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SUMMARY 

Rapid and precise highperformance gel permeation chromatography of po- 
lymers has been accomplished with columns of 6-9-,~m trimethylsilyl-modified porous 
sihca microspheres with narrow pore-size distributions over the range 60-3503 A. 
A 6&cm, five-column combination ofthis pore-size range exhibited a plate count of 
2.5 - IO4 for ir toti!y permeatin g solute (toluene) and 104 plates for a 105 molecular 
weight polystyrene, This column set has an overall fractionation range of I@->7 - IO6 
for polystyrene, and its high resolution permits the determination of molecular 
weights in a 15min analysis with an accuracy of about f 2%, without peak dis- 
persion corrections. The high resolving power of the microspheres, coupled with 
excellent mechanical strength and high purity, provides superior systems for rapidIy 
characterizing both high-molecular-weight polymers and mixtures of small molecules 
by the size exclusion method. 

INTRODUCTLON 

It has been known for some time that the efficiency of columns for high- 
perfomance liquid chromatography (HPLC) can be substantially improved by work- 
ing with particles of < 10 pm, providing a homogeneous packing structure is praduc- 
ed?‘. Very b&h column efhciency is a result of the rapid equilibrium (or rapid mass 
transfer) of solute molecules in a packed bed of such smaIl particles, primarily because 
of the short difFusion distances involved. Studies have suggested that particles of 
CCL 7 ,urm provide a useful compromise between cohrmn efiiciency and the practical 
aspects of HPLCZ4. 

Previous reports have defmed the performance and general characteristics of 
<IQ-pm porous silica microspheres (PSM) primarily for liquid-solid and liquid- 
liquid chromatography 2*4*6. These particles had surface areas of 350-50 m*/g and pores 
of about 60-350 16. More recently, packings of PSM particles with chemically bonded 
hycIroc&rbon. phases have been described?_ Actufly, the PSM parkles can be used 
for &I four fomi of HPLC (liquid partition, liquid-solid, ion-exc’nange, and size 
exglusion), since both the overah size and internaI porosity of the pazticles can be 
selected and cIoseIy maintained. This P&X describes the characteristics of deactivat- 
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ed, rigid, porous silica microspheres for the high-performance gel permeation chro- 
matographic (HPGPC) analysis of organic macromolecules by size exclusion. 

PSM particles are produced by the a&p:ination ofco!lodid silica particles to 

form spherical microspheres of uniform dianetefi*“. The p2rticles are formed by 
reacting a mixture of urea and formaldehyde in the presence of 2 particular siiica sol 
in an acidic aqueous medium. Formation of a liquid urea-formaldehyde polymer 
instigates the coacerv2tion of the silk2 sol into microparticles. These particles 5.kd 
with hardened organic polymer are then burned in air to form uniform-size, porous, 
pure silica microspheres. These particles consist of an array of uniform-size colloidal 
silica particles arr2nged in an interconnected three-dimensional lattice defining a 
system of internal pores having uniform 2nd controlled dimensions. The size of these 
pores is determined by the size of the colloidal particles used to form the microspheres. 
The specific surface are2 of the PSM particles is essentially that of the silica sols from 
which they were formed, and the colloidal silica particles occupy no more than about 
50% of the total volume of the microspheres, with the remaining volume occupied 
by the interconnected pores. 

The use of ca. 6-pm particles with 350 pi pores for HPGPC was described 
briefly in the initial publication on the PSM particles*. This paper describes the charac- 
teristics of a variety of PSM particles in the 5-lO-pm range, with individual prepara- 
tions having narrow-distribution pore sizes ranging from 60 to 3500 6. and nitrogen 
surface areas of 33043 m’/g. These characteristics make the PSM panicles particularly 
useful for characterizing macromolecules by HPGPC. 

In modem gel permeation chromatography (GPC), the column efiiciency 
parameter H, the height equivalent of 2 theoretical plate or HETP value, normally 
can be described as, 

1 
II= (W'edJ + (l/Cmdpz~/D,) + 

C,, d,'u 

D, 

The contribution for each of the te_rms in eqn. 1 to the plate height are functions of, 
(2) the particIe diameter dp of the column packing particles, (b) the mobile phase 
velocity U, and (c) “Jle molecular diffusion coefficient 0, of l he solute in the mobile 
phase. Coefficients C,, C, and C,, are column constants_ 

From eqn. 1 we see that smal! H values, (which result in large column plate 
count N vaIues 2nd better separations) are favored for smzI1 column packing particles 
2nd for solure moIecules having superior mobility. W is essentially dependent on the 
square of the particle diameter, but is a licear function of the reciprocal of the solute 
diffusion coefficient. Thus for macromolecules with small diffusion coefkients, plate 
heights will be larger and resolution will be poorer than for small _molecules. On the 
other hand, pl2te heights for macromolecules wil! become increasingly smaller 2s the 
particle size is reduced, all other conditions equal. The efkct of particle size is most 
important for very Saxge molecules having very small diffusion coefficients, 2nd use 
of columns with very small totally porous particles is particularly favored. Eqn. 1 
indicates that a modest decrease in particle size, for inst2nce, from 10 to 7 PA% results 
in a substantial dccmse in plate height, in this c2se, by about 2 frctor of&o. The 
+ficct of particle s&e is even more important for very fast HPGPC separztio~z~ at high 
mobile phase velocities. 
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Eqn. 1 su~~ts further improvement in cohunn performance as particle size 
is decreased below 7 pm. However, there is currently a practical limitation in the size 
of particles in HPLC systems, since particles of less than about 5 pm are difbcdt to 
use in columns at maximum e@ciency. Consequently, expected improvement in re- 
solution often is not realized. In addition, column back-pressures increase substantial- 
ly with decreased particle size (constant column length), which can be an experimental 
disadvantage. Lastly, it appears that t5-pm particles should be packed in very short 
columns (i.e., <IO cm) for good bed homogeneity. Unfortunately, short columns with 
small volumes are very susceptible to extracolumn band-broadening imposed by sample 
injection systems, column-connectors and detectors. This is of particular importance 
in MPGPC where peaks elute in very small volumes. 

GPC traditionally has been carried out with columns of porous, cross-linked 
divinylbenzene-polystyrene gels with about Xl-pm particles. More recently, columns 
of lo-pm gels have been made commercially available for GPC, with the predicted ad- 
vantages in separation speed and resolution. While columns of these small, porous 
gels are satisfactory for some applications, they have serious disadvantages for many 
HPGPC uses because of mechanical limitations. 

On the other hand, rigid particles have several si_tificant experimental ad- 
vantages over organic gels for HPGPC. They are relatively easily packed into homo- 
geneous columns that are mechanically stable and not easiiy degraded with use. A 
much wider range of mobile phases may be used, resulting in greater versatility and 
increased convenience. The rigid packings rapidly equilibrate with new solvents, so 
that solvent changeover is fast and easy. Columns of rigid packings also are stabie 
at higher temperatures with particular solvents required for characterizing certain 
macromolecules (e.g., polyoletis) whereas, lO-pm particles of organic gels are used 
with great difficulty or may not be used at all with certain solvents under these con- 
ditions. 

A potential disadvantage of the rigid packings is retention of solutes by ad- 
sorption. However, siliceous surfaces can be altered with certain organic functional 
groups to effectively eliminate this disadvantage for most applications. 

MATERIALS AND M~ODS 

The HPLC apparatus and.general technique used in this study have been de- 
scribed previously2*“*6*8. Samples were introduced into columns with a Model CV-6- 
LJHPa-C-20 micrcsampling valve, (Valco, Houston, Texas, U.S.A.) with an external 
sample loop. 

The colunm tubes used in this study were especially selected for highly polished 
inside wahs. Experience has shown that the inside diameter of narrow-bore tubing 
should have a mirror fmish, presumably because the walis infiuence the homogeneity 
of the packed bed produced by the high-pressure f&ration coiumn packing technique. 
Highly polished inside walls appear to have less of an effect in columns of greater 
than 0.4 cm I.D. containing less than LO-pm partides. 

-Most of the columns used in this study were made from precision-bore stain- 
less-steel tubing manufactured by Superior Tubing (Norristown, Pa., U.S.A.). This 
tubing is described as Type316L superpressure tubing with an inside mirror finish. 



Mirror-ktisb inside w&s for 0.635cm Q.D. X 8.46cm I.D. coh.mms were obk_$ned 

with ordinary seamless stainless-steel tubin g by pofishing (Steel-B&e -Polishing, 
Elizabeth, N.J., U.S.A.). Stainless-steeZ compression fitt&,gs (Swagelok; Crawford 
Atting, Cleveland, Ohio, U.S.A.) were modified for minimum dead-volume and un- 
obstructed flow-through patterns ‘. Column blanks were carefully cleaned before use’. 

Reagents and chromato,oraphic particles 
Chromatographic solvents were distilled-in-glass from Burdick and Jackson 

Labs. (Muskegon, Mich., U.S.A.). FSM packings were prepared by the techniques 
previously describedg~lo. These particles were deactivated (s&mixed) by exhaustive 
reaction with ch!orotrimethyIsihme*. 

LiChrospher cohmm packings were obtained from EM Labs. (Elmsford, N-Y., 
U.S.A.), To eliminate alkaline impurities, these materials were heated in concentrated 
nitric acid on a steam-bath for 2 h and washed to neutrality with distilled water. 
Large ag_msates and “fines” which initially prevented the preparation of ef&ient 
columns were removed by sedimentation in 0.001 M ammonium hydroxide. The re- 
sulting material was again washed to neutrality with distihed water, filtered and dried 
at 150” for 2 h. 

Polystyrene standards were from Pressure Chemical Co. (Pittsburgh, Fa., 
U.S.A.) and Duke Standards (Palo Alto, Calif., U.S.A.). 

Column packing technique 
Columns were prepared by the high-pressure filtration (‘cslurry”) method, 

using the equipment and technique previously described8. Initiallyy, columns were 
made with the balanced-density shu-ry packing technique’l. Particles were suspended 
in mixtures of tetrabromoethane with various other solvents (e.g., tetrahydrofuran, 
perclene) to obtain both a stabilized slurry and optimum particle dispersion. Tetra- 
bromoethane was purified by passage throu& a 20 cm x 3.2 cm I.D. column of 
c20-mesh activated Davidson Type 62 silica gel (I... R. Grace, Baltimore, Md., 
U.S.A.) and stored overnight with a few drops of mercury. 

Later in this study columns were prepared with methanol-chloroform (1 :I) 
as the suspending liquid for the slurry packing technique. This is generally the pre- 
ferred approach with PSM particIes for HFGFC since it is more convenient, produces 
equivalent or better results compared with the baIanced-density method, and is less 
bzardous than using toxic systems conmining tetrabromoetbane. Slurry-packed 
columns made by this technique which have been consolidated at high pressures8, 
are ve_v stable and show no evidence of settling after months of use with a variety of 
mobile phases at elevated temperatures and pressures. 

Data on column performance were obtained with a supplementary program on-the 
DuPont Experimental Station PDP-10 real-time computer system’2*13. Plate height 
and column plate count were derived from peak areas using the method suggested 
by James and Martir~‘~. Mobile phase velocities were based on the elution of tot&y 
excluded polymers. 
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PARTICLE CELML4ClERISTICS 

The properties of some of the PSM partic!es used in this study are summarized 
in Table I. The PSM numbers given in Table I and throughout this paper refer to the 
average size of the silica sol used to prepare the specific particles. The not&ion “S” 
after the PSM number indicates particles exhaustivefy sihmized with chlorotrimethyl- 
s&me. Particles with pore sizes intermediate to those in Table I 2k.o have been pre- 
pared but were not fully characterized by chromatography. 

Particie size and particle size range 
The particle size and the particle size range of PSM particks are controhed in 

the synthesizing reaction and subsequent sizing is not required. At the 7-pm particle 
size level it is usually possible to control the average size to better than about f 1.5 
ym, independent of porosity. For particular applications both larger and smaller 
particles have been prepared by varying appropriate reaction conditions. 

Particle size distribution of each porosity of the porous silica microspheres is 
generally less than & 20 %, relative (I G), which is important for making reproducible, 
efficient columns. Because of the small size and narrow particle size distribution, 
fractionation of PSM by sedimentation during the high-pressure slurry packing proce- 
dure usually is not a probIem, and the procedure may be performed satisfactorily 
without using a balanced-density shury. The high eEiciency of PSM columns is a 
result of the smd-1I particle size. The excellent reproducibility with which columns may 
be formed and the relativeIy high coIunm permeability is a function of the spherical 
PSM particle shape and narrow size distribution. 

Pore diameter 
The PSM particles described in Table I have pore sizes ranging from 50 to 

3500 A, which is the range of general interest for size exclusion chromatogmphy. 
The average pore size of the PSM particles is determined by selecting the colloidal 
silica particles used in their preparation -the larger the sol particIes, the larger the 
pores. Since the agglutination of sol particles approximate a random close-packed 
structure of about 50% porosity, one can predict that the average diameter of the 
pores in the PSM particles should be roughly one-half the diameter of the sol particles 
making up the structure. As seen in Fr,. ‘a 1 this relationship is verified by actual ex- 
perimental values, except for very small sol particles. With very small silica sols the 
particles become strongly iinked together in a more open network ‘and the pore 
diameter is usually closer to the sol particle diameter. Thus, PSM particles formed from 
50-A sol h2ve pores that are about the same diameter. PSM4ooO was not included in 
this plot since its preparation was carried out by a slightiy modified process, resulting 
in some perturbation of the expected random close-packed structure. 

Fig. 2 shows stero-scanning electron micrographs of some wide-pore PSM 
particles. Particles with smaller pores show increasing surface smoothness’. 

The distribution of pore sizes in the PSM patSkIes is very narrow, approaching 
the limit predicted by theory for maximum resolution by size exclusion chromato- 
gmphyf5. This narrow distribution is ihustmted by the mercury intrusion plots in 
Fig. 3. PSM-800 has internal pores in 250-340 _A range with an average of about 
300 A. ‘IO insure a narrow distribution of pore sizes, a two-fold maximum size range 
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Fig. 2. Scsmiig electron mkrograpfis of wide-pore porous silica microspheres. 

was sought for the silica sol used to prepare the PSM particles. However, theoryI 
and practice sumt that a four-fold range in sol size probably can be tolerated withor?t 
radically affecting GPC resolution. 



The mercur-y porsimetry roeasurement in Fig. 3 al~o_@rovides insight into the 
mechanical strength of tke PSM pore strneture. PSM-800 particles %kow a significant 
break in the decreasin,O pressure or pressure reEax&ion plot & abont 9t?Q A after ar 
pressurization by~mercury at 60,G00 p&. This e&ct sugge& that the basic integrity 
of the PSIM-800 inte_rIlal pore struc’rure remains zfter pressurization. Tke excellent 
mechanical strength of the PSM particles is presumably due to the rigid, rar$om close- 
packing of the silica microparticles in the PSM strtlctie. Particle stabi&y is a de- 

&able cktiracteristic for tke prepa=tion of kigk-e@cieney columns by the kigk: 
pressure slurry packing technique. 

PORE DIAMETER, pm 

Fig. 3. Characterization of PSLM-~OO by mercury intrusion. 

The averzge pore size indicated for tke PSI+& particles in Table I is somewhat 
Iarger for nitrogen adsorption measurements (B.E.T.) tkhs?n by mercury intrusion. 
This is- typic& of PS_M pa-tides and may he a characteristic of pore shape. One can 
speculate that tke smaller values shown by mercury intrusion regect ihe pressure need- 
ed to force mercury into pore segments whose dimensions are smeher than the aver- 
age pore diameter. On the other hand, B.E.T. measurements are br+.sed on the total 
v&me of nitrogen filling the pores, and may relate to the average diameter of the 
entire pore. The data suggest that ‘rhe pores in the PSM particles may have narrow seg- 
ments about one-kaif the average dmmeter of the bulk pore. 

Pore volume and porosiiy 
For maximum resolution in GPC a large pore vohune is desired for the chro- 

m&ograDhic particle@. However, it is proposed that the more pertinent pammeter 
for use h size excIusion is not the speciic pore vdme, but tke WZWIZ~ porosity or 
tke volume of pores per wlum~ of packing in a par&t&r ckromatograpkic cokuun. 
The percent volume porosity V, (ml/ml) can be calcuh&ed by, 

where V, is the specific pore volume, nrt/g. The d&a in Table I for tke v2fious PSM 

prepamtions confirm that the particles 2re composed of a random close-pack strut- 



_twe of ap&ximate~y 50% poni vofume. The effect of c+fferences in specific pore 
vok.mtis on GPC resokrtion is not as large as might first be imagined. For.instance, 
compared with a column of particles witk a speciiic porosity of 0.5 ml/g, 811 eqtixdent 
column of particles with a specific porosity of I.0 ml/g shows omy a 30% mter 
coIumn Emtionation vohme (total. permeation volume minus total excEusion volume). 
Of course, this is the resuk of tke 0.5 ml/g &ate&l having a higher density -a 

_ greater wei& is paeked in the same coEumn vofume. 
Some ~commerciahy availabfe porous silica packings have a larger porosity 

than tke PSM particles. On the other hand, with tkese commercially available silicas, 
porosity often decreases with increasing pore size. As skown in Table I, PSM particles 
have an essentially constant porosity tkrougkout ah pore sizes and particle sizes 
prepared. 

PSRKparticles genera@ show the very narrow pore size distribution of about 
0.2 (2 CT) in a conventional log-normal plot used in mercury porsimetry. Stated dif- 
ferently, the ratio of the pore sizes at the half-height of the pore-size distribution is 
ca. I.6 (2 CT))_ This very narrow distribution results in calibration curves very close to 
that predicted for a single polm size. Column resolution in GPC is not substamkdy 
improved by using chromatographic packings with a narrower pore size distribution 
than the PSM particles because of the theoretical fin&s of the slope of the GPCcaiibra- 
tion curve for a particular pore size I5 Analysis suggests that a pore size distribution . 
of about twice that of the PSM particles may be acceptable, without significantly 
reducing column resolution as result of increasing the slope of the GPC calibration 
curvel*. 

Molecular weigkt calibration piots for columns of six different PSM prepara- 
tions spanning the entire pore size range are shown in Fig. 4. The log of the molecular 
weigkt is plotted against the distribution ccefhcient, K, which is defined as, 

where V, is the retention time of the solute, V, is the retention volume of 2 totally 
excluded species, and V, is tke retention volume of a totally permeating species such 
as toluene. The dati in Fig. 4 show the expected log dependence in the molecular 
weight of polystyrene standards as a fun&ion of K. Ah of tke plots display linear 
portions, essentially parallel for ah the pore size columns, shifting upwards along the 
log molecular weight axis in accordance with pore size increase. From the data in this 
fi_mrre, one can calculate the DZ values (a function of tke sIope of the linear portion of 
the molecuIar-weight calibration curve) for each column using the equation, 

where 1%~~ is the higher molecular%eight and iWZ is the lower molecular-weight 
species. 

The columns characterized in Fig. 4 permit the analysis of solutes tkrougkout 
a molecular weigkt range wkick exceeds tkat of many commerciaky available packings 
for GPC:. For instance, coktmn I (PSM-50; 60 A) will fractionate solutes with a 
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Fig. 4. Molecukr weight calibmtion piots for PSM columns_ PoIystyrene standuds; mobi!e phase, 
tetrahydrofuran, 22O; fiow-rate, 2.5 m!/min; pressure, 925 p.s.i.; W detector; coltmtns listed in 
Table III; sample, 25 pl. 

molecular weight of < 100. At the other extreme, polymers of >7 - 106 moIecuI2r 
weight are not yet totally excluded from column 6 (PSM4ooo; 3500 A). 

Siianization of both narrow-pore 2nd wide-pore PSM p2rticles apparently 
causes no significant change in the molecular weight dibbration plots for untreated 
particles, as indicated in Fig. 5 for polystyrene. This etfect has been noted for columns 
of PSM p2rticles throughout the entire pore size range. 

Since resoiution in GPC is especially dependent on columns with large plate 
count, use of particks of less than 10 ,um is parEicuIariy effective. For+nsrtely, 2s 
shown in later sections of this paper, even short lengths of ca. 7-pm particies produce 
sufficient plate count so that excellent resolution is obtained in polymer systems, 
resulting in small molecular-weight-errors due to coIumn dispersion efE~ts’~. 

E&e& of mobile phse velocity 
Columns of the small PSM particles (co. 6 pm) show a very small in&ease in 

plate height-with increasing mobile phase velocity, as illustrated in Fig. 6.~ Contrary 
to data from other porous silica p&&s for size exclusionz6-L7, co dliferences ifi plate 
height were found for columns of untreated or slanized PSM particks. Also, no d%- 
ferences in plate heights were found for l@ and 15cm columns of a. 6-pm l%3Eca;800 
particles, coni!iming the homogeneity of the cohrmn beds for t&se different bn@s 
witEi the column packing technique used. Both the k1tre2ted 2nd sil2mzcd cdumr;~~ 



O'JWREATED 

Fig. 5. Effect of pzrticle siianization on mokcuhr weight calibration curves. Conditions as for Fig. 4. 
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Fig. 6. E&cb of vehcity on plate height N for untreated 2nd sikmized PSM columns. Mobiie phase, 
tetzhydrofuran, 22”, UV detector; sample, 254 

show a reduced plate height, tz, mi&mm of 2.5 particle diameters for the totally 
permeating toluene (equivalent to capacity ratio, k’ = 0 in all methods except size 
exciusion). Similar results were obt&ned on columns of ca. 9-,um PSM-1500 particles. 

Calm efkiency also can be measured as a function-of the peak standard 
-deviation, q br as the variance of the peak, Ot, cakufated by, - 



where t, is the retention time of the solute and N is the column plate count. Actually, 
in GPC the to&& obsel-ved peak variance is related by the expression 

where 4 is the observed variance of the peak, 4 is the variance contribution due to 
normal peak broadening within the column, and id is the contribution of the peak 
variance caused by the molecular size fractionation of the polymer standarr_ 

The relationship of the peak standard deviation a, as a function of polymer 
molecular weight for a series of high-performance PSM columns is shown in Fig. 7. 
If in the relationship shown in eqn. 6 the total observed Peak variance 4 is dominated 
by the o’, column dispersion term, then one would expect a Iinear increase in the 
standard deviation of ‘the peak ci, with increasing molecular weight owing to the 
poorer mass transfer characteristics. (?n eqn. I, H increases essentially linearly with 
increasing molecular weight and decreasing diffusion coefEcients.) This essentially 
linear (Iog) molecular weight versus o, relationship is observed for the PSM-800s 
column in Fig. 7. However, there is a significant divergence of some data from this 
relationship for the remainder of the columns. Cohzmns of particles with small 
pores (Le., PSM-SOS and PS1W-300s) show very large rrC values for lower-molecular- 
weight polymers. On the other hand, a gene&y linear relationship is obtained for 
toluene and the higher-molecular-weight solutes -it appears that the 4 values due 
to fractionation now are dominant contributors to the total peak variance 4, that is, 
the PSM-SOS and PSM-300s columns partially fractionate the lower-molecular- 
weight, “monodispersed” polystyrene standards. 

PSM-1500 and PSM4WO particles with large pores show a simi!ar elect with 

Fig. 7. Effec? of molecular wei& OE? peak cr, for jn_dividuai PSM cofurmq Conditions 2~ In Fig 4. 
;e 
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kigh-molecular-weight polymers for which these PSM particles show maximum reso- 
lution. For these large-pore particles a linear relationship between iog molecular 
weigkt and q is found with only lower-molecular-weigkt poiymers, where-the moIec- 
ular weight fractionation~term is smaE1. 

The contribution of the molecular-weight fractionation term is most observed 
with high-e&iency GPC columns with very small particles. Peak variance ofconven- 
tiond GPC columns of larger particles is largely determined by the column dispersion 
term, which is normally much greater- than the molecular-weight fractionation term 
because of relatively low column resolution. 

Eflect of cohmn isternal diameter 
A study of the effect of PSM column internal diameter was undertaken to 

determine the effect of this parameter in practical HPGPC. A series of IO-cm PSM-800 
columns was tested witk internal diameters ranging from 0.32 to 0.85 cm. The internal 
diameter WKWS plate height plot in Fig. S skows a minimum for these columns. Highest 
plate count and best peak symmetry were obtained with the 0.78-cm I.D. column, 
suggesting that this internal diameter is optimum for l&cm columns of M. 6-pm PSM 
particles. The optimum diameter of HPLC columns appears to be a complex function 
involving pa.rtZcle size, cohmm Iength and internal diameter, sample injection tech- 
uique, aud other effects. 
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Fig. 8. Intiuence of column internal diameter on plate height. Columns, IO-cm, PSIM-800, ca. 6pm; 
sunpie, 6.7~1, l_Omg/ml toiuene; UV detector. 0.2 z.u.f.s.; mobile phase, tetrahydrofuran, 0.25 
cm@c_ 

COMPARISON WITH OTHER RIGID SMALL PARTICLES FOR EIPGPC 

During the course of this study, LiChrospher, another porous spherical par- 
ticle of silica -with various pore sizes, was made commercialiy available. To determine 
utility in HPGPC,-these rigid packings also were studied. In Table II the relative use- 
fuIness of LiChrospher and PSM columns for characterizin,o polymers can be deter- 
mined by comparing the pa&king resolution factor, R$ calculated byIs, 

(7) 



-. 
LiChrospher IGO loo” 72.5" 10 52" 25 x 0.62 0.53 
PSM-4Jo 125 45.8 a.9 & 2.2 25 x 0.62 0.53 

Lichrospher 500 504)’ 63.7" 10 f2^ 2.5 x 0.62 O-44 
PSM-8X 300 48.3 6.0 f 1.5 25 x 0.62 0.49 

LiCbrospher 1000’ loo0’ 63.7" 10 &2 = 25 x 0.62 0.23 
PSM-1 5aO 750 50.2 8.9 & 1.2 10 x 0.7s 0.21 

LiChrcspher 4000 4GUO’ 63.7” 10 * 2’ 25 x 0.62 0.20 
PSM-&!w 3800 53.0 6 ..I 15 x 0.78 0.20 

l Reported by manufazturer; i?SM vahxs from Table I. 
*_ Calculated from eqn. 2 using specific pore volume given by mi?nufactorci. 

l ** Semiquantitztive optica! microscopy. 

625 1.68 
700 1.37 

250 1.81 
1450 1.50 

250 3.30 
150 1.52 

400 2.79 
l(rJ 2.05 

where, cr, is the s&tindard deviation of the test solute or polymer standard, Dz is the 
slope of the linear portion of the log molecular weight vs. retention volume plot, and 
L is the length of column tested. These R:, values are based on equal mobile phase 
velocities (equivsrlent anaiysis times) for 2 normalized (1 cm) column length15. For a 
valid comparison, particles with about the same average pore size were used. Columns 
of very smal1 and large pore LiChrospher and counterpart PSM particies show es- 
sentially equal pa&in,0 resolution factors for polymer standards. (Rf, values for the 
unretained solute toluene are less useful in defining the performance of packings.) 
However, in the mid-size pore range the PSM columns appear to exhibit higher reso- 
lution_ Any resolution advantage of LiChrospher presumably is the result of greater 
selectivity (smaller 03 because of 2 generally larger porosity, resulting in less-steep 
calibration plots. On the other hand, PSM columns show higher efficiency (smaller 
H and o) because of smaller particles and a narrow particle size range, which provide 
superior packed beds of high specific permeability. The very narrow pore size distri- 
bution also contributes to the high resolution of the PSM packings. The e&ct of 
mass transfer on resomtion due to differences in the pore structures for the two types 
of particles was not studied. 

Fig. 9 illustrates the plate height advantage of the smaller PSM particles, par- 
ticularly at the higher mobile phase velocities needed for very-high-speed HIPGPC 
analyses. 

Other results not shown in Table II have verified the utility of the R& factor 
for comparing packings using columns of d;&rent dimensions. For example,’ R& 
values for LiCbrospher loo0 with 2 50 x 0.48 cm column were 0.59 and 0.34 for to- 
luene and 97.ooO MW polystyrene, respectively, compared with the 0.61 2~34 0.41 
values exhibited for the 25 x 0.62 cm column listed in Table II. 

PSM particles are composed of very pure siiica. The early lots ofthe commercial 
LiChrospher packings studied contained aggregates and alkahne impurities which 
required removal by extensive treatment. The efEct of residual impurities on the 
analysis of certain polymers was not invest@ted. 



0.087 .s#o 0.229 1.28 0.111 0.293 1.05 0.39 
0.067 0.147 2.?7 0.145 0.320 0.80 0.36 

0.107 51,CMO 0.275 1.32 0.141 0.363 1.01 0.32 
0.054 O.lE8 2.25 0.122 0.226 0.95 0.43 

0.096 97,cm 0.142 1.9s 0.190 0.281 0.61 0.41 
O-030 0.058 4.56 0.140 0.308 1.30 0.60 

0.092 39Ogm 0.144 3x4 0.353 0.553 0.33 0.21 
0.052 0.136 5.76 0.300 0.783 0.50 0.19 

Fig. 9. Compzrative plate height pIots for LiChrospher and PSM columns. Cohmms, 25 x 0.62 
cm; mobile phase, tetmhydrofuran; W detector; sample, 25 pl, 5 mg/mI benzeoe in tetmhydrofuran. 

?SM COLUMN SETS FOR HIGH-SPEED GE’C 

Table III summarizes the characteristics of individual working PSM columns 
in a full set prepared for HPGPC. The intent was to prepare each column with a plate 
count of &bout 4ClO0, so zhhat the set would have the total plate count required for ac- 
curate polymer molecular weight measurements I5 All of the cohxnns in this set cou- _ 
tained silatied particles packed by the high-pressure filtration technique using dis- 
per&&s in methanoixhloroform (I :I) pressurized at 5000 p.s.i. Packed bed consoli- 
dation techniques were utilized to insure mechanical s’ebility of the structures. The 
column packings were retained in the columns with 1 S-pm st&&ss-steel screer&, and 
the columns were connected with 2-cm lengths of 0.05-cm I.D. capillary tubing with 
low dead-volume fittings. 



SPECIFICATIONS ON INDIVIDUAL PSM COLUMNS FOR HFGPC 
Flow-rate, 2.5 d/min; partide sizes aS in Table I_ 

-PSM cotunn Preswre 
dimensions drop 

(cm) (p.s.i.) 

Vehcity 
(cmfsec) * 

50-s 10 x 0.7s 125 0.22 2972 O.QO335 4.6 
300-s 15 % 0.78 100 0.21 4ocro 0.00375 4.2 
800-S 10 x 0.78 250 0.21 5535 QBOlSl 3.0 

lXK?-s 10 x O-78 210 0.25 3122 _0.00320 3.4 
4uoO-S 15x0.78 210 0.25 8145 0.00184 3.1 

’ Measured at total exclusion with 7,100,ClOO polystyrene (except not totally excluded in PSM- 
.&US). 

l * For total connected set, plate count = 23,900 (see text). 

It was shown that pIate count for the individual PSM columns listed in Table 
III are additive using the variance relationship from eqn. 5 in which, 

where d is the observed variance for the column set and CT:, d’,, and 2’ are the indi- 
vidual variances for columns 1, 2 to n. <If the retention times, zR, for the test solute 
are approximately equal for each column [tR1. w tRz - - * w t,,], then, iV, = Yz/ 
Z<I/N,) where Y is the number of columns in series, N, is the calculated totai pfate 
count, and NL is the plate count for each individual column.) A total theoretical plate 
count for toluene of 21,500 was calculated for the column set using the relationship 
in eqn. 8, compared to 23,900 plates actually measured at a flow-rate of 2.5 ml/min. 
The slightly higher experimental plate count is probably due to reduced extra-column 
effects for the combined column. 

A molecular-weight calibration plot for this five-coiumn, 6!km set of PSM 
columns is shown in Fig. 10. This set demonstrates a linear fractionation range for 
polystyrene standards of about l@-2- lo5 MW, and a fractionktion. voiume (total 
pemeation minus total exclusion) of 7.9 ml. For a mixture of 97,200 and 10,300 
MW monodispersed polystyrene standards, the spe&c resolution &, was 2.73 for 
this 6O-cm set, compared with 1.14 for a 12O-cm combination of p-Styragel columns, 
both based on a 15-min analysi@. 

The very wide fractionation range. of a set of PSM columns for polymek by 
HPGPC is predicted by the calibration plots in Fi,. Q 10 and is f&et illustrated by the 
separation of ~polystyrene standards in Fig. 1 I. Note that the 7,LOO,&JO MW poly- 
styrene standard is not totally excluded. The high resolution -of ‘&is PSM Column 
set permits very accurate (CL 2 %) molecular-Weight measurements in a IO-l Emin 
polymer analysis without further correction for peak dispersionx5. : 

Fig. 12 shows the .smali plate heights @bited by.&@& ?SM column set for 
various polystyrene standards, and particuk&y I&? ,re&tively small increase in plate 
height with flow-rag (mobile phase velocity) increase.. These data arc indjcatis~ of the 
rapid solute equilibration associated with these very small silanked silkeous p&&&s. 
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Fig. 10. Molecular weight calibration curve for full set of PS1M-S cohnns. Columns: 10 cm PSM- 
SOS, 15 cm PSW3oOS, 1Ocm PSM-8OOS, LOcm PSM-ISOOS, 15 cm PSMXKIOS @cm total, all 
columns, 0.58 cm ID_); mobile phase, tetrahydrofuran, 22”; fiow-rate, 2.5 ml/min; pressure, 925 
p.s.i.; sample volmne. 25 ~1: polystyrene standards; UV detector at 254 nm. 

Fig. 11. Separation of polystyrene standards. Conditions 2s in Fig. LO, except pressure, 425 p.s.i.; 
f!ow-rzZe, 2.25 ml/mia; sample volmc, SO@; UV detector, 0.1 a.u.f.s. 

Mobile phase vdocity can be substautially increased without siguificant sacrifice in 
resolving power for polymers because of the excellent mass transfer characteristics. 
Thus, columns of the PSM can be used for very fast, accurate polymer cbaracteriza- 
tions (e.g., 90 secLs), such as might be required in a process analyzer monitoring a 
polymerization. Rapid analyses with a set of cohmns containing ca. 7-,~m particles 
also cau be carried out at relatively modest pressures (e.g., t2000 pk.) which are 
easily atined by modem pumping systems. 

The shape of the plate height versus velocity plot for (totally permeattig) 
toluene in Fig. 12 is as expected, with a plate height minimum at a velocity of approx- 
imately 0.15 cm/set, represeating about 25,OO theoretical plates for this system. 
(Tests with a 97,200 mofecular weight polystyrene standard produced a plate count of 
K&Cl00 with this column set at a mobile phase velocity of 0.15 @sec.) The polymer 
standards show the anticipated decrease in plate height with decreasing velocity, but the 
I&-steep stope of the MW = 390,ooO and 37,CKlQ polystyrene plots at the lower 
velocities was mexgectek One explanation is peak broadening from partial frac- 
tionation of these polymers by this high eEciency system This trend is very apparent 
for tie 3600 MW poly&yrene (dotted line). which shows an anomalous, almosi Bat, 
plate height verm vek&y plot, presumably b--use of siguikaut molecular weight 
fkactionaion. Thus, because of parCal fractionation of the polystyhene standards, 
meas& pIa& height and G values actrlafly may be larger than tme values. This 
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Fig. 12. EfZct of mobile phase velocity on platc height for full set of PSM coIumns. Conditions same 
as. for Fig. 10, except variable pressure and ffow-rates. 

Fig. 13. Effect of mokcu!ar weight on peak (r for full set of PSM columns. Conditions as in Fig. 10. 

elkct causes the predicted resolution of HPGPC columns to be less (Le., larger GD, 
values) than is 2ctu2liy the case. 

Just as with individual PSM columns, the standard deviation of polymer peaks 

for the PSM column set is 2 function of molecular weight, as shown in Fig. 13. Much 
larger than predicted values were obtained for polymers of intermediate mokcular 
weight because of molecular weight fractionation band-broadening by this high- 
efliciency system. 

Columns of the modified PSM can be used with 2 variety of or,&c solvents 
(e.g., methanol, acetone, dimethylsulfoxide) not possible with small pvticles of or- 
ganic g&. Totally aqueous mobile phases should be avoided because of difkulw in 
wetting the silanized column packing. However, mixtures of water with the various 
miscible organic solvents can be employed if the particles are wetted. Aqueous mobile 
phases outside the pH l-S_5 range should not be used because of possible de_mdation 
of the siliceo-us packing. In addition to these operational advantages, columns of PSM 
also have substantial advantage in resolution. A &km set of PS_M columns has de- 
monstrrrted twice the resolution of 2 comparable EO-cm set of &%yragel cohnnns, 
with accompanying advantage in molecular weight accuracy (e.g., 2 % vs. 13 %“). 

On determining the e&c% of mobile phase velocity on plate height, au anomoly~ 
was found w&J the 7,lGQWO (7.1 MM) MW polystyrene. As show in Table IV, the 
relative retention volume a_apears to change with increasing mobile phase velocity 
for the 7.1 MM MW polystyrene standard, but is not eti&nt for lower-mokcuk- 
weight polymers. Collection of a 7.1 MM MW polystyrene peal; chrom&opphed 
at CQ. 0.5 cm/w (5 mlfmin) 2nd he-injection into the column set at a mobile phase 
velocity of 0.i cm/set showed 2 lower molecular weight and broader-distributio~ 



0.50 0.05 0.567 0.680 0.796 
0.76 0.07 o.sw 0.6X3 0.794 
1.28 0.11 0.580 0.679 0.795 
1.78 0.15 0.592 0.681 0.796 
2.50 0.21 0.609 0.683 0.796 
3.39 0.29 *. 0.684 0.799 
5.26 0.46 t* 0.680 0.793 
7.27 0.61 et 0.684 0.794 

* Based on 7.1 MM PS peak, not totzlly excluded. 
** Not calculated; badly overlapping with 390,004) PS peak. 

0.910 
0.910 
0.909 
0.909 
0.910 
0.909 
0.912 
0.917 

polymer. These data suggest that the 7.1 MM MW polystyrene is degraded at mobile 

phase velocities greater than about 0.1 cm/set, probably as result of the mechanical 
shear forces being subjected on the large polymer chain under these conditions. A 
report that polystyrene of mokcular weight above IO’ shear de,mdes in a chromato- 
graphic system also has been given Is. The changes in 5.1 MM MW polystyrene at 
higher mobile phase velocities also is in keeping with observations that this polymer is 
degraded by agitation of solutions in an ultrasonic bath. 

These phenomena suggest that mobiIe phase velocities no greater than about 
0.1 cm/set should be used when characterizing very-high-molecular-weight polymers 
(e.g. MW > Iti). Some polymers may be more subject to this effect than others 

Fig. 14 illustrates the use of a set of PSM columns for characterizing actual 

polymer sampIes in separate IZmin analyses of two cellulose samples as hemi-formal 
derivatives’9*20. These chromatograms show that an experimental eelluiose film lacks 
an additional high-molecular-weight component which is in a commercial cellulose 
film having different properties. 

Retention of solutes beyond the total permeation volume is rarely exhibited 
by this de.zctk&ed silica set, suggesting that the coverage of the deactivatin,o trimethyl- 

Fig. IA High-speed GPC &arzcte&&ioion of cellulose films. Cohmms, IG x 0.78 cm of PSM-SOS, 
FSM-, PSM-lHx)S and PSM- (40 cm toti); mobile phase, dimethyisulfoxide, 23”; 
pressure, ZGtHp.s_i.; ffow-r*s, l.Om&iin; sample, 2SpI, 0.2% in dimethykuKoxi&-CH~O; RI 
detector, 5 x tOm5 Rf fuIf s&e. 



silyi groups on the surface of the particies was adequate*. (tie concentration of 
trimethylsiiyl groups was 3.3 &- 0.4 pmofe/m*_ for_ ~&El PSM particles)~ EnstGces of 
retention beyond ‘&e total permeation volume probably CZE be atiribut~d to a ti 
of liquid-partition (or liquid-bonded-phase adsorption) retention caused by an in- 
appropriate choice of mobiie phase. 

The small pore size and other ciesirabfe physical properties of PSM-50 (60-A 
pores) makes this packing very useful for separating smali molecules by size exclusion 
chromatography. Results on this application and in the use of PSM columns for sepa- 
rating water-soluble components by gel fih&Qion chromato_mphy will be described 
in future publications. 
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