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ABSTRACT 

The physiwl prop&n; 4’ cwllulosc awtatc pulymws an! not pwrnr~ solely hy their avcrup rhsmicul propertics. but are also 
dcpcndcnt upon molwulitr muss and ucwtyl distributions. Currently, must unalytiad tcxhniqucs that WV routinely us& to chamcrcxix 
~~lluiosc cstcrs. provide only u mean vnluc of the property that is mcasutrx!. Nc me&usion liquid chmnwtogruphy WUY invcsti~kd us a 
mcuns of nnulyzing cvllulnsc nL*ltatC polymerrr over ~1 compwitiannl mnge fro n 3743% (~,‘a) uwtyl. Under optimum conditions this 
technique was highly sclwtive kr rho chcmicul compositiun of thwis pulymcn. providing inkrmatian on both mean awtyl composition 
and nwtyl distributron. The purptw of this paper is to dcscribc shmmutogwhic vctriuhlw nzuir4 to suw~%rully ch:har~stcrizc 
C~llUlUsQ UCVIBIE. 
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INTRODUCTlON 

Because heterogeneous polymers (or hctcropoly- 
mcrs) possess both molecular mass and chemical 
composition distributions, they arc a dif%ult class 
of polymers to characterize. To measure any distri- 
bution of a polymer, e.g., molecular mass or chcmi- 
cal composition, requires the implementation of 
some separation method. When mciisuring a single 
distribution of a heteropolymcr. a separation is 
required which either is dependent predominantly 
upon this one distribution variable or provides a 
means of readily extracting from the raw data 
infomtation on this variable. 

Gel permeation chromatography (GPC) is the 
most common separation method used to charac- 
terize the molecular mass distribution of homopoly- 
mers. The application of GPC for hctcropolymers 
has been limited since a polymer’s molecular volums 
is dependent on both molecular mass and chemical 

Corrc~.s~~tttrl~ttr to: T. R, Floyd. Eastman Chemicals Co.. 
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composition. 8ecausc of this shortcoming, al&ma- 
tivc separation techniques, such as non-exctusion 
liquid chromatography separations, have become 
increasingly invaluable when characterizing hetero- 
polymers. 

To date, several polymers have been analyzed by 
non-exclusion liquid chromatography. They include 
poly(styrcnc mcthucrylatc) [t-3], poly(styrcne scry 
late) [4.5]. poly(styrene acrylonitrile) i6.71, and poly- 
(styrcne-vinyl acetate) [81. Specific separation fac- 
tors should be known when assessing the usefulness 
of Iiquid chromatography for heteropolymer char- 
acterization. Polymer separations routinely require 
mobile phase gradients. Changes in the mobile phase 
may alter the underlying retention mechanism for a 
polymer. This is most pronounced when polymer 
soiubility is e@cted. since it will influence the 
predominance of either an adsorption or a phase 
separation mechanism [9]. Mobifc phase and sta- 
tionary phase conditions will also affect the depen- 
dence of elution upon either the polymer’s molecular 
mass and/or chemica1 composition [IO-121. 

In this work liquid chromatography was used to 
determine the acetyl composition of cellulose acetate 
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polymers. This was performed on a conventional 
high-performance liquid chtomatogruph using 
rcvcrsc+phasc ,,st?pnrution conditions. The clutcd 
polymer’ was, dctcctcd ,usitig un cvupqrutivc light 
~c~tt~r~n~;,dct~tor~ As, oppti@ to prcQous chro- 
mutogrnphic work on ccitutosc ncetut&, neither prc- 
dcrivntization. or off-line detection was ncccswry 
using this unique dctcctor [l2-171. The observed 
separation of ccltu\osc ucctatc was strongly dcpcn- 
dent upon mass percent ucctyl composition. Under 
reversed-phase HPLC conditions ccltuiosc acctatc 
was retained on the column primarily due to adsorp- 
tion. 

In the context of this pupcr acctyl distribution or 
“acctyl spread” is defined as both the distribution of 
acctyi groups along the ccl!uiosc buckbonc and the 
distribution due to intcrmoiecuiar mixing of dissimi- 
br cc!iu!ose acetate molccuics. Ccliuiosc ester chcm- 
ists have theorized that many physical properties of 
ccilulose acetate may bc attributed ta its aocty! 
distribution. This theory has been difficult to vaii- 
date since al! historical ann!ytici\l methods have 
relied on tedious and irrcproducibie separation 
techniques. lt is agreed that much is to bc gained in 
the development of iin uccuratc and automated 
means of characterizing the chemical composition of 
this polymer. 

CELLULOSE ACETATE I’KACTIONATION 

Cellulose esters form a unique class of synthetic 
polymers. Unlike cithcr polyolefins or polyesters, 
ccl!u!ose cstcrs are synthesized from a natural 
polymer. Ccliuiosc acctato is synthesized by the 
complete acctylation of ceilulosc followed by a 
controilcd back hydrolysis to a desired dcgrcc of 
acotyl substitution. As shown in Fig. I. acotyiation 
can take place along titc ccl!u!osc chain at three 
available hydroxy! groups per giucosc monomer. 
Cc!iulose acetate can have an accty! content from 
>O% to 44.8% [w/w). As the acctyl ccmtcnt of 
cellulose ucetatc is increased, it changes from a 
hydrophilic to u hydrophobic potymcr. Complctcly 
acetylutcd cc!lulosc is rcfcrrcd to as ccl!u!asc triacc- 
tntc. Polymer solubiiity is highly dcpcndcnt on both 
the dcgrec of ucctyl substitution (DS) and dcgrcc of 
poiymcrizrttion (DP) [IO, l&26]. From a manufac- 
turing standpoint. the extent and consistency of 
both composition and moiccular mass arc important 

vurinbtcs that should be mcusurcd when controlling 
cciiuiose acetate reactions. 

Four primary techniques historically used in the 
scpuration of ccliulose acctutc have been solutionut 
fractionation, prccipitutivc fractionation, thin-layer 
chromatography, and column chromatography. So- 
iutionul fractionation imolvcs taking a solid poly 
mcr und extracting the polymer with a succcssivciy 
stronger sotvcnt, The solvent is chosen so that it 
dissolves u select fraction of the polymer. Precipitu- 
tive fractionation involves dissolving a poiytncr in u 
good solvent, and then decreasing the solubility und 
prccipi~tin~ out it desired polymer fraction by 
either succcssivciy adding a controlled volume of 
poor solvent or changing the tcmpcruturc. Compari- 
sons bctwcen thcsc two bulk separation techniques, 
used for cci!u!osc cstcr fractionation, have been 
previously reported (15,191. The terms “good” sol- 
vent and “poor”so!vcnt wi!l bo used throughout this 
paper to dcscribu the strength of solvent for a 
polymer in rclittion to cithcr soiubility or chro- 
matographic ciution. 

The first rcportcd fractionution of ccllu!osc UC+ 
tatc was by Mardlcs in 1923 [2Oj. Fractionation was 
performed by precipitation with t\cCtonc and watot 
us the rcspcctivc “good” and “poor” solvcnt pair. 
The fractionation order was strongly depcndcnt 
upon molecuiar mass. The efliect of temperature on 
solutiona! fractionntion of cci!u!ase diacetute was 
studied by Sooknc and co-workers [Zi ,221 imd by 
Marcy und Tamblyn [X3]. As expcctcd, sohlbility 
increased for a given solvent fraction us temperittum 
was increased. Fractionation was found to proceed 
primarily as i1 function of mrrlccular muss. 

Howiott and Urquhart [24] performed an cxtcn- 
sivc study on solvent-non-solvent pairs in fmction- 
eting ccl!ulosc diacetatc. While performing precipi- 
tative fractionation they found thi\t it was desirable 



to USC a pair of solvents where the change in polymer 
soiubiiity was small relative to non-solvent addition. 
Rosenthal and White [IO] wcrc the first to USC solu- 
biiity paramctcr information in choosing “good”/ 
“poor” solvent pairs in the prccipitativc fractiona- 
tion o~cellulosc acctatc. They dcmonstratcd that the 
choice of “poor” solvent can influence the dcpcn- 
dcncc of intrinsic viscosity and weight pcrccnt acctyt 
on fractionation, 

Most polymers exhibit a low and high critical 
solution tcmperaturc, the points where precipitation 
begins. Cowic and co-workers [25,26] determined 
that the upper critical solution tcmpcraturc for 
ceiluiosc acetate increased as a function of acetyl 
content. Kamide and co-workers [13,27] evaluated 
the use of thin-layer chromatography for the frac- 
tionation of celluiosc acetate. Silica gel was used as 
the stationary phase. A binary mobile phase solvent 
system of methanol-methyicnc chloride was used. 
The migration of ccliulosc acctatc polymers of 
varying acctyl composition ranging from 39% to 
44% acctyl were influcnccd by changes in the mobile 
phase volume ratio. Under these conditions polymer 
migration was found to bc independent of molecular 
mass. A binary solvent system of methylcnc chio- 
ride-butanol was also useful in fractionating by 
composition. Interesting enough, while both ofthcsc 
binary mobile phases fractionated by composition, 
the fraction of polymer that migrated (i.e., either 
high or low acetyl fraction) was different. Apparent- 
ly this dilt‘crencc resulted from two opposing scpara- 
tion mechanisms; cithcr phase separation or udsorp- 
lion. This was controlled by the alcohol-methylcne 
chloride volume ratio. 

Nark and Saito 1121 were the first to use a 
chromatographic support to separate cellulose ace- 
tate. A number of supports, including calcium 
carbonate, alumina. starch and carbon. were invcsti- 
gated. Polymer adsorption was studied using both 
acetone and dioxane. in all cases the fraction of 
adsorbed polymer was less when dioxanc was used 
instead of acetone. Tarakanov and Okunev [14,Iq 
used column chromatography for the fr,tctionation 
of cellulose triacetate. Using a binary mobile phase 
gradient of methylene chloride and heptane, the 
separation was shown to bc directly dependent upon 
polymer viscosity. 

Tung fi6] used column chromatography to frac- 
tionatc cciiulosc esters. Both solvent and thermal 

gradient conditions were invcstigatcd. This work 
focused on fractionating various ccllulosc cstcrs 
based upon molecular mass. Whether the separation 
mechanism was due either to phase-separation (pre- 
cipitation) or adsorption determined the signift- 
cancc of the stationary phase in the separation 
pracess. 

EXPERIMENTAL 

Liquid chromatography was performed on a 
Perkin-Elmer (Norwalk, CT, USA) Model 410 gra- 
dient pumping system with a PerkingElmer LC-600 
autosamplcr and a 20-~1 injection leap. All cxplor- 
atory separation experiments wccc done at ambient 
tcmperdturc, nominally 25*C. Statistical and long- 
term precision studies were performed using a 
Waters TCM column heater set at 30°C for ccIlulose 
diacetatcs. Data storage and analysis were per- 
formed using the PEfNeIson Access-Chrom soft- 
wart, version 1.6, on a 8600 VAX mainframe 
computer. The statistical plates programme was 
used to dctcrminc peak controid (Ml) and peak 
variance (M2). The Foley-Dorsey plates programme 
was also used to gcncratc width at one tenth height 
and number of theoretical plates (N). Column dead 
volume was estimated by injecting a 500 m&l 
solution af acetone, while detecting the cluted peak 
with a Waters Model 481 variable-wavelength detec- 
tor set at 300 nm. Gradient delay volume was 
estimated by tracking the rising baseline of a binary 
gradient using acctonc in the “8” solvent rcscrvoir. 

Scvcrai HPLC columns were evaluated during 
this study. These columns are listed in Table 1. 
Sphcrisorb QDS2, Spherisorb Si, and Spherisorb Al 
wcrc purchased from Keystone Scicntilic (Bclle- 
fonte. PA. USC ). Hamilton PRP-1 column was 
purchased fr>m Wamiiton (Rcno. NV. USA) and 
the Polymer Lab. PLRP-S colur 3 were purchased 
from Polymer Lab. (Amherst, N&A, USA) (all of 
these columns had a diameter af4.6 mm). Methanol, 
rl-propanol, ethanol, tetrahydrofuran and acetone 
were purchased from Burdick & Jackson (Muske- 
gon, MI, USA). Distilled/de-ionized water was 
producti in-house. 

A Varex Mark II evaporative light scattering 
detector was used to detect the cellulose acetate PO- 
lymer. The detector settings were as follows: attcnu- 
ation range. 5; evaporator tube temperature. 105°C; 



HPLCCOLUMNS USED 1N COMPOSITIONAL ANALYSIS 
OFCELLULOSEACETATE 

CELLULOSE ACETATE ANALYTICAL DATA 

M, PCI Numbcr-uvcrn~~ molaulur muss; Mw = muaawuruyc 
molwulur mnwIY. -. 

Culumn type Particle Mcnn poti Column 
sire dinmctcr length 
w0 (nml (an) 

S~hcrisorb Si 
Sphcrisorb Al 

5 1: 15 
5 15 

Sphcrisorb ODS2 5 ic 1s 
Hamilton PRP-1 10 10 15 

Polymer Lab. PLRP-S IO IO IS 
Polymer Lab. PLRP-S 10 10 5 
Polymer tab. PLRP-S IO 30 5 
Polymer Lnb. PLRP-S 10 I IlO 5 

.ll_.______.__~_-____-_- ..--I_ -..- 

nitrogen pressure, 20 psi. (1 p.s.i. = 6894.76 Pa); 
time cons&m, S s. 

Mean ucctyl composition of ccllutosc acetate wus 
determined either by saponification followed by HII 
acid titr:*tion or by *H NMR. Inhcrcnt viscosity was 
dctermi ,ed using acetone. These analytical methods 
are described irl detail clscwhcrc [28,29f. 

GPC was performed with both $1 100 A and it 
mixed-bed columns in series. These columns were 
purchased from Polymer Lab. Tetrahydrofuran was 
used as the mobile phase when performing GPC on 
celiuIosc dincetate polymers ( <42.SQ/uAc). Polymer 
samples were made up in mobile phase at it conc~n- 
tration of 1000 mg/l. Polystyrcnc standards wcrc 
used to calibrate for number avcrago and mass 
average molecular mass. Analytical information for 
all ccllulosc acetate polymers studied during this 
work are listed in Table II. When performing 
non-exclusion liquid chromatography, the cellulose 
diaccetatc (samples A-K in Table 11) polymer solu- 
tions were made up to a concentration of approxi- 
mately 2000 mgfl using acetone. All cclIulosc acc- 
tatc samples were supplied by Tcnncsscc Ertstmim 
(Kingsport, TN, USA), 

RESULTS AND DlSCUSStON 

grams of a series of cellulose acetate polymers, 
ranging in ircctyl substitution (or mcun muss pcrccnt 
acctyl) from 38.3(X1 to 42.6%. arc shown in Fig. 2. As 
the dcgrcc of accty\ substitution increased, the 
samples elution time increased. These polymers were 
cl~ron~~to~r~~ph~d on iI Hamilton PRP-I (1SO x 
4.6 mtn, 10 jfrn) column under a mobile phase 
condition of acetone-water-methanol (4~3: 1) to 
100%) acetone in 15 min ut a flow-rate of 0.8 mtfmin. 
A strong iincar corrclstion cxistcd bctwccn mean 
mass pcrccnt acctyl and the polymer clution time. 
This is shown in Fig. 3. The slope, intercept, and 
correlation cocft?cient were dctcrmined to be 2.01. 
21 .O and 0.993, rcspcctivcly, over a acctyl range from 
37.9% to 43.5%. In gcncruting the rctcntion time 
data peak ccntroid, the first statistical moment, was 
chosen instead of pak maximum, This was used 
because the cluting polymer peak would rarciy 
conformed to a gaussian profile and because thcrc 
was no reason to assume n priori that the polymer 
pcuk would be gaussiun. 

During dcvclopmcnt of this HPLC method a 
number of solvent conditions wcrc cvaluatcd. Fac- 
tors such as dctcctor response, polymer solubility 
and column back pressure restricted the number of 
potential mobile phase choices. Since this analysis 
rcquircd ;I mobifc phttsc grad&t, both “good” and 
“poor” solvents were rcquircd 1301. in the past, 



“good” solvents that hnvc been used for soluhilizing 
cellulose aceWe IXWC included: acctone, tctrnhydro- 
fumn. ethyl i\CCtnte, dimethyl sulphoxidc, and u 
binary solvent system of methylcnc chloride-.mcth- 
unol. Dimethyl sulphoxide was eliminated duo to its 
high viscosity, which would have ctwtcd problems 
both due to high back pressure and high dctcxtor 
bit&ground noise f3lj. 111 this study ethyl ;\ccti\Ic 

and methylene chloride-methanol wets wjected due 
to their immiscibility in wvutcr. ALu?tonc and tetn- 
hydrofuran wcrc the only “good” solvents that 
fulfillcti all initial requtremcnts. 

in choosing the most appropriate “poor” solvent, 
several conditions wrc also required. First. the 
initial mobile phase should not precipitate the 
polymer ut the head of the column. Second, the 
initial solvent should not aliow the polymer to k 
excluded through the NPLC packing. Third. the 
initial solvent should not product an cscessivcly 
high buck prcssurc on the system. Methanol and 
water, IIS \vcll ;H bitutry solvents ofmcthanol \WQX. 

methanol -acetone. water- xctonc and water-- ictra- 
hpdrofurnn faiied ut least one of these initial three 
crileria. Ternary solvent mixtures were then investi- 
gnttd as ;I possible “poor” mobile phase. A number 
of suitnblc solvent cvrmbinations were ultimately 
identified. They are listed in Table III. 

These five solvent systems were further evaluated. 
Chronlatographic selectivity toward acetyl compo- 
sition &ltive to moiecular mass was chosen as the 
final criteria. This was measured using three differ- 
ctit ccllulosc actatc polymers. Both mass percent 
xctyl (?&AC) and inherent viscosity (iV) arc listed in 
Table 1 for these &hrcc polymers. One sample pair 
had a comparable itcctyl substitution (39.9% VS. 



EFFECT OF MOBILE PHASE ON CHROMATOGRAPHIC SELECTIVITY OF CELLULOSE ACETATES 

%Ac = Aezlyl f%, w/w): tV = lnhcwnt viscosity. 

No. Mobile phusc Rctcntion time (min) ~1’5% Ac AIV [ d’!!,As/&V/ 
_ _.-__“__ 1 _ A I - Ii 

Sumpk 1 Ss;mplc A Sample H 

t Wrr tcr-mcthnnol-tctruhydrorurrtn (2: t : I) to 
100% tetmhydrofurun Y.67 9.01 9.82 O.hh -0,lS 4.4 

1 Wnt~r~thunol-tctr~hydrofurun (2: I: I) to 
100% tctrnhydrofurun X,Hl 8.46 It.94 0.35 -0.13 27 

3 Wntcr-i~opropnnol-tctr~thydr~~~rnn (2: 1: 1) to 
tOtI% t~trnhydr~~~r;~n 8.95 7.0x u.4t 1 .x7 - 11.46 4,l 

4 A~~tonc-water-mcthunot (4:3:1) to 
10% ucctonc Y.40 8.48 9.31 O.Y:! (1.09 IO.1 

5 Abytonc-water-mcthrlnol (3:4: I ) to 
100% netonc I ?2? II.41 12.34 0.93 -0.12 7.8 

-~-x..-- -.-“-.- . -- . _.I__-- ^__ _ I,.. _-.__I* .^_..._. .I.“. ._._____.,___ 

39,Y%Ac) but a difl’crent IV (1.37 KY. I ,OS), The 
second pair had a comparable 1V (I .34 IX I .37), but 
a different acetyl substitution (37.9% vs. 39.9%Ac). 
in evaluating different mobile phase conditions a 
relative selectivity index was devised by determining 
the absolute ratio of the change in retention due to 
%Ac at a constant IV, rcl2tivc to the ehangc in 
retention time due to the change in IV at a constant 
OfaAc. This has been abbreviated as 1 dO/oAc/diV 1 
and is listed in Table Ilf for the five different mobile 
phase conditions. 

Solvent systems t 3 used tctrahydrofuran as the 
“good” solvent. The “poor” solvent in thcsc first 
three mobile phase systems consisted of watcr-- 
~llcol~o~-tetrahydrofur~~n (2: 1: 1. v/v/v) whcrc the al- 

cohol was either methanol, ethanol or isopropanol. 
No advantage in selectivity was observed in rcplac- 
ing methanol with the other two alcohols. Substi- 
tuting acetone instead of tetrahydrofuran in solvent 
systems 4 and 5 produced a significant improvement 
in compositional selectivity. Weakening the “poor” 
solvent‘s composition from 43: 1 to 3:4: I aceton+ 
water-methanol did not improve acctyl selectivity. 
Conversely when the volume fraction of water was 
decreased further, partial exclusion of the lower 
ncctyl 4 i.e.. -c M%Ac‘l polymeric fraction occurred, 

Five HPLC columns wcrc compared using tttc 
S~IIW three cellutosc acctatc samples previously 
discussed. Initially,carc was taken to choose stittion- 
ikry phwx of narrow port diumctcr. This was done 

TABLE 1V 

EFFECT OF COLUMN TYPE ON CHROMATOCRAPHlC SELECTIVITY OF CELLULOSE ACETATES 

- _--..... ---- _.______.__~._. .---. II... ..I ._.,. “^ . . ,. . .~ ._ __.___,“_,_, 
No. Column type Rctcntion time (min) ‘ 1% Ac JIV 1 LI’%h! 4IlV \ 

-_---“_-~ -_--___. 1 _ “j I-11 
Satnpk I S:rmpIe A Snmpls H 

_.__..~_ __ --- _-.-.-___.. 
I Polymer Lab, 11.76 IO,93 ll.XY 0.83 -0.13 6.4 
2 Sphcrisorb ODS:! II.16 IO.33 Il.?Y 0.83 -0.13 0.4 
3 1 linnilton PRP-I 12.12 Il.41 12.34 KY3 -0.l2 7.8 
4 Spherisorb Al 11 .Y8 NR 11.7Y - -O.XI - 
5 Sphorisarb Si NR” NR NR .- - __ 

_.. - .-.l--.-------l-.---*-“-_ -I_____ __ .._. _^__ -- __,,.. _,___.___.“,___. 
“ N R = polymer not r&ncd. 



in order to mininrizo n~oftuular mass discrimination 
due to prcfixentinl migration of lowcr-molwular- 
mass subpopulations into more ncccssiblc pores. 
The column types, particle sizes. and pore sizes for 
these four columns arc listed in Table 1. A mc~bitc 
phusc gudicnt of ucctonc-water-methanol (34: 1) 
to 100% uctxone in I5 min at 024 mt;tttin was used 
for this study. The results from this study urc shawn 
in Tublc IV. No diffcrcnce in the \31U/uAc:‘nIVI 
sclwtix:ity bctwccn the Polymer Lab. PLRP-S (stg- 
r~tlc,--dl\~lnylbcnzcno based) and Sphcrisorb ODSZ 
(octndccplsilunc bonded silica ~4) columns was 
obscrvcd. The sclwit’ity indos was slightly bctta 
using the Hamilton PRP-I column (styrcnc-divinyl- 
bcnzcnc based). Ccllulosc acetate ws retained 
long-x on the polystyrene- divinylbtxwxnc bnscd 
supports. The Sphcrisorb Al (alumina) column pro- 
vidcd no retention (NR) for the 37.9%Ac/1.37 IV 
cellulose acctntc polymer, At a constnnt acetyl 
substitution, the Sphcrisorb Al co!umn had a signifi- 
cantly longer retention l’or the lower IV polymer. 
Prcscntly no rcnsons we known to explain this 
observed sclcctivity protilc. The Spherisorb Si (silica 
gel) column failed to retain any or the cellulose 
acctatc samples, This result was consistent with 
carlicr work reported by Mark and Saito [II?]. 

The cft’ccts of both injection volume and polymer 

conwntration WCIX studicui. Ptwious work had 
shown that polymer exclusion will occur at high 
injection volumes [2]. This cffwt was studied in 
order to i&void injlrtion discrimination. Fig. 4 
illustr&tcs the c&&t ol’injtrtion volume on polymer 
exclusion. At both IO0 and 200 ~4. a large fraction of 
the wllulosc acct;at sample wns cxcludcd from the 
column. When collccttd this excluded polymer was 
found to have the same acctyl composition and 
inhcrcnt viscosity of the non-cschtdcd polymer 
fraction. Lochmiillcr c*t cri. [32] have shown under 
isocratic conditions that polymer csclusion can be 
inflttcnctai by the strength of the injection solvent. 
This has been shown to bc due to poor equilibrium 
of the polymer with the mabilc phase prior to intro- 
duction onto the column. ThL effect is dependent 
upon injbwtion volume and solvent strength. In this 
work initial wnditions wn’ weak enough that at an 
injection volume of 20 ~4 polymer exclusion was not 
evident. As a result of this study. injection volumes 
wxe kept at 20 g. 

Separation mechanism for a polymer can primar- 
ily result from either phase separation or stationary 
phase adsorption. One way of determining the 
presence of phase separation (polymer precipita- 
tion) is by studying the depcndcncc of polymer 
concentration on rctcntion !3Q]. In Fig. 5. a ccllulosc 
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acctutc polymer at four di!‘l’crcnt concentrations was 
chromatographcd using the standard conditions 
dcscribcd carlicr. No dcpcndcncc of polymer con- 
centration on rctcntion was observed, both with 
regards to peak ccntroid retcntian time and peak 
dispersion, mcasurcd as peak variance. 

The evaporative light scattering detector’s rc- 
sponsc is non-lincar and known to bc dcpcndcnt on 
a number of variables [31]. In chromatographing 
ccllulosc acctatc. it was important to know if the 
dctcctor’s rcsponsc ws acpcndcnt upon the dcgrcc 
of acetyl substitution. A scrics of’ ccllulosc axtutc 
stu~~plcs of dil’fwing acctyl substitution and similar 
molecular mass were chromutopraphcd using the 

T, R. Flqwt f 3. Chrctntarnjir, 629 (1993) 243-234 

conditions listed for Fig, 2, Normalized area counts 
were compared within this series and are listed 
in Table V, Detector rcsponsc (normalized arca 
taunts) was obscrvcd to bc slightly dcpcndcnt on 
%Ac over this acctyt series, Approximately a 30% 
incrcasc in area was observed in going from a 
ccliulosc acctatc polymer of 38% to 4lY%Ac. In 
conjunction a 30% dccrcusc in peak width was also 
observed over this same range. Since the response of 
the evaporative light scattering detector is non- 
lincar, it is believed that the incrcasc in arctt counts is 
mostly due to the dccrcasc in pcuk width than due to 
the polymer’s compositional changes. 

The comparison of these dctcctor rcsponscs 
would be more accurate if they were run under 
identical isocratic conditions. This study was dc- 
signed to mcstsurc the potcntitrl response diffcrcnccs 
under the working range of the mobile phusc. This 
experiment was set-up using conditions which the 
polymers would typically clutc under. Over the 
2-3-min window by which most of thcsc polymers 
clutcd solvent composition did not significantly 
ch:*ngc, far instance wutcr composition dccrcascd 
from 28 to 20% mcthunoi dccrcascd from 9 to 7% 
and acctonc incrcascd from 63 to 73%. 

An important aspect of the liquid chromatogra- 
phy method is the ability to dctcrminc xctyl spread 
by measuring peak dispersion. Due to the novelty of 
using chromatographic peak dispersion to tnc;tsurc 
compositional distribution in polymers. it was ncc- 
cssary to cvaluatc sevcrttl dispersion descriptors in 

TABLE 1’ 



order to arrive at the most wcunitc and precise one. 
Three original peak dispersion descriptors arc listed 
in T%dbtc V. They arc (1) plate cfftcicncy, (2) width at 
l/IO height and (3) width ut 112 height. Both plutc 
cnicicncy and width at I/IO height wcrc dctcrmiwti 
using the Foley-Dorsey ~~~lcul;ttions in the PE 
Nelson Access-Chrom softwerc, while the width at 
112 height wus culculatcd by hand. Plate cfficicncy 
was found to be less precise than tlrc others. In 
addition the Foley-Doncy culculutions far plate 
cflicicncy ussunx n modified gaussian pcuk which 
tho polymer peaks usually did not rcscmblc [3S]. 
Thcsc two l&tars led US to immcdintdy ubandon its 
c<>nsidorittiotl its it descriptor. The coefticicnts of 
vrtriuncc for both the width itt I ,C! height und the 
width ttt I/ 10 hoiyht wcw bctwccu I and 2%. Since 
the width ut l/IO height \vitS more scnsitivc LO PCith: 

asymmetry arising from skowved peaks, it wits the 
prcfcrrcd choice. 

Stutisticiil moments tvcrc UISO WillUiltCd itS pCi1li 
descriptors. Ftmdnmontt\ll~ the’ swond statistical 
II>OINW~ or pcuk vuriunw (M3) would be it sound 
descriptor of peak dispersion. Skew (M3) t\tld csccss 
(M4) \sould in addition bc vuluablc descriptors of 
non-gitussiitn behavior. rvhich is beliapcd to result 
from over or under hydrolgzcd sub-populutions of 
CCltulOSC CStWS. ill COtII~Xlt’ilI~ SWCl3t CCIIUIOSC XC- 

WC polpcrs tlic square root of pwk variance fn). 
\\‘i\s found to be slightly ICSS ptecisc than the \sidth at 
I 10 height: 3% VS. 1%. S~C\V itnd csccw cshihitcd 
cvcn grcatcr variability. Situ stutistical n~omcnt~ 
;II’C nw-~ intlawxxi by the srlection of peak ctnrt 

and stop points thy urn gcncrally c;txtxpted to be less 
precise [34]. 

In practice there is no clear prcfcrcncc bctwen 
width at l/l0 height and scwnd statisticai mlrzwnt. 
Both have IxTn valuable in helping to chnractcrizc 
t hc chemical composition of wtriclus cclhrlosc ax- 
ti\tCs. In Fig. 6 thcrc is u comparison of three 
ccllulosc ucxtutes. All three polymers have compa- 
ruble molcrular rnw and a nominal mass percent 
itetyl of 39.3%; howvevcr, both mk uarhncc 
(A = 910 ss. B = I400 s2 and C = 4300 s2) and 
width at I / IO height (A = I22 s, B = 159 s and 
c = 261 s) vat-icd signilicuntly. From thcsc results it 
tvtts not surprising to lcitrn thitt srm~plc C exhibitcd 
sigt\ilici\nt hi\w \vhen dissolved in i\Lxtont while 
stm~plcs B und A did not. 

Them itm it number of fuctors that cmuld potcn- 
Gully contribute to pcuk dispersion. Thcsc canttibu- 
tions include gradient profilc, normal column vari- 
i\nct’. itLuty1 distribution and molecular mass. The 
gradient profile \vus an important factor when 
understanding CxterWI dispersion cffccts. AIt poly- 
mcr samples should SLY: the same grudicnt change 
over time, The system dead volume and gradient 
delay time wcrc CitlcukttLut in ardcr to better undcr- 
stand this method‘s working range. EWI though the 
grudicnt stt\rt& at injtxtion. the gradient did not 
reach the hard of the column until 2.4 min and the 
dctx-tar for 4. t c:in. Since the lower acctyl polymers 
did not clutc until uftcr 7 min. all polymers txperi- 
tnccd ;t constant pradicnt change. 

Est~rnal and internal a3!~nn wrir\ncc aill con- 
tribute to the total peak dispersion. Since e.tternal 
v;\rii\nm would be constant for ttll polymer samplcs, 
it was simply ignored. It should ?x noted that 
without compensating for this contribution. aectyf 
spread vttlucs constitute a rclativc mcasurcmcnt. 

While over the range of 37 to 43% acctyl polymer 
muan trtcntion tin-x bchavcd linearly, further proof 
was required to show that peak dispersion did not 
change rclrttivt to mcnn acctyl. To study this cffcct a 
?S.S% cellulose acetate potymcr was fractionated in 
0.3~min dices and re-chromatographcd. The chro- 
mutogwtts of the original polymer along with six 
succcssivc fractions (psaks 6- 10) LWC shown in Fig. 7. 
It is evident from this figure thal the original 
polymer scparatron couid bc reconstructed from the 
inciit idual fractions and that peak dispersion was 
ncgtigible. 10 rck iwing thc wafts of this csperimcnt 
in ?_:~blc VI. 50-60% of the polymer \vas rc-chro- 
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Fig. 7. Supcrimposcd chronwogrums of :t single pdynwr 
(38.8%Ac) bcfom tind after fractionation. Chromatogrnphic 
conditions as in Fig. 1. 

matographcd within the fractionarcd tirtzc period. 

When closety examining the width at I/ 10 height and 
the area percent within the original fraction period, 
thcrc was a slight dcpcndcncc between the peak 
dispersion (measured as both width at l/t0 height 
and peak variance) and retention time (+&AL’). The 
peak width of fraction 5 may be called into question 
because of the low sign&to-noise ratio for this 
fraction. This may have made it dift%xlt to accuratc- 

TABLE Vl 

PEAK DESCRIPTORS OF FKAC’IIONATED CELLULOSE 
ACETATE 

5 x10 356 72 46 
h N.3.s 23s 63 51) 
7 X.62 I86 56 54 
s 8.86 I66 53 57 
9 9.07 159 52 59 

10 9.x I63 5s 55 
Originid X.74 903 t,71 

ly measure peak dispersion for this f’l-action. By 
ignoring this fraction one could contend that no bias 
exists, while including this fraction one could postu- 
late that an approximate 15% chromatographic bias 
exists over a range from 37 to 40% acctyl, 

To validate the uscfulncss of this liquid chroma- 
tography method, it was important that the effect of 
cellulose acetate molecular mass on clution time bc 
minimal or altogether absent. A careful study was 
undertaken to verify this condition. Again, the 
38.8% ccIlutosc acetate sample was fractionated, 
however, this time by GPC. A 20 x 300 mm I.D. 
mixed-bed Polymer tab. GPC column ww used. 
This polymer was fractionated using 0.3-min time 
slices. Six fractions were collected and reanalyzed by 
CPC to determine NW, M,, and polydispcrsity. 
Thcsr data are listed in Table Vii. A#,, covered a 
range from 30 000 to 200 000 u and the polydisper- 
sity was generally bctwccn 1.2-l .3. Mean retention 
times vlrricd approximatciy 6 s over this molecular 
mass range, while peak dispersion incrcascd about 
30-40%. As shown in Table VII, several fractions 
over the molecular mass range wcrc analyzed by t H 
NMR for mean mass percent acctyl. This analysis 
confirmed that the mean acctyl composition of this 
ccllulosc ester did not vary over the molecular mass 
range. It was concluded from thcsc results that the 
change in peak dispcrsiotr is a rcflcction of incrcascd 
“acetyl spread” at lower molecular mass. 

A pore diameter study was conducted using a 
series of Polymer Lab. PLRP-S columns having pore 
diamctcrs of 10, 30 and 100 nm. These stationary 
phases were paCkLd into 50 mm x 4.6 mm colutntts. 
The 10 nm pore diameter stationary phase was also 
cvaluatcd in a 150 mm tong column format. Peak 
variance and rctcntion time were mcasurcd for thcsc 
supports, A celWosc acctntc polyntcr series varying 
in acctyl composition from 35.3 -40.3% acctyt was 
studied. The results for the chemical composition 
scrics is listed in Table VlIi, The column tcmpcra- 
turc for the chemical composition series was WC. 
Butyl octyl phthalato w;ks used as a low-molecu- 
lar-mass control to dctcrminc total system variance 
under an ideal case. 

In Table Vi11 no signiticant changes in retontion 
time or peak variance for any of the ccllutosc 
diacctate polymers were observed for the pore 
diameters studied. Even though the total surface 



TAILE VII 

ANAL’YTtCAL RESULTS FROM CELLULOSE ACETATE POLYMER FRACTtONATED BY GEL PERMEATIQN CHRO. 
MATOGRAPHY 

arw dm-cuscd 65% from 41Q to 270 m”/g, no 
diRcrcncc in uffcctivc surt’acc nra was ohscrscd for 
this series of polymers. As cxpcctcd bury1 octyt 
phthalatc, which would bc able to pcnctratc smaller 
pore diumctcrs and thus acaxssibic to more surfax 
area, showed a greater dcpcndcncc bctwecn retcn- 
tion time and pox diamctor, 

It has been well rcporkd in the litcrututx that in 
p=cipitution liquid chron~iltogrrtphy peak cilicicncy 
of macromoltxxks is not dependent upon column 
length [35]. This theory was tcsttd by comparing the 
10 nm port diameter stationary phase packc~! in 
both S and IS cm long columns. The results for thcsc 
two columns are shown in Table V111. In al\ eases the 
retention time diffcrcnce bctwcvn the IS- and S-cm 
columns was 1.5 min which at a flaw-x& of 0.8 ml/ 
min would cortxspond to an obscrs+d volume for 
thcsc potymcrs of 1.2 ml for the lust 10 cm of column. 
The dead volume for thu IS-cm column was prcvi- 

ously dctcrmincd to bc I .36 ml for cctluIosc diacctatc 
using u mobile phirso of 100% aaztonc. Over a tcngth 
of IO cm this dead volume would rektte to 0.91 ml. 
Since the dtxd volume is si@icantly tower than the 
obscrvcd volume, this would suggest that the poly- 
mer is retained cvcn beyond 5 WI 

In Tttblc Vlll a signikant dilkxncc in pcuk 
vrtritmcc wus also r~~~lcui bctwccn the I5 and 5 cm 
long columns. Column cficicncy (N) is bcth dircctlp 
dupcndcnt upon column length and inversely dqxn- 
dent upon peak variance. In comparing the invcrsr: 
peak varirtn~w for butyl octyl phthaiatc for the two 
column Icngths, the IS-cm column is three times us 
ct‘ficicnt as the 5-1 aAumn. This nicely folloxvs 
fundamentat chromatographic theory for a small 
mokulc. For the cctIulosc acetate polymers the 
inverse variance diffcrencc for the IS-cm column 
was i ,3- 1.7 times as cfiicicnt as the S-cm column. 
Clcnrly this incn-ase in efficiency supports an ad- 
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sorption raihcr than a precipitation retention mcch- 
anism, While there is some advantage to a longer 
column in chkom#tographing ccb1~0sc acctatc poly 
mcrs, the advantage is less than what is observed for 
smaller sofutcs. 

CQNCLUSIONS 

A new analytical method for dctcrmining the 
composition of cclh~l~sc acetate polymers, that 
differ in degree of acetate substitution, has been 
developed. This method is performed on a convcn- 
tional HPLC instrument under reversed-phase con- 
ditions. Chromatographic peak shape and retention 
time of cellulose acetate samples can bc used to 
distinguish samples of various ucctyl substitution 
and the cxtcnt of acctyl sprcdd. 

6Chromatographic conditions wcrc optimized to 
sclcctively scparatc ccllulosc acctatc as a function of 
acctyl content. Polymer retention was indcpcndcnt 
of molecular mass over an M, rang from 33 000 to 
180 000. Cellulose acetate was found to elute under 
adsorption rather than precipitation chromatogra- 
phy conditions. Polymer exclusion was avoided by 
the judicious choice of the initial mobile phase 
conditions and injection volume. 

Peak width descriptors were found to be useful as 
a means of quantifying acctyl spread. Acctyl spread 
is a relative measure of compositional vnriability 
sincr it is inclusive of all contributors to peak 
variance. Changes in pore diamctcr over a rang 
from 100 to 1000 ,& had lit& cffizct upon polymer 
peak variance. A 15% bias in peak width W;LS 
observed over a compositional range from 37--400/u 
acetyl. This measurement provided information 
about cellulose acetate substitution which is more 
detailed than any other contcntporary annlysis. 
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