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Gel permeation chromatography measurements have been made upon cellulose trinitrate in ethyl acetate 
using samples which have already been well characterized by light scattering and osmometry. Columns 
were calibrated using polystyrene standards and it has been shown that the hydrodynamic volume call- 
bration applies to cellulose trinitrate provided that all the data are extrapolated to zero concentration. 
It has also been shown that the resolution of the columns (as measured by the rate of change with 
count of logarithm of intrinsic viscosity), and the deviation from the true value of the apparent hydro- 
dynamic volume at any given concentration depends only upon the relative viscosity of the sample. 
The validity of the hydrodynamic volume calibration does not necessarily mean that both polymers 
are fractionated solely by an exclusion process. It is possible that both react reversibly with the gel, 
and that there are compensatory hydrodynamic effects. 

INTRODUCTION degrees of polymerization but also distributions of the cor- 
rect width and shape. Degrees of polydispersity found by 

Gel permeation chromatography (g.p.c.) is a type of gel f'd- g.p.c, have generally been higher than those found by frac- 
tration chromatography suitable for the separation of flexible tional precipitation. In the case of cellulose trinitrate derived 
polymer molecules according to size. It became possible from undegraded cottom, unimodal distributions have been 
with the development by J. C. Moore in 1964 t of suitable obtained by g.p.c, a's but multimodal distribution by fractional 
column packing materials consisting of polystyrene and precipitation 13 
polystyrene-divinyl benzene gel particles, and was first ap- G.p.c. is an attractive technique for the study of molecular 
plied to cellulose trinitrate by Meyerhoff in 19652, since weight distributions of nati.ve cellulose, as it is quick and easy 
when several investigations have been reported 3-11. and requires only small volumes of solution. However, it is 

Separation according to size in gel permeation chromato- necessary to establish the validity of the procedures used. 
graphy occurs because smaller macromolecules can diffuse This paper describes an extensive investigation of the g.p.c. 
in and out of gel particles more easily than larger ones, as characteristics of cellulose trinitrate using samples of low 
the solvent and injected solution sample are pumped through polydispersity which had already been well characterized 
the columns, so that a chromatogram is obtained with the by means of light scattering and osmometry 14. 
larger macromolecules eluting first. In the early days of the 
technique the elution volume of a given molecular species 
was regarded as being entirely a function of chain length, EXPERIMENTAL 
and 'universal' calibration curves were obtained using narrow 
polystyrene fractions. Weight-average degrees of polymeriza- Cellulose trinitrate was obtained by directly nitrating cotton 
tion of cellulose trinitrate samples calculated from elution by the method of Alexander and Mitchell Is for various 
curves using this type of calibration have always been much periods and temperatures as previously described 14. The 
higher than the intrinsic viscosities of the samples would sug-  characteristics of the samples relevant to the present work 
gest. However, in 1966 Benoit et al. 12 suggested that the are summarized in Table 1. 
relevant parameter for calibration purposes was the hydro- The gel permeation chromatography apparatus consisted 
dynamic volume measured as the product of intrinsic visco- of parts supplied by Waters Associates comprising the pump- 
sity and molecular weight. The hydrodynamic volume cali- ing and injection system (2 ml sample), and one set of four 
bration procedure has latterly been applied to cellulose trini- Styragel columns in series. The eluate was collected in 5 ml 
trate solutions 7. Due to the fact that polystyrene is a much fractions (counts), and refractive index differences between 
more flexible polymer than cellulose trinitrate the hydrody- solution and solvent were subsequently measured with a 
namic volume calibration yields much lower values for deg- Rayleigh differential refractometer using path lengths up to 
rees of polymerization than the chain length calibration, 40 mm. A flow rate of 1 ml/min was employed for all ex- 
nearer to those found by other techniques. However, no ex- periments with cellulose trinitrate. In every case the mass 
tensive investigation has been made to establish its general of solute eluted was found from the area under the chroma- 
validity as applied to cellulose trinitrate. In order to be a togram, and was compared with the mass of solute in the 
useful technique, g.p.c, must not only yield correct average sample injected and found to agree to within -+10%. Each 

* Present address: The Hannah Research Institute, Ayr, Scotland experiment was carried out at least three times and care was 
KA6 5HL, UK. taken to avoid accidental contamination of the collection 
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Table I 

DPw/DP N by g.p.c. 

Time and DP W DPw/DP N Hydrodynamic Intrinsic 
temperature light DP N (7/) absolute volume viscosity of 

Sample of nitration scattering osmometrv (m3/kg) techniques calibration fractions 

1 lh at 20°C 5700 a 4.4 >1.1 b 
la lh at 0°C 
2 lh at --20°C 5000 a 
3 24 h at -20°C 6500 a 5.0 1.7 c 1.3 

1.2 
4 2h at 20°C 3200 2600 1.2 
5 3h at 20°C 3.6 1.3 1.4 
6 4h at 20 ° C 3300 2600 1.3 
7 6h at 20°C 2500 2100 2.6 1.2 1.4 1.4 
8 25h at 20°C 2200 1600 2.1 1.4 1.3 1.5 
9 54h at 20°C 600 a 520 0.52 1.2 1.2 1.3 

a The Zimm plots showed a downward curvature at low angles of scatter due to the presence of gel particles. The values shown are those ob- 
tained by ignoring the downward curvature. The gel present in sample 9 is thought to be different in origin from that present in samples 1 to 3. 
(For a detailed discussion of the nature of the Zimm plots see ref 14.) b Osmotic pressure measurements were not possible with the less de- 
graded samples. The Figure shown is based on a fraction precipitation experiment (see ref 14). c See text 

tubes. Although tetrahydrofuran has been used as carrier 4th column 
solvent in nearly all previous g.p.c, investigations it was found 
not suitable for cellulose trinitrate. The pumping pressure 
required to maintain a 1 ml/min flow rate increased conti- 4 ~ 
nuously with successive experiments, a situation which 3rd column 

could be temporarily rectified by removing some of the 
packing material near the inlet of the first column. The re- "-~ 2 ~ ~  2ndcolumn 
moved packing material, analysed by a semimicro Kjeldahl 
method, contained 0.3% nitrogen. Therefore, it is likely, ~ °lumn 
that the increase in pumping pressure was due to blockage ~ o ~ c  
of the column with cellulose nitrate. For this reason ethyl O 
acetate, which is a better solvent for cellulose trinitrate and t3 - - - - ~ A  
less unpleasant to handle, was used as carrier solvent in most - - % . .  
of the present work. Its use yielded more reproducible -2 
chromatograms than those obtained with tetrahydrofuran. 
All solutions were centrifuged at 30000 g and decanted be . . . . . . . . . . . . . . . . . . . . . . .  
fore being investigated. 15 20 25 30 35 

The four columns used had nominal porosities of 7 0 -  Count 
200 nm, 500-1500 nm, 5000-15 000 n_m, 70 000-50  000 Figure 1 Gel permeatiota chrornatograms hydrodynamic volume 

calibration for: A, the first set of columns; B, the second set of 
nm, and were connected in that  order.  The f igures refer to columns. II, Polystyrene standards; [3, cellulose trinitrate. The 
the range of pore sizes in each column,.expressed in terms =quart.s indicate the limits of error; the horizontal lines indicate the 
o f  the con tou r  length o f  po lys ty rene  molecules to  wh ich  upper exclusion l imits of the columns calculated by converting the 
they are jus t  accessible. Po lys ty rene standards having weight-  contour lerigths quoted by the manufacturers to hydrodynamic 
average molecular weights 5.0, 51,410, 870, 2150 kg/mol volumes of polystyrene 
were used to obtain hydrodynamic volume calibration curves 
(Figure 1). The position of peaks in the elution curves could 
be determined correct to 0.2 counts after 3 experiments, and replaced. Although nominally of the same porosities as the 
elution volumes were found to be independent of  flow rate first, the second set of columns had different characteristics, 
in the range 0.5 to 1.5 ml/min. Only the highest molecular especially in the high molecular weight reg)on (Figure l). 
weight sample exhibited any concentration dependence and Intrinsic viscosities of polystyrene in ethyl acetate do not 
this was slight (a decrease of  0.6 counts between 1.5 and appear in the literature and these had to be determined in 
0.5 kg/mol). The performance of the apparatus was tested order to obtain hydrodynamic volume calibrations. The 
by investigating a mixture of the two standards with mole- Mark-Houwink equation was found to be: 
cular weights 51 and 870 kg/mol. This gave the expected 
elution curve. The experiment was repeated five times so as {r/} = 2.58 x 10-3M 0-57 (1) 
to collect enough material from the centre of each peak to 
rerun them separately. These reruns yielded the original elu- [{I/} in m3/kg, M in kg/mol]. No shear-rate dependence was 
tion curves with no secondary peaks indicative of  sample found with any of the samples and the Huggins constant was 
mixing. There were gradual changes in the elution volumes 0.28 in all cases. 
of the polystyrene standards during the course of the work As a matter of  routine the intrinsic viscosity of each count 
and the columns were calibrated periodically. The elution was estimated for all the chromatograms obtained with cel- 
volumes decreased, the magnitude of the decrease increasing lulose nitrate. This was done by measuring the specific vis~ 
with decreasing molecular weight. After about 2 years opera- cosity with an Ostwald viscometer at a mean rate of shear 
tion this variation became intolerable and the columns were of approximately 200/sec. The intrinsic viscosity was then 
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0 9  the trailing edge indicating good resolution of the columns 
and they appeared in the correct order but earlier than in the 

0.7 ~ ~ original chromatogram. Chromatograms obtained with frac- 
t~L" tions from the middle and leading edge, however, were com- 
o E parable in width to the original chromatogram. It is clear 

/ ~ ~  ~ O 5 that under the conditions described in this section, the frac- 
o \  tionation of cellulose nitrate by gel permeation chromato- 

3 graphy is a highly complex process. Several of the authors 
cited above have carried out their experiments under similar 
conditions with similar samples and there must be some 
doubt about the interpretation of their chromatograms. 

Experiments with ethyl acetate as carrier solvent 

Figure 2 shows chromatograms at various concentrations 
for sample 3, together with the associated viscosity data of 
the individual fractions for the highest concentration. Vis- 
cosity curves at lower concentrations were similar except 

1 - I i I L ~ I I i -  I I 

16 17 I~ 19 20 21 22 23 24 25 26 27 28 that the region at low counts, over which there waslittle 
Count variation in intrinsic viscosity, became progressively shorter. 

Figure 2 Gel permeation chromatograms for sample 3 (Table 1) and Both the elution volume and the width of the chromato- 
associated viscosity data: ©, 0.84 kg/m3; x, 0.75 kg/m3; O, 0.36 kg/m 3 gram decreased with decreasing concentration. It was found 

that the elution volume of the peak could be extrapolated 
linearly to zero concentration. The extrapolated value is 

calculated assuming an effective Huggins constant of  0.3, a plotted against the hydrodynamic volume (calculated by 
figure which was found from measurements on the whole multiplying the intrinsic viscosity by the weight-average 
samples. The counts were diluted as necessary so that the molecular weightt) in Figure 1. The first set of columns was 
specific viscosity was always within 10% of the intrinsic used to investigate this sample and it can be seen that the 
viscosity, zero concentration data lie within experimental error on 

the hydrodynamic volume calibration curve obtained with 
RESULTS AND DISCUSSION the polystyrene fractions. Values of  DPw and DPN calcu- 

lated from the chromatograms using this calibration showed 

Preliminary experiments on a mildly nitrated sample using the apparent value of DPw to be near the peak of the curve 
tetrahydrofuran as carrier solvent at all concentrations and that the apparent value of DPw/DPN 

decreased linearly with decreasing concentration from 2.8 at 
G.p.c. experiments were carried out on sample la. Un- 8.4 × 10 1 kg/m 3 to an extrapolated value of  1.7 at zero 

fortunately sufficient material was not available after the concentration. However, by extrapolating the width at half- 
g.p.c experiments had been carried out for light scattering height, again linearly, to zero concentration and assuming 
experiments to be made but the conditions of  nitration lie a Schulz-Zimm distribution function (to which the chro- 
between those by which samples 1 and 2 were obtained, matogram at the lowest concentration approximately corres- 
The experiments were carried out at a concentration of 0. l% ponds) a value of DPw/DPN = 1.2 was obtained. It is likely 
and yielded chromatograms similar to the higher concentra- that the discrepancy arises from the changing shape of  the 
tion curve of  Figure 2. Under identical conditions elution chromatogram which renders the validity of the extrapola- 
volumes were approximately ½ count lower using ethyl ace- tion procedures doubtful. DPw/DPN calculated from the 
tate as solvent than with tetrahydrofuran. The results of  vis- intrinsic viscosities of the individual fractions, and assuming 
cosity measurements were also similar in that there was little each fraction to be monodisperse, increased with decreasing 
variation in intrinsic viscosity in the leading edge of  the chro- concentration from 1.1 to 1.3 at zero concentration. This 
matogram. 27 experiments were carried out in order to col- increase is due to improving resolution. Taking the overall 
lect enough material to carry out experiments on individual picture presented by the data shown in Table 1, it seems likely 
fractions. The fractions were precipitated by pouring into a that 1.3 is near the true value as it is unlikely that sample 3 
large excess of  water. Some of  the precipitate was redissolved 
in ethyl acetate and then allowed to evaporate so that the t According to Newman et al. 16this procedure yields: 
cellulose nitrate formed thin films suitable for infra-red 
measurements. Material from the leading edge exhibited 3/2 MI¥ 
strong hydrogen-bonded hydroxyl absorption in the region ~[(r2) ]N M N 
2.8-3 .0  #m. This fact, combined with the viscosity results where the symbols have their usual meaning and M is assumed to be 
and the fact that these fractions were only about 2/3 reso- proportional to ~2 or= the range of the distribution. Within experi- 
luble, indicates the presence of microgel in the leading edge mental error this is indistinguishable from the hydrodynamic volume 
of the chromatogram, and confirms the results of similar corresponding to the weight-average molecular weight, q~l(r2)w] 3/2 
experiments on fractions obtained by fractional precipita- Assuming a Shulz-Zimm distribution, the ratio of the first expression 

to the second is: 
tion 14. There was also some (much less) hydrogen-bonded 
hydroxyl absorption by material isolated from the centre of r(a + 3/2) where M W = a + 1 
the chromatogram, supporting the authors' hypothesis that (a + l) 1/2 P(a + l) MN a 
the microgel has a wide range of sizes 14. The remainder of  

ForMw/M N = 1.33, 1.5, 2, 3, ~, this expression yields 0.97, 0.96, 
the fractions were redissolved in tetrahydrofuran at concen- 0.94, 0.92 and 0.89 respectively. There is some doubt, however, as 
trations similar to the original sample and rerun separately, to whether the expression given by Newman et aL applies to cellulose 
Chromatograms were narrow with fractions obtained from trinitrate in ethyl acetate (see main text). 
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The fact that cellulose trinitrate and polystyrene each 
a elute, at infinite dilution, according to their hydrodynamic 

volume, does not necessarily mean that fractionation takes 
place solely by an exclusion process, as in this case the hy- k 

i ~ drodynamic volume calibration would be expected to apply 
only in the case of molecules with similar geometry and 
flexibility ~7. There is some doubt as to whether the product 
of intrinsic viscosity and molecular weight represents the 
size of cellulose trinitrate molecules, as the near unity value 
of the exponent in the Mark-Houwink equation cannot be 
explained in terms of appropriate expansion factors ts'19. 

. . . .  Values of~[(r2)w] 3/2, calculated for the cellulose tri_nitrate 
2'0 25 b samples by correcting the present authors' values of(r2)z: 

found from light scattering experiments for polydispersityt4~ 
were found to be approximately twice the hydrodynamic 

O Z volumes as plotted in Figure 1, except in the case of sample 
o 3 ' .  This indicates that cellulose trinitrate molecules are 

02  eluted at higher volumes than polystyrene molecules having 
o°' o • the same value of r 2. High elution volumes can result from 
_3 reversible interactions between solute and gel and several 

authors have discussed the nature of these interactions 2°-22 
The low exponent in the Mark-Houwink equation for poly- 
styrene in ethyl acetate and the high polarity of cellulose 
trinitrate, would suggest that both react reversibly with the 

' 2'0 . . . .  2'5 gel. It is possible that the effect is somewhat greater in the 
Count case of cellulose trinitrate. Thus the applicability of the hy- 

Figure 3 Gel permeation chromatograms (a) for sample 8 (Table 1) drodynamic volume calibration may arise from the self- 
and associated viscosity data (b). @, 1.85 kg/m3; O, 1.26 kg/m3; ~7, cancelling of several different effects. 
o.75 kg/m3; A O.5O kg/m 3 Figure 4 shows that, in the case of cellulose trinitrate, the 

concentration dependence of elution volume increases with 
molecular weight. The apparent proportional change in hy- 

is more polydisperse than the more degraded samples, drodynamic volume relative to that at infinite dilution can 
Similar experiments were carried out with samples 5, 7, 8 in fact be shown to depend, within experimental error, only 

and 9 using the second set of columns and the results for on the relative viscosity of the sample (Figure 5) although 
sample 8 are shown in l;~gure 3. All samples showed a this applies only for a given set of columns. Figure 6 shows 
marked decrease in elution volume with decreasing concen- 
tration and a linear extrapolation to zero concentration * The value calculated for sample 3 was in agreement with the 
(Figure 4) could be made. The extrapolated values are plot- hydrodynamic volume. However values of (r2)z found from light 
ted against hydrodynamic volume in Figure 1 and can be scattering measurements on cellulose trinitrate samples obtained by 

mild nitration procedures, are thought to be too low, due to the in- 
seen to lie within the experimental error on the hydrody- fluence of microgel on the slopes of Zimm plots. It is the contention 
namic volume calibration curve. Values ofDPw/DPN cal- of the present authors that cellulose trinitrate is a less flexible mole- 
culated using this calibration showed no systematic variation cule than hitherto believed 14. 
with concentration although it is clear from the viscosity 
data, e.g. Figure 3b, that this is fortuitous. It would appear 
that fraction-broadening and mixing effects tend to cancel 
out for these samples. Values of DPw/DPN calculated from 
the viscosity data increased with decreasing concentratio'n 23 
and the extrapolated zero concentration values are shown in 
Table 1. Values of DPw/DPN calculated by both methods 22 
are in good agreement with values obtained by other 
techniques. 

In general it may be concluded that the hydrodynamic 21 
volume calibration is applicable to high molecular weight 
cellulose trinitrate in ethyl acetate provided that extrapola- 
tion to zero concentration is made, and that at very low ~ 20 
concentrations the chromatograms may be regarded as fair 
descriptions of the distributions of degree of polymerization, a9 
However, in practice, the usefulness of the hydrodynamic 
volume calibration is limited by the fact that polystyrene 
standards having comparable hydrodynamic volumes to high 18 
molecular weight cellulose trinitrate are not readily available, 
so that it is undesirable to rely solely on g.p.c, as the investi- 
gative technique. The validity of the contour length calibra- I~ i ½ 3 
tion has clearly been disproved by the present work, as on Concentration (kg/m 3) 
this basis all of the cellulose trinitrate samples should have Figure 4 Concentration dependence of chromatogram peaks. @, 
eluted within the range of the polystyrene standards. Sample 5; O, sample 7; x, sample 8; &, sample 9 (Table 1) 
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t-5 Figure 1 indicates that the void volume within the first set 
"~ of columns was higher. 
-= Clearly there are qualitative differences in the elution 
o characteristics of the samples obtained by a mild nitration u 

procedure (samples la and 3) and the more degraded samples. 
O 
c To a large extent, the non-linearity of plots of the logarithm >.  

o I C of intrinsic viscosity against count, obtained with samples 
prepared by mild nitration procedures, is due to the presence 

~ of microgel in the leading edge of the chromatogram as stated 
above - there being much less microgel present in samples ob- 

t~ tained by more extensive nitration 14. This does not explain the 
difference in the concentration dependence of the apparent 

• ~ 8 [] poly-dispersity. It is possible that the degree to which fraction 
O 
-~ 0.5 broadening and mixing effects cancel out depends upon 

where, in the sequence of columns, fractionation takes place. 
Figure 1 shows that, assuming the validity of the hydrody- (3 

a_°- namic volume calibration, fractionation of sample 3 took 
place entirely within the last column; this is not the case for 

o the other samples. Experiments in which the order of the 
columns were changed would be useful, although lengthy and 

C ~ I() 15 expensive on account of the finite lifetime of individual 
Relative viscosity columns. 

Figure 5 Shift in chromatogram peak relative to the extrapolated Concentrat ion effects have been observed wi th  g.p.c, by 
zero concentration value, as a function of relative viscosity of sample several other authors 23- 27. I t  is not suggested that the above 
(see text). [2, Sample 3; o, sample 5; o, sample 7; x, sample 8; 
A, sample9 (Table I) explanation applies in all cases. Examination of Figure 5 

shows that the small concentrat ion dependence of  the elu- 
tion volume of polystyrene observed in the present work for 
instance, cannot be so explained, because the relative visco- 
sities at the concentrations used were not high enough. 

that a correlation can also be made between the resolution However, the authors believe that viscosity effects dominate 
of the columns (as measured by the rate of change of intrinsic all others in the case of very long polymer chains with low 
viscosity with count) and the relative viscosity of the sample, flexibility. 
The fact that the relative viscosity is the dominant factor in 
determining the concentration dependence of both elution 
volume and resolution, explains the results of the preliminary CONCLUSION 
experiments on sample la described in the previous section. 
Material isolated from the trailing edge would have a lower In practice, the hydrodynamic volume calibration is appli- 
relative viscosity at a given concentration than that of the cable to gel permeation chromatography of high molecular 
whole sample, and hence if rerun separately would be expec- weight cellulose trinitrate in ethyl acetate, provided that 
ted to elute earlier and with improved column resolution, extrapolation to zero concentration is made. The resolution 
A similar result was obtained by running fractions of of the columns and the deviation of the apparent hydrody- 
sample 1 obtained by fractional precipitation 14. Ethyl ace- namic volume at any given concentration from the true value, 
tare was used as carrier solvent in this experiment and it was depends only upon the relative viscosity of the sample. 
found that the chromatogram obtained by combining those 
of the fractions had a leading edge in the same position as 
the chromatogram obtained with the whole sample: but that 
the trailing edge had a lower elution volume. 

It is possible that the observed effects of relative viscosity 03 
on elution volume and resolution result from flow non- 
uniformities within the void volume. These could enable sol- 
vent following part of the injected sample through the less T 

constricted pathways to overtake the rest of the sample m o v - - v  ~ t  ~ i t ~ l ~ t t  T ~  / 
ing through the more constricted pathways. Also lower 
molecular weight material fractionated within the less con- 0 2  
stricted pathways could overtake higher molecular weight -- ~, ., 
material fractionated in the more constricted pathways. The _~ v > 
magnitudes of these effects would depend upon the relative 
viscosity of the iniected sample and would manifest them- 
selves as a retardation of the chromatogram peak and a mix- ©.1 
ing of fractions within the chromatogram. On the basis of 
this explanation the leading edge of the chromatogram would 
be expected to be less concentration dependent than the 
trailing edge and Figures 2 and 3 show this to be the case. 2 3 '~ 5 6 -) 8 ~) 
Viscosity effects would be expected to be less for a higher Relative viscosity 
void volume. Figure 5 shows that the effect of viscosity was Figure 6 Resolution of chromatograms as a function of relative 

viscosity of sample (see text). Q, Sample 5; O, sample 7; x, sample 8; 
less w i th  the first set of  columns than wi th  the second and A, sample 9 (Table 1) 
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