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ABSTRACT

4 new, general method has been developed for detecting and recording
the presence of solute bands in the effluent stream of a liquid-eluent
chromatographic column. Since this method is based upon changes in vapor
pressure which oecur in the solvent due to the ﬁresence of a solute band,
its applicability is not limited to specifiec classes of substances.

The detector developed utilizes the temperature difference which is
established between a wick bathed with the effluent of a chromatographie
column and a reference wick bathed with pure solvent; the wicks are
enclosed in a thermostated chamber that is saturated with solvent vapor.
The temperature change is detected through the differenge in resistance
of a pair of thermistors, one of which is in contact with the wick bathed
with pure solvent, while the other is in contact with the wick bathed
with the effluent solution. The thermistors constitute two arms of a
Wheatstone bridge, which ean be balanced when both of the thermistors are
in contaet with wicks bathed with pure solvent. Any unbalance in the
bridge which occurs as a result of solute bands passing is continuously
recorded on a recording potentiometer.

Detector response is a colligative property of the solution passing
over the thermistors. A mathematical treatment has been developed and
predicts a linear dependence of detector response on mole fraction of
solute. The mathematical analysis is based on a condition of thermal

balance, and requires suitable approximations, based on the small magnitude
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of the cbserved changes, for derivation of the linear relationship. The
kineties of the solvent vaporization and condensation processes, as
influenced by the presence of solute, are postulated to play the major
role in detector response.

Further mathematical analysis of the congsentration profile furnishes
a relationship between the ¢oncentration giving the observed response and
the initial sample e@oncentration.

The evolution of the detector and its relationship to other means of
chromatographic deteetion, and to related measuring techniques, are
deseribed. Qualitative results obtained in different solvent-~sorbent
systems for a variety of solutes are presented; the response to volatile
and non-volatile solvents is discussed. Particular attention has been
direeted towards the analysis of the ergosterol irradiation mixture.

Some quantitative results are presented and indicate the nature and
sensitivity of the response. At 33°50Co<with a sampie cclumn flow rate of
5 ml./day, a referenge column flow rate of 2 ml./day, cotton thread wieks,
nominal 2000-ohm thermistors with a temperature coeffieient of L.5 per
cent per degree, fixed bridge resistances of 2000 ohms, and an applied
bridge voltage of 6 volts, the detector has a sensitivity of 188.5 mv./M.,
or the capacity to detect solute in 0.0l ml. of 1077 M, solutions; this
corresponds to detection of 107°-10"° moles of material.

The new method should complement gas chromatography as an analytical
method, with its most important applications in areas where gas chromatography

is weakest--analysis of high-~boiling and thermally-unstable components.
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It should be of particular value in biochemical, natural products, and
pharmaceutical work. Physico-chemical applications of the detector

include its use in determining molecular weights, evaluating activity
effedts, studying molecular complexing and dissociation, and obtaining

fundamental information on the nature of the chromatographie¢ process.
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I. INTRODUCTION

A. General

The advance of the development of accurate, rapid, and general
techniques of separation and analysis is one of the best yardsticks for
chemical progress. Differential migration is one of the most useful
general tools of separation, including within its scope the techniques
of electrophoresis, multiple partitioning, mass spectroscopy, thermal

and gravitational diffusion, differential sedimentation, and chromatography.
B. Comparison of Gas and Liquid Chromatography

Chromatography is one of the most widely applicable methods of
differential migration, since it is potentially useful for separation of-
all soluble substances. Chromatography is limited, however, by the fact
that each class of separgtions‘requifés a different sorbeﬁt-solvent
system and detector. In liquid chromatography, the solvent may range
from low-boiling organic substances to solutions of fused salts, and the
sorbent may range from paper strips or strings to packed coiumns. The
solvent in vapor chromatography does not vary as much, since it is not
chosen so much for eluting power as for its applicability to the detector
chosen; however, the sorbent is selected on the basis of its physical
and chemical properties, in particular its vapor pressure, thermal
stability,.énd affinity for the components to be separated. The lack of

generality of any one solvent-sorbent system is almost equivalent for



liquid and vapor chromatography; however, the detectors available for
vapor chromatography are much more general than those required for liquid
chromatography. This fact has greatly influenced the rapid development
of vapor chromatography, which has undergone spectacular growth of appli-
cation during the past four years.

Gas chromatography, with its various general, sensitive, rapid,
convenient, and relatively inexpensive detectors, has become a standard
bench and line technique for analysis and production control. Vapor
chromatography is, however, encumbered with two major limitations: it
can be applied only to those substances which have appreciable vapor
pressures below 300—&0000, and it does not alone give adequate qualitative
information about the substances separated. Even though vapor chroma-
tography is limited, the recent trend has been to extend it beyond its
natural convenient range because of the versatility of its detecting
devices. Since many organic molecules, especially those of biological
importance, are not thermally stable, and since most suitable sorbents
have appreciable vapor pressure at elevated temperatures, this extension
of gas chromatography has almost reached its practical limit.

Soluble substances with low vapor pressure may, however, be separated
using liquid chromatography. The time-honored technique for following
the development of a liquid column chromatogram has been to collect the
effluent stream in equal fractions and analyze each fraction individually,
either chemically or physically. This process is very tedious and time
consuming. To achieve a parallel and complementary status to the rapidly-

developing field of vapor chromatography, the field of liquid chromatography



now requires a detector which will be general to a large nunber of solvent
systems and solutes, respond sensitively to small, dilute samples, give
predictable response (preferably linear response) to samples over a wide
range of concentration, be simple to construct and easy to operate, and
require little attention dﬁring the development of a chromatogram.

This study has been concerned with an attempt to develop a detector
fulfilling most of these requirements. Before describing the present

detector, however, previous approaches to the problem will be reviewed.
C. Previous Detectors for Liquid Chromatography

Kenyon et al. (1) have developed a detector which utilizes variation
in absorption of ultraviolet light. The eluent stream from a chromatographic
column is allowed to drain into a quartz, ultraviolet-sbsorption cell.

A light source and photocell are arranged so that light is reflected from
the surface of the liquid in the cell as it is filled from the columm.
When the effluent fills the cell, the photocell actuates the scan mechanism
for a recerding spectrophotomseter. After the absorption spectrum of the
effluent has been recorded, the absorption cell is pumped out, and the
spectrophotometer is reset automatically to its initial wavelength. Thus,
the absorptioﬁ spectra of the solute bands are recorded intermittently
during the development of the chromatogram, allowing the observer to
determine the concentration and the composition of each solute band. This
technique is very accurate, but is limited to substances which absorb in
the ultraviolet and to solvents which are transparent; in addition to this
limitation, the apparatus is very expensive to construct and data

interpretation is often involved and tedious.



Baumann and Blaedel (2) have adapted high-frequency conductance
measurements to the detection of solute bands in liquid chromatography.

In chromatographic processes where large changes in conductance occur in
the region of the solute bands, it is possible to detect their presence
through high-frequency conductance measurements. These measurements allow
the detection of chromatographic bands without the use of internal
electrodes. This techniqﬁe can locate bands before they are eluted from
the column; however, it is very limited in scope and sensitivity.

Claxton (3) detects solute bands, utilizing the heat evolved accompany-
ing the adsorption of gases and liquids on sorbent surfaces. A net heat
evolution may alse result from solute displacement of the adsorbed solvent
at the surface of the sorbent. Detection of this net heat of adsorption
with a suitable temperature~sensing device makes possible the use of this
phencmenon to follow the development of a chromatogram. The major prob-
lems involved in the development of this technique are correlations of
the extent of temperature rise with the nature and the concentration of
the solute bands. This'approach seems applicable only to those solvent-
sorbent sysﬁems which have a sufficiently high surface energy.

Spackman, Stein, ;nd Moore (L) have developed a specific application
of absorption spectroﬁhotometry for the detection of amino acids which
have been separated chromatographically. The amino acids are separated
by ion-exchange columns which are eluted with a solvent of continuously
varying pH. The effluent is treated contimuously with a standard nin-
hydrin reagent, allowed to react, and passed through a recording spectro-

photometer. The characteristic ninhydrin sbsorption is observed at 570 mp



and LLO mp, which permits convenient quantitative analysis of amino
acids. This technique, which was almost 10 years in development, is so
much more convenient than previously used methods that it is used today
‘almost to the exclusion of the earlier methods.

Schultz, Bodmamn, and Cantow (5) have developed a differential
refractometer which has been modified by the Phoenix Precision Instrument
Company (6), for continuously monitoring the effluent of a chromatographic
column. The differential refractometer is potentially the most versatile
technique to date for recording the development of a chromatogram, since
refractive index is a general physical property, and it can be recorded
continuously. The technique is not completely general for all solutes,
but it is very sensitive for those solutes which have a refractive index
which is appreciably different from that of the solvent used. Differential
refractometry is sensitive to 1.5 x 10" refractive-index units or 1.8 x 10°_
milligrams per milliliter of NaCl in water. The technique is as follows.
The refractive-index prism is divided diagonally into two compartments.

One of the compartments contains the pure solvent, and the other holds

a portion of the effluent stream, which is continuously flowing through it.
A pair of photocells is arranged so as to detect the deflection of a
monochromatic beam which passes through the refractive index cell. The
beam deflection detected by the photocells actuates a recorder pen and

a mechanism which moves the cell so as to balance the beam again. The
chart-drive rate on the recorder is controlled by a mass-balance mechan-
ism, so that the chart is driven according to the rate of flow of the

solvent. This method is the most general that has been discussed so far;



however, it is limited to large preparative columns since the dead volume

of the prism is too large for use with small analytical columns.



I1. THE PRESENT INVESTIGATION
A . General Description of the Technique

& new technique has been developed for detecting the presence of
solute bands in the effluent stream of a liquid chromatograph, utilizing
a physical property-different from any of those discussed in the preced-
ing section. The detector senses a difference in temperature established
between a solution and its solvent in a solvent-vapor-saturated chanber.
This temperature difference arises because of the difference in the
rates of evaporation from the solvent and the solution.

This method utilizes the measurement, by means of thermistors, of
the temperature difference which is established between a cellulose wick
szturated with the pure eluting solvent, and a similar wick which is
gontinuously bathed with the liquid effluent from the chromatographic
colurn; both wicks are enclosed in a thermostated chanber saturated wi@h
solvent vapor. The thermistors constitute two arms of a conventional
Wheatstone bridge, which can be balanced when both the wicks are bathed
with pure solvent; the temperature effect of a solute produces an
unbalance which can be measured.

The temperatures sensed by the thermistors are primarily dependent
upon the competition of the following processes:

1. Heat input.

a. Electrical heating.

b. Heat evolved by condensation of solvent on the wick.



2. Heat removal.

a. Thermal conduction of heat to the liquid flowing through
the wick.
b. Heat absorbed in vaporization of the solvent (and, possibly,
volatile sblutes) from the wick.
c. Heat losses through conduction, convection or radiation to
the interior of the thermostated chamber.
Since the electrical heating of the thermistors, the thermal conductivity
of the wicks, and the condensation of solvent are not appreciably altered
by the presence of the solute band on the wick, the relative rates of
vaporization at the two thermistors must largely determine the thermal
unbalance. The change in the vapor pressure of the solvent due to the
presence of the solute band is thus indirectly detected by the thermistor,
which shows an increase in temperature for non-volatile solutes, and a
decrease in temperature for certain volatile solutes. The increase in
temperature of the thermistor is the result of an increase in the net rate
of release of the heat of condensation by the solvent condensing on the
surface of the wick (or a decrease in the heat loss caused by vaporization
of the solvent), and of an increase of electrical heating caused by the

lowering of the resistance of the thermistor.
B. Related Techniques

Although this technique has never previously been used as a chromato-
graphic detector, related thermometric methods have been used by several

workers in the last decade for the measurement of molecular weight and



the estimation of osmotic coefficients. The liquid chromatography
detector was developed completely independently of these thermometric
methods; however, there is striking similarity between these techniques
and the new liquid chromatography detector.

Baldes (7) is credited with the first sucecessful application of
thermometric methods for the determination of molecular weight. His
apparatus consisted of a pair of thermocouples enclosed in a solvent-vapor-
saturated chamber. One thermocouple had a drop of solvent suspended upon
it, and the other had a drop of solution. The temperature difference was
observed by a galvanomefer deflection due to the difference in potential
from the thermocouples. This method was found to be much faster than
osmotic pressure or isoteniscopy for determining molecular weight. The
observed temperature rise was less than was expected, because of heat
dissipation, so that the method could hot be used for measuring molecular
weights without calibration. However, the major limitation of this
technique was the low sensitivity of the thermocouples.

Taylor and Hall (8), and Brady, Huff, and McBain (9) concurrently
improved this technique by suﬁstituting thermistors for the thermocouples,
substantially increasing the sensitivity of the device. The new arrange-
ment consisted of a pair of thermistors suspended in a thermostated
chamber saturated with solvent vapor. The thermistors constituted tweo
arms of a Wheatstone bridge, supplied with an alternating potential by an
oscillator. The bridge unbalance was amplified and observed on an
oscilloscope. The resistance change in the variable part of the bridge

was used as a measure of the temperature difference between the two
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thermistors. The temperature difference was correlated with the molecular
weight.

Maller and Stolten (10) designed an apparatus which approaches the
thermodynamically-expected temperature rise more nearly than the previous
designs. This technique involved placing the thermistors in small pools
of mercury, which were covered by the solvent and sample solutions.

A higher temperature rise was observed for the solution, but it toock longer
for equilibrium to be established, more sample was required than for the
drop method, and the cell had to be removed and cleaned after each
determination.

Iyengar (11), and Kulkarni (12), have reported similar devices in
other journals, but their modifications did not substantially alter the
nature of the technique.

Higuchi et al. (13), by using an evacuated chamber and an ingenious
magnetic-stirring device, have succeeded in designing for activity co-
efficient measurement, an apparatus which reaches 80-90 per cent of the
theoretical temperature rise, since gtirring of the solvent and of the
solution reduces the surface energy required for the mass exchange which
produces the temperature rise. The evacuated chamber effectively reduces
the time required for the maximum temperature change to be observed, and
it buffers temperature changes from the thermostated bath so as to decrease
thermal instability.

The striking similarity between these varied measurements and the
new detector for liquid chromatography is in part deceiving, since the

object in the thermometric measurements described was observation of the



maximum possible temperature difference between a solvent and a solution
which can be obtained thermodynamically, while the object in the design of
a liquid chromatography detector is to obtain the maximum possible
sensltivity for a given concentration of sample. The wick and the large
bridge voltage which are used with the chromatographic detector are devices
to increase this temperature change above the thermodynamically expected
value, since the wick inecreases the surface area and alters the surface
energy, and the large detector voltage causes heating,which increases the
temperature difference between the thermistors,in the presence of a solute

band, through increasing evaporation rates.
C. Bvolution of the Present Detector

Since most of the time spent in the development of the present liquid
chromatography detector involved exploratory investigation, the course of
the development of the apparatus will be traced briefly from its conception
to its present state.

The first detector was designed to detect the progress of the develop-
ment of a chromatogram on a string column. The choice of thermistors as
the sensing elements, and the use of vapor pressure as the property
measured were the result of elimination of the other possible means of
detection of solute bands located on a string column. A detector for
string chromatography should not disturb the chromatogram, but must be
able to locate the solute bands and indicate their relative concentrations.
All of the commonly used techniques (1) were considered, but none was

found that could be adapted to this purpose. All of the existing techniques



were either too specific for one particular kind of solute, or too in~'
sensitive to small quantities of solute. The most promising of the
techniqueé considered was differential refractometry, but it required
expensive and complicated instrumentation, and it could be used only by
eluting the bands off the string.

One physical property remaining to be considered was vapor pressure.
The techniques commonly used for measuring vapor pressure were unsatis-
factory for measuring the presence of a solute band on string, since they
would require interruption of the development of the chromatogram. The
idea for use of thermistors as detectors of vapor pressure was the result
of the observation that colored solute bands on a string suspended in a
vapor-saturated chamber appeared to spread more than might be expected
from the natural spreading due toc the adsorption of the components on the
string. If part of the observed spreading were due to the net condensation
of solvent vapor from the saturated atmosphere surrounding the string,
then the region of the string occupied by the solute band should be
slightly warmer than the chamber. The problem, then, was to find the
proper chamber conditions and the proper detector for this temperature
rise. Thermistor and thermocouple sensing devices were considered, ard
the thermistor was chosen because of its much greater sensitivity.

A simple thermistor detector circuit was designed, consisting of two
thermistors as opposing arms of a Wheatstone bridge. The thermistors
were clamped onto a string Suspended on a wire frame within a bell jar
saturated with water. The solvent (water) was supplied to the string

by capillary siphon from a beaker at the top of the string. The unbalance
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of the bridge was observed with a galvanometer. The signal observed on
the galvanometer was completely inconclusive until the bell jar was
covered with a large, insulating cloth. The cloth served both as a
temperature baffle and as a light shield. The samples were placed on

the string with a long capillary and medicine~dropper. This detector
arrangement gave a barely-obgervable response‘to a drop of saturated NaCl.
This result, although not entirely satisfying, was positive enough to
indicate that a detector might be designed using this basic principle.

The detector, string, and solvent reservoir were removed from the
bell jar and placed into a silvered Dewar flask covered with a cork
arranged with a hole suitable for sample injection. This system afforded
a reasonably adiabatic container for the detector; however, it had several
undesirable features. USamples, when injected, would disturb the equilibrium
of the detector for hours; the system required hours to stabilize, but was
easily disturbed with room temperature fluctuations, and sample injection
was at best uncertaiﬁ and unpredictable.

In spite of these difficulties, the detector showed promise in the
sensitivity of its response and in its apparent linearity within the limits
of sample injection. Table I is representative of the response which was
obtained for successive dilutions of a saturated NaCl solution. The
increasing deviation from linearity can be explained by the fact that the
flow rate decreased during the time the samples were run. The flow rate
was observed to decrease without apparent reason, even with a constant-
head device. The solvent flow on string decreased over a period of

several weeks and finally stopped. Addition of detergents or alcohols



TABIE I
REPRESENTATIVE RESPONSE FOR EARLY DETECTOR

Successive Dilutions Recorder Response
Of Saturated NaCl (Centimeter-minutes)
Q.1 28L
0.01 30.2
0.001 3.2

would restore the flow temporarily, but the solvent flow would decrease
again until finally it could not be restored. This characteristic of
string columns forced abandonment of their use with a detector. The
detector was also recognized as being potentially more useful for column
or paper chromatography than string, because separations on string were
very limited.

Up to this stage in the development of a detector, both of the
thermistors had been located on the same string. This arrangement was
adopted to give an initial deflection corresponding to the total sample,
which was injected just above the top therm:‘%stor, and a second positive
peak or series of peaks corresponding to the solute bands separated by the
column. The top thermistor was useless except for a balance element,
since sample injection disturbed the equilibrium during the time that
the sample passed it. The thermistor was therefore subsequently placed
on a separate string,which acted as a reference wick only and more

effectively served as a balance element.
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Since the string had to be abandoned as a column, the emphasis of
the project was shifted to designing a detector for liquid column chroma-
tography. The string detector did not require much modification for
adaptation to column chromatography, since the strings were still used as
wicks to carry the effluent of the columns over the thermistors. Two
chromatographic columns were mounted over the detector by boring holes
in the cork covering the Dewar flask and attaching the strings to the
bottoms of the columms. The signal from this detector was found to be very
unsatisfactory because of a greatly increased noise level. The sources of
difficulty were identified as being associated with the flow rate and
the temperature fluctation of the solvent. The whole apparatus was moved
to a constant-temperature room and the solvent pressure was controlled
with a Cartesian manostat. These changes improved the stability of the
detector, but the on-off regulation of the room temperature was observed
as a sine wave on the background trace.

The background was stabilized by thermostating the detector chamber
and the columns with water from a constant temperature bath controlled to
+ OOOOBOCa The columns and the detector were immersed intc the bath,
protected by a plastic bag. It was observed that the system equilibrated
much more readily when the Dewar flask around the detector was replaced
by a glass container covered with aluminum foil. Better equilibration
with the bath temperature was obtained by using a condenser jacket around
the columns. The plastic bag was eventually replaced with a long glass

cylinder weighted with lead and insulated around the top with glass wool.
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These steps finally sufficiently stabilized the detector that a
suitable background was obtained. However, the detector sensitivity had
decreased so much as to make the detector almost useless, since it was
found that large concentrated samples were required to obtain apprecisble
signals. This lowered sensitivity was finally traced to the large solvent
flow rates used. The columns (8 mm. i.d.) required flow rates of several
milliliters per hour to elute samples within a reasonable length of time.
These large-~diameter columns were replaced by capillary columns (2 mm. i.d.),
so that the flow rate could be reduced to less than 10 milliliters per
day. Sample sizes were reduced to a few hundredths of a milliliter of
solution.

These changes bring the detector up to essentially its present form.
The nature and properties of each of the individual components of the

present chromatographic system will now be considered in more detail.
D. Components of the Present Chromatographic Apparatus

1. Columne

Fundamentally the diameter and length. of the eolumn employed with
this detector are not limited. Since the flow rate of solvent into the
detector must be limited, however, the columns must be of small diameter
if all of the eluent stream is to flow through the detector. If use of
large columns is desired, a device for diverting a part of the effluent
stream must be employed. The small capillary columns employed in the
development of the detector are very convenient for analytical purposes,

since they require only very small amounts of sample. These small columms
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are difficult to pack, but if handled properly they may be used indefinitely
with little change in properties.

The columns packed in 2 mm. i.d., thick-walled capillary tubing were
placed just above the detector chamber as shown in Figure 1. The bottom
of the column extends just below the cork cover inside of the detector
chamber, so that the wick does not touch the cork. The thermostating
Jjacket must be long enough so that the solvent pagsing down the columns
becomes equilibrated with the bath temperature. The intake for the thermo-
stating jacket should be located at the regulator for the bath, so that
the jacket temperature does not vary appreciably.

The column packing is, of course, selected for the particular type

of separation which is to be made.

2. Wicks

Cotton string or thread wicks have been used throughout most of this
work. The slze and the weave of the wick are dictated by the flow rate
of the solvent, the design of the‘detector, and. the volatility of the
solvent. Maximum sensitivity is attained with minimum wick size and
maximum surface area. The wick must be large enough, in relation to the
flow rate, for the solvent to flow without forming droplets or surges, and
to cover as much of the thermistor surface as possible; however, since the
sensitivity is decreased as wick size is increased, the optimum sensitivity
is obtained with the minimum wick size which will give a smooth solvent
flow.

The ideal situation might be to have the detector thermistor in

contact with a large-area,uni-molecular layer of solvent. This should
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allow complete equilibration of solvent with the vapor phase and should
give the maximum temperature change for a given amount of solute. It is
impractical to achieve this situation experimentally for two reasons.

1. the flow rate would necessarily be too small, and

2. the thermistor temperature is slightly above the temperature

of the saturated chamber; this increased temperature would

cause the solvent to dry and cause erratic flow.
An attempt was made to construct a detector to approach this Wideallt
situation as nearly as possible. The wick was eliminated, ana the éolvent
flowed down the thermistor in a steady (though not unimolecular) stream.
This detector arrangement was sensitiﬁe, but it was not stable, because
the solvent stream was erratic. The presence of the wick seems to
stabilize the solvent flow through the detector, and it possibly gives
added stabilization because of its larger heat capacity.

The presence of a cotton wick was at one time feared to interfere
with the separations on alumina and cause undue spreading of component
bands. A glass-wool wick was substituted for the cellulose wick, but it
did not prove as satisfactory, possibly because the larger surface area
of the cotton wick permits much more rapid condensation and vaporization
of the solvent vapor, giving greater response to the solute bands. The
flow characteristics may also have been less stable with the glass-wool
wick.

The most desirable location of the thermistors on the wick seems to
be 3-L} centimeters from the mouth of the column. Placement of the

thermistor too near the column does not allow time for equilibration of
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the solvent with the chamber atmosphere. If the thermistors are placed
too far from the columns, the solute bands may be spread,due to the net
condensation of the solvent on the wick at the solute band.

The end of the wick must be touching the bottom of the detector
chamber or some auxiliary container, since any drop formation on the wick
disturbs the flow rate of the solvent across the thermistor, causing
background instability. When siphons were used to exhaust the detector
chamber of excess solvent, they had to be arranged so that no drops would
form even on the external outlet, since this also was found to disturb
the detector.

The optimum flow rate for a given wick may be found by placing the
wick in a transparent chamber saturated with solvent vapor; the solvent
flow is then decrsased down the wick until the wick continuously appears

to be slightly damp with solvent.

3. Thermistors
The resistance of a thermistor as a function of temperature may be

expressed by the equation,

r = ro e""b(T“To)

Where r is the resistance in ohms, r, is the resistance at temperature T,,
b is the temperature coefficient, and T is the temperature.

The thermistors selected for a detector should be as nearly matched
as possible, to minimize the instability caused by the fluctuations in
the anbient temperature of the thermostated chamber and of the flowing

solvent. The values of b should be within one per cent and the values
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of ro within five per cent for the two thermistors. The thermistors used
had a resistance of between 2,000 and 4,000 ohms at the temperature of
the thermostat. Higher resistance thermistors are less sensitive, and
lower resistance thermistors cause too much electrical heating at the
voltages required for sensitive operation. Since overheating of the
thermistor will cause its resistance to drop, which increases the current
and causes still more heating, lower resistance thermistors will be more
inelined to degenerate and burn out.

Two designs of thermistors have been used, depending on the solvent
and wick desired.

a. Thermistor sealed in the middle of a glass envelope (see Figure 2).
This type of element was used in non-corrosive, non-conducting solvents.
Its major advantage is the fact that the wick can be attached to the
thermistor very securely, with a large surface area of the wick spread
thinly over the surface of the thermistor. This arrangement is very close
to the ideal thermistor-wick relationship, with a maximum exposed surface
area of wick in contact with the thermistor. The technique for securing
the thermistor to the wick is to unravel the wick up to the thermistor
and allow it to rewind around the glass envelope. The strands of the
wick are spread over the surface of the thermistor and tied with a fine,
coarse thread, so that slight jarring will not alter the juxta-position.
Care must be exercised to prevent constriction of the wick by the thread.

b. Glass probe thermistor (thermistor sealed in the end of a glass
bead--see Figure 3). The thermistors for this detector were supported by

a wooden lath, which was suspended in the thermostated chamber from the
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cork cover. The wick was unraveled and re-wound around the bead of the
thermistor, to give a maximum exposed wick surface in contact with the
thermistor. Probe thermistors are more sensitive in their response than

are glass-envelope thermistors, since the probe thermistors are in closer
contact with their thinner glass supports. The thermistors should be-
inclined slightly upward to prevent any impurities dissolved from the
wooden lath from coming in contact with the wick. If the wick is improperly
secured to the thermistor, the solvent may run backward down the thermistor

and short the connecting leads.

Li. Solvent Flow Control and Out-Gas Device

‘Solvent flow must be controlled very carefully in order to maintain
the stability required for guantitative detection of small samples. Changes
in flow rate of less than 0.1 milliliters a day may cause full-scale
deflection. Attempts tc control solvent flow with gas pressure and a
Cartesian-~diver manostat were not successful, since the pressure control
was not sufficiently sensitive. Where possible, gravity furnishes the
most constant source of solvent pressure. The solvent supply for the
columns was a 3-liter, round-bottomed flask, which was supported by an
adjustable laboratory-jack. Because of the large reservoir volume and the
slow flow-rate of solvent, the level in the flask remained essentially
constant over a period of several days. Slight adjustments of the solvent
level were made periodically with the jack, referring the level to a

fiducial mark with the aid of an eye-piece attached to the out-gassing

tube.
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The out-gas device is shown in Figure ;. Out-gassing is even more
essential with capillary columms than with larger columns, because even
very small bubbles cause solvent flow interruption in small-diameter
columns .

Detector sensitivity was found to increase almost linearly as the
flow rate was decreased down to 3-5 milliliters & day. The flow rate
selected for most of the later work was 5 milliliters a day. A flow rate
of 2.5 milliliters per day increased the sensitivity by a factor of 1.7,
but the elution time became prohibitive for the size columm employed.
More noise was also observed at this flow rate, because the wick seemed

to dry periodically.

5. Sample Injection

One of the major problems encountered in this study is the reproduc-
ible injection of a liquid sample into a moving liquid eluent. If the
solvent flow is interrupted, the equilibrium in the detector chamber is
disturbed. If, on the other hand, the sample is introduced directly,
considerable spreading of the solute band may result because of turbulence
and diffusion.

The injection arrangement used is shown in Figure 5. If the usual
liquid chromatography technique is used for sample injection, the three-
way stopcock is opened so as to cut the flow from the solvent reservoir
and allow a long hypodermic needle to be inserted into the space just
above the column. The excess solvent is removed from the column and the

sample injected into the top of the capillary. The sample rust be pushed
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into the capillary so as to avoid wetting the outside of the needle

with sample. The needle is withdrawn as the sample fills the eapillary,
but it must be withdrawn slowly to avoid trapping air bubbles whiéh:would
stop solvent flow. Ordinarily in column chromatography the sample is
allowed to flow down into the top of the column until the top meniscus of
the sample just starts onto the colummn, but with a capillary column the
solvent level may be restored immediately, since the solute band is not
spread by mixing in the capillary. It is best to restore the normal
solvent pressure as soon as possible, since the detector is disturbed by
the sample injection.

Surprisingly little spreading results from injection of the sample
directly into the solvent stream, providing the needle used is very small
and the sample is Q.0l-milliliter or less. This size sample can be injected
into the stream reproducibly by means of a hypodermic micro-syringe with

a Chaney adaptor.

6. Thermostating and Temperature Control

Temperature control is one of the major limitations to sensitivity.
The thermostat for a liquid chromatography detector should be constructed
carefully with the best available equipment; however, a bath which regulates
to * 0,01°C. is adequate for detection of samples of larger concentration
than 107 moles in 0.0L milliliters (10"3 M). The regulating elements for
the bath must be isolated from the bridge circuit to prevent any electrical

pick-up from the relays or heaters.
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The on-off heater used was a 150-watt infra~-red bulb, operated by a
mercury relay switch. The relay was activated with a Fisher-Serfass
Electronic Relay, controlled by a mercury micro-set thermoregulator. The
steady heater and cooler (125-watt knife heater, and copper coil cooled
with tap water, respectively) were adjusted so that the on-off time was
35 seconds. The detector system was insulated so that it required 195
seconds to respond to bath temperature changes.

The bath itself was insulated and covered, with the exception of a
small opening for the infra-red lamp, which was set 5 inches from the
water level. The water was circulated with a small centrifugal pump,
which was shock-mounted to reduce vibration. The water level in the bath
was maintained with a siphon.

The detector chamber was placed in the center of the bath inside a
large glass cylinder. The chamber and thermostating jacket for the columns
were insulated with glass wool. The glass-wool insulation also acted as
a cushion to isolate the detector chamber from vibration and shock, since

the suspension for the cylinder containing the chamber 1s supported by

the wool.

7. Wheatstone Bridge

The Wheatstone bridge which is used to detect the change in resistance
resulting from the difference in temperature of the thermistors need not
be designed to measure the absolute resistance. This aspect of the
requirement simplifies the design of the bridge considerably; however,

the small signals which must be measured do require careful shielding
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and grounding. Much of the random noise in the circuit can be eliminated
by damping, since the signals of interest are long in duration, allowing
use of time constants as long as 30 seconds to five minutes.

A schematic diagram of the detector is shown in Figure 6. The
thermistors (rg and r,.) were selected as described in the thermistor
section. The variable external resistances (r; and rg) were matchea
decade resistance boxes. The potential source (B) was a 6~volt storage
battery which had been charged in a stepwise manner, shaken to reduce
polarization, and allowed to stand two or three days before incorporation
into the bridge. The storage battery, when treated in this manner, is a
very stable potential source for periocds of time as long as a month,
provided that the top of the battery is carefully cleaned of all acid
and kept dry. The unbalance of the bridge was detected with a 1.0-
millivolt full-scale electronic recorder (V); the recorder used was a
Brown Electronik recorder with adjustable zero and varidble span from O-1
mv. to @=51 mv. full-scale). A change of one ohm on the bridge caused a
deflection corresponding to 60 per cent of full scale on the maximum
sensitivity secale (0-1 mv.) . Thus, with 2000-ohm thermistors having
temperature coefficients of about five per cent per degree, a temperature
difference of OaOOlOCo between the thermistors could easily be discerned
on the recorder.

This sensitivity is by no means the limit of the sensitivity con-
ceivable for this type of detector. It is, however, sufficient for

-8 -9
detection of 10 -10 moles of sample in 0.01 milliliters of solution.
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8. Treatment of Solvert and Preparation of Columns

One of the conveniences of gas chromatography is the fact that the
same column may be used for repeated separations without significant
changes in its retention times for particular components. This allows
the operator to make repeated runs, using the time required for elution
of a particular component band for identification of the component.

In liquid chromatography a given column is usually packed for a separation
and then discarded, since it may become partially deactivated. This
process is very inconveﬁient, and it is particularly so for the new
detector, since stabilization often requires several hours or longer

for a new column.

The time required for stabilization of newly-packed columns was
reduced considerably by equilibrating the solvent used with an excess of
adsorbent. This treatment of the solvent was found to be more convenient
and effective than distillation and other means of purification. When the
solvent was prepared in this mammer, the columns did not become deactivated
over indefinite periods of time. One set of alumina columns was used for
separations of ergosterol and calciferol for a period of five months with
no apparent deactivation. During that time the columns were exposed to
several different kinds of samples of questionable purity and became
discolored to a dull yellow brown, but the retention time remained approxi-
mately the same.

Two-millimeter i.d. capillary columns were packed with an alumina
slurry in the solvent used and sealed at the top and bottom with cotton

plugs. The cotton plugs served two essential functions: to prevent
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the column from being disturbed by sample injection, and to stop solvent
flow if air or dissolved gas became trapped in the capillary. These
tight cotton plugs protected the columns from certain deactivation on two

separate occasions when the solvent level ran down into the capillary.

9. Purification of Reagents and Preparation of Solutions

The cyclohexane (95 per cent, v./v.)-acetone (5 per cent, v./v.)
solvent used for the solutions employed for molecular weight and concen-
tration=respons; determinations was prepared by treatment with an excess
of adsorbent. Samples of the solvent were chromatographed to determine
whether the background was altered by the solvent.

Eastman White-Label Grade solutes were used directly with no further

purification. The sclutions were prepared by direct weighing of the solute

and addition of the solvent from a graduated hypodermic syringe.
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IIT. QUALITATIVE APPLICATIONS OF THE DETECTOR

A. General

Most of the research in the development of this detector has been
directed towards devising a tool suitable for general use in liquid
chromatography. The initial goal was to demonstrate its applicability to
various solvent systems and to a large variety of solutes in these systems.
The general exploratory results will be presented in the first three
parts of the qualitative applications section.

Once the potential was clearly demonstrated, the interest shifted to
two specific applications of the detector. Because of its importance to
other studies being carried out in these laboratories, the analysis of
the ergosterol irradiation mixture received special attention. For work
with fairly dilute solutions of these high molecular weight components,
it was found necessary to increase the sensitivity of the detector by a
factor of 100 above its level at the time of initiation of this specific
study. This new goal sparked further instrumentation to obtain the
desired sensitivity.

The second of the specific applications explored has been the possible
use of the detector for molecular weight determinations. ?his led to the

mathematical and quantitative studies presented in Sections IV and V.



35

B. Water (Solvent)-Cellulose (Adserbent) System

This solvent-sorbent system was employed in the early stages of the
development of this detector. Sinee it is not very useful chromatographiec-
§11y5,pp separations were observed; however, the general nature of the detect-
or response which was clearly established helped in mapping out the subse-
quent developments. The pattern of positive deflection (heating of the
sample thermistor) for solutes giving solutions less volétile.thgn the
solvent, and negative deflection (eooling of the sample thermistor) for
solutes giving solutions more volatile than the solvent was observed.

Table II gives a list of the solutes used in this system, together with

their directions of deflection.

TABLE II

SOLUTES OBSERVED WITH WATER-CELLULOSE SYSTEM

Solute Boiligg Point Direction of
C. Deflection
Glycerol 290 positive
Ethylene Glyceol 197 .44 positive
Butanol-1 117 negative
Propanol-2 82.4 negative
Ethanol 78.4 negative
Sugars non-volatile positive
Parker Blue-black Ink positive

Salts (Nacl, NaBr, NaI, KC1, KBr, LiCl, CuCl,) positive
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The pattern of positive and negative deflection is clearly established
in Table II, except possibly for butanol-1l, which has a boiling point
higher than that of water. The vapor pressure of a butanol-water mixture,
however, is greater than that of pure water at 25°G. It is not possible
to make quantitative estimations of the vapor pressure, because the concen-
tration of the solution as it passes the thermistor is not known.

A string column was used in this preliminary work. This first detector
was sensitive to moderately small samples, but, unfortunately, the reason
for this sensitivity was not recognized until much later. The string
column by its nature required very slow flow rates, so the quasi-equilibrium
required for a temperature rise could be approached. After the string
column was replaced with packed columns, several months of fruitless investi-
gation were required to regain this sensitivity, because of the higher

flow rates which resulted.
C. Butanol Saturated with Water--Cellulose System

When packed columns were first used with this system, it was possible
to observe chromatographic separations for the first time with the new
detector. The sensitivity of the detector was reduced because of large
flow rates, so that it was not possible to observe small samples; however,
it was possible to obtain some semi-quantitative results to demonstrate
possible use of the detector as an analytical tool.

The most interesting, and perhaps the most important, of the observa-
tions made with the butanol-water system is the negative-peak effect due

to the changes in the solvent concentration upon the intreduction of a
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solute-containing sample on a chromatographic columm. Because of its
importance, this effect will be discussed in detail in a later section
(Section VI-A).

Table IIT gives a list of the solutes used with this solvent-sorbent

system, together with their deflection directions.

TABLE ITI
SOLUTES OBSERVED IN BUTANOL-CELLULGSE SYSTEM

Solute Boiling Point Direction of

°c. Deflection
Glycerol 290 positive
Ethylene Glycol 197 .1h positive
Mineral 0il non-volatile positive
Acetone 56.5 negative
Benzene 80.1 negative
Acetic Acid 118.1 negative

Partial separation of a mixture of ethylene glycol and glycerol was
observed. The relative peak heights could be calibrated to give their
relative concentrations within five per cent. Complete separations would
have been possible using less concentrated samples or longer columns.
Since the system did not afford complete separation, the individual peaks
could be distinguished only when any one solute constituted no more than

70 per cent of the total solute in the sample.
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D. Cyclohexane (95 per cent, v./v.) and Acetone (5 ‘per cent, v./v.)
(Solvent)--Alumina (Sorbent)

(Capillary Column--2 mm. i.d. x 23 cm.)

This solvent-sorbent system was selected because it was suitable for
the separation of the ergosterol irradiation mixture. When this solvent~
sorbent system was first employed, the detector was not sufficiently
sensitive for direct analysis of the irradiation mixture. A large variety
of different solutes, including ergosterol and calciferol, were chromato-
graphed during the period of development of the detector sensitivity.

Table IV is a list of the non-volatile solutes run with this solvent-

sorbent system.

TABLE IV

SOLUTES OBSERVED IN CYCLOHEXANE-ALUMINA SYSTEM

Mineral oil Arcclor

Paraffin Polystyrene
p-Dichlorobenzene Anthracene
Naphthalene Acridene

Camphor Benzoic acid
Triphenyl methane Hexamethyl benzene
Sudan red Ergosterol

Sudan yellow Calciferol

The saturated hydrocarbon samples (paraffin, mineral oil, and
petroleum ether)} which were chromatographed showed spreading due to their

molecular-weight distribution, but no clear spreading of components,
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because the alumina column employed was too short to resolve these solutes.

With longer columns, however, this system should be useful in hydrocarbon
analysis for the non-volatiles.

Aromatic-hydrocarbon coal-tar derivatives, such as anthracene, are
clearly separated from coal-tar heterocyclics on the short alumina column
used. Asphalt samples were separated into two major components, each of
which itself showed some resolution. Longer columns should resolve these
samples into several peaks which would be suitable for characterization
of asphalt samples.

Some solutes having solutions more volatile than the solvent were
also chromatographed for comparison of the sensitivity of the detector
for volatiles and non~volatiles. The sensitivity of the detector for
volatile components increases as the vapor pressure increases, until the
vapor pressure of the solute is so large that the solute evaporates from
the wick before the sample reaches the thermistor. The maximum deflection
observed showed that the detector was as much as 100 times more sensitive
to volatile samples than to non-volatile samples. The maximum observed
sensitivity occurred with petroleum ether as a solute in cyclohexane.

This solvent-sorbent system was employed in the later quantitative
studies of detector response as functions of concentration and sample
volume. These results are tabulated in the Appendix and discussed in

Bection V.

‘e
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E. The Brgosterol Irradiation Mixture

This particular application was chosen because of its importance
and because it represented a typical case of a biochemical or natural-
product analysis approaching the limits of detector sensitivity. The
chromatographic results could be compared with results obtained by
spectrophotometric techniques recently developed in this laboratory (15),
if the detector could be sufficiently developed to be able to detect very
small samples of dilute solutions. Interest in this problem sparked new
efforts to increase the sensitivity of the detector. In order for a
chromatographically observable change in ergosterol to be induced by
radiation, with the light source and monochromator available, the irradi-
ation solution must be 1073—10-4 molar. If the sample size to be analyzed
is to be 0.02 ml., and if direct sampling, without previously concentrating
the solution is to be possible), the detector must be sensitive to 10-8-].0_9
moles of solute in a sample.

The refined instrumentabtion required to geb the desired sensitivity
was completed only shortly before the thesis was written. Unfortunately,
quantitative results have not yet been obtained for this analysisj; however,
qualitative separations of prepared mixtures of calciferol and ergosterol
have been run, and changes in ergosterol solutions subjected to sunlight
have been observed.

The alumina chromatographic columns used were checked for activity
with a mixture of Sudan red and Sudan yellow dyes (16). The Sudan yellow

was eluted from the column and detected as a symmetrical band with a peak
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at 215 minutes. The Sudan red was observed as a broad diffuse band,
first detected at 260 minutes. It was finally eluted completely after
420 minutes. This separation indicated adequate activity of the alumina
for separation of the ergosterol irradiation mixture.

Pure samples of ergosterol and calciferol solutions were chromato-
graphed to establish the retention times and purities. Caleiferol had
one peak at 205 min., while ergosterol had two peaks, one major peak at
280 min., and a minor one corresponding to the calciferol.

A 0.02-ml. sample of a 1:5 dilution of a saturated ergosterol solu-
tion irradiated with indirect sunlight for five days was chromatographed,
showing a substantial decrease in the ergosterol peak and an increase in
the calciferol peak. Subsequent irradiation reduced the ergosterol until
it was indistinguishable from the background trace. Two other small
peaks appeared between the ergosterol and ecalciferol during the progress
of the irradiation. These peaks were not identified, but they may be
tachysterol, precalciferol, or oxidation products, since in this prelimi-
nary experiment no effort was made to exclude oxygen. Figure 7 shows
a representative detection of the separation of an irradiation mixture.

While only very preliminary results have been obtained with this
system, there seems to be little reason to doubt that the detector can

be applied to this and many other systems of biological interest.
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IV. MATHEMATICAL ANALYSIS OF THE DETECTOR RESPONSE
A. Generai‘

It is possible at the present time to propose a quantitative
mathematical description of the detector response. Several simplifying
assumptions are made to cast the equations into useful form; most of
these assumptions can be justified because of the very small temperature
unbalance involved in actual measurements. It is necessary, however, to
restrict present considerations to the simplest case of a single-component
solvent.

In the analysis will be considered, in that order, the electrical
balance condition, the thermistor temperature-resistance relationships,
the thermal balance condition for certain special cases, and the shape

and size of the component peaks in the recorded chrematogram.
B. Electrical Balance Condition

The bridge circuit employed is shown in Figure 5. The battery, B,
supplies a fixed voltage, E, to the bridge. The total current, i, is
divided into the two paths iy and i, through the sample and reference
thermistors, respectively. These thermistors have resistances Ty and L

. . : . 0 o .
and are in series with external resistances ry and r,,, respectively.

s

Then

1 o 1 o)

(o}
rs # I'p Tp % T,

(1) i=EB (

or



(2) i= 1 & i

with
. 5
(3) iy = o
I's * I'S
and
(L) i = ___E_O___
I'I. & I'r

Since the reference arm is normally unaltered in a determination, it is
convenient to define

o
(5) Rr =r,+r,

The recording potentiometer, V, measures the potential difference,
e, between points a and b, under such conditions that current does not

flow from a to b through the measuring circuit. Then

(6) e=1ixr, - ir
or
T r
r S
(7) e=Eg - E—o—
T r +r
s
and
(8) 2. Eo =
E R, T o+ rg

(9) ry =
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When e = O,
o
s
Q = =
(20) r_ = r,
r
r

(o]
If ) = rg, and e = 0, then r_ = r_. This is the condition which would
ideally obtain for matched thermistors with pure solvent on each wick,

equal flow rates, and identical wicks.
C. Thermistor Tempé%éﬁﬁraﬁﬁesistance Relationships

The resistance of the thermistor is, of course, strongly dependent
upon temperature. The normal expression for thermistor resistance as a

function of temperature over a range of temperature is

(11) r = r, o 2(T"T0)

Over a very small temperature range this may be approximated by the linear

expression
(12) r = ro—a(T-T,),

where r, is the resistance at T, and @ is the temperature coefficient of
resistance. The resistance of the sample thermistor may then be expressed

in terms of the resistance of the reference thermistor as

(13) rg=r -a (Ts - T.).

It is convenient to rearrange this expression to obtain Ts in terms of -

rr + a Tr rs
(1) ng a T a
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D. Thermal Balance Conditions

At each thermistor in the detector circuit, the condition of thermal
balance can be expressed in terms of the heat input and heat removal
factors which have been considered in Section II-A. Heat input results:
from electrical heating of the thermistor and from solvent condensation.
Since the thermistor temperature is always higher than that of its surround-
ings, all other factors lead to heat removal. Most important of these
is vaporization of the solvent; next most important is probably conduction
of heat away by the flowing liguid. Less important, and probably negligible,
heat removal occurs through radiation losses from the thermistor to the
surroundings, and by thermal conduction and convection losses to the air,

Non-volatile solutes have been assumed.

1. Rates of Heat Input.

a. Electrical heating of the thermistor:
L4 = 02
(15) e isr

Reference thermistor,

6 . sa. L EZ2 r,
(16) Gr = r'r T [r+ r0)2 :
r r
Sample thermistor, .
. B
= .2 =
(17) 9gs *s's (rg + r;’)2 Ts -

b. Condensation of wvapor:
(o]

(18) q, = kc P, A AHvap
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where kc = rate constant for condensation,in moles per unit area per unit
pressure per seconds Pz = vapor pressure of pure solvent at the thermo-
stated temperature, Ty; A = effective area of wick in contact with
thermistorj and ZSHvap = heat of vaporization of solvent at T, (assumed
temperature independent). The heating due to condensation of vapor

is assumed to be identical for both sample and reference thermistors,

provided that A is the same for both wicks, since both are in contact

with the same vapor reservoir.

2. Rates of Heat Removal.

a. Vaporization of solvent;
° - AR RT
(19) qv = Bv e vap/ A stvapo X,

where Bv = pre~exponential factor for rate constant for vaporization,

in moles of solvent vaporizing per unit area of wick per second, and

ZLHvap is assumed to be the activation energy for the vaporization process.
X, is the mole fraction of solvent at the thermistor. It has been assumed
here that the solution is ideal; otherwise it is necessary to replace X,
by a; = X, ¥, . Since sample and reference thermistors may be at different
temperatures, the temperature T may be either TS or Tr'

b. Conduction of heat by flowing liquid:

(20)  qp = kgF (T - To),

where kF is the rate constant for the heat removal, in calories per second

per unit flow rate per unit temperature differential between solvent, at
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Ty, and wick,at T. F is the volume flow rate of the solvent down the
wick (hence the flow rate of the column). F and T may differ for sample

and reference thermistors, but k. and To are essumed invariant.

F
c. Radiation of heat to surroundingss

(21) &y = kg (T- 1)
This term”is considered negligible at the small temperature differences
employed.

d. Conduction and convection of heat to the surroundings through the
gas phase:

(22) qG = kG A(T - TO)>

where kG is the rate constant for the heat removal,in calories per second

per unit area per unit temperature differential. This term will probably

be negligible, but is included for completeness.

3. The Balance Conditions
All terms except radiation loss from the thermistor are included.
a. Reference thermistor:

Rate of heat input = rate of heat removal.

(22)  qg. + 9. = Q. * 9. * g * g

Ez o
(23) —=—=7; r,+kFP1 A OH

B o SHvap/BTr 4 ap .
(v, + 9 v r T v

ap = ap

r
kFFr(TI_-TO) + Kohp (T,=To)-

Since pure solvent is used as the reference, X,r = 1. During a run,the

conditions at the reference thermistor are assumed constant.
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b. Sample thermistor:

(2k) A * A & g * Apg * s * qu

2
E ) -a /RT
(25) W ro+ chl 4 AHvap = Bve Hvap 5 A AHyape. X,
+ kFFS(TS-TO) + kA (T, - To)

Since the resistance Ty and temperature TS are inter-related by equation
(13), equation (25) may be considered to be the relationship between Ts

(or rs) and concentration (expressed as X,;) at fixed bridge voltage,
thermostat temperature, and column flow rate. Combination of this
expression with equation (9) furnishes the desired relationship of observed
recorder voltage, e, to concentration. Thus the problem has been solved

in prineciple, but the equations obtained are not in readily useful form.
Considerable simplification can be effected by considering the equations
subject to the restriction of very small temperature difference between
sample and reference thermistors, and by making other highly plausible

assumptions.

E. Derivation of Response-Concentration Relationships
for Ideal Solutions of Non-Volatile Solutes

The starting equations in this treatment are the thermal balance
equations (23) and (25). Subtraction of equation (23) from equation (25)

gives
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r r
(26) E2 = - z +kP.° A A-4) =
{(rs > rg)z er} c 1 Hyap ( s r)

BV e AHvap [Asx'le- AHvap/RTS_ .Are- AHvap/RTr] .
+ kFFFs(Ts“T°) - F (T -To)] + kGFAS(TS-TO) - AT, ~To) 1.

It will be assumed that the wicks are equivalent, so that As = Ar = A.

Then
s Tr -AHyop/RT
(27) B2 [ —2— - ] = By AH,gy-Alx,e Slvap/RTs
- (rg * rg ) er ) .

e‘AHvap/RTrJ * kplF (Tg-To) - Fp(Tp-To) ] +
kA(T ~Tr).

It is convenient next to simplify equation (27) term by term.

The term on the left-hand side of the equation is the difference in
electrical heating of sample and reference thermistors. It may be
simplified by taking advantage of the relatively small difference in

resistance of the two arms of the bridge.

) o
rs-o-rso (rs+rs)-(rr+rr)
LA ——— 1+ .

(28)r4r° ) r_+1r°
T r r by

This is of the form 1 » x with small x, and

2
(29) (L+x) =1+ 2x+x® o 1+ 2x for small x.
Hence ) i i )
0 R | o o
(30) r % Ty ~ 1+ 2rg . er " ~ 2 (fr*rr)
r_+r° r_+r° r_+r°
r r r r r



and, to this appreoximation,

) 0 o
(31) (rs *rg )% = &r, + Tr )rs ¢ (r, ¢ I‘ro) (ero T Tty )
Thus
T r
(32) P— = =—
2 -
(rs * T ) (2rS * 2r_ Rr)-Rr
From equation (13),
(33) ro=(r,-aT)+ aT_-
Combining equations (32) and (33),
r r % a¢-AT
(34) ——m-"g——;-z SR = o
(rg » r.°) _20‘.o AT + 2(r +r ") - Rr]Rr

The electrical heating difference term then becomes

(35) .@f{ i 'rr} . B
R

Oy - o 2
T Fz(rr * rs) Rr] + 2a° AT Ry R,

o _ o o
er(rr T )+ (rr -rr)u AT

o -_ 0O _
R, - 2 (rr rg ) + 2& AT

It is readily seen that this term is small and can be made essentially

, o o) s
zero if rro = rs and r, = rr; both of these conditions can be met

experimentally. Two cases will be considered separately. In the first

v} 0 . .
case, rro = rS and rr = rr, so the electrical heating term drops out.

o o
In the second case, r. Tys and the term becomes

o s 2 o_
(36) .Ej_ .(i' Tp) O AT ~ 2 (7 = =) @ - AT
; R 2 RI‘ + 2a- AT — R 2 RI'

r r

51
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where the approximation is based on the fact that 2 @ AT < < R..

2. AT

e

s 6.01; even a 0.1 M solution is considered to be a high concentration,

(For 0.1 M.biphenyl, 2 @+ AT o, LO chms, R, ~~ LOOO ohms,

probably higher than would normally be encountered in chromatographic work).
The first term on the right-hand side of equation (27) represents
the heat absorbed by vaporization. It can be considerably simplified by

the following assumption.

A Hyap
- AHyap/RTg - OBy S S . AT
(37) = ce e R TR L TEOTE,

o~ 4 Byap/RT .
Abvap — Aq

s e R Tr?
AHvap > .
The exponent, T‘f;? - AT, can be evaluated for a case studied. For 0.1 M.

biphenyl in cyclohexane (95 per cent, v./v.)-~acetone (5 per cent, v./v.),
with T, ©% 300%K a deflection of approximately 20 ohms was cbtained; since

the thermistor resistance changes about 100 ohms per degree, AT 22 0.2°.

, AH
For cyclohexane, AHvap = 6620 -x%%%é- at 2500, (17). Hence —Va8 AT

RT =
-3 r
A 7 x 10 , for a concentration considered to be in the high range. The

exponential term in equation (37) may be considered, therefore, to be of

the form e° with small x, so that

(38) e AHvap/RTs ~ AHvap ) AT ~ 1. AHva . AT
- 2 -
o AHvap/RI‘r e R T, ) R Trz.

Thus the vaporization term in equation (27) becomes

(39) By -AH -4 [x o~ AHyap/RTs _ =Alyap/RTy]

= By°AHyap A o Alvap/RT; [x; + x Slvap AT )
IR Trz
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Intreducing the mole fraction of solute, Xy = 1 - Xq,

().1.0) B‘V A H‘vap °ALX16-AH'V&p/RTS~e‘AHvap/RTr]

= BVDAH‘VB.p oft oe-AHvap/RTr [_é_glap_o TA_Z - Xa(l - Ag;agz.AT)J
r r

Jt is alse convenient to rewrite the second term on the right-hand side

of equation (27) to include specifically the quagtity AT = T, - Tpo
(L1) kg I_ZFS(TsuTO) - Fp(Tp-To)] = kFIEFS"AT + (Fg=F,.)(Tp=To) 1.
For equal flow rates, Fg=F.=F, and
(42) kg FFS(TS-—TO) - F(Tp~To)] = kg F- AT.

The expressiens in equations (36), (LO), and (L1) can now be

introduced into equation (27) to obtain

2 ) - AH
(L3) __E_a (rp%-rp) G AT = ByAHyaph e AHyap/RTy [é_li%an. TA;%

DObvap
R

- Xg (l‘-b ﬁz)]

» kplF AT ¢ (Fg-Fp)(Tr-To)] * kgh-AT.

Recombining terms, grouping those linear in A T, and solving for x,

gives
2 =~ AHy g, /RT
. 2 o ° a) r
(e F 4k oA *(rr-rg)g—fﬂcv%w Ae P ] OTekp(F _-Fy) -
(bbh) xp = - i : (Tp-To)
o - H RT AH'vap A
By* AHygp e ARy ap/RTy (1 + —s -ﬁ—ﬁ)
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For fixed flow rates, thermestat temperature, and bridge voltage, this is

of the form
()-LS) X, = a . AT+ b
(L+c . AT)
where
kpFg + KA + (rr—rro) Ea
(L7) a = | B
By e AR gy +he” Ofvap/RTy
(18) b SEEsT) (TrT))
By+ AH, -Awe AByap/RTy
and
A
(L9) ¢ = _H"""_p__
,RTI‘?“

Atyap
2 s
r

It will generally be true that cc AT < < 1, as was shown in the discussion

-3
between equations (37) and (38), where c. AT =% 7 x 10 for 0.1 M.

biphenyl, which is considered to be in the high range of concentration.

Hence an error of less than one per cent will generally result from neglect

of the c+ AT term, and

(50) %, = a-AT =+ Db

Equation (50) can be expressed in terms of the observed voltage, e,

by use of equations (9) and (14). Then
r
r

(51) xp = ’2 e

o_o e 0
(r. -rg )+ 5 (rptrg )

+ Db

rO
(Ir o
RI‘

)

=le
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Setting the external resistances equal (rr°= rso),

a(r_ + r °) e
(52)  xp= —E_—S —£ + b
(E=* E)
R E
Seolving for the measured voltage, e,
r [2]
T
(53) e= %
a(rr ¢ r5°%) - (x, -b)
a

When x; = O (pure solvent on sample thermistor), e = ey, and

(BL) eo= Ey @

Equation (53) shows a nearly linear variation of observed voltage
with the mole fraction, x,, of solute. Deviations from linearity might
be expected at higher concentrations, because of the x; term in the
dencminator of equation (53); this should cause a more-rapid-than-linear

increase of e with x; at higher concentrations. The origin of this term

8

B

Since rro, Ry, e, and E have all been mgasured, the importance of this
Tr

term can be estimated. The value of —— is about 0.5. The bridge

Ry

voltage, E, is 6 volts. Observed values of e range from less than one

can be traced back to the = term in the denominator of equation (52).

millivelt to perhaps 20 millivelts at the highest concentrations employed.

-3
Hence % is in general less than 3 x 10 , which is less than cne per
r ©
cent of —X—. Thus, except for concentrations higher than 0.1 M.,

Re
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equation (52) becomes

a(r_ + r °)R
(55) Xp = S T o 2 = ‘E‘#rb,
a rn.

and equation (53) becomes

a rro B
(56) e = (x5 - b).

o
a(r, + T )Rr

When x, = 0, e = ey, given by

o

ar, E
= - b ‘
(57) eg a(rp + O, , 50 that
a fro B
(58) e - eo = xz

a(r, + v °)R,

Equation (56) or (58) may be taken as the fundamental equation for
describing the detector response. Further justification for the
simplification of equation (53) to the form of equation (56) can be
inferred from the available data. In thé quantitative study of biphenyl
in cyclohexane-acetone solvent, a response of L.l5 mv. was obtained for
a 0.022 M. solution, in a range w%ere the response-concentration dependence
was found to be linear. Using %f— = 0.5 and E = 6 volts,'i (rp + rso)
is found to be 5.25 in this solution with x, only 2.l x 10™°. Thus the
X5 %erm in the denominator of equation (53) should be negligible up to
perhaps .1 M. solutions, so that use of the linear equation (56) is
clearly justified in most of the cases of interest.

It has, then, been shown that, within the framework of the assumptioens

made, the response of the detector should be a colligative property,
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dependent only upon the mole fraction of solute in the solvent. Since
dilute solutions are used, the response is alse a linear function of

the concentration expressed in molality or molarity. Thus

(59) my &2 1000 x,
Ml
and
ra v
(60) Ccg g dl

where m, = molality of solute, c, = molar concentration of solute,
M; = solvent molecular weight, and d, = solvent density.

The assumptions which have been made are:

1) thermal balance at each thermistor,

2) equivalent wicks,

3) constant rate of condensation, determined by the solvent vapor
pressure at thermostat temperature,

l}) negligible radiation heat loss from the thermistors,

5) no change in composition or temperature of the solution as it
descends the wick prier to reaching the thermistor,

6) no heat capacity for the wick or the thermistor,

7) small percentage changes in absolute temperature and resistance
at the sample thermistor in comparison to the reference
thermister, and

8) ideal solutions of non-volatile solutes.

Bach of the assumptiens should almost»certainly be valid except for the
neglect of temperature changes in the solution as it descends the wick,

and the neglect of the heat capacities of the wick and the thermistor.
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The heat capacities of the wick and thermistor are probably effectively
incorporated into the term kah- OT, but the solution temperature
assumption is probably less valid. However, as shown below, the form of
equations (56) and (58) is unaltered by this assumption; only the
definitions of some of the parameters are changed.

Perhaps the most plausible assumption for the descending solution
is that it equilibrates thermally with its surroundings through the
condensation~vaporization equilibrium. Then, equating condensation and

vaporization rates,
o -
(61) chJ. = BV e A Hvap/RT Xl

where T is the temperature on the sample wick just before the thermistor.

For the reference wick, x5 = 1L and T = Ty, so

(62) kéPlo = B, e-/ZSHvaP/RTO
Hence
(63 xy e SmalTo o, OMva -1y
i e—AHVap/RT R To2
or A
H
_ vap (T - T,)
(6L) Xz o Toz
and
=2
(65) T= Bo— x, 41,
£>Hvap

The temperature T, in equation (25), in the second term on the right-

hand side should be replaced by T. Hence
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(66) kpF (T ~To) ——= kpFg(T4~T) = kpFg(To~To) - kpFg- Z\_H_f:p X2
The only change in the derivation is, then, the addition of the term
RT 2
- kpFy o AO o X5 to the right-hand side of equations (25), (26), (27),

ap . .
and (L3). Introduction of this term would modify equation (LL) to

read
o, E2 - AHygn/RTp
' [kFFS * kGA + (rrwrr R _Hmap Ae p JAT
6 =
(61) ¢ p(FaEy) (TomT)
- DHygap/RT DH . . AT RT >
BV°AHvap Ae S of (R Th T2 ) + kFFS'Sﬁ:;p

Equation (45) would then become

a- AT + b

1+ c AT+ kFFS°2RT

4

(68) =x,

/RT,,

Since c. AT < < 1, as has been discussed,

a,. AT+ b a. AT + b
(69) X2 = 2 = 5 2
1 4 KFFs- IziTo
. By*AHyap Ae~AHyap/RTr
where
2
) N kpFo - RTq
(] = o 2 - AH
(7 P Bv,Aﬁvap . ae”B vap/RTp.
Thus

(71) xp=3a's. AT + b!

where
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(72) avgg andb‘a%.

The form of equation (71) is identical to that of equation (50),
and equations parallel to (51) through (58) can now be written bj
replacing a and b by a! and b' respectively.

It has been estabiished %hat the response of the detector should be
a colligative property, varying linearly with mole fraction (or concen-
tration) of solute in the solvent for ideal solutions. The colligative
nature of the response leads to a high generality of applicability of the
detector for chromatographic purposes, and suggests its usefulness for
the determination of molecular weights and thermodynamic properties.

It is possible through use of known concentrations of samples of
known molecular weight to determine the constant s%(rr * rso), and it may
then be assumed that this parameter 1s the same for different solutes,
provided the thermostat temperature, solvent, column flow rates, and
bridge voltage are unchanged. As will be shown in the next section, the
linear relationship between response and concentration makes possible
quantitative chromatographic analysis utilizing integrated areas of the
component peaks.

The mathematical development has been based on a reasonable set of
assumptions, and it leads to conclusions entirely consistent with
observations thus far made.

The response per unit concentration can be seen from equation (56)
to increase with bridge voltage, E, and with the temperature coefficient

of resistance, a, of the thermistors used. The effect of flow rate can
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be seen in the constant b', which is proportional to (F, - Fp,and produces
an unbalance signal with pure solvent on the sample thermistor. The flow
rate also affects a', where its primary contribution enters into the
numerator in a way»which leads to an essentially inverse dependence of
response on flow rate, as was so strikingly apparent during the evolution
of the detector inteo its present form (see Section II-C). The effect of
the heat of vaporization of the solvent is quite complex, since a high
value reduces the rate of vaporization, but increases the heat effect per
mole vaporized; a very high heat of vaporization would tend to diminish
response. The term kp, which includes heat capacity and thermal conductivity
of the liquid, probably does not vary appreciably from one solvent to

another. The effective area, A, is important in inereasing the response,

so wick design is of obvious importance.
F. Concentration Profile of Solute Bands

When a sample is injected onto a chromatographic column, the sample
initially may be considered to have approximately a rectangular concen-
tration profile, with a width proportional to the volume, V,, of the
sample, and a height equal to the initial concentration, C;. When the
band passes through the column,itsspreadihg‘will tend to give it a
Gaussian shape, provided no chemi-sorption occurs. Depending upon the
relationship between V, and the spreading, three distinet situations can
arise, as represented in Figure 8. Figure 8-A shows a case in which the
spreading leads to a concentration at the center of the band appreciably

lower than the concentration, Cy, in the initial sample. Figure 8-B
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CONCENTRATION §°

FIGURE 8. GAUSSIAN SPREAD OF CONCENTRATION
FOR SAMPLE INJECTIONS OF VARYING SIZE:
A, SMALL SAMPLE, C,,,< C,5 B, LARGER SAMPLE,
Coux= Co s NO FLATTENING; G, STILL LARGER
SAMPLE, C, .= C, , WITH FLATTENING AT PEAK.

AX o ?
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Trepresents the special case in which the spreading and Vo are so related
that the peak height is just Co, but the shape is Gaussian. In Figure 8-C
is shown the case, for sufficiently large sample volumes, where the
leading and tailing edges of the band are Gaussian, but where the central
portion has levelled off to give a flattened peak with height Coe
Figure 8-A probably represents the situation most frequently encounteréd
in chromatographic work, where small sample volumes are employed to provide
maximum resolution of component peaks. Figure 8-C represents‘the case of
greatest interest for molecular weight and thermodynamic studies, where
it is desirable that the detector response be directly associated with a
measured concentration; this case is also most useful in assessing the
response characteristics of the detector itself. It is worth-while to
look into the mathematices of the concentration profile to see what can be
inferred from measurable properties of the component peaks.

Since the recorded chromatogram is presented in terms of millivolts
of response vs. time in minutes, the mathematical treatment of the concen-
tration profile will be set up on this basis. Assuming a Gaussian shape

for the concentration profile,

(1) oy = Bo (b MY

where Ct = molar concentration of solute at time t, '6 = molar concen-
tration of solute at the band peak, % = time to reach peak (from sample
injection time), and P is the broadening factor, such that a high P
indicates much spreading, while a low P indicates a sharp, narrow peak.

If an initial volume, V5, of sample of concentration Gy is originally
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injected, the total number of moles of sample, n,, is given by
(7)4) 1’10 = 00V00

This total number of moles must alsc be obtained by adding up the numbers
of moles across the solute band--i.e., by integration of the band. For
integration, the concentration expression in equation (73) must be
multiplied by the volume flow rate, F, in liters per minute, and then
integrated over a time interval which includes the entire band.

0l 2o “Fy2/82
(?5) g = COVO = j‘Ftht = I fee-(t“t) /B dt
t=0 t=0

Then the peak concentration is given by

Vg
e y2/p2
F j o~ (t-t) /8 dt

t=0

(76) T = ¢

The definite integral can be evaluated from a table of integrals, rewriting

it in the form

0o N - 0
(1 B j o T(HEI/BE 4 (%E = ?j e ax = BV
t=0 -00
Hénc;e

F-By ®
The parameter § may be related to the band width, expressed as the half-

. Fond .
width, AOt,, at the half-height, Cy = < C, from equation (73).
z
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- I R

Thus
(80) B = Oty
V1n 2
and
(81) /6 = C ° Vn
F ot VE /In 2
2
or
TF ot/ 7/ In 2
(82) Co = %

Vo

so that the initial sample concentratio; cah be determined from the peak
height, ﬁ; the half-width at half-height, lkt%, the volume flow rate of
the column, F, and the sample volume injected, V,.

Since it has been shown in the preceding section that the response,
e-ey, is proportional to concentration (equation (58)), concentration
can be calculated from the observed response, if the peak is Gaussian.
Furthermore, even for non-Gaussian peaks, the integrated area will be a
measure of number of moles introduced, and this in combination with the

injected sample volume, Vy, is sufficient to determine concentration.

Thus

a rro B X, = a rI'O E . M-, Cz
1000 d

al(rp + rs®)Ry al(ry + v5°)Ry

(83) e"'eo =

or
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(BL)  e-ep = o0y = o.T e (b /B

where

¢ rr®E M. millivolts

(85) o = ar(r. + v O)R, " 1000 d; mole/Iiter
r S

a constant characteristic of the solvent system and detector under particu-
/—\
lar operating conditions. The maximum response, (e - eg), is then

/N -~ v
-(86) (e —eg)= 6 C= @- —L0 . Co
F.O0, YV fi/1n 2
2
or
N
(87)  Go= (9T %) F AtV Wine
6 - Vo
The area under a Gaussian response curve is given by
o0 oo ~
~(+-£)2/p2
(88) (.= f(e—eo)dt= c € Je (0-2)%/B% 44
t=0
V-C n
= L0 = —_e
 °F T F

Thus the number of moles introduced is

(89) Ng = . Q,

q

and the initial concentration is

F
(90) CO = G-VO ¢ OJ

The conclusions regarding area are not restricted to Gaussian curve
shapes, but are a consequence of the linearity of response of the detector.

A general response curve can be formulated as
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(91) e-eq = o T - S(t)

. ~-(+-F)2/B=2
where 5(t) is the curve-shape function, which was e (t-%)=/P for the

Gaussian shape. Then

oo o0
(92)  ny = -I;:-Q = -f;— f(e-eo)dt =FC fs(‘b)dt = CoVg

t=0 t=o0
. » (\ 3
The relationship between C and C, is, of course, dependent upon the curve

shape.

Vo
oo
F tf S(t)dt
=0

It is of interest to determine the sample volumes, V,, which will

)
(93) C = C,

give each of the three curve shapes shown in Figure 8. This is con-~

veniently found by’setting'a = Cy in equation (81). Then

(o) Vo = \‘ Fe &t A/F/1n 2
<2

is the volume which will just give the maximum, 6, equal to the initial
concentration, C,. This is case B in Figure 8. Case A corresponds

to Vg < F- Aty VW /In 2, and Case C corresponds to Vg > F. Cxt%’Vﬁ‘7ln 2.
2

G. Factors Causing Non-Linear Response

In the mathematical development of the detector response relationships,
it was found that linear response is to be expected, at least up to concen-
trations of perhaps 0.1 - 1 M., insofar as the thermal and electrical

characteristics of the detector are concerned. It is possible, however,
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for appreciable deviations from linearity, or apparent deviations, to
occur at much lower concentrations through failure of the solutions to
obey ideal solution laws, or through specific solute-solvent or solute-
solute interactions which can be classed as molecular-complex formation.

In application of the detector to systems of organic solutes and
solvents, in the concentration range below 0.1 M, activity effects would
not be expected to be pronounced. However, it must be recognized that
non-linearity can result from these effects, and it should be pointed
out that the detector does indeed offer a possible tool for study of
these effects.

Of more apparent concern to the present study is the possibility of
molecular—compound (or complex) formation, particularly through solute-
solute interaction. It is possible for complexes to form ffom inter-
action between different solute speecies, or from solute-solvent inter-
action, but the case of direct interest to the present study is
dimerization of a pa;ticular solute species, and only this case will be

treated in any detail.

If a solute species, A, undergoes dimerization

C
- (95) 24 = £z

C~2x x
an original concentration, C, will appear as a total molar concentration
of C - 2x ¢« x = C = x at equilibrium. The concentration, C, and hence
the dimer concentration, x, will vary across a band with the nominal shape
shown in Figure 8 A or B, and the resultant shape will be complicated by

the dimerization. In the case shown in Figure 8 C, however, in the



69

flattened peak C = C,, and the peak height will correspond to Gy - X3
this situation, then, is the desirable ‘one for study of the dimerization
equilibrium constant, K4, which is given by

(96) Ky b2l . __x
(A)Z (Co "zx)z

This equilibrium constant ean be obtained readily from a response vs.
concentration curve, which should approach linearity at lower concen-
trations. If the linear portion is extrapolated to a concentration, Cg,
where dimerization occurs, the vertical depression of the actual response
compared to the extrapolated response is a direct measure of o x, and a
horizontal line drawn from the point obtained at Cy to the extrapolated
linear response line will intersect the response line at a concentration
of C, - x. This method is illustrated in the next section, where it is
applied to an experimental case. It must be recognized, however, that
the validity of the method rests upon the assumption that the dimerization
is wholly responsible for the observed non-linearity. This assumption

requires more experimental data to become Justified.
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V. QUANTITATIVE OBSERVATIONS~~CORRELATION WITH THEORY
A. General

Quantitative data became obtainsble only at a very late stage of
the investigation, after evolution of the detector to its present form.
Earlier qualitative or crudely semi-quantitative studies had indicated
a rough proportionality between concentration and response, and a
quantitative study was undertaken to better define this relationship for
various sample substances.

The quantitative data obtained are tabulated in complete form in
Appendices I and II; all data were obtained with the cyclohexane (95
per cent v./v.) and acetone (5 per cent, v./v.) solvent-alumina sorbent
system. The data obtained fall into two distinet groups: data obtained
for small sample volumes with C < Co (corresponding to Figure 8-A), and
data obtained for larger sample volumes, giving flattened peaks with
T = Co (correspording to Figure 8-C). The second group of data is more
conveniently treated from the standpoint of detector response theory
and factors causing non-linearity of response, while the first group of
data requires in addition the application of the concentration profile
analysis. It is more convenient to treat the flattened peaks first, and

then to examine the small-sample-volume data in light of the results

obtained with larger samples.
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B. Large Sample Volumes, Flattened Peaks (C = Cg)

Only one solute, biphenyl, has been studied extensively, with
sufficiently large volumes of sample (V, == 0.05 ml.) at different solute
concentrations to make possible the mapping-out of the concentration-~
response curve. A few scattered observations with hexamethylbenzene and
with triphenylmethane solutions have also been obtained. The data obtained
are presented in Appendix I, and the response is plotted as a function of
concentration for biphenyl in Figure 9.

The data plotted in Figure 9 were not obtained under the conditions
of the mathematical derivation, with rSO = rron However, essentially no
change in response to sample was found to result when identical samples

o o

were injected with ry~ = r = = 2000 ohms, eg = ~-28.1 mv., as compared

with rro = 2000 ohms, r © = 1949 ohms, e = O mv.

s

Later data were obtained after the detector was opened and the
positions of the wicks were altered, and these later results show a lowered
response at higher concentrations, although nearly the same response
was obtained in the lower concentration range (0.01-0.0L4 M.).

Since the deviations from linearity at higher concentrations differ
from solute to solute, it appears likely that these are a function of the
samples themselves, rather than of the detector. In partiecular, it would
appear that dimerization or higher aggregation of the solute species
studies could occur through fi~complexing of the type reviewed by

Andrews (18). The non-linearity is then ascribed to the resultant higher

average molecular weight and lowered relative molar concentration at
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higher sample concentrations. Attempted quantitative treatment of the
association would be premature on such limited data.

The three most important conclusions which can be drawn from these

preliminary quantitative studies are as follows.

1) The response appears to be very nearly linear with concentration
for concentrations below 0.01 M, and response to different solutes
appears equivalent in this range. This suggests the predicted
applicability of the detector to dbﬁain quantitative analytical,
molecular weight, and thermodynamic data.

2) Deviations at higher concentrations appear to be dependent on
the nature of the solute, and probably are a measure of complex-
ing or association phenomena.

3) From the response to low concentrations, of biphenyl, the inherent
sensitivity of the detector is estimated to be 188.5 mv./M., with

'a peak-to-peak noise level in the present detector of about 0.1 mv.
Thus the present sensitivity is such that a 0.001 M. solution is
detectable at signal-to-noise of 2:1. This has been verified for

an ergosterol solution.
C. Small Sample Volumes (€ < Co)

Solutions of various molarities of biphenyl, triphenyl methane,
hexamethylbenzene, and acridene have been injected with V, equal to 0.01
and 0.02 ml. Peak heights, half-widths, and areas have been evaluated

for these samples; the data are presented in Appendix II.
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Two aspects of these data are particularly striking. First, the
reproducibility of integrated areas is axcellent, even when samples were
introduced without first withdrawing the solvent--i.e., with simple
injection below the surface of the solvent onto the column without disturb-
ing the solvent flow. Areas are reproducible to * 2 per cent. The
integrated area should be a direct measure of the number of moles of
solute in the linear range of response. Unfortunately, it was found later
that these samples were run in the non-linear range of the response-
concentration curve; this caused a non~linearity of area as a function of
the sample volume, V,, also, since the pesak concentration depends upon Vgy.
Furthermore, the non~linearity led to non-equivalent areas for equivalent
concentrations and sample sizes of different solutes, so that molecular
weights were not obtainable from these data.

Second, the dependence of ﬁ/oo on V, for biphenyl solutions correlates
well with the predictions of the Gaussian concentration-profile treatment
and makes possible the calculation of the broadening factor, B,in
equation (73); values of C/U, were obtained from Figure 9. With sample
injection beneath the solvent, E/C0 is approximately 0.3 for 0.01 ml.
samples and 0.45 for Q.02 ml. samples; these give values of B of 6.4
and 8.5 min., respectively. Again the non-linearity of response is
reflected in the values of P, where the half-height is lower than it
should be, giving higher values of B, for the 0.02 ml. samples as compared
to the 0.01 ml. samples. For 0.02 ml. samples introduced onto the column
after withdrawing the solvent, 6700 is about 0.57, indicating that the

spreading factor, B, is reduced to about 7.4 min. by this technique of



75

sample injection. These results predict a flattening of peaks to occur
for V, greater than 0.045 ml., and this was verified experimentally in

obtaining the data discussed in Section V-B and tabulated in Appendix I.

ml.

The flow rate, F, was 5 oy

°
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VI. DISCUSSION AND CONCLUSIONS
A. The Pre-Peak Effect

The most interesting and useful aspect of the results obtained with
the butanol and water solvent-cellulose sorbent system is, perhaps, the
observed pre-peak effect. The pre-peak effect appears at the flow-
through time of the solvent, and has been observed only in those solvent-
sorbent systems that have a stationary phase which constitutes one of the
solvent components. This occurs with a cellulose adsorbent and a water-
containing solvent, since a layer of water is held on the cellulose.

This layer, which may be many molecules deep, acts as the adsorbing sub-
stance binding a thin, perhaps mono-molecular, layer of butanol, the
other component of the solvent.

The pre-peak has two parts: a negative deflection occurring first
uat £he flow-through time corresponding to the time required for a solvent
sample rich in butanol to be detected, and a positive peak at the time
corresponding to the flow-through time of a solvent sample rich in water.
Figure 10 shows a represeritative pre-peak.

Rationalization of the pre-peak may follow two courses which at first
appear to be entirely different but are actually the same explanation
from two different viewpoints.

The first, and perhaps the most straight-forward, approach is to
consider the length of the adsorbent which is occupied by the solute

sample when it has just completely run into the column. The solute sample
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will initially displace the alcohol which is held on the water layer,

SO that an alecohol-rich band will flow down the column at its natural

flow rate; since the solute must now be in equilibrium with the water
layer adsorbed on the stationary phase; some of the water will be displaced
and flow down the column at its natural flow rate. The water peak
partially overlaps the alcohol peak, so that it is cancelled to a certain
extent .

The alternative explanation is by analogy to gas chromatography.

The phenomenon has been observed in the determination of impurities in
certain of the gases usually used as carriers in gas chromatography. The
phenomenon has been observed by J. P. Mickel (19) and E. Erb (20)
independently in the determination of oxygen and nitrogen in hydrogen or
helium, using Golay-type capillary columns.

The negative-peak effect, as it is named in gas chromatography,
appears when a pure hydrogen sample is injected into a stream of impure
hydrogen, which serves as the eluent stream for a capillary column.
Negative oxygen and nitrogen peaks appear at the times required for elution
of oxygen and nitrogen, respectively, if these gases are run in the same
column with a pure hydrogen eluent. This effect can be rationalized, if
one pictures bands of oxygen or nitrogen deficiency moving through the
column with the same retention times as these gases would have as samples
in a stream of pure hydrogen.

In liquid chromatography, one may consider the eluent as a non-

The portion of the solvent which contains the solute

compressible gas.

could then be considered as a band which is reduced in solvent
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concentration. This solvent band should move through the column at the
rate of flow of the components of the solvent.

This phenomenon has also been observed by B. F. Meyers (21) in the
ion-exchange chromatography of amino aclids, using a continuously-record-
ing refractometer for a detector. The pre-peak, or compensation peak
(as Meyers named it), was not rationalized to agree with the experimental
data he obtained, and the significance of its presence was not recognized.
The explanation he postulated requires the more-tightly-held component of
the solvent to appear at the bottom of the column, just before the solute
bard appears. His recorder traces show, however, that both the components
of the pre-peak appear at the retention time of the solvent. Moreover,
he did not deteet the amino acids at their retention times with the
refractometer; he attributed this failure to the compensation of the
refractive index by the changes in the solvent composition. The amino acids
were, however, detected by ninhydrin reagent as much as six hours after
the appearance of the pre-peak; thus, the pre-peak compensation of the
refractive index by the changes in the solvent concentration could not
have been due to the presence of the amino acid, but must have been caused
by a selvent-deficient band moving through the columm with the retention
time of the solvent. His refractive-index detector apparently was not
sufficiently sensitive to detect the refractive-index changes due to the
amino acid, at the concentrations present in the solute bands, spread by
passage through the column.

The negative peak effect, compensation effect, and pre-peak effect

appear to be the same phenomenon, even though they occur in different
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branches of chromatography. The pre-peak may possibly be calculated for
liquid chromatography to give quantitative data as to the size of the
sample injected into the column, and it can be used to calculate the Rf

value, which is useful in identification of component bands.
B. The Ultimate Sensitivity of the Detector

The detector, in its present state of development, is capable of
detecting above the background l x 10Q9 moles of non-volatile solute.

This is by no means the ultimate in sensitivity which this detector can
conceivably reach. The minimum resistance change or unbalance which can
be observed with a Wheatstone bridge is limited by the following:

thermal neises in the thermistors, leads, connections, and resistances;
centact potentials in the connections; resistance fluctuations due to
external temperature changes of the bridge elements not thermostated;
noises which arise in the primary stages of amplification; voltage fluctu-
ations in the potential source; and the thermostating of the detector.

If a Wheatstone bridge were employed using thermally-compensating
elements, and if the whole bridge were thermostated, noises due to changes
in the resistance of the bridge elements could be reduced below the detect-
able range.

Since in the development of a chromatogram several minutes are
required for one solute band to pass a thermistor, thermal noises can be
eliminated, because they are relatively of high frequency. If a time
constant of 30 seconds is employed, the highest frequency passed will be
1/30 cycles per second. The voltage from thermal noise then would be

10’9 volts, which may be disregarded, even for very high amplification.
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Noises due to contact potentials arising.from bi-metallic junetions
in the circuit may be reduced by use of special solder and leads. The
remaining junction potentials, if present, can be maintained constant
with thermestating of the contacts.

Carefully selected circuit components may be used in the first stages
of amplification.. Since most of the noise arising in the amplifier is of
high frequency, as is that arising from thermal neise, these may also be
reduced by damping. With proper damping and ghielding, a d.c. amplifier
may be designed which will have a gain of ZI.O‘3 with less than 3 per cent
neise. Thus, a one-millivolt full-scale recorder, coupled with a d.ec.
amplifier, could deteet a signal of ZLOM6 volts with a noise level of less
than § x 10'7 volts.

Noise arising froem potential changes in the voltage source may be
eliminated by paralleling several storage batteries which have been
designed fer neise-free operation and which have been charged slowly and
carefully.

Finally, bath temperature fluctuations could be reduced to * 0.00100,,
s0 that with thermistors matched within * 2 per cent, bath temperature
fluetuations will represent £ 1.2 x 10“6 volts. This noise can be reduced
still further by damping the detector chamber with insulation and reducing
the on-off time of the regulator until the response time for the detector
to temperature changes is longer than the on-off regulation.

If the circuit now in operation were medified as suggested in the
preceding paragraphs, the detector could sense 10”12 moles of sample and

-11
‘determine quantitatively 10 moles. This is not, however, the



82

in-principle limit of this detector, since smaller thermistors, modifi-
cations of the wick, and reduced flow rates could cenceivably increase
the sensitivity to deteet as little as 10“13 or 10m14 moles of sample.

If such an extension is pessible, then this teol would beceme cemparable
with the most sensitive deteetors now availsble in any area of chemiétry.
If sensitivity of the detector is the object, then the present

detector can be extended still further, since it is mere sensitive te
volatile substances than to non-volatile substances. For solutes having
vapor pressures twice the vapor pressure of the solvent at the detector
temperature, then the detector is more sensitive by a .factor of 100. This

would place the liquid chromatography thermistor detector already nearly

on a par with the most sensitive gas chromatography detectors.
C. Suggestions for Further Werk

Separations in liquid chromatography, in particular liquid-partition
chrematography, are often best conducted using selvents which change in
compesition during the development of a chromatogram. The new detecter
can be extended to work in these systems if the fellowing conditions are
met: the thermisters must be carefully matched, so that solvent changes
will net affect the unbalance; the flow rates of the twe columns must be
nearly identical; and the two thermisters should be attached in identical
fashion to their respective wicks. Adaptatien of the detector te these
systems would greatly increase the potential usefulness of the detector.

Paper chromatography is selected in preference to column chromatography

for many biochemical applications, because it is pessible to use very small,
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dilute sample solutions,and to develop the chrematogram in more than one
dimension. The use of capillary columns te some extent offsets the

first advantage, but paper chromatcgraphy may still be more convenient
for many applications. This detector can and should be adapted for the
detection and location of solute bands in paper chrematography. No majer
medifications need be made for paper strips. It should be mechanically
pessible to devise a two-dimensional scar mechanism for the location of
spots on paper. Without disturbing the progress of the chromatogram,
such a device would allow the operator to determine the lecatien, shape,
and size of the speis on paper.

The eontribution méde by this detector would be severely limited if
it were not possible to adapt it to monitor the pregress of a preparative-
scale chromatogram. The adaptation need only consist of a stream divider,
which would meniter only a small portion ef the effluent stream from a
large column. This should be useful not only for laboratory-scale
preparations, but also for monitoring stream concentrations in large-scale
industrial processes. This detector should easily be adaptable to auto-
mation centrol, just as has been done with gas chromategraphy.

This deteector is particularly well suited to exploratory research
in new chromatographic systems, because of its simplieity and adaptability.
The pre-peak effect also lends itself to interesting investigations inte
the study of the nature of adsorption and displacement. It should be
possible to determine from the sizes of the pre-peaks the relative amounts
of displaced components of the solvent. It should be possible to use the
time of appearance of the pre-peak for determination of the Ry factors,

since it embodies the solvent front.
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Another important adaptation of ‘the detector would be to the field
of ien-exchange chromatography. This adaptation is perhaps the least
probable of the suggested extensions, since it requires detection of
subtle changes in effluentractivity at a constant ionie strength.

Since the detector response has been shewn to be a linear funetion
of the mele fraction of the solution passing the sample thermistor, it
may be used for determination of activity in dilute solutions. Only the
preliminary studies have been completed toward this end, but the technique
shows eonsiderable promise for meolecular-weight determination, association-
constant determinatiens, and determinatiens ef activity.

Essentially the same detector might alse be used for study of the
heat of reaction,if the sample thermistor were placed at the confluence
of two wicks, one of which carries one reactant while the other carries
the other reactant. The temperatureiof the chamber ¢ould be varied

gradually, and a break in the curve would indicate reaction.
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VII. SUMMARY

A new, general method has been developed for detecting and recording
the presence of solute bands in the effluent stream of a liquid-eluent
chromatographic column. Since this method is based upon changes in vapor
pressure which o¢cur in the solvent due to the presence of a solute band,
its applicability is not limited to specific classes of substances.

The detector developed u’qilizes the temperature difference which is
established between a wick bathed with the effluent of a chromatographic
column and a reference wick bathed with pure solvent; the wicks are
enclosed in a thermostated chamber that is saturated with solvent vapor.
The temperature change is detected through the difference in resistance
of a pair of thermistors, one of which is in contact with the wick bathed
with pure solvent, while the other is in contact with the wick bathed
with the effluent solution. The thermistors constitute two arms of a
Wheatstone bridge, which can be balanced when both of the thermistors are
in contact with wicks bathed with pure solvent. Any unbalance in the
bridge which occurs as a result of solute bands passing is continuously
recorded on a recording potentiometer.

Detector response is a colligative property of the solution passing
over the thermistors. A mathematical treatment has been developed and
predicts a linear dependence of detector response on mole fraction of
solute. The mathematical analysis is based on a condition of thermal

balance, and requires suitable approximations, based on the small magnitude
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of the observed changes, for derivation of the linear relationship. The
kinetics of the solvent vaporization and condensation processes, as
influenced by the presence of solute, are postulated to play the major
role in detector response.

Further mathematical analysis of the coneentration profile furnishes
a relationship between the concentration giving the observed response and
the initial sample concentration.

The evolution of the detector and its relationship to other means of
chromatographic detection, and to related measuring techniques, are
deseribed. Qualitative results obtained in different solvent-sorbent
systems for a variety of solutes are presented; the response to volatile
and non-volatile solvents 1s discussed. Particular attention has been
directed towards the analysis of the ergosterol irradiation mixture.

Some quantitative results are presented and indicate the nature and
sensitivity of the response. At 33050Uo'with a sample column flow rate of
5 ml./day, a reference column flow rate of 2 ml./day, cotton thread wicks,
nominal 2000-ohm thermistors with a temperature coefficient of L.5 per
cent per degree, fixed bridge resistances of 2000 ohms, and an applied
bridge voltage of 6 volts, the detector has a sensitivity of 188.5 mv./M.,
or the capacity to detect solute in Q.01 ml. of lO-‘aMo solutions; this
corresponds to detection of lowawlomg moles of material.

The new method should complement gas chromatography as an analytical
method, with its most important applications in areas where gas chromatography

is weakest--analysis of high-boiling and thermally-unstable components.



It should be of particular value in biochemical, natural products, and

pharmageutical work. Physico-chemical applications of the detector

include its use in determining molecular weights, evaluating activity
effects, studying molecular complexing and dissociation, and obtaining

fundamental information on the nature of the chromatographic process.

87
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AFPENDIX I

QUANTITATIVE CONCENTRATION-RESPONSE DATA FOR LARGE-VOLUME SAMPLES
(FLATTENED PEAKS)

Peak

Concentration Height

Compound (moles/liter) (mv.)
Biphenyl 0.02156 L4 .09
Biphenyl ) 0.04312 9.20
Biphenyl 0.06468 10.04
Biphenyl 0.08624 13.22
Biphenyl 0.1078 1,.26
Biphenyl 0.1078 14.96
Biphenyl 0.1078 1 .95
Triphenylmethane 0.1042 12.91
Triphenylmethane 0.1042 11.89

Detector removed and altered--changed response below this line.

Biphenyl 0.0L312 6.54
Triphenylnethane 0.0208); L.09
Triphenylmethane 0.04168 6.2}
Triphenylmethane 0.06252 7.78
Triphenylmethane 0.08336 7.27
Triphenylmethane 0.08336 7.98
Triphenylmethane 0.08336 7.83
Triphenylmethane 0.1042 9.32
Triphenylmethane 0.1042 8.79
Hexamethylbenzene 0.06138 5.52
Hexamethylbenzene 0.1023 8.48

1114 data in this table were obtained at 33.5°C., using cyclohexane (95
per cent, v./v.) and acetone (5 per cent, v.éy?) solvent-alumina sorbent,
with an applied bridge voltage of 6 volts.  Data were obtained in part
with r %= rr°- 2000 ohms, e, = -28.6 mv., in part with rg®= 1929 ohms,
rr°= 1999 ohms, eo = 0, and in part with rso= 1949 ohms, rr°= 2000 ohms,

eqo = 0. The/flow rate, F, was 5 ml./day in the sample column and about

2 ml./day .in the reference column.
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