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SUMMARY

The elution behaviour of simple inorganic salts on Enzacryl® gel K1 was
found to depend on both radius of the hydrated anion and electrostatic interaction.
An approximately linear, inverse refationship was found to exist between the distri-
bution coefficient, K,., measured under conditions of static equilibrium, and the charge
transfer to solvent absorption maximum, v, , for the anions studied. Transition
metal cations were strongly adsorbed but could be eluted with sodiem chloride
solution. At 25°, Enzacryl gel was shown to be stable to 1 & HCi and the pendant
acylmorpholino residues were only slowly hydrolysed by 1 # NaOH. Hydrolysis of
Enzacryi gel K2 with 1 2/ NaOFH at 100° gave a caticn exchanger, Enzacryl-CO,H.
An anion exchanger Enzacrvl-DEAE was obtained by reaction of Enzaeryl gel K2
with N,N-diethylethviene diamine in boiling ethylene glycol. The efiicacy of Enza-
crvi-CO,H and Enzacryl-DEAE as packings for ion-exchange chromatography has
been demonstrated.

INTRODUCTION

Recently, we have described the chromatographic evaluation of bead poly-
merized, cross-linked poly(acryloylmorpholine) networks (Enzacryl® gels K1 and K2)
as column packings for gel permeation chromatography (GPC) in water' and polar
organic solvents®.

Enzacryl gel is 2 unique matrix for aqueous GPC in that the linear poly-
(acryloylmorpholine) chains carry few Iabiie protons. Consequently, the elution vol-
ume of the solvent corresponds to that of 2H,O or SH,O. This facilitates rapid and
accurate determination of Wheaton and Baumann® absolute distribution coefficients.

In the present paper we report on some other aspects of aqueous chromato-
graphy with Enzacryl gel. These include the eiution behaviour of inorganic salts, the
stability of the matrix to extremes of pH and the synthesis of functional derivatives
suitable for ion-exchange chromatography.
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EXPERIMENTAL

Commercial materials

Enzacryl gels K1 and K2 (60-210 z#m), respective molecular weight (#))
exclusion limits of approx. 10* and 5-10° for polyethylene glycols in water, were ob-
tained from Koch-Light (Colnbrook, Great Britain). Blue Dextran 2000, average
molecular weight (M) of approx. 2-10°% was purchased from Pharmacia (London,
Great Britain).

Analytical-grade inorganic salts, N,N-dicthylethylenediamine. adenosine
5'-monophosphate (AMP), adenosine 5'-diphosphate (ADP), adenosine §'-triphos-
phate (ATP), 3-nitroaniline and 4-nitroaniline were obtained from the usual suppliers.

GPC of inorganic salts

Drv Enzacryl gel K1 was dispersed in distilled water and allowed to swell
for 24 h to attain equilibrium. The mixture was then degassed, stirred into 2 slurry
and poured into 45 X 2.5 cm glass GPC columns. Packing was completed under a
flow-rate of 15 ml/h-cm?.

For gel chromatography, columns were connected to the proportionating pump
of a BTL Chromofrac fraction collector and eluted at ambient temperature. Sample
solutions (1.0 ml) were applied direcily through the solvent inlet line. Efffuents were
collected in 1.0-mli fractions at a flow-rate of 2.0 mi/h-cm? Usually, the concen-
tration of each soluie in the applied samples was that which gave 0.2 A anions.

The chromatographic behaviour of sodium chloride was investigated at con-
centrations of 0.01, 0.02, 0.G5, 0.i, 0.2, 1.0, 2.0 and 5.0 A7.

in the case of transition metal ions, sorptive interaction necessitated elution
with 2 M sodium chloride solution.

Evaluation of distribution coefficients

For each column the void volume, ¥V, was determined by measuring the elution
volume of Blue Dextran 2000. The elution volume, V', of a standard solute, slucose,
was determined concurrently. Subsequently, the Wheaton and Baumann absolute
distribution coefiicient, X, for each non-adsorbed salt with elution volume ¥V, was
calculated from the equation:

Vc’— VO

Kd:Kd.m

1)
For a given salt ¥, was taken as the volume of solvent displaced from the column
before the emergence of the peak maximum; X is the absolute distribution coefiicient
for glucose (0.73)%.

In the case of each sodium salt, a “static distribution coecfiicient”, K., was
caiculated from equilibrium swelling measuremenis*®. A 4-mi aliquot of a 0.2 A so-
Iution of each salt was added to 1.0-g samples of Enzacryi gel X 1. Swelling was al-
lowed to proceed to equilibrium over 48 h after which Na™ concentrations in the
supernatants were determined in order to calculate the change in sait concentration.
The value of K, was caiculated from the egquation:

Ry —2_ ¥t ()

v )
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where v, and v, are the respective volumes within the gel inaccessible to z totally ex-
cluded, polymeric solute and the salt. It was assumed that v, corresponded to the
volume of solvent imbibed by the beads on swelling to equiiibrium. The parameter
v, was calculaied using the expression:

_ v{c. — ¢5) ’
V; = —VVQ e (3)

where W, is the weight of dry Enzzcryl gel taken for swelling, v is the total volume of
solution, ¢, the initial salt concentration and c, the final salt concentration in the so-
luticn after swelling to equilibrium.

Stability to extremes of pH

Samples of dry Enzacryl gel K2 were allowed to swell to equilibrium in 1 A
hydrochioric acid and 1 M sodium hydroxide and the resulting xerogels incubated
at 25° in suspension in these reagents over 9 days. Aliquois of each xerogel suspension
were withdrawn after 0, 2, 4 and 9 days. The xerogels recovered were washed exhaus-
tively with distilled water, shrunk by equilibration with ethanol, rinsed with diethyl
ether and dried under reduced pressure. Weighed guantities of the recovered beads
were re-swelled in 2 M sodium chloride and titrated with 0.1 3 sodium hydroxide.

Enzacryl-COH

The alkaline degradation of Enzacryl gel K2 described above was repeated at
100°, Aliquots of the reaction mixture were withdrawn after 8, 24, 48 and 72 h and
the reaction stopped immediately by pouring into a mixture of excess 1 Af hydro-
chloric acid and crushed ice. Each sample of hydrolysed xerogel was washed to neu-
trality with distilled water, treated with ethanol and diethyl ether as described above,
dried under reduced pressure and the carboxylate content of the samples of Enzacryl-
CO,H so obtained estimated.

Enzacryl-DEAE

Dry Enzacryl gel K2 was suspended in an excess of a mixiure of dry ethylene
glycol and dry N,N-diethylethylene diamine (5:1, v/v) and stirred magnetically while
boiling under reflux at 175°. Aliquots of the reaction mixture were withdrawn after
8, 24, 48 and 72 h, poured on to crushed ice and washed to neutrality with distilled
water. The samples of hydrated gel so obtained were equilibrated with ethanol,
rinsed with ether and dried under reduced pressure. Weighed amounts of the Enza-
cryl-DEAE samples were re-swelled in 2 & sodium chloride and the diethylamino
group content esiimated by titration with 0.1 M hydrochloric acid.

Cation-exchange chromatography on Enzacryl-CO,H

Enzacryl-CO,H (cation-exchange capacity 0.78 mequiv./g) was equilibrated
with aqueous acetic acid (29, v/v}, stirred into 2 slurry and packed into a 1.0 x 45
cm glass column. A I-ml sample of 2 saturated solution of a2 mixture of [,3- and 1,4-
nitroanilines in aqueous acetic acid (29, v/v) ~vas applied to the gel bed. The column
was eluted with the same solvent at a flow-rate of 10 mi/h collecting 2-m! fractions.
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Anion-exchange chromatography on Enzacryl-DEAE

Enzacryl-BEAE (anion-exchange capacity (.74 mequiv./g} was eguilibrared
with 0.1 & Tris—HCI bufier (pH 8.3) and packed into a2 1.0 X 45 cm glass column.
A 1.5-ml sample of a (.33 % solution of a mixture of AMP, ADP and ATPinequsl
proporiioas by weight in the same buiffer was applied to the gel bed. The column was
eluted with more Tris—HCI bufier at a fiow-rate of 14 ml/h collecting 2-ml fractions.

Analysis of column effluents

. Inorganic anions were determined by an adaption of the fluorescence guench-
ing techniques described by Brooks and Davis. In general, 0.5-mi aliquots of column
effluent were mixed with 3.0 ml of the appropriate fiuorescent reagent directly in a
t-cm paih-length cell of a Perkin-Elmer MPF 2A fluorescence spectrophotometer.
A 5-107% Af sclution of quinine sulphate in 5-10-% &f H,S0, was used as fluorescent
reagent for Cl—, I~ and NCS~. This solution was diluted ten-fold with 5-10-2 4¢
H.SQO, to estimate Br~. The excitation wavelength, 4., , was 320 nm and the emissicn
wavelength, .., , 450 nam. In the case of SO.*~ and NO;~ the fluorescent reagent was
a 107* M solution of fiuorenone; 4. and A.. were 300 and 340 nm, in 509 (v/v)
ethanol, respectively.

Transition metal cations were determined by atomic absorption spectroscopy
using a Hilger and Watts Atomspek specirophotometer. Na~ concentration was
determined with an EEL flame spectrophotometer.

Most organic solutes were micnitored spectrophotometrically. Thus 1,3- and
1,4-nitroaniline were monitored by measuring absorbance at 350 nm and 380 nm,
respectively; AMP, ADP and ATP were detected at 254 nm and Blue Dextran at
260 nm.

RESULTS AND DISCUSSION

Chromatographic behaviour of simple inorganic salts on Enzacryl gel is typi-
fied by the eiution profiles for sodium chioride at various sample concentrations (Fig.
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Fig. 1. Elution profile for NaCl on Enzacryi gel K1 in water at a sample concentration of (2) 0.61 M,
(D) 0.02 A, (c) 0.05 A and (G} 0.1 A
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TABLEI

K, VALUES FOR Nali CHROMATOGRAPHED ON ENZACRYL GEL K1I
Column dimensions, 2.5 X 45 cm; sample volumes applied, { ml

Samiple cone. Ky Sample conc. K
(M} (&£}

0.0t a1t 05 0.58
0.62 Q.17 1.9 0.65
0.05 025 20 0.79
0.1 033 50 .82
G.2 0,42

1). The chromatograms all exhibit a “leading tail” followed Dy a sharp decrease in
concentration immediately after the peak maximum is reached. In each case appear-
ance volume corresponds to the column void volume and the leading edges of the
chromatograms are superimposable. The obvious concentration dependence of the
pezk maximum distribution coefficient K, (Table [ and Fig. 2) is indicative of szlt
exclusion by a mechanism other than simple molecular sieving except at very high
solute concentrations. Similar results have been obtained by Neddermeyer and Rogers®
for GPC of inorganic salts on Sephadex G-10 and G-25. Since these column packings
were found to contain small amounts of carboxylate ion, the “leading tail”” was as-
cribed to 2 Donnan sait exclusion effect.

A number of metal chiorides and inorganic sodium salts were eluted on Enza-
cryl gel K1 at a sample ion concentration of 0.2 M ions and the K, values recorded
{Tables Il and III}). The similarity of the K, values of the chlorides of sodium, po-
tassium, lithium, magnesium and hydrogea suggests independence of the salt exclusion
mechanism of the nature of the cation. It follows, therefore, that the wide variation
in K, of the inorganic sodium salts is 2 conseguence of the exclusion mechanism being
anion dependent. As Enzacryl gel K1 is a practically neutral carrier, it is unlikely
that ion exclusion results solely from the Donnan effect. Non-ideal permeation
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Fig. 2. Variation in K, with NaCl concentration on Enzacryl g2l K} in water.
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TABLE II

K VALUES OF VARIQUS CHLORIDES CHROMATOGRAPHED ON ENZACRYL GEL Ki
Column dimensions, 2.5 X 45 cm; sample volumes applied, 1 ml

Salt K. Salt XK.

HCI 045 KCI 0.44
LiCl 045 wMg(Cl, 04z
WaCi 043 Cull; adsorbed

TABLE II1
K4 VALUES OF SODiUM SALTS CHROMATOGRAPHED ON ENZACRYL GEL X1
Column dimensions, 2.5 X 45 cm; sample voiumes applied, I ml; Na® concentration, 0.2 A£.

3alt Ka Salt Ka

NaCl 043 NaSCN 1.05
NaBr 0.56 NaNQG; .73
WNal 0.91- Na,S04 Q.34

behaviour of inorganic solutes may be regarded as one aspect f the broader phenom-
enon of ‘“‘additional exclusion™. This may be envisaged as adverse micropartition of
solutes between regions wirhin the individual gel beads where the constrained so-
lution conceniration of poly(acryloylmorpholing) chains is high and regions consist-
ing of relatively pure solvent®.

As a result of its concentration dependence, the distribution coefiicient of a
ziven ionic solute diminishes on traversing an Enzacryl gel column owing to the con-
tinuous dilution effect. Consequenily it is preferable to compare distribution coefii-

TABLE IV

Xsy VALUES OF SODIUM SALTS CN ENZACRYL GEL K, CTTS v.... VALUES AND HY-
DRATED ION RADII

Anion Kas CTTS Hydrated
Vuax. X 10°  anion radius
{crm™1)" re (nm)*”

Ci- 0.6% 545 0.332

Br— 0.94 3503 0.330

1- 1.69 442 0.331

SCN~- 1.34 450 —

NO,™ 0.88 3520 —

WNO;™ 0.88 — 0.335

HSO~ 0.58 600 —

862~ 0.50 57.1 0.37%

8047~ 0.58 440 —

8.0, 049 465 —

13.PO,~ 048 3550 —

HPO2- 0.65 56.0 —

COy% 034 — 0.39%

[FelCN):T~ 059 — 0.422

* From data given in ref. 11.
* From data given in ref. 10.
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Fig. 3. Relationchip betwesn r. and K. for anions of simple sodium sz2lts on chromazatography on
Enzacryl gel Ki in water at 0.2 /f sample anion concentration.

cient, K., obtained under defined “‘static™ equilibrium coaditions (Table IV). It is
well documented’® that the overall partition of a salt between the gel and external
solution is governed principally by hydrated ion radii and electrostatic interaction.
Consequently, it was no surprise to find only poor correlation (Fig. 3) between K,
and the hydrated anion radius, rg, as given by Nightingale!®. We have found that a
better correlation exists between K, and charge transfer to solution (CTTS) wave-
fength maxima, v,,. (Table IV and Fig. 4). It should be noted that both r, and
Vmay. 2re determined for anions at infinite dilution, whereas K is measured gt 0.2
salt concentration. Experiments carried out at much greater dilution would have been
less rewarding because the anions are almost totally excluded at high dilution.

The wavelength of the CTTS absorption band of an anion in solution is govern-
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Fig. 4. Reiationship between vq,... and Ky, for anions of simple sodium salts on chromatography on
Enzaeryl gel KiI in water at 0.2 Af sample anion concentration.
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TABLE v

ELUTION VOLUMES, V., FOR TRANSITION METAL CHLORIDES CHROMATOGRAPHED
ON ENZACRYL GEL Ki TN 2 34 NaCt
Column dimensions, 2.5 X 45 cm; sample volumes applied, 1 mi; Ci~ concentration 0.2 A1,

Salr V. (mi) Salt Veiml)
CeCl; 162 CoCl: 130
MnCl; 133 NiCl, 141
Fell, i3z CuCl. 246

ed by both the charge and size of the hydrated anion''. A solvated anion will absorb
radiation to form a radical and 2 solvated electron.

xg,

~> (X + €7 )y

TFhe electron is bound within a volume defined by the environment of the ion. CTTS
specira, therefore, are well suited to the studying the properties of hydrated ions in
solution. The absorption wavelength v, , of the ion in solution is related to the charge
and size of the anion by
- 2

e, = IP — AHO (XY + —12E
Ry
where % is Planck’s consiant, JP the ionisation potential, AH? (X-) the enthalpy cf
solvation of the radical, e the electronic charge and R, the radius parameter charac-
terising the ionic cavity. This is the distance between the ion centre and the near-
inside edge of the solvent shell surrounding the ion, and approximates to values pre-
dicted from an analysis of partial molar ionic volumes!’.

It is apparent from Fig. 4 that sorptive retardation of SCN~ and I~ is taking
place. Only SO~ and S,0;>~ fail to {it the #y,.,. versus K, relationship. This may be
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Fig. 5. Elutica profile for some transition metzal chlorides on Enzacryi ge! K1 in 2 M aguecus NaC
at a sample concentration of 0.2 AL, -
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TABLE VI
HYDROLYSIS OF ENZACRYL GEL K2 BY | Af NaOH AT 25°

Tine (days) Ceapacity {meguiv.[g)

2] 9.00
2 .03
4 Q.11
9 8.21
253 ] 1] RN T 25 1] 1 T L3
(a) {b)
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Fig. 6. (a), Preparation of Enzacryl-CO,H by hydrolysis of Enzacryl gel K2 with 1 M NaOH at 100°.
{b), Preparation of Enzacryl-BEAE by reaction of Enzacryl gel K2 with N,N-diethylethylene diamine
in boiling ethylens glycol.
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Fig. 7. Titration curves for Enzacryl-CO,.H and Enzacryl-DEAE.
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Fig. 8. Chromatography of a mixture 1,3- and 1,4-pitroaniline on Enzacryvl-CO,H in 2%} aqueous
acetic acid.

dae to an incorrect assignment of v, or some other process taking place such as
intramolecuiar transitions.

it is interesting to note that transition metal ions are strongly adsorbed on
Enzacryl gel. This may be a censequence of weak complexing with the oxygen lone
pairs of the morpholine residues. The ions may, however, be eluted with dilute sodiom
chloride solution (Table V and Fig. 5). In this medium the eluted transition merals
may not all be in the form of simple hydrated species. Transition metal ions are aiso
strongly adsorbed on cross-linked dextran®™ %,

The possibility of a small number of ionic sites on the Enzacryl gel matrix
led us to imvestigate its siability to extremes of pH. The matrix is little affected by
1 74 HCI at 25° as no hydrolysis is detected after 9 days. However, with 1 #4 NaOH
at 25° slow hydrolysis occurred with the formation of carboxylate groups (Table VI).
The stability of Enzacryi gel to extremes of pH compares favourably to other hydro-
philic GPC supports, for example, cross-linked polyacrylamide?s.

20k AMP .
15+ /\ -
&
w
=
o
£
[
§ 10f s ADP §
T
1 \—_—/‘ATP\‘
o . : . : .
80 180 240 320 400 480

Elution volume V, (mi)

Fiz. 9. Chromatography of 2 mixture of AMP, ADP and ATP on Enzacryl-DEAE in G.1 A Tris—
HCI (pH 8.3).
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Controlled alkaline hydrolysis of cross-linked polyacrylamide has been used
to prepare cation-exchange derivatives® and the same technigue was used on Enza-
cryl gel K2 in the preseat studies (Fig. 62% Anion-exchange derivatives of Enzaeryl
gel K2 were prepared by reaction with N,N-diethylethylene diamine in refluxing ethyl-
ene glycol (Fig. 6b). Cation and anion exchangers of approximately 0.75 mequiv./g
capacity, Enzacryi-CO,H and Enzacryl-DEAE, respectively, gave near ideal titration
curves {Figs. 72 and b).

The efficacy of Enzacryl-CO,H as a cation cxchanger was demonstrated by the
separation of 1,3- and 1,4-nitroanilines in 29 acetic acid (Fig. 8). Enzacryl-DEAE
was shown to behave as an anion exchanger by the separation of AMP, ADP and ATP
in 0.1 Af Tris—HCI buffer (Fig. 9). The ability of Enzacryl-DEAE to resolve this mix-
ture is comparable to that of the DEAE derivative of cross-linked dextran?®,

In view of the applicability of cross-linked poly{acryloylmorpholines) in non-
aqueous GPC the possibility of utilising Enzacryl-CO,H and Enzacryl-DEAE in
mixed and non-agueous solvents should not be overlfooked.

ACKNOWLEDGEMENTS

We thank Dr. A. Harriman, presently of the Royal Institution, for useful dis-
cussions on CTTS spectra. The provision of a research studentship for one of us
(C.H.) by Messrs. Koch-Light Laboratories Limited is gratefully acknowledged.

REFERENCES

. Epton, C. Holloway and J. V. MclLaren, J. Chromaroer., 90 (1974} 249.

. Epton, C. Holloway and J. V. McLaren, J. 4ppl. Polym. Sci., 18 (1974) 175.
M. Wheation and W. C. Baumann, 4nn. N.Y, 4Lcad. Sci., 57 (1253} 155,

L. Chang, Anagl. Chim, Acta, 42 (1968) 51,

. A. G. Brooks and K. M. C. Davis, J. Chem. Soc. - Pericin Trans. 2, (1972) '6»9
P. A. Neddermeyer and L. B. Rogers, 4nal. Chen:., 40 (1868) 735. :
B. Z. Egan, J. Chromarogr., 34 (1968) 382.

N. Yoza and S. Ghashi, J. Chromatogr., 41 {1969) 429.

Y. Ueno, N. Yoza and S. Ohashi, J. Chromatogr., 52 {1570} 321.

19 E. R. Nightingzle, Jr., J. Phys. Chem., 63 (£1959) 1381.

11 M. X. Blzndamer and M. F. Fox, Chen:. Rev., 70 {1970} 59.

B. Gelotte, J. Chromatogr., 3 (1360) 330.

13 T. Tarutant and M. Watanabe, J. Chromatogr., 75 (1973) 149,

14 W. K. S. George, Nature (London), 195 (19632) 155.

i5 J. XK. Inman and H. M. Dintzis, Biochiemistry, 8 (1969) 4074.

16 Sephadex Yon Exchangers, Pharmacia Technical Booklet, 1266.

oﬂwww

O 00 =1 O\ Ui ofn W) {0 hee



