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Abstract

This study describes the synthesis and molecular mobility of both partially deuterated and fully protonated ethyl polyhedral oligomeric
silsesquioxane (POSS) crystals. The primary phase transitions were identified with differential scanning calorimetry at∼257 and∼253 K for
partially deuterated and fully protonated ethyl POSS, respectively. A change in entropy between∼47 and 28± 2 J mol−1 K−1 was observed for
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hese transitions. At high temperature the unit cells are rhombohedral, while triclinic unit cells are observed at temperatures below the pha
oint. The crystallographic transition to the low temperature phase, 110 K, is marked by an abrupt increase in density (1.31 to 1.43± 0.05 g cm−3)
nd decrease in symmetry (R-3 toP-1). Additionally, the crystallographic transition results in abrupt changes in the spin lattice relaxat

inewidth as detected with solid-state proton nuclear magnetic resonance (NMR) spectroscopy. This NMR behavior suggests a transitio
lar mobility of both ethyl derivatives. Both POSS derivatives exhibit an increase in correlation time and activation energy. For deuter
OSS, the motions became increasingly anisotropic after the temperature is lowered past its transition point.
2005 Elsevier B.V. All rights reserved.

eywords: Polyhedral oligomeric silsesquioxane; Nuclear magnetic resonance; Phase transitions; Calorimetry; X-ray spectroscopy

. Introduction

Polyhedral oligomeric silsesquioxane (POSS) is a fused cage
f cyclic siloxanes used as a nanofiller in composite research

1–4]. Synthetic work has strived to functionalize the sub-
tituents on POSS molecules in order to increase its compat-

bility with an organic polymer matrix[5–7]. However, both
ree POSS molecules and POSS tethered to polymer chains
orm localized crystalline POSS domains in the polymer matrix
4,5]. This study focuses solely on pure POSS crystallites as a
tep toward decoupling the behavior of the POSS domains in
olymeric nanocomposites. Of particular interest here are the
olecular motions exhibited by POSS molecules within the

rystallites and the relationship to the known phase transition
ehavior of POSS derivatives[8]. In particular, this work will
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examine if POSS crystallites exhibit plastic crystalline beha
in which molecular tumbling occurs for molecules ordered
three-dimensional crystalline array. Plastic crystals exhibit r
molecular reorientation at high temperatures, which slows
rigid limit when cooled below a transition temperature, resu
in a small reduction in entropy (3–20 J mol−1 K−1) [9,10].

Previous work by Larsson, used X-ray diffraction to mon
crystallographic phase transitions in crystals of POSS conta
various fully protonated organic substituents[8]. Larsson note
a crystallographic phase transition ofn-propyl POSS at 272
from a close packed hexagonal unit cell in the high temper
phase to triclinic unit cell in the low temperature phase. O
substituents including methyl, ethyl,i-propyl andn-butyl were
also studied using the Klofer method; however, no transition
observed for these derivatives, down to the lowest experi
tally accessible temperature of 243 K[8]. Differential scanning
calorimetry by Kopesky et al. identified a transition at 330 K
i-butyl functionalized POSS[11]; however, no detailed entrop
information about the phase transitions of POSS molecule
been reported. There has been no solid-state nuclear ma
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.08.028
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resonance spectroscopy reported on the characteristic molecular
motions of these phase transitions.

Three-dimensional crystallographic reordering, using X-ray
diffraction (XRD) and differential scanning calorimetry (DSC)
can often be linked to changes in the molecular motions mon-
itored by nuclear magnetic resonance (NMR). All three tech-
niques have been employed to fully characterize the crystallo-
graphic, energetic and molecular motions of the plastic crystal
adamantane (C10H16) [12–15]. Nordman and Schmitkons found
adamantane went through a crystallographic phase transforma-
tion at 209 K between a high temperature cubic phase and the
low temperature tetragonal phase. Furthermore, the cubica-axis
was found to have rotated 9◦ with respect to thec-axis of the low
temperature tetragonal phase[12]. Calorimetry performed by
Chaung and Westrum confirmed a first order phase transition at
209 K with a change in entropy of 3.4 J mol−1 K−1 [13]. Finally,
spectroscopists, Resing[14] and McCall [15], characterized
the molecular motions of these phases and found adamantane
molecules underwent isotropic reorientations around the C6-axis
at room temperature. The transition to hindered molecular rota-
tion is marked by discontinuities at 209 K in the solid-state pro-
ton spin lattice relaxation time constant and spectral linewidths
[14,15]. In addition, cubane (C8H8) is another plastic crystal
which has been characterized using the same techniques as
described for adamantane, but to a less extensive degree[16,17].
Cubane is polymorphic and characterized by two high tempera-
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Larsson’s conclusions, we have identified a phase transition in
fully protonated ethyl POSS (253 K) suggesting there may be
a limit to the sensitivity of the Klofer method when the tem-
perature is only dropped a few degrees below the transition
point. Furthermore, ethyl substituted POSS was chosen for this
study because it could be isotopically labeled from a commer-
cially available vinyl derivative (Fig. 1). A comparison between
fully protonated and partially deuterated ethyl POSS illustrates
how changes in chemical labeling change transition properties.
In addition, deuterium NMR was used to analyze the partially
deuterated derivative and provided a sensitive measure of the
change in symmetry of molecular motions occurring during the
phase transitions. These NMR results were confirmed with dif-
ferential scanning calorimetry and X-ray crystallography.

2. Experimental

2.1. Synthesis of octaethylsilsesquioxane,
(CH3CH2)8(Si8O12)

In a glass-lined 200 mL PARR pressure reactor, 10.0 g
(15.8 mmol) of octavinylsilsesquioxane, (CH2=CH)8(Si8O12),
was dissolved in 60 mL of dry toluene. After adding 50 mg of
10% palladium on carbon heterogenous catalyst, the reaction
vessel was sealed, pressurized to 500 psi with 99.99% hydro-
gen gas, heated to 70◦C and stirred for 16 h. The hydrogenated
p lite,
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ure phase transitions at 394 and 405 K[17]. Like adamantane
ubane is known to undergo rapid isotropic tumbling in its h
st temperature phase.

Due to the similarity in the molecular architecture of cub
nd POSS, it is hypothesized that POSS cages are able to

umble about an axis of symmetry. Additionally, the rotatio
ndividual organic substituents about the axis attaching the
he vertex of the POSS cage is anticipated.

In the interest of characterizing the molecular motion
function of temperature in POSS crystallites, this paper

escribe calorimetry, X-ray diffraction and various solid-s
MR experiments on crystals of ethyl substituted POSS. De

ig. 1. Molecular structure of (a) partially deuterated and (b) fully proton
thyl POSS.
ly

roduct was isolated by filtering the solution through ce
educing the solvent volume and cooling the solution to−20◦C
o induce crystallization. Three crops of crystals were obta
n this way, then combined together and sublimed at 15◦C
nder dynamic vacuum (10−2 Torr) to give 9.10 g of produc
14.0 mmol, 89% yield). A single product is evidenced by1H,
3C and29Si NMR spectroscopy.1H NMR (relative to interna
HCl3 at 7.26 ppm): 1.00 ppm (CH3, triplet, 3JH–H = 8.0 Hz),
.61 ppm (CH2, quartet,3JH–H = 8.0 Hz).13C NMR (relative to

nternal CDCl3 at 77.0 ppm): 6.51 ppm (CH3), 4.08 ppm (CH2,
9Si satellites1JSi–C= 109 Hz).29Si NMR (relative to externa
iMe4 at 0.0 ppm):−65.5 ppm (13C satellites1JSi–C= 109 Hz).

.2. Synthesis of deuterated-octaethylsilsesquioxane

The same hydrogenation procedure was followed excep
8% deuterium gas was used instead of hydrogen. Ten g
f octavinylsilsesquioxane was converted into 9.3 g of part
euterated-octaethylsilsesquioxane. The product is a com
ixture of not just (CH2DCHD)8(Si8O12), but contains nume
us products arising from catalyst induced scrambling o
euterium. The1H NMR spectrum shows an integral ratio

he methyl group to the methylene group of 1.14:1.00; the id
zed product with the addition of one deuterium to each ca
ould have an expected ratio of 2:1. In the13C spectrum, peak
orresponding to CH3CH2Si groups are easily identified, a
DEPT 135 sequence13C NMR spectrum demonstrates t

he methyl groups can be CH3, CH2D or CHD2 and the methy
ene groups can be CH2 or CHD. Evidence for perdeuterat

ethyl or methylene groups was not observed.1H NMR (rel-
tive to internal CHCl3 at 7.26 ppm): 0.98 ppm (methyl, bro
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multiplet), 0.60 ppm (methylene, broad multiplet).13C NMR
(relative to internal CDCl3 at 77.0 ppm): 6.52, 6.42, 6.34, 6.24,
6.15, 6.05, 5.95, 5.87, 5.77, 5.67, 5.58, 5.48, 5.39, 5.20 ppm (dn-
CH3), 4.08, 3.98, 3.87, 3.80, 3.77, 3.72, 3.62, 3.52, 3.44, 3.34,
3.23 ppm (dn-CH2,). 29Si NMR (relative to external SiMe4 at
0.0 ppm):−65.4 ppm (broad multiplet).

As identified in the procedure, the 3:2 ratio for the methyl to
the methylene resonances, from the solution1H NMR, indicated
the desired fully protonated ethyl derivative was synthesized.
For this reason, this product will be referred to as fully proto-
nated ethyl POSS. Unfortunately, the deuteration of the ethyl
POSS resulted in a complicated mixture of products (Fig. 1).
The desired deuterated ethyl product had an expected ratio of
2:1 for the methyl to methylene from solution1H NMR res-
onances. However, the ratio for the synthesized product was
1.14:1. The palladium catalyst has been known to create C–H
activation[18,19]. The deuterium gas was more than 98% pure
suggesting that on average each ethyl substituent had more than
three deuterium isotopes. Despite this scrambling of isotopic
products, the deuterated ethyl POSS product contained residual
protons from the vinyl precursor allowing for a direct compar-
ison of the two POSS derivatives using solid-state1H NMR.
Therefore, the deuterated product will be referred to as partially
deuterated POSS.
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the crystallographic phases including bond angles, lengths and
coordinates are available in other references[21].

2.5. Solid-state NMR spectroscopy

Deuterium solid-state NMR spectra were taken with a Wang
7 T magnet (with a 45 MHz2H resonance frequency) using a
Tecmag single resonance pulse generator and receiver. Static
deuterium (2H) experiments were performed on a home built
probe with a 2.5�s π/2 pulse width. Deuterium spectra were
acquired with a solid echo sequence (π/2-τ-π/2-Acq) and a fixed
delay time (τ) of 21�s.

Proton solid-state NMR spectra were taken with an Oxford
6.3 T magnet (with a 270 MHz1H resonance frequency) using
a Tecmag dual resonance pulse generator and receiver. Static
proton (1H) experiments were performed on a home built probe
with a 2�sπ/2 pulse width. Proton spectra were acquired with
a 10�s dwell time and a 5 s recycle delay.

Simulations of line shapes for the static proton spectra were
performed with a single peak using GRAMS® software (Thermo
Galatic Software, San Jose, CA). Simulated peaks were Gaus-
sian with the full width half mass (FWHM) line widths extracted
from the simulation.

Spin-lattice relaxation time constants for the proton exper-
iments were measured using an inversion recovery sequence
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.3. Differential scanning calorimetry

Modulated differential scanning calorimetry (DSC) was
ormed on a Q1000 TA instrument. Each sample was ru

hermetically sealed aluminum pan with a step scan of
oops between 123 and 273 K. The ramp rate was 2 K/min

odulated at 0.212 K every 40 s. Data was analyzed usin
niversal Analysis software.

.4. Single crystal X-ray analysis

Single crystal X-ray analysis was performed by XRD
ices (Mahopac, New York) using a single crystal of parti
euterated POSS slowly crystallized from a saturated

ion of THF. Measurements were made on a Bruker SMA
000 diffractometer, equipped with an Oxford Cryosystems

emperature controller, using graphite-monochromated Mo
adiation (λ= 0.71073Å). The structures were solved by dir
ethods using SHELXS[20] and refined againstF2 on all data
y full-matrix least squares with SHELXL-97 (Sheldrick,
. SHELXL 97, Universiẗat Göttingen, G̈ottingen, German

997). All non-hydrogen atoms were refined anisotropic
he hydrogen atoms were included into the model at geom
ally calculated positions and refined using a riding model.

sotropic displacement parameters of all hydrogen atoms
xed to 1.2 times theU-value of the atoms they are linked to (
imes for methyl groups). Goodness of fit onF2 for both temper
ture data sets was 1.052 and 1.142 for the 290 and 110 K
espectively. TheR1 values forF > 4σ(F) andwR2 values for al
ata points were 0.0550 and 0.2014 for the 290 K and 0.
nd 0.1731 for the 110 K data sets, respectively. Full deta
-

-

e
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1
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π-�-π/2-Acq). A single least square exponential was fit to
eak intensity (M) versus delay time (t), resulting in a two par
ter fit yielding: the equilibrium peak intensity (M0) and the
pin-lattice relaxation time constant (T1) (Eq.(1)) [22].

(t) = M0

(
1 − 2 exp

(
− t

T1

))
(1)

his single exponential was used for the POSS data wi
2-value of≥0.99. The spin lattice relaxation values were re
ucible within a fixed value of±0.5 s.

From the plot of lnT1 versus the inverse of temperature,
ctivation energies were calculated from the slope of the line
2)) multiplied by the molar gas constant[22]. Values were ca
ulated in two temperature regions, from 298 to 253 K and
o 223 K for the fully protonated and 283–258 K and 253–22
or partially deuterated ethyl POSS. A linear regression in
egion resulted inR2-values >0.98.

n T1 = −Ea

RT
(2)

. Results and discussion

.1. Differential scanning calorimetry (DSC)

The first cooling and heating curves for both partially deu
ted (a) and fully protonated ethyl (b) POSS are present
ig. 2. These curves are representative of what was obs
ith sequential cycling. For both molecules, the compo
ehavior of as many as three different transitions is obse
owever, one of these transitions provides the dominant i
ity. For the partially deuterated ethyl POSS, the prim
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Fig. 2. Differential scanning calorimetry measurements of (a) ‘—’ partially deuterated and (b) ‘ ’ fully protonated ethyl POSS.

transition temperature appears at 257 and 251± 2 K for the
endotherm and exotherm, respectively. For the fully protonated
POSS, the major transition has shifted to lower temperatures of
253 and 247± 2 K for the endotherm and exotherm, respectively.
This same shift to higher temperatures due to deuteration has
been observed by other researchers in other molecules undergo-
ing a first-order phase transition[23]. The shift in the transitions
suggests that the bulk of the deuterated species requires more
thermal energy to overcome the steric barrier for molecular
tumbling. The thermal hysteresis in the heating and cooling
cycles for both transitions suggest the transitions are first-order.
The other less intense transitions occur at lower temperatures
than the primary transition and can be observed to exhibit ther-
mal hysteresis and shift toward higher temperatures with partial
deuteration. However, the combination of broadness and over-
lap in the data makes it difficult to provide exact temperatures
for these secondary transitions.

From the DSC scans, the change in enthalpy of the phase
transition is taken from the integral of heat capacity versus
temperature. Likewise, the change in entropy is estimated by

dividing the enthalpy by the phase transition temperature[24].
Due to the lack of separation in the peaks the entire integral
for the transitions is represented inTable 1. For the partially
deuterated POSS, the enthalpy changes for the endotherm and
exotherm were within experimental error of each other, as were
the entropy changes, for the primary transitions occurring at
∼250 K (Table 1). For fully protonated POSS, the enthalpy and

Table 1
Charactersitics of the phase transition and phase behavior of ethyl substiuted
POSS extracted from DSC

Substituenta Primary transition
temperature (K)
(±2 K)

Total�H
(J mol−1)
(±700 J mol−1)

Totoal�S
(J mol−1 K−1)
(±3 J mol−1 K−1)

CHDCH2D Texo = 257 11953 47
Tendo = 251 9510 38

CH2CH3 Texo = 253 7233 28
Tendo = 247 7378 30

a H stands for1H and D stands for2H isotope.
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Table 2
Crystallographic characteristics of each phase of the partially deuterated ethyl POSS

Cell characteristics Phase I, 290± 2 K Phase II, 250± 2 K Phase III, 230± 2 K Phase IV, 110± 2 K

Crystal system Rhombohedral Triclinic Triclinic Triclinic
a (Å) 13.998± 0.002 8.6194± 0.0009 9.7301± 0.0009 9.7005± 0.0007
b (Å) 13.998± 0.002 9.7361± 0.0010 12.2411± 0.0011 12.1558± 0.0009
c (Å) 14.53± 0.02 9.7371± 0.0010 13.3053± 0.0012 13.0907± 0.0010
α (◦) 90 94.424± 0.002 88.169± 0.002 87.850± 0.002
β (◦) 90 98.562± 0.002 88.419± 0.002 88.024± 0.002
γ (◦) 120 96.867± 0.002 77.062± 0.002 77.187± 0.002
Z (molecules/cell) 3 1 2 2
Density (calculated) (g/cm3) 1.31± 0.05 1.35± 0.05 1.40± 0.05 1.43± 0.05
Volume (Å3) 2464.60± 0.05 798.47± 0.05 1543.20± 0.05 1503.58± 0.05
Possible space groups R-3 P-1 P-1 P-1

entropy changes for the endotherm and exotherm of the primary
transition, at∼250 K, are within error of each other.

The DSC results indicate that each POSS derivative under-
goes a number of phase transitions in the experimental tem-
perature range of 123–273 K. The primary transition for both
derivatives occurs at∼250 K, with the largest change in enthalpy
and entropy occurring at this temperature.

3.2. Single crystal X-ray analysis

Since there is no change in the electron density between
deuterated and fully protonated ethyl POSS, we have solved
the crystal structure of the partially deuterated ethyl POSS to
represent the expected crystallographic phase transition for this
ethyl derivative. The characteristics of the crystalline domains
for each phase of the partially deuterated ethyl POSS are pre-
sented inTable 2. In the high temperature phase, the unit cell
can be described by a highly symmetric rhombohedral unit cell
andR-3 space group, while the lower temperature phases are
best described by an asymmetric triclinic unit cell andP-1
space group. The largest change in packing symmetry occurs
after the first transition at 250 K. After 250 K, there is a con-
tinual contraction of the density of the unit cell. In addition
to the lower symmetry of the low temperature phase there are
contractions in both the unit cell volume and the number of
m con-
t .60 t
7 en
P
a 43.2
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The transition of ethyl POSS from a rhombohedral to a tri-
clinic (Table 2) crystal structure is consistent with that observed
by other researchers forn-propyl POSS. Furthermore, the data
presented inTable 2suggests that the crystallographic phase
transition lowers the symmetry of the three-dimensional molec-
ular ordering. In comparison to then-propyl POSS, ethyl POSS
has a higher density suggesting the smaller alkane chain allows
for a tighter packing in both phases. The contraction in the
volume of the unit cell is consistent with a first-order phase tran-
sition observed with calorimetry. The largest energetic transition
(∼250 K) is consistent with the largest change in crystallo-
graphic symmetry, from Phase I to Phase II. Furthermore, it
is likely that the additional transitions observed in the calorime-
try are correlated with these rearrangements of the triclinic
unit cell, specifically the transition from Phase II to Phase III.
Nuclear magnetic resonance (NMR) was undertaken in order
to elucidate the dynamic molecular behavior in each of these
crystallographic phases.

3.3. Deuterium NMR analysis

The static2H NMR spectra, of the deuterated ethyl POSS at
298, 248 and 243 K are shown inFig. 3. At room temperature
the splitting is 6 kHz and increases to 40 kHz at 248 K. There
was no change in the splitting of 40 kHz at 248 K down to our
l

ing
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q e,
t and
t nt,
o
[
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P

olecules included in each unit cell. The most abrupt
raction occurs between Phase I and Phase II, from 2464
98.47± 0.05Å3, followed by an expansion in volume betwe
hase II and Phase III, from 798.47 to 1543.20± 0.05Å3, and
slight decrease between Phase III and Phase IV, from 15

o 1503.58± 0.05Å3. These changes are accompanied b
ecrease in the number of molecules in each unit cell bet
hase I and Phase II, from 3 to 1, followed by an incr
etween Phase II and Phase III, from 1 to 2. This resul
n overall 8% increase in the calculated density in transitio

rom Phase I to Phase IV, corresponding to density valu
.31–1.43 g cm−3.

Larsson identified then-propyl POSS phase transition
72 K as a transition from hexagonal unit cell andR-3 space
roup to a triclinic unit cell andP-1 space group[8]. This

ncrease in crystallographic order was accompanied by a
ncrease in density from 1.09 to 1.20 g cm−3 [8].
o

0

n

f

owest experimentally accessible temperature of 203 K.
At a single orientation, the quadrupolar splitt

�ν) depends on to the quadrupolar coupling cons
eeQq/h ∼ 200 kHz for C–D), composed of the nucle
uadrupolar moment (eeQ) wheree is the elementary charg

he electric field gradient tensor (q), Planck’s constant (h)
he angle (θ) between the principle electronic field gradie
riented along the C–D bond, and the magnetic field (Eq.(3))

9].

ν = 3

2

(
eeqQ

h

) 〈
(3 cos2 θ − 1)

2

〉
(3)

veraging the angle (θ) over all the C–D bonds in the molecu
ives the order parameter (Eq.(4)) [9].

2(cosθ) =
〈

(3 cos2 θ − 1)

2

〉
(4)
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Fig. 3. Solid-state deuterium NMR spectra for partially deuterated ethyl substi-
tuted POSS as a function of temperature.

The splitting occurs whenP2(cos(θ)) is non-zero, corre-
sponding to a situation where the electronic field gradient a
the nucleus is not completely averaged to zero by molecula
motions. Therefore, the order parameter is a quantitative mea
sure of the degree of orientation in the sample.

Furthermore, the symmetry of the motions is dictated by
molecular symmetry. For highly symmetric plastically crys-
talline compounds, such as adamantane (Td), a combination of
rotations about the Cn-axis is enough to produce a symmet-
ric isotropic2H lineshape at room temperature[26]. However,
derivatives of adamantane, with a lower molecular symme-

try, exhibit splitting in deuterium spectra at room temperature
[27].

For our partially deuterated POSS, splitting is observed at
all three temperatures with the magnitude of the splitting cor-
responding to a change in order parameter of the C–D bond.
Fig. 3 indicates an abrupt increase in the splitting from 6 Hz
at 298 K to 40 Hz at 248 K. Thus, the increase in splitting (Eq.
(3)) corresponds to greater than five-fold increase in the order
parameter from 26× 10−3 at 298 K to 133× 10−3 at 243 K.
As the temperature decreases fewer rotational states of POSS
molecules are energetically accessible, leading to an increase
in the order parameter (Eq.(4)). Therefore, the larger splitting
(40 kHz) at lower temperatures indicates the molecules become
more ordered and motions become increasingly anisotropic.
This abrupt transition in the order parameter is consistent with
a first-order phase transition.

If the ethyl POSS were fully deuterated it would have a higher
order of symmetry (Oh) than adamantane and therefore would
be expected to have an isotropic deuterium lineshape at room
temperature. However, the deuterium insertion reaction instead
created a mixture of partially deuterated products of lower sym-
metry (Fig. 1). This mixture of products, and therefore the
lower molecular symmetries, most likely caused an asymme-
try (6 kHz) in the lineshape due to anisotropic reorientations of
the molecules at 298 K.
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Fig. 4. Solid-state static1H spectra of (a) partially deutera
t
r
-

.4. Proton NMR analysis

In order to analyze the motions of both types of PO
olecules, proton NMR spectra were acquired as a fun
f temperature. In all cases, the proton spectrum was broa

eatureless; however, the width of the spectrum varied. A
esentative set of static proton spectra for partially deute
nd fully protonated ethyl POSS are presented inFig. 4at three

emperatures of 298, 248 and 243 K.
As seen inFig. 5, the linewidth increased with a decreas

emperature for both POSS derivatives. The partially deute

nd (b) fully protonated ethyl POSS as a function of temperature.
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POSS has a consistently smaller linewidth compared to the
fully protonated POSS, as would be anticipated based on
the differences in proton density and hence proton homonu-
clear dipolar couplings between the two species. Both deriva-
tives exhibit two plateau regions, signifying each crystalline
phase, bridged by a transient transition region. In the high
temperature limit, the linewidths are smaller and nearly a
constant value. In the intermediate transition, the linewidth
rapidly increases with decreasing temperature. A transition,
occurs at 258± 2 K for the partially deuterated ethyl POSS
and 253± 2 K for the fully protonated ethyl POSS. In the
low temperature limit, the linewidths plateau at a maximum
value.

Similar changes in linewidth of proton spectra have pre-
viously been used to mark the phase transition of a number
of plastically crystalline solids[9,25,28]. Gutowsky and Pake
found an abrupt increase in the static proton linewidth of 1,1,1-
trichloroethane as it passed through a phase transition tem-
perature at 134 K. They theorized that the proton spectrum
linewidth is dependent on the frequency and type of motion
of the molecule, which in turn is a function of temperature and
an energy barrier for motion. Thus, they derived the following
equation to relate the experimental linewidth to the underlying
thermodynamic parameters (Eq.(5)) [28].

(
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Fig. 5. Solid-state1H FWHM linewidth as a function of temperature for fully
protonated and partially deuterated ethyl substituted POSS.

Gutowsky and Pake’s theory gives the correct functional
dependence needed to describe the data represented inFig. 5.
The transitions observed centered at 258 K for deuterated ethyl
POSS and 253 K for fully protonated ethyl POSS, indicate that
molecular motions cease or become hindered at temperatures
below the transition point.

These changes in molecular motions can be further charac-
terized with the proton spin-lattice relaxation time constant,T1,
which is a sensitive measure of molecular reorientations occur-
ring at the Larmor frequency, 270 MHz.Figs. 6 and 7are the
Arrhenius plots of the lnT1 versus the inverse of temperature
for the POSS molecules. For the fully protonated POSS there is
a discontinuity in the graph at 253 K and for the partially deuter-
ated POSS at 258 K. For both POSS molecules the activation
energy for the low temperature region is higher than that of the
high temperature region.

Using the dipolar part of the spectral density formula, the
T1 time constant depends on the Larmor frequency for the1H
isotope (ω= 270 MHz), the correlation time (τi ) for molecular
motion and the linewidth (�ν) corresponding to the appropriate

F
o

�ν)2 = V 2 + U2 − V 2

π
tan−1

νi

(5)

he linewidth (�ν) is related to the linewidth for a rigid lattic
U), the linewidth after completion of a narrowing motion (V
onstant to correct for any inadequacies in the lineshape an
α) and the reorientation frequency (νi = (2πτ i )−1). Therefore
he experimental linewidth (�ν) describes the transition betwe
he motions of the rigid lattice (U) and motionally narrow
otions (V), limited by the thermal energy and molecular s
etry. In terms of 1,1,1-trichloroethane, Gutowsky and P

uggested the change in linewidth would describe a tran
etween rigid molecules and a hindered rotation of the m
roup.

In order to link the experimental linewidth to the thermo
amic parameters, Bloomberg, Pound and Purcell (BPP) th
as used to relate the correlation time (τi ) to the activation
nergy barrier for the two different modes of motion exp
nced in each crystallographic phase (Eq.(6)) [9,28].

i = τ0 exp

(
− Ea

RT

)
(6)

his assumption of Arrhenius behavior suggests that the
elation time (τi ) is dependent on a characteristic correla
ime (τ0), activation energy (Ea), temperature (T) and the mo
as constant (R). Gutowsky and Pake’s theory gives an
f magnitude approximation for the characteristics of molec
otions, specifically activation energies and correlation t

28]. Using this theory, Andrew and Eades described the inc
n static proton linewidth for benzene at 100 K, as a decrea

olecular tumbling about its C6-axis of symmetry (τ0) [29].
-

r

e
nig. 6. Solid-state1H spin-lattice relaxation time constants (T1) as a function
f temperature for fully protonated ethyl substituted POSS.
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Fig. 7. Solid-state1H spin-lattice relaxation time constants (T1) as a function
of temperature for partially deuterated ethyl substituted POSS.

crystalline phase (Eq.(7)) [8,30].

1

T1
= 2

3

�ν2

(2.35)2

{
τi

(τ2
i ω2 + 1)

+ 4τi

(4τ2
i ω2 + 1)

}
(7)

Applying Bloomberg, Pound and Purcell theory, inserting Eq.
(5) into Eq. (6), suggests a plot of lnT1 versus the inverse of
temperature will have a minimum[9,28]. This theory is only
applicable to materials in which a single correlation time (τi )
dictates the spin-lattice relaxation for the entire experimenta
temperature range. This is often not the case for solids in which
a phase transition causes different motions to dominate the relax
ation in each phase.

It has been well documented for numerous solids that, when
phase transition occurs over the experimental temperature rang
a minimum will not be observed[9,14,24]. Instead, as the molec-
ular motions decrease, with a decrease in temperature, there
a discontinuity in the graph at the transition temperature. For
example, Resing and co-workers found that theT1 time constants
from static proton NMR of the plastic crystal adamantane has a
discontinuity in the graph at 209 K where the crystallographic
phase transition occurs. At temperatures above the transition,
is suggested that adamantane freely rotates about a C6-axis of
symmetry, described by a short correlation time and after the
transition this motion is energetically less accessible, describe
by a longer correlation time[9,14,15].

at
d f the
n ition
t ra-
t red
t -
b r the
i avie
i ures
I abel
i asin
t This

decreased mobility would require less thermal energy to be
removed in order for the molecules to become completely rigid.
It is equally likely that due to the scrambling of the deuterated
products, on average, the asymmetry in the POSS molecules
excludes certain modes of motion; therefore, decreasing the
mobility in the high temperature phase and increasing the tem-
perature at which the molecule becomes completely rigid.

The characteristic correlation time and the activation energy
for the molecular motions can be determined assuming BPP
theory and using the measured values of Phase I and Phase II
in Table 3. When the temperature was decreased from 298 to
243 K, the characteristic correlation time (τ0) increased from
28± 2 to 530± 15 ns and from 32± 2 to 520± 15 ns, for the
partially deuterated and fully protonated POSS, respectively
(Table 3). For both the fully protonated and partially deuter-
ated ethyl POSS, the activation energy for molecular tumbling is
lower at temperatures above the transition (Ea∼ 16± 2 kJ/mol)
than below (Ea∼ 20± 2 kJ/mol) (Table 3).

Simulations of the molecular motions of POSS, performed
by Capaldi, determined the correlation time for isotropic molec-
ular tumbling of cyclopentyl POSS molecules in a polyethylene
matrix [31]. The time scale with this random, isotropic tum-
bling of the POSS molecule around its Cn-axis of symmetry
was∼0.4–0.2 ns at 500 K, depending on the concentration of
POSS molecules present in the blend. It is noted by the authors
that the correlation time for molecular tumbling at 300 K was
s from
t ime
f r of
∼ for
a ges in
t
∼ yl-
b kJ/mol
[

from
t ted in
T er
t alue
o ture
c sible
e tion
o d its
C thyl
g hese
e cted
t mme-
t pact
o ons.
T tion
t gest
t ses
o rre-
l n is
n the
l ther-
m cules
The discontinuities, observed inFigs. 6 and 7, indicate th
ifferent molecular motions of POSS dictate the relaxation o
uclear spins prior to and after the phase transition. In add

hat transition to rigid mobility occurs at a higher tempe
ure (258± 2 K) for the partially deuterated sample compa
o the fully protonated sample (253± 2 K). Due to the scram
ling of deuterated products it is difficult to conclude whethe

ncrease in the transition temperature is the result of the he
sotope or the identified asymmetry of the molecular struct
t is plausible that the increased mass of the deuterium l
ncreases the moment of inertia for the molecules decre
he molecular tumbling in the high temperature phase.
l

-

a
e

is

it

d

,

r
.
s
g

lower than 5 ns and could not be accurately determined
heir simulation. However, typical values for the correlation t
or reorientation of the cyclopentyl group is on the orde
90 ps at 300 K[31]. In addition, the activation energy, found
damantane, where NMR has shown to be sensitive to chan

he ability of the molecule to tumble around their C6-axis, was
22 kJ/mol[8]. The free rotation of an ethyl group on eth
enzene has been estimated to be between 5.4 and 7.7

32].
The activation energy and correlation times, extracted

he spin-lattice relaxation data, for ethyl POSS are presen
able 3. The fits inFig. 6 are extrapolated to 500 K in ord
o obtain values comparable to those from simulations. A v
f ∼3 and∼4 ns is obtained for the high and low tempera
rystallographic phases, respectively. There are two plau
xplanations for this motion, which include: a restricted rota
f the ethyl side groups or tumbling of the molecule aroun
n-axis of symmetry. However, the rotation of the pendent e
roups (∼90 ps) is three orders of magnitude lower than t
xperimental correlation times (∼32–28 ns). It is also expe
hat the increase in density and decrease in packing sy
ry, after the phase transition, is likely to have a larger im
n the motions of the molecular tumbling than ethyl rotati
he closer similarities in the activation energies and correla

imes, with other experimental and simulation values, sug
hat molecular tumbling is the dominant motion for both pha
f the molecules. The discontinuity in the values of the co

ation times indicates that the dominating mode of relaxatio
o longer symmetrical tumbling of the POSS molecule in

ow temperature phase. It is plausible that the decrease in
al energy and rearrangement in the packing of the mole
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has constrained their reorientation causing an increase in the
correlation time for rotational tumbling.

4. Conclusions

Phase transitions occur in ethyl POSS molecules and have
been identified using calorimetry, X-ray crystallography and
various NMR experiments. The transition points observed with
calorimetry are identical to those observed with NMR. The
high temperature phase was identified as rhombohedral and
the low temperature phase was triclinic. The behavior observed
with calorimetry, X-ray crystallography and NMR are typical
to those of plastic crystals. The temperature of the phase tran-
sition was tuned by isotopically labeling the substituents on the
POSS molecule. At higher temperatures, the molecular reorien-
tations are rapid and for deuterated POSS slightly anisotropic.
After the transition, and at lower temperatures, the molecular
reorientations are slower and for deuterated POSS increasingly
anisotropic.
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