PHYSICAL REVIEW B, VOLUME 64, 045410

Early stages of glacial clustering in supercooled triphenyl phosphite
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Glacial phase clustering and growth in triphenyl phosphite is observed in the temperature interval of 210 K
to 214 K by small angle neutron scattering performed at the NIST Center for Neutron Research. Presented are
the radius, volume fraction, and polydispersity of clusters of glacial phase surrounded by a supercooled liquid.
The data can be interpreted in a four-step modell ptluster formation(Il) rapid nucleation(lll) agglom-
eration, and finally1V) saturation. Two schemes of cluster growth can be identified. The first one is a region
of radius stagnatiofll), which is followed by a region of volume stagnatidii ). Competition between the
increase in cluster size and the increase in the number of clusters is deduced from this behavior.
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[. INTRODUCTION tion lengths of 1000 nm afted h at 215 Kwere recorded. An
interpretation of an x-ray studyof TPP suggested correla-

Clusters have become increasingly popular subjects foion lengths of 30 A in the temperature regime of
investigation, partly because of their novel status of bein®10 K to 216 K. Oguni and co-workér& introduced
intermediate between molecular and bulk systems and partly model for intracluster rearrangement for #agorocess in
because of their interesting growth properties. Notably, insupercooled liquids and applied it to the glacial phase of
the research areas of supercooled liquids attention has be@PP. Two processes are proposed to compete with each
focused on models to describe the process of cluster for- other: the rearrangement motion of a few molecules within a
mation but only a few experimerithave been performed to cjuster and the process to change cluster size. The finite size
distinguish between different models. This work, a smallof clusters is explained in many different ways, one of which
angle neutron scatteringANS) study of supercooled triph- s py frustration, the inability to extend the locally preferred
enyl phosphitg P(OGHs)s, abbreviated as THPgives in-  structure through spaéeDthers! speculate on a competition
sight into the early stages of cluster formation. between volume and area forces.

The existence in TPP of a glacial state that is distinct from  This work focuses on cluster growth in supercooled TPP
the glass originally caused the proposal that TPP belongs t@ the temperature range of 210 K to 214 K. SANS data are
the class of polyamorphous materidlse., the existence of shown and interpreted using modeling. Cluster growth can
two or more amorphous states in a glass-forming materiabe envisioned in four staged) cluster formation(Il) rapid
However, further investigation has shown that the glaciahycleation,(Ill) agglomeration, and finallylV) saturation.
phase of TPP is not truly amorphous but rather is characteiyost remarkable behaviors are found during the rapid nucle-

ized by nanocrystallized domaifis. Kivelson and  ation and agglomeration periods and will be discussed in
co-worker§ have speculated that this glacial state could bejetail in the Results section.

the experimental realization of a defect-ordered crystal as

predicted by the frustration-limited domain thedand char-

a_cterlzed by an unusuall_y large unit c_eII. Such a physical || ExPERIMENTAL METHODS AND SANS DATA

picture could also explain the giant Fischer clustenb- REDUCTION

served in other supercooled liquitisThis second phase,

commonly called a glacial phase, is distinct from and denser TPP and perdeuterated TPP samples were prepared by

than both the ordinary supercooled liquid and the glass andeacting either phenol atg-phenol(Aldrich Chemical with

displays many unusual propertie¥ During the glaciation phosphorous trichloridg¢Alfa Aesa) under an inert atmo-

process the sample first gets cloudy, then turns nearlgphere at room temperature for 1 h. Vacuum distillation was

opaque, and eventually clears up again. Evidence from lightsed to purify the product. The purity of TPP samples was

scattering exists for the presence of clusters of remarkabldetermined by*H and 3P NMR to be 99 %. A TA Instru-

size, several hundred nanometers, in the early stages of tleents 2920 differential scanning calorimetry was used to

transition from the supercooled liquid to the glacial phasemeasure the glass transition temperaturg) (of pure TPP.

Those clusters are believed to be “pieces” of the glacialThe glass transition temperature was determined to be

phase. 200 K+=2 K using a scanning rate of 20 K/min. Further-
Theory by Fischer and co-workéren frustation-limited more, the glacial phase and melting point transitions were

clusters was applied to TP@Ref. 6 in which intensities of observed when following the DSC scanning schedule out-

light scattering experiments are ascribed to frustrated supelined by Kivelson and co-workefs.

clusters, agglomerates of smaller primary clusters. Correla- TPP was filled inb a 5 mmpath length SANS cell in a
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to low scattering intensities. These large uncertainties only
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1 affect stage 1 of cluster formation.
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The measured differential scattering cross section per unit
volume, 1(q), as a function of momentum transfeq,[q
=(4=/\)sin(6/2)], where# is the scattering angle andis
the neutron wavelength, is proportional to the density of the
particles,N, the intraparticle structure factol,(q), and the
interparticle structure facto§(q):
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For dilute systems, where the interparticle interaction is neg-

ligible, S(q) approaches unity and the intraparticle structure
FIG. 1. The temperature profile of the two SANS runs are dis-factor is the only one influencing the scattering cross section.

played versus time where time zero equals the coldest sample tert? this case, the Guinier approximation for smalranges

perature in the glass state. Each circle represents one measuremdiitmaRy<<1) can be applied. Information on the radius of

gyration of the scattering particleRy, can be determined

glove box of approximately 5 ppm oxygen and moisture confrom the slope of Ifi(g)] vs q? according to

tent. The cell was then placed into an aluminum sample con- -

tainer, which was sealed with an indium o-ring and leak 1(q)=1(0)e 9R3 2)

checked. Special quench procedures were undertaken to ac: o2 5 :
comodate a sufficient quench rate as well as keeping th\gherel(O)—NV (Ap)* is the coherent scattering at zero

sample container clean of moisture condensation. Thgngle,Ns the number of particles per unit volumé;s the

sample temperature was monitored with a calibrated diode\{OI.ume of the partllclle, andp is thg difference in the scal-
gring length densities of the particle and the solvent. For

A separate experiment showed that the temperature at ! . : ) . )
bottom of the sample can was within 0.1 K of the tempera-SPherical particles® = y3/5R with R being the radius of the

ture where the thermometer was mounted during the actu@Pn€re. In the case of TPP, the Guinier approximation was
experiment. applicable only for the first few measurements at 210 K to

Small angle neutron scattering experiments were erg_12.}§. Thergafter, scattering intgn_sities were found to drop
formed on tke 8 m SANS spectrometer at the Center forS|gn|f|captIy in t_he lowe range pointing to the fact of strong
Neutron Research at the National Institue of Standards an¥P!Ume interactiongsee Fig. 2 ,
Technology(NIST). The detector is a 6464 cn? position- Scattermg data were f|tted_usmg two models: _the first of
sensitive proportionality counter with a spatial resolution ofPelydisperse hard spheres using the Percus-Yevick cltsure
10 mm. All measurements were taken with a wavelength of"d the second of monodisperse fractal clusterat the
5 A with a wavelength resolution \/\ =0.25. The wave- &'y stages of growth, each model fitted the data equally
length spread, the collimation optics, and the detector resd’-‘{e”’ yielding nequy |dent|qal radii. The fitted fract.al d'mef"
lution contribute to the overall instrumental smearing, but do>ion Was not statistically different from four, consistent with
not have a significant effect on the observed scattering fronicaltéring from a nonfractal object. Further, the fractal model
TPP. Half-hour SANS spectra were continuously accumu!Vas incapable of modeling the emerging peak in the scatter-
lated. ing spectra at later stages _of growth. For. these reasons all of

Two SANS runs were performed with similar temperaturethe data are modeled using the ponQ|sperse har_d .sphere
profiles in the range of 210 K to 214 K, the Iow-temperaturemOdel’ detailed below, providing a continuous description of
end of the glacial phasesee Fig. 1 After the first run, the 2l Stages of cluster growth. -
sample was heated to 300 K. During this warming process, 1€ Scattering intensity from a system containing a con-
SANS intensities were monitored carefully to ensure that thdinuous distribution of particles with diametess and scat-
sample was fully transformed to its original liquid state be-t€iNg amplituder;(q) is given by
fore the second run started. "

A background spectrum of the glass state at 170 K was |(q):NJ Fiz(q)f(o'i)do'i
subtracted from the SANS data to correct for instrumental 0
background and transmission effects. To obtain the one- o o
dimensional scattering function,(Q), circular averages +Nj J Fi(aFj(a@)H;(a)f(o)f(ojdada;,
were calculated after reducing the data with a sensitivity and 0Jo
mask file. The intensities could not be converted to absolute (3)
values since no standard sample was measured and spectra
shown in this work are therefore on an arbitrary intensitywhereq is the wave vector;;(q) is the pair structure ten-
scale. It should be noted that uncertainties in the reducedor, andf(o;) and f(oj) are the distribution functions of
data in the early stages of cluster formation are large owingarticlesi and j, respectively. The volume fractionp, is
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210 K were found in the literature. The densities used here
are based on information given by Ref. 10 on density mea-
surements of the supercooled liquid down to 245 K and Ref.
11 on observed shifts in x-ray scattering peaks of the crystal
and glacial phase. Estimates at 210 K were calculated to
1.258 g/cmi (supercooled liquig 1.306 g/cm (crysta),
and 1.281 g/crh (glacial phasg It should be noted that
these density estimates disagree with the speculation by Kiv-
elson and co-workers that the glacial phase is denser than the
crystal(Ref. 6, p. 852% The scattering length density of the
supercooled liquid is 5.6410 ¢ A~2 and of the glacial
phase is 5.7810 ¢ A~2. A contrast between the super-
cooled liquid and the glacial phase can be calculated
to 1.1x10 7 A~2. For modeling the TPP SANS data, all
of the data sets were fitted using a single value
(=7x10"% A~2) for the product of théunknown scaling
factor times the calculated contrast, implying that the densi-
ties of the supercooled liquid and the glacial phase were
constant over a 24 hour time period. Of the five fitting pa-
rameters of the polydisperse hard sphere model, the radius,
volume fraction, background, polydispersity, and contrast,
the last two were held fixed. Each data set was fitted with a
variety of polydispersitiedduring each of those fits, the
polydispersity was held fixgdrom which the one with the
best y? was selected. Holding contrast and polydispersity
FIG. 2. Examples of SANS data taken at different times andﬁxed’ the pqudisperse hard sphere model_ extracts radius,
their fits are shown for TPP at 210 K to 214 K. The data fits WereV,Olume fraction, and packground frF’m the fit. Examples of
created using the polydisperse hard sphere model using the followi!S t0 the data are displayed in Fig. 2. The peak around
ing fixed parameters: (contrast]scale factor-7x10¢ A-2 0.1 A~ appears to be an artifact of the detector, and is not
and polydispersity= 0.6 (7 h, 9 h, 11.5 h, 12.5)n0.3(15 h, 0.05  considered in the analysis.
(18 h, 20 h, and 23)h

intensity (arbitrary units)

qA™h

. . . . IV. RESULTS AND DISCUSSION
equal toNV,,4. This model includes hard sphere interactions

between particles and uses a Schulz distribution to describe Figure 3 represents a summary of volume fraction, radius,
the polydispersity of the radius. For a Schulz distribution, thepolydispersity, and temperature data obtained from the poly-

probability density function is given by disperse hard sphere fit. Raw data curves of the two runs
highlighting the different cluster growth stages are displayed
¢ leolb in Fig. 4. Accordingly, glacial cluster growth and agglomera-
f(o)= " bT(c) 4 tion can be categorized into four steis: cluster formation,

_ (I rapid nucleation(lll ) agglomeration, andV) saturation.
whereb andc are given byb=oeaf/(2+1) andc=z+1,  The interpretation of these individual processes can be visu-

with z being the Schulz width factor. The intensity of neu- alized by the schematic in Fig. 5 and will be discussed in
tron scattering is directly proportional to the square of thedetail in the following.

contrast, i.e., the square of the difference in scattering length
densities between the particles and the solvienthe case of )
TPP, between clusters of glacial phase and surrounding su- A. Cluster formation

percooled liquid Only a few small and very polydisperse clusters are ob-
served during the first 6 hours at 210 K and 211(d¢e
ppNa region | of Fig. 3. At the beginning only 3% of the sample
™ (5 contributes towards signal giving rise to large uncertainties.
The relative magnitude of this number should not be under-
with b; is the scattering length of atomn the total number estimated though. For 1/2 g of deuterated TPP, 3% is
of atoms in the moleculep, the bulk density, andVl the  equivalent to 2.&10* molecules participating in cluster
molar mass. For this work an intensity calibration run wasformation. Further information can be obtained by compar-
not performed; the acquired intensities are arbitrary andng the two runs. The time scale of the second run had to be
therefore a contrast cannot be extracted. Nevertheless, a coshifted backwards by 10 hours, i.e., the increase in cluster
trast for TPP was estimated to ensure that the features seeize and volume fraction and decrease in polydispersity dur-
with SANS are physically plausible. No experimental dataing the second run occurred 10 hours later than in the first
on densities in the glacial phase and supercooled liquid atn. (Succeeding referrals to times are based on the unshifted

n
contrast (p;—p,) With p;= >, by
i=1
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_ 04 | 3 account for a volume expansion of about 10%. Hence this

S ZﬁrSth“ﬂ must mean, keeping the high polydispersity of 9.6 A in

= 03L secondRunl — ming, that new clusters are forming while existing ones

% grow, keeping an average radius of 16 A.

& 02k SagRE

g C. Agglomeration

=

§ 0.1 T In region Ill of Fig. 3, the volume fraction stays at its
maximum, with an abrupt increase in radius and drop in

0.0

polydispersity. During this time period clusters may rear-
range, combine with close by clusters to double their size,
and reach their equilibrium, final state, on a time scale of 28
hours, maintaining a constant volume. To further support the
idea of agglomeration, the total number of clusters at a given
time N.(t) can be calculated from the volume fraction and
mean radius information of the SANS data. Assuming a
spherical TPP molecule of 10 A diameter, the problem of
calculating the number of TPP molecules that fit into a
sphere of 20 A or 60 A is not trivial. With the principle of

a closest packed structure, the number of TPP molecules per
cluster can be approximated to 5 and 153, respectively, and
the number of clusters can be readily calculat¥d(t) is
displayed in Fig. 6 and cannot be represented by any kind of
simple function such as an exponential. It rather shows a
maximum after 14 h, followed by a steep decredbss is the
agglomeration regionand a soft increase before reaching
saturation. The ability of clusters to rearrange themselves in
a fashion that allows the construction of just 60 A clusters is
quite a remarkable behavior. During this process the polydis-
persity drops from 9 A at a mean radius of 15 Ato 1.5 A
at a mean radius of 30 A.

a

radius (A)

temperature (K) polydispersity

D. Saturation
FIG. 3. Sample temperature, polydispersity, radius and volume

. . ) Clusters have large size distributions during the first 15
fraction of glacial clusters are shown versus time.

hours of their growth, however, after reaching 30 A to
35 A they stop growing and combine with a notably uni-
first run. The complete, unshifted temperature data ar@orm diameter. Not only is the agglomeration process termi-
shown in Fig. 1). This seemingly arbitrary time shift is sus- nated but also no evidence for the emergence of smaller clus-
pected to be due to uncontrollable influences on nucleatiogers is found since the volume fraction stays constant. The
events. However, once nucleation is activated in both runs3o A clusters are spatially separated by supercooled liquid.
the cluster growth is remarkably similar. The spatially separation of clusters can be deduced from the
The mean radius of glacial clusters stays around 10 A t@act that the peak at around 0.07 A(see Fig. 2, 18 h, 20 h,
14 A, retaining a high polydispersity. Polydispersity is on aand 23 h curvesdoes not shift. It should be pointed out that
0 to 1 scale and can be converted to variations in radius asmall temperature variations for the two runs in the range of
follows:* o= (polydispersity)< Ryean. FOr a mean radius of 210 K to 214 K do not influence the growth rate, the size, or
10 A (14 A) a polydispersity of 0.6 translates into a vari- the volume fraction of the glacial phase.
ance of 6 A (8.4 A). Information on cluster growth behav-  The observed final cluster size of 60 A of this work
ior cannot be retrieved in this early stage owing to the largeshould be compared to the coherence length of 30 A ob-
uncertainties induced by low volume fractions. served by Hedouet al!! Taking a closer look at the x-ray
data provided by this grould, the discrepancy might be on
account of several x-ray specific features and data collection
procedures. The time it takes to accumulate each x-ray pat-
A closer look at this intermediate stage reveals a radiusern was 5.6 h to 11.1 h, averaging over several SANS data
plateau in both runs in the time window of 10 hours to 14sets, each 0.5 h in length. It appears that the data were col-
hours. Noteworthy is that the constant mean radius (16 A)ected after a wait of up to 12 h, which would bring the
during this period is about half the radius of the final state ofcollection period to the third phase in the SANS data and a
30 A. Even more striking is the growth in volume. A radius mean radius of 16 A, a diameter of 32 A, and good agree-
increase from 14 A to 16 A from stagé) to (Il) cannot ment with x-ray data. No uncertainties were provided with

B. Rapid nucleation
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FIG. 4. Raw data curves of the two SANS
runs are displayed. Each growth stage is illus-
trated in a separate graph with data from the be-
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fom g e angle$ of the phase.
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the x-ray deduced approximate coherence lengths. A coren the length scales of A could be envisioned on a larger
stant final cluster size in the temperature interval of 210 K tdight scattering length scale by studying cluster growth at
216 K was observetf: Agreeably, the two SANS runs, hav- higher temperatures as Kivelson and co-workers did. There-
ing different temperature profiles in the range of 210 K tofore, the concept is in close relation to the theories by Kiv-
214 K, do not show any dependency of cluster size on temelson and co-workers on superclusters in the hundreds of
perature. Next to cluster sizes, SANS was able to provid@manometers being composed of primary clusters. The ques-
polydispersities of clusters and volume fractions. The sugtion of why clusters in a temperature range of 210 K to 214
gestion by Kivelson and co-workérsand Fischer and K stop growing at 60 A still needs to be addressed. The
co-worker$ that the number and size of clusters increasepresent work can only contribute in that the possibility of
with time can be partially confirmed. Glacial polydispersecessation in cluster growth is not dependent on clusters col-
clusters of 20 A diameter reach uniform 60 A clusters after

28 hours. However, the number of clusters decreases witl 107 E T . T T =

increasing time as clusters agglomerate. This observation o or . IV [e firstrun | 3

rearrangement of near by smaller clusters to form larger one: r : & second run 1

10°E 7 __

clusters = glacial phase <] E . 3

I. clus glacial p oL . § : ' E

N - P - =2 C ]

Rne, =A N S /‘.».\... . % L i

10£3 - o

% NN | - N, .’ft; S 10° =

[\ YNy b .‘.\\ 9> E 3

- ]

surrounding L g i

supercooled liquid III..'“' " = 1018 5|

Iv. — D ) ; 3

génearg A oy, - ':;ft\; ]

+0.5 P~ \ 1
- Wb .

\ : T 10 1 1 1 —

gy 15 20 25

time (h)
FIG. 5. A diagram of glacial cluster growth is shown at different
stages. Clusters detected by SANS are pieces of the glacial phase FIG. 6. The total number of clusters at any given point of time
surrounded by supercooled liquid. Different stages of clusteiis illustrated. On account of large error bars, points Weoh are
growths are pointed out. not presented.
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liding into each other, which can be ruled out by the spatialeading to very uniform 60 A clusters, which is the end of
separation of 60 A clusters. The speculation by Hedouxany detectable activity in TPP.

et al. of competition between volume and area forces seems
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