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ABSTRACT: Two specifically substituted cellulose derivatives, 6-O-trityl-2,3-di-O-benzylcellulose (TBzC)
and 6-0-trityl-2,3-di-O-ethylcellulose (TEtC) were found to form lyotropic mesophases in concentrated solu-
tion with several organic solvents. The TBzC mesophase in bromoform exhibited cholesteric reflection
colors. The cholesteric pitch, measured from the wavelength of apparent circular dichroism of the reflec-
tion band, increased with temperature and decreased with increasing polymer concentration. Measure-
ments of the circular dichroism of dilute solutions of TBzC and TEtC showed peaks characteristic of the
aromatic substituents, but the sign and magnitude of these peaks changed markedly upon mesophase for-

mation.

Introduction

Cellulose-based liquid crystals have been observed to
form both left- and right-handed macroscopic helicoidal
structures.! In a few rare cases cholesteric inversion or
change in the twist sense has been observed to occur as
the result of a solvent change,?® chemical modification
of the cellulose derivative,*® and change of temper-
ature.’

In light of these observations we have begun to study
the effects of site-specific cellulose modifications on the
optical properties of cellulose mesophases, using (triph-
enylmethyl)cellulose (tritylcellulose) as a starting mate-
rial. The heterogeneous preparation of tritylcellulose has
been known for many years,® and extensive research has
shown that the trityl protecting group shows high selec-
tivity for the primary hydroxyl group on the 6-position
of the repeating anhydroglucose units composing the cel-
lulose backbone.? Following tritylation, selective homo-
geneous modification of the secondary hydroxyl groups
on carbons 2 and 3 of the anhydroglucose units can be
achieved. In this work, two selectively modified cellu-
lose ethers have been prepared: 6-O-trityl-2,3-di-O-eth-
ylcellulose and 6-O-trityl-2,3-di-O-benzylcellulose,!® both
of which form lyotropic liquid crystals. The incorpora-
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tion of the trityl groups also provides a useful chro-
mophore for circular dichroism (CD) studies in dilute solu-
tion and in the ordered mesophase.

Tr = Triphenyl methyi
R = Benzyl or Ethyl

Circular dichroism has been widely used as a tool in
the study of the conformations of biological macromole-
cules in dilute solution.!? The CD spectra of polysaccha-
rides is often uninformative because in many cases there
are no chromophores with absorption bands above 200
nm, and measurements below 200 nm are more difficult
because of restrictions on solvents and instrumentation.
Most of the CD work to date has been conducted on
polysaccharide derivatives in which chromophore-
containing groups have been attached to the carbohy-
drate backbone. Cellulose for example has been studied
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as its tricarbanilate,'? and Mukherjee and co-workers have
studied the CD spectra of cellulose acetate!® and other
polysaccharide acetates.!* More recently, Stipanovic and
Stevens have measured the vacuum ultraviolet CD of cel-
lulose acetates and have proposed a “pseudohelical” order
for these macromolecules in solution.!®

Although there are many examples of induced optical
activity in acetylated carbohydrates,®'® there are only
a few such examples for carbohydrates substituted with
aromatic chromophores.}®?® Both TEtC and TBzC show
optical activity in the spectral region between 200 and
300 nm that can be attributed to the aromatic chro-
mophores on the chain. The chiroptical properties of these
polymers are sensitive to temperature, and changes are
also observed at high polymer concentrations where the
liquid crystalline phase forms.

Experimental Section

Preparation of 6-O-Tritylcellulose (TrCell). Into a large
Erlenmeyer flask containing 300 mL of a 15% aqueous solu-
tion of ammonium hydroxide was added 50 g of cellulose ace-
tate (Eastman, acetyl content 39.5%, ASTM viscosity 45). The
mixture was stirred for 19 days at room temperature. Com-
plete deacetylation of the cellulose acetate was verified by the
absence of a carbonyl stretching band in the infrared spec-
trum. The filtered cellulose was added to 300 mL of dry pyri-
dine that was then heated to 80 °C for 3 h and filtered off in
order to remove the water. This procedure was repeated three
times with anhydrous pyridine. The cellulose was added to 500
mL of anhydrous pyridine and 129 g of triphenylmethyl chlo-
ride (2.5 molar equiv) in a 1000-mL round-bottom flask. The
flask was equipped with a condenser, stirrer, and drying tube
and heated to 95 °C for 26 h. The product was cooled to room
temperature and poured into 2000 mL of methanol. The tri-
tylcellulose precipitate was isolated by filtration and washed
for 12 h in methanol. After a second washing the precipitate
was dried at 100 °C under vacuum. The final yield of the prod-
uct was 71.5 g or 93%.

Preparation of 6-0-Trityl-2,3-di-O-benzylcellulose
(TBzC). Tritylcellulose (20 g) was allowed to dissolve over-
night in 300 mL of dry DMSO. Prior to the alkylation reac-
tion the solution was degassed for 1/2 h with nitrogen. The
solution was stirred for 2 h with 49.5 g of powdered sodium
hydroxide, and then 75 mL of benzyl chloride was added drop-
wise over 90 min. The reaction was then heated to 70 °C. Four
hours after the initial addition, a further 45 mL of benzyl chlo-
ride was added. This was again repeated with 25 mL of benzyl
chloride after 16 h of reaction time, following which the reac-
tion was stirred for a further 9 h. The mixture was cooled to
room temperature and the product precipitated into 1500 mL
of methanol. The product was filtered, washed with water, redis-
solved in THF, and reprecipitated into water. The product was
again dissolved into THF and reprecipitated into methanol and
pentane before being dried at 100 °C under vacuum. The final
yield of the product was 25.6 g or 89%.

Preparation of  6-0O-Trityl-2,3-di-O-ethylcellulose
(TEtC). TEtC was prepared in the same way as TBzC. To a
degassed solution of 20 g of tritylcellulose dissolved in DMSO
was added 49.5 g of sodium hydroxide. Two hours after the
addition, 65 mL of ethyl iodide was added dropwise to the flask
at room temperature. Following 3 h of reaction, the solution
was heated to 60 °C. Five hours after the first addition of ethyl
iodide, a further addition of 20 mL of ethyl iodide was made
and the reaction stirred at 50 °C for 19 h. A final addition of
14 mL of ethyl iodide was made and the reaction stirred for 3
h prior to the workup. The product was purified by the same
method used for TBzC to give 21 g of TEtC, a yield of 92%.

General Analysis. 'H NMR spectra were measured with a
Varian XL200 spectrometer at a frequency of 200 MHz. The
spectra for TBzC and TEtC were recorded in chloroform-d, with
tetramethylsilane as the internal reference. The spectrum for
TrCell was recorded in DMSO-d with DMSO used as the inter-
nal reference.
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Infrared spectra of TBzC and TEtC were recorded on an Ana-
lect AQS-18 FTIR spectrometer.

The weight-average molar mass, M,,, of TBzC was measured
in dioxane with a Chromatix KMX6 low-angle laser light scat-
tering photometer. Measurement of the Rayleigh factor for each
solution was made at a scattering angle of 6-7°. The value of
the specific refractive index increment, dn/dc, for TBzC in diox-
ane measured with a Brice-Phoenix differential refractometer
was 0.153, giving a value of 49 500 for M,,.

The density of the TBzC sample was determined with a water
and potassium carbonate density gradient, giving a value of 1.21,
which is close to the density of benzyl cellulose (1.22).2! Solu-
tion weight fractions were converted to volume fractions from
the measured density of TBzC, taking 2.894 as the density of
bromoform and assuming no volume change on mixing.

Concentrated Solution Properties. A series of solutions
containing 28-88 volume % TBzC in bromoform was prepared
by adding approximately 0.3 g of the polymer and appropriate
quantities of solvent into small glass vials. The vials were tightly
sealed and mixed by repeated inversion in a centrifuge until
the contents were uniform. The solutions were allowed to equil-
ibrate for 3 days.

The refractive indices of the TBzC/bromoform solutions were
measured with an Abbé refractometer equipped with a thermo-
stated circulating system. Two readings for each concentra-
tion were obtained, and each sample was allowed to equilibrate
for several minutes prior to each measurement.

CD spectra were recorded with a Jasco J-500 spectropolarim-
eter equipped with a Mettler FP5 hotstage. The samples for
CD measurements were prepared as thin films between glass
plates that were tightly sealed with epoxy. The temperature
dependence of the reflection wavelength was measured by heat-
ing the samples at a constant rate of 0.2 °C/min.

The dilute solution measurements were made by dissolving
TBzC and TEtC in either distilled dioxane or spectrograde THF
(Aldrich) and measuring the spectra in 1.0- and 0.1-cm quartz
solution cells at ambient temperature or in a 1.0-cm quartz lig-
uid cell equipped with an outer jacket through which was passed
thermostated water from a Haake-FK circulating system.

Results and Discussion

Cellulose Modification and Characterization. Cel-
lulose, prepared by deacetylation of cellulose acetate, was
tritylated with triphenylmethyl chloride in pyridine accord-
ing to the procedure described by Hearon et al.,’ and the
product, trityl cellulose (TrCell), was isolated and puri-
fied. The alkylations at positions 2 and 3 on the anhy-
droglucose units of tritylcellulose required a suitable sol-
vent. Tritylcellulose was found to dissolve quite readily
in DMSO, and thus the alkylating conditions developed
by Nakano et al.?>?% were utilized. Tritylcellulose solu-
tions were degassed, and a 12.5 M excess of powdered
sodium hydroxide per mole of hydroxyl groups was added,
followed by an equivalent molar quantity of benzyl chlo-
ride or ethyl iodide, to give 6-O-trityl-2,3-di-O-
benzylcellulose (TBzC) or 6-O-trityl-2,3-di-O-ethylcellu-
lose (TEtC), respectively. The products were isolated
and purified by precipitation from methanol.

TrCell and TBzC showed very similar 'H NMR spec-
tra with broad signals in the regions 2.6-5.1 and 6.7-7.6
ppm. The signals in the region 2.6-5.1 ppm are assigned
to the cellulose backbone protons® in addition to the
benzylic methylene protons in the case of TBzC. The
signals at 6.7-7.6 ppm are assigned to the aromatic tri-
tyl protons in addition to the benzyl aromatic protons in
the case of TBzC. The 'H NMR spectrum of TEtC also
showed the same spectral features as TrCell and TBzC
with the exception of a broad signal in the region 0.6~
1.4 ppm that can be assigned to the methyl groups on
the ethyl side chains. The methylene groups on the ethyl
side chains were located in the region 2.5-4.5 ppm.

Comparison of the integrated aromatic proton signal
with the backbone proton and side chain proton signals
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Table I
Degrees of Substitution for TrCell, TEtC, and TBzC

2,3-substituent DS total DS

polymer 6-substituent DS

TrCell trityl 0.97 0.97
TBzC trityl 0.97 benzyl 1.9 2.9
TEC trityl 0.97 ethyl 1.9 2.9

Absorbance (Arbitrary units)

4000 3100 2200 1300 400

Wavenumber /cm” !

Figure 1. Infrared spectrum of TBzC film (~17 um thick).
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Figure 2. Apparent CD spectra of TBzC in bromoform at a
concentration of 29.3 mass % polymer at 35 °C.

enabled the calculation of the trityl and side chain degrees
of substitution (DS). Results are shown in Table I. The
DS for the trityl group is approximately one, as observed
by Hearon et al.” The unreacted hydroxyl groups in the
trityl cellulose were almost completely substituted by the
alkylating reactions, resulting in a total DS of approxi-
mately 2.9. These results agree well with the IR spec-
trum for TBzC and TEtC. Figure 1 shows the IR spec-
tra for TBzC. It is obvious from the magnitude of the
hydroxyl absorption band at 3500 cm™ that almost com-
plete substitution of the hydroxyl groups has occurred.

The weight average molecular weight (M,,) for TBzC
of 49 500 corresponds to an average degree of polymer-
ization (DP) of 84.

Optical Properties. Highly concentrated solutions
of TrCell, TBzC, and TEtC were observed as thin films
in a polarizing microscope with crossed polarizers. The
TrCell solutions showed no clear optical anisotropy and
formed gels rather than liquid crystals in concentrated
solution with THF or DMSO. TBzC and TEtC both dis-
played optical anisotropy and liquid crystalline textures
at high concentrations in several organic solvents. TBzC
solutions also displayed iridescent colors at certain con-
centrations, but TEtC solutions did not show any irides-
cent colors and it is assumed that the cholesteric reflec-
tion for this system is outside the visible region of the
spectrum.

Cholesteric liquid crystals may reflect left- or right-
handed circularly polarized light depending on the hand-
edness of the supramolecular helicoidal structure. This
results in an apparent CD peak at the wavelength of the
selective reflection. Figure 2 shows the CD spectrum for
a thin layer of TBzC dissolved in bromoform at a con-
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Figure 3. Reflection maxima as a function of temperature for
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Figure 4. Refractive index as a function of temperature for
TBzC in bromoform (29.3 mass % polymer).

centration of 29.3 mass % TBzC. The spectrum was mea-
sured at a temperature of 35 °C and clearly shows a strong
negative band at 429 nm, indicating that TBzC forms a
right-handed cholesteric structure in bromoform.
Mesophases of TBzC were also prepared in methylene
chloride, chloroform, 1,1,2-trichloroethane, benzene, tol-
uene, chlorobenzene, and THF; in all cases where irides-
cent colors were observed, the cholesteric structure was
found to have a right-handed twist sense. This result is
in contrast to the lyotropic polybenzyl glutamate sys-
tems where the cholesteric twist sense is strongly depen-
dent on the nature of the solvent.?

The position of the reflection maximum for the cho-
lesteric mesophase TBzC/bromoform moves to longer
wavelengths as the temperature is increased. This result
has also been observed for other cellulose derivatives exhib-
iting a right-handed twist sense.”®® Figure 3 shows the
shift in the wavelength of the reflection maximum as a
function of temperature for the TBzC/bromoform
mesophase at a concentration of 29.3 mass % TBzC.

According to the theory proposed by deVries,? the pitch,
P, of the supramolecular helix can be related to the reflec-
tion wavelength, A,, by the average refractive index of
the mesophase, 7, according to the relationship

Ao = AP (1)

In order to determine the pitch of the cholesteric
mesophase as a function of temperature, it is necessary
to determine the average refractive index over the same
temperature range. Figure 4 shows the temperature depen-
dence for the refractive indices obtained for a choles-
teric mesophase consisting of a 29.3 mass % solution of
TBzC in bromoform. At each temperature two bound-
aries were visible in the Abbé refractometer, each corre-
sponding to a refractive index. The two refractive indi-
ces n, and n, (across and normal to the refractometer
plate, respectively) were easily distinguishable with a polar-
izing filter.?® The values for n, and n, were measured
with the privileged direction of the polarizer parallel and
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Figure 5. Inverse pitch against inverse temperature for TBzC
in bromoform at concentrations of 23.1, 25.9, 29.3, and 31.8 mass
% polymer.

perpendicular to the line separating the two fields, respec-
tively. The measured birefringence (n, — n,) was found
to remain relatively constant at 0.0035 = 0.0002 over the
observed temperature range. The average refractive index,
f, for the cholesteric layer is taken as®®

n=(2n,+n,)/3 (2)

From the values for the average refractive index and reflec-
tion wavelength as a function of temperature, the change
in the cholesteric pitch was calculated as a function of
temperature.

Kimura and co-workers have derived an eq 3 for the
dependence of pitch on temperature for a lyotropic cho-
lesteric phase consistin§ of a system of helical grooved
rodlike macromolecules.’®®* Here, L and D are the length

2r _24NA

P nLD

cf(c)[(Tn/T) - 1] 3)

and diameter of the rod, A is a numerical factor, A is the
height of the ridge of the coil, ¢ is the concentration, f(c)
is the concentration function

fle) = [1-(c/3)]/(1-¢)? (4)

and Ty is the nematic temperature where the pitch
approaches infinity. According to the theory there should
be a linear relationship between the inverse pitch and
inverse temperature. Results for the TBzC/bromoform
cholesteric mesophase at four different concentrations
are shown in Figure 5. In each case, an excellent linear
relationship between the inverse pitch and inverse tem-
perature is obtained.

The Kimura theory also predicts the concentration
dependence of the pitch. The difficulty in applying this
theory to the system TBzC/bromoform is that the value
of the nematic temperature, Ty, cannot be determined
as a function of concentration since no cholesteric inver-
sion has yet been observed for this system. Several
workers?>*? have found that the cholesteric twisting power
is an increasing function of the polymer concentration.
At a fixed temperature the relationship between the pitch
and the polymer concentration has been empirically
described in the form

Plocn (5)
For the polybenzyl glutamates, the exponent, n, is in the
range of 1-2 depending on the temperature of measure-
ment.

To determine the concentration dependence of the pitch,
it was necessary to first determine the solution refrac-
tive index as a function of the volume fraction of TBzC
in bromoform (Table II). A distinct birefringent phase
appears at polymer concentrations greater than 58 vol-
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Table II
Refractive Index as a Function of Concentration for TBzC
in Bromoform at 30 °C

vol fractn of N
refractive index

TBzC in soln birefringence x 103
0.282 1.5974 0.0
0.332 1.5983 0.0
0.376 1.5989 0.0
0.428 1.5995 0.0
0.464 1.6002 0.0
0.551 1.6025 1.6003 2.2
0.586 1.6033 1.6008 2.5
0.619 1.6035 1.6007 2.8
0.653 1.6042 1.6011 3.1
0.686 1.6047 1.6012 3.5
0.701 1.6049 1.6009 4.0
0.761 1.6052 1.6013 3.9
0.823 1.6064 1.6022 4.2
0.875 1.6067 1.6017 5.0
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Figure 6. Cholesteric pitch against polymer fraction for TBzC
in bromoform at 30 °C.

ume % TBzC. The magnitude of the birefringence was
observed to increase with polymer concentration in agree-
ment with results obtained for other cellulose-based
mesophases, 283334

The concentration dependence of the pitch is shown
in Figure 6. The pitch was observed to decrease in a
nonlinear fashion as the polymer concentration was
increased from 55 to 82 vol % TBzC. Attempts to fit
the data to eq 5 were unconvincing. Measurements of
the pitch at higher polymer concentrations were not pos-
sible because the reflection wavelength drops below 280
nm, where the benzene chromophores on the cellulose
backbone begin to absorb the incident radiation. In fact,
CD peaks due to benzene ring absorption are detected
in the ultraviolet region for dilute TBzC solutions in THF.

Dilute Solution Optical Activity. Achiral chro-
mophores may display chiroptical properties when bound
to chiral molecules!! such as polysaccharides. The mag-
nitude of the observed optical activity of the bound mol-
ecules depends on the asymmetry of the site and the con-
ditions under which it is bound. If for example an absorb-
ing chromophore is free to assume many orientations
relative to the asymmetric binding site, then the optical
activity may become too weak to observe.

Results presented below show that the symmetric triph-
enylmethyl group displays induced optical activity when
attached to the 6-position of the cellulose derivatives TEtC
and TBzC.

The absorption spectrum for benzene and benzene deriv-
atives have been thoroughly discussed.?®3¢ In general,
the near-ultraviolet spectra of alkyl-substituted benzene
derivatives consists of three absorption bands. A weak
band usually exhibiting fine structure appears in the region
260-280 nm ('L, band) and two stronger bands in the
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regions 200-220 and 180-190 nm ('L, and 'B, bands,
respectively).

The ultraviolet spectrum of TEtC in THF showed a
band centered at 259 nm that was found to display fine
structure consistent with the reported absorption spec-
trum for triphenylcarbitol.®” The 'L, and 'B, bands appear
as broad peaks below 247 nm, but the solvent cutoff and
band overlap obscured the peak maximum. TBzC showed
spectral features similar to TEtC.

The CD spectrum for TEtC dissolved in THF is shown
in Figure 7. The 'L, band appears as a peak showing
fine structure with negative ellipticity centered at 261
nm. A small peak at 272 nm also belongs to the 'L, tran-
sition. A large positive peak with a maximum at 229 nm
may be assigned to the L, transition.

These results may be compared to the CD spectra
recorded for (-)-poly(triphenylmethyl methacrylate).3®
Both spectra are essentially identical, except that the CD
spectrum of the methacrylate polymer shows an addi-
tional positive peak at 210 nm corresponding to the n,=*
transition for the carbonyl group.

The observation of induced optical activity from the
trityl group in TEtC is perhaps unexpected because the
absorbing chromophores are separated from the nearest
asymmetric center by four bonds. The induced optical
activity must thus be due to steric interactions between
the trityl group and the cellulose backbone and possibly
between adjacent trityl groups on the chain, which place
limitations on bond rotation. This argument has been
used to explain the increase in the Cotton effect observed
from the carbanilyl substituents in 6-trityl-2,3-
dicarbanilylcellulose!® and the observation of optical activ-
ity from tyrosine residues in some polypeptides. The aro-
matic side chain residues of poly-L-tyrosine®® and the aro-
matic substituent in phenyl alanine® give rise to induced
optical activity, the magnitude of which is sensitive to
temperature. In both of these cases it was found that
the aromatic side chains have some degree of motion that
decreases with a decrease in temperature. Figure 8 shows
a plot of the molar ellipticity against temperature for the
261-nm peak for TEtC in dioxane. It can be seen that
as the temperature is decreased from 95 to 10 °C, the
ellipticity of the peak at 261 nm increases by 80%. The
maximum ellipicity of the 261-nm band for TBzC also
increased by 70% as the temperature was lowered from
93 to 10 °C.

The absorption spectra of TEtC was measured as a
function of temperature to determine whether the ben-
zene ring absorbance at 261 nm also changed as a func-
tion of temperature. It was found that the maximum
absorbance of the 261-nm peak did increase 7%, due to
the sharpening of the bands?' as the temperature was
lowered from 93 to 11 °C, but this increase is very small
compared to the large increase in molar ellipticity. These
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Figure 9. CD spectrum for TBzC in THF at concentrations
of 30 (broken line) and 49 (solid line) mass % polymer (0.1-mm
layers between quartz plates).

results suggest that at temperatures as high as 90 °C the
benzene groups on the trityl moiety still experience some
restriction to rotation.

As the concentration of TBzC in THF is increased,
the CD spectra also changes. Figure 9 shows the CD spec-
tra for thin layers of TBzC solutions. The spectra were
recorded between 240 and 300 nm at polymer concentra-
tions of 30 and 49 mass % TBzC in tetrahydrofuran (THF).
The spectrum for 30% polymer shows the same spectral
features as the most dilute solution discussed above. At
49% TBzC, the solution forms an anisotropic choles-
teric liquid crystalline phase. The CD spectrum for TBzC
dissolved in THF at a concentration of 49% is quite dif-
ferent from that recorded at a concentration of 30%. The
most noticeable difference is that the 'L, band now appears
as a shoulder on the 'L, band and shows positive ellip-
ticity, in contrast to the dilute solution spectrum in which
the 'L, band showed negative ellipticity. In addition to
the change in sign, the 'L, band shows a large change in
ellipticity at 263 nm, increasing from -5 to 200 mdeg as
the polymer concentration is increased from 30 to 49%.
The general shapes of the absorption spectra for the two
concentrations are very similar.

The difference in the apparent CD spectra in the iso-
tropic and anisotropic phases may be due to the fact that,
in the latter phase, the chromophores are ordered in a
macroscopic three-dimensional helicoidal array. In the
isotropic phase, this macroscopic chirality is absent, and
the aromatic substituents are perturbed by the local chi-
rality associated with the cellulose backbone. The mag-
nitude and sign of the 'L, transition is thus different in
the two phases. The contribution from the helicoidal array
has been observed previously for polybenzyl liquid crys-
talline solutions®® (although in this case the CD signal is
absent in the dilute solutions).

However, the unusual change in peak magnitude and
sign may be due to artifacts produced from the coupling
of an anisotropic sample with the imperfect optics and
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Figure 10. CD spectra for TBzC in THF at a concentration
of 45 mass % polymer (0.1-mm layer between quartz plates).

electronics inherent in CD spectrometers. These prob-
lems have been addressed by Jensen,*? Shindo,*® and
Davidson.** These workers have illustrated the prob-
lems associated with measuring the actual CD spectra of
anisotropic systems that are linearly dichroic and lin-
early and circularly birefringent. It is difficult to assess
these contributions to the observed optical activity in cho-
lesteric mesophases. Shindo*® has discussed the prob-
lems associated with the measurement of CD spectra from
cholesteric liquid crystalline phases.

Figure 10 shows the entire CD spectrum between 200
and 800 nm, for TBzC dissolved in THF at a concentra-
tion of 45 mass percent TBzC. Both the aromatic dich-
roic band beginning at 284 nm and the cholesteric reflec-
tion band at 519 nm are evident.
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