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Abstract: The kinetics and mode of nucleation and growth of fibers by 5a-cholestan-34-yl N-(2-naphthyl)-
carbamate (CNC), a low-molecular-mass organogelator (LMOG), in n-octane and n-dodecane have been
investigated as their sols were transformed isothermally to organogels. The kinetics has been followed in
detalil by circular dichroism, fluorescence, small-angle neutron scattering, and rheological methods. When
treated according to Avrami theory, kinetic data from the four methods are self-consistent and describe a
gelation process involving one-dimensional growth and “instantaneous nucleation”. As expected from this
growth model, polarized optical micrographs of the self-assembled fibrillar networks (SAFINs) show fibrous
aggregates. However, their size and appearance change abruptly from spherulitic to rodlike as temperature
is increased. This morphological change is attended by corresponding excursions in static and kinetic CD,
fluorescence and rheological data. Furthermore, the rheological measurements reveal an unusual linear
increase in viscoelastic moduli in the initial stages of self-assembly. Each of the methods employed becomes
sensitive to changes of the system at different stages of the transformation from single molecules of the
LMOG to their eventual SAFINs. This study also provides a methodology for investigating aggregation
phenomena of some other self-assembling systems, including those of biological and physiological
importance.

Introduction organogels comprised ofocholestan-B-yl N-(2-naphthyl)-
carbamate @NC), one of the so-called ALSafomaticlinker
steroid) class of organogelatdrand twon-alkanes as the liquid
using four techniquescircular dichroism (CD), small-angle
neutron scattering (SANS), rheology, and fluorescertbat
probe different aspects of the aggregation process and become
sensitive to them at different stages of aggregation. The kinetic
data sets have been treated according to a statistical model based
upon Avrami theory:” Furthermore, the structures of the self-
assembled fibrillar networks (SAFINs) of the gels and a very

t Georgetown University. interesting temperature-related morphological transition, from

£ CEA-Grenoble. spherulitic to rodlike aggregates, are reported. To the best of
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A great deal of effort has been expended to develop new types
of low-molecular-mass organogelators (LMOGSs) and to under-
stand the links between the properties and structures of LMOGs
and their organogels?3 Factors associated with the kinetics
of bulk crystallization from melts or solutions have also been
investigated carefully. However, very few detailed studies
related to the kinetics of molecular gel formation have been
reportec® Here, we investigate the kinetics of formation of

Crystallizers Oxford University Press: New York, 2000 and references CNC
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ation, Growth, AnnealingAcademic Press: New York, 1976; Vol. 2. Molecular gels, especially organogels, have received a great
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Figure 1. Optical micrographs of 1.0 wt %NC/n-octane gels formed upon thermostating sols at (a) 0.0, (b) 15.6, (c) 25.1, (d) 31.6, (e) 37.4, and (f) 42.3

°C. The sample at 42.3C is not a gel.

amounts (usually2 wt %) of an LMOG and an organic liquid.
Unlike many other forms of physical gels, they are usually

of collagen fibers under physiological conditidhgas well as
their formation of gels when fully denaturéyl The kinetics of

thermally reversible. The LMOGs develop SAFINs that entrap the development of these systems is difficult to interpret due to
the liquid components and stop macroscopic flow due to surface the conformational complexity of the constituents and the myriad
tension and capillary forcésThe fiber components of the  of intermolecular interaction pathways that are available to them.
SAFINs are stabilized by noncovalent intermolecular interactions The CNC/n-alkane gelation system is much more tractable
that can be any (or a combination) of H-bonding, electrostatic structurally and, as we demonstrate here, kinetically. As such,
attractions, and van der Waals forces. it may serve as a model for determining kinetic parameters (and
Studies of molecular gel formation are more complex than relating them to structural growth patterns of aggregates) of the
those dealing with polymer gels because the latter start from amore complex systems.
point at which one-dimensional self-assembled structures,
polymeric chains, already exi$Molecular gels require forma-
tion of one-dimensional, rodlike species (fibers, tapes, rods, etc.) ~Gelation of n-Alkanes by CNC. Results from a compre-

as a first step in the self-assembly process leading to three-hensive survey of the gelation properties@KC in several
dimenional networks. On the other hand, nucleation and growth jiquids, as well as those of structurally related LMOGs, have

phenomena similar to those described here have been observegeen reporte When cooled, sols of 0:93.0 wt % CNC in

in several biologically and physiologically relevant systems two n-alkanesn-octane ana-dodecane, yielded translucent or
whose components are structurally much more complex thangpaque gels that were stable at room temperature<foday
ours. They include gelation via fibrous or spherulitic grOWth to >6 months, depending on the C00|ing protoc0| and LMOG
that depends on the degree of supersaturation in the deoxy stat@oncentration (Supporting Information Table 1). However, there

Results and Discussion

of sickle cell anemia hemoglobifi fibrous gelation of insulir!
formation of long fiber&abor spherulitic-like bundles of fibrils

of amyloid deposits with structurally disorganized centers in
Alzheimer’s disease plaquékfilaments of actin fibrinogen!*
tubulin>and keratirt? and even disruption of the helical trimers
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Natl. Acad. Sci. U.S.A2002 99, 9196-9201.

(12) (a) Koo, E. H.; Lansbury, P. T., Jr.; Kelly, J. Wroc. Natl. Acad. Sci.
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is no clear relationship between the ranges of the characteristic
temperatures at which gels form (gelation temperaturgs)
and the cooling protocol, buly does increase wittCNC
concentration.

SAFIN Structures from Optical Micrographs. Figure 1
shows optical micrographs of 1.0 wt @NC/n-octane gels
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2003 55, 1631-1639. (c) Djabourov, M.; Leblond, J. IReversible and
Polymeric Gels and Related SysteRasso, P. S., Ed.; American Chemical
Society: Washington, 1987; Chapter 14.

(19) Although the magnitudes and ratios of the elag#¢ &nd loss G'") moduli
from rheological measurements provide a much more reliable viscoelastic
distinction between a viscous sol and a fathe “inverse flow” metho#®
was used to obtain approximate gelation temperatures. (a) Alimdal, K.; Dyre,
J.; Hvidt, S.; Kramer, OPolym. Gels Networks993 1, 5-17. (b) Eldridge,
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prepared by incubating sols at different temperatures b&lpw T
The sol incubated at €C led to highly branched, small fibers ’;
in spherulitic (colloidal) aggregates. With increasing gelation ;]
temperature, spherulitic assemblies of the gel became elongated3 ' "-‘.
and the gel made at 37°€ consisted of nonspherulitic, long 2
fibrous assemblie®. At 42.3°C, the long fibers were even more g ]
prevalent but phase separation was observed because the parallelQ P s
orientation of the fibers precludes network formation viajuncton .S 1  \ S\ Tl
zones® This morphological transition, from spherulitic to s 4 7N Ay T
fibrous (rodlike) growth patterns, is manifested in measurements -8
that follow the kinetics of gelation by other techniques (vide 8
infra). H T
An accepted mechanism for formation of this type of 3
organogel includes stochastic nucleation, growth of branched i
fibers from a nucleation center, and formation of the three- T T T . T . T . T

dimensional network based on entanglement or direct interaction
of the fibers via junction zones. In general, the lower the 20 (degrees)

incubation temperature (increasing the reduced gelation tem- gigyre 2. XRD patterns of a 3.0 wt %ENC/n-octane gel (incubation at
perature,Ty — T, and the degree of supersaturation), the greater 40.0°C, - - -), gel diffraction with an empirical subtraction of the diffraction
the concentration driving force for crystallization and the smaller by neatn-octane €-), and the diffraction of neat soli€NC (---). The
and more numerous are the crystdishe more branched and intensity of the circled part has been amplified.

more entangled will be the fibe?8,and the faster and more or between a SAFIN and a “bulk” solid prepared within a
probable is gelatioR Gels formed at higher temperatures (i.e., nongelated liquid is not rafe® and it is well-documented for
lower reduced temperatures) persisted for longer periods whenggme of the other members of the ALS class besONRE.6
kept at room temperature and were qualitatively stronger pifferent morphs of an ALS gel have been made even by
(Supporting Information Table 1). changing the cooling protocol from one sol pha&@he latter

At =1.5 wt % CNC, n-octane gels remained spherulitic, case appears to be operative hereGHC.
regardless of the incubation temperature (Supporting Information  Kinetic Studies of CNC/h-Alkane Organogel Formation.
Figure 1). However, the tendency toward rodlike structures (a) Kinetic Models and Data Treatments. The kinetics of
clearly increases with increased incubation temperatures, evemucleation and primary and secondary crystallization leading
at the higher LMOG concentrations. Transition from spherulitic to macroscopic phase separations (i.e., “bulk” crystal growth)
to fibrous growth is certainly precedented in other types of has been studied extensively in solutions and niékowever,
crystallization phenomena, and spherulites are favored if static|ittle is known about the kinetics of SAFIN formation in
heterogeneities (e.g., particles or dirt) or dynamic heterogeneitiesorganogels. Most organogels form very rapidly once their sol

(e.g., from supersaturation, as indicated By — T) are phases are cooled to beldly. Those comprised cENC and

pronounced In our system, fiberlike gel networks form over  one of severah-alkanes are transformed from sols to gels on a

a narrow range of temperatures a@dC concentrations. time scale of a few minutes to hours, depending on the
Intrafibrillar Morphology by X-ray Diffraction (XRD). temperature, allowing kinetic studies to be conducted conve-

Figure 2 presents X-ray diffraction profiles ofoctane gels niently. We have followed the transformations from sols to gels

formed at 40°C and of neat, solidCNC. With time, the using four techniques that provide kinetic information based

spherulitic (colloidal-type) gels phase-separated into very long on different physical attributes of the system:

fibers whose diffraction pattern is the same as that of the neat (1) Time-dependent SANS measurements provide information

powder. Although the molecular packing within the rodlike gel about changes of the sizes and numbers of scattering objects

structures (incubation at 4TC) appears to be like that in the after stochastic nucleation commences.

neat solid, packing within the gel spherulites (incubation at 0  (2) Time-dependent rheology follows the development of

°C) does not (Supporting Information Figure 2). networks as the initially formed aggregates interact with each
Polymorphism in “bulk” crystallizations has been investigated other.

extensively and the thermodynamic basis for it is well under-  (3) CD spectra of chiraCNC® open a window into the initial

stood?® However, predicting when more than one morph will events within single aggregating objects because the CD

be observed has remained an elusive goal. Polymorphism withinintensities of helical aggregates can be much stronger than those

the SAFINs of LMOG gels with different liquid components ~ Of equal numbers of isolated molecufés.
(4) Fluorescence from naphthyl groups provides another

(20) Abe, H.; Kikuchi, H.; Hanabusa, K.; Kato, T.; Kajiyama, Oig. Cryst monitor of the initial and subsequent stages of nucleation of
2003 12, 1426-1431. ; .

(21) Jones, R. A. LSoft Condensed MatteOxford University Press: New CNC m0|eFU|?,S because the spectral intensities and band §hapes
York, 2002; Chapter 8. undergo significant changes as monomers merge into dimers

(22) Lescanne, M.; Grondin, P.; d'’Ade A.; Fages, F.; Pozzo, J.-L.; Mondain
Monval, O.; Reinheimer, P.; Colin, ALangmuir 2004 20, 3032-3041. and Iarger aggregates.
(23) Abdallah, D. J.; Weiss, R. GChem. Mater200Q 12, 406-413.

(24) Graasy, L.; Pusztai, T.; Bazstyi, T.; Warren, J. A.; Douglas, J. Nature (26) Furman, I.; Weiss, R. G.angmuir1993 9, 2084-2088.
Mater. 2004 3, 645-650. (27) See, for instance: Chapter 3 of ref 4 and references therein.

(25) See for instance: (a) Verma, A. R.; Krishna, Polymorphism and (28) (a) Ciferri, A.Lig. Cryst.1999 26, 489-494. (b) Brunsveld, L.; Vekemans,
polytypism in crystatsWiley: New York, 1966. (b) Chapters 3 and 6 of J. A. J. M.; Hirschberg, J. H. K. K.; Sijbesma, R. P.; Meijer, E. Woc.
ref 4. Natl. Acad. Sci. U.S.AR002 99, 4977-4982.
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A key question is, “What model should be used to treat the
different sets of kinetic data?” The kinetic steps of a process
are usually described either macroscopically (in terms of
ensemble events that are characterized by rate constants and
reaction orders) or microscopically (in terms of elementary
probabilities and statistical models). Gelation of the sort
described here is an inhomogeneous process in which a
metastable, supercooled, macroscopically homogeneous (sol org,
solution) phase is transformed into a more stable (but frequently oo
metastable), microscopically separated (gel) phase. During the <
transformation, the metastable and more stable phases may%‘
coexist, and the time course for the transformation may be f:’ | .’
governed by very complicated kinetic stefisAs a result, B a0 30bnm
models that result in simple rate laws, such as those describing®
reactions of molecules in homogeneous media and involving wavelength (nm)

transition states, are inappropriate. Although models based on
igure 3. Spectra ofCNC/n-octane samples at room temperature. Upper:

stochastic events and probabilities are more appropriate, theyﬁvaiS absorption spectrum of a 0.19 wt@NC sol in a 1 crpath length

are usually very difficult to apply rigorously. However, Avrami  cei. Lower: CD spectra of a 0.02 wt @NC sol in a 5 cmpath length
has developed equations to describe the crystallization of cell (—), a 0.23 wt %CNC sol in a 5 mmpath length cell {-), a 1.0 wt

polymer meltd that can be applied to gelation processgseir Z;(;NCC;NQS' fol"f"ed actj 4?-g§)icn_a 1 Tmpatht'he?gthtﬁe” EI --), and 1.0
application to our CD, SANS, fluorescence, and rheological data 0 gel formed at 5.4C in a 1 mmpath length cell +=).

sets leads to mechanistic conclusions that are self-consistent both . . .
o e centratedCNC solutions inn-octane show two negative CD
qualitatively and quantitatively.

Equations 1 and 2 are the same Avrami equation for bands ‘jit 319 and 333 nm due to shprt-axi; polaridag
crystallization and microscopic phase separation, but expresse bsorptions. In the gel made slowly by incubation at 4’(0:0
in the exponential and loglog forms? ’ he two bands are red-s_hlfted by 2 and 4 nm, respectively.
' Another band, at 303 nm, is not prominent when gels are formed
rapidly by incubation at 5.4C.%2 Although the origin of this
band is unknown at present, we believe that it is due to excitonic
1 interactions that can accompany aggregation of molecules such
In(ln 11— X) =InK+nint (2) asCNC that contain aromatic moietiés.
The final appearance of the CD spectra of the gels is very
As applied to gelsX is the volume fraction of the more stable dependent upon the temperature at which their sols were
phase (the gel in our casel is a temperature-dependent incubated (Figure 3 and Supporting Information Figure 4), while
parameter that is like a rate constamts the so-called Avrami  their UV—vis spectra are not (Supporting Information Figure
exponent that reflects the type of growth leading to phase 3). In the plain-positive regions of the CD spectra, abo\340
separation, antlis time. The Avrami exponent is temperature nhm, intensity is lower when gels are formed from low-
independent; its theoretical value (1, 2, 3, or 4, as well as half temperature incubations and the signals become negative when
integers) is determined by the nature of the nucleation and higher temperatures are employed. The weak peaks below 340
crystal growth29 The development of these equations assumes nm in gels formed at lower temperatures become more intense,
that nucleation occurs either instantaneously (zero-order) or but negative in sign, as incubation temperature is increased. The
linearly (first-order) and that the small domains of the separated Same critical temperature region is observed for those CD
gel phase grow independently. changes and the transformations from spherulitic to nonspheru-
Other approaches, such as frattaland autocatalytf® litic growth patterns noted in optical micrographs.
models, have also been employed to analyze kinetic data of The insetin Figure 4 is a compilation of time-dependent CD
this kind. For instance, the form of the equations from the fractal spectra from a 1.0 wt YCNC/n-octane sample collected at
model is the same as that of Avrami except that the exponential different times after its sol was incubated at°40 The intensity
factor is interpreted as a fractal dimensibp instead of the of each band is related to the degreeCNC aggregation and,
branching behavior of the aggregates. Analyses of results basedhereby indirectly, to the amount of the gel network present at

optical density

20 -

N
o
1

s |

0 (mdeg)

T T T T T T T T T T 1
260 280 300 320 340 360 380 400

1— X=expKt" Q)

principally on the Avrami theory are presented here. various times. Only the most intense bands, at ca. 303 and 336
(b) Kinetic Data from Circular Dichroism. Due to the high nm, have been used to collect kinetic data. Assuming that no
optical densities below 300 nm of even dilute sampleSNLTC, aggregates ofCNC that are large enough to induce macro-

only absorption features above 300 nm have been studied. Alsochirality are present at time= 0 (as defined above) and that
in dilute solutions (i.e., in the absence of aggregates), the largethe aggregation and extent of fibrillar network formation are at
separation between the chiral cholestanyl part and the naphthyltheir equilibrium values when the CD intensities no longer
chromophore of &£NC molecule results in a lack of perceptible increase perceptibly with time (i.e., at tirre ), the fraction
CD intensity in the U\+vis region where the lowest energy of the gel phase at time t, X(t), can be expressed in terms of
naphthyl electronic absorptions occur (Figure 3). More con- the intensities at time= 0, t, and « (1(0), I(t), and I(»),
respectively): X(t) = (I(t) — 1(0))/(1(«) — 1(0)). Then, values

(29) (a) Schultz, J. MPolymer Materials Scien¢cé’rentice Hall: Englewood
Cliffs, NJ, 1974; p 385. (b) Wunderlich, BMacromolecular Physics
Academic Press: New York, 1976; Vol 2, pp-162, 147. (30) Kasha, MRev. Mod. Phys.1959 31, 162-169.

J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005 4339



Huang et al.
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1.4
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0.8

ellipticity angle6 (mdeg)
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wavelength(nm)

200 300
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0.4
0.2
0.0
02
0.4
064

In{-In[(I69-1(2))/(169-1(0))]}
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36 38 40 42 44 46 438

In(7) / (In (min))

Figure 4. CD spectral intensities at 30®( slope= 0.96,R%2 = 0.99) and
336 nm @; slope= 0.91,R2 = 0.99) from the inset spectra plotted according
to eq 2. Best linear fits of the data are shown. Inset: 1.0 WEBKC/n-
octane sample incubated at 40; the time period covered is from 0 to 277
min. Each spectrum required 3 min to record.

of K are obtained most easily from single-exponential decay
fits of the data using eq 1 (Supporting Information Figure 5),
and the Avrami exponent is most easily extracted from eq 2
by plotting In[—In(I(e) — I(t))/(I(c) — 1(0))] versus Int (Figure
4).

1(0) andl() must be determined accurately in order to extract
meaningful values ofi andK.” In the CD experimentd(cw) is

branching?? The same conclusion is reached from analyses of
the data sets from the fluorescence, SANS, and rheological
measurements (vide infra).

An excellent fit to a single-exponential function is obtained
when the data are plotted according to eq 1 and using the closest
integraln value, 1.0, indicated by the treatment with eq 2 and
Figure 4 (Supporting Information Figure 5).

The increase of intensitl(t) between 343 and 347 nm was
used to follow aggregation when gels were incubated below 30
°C because the precise peak maximum was difficult to determine
(Supporting Information Figure 6, for example). From data
treatments according to the Avrami equations (Supporting
Information Figures 7 and 8), values nfnear 1 were again
obtained (Supporting Information Table 2). The relationship
betweenK and temperature will be discussed later.

(c) Degree of Aggregation from Small-Angle Neutron
Scattering (SANS).The neutron scattering signal is inconse-
quential in the sol phase @NC in n-dodecanekhs. As gelation
proceeds, scattering intensity in specifieanges increases due
to increases in the size and number of scattering objéets.
Although a great deal of information concerning the sizes,
shapes, and distributions of aggregate objects within an orga-
nogel sample can be gleaned from careful analyses of scattering
intensity as a function o, our interest here is in thiotal
intensity of scatter ger a specific range of Q as a function of
time Such measurements provide information about the tem-
poral increases of all scattering objects, regardless of their size
and shape. As long as the distribution of such objects changes
in a regular fashion with time during the gelation process, the
integrated intensity of scatter can be treated like the increase in

defined as the average of the band intensities of 20 scans aftelCD signals to obtain meaningful kinetic information about
no perceptible change can be discerned at long times. Due togelation.

the stochastic nature of the initial nucleation, an irreproducible
induction period of 3-9 min, that increasegualitatively as the

The changes in the integrat€gl range between 0.008 and
0.1 A-1for one run with 1.0 wt UCNC/n-dodecanehs at 40.0

reduced temperature and the degree of supersaturation decreaseC is shown in the inset of Figure 5. The rate of gelation of a
is observed before intensities begin to rise. Zero-time is defined higher concentration sample containing 3.0 wEMC was too

whenl(0) begins to increase rapidly; as such, the exae0 is
somewhat subjective and has more error potentially than
o. The uncertainty in both values probably contributes to the
slight curvature in plots of the kinetic data. To minimize these

fast to be monitored precisely at 400 by the SANS method
(see Supporting Information Figure 9). Hetéyp) is defined
again as the average of the scattering intensities of the last 20
points recorded after changes in contigubitsmeasurements

errors and to observe the influence of the uncertainty, valuesbecame very small. As before, an irreproducible64min

of n and K from data treatments in which “zero-time” was

induction period was observed after the 1.0 wt % samples were

advanced or retarded by 3 min were compared; the deviationscooled from the sol phases to a temperature bélgand prior

from the reported values are small.

The Avrami exponents from the slopes in Figure 4 using eq
2,~1, imply either a one-dimensional and interface-controlled
growth pattern or a two-dimensional and diffusion-controlled
growth patterr?? Because all of the POM micrographs of the
CNC gels show fibrillar networks (note that the spherulites are

to a marked increase in scattering intensity. To increase
precision, 1(0) is defined as the average of the scattering
intensities throughout the induction period. The deviations of
data points from the best fit lines at very early and very late
times are expected from Avrami thedfj°and from the very
small differences betweelfo) andl(t) at late times. As with

composed of fibers as well), the Avrami exponent here is more the CD data, the values afobtained are always near 1 (Figure

compatible with gelation by a one-dimensional and interface-
controlled process. Interfacial-controlled growth is a very
reasonable mechanism at the concentratiof@NE employed,
ca. 1 wt % or 1.3x 10~2 mol/L. In addition, the smalh value

also indicates an instantaneous (zero-order) nucleation mech{32)

anism29:31

The slopes in Figure 4 may also be interpreted as the fractal

dimensionD;.52:¢ Within the fractal model, a value dd; near
1 also indicates a one-dimensional growth pattern with little

(31) Tadmor, R.; Khalfin, R. L.; Cohen, YLangmuir2002 18, 7146-7150.
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5).
(d) Viscoelastic Changes from Rheological Measure-
ments34 Enormous changes of the mechanical properties attend

Deway, T. GFractals in Molecular Biophysic€Oxford University Press:
New York, 1997.
(33) Guinier, A.; Fournet, FSmall Angle Scattering of X-ray®Viley: New

York, 1995.
(34) During some rheological measurements, the values recorded éoro@er
parameters suddenly changed, causing anomalies in the data set. Possible
reasons include spikes in the electrical line voltage supply, slippage between
a plate surface and a gel (Wilder, E. A.; Hall, C. K.; Khan, S. A.; Spontak,
R. J.Langmuir2003 19, 6004-6013), or the movement of small bubbles
in contact with a plate..
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Figure 5. Avrami plot of data in the inset according eq 2: slopel.15

(R? = 1.00); the point at earliest time and the three points at the latest
times were not included in the linear data fit (see text). Inset: Plot of
integrated scattering intensitidgt]) from SANS measurements versus time
for a 1.0 wt %CNC/n-dodecaneds sample incubated at 407C.

formation of an organogel, a solidlike material, from a sol or
solution, a free-flowing liquid. Thus, kinetic information can
be obtained, as well, by following changes in mechanical
properties such as the elastic modul@$)(loss modulus@'"),
complex viscosity {*), torque, or even stress. Here, we utilize
primarily temporal changes i6' (and, in some case§') to
follow the kinetics of gelation; there is a clear relationship
between the extent of gelator network a@d®®

All rheological experiments were performedrrdodecane,
rather tham-octane, to minimize evaporation from samples at
superambient temperatures, and at a low strait%) well
within the linear viscoelastic (LVE) reginié.Typical dynamic
rheological behavior of a 1.0 wt ®WNC/n-dodecane gel (after
equilibration) is shown in Supporting Information Figure 10. It
is consistent with the sample being a true §eIG' is always
greater tharG", and both are independent of frequency in the
LVE regime?’ In addition, the complex viscosity* decays
with a slope—1 in the double logarithmic plot, which, according
to eq 3, indicates an infinite viscosity as the shear rate

destroy the gel) or accelerate gelation (rheopexy, leading to
higher values of the AvranK parameter§? there is no reason

to believe that the aggregation patterns, as represented by the
values of the Avrami exponent, will be altered. To minimize
such effects, all kinetic rheology experiments were performed
at 1% strain (well within the LVE) and at 10 rad/s unless stated
otherwise. Despite this, the method of placement of the samples
between the rheometer plates made the reproducibility of the
absolute values d&' andG" between runs on the same sample
or equivalent samples very poor. However, the values otan
the ratios betwee " andG ', are reproducible, as they should
be if the same type of gel network is formed in each run. At
the gel point, tand is expected to become independent of
frequency*?

Because rheometric measurements can be obtained and
repeated much more rapidly than those using CD, fluorescence,
or SANS, kinetic experiments could be performed at temper-
atures as low as TC, and they were conducted atG intervals
to 40 °C. In the 0-15 °C range, where no obvious induction
time was observed due to the fast nucleati@f{D) (or G"(0))
is defined as the value d&' (or G") at the time of the first
measurement. An induction period was observed at 35.0 and
40.0°C, allowingG'(0) (or G"(0)) to be the average of th@

(or G") values throughout the induction peridd () andG''-

(o) are, again, the average values of the last0nd G"

determinations in each experiment. Heret)Xi( eqs 1 and 2
can be expressed a§&'[t) — G'(0)]/[G' () — G'(0)] (or a
corresponding expression f@&"').

At very early times, Gand G' are very small, indicating a
low viscosity liquid (Supporting Information Figure 11).
Thereafter, botlG' andG" increase, and the plateau value of
G' is much larger than that o&"”. Formation of a three-
dimensional network is indicated at this pofhtQualitatively,
the rate of gelation increases with decreasing temperature.
Quantitative analyses based on eq 2 yield Avrami exponents
~1, and single-exponential decay fits based on eq 1 provide
consistent results (Supporting Information Table 2 and Sup-
porting Information Figures 12 and 13). Analogous treatment
of the G" data gives, again, values aofthat are very near 1.

The rheological kinetic data from a 1.0 wt @WNC/n-
dodecane sample gelated at 40 (Figure 6) and 35.0C
(Supporting Information Figure 14) show an induction period

approaches zero and a system with a limited linear viscoelasticlike that seen by the other techniques and, again, it was absent

domain and a limited yield stre8$Analogous behavior of',
G", andn* occurs when 1.0 wt % samples are incubated at
temperatures ranging from 0 to 4C.

(@)l = (G"*+ G" ) o 3)

Although the mechanical perturbations associated with rheo-

in the lower temperature runs. In addition, two different
induction times}; andt,, are indicated byG' andG" at 40.0

°C. Closer examination of th&' curve reveals that its patterns
of increase during thg—t, period and after it are different; the
nucleation processes within these time regimes must differ in
subtle ways. A reasonable hypothesis is that elementary

logical measurements may influence the kinetics of gelation (and nucleation steps, leading to individual fibrils, occur within the

inappropriate experimental parameters, such as strain an
frequency, may break junctions between fibrils and, thereby,

(35) Goodwin, J. W.; Hughes, R. VRheology for Chemists: an Introduction
The Royal Society of Chemistry: Cambridge, 2000; pp 49, 116.

(36) Khan, S. A.; Royer J. R.; Raghavan, S.ARiation Fuels with Impreed
Fire Safety: A Proceeding\ational Academy Press: Washington, DC,
1997; pp 3+46.

(37) Lortie, F.; Boileau, S.; Bouteiller, L.; Chassenieux, C.; DeBieDucouret,
G.; Jalabert, M.; Lauptee, F.; Terech, PLangmuir2002,18,7218-7222.

(38) (a) Terech, P.; Pasquier, D.; Bordas, V.; RosatL&gmuir 200Q 16,
4485-4494. (b) Doraiswamy, D.; Mujumdar, A. M.; Tsao, |.; Beri, A. N.;
Danforth, S. C.; Metzner, A. Bl. Rheol.1991, 35, 647—-685. (c) Ferry, J.
D. Viscoelastic properties of polymerdohn Wiley: New York, 1980.

f1—tz period. The fibrils begin to join to form a network

thereafter.

We conclude that within the ‘instantaneous’ nucleation time
regime, all nucleation sites are generated very early in the
gelation process, but over a finite period (and at a constant rate;
see the inset in Figure 6) that is defined tipyt,. During this
period, G represents the properties of a liquid and remains
virtually unchangedG' is sensitive to the appearance of the

(39) Steg, |.; Katz, DJ. Appl. Polym. Sci1965 9, 3177-3193.
(40) Winter, H. H.; Chambon, K. Rheol 1986 30, 367—382.
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Figure 6. Dynamic rheological data for a 1.0 wt ¥NC/n-dodecane
sample undergoing gelation at 400. The main figure shows the evolution  Figure 7. Avrami plot of fluorescence data in the inset according eq 2
of the elastic modulu§' (O) and the viscous modulu@"” (®) recorded at (slope= 1.08 R2 = 1.00)). Inset: Plot of emission intensityef, 375 NM;

a frequency of 10 rad/s and a strain of 1%. Ins@ét:versus time during Aex 318 nm) from a 1.0 wt UCNC/n-octane sample incubated at £Q.

the t;—t, period; the best linear fit to these data has a skp@.08 Pa/s

(R = 1.00).

G' or G" (Pa)

In{-In[I)-1(#)/16:)-1(0)] }

(e) Kinetics of Aggregation by FluorescenceNaphthyl
groups ofCNC molecules fluoresces strongly after being excited
to their § state. The emission maximum of thealkane gels
(857 nm) is red-shifted by about 7 nm from that of the sols due
to the intermolecular associations and interactions mentioned
in discussion of the CD data. The time periods necessary for
introduction of the sol samples into the thermostated fluorometer
sample holder and for obtaining each datum are shorter than
the times associated with the same operations using the CD,
SANS, and rheological techniques. As a result, precise time
0 data (i.e., before the end of the induction periods) can be

second phase (fibrils) and changes significantly during the
t;—t, period. Although the quantitative aspects of these changes
are not reproducible (for reasons mentioned earlier), the
qualitative aspects of the development of the gel structure are
found in every run at the higher incubation temperatures.
Multiple waveform rheology is a technique that applies a
compound waveform on the sample to determine the gel point
in a single experiment (see Supporting Informatiti)o clear
gel point (defined by time at constant temperature in our
experiments) was discernible when this technique was applied

0, -
to 1.0 wt % CNC/n-dodecane samples at 35.0 and 40D obtained even during lower temperature experiments. To

(Supporting Information Figures 15 and 16). However, interest- maximize reproducibility and minimize uncontrollable variables

ing kinetic mform_atlon was obta|_ned. The Avrami exponents such as the concentration of dust particles or nucleation sites
from these experiments are again near one, as are those fro

| lots usin@” val S tina Inf tion Tabl n the glass surfaces), the same sample for each concentration
analogous plots using"” values ( 'uppor |ng nrormation Table ¢ NG was employed in fluorescence runs at different
2). At both temperatures, th&' and G" values increase

. . . i temperatures. Thus, kinetic fluorescence data yielded reproduc-
according to a single-exponential function; the presence of a

! . o . . " ible values forK and consistent trends for its temperature
linear-increase region like that found in the time-sweep experi- dependence

ments at the same temperatures is less clear, and none was . A .
A typical kinetic plot from a fluorescence experiment at the

obvious in plots of CD, SANS, or fluorescence derived data at . . -
N - L . lowest temperature investigated (and, therefore, the most difficult
35 and 40°C. In addition, initial linear-growth regions were . ) . . ) .
to determine the intensity at time 0) is shown in Figure 7.

absent in rheological experiments conducted at lower tgmper The dependence of the kinetics of gelation@NC concentra-
atures. If present, they would have escaped our detection due. . o

i . tion was also examined by fluorescence. Within the concentra-
to the very rapid nucleation.

i 0, 7 o
To explain the linear increase regions and their detection only tion (0.89-3.0 wt %) and temperatuffé’ranges (1.:39.2°C)

. xplored, the values of the Avrami exponentmained again
by rheological measurements, we suggest that aggregates no : .
. e L S near one (Supporting Information Tables 2 and 3).
incorporated within a gelator network (individual fibrils)

dominate during the—t, regime while those within the network i (0 Eelang.nsh;p ?ﬁt\'\ée?mf(’ Teg:pe}rature, ?hnddc?ncferl}tra-.
are prevalent aftet. If this hypothesis is correct, the absence 1on. According to the data Irom the four methods fortoflowing

of a detected linear region in the CD, SANS and fluorescence the kinetics of gelation dENC in the twon-alkanes, the Avrami

(vide infra) experiments can be attributed to the inability of these te_xponeghtremalnstnear one, ﬁven V\éhegthe L¥OG Ic?ncen:_ra-
techniques to differentiate between the two types of fibrils. lon and temperature are changed (Supporting Information

7 . .
Nonlinear increases of the moduli begin when the population ;I'ables f and ? As TOtfd z;bovej; 'St pre(;j!f[:'[(ied to be ith
of incipient fibrils becomes sufficiently large to allow cross- emperature and concentration dependent, and it does vary wi

links and the SAFIN to develop. Clearly, additional experiments both, but in a completely unexpected way.
will be required to test this hypothests.

(42) An analogous linear increase followed by a nonlinear increas® bfs
also been observed during formation of a peptide hydrogel: Lamm, M. S;
(41) Raghavan, S. R.; Chen, L. A.; McDowell, C.; Khan, S.RPblymer1996 Rajapopal, K.; Schneider, J. P.; Pochan, DABstracts of Papers]7th
37, 5869-5875. Polymer Network Group Meeting, Bethesda, MD, August-19, 2004.
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Figure 8. 1/K values (from fluorescenc@®) and CD () data based on 0,
eg 1) and tand (A, from rheology measurements at 10 rad/s) versus [CNC] ] (Wt A))
temperature. In all caseENC was 1.0 wt %; the liquid was-octane for Figure 9. 1/K values from fluorescence datéef 318 nm,Aem 375 Nm)
the spectroscopic samples amdiodecane for the rheology ones. versusCNC concentration im-octane at 36.3®), 32.2 ©), and 14.5°C
().
Figure 8 is a plot of the temperature dependence kf(bf . -
“time constant” for gelation) values obtained from eq 1 using 5.5 -
fluorescence and CD spectroscopic data as well as limiting tan
0 values (the ratio of5"/G' within the plateau regions) from 6.0

rheological experiments. The three data sets are remarkably
internally and externally consistent, and the common trend is
clear: there is one region of very small and another of very 53_7‘0_'
large temperature dependence. Quantitative differences ariseé
because the conditions under which the experiments are very — 5.
difficult to reproduce exactly and each of the techniques
measures a somewhat different aspect of the aggregation/gelation;.’ -8.0
process. - 1

/'\65

In (1/tan )

The broad temperature range for the change from low to high ~ #*7
dependence of K/ on temperature indicates a gradual “transi- s0d
tion”. No evidence for a first-order phase transition in this 001 002 003 004 005 008 007 008 009
temperature regime is found in differential scanning calorimetry (Tg-T)'l / (OC'])

thermograms of nea€NC or in X-ray diffractograms of the
CNC gels. Howeverthe gradual change detected in the optical ~Figure 10. Arrhenius-type plots oK (from fluorescenceQ, R* = 0.94)

: i " . and CD @, R2=0.95; data based on eq 1), and ta(®, RZ2 = 0.82, from
micrographs from spherulitic to nonspherulitic growth in the rheology measurements at 10 rad/s) using reduced temperature. In all cases,

gels does occur in theicinity of the temperature excursions in - cNC was 1.0 wt %; the liquid was-octane for the spectroscopic samples
Figure 8. andn-dodecane for the rheology samples.

The relationship betweet andCNC concentration is more  |ije motion of CNC molecules in sols, perhaps a subtle

complicated. As shown in Figure 9,Kl/is independent of o0 ision of liquid molecules. As such, it is not typical of bulk
concentration at low incubation temperatures but increases with crystal growth, at least after the initial nucleation states.

decreasing concentrations at higher temperatures. Based upon _
the appearances of the corresponding optical micrographs, theConclusions

changes at higher temperatures are due to the transformation pjyorescence and circular dichroic spectroscopic measure-

from spherulitic to long fiber growth patterns. _ ments, small angle neutron scattering data, and rheological
An Arrhenius-type plot of the K and tanj values using the  changes have been used to follow the kinetics of gelation of
reduced temperatur@g — T, and an average value of tiigin two n-alkanes by &-cholestan-8-yl N-(2-naphthyl)carbamate.

Table 1 from different cooling protocols (SE) does notyield  The results have been analyzed primarily using an Avrami
good linear fits (Figure 10) due, in part, to the uncertainty in model. The four techniques begin their investigation of the
Tg. Despite the scatter in the data, their approximate slopesgelation process at different length scales and steps in the
suggest “activation energies,95—135 cal/mol, that are much  aggregation/self-assembly process, and yet all lead to the same
smaller than even those for self-diffusion of the liquid compo- conclusion: gelation occurs via instantaneous nucleation and
nents,n-octane (2.6 kcal/mol) and-dodecane (3.2 kcal/mol)-  one-dimensional growtf44 This conclusion is supported by

143 Insofar as this treatment is meaningful, it suggests that the the fibrous networks that are seen in optical micrographs of
‘rate-limiting” step in the aggregation process involves very the fully formed gels.

(43) von Meerwall, E.; Beckman, S.; Jang, J.; Mattice, WJLChem. Phys (44) (a) Jackson, C. L.; Shaw, M. Polymer199Q 31, 1070-1084. (b) Horton,
1998 108 4299-4304. . C.; Donald, A. M Polymer1991, 32, 2418-2427.
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The rheological measurements have revealed different influ- solution or sol is cooled belowy. In that regard, the earliest
ences of the growth of small (early stage) and larger (late stage)stages of aggregation and self-assembly are nebulously char-
aggregates on viscosity, a phenomenon that was not detectedcterized®* but extremely important, period in the gelation
by any of the other techniques. SANS measurements demon-process? It is difficult to define the period when they begin
strate that relatively large aggregates continue Avrami-type and to separate them from subsequent growth of LMOG objects.
growth until gelation is complete. Fluorescence measurementsRegardless, this study has provided valuable insights into that
probe the earliest steps in the aggregation phenomenon, wherperiod and, especially, later ones. It demonstrates the delicate
liquid molecules are excluded from the space between groupsrelationship among several competing kinetic factors that lead
of vicinal CNC molecules, and then growth after nucleation. to different forms of a SAFIN gét (or, perhaps, physiologically
Finally, the CD technique probes the nature of the molecular relevant fibrillar assemblie®¥; 18 and provides an empirical
packing within aggregates of sizes sufficient to express mac- approach to characterizing their temporal and structural ag-
rohelicity. gregation steps, including those at the early stages of self-

In toto, the results provide a comprehensive picture of assembly.
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The body of data indicate that initial nucleatiewhich is

45) George, M.; Weiss, R. G.angmuir2003 19, 8168-8176.

largely depepden_t on the nature of the geléﬁi_me degree of E46g (a) Sgector, M. S,; Selinger,gJ. V.; Schnur, J. MMaterials Chirality,
supersaturation (i.eTg — T), and heterogeneities (supersatu- Green, M. M., Nolte, R. J. M., Meijer, E. W., Eds.; John Wiley and Sons:
ration or the presence of particles such as dust) within the ~ New York, 2003, Chapter 5. (b) Aggeli, A.; Nyrkova, I A Bell, M.

. . . Harding, R.; Carrick, L.; McLeish, T. C. B.; Semenov, A. N.; Boden, N.
system*—determines the morph of the final gel when its Proc. Natl. Acad. Sci. U.S.2001, 98, 11857-11862.

4344 J. AM. CHEM. SOC. = VOL. 127, NO. 12, 2005



