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Abstract: The structural properties of a second, apparently amorphous phase (all) of the molecular glass
former triphenyl phosphite were studied by means of multidimensional solid-state NMR spectroscopy and
X-ray diffraction. Phase all was prepared by annealing the supercooled liquid in the temperature range
210 K < T, < 230 K. In addition to 1D *H and 3P spectra and spin—lattice relaxation data, we used 3'P
radio-frequency-driven spin-diffusion exchange spectroscopy to analyze the arrangement of neighboring
TPP molecules on both a local and intermediate scale. For the first time, our results give a detailed
microscopic description of phase all. For T, > 223 K a nano- or microcrystalline material is formed, whereas
for T, < 223 K phase all is homogeneous and disordered. Our data strongly suggest that some of the TPP
molecules in phase all tend toward a parallel alignment. The regions, where the molecules preferentially
align appear to be spatially separated and consist of only a few molecules. Whereas the mean cubic
expansion of an individual region does not change within the experimental error, the percentage of correlated
molecules increases with rising T,. Based on our results, phase all can consistently be described as a
second liquid, where a part of the molecules exhibit structural correlations. The transformation of the
supercooled liquid into phase all is therefore considered as a liquid—liquid phase transition.

1. Introduction city,3spin—lattice relaxatior31%or heat capacity and enthaly 1

Triphenyl phosphite (TPP), which forms a molecular glass, of phase all differ significantly from both the supercooled liquid

has recently attracted much attention because of its unusualancI the ordina_lry crystal. For thes_e reasons, phase all seems to
phase behavidr-® On cooling the ordinary fluid faster than 6 be a second dlsordered state, which is stable compared to phase
K/min, TPP first forms a supercooled liquid (phase al) below al but mgtastable with respect to the crystal. .

the melting temperatury, ~ 290 K and then turns into a glass The existence of the phases al and all makes TPP a candidate
atT, = 205 K. If phase al is annealed in the temperature range for the phenomenon “polyamorphisr®. Polyamorphism de-

210K < Ta < 230 K, a new phase (all) develops, which appears notes the existence of at least two liquid or amorphous phases

to be amorphous based on X-ray powder diffraction studigs. separated by first-order resembling phase transitions in an

Several groups have reported that the physical and rheologicallSCtropic one-congonent systéifi This idei‘_i; supported by
properties, such as dens#y;12 shear modulug,sound velo-  theoretic modef§20 and by MD simulationd!~2 In both cases

different condensed disordered phases are frequently found. The
definition however excludes transitions
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which are accompanied by a change of symmetry, such assummarized in the following discussion. It is interesting to note
transformations between crystalline polymorphs or liquids and that until now this matter has been the cause of a lively debate
liquid crystals. Polyamorphic phase behavior is rarely observed where no consensus has been reached so far. Furthermore, it
experimentally for two main reasons. First, a large pressure andshould be stressed that it is not only the structural arrangement
temperature range has to be covered, which still requires of the TPP molecules in phase all that is a controversial topic
challenging experiments. Second, since such transitions arebut also its homogeneity.
expected to occur in a pT-region where most liquids are  On the basis of X-ray;!* synchrotront! neutron®4* and
metastable, polyamorphism may often be masked by crystal- Ramari>45-47 scattering experiments, Decamps,ddax, and
lization. Up to now only a few examples have been reported, co-workers proposed that phase all is a mixture of the
including compounds which form three-dimensional networks supercooled liquid and nanocrystals with the structural properties
such as HO 26729 Sj0,,23:3031Ge(,,32 silicon 33 and carbor?? of the ordinary crystai®“8The fraction of nontransformed liquid
as well as compounds which have the tendency to exist in strongly depends on the aging temperatliseBelow 224 K,
different polymeric structures, such as phosph¥ni8 or where nucleation is much faster than crystal growth, the
sulfur3” However, TPP is unique, since the strongest packing crystallization process stops when the liquid is saturated with
forces are van der Waals interacticfis. seed crystal$.Phase all appears as a stable phase at constant
For most of these examples the nature of the polyamorphic temperature, although it would consist of small nanocrystals
phases is unclear. This is probably generally due to the problema@nd nontransformed phase al. Above 224 K, the rates of
of structure determination in disordered materials. In contrast Nucleation and crystal growth are of the same order and the
to crystalline systems, where even large and complicated fransformation process can p.ro.ceed to completion resultlng in
structures can be solved in routine treatments by single-crystal@ homogeneous phase consisting of nano- and microcrystals,

diffraction, ab initio structure determination in amorphous
materials is much more complex due to the lack of periodicity
in such phase®. Although a large variety of spectroscopic
techniques such as IR/RaXANES*® or NMR*! as well as
wide and small angle scattering experiments with X4&Y,
neutron?® or synchrotrof radiation, may be used to obtain
structural details in amorphous materials, the information
obtained either is limited to a local scale£10 A) or gives
insight into order phenomena on a mesoscopic scate1l00

A).? In contrast, only very few techniques can investigate the
intermediate range. Obtaining insight into this range is often
crucial for the characterization of specific building blocks, as
well as for the analysis of simultaneous and cooperative ordering
phenomena like phase transitions, self-organization, or nucle-
ation3294243Therefore it is often not possible to form a unique
picture of structural properties in disordered phases, which
results in a variety of structure models explaining the experi-

mental data. The different phases of TPP have been actively

investigated by several groups which has resulted in a large
variety of different structure models being proposed. These are
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respectively.

The results of Oguni et & and Tanka et al.as well as
Rossler, Senker, and co-work&fsl4favor the picture of phase
all as a homogeneous liquid. The TPP molecules in phase all
exhibit pronounced reorientation dynamics at elevated temper-
atures, as was shown using dielectric spectrostdfpnd3P
stimulated echo experimeritsAlthough the loss of correlation
in phase all takes place on a longer time scale compared with
the one in the supercooled liguitit®the molecular reorientation
processes are comparable. Measurements of the density fluctua-
tions during transformation of phase al into phase all with
optical microscopyrevealed a time dependent behavior char-
acteristic for a spinodal decomposition abo\g ~ 216 K as
it is typical for an underlying liquietliquid transition! After
long annealing times the density fluctuations vanish and no
phase boundaries can be observed. This indicates that phase
all is homogeneous, which is in contrast to the findings of
Decamps and Hioux.

Finally, Johari and Ferrari suggested that phase all might be
a liquid or plastic crystalline stafé.The possibility of a plastic
crystal was also proposed by Kivelson et'iwho interpreted
both the occurrence of a fluidlike resonance in thksolid-
state NMR spectra and the increase of the specificthdating
the heating of phase all to a temperature between 228 and 231
K as the premelting of phase all. Since only ordered systems
such as crystals or plastic crystals melt, phase all should
therefore exhibit some crystal-like order. Considering the
molecular dynamics of the TPP moleculéKivelson et al.
assumed that phase all might be a plastic cry8telowever,
to explain the absence of Bragg scattering the crystallite size
has to be smaller thar10 nm. Tarjus, Alba-Simionesco, and
Kivelsor?2 follow a similar approach, whereby they describe
phase all as being a highly defect-ordered crystal as would be
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expected from their theory of frustration limited domalfs.  all.8*%4Therefore, purification of our samples was not necessary. The
According to their analysis of the low-Q region of the powder samples were mounted in a commercial CP double resonance probe
neutron diffraction dat4 the lattice parameters of this defect-  (Bruker) equipped wit a 5 mmsolenoid coil. The probe allows the
ordered state are roughly 80 A, and the crystallite size was sample temperatures to be adj_usted between 170 and 470 K using a
estimated to be 156200 A. Since the lattice parameters of the constant flow of cold, dry hitrogen. Heater. power and sample
ordinary crysta® (a = b = 37.887(1) R anct = 5.7567(2) A) temperature were controlled via a BVT 3000 unit (Bruker). The absolute

diff anif v f he ab . d val h temperature was calibrated using the chemical shift thermometer Pb-
iifer significantly from the above-mentioned value, the struc- (NO3),°" and is believed accurate withis2 K. The temperature stability

tural arrangement of the defect-ordered crystal should differ from g petter thant0.2 K.
that of the normal crystal. IH and 3P wide-line NMR experiments were carried out with a

The aim of the work presented here is to gain a deeper insightconventional DSX Avance impulse spectrometer (Bruker, Germany)
into structural properties of phase all, since, as being discussedperating with resonance frequencies of 500 and 202.5 MHz, respec-
above, even the combined use of several different techniquestively. For all 1D and 2D*P NMR experiments, broadband proton
could so far not provide a consistent picture. Taking a closer decoupling was applied using a TPPM sequence during the evolution
look at the models discussed above, this is probably caused byanq acquisition period$.The rf-field strength of théH channel was
a lack of reliable information regarding ordering phenomena adiusted to 80 kHz, and every 54 the pulse phase was switched
in an intermediate region. Recent developments in the field of ab.OL.Jti7'5°' Using continuous wave decoupling a similar decoupling

tructure determination using solid-state Nf#&-56-52 dem- efficiency could be reached. S '

struc 9 . We recorded 1D spectra for both nuclei, using a solid-echdHor
onstr_ate thgt modern sequences allow access to structural d_etallﬁnd a Hahn-echo pulse sequence¥@. In both cases the 9Qulse
on this crucial scale. We therefore chose radio-frequency-driven gngth was adjusted to values between 2.5 angi8.0The interpulse
(rf-driven) spin-diffusion exchange spectroscopy to investigate delay was set to 1@s for the solid-echo spectra and to 38 in the
both of the amorphous phases of TPP more closely. Rf-driven case of the Hahn-echo measurements. Slaitlice relaxation time
exchange spectra give information about both the orientation constantsT; were measured by applying a saturation block consisting
and distance correlations of neighboring molecules or building of ten 90 pulses separated by-% ms ahead of the echo sequences.
blocks independent of the degree of order of the saffpis3 To pr_event spectral distortion_s, we estimated the shortest recovery delay

By applying this technique to the crystalline phase of 3PP posssllble bgsed on the magr_utudeT@.f Furthermore, the magr_utl_Jde (_)f
we were recently able to obtain thef@d symmetry of the the 3P spin-lattice relaxation constant allowed us to dIS't.Ingl.JISh

- . between both amorphous phases and the crystalline modification of

molecular arrangement in the crystal and to determine the

dist betw iahbori | | 8.1 A This i TPP, as has been demonstrated in refs 9 and 14.
IStance between neighboring molecules as .1 A. ThiS ISVery — 1, investigate the local arrangement of the TPP molecules in both

close to the 8.09 A found by single-crystal X-ray diffracti®n. amorphous phases we used radio-frequency-driven spin-diffidsion
By applying this technique to both amorphous phases of TPP, exchange spectroscopyThe 2D31P exchange spectra were recorded
we were able to obtain information which was not available with recently developed pulse sequen#esifter preparation of
using any other analytical method. It is worth noting that the transversat'P magnetization withfH—3P cross polarizatid&® (contact
NMR experiments used in the work presented here can easilytime 3 ms), the phosphorus nuclei were allowed to exchange polariza-
be used to unravel microscopic properties in other systems asfion by applying a composite spin-lock with a WALTZ17 sequefice.
well. For example, it would also be interesting to investigate The rf-field str_ength was adjusted_to 125 kHz, and_the Igst spin-locking
lipid bilayers containing peptides, where aligned and unaligned pulsea® was fixed to ar/4 pulse. Since the composite spin-lock already

components were observed in neighboring dom2ires. removes heter_onuclea_rdlpole mt_er_actlo_ns, no additional proton de_coup-
ling was applied during the mixing time. For further information

2. Experimental Methods concerning pulse phases, phase cycles, pulse lengths, or other details
during the spin-lock, the reader is referred to ref 39. Depending on the
mixing timety the 2D spectra were obtained with 22856 increments
of the first evolution period in steps of 4s and either 16 or 32
repetitions for each increment. To obtain pure absorption spectra we
used time-proportional phase incrementation in theldmain and
‘transformed the collected data matrix; 4§ with a complex Fourier
Ctransformation in the;tdomain and a cosine Fourier transformation in
the & domain.

Triphenyl phosphite (TPP) was purchased from Merck (Germany)
with a purity greater than 98%. The samples for NMR experiments
were prepared by filling each standard NMR glass tube<® mm)
with roughly 250 mm of liquid TPP. After degassing with a standard
freeze and pump technique to prevent nucleation due to gas evolution
the tubes were sealed off under vacuum. Afterward the samples wer
characterized usintH, *C, and®'P liquid NMR spectroscopy to reveal

that the main impurity is triphenyl phosphateq atom 9%). As demonstrated in ref 39 the distances between neighboring

hRec;znt'Iy TI_Ddehas beer; dopedﬂ:mltg different |mﬁur|t||es Sdu_ih asldmolecules can be estimated from the evolution of the Haflile for a
phosphoric acid, benzene, hexametnyl benzene, or pnenol, and It COUIGsg jas of 2p spectra as a functiontgf Ip andlc denote the diagonal

: . 0 .
3:3 stLown ttha_t ?n 'mfﬁl:]r'ti/ Ieve_tl_up t?%r? atom % dolez FOt _|(;1f_lutencr(]e and the cross intensity of a 2D spectrum, respectively. For this purpose,
€ charactenstics ot the transition ot the supercooled liquid INto PRASE o 1yormalized zero-quantum line shapevat= O under spin-locking

conditionsF(0) has to be determined separately. SiRgév) cannot

(49) Alba-Simionesco, C.; Tarjus, @urophys. Let2001, 52, 297-303.

(50) Ratai, E.-M.; Janssen, M.; Epping, J. D.; Chan, J. C. C.; Eckef@hlys. be measured directly, it has to be either calculated or estimated
Chem. Glasse8003 44, 45-53. i experimentally’? For the work presented here we derivigg0) from
(1) 5’23;"2&; g'f_“%”;?””' P.; Witter, R.; Braun, NI Non-Cryst. Solid200Q F(w), which is the normalized zero-quantum line shape in the laboratory
(52) Robyr, P.; Tomaselli, M.; Straka, J.; Grob-Pisano, C.; Suter, U. W.; Meier, coordinate systerft. If the single-quantum line shap&cs(w) is
B. H.; Emst, R. RMol. Phys 1995 84, 995-1020. homogeneous and dominated by the homonuéiadipole interaction,

(53) Meier, B. H. In Advances in Magnetic and Optical Resonance; Academic
Press: 1994; Vol. 18, pp-1116.
(54) Hallock, K. J.; Lee, D.-K.; Omnaas, J.; Mosberg, H. I.; Ramamoorthy, A. (57) Bielecki, A.; Burum, D.J. Magn. Reson. A995 116, 215-220.

Biophys. J.2002 83, 1004-1013. (58) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
(55) Henzler Wildman, K. A.; Lee, D.-K.; Ramamoorthy, Biochemistry2003 J. Chem. Phys1995 103 6951-6958.

42, 6545-6558. (59) Shekar, S. C.; Ramamoorthy, 8hem. Phys. LetR001, 342, 127-134.
(56) Hallock, K. J.; Lee, D.-K.; Ramamoorthy, Biophys. J2003 84, 3052— (60) Shekar, S. C.; Lee, D.-K.; Ramamoorthy, A.Magn. Reson2002 157,

3060. 223-234.

J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005 339



ARTICLES

Senker et al.

-0.5 1.5

f:Jch'IS
Figure 1. Scheme of a 1D solid-state NMR spectrum for a powder sample
dominated by the anisotropic chemical shift interaction with the anisotropy
parametew. The spectrum consists of a superposition of single-quantum
line shaped’cy{w) (dashed lines). Each single-quantum spectrum represents
a specific orientation of a TPP molecule towdg

F(w) may be estimated by convolutinfes(w) for all possible
combinations ofwcs. wcs represents the position &w) in the 1D
solid-state spectrum, which is dominated by the chemical shift
interaction (see Figure 1).

Since our experiments were carried out using broadband proton
decoupling, f*cs(w) is exclusively influenced by*P—3P dipolar
couplings. Although the structural arrangement of the TPP molecules
varies from phase to phase, all three modifications of TPP have in
common that the phosphorus nuclei are uniformly distributed. Thus a
spin i is surrounded by many other spins with equally distributed
distances and no preferred orientatifsis(w) for the spin i is, therefore,
caused by a considerable number of extranééisiuclei. Due to the

Kingdom). After temperature calibration with standard santplas
absolute temperature accuracy-b2 K was reached. The liquid was
sealed in glass capillaries (& 0.5 mm) at room temperature.

For both the solid-state NMR and X-ray diffraction experiments the
samples were first cooled with a rate of 6 K/min to 190 K, which is
well below the glass transition temperatufg= 204 K of TPP. To
equilibrate the samples they were maintained at this temperature for 2
h before performing any other action. For the annealing experiments,
the samples were heated from 190 K with 20 K/min to a specific
annealing temperatur® in the range of 212 K< T, < 231 K. At T,
the samples were tempered for wp2 d depending on the magnitude
of T, In addition, we measured 1BH and 3P NMR spectra while
heating the sample continuously with a small but constant rate of 0.3
K/min. For such experiments the recovery delay was fixed at 20 s and
the phase cycling was reduced to four steps for both the solid- and
Hahn-echo sequences.

3. Results

The homogeneity of phase all is a controversial topic in the
literaturé#5913.14454¢section 1). To gain further insight we
at first studied the transformation of the supercooled liquid into
phase all by means &fP spin-lattice relaxation. In the past
this technique has been proven to be a sensitive probe for
investigating the dynamic properties of materials on a local scale
(rp < 10 A)21314The probe volume is confined to a small area
because of the usually large chemical shift anisotropy of the
phosphorus nuclei, which efficiently quenches spin diffusion
in the laboratory coordinate system. This situation is not to be
confused with the rf-driven spin-diffusion exchange experiments

steric hindrance of the phenyl groups, the shortest PP distances arave will present below, where the spin-diffusion rates are

limited to roughy 6 A and the coupling between all spins is moderate.

enhanced by locking the magnetization in the rotating coordinate

Ifit is further considered that each phosphorus atom of one phase hassystem.

a similar surrounding, the expectation tlffat(w) is homogeneous and
exhibits no large variations neither for different isochromates nor for

spin pairs belonging to one isochromate is supported. We, therefore,

assume thafe(0) andF(0) are similar for all spin pairs ij and do not
vary as a function of the PP distances of a specific spin pair. For the

We followed the transformation at different annealing tem-
peraturesl, by continuously sampling the recovery of magne-
tization after a saturation sequence. For homogeneous materials
the relaxation function® can be described by a stretched

crystalline phase of TPP an analysis of separated local field spectra€Xponential as given in eq 3.

proved that the width of’cs(w) does not vary by more than10% for
different isochromate¥.

Thus it is sufficient to use the mean single-quantum spectfiunm]
for the calculation of the zero-quantum line shapgv) then results
as the convolution off(w)Cwith itself. [f(w)Ocan be extracted as the
Fourier transform of the decay of the echo tgfr) of a Hahn-echo
experiment as a function of the interpulse det@®. As a result of
broadband proton decoupling during the acquisition, the intensity of
M(z) is damped only due to spirspin relaxation caused by the
homonuclear dipolar coupling between the phosphorus nug(ei)
can then be calculated by the following:

2
o) = TP

= " @

f FT(M%(1)) dw
Taking into account that the width of a homogeneous line is proportional
to the square root of the secorfes(0) results in

Fe(0)=s"+F(0) @)
with s being the scaling factor of the dipolar coupling under spin-locking
conditions.

X-ray powder diffraction patterns were collected with a Stadi P
diffractometer (Stoe, Germany) working in Deby8cherrer geometry
using Cu ka1 radiation § = 1.5406 A). The diffractometer is equipped
with a 600 Series Cryostream Cooler (Oxford Cryosystems, United
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M M(t
o) - OMOO

(T

®3)

T, denotes the characteristic time constant of the relaxation, and
b is the stretching factor. In an ordered molecular matehial,
usually is close to 1, demonstrating that all molecules relax with
an equal rate. For example, in the crystalline phase of TPP, the
31p resonance relaxes wilh = 276(2) s andb = 0.970(8) at

200 K. For a disordered material the vicinity of a molecule varies
slightly and the relaxation time constant has to be described by
a distribution. This leads to a stretching fadiasf values smaller
than 1, the magnitude &fdepending on the structural disorder.

In the case of'P spin-lattice relaxation in molecular glasses,
the nonexponentiality is not pronounced dnid usually found
within 0.8 < b < 1.1 The structural glass of TPP for example
exhibits a relaxation constaiy = 33.6(3) s and a stretching
factorb = 0.910(7) at 200 K and thus relaxes roughly 1 order
of magnitude faster compared to the crystal at the same
temperature. A mixture of the supercooled liquid and a
crystalline material, even if nanocrystalline, will give rise to a
biexponential ® characterized by two time constants and

(61) Kubo, A.; McDowell, C.J. Chem. Phys1988 89, 63—70.
(62) Tomaszewski, P. BRhase Transition4992 38, 127—220.
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Figure 3. Mean relaxation time&T1[Ifor phase all prepared at different
Ta. The open circles (righy-axis) represent measurements carried out
directly after completed transformation®t The open squares (lgftaxis)
arel[T;[values for the same samples after cooling to 200 K. The inset shows
the part of TPP molecules relaxing withTa of several hundred seconds
10 min after heating the structural glassTp

Figure 2. Relaxation functiorb for phases al and all measured at 200 K.
Phase all was prepared at differditas described in the text and cooled
to 200 K before data collection. For a better comparison, the data are
normalized to unit relaxation strength by dividingy (T1[1 The inset depicts

the stretching factob for the same experiments.

stretching factors. In contr_ast to tha’F, for a homogeneous Scenar'osuggests that for this annealing temperature a mixture of phase
one set of parameters will be sufficient.

our findi during the ¢ i ¢ all and a nanocrystalline material is formed. However, Tor
ur findings during 214rans ormation process Support: _ 55¢  the sample already appears to be homogeneous again.
recently published resuft$®14 and can be summarized as

follows: At the beginning of the transformation a biexponential ForT, < 223 K, i decreases with increasifigif measured

; . - directly at the transition temperature. This indicates that the
relaxation was observed as depicted in Figure 4 of ref 13. The .
. o Lo tumbling of the TPP molecules about large angles becomes
smallerT; is characteristic for the supercooled liquid (3 sT1

} . faster when a largeil, is chosen. This behavior was also
< 10 s), whereas with a magnitude of several hundred secondsoloserveol by Resler et aP by means of dielectric Spectrosco
the largerT; represents immobilized TPP molecules. During y Y P Py

. . and stimulated echo experiments. On the other hand, the increase
the aging of the sample, the slow relaxation process becomes .

. .. of [M;0as a function ofT, for data sets collected at 200 K
faster and the fast process slows down until, after a characteristic

. . . demonstrates that the residual mobility of the TPP molecules
time which strongly depends of, both relaxation processes . .

. . L (at 200 K large angle reorientations of the TPP molecules are
merge into one, slowly approaching a limit foy.

Figure 2 depicts the relaxation function of phase all after quenched) decreases with increastagT his observation agrees

. ) . with the results of Oguni and co-workefswho propose that
complete transformation at differen. For comparison, a data . )
phase all develops a structural correlation as a functiof,.of
set for the structural glass (al) was added. All measurements ) .
- . . Apparently, the higher mobility of the TPP molecules of phase
were carried out at 200 K. The data were refined using eq 3,
. S . . - all for largerT, enables the molecules to relax more freely and
and the stretching factdris given in the inset of Figure 2. The . .
- . o . settle in a state of higher structural order.
similar nature of the normalized®, which is also shown in the

nearly identical stretching factoisfor all T,, clearly demon- fltr;]thls corf\text, :_he blﬁxp%nertlalbrelgxatlon agt:]e beglnorlung
strates that, with annealing times chosen appropriately long, a @' the transtormation should also be discussed. in accordance

i i 2,63thi i
TPP molecules of phase all exhibit a similar relaxation strength. W'tlh 'tI)'anaké ar_ld Klve_lsr?nl, this behavrllor can_tzedundgrstoo:
This result is in complete agreement with considering phase ;Jhny ylaSSlIJm'ng anin korgogenemle pl afﬁ Wit C;Lnalnsvxt/ erfe
all as homogeneous but in disagreement with the proposition € molecules are packed more closely than in other parts o

of describing phase all as a mixture of the supercooled liquid '(cjhe sa_mp:e. th t_o tTﬁ'{ dtentser E?ckmg,t';]he Tolecu:es m_:::ese
and nanocrystals. omains lose their ability to tumble and therefore relax with a

The mean relaxation constari(calculated according time constant of several hundred gecond_s_. The inset of Figure
3 shows the percentage of such immobilized TPP molecules
T, - T(1/b) (pinitial) at differentT,. At an annealing temperature of 213 K
=y (4) only 10% of the TPP molecules are part of these domains,
whereas al, = 222 K the denser parts take 80%. The expansion
of these domains must be at least in the order of several
nanometers, and only a few are formed at low temperatures. It

(open circles and righy-axis of Figure 3), whereas the second is very likely that phase all starts to grow from such regions of

series was determined after cooling the transformed sample to?lents't%_ fluct_uatlons n btlhef sanl}ptle. If_t_thet length tOf thetshe
200 K (open squares and lefiaxis of Figure 3). uctuations is comparable for all transition temperatures, the

For both series, a discontinuity around 223 K was observed increase Offiniia @S a function off is representative of an
as well as a stror;g increase @hfor T, > 223 K. At these increasing number of denser domains. Since the mobility of the
a . . o .
temperatures the TPP molecules become increasingly immobiIeTPP molecules in Fhese domains is Qragtlcally reduced compared
due to the formation of nano- and microcrystalline materials. with the surrounding supercooled liquid, the growth of phase

In this contex_t the cons_iderably smaller stretching fattbor _ (63) Ha, A Cohen, I.: Zhao, X.: Lee, M.: Kivelson, D. Phys. Chemi996
Ta = 224 K (inset of Figure 2) should be mentioned, which 100, 1-4.

are depicted in Figure 3 for two scenarios. The first data set
was recorded directly after a completed transformatiofiat
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Figure 4. H (left) and3P (right) solid-state NMR spectra recorded while
heating a sample of TPP continuously at 0.3 K/min.

all will probably be an interplay of molecules at the domain
boundary and is thus relaxation driven. The resulting order of
phase all may then be a mean value of the order in the initially
formed denser parts and in the supercooled liquid. Thus, the
larger thepiniial, the higher the resulting order of phase all will
be.

Although the completely transformed phase all is regarded
as amorphous from X-ray diffraction, several groups suggested
that the resulting structural order of phase all exhibits periodic
properties. Hdoux and co-workef$-4546pelieve that phase all
is a mixture of supercooled liquid and nanocrystalline material,
whereas Kivelson et &P.consider phase all as a nanocrystalline
plastic crystal. Furthermore, Tarjus and Alba-Simionesco as well
as Kivelsoid“? describe phase all as a highly defect-ordered
crystal as expected from their theory of frustration limited
domains® One central argument in this context is the premelting
reported for phase all while continuously heating this phase
with a rate of 0.3 K/min® The heating process was followed
by measuringH wide-line NMR spectra, and Kivelson et al.
observed that directly preceding the crystallization of phase all
a sharp liquidlike resonance occurs in th¢ spectra? This

signal was interpreted as a premelting and concluded that phas?

all must exhibit translational order.

However, this signal may also be caused by a mobility of
the phenyl rings of the TPP molecules. ASdgex et alt*
recently demonstrated by meangdfNMR line shape analyses
phenyl rings in TPP perform fast 18Qumps about the OC-
bond. Altogether the tumbling of whole molecules in the sample
was not unambiguously proven and remained questionable a
least. We therefore repeated the experiment of Kivelson but
collected3P wide-line spectra in addition t4H experiments
during the heating processH spectra are influenced by

.,

100min - Ao, 90 min

40 20 0 0

v/kHz v/KkHz
Figure 5. H (left) and3!P (right) solid-state NMR spectra recorded after
heating two samples of phase all quickly to 231 K. The first sample was
annealed aT, = 218 K (solid lines), whereas the second one was aged at
Ta = 225 K (dashed lines).

-20 -40 40 20 -20 -40

spectra in this region clearly show a superposition of a sharp
liquidlike and broad solidlike resonance. In contrast, e
spectra can be described by a single broad resonance which is
characteristic for rigid molecules and do not exhibit a sharp
liquidlike resonance (right part of Figure 4).

This effect is even more pronounced if phase all is prepared
at low annealing temperature3,(< 220 K) and afterward
heated quickly (20 K/min) to 231 K. Figure 5 shows the
dependence of thi and3'P spectra collected for two samples
annealed aT, = 218 and 225 K as a function of time. Directly
after heating to 231 K théH spectra collected for the sample
annealed at 218 K exhibit a pronounced sharp resonance, which
disappears within roughly 20 min. Neither for thd spectra
recorded with the sample annealedTat= 225 K nor for the
31p spectra acquired for both annealing temperatures (right part
of Figure 5) an analogous behavior could be observedt For
50 min the intensities of both th# and3!P spectra reduce
indicating a slow formation of microcrystalline material with
ong Ti.

Two conclusions can be drawn from the line shape analyses
of the 1D spectra. First, since no liquidlike resonance was
observed in thé'P spectra, the narrow part of thid signal is
caused by a side group mobility which is fast on the NMR time
scale. Consequently, we could not confirm the premelting of
phase all. Second, the sharp resonance was not observed for

fthe samples annealed & = 225 K. Taking into account the

results of the spirlattice relaxation experiments discussed
above, this strongly indicates a substantial difference for the
structural order of phase all annealed at temperatures above or

dynamical processes of both the side groups and the WholebeIOW 223 K

molecule, and®'P line shape analyses exclusively probe mo-
lecular reorientations. Figure 4 displays thé and3P wide-

line spectra measured while heating a sample of glassified TPP,

continuously with a rate of 0.3 K/min. With increasing tem-

perature the sample passes through the supercooled liquid, phasg

all and the crystalline phase one after the other. As was
mentioned above, the temperature region 22%Z K < 236 K
where phase all starts crystallizing is of particular interest. In
agreement with the experiment of Kivelson et &lthe H

(64) Lefort, R.; Heloux, A.; Guinet, Y.; Cochin, E.; Descamps, Hur. Phys.
J. B2002 30, 519-525.
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To obtain further insight into this topic we investigated the
structural details of both amorphous phases by mearidPof
rf-driven spin-diffusion 2D exchange spectroscopy. As a func-
tion of the mixing timety, we collected 2D spectra for the
upercooled liquid as well as for phase all prepared at different
annealing temperaturds. For comparison, 2D spectra of the
stable crystalline phase were also measured. All spectra were
acquired at 190 K, where large angle reorientations of the TPP
molecules are quench¥din all three phases to avoid any
influence of molecular dynamics on the exchange spectra. The
occurrence of cross intensity in the 2D spectra is therefore purely
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phase al

Figure 6. Simulated®'P rf-driven spin-diffusion exchange spectra fgr

— oo and different structural scenarios. (a) Parallel aligned molecules, (b)
molecules in a fixed orientation of 3@ward each other, and (c) molecules
with a random orientation.

based on spin diffusion and contains information about the
arrangement of neighboring molecules. As demonstrated in
detail in refs 39 and 53, the shafev, w»; tm) of a 2D spectrum
can be interpreted as the conditional probabitity tm|j, 0) of
finding polarization, which is located on the phosphorus atom
of molecule j in the first evolution period of the pulse sequence
and on the phosphorus atom of molecule i in the second
evolution period after a mixing timg,. Since the orientation
Q of the TPP molecules is directly connected to the resonance t,=10ms t, =50 ms t, =100 ms
frequency® , the occurrence of C'_‘O_SS'peaks at the POS_'“O“S Figure 7. Comparison of!P rf-driven spin-diffusion exchange spectra for
Swi, wj) and Ywj, w;) proves the vicinity of molecule i with  poth amorphous phases and the crystal as a function of the mixing time.
orientation€2; and molecule j with orientatio;.

Depending on the local arrangement of the TPP molecules, becomes proportional torg? with rj being the distance between
the shape of a 2D spectrum varies. Figure 6 demonstrates typicaboth nuclei. It should be noted, however, thaFjf(w) is not
2D powder spectra in the limity, — o for three different homogeneous, which would be the case if a material contains
structural scenarios. Figure 6a displays a spectrum which isisolated strongly coupled spin pairs, for examig{w) would
typical for either isolated or parallel aligned molecules. In the also scale withr =3 renderingW; O 1/r;3.
former case, the (?oupllng constant approaches zero and no ko finite tm the
exchange is possible. In the latter case the tensors of the

anisotropic part of the chemical shift interaction are aligned w2:tm). This dominance becomes stronger when a shagte
parallel. Thernw; andw; are identical for all powder increments, ., ocan In other words, with a longgy, the volume becomes
and no exchange is visible in a 2D spectrum. If the molecules |, 40 - \yhich is investigated by the spin-diffusion process.
have a set orientation relat|on,wh.|ch is pru:al for crystals, for. Assuming a spherical probe volume and an isotropic spin
example, the shape of the cross mtgnsny of the 2D _spe(_:tra 'Sdiffusion, the order of the distancgover which the polarization
composed of one or more elliptical ridges as shown in Figure can be transported within a given tirigcan be estimated by
6b. The 2D spectrum shown in Figure 6¢ represents a randomthe following relation: 1. — m .55 WOdenotes the
orientation of neighboring molecules typical for glasses or 9 P m-= " . .
disordered materials. In this case a molecule with orientation M2 exchange raFe for all crystallite orientations, ditthe .
Q; is correlated with equal probability to molecules in any other n_egr?&st Svslljgirs]bi(r)]rtilztnggrbg‘tvéggr;}vé%:i—r?gptrr?;l(?g?r:sz.s?:\gth

orientation. Thus, the frequency; is correlated to every . . .
frequency of the 1D spectrum after mixing. The 2D exchange pulse spin-lock. Due to experimental problems such as insuf-
ficient dissipation of the rf-energy for long spin-locks, is

spectrum then results in a two-dimensional convolution of a "™~ ’ At
1D spectrum. The intensity is spread out over the whole 2D limited to a maximum value of about 200 ms. Within this time

plane and displays a boxlike shape. the polarization is transported over 6 to 7 molecules which

The perturbation approach which allows the expression of corresponds to 35 A rp = 40 A. By reducingm, rp decreases
S(w1, waity) in terms of the conditional probabilitigxi, tmj, which gives us the possibility to analyze the orientation
0) requires that the dipolar coupling constants under spin-locking correlation as a function af. For a shorty, only the strongest
conditions bﬁ_}ﬁ = s+ by) are smaller than the homogeneous dipolar couplings take part in the exchange process and the 2D
line width of F¢(w). In the case of the TPP phases the maximal SPectra turn out to be a direct image of the first coordination
bﬁ-’ﬁ is about 300 s! corresponding to a nearest neighbor SPhere.
distance oflpp= 6 A. Using the approach described in section ~ Figure 7 shows a set of 2D exchange spectra for the structural
2, the homogeneous line width Bfy(w) turned out to be inthe  glass, phase all and crystalline modification of TPP for a short,

phase all

dependence of the exchange rateg W
enhances the influence of the shorter molecular contacsan

order of 600 s, which is at least twice as large bﬁ,". The middle, and long, respectively. Phase all was prepared by
polarization transfer can be described using a master equationannealing the supercooled liquidat= 217 K for 24 h. Even
containing the exchange rates; \0f the nuclei i and j with W at first glance, it becomes obvious that both amorphous phases

0 F#(0) - rj 8. For reasons given in sectionR(w) is expected exhibit a similar shape of the cross intensity for all three mixing
to be constant for all spin pairs for the three phases of TBP. W times, whereas the crystal results in a completely different shape.
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Figure 8. Experiment (upper part) and simulation (lower part) of 2D &0 o Experiment (upper part) and simulation (lower part) of 2D

exchange spectra of the supercooled liquid. The paramet@presents oy change spectra of phase all preparedzat 217 K. The parametew
the weighting factor for the superposition of the diagonal and cross part of represents the weighting factor for the superposition of the diagonal and
the 2D spectra. cross part of the 2D spectra.

The latter is typigal for a set orientation of neighboring TPP Figure 8 depicts experimental and simulated 2D spectra of
molecules (see Figure 6b). the structural glass prepared by cooling the liquid rapidly to
The crystal structure of TPPcan be described as a hexagonal 190 K for three different mixing times. The cross part of the
rod packing of TPP molecules. The molecules of one rod are simulated exchange spectra, showing the boxlike shape repre-
aligned parallel and exhibit a PP distance of 5.76 A. To sentative for an uncorrelated orientation of neighboring mol-
minimize the net dielectric moment, neighboring rods are ecules, was created by performing a two-dimensional convo-
ordered in an antiparallel way leading to a trigonal space |ution of a 1D3'P NMR spectrum. For long as well as for short
symmetry. tm, the agreement between the experiment and the simulation
Since the molecules in a single rod are aligned parallel, they is excellent. Whilet,, = 50 ms corresponds to a polarization
do not contribute to the cross intensity of the exchange transfer over a distance of ~ 20 A, aty, of 8 ms is only
spectra®32The ridgelike shape of the cross intensity (see Figure representative for the first coordination spherg~ 8 A). As
7) is caused by neighboring molecules from different 5. is expected for a molecular van der Waals glass, these results
These molecules are arranged according toratginversion confirm the absence of an orientation correlation for short and
axis, and their phosphorus atoms form a strongly distorted intermediate lengths in phase al. Combined with the observations
octahedron with a shortest PP distance of 8.0% &hus, one  for the crystalline phas&*it has been demonstrated that rf-
should bear in mind that the occurrence of a ridgelike shape asdriven spin-diffusion exchange spectroscopy is suited to probe
depicted in the middle part of Figure 7 is characteristic for the orientational order as well as disorder quite accurately.
formation of antiparallel aligned rods of TPP molecules. Therefore, this method is also applicable to the investigation
In contrast, the cross intensity of 2D spectra recorded for the of structural properties of phase all, and we performed a similar
structural glass is spread out over the whole 2D plane and analysis for several samples annealed in the temperature range
exhibits a boxlike shape for all three mixing times (see Figures 212 K = T, < 227 K for up to 2 d. After each completed
7 and 8). This is typical for molecular glasses where neither transformation, the data collection was carried out at 190 K
the orientation nor the distances of neighboring molecules and took roughly 20 h for one 2D spectrum. Har< 220 K,
exhibit strong structural correlatiof$To be able to exclude  the 2D spectra are almost identical and do not change as a
even weak orientational correlations which would lead to subtle function of T.. Figure 9 shows three examples of spectra for a
changes of the 2D spectra, we also simulated exchange spectraample annealed & = 217 K. These spectra demonstrate that
for an ensemble of uncorrelated molecules. In this case, thein this temperature range the same arguments outlined for the
transfer of polarization from one molecule to another always structural glass also hold for phase all. Again the shape of the
leads to a loss of correlation, and the 2D spectra can becross intensity is typical for an uncorrelated orientation of
simulated by a simple superposition of a diagonal spectrum with neighboring molecules with short and intermediate distances
an intensitylp (Figure 6a) and a boxlike spectrum with an (see Figure 7). The comparison with our simulations reveals a
intensitylc (Figure 6¢). The weighting factar = I/lp, which pretty good agreement (see Figure 9). No indications for even
depends otty, is the only parameter of freedom and describes weak orientational correlations could be observed, neither for
how much polarization has already been transferred to the the first ¢m = 8 ms) nor for largert, > 50 ms) coordination
surrounding nuclei. spheres. The strong similarity of the behavior of the exchange
spectra measured for the structural glass and phase all gives
(65) Abragam, A. irPrinciples of nuclear magnetisrahapter4, p 139. Oxford strong evidence that both phases have similar structural proper-

Science Publications: Oxford, 1961. H ; f ;
(66) Bthmer, R.: Diezemann. G Hinze, G.Rwer, E.Prog. Nucl. Magn. ties. Howe_ver_, for phase all the systematically s_mallerwelghtlng
Reson. Spectros2001, 39, 191—267. factors w indicate the shortest mean PP distance between
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Figure 10. X-ray powder pattern for the transformation of the supercooled Figure 12. Diagonal intensitylp of 2D exchange spectra for both
liquid into phase all at different annealing times and temperatures. amorphous phases as well as the crystalline modification as a function of
tm. For phase all two different annealing temperatures are included. The
solid line denotes the result of a simulation for the crystalline phase
containing 300 molecules within a sphere with a radius of 303 fhe
dashed and dotted lines represent linear fits to the initial regime tf
determine the initial slopelgd/dtn.

neighboring TPP molecules. Even though subtlel gt 222
K for the first time the cross intensity shows deviations from
this spectral shape. The changes are most obvious in the upper
right and lower left regions of the spectrum. For the 2D spectra
collected at 225 K (see Figure 11), these deviations are more
pronounced and a ridgelike shape typical for the crystal starts
to develop. However, the ridge is broadened and the cross
intensity is smeared out over the whole 2D plane. In contrast,
the spectra acquired at 227 K exhibit a quite sharp ridge and
resemble the spectra recorded for the crystalline phase (see
Figure 7). In accordance with the diffraction data as well as the
31p spin-lattice relaxation measurements and 1D spectra
collected during the heating experiments, these observations can
&/ ppm be interpreted as an onset of crystallization of phase all within
Figure 11. 3P 2D exchange spectriis(= 120 ms) of phase all prepared 222 K < T =< 224 K. Whereas at 225 K the size of the

by annealing the supercooled liquid at different temperatures for 24 h. The crystallites is in the order of a few nanometers, a well developed
spectra were collected after cooling the annealed sample to 190 K. microcrystalline material is formed at 227 K.

Up to now the discussion has been restricted to the shape of
the 2D spectra, which provides information about the orientation
correlation of neighboring molecules. By additionally using the
all for larger annealing temperaturdg & 220 K). For various  tm dependence of a series of 2D spectra, an estimation about
T. X-ray diffraction data were recorded in addition to e the distances between these molecules can be made. For the
exchange spectra. According to the 2D spectra the samples wer&'ystalline phase of TPP as a model compound, we recently
annealed at a constant temperature for up to 24 h. During thisSimulated the decay of the integral diagonal intenkj(ym) for
time we continuously collected diffraction data and were able confined spin systems for up to 300 phosphorus ni€lén.
to follow the transformation process as a function of the SyStems with more than 10 spins the P atoms were selected
annealing time. Figure 10 shows examples of the diffraction from the crystallographic datby locating the atoms in a sphere
patterns for four differenT, and annealing times. The appear- With the radiusrs around the inversion center in the middle of
ance of a small prepeak a€2= 15.7 shows the formation of ~ the unit cell. The curve ofip(tm) quickly converges with
phase all in agreement with the literatd#é7 Whereas phase ~ increasingrs and does not change fax > 27 A, which
all appears radiographically amorphous fiy < 220 K, a corresponds to 210 TPP molecules. The solid line displayed in
nanocrystalline material starts to develop Tarat around 224 ~ Figure 12 represents a simulation fof = 30.5 A (300
K. molecules). The agreement between the simulation and the

The appearance of ti#éP 2D spectra measured for different experimental data is excellent and demonstrates that rf-driven
annealing temperatures match these observations (see FigurgPin-diffusion exchange spectroscopy can be used to probe the
11). As has already been mentioned above, the shape of thevalidity of a given structure model.
cross intensity for spectra recorded fdp < 220 K is However, to generate a structure model with a few hundred
characteristic for an absence of orientational correlations of molecules is easy only for crystalline phases. In the case of
TPP, one molecule is located in the asymmetric unit and thus
only five parameters, the fractional coordinatey, andz as
well as the lattice parametess= b andc, have to be taken

0 —100
&/ ppm

-200

neighboring TPP molecules to be somewhat larger in compari-
son with the structural glass. We will deal with this point later.
First of all, we will discuss the structural properties of phase

(67) Hedoux, A.; Guinet, Y.; Descamps, M.; Hernandez, O.; Derollez, P;
Dianoux, A. J.; Foulon, M.; Lefevre, J.J. Non-Cryst. Solid2002 307—
310, 637-643.
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Table 1. R, F(0), g, and dy Are Listed for the Structural Glass,
Two Samples of Phase all Annealed at Different T, and the
Crystalline Modification?

all

al T,=218K T.=222K crystal
R/s1 —78.7(6) —49.6(6) —50.7(6) —36.2(5)
F(0)/x1073s 1.44(4) 1.62(4) 1.60(4) 1.52(4)
9/x10"5m6 3.64(9) 2.04(7) 2.11(7) 1.59(5)
dg/A 5.29 5.83 5.80 6.08

ag was calculated from the experimental data using eq Sdgmdsults

from eq 7 todyg = \6/ 4/(59).

into account to build up a phosphorus spin system of any38ize.
In contrast, for the amorphous phases the generation of realisti

structure models is a much more elaborate task usually requiring

MD or MC simulations?~232° Due to the large number of

parameters of freedom for one TPP molecule, such simulations
would already go beyond the scope of the work presented here.
We therefore restrict our analysis to the initial rate regime, where

the slopeR of Ip(tm) can be interpreted as

_ % _ _ﬂ02y4h2
dt, 1287

S+ Fy(0)- g (5)

with g denoting the geometrical facticontaining the structural
information.
The central element of is the sum over the angle and

distance dependent parts of the dipolar coupling constants of a.

probe nucleus j to all other spins of the ensemble with the
conditionw; = w;i. wj andw; are the CSA dominated resonance

frequencies of the spins j and i. This condition states that spins

on the annealing temperature if phase all is prepared below 223
K. It should be noted thag of phase all is significantly closer
to the crystalline phase than to the structural glass. The value
of 1.59 x 10°°> m~® determined for the crystalline phase agrees
well with simulations ofg based on the crystallographic data,
resulting in 1.607x 10%® m=¢ (rs = 30.5 A). Although® and
r are not strictly uncorrelated in the crystalline phase of TPP,
dy = 6.08 A derived from eq 7 fits nicely the simulated value
6.062 A demonstrating thal, can be used to compare structural
properties of all three phases. It should be noted here for the
following discussion that sincey contains the sum over all
inverse distances relative to a probe nucleus, the distdyice
significantly shorter than the shortest value in the real structure.
or example, the shortest PP distance, which participates in the
net polarization transfer in the crystalline structure, is 8.09 A,
wheread, is equal to 6.08 A. This corresponds to a factor of
1.32.

dy = 5.29 A determined for the structural glass is by 13%
smaller compared to the value derived for the crystalline phase
(see Table 1). This effect can most probably be assigned to the
fact that in phase al even neighboring TPP molecules exhibit a
random orientation and, thus, all molecules contribute to a net
polarization transfer. By applying the factor 1.32 to the structural
glass, the shortest mean PP distance is calculated te6b@

A. However, this is only a rough estimate, as the structure of
phase al differs significantly from the packing in the crystalline
phase which the factor used is derived for. Nevertheless, taking
into account that the crystal is denser than phasethls value

may still be reasonable, since the shortest PP contact in the
crystalline phase is 5.76 A between parallel aligned molecules
of one rod3®

with equal resonance frequencies although coupled do not lead

to a net polarization transfeg is afterward calculated by

Although the similar shape of the 2D spectra for both

performing the ensemble average over the probe nucleus@Mmorphous phases indicates analogous structural features for

resulting in

(6)

& (3 cog v, — 1)2D
g — -
1 rie

ri denotes the distance between the probe nucleus and spin i

andd; is the angle between the external magnetic fiRdcand
Ti. If ¥ andr; are uncorrelatedy can be simplified to

[8cos v, — 1’0 4 4
—6 —6
g=) ——=—= rr=--d (7
2 0 52 g
To determingg for both amorphous phases as well as for the
crystalline modification we extracted the sloRefrom linear

refinements ofp(tm) in a semilogarithmic plot as given in Figure

phases al and altly = 5.8 A measured for phase all is larger

by 11% compared to the value observed for phase al. Applying
again the factor 1.32, the shortest mean PP distance in phase
all should be estimated to be around 7.5 A. Two effects may
explain this larger value: First, if the transformation of the
supercooled liquid into phase all is driven by conformational
changes of the TPP molecules as was proposed €atlher,
increase may be caused by a lower-density packing due to a
different average shape of the TPP molecules in phase all. This
argument, however, is contradicted by the higher density of
phase all® Second, if phase all contains small clusters of
parallel aligned molecules, each cluster consisting of only a few
molecules, the PP distances between these molecules do not
contribute todg, since those molecules always have the same
resonance frequency. Thudy would increase although the
molecules are packed more densely than in phase al.

The second scenario is further supported by analyzing the

12. F(0) was probed independently as described in section 2 initial spin-diffusion rate constants as a function of different
by measuring the magnetization decay after a Hahn-echo for>!P chemical shielding pairs. Figure 13 depicts the rate constants

varying interpulse distanceR, F(0), g, anddy = [X; r; 676
as determined for all three phases are given in Tabtg ¢an

in the full cross-peak region for the structural glass, phase all
with T, = 217 K and phase all witfi, = 222 K. In a structurally

be used as a measure for the closeness of neighboring spinsgisordered material without orientational correlations (even on

which participate with the net polarization transfer.
The geometrical factag is largest for phase al and smallest
for the crystalline phase of TPP (see Table 1). g phase

a short range) the rate constants should be the same for all cross-
peaks. Within the range of accuracy this condition holds for
the structural glass of TPP (left part of Figure 13). The plot of

all is positioned between and exhibits no significant dependencethe initial rate constants shows a flat rate profile demonstrating
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Figure 13. Initial spin-diffusion rate constants as a function of differ&f chemical shielding pairs for both amorphous phases of TPP. They were extracted

as Sw1, wz12my/Y w1, w2;). Sw1, wz;12m9 represent the experimentally observed 2D exchange spectra colledtga=at2 ms normalized to unit

intensity. TheS(w1, wz;) for infinite mixing times were simulated for a random orientation of neighboring molecules as described in the text on page 15
and are also normalized. For the analysis of the rate constants only the full cross-peak region has to be considered. The diagonal part is obscured by
polarization, which does not yet take part in the exchange process.

that the bandwidth of the composite spin-lock is broad enough  For annealing temperaturék, > 223 K the relaxation

to cover the whole 1D spectrum. For both samples of phase behavior, the shape of the X-ray diffraction pattern and the 2D
all, however, the cross-peaks near the diagonal grow fasterspectra change markedly, demonstrating that depending,on T
(arrows in Figure 13) than all other cross-peaks. Since cross-either a nano- or a microcrystalline material is formed. The
peaks near the diagonal are representative for almost parallebehavior of'H and3P 1D spectra collected as a function of
aligned TPP molecules, the data depicted in the middle and righttime after heating phase all quickly to 231 K also points in the
part of Figure 13 imply that phase all indeed consists of small same direction (see Figure 5). If prepared at 218 Kithspectra
clusters of preferentially parallel aligned molecules. The mean of phase all exhibit a sharp liquidlike resonance directly after
distance of these molecules is somewhat smaller than thatheating to 231 K, which vanishes within roughly 20 min. In

between orientationally uncorrelated molecules. contrast, fofT, = 225 K no such resonance could be observed.
Consequently, the structural properties of phase all annealed at
4. Discussion 218 K differ from those annealed at 225 K. At this temperature

the exchange spectra as well as X-ray diffraction pattern already
reveal a nanocrystalline material.

Since no liquidlike resonance could be observed inffe
pectra (see Figure 5), the effect described above is caused by
a mobility of the side groups only. Among other processes the
side group mobility incorporates 18fumps of the phenyl rings
about their 2-fold axis. Such reorientations were recently
observed by Haoux et alf* in the course of the transition into
phase all. After an increase in temperature, the disappearance

Based on the results of the 1D and 2D solid-state NMR
experiments and X-ray powder diffraction data presented here,
phase all appears to be homogeneous and disordered on Iocag
and intermediate length scales if prepared by annealing the
supercooled liquid below 223 K. In the beginning of the
transformation the samples turn out to be heterogeneous.
Therefore it is essential to choose sufficiently long annealing
times. Since the homogeneity is a controversial topic in the

i 1,2,4,9 i i ) I .
literature, =%* we used two different techniques to probe o e jiguidiike resonance well before an initiation of crystal-
structural heterogeneities of phase &fP. spin-lattice relaxation lization ¢ > 50 min) indicates that the TPP molecules of phase

indirectly maps the local arrangement of the TPP molecules by 4| ye|ax into a more stable arrangement where the overall side
probing their local molecular dynamic$!P rf-driven spin group mobility is reduced. Rsler et al* derived mean
diffusion is a direct measure of the orientation correlation of g rejation times in the order of a few hundred seconds for the
neighboring molecules. Both techniques are sensitive to order ;_re|axation in the relevant temperature region of 21& K,
phenomena in a confined probe volume and thus are suited to< 220 K which corresponds to a fairly high viscosity. Besides
detect heterogeneities, even on a local scale. the a-relaxation, the mobility of the side groups, which allows
The relaxation functiord(t) (see Figure 2) and the shape of the TPP molecules to change their conformation, provides an
the exchange spectra of the phase all (see Figures 7 and 11jdditional mechanism for structural relaxation. Probably both
show very similar behavior to the one measured for the structural relaxation mechanisms are responsible for the decay of the
glass, which is unanimously considered to be a homogeneousdensity fluctuations in the final stage of the transition. These
phase. Thus, up to an annealing temperaturk ef 223 K our fluctuations, found by Tanaka et falising optical microscopy,
experimental data do not support any description of phase allare in good agreement with the biexponential relaxation
as a domain structure where the individual domains exhibit observed in the present work in the initial regime of the
different degrees of structural order. Although our results agree transformation, whereas the decay of the heterogeneous areas
with the propositions of most other grodp39:10.1416 working is matched by the slow assimilation to one unifofin
on TPP, they contradict the picture of phase all which describes  The idea that the arrangement of the TPP molecules of phase
it as a mixture of a disordered phase (like the supercooled liquid) all is a function of the annealing temperatufg is further
and nanocrystalline materi&i®44-47 In this case, the relaxation  supported by the behavior of the mean sgittice relaxation
function®(t) is expected to be biexponential, and the 2D spectra constantsT;[(see Figure 3). Measured at 200 ;[ increases
should be a superposition of the spectra acquired for phase alwith increasingT, which denotes a reduction of the local
and the ordinary crystal. mobility of the TPP molecules. This could simply be either an
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effect of a denser packing or, as Oguni and co-wofkers will be slowed accordingly leading to a broad distributionrof
proposed from their calorimetric investigations, the development Since the analytical methods applied in the work presented here
of a state of increasing order as a functionTaf However, it are limited to an intermediate scale of roughly-3m A, we
should be noted that due to the analysis of the 2D exchangedid not address order phenomena on larger scales. Thus the
spectra, the resulting order has to be different from the symmetry results of Alba-Simionesco, Tarjus, and Kiveldandicating a
established in the crystalline phase. poorly developed mesoscopic order on a scale of B A

A detailed analysis of the rf-driven polarization transfer as a are not contradictory, particularly because the authors do not
function ofty, (see Figures 8 and 9) unambiguously shows that comment on the local structural properties of phase all. Probably
neighboring molecules in both amorphous phases have to bethe mesocopic order is a result of the unusual transformation
either orientationally uncorrelated or aligned parallel on local behavior including the existence of an intermediate phase, which
and intermediate scales. The geometrical factordgrd 5.3 A does not reflect the structural properties of either the supercooled
determined for the structural glass lead to reasonable nearestiquid or phase all.
neighbor PP distances 6.9 A for randomly distributed TPP
molecules. This agrees with the flat rate profile of the initial 5. Concluding Remarks
rate constants (Figure 13) which imply the absence of orienta-
tional correlations in the first coordination sphere. Thus, as
expected for an ordinary molecular glass, no local structural
correlations were observedy = 5.8 A of phase all is placed
between the values determined for phase al and the crystalline

phase ¢, = 6.1 A) and is, however, closer to the value of the 993 K. Th p . ‘th led liquid i
crystalline modification. An analysis of the initial rate constants atgre 0 - 1he t_ran_s ormation of the supercooled liquid is
driven by self-organization of a number of the TPP molecules

in phase all demonstrates that independent of the annealing, i )
temperature To = 217 K, 222 K) the cross-peaks near the into small clusters of parallel aligned molecules, which appear
diagonal grow faster than all other cross-peaks. Both results t0 be separated from each other. The number of molecules within

strongly favor the formation of small clusters of preferentially "€ cluster probably varies, with its maximum si;e not_ e)_(ceed-
parallel aligned TPP molecules. ing a few molecules. Whereas the cluster size within the

In addition, on considering that the local disorder, probed by experlme_:ntgl error_ does not chan_ge_r, the ”“T"ber of clusters
- - . . grows with increasind,. However, it is not until the number
analyzing the reorientational dynamic of a small probe molecule, of clusters exceeds a certain limit and the viscosity of phase
is similar in both amorphous phaseshe clusters must be y orp

spatially separated. The loss of the diagonal intengitg below all becomes low enough, allowing Iargel angle .reonentatlons
10% of its original value for largg, andT, = 218 K (see Figure _Of gye_n the larger clu_sters, that the orgamzathn into the prystal
12) indicates that the cluster size is limited to a few molecules. Is initiated by arranging the clusters into antiparallel aligned

The independence aly from the annealing temperatuik, rods of TPP. molecules.

further shows that the size of these clusters does not change [N our opinion, the results presented here strongly suggest

For the first time a detailed microscopic description of phase
all could be presented. It is consistent with most of the
experiments carried out on the second amorphous phase of TPP
by various groups in recent years. We describe phase all as a
homogeneous and disordered phase up to an annealing temper-

significantly with T, Therefore, an increase it (Ip ~ that phase all can be described as a second liquid, where a part
18% atT, = 222 K) indicates an increase in the number of of the molecules exhibit structural correlations. However, the
clusters. guestion about the origin of these correlations remains unan-

The existence of clustered parallel aligned molecules as well SWered. Regarding the structure model described above, two
as the increasing number of clusters as a functiom,ofsult scenarios have to be taken into account. First, since the clusters

in a higher degree of correlations as a functioMgénd agrees may resemble a part of the crystal structure, on a first look it
with the proposition of Oguni et alé. It also explains the ~ Might be reasonable to think of the cluster formation as an early

behavior of the optical birefringence observed by Tanaka &t al. stage of nucleation and thus as an onset of crystallization. In
without assuming a mixture of phase all and microcrystallites, this case, both the number as well as the size of the nuclei should
which is not consistent with the results presented here of the 9fow as a function ofT.. According to our experiments,
spin—lattice relaxation and rf-driven spin-diffusion experiments. however, the cluster size is independentpfFurthermore, one
The same arguments also hold for the Raman data collected byhas to keep in mind that the main characteristic of the crystal
Hedoux et alt545-47 from which the authors derived their picture i the antiparallel ordering of the rods of molecules. Thus, it is
of phase all as a mixture of the supercooled liquid and atleastquestionable to regard small clusters of parallel aligned
nanocrystallites. If the arrangement of the TPP molecules within molecules as crystal nuclei. Combined with the large temperature
the clusters resembles that of the rods of the crystalline phase fange in which phase all can be prepared without forming either
the Raman spectra will develop a signature similar to the one @ nano- or microcrystalline material, we think this scenario is
found for the crystal, even without the antiparallel alignment less probable.
of rods of molecules. It is this alignment though which defines  Second, the clusters may be regarded &xcally preferred
the translational symmetry of the crystalline phase and thereforestructure (LPS) as proposed in the concept of Tarjus and
is essential for the formation of crystal nuclei. Kivelson23 to explain the origin of the polyamorphism phen-
The existence of small clusters of parallel aligned molecules omenon. The authors think of transitions between two liquid
furthermore explains the unusually stretched correlation function or amorphous phases as a competition between different LPSs.
for the reorientational dynamics of the TPP molecules of phase This scenario it fully consistent with the structural description
all observed by Rssler and co-workers. Depending on the of phase all that we have developed. However, since the process
number of molecules in a single cluster, its correlation time  of the phase transformation includes density fluctuations in the
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beginning, which results in an intermediate phase with structural mediate phase in more detail and to determine the arrangement
and physical properties different from both the supercooled of the TPP molecules within the clusters. At the moment we
liquid and phase all, this discussion remains somewhat specula-are working on both aspects usifi¢ and3'P double- and zero-

tive. To develop a better understanding of the thermodynamic quantum NMR experiments as well as force field methods.
and kinetic anomalies associated with this transformation, it is

necessary to investigate the structural properties of the inter-JA046602Q
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