Chirality in Physical Gels

OUTLINE

What is a gel?

What is a molecular gel?
Structures at different length scales and flow characteristics.

Examples and applications of polymer gels—2D self-assembly.

Examples and applications of molecular gels—3D self-assembly.

Chirality in Self-Assembled Fibrillar Networks (SAFINs) of gels
Sergeants and soldiers
Structures
Role of solvent
Other properties




Where are gels??

Our bodies

Jelly fish

Microbiology—actin, clathrin, tubulin,
amyloids (Alzheimer’s disease)

Pharmaceutical delivery agents—vitamin E

Tooth paste, deodorants, cosmetics, soap

Food—Jell-O, gummy bears, aspic

Slime

Industrial products—paints, inks, adhesives,
soles in athletic shoes

GPC and gel electrophoresis

Early photography




What are gels??

“While the rigidity of the crystalline
structure shuts out external expressions,
the softness of the gelatinous colloid
partakes of fluidity, and enables the colloid
to become a medium for liquid diffusion,
like water itself.....The colloid possesses
ENERGIA. It may be looked upon as the
probable primary source of the force
appearing in the phenomena of vitality.”
Thomas Graham, Phil. Trans. Roy. Soc. 1861,
151, 183.

Master of the Mint

“The colloid condition, the “gel,” is one which is easier to
recognize than to define.”

Dorothy Jordan Lloyd In Colloid Chemistry; Alexander, J., Ed.; The
Chemical Catalog Co.; New York, 1926; Vol. 1, p 767.

“Gels are infinitely viscous slime.” RGW, unpublished forever.



MOLECULAR GELS are:

SELF-ASSEMBLED FIBRILLAR NETWORKS
(SAFINs)

OF LOW MOLECULAR-MASS ORGANIC
GELATORS (LMOGs)

ENTRAPPING PHYSICALLY A LARGE VOLUME
FRACTION OF LIQUID WHOSE

RATE OF SHEAR NOT PROPORTIONAL TO THE
SHEARING STRESS (non-Newtonian liquid).

They form above a saturation limit of the LMOG.

SUPRAMOLECULAR SELF-ASSEMBLY
OR CRYSTALLIZATION GONE AWRY??




Paul Flory’s four classes of gels

1. Well-ordered lamellar structures.

2. Cross-linked polymeric networks
swollen with solvent; disordered
polymer chains.

3. Polymer networks in which the chain-
chain interactions are physical.

4. Particulate disordered
structures....such as molecular
gels.




The story of Jell-O

In 1897, Pearle B. Wait, a carpenter in LeRoy, NY, L =
was putting up a cough remedy and laxative tea in
his home. He experimented with gelatin and came
up with a fruit flavored dessert which his wife, May,
named Jell-O. (www.jellomuseum.com)

>

Pearle B. Wait
What is Jell-O?
Water
Denatured collagen (or agar-agar)
Sugar
Flavorings

Artifical coloring




Collagen—our most abundant protein and a

hydrogelator

- Glycine

¢ ") «—— Hydroxyproline

_ i PFOline

When heated, the triple helix of collagen unwinds and the chains separate.
When it cools down, the denatured structure takes in water, forming gelatin
(www.rcsb.org/pdb/molecules/pdb4 3.html).




Polysaccharide hydrogelators ‘

H
Pectin—mostly homopolymeric .

partially methylated poly-a-(1®4)-D- 1, o )
galacturonic acid residues in fruits ':' >
(www.lsbu.ac.uk/water/hypec.html) D//

Carrageenan—mainly alternating 3-linked-3-D-
galactopyranose and 4-linked-a-D-
galactopyranose units polysaccharides prepared
by alkaline extraction (and modification) from red
seaweed (Rhodophycae); thermoreversible
hydrogels in presence of appropriate counter-
ions; like agar agar
(www.Isbu.ac.uk/water/hycar.html)

‘o0 OH



‘Aluminum soaps for gelling hydrocarbons ‘

Loeis F. Fieser, (reorge O, Harris®, E. B. Hershberg, Morley Morgana®,
Fredecick . Novellot, anad Stearns T. Putnoame?
CABRS LABGRATORY, TARVARD UNEVERSITY, CAMBRIDGE, SASS,

s Ind. Eng. Chem.
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Treatment of Wells

Joseph B. Clark, Standard Oil and Gas
Company, Tulsa, OK

For oil well ‘fracturing’:

‘introducing......a low

viscosity hydrocarbon liquid

and a hydroxy aluminum

soap gel-forming material.

(US Patent 2,596,844, May 13, 1952)




“+thermoreversible
‘*quasi-solid

scomposed of a
liquid and a low
concentration of an
LMOG

‘*return to their
original form when
relieved of an applied
stress (below a stress
limit)

sscross-linked
network

ack to molecular gels
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Adapted from: Schoonbeek, PhD Thesis, Univ.
Groningen, The Netherlands, 2001.

Must be defined at different length scales—from macroscopic to
nanometric—and according to responses under stress




A case study of

morphology: from the
macroscopic to the
molecular

1.3 wt%
CAB/benzene
(isotropic phase)

1.2 wt% CAB/n-dodecane (gel
phase) under black light

1.2 wt% CAB/n-dodecane (gel
phase) inverted

Lin, Weiss,
Macromolecules 1987, 20,
414.

Lin, Kachar, Weiss, J. Am.

O(CH,),C0; Chem. Soc. 1989, 111,
5542.
C

AB
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Lu, Cocker, Bachman, Weiss
Langmuir, 2000, 16, 20.
Mukkamala, Weiss, Langmuir 1996,
12, 1474.




Self-assembled morphologies of lipids with liquid

chains: Israelachvili critical packina parameter (P)
in water

Spherical gEEEE

Micelle

Cylindrical
Micelle

Spherical
Vesicle

Planar
Bilayer

v=hydrophobic
chain volume

Reversed

Micelle a,=head group

area at cmc

I .=chain length

Israelachvili, Intermolecular and Surface Forces; Academic Press: New York,
1985. Shimizu, Masuda, Minamikawa Chem. Rev. 2005, 105, 1401.



Two possible formation mechanisms for another

lipid self-assembly, chiral nanotubes

shortening of the T>Tg,
helical pitch of the

ribbon while

maintaining a

constant tape width

. il T Y -
9

widening of the tape
width while maintaining
a constant helical pitch
(more common)

ok
CRSE N 01 ol Nat 0 L Rl 1 "
il

Shimizu, Masuda, Minamikawa Chem. Rev. 2005, 105, 1401.



How to make gels from solutions or sols or to

convert gels to solutions or sols

Most common: cooling (to gel) and heating (to make sol)

Other physical methods:
* mechanical stress (thixotropy)
*» light (photoresponse)

+» ultrasound (aggregation promoted by conformational change)

Chemical methods:

» pH changes

» addition or removal of metal ions
» host-guest complexation

> in situ chemical reactions (reversible or irreversible)



A photochemically reversible example to cycle

between gel and sol

AL o —\ 0.1 wt% in 1-butanol at 25 °C
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Example of reversible thermal reaction to effect

gelation: Rheo-reversible gelation by alkylamines and CO,

R Co, _ R || ¢ @R

2 /NH ~ /N—C—O HoN,
o 2 R’ R’

R R’ R R’

a C1oH2; H f CgH,; CgH,,

b Ci2Hs H g CisHs CH;,

¢ C1.Hy; H h CisHs CigHs

d CMH, H i  HNC,H, H

e C,:H., H

Bannister, Pennance, Curby US Patent 3,684,733 (Aug. 15, 1972).

George, Weiss J. Am. Chem. Soc. 2001, 123, 10393.
George, Weiss Langmuir 2002, 18, 7124; ibid. 2003, 19, 1017.



5 wt% gels of 1-Octadecylamine

Solvent Amine Carbamate (T, °C)
(T °C)
Hexane P OG (54-506)
n-Octane P OG (56-60)
Silicone oill TG (35) TG (80)
Ethanol P OG (54-56)
1-Butanol P OG (49-50)
1-Octanol P OG (44-45)
Benzyl alcohol S TG (93)
Nitrobenzene S TG (<10)
DMSO TG (53-55) TG (70-76)
Toluene S TG (56)
CCl, P TG (40-42)

J. Am.

Chem. Soc. 2001, 123, 10393




Gelation temperatures in silicone oil for 1-octadecylamine gels

sol regime

gel regime

sol regime

o

gel regime
| ' | ' |
2 3 4

wt% 1-octadecylamine

with CO,

without CO,



The influence of solvent on fiber shape and twist in

Self-Assembled Fibrillar Networks: From molecular

to aggregate interactions

Poly(n-hexylisocyanate) in optically active solvents at 20 °C

2.5 ' ‘ ' 1 I SR | L__ O
o0 == [5)-1-Chloro-2-methylbutane j .
1.5 |
0.5- I /
2 0 ] R
E‘-n 5 —— (R)-2-Chloropentane : g
E 1 —8— (A}-2-Chiorobutans 4ﬂﬂ-ﬂ;
-1.57 === (R)-2:Chiorohexane | -1
=27 ——¥—— (R}-2-Chlorocctane - §
=2 5 ——4=— {R}-2-Chlorcheplans ._ EDDU:!;
iy UV spectium i@ (A)-2-Chiaiobutans - %
-3.5 i ] ] | | ! | I — o0 F
210 220 230 240 250 260 270 280 290 300 =,

Wavelength nm

Green, Khatri, Peterson J. Am. Chem. Soc. 1993, 115, 4941.



Sergeants and Soldiers: chiral polyisocyanates

0 LG
+n—C}- ims
O

[ct]py -444° {-hexane) (o], +302° {n-hexanea)

M, - 107 M, - 108

each separate chiral center contributes 0.36
cal/mol of preference for polymer twisting

5000

4000 *

3000 F

2000

fexkyon /1 0r "oieg cme g !

1000

in 1-chlorobutane

u_ [ [ 1 i i i
Lt 1000 2000 3000 4000  SOCO  e0OO0  YOQC

N

Fig. 5. Conformational representation of the heli-

cal reversal in poly(ethyl isocyanate) calculated in
(18).

Green, Peterson, Sato,
Teramoto, Cook, Lifson
Science 1995, 268, 1860.



2 wt% CAQB in DL-2-octanol. Nearly identical spectra

obtained in D- or L-2-octanol

75 v
dodecane — ’ 5 ,d:?g\,y
x
« AQ—O(CHy);,CO0~ "=
& so- o 0 CAQB
L a
® g * o AQ = (O IO
8. X o 0
E F Y
*E benzyl alcohol
S 25- :‘“
-
% A DL-2-octano
D) v D-2-octanol
o L-2-octanol
D | I L] l L I L] I L r
0 1 2 3 4 5

Concentration (%, wt/vol)

Mukkamala, Weiss Langmuir 1996,
12, 1474



Model of hierarchical self-assembly of chiral rod-like units

For aggregating units with complementary binding sites (such as oligopeptides)
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Aggeli et al. PNAS 2001, 98, 11857




Molecular dynamics generated P -l

structures at various aggregation stages
in water

cross-f} tape tape ribbon

Aggeli et al. PNAS 2001, 98, 11857



P11-ll (CH;CO-GIn-GIn-Arg-Phe-GIn-Trp-Gin-Phe-
Glu-GIn-GIn-NH,) in water

0.1

0.01

<— monomers —we——  flexible f-sheet >< rigid fibrils & fibres >
| ribbons i :
< : isotropic fluid : < fematic  ——pie— nematic
i i viscoelastic i elastomeric-like
; L aPECON fluid | gel c
i i —>P, -1l /mM
0.1 4 10

total tape fibrils
concentration /
- /
ribbons
A -
!
)
- I monomers
1
// ........................ single tapes
] [

100 1000




,VV\IAN\WOOH 12-hydroxystearic acid
(HSA) and its salts

OH

Li* salts prepared from aqueous soaps
(same results with Na, K, Ca, Ba, and Pb soaps)

X . N
L-fo ' p®
Ieft-h nded tW|st

\»

-I-.'l\\

,

Tachibana, Kambara JACS 1965, 87, 3015.

Terech, Rodriguez, Barnes, McKenna Langmuir 1994, 10, 3406:
No twisted fibers in organic gels with acid!!



Molecular chirality and ribbon twist in 2 component

gelator systems in water

B e

5orL HO ~ OH No gel with n <13 or 1 or
:: ( ] 3 CH, groups between N
atoms

A n=12-22
L-tartrate . ] oo
dimeric (“gemini”)
1/2 helical pitch amphiphiles

Pitch of ribbons formed in water is tunable by varying the
enantiomeric excess of the tartrate.
Helical pitch formed by 16-2-16/L-tartrate = 200 nm.

Berthier, Buffeteau, Leger, Oda, Huc J. Am. Chem. Soc. 2002, 124,
13486.



Need a gemini amphiphile that is complementary to chiral tartrate

to observe twisted ribbons: switch from T to G- conformations

COz COy
H ! OH 0aG H
g
H oH H oH
T OH G =

extinclion coeflicient
& {L.mdl .cm )

differential absoriivily
As (L.mal .cm )

1.5107

1.0 107

0.3 104

GOy
L-tartrate in water
at 23 °C

200 220
waaiangth (nm)

1.5 10

1.0 10

2.2 10

0

L-tartrate
- plus16-2-16 salt

200 220 240
wavelength (nm)

1.5 1::--;“‘

1.0 104

0.5 10 1

tetramethyl L-
tartramide

-
!
.

0

- N L

200 220 240
weavelangth (nrm}




Solvent-dependent aggregation routes to tubules:

L-dodecanoylserine
Toluene Water
_~1 8 A __
inverted
micelles -— i ft micelles
faster slower
A ) m helical
mulltllayered G ribbons
veS|cIe\ % /
lyophilic tails head groups
outside (mp 60- outside (mp 17-
62 °C) 20 °C)
ribbons of racemates not Boettcher, Schade, Fuhrhop

twisted in water or toluene Langmuir, 2001, 17, 873.



Cryo-TEMs from water
(pH 6.4)

multilamellar helical ribbons

intermediate from ribbons
to closed tubules

smooth tubular
rods (pH 4.9)

multilamellar
tubules

tubules stable only at pH 4.9-
6.4: where amide and

COO---HOOC hydrogen bonds
occur simultaneously



multllamellar
3 vesicular

T

multllamellar

tubules

Cryo-TEMs from

toluene

multilamellar
tubules



Influence of shape and functionality of non-
aqueous media on non-ionic gelator SAFINs

Lin, Kachar,

O(CH,),CO7 ’
Weiss, J. Am.
8 wt% CAB gel ’
0.8 Wtk CAB gels Chem. Soc. 1989,

111, 5542.



Normalized absorption (0.7-0.8 wt%), emission, and

excitation (1.5 wt%) spectra of CAB

‘" I |
Lk L] | === N 0.8 - I 1. e R
0.8 i L === . E l i ~_~1 |_m
ae A L"'l — 13 o8 ‘l' .;'r I‘xl + o8
o4 ™ , L1 B4 ..JI : 1"%.
; ., " benzene ! 7™
[k} I H ".._'. i 02 = . [
| ge ;N e ' solution | -
| . T T8 8 £, . ! s | B
L 300 150 400 450 840
WAVELENGTH (NM)
] Aoy 346 Nnm; A, 440 nm; 0.4
B . . . .
mm cells; similar emission
spectra when A, 410 nm
hexadecane (similar Furman, Weiss Langmuir

spectra in 1-octanol) 1993, 9, 2084



Is H-bonding or solvent polarity more important?

Kinetics and thermodynamics are both important.

Data indicate one form of CAB gel or another formed—no mixtures!!

wt % CAB in hexadecane gel isotrop| T, (°C)

1.52 0 421 416 [38]
1.40 1 421 416
1.67 3 421 417
1,46 ] 421 416
1.50 7 421 418
1.50 10 422 419
1.44 15 422 417
1.50 J0 422 417
1.52 50 422 419

— L.50 "5 Fil 420 [G8] |

1.56 80 4204 419

427 419 (601

1.38 86 4204 418

427« 415

L.80 A9 427 421

1.50 100 427 421 62 |
1.51 banzene 423

independent
of cooling
rate

fast cooled
(~8 °C/min)

slow cooled
(~0.5 °C/min)



2 wt% CAB

h\?!

Lin, Kachar, Weiss, J. Am. Chem. Soc.
1989, 111, 5542.
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| get by with a lot of help from my friends

Georgetown
Yih-Chyuan Lin
nna Furman
Ravi Mukkamala
_langde Lu
Emanuele Ostuni
Emiliano Carretti
David Abdallah
Mathew George
Xiao Huang

Pierre Terech-CEA,
Grenoble
Charlie Glinka-NIST
Vijay John-Tulane
Luigi Dei-Florence
Srini Raghavan-UMd

$$ NSF




Twisting depends on surface and edge interaction energies with liquid

TEM of 5 wt % 1 nanoribbon formed in

ethyl methacrylate gel (both left and right
hand twists observed); ~3nm cross-
sections

Ribbons completely unwound in
CH,CL!! (2nm X 10nm cross-sections)

TEM after addition of 1.5 wt% ofa 0.2 M
solution of Cd(NO,), -4 H,O in THF

Sone, Zubarev, Stupp Angew. Chem.
Intern. Ed. 2002, 41, 1705.




H(CH,),OH as solvent ,d:?g\?
" AQ—O(CH,);,CO0~ ™3

10 9 8 7 6 5 4 3
GU | L 1 | | | | 1
O
1 AQ =
= 0 n ':-J O L
O 50+ 1.5 wt% {'j
- O
2 4 0 / O
-E “ o o o .
7 .
% - n CR
=
= 1 wt?
:3% 30 - t%
20 1 1 1 | | | \ i
019 020 021 022 0.23 024 025 026 027 0.28

Af

Lippert polarity function:
Af=(g-1)/(2e + 1) - (n2-1)/(2n% + 1)

Mukkamala, Weiss Langmuir
1996, 12, 1474
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