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The molecular behavior of selectively deuteratetlexadecane in the urea inclusion compound is studied
between 100 and 290 K by means of dynartit NMR spectroscopy employing line shape studies and
spin—spin and spirlattice relaxation experiments. Particular emphasis is given to the changes of the guest
molecule behavior close to a sotidolid phase transition occurring at lower temperatures which is accompanied
by a distortion of the urea lattice. It is demonstrated that-sfattice relaxation experiments are of particular

help for the evaluation of the chain dynamics in such systems. A comprehensive computer analysis of the
available experimental data could provide a detailed picture of the hexadecane chains in the low-temperature
phase and above the sotidolid phase transition. In the low-temperature phase the alkyl chains are found
to undergo fast but restricted rotational motions (rate constant éa-90 In addition, intramolecularans—
gaucheisomerizations and methyl group rotation contribute to the spin relaxation of the alkane chain ends.
In the high-temperature phase the alkyl chains rotate rapidly (rate constant®s)lnd almost unrestricted
around the channel long axis, giving rise to a dynamic (rotational) disorder of the embedded alkyl chains. It
therefore is concluded that the phase transition can be assigned to a (dynamie)desdeter transition.

The alkane chains furthermore are found to be perfectly aligned with respect to the urea channel long axis.
At the same time, they exhibit an internal flexibility gradient toward the chain ends. The conformational
order significantly is altered at the phase transition. Thustrdres population in the low-temperature phase

is given byp, = 0.7 while in the high-temperature phase a valug.cf 0.95 has been derived.

Introduction thus lose their rotational freedom and occupy specific positions

. . . . within the urea host lattice. In this connection, several papers

Urea is known to form inclusion compounds (UICs) with  payve peen published that deal with the theoretical description
various long-chain hydrocarbo8. The urea host structure o the solid-solid phase transitions in UICs withalkanes7-19

consists of a hydrogen-bonded arrangement of urea molecules Dynamic NMR techniques have been used extensively for
that build up a honeycomb-like framework of one-dimensional, ihe evaluation of dynamic processes in molecular s,

parallel, nonintersecting channels of “infinite” length and an Among these,2H NMR methods have demonstrated their
inner diameter of ca. 5.25 A. At the same time, the channel particular suitability for the characterization of the guest

diameter presents the discriminator for the guest molecules thatdynamics in inclusion compounds:22 Depending on the

are incorporated. It turns out that only linear, branched, or gynamic range various experimental techniques, such as line
functionalized hydrocarbons with typical substituents such as shape experiments and spifattice relaxation measurements,
methyl and ethyl groups or halogen atoms fit into the urea pgye been applied. Up to now, sevefdl NMR studies on
channels. The spatial constraints imposed by the rigid h°5tsingle-crystaﬂﬁv29’3°or powder samplé&32 of UICs exist with
matrix also favor a linear and extended conformation of the selectively or perdeuteratesalkanes of different chain lengths
incorporated guest molecules. (n= 16, 19). Although experimental data have been published
From former calorimetrié,X-ray,>~1%and spectroscopi& 16 for both the low- and high-temperature phases of UICs, so far,
studies it is known that UICs with-alkanes undergo a sotid the experimental analysis mainly was focused on the high-
solid phase transition. The corresponding transition tempera-temperature phase. Various motional models have been pro-
tures increase monotonically with the length of the alkane guest posed for the UIC with nonadecane which should be responsible
molecules and display a characteristic e@den effect as for the spin-lattice relaxation of the alkane chains in the high-
function of the number of methylene chain segments. X-ray temperature phagé. A more recent single-crystal stu#yof
investigations have shown that the high-temperature pHasag the UIC with nonadecane primarily dealt with the conforma-
stable at room temperaturés characterized by a hexagonal tional properties in the high-temperature phase and the changes
symmetry of the urea channels with stretched paraffin chains at the transition to the low-temperature phase. However,
in an almostll-trans conformatiort~1° The experimental data  quantitative data on the latter topic have not been provided.
gave rise to an average structure that is generated by a fast In the following we present 84 NMR investigation of the
rotational motion of the alkane chains around the channel long hexadecane/urea inclusion compound for a temperature range
axis. At the solid-solid phase transition the channels become between 100 and 290 K where particular emphasis is given to
slightly narrower. The hexagonal structure of the urea frame- the molecular behavior of the guest molecules in the low-
work now is distorted and is transformed to an orthorhombic temperature phase and in the vicinity of the sellid phase
structure. At the same time, the rapid rotational motions of transition. During the present study UIC samples with two
then-alkanes are assumed to be quenched. The guest moleculeselectively deuterated hexadecanes are examined (Figure 1).
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D Data Processing and Simulations.FORTRAN programs

/c’\/\/\/\/\/\/\/\ C16-1 have been developed that describe the behavior df anl

D spin system during the corresponding line shape and relaxation

o experiments® The simulation programs are very general and
account for various types of molecular motion of the system

NN TN C16-8 under investigation (see Appendix). The theoretical line shapes

{ and relaxation times are obtained by a numerical diagonalization

o
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Figure 1. Structures of the selectively deuterated hexadecanes usedOf the corr;e Spondl_ng relaxation matrl_xes using standard software
during the preseriH NMR study. packages’ The fitting of the experimental spectra has been

done by superimposing the experimental and theoretical spectra.

SampleC16-8 is labeled at the wo central carbons while The final (best fit) spectra were obtained by taking into account
sampleC16—1 is bearing a perdeuterated methyl group. The . P Oy 9 X
the overall line shape as well as the relative amplitudes in case

guantitative analysis of the line shape and relaxation experlmen'[sof partially relaxed spectra. Both the simulations and data

provides a detailed insight into the chain dynamiedich processing of the experiments were performed on SUN work-

exhibit various internal and overall contributienas function ; . .
. stations using the NMR1 and Sybyl/Triad software packages
of temperature and UIC phase. Moreover, the combined (Tripos, St. Louis, MO).

analysis of both labeled compounds yields information about
the changes in conformational flexibility across the hydrocarbon

chains and the overall chain order within the two UIC phases. Resuits

) ) Two samples of the urea inclusion compound with hexade-
Experimental Section cane have been studied between 100 and 290 K: (i) sample
Materials. Urea was purchased from Aldrich Chemicals and C16—8 with hexadecane deuterated at the two central carbons

was used without further purification. Selectively deuterated and (i) sampleC16-1 with hexadecane deuterated at the
n-hexadecanes have been prepared according to the followingt€rminal methyl group. DynamiéH NMR spectroscopy is a
procedures: well-established technique to evaluate the motional and struc-
() n-Hexadecane-1,1,13d(C16-1). Hexadecanoic acid tural characteristics on a molecular level. In recent years this
(C1sH3:COOH) was reduced with LiAlpemploying standard ~ technique has shown its particular potential during the charac-
procedures. The obtained hexadecahibe, was transformed terization of quite different chemical systems such as liquid
into its bromide by the reaction with sodium bromide in dilute crystals, polymers, biological membranes, or inclusion com-
sulfuric acid. The bromide was transferred to the Grignard pounds®®? Taking into consideration the various experimental
compound, followed by the addition of ,D. The product  techniques available, dynamfei NMR spectroscopy can be
n-hexadecand;1,1-d; was purified by destillatiod3 used to study molecular processes over several orders of
(i) n-Hexadecane-8,8,9,9;¢C16-8). Octanoic ethyl ester ~ magnitude. The particular situation iRl NMR spectroscopy
(C/H1sCOOCHCHz) was reduced with LIAIQ. The corre- is due to the fact that the spin Hamiltonian is dominated by the
sponding bromide was obtained by the reaction of octariol- qguadrupolar interaction with the main interaction axis along the
d, with sodium bromide in an aqueous solution of sulfuric acid. C—2H bond. As a result, the analysis of suéH NMR
In a copperlithium-catalyzed coupling reaction the 1-bromo- €xperiments can provide detailed information about the actual
octanel,1-d, was converted into n-hexadeca®@;9,9-d,. The molecular characteristics of the systems under investigation. The
product was purified by destillatioH. correspondingH NMR spectra and the spirspin relaxation
Urea Inclusion Compounds. The urea inclusion compounds ~ timesT; are sensitive to molecular processes with rate constants
were prepared by precipitation of the selectively deuterated in the order of the quadrupolar coupling constant, i.e., between
n-hexadecanes from a hot, saturated solution of urea in methanol10* and 18 s*. Likewise, spin-lattice relaxation measure-
The white needles were filtered, washed with 2,2,4-trimethyl- ment§® can be used to study very fast motions with rate
pentane, and dritf Calorimetric studies were carried out with ~ constants between @nd 10! s™%. Very slow motions (rate
a Netzsch DSC 200 differential scanning calorimeter. constants 10'—1C% s™!) are accessible employing 2D ex-
NMR Studies. All 2H NMR experiments were done at 46.07 changé® and hole-burning experimerts.
MHz on a Bruker CXP 300 spectrometer interfaced to a Tecmag To begin with, we discuss the results obtained for sample
spectrometer control system. The experimeftaiMR spectra C16-8. Figure 2 shows representatifié NMR spectra of this
were obtained using the quadrupole echo sequen@y{ 71— sample between 100 and 290 K covering both the low- and
(/2),—72 with 7/2 pulses of 1.82.0 us and a pulse spacing high-temperature phase. Itis quite obvious that the salalid
of 71 = 1, = 30 us. The same pulse sequence could be used phase transition at 156 K has a strong impact on the corre-

for the determination of spinaspin relaxation timesTg) by the sponding?H NMR spectra. In the low-temperature phase at
variation ofr; = 7,. Spin—lattice relaxation timesTjz) were 103 K a typical, almost axial symmetric “rigid limit” spectrum
measured by a modified inversion recovery sequeneer,— is detected. The experimental splitting between the perpen-

(/2)x—11—(7/2)y—7>2, using the quadrupole echo sequence for dicular singularities of 119 kHz is close to completely immobile
signal detection and varying the interzal In these experiments  guest molecules. Upon heating within the low-temperature
a composite pulse was used instead of the inversigulse phase (100 K< T < 156 K) the?H NMR spectra display a
which is given by f/2]4[7/2]s+2[7/2]5, With appropriate phase  gradual increase in spectral biaxiality £ 0). Above the phase
cycling (@ = 0,7/2, 7, and 31/2) 3> Recycle delays were chosen transition, again axial symmetric powder spectra are observed
to be at least 5 times the spifattice relaxation tim&iz. The which now are reduced in spectral width by a factor'bf
number of scans varied between 200 and 1024. The sample(experimental splitting at 173 K: 60 kHz).

temperature during the variable temperature experiments was These findings can be understood by assuming for the low-
controlled with a Bruker BVT 1000 temperature control unit. temperature phase a fast but very restricted rotational motion
Generally, the temperature stability was found to be within (see Figure 3) of the hexadecane chains around #tieirans

K. axes. The theoretical spectra, also given in Figure 2, have been
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Figure 2. Experimental and simulated spectraGif6—8. Simulations

two-site jump motion with the jump anglesy given in the figure.

intermolecular motions

Figure 3. Proposed inter- and intramolecular motions of hexadecane

chains within the urea channels.

obtained by modeling the chain motions with a jump process
between two equally populated sites antleans population for
the inner segment g = 1.0. The other simulation parameters
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TABLE 1: Simulation Parameters Used for the Calculation
of the NMR Experiments

sample Cl6-1 Cl6-8
quadrupolar coupling constant 167 167
€qQ/h (kHz)
residual line width 3.0(1.0) 3.0(1.0)

1/(xTYO) (kHz)
transformation anglégdeg)

o1 0.0;0.0; 0.0 0.0
61 —144.75;90.0;90.0 0.0
Pr*d 0.0; —54.75; 54.75 0.0
@2 0.0;0.0;0.0 0.0
0 70.5;70.5; 70.5 90.0
Y2 0.0; 120.0; 240.0 0.0

a2 Asymmetry parameter; = 0.°Values for low and high (in
parentheses) temperature ph&deuler anglesp,, 61, 1, relating the
molecular axis and channel axis system; Euler angle8,, v», relating
the magnetic principal axis and the molecular axis system (see Figure
3b). ForC16—1 three sets of angleg,, 61, 11 are given which refer
to thetrans gauche, andgauche sites. The three sets of anglgs
62, 1, for C16—1 refer to three sites used to describe methyl group
rotation.9 Chain rotation is considered by takigg(n) = y1* + nAy;
wheren and Ay, refer to the number of sites and jump angle between
neighboring sites.

LAB cua &
: i i (¢,0,y) _—
for the low-temperature phase spectra were carried out assuming a fast V% <
y Yc
X , XC < >

(@1,01, 1)

PAS & MOL 4!
(92.02,%) )
Y Yy
X Xoh

Figure 4. Coordinate systems and transformation angles used for the
present NMR data analysis (LAB: laboratory axis system, defined by
magnetic field direction; CHA: channel axis system, defined by channel
long axis; MOL: molecular axis system, defined by internal axis like
C2—-C3 bond; PAS: principal axis system, defined by the’8 bond).

there exists an almost linear relationship between the jump angle
and the sample temperature. According to the experimental
analysis, the jump angle varies between 146103 K and
39.C close to the soligsolid phase transition. The restriction
of the overall chain motion in the low-temperature phase
certainly can be traced back to the low symmetry of the local,
molecular environment; due to the distorted hexagonal urea
channels, only small deviations from the equilibrium position
are allowed. It should be noted that such biaxial spectra also
can be obtained by assuming reorientational jumps between
inequivalent sites, i.e., sites of different relative populations.

are given in Table 1 while the various coordinate systems usedFor example, the consideration of a jump angle dF9@hich

for the simulation of the NMR experiments are summarized in reflects the angle separation between adjacent minima in the
Figure 4. The rate constants for the simulations have beenpotential energy curve of the low-temperature phasad
chosen to be in the fast exchange limit. Inspection of Figure 2 relative populations for the major site between 0.97 and 0.89
suggests that the chosen motional model is appropriate toyields the same biaxial spectra, as shown in Figure 2.

describe the experimental spectra. It is interesting to note that

In quite contrast, in the high-temperature phase the urea
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10000 ——— — T R sible relaxation process thus is characterized by rate constants
; ] being smaller than the Larmor frequency. At the sekdlid
o phase transition a discontinuity of tiig; curve can be detected
® along with a change of the sign of the slope. In the high-
1000 | 4 temperature phase the dominant relaxation process occurs in
S ] the extreme fast exchange limit with rate constants being larger
® than the Larmor frequency.

The analysis of such experimental overal data usually is

100 °® . done by a comparison with theoretictd; curves which are

] L ] derived on the basis of a suitable motional model. In this

] connection, particular emphasis is given to the absolute value

PPN KU SSPF EFEN EFEES IR at theT,z minimum. Deviations between the experimental and

4 5 6 7 8 9 10 theoreticalT:z minima are taken as an indicator for the quality
1000/ T [K1 of the model assumption. However, one should be aware of

the fact that accidentally different motional models might result

in quite similarTyz relaxation curves. Thus, for some cases

the exclusive consideration of;z data might result in an

ambiguous analysis.

TheroreticalT;z curves have been derived by assuming a two-
site jJump process at various jump angles (not shown). Such
simulations clearly show that the jump angle has a significant
320 |- ] influence on the absolute values ®f;. From this, the rate
1 4 . ] constants for the restricted chain motion in the low-temperature
270 | L 2 4 * ] phase can be derived with the known jump angles from the
analysis of the quadrupole echo spectra (see above, Figure 2).

o , L As will be outlined below, the consideration of the experimental
20 4 5 6 7 8 9 T,z anisotropy can provide further information about the quality
1000/ T [K] of the model assumption used for tiig; data analysis.

Figure 5. ExperimentalTiz and T, relaxation data ofC16—8. The Likewise, the high-temperature phase can be analyzed with
phase transition is indicated by the dashed line. the consideration of theoreticalz curves obtained for unre-

stricted chain motions. Here, two possibilities exist: (i) 6-fold
channels exhibit a hexagonal symmetry and a slightly larger jumps (21/6 jumps) between equally populated sites of the
cross-sectional area. As a result, the hexadecane chains novhexadecane chains around the channel axis or (i) the mechanism
can undergo almost unhindered rotations about their long axes,of a “free” rotation (rotational diffusion) of the chains within
which is in agreement with earlier investigations of the high- the urea channel. Since both motional modes give rise to very
temperature pha_sgs of other.UICs. Itis interesting to note that simjlar experimental curves (only th&z minima are slightly
the spectral splittings remain almost constant up to 290 K ghjfted), it is not possible to distinguish between these types of

wobble motion perpendicular to the chain long axis.

Further information about the rate constants and the kinetic
parameters can be obtained from the analysis of relaxation
experiments. In Figure 5 the sphspin and spirlattice
relaxation data are given for sam@d6—8. These data refer
to the overall values of the powder sample which have been
gzgsg f;%mfg;]ect? gplg? O{ﬁz O\t;?izggrzi?: en %ﬁg:&;le;ngcuon different for motion; being faster or slower thgrj the Larmor
(quadrupole echo experiment) andinversion recovery experi- freque.ncy, I.e., motions a}bove or below e minimum.
ment), respectively. Thus, the experimerfabata exhibit an In Figures 6 and 7 partially relaxét NMR spectra for the
increase with temperature along with a discontinuity at the '10w- and high-temperature phase are given which were obtained
solid—solid phase transition which is expressed by an abrupt by the inversion recovery experiment as function of the pulse
change inl, from 300 to 39Qus. Again, these findings suggest ~ SPacingz:. Inspection of the experimental spectra reveals that

Tz [ms]
™
™

T T T

a0 TS 8

370 - 4

T [ps]

Previous relaxation studies on other molecular sétictd
have demonstrated that tfg, anisotropy?® is a reliable tool
for the determination of the underlying molecular processes that
are responsible for spin relaxation. It should be mentioned that
generally theTyz anisotropy depends on both the type of motion
and the actual rate constant. Thus, the anisotropy might be

that different molecular processes are responsible for-sgim differentTyz anisotropies exist in the high- and low-temperature

relaxation in the low- and high-temperature UIC phases. It Phases. This can be attributed to the fact that the underlying
turned out that for the UIC studied here the splattice motional processes, being responsible for spin relaxation in both
relaxation data are much more informative than the-spjsin phases, are quite different. For the simulated spectra of the
relaxation data (see next paragraph). Therefore, we refrainedlow-temperature phase (Figure 6) two-site jump processes
from a quantitative analysis of the experimerifaldata. between equally or unequally populated sites have been used.

The experimentallyz relaxation curve of Figure 5 again  Here, the latter process is given by a fixed jump angle 6f 90
indicates the presence of different motional processes in thewhich reflects the angle separation between adjacent minima
low- and high-temperature phase. This can be taken im- in the potential energy curve against rotation of the alléane.
mediately from the fact that th&€,z curve displays different ~ The spectra of the high-temperature phase (Figure 7) were
slopes (absolute values) for the low- and high-temperature simulated with a six-site jump processi(8 jumps) between
branches. Itis observed that for the low-temperature phase theequally populated sites. Again, the simulations were done
T,z values decrease with increasing temperature. The respon-assuming a methylene segment in the graesconformational
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L Figure 8. Arrhenius representation of the correlation times describing
(2::;::12:’” the molecular motions of hexadecane in urea. Low-temperature phase:
| two-site jump @), methyl group rotation @); high-temperature
phase: rotational diffusior®), six-site jump &). The phase transition
; is indicated by the dashed line.
s
ﬂ simulations, using the two-site jump model with unequally
750 ms populated sites, reveals distinct differences. On the other hand,
’Y \‘ a good agreement with the experimental counterparts is achieved
300 ms by the simulations based on the two-site jump model with
200 ms equally populated sites. It therefore is concluded that the latter
f \ model is appropriate for the description of the hexadecane
10ms reorientation in the low-temperature UIC phase.
\f\ The good reproduction of the experimental spectra for both
the low- and high-temperature phases can be taken as a direct
4o 7 200 kgl 200 400 proof that the model assumptions for the overall chain motions

of the two UIC phases are correct. In a similar way, computer

Figure 6. t;j artiallé/ éeflfé‘igz"é 'Nl\t/IhR lspe(t:tra (invtersionhrecoz/f%/ simulations have been performed for the other temperature
experiment) recorde —8 in the low-temperature phase . : ; : : -

For the simulation of the spectra correlation times 8.3 x 1078 s po'thS- They yielded the correlation timesor overall chaln_
(equal population, jump anglay; = 21.5) and7z = 6.0 x 10°® s motion over a large temperature_range. In the case of a jump
(unequal population, jump angley; = 90°, populationp, = 0.97) model (with equally populated sites)is related to the first-
have been used. The relative intensities of the various spectra are giverorder rate constark by
by 1.0, 0.50, 0.17, 0.23, 0.76 (experiment); 1.0, 0.70, 0.17, 0.16, 0.94

(theory, equal population); and 1.0, 0.65, 0.19, 0.23, 1.0 (theory, unequal

population).

HT phase 6-site jump

T=113K M
600 ms

1)

Qe
|
oiIx

wherep describes the relative population of one site. The final
7 values are summarized in Figure 8. For the high-temperature
phase two sets of data are given that refer to the results from

the analysis with the six-site jump model and the rotational
diffusion model, respectively. For the latter case, the following
expression holds.

- (%)Zek @)

1
T

== e

Here,N is the number of orientations ardis the first-order
rate constant for the transition between neighboring Sitéts.
should be noted that the 7 anisotropy again cannot be used to
experiment) recorded fa€16—8 in the high-temperature phase (HT). F:hstmgmsh between rotational diffusion and 6-fold Jumps_whlch
For the simulation of the spectra correlation times of 2.25 x 10! is related to the tetrahedral symmetry of the alkane chains. For
s have been used. The relative intensities of the various spectra (top tothe present case, the angle between thetCbond and the
bottom) are given by 1.0, 0.43, 0.19, 0.28, 0.77 (experiment) and 1.0, symmetry axis of the motion is 90which gives rise to the
0.40, 0.22, 0.30, 0.88 (theory). sameTyz anisotropy in the extreme fast exchange limit for both
state p, = 1.0) along with highly ordered chains; i.e., wobble Mmotional models. From the data in Figure 8 the kinetic
motions perpendicular to the chain long axis are absent. parameters (preexponential factor®/activation energyEa)

The two sets of theoretical spectra in Figure 6 demonstrate have been derived using the Arrhenius equation:
that two-site jump processes between equally and unequally
populated sites can be distinguished by thgjr anisotropies. 1 exp—E,/RT) (3)
Thus, the comparison of the experimental spectra and those 7°

400 200 0 200 400 400 200 0 -200 400
KHz kHz

Figure 7. Partially relaxed?H NMR spectra (inversion recovery

Qe
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f\ 101 10
113
j\ L N . R
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101 Figure 10. Experimental (left) and simulated (right) spectradif6—1
in the low-temperature phase. Simulations were performed assuming
T T T T T T ] a two-site jump motion of the alkyl chaim\{y; = 39°, 7 = 3.7 x 108
300 0 -300 s), methyl group rotatione(< 107° s), andtrans—gaucheisomerization
kHz (pt = 0.7) at the rates given in the figure.
Figure 9. Variable temperaturéH NMR spectra ofC16—1. by a simple superposition of various motional contributions in
the fast exchange limit.
They were found to ¥ = 5.6 x 10° s7%, Ea = 4.0 kJ/mol The general discrepancy between the experimental and
(two-site jump process, low-temperature phasef, # 2.7 x theoretical splittings for the spectra above 120 K can be

104 s71, Ean = 12.4 kJ/mol (six-site jump process, high- overcome by the considerationwins—gauchesomerizations
temperature phase), and%k 3.6 x 108 s™1, Epn = 12.4 kJ/ which are very common for aliphatic chains. Figure 10 presents
mol (rotational diffusion, high-temperature phase). a series of theoretical quadrupole echo line shapes that have
Inspection of Figure 8 suggests that in the low-temperature been obtained by the simultaneous consideration dfgi)s—
phase the rate constants are in a range that they might affecgaucheisomerization of the C2C3 bond at various rates using
the partially relaxec?H NMR spectra from quadrupole echo @ three-site model (g-t—g~ isomerization withp, = 1 —
experiments T, anisotropy). Model simulations have shown (Pg" * Pg), Pg* = Py~ andp; being the population of conformer
that the T, anisotropy is not very sensitive due to the rather 1),*>*(ii) fast methyl group rotation, and (iii) fast overall chain
small jump angles in the low-temperature phase. In addition, "otation. Thes_e speqtra_refer to the Iow-tempe.rat.ure phase;i.e.,
the rate constants are close to the fast exchange limit wherethe overall chain motion is modeled by a two-site jump process.

line shape effects and, relaxation generally lose their 1€ amount ofrans conformers was kept g = 0.7, which
sensitivity for extracting dynamic processes. was found to be appropriate for a good theoretical reproduction

of the experimentafH NMR spectra in the low-temperature
phase. Inspection of Figure 10 reveals that the spectra between
125 and 155 K can be well described by the assumption of
additional trans—gaucheisomerizations in the fast exchange
limit. The model is not appropriate, however, to describe the
broadened spectral features at very low temperatures. Here,

In the next step, we have examined sampli6—1, which
is deuterated at the terminal methyl group in a quite similar
manner as outlined above for sampl&6—8. Figure 9 exhibits
representative experimentdH NMR spectra recorded for
sampleC16—1 in the low- and high-temperature phase. The

experimentaPH NMR spectra are significantly narrower than 6t probably a static distribution of nonequivalent methyl
those of sampl€16—8 which can be attributed to the presence grqyps;, i.e., methyl groups that experience a different chemical
of fast methyl group rotation. Line shape simulations have been environment, have to be discussed.

done in order to reproduce the experimental spectra of sample The corresponding axially symmetr#él NMR spectra of
C16—1. Forthese calculations a fast methyl group rotation has sampleC16—-1 in the high-temperature phase again can be
been assumed along with restricted or unrestricted overall chaingescribed by taking into account methyl group rotatioans—
rotation to describe the low- or high-temperature phase, gaucheisomerization, and overall chain rotation (6-fold jumps
respectively (see above). The model simulations have shownpetween equally populated sites). Surprisingly, the experimental
that the additional methyl group rotation presents a major splittings now give rise to a higher amounttadns conformers
contribution for the observed reduction in spectral width in the high-temperature phase. Just above the phase transition
(reduction factor-%3). However, there still remains a difference  the trans content is found tg, = 0.95, which remains nearly
between the experimental and theoretical splittings of?tie  constant in the high-temperature phase. In fact, only a slight
NMR line shapes which suggests further motional contributions. decrease t@ = 0.91 at 290 K is registered.

In addition, the experimental spectra at temperatiires 120 Figures 1113 summarize the results which were obtained
K are smeared out or broadened which cannot be reproducedrom theTiz measurements of samplEl6—1. Again, theTyz
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Figure 12. Experimental partially relaxetH NMR spectra (inversion

recovery experiment) recorded f04.6—1 in the low-temperature phase.
The simulations (right column) have been done with the assumption
of (i) a two-site jump ¢ = 3.7 x 1078 s, jump angleAy; =

39°), (ii)

methyl group rotationd = 7 x 107 s), and (iii) trans—gauche

isomerization { = 1078 s, p; = 0.7).

ization (@ = 0.9, lower left), and (iii) methyl group rotation (lower
right). The correlation times are 5x 107! s. The spectra are plotted
to the same height to demonstrate the differenc&imanisotropy.

have been analyzed. They provided the correlation times shown
in Figure 8, from which the kinetic parametergiven by 1£°
= 6.7 x 10" st andEa = 8.4 kJ/mot-have been derived.

curve in Figure 11 can be separated into two regions that are TheTz relaxation in the high-temperature phase is dominated

distinguished by theill;z anisotropy (see below) and that is in

by a different motional process. This can be taken directly from

line with the low- and the high-temperature phase. The low- the change of the slope of tfie; curve and from the partially
temperature part also exhibitsfgz minimum at abou® = 142
K. It is interesting to note that the high-temperature branch Figure 13), which again exhibit a very characterisfig,
above the phase transition runs parallel with Thg curve of
sampleC16—8, discussed before. ThEz values ofC16—1,
however, generally are smaller than those of sangi6é—38,

with a factor between about 10 and 100. The largest difference overall chain rotation.

relaxed?H NMR spectra (inversion recovery experiment, see

anisotropy. Model simulations have been performed to em-
phasize the influence of the three motional contributiemethyl
group rotationtrans—gaucheisomerization, and unrestricted
Representative spectra from these

is registered for the low-temperature phase where the experi-calculations are displayed in Figure 13. Each column refers to
mental T1z values indicate the presence of a very efficient a series of partially relaxed spectra accounting for one dominant
relaxation process for samp&l6—1. motion responsible for spiflattice relaxation. It is quite
Model simulations have shown that in the low-temperature obvious that theT;z anisotropy and the overall;z values
phase the underlying relaxation process can be attributed to thestrongly depend on the nature of the motional process. The
internal methyl group rotation. Again, this intramolecular comparison of such theoretical spectra with the experimental
motion might be described by either a 3-fold-jump process or counterparts have shown that the spliattice relaxation in the
by rotational diffusion that is distinguishable by partially relaxed high-temperature phase is dominated by chain rotation. In fact,
spectra®4-44 Due to the broadH NMR spectra for the present  the observed temperature dependence ofl{helata points to
case a final assignment of the underlying mechanism, however,the same direction. In the high-temperature phase the slopes
is not possible. The theoretical spectra, given in Figure 12, of the T1z curves forC16—1 andC16—8 are almost identical,
have been obtained using a 3-fold jump process for methyl groupwhich implies a similar motional process responsible for spin
rotation which is in agreement with the studies on other systemsrelaxation of both samples.
bearing rotating methyl groups. In a similar way fhg data Simulations have been done using the rate constants for chain
and partially relaxed spectra for the other temperature points rotation which were obtained from the analysisG#6—8. The
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corresponding values for methyl group rotation were taken from
the extrapolation of the Arrhenius plot in Figure 8. The
contribution from trans—gauche isomerization is of minor
importance due to the high amount tfans conformers.
Although the simulations could successfully reproduce the
experimental T;z anisotropy, we are left with a constant
difference between the experimental and theoretical ovErall

Schmider and Miler

however, is still far from the situation of complete rigid
hexadecane chains. Our present NMR data analysis revealed
that close to the phase transition fast, but highly restricted overall
chain motions can be detected. They can be modeled by a two-
site jump process of variable angle which varies with temper-
ature between 14%5at 103 K and 39.Dat 155 K. To some
extent this behavior can be rationalized on the basis of former

values in the high-temperature phase. That is, the theoreticalpotential energy calculations by Chatani ef aln that work
Tz data are found to be larger than the experimental ones. Forthe authors have shown that in the low-temperature phase the

example at 173 K the theoretical value is given by 26 ms while
the experimental value is found to 18 ms. The remaining
difference might be related to further motional contributions
which so far has not been accounted for.

Discussion

In the following we will discuss the experimental results from
the present variable temperatifi¢ NMR studies on UICs in
conjunction with the available literature on this subject. It has
been shown in the previous chapter that dynaticNMR
spectroscopy is very suitable to obtain reliable information about
the molecular features af-alkane guests embedded in urea

channels. A proper analysis of the corresponding line shape
studies and relaxation experiments could provide a detailed

picture about both the guest dynamics and their ordering

behavior in such inclusion compounds. The main emphasis of
the present investigation concerns the behavior of the guest'" &

potential energy curve against the rotation of the hexadecane
chain exhibits four distinct minima. They are separated by an
angle of 90 and barriers up to 30 kJ/mol which prevent the
chains from jumping between adjacent minima. The fact that
the reorientational angle increases with temperature is in line
with the observation that the distortion of the hexagonal channels
decreases with increasing temperafur&hus, at higher tem-
perature the hexadecane chains experience a larger spatial
freedom being consistent with an increase of the jump angle.
The theoretical potential curves furthermore exhibit two distinct
broad minima that are of lower energy and that would allow
some oscillatory motions of the chains about their equilibrium
positions. This process, which in the present work has been
modeled by a simple two-site jump model, is thermally activated
with an activation energy of 4 kJ/mol.

A similar model for alkane chain motion has been proposed
lier'H NMR studies on UICs with guests suchradecane,

species in the low-temperature phase and in the vicinity of a -dodecane, on-hexadecarté as well as on pure-hydro-

solid—solid phase transition upon which so far only limited
information is available. In the past, UICs withalkanes or
functionalizedh-alkanes have been examined employing various
experimental methods. Among these, X-ray stugli€sRaman,
IR,15:1647-51 and NMRI1~14.26.30.5254 gpectroscopy as well as
inelastic neutron scatteritP® have turned out to be the most
suitable techniques. The majority of these studies dealt with

carbon$? In fact, during the'H NMR study on UIC#? this

“oscillatory” model was used to analyze experimental proton
Tiz data. In the same work it was concluded that a better
description for the guest motion can be achieved by the
assumption of molecular reorientation of the alkane chains
between two potential minima of unequal depth. The derived
(experimental) activation energy for this latter process of about

the behavior in the high-temperature phase while studies aboutl2 kJ/mol was found to be in good agreement with the potential
the molecular characteristics in the low-temperature phase arebarrier height calculated by Parsonage and Pembeéftdiow-

rather limited. In addition, theoretical pap&rs® exist which
focus on the soligsolid phase transitions imalkane/UICs and
their impact on the molecular features of the guest components

The following discussion of the properties of the guest species

will be done primarily on a very local basis which directly is
related to the local nature of the NMR technique. Details about

ever, it should be noted that the theoretical value has been
derived on the basis of the structure of the high-temperature

UIC phasé, as expressed by the six minima in the potential

energy curve. In a similar way the analysis of the proten
data did not distinguish between the low- and high-temperature
phase. In fact, the UIC structure of the low-temperature phase

the general structural properties of these systems, such asVas SO"’_ed °_"|_y recently by several X-ray inve_stigatiéﬁé‘?
superstructures, etc., which have been evaluated from scattering In a quite similar way we have set up our two-site jump model

techniques, can be found elsewh&rel® In this connection,

with inequivalent sites for the low-temperature UIC phase. Here,

it should be mentioned that the hexadecane system is unique inwe have considered a reorientation angle ¢f, 2 taken from

the sense that the length of thé-trans chains ¢ = 22.8 A)
fits approximately with the doubled period of the urea frame-
work (2co = 22.03 A). For this reason the UIC with hexadecane

the potential energy cunfeand varied the relative populations
of both sites. Although the experimental biaxial line shapes
(from quadrupole echo experiments) can be simulated with

frequently has been discussed with respect to commensurate orelative populations of the major site between 0.97 and 0.89,

incommensurate behavior of such systérts.

Hexadecane Dynamics.For the description of the chain
dynamics in the UICs various motional contributions might be
considered: (i) chain rotation, (ii) wobble motion of the chain,
(iii) chain diffusion, (iv) internaltrans—gaucheisomerization,
and (v) methyl group rotation. Among these, chain rotation,
trans—gaucheisomerization, and methyl group rotation have
shown to play a dominant role for deuteron spin relaxation
during the present study.

It has been outlined in the previous chapter that the chain
dynamics is very different for the low- and high-temperature
phase. This particularly is true for the overall chain (rotational)

the “inequivalent site jump” model fails in reproducing the
partially relaxed spectra from thE relaxation experiments
(see Figure 6). This implies that a two-site jump process
between unequally populated sites, i.e., adjacent minima of the
energy potential curve, is not appropriate to describe the
hexadecane chain overall motion in the low-temperature phase.
Rather, the chains undergo oscillatory motions (two-site jumps
between equivalent sites) within a deep potential well, as
mentioned earlier.

Further quantitative data about the overall chain mobility in
the low-temperature phase of UICs are rare. In other studies
on UICs the chain mobility in the low-temperature phase is

motion which in the high-temperature phase is found to possessdiscussed on a qualitative basis. FroAHaNMR investigation
an almost unrestricted nature. The low-temperature phase,on perdeuterated nonadecane in urea it has been estimated that
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the chains undergo rapid 3Qumps about their long axés. prising various experimental techniques certainly would be very
Likewise, there was evidence for some chain mobility in the helpful to overcome this problem.
microsecond range frofH NMR studies on perdeuterated From the previously discussed single-cry@taINMR work

hexadecaré and selectively deuterated nonadecane (single- on nonadecane/uréahere is evidence that between 260 and
crystal stud§) in urea. To our knowledge there exists only 333 K the alkane chains undergo a significant wobble motion
one further study, a quasielastic neutron scattering (IQNS) of the chain long axes with an opening angle betweehaz@
investigatiort® where the low-temperature dynamics has been 30°. The rate constants are found to be slower by a factor of
described quantitatively. The experimental analysis with a 5—10 than the overall chain rotation about the long axis while
combined rotationattranslational model has shown that the the activation energy again is about 9 kJ/mol. From the present
IQNS data are consistent with a restricted overall rotation in analysis, we have concluded that a similar wobble motion does
the low-temperature phase and a jump angle 6f&8160 K. not exist for the hexadecane chains below 290 K. This has
However, the time scale is much different from that evaluated peen taken directly from the experimental splittings of sample
during the present NMR work. Thus, from the IQNS study C16—8 which remain almost constant throughout the whole
the overall motion was found to be in the order ofth67! high-temperature phase up to 290 K. One might speculate
while our NMR data analysis yields chain rotations in the order whether the missing wobble motion is related to the different
of 10’s™. So far, the reason for this discrepancy of the absolute chain lengths of hexa- and nonadecane. However, it should be
rates is unknown. It seems to be rather unlikely that the recalled that different quadrupolar coupling constants have been
difference in overall chain motion is due to the different chain ysed in the present NMR work and during the earlier single-
lengths. One reason might be found in the different model crystal NMR study. While we have taken a value of 167 kHz,
approaches used for the data analysis during the present NMRin the former study quadrupolar coupling constants above 186
work and during the earlier IQNS study. On the other hand, it kHz have been used. Such values appear to be unusually high
should be kept in mind that the experimerital data (see Figure  for aliphatic deuterons. Another reason for the different results
5) unequivocally show that the chain rotation must occur on a for the nona- and hexadecane chains might be found in the
time scale being slower than the Larmor frequenky<(10° consideration of the conformational order. This contribution
s). was not considered explicitly during the earlier analysis of the
The nature of the overall motion (type and time scale) changesUIC with nonadecane. On the other hand, there is clear
completely if the temperature is raised above the phaseevidence from several spectroscopic investigations that the
transition. Now, the chains are able to rotate almost unhinderedconformational disorder is of importance in such systems which
about their long axes which might be described either by holds in particular for the low-temperature phase (see below).
rotational diffusion or 6-fold jumps. In addition, the rates of Apart from the overall chain motions, two types of internal

the overall rotation are found to be in the order of 8™ motions—trans—gaucheisomerizations of the G2C3 bond and
i.e., they _have mcreased_at the phase transition by at_)out3 ordersnethyl group rotatior-have been established by the present
of magnitude. According to theoretical calculatidnshe NMR analysis. Line shape simulations using a three-site jump

potential energy curve of the high-temperature curve displays model (g-—t—g~)*>4¢for chain isomerization have shown that
six potential minima with barrier heights of about 6 kJ/mol. in the low-temperature phase this process occurs with rate
The hexadecane chains thus can easily jump into neighboringconstants being 107 s71, i.e., on the fast NMR time scale. An
sites. Itis therefore very likely that rather a 6-fold jump process exact determination of the corresponding rates was not possible,
than rotational diffusion is the appropriate model for overall since—as will be shown belowthe T;z relaxation is dominated
chain motion in the high-temperature phase. As mentioned by the methyl group rotation. It should be noted that #He
earlier, the present NMR data cannot provide an unequivocal NMR measurements performed on UICs witkalkanes of
proof for the correct motional model which is related to the lengthn = 15, 19, 20 bearing deuterated methyl groups have
special geometry of the alkane chains. The activation energy shown similar results for the conformational dynantftObvi-
for overall rotation in the high-temperature phase is found to ously,n-alkanes in urea possess a high degree of conformational
12.4 kJ/mol, which is about twice the barrier height derived flexibility which can be transferred also to the low-temperature
from the potential energy calculatiofs. phase. In this respect, they resemble phospholipid cHaihs

It has been mentioned that various studies exist dealing with in the liquid crystalline phase or melts from polymers with
the high-temperature phase behavior of UICs. Again, we refer aliphatic chain componeris?3which also exhibit a high internal
to the IQNS stud$f on nonadecane/urea from which overall flexibility in terms of fasttrans—gaucheisomerization. In the
chain rotations (6-fold jumps) in the order of #& 1 and an ~  high-temperature range the time scale of thens—gauche
activation energy of 2.2 k/mol have been derived. In a further isomerization again could not be quantified Vig: measure-
Raman investigation an activation energy of 4.8 kJ/mol for ments since this internal process is obscured by other motional
overall chain rotation has been reportédFurthermore, there  contributions. From the available experimental data there is
exists a single-crystalH NMR study on nonadecane/uféa  no doubt thatrans—gaucheisomerization appears on a very
where the authors contrast various motional models to accountfast time scale. Further information about this process is
for the spin relaxation in the high-temperature phase. The expected from a forthcoming study ofalkane chains that are
overall chain rotatiorrwhich has been modeled by a diffusive  selectively deuterated at the C2 or C3 methylene group.
process-again is on a similar time scale (Gs™1), while the The second internal motion is given by the rotation of the
activation energy was found in the order of about 9 kJ/mol, methyl group. This process was found to dominate The
slightly depending on the actual simulation parameters. Obvi- relaxation of sampl€16—1 in the low-temperature phase with
ously, there exists a discrepancy between the activation energiesate constants in the order of %010'° s71. The activation
evaluated from théH NMR and the IQNS or Raman studies energy of 8.4 kJ/mol, derived for this process, is within the range
which is not yet understood. One reason could be related toreported from other studies on methyl group rotafi&®> In
the different motional models used during the various studies. the high-temperature phase the methyl group motion could not
A complementary study performed on the same system com-be determined since thR relaxation of compoun@€16—1 is
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found to be dominated by the overall chain rotation. It therefore isomerization, and methyl group rotation. The calculated
is still open whether this motion is affected by the sel&blid values thus are constantly larger than the experimental ones.
phase transition. Again, absolute values for methyl group To overcome this problem, one might increase the quadrupolar
rotations of alkanes trapped in UIC are rare. A former analysis coupling constant of the methyl group which, however, appears
of IR band shapes performed for various UICs revealed rate to be somehow arbitrary. On the other hand, it might be possible
constants in the order of 351 and activation energies between that other motional contributions, such as additional wobble
12.5 an 14.7 kJ/mol also for the high-temperature pase. motions near the chain ends, have to be taken into account.
Likewise, the earlier mentionéth NMR study on the UIC with Forthcoming studies on samples with hexadecane chains deu-
nonadecart€ has shown that in the high temperature the methyl terated at other positions along the chain (C2, C3, etc.) should
group rotation occurs on a similar time scale. The activation give further information about such additional motional con-
energy has been estimated to be between 8.5 and 10 kJ/moltributions.
Here, an additional wobble motion of the methyl group also  Molecular Order. The discussion of the alkane chain order
has been introduced for the analysis of the experiméhtal  again requires the consideration of three contributions: (i)
data. conformational order, (i) orientational order, and (iii) positional
Studies on other systems bearing methyl groups have shownorder. While the presemtH NMR investigations allow a
that in the solid state the kinetic parameters strongly dependdetermination of the contributions from conformational and
on the particular system. For example, in L-alanine the crystal orientational order, they are not appropriate to provide informa-
packing gives rise to a significant slowdown of the methyl group tion about the positional order.
rotation®264 As a result, the rate constants for methyl group  The orientational order can be described by considering the
rotation are about 3 orders of magnitude smaller than those alignment of the alkane chain long axes with respect to the urea
reported for other systems such as metpyhitrobenzene-  channel axis¢-axis) and the horizontal distribution of the alkane
sulfonate with less hindered methyl grodfsThe observed  chains about the channel axis. The analysis of2HeNMR
rate constants obtained for the UIC with hexadecane suggestdata has shown that the alkane chains (long axis) are perfectly
that again we have to deal with less hindered methyl groups. aligned with respect to the urea channel which holds for both
The same conclusion can be drawn from the evaluated activationthe high- and low-temperature phase. The horizontal orientation
energy. The value of 8.4 kJ/mol is close to the values reported of the hexadecane chains behaves differently. In the low-
for other aliphatic methyl groups. It should be mentioned that temperature phase, there exists a preferential orientation that is
’H NMR experiments have been performed for UICs with other evident from X-ray investigations and the potential energy
n-alkanes i§ = 15, 19, 20), deuterated at the terminal methyl calculations$” as discussed earlier. At elevated temperatures
groups. These data suggest that in the low-temperature phaséhe hexadecane chains start to undergo restricted rotational
the methyl group rotation can be regarded as the domifiant  motions, described by a 2-fold jump process. This process is
relaxation mechanism for such inclusion compouftfds. accompanied by a loss of orientational order which gives rise
Translational motions of the guest species within the urea to a small amount of dynamic disorder. Upon heating above
channels represent a further important motional process in thesghe phase transition, the restricted chain rotation is replaced by
systems. Such motions have been characterized by IQNSan almost unhindered rotation of the chains about their long
experiment$® It was reported that for the UIC with nonadecane axes. As a result, we have to deal with a random horizontal
these motions show up on the picosecond time scale in the high-distribution of the hexadecane chains, i.e., a large degree of
temperature phase, while they are absent in the low-temperaturedynamic disorder. This suggests that the phase transition can
phase. Recent molecular dynamic simulations came up with be assigned to a dynamic oreetisorder transition. Other
similar conclusion§® We certainly cannot get direct informa-  studies on UICs employing IR, Ram&n4751 QNS ®55¢and

tion about such translational motions from the pregemiMR NMR13.14.26.305254 techniques have demonstrated that the latter
experiments. However, it is assumed that indirectly such dynamic disorder can be regarded as a general phenomenon
motions give rise to the changes of the residuaiTaJ values encountered in the high-temperature phase of such systems. It

of the experimental NMR line shapes. Thus, in the low- should be mentioned that our result of a perfect alignment of

temperature phase a value ofTf° = 3 kHz has been used the alkane chains d_iffers from a previous single-crnAtaNMR
for the line shape fitting while for the high-temperature phase work on the UIC with nonadecart€. In that study the authors

a value of 1 kHz was found to be sufficient. The residuaiTd? discussed a chain wobble motion which gives rise to a significant
value contains those magnetic interactions that otherwise werereduction in longitudinal chain order. This discrepancy might
not considered explicitly. For the present case;T3? should be related to the higher quadrupole coupling constant used in

contain contributions from homonucle@H(-2H) and hetero-  that work, being larger than typical static values. We have used
nuclear $H—1H) dipolar interactions. The latter part could be for the present analysis the static value which has been derived
further subdivided into intra- and intermolecular contributions. from the low-temperature spectrum and which is claimed to be
The reduction in residual &T.° at the phase transition is @ reasonable way of analysis. In this connection, it is expected
attributed to the loss of the intermolecular contribution between that forthcoming studies at cryogenic temperatures could help
the guest molecules and the rigid urea matrix. That is, in the to solve the problem of the correct quadrupolar coupling constant
high-temperature phase the fast rotational and translationalin such systems.
motions result in an averaging of the intermolecular dipolar ~ Former X-ray investigatiois1° on UICs withn-alkanes have
interactions. Similar observations have been reported for shown that the guest molecules possess a high degree of
deuterated six-membered rings in cyclophosphazene inclusionpositional order in the low-temperature phase. IQNS experi-
compounds? ments have demonstrated that in the high-temperature phase due
At present, we are left with the result that tfie, data of to translational motions the positional order is redut®eds a
sample C16—1 in the high-temperature phase cannot be result, one has to deal with a further contribution to the dynamic
completely described on the basis of the proposed motional disorder for such UIC systems.
model with contributions from chain rotatiotrans—gauche In the following, we discuss the results for the conformational
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order in connection with the available data on similar UICs. again reflect an impact on the conformational order by the
The variable temperatufé! NMR investigations of the present  solid—solid phase transitio??.

work have shown that the central part of the hexadecane chains A recent studi? of the dependence of the sofidolid phase
(C8-C9) can be regarded as a segment that exists exclusivelytransition on the alkane chain length came to the conclusion
in the trans conformational state throughout the whole temper- that the low- and high-temperature phases are distinguished by
ature range examined here. At the same time, the chain endghe conformational order of the alkane chains. In the low-
(C2—C3 bond) possess some conformational flexibility that is temperature phase the alkane chains are assumed to adopt the
expressed by transcontent less than unity. Thus, in the low- all-trans conformation while conformational defects are present

temperature phase the data analysis yielttars content ofp; in the high-temperature phase. The authors were able to
= 0.7, which surprisingly increaseg;(= 0.95) upon heating  describe the dependence of the phase transition temperatures
above the phase transition. with the assumption that conformational defects only exist in
Various studiesincluding Raman, [|R564751 and the high-temperature phase. The present NMR analysis has
NMR13.14,26,30,5254 gt dies as well as molecular mechafiesd revealed a quite different situation for the UIC with hexadecane,

dynamic§6:6862%-exist that deal with the conformational behavior as expressed by a high degree of conformational disorder at
of the alkane chains in the UIC high-temperature phase andthe chain ends in the low-temperature phase. Atthe same time,
that gave rise to some dispute about the “true” conformational the conformational disorder is substantially_ reduceq upon heating
order in terms oftrans and gaucheconformers. There is no  t0 the high-temperature phase. These findings imply that the
doubt that the inner parts adopt thiétrans conformation. The description of the phase transition temperatures on the basis of
reported content ofrans conformers for the C2C3 bond, pure conformational defects is not sufficient. Furthermore, one
however, varies betwegn = 0.77 and 0.97, depending on the ~Should keep in mind that there exist large spatial constraints by
particular experimental technique. The lowest values were _the surr_oundlng urea lattice. Due_ to sterical reasons, it is aIr_nost
derived from a combined switched angle spinniig NMR |mposs_|ble th_at the alkane chaln_s possess a conformational
and molecular mechanics std8which came up withp; values ~ defect in the inner part of the chains.

between 0.77 and 0.82, depending on the particular alkane chain We close with some comments on the broadened spectra
length. Higher values witip, > 0.9 have been reported from  Observed for sampl€16—1 at temperatures below 120 K. At

2H NMR studiesi®32while the upper limit of 0.95-0.97 is given present, it is believed that these spectra stem from a static
by IR and Raman studi&s64751 as well as molecular dynamics ~ distribution of different nonequivalent molecules which most
studies®® Again, our values for the high-temperature phase are Probably is due to a different content ghucheconformers. It
ure®®32 and close to those given from IR and Raman hexadecane exhibits an additional phase tranditiorl20 K
studiesl5.16.47-51 about which, so far, very little is known. It thus is very likely
that there is a connection between this second phase transition
and the appearance of such unusual and broadéhedViR

line shapes. This assumption of a unique property of the
hexadecane/urea system is further supported by the fact that
similar effects were not observed during ¢ NMR experi-
ments on other UICs with-alkanes of lengtim = 15, 19, 2¢?°
Forthcoming®H NMR experiments below 90 K might yield
further information about the molecular reasons for this
experimental observation.

A comparison of the present conformational data for the low-
temperature phase is difficult. To our knowledge there exists
only a Raman stud§ from which a value ofp; = 0.92 has
been estimated. This value is much higher than that derived
from the presentH NMR investigations. It should be men-
tioned that preliminary experiments on UICs with other chain
lengths = 15, 19, 20) reveal a similar decrease of the amount
of transconformers upon cooling to the low-temperature phase.
In addition, there are indications that the length of the alkane
chain also has some influence on the actrais content within
the low-temperature pha8®. At first sight, it seems to be
surprising that the content dfans conformers is reduced in The urea inclusion compound witithexadecane has been
the low-temperature phase. These findings might be rationalizedstudied over a large temperature range by dynaiicNMR
by the specific arrangement of the guests due to the distortedspectroscopy. These techniques in connection with selectively
hexagonal symmetry of the urea channels. Thus, the hexadecangeuterated guest compounds are well suitable to evaluate the
chains exhibit the same horizontal orientation within one urea structural and dynamical features of the guest species. It has
channel and are able to undergo only some restricted rotationalbeen demonstrated that the quantitative analysis of the-spin
motions. At the same time, the alkane chains have to move |attice relaxation data are of particular help for the determination
together due to the shrinkage of the urea channel along theof the various motional contributions present in such systems.
c-direction® Since the chain ends on average are oriented in The data analysis has been done by describing the chain
the same horizontal direction, tladl-trans chain conformation  dynamics for both the high- and low-temperature phase by a
now is energetically less favored. Hence, the alkane chains try superposition of three major contributions: (i) chain rotation,
to avoid this situation on the expense of increasgagiche (i) trans—gaucheisomerization, and (iii) methyl group rotation.
conformers at the chain ends. This assumption is supportedThe most prominent result refers to the overall rotation. There
by 2H NMR measurements on the UIC with pentadecane. Here, is evidence that a fast but highly restricted rotational process
a higher amount otrans conformers is found in the low-  (oscillatory motion) is dominant in the low-temperature phase.
temperature phase than for hexadecane, which is in line with Upon heating to the high-temperature phase the overall chain
the reported expansion of the urea lattice alongctd@ection?’® motion is described by an almost unrestricted chain rotation
The observation of changes in conformational order at the process that gives rise to rotational disorder of the chains. The
solid—solid phase transition is not restricted to the pregent phase transition therefore has been assigned to a dynamie-order
NMR studies. Rather, recent variable temperafii@ MAS disorder transition. The internal motional contributietians—
NMR investigations on UICs with-alkanes of different lengths ~ gaucheisomerization and methyl group rotatieare found to
have revealed distinct changes in € NMR spectra which be on the fast NMR time scale throughout the whole temperature

Conclusions
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range covered here. The alkane chains furthermore are charand the quadrupole echo sequence used for signal detection.
acterized by a flexibility gradient that is affected by the selid  The spin-lattice relaxation timeTyz is obtained from
solid phase transition. Thus, the inner segments are found to

be in thetrans conformational state which holds for both the 1l _ i(equ)2 3 1432

low- and high-temperature phase. The outer chain segments le_ 16\ A [y() o(20)]
(C2—C3 bond) possess a considerable amountgafiche

conformers which surprisingly is lowered in the high-temper- eqQ/his the quadrupolar coupling constant with a typical value
ature phase. It is assumed that this phenomenon is related twf 170 kHz whose actual size depends on the chemical
the sterical hindrance of the chains in the urea channels. Insurroundings of the deuteron. As described in refs 38 and 73,

(A4)

summary, the presedt NMR study has provided new details
about the molecular features wfalkane chains in UICs in the

the spectral densitiek, for a N-site problem can be derived by
solving the following equation

low- and high-temperature phase. Studies on other UIC samples

with selectively deuterated alkanes of different lengths are in

progress which should provide information about the influence
of the particular chain length (ogdven effect) on the molecular
parameters.

Appendix

In the following we briefly review the theoretical background
for the simulations of dynami#H NMR experiments including

quadrupole echo line shapes, relaxation data, and partially
relaxed spectra. As outlined elsewhere (see for example refs

2 N
he)=2 5 due)due) 5 xOx0x0%
nl)=1

aad=-2
2 2 #n
A0 dR(6") cos, — a'gy)———
Artw
=" —¢' (AS)

Here, X and 1, are the corresponding eigenvectors and
eigenvalues of the symmetrized rate matix the angle®"

20—24, 41, 43, 71, and 72), the free induction decay starting at and¢' are the polar angles between the principal axis and the

the top of the quadrupole echo is given by
S(t.7,,7,) = 1 exp@t) expAty) exp@r)*o(0) (A1)

The derivation of eq Al assumes infinitesimal short radio-
frequency pulsesdtpulses). o(0) refers to transverse magne-
tization at the beginning of the experiment and is given by the
fractional population of th&l exchanging sitesA is a complex
matrix of sizeN which can be subdivided into two parts (see
eq A2).

A=iQ+K (A2)
The imaginary part ofA is given by the diagonal matrif2
whose element®;; describe the frequencies of the exchanging
sites. The real part corresponds to a kinetic marix Here,
the nondiagonal elemenikg are the jump rates from sijeto i,
while the diagonal elementg represent the sums of the jump
rates for leaving sité. In addition, thek; contain the residual
line widths in terms of I.° which reflect contributions from
homo- and heteronuclear dipolar interactions of the spin
Hamiltonian. Depending on the complexity of the system

intermediate axis (motional axis) system, and the angjlesd

¢' are those between the intermediate and the laboratory axis
system, respectively.d,,@(6) are elements of the reduced
Wigner rotation matrix. If there is a superposition of several
motional modes, then the transformation from the principal axis
system to the laboratory frame is subdivided into several steps
according to the number of motional contributions. For
example, the analysis of the data for compo@id%—1 implies

the presence of methyl group rotatidrans—gaucheisomer-
ization, and overall chain rotation which is in line with four
transformations between the principal axis and laboratory
system.

Equation A5 describes the most general case to calculate the
spin—lattice relaxation tim@yz. However, for a series of simple
molecular processes, such as 3-fold jumps or free rotation,
analytical expressions exi&t. They easily can be implemented
into the line shape program (eq A3) and also have been used
during the course of the present investigations for some limiting
cases.
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