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Abstract: The new solvent dimethyl sulfoxide/tetrabutylammonium fluoride trihydrate
(DMSO/TBAF.3H20) was studied for the first time in benzyl cellulose synthesis using
benzyl chloride and solid NaOH suspended in DMSO. The efficiency of the homogenous
reactions was tested and the effect of varying the concentration of TBAF in the solvent
mixture on the degree of substitution and solubility of the products was investigated.
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Introduction

Benzyl cellulose of high degree of substitution (DS) is soluble in a range of organic solvents. In addition, it has unique
electrical and thermal properties (melting point and thermotropic liquid crystal characteristics), which are influenced by
the DS and the degree of polymerization (DP)™.

Cellulose can be homogeneously benzylated in non-aqueous systems. After dissolution of the polymer, sodium hy-
droxide is added to activate the hydroxyl groups for the ether formation. Although the addition of NaOH leads to precipi-
tation of the cellulose forming a highly swollen material, the reagent can reach the cellulose hydroxyls more readily and
more uniformly than in heterogeneous aqueous media, in which the cellulose remains in suspension®.

In the present study, the recently developed solvent system dimethyl sulfoxide/tetrabutylammonium fluoride
trihydrate® (DMSO/TBAF.3H,0) was tested for the first time in the synthesis of benzyl celluloses. The dissolved
cellulose was treated with a suspension of solid NaOH in DMSO and benzyl chloride. The aim was to test the ef-
fectiveness of the solvent as medium for this etherification reaction and to investigate the solubility profile of the
derivatives produced.

Experimental

Materials

Sisal cellulose (kindly provided by Lwarcell, Lencois Paulista, Sao Paulo, Brazil) and cotton linters cellulose (kindly
given by Industria Fibra S/A, Americana, Sdo Paulo, Brazil) were mercerized before use (i.e. sisal was treated for 1h and
linters for 4h, with 20% aqueous NaOH at 0°C).

DP was measured by viscometry™, the a-cellulose content was determined from the change in mass of cel-
lulose during treatment with 17.5% NaOH solution (1:20, w/v)® and the crystallinity index, Ic, was calculated
from X-ray diffractograms, using the Buschle-Diller-Zeronian equation®. In this way, the following data were
obtained: Sisal cellulose: DP = 640, a-cellulose content = 97%, Ic = 64%, Linters cellulose: DP = 400, o.-cel-
lulose content = 96%, Ic = 73%.

Dissolution and benzylation of cellulose in DMSO/TBAF.3H,0

The dissolution of cellulose was carried out as described by Ciacco et al., 20037, In a typical preparation, to
the solution of 1 g (6.17 mmol/AGU) of cellulose dissolved in a 9 % w/w (DMSO/TBAF.3H,O) mixture, at 60 °C, a
suspension of 0.74 g (18.51 mmol) of NaOH in 10 mL of DMSO and subsequently 2.15 mL (18.51 mmol) of benzyl
chloride were added dropwise under vigorous stirring, leading to gelation and precipitation of the cellulose. The
temperature was raised to 70°C. After 4 h the mixture was cooled to room temperature and the benzyl cellulose (BC)
was precipitated into 80% (v/v) methanol, neutralized with acetic acid, filtered off, washed with 80% methanol and
dried in a vacuum stove at 50°C.

Solubility of BC samples was tested in hexane, toluene, chloroform, pyridine, tetrahydrofuran (THF), N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMA), dimethyl sulfoxide (DMSO).

BCs were analyzed by '3C NMR (DMSO, 80 mg/mL): § = 65-105 ppm (cellulose backbone and chloroform carbon)
138-140 ppm (aromatic carbons); 70 000 scans were accumulated.
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Perpropionylation of benzylcelluloses

To determine the DS of BCs by means of "H NMR spectroscopy (16 scans were accumulated), the remaining hydroxyl
groups were perpropionylated as described by Ciacco et al.”” The polymer was precipitated into 200 mL isopropanol,
washed and dried in a vacuum stove at 60°C.

FTIR (KBr, 0.1% w/w): no 3500-3300 (v, OH), 3200-2800, 720, and 690 cm' (v, benzyl groups)

'H NMR (CDCl,, 50 mg/mL): § = 7.1 (CH,-benzyl), 5.2-3.0 (H,,), 2.2 (CH-Pro), 1.1 (CH,-Pro) ppm

AGU
Size exclusion chromatography, SEC

The average molar mass and molecular mass distribution of the BCs (4mg/mL dissolved in N-methyl-2-pyrrolidinone,
NMP) were analyzed in a Shimadzu SCL-10A system equipped with a refractive-index detector, RID-6A. A Plgel guard
column and a 51 mixed Plgel SEC column (300x7.5mm) packed with highly cross-linked polystyrene-divinylbenzene
(Polymer Laboratories) were used. The mobile phase was NMP, flowing at 0.6 mL/min under 65 Kgf/cm? at 60°C. Pul-
lulan was used as calibration standard (MM = 1.600.000, 380.000, 212.000, 100.000, 48.000, 23.700, 12.200, 5.800, 738
and 180 g/mol).

Results and discussion

The influence of the composition of the solvent mixture on the DS and solubility of the products was investigated by
varying the concentration of TBAF in the solvent mixture while keeping the molar ratio AGU/NaOH/C H,CH,CI constant
(1:3:3). Evidence of this type of influence has already been seen in the preparation of cellulose acetates applying this
solvent system. Reaction conditions and DS values are shown in Table 1.

Table 1. Conditions and results of benzylation of cellulose dissolved in DMSO/TBAF.3H,0
(Molar ratio AGU:CICH,C H_:NaOH is 1:3:3).

Cellulose % TBAF.3H O Benzyl cellulose
(wiw) No. DS Solubility
Sisal 4.5 1 0.52  insoluble
Sisal 9.0 2 1.32  insoluble
Sisal 13.5 3 1.39  pyridine, DMSO, DMA, DMF
Sisal 18.0 4 1.31  pyridine, DMSO, DMA, DMF
Linters 4.5 5 0.49  insoluble
Egg: 9.0 6 126 insoluble
) 13.5 7 1.45  pyridine, DMSO, DMA, DMF
Linters 18.0 8 1.32  pyridine. DMSO, DMA, DMF

In Table 1 it can be seen that a content of 4.5% TBAF.3H,O in the solvent system leads to a product of DS of about 0.5,
whereas in systems of higher salt concentration (9-18%), the benzylation achieves products of significantly higher DS up
to 1.3 under comparable reaction conditions. This shows that s specific salt content (= 9.0%) is needed for the cellulose to
be “well-dispersed” in solution, so that a larger proportion of its hydroxyl groups are available for the reaction.

The solubility of the BS samples in organic solvents can depends on the composition of the solvent mixture used for
the synthesis. Thus, 13.5% or more TBAF.3H,0 must be applied to get BC which dissolve in polar solvents. This may be
explained by the aggregation of cellulose chains in DMSO/TBAF.3H,0. This phenomenon has been observed in several
syntheses of cellulose derivatives in homogeneous reactions®'?.

When the salt content is increased from 4.5 to 9.0%, there must be a considerable disintegration of the cellulose, since
the DS the products increases from 0.5 to 1.3, but the substitution reaction probably still occurs mainly on the surface of
intact, swollen aggregates. The derivatives apparently maintain the chain aggregation, and are therefore insoluble in the
solvents tested. BCs produced in solvent mixture with 13.5 or 18% TBAF.3H,0 have virtually the same DS (1.30-1.45) as
the BC made in that with 9%. Yet they are soluble after isolation and then re-dissolution. This implies that in the reaction
medium, the higher salt contents are sufficient to decrease the aggregation of polymer chains. The fact that after isolation
these ethers dissolved in polar organic solvents shows that the total interactions between the chains could be broken by
dissolution and were evidently weaker than those formed between chains of the ether made when 9% salt was used.

To check this hypothesis, some of the ethers were analyzed by SEC. Samples 1 and § (produced in 4.5% TBAF.3H,0)
were insoluble in the solvent used as the mobile phase, NMP. Samples 2 and 6 (9% TBAF.3H,0) were partially soluble
in NMP at the concentration used for chromatography, and hence only the soluble fraction could be analyzed. The other
samples (synthesized in 13.5 or 18% TBAF.3H,0) were completely soluble in NMP. The molar mass data obtained are
listed in Table 2 and the molecular mass distribution of the sisal derivatives is plotted against retention time (Figure 1).
The curves obtained for the linters derivatives, samples 6, 7 and 8 (not shown) are similar to those shown for samples 2,
3 and 4, respectively.
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Table 2. Weight-averaged molar mass (Mw) and polydispersities (Mw/Mn) of the benzyl celluloses prepared at various TBAF con-
centrations, calculated from SEC data. Samples were dissolved in NMP at 4 mg/mL.

Benzyl cellulose Retention time 7 min Retention time between 8 and 14 min
Sample DS Peak 1 Peak 2 Peak 3
No ———— — ————
Mw Mw Mn | Mw Mw Mn | Mw N | Mn
(g/mol) (g/mol) (g/mol)
|12° 132 288.10° 1.6 45.500 1.9 - -
3 ' 1.39 4.26.10° 1.9 58.140 14 | 12.880 1.1
4 131 - - | 55.780 1.9 - -
6 1126  |2.70.10° |1.6 | 54.520 1.4 |13.213 1.1
ki 1 1.45 2.81.10° 14 | 53.870 | 13 | 12.800 1.2
8 1.32 - - 44930 1.7 - -

*sample did not dissolve completely in NMP; soluble fraction was filtered and analyzed by SEC.
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Figure 1. Molecular mass distribution of benzyl cellulose samples 2, 3 and 4 prepared from sisal
cellulose at various TBAF concentrations.

The fractions eluted in short retention times (peak 1, low intensity) contain material of very high molar mass (>10° g/mol)
that must consist of aggregates of benzyl cellulose, formed during the solubilization and reaction stages of the synthesis. The
fractions constituting peak 2 may be attributed to dispersed chains of benzyl cellulose. Peak 3 must correspond to oligomers
produced by the breakdown of cellulose and/or derivative chains during the reaction, caused by the presence of strong alkali.

The SEC data verify the idea proposed previously that the proportion of quaternary ammonium salt in the reaction
mixture has a strong influence on the state of aggregation of the substituted polymer chains. In samples 2 and 6 (9%
TBAF.3H,0), the part soluble in NMP was found to contain a significant amount of aggregates (solid line, insert, Figure
1); obviously, the insoluble part contained larger aggregates involving many more chains. Samples 3 and 7 (13.5% TBAF)
also contain aggregates (dotted line, Figure 1), but, as explained above, at this salt content there must be a stronger inter-
action between the cellulose and solvent, leading to wider separation of the chains and thus a more uniform benzylation,
rendering the derivatives soluble in the organic solvents. The complete absence of aggregates in the product when 18%
TBAF was used (samples 4 and 8, dashed line, Figure 1) shows that this solvent mixture interacts ideally with cellulose,
resulting in BC products of which separate easily when dissolved in NMP.

The efficiency of the solvent system with 18% TBAF was clearly demonstrated in these experiments, considering that
a DS of 1.3 was achieved in a one-step reaction lasting 4 hours, using 3 moles each of reagent and alkali per mole AGU.
To obtain the same DS in non-aqueous solvent (SO, -DEA-DMSO), Isogai et al.” needed a reagent:AGU molar ratio of
9.8 and 14 hours of reaction, the reagent being added in 3 stages.

Conclusion

It was proved that the composition of the solvent system has an influence on the properties of the obtained deriva-
tives. As the TBAF content was increased from 4.5 to 9%, the DS of BCs rose from 0.5 to ~1.3, with little more change
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at higher concentrations. However, only the derivatives synthesized in medium with 13.5 or 18% salt were soluble in the
polar organic solvents tested. Also, only BC samples obtained with 18% salt produced no detectable SEC elution peak
representing aggregates of polymer molecules. Finally, this new solvent system proved highly efficient in the production
of this derivative from cellulose.
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