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The '>C chemical shifts and spin-lattice relaxation times were obtained for all the
resolved resonances in the isotropic, nematic, and smectic phases of 8CB. NOE
measurements were also obtained for the isotropic phase. A study of these data reveal
some inconsistencies with dielectric and deuterium NMR studies, but general agree-
ment with a *C NMR study of SCB. Discontinuities in relaxation times at both the
nematic/isotropic and smectic/nematic phase transitions are observed for some of the
carbon atoms. The difference between the components of the motionally averaged
shielding tensor paralle] and perpendicular to the long molecular axis is found for both

the aromatic carbons and the first carbon of the octyl chain.
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INTRODUCTION

The *C chemical shifts and spin-lattice relaxation times were ob-
tained for all the resolved resonances in the isotropic, nematic, and
smectic phases of 4-cyano-4’-n-octylbiphenyl (8CB). NOE measure-
ments were also obtained for the isotropic phase. The results are
compared to our previous '*C NMR results for 5CB,' to dielectric
studies®* of SCB and 8CB, and to deuterium NMR studies of 8CB-
d,;.+*87 Using known values of the order parameter together with our
measured chemical shifts, we determined the difference in the parallel
and perpendicular components of the motionally averaged chemical
shift tensor for the aromatic carbons and the inner alkyl carbon of
8CB.

EXPERIMENTAL

The isotropic measurements were performed on a Varian CFT-20
NMR spectrometer with gated proton decoupling. The nematic and
smectic measurements were performed on a Bruker SXP-4-100 spec-
trometer at 22.632 MHz with proton decoupling (H, approximately
10 gauss) applied only during data acquisition. All measurements
were made without sample spinning. The chemical shifts were mea-
sured with respect to benzene and converted to TMS using 128.7
ppm. Relaxation times were measured using the inversion—recovery
method. The sample temperatures were controlled using gas flow
systems, with a temperature gradient of about 1°C. The sample
temperatures were measured using a copper—constantan thermocou-
ple in the absence of decoupling, and rf heating effects were deter-
mined by observing the nematic/isotropic transition in the presence
of decoupling. The T, measurements have an accuracy of about 5%
for the protonated carbons and of about 10% for the unprotonated
carbons. The accuracy in the NOE measurements is estimated to be
about 10%. The 8CB sample was purchased from BDH Chemicals
Canada, Ltd., and was found to have a clearing point at about 39.8°C

(Tny)-

RESULTS AND DISCUSSION

Typical spectra are shown in Figures 1 and 2, and the structure of
8CB is given in Figure 2 where the phenyl and alky! carbon atoms are
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FIGURE 1 Carbon-13 Fourier transform NMR spectra of 8CB recorded on the
Bruker SXP-4-100 spectrometer. (a) is a spectrum of isotropic 8CB at 46.5°C, (b) is a
spectrum of nematic 8CB at 38.5°C, and (c) is a spectrum of smectic 8CB at 25.0°C.
The spectral width is 5200 Hz. Line assignments correspond to the structural carbons,
and the unshifted line is an external benzene reference.

numbered and the hydrogen atoms are omitted for clarity. The
chemical shift assignments for the aromatic carbons follows from the
results for SCB,' while those for the alkyl carbons assume that the
chemical shifts decrease along the chain and it is possible that C,, and
C,; should be reversed. Figure 3 compares spectra from a relaxation
experiment with vastly different recovery times at a temperature near
Tni» and the lack of shifts between the spectra indicates that the
temperature is reasonably constant during the actual inversion-
recovery sequences.

The spin-lattice relaxation times and apparent activation energies
are given in Table I, and plots of log 7', vs 1 /T are shown in Figures
4, 5, 6, and 7 for the ortho carbons C,, C,, C,, C,, “outer” para
carbons C,, Cg, “inner” para carbons C,, Cs, and the alkyl chain
C,— C,,, respectively. The relaxation times are shorter than those for
S5CB' at the same temperature, and the activation energies are in



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:04 20 February 2013

194 J. BOZEK et al.
7

/= =
N=C-1 45 8—9—-10—11 —12—13—14—15—16
\O/ \O/

=3 =

38

27

48 5 1

FIGURE 2 Carbon-13 Fourier transform NMR spectra of isotropic 8CB recorded on
the Varian CFT-20 spectrometer at 45°C. The spectral width is 3000 Hz. Line
assignments correspond to the structural carbons. The structure of 8CB is shown with
the carbon atoms numbered and the hydrogen atoms omitted for clarity.

general smaller. This is in contrast to dielectric studies’ which yield
identical activation energies for SCB and 8CB. In general the carbon
relaxation times of the well-resolved resonance lines show a disconti-
nuity at the nematic/isotropic transition temperature, but in some
cases the discontinuity is less than the scatter in the relaxation times.
C,, which has a very dramatic discontinuity at the nematic/isotropic
transition, also shows a distinct discontinuity at the smectic/nematic
transition, and the data suggest a similar discontinuity for C, and C.
Due to overlap of resonances in the nematic and smectic phases, the
results for C, and Cg, and for C,_,,, are of limited significance. The
relaxation times for C,s and C,s show suggestions of discontinuities at
the phase transitions, but the data are not good enough to clearly
establish such changes. The dielectric relaxation of 8CB® does show a
distinct change at the smectic/nematic phase transition. The behavior
of the 8CB relaxation times at the nematic/isotropic phase transition
is in general consistent with that observed in 5CB relaxation times’
provided that the poorer accuracy (due to low decoupling levels) of
the latter results is considered. In particular, the dip in many of the



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:04 20 February 2013

C13 STUDIES IN 8CB 195

L
| i

FIGURE 3 Partially relaxed carbon-13 Fourier transform NMR spectra of nematic
8CB at 38.8°C. (a) corresponds to a recovery time of 20 seconds and (b) corresponds to
a recovery time of 10 milliseconds.

relaxation times in the isotropic phase near the nematic phase is
confirmed, but the 5CB '*C work will have to be investigated further
with high power decoupling in the nematic phase before the compari-
son can be completed.

There is ample evidence to justify the assumption that the protons
in the liquid crystal are sufficiently strongly coupled to each other
that the relaxation of the (natural abundance) '*C does not affect the
protons. Then the ratio of '3C relaxation due to dipole—dipole interac-
tion with bonded 'H, and the 2D relaxation due to quadrupolar
interactions of deuterium substituted for the bonded 'H, should
depend only on the deuterium quadrupolar coupling constant, the
separation of the carbon and proton, and the number of bonded
protons. Deuterium NMR T7’s of the alkyl chain of 8CB** indicate
that the variation of relaxation times along the middle of the chain is
not great (about 50%), which may explain why the recovery of the



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:04 20 February 2013

196 J. BOZEK et al.
TABLE 1
Relaxation in 8CB, with 7 (sec) as a function of temperature
(activation energies in kJ /mol)
Temp. Para aromatic Ortho aromatic
°C C, C, C G C, C, C, C; CN
21.6 191 155 202 — 0112 0110 0.141 0138 —
229 188 163 215 -— 0.122 0128 0.137 0139 —
239 212 L75 215 — 0128 0.128 0.144 0147 —
24.7 242 171 242 — 0134 0.138 0.153 0.151 —
254 — — — — 0.141 0.142 0.160 0.151 —
215 287 191 254 — 0138 0145 0170 0167 —
29.3 249 193 246 — 0152 0163 0173 0174 —
304 257 189 239 — 0166 0168 0.193 0.185 —
31.2 236 225 231 — 0167 0171 0179 0.188 —
319 249 194 241 — 0181 0182 0.19 0.194 —
332 324 236 310 — 0.8 0.8 0.199 02001 —
344 308 200 270 — 0198 0202 o0.211 0214 —
353 241 210 277 — 0201 0201 0212 0212 —
36.7 259 201 253 — 0211 0216 0217 0219 —
37.6 291 228 307 — — — — —
38.1 407 252 363 — 0241 0226 0232 0237 —
389 374 232 315 — 0258 0228 0234 0234 —
396 449 233 460 — 029 0238 0239 0266 —
E, 26.1 164 223 356 304 239 261
(Nem & Smec) +47 =*21 =41 +19 +£09 09 =+08
41.0 247 216 216 139 0218 0229 — 0217 137
42,0 211 217 209 127 0212 0234 — 0209 145
43.0 278 265 240 151 0231 0216 — 0231 133
44.0 228 18 204 122 0.193 0196 — 0166 114
45.0 255 234 241 132 0222 0211 — 0211 147
46.0 271 268 270 148 0222 0230 — 0218 146
48.0 297 253 258 154 0255 0261 — 0252 125
50.0 260 256 341 173 0276 0272 — 0265 14
51.0 293 306 28 160 0268 0270 — 0269 170
520 278 254 29 1.70 0310 0305 — 0277 143
53.0 348 260 288 191 0298 0306 — 0321 142
54.0 355 318 330 176 0316 0295 — 0293 1.66
56.0 324 294 294 192 0329 0329 — 0308 1.68
58.0 384 369 348 234 0343 0358 — 0317 210
60.0 316 294 303 207 0326 0354 — 0323 1.78
62.0 355 336 326 182 0358 0362 — 0342 218
63.0 373 407 345 253 0470 0437 — 0380 259
66.0 453 389 379 252 0444 0432 — 0394 258
71.0 470 514 506 244 0441 0440 — 0420 269
76.0 552 452 520 271 0505 0509 — 0491 353
80.0 603 590 521 284 0551 0519 — 0527 3.21
E, 21.8 227 213 199 245 234 234 248
(Isotropic) +16 20 *17 +17 14 =*13 +1.5 +21
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Temp. n-octyl chain
°C G Ciwo Cu Cizoie G5 Cie
21.6 0.275 — — 0.172 0.474 1.49
229 0.292 — — 0.191 0.510 1.49
23.9 0.296 — — 0.192 0.484 1.68
24.7 0.274 — —_ 0.205 0.369 1.58
254 0.339 — — 0.195 0.496 —
27.5 0.363 — — 0.207 0.512 1.61
293 0.334 — — 0.215 0.587 1.78
304 0.360 — — 0.225 0.508 1.84
31.2 0.342 — — 0.234 0.521 2.07
319 0.354 — — 0.227 0.646 2.05
332 0.357 — — 0.239 0.596 2.03
344 0.354 — — 0.240 0.641 2.06
353 0.356 — — 0.240 0.669 2.02
36.7 0.320 — — 0.246 0.668 1.89
37.6 — — — — — 2.16
38.1 0.347 — — 0.267 0.728 241
389 0.339 — — 0.260 0.668 2.31
39.6 0.340 — — 0.262 0.546 2.31
E, -59
(Nematic) +69
E, 17.4
(Smectic) + 3.8
E, — — 16.2 17.6 18.7
(Nem & Smec) +09 + 37 *+19
41.0 0.121 0518 0.205 0.247 0.737 224
420 0.113 0.420 0.206 0.259 0.752 2.15
43.0 0.117 0.474 0.214 0.280 0.761 2.21
44.0 0.122 0444  0.193 0.266 0.709 2.01
45.0 0.118 0.438 0.215 0.259 0.773 2.06
46.0 0.144 0473 0.255 0.279 0.849 2.18
48.0 0.142 0.502 0.226 0.287 0.770 2.54
50.0 0.136 0.559 0.271 0.301 0.897 2.713
51.0 0.150 0.497 0.260 0.293 0.875 2.66
52.0 — 0.523 0.286 0.351 0.960 2.76
53.0 0.155 0.665 0.284 0.329 0.937 2.83
54.0 0.146 0.552 0.282 0.309 0.882 2.81
56.0 0.148 0.598 0.287 0.354 1.01 2.94
58.0 0.157 0.571 0.318 0.363 1.13 3.36
60.0 0.139 0.638 0.290 0.352 1.00 3.07
62.0 0.151 0.699 0.329 0.362 1.22 3.32
63.0 0.189 0.839 0.367 0.407 1.31 3.70
66.0 0.192 0.839 0.359 0.449 1.29 3.92
71.0 0.185 0.713 0.388 0.451 1.54 3.85
76.0 0.225 0.849 0.412 0.520 1.57 4.11
80.0 0.239 1.04 0.458 0.582 1.89 4.30
E, 15.9 19.1 19.5 19.1 224 18.9
(Isotropic) 14 +18 * 1.1 +09 + 11 +12
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FIGURE 4 The temperature dependence of '*C T’s in the isotropic, nematic, and
smectic phases of 8CB. The C,, C;, Cg, and C, ortho aromatic carbons are indicated
by B, O, A, and 0, respectively, and C = N by @. The straight lines represent the least
square fit of the data.
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FIGURE 5 The temperature dependence of C, (W) and C; (0) para '3C T,’s of 8CB.
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FIGURE 6 The temperature dependence of C, (®) and C; (A) para Bc T,’s of 8CB.
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FIGURE 7 The temperature dependence of the octyl '*C T,’s of 8CB. The Cy, C,q,
C;), and C5_14, C;s, and Cg are indicated by B, O, ®, v, A, 9, respectively.
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TABLEII
NOE of 8CB in the isotropic liquid state at 76°C

n-octyl chain
G Cio Cy Ciz_1a Cis Cis C=N
2.36 2.56 248 2.58 2.54 242 3.00
ortho para
G, Cae G, C Cs Cs Cs
2.76 2,61 3.01 2.36 241 2.35 2.36

broad peak encompassing C,,_,, appears to be well described by a
single exponential. If the deuterium relaxation times* are divided into
the product of the carbon relaxation times and the number of
attached protons (at a particular site in the alkyl chain), the result is
about 2 X 10! except for site 15 which yields about 4 x 10'; the
reason for the apparent anomaly at site 15 is not clear.

The NOE’s were measured, and the results are given in Table II.
The dipolar contribution to the relaxation times was calculated for
76°C using

1/T\q=(NOE — 1)/(1.988 X T),

and the results are plotted in Figure 8 as a function of carbon number
(with the methyl result corrected by a factor of 3/2). The results are
consistent with those obtained for SCB.! Again it should be noted that
C,o and C,; may be interchanged.

The chemical shifts, in ppm from TMS, are given in Figures 9 and
10. Within experimental error no change with transition was found in
the isotropic phase, and the results are consistent with those for 5CB.
The difference between the observed mesogenic chemical shift, g,,,
and isotropic chemical shift, o;, can be written as

oy — 0, =(2/3)S(5,-3,)

where S is the order parameter and &, and 3, are the components of
the motionally averaged tensor parallel and perpendicular to the long
molecular axis. The order parameter S was taken from the work of
Horn,? and the resulting values of (8, — 3 ,) for the aromatic carbons
are given in Table III. The correlation coefficients found for these
cases were all greater than 0.96. In the absence of a temperature
dependence study of the order tensor for the two halves of the
aromatic core, the above expression is the only practical one, but
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FIGURE 8 Plot of the n-octyl chain '*C 7,4 vs carbon number at 76°C. The T4 for
C,6 is 3/2 times the observed value.
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FIGURE 9 The temperature dependence of aromatic '*C line positions in 8CB.
Chemical shifts are given with respect to TMS. The C,, C,, C;, Cy3, Cs, G, and G,
are indicated by A, ¢, 0,0, @, and Vv, respectively.
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FIGURE 10 The temperature dependence of octyl *C line positions in 8CB. Chemi-

cal shifts are given with respect to TMS. The C,, C,o_14, C;s, and C ¢ are indicated by
0, A, ®, and O, respectively.
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TABLE Il

Calculated values of (3, — 8 ,)
for the aromatic carbons of 8CB

Carbon (8, — 8.) (ppm) Type
Cas 181 = 11 para
Cs 17112 para
C, 185+ 14 para
C, 91+6 ortho
C, 78+ 4 ortho
C, 8x5 ortho
Cs 69£5 ortho

since the angle of the '>C symmetry axis is close to that of the magic
angle the approximation should be a good one.®

The ordering of the alkyl tail has been considered by Emsley® and
Luckhurst.” The order parameters are given for three temperatures,®
and for C, use of these with the above expression yields (&, — 5 ,)
= —16 = 3 ppm with a correlation coefficient of 0.96, a result that is
consistent with the results for the methylene carbons in hexaethy!
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benzene.'® The correlation between the chemicals shifts of C,s and the
order parameter was less than 0.2, but this may be due to the very
small shifts involved and to the partial overlap with C,,_,,.

CONCLUSION

The temperature dependence of the >C NMR chemical shifts and
relaxation times of 8CB have been measured. The results are consis-
tent with a previous '*C NMR study of 5CB, but apparently inconsis-
tent with dielectric relaxation measurements. Comparison with deute-
rium NMR studies of 8CB allows a plausible determination of (3, —
5 ,) for C, the first carbon in the alkyl chain, but presents some
apparent inconsistencies for both the chemical shifts and the relax-
ation times of the second last member, C,;. We suggest that more
extensive temperature dependence studies of deuterium NMR of 8CB
and high power decoupled '>C NMR of 5CB would be useful in
further evaluation of the present >C NMR results for 8CB.
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