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Nuclear magnetic resonance (n.m.r.) spectroscopy and Fourier transform infra-red (FTi.r.) spectroscopy 
are used to characterize the trans-gauche isomerization of the methylene groups in a new'class of main-chain 
liquid crystal polymers. This new series of liquid crystalline copolymers is based on the 1-(4-hydroxyphenyl)- 
2-(2-R-4-hydroxyphenyl)ethane mesogen, where R is F, C1 o r  C H  3 and flexible spacers containing an odd 
number of menthylene units. These copolymers are particularly interesting because they show two nematic 
states. Trans-oauche isomerization is characterized by FTi.r. spectroscopy through measurements of the 
absorbances of characteristically trans bands, and characteristically gauche bands. Trans-gauche isomer- 
ization is characterized by 1 aC n.m.r, spectroscopy through measurements of the ~ aC chemical shifts in the 
solid state. FTi.r. spectroscopy shows that an increase in temperature results in an increase in the percentage 
of gauche isomers for the methylene units in both the spacer and the mesogen. N.m.r. spectroscopy shows 
13% more 9auche isomers in the high-temperature nematic state, relative to the low-temperature nematic 
state, for rotation about the C2s-C29 bond axis in the spacer. 

(Keywords: liquid crystalline polymer; isomerization; nematic state) 

I N T R O D U C T I O N  

A new series of liquid crystal polymers (LCPs) has been 
synthesized, based on the 1-(4-hydroxyphenyl)-2-(2-R-4- 
hydroxyphenyl)ethane mesogen where R is F, C1 or CH31. 
These main-chain LCPs are copolymers with various 
molar ratios of the R substituents. All of the LCPs in 
this series have a 33/33/33 molar ratio of flexible spacers 
containing 5, 7 and 9 methylenic units (see Scheme 1). 
These liquid crystalline copolymers are interesting because 
several of the LCPs show two nematic states, where the 
high-temperature nematic state is denoted as n 1, and the 
low-temperature nematic state as n2. Of all the LCPs in 
the series, only F/C1/M(33/33/33)-5/7/9(33/33/33) does 
not crystallize 1. 

Rotation about the C7-C8 axis makes this mesogen 
relatively flexible. It was hypothesized that the unique 
properties of these LCPs originate from the use of a 
'semi-flexible' mesogen instead of a 'rigid-rod' mesogen 1. 
This paper studies the trans-gauche isomerization of 
the methylene groups in the mesogen (C7 and Ca) and 
in the spacer (C26 through to C3o) in order to explain the 
difference between the two nematic states. Conformational 
isomerization is characterized by Fourier transform 
infra-red (FTi.r.) spectroscopy and nuclear magnetic 
resonance (n.m.r.) spectroscopy. 

FTi.r. spectroscopy 
Because of the fast time-scale of the FTi.r. experiment 

(i.e. ps), separate peaks are observed for methylene groups 
that are in the trans and for methylene groups in the 
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gauche conformation. FTi.r., in fact, produces a 'snapshot' 
because the FTi.r. experiment is on a faster time-scale 
than the trans-gauche rotation 2. 

The area of the infra-red peak is proportional to the 
amount  of the particular conformation. If the ratio of the 
trans isomers increases, then the FTi.r. peaks assigned to 
the trans conformations will increase in intensity while 
the peaks assigned to the gauche conformations will 
decrease in intensity 3'4. 

However, absorbance alone is not sufficient to deduce 
the percentage of the respective conformations. According 
to Beer's law, the absorbance A is equal to the extinction 
coefficient e, multiplied by the path length l and the 
concentration of the absorbing species c: 

A=~Ic (1) 

To determine the percentage of the respective conforma- 
tions, the absorbance of the gauche band is divided by 
the absorbance of a trans band. When the two absorbances 
are ratioed, the path length is equal for both, and 
assuming the extinction coefficients are constant, the ratio 
of the absorbances is proportional to the ratio of the 
concentrations: 

A___~g = 13slCg OC_ Cg (2) 

A t ~tlct ct 

However, this analysis assumes that the extinction 
coefficients are either constant or independent of tem- 
perature. If the absorbance of the band increasing in 
intensity is plotted versus the absorbance of the corres- 
ponding decreasing band, a straight line proves that the 
extinction coefficients are independent of temperature (or, 
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less likely, that the two bands have the same temperature 
dependence) s. 

Solid-state ~3C n.m.r, spectroscopy 
In the solid state, the 13C n.m.r, chemical shifts (&) are 

influenced by (A) the intramolecular conformation and 
(B) the intermolecular packing effects. Therefore, if the 
intermolecular packing does not change, the chemical 
shifts can be used to distinguish the conformational 
isomers. 

Conformational or geometric isomers are magnetically 
inequivalent due to their differing chemical bond angles 
and differing solid-state environments. This magnetic 
inequivalence results in inequivalent chemical shifts 6. 

The through-space distance between the observed 
carbon, C o , and the carbon which is three bonds away, 
Cr, changes with rotation between the trans and gauche 
isomers. The distance from C O to C 7 is reduced in the 
gauche conformation. Therefore, in the gauche confor- 
mation C o is shielded by C v resulting in an upfield shift 
of the chemical shift of Co 7" A v-carbon in the gauche 
conformation causes a shielding of - 5.2 ppm s, while two 
v-gauche carbons, one on each side of Co, will double the 
amount  of shielding. It should be noted that the chemical 
shift of Co is representative of isomerization at the central 
bond between C O and Cr. This phenomenon is called the 
v-gauche effect 8. 

Since rotation between trans and gauche isomers 
occurs faster than the time-scale of the n.m.r, experiment, 
separate peaks are not observed for the two isomers. 
Instead, there is a single peak whose chemical shift is 
indicative of the ratio of isomers, i.e. the n.m.r, peak has 
a chemical shift positioned between where the peak would 
appear for either an all-trans, or for an all-gauche 

conformation. If the ratio of gauche isomers increases, 
the n.m.r, peak position will move upfield to smaller 
values of chemical shift. Therefore, the chemical shift can 
be used to calculate the relative amounts of the two 
conformations by using the following equation: 

A6 = nfgv,_, (3) 

where A6 is the change in chemical shift, n is the number 
of atoms causing shielding, fB is the fraction in the gauche 
conformation, and V¢--x is the shielding constant (in ppm) 
caused by the nucleus X. 

Conformational isomerization has been studied exten- 
sively in polyethylene via changes in the ~3C chemical 
shifts caused by the v-gauche effect 9-13. 

EXPERIMENTAL 

FTi.r. transmission spectra were acquired on a Bio-Rad 
Digilab FTS-60 spectrometer. A resolution of 4 cm-  1 was 
used, and 256 interferograms were co-added for each 
spectrum. Each of these was then digitally divided by a 
previously run background. The sample was melted on 
to KBr plates to achieve a thickness which was within 
the limits of Beer's law. FTi.r. spectra were collected over 
the temperature range 13-169°C for the first heating, 
cooling and second heating scans. Once calibrated, the 
temperature controller was accurate to 3.0°C. 

Solid-state n.m.r, spectra were collected on a Bruker 
MSL-300 spectrometer at a 13 C measuring frequency of 
75.47 MHz. All spectra were collected using a simple 
one-pulse Bloch decay sequence (13C 90°-acq.-T0 with 
gated high-powered proton decoupling (GHPD) and 
magic angle spinning (MAS). Rates of 3.0-3.2 kHz were 
used for magic angle sample spinning. The recycle delay 
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Table 1 Thermal transitions for the copolymers F/C1/M(A/B/C)- 
5/7/9(33/33/33) 1 

Copolymer, Thermal 
(A/B/C) molar ratio treatment Thermal transitions (°C) 

100/0/0 1st heating g 24 k2 48 k 1 102 n~ 106 i 
2nd heating g 12 kl 103 n~ 106 i 
Cooling g 1 k~ 87 n~ 99 i 

0/100/0 1st heating g I0 k 43 n 2 49 nl 68 i 
2ndheating g 9 n 2 49 n~ 68 i 
Cooling g 3 n2 44 n~ 60 i 

33/33/33 1st heating g 13 n2 69 n~ 82 i 
2nd heating g 11 n 2 69 n~ 82 i 
Cooling g 5 n 2 63 n I 74 i 

"Key to abbreviations: M, CH3; g, glass; k, crystalline; n2, low- 
temperature nematic; nl, high-temperature nematic; i, isotropic 

Table 2 Number-average molecular weight (M°) and polydispersity 
(M,/M,) for the copolymers F/C1/M(A/B/C)-5/7/9(33/33/33) 1 

Copolymer, 
(A/B/C) molar ratio M, M./M. 

100/0/0 21000 2.01 

0/100/0 18 600 1.98 

33/33/33 28 000 2.34 

between pulse sequence repetitions (Ta) was 5 s. This was 
sufficient to re-establish a Boltzmann equilibrium as the 
longest T1 was just over 1 s. Typically, 5000 scans were 
signal-averaged for each spectrum. However, the number 
of scans varied from 2000 to 7000 depending on the 
quantity of sample. All spectra were collected with 
quadrature phase detection, and the temperature was 
varied with a temperature controller which was accurate 
to 0.5°C. 

Samples were spun in Zirconia rotors (outer diameter 
= 7 ram) with Kel-F caps and the magic angle was set 
by maximizing the 79Br peak intensities of KBr 14. The 
radio frequency (r.f.) fields ranged from 35-37kHz, as 
calculated from the length of a 90 ° pulse. The 90 ° pulse 
length was determined from null intensities of adaman- 
tane at 360 ° and 720 °. Free induction decays (FIDs) with 
135 W to 3 K data points, were collected and zero filled 
to 8 K data points before the Fourier transformation 
process. The number of data points collected varied 
widely, because T 2 was extremely short at lower tem- 
peratures. The chemical-shift scale was set from the 
known peak positions of adamantane. Field drift was 
monitored by checking the chemical-shift scale with 
adamantane, both before and after the experiments, and 
was found to be negligible. 

After the first heating scan, the sample was ejected from 
the magnetic field and cooled before the second heating 
scan. In this manner, the sample was not cooled in the 
field, nor cooled while spinning. If the sample had been 
cooled while spinning in the field, nematic orientation 
would have been locked into place, even at lower 
temperatures x 2. 

All of the FTi.r. and n.m.r, spectra were transferred via 
Ethernet to a MicroVax III + computer for subsequent 
spectral manipulation using various in-house programs 
written in Fortran 77. 

RESULTS 

Previously published differential scanning calorimetry 
(d.s.c.) and gel permeation chromatography (g.p.c.) data 
of the LCPs in the study are given in Tables 1 and 2, 
respectively ~. It should be noted that two nematic states 
are observed, i.e. n 2, the low-temperature nematic state, 
and nl, the high-temperature nematic state. It can also 
be seen that the F/C1/M(33/33/33)-5/7/9(33/33/33) co- 
polymer is the only LCP which does not crystallize. 
Furthermore, the first heating scan differs from the second 
heating scan for all of the copolymers, with the exception 
of this material. 

FTi.r. spectroscopy 
FTi.r. spectra of all three copolymers are shown in 

Figure 1, with the tentative peak assignments given in 
Tables 3-5. All of the expected bands are observed x6-18, 
with the peak assignments consistent within the three 
polymers. Furthermore, the peak assignments for the 
methylene groups in the spacers agree with those obtained 
for polyethylene (PE) 19'2°, while the peak assignments 
for the methylene groups in the mesogens agree with 
those obtained for 1,2-diphenylethane (DPE) 2t-23. The 
peaks of interest are those assigned to the trans and 
gauche modes. 

The FTi.r. spectra of the copolymer sample F/C1/M 
(33/33/33)-5/7/9(33/33/33) show changes in the baseline 
with temperature, thus making baseline correction neces- 
sary. This was carried out separately for each region of 
interest by subtracting a wedge. 

Figure 2 shows the baseline corrected spectra for the 
first heating scan of copolymer F/C1/M(33/33/33)-5/7/9 
(33/33/33). The peaks at 727 and 758cm -~, assigned 
to modes of the trans conformation, decrease in intensity, 
as shown in Figure 2a. Correspondingly, the peak at 
1440cm -~, assigned to a gauche mode, increases, as 
shown in Figure 2b. 

The peak intensities for the first heating, cooling and 
second heating scans are shown in Figures 3a-3e for all 
of the conformationally sensitive bands. The peak 
intensities were baseline corrected and then normalized 
with respect to the absorbance at room temperature. For  
all of the peaks, as the temperature is increased the gauche 
bands increase in intensity, while the trans bands decrease 
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Figure 1 FTi.r. spectra of the F(100)-5/7/9(33/33/33), C1(100)-5/7/9 
(33/33/33) and F/CI/M(33/33/33)-5/7/9(33/33/33) copolymers from 1700 
to 450 cm- 1 
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Table 3 F~.r.  peak assignments for 
copolymer 

Peak, 
intensity a Peak assignment b 

1628s 
1614m,sh 
1584s 

1510vvs 

1476s 

1456m 

1443vw 
1393m 
1317m 
1287s 
1244vs 
1196m 
1177m 
l157m,sh 

l146vs 
l l l l s  
1097s 
1034s 

959m 

847m,sh 
827s 
812m,sh 
762m 
727m 
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the F(100)-5/7/9(33/33/33) 

C-C stretching of 1,2,4 tri sub Ph 
C-C stretching of para di sub Ph 
C-C stretching of 1,2,4 tri sub Ph 
Weak C42 stretching of para di sub Ph 
C-C stretching of 1,2,4 tri sub Ph 
C-C stretching of para di sub Ph 
PE trans methylene bending (scissoring) 
DPE trans methylene bending (scissoring) 
C-C stretching of 1,2,4 tri sub Ph 
C-C stretching of para di sub Ph 
PE - G G -  methylene bending (scissoring) 
PE - G T G -  methylene wagging symmetric 
PE - G T G  methylene wagging antisymmetric 
PE methylene wagging of-CH2-O--, tentative 
Ph-O asymmetrical C-O-C stretching 
DPE C--C stretch, tentative 
DPE C-C stretch, tentative 
PE trans methylene twist 
DPE trans methylene twist 
Ph-F stretching 
42H2-O-  asymmetrical C-O-C stretching 
PE C-C stretch 
Ph-O symmetrical C-O-C stretching 
Possible contribution from ring breathing 
-CH2~O - symmetrical C-O-C stretching 
Possible contribution from DPE C-Ph stretch 
1,2,4 tri sub Ph C-H out-of-plane deformation 
para di sub Ph C-H out-of-plane deformation 
1,2,4 tri sub Ph C-H out-of-plane deformation 
DPE trans methylene rocking 
PE trans methylene rocking 

° Key to abbreviations for peak intensities: vvs, very very strong; vs, 
very strong; s, strong; m, medium; w, weak; vw, very weak; vvw, very 
very weak and sh, shoulder 
b Key to abbreviations for peak assignments: PE, methylene in poly- 
ethylene-like spacer segments; DPE, methylene in 1,2-diphenylethane- 
like segments; Ph, phenyl and sub, substituted 

in intensity. In general, the polymer has a higher gauche 
content at higher temperatures. This is true for the 
methylene groups, both in the spacer and in the mesogen. 
The discontinuities at the nematic/isotropic transition 
will be explained briefly below. 

From plots of the absorbance as a function of 
temperature it is evident that the polymer has more 
gauche character at higher temperatures. However, the 
absorbance could change, due to (a) mass flow or to (b) 
a change in the extinction coefficient. According to 
equation (2) a plot of the ratio of the absorbances will 
be proportional to the ratio of the concentrations of the 
isomers. 

Most of the methylene peaks are assigned to a 
particular conformation for both the polyethylene-like 
spacer segments and the 1,2-diphenylethane-like mesogen 
segments. However, the peak at 727 cm- ~ is a trans band 
of only the polyethylene-like segments and the peak at 
1440 cm-1 is a gauche band of only the polyethylene-like 
segments. Using these two peaks assigned to only 
polyethylene-like segments, the ratio of the gauche 
(1440 cm-1) to trans (727 cm-1) absorbance is plotted as 
a function of temperature in Figure 4a. According to 
equation (2), this shows clearly the increase in the 
concentration of gauche isomers, relative to that of trans 
isomers. 

Any mass flow causing a change in absorbance is 
normalized by ratioing the two absorbances. Also, it is 

unlikely that mass flow occurs, since after cooling the 
absorbance returns to its initial value. 

Recall however that ratioing the two absorbances 
(equation (2)) assumes that the extinction coefficients are 
constant with temperature. If the absorbance of the 
increasing band is plotted versus the absorbance of the 
corresponding decreasing band, a straight line proves 
that the extinction coefficients are independent of 
temperature 5. Figure 4b plots the absorbance of the 
1440 cm-1 band versus the 727 cm-1 band, showing that 
the extinction coefficients are not constant. The plot 
displays two relatively parallel lines with a discontinuity 
at the nematic/isotropic transition. Therefore, the extinc- 
tion coefficients are constant throughout the glass (g), n2 
and nl states, and constant again in the isotropic (i) state. 
However, the extinction coefficients change at the n 1 to 
i transition, which explains the discontinuities in Figures 
3a-3e. It seems most likely that the change in the 
extinction coefficient is caused by a change in inter- 
molecular interaction, as a result of a change in density. 
Indeed, X-ray scattering patterns of this polymer show 
a discontinuous increase in the average distance between 
chains of 0.051 A at the nl to i transition ~. 

The FTi.r. data show a general trend towards an 
increased percentage of gauche isomers with heating for 
the methylene units in both the spacer and the mesogen. 
However, the FTi.r. data are not sufficient to explain the 
difference between the two nematic states. 

Table 4 FTi.r. peak assignments for the C1(100)-5/7/9(33/33/33) 
copolymer 

Peak, 
intensity a Peak assignment b 

1609s C-C stretching of 1,2,4 tri sub Ph 
C-C stretching of para di sub Ph 

1584m C-C stretching of para di sub Ph 
1564s C-C stretching of 1,2,4 tri sub Ph 
1512s C-C stretching of para di sub Ph 
1497s C-C stretching of 1,2,4 tri sub Ph 
1474 PE trans methylene bending (scissoring) 

DPE trans methylene bending (scissoring) 
1454m C-C stretching of 1,2,4 tri sub Ph 

C-C stretching of para di sub Ph 
1441vw,sh PE - G G -  methylene bending (scissoring) 
1393s PE - G T G -  methylene wagging symmetric 
1316vw,sh PE - G T G -  methylene wagging antisymmetric 
1300m ? 
1285s PE methylene wagging of-CH2-O- ,  tentative 
1240s Ph-O asymmetrical C-O-C stretching 
1194s DPE C ~  stretch, tentative 
1177s DPE C-C stretch, tentative 
1152w PE trans methylene twist 

DPE trans methylene twist 
1128m -CH2-O-  asymmetrical C-O-C stretching 
1103w Ph-CI stretching 
1040s Ph-O symmetrical C-O-C stretching 
930w 42H2-O-  symmetrical C-O-C stretching 

DPE C-Ph stretch 
902m ? 
856m 1,2,4 tri sub Ph C-H out-of-plane deformation 
826s para di sub Ph C-H out-of-plane deformation 
810w,sh 1,2,4 tri sub Ph C-H out-of-plane deformation 
758m DPE trans methylene rocking 
727w PE trans methylene rocking 

"Key to abbreviations for peak intensities: vvs, very very strong; vs, 
very strong; s, strong; m, medium; w, weak; vw, very weak; vvw, very 
very weak and sh, shoulder 
b Key to abbreviations for peak assignments: PE, methylene in poly- 
ethylene-like spacer segments; DPE, methylene in 1,2-diphenylethane- 
like segments; Ph, phenyl and sub, substituted 

POLYMER Volume 35 Number 12 1994 2531 



Spectroscopic study of isomerization in LCPs: R. L. Silvestri and J. L. Koenig 

Table 5 FTi.r. peak assignments for the F/CI/M(33/33/33)-5/7/9 
(33/33/33) copolymer 

Peak, 
intensity a Peak assignment b 

1626w C--C stretching of Ph 
161 ls C-C stretching of Ph 
1584m C-C stretching of Ph 
1566w C~C stretching of Ph 
1512vs C42 stretching of Ph 
1499w, sh C-C stretching of Ph 
1476s PE trans methylene bending (scissoring) 

DPE trans methylene bending (scissoring) 
1460vw,sh ~H3  bending deformation asymmetrical 
1456w C-C stretching of Ph 
1440vvw PE -GG- methylene bending (scissoring) 
1393m PE -GTG- methylene wagging symmetric 
1380vw,sh -CH3 bending deformation symmetrical 
1315w,sh PE -GTG- methylene wagging antisymmetric 
1298w,sh ? 
1287s PE methylene wagging of-CH2-O-, tentative 
1244vs Ph43 asymmetrical C-O-C stretching 
1198m DPE C-C stretch, tentative 
1177m DPE C--C stretch, tentative 
1159w,sh PE trans methylene twist 

DPE trans methylene twist 
1148m Ph-F stretching 
111 lm 4EH2-O- asymmetrical C-O-C stretching 

Possible contribution from Ph--C1 stretch 
1097w PE C-C stretch 

Possible contribution from Ph-CI stretch 
1040s Ph-O symmetrical C-O-C stretching 
1026w,sh Ring breathing 
1013w,sh DPE C-Ph stretch 
959w 42H2-O- symmetrical C-O-C stretching 
903w ? 
856m 1,2,4 tri sub Ph C-H out-of-plane deformation 
826s para di sub Ph C-H out-of-plane deformation 
810w,sh 1,2,4, tri sub Ph C-H out-of-plane deformation 
758m DPE trans methylene rocking 
727w PE trans methylene rocking 

° Key to abbreviations for peak intensities: vvs, very very strong; vs, 
very strong; s, strong; m, medium; w, weak; vw, very weak; vvw, very 
very weak and sh, shoulder 
Key to abbreviations for peak assignments: PE, methylene in poly- 

ethylene-like spacer segments; DPE, methylene in 1,2-diphenylethane- 
like segments; Ph, phenyl and sub, substituted 

N.m.r. spectroscopy and intramolecular conformation 
Solid-state ~ 3C n.m.r, spectra for all three copolymers 

are shown in Figures 5a-5c. A decrease in linewidth (i.e. 
an increase in T2) with increased temperature can be seen. 
The n.m.r, peak assignments are given in Tables 6-8, 
where the carbon atoms correspond to those labelled in 
the chemical formulae of Scheme 1. Peak assignments 
were made by combining information obtained from the 
following: (a) chemical shift calculations accounting for 
substituent effects ~ 8,24, (b) quantitative n.m.r, peak areas, 
(c) comparison to known chemical shifts of model 
compounds with analogous structures tS, (d) spectral 
editing of pulse sequences, and (e) comparison of the 
various spectra in this analogous series with each other. 
The n.m.r, peak assignments are in agreement with peak 
assignments previously published for similar LCPs 2 s,26. 

Tables 6-8 also list the solid-state chemical shifts in 
the various states. N.m.r. spectra were neither smoothed 
or baseline corrected before the peak positions were 
determined. Either of these operations might have 
artificially shifted the peak positions. However, the 
spectra in Fioures 5 and 6 were baseline corrected for 
presentation purposes. The baseline correction algorithm 

uses piecewise polynomial functions to connect the 
user-defined zero positions. The aliphatic regions of the 
spectra are shown expanded in Figures 6a-6c for the first 
heating scans. 

Figure 6a shows the aliphatic region of the spectra of 
the F(100)-5/7/9(33/33/33) copolymer in the g (29°C), k2 
(45°C), kl (67°C) and nl (97°C) states. It  should be noted 
that the chemical shift of C27 shifts upfield at the 
transition from the k I state to the n 1 state, showing that 
the latter state has more gauche character. 

Fioure 6b shows the aliphatic region of the spectra of 
the C1(100)-5/7/9(33/33/33) copolymer in the g (30°C), k 
(40°C), n2 (44°C), nl (55°C) and i (75°C) states. In this 
case, it is found that the chemical shift of C27 shifts 
upfield at the transition from the nl state to the i state, 
showing that the i state has more 9auche character. 

Figure 6c shows the aliphatic region of the spectra of 
the F/CI/M(33/33/33)-5/7/9(33/33/33) copolymer in the g 
(27°C), n2 (62°C), nl (72°C), and i (86°C) states. Here, it 
is noted that the chemical shift of C27 shifts upfield at 
the transition from the n2 state to the n~ state, showing 
that the latter state has more gauche character. We believe 
that the reason for the F/CI/M(33/33/33)-5/7/9(33/33/33) 
copolymer having different mesomorphic properties to 

F/C1/M(33/33/33) - 5/7/9(33/33/33) 

758¢m-1 

169~C 
\ 

/ \  
a l oc 775cm'1 

F/CI/M(33/33/33) - 5/7/9(33/33/38) 

b 

~ 69°C 

Figure 2 FTi.r. spectra of the F/C1/M(33/33/33)-5/7/9(33/33/33) 
copolymer from 13 to 169°C for: (a) the DPE trans methylene rocking 
peak at 758 cm- 1 and the PE trans methylene rocking peak at 727 cm- 
and (b) the PE -GG- methylene bending (scissoring) peak at 1440 cm - 
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Figure 3 FTi.r. absorbance of the F/CI/M(33/33/33)-5/7/9(33/33/33) 
copolymer as a function of temperature for: (a) the PE trans methylene 
rocking peak at 727 cm-1;  (b) the DP E trans methylene rocking peak 
at 758cm-1;  (c) the PE and DP E trans methylene twist peak at 
1159 cm-1; (d) the PE - G G -  methylene bending (scissoring) peak at 
1440 c m -  ' and (e) the PE and DP E trans methylene bending (scissoring) 
peak at 1476cm -1 

the other polymers (i.e. lack of crystallization, lack of 
thermal history) is because isomerization occurs between 
the two nematic states. 

In all cases, it is the chemical shift of C27 that changes. 
C27 has two ?-substituents, namely a ?-phenyl in the 
direction of the mesogen, and a ?-methylene in the 
direction of the spacer. It is reasonable to assume that 
the v-phenyl group is all-trans due to the steric bulkiness 
of the phenyl group. Therefore, a change in the chemical 
shift ofC27 is due to rotation about the bond axis between 
C28 and C29. 

The change in the chemical shift can be used to 
calculate the fraction of methylene groups that change 
conformation, according to equation (3). For the co- 
polymer F/C1/M(33/33/33)-5/7/9(33/33/33) the chemical 
shift changes from 30.6ppm for n2 to 29.9ppm for nl. 
Therefore, A6 = 29.9 p p m -  30.6 ppm = - 0 . 7  ppm. Since 
it is assumed that the ?-phenyl group is exclusively trans, 
only the ?-methylene group causes a shielding in the 
gauche conformation so that n = 1. The shielding caused 
by a ?-methylene group is ?g-c = - 5.2 ppm. Therefore, by 
solving equation (3), fg=0.13,  i.e. the high-temperature 
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Figure 4 (a) FTi.r. absorbance of the peak at 1440cm -1 ratioed to 
the peak at 727 cm-1 as a function of temperature for the F/CI/M 
(33/33/33)-5/7/9(33/33/33) copolymer. (b) Plot of the absorbance of the 
peak at 1440cm-1 versus the absorbance of the peak at 727cm -1 for 
the F/CI/M(33/33/33)-5/7/9(33/33/33) copolymer 

nematic state, n 1, has 13% more gauche isomers than the 
low-temperature nematic state, n2. In conclusion, the 
difference between the two nematic states is 13% more 
gauche isomers in the high-temperature nematic state for 
the bond between C2a and C29. 

The chemical shifts measured for the second heating 
scan are almost the same as those obtained for the first 
scan. Therefore, conformational isomerization does not 
explain the presence or absence of hysteresis. 

Analogous LCPs, containing only methyl substituents 
on the phenyl ring, and spacers of  five and nine methylene 
units have previously been studied by Cheng et al. 26. 
Similarly, changes in x 3 C chemical shifts were interpreted 
in terms of the 7-gauche effect. For these polymers also, 
there is a larger fraction of gauche isomers in the spacer 
at higher temperatures 26. 

N.m.r. spectroscopy and intermolecular packing 
In addition to C 2 7  , the chemical shifts of several other 

carbons change in the various states. To  study the 
rotation about the C7-Cs axis, changes in the chemical 
shifts of  C6, C9, ClS and C24 need to be determined. 
However, changes in the chemical shifts cannot always 
be interpreted solely in terms of the intramolecular 

conformation. Intermolecular packing also affects the 
solid-state 13C chemical shift. At lower temperatures 
there is tighter intermolecular packing, which results in 
increased shielding, thereby causing a lower chemical 
shift. For several of the carbons, the chemical shifts 
change as a result of  both conformational and packing 
effects. 

When a mixture of these effects (conformation and 
packing) shifts the chemical shifts, the chemical shift 
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Figure 5 Solid-state laG n.m.r, spectra for the first heating scan of." 
(a) the F(100)-5/7/9(33/33/33) copolyrner at 29, 45, 57 and 97°C; (b) the 
C1(100)-5/7/9(33/33/33) copolymer at 30, 40, 44, 55 and 75°C and (c) 
the F/CI/M(33/33/33)-5/7/9(33/33/33) copolymer at 27, 62, 72 and 86°C 
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Table 6 13C n.m.r, chemical shifts of the F(100)-5/7/9(33/33/33) 
copolymer 

6 (ppm) 

29°C 45°C 67°C 97°C 
Assignment g k 2 k i n 

First heating 
C 4 168.5 163.9 163.3 163.7 
C1 159.4 159.6 159.8 159.5 
C12 157.7 158.0 158.1 158.3 
C 9 133.1 133.6 133.5 134.1 
C 5 - 131.0 130.9 130.9 
C10 129.3 129.3 129.3 129.5 
C 6 120.7 120.9 120.9 120.9 
C11 l14A 114.6 114.8 115.3 
C 3 109.9 110.0 110.4 110.9 
C 2 102.4 102.9 102.7 103.0 
C26 683 68.4 68.5 68.7 
C7, C 8 367 36.7 36.7 36.3 
C27 31.3 31.3 31.0 30.0 
C29, C3o 26.8 27.0 26.6 26.5 
C28 22,8 22.2 22.3 23.0 

29°C 45°C 67°C 95°C 
Assignment g k 2 k 1 n 1 

Second heating 
C4 - - 163.6 163.7 
C l 159.5 159.7 160.0 160.4 
C12 158.3 157.9 157.5 158.4 
C9 134.1 134.1 133.9 
C5 131.2 130.8 130.9 
C10 129.7 129.6 129.3 129.5 
C6 120.7 120.9 120.6 121.0 
Cll 114.7 114.8 114.6 115.3 
C 3 110.3 109.9 110.6 111.0 
C z 103.5 102.7 103.1 102.7 
C26 68.6 68.4 68.4 68.7 
C7,C 8 36.7 36.9 36.9 36.6 
C27 31.6 31.6 31.3 30.5 
C29 , C30 27.4 27.2 26.5 26.6 
C28 23.0 22.7 23.2 22.9 

becomes  difficult to interpret ,  e.g. the chemical  shift of  
C 9 canno t  be in te rpre ted  solely on the basis  of  the 
~-gauche effect. C o n f o r m a t i o n a l  i somer iza t ion  a b o u t  the 
C 7 - C  a axis also changes the in te rmolecu la r  packing,  
which therefore affects the chemical  shift. Pack ing  effects 
are  pa r t i cu la r ly  re levant  in this case due to  the bulkiness  
of the phenyl  group.  

I t  was h o p e d  to de te rmine  the confo rma t ion  a b o u t  the 
C7-C8 axis from the 13C chemical  shifts of  the C6, C9, 
CIa and  C24 atoms.  However ,  the chemical  shifts of  all 
of the a roma t i c  ca rbons  are  d o m i n a t e d  by  pack ing  effects. 
Nea r ly  all of  the a roma t i c  chemical  shifts move  to higher  
p p m  values at  h igher  tempera tures .  Therefore,  trans- 
gauche i somer iza t ion  m a y  occur  a b o u t  the C7-C8 b o n d  
axis in the mesogen,  bu t  this canno t  be de te rmined  from 
the x3c chemical  shifts. 

F o r  s imilar  LCPs ,  Cheng et al. 26 observed  changes  in 
the sol id-s ta te  chemical  shifts of C7 and  Ca. These 
workers  also conc luded  tha t  changes  in the chemical  
shifts of these ca rbons  canno t  be in te rpre ted  in terms of  
the ~-gauche effect, due  to the fact tha t  the alkyl  chain  
(ethylene) is no t  sufficiently long. F o r  shor t  a lkyl  
chains,  in te rmolecu la r  pack ing  effects d o m i n a t e  the 13 C 
chemical  shifts 26. 

isomerization in LCPs: R. L. Silvestri and d. L. Koenig 

D I S C U S S I O N  

Molecular packing 
At lower t empera tu res  the flexible alkyl  spacer  has  a 

larger  percentage  of  trans isomers.  At  h igher  t empera tu res  
the spacer  is more  gauche in character ,  or  more  coiled. 
Trans i somers  are capab le  of  pack ing  regular ly  in a 
crystal l ine or  l iquid crystal l ine lat t ice 27'2a. U p o n  cool ing  
from the i so t ropic  state to the nemat ic  state, the L C P  
becomes  l iquid crystal l ine when the spacer  has enough 
trans charac te r  to al low regular  pack ing  in a l iquid 
crystal l ine lat t ice 29. U p o n  further cool ing,  the L C P  
crystal l izes if the spacer  acquires  enough  add i t iona l  trans 
charac te r  to al low a more  regular  packing.  This is in 
comple te  ana logy  to polyethylene,  where crystal l ine 
mate r ia l  is all-trans. 

Of the six LCPs  that  have been synthesized in this series, 
only  the F/CI/M(33/33/33)-5/7/9(33/33/33) copo lymer  
does  not  crystallize. All  of the A/B/C(IO0/O/O)-5/7/9 
(33/33/33) and  A/B/C(50/50/O)-5/7/9(33/33/33) mater ia l s  
crystallize. In  the case of  the former  LCPs ,  all of the 
phenyl  rings have the same subst i tuent .  These copo lymers  
crystal l ize because  the po lyme r  repeat -uni t s  all have the 
same subs t i tuent  and  are therefore capab le  of  packing  in a 
regular  manner .  However ,  in the la t te r  case the L C P s  con- 
tain two different types of  subst i tuents ,  but  there is still 
no t  enough heterogenei ty  to pe r tu rb  the regular  packing  
and  these copo lymers  do,  in fact, crystall ize.  Final ly ,  in 
the case of  the F/CI/M(33/33/33)-5/7/9(33/33/33) co- 
po lymer  there are three different types of  subst i tuents ,  
and  their  presence causes enough  he terogenei ty  in the 
pack ing  tha t  this L C P  does  not  crystall ize,  Due  to the 

Table 7 laC n.m.r, chemical shifts of the C1(100)-5/7/9(33/33/33) 
copolymer 

&(ppm) 

30°C 40°C 44°C 55°C 75°C 
Assignment g k n 2 n 1 i 

First heating 
C12,C13 157.6 158.1 158.3 158.5 158.3 
C9,C16,C18 134.0 134.4 134.5 134.6 134.6 
C17 - 131.6 13t.7 130.9 131.3 
Clo 130.4 129.8 130.0 129.7 129.7 
C14 - 117.1 116.2 116.3 
Cll 114.5 114.9 115.2 115.1 115.2 
C15 - 113.4 113.9 114.2 
C26 68.8 68.2 68.6 68.6 68.5 
C7, C 8 35.8 35.9 35.6 36.2 35.7 
C27 31.3 30.8 30.9 30.7 30.0 
C29, C3o 27.1 26.8 27.0 26.7 26.6 
Cza 22.9 22.4 23.0 22.8 23.2 

30°C 42°C 55°C 75°C 
Assignment g n 2 n 1 i 

Second heating 
C1 z, C1 s 157.5 158.5 158.3 158.3 
C9, C16, C18 133.9 134.4 134.4 134.6 
Cl7 - 130.8 131.1 131.2 
C10 129.6 129.7 129.6 129.7 
C14 117.1 116.8 116.5 116.3 
Cll 114.8 115.0 115.0 115.2 
C15 - 113.4 113.9 
C26 67.7 68.4 68.5 68.5 
C7, C8 36.9 36.2 35.7 
Cz7 30.3 30.5 30.5 29.9 
C29, C3o 26.9 26.8 26.7 26.5 
C28 - - 23.2 
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Table 8 13C n.m.r, chemical shifts of the F/CI/M(33/33/33)-5/7/9 
(33/33/33) copolymer 

6 (ppm) 

27°C 62°C 72°C 86°C 
Ass ignment  g n~ n ~ i 

First heat ing  
C 4 163.4 163.0 163.5 163.6 
C1 160.0 159.8 160.3 160.3 
Cx2,C13,C19 158.4 158.3 158.0 158.1 
C22 139.3 - 139.1 139.1 
C24 - 137.0 137.0 137.0 
C9,C16, C18 133.7 134.4 134.6 134.6 
C5, Cx7 - 130.8 130.9 131.1 
Clo, C2a 130.4 129.3 129.5 129.5 
C 6 121.1 120.7 120.7 120.6 
C2o - 117.1 117.2 117.4 
C14 - - 116.1 116.3 
C l l  115.5 114.9 115.1 115.2 
C15 - - 113.9 114.0 
C21 112.1 112.0 112.3 112.4 
C 3 109.2 110.7 110.8 110.9 
C 2 103.3 102.9 102.7 102.9 
C26 68.8 68.3 68.4 68.4 
C7, C s 36.9 36.1 36.0 35.8 
C27 31.3 30.6 29.9 29.8 
C29, C30 27.5 26.6 26.5 26.5 
C2s - 22.8 23.1 23.2 
C25 20.3 19.9 19.7 19.7 

30°C 62°C 72°C 86°C 
Ass ignment  g n 2 n~ i 

Second heat ing 
C 4 - 163.4 163.6 163.7 
C 1 - 159.7 159.9 160.4 
C12,C13,C19 158.5 158.0 158.1 158.3 
C22 -- - 139.1 - 
C24 - 137.1 137.1 137.1 
C9, C16, C18 - 134.5 134.6 134.6 
Cs, CIv - 131.0 130.9 131.1 
C1o, C23 130.1 129.4 129.5 129.7 
C 6 120.4 120.9 120.9 120.7 
C2o - 117.4 117.2 117.4 
C14 - - 116.2 116.3 
C11 114.6 115.0 l l5.1 115.2 
C15 . . . .  
C21 - 112.1 112.2 112.4 
C 3 - 110.8 110.7 111.0 
C2 102.9 102.8 102.8 102.9 
C26 68.4 68.4 68.5 68.5 
Cv, C s 37.2 36.3 36.3 35.6 
C27 30.1 30.7 30.5 29.9 
Czg, C3o 26.5 26.7 26.7 26.5 
C28 - -  22.7 23.0 23.2 
C25 20.5 20.1 20.0 19.7 

varying sizes of  the three different pendent groups, the 
LCP cannot pack in a regular manner and therefore 
crystallization does not occur. 

Error 
An estimate was made of the error in 13C chemical 

shift measurements caused by magnetic field drift. The 
frequencies of  the adamantane resonances were deter- 
mined before the LCP spectra were collected, and again 
six days after these spectra were obtained. There was no 
measurable change found in the frequencies of  the 
adamantane resonances. 

An estimate was also made of the total error in x3 C 
chemical shift measurements. The chemical shifts were 
determined twice for a given sample at a given tem- 
perature. Since the two spectra were collected with 

an intervening time interval of  one month,  the chemical- 
shift scale was set each time from the known chemical 
shifts of  adamantane. Many of the chemical shifts are 
identical. However, some of the chemical shifts differ by 
+0 .032ppm.  Since the spectral width is 2 0 0 0 0 H z  or 
265.006 ppm, and the FIDs are Fourier transformed into 
spectra with 8 K  or 8192W data points, there is a data 
point every 0.032ppm. Therefore, the chemical shift 
measurements are accurate to one data point, i.e. accurate 
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to the limit of the digital resolution. An uncertainty in 
of +0.032ppm propagates via equation (3) to an 
uncertainty in fg of + 0.006 ( + 0.6%). 

C O N C L U S I O N S  

Trans-gauche isomerization is characterized by FTi.r. 
spectroscopy through measurements of the absorbances 
of bands assigned to modes of the trans conformation 
and those assigned to modes of the gauche conformation. 
In the case of the F/CI/M(33/33/33)-5/7/9(33/33/33) 
copolymer, as the temperature is increased, gauche bands 
increase in intensity and trans bands decrease in intensity. 
Therefore, the polymer has more gauche character at 
higher temperatures. This is true for methylene groups 
both in the spacer and in the mesogen. 

Using the two peaks assigned to only polyethylene-like 
segments in the spacer, the ratio of the absorbance of the 
gauche band (1440 cm-1) to the trans band (727 cm-1) is 
plotted as a function of temperature. This shows an 
increase in the concentration of gauche isomers at higher 
temperatures. 

The absorbance of the increasing band (1440cm-1) 
plotted versus the absorbance of the corresponding 
decreasing band (727cm -1) shows that the extinction 
coefficients change at the n 1 to i transition. It is most 
likely that this change in the extinction coefficient is 
caused by a change in intermolecular spacing. 

Trans-gauche isomerization is also characterized by 
n.m.r, spectroscopy through measurements of the 13C 
chemical shifts in the solid state. For all three of the 
copolymers, the chemical shift of C27 shifts upfield at 
higher temperatures, indicating more gauche character. 
A change in the chemical shift of C27 is indicative of 
rotation about the C2a-C29 bond axis. 

In the case of the F/C1/M(33/33/33)-5/7/9(33/33/33) 
copolymer the chemical shift ofC27 shifts - 0 . 7  ppm from 
the low-temperature nematic state, n 2, to the high- 
temperature nematic state, n~. This indicates that the 
high-temperature nematic state has 13% more gauche 
isomers than the low-temperature nematic state, with 
respect to rotation about the C2a-C29 axis in the spacer. 

In addition to C27, the chemical shifts of several other 
carbons change in the various states. However, many of 
these shifts are dominated by packing effects. Therefore, 
the chemical shifts cannot be interpreted solely in terms 
of the y-gauche effect and the intramolecular conformation. 
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