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ABSTRACT:

By a rotational isomeric state scheme with the maximum entropy method [Y. Sasanuma, Polym. J., 10,

883 (2000)], conformational analysis of n-decane and 1,6-dimethoxyhexane dissolved in a nematic liquid crystal
4“methoxybenzylidene-4-n-butylaniline (MBBA) was carried out based on 2H NMR quadrupolar splittings from perdeu-
terated compounds at different temperatures and concentrations. All experimental observations were exactly repro-
duced by simulation. In MBBA, solute chains are more rigid and extended than in the free state. 1,6-Dimethoxyhexane
was found to keep its intrinsic conformational characteristics even in nematic solvent; the gauche fraction of the OC~CC
bond was comparatively large. Orientational order parameters <S,,> of the two solutes, plotted against reduced tem-
perature, formed a master curve and were linearly correlated to <S,,> of MBBA within the observed range.
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In the preceding paper! (paper I) a rotational isomeric
state (RIS) scheme with the maximum entropy (Max-
Ent) method was applied to analysis of 'H~'H dipolar
couplings from n-alkanes dissolved in a nematic solvent
Kodak EK11650 p-pentylphenyl-2-chloro(4-benzylben-
zoyloxy)-benzoate. In this paper the method is extended
to analysis of ’H NMR quadrupolar splittings? from per-
deuterated n-decane and 1,6-dimethoxyhexane (1,6-
DMH) in a nematic liquid crystal, 4-methoxyben-
zylidene-4- n-butylaniline (MBBA, see Figure 1).

The reasons for using these systems are as follows. (1)
In the previous simulation for n-alkanes,! 10—20 'H-'H
dipolar couplings could be used. Only five and four deu-
terium quadrupolar couplings can be observed from
n-decane and 1,6-DMH, respectively. Thus it is mean-
ingful to check the applicability of the modified RIS
scheme to conformational analysis based on such a lim-
ited number of observations. (2) 1,6-Dimethoxyhexane
has the same number of skeletal bonds as n-decane but
exhibits quite different conformational characteristics in
the free state. From ab initio molecular orbital (MO) cal-
culations at the second-order Mgller-Plesset (MP2) level
using the 6-311+G* basis set and geometries optimized
by the Hartree-Fock (HF) calculation with the 6-311+
G* basis set (MP2/6-311+G*//HF/6-311+G*), first-
order interaction energies (E,, E,;, Es9, and Ez3) for
bonds 2, 3, 4, and 5 of 1,6-DMH in the gas phase were es-
timated as 1.29, —0.46, 0.67, and 0.58 kcal mol ! re-
spectively, and second-orderd w, and ws interaction en-
ergies as 0.20 and 1.39 kcal mol ™! respectively?® (for as-
signments of statistical weights, see Figure 2). Thus it is
interesting to investigate differences in conformation
and orientation between n-decane and 1,6-DMH dis-

solved in the same nematic solvent. (3) Since order pa-
rameters of the solvent MBBA were evaluated from
*H NMR quadrupolar splitting and 2H-'H dipolar cou-
pling of partially deuterated mesogen,? the orientation of
solutes may be expressed as a function of that of MBBA
as well as temperature and concentration. (4) 2H NMR
measurements were carried out for dilute solutions,
of which solute concentration ranges from ca. 0.5 to
6.0 mol%. The results here may be comparable to ther-
modynamic estimation of the solute rigidity (flexibility)
from phase behavior.2*%

THEORETICAL BASIS

Deuterium quadrupolar splitting Av; from the C-D
bond at the ith atomic group is given by
K

AVi= S fi Avig (1
k

where K is the number of conformers, and f fraction of a
conformer % . The quadrupolar splitting Av;; from the
conformer £ is expressed as®
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where e’qQ/his the quadrupolar coupling constant
(=163 kHz),” X, Y, and Z axes are the principal axes of
the order matrix, Szz,, Sxx,—Syy, are order parameters
of the conformer, and, e.g., 8x;, is the angle between the
X axis and C;-D bond. As in paper I, the principal axes of

2)
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Figure 1. 4-Methoxybenzylidene-4-n-butylaniline (MBBA), nema-
tic solvent used in this study. The molecular axes, X, Y, and Z, are
defined with respect to the mesogenic core. Orientational order pa-
rameters were determined from H NMR quadrupolar splitting
and ’H-'H dipolar coupling of 4“methoxybenzylidene-4-n-
butylaniline-d,-2,6.

inertia are used as X, Y, and Z axes, and the order pa-
rameters are calculated from eqs 6 and 7 of paper 1.

Statistical weight matrixes of n-alkanes (eqs 4 and 5
of paper I) have been applied to n-decane. For 1,6-DMH
in a nematic field, if up to second-order interactions are
considered, statistical weight matrixes U,s (n:bond num-
ber) may be given as

1p' p
U2=( 00 0) 3)
0 0O
1 o} o]
U3:( 10,0 ) (4)
1 0 o
1 o, o5
U4—( 1 o aéa)i) (5)
1 o077 0O
1 o; o5
U5:( 1 O':’; 0) (6)
1 0 o3
1 05 03
U6:( 1 o 0) (N
1 0 oy
1 o, o)
U7:( 1 o O']a)i) (8)
1001 o)
and
Lp'p’
UB:( 1p 0 ) 9)
1 0p’

Here, the rows and columns are indexed to rotational
states for preceding and current bonds, respectively.®
Statistical weight parameters with superscripts of prime
include the effects of the nematic field and differ from
those for the free state.

For all n-alkanes in paper I, statistical weight pa-
rameters @ s were virtually null. This indicates that the
hydrocarbonic solutes hardly have g*g™ conformational
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Figure 2. Schematic representation of (a) n-decane and (b) 1,6-
dimethoxyhexane (1,6-DMH) in all-trans conformations. The skele-
tal bonds and atomic groups (carbon atoms) are numbered, and
statistical weight parameters are defined.

sequences (pentane effect?) in Kodak EK11650 even at
high solute concentration of 30 mol%. Therefore, w,(n=
3, 4, and 5) parameters have been assumed null for
n-decane in MBBA.

For 1,6-DMH, the (2,3) and (3,2) elements of U and
Uj are set to zero, because a severe steric conflict be-
tween C'H(C'°H,) and C5H,o(C®Hy) groups does not al-
low bonds 2 and 3 (8 and 7) to take g*g" conforma-
tions. Here, the superscripts represent carbon numbers
(see Figure 2). By geometrical optimization using MO
calculation, the g'g ttttt conformation converged to
grtttttt.? In g*g™ conformations for the 4-5 and 5-6
bond pairs, two methylene units, C*°Hy(C®H,) and C'H,
(C*H,), approach each other, and this is considered
equivalent to the pentane effect of n-alkanes. The corre-
sponding (2,3) and (3,2) elements of Us and Uy were thus
set equal to zero. Previous conformational analysis® of
dimethoxy ethers, CH30(CH,),0OCH3(y=4, 5, 6, 7, and
8), showed the presence of intramolecular (C-H)---O in-
teractions in g¥g ™ conformations for succeeding OC-CC
and CC—CC bonds and represented by statistical weight
1. The sign and magnitude of the second-order interac-
tion energy E,; depended on the number of methylene
units between two oxygen atoms. By the ab initio MO
calculations at MP2/6-31+G*//HF/6-31G™* level, E,,; of
the gaseous dimethoxy ethers (y=4, 5, 6, 7, and 8) were
—0.43, 0.66, 0.24, 0.42, and 0.55 kcal mol ™!, respec-
tively. MO calculation at the MP2/6-311+G *//HF/6-311
+G* level yielded E,; of 0.20kcal mol ! for gaseous
1,6-DMH. Therefore, the parameter @’ was treated as
an adjustable parameter.

In simulation, almost the same procedure as in paper
I was taken. For n-decane, five experimental deuterium
quadrupolar splittings were simulated using five vari-
ables C(T,), 03, 03, 04, and o5, while, for 1,6-DMH,
four experimental data were reproduced with six pa-
rameters C(T,c), p’,01, 02, 03, and w1. Even when the
parameters outnumber the data, the MaxEnt method
derives the most probable conclusion. The conformer
probability of the solute must satisfy the reproducibility
of experimental observation. As the initial model m,s in
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Table I. Geometrical parameters of 1,6-DMH 2

Bond length/A
C-D 1.087
Cc-C 1.525
Cc-O0 1.392
Bond angle/degree
/DCD of methyl group 108.87
(DCO 110.07
/COC 11451
LOCC 109.09
/CCC 112.85
(DCC 109.32
Dihedral angle for gauche state/degree
bond 2 +99.66
bond 3 +116.12
bond 4 +114.02
bond 5 +114.87
Van der Waals radius/A
D 1.20
C 1.70
(0] 1.52

* Determined by geometrical optimization using ab initio mo-
lecular orbital calculations at the HF/6—311+G” level.

eq 11 of paper I, conformer populations in the free state
were used. As the conformational energies correspond-
ing to the free state, E,=0.5 and E,=2.0 kcal mol !
were used for n-decane,'’ and E, =129, E,;= —0.46,
E;;=0.67, E;3=0.58, E,;=0.20, and E,>=1.39 kcal
mol ! (the ab initio MO calculations at the MP2/6-311+
G*//HF/6-311+G™* level for the gas phase) were as-
sumed for 1,6-DMH.3

Reproducibility of experiment was checked by the 7?2
parameter (eq 10, paper I) between calculated and ob-
served Av;. 1!

RESULTS AND DISCUSSION

Analysis

For n-decane, the geometrical parameters listed in Ta-
ble I of paper I were employed. For 1,6-DMH, geometries
optimized by MO calculations at the HF/6-311+G* level
were used (TableI of this paper).® 2H NMR measure-
ments were carried out for MBBA solutions containing
n-decane of 0.498, 1.99, 3.99, and 6.07 mol% or 1,6-DMH
of 0.505, 2.01, 4.01, and 6.13 mol%. The experimental de-
tails were already reported.? Here analysis of 2H NMR
data obtained from the most dilute solutions (0.498 mol%
for n-decane and 0.505 mol% for 1,6-DMH) at 27C was
conducted, and the results are described in detail.

In Table II calculated 2H NMR quadrupolar splittings
are compared with corresponding observations. In the
table are 2H-2H dipolar couplings between deuterons at-
tached to the same carbon atom. Dipolar couplings were
concomitantly evaluated from optimal parameters in Ta-
ble II. For n-decane and 1,6-DMH, the calculations re-
produced the observed quadrupolar splittings exactly
within the significant figures. 2H-H dipolar couplings
also show satisfactory agreement with experiment.

In Table III optimal variables are listed. @ of 1,6-
DMH was determined to be 1.35, i.e., larger than unity,
possibly due to weak (C-H)-:+O attraction between the
0? (0% atom and C®Hy(C°H,) group of 1,6-DMH dis-
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Figure 3. Fractions of the trans conformation in skeletal bonds
of (a) n-decane and (b) 1,6-DMH. For bond numbers, see Figure 2.

solved in MBBA.°

Conformations of Solutes in Dilute Solutions
Using statistical weight parameters in Table III, we
calculate the ¢rans fraction p;., of the nth bond from®

_ I WUy Uy 1 Un)Up 1. U121 )
[T

n=2

Di:n

where J* = [100], J is the 3 X1 column matrix of which
elements are unity, and N is the number of skeletal
bonds. The U,(t) matrix can be obtained by filling the
columns corresponding to the gistates of U, with zero.

In Figure 3, trans fractions of the skeletal bonds are
shown as a histogram and compared with those for the
free state. As seen from the figure, trans fractions of
n-decane and 1,6-DMH in MBBA are, in principle, larger
than those for the free state. Thus, in MBBA, both mole-
cules are more rigid and extended than in the free state.
This is also confirmed from the average distance be-
tween the terminal methyl carbons <{r>; <r> of n-decane
and 10,6-DMH was estimated as 10.44 (9.26 A) and 9.62
(8.49A) respectively. The values in parentheses repre-
sent those in the free state. As in paper I, the n-decane
molecule dissolved in Kodak EK11650 at a solute con-
centration of 30 mol% gave rather smaller (r> of 9.78 A.

For n-decane, the trans fraction increases gradually
from the terminal to central bond. 1,6-DMH exhibits
more complicated conformational features. Bond 3 pre-
fers the gauche conformation to the ¢trans one in the free
state. This property is somewhat kept in the nematic
field. For bonds 4 and 5, trans fractions are somewhat
enhanced compared with those in the free state.

The trans fraction of bond 2 was smaller than that in

Polym. J., Vol. 32, No. 10, 2000
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Table II. Calculated and observed °H NMR qi uadrupolar splittings and ?H-"H dipolar couplings of n-decane and 1,6-DMH
n-decane 1,6-DMH
e Ay Dop, 1 % Do,
Caled Obsd ¢ Caled Obsd ¢ Caled Obsd ¢ Caled Obsd ¢

1 7.95 7.95 - — 8.60 8.60 - -

2 25.93 25.93 60 59 - - - -

3 30.46 30.46 70 70 21.48 21.48 48 -

4 32.97 32.97 75 76 28.31 28.31 59 61

5 33.98 33.98 77 78 29.67 29.67 62 65

? For atomic-group numbers, see Figure 2. ®InkHz. ‘InHz. 9At27C and 0.498 mol% (n-decane) or 0.505 mol% (1,6-DMH).
Table III. Optimal parameters * Table IV. Orientational order parameters of solutes (n-decane
Bondno’ n-Decane 1,6-DMH and 1,6-DMH) and solvent (MBBA)
C(T.c) 0352 0383 System
. n-Decane” +MBBA® 1,6-DMH‘ +MBBA*
Sta‘;’;‘g‘lx‘;gh‘ parameter (8yp> 0.294 0.522 0270 0515
. ol 0.162 p 0200 (Syy—Syy? 0.019 0.017 0.017 0.020
3 o; 0.117 o) 0.431 a At 27°C. Solutions containing either perdeuterated solute or
4 o, 0.083 o, 0.108 Eartially deuterated solvent were used. Solute concentrations were
5 o5 0.069 o) 0.066 0.498 mol%; ° 0.504 mol%; 40.505 mol%; and © 0.473 mol%.
Second order
34 - - wi 135

® Simulation was carried out for “"H NMR quadrupolar splittings
at 27C and solute concentration of 0.498 mol% (n-decane) or
0.505 mol% (1,6-DMH). ° For bond numbers and assignments of
statistical weight parameters, see Figure 2.

the free state. This may be explained as follows. In our
previous studies on polyethers,'>”!* first-order interac-
tion energy for the CO-CC bond of dimethoxy ethers de-
pended on solvent; Conformational energy decreased
monotonously with increasing dielectric constant of sol-
vent. E,(corresponding to £, of interest here) of
1,2-dimethoxypropane was suggested to range from
1.52 kcal mol ! (in the gas phase, dielectric constant
£=1.0) to 1.26kcalmol ' (in dimethyl sulfoxide,
£=45.0). Trans fractions for the free state of 1,6-DMH
were calculated from conformational energies estimated
for the gas phase. Thus E,(1.29 kcal mol ! ) would be
somewhat overestimated for 1,6-DMH surrounded by
MBBA molecules. Dielectric constants of MBBA are
£ | =4.7 (parallel to the nematic axis) and £1 =5.4 (nor-
mal).”® Conformational energy of the gauche state
around the OC—CC bond has a comparatively large toler-
ance. Ab initio MO calculations at the MP2/6-31+G*//
HF/6-31G* level gave E, of 0.83 to 1.41 kcal mol ™" for
CH;30(CH,),0CHj3(y =4—8). To sum up, it can be stated
that the solute chains keep inherent conformational
preference even in the nematic field but have larger
trans fractions and hence are more anisotropic than in
the free state.

In Table IV order parameters of solutes, estimated
from eqs 14 and 15 of paper I, are compared with those
of solvent MBBA. The solutions were prepared so that
solute concentrations would be equal to 0.5 mol%. The
order parameters of MBBA were determined using
2H NMR quadrupolar splitting and *H-'H dipolar cou-
pling from partially deuterated mesogen, as shown in
Figure 1. From <Sz;>in Table IV, 1,6-DMH more dis-
turbs the orientational order of MBBA than n-decane.
This is consistent with the phase behavior of the dilute
solutions.?

Polym. J., Vol. 32, No. 10, 2000

The ability of the solute to destabilize the nematic
phase can be represented by slopes of two boundary
lines in the phase diagram of reduced temperature (T*
=T/Ty1, Tni: the nematic-to-isotropic transition tem-
perature of pure MBBA) vs. molar fraction of solute.*’
At infinite dilution of the n-decane+MBBA system, the
slope Y% of the boundary line (T1; point) where the iso-
tropic phase appears on heating and the slope § T of the
boundary line (the 7'f point) where the nematic phase
completely disappears on heating were 0.597 and 0.561,
respectively.*® The 1,6-DMH+MBBA system gave S n=
0.899 and B T =0.820.? Experimental 3 of globular sol-
utes range from 0.56 to 1.7, while those of n-alkanes are
known to fall between 0.53 and 0.63.*°

Orientational Orders of Solutes and Solvent

In Figure 4 orientational order parameters of solutes
at different concentrations are plotted as function of
temperature. A convex curve of <(Szz> shifts to lower
temperature with increase in concentration. As ex-
pected, 1,6-DMH exhibits larger shift than n-decane.

In Figure 5, <Szz> of the solute and solvent, obtained
at different concentrations, are shown as function of re-
duced temperature 7/Ty. Both order parameters form
individual master curves irrespective of solute. In the vi-
cinity of the T% point, the solute and solvent have <Szz>
of 0.14 and 0.29, respectively. The latter is much smaller
than predicted by Maier and Saupe (0.429)."% In Fig-
ure 6, the correlation between <S> of the solute and
solvent is shown. The data points are a little scattered
but show a linear relationship expressed as <{Szz slute =
0.581¢S 2 Mppa — 0.023 within the observed range. The
correlation coefficient was 0.967.

CONCLUSIONS

The RIS scheme with the MaxEnt method was applied
to analysis of 2H NMR quadrupolar splittings observed
from perdeuterated n-decane and 1,6-DMH dissolved in
a nematic solvent MBBA at low solute concentrations
and different temperatures. The following results and
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Figure 4. Orientational order parameters, <(S;,;> and (Syy—
Syy?, of (a) n-decane and (b) 1,6-DMH at different solute concentra-
tions (in mol%), expressed as a function of temperature.
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Figure 5. Orientational order parameters of solutes and solvent
as function of reduced temperature T/Ty: O, n-decane+MBBA;
A, 1,6-DMH+MBBA.

conclusions were obtained.

(1) By the simulation all experimental data of the deu-
terium quadrupolar splitting were reproduced exactly
within significant figures, and 2H-?H dipolar couplings
calculated with optimal parameters were in satisfactory
agreement with observation.

(2) In MBBA, C-C bonds of n-decane had larger trans
fraction, and hence the molecule was more rigid and ex-
tended than in the free state. Even in the nematic field,
1,6-DMH keeps its intrinsic conformational preference
especially in the OC-CC bond. The 1,6-DMH molecule
was less anisotropic and more destructive to the nematic
order than n-decane. These results are consistent with
the phase behavior of dilute solutions.

(3) Order parameters <S;>s of the solutes, evaluated
from ?H NMR data at different concentrations, formed a
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Figure 6. Correlation between <S,,> of solutes and solvent: O,
n-decane+MBBA; A, 1,6-DMH +MBBA.

master curve against reduced temperature 7/Ty. <Szz>
of the solute exhibits a linear correlation with that of the
solvent MBBA over a wide temperature range. On heat-
ing, the isotropic phase appeared around <Szz; yppa=
0.29 « SZZ >Solute =0.14).

In the preceding’ and present papers the RIS-MaxEnt
scheme was shown applicable to analysis of 'H-'H dipo-
lar couplings observed from n-alkanes and ?H NMR
quadrupolar splittings from n-decane and 1,6-DMH and
provides detailed information on conformations and ori-
entation.
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