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Abstract: The initial crystallization phase of native and dimethylgfedyclodextrins f-CD) was investigated with
small-angle static light scattering. Following simple considerations, one can obtain the crystallization exponent,
predicted by the Avrami theory, from temperature quenching experiments. We found that a single-step mechanism,
in accordance with the classical theory, holds for the crystal formation of naityelodextrin. The crystal formation
mechanism of the heptakis(2,6)-@Hmethyl){£3-CD is more complex, and involves a fast and a slow process. The
exponents determined for each process indicate that crystallization starts with the formation of spherical clusters
which aggregate further to form rod-shaped macrocrystals, in accordance with microscopic observations. In either
case the determined exponents depend on the initial cyclodextrin concentration.

Introduction Light scattering yields information concerning the size and
. ) ) shape of the growing clusters in a nondestructive manner. In
Cyclodextrins (hereafter abbreviated as CD) are a family of ~,nventional SLS equipment, the angular range is usually
four cyclic oligosaccharidesy, f3, y, andd, comprising sixt0 |imijted between 15and 160. This range allows, especially
ninea(1-4)-linked glucopyranose units, respectivély. They for aqueous solutions, without many problems the determination
form inclusion compounds with molecules that fit in their central ot the particle scattering function for ensembles of particles that
cavity, which is of wide practical importance in the pharma- 56 comparable in size with the wavelength of the employed
ceutical industry. CDs have also been used as building blocks 5giation. For larger particles and nonstationary systems,
of devices for chemically modulating biological activity, in  easurements at smaller angles are mandatory. From the
particular through photochemical reactions. Such functions can scaling of the scattered intensity one can obtain reliable

suit molecular scale devicésBesides “native” CDs, a variety  iytormation on the mean size and mass of the evolving structures
of derivatives with chemically modified O2H, O3H, and/or O6H  5nq on the exponents and rates that typify the crystallization

hydroxyl groups are available. process.

CDs crystallize readily as “empty” hydrates or as inclusion  |n a classical SLS experiment the scattered light intensity is
complexes if hot, supersaturated, agueous solutions of CD withplotted as a function of the scattering veotor The parameter

or without added guest molecules are slowly cooled to ambient of interest is the long-term time average of the scattered intensity
temperature. Because of the different crystal packing féfns,  [1yq)
CDs are attractive for studying the crystallization of simple
binary or ternary systems. In this v_vork we have investigated I(G) = ”m(ln.)ftoﬂ I(qt) ci 1)
the properties gB-CD-11H,0, which is the least soluble of all T—e b
CDs in water at ambient temperature as well as of a modified o ) )
form, heptakis(2,6-dB-methyl)-CD (hereafter abbreviated as  ThiS average is independent of the tinte at which the
DIMEB), which in contrast to nativg-CD is very soluble in ~ Measurement is initiatedifq,t) is a stationary property, which
water at ambient temperatures and crystallizes upon heating.S hormally the case. In the limit of infinite dilution and small

In earlier works, cluster formation of CD hydrates and scattering vectors, SLS measurements provide reliable values
inclusion complexes was investigated by turbidiand light of the weight-average molecular weight and the mean squared

: . >
scattering measuremerits.In the present study we have ra(guslo(; gytf?‘“O’f”;g Ll wallizati diti " that
employed a home-built small-angle static light scattering (SLS) yclodextrins under crystaliization conditions are systems tha

device to investigate the nucleation process in aqueous solutionUIts these requirements. Pe”".‘em information concerning the
of native 3-CD and DIMEB. growth of microcrystals can be directly deduced from the small-

angle SLS experiments. In this work crystallization was induced
* To whom correspondence should be addressed. Phei&0-838- by cooling-CD solutions below and by heating DIMEB above
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Crystallization Transition of3-Cyclodextrins

growth of the crystallites is expected to be linear in time, if the
crystalﬂzation temperatur€; remains constant;e., the mean

radiusR(t) of a spherical crystallite grows with a constant rate

R(t) = k,t 2
Equation 2 holds for crystallites that are still small and do not
grow togetheri.e., only in the initial growth phase. For a certain
compound the growth constakt depends on the crystallization
temperaturé?

A theory that describes the growth of crystallites from the
melt (homogeneous crystallization) was developed by Av-
ramill~13 If one denotes ag(0), m(s), andm(c) the masses
of the monomeric seed, the mass of the melt, and the mass
the crystalline state, respectively, the following holds:

[m(c)/m(0)] = 1 — exp(—kat™) 3)
where ka denotes the Avrami constant, valid for spherical
crystallites, andhs the Avrami exponent.

Equation 3 is valid under a series of assumptions: (i) The
amount of nucleiN. is either constant or at the beginning of
the crystallization equals zero and increases with constant rat
kw. (ii) The nuclei are distributed statistically in the examined
sample. (iii) The density of the crystallites is always the same.
(iv) The form the crystallite €g., sphere) does not change as
crystallization proceeds.

From the excperimental point of view it is easier to determine
changes in the volume of the crystallites through dilatometry:
Assuming thaw(0), »(t) andu(w) are the volumes of the probe
att = 0, t, andt = o, the following holds:

_[ms)] , [me)] _ [meo) 11
0= el = el el el @
where for the “melted” and crystalline states
_[mo ) = [MO)
v(0) = o(S) and y(c0) [p(C) (5)

In egs 4 and p(c) andp(s) denote the densities of the substance
in the crystal and melt, respectively. It can be shown that

v(t) — v()

o0) = o(e)] — PR

(6)

Equation 6 contains only two unknowns, nameky,and na.
Both can be determined by taking logarithms twice to obtain
the linearized equation:

In[In(F)] = n, In(k,) + n, IN(t) ©)
whereF = (v(0) — v())/(v(t) — v(0))]. If a linear behavior
is observed thg axis intercept is equal taa In(ka), and the
slope tona. Equivalent information can be deduced if the

€
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140) = m(t) = R(Y) (8)

assuming a compact spherical shape. Buoft) andRy(t) can

be independently determined from time-resolved small-angle
SLS experiments. We have employed directly the proportional-
ity between volume and mass to retridveneglecting the small
density differences expected for CDs in the liquid or crystalline
state.

The significance of Avrami exponents higher than 3 can be
understood in terms of scaling of the number of nuclei at the
early stages of the phase transformation. If this rate is
proportional to the first power of time but the respective volumes
scale with the third power, an exponent of four is expected.

TJ\/Iaterials and Methods
o)

Purification of Cyclodextrins. -CD was purchased from Sigma
Chemicals Co. (lot 47F-3509). Since the solubility®E€D in water
at room temperature is only 19 mg/m{ preweighted quantities of
B-CD were dissolved in boiling, degassed triply distilled water and
incubated for 10 min at 343 K. Samples examined by analytical HPLC
were found to contain onlg-CD.

DIMEB (lot 1039453) was purchased from Aldrich Chemicals and
contained a strongly fluorescent compound. To remove this impurity,
DIMEB was dissolved in water and active coal was added. After
incubation for 20 min the active coal was removed by filtering and
DIMEB was recrystallized by heating to 343 K; the crystallization
procedure was repeated 10 times. Analytical HPLC has shown the
presence of 10% unmethylat@eCD. The clear nonfluorescent DIMEB
was lyophilized and used in the experiments described below. Further
improvement on the purification involved a 3-fold recrystallization of
DIMEB from water at 333-343 K and tedious collection of the needle-
like crystals under a microscope. This preparation has been again
checked by HPLC, and less than 34CD was found in the samples.
The differences determined between the two recrystallized preparations
on the characteristic exponents via small-angle light scattering were
found to be within less than 5%. Therefore, we can conclude that native
-CD does not appreciably influence the observations on crystallization
kinetics of DIMEB. We should however, emphasize that under such
narrow peaks a mixed population 8fCD molecules carrying other
than 2,6-dimethylated glucoses may be hidden.

In the experiments described bel@CD was cooled from 343.2
to 308 K, whereas DIMEB was heated from 293.2 to 343.2 K to fuel
crystallization. In either case, solutions were rapidly filtered through
800um pore size filters and measurements were initialized immediately
because bothn cyclodextrins exhibit slow spontaneous growth kinetics
even at concentrations below the solubility limit (own unpublished
observation).

Small-Angle SLS. Small-angle SLS experiments were conducted
employing a home-made apparatus. Scattered light is detected by an
8-bit CCD chip (Sony ICX 039, Cheops Co., Munich). After
collimation the light passes through the sample and impinges on a mirror
with a hole in the middle for isolating the primary beam at the forward
direction. A typical 3.5 in. silicium wafer served as a mirror. Holes
of variable diameter are required for some experiments, depending on
the beam expansion and spot diameter of the detected scattered light.
In its present configuration the effective angular range extends from
1.2 to 13.6 corresponding to scattering vectors between>2.80*
and 3.1x 103 nm for the He-Ne wavelength, 632.8 nm. This
angular range allows the examination of particle radii within the range
of 300 nm and &um. The instrument, with dimensions 60 crm60
cm, is mounted on an optical table (Newport) and covered with a light-
tight box. Samples are injected to squared fluorescence cells placed

volume scaling on time is replaced by the respective mass ori a thermostated holder, and temperature is stabilized to within 0.01
size Scaling deduced from time-resolved experiments. In suchk by a Lauda RC6 thermostating unit. Sample path lengths may vary
a case the mass-weighted crystallite mass at timeaken to between 1 and 10 mm, depending on probe turbidity and multiple

be proportional to the zero-angle extrapolated scattered intensityscattering. Devices similar to ours have been described also by other

15(0t)

(11) Avrami, M.J. Chem Phys 1939 7, 1103.
(12) Avrami, M.J. Chem Phys 194Q 8, 212.
(13) Avrami, M.J. Chem Phys 1941, 9, 177.

investigators*1” employing either CCD devices or reticons that enable
detection of scattered light at small angles.

(14) Rouw, P. R.; Woutersen, A. T. J. M.; Ackerson, B. J.; de Kruif, C.
G. Physica A1989 156, 876.
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50 T T Table 1. Comparison of the Mean Hydrodynamic Rad, of
Aqueous Suspensions of Latex-Unispheres (nm) Determined by

Small-Angle SLS and DLS
Riom  Ri(DLS)  Rq(SLS) Ruwm  Ri(DLS) R (SLS)

4.62x10°

25

231519 273 294+ 1(F 30645 1478 1397+ 140F 14424 51°
BN 3244 3% 1338+ 111°
2 . (a) 1-}6X 10’ ‘ ‘ 477 471+ 28 488+ 10° 3047 nd 29024+ 60°d
;?“: : 6 ‘ : . : T ] 5174+ 75°
100 8810 7 Lioxiot | oo 2 Sizes deduced from a fourth-order semilogarithmic expansion of
g;z* ig, the autocorrelation functiort.Sizes deduced from CONTRP analy-
wex 50 ses. The quoted uncertainties denote the mean of 20 independent de-

terminations® The quoted sizes represent values from four different
concentrations extrapolated to infinite dilution. The uncertainties are

= 10 deduced as the mean of 10 independent bitmaps averaged over 200
5 ms each. In the respective DLS experiments only the most dilute Latex
0.5 15 25 35 45 05 15 2.5 35 45 solutions have been employed instehdd@hese particles exhibit pro-
2 a2 x 108 nounced polydispersity (304# 950 nm) according to the manufacturer.

Data recorded at larger angles indicate particles with mean radii between
Figure 1. (a) Aqueous suspensions of Latex-Unispheres examined with 400 and 500 nm® nd = not determined since the size of the particles
the small-angle SLS apparatus. Nominal radii are (a) 274, (b) 477, (c) exceeds the capabilities of the DLS technique.

1478, and (d) 3047 nm. The numbers of particles per milliliter are ] N ] )

indicated for each curve. Scattering intensities are plotted according ~ Scattered intensities are computed after circular averaging of the
to eq 12, and the quoted mean particle sizes are deduced fromcorresponding bitmaps, amda) is plotted in a semilogarithmic fashion
extrapolation to infinite dilution (Table 1). vs ¢ (Guinier type of plot)®

The scattered intensity is received by the CCD chip as a circular 1(q) = 140) exp[1— qug2/3] (12)
spot and stored temporarily as a bitmap. The acquisition of each bitmap
requires less than 200 ms, and bitmaps were recorded with a frequencyThe intercepts from linear least-squares fits of the dat@), can be
of 30 s each. After circular pixel averaging, the median values are gbtained with adequate precision. The respective slopes can be directly
stored sequentially as a function of the distance from the origin. The associated with the radius of gyration of the particRsby linearizing
determination of the origin is made in advance with the cursor function eq 12. A comparison between the nominal radii values of the Latex
using the maximum intensity of the naked laser beam for centering. particles as determined by DLS and small-angle SLS is given in Table
The scattering vector calibration is accomplished by Fraunhofer 1.
diffraction through pinholes with known diameter, depending on the  The agreement between the nominal sizes quoted by the manufacturer
desired angular range. In the present work we used pinholesiwith  and the ones determined through DLS and the small-angle SLS
= 30 um, with the intensity minima of the diffraction pattern defined  apparatus is satisfactory. We can thus conclude that our apparatus can
by sin@) = 1.22 ¢/D). The distance of each pixel from the originis  capture particle sizes with good enough speed and precision to follow
computed as a function of the scattering vector. Due to the low dynamic the kinetics of nonstationary processes.
range of the CCD chip a bank of filters, with known transmission, is Light Microscopy. Time-resolved images of 50 mg/mL aqueous
placed after the beam expander to avoid saturation of the CCD chip, DIMEB solutions were recorded with an Axiovert 100 inverted
and gray scale renormalization is accomplished under software control. microscope (Zeiss, Germany). Experiments were conducted in ther-
The drivers for the overlay card and bitmap acquisition have been mostated quartz slide cells, with a path length of 1 mm, and a CCD
developed by Cheops. Their binding to pixel averaging, data formatting camera was used for acquiring the images at preselected time intervals.
and storage, automated nonlinear evaluation routines for a Silicon video image processing was done by using commercially available
Graphics workstation, etc. were performed by us. software from Silicon Graphics. This procedure allows time-resolved

Dilute aqueous suspensions of large Latex-Unispheres (Serva,opservations of the overall change of needle-like DIMEB crystals.
Heidelberg) particles with nominal radii 273, 477, 1478, and 3047 nm

were employed for the calibration, and correction of the CCD chip Results and Discussion

delivered values of the scattered intensities. The mean radii of those . L .
particles have been also determined by dynamic light scattering (DLS) £-CD and DIMEB nucleation kinetics have been monitored
following procedures described previou8lyThe conditions for Ray-  With small-angle SLS in a series of experiments ab@+€D)

leigh—Debye scattering ate and below (DIMEB) the nucleation temperatufig, In these
experiments the concentration of the solute was varied between
Im—1 <1 9) 25 and 80 mg/mL. In this range both cyclodextrins crystallize
@rlA)Rm— 1] <1 (10) easily within a few hours. However, it has to be noted that for
obtaining3-CD crystals one starts cooling slowly from 343 K
I(q) = |m— 1 (3n/(qP0)2)J3,22 (12) to room temperature whereas for DIMEB the reverse procedure

is followed. These effects have been experimentally verified
wherem s the ratio of refractive indices of the solute and solvent and by DLS and SLS; they will be given in detail in a forthcoming
Js2 is a Bessel function of fractional order. Latex particles have an paper. We face, therefore, the very interesting problem of a
index of refractionn. ~ 1.58, and that for water at 293.2 Ky = complete reversion of the aggregation and concomitant crystal-
1.334. Particle sizing of very dilute aqueous Latex suspensions |ization kinetics for each CD form, due to the introduction of
delivered values that are fairly close to the ones suggested by theihe methyl groups.
manufacturer (Figure 1). In such comparisons deviations from the In this work we have analyzed the SLS data and deduced
nominal values arise from sample polydispersity, interactions between w0 o isica| crystallization exponents according to the Avrami
particles, turbidity corrections, and multiple scattering. .

theory of nucleation. IRy(t) andm(t) are known from the SLS

(15) Carpineti, M.; Ferri, F.; Giglio, M.; Paganini, E.; Perini, Bhys experiment, eq 7 can be recast in a convenient form that allows
Rev. A 199Q 42 (12), 7347.

(16) Schigzel, K.; Ackerson, B. JPhys Rev. Lett 1992 68 (3), 33. (19) Glatter, O. InNeutron, X-Ray and Light Scatteringindner, P.,

(17) Schigzel, K.; Ackerson, B. JPhys Rev. E 1993 48 (5), 3766. Zemb, Th., Eds.; North-Holland: Amsterdam, 1991.

(18) Kerker, M.The Scattering of LightAcademic Press: New York, (20) Provencher, S. WComput Phys Commun 1982 27, 213.

1969. (21) Provencher, S. WComput Comput Phys Commun1982 27, 229.
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Figure 2. (a) Nuclei formation in aqueou8-CD solutions rapidly
cooled from 343.2 to 308 K with concentrations of 25 and 30 mg/mL
plotted according to eq 7. (b) Nuclei formation in aqueous DIMEB
solutions rapidly heated from 293.2 to 343.2 K with concentrations of
50 and 70 mg/mL plotted according to eq 7. Note the biphasic character

of the plots. I ]
determination of the Avrami exponenf and the respective e ? $ ?
Avrami rate constaria from the recorded scattered intensities. E T

In Figure 2 we display double logarithmic plots of scattered B0ed ok, (fast) |
intensities of records corresponding to temperature-quenched " K, (slow)
B-CD and DIMEB. Scattered intensities for times less than 3:0e-4 T

about 5 min are subject to large errors, and therefore, these -

regions have been deliberately neglected. We have also S
neglected small initial changes of the scattered intensity at times =
that have been attributed to thermal equilibration of the samples. fs’

Such changes are manifested through the sensitive dependence ot

of refractive index on temperature. The data have been ol S 1
transformed according to eq 7, using as observable the zero- 20 30 40 50 60 70 80 90
angle extrapolated scattered intensiy0). CpiMep [mg/mi]

We have analyzed a large set of datg8e@D with the simple Figure 4. (a) Avrami exponentspa, (b) Avrami rate constantska,
linear model and plotted the results as a function of the initial and (c) time of appearance of the slow process plotted as a function of
B-CD and DIMEB concentration to obtain both the nucleation DIMEB concentration using weighted r?onl?near fits. The depe_nde_nce
exponent and rate constant at the infinite dilution limit. The ©f the exponent on DIMEB concentration is to a good approximation
plots of 4-CD appear linear throughout, Figure 2a. In the linear. The trend of the Avraml_rates and (_)fthe tlm(? qf appearance of

. . the slow process can be described as a simple logistic function of the
concentration range between 20 and 80 mg_/mL we obtained; .-\ DIMEB concentration.
values fornp that range between 4 and 1 (Figure 3a). They
exhibit an exponential concentration dependence and could bean induction timé® This transition time increases almost
fit with the function linearly with concentration in the range between 40 and 60 mg/

mL and remains constant around 131072 s for higher
nA(c) = (5.68:]: 0.09)9Xp[—(0.023ﬂ: 0.00Z)X C] (13) concentrations.
Pronounced differences are evident upon comparison of the

In their majority the data exhibit a close tbto t* dependence  native 3-CD with DIMEB. In Figure 2b are depicted typical
on time, according to eq 7. The intercept in Figure 3a indicates double logarithmic plots according to eq 7. Deviations from
that in the infinite dilution limitny = 5.68. This value is well simple linear behavior were found in all SLS records collected
above 4.00 which is taken as the upper limit for the crystal- with DIMEB. We interpret this biphasic behavior by invoking
lization exponerf—12 of spherical crystallites. The reasons for the presence of a fast and a slow process. The fast process is
such discrepancies are discussed below. The Avrami ratecharacterized by Avrami exponents in the range between 3.24
constantka, exhibits a nearly sigmoidal behavior (Figure 3b). and 2.87 for the concentrations of 50 and 70 mg/mL and
The transition time, Figure 4c, between the two processesindicates the growth of spherical nuclei. After the transition
depends on the initial concentration as would be expected for time the shape of the nuclei changes as shown by the respective
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Figure 5. Light microscopy video records of (lef§-CD crystals at 293.2 K and (right) DIMEB crystals at 338.2 K upon completion of the SLS
experiment with initial concentration, in both cases, 50 mg/mL. The needle-shaped DIMEB crystals that appear after 11 min have been further
employed for extracting approximate macroscopic growth rates (see Figure 6).

Avrami exponents around 1.1 which could typify rodlike nuclei, lization exponents of botfi-CD and DIMEB could be derived
Figure 4b. The latter was observed in the majority of the with adequate precision.
experiments (see discussion below). The various problems faced in our previous work®a D8

We have extracted the Avrami exponents and rate constantsare even more pronounced in the study of DIMEB due to the
by examining the linear regions of each data segment. Both smaller angular range covered by the small-angle SLS apparatus.
exponents exhibit, within experimental error, a linear depen- A major problem is the exact control of the size of the primary
dence on DIMEB concentration (Figure 4a); the data do not seed particles. Using dynamic light scattering, we have
allow for more complex dependencies: determined for both CDs mean cluster radii that range between

100 and 200 nmi.e., the initial particle size distribution is not
{MA(0)} fast = (6.07+ 0.35)— (0.033+ 0.006) x ¢ (14) well defined. Further, due to the heterogeneous nature of the
nucleation, uncontrolled growth of microcrystals on the walls
{NA(©)} siow = (2.60+ 0.46)— (0.022+ 0.008)x ¢ of scattering cells disturb t%e bitmaps or evez render experiments
impossible.

Problems are also associated with the determination of the
rAvrami exponents. Usually, one finds for the Avrami exponent
na values that lie between 1 and 6, more often between 3 and
4. Some of the causes for the deviations of the experimental
results from the theoretically expected values can be sum-
marized: (i)v() is not exactly definable, and it is frequently
- unclear whether the crystallization is already finished or still
the concentration range below 45 mg/mL DIMEB and then proceeds. (ii) Secondary crystallization may take place; the

remain constant. e .
. . crystallinity of the solid phase already formed may then strongly
The observed concen.tratlon dependence (.)f Fhe Avraml increase. (iii) Heterogeneous impurities may cause additional
exponent could help to interpret several ambiguities in the

variation of exponents observed in the contemporary literature nucleation that cannot be controlled. (iv) Regions of the solution
Eurther. the tr?eor of nucleati®# predicts ext[:eme)I/ large "that are unable to crystallize reduce the total crystal growth

’ y . P y ‘arg velocity; the predictions of the Avrami theory are in practice
changes of the nucleation rates for small changes of the

concentration. However, such a behavior is not observed with only partially fulfilled. The real causes for the numerous
: ’ . - . deviations are to a large extent unknown.
CDs, and only moderate nucleation barriers are expected. This

has been verified experimentally in our previous vwodn Thhe growth of g.'ciDd l():rytshtalsl foII.ovvls alra'f[her t;ggge
agueous solutions of-CD where we have shown that the mechanism as predicted by he classical nuc'eation

energetic barrier is rather low due to the heterogeneousand results in compact macrocrystals as depicted in Figure 5a.
crystallization. The growth of DIMEB crystals is by far more complex. It

involves an initial formation step with an Avrami exponent
Conclusions characteristic of spherical particles. After a certain, concentra-
tion dependent induction timégq, DIMEB crystals grow into

In their majority the data for the fast process indicaté i t®
dependence on time, whereas those of the slow process suppo
atl to t2 growth. At the infinite dilution limit we obtaineda;

= 6.07 for the fast process ang, = 2.60 for the slow process.
The apparent crystallization ratdg; andkaz, remain constant
above 45 mg/mL. Finally we note that the slow process is
initiated at timegtjng that show a nearly linear dependence in

We have shown that simple and inexpensive small-angle SLS
equipment can be employed for time-resolved studies of (22) Russel, W. BPhase Transitiond99Q 21, 127.

; i isati (23) Wagner, CZ. Elektrochem 1961, 65 (7/8), 581.
aggregation and especially crystallization processes. The study (24) Gunton, J. D.: San Miguel, M : Sahni, P. S.Fhase Transitions

of simple systems, where crystal formation is induced by ang Critical PhenomenaDomb, C. Lebowitz, J. L., Eds.; Academic
temperature changes, is promising, and the characteristic crystalPress: New York, 1988; Vol. 8, p 267.
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Figure 6. Typical growth of length. and diameted of a single needle-
like DIMEB crystal at 338.2 K. Note that the exponents characterizing
axial and radial growth reverse after 200 s and that the sizes attained
during axial growth are nearly an order of magnitude larger than those
of radial growth.
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One can determine the macroscopic rate constant for the
growth of such needle-shaped crystals using the microphoto-
graphic observations. We can then deduce the approximate axial
growth rate for the DIMEB crystals assuming that radial growth
of crystals is much slower than axial growth. For DIMEB at
341 K this rate ixa. (6.74 1.2) x 10° DIMEB monomers per
s andum? and, as expected, slightly lower, (50.8) x 1C?
DIMEB monomers per s angm?, at 338 K. It should be
mentioned that reduced rates obtained from the scaling of the
submicrometer clusters radii on time, eq 2, as determined by
SLS, are 4 orders of magnitude lower than these figures.

In summary we have shown that small-angle SLS is a useful
method for rapidly extracting meaningful information on
heterogeneously crystallizing systems. In first-order phase
transitions the coupling among density, energy, and the crystal
order parameter is very complex and has been investigated only
for very simple homogeneously nucleating systéris. Al-
though the nucleation of CDs is not homogeneous, the attained
agreement with current phenomenological approaches, which

elongated rods as indicated by a change in the Avrami exponentare valid for hard uncharged spheres, is satisfactory and can be

and as shown by microphotography, Figure 5b.

The DIMEB crystals appear suddenly in solution when the
temperature approaches 335 K and grow very fast to macro-
scopic dimensions, above 1 mm. Crystallization ceases within
a few minutes, but within macroscopic time scales is fully
reversible. This effect contrasts the behavior of DIMEB in

employed as a first platform. The complete reversion of the
aggregation behavior of DIMEB in comparison with native

B-CD is a noteworthy effect that signifies the character of the
interactions between CD molecules. The development of an
adequate theoretical description to explain this effect will be
necessary. Further experimental work for elucidation of the

temperature gradients where a very pronounced hysteresis;rystallization dynamics of CDs is underway in our laboratory.
between heating and cooling cycles is observed by small-angle

SLS (own unpublished observation).

Video image analysis of selected crystals indicates a power
law growth of the diameter and length of DIMEB crystals. A
typical plot of these results with the exact exponents is displayed
in Figure 6. Length and diameter growth follows power laws
such ad ~ t*1andd ~ t%33that reverse at later stagesliov
935 andd ~ t*L From the overall trend it seems that radial
and axial accumulation of DIMEB onto the crystal are two
competing processes.
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