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ABSTRACT: The trimethylsilylcellulose (TMSC) samples were characterized in solution
by osmometry, viscometry, and gel permeation chromatography. The Mark-Houwink-
Sakurada (M-H-S) equation coefficients were determined in chloroform, 1,1,1-trichlo-
roethane, and o-xylene, in all cases the exponent “a” being higher than unit, this
indicating a great stiffness of the macromolecules in solution. Also, the temperature
dependence of the limiting viscosity number and M-H-S coefficients respectively for
TMSC in o-xylene were studied. The exponent from M-H-S equation is also higher than
unit, and increases linearly with the temperature. The GPC studies indicates a relative
high polydispersity of the studied samples; the polydispersity index being situated
between 2 and 3. The change of the crystalline structure as the result of silylation
reaction was evidenced, the crystallinity of silyl derivatives depending on the substi-
tution degree (DS), and the molecular weight. The viscous flow parameters for dilute
solutions of trimethylsilylcellulose in o-xylene were determined in the temperature
range 30-70°C. The temperature dependence of the dynamic viscosity of the solutions
obeys an Arrhenius-type equation in which the apparent activation energy is linearly
dependent on both the solution’s concentration and molecular weight. For preexponen-
tial factor no significant dependence on concentration and molecular weight was found.
This behavior was attributed to the very great stiffness of the macromolecular chains.
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INTRODUCTION

Celluloses, containing an abundance of free hy-
droxyl groups, are an insoluble compound in wa-
ter or in organic solvents. Replacement of some or
of all hydroxyl groups can radically alter the pro-
prieties of this polymer. At the same time, the
cellulose becomes a meltable polymer by this pro-
cedure. The effects of polymer modifications by
substitution with triorganosilyl groups (silyla-
tion) have been demonstrated 30 years ago; the
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increased solubility of silylated polymers in non-
polar solvents is particularly note worthy.'™

The silylcellulose derivatives have various
uses; as fibers,* films, or liquid crystals,®® a
search in the literature revealed that rather a
small number of studies are devoted to character-
ization of these compounds, especially in solution,
a reduced number of studies are devoted to char-
acterization of these compounds in solution. Most
likely, this lack is perhaps determined both by
synthesis difficulties and by the fact that in the
absence of some peculiar measures of precaution,
unstable products are obtained.

Taking into account the fact that both regener-
ated cellulose properties and liquid crystals prop-
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erties of TMSC mainly depend on the dimensions
and flexibility of the macromolecules,”® a detailed
characterization of these compounds in different
solvents is necessary.

The crystallinity of cellulose, evidenced by X-
ray spectra, depends on the method of treatment.
The crystallinity of cellulose derivatives depends,
besides the cellulose support properties, on both
the substitution degree and the nature of the
substituent. To put in evidence these changes, the
cellulose support used for synthesis and the cel-
lulose derivatives obtained, were studied by X-ray
diffractometry.

In our previous studies,” trimethylsilylcellu-
lose (TMSC) were characterized in solution, de-
termining the Mark-Houwink-Sakurada coeffi-
cients in o-xylene, chloroform and 1,1,1-trichloro-
ethane at 30°C, and in o-xylene over the 30—-70°C
temperature range.

Two important aspects have been evidenced
from these studies: the very high values of the
relative viscosities, and the higher than unity
value of the M-H-S exponent—both associated
with a very rigid chains structure, as rod-like,
columnar, or rigid helix. These characteristics can
appreciably influence the flow properties of the
solutions.

The understanding of the rheological behavior
of the silylcellulose derivatives is essential for
establishing the optimal processing of these solu-
tions with a view to regeneration of cellulosic
filaments and films with vastly improved physical
properties.

For this reason we studied the dynamic viscos-
ities of TMSC/o-xylene dilute solutions at temper-
atures from 30 to 70°C and concentration up to
0.7 g/dL. and perhaps even lower for higher mo-
lecular weight samples.

EXPERIMENTAL

The silylation process was realized, in heteroge-
neous medium, treating a suspension of activated
cellulose in o-xylene with trimethylchlorosilane.
An adequate quantity of pyridine was added in
the reaction medium to remove the hydrocloric
acid and to prevent the reverse reaction. The si-
lylation was realized at 115-120°C, under nitro-
gen atmosphere, in a glass reaction vessel, pro-
vided with a backflow condenser. Trimethylsilyl-
celluloses were separated from the reaction
medium by precipitation with isopropanol, fol-
lowed by a few washings, also with isopropanol,
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Figure 1 Solid-state IR spectra of cellulose support
and TMSC with different substitution degrees: 1—cel-
lulose support; 2—TMSC4; 3—TMSCj;; 4 —TMSC,,.

and a final washup with acetone. These samples
showed a pronounced tendency of hydrolysis, be-
coming partially insoluble. At the same time, pre-
liminary DSC studies indicated a lower thermal
stability. To raise the stability degrees of these
samples, a supplementary purification was re-
quested, and it was performed by successive re-
precipitation with isopropanol from benzene and
chloroform. After a final washing with acetone,
the samples were centrifuged and dried under
vacuum, at 60°C, then packed, and kept in a
nitrogen atmosphere. After this supplementary
purification, the hydrochloric acid and pyridine
hydrochloride were completely removed from the
TMSC samples.

The substitution degree was also determined
by the acid decomposition method, and checked
by IR spectra. The IR spectra were recorded on a
SPECORD M90 Carl Zeiss Jena apparatus using
the KBr pellet technique. The unsubstituted OH
groups from the three TMSC samples analyzed
are evidenced in Figure 1.

Five samples of TMSC of different degrees of
polymerization were obtained, starting from the
same cellulosic support samples. The synthesis
conditions and main characteristics of these sam-
ples were presented in the earlier studies.’

The characterization was performed in o-xy-
lene, at 20°C for TMSC and 30°C samples and the
number-average molecular weights (4,,), the sec-



SILYLCELLULOSICS DERIVATIVES 2279

Table I The Characterization of TMSC Samples in o-Xylene, at 20°C*

Sample TMSC-1 TMSC-2 TMSC-3 TMSC-4 TMSC-5
M, (g/mol) (a) 92,500 172,900 200,000 271,000 357,000
10*A, (m® mol - kg™ 2) (a) 3.37 5.47 7.55 7.52 6.60
DS(CH) (b) 2.85 2.84 2.82 2.85 2.85
DS(R) (¢) 2.56 2.75 2.60 2.70 2.58
I, (d) 2.21 2.14 2.18 2.65 3.11
[n] dL/g (e) 1.256 4.009 4.993 6.367 8.315
ond virial coefficients (A,), the polydispersity in- tus, are less controlable parameters, a relative
dex (1), and limiting viscosity number ([n]) were method is recommended. For this purpose, the
determined. Supplementary, the substitution de- peak stayed at 1120—1130 cm ™}, corresponding to
grees were determinate by chemical analysis, the C—O—C vibration and present in the all
DS(CH), and by IR-spectroscopy, DS(IR). These spectra, was used as reference band.
characteristics of the two series of samples are To characterize the crystallinity of cellulose
presented in Table 1. supports and their silylcellulose derivatives, we

The IR spectra were recorded on a SPECORD used an X-ray diffractometer Siemens-type D500
M90 Carl Zeiss Jena apparatus using the KBr working with CuK,, radiation.

pellet technique. The unsubstituted OH groups The viscosities of the polymer solutions were
from the three TMSC samples analyzed are evi- measured using an Ubbelohde-type viscometer,
denced in Figure 1. with dilution and suspended bulb level, for
These spectra confirm the structural changes which—due to the high flow times—the kinetic
produced by the etherification process when the energy corrections were negligible. Temperature
—OH groups were substituted by O—Si(CHj), was controlled within =0.02°C. Viscometric mea-
groups. Thus, in the TMSC spectrum, several new surements were made in chloroform, 1,1,1-trichlo-
pronounced peaks appear, being characteristic to roethane, and o-xylene. When o-xylene was used,
the valence vibrations in the substituted groups, the viscosities were determined as a function of
namely: 750-760 cm ™! (Si(CH,),); 850 cm ™! temperature in the domain 20-70°C. The maxi-
(Si—C). The peaks associated with deformation mum concentrations of the solutions were the
vibrations, as 970 cm ! (Si—O) and 1470 cm ! same as in osmometric measurements.
(SiCHj3) can also be identified. The characteristic The dynamic viscosities were calculated with
absorption band associated to the OH valence the relation:

vibration (v = 3450-3500 cm ') is lower in the
silylated compounds, compared with the corre-

sponding band in cellulose spectrum. This de- n=m P

crease is proportional with the substitution de- ToPo

gree, and can be used for a rather qualitative

determination of the substitution degree. Due to where: 7, is the dynamic viscosity of o-xylene, 7,
the fact that the pellet composition and thickness, and =—the flow times for pure solvent and solu-
as well as the amplification factor of the appara- tion, p, and p—the densities of pure solvent and

Table II Limiting Viscosity Number [y], in dL - g~*, for TMSC Samples in Different Solvents, at 20°C

Sample
Solvent TMSC-1 TMSC-2 TMSC-3 TMSC-4 TMSC-5
Chloroform 1.343 3.222 4.898 6.162 8.120
1,1,1-Trichloroethane 1.526 4.400 5.546 6.530 9.314

o-Xylene 1.256 4.009 4.993 6.367 8.315
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Table III The Mark-Houwink-Sakurada
Equation Coefficients, at 20°C

Solvent 10°-K(dL-g™ b a
Chloroform 2.659 1.353
1,1,1-Trichloroethane 5.010 1.316
o-Xylene 1.635 1.399

solution at the same temperature and concentra-
tion.

The densities of both o-xylene and solution
with maximum concentration were determined
gravimetrically at 30 and 70°C. Then the densi-
ties of the polymer solutions with different con-
centrations at different temperatures were eval-
uated assuming a linear dependence of the den-
sities on both the concentration and temperature.

Number-average molecular weights of the
TMSC samples were determined with an auto-
matic Hewlett-Packard Model 502 osmometer.
The measurements were carried out in o-xylene,
at 20°C, using membranes from regenerated cel-
lulose of a CR-1 type,'® which exhibit high-solu-
tion retention. Because of the high solutions vis-
cosities, the maximum concentration of the sam-
ple in the osmometric studies were: 1 g - dL. ™! for
samples 1.3; 0.7 g - dL." ! for sample 4 and 0.5 g -
dL ! for sample 5. In all cases, the experimental
errors were situated below 1%, and a linear de-
pendence was obtained in 7/¢c — ¢ coordinates.

RESULTS AND DISCUSSIONS

The specific viscosities of the TMSC dilute solu-
tions in different solvents are highly dependent
on the concentration, so that the Huggins curves,
nsp/c¢ = f(c), presents high and increasing slope;
the Huggins constant values being approximately

10 times higher than that for usual polymers. In
these conditions, the Huggins, Fuoss-Mead, or
Martin equations for the limiting viscosity num-
ber evaluation results in high number errors, and
are not applicable for this polymer. For this rea-
son, to determine the limiting viscosity number,
the Fedors equation!! was applied:

1 _1(1_1)
f(”flr) - 2(\/1?_ 1) - [n] c cm

This equation allows a linear extrapolation in
the f(n,) — (1/c) coordinates for the TMSC sam-
ples in the three solvents. Experimental results
are shown in Table II. First, it is noticed, taking
into account the relatively small values of the
molecular weights, that the limiting viscosity
number values are very high. The very pro-
nounced rise in the limiting viscosity number
with molecular weight of the sample should also
be noticed. This behavior indicates that the poly-
mer chains of these cellulose derivatives are ex-
tremely stiff.

By using the experimental number-average
molecular weights and limiting viscosity numbers
from Table II, the coefficients K and a, of the
Mark-Houwink-Sakurada equation, [n] = K -
M*?, were calculated. The values of these coeffi-
cients are presented in Table III.

For many cellulose derivatives the values of
the “a” exponent of the Mark-Houwink-Sakurada
equation are very close to the unity;'*!* this is
due to the strongly stiffness of the macromolecu-
lar chains. In the case of the TMSC in the three
solvents the exponent a is higher than unity, in-
dicating a special conformation of the macromol-
ecules in solution compared with the great major-
ity of the polymers. Values higher than unit for
the exponent “a” have been quoted for carboxy-
methylcellulose in NaCl-aqueous solutions,'® cel-

Table IV Limiting Viscosity Number, [1] in dL - g~*, for TMSC Samples in

o0-Xylene, as Function of Temperature

t, °C TMSC-1 TMSC-2 TMSC-3 TMSC-4 TMSC-5
20 1.256 4.009 4.993 6.367 8.315
30 1.175 3.398 4.667 5.600 9.496
40 1.187 3.398 4.530 5.517 9.004
50 1.154 3.228 4.469 5.415 8.823
60 1.120 2.980 4.320 5.353 8.480
70 1.049 2.844 4.306 5.204 8.233
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Table V Temperature Dependence of the M-H-S Equation Coefficients for TMSC in o0-Xylene

t (°C) 20 30 40 50 60 70
10*K@dL-g ™Y 16.350 11.670 6.865 5.886 5.221 3.534
a 1.399 1.424 1.464 1.474 1.481 1.510

lulose xanthate in aqueous solution of glycerine,®
for some polypeptides in different solvents,'”
ete,18:19

The peculiar behavior is always associated
with a rigid structure of the polymer chain, with
the formation of some associations or with the
transition from a flexible macromolecular coil to a
rigid helix, a rod-like or a “columnar” structure.
This kind of structure in the case of the TMSC is
due perhaps to the increasing of the chain stiff-
ness caused by the presence of the trimethylsilyl
groups having a great volume, and which exhibit
short-range repulsion forces against the cycles
from the principal chain, but can also be due to
the tendency of the TMSC solutions for tixotropic
gel formation.

The temperature dependence of the limiting
viscosity number and respective of the M-H-S
equation, coefficients for TMSC in o-xylene were
also analyzed and the results are presented in
Tables IV and V.

Although the dynamic viscosities of the TMSC
in xylene present a pronounced decrease with the
temperature, the decreasing of the limiting vis-
cosity number is less pronounced. The variation of
the limiting viscosity number is almost linear for
the entirely domain considered, except for the
TMSC-5 sample, which exhibits a maximum at
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1.46
1.44
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Figure 2 Temperature dependence of the exponent
“a” from the M-H-S equation.

30°C. This maximum can be related to a confor-
mational transition, which can occur at a certain
temperature and/or molecular weight of the poly-
mer. Based on the data from Table IV, and using
the experimental number-average molecular
weights, the M-H-S equation coefficients were cal-
culated, and obtained values are shown in Table V.

Even at high temperatures the values of expo-
nent “a” from the M-H-S equation are higher than
the unit, and, much more, its value increases
linearly with the temperature increasing (Fig. 2).
A linear regression analysis gives:

a=1.364=*0.0021-¢

In accordance with the very high values of the
exponent “a” the preexponential factor is ex-
tremely low, and decreases with the increasing
temperature. The exactness of these data can be
verified analyzing the correlation between the
two coefficients of the M-H-S equation, correla-
tion that appears at any type of equation express-
ing an exponential dependence between two
quantities.

In the case of the M-H-S equation, a correlation
of the type: log K = A + Ba should be satisfied.
The values of coefficients K and a obtained for
TMSC in the three solvents and in o-xylene at
different temperatures are represented in Figure
3, in log K — a coordinates.
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N
wn

-
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a
Figure 3 Graphical representation of the compensa-
tion effect for the two coefficients of the M-H-S equa-
tion.
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Figure 4 X-ray diffractograms of used cellulose
supports: 0—amorphous standard cellulose; 1—sample
C,;; 2—sample C,; 3—sample C;; 4—sample Cg;
5—sample Cj;.

This figure clearly show that the equation of
compensation satisfy the experimental data very
well. With these data the following equation of
compensation is obtained:

log K=1.408 — 5.857-a

Using a standard the X-ray diffractogram of
the amorphous cellulose (curve 0 from Fig. 4) the
crystallinity index for the support celluloses and
their silyl derivatives were calculated, and the
results are presented in Tables VI and VII. The
crystallinity index was calculated with the rela-
tion indicated in ref. 20.

From the values presented in Table VII, we can
observe that the crystallinity index increases
with the decreasing of substitution degree, having
a value of 89% at DS = 1.60, a higher value than
for the corresponding cellulose support. For exam-
ple, by indexing the X-ray diffractogram for the
TMSC-4 sample we obtained an orthorhombic sym-
metry, with the lattice parameters closed to a
= 23.08(6) A, b = 14.06(2) A, and ¢ = 3.69(1) A.

Table VI The Crystallinity Index for
Trimethylsilylcellulose

DP Cellulose  Crystallinity Index for

Sample No. Support TMSC (%)
1 337 60,0
2 588 57,2
3 708 37,9
4 880 31,4
5 1100 11,0

Table VII The Crystallinity Index for TMSC as
Function of the Substitution Degree

Sample TMSC, TMSC, TMSCy
Cellulose support (DP) 588 588 588
Substitution degree (DS) 2.82 2.20 1.60
Crystallinity index (%) 57.2 74.0 89.0

Several studies were devoted to the tempera-
ture dependence of the dilute polymer solution
dynamic viscosities.?’26 This dependence was
found to be of an Arrhenius-type law, and can be
expressed by the equation proposed by Guzman
and Andrade:

n = A exp - (Q/RT) (1)

where 7 is the dynamic viscosity of the solution; @
is the apparent activation energy of the viscous
flow; and A is the preexponential factor, corre-
lated with the activation entropy.

The apparent activation energy of viscous flow
is a function of the nature of polymer/solvent sys-
tem, of the solution concentration and of the mo-
lecular weight of the polymer.

A linear dependence of the apparent activation
energy on concentration was found for all poly-
mer/solvent systems studied:

QR=Q,+ k., c (2)

@, being the activation energy of the viscous flow
of the pure solvent and %, a coefficient, depending
on the molecular weight of the polymer.

The %, coefficient generally increases with mo-
lecular weight increase according to the linear
equation:

k,=K,-Mn (3)

The analysis of many data indicates that K,
value depends on the flexibility of the polymer
chains in solution; for flexible polymers in good
solvents K, being by one to two orders lower than
for stiff chain polymers, as cellulosic derivatives.

The dependence of the preexponential factor A,
on concentration and molecular weight is strongly
correlated with the chain flexibility in solution,
being interpreted by Moore?” in terms of the ac-
tivation entropy change of viscous flow. Thus, for
flexible chain polymers in dilute solutions:
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Figure 5 Typical diagram (In ) vs. (1/T) for TMSC/
o-xylene at various concentrations. Sample: TMSC-4;
M, = 271,000 g/mol.

A=A +K,-M*-¢c (4)
while, for stiff chain polymers:
A =Ajexp(—K, - MPF-c?) (5)

where: A, represents the preexponential factor of
the pure solvent and K,, K;, « and B are con-
stants, depending on the nature of the polymer/
solvent system.

For a moderate stiff polymer, as PVC in tetra-
hydrofuran, the correlation of A with M and ¢ was
found to be of the type.?’

A=A,- KMc* (6)

which, in fact, is equivalent with (6) arising from
this by expanding in series the exponential factor
and retaining no terms beyond those in the
square of the concentrations. All these equations
confirm the complicated dependence of the preex-
ponential factor on chain flexibility.

According with eq. (1), Figure 5 presents the
representative curves in (In 1) — (1/7) coordi-
nates for different concentrations of the solution.

These figures showed the classical linear de-
pendence in logarithmic-hyperbolic coordinates
for the concentration interval analyzed. This de-
pendence is preserved for the all studied frac-
tions.
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Figure 6 Dependence of the apparent activation en-
ergy, @, on concentration and molecular weight for the
TMSC.

The apparent activation energy and preexpo-
nential factor for the representative samples, at
different concentrations of the solution, were
evaluated by the least-squares method, and are
presented in Table VIII.

It can be seen that, for both samples, the ap-
parent activation energy of viscous flow increases
with concentration; while, unexpectedly, the pre-
exponential factor does not show a regularly vari-
ation with solution’s concentration, but, contrary,
dissimilar values were obtained. For this reason,
the mean values of this factor were calculated: A
= 15.73 - 103 cP for the TMSC-4 sample.

The concentration dependence of the apparent
activation energy for different molecular weight
samples are presented in Figure 6—for TMSC.
For the pure o-xylene the value @, = 9.566 - 103
J/mol was chosen. This value was evaluated on
the basis of the literature data for o-xylene.

As can be seen, a good linearity is obtained in
all the cases. According to eq. (2) the %, values
were evaluated from the slopes of these straight
lines.

The dependence of the %, coefficient on the
molecular weight of the polymer samples is illus-
trated in Figure 7 for the two types of silylated
compounds.

Table VIII The Guzman-Andrade Coefficients for the TMSC-4 Sample in

o-Xylene (M,, = 271,000 g/mol)

c (g/dL) 0.182 0.250
1072 @ (J/mol) 11.424 12.301
10® A (cP) 18.93 18.48

0.333 0.400 0.455 0.500
13.263 14.259 15.271 15.499
18.55 16.53 13.83 15.08
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In accordance with eq. (3), from the slopes of
these two straight lines were calculated the con-
stants K, for the polymer in o-xylene K,(TMSC)
= 0.0451 J - dL/g - mol.

Generally, the preexponential factor, A, de-
pends also on the concentration and the molecu-
lar weight of the polymer but, compared to @, it is
much more sensitive to chain flexibility, polydis-
persity of polymers and, especially, to experimen-
tal errors.

The mean values of the preexponential factor
obtained, taking into account the values find for the
various concentration used—as a function of molec-
ular weight, are presented in Table IX for TMSC.

As in the case of the concentration dependence
of A, the dependence on molecular weight of the
preexponential factor is also unconvincing; the
obtained values are very dispersed, and do not
exhibit an evident variation to a certain sense.

This behavior differs on that of the other cellu-
lose derivatives®* or polymers with moderate
chain stiffness,?>?> and can be attributed to the
very strong stiffness of the macromolecular
chains of these compounds, which was pointed out
in the earlier studies’ by the more than unity
values of the Mark-Houwink-Sakurada exponent
(a = 1.4...1.5 for TMSC o-xylene in the tem-
perature range 30—70°C), and confirmed qualita-
tively by the molecular mechanics calculus.

Another reasons for this behavior may be at-
tributed to the high and dissimilar polydispersi-
ties of the used samples.

Using these data the mean values of the pre-
exponential factor were calculated as: A = 17.97 -
102 ¢P for TMSC/o-xylene. For pure o-xylene the
preexponential factor is A, = 15.86 - 103 cP.

Thus, the following relations can express the
flow equations of the dilute solutions of trimeth-
ylsilylcellulose:

20000

F [TMSC/o-XYLENE ]
160060 T

k' (J/mol)

12000 4
go0o00

4000 4+

o 100000 200000 3oe000 4060000

M, , gm ol

Figure 7 Dependence of the %, coefficient on molec-
ular weight for TMSC.

Table IX The Mean Value of the
Preexponential A as Function of Molecular
Weight for TMSC

M,
(g/mol) 92,500 172,900 200,000 271,000 357,000

10% A
(cP) 17.04 16.71 19.05 15.73 21.10

For TMSC/o-xylene:
n=1797-10"2

1
X exp ﬁ,(9.566 +0.0451-M,-c| cP

CONCLUSIONS

1. The coupling of the trimethylsilyl groups to
the cellulosic chains can be realized, within
a 95% degree of substitution, by reaction
between activated celluloses and trimeth-
ylchlorosilane in xylene/pyridine medium,
at 120°C, under inert atmosphere. The sta-
bility of the obtained samples can be im-
proved by successive solving/precipitating
operations until the complete elimination
of the hydrochloric acid.

2. The TMSC derivatives are very rigid poly-
mers, having a rod-like structure in chloro-
form, 1,1,1-trichloroethane, and o-xylene;
in these solvents the exponent values in
the Mark-Houwink-Sakurada equation
was higher than unity. In xylene, this ri-
gidity increases with the temperature in-
crease.

3. For the K and a coefficients of the M-H-S
equation obtained in the three solvents and
at different temperatures, there was a com-
pensation relation in agreement.

4. The polydispersity index of the five sam-
ples, evaluated by GPC, is relatively high,
and ranges between two and three, the
higher value being found for the higher
molecular sample.

5. The crystallinity index for silylcellulose de-
rivative is independent on the nature of the
cellulose used.

6. The crystallinity index depends on the sub-
stitution degree of the silylcellulose deriv-
ative.
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