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Introduction

The structure of acrolein has been studied experimentally
by microwave spectroscopy[1] and theoretically by molecular
orbital calculations up to the MP2 level.[2] These give the
structure of an isolated molecule and are in good agreement
with regard to both bond lengths and angles; additionally it
was determined that the molecule exists in predominantly a
planar, trans form, but with a second minimum energy struc-
ture, the planar cis, as shown in Figure 1.

There have also been studies of the relative amounts of
the cis and trans conformers present in solutions of acrolein
in various solvents. Thus, the UV absorption spectrum of
acrolein dissolved in water[3] and in ethanol[4] shows bands
which were attributed to the trans conformer, with no evi-
dence of bands from the cis form. On the contrary, UV spec-
troscopic studies on a vapour phase sample[5] revealed ab-
sorption bands which were attributed to a certain amount of
cis structure, along with the expected signals of trans-acrole-

in. A study of ultrasonic relaxation of acrolein in the pure
liquid phase[6] concluded that the cis form is present, and is
8.6 kJ mol�1 higher in energy than trans, which corresponds
to 3.1 % at 300 K. The barrier to interconversion of the two
conformers was found to be 29.4 kJ mol�1.

We address here the question as to whether acrolein has
the same structure and conformer distribution in a liquid
phase as in the vapour phase. To solve this we have record-
ed and analysed the proton NMR spectrum for acrolein dis-
solved in a liquid crystal solvent. The spectra can be ana-
lysed to produce partially averaged dipolar couplings Dij-
(obs) [see Eq. (1)], which are related to Dij(equil), the cou-
pling for the molecule in a fixed equilibrium structure and
Dij(vib), a correction for small-amplitude vibrational
motion:
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Figure 1. Structures of the trans and cis forms of acrolein with reference
abc axes.
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DijðobsÞ ¼ DijðequilÞ þ DijðvibÞ ð1Þ

The value of Dij(equil) is related to orientational order pa-
rameters Sab, which are defined with respect to abc axes
fixed in the molecule, and geometrical parameters rij and
qija, which are angles between rij and a axis:

DijðequilÞ ¼ �ðKij=r 3
ijÞ½Saað3cos2qija�1Þ

þ ðSbb�SccÞðcos2qijb�cos2qijcÞ þ 4Sabcosqijacosqijb

þ 4Saccosqijacosqijc þ 4Sbccosqijbcosqijc�
ð2Þ

and Equation (3):

Kij ¼
m0�hgigj

16p2
ð3Þ

where m0 is the magnetic constant, and gi and gj are magne-
togyric ratios.

This method to determine the structure of a molecule has
now a 40-year history,[7] but its application still has problems,
which are well illustrated by the example of acrolein. The
first problem is that the couplings between the four protons
in acrolein yield six dipolar couplings; this is not sufficient
to obtain the three unknown, non-zero order parameters
and the six relative proton coordinates necessary if acrolein
were to exist in a single, rigid conformation. Thus, Courtieu
et al. ,[8] who obtained and analysed the proton spectrum of
acrolein dissolved in a nematic liquid crystal solvent, had to
assume that the proton geometry is that determined by mi-
crowave spectroscopy, and that the orientational order is in-
dependent of the conformation adopted by the molecule.

Another approach is to dissolve the molecule in a liquid
crystal solvent in which the solute is very weakly ordered
and to record only the couplings between isotopically dilute
nuclei, such as 13C, and directly bonded protons. This is a
powerful method for macromolecules since there are many
such couplings within large molecules, but there are only
four for acrolein, and again this is insufficient to provide
any structural information. The answer for small molecules
is to obtain both H–H and all C–H dipolar couplings. For
acrolein this produces 12 more values of Dij for a total of 18
couplings and thus makes it possible to investigate both the
structure and the conformational distribution. But, including
13C–1H couplings into the analysis introduces a further com-
plication in that these couplings can be strongly affected by
vibrational averaging. It is possible to calculate the effect of
vibrational averaging Dij(vib) in Equation (1), if both the vi-
brational frequencies and Cartesian coordinate displace-
ments have been obtained from an analysis of a vibrational
spectrum. There have been several studies of the vibrational
spectrum of acrolein, and various force fields have been de-
rived, but there are no published Cartesian displacements.

An alternative is to calculate the required Cartesian dis-
placements by molecular orbital or density functional meth-
ods. This purely theoretical method of obtaining values of
Dij(vib) has been compared with that using experimental vi-

brational frequencies and Cartesian displacements in order
to obtain values of Dij(equil) for benzene dissolved in a
liquid crystal solvent.[9] This found that the Hartree–Fock
method MP2/6-31G*, and the density functional approach
B3 LYP both produce good approximations to Dij(vib) for
benzene; the former method will be used here for acrolein
in both trans and cis forms.

The internal rotation about the C2�C3 bond produces
one more complication for acrolein. Can the molecule be
approximated as existing in a two-site equilibrium, as depict-
ed in Figure 1? This would lead to an averaging of the dipo-
lar couplings according to:

Dij ¼ PtransDijðtransÞ þ ð1�PtransÞDijðcisÞ ð4Þ

where Dij(cis) and Dij(trans) are given by Equation (2) but
with order parameters Sab(cis) and Sab(trans) in each case.
Alternatively, and more realistically, there may be a continu-
ous distribution of structures with values of f, the angle of
rotation about the C2�C3 bond, in the range 0 to 1808, in
which case the averaging is given by Equation (5):

Dij ¼
Z

PLCð�ÞDijð�Þd� ð5Þ

Dij(f) is again obtained from Equation (1), but with the
order parameters Sab(f) which vary continuously with the
bond rotation angle. In both the discrete [Eq. (4)] and con-
tinuous [Eq. (5)] cases the question of how to allow for
small-amplitude vibrational motion in the presence of a
bond rotation must also be considered.

By using a liquid crystal solvent to investigate the struc-
ture of a dissolved solute does raise the question of whether
the structure and conformational distribution are affected
by the nature of the solvent. There is evidence for structural
deformations due to solvent effects,[10] and in the case of
acrolein the magnitude of these effects will be assessed by
comparison with the structures determined by microwave
spectroscopy and molecular orbital calculations.

The conformer distribution, but not the structure, can also
be obtained in principle from the magnitude of scalar spin–
spin coupling constants Jij, and again, as reported here, this
method is enhanced by measuring both the HH and the CH
couplings.

Experimental Section

A small amount of acrolein (purchased from Sigma-Aldrich) was distilled
and then dissolved (10 % by weight) into the nematic liquid crystal sol-
vent I52 (purchased from Merck, Darmstadt), see Figure 2.

Figure 2. Structure of the nematic liquid crystal solvent I52.
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The anisotropic spectrum was recorded on a Bruker AC300 spectrometer
at a field strength of 7.04 T. The free induction decay (FID) was stored in
64k of computer memory with a sweep width of 12500 Hz for an Hz/
point of 0.19 Hz and a total of 4000 scans in order to obtain such a good
S/N ratio to recognize all but the smallest satellites lines. The proton
spectrum obtained after Fourier transformation is shown in Figure 3.

The spectrum depends on chemical shifts, dipolar and scalar couplings Jij,
and the latter were obtained by analysing the 1H, 13C and selectively
proton decoupled 13C{1H} spectra of a sample dissolved in CDCl3. It
proved difficult to assign some of the lines in these spectra, thus prevent-
ing the determination of the magnitude and signs of some of the cou-
plings. This is a general problem when analysing 13C satellite spectra, and
for acrolein it was solved by first calculating the magnitudes and signs of
all the couplings for the trans form. This was achieved by using the rou-
tine in the computer package Gaussian03,[11] with wavefunctions obtained
by the B3LYP/6-31G* method. Note that the signs of the couplings are
the most important information obtained by the calculations, and with
these were it was possible to assign all the lines in the spectrum. This en-
abled all the lines in the spectrum to be correctly assigned. The spectra
were analysed to give the correct magnitudes and signs of all the scalar
couplings, as shown in Table 1. In the case of acrolein the calculated mag-
nitudes of the values of Jij are in good agreement with those obtained by
analysis of the spectrum, thus validating this combination of theory and
experiment, but it remains to be demonstrated that this will be the case
for other molecules. These values of the Jij were kept fixed in the analysis
of the spectrum in the liquid crystal solvent, which was achieved using
the program ARCANA.[12] In Table 1 the experimental spectral parame-
ters are also reported. For the more abundant isotopomers all the calcu-
lated lines (25) were assigned; the assigned to calculated line ratio for
the satellite spectra was: 50/80 for C1, 48/80 for C2 and 31/80 for C3.

Results and Discussion

Assuming only the trans conformer is present, and neglect-
ing vibrational corrections : We have first interpreted the
measured dipolar couplings by assuming that the molecule
exists only as the trans form, and that vibrational effects can
be neglected. There are 18 independent, experimental
values of Dij, and these were fitted to calculated values by
varying the order parameters Saa, Sbb�Scc and Sab and the a
and b coordinates of nuclei 3–7, but keeping r12 fixed at
1.340 �, the value found by microwave spectroscopy.[1] The
least squares error, R, is defined as

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN

1
ðDDijÞ2

N

vuuut ð6Þ

with

DDij ¼ DijðequilÞ þ DijðvibÞ � DijðobsÞ ð7Þ

Dij(vib) is set to zero for the present calculations; the value
of R was found to be 1.8 Hz. This might be considered an
acceptable total error, but there are large values of DDij on
some of the couplings, and the values obtained for the bond
lengths and angles are significantly different from those ob-
tained by the microwave investigation, as shown in Table 2.
Clearly, this “geometry filter” and the large values of some
DDij reveal that the model of assuming only a trans structure
and neglecting vibrational corrections is wrong.

Figure 3. 300 MHz 1H NMR spectrum of acrolein in the nematic I52 at 300 K.

Table 1. Values of the dipolar couplings Dij, chemical shifts ni and scalar
couplings Jij in Hz.[a]

i,j Jij(G03)/Hz Jij(exptl)/Hz Dij(exptl)/Hz

4,5 0.6 0.7�0.2 115.8�0.5
4,6 14.8 17.4�0.1 �20.3�0.4
4,7 0.1 0.1�0.1 �1418.4�0.1
5,6 9.3 10.0�0.2 �986.8�0.1
5,7 �0.7 �0.1�0.1 �239.0�0.3
6,7 5.8 8.0�0.2 87.1�0.3
R/Hz – 0.13 0.21
1,4 149.2 156.7�0.2 892.8�0.2
1,5 154.8 162.8�0.2 �2189.4�0.1
1,6 1.3 0.0�0.2 �131.9�0.2
1,7 1.7 0.9�0.2 �170.0�0.1
R/Hz – 0.26 0.40
2,4 �2.6 �3.3�0.1 �124.7�0.5
2,5 �0.1 �0.6�0.1 �503.4�0.3
2,6 154.4 163.1�0.1 863.3�0.2
2,7 27.2 26.4�0.1 �2.5�0.4
R/Hz – 0.05 0.91
3,4 9.8 10.1�0.1 �233.6�0.5
3,5 14.6 16.0�0.1 �108.0�0.9
3,6 2.5 2.1�0.1 �9.0�0.8
3,7 159.9 173.4�0.1 739.1�0.5
R/Hz – 0.08 0.99
ni/Hz
n1–n3 124.9
n2–n3 19.0
n4–n3 �1047.3

[a] Values obtained from the analyses of the 300 MHz 1H and 13C proton
satellite spectra of acrolein dissolved in I52, and 1H, 13C and selectively
13C{1H}-decoupled spectra in CDCl3 at 300 K. Jij calculated by Gaussi-
an03 (G03) for trans-acrolein are also reported (see text for details).
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Assuming that only the trans conformer is present, but in-
cluding vibrational corrections : Both harmonic and anhar-
monic terms can contribute to Dij(vib), but only the former
larger term will be considered for acrolein. The magnitude
of Dij(vib) is therefore given by[13] Equation (8):

DijðvibÞ ¼ �Kij

X
ab

SabF h
ab,ij ð8Þ

with Equation (9):

F h
ab,ij ¼ ½C ij

ab � 5
X

g

cos qgðCij
ag cosqb þ Cij

bg cosqaÞ

þ 5
2

cosqa cosqb

X
gd

Cij
gdð7 cosqg cosqd � dgdÞ� � r�5

ij

ð9Þ

and

Cij
ab ¼

X3N

v ¼ 1

ðu ðvÞia � u ðvÞja Þðu
ðvÞ
ib � u ðvÞjb Þ

A
wv

coth
�

Bwv

T

�
ð10Þ

A ¼ h
8p2c

ð11Þ

B ¼ c h
2kB

ð12Þ

The calculations of Dij(vib) requires u ðvÞia , the Cartesian dis-
placements of the ith nucleus in the vth normal mode and
wv the vibrational frequencies. The vibrational frequencies
of acrolein (in the more stable trans form) have been ob-
tained,[14,15] but not the values for the u ðvÞia . We have therefore
calculated values of wv and u ðvÞia by the molecular orbital
method MP2/6-31G* as implemented in the Gaussian98W
computer program.[16] The calculated and observed vibra-
tional frequencies are compared in Table 3. The agreement

is sufficiently close to estimate that the values of Dij(vib)
calculated with the theoretical values of u ðvÞia will be no more
than about 10 % in error. This is acceptable when Dij(vib)/
Dij(obs) is 10 % which is the case for most of the couplings
in acrolein. Note, however, that the calculations of Dij(vib)
can be susceptible to a larger error when Dij(obs) is small.
The molecular orbital calculation fully optimized the geome-
try of the trans form, which is compared with that obtained
from the microwave study in Table 3. The bond lengths and
angles are in good agreement even though the calculation

Table 2. Geometry derived from the dipolar couplings, and DDij = Dij-
(equil)�Dij(obs) under the assumption that only the trans conformer is
present and without vibrational corrections. The microwave geometry of
the trans form is reported for comparison.

Parameters NMR (trans) Microwave (trans)

r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.09�0.02 1.080�0.003
r1,5/� 1.10�0.02 1.090�0.004
r2,3/� 1.43�0.03 1.468�0.004
r2,6/� 1.09�0.02 1.084�0.005
r3,7/� 1.15�0.03 1.113�0.006
a3,2,1/8 120.5�1.0 120.4�0.5
a4,1,2/8 120.8�0.8 119.7�0.3
a5,1,2/8 121.1�0.9 122.9�0.5
a6,2,1/8 122.4�0.6 122.4�0.4
a7,3,2/8 116.9�1.0 114.7�0.5
R/Hz 1.8 –
i,j DDij/Hz
1,4 0.0
1,5 �0.1
1,6 0.7
1,7 �0.7
2,4 �1.2
2,5 �0.6
2,6 0.1
2,7 0.4
3,4 2.5
3,5 �3.7
3,6 �1.4
3,7 0.4
4,5 0.0
4,6 �2.0
4,7 �0.6
5,6 0.5
5,7 5.1
6,7 �1.4

[a] Kept fixed in the optimization process.

Table 3. Comparison between the geometries obtained from a calculation
using the MP2 method with a 6-31G* basis set, with full geometry opti-
misation on the trans form, and that for the same conformer derived
from rotational spectroscopy.[1] The calculated and experimental vibra-
tional frequencies are also shown.

Parameters MP2/6-31 G* (trans) Microwave (trans)

r1,2/� 1.342 1.340�0.004
r1,4/� 1.087 1.080�0.003
r1,5/� 1.084 1.090�0.004
r2,3/� 1.473 1.468�0.004
r2,6/� 1.087 1.084�0.005
r3,7/� 1.111 1.113�0.006
a3,2,1/8 120.6 120.4�0.5
a4,1,2/8 121.0 119.7�0.3
a5,1,2/8 122.2 122.9�0.5
a6,2,1/8 122.4 122.4�0.4
a7,3,2/8 115.1 114.7�0.5

Vibrational frequencies/cm�1

nk Exptl (trans) MP2/6-31 G* (trans)
1 157.0 165.0
2 327.0 299.9
3 564.0 565.4
4 593.0 689.2
5 912.0 967.8
6 959.0 980.5
7 980.0 1023.7
8 993.0 1033.9
9 1158.0 1092.4
10 1275.0 1340.0
11 1360.0 1461.5
12 1420.0 1476.0
13 1625.0 1700.4
14 1724.0 1767.5
15 2800.0 3011.2
16 3000.0 3220.5
17 3000.0 3240.8
18 3103.0 3322.5
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refers to the equilibrium structure, whilst microwave gives
the “least squares” structure which is uncorrected for vibra-
tional motion. Blom et al.[1] argue that this structure should
be close to the equilibrium structure.

The calculation of Dij(vib) for pure trans-acrolein pro-
ceeded by using the calculated values of u ðvÞia , but with the
observed values of the frequencies. For benzene, it was
found that using calculated rather than observed frequencies
has only a small effect on calculated values of Dij(vib) (~
1 % at the B3 LYP level of approximation) and so using
either observed or calculated frequencies is probably not im-
portant. The results are shown in Table 4. Now the R error
is lower than when vibrational corrections were neglected,
and the individual residuals are reduced, as shown in
Table 4, but there are still unacceptably large values of DDij

for some couplings, and there are significant differences be-
tween the geometry obtained and that derived by micro-
wave spectroscopy.

Including the rotation about the C2�C3 bond : Can the
structures derived by NMR and microwave spectroscopy be
brought into closer agreement by allowing for oscillations or
rotation about the C2�C3 bond? The NMR spectrum,

unlike the microwave spectrum, does not reveal the pres-
ence directly of the cis conformer, but large amplitude
motion about this bond may significantly affect the values of
the partially averaged dipolar couplings. To investigate this
possibility we have explored two models. The first assumes
that there is an equilibrium between two discrete conform-
ers, and the second allows for a continuous distribution of
conformers. In both cases it is essential to allow, in some
way, for vibrational averaging.

In all cases it is assumed that the bond lengths and angles
in the two forms are identical. This is reasonable in view of
the changes found by microwave spectroscopy of <1 %, and
that only a small amount (~4 %) of the cis isomer was de-
tected in the vapour phase. It is, however, worth noting that
the effect in the equilibrium of 4 % of the cis isomer does
not mean that the dipolar couplings will be affected by this
amount since the couplings in each conformation are
weighted by different conformationally dependent order pa-
rameters.

The fragment (see below) yields 12 values of Dij, and is
characterised by eight relative nuclear coordinates. The rela-
tionship between those requires values of three local order

matrix elements, that is S ene
aa , S ene

bb –S ene
cc and S ene

ab , see in Equa-
tion (2). The vibrational corrections Dij(vib), were calculated
by using the geometry and displacement coordinates calcu-
lated by the MP2/6-31G* method, and the experimental vi-
brational frequencies, as discussed above, for the trans form.

Minimising R for the couplings in the ene rigid fragment
by varying the order parameters and nuclear coordinates,
keeping r12 fixed at 1.34 � produced the data in Table 5,
which also compares the values with the least-squares values
of the microwave spectrum. Note the large values of D36-
(vib)/D36(equil) and D46(vib)/D46(equil), both of which are
�15 %. This is because the bond order parameters S bond

36 and
Sbond

46 are small [see Eq. (13)]:

S bond
ij ¼ �DijðequilÞð16p3r 3

ij=m0gigjhÞ ð13Þ

This means that the bond directions r36 and r46 are on aver-
age close to 54.78 with respect to the liquid crystal phase di-
rector; at this value the changes in Dij(equil) with respect to
angular displacements away from the equilibrium geometry
are at a maximum. The value obtained for the bond length
r23 of 1.505�0.008 � is significantly longer than the value of
1.468�0.004 � determined from the rotational spectrum.
Fixing r23 = 1.468 � as well as r12 =1.340 � in the calcula-

Table 4. Geometries, Dij(vib) and DDij =Dij(equil)+Dij(vib)�Dij(obs)
obtained from the dipolar couplings with vibrational corrections, and as-
suming only the trans conformer is populated. The geometry of the trans
form obtained from rotational spectroscopy is reported for comparison.

Parameters NMR (trans) Microwave (trans)

r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.08�0.01 1.080�0.003
r1,5/� 1.07�0.02 1.090�0.004
r2,3/� 1.47�0.03 1.468�0.004
r2,6/� 1.08�0.02 1.084�0.005
r3,7/� 1.12�0.02 1.113�0.006
a3,2,1/8 120.2�0.8 120.4�0.5
a4,1,2/8 120.5�0.6 119.7�0.3
a5,1,2/8 121.4�0.7 122.9�0.5
a6,2,1/8 122.6�0.5 122.4�0.4
a7,3,2/8 115.2�0.8 114.7�0.5
R/Hz 1.4 –
i,j Dij(vib)/Hz DDij/Hz
1,4 �64.6 0.0
1,5 224.9 0.0
1,6 6.4 0.8
1,7 4.1 0.2
2,4 8.7 1.1
2,5 24.0 �0.1
2,6 �42.5 �0.3
2,7 2.4 3.6
3,4 3.4 0.2
3,5 1.8 �1.9
3,6 1.9 �2.9
3,7 �19.3 0.3
4,5 �3.1 �0.4
4,6 3.6 �0.9
4,7 38.1 0.3
5,6 26.3 �0.4
5,7 5.3 0.5
6,7 0.2 2.1

[a] Kept fixed in the optimization process.
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tions leads to a significantly worse agreement, as shown by a
value of R=1.1, and large individual errors such as DD34 =

�1.1, DD35 =�3.3 and DD36 =�1.5. It would seem, there-
fore, that r23 is indeed determined to be longer in the liquid
crystal phase than for an isolated molecule. However, the
difference found may simply reflect the systematic errors in
the NMR, microwave spectroscopy and molecular orbital
methods.

The geometry obtained for the ene fragment was kept
fixed in all subsequent calculations which take into account
the averaging of the dipolar couplings by bond rotation. The
geometry of the C2-C3-H7-O8 fragment was also assumed
to be independent of the bond rotational angle.

Equilibrium between trans and cis conformers : The variable
parameters in this model are the six weighted order parame-
ters:

PtransS
trans
aa

PtransðS trans
bb �S trans

cc Þ

PtransS
trans
ab

ð1�PtransÞS cis
aa

ð1�PtransÞðS cis
bb�Scis

cc Þ

ð1�PtransÞScis
ab

and the two coordinates which locate H7, and which we
take to be r37 and q732. These are varied to bring the calculat-
ed values of Dij(equil) into agreement with the 18 values of
Dij(obs)�Dij(vib), by using the vibrational frequencies re-
ported for the trans form for both conformers, but with Car-
tesian displacements u ðvÞia , calculated for each conformer sep-
arately by the MP2/6-31G* method. Note that the observed
vibrational frequencies for the cis form are close to those
for the trans.[15] The results are given in Table 6, and it is

seen that the fit between observed and calculated couplings
has improved considerably over the agreement achieved
when a single, trans isomer was considered (Table 4): the in-
dividual values of DDij are all acceptably small, except for
DD36 =�1.5, and the value of R has decreased from 1.4 (see
Table 4) to 0.46 Hz. The large value of DD36/D36(equil) =

16.7 % probably reflects the imprecision in calculating D36-
(vib) because in this case the bond order parameter S bond

36 , is
small. The improved agreement between observed and cal-
culated dipolar couplings could suggest that some of the cis
form is present in acrolein dissolved in the liquid crystal sol-
vent.

Unfortunately, the products of Ptrans and the order param-
eters cannot be separated, except by assuming values either
for Ptrans, or for at least one of the order parameters. The mi-

Table 5. Geometries obtained from the dipolar couplings between nuclei
only in the ene fragment, including vibrational corrections (NMR ene).
The geometry obtained from rotational spectroscopy of the trans form is
reported for comparison.

Parameters NMR ene Microwave (trans)

r1,2/� 1.340[a] 1.340�0.004
r1,4/� 1.090 1.080�0.003
r1,5/� 1.086 1.090�0.004
r2,6/� 1.094 1.084�0.005
a4,1,2/8 120.5 119.7�0.3
a5,1,2/8 122.0 122.0�0.5
a6,2,1/8 122.5�0.2 122.4�0.4
R/Hz �0.0[b] –
r2,3/� 1.505�0.008 1.468�0.004
a3,2,1/8 120.3�0.000 120.4�0.5
R/Hz 0.55 –
i,j Dij(equil)/Hz Dij(vib)/Hz DDij/Hz
1,4 955.9 �63.1 0.0
1,5 �2409.7 220.4 0.1
1,6 �138.2 6.4 0.0
2,4 �133.4 8.7 0.0
2,5 �526.9 23.5 0.0
2,6 905.0 �41.7 0.0
3,4 �238.1 3.3 �1.2
3,5 �109.7 1.7 0.0
3,6 �12.3 1.8 �1.5
4,5 118.9 �2.5 0.0
4,6 �23.7 3.5 0.0
5,6 �1012.5 25.7 0.1

[a] Kept fixed in the optimization process. [b] Number of unknowns =

number of equations.

Table 6. Geometry, order parameters and DDij = Dij(equil)+Dij-
(vib)�Dij(obs) obtained from dipolar couplings, with vibrational correc-
tions, and assuming an equilibrium between trans and cis conformers
(NMR trans/cis). The geometry of the ene fragment is fixed at that in
Table 5. The Microwave geometry of the trans form is reported for com-
parison.

Parameters NMR (trans/cis) Microwave (trans)

r3,7/� 1.114�0.001 1.113�0.006
a7,3,2/8 114.6�0.1 114.7�0.5
PtransS

trans
aa 0.131�0.001 –

Ptrans(S trans
bb �S trans

cc ) 0.116�0.003 –
PtransS

trans
ab 0.079�0.001 –

(1�Ptrans)S cis
aa 0.001�0.001 –

(1�Ptrans)(S cis
bb�S cis

cc ) �0.002�0.003 –
(1�Ptrans)S cis

ab 0.001�0.001 –
R/Hz 0.46 –
i,j DDij/Hz
1,4 �0.1
1,5 0.2
1,6 0.1
1,7 �0.1
2,4 0.0
2,5 �0.1
2,6 0.2
2,7 0.1
3,4 �1.2
3,5 0.0
3,6 �1.5
3,7 0.0
4,5 0.0
4,6 0.1
4,7 0.0
5,6 0.0
5,7 0.0
6,7 0.0
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crowave study gave the value of Ptrans of 0.96, and by using
this gives the order parameters shown in Table 7, and the
values of S trans

zz , S trans
xx �S trans

yy and S cis
zz , S cis

xx�S cis
yy where xyz are

principal axes for the order tensors (and are at different ori-
entations to abc for each conformer); their orientation with
respect to the xyz axes for the trans isomer is shown in
Figure 4.

Note that the small values of Pcis = (1�Ptrans) leads to im-
precise values for the magnitudes of the elements of the
order matrix Scis, but their ratios are more reliably obtained.

The order parameters for the two conformers are well
within their limits of 1 to �1=2, but can they be considered
reasonable?

To answer this question we have predicted values for
these order parameters by the method proposed by Cele-
bre.[17] In his model, the solute is described as a box of
length L, width W and breadth B. These dimensions are cal-
culated by taking into account molecular geometries and
atomic van der Waals radii. The solute is immersed in a “vir-
tual” nematic solvent consisting of long, axially symmetric
particles. L, W and B are along the S principal axes z, x and
y. The solute box interacts directly with the nearest neigh-
bour solvent molecules (six D¥h symmetry prolate particles
placed at the sites of a simple cubic lattice) and, through
them, with the director of the medium (the introduction of
the concept of this “virtual” director of the mesophase
allows to bypass the explicit consideration of the solvent–
solvent molecular interactions of the infinite solvent mole-
cules forming the bulk of the solvent). Following these
guidelines, the solute–solvent interaction potential U can be
written as:

U ¼ � e

6

X6

i¼ 1

LiP2ðk̂i � ûiÞP2ðûi � n̂Þ ð14Þ

where the positive parameter e is an energy per unit length,
giving the strength of the interaction; Li is the length of the
face of the parallelepiped along the i direction; k̂i, ûi and n̂
are unit vectors defining the directions of the ith frame axis,
the ith nearest neighbour itself and the director in the solute
reference frame, respectively; P2 is the second Legendre
polynomial.

The parameter e=3.16kT/� was set to produce the best
agreement with the magnitudes of the principal order pa-
rameters of trans acrolein for the RIS calculations (see
Table 8 where also the “simulated” order tensors are given).
The agreement between simulated and RIS values of all
three order parameters is excellent for the trans form, but
the simulation produces values for the cis conformation
which are very different from those derived using the RIS
model, and this suggests that the RIS approach fails in pre-
dicting a realistic set of order parameters for the cis form of
acrolein.

A continuous distribution of conformers : To refine the
result obtained so far we now consider a model in which
acrolein exists over a range of the bond rotation angle, f.
The averaged couplings are now calculated from Equa-
tion (5). For this it is necessary to assume a model for the
dependence on f of the order parameters Sab(f). This is
done by first defining a mean potential ULC(b,g,f), which
acrolein experiences in the liquid crystal phase, and to ex-
press this as

ULCðb,g,�Þ ¼ Uextðb,g,�Þ þ U isoð�Þ ð15Þ

where ULC(b,g,f) is purely anisotropic, and vanishes in the
isotropic phase, whilst Uiso(f) contributes in both anisotropic
and liquid crystal phases; b and g are the polar angles that
the liquid crystal director makes in molecule-fixed axes. The
anisotropic potential for a uniaxial phase, as used in these
experiments, can be expanded as the infinite series

Uextðb,g,�Þ ¼ �
X
L,m

ð�1ÞmeL,mð�ÞCL,�mðb,gÞ ð16Þ

where the CL,m(b,g) are modified spherical harmonics. It is
clearly necessary to truncate the infinite series, and when
the potential is used to calculate second-rank properties it is

Table 7. Order parameters obtained by dividing weighted order parame-
ters of Table 6 by the values Ptrans =0.96 or Pcis = (1�Ptrans) determined
by microwave technique.

S trans
aa 0.137

S trans
bb �S trans

cc 0.121
S trans

ab 0.083
S cis

aa 0.025
S cis

bb�S cis
cc �0.050

S cis
ab 0.025

Figure 4. Orientation of abc and xyz axes for the trans isomer. The y and
c axes are parallel and a=24.28.

Table 8. Principal order parameters of acrolein obtained from NMR data
(RIS and AP methods) and simulated by the Celebre model.[17]

NMR-RIS[a] NMR-AP[b] Simulated[c]

S trans
xx �0.044 �0.043 �0.023

S trans
yy �0.129 �0.127 �0.127

S trans
zz 0.173 0.170 0.150

S cis
xx �0.024 0.017 0.014

S cis
yy 0.002 �0.121 �0.120

S cis
zz 0.022 0.104 0.106

[a] Taken from Table 7 but transformed to the principal axes. [b] k= 3=2 is
used. [c] e =3.16 kT/� is used; the box dimensions used are L=6.70 �;
W =5.63 � and B=3.40 � (see text for details).
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a good approximation to include only the rank L= 2 terms.
Note that this approximation improves as the orientational
order of the molecules decreases, primarily because of the
orthogonality of the CL,m(b,g).

Uextðb,g,�Þ ¼ �e2,0ð�ÞC2,0ðbÞ�2 Ree2,2ð�ÞC2,2ðb,gÞ ð17Þ

It is necessary to model the dependence on f of the interac-
tion coefficients e2,m(f), and we have done this by adopting
the Additive Potential method which expresses these coeffi-
cients as[18,19] Equation (18)

e2,mð�Þ ¼
X

j

X
p

e
2,p
ðjÞD 2

p,mðWjÞ ð18Þ

where the e2,p(j) are conformationally independent interac-
tion parameters for rigid fragments in the molecule, and
D 2

p,m(Wj) is the second-rank Wigner function which describes
the orientation of fragment j in a molecular frame of refer-
ence. For acrolein the fragment interaction coefficients used
are given in Equation (19):

eC¼C
2,0 ¼ keC¼O

2,0

eC�C
2,0 ð19Þ

eC�H
2,0 equal for all C�H bonds

Note that choosing eC¼C
2,0 = keC¼O

2,0 , where k is a constant,
rather than two separate values is dictated by the geometry
of the dominant trans form in which these bond directions
are almost exactly parallel, which means that the contribu-
tions of eC¼C

2,0 and eC¼O
2,0 to the total interaction tensor cannot

be separated. This is not true for the cis form, and so calcu-
lations were done with a range of values of k to ascertain
the sensitivity of the results to this parameter.

Averaging over the full range 0 to 1808 : Since dipolar cou-
plings are a continuous function of f, in principle the con-
tinuous dependence on f of vibrational wavefunctions
should be known. Since for acrolein, at the best of our
knowledge, such dependence has not be studied, in the pres-
ent work we have used the approximation of calculating the
force fields, Ftrans and Fcis just for the trans and cis forms,
which are both positions of minimum energy. The values of
Cij

ab for 0� f�908 were derived from the calculated Ftrans,
and for 91� f�180 8 a similar procedure was used by with
Fcis replacing Ftrans. In both cases the experimental fre-
quencies of the trans form are used instead of the calculated
one. No significant difference is observed by using for the
cis form its own set of experimental vibrational frequen-
cies.[15]

When averaging over small-amplitude vibrations and
bond rotational motion it is essential not to include vibra-
tional modes which correspond to torsional oscillations
about the bond direction in the calculation of Dij(vib). Thus,
for acrolein the vibrational mode with frequency 157.0 cm�1

was omitted when calculating Dij(vib) for couplings to H7,
but included for the other couplings.

The variation of the energy of the isolated acrolein mole-
cule with the bond rotation angle was calculated by the
MP2/6-31G* method at 108 intervals with full geometry op-
timisation at each step, and the results are shown in
Figure 5. The theoretical curve was fitted by a Fourier
series, see Equation (20):

Vð�Þ ¼ V1cos� þ V2cos2� þ V3cos3� þ V4cos4� ð20Þ

with the coefficients given in Table 9, column A.

This function was equated to Uiso(f) in Equation (15) and
the calculated dipolar couplings were fitted to those ob-
served by varying the three interaction coefficients given in
Equation (19). A value of k= 3=2 was used, which, as we shall
see, is a reasonable value. The values of r37 and q237 were
also varied, and the results are shown in Table 9, column A.
The agreement between observed and calculated couplings
is poor, with an unacceptable R value of 11.5 Hz. The calcu-
lation was repeated but varying also V1 and V2, and now the
value of R has decreased to 0.84 Hz, with values of the indi-
vidual residuals, DDij, shown in Table 9, column B.

The new function V(f) is compared with that calculated
for the isolated molecule in Figure 5, which shows that the
NMR data predict a smaller amount of conformations in the
range 90 to 1808 (�0.5 %) than does the MP2 calculation
(8–10 %) and the microwave data (�4 %).

Fitting calculated to observed dipolar couplings by vary-
ing Fourier coefficients has the general problem that chang-
ing these coefficients affects the whole bond rotation poten-
tial and not just the relative amounts of the two conformers.
A simpler approach has been developed recently[20] which
overcomes this disadvantage of the Fourier method, and

Figure 5. Potential function V(f) calculated at the MP2/6-31G* level (*)
and derived by fitting the dipolar couplings by the AP method, by using
k= 3=2, and adjusting the coefficients in a Fourier expansion (!).
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which expresses the probability Piso(f), as a sum of Gaussian
functions. For the case of acrolein the Gaussian functions
are centred at f equal to 0 and 1808, with widths at half
maximum height of ht and hc, see Equation (21):

Pisoð�Þ ¼
1

ð2Qcth
2
t pÞ1=2

exp½� �2

2h 2
t

�

þ e�A

ð2Qcth
2
c pÞ1=2

exp½� ð��180oÞ2

2h 2
c

�
ð21Þ

With Equation (22)

Qct ¼ ð1þe�2AÞ ð22Þ

Piso(f) is not in general equal to PLC(f), but for low ordered
solutes as is the case for acrolein in I52, the two functions
are practically identical. Fitting the dipolar couplings calcu-
lated with this probability function by varying A, eC¼C

2,0 =

keC¼O
2,0 , eC�C

2,0 , eC�H
2,0 , r37 and q237 and independent values of ht

and hc does not produce a stable solution because the latter

two variables are strongly correlated. This correlation was
removed by making ht = hc.

Calculations done with values of k < 3 produce R values
of < 0.9 Hz, and all predict Pcis < 0.007. These calculations
give always the same Strans (Table 8) since, as mentioned
above, it depends on the total interaction tensor given by
the sum eC¼C

2,0 + eC¼O
2,0 = (1 + k)eC¼O

2,0 ; on the contrary, on
changing k the calculations give a different order matrix Scis,
as shown in Figure 6 where the order parameters values cal-
culated at different k are compared with the values simulat-

ed by the model of Celebre[17] discussed above. The box di-
mensions used are L=6.70 �; W=5.63 � and B=3.40 �:
there is excellent agreement between observed and calculat-
ed order matrices for k= 3=2 as reported in Table 8, and
there is also good agreement between the NMR, microwave,
and MP2 derived values for the C�H bond length, r37, and
the CCH bond angle q237. These calculations suggest that
acrolein in this liquid crystal solvent is almost entirely in the
trans form with a Gaussian distribution of P(f) with a width
at half height of 12.5�0.88 (Table 9, column C).

A estimate of the conformer distribution from scalar cou-
plings : A calculation of 2JHH and 3JHH coupling constants for
single cis- and trans-conformations of acrolein has been car-
ried out by the CS-INDO method.[21] It is claimed that this
method, which allows for electron correlation, gives accurate
values for the H–H couplings, and it is used here to give an
estimate of the relative weights of the cis and trans confor-
mations of acrolein dissolved in CDCl3. So, in the hypothesis
of a two-site equilibrium of the molecule, the theoretical
values reported in Table 10, Jij(trans) and Jij(cis) have been
used, according to the Equation (23):

Jij ¼ Ptrans JijðtransÞ þ ð1�PtransÞ JijðcisÞ ð23Þ

Table 9. Geometries, e values, Fourier coefficients, probability parame-
ters of Equation (21), and DDij =Dij(equil)+Dij(vib)�Dij(obs) obtained
using: i) the potential from MP2/6-31G* fitted as a Fourier series
(column A); ii) a potential where V1 and V2 were optimized with respect
to MP2/6-31G* potential (column B); iii) the probability function of
Equation (21) (column C). In all cases vibrational corrections are includ-
ed and the ene-fragment geometry was kept fixed at that in Table 5.

Parameters A B C

r3,7/� 1.057�0.011 1.121�0.003 1.122�0.004
a7,3,2/8 112.6�0.5 114.5�0.2 114.5�0.2

e
ðC¼CÞ

2,0 = (3=2)·e
ðC¼OÞ

2,0 /kJ mol�1 0.453�0.006 0.430�0.002 0.430�0.002

e
ðC�CÞ

2,0 /kJ mol�1 0.551�0.004 0.554�0.001 0.554�0.001

e
ðC�HÞ

2,0 /kJ mol�1 0.053�0.004 0.076�0.002 0.076�0.002
V1/kJ mol�1 1.93�0.08[a] 5.5�0.4 –
V2/kJ mol�1 15.17�0.08[a] 15.7�1.7 –
V3/kJ mol�1 1.27�0.08[a] 1.27�0.08[a] –
V4/kJ mol�1 �1.77�0.08[a] �1.77�0.08[a] –
A – – 5.1�0.3
ht = hc/8 – – 12.5�0.8
R/Hz 11.50 0.84 0.85
i,j DDij/Hz DDij/Hz DDij/Hz
1,4 4.6 �0.1 �0.1
1,5 5.1 0.0 0.0
1,6 0.4 0.0 0.0
1,7 �8.0 0.8 0.8
2,4 0.4 0.0 0.0
2,5 �0.1 0.0 0.0
2,6 3.6 �0.1 �0.1
2,7 �11.9 2.6 2.7
3,4 �1.1 �1.2 �1.2
3,5 0.1 0.0 0.0
3,6 �0.5 �1.5 �1.5
3,7 �2.1 0.2 0.2
4,5 6.9 �0.2 0.0
4,6 �0.5 0.0 0.0
4,7 0.0 0.0 0.0
5,6 0.2 0.1 0.1
5,7 �10.7 �0.7 �0.7
6,7 �44.1 �0.9 �0.9

[a] Kept fixed in the optimization process.

Figure 6. Differences between simulated and AP-calculated Scis order pa-
rameters for different k values: *: 3=2, &: 1, ~: 2=3, !: 1=3.
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to obtain a value of Ptrans =0.95 optimising the whole agree-
ment (R= 0.35) with experimental values. It is difficult to es-
timate an error on this value of Ptrans but it indicates that the
conformational distribution of acrolein in solution is not
strongly influenced by changing from a relatively complex
molecule such as I52 to the simpler CDCl3.

Conclusion

The present NMR data for acrolein dissolved in I52 indicate
that there is a small, <1 %, of the cis conformer present at
equilibrium at 300 K. This is significantly smaller than the
amount of cis present in the vapour phase at 295 K, which
could be a real effect of the solvent on the equilibrium, but
may also reflect, in part, the systematic errors introduced by
the approximations necessarily introduced when calculating
values of Dij(equil). The geometry of acrolein derived from
the dipolar couplings is essentially that of the trans form,
and is in good, but not perfect agreement with that derived
by the microwave study. The differences probably reflect the
neglect of vibrational averaging of the microwave data,
hence producing a “least squares” and not an equilibrium
geometry, together with systematic errors in the method for
treating the NMR data. There could certainly be a real sol-
vent effect on the geometry, which in the case of a liquid
crystal phase could be correlated with the orientational
order.
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Table 10. Observed and theoretically predicted scalar couplings 2JHH and 3JHH for acrolein dissolved in CDCl3.

Scalar couplings/Hz Evaluated
Calculated[21] from

cis-acrolein trans-acrolein Experiment Eq. (23),
with Ptrans =0.95

2J4,5/Hz 0.91 0.93 0.7�0.2 0.9
3J4,6/Hz 17.92 18.01 17.4�0.1 18.0
3J5,6/Hz 11.34 9.66 10.0�0.2 9.7
3J6,7/Hz 1.57 8.24 8.0�0.2 7.9
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