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Appendi xx 5-2. Size-exclusio n chromatograph y 

(SEC)) metho d for the analysi s of cellulos e 

tricarbanilat ee (CTC) in tetrahydrofura n 

Thee preparation of the cellulose tricarbanilate (CTC) and the SEC/LALS/UV experiments 
detailedd in this Appendix were carried out at Ecole Francaise de Papèterie et des Industrie 
graphiquess (EFPG/INPG), Grenoble, France, according to the procedure described by 
Laurioll  et al. [1,2]. 

A5-2.11 Preparatio n of the cellulos e tricarbanilat e 

A5-2.1.1A5-2.1.1 Theory 

CTCC is formed from the reaction of cellulose with phenylisocyanate (PIC). The chemical 

formulaa of CTC is illustrated in Figure A5-2. 1. 
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Figuree A5-2.1. Formula of cellulose tricarbanilate . 

Thee general reaction of chemical compounds containing alcohol groups with an 
isocyanatee is given by (A5-2.1). The rate of the reaction decreases in the order primary < 
secondaryy < tertiary alcohol. 

Isocyanatess react with water - at a reaction rate similar to that of a secondary alcohol - to 
producee carbon dioxide (A5-2.2) and an amine compound, which in turn reacts with 
isocyanatee to yield a di-substituted urea molecule (A5-2.3). 
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R-NN = C = 0 + R - N H 2 • R-NH-C-NH-R (A5-2.3) 
II I 
O O 

Withh PIC (A5-2.3) yields diphenyl urea according to (A5-2.4). 

=c=oo + ^ J^NH? ( ~VNH-C-NHV^> (A5-2.4) 
o o 

\\ // 

A5-2.1.2A5-2.1.2 Experimental 

A5-2.1.2.11 Activation 

Aboutt 2 g of paper was defibrillated in a hammer mill (Poitemill/Forplex), from which 
0.22 g were taken and placed in flat bottom reactors with two glass layers allowing water 
circulationn in between. The reactors were capped with a three-necked ground glass cover. 
AA water reflux refrigerant was connected to one of the apertures and the two other 
aperturess were closed. The two reactors were connected in series in order to prepare two 
setss of CTC at the same time, and were thermostated at . Thirty millilitres of 
dimethylsulfoxidee (DMSO) were added to the paper. 

Thee paper was left activating in refluxing DMSO for 5 to 6 hours under slow magnetic 
stirring.. DMSO has the ability to swell cellulose, which eases the accessibility of 
cellulosee in the derivatisation phase. DMSO is particularly appropriate for the 
nucleophilicc reaction that takes place with PIC in the next step since it is an aprotic 
solventt (one that does not contain any reactive protons). 

A5-2.1.2.22 Derivatisation reaction 

Tenn millilitres of PIC were added in the reactor one drop at a time, using a glass pipette. 
Thiss excess of PIC (8 times the stoichiometry) was required to compensate for the amount 
thatt reacted with the moisture in the cellulose substrate (which leads to the formation of 
di-substitutedd urea). Five millilitres of DMSO were then poured on the internal sides of 
thee reactor in order to rinse eventual residues of PIC. 

Thee reaction took place at C during 48 hours. This relatively long reaction time was 
expectedd to compensate for the solvent polarity, the low temperature and the absence of 
catalyst. . 

Inn the first hours of the reaction, the viscosity increased and the solution turned somewhat 
yellow.. After 24 hours, except for some specks in suspension, the solution was clear. 

Thee degree of substitution (DS) of the carbanilated cellulose is usually determined by 
measuringg the nitrogen content using the Kjeldhal method. Lauriol [1] showed that given 
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thee precision of the method, carbanilates could be considered as tri-substituted when DS > 
2.8.. Under the same reaction conditions as those used in the present experiment, Lauriol 
obtainedd a DS of 2.8 for cotton linters. The CTC prepared as described here were 
thereforee considered as fully substituted. 

A5-2.1.2.33 Stop reactio n 

Thee excess PIC had to be fully eliminated to enable a correct integration of the 
chromatographicc signal. For this purpose, 20 mL of acetone were slowly added in each 
reactorr under strong magnetic stirring. Acetone reacts with the excess PIC. 

A5-2.1.2.44 Recover y and cleanin g 

Tenn millilitres of the CTC solution were then sampled with a glass pipette and slowly 
pouredd one drop at a time under vigorous stirring in 150 mL of ethanol previously filtered 
(fluoroporee filter 0.5(im, Millipore). A white precipitate with a fibrous aspect instantly 
formed,, which was the solid tricarbanilated cellulose. 

Ass CTC precipitate formed, it was removed with tweezers and placed in a beaker 
containingg 50 mL of clean ethanol to complete the thorough washing. This cleaning stage 
iss necessary in order to fully eliminate the DMSO, the products formed by the reaction of 
PICC with acetone and the diphenyl urea, as precipitation tends to trap diphenyl urea inside 
thee CTC network. When the precipitation solution became too cloudy, ethanol was 
refreshed,, and care was taken not to loose any of the CTC. Refreshing of the solution is 
essential,, as ethanol is solvent of low molar mass compounds. The operation was repeated 
withh another 10 mL of the CTC solution for a final 20 mL. 

Thee precipitated CTC was left in the washing ethanol for about 15 minutes, after which it 

wass deposited on an aluminium foil and dried in the oven at 40°C for 24 hours. 

A5-2.22 SEC metho d 

A5-2.2.1A5-2.2.1 Dissolution of the CTC 

Aboutt 20 to 30 mg of CTC was weighed 5 g) in a 20 mL volumetric flask. After 
havingg been filtered through 0.5-(im pore fluoropore filter (Millipore), ten millilitres of 
tetrahydrofurann (THF) (Pro Analysi, Merck) were added and the flask was capped 
airtight.. The CTC sample was totally dissolved in 16 hours, and the volume was 
completedd to 20 mLL with THF. 

223 3 



Appendixx 5-2 

Priorr to injection onto the SEC columns, the sample was filtered through a 0.2-(i.m 
Anotopp filter, 10 mm diameter (Whatman) in a 1 mL vial filled to the top and tightly 
cappedd in order to avoid evaporation. 

A5-2.2.2A5-2.2.2 SEC method of CTC in THF 

A5-2.2.2.11 Instrumentation and setup 

Thee SEC set-up is illustrated in Figure A5-2. 2. It consisted of a Spectra System P-1500 
pumpp from TSP (Thermo Separation Products), 7125 injector model (Rheodyne) and 
Spectraa System UV 2000 detector (Spectra Physics). The UV detector was connected on-
linee with the low angle light scattering (LALS) detector KMX-6 (Chromatix). 

Thee interdetector delay volume was minimised as much as possible. The latter was 
determinedd to be 0.167 mL by collecting the signals of the two detectors after injecting a 
samplee without the columns set. 

Thee refractive index increment dn/dc of CTC in THF is needed for Mw calculations. It 
wass measured in THF at 20°C with a Brice Phoenix differential refractometer at 632.8 nm 
byy Lauriol et al. [1,2] as 0.169 + 0.OO2 mL.g"1. The data acquisition and reduction was 
carriedd out using the software code CARB developed at EFPG [1]. 

Figuree A5-2. 2. Schematic representation of the SEC/LALS/UV line. 

A5-2.2.2.22 KMX-6 characteristics and LALS theory 

Thee KMX-6 has a 2 mW helium-neon laser source operating at 633 nm, which emits 
verticallyy polarised light. The scattering angles form an annulus and are 6-7 degrees 
forwardd (3-4 real degrees). 

AA photomultiplier with adjustable gain measures the intensity of scattered light Gg and 
transmittedd light Go. The gain was adjusted in order to yield a full-scale signal for Gg. As 
thee scattered intensity is nine orders of magnitude smaller than the incident intensity, a 
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seriess of calibrated attenuators placed between the transmitted signal and the detector cell 

alloww the measurement of Go in the same sensitivity range as Gg. The scattered light was 

reducedd with the field stop 0.2 mm. The attenuators used for the measurement of G0 (No. 

1,, 3 and 4) were expected to provide a transmittance of 1.22xl0~8; this is the theoretical 

attenuationn factor (D). The experimental determination yielded D = 1.419x10" . 

Thee attenuation factor is a parameter of the Rayleigh ratio, which forms the basis of the 
lightt scattering equation for the determination of A/w, and is calculated in LALS by the 
followingg equation (details in section 4.1.2.2 of Chapter 4): 

RRaa = 'e 'e 
Go Go 

D D Equationn A5-2.1 

Wheree a' is the solid angle of detected scattered light and /' is the length of the scattered 
volume,, called the equivalent path. Therefore, aT is a constant of the instrument that 
dependss on the cell geometry, the measurement angle, the refractive index of the solvent 
andd the beam area reduction according to the field stop used. It is measured by 
independentt measurement during the calibration of the LS instrument. 

Thee quartz lenses of the optical system were carefully cleaned with MEK prior to the 
SECC runs in order to eliminate any dust, which would induce stray light and decrease the 
signal-to-noisee ratio. The 6328 A narrow band interference filter was wiped with a piece 
off  Teflon filter. The interference filter is placed before the detection cell and absorbs most 
off  the Raman and fluorescence radiation from the sample. The detection cell is made of 
highh quality fused silica and its volume is 15 nL. The actual scattering volume is smaller. 

Inn SEC mode, i.e. at very low concentrations, the transmitted light is independent of the 
concentration.. Therefore at a given photomultiplier gain, the following equation holds: 

GoGo solution = Go solvent 

Thee signal recorded by the LALS is AGg, which allows the calculation of the excess 
Rayleighh ratio as follows: 

ARARee = 
rrAGAG66 V D 

Go Go 
Equationn A5-2. 2 

Wheree ARg = Re solution - Re solvent and AGe = Ge solution - Go solvent 

Thee relationship that allows calculating Mw from ARg is: 

K*cK*c  1 
== 1- A-,C Equation A5-2.3 (see section 4.1.2.2.2 of Chapter 4) 

ARAR99 Mw 

Wheree A2 is the second virial coefficient (mL mol g"2), a thermodynamic parameter, 
whichh characterises solvent-solute interaction, and K* is an optical parameter defined in 
sectionn 4.1.2.2.1 of Chapter 4: 
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dc dc 
nn00

22 AT 1 X; 

Wheree «o is the refractive index of the solvent 

Niss Avogadro's number 

Aoo is the wavelength of the incident light in the vacuum 

Thee values of A2 for a wide range of cellulose tricarbanilates in THF measured with the 
Chromatixx KMX-6 equipped with the 150 |LiL cell were found to vary from 5.5x10"4 to 
2.7x100 mL mol g"2, and appeared to be unrelated to the values of A/w [1]. For example, 
forr Mw around 3xl05 g mol"1, using A2 values ranging from 2X10"4 to 7x10̂  mL mol g"2 

thee error incurred on the value of Mw was less than 2%. 

Inn SEC mode, since the working concentrations are very low, A2 can safely be omitted if 
thee following relation holds: 

2A2A22 cMw«\ 

Inn this experiment the concentration of the samples injected was about l.SxlO"4 g mL"1 

andd the Mw about 4xl05 g mol"1 (see Chapter 5), thus the term (2A2 c Mw) was of 0.07 in 
thee worst case, and could therefore be safely omitted. 

A5-2.2.2.33 Calculatio n of Mr average s and concentratio n 

Thee concentration detector connected online with the light scattering detector measures 
thee concentration of the solute in each slice of the chromatogram, for which the polymer 
iss considered monodisperse. DRI detectors use the dn/dc value to enable the calculation 
off  the concentration of the polymer from the DRI signal (see section 4.1.2.2.2 of Chapter 
4).. In the DRI signal the height h, is the z-th value measured and is related to concentration 
c,, of the eluted fraction by the relation: 

hjhj  = n, x Mi 

Wheree «, is the number of molecules of molar mass A/,. 

Therefore,, the equations for Mn, Mw and Mz as expressed in section 2.1 of Chapter 2 
become: : 

'""  X^r '  w l * < z I^M,  "'"J^A/, 3 

MMvv can be calculated derived from SEC data if the MHS exponent a is known: 
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'iw n" ° ° 
M - ^ ^ 

A5-2.2.2.44 Separatio n 

Thee separation was carried out on a set of 2 columns Ultrastyragel P/N 10681 (Waters) 
7.88 mm LD. x 300 mm with poly (styrene-divinyl benzene) (PSDVB) packing and linear 
separationn in the range 2xl03 to 4xl06 g mol"1. Flow rate was set to 1 mL min"1. The 
injectionn loop volume was 100 (XL, with an effective measured volume of 109 (iL. Runs 
weree carried out at ambient temperature and lasted 30 minutes. The mobile phase was 
THFF (Merck), filtered through 0.5 |jm Teflon filters (Fluoropore, Millipore) and was 
degassedd under vacuum prior to its use. 

ChemicalsChemicals and materials 

Dimethylsulfoxidee (DMSO), phenylisocyanate (PIC), acetone and ethanol were purchased from Fluka 

(Saint-Quentinn Fallavier, France). Tetrahydrofuran (THF) was obtained from Merck (Darmstadt, Germany). 

Anotopp filters (0.2 um pore size, 10 mm diameter) were from Whatman pic (Maidstone, UK) and 

Fluoroporee filters (FG 0.22 um and 0.5 urn pore size) were from Millipor e (Guyancourt, France). Poly 

(styrene-divinyll  benzene) (PSDVB) columns Ultrastyragel P/N 10681 (7.8 mm I.D. x 300 mm) were from 

Waterss (Milford, MA, USA). 

Instruments Instruments 

Thee UV detector 2000 was from Spectra Physics (Darmstadt, Germany) and the low angle light scattering 
(LALS)) detector KMX- 6 was from Chromatix (Neckargemünd, Germany). The pump Spectra System P-
15000 was from Thermo Separation Products, now Thermoquest Thermo Finnigan (San Jose, CA, USA), 
andd the injector 7125 from Rheodyne L.P. (Cotati, CA, USA). 
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