
ABSTRA CT

WILDER, ELIZABETH A. A Fundamental Study of the Molecular Structure,

Interactions and Self-Organizationof 1,3:2,4-Dibenzylidene-D-Sorbitol. (Under the

direction of ProfessorR.J. Spontak and ProfessorC.K. Hall).

1,3:2,4-Dibenzylidene-D-sorbitol (DBS) is a relatively low-molecular-weight

amphiphile that is capableof self-organizinginto nanoscopic¯brils. At su±ciently

high DBS concentrations, these¯brils assemble into a nano¯brillar network in a wide

variety of organic solvents and polymer melts to produce \organogels." DBS has

beenshown to inducephysical gelation at surprisingly low concentrations (< 1 wt%),

making it ideal for applications requiring uncompromisedphysical or chemical prop-

erties of the matrix medium. Contemporary applications of DBS include personal

cosmetics,biomedicalmaterials, and (opto)electronic devices.Despite the many and

diverseusesof DBS in existing, as well as emerging,technologies,a comprehensive

study addressingthe molecular structure, intermolecular interactions, nano¯brillar

morphologyand macroscopicproperties of DBS-containing systemsremainslacking.

In this work, we seekto elucidate the molecular interactions governing DBS self-

assembly, the impact of molecular structure on resultant nano¯brillar morphology,

and the e®ectof this nanostructure on macroscopicmechanical properties.

Molecular mechanics calculations performed with Cerius2 and InsightI I software

reveal two important featuresof the DBS molecule: (i) the pendant hydroxyl group

tendsto form intr amolecularhydrogenbonds,and (ii) the phenyl rings prefer to lie in

an equatorial position. The terminal hydroxyl group, however, possessestremendous



°exibilit y, indicating that it may be able to participate in intermolecular interac-

tions. Molecularself-organizationof DBS molecules,asdiscernedfrom both molecular

mechanicscalculationsand moleculardynamicssimulations of dimers, is sensitive to

hydrogen bonding of the hydroxyl groups and ¼ interactions betweenphenyl rings,

suggestingthat the mechanismof network formation is complex,involving more than

one type of local interaction.

Transmissionelectronmicroscopy of organogelscomposedof poly(ethyleneglycol)

(PEG) and DBS reveals that DBS nano¯brils measurefrom about 10 to 70 nm

in diameter, with a primary nano¯brillar diameter closer to 10 nm. Dynamic

rheologicalmeasurements of DBS-containing PEG and PEG derivativesdi®ering in

endgroupsubstitution and, hence,polarity exhibit several interesting features. The

rate of gelation, the gel dissolution/formation temperatures, and the magnitude of

the dynamic elastic modulus are all sensitive to both DBS concentration (Á) and

matrix polarity. Hydroxy-endcapped PEG/DBS systemsrequire more time to gel

and dissolve faster than their methoxy-endcapped analogsat constant Á. The elastic

modulus, however, is lessdependent on matrix polarity. Time-temperature super-

position analysesprovide evidencethat the activation energy of gelation increases

linearly with: (i) decreasingÁ at constant matrix polarity and (ii) increasingmatrix

polarity at constant Á.

Addition of DBS to a seriesof amphiphilic polypropylene glycol-b-polyethylene

glycol-b-polypropylene glycol (PPG-b-PEG-b-PPG) triblo ck copolymers yields



organogelswith properties intermediate between those observed in PEG/DBS and

PPG/DBS systems. Dynamic rheology reveals a maximum in the elastic modulus

at temperaturesnear the gel dissolution and formation temperatures,both of which

increasewith increasingÁ and PPG content. The magnitude of the elastic modulus

is sensitive to copolymer composition and block length at low Á, but becomesmatrix-

independent as the DBS network saturatesat Á in excessof about 1 wt%.

Transmissionelectron microscopy and microtomography of DBS networks in a

nonpolar thermoplastic such aspoly(ethyl methacrylate) reveal the existenceof DBS

nano¯brils measuring ca. 10 nm in diameter and ranging up to several hundred

nanometersin length. At su±ciently high Á, thesenano¯brils form a highly inter-

connected3D network that can be altered through the further addition of a siliceous

nanoparticle, such as colloidal silica. Dynamic mechanical property analysisreveals

that, while DBS has little e®ecton glassyPEMA, it servesto increase,in systematic

fashion,the elasticmodulus of molten PEMA above the glasstransition temperature.
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Chapter 1

Molecular Stucture, Self-Organization and Gelation E±cacy

of Dib enzylidene Sorbitol: An Overview

ABSTRA CT

Dibenzylidenesorbitol (DBS) is a low-molecular-weight organic moleculethat is

capableof self-organizinginto nanoscale¯brils and consequently inducing gelation

in a variety of organic solvents and polymers to produce \organogels." Organogels

of this type have attracted tremendousindustrial interest due to their many possible

applications,including cosmetics,biomedicalmaterialsand electronicdevices.From a

fundamental standpoint, the mechanism by which DBS moleculesself-assemble, the

resultant nano¯brillar morphology and the factors governing such self-organization

constitute timely issuesin molecularrecognitionand stacking. Thesetopics, aswell as

the macroscopicproperties of DBS gels,have beenaddressedpiecemealin the patent

and scholarly literature, but a coherent account of DBS-induced gelation remains

lacking. The objectivesof the present work are three-fold: (i) provide an abbreviated
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overviewof organogels,(ii) summarizethe existing knowledgeof DBS and its gelation

e±cacy and (iii) identify new usesof DBS in emergingareasof technology.

1.1 INTR ODUCTION

The discovery of varioussmall organicmoleculesthat areable to gelother organic

moleculeshasattracted a great deal of interest in recent years[1{9]. Theseso-called

\gelators" have a wide variety of applications including personalcare products [10],

electrolyte batteries [11], °uid thickenersand responsive drug-delivery systems[12].

A gel can be loosely de¯ned as a solution with solid-like properties. A more

detailed de¯nition hasbeeno®eredby Hermans,who suggestedthe following criteria

[13]:

i. gelsare coherent colloidal dispersedsystemsconsistingof at least two compo-
nents;

ii. they exhibit mechanical properties characteristic of the solid state;

iii. both the dispersedcomponent and the dispersionmedium are extendedcontin-
uously throughout the system.

Kavanaghand Ross-Murphy [14]have recently extendedthis descriptionof gelsto

include measurableviscoelastic quantities. Generally speaking,a gel is formed when

one of the components in a solution forms a three-dimensionalnetwork so that the

systemexhibits solid-like behavior. Technically, the systemis neither solid nor liquid,

but instead is best described as an intermediate state.

Gels can be classi¯ed as either \chemical" or \ph ysical," depending on the

reversibility of the bondsthat stabilizethe molecularnetwork. A chemicalgel is linked

2



together by chemical crosslinks. A common example is a polymer chain possessing

functional groups along the backbone. In the presenceof a crosslinking agent (a

non-polymeric moleculethat reacts with the functional groups and serves to bridge

adjacent chains), the polymer moleculescan be connectedvia covalent bondsto form

a permanent network. As this network extendsthroughout the system,a gel is even-

tually formed as the molecular weight of the polymer approaches in¯nit y. Physical

gels are networked through non-covalent bonds such as hydrogen bonds or electro-

static interactions. Accordingly, the molecularnetworksof physicalgelscollapseupon

heating (or severe agitation), but reform upon cooling (or quiescence). In marked

contrast, chemical gels irreversibly degradewhen exposedto high temperaturesand

large deformations.

With regard to thermoreversible physical gels, interest in \organogels" has

suddenly increased[9]. These unique materials are formed when a small amount

of a given gelator is dissolved in an organic solvent or polymer at elevated temper-

atures. Upon cooling, thesegelators self-organizeto form colloidal aggregatesthat

are linked together in a nanoscalenetwork capableof restraining the matrix (solvent

or polymer) moleculesthrough molecular capillary forcesor surfacetension [5, 15].

Sugar-basedgelators include dibenzylidenesorbitol, as well as sorbitol-derivatives

with p-nitrophenyl [1] or p-aminophenyl [2] functionalities. Gelators may also

be derived from cholesterol [3, 5, 16] or contain anthracenyl functionalities [16].

Hanabusaet al. have reported on the gelation properties of 2-amino-2-phenylethanol
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[4] andn-benzyloxycarbonyl-L-alanine 4-hexadecanoyl-2-nitrophenyl esterandrelated

compounds [12]. Other gelators currently under examination include those formed

from barbituates and 2,4,6-triaminopyrimidines [6, 17], as well as those basedon

12-hydroxyoctadecanoicacids [18{20] and 12-hydroxystearate [21, 22]. Weiss and

co-workers [8, 9] have recently provided extensive reviews on the emergingsubject

of organogelsand identify a broad spectrum of low molecular-massorganic gelators

(LMOGs), aswell as their potential applications. Becausesuch gelatorsself-organize

into nanostructural elements (and subsequently gelorganicmedia)dueto weakdipole

and van der Waalsforcesthat are commonlyencountered in a wide variety of organic

molecules,Lin et al. [16] make a far-reaching point: numerousunknown gelatorsmay

exist that could be usedto develop highly stable, yet thermoreversible,organogels.

1.2 GELA TION

The phasetransition that occurs as a liquid changesinto a gel is referred to as

\gelation" and is characterizedby the transformation of a viscousliquid into a solid-

like material. The \gel point" is de¯ned to be the point at which the ¯rst network

moleculeis formed [23]. A simple meansby which to visualizegelation is to consider

a systemdescribed by a rectangular grid composedof dots, each of which denotesa

network-forming molecule. As demonstratedin Figure 1.1, gelation occurs as these

dots becomeconnected.When a path of connecteddots traversesthe entire grid, the

systemhas reached its \p ercolation threshold" [24] for a gel.
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Figure 1.1: Illustration showing the percolation theory of network formation

From a rheologicalperspective, it hasbeenarguedthat the gel point occurswhen

G0 (the dynamic elastic, or storage,modulus) and G00(the dynamic viscous,or loss,

modulus) intersect. Sincethe conditions renderingG0 = G00for a given material may

be time- and, therefore,frequency-dependent, this characteristic doesnot provide an

absolute (experiment-independent) measureof the gel point. Rather, the gel point

should only be a function of the material itself. On the basisof this consideration,a

new criterion has beensuggested[25{27] which de¯nes the gel point as the point at

which the ratio of the viscousresponseof the gel to the elastic responseof the gel is

independent of frequency(! ):

tan ± =
G00

G0
6= f (! ) (1.1)

Here, ± denotesthe viscoelastic phase lag. Equation 1.1, often referred to as the

\Win ter-Chambon Criterion," re°ectsthe ¯nding that, at the gelpoint for chemically-

crosslinkinggels,G0 and G00becomecongruent and proportional to !
1
2 for stoichio-
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Figure 1.2: Chemicalstructure of the 1,3:2,4-dibenzylidene-D-sorbitolmolecule

metrically balancedsystemswith r=1 (r is the initial ratio of crosslinker functional

groups to monomer functional groups). Numerous studies of physical gels [28{30]

have revealedthat, even though physical gelsdo not always exhibit the samepower-

law dependencewith regard to ! , the gel point can still be accurately predicted by

Equation 1.1.

1.3 DBS OR GANOGELS

1.3.1 Disco very and Early Studies

One gelator of current interest is dibenzylidenesorbitol (DBS), sinceit is capable

of (i) dissolvingin a widevariety of organicsolvents andpolymersat elevated tempera-

tures and (ii) inducing physical gelation at very low concentrations upon cooling.The

DBS molecule is chiral and amphiphilic, and is often described as \butter°y-lik e,"
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with a sorbitol body and two benzylidene\wings" (seeFigure 1.2). The hydrophobic

aromatic rings facilitate DBS dissolutionin variouspolymersandorganicsolvents [31],

whereasthe acetaloxygensand pendant hydroxyl groupsendow DBS with its unique

abilit y to self-organizeand induce gelation due to their hydrogen-bonding abilit y.

Dibenzylidenesorbitol is a derivative of the natural sugaralcoholD-glucitol [32] and

canbesynthesizedby a condensationreactionbetweenbenzaldehydeandsorbitol [33].

In its native state, DBS existsasa white, crystalline powder with a melting point of

219-220±C [34].

Initial research related to DBS was performed by Meunier [35], who reported

in 1891 that two benzaldehyde-D-sorbitols were produced when a mixture of D-

sorbitol and benzaldehyde was condensedwith strong mineral acids. About ¯ft y

yearslater, Wolfe et al. [36] outlined a procedureby which they were able to isolate

one of the two benzaldehyde-D-sorbitols discovered by Meunier, and demonstrated

that it existedas a singlespecies,rather than as an isomericmixture. Through acid

hydrolysis, they discovered that they had produced1,2,3,4-dibenzylidene-D-sorbitol.

While the backbone structure was well-established,it remainedunclear exactly how

the benzylidenerings were attached to the backbone. Two years later, Angyal and

Lawler [34] used melting point analysis to show that the chemical structure of the

moleculewas actually 1,3:2,4-dibenzylidene-D-sorbitol.Additional nuclear magnetic

resonance(NMR) experiments performedby Brecknell et al. [37] ultimately revealed

that the structure of the compound was 1,3(R):2,4(S)-dibenzylidene-D-sorbitol.
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1.3.2 Gelation E±cacy

The abilit y of DBS and chemically-similar compounds to form stable organogels

was already being probed in the early 20th century. In 1926,Thomas and Sibi [38]

reported on the formation of organogelsderived from the benzoic acid of sorbitol.

Sixteenyearslater, Yamamoto[39]documented the ¯rst study addressingthe gelation

of DBS in alcoholic solvents. Sincethat time, studiesof DBS-inducedgelation have

revealedthat the minimum amount of DBS required to form a gel variesfrom solvent

to solvent and from polymer to polymer, but can be as low as 0.1 wt% [10]. One

question that has puzzled researchers is the mechanism by which DBS is able to

induce gelation at such low concentrations. This curious abilit y has beenattributed

[10, 40] to the \op enness"of DBS networks, which implies that DBS can be usedto

transform a liquid solvent or molten polymer into a solid gel that retains the intrinsic

propertiesof the solvent or polymer. During gel formation, DBS moleculesaggregate

to form nanoscalē brillar strandsor bundlesthat can, dependingon matrix polarity

and DBS concentration, continue to develop into a network. No evidencepresently

existsto suggestthat matrix moleculespenetrateinto the ¯brillar strandsof the DBS

network in any manner. The presenceof the DBS network essentially \holds" the

solvent/p olymer moleculesin place through capillary forcesand/or surfacetension

[5, 15].

As a solvent gelator, DBS is capableof gelling most commonorganicsolvents, but

hasnot beenusedin inorganic solvents due to its low solubility and the questionable
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abilit y of DBS to self-organizein highly polar media. As a polymer gelator, DBS

will readily gel a wide variety of polymer melts (polymersabove their glasstransition

and/or melting points). At temperaturesbelow the polymer melting point, the DBS

network may instead serve as nucleation sites for polymer crystallization, depending

on moleculargeometryconsiderations[31]. Research into the abilit y of DBS and other

sorbitol-based moleculesto nucleate semicrystalline polymers has focused almost

exclusively on polypropylene [31, 33, 41{50], although the self-organizationbehavior

of such organogelshas also been studied in polystyrene [51], polycarbonate [51],

poly(ethylene-co-propylene) copolymers [52], and poly(ethylene terephthalate) [53].

Commercialapplicationsof DBS arehighly varied. The electrochemicalindustry is

currently consideringDBS for usein electrolytegels,which couldbeemployedin high-

energybatteries, fuel cellsor evenchemicalsensors[15]. Existing patents describe the

useof DBS in diverseproducts such as wood stains [54], liquid crystal devices[55],

hair gels [56], serum and plasma separators[57] and insecticides[58]. Perhaps the

most commoncurrent commercialapplication of DBS is in the production of gelanti-

perspirants [59{62]. Advantagesof using DBS as a gelator include its low-molecular

weight, easeof dispersionand abilit y to gelat low concentration. Applications of DBS

are, however, somewhatlimited by its reactivity with acidsand its limited solubility

in someorganic compounds[62].
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1.3.3 Macroscopic Gel Behavior

As DBS gelsa polymer or solvent matrix, the formation of a network will in°uence

the physical properties of the system, including clarity and strength. Formation of

a gel network will provide an extra supporting structure to the original polymer or

solvent solution, and is anticipated to improve mechanical properties. However, this

network may decreasethe clarity of the original solution asDBS moleculesaggregate

and overlap, ultimately forming structural elements that are su±ciently large to

scatter light. Accordingly, macroscopicgel behavior can be investigatedas a means

by which to probe the extent of gelation.

As alluded to previously, the minimum DBS concentration required to induce

gelation varies with di®erent solvents and polymers, but is generally low. Yamasaki

and Tsutsumi [63]have employed light transmittance studiesto analyzethe clarity of

DBS/ethyleneglycol gels. They report that the intensity of transmitted light through

such gelsremainsconstant until the DBS concentration reaches10 mM, after which

it beginsto drop abruptly. Oncethe DBS concentration reaches30mM, the abilit y of

the gel to transmit light reachesa plateau. These¯ndings are supported by hardness

tests: the hardnessof the gelsis relatively constant until about 10 mM, after which

it changesslowly up to about 30 mM and then increasesrapidly. On the basis of

theseobservations, the critical DBS concentration for gelation in ethylene glycol is

presumedto occur at 10 mM (approximately 0.3 wt%). At concentrations between

10 and 30 mM, DBS forms discrete spherical structures (similar to spherulites in
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semicrystallinepolymers) in the gel. At concentrations above 30 mM, the spherical

domainsimpinge and becomecontinuous throughout the gel.

According to the recent rheologicalstudy of DBS in poly(propyleneglycol) (PPG)

by Mercurio et al. [64], the molecularweight of the polymer matrix cana®ectthe DBS

concentration at which gelation occurs. Their resultsdemonstratethat the minimum

DBS concentration required to form a gel [accordingto the rheologicalcriteria that

(i) G0 is invariant with respect to ! and (ii) G0 is larger in magnitude than G00]

decreaseswith increasingPPG molecular weight. Gels produced with the highest

molecular weight PPG examined(4000g/mol) form at a DBS concentration of 0.25

wt%. At the lowest PPG molecular weight (425 g/mol), the DBS concentration at

gelation increasesto 0.60wt%. A reduction in the molecularweight of PPG promotes

an increasein matrix polarity due to the increasedpopulation of hydroxyl terminal

groupson the PPG backbone. Sincethe mechanism by which DBS self-organizesis

thought to involve hydrogenbonding, it is reasonableto concludethat the increasein

hydroxyl groupsat low PPG molecularweight interfereswith DBS network formation,

thereby requiring a higher concentration of DBS to induce gelation.

We now turn our attention to the e®ectof gel composition on gel properties.

From their study of DBS in PPG, Mercurio et al. [64] report that an increasein the

concentration of DBS consistently promotes an initial increasein G0, which even-

tually reaches a plateau. A complementary investigation performed by Nu~nez et

al. [65]regardingthe gelationof DBS in the presenceof copolymerscomposedof poly-
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dimethylsiloxane(PDMS) and PPG revealsthat G0 increasesas the concentration of

DBS is increasedfrom 0.5 to 1.5 wt%. At DBS concentrations beyond 1.5 wt%, G0

becomesindependent of gel composition. Smith and Katsoulis [66] have examined

DBS in silicone °uids and ¯nd that G0 likewiseincreasesas the DBS concentration

increasesfrom 1 to 6 wt%, after which it reaches a constant value. Similar results

have been reported by Mercurio et al. [64] for DBS in PPG, in which G0 increases

with increasingDBS concentration up to a maximum of about 4.0 wt%.

Within the concentration rangecorresponding to stableDBS gels,pertinent rheo-

logical propertiesappear to exhibit scalingbehavior. McKenna et al. [67]have shown

that organogelspreparedwith DBS and dimethyl phthalate exhibit G0 » Á4, where

Á denotesthe concentration of DBS. Likewise,FahrlÄander et al. [68] have examined

DBS/PPG organogelsat concentrations greater than 0.4 wt% DBS and have shown

that G0 is not independent of ! , asis expectedfor an equilibrium modulus, but rather

scalesas ! 0:05 at low and medium frequencies.This subtle frequencydependenceis

attributed to the breaking and reforming of network junctions during testing.

In their study of DBS/PPG organogels,Mercurio et al. [64] have determinedthat

G0 is inverselyproportional to PPG molecularweight at constant DBS concentration.

In fact, their limited data exhibit a scalingrelationship of the form G0 » M ¡ ¯ , where

M is the molecularweight of PPG. This relationship suggeststhat the M -dependent

matrix viscosity and/or polarity hindersDBS network formation. A coincidingobser-

vation is that the gelspreparedwith high-molecular-weight PPG remain transparent,
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while those containing low-molecular-weight PPG becometurbid. This result indi-

catesthat in the low-M PPG, DBS forms large-scalestructural elements capableof

scattering light (similar to crystalline spherulites). In the high-M PPG, however,

DBS in unable to form the sameaggregates.BecauseDBS aggregationis responsible

for gelation, it follows that an increasein the number of light-scattering aggregates

results in a stronger gel (up to a point of saturation).

Master curves are another way to gain insight into the underlying structure of

complexsystemssuch as gels. If rheologicaldata from various samplescan be ¯tted

in such fashion, it immediately follows that the samplesare related in the mannerby

which the molecularnetwork promotesgel elasticity. Mercurio et al. [64] have found

that their G0 data acquired from gelled PPG homopolymers di®ering in molecular

weight and DBS concentration lie on a singlemaster curve described by a sigmoidal

function of G0 versusconcentration. From theseand related data, they could sensibly

concludethat the manner by which DBS network structure contributes to gel elas-

ticit y is the samefor all thesegels, regardlessof PPG molecular weight. Similarly,

FahrlÄander et al. [68] have employed the principle of time-temperature superposition

to construct mastercurvesof G0 asa function of shifted ! . At temperaturesfar below

the gel formation temperature, the frequencyshift factor exhibits Arrhenius behavior,

which indicates that DBS network development is thermally-activated.

The macroscopicbehavior of DBS gels is not only in°uenced by DBS concen-

tration, but alsoby the chemicalstructure of the matrix material. Although evidence
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suggeststhat DBS networks are solely composedof DBS molecules[7], the topology

of the matrix moleculesmay interfere with network formation, thereby altering the

network structure and accompanying macroscopicproperties. Nu~nez et al. [65] have

comparedDBS organogelspreparedwith two compositionally identical, but topolog-

ically di®erent, PDMS-co-PPG block copolymers, one in which the PPG segments

were pendant (PPGp) and the other in which the PPG segment was an endblock

(PPGeb). Their rheologicaldata show that G0 varieswith copolymer architecture at

constant DBS concentration accordingto the following order: G0(PPG)> G0(PDMS-

co-PPGp)> G0(PDMS-co-PPGeb). Several explanationscan be usedto understand

theseresults. BecausePPG is more polar than PDMS, and DBS is highly-capableof

interacting with polar substances,strongerDBS-polymer interactionscanbeexpected

in the DBS/PPG system. As far as the copolymersare concerned,sincethe pendant

PPG moietiesare distributed along the PDMS backbone,there is better opportunit y

for interactionswith DBS molecules.It is, therefore,not surprisingthat DBS/PDMS-

co-PPGp organogelswould possessa higher G0 than their DBS/PDMS-co-PPGeb

analogs.

1.4 GEL FORMA TION AND DISSOLUTION

1.4.1 Iden ti¯cation of Transitions

Organogelsderived from DBS are normally produced by ¯rst dissolving a small

amount of DBS in a given solvent or polymer at an elevated temperature and then
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permitting the systemto cool. At high temperatures,the DBS/matrix systemexists

asa solution. As the systemcools, however, the DBS moleculesself-organizeto form

a network at su±ciently high DBS concentration. This network induces gelation.

Thesephysical gelshave beenrepeatedlyshown to be thermoreversible[68,69]: upon

heating, they will return to a solution state, but upon cooling, revert to the gel

state and exhibit the sameproperties as the original gel. Temperature thereforehas

a signi¯cant impact on the mechanism of DBS gelation. Accordingly, studies have

probed the e®ectof temperature on network formation and dissolution. Kobayashi et

al. [69] have examinedthe impact of cooling on DBS network formation in isotactic

polypropylene (iPP). Their results demonstratethat, for iPP with 1 wt% DBS, G0

increasesnoticeably around 200±C, and then increasesgradually between 140 and

170±C. From their temperaturedata, they identify a critical gelformation temperature

of 201±C.

FahrlÄanderet al. [68]have alsoemployeddynamic rheologicalmethods to measure

gel formation temperatures. By increasing the temperature of PPG containing 3

wt% DBS from ambient conditions to 150±C at a rate of 2±C/min, they ¯nd that the

dynamic moduli generally tend to decreasewith increasingtemperature. At 110±C,

the rate at which the moduli decreaselessens.Shortly thereafter, a local maximum

is manifested,which is ascribed to the growth of large DBS crystals. Following this

maximum, the moduli plummet, and complete dissolution occurs at approximately

144±C. Note that this is higher than the gel formation temperature of approximately
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116±C. This di®erence,due to thermal hysteresisbetweengel formation and geldisso-

lution, is sensitive to the heating/cooling rates employed.

1.4.2 E®ect of Comp osition

By varying the concentration of DBS in organogelsbasedon PPG, FahrlÄander et

al. [68]have shown that the gel formation temperature increaseswith increasingDBS

concentration up to approximately 1 wt% DBS, beyond which the gel formation

temperature exhibits a plateau in the vicinit y of 125±C. Conversely, at constant

DBS concentration, the gel formation temperature increaseswith increasing PPG

molecularweight. This result, attributed to a reduction in the compatibilit y between

DBS and PPG, is consistent with the G0(M ) results reported by Mercurio et al. [64].

According to di®erential scanningcalorimetry (DSC) performed by Wataseand

Itagaki [32] on DBS in ethylene glycol, an increasein DBS concentration is accom-

panied by an increasein both the melting (dissolution) point of the gel (Td) and the

molar heat of melting (¢ hd). They report that Td obeysthe Eldridge-Ferry equation,

which is given by

¢ hE F
d

RTd
+ constant = ln(C) (1.2)

where C represents the concentration of DBS, R denotesthe gas constant and Td

is expressedin absoluteunits. Here, ¢ hE F
d corresponds to the molar heat absorbed

upon forming junction points in the gel network and is found to be 48.2 kJ/mol.

Their abilit y to ¯t the data to the Eldridge-Ferry equation has led them to propose
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that gel dissolution constitutes an exampleof a second-or higher-orderphasetran-

sition, in which casethe gel transforms continuously from the gel to the solution

state. They also attempt to correlate Tf (which is not necessarilyequal to Td) with

the DBS concentration by meansof Equation 1.2. This analysisyields ¢ hE F
f =44.2

kJ/mol, which is very closeto the averageexperimental valuesof the molar heat of

gel dissolution (¢ hd=47.8 kJ/mol) and the molar heat of gel formation (¢ hf =44.1

kJ/mol). They alsopoint out that the DBS moleculesremain correlatedeven above

the melting temperatureof DBS crystals(210-212±C). The observation that the aggre-

gatesremain correlatedat such high temperaturesexplainswhy the heat associated

with melting/dissolving the gelsis higher than the heat associated with gel formation.

1.4.3 Net work Recovery

Several studies have attempted to ascertain the responseof DBS organogelsto

the damaginge®ectsof shear. Mercurio et al. [64] have performedgel recovery tests

that revealedtwo important results: (i) DBS/PPG gelsneedsu±cient time to recover

fully from network-collapsingshear,and (ii) continuous low-strain dynamic shearing

could causenon-negligibledamageto the ¯ne DBS network structure. Ilzhoefer et

al. [70] have examinedthe recovery behavior of DBS networks in a graft terpolymer

composedof PDMS, PEG and PPG. Their resultsindicate that the organogelsdeform

by two di®erent mechanisms,depending on recovery times, due to the presenceof a

hierarchical structure within the gel. A detailed descriptionof the structural features
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of DBS networks is included in the next section.

1.5 MICR OSTR UCTURE AND PHASE BEHA VIOR

The underlying morphologyof DBS gelshasbeenshown to include variousstruc-

tural elements. In many cases,a spherulitic texture similar to crystalline spherulitesis

observed. A closerlook at thesespherulite-like elements often revealsan underlying

¯brillar network. Results reported to date indicate that the microscopicstructure

and phasebehavior of DBS gels,as well as their macroscopicproperties, depend on

factors such as (but not limited to) matrix polarity and DBS concentration. In this

section, we discussthe nanostructured DBS networks produced in both low-molar-

masssolvents and polymers.

1.5.1 Solvent-Based Gels

Yamasakiand Tsutsumi [71]have demonstratedthat solvent polarity hasa signif-

icant e®ecton the microstructure of DBS gels. They have shown that DBS mixed

with nonpolar p-xyleneyieldsa relatively \soft" gelcomposedof a mesh-typenetwork

of rope-like helical nano¯brils measuringapproximately 100 nm in diameter. This

diameter and the existenceof a rope-like texture indicate that (i) the nano¯brils

consistof several DBS moleculeslaterally arrangedand (ii) the DBS moleculesstack

in such fashionto generatea helical pitch. In 1,4-dioxane,a moderately polar matrix,

DBS forms a gel that appearsasan isotropic mesophase,suggestingthat it lies some-
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where between the crystalline and amorphousstates [13]. In the presenceof high-

polarity solvents such asdimethyl formamide,DBS moleculesare arrangedto form a

gel that exhibits a macroscopicspherulitic texture. It follows that the polarity of the

solvent matrix strongly in°uencesthe intermolecular hydrogen bonding that occurs

during the gelation process:assolvent polarity increases,hydrogenbonding between

solvent and DBS moleculesdominatesover DBS-DBS hydrogenbonding.

Yamasaki and Tsutsumi [72] also ¯nd that DBS/ethylene glycol gels exhibit

considerableoptical anisotropy under crossedpolars due to the presenceof macro-

scopic structural elements visible by light microscopy. Two \phases" are observed

to be stable within the gel state: a spherulitic texture representativ e of a crystalline

phase, and an isotropic mesophaseexisting between the spherulite-like structures.

The crystalline phaseconsistsof DBS moleculesarranged in a helical, aggregated

structure possessinga diameterof approximately 0.8¹ m, and a half-helicalpitch of 6-

8 ¹ m. The isotropic mesophase,however, is a network-likestructure of DBS molecules

that is capableof transforming into a crystalline phasebelow a composition-dependent

temperature.

In a similar study, Thierry et al. [10] have investigatedthe formation of DBS gels

in a miscible mixture of tetrahydrofuran and benzene.Transmissionelectron micro-

graphsof the DBS nanostructureremaining after solvent evaporation reveal that the

DBS moleculesself-organizeinto networks with °exible, helical strands limited to

approximately 10 nm in diameter. As is evident in Figure 1.3, the helical nano¯brils
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1 mm

Figure 1.3: Electron micrographof the DBS gelnetwork in a tetrahydrofuran/b enzene
mixed solvent; the inset is a 10£ enlargement (courtesy of A. Thierry)

have nearly \in¯nite length" and exhibit a surprisingly low number of ¯brillar ends

or junctions. In the study conducted by Smith and Katsoulis [66], DBS gels have

beenpreparedin silicone°uids and examinedby light and scanningelectron micro-

scopies.In this case,the DBS moleculesarrangeat long length scalesto form \ribb on-

like" macro¯bers ranging in width from 1.5 to 3.5 ¹ m. These macro¯bers, which

are su±ciently large to scatter light and reducegel transparency, remain relatively

°at, with little or no twist, and no discernible endpoints. Highly opaqueregions,

which are attributed to aggregatesof the large macro¯bers, are observed in gels

composedof DBS and pure silicone liquid. Incorporation of a cosolvent, however,

dramatically alters the phasebehavior and morphology. For example, addition of

ethanol ultimately yields gelsthat are optically transparent with no visible evidence

of macro¯bers. Higher-resolutionelectronmicrographsreveal the presenceof ¯brous
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regions in both the opaqueand clear gels. Opaque regions consist of the ribbon-

like, °exible, in¯nitely long macro¯bers seenpreviously. In marked contrast, clear

regions consist of microscopic,uniform, dense,intertwined ¯b ers measuringabout

100£ smaller in diameter than the width of the macro¯bers found in the opaque

regions.Smith and Katsoulis [66]have thereforeconcludedthat (i) network formation

and, hence, gelation in siliconesremains incomplete without a cosolvent, and (ii)

low-density macro¯bersconvert into a densenano¯brillar network in transparent gel

regions.

1.5.2 Polymer-Based Gels

Several studies have also addressedthe phasebehavior and morphological char-

acteristicsof DBS-polymer gels. Ilzhoefer and Spontak [73] have comparedthe DBS

gelnetworks formed in PDMS, PDMS with PEG grafts, PDMS with PPG grafts, and

PDMS with a mixture of PEG and PPG grafts along the PDMS backbone. In pure

PDMS, the DBS moleculesself-assemble into ¯brils and ¯brillar bundlesmeasuring

tens of micrometersin length and ranging in thicknessfrom 70 nm to about 2 ¹ m.

In the presenceof PPG grafts, the DBS moleculesarrangeinto a very ¯ne and highly

connectednetwork composedof nano¯brils ranging in diameter from 10 to 20 nm.

In the presenceof PEG grafts, layeredDBS sheetswithout discretenano¯brils have

beenobserved, indicating that the di®erencein chemical structure and, most likely,

polarity betweenPPG and PEG hasa substantial e®ecton DBS self-organizationand
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network formation. It is interesting to note that, in the presenceof both PEG and

PPG grafts, the DBS moleculesarrangeinto a network that is similar to that observed

in the matrix composedof PDMS with only PPG grafts. Closerexamination of such

gels[70]revealsthe existenceof hierarchical structure. In addition to the nano¯brillar

network, micrometer-sizespherulite-like featuresdevelop,asseenin Figure 1.4. These

two levelsof structure appear to be re°ected in the mechanical propertiesof the gels,

sincethe gelsdeform by two di®erent mechanismsaccordingto dynamic rheological

analysis. In another recent morphological study, Mercurio and Spontak [74] have

investigated the characteristics of DBS/PPG gels. They have employed polarized

light microscopy to show that both DBS and DBS with PPG of M =4000 g/mol

exhibit birefringent spherulitic textures. Becausespherulitesarise through a nucle-

ation and growth mechanism, they proposethat DBS networks must form through

this samemechanism. They also ¯nd that the featuresof the spherulitic structure

becomemore distinct as the concentration of DBS is increasedslightly, whereasan

increasein temperaturegradually reducesthe sharpnessof the texture and ultimately

results in nonbirefringenceabove Td. Transmissionelectronmicrographsof a gel with

2.0 wt% DBS con¯rm the existenceof a network in which nano¯brils measure10 nm

in diameter and, in somecases,exceed1.5 ¹ m in length. TheseDBS nano¯brils are

remarkably similar in sizeand shape to thoseobserved by Shepardet al. [75] in iPP.

According to x-ray di®ractometry, the nano¯brils in PPG gels dried by super-

critical °uid extraction are crystalline and exhibit similar crystal structure to that of
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Figure 1.4: Imagesof the hierarchical DBS network in polymer gels: (a-b) PDMS
terpolymer, (c) PPG

23



pureDBS, which indicatesthat the mechanismof DBS self-organizationis not random

sincethe moleculesenter into crystalline register. They have also usedspectropho-

tometry to identify Tf , sincegel absorbanceis independent of wavelengthat temper-

aturesabove Tf , but decreaseswith increasingwavelengthat temperaturesbelow Tf .

At temperaturesbelow Tf , gel absorbanceis found to obey Arrhenius behavior with

respect to temperature. The corresponding activation energiesare found to increase

with increasingwavelengthand decreasewith increasingDBS concentration. In light

of theseresults, Mercurio and Spontak [74] deducethat large-scaleDBS structural

development is the result of thermally-activated nucleation and growth.

1.6 CHEMICAL DERIV ATIVES

A variety of DBS derivativesare alsoable to inducegelation. Wataseand Itagaki

[32] have comparedthe gelling abilit y of DBS in ethylene glycol with 1,3:2,4:5,6-tri-

O-benzylidene-D-sorbitol (TBS) and 2,4-(mono)-O-benzylidene-D-sorbitol (MBS).

On the basis of their abilit y to form and stabilize gels (as judged by the thermal

and viscoelastic properties of the gels), these compounds are ranked in the order

DBS> TBS> MBS. This is attributed to the rigid, chiral structure and two equatorial

benzylidenerings of DBS molecules. Thierry et al. [10], however, report that the

gelation (and nucleation) e±cacy of DBS and its derivativesin organicand polymeric

systemsobey the rank order DBS> MBS> TBS, and furthermore report that TBS

is unable to induce gelation. This discrepancycould be due to the variation in the
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systemsthesetwo groupsconsidered,aswell as the criteria they usedto evaluate the

gelatorsand de¯ne stable gels.

In a related study, Watase et al. [7] have investigated the thermal and °uores-

cenceproperties of DBS, MBS and TBS gelsto elucidate the reasonresponsible for

the stabilit y of DBS gels. Since DBS gels are more stable than MBS gels, even

though each MBS molecule possesses4 hydroxyl groups (compared to 2 on each

DBS molecule),they suggestthat the number of hydroxyl groupsdoesnot constitute

an important factor in determining gel stabilit y. Moreover, becauseTBS possesses

the greatest number of benzylidene rings (3) in this homologousseriesbut does

not produce the strongestgels, they further concludethat hydrophobic interactions

betweenpendant phenyl rings are of secondaryimportance. In light of these¯ndings,

they have proposedthat the chemical structure of the 10-member bicyclo ring in the

center of the moleculeis principally responsible for molecular self-organizationand

facilitates crystal formation.

FahrlÄander et al. [68] have electedto study a di®erent seriesof DBS derivatives

in which the phenyl rings were further substituted with alkane groups. This substi-

tution yields another homologousseriescomposed of methyl DBS (MDBS), ethyl

DBS (EDBS) and dimethyl DBS (DMDBS). Their results clearly show that Tf in

DBS/PPG organogelsis related to the melting point of the gelator. In light of

dynamic rheologicalmeasurements, they rank the network strength in the following

order: DBS> EDBS ¼ DMDBS> MDBS. This result is in stark contrast to a previous
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study [76] of DBS in iPP, which yielded the order MDBS>> EDBS> DMDBS> DBS.

This di®erencein gelation e±cacy has beenexplained in terms of gelator solubility.

Addition of methyl or ethyl groups to the phenyl rings reducesthe polarity of the

gelator and increasesits compatibilit y with iPP, but reducesits compatibilit y with

PPG. They conclude that limited compatibilit y between the gelator and polymer

matrix can reinforce the structure as long as they are not so compatible to form a

solution.

1.7 MOLECULAR SELF-OR GANIZA TION

Together, rheology and microscopy provide fundamental insight into the macro-

scopicpropertiesandmorphologicalcharacteristicsof DBS organogels.Oneremaining

level of detail to be discussedis the underlying molecular structure of self-organized

DBS networks. Although some studies have addressedthis topic, much remains

unknown about the molecularstructure of DBS gelsand the molecularmechanism(s)

involved in network formation.

1.7.1 Exp erimen tal Studies

Kobayashi et al. [69] have examinedDBS aggregationin iPP through the useof

dynamic rheologicalmethods. Their ¯ndings indicate that the gelspossesstan ± » 1,

wheretan ±= G00=G0, thereby providing evidencefor an underlying network structure.

Since the response to mechanical vibration appears well-dispersed throughout the
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gel, they have surmisedthat the underlying structure must be a temporary (physical)

network at dynamic equilibrium betweenbond association and dissociation. While

results consistent with thesehave now beenacquired from a variety of solvent- and

polymer-basedDBS organogels,a key question that remains concernsthe chemical

group(s) on the DBS moleculeresponsiblefor network formation and gel stabilit y.

Using Fourier-transform infrared (FTIR) spectroscopy, Smith et al. [45] have

demonstratedthe presenceof an OH stretching vibration in the vicinit y of 3220cm¡ 1

for DBS in iPP. This ¯nding strongly suggeststhat the DBS moleculesform inter-

molecular hydrogen bonds, since intermolecular hydrogen-bonded hydroxyl groups

usually exhibit a broad OH stretching band in the rangefrom 3550to 3200cm¡ 1 and

iPP is incapableof forming such bonds. Their reasoningis ¯rmly supported by the

observation that pure DBS exhibits an OH stretch vibration at 3222cm¡ 1.

Yamasakiet al. [77] have employed a variety of chemical derivativesand experi-

mental techniquesin a focusedattempt to determinethe molecularstructure of DBS

networks in organogels.They have found, for example,that DL-DBS, a racemateof

DBS, is unable to form gels. On the basisof this observation, they proposethat the

chiralit y of DBS is an essential element in its capability to gel various liquids (simple

or macromolecular). An interesting result from their study is that the DL-DBS

moleculesform platelet-likecrystals,whereasthe DBS moleculesform rope-likehelical

nano¯brils. Thus, it followsthat the morphologyof the aggregatesconstitutesa signif-

icant factor in gel e®ectiveness.Infrared studiesperformedon the two enantiomers of
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DBS exhibit OH stretching bandsat 3250and 3550cm¡ 1, while the racemateshows

bands at 3350 and 3450 cm¡ 1. It has been suggestedthat the vibrations at lower

wavenumbersare indicative of strongerhydrogenbonding. The absorption intensities

are alsohigher in the caseof DBS. Such intensity variations provide a measureof the

changein the dipolemoment of OH stretching in intermolecularcoordinatesand may

re°ect the existenceof orderednanostructural elements. This implication agreeswith

the ¯nding [77] that the vectorscorresponding to the CO and OH stretching modes

becomemore linearly orderedin DBS than in its racemate.

Yamasaki and Tsutsumi [71] have investigated the gelation e±cacy of DBS in

a wide variety of organic solvents. In the presenceof acetonitrile, for instance, a

stretch vibration is observed at approximately 3600 cm¡ 1, which is indicative of

weak hydrogen bonds between DBS and acetonitrile molecules. Upon gelation, a

new stretch band arisesat about 3270cm¡ 1, which is attributable to intermolecular

DBS-DBS interactions [45]. Yamasaki and Tsutsumi [71] have discovered that the

higher wavenumber vibration (indicative of DBS/solvent interactions) vanishesbelow

a donor number of 49. They also report that the OH stretching band characteristic

of DBS-DBS hydrogen-bonding is relatively constant in solvents ranging in donor

number from 0 to 77. The results of their study indicate, to no surprise, that

DBS/solvent interactions increasewith increasingsolvent polarity.

To establishthe functionalities responsiblefor intermolecularDBS-DBShydrogen

bonds,Yamasakiand co-workers[71,77]have usedmethoxy substitution to block the
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pendant and terminal hydroxyl groups(seeFigure 1.2). Their work hasrevealedthat

the 5-methoxy DBS derivative (in which the pendant hydroxyl group, 5-OH, is substi-

tuted) retains the abilit y to induce gelation, while the 6-methoxy DBS derivative (in

which the terminal hydroxyl group, 6-OH, is substituted) does not. These results

indicate that the 6-OH group plays a crucial role in the abilit y of DBS to self-

organize, and that the 5-OH group may interact with functionalities on its host

moleculeor on matrix moleculesinsteadof participating in network formation. Spec-

troscopic¯ndings by Yamasakiet al. [77] con¯rm that the 5-OH group tends to form

intramolecular hydrogen bonds with an acetal oxygen in the presenceof nonpolar

solvents. As the solvent polarity increases,however, the 5-OH group may start to

interact with solvent molecules,in which casethe magnitudeof DBS-DBSinteractions

would be weakened. Complementary ultraviolet (UV) spectrophotometry further

shows that the phenyl rings prefer to stack side by side, while circular dichroism

(CD) spectra suggestthe presenceof a helical structure.

With all these experimental observations in mind, Yamasaki et al. [77] have

proposeda molecular model of DBS aggregates. In their model, the 6-OH group

is hydrogen-bonded to an acetal oxygen atom on a neighboring DBS molecule, so

that the two moleculesare stacked one on top of the other. While this molecular

arrangement agreeswith their ¯ndings, they caution that it may not be the only

correct model. In fact, their model is not entirely consistent with morphological

results revealing the existenceof nano¯brils that are thicker in diameter than what
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is predicted by their model. Numerousstudies[7, 10, 70, 71, 73, 77] have shown that

the nano¯brillar diameter of DBS rangesfrom about 3.2 nm to 70 nm, which are

all larger than the width of a singleDBS molecule(approximately 1.4 nm [7]). It is

certainly conceivable that the bonds suggestedby Yamasakiet al. [77] do exist, but

it is likely that other intermolecular interactions are non-negligible.

Studiesof the gelationtransition havebeenconductedby Wataseet al. [7] through

the useof DBS/ethyleneglycol systemsvarying in DBS concentration. As the concen-

tration of DBS is increased,°uorescencespectra reveal the formation of discrete

DBS aggregates,or °ocs, below the critical gelation concentration of 0.5 wt% DBS.

Their UV spectra also indicate the formation of a ground state dimer between two

benzylidene\moieties" in systemswith relatively high DBS concentrations. On the

basisof this result, they proposethat this ground state represents the formation of

¼-electron overlap between two aromatic groups if they lie in parallel and no more

than 0.35nm apart. This ¯nding hasyielded another molecularmodel in which DBS

nano¯brils form by stacking the 10-member rings on top of each other so that the

1,3-O-benzylidenegroupsoverlap and the 2,4-O-benzylidenegroupsoverlap.

While solvent polarity plays a crucial role in DBS self-organization, it remains

unclear as to whether solvent moleculesresidewithin the interior of DBS nano¯brils

or only interact with the surfaceof the nano¯brils. Watase et al. [7] have studied

gel dissolution temperatures, gel setting/formation temperatures, and enthalpies of

gel melting and gel formation of DBS with alcoholic solvents. They report that
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these quantities depend on the concentration of OH groups per solvent molecule,

rather than on the intrinsic properties of the solvent. The molar enthalpies of gel

dissolution (¢ hd) and formation (¢ hf ) are both linear with respect to the molar

concentration of solvent OH groups. Theseresultshave fosteredthe presumptionthat

DBS nano¯brils are composedalmost exclusively of stacked DBS molecules,rather

than sometype of DBS-solvent complex (at least in alcohols). Solvent molecules,

however, may interact with the surfacesof the nano¯brils through hydrogenbonding.

Since electron micrographs reveal that the cross-sectionof a DBS nano¯bril may

contain up to 10 DBS molecules,interactions between polar solvent moleculesand

the surfaceof DBS nano¯brils are likely to be signi¯cant.

1.7.2 Computational Studies

As a complement to experimental studiesof DBS self-organization,several e®orts

have employed computational methods to probe the chemical interactions between

DBS molecules.Titus and Millner [41], for example,have attempted to unravel the

molecularstructure of DBS through the useof MM2/MMP2 (Molecular Design,Ltd.)

and BIOGRAF/POL YGRAF (Biodesign,with the AMBER force¯eld developed at

the University of California at SanFrancisco). Their results show that the minimum

con¯gurational energyoccurswhen the 5-OH group forms a hydrogenbond with the

nearestacetal oxygen. Moreover, 15.5kJ/mol are required to rotate the 5-OH group

180± from its energyminimum, while only 4.2 kJ/mol are neededfor the 6-OH group
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to perform the samerotation. Therefore,the 6-OH group is morelikely to be involved

in intermolecularhydrogenbonding. In addition, the highestbinding energyof a DBS

dimer is achievedwhenthe two moleculesarepositionedwith the 5- and 6-OH groups

in closeproximit y (due to the potential for intermolecular hydrogenbonding).

The signi¯cance of intermolecular hydrogen bonding is also re°ected in a study

of MDBS conductedby Kobayashi et al. [78]. For this purpose,they have employed

the MOPAC software package(United StatesAir Force), a semi-empiricalmolecular

orbital algorithm, to modelMDBS self-organizationon a hexagonallattice. Two inter-

esting implications of this work are that (i) each point on the lattice contains four

pairs of intermolecular hydrogen-bonded MDBS moleculesand (ii) crystal growth

(and subsequent gelation) occurs faster along the c-axis of the MDBS unit cell.

They also attribute network growth to the thermodynamic stabilization of inter-

molecular hydrogen bonds between individual moleculesas they form a chain-like

macromolecule.

1.7.3 DBS/P olymer In teractions

Regardingthe molecularself-organizationof DBS, other important factors involve

the chemical interactions between DBS molecules and matrix polymer/solvent

molecules.As discussedearlier, solvent polarity, for example,hasa profound e®ecton

critical gel concentration, aswell as on the rangeover which DBS organogelsremain

stable. On the basis of their computational study of DBS in the presenceof iPP,
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Titus and Millner [41] report that the phenyl rings of DBS moleculesorient in such

fashionasto createa cleft into which a segment of iPP can ¯t. They further propose

that this conformation serves to reducethe motion of iPP chains and consequently

expedite crystallization of iPP. In this manner,DBS actsasa nucleatingagent, which

hasbeencon¯rmed experimentally.

Similar ¯ndings have beenreported in an independent study by Smith et al. [45].

Their work, using BioDesign'sPolygraf, revealsthat the lowest systemenergyoccurs

wheniPP segments ¯t into the groove createdby the butter°y-shapedDBS molecule.

Their explanation for the mechanism by which subsequent crystallization occurs is,

however, slightly di®erent from that of Titus and Millner [41]. They suggestthat

this structure stabilizes the iPP and reducesthe number of iPP helicesthat could

return to the randomcoil conformation. In this scenario,the DBS locks iPP segments

into position. By doing so, it facilitates the abilit y of the iPP segments to enter into

register and thereforecrystallize.

1.8 RECENT DBS DEVELOPMENTS

In addition to usingDBS asa gelator for organicsolvents/p olymersor asa nucle-

ating agent for semicrystallinepolymers,recent studieshave begunto examinemore

closelythe versatility of DBS in several new and exciting technologicalapplications.

Two of theseare brie°y discussedin this section.
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1.8.1 Liquid Crystal Gels

A recent development in DBS research is the possibility of usingDBS asa gelator

for small-moleculeliquid crystals[55,79{81]. Oneapplication includesthe commercial

product E7, which is a eutectic mixture of cyanobiphenyl moleculesthat is commonly

employed in optoelectronic devices. Janssenet al. [79, 81] have examinedDBS in

the presenceof E7 to ascertainits gelation e±cacy in the presenceof an anisotropic

polar solvent. From their DSC results, they note the presenceof a monotectic point,

which they refer to as\mesotectic," wherea liquid is in equilibrium with a solid phase

and a mesophase.Optical microscopy revealsthat gelation occurs in thesecomplex

systemsat DBS concentrations as low as 0.5 wt %. The resultant gelsappear to be

very stable (over several months) and viscoelastic in nature. Organogelscontaining

0.5 to 3 wt% DBS are also surprisingly strong (exhibiting valuesof G0 in the range

of 600 to 2000Pa). The most exciting property of theseunique DBS/E7 gelsis that

they can be reversibly switched betweenclear and opaquestates upon exposure to

an external AC electric ¯eld, making them ideally suited for advancedliquid display

technologies.

1.8.2 Electrolyte Gels

Another intriguing application of DBS is in the production of electrolyte gels[11,

15, 82]. Sinceit hasbeenrepeatedly establishedthat only small amounts of DBS are

requiredfor gelation in most organicmedia, it is reasonableto expect that organogels
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canbepreparedin which the conductivity of the solvent or polymer matrix is virtually

unchanged.Nahir et al. [15] have successfullydemonstratedthat they could produce

electrochemically stablegelsthat exhibit nearly the sameconductivity and transport

properties of the corresponding liquid systems. They note that the conductivity

of theseDBS organogelsis comparableto that of solid electrolytes reported in the

literature. Similarly, Silva et al. [82] have examined DBS with o-nitrophenyloctyl

ether and supporting electrolytes. In their work, DBS gelation is found to help

stabilize the interfacebetweentwo immiscible electrolyte solutions.

1.9 CONCLUDING REMARKS

In this work, wehaveprovided an overviewof DBS anda selectionof its organogels.

Dibenzylidenesorbitol is a member of a unique family of low-molecular-massorganic

gelators capable of gelling a wide variety of organic solvents and polymers. As

discussedin this work, thesegelators have many possibleapplications traditionally

ranging from medicaldevicesand cosmeticsto generalhouseholdproducts. Potential

applications on the horizon include optoelectronicdevicesand organic battery fabri-

cation. One of the most important considerationsin the designof organogelsfor use

in such applications is the low concentration of gelator required. In the caseof DBS,

this critical concentration tends to be very low (typically < 1 wt%), which makesit

particularly attractiv e.

While fundamental and commercial interest in the design and development of
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organogelsis generallyincreasing,the molecularmechanism(s)responsiblefor gelation

and gel stabilit y are still not well-understood. In particular, a detailed picture of

the mechanism and kinetics of DBS self-organizationpresently remains unknown.

Factorssuch assolvent polarity certainly impact DBS gelation,but a systematicstudy

aimed at elucidating the speci¯c chemical interactions that occur betweenDBS and

matrix moleculesis needed,asis a detailedmorphologicalstudy to relate nano¯brillar

development and growth to environmental conditions.

In the following four chapters, we attempt to addresssomeof theseoutstanding

questionsby analyzing the local intra/in termolecular interactions of DBS molecules

and the resultant nanoscalenetwork through the complementary use of molecular

modeling, dynamic rheologyand light/electron microscopy. In Chapter 2, computa-

tional methods- molecularmechanicsandmoleculardynamics- areemployedto inves-

tigate the preferredcon¯guration of the DBS moleculeand to identify the molecular

interactions that e®ectively govern DBS self-organization. Chapter 3 explores the

macroscopicand microscopicpropertiesof DBS networks in an organicpolymer liquid

whosepolarity can be systematically adjusted through judicious endgroup substi-

tution. Comparative rheologicalanalysiselucidatesthe primary interactions between

DBS moleculesand the polar groups present in the matrix medium, whereasthe

morphologicalcharacteristicsof the DBS nanostructureprovide valuable insight into

the spatial arrangement of DBS moleculesand the mechanismby which the molecules

interact. The objective of Chapter 4 is to relate the results reported in Chapter 3 to
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thosereported in the literature for a related polymer by examiningamphiphilic block

copolymer melts di®ering in composition. By varying copolymer composition and

block length in systematicfashion,wecandeducethe impact of copolymer sequencing

and, hence, polarity and hydrophilicit y on the kinetics of network formation and

dissolution. In Chapter 5, DBS self-organizationis studied in the presenceof a high-

molecular-weight thermoplastic with a glasstransition temperature above ambient.

The characteristicsof the DBS nanostructure,aswell as its e®ecton bulk properties,

are scrutinized alone and in the presenceof an inorganic nano¯ller. The results of

this work and recommendationsfor future work are summarizedin Chapter 6.

1.10 NOTES

Portions of this chapter werepublishedin Recent Research Developmentsin Mate-

rials Science 3, 93 (2002), published under the authorship of Elizabeth A. Wilder y,

Carol K. Hally, SaadA. Khany and Richard J. Spontakyz (Departments of yChemical

Engineeringand zMaterials Science& Engineering,North Carolina State University,

Raleigh, NC 27695).
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Chapter 2

Molecular Structure and Lo cal In teractions of

1,3:2,4-Dib enzylidene-D-Sorbitol

2.1 ABSTRA CT

The 1,3:2,4-dibenzylidene-D-sorbitol(DBS) moleculeis a low-molar-massorganic

gelator (LMOG) that is capableof hydrogen bonding with itself. As a consequence

DBS moleculesself-organizeinto nano¯brillar networks at relatively low concentra-

tions in a wide variety of organic solvents and polymers. In this work, we conduct

a seriesof molecular mechanics and density functional calculations, together with

molecular dynamics simulations, to elucidate the equilbrium structure of DBS and

the molecular interactions which govern DBS self-assembly. Molecular mechanics

calculationsperformedon singleDBS moleculeswith Cerius2 and InsightI I software

reveal that the phenyl rings tend to adopt an equatorial position and that the

pendant hydroxyl group prefers to form an intramolecular hydrogen bond with an

acetal oxygen, in contrast to the terminal hydroxyl group. Molecular mechanicsand
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moleculardynamicson DBS dimersrevealsthat they arecapableof forming hydrogen

bondsand participating in ¼-interactions, suggestingthat the mechanismof nano¯b-

rillar network formation may be complex, involving more than one type of physical

interaction.

2.2 INTR ODUCTION

Dibenzylidenesorbitol (DBS) is a low-molar-massorganic gelator (LMOG) that

is capable of self-organizing into nano¯brils and consequently inducing network

formation in a variety of organicsolvents and polymersto producestable organogels

[1{13]. Organogelsof this type have attracted great technological interest due to

their many possibleusesin, for example,cosmetics[9, 14], biomedicalmaterials [15]

and electronic devices[16, 17]. Dibenzylidenesorbitol is a derivative of the natural

sugar alcohol D-glucitol [10] and is synthesizedby a condensationreaction between

benzaldehyde and sorbitol [18]. In its native state, DBS existsasa white, crystalline

powder with a normal melting temperature (Tm ) of about 220±C [1, 19]. In the

presenceof a relatively nonpolar solvent or polymer matrix, this LMOG dissolves

completelyat a dissolution temperature Td and subsequently self-organizesto form a

nanostructure at a formation temperature Tf , whereTf is lower than Td [1, 10, 12].

Both Td and Tf are lower than Tm and depend on factors such asDBS concentration

and matrix polarity [1, 6, 12, 20].

The DBS moleculeis a chiral moleculeshaped like a butter°y having a sorbitol
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Figure 2.1: Structure of 1,3(R):2,4(S)-dibenzylidene-D-sorbitol[DBS]

body and two benzylidenewings, as depicted in Fig. 2.1. Since the benzylidene

attached at the 1 and 3 carbons is in an \R" chiral orientation and the benzylidene

attached at the 2 and 4 carbons is in an \S" chiral orientation, DBS is designated

as 1,3(R):2,4(S)-dibenzylidenesorbitol. The hydrophobic aromatic rings facilitate

DBS dissolution in various organic solvents and polymers [21], whereasthe acetal

oxygens, phenyl rings and hydroxyl groups endow DBS with its unique abilit y to

self-organizeand induce physical gelation. Figure 2.2 shows a DBS moleculelabeled

with signi¯cant atoms and groupsfor the sake of clarity in subsequent discussion.

Kobayashi et al. [20] examinedthe mechanism of DBS aggregationin nonpolar

isotactic polypropylene (iPP) through the use of dynamic rheologicalmethods and

concluded that the underlying gel structure is be a temporary (physical) network

with dynamic equilibrium betweenbond association and dissociation. While results
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Figure 2.2: Chemical structure of the 1,3:2,4-dibenzylidenesorbitol (DBS) molecule
with chemical functionalities of interest labeled. For clarity, the acetal oxygensare
denotedby integers.

consistent with this picture havenow beenreported [1, 5, 6, 10]for a variety of solvent-

and polymer-basedDBS organogels,a key questionthat remainsconcernsthe identit y

and function of the chemical group(s) on the DBS moleculethat are responsible for

nanostructure formation and network stabilit y.

As DBS self-assemblesinto a ¯brillar network, two typesof physical intermolecular

interactions are likely to occur: hydrogen bonding and ¼ interactions. Hydrogen

bonding refersto the interaction betweena hydrogenatom bondedto an electroneg-

ative atom (A-H) and another highly electronegative atom (B), whereB possessesa

lone pair of electrons.This interaction generatesstrong dipole-dipole forcesresulting

in a net energy reduction. Hydrogen bonds typically have a bond strength of » 20

kJ/mol [22], but the precisevalue dependson the particular type of hydrogenbond.
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(b)(a)

Figure 2.3: Schematic illustrations of ¼interactions exhibiting two di®erent orienta-
tions for benzene:(a) parallel-displacedand (b) perpendicular (T-shaped).

In marked contrast to hydrogen bonds, ¼ interactions occur between two aromatic

rings such as benzene(seeFig. 2.3). Theseweak interactions arise from the overlap

of ¼orbitals in adjacent aromatic rings at interplanar distancesof about 3.4 ºA. The

overlap of ¼bondsresults in electron delocalization and a net energyreduction. For

benzenerings, ¼ interactions possessbinding energiesof 11.5 and 7.5 kJ/mol for

the parallel-displacedand perpendicular (T-shaped) orientations, respectively [23].

The binding energyfor the parallel stacked (\face-to-face") orientation in benzeneis

reported to be roughly 5.4 kJ/mol [24].

UsingFourier-transforminfrared (FTIR) spectroscopy, Smith et al. [25]discovered

the presenceof an OH stretching vibration in the vicinit y of 3220cm¡ 1 for DBS in

iPP, indicating that DBS moleculesform intermolecular hydrogen bonds. In their
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study of DBS derivativeswith systematicallyblocked functional groups,Yamasakiet

al. [4] demonstratedthat the 5-methoxy derivative, in which the pendant hydroxyl (5-

OH) group is replacedwith a methoxy (OCH3) group, can still inducegelation, while

the 6-methoxy DBS derivative with the terminal hydroxyl (6-OH) group substituted

cannot. This con¯rms that the 6-OH group plays a crucial role in the abilit y of

DBS to self-organizeand ultimately form a network structure. In contrast, the 5-OH

group does not seemto participate in network formation although it may interact

intramolecularly with functionalities on its parent moleculeor intermolecularly with

matrix molecules.

On the basisof their ¯ndings, Yamasakiet al. [4] proposeda conceptualmodel for

DBS aggregationin which the 6-OH group forms an intermolecular hydrogen bond

with an acetaloxygenon a neighboring DBS molecule.Their resultsaresupported by

the ¯ndings of Millner and Titus [26], who usedmolecularmechanicsto examinethe

molecular structure of DBS. They report that the minimum con¯gurational energy

of DBS occurs when the 5-OH group forms an intramolecular hydrogen bond with

the nearestacetal oxygen. Moreover, the 5-OH group is not as °exible as the 6-OH

group, suggestingthat the 6-OH group is more likely to be involved in intermolecular

hydrogenbonding. Wataseet al. [11]however, found evidencethat hydrogenbonding

may not be the sole intermolecular interaction responsible for DBS self-assembly.

UV spectra collected in their research reveal the formation of a ground state dimer

betweentwo benzylidenemoietiesin systemswith relatively high DBS concentrations.
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They attribute this to ¼-electronoverlap betweenadjacent phenyl rings and propose

that DBS nano¯brils form by stacking their 10-member rings on top of each other so

that the 1,3-O-benzylidenegroupsoverlap and the 2,4-O-benzylidenegroupsoverlap.

The models of Yamasakiet al. [4] and Wataseet al. [11] fundamentally con°ict and

clearly indicate that the molecularself-organizationof DBS is not only complicated,

but alsopoorly understood at the present time.

In order to elucidatethe equilibrium structure and interaction tendenciesof DBS

moleculesand improve the current understandingof this interesting LMOG, we have

performedboth molecularmechanicscalculationsandmoleculardynamicssimulations

on DBS and someof its derivatives. Energy calculations were performed on DBS

using Cerius2 with the CVFF force¯eld to elucidate the three-dimensionalstructure

of DBS. The Cerius2 conformational search tool was employed to determine low-

energyDBS structures and energyminimization calculationswereperformedon DBS

to clarify its equilibrium structure. Energy minimizations and molecular dynamics

simulations werealsorun on DBS dimersusing InsightI I with the CVFF force¯eld in

an e®ortto reveal the intermolecularinteractionsbetweenDBS molecules.Additional

energyminimization calculationswere run on the 5-methoxy DBS derivative (which

is capableof gelation) and the 6-methoxy DBS derivative (which is unable to form

gels) to determine any structural di®erencesbetween DBS and the two derivatives

that could explain the di®erencesin gelling abilit y.

Highlights of our results are the following: The 6-hydroxy group of DBS is quite
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°exible, while the 5-OH tends to form intramolecular hydrogen bonds with acetal

oxygens. Rotations of these two groups revealed that the 6-OH could rotate a full

360± with little variation in energy, while the 5-OH faceda severe energypenalty in

doing sodue to negative interactions with nearby hydrogengroups. The phenyl rings

are quite °exible, but show a distinct preferencefor the equatorial position. Energy

minimizations on DBS dimers reveal the formation of both intermolecular hydrogen

bonds and ¼interactions. Molecular dynamics calculations on DBS dimers con¯rm

theseresults, and further suggestthat intermolecular hydrogenbondsare a result of

interactions betweenhydroxyl groupsand acetaloxygens,and that ¼interactions are

favored betweenphenyl rings of the samechiral orientation.

2.3 COMPUT ATIONAL METHODS

Three di®erent computational approaches were employed: density functional

theory (DFT), molecular mechanics and molecular dynamics. DFT energycalcula-

tions wererun on several of the individual DBS structuresacquiredthrough molecular

mechanicsenergyminimizations in order to compareenergiesvaluesacquiredthrough

the two di®erent approaches. DFT energycalculationswereconductedusingDGauss

with the UniChem interfaceand the DZVP2 basisset. DFT is a ground-statetheory

basedon the ¯rst Hohenberg-Kohn theorem which states that a system's external

potential is uniquely determinedby the one-particledensity. Accordingly, the Hamil-

tonian, and therefore the ground state wavefunction and ground-state total energy,
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are also determined by the ground-state density [27]. DFT is appealing becauseof

its combination of accuracy and computational simplicity, and has becomeone of

the most popular methods usedfor studying the ground state energiesand density

distributions for many-electron systems[28].

Energy minimizations and conformational searches were performed using

molecularmechanicscalculationswith the Accelrys Cerius2 platform and the CVFF

force¯eld [29], wherethe potential energyis represented by Equation 2.1:

Epot =
X

b

Db[1 ¡ e¡ ®(b¡ b0 ) ] +
X
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X
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where b, µ and Á correspond to bond lengths, bond angles and torsion angles,

respectively. The subscript 0 signi¯es an equilibrium length, rather than the actual

length. Â is an out-of-plane or inversion term to represent the energy involved in

inverting or otherwisechangingthe out-of-planeangleof a chiral center. Db is a bond

energyparameterand ® is a parameterbasedon the forceconstant and bond energy

parameter. Hx and Fx (where x = b, µ, Á, Â or a combination thereof) are force

constants. In term 3, n is related to the periodicity of the function, while s (= § 1)

de¯nes whether the maximum occursat 0± or (180/n)±. The symbol r ij corresponds

to the distancebetweentwo atoms i and j, with the superscript * denoting the equi-

50



librium distance(where the minimum occurs). " ij is the potential well depth in term

10, ² is the dielectric constant in term 11, and qi and qj are atom-centered point

charges.

The ¯rst four terms represent the deformation energy for bond lengths, bond

angles,torsion angles,and out-of-plane displacements, respectively. The 5th - 9th

terms account for couplingsbetweenthesedeformations. The ¯nal two terms account

for non-bonded interactions between atoms; the 10th term represents the repulsive

and attractiv e van der Waals interactions between atoms, and the 11th term is a

Coulombic potential to model electrostatic interactions betweenatoms.

In order to elucidatethe equilibrium structure of DBS, a low-energyDBS structure

was found by performing a Cerius2 energyminimization on a rough initial structure.

The resulting structure was then put through a conformational search where four

functional groupswererotated in an e®ortto measuretheir °exibilit y: the 5-hydroxy,

the 6-hydroxy, the \R" phenyl ring and the \S" phenyl ring. Energy minimizations

were then performed on an additional four low-energystructures acquired through

the conformational searches for comparisonwith each other and with the original

energy-minimizedstructure. The resulting structureswerethen put into dimer confor-

mations and energy minimizations were performed on the dimer systemsin order

to determine the nature of the intermolecular interactions betweenDBS molecules.

Additional energy minimizations were performed on two DBS derivatives, the 5-

methoxy derivative (a gelator), and the 6-methoxy derivative (incapableof gelation)
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to comparestructural di®erencesbetweenthe three molecules.

Molecular dynamicssimulations wererun on DBS dimers in order to gain insight

into the intermolecular interactions that govern DBS self-organization. The tra jec-

tories of all of the moleculeswerefollowedby applying Newton'ssecondlaw of motion

usingthe AccelrysInsightI I softwarepackagein conjunction with the CVFF force¯eld

to represent the systemenergy. In order to prevent any biasassociatedwith our choice

of initial con¯gurations, initial con¯gurations weregeneratedby subjecting a system

containing two DBS molecules(both having the sameinitial intramolecular con¯g-

uration as our initial energy-minimizedstructure) to a 40-million step simulation at

300K and a time step of 1 fs with con¯gurations recordedat 2 million step intervals.

These20 di®erent initial con¯gurations werethen usedas the starting con¯gurations

in subsequent molecular dynamics simulations conductedat 300 K in vacuum with

a time step of 1 fs for a total of 10 million steps,with molecular con¯gurations and

energiesrecordedevery 10,000steps. The initial 2.5 million steps(25%) of each run

wereusedfor equilibration and not included in the data analysis. All calculationsand

simulations were run on the Silicon Graphics Origin 2400workstation at the North

Carolina Supercomputing Center (Research Triangle Park, NC).
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2.4 RESUL TS and DISCUSSION

2.4.1 Molecular Con¯gurations of DBS

A molecular mechanics analysisof a single DBS moleculeusing the Cerius2 and

InsightI I software yields the energy-minimizedstructure presented from two di®erent

anglesin Fig. 2.4. This structure possessesdihedral angles(de¯ned asshown in Fig.

2.5) of -109.2± for the left (S-oriented) phenyl ring and -40.9± for the right (R-oriented)

phenyl ring.

The energycorresponding to the structure in Fig. 2.4 is 515.5kJ/mol from the

molecular mechanics calculations and -1216.8Hartree from the density functional

(quantum mechanical) calculations. In this structure, the phenyl rings lie in an

equatorial position, in agreement with the conceptualmodel proposedby Yamasaki

et al. [4]. Additionally , the 5-OH groups tends to form an intramolecular hydrogen

bond with the nearestacetaloxygen,while the 6-OH group is more°exible, consistent

with prior results [26].

During an energy minimization procedure such as the one discussedabove, a

moleculestarting from an arbitrary initial structure will generally converge on the

nearestenergyminimum. Accordingly, depending on the initial structure, it is quite

possiblethat the moleculewill convergeon a local minimum rather than the true equi-

librium structure. To ensurethat structural variations wereexploredin our search for

the global minimum, a conformational search testing the °exibilit y of various func-

tional groups on our energy-minimizedstructure was conductedusing the Accelrys
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Figure 2.4: Lowest-energymolecular con¯guration of the DBS molecule obtained
using molecular mechanics. Two di®erent anglesare shown. The grayscaleprovides
a key to the atomic composition: C (dark), O (light) and H (intermediate).

O

O O

O

OH
HO

Figure 2.5: De¯nitions used for the dihedral anglesof the phenyl rings. The solid
lines indicate the four atoms usedto de¯ne the dihedral angle and the arrow shows
the direction. The dihedral angle is the anglebetweenthe plane de¯ned by the ¯rst
three atoms (O-C-C) and the bond connecting the third and fourth atoms. The
dashedarrows indicate the direction of the rotation of the phenyl rings during the
conformational searches. A 0± anglecorresponds to the four atoms being coplanar.
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Cerius2 software with the CVFF force¯eld. The orientation of the phenyl rings,

for instance, was analyzed by rotating each phenyl ring on the energy-minimized

structure by 180± in 10± increments and calculating the energyof each newstructure.

The results of the phenyl ring rotations are displayed in a two-dimensionalcontour

plot in Fig. 2.6. The absoluteminimum energy(546.4kJ/mol) is realizedwhenboth

rings are positioned in an equatorial fashion, almost perpendicular to the sorbitol

backbone, as in the con¯guration shown in Fig. 2.4. Due to the symmetry of the

phenyl rings, four identical minima are apparent at x,y coordinatesof roughly (-110±,

-70±), (-110±, 110±), (70±, -70±) and (70±, 110±). We should point out that the energy

varied by only 30.5kJ/mol over the entire search. This observation strongly suggests

that while the phenyl rings may prefer an equatorial position, they remain quite

°exible.

The °exibilit y of the two hydroxyl groupswas also investigatedby rotating each

group 360± in 10± increments through anglesde¯ned asC4-C5-Oand C5-C6-Ofor the

5-hydroxy and 6-hydroxy respectively, where the number corresponds to a position

along the sorbitol backbone(seeFig. 2.2). The results for the energyassociated with

rotating the 6 and 5-hydroxy groupsare presented in Figs. 2.7 and 2.8, respectively.

Sincethe variation in the angle-dependent energyof the 6-OH group in Fig. 2.7 is

very small (ranging from 546.0to 579.5kJ/mol), we concludethat this functionality

is very °exible and capable of rotating a full 360±. Such °exibilit y would greatly

bene¯t the abilit y of DBS to form intermolecular hydrogen bonds. Over the course
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Figure 2.6: Two-dimensionalmolecular mechanics energy map of the phenyl ring
diherdral angles. The contour levels identify energy levels expressedin terms of
kJ/mol. The locations of the energy minima are consistent with an equatorial
(coplanar) phenyl ring con¯guration.
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Figure 2.7: Dependenceof the con¯gurational energy (E) on the dihedral angle of
the 6-OH group of DBS obtained using molecularmechanics. The solid line servesto
connectthe data.

of the entire search for the 5-OH group, on the other hand, the energyis observed in

Fig. 2.8 to vary considerablyfrom 546.0to 870.3kJ/mol. In the angular rangewhere

an intramolecular hydrogenbond could form betweenthe 5-OH group and an acetal

oxygen (approximately -40 to -60±), however, the energy is relatively low (546.0 to

551.5 kJ/mol), thereby con¯rming previous observations [26] that the 5-OH group

shows a distinct preferencefor intramolecular hydrogenbonding.

In the samespirit as the phenyl ring and hydroxyl analysesdescribed above, we

also attempted to determine if there are any structures that possessa lower energy

than the energy-minimizedone displayed in Fig. 2.4. This possibility was examined
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Figure 2.8: Dependenceof the con¯gurational energy (E) on the dihedral angle of
the 5-OH group of DBS obtained using molecularmechanics. The solid line servesto
connectthe data.
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Structure ¢E [MM] [kJ/mol] ¢E [QM] [kJ/mol]

Original +16.7 +2.63
A +6.69 + 7.87
B +0.84 +21.0
C 0 (lowest E) +7.87
D +9.62 0 (lowest E)

Table 2.1: Energy di®erences(¢E) in the con¯gurations of DBS from molecular
mechanicsand quantum mechanics

by sampling, and subsequently minimizing through molecular mechanics, a popu-

lation of low-energystructures derived from the conformational searches described

above. Four of the resulting energy-minimizedstructures resulting from this analysis

are displayed in Fig. 2.9, and the corresponding energydi®erences(relative to the

minimum energy)are listed for comparisonin Table2.1. Also listed arecorresponding

energyvaluesfrom quantum mechanics(QM) /density functional theory energycalcu-

lations on thesestructures. Thesemuch more intensive calculationswere performed

to provide a comparison with the less-intensive molecular mechanics calculations.

It can be seenthat while the two methods yield somewhatdi®erent results, both

con¯rm the °exibilit y of DBS. According to the molecular mechanics energycalcu-

lation, structure C hasthe lowest energy, while accordingto the quantum mechanics

calculation structure D has the lowest energy. However, sincethe energydi®erence

is never greater than about 20 kJ/mol, a relatively small value, it is safeto say that

thesestructures are nearly iso-energetic.It is therefore reasonableto concludefrom

these ¯ndings that DBS does not solely reside in a global minimum, but instead

°uctuates amongvarious low-energystructures.
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(b)(a)

(c) (d)

"A" "B"

"C" "D"

Figure 2.9: Alternativ e low-energyDBS structures illustrating the °exibilit y of the
DBS moleculefound through molecularmechanics. Valuesof the relative energiesof
thesestructures obtained from molecular mechanics (MM) and quantum mechanics
(QM) calculationsare provided in Table 2.1.
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2.4.2 Molecular Mec hanics Studies of In termolecular In teractions

Bet ween DBS Molecules

The energy of several DBS dimers was minimized via molecular mechanics to

determine which of the elements of the Watase et al. [11] and Yamasaki et al. [4]

modelsbest describe the intermolecular interactions betweenDBS molecules.Recall

that Watase and coworkers [11] contend that the DBS moleculesstack neatly on

top of each other, separatedby a distanceof no more than 3.5 ºA betweenadjacent

phenyl rings. Yamasakiet al. [4], on the other hand, proposethat the DBS molecules

self-organizevia intermolecular hydrogen bonds that connect a 6-OH group on one

moleculeto an acetal oxygen on another.

Figure 2.10 shows two sample dimer structures before and after energy mini-

mization. The initial con¯gurations were designedby taking two DBS molecules

(both identical to the structure presented earlier in Fig. 2.4) and placing them

in arbitrary positions relatively close to each other. This method was utilized to

determinewhether speci¯c interactions (such ashydrogenbonding or ¼interactions)

would occur. The moleculeswerekept in closeproximit y to each other to ensurethat

the potential bonding siteswould ¯nd each other over the courseof the minimization.

The initial structures exhibit a relatively high energy(in excessof 105 kJ), but upon

minimization, the energyof each dimer decreasessubstantially to » 1900kJ. An inter-

esting featureof thesedimers is the formation of a hydrogenbond (measuring1.76or

1.82ºA) betweenthe 6-OH group on oneDBS moleculeand an acetal oxygen on the
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other. This result is consistent with the con¯gurational model adoptedby Yamasaki

et al. [4].

Becauseour studieshave revealedthat DBS is quite °exible, energyminimizations

werealsorun on dimersusingthe four alternate intramolecularstructuresdisplayedin

Fig. 2.9in the initial con¯gurations. Resultsareprovided for comparisonin Fig. 2.11.

Figure 2.11a,which employed two copiesof structure A in the initial con¯guration

(not shown), reveals the formation of a weak hydrogen bond (2.46 ºA) between the

6-hydroxy on the upper moleculeand the 1-acetalgroup on the lower molecule.There

is also the suggestionof intermolecular T-shaped ¼interactions betweenthe phenyl

rings. In Fig. 2.11b,whoseinitial intramolecular con¯gurations are the sameas that

of structure B, a much strongerhydrogenbond (1.82ºA) formsbetweenthe 5-hydroxy

group of the upper moleculeand the 2-acetal on the lower molecule. There is also

a fairly strong suggestionagain of ¼ interactions involving the phenyl rings of the

upper molecularand the \R" phenyl ring of the lower molecule.Figure 2.11c,whose

initial intramolecular con¯gurations are the sameas that of structure C, indicates a

1.86 ºA hydrogen bond betweenthe 6-hydroxy group of the upper moleculeand the

2-acetal group of the lower molecule, as well as a de¯nite T-shaped ¼ interaction

between phenyl rings. Finally, Fig. 2.11d, which employed initial intramolecular

con¯gurations identical to structure D, doesnot suggesthydrogenbonding,but clearly

revealsa parallel-stacked¼interaction. Theseresults indicate the both ¼interactions

and hydrogen-bonding play an important role in DBS self-organization.
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Initial Final

Initial Final

1.76 Å 
H-bond

1.82 Å 
H-bond

(a)

(c)

(b)

(d)

Figure 2.10: Two examplesof DBS dimers before (a,c) and after (b,d) molecular
mechanicsenergyminimization. The initial con¯gurational energies(in kJ/mol) are:
(a) 1:23£ 105 and (c) 6:69£ 105, whereasthoseafter energyminimization are: (b) 1950
and (d) 1940. Note the formation of intermolecularhydrogenbondsin (b) and (d) as
indicated by the dashedline.

63



(a)

(c)

(b)

(d)

Figure 2.11: Examplesof molecular mechanics energy-minimizedDBS dimers using
the intramolecular con¯gurations of (a) structure A, (b) structure B, (c) structure C
and (d) structure D. Intramolecular con¯gurations are shown in Fig. 2.9.
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2.4.3 Molecular Con¯gurations of DBS Deriv ativ es

An alternative way of probing DBS intermolecular interactions is through the

useof DBS derivatives with blocked functional groups. Energy minimizations were

performed on the 5-methoxy DBS derivative (capable of gelation [4]) and the 6-

methoxy DBS derivative (unable to gel [4]) to determine if the di®erencein gelation

abilit y is due to a di®erencein thesemolecule'sabilit y to self-organizethrough inter-

molecular bonding. There are two likely explanations to justify the inabilit y of the

6-methoxy derivative to gel °uids: (i) the 6-hydroxy is explicitly involved in the self-

organization of DBS and without it DBS cannot self-assemble or (ii) the presence

of the bulky 6-methoxy group alters the structure of DBS in such a way to render

self-assembly impossible.

Molecularmechanicsenergyminimizations of the two derivativesyield very similar

structures, which are presented in Fig. 2.12. The substitution of either the 6-

methoxy or 5-methoxy has little e®ecton the orientation of the phenyl rings (they

remain in an equatorial position) as comparedto the standard DBS molecule(see

Fig. 2.4). There is someminor variation in the position of the blocked functionality,

most likely due to repulsive interactions betweenthe substituted methoxy group and

neighboring functionalities. The similarit y in thesestructures shows that variation

in the intramolecular structure alone cannot be usedto explain the inabilit y of the

6-methoxy derivative to self-assemble, and supports the idea that the 6-hydroxy is

signi¯cant in the abilit y of DBS to form networks. Furthermore, becausethere was

65



virtually no impact on the phenyl rings, theseresults imply that ¼-stacking is not the

only important interaction in the self-assembly of DBS.

2.4.4 Molecular Dynamics Simulations on DBS Dimers

Molecular dynamics simulations were performed on two DBS molecules(A and

B) to ascertainthe di®erent typesof interactions that can occur betweenthem. The

resulting con¯gurations were analyzedto identify preferredangular orientations and

bonding sites. While our studies of single DBS moleculesrevealed that the phenyl

rings prefer to orient in a coplanar fashion, it is possiblethat this behavior changes

when other moleculesare present. To determine if the phenyl ring behavior was

altered by the presenceof an additional DBS molecule,Figure 2.13shows the distri-

bution of dihedral anglesfor the S-oriented phenyl ring of moleculeA over the course

of the moleculardynamicssimulation. Two maxima, onecentered at about -60± and

the other at about 120±, are evident in the distribution and con¯rm that the phenyl

rings are equatorial (perpendicular to the sorbitol backbone). Conversely, the two

minima in Fig. 2.13correspond to orientation in which the phenyl rings are at a high

angle of inclination with respect to the sorbitol backbone. Analogousdistributions

derived for the dihedral angleof the R-oriented phenyl ring of moleculeA, aswell as

for both phenyl rings on moleculeB, reveal similar results and are not included here

for that reason.Theseresults reveal that the phenyl rings of DBS continue to prefer

the equatorial position in the dimer situation.
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(a)

(b)

Figure 2.12: Lowest-energymolecular con¯guration of: (a) the 5-methoxy and (b)
the 6-methoxy DBS derivativesacquiredthrough molecularmechanics.
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Figure 2.13: Dihedral angledistribution of the S-oriented phenyl ring of moleculeA
from molecular dynamics. The maxima in the distribution indicate that the phenyl
rings are equatorial.
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Value A6B1 A6B2 A6B3 A6B4 A6B5 A6B6

Average 6.63 6.44 5.74 5.96 6.60 6.72
Median 7.01 7.03 5.98 5.96 6.63 6.49

Std. Dev. 2.09 2.34 1.86 1.99 2.12 2.30

Table 2.2: Functionality-speci¯c interatomic distance (in ºA) from molecule A to
moleculeB from moleculardynamicscalculations

Value B6A1 B6A2 B6A3 B6A4 B6A5 B6A6

Average 6.36 5.91 5.69 5.63 6.94 6.73
Median 6.51 5.57 5.91 5.29 6.56 6.47

Std. Dev. 2.26 2.54 2.07 2.30 2.34 2.31

Table 2.3: Functionality-speci¯c interatomic distance (in ºA) from molecule B to
moleculeA from moleculardynamicscalculations

To describe the intermolecular interactions that occur betweenneighboring DBS

molecules,we have examined the distances between: (i) hydrogen-bonding sites,

and (ii) adjacent phenyl rings over the courseof the moleculardynamicssimulation.

Averageand median values for all 20 di®erent runs (a total of 15,000independent

con¯gurations) as well as the corresponding standard deviations of the distance

betweenpotential hydrogenbondingsitesareprovided in Tables2.2and 2.3. Data are

shown for distancesinvolving the 6-hydroxy group sincethe 5-hydroxy group seems

to have an insigni¯cant e®ecton the gelation abilit y of DBS [4].

In the tables, the interaction is designatedby two letters, which refer to the

moleculeof interest (A or B) and the atomic position of the functionality of interest

along the DBS molecule(1-4 are acetal oxygens,and 5 and 6 are OH groups). If the

results of the simulation are unbiased,valuesfor the distancesbetweenfunctionality
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i on A and functionality j on B should be nearly the sameas the distancesbetween

functionality j on A and functionality i on B. Reasonablesimilarit y in this regard is

seenin Tables2.2 and 2.3. The averageand median interatomic distanceslisted in

Tables2.2and 2.3arenot indicativeof strong hydrogenbonding, which would require

much shorter interaction distanceson the order of » 2 ºA. To explain this unexpected

result we turn to the histogramsfrom which the averageand media distanceswere

extracted. Figure 2.14displays the distancehistogramscorresponding to interactions

betweenthe 6-OH group of moleculeB and the acetal oxygensof moleculeB: B6A1

(Fig. 2.14a),B6A2 (Fig. 2.14b),B6A3 (Fig. 2.14c)and B6A4 (Fig. 2.14d). Similarly,

the distance histograms in Figs. 2.15aand 2.15b refer to interactions between the

6-OH group of moleculeB and the 5-OH and 6-OH groups,respectively, of molecule

A.

In all these histograms, peaks in the vicinit y of 3 ºA indicate that the atoms

are su±ciently closeto form hydrogen bonds someof the time. Since there is no

other measureof hydrogen bond formation in these simulations, we presumethat

this distance considerationprovides an accuratecriterion to establish the existence

of hydrogen bonds, albeit weak ones. The peaksin the distance histogramsshown

in Fig. 2.14a-creveal a tendency for the 6-OH group of one molecule to form a

hydrogenbond with the 1, 2, 3 and 4 acetaloxygens(seeFig. 2.2 for thesepositions)

of a secondmolecule. The results in Fig. 2.15a indicate that the 6-OH group of

moleculeB does not hydrogen-bond with the 5-OH of moleculeA. Already extant
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Figure 2.14: Molecular dynamics distributions of the distance between the 6-OH
group of moleculeB to a speci¯c acetaloxygenof moleculeA - (a) 1, (b) 2, (c) 3 and
(d) 4 - accordingto the designationsintroduced in Fig. 2.2. Maxima in the vicinit y
of 3 ºA are presumedto represent the existenceof hydrogenbonds.
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Figure 2.15: Molecular dynamics distributions of the distance between the 6-OH
group of moleculeB to (a) the 5-OH group and (b) the 6-OH group of moleculeA,
accordingto the designationsintroducedin Fig. 2.2.
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Value ASBS ASBR ARBS ARBR

Average 6.70 7.96 8.63 7.07
Median 5.78 8.84 9.47 6.46

Std. Dev. 2.04 2.20 2.31 1.82

Table 2.4: Interplanar distance(in ºA) betweenadjacent phenyl rings on moleculesA
and B from moleculardynamicscalculations

intramolecular hydrogen bonds involving the 5-OH group and an acetal oxygen on

the samemoleculemay explain this lack of interaction. Likewise,Fig. 2.15breveals

that the 6-OH group of moleculeB doesnot interact with the 6-OH group of molecule

A. This may imply that the 6-OH group of moleculeB is already involved in inter-

molecular interactions (with acetal oxygens on molecule A). These results further

support our earlier molecular mechanics ¯ndings that: (i) the 5-OH group tends to

form intramolecular hydrogen bonds with acetal oxygens, and (ii) the 6-OH group

prefersto form intermolecular hydrogenbonds with \free" acetal oxygens(i.e., sites

not already involved in hydrogenbonding), in agreement with the model of Yamasaki

et al. [4]

Sincethe molecularmechanicsresults suggestthat ¼interactions betweenneigh-

boring DBS moleculesmay not be negligible, we have also examinedthe distances

betweenadjacent phenyl rings asde¯ned by the distancebetweenthe center of masses

of each phenyl ring. The averageand median distancesin the molecular dynamics

simulations are given in Table 2.4. Here, the moleculesare labelled as A and B,

while the R and S denote the R- and S-oriented phenyl ring, respectively. These

data reveal an interesting and unexpected characteristic: ¼ interactions appear to
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be more prevalent (on the basis of inter-ring distance) between phenyl rings that

are oriented in the samefashion (ASBS and ARBR) than those oriented di®erently

(ASBR and ARBS). This trend is alsoevident from the distancedistributions shown

in Fig. 2.16. In Fig. 2.16a, the moleculesare oriented in the ASBS con¯guration,

and the histogram displays a pronouncedmaximum just below 5 ºA. This result is

more of lessconsistent with the model of Wataseet al. [11], which contends that the

phenyl rings of DBS moleculesstack on top of each with an interplanar distanceof

about 3.5 ºA. Thus, thesemoleculardynamicssimulations provide additional evidence

that ¼ interactions constitute an important contribution to the self-organizationof

DBS. The distancesbetween AS and BR, two rings di®ering in chiral orientation,

are shown in Figure 2.16b and suggesta much smaller maximum at » 5 ºA, but a

large peak in the vicinit y of 10 ºA. Although the physical origin of the secondpeak

is unclear at the present time, the existenceof a well-de¯ned peak at roughly 10 ºA

suggeststhat even DBS dimers appear to exhibit long-rangepositional order. This

result also indicates that only phenyl rings with the samechiral orientation tend to

partake in ¼interactions.

In order to probe the orientation (T-shaped or parallel) of the ¼ interactions

in DBS dimers, the angle distribution between phenyl rings was monitored. This

angle is de¯ned to be the angle of intersection between the two planes. The angle

distribution of the R-oriented phenyl rings (ARBR) is presented in Fig. 2.17. These

results reveal that the two phenyl rings prefer to be at an angle closeto 90±, which
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Figure 2.16: Molecular dynamics distributions of the distance between adjacent
phenyl rings with di®erent chiral orientation: (a) ASBS and (b) ASBR. Note the
relative intensities of the maxima in each case.
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Figure 2.17: Molecular dynamicsangledistribution of the R-oriented phenyl rings of
moleculesA and B with respect to each other. An angleof about 90± indicates that
the perpendicular (T-shaped) ¼interaction is preferred(seeFig. 2.3).
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"S" "S"

H-bond

Figure 2.18: Con¯guration of a sampleDBS dimer exhibiting a T-shaped¼interaction
betweentwo coplanar S-oriented phenyl rings and a hydrogen bond betweenthe 6-
hydroxy and an acetal oxygen.

corresponds to the perpendicular, or T-shaped, orientation (seeFig. 2.3). Results

obtained for the other three con¯gurations (ASBS, ARBS and ASBR) exhibit similar

trends and are not included here for that reason. This observation, combined with

the result of Fig. 2.16, establishesthe propensity of DBS moleculesto interact by

¼ interactions in a T-shaped orientation. An example of a dimer exhibiting such

behavior is displayed in Fig. 2.18for demonstrative purposes.This dimer, which was

one of the con¯gurations that occurred during the molecular dynamics simulation,

shows the existenceof a perpendicular ¼interaction betweenthe coplanarS-oriented

phenyl rings of two DBS molecules. This dimer also interacts by forming a weak

hydrogen bond between the 6-OH group and an acetal oxygen as indicated, which

further supports our ¯ndings that both hydrogenbonds and ¼interactions must be

consideredin the self-organizationof aromatic gelatorssuch as DBS.
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2.5 CONCLUSIONS

The DBS moleculepossessesseveral degreesof structural °exibilit y, which can

facilitate intermolecular hydrogen bonding and, consequently, self-organizationinto

nanostructural elements (nano¯brils, in this case).Molecular mechanicscalculations

on singleDBS moleculesreveal that while DBS is quite °exible, (i) the 5-OH group

most likely prefers to orient itself so as to form an intramolecular hydrogen bond,

and (ii) the phenyl rings show a preferencefor adopting an equatorial orientation. It

must be recognized,however, that a variety of alternative, low-energystructures may

ariseeven when thesetwo criteria are not satis¯ed.

The molecular mechanics calculations and molecular dynamics simulations

performed here on DBS dimers con¯rm that both intermolecular hydrogen bonding

(betweenthe 6-OH group of onemoleculeand free acetal oxygensof another) and ¼

interactions (betweenthe phenyl rings of adjacent molecules)must be consideredto

understand the factors governing the mechanism by which DBS moleculesassociate

to form nano¯brils. Our results also suggestthat the DBS moleculesmay prefer to

orient soas to favor T-shaped ¼interactions betweenphenyl rings of the samechiral

orientation, in contrast to the results of Wataseet al. [11] who suggestedthat DBS

moleculesstack neatly on top of each other.

While the ¯ndings reported here for single DBS moleculesand DBS dimers can

be used to identify important characteristics of DBS and its mechanism of self-

organization, it is important to realizethat the °exibilit y of DBS may accommodate
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metastable molecular structures during the formation of nanostructural elements.

This consideration,aswell as issuesregardingrelevant time/length scalesand matrix

polarity, must be addressedbefore ¯rst-principle calculations and simulations can

mesh in useful fashion with the preponderanceof experimental data reported for

DBS-containing systems.Oncethis gap is bridged, then it shouldbecomepossibleto

identify and designaromatic LMOGs with tailored characteristics(e.g., the controlled

extent of network branching [30]) for speci¯c technologicalapplications.
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Chapter 3

E®ects of Comp osition and Matrix Polarit y on Net work

Dev elopmen t in Organogels of Poly(eth ylene glycol) and

Dib enzylidene Sorbitol

3.1 ABSTRA CT

Dibenzylidene sorbitol (DBS) is a low-molecular-weight organic molecule that

can gel a variety of organic solvents and polymers by self-organizinginto a three-

dimensional nano¯brillar network through hydrogen-bonding and phenyl interac-

tions. In this work, we investigatethe composition dependenceof such \organogels"

prepared with poly(ethylene glycol) (PEG) and two PEG derivatives di®ering in

methoxy endgroupsubstitution, which servesto reducematrix polarity. Transmission

electronmicroscopy revealsthat individual DBS nano¯brils measurefrom about 10 to

70 nm in diameter, with a primary nano¯brillar diameter of about 10 nm. Dynamic

rheologicalmeasurements indicate that the rate by which the elasticmodulus increases

during gelation, the temperatures corresponding to gel formation and dissolution,
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and the magnitude of the elastic modulus are all sensitive to the DBS massconcen-

tration (Á) and the matrix polarity. Hydroxy-endcappedPEG/DBS systemsgelmore

slowly, but dissolve faster, than their methoxy-endcapped analogsat constant Á. The

elastic modulus, however, is less dependent on matrix polarity, and scalesas Á1:8

over the rangeof Á examinedin PEG/DBS organogels.Time-temperature superpo-

sition analysisprovidesdirect evidencefor the activation energyof gelation increasing

linearly with (i) decreasingÁ at constant matrix polarity and (ii) increasingmatrix

polarity at constant Á.

3.2 INTR ODUCTION

Physical gelsare generallyproducedwhena minor component in a liquid solution

forms a three-dimensionalelastic network through microphaseseparationor speci¯c

intermolecular interactions that include hydrogenbondsor electrostatic interactions,

the strength of which typically measureson the order of 20kJ/mol [1]. Such networks

arecommonlydisruptedupon heating,but reformduring cooling, to exhibit thermore-

versibility. In addition, physical gel networks are often thixotropic in nature, since

they likewisecollapseif su±ciently deformed,but recover upon quiescence[2, 3]. If

the solvent moleculesare organic, then we refer to such physical gelsas\organogels,"

which have recently becomethe subject of increasingfundamental and technological

interest [4{12]. Thesefascinating materials are readily generatedat experimentally

accessibleconditions by dissolvinga small amount of the gelling agent, also referred
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to asgelator or, more recently, tecton, [13] in an organicsolvent at elevated tempera-

tures. Upon cooling, the gelator moleculesself-organizeinto colloidal aggregatesthat

link together in a nanoscalenetwork capableof (i) restraining the matrix molecules

through molecular capillary forcesor surfacetension [8, 14] and (ii) imparting the

system with solid-like rheologicalproperties. Organic specieswith active function-

alities capableof promoting su±cient intermolecular interaction to elicit molecular

self-assembly are often suitable as gelators. Sugar-basedgelators are ubiquitous in

numeroustechnologiesand include 1,3:2,4-dibenzylidenesorbitol, [2, 3, 10, 11, 14{31]

the subject of the present work, aswell assorbitol derivativespossessingp-nitrophenyl

[4] or p-aminophenyl [5] groups. Alternativ ely, gelators may also be synthesized

from cholesterol compounds [6, 8, 32] or contain complex anthracenyl functional-

ities. [32] Hanabusaet al. [7, 33] have reported on the gelation e®ectivenessof 2-

amino-2-phenylethanol, n-benzyloxycarbonyl-L-alanine 4-hexadecanoyl-2-nitrophenyl

esterand related compounds,whereasother gelatorsunder current considerationare

derived from barbituates and 2,4,6-triaminopyrimidines, [9, 13] as well as from 12-

hydroxyoctadecanoicacids [34{36] and 12-hydroxystearates[37, 38]. Weissand co-

workers [11, 12] have recently provided extensive reviews on the emergingsubject

of organogelsand systematically identi¯ed a broad spectrum of low-molecular-mass

organicgelators(LMOGs), aswell astheir potential commercialapplications. While a

wide variety of organicgelatorshave beenidenti¯ed and successfullyusedto produce

stableorganogels,the prerequisitesfor a gelator in terms of chemicalfunctionality are
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commonly encountered in many organic molecules,in which casenumerousgelators

may remain unknown at the present time [32].

Dibenzylidenesorbitol (DBS) is an excellent exampleof a low-molecular-weight

organicmoleculethat canself-organizeinto nanoscalēbrils typically measuringfrom

10 nm to 0.8 mm in diameter through a combination of hydrogen bonding and

phenyl interactions. At su±ciently high DBS concentrations, the nanoscale¯brils

form a percolated network that consequently promotes gelation of various organic

solvents and polymers. Organogelsproduced in this fashion have attracted great

commercialinterestdueto their many possibleapplicationsin cosmetics,personalcare

products, biomedical materials and (opto)electronic devices. Dibenzylidenesorbitol

is a derivative of the natural sugar alcohol D-glucitol [28] and can be synthesized

by a condensationreaction between benzaldehyde and sorbitol [39]. In its native

state, DBS existsasa crystalline solid with a melting point of about 220-225±C [40].

The amphiphilic DBS moleculeis portrayed in Figure 3.1 and is often described as

\butter°y-lik e" with a sorbitol body and two benzylidenewings. The hydrophobic

phenyl rings facilitate DBS dissolution in a wide variety of organic solvents [18]

and, in combination with its acetal oxygens and pendant hydroxyl groups, endow

DBS with its unique abilit y to self-organizeinto nano¯brils and ultimately induce

gelation. Since the discovery of DBS in the late-1800sby Meunier [41], numerous

studies [21, 23, 25, 27, 28, 30, 42] have sought to elucidate the gelation e±cacy of

DBS in simple, low-molar-massorganic solvents.
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Figure 3.1: Structure of 1,3(R):2,4(S)-dibenzylidene-D-sorbitol[DBS]

More recent e®ortshave extendedthe useof DBS as a gelator to more complex

systems,such as those composedof macromoleculesand mesomorphousmolecules.

Thus far, evidenceof DBS-inducedphysical gelation has beenreported for isotactic

polypropylene (iPP) [2], poly(propylene glycol) (PPG) [3, 15, 16], silicone°uids [42]

(including block copolymers derived therefrom [29, 43]) and small-moleculeliquid

crystals [19]. Since DBS can promote gelation in organic media at concentrations

as low as 0.1 wt% [23] it is particularly attractiv e for processesand applications

that require the uncompromisedphysical and/or chemical properties of a liquid or

polymer melt in a thermally-reversibleelastic solid. Moreover, DBS can likewisebe

used to modify semicrystalline polymers [18, 39, 44{59]. To identify the material

and environmental factors governing the molecular self-organizationof DBS, several

e®ortshave beendirected towards examining the morphological characteristics and
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rheologicalproperties of macromolecularorganogelsproduced with DBS. The DBS

nano¯brils and nano¯brillar network observed [25,27] in organogelsderived from low-

molar-massorganic solvents have also beendetected in macromolecularorganogels.

Rheologicalstudiesof DBS in iPP [2], PPG [3, 15,16]and silicones[42]have together

shown that the elastic-like character of these materials depends on factors such as

composition, molecularweight, temperature and the extent of deformation.

While the recent surge of interest in organogelshas certainly improved the

understandingof gelators such as DBS and their abilit y to self-organizeinto three-

dimensionalnetwork structures, the molecularinteractionsgoverning gelationand gel

elasticity remain ambiguous. Speci¯cally, the extent to which DBS moleculesinteract

with matrix molecules(or segments, as in the caseof macromolecules)has not been

clearly addressed.While studies [10] have suggestedthat solvent moleculesare not

assimilatedwithin the DBS nano¯brillar network, it nonethelessremainspossiblethat

matrix moleculesinteract with DBS during gelationand a®ectthe processor product.

In this work, the rolesof polymer composition and polarity on organogeldevelopment

are simultaneously investigatedthrough the combined useof a low-molecular-weight

liquid polymer and two of its chemically-modi¯ed derivatives.
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3.3 EXPERIMENT AL

3.3.1 Materials

Dibenzylidene sorbitol samples were provided by Millik en Chemicals (Spar-

tanburg, SC) and used as-received. Three grades of liquid poly(ethylene glycol)

(PEG) di®ering slightly in number-average molecular weight ( ¹M n=200, 300 and

400), as well as a methoxy-endcapped PEG (PEGme, ¹M n =350) and a dimethoxy-

endcapped PEG (PEGdme, ¹M n=250), were purchasedfrom Aldrich Chemicals(St.

Louis, MO) and usedwithout further puri¯cation.

3.3.2 Metho ds

Organogelswerepreparedby dissolvinga predeterminedamount of DBS in a given

polymeron a hot plate maintained at a temperatureof 200±C. After 10min of constant

agitation at 200 rpm, the solution was removed from the hot plate and allowed to

cool quiescently. Resultant organogelswere analyzedapproximately one week later.

Specimensof the PEG/DBS systemsfor analysisby transmissionelectronmicroscopy

(TEM) were producedvia two di®erent routes. A non-gelledsolution with 0.5 wt%

DBS wasdrippedfrom a micropipette onto a carbon-supported TEM grid and washed

repeatedly with toluene to remove residual PEG. Organogelswere cut by hand into

thin sliceswith a razorbladeandsoakedin distilled water for a period of about 2 weeks

to leach out the PEG. The remaining(insoluble) DBS network wascarefully pickedup

on carbon-supported TEM grids and likewisewashedrepeatedly with toluene. The
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grids were examined with and without exposure to the vapor of RuO4(aq), which

selectively stains the phenyl rings of DBS [56], in a ZeissEM902 electron spectro-

scopic microscope operated at acceleratingvoltage of 80 kV and energy-loss(¢E)

settings of either 0 or 150eV. Imageswereacquiredon negative plates and digitized

at 600 dpi for analysis and presentation purposes. Dynamic rheological tests were

performed on two rheometers: a RheometricsMechanical Spectrometer (RMS-800)

and a RheometricsDynamic StressRheometer(DSR). A parallel-plategeometrywith

25 mm plates (serrated, when appropriate) and a gap sizeof 1-2 mm, depending on

the experiment, wasusedthroughout this study. Frequency(! ) spectra of the elastic

(G0) and viscous(G00) moduli werecollectedat strain amplitudesof lessthan 1.5%in

the linear viscoelastic limit.

3.4 RESUL TS and DISCUSSION

Before examining the morphologicalcharacteristicsand rheologicalproperties of

the DBS organogelsproducedhere,webrie°y considerthe chemicale®ectsof methoxy

termination on PEG. One convenient measureused to predict the solubility of one

component in another is the solubility parameter (±) basedon the cohesive energy

density. Since the three PEG gradesand two PEG derivatives used in this work

are all soluble in commonorganic solvents, ± can be quickly and crudely estimated.

A more accurateand systematic method by which to ascertaindi®erencesin ± due

to molecularweight and termination relieson the useof group contribution methods
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(GCMs). Several GCMs areavailable for this purpose,and weelectto usethe method

of Hoftyzer and van Krevelen [60] (inclusive of polar and hydrogen-bonding contri-

butions) in our calculation. If n denotesthe number of CH2CH2O repeat units per

polymer molecule,then the calculatedvaluesof ± are 19.8J
1
2 /cm

3
2 for PEGme (n=7)

and 19.5 J
1
2 /cm

3
2 for PEGdme (n=5), and range from 21.5 to 23.6 J

1
2 /cm

3
2 for the

three PEG grades(n = 4, 7 and 9). From a thermodynamic analysisof gel formation

temperaturesand solubility considerations,FahrlÄanderet al. [3] report that ± for DBS

is about 23.9 J
1
2 /cm

3
2 . Thus, we anticipate from theseconsiderationsthat DBS will

be marginally more solublein PEG than in PEGme or PEGdme.

The principal di®erencebetweenPEG and its two derivativeslies in hydroxy (or

methoxy) termination. Our reasonfor varying the chemicalidentit y of the PEG termi-

nation is to explore the possibility that DBS moleculescan interact with hydroxy-

terminated PEG and that such interaction may a®ectgelation or network elasticity.

This hypothesis is supported by the previous ¯ndings of Raghavan et al. [61], who

reported that PEG termination in°uences the network-forming e±cacy of another

classof physical gels, namely, organic-inorganicgels basedon silica. A parameter

that would describe the magnitude of this e®ectis the number density of hydroxyl

groups("), given by

" =
nOH NA ½

¹M n
(3.1)

wherenOH is the number of hydroxyl groupsper molecule,NA is Avogadro'snumber,

and ½represents massdensity. Valuesof ½(in g/cm3) are 1.13for PEG (independent
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of n), 1.09 for PEGme and 1.03 for PEGdme, according to the manufacturer, in

which casecorresponding values of " (in hydroxyl groups/nm3) are 4.5 for PEG

( ¹M n=300), 1.9 for PEGme and 0.0 for PEGdme. While the variation in these "

with respect to nOH is not exactly linear, the linear correlation coe±cient (0.995)

con¯rms reasonablygood linearity. Sincesuch minor deviation is within the accuracy

of the measurements, the results obtained here for PEG, PEGme and PEGdme can

be systematically compareddirectly in terms of the number of hydroxyl end groups

(nOH ) on each.

3.4.1 Gel Morphology

Morphologicalstudies[23,25,27]of self-organizedDBS in low-molar-masssolvents

indicate that the nano¯brillar diameter typically ranges from 10 nm to 0.8 mm.

Thierry et al. [23]have shown that the nano¯brils formedin tetrahydrofuran/b enzene

solutions can grow very long and exhibit surprisingly few branch points. In marked

contrast, the electron micrographsprovided by Ilzhoefer and Spontak [29, 43] and

Smith and Katsoulis [42] clearly reveal that the DBS networks generatedin silicone

polymers consist of slightly thicker nano¯brils and appear highly connected and

branched. Both morphologiesare observed in the present work. Figures 3.2a and

3.3b are energy-¯ltered TEM images obtained at ¢E=0 eV from an unstained

specimenof a PEG/DBS organogelpreparedwith 7 wt% DBS. Both imagesdisplay

DBS nano¯brils that tend to measure between ca. 10 to 70 nm in diameter,
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(a)
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250 nm
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0.5 mmmmm

Figure 3.2: Zero-lossenergy-¯ltered TEM imagesof a PEG/DBS organogelwith 7
wt% DBS in which the PEG wasremoved by solvent extraction in water, followed by
dissolution in toluene. The imagesin (a) and (b) display individual nano¯brils and
nano¯brillar bundles,whereasthe micrograph in (c) shows a more highly connected
network that is representativ e of this concentrated organogel.
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Figure 3.3: Energy-¯ltered TEM imagesof a PEG/DBS organogelwith 7 wt% DBS
in which the PEG wasremovedby solvent extraction in water, followedby dissolution
in toluene and selective staining with the vapor of RuO4(aq). The zero-lossimage
in (a) displays a nano¯brillar network that is grossly similar to those in Fig. 3.2.
Close examination of (a) and the enlargement in (b) reveals the existenceof ¯ne
(\primary") nano¯brils that measure9-10 nm in diameter. The imagesin (c) and
(d) are complementary zero-loss(¢E=0 eV) and structure-sensitive (¢E=150 eV)
imagesthat con¯rm peripheral staining of the primary DBS nano¯brils comprising
the organogelnetwork. Possibleexplanationsfor this observation are provided in the
text. An electron-densefeature is circled for referencein (c) and (d).
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which is consistent with nano¯brillar measurements performedon iPP/DBS [56] and

PPG/DBS [16] systems. Note that the nano¯brils in these imagesare moderately

branched, unlike the long, discrete nano¯brils reported elsewhere[23] and observed

sporadically in the present specimen. Someof the thick nano¯brils in Fig. 3.2b may

represent bundlesof nano¯brils that either never fully dissolvedduring gelpreparation

or aggregatedupon gelation,asdiscussedelsewhere[56]. While the nano¯brils evident

in Figs. 3.2aand 3.2bprovide insight into the morphologyof self-organizedDBS, they

arenot anticipated to be representativ e of the gelnetwork at this DBS concentration.

Indeed, the imagepresented in Fig. 3.2c identi¯es a portion of the samePEG/DBS

organogelthat appearshighly interconnectedand branched, in agreement with intu-

itiv e expectation for a highly concentrated organogel. In this case,the diameter of

the nano¯brils comprising the network cannot be ascertainedwith certainty due to

superpositioning of the 3D network along the projection axis.

A gallery of energy-¯lteredTEM imagesin which the DBS moleculesin PEG/DBS

organogelsare selectively stainedwith the vapor of RuO4(aq) is provided in Fig. 3.3.

The inset presented in Fig. 3.3a displays a feature in a PEG/DBS systemwith 0.5

wt% DBS that appears as a central site from which nano¯brils measuring about

10 nm in diameter extend radially. Featuresof this type are strikingly reminiscent

of nucleation sites and suggestthat network formation occurs via a nucleation and

growth mechanism. We shall return to this topic in subsequent sections. Figure

3.3ashows a network in a 7.0 wt% DBS organogeland appearsqualitativ ely similar
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to the micrographspresented in Figs. 3.2a and 3.2b. Most of the denselystained

nano¯brils evident in Fig. 3.3a measurebetween20 and 40 nm in diameter. Close

examination of this image reveals the existenceof ¯ner nano¯brils, which are more

clearly visible in the higher-magni¯cation imageprovided in Fig. 3.3b. An intricately

connectednetwork is evident in this image,as well as in the complementary images

obtained at 0 eV (zero-lossimaging) in Fig. 3.3c and 150 eV (contrast-sensitive

imaging) in Fig. 3.3d. The ¯ne nano¯brils are only peripherally stainedand measure

between9 and 15nm across,whereasthe largenano¯brils appear to consistof several

¯ne nano¯brils. Such nano¯brillar coordination may explain the wide variation in

nano¯brillar diameters reported in the literature, and supports the existenceof a

\primary" nano¯bril, which measures9-10nm in diameter for DBS.

The observation that the RuO4 stainsonly the periphery of the nano¯brils in Fig.

3.3 is surprising, sincethis compound is expected to react with the phenyl rings of

the DBS molecules.We o®erthree possiblescenariosto explain this observation. In

the ¯rst, residual PEG is located along the surfaceof the nano¯brils due to either

incomplete removal or chemical attachment. Previous e®ortshave shown [16] that

DBS nano¯brils in PPG do not stain asquickly as the polyether molecules,in which

caseRuO4 may serve as a negative, rather than positive, stain for PEG-embedded

DBS nano¯brils. No evidenceexists,however, to corroborate the existenceof residual

PEG in any of the specimensprepared here. Another explanation contends that

peripheral staining occurs becauseRuO4 moleculesdo not penetrate into the core
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of the nano¯brils, indicating that the phenyl rings of the DBS moleculesare packed

closely together in registry. This scenariois consistent with recent x-ray data [16]

that suggestnano¯brillar, as well as bulk, DBS is crystalline. A third possibility

is that the nano¯brils are, in fact, hollow. This last scenariois intriguing, since it

would alsoexplain the discrepancyin sizebetweenthe DBS molecule,which measures

about 1.3nm acrossin an outstretchedconformation(seeFigure 3.1), and the primary

nano¯bril, which is about 9-10nm in diameter. While each of theseexplanationsmay

help to elucidatethe mechanismof DBS self-organization,we must point out that (i)

they cannot be di®erentiated from the data in Fig. 3.3, and (ii) more than one of

thesescenariosmay be simultaneously responsiblefor the imagesreported here.

3.4.2 Gel Formation and Dissolution

FahrlÄander et al. [3] and Mercurio et al. [15] have both demonstratedthat DBS

network formation in PPG dependssensitively on organogelcomposition and PPG

molecular weight, the latter of which relates to solubility or, alternatively, solvent

polarity. In this vein, Fig. 3.4a illustrates the e®ect of DBS concentration on

gelationkinetics in PEG/DBS organogelscomposedof PEG with ¹M n =300. Sincethe

di®erencein molecular weight among the three PEG homopolymers examineddoes

not measurably a®ect the rheological properties of the organogels,the PEG with

¹M n=300 will be used in nearly all the tests reported here, unlessotherwise noted.

Figure 3.4ashows the time-dependent evolution of the dynamic elastic modulus (G0)
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Figure 3.4: The time-dependent evolution of the dynamic elastic modulus (G0) for
(a) PEG/DBS organogelsvarying in DBS concentration (listed in wt%) and (b)
organogelswith 3 wt% DBS in PEG homopolymers di®ering in chain termination
(identi¯ed in the ¯gure). The strain amplitude and frequencyare 1.5%and 10 rad/s,
respectively.
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for four organogelsheated to above the gel dissolution temperature (Td) and then

rapidly cooled to ambient temperature. Recall that thesesystemsform physical gels,

in which caseG0 is e®ectively independent of frequency(! ) and G0 is always greater

than the dynamic viscousmodulus (G00) [62]. For thesereasons,the variation in G0

is monitored in this and subsequent ¯gures. As the DBS massconcentration (Á) is

increasedfrom 1.5 to 5.0 wt% DBS in Fig. 3.4a,the rate at which G0 increasesis also

observed to increase. According to thesedata, the gel time (tg), taken here as the

time required for G0 to becomeconstant, clearly decreaseswith increasingÁ. Both

observations regardingÁ re°ect the number density and, hence,relative proximit y of

DBS moleculesavailable to participate in network formation.

A more rigorous protocol to extract tg employs the Winter-Chambon criterion

[63{65],which statesthat G00/ G0becomesindependent of ! at the gelpoint. By moni-

toring the time variation of G00/ G0 at di®erent frequencies,tg can be identi¯ed as the

point of commonintersection. Although this methodologyhasbeenrepeatedly found

to yield reliable results, it is problematic with regard to the present DBS organogels

due to a combination of shear sensitivity (gelation is slowed due to test-induced

network damage)and fast gelation times (< 100 s at high Á). Another factor in°u-

encingtg is matrix polarity, asevidencedin Fig. 3.4bfor organogelsat a ¯xed concen-

tration of 3 wt% DBS. In this case,the reduction in polarity achieved by methoxy

endgroup substitution systematically increasesthe rate at which G0 increases,and

decreasestg in the order tP E GD M E
g > tP E GM E

g > tP E G
g , at constant concentration and
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polymer molecularweight. Thesedata con¯rm that the existenceof polar endgroups

on a polymer chain can have a deleteriouse®ecton the kinetics of gel formation,

and support our hypothesis that interactions between DBS moleculesand hydroxy

endgroupsinterfere with the self-organizationof DBS molecules.Another feature of

Fig. 3.4 that warrants explanation is the presenceof isolatedspikesin G0 at relatively

high Á. Theseanomaliescan be attributed to either wall slip or transient structure

failure during testing.

The time-dependent variation of G0 in Fig. 3.4b con¯rms the impact of endgroup

polarity on gel formation, which is believed [24, 66] to occur predominantly via inter-

molecularhydrogenbonding betweeneither neighboring hydroxyl groupsor hydroxyl

and acetaloxygengroups. Previousexperimental results[10]alsoindicate that phenyl

stacking may play a role in the self-organizationof DBS. The e®ectof matrix polarity

on network formation can likewisebe probed by measuringthe gel formation temper-

ature (Tf ) asthe pre-gelsolution is slowly cooledfrom temperaturesabove Td. Values

of G0 measuredfrom solutionswith 5 wt% DBS cooled at a constant rate of 2±C/min

areshown asa function of temperature in Fig. 3.5. Here,Tf is de¯ned asthe temper-

ature at which G0 abruptly increases,as illustrated in the ¯gure. The order in which

gelation is observed to occur is given by Tf
P E GD M E > Tf

P E GM E > Tf
P E G, which is

consistent with the order of tg listed above. While the tg inferencesa®ordedby Fig.

3.4 are qualitativ ely useful, they are not subject to reliable and systematic quan-

titation. Values of Tf , on the other hand, can be readily extracted from the data
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Figure 3.5: Dependenceof G0 on temperature at a cooling rate of 2±C/min for 5 wt%
DBS solutionsdi®eringin homopolymer matrix: PEG (±), PEGme(N) and PEGdme
(M). The strain amplitude and frequencyare 1% and 10 rad/s, respectively. The gel
formation temperature (Tf ) is illustrated by the dashedvertical lines, and valuesof
Tf are presented as a function of hydroxyl endgroupnumber (nOH ) in the inset.
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provided in Fig. 3.5 and are included in the inset. It is intriguing that Tf decreases

linearly with increasinghydroxyl endgroup number (nOH ). This unexpected result

not only providesadditional evidencefor polarity-hinderednetwork formation in this

seriesof organogels,but also suggeststhat this e®ectis a direct consequenceof the

number density of hydroxyl groupsin the organogels.

FahrlÄanderet al. [3] havealsomeasuredgel formation temperaturesfor PPG/DBS

organogelsin which the molecular weight of the PPG was varied. Our explanation

for the apparent variation of Tf with regard to PEG endgroupfunctionality or, alter-

natively, matrix polarity in Fig. 3.5 is consistent with their trends. Assumingthat Tf

e®ectively represents a freezing-point depressioninduced by the presenceof polymer

\solvent" molecules,they have adopted a regular solution model to extract a value

of ±D B S (23.9 J
1
2 /cm

3
2 ) from their data. The magnitude of this value is reasonablein

light of the apparent solubility of DBS in various organic solvents. The expression

for Tf is written as

Tf =
1 + vr ef vdbs (±p ¡ ±dbs )2

¢ hcvp

1
Tc

+ RvD B S
¢ hcvp

(3.2)

where vi denotesthe molar volume of speciesi (i=DBS or p for polymer), vr ef is

a referencemolar volume (taken as ©D B SvD B S + ©pvp, with © representing volume

fraction), ¢ hc is the heat of crystallization of pure DBS (32.2 kJ/mol) [3], Tc is the

crystallization temperature of pure DBS and R is the gasconstant. Sincethe PEG

endgroup varies in this work, vp is not known a priori for each polymer species.

To ascertain the molar volume and, hence, molecular weight of the polymer unit
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(M 0) interacting with DBS to promote the measureddepressionin Tc, we have ¯tted

Eq. 3.2 to the data in Fig. 3.5. Using the value of ±D B S reported by FahrlÄander

et al. [3] yields the following M 0: 61 (PEG), 49 (PEGme) and 47 (PEGdme). As

a basis, recall that the molecular weight of the CH2CH2O repeat unit is 44. Our

result suggeststhat the e®ectof PEGdme on gel formation is similar to that of high-

molecular-weight poly(ethylene oxide) (PEO) with a relatively low number of end

groups. In other words, substituting methoxy groups for hydroxyl groups on PEG

results in behavior similar to that of high-molecularweight PEO, for which endgroup

e®ectsare vanishingly small. On the other hand, the interaction unit of PEG is

substantially larger and surprisingly comparablein magnitude to that of the ethylene

glycol monomer(M 0=62). As anticipated, the value of M 0 for PEGme lies between

thoseof PEG and PEGdme.

Now that we have established the importance of gel composition and matrix

polarity on gel formation, we next turn our attention to the roles thesefactors play

with regard to gel dissolution, which provides a direct measureof network stabilit y.

Figure 3.6a shows the dependenceof G0 on temperature as a seriesof PEG/DBS

organogelsdi®ering in Á from 2 to 5 wt% DBS are heated at a rate of 10±C/min.

In all three cases,G0 initially decreasesslightly with increasingtemperature. This

reduction becomesmorepronounced,until G0 dropsprecipitously. Sincethis decrease

in G0 is not sharp, valuesof Td are systematically identi¯ed by the intersectionof the

tangents drawn to the data at low and high temperatures,asdepictedin Fig. 3.6a. It
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Figure 3.6: The elastic modulus provided as a function of temperature at a heating
rate of 10±C/min for (a) PEG/DBS organogelswith 2 (N), 3 (M) and 5 (±) wt.% DBS
and (b) organogelswith 3 wt% DBS in PEG (N), PEGme (¤ ) and PEGdme (² ).
Included for comparisonin (b) are data from PEGdme/DBS organogelswith 2 (¥ )
and 5 (¨ ) wt% DBS. The intersecting tangents used to identify the gel dissolution
temperature (Td) are illustrated in (a), and the dependenceof Td on DBS concen-
tration in PEG (±) and PEGdme (² ) organogelsis shown in (c). Included in (c)
are linear regressionsto the data (solid lines), as well as additional data (PEG, M;
PEGdme,N) collectedat a slower heating rate (2±C/min). The strain amplitude and
frequencyare constant at 1% and 10 rad/s, respectively.
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is qualitativ ely evident from thesedata that Td increaseswith increasingÁ, indicating

that more thermal energyis required to disrupt gel networks that contain more DBS

moleculesin a more denselypacked arrangement of nano¯brils (seeFig. 3.2c) at

high DBS concentrations. A comparabletrend, previously reported [3] for PPG/DBS

organogels,is observed with regard to PEGdme in Fig. 3.6b and is presented as a

function of Á in Fig. 3.6c. Figures3.6b and 3.6creveal that Td is slightly dependent

on matrix polarity. While valuesof Td are nearly indistinguishablefor PEG, PEGme

and PEGdme in Fig. 3.6b, they are more easily di®erentiated (within experimental

uncertainty) for PEG and PEGdme in Fig. 3.6c with the sameresult at di®erent

Á: Td
P E GD M E > Td

P E G. Although a reduction in cooling rate from 10 to 2±C/min

lowers Td, the relative di®erencein Td betweenPEG and PEGdme remains. These

observations imply that the DBS network is marginally more stable in a nonpolar

matrix than in a polar one,which explainswhy Tf
P E GD M E > Tf

P E G (seeFig. 3.5).

3.4.3 Gel Microstructure and Activ ation Energy

Since the magnitude of G0 provides a relative measureof network development

in physical gels,it is thereforeappropriate to examinethe dependenceof G0 on DBS

concentration. Frequencyspectraof PEG/DBS organogelsdi®eringin Á arepresented

in Fig. 3.7aandcon¯rm that G0 is independent of ! . Meanvaluesof G0extractedfrom

thesedatasetsare shown asa function of DBS concentration in Fig. 3.7b. According

to this representation, G0 (and the strength of the underlying DBS network) increases
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Figure 3.7: (a) Variation of G0 with angular frequency(! ) for PEG/DBS organogels
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with increasingÁ, exhibiting a power-law dependenceof the form G0 » Á1:8. While

such a composition-inducedincreasein G0 is entirely consistent with previousresults

obtained from both low-molar-mass[27,30]and macromolecular[2, 3, 15]organogels,

it is curiousthat only this work and a previousstudy by McKennaand co-workers[30]

report a scaling relationship between G0 and Á. In our case,this relationship may

be of limited value, however, sinceit is basedon lessthan oneorder of magnitude in

Á. Mercurio et al. [15] have demonstratedthat G0 in PPG/DBS organogelsincreases

sigmoidally, ultimately exhibiting a plateau, with increasingDBS concentration. The

plateau is presumedto correspond to the range of Á over which the gel network

becomessaturated with DBS molecules.It is reasonableto expect that, at higher Á

than explored here, the gel network in PEG will likewisesaturate and G0 will also

becomeindependent of Á, although evidenceof a G0 plateau is presently unavailable.

Analogous results are displayed in Fig. 3.8 for organogelsdi®ering in matrix

polarity at a ¯xed concentration of 5 wt% DBS. Although the variation in G0 among

the three homopolymers is certainly lesspronouncedthan that for the PEG/DBS

organogelsdi®ering in Á in Fig. 3.7, it is neverthelessdiscernible. Beyond experi-

mental uncertainty, G0 is found to decreaseslightly with increasinghydroxyl density

(nOH ). This observation is consistent with the gelation studiespresented in Figs. 3.4

and 3.5. At temperaturesaboveTd, the DBS moleculesinteract primarily with matrix

molecules.As the solutionsare cooled to below Tf , the DBS moleculesself-organize,

but at di®erent ratesand temperatures,dependingon solvent polarity. While the DBS
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moleculesmay prefer to hydrogen-bond with each other, their bonding e®ectiveness

is in°uenced by nOH , in which caseit is not surprising that the network formed

(the slowest) in PEG is slightly lessrigid due to considerablePEG-DBS interactions

than the oneformed (the fastest) in PEGdmewith fewer PEGdme-DBSinteractions.

The corresponding di®erencein G0 is not expected, nor observed in Fig. 3.8b, to

be substantial if the gel network consistsexclusively of stacked DBS molecules[10].

We hasten to mention at this juncture that the values of G0 reported in Figs. 3.7

and 3.8 are slightly larger than those in the gelation tests (Figs. 3.4 and 3.5) due

to the shearsensitivity of DBS organogels,which tend to damagewhen continuously

monitored (even using small-amplitude deformation) during gelation or post-shear

network recovery [15].

As illustrated by FahrlÄander et al. [3], the time-temperature superposition (tTS)

methodology can be used to ascertain the activation energy (Ea) associated with

network evolution and, by inference,formation in polyether organogelspreparedwith

DBS. This approach greatly extendsthe rangeover which frequencyor, alternatively,

time is probed by collecting frequencyspectra at di®erent temperatures. To avoid

complicationsdueto geldissolutionat Td, wehaveselectedtemperaturesrangingfrom

30 to 60±C for tTS. A representativ e exampleof temperature-consecutive frequency

spectra acquiredfrom a PEG/DBS organogelwith 5 wt% DBS is provided in Fig. 3.9

and demonstratesthat an increasein temperature promotesa systematic reduction

in G0 over the entire ! rangeexamined. The spectra corresponding to temperatures
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109



below 60±C are then shifted along the frequency axis until they align to generate

mastercurves,which areshown for PEG/DBS organogelsdi®eringin Á in Fig. 3.10a,

aswell asfor PEGme/DBS and PEGdme/DBS organogelsin Fig. 3.10b. The quality

of these master curves, signi¯ed by how well the data ¯t to form a smooth curve,

provides an immediate indication of whether the tTS protocol can be applied to

these systems. Applicabilit y of tTS constitutes an important consideration, since

FahrlÄander et al. [67] have recently found that this analysisstrategy doesnot accu-

rately describe organogelscomposed of a barbituric acid/2,4,6-triaminopyrimidine

gelator in isotactic and atactic polypropylene. The data provided in Fig. 3.10,

however, con¯rm that the temperature-dependent G0(! ) spectra of all the DBS-

containing organogelsinvestigated here can be smoothly shifted with respect to !

to produce well-behaved master curves. Similar behavior is also observed for the

G00(! ) spectra (data not shown).

Another important consideration in tTS is the functionality of the shift factor

(aT ), which should vary monotonically with temperature. If the responseof the gel

network to temperature is thermally activated, the temperature dependenceof aT

can be used to extract information regarding Ea through an Arrhenius equation of

the form:

aT = K e
E a
R T (3.3)

where K is a constant, R is the universal gas constant and T denotes absolute

temperature. The temperature dependenceof aT (with 60±C arbitrarily chosenas
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the referencetemperature so that a60±C=1) is illustrated for three organogelsin

Fig. 3.11 and veri¯es that the shift factor exhibits Arrhenius behavior in these

organogels.Quantitativ ely similar results are likewiseobtained from G0(1/T) at any

given ! . This observation con¯rms that the DBS network forms by a thermally-

activated mechanism, which agreeswith the previous results of FahrlÄander et al. [3]

and Mercurio and Spontak [15] for PPG/DBS organogels,and suggeststhat this

aspect of DBS-containing organogelsmay, in fact, be general.Using a combination of

light scatteringand dynamic rheology, Liu and Sawant [68,69]have likewisereported
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that organogelscomposedof N-lauroyl-L-glutamic acid di-n-butylamide in isostearyl

alcohol form by thermally-activated nucleation and growth. Valuesof Ea extracted

from the aT (T) data generatedduring tTS are presented asfunctions of DBS concen-

tration for PEG/DBS organogelsin Fig. 3.12a and solvent polarity (nOH ) in Fig.

3.12b.

Figure 3.12aclearly revealsthat Ea decreases(linearly) with increasingÁ, which,

togetherwith the data in Fig. 3.4a,providesfurther evidencethat network formation

becomesincreasinglymorefacileasÁ is increased.Conversely, the energybarrier that

must be overcomefor the DBS moleculesto form a percolatednano¯brillar network

increaseswith decreasingÁ. A similar conclusionhas been previously reached [15]

with regard to DBS/PPG organogelson the basis of temperature-dependent spec-

trophotometric results. In the present work, values of Ea decreaseby more than

50%, from 512 to 239 kJ/mol, as Á increasesfrom 2 to 7 wt% DBS. In Fig. 3.12b,

Ea is observed to increaselinearly with increasingmatrix polarity for two seriesof

organogelsdi®ering in Á. Thesecombined results indicate that the self-organization

of DBS moleculesinto a network structure becomesmoreenergeticallyfavoredasthe

DBS concentration is increasedand the matrix polarity is reduced. This conclusion

is supported by the ¯ndings of Yamasakiand Tsutsumi [27], who demonstratedthat

bonding between DBS moleculesincreasesas solvent polarity decreasesin DBS-

containing organogelscomposed of low-molar-massorganic solvents. Under these

conditions,DBS moleculesinteract relatively little with the matrix molecules,thereby
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facilitating network formation and gelation (seeFig. 3.4b). At a DBS concentration

of 5 wt%, the extracted valuesof Ea for PEG, PEGme and PEGdme are 410, 305

and 152kJ/mol, respectively.

Theseactivation energiesare, however, substantially higher than the value of Ea

(55 kJ/mol) reported by FahrlÄander et al. [3] for PPG/DBS organogels( ¹M n =5150)

with 0.4wt% DBS. SincePPG is a lesspolar moleculethan any of the PEG derivatives

examinedin this study due to the presenceof an additional methyl group per repeat

unit, a reduction in Ea is certainly reasonablein light of the ¯ndings included in Fig.

3.12b. That is, the DBS moleculesshould interact (via hydrogenbonding) lesswith

the PPG moleculesthan with PEGdme molecules,thereby improving the likelihood

of DBS-DBS interactions and subsequent self-organizationof DBS into a percolated

network at su±ciently high Á in a PPG matrix. This expectation is re°ected in the

minimum DBS concentration required to induce physical gelation (Á*). In the case

of PPG, Á* is typically lessthan 0.7 wt% DBS (decreasingwith increasing ¹M n ) due

to little interaction between DBS and PPG molecules[15], but increasesto more

than 1 wt% DBS in PEG and its endgroup-modi¯ed derivatives. To determine if

the calculated Ea displayed in Fig. 3.12b are consistent with the activation energy

reported for PPG from tTS, we have examineda PPG/DBS organogel( ¹M n=1000)

at a concentration of 0.5 wt% DBS. In this case,Ea is about 79 kJ/mol, which is in

fair agreement with the result of FahrlÄanderet al [3]. From the measureddependence

of Á* on ¹M n observed by Mercurio et al. [15], however, we anticipate that Ea will
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decreasewith increasing ¹M n in PPG asa consequenceof the accompanying reduction

in matrix polarity (due to the decreasein the hydroxyl number density, " ).

3.5 CONCLUSIONS

Dibenzylidenesorbitol is a low-molar-massorganic gelator that self-organizeson

the molecular level and physically gels a wide variety of macromolecules,including

poly(ethylene glycol) (PEG) and two of its chemical derivatives di®ering in termi-

nation, at relatively low concentrations. The gel networks produced in this work

consist of nano¯brils measuring between about 10 and 70 nm in diameter, which

is consistent with results obtained for DBS in other organic solvent and polymer

systems.Selectively stained specimensreveal the existenceof a \primary" nano¯bril

with a diameter of ca. 10 nm. An increasein the concentration of DBS is observed

to promote an increasein the rate of gelation, as well as in the magnitude of the

elastic modulus and the temperature stabilit y of PEG/DBS organogels.By system-

atically varying the chemical nature of the endgroupson PEG from polar (hydroxy-

endcapped) to nonpolar (methoxy-endcapped), we have demonstrated that matrix

polarity has a deleterious e®ecton DBS/PEG gelation. In a polar medium, the

rate at which DBS self-organization,and hencegelation, proceedsslows down due

to competing interactions with matrix molecules. This e®ectalso reducesthe gel

formation and dissolution temperatures. Matrix polarity appears to impact only

the gel formation (or dissolution) process, since it does not appear to in°uence
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the magnitude of the equilibrium modulus ultimately achieved by a gel at a given

DBS concentration. Time-temperature superposition analysishasbeenconductedon

thesegelsand revealsthat the temperature shift factor exhibits Arrhenius behavior,

thereby con¯rming that gelation occursby a thermally-activated mechanism. Values

of the activation energyare sensitive to both DBS concentration and matrix polarity.

As the DBS concentration is increasedand the number density of DBS molecules

available to self-organizeinto a network likewiseincreases,the activation energyfor

gelationdecreases.Similarly, gelspreparedin a polar matrix possesshigheractivation

energiesthan thosein nonpolar matrices,which canagainbeattributed to interactions

betweenDBS andpolar matrix molecules.These¯ndings provide valuableinsight into

the fundamental factorsgoverning the gelationprocessof DBS, and indicate that DBS

moleculescan interact with matrix moleculesduring gelation, but ultimately prefer

to self-organizewith other DBS molecules.
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Chapter 4

Physical Organogels Comp osed of Amphiphilic Blo ck

Cop olymers and 1,3:2,4-Dib enzylidene-D-Sorbitol

4.1 ABSTRA CT

The 1,3:2,4-dibenzylidene-D-sorbitol(DBS) moleculeis capableof self-organizing

into nanoscale¯brils through intermolecular forcessuch as hydrogen bonding and

¼interactions. At su±ciently high concentrations (typically lessthan » 2 wt%), the

nano¯brils canform a network that promotesphysicalgelationof the matrix medium.

Previous studies have investigatedthe mechanism of DBS-inducedgelation and the

featuresof DBS-containing gels in poly(ethylene glycol) (PEG) and poly(propylene

glycol) (PPG). In this work, we examine the e®ectof adding DBS to a seriesof

amphiphilic PPG-b-PEG-b-PPG triblo ck copolymers di®ering in composition and

molecular weight. Dynamic rheologicalmeasurements reveal that the resultant gels

are thermoreversible, exhibiting a maximum in the elastic modulus (G0) at temper-

atures near the gel dissolution (Td) and formation (Tf ) temperatures. Both Td and
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Tf tend to increasewith increasingDBS concentration and PPG content, and their

di®erencedecreaseswith increasingPPG fraction in the copolymer. The magnitude

of G0 is sensitive to copolymer composition and polymer identit y at low DBS concen-

trations, but becomespolymer-independent asthe DBS network saturatesat concen-

trations in excessof » 1 wt%.

4.2 INTR ODUCTION

Gels are generallyproducedwhen a minor component in a liquid solution segre-

gatesor self-organizesto form a 3D elastic network that endows the liquid medium

with solid-like properties. To be considereda gel, the biphasicmaterial must exhibit

several characteristics: (1) it must beat least50wt% liquid [1]; (2) its dynamicelastic

modulus (G0) must be relatively independent of the frequencyof deformation (! ) [2];

and (3) G0 must be greater than the corresponding dynamic viscousmodulus (G00)

at all ! [2]. If the network is formed through microphase-segregationof an incom-

patible species[3] or weakfunctionality-speci¯c intermolecularinteractions[4, 5], such

as hydrogen bonds or electrostatic interactions, the gel is referred to as a physical

gel [2]. In marked contrast, chemical gels rely on the formation of networks stabi-

lized by irreversible covalent linkages. Due to the thermodynamic considerations

governing miscibility [6] and the intrinsic weaknessof physical bonds [7], physical

gelsare disrupted upon heating or deformation, but reform during cooling or quies-

cence, thereby exhibiting thermoreversibility and thixotropy [8, 9]. If the matrix

123



consistsof an organicsolvent or polymer, we refer to such physical gelsasorganogels

to di®erentiate them from their chemically-crosslinked analogsgeneratedin aqueous

media (hydrogels).

One route by which to form stable organogelsis to dissolve a small quantit y of

a network-forming species,the gelator or, more recently, tecton [10], in an organic

solvent or polymer at elevated temperaturesand under high shear. Upon cooling and

quiescence,the gelator moleculesself-organizeinto a nanoscalenetwork capableof

restraining the matrix moleculesthrough molecularcapillary forcesor surfacetension

[11, 12] and imparting the systemwith solid-like (elastic) properties. Dibenzylidene

sorbitol (DBS) is an exampleof a low-molar-massorganic gelator (LMOG) [13] that

can self-organizeinto nanoscalē brils typically measuringon the order of about 10

nm in diameter through a complex combination of hydrogen bonding and phenyl

interactions [14{16]. At su±ciently high DBS concentrations (typically lessthan » 2

wt%, depending on factors such as temperature and matrix polarity), the nanoscale

¯brils form a percolated3D network that promotesphysicalgelation in a wide variety

of organicsolvents and polymer melts, including, but not limited to, low-molar-mass

organic solvents [17{22], isotactic polypropylene (iPP) [8], poly(propylene glycol)

(PPG) [1, 9, 23] silicone °uids [24] (including block copolymers derived therefrom

[25, 26]) and small-moleculeliquid crystals [27, 28]. Organogelsproduced in this

fashion have recently begun to attract tremendouscommercial interest due to their

versatility in personalcare products [19], biomedical materials [26], (opto)electronic
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devices[27, 28] and batteries [12].

The 1,3:2,4-dibenzylidene-D-sorbitol molecule, depicted in ¯gure 4.1, is a

derivative of the natural sugar alcohol D-glucitol [18] and can be synthesized by

reacting benzaldehyde and sorbitol [29]. In its native state, DBS exists as a crys-

talline solid with a melting point of about 220±C [30]. Since its discovery in the

late-1800sby Meunier [31], numerousstudies have probed the utilit y of DBS as an

e±cient LMOG with regard to various organic solvents [17{22], iPP [8], polyethers

(e.g., polyethylene glycol, PEG [15], and PPG [1, 9, 23]), silicone °uids [24](and

their copolymers[25, 26]) and small-moleculeliquid crystals [27, 28]. SinceDBS can

inducegelation in somenonpolar mediaat concentrations aslow as0.1 wt% [22], this

LMOG is particularly attractiv e for usein applicationswhereit is desirableto retain

the original intrinsic optical or conductivepropertiesof the polymer or solvent matrix.

Although ongoing interest in organogelshas certainly improved the current under-

standing of gelators such as DBS, the precisenature of the molecular interactions

governing gelation and network elasticity, as well as the signi¯cance of interactions

betweenDBS and matrix molecules,remainsunclear at the present time.

Recent e®orts suggest[15] that, while solvent moleculesare not incorporated

directly into the DBS nano¯brillar network, matrix moleculesmay still physically

interact with DBS during the courseof gelation. In fact, the rate at which DBS gels

PEG and the activation energyby which it doessocan both be controllably adjusted

through systematic variation of the matrix polarity via endgroup substitution [15].
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Figure 4.1: Structure of 1,3(R):2,4(S)-dibenzylidene-D-sorbitol[DBS]

Alternativ ely, the sti®nessof DBS-inducedPPG gels,asindicatedby the magnitudeof

G0, can be ¯ne-tuned by altering the matrix polarity through the molecularweight of

the matrix molecules(and, hence,the endgroupdensity) [1]. Thesetwo polyethersare

particularly well-suited for gelation studieswith DBS due to their commercialavail-

abilit y (as oligomersin the liquid state), low cost and technologicalpotential. In the

present work, the rolesof polymer functionality and polarity on gel development and

characteristicsare exploredusing amphiphilic poly(propyleneglycol)-b-poly(ethylene

glycol)-b-poly(propyleneglycol) (PPG-b-PEG-b-PPG) triblo ck copolymersthat di®er

in copolymer composition and molecularweight. Thesecopolymersprovide a unique,

and e®ective, opportunit y to unite independent studies of DBS-inducedgelation in

PEG and PPG. Moreover, the copolymers exhibit low toxicit y and immunogene-

icity [32],which makesthem ideal for medicaland pharmaceutical,aswell aspersonal

126



Copolymer M P P G wt% M a
P E G M (calc) M b ´ b (cps)

17R2 850£ 2 20 426 2126 2150 450
17R4 850£ 2 40 1134 2834 2650 600
25R2 1250£ 2 20 626 3126 3100 680
31R1 1550£ 2 10 344 3444 3250 660

Table4.1: Designationsand characteristicsof the copolymersemployed in this study.
aValuesare basedon the copolymer composition (total molecular weight) reported
by the manufacturer. bData provided by the manufacturer.

care,applications.

4.3 EXPERIMENT AL

4.3.1 Materials

The DBS was kindly provided in powder form by Millik en Chemicals (Spar-

tanburg, SC) and usedas-received. Four liquid Pluronic R block copolymers, desig-

nated 17R2,17R4,25R2and 31R1on the basisof their PPG molecularweight (¯rst

two digits) and approximate PEG content (last digit), were generouslydonated by

BASF (Mount Olive, NJ). The composition and molecular weight characteristics of

thesecopolymersare listed in Table 4.1.

4.3.2 Metho ds

Gelswerepreparedby dissolvinga predeterminedamount of DBS in a givenblock

copolymer at 200±C under constant agitation (at 200 rpm) on a hot plate. After a

dissolution time of 45 min, the resultant solution was removed from the hot plate

and allowed to cool quiescently. Gelled samplesproducedin this fashionwere tested
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approximately one weekafter samplepreparation. A RheometricsMechanical Spec-

trometer (RMS-800) was employed to analyzethe mechanical properties of the gels.

Dynamic tests were performed using a parallel-plate geometry with a 1-2 mm gap

size. The frequency(! ) spectra of the elasticand viscousmoduli (G0 and G00, respec-

tiv ely) were collectedfrom 102 to 10¡ 1 rad/s (in that order), and strain amplitudes

were maintained at » 0.5% to minimize damageto the fragile gel networks (higher

strain amplitudes were occasionallyrequired to reach the minimum torque in some

of the gelswith low DBS concentrations). Strain sweepsensuredthat all measure-

ments resided in the linear viscoelastic limit. Variable-temperature tests were run

from 30 to 150±C and back at a constant heating/cooling rate of 2±C/min. Hot-stage

polarized light microscopy was also conductedon an Olympus BX60 optical micro-

scopeequippedwith a Mettler ToledoFP82HT hot stage.Heating cyclesrangedfrom

30 to 150±C and back at a constant heating/cooling rate of 2±C/min. Imageswere

acquiredevery 20 s with a SPOT RT camera.

4.4 RESUL TS and DISCUSSION

4.4.1 Design Considerations

FahrlÄander et al. [9] and Mercurio et al. [1] have both demonstrated that DBS

network formation in PPG is strongly dependent on both DBS concentration andPPG

molecular weight. Material characteristics such as the magnitude of the frequency-

invariant elasticmodulus (G0) and the gel dissolution temperature (Td) both increase
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to a polymer-speci¯c limit with increasingDBS content. Recent studies[15] of DBS

gelation in the presenceof PEG and two of its chemical derivatives reveal that

the self-organizatione±cacy of DBS is sensitive to matrix polarity, which can be

systematically varied via single (methyl ether) or double (dimethyl ether) endgroup

substitution. A comparablemeansby which to alter the chemical nature of PEG

and, hence,its polarity is through the terminal addition of a chemically dissimilar

polymer, such asPPG, which results in the formation of an ABA triblo ck copolymer.

For this reason,we elect to use Pluronic R copolymers with a PPG-b-PEG-b-PPG

sequence,rather than the more conventional PEG-b-PPG-b-PEG sequence(which

is often used in applications involving aqueousmedia). Two potential complica-

tions must be recognizedbeforea PPG-b-PEG-b-PPG copolymer can be considered

suitable for use in the present study. The ¯rst is that the PEG block may crys-

tallize if it is su±ciently long. To avoid the possiblecompetition betweenPEG crys-

tallization and DBS network formation, copolymers with a short PEG block have

been selectedin which the molecular weight (M P E G) is about 1100 or less. These

copolymersexist asfree-°owing liquids with viscositieslessthan 700cps,accordingto

the manufacturer. Another selectioncriterion pertains to the abilit y of the copolymer

moleculesto self-assemble on their own. If the blocks are su±ciently incompatible

(as discernedfrom the magnitude of the Flory-Huggins interaction parameter and

the total number of statistical units along the backbone), the copolymer can order

into several di®erent nanostructures,the geometry of which dependsprincipally on
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molecular composition [32]. By keepingthe molecular weight of the copolymer (M )

relatively low (M < 3500), the incompatibilit y can be kept su±ciently low so as

to precludecopolymer ordering. Thus, through judicious chemical coupling between

PEG and PPG, well-de¯ned combinatorial materials that relate PPG to (endgroup-

modi¯ed) PEG can be investigatedwith regard to their impact on DBS gelation and

gel characteristics.

Several other criteria warrant careful consideration in the design of DBS-

containing organogels,with oneof the most important being the concentration range

over which DBS is soluble in the matrix medium. In the caseof PPG, for example,

excessive DBS results in the precipitation of discrete DBS crystals that are visible

under crossedpolars and that tend to promote inconsistent rheologicalbehavior [1].

In the present seriesof PPG-b-PEG-b-PPG copolymers, the maximum solubility is

determinedto be about 2.0 wt% DBS, which is signi¯cantly lower than that of DBS

in neat PEG or the PEG derivatives mentioned earlier [15]. This solubility limit

is similar to that encountered with relatively high-molecular-weight PPG (M P P G =

4000) [1]. At concentrations higher than this, the DBS powder does not dissolve

completely under the experimental conditions described in the previous section. A

related designconsiderationis the concentration of DBS required to induce physical

gelation. Systemspreparedwith 0.25 wt% DBS, for instance, do not form testable

gelsover the time allotted for gelation (1 week). Accordingly, the DBS concentration

rangeexploredthroughout the remainderof this study is 0.5 - 2.0 wt% DBS.
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Figure 4.2: Time-temperature evolution of the dynamic elastic modulus (G0) for
physical organogelscomposed of 2.0 wt% DBS and four di®erent PPG-b-PEG-b-
PPG triblo ck copolymers: 17R2 (±), 17R4 (² ), 25R2 (4 ) and 31R1 (+). The
copolymer designationsand characteristics are provided in Table 1, and the corre-
sponding temperaturepro¯le generatedat a constant rate of 2±C/min heating/cooling
is displayed as the solid line.

4.4.2 Net work Dynamics

Figure 4.2showsthe evolution of gelformation anddissolutionasexplicit functions

of time for gelscomposedof the four di®erent block copolymersin the presenceof 2.0

wt% DBS. In this analysis, the temperature is reversibly ramped at 2±C/min from

30 to 150±C, thereby traversing the gel formation and dissolution temperatures (Tf

and Td, respectively) of all four systems,as indicated in the ¯gure. Note that the G0

data acquiredat temperaturesabove Tf and Td are excludedfrom Fig. 4.2 due to the
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inabilit y of the rheometerto reliably measurea torque responsefrom the nongelled

liquids. Several featuresof this ¯gure warrant discussion. The ¯rst is that, as the

temperature is increasedbelow Td, G0 systematically increasesbefore falling in all

four organogels.This characteristic is unique in that it is not evident in the thermal

responsesof DBS-containing PEG or PPG organogels(FahrlÄander et al. [9] report a

spike in G0 for PPG/DBS organogelsat temperaturescloseto Td and attribute this

observation to the enlargement of DBS crystals). While the molecular mechanism

responsiblefor the broad increasein G0 in Fig. 4.2 is not entirely clear at the present

time, we hastento point out that this phenomenonis completely reproducible upon

heating to Td and that the reverseis evident upon cooling below Tf (seeFig. 4.2),

indicating that the mechanism is thermally reversible.

The feature that distinguishes PEG and PPG from the copolymers examined

in this work is the molecular composition, which serves to govern matrix polarity.

Since the DBS moleculeswill interact selectively with the polar ether linkagesof

PEG in the copolymers[15], it is conceivable that the presenceof DBS may promote

nonrandommoleculararrangement of the PEG and PPG segments at temperaturesin

closeproximit y to gel formation/dissolution wherelooselybound DBS moleculescan

becomedetached from the network. Such DBS-inducedmatrix structuring could be

responsiblefor the observedincreasein G0at temperaturesbelow Td and Tf , especially

in light of independent observations [32, 33] that report somePluronic copolymers

can form a physical gel on their own at elevated temperaturesdue to increasedPPG
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hydrophobicity and subsequent aggregationof the PEG segments. The possibility of

copolymer structuring is consistent with two ancillary results: (i) dynamic rheological

data (not shown here) acquired from the four pure copolymers without DBS do not

show the existenceof a gel phaseat any of the elevated temperaturesexploredhere,

and (ii) the thermal variation in G0 is, without exception,morepronouncedin all four

organogelsupon cooling below Tf . Within the context of our proposedmechanism,

the latter observation strongly suggeststhat not all the DBS moleculesparticipate in

network formation as the systemsundergogelation over the courseof the analysis.

Another measureof the degreeof network formation beforedissolution and after

formation is the magnitude of G0. Comparisonof G0 in Fig. 4.2 con¯rms that the

magnitude of G0 at T < Td always exceedsthat at T < Tf for a given copolymer.

While this ¯nding supports our contention that more residual (non-networked) DBS

remains dissolved within the copolymer matrix upon gel formation, it can also be

explained in terms of strain-induced network damageincurred during gel formation

[15]. To ascertain the causeof the di®erencein G0 values at T < Td and T < Tf

in Fig. 4.2, a gel composedof the 17R2 copolymer with 2.0 wt% DBS has been

subjected to two complementary analyses(seeFig. 4.3). In the ¯rst test, the gel is

cooled under the sameconditions as in Fig. 4.2, and the reformedgel yields a nearly

identical G0(T) signature. In the second,the gel has beencooled to a temperature

just below Tf (75±C) and held at temperature while being monitored. The results

presented in Fig. 4.3 con¯rm that, in the secondcase,G0 increaseswith increasing
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Figure 4.3: The e®ectof temperature on G0 as the organogelconsistingof the 17R2
copolymer and 2.0 wt% DBS is cooled continuously at 2±C/min from 150±C (±).
Included in this ¯gure are G0 data acquired from the samegel held at 75±C (below
Tf ) and continually monitored (² ). The gel levels indicated by dashedlines in the
¯gure are extracted from Fig. 4.2.
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analysistime, eventually attaining a plateau G0 value identical to that exhibited by

the gel prior to dissolution. Thus, the di®erencein the magnitude of G0 before gel

dissolutionand after gel formation canbeattributed to incompletenetwork formation

and, consequently, the existenceof residualDBS dissolvedwithin the copolymersupon

network formation. By selectively interacting with the PEG copolymer segments,

non-networked DBS moleculesmay a®ectthe spatial arrangement of the PEG and

PPG segments by inducing local segregation,which could certainly account for the

observed variation in G0 at temperaturesbelow Td and Tf .

4.4.3 Gel Dissolution

Additional data that can be extracted from the thermal variation of G0 in these

gels are the values of Td and Tf , which depend on both DBS concentration and

copolymer. To obtain thesetransition temperaturesin systematicfashion,we usethe

intersecting tangent method [9]. Valuesof Td acquired in this manner are displayed

as a function of DBS concentration for all four copolymers in Fig. 4.4a. Several

important characteristicsareevident in this ¯gure. The ¯rst is that an increasein DBS

concentration is initially accompaniedby a substantial increasein Td, which is followed

by a plateau wherein Td is lessdependent on DBS content. Such plateau behavior

coincideswith network saturation and is consistent with the previous ¯ndings of

FahrlÄander et al. [9] for PPG/DBS organogels,but di®ers appreciably from that

observed [15] in PEG/DBS organogels.Sincethesecopolymers are at least 60 wt%
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Figure 4.4: Variation of the gel dissolution temperature (Td). In (a), variation of
the gel dissolution temperature (Td) with DBS concentration for four di®erent PPG-
b-PEG-b-PPG triblo ck copolymers: 17R2 (±), 17R4 (² ), 25R2 (4 ) and 31R1 (¥ ).
The solid and dashed lines serve to connect the data, and a single datum point
collected [15] from a PEG/DBS organogelis displayed as (¦ ). In (b), values of Td

obtained from organogelscontaining 1.5 (² ) and 2.0 (±) wt% DBS in the saturated
network regimeidenti¯ed in (a) are shown as a function of PPG copolymer fraction.
The solid lines are linear regressionsto the data reported here, and the dashedline
servesas a guide to the eye.
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PPG (seeTable 4.1), the dependenceof Td on DBS concentration seenin Fig. 4.4ais

not unexpected. A feature that is somewhatsurprising in Fig. 4.4ais that Td for the

17R4 copolymer with 40 wt% PEG initially increasesin almost linear fashion with

increasingDBS concentration (which is consistent with PEG/DBS organogels[15])

up to the plateau level, whereasthe copolymerswith 10 and 20 wt% PEG display a

lessdramatic, nonlinear initial increasein Td.

Another generalcharacteristic of this ¯gure is that Td follows the sametrend for

all of the DBS concentrations examined,namely, T 31R1
d > T17R2

d > T25R2
d > T17R4

d .

Although this rank order is inverselyrelated to M P E G, weseekto establishthe depen-

denceof Td on copolymer composition to comparewith previousdata reported for the

parent homopolymers. Within the plateau regime arising from network saturation,

the values of Td for the two copolymers with 20 wt% PEG (17R2 and 25R2) are

nearly identical sothat Td canbe related directly to copolymer composition, in which

caseTd increaseswith increasingPPG copolymer fraction. Such variation re°ects a

corresponding reduction in matrix polarity and is consistent with Td measurements of

endgroup-substitutedPEG [15]and PPG di®eringin molecularweight [1]. According

to Fig. 4.4b, the increasein Td with PPG content appears nearly linear over the

limited composition range examined. Included in Figs. 4.4a and 4.4b is a datum

point collectedfrom an organogelcomposedof 2.0 wt% DBS in PEG (M P E G = 300).

In agreement with the trend described above, this organogelexhibits a markedly

lower Td relative to the organogelscontaining any of the PPG-b-PEG-b-PPG block
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copolymers. While this trend is qualitativ ely consistent, linear extrapolation of the

Td valuesprovided in Fig. 4.4b to 0.0 wt% PPG for organogelswith 2.0 wt% DBS

yields a slightly lower Td (» 58±C) than that measured(» 73±C) for pure PEG. Unfor-

tunately, no data have beenrecordedfor the Td of a PPG/DBS organogelwith 2.0

wt% DBS. The closestsubstitute is an organogelcomposedof 3.0 wt% DBS and a

PPG with M P P G = 5150. In this case,Td is about 146±C, which is greater than any

of the Td measurements reported here for the copolymer-basedorganogels. Reduc-

tions in both DBS content and M P P G are expected to reduceTd somewhat,thereby

improving agreement with the trend presented in Fig. 4.4b.

Several independent studies [23, 24, 26] have demonstrated that, at su±ciently

high DBS concentrations, the DBS network forms a hierarchical morphology that

consists of nano¯brils at nanometer length scales and spherulitic structures at

micrometer length scales.Sincethe largespherulitic structuresariseasa consequence

of molecularanisotropy, they appearbirefringent under crossedpolars. As FahrlÄander

et al. [9] have shown, the thermal variation of this morphologycanbe correlatedwith

results acquired from dynamic rheology. Figure 4.5 is a seriesof polarized light

micrographsobtained from two organogelscontaining the 17R2 copolymer and two

di®erent concentrations of DBS (in wt%): 2.0 (Fig. 4.5a)and 1.0 (Fig. 4.5b). Images

have beencollectedover a broad range of temperatures, and only four of theseare

included for illustration. Both organogelsexhibit the classicalspherulitic texture,

although the precisenature of the texture di®ersbetween the two specimens. The
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Figure 4.5: Polarizedlight micrographsobtained from the organogelcomposedof the
17R2copolymer with two di®erent DBS concentrations (in wt%) - (a) 2.0 and (b) 1.0
- at four di®erent temperatures(indicated in ¯gure).
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spherulitesin Fig. 4.5bappear larger and moredi®usethan thosein Fig. 4.5a. These

featuresaloneare consistent with the known organogelconcentrations (i.e., a higher

DBS concentration would favor more nucleation sitesand a greater degreeof crystal

impingement), and suggestthat the organogelwith 2.0 wt% DBS is more likely to

be sti®er(having a larger G0) than the onewith 1.0 wt%. We shall return to address

this point further in a later section.

As the temperature is increased in both systems, the birefringence intensity

decreasessteadily until no birefringencecanbedetectedat the point of geldissolution

(seethe last frame of Fig. 4.5b). The sub-Td increasesin G0 evident in Figs. 4.2 and

4.3 are not accompaniedby any discerniblechangesin either spherulite morphology,

which has beenproposedby Yamasakiand Tsutsumi [20] and Wataseet al. [16], or

birefringenceintensity. This observation is consistent with our explanationattributing

the increasein G0below Td andTf in Figs. 4.2and4.3to DBS-inducedmolecularorga-

nization of the copolymer matrix. Valuesof Td gleanedfrom light microscopy as the

temperature at which birefringencecompletely disappearsfor organogelscontaining

2.0 wt% DBS are listed in Table 4.2 and comparefavorably with Td measurements

extracted from dynamic rheology.

As before,Td is found to increasewith increasingPPG copolymer fraction, which

corresponds to a reduction in matrix polarity. Another interesting comparison is

betweenthe temperature at which G0 becomesunmeasurable(i.e., there is no elastic

responseas the gel becomesa free-°owing liquid) and Td from light microscopy. In
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Copolymer Ta
d (±C) Tb

d (±C) Ta
f (±C) Tb

f (±C)

17R2 112 110 98 75
17R4 98 105 72 -
25R2 111 106 78 56
31R1 119 121 105 83

Table 4.2: Dissolution and formation temperaturesof organogelswith 2.0 wt% DBS
a Measuredby dynamic rheology. b Determined by polarized light microscopy.

all cases,this di®erenceis about 16-23±C, depending on the copolymer matrix, indi-

cating that the systemcontinuesto exhibit a measurableelastic responseeven after

the spherulitesdisappear. This observation con¯rms the hierarchical nature of DBS

networks [26], sincethe nanoscalē brillar network continuesto endow the organogel

with solid-like properties even in the absenceof large-scalestructural elements at

elevated temperatures.

4.5 Gel Formation

Thus far, only the gel dissolution temperature hasbeenconsidered.Here,we turn

our attention to the formation of organogelsfrom solution. Figure 4.6ashows a series

of polarizedlight micrographsof a 25R2organogelwith 2.0wt% DBS asthe specimen

is heatedat 2±C/min. Included for comparisonin Fig. 4.6bare corresponding images

collected from the samespecimenupon cooling at the samerate. As in Fig. 4.5,

heating the organogelin Fig. 4.6aresults in a steadyreduction in birefringenceuntil

the sampleappearsstructurelessat Td. Cooling the specimenfrom 150±C results in

the gradual formation of spherulites. Comparisonof these image sets immediately
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Figure 4.6: Polarized light micrographs of the organogel containing the 25R2
copolymer and 2.0wt% DBS. The organogelis heatedfrom 30to 150±C at 2±C/min in
(a) and cooled from 150to 30±C at 2±C/min in (b). The temperaturescorresponding
to the imagesare shown in the ¯gure.
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con¯rms a feature apparent in Fig. 4.2, viz., valuesof Td consistently exceedthose

of Tf , indicating the existenceof substantial thermal hysteresisin theseorganogels.

Similar behavior hasbeenreported by FahrlÄanderet al. [9] for PPG/DBS organogels

and Wataseet al. [18] for DBS in ethyleneglycol. In the latter study, the temperature

and heat of gel melting discernedby DSC has beenfound to be consistently higher

than the temperatureand heat of gelsetting, respectively. The explanationo®eredfor

theseresults is that hydrogenbonds,onceformed,will remain stableat temperatures

that arehigher than thoserequiredfor bond formation. Valuesof Td and Tf discerned

by dynamic rheologyand polarized light microscopy from the present organogelsare

provided for comparisonin Table 4.2, and demonstratethat the thermal hysteresis

measuredby rheologyrangesfrom 14to 33±C, while that determinedby microscopy is

35-50±C, dependingon copolymer matrix. This di®erenceis consideredfurther below.

As the organogelin Fig. 4.6b is permitted to recover quiescently, its network

structure continuesto improve, as discernedfrom the dynamic rheologicalmeasure-

ments discussedearlier with regard to Fig. 4.3. Consider, for example, the values

of G0 in Fig. 4.2 for the organogeldescribed in Fig. 4.6. At 30±C prior to gel

dissolution, the initial value of G0 is » 30 kPa. At the same temperature after

gel formation, G0 is reduced to » 5 kPa. Even at temperatures below Tf , the

DBS network continues to evolve and becomefurther re¯ned until G0 reaches its

initial value and a distinct spherulitic texture is recovered. Such microstructural

improvement at temperaturesbelow Tf is consistent with previous [23] spectropho-
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tometric measurements of PPG/DBS organogels.In this case,an activation energy

indicative of a thermally activated mechanism is found to be dependent on both gel

composition (a measureof network density) and wavelength (a measureof the size

scaleprobed). The data tabulated in Table 4.2 supports these¯ndings and provide

additional insight into the factors governing gel formation and development. For

instance, Tf measuredby dynamic rheology is ca. 22±C higher than that found by

microscopy, thereby con¯rming that a sub-micrometer load-bearing network unde-

tectable by light microscopy ¯rst forms asthe solution is cooled from a homogeneous

state. This network continuesto grow until relatively large-scale(birefringent) struc-

tural elements becomevisible at the Tf ascertainedby microscopy.

Two other interesting features regarding the data in Table 4.2 are that (i)

the thermal hysteresisbetween Td and Tf is clearly more pronounced in the case

of the results obtained by microscopy and (ii) the magnitude of this hysteresis

(¢ T = Td ¡ Tf ) doesnot correlatewith any copolymer characteristics. The order of

gel formation appearsto remain the same- i.e., T 31R1
f > T17R2

f > T25R2
f > T17R4

f - as

discernedfrom rheology, indicating that greater ethoxylation in the copolymer (and

higher matrix polarity) hindersDBS network formation. This result is not surprising

sincethe two principal interactions driving DBS self-organizationare intermolecular

hydrogenbonding and ¼interactions[14{16]. Hinderednetwork formation systemati-

cally probed in a seriesof PEG/DBS organogels[15]veri¯es that transient interaction

betweenDBS moleculesand PEG moietiesslows the kinetics of network formation.
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Combining this apparent trend with the cooling rateslisted abovehelpsto explainwhy

organogelscomposedof the 17R4copolymerwith 2.0wt% DBS or any copolymer with

0.5 wt% DBS is not observed during the courseof the microscopy test. The second

observation may re°ect the concentration of DBS employed in the gels (2.0 wt%),

sinceit may be near the saturation limit of someof the copolymersbeing examined.

Values of ¢ T measuredby dynamic rheology from a seriesof organogelswith 1.5

wt% are displayed as a function of copolymer composition in Fig. 4.7 and reveal

that, at this concentration, ¢ T decreaseswith increasingPPG content and, hence,

decreasingmatrix polarity. To put this trend in perspective, FahrlÄander et al. [9]

report a value of ¢ T (» 25±C) for a PPG/DBS organogelwith 3.0 wt% DBS that is

surprisingly comparableto the present systemconsistingof the 31R1copolymer and

1.5 wt% DBS.

4.5.1 Net work Structure

The results reported thus far provide conclusive evidencethat the conditions

governing DBS network formation and dissolutiondependon material factorssuch as

DBS concentration and matrix (copolymer) composition, aswell asprocessdynamics

such as the temperature ramp rate, in the present work. We now turn our attention

to the e®ect of the material factors listed above on the magnitude of G0, since

this parameter provides a comparative measureof network development in physical

gels[2]. In the previoussections,the systemsunder investigationhavebeenconsidered
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physical gels on the basisof prior results [15]. Representativ e frequencyspectra of

the dynamic moduli (G0 and G00) are presented in Fig. 4.8afor the systemcomposed

of the 17R2 copolymer and 2.0 wt% DBS. This ¯gure shows that G0 is not strongly

dependent on ! (especially in the terminal regime at low ! ) and that G0 is greater

than G00over the rangeof ! explored. Both conditionsa±rm that this systemcan be

considereda gel [2], albeit a relatively weak one. Frequencyspectra of G0 collected

from several 17R2organogelsdi®eringin DBS concentration from 0.5 to 2.0 wt% are

provided for comparisonin Fig. 4.8banddemonstratethat G0 increasessystematically

with increasingDBS content. This trend, which is identical for all four copolymer gel

seriesin the present work, re°ects the strength and, hence,relativeconnectivity of the

DBS gelnetwork, and is consistent with earlierstudiesof DBS in both low-molar-mass

solvents [17, 34] and macromolecules[1, 8, 9].

Mercurio et al. [1] have reported that G0 in PPG/DBS organogelsincreases

sigmoidally, ultimately exhibiting a plateau, with increasing DBS concentration.

The plateau is presumedto correspond to the concentration range over which the

gel network e®ectively becomesspace-¯lling upon saturation, as implied by the Td

measurements displayed in Fig. 4.4a. A complementary investigation [15] of DBS

in PEG has shown that G0 scaleswith DBS concentration over low concentration

ranges. Due to the limited solubility of DBS in the present PPG-b-PEG-b-PPG

triblo ck copolymers, however, establishment of such a scaling relationship would be

questionable,and so we refrain from o®eringone. Instead, we show the e®ectof
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Figure 4.8: Frequency (! ) spectra of the dynamic moduli. In (a) Frequency (! )
spectra of the dynamic moduli (G0, ±; G00, ² ) for the organogelcomposedof the 17R2
copolymer with 2.0 wt% DBS at ambient temperature. In (b), G0 is presented as a
function of ! for organogelswith the samecopolymerbut di®eringDBS concentrations
(in wt%): 0.5 (¤ ), 1.0 (¥ ), 1.5 (4 ) and 2.0 (N).

148



both DBS concentration and copolymer composition on G0 in Fig. 4.9. Theseresults

indicate that, asthe network becomessaturated, the e®ectof copolymer composition

on the magnitude of G0 and, therefore, the extent to which the DBS network is

capableof developing is negligible. This result is consistent with our prior study [15]

of endgroup-substituted PEG/DBS organogels,which showed that G0 was weakly

dependent on the extent of endgroupsubstitution at a given DBS concentration. It is

nonethelesscuriousthat, asthe network is saturated, G0 becomesnearly independent

of copolymer composition, whereasother properties such as Td and Tf are not (see

Figs. 4.4aand 4.7). This trend provides additional evidencethat, while a high PEG

fraction may interfere with network formation, it doesnot have a detrimental impact

on the ultimate value of G0.

Included for comparisonin Fig. 4.9 are valuesof G0 measuredfrom PPG/DBS

organogels with PPG homopolymers varying in molecular weight [1] and one

PEG/DBS organogelcontaining 2.0 wt% DBS [15]. The favorableagreement evident

in the ¯gure substantiates our contention that, at su±ciently high DBS concentra-

tions (insofar as DBS is fully solubleat temperaturesabove Td), the identit y of the

matrix polymer is relatively unimportant, which implies that the DBS network is

fully developed under theseconditions and that G0 provides a direct measureof the

elasticresponseof this network. In markedcontrast, Fig. 4.9 revealsthat G0 becomes

sensitive to copolymer composition at the lowest DBS concentration examined(0.5

wt%). Here, the in°uence of the polar PEG fraction becomesmanifested,with the
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organogelscomposedof the 31R1(10 wt% PEG) and 17R4(40 wt% PEG) copolymers

exhibiting the largestand smallestG0 values,respectively. This order agreeswith the

resultsobtained [15] from the endgroup-substitutedPEG/DBS organogelsalluded to

above. It is furthermore interesting to note that, at low DBS concentrations, the

gel dissolution temperature presented in Fig. 4.4a is not only sensitive to copolymer

composition, but also to relative segment lengths, which suggeststhat it might be

possibleto partition the spatial arrangement of the gel network in multicomponent

matrices as long as the DBS network is not fully saturated.

4.6 CONCLUSIONS

In this work, the e®ectsof matrix composition and DBS concentration on

formation/dissolution conditions and network structure have been investigated by

dynamic rheology and light microscopy in a seriesof physical organogelscomposed

of amphiphilic PPG-b-PEG-b-PPG triblo ck copolymersdi®eringin molecularcompo-

sition and weight. Resultsobtainedherereveal that the thermal conditionsgoverning

network formation/dissolution relate directly to the fraction of the PEG midblock.

As the PEG fraction and, hence,matrix polarity are decreased,the gel formation

and dissolution temperatures increase, suggesting that the sterically unhindered

ether linkage of PEG may interfere with DBS self-organization and, ultimately,

network formation via transient intermolecularhydrogenbonding. This e®ectis more

pronouncedat low DBS concentrations. Complementary polarized light microscopy
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con¯rms the existenceof a spherulitic texture in all the organogelsanalyzed,disso-

lution of the texture upon heating to copolymer-dependent temperaturesand gradual

re-formation of the texture upon cooling. Thermal hysteresisbetweenthe gel disso-

lution and formation temperatures is substantial and dependson the thermal ramp

rate. Di®erencesbetween measurements acquired from rheology and microscopy

con¯rm the hierarchical nature of DBS organogelsby demonstrating that the gel

networks behave solid-like at conditions not favoring spherulite formation. Although

copolymer composition clearly in°uences the conditions and dynamics associated

with gel formation/dissolution, it does not a®ect the magnitude of the dynamic

elastic modulus at su±ciently high DBS concentrations corresponding to saturated

gel networks. Comparisonwith rheologicaldata previously obtained from PPG/DBS

and PEG/DBS organogelscon¯rms this observation, which indicatesthat the identit y

of the matrix is not asimportant in terms of mechanical property development asthe

extent to which the DBS gel network ultimately forms.
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Chapter 5

Nano¯brillar Net works in Poly(eth yl methacrylate) and Its

Silica Nano comp osites

5.1 ABSTRA CT

Recent advancesin polymer materials design seekto incorporate functionality,

enhanceexisting properties and reduce weight without compromising mechanical

properties or processability. While much attention has been drawn to the devel-

opment of organic/inorganic hybrid nanocompositesmodi¯ed with discretesiliceous

nanoparticles (such as fumed/colloidal silica or organoclays), other opportunities

exist for comparably enlightened materials design. Dibenzylidenesorbitol (DBS)

is a sugarderivative that is capableof self-organizinginto a 3D nano¯brillar network

at relatively low concentrations in a wide variety of organic solvents and polymers.

In this work, we explore the morphological characteristics and properties of DBS

in poly(ethyl methacrylate) (PEMA) and PEMA nanocomposites with colloidal

silica. Transmissionelectron microscopy and microtomography reveal that the DBS
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moleculesform highly-connectednetworks, with nano¯brils measuring ca. 10 nm

in diameter and ranging up to several hundred nanometers in length. Dynamic

mechanicalproperty analysisrevealsthat, while DBS haslittle e®ecton glassyPEMA,

it servesto increasethe elastic modulus in molten PEMA.

5.2 INTR ODUCTION

Polymer nanocompositesgenerally refer to organic/inorganic materials designed

so that the matrix consists of a macromoleculeto which an inorganic nanoscale

particle is physically added or in which an inorganic speciesis grown under tightly

controlled conditions to retain nanoscaledimensionsand minimize aggregation[1, 2].

Incorporation of such particles provides a versatile and e±cient route to multifunc-

tional materials possessingenhancedproperties such as electrical conductivity [3, 4],

nonlinear optics [5, 6], mechanical toughness[7], catalytic activit y [1], separation

selectivity [8] or magnetism [9]. In this work, we only consider those nanocom-

posites prepared by the addition of inorganic particles, such as fumed or colloidal

silica, to a polymer matrix. Colloidal silica hasbeenwidely usedin the production of

polymer nanocompositesdue to its abilit y to improve mechanical stabilit y at elevated

temperatures[10], electrical conductivity [11] and reverseselectivity [12]. One of the

challengesthat plagues nanocomposite design is the integration of new function-

ality without compromisingthe inherent properties, e.g., optical clarity, mechanical

toughnessand facile processability, of the polymer matrix. Fumedsilica particles, for
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Figure 5.1: Structure of 1,3(R):2,4(S)-dibenzylidene-D-sorbitol[DBS]

instance,may aggregateas a polymer nanocomposite consistingof PDMS and silica

ages[2], leading to the undesirabledeterioration of optical clarity. One strategy to

eliminate dispersionproblemsarising from inorganic nano¯llers is to immobilize, and

thereforestabilize, the particles within a continuousnanoscalenetwork.

1,3:2,4-Dibenzylidene-D-sorbitol (DBS) is a derivative of the natural sugar

alcohol D-glucitol [13] and can be synthesizedby a condensationreaction between

benzaldehyde and sorbitol [14]. In its native state, DBS is a crystalline solid

with a melting point of about 220±C [15]. This amphiphilic molecule is depicted

in Fig. 5.1 and is often described as \butter°y-lik e" with a sorbitol body and

two benzylidenewings. The hydrophobic phenyl rings facilitate DBS dissolution

in a wide variety of organic media [16] and, together with its ether linkagesand

pendant hydroxyl groups, endow DBS with a unique abilit y to self-organizeinto
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nano¯brils that, at surprisingly low concentrations, form a 3D nanoscalenetwork

and ultimately induce physical gelation [17]. Since the pioneering gelation studies

[18, 19] of DBS in organic solvents, numerouse®ortshave demonstrated that this

low-molar-massorganic gelator (LMOG) can form stable networks in, and conse-

quently gel, a wide variety of macromoleculesincluding polyole¯ns such as isotactic

polypropylene (iPP) [20], polyethers such as poly(propylene glycol) (PPG) [21{23]

and poly(ethylene glycol) (PEG) [24], and siliconessuch as poly(dimethylsiloxane)

(PDMS) [25]. Moreover, DBS hasbeenfound to gelsmall-moleculeliquid crystals[26]

and block copolymers[27,28]derivedfrom PPG, PEG and/or PDMS, all of which can

exhibit mesomorphicbehavior on their own. SinceDBS canpromotegelation in some

organicsystemsat concentrations as low as0.1 wt% [29], it is particularly attractiv e

for technologiesrequiring uncompromisedphysical and/or chemical properties of a

polymer melt in a thermally-reversibleand thixotropic elastic solid.

While the abilit y of DBS to self-organizeinto nano¯brils andnano¯brillar networks

in polymer melts is now reasonablywell-established, the ongoing development of

polymers with a nanoscopicskeletal network opens up two new possible applica-

tions for DBS. In the ¯rst, a crystalline DBS network could endow amorphous

polymers with greater load-bearing abilit y. This improvement is expected to be

of little consequencein glassy polymers below their glass transition temperature

(Tg), but it should be bene¯cial above Tg in the melt. Another use of DBS is

as a stabilizing agent for other additives, such as nanoparticles. In this case,the
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DBS network is envisagedto immobilize the nanoparticlesand prevent their long-

term aggregation.Sincethe network dissolvesat temperaturesfar below the melting

point of DBS, polymer nanocompositesincorporating DBS could be melt- or solvent-

processedwithout degradingthe polymer matrix. In this work, we explorethe utilit y

of forming DBS networks in an optically clear acrylic polymer with and without

colloidal silica (CS) nanoparticles.The morphologicalcharacteristicsof the resultant

networks, as well as their impact on mechanical properties, are assessedto identify

the conditions under which the added DBS serves to improve properties without

compromise.

5.3 Exp erimen tal

5.3.1 Materials

Poly(ethyl methacrylate) (PEMA) with a molecular weight of » 280,000 was

purchasedfrom Scienti¯c Polymer Products, Inc (Ontario, NY) and used without

further puri¯cation. The DBS was kindly supplied by Millik en Chemicals (Spar-

tanburg, SC), and reagent-grade acetone was purchased from Fisher Scienti¯c

(Suwanee,GA). The CS nanoparticles, having a reported diameter of 20 nm, was

provided as a suspensionin methylethylketone(MEK) by NissanChemical Houston

Corporation (Pasadena,TX).
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5.3.2 Metho ds

Films of PEMA with and without variousconcentrations of DBS and/or CS were

prepared by ¯rst dissolving 1-2 g of PEMA and a corresponding amount of DBS

in approximately 20 ml of acetone. To generatea nanocomposite of given compo-

sition, a predeterminedamount of the CS/MEK suspensionwas also added at this

point. While constantly stirred, the PEMA/DBS and PEMA/DBS/CS suspensions

wereheatedto approximately 70±C for 30 min and then permitted to sit quiescently

overnight to ensurethat the PEMA and DBS powders fully dissolved. Thesemedia

were poured into Te°on molds and placed in an oven maintained at 65±C (the Tg of

the PEMA is 63±C accordingto the manufacturer) for » 2 h, followedby an additional

hour at 75±C to ensurecompleteevaporation of the acetoneand MEK. The resultant

PEMA/DBS and PEMA/DBS/CS ¯lms were carefully removed from the molds for

subsequent analysis.

Specimensfor transmissionelectronmicroscopy (TEM) and transmissionelectron

microtomography (TEMT) werepreparedby cross-sectioningthe bulk ¯lms obtained

above at ambient temperature in a Reichert-Jung Ultracut-S ultramicrotome. The

electron-transparent sectionswere picked up on copper TEM grids and exposedto

the vapor of 2% RuO4(aq) for 7 min to stain the phenyl rings of the DBS molecules

[22]. Energy-¯ltered imageswereacquiredwith a ZeissEM902 electronspectroscopic

microscope operated at 80 kV and an energylossof 0 eV. For TEMT, a seriesof 45

projections wascollectedalong a singletilt axis from a specimencomposedof 6 wt%
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DBS and 1 wt% CS at tilt anglesranging from +60.0 to ¡ 60± at an angular interval

of 1± on a Philips 430 computerized transmission electron microscope operated at

200kV. The images,acquiredat a resolution of 1.50nm/pixel, were aligned using 9

CS nanoparticlesinherent in the sampleas ¯ducial markers, rather than decorating

the surfacewith Au colloidal beads. The averageerror encountered in aligning the

imageswas 6.6%. Oncealigned, the imageset was reconstructedusing the EMCAT

software package [30] into a volume element according to the ¯ltered (r-weighted)

back-projection reconstructionalgorithm.

Dynamic rheometry was performed on a RheometricsSolids Analyzer (RSA II).

The bulk ¯lms were trimmed to about 5 mm £ 2.5 mm and analyzed in the ¯lm

and ¯b er geometry. Frequency(! ) spectra of the dynamic elastic and viscoustensile

moduli (E 0 and E 00, respectively) were obtained at a strain amplitude of 0.003%(in

the linear viscoelastic regime) from at least 100 to 102 Hz, and temperature sweeps

wereperformedat a rate of 1±C/min at ! = 10 rad/s. Melt rheologywas conducted

at 100±C on a RheometricsMechanical Spectrometer(RMS 800)using8 mm parallel

plates separatedby a 1 mm gap. Circles measuring8 mm in diameter were trimmed

from the bulk ¯lms and placed between the parallel plates at ambient temperature

and then heatedto 100±C to ensuregood adhesionto the plates. Frequencyspectra of

the dynamic elasticand viscousshearmoduli (G0 and G00, respectively) wereacquired

at a strain of 5% (in the linear viscoelastic regime) from at least 100 to 102 rad/s.
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5.4 RESUL TS and DISCUSSION

5.4.1 Morphological Characteristics

Prior morphological studies of DBS networks in a wide variety of low-molar-

massorganic solvents [31, 32] and polymers [25, 27] indicate that the nano¯brillar

diameter can range substantially , from about 10 nm to 0.8 ¹ m. In a companion

study of DBS in PEG, we have demonstrated[24] that, while a singlespecimenmay

exhibit a broad range of nano¯brillar diameters, a primary unit measuringon the

order of 9-11 nm in diameter appears to exist. Larger nano¯brillar elements may

therefore represent aggregatesor bundles of these primary nano¯brils or, alterna-

tiv ely, incompletely dissolved DBS. Another interesting feature of DBS nano¯brils

is their branching. Thierry et al. [16, 29] have shown that the nano¯brils formed

in tetrahydrofuran/b enzenesolutions grow very long and exhibit surprisingly few

branch points. In markedcontrast, DBS networks in siliconepolymers[25,27,33]and

polyethers [24] can appear highly branched and interconnected,depending on DBS

concentration and relevant matrix properties (e.g., polarity). Nano¯brillar branching

constitutes an important consideration in the development of load-bearing skeletal

networks and may likewiseprovide fundamental insight into the mechanismby which

the nano¯brils form (e.g., by non-crystallographicbranching [34]). The primary DBS

nano¯brils intermittently exhibit several other interesting characteristics such as a

rope-like helical pitch that measureson the order of 100 nm [31]. Recently, we have

documented [24] a morphology suggestingthat networked DBS nano¯brils may, in
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fact, be hollow tubes.

Figure 5.2 shows a seriesof TEM imagesof DBS nano¯brils in PEMA at DBS

concentrations ranging from 0.5 to 7.0 wt% (the corresponding imageobtained from

neat PEMA is structurelessand is not included here for that reason). Closeexami-

nation of Figs. 5.2aand5.2brevealsthe presenceof very faint, but discrete,nano¯brils

measuringabout 10nm across.The phenyl rings of the DBS moleculesareselectively

stained by RuO4 and appear electron dense(dark) relative to the unstained PEMA

background. It is interesting to note that DBS nano¯brils are more clearly evident

at lower concentrations in polymers to which DBS is melt-blended[22, 24].

In the present case, the DBS is co-dissolved with PEMA in acetone(to avoid

thermal degradation of the PEMA at elevated temperatures), which may a®ectthe

kinetics by, or the extent to, which the DBS moleculesself-organize. The inset of

Fig. 5.2b displays an isolated DBS ribbon discovered within the specimen. As the

DBS concentration is increasedto 3.0 wt% and higher (Figs. 5.2c-e), well-de¯ned

nano¯brils exhibiting random orientation becomeapparent. Even the speckles seen

in theseimagesare interpreted asnano¯brils oriented parallel to the z-direction (i.e.,

the direction of the electron beam). Since the nano¯brils consistently measureca.

10 nm in diameter, they are consideredprimary units, rather than aggregatesor

nano¯brillar bundles.

The imagespresented in Fig. 5.2 con¯rm that the number density of nano¯brils

increaseswith increasingDBS concentration, and an increasein number density is
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(a) (b)

(c) (d)

(e)

100 nm

Figure 5.2: Zero-loss energy-¯ltered TEM images of PEMA/DBS formulations
containing di®erent DBS concentrations (in wt%): (a) 0.5, (b) 1.0, (c) 3.0, (d) 5.0
and (e) 7.0. In all cases,DBS nanostructural elements appear electron-opaque(dark)
due to RuO4 staining of the phenyl rings. The inset included in (b) shows an isolated
DBS ribbon.
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accompaniedby a transition from single, unbranched nano¯brils up to 500 nm in

length (Fig. 5.2c) to a more compact, branched network morphology (Fig. 5.2e).

Relatively large, but discrete, electron-denseregionsare clearly visible in Fig. 5.2e

and may beconsideredaslooseaggregatesthat either formedupon solvent removal or

never completely dissolved during specimenpreparation. On the basisof the extent

to which the nano¯brillar network is uniformly distributed in this and comparable

images, we expect that these loose aggregatesdeveloped as the specimensdried.

It is interesting to note that, while Mitra and Misra [35] used light scattering to

establishthe existenceof DBS aggregatesmeasuring» 0.15¹ m acrossin polystyrene

and polycarbonate, they failed to recognizethe propensity for DBS to self-organize

into a ¯ne nano¯brillar network. One ¯nal feature of Fig. 5.2 warranting mention

is that a large fraction of the nano¯brils (particularly in Fig. 5.2c) has beenstained

in such fashion as to appear hollow. This feature, which becomeslesspronounced

with increasingDBS concentration and network formation, is strikingly reminiscent

of results recently reported [24] for PEG/DBS organogelsand can be interpreted to

mean that either the nano¯brils are tubular and possessa hollow annulus or the

RuO4 stains only the peripheral phenyl rings of the DBS molecules. Although it is

not possibleto distinguish betweenthesepossibilities from Fig. 5.2, we can certainly

eliminate the possibility of stained polymer bound to the nano¯brillar surface, as

previously proposedelsewhere[24] as a third option to explain this morphological

curiosity.
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The image seriesdisplayed in Fig. 5.3 is obtained from PEMA/CS nanocom-

positescontaining 1 wt% CS with DBS concentrations ranging from 0.0 to 6.0 wt%

(corresponding to 1.0 to 7.0 wt% additive content). As expected from their compo-

sition, the CS nanoparticlesaloneappear electrondense(seeFig. 5.3a) and rangein

diameter from about 10 to 20 nm, in favorable agreement with the characterization

data provided by the manufacturer. Addition of 1.0 wt% DBS to the PEMA/CS

nanocomposite promotes the formation of the ill-de¯ned nano¯brils seen in Fig.

5.3b. By increasingthe DBS concentration, the nano¯brils becomebetter de¯ned,

measuring» 10 nm in diameter, and eventually show signsof network development

at DBS concentrations of 5.0 wt% and higher. Included for comparisonin Fig. 5.3

is an imageacquiredfrom a 93/6/1 w/w PEMA/DBS/CS nanocomposite (Fig. 5.3f)

that reveals exceptionally well-de¯ned, unbranched nano¯brils. While this system

generally tends to exhibit a morphology that more closely resembles that shown in

Fig. 5.3e for the nanocomposite with 5.0 wt% DBS, isolated patches exhibit this

markedly di®erent morphology, the origin of which is not yet fully understood. Scru-

tinization of all the imagesdisplayed in Fig. 5.3con¯rms that some,but not many, of

the DBS nano¯brils likewiseappear peripherally stained and, consequently, tubular.

The morphologiesof the PEMA/DBS/CS nanocomposites are clearly complex

whenviewed as2D projections. Insightful featuressuch asthe extent of nano¯brillar

branching, as well as evidencefor interaction between CS nanoparticles and DBS

nano¯brils, simply cannot be gleanedfrom such imageswith any degreeof certainty.
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(a) (b)

(c) (d)

(e)

100 nm

(f)

Figure 5.3: Energy-¯ltered TEM images of PEMA/DBS/CS nanocomposites
containing 1.0 wt% CS and di®erent DBS concentrations (in wt%): (a) 0.0, (b)
1.0, (c) 3.0, (d) 4.0, (e) 5.0 and (f ) 6.0. The CS nanoparticlesmeasureabout 20 nm
on averageand, as siliceousmedia, appear dark relative to the PEMA matrix due
to their composition. As in Fig. 5.2, DBS nano¯brils likewiseappear dark due to
selective staining.
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(a) (c)(b) (d)

(g)(e) (h)(f)

100 nm

Figure 5.4: Sequential seriesof TEM tilt projections collected from a 93/6/1 w/w
PEMA/DBS/ CS nanocomposite and aligned with regard to the CS nanoparticles
present in the material. The angular increment betweenadjacent imagesis constant
at 5± so that they can be viewed as stereopairs, which permit direct visualization of
the 3D nature of the morphology.

To explore theseissuesin more detail, we have performed TEMT on the nanocom-

posite with the highest additive loading level (93/6/1 w/w PEMA/DBS/CS). This

methodologyhasbeenrecently and successfullyused[36{39]to discernand quantitate

the local and global topologiesof complexblock copolymer morphologies.The TEMT

procedurerequiresa large set of imagescollectedfrom a singlespecimenat a regular

tilt interval [40] A subsetof the imagescollectedhere for this purposeis presented

in 5± increments (to permit stereo-pairviewing) in Fig. 5.4. The 1024x 1024pixel

imagesacquired during the courseof this study are too large for display purposes,
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and so only a portion of these imagesis shown in Fig. 5.4. Close examination of

theseimagesrevealshow the orientation and apparent connectivity of the nano¯brils

present changesupon tilting. The quality of alignment can be determinedexplicitly

from the angle-dependent mean positional error (h4i ), where 4 is the di®erence

betweenmeasuredand calculatedposition of each referenceparticle at each tilt angle

(µ). Valuesof h4i , discernedby averagingthe individual 4 valuesobtained for the 9

¯ducial particles employed in the alignment, are presented as a function of µ in Fig.

5.5 and con¯rm that the µ-averagedmean error incurred during image alignment is

considerablyless(19%) than the spatial resolution of the images. Once the images

areaccuratelyaligned,application of the ¯ltered back-projection reconstructionalgo-

rithm rendersa 3D volumeelement that canbe slicedalongany orthogonaldirection.

The imageseriesprovided in Fig. 5.6 represents a small subsetof 2D slicesextracted

from the 3D volume element along the z-axis.

Each slice in Fig. 5.6 corresponds to 1.5 nm along the z direction and therefore

contains precisely1.5 nm of information (which would be unobtainableby any other

analytical means).Sequential imagesdisplayed in this seriesare separatedby 4 slices

(6.0 nm), which correspondsto about half the nano¯brillar diameter deducedearlier.

Nano¯brillar diametersare more reliably measuredfrom imagessuch as these(since

overlap is completely eliminated) and range from 8 to 12 nm. In addition to the

local nano¯brillar orientation, two other featurescan be gleanedfrom this seriesof

2D slices. The ¯rst is that the seriestraversesthe entire TEM section, since the
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Figure 5.5: Mean positional error (h4i ) of the referencemarkers used to align 121
tilt images(such as thosedisplayed in Fig. 5.4) presented as a function of tilt angle
(µ). The error bars represent the standard deviation in the data, and the solid and
dashedlines identify the µ-averagedh4i and imageresolution, respectively.
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(a)

(i)(h)(g)

(f)(e)(d)

(c)(b)

Surface

Surface

100 nm

Figure 5.6: Sequenceof TEMT slicesof the 93/6/1 w/w PEMA/DBS/CS nanocom-
posite extracted from a complete3D reconstructionof serial tilt projections, such as
those displayed in Fig. 5.4, by the ¯ltered (r-weighted) back-projection procedure.
Each imagecorrespondsto a thicknessof 1.5 nm, and adjacent imagesare separated
by 6.0 nm along the z-axis, which is parallel to the electron beam. The upper and
lower surfacesof the TEM specimenare identi¯ed, as is a cluster of CS nanoparticles
(which appearsin several images).

171



specimensurfaceis encountered in the ¯rst and last images. From this observation,

the specimenthicknessis estimated to be on the order of 60 nm, which agreeswell

with the setting of the ultramicrotome. Moreover, the specimen appears slightly

tilted relative to the z-axis,sincethe surfaces(dis)appear from view gradually. Thus,

we can concludethat the TEM section was not lying °at on the grid during image

acquisition. Slicesin closeproximit y to either surfaceindicate that the nano¯brils

residenear the PEMA surfaceupon casting from acetone,in which casethey may

therefore be considereduniformly distributed throughout the polymer matrix. The

CS nanoparticles,on the other hand, appear to enrich one of the surfaces(compare

Figs. 5.6a and 5.6i), the identit y of which (PEMA/T e°on or PEMA/air) cannot be

directly discernedfrom thesedata.

Another enlightening feature of several images in Fig. 5.6 is that the DBS

nano¯brils originate/ terminate in closeproximit y to a CS nanoparticle, suggesting

a physical interaction between the two species. Since DBS moleculesinteract and

self-organizeinto nano¯brils primarily through hydrogenbonding and ¼phenyl inter-

actions[17], it would not be altogethersurprising that DBS moleculeshydrogenbond

to CS nanoparticlescontaining surfacehydroxyl groups. If this is the case,then the

DBS nano¯brils might be heterogeneouslyseeded(nucleated) by the CS nanopar-

ticles, which would explain the di®erencein nano¯brillar morphologiesevident in

Figs. 5.2 and 5.3. Moreover, the nano¯brils could serve to stabilize the CS nanopar-

ticles and hinder undesirablelarge-scaleaggregation(which would ultimately a®ect
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100 nm

Figure 5.7: An average (composite) image of the 93/6/1 w/w PEMA/DBS/CS
nanocomposite generatedby combining all the TEMT slices produced during the
3D reconstruction. The circled CS cluster provides a referencepoint for comparison
with the slicesprovided in Fig. 5.6.

the optical clarity of PEMA if su±ciently widespread). To discern the quality of

the reconstruction and, hence,the slicespresented in Fig. 5.6, the slicesgenerated

from the reconstructed 3D volume element can be stacked and combined by the

NIH Image software packageto yield an average(composite) projection that should

appearsimilar to that acquiredby conventional TEM. A portion of the averageimage

produced in this fashion is shown in Fig. 5.7 and con¯rms that the morphology of

this PEMA/DBS/CS nanocomposite is comparableto those displayed in Fig. 5.3.

To facilitate comparisonbetweenFigs. 5.6 and 5.7, a CS nanoparticle aggregateis

identi¯ed in both imagesets.
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Figure 5.8: Dependenceof the dynamic elastic modulus (E 0) on frequency(! ) for
PEMA/DBS systemscontaining di®erent DBS concentrations (in wt%): 0.0 (±), 1.0
(¤ ), 3.0(² ), 5.0(4 ) and 7.0(N). The strain amplitude is 0.003%and the temperature
is 25±C.

5.4.2 Mec hanical Prop erties

To ascertain the e®ectof the DBS nano¯brils on the bulk properties of PEMA,

several mechanical tests have beenperformed. The ambient-temperature frequency

(! ) spectra of the dynamic elastic tensile modulus (E 0) of PEMA/DBS specimens

di®ering in composition are provided in Fig. 5.8 and clearly indicate that the

magnitude of E 0 is not sensitive to DBS concentration over the range explored in

this work. Although the morphologicalanalysisunambiguously revealsthe existence

of nano¯brils throughout the PEMA matrix, this result strongly suggeststhat the
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nano¯brils have virtually no e®ecton the mechanical properties of glassy PEMA.

Previous x-ray di®raction data have demonstrated [22] that the DBS nano¯brils

(procured from solvent-extracted organogels)are at least partially crystalline. Since

an increasein polymer crystallinit y can have a modest (although often negligible)

e®ecton E 0 below Tg [41], a slight concentration-dependent increasein E 0 might be

anticipated in the present systems. Recall that, in the glassystate, the motion of

the PEMA moleculesis highly restricted. The presenceof a DBS crystalline nanos-

tructure may serve to restrict chain mobilit y further, thereby promoting a slight,

if detectable, increasein E 0. Although they are presumably crystalline, the DBS

nano¯brils are not, however, expected to reducethe mobilit y of vitri¯ed chains and,

in light of this consideration,E 0 to an appreciablelevel, which is consistent with the

results presented here. One last noteworthy feature of the ! spectra in Fig. 5.8 is

that the variation in E 0 variesfrom about 25 to 50%,which implies that this ! depen-

dence,albeit modest, is most likely real and not within the experimental uncertainty

of the measurements. As discussedfurther below, FahrlÄanderet al. [23]have reported

a comparably weak dependenceof the dynamic elastic shearmodulus (G0) on ! in

PPG/DBS organogels.

In marked contrast, the addition of DBS to PEMA is found to in°uence the

magnitude of E 0 at temperatures just above Tg in the melt. Figure 5.9a shows the

dependenceof E 0 on temperature for specimenscontaining up to 7 wt% DBS. [Note

that the E 0(T) data collected from the system with 1 wt% DBS closely resemble
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those of neat DBS and are not included here for that reason.] As seenin Fig. 5.8,

E 0 is not dependent (within experimental uncertainty) on DBS composition below

the Tg of PEMA (» 63±C) nor does it noticeably a®ectthe temperature identifying

the PEMA Tg. This latter observation con¯rms that, once the DBS self-organizes,

the PEMA matrix is relatively pure. Moreover, the temperature range over which

reliable E 0(T) data could be reproducibly collected is found to decreasesystemati-

cally as the concentration of DBS is increased,which suggeststhat the nano¯brillar

network is brittle. At temperatures above Tg, however, the magnitude of E 0 tends

to increasewith increasingDBS concentration, indicating that the DBS nano¯brils

are sti® (which is consistent with the presumption that they are crystalline) and are

therefore more capableof supporting a load than the molten PEMA matrix. It is

interesting to recognizethat at DBS concentrations below that required to form a

network (seeFig. 5.2), E 0 is virtually una®ectedby the addition of DBS at T > Tg.

At higher concentrations, Fig. 5.8b reveals that E' increasesalmost linearly with

increasingDBS content.

To probe this e®ectin more detail, polymer melt rheologyhasbeenperformedon

PEMA/DBS systemswith up to 7.0wt% DBS. Figure 5.10adisplays the ! spectra of

the dynamic elasticmodulus (G0) acquiredat 100±C for several di®erent formulations.

While G0 exceedsits dynamic viscousanalog(G00) over the entire rangeof ! explored,

thesespectra suggestthat G0 is not independent of ! , which is prerequisitefor classi-

¯cation asa gel [42]. The variation in G0 from 10¡ 1 to 102 rad/s is in excessof 250%,
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Figure 5.9: Temperature dependenceof E 0. In (a), the temperature dependenceof
E 0 for three PEMA/DBS systemswith di®erent DBS concentrations (in wt%): 0.0
(±), 3.0 (² ), 5.0 (4 ) and 7.0 (N). The heating rate is constant at 1±C/min, and
the frequencyis 10 Hz. In (b), valuesof E 0 evaluated at 90±C in (a) presented as a
function of DBS concentration. The solid line in (b) is a 2-part linear ¯t to the data.
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Figure 5.10: Frequencyspectra of the dynamic elastic modulus. In (a), frequency
spectra of the dynamic elastic modulus (G0) measuredat 100±C for PEMA/DBS
melts containing di®erent DBS concentrations (in wt%): 0.0 (±), 3.0 (² ), 5.0 (4 ) and
7.0 (N). The solid lines denotepower-law ¯ts to three of the four data setsobtained
at a strain amplitude of 5%. In (b), averagevalues of G0 determined from the !
spectra in (a) are shown as a function of DBS concentration.The solid line servesas
a guide for the eye, while the dashedline represents a power-law ¯t to the data over
the DBS concentration range corresponding to network formation in Fig. 5.2. The
error bars denoteonestandard deviation in the data.
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con¯rming that this ! dependenceis not due to experimental uncertainty. Analysis

of theseG0(! ) data revealsa commonscaling relationship of the form G0» ! 0:14 for

those specimenscontaining DBS. This observation is intriguing, sinceFahrlÄander et

al. [23] report a similar ! -dependent relationship, with a universalexponent of 0.05,

for organogelscomposedof PPG and DBS. Another salient featureof Fig. 5.10ais the

dependenceof G0 on DBS concentration, which is explicitly shown in Fig. 5.10band

which con¯rms that G0(averagedover the ! rangeexamined)increaseswith increasing

DBS content. At DBS concentrations corresponding to network morphologiesin

Fig. 5.2, G0 scaleswith respect to DBS content. Although a very limited concen-

tration range is sampled(3 to 7 wt% in Fig. 5.10b), we ¯nd it intriguing that the

scalingexponent is 1.7, which agreessurprisingly well with that measured[24] from

PEG/DBS organogelsover a much broader concentration range. Such agreement

implies that G0 provides a direct measureof DBS network morphology [43], which

can be controllably varied by concentration and solvent polarity.

Addition of 1.0 wt% CS to PEMA and PEMA/DBS mixtures has very little

e®ecton the low-strain mechanical properties of these nanocomposite systemsat

temperatures below Tg. The dependenceof E 0 on temperature is displayed in

Fig. 5.11 for PEMA/CS nanocompositeswith and without 5.0 wt% DBS. Although

siliceousnano¯llers have beenpreviously reported to improve the mechanical prop-

ertiesof polymerssuch aspolyethyleneglycol [10],poly(dimethylsiloxane)and poly(n-

butylamino thionylphosphazene)[7] all the data sets in this ¯gure appear virtually
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Figure 5.11: The elastic modulus (E 0) presented as a function of temperature for
PEMA (±), PEMA with 5.0 wt% DBS (4 ), a PEMA/CS nanocomposite with 1.0
wt% CS (² ) and the samenanocomposite with 5.0 wt% DBS (N).

180



indistinguishable at low temperatures. As the temperature is increasedabove Tg,

however, the CS increasesE 0 slightly, but not as much as the DBS. Under these

conditions, inclusionof 1.0wt% CSin the PEMA/DBS formulation doesnot promote

any discernible improvement in E 0 beyond that attained by DBS alone. While the

DBS-inducedincreasein melt modulus will undoubtedly a®ectmelt processingcondi-

tions by increasingthe apparent (or complex)viscosity, it canalsobe envisagedasan

e®ective meansby which to extend the application rangeof PEMA and its nanocom-

posites. Another property that should be at least brie°y addressedhere is optical

clarity, since this a generally important characteristic of acrylic polymers. Despite

up to 7.0 wt% additive (DBS and/or DBS+CS), the PEMA/DBS formulations and

PEMA/DBS/CS nanocomposites examined during the courseof this work remain

optically clear with no perceivable change in clarity, as evidencedby the photo-

graphic comparisonpresented in Fig. 5.12. This observation indicates that the DBS

nano¯brillar network/aggregatesand CSaggregatesremain su±ciently small at these

concentrations to avoid di®racting visible light.

5.5 CONCLUSIONS

The self-organizationabilit y of organicgelatorssuch asDBS motivatesthe devel-

opment of multifunctional polymeric materials possessingnanoscalenetworks [44].

Previous studies of DBS in a variety of polymers have establishedthat DBS spon-

taneously orders into nano¯brils and, at su±ciently high concentrations, elastic
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(a) (b)

Figure 5.12: Clarit y of PEMA ¯lms. Photographsof (a) a pure PEMA ¯lm and (b)
a PEMA ¯lm containing 6.0 wt% DBS and 1.0 wt% CS. No discernible change in
optical clarity is apparent from this comparison.
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networks capableof inducing physical gelation. In this work, we have investigated

the self-organizatione±cacy of DBS in a glassypolymer and the e®ectof nanostruc-

tural formation on the corresponding mechanical properties. Morphological analysis

of PEMA/DBS systemsdemonstratesthat, at low DBS concentrations, the DBS

nano¯brils are,for the mostcase,ill-de¯ned. As the concentration of DBS is increased,

however, TEM imagescon¯rm the development of discreteand networked nano¯brils

measuringabout 10 nm in diameter. A similar trend is observed upon addition of

CS to producea hybrid polymer nanocomposite. Three-dimensionalinformation has

beenextracted from onesuch nanocomposite by TEMT, which (i) revealsa uniform

distribution of DBS nano¯brils in the PEMA matrix and (ii) provides evidencefor

physical interaction betweenDBS and CS during specimenpreparation. Despite its

formation into well-de¯ned nano¯brils, DBS has no discerniblee®ecton the elastic

modulus of glassy PEMA. As the temperature is elevated above Tg, however, the

existenceof a nanostructurebecomesevident, with the modulus increasingsystemat-

ically with DBS concentration. Although 1.0wt% CShasno e®ecton the propertiesof

PEMA and PEMA/DBS systemsat both ambient and elevated temperatures,higher

concentrations will eventually promote mechanical property changesin PEMA, and

the incorporation of DBS may help to dispersesuch nanoparticles and ultimately

stabilize organic/inorganic nanocomposites.
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Chapter 6

Conclusions and Future Work

6.1 SUMMAR Y OF PRESENT W ORK

Dibenzylidenesorbitol (DBS) is a member of a unique family of low-molar-mass

organic gelators capableof self-organizingin a wide variety of organic solvents and

polymers to produce organogels. As discussedin this work, these organogelshave

many possibleapplications including biomedicalmaterials [1], personalcosmetics[2{

5], rheologicalmodi¯ers [6{8], and (opto)electronic devices[9, 10]. One of the most

important considerationsin the designof organogelsfor use in such applications is

the low concentration of gelator required. In the caseof DBS, this concentration

tends to be very low (typically < 1 wt%), which makesit particularly attractiv e for

applications requiring the uncompromisedphysical and/or chemicalpropertiesof the

matrix material.

The DBS molecule is highly °exible, exhibiting several degreesof freedom.

Molecular mechanics calculations indicate that (i) the pendant 5-OH group tends

to orient itself soas to form an intramolecular hydrogenbond with an acetaloxygen,
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and (ii) the phenyl rings prefer to lie in an equatorial orientation. While thesetwo

¯ndings are consistent with previous ¯ndings reported in the literature [11, 12], our

studiesdo not make the simplifying assumptionspreviously madeand likewisereveal

the existenceof low-energy structures that do not meet these two criteria. This

latter observation strongly suggeststhat the con¯guration of DBS may not possess

a single (global) energyminimum, but instead °uctuate betweenvarious low-energy

states. Molecular mechanics calculations performed on DBS dimers reveal that the

self-organizationof DBS moleculesoccurs through a combination of intermolecular

hydrogenbonding and ¼interactions. Becausea DBS moleculeonly measuresabout

1.3 nm across,while DBS nano¯brils have been shown to be » 10 nm in diameter,

it immediately follows that substantial intermolecular interactions must occur to

promoteDBS self-organizationinto such nanostructural elements, and it is likely that

both ¼interactions and hydrogenbonding must be consideredto fully appreciatethe

mechanism by which DBS self-organizes.Complementary moleculardynamicssimu-

lations conductedon DBS dimerscon¯rm that both intermolecularhydrogenbonding

and ¼interactionsplay a role in the self-organizationof DBS. Our resultsfurther show

that DBS moleculesmay prefer to orient in such a fashionas to promote T-shaped ¼

interactions betweenphenyl rings of the samechiral orientation.

Gel networks producedfrom DBS in the presenceof poly(ethyleneglycol) (PEG)

consistof nano¯brils measuringbetweenabout 10 and 70 nm in diameter, consistent

with results obtained for DBS in other organic solvent and polymer systems. We
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identify a primary nano¯brillar unit with a diameter closerto the 10 nm limit. Rheo-

logical results obtained from thesesystemsshow that increasingthe concentration of

DBS increasesthe rate of gelation, the magnitudeof the dynamic elasticmodulus, as

well as the temperaturesassociated with gel formation and gel dissolution. Studies

of DBS in PEG systemswith di®erent endgroup substitution and, hence,polarity

demonstratethat the hydroxyl end groupshave a deleteriouse®ecton the kinetics of

DBS/PEG gelation. Polar endgroupsreducethe rate of gelation and decreaseboth

the gel formation and dissolution temperatures. However, matrix polarity does not

have a signi¯cant impact on the ¯nal magnitude of the elastic modulus, suggesting

that, while DBS may interact (presumably by hydrogenbonding) with polar matrix

moleculesduring gelation,DBS moleculesultimately prefer to self-organizewith other

DBS molecules.

Time-temperature superposition analysis of the DBS-induced gels with PEG

and PEG derivatives con¯rms that the temperature shift factors exhibit Arrhenius

behavior, indicating that gelation occursby a thermally-activated mechanism. Acti-

vation energiesderived in this fashion are sensitive to both DBS concentration and

matrix polarity. High concentrations of DBS result in lower activation energies,while

matrix polarity servesto increaseactivation energy. These¯ndings con¯rm that DBS

network formation is a result of DBS intermolecular bonding. When polar function-

alities are present in the matrix, they interfere with gelation by promoting ancillary

DBS interactions. Ultimately, however, DBS prefers to interact and self-organize
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with other DBS molecules,asevidencedby the matrix-independent magnitudeof the

elastic modulus.

Results obtained from studies of organogelscomposedof DBS and amphiphilic

polypropylene glycol-b-polyethylene glycol-b-polypropylene glycol (PPG-b-PEG-b-

PPG) triblo ck copolymers reveal that the thermal behavior of these gels relates

directly to the relative size of the polar PEG midblock or, conversely, copolymer

composition. The temperaturesof gelformation andgeldissolutionboth increasewith

decreasingPEG content, indicating onceagain that polar matrix moleculesinterfere

with DBS self-organization. This e®ectbecomesmore pronouncedat lower DBS

concentrations when fewer DBS moleculesare available to participate in nano¯bril

formation. Complementary polarized light microscopy of thesesystemscon¯rms the

existenceof a spherulitic texture in these organogels. This texture vanisheswith

increasing temperature and gradually reforms as the system is cooled, con¯rming

that this large-scale(supramolecular)structure is thermoreversible,albeit hysteretic.

The temperature at which the spherulitic structures disappear is sensitive to both

DBS concentration and copolymer composition. Dissolution and gelation tempera-

tures asmeasuredby light microscopy di®erfrom thosediscernedthrough rheological

analysis. Comparisonof theseresults indicatesthat thesesystemsbehave asphysical

gelseven when the spherulitic textures are not present, thereby con¯rming the exis-

tenceof a hierarchical structure in DBS organogels.

While the sizeof the PEG midblock and, therefore,copolymer polarity govern the
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thermal behavior of theseorganogels,the dynamic elasticmodulus appearsto be less

sensitive to matrix polarity. At su±ciently high DBS concentrations (corresponding

to saturatedgelnetworks), the magnitudeof the elasticmodulus is almost completely

independent of matrix mediaand, hence,polarity, which is consistent with our results

obtained from PEG/DBS systems.This commonthemeprovidesconclusive evidence

that, while polar matrix moleculesinterfere with the mechanism of gelation, they do

not have a lasting impact on the mechanical properties of fully gelledsystems.

Morphological analyses of DBS in a nonpolar thermoplastic - poly(ethyl

methacrylate) (PEMA) - revealsthat at low DBS concentrations, the DBS nano¯brils

are very poorly de¯ned. As the concentration of DBS is increased,however, the

development of discretenano¯brils and, at su±ciently high concentrations, a nano¯b-

rillar network becomesapparent. The sizescaleof thesenano¯brils is comparableto

that observed in the PEG organogels,corroborating the existenceof a primary DBS

nano¯brillar unit. Similar, but not identical, behavior is observed when colloidal

silica (CS) is addedto thesesystems,suggestingthat the polar nanoparticlesin°uence

DBS self-organization. Electron microtomography of one of thesePEMA/DBS/CS

nanocomposites provides the ¯rst 3D evidencefor the existenceof a uniform DBS

network and further suggeststhe occurrenceof interactions between DBS and CS

during specimenpreparation.

Although microscopy con¯rms the existenceof a nano¯brillar DBS network in

PEMA, DBS has no discernible e®ecton the elastic modulus of glassy PEMA at
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temperaturesbelow the glasstransition temperature (Tg) of PEMA. As the temper-

ature is elevated above Tg, however, the existenceof a nanostructure is apparent as

the elastic modulus becomessensitive to DBS concentration. Addition of 1.0 wt%

CS has no e®ecton the dynamic mechanical properties of PEMA and PEMA/DBS

systemsat both ambient and elevated temperatures, but higher concentrations are

expected to promote mechanical property changesin PEMA. On the basis of the

¯ndings reported here, DBS may be employed as part of a novel route towards the

dispersionand/or stabilization of organic/inorganic hybrid nanocomposites.

6.2 FUTURE W ORK

While the computational results presented here reveal several interesting details

regarding the intermolecular interactions betweenDBS molecules,it is important to

recognizethat the °exibilit y of DBS may allow for metastablemolecular structures

during the formation of single nano¯brils or, at high concentrations, a nano¯brillar

network. The dimer structures investigatedin this work may be part of the gelation

process,but their role in gelation may only constitute an intermediate step. To

gain insight into and ultimately elucidatethe molecularstructure of DBS organogels,

a much larger simulation is clearly warranted. A next step in this vein would be

a molecular dynamics simulation of several DBS moleculesto ascertain how DBS

moleculesbehave when they may interact with more than one molecule at once.

Ideally, onecould determineall the \stic ky sites" on a DBS molecule(where it tends
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to form physical bondsthrough localizedinteractions) and developa simpli¯ed model

of a DBS moleculethat could be used in large-scalesimulations with tens or even

hundredsof DBS moleculesat a time. Another important point is that the computa-

tional studiesdiscussedhere have beenperformed in the absenceof any polymer or

solvent molecules.While polymeror solvent moleculesmay not penetratethe network,

our experimental studieshave clearly shown that they are capableof in°uencing the

self-organizationof DBS. Prior studiesby Yamasakiand Tsutsumi [13] have proven

that matrix polarity in°uencesgel microstructure, which implies that the underlying

molecular structure of DBS is also altered. Accordingly, incorporation of solvent or

polymersinto the simulation could be usedto develop a better understandingof how

the matrix medium a®ectsgelation and gel microstructure.

In terms of the DBS nanostructure,onequestionthat hasarisenduring the course

of this study is why someof the nano¯brils appear hollow in several of the electron

micrographs. Sincethe nano¯brillar diameter is somuch larger than individual DBS

moleculesand since previous studies suggest,and this work corroborates, that the

nano¯brils arecrystalline, the spatial arrangement of DBS moleculescomprisingthese

nano¯brils cannot be random. Although several possibilities have been o®eredto

explain this surprising result, a de¯nitiv e explanation for this observation is currently

unavailable. Sincethe sizescaleassociated with thesenano¯brils precludesthe useof

microtomography to explore the possibility of an annulus within the nano¯brils, an

alternativeapproach is to usetechniquesdeveloped for the study of carbon nanotubes
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[14,15],such asusingion °ow within barenano¯brils (in the absenceof a surrounding

solvent or polymer medium). Computational methods could also be employed to

investigatethe possibility that thesenano¯brils are in fact hollow rather than solid,

as previously anticipated.

Another interesting phenomenonreported in the present work is the unexpected,

but fully reproducible,maximum in the dynamicelasticmodulusobservedin the block

copolymer/DBS gels near the gel dissolution and formation temperatures. While

block copolymer micellar development due to increasedhydrophobicity remains a

likely explanation,con¯rmation of this hypothesisis requiredand a®ordsa novel route

by which to induce matrix structuring. Microscopy may prove useful to determine

if micelles form, but this would be di±cult due to the chemical similarit y of PPG

and PEG. Alternativ ely, an indirect imaging method such ascryofracture replication

(also known asfreeze-fracture)TEM may be usedto examinethesesystems.Further

rheologicalanalysisusing organic gelatorsother than DBS could likewisebe usedto

determineif this maximum is attributable to DBS or the block copolymer matrix. If

the maximum is still observed with other gelators, it lends further credibility to the

idea that the copolymers themselvesare forming a network.

Another somewhatsurprising result encountered during the courseof this work is

that matrix polarity does not signi¯cantly impact the magnitude of the dynamic

elastic modulus. This ¯nding is in stark contrast to the microscopy results of

Yamasaki and Tsutsumi, [13] who have previously reported that matrix polarity
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has a substantial e®ecton gel microstructure. Unlike their study, however, the

tests performedhere examinedhomologouspolymers with either di®erent endgroup

substitution (in the caseof PEG) or moleculararchitecture (in the caseof the block

copolymers), thereby isolating the role of polarity while keepingall other systemvari-

ables constant. More highly detailed morphological analysis of the gels examined

here could be used to determine if the variation documented by Yamasaki and

Tsutsumi [13] is strictly due to polarity, or if other factors should be considered

as well.

The PEMA/DBS polymer and nanocomposite systemso®ermany possibleroutes

for continued exploration. Although the studies here revealedthat 1 wt% colloidal

silica had virtually no impact on the DBS/PEMA gels, it is expected that higher

concentrations would indeed in°uence the mechanical behavior of these and other

acrylic nanocomposites,thereby making them ideally suited for high-impact applica-

tions. BecauseDBS can form nano¯brils and nano¯brillar networks within PEMA, it

may be employed asan economicalmeansby which to dispersenanoscopic̄ llers and

stabilize such systemsby preventing agglomerationof the inorganic nanoparticles.

Additionally , there are several other typesof testing that would certainly bene¯t the

current understanding of these PEMA/DBS systems. While the in°uence of DBS

on the low-strain rheological properties of these systemsis only evident above the

Tg of PEMA, it would also be useful to study ultimate properties such as fracture

toughnessor optical transparency, to seeif they are in°uenced by the incorporation
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and self-organizationof DBS.

While fundamental and commercial interest in the design and development of

organogelsis generallyincreasing,the molecularmechanism(s)responsiblefor gelation

and gel stabilit y remain ambiguous. Recent e®ortsby Liu and co-workers [16] have

sought to establish a non-crystallographic model for the formation of crystalline

nano¯brils, but this approach appearsto require measurablequantities that are not

easily determined (e.g., the length of nano¯brils within a network). Factors such as

solvent polarity certainly a®ectDBS gelation, but a systematic study targeted at

elucidating the speci¯c chemical interactions that occur between DBS and matrix

moleculesis needed. Additional studies of self-associating organic moleculessuch

as DBS in condensedorganic media is clearly warranted and is certain to be forth-

coming due to the emergingneedfor new multifunctional materials with systemati-

cally controlled nanostructures.
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