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Is styrene planar in liquid phases?
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The proton NMR spectra of twd3C-labeled isotopomers of styrene dissolved in two liquid
crystalline solvents have been obtained and analyzed to yield four sets each of 24 dipolar couplings.
These couplings were then used to investigate the structure of the ring and the ene fragments of the
molecule, and the position of the maximumpy, in the ring—ene bond rotational probability
distribution. To do this, the effect on the dipolar couplings of small-amplitude vibrational motion
was taken into account using vibrational wave functions calculated by molecular orbital and density
functional methods. It is concluded that the NMR data are consistent with the ring fragment,
averaged over the ring—ene rotation, planar, while the ene fragment is not. The vallgiesddbund

to be 18.0% 0.2° for the two solutions, compared with a value of 27° calculated by the molecular
method MP2/6-31&E. © 2004 American Institute of Physic§DOI: 10.1063/1.1668636

I. INTRODUCTION affected by anisotropic interactions such as the dipolar cou-

The most interesting aspect of the structure of the styp“ng Djj and quadrupolar splittingh»; (Refs. 7-3. The
2 . : artial orientation may be created by application of a strong

rene molecule, shown in Fig. 1, is whether the olefin and’ o 10

. . magnetic field>9 T),”" and perdeuterated styrene was stud-

aromatic parts are coplanar in the lowest-energy form. The d.in thi by Facchingt al. 2 wh d the si

two groups rotate relative to each other in liquid and gaseou'§ In this way by Facchinét al,” who measured the six

samples, and so a related question concerns the shape of tgltéadrupolar splittings and c'onclud-ed. that these are consistent

rotational potentiaV(¢) about the ring—olefin bond. with a _nonp[anar styreng with a m|n|mum\'r(¢) at 16',5 .
There do not appear to have been any structure determ}:he orlentatlongl order induced by an applied magnetic field

nations on solid styrene; freezing a sample of styrene usualll$ Very sSmall, with order parameters of about #qRef. 12

leads to polymerization. There have been several theoreticH" fields of 9 T, and the dipolar couplings in molecules such
calculations on styrene, using methods available in th&S Styrene are of the order of 1 Hz, and have not been mea-
Gaussian suite of programisThe latest studies using sured for this molecule. Dipolar couplings are, however, a
HF/6-31G" (Ref. 2 and MP2/6-316 (Ref. 3 find a nonpla- rich source of structural information, in part because there
nar structure with a minimum iW(¢) in the range 16°—27°. are potentially a large number of these, but also because they
However, calculations by the density functional theoryare directly related to the magnitude and orientation of the
(DFT) method B3LYP/6-31% +G** (Ref. 4 find a planar ~ internuclear vectors connecting the interacting nuclei. A set
ground-state structure; moreover, in the same paper, the a@f 18 interproton couplings and 6 quadrupolar splittings has
thors claim B3LYP/6-31% + G** to be the best method for been reported for a sample of styrene dissolved in a thermo-
predicting vibrational force fields. The calculations refer totropic, nematic, liquid crystalline solvent by Emsley and
an isolated molecule and are most relevant for comparisohongeri;® who interpretated this data set in terms of a planar
with experimental studies on gaseous samples. There has noplecule. However, their interpretation and that of Facchini
been a full structure determination from microwave spectroset al! relied on the assumption that the orientational order is
copy, but studies of para-substituted styréflesoncluded independent of the bond rotation angle This assumption
that these molecules are planar. A recent electron diffractiohas been shown to be incorréét® More recently Ramadan
study concluded that the data were consistent with either at al® have demonstrated how multiple quantum NMR ex-
planar form or one with the nonplanar structure calculategperiments can aid in the analysis of the proton spectrum of
with MP2/6-31G" (Ref. 3. styrene dissolved in a nematic solvent. They interpreted their
Structural studies by NMR spectroscopy are greatly endata in terms of two planar fragments inclined at an angle of
hanced when the molecules under investigation are in a6° and without considering vibrational motion.
sample which is partially oriented. In this case the SpeCtra are  There are insufficient data from the deuterium Spectrum
of perdeuteriated styrene to obtain the form\{f¢) while
dE|ectronic mail: giorgio.celebre@unical.it allowing for the dependence of the orientational ordergon
‘C’)’Eletﬁtronictmaili gﬁeluca@unical-it . b y dbut this is not the case for the dipolar couplings. It was
F:x:or(39)03844\g28$1. Elggz:gf‘i"”maﬁl’?‘ﬁllonseﬁ“@unicalﬁt addressedyecided to revisit the question of whether d|p9lar couplings
can reveal the nature &f( ¢) in styrene, and to increase the

9Electronic mail: g.pileio@unical.it ( _ _ (
®Electronic mail: J.W.Emsley@soton.ac.uk number of couplings available for this conformational analy-
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A z H Ill. ANALYSIS OF SPECTRA
: \13 Hag The analysis of the proton spectra'8€2 —styrene and
E c / 13C1-styrene dissolved in two liquid crystalline solvents
: / 5\06 proceeded in stages. The first stage was to analyze the proton
:H12\C4/ \\ spectra of samples of styrene dissolved in the same solvents
' a\ o at nearly identical concentrations. It was possible then to
' ( 7\|.|15 predict reasonable values of the C—H couplings, and these,
Hio E § C3§C/ together with the interproton couplings obtained from the
\Cazg;"_j)_"f\ __________ - ana_lysis .of the styr.ene samples, gave a good st_arting set for
J/ \ X an iterative analysis of the spectra of the two isotopomers
Hg Hyq Hig using the programRCcANA.” The results are given in Table

.
FIG. 1. Structure and labeling system for styrene.

L . IV. RESULTS AND DISCUSSION
sis, it was decided to record proton spectra of samples of

styrene labeled with®C at positions C1 or C2 and dissolved If the phenyl ring and ene fragment maintain a fixed
in two nematic liquid crystalline solvents ZLI 1132 and I35. structure as they rotate relative to each other, then dipolar
This increases the data set for each isotopomer in each satouplings within each of these fragmenaﬁ(equil) and
vent to 24 and allows the structures of the ring and oIefinidDiEj(equiI), are related to the positions of the interacting nu-
fragments to be determined without needing to know theclei and the local order paramete&, and S5, wherea
form of V(¢). The effects on the dipolar couplings of small- andb refer to axes fixed in each of the fragments. Thus,
amplitude vibrational motion are calculated & initio RIE o 3. ~RIE

methods, and these are found to be particularly large, and Dij~(equil == (K;; /ri))[Sga (3 cos 6ija— 1)

hence important, for the dipolar couplings between nuclei in + (s[f{)E—s?éE)(cos’— gijb_cog Biic)
the olefinic fragment. The effect of orientation—conformation R/
coupling is also included when investigating the form of +4S;, C0Sbja COSHj,

V(¢). Taking into account the structures of the two frag-
ments, allowing for vibrational motion and the coupling be-
tween orientation and conformation, has the desired effect of +4 RéE cos6;jp, CoSbijc], (1)
allowing a definitive statement to be made about the planar- .
ity of styrene in a condensed, liquid medium. with

+4SKE cosj, cosbij.

_Moﬁ%)’j
Il. EXPERIMENT Kij= 167° 2

The samples ot°C labeled styrene were obtained from The angles;;, , etc., are between the vectgy and the axes
Isotech, and the liquid crystalline solvents were purchasedbc The couplingsDﬁ’E(equil) are for a molecule in a fixed
from Merck (Darmstadt The samples for recording the equilibrium structure, while the observed couplings
NMR spectra were each 10% by weight of the styrene an®{*(obs) are averages over vibrational motion. The two are
the proton spectra were recorded at 300 K on a Bruker AGelated by
300 spectrometer working at 7.04 T. Figure 2 shows the pro- ) )
ton spectrum of3C2 —styrene dissolved in 135 and is typical D:T/E(Obgz DE’E(equn) + DE/E(V'b)' @)
of those obtained on the four samples. The free inductiony cgjculation of DE/E(vib)
decays were stored in 32k words of computer memory, giv-

. .. . . 7 : H RIE/, ;i
ing a precision on measuring peak positions of 0.76 Hz. The vibrational, correction terid;;=(vib) has been cal-
culated for styrene by assuming that this motion is harmonic,

using the expressiéh
Df}/E(vib)=—KijZB Sup®lsi (4)

where

@0 =|Cl— SEy cosf,(Cll, cosfz+C}l, cosd,)

5 -
— 1]
+ > cosf, cost, y% Cls

2kH?

FIG. 2. 300-MHz'H spectrum of*3C2—styrene dissolved in the nematic X (7 €os6.,, cost s— 575) ri]S,

solvent 135 at 300 K.
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TABLE |. Dipolar couplingsDj; , scalar couplingsj; , both in Hz, and chemical shift§ vj;=»,—v;, in Hz,

obtained for samples, denoted as ZLI 11821) or (C2) and I35 (C1) or (C2), of 3C1-styrene and

13C2—styrene dissolved in the nematic liquid crystalline solvents ZLI 1132 and I35 at 300 K.

ZL1 1132 (C2) ZL1 1132 (CY) 135 (C2) 135 (C1)
ij Jija (Hz) Dj; (H2)
1,9 160.00 —6332.55-0.14 —6436.01-0.10
1,10 154.00 886.840.21 1617.16¢:0.12
1,11 —-0.97 —12.54+0.16 60.12-0.12
1,12 —177.270.13 —170.88-0.10
1,13 —51.64-0.15 —52.29-0.11
1,14 —40.24£0.12 —41.76-0.11
2,9 —966.43-0.10 —1036.08:0.11
2,10 —3.18 —29.43-0.12 40.26:0.11
2,11 153.20 661.180.11 1465.16:0.11
2,12 —-0.72 —169.54-0.07 —148.90+0.09
2,13 —74.40+-0.08 —76.71+0.10
2,14 —61.89-0.07 —65.34-0.08
9,10 1.05 —1991.78-0.09 —1934.65-0.16 —1684.97-0.09 —1597.16-0.09
9,11 10.90 —1398.23:0.11 —1364.80-0.13 —1424.42:0.09 —1353.05-0.09
9,12 —401.60-0.06 —392.14-0.11 —412.73-0.09 —391.94-0.08
9,13 —132.74-0.06 —129.01x-0.10 —139.32-0.08 —132.19+0.08
9,14 —102.05-0.08 —99.87+0.12 —109.05-0.08 —103.46-0.07
10,11 17.50 134.6%£0.10 133.250.14 263.040.12 248.86:0.11
10,12 —1458.79:-0.08 —1422.97+0.17 —1540.570.08 —1460.93-0.11
10,13 —247.78-0.08 —241.170.15 —261.51-0.10 —248.12-0.11
10,14 —169.04-0.10 —165.32-0.13 —181.09-0.09 —171.86-0.08
11,12 —1296.45-0.09 —1263.32:0.14 —1345.48-0.10 —1275.66-0.11
11,13 —239.70-0.09 —234.54-0.14 —247.78:0.10 —235.34:0.12
11,14 —166.28-0.08 —162.24-0.12 —172.97-0.08 —163.67-0.09
12,13 8.00 —2524.93-0.04 —2463.03-0.08 —2676.76-0.07 —2539.05£0.06
12,14 2.00 —355.110.06 —346.64-0.11 —363.39-0.07 —344.80+0.07
12,15 —67.42-0.05 —65.58-0.09 —46.80+0.06 —44.55-0.06
12,16 2.00 21.750.10 21.65-0.15 72.480.14 68.03:0.12
13,14 6.00 —530.96+0.06 —512.26-0.11 —378.80-0.08 —361.37:0.08
13,15 2.00 20.760.10 21.5%0.17 71.55:-0.15 68.110.12
AV”‘ (HZ)
9-10 —592.170.08 —592.26-0.15 —616.52-0.09 —615.17-0.09
10-11 —420.98-0.08 —422.58-0.13 —446.17-0.09 —447.25-0.10
11-12 —269.73:0.08 —267.270.14 —291.91-0.09 —286.07-0.10
12-14 —132.73:0.07 —128.70:0.14 —147.72-0.09 —139.68-0.10
13-14 —131.44-0.07 —127.82:0.14 —145.05-0.09 —137.62-0.10

7077

@4y values(from Ref. 18 andJcy values(from Ref. 19 were kept fixed in the analysis.

D;;(vib) using theoretical values ai(?) together with ex-
, perimental frequencies is used here for styrene. The frequen-
cies were taken from the analysis by Condirston and
Laposa??

. 3N A Bw,

= 3, () w2 (ul ol 2 cot|
T being the temperature, and witA=h/87%c and B
=ch/2kg . The calculation ODE/E(Vib) requires knowledge There is, however, a general problem in calculating the
of u{?, the Cartesian displacements of itte nucleus in the  displacements for a molecule like styrene, which has bond
1th normal mode, ana,, the vibrational frequencies. How- rotational motion. The displacements can be calculated only
ever, although there are often published values olth@nd  for the molecule at an energy minimum, but the position of
their assignments to normal modes, it is unusual to also haveuch minima depends on the nature of the calculation. Thus,
reported values for the{”, and this is the case for styrene. for styrene, the density functional method B3LYP/6-31G
It has been shovf for benzene, for which there are values finds the minimum at $=0°, while the method
of the frequencies and experimentally derived displacement$1P2/6-31G has minima symmetrically displaced from 0°
that it is possible to calculate acceptable valuesui% by and 180° by 27°. It is necessary, therefore, when exploring
either the density functional B3LYP/6-3¥G or the conformational models of styrene which are consistent with
MP2/6-31G methods in thesAussiAN 98 suite of programs. the dipolar couplings to use B3LYP/6-31Go calculate the
In both cases, using calculated valuesifff but experimen-  values ofu{?) when assuming that the molecule has a planar
tal frequenciesw, for benzene gave values @f;;(vib) in minimum energy structure, but to use MP2/6-31@&hen
close agreement with those calculated with experimentallyhis structure is nonplanar.
derived values oUi(Z) and w,. This method of calculating When averaging the dipolar couplings over a bond rota-
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C2 The results of fitting values c[f)ff(equil) calculated with Eq.
| (1) to observed dipolar couplings so as to minimize the error
function R,

H12 C3 H1G
e e - [FED, 7 o
Vo

| a
Cs L'_, whereAD;; = (eqU|I)+D (vib)—DF j(obs), andN is the
/ % ~. number of coupllngs are glven in Table Il, where the posi-
H,3 6 b His tions of the ring carbon nuclei calculated by MP2/6-31G
| are also given. The values dijﬁ(obs) were also fitted to
H those calculated—that is, neglecting vibrational averaging—
14 which reveals how vibrational averaging changes the derived
FIG. 3. Location of axesbcin the phenyl ring. The axis is normal to the ~ geometry.
average ring plane. Note that the optimized values of, ;, are both consid-
erably shorter than the value calculated of 1.088 A, which
certainly means that the average distamgg;q is shorter
tion it is important not to average also over a torsional oscilthan the calculated value for the molecule in the fixed-energy
lation about the same bond. For this reason the lowestminimum conformation. It does not mean that the C—H bond
frequency mode for styrene, which is mainly a torsionallengths are necessarily different since the same interproton
oscillation, is not included in the calculation bf;(vib). distance could be obtained by changes in all the bond lengths
and angles in the fragment involving C3, C4, C8, and H12
and H16.
Itis mterestlng to note that the vaIuesIF(V|b) are all
A totally unconstrained geometry optimization for sty- <19 of D{(equil), but it is difficult to estimate the preci-
rene by MP2/6-316 at the energy minimum, which has  sion of these values and, hence, of the derived geometrical
=27°, has the ring protons slightly out of plane. The NMR parameters for the ring. As noted earlier, there is no simple
data, however, refer to a structure which is averaged over thgay that this can be done. If the molecule is assumed to be
whole of the range o, and for simplicity this is assumed {0 pjanar, the values db{\(vib) should be obtained using the
have a planar ring. Note too that the averaging atereates  density functional method B3LYP/6-31G Doing this leads
a local symmetry ofC,, , which is consistent with the ob- " {0 changes in the values B} (vib) shown in Table II, which
served nuclear spin symmetry for the phenyl protons. Withg|so shows the results of using these to obtain the geometri-
this symmetry and axesbc located as shown in Fig. 3, the ca| parameters. The differences in the bond lengths and
terms in Eq(1) involving off-diagonal elements @ are all  angles are small, and clearly for the phenyl ring whether
Zero. MP2/6 31G or B3LYP/6-31G is used to calculate
Each isotopomer produces six valuesmff(obs) from D{}(vib) is unimportant, which is to be expected when the
the spectrum in a particular solvent and the unknowns in Eq\nbratlonal corrections are small. The small magnitude
(1) areSZ,, Sfy— St and four proton coordinates,, by, DR(vib) for interproton couplings also means that the geom-
a3, andbyz[note, however, that a fixed interproton OIIS'fanceetry obtained when vibrational averaging is neglected is very
is required because only relative internuclear distances cagimilar to when it is included.
be obtained from Eq(1)]. Assuming that the ring structure The optimized positions of the ring nuclei were then

of styrene is solvent independent, as found for benZétiee  Kept fixed in all subsequent calculations of dipolar couplings.
values of proton coordinates can be obtained from a simul-

taneous fit to the values of the intrariyj; of C1 and C2
isotopomers of styrene in 135 and ZLI 1132. The use of theC- Structure of the ene fragment
data from both the liquid crystals provides extra independent To calculate the geometries of the ene fragment, we
equations to the fitting procedure, making more reliable thestarted with the same approach followed for the ringte
structure obtaine®® So there are %#6=24 values of that the calculation of the displacements proceeds using the
(obs) against 12 unknowns that areS((,S},  axesxyzfixed in the ene fragment, and not the azés fixed
Cv)m 21 and S aa,Sbb—SEC)in 135 for each isotopomer and in the phenyl ring. The local symmetry of the ene group, if
just 4 common unknown coordinates. The fixed distance wathis fragment is planar, i€, and so with the axes fixed as
taken to beri3;5=4.3032A, the value calculated by shown in Fig. 1 there is just one nonzero off-diagonal ele-
MP2/6-31G when the geometry optimization was carried ment SEZ. Each isotopomer produces 6 values[lﬁ(obs)
out with the ring constrained to be planar. The optimizationfrom the spectrum in a particular solvent. There are 7 coor-
process actually used internal coordinates rather than Carteinates defining the relative positions of the interacting nu-
sians, and these were the bond angi€H,, and the bond clei, and 3 order parameters are required to calculate values
lengthsr 41, and rg14. Preliminary calculations suggested of D j(equil). The number of unknowns is reduced to 9
that the dipolar couplings are consistent with the whole mol-when one internuclear distance is fixed at 1.343 A, and there
ecule being nonplanar, so that the vaIuesD(Sf(wb) were is therefore insufficient data from the spectrum of a single
calculated using values af obtained by MP2/6 316G isotopomer in one solvent from which to obtain optimized

B. Geometry of the phenyl ring
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TABLE II. Vibrational contribution to dipolar coupllng@ (vib), AD;;=D;j(obs)—Dj;(calc), and the bond
lengths and angles obtained for the phenyl ring using the MP2/6=3Ir@3LYP/6-31G level of approxi-
mation to calculate the vibrational force field. The geometry obtained by neglecting the effect of vibrational
averaging is also included.

Force field by MP2 Force field by B3LYP
ij Df(vib) ADj; D} (vib) ADj;
12,13 27.83 —0.04 22.17 —-0.02
12,14 3.68 0.51 2.00 0.37
ZLI1 1132 12,15 0.37 0.14 0.23 0.62
(C2 12,16 0.25 0.27 0.24 0.29
13,14 12.22 0.17 6.62 -0.21
13,15 0.18 0.61 0.13 0.51
12,13 27.14 -0.11 21.62 —0.09
12,14 3.59 0.84 1.95 0.70
ZLI1 1132 12,15 0.36 0.18 0.22 0.65
(Cy 12,16 0.24 0.31 0.23 0.32
13,14 11.90 0.08 6.45 -0.12
13,15 0.17 0.28 0.13 —0.38
12,13 28.29 0.03 22.63 0.04
12,14 3.71 -0.39 2.02 —0.50
135 12,15 0.25 —0.56 0.13 —-0.04
(C2 12,16 —-0.07 0.27 -0.01 0.34
13,14 11.04 0.17 5.88 0.13
13,15 -0.14 -0.81 -0.11 —1.05
12,13 26.85 0.02 21.48 0.02
12,14 3.52 -0.39 1.92 —-0.50
135 12,15 0.24 —0.63 0.13 -0.14
(Cy 12,16 —0.06 0.45 -0.01 0.51
13,14 10.49 0.24 5.59 0.21
13,15 -0.13 -1.52 -0.11 -1.75

Optimized geometries

MP2/6-31G
B3LYP? MP2° Noné optimized
Fag2(R) 1.060+ 0.004 1.06%:0.04 1.057-0.05 1.088
rsis(A) 1.088 1.08¢ 1.08¢ 1.088
Fe1s (R) 1.092+0.002 1.093 0.002 1.096-0.002 1.087
<143 (deg 119.8+0.03 119.6-0.03 119.7-0.03 119.6
<1354 (deg 119.7 119.7 119.7 119.7
<1465 (deg 120.7 120.7 120.2 120.2

#Force field calculated by B3LYP/6-3XGwith the whole molecule planar.

bForce field calculated with MP2/6-3¥Gwith ene group rotated 27° out of phenyl ring plane.
‘Without vibrational averaging.

dGeometry calculated.

*Parameter kept fixed.

values of the 9 unknown parameters. Usii@l) and (C2) pieces of data, 12 variablesut with unacceptable results
intra-ene experimental couplings from both the mesophasédsr the geometries: thus, the C—H bond lengths are all found
and assumingas previously done for the rifghe ene struc- to be <0.7 A.
ture to be solvent independent made the problem overdeter- One possible reason for the failure to obtain a reasonable
mined, having ZDiEj(obs) vs 18 unknowns (84=12 order  optimized geometry may be that the two isotopomers have
parameterst6 common geometrical parameterslowever, order parameters which are very close in value and almost
this gave a large rms and too short CH distance$.04 A).  linearly related to one another, so that the two data sets are
At this point, we restricted the data sets to just the datanot linearly independent. To remove this problem an average
obtained for both isotopomers in a single solvent and asset of 9 values oDE(obs) was constructed by taking the
sumed that the structure is the same for both labeled speciedata for the(C1) |sotopomer and adding the thré&C—H
This produces 12 values &fF ;(obs) and the unknowns also couplings obtained for théC2) isotopomer in the same sol-
become 12: 6 order parameté&for each isotopomgand  vent and scaled by the average ratio of the three observed
6 geometrical parameters. The valuesﬂﬁ(vib) were cal- couplings between the ene protojikis procedure gives 9
culated by the MP2/6-31tGmethod, which is appropriate if values ofD j (obs) compared with 3 order parameters and so
the whole molecule is nonplanar. Carrying out this proceduragain it is possnble optimize 6 geometrical paraméteks
for data for the two solvents yielded exact fits to the dafa  perfect fit is obtained for each set of data for the two sol-

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



7080 J. Chem. Phys., Vol. 120, No. 15, 15 April 2004 Celebre et al.

TABLE lll. Comparison of the values d])ﬁ(vib)/DiEj(obs) calculated fora  TABLE IV. Geometrical variables used in the four-step process of obtaining
planar ene fragment, but with either the MP2/6-31@ith whole molecule  best agreement between observed and calculated dipolar couplings for the

nonplanay B3LYP/6-31G (with whole molecule planarforce fields. ene fragment of styrene.
D (vib)/Dfj(obs) (%) Step No. Varied parameters
ZL1 1132 135 1 F1e; F110) 211
combined data combined data 2 <912 <1012 <1121
. 3 <1012 <9123 <112110
ij MP2 B3LYP MP2 B3LYP 4 Fons: <1121 <1124
1,9 -10.9 -9.3 -10.8 -9.3
1,10 —21 -8.0 -6.2 -7.7
1,11 —45.0 -13 6.3 0.4
2,9 —22 22 —2.1 22
2,10 215 -3.8 125 2.1
2,11 6.9 33 -2.3 —4.7 fields to calculate vibrational corrections in order to judge
.10 -118 —5:2 —121 —5.1 how important this is in determining the structure and con-
9,11 ~03 0.1 ~03 0.2 formation of styrene from dipolar couplings
10,11 2.3 —28 ~05 —20 y P piings.

To explore the possibility that the ene fragment is not
planar, it is noted that a molecular orbital calculation with
full geometry optimization with MP2/6-31G produces a
vents, but again with an unacceptably distorted geometry. small deviation from planarity of the ene fragment. Starting

The geometry was then restricted to being closer to thafith this geometry and using the combined data sets for the

expected from the molecular orbitdlO) calculations: thus, two solvents(nine couplings in each case nonplanar ge-
the value ofr;o was kept fixed at 1.083 A and;,  ometry was obtained which gives the best fit to the dipolar
=1.343 A, which agrees with the MP2 calculation. The op-couplings. The optimization process proceeded in four steps.
timized geometry is now within acceptable limits, but there|n each step the variables were five order parameters and
are very large values oAD, ;;=7.0 (ZLI 1132) and 11.7  three geometrical parameters, as shown in Table IV.
(I35) Hz andAD; 1= — 6.7 (ZLI 1132) and —7.6 (I35) Hz. The calculations were repeated, but using the force field
It appears, also by looking at the values 8D, and  cajculated by B3LYP with the calculated planar geometry,
AD ;o for each solventabout equal in magnitude but 0ppO- anq poth sets of results are shown in Table V, where the
site in sign, that the combined data set for the C1 and C2, 55 ofAD; are given for the final step. The two methods

isoto'po_mers for 'each ;olvent shows that a p_Ianar ene georps caIcuIatingDiEj(vib) give very different values for many
etry is incompatible with the data. Two possible reasons foE)f the dipolar couplings, and it is not possible to decide

the failure to obtain a reasonable planar geometry so far f0\5¥hich is the better set of values: the calculations with MP2

thg ene fragme’.“ have been explored. Thus the values Qe consistent for styrene in obtaining the force field with a
Djj (vib) may be inaccurate, and the ene fragment may not bﬁonplanar geometry, but B3LYP, at least for benzene, is

exa(_?LyepLszL'lated values olDF-(vib)/DF(obs), with 114 thought to pr_oduce the most accurat_e forcc_a field_s. _T_he bond
fixed at 1.083 A, are in fact ve]ry Iargef and to have som lengths obtained by the two calculations _dlffer significantly,
estimate of how accurate these values are, which were c;:?i“‘ the angles are very close, as shown in Table V.
culated with the MP2/6-31G method with the whole mol- The calcu_lahons on a nonpllanar. ene fragme_znt were re-
ecule nonplanar, but planar ene and ring fragments, the?eated, but with the neglect of vibrational averaging, and the
were recalculated with the B3LYP/6-31Gnethod, with the esults are also given in Taple V i ,
whole molecule planar. The results are shown in Table IIl. Both calculations mvoIvmg_wbratlonaI corrections _agree
The largest values dDiEj(vib)/Dﬁ(obs) are obtained for ©N & nonplanar §tructurt_a and in subsequeqt ca_lculatlons the
the smallest couplingél,11 in ZLI 1132, and 2,10 in ZLI structure det_erml_ned using th_e MP_2 force field is useq. '_rhe
1132, and these also show the largest differences when difreglect of vibrational averaging gives a smaller deviation
ferent force fields are used. This is because the internuclediom the GC,Cs plane(—1.0° against+2.35° for MP2 and
vectors for these pairs of nuclei for the sample dissolved irit 2:0° for B3LYP), but also produced C—-H bond lengths
ZLI 1132 are, on average, oriented with respect to the liquigvhich are 3%-4% longer than those predicted by MO cal-
crystal director at angles close to 54.7°, where the sensitivitgulations and a higher rms of 2.8 Hz. This is consistent with
of the dipolar couplings to angular fluctuations is the greatfrevious observations that neglecting vibrational averaging

est. of dipolar couplings leads to the determination of longer
The method for calculating the force field is clearly im- C—H bond Ien_gth§*.25
portant for determining the values ﬁfﬁ(vib), but the di- Note that it has been assumed that the fragment struc-

lemma remains that the two methods used here, which botiires do not change as they rotate about the ring—ene bond.
give good results when applied to calculating vibrational cor-The calculations by Cochrare al? find that there are small
rections of dipolar couplings for benzene, where they botichanges as the angdechanges, but these are confined to the
give the same symmetry for the minimum energy structureregion near¢=0°, and the same calculations find that the
produce different optimized structures and value@ﬁ(vib) molecule spends most time with=27°. Consequently, it is

for styrene. We will, therefore, continue to use both forcereasonable to neglect such geometrical distortions in the con-
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TABLE V. Vibrational contribution to dipolar coupling®;;(vib), AD;;=D;;(obs)-Dj;(calc), and the geo-
metrical parameters obtained by fitting observed to calculated dipolar couplings when the ene fragment is
allowed to be nonplanar. The vibrational calculations were obtained with either the force field calculated by the
MP2/6-31G or B3LYP/6-31G methods. The geometrical parameters obtained when vibrational averaging is
neglected are also shown.

Force field MP2 B3LYP None
1,9 704.88 -0.32 597.85 -0.15 1.54
1,10 ~16.53 ~0.04 ~70.74 0.13 2.27
ZL11132: 1,11 5.79 ~1.95 0.27 212 1.86
combined 29 20.54 1.18 20.96 065  —1.44
data from 2,10 6.11 ~0.15 0.86 ~0.79 ~1.19
both 211 46.28 0.10 ~19.46 0.11 ~3.07
Isotopomers 9,10 232.31 0.25 103.58 —-0.03 0.04
9,11 4.16 0.40 ~0.94 0.52 0.38
10,11 2.96 0.27 ~3.86 0.38 2.80
1,9 734.22 0.31 625.30 0.16 0.88
1,10 ~104.20 ~0.04 ~128.99 -0.23 0.22
135: 1,11 4.04 0.96 —0.11 0.79 6.73
combined 2,9 22.00 ~1.20 22.42 -0.78 —4.49
data from 2,10 4.74 ~0.05 0.55 0.42 ~5.36
both 2,11 ~33.82 —0.11 —65.94 ~0.13 —0.64
isotopomers 9,10 203.66 —0.20 87.60 0.06 0.98
9,11 3.02 ~0.30 —2.19 ~0.38 4.01
10,11 1.50 0.89 ~5.29 1.28 0.27
Parameters Values Values Values
f12 1.343 1.343 1.343
Fon 1.083+0.001 1.088 0.001 1.130:0.003
F101 1.084+0.001 1.094:0.001 1.126:0.001
F112 1.080+0.006 1.096:0.005 1.113-0.003
<e12 121.06+0.10 121.%0.1 121.200.2
<1012 122.6+0.1 122.7:0.1 122.4-0.1
<1121 118.8:0.1 118.8:0.1 118.8:0.1
<9123 181.4+0.5 181.7-0.5 179.9-0.4
<1013 1.1+05 1.2+0.4 0.9-7.6
<112110 183.4+1.4 183.7:1.1 178.9-1.7

formational analysis, which also finds a high probability that  In order to calculate the conformationally dependent or-

the molecule is not in a sterically hindered structure. der parameterS,,(¢), it is necessary to adopt a theoretical
model of how the solute—solvent, anisotropic potential
U, c(B,v,¢) depends on the orientation of the liquid crystal

D. Conformational analysis director in a molecule-fixed frame, specified by polar angles

The dipolar couplings in a molecule undergoing large-8 @ndy, when in the conformation specified by The ad-

amplitude motion, such as rotation about the ring—ene bondlitive potential (AP) method is adopted hefé,which ex-
which is fast compared with the changes produced in th&@ressed) c(B,7, ) as

couplings, are averaged according to ULe(B, 7, ) =Uod B 7, d)+ Uiy &), @)
D;;(equih = j D;; (equil,$)PLc(¢)d g, (6) whereU,(B,v,®) is a purely anisotropic potential of mean
torque andUs(¢) is nonzero in both the liquid crystalline

whereP () is the probability that the angle is between and isotropic phases. The order parameters are given by
¢ and p+de. The values oDj;(equil,¢p) are given by

_ _, [ [3c0sb,Ccosby— ap
Dij(equilp) = — (Ki; /r§){Saa( $)(3 COZ fj—1) Sao $)=2(9) 2
+[Spp(#) — Sce( $)](cOS 6, — COS bc) Uexd 8,7
° o P e X exp — Yex B.7.9) singdpdy, 9
+4S,p( ) C0Sbij5 COSH;jp +4S,c( D) kgT
X COSfjj5 COSBijc + 4Spc( ) with
U b 1
X €0SBjjp, COSbjc}- (7) Z(¢p)= f exp{ _ w singdgdy (10)
The distances;; and angle®);; , are in general dependent on B
¢. and d,,=1 if a=b and zero otherwise.
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In the AP methodJ (8,7, ¢) is approximated as

Celebre et al.

TABLE VI. Bond lengthr, 3, the anglese and B8 (see Fig. 1, and the

position ¢, and widthh of the Gaussian functions obtained by fitting cal-

Ue(B,7,$)=—22d #)Cod B)

culated to observed dipolar couplings obtained for sampléaif—styrene

and*3C2-styrene dissolved in the nematic solvents ZLI 1132 and I35 com-

-2 ReSZ,Z( ¢) CZ,Z(BI‘)/)! (11)

pared with values calculated by MP2/6-31GVibrational averaging was

done using force field calculated by the MP2/6-31@ethod.

where thee, (¢) are conformationally dependent, solute—

solvent interaction parameters, and g, (3,y) are modi- This Calculation by
fied spherical harmonics. The distinguishing feature of the = Parameters work MP2/6-31G
AP method is that the,(¢) are related to conformation- F23(A) 1.464+0.004 1.4719
ally independent interaction parametess,(j) for each @ (deg 124.03-0.08 122.06
rigid fragmentj in the molecule by 3 (deg 124.43+0.07 125.26
h (deg 11.2¢15 -
in ZLI 1132
eam($)=2 X e25(1)D3 (). (12 ( bo (deg ) 18.2+0.3 27
;P (in ZLI 1132
The Wigner functioan)'m(Qj) describes the orientation of Sn(‘fgg 13.0=1.6
the fragmenj in a molecule-fixed reference frame. For sty- &, (deg 17.940.5
.. . 0
rene there are two rigid fragments: the ring and the ene (in 135)
group. The ring is assumed to ha@g¢, symmetry and which rms (Hz) 2.07
therefore requireg, o(R) and e, (R). The nonplanar ene
group was represented by axially symmetric interaction ten-
sors g, (CH) pointing along each of the C—H bonds and
one,e, o(CC), along the E&C bond. In practice, it is more
convenient to work with Cartesian tensor components, which Q= f exf — Ui §)/kgT]d . (18

are related to the values of tlag, by
£aa(R)=(2/3)"%, (R),
epp(R) —ec(R)=2&,AR),
ecn= (232, ( CH),

The remaining step to calculate the valuedgf(equil) is to
adopt a model folJ+«(¢), which together withJ .. B, v, ¢)
determines the form oP, (¢). The usual approach when
(13 averaging over a bond rotation is to adopt a functional form
for V(¢). Cochraneet al® used a function
scc=(2/3)Y%, (CC).

V() =Vo{1—2(¢/bo)*+ (bl o)™}, (19
Note that the C2—C3 bond is part of the ene fragment, but is P _ 1 i
also colinear with the ring axis since the ring has been with ¢o=27° andV,=0.243 kcalmol ", but this does not

assumed to have,, symmetry. This means that with the fit the whole of the curve. Fitting the same d4ta a Fourier

above four interaction parameters the correct symmetries ar"1€S produces close agreement with all calculated points
predicted for the local order matrices, and in particular therdVith the function
are five nonzero, independent value§5fg (a, B beingx, y, 5
zin turn). V(¢)=Vo+ >, V,cosne, (20)

To calculate values dd;; (equil) it is necessary to adopt n=1
a model forP (). This is related toP (B,v,¢), the
probability that the molecule is in a conformation defined by
¢, while being at an orientation with respect to the liquid
crystal director, described hg and y. Thus,

with  Vy=2.467 kJmol?, V,;=-3.969kImal?, V,
=2.383 kI mol %, V3= —1.306 kmorl %, V,
=0.528 kImol?, andVs=—0.052 kJ mor ™.

It is not admissible, however, to average the dipolar cou-
plings over this surface and use vibrational averaging: the
Cartesian displacements are strictly valid only at the energy
minimum calculated by the MP2 method. Even if using these
displacements over the whole surface were considered to be
a reasonable approximation, it is found that attempts to iter-
ate on Fourier coefficients for a potential function of this
kind in order to fit calculated to observed couplings does not

lead to an acceptable solution, giving very large rms values
Q=f exgd —U_c(B,7,¢)/kgT]sinBdBdyde¢. (16)  and severely distorted curves. This is primarily because the
main features—positions of turning points and heights of

Note thatP, c(¢) is not equal toPis(¢), the probability maxima—cannot be changed independently by varying the
distribution in an isotropic phase of the liquid crystalline Fourier coefficients.

solvent, which is given by A simpler and often more realistic method is to model

A P.c(¢) directly?’ This approach has been applied here by
P, =Qa exd — U, kgT 1 LCL 9/ :

isol )= Qo €XH ~ Uim{ #)/ksT], 17 assumingP, c(¢) to be a sum of four symmetrically related
with Gaussian functions of the form

PLc(¢>):f Pic(B,y,¢)singdpdy (14
and

PLC(B171¢):Q71qu_ULC(ﬂi‘yv(ﬁ)/kBT]! (15)
with
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0.3 It has been shown that the probability distribution for the
— ZUI1132 ring—ene bond rotation angleé, assuming that this has a
o 322/6_31@ Gaussian form, has a maximum in the interval 0—90° at an

0.2 average of¢p,=18.0°+0.2°, with a width at half height of
h=12.0°. This refers strictly to the molecule in the two sol-
vents which form a liquid crystalline phase, 135 and ZLI
1132, which were used to reveal partially averaged dipolar
couplings, but the result is valid for both the liquid crystal-
line and equivalent isotropic phases. The valuespgfob-
tained are significantly different from that calculated of 27°
e S e by the method MP2/6-31%G which refers to a single, iso-
0 10 20 30 40 50 60 70 80 90 lated molecule. The difference in the two values can be at-
o/° tributed in part to a difference in the environment of the
molecule, that from NMR referring to a liquid environment.
FIG._4. The probabilities’l_c(¢) n_ormalized over the angular range O‘_’—90° The planarity of styrene, in the sense of the position of
ggltgﬁti Jogysttgée&i;/'g_s%\gg e'tnhozdL(IRi?;_and 135, compared with thatthe mini_mum in the bon_d rotational probabi_lity distributior_n
has excited much attention by experimentalists and theorists.
The present experimental study shows that a definitive an-
5 swer can be obtained using the values of partially averaged
e F{— (¢ o) , (21) dipolar couplings obtained from the proton spectra of
samples dissolved in liquid crystalline solvents, but only

X —
A2 2h?
13, e i ;
where ¢, is the center of the function located in the interval vyhen C labeling is used to establish the structures of the

0°~90°, with a width at half maximum height bf Now the ring and ene fragments. To do this it was necessary to aver-

position and widths of the Gaussian functions are indepen"Elge over the vibrational motions, and it is proposed here that

. this may be done using vibrational wave functions calculated
dent variables. by molecular orbital methods or density functional methods
Another advantage of this approach is that vibrational y y '

averaging, albeit in an approximate way, can be included if
the widths of the Gaussian functions are not large. Thus the
force field is calculated for a molecule in a fixed structure *CKNOWLEDGMENT
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