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Abstract

We present a maximum entropy internal order method for analyzing chain conformations in liquid crystalline solutions.
We show how prior knowledge of the conformational distribution can be taken into account and apply the method to the
determination of the conformation of n-alkanes in liquid crystals without invoking molecular field or other approximate

theoretical models.

Alkyl chains are an essential component of mems-
branes and of many polymers and liquid crystals
where they typically confer fluidity. The determina-
tion of the conformational distribution of alkyl chains
1s an i1mportant but still largely unsolved problem
attacked with a number of experimental techniques
[1]. NMR is a particularly important structural tool
and both deuterium (*H NMR) and proton ('H
NMR) NMR are often employed for flexible
molecules [2]. The proton NMR technique in liquid
crystal solvents (LX NMR) is potentially more infor-
mative. In fact, the nuclear dipolar coupling D,
between a pair of nuclei ¢, j with gyromagnetic
ratios 7y;, y; depends on the interatomic distance r;,
and the molecular geometry [2]

D, = —(h'yfyj/flwz)(Pz(cos Gij)/rf’j), (1)

where 6,; 1s the angle between the internuclear
vector r;; and the magnetic field direction and (o)
indicates an orientational—conformational ensemble

average. For a flexible molecule, r;; and 6, will
depend, in general, on the structure of the molecule
and at least certain dipolar couplings will be modu-
lated by configurational changes. The number of D,
rapidly increases with the complexity of the molecule,
making their determination difficult. However, re-
cent elegant random deuteration NMR experiments
[3] have provided proton dipolar couplings for n-al-
kanes 1n a liquid crystal solvent and new experimen-
tal developments offer heteronuclear [4] or Be-Pe
dipole couplings also for complex hiquid crystals and
lipids [5).

On the other hand, the increasing availability of
these experimental data does not directly translate to
conformational information. The structural informa-
tion 1s normally extracted fitting conformational pa-
rameters to the observables, with the help of approxi-
mate theoretical treatments [6—10). These are typi-
cally mean field (MF) approaches that consider a
single molecule 1n an eftective molecular field, while
each conformer 1s treated as a biaxial molecule
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Fig. 1. The location and ornentation of the local rigid fragment
coordinate frames M,, the internal angles ¢, and the proton
numbering scheme adopted for n-alkanes (n-decane shown). Each
conformer is identified by the set of intermmal angles
(b, $y,...,In_ ;) ={d} using the conformation (0, 0,...,0)=
{0} as the reference one.

[7.9.10]. However, MF models are known to have
limitations even for rigid molecules. For instance,
the order parameters of a molecule like pyrene are
found to vary with solvent [11] rather than being a
property of the molecule itself as expected from MF
theory {12] and there is no reason to believe that the
agreement should be better if we have a rigid con-
former rather than a true rigid moiecule.

We have presented elsewhere [13-15] a frame-
work for describing the ordering of molecules with
internal degrees of freedom which considers a non-
rigid molecule as a collection of rigid fragments with
a distribution of interfragment angles (see Fig. 1).
The ‘“‘best’’ (in the sense of least biased) distribution
compatible with the set of data is then obtained
[14,15] using the maximum entropy principle [16].
We have used this approach to obtain the inter-ring
dihedral angle distributions for various two ring
molecules in nematic solvents [13,15].

Here we generalize the method to handle chain
molecules. We treat a methylene chain as a set of N
rigid fragments linked by N — 1 bonds [3] (see Fig.
1). The conformation of each bond is defined by a
dihedral angle ¢,. The overall conformational state 1s
defined as (¢, ¢,,..., dy_,) ={¢}. The Euler an-
gles (a, B, v) = w [18] describe the rotation from
the laboratory system DIR with the Z axis along the
director to frame M, and define accordingly the
orientation of the molecule. For this N — 1 rotor
system the average in Eq. (1) is determined by the

true singlet orientational-conformational distribution

P(w, {¢})
hy v,

D, = 7 [ d{¢} [ do

%

Pz(cos 9:;)

U

XP(w,{d}). (2)

In turn we try to approximate the true P(w, {¢})
from the observable data. Since any one set of data is
necessarily limited, this nearly impossible task 1s
somewhat facilitated by any prior [19] (intrinsic)
information P.({¢}) we may have on the chain,
based on previous independent investigations. In this
case, following a Bayesian approach [19]

P(w, {d}) =(1/Z) P({$}) P, {#}|P,).
(3)

The second term P, is the external (posterior) distri-
bution that we estimate applying the maximum en-
tropy principle to the analysis of experimental data.
The constant Z allows for the distributions to be
separately normalized. P. could be determined at the
minimum by the basic connectivity and skeleton
geometry, resulting in certain conformations being
forbidden. In this case P.({¢}) = f.({¢}) where the
filter function f is zero or one if a conformation 1s
sterically hindered or not. Forbidden conformations
could be calculated once and for all and discarded
checking, for example, whether the distance r,; be-
tween a pair of atoms {k, I} belonging to fragments
M;, M, and separated by at least four atoms (|i — |
> 4) is lower than the sum of their van der Waals
radii r, <r;*)+r") (we assume r¢’ =17 A and
r¥=1.2 A and bond distances and angles as in
Ref. [3]).

It is important to notice that Eq. (3) is an ansatz
for the full singlet distribution and not a mean field
expression. Only when no input data is available and
the information reduces to the prior one the full
n-particle distribution becomes a product of single
particle terms as in mean field theory. When data are
available the P, extracted will describe how the
liquid crystal solvent or other solute molecules affect
the actual configurations (w, {¢}), given the under-
lying constraint P, for the isolated molecule. That
this is so is guaranteed by the fact that the actual
determination of the distribution depends on an 1n-

version of experimental data that are affected by all
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the various types of correlations present 1n the tluid.
Eq. (3) only restricts the functional form of the
singlet distribution to be compliant also with what 1s
known beforehand, in particular, the fact that a cer-
tain conformation is physically admissible in terms
of steric repulsion. Looking for additional informa-
tion prior to a new experiment, we recall that an
important established knowledge on alkyl chains 1s
summarized in the rotameric isomeric state (RIS)
model of Flory [20]. For alkyl chains the angles ¢,
take in the RIS approximation only three discrete
values ¢!’ or, more simply j,. These angles corre-
spond to the trans, gauche® and gauche™ local
conformations of the alkyl chain. The three states
can be assumed to have the same a priori probability
or, more generally the energy E, of a gauche with
respect to trans for one or more conformational
bonds &k can be known from separate previous stud-
ies. Using the RIS approximation the orientational-
conformational distribution (3) becomes

P(w,{j}) =(1/2)P({}}) Pe. (¥} P). (4)

The intrinsic distribution is non-negative and nor-
malized to one and can be written in this case as

; (3)

P.({j}) o f({j}) exp( 2 E 8,

where E; =E, /kyT at temperature T (kg is the
Boltzmann constant) and §; =1 if the state is t
(trans) and zero otherwise. We do not make further
assumptions such as the often used united atoms
approximation which collapses a methylene in a
single group.

The orientational—conformational distribution for
a conformer in a uniaxial phase, P(w, {j}), can be
expanded in an orthogonal basis of Wigner functions
D{ (w) [14,18]. Averages over this distribution im-
ply integration over orientations and a sum of the
allowed confonnational states {j}. The expansion
coefficients pg . (; are the order parameters of the
molecule in the conformation {j}. In particular, for
each fragment M,, we recover the purely orienta-
tional order parameters S,, = {(P,), Syyx — Syy
= V6 Re(D?,> and Sy, = 3/ 2Re(D2,), where
S,; are the components of the Saupe ordering matrix
[14] The order parameters (DO,,)M of the frag-

ment M, are related to the Po,n;{ » by straightforward

geometrical transformations and represent all that 1s
needed to calculate single particle and bond observ-
ables.

The N measured dipolar couplings D, can be
written in term of irreducible tensors [14,18] as
([T ]M AG) = \/ 3/ 2D The rotation from magnetic
(MAG) field to director frame (DIR) just gives a
scaling factor [13], while the dependence on molecu-
lar orientations and conformations emerges trans-
forming to the M, frame placed on the first frag-
ment. Introducing couplings [7’]5, symmetrized

over all the equivalent nuclear pairs I =1{i, j} [13]
we find
<[TS]DIR - E (Dg, “’)[TS]MI( j})?  (6)

)
ol
™
oo

()T ] (i)

XP(w, {Jj}|FP;). (7)

As long as {7’13 is significantly modulated by the
chain internal rotations we can try to recover some
details of the unknown distribution P(w, {j}). The
available information depends on the number of
experimental nuclear couplings, N, but not all of
these will necessarily add new structural information.
Thus we first determine n. (with n- < N;) linearly
independent combinations [¢,]5;, of couplings by an
orthogonalization procedure described in Ref. [13]
(with a straightforward generalization to include a
sum over discrete conformations weighted by P, cf.
Eq. (7)) that discards combinations that have scalar
products below a certain threshold. Thus, according
to maximum entropy [16] the least biased approxima-
tion to the true distribution, obtained maximizing the
entropy associated to P, will be of the form [13,19]

£

Pl(w,{j})=(1/Z ) (4 J})eXP( Z g; J;.:

X f d wDé;

Xexp( ZCA[ ]DIR(“’ {J})) (8)

I=1

where Z, is defined by the normalization condition.
In practice we determine the best distribution, 1.e. the
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best set of Lagrange multipliers A,, minimizing a
suitable ‘‘free energy’’ convex functional [13,17).
The effect of experimental errors 1s accounted for
using a sampling method [13] to obtain a compatible

Table 1

R. Berardi et al. / Chemical Physics Letters 260 (1996) 633-638

set of distributions and their average P(w, {j}). The
conformational distribution P({;}) is obtained inte-
grating the full P(w, {j}) over orientations.

Pines and co-workers {3,21] have measured the

MEIQO analyses of experimental data by Rosen et al. [3] for n-alkanes from hexane to decane. For every molecule we report the 7 most
frequent conformer types and their multiplicity m, the total (percentage) probability P and the ratio w, = P/P,. We use a prior E,=12.1

kJ /mol. A null m indicates a duplicate or non-existent conformation

Hexane Heptane Octane Nonane Decane
m ! l 1 l l
t...t P(%) 19.8 12.6 8.0 5.2 3.7
all-trans W, 1.08 1.16 1.25 1.37 1.61
m 4 4 4 4 q
gtt.. .t P(%) 32.2 19.7 12.0 7.6 5.0
end-gauche W, 0.99 1.02 1.05 1.13 1.25
m 2 4 4 4 4
tg Tt P(%) 16.7 19.5 12.2 7.4 4.8
W, 1.02 1.01 1.07 1.10 1.20
m - - 2 4 4
ttg Tt P(%) - — 5.8 7.1 4.3
W, - - 1.02 1.06 1.08
m — — - - 2
titg Ft...t P(%) - - - - 2.2
w, — - — — 1.10
m 4 4 4 4 4
gtg? P(%) 14.1 8.2 4.9 3.0 —
W, 0.96 0.97 0.98 1.03 -
m — 2 4 4 4
tgTg*t... P(%) - 4.0 -~ _ -
W, - 0.93 - - -
m 2 4 4 4 4
gftgtt.. .t P(%) 6.9 8.2 4.8 - -
W, 0.95 0.97 0.96 - -
m 2 4 4 4 4
g TtgTt.. .t P(%) 7.0 8.4 5.2 3.2 2.0
end-kink W, 0.96 0.99 1.04 1.10 1.18
m - ~ 2 4 4
tg T tg P (%) - - ~ 3.2 2.0
W, — — — 1.10 1.18
m 2 4 4 4 4
grgfgTt.. . P(%) 3.3 _ _ _ B
vy 1.00 — — — —

il
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proton dipolar couplings in a series of n-alkanes
(hexane through decane) dissolved in the nematic
p-pentylphenyl-2-chloro(4-benzylbenzoyloxy)-ben-
zoate at a temperature scaled by that ot the transition
T* =0.875(T" =T/Ty). They have found respec-
tively N =10, 14, 15, 19, 20 couplings going from
hexane to decane. We have determined at first lin-
early independent combinations of these couplings,
setting the threshold tor discarding eigenvalues
to 100 Hz for all the alkanes and T =
314.1, 309.7, 308.2, 306.9, 304.8 K [3] and finding
n- =28, 10, 11, 13, 14 combinations respectively.
We have then performed a MEIO analysis assuming
a fairly generally accepted [20,9] value of E_, i.e.
E, = 2.1 kJ/mol as prior information (Table 13. We
have found excellent agreement between the experi-
mental couplings and those recalculated from the
distribution obtained. The overall rms error 1s
1.76, 8.33, 1.60, 3.25, 2.26 Hz going from hexane to
decane. Reducing the threshold to 20 Hz substan-
tially increases the number of parameters but does
not change the results. The errors in Table 1, deter-
mined with 300 samplings [13], affect the last digit
shown. We have obtained a complete set of purely
orientational second rank order parameters averaging
over the conformations. In Fig. 2 we show as an
example the ‘‘chord’’ order parameter [9] S,, for the
various fragments and notice the characteristic higher
order in the middle of the chain.

0.22 — r ; r 1 - - —

r decane

0.20 |

nonanc

0.18 1

0.16 | heptane

v
N

0.14 t hexane octane

0.12

et - )
o
g -
I -

5 6 7 8
k

Fig. 2. The ‘‘chord’’ order parameters S,, for fragment k of the
chain obtained for the various n-alkanes analyzing Rosen et al. [3]
NMR data with the MEIO procedure and a prior £, = 2.1 kJ /mol.

We now turn to the conformational information.
The number of non-sterically forbidden conformers
iIs n.=7,13, 31, 65, 146 for the various alkanes.
We report 1n Table 1 the 7 most populated con-
former types found tor each alkane and we notice
that they typically correspond to rather elongated
conformers. Conformers with an end gauche defect
are to within experimental error the most frequently
occurring. P; determines to a large extent what 1s
obtained, as we see comparing the total P and w,,
the ratio of P to P.. A value greater (lower) than 1
indicates that a conformer is favoured with respect to
the prior and vice versa. We find (see Table 1) that
the largest values of w, are those for the all-trans
conformers that increase with the length of the
molecule.

To check the rehability of the MEIO method we
have tested 1ts ability to recover a conformer that is
known to exist. Thus for every n-alkane we have
performed an analysis starting from average dipolar
couplings computed using a predetermined orienta-
tional-conformational distribution for all-trans
(t...t) and terminal kink (g tg*t...t) conforma-
tions corresponding to an orientational order similar
to that of Rosen et al. [3]. The magnitude of the
orientational order 1s of key importance since the
effectiveness of the MEIO method decreases when
the order is small [15]. The order parameters ob-
tained using the MEIO analysis are essentially con-
stant as expected for the all-trans and characteristi-
cally varying for the kink showing that even at the
low order parameters of the experiment [3] these
elongated conformations would be recognized. In the
presence of a prior knowledge, as 1n the present case,
the extra information carned by the data 1s mani-
fested in w,. The analysis of simulated data shows
that w, 1s 1n all cases dominant for the trans or
respectively the kink conformer. Thus conforma-
tional information can be quite reliably obtained by
MEIQO even at these low order parameters.

Rosen et al. [3] have analyzed their data in terms
of three MF models; an elastic continuum [8], a
biaxial conformer [7,22] and the chord [9] model. In
this last approach the orientation of neighboring
pairs of C—C bonds induced by the nematic 1s con-
sidered and 1s shown to be accounted for by the
alignment of the chord connecting these bonds [9].
Comparing the results in Ref. [3] for the probability
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of one, two, etc., gauche detects with ours, we find
that our results are in better agreement and tend to
support the chord model. We only quote two
instances. For hexane the total (percentage) P
of 0, 1, 2 gauche defects 1s, 1In our case,
(19.8, 48.9, 28.0) and for the two parameter chord
model [3] (20.0, 50.0, 27.0). Similarly, for decane
we find (3.7, 16.3, 31.7), while Ref. [3] gives
(4.0, 21.0, 35.0).

In summary, our results show that the MEIO
method is able to analyze experimental data for
molecules with many conformational degrees of
freedom providing relevant structural i1nformation
without recourse to approximate theories. The method
does not assume the infinite dilution which 1s 1m-
plicit in the MF analysis and can eftectively provide
conformational information even at the high solute
concentrations (30 mol%) of Ref. [3]. This should
open the possibility of studying, for instance, confor-
mational changes as concentration changes. The
probabilities for the different conformers shown in
Table 1 can be refined as even more detailed data
become available. We believe the method will be
particularly useful for establishing chain conforma-
tions in smectic liquid crystals, in polymers and in
biological membranes where higher orientational or-
der can be achieved and that it will be a usetul
complement of the new experimental methods deter-
mining dipolar couplings.
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