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Dynamic structure of thermoreversible colloidal gels of adhesive spheres
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The dynamic structure factdi(q,t) of suspensions of adhesive colloidal spheres has been characterized as
a function of temperature over the volume fraction range 0<0£6:0.075. Below a critical temperature that
is volume fraction dependent, the suspensions underwent an abrupt, reversible transition in dynamic structure.
Below their gel points suspensions became nonergodic, and the time deiq@ytdfwas arrested by as many
as five decades. Static light scattering demonstrated that the adhesive spheres formed a fractal cluster gel
structure. A recent model of the dynamics of fractal clustarH. Krall and D. A. Weitz, Phys. Rev. Let80,
778(1998] was applied to extract the temperature and volume fraction dependence of the characteristic decay
times of f(qg,t). Immediately above the gel temperature a single stretched exponential detéy,tdfwas
observed. The temperature dependence of the decay time was -5%%, wheree = (T—Tge)/Tge, and
Tgelis the gelation temperature. The argument of the stretched exponentialgiéeaseased monotonically as
the temperature was lowered toward the gel point, until, at gelagier.5. Below the gel temperature, an
initial stretched exponential decay 6fq,t) was followed by a plateau. Finally, at long times, an additional
exponential decay of the g&(q,t) was observed. By applying the fractal cluster dynamics model, it was found
that the initial decay timerg~&~19%"%%" The plateau inf(q,t) was due to an upper bound of the mean-
squared displacement of gel segments, denétedhe typical magnitude o> was not much greater than the
square of the particle radius. The data showed ¢ ~ 195297 The additional exponential decay at long times,
7, depended only weakly on Its dependence on the scattering vector wasq~%°*%% The argument of
the stretched exponential decay of the ff@,t) and volume fraction dependencemnfand &% indicate that the
spatial scaling of the gel compliance is consistent with the gel network bonds possessing angular rigidity. The
¢ dependence of the characteristic timgsand 7, could not be fully explained by the fractal cluster dynamics
model. The long time decay df(q,t) exhibited behavior that differed from that recently reported for dilute
gels of aqueous colloidal polystyref@ipelletti et al, Phys. Rev. Lett84, 2275(2000]. We hypothesize that
the long-time decay iri(q,t) of the gels studied here is due to rare bond disaggregation processes that occur
because of the relatively weak interaction between the adhesive sphAdigs (kT~10) of the thermorevers-
ible gel.
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[. INTRODUCTION odal decomposition, that does not proceed to completion be-
cause of strong interparticle interactions that trap the material
Colloidal particulate suspensions with amorphous strucin a nonequilibrium statg3,4]. The slowing down of dynam-
ture may exhibit an abrupt transition in dynamics as the solidcs that accompanies gelation is observable, for example, as
volume fraction is increased or as the interparticle potentiabn arrested decay of the autocorrelation function of particle
is varied. Qualitatively, the transition, often called gelation,concentration fluctuationgb,6]. Gelled suspensions display
is from liquidlike to solidlike dynamics. Its onset is a sensi- nonergodicity and an apparent low frequency plateau of the
tive and poorly characterized function of static structure andlynamic mechanical storage modulus.
interparticle interactions. Technologically, colloidal gelation  Dynamic transitions have been observed in suspensions of
is relevant to the chemical processing of ceramics and thkard sphere$6], depletion flocculated colloidf4], dilute
fabrication of particulate coating4]. Moreover, understand- aqueous suspensions of colloidal polystyrEné,8|, suspen-
ing colloidal gel dynamics is a preliminary step in explaining sions of adhesive spherg39-17, and dispersions of deion-
the unusual rheological properties of gels such as solidlikézed laponitg13,14]. For colloidal hard spheres, the dynami-
linear viscoelasticity and the existence of an apparent yiel@al transition at¢=0.58 has been likened to the glass
stress. transition. The ensemble averaged autocorrelation function
The origin of gelation is of fundamental interest becauseof particle concentration fluctuations has been modeled by
of its possible relationship to glass or frustrated phase trarmode coupling theory in the vicinity of the glass transition
sitions. Comparison to the glass transition arose because gg]. Recent direct visualization of hard sphere colloidal dy-
lation involves an abrupt slowing down of dynamics in sys-namics characterized the role of cooperative dynamics in me-
tems that maintain amorphous structy®. The role of diating particle displacements in regions above and below
phase behavior has been debated, because was conjectutied glass transition volume fractigt5,16|.
that gelation is triggered by a phase transition, such as spin- While the colloidal hard sphere glass transition is reached
by increasing volume fraction, gelation may also be induced
by manipulating the strength and range of attractive interpar-
*Email address: mjsolo@umich.edu ticle interactions. For example, dilute, density matched, sus-
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pensions of aqueous colloidal polystyrene aggregate to forrfiL0], the silica-hexadecance system apparently does not ex-
gels upon the addition of divalent electrolyité,8]. Upon  hibit any experimental evidence of phase separation, since
gelation, the time decay of the dynamic structure factor ignly gelation is observed as the temperature or volume frac-
retarded by many orders of magnitudd. The full decay of tion is varied.
dynamic structure is achieved only at very long times by an The extraction of characteristic decay times from the dy-
aging process that is thought to involve synerési. namic structure factor of colloidal gels was facilitated by the
Another system that gels due to attractive particle interactecent report of a model of fractal cluster dynan{iss The
tions is sterically stabilized colloidal silica that has been dis-model, which computes the average mean-squared displace-
persed in a liquid that poorly solvates the grafted chili ment of gel segments due to thermal excitation of the elastic
For aliphatic grafted species, example solvents are hexad&odes of a fractal cluster, predicts a time decay (af,t),
cane, benzene, decalin, and tetradecane. Since the solvefitven the cluster radius, fractal dimension and segmental
grafted chain interaction is temperature dependent, the inteflasticity of the gel. The Krall-Weitz model provides a useful
particle potential is also a function of temperature. As themeans to characterize gel dynamics systematically as a func-
temperature is decreased, the solvent quality deteriorateion of the strength of the interparticle potential.
and a net attractive interparticle interaction results. This in- In this study, we report measurements of the static struc-
teraction has been modeled by the Baxter adhesive sphetére factorS(q) of the organophilic silica as functions of
model, which includes a single parametgr{19]. The Bax- temperature and volume fraction. As the temperature is var-
ter interaction parametet, has been quantitatively related to ied above the gel poin§(q) displays a behavior consistent
temperature for various adhesive-sphere—solvent systendth an approach to the spinodal curve; however, as the tem-
[3,20]. Experimentally, as the temperature of the adhesivderature is decreased further, gelation occurs instead of
sphere suspensions is decreased, a stable gel is formed. It H{¥se separation. Below the gel temperature, the structure of
been hypothesized that the observed transition is a consthe gel is consistent with fractal clusters that fill space in a
quence of percolatiofiL1], freezing of the stabilizing layers Wway that is volume fraction dependent. The dynamic struc-
[21], a frustrated gas-solid phase transitj8f, or a dynamic ~ ture factorf(q,t) was characterized by photon correlation
instability explainable by mode coupling thedis). spectroscopy in the vicinity of the gelation transition at a
Suspensions of adhesive hard spheres are an excellefgmber of volume fractions. Above the gel poiri(q,t)
system for the study of gelation, because the interpartici€xhibited a stretched exponential decay with characteristic
potential is well characterized and the transition is reversibletimes that were remarkably temperature dependent. Below
Since the strength of the attractive potential can be variethe gelation temperature a region of arrested structural decay
continuously and reversibly, the divergent scaling of characwas encountered. The arrested decay persisted for a time
teristic times in the vicinity of the gelation transition can be interval that depended on the proximity to the gel tempera-
measured in a way previously accomplished only for colloi-ture. At long times, an additional decay 6fq,t) was ob-
dal hard spheres. served. This decay was attributed to rare, thermally induced,
We report a characterization of the dynamic structure ofoond breaking processes.
thermoreversible gels of adhesive spheres in the vicinity of
the gel point. The dynamic structure factor, which quantifies
the normalized autocorrelation function of particle density
fluctuations, was measured by means of photon correlation A. Organophilic colloidal silica
spectroscopy. Suspensions of colloidal silica, sterically sta-

bilized by surface grafted octadecyl! aliphatic chains, forme 22] according to the correlation of Bugosh and Zukoski

gels below a critical temperature in the solvent hexadecan 23]. Octadecyl aliphatic chains were then grafted to the col-
The temperature of the reversible transition was a function id surface by the method of Ref24]. The radius of the
volume frafctlr(])n. Alt high VOIf:f.me flrac'tlc_)g ¢(>do.(r)11) the. | resulting colloids wasa=40nm (by dynamic light scatter-
sf[ructure_ 0 the gels was su .'C'E‘Tnty rgia an the partic eing). The standard deviation in the particle radius was 4 nm
size sufficiently small that gravitationally induced collapse Of(by scanning electron microscopyThe silica densityp
the gel occurred only very slowlfe.g., t>1 week for ¢ =1.8¢g/cnt was used for the calculation of the suspension

=0£0r1:>_5- Bfec_zla_use %f hthe dapproximatett r_efrac;ivgz_ indexl\é/;glume fraction[23]. Suspensions were prepared in hexade-
matching of silica and hexadecane, scattering studies cou ne(p=0.773g/crA, n=1.434 by vortex mixing of the

be conducted up to a very high volume fractiap~0.12). — AN ° ;

This extended the range of study possible by light scattering\gNarm (T~60°C) mixture.
beyond that of agueous polystyrene gels, where multiple
scattering precludes measurements much abpvel0 3.
Previous studies of this system demonstrated that the inter- The static structure factoB(q) of the suspensions was
particle interaction can be modeled by the Baxter adhesiveneasured by means of small and wide-angle light scattering.
sphere potential, and that the gel curve, determined by th&he small-angle light scattering device was based on the de-
onset of solidlike linear viscoelasticity, is coincident neithersign of Cumminget al.[25]. The wavelength of the incident
with the percolation, spinodal decomposition, nor gas-solidadiation was\k,=0.633um and the scattering vectog,
coexistence curveg3]. In fact, as opposed to the organo- was varied from 0.5gm 1<q<4.9um 1. The size of the
philic silica-benzene system studied by Verduin and Dhonscattering volume was approximately 0.66 frfiempera-

Il. METHODS AND MATERIALS CHARACTERIZATION

Colloidal silica was synthesized by the Stober method

B. Static and dynamic light scattering
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ture was controlled ta£0.5 °C. Additional details of the de-
vice are reported elsewhef®6]. Wide-angle static light
scattering was conducted on an ALMangen, Germany
compact goniometer system. The incident wavelength was
Ao=0.488um and the scattering vector was varied from

09 |

3.8um 1<q<35.6um 1. The temperature was controlled S 08%
to £0.02°C. The scattering volume was estimated to be = i
0.0020 mnt at §=90°. 071

For nonergodic gels, the time-averaged intendi}y does i = — ]

. H - o] ensemble average metho 1

not necessarily equal the ensemble-averaged inter$}t, 0.6 F 5 Pusey & van Migen ethod .

Because of the small scattering volume of the wide-angle

device, ensemble-averaged measurements were collected by 0.5 Lovius

interrogating the intensity within many scattering volumes 107

(n>100). S(q) (in arbitrary unit3, was extracted from the

oC

data i he properlonclie) pP SO WhEreP (@)1= i, 1 Compason betveen he Pusey-van Negen mehod
The intermediate scattering function, or dynamic structurg2/) @nd the direct method of measurifigg,t) of nonergodic sus-

factor, f(g,t) was measured by means of photon correlation"s'°"=:

spectroscopy. The functiof(q,t) represents the normalized

autocorrelation function of particle density fluctuations. Theof S(q) in the immediate vicinity of the gelation tempera-

compact goniometer system described above was used tare. Proximity to this critical temperature is quantified by

conjunction with a multitau correlataqALV-5000E) (Lan- e=(T—Tge)/Tge. Since all the temperatures probed fall

gen, Germany The minimum delay time of the correlator within a range that is comparable to the minimum limit of

was 0.2 us. The time-averaged normalized intensity temperature stability in the small-angle light scattering de-

autocorrelation  function,  g(q,t)=G5(q,t)/{1(4))*>  vice, measurements in this geometry were not pursued. No

=(1(q,t)1(9,0))/{1(q))? was measured. The superscript de-time evolution in the scattering intensity was observed at any

notes a time-averaged quantity. Due to nonergodicity, fotemperature. From these data the absence of phase separation

colloidal gelsgh(q,t) #95(q,t), and the usual Siegert rela- was concluded. Figure 2 demonstrates that as temperature

tionship g,(q,t)=1+ B[f(q,t)]?> cannot be used to extract decreases toward the gel point, large change{d) occur.

f(q,t) from g5(q,t). Here the coherence factgrincreases Below a critical temperature, we find thét(q))'# (1(q))®.

with the ratio of the speckle size to the detector area, and haghis observation coincides with significant changes in the

a magnitude between zero and 1. Pusey and van Megen daynamic structure factofcf. Sec. ). Below the gelation

veloped a method for extracting(q,t) from gtz(q,t) for temperature little further effect of temperature 8(q) is

nonergodic samples, provided that the particulate scatterepdserved. Above the gelation temperature, the data are con-

undergo only limited Brownian displacements about a fixed

PEERTT B ERTEY ST R
1073 10!

t(s)

sl e
10°°

position[27]. In such instance®(q,t) may be obtained from

Tt LI L L B L
a single measurement gh(q,t), and a determination of the 100 - mfm -0 m
ratio (1(q))"/(1(q))®. The superscripts again denote time and I g () 0.0022 —F - (+) 0.0009
ensemble averages, respectively. N (-) 0.0016 — & == (+) 000204
Alternatively, f(q,t) may be directly measured by collect- - At () 0.0027 |

ing the time-averaged unnormalized intensity autocorrelation
G5(q,t) at an ensemble of uncorrelated locations, averaging
the results and applying the Siegert relationship dird@ly
Figure 1 showsf(q,t) obtained by the two methods for a
typical organophilic silica-hexadecane @ek= 10 for the di-

S(q) (arbitrary units)

S@@) ~ (@ +&H

S~ T
rect methodl In light of the good agreement(q,t) was A >~‘->:
determined by the method of Pusey and van Megen for all E - I ¢
nonergodic samples. Correlation functions were collected for 3T =300.02 = 0.02
a duration that was 200 times longer than the largest reported ¥ ¢ =0.023
delay time. ]
Care was taken to apply a consistent temperature history 0.4 0.5 0.6

to all samples studied. Samples were maintainedT at
=60°C for 15 min, at which time they were transferred to

the scattering device which was maintained at the test tem- FIG. 2. Temperature dependence of the static structure factor
perature. The specimen was allowed to equilibrate for 15Q) in the vicinity of the gel temperature. Filled symbols indicate

min before the initiation of a measurement.

nonergodic samples. Heee=(T—Ty)/Tge. The curves are fits to

the scalingS(g)~(g%+ £ 2) %, where £ is a phenomenological

C. Characterization of static structure factor S(q)
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correlation length. The variation @fin the fluid phase is plotted in
the inset figure. The curve is a power-law fit to the four datum
Figure 2 reports wide angle light scattering measurementgoints in the fluid phase.
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£ I 0.035] 8.1 £ 10
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(=] ! —
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s | | »
n Fl—e—001 —=—0055 ] : 1072 ‘ ' T T
10° | —5—0.015 —m—0075 e 0
F|—e—0.025 —0—0.10 1
[ |—¢—0.035 ] FIG. 4. Volume fraction dependence of the nondimensional
10! P e cluster radius¢/a. The filled symbols are from fits to experimental
10°2 107! 10° data, which show a power-law scaligga~ ¢~ 116-0% The addi-
aq tional curve shows the predicted scaling for fractal clusters with

fractal dimensiond=2.4, that are distributed independent of vol-
FIG. 3. Volume fraction dependence of the static structure facUme fraction.
tor S(g) below the gelation temperature. The table lists model pa- ]
rameters extracted from fits to E¢}). The volume fraction dependence of the cluster radius,
is plotted in Fig. 4. Assuming that the fractal clusters fill

. th th i 24 521 wh ) space in a way that is independent of volume fraction, the
sistent with the scalings(q)~(q°+¢ %) %, where{ is a scaling é/a~ ¢973) relates the two model parametefs

phenom_enolog|cal correlation Ien_g(td:nf. Fig. 2, inseL Such nd d. This scaling, referenced to the experimental data at
a behavior has been taken as evidence of an approach to the

, : S - "9=0.10, is plotted for comparison in Fig. 4.
spinodal curve in organophilic silica-benzene adhesive P P g
sphere suspensiofi$0]. However, for the silica-hexadecane
system, gelatiorfloss of ergodicity, rather than spinodal de- Il RESULTS

composition, is observed as the temperature is decreased be-The effect of temperature on the intermediate scattering

low the transition temperature. . . ~ function, or dynamic structure factdi(q,t) is plotted in Fig.
Combined wide and small angle light scattering studies 0F o = 0.055. Figure 5 shows the remarkable sensitivity of

S(g) at a number of volume fractions are reported in Fig. 3.the dynamic structure to temperatuneterparticle potential

The two sets of data were scaled by equating the measur@; T-301.94-002K. the longest decay time of the

ment of each instrument at a value of the dimensionless scatzy cture increases by orders of magnitude, and the sample

tering vector,aq=0.205. While the resulting arbitrary scale ndergoes an ergodicity transition. At lower temperatures a
of S(q) precludes an interpretation of its absolute magnitude,

the shape of the scattering curves includes structural infor- S ———

mation that can be deduced by model comparison. We find L b ]
that a structure represented by the pair distribution function
g(r)=Aexp(r/&ri—3 is consistent with the experimental I T (K)
measurements. Hekgis a cluster radius, and is the fractal 08 300,75 =
dimension. The corresponding expression for the structure | |—= -301.25
factor is[28] - |— < -301.40
06 [ |--x--301.67 .
S(a)- S(0) sin(d— 1)tan (q¢) @ SR e
VT @e (d-1)dé ' P R ]
* L |—=---302.14
---0---302.03
] . . L | -roe-- 302,21
The data of Fig. 3 were fit to Eql). Although the region of 02  |——302.32 .
fractal scaling is certainly limited for the measurements at I 'ggz-g;
the highest volume fraction, we firdi= 2.4, independent of _ "‘ i e

volume fraction. The error i, as estimated by analysis of
the fit sensitivity and residuals, i£10%. Consideration of t(s)
the region of overlap between the small and wide-angle light

scattering data suggests that the small-angle device underre- F|G. 5. Temperature dependence of the dynamic structure factor
ports the scattering at the highest angles probed by the irf{q,t) for adhesive spheres witlh=0.055. Fits are for Eq(2)

strument &g>0.2); however, exclusion of these data from above the gel temperature and E§). below the gelation tempera-
the fits to Eq.(1) changedd and £ by less than 5%. ture.

0 L i L P/ N cowl vl e
1077 1073 102 107! 10! 10°
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© ] r o
10°? I N
10 10° 107
£
107 Lo L i, L L ] FIG. 7. ¢ dependence of the characteristic timg for 0.010
-0.003 -0.002 -0.001 0 0001 0002 0.003 < $<0.075.

e=(T-T )T . : .
( gel) gel dynamic structure factor is related to the mean squared dis-

2 -1
FIG. 6. e dependence of the characteristic timgs 75, andr, placement Arz), of gel segments of length scaje-q -~ by

for the data of Fig. 5. f(q,t)=exq—q2(Ar§(t)>/6]. 3)
lateau inf(q,t) is observed at intermediate times. The pla- ) L

Feau, WhiCh(CZ]it %he lowest temperatures persists for more tharall and Weitz[5] found that the thermal excitation O.f nhor-

five decades, and is followed by a final decay, of which on|ymaI2modes of the fractal cluster leads to expressions for

the initial region can be resolved within the experimental(Arz) of the general form

duration. We find that the temperature of the transition in ) 5 o

f(q,t) is independent of the scattering vectpiThe effect of (Arg)=oT1—exp(—t/7p)P] (4)

temperature orf(q,t), depicted in Fig. 5, is typical of the ) o _ )

volume fraction range 0.81¢<0.1, although the transition Here 7, is a characteristic decay time, aad is the charac-

temperature is itself a function of. For example,Tyq teristic maximum mean squared displacement pf the fractal

=296.7K for $=0.01, while T 4=302.6 K for =0.10. cluster segments. The sepond decay a.t Iong_ times was not

Characteristic decay times and structural features may b€Ported by Krall and Weitz. We determine this decay to be

extracted from the measurements plotted in Fig. 5 by appli€xPonential with characteristic decay timg. Consequently,

cation of models of the dynamics of the gel structure. TheVe fit the completef(q,t) dependence below the gelation

modeling of the data above the gelation temperature is ddémperature by the expression

scribed first. An account of the modeling below the gel point

2
follows. (99)
) f(q,t)= - 1- —t/75)P —t/7,).
Above the gelation temperature, the decayf@d,t) is @ exp{ 6 [1=exp(—t/my)"] Jexp—tT,)
consistent with the stretched exponential form (5

f(q,t)=exd —(t/7,)P], (2) Empirically, we determingg~0.5 independent of tempera-
ture for T<Tge, and we maintain this parameter constant

where 7, is a characteristic decay time, apds the argu- throughout. Equatior(5), with p=0.5, adequately models
ment of the stretched exponential. This expressiorf fqrt) the f(q,t) data forT<Tg, as is shown in Fig. 5.
was previously applied to low-volume fraction gels of col- In the gel regime, the characteristic timeg and 7, de-
loidal polystyrend5]. We find that the stretched exponential termine the onset of the first and second decays, respectively.
decay is essential to describe the data abiquge since inthe  For ¢=0.055 thes-dependence of these quantities is plotted
vicinity of the gelation temperaturé(q,t) lacks a well- in Fig. 6. From Fig. 6,75~¢ %8917 for ¢=0.055. The
defined first cumulandata not shown Of particular interest  dependence of,, on ¢ is not readily apparent from the fig-
is the dependence af, on the dimensionless temperature ure, so we refrain from assigning a functional dependence to
differences = (T —Tye)/Tge- The data are plotted as part of 7. The parametes? determines the value df(q,t) that
Fig. 6. For¢=0.055, we findr,~& 2'¥0%03 Thee depen-  corresponds to the intermediate plateau. #ldependence of
dence of the parameterwill be discussed later. 5% will be considered subsequently.

Below the gelation temperature the decay f¢€,t) is To characterize the dynamic structure of the thermor-
more complex. Three regimes of behavior are observed. Apversible gels more completely, the temperature dependence
initial decay inf(q,t) is followed by a plateau at intermedi- of f(q,t) at three other volume fractions was studiggl
ate times. An additional decay at long times is observed. A=0.010, 0.025, and 0.075Model parameters were extracted
recently reported model of the internal elasticity of colloidal from the data by means of Eq&2) and (5). Results are
fractal clusters is applicable to the first two reginigs The  reported in Figs. 7—-10.
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FIG. 8. ¢ dependence of the argument of the stretched exponen-

tial p above the gelation temperature.

The dependence af, on ¢ is plotted in Fig. 7. Analyzing
the data at all volume fractions yields,~ &~ 1150 Fig-

10
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FIG. 10. ¢ dependence of the normalized maximum mean

squared displacement of fluctuations of order!, 6% 6%(e

ure 7 shows that to within the error of the power law fit, the =0.001) for 0.016< ¢<0.075. The volume fraction dependence of
e dependence of , is not a function of volume fraction. For 5%(£=0.001) is plotted in the inset.

T>Tge, the other model parameterpswhich characterizes
the stretched exponential decay. Thelependence op is

by normalizing data for each volume fraction by,(e

plotted in Fig. 8. Although the dependence has not beerr0.001). By this method we find7z/75(e=0.001)
correlated, Fig. 8 shows that decreases monotonically as ~& %% To within its error this exponent is indepen-
the gel point is approached. Just above the gel temperatur@,ent of volume fraction. The particular choice ©f0.001
p~0.5, and this value persists] invariant of temperature, af;)r the volume fraction normalization is not crucial; the
the temperature is decreased through the gel point into théhange in the power law exponent for a different choice is

gel regime.

less than the error of the exponent. The volume fraction de-

Unlike the behavior foif> T, that was shown in Figs. Pendence ofrs(e=0.001) used in constructing Fig. 9 is
7 and 8, below the gelation temperature model parametef@otted in the figure’s inset. Over the somewh_altsrlltaorggw in-
depend upon the volume fraction. In Fig. 9 thdependence terval probed, 0.04 ¢<0.075,75(e =0.001)~ ¢~ ="

of 74 is reported(Here, and for other plots of data below the
gelation temperatures=|T—Te|/Tge.) To correlate thes

The maximum mean squared displacement of gel sege-
ments,5%, which sets the value df(q,t) at the intermediate

dependence of-; while still accommodating the implicit Plateau, was also determined. Thedependence 052_(at.
volume fraction dependence, a master curve was generat@dl= 0.569 for the volume fractions studied is shown in Fig.

10 . e S
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1072

10. As was the case fo1‘ﬁ,52 exhibits a volume fraction
dependence that is accounted for by nondimensionalization
with  6°(e=0.001). Consequently, we findé%/ 6*(e
=0.001)r ¢ 105097 The inset of Fig. 10 shows the vol-
ume fraction dependence 08?(¢=0.001). Here 6%(e
=0.001)~ d)fl.zro.z_

It is of interest to investigate thgq dependence of the
relaxation of dynamic structure, particularly with regards to
the final exponential decay observed for all samples. Figure
11 plots theq dependence of(q,t) for a thermoreversible
gel with ¢=0.055 ande=0.001(i.e., T<Tg). The fits are
for Eq. (5), with p=0.50. Analogous studies were conducted
for ¢=0.010, 0.025, and 0.075. Over the volume fraction
and scattering vector range (0<48g<1.41) investigated
the model parameters; and 5 are approximately indepen-
dent of scattering vectdtr;~ g% and §°~q~ 9. These ob-
servations provide further support for the applicability of the
Krall-Weitz fractal cluster dynamics model to describe the
initial decay off(q,t) for the thermoreversible gel system.

FIG. 9. ¢ dependence of the normalized characteristic timeThe long-time exponential decay &{q,t) is governed by

75/ 75(£=0.001) for 0.016$<0.075. The volume fraction de-

7,. The scattering vector dependence of this quantity is

v

pendence of4(¢ =0.001) is plotted in the inset. Here, and in Figs. shown in Fig. 12. We find that scaling,/ 7,(£q=1) versus
10 and 11, sincd <Tgyq), £=|T— Tgel/Tge-

£q generates a master curve, independent of volume fraction
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1 | o rme— T divergence of characteristic times in the vicinity of the gel
: i point in light of the structure and potential interactions of the
system. The behavior of the thermoreversible gels is com-
pared to recent studies of the dynamic structure factor of
dilute, density matched aqueous polystyrene gels.
For thermoreversible gels, above the gel temperature, the

0.8 |

= 0.6 i aqg &q static structure factoB(q) changed continuously with tem-
et L | —e—0.15 064 perature. Just above the gel point, a phenomenological cor-
04 |—= -038 158 relation lengthé increased dramatically. Thg dependence
L | = e -057 233 ¢ | of the structure factor was consistent with an approach to the
--x--104 431 fY spinodal curve, in agreement with observations for other ad-
02 L |--+--141 582 i hesive sphere dispersions. Although over the temperature in-
€ =000l % terval studied a phenomenological correlation length
I ¢ =0.055 1 obeyed a power law scaling, the studies at very bpand
0 bl il vl vl sl il sl ol very smalle that would be required to determine §ftruly
107 107 10° 107 10' 10°

diverged at the gel point were not conducted. Instead of such
t (s) a divergence, it is possible that the fluid phasgrows to
some critical value, at which point an ergodicity transition
FIG. 11. g dependence of(q,t) for £=0.001 and$=0.055.  occurs. The correlation length present at the transition would
Curves are fits to Eq(5). then persist into the gel phase, since little changé(ig)
was observed as the temperature was decreased below the
and e. Recall that¢ is the ¢-dependent cluster size of the gel point. The data plotted in the inset of Fig. 2 are not
thermoreversible gel. From Fig. 127,/7.,(éd=1)  sufficient to resolve the issue, since the correlation lengths
~¢£q~ %% 00 for ¢g>1. The particular choices of nondi- extracted for the fluid and gel phases cannot be compared
mensionalization and fit interval were chosen to facilitatequantitatively[The former were obtained from the Ornstein-
comparison to the recent report of Cipelledtial. for dilute  Zernike equation, while the latter were from E@).] Thus
gels of aqueous colloidal polystyref#?7]. the conclusions that can be drawn from Fig. 2 are limitéy:
The behavior of the adhesive sph&fg) in the fluid phase
above the gel point is consistent with an approach to the
spinodal curve(2) For reasons that are not understood, at the
This study of dynamic structure has demonstrated theritical temperature the adhesive spheres gel rather than
complex decay of particle density fluctuations that occurs irphase separate.
thermoreversible colloidal gels. The system, which under- The gel phas&(q) was consistent with the fractal cluster
goes an abrupt dynamical transition at a critical temperaturenodel of Ref.[28], except at the highest volume fractions.
consists of colloidal particles whose potential interactions arf he fractal dimension of the systeuhs= 2.4, was large rela-
well modeled by the adhesive sphere model of Baxter. Weive to other systems, particularly dilute aqueous colloidal
first discuss features of the static structure salient to the dypolystyrene gels formed by addition of divalent electrolyte,
namic behavior. We then consider the temperature and vofor which diffusion-limited aggregationd=1.8) has been
ume fraction dependence of characteristic times extracterkported 7,8]. The difference between the fractal dimension
from photon correlation spectroscopy of the colloidal gels byof the two gel systems is most likely explained by their dif-
application of the model of Krall and Weitz, modified to ferent aggregation mechanisms. In the dilute gels of aqueous
account for the long-time behavior 6qg,t). We discuss the polystyrene, strong aggregation due to van der Waals inter-
actions AU ,i,/KT,>1000) occurs when the repulsive elec-
T T RN trical double layer is destabilized by the addition of divalent
0] electrolyte. The aggregation is strong and irreversible. How-
0.010 | ever, adhesive spheres gel according to a mechanism that,
8-8§§ ] although poorly understood, has some correspondence to
0.075 | | spinodal decomposition, and results in only weak, reversible
1 aggregation between colloidd U,,,/kT<10) [29,30.
Additional structural differences between thermorevers-
ible and dilute aqueous polystryene gels can be inferred from
Fig. 4. It has been reported that fractal clusters of the latter
fill space in a way that is independent of volume fraction
T/t (Eg=1) ~ gy = for Eq > 1 [7,8]. This is not the case for the adhesive sphere gels, as
0’110»1 — ”'1‘(‘)0 — ””1“01 DT demonstrated by the different scaling of the two curves plot-
Eq ted in Fig. 4. For the organophilic silica-hexadecane ther-
moreversible gels, the effective volume fractimased on
FIG. 12. g dependence of the characteristic timg, plotted  the cluster radius¢), varies by about a factor of 2 from the
according to the scaling suggested by Cipellettal. [17]. lowest volume fraction to the highest. This difference could

IV. DISCUSSION

ar>0go

/T (&a=1)
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conceivably be due to differences in the volume fractionparticle-particle bonds possessing angular rigidity fouhd
range studied for the two systerfajueous polystyrene gels: ~1.1-1.3[32]. (For example, a trimer aggregate is a simple
$~10"4-10"3; thermoreversible gelsgp~102-10"1).  structure with angular rigidity. Singly connected particle
Cluster polydispersity might play a role, particularly since pairs with bonds that transmit only central forces possess no
the characteristic peak i8(q) observed for dilute gels of angular rigidity) This exponent is far smaller than for
monodisperse clusters is not apparent for the adhesive sphed#fusion-limited aggregation, and demonstrates that the in-
gels. Thex10% error in the characterization of the fractal clusion of particle-particle bonds with angular rigidity ren-
dimensiond could also be relevant, since the slope of theders the structure less compliant on longer length scales.
curve plotted in Fig. 4 is a sensitive function @fAlterna-  Thys the discrepancy between the elasticity exporgenf
tively, the observations of Fig. 4 might again signify real e thermoreversible colloidal gels and aqueous polystyrene
differences between the gelation mechanisms of the two SY$jels is potentially explained by the angular rigidity of local

te”ﬁ; h o blishes the f Ll structure.
e characterization &(q) establishes the fractal cluster Possible explanations for differences in the angular rigid-

structure as a plausible basis from which to interpret th%ty of the thermoreversible and dilute aqueous polystyrene

dynamics of thermoreversible gels. Because the potential IN-Sis are as follows. First, the greaigrof the thermorevers-

teraction of the adhesive colloidal spheres is sensitive to te Fle gels mav present areater ooportunities for the formation
perature, and because temperature can be precisely coR— 9 yp 9 PP

trolled during photon correlation spectroscopy, theseOf multiparticulate structures that are angularly rigid. Sec-

suspensions are a good model system with which to stud9nd' the enhanced surface roughness of the inorganic silica

colloidal gelation. Above the gel temperature, the dynamid’@ticles relative to the polystyrene colloids may cause a
structure,f(q,t), which characterized the decay of particle l0cking of aggregated particles with resultant noncentral
density correlations, exhibited a single, stretched exponentidPrces and angular rigidity. Third, thermoreversible gels
decay. Below the gel temperature, the decay was more conform by a mechanism that has some similarities to spinodal
plex. An initial, stretched exponential decay fffg,t) was  decomposition while aqueous polystyrene gels form by a ki-
arrested at a plateau value that persisted for as long as fivietically controlled aggregation mechanism. The former case
decades in time. At a later timé(q,t) again decayed expo- results in gels of a greater fractal dimension. The denser
nentially. The two-stage decay is a persistent feature of ththermoreversible gels may again have more multiconnected
thermoreversible gel dynamic structure factor below the geand, therefore, angularly rigid regions.
lation temperature. Possible artifactual origins of the long- Finally, we note that the approach to gelation as the tem-
time decay related to laser stability, temperature stabilityperature is decreased in thermoreversible gels appears to be
and sedimentation have been considered by the authors. dtcompanied by an increase in bond angular rigidity. This is
has been concluded that each inadequately explains the olemonstrated in Fig. 8, where the elasticity exponent de-
served behavior. creases as the temperature is decreased toward the gel point.
The argument of the stretched exponential relaxagpn, The effect saturates at gelation, whete 1.0.
of f(q,t) contains implicit information about the hierarchy = The above inferences about the elasticity exponent de-
of intracluster elastic modes that contributes to the decay afived from experimental observations of are consistent
density correlations in the gel. The Krall-Weitz model of with the volume fraction dependence of the model param-
fractal cluster dynamics relates the stretched exponential reters; and 5%. While for dilute aqueous polystyrene gels
laxation off(q,t) to the length-scale-dependent bond springthe reported scalings arg;~ ¢~ 39 and 82~ ¢~ 2" [5], the
constantk(s), wheresis the length scale of an elastic mode. exponents are significantly smaller for thermoreversible gels:
Because theory and simulation suggest that the fractal clustef;~ ¢~ 1® and 5~ ¢~ % (cf. the insets of Figs. 9 and 10
is more compliant on longer length scalegs)~s # where  This discrepancy is explained by differences in cluster com-
B is the elasticity exponent. In the Krall-Weitz model the pliance. For fractal clustersﬂ~§(1+ﬂ) and 6%~ &7, where¢
argument of the stretched exponential and the elasticity exs the cluster radiug5]. For thermoreversible gels, from Fig.
ponent are related by= B/(8+1). From computer simula- 4, é~ ¢~ 118 Using this scaling and the previously charac-
tion of clusters formed by diffusion-limited aggregatig®, terized3=1.0, the small scaling exponents of the adhesive
~3.1[31]. For dilute agqueous polystyrene gegis7 0.7, and  sphere gels are predicted.
thus 8=2.3[5]. Although the success of the Krall-Weitz model of fractal
The suspensions studied here exhibitsatlependence of cluster dynamics in modeling the initial and intermediate be-
p above the gel temperature. Over the temperature randeavior of the adhesive sphere gels is remarkable, the inter-
studiedp decreased from about 0.8 to 0.5, independent opretation of the data in this way is not unambiguous. Recall-
volume fraction. Below the gel poing=0.5 independent of ing again that static light scattering studies show the static
¢ and e. Thus, for the thermoreversible colloidal gels, we correlation lengtht~ ¢~ 1162094 we note, however, that the
find B=1.0, a value that is significantly lower than that of Krall-Weitz model provides an alternative estimate dfig-
the dilute aqueous polystyrene gels. This result is a centralamio correlation length, R~ 75/5°~ ¢~ %% %2 If the
conclusion of our study, and demonstrates the remarkableagnitudes ofr; and 5% were solely determined by the nor-
differences in dynamic structure between these two types ahal modes of the fractal clusters, the two scalings would be
colloidal gels. congruent. The lack of agreement points to the possibility of
A recent computer simulation of gel networks with additional mechanisms of cooperative dynamics in the adhe-
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sive sphere gels. Another potential origin of the discrepancyion of local gel structure and dynamics is being pursued to
is the limited range over which the volume fraction scalingsaddress this unresolved issue.
were collected. Alternatively, the clusters formed at the The long-time decay of(q,t), characterized by the time
higher volume fractions studied may be too snalf. the 7., observed for all samples below the gel temperature, pos-
inset table of Fig. Bto exhibit fractal scaling. sesses some similarities to recently reported observations in
The divergence of characteristic times at the gel point igilute aqueous polystyrene gdl&7]. In the latter case, the
reminiscent of the behavior at the colloidal hard sphere glasdecay was attributed to long time aging and gel structural
transition. For hard spheres, as the glass transition is agvolution. To summarize the results of Cipelledtial,, the
proached from the fluid side, the mode coupling theoreticallecay inf(q,t) was faster than exponenti@rgument of the
prediction of the divergence exponent®fis —2.58. In the  exponentia1.5), and scaled ag~+%>*%%2 These observa-
amorphous glass, the relaxation is quenched while theé  tions were found to be consistent with gel syneresis. For the
relaxation persists. The mode coupling prediction of the exthermoreversible gels studied here, we find different behav-
ponent for 7, is —1.66 [33]. The analogous experimental iors: the long-time relaxation of(q,t) is exponential, and
scalings for the thermoreversible gels atg~s~"'° and  the decay timey,,, scales ag *°*-°% The observed dif-
rﬁ~s‘1-°°. A prediction of these exponents for the adhesiveferences between the thermoreversible and dilute aqueous
sphere suspensions, perhaps by means of mode couplipplystyrene gels might be explained by the very different
theory, awaits further theoretical developmésee, however, potential interactions present in the two systems. For aque-
recent reports in Ref$2], [34]). Here we briefly consider the ous polystyrene gels that aggregate due to van der Waals
e scaling of characteristic times in light of the fractal clusterinteractions, the interaction potential at contact is very

model of gel dynamics. strong: AE,,;,/KT>1000. For the thermoreversible gels, the
Specifically, if the characteristic times, and 75 scale  potential interaction at contact is much weakAfE /KT
with the cluster relaxation time, as is implied by E¢®.and  ~10. In the former case aggregation is irreversible, syneresis

(5) and the model of Krall and Weitz, them,~ 7,4 may occur, and the particle surfaces may even deform due to
~7o(€/a)P*1, with B=1.0 for thermoreversible gels. Here the strong attractiofiL7]. In the latter case, where interaction
70 is the relaxation time arising due to the viscous dampings weaker, disaggregation processes may occur with a prob-
of a single bond with spring constarp. Due to the appar- ability governed by the Boltzmann factor expEq,/kT),
ent approach to the spinodal curvef. Fig. 2 observed that is small but not zero. Thus rare disaggregation events
above the gel poing~ &~ Y2 (mean-field behaviomight be ~ would provide an additional mechanism for the long-time
expected in this region, approximately, as has been observétécay off(q,t). Consequently, according to our description,
for the organophilic silica/benzene systg¢h@)]. Thus the in-  whether the long-time decay é{q,t) in a particular system
crease in cluster size that occurs as the gel point is ap~yould occur due to a syneresis or disaggregation mechanism
proached from above provides one possible explanation fowould depend upon the strength of the interparticle potential
the e dependence of the divergencemf. However, we note  at contact. It is interesting to note that the disaggregation-
that this simple explanation is complicated by three factorsaggregation hypothesis is not necessarily an aging mecha-
first, for £g>1, deviations from the mean-field scaling are nism, since such rare events would occur even at equilib-
anticipated; second, thedependence of in the fluid close rium. In fact, no observable evolution of the static intensity
to the gel point is not knowit¢é might diverge or smoothly Of the gels was observed over times up to three times as long
cross over to the gej); third, g itself is a function ofs (cf. ~ as the photon correlation spectroscopy measurement times of
Fig. 8 above the gel point. this study. Nevertheless, aging studies to times on the order
This approach cannot explain thedependence of the of 10° s, as performed, for example, by Cipelladtial, have
divergence ofrg, since in the region below the gel point the not been performed for adhesive sphere gels at this time.
cluster radius does not vary significantly with temperature. In  The detailed study of the role of disaggregation in the
the absence of a significant effect obn the cluster radius, long-time decay off(q,t), necessary to predict both the
& in the gel regime, we conclude that the rapid decrease imagnitude and scattering vector dependence, ajuantita-
75 below the gel point as the temperature is decreased indfively, is beyond the scope of the present paper. Here we
cates the local stiffening of the gel network. The decrease imote that the observed values of are not inconsistent with
the maximum mean-squared displacemesft~(= ~ %) be-  the disaggregation hypothesis. Specifically, dora !, we
low the gel point is a further manifestation of the stiffening. expect 7,,~ 7o @XpAEyi /KT)~ 7 exp(rgl), where 75 is the
Thus the dramatic changes in dynamics below the geBaxter interaction parameter, ang is the single particle
point, which occur without accompanying changes in statiaelaxation time. Given the observed valuesmf, 75, and
structure, point to an unexpected sensitivity of the singlez/a, 7,~10 1-10 2s, close to the gel point. Previous mea-
bond relaxation timery (and thus also the bond spring con- surements lead us to expegi~0.1 at gelation for the vol-
stantx) to the temperature and interparticle potential in theume fraction range studief3]. Thus disaggregation pro-
vicinity of the gel point. To demonstrate the sensitivity, we cesses are predicted to contribute to the decaf(qft) at
recall 7~ 7o(&/a)# "1 for fractal cluster$5]. Since below the Ty~ 10°—10°s, which is the observed range. Consequently,
gelation temperature neith@ nor £ exhibits a significant this simple analysis does not rule out the possibility that
dependence, we conclude that dynamical effects must origmore than one mechanisfhe., disaggregatiorithis work)
nate with changes in the local parametgr Direct observa- and syneresi$Cipelletti et al)] may contribute to the long-
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time dynamics of colloidal gels, especially when the strengthdifferences in the strength of interaction between the two
of interparticle interactions is weak. However, this conclu-materials. Finally, the remarkable sensitivity of the charac-
sion requires further investigation, since neither ¢heor e teristic timesr, and 75 t0 6= (T—Tye)/ Ty could not be
dependence of, can currently be explained by such quali- fully understood in terms of the dynamics of fractal clusters.
tative arguments. Thus we suggest that alternative approaches that directly

In conclusion, this study has shown the usefulness of theonsider coordinate local dynamics might prove more fruit-
fractal cluster model of Krall and Weitz for extracting char- ful in understanding the dependence of the divergence of
acteristic times in the decay of density correlations of thercharacteristic times in the vicinity of the gelation transition.
moreversible gels of adhesive spheres. Interesting differ-
ences between the dynamic structure of previously studied
dilute aqueous polystyrene gels and thermoreversible gels
have been quantified. As evidenced by differences in their This work was supported in part by the National Science
elasticity exponentg, which characterizes the spatial scal- Foundation(CTS-981382%4 DuPont, and the Donors of the
ing of the gel compliance, the structure of thermoreversiblePetroleum Research Fund, administered by the American
colloidal gels appears to possess greater angular rigidity tha@hemical Society. We acknowledge discussions with
the dilute aqueous polystyrene gels. Differences in the bebr. R. Butera, Professor R. G. Larson, and Professor R. A.
havior of the long-time decay off(q,t) were attributed to Lionberger.
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