colloid Interface ScR002
Jeon, H.-JJ. Am. Chem. So2001, 123 5586. (j) Saez, I. M.; Goodby, J. 7, 69. (j) Tschierske, C. J. Mater. Chem 2001, 11, 2647. (k) Diele, S.
W. Chem. Commun2003 1726. (k) Lecommandoux, S.; Klok, H.-A; Curr. Opin. Colloid Interface ScR002 7, 333. (I) Caminade, A.-M.; Turrin,
Sayaz M.; Stupp, S. U. Polym. Sci., Part A: Polym. Cher003 41, C.-O.; Sutra, P.; Majoral, J.-Rurr. Opin. Colloid Interface Sci2003 8,
3501 282.
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Scheme 2. Synthesis of (4"-3,4-4™)12G1-X Dendrons (X = CO,CHs, CH,OH, and CH,CIl, n = 1-3 and m = 0—3)?@
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a Reagents and conditions: (i) SQOCH,Cl», 20 °C; (ii) K2COs, DMF, THF, 70°C; (iii) LIAIH 4, THF; (iv) SOCh, DTBMP, CH.Cly, 20°C; (v) KoCO;s,
DMF, THF, 70°C.

noncovalent interactions in their focal pofhll other members involve the incorporation of various compositions and sequences
of these libraries start to self-assemble only at their second of (AB),—AB3 and (AB),—AB; building blocks into novel
generation. These two first generation self-assembling dendronsarchitectural motifs that represent first generationsABd AB,
allowed us to demonstrate that the architecture of the first self-assembling dendrons. The self-assembling dendrons de-
generation determines the dependence between the generatiosigned from combinations of different compositions and se-
number and the incremental dimensional increase of the quences of AB (nondendritic) and ABRdendritic) building
supramolecular dendrimer as a function of generation. Due to plocks will be named, for the simplicity of this discussion,
the shape change of the self-assembling dendron as a functiorhybrid” dendrons, to differentiate them from conventional
of generation, in very few cases the increase in generation isgendrons that are generated from combinations of ddhdritic
accompanied by an increase in supramolecular dendrimerpyiiding blocks. The examples used to demonstrate this strategy
dimensior®' This is in spite of the fact that the molar mass of p5ye compositions produced from various ratios of ong B

the dendron and of the supramolecular dendrimer increasesAB2 building block and from one to elevery & 1 to 11)
exponentially. This study concluded that alternative design jgentical AB building blocks. These combinations were incor-
pripciples should pg elaborated to overcome this archif[ectural porated, with different sequences via a convergent iterative
limitation.3 AB lc')undlng blocks do not have the capablllty. to strategy, into a diversity of first generation ABnd AB hybrid
create a branching _pomt_. Therefore,_they have peen pre_V'OUSIVdendrons. Preliminary examples of their use in the synthesis of
used or_1|y to lffunctlonall!ze the pgfrilgntlery of first or higher second generation dendrons will also be reported. The self-
generation self-assembling dendrdfis: assembly of all hybrid dendrons was investigated by the

Here we repor tthe use of Comb'”.a“o'?s of (&BP‘B3 and. retrostructural analysisof the lattices self-organized from their
(AB)y—AB: building blocks to design libraries of first generation . .
ABs and AB, self-assembling dendrons. The design principles supramolecular dendrimers. The results of this retrostructural
3 9 ' gnp P analysis demonstrated that the first generation hybrig Al

AB; dendrons provided a larger diversity of supramolecular

(8) (a) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin,

S.; Roeck, J.; Ryder, J.; Smith, Polym. J.1985 17, 117. (b) Newkome,
G. R.; Yao, Z.; Baker, G. R.; Gupta, V. K. Org. Chem1985 50, 2003.
(c) Tomalia, D. A.; Ffehet, J. M. JJ. Polym. Sci., Part A: Polym. Chem.
2002 40, 2719.

(9) (a) Hawker, C. J.; Fighet, J. M. JJ. Am. Chem. S0d99Q 112, 7638. (b)
Grayson, S. M.; Frehet, J. M. JChem. Re. 2001, 101, 3819.
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structures and dimensions than all previously investigated
libraries based on up to five generations of self-assembling
dendrons obtained from combinations of Adhd AB; building
blocks?® Therefore, the simplicity of the method employed in
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the synthesis of these first generation A&d AB, hybrid
dendrons together with the variety of AB building blocks
available provide novel and powerful architectural strategies to

influence the mode of self-assembly, to increase the dimensions

of the supramolecular dendrimers, and to discover new su-
pramolecular structures.

Results and Discussion

Synthesis of First Generation AB Hybrid Dendrons from
Combinations of (AB), and AB3 Building Blocks. Twelve AB;
first generation self-assembling hybrid dendrons were synthe-
sized from various molar ratios and sequences of the com-
mercially available methyl 4-hydroxybenzoate AB and methyl
3,4,5-trihydroxybenzoate APbuilding blocks. Scheme 1 out-
lines the divergent synthesis of this library. #odecan-1-
yloxy)benzyl alcoholl was prepareld by the etherification of
methyl 4-hydroxybenzoate with dodecanyl bromide followed
by reduction with LiAlH,. 4-[p-(n-Dodecan-1-yloxy)benzyloxy]-
benzyl alcohol (4%-CH,0H], 2, was obtained by the etheri-
fication of methyl 4-hydroxybenzoate with the freshly prepared
benzyl chloride ofl followed by reduction with LiAIH, (77.1%).

44 4'-[p-(n-Dodecan-1-yloxy)benzyloxy]benzylokgenzyl al-
cohol [(4%)-CH,0H], 3, was synthesized by the etherification
of methyl 4-hydroxybenzoate with the freshly prepared benzyl
chloride of2 followed by reduction (74.2% yield). Etherification
of methyl 3,4,5-trihydroxybenzoate with the benzyl chlorides
of 1, 2, and 3, respectively, followed by reduction produced
dendrons4 (92.8%),8 (74.2%), andl2 (88.8%). Dendron®
(90.2%),9 (85.9%), andl3 (92.2%) were synthesized by the
etherification of methyl 4-hydroxybenzoate with the benzyl
chlorides of4, 8, and12, followed by reduction. This iteration
was repeated with the benzyl chlorides ®f9, and 13 and
methyl 4-hydroxybenzoate to produce dendr®iig7.3% yield),
10(92.7%), andl4 (67.0%). Reiteration of the same sequence
with the benzyl chlorides dd and10 generated (81.2% yield)
and11 (81.5%). Due to low solubility14 was not used in this
reaction step.

Synthesis of First Generation AB Hybrid Dendrons from
Combinations of (AB), and AB; Building Blocks. Ten first
generation AB self-assembling hybrid dendrons were prepared
by a similar strategy to the one outlined in Scheme 1, except
that the AB methyl 3,4,5-trihydroxibenzoate was replaced with
a methyl 3,4-dihydroxybenzoate ABuilding block (Scheme
2). Dendronsl5 (94.5% vyield),19 (91.0%), and23 (91.0%)
were synthesized by the etherification of methyl 3,4-dihydroxy-
benzoate with the benzyl chlorides derived frdm2, and 3
followed by reduction. Etherification of the benzyl chlorides
of 15, 18, and23 with methyl 4-hydroxybenzoate followed by
reduction producedl6 (96.0% yield), 20 (92.0%), and24
(69.0%). Reiteration of this sequence with the benzyl chlorides
of 16 and 20 generated.7 (81.0% vyield),21 (72.1%), and24
(69.0%). Finally, dendrond8 (68.0% vyield) and22 (53.0%)
were synthesized by the repetition of the previous iteration
with the benzyl chlorides derived from7 and 21. Due to
limited solubility, dendron24 was not used in the last two
iterations.

Synthesis of Second Generation Dendrons Based on AB
Hybrid Dendrons. All first generation hybrid dendrons syn-

(10) Percec, V.; Johansson, G.; Heck, J.; Ungar, G.; Batty, $. &hem. Soc.,
Perkin Trans. 11993 1411.

Scheme 3. Synthesis of Second Generation AB3; Hybrid Dendrons
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thesized as reported in Schemes 1 and 2 can be employed in
the synthesis of higher generations dendrons and dendrimers
by convergent or divergent methods. Scheme 3 outlines the
synthesis of several examples of second generation dendrons

J. AM. CHEM. SOC. = VOL. 126, NO. 19, 2004 6081
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Scheme 4. Synthesis of Second Generation AB; Hybrid Dendrons?
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31: (42-3,4-47-3,4)12G2-CO,CH; (R=CraoHe) 32: (42-3,4-42-3,5)12G2-CO,CH,
MW, = 2359.2 (61.0%) MW, = 2359.2 (66.0%)

aReagents and conditions: (i) SQCDTBMP, CH,Cl,, 20 °C; (ii) Ko,COs, DMF, THF, 65°C.

Scheme 5. Schematic Representation of the Self-Assembly of Building Blocks Based on Flat Tapered Dendrons into Interdigitated Smectic
A (Sag) Lattices, Supramolecular Cylindrical and Elliptical Columns, and Their Subsequent Self-Organization in a p6mm Hexagonal Col-
umnar (®p), p2mm Simple Rectangular Columnar (®,—s), or c2mm Centered Rectangular Columnar (®,—) Lattices, and the Self-Assembly
of the Conical Dendrons into Supramolecular Spherical Dendrimers and Their Subsequent Self-Organization in Pm3n, Im3m Cubic (Cub),
and P4,/mnm Tetragonal Lattices

L=

Saa Dz pR21mmm Dt C2mm By pbmm Cub :Prn Tet: Pdamnm Cub : inB3m

derived from8, 12, and19. The freshly prepared benzyl chloride Synthesis of Second Generation ABDendrons Based on

of 8 was etherified with methyl 3,4,5-trihydroxybenzoate to AB;, Hybrid Dendrons. Four examples of second generation

produce25 (50.3% yield). dendrons containing 3,4- or 3,5-ABuilding blocks at their
Reduction of25 with LiAIH 4 generated26 (50.0% yield). apex were synthesized by using the first generation hybrid

Etherification of methyl 3,4,5-trihydroxy benzoate with the dendronsl6 and21 (Scheme 4). The freshly prepared benzyl

benzyl chlorides ofl2 and 19 produced27 (56.7% yield) and chloride of 16 was used in the etherification of methyl 3,4-

28 (59.8% yield), respectively. dihydroxybenzoate and methyl 3,5-dihydroxybenzoate to pro-
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Scheme 6. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from (4"-3,4,5-4™)12G1-CH,OH (n = 1-3 and m =

0-3)
CH3(CHy) CH3(CHz}1q
CHa(CHeln‘}Q "01@\_%{ O]@»O@\_
CHQ{CHz)HO CH;(CH,)“O-@—b CHS(CHZIHO'@_‘O @ @
s PO oLk, Oy
CH3(CHy)110 ® @mou
CH3(CH)110
CHy(CHg)110
(4-3,4,54™12G1-CH,0H (42-3,4,5-4‘“}1 2G1-CH,OH ( 43-3,4,5-4‘"}1 2G1-CH,OH
n=1 n=2 n=3
m=0:(4-3,4, 5)12G1 CH20H m = 0: (4°-3,4,5)12G1-CH,0H m = 0: (4°-3,4,5/12G1-CH,0H
—
@5 E---:I—"—" New Smod TR P — AT New smod
\_‘A_L}‘ELV s_ {90 C) SMad‘gz ;C}: - sMad é160 oc).
o Ad ° a=44.8A, f— < A
pammqs,.an c) a 435A A a=52.2 A,
33 a=47.2A 1} b=176.8A 5,q4(80°C): a=56.9A D=23B.0A
I- % % AT -
m=1: (4-3,4,5—4)1261-CHOH : m=1: (4%-3,4,5-4)12G1-CH,OH
SRS | p2mm #,.5(104°C): a=156.7 A, b=54.7 A _ -
D,=156.7 A, D, = 547&,;;-19 '
pBmm @5, (30 °C): a=57.2 A p2mm q:,hs(n? °C):a=210.4 A, b=80.5 A
D=57.2A, u=8 D,=2104A, D,=80.54, u=28
pBmm &, (122°C): a=55.0 A
AT 1} D=5504,u=6
- - r
m=1: (4%-3,4,5-4)12G1-CH,OH
Pran Gub (70 E) a=1105A K Z PSR
m=2:(4-3,4,5- 42}12(31 -CH,OH B
. pemm Dp (80 °C): & = 63.6 A m = 2: (4°-3,4,5-4%)12G1-CH,OH
22 A um?
g%% e — - Crystalline
' m= 2: (42-3,4,5-4%12G1-CH,0H
PmAn Cub (82°C): a=131.6 A Crystalline
D=81.6A, u=147 =
- m = 3: (4%-3,4,5-4°)12G1-CH,0H
m=3: (4-3,4,5-4°)12G1-CH,0H Crystalline
Pm3n Cub (90 °p) a=165.6 A
D=102.7 A, u =269
duce the second generation dendr@fg75.0% yield) and30 guantitatively assign the lattice symmetry and calculate lattice

(54.0%). The benzyl chloride &1 was etherified with methyl dimensions when the structure of the lattice is known), and
3,4-dihydroxybenzoate and methyl 3,5-dihydroxybenzoate to experimental densities (to calculate the number of supramo-

produce31 (61.0% yield) and32 (66.0%). Compoun@9 is a lecular dendrimers forming a lattice, the number of dendrons
constitutional isomer 080 while 31 is a constitutional isomer  forming a supramolecular spherical dendrimer or a cross-section
of 32 of the columnar supramolecular dendrimers, and the shape of

Structural and Retrostructural Analysis of AB 3 Hybrid the dendron). The assignment of unknown lattices and their

Dendrons. Scheme 5 summarizes the methodology elaborated retrostructural analysis requires, in addition to the previously

in our laboratory for the structural and retrostructural analysis mentioned methods, a combination of absolute electron density

of supramolecular dendrime#&¢.ip calculations, electron density maps, and electron diffraction and
This method consists of a combination of techniques involv- transmission electron microscoghfdekoMethods to perform

ing differential scanning calorimery (DSC, that determines the structural and retrostructural analysis of the lattices described

transition temperatures and corresponding thermodynamic pa-in Scheme 5 were already elaboraféim.n.p.11

rameters), thermal optical polarized microscopy (TOPM, that Scheme 6 summarizes the analysis of the new édéhdrons

estimates qualitatively the 1-D, 2-D, and 3-D nature of the lattice whose synthesis was described in Scheme 1. The discussion of

in which the supramolecular dendrimers are self-organized), Scheme 6 will be made by using a short nomenclature developed

small and wide-angle X-ray diffraction experiments (XRD, to from the one used previoust Within each column in this
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Table 1. Thermal Transitions of (4"-3,4,5-4")12G1-CH,0OH (n = 1-3 and m = 0—3) Dendrons

thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)?

dendron heating cooling
(4-3,4,5)12G1-CH,OH kb 79 (32.09)d®;¢ 82 (0.88)id i 78 (1.16)®p 47 (1.08)k 30 (13.18)k 17 (0.19)k
k46 (4.31)—k 52 (26.13)k 75 (30.25)
@y, 82 (1.12)i
(4-3,4,5-4)12G1-CH,OH k5 (27.39)k 48 (20.01) Cub90 (0.42)i i 84 (0.22) Cub 29 (0.64py, —24 (1.57)k
k10 (0.12)d, 50 (0.33) Cub 90 (0.48)
(4-3,4,5-4%12G1-CH,0OH k52 (28.11) Cub 92 (4.52) 190 (2.74) Cub
Cub 93 (3.45)
(4-3,4,5-4%)12G1-CH,OH k —14 (5.31)k 79 (26.16) Cub 106 (3.44) i 102 (3.10) Cub 17 (0.14
k 18 (0.05) Cub 105 (3.15)
(42-3,4,5)12G1-CH,OH k —18 (0.61)k 79 (10.56)d,—d 97 (19.49) i 123 (1.04)d;, 101 (1.51)P-5 93 (3.92)
@y, 128 (2.33)i Snod ~90" Sad 78 (8.46)k

k 45 (0.71)Sag ~95" Snoa 99 (14.63)
@108 (1.36)Pp, 128 (1.56)i
(42-3,4,5-4)12G1-CH,OH k 76 (30.20) k 87 (11.89) 106 (15.44) i 116 (6.79)Dn 23 (4.03)k
@1, 120 (6.26)
k41 (7.26)®p, 119 (6.08)

(4-3,4,5-49)12G1-CH,OH k 129 (3.32)k 137 (35.51) i 125 (24.14% 48 (1.45)k
k59 (3.40)k 136 (24.28)
(4%-3,4,5-43)12G1-CH,OH k 133 (46.83) i 117 (46.02k
k 133 (46.24)
(43-3,4,5)12G1-CH,OH k 130 (10.15)5x4 178 (15.17) i 173 (14.81)Snod ~110 S 102 (8.73)
k 125 (8.80)Sxg 177 (15.09)
(4%-3,4,5-4)12G1-CHOH k112 (11.92)k 121 (9.53)d, s 141 (15.66) i 148 (10.86)Dy, 123 (0.80)d,—s 73 (0.93)k
@y, 153 (10.44)

-k 68 (6.10)k 110 (13.14)b, s 144 (1.23)
@), 152 (9.67)i
(4%-3,4,5-2)12G1-CH,0OH k136 (0.96)k 157 (37.78) i 148 (20.82K 76 (0.91)k
k134 (0.28)k 157 (37.78)

aData from the first heating and cooling DSC scans are on the first line, and data from the second heating are on the sédqratystalline.c @,
p6mm hexagonal columnar latticé.i, isotropic.® Cub, PmBn cubic lattice.” ®;—s, p2mm simple rectangular columnar lattic€Syoq Smectic modulated
lattice. " Shoulder in the DSC at 1C/min cooling rate! Sug, interdigitated smectic A.This phase was only observed on cooling by XRD.

Table 2. Measured d-Spacings (in A) of the Pm3n Cubic, Interdigitated Smectic (Saq), Modulated Smectic (Smod), p2mm Simple
Rectangular Columnar (®,s), and p6mm Hexagonal Columnar (®) Lattices Generated by (4"-3,4,5-4™)12G1-CH,0OH Dendrons (n = 1-3
and m = 0-3)

dio0® dy0® o0®
oo 1o o1 Oaz” dayo” Oaz2” Oz [ dago” iz iy daz2” dso”
oos® oo

T dony dooy” doxo® doz® oo’ doag® oso®

dendron (°C) lattice doso’ daoo dosof daof aoo dozo’ dsoo dsyof oz’ oo

(4-3,4,5)12G1-CH,OH 80 p6mm 38.3% 21.A 18.6
(4-3,4,5-4)12G1-CH,OH 30 pémm 49.” 28R 24.8

70 PnBn 54.9 49.2 45.00 39.00 35.P 3072 297 27.P 248
(4-3,4,5-4%12G1-CH,OH 82 PnBn 65.00 58.3 53.4 46.4 416 380 36.6 353 33.0 296 288 27.00 249
(4-3,4,5-4%12G1-CH,OH 90 PnmBn 81.8 73.9 68.3 59.9% 52.4 43.9 413 36.9
(42-3,4,5)12G1-CH,OH 90 S 47.6 23.%4

93  Shod 449 223 1793 89.8 60.# 40.8 36.°

104 p2mm 55.6 4558 39.3 31.3 271 255 244

122 pémm 48.3 27.3 238
(4-3454)12G1-CHOH 80 pémm 552 317 27.7
(4-345-4912G1-CHOH 110 K
(42-34,5-43)12G1-CH,OH 120 k

(43-3,4,5)12G1-CH,OH 80 Su  55.6 28.T
160 Swe 5LF 263 251.3 117.4 78.F 62.2 44.%
(43-3454)12G1-CHOH 117 p2mm 812 713 637 530 40.1 37.3

146 pémm 67.6 38.6 33.2
(43-34,5-4212G1-CH,OH 150 k

ad-Spacings of hexagonal columnar lattiéel-Spacings of cubi®mBn lattice. ¢ d-Spacings of smecti€q lattice.d Thesed-spacings arise from the
usualSarlike arrangement of modulated layé&The peaks with very largd-spacings correspond to the large period modulation within the smectic layer.
fd-Spacings of simple rectangular lattice.

scheme the compounds have identical dendron architectures buAB derived repeat units), the composition and sequence of the
differ in the number of AB benzyl ether unitsy(= 0, 1, 2, 3) hybrid dendrons are written in the short name (Schemes 1 and
at the apex. Within a horizontal row the structures differ by the 6). The most relevant structural information of this library is
number of AB benzyl ether unitsi& 1, 2, 3) in their branches.  summarized in Scheme 6, i.e., lattice symmetry, lattice param-
In all structuresmm + n = y. Since the numbers in the short eters @b) and temperature at which they were measured,
names of the dendrons refer to the substitution pattern of their diameterD of the supramolecular cylindrical column or sphere
repeat unit (i.e., 4- stands for AB; 3,4,5-, for ABnd 3,4-, for for 2-D pemmcolumnar hexagonakl,) and 3-DPrBn cubic
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Table 3. Structural Characterization of Supramolecular Dendrimers Self-Assembled from (4"-3,4,5-4")12G1-CH,OH (n = 1-3 and m =
0—3) Dendrons

(A3 a(ah) o2 D(Da, Dy)
dendron T(°C) lattice A R (glcm?) A we u
(4-3,4,5)12G1-CH,0OH 80 p6émm 37.7 439 1.02 435 5
(4-3,4,5-4)12G1-CHOH 30 pémm 49.5 57.3 1.02 57.2 g
70 Pm3n 110.% 1.02 68.6 763 95
(4-3,4,5-4%)12G1-CH,OH 82 PnBn 131.6 1.02 81.8 1175 147
(4-3,4,5-4%)12G1-CH,OH 90 Pm3n 165.6 1.02 102.7 2149 269
(4%-3,4,5)12G1-CH,OH 90 Sad 47.2 47.2
93 Siod" 44.8,176.8
104 p2mm 156.7, 54.7 1.02 156.7, 547 19
122 pémm 47.6 55.0 1.02 55.0 6'
(4%-3,4,5-4)12G1-CH,OH 80 pémm 55.1 63.6 1.02 63.6 7'
(4%-3,4,5-4912G1-CH,OH 110 k
(42-3,4,5-4%)12G1-CH,OH 120 k
(4%-3,4,5)12G1-CH,OH 80 Sad 55.9 55.9
160 Siod" 52.2,238.8
(43-3,4,5-4)12G1-CHOH 117 p2mm 210.4 1.02 210.4 28
80.3 80.5"
146 pémm 67.1 77.4 1.02 77.4 of
(4%-3,4,5-4912G1-CH,OH 150 k

aaveraged from alpemmreflections: [hodT= (d100 + +/3d110 + +/4da00)/3. ® p20 = experimental density at 20C. ¢ Number of dendrons per unit cell
u = (a8Nap)/M. 9 pemm hexagonal columnar lattice parameter= 200hod*98/V/3. ¢ Experimental column diametdd = 2200h0d*98/+/3. f Number of
dendrons per 4.7 A column stratym= (\/_NAthp)/ZM (Avogadro’s numbeNa = 6.022 045 5x 10?3 mol1, the average height of the column stratum
t = 4.7 A,M = molecular weight of dendrony.Pm2h cubic lattice parametea = (\/_ 2 dio+ V4 daoo + V5 dg]_o + /6 11 + /8 dooo + /10 dago +
ﬁ dzzg + \/_3 d320 + \/_4 d321 + \/_6 d400 + \/_0 d420 + \/_1 d421 + \/_4 d422 + \/_9 d520)/14. h Experlmental sphere diametbr= 23\/ 383/32'[.
"Number of dendrons pdé?ni3n spherical dendrimex = x'/8. ) Smectic A lattice parameter(layer separatio@= (doo1 + 2doo2 + 3dooz + 4doos + 5doos
+ 6do0e)/6. ¥ Modulated smectic; the layer separation and the periodicity of the modulation along the layers, respépuaiy= simple rectangular
columnar lattice parameteasandb; a = hd, b = kd; (h0) and (k0) from diffractions™ Experimental elliptical column diameters pZmmsimple rectangular
columnar latticeD, = a and Dy, = b. " Number of dendrons per elliptic@2mm simple rectangular column of single stratum thickness @.7 A) u =
(Naabto)/M.

lattices, the smectic layer spacirg) ©f the 1-D interdigitated m changes from 0 to 1. This is an expected trend since the
smectic A lattice 84 ), the lattice dimensionsb) of the 2-D addition of an extra benzyl ether provides a maximum increase
p2mmcolumnar simple rectangulg®, ) andc2mmcentered in dendron length ©6 A and, therefore, in dendron diameter
rectangular ;) lattices self-assembled from supramolecular of 12 A. At higher temperatures the columnar dendrimer from

elliptical columns, and the long and short diametddg, Oy) m = 1 undergoes a reversible transition to spherical supramo-
of the ellipse. lecular dendrimers that form the cubierBn phase (Figure 3).

Column diameters were calculated under the approximation The direct visualization of this transition by X-ray experiments
of close packed hard cylinde®, andDy, were obtained aBy is illustrated in Figure 3. The diffractograms from thémm

=pandD, = (a/[) Note that, while columns are treated as lattice to thePmBn lattice of Figure 3 were taken at every@
impenetrable hard cylinders, the calculation of the reported with a heating rate of 83C/min.

sphere diameters for tHemBn cubic phase is based on pene- If one takes as the sphere diameBethe spacing between
trating spheres whose volumead8. If the hard sphere approx-  spheres along face bisectors (white spheres Scheme 6; these
imation was employed, the sphere diameter wouldDoe= are the directions of closest appro#eh), thenD = a/2 =55.3

a/2. The number of dendrons forming a 4.7 A thick cross- A for m = 1 dendron, i.e., slightly smaller thad of the
section of a columt#is also reported. Table 1 provides detailed cylindrical column. Whemincreases from 1 to 2 and to 3, the
information about the transition temperatures determined by dendrons self-assemble only in spherical supramolecular den-
DSC of the supramolecular dendrimers self-assembled from drimers. The sphere diameters far= 1 (D = 68.6 A) andm
the AB; dendrons from Scheme 6. The DSC traces of the =2 (D = 81.6 A) are in agreement with the expected increase
compounds reported in Table 1 are available in the Supporting based on the addition of an extra benzyl ether (6 A) in the apex
Information (Figure S1). Tables 2 and 3 summarize the of the dendron and two benzyl ethers (12 A) in the focal point
d-spacings and structural parameters calculated from XRD andof the supramolecular dendrimer.
density measurements. Representative powder X-ray diffracto- However, the transition from the dendron with= 2 to m
grams of selected lattices are shown in Figure 1, while thermal = 3 is accompanied by an increase of 21.1 A in the supramo-
optical polarized micrographs of various phases are presentedecular sphere diameter rather than the maximum expected value
in Figure 2. of 12 A. Consequently, the diameter of the sphere self-assembled
All first generation hybrid dendrons from Scheme 6 self- from (4-3,4,54%12G1-CH,OH is 102.7 A. Regardless of
assemble in supramolecular dendrimers. Let us first inspect thegeneration number, this is the largest diameter obtained so far

left column that depicts the seri¢4-3,4,5-412G1-CH,OH for a spherical supramolecular dendrimer. Previously the largest
in which m varies from 0 to 3. The dendrons with= 0 and one was obtained from a third generation dendr=75 A) 3!
m= 1 self-assemble in columns that self-organize ibdattice. One possible explanation for this dramatic increase in diameter

In the closed packed rigid bodies approximation, the diameter is a supramolecular sphere with a hollow center. Research to
of the cylindrical column increases from 43.5 to 57.2 A when confirm this hypothesis is in progress. The increase in sphere
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Figure 1. X-ray diffractograms of the various LC phases at different temperatures. (a) smectic fhaseslGnod; (b) and (c)p2Zmmsimple rectangular
columnar phases; (d2mmcentered rectangular columnar phase;pg@nmhexagonal columnar phase; and Pfiy8n cubic phase.

Regardless of generation, this is the largest molar mass

diameter produced by the increase from= 1 tom = 3 is
supramolecular dendritic sphere synthesized to #at&he

accompanied by a decrease in the solid aigiéthe conical
dendrimer and by an accompanying increasg from 95 for previous largest molar mass supramolecular spHdggn{e=

m= 1 to 147 form = 2 and to 269 fom = 3. In view of the 139 342.5) was self-assembled from the third generation dendron
previous results on the dependence of supramolecular dimen{4-(3,43)12G3-CO,CHs* and hadD = 75.0 A. The AB
sions on solid angle and generation number, this decrease indendrons withm = 1, 2, and 3 from Scheme 6 are the first
solid angle seems unexpecfédHowever, previous trends were  examples of first generation dendrons that self-assemble in
obtained for a dendron with identical primary structure and spherical dendrimer®.

different generations. The current results demonstrate that the Increasing the number of AB benzyl ether repeat units in the
solid angle is only one of the structural parameters that branched part of the dendron to two per amm~ 2) produces
determines this complex mechanism of self-assembly, at leastthe series of dendrons shown in the middle column of Scheme
in the case of dendrons with different primary structures. The 6. The mechanism of self-assembly of the dendrons reported
calculated molar mass of the supramolecular dendrimer gener-in this column is strikingly different from that of those from

ated from the dendron witm 3 1S Msphere = 434 757.8. (12) For the elaboration of the solid-angle concept to explain the correlation
between molecular dendron structure and its supramolecular dendrimer
dimensions, see: Ungar, G.; Percec, V.; Holerca, M. N.; Johansson, G.;
Heck, J. A.Chem—Eur. J.200Q 6, 1258.

(11) Percec, V.; Holerca, M. N.; Uchida, S.; Cho, W.-D.; Ungar, G.; Lee, Y.;
Yeardley, D. J. PChem—Eur. J. 2002 8, 1106.
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Figure 4. Schematic representation of the smectic moduladg)( 2-D
lattice @ andb lattice dimensions are reported in Scheme 6).

of the Syoq lattice with its lattice dimensions is outlined in Figure
4. At higher temperature, the smectic phase becomep2aiin
(®,-g), and at even higher temperature, it transforms into a
pé6mm hexagonal @) phase. Most interestingly, the two
diameters of the elliptical columns df,_s are very large, i.e.,

D, = 156.7 A andD, = 54.7 A. The diameter of the cylin-
drical column forming the®y, phase is within the expected
range observed fo(4-3,4,5-412G1-CH,OH from the left
column. The dendror{4?-3,4,5-4)12G1-CH,OH forms su-
pramolecular columns with an expected diameter while the
dendrons withn = 2 andm = 3 form 3-D crystals. Their
structures were not yet determined. No spherical dendrimers
are self-assembled from the dendrons reported in this middle
column. Other examples of elliptical columns were self-
assembled from first generation minidendrons equipped with

Figure 2. Representative optical polarized textures exhibited by the fynctional groups that provide strong noncovalent interactions
following: (@) (4°-3,4,912G1-CH,OH obtained upon cooling from 143 in their focal point"’"'13

to 125 °C with 1 °C/min (modulated smecticSnod); (b) (4°-3,412G1- . . .
CH,0OH obtained upon cooling from 183 to 176 with 1 °C/min 2mm The right column of Scheme 6 lists ABendrons containing

cvte)nt_ereg rectangull_ar Cfolumnar Iatti@nfc)_;h(c)°(4/2'3_.413126%'CH20H | three oligo benzyl ethers in each branch € 3). The
goltjr']:ﬁartfgggggi)';”(%)'(‘Zg_‘ 31,431,2531122((",:1\/},&2105 %Paﬁzgwpfﬁi%gﬂgg self-assembly of these dendrons as a functiom édliows the
from 124 to 114 C with 1 °C/min (p6mmhexagonal columnar lattic&n). same pattern as the dendrons from the middle column except
that all lattice dimensions are larger. The dendron witk O
self-assemble i§xg and the nevnoq phases. The dendron with
(4-3,4,5-4)12G1-CH,0H m= 1 self-assembles intoE@mm(®,_) lattice with extremely
large elliptical column diameterB, = 210.4 A andD, =80.5
100 A. At higher temperature this lattice changes reversibly into a
dy, lattice that is generated from cylindrical columns of expected
diameter D = 77.4 A). As in the previous column, the dendron
% ‘ with m = 2 forms 3-D crystals that were not yet analyzed. The
‘ cylindrical columns obtained frort¥?-3,4,54)12G1-CH,0OH
| and (43-3,4,54)12G1-CH,0OH have diameters that are up to
I 20 A larger than any of the similar structures self-assembled

C
'/L%__ﬂﬂ@’ e previously from larger generation dendrchs.

N

10

= m — =4 The first generation hybrid ABdendrons reported in Scheme
== e =a=——_— /*° 6 provide new mechanisms to construct cylindrical and elliptical
_ — 94°C columns, and spheres with substantially larger diameters than
008 e ore oo 028 o2 0% any of the supramolecular dendrimers reported previously from
94 higher generation dendrofs.Last but not least, the blue and

Figure 3. Series of X-ray diffractograms and corresponding phase green marked boxes contain self-assembling dendrons that are
assignments fo(4-3,4,54)12G1-CH,OH. The diffractograms from the  qonstitutional isomers. An interesting message comes from the
pémm lattice to thePn3n lattice were taken at every AC with a rate of . L . . . )
heating of 5°C/min. analysis of these two constitutional isomeric pairs of dendrons:
they self-assemble into different supramolecular structures that

the left column. Thusp = 2 andm = 0 produces a dendron  exhibit different properties.

that self-organizes in smecqand in the novel 2-D modulated Structural and Retrostructural Analysis of Supramolecu-
smecticSmoq lattices. Non interdigitate@y lattices were previ-  1ar Dendrimers Self-Assembled from AB, Hybrid Dendrons.
ously obtained from dendritic crown ethéfs.The detailed ~ Scheme 7 summarizes the analysis of the Agbrid dendrons

Strucwr?‘l an_aly5|s of the novsmd lattice by ele(?tron denSIty . (13) Percec, v.; Holerca, M. N.; Uchida, S.; Cho, W.-D.; Ungar, G.; Lee, Y.;
calculations is in progress. However, a schematic representation Yeardley, D. J. PChem—Eur. J 2002 8, 1106.
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Scheme 7. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from (4"-3,4-4™)12G1-CH,OH (n = 1-3 and m = 0—3)

CH3{CH3)y4 0
c"o("-‘"zln% c*{c"’"““@\_a "

0 &
CHy(CHy)11 0~ CHy(CHy) 110 D 0 CHy(CHy),0 lb_
@“_‘\OH ) g Lo O
" 0'< j—}:
H
(4-3,4-4™)12G1-CH;0H (4%-3,4-4™12G1-CH,0H (4°-3,4-4™12G1-CHo0H
n=1 n=2 n=3
m = 0: (4-3,4)12G1-CH,0H m = 0: (42-3,4)112G1-CH,0H m = 0: (43-3,4)12G1-CH,0H

==zl IS S, (105 °C):

New
Unidentified e a=71.0A

pémm @, (90 °C): a=51.4 A
D=514A =10
E 5

m=1:(4-3,4-4)12G1-CH;0H

c2mm . (58 °C): a= 1338 A, b=59.4 A
D,=77.3A, Dp=59.4 A, u=15

c2mm @, (153 °C): a=209.4, b=68.4 A
D,=1209A, Dy=68.4 A, u=19
»
m=1:(4°3,4-412G1-CH,0H

mm @, (134 °C): a=64.0 A
P e &)

A, n=11 -
L 3
m=1: (42-3,4-4]12G1-CH20H p2mm ¢..(105°C): a=217.4, b=138.3

psmmn«p,.,(io:* °C):a=63.14A D,=217.4 A, Dy=138.3 A, u=51

63.1A, u=13
AT 1} % -

c2mm Py (110 "), a= 16204 b=684 A

New D,=93.5A, Dp=68.4 A, u=16
Unidentified !- = -
- m = 2:(4%-3,4-4°)12G1-CH,0H c2mm @, (160 °C): a=212.2, b=T77.4 A
m = 2: (4-3,4-4°)12G1-CHo0H AWz B e D,=1225A, Dp=77.4 A, u=19
New _ i 4 . == -
Unidentified - -
Rt c2mm ;.5 (140 °C): a= 186.0 A, b=81.4 A
E 2 D3=1074 A, Dp=81.4 A, u=20
m = 3: (4-3,4-4°)12G1-CH,0H AT f
: New
Unidentified
-

m = 3: (4%-3,4-4°}12G1-CH,OH

pémm dp, (121 °C): a=81.8 A
D=818A,u=17 AT

—

N
= | Unidentified

" —— | v—
S44(80 °C):
a=805A

whose synthesis was described in Scheme 2. The data sum- The middle column in Scheme 7 follows a trend that is almost
marized in Scheme 7 will be discussed in the same manner ashe reverse of that in the middle column of Scheme 6. The
those from Scheme 6. Table 4 provides detailed information dendron withm= 0 self-assembles into elliptical columns self-
about the transition temperatures of the Adendrons from organized into ad,_. lattice that becomesb, at higher
Scheme 7 as determined by DSC. Tables 5 and 6 summarizeemperature. Bottm = 1 andm = 2 derived dendrons self-
thed-spacings and structural parameters from XRD and density assemble into elliptical columns forming tke_. lattice. A new
measurements. unidentified lattice was observed at higher temperatures when
A brief comparison of the left column in Scheme 6 with the M= 2. The dendron wittm = 3 from this column behaves in
left column in Scheme 7 demonstrates that no spherical supra-& similar way as the dendron with= 0 from the same column
molecular dendrimers self-assemble from the,AiBrary. The in Scheme 6. At low temperatures, it exhibs;, and at higher
dendrons withm = 0 from the left column of Scheme 7 self- temperatures, it displays a new unidentified lattice that is
assemble into columns and in a new unidentified supramoleculardifferent from the other new lattices mentioned in this manu-

structure. script.

The Supram0|ecu|ar dendron with= 1 Se|f-organizes ina The right-hand column of Scheme 7 shows dendrons that self-
c2mmcolumnar centered rectangular lattice; (o) that under- ~ assemble in elliptical columns formin@,— (for m = 0) and
goes a temperature-induced reversible changedy fattice. s together with®,— (for m= 1). The®,slattice generated

The dendron wittm = 2 self-assembles into a new supramo- from (4*-3,4-4)12G1-CHOH contains columns with the largest
lecular dendrimer that generates a novel unidentified lattice. The lateral dimensions observed to date in supramolecular dendrim-
dendron withm = 3 self-assembles in cylindrical columns of ~€rs Oa = 217.4 A andDy = 138.3 A).

an even larger diameteD(= 81.8 A) than the one obtained In summary, the new library of first generation ABy-

from (43-3,4,5-912G1-CH,OH (D = 77.4 A, Scheme 6). brid dendrons from Scheme 7 provides mechanisms to self-
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Table 4. Thermal Transitions of (4"-3,4-4™)12G1-CH,OH (n = 1-3 and m = 0—3) Dendrons

thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)?

dendron heating cooling

(4-3,4)12G1-CH,OH kb0 (3.05)k 64 (6.17)k 71 (8.30)k 82 (8.50) i 92 (1.17)d, 57 (10.93)k 5 (6.30)k
@ 96 (1.28)id
k 13 (7.43)k 82 (12.13)P1, 96 (1.23)i
(4-3,4-4)12G1-CHOH k 67 (23.85)d;—° 106 (0.28)Pp, 112 (0.01) i 111 (5.52) LE105 (0.01)®n 99 (0.35)
LC' 116 (5.45)i ®,_¢ 4 (0.38)k —10 (0.90)k
k —2 (2.00)—k 50 (21.70)k 66 (21.42)
@, 105 (0.32)
®p 112 (0.01) LE116 (5.03)i
(4-3,4-4%)12G1-CH,OH k 86 (2.54)k 103 (18.86) LC128 (6.85)i i 124 (7.07) LC
—k 30 (10.05) 68 (10.01)—k 78 (11.17)
k102 (11.15) LC 127 (6.71)
(4-3,4-4%)12G1-CH,OH k99 (1.14)k 119 (0.42)k 127 (15.27) i 144 (7.28)dp 51 (4.84)k
@y, 147 (7.12)
-k 64 (4.32)k 127 (16.18)Dp, 147 (7.09)i
(42-3,4)12G1-CH,OH k 64 (6.67)—k 68 (3.01)k 94 (13.67) 125 i 137 (1.24)®, 75 (0.28)LCT 22 (4.47)k
@, (0.02) Dy, 142 (1.87)i
k 60 (4.55)k 91 (3.91)®,— 125 (0.02)
®p 141 (1.18)i
(42-3,4-4)12G1-CHOH k 94 (39.59)—k 97 (9.20)k 102 (4.90) i 148 (12.77)D,—c
@2 153 (12.48)
-k 28 (13.27)k 94 (20.20)®;_ 152 (12.31)
(42-3,4-4212G1-CH,OH k 106 (10.78% 118 (2.06)k 137 (28.37) i 156 (13.26) LE~140 @, 51 (13.13)k
@2 159 LCM62 (11.93)
—k 71 (39.59) 100 (2.22) —k 108 (2.60)
k 136 (26.12)
@, 155 LC' 161 (12.24)

(42-3,4-43)12G1-CH,OH k 146 (0.50) 159 (22.02)Sxd 176 (11.85) i 172 (12.02)LC' 63 (9.58)Sud
—k 86 (5.11)k 159 (20.95)5x 176 (11.53)

(43-3,4)12G1-CH,OH k 90 (16.51)k 114 (19.02))b, ¢ 177 (14.25) i 172 (13.99¥D, ¢ 125 (0.58)Sag 61 (0.86)k
—k 74 (10.83) 86 (21.66)d,_ 176 (14.05)

(4%-3,4-4)12G1-CHOH k 84 (15.54) 121 (22.96)P,—¢ 181 (16.14) i 176 (15.86)D,_¢ 133 (0.62)d;,d 79 (12.26)k

k 120 (16.30)D,—¢180 (14.84)

aData from the first heating and cooling DSC scans are on the first line, and data from the second heating are on the sédqrayisialline.© @y,
p6mmhexagonal columnar lattic€i, isotropic.® ®;—c, c2mmcentered rectangular columnar lattiéeC, unknown liquid crystalline lattice? Phase transition
detected by XRD" Sum of enthalpies from overlapped peakSsg, interdigitated smectic A. ®,—s, p2Zmmsimple rectangular columnar lattice.

Table 5. Measured d-Spacings (in A) of the Interdigitated Smectic (Saq), Modulated Smectic (Suod), 2mm Centered Rectangular (@),
p2mm Simple Rectangular (®,-s), and p6mm Hexagonal Columnar (®p) Lattice Generated by (4"-3,4-4™)12G1-CH,OH (n = 1-3 and m =
0—3) Dendrons

d100? (o P05 a0o*
dano” o da10” dago” dox” g’ ds10” iz deoo” diz”
Ay [ dox® 10 oo’ a0 s0° o’

T dooy dooy” doos

dendron (°C) lattice oo’ a0 a0 [P [ a3® Osp0® aso®
(4-3,412G1-CH,OH 90 pémm 44, 25. R 22.1
(4-3,44)12G1-CH,0H 58 c2mm 66.9 53.9 35.9 33.8 29.7 27.2 24.8 22.3
107 pémm 54.3 31.6 27.4
116 LC

(4-3,44%)12G1-CH,OH 117 LC
(4-3,44%12G1-CH,OH 121 p6mm 71.2 40.8 35.2
(4%-3,412G1-CH,OH 76 c2mm 86.4 54.2 41.0 437 28.6 27.0
134 pémm 55.3 32. 27. R
(4%-3,4-4)12G1-CHOH 110 c2mm 81.0° 62.6 427 41.2 34.2 317 29.8 26.4

(42-3,442)12G1-CHOH 140  c2mm 93.0 742  49.6  47.00 40.F  37.3  34.4 3.2 270
160 LC

(42-3,443)12G1-CH,0H 80 S 80.3' 40.3
172 LCe

(43-3,412G1-CHOH 105  Sag 717 353 236

153 c2mm 105.8 65.17 49. 52.9 34.2 32.9
(4%-3,4-4)12G1-CHOH 105 p2 mm 136.6 110.2 73.F 58.7% 53.Z2 38.8 36.7 32.2
160 c2mm 106.» 72.8 53.00 54.2 38.7 36.8 31.8

ad-Spacings of the hexagonal columnar lattiee-Spacings of the centered rectangular lattfodSpacings of the simple rectangular lattiéel-Spacings
of interdigitated smecticSyg) lattices.® Unknown LC lattice.

assemble supramolecular columns with large dimensions thattion supramolecular dendrimers are much larger than of those
self-organize in previously knowdy,, ®,_s, and®,_. latticesbn obtained previously from higher generation dendrdas:our

and in three new supramolecular dendrimers that self-organizepairs of constitutional isomeric dendrons from Scheme 7 are
into unidentified lattices. The dimensions of these first genera- indicated by frames of the same color (pink, blue, green, and
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Table 6. Structural Characterization of Supramolecular Dendrimers Self-Assembled from (4"-3,4-4™)12G1-CH,OH (n = 1-3 and m = 0—-3)
Dendrons

T (0,083 a(ab) on° D (D4, Dy)
dendron (°0) lattice (Y] R (glem?) A u
(4-3,4)12G1-CH,OH 90 p6mm 44.5 51.4 1.03 51.4 100
(4-3,4-4)12G1-CH,0OH 58 c2mm 133.8,59.4 1.03 77.3,594 15
107 p6mm 54.6 63.1 1.03 63.1 13
116 LC
(4-3,4-42)12G1-CH,OH 117 LC
(4-3,4-4%)12G1-CH,OH 121 p6mm 70.8 81.8 1.02 81.8 17
(4%-3,412G1-CH,OH 76 c2mm 172.8,57.2 1.02 99.8,57.2 16"
134 p6mm 554 64.0 1.02 64.0 11¢
(4%-3,4-4)12G1-CHOH 110 c2mm 162.0, 68.4 1.03 93.5,684 16
(4%-3,4-4)12G1-CH,OH 140 c2mm 186.0, 81.4 1.03 107.4,814% 200
160 LC
(4%-3,4-43)12G1-CH,OH 80 Sad 80.5 1.03 80.5
172 LC
(4%-3,4)12G1-CH,OH 105 Sad 71.0 71.6
153 c2mm 209.4, 68.4 1.02 120.9, 684 19
(4%-3,4-4)12G1-CHOH 105 p2mm 217.4,138.8 1.02 217.4,13813 7
160 c2mm 212.2,77.4 1.02 1225, 774 19

afhodd= (choo + v/3cho + /Adaoo)/3. by = experimental density at 26C. ¢ pémm hexagonal columnar lattice parameter= 2080 IV/3.
d Experimental column diameted = 2[hod /3. € Number of dendrons per 4.7 A column stratym= (x/C_% NaDZ%p)/2M (Avogadro’s number
Na = 6.022 045 5x 10?3 mol~, the average height of the column stratars= 4.7 A, M = molecular weight of dendronjc2mm = centered rec-
tangular columnar lattice parametergndb; a = hd, b = kd; (h0) and (k0) from diffractions? Experimental elliptical column diameters c2mm cen-
tered rectangular columnar lattide, = a/+/3 and Dp = b. "Number of dendrons per ellipticat2mm centered rectangular column layar =
(Naabto)/2M. " Unknown LC lattice) Smectic A lattice parametext = (doo1 + 2doo2 + 3doog)/3. X Layer spacing' p2mm = simple rectangular col-
umnar lattice parameteesandb; a = hd, b = kd; d is the d-spacing corresponding to either (hO) or (k0) reflectiohExperimental elliptical column
diameters op2mmsimple rectangular columnar latti€® = a andD, = b. " Number of dendrons per elliptica?mm simple rectangular column layer
= (Naabto)/M.

Table 7. Thermal Transitions of Second Generation AB3 and AB, Hybrid Dendrons

thermal transitions (°C) and corresponding enthalpy changes (kcal/mol)?

dendron heating cooling
(4%-(3,4,99)12G2-CO,Me k70.5 (7.95)Py, 158.4 (5.72) i 153.6 (5.10)P, —8.1 (13.5)k
k 69.8 (7.95)Py, 158.3 (7.78)
(4%-(3,4,99)12G2-CH,0OH k42.5 (4.42)Dy, 147.9 (2.95) i 142.0 (3.00)P 105.7 (0.20k
k49.9 (3.71)Dy, 147.3 (2.66)
(4%-(3,4,9912G2-CO,Me k 82.6 (38.3k 133.4 (8.0) i 154.0 (104.2k 126.6 (8.2)
k161.4 (119.2) k51.0 (7.3)k 19.0 (19.9k

k48.2 (38.1k 55.9 (8.3)
k135.3 (9.5 161.3 (116.5)
(42-3,43,4,912G2-CO,Me k—2.1 (16.5)P 181.4 (3.8) i 198.3 (3.2) Cub 167.3 (1.6
Cub 202.4 (3.3)
k —9.0 (10.1)®, 173.4 (3.9)
Cub 201.7 (3.4)

(4-(3,4912G2-CO,CH3 K° 55 (14.39) Cub162 (7.46)i i 153 (6.89) Cub-18 (3.12)k
k —17 (2.25) Cub 158 (6.04)
(4-3,44-3,412G2-CO,CH3 k77 (22.98)d1 ~100 i 160 (14.15) Cub~100 @, 51 (5.44)k

Cub 165 (13.52)
k 83 ®p, ~100 Cub 165 (15.52)

(42-3,4-47-3,412G2-CO,CH3 k 154 (38.28) Cub206 (20.17) i 202 (20.65) Cub
k 48 (2.02) Cub 205 (19.06)
(4-3,4-3,512G1-CO,CH3 k —15 (4.89)k 52 (1.31)k 77 (6.27% i 91 (6.90)dp, 9 (4.43)k

@, 103 (8.24)
k 14 (4.60)®p, 104 (8.05)i

(4-3,44-3,512G2-CO,CH3 k 67 (12.80)Pp, 111 (8.18)i i 105 (6.84)Pn 59 (0.39)d,—
@, 70 (0.40)Pyp, 110 (7.47)i
(4%-3,4-42-3,512G2-CO,CH3 k121 (46.74)b, 168 (25.61)i i 163 (27.04)YPr 92 (1.00)k

k 97 (0.90)®,_ 167 (26.01) i

aData from the first heating and cooling DSC scans are on the first line, and data from the second heating are on the sédgratystalline.c Cub,
PnBn cubic lattice.4 1, isotropic.® ®p, pmmhexagonal columnar latticéTransition detected by thermal optical polarized microscopy and by XRIib,
new unidentified cubic latticé! Sum of enthalpies from overlapped peak®;_., c2mmcentered rectangular columnar lattice.

violet). As in the case of the AHibrary, they self-assemble in ~ AB3z Hybrid Dendrons. Only several examples of second

different supramolecular dendrimers. The pink colored pair self- generation AB dendrons were prepared (Scheme 3). Their

assembles in elliptical columns that have different lattice transition temperatures, structural and retrostructural analysis

dimensions. are summarized in Tables-B and in the second column of
Structural and Retrostructural Analysis of Supramolecu- Scheme 8(42-(3,4,92)12G2-X with X=CO,CH3; and CHOH

lar Dendrimers Self-Assembled from Second Generation  self-assemble into cylindrical columns that self-organize in a
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Table 8. Measured d-Spacings (in A) of thePm3n Cubic, p6mm Hexagonal Columnar (@), and c2mm Centered Rectangular Columnar
(®,-¢) Lattices Generated by Second Generation AB; and AB; Hybrid Dendrons

0i00° dyye® a00® g10°
T oo’ dae® Aoy don® 2 dayo” o g0 dago” dazo® dazs® dsz0” dazs®
dendron (°C) lattice 1o a0 [P g0 oo oo’

(4%-(3,4,5)2)12G2-CO,Me 130 pémm 48.8 27.9 24.1
(4-(3,4,5)2)12G2-CH,OH 120 pémm 47.68 27.8 23.8
(4%(3,4,5)2)12G2-CO;Me 120 k

(42-34-345)12G2-COMe 118 pémm 57.5% 33.3 28.9°

182 PnBn 65.0 582 53.4 36.2 349 327
(4-(34)%12G2-CO,CH3 89 PmBn 585 5259 47.9 416 339 37.P 325 31.3% 29.%
(4-34-4-34)12G2-COCH3 85 pémm 592 347 30.0
154 PmBn 789 709 644 56.7 50.8 44.4 427 402 359 351 300 327

(4%-34-42-34)12G2-CO,CH; 153 Culd

(4-34-35)12G2-CO,CH3 100 pémm 49.00 28.4 246 185

(4-34-4-35)12G2-CO,CH; 60 c2mm 56.3 87.3 284 444 422 30.1
100 pémm 58.8 342 29.8

(47-34-4-35)12G2-CO,CH; 160 c2mm 74.Z 111.Z 36.F 55.6 39.0°

ap6mm hexagonal columnar lattice” PnBn, cubic lattice.© c2mm centered rectangular latticeNew unidentified cubic lattice.

Table 9. Structural Characterization of Supramolecular Dendrimers Self-Assembled from Second Generation AB3; and AB, Hybrid Dendrons

T [d1003 a(ab) pa® D (Da, D)
dendron (°C) lattice A A (g/lcm?) A ue u
(4%-(3,4,92)12G2-CO:Me 130 p6mm 483 55.9 (1.02y 55.9 2
(4%-(3,4,52)12G2-CH,0H 120 pémm 476 55.0 (1.02y 55.0 2
(4%(3,4,92)12G2-CO;Me 120 K
(4%-3,4-3,4,5)12G2-CQMe 118 p6mm 57.8 65.9 (1.02y 65.9 49
182 Pm3n 130.8 (1.02y 80.9 60
(4-(3,4912G2-CO,CH3 89 Pm3n 117.3 0.99 72.8 637 80
(4-3,4-4-3,412G2-CO,CH3 85 pémm 59.9 69.2 1.03 69.2 79
154 Pm3n 159.8 1.03 99.1 1469 184
(4%-3,4-42-3,412G2-CO,CH3 153 Culs
(4-3,4-3,512G2-CO,CH3 100 pémm 49.1 56.7 1.00 56.7 59
(4-3,44-3,512G2-CO,CH3 60 c2mm 174.6, 60.2 1.01 100.5, 60.2 on
100 p6mm 59.2 68.4 1.01 68.4 79
(4%-3,4-42-3,512G2-CO,CH3 160 c2mm 222.4,78.0 1.02 128.4, 780 11"

aFor pémm [dhod = (dioo + V/3d10 + VAdao0 + ﬁdglo)/4. b poo = experimental density at 2. © Number of dendrons per unit cell = (aNap)/M.
d pemmhexagonal columnar lattice parametes= 2d002v/3. ¢ Estimated value. Experimental column diamet& = 2d;042v/3. 9 Number of dendrons
per 4.7 A column stratum = («/2_3 NaD?tp)/2M (Avogadro’'s numbeiNa = 6.022 045 5x 10?3 mol~%, the average height of the column strattiss 4.7
A, M = molecular weight of dendron)‘.Pn@n cubic lattice parametea = («/édllo + \/Z-dzoo + \/'.:__)dglo + \/édzll + \/édzzo + \/1_w310 + \/1_2d222 +

A/ 13d320 + 14d321 + 1&:1400 + 20d420 + 21d421 + 24d422 + 2%520)/14.i Experimental Sphere diameté& = 23\/ 333/327Z i Number of
dendrons per spherical dendrimer= 1/'/8. kK New unidentified cubic lattice.c2mmcentered rectangular columnar lattice paramedeandb; a = 2dzq0, b

= 2do20 ™ Experimental elliptical column diameters c2mm rectangular columnar latticB, = a/v/3 andDy = b. "Number of dendrons per elliptical
column layeru = (Naabto)/2M.

®y, lattice. (4%-(3,4,99)12G2-CO,CH3 forms a 3-D crystal(4?- mode of self-assembly. The left column summarizes the series
3,4-3,4,512G2-CO,CH3; self-assembles in a cylindrical column  (4"-3,4,912G1-CH,OH. Whenn = 0, the dendron forms a 3-D
that generates @y, lattice (third column of Scheme 8). Although  crystal. Increasing to 1 produces a dendron that self-organizes
the maximum diameter d#?-3,4-3,4,512G2-CO,CH3 should in a cylindrical column. The dendron with = 2 forms,
be smaller than that of4?-(3,4,9%)12G2-X, its experimental depending on temperature, smectlg,-s, and®y, phases. The
value is in fact more than 10 A larger. This value can be dendron withn = 3 produces only smectic phases. Therefore,
explained by the difference between the solid angle of thesein this series the increase ofdecreases the tendency to self-
two dendrons (Scheme 8)2 The second generation of the assemble in 2-D supramolecular columns and increases the
column-forming dendrons reported in Schemes 3 and 8 are thetendency to form 1-D and 2-D smectic phases.
highest molar mass second generation dendrons synthesized so The second column in Scheme 8 summarizes the self-
far® They are of particular interest for the design of self- assembly data fod"-(3,4,9212G2-X. The first two members
organizable cylindrical macromolecules derived from den- of this series(3,4,9212G2-CQO,CH3%"° and(4-(3,4,9%)12G2-
dronized polymer backbonés. CH,OH3" were reported previously and are shown here for
Influence of the Number of AB Repeat Units () on the comparison. The increase mfrom 0 to 2 changes the self-
Self-Assembly of AB Hybrid Dendrons. For a simpler assembly mode from spheres to cylindrical columns. The
analysis, Scheme 8 provides the horizontal structural information dendron withn = 3 forms only a 3-D crystal.
of all AB3 hybrid dendrons from Scheme 6 arranged in columns.  The trend in the last column of Scheme 8 resembles that in
This scheme allows one to understand the role of the numberthe middle column except that evenret= 2 a combination of
of AB repeat units from each branch of the dendnonon its self-assembly in cylindrical columns and spheres persists.
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Scheme 8. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from Second Generation AB; Hybrid Dendrons
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Structural and Retrostructural Analysis of Supramolecu- different supramolecular structures. The 3,5-disubstituted apex

lar Dendrimers Self-Assembled from Second Generation  favors self-assembly in cylindrical and elliptical columns, while
AB; Hybrid Dendrons. The data of the structural and retro- the 3,4-apex mediates self-assembly in supramolecular spheres
structural analysis of the second generation, ABbrid den- and cylindrical columns.

drons from Scheme 4 are reported in Table97 Scheme 9 In the left column of Scheme 9, the increas@imndm main-
summarizes their structural and retrostructural analysis. All tains the ability of the dendrons to self-assemble into supramo-
hybrid dendrons in the left column of Scheme 9 are constitu- lecular spheres. The dendron with= 1, m = 1 forms also a
tional isomers of those from the right column of the same cylindrical column. An increase inandmin the right column
scheme. The only structural difference between these two causes elliptical columnsi ) to be favored over circular col-
columns is the isomerism of the ABepeat unit at the focal = umns (). The dendron witim = 2 andn = 2 self-organizes
point. The molecules in the left-hand column have a 3,4- in a new unidentified cubic lattice. In both columns from
disubstituted methyl benzoate repeat unit, while those in the Scheme 9, the diameter of the supramolecular dendrimer in-
right-hand column have one that is 3,5-disubstituted at their creases with the increasenrandm. A much larger increase in
apex. All pairs of constitutional isomers self-assemble in diameter is obtained by the strategy outlined in Scheme 9 than
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Scheme 9. Retrostructural Analysis of Supramolecular Dendrimers Self-Assembled from Second Generation AB, Hybrid Dendrons
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by the one reported in Scheme 8. The analysis of the mode andcombinations of nondendritic AB and dendritic ABnd AB,
mechanism of self-assembly of the supramolecular dendrimersbuilding blocks, i.e., (AB)—AB3z and (AB),—AB; (wherey =
reported here is in progress. 1 to 11), incorporated via various primary structures in the
dendron architecture were elaborated. The first generation
supramolecular dendrimers synthesized via these principles self-
Design principles for the synthesis of libraries of first organize in most of the lattices exhibited previously by larger
generation ABand AB; self-assembling dendrons starting from  generations of supramolecular dendrimers and exhibit up to three

Conclusions
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times larger dimensions than the previously designed higher Experimental Section

generations of supramolecular dendrimers. These experiments ) ) ) )
have also demonstrated the capability of the primary structure The synthesis of all dendrons, their structural analysis, and techniques
in the design of an unexpectedly rich supramolecular structural uf:geiig db;Ste:eOSn meg:t(i’gs ﬁ:gﬁﬁ:::;‘:}m our laborhidryhey are
diversity from an extremely small number of building blocks. P upporting '

The a_nalysis of four libraries of first anc_i second generation Acknowledgment. Financial support by the National Science

d_endrlmers b_ased on t_hese new ar_chltectures allowed t_heFoundation (DMR-9996288 and DMR-0102459), the Engineer-
discovery of six new Iattlcgs, one elucidated (th_e 2-D sme_ctlc ing and Physical Science Research Council (EPSRC), UK, and
modulated) and five unelucidated. One of these five new lattices ,, | Synchrotron Radiation Source at Daresbury, UK, is grate-

Ee";in ﬁnrlzgn%ﬁg;i@fem:gs;hz:ewsit? ?r:lgItIZrOfeﬂ:j?vzrr(:illtegpgg fully acknowledged. We also thank Professor S. Z. D. Cheng
g P » 109 g Y of the University of Akron, USA for density measurements.

building blocks commercially available or synthetically acces-
sible, open numerous pathways for the design of self-organizable Supporting Information Available: Experimental section

supramolecular nanostrugtures that are of interest for the deSigrl:ontaining techniques, materials, the synthesis, and analytical
of complex soﬁ-matteHleen the previously reduged number data for all dendrons (PDF). This material is available free of
of column-forming self-assembling dendrére:d their potential charge via the Internet at http://pubs.acs.org

in self-processed supramolecular electronic and optoelectronic
materials®" surface nanopatternirf§ and other complex organic

nanostruture&*-7 the architectural design principles reported JA049846J
here will most probably expand the synthetic capabilities of this

field (15) Lehn, J.-M.Science2002 295, 2400.
' (16) Frechet, J. M. J.J. Polym. Sci, Part A: Polym. Chen2003 41,
3717.
(14) Lehn, J.-M.Proc. Natl. Acad. Sci. U.S.2002 99, 4763. (17) Frehet, J. M. JProc. Natl. Acad. Sci. U.S.2002 99, 4782.

6094 J. AM. CHEM. SOC. = VOL. 126, NO. 19, 2004



