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We have obtained a very large data set of spectral parameters from the analsNMR and'3C satellite

spectra of 2,2bithiophene dissolved in anisotropic, partially orienting mesophases. In particular, this parameter
set includes 33 dipolar couplings, which are directly related to the interatomic distances, the dihedral angle
¢ between the two thiophenic rings, and the anisotropic selsiévent interaction potential. This allows an
exhaustive investigation of the conformational equilibrium of-Bjthiophene in a liquidlike phase. Comparison

with the predictions of high-level theoretical calculations for the isolated molecule provides evidence of a
strong flattening as well as the sharpening effect of the medium on the conformer population. The
approximations needed to apply vibrational corrections to flexible molecules are discussed in detail and some
general conclusions concerning their effect on structure and conformational equilibria are proposed.

1. Introduction Ac

a-Conjugated oligo- and polythiophenes display peculiar
electrical and optical properties, making them ideal candidates
for a number of organic-based electronic and optoelectronic

applications:—3 Their semiconductivity and luminescence de- Hie /310\
pend critically on the intramolecular delocalization of the G Ci—=
electrons along the conjugated chain and, as a consequence, on C\s\\ //
the extent of the overlap between thegpbitals of the carbon y J/ 07\/

15 .

atoms in thea—a' positions*® The torsion potential around

the o—a' bonds also affects the ability of the molecules to K

assemble in the solid stateand its proper inclusion has been /b

found to be crucial for realistic molecular modeling studies. Figure 1. Structure and atomic labeling for 2;8ithiophene. Reference
The determination of the conformational equilibrium is thus 2axes for the whole molecule (---) and the ring fragmen. (The latter

very important and the simplest compound of the series; 2,2 lies on thea'b’ plane WLth the axes' orthogonals is the S-C—C—S
torsion angle, equal to°Gor the syn-planar conformer and to X&0r

bithiophene, has been investigated in the past by CompLJt"‘ltionedthe trans-planar conformer. The dihedral angle between the ring planes
approaches (see, for example, refs 4, 8, and 9 and references equal tog" = ¢ for 0° < ¢ < 90° and tog?™ = 18C° — ¢ for 90°

therein) and by many different experimental techniques in (i) < ¢ < 180.
gas phase (electron diffracti®f! and fluorescendéd, (ii)
solid state (X-ray diffractioH), and (iii) liquid phase (dipole
momentt> Kerr constant® photoelectrof and U819 spec-
troscopies). Unfortunately, the quantitative evaluation of the
internal rotation potential poses particularly difficult problems
from the experimental sick®:2L At the same time, the outcome
of ab initio theoretical calculations are strongly dependent on
the computational approach (i.e., SCF, MP2 or DFT variants,
the base dimension being a critical is3ue

The potentialities of liquid crystal NMR spectroscopy (LX-
NMR) in investigating conformational equilibria in liquid phases
are well-knowr?2-24 Such potentialities are enhanced in the case

of single rotors composed of two rigid aromatic moieties linked use eithey™" or ¢ to denote the dihedral an
. - - gle between the
1
by a single bqnd. In fac't, thaf?ks to Fhe validity of the rigid planes of the aromatic rings. These are relateg¥y= ¢ for
rotor hypothesis and the intrinsically simple (by symmetry) rota- ~o anti — _
) ) . i . . - 0° < ¢ <90° and @ = 180° — ¢ for 90° < ¢ < 180 (see
tion potential function, it has been possible to determine with Figure 1)

. . _ Within the rotational isomeric state (RIS) hypothesis adopted
* Corresponding author. Fax+39) 0984 493301, E-mail: m.longeri@  py Ter Beek et al?! the best fit between calculated and experi-

unical.it. . : .
tUniversitadella Calabria. mentalDyy couplings (the only available at the time) was found

#Politecnico di Milano. for ¢ = 24° and a syn-gauche populatip®" = 30%, hav-
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good accuracy the position of the internal potential minima of
biphenyl?> and in addition, to test the reliability of different
models proposed to decouple internally from overall molecular
rotation.

Compared to biphenyl, determination of the conformational
equilibrium of 2,2-bithiophene (and its bifuryl homologZR
represents a more challenging problem. Although the rigid rotor
hypothesis is still valid, the internal rotation function is more
complex because there are distinct pairs of symmetry-related
syn-gauche and anti-gauche conformers (which could degenerate
in a syn-planar and anti-planar form). Henceforth, we ¢ise
denote the SC—C-—S torsion angle (0< ¢ < 18(°) and we
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ing assumed, among other things,, = 0°. However, differ- R
ent outcomes are also reported in the literaf8f8Quite simply, NC% 24%
there are not enough data (three intra-ring plus six conforma- NCW

tionally dependent inter-rin®y's) for an unbiased determi- 36%

) . o : . L ZLI1132
nation of the conformational equilibrium. Remembering that (i) NC'@‘%\/\/\/\ 25%

Dj show a strong dependence on internuclear distances, (ii) not

all dipolar couplings may be strongly dependent on the internal NC 15%

rotation angle, and (iii) no direct information on the molecule 7

carbon structure is available from the analysidtbfinisotropic

spectra, it is not surprising that different conformational F

hypotheses and/or models to decouple internal from overall

rotation motions will fit theD; data set, producing “reasonable” 152

but slightly different sets of inter-protonic distancéés. Figure 2. Structure and composition for the liquid crystals ZLI11132
Such difficulties could be eliminated if an oversized data set 2"d 152-

and a strong “geometry based” filter were available, as from

the analysis oftH spectra of selectively3C-enriched isoto-

pomers or, better, of satellite spectra of “dilute” nuclei (typically

13C nuclei). In this way it was possible (i) to accomplish very

and left to cool slowly in the magnet. The spectra were recorded
at room temperature on a Bruker AMX600 working at 14.09
T, averaging over 4000 free induction decays to obtain a high

precise structural determinations of small, highly symmetric S/N ratio. With an experimental spectral width of 14 kHz, a
“rigid” molecules®® i.e., molecules displaying only small 64K points FID gave a digital resolution of 0.3 Hz/point.

amplitude vibrational motion, and (ii) to demonstrate that the ~ 1he **C, *H coupled, spectra of 2;bithiophene in CDG
“solvent induced distortion effects” are a consequence of having Were recorded on a Bruker Advance300 working at 7.04 T with a

neglected the coupling between molecular vibrations and overall 0-03 Hz/point digital resolution. Th&l values k = 3—5)
orientation motiong:32 were determined by inspection and assigned according to litera-
There are two major obstacles that have limited this approach ture*® Fork = 2, the nearly first order, 2lines, ddddddC,
to a very few cases. The first, shared by both rigid and flexible SPectrum was analyzed using as the starting set the indirect
molecules, follows from the difficulties in recognizing and Ccouplings determined by inspection of 1} —°C; selectively
assigning weak satellite transitions in the presence of the muchdecoupled spectra. THg values are reported in Table 1. Signs
more intense lines belonging to the #E isotopomer: only  Of *Jcsris ez, ANdSJc,,s and the assignment of the two latter
those few not hidden under tAl transitions or lost in the signal ~ OUPlings, were assumed by comparison with previous experi-
noise would be observed and assigned. As a consequence, errof§€nts.
in the spectral analysis of satellite spectra cannot be ruled out 2.1. Spectral Analysis. The 'H spectrum is made by
and a lower precision of the dipolar couplings to “dilute” nuclei transitions due to four ABB'CCX spin systems (neglecting
is expected. A recently proposed approtH,giving satellite isotopic effect on chemical shifts), dispersed underneath the
spectra separated from one another by an HSQC experimentmuch more intense lines due to the #8'CC' isotopomer.
seems very promising and could overcome these problems. Thel herefore great care has to be taken during spectral analysis to
second problem, specific of flexible molecules, is related to the @void false solutions and produce unquestionable spectral
way the vibrational correction procedure has to be applied in Parameters. As a first step, the spectrum of AABB'CC was
the presence of large amplitude motions. Because such correcanalyzed using a graphic interactive procedure (dubbed AR-
tions can be as high as 10% 8Dyc,3°35its proper application CANA) developed from ref 39, using tHeyy values from ref
is very important if correct molecular geometries are to be 27 as astarting set. The final spectral parameters of both samples
obtained. Some of the still open questions and the effects of are reported in Table 1. A total of 164 and 158 experimental
the proposed approximations will be discussed in detail in the lines, respectively, were assigned over about 170 calculated
following sections. transitions. This leaves little room for uncertainties about the
If the full set of Dyc couplings were available from the  “quality” of the spectral analysis. TherefoBn couplings and
analysis of-3C satellite spectra, for 2:bithiophene there would ~ chemical shifts have been kept constant in the analysis of
be a total of 33;’s—15 fixing the structure of the thiophene satellite spectra, where the assigned/total transition ratio is much
ring and 18 depending os and onrc,c, (see Figure 1). The lower. Trial D¢ couplings, calculated from theyy set using
problem would be well overdetermined and a more conclusive @ crude conformational model (but including vibrational cor-
answer to the conformational problem can be expected. Therections) have then been used as the starting values for the
decoupling of internal and overall rotation motions will be @analysis of the satellite spectra. To speed up and facilitate the
carried out using the additive potential (AP) mogfed336Rather ~ Procedure, ARCANA has been ad hoc modified to display
than describing the potentia| energy function, a novel app%ach calculated SpeCtra including transitions from all the isotopomer
that gives a direct probability description of the conformational SPin systems, with properly scaled intensities. The program

distribution will be used. allows the use of color-coded marks on satellite lines to facilitate
) the assignment/deletion procedure. Once some confidence is
2. Experimental Procedures and Methods reached about the quality of tigc couplings, such an extended

Two solutions, both approximately 10 wt %, were prepared data set is used to refine the conformational model. With the
by dissolving 2,2bithiophene (by Aldrich, used without further  new set of calculateByc, spectral analysis is restarted and the
purification) in 152 (IH) and ZLI1132 (lIH) (from Merck process repeated until all the satellite spectra are clearly
Darmstadt), two nematic liquid crystals (LC) of positive recognized (i.e., a great number of lines for each spectrum are
magnetic anisotropy. Their chemical structures are reported inrecognized and assigned). Finally the standard spectral analysis
Figure 2. procedure is followed paying great care that at the end (a) all

The samples were heated a few times up to their clearing experimentally observed transitions are assigned and (b) no
points, strongly shaken to give very homogeneous solutions, calculated transition with intensity greater than a given threshold
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TABLE 1: Spectral Parameters from the Analysis of TABLE 2: Theoretical Internal Coordinates between the
2,2-Bithiophene Dissolved in ZLI1132 and 152 Two Thiophene Ring$
Djj/Hz Bs Be MPs Mpe
ij Jij/Hz2 152 ZLI1132 rec/A 1.453 1.453 1.452 1.455
Hu—Hio 3.8 —2261.91 +£0.02 -2742.66 +0.03 (Heicics)syfdeg 127.7 127.7 127.2 127.1
~ - - (Ocyc,ea)randdeg 129.1 129.1 128.5 128.3
Hi1—His 1.3 117.85 +0.06 194.74 +0.09 Sy
— — — i/deg 29.5 33.0 41.6 44.8
Hii—Hs 00 -77429 +005 —876.63 +0.06 i/
Hi—His 0.0 —201.26 +£0.02 -219.12 +0.03 bmin/deg 21.6 26.3 36.8 40.6
Hi1—Hae 00 —23601 +002  ~267.12 +0.04 2 B3, B3LYP/6-31G*; B, B3LYP/6-31H+G**; MP¢, MP2/6-31G*;
Hio—His 5.0 766.04 +0.04  786.22 +0.07 MPS MP2/6-31 1+ G
Hi—His 0.0 —89.77 +£0.05 —99.97 +0.08 ' '
Hio—Hie 0.0 —89.96 +0.02 —104.39 +0.04 .
His—Has 0.0 —75.04 +0.02 —91.24 4+ 0.03 -BS: B3LYP method and 6-31G* basis
v11 — vidHz —211.46 +0.04 —21851 +0.10 -B& B3LYP method and 6-3Ht+G** basis
Vi1 — V13/HZ 159.25 +0.04 24791 +0.10 ‘MPs: MP2 method and 6-31G* basis
RMS/Hz 0.15 0.22 ‘MPe. MP2 method and 6-31-+G** basis
Co—Hu 5.1 262.7 £0.2 3211 £03 Their selection was based on a compromise between accuracy
82::12 1%-3 :3‘1‘2-5 ig-i’ :%g;-g ig-g and computational feasibility. The MP2 method is probably
2 ) res : e : more accurate than B3LYP for the torsion potential but requires
Co—Haia 54 160.9 +0.3 152.1 +0.3 . . .
Co—Hys 14 —-1015 +03 -1133 +04 a larger and more flexible basis set to achieve properly
Co—Haie 0.4 -883 +0.1 -107.8 +0.1 converged result}?%41A recent survey of the MP2 and B3LYP
RMS/Hz 0.93 0.97 methods in the determination of molecular equilibrium geom-
Cs—Hyy 169.0 17095 +0.2 1311.3 +0.2 etrieg? has revealed root-mean-square deviations of 0.008 and
Cs—Hi2 56 —1043.0 +0.2 -11834 +0.2 0.004 A for C-C bonds lengths, using the 6-3t3+G** basis
Cs—His 92 -1111  +£02 -1582  +02 set. These methods are also remarkably accurate for the
Co—Hua 00 -1445 +02 -1570 03 calculation of molecular vibrations. Recommended scaling
Cs—Hss 0.0 —56.3 +0.3 —60.2 +0.3 . . -
_ _ _ factors for the vibrational frequencies are 0.9496 for MP2/6-
Cs—Has 0.0 58.4 +0.2 68.0 +0.1
RMS/Hz 0.89 0.95 311++G**43and 0.9679 for B3LYP/6-3Ht+G**. 44 Note that
Ci—Hus 51 4707 402  -6482 402 the relatively che_ap and widely _apphed 6_—31_G* basis set is
Ca—His 169.0 —4054.4 +0.1 —41548 +0.2 known to be unreliable for the torsion potential itseHowever,
Cs—Hiz 5.1 112  4+0.1 -88.1 +0.2 it is interesting to assess whether its description of equilibrium
Cs—Hug 0.0 -80.1 +03 —-88.1 +03 geometries (bond lengths and angles) and vibrations is good
Ca—His 00  -334 +03 —-368 +03 enough for the analysis of our experimental data.
Ca—Hhie 0.0 —318  +02 —37.9  +02 We used both the Gaussfdrand Gamess-U'8 program
RMS/Hz 0.94 0.98 L
packages. The parallel capabilities of Gamess-US were espe-
Cs—Hn 106  -254 +£03  -609 £03 cially important for the MP2/6-3++G** calculations. Also,
Cs—Haz 6.8 199.2 +£0.2 259.1 +0.3 foll d t diff t strateqi for the treat t of
Co—His 1870 -5367.8 +01 -70392 +0.2 we followed two different strategies for the treatment o
Cs—Hus 0.0 892 403 —987 403 symmetry and interfacing of the quantum chemical results with
Cs—His 0.0 -334 +03 -41.7 +0.3 a homemade program for conformational analysis (see section
Cs—Hie 0.0 -289 +01 -339 01 2.3). In one case, th&;, point group symmetry was maintained,
RMS/Hz 0.92 0.90 locating the origin of the system at the middle of t8¢C,
2 Kept fixed in the analysis of the anisotropic spectra. bond. The bond itself is directed along theaxis and theC,

symmetry element is fixed along tleeaxis (see Figure 1). In
depending on S/N ratio, is unaccounted for (assigned, hiddenthe other case, no symmetry constraints were imposed in the

under!H lines or summed up with transitions from otHé€ optimization process, and the final coordinates and normal
satellites). Both conditions are easily verified thanks to the mode Cartesian displacememé% (section 3.1), were properly
graphic features implemented in ARCANA. translated and rotated back to the starting reference system. In

The final spectral parameters and the relative RMS values all of our test calculations, no significant differences were
are reported in Table 1. Out of about 300 calculated transitions observed between the two programs or strategies.
for each satellite, a total of 207 and 183 lines were assigned for The internal geometrical parameters of the thiophene rings
the G satellite, 202 and 194 for4169 and 178 for ¢ and 129 are reported in Tables 4 and 5 for the anti-gauche conformer.
and 190 for Gfor the 152 and ZLI1132 solutions, respectively. The values for the syn-gauche conformer are very similar. The
The Jj's have been kept fixed at their isotropic values. inter-ring geometrical parameters,c,, Uc,c,c, and ¢min are

2.2. Quantum Chemical Calculations.As discussed in  reported in Table 2. Note the significant spreadingaf, with
section 3.1, the vibrational correction procedure relies on the the method and basis dimensions, as previously remembered.

availability of good force fields, either experimental or theoreti- ~ 2.3. Conformational Analysis.Conformational analysis was
cal. For 2,2-bithiophene, calculations produced a variety of performed by AnCon, a user-friendly graphical program devel-
Uin{ ¢}) with minima falling in the 32 < ¢2" < 46° and 17 oped in our laboratory, which uses the gradients algorithm to

< ¢™™ < 42° range, as reported in refs 9 and 40. The DFT minimize the error function RMS: y/ 5 (D~ D°*92/N(N—1),
approach tends to predict more planar geometries, whereas MP2vhere N is the number of independemj’'s. To perform
calculations more distorted ones. The basis sets too play avibrational corrections, AnCon has been interfaced with the
relevant role (about-56° on the minima positions). Gaussiaff and Gamess-USsuites to read Cartesian force fields
Therefore, we chose to rely for theoretical geometry optimi- (and the relative calculated vibrational frequencies) so as
zations and subsequent vibrational analysis on four different to produce the covariance-matrix eleme (see below).
combinations of electron correlation method and basis set:  AnCon has also been interfaced with MOLDENbr interactive
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TABLE 3: Experimental and Theoretical Vibrational

Frequencies (cn?) of 2,2-Bithiophene?

B3LYP/631H-+G** ©

MP2/631H-+G** ©

Concistreet al.

TABLE 4: Internal Coordinates of the Thiophene Ring
Subnit, Iterating on the Whole Set of Internal Coordinates
(Fixing rcgn,,) and Three Order Parameterst

S
expt syn-gauche anti-gauche syn-gauche anti-gauche B A 152 ZLI11s2
3107 3225 3246 3974 3274 re,cdA 1.378 1.401(3) 1.381(2) 1.375 1.397(3) 1.377(2)
3104 395 3946 3974 3974 rescd 1.424 1.446(4) 1.438(3) 1.423 1.442(4) 1.434(3)
3080 3912 3910 3980 3247 rewd 1.368 1.391(2) 1.380(1) 1.363 1.387(2) 1.383(1)
2076 3911 3510 3948 3947 Fegrd A 1.082 1.093(3) 1.081(1) 1.079 1.090(3) 1.078(1)
2074 3108 3197 3935 3992 readA 1.085 1.087(2) 1.082(1) 1.082 1.084(2) 1.078(1)
3064 3197 3197 3233 3932 Ity 1.0849 1.0849 1.0849 1.0822 1.0822 1.0822
1557 1581 1501 le7e 1582 Occc/deg 1135 112.2(1) 113.0(1) 1135 112.2(1) 113.1(1)
1498 1547 1543 1514 1511 Occcl/deg 1129 112.6(2) 112.5(1) 112.9 112.6(2) 112.4(1)
1446 1480 1481 1470 1472 Oc,esh/deg 1285 127.6(3) 128.0(1) 128.6 127.6(3) 127.9(2)
1413 1453 1460 1450 1455 Ocicm/deg 123.7  123.2(1) 123.7(1) 123.8 123.2(1) 123.7(1)
1383 1379 1394 1396 1405 Oceqp,/deg 1225 123.0(1) 122.6(1) 122.5 123.0(1) 122.6(1)
1325 1377 1353 1379 1355 Sia —0.2881 —0.3436 —0.2891 —0.3450
Sy — S 0.5257 0.5950 0.5202 0.5861
1250 1270 1274 1281 1283
1227 1255 1226 1254 1254 Sy 0.0133 -0.0132 0.0133 —0.0131
RMS 0.54 0.31 0.54 0.33

1205 1178 1225 1204 1225
1083 1107 1107 1102 1102 aTheoretical values for thenti-gauche conformer at B3LYP/6-31G*
1078 1101 1102 1101 1100 (B9 and B3LYP/6-31#+G** (B®) level. ® Kept fixed at the respective
1056 1066 1071 1079 1084 theoretical values.
1047 1057 1067 1064 1075

894 919 912 939 923 TABLE 5: Internal Coordinates of the Thiophene Ring

894 912 910 887 888 Subunit, Iterating on the Whole Set of Internal Coordinates
893 912 901 880 875 (Fixing rcgn,,) and Three Order Parameterst

Sos o o o oo MPs 152 ZLI1132 MP 152  ZLI1132
826 839 827 802 795 recd/A 1.385 1.404(3) 1.384(2) 1.390 1.403(3) 1.384(2)
815 826 826 793 791 recd A 1.415 1.449(5) 1.442(2) 1.417 1.449(5) 1.442(2)
752 745 741 770 769 Fecd 1.378 1.393(2) 1.383(1) 1.384 1.393(2) 1.383(1)
740 741 737 764 766 Mg A 1.083 1.094(3) 1.082(1) 1.082 1.094(3) 1.083(1)
703 699 698 681 694 I eatyd) 1.085 1.090(2) 1.085(1) 1.084 1.089(2) 1.084(1)
691 696 694 675 679 I Catiysl 1.0861 1.0861 1.086Ff 1.0853 1.0853 1.0853
675 637 681 659 674 Occc/deg 1135 112.1(1) 112.9(1) 112.8 112.1(1) 112.9(1)
608! 632 612 639 623 Occc/deg 112.6  112.7(1) 112.6(1) 112.4 112.7(2) 112.6(1)
587 588 591 548 559 Ocienddeg 128.2  127.8(1) 128.1(1) 128.2 127.8(3) 128.1(1)
567 575 574 547 521 Ocicmy/deg 124.3  123.2(1) 123.7(1) 1245 123.2(1) 123.7(1)
523 519 524 492 475 Oc,cmp/deg 122,22 123.0(1) 122.6(1) 122.2 123.0(1) 122.7(1)
458 475 468 473 472 a —0.3035 —0.3636 —0.3085 —0.3702
359 334 374 327 363 Sy — S 0.5269 0.5812 0.5109 0.5735
284 624 288 326 292 Siv 0.0137 —0.0140 0.0137 —0.0143
280 282 279 278 273 RMS 0.57 0.25 0.58 0.25

icl,g i(l)g ﬁf 185 %8% a2 Theoretical values for the anti-gauche conformer at MP2/6-31G*
37de 43 36 45 51 (MPs) and MP2/6-31%+G**(MP*®) level. ® Kept fixed at the respective

) ) ) theoretical values.
a Experimental values are for the anti-gauche conformé&ixperi-
mental values from ref 48.This work. ¢ Calculated at the RHF level

of theony” and corrected according to ref G8Torsion, molecular frame, an# being related to the product of nuclear

magnetogyric ratiog;. 11925 depends o, the cosine directors
preparation of the geometry input files (|n common with the between the internude&_lr axis and-the molecular fixe(_j frgme
quantum chemical packages) and visualization of the outputs.a@s Well as on the covariance matrix elemeBgs according to

3. Results and Discussion h

3.1. Vibrational Problem. For “rigid” molecules, vibrational Pg 5
corrections must to be considered if the correct equilibrium Cee — 529§(C§ 0.+ C.,0,) + = QCQEZC (76,6, — 9, )
structure £¢) is to be determined. As discussed in ref 35, under - ! ! 20 E T
the assumption that vibromers share the same set of Saupe order
parameterss, the generic dipolar coupling can be written as Fij

D= _Kzgsgg e @) _ _ _
T The covariance matrix elements are in turn calculated from the

ithr=e. h and di h iibri vibrational frequenciesw,, and the relative normal mode
withr =e, , and a correspon mg_tot e equilibrium structure_, Cartesian displacemenm,”c, as follows:
the harmonic and the anharmonic corrections. The latter is

usually neglected®:; is given by

5

®3)

B 3N—-6
Cle= )
2 "=

T being the temperaturé, = h/8z2c, andB = chV2kg, wherec
is the velocity of light andkg is the Boltzmann constant.

A [Bo,
. . X:Xs (Wivg - V\’rg)(Wng - W,?lg)w_ cot T (4)
&= Die= K5 ’
i

with rj the internuclear distance; its {th component in the
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A subset of the vibrational frequencies of 2t#thiophene TABLE 6: D", Absolute and Relative Error on Dgye = D€ +

are available from IR and Raman spectroscigr the anti- D" from the Optimization of the Thiophenic Ring Fragment
gauche conformation. These are reported in Table 3. A slightly ZL11132
different set of experimental data is given is ref 49, which i D eudHz DYHzZ A%Hz (AID91%

includes solid state phonon frequencies measured by neutron

; : Ny - 2,11 320.92 —2.57 —-0.18 —0.05
scattering. Again, however, these are Ivimlted to the anil-gauche 212 26827 706 037 013
conformer. E_3e3|des, the normal modes are not experimen- 2,13 —267.46 717 —0.06 0.03
tally accessible (even though they are indirectly related to 3,11 1311.32  —52.02 0.02 0.00
guantities such as Raman and IR intensities). For this reason 3,12 —1183.53 4532  —0.13 0.01
vibrational frequencies and normal modes of both conformers ir ﬁ :éig-% 2%-3% :8;'% 8-(2)2
must be calculated by some quantum chemical method, as ,’ _ ’ ) . Py

. i . _ 4,12 4154.78 414.74 0.02 0.00
eigenvalues and eigenvectors of the force field (FF) matrix. The 4 13 —87.98 0.01 0.12 ~0.13
availability of good force fields has been in the past a limiting 5,11 —60.29 1.68 0.760 —0.97
factor, but it has been shown (see refs 43, 44, 50, and 51 and 5, 12 259.24 —6.97 0.14 0.05
references therein) that density functional methods or similar i’lliz _;gig-gg 7%-3(1) g-gg _8-88
high-level approaches can successfully predict vibrational 11: 13 10509 251 0.8 014
spectra of fairly large systems. 12 13 786.15 —3.46 —007 —001

The mixed approaéh®>® (calculated normal modes and
experimental frequencies) was eventually adopted in calculating

the covariance matrix element&l., of eq 4. Taking into  closer to the calculated ones, but the differences are very near

account that (a) only the experimental vibrational frequencies or within the standard deviations. In all cases, LXNMR gives

of the anti-gauche conformer are available and (b) differences a rc,¢, distance much longer than the calculated one.

between experimental and calculated values for the anti-gauche Note that an “averaged” structure is calculated; even if

conformer are greater than the calculated values for the two theoretical calculations predict a very small dependence of the

conformers, at least at the levels of approximation used, we ring subunit geometries o, the combined effect of different

decided to use the same experimental set for both conformers orientation and geometries can produce significative “apparent”
3.2. Geometry of the Thiophene SubunitAs a preliminary distortions of the rigid subunit. Also the effect of neglecting

step, the geometry of the thiophene ring fragment has beenthe contribution of the syn-gauche FF should be considered in

investigated. Locating a Cartesian system on the fragment with this case because now the contribution of this conformer is

the origin on the gnucleus, thea' axis along theC,C, bond expected to be significant. Calculatiops repeated using theoreti-

and theb' axis lying on the ring plane (see Figure 1), three cal rather than experimental frequencies gave very similar results

independent S elements and 10 geometrical parameters are t¥ith slightly higher RMS values.

be determined against I%’s. Note that one bond lengthd,, 3.3. Conformational Analysis: The AP Approach.In a

in this case) must be kept fixed at a theoretical value so as tomolecule undergoing large amplitude motions, the dipolar

avoid the “scaling effect” with the order parameter. Now eq 1 couplings are averaged according to

holds and so the standard procedure for vibrational corrections

can be followed, the AnCon interface with MOLDEN keeping Dj = Djjz; = fP,{_‘é};Sgg({ P})Dj :({9}) (o}  (5)

track of the spatial relationship between the fragment and the

molecule-fixed Cartesian system to apply correctly the normal

mode displacements. Calculations were performed using thewhere P{¢ is the conformer distribution function in the

anti-gauche conformer FF to calculate the covariance matrix anisotropic mediumDj .. is defined in eq 2, anfl¢} describes

not including the internal rotation frequenay, = 37 cnr, the internal coordinates subset defining the relative motions of

Distances and bond angles calculated by iterating on the full the rigid subunits the molecule is made up. Fot-Bjthiophene

set of 13 variables are reported in Tables 4 and 5. Calculations{¢} reduces to the dihedral angteof Figure 1.

were repeated by iterating cyclically on subsets of parameters, To investigate the conformational equilibrium, three points

but the calculated ratios differ on the third decimal digit with have to be taken into account: (a) a way to describe the

respect to the reported values. In Table 6 harmonic corrections,dependence of the order paramet&ren {¢}, (b) a way to

absolute A = Dealc — Dobs) and relative A/DS) errors on direct parametride(L‘é} (or betterpts}, the isotropic conformer distri-

couplings are reported for the MPase in ZL11132. Very similar bution function), and (c) a procedure to deal with vibrational

results are obtained also for the 152 data and the other theoreticakorrections in the presence of large amplitude, torsional motions.

approaches. Both kinds of errors are well spread, the worst Dependence of S dp}. The order parameters are given by

absolute error a conspicuous 1.84 Hz By 13in 152 and B;

8 A = Dcaic — Dobs

the smallDs 11 coupling is affected by the largest relative error ({6}) = 1 3 cosf; cosf, — O
in all cases. Note also the high vibrational correction calculated S{e}) = Z({ ¢})f 2
for 2D3 1, and ®Dy; 15 the latter aDyy coupling. Harmonic exp{ —U, (B¢ {$})/KT} sinp dB dg (6)

corrections ranging from 405.25 Hz (NPup to 414.74 Hz
(MP®) in ZLI11132 (386.03 and 394.73 Hz, respectively, in I52) with
for D41, or from 792.91 Hz (MP) to 807.48 Hz (B) in

ZL11132 (594.09 and 604.21 Hz, respectively, in 152) Dk 13 Z({#}) = fexp[—U B d DK} sinBdB dg (7)
were calculated. extV?1Ps
The analysis of distance ratios with respectdg, or rc,n,, 0: is the angle between moleculaiand theZ laboratory axes,

(upper and lower half of Table 7) reveals that the largest  andg are the polar and azimutal angles defining the direction
differences are observed between the two phases, rather thaof the mesophase directar with respect to the molecular
from the use of different FF. ZL11132 produces values slightly systemU+ro(3,¢.{#}), the singlet total orientational energy, can
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TABLE 7: Distance Ratios with Respect torc,c, (Upper) and rc,, (Lower) from the Optimization of the Thiophene Ring
Fragment®

calc 152 ZL11132
Be Be MPs  MPe Be Be MPs  MPe Be Be MPs  MPe  x1073P

re,cs 1.000 1.000 1.000 1.000 1.017 1.016 1.014 1.009 1.002 1.001 0.999 0.9963
I'CaCs 1.033 1.035 1.022 1.019 1.049 1.049 1.046 1.042 1.043 1.043 1.041 1.035
I'caCs 0.993 0.993 0.995 0.996 1.009 1.009 1.006 1.002 1.001 1.001 0.998 0.992
I CaHra 0.785 0.785 0.781 0.778 0.793 0.793 0.790 0.787 0.784 0.784 0.781 0.7238
I CHin 0.787 0.787 0.783 0.780 0.789 0.788 0.787 0.783 0.785 0.784 0.783 0.782
I CaHre 0.787 0.787 0.784 0.781 0.787 0.787 0.784 0.781 0.787 0.787 0.784 0.781

I'caCs 1.271 1.271 1.275 1.281 1.201 1.291 1.293 1.293 1.273 1.273 1.274 1243
IcaCs 1.314 1.315 1.303 1.306 1.333 1.333 1.334 1.335 1.325 1.325 1.328 1.32%
I'CyCs 1.262 1.262 1.269 1.276 1.282 1.282 1.283 1.284 1.278 1.273 1.273 1242
I CaHrs 0.998 0.997 0.997 0.997 1.007 1.007 1.007 1.008 0.996 0.996 0.996 0.9983
I CaHio 1.001 1.000 0.999 0.999 1.002 1.002 1.004 1.004 0.997 0.996 0.999 0.992
I CaHne 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

aBs, B3LYP/6-31G*; B, B3LYP/6-311-+G**; MPS, MP2/6-31G*; MP, MP2/6-311+G**. ® The largest standard deviation for each parameter.

be written as has to be found. Here a novel approach giving the conformer
probability distribution function as a sum of a minimal set of
UrolB.9 {#}) = UelB.0 {#}) + Ujn({4}) (8) weighted Gaussian functions will be follow@&8in this way, a
more accurate description of the relevant parts of the potential
with Uex(B,¢ { #}) the anisotropic, intermolecular, potential and  function can be achieved with a lower number of adjustable

Uin({¢}) the internal rotational potentialJex(f.¢.{#}) is parameters with respect to the expansion of the internal rotation

approximategf to function in a truncated Fourier series. Accordingly, the'-2,2
bithiophene probability distribution functige? can be described

UeulBrp {8}) = by a linear combination of two Gaussians for a total of five

—e2,d{$1D5A0.9) — 26, A{ })RE( DG A0,9)} (9) parameters (thg*" and ¢ angles, theh®" and h"! widths
plus thepa"i population):
where thee, ({#}), elements of the molecule soldtsolvent _ _
interaction tensor expressed with respect to the principal axes ¢ _ _p™™" ¢+ ™ —a) L1 1—p*™
for each conformatiofi¢}, according to the additive potential P 2pant pant R

(AP) model3® are in turn given by ( 6 — ¢syn)2}
. ) ex (12)
eon{#) =3 Y &p Donl{ Q) (10)
P ]

hsyn

Vibrational Corrections for Flexible Molecule€Equation 1

and the Wigner rotation matrip? m({Q }) relates the princi- can be easily generalized to flexible molecules becoming
pal axes ofl to the molecular reference frame. In this way it is .

;
possible to give a continuous dependence of the order parameters D= —Kfp¢z ;%E(d)gg) do (12)
over the set of internal coordinates, th@ elements of the T

conformationally independent |nteract|on tensor of file

fragment, as adjustable parameters. which reduces to

As a way to get rid of the complications associated with the N.Conf
vibrational correction procedure, preliminary calculations were D=—K z p”z ggg(ng)" (13)
carried out by including in the experimental set only thbge a T

couplings whoseD" contributions are expected to be small.

Because usually th®uy couplings are assumed to be little in the RIS approximation Note the dependence of the Saupe
affected by vibrational corrections, the smallest of such set matrix and(l)cg on the internal coordinate sgp} and note that
should be obviously composed of th®g couplings (but note  to apply eq 12, the continuous dependence of FF(IJ@Q is

the 3% contribution td1; 15). With (i) the AP approximation required. On the contrary, if eq 13 holds, only the FF of
to describe the coupling between orientational and internal conformers corresponding to minima Of«({¢}) are needed.
motions and (ii) the previously found geometry for the thiophene It is impractical, if not impossible, to obtain a continuous
rings, five parametersr&lc2 and thelc,c,c, angle plus three dependence of the FF dp} for a molecule as complex as
values: €557 €55" €5 are needed if one of the theoretical 2,2-bithiophene. Thus, if we want to use a continuous descrip-
Uin({#}) reported in Raos et. dlcould reproduce the 22 tion of the potential barrier, some approximations have to be
bithiophene conformational equilibrium in a condensed fluid introduced in eq 12.

phase. Unfortunately, notwithstanding the very small overde-  As implicitly done by Diehl et aP® for benzaldehyde@gg
terminacy, the RMS error never gets lower than 4 Hz with also can be evaluated at eafh} = {¢,} from covariance matrices
unacceptably short,c, distances (1.38 A). Higher RMS values  C, calculated for the conformers corresponding{ {9}, the

are obtained when all thater-ring D; couplings and théntra- minima of Uin({#}). The increasing error on the vibrational
ring couplings with vibrational corrections less than 1% were corrections will be quickly annihilated by the Boltzmann factor
used. pt?t when{ ¢} is moving away fron{ ¢n}. In this way only FF

Parametrization of {#}. To proceed further in the confor-  of conformers corresponding to the minima Of«({#}) are
mational analysis, a suitable way to parametﬂ?{@ ofeq5 needed. We will refer to this scheme as Approximation I. There
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TABLE 8: Internal Coordinates and Potential and Orientational Parameters from the Optimization of the Full Molecule

152 ZL11132
Bs Be MPs MPe Bs Be MPs MPe
re,cdA 1.400(3) 1.395(2) 1.401(2) 1.400(3) 1.381(5) 1.377(5) 1.381(5) 1.380(5)
reacd A 1.444(4) 1.439(1) 1.445(4) 1.444(4) 1.437(7) 1.432(7) 1.437(7) 1.436(7
reedA 1.390(1) 1.386(1) 1.391(1) 1.390(1) 1.382(3) 1.378(3) 1.382(3) 1.381(3)
regidA 1.092(2) 1.089(2) 1.092(2) 1.092(2) 1.082(2) 1.079(3) 1.082(4) 1.082(4)
remdA 1.088(2) 1.084(2) 1.090(2) 1.089(2) 1.079(2) 1.076(3) 1.081(3) 1.080(4)
I ey A 1.0849 1.0822 1.0861 1.0853 1.0849 1.0822 1.0861 1.0853
Oc,cic/deg 112.2(1) 112.2(1) 112.2(1) 112.2(1) 112.9(2) 113.0(2) 112.9(2) 112.9(2)
Ocacics/deg 112.7(2) 112.6(2) 112.7(2) 112.7(2) 112.3(2) 112.3(2) 112.4(2) 112.4(2)
Occsyddeg 127.8(2) 127.7(2) 127.9(2) 127.9(2) 127.7(4) 127.8(4) 127.8(4) 127.8(4)
Ocseani/deg 123.3(2) 123.3(2) 123.3(2) 123.2(1) 123.8(2) 123.8(2) 123.8(2) 123.8(2)
Oc,cqni/deg 123.1(1) 123.1(1) 123.1(1) 123.1(1) 122.8(1) 122.8(1) 122.8(1) 122.8(1)
re,cdA 1.471(2) 1.467(2) 1.470(2) 1.470(2) 1.451(4) 1.447(4) 1.452(4) 1.451(4)
Ociccddeg 127.8(2) 127.8(2) 127.8(2) 127.8(2) 128.5(3) 128.5(3) 128.5(2) 128.5(3)
Potential
psyn 0.33(1) 0.33(2) 0.33(1) 0.33(1) 0.33(2) 0.33(2) 0.33(2) 0.33(1)
Nanti = hsyr? 1.7 1.7 1.7 1.7 1.7 1.7 1.7 1.7
Drinsyddeg 22.9(5) 22.9(4) 22.8(4) 23.0(4) 22.3(7) 22.3(7) 22.4(7) 22.6(7)
Dpinaniddeg 23(2) 23(2) 24(2) 24(2) 24(3) 24(3) 24(3) 24(3)
Orientational
S 1.07(1) 1.06(1) 1.08(1) 1.08(1) 1.13(3) 1.11(3) 1.13(3) 1.13(3)
6%:4 2.13(2) 2.10(1) 2.14(1) 2.13(1) 2.25(4) 2.22(4) 2.24(4) 2.25(4)
egg —0.74(1) —0.73(2) —0.74(1) —0.74(1) —0.49(2) —0.49(2) —0.50(2) —0.50(2)
RMS 0.54 0.53 0.53 0.53 0.98 0.98 0.98 0.98

aKept fixed as discussed in the text.

is, however, at least one more point to be taken in account. If the latter were kept fixed at 1.7 Hz. Th&Y" and ¢2" values

a general consensus were to exist on the shapb.gf¢}), as moved significantly from the respective theoretical values only
in the case of previously recorded benzaldehyde with only a in the first of the two steps, the intermediate and final values
pair of planar symmetry related conformers, and Approximation differing within the standard deviations. In an a posteriori test,
I holds, then eq 12 is a simple extension of eq 1, but when the starting with the FF calculated at the AR'@}, the same final
shape and/or position of the minima of the internal potential values were calculated with a single step. We can safely
function is debated, further sources of error, whose magnitude conclude that vibrational corrections are quite insensitive not
is unclear, are introduced. In this case the possibility to produce only to the level of theory used to calculate FF but also to the
reliable @25)” could be questionable because (a) quantum- position of the {¢;} minima. For the same reasons, Ap-
mechanical calculations at different level of approximation and/ proximation | too should work properly.

or basis sets producti({¢}) differing in the minimum With these preliminary results, we performed further calcula-
positions{¢'n}, (b) such values may differ in turn frofp,}, tions iterating on the thiophene ring parameters too to verify
the minimum positions in the nematic phase, and (c) the the possible effects of having used only the anti-gauche FF to
magnitude of the error following the substitution {f.} for calculate the ring geometry. Here a cyclical iterative approach
{¢'n} is unknown (Approximation Il). Such is the case of'2,2  was followed to maintain a high data/parameters ratio. The
bithiophene as previously discussed. results are reported in Table 8. In Tablé9, A, and relative
3.4. Conformational Equilibrium of 2,2'-Bithiophene. AP errors for the 152, MP case are reported, and the resulting

Approach We proceeded as follows to calculate covariance conformer distribution function is plotted in Figure 3. This may
matrices: (i) Approximation | was adopted; (ii) the syn-gauche be compared with the theoretical range of minimum-energy
FF was used when’G< ¢ < 90° and the anti-gauche FF when values (vertical gray bars in Figure 3) and with plots of the full
90° < ¢ < 180; (iii) the mixed approach was adopted; (iv) the gas phase torsional distribution, from the best available calcula-
vibrational frequency corresponding of the torsional normal tiong® (Figure 4).
mode was not included in the calculation@gg (eq 4). To test The data show clearly why none of the theoretidal({ ¢})
for the effects of Approximation II, a two-step procedure was can fit the dipolar coupling set: note, in fact, how the value of
adopted: calculations were first performed using the FF ¢! falls outside the theoretical range. On the contradj,
calculated at the theoreticflp;} minima to obtain a set of  falls within the range, near the values predicted by DFT. For
AP’s {¢n}; FF recalculated at the latter values were then fed both conformers, a strong “flattening” effect with respect to the
back into AnCon and calculations were repeated. theoretical data for the isolated molecule is evident. No
In a preliminary run cycle, with the ring geometrical significant differences are observed between ring geometries
parameters kept fixed at the optimized geometry values of obtained by fitting the thiophene ring as a rigid subunit (Tables

Tables 4 and 5, nine parameters (th(gg @Yn, ganti panti - panti 4 and 5) and the relative values of Table 8; the differences,
= h%", and two geometrical parameters, namely; and the within standard deviations, are likely due to differences in the
0C1C,Cs angle) are optimized against ;. ¢, ¢y, hanti optimization process. At least for 2;Bithiophene, which has
and hY" were strongly correlated; a scan in the 816.0 Hz a significant presence of both conformers, the data are relatively
rangeofhani = hn gave low RMS errors (in the 0:51.4 Hz insensitive to FF with respect to this approximation too.
range) and small standard deviations on gt and ¢sy" for A more exhaustive description of the conformational equi-

hent = hsyn= 1.7 + 1.3 Hz. Therefore in the ensuing calculation librium requires that the rigid rotor hypothesis be relaxed
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TABLE 9: DM, Absolute and Relative Error on D¢y = D® + small to be detected and the two angles are expected to be
D" from the Optimization of 2,2’-Bithi0phene by the AP Strongly correlated., as happens f@fﬂi and hsyn,
Method . ; ) . .
Given the very high overdeterminacy, we are quite confident
152 to have obtained a physically sound minimum. Notwithstanding
ij D cadHz D"Hz A3Hz (A/D9)/% the assumptions needed to handle this complex conformational
2,11 262.51 —1.42 —0.06 —0.07 equilibrium, the value ofg;’, outside the 3%46° range
2,12 —244.04 6.09 0.19 0.14 reflects an effect of the solvent on the conformer structure, as
2,13 —217.23 6.01 —-0.42 0.15 observed elsewhep&.56.57
2,14 —-161.01 11 —0. —-0.07 . , :
2: 15 _181_22 2_16 _8_22 _8_87 _RIS_ ApproachEven if ha" and hsf’” cannot be d(_etermlned
2,16 -89.08 1.17 ~1.00 0.86 with high accuracy, the conformer distribution function is rather
3,11 1709.44  —85.63 0.02 0.03 sharp, as shown in Figure 3; only conformers withi&t%f range
3,12 —1042.66 3931 021 —0.03 about the minima contribute ©;. Therefore the approximation
3,14 —144.96 -0.39 -0.62 0.32 intd n | . W
3,15 5641 022 -226 0.20 bithiophene N.Conf= 4, i.e., two pairs of “rigid”, symmetry
3,16 —57.95 0.28 —0.09 -0.77 related, conformers, each characterized by a prépgr and
4,11 —470.58 19.72  -0.28 —0.02 its own set of “weighted” order parametgS’.. Choosing the
iv ig _40‘?‘1-‘1(1) 3915630 —0%22 o (73600 proper molecule-fixed reference systéfithe conformational
4: 14 7939 017 531 0,89 equilibrium is determined by seven independent parameters
4,15 —33.34 0.04 —0.54 ~0.17 (threeSg{S for the two symmetry related syn-gauche, three for
4,16 —31.93 0.05 0.12 0.40 the anti-gauche conformers, and a weighting fapt¥f. Note
5,11 —24.93 0.99 1.24 —-1.80 that (i) there are six independent order parameters versus three
5,12 199.40 —5.82 0.31 0.10 ind dent f the AP h and (i) b lv th
5 13 _5367.80 601.30 0.00 0.00 independent; , of the AP approach an (i) because only the
5,14 —90.53 —0.23 ~1.06 1.48 products of the weighp" times the order elemen&. can be
5,15 —33.14 0.02 3.62 -0.77 determined by this approach, a rangepbgiving Sg‘g elements
5,16 —28.02 005  -0.26 —3.10 within their physically allowed ranges is all that can be
11,12 —2262.07 64.12 0.19 0.01 predicted
11,13 —118.31 3.10 0.01 0.38 ' .
11, 14 —774.26 ~12.35 0.03 ~0.00 No assumptions on the order parameters and/or valuggof
11,15 —200.97 0.04 0.47 —-0.14 as in ref 27 are needed given the very large data set available;
11,16 —235.60 0.19 0.38 —0.17 eq 13 will hold and the vibrational correction procedure is easily
12,13 766.21 —4.06 —0.16 —0.02 appli ; ; ; ;
pplied with the covariance matrix calculated with the force
12,15 —89.74 0.11 0.11 —0.03 field of th i h d h f lculated
12, 16 —90.08 0.10 _0.48 0.14 ield of the anti-gauche and syn-gauche conformer calculate
13, 16 —74.99 0.17 ~0.76 ~0.07 at the respective theoretic@py} minima. On such a basis

8 A = Dcaic — Dobs

only, the RIS approach gives quite a large range of possible
solutions in terms of ¢} and conformer relative weights. Then,

allowing for, at least[Jc,c,c, to assume a different value for ~ even with such an extended data set, we could conclude that
each conformer. In fact, of all the geometrical parameters the RIS approach does not gives relevant information about the
calculated at the various levels of theory, only for this angle is conformational equilibrium of 2;2vithiophene. Anyway, it is

an appreciable difference of abouitdbserved between the two  quite interesting to note that (a) the conformational hypotfiesis

anti

conformers (Table 2). Such a difference is expected to be toowith ¢, = 0° can be excluded wheg, is outside the 15
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Figure 3. Conformer distribution functiop? for 2,2-bithiophene in 152 {-—) and ZLI1132 ¢). In gray is the theoretical range @f(positions
of energy minima) as predicted by different computational metBods.
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TABLE 10: Sy, Calculated According to the RIS Model at the AP {¢min} and Theoretical{¢;,,} Minima (AP Values at the

Relative Minima Reported for Comparison)

RIS model
RIS-DFT
AP model? RIS-APP 152 ZL11132
order parameters 152 ZL11132 152 ZL11132 98 (B9)¢ (Bd)© (B9)d
V0 —0.1159 —0.1183 —0.1923 —0.2092 —0.4015 —0.4643 —0.4517 —0.5149
1 0.0025 —0—0034 0.0143 0.0150 0.1342 0.1666 0.1940 0.2363
Sy =S 0.6900 0.8028 0.7897 0.8434 0.5443 0.6315 0.3127 0.3733
;‘i —0.2858 —0.3401 —0.2886 —0.3599 —0.3531 —0.4219 —0.4033 —-0.4771
2“ 0.0190 —0—0333 0.0172 —0.0347 0.0052 —0.0468 —0.0018 —0.0558
g“ — ﬁg‘i 0.5225 0.5901 0.4730 0.5389 0.4213 0.4649 0.4223 0.4663
RMS 0.95 1.47 0.59 1.24 0.61 1.25
a AP model case B {¢} as reported in Table 8.At the same{¢} as in the AP modek Bs: ¢ = 29.5; ¢! = 21.6° andp*"i = 0.76 as

syn __
min

calculated at the B3LYP/6-31G* level B®: 33.0%; ¢ =

70.8%

0.015

o

o

=

o
1
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0.000 T T T

T T
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Figure 4. Theoretical conformer distribution functiop? for 2,2-

26.3 andp"i = 0.75 as calculated at the B3LYP/6-32+G** level.

(a) Recording and analyzing the isotropic and anisotropic
spectra of 2,2bithiophene (section 2.1). In particular, the
analysis of the'H satellite spectra due to four differeBiC
isotopomers was possible only because very high-quality
anisotropic spectra were recorded. This requisite, which applies
as a general rule also for the analysis of standbrdpectra,
becomes very stringent when satellites spectra are involved. This
fact restricts the choice as possible solvents to a very few LCs.
A graphical procedure, described in more detail elsewbfere,
must be used to ensure the goodness ofihe

(b) Determining the full set of vibrational frequencies,,
and the relative normal mode Cartesian displacemesfs,
(section 2.2). The former are usually available from literature
whereas, for molecules of such complexity;: can be ob-
tained from the diagonalization of the force field matrices
obtained by quantum mechanical calculati&hs! Force fields

bithiophene in the gas phase. The plots are Boltzmann populations atwere calculated with different ab initio approaches (i.e., MP2

T = 298 K, calculated using MP2/aug-cc-pVTZ and B3LYP/aug-cc-
pVTZ potential functions.The relative weights of the syn-gauche and
anti-gauche conformers, obtained by integration of the populations in
the [?, 9C°] and [9C°, 18] ranges, have also been indicated.

36° range, and (b) at the MRnd MP® {¢;} minima, for nop"

was it possible to obtain a set of order parameters within their
physically allowed range. Remembering that MP2 calculations
produce{¢;} values in the upper half of the theoretical range,
the latter result is clearly consistent with that found with the
AP model. The same conclusions are reached for the DFT
calculations too if the physical nature of the order parameters

or B3LYP) and/or base dimensions and the differences in
structure and conformational equilibrium compared with those
obtained in the two solvents.

(c) Discussing a procedure to apply vibrational corrections
to the flexible molecule case (section 3.3). To deal with
vibrational corrections in the presence of large amplitude
torsional motions, some approximations, whose magnitude and
influence on the results is currently debated, have to be
introduced. On the other hand, for 2i#thiophene, the LXNMR
minima are not fixed by symmetry and are different from those
calculated theoretically, as verified using subset®pivhose

is considered. Experimental evidences have shown that shapé/iPrational corrections are expected negligible. A “two step

plays a predominant role in determining the solute orientation:
therefore, as correctly predicted by the AP approach, similarly
large, positiveS”" andS' values (and smal)' andSy') are
expected given the prolate nature of hhiophene, tha axis

of Figure 1 being nearly coincident with the long molecular
axis. As shown in Table 10, this does not happen wigp
values from DFT quantum mechanical calculations were used.
Also the §" — )" values are quite unrealistic. On the
contrary, physically meaningﬂﬂigE were calculated using the
{¢n} from the AP, both approaches (AP and RIS) giving similar
values as reported in Table 10.

4. Conclusions

A detailed and exhaustive discussion of the conformational
equilibrium of 2,2-bithiophene in a condensed, fluid phase was

procedure” showed that the results are quite insensitive to the
choice of the force field. It was then found that the calculated
geometries depend on the different force fields and/or ap-
proximations and procedures used but the bond distance and
angle values are spread within a narrow range centered on
reasonable values; geometrical data can be obtained with a lower
precision compared to rigid molecule cases. What is more, none
of the possible choices can be safely rejected because there will
always be an uncertainty about how precise a structure and
conformational probability can be obtained by the LXNMR
method. In this respect, the “geometry based” filter due to the
presence of th®yc couplings is ineffective.

(d) Discussing different conformational hypothesis. Very
simple conformational equilibria can be safely rejected because
they are absolutely incompatible with tBg data set; from this
point of view then the presence of tic couplings plays a

possible. The task has been achieved by going through thefundamental role. We demonstrated also that a wide range of

following steps:

conformational equilibria are compatible with the RIS approach
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if only the allowed mathematical range of tBenatrix elements minima as in eq 4 and that for 2;Bithiophene these are

is used to discriminate between different equilibria. On the conspicuously different from the AP minima, it appears that

contrary, simple molecule-shape-based considerations on thethe choice of the theoretical method used to calculate the force
expected values of th&,3 elements restricted in a significant  field is not so critical. The same conclusions could not apply

way the range of possible conformational equilibria and, what for “rigid” molecules where internal parameters can be deter-

is more, the more physically sounfi,; values are fully mined with higher precision and therefore the quality of the

compatible with minima ofUin«({¢}) outside the theoretical force field could play a more significant role.

range.
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