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Liquid-glass transition phase diagram for concentrated charge-stabilized colloids
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We model interactions between charged colloidal particles by the screened Coulomb potential, and employ
the analytically solved static structure factor in conjunction with the idealized mode-coupling theory to deter-
mine the liquid-glass transition phase boundary. We find that the presence of an ionic screening has the
consequence of revealing a subtle competition between the hard-core geometric factor and the charge-induced
screening effect, resulting, for the strong screening case, in an extended charge-stabilized suspension and, for
the weak screening case, in a more restrictive ergodic dorfadi263-651X%97)09807-3

PACS numbsgs): 82.70.Dd, 61.20.Gy, 64.70.Pf

The occurrence, in metastable liquid well above the calo- exp(—kx)
rimetric glass transition point, of a dynamical transitiop BV(X)=Ye——— x>1, (1)
(which is the temperature for quenching or density for super-

compressing from ergodic to nonergodic behavior, has beenWhere the dimensionless lengi=r/c. Here 8 is the in-

the subject of considerable experimental and theoretical i”\'/erse temperaturek= ko, and « is the inverse Debye
terest since it was first predicted by mode-coupling theory reening length determined by the concentration of count-
(MCT) [1]. The idealized version of MCT, which takes into grigng and, in the presence of electrolytes, co-igngis the
account coupling of the density fluctuations ofiBl, is & g rface charge parameter, in general a functiok ahd of
formal generalization of the equilibrium kinetic theory of o\, oiume fractiony=ma2p/6, p being the number density

liquids and of the Vlasov plasma theory. This theory has0 macroions. An extensively studied.s is the one-

been applied to different monatomic systems such as neutrg mponent macrofiuid model of Derjaguin-Landau-Verwey-

hard sphere$3], charged hard spherdd], Lennard-Jones Overbeek(DLVO) [12] whoseV(x) exploits the large finite
atoms|5], and pure liquid metalf6]. Light [7] and neutron ize of macroions. The attracti\(/e)fea[t)ure of ﬂv{i(s<)gis that

[8] scattering experiments on mode| colloids and a variety ofiqiic strycture factor can be obtained analytically in the
molecular glass forming .materlaﬂ§] .su_ggest. the emstence framework of the mean spherical approximatid/8]. Here
of the predictedu., and find compatibility with the scaling the static structure facto®(q; 7.k, y), is characterized by

laws predicted by .MCT despite the fact that, in many CaS€Sree gquantities: they of macroions, the screening parameter
the systems studied are far more complex than the one-

— 2.k
component fluid for which the theory was developed. How—ei( V’Vﬁg:jetheissijr:fe"ﬂ;?eig?ggeePg;;r\;}f?@j; fryee '[i W;g;(ri;bgﬁe
ever, interpretation of both the experimental data and thé €0 P y pace,

theoretical predictions in terms of MCT is not without con- dielectric con;tant of the solvent, an_d¢,//o=Ze/
troversy[10] [7epea(2+Kk)] is the surface potentinlRespectively, these

In this paper we present a theoretical attempt to determinBarameters characterize the short-ranged hard-core, the

the liquid-glass transition boundaries for a system of harg!Ntermediate-ranged screening, and the long-ranged charge-

core particles with screened Coulomb interactions. This sysQOUp“ng ef_fectls in the system. . .
The projection operator methods give the following for-

tem is chosen because it represents a model for charge- lly exact expression for the dynamic structure faggir
stabilized colloidal suspensions, and it can, therefore, pghally exact expression for the dynamic structure ta

realized experimentally. In addition, variation of the perti- .

nent parameters, such as the number density, screening - _ z+M(q,2)

length, and coupling strength that determine the potential- R(9,2)=— 22— g2/ BmYq: 7,k y)+zM(q 2)
energy function, gives a rich diversity of equilibrium phase n ’

behavior. At the same time, the interactions of these particles N o )
are sufficiently simple in that the parameters embodied in th¥/NereR(a,2) =ifodt expz)R(q.t) is the Laplace transform

MCT can be calculated directly. of the normalized intermediate scattering function
Although a charge-stabilized suspension is implicitly aR(d:.1)=(p*(a.t) 5p(a,0))/S(q; 7.k, 7). dp(q.t) being the

multicomponent system consisting of macroions of diametenumber density fluctuations of wave vectprM(q,z) is the

o and charg&e, small counterions and co-ions, and solventmemory function; andn is the mass of the particle. Central

molecules, it can, in the coarse-grained view, be regarded de the idealized MCT of the glass transition is to neglect the

a one-component system of particles with the following gen-microscopic dynamics by taking the lingt-0, and to close

eral form of pair potentia11]: Eq. (2) with an approximatiorM (q,t)~A(q,t), where
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p = '+l q%q? q
A ,t=—f dq’ f dq’ ”(—c ko) —(a" m ko) T+ ~[e(a: 7.k, v) + (" 7.k,
(@0 Grgaa? ) 940 | 0 0eq"| S e@ i mk ) —el@mk ) 1+ 1o k) + (@ s k)

XS(q"; 7.k, v)S(qQ"; 7.k, ¥)R(q",t)R(q",1), ©)

c(a; 7.k, y)=[S(q; 7.k, y) — 11/pS(q; 1,k,y) being the di- bifurcation of solutionsf(q) =0, defining ergodic behavior,
rect correlation function. and f(q)>0, defining nonergodic behavior, gives the dy-
To determine the dynamical transition boundarynamical transition points#.,k.,y). In Fig. 1 we display
me=(n¢,Ke,ve) iIn MCT, we employ the analytical result the transition loci which separate the ergodic regime,

for S(q;m.k,y) [13] and solve iteratively and self- 7—y<z.—1y., from the nonergodic oney— y=7.— v,
consistently the dynamical nonlinear equation for the cases of weakk&3) and strong K=6) screening.
One notices immediately that the ergodic region in the weak
- . A(q,t—o)=F,(f(p)) (4  Screening environment is restrictive, whereas in the strong
1-f(a) q a screening case the ergodic domain is comparatively more

for (..ke <), which yields a nonzero Debye-Waller factor extensive. In both caseg. decreases with increasing for

£(q)=R(q,t— ). Asymptotic solutions to the MCT equa- 0.5 > 5=0.4, but, for n<<0.4, v, is almost mdependent of
tions near each dynamical transition poinf.(ke,ve) ex- 7 The extent qf the supercompresseq regime can be under-
hibit interesting and experimentally testable scaling properSto0d by considering the physical significance lof For

ties. In particular, the dynamics over the mesoscopic tim&iven colloidal condition B, ¢€), the charge-induced cou-
scale between the times characterizing the fast microscop®!ing constanty=e"/(1+k/2)? is significantly larger for the
process and the slowest structural relaxation is governed bstrong screening case. In the absence of electrolytes, this
the so-called ‘B-relaxation process.” For this process the latter case would correspond physically to an increase in
theory predicts factorization oR(q,t) into temporal and Screening by counteriongelative to the cas&=3), and
spatial fluctuations. It can be showh2] that near hence leads to more stable suspensions. Note that although
(7¢.Ke,vc) the temporal behavior d®(q,t) is a scaled mas- also y=Z?, the detailed structures of the.— y, character-

ter function determined solely by a material-dependent paistics have been considerably masked by ¢ 1+ k/2)?

rametern given by dependence, and are only weakly affectedZBy To pursue
1 our study of the transition loci further, in Fig. 2 we depict the

A== 1°[1—f(p")|2[02F, 19f(p’)af(p") variation of . with the macroion chargg. [14]. There are

2q,§p~ ol POILTFq P Pl two interesting aspects. The first aspect is the Z. behav-

1—f(p"T2° | 5 ior for both screening cases which, in the range 0.5
X[1=1(p")] p'ip"! ) > n=0.45, haven,— Z. phase boundaries virtually the same
but show differenty,— Z. behavior for»<0.45. The former
features manifests the hard-core geometric effect, whereas
the second, in the absence of electrolytes, exhibits the change
_ _ 2 ’ ’
Cop=[1=1(p)]"07¢/ 91 (p). in ionic strength due to counterions which now play the role

Equations (3) and (4) were solved iterative_ly using of charge stabilizing the macroparticles. The second aspect is
S(q; 7,k,y) for parameters typically encountered in agueous

suspensions, namely=298 K, e=78.3, ando0=5 nm. The

whereF is defined in Eq(4) andlg (orTg) is the right-hand
(or left-hand eigenvector of the stability matrix
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FIG. 2. Volume fractiony, vs colloidal chargeZ (in units of
FIG. 1. Volume fractiony, vs surface charge parametgr for electronic charge for screening parameterk=3 (circles and
screening parameteks=3 (circles andk=6 (triangles. k=6 (triangles.
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the k=3 case which, for a gived between 38<Z=<4%, : - : . .

predicts the existence of twg, at whose places the colloidal .

suspension is seen to undergo a glatiguid— glass trans- 45 | . §

formation. This transformation property is reminiscent of the .

“re-entrant” behavior theoretically predicted for the colloi- | s . s

dal crystal[15] and here, for a given macroian, is associ- () ° s

ated with the change ip of macroions. We should stress, " *

however, that in view of the use of the DLVO-type potential 3.5 .

the phase diagram depicted in Fig. 2 is somewhat qualitative. s

Thus, although the estimated transition loci occur in a rea-

sonable parameter space, the quantitative details of the erra

of the estimation cannot be predicted at present. o5 ) ) ) )
In order to explore the practicability of the fluid-glass 20 30 40 50 60

transition phase diagram shown in Fig. 1, we consider two Z;

recent experiments performed on charge-stabilized suspen- i . )

sions. The first one is the synchrotron small-angle x-ray-. F'C-3: Static structure factd(qy,) at the principal peak posi-

. . . tion g,, vs colloidal chargeZ. (in units of electronic chargefor

scattering experiment by Siroéd al.[16], who measured the screening parameteks=3 (circles andk=#6 (triangled

static structure factors and phase diagram for a system ofC ’

charged polystyrene spheres of diameter91 nm im-

mersed in the water-methanol solvert(38), as functions PY the dependence &(dm) onZ.. Note thatS(qr) versus

of concentration and of the range of the interaction. TheirZc qualitatively mimics then.—Z transition phase bound-

electrolyte-free results show a glass transitionza&0.2. &1y shown in Fig. 2. _

The second one is the experiment ofrtaVersmold, and We have calculated also thg-relaxation parametex

Zhang-Heidef17] who, from static structure factors and in- Which describes physically the temporal behavioiRg,t)

termediate scattering functions measured by light scatteringear (¢ ,Kcyc). Our calculations show that varies mildly

on 500-nm poly-perfluorobutylacrylate particles suspendedn magnitude for 0.%& 7.,>0.15 due to numerical precision

in water-glycerol mixtures, observed a liquid-glass transitionn achieving an equal eigenvalue oftgpically we obtain

at 7.=0.22. SinceS(q; n,k,y) depends on the parameters 0.99545- 0.0044 for a total of 400 iteratiopsFor k=3 and

(7.k,y), it can be seen from Ed1) that there is a range of 6 they satisfy\ =0.728+0.02 and\ =0.719+0.017, respec-

physical conditions yielding equivalent structufds)], pro- tively. These values differ from the=0.76 deduced from

vided (»,k,y) are scaled properly. Thus, for givep and  the dynamic data of Ref17] for charged polymer colloids

k, the surface charge parametercan be written as a func- having =500 nm and atj.=0.22. One should note, how-

tion of three variablesy(o,yo,€) = Bmegeayae™. For the  ever, that this empirically fitted large-value is physically

two specific cases).=0.2 and 0.22 of interest here, we ob- ynsound, since the magnitude lies close to the hard-sphere-

tain, respectively, from Fig. 1 the values of the surfacejike potential (. =0.772[6]). For lack of details on th&, of

charge parameterg; (5 nm, 92.652 mV, 78 8= 9162.44  cnarged colloidal particles, we cannot proceed with our

and y. (5 nm, 92.955 mV, 78)3=9222.46 for the case analysis.

k=6. In accordance with the structural equivalents pointed |, summary, we have proposed a tractable means to study

out above, we may equate separately the experimental CO5e gy ajitative phase diagram for a liquid-glass transforma-

ditions Ye (91 nm, 4o, 38) and y. (500 nm, i, 38) to the tion. This was done for a charge-stabilized colloidal disper-

theoretical valu_es fory;, 9162.44 and 9.222'46' to deduce sion using the DLVO-type static structure factor in conjunc-

the corresponding values fabo, respectively, fory:=0.2 tion with the idealized MCT. Our salt-free results indicate a

and 0.22. In this way we arrive a,=31.2 and 13.3 mV, more extended supercompressed suspension when the
and, by yy=Zel[megeo(2+Kk)], respectively obtain the ; ; P \presse P .
screening is effective. This implies an enhancement in

critical chargesZ.=150 and 35B. The same procedure charge-stabilizing tendency associated with the ionic

when applied tok=3 for the case7,=0.2 yields strength of counterions. The potential application and impor-
Zc=12le. It is interesting to note that these values Ry, tancegof our calculatioﬁs arepfurther ef pIoited by ex Iic?tl
150e and 12%, respectively, for the casés=6 and 3 span S : P y explicitly
_ : : estimating the charges carried by macroions and by compar-
the valueZ.=13% estimated by Sirotet al. [16]. In other . ; ; : :
; . ; ing with experimental polymer colloids the mode-coupling
words, the screening parametér for the dispersion of . s .
. arametem near the same dynamical transition point. Our
charged polystyrene spheres, free of electrolytes, is approxgnal sis shows that more quantitative works are necessar
mately 4.5, and witho=91 nm, will yield x~1~202 A, y q y

which is in reasonable order to 290 A estimated from Ref.for a detailed comparison with experiments.
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