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The dynamic properties of dioctanoyl peroxide guest molecules within the urea host tunnel structure
in the dioctanoyl peroxide/urea inclusion compound have been investigated by incoherent
quasielastic neutron scatterifgQNS) and solid state’H nuclear magnetic resonan¢blMR)
techniques. The IQNS investigations were carried out on samples of urea inclusion compounds
containing perdeuterated urea to ensure that the incoherent scattering is dominated by the dioctanoyl
peroxide guest molecules. Using semioriented polycrystalline samples, translational motions of the
guest molecules along the tunnel were investigated separately from reorientational motions of the
guest molecules about the tunnel axis. Tt NMR experiments used dioctanoyl peroxide
deuterated selectively in both the CD, groups and urea with natural isotopic abundance. The
dynamic models that have been found to describe the translational and reorientational motions of the
guest molecules from the IQNS arfti NMR data are discussed in detail. The reorientational
dynamics of the guest molecules about the tunnel axis can be described by a model of uniaxial
rotational diffusion in a twofold potential, and the translations of the guest molecules along the
tunnels can be interpreted by a model of translational jumps between sites with unequal probabilities
of occupation. These models differ markedly from those found previously to describe the dynamic
properties of alkane guest molecules within the urea tunnel structurel998 American Institute

of Physics[S0021-9608)70332-0

I. INTRODUCTION “host” structure® within which there are parallel one-

It is widely recognized that urea inclusion compoundsdimensional tunnels. In the “conventional” urea inclusion
are attractive systems for studying many of the fundamentsgompounds, the host structure is hexagoli6,22; a=b
physicochemical phenomena that underpin the properties of 8.2; c~11.0 A) at ambient temperature, with the effective
molecular solids, and as such they have been widely invegunnel “diameter” ranging between about 5.5 and 5.8 A,
tigated for several years In these crystalline solids, the This host structure is stable only when the tunnels are packed
urea molecules form an extensively hydrogen-bondediensely with “guest” molecules. Because of the spatial con-

straints of the urea tunnel, only guest molecules based on
aE|ectronic mail: francois@loriot lsmc.u-bordeaux. fr sufficiently long alkane chains and with a limited degree of
YElectronic mail: K. D. M. Harris@bham.ac.uk substitution are suitable for inclusion within the urea tunnel
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structure, and such guest molecules are constrained to adagpibstructures along the tunnel. For all diacyl peroxide/urea
linear, extended conformations. In the present paper, we fanclusion compounds so far investigatéu=6, 9, and 10,
cus on the dynamic properties of dioctanoyl peroxi@®)  the offset(denotedAy) along the tunnel axis between the
guest molecules within the urea tunnel structure. First, a brigpositions of guest molecules in adjacent tunnelsAig
overview of relevant background information is given. ~4.6 A, at ambient temperature. These well-defined corre-
For all “conventional” urea inclusion compounds, there lations between the positions of guest molecules in adjacent
is an incommensurate structural relationéhijetween the tunnels are presumably mediated by strong interactions be-
periodic repeat distancegy) of the host structure along the tween the host and guest substructures, and the intermodula-
tunnel axis and the periodic repeat distancg) (of the guest  tion function for incommensurate inclusion compounds
molecules along the tunnel axis. While we focus here ortlearly plays a crucial role in this regard.
these “conventional” urea inclusion compounds, we note  Many urea inclusion compounds undergo a phase transi-
that for certain guest molecules there is a commensurate réon (the temperature of which depends on the length and
lationship between the host and guest substructtitesn ~ substitution pattern of the guest moleguleom a high tem-
general, this is also associated with significant changes in theerature phase, in which the host structure is hexagonal, to a
urea tunnel structure. low temperature phase, in which the host structure is ortho-
It has been showfithat the diffraction pattern of incom- rhombic. For alkane/urea inclusion compounds, this behavior
mensurate urea inclusion compounds can be indexed in las been demonstrated directly by x-ray diffraciért? In
four-dimensional superspace, and measurement of all aspeé®@ntrast, for the lauroyl peroxide/urea inclusion compound,
of the diffraction patterrincluding satellite reflectionshas  there is no evidence(from powder x-ray diffraction
been achieved recently:}2 Thus, the composite structure of experiment®’ in the range 40—-298 K and differential scan-
the incommensurate urea inclusion compounds cannot be deing .c_alorimetrﬁ“) for the occurrence of a similar phase
scribed using conventional three-dimensional space groufsansition.
formalism and a superspace group appréadh required. It has been show?® by incoherent quasielastic neutron
Clearly the physicochemical properties of urea inclusionscattering(IQNS) spectroscopy that, in the high temperature
compounds should depend markedly on the nature of thBhase of the alkane/urea inclusion compounds, large ampli-
interactions between the host and guest substructures, and féide translational and reorientational motions of the guest
the incommensurate materials many properties should ther&olecules occur on the picosecond time scélé. NMR
fore depend on the nature of the intermodulation function. ASPectroscopy has also been uSéd *to demonstrate that
first attempt was made receritfyo refine the structure of the there is substantial motion of the guest molecules in the
heptadecane/urea inclusion compound in a four-dimensiondlkane/urea inclusion compounds. However, much less is
superspace group, and to derive the intermodulation funcsnown at present about the dynamic properties of function-
tion. The intermodulation function is important not only with @lizeéd alkane guest molecules within the urea tunnel struc-
regard to the structural properties of the composite crystatUre- _ . _
but also with regard to the dynamfcand conformationaf We now extend this previous research to consider dy-
properties of the guest molecules. For example, specific cof@Mmic properties of diacyl peroxide guest molecules within
lective excitations—the so-called sliding modes of the hosthe urea tunnel structure, selecting the dioctanoyl peroxide/

and guest substructufés-are expected for these quasiperi- urea(OP/ureainclusion compound for these studies. In view
odic materials. of the substantial contrasts between the structural properties

The prototypical family of “conventional” urea inclu- _of theldiacyl peroxide/u_req and thg prototypigal alkane/urga
sion compounds is that with alkane guest molecules, anfficlusion compounds, significant differences in the dynamic
several detailed studies of fundamental structural and dyProperties may be anticipated. As different aspects of the
namic properties of these inclusion compounds have beefiynamic properties of the guest molecules may occur on

reported. However, progress toward understanding fundegiffere_:nt time scales, we exploit the specific advantages of a
mental properties of urea inclusion compounds also relies of?MPined approach using IQNS spectroscopy ahdMR

understanding the behavior of systematic families of gues?peCtrOSC()p?q .

molecules containing well-defined functional groups. In

alkane/urea inclusion compounds, diffraction stutfiésdi- Il. EXPERIMENT

cate that there is a one-dimensional periodic arrangement of .

the guest molecules along the tunnels, with only weak Iatera’?" Materials

correlation between guest molecules in adjacent tunnels. Full details of the synthesis of the materials studied in
Urea inclusion compounds containing other families of guesthis work are given in the Appendix. For the experiments
molecules, however, exhibit markedly different behavior.described in this paper, inclusion compounds containing dif-
For example, urea inclusion compounds containing diacyferent levels of deuteration of OP and urea were used, with
peroxide [ CHy(CH,)¢CO OO CdCH,)sCH;z] guest mol- h;-OP/d,-urea used for IQNS studies amt}j-OP/h,-urea
ecules exhibit a substantially ordered, three-dimensional passed for’H NMR studies. The following abbreviations are
riodic arrangement of the guest molecut3hese inclusion used: d,-urea denotes fully deuterated urém practice
compounds have the “conventional” urea tunnel structurearound 96% deuteratignd,-OP denotes OP deuterated in
and it has been suggest&that there is an incommensurate all hydrogen positions within  the o-CH, groups
relationship between the periodicities of the host and guegtCHz(CH,)sCD,CO OO CO CBQ(CH,)sCHs] hy-urea re-
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fers to urea with natural isotopic abundandeg;-OP refers (i)  Neutron momentum transfer vect@ parallel to the
to OP with natural isotopic abundances. In all cases, powder tunnel axis—denote®@, geometry. In this geometry,

x-ray diffraction confirmed that the crystals had the hexago- the tunnel axes of all the crystals lie in the scattering
nal tunnel structure of the conventional urea inclusion com- plane and motions of the guest molecules along the
pounds at ambient temperature. Differential scanning calori- tunnel axis can be studied. With the tunnel axes
grams were recorded on a Perkin-Elmer Pyris | instrument. aligned at an angle of 135° with respect to the inci-
No phase transitions were observed for OP/urea between 108 dent neutron beanq is strictly parallel to the tunnel
and 353 K. axis only for the scattering anglegg=90°. For other

scattering angles, the reorientational motions about
the tunnel axis make a weak contribution to the scat-

tering profile. This contribution is taken into account
The use of theng-OP/d,-urea inclusion compound for in the calculations discussed below.
the IQNS experiments ensures that incoherent neutron scat- )
tering from theh,-OP guest molecules represents more than QNS spectra were measured in b@h andQ, geom-
~98% of the total incoherent neutron scattering from thettries  for semlprlented i polycrystallme samples  of
inclusion compound. h;o-OP/d,-urea using the time-of-flight spectrometers IN6
Typically, ~100 single crystals ;- OP/d,-Urea were and IN5 at the Institut Laue-Langevisrenoble, Frange at

placed in grooved aluminium containgsgab typé such that temperatures in the range 1'_50—300 K. The i_nstrumen_tal reso-
the urea tunnel axeong axis of the crystal morphologpf lutions were 130ueV (full width at half maximum height

all crystals were parallel to each other. The orientations of°" Wavelengthh,=4.6 A on IN6 and 8QueV for Ao=5 A

the crystals with respect to rotation about this axis were ran®" NS The corresponding experimental energy windows
dom. The following experimental geometries were considUSed in our analysis were 2 meV<fiw<2 meV. ,

ered (Fig. 1), allowing translational motions of the guest  Elastic scans in th®  geometry were performed using

molecules along the tunnel axis and reorientational motiong1e backscattering spectrometer IR(Iiﬁs.trumer.\t'aI resolu-
of the guest molecules about the tunnel axis to be studiefion 15 ueV) at the ISIS neut'ron spallation famht@?uther-.
independently: ford Appleton Laboratory, Didcot, UK at temperatures in

the range 50—-270 K.

(i) Neutron momentum transfer vect@ perpendicular To determine the line shape of the instrumental resolu-
to the tunnel axis—denote@, geometry. This geom- tion functionR(w) as a function of 25 for each spectrom-
etry allows reorientational motions of the guest mol- eter used, the IQNS spectrum of a vanadium standaitth
ecules about the tunnel axis to be studied. With thehe same dimensions as the samplédgf OP/d,-ureg was
tunnel axes of all crystals perpendicular to the scatterrecorded for both th€, andQ, geometries. The detectors
ing plane,Q is perpendicular to the tunnel axis for all were normalized using the spectra for vanadium, and other
scattering angles@; . For the experiments performed corrections were performed using conventional procediires.
on the IRIS and IN6 spectrometefsee below, the  For all data collections, the transmission was more than 90%,

angle between the plane of the sample container angnsuring that the effects of multiple scattering can be ne-
the incident neutron beam was 135°, allowing only glected in the data analysis.

scattering angles&; smaller than~110° to be inves-
tigated. In order to investigat®, spectra at larger C.?H NMR experiments
20y, additional experiments were performed on the
IN5 spectrometefsee below with the angle between
the plane of the sample container and the inciden
neutron beam equal to 45°—in this case, scatterin
angles g between~20 and 70° could not be ana-
lyzed.

B. IQNS experiments

2H NMR spectra for a polycrystalline sample of

ds-OPh,-urea were recorded at 46.1 MHz on a Bruker

SL300 spectrometer. A standard Bruker 5 mm high-power

robe and a Bruker B-VT1000 temperature controll&a-
bility and accuracy~=*1 K) were used. The convention-
al quadrupole echg(90°),—7—(90°) 4+ »o— 7' —acquire
—recyclg pulse sequenééwas used, with 90° pulse dura-
tion 1.75us and echo delay=15us (7' =10 us). Quad-
rupole echo signals were left shifted prior to Fourier trans-
formation and phase cycling was employed to eliminate
quadrature phase errors. Other relevant experimental param-
eters are dwell time s, number of acquisitions 1024, and
acquisition time~5 ms.

ko Q kg é ko
S . .
N ﬁ
1350 .‘.. . % kg 15
AN o 45°

(@) (b) (©)
FIG. 1. Experimental geometries used for the IQNS experiméat€), on . . .
IN6, (b) Q, on IN5, (c) Q, geometry. In(a) and (b), the filled circles In the quaS|eIast|c energy transfer WlndOV\hu(

symbolize the tunnel axes perpendicular to the scattering plane, aall in <3 m_eV),Sthe incoherent neutron scattering I8(®, w) can
the broken line symbolizes the tunnel axes parallel to the scattering planebe writter’® as

laxt]

)
’ w
L
&

Ill. THEORETICAL BACKGROUND AND LINE SHAPE
ANALYSIS

A. IQNS spectroscopy
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S(Q,w)=e Qe /keT5y(Q,w)®R(w) +B(Q),

D
wheree ?W(Q s the Debye—Waller factoe is in-
troduced to fulfill the detailed balance conditid(Q,w) is
the incoherent neutron scattering law due to diffusive mo
tions of the'H nuclei, R(w) is the instrumental resolution
function,B(Q) is an energy-independent background, and
is the convolution operator. For restricted motidns., re-
orientations and restricted translatipnthe scattering law
S4(Q, w) takes the following form:

N-1

Sa(Q@)=Ao(Q).R(w)+ .21 Ai(Q).R(w)®Li(Aj, ),
@)

whereAy(Q) is the elastic incoherent structure fact&tSF
and represents the fraction of elastic intensity in the quas
elastic profile, and_;(A; ,w) represent Lorentzian functions
with half width at half maximum heightHWHM) given by

A,;. The formal expression of the above scattering functio

—holkgT

depends upon the experimental scattering geometry. For tH&YS

semioriented samples bf-OP/d,-urea used here, the sca
tering law Sy(Q, w) takes the following form(after circular
averaging over all orientations of the guest molecules in
plane perpendicular to the tunnel gxis

Sa(Q,w)=Sy(Qry sin a,0) ®Sy(Q cosa, ). (3)

S{,(Qrg sin a,w) is the quasielastic profile due to the uniaxial
reorientational motions of the guest molecules about the tu
nel axis (with gyration radiusry for the H nucle,

S4(Q cosa,w) is the quasielastic profile due to translational
motions of the guest molecules along the tunnel axis,@and
is the angle between the neutron momentum transfer vect
Q and the tunnel axis at energy transfap. Equation(3)

t-

assumes that there is no correlation between reorientation

and translational motions of the guest molecules. This a
sumption has been shoirt’ to be justified in the case of an

incommensurate relationship between the host and guest suﬁ;'

structures.

For Q, geometry, both reorientational and translationa
motions in Eqgs.(1)—(3) are considered and the angleis
given by

fiw

AN Q 7 T
—cos i =/~ | —_||—-=
o (2S5
whereE, is the incident neutron energy afdlis
Y s PR PR Ly 5
Q= i 2E, s cog26g)|. (5

In this geometry, the momentum transfer vedfprs strictly
parallel to the tunnel axis(=0°) for the scattering angle
20g=90° and foriw=0. In the fitting procedure foQ,
spectra, the Debye—Waller factor and the backgroB(@)

n_

S
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tional motions of the guest molecules about the tunnel axis
contribute to the IQNS spectrum @, geometry.

Finally, it has been shown previousfythat within the
time scale probed by IQNS spectroscopy, the urea molecules
‘may be considered as “static.” The theoretical spectra, as
given by Eq.(1), were corrected by taking into account the
additional elastic scattering due to the residual amount
(~4%) of *H nuclei in thed,-urea.

Theoretical models were fitted to the experimental IQNS
data through Eq.(1) [with Egs. (2)—(5)] using standard
methods?®

B. 2H NMR spectroscopy

A nucleus with spin greater than 1/2 has an electric
jquadrupole moment which interacts with the electric field
gradient at the nucleus. F@H nuclei in solids, this quadru-
polar interaction is usually so large that other nuclear spin

rinteractions are negligible in comparison with it. For a single

tal containing one type 8H nucleus, théH NMR spec-
trum comprises a pair of peaks, the frequency separation of
which depends on the orientation of the crystal with respect
do the applied magnetic field. For a polycrystalline sample
containing a random distribution of crystal orientations, su-
perposition of such pairs of peaks for all crystal orientations
gives a characteristitH NMR “powder pattern.” When the
rate of molecular motion is intermediate on thed NMR
time scale(i.e., time scale between 18 and 108 9), the
appearance of th#d NMR spectrum depends critically upon
the exact rate and mechanism of the molecular motion. The
effect of molecular motion on th#H NMR spectrum can be
(Hnderstood in terms of reorientation, with respect to the ap-
plied magnetic field, of the electric field gradidFG) ten-
Spr at the’H nucleus. In its principal axis system, the EFG
tensor(denotedv™*9) has principal componentg,,, V,,,
and V,,, with the axes assigned such th@at,|=|V,,|
Vy,|. TheVPStensor is traceless, and it is convenient to
aracterize it in terms of the following two independent
Iparameters(a) the static quadrupole coupling constapt
defined aQV,,/h; (b) the static asymmetry parametgr
defined asy=(|Vy —|Vy,|)/|V,4 (note that G< #=<1). For
the?H nuclei ind,-OP, it is valid to assume that threaxis of
VPAS Jies along the direction of the C—D bond.

In general,?H NMR line shapes in the rapid motion
regime(i.e., frequency of motion greater thanl0® s1) can
be simulated as though they are “static” spectra but using a
motionally averaged‘effective” ) quadrupole coupling con-
stant(denotedy*) and a motionally average@effective™)
asymmetry parametddenoteds*), which generally differ
from the static quadrupole coupling constdg} and static
asymmetry parametedry). Furthermore, in considering such
spectra to be represented by an “effective” static deuteron
with quadrupole interaction parametey$ and »*, the ori-

were fitted independently for each scattering angle, becausmntation of the principal axis system of the EFG tensor for
for experiments on oriented single crystals the contributiorthis effective deuteron is generally different from the orien-
of the internal and external vibrations to the intensity de-tation of the principal axis system of the EFG tensor in the
pends on the orientation € with respect to the tunnel axis. sites occupied by the true deuteron during the motion.

For Q, geometry,a=90° for all values of scattering Simulations of quadrupole echiti NMR spectra were
angle 25 and energy transfetw, and only the reorienta- obtained using theurBoPOWDERprogram?® The line shape
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FIG. 2. Elastic intensity as a function of temperature ligi-OP/d4-urea d vibrati | . di d bel f .
(diamond$ and GgH,o/d4-urea(circles: the elastic intensity was normal- and vibrational motions. As discussed below, fast reorienta-

ized with respect to the spectra recorded at 50 KhigrOP/d,-urea and 8  tional motions of the guest molecules are detectedin
K for CygH,0/dg-urea. geometry in the temperature range 230—-323 K on the time-
of-flight spectrometers IN5 and ING.
In Q, geometry, the quasielastic profiles indicate the ex-

simulations take into account distortions in the intensities Oﬁstence of very weak inelastic modes at about 2.2 meV

shoulders in théH NMR spectrum arising from the finite gpon in Fig. 3, which do not overlap with the quasielastic
pulse power. In these spectral simulations, the line broadensysfile arising from diffusive translations of the guest mol-
ing factor was 3 kHz, and typically 60 to 100 crystal orien- g¢jjes along the tunnel axis. These inelastic excitations have
ta}t|ons were consujered in caIcuIatmg the_ powder pattern. A§aen assigned previously in alkane/urea inclusion com-
discussed below, in order to obtain satisfactory agreemenf,ngs to the density of states of the sliding of the host and
between experimental and simulatéd NMR spectra, 1t1S  gest substructures relative to each offfdt.is important to
necessary to optimize several parameters that define the dyate that the maxima of the density of states for alkane/urea

namic process’H NMR line shape analysis in the case of jncjysion compounds have been observed previdtisiythe

dynamic models with a large number of variables is pOten'range 0.8—1.2 meV.

tially problematic, as the uniqueness of the fitting procedure  "r.0m the plot of the widtH{HWHM) of the quasielastic
is not necessarily straightforward to establish. In order toprofiles inQ, and Q, geometries shown in Fig. Adeter-
overcome this difficulty,_ the vyork repqrted here has com-ined by fitting each scattering angle using EB&) with
bined the 25|MPLEX_ optimization technlq‘ti'e/wth the pro- N =27 it is clear that the translational and reorientational
grams for’H NMR line shape simulationgsee Ref. 42 for o5 ation mechanisms are significantly different. For reori-
fur'ther. detail. We emphasize that this approach provides anyntational motiongQ, geometry, the width of the quasi-
objective assessment of the level of agreement between €Xj5stic broadening increases continuously as the elastic mo-
perimental and s_mglgte&H NMR spectra, and removes menwm transfeQ increases, suggesting that the dynamic
much of the subjectlv_lty that is mherent in the _tradltlonal process is diffusive. For translational motici@ geometry,
a_pproachzbased on visual comparison of experimental anfle \igth of the quasielastic broadening increases only
simulated®H NMR spectra. smoothly asQ increases, suggesting that the dynamic model
involves only two or perhaps three Lorentzian functions. In
IV. RESULTS addition, the time scales of both motions are significantly
A. Qualitative assessment different, with the broadening of th®, spectra more than

. _ o two times larger than the broadening of tigg spectra.
First, we discuss qualitative aspects of the IQNS spectra

recorded on the high-resolution IRIS spectrometer. The tem-
perature dependence of the elastic peak intensif inge-

ometry for hy-OP/d,-urea (at elastic momentum transfer o o IN5-Q

Q=1.3A"Y) is shown in Fig. 2. No discontinuity is ob- 0.4+

served in the temperature range investigated, suggesting that E) f

no structural phase transition occurs in this range. The tem- E 037

perature dependence of the elastic peak intensity for the T o2l

hs-nonadecaneél,-urea  (CygH4/d4-urea inclusion %

compound?® recorded under similar conditiofien the IN10 0.1+

spectrometer at ILL(Grenoblg] is also shown in Fig. 2, o ! % = : |
illustrating the fundamentally different dynamic behavior of 0 05 1 15 2 25
the guest molecules in thé,g-nonadecanel,-urea and momentum transfer /A~

h30'OP/d4'urea inclusion compounds. The variation of the FIG. 4. Variation of the width§HWHM), as a function ofQ, of the quasi-

elastic  intensity Wi_th _ incr_easing tempera_ture _ for ejastic broadenings in the IQNS spectra recordechfgrOP/d,-urea inQ,
hs-OP/d,-urea shown in Fig. 2 is due to fast reorientationalandQ, geometries at 300 K.
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FIG. 6. Theoretical effective potential functioi(¢) (calculated using
¢o=56.5° andy=09) for the model of uniaxial rotational diffusion. The

110 potential barriers\V; andAV, are defined in the figure.

FOR
o

23
=3

: , orientations of the C—D bond in the two sites. However, as
Froquency / Kz Frequoncy / KHz discussed previousff, this two-site jump model can be
ruled out, as it cannot fit the IQNS data@, geometry.

24
=]
o
=]

FIG. 5. Experimentalleft side and simulatedright side °H NMR spectra
for d,-OP/Mh,-urea. The simulated spectra were calculated assuming a model
of uniaxial rotational diffusion of the CPgroups in a twofold potential, as B. Reorientational dynamics

discussed in the text. o .

From qualitative analysis of the IQNS arfti NMR
spectra, we expect that a model of reorientational diffusion
in a two-fold potential could fit both the IQNS spectraGn

Clearly, the IQNS line shapes may be rationalized usingyeometry and théH NMR spectra. Reorientational diffusion
models in which the reorientational and translational motionsf the OP molecules in a twofold potential corresponding to

of the guest molecules are uncorrelated. the following orientational distribution functiéh has been
2H NMR spectra ofd,-OP/h,-urea, recorded from 89 to considered,

250 K, are shown in Fig. 5. The frequency separation _ _ _
(Avg~122 kHz) between the perpendicular peaks P(g)=F[e" 7 0¢7e0) 4 gy cotersol], 6)
(“horns”) in the spectrum recorded at 89 K is characteristicwhereF is a normalization factor anglis defined belowWEq.
of a static’H NMR powder pattern, and the best-fit simula- (10)]. The corresponding effectivenean forcg potential for
tion of this spectruniFig. 5) is obtained assuming no motion reorientations is,

of the deuterons, with static quadrupole coupling constant

x=163 kHz and static asymmetry paramete+0. These Vie) =—In F+ v coq ¢)cod ¢p)
values are typical for deuterons of Gyroups in alkyl kT
chains®® The changes in th&H NMR spectrum in the tem- ~In(2 costiy sin(©)sin(¢g))). @

perature range 110-250 K are characteristic of the deuterons
passing through an intermediate motion regime. Within thelhe potential barrieAV,; between the two minima, defined
constrained environment of the urea host structure, reoriedd Fig. 6, is given(for y>1) by,

tation of the C—D bondgof the CD, groups within the AV,

d,-OP molecule is likely to take the form of reorientation T —In 2+ y(1—cod ¢yp)), (8)
about the tunnel axis. The angle between each C-D bond 2

and the tunnel axis is-90°, and we therefore focus on mod- and the potential barriekV,, also defined in Fig. 6, is,

els involving reorientation of the deuteron about an axis per-
pendicular to the C—D bond. From qualitative assessment of —2_
the 2H NMR spectra in the range 110—250 K, it is immedi- KeT
ately clear that thel,-OP molecules do not undergo motions The relationship betweem and the activation energiesV;
such as continuous rotation, three-site 120° jumps, or six-sitand AV, is,
60° jumps about the tunnel axis, as & NMR spectrum in

—In 2+ y(1+cog¢q)). 9

the upper intermediate motion regime and rapid motion re- y= In(2)+ ﬂ}

gime for such motions would regain the axially symmetric 1-cog¢o) kgT

(n*=0) Pake powder pattern line shape, but with width AV,

scaled by a factor of 1/2 compared with the spectrum in the = In(2)+ —=1|. (10
slow motion regime. Instead, the observed changes ifHhe 1+cod¢o) KT

NMR line shape ford,-OP/urea resemble those for models The rotational diffusion process that we have considered is
involving two-site jumps of the deuteron. The observeddefined by the orientational distribution function given in Eq.
changes in théH NMR line shape are reproduced reason-(6), and our approach has employed the finite difference ap-
ably well by simulations based on a two-site jump modelproximation to the Smoluchowski equation for simulating
with 2¢,=113°, where 2, denotes the angle between the both IQNS spectd and’H NMR spectrd® The dimension
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TABLE I. Final parameters obtained by fitting the model of uniaxial rota-
tional diffusion in a twofold potential to th&, IQNS line shapes of
hs-OP/d4-urea. The anglepy was fixed at 56.5°.

X
d

I —
RV

R
e Y

[
| i
TIK D, /ps?t y I l Il
AW\\ 1‘( \‘
230 4.90¢10°2 106 ...M/ L rosmm _JX Q=214
250 7.101072 9.0 M
260 1.15¢10°! 7.6 " %
278 1.3% 107! 7.2 ‘H I\
300 16%10°! 6.2 It i;
1 1
o N
HAY
If * *’/\%.

L
.

of the rate matrix was taken a$=24 (corresponding to a
grid spacings=15° on a circl¢. To obtain the final theoret-
ical IQNS and?H NMR line shapes for this model of rota-
tional diffusion, the master equation for the orientational dis-
tribution function has been considered with the following
parameters varied in the fitting proceduseip,, andD, (the
rotational diffusion coefficient “&M T=230K f
In fitting the IQNS data inQ, geometry, the standard Py PR ; Py 5 pye .
gyration radius for alkanesr {=1.39 A) was taken. Thus, energy transfer /meV energy transfer /meV

Eq. (1) was Titted to the experimenta! IQNS spegtrgQQ FIG. 8. Comparison between the experimental and fitted IQNS spiékita

geometry using Eq$2)—(5) with «=90°. In the preliminary  spectrometarfor hy, OP/d,-urea inQ, geometry. Left side: as a function

stage of fitting, we found that the parameterand ¢, gave  of temperature forQ=2.1A"%; right side: as a function oQ at T

good results at 300 K with § y<6 and 40X ¢,<70°. =300K

Because of the large uncertainty in the valuegf, this

parameter was fixed at 56.83ased on the value found from | ) ,

preliminary fits of the?’H NMR data using a two-site jump tained by extrapolgtlng from the fitted values pfrom the

modef®) and the other parametersand D, were refined IQNS data analysis at higher temperatures. In the tempera-

simultaneously. The best agreement between the experimefii€ (rjang(; 230-300 K probed ?y It'he IQBIS expc)ienmems,

tal and theoretical scattering functions was obtained with théOun to have an apprtixmatey inear epenh ence on tem-

parameters listed in Table I. To illustrate the quality of thepelraturef descrr:bed by=24.2- 0];061 g/Kf)' hT € Sta[gg%

fits, the experimental and theoretical EISFs are compared ij2\ue of v at the terr]npergture(;)g each o It € mfeas i

Fig. 7 and the experimental and theoretical scattering profile}MR SPectra was theastimatecby extrapolation from this

are compared in Fig. 8 linear relationship. Although this is an approximation, our
With regard to fit.tiné this model to the experimentsi earlier finding that théH NMR spectra are rather insensitive

NMR spectra, it is anticipated that there may be a significanf® tr;e value ofy lends justification to this approach. In fitting

degree of correlation between different parameters definin{'® ! NMR line shape at each temperature, the value of

the model(as for fitting to the IQNS dajaand caution must was initially fixed and the following parameters were opti-

; . : *
therefore be observed. Preliminary simulations for this™i2éd uilng the SIMPLEX alg?”thmjrl{ o, andy i (the
model suggested that tfel NMR line shape is particularly _motlo*na y averaged quadrupole coupling constaAtiow-
sensitive to the value af,, and substantially less sensitive "9 X~ 10 vary with temperature effectively subsumes within
to the value ofy (in contrast to the case of fitting the IQNS the model the occurrence of small amplitude motions that are
datg. For this reason, and in order to keep the number ofapid on thgzﬁ NMR time scale but not straightfor\_/vard to
fitted parameters as low as possible, approximate valugs of M0de! explicitly. In the present case, these motions may

at the temperatures of tHé NMR experiments were ob- COMPrise rapid small-amplitude “wobbling” of thd,-OP
molecule. The fact thajy* decreases as temperature in-

creases is consistent with the amplitude of such motions in-

§/ T =250K

—

S(Qw)

S(Qw)

h

-

Q=026A"

Lo creasing as temperature increases. As shown in Fig. 5, the
EISF "% x }E‘; rotational diffusion model gives a satisfactory fit to the ex-
0.8y perimental 2H NMR spectra throughout the temperature
0.6; range investigatefl10—250 K. The optimum values of the
0.4} . . parameters at each temperature are shown in Table II.
02l e 0 Comparison of Tables | and Il shows that there is good
o agreement in fitting the same model of rotational diffusion in
0 05 1 15 2 25 a twofold potential to both the IQNS arfél NMR data. The
momentum transfer /A™ angle between the most probable orientations of the OP guest

FIG. 7. Comparison between the experimental and theoretical EISBs in mc,"e‘?“'es (V\ilth respect to r.eorlent.atlorj about j[h,e tunnel
geometry forhay- OP/d,-urea at 300 K. The theoretical cur¢solid line) is aX'S)_ is 116°, and the rqtatlonal diffusion coefficient
for the model of uniaxial rotational diffusion discussed in the text. obtained from both techniques are of the same order of mag-
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TABLE II. Final parameters obtained by fitting the model of uniaxial rota- |_orentzian functions fo>1.5 A~1). As a first approxima-
tional diffusion in a twofold potential to théH NMR line shape for tion. we have considered a model of translational jumps over
d,-OPh,-urea. ’ . . .

¢ 4 three equally spaced sites withinequal populations, as

TIK D, /pst y 0ol° ¥* IkHz shown schematically in Fig. 10. For this modeith N=3),
— the structure factors determining the scattering law in(Epg.
110 6.90< 10 175 58 160 are
140 1.9%10™* 15.7 59 158 '
150 2.06<107* 15.1 59 158 (1—py)?
200 150¢10°2 12.0 58 155 Ao(Q)=(p1)*+ ——5——+2ps(1—Pp1)cog Qd)
250 4.60<10°2 9.0 57 151
(1-py)?
+ % cog2Qd),

nitude in the 200-250 K temperature range, representing 3p.(1 )
continuity in dynamic behavior between the temperature re- A _ 2P 7P —20:(1—D.)cogOd
gions over which the two techniques are sensitive to the dy- 1(Q) 2 P1(1-py)codQd)

namic process. Furthermore, the fit of the experimental val- (11)

ues ofy using Eq.(10) shown for example in Fig.(®), gives + M cog2Qd),
AV;=7.1+0.5 andAV,=26.2+0.5 kJ mol'* over the full 2

experimental temperature range. As an illustration of the (1-p;) (1—py)
compatibility between the parameters obtained from fitting  A,(Q)= 5 3 cog2Qd),

the IQNS and’H NMR results, the dependence of I3 on
T~! is shown in Fig. ®). On the usual assumption of wherep, is the probability of occupation of site 1 amtlis
Arrhenius behaviof D, =D exp(—E,/kgT)], the activation the distance between adjacent sites. The widths of the
energy is estimated to beE,=15kJmol! with Lorentzian functions in Eq2) are,

Do=102 psL. We note that the activation energy obtained

. ; 271 2py7 L
from the Arrhenius plot compares well with AY, Aj=———, = (12)
+AV,)/2. (1-p1) (1-p1)
where 7 is the characteristic time of the motion and? is
C. Translational dynamics the jump rate from site 1 to site 2 or site 3. The best agree-

For Q, geometry, we have fitted the experimental spectr

using Eq.(3) with the parameters describing the reorienta—III c . £ th X | and th ical EISE
tional contribution, listed in Table I, kept fixed during the ~ omparison of the experimental and theoretica S

refinement. Initially, we considered a model of translationaI(F'g,' 19 gnd the experimental and theoret!cal scattermg
diffusion in a onefold potential as developed for alkane/uredrofiles (Fig. 12 demonstrates the gOOd.quall'Fy .of the fits.
inclusion compound® but the Q, spectra could be fitted We note that the jump distance fpund using this jump mpdel
using this model only foQ<1.5 A=, In agreement with isd~1.8A at all .temperature:_; mvestlgatgd byﬁIlQNS:ll.e.,
the qualitative analysis of the IQNS spectra reported in sed~Cn/6.  Assuming Arrhenius  behavior[7 *=7o

IV A, this model is unable to predict the fact that the width Xexp(—Ea/k%T)]_, the_lactlvatloPl energy is found to kg,
(HWHM) is nearly constant foQ>15A"1 (see Fig. 4 L3 kJmol“with 7o"=0.2ps™.

Clearly a model of translational diffusion in a more complex

pote'ntialll is required. With the information'obtained' from V. DISCUSSION

qualitative analysis of the data @, geometnyi.e., that it is

sufficient to consider two or perhaps three Lorentzian func- The results reported here for the reorientational and
tions (in addition to the weak contribution due to reorienta- translational dynamics of OP guest molecules in the urea
tional motiong to fit the quasielastic broadenihgve must  tunnel structure have important consequences that relate to
consider a model of translational diffusion in a potential withour broader understanding of the structural and dynamic
very large barrierdsmall barriers would involve too many properties of urea inclusion compounds.

%nent between the experimental and theoretical scattering
unctions was obtained with the parameters listed in Table

0
> * NMR

16 /\‘_ 2 o QNS

“r 9, 4r FIG. 9. (a): Temperature dependence of the parameter

12 F £ 5 The continuous line is the best fit of EG.0) to the data.

10 L 8L N (b): Plot of In(,) vs T~ for the model of uniaxial rota-

ok ok tional diffusion in a twofold potential. The symbols rep-

resent experimental values and the solid line represents
P . ! : | ! 2y ! ! ‘ | the best fit of the Arrhenius equation to the data.
80 120 160 200 240 280 32 0.002 0004 0006 0008 0.0
T/K 1/TKY)

(a) (b)
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TABLE Ill. Final parameters obtained by fitting the three-site jump model 1,
for translations to th&), IQNS line shapes ofiz-OP/d,-urea. EISF
0.8¢
-1 —1
T/IK 7 Yps d/A p1 0.6l
250 0.710°? 1.75 0.90 0.4
260 1.3x10°2 1.78 0.86 T XX
285 1.9<10°2 1.80 0.80 02!
300 2.3x10°2 1.82 0.78
0

0 05 1 15 2 25
momentum transfer /A
First, we believe that our strategy of combinﬁig NMR FIG. 11. Comparison between the experimental and theoreti(_:al _EISKES in
and IQNS technique@nd, in the case of IQNS, using two &> tg’;;‘;ﬁ?g'ron':fg[ LérizzuztsggoinKt'thtZ;?_eoret'cal curgeolid line) is
spectrometers with different instrumental resolutjorepre-
sents a comprehensive approach for establishing the reorien-

tational dynamics of the guest molecules. In view of the e now assess plausible structural interpretations of the
hexagonal structure of the urea host tunnel, it is perhapgeorientational dynamics of the OP guest molecules deduced
surprising that we have found a model of rotational diffusionfrom the IQNS andH NMR data. The plausible conforma-

of the guest molecules in a twofold potential with rathertion of the OP guest molecules within the urea tunnel is the
large barriers, and we may conclude that the hexagonal dgonformation with point groug,, in which the twofold axis
scription of the urea tunnel structure is true only on an averpasses through the center of the O—O bond and the dihedral
age basis. Indeed, as the basic guest structure in the OP/urgdgle C—O—O—C denoted y. This conformation with y
inclusion compound is knowfito comprise six orientation- ~120° is adopted in the pure crystalline phase oftdhd

ally distinguishable monoclinic domains, it is not surprisingin the structures of other long chain diacyl peroxid®3he

that the local structure of the host should also be lower thagonformation with point groui€,y,, in which all carbon at-
hexagonal. From the temperature dependence of the rotgms lie in the same plane and the dihedral af@je©—-0O—-C
tional diffusion coefficient, there is no indication of any js y=180°, is considered unlikely. The OP molecule may fit
structural phase transition within the temperature range inwithin the urea tunnel only if the conformation of the alkyl
vestigated. The reorientational behavior of the OP mO|eCU|e§hainS is close to the “allrans’ conformation. Further, we

is probably influenced largely by the=€O groups and their assume that all OP guest molecules exist in the same confor-

interaction with the urea tunnelshe C=0 groups are ori- mational state within the urea inclusion compound. The dy-
ented approximately perpendicular to the tunnel axis, di-

rectly toward urea moleculgsThese interactions are un-
doubtedly influential in dictating the nature of the
intermodulation function.

Previous x-ray diffraction experimerfson OP/urea
have shown that there is three-dimensional positional order
ing of the guest molecules, with the basic guest structure
having monoclinic space group symme@g/m or C2. The
twofold axis (unique axis of the monoclinic systers per-
pendicular to the tunnel axis of the host structure, and there
are six equivalent, but orientationally distinguishable ways in
which this basic guest structure can be oriented with respec
to the host structure. In practice, a single crystal of the OP)
urea inclusion compound contains all six orientationally dis-
tinguishable domains of the basic guest structure, @ M,j m A" )
discussed aboyehe average host structufieexagonalis an Q=124

average over the local host structutksver than hexagonal
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d/A FIG. 12. Comparison between the experimental and fitted IQNS spectra

(IN5 spectrometgrfor hs- OP/d4-urea inQ, geometry. Left side: as a func-
FIG. 10. Schematic representation of the model of translation jumps betion of temperature wittQ=2.2 A~ right side: as a function of at T
tween three sites with unequal probability of occupation. =300 K.
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ing interconversion between two conformations of the OP
molecules is in better agreement with our experimental find-
ings and our knowledge and intuitive understanding of the
structural characteristics of the OP/urea inclusion compound.
Currently, there is no experimental knowledge of the confor-
mation adopted by the OP guest molecules inside the urea
(b) tunnel; such information may provide an independent assess-
ment of the validity of the proposed relaxation mechanism.
Further diffraction studies will significantly improve our un-
derstanding of this and many other aspects of the OP/urea

./O\O inclusion compound. Such studies are planned in the near
2q, future.
For translational motions of the OP guest molecules
(c) (d) along the tunnel axis, we have shofinst that the amplitude

of antitranslational vibrations of the two substructures is very
FIG. 13. Schematic representation of the orientat.ions of the OP molecules igma”, andsecondhat the maximum of their density of states
urea viewed along the tunnel axigy and(b) assumingC, conformation for is at about 2.2 meV. In addition, the translational diffusion
OP reorienting as a wholég) and (d) assuming dynamic interconversion - J ] ) .
between—y and +y conformations C,) of the OP molecules. The open Mechanism of the guest molecules involves “jumpg’é.,
circles represent the=2O group of the OP molecule closer to the viewer translational diffusion in a potential with large barrietse-
and the arrow represents tfly symmetry axis. tween specific positions along the tunnel axis separated by
approximatelyc,/6. These results suggest very strongly that
there is “pinning” of the guest molecules at specific posi-
tions along the urea tunnels, although not necessarily com-
mensurate with the host substructure. In agreement with this
conclusion, no “sliding mode” with acoustic type behavior
could be observed for OP/urea by Rayleigh—Brillouin
scattering! because of the resulting “gap” in the dispersion
éoranch. Despite the fact that the model used here to describe
ntEe translational dynamics of the OP guest molecules in a
three-fold potential is to a large extent arbitrary, the jump
distances deduced from IQN®f the order of 1.8 A are
13(b). In these cases, the=0 bonds point approximately clearly of significan.t 'magnitudet. Rec_alling that'the b?SiC

guest structure exhibits three-dimensional ordering, with a

toward the corners of the hexagonal urea tuniielprojec- . . . L
tion). A second possible interpretation of the dynamics iSWeII-deflned structural relationship between the positions of

that the OP molecules in thé, conformation undergo dy- guest molecules in adjacgnt unnéheth Ag=4.6 A), 'F IS
namic interconversion between two mirror-image Conformaprobable that the translations are strongly cooperative both

tional states withy=2¢,~116°. These enantiomeric con- for guest molecules within each tunnel and for guest mol-

formations (denoted +y and —yx) are energetically ecules in adjacent tunnels.
equivalent for the isolated molecule, but within the chiral
urea tunnel structure they give rise to different diastereoiso\-/l' CONCLUDING REMARKS
meric host/guest relationships, and are therefore not energeti- We have shown in this paper that a single model of
cally equivalent. This second dynamic model is consistentiniaxial reorientational diffusion in a twofold potential pro-
with the average symmetry of the basic guest structure beingides a basis for interpretation of bothl NMR and IQNS
described by space gro@? , provided the two-fold axes of spectra(Q, geometry for the OP/urea inclusion compound.
the molecule and the crystal are coincidesge Figs. 1&)  The combination of these two techniques is a very powerful
and 13d)]. In support of this interpretation of the dynamics, strategy for probing motions on very different characteristic
molecular modeling suggests that a conformation of the OFRime scales, and should be applied in future studies of the
molecule with y in the range 100 to 120° and with “all- reorientational dynamics of other molecular solids over a
trans’ alkyl chains can be readily accommodated within the wide range of temperatures.
urea tunnel, and that interconversion between the and We have shown that a model of uniaxial reorientational
—x conformations is associated with little change in thediffusion in a twofold potential is consistent with the hydro-
overall shape and volume of the molecule. Furthermore, fogens(deuterons of the OP guest molecules occupying two
this dynamic model involving interconversion betweery  preferred positions with respect to reorientation about the
and — y conformations of the guest molecule, the two-fold tunnel axis, with the angle between these positions differing
symmetry axis is retained when the interconversion ceases by ~116°, and a relaxation mechanism implying conforma-
sufficiently low temperature; this may be consistent with thetional interconversion of the OP molecules is proposed.
absence of evidence for a phase transition in OP/urea at lo@learly, the orientational distribution function for the guest
temperature. molecules in OP/urea is substantially more restricted than
In summary, the proposed relaxation mechanism involvthat for the guest molecules in alkane/urea inclusion com-

namic model indicates that the GHICD,) groups of each
OP molecule interconvert between two orientatigmsth
2¢,=116°), and we now consider how this may be recon-
ciled with knowledge of the molecular and crystal symmetry.
For OP molecules with th€, conformation, a dynamic

model involving reorientation of these molecules about th
tunnel axis between two preferred orientations is consiste
with the space grou@@?2 for the average basic guest structure
provided the two orientations are as shown in Figgall8r
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pounds. Models used previous(in fitting IQNS data to  in D,0 (1 h) and 8.0 g of 13.8% DCl in BD (3 h in an
describe the reorientational motion of the guest molecules ifyltrasonic bath The mixture was extracted three times with
alkane/urea inclusion compounds comprised reorientationg| total of 37 mL of dry ether and dried over anhydrous
diffusion in a onefold potentig® and further insights into Na,SO, to give 4.675 g of a clear oil. The exchanged
the orientational characteristics of the guest molecules itgH,.CO,D was heated with 90% J$O, in D,O (38.7 ¢ for
nonadecane/urea have been established from computer singp h at 96 °C to form a black solution that was poured into
lation studies’’ cold H,O (100 mL) after cooling to room temperature. After
For the translational component of the motion along theextraction with three 50 mL portions of pentane, N4&k)
tunnel axis, the inelastic featuréside-peaks”) observed in  was added to break up emulsions, and the aqueous layer was
the IQNS spectra iQ, geometry occur at higher energy for further extracted with a total of 200 mL of pentane. The
OP/urea than for the alkane/urea inclusion compounds. Thisombined pentane extracts were dried over anhydrous
signifies a higher energy for the antitranslational vibrationsNa,SO, and condensed to give 4.67 g of a yellow oil. The
of the host and guest subsystems in OP/urea, presumably @artially deuterated decanoic acid was exchanged twice with
account of the additional interaction between the=Q DCI/D,0, extracted with pentane, and condensed to give
groups of the OP guest molecules and the urea moleculeg31 g of a yellow oil, which was heated to 90 °C under N
that form the wall of the tunnel. In addition, unlike the situ- for 25 h with 90% BSQ, in D,O (38.25 9. The black reac-
ation for alkane/urea inclusion compounds, the translationajon mixture was poured into J® (80 mL), NaCl(7.5 g was
diffusion of OP molecules along the urea tunnels is notadded, and the labeled acid was extracted four times with a
“continuous,” but can be interpreted in terms of jumps be-total of 375 mL of pentane. The organic layer was extracted
tween specific sites. The combined knowledge of the transthree times with a total of 100 mLfd M aqueous KOH,
lational dynamics is consistent with the possibility that localthen the aqueous layer was acidifi@&D mL of 4.4 M HC)
distortions of the tunnel wall may involve the establishmentand extracted with five 40 mL portions of GEl, and one 40
of C=0---H-N hydrogen bonds, similar to those observedmL portion of pentane. After drying over anhydrous
recentl?‘8 in commensurate urea inclusion compounds coniNa,SQ,, the yellow oil was distilled with a Kugelrohr

taining alkanedione guest molecules. (75°C, 0.25 mm Hyto give 2.74 g(50% overall of the
product as a clear oitH NMR (200 MHz, CDC}): d 0.88(t,
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