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Oriented n-Alkanes in urea-dq Inclusion 
Complexes for Inelastic Neutron Scattering 

Vibrational Studies 

BRUCE S .  HUDSON 

Department of Chemistry, Syracuse University, ,Syracuse, N Y  13244-4100 USA 

Crystallinc urea inclusion complexes (UIC) formed with uiea-d4 and hexadecane are used to 
orient the n-alkane relative to a neutron beam for inelastic neutron scattering studies. Deuter- 
ation of the host lattice makes it nearly transparent for neutron studies. Comparison of the 
results for UIC orientation parallel and perpendicular to the neutron beam permits separation 
of the low frequency vibrational spectrum into those vibrations that are parallel to the alkane 
long axis and those perpcndicular to the long axis. 

Keywwd.x urea inclusion compounds; inelastic neutron scattering; vibrational spectroscopy 

INTRODUCTION 

The low frequency vibrational spectra of n-alkanes consist of bending 
motions and methyl torsions in which the atomic motions are transverse 
to the long molecular axis and longitudinal acoustic modes (LAMS) in 
which the atomic motions are directed along the molecular axis. In 
infrared and Raman spectra only a few of the LAM modes are active 
with most of the intensity being in the low order (long wavelength) 
motions. In neutron scattering spectra all vibrations, both LAM and out 
of plane motions are active. In the low frequency region these 
transitions overlap. In recent studies of the LAM vibrations of the n- 
alkanes".21 we were able to identify the higher frequency LAM modes 
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424 HKUCE S. HUDSON 

between 200 and 525 cm-' for a large number of n-alkanes. The LAM 
modes that are lower in frequency than 200 em'' could not be uniquely 
identified in the PJS spectra due to this overlap. 

Comparison of the INS spectral intensity with the results 
expected on the basis of DFT calculations results in generally good 
agreement and helps to assign the vibrations. However, it appears that, 
while the LAM modes are well represented by an isolated molecule 
calculation, the bending modes are shifted to higher frequency due to 
intermolecular interactions. The use of oriented samples provided by 
UIC structures avoids this dif-ficulty since the two kinds of modes have 
different orientation properties. The UIC is an alternative environment 
for the n-alkane which may reduce the intermolecular interactions. 

Figure 1 is an example of the analysis of an INS spectrum of an 
n-alkane, in this case n-hexadecane at 20 K. This data was obtained 
using the spectrometer TFXA [31. The lighter line is a spectral 
calculation that is based on a density functional calculation using the 
B3LYP functional and the 6-3 1G** basis set. The intensity of a 
spectral feature is proportional to the sum of the squares of the 
hydrogen atom motions in each normal mode calculated for a sin le 
molecule. Details of the simulation method are given elsewhere If31 

0 loo 200 300 400 so0 600 
wavenumbers (cm") 

FIGURE 1 Observed (heavier line) and simulated (lighter line) 
INS spectra for n-hexadecane at 20K. The vertical lines 
indicate the calculated frequencies for the LAM modes. 
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UREA-D4 INCLUSION COMPLEXES FOR INS STUDIES 425 

The main features of such spectra are the LAM modes from 230 
to 530 cm”, the overlapping LAM and bending modes below 200 cm-’. 
The calculated LAM mode frequencies are indicated as vertical bars. 
The strong feature near 240 cm-’ includes both LAM contributions and 
the out-of-plane methyl rotation modes. The overtone of this strong 
peak is seen near 480 an-’. This feature is not included in the 
calculation. 

UREA N-ALKANE INCLUSION CRYSTALS 

Experiments with oriented samples can separate the longitudinal and 
transverse modes permitting assignment of overlapping transitions in 
the low frequency region and thus evaluation of the theoretical 
calculations in the very low frequency region. An easy way to orient 
long n-alkanes is by formation of hexagonal urea inclusion crystals.14] 
These structures, shown in end and side view below, produce 
macroscopic hexagonal crystals that are easily oriented arallel and 

used for these UIC crystals was highly deuterated so as to make this 
component nearly invisible in the INS spectnun. 

perpendicular to the incident aeutron beam in TOSCA. tR The urea 

I 
i 
!*- 

I 
i 

FIGURE 2 Structures of n-alkanehrea inclusion crystals.[41 
The hydrogen atoms of the n-alkane have been shown extra 
large because they dominate the neutron scattering process. 
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426 BRUCE S .  HUDSON 

The experimental samples of deuterated urt.~/n-hc2tadccane-h I 8 
were crystals about 1 n m  in dimeler and about 4-8 nini in length. 
Nicse crystals were p l m d  i h t  in R slanllow duminium sample holder 
(for the parpcndiculnr sample} and end-vfi ia holes dnlled in an 
cilum~iilium plate (for the pwallel snmple). The urea md CH3W used 
for crystsrl growth were 99% deuterdtted. 

INS DlCHKOTSM 

PiguKs 3 atid 4 slinw the INS sprcira iu the 0-600 and 0-2000 c;mmL 
ixgions, respectively. In each cnse pmllel and pqcndiculnr sp~ctra 
are supeximposed at the bottom. The diEcience spectrum, parallel- 
pcrpendicular, is displaycd shifted npward in the figure. The upward 

LOO 150 100 600 

FIGUKE; 3 Dichroic TNS spcctrs ofurea-d4ln-hexadacanc in 
the I00 - 600 ctri’ rcgioii. At the batturn m shown the spectra 
ubscrvcd with the TflC cryshk oriented paralllel (n) and 
perpendicular (JJ to the neutron b w n .  .l’he difference ( A  - i> i s  
shown s h i M  verlidly upward. The upwanl poinhg gey 
m o w s  indicate the positions of LAM 1I1uc1cs. The curved open 
arrow is at the posiliofi ofttic inethyl rotation which uvcrlaps I ]  
CAM rnudc. 
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UREA-D4 INCLUSION COMPLEXES FOR INS STUDIES 427 

pointing grey arrows indicate the positions of previously assigned 
LAM'S with their longitudinal motion indicated by the greater intensity 
for the parallel orientation. The downward pointing empty arrows 
indicate the location of known transverse modes. At about 237 cm-' a 
LAM mode and the transverse methyl rotation overlap. The methyl 
motion dominates the intensity and the net polarisation is transverse. 

becomes more sensitive to orientation at higher frequency where the 
momentum transfer vector is more nearly parallel to the incident 
neutron direction.w The strong band at 725 cm-' indicated by an arrow 
is the CH2 rocking twisting motion, transverse "polarized" as 
anticipated. The series of features extending from roughly 800 to 1500 
cm-' is due to CH2 wagging motions that move the atoms parallel to the 
Chain. 

The extended frequency range of Figure 4 shows that TOSCA[51 

n 

r 3.5 

n 

P 
0 
S 3.0 

a.5 

t a.0 

0 200 400 'he& Trsfer  2000 

FIGURE 4 The dichroic INS spectra of ureadrlhexadecane in 
the range from 0 to 2000 cm-' . At the bottom are shown the 
spectra observed with the UIC crystals oriented parallel (I) and 
perpendicular (I) to the neutron beam. The difference spectrum 
(/I - I) is shown shifted vertically upward. The downward 
pointing arrow indicates the position of a transverse mode. 
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428 BRUCE S. HUDSON 

a.4 

1.3 

1.a 

a .1 

2.0 

1.9 

1.8 

1 .T 

1 .c 

FIGURE 5 The urea-d4/&H34 difference spectrum in the low 
frequency region. The LAM-1 mode is shown on the left and the 
overlapping LAM and methyl torsional modes on the right. 

1) 4 
100 la8 140 M I W  a@ rn m #o 

w w u m n ~  (cm-') 
FIGURE 6 Simulation of the INS dichroism of Figure 5.  
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UREA-D4 INCLIJSION COMPLEXES FOR INS STUDIES 429 

in the very low frequency range (see Figure 5) the positive 
(axial) feature near 149 cm-' can be tentatively identified as the LAM-1 
mode which has been seen for hexadecane in the Raman spectrum at 
150 cm-'. In this region of energy for this spectrometer design Q is no 
longer parallel to -b and the spectra are not very dichroic, as is 
expected. This variation, plus the overlapping nature of the vibrations 
in the low frequency region and the diflticulty in determining the 
relative amount of material in the beam in the two different sample 
orientations conspire to make the interpretation of the data in the very 
low frequency region complex. However, these quantitative effects are 
well understood and, in conjuction with ab initio modeling of the INS 
intensities and their dichroism, it should be possible to sort out the 
spectra even below 200 cm-' . 

An attempt at analysis of the reslts of Figure 5 is shown in 
Figure 6. The results of the same DFT calculation used to construct the 
theoretical spectrum of Figure 1 were used as the basis for this 
dichroism spectrum. The intensity of a neutron scattering transition of 
a hydrogeneous substance depends on (Q-CH')', the dot product of the 
neutron moment transfer vector with the vector describing the motion 
of the H atoms of the molecule in the vth normal mode. The intensity 
of a given transition is then the sum of such terms over all H atoms in 
the molecule. For a randomly oriented sample this reduces to 
QzX(CHvr. For an oriented sample the corresponding expression is 
clearly Q Z(cos2 ~)(CH")~. For perfect orientation this cos2 0 factor is 
either 0 or 1 for a given orientation. For example, for axial orientation 
designated // in the above figures the angular factor is 1 for the LAM 
modes of 4 or B, symmetry and 0 for the transverse (out-of-plane or 
in-plane transverse) modes of A, and B, symmetry. In I orientation 
these factors are reversed. In a difference spectrum 1(/&1(~) this has 
the effect of multiplying the A, and B, modes by +1 and the A,, and B, 
modes by -1. Since the normal mode calculation has symmetry labels 
this assignment of sign is straightforward. 

variation of the intrinsic instrumental dichroism varied exponentially 
with distance approaching the ideal value in the limit of large 
inelasticity. A further modification of the calculated results was the 
multiplication of all of the frequencies of the wunsverse (negative 
intensity) modes by a scale factor of 0.96. This was chosen to match 
the negative feature at 237 cm", due to overlap of the in-phase and out- 
of-phase methyl rotations with a LAM mode. The resulting simulated 

In constructing the curve of Figure 6 it was assumed that the 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

54
 1

6 
A

ug
us

t 2
01

2 



430 BRUCE S. HUDSON 

dichroism (Figure 6) is in qualitative agreement with that observed 
(Figure 5). it is clear, however, that quantitative simulation of the 
difference spectrum in this case requires having the proper line shape 
function. The present simulation uses lorentzian shapes. The true 
lineshape is sharper than lorentzian but not as sharply peaked as 
gaussianl21. 

Comparison of Figures 5 and 6 reveals several small features in 
the experimental difference spectrum for which there are no 
counterparts in the simulation. One of these at 188.3 cm” is marked in 
Figure 5 .  There are no calculated fundamental vibrations in this 
frequency region. There are, however, transverse vibrations at 93 and 
95 cm-’ as well as at 61 and 69 cm-’ whose overtones and combinations 
could give rise to the observed small features. 

We turn now to a comparison of the longitudinal and transverse 
motions of n-hexadecane in the UIC crystals in comparison to the pure 
n-hexadecane crystal. Examination of Figure 1 shows that peaks just 
above and below 200 cm” are observed that are not reproduced by the 
isolated molecule simulation. There are no LAM modes in this spectral 
region so these are probably out-of-plane vibrations that are shifted to 
higher frequency in the solid. However, in order to reproduce the INS 
dichroism spectrum of Figure 5 it was necessary to shift the transverse 
modes down in frequency by 4% rather than up as would be implied by 
this assignment. Figure 7 shows the origin of this discrepancy. A 
comparison of the spectra for n-hexadecane with that for the 
(unoriented) UIC crystals shows that the LAM peaks at higher 
frequency are in the same location but the methyl rotation peaks near 
250 cm-’ and the bending mode peaks near 200 cm-’ have moved down 
in frequency. 

effect and specificity intermolecular interactions of vibrational 
frequencies and amplitudes by comparison of two or more distinct solid 
environments. Those modes that shift in fresuency are thus more 
sensitive than those that do not to these intermolecular interactions. In 
this particular case the bending modes shifts downward in fresuency on 
going from the pure alkane to the inclusion crystal while the LAM 
modes do not. Simulations that include intermolecular interactions 
should be able to reproduce this specificity as well as the magnitude of 
the effect. For the n-alkanes it appears that the packing in the pure 
solid results in a much stronger effect of the bending modes than does 
the environment provided by the urea inclusion crystal. 

The general strategy of these experiments is to evaluate the 
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UREA-D4 INCLUSION COMPLEXES FOR INS STUDIES 43 I 

12 

10 

1: 4 

2 

0 

FIGURE 7 Comparison of the INS spectra for polycrystalline 
n-hexadecane and n-hexadecane in urea-d4 inclusion complex. 
The polycrystalline sample is the lighter line, uppermost at 
higher frequency. The LAM mode frequencies are indicated as 
in Figure 1. 

CONCLUSIONS 

These experiments have demonstrated the utility of deuterated 
urea inclusion complexes in providing orientational discrimination in 
inelastic neutron scattering experiments permitting the decomposition 
of complex spectra Another potentially interesting class of guest 
molecules for such studies are linear conjugated polyenes which also 
form UIC structures. "I The present study alos revealed that soe of the 
lack of agreement between isolated molecule calculations and 
experiment for pure n-alkanes is due to a differential shift of bending 
modes in the pure solid. The selective intermolecular interactions 
revealed by comparison of the UIC and neat solid spectra can be 
compared to future simulations that take the molecular surroundings 
into account. 
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