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SUMMARY

The retention behavicr of homologous oligo(ethylene glycol)s and their
derivatives on octadecyl-silica with aqueous eluents was investigated under a wide
range of conditions as far as the chemical nature and concentration of organic
co-solvent as well as the temperature are concerned. The data revealed numerous
irregularities concerning the dependence of retention factors on temperature, eluent
composition and the carbon number of the eluite molecules. The observed behavior
is explained by postulating that each eluite can have the extended zigzag or the
compact meandering conformation, that the two conformers of an eluite have
significantly different reteation factors in the same chromatographic system and that
the relative concentration of the conformers, i.e., the magnitude of the equilibrium
constant for the transition, depends on the eluent composition, temperature and the
number of ethylene oxide residues in the molecule. The two-staie theory allows a
separate treatment of the effect of temperature and retention on the equilibrium
between the conformers and the predictions of the theory are in qualitative agree-
ment with the experimental results. Thus secondary equilibria which do not involve
a complexing agent, but the solvent proper, can give rise to non-linear Van °t Hoff
plots, to increase of retention with temperature, to retention decreasing with the
carbon number of homologues and to non-linear dependence of the logarithm of
retention factor on the volume percent of organic co-solvent in aqueous eluents
commonly used in reversed-phase chromatography. Similar phenomena are likely to
be encountered in high-performance liquid chromatography when complex molecules,
which can exist in two or more significantly different conformations, are chromato-
graphed. Thus, the results of the present work not only can be useful to solve
various analytical problems involved in the separation and identification of com-
pounds having a poly(ethylene glycol) moiety, but also can serve as model for
study of the chromatographic behavior of biological substances like peptides and
oligonucleotides.
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INTRODUCTION

Iiecognizing that the versatility and selectivity of reversed-phase chromato-
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this series' we examined the effect of solvent composition and temperature on reten-
tion nnder regular conditions, i.e., in the absence of secondary equilibria. The second
communication®, however, demonstrated that the interaction of ionizable cluites with
buffer species and the multifarious temperature dependence of protonic equilibria
in the eluent can give rise to “irregularities” that, unless understood completely, may
preclude prediction of retention behavior.

The present work is an atiempt to demonstrate that irregular retention be-
havior can arise not only from secondary equilibria entailing complexation of the
eluite but also from solvent or temperature mediated conformational changes of the
eluite. Whereas such behavior is likely to be observed with many solute molecules
having complex molecular structure we have chosen homologous series of oligo-
(ethylene glycol) derivatives not only because the compounds are known to have
two conformations but also because the study of the behavior of a2 homologus series
can give much deeper insight into the physico-chemical phenomena involved than
that of a single substance.

Furthermore poly(ethylene glycol)s and their alkyl and aromatic ethers are
widely used as non-ionic detergents and surfactants in formulatlons The analysis of
these materials is important, in part, because “these various [detergent] products all
contribute to present-day pollution problems and this aspect now constitutes an
important part of the field of detergent analysis™.

RPC of oligo(ethylene glycol) and its derivatives has received only little atten-
tion*. The usual method of chromatographic analysis is size exclusion®7 or high-
performance liquid chromatography (HPLC) with polar sorbents®-®. The combina-
tion of size exclusion chromatography and infrared spectroscopy allows detection of
polyoxyethylene surfactants? at 0.05-0.1 ppm.

On the other hand the physico-chemical properties of this type of compounds
have been subjects of a great deal of study. Structural characteristics of the ethoxy
chain have been studied in oligo(ethylene glycol) and its derivatives neat and in sola-
tion. Poly(ethylene glycol) has been examined by numerous spectroscopic methods,
including X-ray, infrared, nuclear magnetic resonance (NMR), and Raman!®-13, As
a result of X-ray investigations the existence of two conformers, called zigzag and
meander has been demonstrated!®-'!. Results obtained from Raman spectra of poly-
(ethylene glycol) have shown the existence of those forms, but also another inter-
medizte form'-24. Both methods indicate that at a high and low degree of polymeriza-
tion of the poly(ethylese glycol) the chain assumes the compact dihedral helical
structure, meandering form, and an extended open coil, zigzag form, respectively.
The transiiion from extended to compact conformer takes place when the number of
ethoxy groups reaches nine in the solute molecule in solution!!. The thermai de-
pendence of solubility and adsorbtion is quite unusual for these species. For instance,
the binding of non-icnic surfactants to a variety of surfaces is found to increase with
temperature™17,

In this study the effect of temperature, solvent composition and number of
ethoxy groups in the polymer on retention are investigated by RPC. On the one hand,
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the results of such a study may lead fo a greater understanding of the physico-
chemical behavior of poly(ethylene glycol)s and related compounds. On the other, the
observed irregular chromatographic retention patterss caused by conformation
changes can produce insights into the chromatographic behavior of large biological
molecules such as peptides, proteins and polynucleotices which are 20 found to
exist in more than one conformation. .

THEORETICAL

Conformational changes

The “meandering™ and “zigzag™ conformations of poly(ethylene glycol)s are
depicted in Fig. 1. Short oligo{ethylene glycol) chains prefer the zigzag form whereas
compounds having a high degree of ethylene oxide polymerization are in the mean-
dering form. The degree of polymerization where the transiticn occurs is a function
of the experimental conditions and may be dependent on the hydrophobic head group
in a detergent. For oligo(ethylene glycol) in the zigzag ckain the length and diameter

ZIGZAG

Fig. 1. Perspective views of the zigzag (upper) and meandering {lower) forms of tetra(ethylene
giycol) drawn with bond angles and pitch distances given in ref. 10. The figure shows that the
zZigzag structure is a much more extended form.
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of one ethoxy unit, considered as a cylinder aligned along the molecular axis, are
3.5 A and 2.5 A, respectively; the corresponding values in the meandering chain are
2 A and 4 A (ref. 10). As a consequence, a conformation change from the zigzag to
the meandering form decreases the molecular surface area.

Effect of temperature
The simplest case in which secondary. equilibria can lead to irregular reten-
tion behavior is the isomerization of eluite.. Consider the reaction

a— : ]

where A and B are isomers in equilibrium described by the equilibrium constant K.
Whereas this expression is general, A and B could represent the zigzag and mean-
dering forms in our case. If both forms.can bind to a stationary phase the observed
retention factor, k, can be writien as

k, + Kk,
k=—Trx ®

where k, and kg are the limiting retention factors of pure A and B, respectively.
The temperature dependence of the above parametars can be expressed? by

ka = @ exp (—AHYRT) exp (4SYYR) (2a)
ka = @ exp (—A4H3/RT) exp (4S53/R) (2b)
K = exp(—4HYRT)exp(ASYR) (20

where AHY, AHY and AHY are the standard enthalpies of binding of A and B and the
enthalpy of the isomerization and AS?, AS? and 4SY are the corresponding entropy
changes. The phase ratio is ¢.

The enthalpy observed at any temperature can be obtained by combining egns.
1-2c and differentiating with respect to reciprocal temperature®. The result is given
by

— kAAHf 1 kBKAHg
(ka + kaK) ' (ka + ksK)

K (ka — ke)4HS
(ks + k=K) (1 + K)

4H]

3
+

where AH? is the retention enthalpy characteristic for the chromatographic process
including secondary equilibria® at temperature 7.

Three conclusions can be drawn from eqn. 3. First, the enthalpy observed is
a weighted mean of enthalpies associated with each process if secondary equilibria
accur in the mobile phase. This result is general and true for equilibria more complex
than those of this example?. A second conclusion is that Van ’t Hoff plots are non-
linear unless one works under conditions such that the formation of all isomers but
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one is suppressed, or a most felicitous combination of enthalpies and entropies occurs.
The third conclusion is that changes in the sign of tke enthalpy may be seen. This
can be demonstrated by a simple example. Suppose the enthalpy of binding of each
form is identical but the entropies differ in such a fashion that the ratio of the capacity
factors k,fky is five. Suppose, furthermore, that the enthalpy for isomerization has
the opposite sign of that for binding and is three times greater. Then at a temperature
at which the equilibrium constant is one, the enthalpy will be zero and at temperatures
above and below this temperature, retention enthalpi:s will bave opposite signs.

Effect of solvent composition

Inspection of egn. 1 shows that changes in solvent composition may affect
retention by changing the retention factors of each of the two forms, &k, and &, and
the equilibrium constant K. In RPC retention factors ofien decrease exponentially
with the volume fraction, ¢, of the organic co-solvent in hydro-organic cluents.
Thus the dependence of the individual retention factors on solvent composition
can be expressed as

ks = ka0 exp(— 5a9) (4a)
ks = kg o eXp(— SaQ) (4b)

where the parameters Xk, o and &g o are the retardation factors of the two forms in
water and the slopes of the corresponding In k& vs. ¢- plots are given by s, and sp.

The effect of solvent composition on the equilibrinm constant of the isomeriza-
tion can be conveniently treated by assuming that the conformation change is ac-
companied by solvation according to the scheme

K
A +nST2BS,

where S represents solvent molecules and BS, is the conformer solvated by n solvent
molecules. One should note that this formulation can be used also if A is the more
highly solvated species, but in this case r would be negative.

As both forms, A and BS,, can bind to the stationary phase the retention
factor can be expressed as:

& — K0 SXB(—5aP) + .0 exB(—s57) KISI"
T+ RIST

&)

Egn. 5 implies non-linear plots of the logarithms of the retention factor versus the
volume percent of organic co-solvent. At solvent comnpositions where the A form is
dominant, the limiting slope is given by —s, whereuas in the regime of dominant B
form, the limiting slope is —sz. Where A and B are present in approximately equal
concentrations; the term K[S]"is of the order of one and-the retardation factor takes
values interinediate between the two limits. Consecuently, the plots may manifest
marked deviations from linearity. i
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Effect of ckain length

Eqn. 1, which expresses the retention factor of molecules, which exist in two
states under chromatographic conditions, does not have an explicit dependence on
the number of ethyleneoxy groups in the molecule. However, there is ample experi-
mentzl evidence that in RPC the logarithm of the retention factors for a series of
homolcgues is hinear in the number of structural units such as methylene groups!®
or the amino acid units in oligomers of alanine' and glutamic acid?®. We may,
therefore, assume that this behavior is manifested also by oligo{ethylene glycol)
derivatives so that the retention factors of the A and B forms can be expressed by

N
ka =k, @ %° (62)

N
ks =k, as™° (6b)

where &, is the retention factor of the parent molecule, for instance fert.-octylpkenol
or nonylphenol in the present study, and e, and ¢z measure the increase in the
retention factor due to addition of one ethyleneoxy (EO) group to conformers A and
B, respectively. The number of EO residues in the molecule is given by Ngq. According
to eqn. 6a and 6b, the e values can be regarded as the selectivity for EO group in
this iype of molecules and, as it will be shown later, e is a function of the length
of the poly(ethylene glycol) chain.

The equilibrium constant for the confermational change, K, is expected to
depend on the length of the poly(ethylene glycol) chain in the molecule as Raman
studies have shown that oligo{ethylene glycol) exists in the more extended form in
water if the number of ethylene residues is three or less, whereas the compact form
is found in higher oligomers'$. These findings suggest that we may assume that the
equilibrium constant depends on the number of the EG units according to

K = K, exp[(Ngo — N) S] @

where N is the number of EO units in the molecule for which the probabilities of
existence in either A or B form are nearly equal and the value of K, is close to
unity. The effect of the solvent composition on K is expressed by the magnitude of
the solvent parameter S, which serves as a scaling factor as well.

Eqgns. 1 and 62-7 can be combined to determine a relationship between reten-
tion factor and chain length. The result is

kpai + kpah Ko expl(Veo — N)S] ®

kn = ==1TK, expl(Veo — M)

where &Ky is the retention factor of an cluite having N residues in the oligo{ethylenc
glycol} moiety. According to eqn. 8 the slopes of In k& vs. N, plots are positive when
both ¢, and ap are greater than unity. However, the slope can be negative when
either a, or ag are smaller than unity in agreement with egn. 6a and 6b.
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The selectivity of the chromatographic system toward EO structural units,
@eo, is conveniently defined as:
k
(N+1)
Ggo = —E—E‘o . &)
N

EO

From egn. 8 it follows that the magnitude of agg depends on N, and the
six parameters. If the lower and higher members of a homologous series have dif-
ferent conformations in the eluent used for their chromatographic separation, then
z plot of agg against Nro would be sigmoidal according to egn. 8. On the other
hand, agq is practically independent from Ngo when N << N or S'is 2 large negative
nember. Curvature is observed when the term K exp [{(Nzo — N) S] is of the order
of unity.

EXPERIMENTAL

Chromatography

A Model 100 (Altex, Berkeley, Calif,, U.S.A.} HPLC solvent metering system
with a Meodel 7010 (Rheodyne, Berkeley, Calif., U.S.A.} sample valve with a 20-zi
injection loco and a Kratos-Schoeffel (Westwood, N.J., U.5.A.) Model 770 variable-
wavelength UV detector were used. Alkylaryi-oligo(ethylene glycol)s and oligo-
{ethyiene glycon)s were detected at 273 and 200 nm, respectively. Chromatograms were
obtained with a Perkin-Elmmer (Norwalk, Conn., U.S.A.) Model 56 recorder. A 5-
pgm Zorbax ODS column (250 X 4.6 mm 1.D.) (DuPont, Wilmington, Del., U.S.A.)
was used in the study of temperature effects. The column temperature-was controlled
by water circulaticn through an insulated stainless-steel jacket from Model K-2/R
thermostatied water-bath (Messgeraetewerk, Lauda, G.F.R.).

In the study of solvent effects on retention the eluent Jow generating and
controlling unit ccnsisted of two Altex Model 100A HPLC solvent pumps and an
Altex Model 4206 system controller. A Rheodyne Model 7010 sample valve with a
20-z1 loop was used for sample inroduction. A Perkin-Elmer Model LC-535 variable-
wavelength UV detector at 273 mx or at 200 nm was used with a Sargent-Welch
(Skokie, Ill, Ti.S.A)) Model SRG recorder tfo obtain chromatograms. A 7-um
LiChrosorb F.P-8 (250 X 4.6 mm I.D.) (Knauer, Berlin, G.F.R.) and 5-um DuPont
Zorbax OD3 (250 % 4.6 mm I.D.) were used in this study in addition to a column
(152 x 4.6 mm L.D.), packed with 5-gm Partisil (Whatman, Clifton, N.J., U.S.A))
which bad been reacted with dimethyloctadecylchlorcsilane and capped with tri-
methylsilyl functions. The carbon load of the octadecyl-silica thus cobtainad was
16.5%,.

NMR

The base-catalyzed addition of ethylene oxide to alkylphenols is the most
common methad of preparation of alkylaryl-oligo(ethylene glycol)s and leads to a
product which consists of molecules having different numbers of EO units®'. For NMR
stadies a molecularly homogenous alkylaryl-oligo{ethylene glycol) was obtained by
collecting a single peak from chromatographic separation of such products on a
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reversed-phase column. Phenyl-oligo(ethylene glycol)s present in commercigl samples
of non-ionic defergents were separated on a 7-um LiCkrosorb RP-8 prep-column
(Knauer) (250 x 8 mm) and 5-m Zorbax ODS (DuPont) (250 X 4.6 mm) column
by using acetonitrile-water (15:85) and tetrahydrofuran-water (40:60) as the®mobile
phase, respectively. Sample Icops of 200 and 20 ! were used on a Rheodyne Maodel
7010 injection valve with LiChrosorb RP-8 and Zorbax ODS columns, respectively.

The procedure was repeated successively until a total of 24 mg of the sample
was collected. Thereafter the samples were dried vnder nitrogen and redissolved in
perdeuterated acetone for NMR analysis by *H-NMR at 270 MHz in FT mode at
the Southern New England High Field NMR Facility. The ratio of the integrated
peak intensities due to protons in the oligo-EQ-chain to that of aromatic ring protons
was used to establish the number of EQO units per phenol moiety in the sample
molecule.

BC-NMR at 67.9 MHz in FT mode was run oa unchromatographed sampies
to establish the position of alkyl substitution on the ring relative to the phenolic
oxygen. In order to determine the structure of the major alkylaryl-oligo(ethylene
glycol) present in the commercial non-ionic surfactant samples NMR spectroscopy
was used. .

Differential scanning calorimetry

In a Perkin-Elmer Model DSC-2 differential scanning calorimeter 10zl of
sampic was scanned in a sealed cell at a rate of 10 °C/min and the integral heat
of adsorpiion was recorded.

Theoretical curves to model the- effect of temperzture in chromatographic
retention were calculated from eqn. 1 by using the following parameter values:
A4H; = AH, = —3000 calfmol; k; o = 1/1000; k, o = 1/10. Various values of 4H?
were assumed and in each case the value of AS? was obtained from the relationship:
ASY = AH?{316. All calculations were done on 2 PDP 11/10 computer in BASIC
language and the output was graphed on Tektronix (Beaverton, Ore., U.S.A.) No.
4662 Interactive Digital Plotter.

Gas chromatography—mass spectrometry (GC-MS)

The mass number of different oligo(ethylene glycol)s in Carbowax 400 was
determined by using a Perkin-Elmer RNU-6 mass spectrometer interfaced with a
Perkin-Elmer Mode! 990 gas chromatograph. Oligomers of polyethoxy (PEO)-
octylpkenol were separated on a Sigma III gas chromatograph (Perkin-Elmer) using
an OV-101 column and their empirical formulae were calculated from the mass ratios
determined by using an Applied Chromatographic System MPD-850 helium micro-
wave plasma detector (Kratos). The data allowed the number of EQ groups in the
molecule to be determined.

The number of EO units in higher oligomers of PEQ-octylphenol was
established from the chromatographic behavior of pauci-disperse samples which dif-
fered in the mean number of EO units incorporated per mole. In samples which
differed by a few ethylene oxide residues, peaks were observed to overlap aad therefore
the method could be used to establish the number of EQ groups. The values ebtained
for the lower members agreed with values obtained by NMR, GC-MS and GC-
microwave plasma detector (MPD) measurements.
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Materials

Non-ionic surfactants, PEO-nonylphenol, ie., nonylphenoxy-poly(ethoxy-
ethanol), and PEO-octylphenol were purchased from Chem Service (Media, Pa.,
U.S.A.). The samples consisted of a series of compounds kaving different PEO chain
lengths. Poly(ethylene glycol) with three different molecular size distributions having
average molecular weights of 200, 400 and 600 were purchased from Fisher Scientific
(Fair Lawn, N.J_, U.S.A)) under the trade name of Carbowax. Acetonitrile, tetra-
hydrofuran and methanol were “distilled in glass” from Burdick & Jackson Labs.
(Muskegon, Mich., U.S.A.).

Retention factors have been evaluated from the chromatograms in the usual
way®.

RESULTS AND DISCUSSION

Structure analysis of sample components

Commercial oligo(ethylene glycol) derivatives are composed of homologous
substances differing from each other in the number of EO urits. Variations in the
structure and position of the alky! moiety in alkylphenols vsed in the manufacture
of non-ionic detergents give rise to a number of different homologous series.

In the present study the following types of compounds were investigated:

CoHio
HO—(CHz—CHZ—O)n—H @ﬂ—(CH‘Z—CHE—O)nﬂ
I. Oligo(ethylene) glycol . Nonylphenyl-cligo(ethylene glycol)
R@—O-—(CHZ—CHZ—O),,—H
T 15
whe-re R1 - _(l:_ C('lz __?__CHZ @-0—(CH2—CH2—O)”—H
CcH S C!-l3
or
s
R2 = — ((.‘.!--i2 )5—- ?H
CH,
L Qctylphenyl-oligo{ethylene glycol) IV. Phenyl-oligo(ethylene glycol)

RPC on octadecyl-silica by using gradient elution with acetonitrile—-water mix-
tures over a wide composition range yielded one series of peaks with samples of
Carbowax 200, 400 and 600, all of which have the general structure . On the other
hand several series of peaks have been found when commercial samples baving the
nom'inal structures of II and I were chromatographed. The first eluting series,
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which contain substances having the general structure IV as will be seen later, makes
up for an estimated 2-3 9 of the total sample. About 75% of the sample elutes in
the second series which therefore contains the main praoduct. Later eluting series
represent minor fractions of the sample and are evidently composed of oligo(ethylene
glycol) derivatives having a hydrocarbonaceous moicty more hydrophobic than that
of the main product. Although RPC has been found suitable to separate such sub-
stances into groups according to non-polar moieties in the molecules, the resolution
of homologues differing in EO units is often insufficient. On the other hand recbro-
matography of a homologous series on silica gel by using hexane containing 20-50%,
of an organic soivent such as tetrahydrofuran or methanol as the eluent often yields
superior resolution of homologues. Therefore, the use of RPC appears to be preferabie
for separations according to the hydrocarbon moiety of the sample components,
i.e., for group separations, whereas chromatography on silica gel may be more ad-
vantageous to separate the numbers of homologous series which differ in the number
of EO units. Nevertheless, RPC can also be used to obtain high resolution of homol-
ogues as shown in Fig. 2. According to our experiecnce RPC yields high-resolution
separation only for certain series in terms of the hydrophobic moiety and the average
Neo.
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Fig 2. Chromatogram of phenyl-oligo{ethylene glycol) homologues obtained on octadecyl-silica with
gradient elution. The number of EO residues in each sample component is iliustrated. Column: 7-
um LiChrosorb RP-8 (250 x 4.6 mm); temperature, 25 °C; flow-rate, 2.0 ml/min; gradient elution
at the acetonitrile—water concentrations indicated; UV detector at 254 nm.

As no specifications concerning the molecular structure of the samples were
available, the identification of the individual sample components required the use
of a variety of analytical tools and a major effort which is briefly summarized below.

Phenyl-oligo(ethylene glycol)s. RPC of commercial PEO-nonylphernol and
PEO-octylphenol samples revealed that both products contain the -same series
of peaks that elute before the homologous series of the main components and re-
present a minor contaminant. Co-chromatography with Carbowax 200 and 400 and
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the spectra of the peaks confirmed that they are not poly(cthylene glvcol)s. Since
the spectra suggested that they may be EO-homologues of phenol, 2 sample was
co-chromatographed with phenol and 2-phenoxyethanol on octadecyl-silica with
acetonitrile—water (22:78) at room temperature. The logarithm of the retention fac-
tors obtained under these conditions gave a straight line when plotted against the
peak number. The log k& values of phenol and 2-phenoxyethanol fell on the
extrapolated line at peak numbers zero and one, respectively. UV scans of the un-
known peaks were very similar to those of the reference substances and showed ab-
sorbance maxima and minima at 270 and 240 nm, respectively. From these findings
we concluded that the contaminants in the two detergent samples are PEQ-phenol
homologues. The compounds were isolated by RPC in semipreparative runs and
used to demonstrate anomalous temperature and solvent effects. The balancé between
the hydrophobic and hydrophilic moicties in these substances appears to be such that
they are cluted from standard reversed-phase columns with conveniently measurable
retention factors by eluents having a composition range in which conformation
changes occur.

Octylphenyl-oligo (ethylene glycol). The major components found in com-
mercial PEQ-coctylphenol were investigated to establish N, for each peak as
well as the structure and the position of the alkyl group attached to the aromatic
ring for the homologous series. First the number of ethylene oxide groups was de-
termined by co-chromatography with pauci-disperse standards having a known mean
Ngo value and a narrow molecular-weight distribution. Two standards were used
for each type of homologous series to establish Ny, for the individual peaks
separated by RPC.

Samples of them were collected, pooled, evaporated by N, stream to dryness
aad subjected to H-NMR speciroscopy with integration of signal intensity. Two
symmetric doublets were observed in the region of aromatic proton resonances. Several
triplets were observed at ce. 1-1.1 kHz and assigned to ethyleneoxy methylenic
proton resonances oa the basis of the splitting and the chemical shift which is similar
to that reported by others®. The ratio of integrated peak intensities of the ethyleneoxy
protons to the aromatic proton was used to estimate number of ethyleneoxy groups.
The ratio gives this number since the number of ring protons, four, is the number of
protons per cthyleneoxy group. The assignment of ethylencoxy numbers using this
argument was found to be identical to that made by the chromatographic peak match-
ing described above.

Pauci-disperse samples of PEO-octylphenol containing 2-3 EO units were
separated by GC with mass plasma detection. The elemental composition of each
peak was determined and the structures proposed for the hydrocarbonaceous moiety
and the EO number were confirmed on the basis of the C, H and O content. A fourth
mede of confirmation of the structures assigned was the use of low-resolution MS of
samples which iad been fractionated by liquid chromatography and taken to dryness.
The mass-to-charge ratios of parent ions were consistent with the structural assign-
ments made on the basis of liguid chromatographic retention factors for pauci-
disperse standards and the results of H-NMR analysis.

The splitting and number of H-resonances observed in that study are consistent
with a structure in which the alkyl group in III is para to the phenolic oxygen. This
result was confirmed by *C-NMR on unfractionated samples which had two
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equally stroag central aromatic resonances and two very weak ones. This is observed
with C, symmetry and therefore the alkyl group is in pare position with respect to
that of the oligo{ethylene glycol) chain. Concerning the structure of the alkyl
substituent in III no assignments could be made on the basis of the 1*C resonances in
the alkyl region. However, H-NMR eliminated structure R, because the expected
peak splitting was not observed. On the other hand, the results were coasistent with
structure R;.

PEOQO-Nonylphenol. The structure of nonylphenol-oligo(ethylene glycols) was
elucidated by using the same approach described in the previous section for PEO-
octylphenols. Attempts were made to establish the position of alkyl group in the ring
with respect to the phenolic oxygen. More resonances were observed in the aromatic
region by using both H-NMR and PC-NMR than could be assigned to any
reasonable structure. As a consequence, we believe the PEQ-nonylphenol is a
mixture containing nearly equal amounts of the ortheo and para isomers. This would
account for the excessive number of resonances and is consistent with the fact that
technical nonylphenol is a mixture of the two isomers because its synthesis from
nonene and phenol proceeds by initial formaiion of ortho-nonylphenol followed by a
rearrangement to the more stable parg-isomer.

Dijferential scanning calorimetry

Curved Van ’t Hoff plots of retention factor data described below have
suggested the existence of an endothermic conformation change of the detergents near
30 °C. Because no dataz were found in the literature supporting this result, it was
tested directly by examining the thermal properties of solutions of oligo{ethylene
glycol) and PEO-octylphenol. Differential scanning calorimetry (DSC) was
employed because of its sensitivity and convenience. This technique directly measures
the difference in energy required to raise the temperature of the solution of these
substances and that of the solvent proper. The results allow the determination of
(1) the heat capacity of the solute; (ii) the enthalpy of any transition which may take
place in the temperature interval investigated and (iii) the temperature at which the
transition is half complete. Since the equilibrium constant is usually defined as unity
at that temperature, the entropy of transition can also be determined from the
enthalpy and temperature.

Solutions of oligo(ethylene givcol) (Carbowax 400) and PEO-octylphenol
were prepared by dissolving 1.0 gfl of solid in the following hydro-organic
mixtures: acetonitrile—-water (20:80), tetrahydrofuran—water (13:87) and meth-
anol-water (75:25). The samples were subjected to DSC analysis using the
appropriate solvent as the reference and all showed a major transition near 30 °C. The
enthalpy change was about the same in all three cases and was estimated as 16
kcal/mol. The results confirmed the existence of two conformers and the transition
which were postulated on the basis of chromatographic data. The entropy of
transition was also calculated and the results 6f this investigation are summarized in
Table L.

Chromatographic behavior of oligo(ethylene glycol) derivatives
Effect of :2mperature. Retention factors usually decrease with increasing
temperature in RPC and yield linear Van ’t Hoff plots'-?%. As shown in Fig. 3, such
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TABLE I

TRANSITION TEMPERATURE, ENTHALPY AND ENTROPY OF CARBOWAX 400 AND
PEQ-OCTYLPHENOL

The entropy value is obtained at the transition temperature. Median of EO units per molecule:
Carbowax 400, 7.5; PEO-octylphenol, 9.1.

Solute Solvent T AH® ASNT)

(°K) (kcal{mol) (calldeg-mol)
Casbowax 400 209 Acetonitrile 302.5 2.50 8.3
PEO-octylphenol 209, Acetonitrile 309 6.16 199
Carbowax 400 1394 Tetrahydrofuran 307 3.75 122
PEO-octyiphenol 139, Tetrahydrofuran 307.5 6.40 20.8
PEQO-octylphenol 75%, Methanol 304 3.60 11.8

regular behavior is not exhibited by POE-phenol homologues containing one to
fifteen EQ groups when they are chromatographed on an octadecyl-silica column with
aqueous eluents containing 22, 28 or 33 %/ acetonitrile. It is seen from the three sets of
Van *t Hoff plots that the sign of the slopes is dependent on the number of EO
units in the eluite molecules and most frequently on the temperature as well so that
the plots are curved. The irregular behavior displayed in Fig. 3 is not restricted to
the retention factors of the detergent molecules but shown also by oligo(ethylene
glycol)s proper as illustrated by Van ’t Hoff plots of hepta(ethylene glycol) in Fig. 4.
The retention factors were measured on octadecyl-silica with acetonitrile—water
mixtures of different composition. It is seen in Fig. 4 that with 149 of acetonitrile
in the eluent, the retention enthalpy is practically zero, at least at relatively high
temperatures, whereas the retention factors obtained with eluents containing 10 and
18 9, acetonitrile have clearly positive and negative slopes, respectively. Thus, the
retention of this ethylene glycol oligomer may increase or decrease with temperature
depending on the composition of the eluent.

Literature data on the two conformations, in which oligo(ethylene glycol)s and
their derivatives can exist, prompted us to examine the possibility that the anomalous
temperature dependence of the retention factors for these compounds be interpreted
by evoking the existence of at least two conformers having different intrinsic retention
factors. This assumption was made and the treatment, given in Theoretical, yields
eqn. 1 which describes the observed retention factor as a function of the retention
factors of the two conformers and the equilibrinm constant for the transition.

In order o compare the behavior predicted by the theoretical model to the
experimental results illustrated above, Van ’t Hoff plots were calculated by using
eqn. 1 together with eqn. 2a—c. Retention factors were calculated with the assumption
that the retention enthalpy of both conformers was —3kcal/mol and that retention
entropy of the form favored at high temperatures, A, is 4.55 times less than that of the
low temperature form, B. Therefore the ratio k,/kp is ten and independent of
temperature. The enthalpy chosen is typically observed in RPC'®-2%-25_ Various values
of transition enthalpy, 4H?, were assumed with the value of tramsition entropy,
AS?, chosen to ensure the equilibrium constant be unity at 43 °C. As can be seen from
the theoretical Van t Hoff plots in Fig. 5, if the enthalpy of the conformation change
is small, 2 few kcal/mol or less, Van ’t Hoff plots are linear or apparently so.
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Fig. 3. Van 't Hoff plots of the retention factors for phenyl-poly(ethylene glycol)s containing the
number of ethylene oxide units indicated at each curve. The retention data were measured on a
S-um Zorbax ODS columa (159 X 4.6 mm) at an cluent flow-rate of 2 ml/min and 273-nm detector
setting. The eluents were water-acetonitrile mixtures containing 33 %4 (A), 289 (B) and 229%, (v/v)
(O aceton.trile.

However, when the enthalpy change for the transition is 10 kcal/mol or greater, the
curvature becomes noticeable. The chrematographic results presented in Figs. 3 and
4 show the same trends as the computer simulated Van *t Hoff plots in Fig. 5 and the
similarity supports the simple theoretical model described by eqn. 1.

Nevertheless, regular behavior, i.e., linear Van ’t Hoff piots having positive
slopes, was observed with the retention factors of phenyl-oligo(cthylene glycol)
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Fig. 4. Van 't Hoff plots of the retention factors for hepta(ethylene glycol), a component of Carbowax
400, as measured in reversed-phase chromatography with three different acetonitrile-water mixtures
as the mobile phase. The volume percentage of acetonitrile in the eluent is indicated for each curve.
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Fig. 5. Van "t Hoff plots of retention factors calculated from egn. 1 for an eluite which can undergo
a conformational change in the temperature range of 285-345°K examined here. It is assumed that
the enthalpies of binding for the two limiting forms were identical and equal to —3 kcal/mol, but
the ratic of their capacity factors was 10. The enthalpy of the conformational change was assumed
to be either zero (--—), 1 keal/mol (- - - -}, 10 kcal/mol (- - -) or 30 kcal/mol (——-). The associated
entropy changs was chaosen to predict equal amounts of the two forms at 316°K,, the temperature
at which the curves intersect.
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homologues when methanol-water (50:50) was used as the eluent. These observations
together with the results shown in Fig. 4 make us to conclude that the temperature
dependence of the retention factor for oligo(ethylene glycol) derivatives is also
affected by the nature and concentration of the organic co-solvent in the aqueous
eluent. Consequently the equilibrium constant for the conformation change is
determined by not only the temperature but also the solvent composition. Data
obtained witi: the differential scanning calorimeter also indicates that the zigzag-
meandering transition equilibrium is affected by the solvent composition. DSC
mecasurcments were carried out with samples of Carbowax 400 and commercial
octy!phenyl-oligc(ethylene glycol) having a2 median EO number of ca. 7, over the
temperature range of 290400°K in 20 and 139} (at 25 °C) of acetonitrile and
tetrahydrofuran, respectively. With the detergent, data was taken also im 759
(at 25°C) methanol. In each case an endothermic transition was observed over a ten
degree temperature interval near 30°C. The temperatures at which the transition was
half-complete, as well as the enthalpy and entropy of transition are given in Table I.
The thermodynamic values should be regarded as illustrative since they represent
average values for the transitions of a2 number of homologues. Nevertheless, it is
interesting to note that enthalpy values for the transition are ca. 6 kcal/mol, which is
expected to cause significant curvatures in Van *t Hoff plots as discussed above with
regard to Fig. 4. Enthalpy changes associaied with Carbowax 400 are smaller than
those observed for the PEO-octylphenol homeologues. This result implies, in
view of the theory, less curvature in Van ’t Hoff plots for Carbowax 400 than for
the detergent. This is indeed the case as can be seen for instance, by comparing the
plot obtained with hepta(sthylene glycol) at 189/ acetonitrile as shown in Fig. 4
to that obtained with the corresponding octylphenyl-hepta(ethylene glycol) shown
by curve 7 in Fig. 3.

The differences in the transition entropy changes between PEQ-cctyl-
phenol and Carbowax 400 are striking in view of the similarity of the median EO
number of these mixtures, 9.1 and 7.8, respectively, and that of the distributions. If
the two polymers exist in the same, presumably extended, conformation at elevated
temperature, this result suggests that at low temperatures the chains of poly(ethylene
glycol) proper are more exiended than the chains in PEQO-octylphenol molecules.
This may be explained by “hydrophobic interactions™ between the poly(ethylene
glycol) chain and the hydrophobic moiety in the latter type of compounds.

Effect of solvent. Data shown in the preceding section demonstrates that the
nature and concentration of the organic solvent in aqueous eluents can profoundly
affect the retention behavior of oligo{ethylene glycol)s and their derivatives in RPC.
In order to gain imsight inio this soivent ecffect, the retention behavior of such
samples was investigated by using octadecyl-silica columns and hydro-organic
eluents containing either acetonitrile or tetrahydrofuran as the orzanic solvent
component. The results are illustrated in Fig. 6. The dependence of the logarithm of
the retention factor on acetonitrile concentration is shown for phenyl-oligo{ethylene
glycol)s having EO numbers from 1 to 13 in Fig. 6A, whereas a similar plot for the
oligo{ethylene glycol) components of Carbowax 400 is presented in Fig. 6B.

In contradistinction to the bekavior usually observed in RPC and well estab-
lished for alkylbenzenes!, the dependence of the retention factors for oligo(ethylene
glycol)s on the volume percent of organic co-solvent in the eluent is nop-linear under
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Fig. 6. Graphs illustrating plots of the retention factor on a lugarithmic scale against the composi-
tion of the acetonitrile-water mixture used as the eluent. The number at each curve indicates the
number of EQ units contained in the solute molecule. Column: 5-um Zorbax ODS (250 x 4.6 mm);
temperature, 25 °C; flow-rate, 2.0 ml/min; detector setting, 200 nm. A, Phenyt-oligofethylene glycol)s
contained in Triton 100X as contaminant; B, oligo{ethylene glycol) components of Carbowax £00.

conditions shown in Fig. 6. The findings suggest that this is the result of special
interactions between the solvent and the oligo(ethylene glycol) chains. In view of the
conformation changes discussed above, the effect can be considered as a solvation
cum isomerizaticn equilibrium and, for the simple case treated in the theorztical
section, the dependence of the observed retention factor on the solvent concentration
can be expressed by the limiting retention factors of the two conformers and the
difference between the numbers of solvent molecules associated with the individual
conformers according to eqn. 3. For increasing organic co-solveat conceniration egn. 5
predicts the observed retention factor to gradually change from the limiting value of
cne conformer to that of the other, provided the experimental solvent concentration
range is appropriate and wide enough for the system investigated. Under such con-
ditions, graphs depicting log & vs. solvent concentration would exhibit kinks and
“dog-legs™. Plots of data obtained with phenyl-oligo (ethylene glycol)s on cctadecyl-
silica with tetrahydrofuran—water mixtures as the eluent are shown in Fig. 7. The
results are in agreement wit!" the predicted behavior. On the otner hand the curved
plots shown in Fig. 6 suggest that under the conditions illustrated the solvent com-
position was teo narrow to encompass the whole tranmsition region or the solvation
energy was too low.

Obviously the solvent composition range in which the transition occurs
depends on the number of EO units in the solute molecules and the temperature
besides the concentration and nature of the organic solvent. Since the range of
conditions used in the chromatographic experimenis is constrained by the magni-
tude of retention factors which can be conveniently measured, the transition may not
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Fig. 7. Graph illustrating plots of tke retention factor on a logarithmic scale agzinst voiume perceat

of tetrahydrofuran (THF) ir the aqueous eluent for phenyl-olizo(ethyiene glycol)s containing 2, 4

or 6 EQ usits as illustreted. Co'umn: S-um Zorbax ODS (250 x 4.6 mm); flow-rate, 2.0 ml/min;
temperature, 25 °C.

£.% in the range of pracrical chromatographic operation and the solvent eifect may
not be observed at al! with certaia poly(ethylene glycol) derivatives. Under experimen-
tal conditions uszd in this study phenyl-oligo(ethylene glycol)s, which are contam-
inants in commercial detergents, =xhibitea the most irregular behavior. From this
nnding we infer that the substanccs, which have hydrorhobic properties intermediate
between those of oligo(eihylene givcoi)s and detergents, undergo conformational
changes under conditions within the range of the chromatographic experiments.
Consequently, these bomologues could be used most coaveniently to demonstrate the
posizlated effect of solvent mediited confermational change, an ahetaeric secondary
equitioriuin, oa reteation in RPC.

Fig. 8 shows aow the logarithm of reteation factors for phenyl-oligo{ethylene
=lycol)s depend on the number of ethylene oxide unitc at different tetrzhydrofuran
concentrztions in the hydro-o-ganic eluents. Similar behsvior has bean observed with:
other types of olige(ethylene siycol) homsologues and crgamic co-selvents. As
displayed in Fig. 8 a complete inversion of the eb:tion order for the members of the
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Fig. 8. Graph illustrating plots of the retention factors on a logarithm:c scale agzinst the number
of EQ units in phenyl-oligo(ethylene glycol)s. Column: 5-um Partisil ODS-2 (150 X 4.6 mm); flow

rate, 2 mli/min; temperature, 25 °C; eluent, teirahydrofuran—water mixtures having THF conceatra-
tions in volume percent as indicated at the individual curves.

Ekomologous series cecurs upon changing the concentration of tetrahydrofuran from
12% to 15%,. Whereas larger oligomers are cluted before their smaller homologues
by eluents rich in organic co-solveat, the opposite elution order is observed with
hydro-organic eluents lean in the organic component. In the case illustrated, the
reversal takes place when the concentration of tetrahydrofuran reaches ca. 13%;,. With
the same column and sample compoenents but with isopropanol-water mixtures as
the eluent, the reversal of elution order was found at an isopropanol concentration
of ca. 20%,. With methanol, acetonitrile and tetrahydrofuran tne retention factors of
oligo{ethylene glycol) derivatives increase with the numoer of EQ groups beiow the
organic solvent concentration at which reversal takes place, whereas retention
decreases with increasing EO number at higher orgazic solvent concentrations.

On LiChrosorb RP-18 the reversal of elution order of PEO-octyl phenols
with methanoi-water mixtures occurs at 859 methanol. With acetonitrile~water
eluents and the same column, however, the reversal of elutioca order of these com-
pounds takes place below 459% acetonitrile. Thus, the organic solvent concen-
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tratios, whery \be homologues elute together depends on the nature of the orga.ic
modifier in the eluent, and might be used o characterize the solvation effect by
various niganic solvents, Neither this nor other findings suggested a behavicr contra-
dictory tc tiie model put forvard in the Theoretical section.

Further insight into the secoadary equilibria involved here can be gained
from piots of the EQ group, agg, sclectivity against the number of EQO units in the
membeis of the homologors series by using data measured uader different chromatc-
graphic conditions. Families of such seie<tivity plots for phenyl-oligo(ethylene glycol)s
are depicted in Fig. 9. M ata obtained bv chang:ng the modifier concentration in ace-
tonitrile-water mixtures spows in Fig. 3A that ¢z strongly depends oa the nnmber
of ethyiene oxide residues at relatively low aceicnitrile concentrations, whersas
@0 is almost independent of the EQ number when the elusat is sufficiently rich in
acetonitrile. Thke results imply that at high acetonitrile concentrations the oligo-
(ethylene glycol) moiety is present predominantly in one conformation for tie lower
members of the komologous series. In other words, acetonitrile favors cne form, the
meandzr conformation, which represents ¢iie more compact spatiaj arrangement. Tie
same compounds, however, show non-linear Van ’t Hoff plots of retcution factors mea-
sured at acetonitrile concentrations as high as 28-33 9/ because increasing temperature
appears to shift the conformational cquilibria in a direction opposite to that
favored by acetonitrile. This implies tnat temperature shifis the transitior equulibria
to the extzaded confornier. In view of the solvoghobic theory, which predicts greater
retention for molecui., aving greater surface area?s, and eqn. 5, .his phenomenoca
should give rise to nos-linear Van ‘'t Hoff plots of the form. een in Figs. 3 and 4.

The effect of tvmperature upes the Gependence of EO group sziectivity on the
number of cthylere oxide residues with 28 Y of acetonitrile in e aquecus eiuent is
iliustrated in Fig. 9B. If the increase of both acetonitriie concentration znd temDer-
ature promotes the formation of the same conformer, tnen decreasing ago values
with increasing temperature should have been observed at high number of ethoxy
grouns where the oligo(ethyiere glycol) moiety is naturally in the compact form. On
the other “and, when tetrahydrofurnn is used as the organic modifier (see Fig. 9C)
the dependence of ez, on the number of ethoxy grougs is opposite to that observed
with acetonitrile—water mixtures, shown in Fig. YA. Thus, at increasing tetrahydro-
furan and a_etoniwile concentrations the equilibrium of the zigzag and meander
conformers is shifted in opposite directions. Since higher temperature favorss the same
conformation as higher tetrahydrofuran concentration, no anomalous temperature
behavior is observed when 16-25 % tetmahydrofuran is used in the agueous eluent.

Length of oligo{etnylene glycol; chain. As discussen carlier the molecular
dimensions of the zizzag and mieandering conformers of oligolethyicn= glycol)s in
water are knovn. Assuming that they are culindrice! rods we can calculate the
molecular surfzre ar-z for an ethylene oide unit in zigzag and meandering forms as
27.5 A and 25.1 A, respectively. According to the solvophobic thecry® chromato-
graphic retertion in RPC increases «ith the molecular surface area under otherwise
identical conditions. Consequently z given oligo{ethyleae glycol) derivative is expected
to have a greater retention [actor whon elu‘ed in the zigzag form than when eluted in
i1ne meandering form at least by using plain aqueouns eluents in RPC.

The prese~.cs cof urgania soivent in the cluent, however, can significantly affect
the conformaticn, as discusssd in the precceding section. and caa lead to 2n in-
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versicn of the elution crdez for the members of z given homologous series. Simitarly
the anaiysis of ethylene oride group sclectivity as a function of the EO number did
shed Light on departures from the retention behavior predicted for plain aqueous
eluert due fo solvent-meaiated conformational changes that occur in hydro-organic
solvents. The selectivity pists for acetonitrile—water mixtures in Fig. 9A and B,
indicate that in the concentration range of 18-28 9 of acetonitrile selectivity decreases
with increasing number of ethoxy groups. This indicates that at high eithoxy
nrmbers the compact conformer is favorad. Sirca with 33 and 289 of acetonitrile
and at 25 and 15°C, respectively, selecuvity is nearly fudependent of the number of
ethoxy groups, we may infer that at aigh acetoniirile concentration only the mean-
dering form is prescnt.

However, in aqueous eluents containing 16-25 % of tetrahydrofuran, selectivity
ircreases with the number of ethoxy groups as shown in Fig. 9C. The same results
were obtained with ¥EQ-octylphenol and PEO-unonyiphenol by using the same
cclumn and tetrahydrofuran in the concentratics range of 36-429%. In each case
the retention times decreased with increasing number of ethoxy groups and this
obszr-aticn suggests that with increasing number of EQ units the ertended con-
formation is favored in aqueoas tetrahydrofuran eluents.

CONCLUSICNS

(1) Reversed-phase chromatngraphy was found suitable for the separation of
oligo{etbylene glycol) derivatives.

(2) A variety of analytical tools was employed to identify the individual com-
poneats of commercial poly(ethylene glycol)s and non-ionic detergents.

(3) In inost cases the retention bebhavior of these suostances was irregular:
(i) Van ’t Hoff plots were non-linear and in some instances the retention increased
with temperatore; (i1) with increasing carbon number in oligo(ethylene glycol)
homologues, a decrease in retention was also observed and (iii} non-linear dependence
of the logarittm of retention factor on volume percent of organic solvent in hydro-
organic eluents was frequently found.

(4) The observations were coasistent with the theoretical model developed by
assuming that each eluite molecule can be present cither in zigzag or meandering con-
formation, that the equilibrium constant for the transition depends not oniy on the
temperature but also on the solvent composition and the length of the oligo-
{ethylene glycol) chain as well and that the intrinsic retention factors of the conformers
are significantly different under chromatographic conditions investigated.

{5) The two-state theory providss a simple and self-consistent interpretation
for the mass of data which can be readily gathered with such comm rcial products.

(6) The effect of solvent composition and temperature on the equilibrium
between the conformers and the retention can be separately treated within the
framework of the two-state theory.

(7) The data show that the relative concentration of the two conformers also
depends on the number of monomer units in the polymer and this may be true
with other homologous series.

(8) The present theoretical approach can be extended to other polymeric
systems. It may be necessary in more complex cases to invoke the existence of more
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than two conformational states and the freatment of solvent effect on conformation
may require medification®’ especially if data on the interaction of solvent with
polvmer is available. .

(9) The resulis demonstrate that the siudy of the retention behavior of
homologous series of substances is a particularly powerfu:l method to understand the
physico-chemical underpinnings of the chromatographic process.

(10) It has been shown that a rather simple molecular picture suffices to
explain a bewildering collection of chromatographic observations. The philosophy
used here can probably be extended to the analysis of the RPC data of complex
molecules particularly in the biological field.

(11) An analytical scheme is outlined for the study of the chemical structure
and chromatographic separation of oligo(ethylene glycol)s and their derivatives.
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