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Chromatographic Behavior of a Cholesteryl Myristate
Stationary Phase in an Electric Field

R. B. WESTERBERG,* F. J. VAN LENTEN,¥ and L. B. ROGERS¥

DEPARTMENT OF CHEMISTRY
PURDUE UNIVERSITY
WEST LAFAYETTE, INDIANA 47907

Abstract

Changes in peak shape which accompany the imposition of an electric field were
examined by moments analysis. Although peak maxima shifted significantly, only
slight changes were observed in the value of the peak mean. Column efficiencies
calculated from the second central moment indicated that the field lowered the
resistance (o mass transfer, probably as a result of electric field-induced convection
of the stationary phase.

INTRODUCTION

The ordered nature of liquid crystals gives rise to many interesting
properties which have been discussed in a number of reviews (/-6) and
books (7-14). Liquid crystals have been used as gas chromatographic
stationary phases (12) for the separation of the structural isomers, part-
icularly the positional isomers of benzene derivatives (/3-2I). The
thermodynamic aspects of mesophase-solute interactions have also been
studied in gas chromatographic experiments (22-29). Chromatographic
experiments can be used to indicate the phase transitions that occur in a
liquid crystal stationary phase (30) and to determine the diffusion coeffi-
cients in mesophases (37).
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Since liquid crystalline substances are affected by electric and magnetic
fields, speculation arose in the literature that a field could be used to
modify the solubility characteristics of liquid crystalline phases (72).
Subsequently, reports appeared (32, 33) concerning changes in chroma-
tographic behavior that accompanied the imposition of an electric field
on a wire in a glass capillary column that had been coated with a liquid
crystal phase. There were large changes in the capacity factors, calculated
from peak maxima, and in peak shapes, especially the extent of tailing.

The purpose of the present study was to employ moments analysis
to examine the effects of an electric field on the gas chromatographic
properties of cholesteryl myristate. The object was to differentiate changes
in equilibrium values from changes in the dynamic characteristics of the
column. Experimentally, the dependences of both the center of gravity
and zone spreading on the parameters of linear velovity and column
potential were of primary interest. One important aspect of this approach
is that the value of the peak maximum and peak mean can substantially
differ (34); however, the peak mean usually represents the accepted value
of the ideal retention time (34-37) because the first moment is defined by
the equilibrium constant for the distribution of solute between the two
phases. The second moment, which depends upon dynamic factors such
as rates of mass transfer (35, 36), can be used to calculate column effi-
ciencies. In that way the ambiguity associated with efficiencies calculated
for an asymmetric peak on the basis of width at a particular height is
also avoided.

There are several aspects of moments analysis that affect the requir-
ements placed on the apparatus, the experimental design, and the inter-
pretation of the data. The most obvious is that, in order for the use of
moments analysis to be practical, highly precise data acquisition and
use of a computer for data analysis are required. In addition, the signal-
to-noise ratio must be high because the higher moments are quite sensitive
to error (35) introduced by random noise. Finally, the integration limits
and the number of data points obtained across a peak can affect the
observed accuracy (36). The requirement of a finite cutoff in the data
can, in some cases, impose a fundamental restraint on the interpretation
of the center of gravity (38-41) and may affect the observation of non-
equilibrium phenomena such as flow-dependent retention volumes
(38, 41-44).

The choice of cholesteryl myristate as the stationary phase was based
on several considerations. First, cholesteryl myristate has been utilized
in previous investigations of charged columns, and has shown resistance
to chemical change on borosilicate glass (33). Second, Schnur and
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Martire have investigated surface effects (26) with myristate and found
a negligible effect on the thermodynamic properties as determined by
gas chromatography. Furthermore, the availability of the thermodynamic
data expedites determination of column loading. Finally, cholesteryl
myristate has been reported (45) not to exhibit a different number of
phases on cooling and melting, whereas many other straight-chain
cholesteric esters exhibit irreversible phase behavior.

In the present study the main interest was in the region of flow rate
where chromatographic behavior was dominated by resistance to mass
transfer in the stationary phase. Since this implies a minimal contribution
to zone spreading due to longitudinal diffusion, it was decided to use
helium as a carrier gas so as to minimize resistance to mass transfer in
the gas phase. On a more pragmatic note, the desire to accurately reset
to a particular flow rate under conditions of computer control dictated
the use of an automatic flow controller for which optimal performance
was realized with helium.

EXPERIMENTAL

Reagents

Cholesteryl myristate from Fastman Kodak was used as received.
Dicholoromethane (reagent grade, J. T. Baker) and tetrahydrofuran
(reagent grade, Mallinckrodt) were used as solvents to make up solutions
for coating the capillary columns.

The primary solutes were n-pentane, n-hexane, cyclopentane (997,
mole pure, Phillips Petroleum Co.) and cyclohexane (GC-spectrometric
grade, J. T. Baker Co.).

Methane was used as the nonretained solute. The carrier gas was 99.99
pure Airco helium. Airco hydrogen was used for the flame ionization
detector. Gases were passed through 4A molecular sieve traps.

Apparatus

All columns were prepared from borosilicate glass and had an internal
electrode of 36-gauge chromel-A wire (Hoskins Mfg. Co., Detroit, Michi-
gan). The earlier method of column construction remained unchanged
(33), except that the process of coating the column with graphite was
satisfactorily accomplished by merely dipping the column in graphite
paste.

A large multioven chromatograph capable of controlling the temper-
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ature to +0.02°C was constructed using an insulating refractory fiber
board (Maranite, Johns-Manville) and lined on most of the interior
surface with a 2.5-cm thick sheet of refractory fiber felt (Type CRF 300
Cerafelt, Johns-Manville). Brisk air circulation was provided by an 18-cm
diameter “squirrel cage” fan which was powered by a 1700-rpm electric
motor (1/2 hp, Steveco 59600). Oven temperature was maintained by a
Thermotrol proportional temperature controller (Hallikainen Instru-
ment Co., Richmond, California) modified to operate in a zero-crossing
mode. A platinum Stikon (Rdf Corp., Hudson, New Hampshire) resist-
ance element was used as a temperature sensor.

The oven temperature was measured using a platinum resistance
thermometer, model 104T transfer standard (Rosemount Engineering
Co., Minneapolis, Minnesota), in conjunction with a Mueller bridge. A
resistance bridge with a thermistor bead sensor was used to evaluate
the temperature stability of this oven. At 51°C the temperature was
controlied to + 0.015°C over the short term with a baseline drift of less
than 0.01°C/hr. The existence of temperature gradients was investigated
by placing the thermistor at eleven widely separated locations in the
oven. The largest temperature gradient detected was about 0.08°C. It
should be emphasized that the volume probed was many times larger
than that actually occupied by the column alone,

Flow control and measurement were provided by a model FCS-100
mass-flow controller (Tylan Corp., Torrance, California). This instrument
provided a O to 5 V output directly proportional to mass flow rate over
the range 0 to 50 scem. Computer control of flow rate was achieved
by providing a set-point voltage from an 11-bit plus sign digital-to-analog
converter. Maximum flow rate was specified by a negative 5 V set-point
signal while a set-point of 0 V resulted in essentially no flow. Convenient
meter indication of flow rate was made using a model LF-50 mass flow-
meter (Hasting-Raydist, Inc.,, Hampton, Virginia) placed downstream
from the automatic flow controller.

Column head-pressure measurements were made using a model 538-12
Barocel differential transducer and a 1014-A electronic Manometer
(Datametrics, 340 Fordham Road, Wilmington, Massachusetts). A full-
scale reading of 1000 Torr resulted in an output of 10 V. The mass-flow
devices and the Barocel transducer were mounted in a glass-fronted
chamber which was held at approximately 32°C and, at any one point,
to within +0.1°C by a zero-crossing triac temperature controller that
used a thermistor sensor.

A flame ionization detector (1800 series, Varian Aerograph, Walnut
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Creek, California), which had been modified (46) to reduce dead volume,
was used as the chromatographic detector. The output signal from the
electrometer (Varian Aerograph, Model 500 D) was fed into the amplifier
system which used two low-drift operational amplifiers (Analog Devices,
Model 184 L) before signal transmission. The flame ionization unit was
housed in a small chamber which held a cartridge heater placed against
the body of the detector. The detector temperature, which was set at
155°C, was determined using an iron—constantan thermocouple with an
ice-point reference.

The signals from the flow and pressure devices plus the signal from the
flame ionization detector were measured by an auto-ranging multichannel
analog-to-digital converter (Anscan, Model 3700, Beckman Instruments,
Fullerton, California).

Computer control over the electrode voltage source (Beckman, Duostat
Regulated Power Supply) and the various gas sampling and switching
valves made use of an experimental interface which has been described
previously (47). In brief, the experimental interface was used to turn on
zero-crossing solid-state relays and line voltage to a device in response
to computer command. Several 4-port, two-way solenoid valves (Air-
switch, Model 3C301, Mosier Industries Inc., Dayton, Ohio) were used
to actuate pneumatically the sampling and switching valves.

An exponential dilution flask was fabricated in the glass shop from
two borosilicate glass spherical O-ring joints (size 75/50, 57 mm o.d.).
The flask was sealed at the joint using the specified size 75 ball-and-socket
type clamp and a size 2-229 Viton O-ring. This particular design was
more immune to breakage from clamping stresses than a similar earlier
model which featured a ground-glass seal (48).

Procedures

Three columns were prepared using two different solvents to make
up the coating solution (33). All columns were then conditioned at 100
to 120°C with nitrogen flowing through the columns. Some characteristics
of these columns are given in Table 1.

The columns were plumbed into the system using shrinkable Teflon
tubing. It was found that the occurrence of leaks could be minimized
at the point where the electrode was fed between the glass capillary and
shrinkable tubing by sealing the connection using a high-temperature
epoxy. Columns were mounted directly over the oven fan.

Flow rate through the sampling system was controlled using a differ-
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TABLE |

Coating Procedures and Characteristics of Capillary Columns

Coating solution Plug flow Radius Film thickness Length

Column (W/v%) (cm/sec) (mm) (um) {cm)
1 50(CH,Cl,) 2 0.25‘ 2.31 3560
2 SO(CH,Cl,) 2 0.24 2.29 2780
3 20(THF) 3 0.23 1.64 2600

ential flow controller. The rest of the sampling system consisted of an
exponential dilution flask which could be charged with either methane,
for a nonretained peak, or solute vapors through the action of one of two
computer-controlled air-actuated valves. The actual injection onto the
column was accomplished by sampling the effluent from the dilution
flask with a Seiscor gas-sampling valve. Methane was contained in a
1-liter pressurized reservoir, and was introduced into the dilution flask
by opening a valve for 1 to 2 sec. Samples of solute vapors were obtained
by using a switching valve to pass the helium stream through a two-stage
saturator and into the dilution flask for a constant period of 8 sec. Sample
size was controlled by changing the length of time between charging up
the dilution flask and sampling the e¢fluent from the flask.

The overall experiment featured computer-automated isothermal
chromatographic experiments at a number of different flow rates. After
the electronic flow controller had set the flow rate, the column-head
pressure was required to stabilize to 1 0.1 9 for a 30-sec interval. Then a
sample of methane was injected so as to determine the residence time of a
nonretained species. Experiments with retained solutes on the uncharged
and charged columns followed. At the termination of each experiment
the digitized chromatogram, the values of head pressure and the mass
flow rate, and the results of calculations were stored on magnetic tape.

The chromatographic efficiency observed was reproducible with
duplicate experiments performed sequentially. However, resetting con-
ditions with a change in the flow rate could yield a somewhat different
average value for efficiency. For that reason the efficiency values were
taken as the average of a minimum of four values with at least one resetting
of the flow rate. It was found that reduplicating the same series of ex-
periments in the same order of flow rates gave closely comparable results
even after a reset of the experimental conditions following a change
in column temperature.

The peaks in this study were asymmetric, and many of them were
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severely tailed. Accurate work requires that all of the tail be included
in the calculation (36). As a result, more data were acquired after the
peak maximum than before. Criteria were set for data intervals in terms
of the standard deviation of a peak calculated on the basis of the second
moment. Data were acquired for a minimum of approximately one and
onc-half standard deviations before the peak maximum, and seven
following the maximum. Since the peaks were asymmetric, the standard
deviation was much larger than predicted from the front half of the peak.
As a result, the criterion for placement of the integration limit before
the peak maximum appears to be much closer to the front of the peak
than is actually the case. A total of 230 points were acquired for each peak,
using data intervals that ranged from 0.2 to 2.5 sec/pt.

Calculations

Due to the presence of the internal electrode, the typical means of
visually measuring the radius using a magnifying glass with a calibrated
grid was checked in another way. The effective radius was calculated
from the pressure drop measured across the capillary under particular
conditions of temperature and flow rate. This approach was also useful
because the column radius might have experienced variations during
the drawing process, and the pressure drop reflected the average value
of the radius. Specifically, from the equations presented by Ettre (49),
the following relationship was determined:

r=/8nuL/Ap ()

where r is the column radius, # is the viscosity of the gas, L is the length of
the column, Ap is the pressure drop, and Ji is the average linear velocity.
The radii calculated on the basis of pressure drop were approximately 109,
lower than those visually measured at each end of the capillary.

An apparent film thickness for stationary phase was calculated from
the relationship (50)

d; = 273rk/2Tp,V, Q)

where V', is the specific retention volume, 7" is the column temperature,
k is the capacity ratio, and py is the density of the stationary phase. The
specific retention volume was taken from the data of Martire et al. (23)
for hexane at 86°C. The density for cholesteryl myristate was estimated
on the basis of that given for cholesteryl palmitate (57).

The zeroth through the second moments were computed using the
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appropriate summations. The second central moment was calculated
by adjusting the second moment with the value of the first moment.

The capacity ratio was calculated both on the basis of retention time
at the center gravity, 7., and on the basis of retention time at peak maxi-
mum, ¢,,. The retention time at peak maximum was found on the basis
of the inflection point of a second degree polynomial which was fit to
seven points across the top of the peak using Gram polynomials (52).
The capacity ratio based on retention time at peak maximum is given by

km = (’m - tu)/t() (3)

where k,, is the capacity ratio based on peak maximum, and ¢, is the
retention time at the center of gravity for the nonretained methane peak.
The capacity ratio based on retention time at the center of gravity was
calculated in an analogous fashion with the substitution of ¢, for ¢,.
{Any unsubscripted citation of the capacity ratio should be assumed to
represent a value calculated on the basis of the center of gravity.) For a
replicate experiment that was run 1 week later with the reset of all ex-
perimental conditions, the averaged valucs of &, for a charged column
agreed to 0.03%,. For the uncharged column, agreement was a more
representative 0.48 %,

A normalized difference between the “ideal” retention time, f., and
retention time at peak maximum was calculated by

Ip= (tc - tm)/h (4)

where 7, represents the difference between the two retention times normal-
ized by the retention time at the center of gravity.

The average linear velocity of the carrier gas was calculated on the
basis of the retention time of a nonretained peak by

ﬁ = L//Io (5)

Using this method, the flow rate was typically determined with an average
relative standard deviation of 0.29,. This value includes the effect of at
least one reset of the flow rate.

Column efficiency was calculated from the second central moment by

H=0L/t* (6)

where H is the height equivalent to a theoretical plate and o2 is the second
central moment.
Coeflicients of resistance to mass transfer in the liquid phase, C;, were
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calculated in a manner similar to Grushka and Solsky’s treatment of
capillary column data (31). This involves subtracting the contributions
of the B term and C, term from the observed HETP value. The remaining
contribution to peak spreading is assumed to result from resistance to
mass transfer in the stationary phase. The Fuller, Schettler, and Giddings
equation (53) was used to calculate diffusivities of the solutes in the gas
phase.

The dependence of the C; term on the parameters of film thickness,
d, diffusion coefficient in the stationary phase, D;, and capacity ratio,
k, is given by the following relationship:

C,=2kd ¥3k +1)’D, (7

To facilitate comparisons of mass-transfer characteristics between solutes
of differing capacity ratios, the values of C, were normalized by dividing
the term by k/(k + 1)2.

Chromatograms were plotted using an abcissa of eluted volume instead
of time. The eluted volume was calculated using the product of the elapsed
time, the average linear velocity, and the cross-sectional area of the
capillary. The advantage of this approach was that it allowed a direct
comparison of the shapes of two chromatograms acquired at different
values of linear flow. As a result, the peak shapes reflected only the depend-
ence of the chromatographic process on flow rate and did not depend
upon the rate of digitization.

RESULTS

Effect on Retention Behavior of Column Potential and Flow Rate

The capacity ratio, k., calculated on the basis of the peak center of
gravity should be insensitive to peak shape changes and reflect changes
in actual retention behavior. Table 2 shows that only small changes in &,
occurred as a function of both flow and potential. However, a small, but
systematic, trend toward larger values of k, was observed at lower values
of flow on both the charged and uncharged column. In contrast, the
capacity factor calculated from the retention time at the peak maximum
(k,,) exhibited a strong dependency on both flow rate and column potential,
in agreement with earlier work (32, 33). Furthermore, the difference
between the retention time at the center of gravity, 7., and at the peak
maximum, ?,, is seen to be a function of flow rate. As the flow rate de-
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TABLE 2

Effect of Applied Potential on &, and &, and on the Normalized Difference
between the Mean and the Maximum of a Peak as a Function of Flow Rate

Using #-Pentane at 80.9°C

Av linear 500 V ov

velocity

(cm/sec) ke ko, tn k. ko tp Y%Ak, %Ak,
73.3 0.2929 0.182  0.0855 0.285% 0.106 0.136 24 415
67.6 0.2961 0.191 0.0816 0.2909 0.109 0.139 1.9 429
61.5 0.2963 0.197 0.0766 0.2926 0.118 0.137 1.2 399
55.2 0.2970 0.204 0.0708 0.2960 0.122 0.133 02 404
48.7 0.2988 0.216 0.0642 0.2988 0.134 0.126 0.0 380
41.8 0.2994 0.226 0.0569 0.287 0.144 0.119 0.2 36.3
34.5 0.2994 0.237 0.0480 0.3013 0.156 0.112 —0.8 34.2

creased, the retention time at the peak maximum approached the center
of gravity. This behavior is shown in Table 2 where the normalized
difference between 1, and 1, is tabulated against linear velocity.

The independence of &, and the dependence of k,, on potential was a
general phenomenon. A typical pair of chromatograms is shown in Fig. 1,
and typical data for different solutes at two temperatures are shown in
Table 3. Because, as seen in Table 2, &, exhibited a dependence on both
column potential and flow rate, the k,, data in Table 3 were taken at
identical linear flow rates.

TABLE 3

Behavior on Column 1 of k. and k,, with Applied Potential for Four
Solutes at Two Temperatures®

k. km
Temp —— Difference ———— Difference
°Q) Solute 500V 0V %) 500V 0V (%)
80.9 n-Pentane 0.297 0.294 1.01 0.214 0.134 373
n-Hexane 0.591 0.588  0.57 0.486 0.301 38.1
Cyclopentane 0.684 0.681 0.44 0.566 0.403 28.7
Cyclohexane 1.325 1.323  0.02 1.190 0.847 28.8
86.0 n-Pentane 0.259 0.258 0.39 0.188 0.121 356
n-Hexane 0.606 0.605 0.17 0.423 0.259 38.7
Cyclopentane b b b 0.524 0367 299
Cyclohexane 1.149 1.143  0.532 1.033 0.700 32.2

“Value at 48 cm/sec.
"No data.
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Fi1G. 1. Effect of potential on peak shape for cyclohexane at an average linear
velocity of 61.7 cm/sec: (- +) 500 volts and (—) O volts.

It was also observed that a reduction in carrier gas flow rate affected
the peak shape in a manner similar to potential. Either a reduction in
flow rate or imposition of potential led to a more nearly symmetrical
peak that had a greater retention volume measured at the peak maximum.
The similarity between the effects of flow rate and potential is dealt with
in further detail in the following section.

Column Efficiency

The changes in peak shape produced by the electric field were accom-
panied by increases in chromatographic efficiency. As shown in Fig. 2,
this behavior was reflected in the observation of two distinct van Deemter
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curves for the charged and uncharged columns. The observed efficiencies
were found to depend slightly upon previous flow history. Hence the flow
rates for a van Deemter were studied in a random order so as to average
out those effects. The validity of the values for the efficiencies was tested
by replicating a series of experiments after resetting all experimental
conditions. As may be seen in Table 4, the uncertainty in replicating the
data was no greater than the uncertainty associated with the original
determinations.

On the basis of the van Deemter data, imposition of a potential lowered
the resistance to mass transfer. The magnitude of the change in mass

240

200 |-

160 [-—

HETP (CM)
]
i

>3
(=)
I

40}

o i I i
30 40 50 €0 70

LINEAR VELOCITY (CM/SEC)

FiG. 2. Effect of an electric field on column efficiencies: ((]) cyclopentane at
81°C, (O) pentane at 81°C, and (A\) pentane at 88 °C. Solid symbols: 500 volts.
QOpen symbols: 0 volts.
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Reproducibilities on Column 1 of HETP Values for n-Pentane at 80.9°C

500 vV ov

Av linear

velocity Av; HETP Stddev Av;-Av, Av, HETP Stddev Av,-Av,
(cm) (cm) (%) % (cm) (%) (%)
67.6 58.1 3.4 —4.1 125.6 6.4 —5.4
61.5 51.1 2.8 —7.8 115.9 7.2 +0.4
55.2 46.2 1.4 —8.8 113.8 39 +1.6
48.7 41.3 3.8 —7.2 99.2 4.4 —1.2
41.8 359 1.0 —35.0 87.1 2.3 +0.3
34.5 34.0 2.9 +0.6 74.2 53 —2.5

TABLE 5

Normalized C, Terms for Four Solutes as a Function of the Temperature
of the Stationary Phase

Column 1 Column 2 Column 3

Solute Temp (°C) 500V ov 500 V oV 500V oV
n-Pentane 80.9¢ 4,72 114 4.68 948 4.68 7.83
n-Hexane 5.43 12.8 5.43 11.70 5.12 8.76
Cyclopentane 5.93 16.6 — — — —
Cyclohexane 7.29 22.7 — — — —
n-Pentane 86.0° 4.11 10.1 3.43 8.04 3.85 7.71
n-Hexane 4.14 11.7 4.10 10.20 4.10 8.55
Cyclopentane 4.89 12.7 —_ — 4.62 8.76
Cyclohexane 6.30 19.1 492 14.10 — —
n-Pentane 93.0°¢ 2.90 7.6 2.54 6.55 2.92 6.09
n-Hexane 4.51 14.3 3.40 10,30 3.11 6.59

“Mesophase (23).
®Barely into the isotropic phase (23).
Isotropic phase,
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transfer coefficients is indicated in Table 5. The original values have been
divided by the quantity k/(k + 1) so as to eliminate differences in resist-
ance to mass transfer that arose because of differences in capacity ratios.
Note that the values of the normalized C, terms appeared to agree better
from column to column when the column was charged. Note also that
the relative change in the resistance to mass transfer did not rise above a
factor of 4 and that the magnitude of change with potential seemed
independent of the solute. Furthermore, since the normalized C, term is
inversely proportional to the diffusion coefficient in the stationary
phase, the relative magnitudes of these terms can be predicted from the
Wilke-Chang equation (54) for liquid diffusion coefficients. Qualitatively,
the correct trend is seen for pentane vs hexane, and cyclopentane vs
cyclohexane. Namely, the smaliler moiecule exhibits the lower resistance
to mass transfer. In general, the columns exhibited dominance of mass
transfer in the stationary phase to such an extent that the B term and C,
term corrections were very small. The C, term could be approximated to
within 1 % merely by dividing the efficiency by the average linear velocity.

The similarity between the effects of charging the column and reducing
the carrier gas flow rate was investigated further on the basis of the
observed values of column efficiency. Due to the dominance of the
chromatographic process by resistance to mass transfer, peaks that
exhibited similar efficiencies should also be characterized by a similar
value of C. If the major effect of charging the column was to lower the C,
term, then peak shape from a charged column shouid be quite similar
to one from an uncharged column, provided that conditions were such
that both exhibited equivalent chromatographic efficiencies. In order to
normalize to the same chromatographic efficiency, two chromatograms
were acquired at different values of linear velocity. It was possible to reduce
the linear velocity on the uncharged column so that virtually the same
number of plates were generated without potential as were generated on
the charged column at the greater linear flow rate. Such an example is
shown in Fig. 3. Note the striking similarities of the peak shapes.

In order to estimate the effect of the wire, the efficiency of the inert
peak was determined. Since the spreading of an inert peak should resuit
mainly from longitudinal diffusion, any additional spreading was assumed
to be a result of the wire. Determination of a longitudinal diffusion term
yielded a calculated value for efficiency that was better than observed.
When the difference between the calculated and experimental values for
efficiency was determined, an apparent eddy-diffusion term of 0.28 ¢cm
for column 1 and 0.43 for column 2 was obtained. It would appear that
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FiG. 3. Comparison of peak shapes for n-pentane at 80.9°C on a charged and
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Charged column, average linear velocity of 55.4 cm/sec and HETP of 76.9 cm.

(—) Uncharged column, average linear velocity of 15.7 cm/sec and HETP
of 76.6 cm.
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this zone spreading is caused by flow inequalities about the wire and
also about droplets of stationary phase bridging between the wire and
the capillary wall.

The effect of potential on efficiency was manifested in both the super-
cooled liquid and in the liquid at temperatures well above the isotropic
point. Figure 4 depicts the dependence of resistance to mass transfer, as
approximated by dividing HETP by 1, of both the charged and uncharged
column as a function of temperature. An increase in the rate of diffusion
of the solute probably was the main factor that caused the steady down-
ward trend of C, values seen in Fig. 4. It is also interesting to note that
the difference between the heating cycle and cooling cycle was very small
until about 80°C where a hysterisis effect is seen in the capacity-ratio
curve and in both C, curves.

Even in some additional experiments run at a temperature of 127°C,
typical changes in efficiency with potential were observed. Hence, the
liquid-crystalline state per se may not be the basis for observed effect of
potential.
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FiG. 4. Changes in capacity ratio and mass-transfer coefficient for #-pentane as

as a function of temperature: (O) Capacity ratio, (/\) HETP/u at 0 volts, and

((J) HETP/u at 500 volts. Solid symbols: cooling cycle. Open symbols: heating
cycle,
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Effect of Sample Size

No change in chromatographic properties with sample size was
observed on the uncharged column over a range of sample sizes of greater
than one order of magnitude. However, in the course of these experiments
it became apparent that the peak observed on the charged column was
asymmetrically broadened at the leading edge of its base. Injection of
samples about a factor of 10 smaller than those normally used revealed
that the size of the broadening was disproportionately greater at smaller
sample size. An area-normalized plot for two different sizes of samples
is shown in Fig. 5. It is apparent that the smaller sample exhibited the

18.0

8.0~

4.0}

RELATIVE RESPONSE
§

ELUTED VOLUHECNML)

FiG. 5. Effect of an 8.8-fold increase (- -) in sample size on the shape of area-
normalized peaks for n-pentane at 80.9°C and average carrier gas velocity of
10 cm/sec: (- -) larger sample and (—) Smaller sample.
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greater amount of fronting. However, when considered with respect to
their true sizes, the absolute magnitude of the effect was greater for the
larger sample.

This asymmetric broadening was observed for all solutes and at both
high and low flow rates. The possibility of a displacement of residual
chlorinated solvent was checked by coating a column with a solution
made up with tetrahydrofuran as the solvent. However, that column
exhibited the same behavior.

DISCUSSION

The invariance of the center of gravity with the imposition of a potential
and the existence of separate van Deemter curves for charged and un-
charged columns indicate that the potential acts to alter the mass transfer
in the liquid phase with little or no effect on the thermodynamic inter-
action between the solute and stationary phase. The effect of potential
on peak shape must be intimately related to the very inefficient behavior
of the columns which caused a large departure from ideal behavior.
Clearly, an applied potential lowered the resistance to mass transfer and
more plates were generated. The increased efficiency was reflected in a
closer approach to ideal chromatographic behavior and a shift of the
peak maximum toward the center of gravity. The effect of decreasing the
flow rate was similar to that of applying a potential because the lower flow
rate merely served to decrease the resistance to mass transfer and to
promote a closer approach to ideal behavior.

One critical aspect of this discussion has been that poor chromato-
graphic efficiency can give rise to peak distortion. The theoretical develop-
ments presented by Rony and Funk (39, 40) and Wicar et al. (4]) are
critical in this regard and, in addition, provide insight into the observed
flow-dependent capacity ratios.

Taking first the topic of changes in retention volumes, both sets of
authors discussed the idea that, under real conditions, one would expect
the first moment to depend upon mass transfer characteristics in instances
where resistance to mass transfer was quite high. Furthermore, Rony
and Funk (40) indicated that mean retention of a peak will vary between
that of a nonretained peak and the retention time dictated by the capacity
ratio depending on the quality ¢ which reflects the ratio of the “rate of
diffusional mass transfer in the liquid film to the corrective gas-phase
mass transfer in the axial direction.” They showed that low values of ¢
can reduce the mean retention time.
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We observed greater values of the capacity ratio at lower values of flow.
Hence lowering the flow rate reduced the resistance to mass transfer and
increased the value of Rony and Funk’s ¢. Thus our observations concern-
ing the capacity ratio are in accordance with their predictions, and the
small differences between the capacity ratio on the charged and uncharged
column probably reflect the difference in C, between the two columns.

Second, both sets of authors addressed themselves to the relationship
between nonideal behavior and peak distortion. Wicar et al. (4/) showed
that the difference between the ideal retention time and the retention
time at peak maxima, after being normalized by the ideal retention time
[similar to the {f; — t,,)/tc we used], exhibited a linear dependence on the
term ZC/t,, where £C represents the summation of the gas and liquid
resistance to mass transfer terms. Since, in the case of our data, H/u was
approximately equal to XC, their relationship may be interpreted as
indicating that the difference between the ideal retention time and that
observed at peak maximum decreases as the number of plates were
increased. If we accept the value of ¢, as good approximation of the
ideal retention time, Table 2 shows that our data followed the predicted
trend. Rony and Funk (38, 39) showed peak distortion as a function of
their ¢ term. Since ¢ is given by

¢ = (8Dk/31)/(1/r) (8)

we see that either a change in the linear velocity or in the effective diffusion
coefficient can influence the peak shape. That is, either slower velocities
or a greater D, can lead to more nearly symmetrical peaks.

Both of these treatments predict peak distortion only in the limit of
large resistances to mass transfer. The inefficient columns we used dis-
played values of £C/¢, that were roughly an order of magnitude greater
than presented by Wicir (41). Accordingly, the overall resistance to mass
transfer was well within the range for which peak asymmetry would be
expected. Thus, in terms of the overall evidence, it appears reasonable to
account for changes in peak shape solely on the basis of changes in column
efficiency (i.e., changes in the Cjji term).

It is worthwhile to examine the characteristics of columns that
exhibited effects with applied potential. First, the extremely high resistance
to mass transfer was greater than would have been expected from
values calculated using the apparent film thickness. It is obvious that
the film was not uniformly coated over the surface of the capillary, but
rather was in the form of many tiny droplets or puddles at the contact
points between the wire and the glass. The resulting geometric factor
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produced an extremely high C, term. However, the lower efficiency and
the fact that mass transfer in the liquid phase was the dominant source
of zone spreading make any change in the C, term quite dramatic.

Second, when lower liquid loadings were used, previous workers
{32) reported that potential effects were less dramatic or even nonexistent.
We also found the same type of behavior at lower liquid loadings, and
furthermore it was easily observed visually that such columns gave
narrower peaks than did columns which exhibited an effect with potential.
Also, of the three columns studied, column 3, which had the lowest loading
of stationary phase, exhibited the smallest changes in the normalized C;
term with imposition of a potential as may be seen in Table 5.

There are two factors that might account for such behavior. First, at
lower liquid loadings the efficiency of a column will be higher and the
effect of nonideality will be relatively smaller. Second, the apparent
eddy-diffusion term will dominate the sources of zone spreading so that
any effect due to changes in resistance to mass transfer will be small
compared to the other sources of zone spreading. In other words, the low
efficiency and the dominance of the C, term, which causes the inefficient
behavior, will make a three- or fourfold change in C; quite dramatic. If
such a change in C; were to occur on a much more efficient but mass-
transfer-limited column, a somewhat different behavior would be ob-
served. Since the chromatographic processes would be much closer to
ideality, a shift of the peak maximum would not be observed. A decrease
in zone spreading should still occur, but it might be so small on a relative
basis as to be imperceptible.

The existence of droplets and/or puddles could also explain our obser-
vation that column efficiencies were somewhat dependent upon the
history of the flow rate. Changes in the flow rate could lead to a redistri-
bution of the liquid phase and yield a somewhat different efficiency as a
result of a new film geometry.

There are two phenomena described in the liquid crystal literature
which could be involved in an electric field-induced change in C,. The
first phenomenon involves anisotropic diffusion coefficients which depend
on the direction of liquid crystal orientation (53). If anisotropic diffusion
were at play, a change in efficiency could occur because the field-induced
change in the stationary phase would result in an orientation that exhibited
a greater diffusion coefficient. However, the change in peak shape on the
charged column was also obscrved for a column that had been held at
approximately 45°C above the isotropic transition temperature for 30
min before the n-pentane was injected. Thus, unless ordering caused by a
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wall effect was at play, the prospect of anisotropic diffusion appears to
be unlikely.

The second phenomenon relates to the observation that, under the
proper conditions, an electric field can induce flow in a mesophase. This
phenomenon can produce regular domain patterns {6) which exhibit
vortex motion (56) or may produce a state of random turbulence which
is referred to as dynamic scattering (57). Since both processes involve
physical motion of the liquid, either could lower C; by contributing to
convective mass transport of the solute. Such effects are known to occur
with cholesteric and smectic mesophases as well as nematic materials
(58). Furthermore, in dc fields, induced turbulent flow can occur (59) in
isotropic liquids. The range of potentials required is reported (60) to
extend from a “high range” of 150 kV/cm to the “moderate range” of 1.3
to 2.6 kV/ecm. As shown below, our use of 500 V over less than 0.3 mm was
well within the latter range.

There are several features of the experiments with charged columns
that agree with the characteristics of electric field-induced flow of the
stationary phase. A contribution to the mass transfer with no effect on the
thermodynamics of the solute—solvent interaction is consistent with an
enhancement of the mass-transfer process through convective movement
of the solvent. The observation of changes in peak shape well above the
isotropic point requires that underlying phenomena be present in the
isotropic liquid, which is the case with electrohydrodynamic effects.
Furthermore, the frequency dependence of the behavior of charged
columns is qualitatively similar to that observed for dynamic scattering.
For example, dynamic scattering has been observed (57, 59) in a dc or low
frequency ac field, but not at higher frequencies. Taylor et al. (32) demon-
strated that, at higher frequencies, there was no observable effect of
potential on chromatographic behavior. The field strength employed in
that series of experiments was approximately 20 kV/cm and was within
the range over which the electrohydrodynamic phenomena are observed
(500 V over a 0.25-mm radius implicitly corrected for the 0.064-mm radius
of the wire by calculating the capillary radius from pneumatic data).

Mention should also be made of the possibility of the decrease in
resistance to mass transfer with potential arising from a decrease in the
effective film thickness or from a change in the stationary phase geometry.
If the result of an electrohydrodynamic effect is the spreading out of
droplets of the stationary phase, then the change in film geometry will be
reflected in the observed efficiency. However, at a fixed flow rate the
observed change in efficiency with potential was both reproducible and
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reversible. Although it 1s not conclusive evidence, this fact does not tend
to make the picture of physical rearrangement of the stationary phase a
particularly attractive hypothesis,

There are two tentative rationalizations which we believe can be ruled
out as possible explanations for the assymetric broadening of a peak on
its leading edge. First, displacement of coating solvent entrained within
the stationary phase was ruled out by using two dissimilar solvents and
finding the same “fronting” effect for each column. Second, breakdown
of the solute and/or statioary phase under the influence of the electric
field might produce a more volatile species. However, the peak distortion
was examined for pentane and cyclohexane, and it seems unlikely that
volatile species would be produced in two different cases in such a manner
to produce the same type of peak distortion in each case. Examination
of the front in this system using mass spectrometry would provide conclu-
sive evidence on this point.
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