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SUMMARY 

An experimental analysis of a size-exclusion chromatography support material 
was designed to define the chemical characteristics of the pore surface. This support 
material consisted of silica which had been derivatized with aminopropyltriethoxy- 
silane and subsequently cross-linked with butadiene diepoxide. The characteristics of 
this material include a complex combination of acidic sites arising from the presence 
of underivatized silanols, basic amine sites on the polymeric derivatized phase, and 
hydrophobic characteristics associated with the polymer carbon chains. An under- 
standing of the interactive properties of the stationary phase allowed the design of 
mobile phases to minimize these interactions for specific polymers. 

INTRODUCTION 

High-performance size-exclusion chromatography (SEC) of organic polymers, 
also referred to as gel-permeation chromatography, is a well understood, fairly 
routine procedure in which rigid styrene-divinylbenzene gels, or microparticulate 
silica that has been derived with a neutral organic phase, provides a porous, non- 
interactive packing material. The elution of a polymer is controlled by its size, and 
non-size separation effects are small. In contrast, the exclusion chromatography of 
water-soluble polymers is still somewhat of an art in which non-size separation effects 
are often not fully eliminated 1*2 Water-soluble polymers encompass a wide range of . 
characteristics; neutral, polyanions, polycations, copolymers containing hydrophobic 
and hydrophilic moieties, and more complex polymers such as proteins which are 
composed of cationic, anionic, and hydrophobic groups. 

This paper describes a support material which has been prepared for the SEC 
of cationic polymers3. The chromatography of such polymers is an especially difficult 
problem. There are several mechanisms for non-steric interaction between cationic 
polyelectrolytes and SEC porous packing materials. 
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(1) Electrostatic adsorption. Bare, underivatized silica in aqueous solution car- 
ries a negative charge due to the dissociation of surface silanol groups. 

-SiOH + HZ0 + =SiO- + H,Ot 

Colloidal silica has been found to have a measurable anionic charge density down 
to a pH of 4 (ref. 4). Polycations and polybases will adsorb to these sites electro- 
statically. Since there are multiple cationic sites on the polymer, the adsorption is 
cooperative and may be irreversible. The silica surface may be derivatized, e.g., 

-SiO- + C1SiR3 -+ = SiOSiR3 + Cl 

to eliminate these sites. Because of steric crowding, however, derivatization is usually 
incomplete. The effect of this anionic charge may be lessened by the addition of 
electrolytes to the eluent; these compete for the anionic sites and reduce the Debye 
interaction distance. It has been suggested that quaternized ammonium salts may act 
as effective mobile phase modifiers, reversibly derivatizing the surface silanols, and 
allow the chromatography of cationic polyelectrolytes on underivatized silicas; this 
has not been demonstrated experimentally. 

(2) Electrostatic exclusion. If the surface of the porous packing material carries 
a charge, ions of similar charge will be partially or wholly excluded from the pore 
volume. For example, the negative charges present on bare silica in aqueous solution, 
derivatized silica with residual underivatized silanol groups, and some hypophilic 
polymeric gels will cause early elution of salts and anionic polyelectrolytes+l l. These 
effects are eliminated by the use of ionic strengths greater than 0.01 Ma. 

(3) Hydrophobic partitioning. If the packing material used for aqueous SEC 
is partially organic in nature, either because the column is made up of an organic gel 
or of silica which has been derivatized, polymers may be retained through hydro- 
phobic partitioning. This process may be quite weak, in which case the polymers may 
still elute from the column in a size separated mode. Such delayed elution has been 
described by Dawkins and Hemmingi with the relationship 

in which V0 is the column void volume, I’i the pore volume, KsEC the coefficient 
describing the size separation, and Kr is a coefficient describing the distribution of 
polymer between the stationary and mobile phases12. Pfannkoch et al.= has demon- 
strated that derivatized phases which have been designed to be hydrophilic may have 
measurable hydrophobic character. The high ionic strengths of mobile phases that 
are designed to minimize the electrostatic effects discussed above will increase the 
hydrophobic retention of polymers. The amount of interaction depends on the po- 
larity of the polymer and that of the derivatized phases. 

Currently available SEC support materials 
Recently, several commercial materials have been developed for the SEC of 

aqueous polymers. Only a few have been designed specifically for use with cationic 
polymers. Talley and Bowman I3 derivatized controlled porosity glass. a low-pressure 
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porous support that is similar to silica in surface characteristics, with 3-aminopro- 
pyltriethoxysilane which they subsequently quaternized. 

OH OH 

E Sk--O-Si- (Ct$),NH, + CICH,CH-N+W,),CI- __t 

OH 

OH OH 

_Si-0-Si-_(CH2),-NHCH,-CH-N’(CH,),CI- 

OH 

The quaternary ammonium group provides a positively charged pore surface 
which prevents cationic polymers from approaching residual silanols. A set of char- 
acterized poly(2-vinylpyridine) (PVP) narrow molecular-weight-distribution stan- 
dards were size separated on this column. 

Synchrome has developed a high-performance, silica-based support derivatized 
with a polymeric aminer4. In low pH eluents, this also provides a cationic surface 
for the elution of cationic polymers. In buffers containing 0.1% trifluoroacetic acid 
and 0.2 M sodium chloride, PVP standards eluted according to size14. The separation 
was very dependent on ionic strength; the nature of this dependency was not inves- 
tigated. 

A high-performance, water-compatible gel, TSK-PW: manufactured by Toya- 
Soda, has been designed for use primarily with water-soluble polyelectrolytes. This 
porous packing material has a proprietary structure believed to be a cross-linked, 
hydroxylated polyether gel 15. The particle sizes range from 10 pm for the small po- 
re-sized materials, to 25 ,nm for the largest. Because of the large particle size and 
dispersity present in a set of columns, the efficiency is lower than for porous silica 
microsphere-based columns. There are some electrostatic charges present, apparently 
because of residual groups on the gel matrix. It is suggested that ionic strengths 
greater than 0.3 M be used for the analysis of very polar polymers16. Size separation 
has been demonstrated on these materials for characterized polybases, polyethylene- 
imine and polyvinylamine, when these are chromatographed as the free bases17. 
Broad molecular-weight-distribution cationic polyelectrolytes also eluted from the 
columns with no apparent tailing. 

The diversity of the types of non-ionic interactions which may potentially occur 
in aqueous chromatography suggests that the conditions for SEC of any polymer 
must be optimized for the characteristics of the specific polymer on the specific col- 
umn. This paper describes the characterization of a high-pressure silica support de- 
rivatized to be used with polymers containing cationic moieties. The silica is reacted 
with aminopropyltriethoxysilane, which subsequently cross-linked with butadiene 
diepoxide. The derivatization procedure is described in detail in an accompanying 
article3. The results of this characterization were used to optimize the eluent condi- 
tions for the chromatography of a polymer which is cationic under the conditions 
used for SEC, poly[N( 1,l -dimethyl-3-imidazolylpropyl)acrylamide] (PDIA). 
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EXPERIMENTAL 

Material.7 
PVP standards were purchased from Pressure Chemicals (Pittsburgh, PA, 

U.S.A.). These are anionically polymerized, narrow molecular-weight-distribution 
polymers. Quaternary ammonium salts were from Kodak Laboratory Chemicals 
(Eastman-Kodak, Rochester, NY, U.S.A.), and were used without further purifica- 
tion. The polymer (PDIA) was synthesized by I. Ponticello, and was solvent frac- 
tionated by T. Handel, both from Research, Eastman KodaklR~lg, Weight-average 
molecular weights of the polymer were determined by light scattering in methanol 
containing 0.01 M tetrabutylammonium bromide. The solution properties of these 
fractions are described elsewhere1”~19. 

Chromatography 
Chromatographic equipment consisted of a Waters Assoc. Model 6000A chro- 

matography pump, a Rheodyne Model 7125 injector and a Waters Assoc. Model 
R401 refractive index detector. Fabrication of the columns used for separation is 
described in the accompanying article 3. All chromatograms were run at ambient 
temperature. 

Viscometry 
Intrinsic viscosities were determined with a Ubbelohde viscometer at 25°C. 

Column analysis 
The experimental analysis of the polymeric derivatized support was designed 

to define the chemical characteristics of the pore surface of the derivatized silica. 
These include a complex combination of acidic sites arising from the presence of 
underivatized silanols (which are always present because of the steric inability to 
achieve complete derivatization), the basic amine sites on the polymeric derivatized 
phase, and the hydrophobic characteristics associated with the polymer carbon 
chains. An understanding of the interactive properties of the stationary phase may 
allow the design of mobile phases to minimize these interactions for specific polymers. 

RESULTS 

Analysis for electrostatic adsorption 
Anionically polymerized, narrow molecular-weight-distribution PVP stan- 

dards were used to probe the interactive characteristics of a Zorbax PSM 1000 col- 
umn which had been derivatized according to the procedure described in the accom- 
panying article. These polymers are bases, which are partially charged under the 
eluent conditions employed in this work. The degree of protonation, CI, was deter- 
mined spectrophotometrically in one of the systems used, 0.10 A4 sodium formate 
adjusted to pH 3.50 with formic acid, by monitoring the absorbance of the polymer 
at 262 nm, at which there is an absorbance characteristic of the pyridinium ionzO. 
The absorptivity of the polymer in ethanol, A EtON, was assumed to be that of the 
neutral polymer; that in 2 M hydrochloric acid, A NCI, was assumed to be that of the 
totally protonated form. The degree of protonation was calculated using the relation- 
ship 
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A - AHCl 
cI= 

A EtOH - AHCI 

in which A is the absorptivity of the polymer in the eluent. Under the conditions 
described, s1 was found to be 0.45. 

In order to investigate the possibility of electrostatic retention by small surface 
concentrations of underivatized silanols, several concentrations of polymer were in- 
jected at different ionic strengths and the eluted peak shapes were compared. The 
elution behavior of PVP with molecular weight 92 000 is illustrated in Fig. 1 for 
lOO-,ul injection volumes at concentrations of O.l%, O.Ol%, and 0.001% polymer. 
The peak sizes have been normalized for comparison. The peak shapes of the eluted 
polymers, when injected at 0.1% in the eluents containing 0.50 and 0.10 M buffer, 
reveal little difference in peak shape and neither of these peaks indicate that a sig- 
nificant amount of polymer adsorption is occurring. However, the elution curves of 
lower injected concentrationhs of polymer shows that there is some adsorption oc- 
curring at a small number of sites. This adsorption is more severe for the polymer 
in 0.50 A4 buffer; it results in less tailing in the 0.10 M buffer. 

The permeation of the pores of this derivatized material must be considered 
to be that of a cationic polymer into a porous medium that carries a cationic charge 
covering an anionic pore wall. The distance of the approach of the polymer to the 
pore wall is controlled by the Debye length; the distance over which the charges 
interact. In 0.50 A4 buffer, the Debye length is short and the polycations are able to 
approach the pore surface closely enough to interact with any underivatized silanol 
sites. In 0.10 A4 buffer, the distance over which repulsion occurs between the polymer 
and the derivatized phase is greater and there is minimal adsorptive interaction oc- 
curring; less than 1% of the injected polymer is significantly retained. When the ionic 
strength of the buffer was further decreased to 0.01 44, all concentrations of PVP 
eluted from the column as sharp peaks. Also, the calibration curve representing the 
elution volumes of PVP’s of different molecular weights moved to smaller volume 
and became very steep; the size-differentiating ability of the porous material became 
less. At this low ionic strength, the polymers were partially excluded from the porous 
volume of the column so that they were not as well size separated. 

/_ oool% 

b,ml V, ,ml 

Fig. 1. Elution curves of PVP (mol. wt. = 92 000) injected at different concentrations in pH 3.5 sodium 

formate buffers of ionic strengths: (a) 0.50 M; (b) 0.10 M; (c) 0.010 M. 
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TABLE I 

MARK-HOUWINK CONSTANTS FOR PVP IN CHROMATOGRAPHY SOLVENT SYSTEMS 

a K 

0.10 A4 sodium formate pH 3.50 0.93 2.5 10m5 

0.50 M sodium formate pH 3.50 0.83 5.0 1o-5 
0.10 M sodium formate. 20% methanol, pH 3.55 0.95 1.7 lo-” 

SEC of PVP stundurds 
The experiments needed to analyze the effect of solvent composition on non- 

steric interactions between the polymer and the packing material are complicated by 
the fact that intramolecular electrostatic effects cause the hydrodynamic volume of 
a polyelectrolyte to be heavily dependent on the eluent ionic strength. The elution 
volume of the polymer is, therefore, affected by this as well as adsorptive effects. In 
this work the effects of polymer expansion are accounted for by the use of universal 
calibration plots in which the hydrodynamic volume, Vh of the polymer is used as 
the variable, rather than the molecular weight. Grubisic et al.2L and others have 
demonstrated the validity of the universal calibration concept for polymers in organic 
solvents. Beyer and co-workers have extended this concept to aqueous systems2 2 and 
to mixed aqueous-methanol systems 23. Based on these findings, we have adopted the 
universal calibration concept for our column analysis. Shifts in plots of log Vi, VS. 
elution volume for different polymers, or the same polymers in different eluents, are 
assumed to reflect changes in non-steric interaction parameters, rather than polymer 
hydrodynamic volume. 

105- 
3.5 4.0 4.5 5.0 

4, ml 

Fig. 2. Universal calibration plots of PVP in pH 3.50 sodium formate buffers as an eluent of two different 

ionic strengths, (- - -) 0.10 M, (.,..,) 0.50 M, and of (- ) polystyrene in THF on a 1000 A pore 

size Zorbax column which has been derivatized with a polymeric amine phase. 
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Intrinsic viscosities of polymer standards 
The intrinsic viscosities of each of the PVP standards were determined in each 

of the eluents in which they were used; the Mark-Houwink constant, CI. for each 
system is listed in Table I. The high value of a indicates that the polymer is charged 
and highly solvated in each of the solvent systems. 

Universal calibration plots 
PVP standards were eluted from a column containing DuPont Zorbax PSM 

1000 A silica which had been derivatized with aminopropylsilane and reacted with 
butadienediepoxide (APSBD) as described in the accompanying article3. Aqueous 
buffers at two different ionic strengths were used. The universal calibration plots for 
these two elutions are included in Fig. 2 along with a similar plot for the elution of 
polystyrene in tetrahydrofuran (THF) on this column. It is assumed that the elution 
of polystyrene-THF is representative of a simple size separation. A buffer concen- 
tration of 0.50 M causes the elution of PVP to occur at somewhat greater volume 
than that of polystyreneeTHF, indicating that some non-steric retention mechanism, 
is operative. A buffer concentration of 0.10 M causes the PVP elution to be at lower 
volume than that of the polystyrene; this us characteristic of an exclusion mechanism. 
Both of these effects are weak and cause only a shift of the size-separation curve, an 
effect similar to that described by eqn. 1. 

The mechanism for retention of PVP at high ionic strengths (Fig. la) may be 
ascribed to a solvophobic interaction between the polymer and the derivatized phase. 
Although both materials are cationic, they contain some organic segments which 
could form transient hydrophobic domains. This type of interaction between eluting 
polymer and derivatized sites results in a simple shift of the calibration plot of the 
polymer to increased elution volumes. The slope of the plot is approximately the 
same, indicating that the cause of the shift is a weak partitioning of the polymer. The 
five-fold increase in ionic strength will increase the driving force toward the formation 
of hydrophobic domains, and is a consistent mechanism to explain this. 

I I I L I 1 I I 1 

5.2 53 5.4 5.5 5.6 5.7 5.8 59 60 

V, 

Fig. 3. Elution volumes of tetraalkylammonium salts in eluents of varying composition: 0.10 M sodium 
formate buffer, pH 3.50 containing 0, 20, and 40% methanol, and 0.50 M sodium formate buffer; pH 3.50. 
(a) Tetraethylammonium; (A) tetrabutylammonium; (m) tetrahexylammonium; and (+) hexadecyltri- 
methylammonium. 
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Elution of quaternary ammonium salts 
The possibility of solvophobic partitioning between the derivatized sites and 

a molecule with both hydrophobic and cationic characteristics was further investi- 
gated by the elution of a series of quaternary ammonium salts in eluents whose 
makeup differed in ionic strength and solvent composition. These salts are cationic 
and hydrophobic in nature, as are the PVP standards. Fig. 3 is a plot of the elution 
volumes of each of these salts; tetraethyl, tetrabutyl, tetrahexyl, and hexadecyltri- 
methyl in buffers made up of 0.50 M and 0.10 M buffer containing 0, 20, and 40% 
methanol by volume. The possibility of micellization in the case of the hexadecyltri- 
methyl salt was avoided by using concentrations well below its critical micelle con- 
centration. 

It is obvious from this plot that several factors are operative in the retention 
of these salts. The elution behavior of the hexadecyltrimethylammonium cation, with 
a long hydrocarbon chain, is clearly dominated by hydrophobic effects. It does not 
elute from the column when no methanol is present; addition of 20% methanol 
solvates the ion well enough that it elutes as a symmetric peak in the approximate 
range of the total column volume, and addition of 40% methanol to the eluent causes 
it to elute at the same elution volume as the less hydrophobic cations. The elution 
of the symmetric cations is more complicated. In the high ionic strength eluent, the 
order of the elution volumes is dominated by hydrophobic interactions, with the ions 
eluting in order of chain length. This order persists at 0.10 A4, but the elution volumes 
are more similar, and very short. The ions all have essentially the same elution vol- 
umes in 20 and 40% methanol. The retardation of the ions at 20 and 40% methanol 
compared to 0% is difficult to explain. It may .be related to interactions between 
these small cations and the bare silanol sites to which they have more access. The 
addition of 20% methanol to 0.10 M buffer has no effect on the position of the 
universal calibration curve of PVP. This suggests that a combination of ionic strength 
and organic solvent can be optimized for the separation of organic polymers con- 
taining cationic groups, and for calibration with PVP. 

Analysis of PDIA 
A column set consisting of one column containing derivatized 1000 A PSM 

and a column of the same size packed with derivatized 100 8, PSM was assembled. 
This procedure resulted in a bimodal set of columns which have two pore sizes that 
differ by a factor of 10 and have similar total pore volumes. Such a combination of 
columns has been recommended by Yau et aE. 24 to establish a linear fit over a wide 
range of molecular weight. Calibration of this set with polystyrene in THF and with 
PVP in 0.10 M buffer both give calibration plots with a correlation coefficient to a 
linear fit of > 0.99. This set was used for the analysis of PDIA. 
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Fig. 4. Mark-Houwink plot of PDIA in 0.10 M sodium formate buffer, pH 3.55, containing 20% meth- 

anol as an eluent. K = 2.98 lo-‘. a = 0.85. 

The preparation and fractionation of this polymer is discussed elsewhere] 8,’ 9. 
Seven fractions were separated; of these, fractions 1, 2, and 3 had too high a molec- 
ular weight to be completely size separated in the pore volume of this column set. 
The remaining four fractions were characterized by SEC using PVP as a calibrant, 
and the resulting weight-average molecular weights compared with those determined 
using light scattering in methanol and 0.01 M tetrabutylammonium bromide. 

The eluent for SEC was 0.10 M sodium formate containing 20% methanol. 
The elution of PVP is not affected by the addition of methanol, universal calibration 
data points for each eluent composition lie on the same curve. PDIA must be assumed 
to have a considerably more hydrophobic character than PVP because of the greater 
number of carbon which make up the side chain. The results of the quaternized salt 
experiment indicate that this amount of methanol concentration minimizes hydro- 
phobic partitioning on this derivatized phase. 

TABLE 11 

LIGHT SCATTERING AND SEC MOLECULAR WEIGHTS OF PDIA 

Fruction 

_ 

F4 
FS 
F6 
F7 

Mol. wt., 
light scattering 

703 000 
504 000 
265 000 
109 000 

Mol. wt., SEC 

723 000 
590 000 
292 000 
127 000 
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Fig. 5. Molecular weight distribution of PDIA based on universal calibration with PVP. PDIA fractions: 

(-p--) F4. (-.-.-) F5. (-- ) F6. (,...) F7. 

The Mark-Houwink coefficients for PDIA in this eluent were determined by 
measuring intrinsic viscosities in the eluent and plotting these against the molecular 
weights determined for the fractions with light scattering. The resulting plot and 
constants are contained in Fig. 4. 

The SEC data were reduced with a computer program which has been adapted 
to do universal calibrations. Mark-Houwink coefficients, a, for both the calibrant 
and sample are entered, and the molecular weight for each chromatogram elution 
volume, M, is calculated using the relationship 

1 
log A42 = ___ log 5 + 

1 + ai 

l+aZ KZ 
~ log Mr 
1 + a2 

The subscript 1 refers to the calibrant PVP and 2 refers to the polymer PDIA. Weight- 
average molecular weights were calculated from the value for each increment in the 
normal way. The values for these four samples are listed in Table II along with the 
results from light scattering. The results are within 20% of each other in every case. 
Fig. 5 contains a plot of the molecular weight distribution of the samples. 

CONCLUSIONS 

A method for the chromatographic molecular weight characterization of a 
cationic polymer which is also very hydrophobic in nature has been developed. A 
silica support material was derivatized with aminopropylsilane which was subse- 
quently cross-linked with butadiene diepoxide. A solvent system which reduced the 
effects of hydrophobic and electrostatic interactions was found by monitoring the 
elution of model monomers. 
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